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A. Dussan1, and H. Méndez4

1Dpto. de Física, Grupo de Materiales Nanoestructurados Y Sus Aplicaciones, Universidad Nacional de Colombia - Bogotá, Cra. 30

No. 45-03 Edificio 404 Yu Takeuchi Lab. 121C / 121B-1 Ciudad Universitaria, 110001 Bogotá, Colombia
2Departamento de Física Aplicada, Instituto de Ciencia de Materiales Nicolás Cabrera Y Centro de Microanálisis de Materiales,

Universidad Autónoma de Madrid, 28049 Madrid, Spain
3Departamento de Física de Materiales. Facultad de Ciencias Físicas, Universidad Complutense de Madrid, Plaza de Ciencias, 1,

28040 Madrid, Spain
4Physics Department, Science Faculty, Pontificia Universidad Javeriana, Bogotá D.C, Colombia

Received: 3 September 2021

Accepted: 16 February 2022

Published online:

5 March 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

The multilayer structure is a well-studied architecture for electronic and opto-

electronic applications and more recently in spintronic devices. In this work, we

present the structural, morphological, topographical, and magnetic properties of

GaSb/Mn multilayers deposited via DC magnetron sputtering at room tem-

perature and 423 K. Raman measurements evidence the formation of p-type

GaSb layers with a contribution of electrons in the multilayer due to the

neighboring Mn layer and the formation of effective interlayers. HR-SEM

measurements show the multilayer architecture with columnar microstructure

in the layer’s formation, while AFM micrographs allowed observing the changes

in grain sizes (between 129 and 187 nm) and roughness (between 1.47 nm and

6.28 nm) with increasing number of layers. The formation of the interlayers

between the GaSb and Mn layer was assayed in-depth spectroscopically via

Rutherford backscattering studies. These interlayers were associated with dif-

fusion processes during deposition and contributed to the magnetic behavior of

multilayers. A ferromagnetic-like behavior was observed in the multilayers.
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1 Introduction

Multilayer thin films are architectures formed by

layers of two or more materials based on transition

elements, semiconductors, or alloys [1–3]. The mag-

netic and electrical properties of these structures can

be modified through the thickness, diffusion process,

and distribution of the metal layers [4]. Synthesis

methods and fabrication parameters affect multilayer

growth and play a determinant role in thin films’

topography and interface diffusion [4]. Based on

these features, potential applications of multilayers

have been reported as quantum nanodots for opto-

electronics [5], electronic devices [6], and magnetic

storage technology [7], among others. The synthesis

methods for these types of system include Molecular

Beam Epitaxial (MBE) [8, 9], Radio Frequencies (RF)

magnetron co-sputtering [10], Metalorganic Chemical

Vapor Deposition (MOCVD) [11], and the most

recent DC magnetron sputtering [11]. The advantage

of this last synthesis method, with respect to others

such as MBE, is the reduction in manufacturing costs

maintaining quality in the crystalline properties of

the GaSb compound, the growth control, and the

homogeneity of the layers, among others. Among the

properties of multilayer systems manufactured by

MBE, the obtaining of p-type GaSb [8] and heteroin-

terfaces of As and Sb between the formation of InAs/

GaSb layers [9] have been reported.

GaSb is a semiconductor with a band gap of

0.72 eV [12, 13] that is used in electronic devices [12],

photovoltaic cells, and quantum dots [14]. From these

studies, research of III–V compounds based on

heterostructures has derived to systems such as

InAs/GaSb acting as photon traps [15], Sb/GaSb

acting as narrow band-gap structures [12], and

GaSb/GaAs acting as absorbing/emitting quantum

dots [16]. Due to the electrical properties of GaSb

associated with gallium (VGa) and antimony (VSb)

vacancies and the role of growth mechanism [17], the

study of defects, interface effects, and growth of

multilayer architecture is necessary for the promotion

of device quality.

In this work, we present a study of the growth

mechanism, topographic features, and morphological

characterization through Raman and HR-SEM mea-

surements of GaSb/Mn multilayer system deposited

via DC magnetron sputtering at room temperature.

We additionally proposed to study the effect on

defects at the interface through in-depth Rutherford

Backscattering Spectroscopy (RBS) analysis. We fur-

ther study the multilayers magnetic behavior at room

temperature as a function of the thickness of the Mn

and GaSb layers.

