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PRÓLOGO 

¿Qué es esta tesis? Acaso no sea un libro más que por su aspecto. Carece de otra unidad 

que no sea su intención, y aún ésta queda en muchas ocasiones desvaída. Porque, ¿qué 

intención tiene sino la de recoger los desarrollos teóricos y experimentales sucedidos, y 

conclusiones suscitadas por todos los capítulos? Pero tampoco es una colección de 

conclusiones, y desarrollos experimentales. Ni mucho menos es una biografía de estos 

tres años de tesis, no está escrita en un orden temporal, ni hace referencia a los orígenes 

ni la trayectoria de la persona de quien lo escribe. Más bien alude a lo que acaeció 

entorno a él a lo largo de tres años, de una vida ya no corta. 

Tampoco es un memorándum, no consiste en una lista de hechos de los que tenga que 

acordarme, por el contrario, es una acumulación de hechos que recuerdo. Ni es, desde 

luego, un vademécum que me haya acompañado y decida yo ahora dar a luz. Contiene 

las nociones más necesarias de la ciencia, y en ocasiones, algún arte, como el 

crecimiento de cristales. Para no caer en una de las frases más recurridas, a pesar de 

haber sido un proceso de formación en el cual debería de haber aprendido todo sobre lo 

relacionado con el material estudiado en esta tesis… he aprendido medianamente de lo 

que en él se expone…más bien he aprendido humildemente todo lo que me queda por 

aprender…que con el material CdZnTe me ocupará mucho más de una vida. Como dijo 

Einstein en una ocasión “todos somos ignorantes, sólo que ignoramos sobre diferentes 

temas”. Lo que si he hecho, es aprender en la experiencia personal, esas anotaciones que 

se efectúan a lápiz, y que te hacen madurar a lo largo de todo el proceso. 

Al principio lo veía como un todo inconexo que sólo con mucha fe ha sido posible 

reducir a capítulos. Sin embargo, ¿ha bastado la fe? Quizá ella inició la colecta; pero 

luego prosiguieron la paciencia y el esfuerzo con el que se reconstruyen todos aquellos 

sucesos acontecidos durante esta etapa de mi vida. He reconstruido todos los pasos 

dados en el laboratorio, cada lugar recorrido en las estancias, los rostros de las personas 

que me han ayudado; la reconstrucción de un puzle que, al principio, estuvieron 

dispersos, inconexos y en fichas encima de una mesa: la frágil y enigmática mesa de los 

recuerdos. No obstante, los recuerdos no son tan inocentes ni tan desvalidos como los 

fragmentos de un rompecabezas. Son susceptibles de utilizarse como armas defensivas u 

ofensivas. Y pueden también ser utilizados como ejemplos sonrientes, o como pasos 

oportunos e inoportunos con los que fui haciendo el camino hacia el fin de la tesis. 



Aunque más bien creo que los capítulos en que se agrupa el contenido de esta tesis son 

muy semejantes a los adobes con que antiguos constructores levantaron sus endebles 

viviendas. Endebles hasta cierto punto, puesto que subsisten muchas de ellas cuando se 

han abatidos edificios más serios, cuyas primeras piedras se colocaron con  duraderos 

proyectos y muy firmes discursos. 

En definitiva, y eso no me parece mal, será el lector quien tenga que calificar y 

clasificar este tomo que ya tiene en sus manos. En tanto que lo juzgue digno de ser 

denominado de una forma convencional, porque pienso que de todas tiene algo este 

batiburrillo. Lo escribiré con el deseo de divertirme y de intentar divertir al lector en lo 

bueno y estricto sentido del vocablo, entre una tesis y una narrativa de todos los hechos 

que han ido aconteciendo en este trabajo de investigación. Con el propósito de que mi 

diversión a la hora de realizar este proceso de formación y el reflejo en la escritura del 

mismo, se contagie al lector, y con la vehemencia que cualquier ser humano agrega 

cuando conversa de sí mismo y su trabajo. A eso aspiro, a una conversación directa con 

el lector, preguntándole o respondiendo deshilvanadamente; a una conversación 

susceptible de ser interrumpida y reanudada, susceptible de comenzar muy lejos del 

principio o incluso del fin. 

Sea como sea, mi designio más claro es mostrar al lector de una forma más amena el 

trabajo realizado en mi etapa de formación durante la realización de esta tesis doctoral, 

mostrar las facetas más íntimas a veces de cuando me surgieron los mayores problemas, 

y las dudas más graves en la realización de este trabajo, reclamar la amistad de quien lea 

este tomo, contándole aquello que sólo se cuenta a los amigos, entre risas a veces, a 

veces entre añoranzas no demasiado graves. Porque, en mi vida, también la científica; 

ha llegado el momento de jugar un poquito a un juego en el que siempre se necesitan 

compañeros: el de la evocación y el de la anécdota. 

La narración de este trabajo de investigación no se ha presentado sencillo una vez tenida 

en cuenta una visión general de todo lo realizado en estos años. Para ello, y sin ánimo 

de mostrar sólo lo que a mi juicio reflejan los resultados más interesantes, he procedido 

a escoger un único material de los diversos crecidos en el Laboratorio de Crecimiento 

de Cristales. Esta elección no sólo se ha debido a una cuestión de gusto, que 

honestamente es la razón principal, ya que es mi bebe preferido y al que más horas le he 

dedicado; sino también a una cuestión de coherencia en el hilo de esta historia. Ha sido 



sin duda, el material que más me ha enseñado, y con el que mejores resultados he 

obtenido, además del más novedoso en este amplio campo dedicado a la investigación 

de los semiconductores CdZnTe y CdTe. 

Este material es el CdZnTe dopado con el elemento Bismuto. Quizás la primera 

pregunta que se realiza el lector sea el porqué de la elección de este dopante que a 

priori, no parece tener mucho éxito en la bibliografía. Con la verdad por delante, al 

principio resultó una elección de lo más obvia y sencilla. El Dr. Edgardo Saucedo 

terminaba su tesis doctoral, en el año 2007, cuando yo comenzaba mi andadura en el 

Laboratorio de Crecimiento de Cristales. Él me enseñó muchas cosas, en muy poco 

tiempo, pero algunas de ellas causaron más huella que otras. Su trabajo de investigación 

se centró en el CdTe dopado con Bi, y como a todos nosotros, los estudiantes que nos 

embarcamos a desarrollar una tesis doctoral; le faltó tiempo para realizar muchos más 

estudios en este material. Obtuvo muchos éxitos, como por ejemplo, conseguir un 

material de CdTe dopado con una cierta concentración de Bi, con una alta resistividad y 

con muchas posibilidades en sus aplicaciones como detector de radiación gamma. Por 

tanto, y hasta esta parte de la historia, parece una elección bastante obvia, y porque no 

decirlo, tirando por el camino más sencillo. Seguir la estela de un trabajo ya realizado, 

lo que podía significar un trabajo más fácil y con éxito asegurado, a priori claro está. 

Esta elección me llevó a mi primer crecimiento, bueno, después de crecer el CdZnTe sin 

dopar (con distintas concentraciones de Zinc) que me serviría de referencia a lo largo de 

este trabajo de investigación; mi primer bebe, el CdZnTe dopado con Bi con una baja 

concentración. 

Voy a permitirme cortar el hilo de esta historia, para aclarar que para los crecedores de 

cristales, éstos son nuestros bebes, nuestros niños más mimados, tanto durante el 

proceso de crecimiento como después para su caracterización. Se deben de tener tantos 

parámetros en cuenta, que requieren como un niño, una dedicación completa y absoluta 

que te hacen sentir dependientes de ti. 

Este primer crecimiento de CdZnTe dopado con baja concentración de Bismuto se 

convirtió en la primera parada en el camino, una parada para la reflexión. Como antes se 

había explicado, la elección del Bismuto a partir del trabajo del Dr. Saucedo había 

resultado algo obvio y fácil, pero no habíamos predicho que los efectos del dopante 

Bismuto en la matriz de CdZnTe serían completamente diferentes a los resultados 



obtenidos en CdTe. Es decir, habíamos puesto el mejor de los crecimientos ya probados 

con anterioridad, una supuesta garantía de éxito, y habíamos obtenido un  material de 

muy baja resistividad. Algo estaba funcionando de manera diferente dentro de la matriz 

y debíamos averiguar qué estaba pasando. Está de sobra decir que el material es 

totalmente diferente al añadir el Zinc a la matriz de CdZnTe. Depende de la 

concentración de Zinc que añadamos a los materiales de partida, pero uno de los 

parámetros que principalmente nos va a cambiar es la temperatura de fusión de material, 

y con ello efectos como mayor vacantes de Cadmio o mayor concentración de 

precipitados de Teluro. 

El siguiente paso en nuestro camino fue introducir Bismuto en distintas concentraciones 

en la matriz de CdZnTe. Éstas variaron dentro de las concentraciones más altas, donde 

la bibliografía reportaba que el material CdTe obtenía los valores más ínfimos de 

resistividad. Estos cristales resultaron tener una alta resistividad y ser, por que no 

atrevernos, una promesa dentro de los materiales con aplicaciones en sensores de 

radiación gamma. 

Sin lugar a dudas, el camino sencillo que habíamos elegido, nos había dejado un mar de 

dudas sobre el porqué se comportaba el Bismuto de manera diferente en una matriz de 

CdTe que en una matriz de CdZnTe. A priori, dopantes como el Indio o el Cloro se 

comportan de igual forma, compensando eléctricamente el material, y obteniendo 

siempre una alta resistividad. Sin embargo, el Bismuto nos había descolocado a todos, y 

sólo una apropiada y exhaustiva caracterización nos llevaría a entender un poco más que 

estaba sucediendo dentro este nuevo material. 

La única bibliografía reportada se trataba del material CdTe dopado con Bismuto, la 

cual no nos serviría en nuestra comparación a la hora de encontrar una explicación. 

Teníamos muchas técnicas de caracterización por delante, y también, mucha curiosidad 

por saber como un elemento de carácter predeciblemente anfótero se comportaba dentro 

de la red. Para ello un alud de técnicas de caracterización me vinieron a la mente, 

algunas posibles de realizar…otras de las que tendríamos que empezar totalmente de 

cero…y otras imposibles dadas las características del material. Partíamos con muchas 

desventajas, y es que para los materiales diluidos observar el dopante es como buscar 

“una aguja en un pajar”… una frase que se ha ido repitiendo a lo largo de esta tesis. 



Se realizaron un sinfín de contactos para realizar mucha de la caracterización llevada a 

cabo en esta tesis. Planteadas desde la locura, y no siempre obteniendo buenos 

resultados, me rodeé de grandes científicos que creyeron no sólo en mi persona, sino en 

mi material. 

Esta investigación me llevó a lugares como el Acelerador de Iones de la Universidad 

Autónoma de Madrid, la Universidad Complutense, el CSIC de Materiales de Madrid, 

el CIEMAT, y también a viajar y madurar por el mundo, en lugares como: Münster 

(Alemania), ILL y ESRF en Grenoble (Francia), Parma (Italia), y uno de mis viajes más 

importantes, Brookhaven National Laboratory (NY, USA). 

Una vez más, y sin caer en la redundancia, ni en la eterna adoración; agradecer a todos 

los grandes científicos y magnánimas personas que confiaron en mi trabajo de 

investigación, que no me cortaron las alas y me acompañaron en estos tres años de tesis 

ensenándome algo de lo muchísimo que saben, GRACIAS. 

De este modo, este trabajo de investigación, este tomo que el lector tiene ahora entre sus 

manos, se convirtió en un lugar de sinsabores, donde las penas y las alegrías se 

mezclaban muy rápidamente. La investigación de un material que me ha hecho madurar 

con él así como también disfrutar de él y sus enigmas. 

Espero que el lector pueda disfrutar de esta lectura amena, dentro de lo posible en una  

tesis doctoral, y pueda entender desde un plano más cercano el lugar que ocupa este 

material dentro de este tan extendido campo de investigación como son los materiales 

de CdZnTe con aplicaciones en Física Médica. 

 

 

 

 



Abstract- 

 

 This thesis presents the most important results on the “Growth and 

Characterization of Cd0.85Zn0.15Te crystals doped with Bi. 1019 at/cm3”. 

 In the first part of the Thesis, the development of two modifications in the 

Bridgman Method will presented. The effect of the Pt tube like a support in the ampoule 

is the first approach that has been carried out in this thesis. The use of the Pt tube 

increases the crystalline quality of the crystals, and decrease the Zn segregation 

coefficient in the growth, which is the most important advantage in this approach 

because it permit obtain large bulk of crystals with homogeneity composition. The 

second approach corresponds to the growth by pBN from the vapor phase, in which the 

temperature profile has been adapted to the requirement of the CZT crystals, but it 

cannot obtain homogeneity composition. 

 Finally, the doping of Cd0.85Zn0.15Te with Bi (1019 at/cm3) is presented. Crystals 

were grown by the Bridgman technique with Pt support. Using a variety of 

characterization techniques the effect of Bi in the structural, electrical, optical and 

photo-conductive properties was investigates. Semi-insulating and high photo-sensitive 

CdZnTe is obtained with a Bi concentration of 1019 at/cm3. Studying the defect structure 

of the material a model of electrical compensation could be assigned. The structural 

characterization reveals that the Bi could be a amphoteric behavior, which could 

occupied Te positions and a new position in the CZT matrix. The Bi dopant act a getter 

with the Te precipitates, like it act a getter with the excess of Bi dopant, which could be 

obtained crystals with low Te precipitates concentration. The Cd0.85Zn0.15Te:Bi doped 

material, exhibit excellent properties for their application in X-Ray and Gamma 

detection. 

 

 

 

 



Resumen- 

Esta tesis presenta los resultados más importantes en el “crecimiento y 

caracterización de cristales Cd0.85Zn0.15Te dopados con Bi: 1019 at/cm3 ".  

En la primera parte de la tesis, se presenta el desarrollo de dos modificaciones en 

el método de Bridgman. El efecto del Pt como soporte en la ampolla de crecimiento es 

la primera aproximación que se ha llevado a cabo en esta tesis. El uso del soporte de Pt 

aumenta la calidad cristalina de los cristales, y reduce el coeficiente de segregación del 

Zn en el crecimiento, la cual corresponde a la ventaja más importante en este enfoque, 

ya que permiten obtener gran cantidad de cristales con homogeneidad en la 

composición.  La segunda  modificación  corresponde al crecimiento con pBN desde la  

fase de vapor, en la que el perfil de temperatura ha sido adaptado a las exigencias de los 

cristales CZT, pero con dicha aproximación no se puede obtener homogeneidad en la 

composición. 

Por último, se estudia el dopaje de Cd0.85Zn0.15Te con Bi (1019 at/cm3). Los 

cristales se preparan mediante la técnica Bridgman con soporte de  Pt. Usando una 

variedad de técnicas de caracterización se investiga el efecto del Bi en las propiedades  

estructurales, eléctricas, ópticas y fotoconductivas.  Se obtiene CdZnTe semiaislante 

con alta fotosensibilidad con una concentración de Bi de 1019 at/cm3. Estudiando la 

estructura de defectos del material se podría asignar un  modelo de compensación 

eléctrica.  La caracterización estructura del material revela un posible comportamiento 

ánfotero del dopante Bi , posición de Te podrían ser ocupadas  y una nueva posición en 

la matriz de CZT. El dopante Bi actúa como un captador con los precipitados de Te, al 

igual que los mismos precipitados actúan como  un captador con el exceso de dopante 

Bi, obteniendo cristales con baja concentración de precipitados de Te. El 

Cd0.85Zn0.15Te:Bi, presentan excelentes propiedades para su aplicación como detector de 

rayos X y radiación gamma.  
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INTRODUCCIÓN 

 

 En la memoria que se presenta a continuación, se presentan los resultados más 
importantes obtenidos durante el desarrollo de la Tesis de Doctorado realizada en el 
Laboratorio de Crecimiento de Cristales de la Universidad Autónoma de Madrid, 
trabajando en el tema de CRECIMIENTO Y CARACTERIZACIÓN DE CRISTALES 
DE CdZnTe DOPADOS CON Bi. 

 El CdZnTe presenta aplicaciones tecnológicas muy importantes entre las que 
cabe destacar sus aplicaciones como detector de radiación X y Gamma para trabajar a 
temperatura ambiente. 

 Dentro de este contexto, la presente tesis se ha enfocado en intentar resolver y 
comprender aspectos fundamentales sobre el CdZnTe. En particular, la obtención de 
cristales de alta calidad cristalina libres de precipitados de Te significaría un salto 
cuantitativo en su desarrollo. En este trabajo se proponen una modificación realizada a 
un método clásico de crecimiento, el método Bridgman, aportando nuevas ideas para 
mejorar la calidad cristalina del CdZnTe. 

 En particular, se propone la introducción de un soporte de Pt en la ampolla de 
crecimiento que actúe como “cold finger” debido a las diferencias entre las 
conductividades térmicas del material sólido y fundido. En este sentido se pretende 
mejorar la calidad cristalina de los monocristales, así como mejorar la homogeneidad 
del material reduciendo la segregación del Zinc en la matriz de CZT. 

 Otro aspecto fundamental estudiado en este trabajo, es la obtención de cristales 
semi-aislantes con propiedades óptimas para las aplicaciones en sensores de radiación. 
El control de la resistividad del CdZnTe es una tarea difícil, y depende básicamente de 
la selección adecuada de un dopante y su concentración, con carácter donor de carga 
para compensar exactamente los defectos e impurezas aceptoras presentes en el 
material. El aporte fundamental en este campo ha sido proponer y estudiar por primera 
vez al Bi como dopante para obtener CdZnTe semi-aislante. En este sentido se ha 
realizado un estudio exhaustivo de las propiedades estructurales, ópticas, eléctricas y 
fotoconductivas del material. 

 La siguiente memoria se desarrolla en cinco capítulos, más esta breve 
introducción. En el Capítulo 1 que lleva por nombre “ Introduction  of CdZnTe”, se 
realiza una revisión bibliográfica del estado del arte del CdZnTe en cuento al 
crecimiento de cirstales y su caracterización, se compendian sus propiedades químicas y 
físicas más importantes y se detallan sus aplicaciones tecnológicas más sobresalientes.  

 En el Capítulo 2 se presentan las técnicas de caracterización utilizadas en esta 
Tesis Doctoral. La caracterización se ha dividido en composicional, estructural, óptica, 
fotoconductiva y por último, la caracterización eléctrica. En el Capítulo 3 se presentan 
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los resultados experimentales más importantes obtenidos en el crecimiento de 
cristalales, así como la preparación de las muestras para su posterior aplicación.  

 En el capítulo 4 se lleva a cabo un estudio del material CdZnTe dopado con Bi a 
través de las técnicas de caracterización explicadas anteriormente. Las conclusiones más 
importantes se expondrán en el Capítulo 5, destacando los resultados más relevantes y 
novedosos, terminando con una propuesta de trabajo futuro en el área que considero 
tiene un enorme campo abierto para la investigación de un material tecnológicamente 
tan importante como el CdZnTe. 

 Para finalizar se presentarán dos apéndices que correspondes a las dos patentes 
desarrolladas durante esta Tesis Doctoral. 
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INTRODUCTION 

In work that is presented in the following sections, are  the most important 
results obtained during the development of the PhD thesis carry out in the Crystal 
Growth Laboratory at the Autónoma University of Madrid, working on the issue of 
GROWTH AND CHARACTERIZATION OF CRYSTALS CdZnTe doped with Bi. 

The CdZnTe has important technological applications among which include 
applications as X and Gamma radiation detector to work at room temperature.  

Within this context, this work has focused on trying to solve and understand 
fundamental aspects of the CdZnTe. In particular, obtaining high crystalline quality 
crystals free of Te precipitates. In this Thesis we propose a modification to a classic 
method of growth, Bridgman method, bringing new ideas to improve the quality of the 
CdZnTe crystal.  

In particular, it proposes the introduction of a Pt support in the growth ampoule to act as 
"cold finger" because of the differences between the thermal conductivities of solid and 
molten material. In this sense it aims to improve the crystalline quality of the crystals 
and to improve the homogeneity of the material by reducing the zinc segregation  in the 
matrix of CZT.  

Another fundamental aspect studied in this work is to obtain semi-insulating crystals 
with optimal properties for applications in radiation sensors. The control of the 
resistivity of CdZnTe is a difficult task, and depends greatly on the proper selection of a 
dopant and its concentration, as a charge donor to compensate exactly the acceptor 
impurities and defects present in the material. The fundamental contribution in this field 
has been proposed and studied for the first time Bi as dopant for semi-insulating 
CdZnTe. In this sense it has made an exhaustive study of the structural, optical, 
electrical and photoconductive material.  

The following report covers five chapters, this brief introduction. In Chapter 1, which is 
called "Introduction of CdZnTe," performed a literature review of the state of the art of 
CdZnTe in crystal growth  and characterization, are summarized chemical and physical 
properties most important and detailed their technological applications outstanding.  
 

Chapter 2 presents the characterization techniques used in this thesis. The 
characterization has been divided into compositional, structural, optical, 
photoconductive, and finally, the electrical characterization. Chapter 3 presents the most 
important experimental results obtained in crystal growth and preparation of samples for 
subsequent implementation.  

Chapter 4 is carried out a study of Bi-doped CdZnTe material through characterization 
techniques explained above. The key findings are discussed in Chapter 5, highlighting 
the most relevant results, ending with a proposal for future work in the area that I 
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believe has a huge open field for the investigation of a technologically important 
material such as CdZnTe.  

Finally we present two appendices that correspond to the two patents developed during 
this thesis. 
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CHAPTER 1. INTRODUCTION OF CdZnTe  

1.1 INTRODUCTION 

 

The CdZnTe alloys, which play the most prominent role in commercial applications are 

Cd0.96Zn0.04Te and Cd0.9Zn0.1Te (CZT).  Cd0.96Zn0.04Te compounds are mostly used as 

substrates for HgCdTe thin film deposition in applications such as infrared focal plane 

array detectors, where a precise Zn composition and high crystal quality is required for 

lattice matching between both substrate and film compounds (Li, G. et al 2003b; Szeles, 

C. and Driver, M.C 1998).  These substrates continue to play a large role in the field of 

high performance IR detectors operating in mid, long and very long wave length ranges 

of the optical spectrum.  

This chapter will present a review of the state of art of CZT alloys paying special 

attention to the papers published in the last decade. In general, the properties of CZT 

alloy compounds are crucial for a large number in medical, space, and security 

applications that have been developed over the past several decades and that have been 

documented by hundreds of publications in scientific journals. Since the first papers on 

this material have been published in the 1960’s, many recent technological advances 

have helped the CZT industry to move forward. These technological advances include 

the implementation of cleanroom facilities for material preparation, improved furnace 

designs and starting materials, mathematical modelling programs for simulation of the 

crystal growth process, as well as many other industrial advancement.  

The advantages of CZT-based detectors are their wide bandgap, high atomic number 

and their room temperature operability.  For these reasons, CZT detectors have rapidly 

replaced existing x-ray and gamma ray technology such as optical scintillators (Audet, 

N. et al. 2006), as well as the competing semiconductors detectors based on Germanium 

and Silicon technology.  CZT-based detectors provide higher energy resolution 

compared with scintillators (Cui, Y. et al. 2007; Mandal, K.C. et al. 2007), the latter 

behave as indirect conversor requiring a photomultiplier tube to increase the signal to 

noise ratio. Furthermore the commercially available Ge and Si semiconductors, work at 

cryogenic temperatures, due to the high leakage currents at room temperature associated 

with their low band energy gap (Mandal, K.C. et al. 2007). 
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It is the intention of this chapter, to present the most important and current results 

published in the last decade on CZT covering material preparation, crystal growth, and 

detector fabrication, topics which will be the objectives of this thesis.  

In the section 1.2 summary of the material properties and issues associated with the 

electronic properties of CZT will be presented, together with the compensation and 

charge trapping problems in the material.  Section 1.3 will focus on the growth of bulk 

CZT and will provide a comprehensive review of the traditional and  growth techniques 

used for preparation of bulk CZT crystals.  Section 1.4 will discuss sample preparation 

and surface engineering processes.  Section 1.5 the characterization techniques used to 

understand the behaviour of CZT material.  Finally, in the final section conclusions will 

be presented. 

1.2. PROPERTIES OF CZT CRYSTALS 

From the immense amount of literature published on CZT it is immediately 

recognizable that the first step prior to crystal growth is to understand some very basic 

properties of CZT.  Specifically, three topics should be thoroughly understood: the 

phase diagram, the chemical and physical properties, and the issues related with 

chemical and physical properties.  

 1.2.1. Phase of Diagram 

The phase diagram of a given semiconductor, and in this case the phase diagram of 

CZT, is a representation of the chemical equilibrium between the components in the 

system.  More specifically, the phase diagram describes the interdependence of the 

composition (x), pressure (P) and temperature (T) for any ´x´, ´P´ and ´T´ of a system.  

It is important, therefore, to have precise knowledge of the solid, liquid and gas 

existence regions with respect to ´T´, ´P´ and ´x´, especially in a crystal growth.  The 

work carried out by Guskov. et al. 2006 provides accurate data for such stoichiometric 

calculations. Below are summarized some of the more important conclusions. 

From the T-x projection shown below in Figure 1.1, for Cd0.9Zn0.1Te alloys (Guskov. et 

al. 2006), it can be observed that CdZnTe melt-solidification does not occur under 

congruent conditions. In fact the deviation from stoichiometry is larger for the 

Cd0.95Zn0.05Te alloys. Some very practical information obtained from this data on the T-

X diagram of CZT is that the maximum deviation from stoichiometry occurs on the Te-



7 

 

rich side of the solidus-liquidus, with a maximum solid solubility of Tellurium at 4x1018 

cm-3 (0.04-0.05 at % Te) at approximately 860ºC.  A very important consequence of this 

retrograde solubility is that Te precipitation (to be discussed later) occurs at 

temperatures below the melting point with a consequence of Te inclusions in the CZT 

alloy, and therefore this important consideration must be taken into account for a well 

controlled crystal growth process.  

 

 

Figure 1.1.  T-x phase diagram for Cd0.9Zn0.1Te (Guskov. et al. 2006).   

 

Other important phase relationship in the P-x phase diagram is shown in Figure 1.2, 

(Guskov. et al. 2006), where the vapour pressure of the elements for the ternary 

Cd0.90Zn0.1Te alloy for increasing Te concentration is presented at 1000ºC. These results 

provide important information regarding the relationship between Cd, Zn, and Te 

vapours in equilibrium at 1000ºC where for Te-rich melts, the vapor pressure is 

dominated by Te-species, while under Cd-rich melts. The vapor pressure is dominated 

by Cd species, being the minimum system pressure at the stoichiometric point. 
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Figure 1.2  The P-x diagram for Cd0.9Zn0.1Te at 1000OC (Guskov. et al. 2006). 

 

In summary, the phase diagrams for Cd0.9Zn0.1Te provides an important information 

needed not only for understanding the crystal growth and the defect formation, but for 

establishing the safe experimental conditions for a successful and reproducible crystal 

growth proces.  

 1.2.2. Chemical and Physical Properties 

1.2.2.1. Structural Properties 

a) Crystal Structure 

The Zinc blende structure of CdZnTe is common for a large number of semiconductors 

materials from group IV with similar lattice parameter:  Si (5.4309 Å), Ge (5.6461 

Å),(III-VI) GaAs (5.6533 Å), GaP (5.4512 Å) being CdTe  the largest lattice parameter 

of II-VI compounds.  In fact, the crystal structure of CdZnTe forms a single phase from 

CdTe (6.4808 Å) to ZnTe (6.1037Å) (Keyes. et al. 2000), shown in figure 1.2, where it 

can be seen that the cations lattice (Cd2+, Zn2+) is a FCC type of the same dimension as 

the anion lattice (Te2-), being the whole structure described as interpenetrating FCC 

lattices of the same unit cell dimension. The dependency of the lattice constant for Cd1-

xZnxTe for increasing the Zinc concentration (Capper. 1997) is shown in figure 1.4 
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where the extrapolation of this data provides a lattice constant of 6.443Å for 

Cd0.9Zn0.1Te. 

 

 

Figure 1.3 Zinc blende structure of CdZnTe.   

 

Figure 1.4. Lattice constant dependency on Zinc x-value for Cd1-xZnxTe 

 

The ionic nature of the Cd and Te bonds plays a significant role in the structural, 

optical, and electrical properties of CZT.  The Cd-Te ionicity is 0.55 (Triboulet, 2005) 

º 
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being higher than other II-VI compounds, and the  having as consequence the reduced 

energy of the point defects, such as vacancies, and the tendency towards a hexagonal 

structure.  This latter effect has been correlated with twinning in CdTe and CZT 

compounds a negative effect in the preparation of bulk CZT crystal.  In the molten state, 

the ionic nature of Cd-Te bonds creates organized particles in the melt with the 

production of Te clusters and aggregates which negatively influence the crystal quality 

and at the same time modifies the nucleation kinetics (Triboulet, 2005).  

b) Atomic number and density 

One advantage of using CZT as a detector for high energy radiation (10 KeV- 1 MeV) is 

its high average atomic number of Z≈50 with high efficiency radiation detection and 

high stopping power, compared with other well known detector materials such as 

Silicon and Germanium with Z=14 and Z=32 respectively. The consequence of the high 

atomic number is the high density of CZT materials nearly 6g/cc  (Auricchio, N. et al. 

2008; Fiederle, M. et al. 2004; Goswami, J.N. et al. 2005; Horodysky, P. et al. 2006; 

Mandal, K.C. et al. 2007; Marchini, L. et al. 2008), (compared for example with the 

density of Ge and Si, which is  5.323 g/cc and 2.33 g/cc respectively) other values for 

CZT have been reported of  5.8 g/cc and 6.68 g/cc (Lun, L. et al. 2006; Mandal, K.C. et 

al. 2007) which leads to greater stopping power against incoming gamma rays than 

competing material technologies  higher collection efficiency (Duff, M.C. et al. 2008). 

1.2.2.2. Thermal Properties 

The comment of the paragraph down below are formed a some of the most important 

thermal properties of CdTe and CZT compounds, shown in table 1.1 which are useful 

for a better understanding of the growth process from the melt. The two most important 

comments from the point of view of crystal growth are the followings: 
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Table 1.1. Properties of CZT and CdTe.  (Rudolph et al. 1993; Sen et al. 1988). 

i) The heat conductivity of CZT has a lower value in the solid state than for the molten 

state (Juncheng, L. 2008. Lun, L. et al. 2006), being lower than the thermal conductivity 

of CdTe with value of  of 1.5 and 3 Wm-1K-1 in the solid and in the liquid state 

respectively) (Martinez-Tomas, C. et al. 1999; Triboulet, R. 2003). It is worth noting 

that many elements used in the furnace  construction or for modifying thermal 

environments have significantly higher thermal conductivities than the melt, for 

example silica (2.8 Wm-1K-1), graphite (120 Wm-1K-1) (Martínez-Tomás, C. et al. 1999), 

Pt (72 Wm-1K-1), with a large consequence for the shape of the solid-liquid interface 

during crystal growth. Moreover, pyrolytic boron nitride (pBN) is other interesting 

material due to the fact of the anisotropic thermal conductivity being larger for the 

parallel growth direction (62.7 W-m-1K-1 K), compared to the  perpendicular (2 W-m-

1K-1 K) (Kurz, M. and Muller G. 2000). These values will have strategic consequences 

in crystal growth when pBN crucibles are used. 

ii) Other important consequence is the influence of the  thermal properties is the value 

of the Pradtl number which used relate the kinematic viscosity with the thermal 

diffusivity of a melt being the thermal diffusivity a  ratio of the thermal conductivity of 

a material to is heat capacity.  The consequence of low heat conductivity and a high 

melt viscosity  of 4.15x10-3cm2s-1 (Lun, L. et al. 2006)  leads to a Prandtl number of 

approximately 0.4 for the CZT melt.  This means that CZT is (i) semiconducting rather 

than metallic in molten state and (ii) its viscosity is more than an order of magnitude 

greater than other molten semiconductors such as Si or GaAs  (Edwards, K. et al. 1999; 

Lun, L. et al. 2006). 
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  1.2.2.3. Electrical and Optical Properties 

a)Band Gap Energy 

CZT alloys are wide band gap semiconductors at room temperature (RT), with a 

bandgap >1.5 eV.  CdTe has a bandgap of 1.54 eV and for Cd0.9Zn0.1Te, the band gap is 

between 1.6-1.65 eV. Variation of the Zn concentration in the solid phase therefore 

corresponds to a change of the bandgap shown in Figure 1.6. As  the Zn% increases, the 

bandgap energy increases, thus requiring more energies to generate an electron-hole 

pair.  Therefore the free carrier concentration decreases as the compositional ¨x¨ value 

increases (Li et al. 2004), and in consequence the resistivity of the material increases.   

 

Figure 1.6.  Dependence of Zinc Concentration on Resistivty and Bandgap.  

(Fiederle et al. 1999) 

 

b)Electrical Resistivity 

Electrical resistivity is classically described using Equation 1. 

Eq. 1   
).  ..(

1  
pn pnq µµρ +=     

where q is the electric charge (1.6 ·10-19 C), n and p the carriers concentrations, and µn 

and µp are the electron and hole mobilities respectively.  One advantage of CZT 

compared with other technologies in the II-VI family of semiconductor compounds (for 
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example CdTe:In), is that CZT has a resistivity one order of magnitude higher with 

reduced dark current, as a result of the larger bandgap.  Shown below in Figure 1.7. are 

other material used as gamma ray detectors, where can be seen that CdZnTe is very 

close to the ideal detector requising lower voltage applied with low dark current and the 

smallest thickness of about 1mm compared with other materials 

 

 

Figure 1.7.   Material thickness required for 90% efficiency at 60keV for various 

semiconductor materials.   

In fact, not only one must considerer the material but the technique o preparation plays 

an important role shown in Table 1.2. are electrical properties for CZT grown by High 

Pressure Bridgman technique. It is claimed by (Szeles, 2004) that while crystals grown 

by traditional Bridgman and Vertical Gradient Freeze techniques may have better 

structural characteristics, the important values for the electrical resistivity and gamma-

ray response for these crystals are lower.  

 

Property Nominal Actual 

Zn Composition (%) 10 5-13 

Band gap RT (eV) 1.56 1.53-1.58 
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Resistivity (x1010 Ω-cm) 3.0 1.7-4.0 

Intrinsic carrier concentration (x105 cm-3) 2.0 1.0-4.0 

µτe (x103 cm2/V) 2.5 0.5-5.0 

µτh (x103 cm2/V) 2.0 0.2-5.0 

 

Table 1.2. Electrical properties for Cd0.9Zn0.1Te grown by High Pressure 

Bridgman technique, data adapted from (Szeles, 1998) 

 

c) Electrical Compensation 

1. Overview  

As-grown CZT samples have relatively large concentration of impurities and native 

defects (~1016 cm-3), coming for the starting materials used, normally 6N quality.  These 

defects contribute to produce low resistivity material with short carrier drift lengths, 

leading to incomplete charge collection. In consequence, high resistivity material can be 

obtained by a controlled compensation of the impurities and native defects most of them 

shallow acceptors typically present in a concentration of 1016 cm-3 (Fiederle, M. et al. 

2003). 

One approach is to compensate for the native impurities and defects by introducing 

additional impurities which counter their effects.  Using this approach, the resistivity of 

the material is controlled by pinning the Fermi level near the mid-gap.  This is 

accomplished by  a very precise compensation doping using a precise amount of dopant 

to establish a balance between shallow and deep level impurities (Babentsov, V. et al. 

2008). 
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2. Native defects or residual acceptors 

Cd vacancies (VCd) are the dominant native shallow acceptor defect (sA) with a 

concentration of ~1011 cm-3 in CZT (Szeles, C. 2004).  This defect plays an important  

 

 

 

 

 

 

 

Figure 1.8. Native defects, Impurities and Complexes which normally happens in 

Cd1-xZnxTe 

role in the electrical compensation and carrier trapping in CZT (Awadalla, S.A.et al. 

2004).  In addition, when a Vcd-native defect is paired with shallow donors (sD) such as 

InCd or ClTe, they form a complex named the “A-center”, as it is clearly drawn in Figure 

1.8 where the ionization energy levels of all these species is reported. In fact, for high 

resistivity CZT materials the Zn atoms occupy Cd sites and therefore decrease the VCd 

concentration. An excellent summary of the native defects, Impurities and Complexes 

which normally happens in Cd1-xZnxTe is presented in Figure 1.8. 

Three mechanisms will be discussed: 

I. Compensation of shallow acceptors(sAs) with shallow donors (sDs) 

The sDs located just  below the conduction band are: from the group IIIA (Al, Ga, In)Cd 

and from group VIIA (Cl, Br and I)Te (Fiederle, M. et al. 2003; Krsmanovic, N. et al. 

2000; Li, G. et al. 2005). These sDs cause the pairing between sA and VCd to form A 

centers (Awadalla, S.A. et al. 2004; Kim, K. et al. 2009; Koyama, A. et al. 1999). In 

fact, the reduction in intensity of the A-center plays an important role in the 

neutralization of native defects. In high resistivity material, the A-centers are too 

shallow at Ev+0.15 eV to be taken into consideration (Castaldini, A. et al. 1996). 
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Shallow acceptors, located above the valence band include from group IA (Li, Na and 

K)Cd and from group IB (Cu, Ag, Au)Cd (Fiederle, M. et al. 2003; Li, G. et al. 2004b; Li, 

G. et al. 2005).  When In is used as a sD, the VCd
-2 (sAs) are compensated following the 

equation  

Eq.2  In + VCd
-2 = InCd

+ + 3e-
 

where InCd
+ is an ionized shallow donor  (Li, G. et al. 2006a; Wang, T. et al. 2008 ; 

Yang, G. et al. 2005). The mechanism is the following: the shallow donor InCd
+ attracts 

one VCd
-2 shallow acceptor, to first form an acceptor complex   

Eq.3     InCd
+ + VCd

-2 = [InCd
+VCd

-2]-  

In a second step, a neutral deep level neutral complex is formed. (Li, G. et al. 2006a ; 

Wang, T. et al. 2008 ; Yang, G. et al. 2005)  

Eq.4  InCd
+ + [InCd

+VCd
-2]- = [2InCd

+VCd
-2]0    

Here, the acceptor complex and the neutral complex are responsible for the 

compensation effect in CZT 

Early work had used shallow donors (Cl, In) to reach the conditions of compensation 

with the native shallow acceptors VCd (Fiederle, M. et al. 2003); but one-to-one 

compensation between shallow donor and acceptors cannot be achieved with the 

precision required to produce high resistivity CZT samples (Koyama, A. et al. 1999).  In 

addition compensation could only occur in a small fraction of the grown crystal as a 

result of the different segregation coefficients during the growth process leading to 

variance in compensation levels. Shallow donors have to exactly compensate the 

shallow acceptors with an accuracy of few ppm along the entire ingot (Fiederle, M. et 

al. 2003), which presents a great challenge for a crystal growth process. 

A secondary effect from doping with Cl and In is the reduction of VCd and the 

neutralization of native acceptors through the creation of complexes (ClTe
+-NaCd

-)0, 

(VCd
-2-ClTe

+) (Fiederle, M. et al. 2003). 

II.  Compensation mechanism by intrinsic defects 

Compensating with intrinsic defects depends upon the interaction between VCd
-2 and Te 

antisites. One drawback of using this compensation technique is that the active volume 
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of the detector is small and the uncompensated defects can eventually become 

polarized, degrading detector performance (Koyama, A. et al. 1999). 

III.  Compensation with deep donors  

Compensation using deep donors is less critical than the electrical compensation using 

shallow donors because the resistivity is function of the concentration of the deep 

donors plus the concentration of the shallow donors (Fiederle, M. et al. 2003). 

Electrical compensation is achieved by introducing localized defects with deep 

electronic levels close to the middle of the bandgap (Szeles, C. et al. 2002) at 

approximately Ev+0.8/0.74 eV (Castaldini, A. et al. 1996; Koyama, A. et al. 1999).    

The intrinsic defects giving rise to deep donors are believed to be Te antisites (TeCd), 

following a model developed for GaAs (Fiederle, M. et al. 2003).  High resistivity in 

CZT can thus be explained by the existence of TeCd defects pinning the Fermi level near 

the midgap due to an excess of Te (Castaldini, A. et al. 1996; Fiederle, M. et al. 1999; 

Wang, T. et al. 2007).  Therefore, provided that the concentration of VCd remains 

proportional to the TeCd during the crystal growth or by post-growth processing 

(Babentsov, V. et al. 2008; Koyama, A. et al. 1999), the TeCd deep donors electrically 

compensate CZT to produce high resistivity material.  

The deep level defects must be introduced with donor doping elements to achieve 

electrical compensation (Szeles, C. 2004). By controlling the melt composition during 

growth, it is possible to obtain both n-type or p-type conductivity.  For instance, crystals 

grown under Te-rich conditions normally exhibit p-type conductivity.  These crystals 

typically contain defects such as TeCd anti-sites (deep donors), Cd-vacancies (shallow 

acceptors) and Te-related native defects (Fiederle, M. et al. 2003; Koyama, A. et al. 

1999; Szeles, C. 2004). If the concentration of deep levels exceeds 1013 cm-3, space 

charge accumulated at the deep electronic levels can produce a polarization effect which 

deforms the electrical field within the detector and creates regions with poor charge 

collection efficiency (Franc, J. et al. 2007). In fact, the same deep level defects that are 

used for achieving electrical compensation and high resistivity, also serve as 

recombination centres and carrier traps (Szeles, C. et al. 2002). 

High resistivity can be obtained using a variety of doping elements.  The dopants tend 

to produce similar results, leading to the conclusion that the electronic level being 
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compensated is an intrinsic deep level (Fiederle, M. et al. 2003).  Sn, Ge, and V have 

been used as deep donors for CZT. V and Ge are used for photorefractive applications 

too as these deep levels are close to the mid-gap (0.75 eV).  They follow the 

compensation mechanism of shallow acceptors by deep donors (Fiederle, M. et al. 

2004).  Other dopants for CZT, such as Pb and Sn, when simultaneously introduced 

with Cl, can lead to n/p type resistivity depending of the respective concentration of 

these dopants (Kim, K. 2009). 

d)Optical Properties 

The optical properties of CZT contribute significantly to the materials application 

implementation in a number of fields.  For example, the transparency of CZT to infrared 

radiation plays an important role in HgCdTe backside illuminated detectors used in 

space based applications.  Essentially, CZT acts as an absorber, protecting the sensitive 

HgCdTe epilayer from higher energy gamma radiation, while allowing the longer IR 

radiation to pass through to the detector material. 

Optical frequencies at room temperature excite free carriers within CZT. For this 

reason, it is necessary to carry out electrical measurements in complete darkness.  The 

transmission of radiation through CZT is given by Eq. 5.   

Eq. 5     where    , 

Where ń´ is the refractive index of CZT, α is the absorption coefficient, and d is the 

material thickness. Eq. 5 can be simplified to Eq. 6, using the assumption that the 

theoretical Tmax for CZT is 63%. 

Eq. 6     

 

1.3. Crystal Growth of bulk CZT crystal 

Considering the chemical and physical properties of CZT, bulk crystal growth of this 

material is necessarily different compared to usual processes for other semiconductors. 

In this section the general issues facing crystal growers and the initial conditions needed 

for crystal growth will be presented.  The most important results obtained in the 

modelling and simulation of crystal growth will also be commented.  Several growth 

methods used for CZT will be discussed, and a summary of the various types of defects 
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which can appear during crystal growth will be provided.  Finally a discussion of the 

most relevant results from post growth annealing will be presented.  

1.3.1. Methods of Growth 

CZT bulk crystals are grown from the melt. Considering their phase diagram and the 

high vapour pressure of their constituent, three methods have been used successfully for 

the growth of large bulk crystals: Bridgman (BR), Vertical Gradient Freeze (VGF) and 

Travelling Heater Method (THM).  

a) Bridgman (BR) 

This section includes the following paragraphs: 1) ampoule used for crystal growth, 2) 

experimental equipment, and 3) conditions for crystal growth.  

1. Geometry, preparation and composition of the ampoule used in the BR method: 

a) The ampoule, containing the starting material, is sealed by immersing the closed 

end in liquid nitrogen (to avoid Cd evaporation and in order to avoid any oxide 

formation) (Mandal, K.C. et al. 2007). A long seeding tip can be used in order to 

improve the seeding process (Fiederle, M. et al. 2003). 

b) Carbon coated quartz, graphite and pBN crucibles have been used with the 

following results: 

i. Quartz ampoules are mainly used, although it is the main sources of 

impurities, in which in general are p-type impurities such as Na, Ag and Li, 

coming from the quartz giving as consequence p-type crystals. For this 

reason some of the miner wall protection must be used. 

ii.  In the carbon coated quartz crucible the impurities coming from the quartz 

are drastically reduced, although the density of dislocations is one order of 

magnitude higher than other ampoule materials (Fiederle, M. et al. 2003). 

iii.  With a graphite crucible, a larger effect in the axial/radial temperature 

gradient is observed due to the high thermal conductivity of graphite 

(Fiederle, M. et al. 2003). Moreover some problems exist associated with the 

degassing process prior the crystal growth (Garg, A.K. et al. 2004). The 

advantage of using this crucible material is in its lower contamination with 

respect for example to the quartz. Indeed, oxygen is a shallow acceptor but 

not carbon (Fiederle, M. et al. 1999). 
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iv. Pirolitic boron nitride (pBN) crucibles can be used to produce p- or n-type 

CZT, with no remarkable Boron impurities introduced by the crucible into 

the crystal (Koyama, A. et al. 1999). The advantage of the high axial thermal 

conductivity compared with solid CZT has a great influence in the shape of 

the SLI as has been described before. (section 2.2.1.) 

c)  The Boric oxide encapsulated vertical BR typically makes use of an open 

ampoule with  5-10 atm Ar overpressure in the chamber.  It will produce single 

crystals with a stable boron oxide layer of 100-150 µm on the crystal surface 

which is easily removed with water. This B2O3 film prevents detrimental effects 

such as the sticking to the wall ampoule and mechanical stress. Thus the 

structural properties are improved and the dislocation density can be reduced 

(Antonis, P. et al. 1996; Asahi, T. et al. 1996; Komar, V. et al. 2001; Zappettini, 

A. et al. 2007a; Zappettini, A. et al. 2007b; Zhang, J. et al. 2008). 

d) The use of a Pt tube as ampoule support which acts as cold finger modifies the 

thermal environments by enhancing the axial heat flow, reducing both radial 

heat flow and growth velocity and improving the Zn concentration uniformity 

along the growth direction (Carcelen, V. et al. 2009.) This approach will be 

discussed in section 2.2.2. 

2. Recent configurations and modifications of Bridgman equipment:  

a. Bridgman furnaces with very different configurations have been reported: single 

zone, two zones (Zhang, Z. et al. 2008), three zones with adiabatic zone, hot 

zone at 1200ºC and cold zone at 980ºC (Li, W. et al. 2002; Mandal, K.C. et al. 

2007), five zones furnaces (Wang, T. et al. 2007), etc. 

b. High pressure BR is the most commonly used method for commercial 

production of CZT, where the material is typically grown under Te-rich 

conditions (Koyama, A. et al. 1999). This method employs an Ar over-pressure 

between 100-120 atm (Fiederle, M. et al. 1999; Fiederle, M. et al.2003; Komar, 

V. et al. 2001) or higher, in some cases using graphite crucibles and graphite 

heaters (Fougeres, P. et al. 1998).  The uniformity and resistivity of as-grown 

CZT is generally improved as the loss of Cd mass during growth is minimized 

(Fiederle, M. et al. 1999). The fluctuations of Zn composition are nearly 5-10% 

along the boule and 1-2% within a single detector (Fiederle, M. et al. 1999; 

Toney, J.E. et al. 1999).  The yield of material with detector performance 
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obtained is 25%  (Fiederle, M. et al. 1999). The experimental difficulties for 

using this approach has reduced their application in commercial uses. 

c. Accelerated crucible rotation technique –ACRT- facilities are used in order to 

homogeneize the melt composition  (Li, G. et al. 2004a; Li, G. et al. 2004b; Li, 

G. et al. 2005; Yang, G. et al. 2005). The authors claim that the use of specific 

experimental conditions produce spectacular results. 

