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Characterization of surface layers in Zn-diffused LiNbO 3 waveguides
by heavy ion elastic recoil detection
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The surface layers formed in LiNbO3 waveguides, fabricated by Zn diffusion from the vapor phase,
have been investigated by time of flight elastic recoil detection analysis using127I ions. The key
features of this technique, simultaneous profiling of all ions and a depth of analysis,1 mm, have
allowed a detailed and quantitative characterization of the surface layers. The Zn diffusion into
LiNbO3 can be understood as a 2Li↔Zn exchange process. As a consequence, an outermost layer
of several hundreds of nanometers is formed, consisting of LiNbO3 and ZnNb2O6 phases showing
complementary profiles. A good correlation has been found between the composition profiles and
the optical waveguiding behavior. After thermal annealing of the waveguides, a thinner layer
containing a uniform mixture of ZnO and LiNbO3 is generated followed by a transition to a graded
solid solution of Zn into LiNbO3. © 2002 American Institute of Physics.
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Different methods are available for the fabrication
good-quality low-loss waveguides in LiNbO3. In particular,
Ti diffusion, performed at 900–1100 °C, has been comm
cially implemented for many years for the fabrication of
variety of integrated optics devices.1 Unfortunately, optical
damage~photorefractive effect! severely impairs the use o
these waveguides for high-power density applications s
as lasers and nonlinear optical devices in the visible ran
Several alternatives to Ti diffusion have been put forwa
and are being developed. One promising approach is Zn
fusion from the vapor phase,2 from a ZnO source,3 or by
liquid-phase epitaxy.4 In the first procedure, the diffusion
temperature is much lower~550–800 °C! than that for Ti
diffusion and therefore it is free of many problems deriv
from the high temperature processing. The Zn-doped m
rial presents good crystallinity, transparency,5 and resistance
to laser damage.6 At the same time, they preserve the hig
electrooptic coefficients7 and the ferroelectric domain struc
ture of the LiNbO3 substrate.8 The fabrication process in
volves two steps: the diffusion of Zn from the vapor phase
500–700 °C, followed by an annealing step performed
800–900 °C. Some laser and nonlinear optical devices h
been already implemented on Zn-doped waveguides9,10

However, the physical characterization of the waveguide
still defficient. Optical experiments have suggested the
mation of a multilayer structure with a thin low-index film a
the surface,11 although a direct experimental confirmation
lacking. In fact, the techniques used so far are either ins
sitive to these surface layers or not quantitative enough
provide a detailed and reliable picture.

The purpose of this work has been to apply the poten
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of the time of flight elastic recoil detection analysis~TOF–
ERDA! method12 using heavy127I ions to determine the
near-surface profiles of all relevant atom species. The m
advantage of this technique is that the information for
elements is retrieved in the same experiment so that m
ingful correlations can be established. Moreover, the de
range of the technique~,1000 nm! is particularly suitable
for the investigation of surface layers such as those invo
to account for the optical behavior of the waveguides.

Zn-diffused waveguides were fabricated in congrue
Z-cut LiNbO3 substrates supplied by Crystal Technology In
In the first stage of the process the crystal plates were s
jected to a Zn vapor atmosphere at a temperature of ei
550 or 600 °C and a pressure of 560 mbar. Diffusion tim
were 30 and 120 min. The reactor used to perform this tre
ment is described elsewhere.13 In a second~annealing! step,
that was the same for all samples, crystals were heated i
at 900 °C for 1 h. The x-ray characterization was done wit
D5000HR Bruker diffractometer~Cu Ka emission line!. For
the optical characterization, the darkm lines method was
used (l52633 nm).

The TOF–ERDA experiments were performed in the
MV EGP-10-II tandem accelerator in the Accelerator Lab
ratory at the University of Helsinki using 55 MeV127I111 as
primary ions. The angle between the incident beam a
sample surface was 20° and the recoil detection angle
40° relative to the beam direction. The TOF–ERDA detec
system consists of two timing gates, after which an io
implanted semiconductor energy detector is placed. In
measurements both time-of-flight and energy of each re
ion are measured in coincidence and the different masses
be separated. The measuring setup is described in deta

Ref. 14. The elemental energy spectra were converted to
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FIG. 1. Depth profiles for Li and Zn
after the following Zn-diffusion treat-
ments:~a! 550 °C, 30 min,~b! 600 °C,
30 min, ~c! 550 °C, 2 h,~d! 600 °C, 2
h. The corresponding refractive inde
profile is included as a dotted line.
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depth profiles using known measurement geometry, par
etrized stopping powers,15 and scattering cross sections. F
each sample the total sum of the atomic concentration
files was normalized to 1 at the surface.