2 Experimental methods

2.1 Synthesis parameters

GaSb/Mn multilayer thin films were fabricated via

DC magnetron sputtering using Ga(36.5%)Sb(63.5%)

(99.995% purity) and Mn (99.9% purity) targets in

Argon atmosphere at 2.5 9 10–2 Torr working pres-

sure. These samples were deposited at room tem-

perature on Si (001) and GaSb (001) wafer substrates.

An alternation between GaSb target power and Mn

target power was implemented. First, for 20 min,

GaSb was deposited by applying 100 W, and then the

GaSb target power was turned off, and simultane-

ously, the Mn target power was turned on for 15 min

applying 60 W of target power. This process was

repeated for 3 and 6 times to obtain the samples with

3 and 6 periods, called as ½GaSb=Mn�3 and

½GaSb=Mn�6; respectively, with substrate temperature

(Ts) of 293 K and 423 K.

2.2 Characterization techniques

Structural identification was carried out by Raman

measurements performed at room temperature,

using a laser of ke = 532 nm and 633 nm, with an

exposure time of 1000 ms maintaining a beam con-

figuration perpendicular to the sample, through the

50X optical lens given by the Renishaw InVia Raman

Microscope.

Cross-sectional and topographic characterizations

of the multilayers were carried out on a FEI VERIOS

460 Scanning Electron Microscope with a maximal

resolution of 0.6 nm at 15 kV at high vacuum regime

(* 10-6 mbar). The cross section was realized to 80�
of inclination. An Atomic Force Microscopy Asylum

Research MFP 3D Bio in tapping mode was used. On

the other hand, Rutherford Backscattering Spec-

troscopy was performed using a Cockroft-Walton

tandem-linear accelerator with He ? particles with

energy of 2 MeV and 3.035 MeV. Planar Si detectors

collect the backscattered particles from the sample at

an angle of 170� with normal incidence. The RBS
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analysis was performed using the SIMNRA simula-

tion software package [18].

Hall and resistivity measurements at room tem-

perature were performed with a Hewlett Packard

4041B Source and meter unit controlled by the soft-

ware National Instruments LabVIEW for data

acquisition. The magnetic field applied was

B ¼ 1:09 � 0:05T.

3 Analysis and results

Figure 1 shows XRD patterns and Raman spectra of

½GaSb=Mn�3 obtained for 532 nm and 633 nm excita-

tion for multilayers with Ts = 293 K and 423 K. In the

Raman spectra (Fig. 1a and Fig. 1b), the formation of

the p-type GaSb was identified. This is due to the fact

that a qualitative relationship between the coupled-

mode spectral characteristics and the concentration of

holes has been reported from Raman spectroscopic

studies on p-type GaSb and p-type GaAs. In both

cases, as the concentration of holes increases, the

linewidth of the coupled mode of the accumulation

layer widens and the peak wave number decreases

with respect to the LO phonon mode (236 cm-1)

[19–22]. Figure 1a and b shows the decrease of the LO

mode with peaks located at 225.34 cm-1 and

232.03 cm-1 for 532 nm excitation, and at

226.72 cm-1 and 235.89 cm-1 for 633 nm excitation.

Therefore, p-type GaSb fabricated via DC magnetron

sputtering exhibits a hole accumulation layer (ac-

cording Ref. [22]) which may be described for the

depletion Surface Space Charge Region (SSCR)

observed in the interaction of Longitudinal Optical

(LO) and Transverse Optical (TO) modes at circa

230 cm-1 [19, 20].

In the Raman spectra (Fig. 1a and b), the formation

of the p-type GaSb was identified, since a qualitative

Fig. 1 Raman spectra of ½GaSb=Mn�3 multilayer at Ts = 293 K obtained for a 532 nm, and b 633 nm excitation. XRD patterns for GaSb/