3. The experimental conditions used in the BR crystal growth process can be 

summarized as follows: 

a. Different pulling rates have been reported: < 0.5mm-h-1 (Fiederle, M. et al. 2007; 

Mandal, K.C. et al. 2007), 0.8-1mm-h-1  (Komar, V. et al. 2001; Li, G. et al. 

2004a; Li, G. et al. 2004b; Wang, T. et al. 2007; Yang. G. et al. 2005; Zhang, J. 

et al. 2008; Yang, G. et al. 2007), or higher 1-2 mm.h-1 (Zappettini, A. et al. 

2007b). 

b. Axial temperature gradients at the SLI  <10ºC-cm-1 (Mandal, K.C. et al. 2007), 

of 10-15ºC-cm-1 (Li, G. et al. 2004a; Li, G. et al. 2004b; Wang, T. et al. 2007; 

Yang, G. et al. 2005; Yang, G. et al. 2007; Zappettini, A. et al. 2007b; Zhang, J. 

et al. 2008)  or higher than 15-20º C-cm-1 ( Fiederle, M. et al. 2007; Komar, V. et 

al. 2001; Li, W. et al. 2002) have been reported. 

c. Post growth cooling rates to room temperature of 5-6ºC.h-1 are commonly used 

(Li, G. et al. 2004a; Li, G. et al. 2004b; Li, W. et al. 2002). 

b) Vertical Gradient Freeze (VGF) 

In the BR method, it is difficult to achieve long term stability at the growth interface 

due to the fact that the charge and the furnace move relatively to each other and the 

temperature profile in unchanged during the whole process.  As a result, the radiative 

heat transport is continuously modified even for a constant furnace thermal gradient, 

leading to process non-uniformities. This effect is eliminated in VGF where the heat 

transport can be stabilized, and the temperature variation across the melt is done by 

temperature programming in a multizone furnace (Szeles, C. et al. 2002). 

In the VGF method, several heaters are used to obtain the desire temperature profile 

across the ampoule.  The ampoule and the heaters are fixed (Asahi, T. et al. 1996), 

while the temperature profile is gradually displaced, moving the SLI upwards across the 

charge (Asahi, T. et al. 1996). The challenge with achieving a stable crystal growth 
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arises from the continuous variations in the temperature profile with the possibility to 

change the temperature gradient during the crystal growth (Franc, J. et al. 2003). 

An approach similar to the VGF is the Electrodynamic gradient (EDG) technique, 

where the temperature gradient evolution is also controlled electronically, but a larger 

number of heaters are used to control the temperature profile with greater precision. 

This method yields superior thermal stability than traditional VGF, by using low 

thermal gradient and low growth rates to minimize thermal stress (Pandy, A. et al. 2005; 

Szeles, C. et al. 2002). Furthermore, with a starting composition of 10% Zn, it has been 

obtained a Zn composition along the ingot  which varies within a range of 5-13% 

(Szeles, C. 2004), as contrast with a standard BR process, where this variation could be 

at least two times larger. 

The VGF experimental conditions can be summarized as follows, most of them used in 

the BR method: 

a. Different crucible materials:  PBN (Asahi, T. et al. 1995. Ivanov, Y.M. 1998; 

Koyama, A. et al. 1999), pure graphite covered with pyrolytic graphite and 

quartz covered with graphite (Moravec, P. et al. 2006). 

b. A Cd reservoir at 785ºC giving 1-1.3 atm pressure (Asahi, T. et al. 1995; Asahi. 

T. et al. 1996; Koyama, A. et al. 1999; Moravec, P. et al. 2006; Pandy, A. et al. 

2005) has been reported. Variable temperature in the range 800-850ºC has also 

been reported for the reservoir; this help to maintain the desired stoichiometry 

(Szeles, C. et al. 2002), and provides a precise and exact control of the Cd 

pressure which reduces the precipitate density. 

c. The axial thermal gradient has been reported to be between 1-5ºC-cm-1 (Asahi, 

T. et al. 1996; Franc, J. et al. 2003; Moravec, P. et al. 2006) and 3-10º C-cm-1  

(Fiederle, M. et al. 2003; Ivanov, Y.M. 1998). 

d. The cooling rate during growth at the SLI is 0.1-0.5ºC-h-1 (Asahi, T. et al. 1999; 

Franc, J. et al. 2003; Ivanov, Y.M. 1998; Moravec, P. et al. 2006)  or higher such 

as 1ºC-h-1 (Asahi, T. et al. 1995). 

In the VGF method one can conclude that the axial temperature gradient and their 

variation during the growth process in the most important experimental parameter 

compared with the previous BR method. 

 

c) Travelling Heater Method (THM) 



23 

 

The THM approach translates the applied thermal profile by moving the heater relative 

to the growth ampoule (Dost, S. and Liu, Y.C. 2007). The THM method uses generally 

Te as a solvent (Audet, N. et al. 2006; Fiederle, M. et al. 2003; Wang, Y. et al. 2005) or 

Te-rich dilute binary compound (Chen, H. et al. 2007; Dost, S. and Liu, Y.C. 2007). 

In fact, a liquid zone of about 1-2 cm height is created in the growth ampoule, 

dissolving the charge at the top liquid-solid interface, while simultaneously depositing 

crystalline material at the bottom interface, with operating conditions far from 

thermodynamic equilibrium (Audet, N. et al. 2006).The advantage of the THM method 

is in the possibility of growing at lower temperature than in BR and VGF methods  due 

to the use of Te as a solvent (Audet, N. et al. 2006). Crystals grown using this method 

are grown at a rate of some 4-5 mm-day-1, and exhibit better crystallinity and 

homogeneity in Zn concentration than the BR or VGF crystals (Chen, H. et al. 2007; 

Fiederle, M. et al. 2003).  In addition, low levels of impurities are present in the as 

grown ingots, as the impurities are slowly removed with each subsequent pass of the 

heater (Asahi, T. et al. 1996). Nevertheless, the disadvantage of this method is the 

difficulty in scaling to large diameter crystals, with large macro defects present in the 

last-to-freeze part of the ingot (Asahi, T. et al. 1996; Chen, H. et al. 2007) and the low 

growth speed compared with standard BR and VGF method. The SLI is quite difficult 

to control as the evolution of the growth interface is influenced by convection in the 

solution and also by heat and mass transfer in the region of the growth and dissolution 

interfaces (Dost, S. and Liu, Y.C. 2007).  

Some important experimental conditions can be summarized: 

a. This method typically requires a seed crystal (Wang, Y. et al. 2005). 

b. The temperature at the Te solvent zone is near 850ºC  (Wang, Y. et al. 2005). 

c. The use of a magnetic field is possible in order to reduce and eliminate Te 

inclusions and to reduce the morphological instability at the SLI. In fact, good 

optimal quality crystals have been obtaining using a static magnetic field of 3 

Tesla (Wang, Y. et al. 2005). 

d. A flat SLI can be obtained by changing the heat transfer conditions at the bottom 

surface of the ampoule by controlling the heat removal and by rotating the 

ampoule. These effects have all been simulated (Dost, S. and Liu, Y.C. 2007). 
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e. The growth velocity is between 4-5 mm/day (Asahi, T. et al. 1996; Dost, S. and 

Liu, Y.C. 2007; Wang, Y. et al. 2005). 

d) Other techniques for growing large CZT crystal 

Other crystal growth techniques that have been implemented successfully for the growth 

of bulk CZT crystals are among others: 

1. Multitube physical vapour transport (MTPVT) method has been used to grow CZT 

bulk crystals up to 3 mm thick and several square inch, using either an oriented 

GaAs or Ge seeds located on a quartz pedestal, using CdTe and ZnTe sources 

located in isolated furnaces. The vapour growth temperature is near 800 ºC. The 

entire assembly is pumped to high vacuum, which permits in situ optical access 

during growth.  Results indicate an uniform Zn concentration along the axial and 

radial direction (Mullins, J.T. et al. 2008). 

2. Dewetted growth, is a results obtained on the growth under microgravity conditions, 

and it has been implemented on CZT crystals grown on earth.  In this method with 

gravity conditions, the external gas pressure in the crucible it must compesate the 

hydrostatic pressure in the melt during the process of growth, and in consequence, 

the crystal does not come into physical contact with the crucible (Fiederle, M. et al. 

2004).  This method has been demostrated to give better crystal structure than 

traditional growth techniques as the stress induced by sticking to the crucible wall is 

eliminated.   Results of this method to the growth of bulk GaSb and CdTe crystal 

indicate that this method improves the quality of crystals when compared with 

reference non dewetted samples (Fiederle, M. et al. 2004).  

3. Replenishing melt with Zn from a reservoir during the crystal growth (Li, W. et al. 

2002), with the objective of keeping the composition of the growing crystal constant 

in the interesting method for growing large bulk CZT crystals. The replenishing is 

carried out by a second crucible: a long capillary links both crucibles and allows Zn 

replenishing while preventing diffusion between the two melts (Tao, Y. and Ken, S. 

1997).  The advantage of this method is that of preventing the evaporation, with the 

possibility to encapsulate the melt with B2O3 under Ar pressurised at 4 atm (Li, W. 

et al. 2002). 
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1.3.2. General problems of crystal growth and initial conditions  

There are at least two fundamental issues which must be considered prior to crystal 

growth of CZT.  First, the thermal conductivity of the solid state is lower than the 

molten state, which means that the latent heat of solidification can not be easily 

dissipated. As a consequence there are significant problems associated with the control 

of the solid-liquid interface (SLI) (Fiederle, M. et al. 2007).  Second, the evaporation of 

CZT at the melting point is non-congruent leading to continuous Cd losses.  This loss of 

Cd from the starting material causes the melt become Te-rich (Fiederle, M. et al. 2003; 

Yang, G. et al. 2005), and introduces VCd
-2 shallow acceptors into the crystal. A strategy 

to control these defects has therefore to be developed, otherwise the high concentration 

of VCd
-2 will ultimately limit the quality of the as grown crystals. 

These two characteristics of CZT are responsible for the formation of defects 

throughout the entire crystal including twinning, the formation of grain boundaries, 

precipitation and inclusions of Cd and Te, cracking due to excess of thermal stress, and 

non uniform crystal compositions caused by Zn segregation.  These and other defects 

present in the crystal can be attributed to unfavourable thermodynamic conditions 

and/or poor crystal stoichiometry.  For these reasons it is important to consider, in a first 

step, some important initial conditions:  

a) Starting materials and stoichiometry 

The starting elements normally used are of 6N purity, although in recent years 7N  Cd, 

Zn, Te have become preferable (Fiederle, M. et al. 2004; Komar, V. et al. 2001 ; 

Mandal, K.C. et al. 2007 ; Wang, T. et al. 2007 ; Yang, G. et al. 2006;  Zhang, J. et al. 

2008; Zhang, Z. et al. 2008).  A variety of methods exists for cleaning the starting 

material prior to charging the ampoule for synthesis.  For example, Cadmium can be 

etched with a solution of 15% HNO3 in methanol to remove the heavy metals and 

oxides on the surface of the raw material.  Zn can be cleaned with a solution of 

HNO3/H2O/HF (1:10:2 in volume).  Te can be etched using a 20% aqueous solution of 

HCl followed by rinsing in H2O and dried in flow of high purity N2 gas (Mandal, K.C. 

et al. 2007).  For a crystal growth process, the starting mass is generally in the range of 

0.3-1,6 kg for crystal diameter of, respectively, 25 mm or 75 mm (Fiederle, M. et al. 

2007). 



26 

 

Crystal synthesis is generally carried out by directly compounding the elemental Cd, Zn 

and Te constituents in situ (Franc, J. et al. 2003; Kestigan, M. et al. 1999 ; Mandal, K.C. 

et al. 2007 ; Szeles, C. et al. 2002 ; Yang, G. et al. 2005; Zappettini, A. et al. 2007a; 

Zappettini, A. et al. 2007b). Due to the highly exothermic and violent character of the 

reaction between the Cadmium and Tellurium, this process must be monitored closely 

with appropriate temperature control (Franc, J. et al. 2003). 

While there is not a complete agreement about the excess material to be introduced in 

the starting material for stoichiometry control, it is generally accepted that a Te-rich 

melt may be used for creating a deep donor levels in the crystal and for reducing the 

partial pressure of Cadmium while a Cd-rich melt my be used to compensate for the Cd 

losses during evaporation in the crystal growth  

Considering the effect of TeCd as a deep donor in the middle of the band gap, the Te-rich 

melt seems to be necessary to obtain high resistivity CZT (Fiederle, M. et al. 1999; 

Fiederle, M. et al. 2007 ; Szeles, C. 2004 ; Zappettini, A. et al. 2007b ; Zhang, X. et al. 

2009).  An excess of 1-1.5%  wt Te (corresponding to a surplus concentration of  1016 at 

·cm-3 in the starting material) seems to be sufficient (Fiederle, M. et al. 1999; Yang, G. 

et al. 2006; Zhang, X. et al. 2009). One direct consequence of using a Te-rich melt is 

that a larger concentration of Te inclusions and precipitates may be observed 

(Babentsov, V. et al. 2008; Szeles, C. et al. 2002).  It must be noted that due to Cd 

evaporation from the melt during solidification, the concentration of Teincl. and TeCd 

defects tend to further increase along the growth direction (Babentsov, V. et al. 2008).   

Cadmium excess may be added to the starting material to compensate for the Cd which 

will fills the free space of the ampoule in gaseous form during growth. The Cd excess 

mass is calculated using the Clapeyron equation (Ivanov, Y. 1998; Li, G. et al. 2004a; 

Li, G. et al. 2005; Yang, G. et al. 2007) which results in an excess of about 5x10-2 % wt. 

Cd (Wang, T. et al. 2007).   

A more elaborate method to compensate for Cd evaporation is to position a Cd reservoir 

(Kestigan, M. et al. 1999) inside the growth ampoule located in a second furnace with 

independent temperature controller.  A temperature of ~785ºC is used for this Cd 

reservoir depending on the growth conditions (Asahi, T. et al. 1996).  For this approach, 

the use of a two or three zone furnace is necessary (Asahi, T. et al. 1996; Li, W. et al. 

2002; Takahashi, J. and Mochizuki, K. 2003; Triboulet, R. 2005).  A Cd over-pressure 
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between 1-1.3 atm is considered optimal to compensate for Cd-loss in the system 

(Franc, J. et al. 2003). Using this configuration, the dislocation and Te-inclusion density 

can be drastically reduced (Franc, J. et al. 2003; Kestigan, M. et al. 1999; Szeles, C. and 

Driver, M.C. 1998). Furthermore, the use of an alloy in this reservoir with a given mole 

ratio (Cd/Zn) has also been implemented. In this way the partial pressure can be 

adjusted to correspond to a specific composition “x” in the crystal Cd1-xZnxTe 

(Triboulet, R. 2005). This reservoir can be either kept at a constant temperature (i.e. 

820ºC) or the temperature can be gradually varied (i.e. between 800 and 840ºC).  It is 

important to note that improvements in structural quality and bulk resistivity are 

obtained when the reservoir contains CdZn alloy as opposed to a pure Cd reservoir (Li, 

W. et al. 2002). 

b) Dopants 

Indium is one of the most commonly used dopants to obtain p-type materials with 

resistivity of 1010 ohm-cm  (Fiederle, M. et al. 2007; Li, Q. et al. 2006a; Zappettini, A. 

et al. 2007a) with concentrations of 1.5-30 ppm or 1016-1017 at/cm3  (Wang, T. et al. 

2007; Wang, T. et al. 2008).  The amount of In must be very precise, because it is 

claimed that while 30 ppm of In increases the resistivity up to 1011 ohm.cm, In 

concentrations as high as 60 ppm result in n-type low resistivity CZT (Li, Q. et al. 

2006a; Wang, T. et al. 2008). 

c) Dopants for High resistivity material 

Considering the model for residual shallow acceptors VCd and the model for deep 

donors TeCd, one method to produce high resistivity CZT is to simultaneously 

incorporate a sufficient concentration of TeCd antisites, as well as shallow donors, such 

as In, to compensate for the residual VCd.  The best results reported so far have been 

obtained with Te excess of 1.5% and In concentration of 2.5x1016cm-3  (Terterian, S. et 

al. 2003; Yang, G. et al. 2005) which led to resistivity three orders of magnitude larger 

than in undoped CZT material.    

d) Zn concentration  

The Zn composition along a CZT ingot is a consequence of the segregation effect 

during the crystal growth following a behaviour according the value of 1.35 for the 

segregation coefficient Keff, the consequence of the segregation coefficient of Zn being 
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larger than one in the CdTe of this value, is that Zn concentration gradients will be ever 

present in the crystal in both axial and radial directions. The segregation coefficient 

value k̈  ̈of Zn in CdTe can be calculated using Pfann’s equation:  

Eq. 7 Cs = C0. k (1-g) k-1  

where C0 is the initial Zn concentration, Cs the Zn concentration measured at a given 

percentage of the solidified portion “g”, and k is the segregation coefficient.  The 

segregation effect also plays an important role for impurities in CZT.  For example, in 

the case of the other  impurities, the segregation coefficient can be either smaller than 

one (In=0.07, Cu=0.05, Ag=0.05, Bi=0.02 and Na=0.001) or larger than one (Al= 3.6) 

depending on the chemical species in question (Yang et al. 2008), (Guoqiang et al. 

2004). Furthermore, the degree of segregation increases with higher Zn concentrations 

i.e. 10%, 15% and 20%  (Li, G. et al. 2003b; Li, G. et al. 2004a). 

Furthermore, due to the location of the Zn atoms in an off-center position along the 

<111> direction, an electric dipole is created leading to ferroelectric behaviour at room 

temperature (RT) as a result of the alloying effect which produces changes in the local 

symmetry, a result which it is supported by the fact that there is no ferroelectric 

behavior observed in CdTe. (Weil et al. 1995) 

e) Melting Point 

The melting point of CZT is of great importance to the crystal growth process.  To 

establish appropriate growth conditions such as thermal gradients, homogenization 

temperatures, and crystal growth rates it is fundamental to first know the melting point 

for subsequent growth operations.  Guskov reports for CZT a melting temperature near 

1104ºC (Guskov et al. 2001).  L. Shcherbak investigates viscosity as a function of 

temperature η(T), and reports the changes in the slope of η(T) at 1385±1K (1112ºC) and 

1394±1K (1121ºC) which indicate a cluster dissolving mechanism (Shaherbak et al. 

2004).  In addition the nucleation process in the homogeneous melt is reported to 

initiate at 1380 ± 1K (1107ºC) and solidification is claimed to be completed at 1364±1K 

(1091ºC).  Heating and cooling curves intersect at 1399±1K (1126ºC) and it was 

concluded that the heated liquid becomes homogeneous at this temperature only.   Other 

techniques have also been investigated to determine the melting poitn of CZT, such as 

those used by H.N.G. Wadley with similar results (Wadley et al. 1997).  In conclusion 
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one can accept as an experimental melting point a value of about 1104-1107ºC, as it has 

been used in the experiments carried out in this work. 

f) Superheating 

The highly ionic character of CZT as it has been discussed previously near the melting 

point, results in Te atoms forming extended chain-like structures in the molten state, as 

it happens in a larger number of oxide material such as Bi4Ge3O12 where this 

phenomena has deeply been studied. Chain-like structures can lead to structured melts 

which significantly influence the nucleation process, as well as the growth kinetics of 

the system (Turkevych, I. et al. 2004; Triboulet, T. 2005).  

This organized melt is favourable to the formation of Te clusters above the melting 

point (Fiederle, M. et al. 2007).  Therefore, a superheating process is necessary to 

‘break’ the molecular bonds and complexes, and to achieve a uniform, unstructured 

melt. The presence of Te complexes in the melt will notably degrade the bulk crystal 

quality through the creation of new trapping centres (Carini, G. et al. 2006). 

Experimental methods have been developed to address these problems such as using 

superheating as discussed above, as well as growth under forced convection.  Several 

methods fall under this latter category including the accelerated crucible rotation 

technique (ACRT), vibrational stirring, and growth using electro-magnetic stirring 

(Triboulet, R. 2005).  

Nevertheless, superheating is a widely used process due to its ability to effectively 

dissociate the deleterious complexes in the melt (Szeles, C. and Driver, M.C. 1998).  A 

large amount of work has been published on this subject detailed in the following:   

1.    A superheating well above the melting point (>20ºC) will result in a large degree of                  

supercooling (20-30ºC) and early polycrystalline growth at the first-to-freeze tip of the 

ingots (Szeles, C. and Driver, M.C. 1998). 

2. A superheating of 20ºC is necessary to destroy Te clusters (Fiederle, M. et al. 2003. 

Fiederle, M. et al. 2007).   

3. The degree of supercooling decreases with increasing Cd vapour pressure both in 

Te-rich and Cd-rich melts, but increases with higher cooling rates (Turkevych, I. et 

al. 2004).  
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4. The supercooling decreases with higher densities of Cd atoms.  The Cd atoms cause 

the destruction of Te chains and promote the formation of short order clusters which 

serve as nucleation centers, effectively reducing the nucleation energy (Turkevych, 

I. et al. 2004). 

In summary, superheating must be applied for the crystal growth process of the entire 

family of II-VI compounds (Kim, K. et al. 2009). In fact thermal history of the melt, 

such as temperature and duration of the superheating period and the stochiometry of the 

melt are of greatest importance in obtaining high quality CZT crystals (Franc, J. et al. 

2003; Turkevyck, I. et al. 2004). 

g) Solid-Liquid Interface 

 The solid-liquid interface –SLI- is an important feature in any bulk crystal 

which is grown from the melt, which has a strong influence and impact in the properties 

and the yield of a given crystal. All the authors who have studied the SLI claim the 

importance of the controlled shape of the SLI which drastically influences the 

compositional homogeneity and the crystalline perfection. 

 In fact, the shape of the SLI is considered identical to the isotherm shape 

(Koai et al. 1994) which coincides with the melting point isotherm (Gasperino et al. 

2009, Lun et al. 2006), and is determined by the energy balance at the crystal/melt front 

among the latent heat and heat conduction in the solid and in the melt, which is given by 

the equation 8: 

Eq. 8      Ks.Gs=Km.Gm + ρs.v.L  

where Ks, Km are the thermal conductivity; Gs, Gm are the temperature gradient, ρ is 

the density, and v is the crystal growth velocity, being the sub-indexes m and s the melt 

and the solid respectively. Due to the differences between the thermal conductivities of 

the melt and the solid the control of the SLI is so difficult in the case of CZT crystals. In 

general, the interface convexity is defined as the interface deformation at the symmetry 

axis divided by the crystal radius: it has a value of zero for planar interfaces, a shape 

which are used to minimize the thermal stress (Fu et al. 1980); and a positive value for 

slightly convex SLI when seen from the melt.  The slightly convex SLI is desirable in 

order to improve the grain selection (Koai et al. 1994), and at the same time to eliminate 
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the spontaneous nucleation, which it should have a drastic impact on the yield process, 

as it happens in the case of CZT. 

 There is a strong correlation between the interface curvature and the radial 

segregation along the interface (Duhanian et al. 2005), and in fact on concentrated 

alloys the curvature of the SLI depends on the local composition, as it has been 

demonstrated on (Ga,In)Sb alloys (Barat et al. 1998). This effect has a great importance 

for alloys with segregation coefficient different than one as it happens for Zn in the case 

of CZT materials, and in these cases, the chemical segregation coupled with the thermo-

solutal convection would lead to huge deformations of the SLI, with interface 

curvatures which it could be even larger than the sample diameter. In this way, an 

interesting aspect is the possibility to mark the SLI, which it has been carried out in the 

case of conductor or semiconductor melts by the application of temporal electrical 

pulses along the growth process, followed by a later process of revealing the marked 

interface with a metallographic process (Duhanian et al. 2005).  

 Other important aspect is the relation between the shape of SLI and the 

defects which appear as a consequence of this shape. A concave SLI will produce twins, 

multiple grains, undesirable defects at the walls of the ampoule followed by its 

propagation towards the centre of the crystals (Gasperino et al. 2009), a fact which 

currently happens in CZT bulk crystal, unless a precise control interface is considered. 

For this reason relative convex isotherm which will lead to convex SLI often produces 

best crystallinity with high percentage of single crystal material, and suppressing any 

parasitic nucleation coming from the ampoule wall (Jones et al. 1984; Koai et al. 1994). 

Nevertheless, when the segregation phenomenon takes place in a given composition, a 

flat isotherm is desirable (Jones et al. 1984).  

 There are several ways to promote a given interface shape during 

Bridgman growth, and probably the best one is to design of an adequate thermal 

environment, as it has been simulated very recently and applied to the growth of CZT 

crystals (Kuppurao et al. 1995; Kuppurao et al. 1997). If the furnace design control is 

essential for promoting a given interface shape (Lun et al. 2006), other complementary 

approaches are also very important which significantly influence the thermal 

distribution such as: i) a given support structure of the ampoule which contains the melt 

during the growth by Bridgman method, an approach which it will be discussed in the 



32 

 

next section; ii) the use of external vibrational arrangements with electromagnetic 

vibrators which produce an increase of the temperature near the SLI compared with non 

vibrational fluid avoiding constitutional supercooling effects, recently applied for alloys 

(Fengquan et al. 1004); iii) the use of pyrolitic Boron Nitride –pBN- crucibles which 

displays steeper axial temperature gradients and promotes convex SLI shapes in the 

growth of CZT crystals, but at the same time would create larger radial temperature 

gradients which could lead to higher dislocations density (Gasperino et al. 1995); iv) by 

the contrary, for the same CZT material, the SLI in a given graphite crucible would 

exhibit more concave shape respect to the melt, and at the same time the axial thermal 

gradient through the crystal would increases as the growth proceeds, having the 

advantage for the pBN crucibles which they flatten the SLI shape in the case of CZT 

crystal growth.  

 For all the reasons commented above, it is extremely important the control 

of the shape of the SLI in the growth of CZT bulk crystals for obtaining large grain size 

with homogeneous composition. The crystal growth conditions are essential parameters 

to control, but the thermal environments are probably the most critical parameter to take 

into account.  

 1.3.3. Modelling of the Growth 

Bulk crystal growth is generally a phenomenon ruled by thermodynamic, mass 

and heat transport (Szeles, C. et al. 2002).  In the case of CZT compounds, the 

nucleation process is influenced by highly organized particles in the melt (Triboulet, R. 

2003), the shape of the solid liquid interface, the thermal conductivity of the solid and 

the liquid, and the edge interactions between ampoule surface and melt surface 

(Triboulet, R. 2003; Zhang, J et al. 2005).  If in general the control of the SLI is 

essential, in this particular case a precise control of the SLI is really critical and must be 

pursued with great effort.  

It is generally agreed that the SLI is determined by the melting-point isotherm as it has 

been pointed out in section 1.3.1.g (Lun, L. et al. 2006), and there exists a direct 

correlation between the concavity/convexity of the crystallization front and the 

characteristics and quality of the crystals (Chao, C. and Hung S.Y. 2003; Komar, V. et 

al. 2001).  In fact the kind of SLI has important effect in the characteristics of the 
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crystals. In the next paragraphs the most important results from the modelling of the SLI 

are briefly described: 

1. A crystal concave interface is likely to propagate the interface/ampoule interactions 

inward, toward the crystal resulting in twinning or dislocations.  

2. A crystal convex interface will minimize the defects or spurious crystals nucleated 

at the ampoule wall which will not propagate inward towards the bulk crystal. The 

density of Te inclusions, originating at the growth interface and trapped at the 

boundary layer as a consequence of morphological instability, will be reduced with 

a convex interface (Chao, C. and Hung S.Y. 2003; Kurz, M. and Muller, G. 2000). 

3. A flat interface with low radial temperature gradient and nearly constant axial 

temperature gradient is theoretically optimal due to the minimization of thermal 

stress (Chao, C. and Hung S.Y. 2003), the improvement of crystalline quality and 

the reduction of inclusion density  (Dost, S. and Lui, Y.C. 2007). Furthermore a flat 

interface reduces the value of thermoelastic stress (Komar, V. et al. 2001), 

suppresses radial segregation of Zn (Chao, C. and Hung, S.Y. et al. 2003), and is 

better for grain selection.    

 

Considering the low thermal conductivity of the solid phase in CZT, in order to 

maintain the heat flow balance at the SLI lower growth rates and larger axial gradients 

are required in the solid phase than in the liquid phase (Szeles, C. et al. 2002).  Indeed if 

the axial heat released through the crystal is insufficient, the interface must deflect to 

allow some of the latent heat to flow radially outward (Lun, L. et al. 2006). As a 

consequence, the flatness of SLI is primarily determined by the ability of latent heat to 

be conducted away from the interface through the crystal along the axial direction (Lun, 

L. et al. 2006). 

A great deal of literature has been published, devoted to the simulation of other topics 

of CZT crystal growth.  Presented below is a summary of some of these results: 

Crucible effects: 

a. A graphite crucible reduces the axial and radial thermal gradient due to its larger 

thermal conductivity, which lowers the furnace gradient.  As a result the ‘actual’ 
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growth rate can be higher than the furnace or ampoule translation rate (Martinez-

Tomas, C. et al. 1999). 

b. Similar effect can be produced using a graphite coating on a quartz ampoule.  

The actual growth rate can be larger or smaller than the ampoule or furnace  

translation depending of the graphite thickness, which can modify both the axial 

thermal gradient and the shape of the SLI (Martinez-Tomas, C. et al. 1999). 

c. Alignment of the ampoule is necessary, because misalignment of 1º will produce 

asymmetries in the flow and in the segregation phenomena along the length of 

the crystal (Derby, J.J. et al. 1995). 

d. The influence of the ampoule support has been simulated for different 

geometries and materials such as solid mullite, solid graphite, graphite core, etc. 

The results indicate that a properly designed support might increases the axial 

heat flow and decreases simultaneously the radial heat flux (Kurz, M. and 

Muller, G. 2000). 

e. Both graphite and pyrolytic Boron Nitride –pBN- crucibles are commonly used 

for CZT bulk crystals, showing important differences in the temperature profile 

during a given experiment, as it is clearly shown by the work of Gasperino D. et 

al. (Gasperino, D. et al. 2009) . 

2. Furnace effects 

a. In horizontal Bridgman growth, a fast translation rate enhances the grain 

selectivity in unseeded systems. Indeed the axial segregation of Zn is lower for 

higher growth rates (Edwards, K. et al. 1999). 

b. The heat conduction through the crystal is affected by the thermal profile of the 

furnace (Lun, L. et al. 2006). 

c. The SLI is sensitive to furnace heating modifications.  The engineering and 

design of the thermal environment, therefore, will either promote or suppress a 

convex interface (Chao, C.K. and Hung, S.Y. 2003; Lun, L. et al. 2006).  Such 

modifications have been observed, for example, when using a Pt tube for 

ampoule support  (Carcelen, V. et al. 2008) (More information in section 2.2.). 

d. The use of external magnetic field reduces thermal convection in the melt 

(Wang, Y. et al. 2005). 

3. Experimental conditions:  

a. Temperature fluctuations can cause uncontrolled changes in the shape of the SLI 

and induce spurious nucleation (Szeles, C. et al. 2002). 
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b. The variations of temperature gradient in the crystal are more important than 

variations of temperature gradient in the melt, due to their minor effect on heat 

conduction and ultimately on the SLI shape (Lun, L. et al. 2006). 

c. A combination of low crucible pulling rate and medium thermal gradients will 

eliminate solute segregation in the crystal while improving the shape of the SLI. 

The optimal conditions given in the literature are 0.7 mm/h and 5ºC/cm 

respectivelly (Juncheng, L. et al. 2007). 

 

1.3.4. Growth Defects 

 

Defects in the grown crystals obviously have a negative impact on the properties of 

CZT based detectors.  The variances in detector performance and carrier transport are 

attributed to structural and morphological non-uniformities in the crystals.  A summary 

of the most common defects associated with the growth and postgrowth process will be 

presented here. 

a) Cracks 

Cracks initiate perpendicular to the surface; they travel towards the center of the as-

grown crystal, as consequence of the thermal or mechanical stresses at the ampoule 

wall. These macrodefects are normally formed and propagated during crystal growth 

and the cool down phases. With adequate choices of thermal profiles and crucible 

materials, it is quite possible to suppress their formation. Nevertheless, during post-

growth processing such as slicing, dicing, and grinding, additional cracks will be 

formed if special precautions are not taken. These cracks destroy detector performance 

and can be a major reason for a poor yield (Szeles, C. and Driver, M.C. 1998). 

b) Voids and Pipes 

Voids with lenticular and oval shapes, and pipes with hollow tubular shapes are the 

most important macrodefects which appears during crystal growth. They are localized 

intermittently and parallel to the growth axis, normally arranged in families. It is 

believed that these defects are the consequence of trapping Cd gas bubbles, which are 

related to the fluctuation in the growth conditions such as temperature and growth rate. 

They can also be Te-enriched macrodefects.  Suppression of these defects can be 
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achieved through correct choices of thermal profiles, crucible materials, and growth 

rates (Szeles, C. and Driver, M.C. 1998). 

c) Stress 

Residual thermal stress is considered to be a macrodefect which affects the electrical 

and optical properties of CZT crystals. Stress is a consequence of non-uniform or high 

temperature gradients during growth, or can arise from strong interactions between melt 

and ampoule wall (Chao, C.K. and  Hung, S.Y. 2003; Mandal, K.C. et al. 2006; Mandal, 

K.C. et al. 2007).  The governing factor for thermal stress is the axial temperature 

gradient.  A secondary factor is the shape of the SLI during growth (Chao, C.K. and 

Hung, S.Y. 2003).  One method used to reduce thermal stress is to match the thermal 

expansion coefficients between ampoule and crystal (Chao, C.K. and Hung, S.Y. 2003).  

Post growth stresses can also be induced into CZT crystals through operations such as 

sawing (annular saw or diamond wire saw), grinding, polishing and other machining 

operations.  These are common procedures used in detector preparation and, if not 

performed correctly, can have detrimental effects on detector performance by 

introducing plastic deformations near the surface (Zeng, D. et al. 2007b). 

d) Twins 

The presence of micro-twins in as-grown crystals suggests that excessive stresses persist 

even after the solidification process (Szeles, C. et al. 2002).  These defects are generally 

created due to temperature fluctuations during the cooling phase (Asahi, T. et al. 1995; 

Kestigan, M. et al. 1999). They are grouped in groups of 3 to 6 micro-twins, each 

parallel to one another, with twinning planes lying exclusively in CZT {111} planes (Li, 

G. et al. 2008) (a plane which is generally at 8º off growth direction (Lee, T.S. et al. 

1995). The effect of the twins on the electric field, and thus detector performance, is 

negligible, and with improved cooling profiles, the number of micro-twins can be 

considerably reduced (Kestigan, M. et al. 1999). 

e) Grain and Grain boundaries 

Grain patterns produced during crystal growth by high temperature gradients, or high 

growth rates (Szeles, C. et al. 2002) can be easily recognized using a 0.5% Br-MeOH 

etching solution or using illumination with a tungsten bulb (Rose, D. et al. 1998; Toney, 
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J.E. et al. 1999). The grain boundaries degrade detector performance, acting as gettering 

and nucleation centers for impurities (Li, G. et al. 2004b).  

Within the grain boundaries, impurities are homogeneously distributed and these grain 

boundaries are decorated with several concentrated centers of impurities (Li, G. et al. 

2004b).  These impurities typically emit in the 1.4 eV band of the donor-acceptor 

recombination region studied by micro-photoluminescence (Ushakov, V.V. and 

Klevkov, Y.V. 2005), and with large Te inclusions (up to 50 µm) gettered on the grain 

boundaries, these defects markedly degrade device performance (Bolotnikov, A.E.et al. 

2007).  

It is important to note that while high counting efficiency can be obtained within each 

individual grain, detector response is substantially reduced along the grain boundaries 

(Szeles, C. and Driver, M.C. 1998). The trapping effect along the grain boundaries 

produces nonuniform charge transport resulting in poor detector performance (Szeles, 

C. et al. 2002). 

f) Dislocations 

The density of dislocations in a given material is revealed by surface chemical etching 

and subsequent measurements of the corresponding etch pit density (EPD).  This 

measurement is a clear indicator of material quality and in fact the presence of 

dislocations degrades detector performance (Szeles, C. et al. 2002). For a good quality 

sample, the EPD value is normally in the range of 103-104 cm-2 (Fiederle, M. et al. 

2007). 

These defects can have different origins.  First, they can be generated at the ampoule 

wall due to thermally induced stress (Asahi, T. et al. 1995; Mandal, K.C. et al. 2007): 

this has been demonstrated by applying an artificial stress to the sample.  Second, 

dislocations can be induced by excess of strain during solidification and cooling down 

phases (Asahi, T. et al. 1995; Szeles, C. et al. 2002). Finally, dislocations also form 

when crystallization occurs under uncontrolled conditions (Kestigian, M. et al. 1999).  

Thus, as consequence of high temperature gradients within the furnace dislocations can 

give rise to polygonalization or cellular arrangement (Szeles, C. et al. 2002; Yang, G. et 

al. 2007).  Besides to this, there are other factors which affect the dislocation density of 
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CZT, such as the degree of supercooling or the geometry of the crucible (Kestigian, M. 

et al. 1999).   

It is interesting to note that the Te precipitates act as sources for extended areas with 

high dislocation densities. The Te precipitates are indeed surrounded by areas with high 

concentrations of dislocations.  These dislocations themselves extend far beyond the 

actual physical boundaries of precipitates (Camarda, G.S. et al. 2006). 

Considering the importance of the EPD value as a measure of the quality of a given 

CZT crystal, specific defect-revealing etching processes have been developed. The most 

important etchants are the following:  

1. Nakagawa: This etching solution is the most applied method for revealing EPD 

on the (111)A Te plane, where the etch pits have a good correspondence with 

dislocations. The etchant composition is HF/H2O2/H2O. In a volume ratio of 

3:2:2, the etching duration is 1 min (Bissoli, F. et al. 2004; Kim, K. et al. 2009; 

Li, W. et al. 2008; Zhang, J. et al. 2008) ; while using a ratio of 3:3:2, the 

necessary etching duration increases to 3 min (Asahi, T. et al. 1995; Hossain, A. 

et al. 2008), and for a volume ratio of 1:2:2 the etching duration has been 

reported to be 30 min (Asahi, T. et al. 1995). 

2. Everson: This etchant is for revealing dislocations emerging on the planes (111) 

and (211). The composition is lactic acid/HCl/HF in a volume ratio of 2:4:1 for a 

duration of 2 min (Jianrong, Y. et al. 2002; Mandal, K.C. et al. 2007; Moravec, 

P. et al. 2006). A good example is shown in Figure 1.9. which shows the 

morphologies which appears in CZT using the Everson solution  
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Figure 1.9. Morphologies which appears in CZT crystals using the Everson 

solution 

 

3. FeCl3 etchant:  this etchant prepared with 35 g of FeCl3 in 10 ml of H2O (Asahi, 

T. et al. 1995) is used to form dislocation pits on all CZT surfaces.  

4. Inoue-E solution: This etchant is used for identifying the (111) planes and is 

prepared using HNO3/H2O/K2Cr2O7 (5 ml:10 ml:2 g).  The etch duration is 1 

min (Bissoli, F. et al. 2004).  

5. Inoue E-Ag1: This etchant is for revealing the (111) plane and is prepared with 

Inoue E/AgNO3 (20 ml:1 mg) during 1 min (Bissoli, F. et al. 2004).   
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It must be noted that for all etchants the etch pit geometry  as well as the etching rate 

depends of the sample orientation (Ivanitska, V.G. et al. 2007). 

g) Te inclusions and precipitates 

Te inclusions and precipitates play an important role in the fabrication of X-ray and 

gamma ray detectors.  The typical size of Te inclusions are between 10 µm (Asahi, T. et 

al. 1995; Duff, M.C. et al. 2007) and 100 µm (Bolotnikov, A.E. et al. 2007; Fiederle, M. 

et al. 2007; Szeles, C. et al. 2002; Zhang, X. et al. 2009) and they are typically 

triangular cross section in shape (Szeles, C. et al. 2002) although hexagonal (Triboulet, 

R. 2003; Yang, G. et al. 2008) or cellular pattern of these defects is also observed in the 

CZT matrix (Szeles, C. and Driver, M.C. 1998).While the size of Te inclusions are in 

the range of 10-100 µm, the size of Te precipitates are much smaller commonly agreed 

to be in the range of 10-100 nm.  The concentration and distribution of Te inclusions 

within a device are one of the major contribution to the degradation of CZT detectors, 

and therefore must be taken into consideration (Bolotnikov, A.E. et al. 2007).  These 

defects degrade device performance by trapping free carriers generated by the incident 

radiation.  This trapping affects the charge collection efficiency as well as energy 

resolution of the detector.  For this reason it is necessary to understand the origin of 

these defects and adopt appropriate measures to minimize their influence. 

Te inclusions and precipitates are created during the growth and the cooling down 

phases.  They are the result of the retrograde solid solubility of Te (Duff, M.C. et al. 

2007; Mandal, K. et al. 2006; Wang, T. et al. 2008a) as it was discussed in the CZT 

phase diagram section. In general, Te inclusions are created when the growth system 

offers a poor stochiometric control (Szeles, C. et al. 2002) and melt becomes Te-rich 

(Szeles, C. et al. 2002; Zhang, J. et al. 2005). 

Inclusions originate at the growth interface as consequence of morphological instability 

in the growth process (Camarda, G.S. et al. 2006; Szeles, C. and Driver, M.C. 1998; 

Szeles, C. et al. 2002) whereas precipitates derive from a diffusion mechanism during 

crystal growth followed by a segregation mechanism during cooling (Bolotnikov, A.E. 

et al. 2007; Fiederle, M. et al. 2007; Yang, G. et al. 2008).  As a result, both Te 

inclusions and precipitates concentration increase along the ingot length  (Wang, T. et 

al. 2007). 
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It is generally accepted that the process of Te inclusions formation is the following: Cd 

atoms evaporate from the melt according to governing thermodynamic equations. This 

evaporation leads to Te rich melts and thus to generation VCd and Te droplets.  These 

droplets are trapped due to morphological instabilities at the SLI and remain liquid until 

450ºC.  At 450ºC, these defects crystallize (Li, G. et al. 2006a; Szeles, C. and Driver, 

M.C. 1998; Szeles, C. et al. 2002; Yang, G. et al. 2008). This is the reason why the 

annealing temperature must be above 450ºC in order to reduce the Te inclusions. 

The inclusions formed at the SLI are embedded into single-crystal grains.  These 

embedded defects can migrate some distance during the cool-down under the influence 

of a temperature gradient by a process known as thermomigration (Szeles, C. et al. 

2002). 

The Te inclusions can reach the grains, subgrains, and twin boundaries where they are 

blocked, hindering further migration.  This phenomenon can explain the decoration of 

large defects near twins and grain boundaries which act as preferential nucleation sites 

(Camarda, G.S. et al. 2006; Luke, P.N. et al. 2004).  This also helps to explain the dense 

field of dislocations surrounding the inclusions (Szeles, C. et al. 2002). 

Recent results (Yang, G. et al. 2008) demonstrate that Te inclusions selectively getter 

impurities such as Na, Ag, In and Bi because their segregation coefficient is lower than 

1. On the contrary, they do not have a getter role for Al and Cu which have segregation 

coefficient larger than one. In other hand, it seems that the impurity gettering in Te 

inclusions is originated from a diffusion mechanism during crystal growth, and a 

segregation mechanism during crystal cooling. 

The effects of Te-inclusions on the optoelectronic properties and the detector response 

have been demonstrated (Camarda, G.S. et al. 2006; Fiederle, M. et al. 2007; Szeles, C. 

and Driver, M.C. 1998; Szeles, C. et al. 2002; Yang, G. et al. 2008).  Charge trapping 

and distortion of the internal electric field lead to substantial degradation of CZT 

detector performance. Furthermore, the presence of Te inclusions can reduce the active 

volume of the detector causing a voltage breakdown, increasing the leakage current.  In 

this way the presence of Te inclusions larger than 20 µm leads to a non-uniformity in 

the electron transport properties and produces a charge trapping effect when the devices 

are irradiated (Chen, H. et al. 2007). It is important to note that even randomly 
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distributed inclusions will affect device performance (Camarda, G.S. et al. 2006; Luke, 

P.N. et al. 2004).   

Although there is not yet a complete agreement regarding the minimum inclusion size 

affecting detector resolution, it seems that inclusions less than a few microns in size do 

not affect heavily the energy resolution, as they play a role similar to that of electron 

traps in the charge collection efficiency and it is possible to make a correction for this 

fact (Bolotnikov, A.E. et al. 2007; Luke, P.N. et al. 2004).  It is important to note that 

the spatial trapping region is extended beyond the physical size of the Te-inclusions 

(Camarda, G.S. et al. 2006; Szeles, C. et al. 2002; Luke, P.N. et al. 2004). In fact, when 

Te inclusions are suppressed, so are the associated dislocation fields.   

In other hand in the early stages of grwoth a Te precipitate can be considered as a group 

of 5 neighbouring Te atoms (Koyama, A. et al. 1999) and one formed in the early stages 

of growth.  Precipitates are created in the solid phase during the ingot cool-down phase 

(Camarda, G.S. et al. 2006; Wang, T. et al. 2008), and this formation is controlled by 

the diffusion of Te through the ingot (Szeles, C. et al. 2002).  More than 90% of the 

excess Te will precipitate, in consequence of the retrograde solubility of Te 

(Bolotnikov, A.E. et al. 2007; Duff, M.C. et al. 2007; Koyama, A.et al. 1999; Li, G. et 

al. 2008; Szeles, C. and Driver, M.C. 1998).   

The Te precipitates are roughly 10-50 nm (Bolotnikov, A.E. et al. 2007; Szeles, 

C. et al. 2002;  Wang, T. et al. 2008a) in size, and are composed of 50-80%  Te ( 

Fougeres, P. et al. 1998; Li, G. et al. 2008). One can distinguish between two types of 

nano-structures depending of the concentration of Te: the higher the concentration of 

Te, the more elliptical the shape, whereas in precipitates with lower concentrations of 

Te, the geometry is more linear (Li, G. et al. 2008).  Since dislocations surrounding 

precipitates act as trapping centers (Carini, G.A. et al. 2006; Koley, G. and Liu, J. 2007; 

Wang, T. et al. 2008a), it is not surprising that higher concentrations of precipitates 

result in poor detector performance. 

 1.3.5. Annealing of CZT material 

A number of post-growth annealing processes have been developed in view of 

mitigating the problems of Te inclusions and precipitates.  By applying a thermal 

gradient across a sample, thermo-migration of inclusions and precipitates can be 
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induced (Koyama, A. et al. 1999).  Of particular interest is that the thermo-migration 

can be accelerated by increasing the annealing temperature above the melting point of 

Te (melting point: 449.5ºC) (Koyama, A. et al. 1999).  In general annealing are carried 

out under Cd atmosphere. In this way, Cd is diffused into the starting material to 

compensate the VCd, while Te tend to difuse out of the sample, effectively reducing the 

size and density of inclusions and precipitates (Szeles, C. et al. 2002; Yang, G. et al. 

2006; Zhang, X. et al. 2009).  

Annealing brings several benefits to CZT material, as summarized below:   

1. Resistivity can be increased by two orders of magnitude (Li, G. et al. 2004b; Li, G. 

et al. 2006a). 

2. Residual stress and strain can be reduced (Koteski, V. et al. 2001; Zeng, D. et al. 

2007b). 

3. Density of point defects and recombination centers is reduced (Li, G. et al. 2006a; 

Zeng, D. et al. 2007b). 

4. Material composition can be homogenized to a better degree (Li, G. et al. 2004b; Li, 

G. et al. 2006a). 

5. Compensation of VCd  and reduction in density of dislocations (Yang, G. et al. 

2006). 