It was checked that the energy spectra of all recoi
atoms were not appreciably modified during the experime

The depth profiles of all elements after the stage of
diffusion have been measured. Figure 1 shows the con
tration profiles for the relevant, Li and Zn, elements. T
depth profiles show that Li has been completely remo
from the outermost layer of the sample~a few hundred na-
nometers! in correlation with a Zn-rich region. Below thi
layer the Zn concentration decreases whereas the Li pr
recovers. In the whole investigated depth range, the sum
12Zn remains approximately constant with depth at
value corresponding to the initial Li~and Nb! concentration.
Therefore, it now becomes clear that the Zn-diffusion p
cess is, in fact, an ion-exchange process (Zn↔2Li) from the
vapor phase in the same way as H and Li are exchan
when LiNbO3 is inmersed into a weak acid.16 No oxygen
leaks have been detected in our measurements. The sto
ometry data for the outermost layer can be satisfactorily
ted to a mixture LiNbO3 /ZnNb2O6 with composition pro-
files shown in Fig. 2. The alternative hypothesis of a so
solution Zn/LiNbO3 does not describe the data and ca
therefore, be discarded. Moreover, the inclusion of a th
compound~ZnO! does not reduce thex2 per degree of free-
dom. Notice that the compound depth profiles are o
shown up to 400 nm. Some inaccuracies in the input O
Nb depth profiles deteriorate somewhat the quality of the
deeper inside the sample. The ZnNb2O6 phase has bee
clearly observed in our x-ray experiments~see inset in Fig.
2!, although the Bragg peaks are broad and relatively sm
in comparison with those found17 after more aggressive trea
ments~20 h at 750 °C!. The thickness of this Zn-rich laye
increases as the temperature and/or duration of the treat
increase~100 nm at 550 °C and 30 min, 400 nm at 600
and 2 h!. The region below the ZnNb2O6 phase extends
beyond the range of our ERDA technique and may co

spond to a solid solution of Zn in LiNbO3 ~a few microns
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deep! according to secondary ion mass spectroscopy dat2

After that diffusion step the surface of the sampl
shows good quality without any sign of damage or pittin
Reflectivity experiments were performed with a polariz
He–Ne laser operating at 633 nm, measuring the reflec
light intensity at the prism-sample interface as a function
incidence angle. For the most heavily treated sample~2 h at
600 °C! the reflectivity spectra for extraordinary polarize
light obtained using a high index prism coupling techniq
show two broad minima corresponding to refractive indic
of 2.240 and 2.204. Since for LiNbO3, ne52.2030, this re-
sult provides a clear indication of the formation of a hig
index surface layer after the Zn diffusion. The data can
well fitted with a graded Gaussian index profile yielding
maximum index of 2.280 and a depth of 750 nm. The d
for the other treatments can also be fitted with the same t
of profile and maximum index. The index profiles are sho
in Fig. 1, together with the Li and Zn compositional profile
The correlation between the optical and composition profi
is good.

After the annealing treatment at 900 °C the experimen
Zn and Li profiles markedly change as illustrated in Fig.

FIG. 2. Depth profiles showing the best fit to ERDA data for a Zn-diffus
sample at 550 °C for 2 h. X-ray diffraction spectrum showing the prese

of a ZnNb2O6 phase is included in the inset.

t. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



fo
ll
af
be
at
a

ne
o

t d

e
io
m
at

r

ed
of

di-
for

er

e
ies
is

re-

th
a-
of

ling.
ith

re-

, J.

J.

T.

.

t

in

K.

f

ed

1983Appl. Phys. Lett., Vol. 81, No. 11, 9 September 2002 Espeso-Gil et al.

D

~the profiles before the Zn-diffusion step are included
comparison!. The Li profile mostly recovers although it sti
experiences a decrease near the surface, particularly
more aggressive diffusion treatments. The Zn profile
comes narrower and concentrates at the surface in correl
with the Li deficiency. In fact, it can be easily checked th
the concentrations of all elements assure local charge
trality. From the concentration profiles the stoichiometry
the Zn-rich surface layer has been determined. The bes
scription of the data is obtained with a mixture of LiNbO3

and ZnO phases and a small fraction of ZnNb2O6 ~see Fig.
4!. All those phases present in the outermost layer had b
previously identified in annealed waveguides after diffus
at 700 °C.13 The thickness of the Zn rich layer varies fro
100 to 400 nm, depending on the prior Zn-diffusion tre
ment.

Taking into account the earlier results the associated

FIG. 3. Li and Zn depth profiles for a Zn-diffused waveguide~2 h, 550 °C!
after an annealing treatment of 1 h at 900 °C. The profilesbefore annealing
are included for comparison.

FIG. 4. Depth profiles showing the best fit to ERDA data for a Zn-diffus

waveguide~2 h, 550 °C! after annealing at 900 °C for 1 h.
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fractive index profile at the surface of the anneal
waveguides can be simulated. In the outermost layer
ZnO1LiNbO3 of a few hundred nanometers, the extraor
nary refractive index should be an average of the values
the two component phases~2.2 for LiNbO3 and 2.0 for ZnO
at l5633 nm), i.e., around 2.1. This outermost thin lay
with a lower refractive index than LiNbO3 accounts for the
difficulties found to couple light into the waveguide by th
prism method. Below that layer, i.e., beyond the capabilit
of the ERDA technique a graded refractive index profile
found, extending to a depth of a few microns, and cor
sponding to Zn-doped LiNbO3.18

In conclusion, ERDA–TOF experiments carried out wi
55 MeV 127I ions have provided very detailed and quantit
tive information on the composition and depth stacking
the surface layers~,500 nm thick! that are formed during
the Zn diffusion and subsequent high temperature annea
The composition profiles of the layers are in agreement w
the refractive index and waveguiding behavior.

This work is dedicated to Professor Domingo Gonza´lez,
from the University of Zaragoza, on the occasion of his
tirement.
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