Mn multilayer samples with n = 3 and substrate temperature at c 293 K and d 423 K
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relationship between the coupled-mode spectral

characteristics and the concentration of holes has

been reported in Raman spectroscopic studies on

p-type GaSb and p-type GaAs. In both cases, as the

concentration of holes increases, the linewidth of the

coupled mode of the accumulation layer widens and

the peak wave number decreases with respect to the

LO phonon mode (236 cm-1) [14–17]. Figure 1a and b

shows the decrease of the LO mode with peaks

located at 225.34 cm-1 and 232.03 cm-1 for 532 nm

excitation, and at 226.72 cm-1 and 235.89 cm-1 for

633 nm excitation. Therefore, p-type GaSb fabricated

via DC magnetron sputtering exhibits a hole accu-

mulation layer (according to [18]), which may be

described for the depletion Surface Space Charge

Region (SSCR) observed in the interaction of Longi-

tudinal Optical (LO) and Transverse Optical (TO)

modes at circa 230 cm-1 [14, 15].

For 532 nm excitation (Fig. 1a), it is possible to

observe the presence of two coupled phonon–

plasmon modes with a Raman shift of 225.34 cm-1

(low-frequency mode (L-)) and 232.03 cm-1 (high-

frequency mode (L?)). However, it has been reported

that the L? mode wavenumber increases from

236 cm-1 to 620 cm-1 with increasing electron con-

centration [19, 20]. In our case, the formation of Mn

layers and ions diffusion at the interfaces contributed

to the increase of the L?-band Raman shift. Hence, in

Fig. 1a, the presence of the peak around 427.83 cm-1

is associated to the high-frequency mode. In com-

parison, decreasing the excitation energy to 633 nm

(Fig. 1b) shows the low-frequency mode at

226.72 cm-1, whereas the high-frequency mode

increases in intensity and is located in 235.89 cm-1

and 439.24 cm-1.

The depletion SSCR suggests the presence of an in-

depth gradient that can be explained that considering

a virtual three-layer model, for the interaction

between excitation wavelength and material (see

Fig. 2): first, the bulk with a given concentration of

Fig. 2 Scheme of Surface Space Charge Region (SSCR) and virtual layers

Fig. 3 a Individual I-V

measurement for estimating

resistivity using Van der Pauw

configuration, and b Current

as a function of Hall voltage

plot for deducing film’s Hall

conductance of ½GaSb=Mn�3
multilayer with Ts = 423 K.

Inset shows the selected

configuration for performing

Hall effect measurements
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hole (from the interior of the virtual layer towards the

surface); then, a layer between the surface and the

bulk that is enriched in hole concentration relative to

the bulk; finally, a surface virtual layer with no hole

concentration (near the surface of the thin film)

(Fig. 2). Therefore, depending on the excitation

source, the LO phonon-hole plasmon coupled-mode

scattering is originated from the bulk of the material

and hole-enriched layer, while LO phonon mode

scattering is originated from the hole-depleted near-

surface layer [19].

In addition, Fig. 1c and d shows the XRD patterns

for GaSb/Mn multilayer samples with n = 3 and

substrate temperature at 293 and 423 K. The shape of

peaks presents shoulders and asymmetric character-

istics, which were deconvoluted using Lorentzian

functions for each crystalline phase contribution.

Through Rietveld method, the GaSb (PDF 00–007-

0215 and PDF 01–088-2490), Mn2Sb2 (PDF 96–900-

8590), Mn3Ga (PDF 00–037-0913), and Mn-a (PDF 96–

900-8590) phases were identified. From Fig. 1 d, we

can observe that Mn3Ga and Mn2Sb2 phases forma-

tion has been generated due to the increase of sub-

strate temperature. The GaSb, Mn2Sb2, and Mn- a
crystalline phase formation at room temperature is a

particularly relevant result since the reduction of CO2

traces in Electronics Engineering should be a

mandatory objective in all manufacturing processes,

as in general, they use high synthesis temperatures

between 413 and 873 K [23–25].

On the other hand, the standard van der Pauw

method was used for estimating resistivity of

Fig. 4 HR-SEM micrographs

of surface and cross section of

½GaSb=Mn�3 multilayer on

GaSb wafer at Ts = 293 K

Fig. 5 HR-SEM micrographs

of the surface and cross section

of ½GaSb=Mn�3 multilayer on

GaSb wafer at Ts = 423 K
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½GaSb=Mn�3 multilayer with Ts = 423 K. Four I-V

measurements within the bias range [-5 V, ? 5 V]

were performed, as sketched in Fig. 3a, giving rise to

an average slope of R ¼ 9:69 � 0:07 � 107X. The set of

measurements look quite similar, which is attributed

to sample’s homogeneity. Therefore, the correction

factor f in Eq. (1) that allows to calculate sample’s

resistivity, q is close to unity.

q ¼ p
ln2

ftsR: ð1Þ

Estimation of the resistivity requires the knowl-

edge of sample thickness ts ¼ 327:27 � 9:82 nm.