6. Size of Te precipitates reduced below 2 µm (Koyama, A. et al. 1999; Zeng, D. et al. 

2007b).  

7. Te inclusion densities are reduced  (Belas, E. et al. 2007; Szeles, C. and Driver, 

M.C. 1998). Figure 1.10 shows a clear example of the Te reduction after an 

annealing process.  

 

 

 

 

 

 Figure 1.10. Example of the Te reduction after an  

annealing process (Belas, E. et al. 2007; Szeles, C. and 

Driver, M.C. 1998) 
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Different annealing processes have been published in the literature being the most 

important summarized below: 

1. Annealing under Cd vapour pressure at various temperature to dissolve Te 

inclusions (Grill, R. et al. 2007; Li, G. et al. 2008). The optimal results, are for 

annealing at 850ºC for 200h ( Zhang, X. et al. 2009), or 950ºC for more than 10h 

(Koyama, A. et al. 1999). 

2. Two step annealing: 

a. Step 1:  Samples are annealed under a vapour pressure of Cd0.99Zn0.01.  The 

sample is annealed at 800ºC while the source of Cd0.99Zn 0.01 is held at 600ºC.  

The duration of the annealing process is 50h.  

b. Step 2:  The sample is immersed into a melt of Cd 0.99Zn0.01 held at 600ºC (Yang, 

G. et al. 2006).  

c. A variation of this process has been reported in which the sample is annealed at 

800ºC and the source Cd-Zn is held at at 500ºC.  The annealing duration was 

60h (Zeng, D. et al. 2007b). 

 

3. Annealing under Cd and Zn vapour pressures. The sample annealed at 800ºC and 

the Cd and Zn sources are held at 850ºC and 650ºC respectively.  The duration of 

the annealing process is 120h, followed by a slow cooling (Li, G. et al. 2004b; Li, 

G. et al. 2006a). 

4. Low temperature annealing under H2 atmosphere (150ºC).  The H2 molecules 

interact preferentially with Te atoms leading to volatile TeH2. In fact, H2 is known 

to passivate impurities and deep levels in many semiconductors by formation of 

neutral complexes (Lmai, F. et al. 2008). 

5. Annealing under indium atmosphere. Indium is incorporated as a InCd donor or as 

complex InCd-VCd (A centre).  This compensation between InCd donors and VCd 

acceptors decreases the carrier concentration of the original p-type material and 

changes its conductivity to n-type.  This process is generally carried out at 600 or 

800ºC for 240 or 6h, respectively. The diffusion coefficient of In at 600 and 800ºC 

is about 10-11 and 10.-9 cm2.s-1 respectively  (Li, W. et al. 2008).  

6. Annealing of the samples at low temperatures of 250ºC, (Zeng, D. et al. 2007a) and 

subsequent quenching experiments have also been reported.  Quenching 

experiments however increase the strain in the samples. 
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1.4. Sample and detector preparation 

Surface preparation of CdZnTe wafers for x-ray and gamma ray applications involves 

the implementation of several classical semiconductor processes:  slicing, 

lapping/grinding, Chemo-mechanical Polishing (CMP), chemical etching, deposition of 

electrodes, and surface passivation.  In the following sections a more complete 

description regarding surface engineering, detector preparation, and passivation will be 

presented. This includes all necessary steps from crystal growth to the detector 

fabrication. The reader can also refer to the road map for detector fabrication which 

identifies the steps needed and the material selection criteria (Szeles, C. et al. 2006).   

 

1.4.1. Sample preparation 

The sample preparation in an essential process for CZT bulk crystals. Several steps 

must be carefully followed, which it will be discussed in the next paragraph, slicing, 

grinding and polishing. 

a) Slicing  

Using slicing techniques, the kerf loss can waste a significant amount of material. If 

2000 µm thick wafers are to be sliced with a standard 1 mm thick ID saw blade, only 

about 66% of the boule is turned into wafers. The remaining 34% is wasted by the kerf 

loss of the blade. Nevertheless, using a 100 µm diamond wire, and assuming an overcut 

of 200 µm due to the action of abrasives, as much as 86% of boule is converted into 

wafers. This increase in material utilization of roughly 20% is important for improving 

the overall yield. Furthermore, it is important to note that wafering is a critical step of 

the CZT machining since defects such as microcracks, dislocations and subsurface 

damage are most likely to occur during this step, ultimately limiting detector 

performance (Hossain, A. et al. 2008; Zhang, Z. et al. 2008).  

The two more common slicing techniques are briefly discussed: 
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1. Inner Diameter Saw 

The inner diameter (ID) slicing method was developed in the 1970´s and was the basic 

slicing method in the silicon industry (Yoo, H. et al. 1978).  ID saws were themselves 

initially used for slicing germanium and silicon semiconductor materials, but have also 

been applied to new materials.  Briefly, the ID saw makes use of a high-speed rotation 

annular blade, whose internal rim is diamond tipped, to mechanically grind material 

away.  One important factor is the blade thickness, as it determines the fixed amount of 

material lost in the cut. 

This technique offers the advantage of a superior degree of control over mechanical 

wafer parameters such as variations in thickness, as-cut surface finish, and wafer bow.  

The relatively low cost of investment and the level of automation have made this 

technique very popular for wafering a wide range of semiconductor materials such as 

gallium arsenide and indium phosphide. Nevertheless, this approach is not used for CZT 

bulk crystal due to the big losses in the cutting process and problems associated with 

cracking defects. 

2. Wire Saw and Multi-wire saw 

Wire saw slicing technology has advanced significantly over the last 15 years.  Single- 

and multi-wire saws are the most employed for ingot slicing due to the reduced slicing 

damage and kerf loss (Szeles, C. et al. 2006).  For example, it has been proposed that in 

a typical Free Abrasive Machining (FAM) environment, such as that of wire saw 

slicing, the cutting action is caused by the rolling and indenting of pointed abrasives.  

As compared to grinding against a fixed, bonded abrasive, i.e. the ID saw, FAM results 

in less subsurface damage and an improved as-cut surface morphology.  Other factors 

including compact construction, efficient cutting of both small and large quantities, and 

improved batch to batch wafer uniformity have helped to make wire saw slicing the 

most accepted technology 

 b) Grinding 

In general, ID saws introduces a greater degree of damage into the crystals, while single 

and multiwires saws introduce less damage. However in any case it is necessary to 

remove the damaged surface layer. This is accomplished by the grinding step. The 

objective of grinding is to remove saw damage, improve sample planarity, and reduce 

the sample to the desire thickness for the application (Capper, P. 2005).  In addition, the 
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grinding process allows for the identification of grain boundaries and twins just by 

simple visual inspection. 

Single sided wafer grinding can produce a taper in the wafer’s thickness, as a result of 

the wafer being processed on an angle.  Double-sided grinding simultaneously grinds 

and polishes both sides of the wafer surface, resulting in lower total thickness variation, 

improved wafer flatness, and improved wafer parallelism.  Moreover, in the 

development of a manufacturing process, it is critical that all wafers are of the same 

thickness.  Double-sided wafer lapping and polishing allows for large batches of wafers 

to be lapped to the same thickness simultaneously.  For these reasons, the method of 

double sided grinding appears preferable to single sided grinding, especially at the 

industrial level.  

Processes for CZT have been completed using various types of grinding wheels and 

variable abrasive sizes (Zhang, Z. et al. 2009). The slurries of deionized water with 

diamond fine powders have given better results than slurries with Al2O3 (Zeng, D. et al. 

2007b; Zhang, Z. et al. 2008;  Zhang, Z. et al. 2009), or MgO powders. 

 c)  Surface Polarity 

After grinding, but prior to chemo-mechanical polishing, surface polarity has to be 

determined by etching the material in a mixture of HF/HNO3/CH3COOH (1:1:1) for 1-

2s (Capper, P. 1997) or HNO3/HF (1:3) (Xiaoqin, W. et al. 2005).  After etching, the 

´bright´ face is the Te-face and the ´dark´face is the Cd-face.   

            d)Polishing 

Even if in smaller scale with respect to the sawing operation, the mechanical grinding 

also leaves a certain subsurface damage (Zeng, D. et al. 2007b).  This damage can have 

a catastrophic effect of the detector properties in terms of charge collection and leakage 

current (Auricchio, N. et al. 2008; Hossain, A. et al. 2008).  For these reasons crystals 

are mechanically and chemo-mechanically polished to remove the damaged layer and 

improve surface quality. It’s important to remember that after each step, a cleaning of 

few minutes in ultrasonic bath is necessary to remove any remaining abrasive particles 

and residual chemicals on the surface. 

In the next paragraph a brief description is given on the method used for crystal 

polishing:  i) mechanical, ii) chemomechanical and iii) chemical polishing: 
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i)Mechanical polishing 

The mechanical polishing involves the abrasion of material surface by using polishing 

clothes and slurries like diamond paste alumina or magnesium oxide powders of size 

varying between 0.5-3 µm suspended in DI water (Cui, Y. et al. 2005; Cui, Y. et al. 

2007; Duff, M.C. et al. 2008; Kagar, A. et al. 2006; Li, Q. et al. 2006a; Marchini, L. et 

al. 2008; Zhang, Z. et al. 2008). Depending on the chemicals used as slurries, 

contamination of the surface of the sample may occur, for example with carbon when 

diamond slurries are used (Drenlyuzhenko, S.G. et al. 2004). 

The process is carried out in few steps by reducing the size of abrasive powder  in order 

to decrease the surface roughness and to create a mirror-like surface without degrading 

the flatness. The choice of the polishing pads, slurries, pressure on the samples, pad 

rotational velocity, drip rate of solution, etc, are important factors to optimise the 

quality, uniformity, and reproducibility of polishing. 

Typically the mechanical polishing run leaves behind a roughness about 3-10 times the 

size of the abrasive particle used, with a stock removal of about 500 µm for each side 

(Hossain, A. et al. 2008; Kagar, A. et al. 2006). While the mechanical polishing 

improves the apparent status of the surface, it can also induce sub-surface damage and 

surface nonstoichiometry that enhance trapping effects and eventually lead to increase 

of the surface leakage current. Also the final surface roughness is crucial for the leakage 

current (Hossain, A. et al. 2008; Wenbin, S. et al. 2004), therefore the damaged layer 

after mechanical polishing has to be removed by a chemo-mechanical process as 

explained below (Tepper, G. et al. 2001; Wenbin, S. et al. 2004).  

ii)Chemo-mechanical polishing  

Some authors (Miclaus, C. et al. 2004) use a step of Chemo-mechanical polishing 

(CMP) after the mechanical polishing. In CMP the mechanical component helps to 

maintain a flat surface through the abrasive particles while the surface roughness is 

strongly reduced by the chemical component.  In general, to discuss the final surface 

preparation of optical quality surfaces for photonic applications, it is useful to first 

discuss the process inputs and process constraints.  Singh et al (Singh, R. et al. 2005) 

outlined some parameters for CdZnTe, and presented results obtained by polishing with 

Bromine using various slurries compositions (Ethylene Glycol, Methyl Cellulose, Lactic 

Acid, Methanol), applying different pressures (2-75g/cm2), and evaluating the effects of 



49 

 

´non-contact´ polishing .  P. Moravec et al. (Moravec, P. et al. 2006)   present the effects 

of load, slurry concentration, bromine concentration, and pad type on material removal 

rates.  They concluded that lower bromine concentrations led to lower removal rates and 

improved surface morphologies.  A more complete list of these variables is presented in 

Table  1.3, with optimal conditions listed for each author. 

 

Process Input Singh, R. et 

al. 2005  

 Moravec, P.  

et al. 2006 

Zhang, Z. et al. 

2008 

Polishing Pad Type Chemomet 

(Buehler) 

- Floss Pad 

Polishing Pad RPM 50-70 - 85 

Pressure (g-cm-2) 2 2-15  

Active Polishing Agent 0.1% Br2 0.025% Br2 SiO2 

Slurry Matrix CH2CH2(OH)2 CH3OH  

/CH2CH2(OH)2 

H2O 

Slurry Flow Rate (mL) 15-20 - 10-15 

Abrasive Hardness 

(Mohs) 

N/A N/A 6-7 

Abrasive Size / Type N/A N/A 5 nm SiO2 

Surface Roughness 5.8nm 0.2nm 1.865-2.135 nm 

Table 1.3.  CMP Parameters reported for CZT 

 

The physical parameters for polishing CdZnTe are similar for most of these authors. For 

rough polishing of CdZnTe without aggressive chemicals the pads Logitech’s Pellon 

Cloth and Buehler’s  Tex-met have proven to be suitable when jointly used with 

alumina based slurries and moderate pressures.  For chemical polishing using Bromine-

based slurries (or other aggressive slurries) more robust pads are required such as 
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Logitechs Chemicloth, Buehlers Chemomet, or Rodel Haus’ DF200.  Polishing plate 

rotation is set typically between 50 and 85 rpm (depending on slurry flow rate). 

Resultant surface roughness for these polished surfaces has been reported between 

1.865 and 5.8nm. 

Some authors have implemented CMP with SiO2 nanoparticles (Zhang, Z. et al. 2008).  

Colloidal  silica gel based on SiO2, H2O2, NaOH and glycerine does not contaminate the 

surface layer (Dremlyuzhenko, S.G. et al. 2004; Mandal, K. et al. 2006).  Other results 

have demonstrated that by using weaker oxidants based on iodine with lower redox 

potential value, compared with bromine, the surface is more stable with time, and with a 

surface roughness comparable to that obtained with bromine (Ivanitska, V.G. et al. 

2007). 

iii)Chemical Polishing 

Chemical etching is applied in order to have chemically fresh surfaces for the wafers 

before further processing like for instance metallization. Prior to chemical etching, the 

samples must be rinsed with DI water and isopropyl alcohol (Kagar, A. et al. 2006). 

Afterwards, and in order to remove the damaged layer after polishing and the natural 

oxide layer, a solution of 2-5% bromine/methanol or <1% bromine/methanol for 2-4 

min is the most common etchant followed by rinsing with MeOH or isopropanol and 

dried with N2. This process must be done immediately prior to the metallization process  

(Jianyong, T. et al. 2006; Kagar, A. et al. 2006; Li, Q. et al. 2006b; Nelson, A.J. et al. 

2009; Xiaoqin, W. et al. 2005). Others etchants used for preparing CZT surface are: 

1. 0.025% Br etchants using methanol/ethylene glycol (Mandal, K. et al. 2006). 

2. K2Cr2O7 and CrO3 etchant (Dremlyuzhnko, S.G. et al. 2004).  

3. Solution of 20% lactic acid and 2-5% bromine in ethylene glycol solution 

(Marchini, L. et al. 2008; Wenbim, S. et al. 2004). 

4. A mixture of lactic acid, HNO3 and HF (10:3:0.5 in volume) with a pH of 2-3 

(Zhang, Z. et al. 2008).  This solution is claimed to provide a smoother surface and 

better detector performance than when applying Br-MeOH etching (Chen, H. et al. 

1996; Marchini, L. et al 2008; Wenbim, S. et al. 2004; Wright, G. et al. 2002; Yoon, 

H. et al. 1997). 

The composition of the surface layer depends on the pH, chemical composition and 

aging of the solutions (Rouse, A.A. et al. 2002). Etching using acidic solution leaves a 
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highly conductive Te-rich surface (Li, Q. et al. 2006c; Xiaqin, W. et al. 2005; Zhang, J. 

et al. 2005) favourable for electrode deposition, while etching in alkali solutions leads to 

Cd-rich surfaces (Xiaqin, X. et al. 2005), and etching using organic solvents can cause 

surface contamination with carbon  (Dremlyuzhenko, S.G. et al. 2004). For chemical 

etching using bromine based solutions, the Cd2+ ions are transferred to the solution with 

formation of CdBr2 (Cho, S.H. et al. 2008), while  the Te-rich surfaces are quickly 

oxidized in air (Etcheberry, A. 1998) in an incomplete and irregular form which tend to 

absorb the impurities from the air (Xiaqin, W. et al. 2005). 

 1.4.2. Detector preparation 

The surface treatment and metal contacts have a great importance, because they affect 

the electric field profile and the extrinsic and intrinsic defects states in the near surface 

region.  Development of stable, reliable and uniform metallic contacts is an essential 

step in the production of CZT detectors.  These contacts must be chemically and 

mechanically stable, with a strong adhesion to the material (Nemirovsky, Y. et al. 1997; 

Szeles, C. 2004).  In this section two important points will be presented and discussed: 

a) metallization and b) electrode geometry. The passivation process, also of the greatest 

importance, will be discussed in a separated section. 

a)Metallization 

The resistivity of the bulk material, the surface treatments used during the processing 

cycles, the choice of contact material, and the deposition technology all work together 

to determine if the contact is injecting (Ohmic) of non-injecting (Shottky).  Ideal 

contacts should have a low specific resistance, good adhesion and uniformity, with 

stable properties. In the next paragraph the two most important junction are presented: 

1. Metal-Semiconductor- Metal  

The detectors fabricated with non injecting quasi ohmic contacts (contacts resistance 

larger than the bulk resistance) on fully depleted high resistivity material exhibit linear 

current–voltage I/V characteristics and the leakage current is limited by the bulk 

resistivity of the semiconductor. In fact, the ideal ohmic contact must have an ohmicity 

b close to 1 considering the relationship of I(V)= a.Vb  (Li, Q. et al. 2006a). For 

example, the value of b is nearly 1 for Au electrodes on CZT (Li, Q. et al. 2006b).  
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There are several methods of metallization in the Metal-Semiconductor-Metal: 

i)Thermal evaporation can be used for depositing materials such as Au, In, Zn, Ti, Al, 

Pt (Li, Q. et al. 2006c; Nemirovsky, Y. et al. 1997; Zhang, J. et al. 2005). Indium gives 

injection contacts, and Au the lower leakage current and negligible noise current 

(Jianyong, T. et al. 2006; Nemirovsky, Y. et al. 1997 ).  

ii)Electroless deposition is another common technique which makes use of a starting 

solution of gold, platinum or palladium chloride (Koyama, A. et al. 1999; Knoll, G. 

2000; Lmai, F. et al. 2008; Li, Q. et al. 2006b). The AuCl3 solution is the most 

commonly used. During the gold electroless process, the Cd is preferentially removed 

creating a layer of gold which adheres strongly to the substrate as a result of the strong 

chemical bond between Au and Te (Jianyong, T. et al. 2006; Kagar, A. et al. 2006 ; Li, 

Q. et al. 2006a; Wenbim, S. et al. 2004). It is important to note that the strength of this 

adhesion decreases with the aging of the electroless solution (Jianyong, T. et al. 2006) 

due to formation of by-products and impurities in the solution (Li, Q. et al. 2006a).  

iii)Sputtering is also a common technique used for contacting CZT with Au.  While this 

technique produces contacts with smoother morphology than other techniques, poor 

mechanical adhesion of the contact necessitates a post-sputtering low temperature 

annealing near 60ºC for 10 min to improve the durability of the contacts (Duff, M.C. et 

al. 2007; Jianyong, T. et al. 2006; Li, Q. et al. 2006b;  Marchini, L. et al. 2008).  During 

this annealing, Au diffuses into CZT while Cd and Te  atoms diffuse into the Au 

contact.  At the surface, Au3+ donors compensate the VCd
+2 forming the  complex 

[Au+3VCd
-2]+  (Li, Q. et al. 2006b; Li, W. et al. 2002a).  Some authors have also tried an 

intermediate thin Cr-layer in order to increase the adhesion properties (Jianyong, T. et 

al. 2006). 

In the three metallization methods presented above Au is the element most common 

used for metallization contacts.  This is due to the fact that Au yields the lowest leakage 

current and exhibits nearly ideal ohmic contacts in a p-type high resistivity CZT (Li, Q. 

et al. 2006b). Pt contacts are most often used for their superior durability and adhesion 

properties (Owens, A. et al. 2002). Considery the above comment, the electroless 

process in the one which present more advantages and for this reason this is the 

metallization process used in this work. 
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2. M-π-n and p-i-n junctions 

Blocking  type contacts as in M-π-n or p-i-n structures are commonly used to reduce 

leakage current in the detectors by a factor 10-100 lower than the configuration in 

ohmic contacts.  This configuration permits the use of low-cost and low resistivity CZT.  

One method to create M-π-n detectors employs In thermal diffusion on one side of the 

crystal to create an n-type layer (side n), while a Au or Pt electrode is deposited on the 

other side ( side M) (Lmai, F. et al. 2008).  It should be noted that defect complexes are 

associated with the thermal diffusion of In into bulk CZT.  These defect complexes can 

degrade energy resolution, and create polarisation issues within the detector. 

For p-i-n devices, p and n type heteroepitaxial HgCdTe layers are grown on opposite 

sides of high resistivity CZT.  Another possibility is to use ZnTe (p+) and CdS (n+) 

layers to form a p-i-n structure.  The advantage of these contacting methods is that they 

offer improved energy resolution compared with MSM contacts (Sudharsanan, R. et al. 

1997). 

b)Electrodes Geometry 

CZT exhibits charge collection problems that can limit its use in spectroscopic 

applications. These problems are due to the fact that the mobility-lifetime product of the 

holes is lower than that of the electrons. One way to mitigate this problem is the 

development of different contacting geometries. Here is a summary of the principal 

geometries, together with relevant advantages and disadvantages:  

1) Planar detector geometries are the simplest for a quick evaluation of the detector’s 

properties (Auricchio, N, et al. 2008; Duff, M.C. et al. 2008; Knoll, G. 2000).  For 

applications in which thick CZT spectrometers are needed, the required voltage is too 

high for this technique (Verger, L. et al. 1997).  One possibility for improving this 

technique is to implement a guard ring, to reduce the surface leakage current (Marchini, 

L. et al. 2008; Owens, A. et al. 2002). 

2) Coplanar Frisch grid electrodes (Cui, Y. et al. 2007; Duff, M.C. et al. 2008; Hossain, 

et al. 2008; Kagar, A. et al. 2006; Mandal, K.C. et al. 2007) have been developed to 

improve the resolution of detectors by overcoming the severe hole trapping issues. This 

geometry is formed using a parallelepiped with typical dimensions of 4x4x6 mm3 



54 

 

wrapped with a thin sheet of Teflon, which acts as an insulating boundary. The 

shielding copper electrode is connected to the cathode and kept at zero potential, while 

the positive voltage is applied to the anode (Camarda, G.S. et al. 2006; Carini, G.A. et 

al. 2006; Kagar, A. et al. 2006).  

3) Ring drift detector geometry consists of double rings of Au surrounding a central 

point anode. A guard plane surrounds the outer anode ring and a planar cathode is 

evaporated on the backside (Owens, A. et al. 2007). 

4) Coaxial or quasi-hemispherical CZT detectors were also developed to overcome the 

poor hole collection by changing the electrical field and take advantage of the high 

electron mobility, resulting in improved energy resolution.  

5) Other geometries include circular coplanar detector with guard ring in the periphery 

(Gonzalez, R. et al. 2004), crossed strip arrays, interdigited electrodes, or pixell arrays 

(Cui, Y. et al. 2007; Mandal, K.C. et al. 2007).  

 1.4.3. Passivation 

As mentioned above, the standard Br-MeOH or lactic acid-Br-MeOH chemical 

treatment prior to contact deposition will leave a Te rich surface. This highly conductive 

layer, compared with the high resistivity bulk CZT, increases the leakage current 

(Marchini, L. et al. 2008; Zha, G. et al. 2007).  Passivation is usually carried out to 

eliminate this conductive Te layer via the creation of an insulator:  TeO2 layer. This 

process must be carefully controlled and done on the lateral surfaces of the detector 

(Camarda, G.S. et al. 2006; Li, Q. et al. 2006a; Szeles, C. 2004). 

Surface passivation has been carried out using both wet and dry methods.  Passivation 

using dry methods is carried out by oxidizing the Te-rich surface via oxygen plasma or 

by depositing sputtered SiNx, followed by etching using an argon ion beam (Mescher, 

M.J. et al. 1999).  Passivation based on wet methods are however more common. 

Several etchants have been used to create a passivating layer on the surface of CZT: 

NH4F/H2O/H2O2  (Kagar, A. et al. 2006; Li, Q. and Wanqi J. 2006; Marchini, L. et al. 

2008; Wenbim, S. et al. 2004; Wright, G. W. et al. 2000; Xiaoqin, W. et al. 2005), KOH 

(Chattopadhyay, K. et al. 2000), H2O2 after KOH, KOH/H2O2 (Xiaqin, W. et al. 2005), 
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(NH4)2S (Cho, S.H. et al. 2008;  Kang, C.K. et al. 2000 ; Kim, K. et al. 2009; Szeles, C. 

2004; Yamazato, M. et al. 2006).  

After passivation in NH4F/H2O2 or H2O2 solution, the Te-rich surface is fully oxidized 

to TeO2. The preferential dissolution of Cd (Jianyong, T. et al. 2006; Kagar, A. et al. 

2006; Li, Q. and Wanqi, J. 2006; Marchini, L. et al. 2008; Wenbim, S. et al. 2004; 

Xiaoqin, W. et al. 2005)  reduces the surface leakage and prevents uncontrolled 

formation of native oxides (Marchini, L. et al. 2008). NH4F/H2O2 is an effective 

passivation agent which results in the most stoichiometric surface and the lowest 

leakage current (Li, G. and Wanqi, J. 2006; Li, Q. et al. 2006a; Xiaoqin, W. et al. 2005). 

Passivation using (NH4)2S for 3 min leaves a CdS layer at the surface (Cho, S.H. et al. 

2008), preventing the formation of Te-oxides and forming a high resistivity CdS or 

CdTeO3 layer, again reducing the leakage current and the polarization effect (Cho, S.H. 

et al. 2008; Kang, C.K. et al. 2000; Kim, K.et al.  2009; Szeles, C. 2004; Yamazato, M. 

et al. 2006), etc. 

For passivation with diamond like carbon, a carbon layer is formed which prevents the 

out-diffusion of the Cd or Te components from the surface. In fact this process could be 

a good candidate for maintaining a high long-term device performance (Wenbim, S. et 

al. 2004). 

In general, after the passivation process, the Schottky barrier height increases as 

consequence of the formation of a Metal-Insulator-Semiconductor MIS structure (Au-

TeO2-CZT), and the surface leakage current is reduced due to the fact that TeO2 act as 

an insulator layer (Cheng, X. et al. 2007; Li, Q. et al. 2006a; Li, Q. and Wanqi, J. 2006).  

1.5. Characterization 

Once the CZT crystal is grown, it is necessary to apply a set of characterization tools to 

assess the structural and electrical properties.  It is the objective of the following 

sections to present some of the most common characterization techniques used for CZT 

crystals. 

 1.5.1. Infrared microscopy 

Infrared microscopy is used for  identifying both sizes and densities of defects such as 

Te inclusions and Te precipitates (Bolotnikov, A.E. et al. 2007; Duff, M.C. et al.2007; 
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Luke, P.N. et  al. 2004; Owens, A. et al. 2002; Zhang, X. et al. 2009).  A typical IR 

system requires a large field-of-view microscope objectives, motorized translation 

stage, light sources  and high quality CCD camera with excellent resolution 

(Bolotnikov, A. E. et al. 2007). The inclusions and precipitates are seen as dark dots of 

different shapes and arranged in different patterns throughout the sample (Owens, A. et 

al. 2002; Szeles, C. et al. 2002).  

The presence of Te precipitates identified using this instrument correlates well with 

poor charge collection (Bolotnikov, A. E. et al.2007; Camarda, G.S. et al. 2006; Carini, 

G.A. et al. 2006).  The correlation between electrostatic repulsion of the electron clouds 

and its interaction with precipitates has been demonstrated (Bolotnikov, A. E. et al. 

2007). 

 1.5.2. Resistivity 

High resistivity is essential for materials used as detectors. This property must be 

analyzed in early stages in material processing to ensure material being processed for 

detectors is indeed high resistivity.  

The Contactless Resistivity Mapping (COREMA) is a non contact commercial device 

which is used to map the resistivity across an entire wafer.  Moreover, it is possible to 

obtain the resistivity of as-cut samples which have not yet been processed.   

The variations of resistivity as a function of the temperature provide interesting results 

for high resistivity p-type and low resistivity n-type material  (Xu, Y. et al. 2009).  It has 

been observed that while resistivity increases when the concentration of deep donors 

such as Al, Mn and Ga increases, the free-carrier lifetime decreases ultimately 

degrading detector performance. Resistivity decreases with shallow impurities such as 

Li, Na and Cu (Li, G. et al. 2004b).  A careful analysis the of I/V and C/V methods 

gives the values of the barrier heights for Au contacts, and the influence of the 

passivation process on the contacts (Cheng, X. et al. 2007). 

 1.5.3. Near Infrared spectroscopy 

The Near Infrared (NIR) spectroscopy is a non contact technique with mapping 

capability routinely used for evaluating the Zn concentration and uniformity on a given 

CZT material (Cheng, X. et al. 2007; Hirano, R. et al. 2000). The working wavelength 
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is in the range of 825-850 nm. This measurement is strongly sensitive to surface 

conditions (Capper, P. et al. 1995; Gower, J.E. et al. 1999; Hirano, R. et al. 2000). 

There are two approaches: 

a) The first approach uses the band edge transmissions measurement in the 825-850 nm 

using the cut-off wavelength. This wavelength is determined from the linear fit of the 

transmission spectra near the band edge extrapolated for a transmission value of zero 

(Capper, P. et al. 1995; Garg, A.K. et al. 2004). This cut-off wavelength follows the 

equation:  

Eq. 9      x = 276.73 - 0.324γ  

where γ is the cut-off wavelength and x the Zn composition (Cheng, X. et al. 2007).  

There are two issues with this approach.  i)First, the selection of the linear portion of the 

plot is subjective and questionable (Gower, J.E. et al. 1999).  ii)Second how well suited 

this instrument is for assessing the crystal quality is not clear (Moravec, P. et al. 2006). 

b)A second approach uses the cut-on wavelength, which is defined as the wavelength 

corresponding to an absorption coefficient of 10 cm-1 normalized by the thickness 

(Capper, P. et al. 1995; Gower, J.E. et al. 1999; Kim, K. et al. 2009).  This approach 

appears to be more accurate than the first approach.   In fact, both cut-off and cut-on 

approaches are regularly used for analysis the Zn composition (Hirano, R. et al. 2000).  

 1.5.4. Fouries Transform Infrared spetroscopy 

Fourier Transform InfraRed (FTIR) spectroscopy is an interesting technique which 

provides useful information about a given sample. Considering the reflectance losses at 

the two surfaces, the theoretical transmittance should be approximately 66% over the 

typical range of 500-4000 cm-1 (Franc, J. et al. 2003).  This spectral range can give 

important information concerning free carriers, defects, and dislocations.: i)The 

presence of free carriers can influence the shape of the IR spectra (Li, G. et al. 2004b. 

Zha, G. et al. 2006) in such a way that the spectrum intensity continuously decreases for  

increasing free carrier concentrations (Li, G. et al. 2004b). ii) Defects such as 

precipitates and inclusions also tend to decrease the IR transmission through scattering 

and absorption (Fiederle, M. et al. 2007; Szeles, C. and Driver, M.C. 1998). iii) The 

presence of dislocations distorts the lattice constant and absorbs the IR radiation, 
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ultimately decreasing the intensities of the transmission spectra (Fiederle, M. et al. 

2007; Gower, J.E. et al. 1999; Li, G. et al. 2003a). A good example of the different 

types of the IR transmission spectra is shown in Figure 1.11 (for different materials): 

descending and ascending-type (high and low dislocation density), low straight-type 

(high dislocation density and low resistivity, c in the figure) and high straight-type (low 

dislocation density and high resistivity, d in the figure).  

 

Figure 1.11. Different types of the IR transmission spectra 

 1.5.5. Photoluminescence spectroscopy 

The Photoluminescence (PL) technique at low temperature is used for a large number of 

applications such as mapping the Zn composition in a sample, obtaining the band gap, 

analyzing the kind of impurities, studying the centers responsible for the high 

resistivity, etc. 

In general, the PL technique roughly estimates the crystallographic quality which is put 

in relation with the presence of free excitons and the resolution of lines of donor and 

acceptor-bound excitons. The crystal purity is evaluated by considering the presence of 

bands attributed to various impurities, but the PL itself can not be considered a 

quantitative technique (Franc, J. et al. 2003).  
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A general view of the regions of interest in PL is presented here:  

i)The near-band edge emissions at 1.66 eV related to free excitons, is used to calculate 

Zn composition via the measurement of the energy gap Eg at 10 K. The amplitude of 

energy gap is described by the expression (Auricchio, N. et al. 2008):   

 Eq. 10  Eg= 1.606 + 0.520x + 0.254x2  

where x is the Zn fraction. The emission line of Zn is very intense for high purity CZT 

material (Asahi, T. et al. 1996).  

The near bandgap region is dominated by bound exciton lines (Babentsov, V. et al. 

2008; Li, Q. and Wanqi, J. 2006): donor bound exciton peak (D,X) for high quality n-

type, and by acceptor bond exciton peak (A,X) for high quality p-type. The widths of 

these emission lines also provide an estimate of the overall quality of the samples 

(Babentsov, V. et al. 2008; Moravec, P. et al. 2006; Toney, J.E. et al. 1999).   

ii)The donor-acceptor (D-A) region is particularly studied e.g for low resistivity n-type 

material with predominant D-related components, or for annealing process in Cd 

vapour. In this last case, the material is enriched with interstitial Cd which reduce the 

concentration of VCd and increase the ratio (D,X)/(A,X).  

iii)The 1.4-1.5 eV region is the defect-related PL broad band emission, as a direct 

consequence of the complex center (VCd-MCd) where M is an impurity such as In, Ga, 

Al (Asahi, T. et al. 1996. Babentsov, V. et al. 2008). A typical example is the emission 

of an In-related neutral complex [2InCd
+-VCd

-2] which compensates the VCd in In doped 

CZT sample (Wang, T. et al. 2008). The emissions due to dislocations are also present 

in this range of energy  (Li, G. et al. 2005).  They result are modified after passivation 

process (Li, Q. and Wanqi, J. 2006). 

iv)The 1.0-1.1 eV region band emission arises resulting from Te vacancies (Li, G. et al. 

2005), Fe and other Cd vacancy complexes (Babentsov, V. et al. 2008). 

 1.5.6. X-Ray photoelectron spectroscopy 

The X-Ray Photoelectron spectroscopy (XPS) is used for surface composition analysis. 

More specifically it is used for the surface analysis after different types of chemical 

treatments including the passivation process. The ratio of Te/(Cd+Zn) has been 

calculated, by this analysis, for a Te-rich layer after Br-MeOH chemical etching and a 
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TeO2 layer after passivation with NH4F/H2O2   (Cho, S.H. et al. 2008; Cheng, X. et al. 

2007; Ivanitska, V.G. et al 2007; Li, Q. and Wanqi, J. 2006; Mandal, K. et al. 2006; 

Nelson, A.J. et al. 2009). 

 1.5.7. Other Characterization Thechniques 

Other techniques which are significant for the characterization of CZT are briefly 

summarized here.   

Techniques for chemical analysis such as Induced Couple Plasma spectroscopy (ICP) 

can be used for analysis of impurities such as Al, Ga, Li, Na, Mn, Cu down to the ppb 

range (Kim, K. et al. 2009; Li, G. et al. 2004b).  Glow Discharge Mass Spectroscopy 

(GDMS) is used when a complete analysis of all trace elements is necessary (Asahi, T. 

et al. 1996; Franc, J. et al. 2003; Kestigan, M. et al. 1999).  The Atomic Absorption 

Spectrometry (AAS) is used when an accuracy better than 1% is required (Capper, P. et 

al. 1995). Finally, the more approximated Energy Dispersive X-ray analysis (EDAX) 

(Li, G. et al. 2004a; Mandal, K. et al. 2006) is employed when no high resolution is 

necessary.  

The X-ray Diffraction (XRD) technique is used for lattice parameter analysis and 

indirectly used for determining the CZT composition by using the Vegard`s law:  

Eq.11   a =6.480 – 0.379x (Å)  

where “a” is the lattice constant and with “x” is the Zn fraction (Capper, P. et al. 1995; 

Li, G. et al. 2008; Toney, J.E. et al. 1999).    

The High resolution X-ray diffraction (HRXRD) gives the full width at half maximum 

(FWHM) for a given crystallographic plane. This value is correlated with the crystalline 

quality of materials. For CZT of the highest crystalline quality, a value of 8 arcsec for 

<211> has been obtained (Asahi, T. et al. 1996; Franc, J. et al. 2003). This FWHM 

depends to some degree also on the surface treatment, and is generally improved after 

etching process (Yoon, H. et al. 1997).  

The Scanning Spreading Resistance Microscopy (SSRM) is only suitable for surface 

analysis, particularly for Te precipitates and inclusions. Indeed they are randomly 

distributed, so they are expected to be exposed at the surface, especially after polishing 

and etching (Koley, G. and Liu, J. 2007). 
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Photocurrent (PC) analysis allows for the study of the mobility-lifetime of the carriers, 

the contribution of each carrier, the qualification of contacts, and the distribution of the 

electrical field in the sample (Zanichelli, M. et al 2008). 

Measurements such as γ-spectrometry, Time of Flight α, and other detector properties 

are measured using radioactive sources such as 241Am, 57Co sources, (Auricchio, N. et al 

2008). These measurements are carried out to calculate the products mobility-lifetime of 

electrons and/or holes by studying the charge collection efficiency as a function of the 

bias voltage with the simplified Hecht relation and to determine the performance of the 

detectors (Auricchio, N. et al 2008; Bolotnikov, A.E. et al. 2007).  

1.6. Applications of CZT as a radiation detector for medical applications 

CZT bulk crystals are really one of the most strategic materials for a lot of application 

when are used for detecting emission coming for radiactive sources: IR devices, when 

CZT bulk crystals is used as subtrates for HgCdTe films; PV application, playing a 

competitive role as Si material; in medical applications when high energy X-Ray is 

used; etc. 

Considering that the objective of this thesis will be the development of  bulk CZT 

crystal for medical application, the next paragraph will written taking into account the 

this consideration. 

Due to the extremely good energy resolution of Si(Li) and HPGe detectors, they are 

being used as the gold standard in nuclear spectroscopy. However, they have a 

relatively low detection efficiency, and they cannot be operated at room temperatures, 

which is a serious disadvantage for their use in clinical applications. By the contrary, 

CZT is a semiconductor material that overcomes the mayor disadvantages of silicon- or 

germanium-based radiation detectors: it is a more efficient absorber, operates at room 

temperatures, and the energy resolution is improved compared with common 

scintillators. The principal advantages of CZT are 1) direct conversion of x-ray or 

gamma-ray energy into electron-hole pairs and electronic signal; 2) good energy 

resolution; 3) potential for high spatial resolution, as detector pixels can be made 

arbitrarily small; 4) room temperature operation, stable performance, high density, and 

small volume. In fact, the ability to operate at room temperature, combined with  

specific properties derived from the very small pixels preparation, make the use of 
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multiple, stationary CZT 'mini-gamma cameras" a realistic alternative to medical 

aplication. Nevertheless, the main disadvantage, of CZT bulk material compared with 

scintillators, is that the good energy resolution requires large integration times, due to 

the relative large collection time of carriers. However, as individual electronic read out 

of single pixels is possible, simply reducing the volume of the individual detection pixel 

and increasing the number of electronic channels in the data acquisition system would 

allow these detectors to outperform even the fastest scintillators. Although, the CZT 

detectors are not easily grown in large sizes, this is not a serious concern for medical 

imaging and, in consequence, they have a similar widespread commercial availability 

and corresponding low cost as scintillators. Thus, the continuous reduction in the cost of 

electronics will eventually realize the full potential of CZT detectors in the near future. 

CZT has been investigated for many potential uses in medical imaging, especially in the 

field of single photon emission computed tomography (SPECT), in positron emission 

tomography (PET) as well as photon-counting and integration-mode x-ray radiography 

and computed tomography (CT). These are different medical application for CZT bulk 

crystal, some of them is summarized in the next paragraph: 

Detectors based on CZT technology have already found their way in different medical 

applications that run from bone densitometry to experimental positron emission 

scanners. A densitometer quantifies bone mineral density by means of one or more X-

ray sources (Syed, Z. et al. 2002). Dual Energy X-ray Absorptometry (DEXA) is the 

preferred technique for these measurements which require sensors with high efficiency, 

high energy resolution, and high stability, characteristics met by CZT-based detectors. 

In fact, the insensitiveness of semiconductor detectors to magnetic fields, makes them a 

good candidate for Magnetic Resonance Imaging (MRI) compatible devices. Since this 

has been noticed by the industry, it is opening new possibilities for designing imaging 

devices. The compatibility of CZT with MRI has been recently demonstrated for new 

types of multi-modality medical imaging, namely SPECT/MRI and PET/MRI. 

Intraoperative and small gamma imagers have also benefited from the CZT superior 

performance characteristics: small CZT sensors, coupled to miniaturized electronics for 

direct read-out, make compact devices aimed to detect and quantify gamma radiation 

during surgical interventions. Previous devices based on photomultipliers were larger 

and heavier, making it cumbersome their use in space-restricted scenarios such as the 
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operating field. In the same line, light-weight, handheld gammacameras have been 

developed using CZT detectors, and they are capable of doing both planar and 

tomographic image (Hruska, C.B. et al. 2008). 

An important clinical application that benefits of this new detector technology is nuclear 

cardiology. New CZT-based cardiac gammacameras ("http://www.spectrum-

dynamics.com/.") have been evaluated in clinical applications (Erlandsson, K. et al.2009 

), and the results demonstrate that, besides the good energy resolution that will facilitate 

the use of dual radionuclide studies, the CZT-based system has equal or better 

resolution, superior sensitivity, and higher count rate characteristics than that of 

conventional systems. These features will facilitate high-quality, fast dynamic 

acquisitions like he ones required for high-quality cardiac imaging.  

In SPECT applications (Erlandsson, K. 2009; denHarhog, R. et al. 2007; Guerin, L. et 

al. 2008; Sheiber, C. 2000) , the latest CZT-based pre-clinical gammacameras allow for 

full 360-degree coverage around the animal at 1 percent sensitivity. CZT high-energy 

resolution enables dual or triple radio-nuclide imaging while maintaining the spatial 

resolution. All these features allow biomedical researchers to perform dynamic SPECT 

imaging on small animal applications and even uptake quantification in vivo, something 

only possible with PET technologies until now. 

In PET applications the relatively lower efficiency of CZT and their poorer timing 

capabilities compared to fast scintillators as LuaSibOc, have some difficulties for its use, 

even when the spatial and energy resolution of CZT can be far superior to those of 

current state-of-the-art PET detectors. A feature that is being investigated is the intrinsic 

difference in the signal according to the proximity of the interaction to either the anode 

or cathode of the detector, that may enable interaction positioning through a 

straightforward electronic processing of the signal. The possibility of determining the 

depth of the interaction, as well as of stacking several layers of detectors, and preparing 

small-pixel arrangements, as well as developments in the electronics and time pick-up 

strategies, will make CZT-based detectors a promising technology that is already having 

an impact on biomedical imaging (Sheiber, C. 2000; Pani, R. et al. 2006; Lewellen, 

T.K. 2008). It is reasonable to foresee a new generation of devices based on this 

semiconductor. 

In summary, the large number of medical applications nowdays and in the near future 
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make the CZT bulk crystal to be a strategic material in this field application. If beside to 

this, one considerer other field of application in security and space application, one 

come to the conclusion of the big importance to carry out a deep research in the 

improvement of CZT bulk crystal preparation, which it is one objective of this thesis. 

1.7. Conclusions 

CZT alloys are very important semiconducting compounds due to their use in several 

strategic applications in medical, space and security devices. Specific problems of the 

bulk crystal growth are still to be solved. However, since industries require excellent 

bulk CZT crystals, a strong effort is being organised worldwide to optimize the growth 

process and obtain better material.  

This chapter presents the state of the art of the bulk CZT crystal growth and highlights 

the critical issues of this semiconductor. After the first section where the problems 

connected to the complicated phase diagram of CZT are presented, the second section 

describes the various general physical and chemical properties together with the 

compensation problems of the CZT materials. These notions are necessary for planning 

the crystal growth process. In the third section, various growth methods are described, 

paying attention to the defects generated in the different cases. Further, the annealing 

process, probably an essential step for improving the crystal quality, is described. The 

fourth section presents the last two essential steps which must be carried out after the 

crystal growth process, namely wafer processing and detector preparation. In the last 

section, the general material characterization methods are presented, as a scientific 

approach for assessing the quality of the bulk crystal.  
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CHAPTER 2. CHARACTERIZATION TECHNIQUES  

 

General techniques have been used either individually, or combined to meet the 

objectives of a complete characterization of the CZT samples grown by Bridgman 

technique. Undoped and Bi-doped samples have been deeply analyzed by 

compositional, structural, optical, photoconductive and electrical properties, with the 

key objectives to understand in the material properties required for different 

applications. The techniques described in this section it will be organized in five 

sections: to compositional characterization, structural, optical, photoelectric and 

electrical.  

 

2.1. COMPOSITIONAL CHARACTERIZATION TECHNIQUES  

 

Within this category are organized the useful techniques to accurately determine the 

concentration of the various components of the samples, whether majority (Cd, Te or 

doping) or minor (chemical composition in the sample). To determine the stoichiometry 

of the material, and dopant concentration of different impurities, which will 

significantly influence the material properties, we have  used the Mass Spectrometry 

plasma spray inductively coupled (ICP-MS Inductively Coupled Plasma-English - Mass 

Spectroscopy). The second technique used is the analysis of scattered X-ray (EDX 

English X-Ray Energy Dispersive Analysis), a computer coupled to the electron 

microscope. Below is a brief description of both techniques available in the Servicio 

Interdepartamental De Investigación (SIDI) of Universidad Autónoma de Madrid. 

2.1.1. ICP-MS  

 

Induced Couple Plasma (ICP) couple with Mass Spectroscopy (MS) is a powerful 

technique used for the analyzing of impurities in the level of ppb. It uses an ELAN-

6000 consisting of two parts: the spray of the sample and the mass spectrometer. For the 

sample analysis a aqueous solution must be prepared, a requirement that considered the 

chemical properties of CdZnTe it is necessary a process of digestion of the sample. This 

process is done by treating the sample in aqua regia (~ 100 º C) using hot PTFE material 

to avoid possible contamination. Once the sample is digested with aqua regia, nitrate is 
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formed from cadmium and tellurium oxide, which dissolve easily in water. Generally 

using 2 µg of CdZnTe, 1 ml of aqua regia for digestion and 2 ml of water to the 

solution.  

The sample is injected into the atomizer by mean of a spray by the presence of a Ar 

stream. This aerosol is transformed into a high-temperature plasma due to the presence 

of an oscillating magnetic field, which ionicy the atoms. Once the sample is atomized 

and ionized, the plasma enters into the mass spectrometer where a quadrupole filter 

separate the elements of the sample according to their charge / mass ratio, in order to be 

quantified. The equipment used is able to analyze only positive ions, so that elements 

like C, N, O and the halogens can not be quantified. With this technique it is possible to 

determine the concentration of dopants with a sensitivity for most elements is the order 

of parts per billion (ppb).  

Sample Preparation: Powder Single Crystal Sample. 

2.1.2. EDX  

 

The Energy Dispersion X-Ray (EDX) is DX4i  analyzer is coupled to a Scanning 

Electron Microscope (SEM) Philips XL30, operating with the basic principle that the 

analyzer study the X-rays characteristic emitted from the sample surface, when it is 

excited by the impact of the electron beam, accelerated with a voltage of 20 kV. The 

characteristic X-ray  emission allows us to identify the elements of the sample with this 

advantage of the quantification of each element. The sensitivity of the technique is 1% 

by mass being useful for identifying and quantifying second phases, precipitates, etc, 

where the concentration of constituents is high. The areas analyzed hundreds of 

nanometers of a complete mapping of the sample. 