Replacing the values of all parameters in Eq. 1 results

in a resistivity of q ¼ 3:40 � 0:11 � 104Xcm.

The standard configuration for the Hall effect

measurements using four-point contacts distributed

on a square is shown in inset of Fig. 3b. The distance

Fig. 6 AFM micrographs of

½GaSb=Mn�3 multilayer at

a Ts = 293 K and

b Ts = 423 K

Table 1 Thickness,

Roughness Media Square

(RMS), and grain sizes of

½GaSb=Mn�n multilayers

Sample Ts Thickness (nm) Roughness (nm) Grain sizes (nm)

½GaSb=Mn�3 293 300.42 ± 9.01 6.28 ± 0.13 180.08 ± 3.24

½GaSb=Mn�3 423 327.27 ± 9.82 1.47 ± 0.03 129.48 ± 3.88

½GaSb=Mn�6 293 470.31 ± 14.11 3.82 ± 0.07 131.87 ± 3.96

Fig. 7 HR-SEM micrographs

of the surface of ½GaSb=Mn�6
multilayer on Si (100) at

Ts = 293 K. Left, cross

section of the sample; right,

image on the surface; top-

right, schematic diagram of the

topography
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between adjacent contacts is nearly 4 mm. Measure-

ments were performed without and under an applied

magnetic field B ¼ 1:09 � 0:05T, oriented as sketched

in inset of Fig. 3b. The current flux, shown in inset,

resulted in a positive Hall voltage. Thus, holes are

obtained like majority carriers in the film. Carrier

density g is evaluated through Eq. 2.

g ¼ B

ets

I

VH
: ð2Þ

Here, the ratio I/VH (Hall conductance) is deduced

from the slope of the I as a function of the Hall

conductance (VH) plot, which is depicted in Fig. 3b.

Substitution of the corresponding measured param-

eters in Eq. 2 allows to estimate its carrier density to

be g ¼ 4:14 � 0:17 � 1013cm�3, which evidences the

p-type behavior of GaSb observed in the Raman

measurements of Fig. 2.

In this way, it is possible to determine the Hall

mobility lH is linked to conductivity through Eq. 3:

r ¼ eglH; ð3Þ

which the corresponding value was estimated as

lH ¼ 4:44 � 0:18cm2V�1s�1.

Morphological and topographical characterization

was performed by HR-SEM and AFM measurements.

Figure 4 shows the surface (with Secondary Electrons

(SE) – right-up micrographs) and cross section (with

Backscattering Electrons (BSE)—left-down micro-

graphs) of ½GaSb=Mn�3 multilayer with Ts = 293 K.

HR-SEM BSE micrographs evidenced the formation

of the multilayer system characterized by GaSb (light

gray) and Mn (dark gray) layers with columnar

microstructure. Nevertheless, the surface layer pre-

sents a diffusion of the last GaSb and Mn layers may

be associated with the high superficial mobility of the

species and the phases instability due to the low

substrate temperature.

When Ts was increased to 423 K, the layers of

½GaSb=Mn�3 multilayer are more distinguishable from

each other (bottom right micrograph Fig. 5). The

columnar microstructures are observed in HR-SEM

micrographs (left-down Fig. 5) associated with the

substrate temperature. This effect is consistent with

the Movcham, Demchysim, and Thorton model for

thin films deposited via sputtering [20]. This model

considers that Ts and melting point of the targets

(Tm) rule through their ratio of the mobility of the

species sticking the surface and the ulterior growth of

the films. In this case, considering both Ts = 293 K

and Ts = 423 K, and that the Tm for the GaSb target

is 985 K and for Mn target is 1517 K, the formation

zone is called the first zone or zone I (0\Ts/Tm\
0.1) [26], which is characterized by thin columnar

formation and smaller grains on the surface. How-

ever, the deposition time of the multilayers (20 min

for each GaSb layer and 15 min for each Mn layer)

favored the mobility and adhesion of the ions,

allowing the increase of the columnar microstructure

and grain sizes.