This experiment has been carried out at the Universidad Complutense de Madrid 

(UCM), under Prof. Javier Piqueras and Dr. Pedro Hidalgo supervision. 

Sample Preparation: Polished Single Crystal Sample. 

2.1.3. Synchrotron-based X-ray microfluorescence (µSXRF) images 

In the Synchrotron-based X-ray microfluorescence (µSXRF) technique, the images are 

acquired from a beamline X27A of the National Synchrotron Light Source (NSLS) at 
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Brookhaven National Laboratory (Upton, NY) (Ablett et al., 2006).  This beamline uses 

Kirkpatrick-Baez (K-B) mirrors to produce a focused spot (7 by 16 µm) of hard X-rays 

with tunable energy achieved via Si(111) or Si(311) channel-cut monochromator 

crystals.  For the µSXRF imaging, the incident energy was fixed at 11 keV to excite all 

target elements simultaneously.  Samples were rastered in the path of the beam by an 

XY stage oriented in a plane 45° to the beam, and X-ray fluorescence was detected by a 

Canberra SiLi detector positioned 90° to the incident beam.  Elemental maps were 

collected from a 1 to 3 mm2 area using a step size of 10 µm (fine map) to 50 µm (coarse 

map) and a dwell time of 1 second. 

 

Figure 2.1. CdZnTe:Bi wafer for Synchrotron-based X-ray microfluorescence 

(µSXRF) images 

  

Figure 2.2. X27a Beamline of the National Synchrotron Light Source (NSLS) at 

Brookhaven National Laboratory (Upton, NY). 
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Sample Preparation: Polished Single Crystal Wafers.  

This experiment has carried out at the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (NY, USA), in the beamline X27A, under Prof. Dr. 

Ralph James supervision. 

 

2.2. STRUCTURAL CHARACTERIZATION TECHNIQUES  

 

This section describes the techniques used for the study of the structural properties of 

the material, primarily the quality of different crystals obtained and the study of the Bi 

dopant position in the lattice. 

  

.  2.2.1.Scanning Electron Microscopy  

 

The Scanning Electron microscopy (SEM) technique uses a accelerated and focused 

20kV electrons beam coming into the sample being the secondary electrons that are 

detected and analyzed to form an image. The equipment is a Philips XL30 microscope 

fitted to a DX4i EDAX analyzer which it is located in the Servicio Interdepartamental 

de Investigación (SIDI) of Universidad Autónoma de Madrid. The only requirement to 

present the technique is that the surface of the sample must be conductive and a thin 

20nm thick layer of Au must be deposited on the CdZnTe sample. Using this technique 

gives information on the morphology, topography and surface composition.  

Sample Preparation: Polished Single Crystal Sample. 

  

2.2.2. LAUE patterns  

In the X-ray Laue diffraction characteristics of set of plans for a material of a given 

structure. The sample is irradiated with X-ray source from a copper anode, using Kα 

line (wavelength: 1.5406 Å). The sample located in the center of a three-axis 

goniometer and being the diffracted radiation is collected using a Polaroid photographic 

plate, located 4 cm from the sample back-scattering geometry (see figure 2.3). 
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The Laue diagram gives information about the quality of the sample  and indesertelly 

the crystal orientation. To determine the crystal orientation a simulation Laue program 

is used, which must give a good correlation between the experimental and simulated 

Lauegram [12]. An example of an oriented CdZnTe sample crystal is given in the figure 

2.4. The equipment is located in the Servicio Interdepartamental de Investigación (SIDI) 

of Universidad Autónoma de Madrid. 

Sample Preparation: Cleavage Single Crystal Sample.  

 

 

Figure 2.3. LAUE equipment from SIDI (UAM) 
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Figure 2.4. Lauegram of CdZnTe single crystal 

2.2.3.Fourier Transmission Infrared spectrometry (FTIR) 

 

The Fourier Transform InfraRed (FTIR) spectroscopy is an interesting technique which, 

the theoretical maximum transmittance should be approximately 66% over the typical 

range of 500-4000 cm-1 (Franc, J. et al. 2003).  This spectral range can give important 

information concerning free carriers, defects, and dislocations.   

The IR spectrum is obtained with a Bruker FT-IR spectrometer IFS60v, between 

7000cm-1 to 500cm-1 with a resolution of 4cm-1. The measurements were made at the 

Servicio Interdepartamental de Investigación (SIDI) of Universidad Autónoma de 

Madrid.  

Sample Preparation: Polished Single Crystal Sample of 1mm of thickness. 
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2.2.4. High Resolution of X-ray diffraction (HRXRD) 

 High Resolution of X-ray diffraction (HRXRD) is one of the two experimental systems 

that is included in the rotating anode.Upon leaving the shutter of the source, there is a 4-

crystal monochromator Ge (220), which is tuned to the output of these only obtain 

photons with the wavelength Ka1del Cu (l = 1.54. .. ). The schematic of a eqipment to 

study HRXRD super-lattices is: 

 

Figure 2.5. Schematic Diagram to  HRXRD 

The diffractometer consists of a rotating anode generator, high gloss, which allows the 

monocromatización and collimation of radiation necessary to obtain high resolution. It 

incorporates a 4-circles goniometer large format and can work between average 

temperatures and low temperatures. 

 

Figure 2.6. HRXRD equipment of Autónoma de Madrid 
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The technical characteristics of HR D5000 diffractometer are:   

4 Reflections Germanium monochromator optimized for reflection Ge (220) and Ge 

(440). D5000 with electronic motors for the axes microsteps Omega and 2Theta 

Resolution: i) DOmega = 0.0002 º (with optical encoder DOmega = 0.00005 º), ii) 

D2Theta = 0.0002 º, iii) DChi = 0.0025 º, iv) DPhi = 0.005 º and v) Dx = Dy = 0.005 

mm. 

The measurements have been carried out at the Servicio Interdepartamental de 

Investigación (SIDI) of Universidad Autónoma de Madrid.  

Sample Preparation: Polished Single Crystal Sample. 

2.2.5. Single-crystal X-ray Diffraction 

 
Single-crystal X-ray Diffraction (XRD) is a non-destructive analytical technique which 

provides detailed information about the internal lattice of crystalline substances, 

including unit cell dimensions, bond-lengths, bond-angles, and details of site-ordering. 

Directly related is single-crystal refinement, where the data generated from the X-ray 

analysis is interpreted and refined to obtain the crystal structure.  

Undoped and Bi-doped single crystals were used to determine their crystal structure by 

single crystal X-ray diffraction using a Brucker-Siemens SMART diffractometer 

equipped with a CDC bidimensional detector, and using graphite-monochromated 

molybdenum radiation, (λ=0.71073Å). One black single crystal showing well-defined 

faces was mounted, and data were collected over a quadrant of the reciprocal space by a 

combination of two exposure sets. Each exposure of 10s covered 0.3º in ω. The first 100 

frames were recollected at the end of the data collection to monitor crystal decay. 

In general, typical crystal structures contain several thousand unique reflections, whose 

spatial arrangement is referred to as a diffraction pattern. Indices (hkl) may be assigned 

to each reflection, indicating its position within the diffraction pattern. This pattern has 

a reciprocal Fourier transform relationship to the crystalline lattice and the unit cell in 

real space. This step is referred to as the solution of the crystal structure. After the 

structure is solved, it is further refined using least-squares techniques. 
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The X-ray diffractometers consist of three basic elements, an X-ray tube, a sample 

holder, and an X-ray detector. X-rays are generated in a cathode ray tube by heating a 

filament to produce electrons, accelerating the electrons toward a target by applying a 

voltage, and impact of the electrons with the target material. When electrons have 

sufficient energy to dislodge inner shell electrons of the target material, characteristic 

X-ray spectra are produced. These spectra consist of several components, the most 

common being Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. Kα1 has a slightly shorter 

wavelength and twice the intensity as Kα2. The specific wavelengths are characteristic of 

the target material. Filtering, by foils or crystal monochrometers, is required to produce 

monochromatic X-rays needed for diffraction. Kα1 and Kα2 are sufficiently close in 

wavelength such that a weighted average of the two is used. Molybdenum is the most 

common target material for single-crystal diffraction, with MoKα radiation = 0.7107Å. 

These X-rays are collimated and directed onto the sample. When the geometry of the 

incident X-rays impinging the sample satisfies the Bragg Equation, constructive 

interference occurs. A detector records and processes this X-ray signal and converts the 

signal to a count rate which is then output to a device such as a printer or computer 

monitor. X-rays may also be produced using a synchrotron, which emits a much 

stronger beam. 

 

Figure 2.7. Schematic of 4-circle diffractometer; the angles between the incident 

ray, the detector and the sample.  

Single-crystal diffractometers use either 3- or 4-circle goniometers. These circles refer 

to the four angles (2θ, χ, φ, and Ω) that define the relationship between the crystal 

lattice, the incident ray and detector. Samples are mounted on thin glass fibers which are 
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attached to brass pins and mounted onto goniometer heads. Adjustment of the X, Y and 

Z orthogonal directions allows centering of the crystal within the X-ray beam. 

 

Figure 2.8.  Single Crystal X-Ray diffraction equipment 

X-rays leave the collimator and are directed at the crystal. Rays are either transmitted 

through the crystal, reflected off the surface, or diffracted by the crystal lattice. A beam 

stop is located directly opposite the collimator to block transmitted rays and prevent 

burn-out of the detector. Reflected rays are not picked up by the detector due to the 

angles involved. Diffracted rays at the correct orientation for the configuration are then 

collected by the detector. 

Modern single-crystal diffractometers use CCD (charge-coupled device) technology to 

transform the X-ray photons into an electrical signal which are then sent to a computer 

for processing. 

The steps carried out for XRD are the follow:  

1) Sample Selection and Preparation: Samples for single-crystal diffraction should be 

selected from unfractured, optically clear crystals. Crystals can be broken off a larger 

sample and the best fragment selected. Samples should be between 30 and 300 microns, 

with ideal crystals averaging 150-250 microns in size. To minimize absorption affects, 

equant crystals are preferred. Therefore, minerals lacking cleavage are the best choice 

for this step. If the sample is inequant, this must be corrected for during absorption 

corrections to the data.  



93 

 

2) Sample Mounting: Samples are mounted on the tip of a thin glass fiber using an 

epoxy. Care should be taken to use just enough epoxy to secure the sample without 

embedding it in the mounting compound. The fiber may be ground to a point to 

minimize absorption by the glass. This fiber is attached to a brass mounting pin, usually 

by the use of modeling clay, and the pin is then inserted into the goniometer head. 

3) Sample Centering: The goniometer head and sample are then affixed to the 

diffractometer. Samples can be centered by viewing the sample under an attached 

microscope or video camera and adjusting the X,Y and Z directions until the sample is 

centered under the cross-hairs for all crystal orientations. 

4) Data Collection: Once the crystal is centered, a preliminary rotational image is often 

collected to screen the sample quality and to select parameters for later steps. An 

automatic collection routine can then be used to collect a preliminary set of frames for 

determination of the unit cell. Reflections from these frames are auto-indexed to select 

the reduced primitive cell and calculate the orientation matrix (which relates the unit 

cell to the actual crystal position within the beam). The primitive unit cell is refined 

using least-squares and then converted to the appropriate crystal system and Bravais 

lattice. This new cell is also refined using least-squares to determine the final orientation 

matrix for the sample.  After the refined cell and orientation matrix have been 

determined, intensity data is collected. Generally this is done by collecting a sphere or 

hemisphere of data using an incremental scan method, collecting frames in 0.1° to 0.3° 

increments (over certain angles while others are held constant). For highly symmetric 

materials, collection can be constrained symmetrically to reduce the collection time. 

Data is typically collected between 4° and 60° 2θ for molybdenum radiation. A 

complete data collection may require anywhere between 6-24 hours, depending on the 

sample and the diffractometer. Exposure times of 10-30 seconds per frame for a 

hemisphere of data will require total run times of 6-13 hours.  

5) Corrections for Background, Absorption, etc. : After the data have been collected, 

corrections for instrumental factors, polarization effects, X-ray absorption and crystal 

decomposition must be applied to the entire data set. This integration process also 

reduces the raw frame data to a smaller set of individual integrated intensities. These 

correction and processing procedures are typically part of the software package which 

controls and runs the data collection.  
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6) Phase Problem and Fourier Transformation: Once the data have been collected, the 

phase problem must be solved to find the unique set of phases that can be combined 

with the structure factors to determine the electron density and, therefore, the crystal 

structure.  

7) Structure solution: Solution of the phase problem leads to the initial electron density 

map. Elements can be assigned to intensity centers, with heavier elements associated 

with higher intensities. Distances and angles between intensity centers can also be used 

for atom assignment based on likely coordination.  

8) Structure Refinement: Once the initial crystal structure is solved, various steps can be 

done to attain the best possible fit between the observed and calculated crystal structure. 

The final structure solution will be presented with an R value, which gives the percent 

variation between the calculated and observed structures. The single-crystal structure 

refinement page provides further information on the processes and steps involved in 

refining a crystal structure.  

Sample Preparation: Cleavage Single Crystal sample. 

This technique has been carried out in Instituto de Ciencia de Materiales de Madrid 

(ICMM) under the direction of Prof. Enrique Gutierrez Puebla. 

 

2.2.6. Single Crystal Neutron Diffraction 

Neutron diffraction experiments determine the atomic and/or magnetic structure of a 

material. This technique can be applied to study crystalline solids, gasses, liquids or 

amorphous materials. 

Neutron diffraction is a form of elastic scattering where the neutrons exiting the 

experiment have more or less the same energy as the incident neutrons. The technique is 

similar to X-ray diffraction but the different type of radiation gives complementary 

information. A sample to be examined is placed in a beam of thermal or cold neutrons 

and the intensity pattern around the sample gives information of the structure of the 

material. 
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Nuclear scattering 

Neutrons interact with matter differently than x-rays. X-rays interact primarily with the 

electron cloud surrounding each atom. The contribution to the diffracted x-ray intensity 

is therefore larger for atoms with a large atomic number (Z) than it is for atoms with a 

small Z. On the other hand, neutrons interact directly with the nucleus of the atom, and 

the contribution to the diffracted intensity is different for each isotope; for example, 

regular hydrogen and deuterium contribute differently. It is also often the case that light 

(low Z) atoms contribute strongly to the diffracted intensity even in the presence of 

large Z atoms. The scattering length varies from isotope to isotope rather than linearly 

with the atomic number. An element like Vanadium is a strong scatterer of X-rays, but 

its nuclei hardly scatter neutrons, which is why it often used as a container material. 

Non-magnetic neutron diffraction is directly sensitive to the positions of the nuclei of 

the atoms. 

A major difference with X-rays is that the scattering is mostly due to the tiny nuclei of 

the atoms. That means that there is no need for an atomic form factor to describe the 

shape of the electron cloud of the atom and the scattering power of an atom does not fall 

off with the scattering angle as it does for X-rays. Diffractograms therefore can show 

strong well defined diffraction peaks even at high angles, particularly if the experiment 

is done at low temperatures. Many neutron sources are equipped with liquid helium 

cooling systems that allow to collect data at temperatures down to 4.2K. The superb 

high angle information means that the data can give very precise values for the atomic 

positions in the structure. On the other hand, Fourier maps derived from neutron data 

suffer from series termination errors, sometimes so much that the results are 

meaningless. 

 

Single Crystal Neutron Diffraction was also used to determine the crystal structure. 

This investigation was performed on the CRG instrument D15 at the Institut 

Laue_Langevin using the 4-circle configuration and a wavelength of 1.17 Å.  

The instrument D15 is a single-crystal diffractometer of the Harwell MK VI design. It 

is installed on an inclined beam tube (IH4). To compensate for the inclination of the 

incident beam, the scattering vector of the monochromator is tilted to bring the 
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monochromatic beam into the horizontal plane. Three wavelengths can be set up 

(0.85Å, 1.17 Å, and 1.54Å) with corresponding flux at the sample of 1.8 106, 7.8 106, 

and 3.0 106 n/s/cm2 respectively. 

 

The instrument can be operated in either four-circle or normal-beam mode. When a 

low background and higher efficiency are needed a mono-detector can be installed. 

Otherwise 80*80 mm2 bidimensional microstrip detector is available. 

 

For the normal-beam geometry D15 has its own orange cryostat superconducting 

magnets 6T (gap of 25 mm diameter 45 mm) and 10T (gap and diameter 10 mm) are 

available. A low temperature insert (50 mK) can be used in the orange cryostat and the 

6T magnet. Pressure cells (up to 3 GPa), uniaxial stress apparatus, and furnaces from 

ILL can also be installed. 

 

D15 is used for a wide range of physical problems including the determination of 

magnetic phase diagrams, of pressure-temperature phase diagrams or a combination of 

all these. It is also often used for determination of magnetic and nuclear structures in 

preparation for spin density studies with polarised neutrons. 

 

Solving a crystallographic or magnetic structure requires to collect a large number of 

Bragg reflexions. Starting from the experimental data, special softwares allow 

determine the atomic positions as well as the magnetic moments.  
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Figure 2.9. Single crystal diffractometer of the Harwell MK VI design from 

beamline D15, ILL. 

Sample Preparation: Polished Single Crystal Sample. 

This measure has carried out in the Beamline D15, ILL, Grenoble (France) under Prof. 

Enrique Gutierrez-Puebla (ICMM) and Dr. David Martín y Marero (CMAM) 

supervision. 

The local contact of the beamline D15 during the experiment was Dr. Alberto 

Rodriguez Velamazán (ILL-Grenoble, France) 

 

2.2.7. X-ray Absorption Spectroscopy (XAS): EXAFS and XANES 

When the x-rays hit a sample, the oscillating electric field of the electromagnetic 

radiation interacts with the electrons bound in an atom. Either the radiation will be 

scattered by these electrons or absorbed and excite the electrons. 

 

Figure 2.10. Diagram of X-ray absorption 
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When a narrow parallel monochromatic x-ray beam passes through a sample of 

thickness x, the incident I0 is absorbed through the photo-electric effect. In this process, 

an x-ray photon is absorbed by an electron in a tightly bound level of an atom.  

When discussing x-ray absorption, we are primary concerned with the absorption 

coefficient µ, which gives the probability that x-rays will be absorbed according to the 

expression:  

 I=I0 e
-µx   Eq. 1 

where x is the sample thickness and I is the transmitted intensity through the sample.  At 

most energies, µ is a smooth function of energy depending on the sample density ρ, the 

atomic number Z and the atomic mass A. When the energy of the incident photons is 

equal to that of a binding energy of a core-level electron, there is a sharp rise in 

absorption: an absorption edge, corresponding to the promotion of this core-level 

electron to the continuum. The absorption edges are labeled according to the electron 

that is excited (K=1s, L1=2s, L2,L3=2p, etc). There are two L edges for the initial 2p 

state due to the spin-orbit coupling, which splits the 2p1/2 and 2p3/2 final states.   

 

Figure 2.11. Absorption Edges and orbitals states 

Since every atom has core-level electrons with well-defined binding energies, we can 

select the element to probe in the experiment and XAS is an element-specific technique.  

Following an absorption event, the atom is said to be in an excited state, with one of 

core electron levels left empty (so-called core-hole) and a photo-electron. The excited 

state will decay by two main mechanisms: x-ray fluorescence, in which a higher energy 
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electron core-level fills the deeper hole, ejecting a x-ray photon of well defined energy. 

For example, an M(3d) shell electron dropping into the L3 level gives the Lα 

fluorescence line. The second process is the Auger effect, in which an electron frops 

from a higher electron level and a second electron is emitted in the continuum. 

In the hard x-ray regime with energies between 5 and 35 keV, both K and L levels can 

be used for most elements and x-ray fluorescence is more likely to occur than Auger 

emission. Therefore, the energy dependence of the absorption coefficient is measured 

either in transmission as µ(E)=ln(I0/I) or in fluorescence as µ(E)=If/I0) where If is the 

monitored intensity of the fluorescence line. 

 

Figure 2.12. Decay of the excited state: x-ray fluorescence (left) and the Auger 

effect (right)    

 

A typical  XAS spectrum is shown in Fig. 2.13. and is generally divided into 2  more 

important sections: 1) the x-ray absorption near edge structure (XANES), typically 

within 50 eV of the main rising edge and 2) the extended x-ray absorption fine structure 

(EXAFS), referring to the oscillations well above the absorption edge.  

 



100 

 

 

Figure 2.13. A Typical X-ray Absorption Spectrum.  

The physical basis of both XANES and EXAFS is the scattering of the x-ray excited 

photo-electron by the electrons of the surrounding atoms and the scattered photo-

electron can return to the absorbing atom. There is a modulation due to the interference 

of the out-going and the back-scattered photo-electron waves. In the XANES region, the 

ejected photoelectrons have low kinetic energy (E-E
0 

is small) and experience strong 

multiple scattering by the first and even higher coordinating shells as the mean free-path 

increases dramatically. In the EXAFS region, the photoelectrons have high kinetic 

energy  

(E-E
0 

is large), and single scattering by the nearest neighbouring atoms normally 

dominates. In this way, XAS contains information about the local structure around the 

absorbing atom. Much chemical information can be extracted from the XANES region: 

formal valence (very difficult to experimentally determine in a nondestructive way); 

coordination environment (e.g., octahedral, tetrahedral coordination) and subtle 

geometrical distortions of it. 

In EXAFS analyses, it is typical to define the EXAFS oscillations, χ(k), as the fractional 

modulation in the x-ray absorption coefficient as, 

χ(k) = µ(E) – µ0(E)/∆µ0(E)   Eq. 2 

Where µ(E) is the measured absorption coefficient, µ0(E) is a smooth background 

function representing the absorption of an isolating atom, ∆µ0(E) is the measured jump 

at the threshold energy E0 and k is the photoelectron wavevector. The different 
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frequencies apparent in the oscillations in χ(k) correspond to different near-neighbor 

coordination shells and can be modeled to determine N (number of neighbors), R 

(distance to the neighboring atom) and σ2 (disorder in the neighbor distance). 

 

 

Figure 2.14. Spanish CRG beamline BM25 Branch A 

 

XAS measurements have been carried out in the Spanish CRG beamline BM25 Branch 

A (Fig. 2.14), at the European Synchrotron Radiation Facility (ESRF) in Grenoble 

(France) under Prof. Joaquín García Ruiz and Dr. Gloría Subías (Instituto de Ciencia de 

Materiales de Aragón, CSIC-Universidad de Zaragoza) supervision. This 6 GeV 

machine was operating with a ring current of 200 mA. The x-rays were 

monochromatized using a Si(111) double crystal and harmonic rejection was achieved 

by 30% detuning of the two crystals from the parallel alignment.  

XANES spectra at the Bi L3-edge (13.419 keV) were recorded in single crystals at room 

temperature in fluorescence mode using a 13-element solid state Si detector. For these 

measurements, each data point was collected along for 150 s, and several scans were 
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averaged to achieve the better signal-to-noise ratio. XANES spectra were normalized to 

the high-energy part of the spectrum (~ 100 eV beyond the edge) after background 

removal. 

EXAFS spectra at Cd (26.711 keV) and Te (31.814 keV) K-edges were measured in 

powder samples at room temperature in transmission mode using ionization chambers 

as detectors. Polycrystalline samples were prepared by crushing a piece of the 

respective single-crystals. Pellets were prepared by dilution with cellulose and the 

amount of material was calculated to optimize the expected signal-to-noise ratio at each 

absorption edge. Spectra averaging, background subtraction and amplitude 

normalization required to obtain the EXAFS signals χ(k) were performed using the 

Athena (version 0.8.058) code [Rehr, J.J., Albers, R.C. and Zabinsky, S.I. (1992) High-order 

multiple-scattering calculations of X-ray-absorption fine-structure. Phys. Rev. Lett. 69, 3397–3400]. The 

Fourier Transform (FT) of the k-weighted EXAFS spectra was calculated between 2.2 and 10.8 

Å-1 for the Cd K-edge and between 4 and 12.5 Å-1 for the Te K-edge using a sine window. The 

best fit to the data was performed by using the Artemis program (version 0.8.013) 

[Ravel, B. and Newville, M. (2005) Athena and Artemis: interactive graphical data analysis using Ifeffit. 

J. Synchrotron Radiat. 12, 537–541; Newville, M. (2001) IFEFFIT: interactive XAFS analysis and FEFF 

fitting. J. Synchrotron Radiat. 8, 322–324] in the R-space fitting mode up to 3 Å (first coordination 

shell).  

 

Sample Preparation: Polished Single Crystal Sample. 

 2.2.8. Rutherford Backscattering Spectrometry (RBS) and  Particle 

Induced X-ray Emission (PIXE) 

 

The interaction of charged particles with matter can provide very useful information 

about the composition and structure of solids. In particular, ion beam analysis (IBA) 

techniques (J. R. Tesmer, 1995) are well-established  powerful methods to characterize 

these parameters with depth resolution. The most popular IBA technique for the 

analysis of materials is Rutherford backscattering spectrometry (RBS) (W.-K. Chu, 

1978). In RBS experiments, a high energy ion beam impinges the target, interacting 

with its atoms by elastic coulombic forces, and the backscattered projectiles are 

measured as a function of the energy , as it can be seen in figure 2.15. The composition 

of the sample is obtained in an absolute way from the yield of each particular element, 
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which depends on the cross section (W.-K. Chu, 1978). These elements can be 

separated in mass because of the different kinematic factor of the collision (W.-K. Chu, 

1978), being heavy elements detected at higher energies. In addition, due to the energy 

loss of the ions when entering inside the target (stopping force), the collision events at 

different depths will normally appear in the detector at different energies, which allow 

the depth profiling of the elements. In addition, the simulation of the spectra is carried 

out by means of commercial programs as SimNRA (M. Mayer, 1999), NDF (N. P. 

Barradas, 1997) or RBX (E. Kótai, 1994) .  

Together with the elastic processes taking place in RBS, the ion-solid interaction can 

induce other inelastic interactions. For example, as the ion travels inside the material, it 

can excite the electrons from the inner shells of the surrounding atoms (see figure 2.15). 

When these electrons deexcitate, characteristic X-rays are emitted and detected by their 

energy. The yield of these X-rays is also proportional to the composition, so it can be 

used to measure. This technique is known as particle induced X-ray emission (PIXE) (S. 

A. Johansson, 1988). On the contrary to RBS, PIXE analysis requires standards for a 

proper calibration and it is not useful for depth profiling, but it has a higher sensitivity 

(up to ppm). 

Both RBS and PIXE can be combined with special experimental geometries to get 

structural information of crystals. In particular, when the ion beam is aligned with a 

major crystallographic direction, a channeling effect is produced, resulting in a 

reduction of both backscattered and X-ray yields (L. C. Feldman, 1982). The intensity 

of this effect is measured by the comparison of aligned and random spectra (minimum 

yield), and can be used to determine the crystal quality of the sample. 
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Figure 2.15 – Ion-solid interactions in RBS and PIXE.  

 

Figure 2.16. Photo of Beam Acelerator of CMAM (UAM-Madrid) 

 

Simultaneous RBS/C and PIXE/C experiments were performed with a 2 MeV He+ ion 

beam (1 mm2 spot). Backscattered ions were detected by a silicon surface barrier 

detector (energy resolution of 16 keV) placed at a scattering angle of 120º. X-rays 

emitted from the sample were recorded by a Canberra Si(Li) detector placed at 135º. A 

3-axis goniometer was employed to control the crystal position for angular scans with 



105 

 

an accuracy of 0.01º. Random spectra for compositional analysis were acquired by 

rotating the sample during the measurement. 

Further details about the experimental set-up can be found in (C. Pascual, 2004) 

Sample Preparation: Cleavage Single Crystal Sample. 

These experiments have been carried out in the Standard Beamline, at Centro de 

Análisis de Materiales y Microanálisis de Madrid (CMAM) under Dr. David Martín y 

Marero and Dr. Andrés Redondo supervision. 

 

2.2.9.Syncrotron White Beam x-Ray Topography (SWBXT) 

 

The Synchrotron White Beam X-ray Topography (SWBXT) is capable of 

providing information on the nature and distribution of structural defects such as 

dislocations, inclusions/precipitates, stacking faults, growth sector boundaries, twins 

and low-angle grain boundaries in single crystal materials. The principle of X-ray 

topography is the same with that of Laue.  If the white synchrotron beam passes through 

a monochromator, an X-ray topograph is created when the sample crystal is set to the 

Bragg angle for a specific set of lattice planes for the selected X-ray energy. Images 

from different atomic planes are acquired by orienting the sample to satisfy the Bragg 

condition for those planes and orienting the detector to the new scattering angle (2θB) to 

record the image. Depending on its operational mode, it can be divided by transmission 

and reflection mode. Transmission and reflection mode is used for the investigation of 

defects in bulk and surface, respectively.  
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Figure 2.17. Huber 5- Circle Diffractometer 

The  capabilities fo the SWBXT are the following: i) Huber 5-circle goniometer with 

computer-controlled robotic detector arm for positioning x-ray detectors, ii) Sun Ultra 5, 

Solaris 7 using SPEC software package (fourc) for motor control, iii) Scanning stage for 

scanning large-size crystals (up to 12” long), iv) Slit-defined white radiation; capability 

of introducing various absorbers into beam path to modify spectral distribution, v) 

Environmental chamber with beryllium exit and entrance windows; remote 

manipulators, furnace, deformation stage and vi) Fully equipped darkroom for 

processing (developing, washing and drying) of various types of x-ray films. 

The White Beam Characteristics used in this experiment are the following: i) Large area 

beam of low divergence & high intensity (50 mm×5 mm), ii) Small source (300 

µm×100 µm) & large source- sample distance (25 m) -Good spatial resolution capability 

(~ 0.04 µm) and iii) Broad wavelength range (0.3 - 1.6 Å). 

In the beamline X19C (NSLS-BNL), we have carried out the X-ray Topography 

experiment, following the next steps: i) Imaging technique based on Bragg’s law of x-

ray diffraction, ii) Collimated area-filling x-ray beam is incident on single crystal at a 

set Bragg angle and the corresponding area-filling diffracted beam is projected onto a 

2D detector (X-ray film) and iii) 2D diffraction spot thus obtained constitutes a x-ray 

topography : 1) Depicts the variation of the diffracted intensity as a function of position 

in the crystal and 2) Local diffracting power is affected by the distorted regions 

surrounding a defect leading to differences in intensities between these regions and the 

surrounding more perfect regions. This intensity variation gives rise to contrast. 
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Figure 2.18. SWBXT technique 

Sample Preparation: Polished Single Crystal Sample. 

This experiment has been carried out at the National Synchotron Light Source (NSLS), 

Brookhaven National Laboratory (NY, USA), in the beamlines X17B1 and X19C, 

under Prof. Dr. Ralph James supervision. 

 

2.2.10. IR Transmission Microscopy 

The IR transmission microscopy is used for the analyzed of the Te inclusion and 

precipitates which include: number of the Te inclusion and precipitates, size, 

distribution along the sample either in 2D or 3D distribution, etc. 

In fact the IR transmission microscopy is a regular transmission microscopy with the 

facilities required for the IR analyzing, being the IR camera the most important 

complement. 

The IR transmission microscopy system comprises a large field-of-view (FOV) 

microscope objective, a CCD camera, a motorized X-Y-Z translation stages, and a light 
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source coupled with a wide-beam condenser for illuminating the samples. The CCD 

camera has a 7.8 x 10.6 mm2 sensor area consisting of 2208 x 3000 pixels, each of 3.5 x 

3.5 µm2. The system can perform a one-, two-, or three-dimensional raster scan of a 

CZT crystal. At each XYZ position, an image of the area is taken and saved, and then 

the translation stages move the sample to the next position where this is repeated, and so 

on. The imaging setup allowed us to acquire stacks of images, each focused at a 

different depth of the crystal. At high magnifications, above x 5, the depth of focus is 

comparable to the expected size of the inclusion (~10 µm). 

A  5x magnification is used which correspond to a depth of focus (DOF) of 14 µm. 

After each scan in the Z direction, the system generated a stack of 45 images that cover 

a 1.1 x 1.5 x 5 mm3 region extending from one surface of a crystal to the opposite side. 

The images were saved as monochrome high resolution jpeg files, with 8-bit dynamic 

range.  An iterative algorithm was developed to identify inclusions and evaluate their 

sizes.  Then, by taking into account the FOV and the size of the z-scan step, the 

measured number of Te inclusions for each layer can be renormalized per cm3. By 

varying the parameters of the algorithm, we estimated that the systematic errors 

introduced by the analysis routine were 15-30%. 

 

Sample Preparation: Polished Single Crystal Sample. 

This experiment has been carried out at the Brookhaven National Laboratory (NY, 

USA), under Prof. Dr. Ralph James supervision. 

 

Figure 2.19. IR Microscope at BNL 
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2.2.10.Nuclear Magnetic Resonance State Solid (NMR) 

In order to understand the properties of CZT materials, much effort has been devoted to 

calculating their electronic structure and bonding properties, especially their dependence 

composition. However, theorical predictions of these properties are more difficult than 

usual because of the disordered nature of these systems, where the Te anions are 

surrounded in the lattice by different numbers of cations, Cd and Zn, the exact 

configuration depending on the alloy composition x. 

In this way Nuclear Magnetic Resonance (NMR) is one of a limited number of 

approaches that can be used to study the local properties of solids. The information that 

can be derived from NMR spectra is due to the sensitivity os nuclear-resonance 

frequencies to electronic structure. There are several forms of this interaction (Kinght 

shift, chemical shift and quadrupole coupling) but is this study we focus primarily on 

the chemical shift. This parameter is easily observed in the spectra of nuclear spin I= ½ 

nuclei (Cd,Te) and is sensitive to the electronic distribution near to the nuclear spin. It 

therefore provides information on the structure and bonding properties. In fact, Willing 

et al. [J. Phys. C. 9 (1976) 1981] calculated the Te chemical shift for several binary II-

VI compounds, and showed that main contribution to both the cation and the anion 

chemical shifts is the so-called paramagnetic term, which it is the result of a partial 

dequenching of the orbital contribution, and it arises from p electrons in unfilled 

orbitals. 

In the CZT system there is a relatively large difference between the Cd-Te and the Zn-

Te bond lengths causing a distortion of the cubic symmetry at the site a distortion that 

one expect to affect the chemical shift. In fact, the ratio of the Zn/(Cd+Te) composition 

in the samples analyzed in this work will be studied the changes of the chemical shifts. 

The improved resolution in the spectra enables us to defect small changes in 125Te and 
113Cd chemical shifts, and thus to examine changes of structure and bonding with alloy 

composition. 

As one example, figure 2.20 presents the 125Te NMR spectra for several samples with 

different Zn composition. 
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Figure 2.20. 125Te spectrum: CdZnTe undoped (different Zn concentration) 

In order to explain these results one first must examine the NN environment of Te, 

which it is surrounded by four cations consisting of Zn and Cd, being the five possible 

configurations CdnZnn-4, n=0,…, 4. Taking into account that the Cd-Te and Zn-Te 

bonds have different lengths and iconicity, and the Te chemical shift is sensitive to its 

local environment, each cation configuration will result in a different chemical shift for 

its associated Te and in consequence each of the lines in the spectra corresponds to a 

different cation configuration. The reason for the improved resolution observed at low 

and high x is the same as one can found for the 113Cd linewidth. In particular, the 125Te 

shift is determined primarily by its first NN cation distribution, and each resonance line 

is broadened by interactions with third NN atoms. 

In summary, from the MASS NMR spectra of 125Te in Cd1-xZnxTe one arrive at the 

following conclusions: (a) The main contribution to the Te and Cd linewidths and their 

dependence on x is due to a distribution of isotropic chemical shifts resulting from a 

random distribution of Zn and (b)The 125Te spectral line shapes depend strongly on the 

composition of the alloy and permite a determination of the dependence of the Te 

chemical shift on NN cation configuration and bond length. 
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The equipment used for these experiments was a Bruker AV 400 WB spectrometer: 

Multinuclear probe (15N-31P) CPMAS triple channel (BL4 X/Y/1H) for rotors of 4 mm, with 

rotation up to 15 kHz. 

Sample Preparation: Powder Single Crystal Sample. 

This experiment has been carried out at the University of Münster (Münster, Germany), 

under Prof. Dr. Hellmut Eckert supervision. 

 

Figure 2.21. Bruker AV 400 WB spectrometer at the University of Münster 

(Münster, Germany), 

 

2.3. Optical Characterization 

  2.3.1. Photolominescence 

 

The phenomenon of photoluminescence (known as PL) is a process of light emission 

caused by radiative recombination of electrons or holes from its excited states to their 

fundamental levels of energy. 

  

One of the processes that characterize the photoluminescence, the optical absorption. 

Obviously the incident photons on the surface of a material can be more or less energy 
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than its band gap energy (Eg). When this energy is greater than Eg, is sufficient to 

excite carriers from the valence band to the conduction and generates an excess density 

of electrons and holes. If the energy is less than Eg the transmission of photons through 

the material in principle occur without absorption. Other important physical processes 

are the recombination photoluminescence, ie interaction of electrons and holes in the 

radiative emission material to return to the initial state. The most important types of 

recombination can be summarized in the following comments:  

 

i. Band-band recombination is the process that takes place when electrons in the 

conduction band and holes in the valence band recombine directly. In this process the 

electron must have an energy roughly the energy of the band gap. This energy can be 

emitted as light or as heat (the latter process occurs at high temperatures or highly 

doped semiconductor).  

 

ii. Impurities by recombination centers in this case imperfections present in the 

semiconductor can upset the perfect periodicity of the crystal lattice, and the result may 

be to introduce energy levels in the band gap. These energy levels act as a springboard 

in the transition of electrons and holes between the conduction band and valence band. 

Recombination is a process now of two or more steps.  

 

iii. Recombination of excitons: is a type of an exciton-mediated recombination (exciton 

is the name given to the system of electrons and holes bound to each other by mutual 

Coulomb attraction). This procedure exciton photoluminescence is important because it 

is an indicator of the quality of the sample. If the semiconductor is pure, generated 

Coulomb attraction between electrons and holes can bind and the state formed is called 

the free exciton. The emission of radiation occurs in the form of a fine spectral line. 

When the semiconductor impurities are present, bound excitons are obtained, which 

when recombined, the emission spectrum is characterized by a finer line and less energy 

than free excitons. Both excitons, free and bound, occurring simultaneously in the same 

material, which in each case can be identified by the energy and intensity of the band.  

 

In general, measures taken in single crystals of PL allows us to evaluate its structural 
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quality and purity. At the same time give us much information about the different 

impurities and structural defects within the material. 

  

The basic equipment necessary for measurements of photoluminescence generally 

consists of: an excitation source (usually laser light), a monochromator and a detector. 

Furthermore, because the measures are often low temperature cryostat is needed apart 

from an optical system to focus the excitation light on the sample and to collect light 

emitted by the sample and onto the monochromator, and the system tools needed for 

quantification and signal processing from the detector (pre-amps, amplifiers, interface 

cards, etc.).. In Figure 2.22 shows a typical plot of a team of photoluminescence.  

 

Figure 2.22. Typical plot of a team of photoluminescence 

 

. The equipment consists of an Ar laser Spectra Physic 2020-05 as excitation source, 

using a monochromator Spex 1681 0.22m detector coupled to a Ge North Coast EO-

817L Scientific Corporation, which applies a voltage of 250 V and is cooled with N2 

(l). The signal is treated with a lock-in amplifier EG & G 5207. The sample is placed in 

an He cryostat with closed circuit and the temperature is adjusted with a control by 

9650.  

The team consists of a spectrometer Fourier transform Broker IFS66 / S with Si and 

InSb detectors, covering the spectral range (0.45-1.7 eV). The sample is disposed in a 

cryostat with a continuous flow of He, reaching a temperature of 4.5 K. As excitation 
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source using a He-Ne laser E15mW. The spectra are corrected with respect to the 

sensitivity of the detectors.  

Sample Preparation: Polished Single Crystal Sample. 

Photoluminescence studies of high resolution were made in the Mathematic and Physic 

Institute of Charles University in Prague, Czech Republic, under the direction of Prof. J. 

Franc. 

 

2.3.2. Catholuminescence 

Cathodoluminescence (CL) is the emission of light as the result of high energy 

electron excitation. CL is the unique contactless method that provides 

microcharacterization of the optical and electronic properties of semiconductor 

materials among the SEM techniques. In general CL analysis performed in a scanning 

electron microscope can be divided into microscopy and spectroscopy. In the former, 

luminescence images or maps of regions of interest can be displayed; in the latter, a 

spectral analysis corresponding to a selected area of the sample can be obtained 

[Yacobi,Holt]. 

The CL signal is formed by detecting photons of the ultraviolet, visible, and 

near-infrared regions of the spectrum. These photons are emitted as the result of 

electronic transitions between the conduction and valence bands and levels lying into 

the band gap of the material. Many useful signals in these cases are due to transitions 

that involve impurities and a high variety of defects. Therefore, there is no general rule 

that would serve to identify bands or lines in the CL spectrum. In inorganic solids, light 

is emitted as the result of electronic transitions between quantum mechanical states 

differing in energy. Luminescence emission spectra can be divided in intrinsic and 

extrinsic. Intrinsic luminescence, which appears as a near Gaussian-shaped band of 

energy centered at an energy of hν ≈ Eg. This emission band arises from the 

recombination of electrons and holes across the fundamental band gap, so it is an 

intrinsic property of the material. In materials with direct band gap, the most likely 

transition is across this minimum-energy gap, it is said between the most probably filled 

states in the conduction band to the most probably unoccupied states at the maximum of 

the valence band.  If the band extreme do not occur at the same wave vector k, 

transitions are indirect. For the conservation of the moment in the indirect band-gap 
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material phonon participation is required. Thus, the recombination of electron-hole pairs 

must be accompanied by the simultaneous emission of absorption of a phonon. Since 

this process requires two particle interaction, the probability of such a process is 

significally lower compared with direct transitions. Therefore, fundamental emission in 

indirect-gap semiconductors is relatively weak, especially when compared with that due 

to impurities or defects (Figure 2.23). 

 

  

Figure 2.23. The energy transition in (a) direct and (b) indirect-gap 

semiconductors between initial states Ei and final state Ef. For indirect transitions 

the participation of a phonon (Eph) is required. 

  

The emission spectra, which depend on the presence of impurities or defects, are 

defined as extrinsic. A simplified set of radiative transitions that lead to emission in 

semiconductors containing impurities is given in Figure 2.24. General properties of 

these transitions will now be discussed briefly. Process 1 is an intraband transition: an 

electron excited well above the conduction-band edge and reaches thermal equilibrium 

with the lattice. Process 2 is an intraband transition; this recombination produces 

intrinsic luminescence with a energy higher than the intrinsic transition. Process 3 is 

typical exciton decay observable normally at low temperature; Two types of excitions, 

free excitons and exicitons bound to an impurity, may undergo such transitions. For 

bound excitons, one of the free charge carriers is localized near a recombination center 

that can assist in conservating momentum during the transition. This will be especially 

important in indirect-gap materials. Processes 4, 5 and 6 arise from transitions that start 

and/or finish on localized states of impurities (e.g. donors and acceptors) or native 

defects of the material, which lie into the band-gap; these produce extrinsic 
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luminescence. The recombination processes between free carriers and trapped carriers 

of the opposite type are known as the Lambe-Klick model representing donor-to-free-

hole transition (process 4) and the Schon-Klasens model representing free-electron-to-

acceptor transition (process 5), and the donor-acceptor pair (DAP) recombination model 

(process 6). Transition 7 represents the excitation and radiative deexcitation of an 

impurity with incomplete inner shells. 

 

  

 

 

 

 

 

Figure 2.24. Schematic diagram of radiative transitions between the conduction 

band (EC), the valence band (EV) and exciton (EE), donor (ED) and acceptor (EA) 

levels in a semiconductor. 

 

It has to be reminded that CL can describe only radiative emission process. 

Nonradiative recombination events can be deduced only from CL images, provided the 

contrast between radiative and nonradiative sites is sufficiently strong. However, 

quantitative information on defect-induced nonradiative process is unavaible in 

spectroscopic CL analysis. [Yacobi,Holt]     

Cathodoluminescence observations were carried out in a scanning electron 

microscope (Hitachi S-2400 microscope or a LEICA 440 StereoScan) and a light 

detection system. Observations were carried out with electron accelerating voltage 

between 5 KeV and 25 KeV in order to perform a depth resolved CL analysis. A low 

temperature system is installed on the specimen holder of both  microscopes; the 

temperature is monitored with an ITC temperature controller. This temperature system 

permit varies the temperature of the sample from 77K up to 550K. The electron beam 

current was varied in order to achieve a higher or lower free carrier excitation. The spot 

size in the electron beam is typically around 10 nm but the resolution comes determined 

by the electron beam energy. Cathodoluminescence emission is collected by a 
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Hamamatsu Photomultiplier tube R5509-73 (Near Infrared Fotomultiplier Tube from 

300-1700 nm). For spectral analysis an Oriel Cornerstone 260 1/4 m monochromator 

was used.  

Sample Preparation: Polished Single Crystal Sample. 

This measure has been carried out at Materials Physics Department of Universidad 

Complutense of Madrid, under Prof. Dr. Javier Piqueras and Dr. Pedro Hidalgo 

supervision. 

 

2.3.3 Thermoelectric Effect Spectroscopy  (TEES) 

 

The technique of thermoelectric effect spectroscopy (TEES Thermoelectric Effect 

spectroscopy), was developed in 1990 by Šantić and Desnica [25] to study deep levels 

in semi-insulating materials. This technique provides similar information on the PICTS 

energy and capture section of different levels but with the advantage which gives the 

sign of the defect, ie can distinguish between traps of holes and electrons.  

The basic idea of the method is to impose a temperature gradient across the sample 

induces the diffusion of free carriers from the electrical contact to the cold-hot, 

producing the thermoelectric effect (effect thermoelectic TEE) and therefore an electric 

current passes through the sample. If prior to imposing the thermal gradient fill deep 

carrier traps by illumination at low temperature, a further increase in temperature of the 

sample produces the relaxation of trapped charges. Then, by applying a small thermal 

gradient across the sample, see a current through it. Simultaneous monitoring of this 

current with the temperature of the sample gives the spectrum of TEES.  

As in PICTS the position of a peak temperature corresponds to the energy of the trap 

and its height is proportional to the concentration, but also the different sign TEES 

peaks correspond to different types of charge carriers is tell the different types of traps.  

In Figure 2.25 shows a diagram of equipment used, which consists of a cryostat with a 

heater resistance of 390 W, which is temperature controlled with a Eurotherm controller 

3508. The current through the sample is measured with a Keithley 6514 electrometer 

and the temperature gradient by a differential thermocouple connected to a Keithley 

SourceMeter 2000. The sample is excited by a He-Ne laser for 10 minutes at 80 K and 

the data are collected by a computer via a GPIB card.  
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Figure 2.25. Diagram of the TEES system 

 

Sample Preparation: Polished Single Crystal Sample with Au electroless contacts and 

Ag wire.  

 

TEES studies of high resolution were made in the Mathematic and Physic Institute of 

Charles University in Prague, Czech Republic, under the direction of Prof. J. Franc. 

 

   2.3.4. Photo Induced Current Transient Spectroscopy  (PICTS) 

 

PICTS is a method for the characterization of deep traps in semiconductors. It is based 

on the generation of excess carriers by optical excitation with short light pulses, which 

are trapped in the empty defects present in the material. By a measure dependent on the 

temperature induces a thermal re-emission of these trapped charges in the traps, the 

issuance of which behaves like a decreasing exponential transient. From this transition 

we can determine the various parameters of the defect as the activation energy and 

carrier capture section, according to the general theory of Deep Level Transient 

Spectroscopy technique (DLTS) [22,23]. 

  

To carry out a study of required samples picts ohmic contacts, which in our case were 

made by photolithography . 