Fig. 8 Experimental (dotted lines) and simulated (straight lines)

RBS spectra of multilayers: a ½GaSb=Mn�3 at Ts = 293 K, b

½GaSb=Mn�3 at Ts = 423 K, and c ½GaSb=Mn�6 at Ts = 293 K
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Figure 6 shows the AFM micrographs of

½GaSb=Mn�3 samples at Ts = 293 K and 423 K, where

grain size decreases with increasing substrate tem-

perature. This effect is due to sufficiently high kinetic

energies achieved over a long deposition time, which

reduced the surface mobility and resulted in a

smaller grain size (see Table 1) [27]. However, the

mobility of species and diffusion ions on the surface

may increase due to the high deposition time, gen-

erating the nucleation process as overlapping grains

(Fig. 6) modifying the roughness and grain size

(Table 1).

Table 1 presents the relation between synthesis

parameters of ½GaSb=Mn�n multilayers and Rough-

ness Media Square (RMS), thickness, and grain size.

The variation of sample thicknesses correlates with

the number of layers in the multilayer, while the

grain size variation was associated with the diffusion

process. On the other hand, the roughness was

modified by changing the grain size and could be

observed in the coarse-grained formation on the

surface (Fig. 6). This behavior is because the nucle-

ation barrier is bigger and the supersaturation is low,

generating large but few nuclei [27].

In the case of the ½GaSb=Mn�6 sample at Ts = 293 K,

it is possible to observe the grains nucleation on the

surface and the formation of the large nuclei com-

posed of smaller grains (right-down HR-SEM

micrograph Fig. 7). The schematic diagram of the

large nuclei according to the micrographs is pre-

sented in the top-right of Fig. 7.

To identify the formation of layers and interlayers

due to species diffusion and distribution, RBS mea-

surements were performed (Fig. 8). This figure shows

the 2 MeV He2? RBS spectra of the ½GaSb=Mn�n
multilayers when the Ts was 293 K and 423 K. The

simulated RBS spectra allowed estimation of the layer

Table 2 The depth profile ½GaSb=Mn�3 multilayer on GaSb wafer at Ts = 293 K

Layer Concentration Thickness—RBS (1015atoms=cm2) Thickness—SEM (nm)

½GaSb=Mn�3 1—Surface Mn – 0.38 440 30.54

O – 0.57

Ga – 0.02

Sb – 0.03

2 Ga – 0.25 90 31.90

Sb – 0.23

Mn – 0.24

O – 0.28

3 Mn – 0.32 460 51.87

O – 0.62

Sb – 0.03

Ga – 0.03

4 Ga – 0.24 190 32.09

Sb – 0.115

Mn – 0.11

O – 0.495

5 Mn – 0.32 550 65.33

O – 0.62

Sb – 0.03

Ga – 0.03

6 Ga – 0.41 50 -

Sb – 0.35

O – 0.10

Mn – 0.14

7 Ga – 0.41 150 37.86

Sb – 0.35

O – 0.24
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formation, species diffusion, and layer depth profile

(see Tables 2 and 3).

The RBS spectra are fitted by multiple dispersion of

Ga, Sb, Mn, and O elements and layer thickness. In

the region, between 1200 and 1800 keV, it is possible

to observe a decrease in intensity and some steps or

peaks of spectra associated with the layers of the

samples (Fig. 8). According to this dispersion, the

concentration of elements by layers is presented in

Tables 2 and 3.

Considering this concentration, the presence of

diffusion into layers associated with the high mobil-

ity of the species was determined. In the case of

½GaSb=Mn�3 multilayer at Ts = 293 K, the layers are

still distinguishable without the presence of inter-

layers; while, in the case of ½GaSb=Mn�3 multilayer at

Ts = 423 K, the presence of dilute interlayers

between the GaSb and Mn layers was determined

(Table 3).

Table 3 The depth profile ½GaSb=Mn�3 multilayer on GaSb wafer at Ts = 423 K

Layer Concentration Thickness—RBS (1015atoms=cm2) Thickness—SEM (nm)

½GaSb=Mn�3 1—Surface Mn – 0.29

O – 0.64

Ga – 0.02

Sb – 0.05

100 48.77

2 Ga – 0.12

Sb – 0.25

Mn – 0.11

O – 0.52

220 45.41

3 Ga – 0.04

Sb – 0.25

Mn – 0.08

O – 0.63

50 –

4 Mn – 0.41

Ga – 0.02

O – 0.57

290 53.81

5 Mn – 0.11

Ga – 0.21

Sb – 0.20

O – 0.48

50 –

6 Ga – 0.54

Sb – 0.29

O – 0.12

Mn – 0.05

230 52.10

7 Ga – 0.08

Sb – 0.20

Mn – 0.08

O – 0.64

50 –

8 Mn – 0.39

O – 0.58

Sb – 0.03

340 53.78

9 Ga – 0.29

Sb – 0.29

Mn – 0.12

O – 0.30

50 –

10 Ga – 0.41

Sb – 0.43

O – 0.16

270 67.22
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When the multilayer architecture is ½GaSb=Mn�6 at

Ts = 293 K, the layer diffusion increases and the

interlayers disappear (Fig. 8c). For this multilayer,

the layer was characterized for 330 � 1015 atoms/cm2

thickness of Ga, Sb, and Mn elements.

Figure 9 presents the magnetization (M) as a

function of the applied magnetic field (H) at 5 K for

½GaSb=Mn�3 and ½GaSb=Mn�6, and ZFC–FC curves of

½GaSb=Mn�3 multilayers fabricated at room tempera-

ture. A ferromagnetic-like tendency was observed,

which is associated with the formation of dilute

interlayers observed in the RBS spectra. These inter-

layers may be contributing to magnetization as if they

were small magnetic domains of the order of 50 �
1015atoms=cm2 (see Table 3). However, the Mn layers

have an antiferromagnetic behavior, which in

competition with the diamagnetic GaSb layers, inhi-

bit the saturation in the magnetization curves.

On the other hand, the shape of the hysteresis loop

changes with the number of layers on the samples.

The ½GaSb=Mn�3 multilayer presents the coercive field

(Hc), but a small shift at high applied magnetic field,

while in ½GaSb=Mn�6 the coercive field was reduced

and loop curves are non-centrosymmetric. This

behavior (ferromagnetic-like behavior) may occur

when the magnetic anisotropy between the antifer-

romagnetic Mn layers and the formation of dilute

ferromagnetic interlayer is larger than the interfacial

exchange coupling [28, 29], in this case, mediated

through GaSb layer, due to the ½GaSb=Mn�n
architecture.

Figure 9c presents ZFC–FC curves of ½GaSb=Mn�3
multilayer on GaSb (100) at Ts = 293 K. The

Fig. 9 Magnetization (M) as a function of applied magnetic field (H) at 5 K for a ½GaSb=Mn�3 multilayer on GaSb (100) at Ts = 293 K, b

½GaSb=Mn�6 multilayer on Si (100) at Ts = 293 K, and c ZFC–FC curves of ½GaSb=Mn�3 multilayer on GaSb (100) at Ts = 293 K
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pronounced bifurcation of the FC and ZFC is

observed at range temperature without a clear phase

transition. This behavior can be associated with a

contribution of dipolar and anisotropy magnetiza-

tion, due to the competition of all the phases (GaSb,

Mn, and Mn2Sb2 identified through XRD patterns),

and layers present in the material.

4 Conclusion

The studies of ½GaSb=Mn�n multilayers have shown

the fabrication of this architecture at low substrate

temperature via DC magnetron sputtering. Through

Raman measurements, it was possible to establish the

formation of p-type GaSb exhibiting a depletion

surface space charge region due to the two coupled

phonon–plasmon modes L� and Lþ. This behavior

was corroborated by Hall measurements. HR-SEM

results evidenced the multilayers architecture and

columns formation in the microstructure, according

to the synthesis method. Additionally, the grain size

decreases with increasing substrate temperature due

to sufficiently high kinetic energies obtained that

reduce surface mobility. Diffusion and mobility of

species were qualitatively derived from RBS spectra,

in the formation of dilute interlayers, depending on

the substrate temperature and the number of layers.

Hysteresis loops and the sign of exchange bias effects

due to the magnetic anisotropy and layer numbers

were observed.
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