80 K 

Laser 

Cryostat 

  Sample 

T controller 

Electrometer 
Computer 
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PICTS technique is based on the excess charge carriers generated by optical excitation 

is trapped in the ionized defects present in the material. The excitation is performed by 

optical pulses whose height and repetition rate is variable. When the excitement in the 

sample disrupts the trapped charge carriers can be emitted by thermal excitation, slowly 

increasing the temperature of the sample. The emission rate of carriers in the center is 

given by [22]: 

kTEa
n eTe /2 −∝ σ      Eq.3 

 

 Where k is the Boltzmann constant, T the temperature, the activation energy Ea 

of the center and its capture section σ. During the break time of enlightenment, there is 

the formation of a transient on the concentration of charge carriers (nT), and these are 

trapped at different levels. This can be described by an exponential equation of the form 

[22]: 

ten
T en .−∝       Eq.4 

 

The transient is analyzed according to the same principle as DLTS [22,23]. This signal 

is integrated from two time ranges (windows t1 and t2 in Figure 2.26.a). Then calculate 

the difference between the integral of these two windows. The biggest difference 

between the integral of the signal of both windows, you get to the temperature of 

maximum emission of carriers from the trap (T2 in Figure 2.26) and defines the height 

of the peak in the spectrum of the PICTS, which presents the difference between 

windows on a graph as a function of temperature. The pair of windows can be extended 

throughout the transition, causing a change in the position of the peak in the temperature 

scale and therefore the emission rate of carriers. A schematic of the optical excitation 

process and the resultant transient analysis and spectrum of the PICTS obtained in that 

case is presented in Figure 2.26. 

  

The activation energy of the trap (Ea) and the capture section of the same (σ) can be 

determined using linear regression representing: ln (T2/en) versus reciprocal 
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temperature. From the slope directly extracted the activation energy, while from the 

intercept (y0) is determined according to section capture [24]: 

20
0

10.35,1

y=σ    Para trampas de electrones.     Eq.4 

 

21
0

10.07,1

y=σ    Para trampas de huecos.    Eq. 5 

 

 

 

Figure 2.26. a – Analysis of the transient at various temperatures using two windows 

(t1 and t2), b - resulting spectrum analysis with double  window. 

 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), with 

Au photolithographic contacts and Ag wire. 

 

PICTS measurements were carried out during two stays at the University of Parma, 

under the direction of Dr. Enos Gombia and Dr. Andrea Zappettini.  

The team used a Biorad DLTS and in all cases we used the following conditions:  

 

• Voltage applied to the samples: 11.0 V 

T1<T2<T3 

(a) (b) 
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• Wavelength of excitation light: 635 nm 

• In: 4, 10, 20, 50, 80, 200, 400, 1000, 2000 and 5000 s-1 

• Temperature range: 80 K to 400 K  

 

 2.3.5. Deep Level Transient Spectroscopy technique (DLTS) 

 

The DLTS technique is based on measurements of capacitance transients as a function 

of temperature. An apparatus capable of measuring the capacitance signal at two 

instants during the transient is employed. The diode is reverse biased at a voltage Vr and 

is then filled for a time tf. A majority carrier transient is produced by filling the traps 

maximum to zero bias, whereas a minority carrier transient can be produced by filling 

the traps with a slightly positive bias , in case of a p-n junction, or with a light pulse in 

case of a Schottky diode. The bias is periodic with a period tr, as shown in Figure 

2.27.a. During the pulse, majority carriers are injected into the depletion layer and traps 

are filled. When the bias is set to Vr again, carriers are emitted at a rate ep producing an 

exponential transient (Figure 2.2w7.b). 

 

 

Figure 2.27. Periodic bias pulse applied to the junction (a), and consequent 

exponential transient (b). 
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The capacitance transient in its general form can be written as 

)/exp()()( 0 τtCCtC −∆+∞=    Eq. 6 

Thus the signal is given by 

( ) ( )[ ]ττ /exp/exp 210 ttCS −−−∆=    Eq. 7 

where t1 and t2 are the instants at which the capacitance is measured, and τ is the time 

constant equal to en
-1. The maximum signal is obtained when the time constant τ is 

equal to a preset time constant τref. 

( )
( )[ ]12

12

/ln
)(

tt

tt
T ref

−== ττ   Eq. 8 

The dependence of en on the junction temperature, is illustrated in Fig. 2.28. 

 

 

Figure 2.28. Relationship between the temperature dependent emission rate of a 

trap and peak temperature. 

 

Consider two traps, featured by E1 and σ1 and E2 and σ2 respectively. As temperature 

increases the emission rate en increases and a peak occurs when τ=en
-1 passes through 

τref for each trap. The DLTS output as a function of temperature is illustrated in Figure 

2.29. For a given τref the peak temperatures 
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Tpk1 and Tpk2 are characteristic of each trap. By varying the t1 and t2 the peak position of 

each trap shifts (Fig. 2.28) and en can be obtained as a function of temperature. This is 

the rate window concept. The height of the peak maximum is related to the trap 

concentration. 

 

 

 

Figure 2.29. Dependence of the transient on temperature, and DLTS signal 

related to the rate window. 

 

 

By repeating the scan with different rate windows, i.e. by changing the instants t1 and t2 

in Fig. 2.29., sets of values of I and Tpk are obtained. From these values the trap energy 

and apparent capture cross section can be extracted by considering the linear 

dependence of the quantity ln(T2/en) on the reciprocal temperature (see eq. 9). 

 








 ∆−><=
Tk

E

g

Nv
e

B

Cnn
n exp

σ
  Eq. 9 
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The product <vn>NC is proportional to T2, thus ln(T2/ en) is linearly dependent on the 

reciprocal temperature: 
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  where  
T

x
1000= ,    Eq. 10 

 

The plot of the ln(T2/ en) in function of the reciprocal temperature is defined Arrhenius 

plot; from this plot it’s possible to calculate the energy of the deep level that is related to 

the slope of the line, whereas the capture cross section is related with the intercept with 

the reciprocal temperature axis. 

The main components of the I-DLTS Current Deep Level Transient 

Spectroscopy) system are as follows: A cryogenic cooling system consisting of a He 

cryostat (10 – 400 K) with the temperature controller SI9650; an illumination system for 

filling defects,  consisting of a pulse generator, HP 8110A, that drives lasers with 

various wavelengths (660 nm to 1030 nm); a Keithley 487 power supply to provide bias 

voltages to the samples; a Keithley 428 current amplifier to amplify the current transient 

signal obtained from the charges emitted from filled defect levels; and, a Tektronix 

7704A oscilloscope to record the current transients. In these experiments, we achieved 

maximum electron filling of the defect levels via an 822-nm IR laser driven by an AC 

signal with an amplitude voltage of 1 and 10 volts. The optical power of the laser was 

about 4.5 mW. The 822-nm wavelength laser has an absorption length in CdZnTe 

comparable to the sample’s thickness (~ 2 mm), thereby ensuring that we studied the 

defects throughout the detector’s entire bulk.  We note that this illumination system can 

generate maximum free charge carriers during the defects-filling process, so efficiently 

filling them,   and resulting in a significantly large transient signal. 

In the I-DLTS experiments, we cooled the detectors to 10 K, and then heated 

them up at a constant rate till 400 K. The ramp-up temperature steps were about 1 K 

within a measured error of about ±0.01 K.  At each temperature, the sample’s defect 

levels were filled first at 0 bias voltage by a flash of the 822-nm laser, driven by an AC 
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pulse, 2ms wide, with a period of 45 ms. Thus, the filling time during a laser pulsing 

cycle was 2 ms. Then, during the time the laser was off during its cycle (45 ms - 2 ms = 

43 ms), a bias voltage was applied to the sample to sweep away the carriers de-trapped 

from the filled defect levels. We recorded the resulting transient current from this de-

trapping process with a fast oscilloscope and the PC during the laser-off period in the 

cycle. The I-DLTS signals were obtained by sampling the differences in the current 

transient at two sampling times: t1 and t2 at each temperature.  The sampling time t1 was 

increased in steps from 0.2 ms to 9 ms, while the sampling time t2 was taken as 4t1.  

Dual-gate I-DLTS signal is equal to voltage difference between window rate (t1-t2) and 

the I-DLTS spectrum is generated by plotting this voltage difference versus 

temperature. The energy (Ec-Et or Et-Ev) level and capture cross-sections (σ) of traps are 

determined by the following equations [1]; 

Ec -Et = ∆E/5.03 (eV)  Eq. 11   

σ =  α × 6.10 × 10- (22 + β) Eq. 12   

where ∆E and β is the slope and the intercept of Log (t1T
2) versus 1000/T plot , 

respectively,  α is a constant depends on the widow rate (1.12 for t1/t2 = 4).  By varying 

time t1 and determining the positions of the peaks in the I-DLTS spectrum are generated 

to determine the energy and cross-sections of traps.  

 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), with 

Au electroless contacts. 

 

This experiment has carried out at the Brookhaven National Laboratory (NY, USA), 

under Prof. Dr. Ralph James supervision. 

 

2.4. Photoconductive Technique 

 

2.4.1. Dependence of photoconductivity in the wavelength 

 

Photoconductivity is far more commonly used. The technique involves applying the 
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sample to constant and continuous electric field illuminated by a light source of variable 

wavelength. Changing the wavelength of incident light is measured photo-current 

through the sample and plotted on a graph the values of photocurrent as a function of λ. 

From the chart above we can estimate the band-gap of the material that corresponds to 

the wavelength where the photo-current drops to half its maximum value at the 

absorption edge. You can also obtain information about the existence of deep centers 

and their approximate energy photosensitive, and the mechanisms driving the material.  

To measure the photoconductivity as a function of wavelength using the equipment 

outlined in Figure 2.30. A sample applies a continuous and constant voltage (V), using a 

voltage source NHQ-105L (5V were applied in all cases) and is illuminated with a 

monochromatic light source from a mono-cromador CM110 1 / 8m Spectra Physic. The 

monochromator has a tungsten lamp as a source of enlightenment. Light incident on the 

sample is modulated using a mechanical chopper Bentham. This will generate an ac 

signal is measured with a Stanford SR830 lock-in DSP in parallel with an electrical 

resistance (R) which in turn is in series with the sample. The value of this resistance is 

adjusted for the value of the resistance of the sample itself because they must be of the 

same order of magnitude.  

 

This photo-voltage measured instead of photo-currents as it has two main advantages. 

First, the voltages measure itself by a lock-in is less susceptible to electronic noise and 

can be measured with much greater accuracy than the current, decreasing the 

measurement error, since the same lock-in amplifier and acts as second term, to 

modulate the light in the sample generates an alternating current through it and therefore 

the lock-in as is evident measured ac voltage. Putting in the lock-in phase with the 

chopper was able to eliminate much of the noise in measurement, especially the 

electronic noise and thermal noise. 
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Figure 2.30. 

 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), with 

Au evaporated contacts and Ag wire. All the samples with GLIPTAL lacquer. 

Single Crystal Sample, polished (chemical and mechanical), with Au photolithographic 

contacts and Ag wire.  

 

These measurements were carried out during two stays at the University of Parma, 

under the direction of Dr. Maura Pavessi and Dr. Andrea Zappettini.  

2.5. Electrical Characterization 

 2.5.1. I/V 

 

 To perform the IV characteristic of a sample previously deposited on the surfaces of Au 

contacts as described in Section 2.3. Then voltage is applied to the sample with a source 

NHQ-105L with a maximum voltage of 5000 V (± 1V) and measure the intensity of 

current with a Keithley 6840 electrometer. In case the IV characteristic follow Ohm's 

law estimates the resistivity of the sample (ρ) as:  

 

l

A

p

1=ρ     Eq.13 

 

  

Where p is the slope of the IV characteristic, A is the area of electrical contacts and l is 

Monocromador 
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the separation between contacts (usually the thickness of the sample).  

The determination of the IV characteristic for the different samples studied has been 

performed on the Crystal Growth Laboratory of the Autonomous University of Madrid, 

and the assembly and development of this technique has been part of the experimental 

development of this thesis. 

 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), with 

Au evaporated contacts and Ag wire. All the samples with GLIPTAL lacquer. 

 

 2.5.2. Contacless Resistivity Mapping (CoREMA) 

 

 This method can be performed resistivity surveying large areas that allow the study of 

mechanisms for balancing power, as discussed in the chapter on experimental results. It 

is based on TDCM technique, ie measuring the relaxation time of a capacitor built from 

CdTe as dielectric [19]. The biggest advantage of this technique is that electrical 

contacts are not needed in the sample and therefore the resistivity is determined directly, 

without any parameter estimate geometric as in the case of the IV characteristic. In 

addition to not require electrical contacts allows topography with a resolution of 1 mm2.  

The technique is based on all semiconductor can be characterized by the dielectric 

relaxation time τ. This parameter can be related to the dielectric constant and ε r 

resistivity ρ material by:  

ρεετ 0=     Eq. 31 

 

Where ε 0 is the permittivity of vacuum. In principle the relaxation time can be easily 

measured by placing the material into a pair of parallel plates of area A separated by 

distance d equal to the thickness of the sample. The resulting equivalent circuit (Figure 

2.31), CS is a capacitor in parallel with a resistor RS given by: 

  

d

A
CS

εε0=        Eq. 32 
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A

d
RS

ρ=        Eq. 33 

 

Figure 2.31 

The time constant of this circuit is identical to that given by equation 12 and is given by 

13, and can be determined using two different experimental methods: evaluating the 

dependence of the complex impedance or by measuring the response of the circuit in the 

realm of times after excitation. 

  

 

       ρεετ 0== SSCR  Eq. 13 

 

 

We will work by measuring the time domain, and to understand this type of measure is 

assumed that both capacitors in Figure 2.31 are downloading. At time t = 0 s U a 

voltage is applied (eg square wave) to the circuit, charging instantly by equation 14 

where C is the total circuit capacity given by Equation 15:  

( ) CUQ =0       Eq. 14 

 

Sa

Sa

CC

CC
C

+
=      Eq. 15 

 

For t> 0, the voltage applied to CS causes the carrier transport through the sample 

discharging said capacitor. At the same time the load is transported to Ca because the 

εεεε, ρρρρ d 

da1 

da2 

(a) 

CS RS 

Ca 
(b) 
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voltage U remains unchanged. CS eventually be fully discharged and fully charged as Ca 

(call for an infinite time), according to the following equation:  

 

 

     ( ) UCQ a=∞    Eq. 16  

 

If we raise the freight in the system taking into account the discharge of the capacitor CS 

and the charge on the capacitor Ca, came easily to the differential equation:  

 

     
aS

S C

q

C

q

dt

dq
R −=−  Eq. 17 

  

Solving the differential equation 16 we obtain an expression for the load on the circuit 

at any time t, τc = RS (Ca + CS) is the characteristic relaxation time of the circuit, ie the 

time delay in the increased load a value equal to 1 / e:  

 

 

      )0()1()( )/
2

QeU
CC

C
tQ ct

Sa

a +−
+

= − τ  Eq. 18 

  

 

Therefore the time-dependent charge Q (t) can be measured by a load-sensing amplifier, 

so combining equation 35 with equations 31 and 33 we obtain an expression for the 

resistivity of the material without directly measuring CS or Ca, which has the following 

expression:  
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Then, to measure the resistivity ρ only need to measure the quantities Q (0), Q (∞) and 

τc are obtained directly, obtaining the dependence of the load distribution over time 
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using an oscilloscope. Figure 2.32 shows the distribution of the load versus time after 

applying a square wave voltage with a maximum voltage U, obtained from the 

distribution of values Q (0), Q (∞) and τc .  

 

 

Figure 2.32. 

The equipment used for measurements of resistivity is a sample holder which in turn 

acts as bottom contact, plus a supportive upper electrode to a motorized XYZ 

translation system. A sample is applied a voltage square wave with a frequency of 20 

Hz using a Keithley wave generator of 10 MHz generated charge is collected in a 

charge amplifier with a response time of 2 µ s allowing resistivities measured over a 

106 Ω. cm. The whole system is inside a Faraday box that allows you to isolate and 

measure the electrical equipment in the dark. The signal from the amplifier is collected 

on a Tektronix oscilloscope and sent to a computer for processing. Figure 2.33 shows a 

photograph of the equipment used which emphasizes the Faraday cage with the 

electrode system, coupled to the system translation and the amplifier load. 

 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical). 

 

The resistivity measurements by this technique were performed at the University 

Autónoma of Madrid under Prof. Ernesto Diéguez supervision. 

 

Figure 2.33. FOTO DEL COREMA 
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 2.5.3. Gamma Response 

 

a)The NSLS generate very bright synchrotron beams that can be collimated and 

monochromized in a wide energy range up to 100 keV. Micro-scale Detector Mapping 

setup( MDM, beamline X27b) consist of a double-slit collimator producing a 10 x 10 

mm2 beam, X-Y-Z precision translation stages on which samples are mounted 

perpendicular to the incident beam, and a low-noise signal processing system. An X-Y 

raster scan of the detector area is acquired automatically. For each position of the X-ray 

beam, pulse-height spectra are taken and analyzed. All the associated information such 

as pulse height, photo-peak position, and the full width at half maximum (FWHM) 

provides uniformity of detector performance and crystal defects which affect on charge 

collection efficiency. 

 

 

 

  

 

Figure 2.34. X27b Beamline of the National Synchrotron Light Source (NSLS) at 

Brookhaven National Laboratory (Upton, NY). 
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Figure 2.35. CdZnTe:Bi sample in the folder (right) and folder for the beamline 

(left) 

Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), and 

with Au electroless contacts. 

This experiment has carried out at the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (NY, USA), in the beamlines X27B, under Prof. Dr. 

Ralph James supervision. 

 

b) The nuclear electronics chain used for testing the CZT detectors was based on 

set of A250 charge sensitive preamplifiers from Amptek, AC coupled to the detector top 

electrode. The detector cathode was biased by using a Bertan high voltage power 

supply. An Ortec 885 gaussian shaper amplifier module was used to filter and shape the 

preamplifier output signal. The shaping time was set to with 1.5 µs. The acquisition 

system was based on an MCA PC card from Aptec. Stability and resolution of the 

whole setup were checked before data acquisition by using a precision test pulse 

generation from Canberra (814FP) and a commercial CdTe detector from Acrorad. 
22Na, 133Ba and 241Am radioactive sources were used (see Fig. 2.64.). 
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Figure 2.36. Testing equipment: test box with an installed CdZnTe:Bi device 
 
Sample Preparation: Single Crystal Sample, polished (chemical and mechanical), with 

Au electroless contacts and Ag wire. All the samples with GLIPTAL lacquer. 

This experiment has carried out at the CIEMAT, under Dr. Jose Manuel Pérez 

supervision. 

 

2.6. Summary of Techniques 

 

 Technique Characteristics Objetive 

Compositonal ICP-MS Aqua Requia 

Digestion 

Podwer sample 

Impiurities, dopants 

concentration, 

schotiometry 

 EDX Polishing Surface 

Wafer/Single Crystal 

Surface composition, 

Precipitates 

 µSXRF Polishing Surface 

Wafer 

Schotiometry 

Structural SEM Polishing Surface Surface Morphology 



135 

 

Chemical etching 

Wafer/Single Crystal 

 LAUE Polishing Surface 

Sample Orientation 

Single Crystal 

Crystallographic 

planes orientation 

 FTIR Polishing Surface 

1mm thickness 

Single Crystal 

Quality Crystal 

Te precipitates 

 XRXRD Polishing Surface 

Sample Orientation 

Single Crystal 

Quality Crystal 

 Single Crystals 

X-Ray 

diffraction 

Single Crystal 

Sample Orientation 

Crystallographic 

planes orientation 

Dopants positions in 

the lattice 

 Single Crystals 

Neutron 

diffraction 

Single Crystal 

Sample Orientation 

Crystallographic 

planes orientation 

Dopants positions in 

the lattice 

 EXAFS + 

XANES 

Podwer Sample Dopant Concentration 
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CHAPTER III.  EXPERIMENTAL PART  

 

3.1. Growth of bulk CZT crystals 

 3.1.1. Ampoule preparation: cleaning, carbon coating and starting 
materials. 

The quartz ampoule for the growth experiment is prepared in four steps:  i) cleaning of 

the ampoule, ii) graphitization of the ampoule, iii) starting materials introduced in the 

ampoule, and iv) closing of the ampoule.  

i) The cleaning process of the quartz ampoule is carried out in four steps: 

first, the ampoule is rinsed with trichloroethylene, acetone and methanol; 

them it is filled with aqua regia (HCl and Nitric acid in a volume ratio of 

3:1) and left it for 24 hours; afterwards the ampoule it is cleaned with 

distilled water and filled with hydrofluoric acid and left it for three hours; 

finally, the ampoule is rinsed with distilled water.  

ii)  In order to prevent the sticking of the melt with the quartz wall, a 

graphitization process must be carried out, which it is done by pouring 500 

µl acetone at 1000ºC.  

iii)  Later, the starting materials are introduced within the ampoule in the 

following order: Te, Zn, Cd and Bi (6N purity) dopant, being the process 

carried out in a clean atmosphere. (For this thesis CdZnTe undoped has been 

grown for comparing with CdZnTe:Bi samples). 

iv) Finally the ampoule is leaved at a vacuum better than 10-6 torr during 24h 

before to be closed. The ampoule was closed with a quartz rod situated on 

the top of the ampoule. 

The whole process of the preparation of the growth ampoule takes duration of three 

days, and it is worth noting that this process is kept ever the same for all the 

experiments carried out in this paper. After this process, the ampoule is introduced in 

the furnace without any time delay.  
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3.1.2. Oscillatory Bridgman technique for growing large bulk crystals 
(BRO) 

 

The first approach for obtaining large size CZT single crystal is by adopting the 

Oscillatory Bridgman –OBR technique, following the ideas of a recent paper published 

by Saucedo et al [12] for CdTe bulk crystals. In the present study, the same technique 

was implemented for compound growth by considering its physico-chemical properties. 

 

After carrying out the preliminary cleaning process of the quartz ampoule, the starting 

single element materials of Cd, Zn, Te and Bi dopant (6N purity) were introduced into 

the graphite coated ampoule. After a period of 12 hours at high vacuum, the ampoule 

was closed with a quartz rod situated on the top of the ampoule (this process has been 

described in the previous section).  For each experiment, a fixed empty space which 

between the ingot and the quart rod was maintained, representing approximately the 

same volume compared with the melted charge. The molten process has been carried 

out in four steps: the pre heating process starts from room temperature (RT) to 500 ºC at 

a rate of 50 ºC/h and remains at this temperature for 12hrs, followed by a second 

heating process at a rate of 50º/C to reach 900 ºC and remains at this temperature for an 

additional 12hrs; then it will attain 1000 ºC at a ramp of 50 ºC/h and remain at this 

temperature for 12hrs.  Finally, the furnace will ramp to reach a maximum temperature 

of 1185 ºC in 4h. This maximum temperature is used when the composition of Cd1-

xZnxTe:Bi (x= 15%) (Bi: 1019 atm/cm3) is prepared, considering a superheating of 20 

ºC. The next step is to oscillate the furnace at this maximum temperature from the 

vertical position between +15º and -15º for about 30 minutes. This operation has been 

performed nearly 60 times for each experiment.  Both the experimental approaches viz. 

oscillation and superheating were executed with the objective of obtaining a good 

mixture and breaking down of the Te inclusions respectively, as an important step for 

the production of large grain size in CZT bulk crystals. 
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              Figure 3.2. Graphite coated growth ampoule 

Figure  3.1. View of the furnace assembly 

 



141 

 

 

Figure 3.3. Ingot from Growth by Bridgman Method with oscillation furnace 

 

The next stage is the growth process which is accomplished by the displacement of the 

ampoule at a rate of 0.4mm/h and followed by cooling. In the present study, the growth 

has been achieved at different cooling rates such as: from maximum temperature to 900 

ºC at a rate of 5 ºC/h, followed by 10 ºC/h until the temperature 750 ºC is reached, and 

finally a rate of 25 ºC/h until it reaches to RT. The bulk crystals obtained after the 

experimental process have considerable grain size with a double average value 

compared with the diameter of the ampoule. Whereas, this situation doesn’t occur when 

the absence of both the experimental approaches in a conventional Bridgman process. 

Figure 3.4 shows a wafer cut from an ingot grown by BRO technique with superheating 

conditions, where the grain size has an average value of about 10 cm2 for a given 27 cm 

diameter of the ampoule. Finally we conclude that the proposed experimental 

approaches of superheating and oscillation of the furnace at high temperature in a 

Bridgman process considerably improves the possibility of getting larger grain size CZT 

single crystals. 
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Figure 3.4. Wafer of the ingot grown by BRO with superheating conditions. 

 

3.1.3. Growth of bulk CZT crystal from the vapor by Bridgman technique 

 

In this approach, Bridgman equipment is used with three independent commercial 

heating elements having a total length of 48 cm, coupled with each other in such a way 

to achieve the temperature profile shown in Figure 3.6. The objective of this 

temperature profile is to obtain three temperature regions which are: i) a first zone of 

nearly constant temperature, in order to obtain a given superheating of the melt, ii) a 

second zone where the temperature profile is intended to create a fast drop in the 

temperature gradient in order stimulate fast evaporation of the source material from the 

melt when the ampoule is moving down, and iii) a third zone where the as grown ingot 

is annealed.  The entire growth experiment is controlled by a set of thermocouples 

located periodically along the external wall of the quartz tube. 

The 230 mm length quartz tube consists of a pBN crucible having the dimensions of 

150 mm long, having the internal diameter of 24 mm, with a 1 mm wall thickness. The 

pBN crucible is located 60 mm from the bottom of the quartz tube and properly fixed by 

leaving a gap of 1mm between the PBN crucible wall and the internal wall of the quartz 
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tube. The starting single elements of Cd, Zn and Te and Bi dopant (6N purity) are 

loaded into the pBN crucible, leaving an empty volume space in the quartz tube when 

the material is melted with a ratio 1:1 among the material melted and the empty volume. 

 

 

Figure 3.5. Diagram of furnace’s growth from the vapor phase by Bridgman 

Method using pBN crucible 
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Figure 3.6. Temperature profile of the vapour phase growth using Bridgman 
geometry with a pBN crucible 
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The molten process was started according to the temperature profile used in the section 

1.2.  The temperature of the furnace was adjusted to obtain the same profile as pictured 

in Figure 2.7, and the growth process was started by moving down the quartz tube at a 

rate of 0.4 mm/h. Figure 3.6 shows the schematic representation of the temperature 

profile and the position of the quartz tube which is used for the experimental study. 

 

Figure 3.7. Grown CZT sample cut in an axial direction  

 

The temperature profile is designed in such a way as to allow the crystallization of Cd1-

xZnxTe material on a vapour phase from melt by using the Bridgman configuration. The 

superheating of 20 ºC is imposed in the first plateau region, whereas the growth takes 

place in the second temperature region from vapour phase, and an insitu annealing is 

carried out in the third temperature region in order to improve the quality of the crystals. 

The results of this approach are spectacular in such a way that the entire crystal is a 

single crystal along the axial direction, although some small grains remain on the wall 

of the crucible.  Figure 3.7 shows the crystal which is cut along the axial direction.  

Another advantage of this approach is that the twins which appear on the crystal follow 

a parallel line to the axial direction, in contrary to what happens in crystals grown from 

the melt on a Bridgman geometry, which they form an angle of nearly 30-40º with the 

axial growth direction. 
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This approach has been patent and more information (patent number: P200801502) has 

been included at the end of this thesis. 

 

3.1.4. Improvement of BR growth by using a Pt tube as a ampoule support 

  3.1.4.1. Approaches for Crystal Growth using ampoule support 

 

In order to control the solid liquid interface (SLI) one must taken into account the 

thermal environment, and as a consequence the use of any kind of heat shield and/or 

ampoule support must be taken into account for growing crystals from the melt.  During 

the last several decades the idea of using a crucible base as a heat sink to promote 

nucleation and/or to facilitate the growth process has been employed in the growth of 

bulk crystals from the melt and from the vapour using both CZ and Bridgman methods.  

In general, several experimental solutions have been used: a metal support as a heat 

sink, actively cooled stainless steel ampoule support, water cooled and air cooled jets, 

radiation channels to promote favourable interfaces shapes etc. In the forthcoming 

sections a summary of these approaches is provided and how these methods have been 

implemented is outlined.   The driving factor for using this approach is i) to produce a 

nucleation point at the beginning of the growth process with a successful seeding and in 

consequence a more favourable SLI shape and ii) to create the experimental conditions 

during the crystal growth process in order to improve the SLI interface, going to a 

slightly convex SLI shape as is advised from a theoretical point of view in all of the 

crystal growth processes.  Figure 3.8 shows the several experimental approaches which 

will be discussed below.  
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a)  Cokayne in the 70´s [27] proposed a crucible base cooling in CZ crystal growth 

applied to oxide crystals (Fig. 3.8a), using a gas coolant.  This method was introduced 

during the CZ growth process in order to improve the crystal diameter for materials by 

transporting the heat away from the SLI, or in order to develop shallow radial 

temperature gradients in the molten state. The consequence of this modification of the 

thermal field accounts for the changes in the radial temperature gradients and the 

improved SLI from being initially planar to slightly convex.  In the same way several 

years later, the group of Derby [28] has simulated the effect of the pedestal heat transfer 

on the flow in the melt, demonstrating that in CZ melt, the heat lost through the pedestal 

strongly affects the flow in the melt, coming to the conclusion that more heat leaves the 

melt through the bottom of the crucible as the thermal conductivity of the pedestal 

increases. 

b) A second approach is the well known Heat Exchanger Method –HEM- with a large 

history in crystal growth for several decades, although recently this aea of research has 

been revitalized. In this method (Fig. 3.8b), the growth process is carried out in a closed 

chamber where the crucible containing the melt is cooled in a controlled manner by the 

use of a cold finger located in the bottom of the crucible [29-36]. The list of materials 

Figure  3.8. Different configurations of the ampoule support 

(a) (b) (c) (d) (d) 
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grown by HEM is rather large, from sapphire [29, 30], BGO [31], polycrystalline Si 

[32], mixed fluorides [33] tungstates [35], etc. In this approach a convex freezing 

isotherm is produced during crystal growth.  The most critical point for this method is 

precise control of the temperature gradient.  which is necessary for the crystal growth 

and in consequence the ingot obtained normally contains large number of bubbles and 

striations along the whole ingot consequence of the temperature isotherms, which it 

represents a chaos when doped crystals are required. 

c) In the decade of the 80` bulk HgI2 crystals mainly used for X and gamma radiation 

detectors have been grown from the vapour phase [37, 38]. The crystal growth process 

was successfully carried out using an experimental approach where an indented 

ampoule forming a pedestal was used to located a metallic support acting as cold finger 

as it is shown in Figure 3.8c, considering the low temperature of the process in the 

range of 100 and 150ºC, and taking into account of the physical and chemical properties 

of HgI2. The cold metallic finger actting as heat exchanger is in contact with the 

external part of the pedestal of the ampoule.  Seed selection of the crystallization 

process takes place in this area which sometimes is necessary to be carry out by 

temperature oscillations of the cold finger [37, 38]: the process is continued by slightly 

modifying both the temperature of the cold finger and of the several lateral furnaces 

which were used for this process. Other authors have improved experimentally and 

modified this approach and/or have simulated the growth process successfully applied 

for bulk HgI2 crystals [39-43].  

d) In Bridgman method all the approaches which have been used, they have considered 

either the heat extraction from the ampoule support in different ways, or the heat 

exchange in the SLI through different geometries of movable or static heat shields as it 

is shown in Figure 3.8d. For the growth of GaSb crystals, Koai et al. [20] have 

simulated the effect of a given ampoule support, and they claim that a more useful 

approach is the use of a concentric cylinder design in order to promote the interface 

convexity.  Corresponding to these predictions, several papers have been published by 

Derby [25, 44] where the effect of several geometries and material support have been 

simulated, to control the shape of the SLI.  When it is applied to CZT, the effect of a 

given ampoule supports should enhance the flow of heat in the axial direction while 

minimizing radial heat flow.  As a consequence, the convex interface is promoted with a 

better crystal yield compared with other designs. In summary, with this brief list of 
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experimental approaches one can demonstrate importance that must be taken into 

consideration for precise control of the SLI. 

  3.1.4.2. The use of a Pt tube as ampoule support in a Bridgman 

Growth of Bulk CZT Crystals: Results and Discussions  

As has been described in the previous section, the use of an any kind of cold finger in 

crystal growth is not new, and the experimental results described in this section will be 

presented along the same line. In a recent paper published by the Derby group [25] the 

effects of different ampoule supports have been simulated for the the growth of CZT 

bulk crystals by Bridgman method.  The role of an ampoule support with  large thermal 

conductivity compared with the material to be grown was simulated. In this paper, it 

was shown that for a given geometry of a shallow cone sitting upon a composite support 

made of a highly conducting core and a less conducting outer sheath promotes the axial 

heat transfer while inhibiting the radial thermal flow.  As consequence a convex SLI 

shape toward to the melt would be created.  
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Figure 3.9. Schematic representation of the Bridgman furnace with Pt support.  
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 Taking in mind the above consideration, the objective of this work has 

been to have a practical approach to this idea, and to propose the use of a Pt tube as a 

fixed support for the ampoule which contains the melt, and in the same way to study the 

effect in the quality and grain size of CZT crystals grown by Bridgman method.  

 The Bridgman geometry which has been used is shown in the Figure 3.9, 

where a schematic representation is presented. The vertical Bridgman furnace has a 

single-zone, on which central region is located the ampoule for the CZT growth. The 

furnace is a commercial Kanthal Type R - made of Si/Mo alloy, with a length of 60cm 

and an internal diameter of 40cm. At the axial centre of the furnace, it is located the 

control thermocouple of type S, taking into account that the extreme point of this 

thermocouple is exactly located at the same position of the Si/Mb alloy of the furnace 

for a better control of the furnace temperature.  

 In the present experimental study, a quartz tube was used as the ampoule 

which has an inner diameter of 23cm, a thickness of 2mm and a length of 30cm being 

the length of the solid CZT material 7.5cm. The tip of the ampoule has nearly a flat 

shape, and it is closed on the upper part with a quartz rod. In this growth process, the 

ampoule is supported by a quartz tube of the same diameter and a length of 35cm, and 

by a Pt tube with an external diameter of 23cm, a thickness of 1mm, and a length of 

20cm which it is inserted in this quartz tube. Simultaneously, the ampoule is mounted 

on its central part on other quartz tube of 10cm of external diameter and a thickness of 

1mm where three thermocouples named A, B and C are located on its interior in order 

to measure the profile temperature, covered with alumina wool to avoid any air 

convection. Other 6 thermocouples are located at the exterior part of the quartz ampoule 

in a circular position with a distance of 1.5cm, in such a way that the SLI could be 

controlled at each moment. It is worth noting that the thermocouples 1-5 are in front of 

the melt/solid CZT at a given time, whereas the thermocouple named -1 is at 1.5cm 

down the tip of the ampoule. Using this geometry, three temperature gradients could be 

measured at any time: the axial temperature gradient during the growth of CZT material 

by some of the 1-5 thermocouples, the radial temperature gradient by the thermocouple 

1 and A, and the effect of the Pt support on the axial temperature gradient measured by 

the thermocouples A-C. At last but not least, if one consider that the temperature 

measured by any of the given 1-5 thermocouples coincide with the melting point, one 
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can be able to know the evolution of the SLI with time, what it means the growth rate of 

the material.  

 

Figure 3.10. Termocouples Pt/Pt-Rh around the ampoule. 

All this process is controlled automatically as it is shown in the Figure 2.11, where a 

photo of the real experimental is presented. At the same time, the temperatures of all the 

thermocouples used for measuring the temperature located in the sections described 

above are registered automatically on a computer, by using the experimental facilities 

given by the system PICOLOG.  



151 

 

 

Figure 3.11. Bridgman System with Pt tube 

  

 

 

 

 

 

 

 

 

Figure 3.12. Filled ampoule tied with Pt 
support 
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In Figure 3.12 a photo is presented which shows the experimental arrangement 

described above: the growth ampoule, the Pt support, and some of the thermocouples of 

measuring A-C and 1-5. In this figure it could be seen that all of the lateral 

thermocouples located circularly around the ampoule are fixed with Pt wire in order 

have the completely security about the temperature date along the whole experiment. 

 The complete crystal growth process takes place for duration of about 25 

days in three steps: heating process, growth process and cooling process. i) The heating 

process is carried out taking into consideration the melting point of the starting elements 

in the following way: the heating process begin with a ramp of 50 ºC/h from RT till 

500ºC, remaining at this temperature during 12h, followed by a second heating process 

at a rate of 50º/C in order to reach 900 ºC and remaining at this temperature other 12hrs; 

then 1000 ºC is attained at a ramp of 50 ºC/h and remaining for 12hrs, and finally the 

maximum temperature of 1150 ºC is reached in 4h. This maximum temperature is used 

when the composition of Cd1-xZnxTe:Bi (1019 at/cm3) (x= 15%) is prepared, considering 

a superheating of about 15 ºC. At this temperature a process of oscillation of the furnace 

is carried out by oscillating the furnace from the vertical position till +15º and -15º 

(clock and counter clockwise) for about 30 minutes, doing this operation automatically 

during 60 times. Both experimental approaches of oscillation and superheating were 

executed with the objective of obtaining a good mixture and breaking down of the Te 

inclusions respectively, as an important step for the production of large grain size in 

CZT bulk crystals. ii) The growth process is done by the displacement of the ampoule at 

a rate of 0.4mm/h. Afterwards, the iii)cooling process is carried out in the following 

way: from the maximum temperature of 1150 till 900 ºC a first cooling process is done 

at a rate of 5 ºC/h, followed by 10 ºC/h till 750 ºC, and finally a rate of 25 ºC/h till to 

room temperature. It is worth noting that in order to compare all the experiments, it has 

been done the same process of growth. 
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The radial and axial temperature gradients along the growth process have been taken 

using the thermocouples of measuring described above, being these values the average 

of two experiments in both sets with and without Pt tube, and considering that the 

position of the SLI interface is indicated for the thermocouple which shows the melting 

point temperature. As it can be seen in Figure 3.13, both axial and radial temperature 

gradients increase during a given experiment when Pt is used as a support of the 

ampoule, being this increasing a factor of two for the values of the radial temperature 

gradients, where in the case of the increases in the axial temperature gradient the factor 

is about a 50%. These results must be due as consequence of the Pt tube, and the 

increasing length of the solid during the growth process considering the difference in 

thermal conductivity between solid and melt, taking into account that the Bridgman 

geometry will give a constant temperature gradient.  

 

  

 

 

 

 

Figure 3.14. Wafers of the grown ingot with and without Pt 
support 

Figure 3.13. Radial (a) and axial (b) temperature gradient of the grown 
ingot with and without the Pt  tube 
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Otherwise, it is worth noting that in both cases the values of the radial and axial 

temperature gradients for the experiments using Pt tube support are larger than the 

experiments without Pt tube support. These results could be of great interest because it 

could indicate that a constitutional supercooling can be avoided in the case of using a Pt 

tube as support of the growth ampoule, and in consequence a more flat SLI could be 

produced with absence of roughness and in consequence better crystal quality as the 

final result. In fact the analysis of the crystal quality performed on both set of samples 

which have been obtained with experiments carried out with and without Pt tube as 

support of the growth ampoule gives interesting results. Figure 3.14 presents the results 

of two etched wafers in order to reveal the grains [45] which have been selected from 

similar position in different ingots. In this figure it can be seen that the wafer removed 

from the ingot grown with Pt tube as support of the growth ampoule show larger grain 

size and nearly an unique grain, while the wafer from the experiment carried out 

without Pt tube shows several grains and a couple of large twins, taking into account 

that both experiments have been carried out on similar experimental conditions. So, the 

enhanced large grain size must be attributed to the use of the Pt tube.  

This approach has been patent and more information (patent number: P2008015023) has 

been included at the end of this thesis. 

 

3.2. Sample and detector preparation of bulk CZT samples 

Cd1-xZnxTe (x=0.15) with excess of Cd and doped with Bi (1019 at/cm3) has been grown 

by the Oscillatory Vertical Bridgman technique. 

For the different characterizations that have been tested on CdZnTe:Bi crystals need 

samples of different size, geometry and different treatments that post-growth detailed 

below. Apart from the different treatments that may be required for characterization 

techniques, nearly all samples are obtained from a cutting, grinding, polishing and 

chemical mechanical polishing common. Before depending on its end, may be extra 

chemical treatments, or deposition of metal contacts for electrical, optical and 

photoelectric characterization.  

The following are general procedures used for the preparation of the majority of the 

samples in this thesis. 
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 3.2.1. The preparation of large size samples 

   3.2.3.1. Cutting CZT samples 

After removing the ingot growth of the ampoule, we proceed to the taking of samples 

for different characterizations. Two types of samples are usually used for this thesis. 

The first type is obtained from cutting the ingot in a direction parallel to the direction of 

growth as shown in Figure 3.15. This type of samples is particularly useful for studying 

the structure of the crystal grains and to characterize in terms of crystalline quality of 

special interest areas.  

 

Figure 2.15. Cutting of wafers 

 

The second wafer is cut perpendicular to the direction of growth, obtaining samples of 

circular cross section. These circular wafers are usually cut into smaller pieces of 

square, out of 0.5x0.5 cm2 to 1.0x1.0 cm2 area. Figure 3.16 there is photograph of 

various sample cut in this way.  

 

Figure 3.16. Photograph of CdZnTe:Bi wafer 
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To make these cuts, given the fragility of the CdZnTe:Bi samples and the ease with 

which exfoliates in the (110), one must use a precision cutter-3242 Well (see Figure 

3.17), using a diamond wire of 0.3 mm thick as it is not viable using diamond disc 

cutters. It uses a mid-cut speed to avoid breaking the glass and the wire is continuously 

soaked in a solution prepared from 250 mL of distilled water and 0.5 mL of the solution 

recommended by the lubricant business home Well. This will get very accurate cuts 

with virtually no material damage. 

Figure 3.17FOTO CORTADORA DE HILO DE DIAMANTE 

 

 

 

 

 

 

 

Once the samples obtained from the desired size and shape, he takes a grinding process 

using a Buehler-Carbinet cloth. This sample wax adheres low melting point (~ 120 º C) 

to a metallic sample holders specially designed for this process. The roughing plan aims 

at the surface, because after the cutting process these are not only rugged but due to 

deflection of cutting wire, it often happens that both surfaces are not parallel to each 

other. This uses a fully automatic polisher designed and built in collaboration between 

the Laboratory of Crystal Growth SEGAINVEX and workshops at the Autonomous 

University of Madrid (see Figure 3.18). For the grinding lubricant is used as a mixture 

of water-ethylene glycol (50% -50% V / V).  
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Figure 3.18. Automatic polisher designed and built in collaboration between the 

Laboratory of Crystal Growth SEGAINVEX and workshop s at the Autonomous 

University of Madrid 

 

  3.2.1.2. Mechanical and Chemical Polishing CZT samples 

 

CdZnTe:Bi samples are polishing with alumina powder polishing using a suspension 

(Buehler Polishing) with the sequence of decreasing particle size: 1.0, 0.3 and 0.05 µ m, 

using special polishing cloths (Buehler Polishing Cloth) and mixed again as a lubricant 

water-ethylene glycol at 50%. Generally, all samples are polished with 8 hours each 

dust particle sizes. Successive polishing steps decreasing the particle size of alumina 

substantially improve the surface. Clearly, for each powder using different polishing 

cloths, and that once the process is terminated with a particle size and passed to a lower, 

cleaning of the sample should be exhaustive because a mixture of different powders 

spoils the surface. To this end, finished after polishing the sample is washed with water 

and immersed in an ultrasonic bath (Transsonic 460 / H) for 10 minutes with the goal of 

releasing all possible remaining traces of dust. 

 

The last step consists in a chemical polishing with a solution of Br2-methanol (2% by 

volume of Br2), which provides a high surface quality to most of the characterizations. 
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Figure 3.19 .CdZnTe:Bi sample mechanical and chemical polished 

  3.2.1.3. Etching CZT Samples: Revealed defects on the surface of 

CdZnTe by chemical attack 

Different chemical solutions can etch the surface of CdZnTe:Bi samples and disclose 

various types of defects present in crystals. Depending on exactly how you want 

investigated defect (grain boundaries, dislocations, etc..) Agent must select the specific 

attacker. In Table 3.1 details the solutions most commonly used and the type of defect 

that reveal [6].  

For example the solutions E 1 and E Ag-Ag-2 are used as general agents and developers 

can see dislocations in the different planes of CdZnTe, in particular the agent Ag-E 2 to 

have a higher concentration of silver nitrate, attacks surface quickly and reveals all sorts 

of defects [7]. Moreover solutions Bagai Nakagawa and are more specific and serve to 

reveal grains on the surface (111) and (111) B, respectively [8,9]. Hähnert solution is 

especially useful for revealing dislocations and observe the structure of sub-grain 

boundaries [10]. 
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Table 3.1. Different etching chemical solutions 

Name Composition Effect 

Inoue 

E 
HNO3CC:H2O:Ag2Cr2O7(S) 

(10mL:20mL:4g) 
Chemical Polishing [7] 

E Ag-1 Sol. E + AgNO3(S) 0.5mg 
Defects Revealed  [7] 

(100),(110),(111) 

E Ag-2 Sol. E + AgNO3(S) 10mg Defects Revealed  [7] 

Nakagawa 
H2O:H2O2:HFCC 

(20mL:20mL:30mL) 
Defects Revealed  (111)A [8] 

Bagai 
H2O:H2O2:HFCC 

(20mL:5mL:40mL) 
Defects Revealed  (111)B [9] 

Hähnert 
H2O:NNO3:HF:Cr2O3(S) 

(60mL:1mL:1mL:4g) 
Dislocations Revealed [10] 

Grain Revealed 
H2O:HNO3CC:HFCC:AgNO3(S) 

(20mL:15mL:5mL:0.4g) 
Grain Boundiries Revealed [11] 
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Figure 3.20. SEM picture of etch pits on a CdZnTe:Bi 

As the developing agent of grain boundary is useful precisely in order to clearly observe 

the grain structure of the material, because it attacks the grain boundaries (through 

oxidation), much faster than the rest of the glass surface due to the higher reactivity of 

the frontier [11]. In the process of oxidation of CdZnTe Ag + cation in the solution 

reduces to Ag0 and precipitates in grain boundaries highlighting the contrast of them. 

Note that all the attacks described above are carried out at room temperature, and that 

the attack time is usually 2 minutes. Once the defects revealed, there are figures of 

attack by either light microscopy or electron microscope to draw conclusions (see figure 

3.20.) 

 3.2.2. Detector preparation 

3.2.2.1. Deposition of metal contacts  

For the electrical, photoelectric characterization and gamma response of samples 

obtained in this thesis are deposited in mayority cases contacts by evaporating Au metal 

(see Figure 3.21). The geometry of the contacts is defined by two different 

methodologies: the first is through the use of plastic masks for contacts faster and easier 
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and the second is through photolithography ultraviolet-sensitive resin. This second 

technique is considerably more complex, but the contacts have a much higher quality, 

allowing even the construction of guard rings to eliminate eddy currents. 

 

Figure 3.21. CZT:Bi sample with contacts by evaporating Au metal 

a)Deposition of gold masks 

 

Using a Sputtering Emitech K550X to deposit the gold by a plasma of argon. The 

geometry of the contacts is defined by the plastic masks that are available on the 

samples prior to evaporation using two types of configurations: co-planar contacts ie 

two contacts on the same surface of the sample and contacts configuration capacitor, ie 

a contact in each of the faces of the sample. Once selected, the configuration of contacts 

and put the samples were evaporated from 75 to 100 nm of Au, a process done in about 

20 minutes.  

 

Once deposited gold is made of heat treated samples at 200 ° C in air for 30 minutes, 

with the aim of spreading the Au layer and improve the properties of the contact. After 

the diffusion is attached to two separate samples of copper wires with a silver epoxy 

paint. Figure 3.22 shows a sample with contacts ready for electrical and photoelectric 

characterization.  
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Figure 3.22. CdZnTe:Bi sample with contacts 

b)Electroless deposition 

Electroless deposition is another common technique which makes use of a starting 

solution of gold. (Koyama, A. et al. 1999; Knoll, G. 2000; Lmai, F. et al. 2008; Li, Q. et 

al. 2006b). The solution of AuCl3 is most commonly used. During the gold electroless 

process, the Cd is preferentially removed creating a layer of gold which adheres 

strongly to the substrate as a result of the strong chemical bond between Au and Te 

(Jianyong, T. et al. 2006; Kagar, A. et al. 2006 ; Li, Q. et al. 2006a; Wenbim, S. et al. 

2004). It is important to note that the strength of this adhesion decreases with the aging 

of the electroless solution (Jianyong, T. et al. 2006) due to formation of by-products and 

impurities in the solution (Li, Q. et al. 2006a).  

This technique was used during a stay at the Brookhaven National Laboratory (NY), 

under the direction of Prof. Dr. Ralph James. 
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c)Gold deposition by photolithography  

 

Photolithography is the process of transferring geometric shapes from a mask to the 

surface of a material. The steps involved in photolithography are: cleaning the surface, 

applied to the photo-resin, heat treatment, the mask alignment, exposure and 

development.  

In the first step, the sample surface is cleaned using chemical solvents to remove all 

traces of organic impurities, ionic or metallic. In our case the procedure was to immerse 

the samples for two minutes in tri-chloro ethylene, acetone and methanol (in that order), 

and dried at 90 ° C for 10 minutes. Subsequently, the photo-resin applied on the surface 

of the samples using a high speed centrifuge with the technique known as "Spin 

Coating", which produces films of photo-resin thin and uniform. Once deposited it 

proceeds to evaporate the remaining solvent by heat treatment at 90 ° C for 30 minutes.  

There are two types of photo-resin: positive and negative. The positive when exposed to 

ultraviolet light and changes its chemical structure becomes more soluble in the 

developer (chemical agent used to remove the resin after exposure to ultraviolet light). 

The refusal behaves opposite, when exposed to ultraviolet light polymerizes becoming 

resistant to developing agent. Figure 3.23 outlines the differences in the patterns 

generated from a positive and a negative resin.  

 

 

 

Figure 2.23. Patterns generated from a positive and a negative resin 

CdZnTe:Bi 

Resin 

Mask 
Positive 

Resin 

Negative 

Resin 
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The next step is exposure to ultraviolet light, for which previously must align the mask 

that generate patterns of illumination. Usually the mask is a square plate glass with a 

pattern made by the emulsion of a thin layer of metal by one of its sides. The mask is 

then aligned with the sample to transfer the pattern on the surface. When the alignment 

is correct proceed to exposure to intense ultraviolet light. There are three methods of 

exposure to contact with skin or through next light projection. Figure 3.24 shows a 

schematic of the three methodologies which we can appreciate their differences.  

In contact printing, the sample with the resin deposited on its surface is placed in 

physical contact with the glass mask by vacuum while the system is exposed to 

ultraviolet light. The resolution of this system is about 1 µm and its greatest 

disadvantage is that due to physical interaction between mask and sample can cause 

damage on it. The methodology is very similar proximity but leaves a separation of 10 

to 25 µm between sample and mask. The resolution decreases to 4 µm about but you 

avoid damage to the sample. Finally, in the projection method there is no risk of damage 

from the sample because the light is focused and moved on the sample. You get a 

resolution of 1 µ m while the system is also much more expensive than the proothers. 

Once the resin exposed to ultraviolet light, the sample is immersed in developing 

solution to obtain the desired pattern. 

Figure 3.24. Schematic of three methodologies for exposure of samples with ultraviolet 

light: with contact mask next or light projection 

Light source 

Optical 

System 

Mask 

Resin 

Sample 

CONTACT 

Separation 

PROXIMITY PROJECTION 
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In our case, we have used a negative resin, deposited by spin coating at 4000 rpm with a 

turnaround time of 30 s, and then a heat treatment at 90 ° C air for 30 minutes. 

Subsequently exposed it to UV light using the methodology of contact for 20 s using a 

microscope XXX. After the exposure was withdrawn uncured resin (which was not 

exposed to UV light), using the developer MF 321 TQ at 20 ° C for 60 s with magnetic 

stirring. The developer remains were removed with bi-distilled water. The next step was 

evaporating Au on the surface with resin (75-100 nm) and then remove the Au 

deposited on the polymer resin, which took a bath in acetone at 20 ° C for 90 minutes 

and then with acetone to boil 10 minutes . The Au contacts were diffused in the same 

manner explained in the previous section. 

  

This technique was used during a stay at the University of Parma, under the direction of 

Dr. Andrea Zappettini. 

 

 

Figure 3.25. CdZnTe:Bi sample with photolithography contacts 

   

 



166 

 

3.2.2.2. Developed of CZT detectors: passivation, Ag silver wire and 

insulator with lacquer. 

 

 CdZnTe:Bi samples were submitted to a surface passivation treatment by 

submerging the sample on ammonium fluoride (NH4F)/ deionized water/ hydrogen 

peroxide (H2O2) solution of 2.68g/17ml/8ml during 10 minutes, considering that this 

chemical solution showed the best passivation efficiency due to the fact that an original 

surface enriched with Te is fully oxidized to TeO2 after the procedure described above, 

with a consequence of a more stoichiometric surface and a minimum leakage current. 

Mechanical contacts (the use of metallization, electroless or photolithography depend of 

the technique that it has been carried out on the sample)  were deposited on both sets of 

samples by means of silver paste and metallic electrodes which were deposited over the 

Au contact. Finally, the samples were wrapped with commercial GLYPTAL lacquer 

which acted as an insulating boundary (see figure 3.22.) 

3.3. Summary of samples obtained in this work and the samples used for 

characterization 

a) Bulk materials obtained in this thesis 

Growths 

(with and without Pt 

tube) 

Nominal 

Concentration 

Dopant Cd Excess Resistivity 

BRO-CZT-051206 Cd0.9Zn0.1Te - - ~105
Ω·cm 

BRO-CZT-130207-Bi Cd0.9Zn0.1Te [Bi]:10 19at/cm3 - ~105
Ω·cm 

BRO-CZT-051207-Bi Cd0.9Zn0.1Te [Bi]:10 17at/cm3 Yes ~108
Ω·cm 

BRO-CZT-250208-Bi Cd0.85Zn0.15Te [Bi]:10 19at/cm3 Yes ~109Ω·cm 

BRO-CZT-180308 Cd0.85Zn0.15Te - Yes ~106
Ω·cm 
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All the samples have been analyzed for the techniques presented in this thesis, but only 
two kind of samples have been presented in this work: 

 

Growths with Pt 

tube 

(name in this work) 

Nominal 

Concentration 

Dopant Cd Excess Resistivity 

BRO-CZT-250208-Bi 

(CdZnTe:Bi) 

Cd0.85Zn0.15Te [Bi]:10 19at/cm3 Yes ~109
Ω·cm 

BRO-CZT-180308 

(CdZnTe) 

Cd0.85Zn0.15Te - Yes ~106Ω·cm 

 

3.3. Bibliography 
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CHAPTER 4. RESULTS AND DISCUSSION 

 

All the samples that have been analyzed in this thesis, have been grown by the 

Bridgman Technique with the Pt support. 

For this work, it has been focused in these samples because they have the best quality 

crystal (see section 3.1.4.2.). 

 

Growths with Pt 

tube 

(name in this work) 

Nominal 

Concentration

Dopant Cd Excess Resistivity 

BRO-CZT-250208-Bi 

(CdZnTe:Bi) 

Cd0.85Zn0.15Te [Bi]:1019at/cm3 Yes ~109Ω·cm 

BRO-CZT-180308 

(CdZnTe) 

Cd0.85Zn0.15Te - Yes ~106Ω·cm 

 

This thesis has been focused in the study of the CdZnTe:Bi samples, the optical, 

structural and electrical properties. The study of the Bi effect in this samples and in their 

properties for the medical application, basing in the characterization techniques 

presented in the chapter 2. 

4.1. Compositional Study 

The compositional study in the CdZnTe:Bi samples has carried out by ICP-MS, EDX 

and µSXRF. These techniques have been described in the chapter 2. 

The chemical composition of the grown ingots was examined by EDX at room 

temperature. The observed results were tabulated Table 4.1. The measurement confirms 

the presence of Bi and Zinc compounds and no other foreign impurities were presented 

other than those tabulated. This confirms the purity of the CZT ingots, which were 

grown by BRO method with Pt support. The ICP-MS measurement Zn, Cd, Te and Bi 
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the resolution limits are ppt range shows similar results, which is supportive evidence of 

the stoichiometric compositions.  

Table 4.1. Chemical composition by EDX 

 

The chemical composition by EDX that it has been reported in the previous table, 

corresponding to three analysis over three wafers along the ingot. The CdZnTe:Bi and 

CdZnTe wafers have been analyzed along the diagonal positions with several scans. 

a) 

 

b) 
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c) 

 

Figure 4.1. EDX spectra in three different positions along the ingot for the 

CdZnTe:Bi growth. a) top of the ingot, b) middle of the ingot, c) bottom of the 

ingot. 

These spectra (see figure 4.1. and 4.2.) show the elements homogeneity along the ingot 

and along diagonal in the wafers. When the CdZnTe:Bi ingots are grown by Bridgman 

Technique with Pt support, the reduce of the segregation coefficient of Zn and Bi ( KZn:  

and KBi: 1.6 ± 0.1 ) could be expected. The consequence is more homogeneity in the 

samples, it is really important to have a homogeneity resistivity in the samples and other 

properties in the material. 

The Bi composition is very high for a dopant, but in the next section (4.2. Structural 

Study) it could seen that the Bi can occupied two positions in the lattice. 
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a) 

 

b) 
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c) 

 

Figure 4.2. EDX spectra in three different positions along the ingot for the CdZnTe 

growth. a) top of the ingot, b) middle of the ingot, c) bottom of the ingot. 

To understand the distribution of the Bi dopant and the various impurities in CdZnTe 

crystals, which will be critical in the optical study and the electrical compensation, we 

have analyzed the distribution of the composition over the different samples.  

In the first instance the most remarkable is that there are specific differences in the 

composition of impurities and at the same level for both the undoped crystal and for the 

doped crystals under study, except of course in the case of the concentration of Bi . This 

result is not surprising because all the crystals have been prepared from the same 

components under identical conditions.  

 

Table 4.2 shows the concentration values for major impurities found in three samples: 

one undoped and two doped Bi. The values presented are the average of 10 different test 

along each of the ingots. 

 

The composition of impurities and the value of the concentration of which is 

comparable to those reported in the literature [12,16,51-54]. As we have analyzed 10 

points in every bar in Figure 4.3. shows the distribution of impurities, separating 
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between acceptor and donor along the ingot with an initial concentration of Bi at./cm3 

1x1019, together with the distribution of Bi dopant. 

Table 4.2. Composition of impurities for two samples (CdZnTe and CdZnTe:Bi). 

ND - not detected. S.A. – Shallow Acceptor D.D. – Deep Donor  

Impurities 
Conc. (át./cm3) Character

CdZnTe CdZnTe:Bi  

Li 4.5x1016 5.2x1016 S.A. 

Na 2x1016 1x1016 S.A. 

Mg 6x1015 5.4x1015 S.A. 

Al 1.5x1015 5x1015 D.D. 

K 4x1015 2x1015 S.A. 

Ca ND 3.6x1015 S.A. 

Cu 3.3x1016 1x1016 S.A. 

Ag ND 1.2x1015 S.A. 

In 4x1015 5.7x1015 D.D. 

Ga 9x1015 1.4x1016 D.D. 

Bi ND 2-4x1019 ? 

 

 

Figure 4.3. Evolution of Bi concentration, shallow acceptor and deep donor along 

the ingot. 

S.A 

D.D 
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Note in Figure 4.3 along the ingot, the concentration of Bi is greater than the total 

acceptor impurities, which is a necessary condition for electrical compensation. In 

addition, the ingots have a total concentration of impurities between 1016-1017 at./cm3, 

being the deep donor three times to an order of magnitude smaller than the 

concentration of shallow acceptors. This positive balance of acceptor impurities over the 

donor impurities could explain the p-type conductivity for CdZnTe crystals. 

The µSXRF was used to determine the Zinc homogeneity along the diagonal in the 

wafers. Previously, in the section 3.1.4.2, it has been described the differences between 

to use BR technique wit and without Pt tube. These samples were grown by BR 

technique with Pt supports, and the Zinc’s segregation coefficient was reduced in the 

radial exes of the wafers. 

 

Figure 4.4. µSXRF image for the CdZnTe:Bi sample. 

The µSXRF image shows the homogeneity Zn concentration along the radial exe (25 

mm) in the CdZnTe.Bi wafer. 
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We cannot use this technique for to analyze the Bi concentration due to the lower 

dopant concentration for the resolution in this technique.  

The CdZnTe:Bi crystals were grown with 1 x 1019 at/cm3 dopant concentration. Due to 

the high dopant concentration, we can find some precipitates in the crystals.  The 

characterization concerns precipitates were carried out by combining of SEM, EDX and 

IR microscopy. 

The samples have two main kinds of precipitates:  

1. Cd inclusions (with some Bi) 

2. Bi inclusions (with some Cd) 

 

Figure 4.5. Bi + Cd inclusions 

 

Figure 4.6.  Partially etched Bi + Cd inclusions 
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Figure 4.7. EDX spectra for the Bi + Cd inclusions 

The figures show that most of the residual grains mainly contain Bi. We could conclude 

that not all the Bi dopant is incorporated in the CZT lattice. 

4.2. Structural Study 

Several techniques were used for the structural characterization, which have been 

described in the chapter 2. The techniques are: i) SEM, ii) LAUE, iii) FTIR, iv) 

HRXRD, v) Single Crystal  X-Ray Diffraction, vi) Single Crystal Neutron Diffraction, 

vii) XAS, viii) PIXE and RBS, ix) SWBXT, x) Study of Te precipitates, xi) NRM state 

solid. 

i) SEM 

 

Figure 4.8. SEM image for CdZnTe:Bi sample 
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The EPD analysis shows a value of 2-3 x 104 cm-2 for several samples, as one 

can be seen in Fig. 4.8, which demonstrates the good crystalline quality of the studied 

samples.  

 

ii) LAUE 

 

All the samples which have been analyzed in this Thesis, have been orientated by 

LAUE diagram. 

The next figure present some examples for CdZnTe:Bi samples. 

 

   

Figure 4.9. LAUE diagrams for CdZnTe:Bi samples 

 

The right LAUE diagram shows one CdZnTe:Bi sample no orientated,  and the left 

LAUE diagram shows one CdZnTe:Bi sample orientated. Simulating the pattern of dots 

in the diagram, we obtain the crystallographic orientation [31]. The clear existence of a 

highly ordered pattern of points, together with the high intensity of these points, it could 

indicate that we have a crystalline sample with a good quality. One of the most 

important observations is the presence of an axis of symmetry in all four cases (in the 

No orientated CdZnTe :Bi  sample  Orientated CdZnTe:Bi sample 
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diagrams is marked with a red line for clarity). This implies that we have a plane with 

low Miller index. 

If we make the simulation, the majority of the crystals are oriented in the direction (110) 

and other in the (111). 

In summary, the process of superheating considerably affects the kinetics of growth and 

morphological stability of the interface due to changes in the structure of the melt. 

These changes are interpreted based on the destruction of the Te aggregates, resulting in 

a melt with only one-dimensional species. The growth of those one-dimensional 

species, is highly favored in the low index crystallographic planes ((110) and (111)), 

selecting those directions and favoring the growth of a single grain, obtaining a single 

crystal. 

The orientation of the crystals is only important for three techniques: Single Crystal X-

Ray diffraction, Single Crystal Neutron diffraction, PIXE and RBS. 

 

iii)FTIR 

 

The results of FTIR are presented in the section 3.1.4.2. Previously, we only discussed 

about the comparison between the growth with and without Pt tube. 

IR transmission measurements are widely used to evaluate CdZnTe crystal quality. As 

we know, CdZnTe is transparent at IR wavelengths, although defects existing in the 

crystal, such as Te precipitates/inclusions, Cd vacancies, impurities, and dislocations, 

can decrease the IR transmission. 

When we doped In into CdZnTe, an interesting phenomenon was found on the IR 

transmission spectra, as shown in Figure 4.10. The bottom line was the IR transmission 

spectrum for a CdZnTe sample without any intended dopant. For a high-quality CdZnTe 

crystal, the spectrum is usually a straight line with the transmission value up to 60%. 

The top line was a typical IR transmission spectrum for CdZnTe:Bi. In the wavenumber 

range from 5000 to 1000 cm-1, the crystal was almost opaque to IR emission. Then the 

IR transmission rapidly increased to about 42% when the wavenumber became lower 

than 1000 cm-1. Many CdZnTe:Bi samples were used to carry out the IR transmission 

measurement, and the results were repeatedly reproduced. It was then very important to 

understand the spectrum. When Bi was introduced into the CdZnTe crystals, some Bi 

atoms could be occupied lattice positions in the CZT matrix. The transmission average 

in the CdZnTe:Bi spectra is 65 %, with this result could know that the Bi atoms were 
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not interstitial impurities and didn’t act as neutral donors. They would form a donor 

level in the band. Therefore, there were enormous electrons bound in this interstitial 

level. If the photon energy was higher than the level, the bound electrons would absorb 

photons and then be excited to conduction band. Thus IR emission was prevented from 

transmitting through the crystal. On the contrary, low energy photons could transmit the 

crystal because they could not photo-ionize the bound electrons. From Figure 4.10 we 

could clearly see that the IR transmission conversion mentioned above happened at a 

wavenumber of about 1000 cm-1, corresponding to a photon energy of 0.12 eV. 

 

Figure 4.10.  FTIR spectra for CdZnTe sample (line blue) and for CdZnTe:Bi 

sample (line black). 

 

iv)HRXRD 

 

To examine the crystals’ structural quality, we employed high-resolution X-ray rocking-

curve analyses with a Bruker D5000 HR X-ray diffractometer. The CuKα (λ = 0.154178 

Å) radiation had an angular resolution of 0.0002º, and the generator settings were 45 kV 

and 100 mA. The step time and step size, respectively, were 10 s and 0.006º.   The 

diffraction curve was recorded on the sample’s (110) polished surface under the same 

geometrical conditions. Figure 4.11 plots the high-resolution XRD curve for 

CdZnTe:Bi, wherein there is only one sharp single peak of high intensity. The measured 

full-width-at-half-maximum (FWHM) value was 0.12º, i.e., very close to that expected 

from the plane-wave theory of dynamical X-ray diffraction.i  The lack of additional 
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peaks, as well as the peak’s symmetry, demonstrates that the crystal grown with the Pt 

coldfinger is of good quality and free of low-angle grain boundaries. The presence of 

the Pt coldfinger increases the axial heat flow, while simultaneously decreasing radial-

heat flow because of its thermal conductivity (0.716 W/cm K).  

 The crystals grow with Bi dopant have high crystalline quality, and this can see 

in the HRXRD spectra. Due to this high crystalline quality the samples has been 

analyzed with techniques like single crystal X-Ray diffraction and single crystal 

Neutron diffraction, more specifics for to know the structure of the CdZnTe:Bi crystals. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Recorded HRXRD pattern of Bi doped CZT sample. 

 

iii) Single Crystal X-Ray Diffraction (XRD) and vi) Single Crystal Neutron 

Diffraction (ND) 

 

The crystal structure, and in particular the positions of Bi atoms have been 

determined by single crystal XRD, and the results have been confirmed and refined by a 

single crystal ND experiment. The details of the structure determination are shown in 

Table 4.3. The lattice constant for CdTe is 6.4585 Å, which decreases linearly as the Zn 

proportion increases. For CdZnTe samples with 15% of Zn concentration measured by 
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ND the lattice parameter is 6.3814 Å. This experiment has also shown an increment of 

the cell parameters due to the higher Bi atomic radii. With the incorporation of Bi the 

CdZnTe lattice is distorted with a lattice constant (for the same concentration of Zn) of 

6.4375 Å.  

As shown in Table 4.4 the Te atoms are located in their corresponding (0 0 1) positions. 

The experimental electronic density maps showed that the Bi(4) atoms were partially 

substituting these Te(1) atoms. The Cd excess incorporation in Cd lattice positions (¼ ¼ 

¾ ) compensates native acceptors, such as Cd vacancies. Consequently, these results 

explain the high resistivity values of 8-9·108 Ω·cm of this sample. On the other hand, it 

has been found that Bi also goes to a new site (¼ ¼ 5/4) Therefore, in this structure Bi 

actually occupies Te positions in the lattice to form an acceptor, but Bi introduced in the 

lattice originates a strong distortion in the Zinc-Blende structure (see figure 4.12.) 

The amphoteric nature of Bi in CdZnTe with high doping levels can explain the 

formation of a secondary phase that contains Bi and Te. Increasing Bi above 1018 cm−3 

may cause the segregation of Bi2Te3 phase or other phases containing Bi and Te. The 

formation of the Bi-Te secondary phase may result in a relatively Te rich condition in 

CdTe. When a crystal shows a high density of Te precipitates extending from one 

electrode to another, it results in a very high leakage current and poor spectrometric 

performance throughout the precipitates region. This phenomenon explains the counter 

radiation capability of this Cd0.85Zn0.15Te:Bi sample, since Te precipitates are correlated 

with the deterioration of the X-ray and gamma spectroscopic response detectors.  

In summary, the more important results that have been obtained with these techniques is 

to know the Bi positions in the lattice. This result confirm that the Bi is incorporated in 

the structure and it could occupied Cd and Te positions. The Cd vacancies are occupied 

for the Cd atoms add in excess with the starting material, and the Bi atoms, due it 

amphoteric behavior could occupied Te positions in the lattice and a new site which 

originate a strong distortion in the CZT matrix. 
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Table 4.3. Crystal data and structure refinement for Cd0.815Zn0.15Te0.965Bi0.07 by 

Single Crystal X-ray and Neutron Diffraction.  

 X-rays Neutrons 

Formula weight  1121.95 970.23 

Temperature  295(2) K 

Crystal system  Cubic 

Space group  F-43m 

Z 4 

Refinement method Full-matrix least-squares on F2 

Wavelength  0.71073 Å 1.17 Å 

Unit cell dimensions a = 6.4309(6) Å a = 6.4375(6) Å 

Volume 265.96(4) Å3 266.78(4) Å3 

Density (calculated) 7.005 Mg/m3  6.067 Mg/m3  

Absorption coefficient 35.2842 mm-1 22.94 mm-1 

F(000) 465 

Crystal size 0.20 x 0.10 x 0.08 mm3 2.0 x 1.25 x 0.5 mm3 

Theta range for data collection 5.49 to 27.96° 9.08º to 48.70° 

Index ranges -8≤h,k,l≤8  0≤h≤8, -6≤k≤7, -3≤l≤8 

Reflections collected 622 128 

Independent reflections 51 [R(int) = 0.0418] 38 [R(int) = 0.1595] 

Data / restraints / parameters 51 / 0 / 5 38 / 0/ 2 

Goodness-of-fit on F2 1.343 1.199 

R indices (agreement indices - all data) R1/wR2 0.0197 / 0.0482 0.0760 / 0.1776  

Extinction coefficient 0.30(5) 0.8(2) 
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Table 4.4. Atomic coordinates (x104) and equivalent isotropic displacement 

parameters (Å2 x103) for CdZnTe:Bi determined by Single Crystal Neutron 

Diffraction U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor.  

 

Element X Y Z U(eq) 

Te(1) 0 0 10000 23(1) 

Bi(4) 0 0 10000 23(1) 

Cd(2) 2500 2500 7500 16(1) 

Zn(3) 2500 2500 7500 16(1) 

Bi(5) 2500 2500 12500 12(1) 

     

 

 
Figure 4.12. CdZnTe:Bi Structure by XRD and ND 
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vii)   XAS 
 
The CdZnTe:Bi samples have been analyzed by XAS techniques in ESRF (Grenoble). 

In order to understand the material, we have compared the samples, with undoped 

CdZnTe and doped samples with In. 

The local atomic structure of Cd0.85Zn0.15Te, Cd0.85Zn0.15Te:In and Cd0.85Zn0.15Te:Bi at 

In and Bi concentrations below 0.05 % at. has been investigated using XAS 

spectroscopy. As the dopant (In or Bi) concentrations are very low, a reasonable signal-

to-noise ratio cannot be realized by transmission mode measurement and fluorescence 

detection is used. In this method, the intensity of In K or Bi L fluorescence lines will 

be measured respectively as a function of the incident x-ray energy. The x-rays emitted 

from the sample will contain the fluorescence line of interest, fluorescence lines from 

other elements in the sample and scattered x-rays. The typical geometry for a good 

fluorescence XAFS measurement is with fluorescence detector placed at right angle to 

the incident beam. In this way, incident and fluorescence x-rays are at an angle of 45º 

with respect to the sample surface that minimizes the x-ray scattering. This occurs 

because the fluorescence is emitted isotropically but the scattering not because the x-

rays of a synchrotron are polarized in the horizontal plane of the synchrotron. 

The x-ray fluorescence spectrum from the Cd0.85Zn0.15Te:Bi sample at incident energy 

of 14 keV (above Bi L3-edge) is shown in Figure 4.13.  
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Figure 4.13. The x-ray fluorescence spectrum from the Cd0.85Zn0.15Te:Bi sample at 

incident energy of 14 keV (above Bi L3-edge). 

Bi L fluorescence line along with the elastically scattered peak, as well as fluorescence 

lines from Zn is clearly visible. This full x-ray fluorescence spectrum directly probes the 

incorporation of Bi dopant in the Cd0.85Zn0.15Te matrix. We note here that Cd K 

fluorescence overlaps with the In K fluorescence making the measurement of these 

very low concentrated In-doped samples not possible. 

By setting the region of interest around the Bi L fluorescence line, the Bi L3-edge 

XANES spectrum was recorded at room temperature detecting the intensity of this Bi 

L fluorescence line. This spectrum has been normalized to the incident intensity I0 and, 

after subtraction of the pre-edge background, has been scaled to 1 at high energies. 

Normalized XANES spectrum for the Cd0.85Zn0.15Te:Bi sample  is shown in Figure 

4.14. compared to that of metallic bismuth as reference compound.  
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Figure 4.14. Normalized XANES spectrum for the Cd0.85Zn0.15Te:Bi sample  

compared to that of metallic bismuth as reference compound. 

The edge energy of the Cd0.85Zn0.15Te:Bi compound lies close to that of Bi metal, 

supporting the incorporation of Bi dopant in CdZnTe crystals. However, the signal 

statistics are not enough to determine the Bi oxidation state and local geometry. In order 

to improve the signal to noise ratio, we need to count for longer but here, the 

concentration is too low to obtain reasonable data in a sensible counting time for 

fluorescence. 

To unravel changes in the local structure produced by the introduction of In and/or Bi, 

we have measured XAS spectra at the Cd and Te K-edges of undoped Cd0.85Zn0.15Te, 

Cd0.85Zn0.15Te:In and Cd0.85Zn0.15Te:Bi compounds. From the normalized absorption 

spectra of Cd and Te K-edges [Figs. 4.15(a) and 4.15(b)], changes are not noticeable.  
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Figure 4.15. XAS spectra at the Cd and Te K-edges of undoped Cd0.85Zn0.15Te, 

Cd0.85Zn0.15Te:In and Cd0.85Zn0.15Te:Bi compounds. 

Changes can be best illustrated in the Fourier-transform (FT) magnitude of the EXAFS 

signal. In Fig. 4.16, the FT magnitudes in the R-space of the k-weighted experimental 

(k) data of Cd K-edge, shown in the inset, are displayed. The first peak at ~2.6 Å, 

corresponding to the first coordination Te shell around the Cd atom, is compared for all 

the studied compounds. No change either in the peak position or in the amplitude is 

observed within experimental errors. The results of the fits [Table 4.5] for Cd report the 

same Cd-Te interatomic distance for the three compounds in agreement with the zinc-
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blende structure of CdTe. Moreover, the introduction of In or Bi does not increase the 

local static disorder around Cd and this is reflected in nearly identical mean square 

displacements or Debye-Waller factors, 2.   
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Figure 4.16. the FT magnitudes in the R-space of the k-weighted experimental (k) 

data of Cd K-edge. 

Fig. 4.17 reports the FT magnitudes in the R-space of the k3-weighted experimental (k) 

data of Te K-edge, also shown in the inset. We observe a slight decrease in the 

amplitude of the main peak at ~2.6 Å, corresponding to the first coordination Cd shell 

around the Te atom, for the Bi-doped sample. 
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Figure 4.17. the FT magnitudes in the R-space of the k-weighted experimental (k) 

data of Te K-edge. 

   The results of the fit [Table 4.5.] also gives the same average interatomic Te-Cd 

distances for the three samples, corresponding to the zinc-blende structure. However, 

the slight decrease in amplitude of the main peak for the Bi sample is reflected in the 

value of 2.  

Table 4.5. Results of the fits to the EXAFS data indicating the distance (R), 

number of neighbors (N was fixed to 4) and the Debye-Waller factor (2) for the 

first coordination shell of Cd and Te K-edges for undoped, In-doped and Bi-doped 

samples. 

 Cd K 

undoped 

Cd K 

In-doped 

Cd K 

Bi-doped 

Te K 

undoped 

Te K 

In-doped 

Te K 

Bi-doped 

R (Å) 2.80 (1) 2.80 (1) 2.80 (1) 2.78 (1) 2.77 (1) 2.78 (1) 

N 4 4 4 4 4 4 

2 (Å2) 0.0057 (5) 0.0059 (5) 0.0057 (4) 0.0054 (5) 0.0054 (3) 0.0066 (7)
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In summary, x-ray absorption spectroscopy has been used to probe the incorporation of 

Bi dopant in Cd1-xZnxTe crystals. On the other hand, the local structure around Cd and 

Te atoms in In- and Bi-doped samples has been also studied in order to detect subtle 

changes due to the introduction of the dopants. EXAFS data exhibit the first shell of 

neighbors in agreement with the zinc-blende structure of the undoped compound, 

showing only a slight increased disorder of the local structure around Te caused by the 

introduction of Bi. 

These results are agree with the other structural techniques. 

 
 
 viii)   PIXE and RBS 
 
 The CdZnTe:Bi crystals have been analyzed by PIXE and RBS for to know 

more about the CdZnTe lattice and the position of the Bi dopant in the lattice. 

Figure 4.18 shows RBS/C (a) and PIXE/C (b) spectra for both random and 

<110> aligned configurations. Simulation of RBS spectra performed with the RBX code 

is also shown for random and aligned spectra. A uniform model was used for the 

simulation, consisting of a single Cd0.85Zn0.15Te layer, in good agreement with EDX and 

ICP-MS. Heavy elements appear at higher energies due to the kinematic factor of the 

collision. Both Cd and Te elements have high cross-sections and can be clearly 

distinguished in the spectra. However, due to the pile-up effect and the very low amount 

of Bi in the doped crystal, RBS sensitivity is reduced and it is not possible to distinguish 

this signal in the spectra. 

Crystal quality can be explored by RBS/C taking advantage of the channeling 

effect. When the crystal is aligned with a crystallographic axis, a strong reduction of 

backscattering events takes place because of the conduction of ions through the lattice 

channels. Then, the ratio between random and aligned yields, known as minimum yield 

(χmin), is an indicator of the crystal quality. Indeed, this parameter can be calculated for 

different energy windows allowing a depth-resolved study of the crystal defects. For the 

undoped sample χmin=7.2%, confirming the good crystal quality of the alloy, which is 

comparable and even lower than obtained for pure CdTe thin films grown epitaxially by 

other methods (χmin10 %). This fact is linked to the appearance of characteristic Te and 
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Cd surface peaks when the beam is aligned with the <110> axis. These peaks are visible 

because the shallower atoms are not affected by the channeling effect. Then, the 

existence of these signals in the spectrum demonstrates that the crystal preserves the 

lattice order also at the surface. Further simulations with RBX software showed a 

constant dechanneling of 9%. Since the fraction of dechanneled ions is influenced by 

the defects of the material, this constant rate is a sign of the homogeneous crystal 

quality within the studied depth (4 μm).   

The doped sample shows χmin=24.6%, indicating the degradation of the crystal 

quality when Bi is incorporated to the lattice. Despite this, the fraction of dechanneled 

ions is only 12% according to the simulation, which remains constant with depth. This 

can be considered as an evidence of the uniform incorporation of Bi in the lattice with 

depth.   

In order to separate the signals of Cd, Zn and Te, which are overlapped in the 

RBS spectra, the acquisition of PIXE was performed simultaneously. Typical PIXE 

spectra are shown in Fig. 4.18b. Ll, Lα, Lβ1, Lβ2 spectral lines of Cd and Te were 

identified in the spectra, as well as Kα (8.639 keV) and Kβ (9.571 keV) lines of Zn (not 

shown for clarity purposes). These individual characteristic X-rays are produced by the 

de-excitation of the electrons after the induced excitation provoked by He+ ions. The 

production of the X-rays is also influenced by the channeling effect, and then PIXE/C 

can be used to analyze the lattice disorder for each single element. Consequently, the 

comparative analysis of χmin when Bi is introduced in the system is indicating the 

disorder degree induced by its incorporation in every specific element site.  

From Figure 4.19 values of χmin were obtained for Cd, Te and Zn atoms, being 

23.5(2), 19.1(2) and 24(5) for undoped sample and 36.7(3), 32.9(4) and 43(6) for doped 

one. A similar rising of χmin (14%) is obtained for both Cd and Te sublattices (19% for 

Zn), indicating the comparable effect that the Bi incorporation has in all the elements. A 

detailed study of this effect was carried out with angular scans along <110> axis as 

shown in Figure 4.23. Besides, the dip of the Bi-doped sample shows no shift in the 

position of the elements, what suggests a substitutional character of Cd, Zn and Te. The 

observed asymmetry of the dip in the undoped sample can be ascribed to a slight 

misalignment of the sample, since the regions out of the channel follows a tilted straight 

line. Consequently, PIXE/C data indicate that Bi is not affecting preferentially any of 
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the elements, preserving in general their lattice positions and occupying different sites 

in the zinc-blende structure. 

 
Figure 4.18. RBS/C (a) and PIXE/C (b) spectra of undoped and Bi-doped CdZnTe 

samples. Random and <110> aligned spectra are shown. Cd, Zn and Te signals are 

highlighted. 
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Figure 4.19. Angular scans along <110> axis for Cd, Zn and Te elements in both 

undoped (a) and Bi-doped (b) samples. Substitutional behavior of the elements is 

preserved during the incorporation of Bi, indicating the non-preferential 

occupation of this in the lattice. 

In conclusion, we have demonstrated by the combination of RBS/C, PIXE/C, single 

Crystal X-ray Diffraction and Single Crystal Neutron Diffraction that Bi incorporation 

in Cd1-xZnxTe lattice acts in a preferential way, occupying Te sublattice positions due to 

excess of Cd added in the starting material that reduces cadmium vacancies and the 

formation of a second phase between the Te-Bi which generates tellurium vacancies. 

.The (¼ ¼ 5/4) position of the Bi is due to the Bi excess added as dopant, which 

generates a large distortion in the lattice. However, the amphoteric behavior of Bi 

produces a significative amount of defects as it was proved by the rising of the 

minimum yield in both RBS and PIXE spectra. 
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ix)  SWBXT 

We characterized the crystallinity quality of CdZnTe:Bi crystals by the SWBXT 

measurements with the reflection geometry. Figure 4.20 and 4.21 shows the topography 

of the crystal. It is a single-grain one, free throughout of large-scale defects, such as 

twin boundaries.  At the same time, we observed some localized cellular-lattice 

structures within it, whose formation we attributed to polygonization, i.e., the stress-

induced glide and climb of dislocations introduced in the crystal during solidification. 

The dislocations produce a strain field in the surrounding regions; consequently, these 

regions diffract kinematically, leading to an enhanced intensity compared with the rest 

of the crystal that diffracts dynamically. Accordingly, topographic contrast is generated, 

revealing the dislocations. The presence of the cellular-like structures signifies that the 

dislocations propagate and connect with each other in these localized regions. In support 

of this interpretation, we found evidence of slipped bands near the cell structures, 

caused by dislocation-induced stresses in these regions. The high ionicity of the blende 

of CdZnTe makes it prone to twinning when stress is high.  Possibly, twin boundaries 

act as a barrier to the propagation of dislocations.  

 
 
Figure 4.20. SWBXT photograph for the CdZnTe:Bi sample 
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Figure 4.21. Topography of a CdZnTe:Bi sample 
 

This technique reveal the good crystalline quality of the CdZnTe:Bi crystals, according 

with previous techniques. 

 

 x) Study of Te precipitates 

 

Te-rich volumes have different optical and electrical properties than bulk CZT. Due to 

the different absorbance, they can be identified by IR transmission microscopy and 

microspectroscopy. Due to the narrow band gap of Te (0.3 eV), Te precipitates have 

higher electrical conductivity, which may affect the detector leakage current and distort 

the electric field distribution and carrier transport in CZT devices. When a crystal shows 

a high density of Te precipitates (e.g., along grain boundaries and twins) extending from 

one electrode to another, it results in a very high leakage current and poor spectrometric 

performance throughout the region with clusters of Te precipitates. These measurements 

created a lot of interest in the development of improved crystal-growth methods capable 

of producing large CZT single crystals for fabrication of high-quality gamma 

spectrometers. Despite the thrust by many organizations to avoid grain boundaries and 

twins in the selection of CZT blanks, the role of dispersed Te precipitates within the 

single-crystal CZT volumes was still unclear, because the techniques used to map the 

variability of x-ray detector response as a function of location probed the material on a 

length scale of hundreds of micrometers; thus, they were unable to precisely measure 

the effects of either a single Te precipitate or other isolated small microstructural 

defects with sizes of 10–20 µm or smaller. 
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The impurities gettering phenomenon in Te inclusions is intriguing, and the question 

arises as to why the impurities are gettered selectively. Impurity segregation during the 

CZT crystal cooling could be one important mechanism for impurity gettering. During 

the growth of CZT, Cd evaporates out of the melt due to its high partial pressure and, 

therefore, results in CZT melt composition off the ideal stoichiometry. Correspondingly 

Cd vacancies (VCd) and excess Te are produced during this process. The latter exists as 

Te-rich droplets in the CZT melts. When the CZT melt begins to solidify, there usually 

exist some morphologically unstable sites before the crystallization front such as 

reentrant angles of grain boundary and twin crossing the interface, which prefer to trap 

the Te-rich droplets from the diffusion boundary layer in front of the growing interface 

due to the release of the excess free energy of the system. Since the melting point of Te 

(~450ºC) is far below the growing temperature of CZT(~1120ºC), and the growth of 

CZT takes weeks, these trapped liquid Te-rich droplets will be embedded in the CZT 

matrix. During the subsequent CZT cooling, the liquid Te-rich droplet experiences a 

quasi-symmetrical crystallization from the droplet edge to droplet center. 

The impurity gettering in Te inclusions originates from the diffusion mechanism during 

crystal growth and from the segregation mechanism during crystal cooling. This 

impurity gettering phenomenon is meaningful because it reveals how Te inclusions may 

affect CZT properties. In addition, the impurity gettering in Te inclusions potentially 

serve some benefit by removing electrically active contaminants in the CZT crystal and 

concentrating these impurities in the Te inclusions. Knowledge of this behavior 

provides new insight into ways to reduce the impurities in CZT by way of removing Te 

inclusions, thereby reducing the carrier trapping and improving the overall performance 

of gamma-ray detectors. 

In summary, the Te precipitates act a getter with the Bi dopant, which act a getter with 

the Te precipitates as the same time. 

The distribution of the Te precipitates was assessed under the IR microscope, with 

images taken at intervals of 20 µm over 5 mm thickness; all IR images were combined 

into one image. 

In the figure 4.22 we see the distribution of the Te precipitates. We can observe the low 

density of the Te precipitates, which could be due to the getter behavior of the Bi dopant 

with the Te precipitates. 
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Figure 4.22. IR images for the distribution of the Te precipitates in the CdZnTe:Bi 

samples. 

1.5 x 0.75 x 1 mm3
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Figure 4.23. IR images for the distribution of the eV products sample. 

 

In order to understand the low concentration of the Te precipitates in the CdZnTe:Bi 

samples, which have been compared with the eV products samples. This samples are the 

most important commercial samples, with the best behavior in the gamma response, and 

they have important medical application. 

The figure 4.23 shows the IR images for the distribution of the eV products sample. 

This sample have a lot of Te precipitates compared with the CdZnTe:Bi samples. 

The average precipitates size in the CdZnTe:Bi samples is 2-3 µm. 

 

 xi) NMR State Solid 
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Cd1-xZnxTe belongs to a group of  semiconductor alloys of a form A1-xBxC which are 

considerable technological and scientific interest due its applications like X-Ray and 

Gamma Ray detector. In order to understand the properties of these materials, much 

effort has been devoted to calculating  their electronic structure and bonding properties, 

especially their dependence composition. However, theorical predictions of these 

properties are more difficult than usual because of the disordered nature of these 

systems. For example, in Cd1-xZnxTe, the Te anions are surrounded in the lattice by 

different numbers of cations, Cd and Zn, the exact configuration depending on the alloy 

composition x. 

In order to understand the dopant behavior in the CZT lattice, we have carried out NMR 

state solid experiments in different samples doped and undoped. For comparison, it has 

been analyzed samples doped with In, for to try to see different behavior between the 

dopants, In and Bi. 

 

Figure 4.24. Te NMR spectra for CdZnTe:Bi sample. d1 (T1) is 1920 seconds for 

scans. Each experiment has 300 scans, for this reason each experiments during 6-7 

days. 
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In the figure 4.24 we can see the spectra for 125Te atom. The spectra shows that the Zinc 

concentration is agree with the ICP-MS and EDX experiments. 

We could suggest that the Bi dopant could be occupied Cd positions in the lattice, but 

the spectra don’t shows evidence about this theory. 

We have carried out different experiments, with different delay time (d1)  and we have 

been compared with samples undoped and doped with other dopants like Bi. 

 

Figure 4.25. 125Te spectra and 113Cd spectra for CdZnTe, CdZnTe:Bi and 

CdZnTe:In samples. 

The figure 4.25 shows that there aren’t different between the undoped and doped 

samples. The low concentration of the dopant could difficult the resolution of the 

technique. We only can conclude that the CdZnTe:Bi lattice is no to much 

distorsionated for the dopant add in the lattice. 

 

 

 

4.3. Optical Study 
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Several techniques were used for the structural characterization, which have been 

described in the chapter 2. The techniques are: i) PL, ii) CL, iii) TEES, iv) DLTS and v) 

PICTS. 

i) PL 

 

The PL measures have been carried out in Prague, under Jan Franc supervision. In order 

to understand the material, the CdZnTe:Bi samples have been compared with low Bi 

doped samples and with undoped CdZnTe. 
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Figure 4.26. PL spectra for CdZnTe and CdZnTe:Bi (17) samples 
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Undoped – Photoluminescence spectra of undoped sample have four typical features: 

(D0-X), (A0-X) and two DAP transitions, which are summarized in the Table 4.6.  The 

DAP1 emission is discarded as phonon replicas of the excitonic peaks because their 

separation is higher than 30 meV (the typical value of phonon energy in CZT is 21 

meV). Nevertheless, their assignation as DAP transition is not clear because could be 

originated from (e-A0) or (h-D0) transitions. The DAP2 transition is the equivalent to 

the 1.4 eV band in CdTe. In this case, more probably is related to structural defects than 

impurity defects because their non-structured form.  

Nevertheless, for the CZT:Bi sample the situation is completely different. The first 

important feature is the presence of a low emission at high energy (1.7012 eV). With the 

present information it is hard to discern about their actual origin: FE or (D0-X). On the 

other hand, the main peak in the spectra is formed by two superposed emissions as is 

observed in the Table. Again, in this kind of samples it is hard to assign an origin 

without a temperature and power intensity study. But, although several origins are 

proposed, most probably the peak at higher energy (1.6743 eV) arises from the 

recombination of an exciton in an acceptor level. The second is most probably due to a 

DAP or (e-A0) recombination. It is also observed a strong reduction on the A band 

together with a shift to higher energies. If we assume that the mostly part of the 

contribution to this band is related to structural defects in our case, this means that Bi 

induce an improvement on the crystalline quality in the sample, as was already observed 

in the case of CdTe .  

But the most important changes on the PL spectra happens at lower energies, where two 

new deep bands are clearly observed. The first one (DC1 – deep centre 1 in the Table), 

is the equivalent to the 1.1 eV band in CdTe, and related to the Te sub-lattice, mostly to 

VTe. This is an indirect confirmation that Bi induce changes in the Te sub-lattice, 

replacing it and affecting the formation of deep defects. We believe that Bi does not 

participate directly in this centre, mostly induce it. 

The second one is the DC2 in the Table, corresponding to a very deep centre, close to 

the centre of the band gap. Supported by the DLTS and TEES measurements, we 

assume that this centre is directly related to the Bi incorporation in the CZT lattice. 

Although the present data are not sufficient to infer their origin, in similar way than 

CdTe:Bi, we can assume that is related to the incorporation of Bi in the Cd sublattice, 
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introducing a donor defect as was already observed by DLTS and TEES measurement. 

This peak could be fundamental in the pinning of the Fermi level in the centre of the 

band-gap, for the compensation phenomena. 

Sample Feature E (eV) 

Undoped CZT (D0-X) 1.6952 

 (A0-X) 1.6896 

 DAP1 1.6569 

 DAP2 1.5065 

CZT:Bi (D0-X) ou FE 1.7012 

 (A0-X) or (DAP) or (e-A0) 1.6743 

 (A0-X) or (DAP) or (e-A0) 1.6629 

 DAP1 1.5456 

 DC1 1.1479 

 DC2 0.8378 

 Table 4.6.  

 

In summary, Bi doping of CZT induce several changes in the defect level distribution 

on the band-gap, as was already observed also in CdTe. The first important feature is 

the probably presence of a (A0-X) centre, also observed by DLTS and probably related 

to the Bi incorporation. In CdTe the behavior is different because it is believed that Bi 

introduces a shallow donor defect. The second important feature is the diminution of the 

A band, which is explained means the reduction of the structural defects. Also, BiTe 

substitution is inferred from the 1.1 eV band signal. Finally, a very deep centre (with 

donor character from the DLTS and TESS measurements) is clearly observed, and 

correlated with the substitution of Cd by Bi. It is also expected that all these changes in 

the defect level configuration, strongly affects the electrical and transport charge 

properties of the CZT:Bi crystals with respect to the undoped samples. 
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Figure 4.27. PL spectra for CdZnTe:Bi samples. 

 

ii) CL 
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In order to understand the Bi  behavior in the lattice, the CdZnTe:Bi samples have been 

compared with CdZnTe samples doped with Bi (low concentration 1x 1017 at/cm3.  

Name in this work: CdZnTe:Bi(17)). 

Cathodoluminescence (CL) is a technique which is used to detect the defects in 

solids/single crystals. In a present experiment the cut and polished crystal was subjected 

to CL analysis with electron beam energy of 20 keV. The recorded spectrum is shown 

in Fig. 4.28a and 4.29b. CL spectra of CdZnTe:Bi shows only emission and that is 

related to band-gap transition. No other emissions were observed, indicating that 

concentration of vacancies of Cd and Te (which are responsible of A-band and 1.1 eV 

band respectively) have been reduced significantly. On the other hand, the crystal 

CdZnTe:Bi(17) (see figure 4.29) shows a very intense band centered at 1.1 eV. This 

band is related to Te vacancie . Moreover another band centered at 0.8 eV is observed 

and it is comparable in intensity to 1.1 eV band. The nature of this band is related to Cd 

vacancies. The origin of A-band is related to Cd vacancies too, but it is well known in 

samples doped with Bi this A-band is not present because this material was grown with 

Cd excess. It is clearly understood that the dopant Bi occupies Te and Cd positions in 

the CZT host lattice, thus decreasing the Te aggregate concentration because the Te 

precipitates act a getter with the Bi dopant. These Te aggregates decrease the resistivity 

and recent studies have shown that Te precipitates affect the device performance with 

regard to radiation detection. In the samples, which have been presented in this work, 

have a concentration of Te precipitates between 15-20%, with a size between 2-3 µm. 

 

Figure 4.28. CL spectra for CdZnTe:Bi sample. 
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Figure 4.29. CL spectra for CdZnTe:Bi sample. 

iii) TEES and iv) DLTS 

Figure 4.30 shows the DLTS plots with energy levels, carrier-capture cross-sections (σ), 

defect densities (Nt) and the charge trapping and de-trapping times for the CZT:Bi 

detector. The DLTS plot exhibited in figure show two shallow traps at 4 meV and 14 

meV, VCd ~ 240 meV, and a big peak around 350 K with an energy of ~ 650 meV. This 

distinct trap occurred in all Bi-doped crystals; hence we considered that it most 

probably was caused by the Bi dopant. In TEES experiments with this detector (Fig. 

4.31), we identified a donor trap around 670 meV, which agrees with our DLTS 

experimental results for CZT:Bi. Saucedo et al. reported a donor trap at 0.71 eV in 

lightly doped Bi-doped CT crystals. According to their model, Bi introduces shallow 

acceptors and deep donors into the crystal. If this conclusion is correct, then the 4-meV 

trap in our Bi doped crystals most likely was a Bi-related shallow acceptor. The 1-eV 

trap corresponding to Te precipitates was absent, as we also verified in the IR image for 

this detector (Fig. 4.32), wherein there are almost no Te-rich phases, so strengthening 

our statement relating the 1-eV trap with Te precipitates. Bi-related traps that had a 

density that was one order-of magnitude higher than other materials, at ~ 1014 cm-3. 

As figure 4.30d illustrates, the trapping times for the shallow levels were more than a 

second, while the de-trapping times were rapid (~ μs), about six orders-of-magnitude 

less than the trapping times. The same was the case for VCd , where the detrapping time 

was two orders less than the trapping time. Hence, these three traps make a negligible 

contribution to the chargecarrier life times. The effect of the Bi-related trap is opposite; 

trapping time was a few μs, and detrapping time was about six orders-of-magnitude 

larger (0.1 s). This result indicates that although Bi increased the crystal’s resistivity, 
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the defects generated due to adding Bi simultaneously engendered a decrease in the life 

time of carriers, and were probably the reason for the detector’s degradation. 

In Bi-doped CZT, seemingly Bi partially compensated the VCd; hence, the trap density 

for the VCd decreased by an order-of-of magnitude (1013 cm-3). 

 

 

Figure 4.30. CZT:Bi. a) DLTS spectrum with defects labeled for λ = 823 nm; b) 
Capture crosssections of traps; c) Defect densities; and, d) Trapping and de-
trapping times 
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Figure 4.31. TEES measurements for CZT:Bi with a deep trap at ~ 670 meV. 

 

Figure 4.32. IR transmission images for CdZnTe:Bi sample. 

 

 

 

 

 

 

 

 

 

 

v) PICTS 
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The typical PICTS spectra for the sample CdZnTe:Bi is showed in the figure 4.33. 
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Figure 4.33. Typical PICTS spectra for CdZnTe:Bi sample. 

 Thus as it has been explained in the chapter 2 (section ), the peaks have been 

calculated. The table 4.7 shows the peaks. 

 

Sample Center Ei (eV) Possible origin 

CdZnTe:Bi ¿? 0.007 eV Low value ¿? 

 A 0.160 eV A center 

 Bi19 0.215 eV BiTe 

 Z 0.500 eV Relation with Cdi or 

impurities 

 ¿? 1.390 eV High value ¿? 

   Table 4.7. Ionization Energy (Ei) of the centers in the CdZnTe:Bi samples. The 

assignation of the peaks has been carried out with the Edgardo Saucedo (Tesis 

Doctoral). 

 

The table shows different peaks with different assignation. The more important results 

are i)  the peak at 0.160 eV, it could be due to the A center, ii) the peak at 0.215 eV, it 

could be due to the Bi in Te positions and iii) the peak at 0.500 eV, it could be due to 

relation with the Cdi or impurities. 
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PICTS spectra will be analyzed from a qualitative point of view, because the 

uncertainty on the energy and capture cross section determination of the different peaks. 

This is because samples behave unstable during the measurement, avoiding a direct 

correlation between the measurements at different rate windows. Nevertheless, energy 

of the peaks was estimated using four points (with a high error level), making difficult a 

comparison with the DLTS and TEES measurements. 

In conclusion, the results are agree with the structural study, where it shows that the Bi 

could be occupied Te positions in the lattice. 

 

4.4. Photoconductive Study 

 

We have carried out the dependence of photoconductivity in the wavelength for the 

CdZnTe:Bi samples. 

 

Figure 4.34. Dependence of photoconductivity in the wavelength for the 

CdZnTe:Bi samples at 300K. 
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deep centers (1), the second ranging between 1.4 eV and 1.55 eV which is observed the 

contribution of band-band transitions and very shallow defects (2), and finally the 

region between 1.55 eV and 2.4 eV that could be used to identify highly degenerate 

states in doped semiconductors  or surface levels (3). 

 

Sample Peak Region Possible origin 

CdZnTe:Bi 1.38 eV (896 nm) 2 A center 

 1.53 eV (807 nm) 2 Band gap 

 2.03 eV (609 nm) 3 CdTeO 

(surface levels) 

 2.38 eV (521 nm) 3 CdTeO/CdO 

(surface levels) 

Table 4.8.  

 

The table shows two important peaks: i) 1.38 eV, it could be due to the A center. This 

peak is minimum, that is agree with the previous results obtaining in this thesis; ii) 1.53 

eV, it could be corresponded to the Band Gap of the CdZnTe:Bi material. This result 

confirm the concentration of the material, and it is agree with the previous optical 

results. 

The other peaks, we have had the tentative to assign to surface levels like CdTeO due to 

the treatments in the surface: mechanical polishing, chemical polishing, passivation and 

contacts. 

  

4.5. Electrical Study 

Three techniques were used for the electrical characterization, which have been 

described in the chapter 2. The techniques are: i) i/V, ii) CoREMA and iii) Gamma 

Response. 

 

 

 

i) I/V 

 The I/V experiments have been carried out with different kind of contacts, i) 

Evaporated Contacts (from UAM, Spain) and ii) Photolithography Contacts (from 

IMEM, Parma). 
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Figure 4.35. i) I/V characteristic for CdZnTe:Bi sample with Spain contacts (Au 

evaporated contacts) 

 

Figure 4.36. ii)I/V characteristic for CdZnTe:Bi sample with Parma contacts (Au 

photolithography contacts) 
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The importance of the contacts have evidence in the I/V characteristics. For the 

CdZnTe:Bi samples with Au evaporated contacts (Spain Contacts)  the resistivity is 3.0 

x 108 Ω·cm and for the same sample with Au photolithography contacts (Parma 

Contacts) the resistivity is 1.0 x 109 Ω·cm. The difference is one order of magnitude, 

and it is important for the gamma response (medical application). 

 

ii) CoREMA 

 

The CoREMA measure have been carried out without contacts in several samples. The 

more important in to know the homogeneity of the resistivity in the samples.  

Technologically it is interesting that not only is semiaislante the CdZnTe, but the high 

resistivity remains practically along the whole crystal. This is one reason why the deep 

donor doping has spread, because it is possible to obtain an ingot semiaislante 

practically the whole volume. 

 

 

Figure 4.37.  Distribution of resistivity of the CdZnTe:Bi sample. 
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Figure 4.38. Distribution of resistivity of the CdZnTe:Bi sample 

 

Figures 4.37 and 4.38 shows the uniformity in the distribution of resistivity along the 

sample, therefore, we conclude that the Bi enter an semiaislante in CdZnTe, with 

excellent characteristics in terms of very high resistivity reached and uniform 

distribution. 

 

 iii)Gamma Response 

The gamma response has been carried out with two different kind of experiments: i) 

Micro- scale Detector Mapping (NSLS-BNL (NY)) and ii) A250 charge sensitive 

preamplifiers from Amptek, AC coupled to the detector top electrode (CIEMAT 

(Spain)). 

 

i) Measurement conditions are as follows: 1)Sample ID: CdZnTe:Bi, 2)  

Sample 

resistivity:  5-6 x 109 ohm cm. (two probe method), 3) Sample size: 3 x 3 mm2. 

(effective electrode size is about 2 x 2 mm2), 4) Bias voltage: 80 V, 5) Shaping time: 5 

us, 6) Scan area: 1 x 1 mm2, 7) Scan step: 25 um, 8) Measuring temperature: 17 degree. 
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Before measurement, edge and side surface of sample was passivated with ammonium 

sulfide (NH4)2 for 20 sec. At that time electrode was protected with photo-resister. 

 

The high brightness of the source facilitated the acquisition of good statistics in 

seconds; accordingly, a raster scan of a 3 x 3 x 1 mm2 area with 80 volts bias applied 

was obtained within a few hours. Figure 4.39 is an X-ray map we obtained when using a 

shaping time of the spectroscopic amplifier of 5 µsec wherein the light grey regions 

correspond to areas of the detector where collection efficiency is better than that in the 

vicinity dark grey areas. X-ray response map is fairly uniform in entire region but some 

region shows little bit degraded performance. There is so many limiting materials factor 

causing carrier trapping such as point defects, pipes, cracks and Te secondary phases 

including both inclusions and precipitates. The output signals are given by the amount 

of the collected charges. Aleksey et al showed that Te inclusions larger 5 um severely 

degreed charge transport by carrier trapping []. But Cd-rich grown CZT:Bi samples 

does not contain so many and large Te inclusions compared with Te-rich grown CZT 

samples shown Fig. 4. 22. The only contributable defect in our samples is due to charge 

trapping by randomly distributed Cd inclusions. CZT:Bi samples shows low leakage 

current but we can’t obtain clear signal in low shaping times at high bias voltage. It 

means that the mobility-lifetime values of CZT:Bi crystals is little bit low. Its origin is 

thought to be carrier scattering caused by high Bi doping concentrations.  
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Figure  4.39. 

 

Figure 4.40.  

 

ii)In order to know the device properties of CdZnTe:Bi sample, radiation 

measurement were carried out with 22Na, 133Ba and 241Am radioactive sources. The 

detector was biased at 300 V during the acquisitions. The three sources were detected, 

thus demonstrating detection capabilities from 60 keV (241Am) up to 1.3 MeV (22Na). 

Nonetheless, detector showed poor spectroscopic capabilities. As an example, it is 

presented in Fig. 4.41 spectrum acquired for sample of set 1 with a 10 Ci 22Na 

radioactive source located at  5 cm on top of the detector cathode during 600 s. The 

511 keV photopeak is coarsely evidenced, whereas the 1275 keV line is only seen from 
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its Compton edge. Other example, it is presented in Fig. 4.42 spectrum with a 133Ba 

radioactive source. The peak around 360 keV is a Ba emission. Finally, in the Fig. 4.43, 

we have shown the spectrum acquired without radioactive source. 

The high leakage current measured reveals a concentration of electrically active 

defects much higher than expected. This point is under study and methods for 

improving the detector quality are already under test. Once we reach acceptable values 

of defects, we will concentrate on the detector homogeneity, a crucial property for the 

detector quality. 

 

 

 

Figure 4.41. Room temperature spectra 22Na source of a CdZnTe:Bi(1)  crystal 

(300 V bias) of set 1 

  



218 
 

  

Figure 4.42. Room temperature spectra 133Ba source of a CdZnTe:Bi(1)  crystal 

(300 V bias) of set 1 

 

  

Figure 4.43. Room temperature spectra without source of a CdZnTe:Bi(1)  crystal 

(300 V bias) of set 1 

 

4.6. Conclusions of this chapter 

In the study of the CdZnTe:Bi samples have been obtained some conclusions: 

1) The material don’t have high density of Te precipitates, it could be due that the 

Bi act a getter with the Te precipitates which act a getter with the Bi dopant. 
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2) The material don’t have Cd vacancies, which could be due that we have added 

excess of Cadmiun in the starting material. 

3) For the introduction of the Bi dopant in the CdZnTe lattice, we have  a distortion 

in the matrix. 

4) For the amphoteric behavior of the Bi dopant, the Bi could be occupied different 

positions in the lattice: i) Bi introduced in the Cd positions, we don’t have 

structural evidences, but we have optical evidences. Maybe it is because the 

concentration of the Bi in the Cd positions is so low for the structural 

techniques. ii) Bi introduced in the Te positions and iii) Bi in a new positions, 

which have evidence with the XRD and ND techniques. 

5) The resistivity of the sample is uniform and high for the medical application. 

6) The contacts and the treatment of the surface are really important for the 

detector device. 

7) The DC2 (0.8378 eV)  corresponding to a very deep centre, close to the centre of 

the band gap. Supported by the DLTS and TEES measurements, we assume that 

this centre is directly related to the Bi incorporation in the CZT lattice. Although 

the present data are not sufficient to infer their origin, in similar way than 

CdTe:Bi, we can assume that is related to the incorporation of Bi in the Cd 

sublattice, introducing a donor defect as was already observed by DLTS and 

TEES measurement. This peak could be fundamental in the pinning of the Fermi 

level in the centre of the band-gap, for the compensation phenomena. 

8) The origin of A-band is related to Cd vacancies too, but it is well known in 

samples doped with Bi this A-band is not present because this material was 

grown with Cd excess. It is clearly understood that the dopant Bi occupies Te 

and Cd positions in the CZT host lattice, thus decreasing the Te aggregate 

concentration because the Te precipitates act a getter with the Bi dopant. 

9) The CdZnTe:Bi could be a promise in the medical application. The material that 

has been analyzed in this thesis need to improve of the Gamma response, which 

is low. 

Due the properties of the CdZnTe:Bi material, we can propouse that this material could 

be applied like X-Ray and Gamma Detectors. Therefore, one of the future works more 

interesting about this material 
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CHAPTER 5. CONCLUSIONS 

Finally in the following paragraphs have been development the most important 

conclusions about the thesis “Growth and Characterization of Cd0.85Zn0.15Te doped with 

Bi:1019 at/cm3. 

A. One experimental modification of Bridgman method has been investigated, with the 

objective to control the quality of the crystals and the homogeneity of the ingot. This 

approach consist in the use of the Pt support in the growth ampoule. 

In summary, we demonstrated the value of using a Pt coldfinger during the growth of 

CZT crystals.  The coldfinger helps to establish optimal thermal conditions for 

stabilizing the solid-liquid interface (SLI) by extracting the heat from the crystal.  Using 

this tool, we noted the growth of larger grains, improvements in the crystal quality, and 

better uniformity of the Zn concentration along the whole ingot.   

 Bi-doped CZT single crystals were produced with and without a Pt coldfinger 

as the ampoule support, using the Bridgman Oscillation technique. The resulting ingots 

were characterized by HRXRD, FTIR, µSXRF images, SEM- and ICP-analyzes. The 

HRXRD measurements revealed that the presence of a Pt coldfinger induces a slightly 

convex SLI, resulting in a much better crystal (CZT-I) than one grown without this 

support (CZT-II).   Apparently, the coldfinger promotes a better thermal environment 

for growth.  We attribute the larger value of the FWHM of crystal CZT-II to thermal 

stress formed by thermal expansion (an oversized temperature gradient), and hence, the 

creation and propagation of low-angle grain boundaries and other inclusions in the 

grown ingot. The transmittance of the crystal grown in the presence of a coldfinger was 

higher than that in the crystal grown without it, probably reflecting the greater density of 

defects in the latter.  

B.  In the study of the CdZnTe crystals doped with 1019 at/cm3 of Bi have been obtained 

some conclusions: 

1) The material don’t have high density of Te precipitates, it could be due that the 

Bi act a getter with the Te precipitates which act a getter with the Bi dopant. 

2) The material don’t have Cd vacancies, which could be due that we have added 

excess of Cadmiun in the starting material. 
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3) For the introduction of the Bi dopant in the CdZnTe lattice, the CZT lattice has a 

distortion in the matrix. 

4) For the amphoteric behavior of the Bi dopant, the Bi could be occupied different 

positions in the lattice: i) Bi introduced in the Cd positions, we don’t have 

structural evidences, but we have optical evidences. Maybe it is because the 

concentration of the Bi in the Cd positions is so low for the structural 

techniques. ii) Bi introduced in the Te positions and iii) Bi in a new positions, 

which have evidence with the XRD and ND techniques. 

5) The resistivity of the sample is uniform and high for the medical application. 

6) The contacts and the treatment of the surface are really important for the detector 

device. 

7) The DC2 (0.8378 eV)  corresponding to a very deep centre, close to the centre of 

the band gap. Supported by the DLTS and TEES measurements, we assume that 

this centre is directly related to the Bi incorporation in the CZT lattice. Although 

the present data are not sufficient to infer their origin, in similar way than 

CdTe:Bi, we can assume that is related to the incorporation of Bi in the Cd 

sublattice, introducing a donor defect as was already observed by DLTS and 

TEES measurement. This peak could be fundamental in the pinning of the Fermi 

level in the centre of the band-gap, for the compensation phenomena. 

8) The origin of A-band is related to Cd vacancies too, but it is well known in 

samples doped with Bi this A-band is not present because this material was 

grown with Cd excess. It is clearly understood that the dopant Bi occupies Te 

and Cd positions in the CZT host lattice, thus decreasing the Te aggregate 

concentration because the Te precipitates act a getter with the Bi dopant. 

9) The CdZnTe:Bi could be a promise in the medical application. The material that 

has been analyzed in this thesis need to improve of the Gamma response, which 

is low. 

Due the properties of the CdZnTe:Bi material, we can propose that this material could 

be applied like X-Ray and Gamma Detectors. Therefore, one of the futures works more 

interesting about this material corresponding to find the property concentration of the Bi 

dopant and the study of the characteristics of this material like X-ray and Gamma 

detector. 
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  CONCLUSIONES- 

Finalmente, en los párrafos siguientes se han desarrollado las conclusiones más 

importantes extraídas de la tesis "Crecimiento y Caracterización de Cd0.85Zn0.15Te 

dopados con Bi: 1019 at/cm3.  

A. Se ha estudiado una modificación experimental del método de Bridgman, con el 

objetivo de controlar la calidad de los cristales y la homogeneidad del lingote. Este 

enfoque consiste en la utilización de un soporte de Pt en la ampolla de crecimiento.  

En resumen, hemos demostrado el valor de usar un coldfinger Pt durante el crecimiento 

de cristales CZT. El coldfinger ayuda a establecer las mejores condiciones térmicas para 

la estabilización de la interfase sólido-líquido (SLI) extrayendo el calor del cristal. Con 

esta herramienta, hemos observado el crecimiento de los granos más grandes, las 

mejoras en la calidad de cristal, y una mejor uniformidad de la concentración de Zn a lo 

largo de todo el lingote.  

Cristales CZT-Bi dopados fueron crecidos con y sin Pt coldfinger como soporte de la 

ampolla, utilizando la técnica de oscilación de Bridgman. Los lingotes se caracterizaron 

por HRXRD, FTIR, imágenes μSXRF, SEM y análisis ICP-MS. Las mediciones 

HRXRD revelan que la presencia de un coldfinger Pt induce SLI poco convexa, lo que 

resulta en un cristal mucho mejor (CZT-I) comparado con el crecido sin soporte de Pt 

en la ampolla (CZT-II). Al parecer, el coldfinger promueve una mejor conductividad 

térmica  para el crecimiento. Atribuimos el mayor valor de la FWHM de cristal CZT-II 

a estrés térmico formado por la expansión térmica (un gradiente de temperatura de gran 

tamaño), y por lo tanto, la creación y propagación de las fronteras de grano de bajo 

ángulo y otras inclusiones en el lingote crecido. El factor de transmisión del cristal crece 

en presencia de un coldfinger, el cúal es mayor que el obtenido para el cristal crecido 

sin soporte de Pt, lo que probablemente refleja la mayor densidad de defectos en el 

segundo.  

B. En el estudio de los cristales CdZnTe dopado con 1019 at/cm3 de Bi se han obtenido 

algunas conclusiones:  

1) El material tiene baja densidad de precipitados de Te, puede ser debido a que el 

dopante Bi actúa como un captador con los precipitados de Te, los cuales actúan como 

un captador con el dopante Bi.  
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2) El material no tiene vacantes de Cd, lo que podría ser debido a que hemos añadido 

exceso de cadmio en el material de partida.  

3) Debido a la introducción del dopante Bi en la red CdZnTe, ésta sufre una distorsión 

en la matriz. 

4) Debido al comportamiento anfótero del dopante Bi, el Bi podría ocupar diferentes 

posiciones en la red: i) Bi se presenta en las posiciones Cd, no tenemos evidencias 

estructurales, pero si tenemos evidencias ópticas. Tal vez sea porque la concentración de  

Bi en las posiciones Cd es baja para la resolución de  las técnicas estructurales. ii) Bi se 

presenta en las posiciones de Te y iii) Bi en una posición nueva, que tienen evidencia 

con la difracción de rayos X y técnicas de ND.  

5) La resistividad de la muestra es uniforme y alta para la aplicación en detectores de 

radiación gamma.  

6) Los contactos y el tratamiento de la superficie son muy importantes para el desarrollo 

del  dispositivo como detector.  

7) El DC2 (0.8378 eV), correspondiente a un centro muy profundo, muy cerca del 

centro de la banda prohibida. Apoyado por el DLTS y mediciones TEES, suponemos 

que este centro está directamente relacionado con la incorporación en la red CZT del 

dopante Bi. Aunque los datos actuales no son suficientes para inferir su origen, en 

forma similar a CdTe: Bi, podemos suponer que está relacionada con la incorporación 

de Bi en la subred de Cd, al presentar un defecto de donor como ya se había observado 

por DLTS y medición TEES. Este pico podría ser fundamental en el pinning del nivel 

de Fermi en el centro de la banda-GAP, para los fenómenos de compensación.  

8) El origen de la  banda A está relacionado con Cd vacantes, pero es bien sabido en las 

muestras dopadas con Bi esta banda no está presente ya que este material fue crecido 

con exceso de Cd. Se entiende claramente que el dopante Bi ocupa posiciones Te y Cd 

en la red CZT, disminuyendo así la concentración de Te total.  

9) El CdZnTe: Bi podría ser una promesa en la aplicación médica. El material que se ha 

analizado en esta tesis tiene la  necesidad de mejorar la respuesta frente a la radiación 

gamma, ya que posee una respuesta muy baja.  
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Debido a las propiedades de la CdZnTe: Bi material, podemos proponer que este 

material podría aplicarse como detectores de Radiación X y Gamma. Por lo tanto, uno 

de los trabajos de  futuro más interesante de este material correspondería a encontrar la 

concentración adecuada del dopante Bi y el estudio de las características de este 

material como detector de Rayos X y Gamma.  
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PROCEDIMIENTO PARA LA OBTENER MONOCRISTALES CZT MEDIANTE EL 

MÉTODO BRIDGMAN MODIFICADO 

 

CAMPO DE LA INVENCIÓN 

La presente invención se encuadra dentro del campo de 

la obtención de monocristales semiconductores, en 

particular de Cd1-xZnxTe-CZT, que encuentran aplicación por 5 

ejemplo como detectores de radiación X y Gamma. En 

particular la presente invención se refiere a un 

procedimiento para la obtención de monocristales en volumen 

de CZT mediante el método Bridgman Modificado con la 

utilización de un crisol de nitruro de boro pirolítico 10 

(pBN). 

 

ANTECEDENTES DE LA INVENCIÓN 

En los últimos años ha aumentado de forma notable el 

interés y el estudio de los semiconductores en general, y 15 

sus aleaciones, debido a que son utilizados en numerosas 

aplicaciones por sus propiedades electro-ópticas, 

luminiscentes y fotoeléctricas. En particular, los 

materiales basados en Telururo de Cadmio y Zinc (Cd1-xZnxTe 

- CZT) son extraordinariamente importantes para su 20 

utilización como sensores de radiación, dispositivos 

fotorrefractivos, sustratos para celdas fotovoltaicas, 

etc.,  Por tanto encuentran aplicación en el campo de la 

medicina nuclear, en sistemas de seguridad, en la 

prevención de actos terroristas, en aplicaciones para 25 

obtención de energía, etc.  

Sin embargo, el uso comercial de materiales basados en  

CZT es limitado debido no solamente a los problemas que se 

derivan de la preparación del material en forma 

monocristalina,  sino también a su escasez en el mercado 30 
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debido a la dificultad en la obtención de dicho material en 

forma monocristalina, con propiedades suficientemente 

adecuadas, y en un volumen en centímetros cúbicos de 

monocristal necesario para su aplicación.  

 5 

Uno de los métodos de obtención de monocristales de 

CZT en volumen es el método Bridgman a partir del fundido, 

con baja o alta presión, en el que el material fundido, 

contenido en una ampolla de crecimiento, se desplaza 

verticalmente en un perfil de temperatura adecuado; la 10 

ampolla puede estar cerrada a baja presión, o abierta, en 

cuyo caso está contenida en un recipiente exterior sometido 

a altas presiones.  

Sin embargo, el método Bridgman y sus variantes, 

presentan ciertas desventajas. En este sentido, el 15 

monocristal obtenido presenta inclusiones de Te, que 

reducen la eficiencia del monocristal cuando se utiliza por 

ejemplo como detector; además el monocristal presenta 

diversos granos a lo largo del monocristal y sobre todo, 

multiplicidad de los mismos en la zona inicial y final del 20 

monocristal, lo cual limita el rendimiento del mismo, de 

modo que la mejor relación experimental obtenida entre 

material inicial y el monocristal resultante presenta unos  

valores muy bajos en torno a un 15%. Asimismo, el 

monocristal presenta falta de estequiometria del material 25 

debido a la deficiencia de Cd considerando la baja presión 

de vapor del mismo.  

 

Por tanto, a la vista de lo expuesto, sigue existiendo la 

necesidad en el estado de la técnica de proporcionar 30 

procedimientos alternativos para la obtención de 

monocristales semiconductores en volumen de Cd1-xZnxTe, en 

particular, mediante el método Bridgman Modificado de 
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crecimiento en vapor de cristales en volumen que superen al 

menos en parte las desventajas mencionadas anteriormente.  

En este sentido los inventores han descubierto 

sorprendentemente que es posible construir un perfil de 

temperatura determinado en el método de Bridgman Modificado 5 

que utiliza un crisol de nitruro de boro pirolítico (pBN), 

en el que se desplaza el sistema de crecimiento del 

monocristal, y así obtener un único monocristal crecido en 

vapor con orientación (111) y desviado 0º con respecto al 

eje de tiro, como se detalla a continuación. 10 

 

BREVE DESCRIPCIÓN DE LAS FIGURAS 

Figura 1: esquema de un aparato adecuado para llevar a cabo 

el procedimiento de la invención. 

Figura 2: diagrama en el que se representa el perfil de 15 

temperatura durante la etapa de crecimiento del 

monocristal. 

Figura 3: fotografías del interior del monocristal cortado 

longitudinalmente. 

Figura 4: fotografía del monocristal. 20 

  

DESCRIPCIÓN DE LA INVENCIÓN 

En un aspecto la presente invención se refiere a un 

nuevo procedimiento para la obtención de un monocristal en 

volumen de Cd1-xZnxTe-CZT, según el método Bridgman 25 

Modificado que utiliza un crisol de nitruro de boro 

pirolítico (pBN) que comprende un proceso de crecimiento en 

vapor del monocristal caracterizado porque comprende las 

siguientes etapas: 

(i) someter el sistema de crecimiento a una 30 

temperatura constante superior en 20ºC respecto a la 

temperatura del punto de fusión del material de partida; 
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(ii) disminución de la temperatura del sistema de 

crecimiento alcanzada en la etapa anterior sometiendo el 

sistema a un gradiente de temperatura de 10ºC/cm durante su 

desplazamiento hasta que el sistema de crecimiento alcanza 

una temperatura de 1120ºC; y 5 

(iii) mantener el sistema de crecimiento a la 

temperatura alcanzada en la etapa (ii) constante hasta el 

recocido del monocristal. 

 

El sistema de crecimiento (Figura 1) en el método de 10 

Bridgman Modificado está constituido por una ampolla de 

cuarzo (9) en cuyo interior se dispone el crisol de nitruro 

de boro pirolítico (7) que se mantiene sobre cuatro pines 

de cuarzo (11) de modo que existe un área libre entre la 

ampolla y el crisol (8). En la parte superior del crisol 15 

queda asimismo un espacio vacío hasta el cilindro de cuarzo 

(6) que sella la ampolla de cuarzo. El material de partida 

a sintetizar se encuentra en el interior del crisol de 

(pBN).  

El procedimiento de la invención crea un perfil de 20 

temperatura (14) y permite cristalizar CZT en vapor con 

orientación (111) y desviado 0º con respecto al eje de 

tiro. En los materiales a cristalizar de fórmula Cd1-xZnxTe 

-CZT, x es está comprendido entre 4% y 20%. En una 

realización particular x es 15%.  25 

 

En la etapa (i) del proceso de crecimiento, el 

sobrecalentamiento en 20ºC por encima del punto de fusión 

del material de partida situado previamente en el crisol de 

pBN permite la ruptura de los aglomerados de Te. 30 

Los materiales de partida que se añaden después de su 
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limpieza exhaustiva (ver más adelante) se funden a una 

velocidad típicamente comprendida entre 20ºC/h y 150ºC/h, 

preferiblemente a 50ºC/h hasta alcanzar dicha temperatura 

de fusión aumentada en 20ºC.  

 5 

En la etapa (ii) se produce el desplazamiento del 

sistema de crecimiento a lo largo del perfil de temperatura 

(14) sometiendo el material fundido a un gradiente de 

temperatura del orden de 10ºC/cm y con una velocidad de 

desplazamiento de 0,4 mm/h durante un tiempo típicamente de 10 

216 horas. Tanto la velocidad de crecimiento como el tiempo 

necesario de esta etapa dependen de la cantidad de material 

a sintetizar. En este sentido un experto en la materia 

puede modificar y ajustar estos parámetros de forma 

sencilla.  15 

En esta etapa los vapores se dispersan hasta la parte 

más fría del sistema de crecimiento (8) y se condensan en 

el área vacía situada entre el extremo inferior de la 

ampolla y el crisol de pBN. Empieza por tanto la 

cristalización en un único punto de nucleación 20 

favoreciéndose la formación de un solo grano. Esta área, 

que actúa como zona de crecimiento, comprende en una 

realización particular una longitud de 60 mm.  

En la etapa (iii) el sistema de crecimiento que 

contiene el monocristal de Cd1-xZnxTe-CZT ya crecido se 25 

somete a una temperatura constante durante un tiempo 

típicamente de 144 horas, donde tiene lugar el recocido del 

mismo, que favorece la reducción de la concentración de 

vacantes de Cd. 

 30 

El proceso de crecimiento supone por tanto someter el 
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sistema de crecimiento a un perfil de temperatura en el que 

se basa la presente invención. Este perfil de temperatura 

(14) de acuerdo con una realización particular de la 

invención se representa también en el diagrama de la Figura 

2, en el que en abcisas se representa la temperatura T(ºC) 5 

frente a la longitud L(cm) en ordenadas, Tª F indica el 

punto de fusión, y en la que se representa la evolución del 

sistema de crecimiento en función de la posición y de la 

temperatura a la que se encuentra. 

 10 

El sistema de crecimiento es una parte del aparato que 

constituye un objeto adicional de la presente invención, 

útil para llevar a cabo el procedimiento de la presente 

invención que se describe a continuación. 

Para llevar a cabo dicho procedimiento el aparato 15 

comprende: 

A) el sistema de crecimiento arriba descrito; 

B) tres elementos calefactores que consisten en tres 

hornos (1), (2) y (3) independientes entre sí, y 

acoplados, que permiten conseguir el perfil de 20 

temperatura al que se somete el sistema de 

crecimiento; y 

C) al menos un termopar de medida. 

 

El sistema de crecimiento en el método de Bridgman 25 

Modificado como se ha descrito anteriormente está 

constituido por una ampolla de cuarzo en cuyo interior se 

dispone el crisol de (pBN) que se mantiene sobre cuatro 

pines de cuarzo de modo que existe un área libre entre la 

ampolla y el crisol. En la parte superior del crisol queda 30 
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asimismo un espacio vacío hasta el cilindro de cuarzo que 

sella la ampolla de cuarzo.  

En una realización particular el sistema de 

crecimiento, que se esquematiza en la Fig. 1, se 

caracteriza porque la ampolla de cuarzo (9) tiene 5 

dimensiones de 25 mm de diámetro interior, 1.5 mm de 

espesor y una longitud de 450 mm; tiene uno de los extremos 

cerrado en forma de semiesfera, y presenta un 

estrangulamiento a 230 mm, que soporta el cilindro de 

cuarzo (6) que sirve para el sellado de la misma;  el 10 

crisol de nitruro de boro pirolizado (7) presenta 150 mm de 

longitud, 23 mm de diámetro interno y 1 mm de espesor y se 

encuentra soportado sobre cuatro pines de cuarzo (11) 

situados a 60 mm del extremo inferior cerrado en forma de 

semiesfera de la ampolla de cuarzo de modo que el área 15 

libre de contacto entre la ampolla y el crisol sea del 

orden del 90% y dejando 20 mm de espacio vacío en la parte 

superior de la ampolla, entre la parte superior del crisol 

y el cilindro de cuarzo. 

Entre la pared del crisol de pBN y la ampolla de 20 

cuarzo existe 1 mm de vacío, de modo que permite el paso de 

los vapores del material a sintetizar hasta depositarse en 

la parte inferior de la misma. 

Las dimensiones de los componentes del sistema de 

crecimiento pueden variarse de forma sencilla por un 25 

experto en la materia, siempre que se mantengan las 

proporciones u las posiciones dentro del perfil de 

temperaturas.  

 

En el procedimiento de la invención se hace coincidir 30 

la parte superior de la ampolla con la zona de mayor 

temperatura correspondiente a la temperatura de fusión del 
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material de partida, más un sobrecalentamiento de 20ºC.    

 

Los tres elementos calefactores consisten en una 

realización particular en tres hornos (1), (2) y (3) 

totalmente independientes entre sí, y acoplados que 5 

permiten conseguir el perfil de temperaturas (14) del 

procedimiento de la invención. La temperatura máxima de 

cada uno de los elementos se adecua a la composición del 

material de partida, y al perfil de temperaturas para su 

cristalización. Así, en una realización particular la 10 

temperatura del horno (1) es de 1100ºC, la temperatura del 

horno (2) es una temperatura superior a 1135ºC y el horno 

(3) se encuentra a 1100ºC, siendo estas temperaturas las 

que marcan los programadores de temperatura independientes 

(Eurotherm 818P).  15 

 

En otra realización particular la longitud de los tres 

elementos calefactores es de 480 mm, presentan un orificio 

interior de diámetro 35 mm, y el orden es el siguiente (ver 

Figura 1, escala L en cm): 20 

 el elemento calefactor (3) en la parte inferior en la 

posición 0-240 mm;  

el elemento calefactor (2) en la parte central en la 

posición 240-360 mm; y  

el elemento calefactor (1) en la parte superior en la 25 

posición 360-480 mm. 

 

Con respecto a los termopares de control y medida del 

aparato de la invención, sirven para controlar el 

procedimiento de la invención en todo momento. En general 30 
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estos termopares son de Pt/Pt-Rh. El control de la 

temperatura se realiza mediante tres programadores de 

temperatura independientes por ejemplo del tipo Eurotherm 

818P. 

En una realización particular el aparato está provisto 5 

de 3 termopares de medida situados respectivamente en el 

centro de los tres elementos calefactores (5) y por diez 

termopares situados de la siguiente forma: tres en el 

interior de un tubo de cuarzo que soporta la ampolla de 

crecimiento, y situados en la parte central de tubo de 10 

cuarzo (10); y ocho termopares en el exterior de la ampolla 

de crecimiento, generalmente en forma de espiral (4).  

Los 3 termopares de medida ((5) Figura 1) situados en 

el centro de cada elemento calefactor, indican (mediante 

los programadores de temperatura) la temperatura a la que 15 

se encuentran los elementos calefactores. 

Los termopares (10) y (4) indican las temperaturas del 

sistema de crecimiento ya que están en contacto directo con 

él.  

Por tanto, el aparato de la invención comprende 20 

asimismo un tubo de cuarzo (12) como soporte de la ampolla 

de crecimiento, que se encuentra centrado mediante manta de 

alúmina en las partes superior e inferior. Las dimensiones 

del mismo pueden variarse siempre que se mantengan las 

proporciones con respecto al resto de los componentes del 25 

aparato. En una realización particular el tubo de cuarzo 

presenta 12 mm de diámetro interior y 1,5 mm de espesor. 

En otra realización particular el aparato comprende 5 

gramos de manta de alúmina en la parte superior ocupando 

una longitud de 6 mm, y 6 gramos en la parte inferior que 30 

ocupan una longitud de 7,5 mm (13) dejando una zona vacía 
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entre ambas de 16 mm de longitud. No obstante, las 

cantidades y distancias pueden modificarse manteniendo las 

proporciones del sistema. 

 

El aparato de la invención se caracteriza porque 5 

permite que el conjunto formado por la ampolla de cuarzo 

(9), el crisol, el tubo de cuarzo soporte de la ampolla, y 

todos los termopares de medida se desplacen durante el 

proceso de crecimiento del monocristal a la velocidad de 

descenso que se establezca para la obtención del 10 

monocristal. Este conjunto se encuentra situado dentro de 

un tubo de cuarzo protector (15). Las dimensiones varían en 

función de las dimensiones del resto de los componentes, 

siempre que mantengan las proporciones adecuadas. En una 

realización particular dicho tubo protector presenta 70 cm 15 

de longitud, 32 mm de diámetro y 1,5 mm de espesor. 

 

El procedimiento de la invención comprende además del 

proceso de crecimiento las siguientes etapas adicionales. 

Así, y antes de llevar a cabo el proceso de crecimiento, es 20 

necesario preparar el aparato de la invención lo cual 

implica llevar a cabo las siguientes operaciones: 

 

1) - limpiar la ampolla de cuarzo (9) 

2) – limpiar el crisol de pBN (7)  25 

3) - limpiar del material de partida; 

4) - llenar del crisol de pBN; 

5) - introducir el crisol de pBN en el interior de la 

ampolla de cuarzo; 

6) - introducir el cilindro de cuarzo (6);  30 

7) - cerrar la ampolla en vacío dinámico;  

8) – colocar de los termopares de medida (10) y (4); 
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9) - introducir todos los componentes en el interior 

de un tubo de cuarzo protector (15).  

 

La limpieza 1) de la ampolla de cuarzo (9), se lleva a 

cabo mediante el siguiente procedimiento:  5 

1-i)  un primer lavado con agua jabonosa seguido de un 

aclarado con abundante agua desionizada;  

1-ii) limpieza con disolventes orgánicos calientes de 

pureza  99.9% en riguroso orden decreciente de punto 

de ebullición: primero se aclara con etilenglicol 10 

caliente, seguido de acetona y se finaliza con 

metanol; 

1-iii) mantener la ampolla en una mezcla de 3HCl:1HNO3  

durante veinticuatro horas, seguido de un posterior 

aclarado con agua desionizada;  15 

1-iv) someter la ampolla a HF (40%) durante tres 

horas, con objeto de que el ácido ataque al cuarzo; y 

1-v) aclarar con abundante agua desionizada e 

introducir la ampolla de cuarzo en estufa a 120ºC 

hasta su utilización. 20 

  

 

La limpieza 2) del crisol de pBN (7), se lleva a cabo 

mediante el siguiente procedimiento:  

2-i) lavado previo con abundante agua jabonosa, 25 

seguido de un aclarado con agua desionizada;  

2-ii) añadir al crisol una mezcla de HCl:HNO3, y dejar 

reaccionar durante 15 minutos;  

2-iii) aclarar con abundante agua desionizada e 

introducir el crisol en estufa a 120ºC hasta su 30 

utilización. 

 



 

 

238 

 

La limpieza del material de partida 3) se trata de una 

limpieza exhaustiva para eliminar la capa de óxido que 

pueden presentar los elementos por contacto con la 

atmósfera, y se lleva a cabo de la siguiente manera: se 

pesa el material de partida correspondiente; se introduce 5 

en HCl concentrado durante 10 minutos, y seguidamente en un 

baño de metanol, manteniéndose en el mismo hasta su 

introducción en el crisol. 

 

El llenado del crisol de pBN 4) se realiza con los 10 

elementos químicos individuales de calidad 6N, en las 

proporciones requeridas para la obtención del material 

ternario correspondiente y en este orden: Te, Zn y Cd, el 

cual viene indicado por los puntos de fusión de los 

elementos, con objeto de favorecer la reacción en estado 15 

sólido, y formación del elemento ternario. 

 

La introducción del crisol de pBN en el interior de la 

ampolla de cuarzo 5), se hace de modo que quede soportado 

por los pines, como anteriormente se ha descrito. 20 

 

La introducción 6) del cilindro de cuarzo (6), sirve 

para favorecer el cierre del sistema de crecimiento, y se 

realiza un vacío de 10-6 mbar, durante 16 horas. 

 El cerrado de la ampolla en vacío dinámico 7) se 25 

realiza mediante una llama de O2 y propano, sobre la zona 

ocupada por el cilindro de cuarzo. 

 

Una vez terminado el proceso de crecimiento el 

procedimiento de la invención comprende una etapa de 30 

enfriamiento hasta temperatura ambiente a una velocidad 

típicamente comprendida entre 2ºC/h y 50ºC/h. En una 

realización particular dicho enfriamiento se produce a una 
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velocidad de 25ºC/h. 

 

El procedimiento de la invención permite la obtención 

de un monocristal semiconductor en volumen de CZT con 

orientación (111) y desviado 0ºC con respecto al eje de 5 

tiro (eje de crecimiento o eje z), de buena calidad 

cristalina, elevada superficie y volumen. La Figura 3 

muestra fotografías del interior de un monocristal cortado 

longitudinalmente, y en la Figura 4 se observa la pureza 

del monocristal. 10 

 

En otro aspecto adicional la invención se relaciona 

con el empleo del monocristal semiconductor obtenido 

mediante el procedimiento de la invención, en diversos 

campos tales como medicina nuclear, sistemas de seguridad, 15 

en obtención de energía. En particular, el monocristal 

puede entre otras aplicaciones ser utilizado por ejemplo 

como sensor de radiación, dispositivo fotorrefractivo, en 

materiales fotoeléctricos o en células fotovoltaicas, o 

como detector de radiación X y Gamma. 20 

 

A continuación se presentan ejemplos ilustrativos de 

la invención que se exponen para una mejor comprensión de 

la misma y en ningún caso deben considerarse una limitación 

del alcance de la misma. 25 

 

EJEMPLOS 

 

Ejemplo 1. Obtención de un monocristal de CZT. 

  Se preparó un monocristal de CZT según una realización 30 

particular de la invención en la que x = [15%] y utilizando 

un aparato de acuerdo con la presente invención. 
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1.1 Aparato de la invención:  

El aparato utilizado para la obtención del monocristal 

se representa esquematizado en la Figura 1 (escala no real) 

donde L indica la longitud en cm. Tiene una ampolla de 5 

cuarzo (9) de dimensiones: 25 mm de diámetro interior, 1.5 

mm de espesor y una longitud de 450 mm; tiene uno de los 

extremos cerrado en forma de semiesfera, y presenta un 

estrangulamiento a 230 mm, que soporta el cilindro de 

cuarzo (6). Comprende un crisol de nitruro de boro 10 

pirolizado (7) de 150 mm de longitud, 23 mm de diámetro 

interno y 1 mm de espesor soportado sobre cuatro pines de 

cuarzo (11) situados a 60 mm del extremo inferior cerrado 

en forma de semiesfera de la ampolla de cuarzo dejando un 

área libre de contacto entre la ampolla y el crisol del 90% 15 

y 20 mm de espacio vacío en la parte superior de la 

ampolla, entre la parte superior del crisol y el cilindro 

de cuarzo. Entre la pared del crisol de pBN y la ampolla de 

cuarzo queda 1 mm de vacío.  

El aparato tiene tres elementos calefactores: hornos 20 

(1), (2) y (3) independientes entre sí, y acoplados que 

proporcionan el perfil de temperaturas (14). La longitud de 

los tres elementos calefactores es de 480 mm, presentan un 

orificio interior de diámetro 35 mm, y su orden es el que 

aparece en la Figura 1, (donde L es longitud expresada en 25 

cm).Los termopares utilizados son de Pt/Pt-Rh y el control 

de la temperatura se realiza utilizando tres programadores 

de temperatura independientes (Eurotherm 818P). El aparato 

está provisto de 3 termopares de medida situados 

respectivamente en el centro de los tres elementos 30 

calefactores (5) y por diez termopares situados de la 

siguiente forma: tres en el interior de un tubo de cuarzo 

que soporta la ampolla de crecimiento, y situados en la 
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parte central de tubo de cuarzo (10); y ocho termopares en 

el exterior de la ampolla de crecimiento, generalmente en 

forma de espiral (4). El aparato está provisto de un tubo 

de cuarzo (12) como soporte de la ampolla de cuarzo, de 12 

mm de diámetro interior y 1,5 mm de espesor centrado con 5 5 

gramos de manta de alúmina en la parte superior ocupando 

una longitud de 6 mm, y 6 gramos en la parte inferior que 

ocupando una longitud de 7,5 mm (13) y dejando una zona 

vacía entre ambas de 16 mm de longitud. Por último el 

aparato tiene un tubo de cuarzo protector (15) de 70 cm de 10 

longitud, 32 mm de diámetro y 1,5 mm de espesor. 

 

1.2 Preparación del aparato 

Antes de llevar a cabo el proceso crecimiento del 

monocristal es necesario preparar y acondicionar el aparato 15 

arriba descrito.  

Se limpió la ampolla de cuarzo de acuerdo con el 

siguiente procedimiento:  

(i) se lavó la ampolla con agua jabonosa y se aclaró 

con abundante agua desionizada;  20 

(ii) a continuación se limpió con disolventes 

orgánicos calientes de pureza 99.9% en riguroso orden 

decreciente de punto de ebullición: primero con 

etilenglicol caliente, a continuación con acetona y por 

último con metanol;  25 

(iii) a continuación se mantuvo la ampolla en una 

mezcla de 3HCl:1HNO3 durante veinticuatro horas, y se 

aclaró con agua desionizada;  

(iv) la ampolla se introdujo en HF (40%) durante tres 

horas; y por último 30 

(v) la ampolla se aclaró con abundante agua 

desionizada y se secó en estufa a 120ºC donde se dejó hasta 
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su utilización. 

Se limpió el crisol de pBN mediante el siguiente 

procedimiento: se lavó el crisol con abundante agua 

jabonosa, y se aclaró con agua desionizada; a continuación 

el crisol se sumergió en una mezcla de HCl:HNO3 y de dejó 5 

reaccionar durante 15 minutos; se aclaró con abundante agua 

desionizada y se introdujo el crisol en estufa a 120ºC 

hasta su utilización. 

Por otra parte se realizó una limpieza exhaustiva del 

material de partida consistente en los elementos químicos: 10 

Cd, Zn y Te. Se partió de 0.9529 moles de Te, 0.8099 moles 

de Cd, y 0.1429 moles de Zn para dar 0.9529 moles de 

Cd0.85Zn0.15Te; se introdujeron en HCl concentrado durante 10 

minutos, y seguidamente en un baño de metanol, 

manteniéndose en el mismo hasta su utilización.  15 

El crisol se llenó con los elementos químicos 

individuales limpios de calidad 6N, en el siguiente orden: 

Te, Zn y por último Cd. A continuación el crisol de pBN se 

introdujo en el interior de la ampolla de cuarzo (9) 

quedando soportando por los pines. Se introdujo el cilindro 20 

de cuarzo (6) y se realizó un vacío de 10-6 mbar durante 16 

horas. La ampolla se cerró en vacío dinámico mediante llama 

de oxígeno y propano sobre la zona ocupada por el cilindro 

de cuarzo (6). El tubo de cuarzo que soporta la amolla se 

centró con respecto a ésta utilizando 5 gramos de manta de 25 

alúmina en la parte superior ocupando una longitud de 6 mm, 

y 6 gramos en la parte inferior ocupando una longitud de 

7,5 mm (13) y dejando una zona vacía entre ambas de 16 mm 

de longitud. 

A continuación los componentes referidos del aparato 30 

se acoplaron con los termopares de medida (10) y (4), y se 

introdujeron dentro de un tubo de cuarzo protector (7) de 

80 cm de longitud, 32 mm de diámetro, y 1.5 mm de espesor.  
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Se dispusieron asimismo los elementos calefactores 

hornos (1), (2) y (3) en las correspondientes posiciones 

como se indica en la Figura 1. La longitud de los 3 

elementos era de 480 mm, y su orificio interior de 35 mm de 

diámetro. La temperatura del horno (1) fue de 1100ºC, la 5 

temperatura del horno (2) fue de 1135ºC y la del horno (3) 

1100ºC. Estas temperaturas son las que marcan los 

programadores de temperatura independientes (Eurotherm 

818P). 

 10 

1.3 Crecimiento de un monocristal  

El proceso de crecimiento comprendió las siguientes 

etapas: 

El material de partida se fundió a una velocidad de 

50ºC/h hasta alcanzar una temperatura de 20ºC por encima de 15 

la temperatura de fusión, es decir de 1160ºC dentro del 

crisol.  

 

A continuación se produjo el desplazamiento del 

sistema de crecimiento a lo largo del perfil de temperatura 20 

(14) sometiendo por tanto el material fundido a un 

gradiente de temperatura de 10ºC/cm y con una velocidad de 

desplazamiento de 0,4 mm/h durante un tiempo de 216  horas.  

Por último se llevó el enfriamiento del monocristal 

crecido obtenido, a una velocidad de 25ºC/h hasta 25 

temperatura ambiente. 

Se obtuvo un monocristal de 23 mm de diámetro y 35 mm 

de largo que puede verse fotografiado en las Figuras 3 y 4.  

 

30 
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REIVINDICACIONES 

 

1. Procedimiento para la obtención de un monocristal 

en volumen de Cd1-xZnxTe-CZT, según el método Bridgman 5 

Modificado que utiliza un crisol de nitruro de boro 

pirolítico que comprende un proceso de crecimiento en vapor 

del monocristal caracterizado porque comprende las 

siguientes etapas: 

(i) someter el sistema de crecimiento a una 10 

temperatura constante superior en 20ºC con respecto a la 

temperatura del punto de fusión del material de partida; 

(ii) disminución de la temperatura del sistema de 

crecimiento alcanzada en la etapa anterior sometiéndolo a 

un gradiente de temperatura de 10ºC/cm a medida de se 15 

desplaza el sistema de crecimiento hasta que el sistema de 

crecimiento alcanza una temperatura de 1120ºC; y 

(iii) mantener el sistema de crecimiento a la 

temperatura alcanzada en la etapa (ii) constante hasta el 

recocido del monocristal. 20 

 

2. Procedimiento según la reivindicación 1, en el que 

los materiales de partida se funden a una velocidad 

comprendida entre de 20ºC/h y 150ºC/h hasta alcanzar la 

temperatura constante de la etapa (i). 25 

 

3. Procedimiento según cualquiera de las 

reivindicaciones 1 o 2, en el que en la disminución de la 

temperatura de la etapa (ii) se hace desplazando  el 

sistema de crecimiento a una velocidad de 0,4 mm/h durante 30 

un tiempo de 216  horas. 
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4. Procedimiento según cualquiera de las 

reivindicaciones 1 a 3, que comprende además las siguientes 

etapas previas al proceso de crecimiento:  

1) - limpiar la ampolla de cuarzo (9) 

2) – limpiar el crisol de pBN (7)  5 

3) - limpiar el material de partida; 

4) - llenar el crisol de pBN (7); 

5) - introducir el crisol de pBN en el interior de la 

ampolla de cuarzo; 

6) - introducir el cilindro de cuarzo (6);  10 

7) - cerrar la ampolla de cuarzo en vacío dinámico;  

8) – colocar los termopares de medida; 

9) – introducir todos los componentes en el interior 

de un tubo de cuarzo protector (15).  

 15 

5. Procedimiento según la reivindicación 4 en el que 

la etapa 1) comprende llevar a cabo las siguientes 

operaciones:  

1-i) lavar la ampolla de cuarzo con agua jabonosa y 

aclarar con abundante agua desionizada;  20 

1-ii) limpiar la ampolla con disolventes orgánicos 

calientes de pureza  99.9%; primero con etilenglicol 

caliente, seguido de acetona y finalmente con metanol; 

1-iii) mantener la ampolla en una mezcla de 3HCl:1HNO3  

durante veinticuatro horas, y aclarar con agua 25 

desionizada;  

1-iv) someter la ampolla a HF (40%) durante tres 

horas;  

1-v) aclararla con abundante agua desionizada e 

introducirla en estufa a 120ºC hasta su utilización. 30 
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6. Procedimiento según la reivindicación 4, en el que 

la etapa 2) comprende llevar a cabo las siguientes 

operaciones: 

2-i) lavar con abundante agua jabonosa, y aclarar con 

agua desionizada;  5 

2-ii) añadir al crisol una mezcla de HCl:HNO3, y dejar 

reaccionar durante 15 minutos;  

2-iii) aclarar con abundante agua desionizada e 

introducir el crisol en la estufa a 120ºC hasta su 

utilización. 10 

   

7. Procedimiento según la reivindicación 4, en el que 

la etapa 3) comprende introducir el material de partida en 

HCl concentrado durante 10 minutos, y a continuación en un 

baño de metanol, donde se mantiene hasta su utilización. 15 

 

8. Procedimiento según la reivindicación 4, en el que 

la etapa 4) comprende introducir en el crisol los elementos 

químicos individuales de calidad 6N, para la obtención del 

monocristal y en este orden: Te, Zn y Cd. 20 

 

9. Procedimiento según la reivindicación 4, en el que 

la etapa 6) comprende introducir el cilindro de cuarzo (6) 

y realizar un vacío de 10-6 mbar, durante 16 horas. 

 25 

10. Procedimiento según la reivindicación 4, en el que 

la etapa 7) comprende el cerrado de la ampolla en vacío 

dinámico mediante una llama de O2 y propano, sobre la zona 

ocupada por el cilindro de cuarzo. 

 30 

11. Procedimiento según cualquiera de las 

reivindicaciones 1 a 10, que comprende enfriar el 

monocristal obtenido en la etapa (iii) hasta temperatura 
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ambiente.  

 

12. Procedimiento según la reivindicación 11, en el 

que el enfriamiento se produce a una velocidad comprendida 

entre 2ºC/h y 50ºC/h. 5 

 

13. Aparato para la puesta en práctica del 

procedimiento según cualquiera de las reivindicaciones 1 a 

12, que comprende: 

A) un sistema de crecimiento; 10 

B) tres elementos calefactores que consisten en tres 

hornos (1), (2) y (3) independientes entre sí, y 

acoplados; y 

C) al menos un termopar de medida. 

 15 

14. Aparato según la reivindicación 13, en el que el 

sistema de crecimiento comprende una ampolla de cuarzo (9) 

en cuyo interior se dispone un crisol de nitruro de boro 

pirolítico (7) que se mantiene sobre cuatro pines de cuarzo 

de la ampolla (11) dejando un área libre entre la ampolla y 20 

el crisol (8) y un espacio vacío hasta el cilindro de 

cuarzo (6) que sella la ampolla de cuarzo. 

 

15. Aparato según la reivindicación 14, caracterizado 

porque las dimensiones de la ampolla de cuarzo (9) son 25 25 

mm de diámetro interior, 1.5 mm de espesor y una longitud 

total de 450 mm; tiene uno de los extremos cerrado en forma 

de semiesfera, y presenta un estrangulamiento de la misma a 

230 mm, que soporta el cilindro de cuarzo (6);  el crisol 

de nitruro de boro pirolizado (7) presenta 150 mm de 30 
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longitud, 23 mm de diámetro interno y 1 mm de espesor y se 

encuentra soportado sobre cuatro pines de cuarzo (11) 

situados a 60 mm del extremo inferior cerrado en forma de 

semiesfera de la ampolla de cuarzo dejando un área libre de 

contacto entre la ampolla y el crisol del 90% y 20 mm de 5 

espacio vacío en la parte superior de la ampolla, entre la 

parte superior del crisol (7) y el cilindro de cuarzo (6), 

dejando 1 mm de vacío entre la pared del crisol y la 

ampolla de cuarzo (9). 

 10 

16. Aparato según la reivindicación 13, en el que la 

temperatura del horno (1) es 1100ºC, la temperatura del 

horno (2) es 1135ºC y la temperatura del horno (3) es 

1100ºC.  

 15 

17. Aparato según cualquiera de las reivindicaciones 

13 o 16, en el que la longitud de los tres elementos 

calefactores es 480 mm; presentan un orificio interior de 

diámetro 35 mm, y el orden es el siguiente: el elemento 

calefactor (3) en la parte inferior en la posición 0-240 20 

mm; el elemento calefactor (2) en la parte central en la 

posición 240-360 mm; y el elemento calefactor (1) en la 

parte superior en la posición 360-480 mm.  

 

18. Aparato según cualquiera de las reivindicación 13 25 

a 17, que comprende los siguientes termopares de Pt/Pt-Rh: 

3 termopares de medida situados respectivamente en el 

centro de los tres elementos calefactores (5), y 

10 termopares situados de la siguiente forma:  

3 en el interior de un tubo de cuarzo que soporta la 30 
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ampolla de cuarzo, y situados en la parte central de tubo 

de cuarzo (10); y 8 termopares en el exterior de la ampolla 

de cuarzo en forma de espiral.  

 

19. Aparato según cualquiera de las reivindicaciones 5 

13 a 18, que comprende un tubo de cuarzo como soporte de la 

ampolla de cuarzo, centrado con respecto a la ampolla de 12 

mm de diámetro interior y 1,5 mm de espesor. 

 

 10 

20. Aparato según la reivindicación 19, en el que el 

tubo de cuarzo está centrado con 5 gramos de manta de 

alúmina en la parte superior ocupando una longitud de 6 mm, 

y 6 gramos en la parte inferior ocupando una longitud de 

7,5 mm y dejando una zona vacía entre ambas partes de 16 mm 15 

de longitud.  

 

21. Aparato según cualquiera de las reivindicaciones 

13 a 20, en el que el conjunto formado por la ampolla de 

cuarzo (9), el crisol de nitruro de boro pirolítico, el 20 

tubo de cuarzo soporte de la ampolla, los termopares de 

medida (10) en el interior del tubo de cuarzo, y los 8 

termopares en el exterior de la ampolla de cuarzo en forma 

de espiral se encuentran dentro de un tubo de cuarzo 

protector (15) de 70 cm de longitud, 32 mm de diámetro y 25 

1,5 mm de espesor.  

 

 

22. Empleo del monocristal obtenido por el 

procedimiento según cualquiera de las reivindicaciones 1 a 30 

12, como detector de radiación X y Gamma, en materiales 
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fotoeléctricos y en células fotovoltaicas. 
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RESUMEN 

APARATO Y PROCEDIMIENTO PARA LA OBTENER MONOCRISTALES 

SEMICONDUCTORES MEDIANTE EL MÉTODO BRIDGMAN 

La presente invención describe un procedimiento para la 5 

obtención de un monocristal en volumen de Cd1-xZnxTe-CZT, 

según el método Bridgman Modificado que utiliza un crisol 

de nitruro de boro pirolítico y comprende un proceso de 

crecimiento en vapor que comprende las siguientes etapas: 

someter el sistema de crecimiento a una temperatura 10 

constante superior en 20ºC con respecto a la temperatura 

del punto de fusión del material de partida; disminución de 

la temperatura del sistema de crecimiento alcanzada en la 

etapa anterior hasta alcanzar una temperatura de 1120ºC; y 

mantener la temperatura alcanzada en la etapa anterior 15 

constante hasta el recocido del monocristal. La invención 

también se refiere a un aparato para llevar a cabo el 

procedimiento que comprende 3 elementos calefactores que 

proporcionan un perfil de temperatura para obtener el 

monocristal  20 

 

 

 

 

 25 
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APARATO Y PROCEDIMIENTO PARA LA OBTENER MONOCRISTALES 

SEMICONDUCTORES MEDIANTE EL MÉTODO BRIDGMAN 

 

CAMPO DE LA INVENCIÓN 

La presente invención se encuadra dentro del campo de 

la obtención de monocristales semiconductores, en 

particular de Cd1-xZnxTe-CZT, que encuentran aplicación por 5 

ejemplo como detectores de radiación X y Gamma. 

 

ANTECEDENTES DE LA INVENCIÓN 

En los últimos años ha aumentado de forma notable el 

interés y el estudio de los semiconductores en general, y 10 

sus aleaciones, debido a que son utilizados en numerosas 

aplicaciones por sus propiedades electro-ópticas, 

luminiscentes y fotoeléctricas. En particular, los 

materiales basados en Telururo de Cadmio y Zinc (Cd1-xZnxTe 

- CZT) son extraordinariamente importantes para su 15 

utilización como sensores de radiación, dispositivos 

fotorefractivos, sustratos para celdas fotovoltaicas, etc.,  

Por tanto encuentran aplicación en el campo de la medicina 

nuclear, en sistemas de seguridad, en la prevención de 

actos terroristas, en aplicaciones para obtención de 20 

energía, etc.  

Sin embargo, el uso comercial de materiales basados en  

CZT es limitado debido no solamente a los problemas que se 

derivan de la preparación del material en forma 

monocristalina,  sino también a su escasez en el mercado 25 

debido a la dificultad en la obtención de dicho material en 

forma monocristalina, con propiedades suficientemente 

adecuadas, y en un volúmen en centímetros cúbicos de 

monocristal necesario para su aplicación.  

 30 
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Uno de los métodos de obtención de monocristales de 

CZT en volumen es el método Bridgman a partir del fundido, 

con baja o alta presión, en el que el material fundido, 

contenido en una ampolla de crecimiento, se desplaza 

verticalmente en un perfil de temperatura adecuado; la 5 

ampolla puede estar cerrada a baja presión, o abierta, en 

cuyo caso está contenida en un recipiente exterior sometido 

a altas presiones.  

Sin embargo, el método Bridgman y sus variantes, 

presentan ciertas desventajas. En este sentido, el 10 

monocristal obtenido presenta inclusiones de Te, que 

reducen la eficiencia del monocristal cuando se utiliza por 

ejemplo como detector; además el monocristal presenta 

diversos granos a lo largo del monocristal y sobre todo, 

multiplicidad de los mismos en la zona inicial y final del 15 

monocristal, lo cual limita el rendimiento del mismo, de 

modo que la mejor relación experimental obtenida entre 

material inicial y el monocristal resultante presenta unos  

valores muy bajos en torno a un 15%. Asimismo, el 

monocristal presenta falta de estequiometría del material 20 

debido a la deficiencia de Cd considerando la baja presión 

de vapor del mismo.  

 

Por tanto, a la vista de lo expuesto, sigue existiendo la 

necesidad en el estado de la técnica de proporcionar 25 

dispositivos y/o procedimientos alternativos para la 

obtención de monocristales semiconductores en volumen de 

Cd1-xZnxTe, en particular, mediante el método Bridgman de 

crecimiento de cristales en volumen a partir del fundido 

que superen al menos en parte las desventajas mencionadas 30 

anteriormente.  

En este sentido los inventores han descubierto 
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sorprendentemente que es posible cambiar el perfil de 

temperatura del procedimiento de obtención de un 

monocristal y así disminuir la velocidad de crecimiento del 

mismo,  mediante la incorporación de un tubo de platino 

como elemento constitutivo del sistema de soporte de la 5 

ampolla de crecimiento colocado en contacto directo con 

dicha ampolla por su parte inferior tal y como se detalla a 

continuación. 

 

BREVE DESCRIPCIÓN DE LAS FIGURAS 10 

Figura 1: esquema de un aparato según la invención. 

Figura 2: imágenes de obleas cortadas de un monocristal. 

Figura 3: foto del monocristal al cual corresponden las 

obleas de la Figura 2. CONFIRMADO 

 15 

DESCRIPCIÓN DE LA INVENCIÓN 

En un aspecto la presente invención se refiere a un 

nuevo aparato para la obtención de un monocristal 

semiconductor en volumen de Cd1-xZnxTe-CZT, según el método 

Bridgman que comprende un tubo de Pt como elemento del 20 

sistema de soporte de la ampolla de crecimiento, el cual 

modifica las condiciones térmicas del procedimiento de 

obtención del monocristal.  

Dicho aparato, en adelante aparato de la invención, 

comprende los siguientes elementos:  25 

- un elemento resistivo calefactor (1);  

- una ampolla de crecimiento (3); y 

- un sistema de soporte (12) de la ampolla de 

crecimiento caracterizado porque comprende un tubo de 

platino (11) cuya parte superior está en contacto con 30 

la ampolla de crecimiento. 
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El elemento resistivo calefactor (1), del aparato 

presenta un perfil de temperatura (18) que se corresponde 

con el un elemento calefactor comercial y cuya temperatura 

máxima se encuentra en el centro del mismo. Esta 

temperatura está controlada por un termopar de control, tal 5 

como un termopar de Pt/Pt-Rh (16) situado en el centro del 

elemento calefactor, en el punto 0. La temperatura máxima 

puede ajustarse a la composición particular del material 

CZT a cristalizar, superando dicha temperatura en los 

grados que se establezcan en función del sobrecalentamiento 10 

propuesto en cada caso. El sobrecalentamiento se sitúa 20ºC 

por encima de la temperatura de fusión, y se establece con 

objeto de romper las agrupaciones químicas que se producen 

en el fundido, en concreto agrupaciones de Teluro. La 

temperatura de fusión aumenta con el aumento de la 15 

concentración de Zn. Así, en una realización particular el 

compuesto es CdZnTe con un 10% de Zn, y la temperatura de 

fusión es 1135ºC. En otra realización particular con un 15 

% de Zn, el punto de fusión es 1140ºC. El control de la 

temperatura del termopar (16) se realiza mediante un 20 

programador de temperatura, por ejemplo, tipo Eurotherm 

818P. 

 

En el aparato de la invención la ampolla de 

crecimiento de cuarzo (3) tiene uno de los extremos cerrado 25 

en forma de semiesfera, y presenta un estrangulamiento en 

la zona superior (13) de modo que este estrangulamiento 

puede soportar el cilindro de cuarzo (4) que sirve para el 

sellado de la misma. La ampolla de crecimiento contiene el 

material CZT a cristalizar (14). Desde la zona del 30 

estrangulamiento (13) hasta la parte superior de la ampolla 

de crecimiento existe una distancia variable típicamente 

comprendida entre 150 mm y 200 mm destinada a las 
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operaciones de cerrado de la misma una vez que se haya 

introducido el material a cristalizar.  

En los materiales a cristalizar de fórmula Cd1-xZnxTe -

CZT, x es está generalmente comprendido entre 4% y 20% para 

su posible aplicación como detector de radiación gamma. En 5 

una realización particular x es 15%.  

 

 La ampolla de crecimiento (3) está apoyada sobre un 

sistema de soporte (12) que comprende a su vez los 

siguientes elementos: 10 

 - un tubo de cuarzo (5) en cuyo interior se sitúa el 

tubo de platino (11); y 

 - un tubo de cuarzo (6) situado en el interior de tubo 

de platino y centrado con respecto al mismo. 

 15 

El tubo de cuarzo (5) presenta unas dimensiones tales 

que el diámetro externo del tubo de cuarzo sea igual al 

diámetro interno de la ampolla de crecimiento (3). Las 

dimensiones del tubo de platino (11) son tales que el 

diámetro interno del mismo es igual al diámetro externo de 20 

tubo de cuarzo (6) situado en su interior.  

En una realización particular el tubo de platino tiene 

un espesor de 1 mm, 23 mm de diámetro exterior y una 

longitud de 20 cm. Las dimensiones pueden modificarse 

manteniendo las proporciones descritas en la presente 25 

solicitud.  

El centrado del tubo de cuarzo (6) se realiza en la 

parte superior (9) y en la parte inferior (8) mediante la 

utilización de manta de alúmina prensada.   

El aparato de la invención comprende asimismo un 30 

conjunto de termopares de medida y control de la 

temperatura. En una realización particular los termopares 

son de Pt/Pt-Th.  
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Unos termopares se encuentran ubicados en el interior 

del tubo de cuarzo (6) y colocados a distintas distancias 

con respecto a la base de la ampolla de crecimiento (3), de 

los cuales uno se encuentra en contacto directo con la 

ampolla de crecimiento. Éste y el siguiente, situado por 5 

debajo proporcionan información sobre el gradiente de 

temperatura para diferentes valores de la fracción 

solidificada (g). El gradiente de temperatura en 

comparación con un crecimiento sin tubo de platino muestra 

cómo actúa como transferente de calor.  10 

 

En el exterior de la ampolla de crecimiento (3) y 

ubicados en forma helicoidal, se encuentran otros 

termopares a distintas distancias con respecto a la 

posición 0, de modo que el primer termopar 1 se encuentra 15 

en el origen (ver posición 0 en la Figura 1), y los 

restantes a lo largo de la ampolla (3) en sentido 

ascendente. Estos termopares se encuentran unidos mediante 

hilo de platino de 0.25 mm de espesor. Todos los termopares 

presentan conexiones con el exterior desde la parte 20 

inferior del sistema de soporte. 

 

El aparato de la invención se caracteriza porque 

permite que el conjunto formado por la ampolla de 

crecimiento (3), el sistema de soporte de la ampolla (12), 25 

y todos los termopares de medida se desplace solidario 

durante todo el proceso de crecimiento del monocristal a la 

velocidad de descenso que se establezca para la obtención 

del monocristal. Este conjunto se encuentra situado dentro 

de un tubo de cuarzo protector (7).  30 

 

El aparato de la invención utiliza un elemento 

calefactor, y debido a la incorporación del tubo de 
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platino, permite que se origine durante el proceso de 

crecimiento un perfil de temperatura modificado con 

respecto al que se obtiene con un aparato convencional sin 

el tubo de platino. Esto es debido a la transferencia de 

calor desde el CZT cristalizado al tubo de platino. Esta 5 

transferencia de calor es necesaria dada la diferencia de 

conductividades térmicas entre los materiales, que en el 

caso del CZT fundido es de 0.02 W/cm·K, mientras que la 

conductividad térmica del CZT sólido es de 0.01 W/cm·K; y 

la conductividad térmica del platino 0.716 W/cm·K.  Además 10 

se debe considerar que la conductividad térmica para el 

cuarzo a 25ºC es 0.014 W/cm·K, de modo que esta 

circunstancia del elemento soporte de platino provoca una 

modificación del entorno térmico del sistema, que se 

traduce en una disminución en la velocidad de crecimiento 15 

del monocristal.  

En consecuencia, se obtienen monocristales 

semiconductores en volumen de CZT mejorados en el sentido 

de que muestran un menor número de granos, y mejor calidad 

cristalina, aumentando la superficie y volumen de los 20 

monocristales existentes como queda reflejado en la Figura 

2. Las imágenes superiores corresponden a obleas cortadas 

en distintas posiciones de un monocristal obtenido en un 

aparato según la invención con un tubo de platino, mientras 

que las imágenes inferiores corresponden a las de un 25 

monocristal obtenido en un sistema convencional sin el tubo 

de platino. Los números 1, 2 y 3 indican monocristales, 

cada uno un monocristal diferente, y “M” señala una macla 

que consiste en una agrupación homogénea de uno o de varios 

individuos de la misma especie que poseen en común dos de 30 

sus tres direcciones cristalográficas principales. Muchas 

maclas se reconocen fácilmente debido a que en ellas 

existen ángulos entrantes dirigidos hacia el interior del 
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cristal. 

 

En otro aspecto la invención se refiere a un 

procedimiento para la preparación de un monocristal de CZT 

a partir del fundido por el método Bridgman que comprende 5 

el empleo del aparato de la invención. Dicho procedimiento, 

en adelante procedimiento de la invención, comprende varias 

etapas entre ellas la del proceso de crecimiento del 

monocristal de CZT que comprende a su vez las etapas que se 

describen más abajo. 10 

 

En el procedimiento de la invención, y antes de llevar 

a cabo el proceso de crecimiento, es necesario preparar el 

aparato de la invención lo cual implica llevar a cabo las 

siguientes operaciones: 15 

 

1) - limpiar la ampolla de crecimiento (3) 

2) - grafitado de la ampolla de crecimiento: proceso 

mediante el cual las paredes de la ampolla quedan 

recubiertas por una película de grafito, obtenido a partir 20 

de la pirolisis del benceno. el objetivo es que el material 

CZT a cristalizar no se adhiera a las paredes de la 

ampolla, ni que los elementos que forman dicho material 

reaccionen con el cuarzo durante las etapas de fusión y 

homogeneización del proceso de crecimiento; 25 

3) - limpieza del material de partida: debe ser 

exhaustiva para eliminar la capa de óxido que puede 

presentar por el contacto de los elementos Cd, Zn y Te con 

la atmósfera; 

4) - llenado de la ampolla con los elementos químicos 30 

individuales (Cd, Zn y Te) de calidad 6N, en las 

proporciones estequiométricas deseadas para la preparación 

del material ternario correspondiente ocupando una longitud 
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de ampolla correspondiente con la zona grafitada. El 

llenado se hace en el siguiente orden: Te, Zn y Cd, que 

viene indicado por los puntos de fusión de los elementos, y 

tiene el objeto de favorecer la reacción en estado sólido, 

y formación del elemento ternario;  5 

5) - limpieza e introducción del cilindro de cuarzo 

(4), el cual sirve para favorecer el cerrado de la ampolla 

a vacío;  

6) - mantenimiento de la ampolla a vacío durante un 

tiempo determinado, y cerrado de la misma mediante un 10 

soplete con llama de O2,  en la zona ocupada por el 

cilindro de cuarzo; 

7) - introducción de la ampolla en el aparato 

acoplando el conjunto formado por la ampolla de 

crecimiento, el sistema de soporte de la ampolla, y los 15 

termopares, dentro de un tubo de cuarzo protector (7).  

 

Una vez preparado el aparato, se procede a realizar el 

proceso de crecimiento del monocristal el cual comprende 

las siguientes etapas: 20 

 

(i) Etapa de fusión del material CZT: los materiales 

son fundidos lentamente mediante rampas establecidas de 

calentamiento considerando un sobrecalentamiento de 20ºC, 

temperatura que se mantiene durante todo el proceso de 25 

crecimiento; las rampas de fusión pueden estar comprendidas 

entre 30ºC-100ºC/h. 

 

 (ii) Etapa de Homogeneización: una vez que todo el 

material está fundido a la temperatura de crecimiento 30 

indicada por el termopar de control, se lleva a cabo una 

etapa de homogeneización, en la que el horno, en cuyo 

interior se encuentra el aparato de la presente invención, 
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oscila +/-15º con respecto a la vertical, lo que facilita 

igualmente la ruptura de las posibles agrupaciones químicas 

que puedan existir a dicha temperatura, y la mezcla del 

material; la oscilación puede variarse en ángulo y tiempo 

dependiendo del aparato utilizado.  5 

 

 (iii) Etapa de Crecimiento: se procede al proceso de 

crecimiento, mediante un  sistema de descenso de la ampolla 

de crecimiento y su sistema de soporte; la velocidad a la 

que tiene lugar el crecimiento es generalmente igual o 10 

inferior a 0.4 mm/h durante 250 horas; y 

 

(iv) Etapa de Enfriamiento: se enfría el material 

obtenido mediante rampas establecidas hasta temperatura 

ambiente que pueden ser variables. 15 

 

En otro aspecto adicional la invención se relaciona 

con el empleo del monocristal semiconductor obtenido 

mediante el procedimiento anterior, en diversos campos 

tales como medicina nuclear, sistemas de seguridad, en 20 

obtención de energía. En particular, el monocristal puede 

entre otras aplicaciones ser utilizado por ejemplo como 

sensor de radiación, dispositivo fotorefractivo, o sustrato 

para celdas fotovoltaicas. 

A continuación se presentan ejemplos ilustrativos de 25 

la invención que se exponen para una mejor comprensión de 

la misma y en ningún caso deben considerarse una limitación 

del alcance de la misma. 

 

EJEMPLOS 30 

EJEMPLOS 

Ejemplo 1: Aparato según la invención. 
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En una realización particular el aparato de la 

invención se representa esquematizado en la Figura 1 

(escala no real) donde L indica la longitud en cm; ID: 30 e 

ID: 23 se refieren al diámetro interior, (17) indica el 

recubrimiento exterior aislante del elemento calefactor con 5 

manta de alúmina y (15) indica conexiones de todos los 

termopares. 

La ampolla de crecimiento de cuarzo (3) presenta 

dimensiones de 23.2 mm de diámetro interior, 2.4 mm de 

espesor y una longitud de 500 mm. La ampolla de crecimiento 10 

de cuarzo tiene uno de los extremos cerrado en forma de 

semiesfera y presenta un estrangulamiento a 300mm, que 

soporta el cilindro de cuarzo (4). Desde la zona del 

estrangulamiento hasta el final de la ampolla de 

crecimiento existen otros 200 mm destinados a las 15 

operaciones de cerrado de la misma. La ampolla de 

crecimiento (3) está apoyada sobre un sistema de soporte 

formado por un tubo de cuarzo (5) de dimensiones 23 mm de 

diámetro interior, 1.8 mm de espesor y una longitud de 350 

mm, en cuyo interior permanece totalmente adosado un tubo 20 

de platino (11) de 23 mm de diámetro exterior, 1mm de 

espesor y 200 mm de longitud, y en cuyo interior se 

encuentra centrado un tubo de cuarzo (6), de dimensiones 12 

mm de diámetro interior, 1.5 mm de espesor y una longitud 

de 300 mm. El centrado del tubo de cuarzo (6) se realiza en 25 

la parte superior mediante la utilización de manta de 

alúmina prensada (9) de una masa de 7.91 gramos ocupando 

una longitud de 80 mm; y en la parte inferior mediante la 

utilización de manta de alúmina prensada de una masa de 

5.35  gramos (8), ocupando una longitud de 50 mm, de modo 30 

que existe un espacio vacío de 70mm que no contiene manta 

de alúmina prensada. El aparato comprende tres termopares 

de Pt/Pt-Th (10) ubicados en el interior del tubo de cuarzo 
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(6) y colocados en distintas posiciones: el termopar A se 

sitúa en el origen (posición 0), en contacto directo con el 

extremo cerrado semiesférico de la ampolla de crecimiento 

(3) que contiene el material CZT a cristalizar (4); el 

termopar B se encuentra a 2 cm del anterior (posición -2), 5 

seguido del termopar C, a 3 cm del anterior (posición -5); 

en segundo lugar, un conjunto de cinco termopares de Pt/Pt-

Rh (2), se encuentran situados en el exterior de la ampolla 

de crecimiento (3), ubicados en forma helicoidal, y unidos 

mediante hilo de platino de 0.25 mm de espesor de modo que 10 

el termopar 1 se encuentra en el origen (posición 0), el 

termopar 2 se localiza a 1 cm (posición 1), seguido del 

termopar 3  colocado a 2.5 cm del anterior (posición 3.5), 

el termopar 4 situado a 2.5 cm del anterior (posición 7), y 

por último el termopar 5 que se posiciona a 2 cm del 15 

anterior (posición 9). Todos los termopares presentan 

conexiones con el exterior desde la parte inferior del 

sistema de soporte. 

El sistema de soporte de la ampolla de crecimiento y 

los termopares se encuentran dentro de un tubo de cuarzo 20 

protector (7) de 80 cm de longitud,  32 mm de diámetro, y 

1.5  mm de espesor.  

 

Ejemplo 2. Procedimiento y obtención de un monocristal de 

CZT. 25 

  Se preparó un monocristal de CZT utilizando el aparato 

de la invención. 

2.1 Preparación del aparato 

En primer lugar se llevó a cabo la limpieza de la 

ampolla de crecimiento (3), de acuerdo con el siguiente 30 

procedimiento: (i) se lavó la ampolla con agua jabonosa y 

se aclaró con abundante agua desionizada; (ii) a 

continuación se procedió a la limpieza con disolventes 
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orgánicos calientes de pureza 99.9% en riguroso orden 

decreciente de punto de ebullición: primero con 

etilenglicol caliente, seguido de acetona y se finalizó con 

metanol; (iii) a continuación se mantuvo la ampolla en una 

mezcla  de 3HCl:1HNO3  durante veinticuatro horas, y se 5 

aclaró con agua desionizada; (iv) luego se sometió la 

ampolla a  HF (40%) durante tres horas, con objeto de que 

el ácido ataque al cuarzo, y la superficie interior quede 

dispuesta para un  posterior grafitado; (v) por último, la 

ampolla se aclaró con abundante agua desionizada y se secó 10 

en estufa a 120ºC. 

A continuación se llevó a cabo el grafitado a una 

temperatura de 1000ºC, en un elemento calefactor vertical 

en el que se introdujo la ampolla de crecimiento (3). Una 

vez alcanzada dicha temperatura, se añadieron gota a gota 15 

800 µl de acetona pura (99.99% de pureza) con una 

micropipeta P1000. Se obtuvo una capa homogénea de grafito 

adherida a la pared de la ampolla, cuya longitud fue de 300 

mm, que se corresponde con la zona de la ampolla en la que 

estaba situado el estrangulamiento, y cuya longitud siempre 20 

es superior a la zona de carga ocupada por el material. 

El llenado de la ampolla se realizó con los elementos 

químicos individuales (Cd, Zn y Te) de calidad 6N, en las 

proporciones estequiométricas 100% de Te, 85% de Cd, y 15% 

de Zn para la obtención del material ternario 25 

correspondiente, ocupando una longitud de ampolla menor  de 

300 mm correspondiente con la zona grafitada. Una vez 

concluido el proceso de crecimiento la longitud se redujo a 

100mm.  

Antes de introducir el material en la ampolla, se 30 

realizó una limpieza exhaustiva del material para eliminar 

la capa de óxido que puede presentar por el contacto de los 

elementos Cd, Zn y Te con la atmósfera, realizándose la 
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limpieza de la siguiente manera: se partió de 0.9529 moles 

de Te, 0.8099 moles de Cd, y 0.1429 moles de Zn para dar 

0.9529 moles de Cd0.85Zn0.15Te; este material de partida se 

introdujo en HCl concentrado durante 10 minutos, y 

seguidamente en un baño de metanol, manteniéndose en el 5 

mismo hasta que fueron introducidos en el siguiente orden 

en la ampolla de crecimiento: Te, Zn y Cd.  

Se limpió el cilindro de cuarzo (4) en un baño de 

acetona caliente para eliminar los restos orgánicos y se 

introdujo para el cierre de la ampolla a vacío. A 10 

continuación la ampolla se mantuvo a vacío de 10-6 mbar 

durante 24 horas, y se cerró con un soplete con llama de 

O2, realizándose dicho cierre en la zona ocupada por el 

cilindro de cuarzo. 

A continuación la ampolla se introdujo en el aparato 15 

de crecimiento, acoplando el conjunto formado por ampolla 

de crecimiento con los termopares de medida 1, 2, 3, 4 y 5, 

el sistema de soporte de la ampolla con los termopares A, B 

y C, dentro de un tubo de cuarzo protector (7) de 80 cm de 

longitud, 32 mm de diámetro, y 1.5 mm de espesor.  20 

 

2.2 Proceso de crecimiento del monocristal 

El proceso comprendió las siguientes etapas: 

- Etapa de fusión del material CZT: los materiales se 

fundieron lentamente mediante cuatro rampas de 25 

calentamiento: a una velocidad de 50ºC/h, hasta alcanzar 

una temperatura de 500ºC en la que se estabilizó durante 12 

horas; a continuación a una velocidad de 50ºC/h, hasta que 

alcanzó una temperatura de 900ºC, donde permaneció  12 

horas; luego a 50ºC/h hasta que se alcanzó una temperatura 30 

de 1000ºC, manteniéndose 12 horas; y por último a una 

velocidad de 50ºC/h a la que se alcanzó la máxima 

temperatura (indicada por el termopar de control), que en 
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el presente caso de Zn = 15% fue de 1185ºC, considerando un 

sobrecalentamiento de 20ºC, temperatura que se mantuvo 

durante todo el proceso de crecimiento.  

 

- Etapa de homogeneización: una vez que todo el 5 

material estuvo fundido a la temperatura de crecimiento 

indicada por el termopar de control, se llevó a cabo una 

etapa de homogeneización, en el que el horno osciló +/-15º 

con respecto a la vertical durante 30 minutos, realizándose 

la operación 60 veces durante este tiempo.   10 

 

- Etapa de crecimiento: se llevó a cabo mediante un  

sistema de descenso de la ampolla de crecimiento y su 

correspondiente sistema de soporte, a una velocidad de 0.4 

mm/h durante un tiempo de 250h. 15 

 

- Etapa de enfriamiento: se procedió al enfriamiento 

del material obtenido, que se llevó a cabo mediante tres 

rampas: a 5ºC/h, hasta alcanzar una temperatura de 900ºC, 

donde permaneció 2 horas; seguido de una rampa de 10ºC/h, 20 

hasta 750ºC, donde se mantuvo durante 2 horas; y para 

finalizar, se enfrió hasta temperatura ambiente a una 

velocidad de 25ºC/h 

 

Una fotografía del monocristal obtenido, cuyas obleas 25 

se muestran en la Figura 2, se muestra en la Figura 3. 
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REIVINDICACIONES 

 

1. Aparato para la preparación de un monocristal 5 

semiconductor en volumen de Cd1-xZnxTe-CZT según el método 

Bridgman que comprende los siguientes elementos:  

- un elemento resistivo calefactor (1);  

- una ampolla de crecimiento (3);  

- un sistema de soporte (12) de la ampolla de 10 

crecimiento que comprende: 

- un tubo de platino (11) cuya parte superior está en 

contacto con la ampolla de crecimiento; 

- un tubo de cuarzo (5) de igual diámetro que la 

ampolla de crecimiento, en cuyo interior se sitúa el 15 

tubo de platino (11); y 

- un tubo de cuarzo (6) en el interior de tubo de 

platino y centrado con respecto al mismo. 

 

2. Aparato según la reivindicación 1, en el que el diámetro 20 

interno del tubo de platino (11) es igual al diámetro 

externo del tubo de cuarzo (6) situado en su interior. 

 

3. Aparato según la reivindicación 2, en el que el tubo de 

platino presenta 1 mm de espesor, 23 mm de diámetro 25 

exterior y 20 cm de longitud.  

 

4. Aparato según cualquiera de las reivindicaciones 1 a 3, 

en el que: 

- la ampolla de crecimiento de cuarzo (3) presenta:  30 

- un diámetro interno de 23.2 mm, un espesor de 2.4 mm 
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y una longitud de 500 mm; 

- uno de sus extremos está cerrado en forma de 

semiesfera en contacto con el tubo de platino (11); 

- soporta el cilindro de cuarzo (4) y  

- está apoyada sobre un sistema de soporte que está 5 

formado por: 

un tubo de cuarzo (5) de diámetro interior igual a 23 

mm, espesor 1.8 mm y 350 nm de longitud en cuyo interior se 

encuentra un tubo de platino (11) de 23 mm de diámetro 

exterior, 1mm de espesor y 200 mm de longitud, y en cuyo 10 

interior se encuentra un tubo de cuarzo (6), de dimensiones 

12 mm de diámetro interior, 1.5 mm de espesor y longitud de 

300 mm, centrado mediante una masa de 7.91 gramos de manta 

de alúmina prensada (9) en la parte superior y ocupando una 

longitud de 80 mm y mediante una masa de 5.35  gramos (8) 15 

de manta de alúmina prensada ocupando una longitud de 50 mm 

en la parte inferior, y quedando un espacio vacío de 70mm 

de longitud sin manta de alúmina prensada. 

  

5. Aparato según la reivindicación 4 que además comprende: 20 

- tres termopares de Pt/Pt-Th (10) en el interior del tubo 

de cuarzo (6) colocados de modo que un primer termopar A se 

sitúa en el origen (posición 0), en contacto directo con el 

extremo cerrado semiesférico de la ampolla de crecimiento 

(3), un segundo termopar B se encuentra a 2 cm del anterior 25 

(posición -2), y un tercer termopar C a 3 cm del anterior 

(posición -5); y  

- cinco termopares de Pt/Pt-Rh (2), situados en el exterior 

de la ampolla de crecimiento (3), en forma helicoidal, y 

unidos mediante hilo de platino de 0.25 mm de espesor de 30 

modo que el termopar 1 se encuentra en el origen (posición 

0), el termopar 2 se localiza a 1 cm (posición 1), el 

termopar 3  a 2.5 cm del anterior (posición 3.5),  el 
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termopar 4 a 2.5 cm del anterior (posición 7), y el 

termopar 5 a 2 cm del anterior (posición 9).  

 

6. Aparato según la reivindicación 4 o 5, en el que la 

ampolla de crecimiento, el sistema de soporte de la ampolla 5 

de crecimiento y los termopares se encuentran dentro de un 

tubo de cuarzo protector (7) de 80 cm de longitud,  32 mm 

de diámetro, y 1.5  mm de espesor.  

 

7. Procedimiento para la preparación de un monocristal de 10 

Cd1-xZnxTe-CZT donde x está comprendido entre el 4% y el 20% 

a partir del fundido por el método Bridgman que comprende 

el empleo de un aparato según cualquiera de las 

reivindicaciones 1 a 6. 

 15 

8. Procedimiento según la reivindicación 7, que comprende: 

a) la preparación del aparato; y 

b) proceso de crecimiento que comprende las siguientes 

etapas: 

(i) fusión del material de partida constituido por los 20 

3 elementos Cd, Zn y Te;  

(ii) homogeneización del material fundido; y 

(iii) crecimiento del monocristal por descenso de la 

ampolla de crecimiento (3) y su correspondiente sistema de 

soporte. 25 

 

9. Procedimiento según la reivindicación 8, en el que la 

etapa (i) comprende la fusión del material de partida 

mediante cuatro rampas de calentamiento a:  

(ia) una velocidad de 50ºC/h, hasta alcanzar una 30 

temperatura de 500ºC en la que se estabiliza durante 12 

horas;  

(ib) una velocidad de 50ºC/h, hasta alcanzar una 
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temperatura de 900ºC, en la que se estabiliza 12 horas; 

(ic) una velocidad de 50ºC/h hasta alcanzar una 

temperatura de 1000ºC, en la que se estabiliza 12 

horas; y  

(id) una velocidad de 50ºC/h hasta alcanzar la máxima 5 

temperatura de fusión considerando un 

sobrecalentamiento de 20ºC. 

 

10. Procedimiento según la reivindicación 9, en el que la 

temperatura máxima alcanzada es de 1185ºC para un material 10 

CZT con 15% de Zn. 

 

11. Procedimiento según cualquiera de las reivindicaciones 

8 a 10, en el que la homogeneización comprende hacer 

oscilar el horno +/-15º con respecto a la vertical durante 15 

30 minutos 60 veces.   

 

12. Procedimiento según cualquiera de las reivindicaciones 

8 a 11, en el que el crecimiento del monocristal comprende 

hacer descender la ampolla de crecimiento y el sistema de 20 

soporte a una velocidad igual o inferior a 0.4 mm/h durante 

un tiempo de 250 horas. 

 

13. Procedimiento según cualquiera de las reivindicaciones 

8 a 12, que comprende el enfriamiento del monocristal 25 

obtenido, que se hace mediante tres rampas de enfriamiento 

a:  

(iv-a) una velocidad de 5ºC/h, hasta alcanzar una 

temperatura de 900ºC, donde permanece 2 horas;  

(iv-b) una velocidad de 10ºC/h, hasta 750ºC, donde 30 

permanece 2 horas; y  

(iv-c) una velocidad de 25ºC/h hasta temperatura 

ambiente. 
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14. Procedimiento según cualquiera de las reivindicaciones 

8 a 13, en el que la etapa a) comprende a su vez las 

siguientes etapas: 

 5 

1) - limpiar la ampolla de crecimiento (3); 

2) - grafitado de la ampolla de crecimiento (3); 

3) - limpieza de los elementos Cd, Zn y Te material de 

partida; 

4) - llenado de la ampolla con los elementos;  10 

5) - limpieza e introducción del cilindro de cuarzo 

(4);  

6) - mantenimiento de la ampolla de crecimiento (3) a 

vacío; 

7) – acoplamiento de la ampolla de crecimiento, el 15 

sistema de soporte de la ampolla y los termopares, entre sí 

y dentro de un tubo de cuarzo protector (7).  

 

15. Procedimiento según la reivindicación 14, en el que 

limpiar la ampolla de crecimiento (3), comprende: lavar la 20 

ampolla con agua jabonosa y aclarar con agua desionizada; 

limpiar a continuación la ampolla con etilenglicol 

caliente, seguido de acetona y de metanol; mantener la 

ampolla en una mezcla de 3HCl:1HNO3  durante veinticuatro 

horas, aclarar con agua desionizada; mantener en HF (40%) 25 

durante tres horas; aclarar con agua desionizada y secar a 

120ºC. 

 

16. Procedimiento según cualquiera de las reivindicaciones 

14 o 15, en el que el grafitado se hace a una temperatura 30 

de 1000ºC, en un elemento calefactor vertical en el que se 

introduce la ampolla de crecimiento (3).  
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17. Procedimiento según cualquiera de las reivindicaciones 

14 a 16, en el que el llenado de la ampolla se realiza 

introduciendo los elementos químicos limpios Cd, Zn y Te de 

calidad 6N, en el siguiente orden: Te, Zn y Cd, en las 

proporciones estequiométricas 100% de Te, 85% de Cd, y 15% 5 

de Zn ocupando una longitud de ampolla  menor  de 300 mm  

correspondiente con la zona grafitada.  

 

18. Procedimiento según la reivindicación 17, en el que los 

elementos Cd, Zn y Te se limpian en HCl concentrado durante 10 

10 minutos, y luego en un baño de metanol en el que se 

mantienen hasta su empleo.  

 

19. Procedimiento según cualquiera de las reivindicaciones 

14 a 18, en el que el cilindro de cuarzo (4) se limpia en 15 

un baño de acetona caliente, a continuación la ampolla se 

mantiene a vacío de 10-6 mbar durante 24 horas, y se cierra 

con un soplete con llama de O2, realizándose dicho cierre 

en la zona ocupada por el cilindro de cuarzo. 

 20 

20. Procedimiento cualquiera de las reivindicaciones 14 a 

19, en el que se acoplan la ampolla de crecimiento con los 

termopares de medida 1, 2, 3, 4 y 5, el sistema de soporte 

de la ampolla con los termopares A, B y C, dentro de un 

tubo de cuarzo protector (7) de 80 cm de longitud, 32 mm de 25 

diámetro, y 1.5  mm de espesor.  
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RESUMEN 

APARATO Y PROCEDIMIENTO PARA LA OBTENER MONOCRISTALES 

SEMICONDUCTORES MEDIANTE EL MÉTODO BRIDGMAN 

La presente invención describe un aparato para la 5 

preparación de un monocristal semiconductor en volumen de 

Cd1-xZnxTe-CZT según el método Bridgman que comprende: un 

elemento resistivo calefactor (1); una ampolla de 

crecimiento (3); un sistema de soporte (12) de la ampolla 

de crecimiento que comprende a su vez un tubo de platino 10 

(11) cuya parte superior está en contacto con la ampolla de 

crecimiento; un tubo de cuarzo (5) de igual diámetro que la 

ampolla de crecimiento, en cuyo interior se sitúa el tubo 

de platino (11); un tubo de cuarzo (6) en el interior de 

tubo de platino y centrado con respecto al mismo. La 15 

invención describe asimismo un procedimiento para obtener 

un monocristal que comprende el empleo del aparato de la 

invención. 

 

 20 
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