]

INTERNATIONAL ATOMIC ENERGY AGENCY Hl!
TXITED NATIONS EDUCATIONAL, BCTENTIFIC AND CULTURAL ORGANIZATION

e
-
- ——J

|

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - P.0.B. 586 - MIRAMARE - STRADA COSTIERA 11 - TELEPHONE: 2240-1
CABLE: CENTRATOM - TELEX 460392 -1

H4.SMR/2B5 - 29

WINTER COLLEGE ON
LASER PHYSICS: SEMICONDUCTOR LASERS
AND INTEGRATED OPTICS

(22 February ~ 11 March 1988)

STRUCTURAL CHARACTERIZATION OF PROTON
EXCHANGED LiNbO; OPTICAL WAVEGUIDES

R.M. De La Rue
Glasgow University
Glasgow, U.K.



Structural characterization of proton exchanged LiNbO; optical waveguides

C. Canali

Istituto di Elettrotecnica e di Elettronica, Via Gradenigo 6/A. 35131 Padova, Italy

A. Carnera, G. Della Mea, and P. Mazzoldi

Dipartimento di Fisica, Via Marzolo 8 35100 Padova, Italy

S. M. Al Shukri, A. C. G. Nutt, and R. M. De La Rue
Department of Electronics and Electrical Engineering. University of Glasgou, Glasgow GI12 8QQ, Scotland,

United Kingdom

(Received 16 September 1985; accepted for publication 18 December 1985)

This paper reports the results of structural analysis of proton-exchanged lithium niobate optical
waveguides fabricated in Z-, X-, and Y-cut substrates immersed in pure benzoic acid. Rutherford
backscattering spectrometry, nuclear reactions, secondary ion mass spectrometry, scanning
electron microscopy, and x-ray diffraction were used to measure atomic composition profiles and
the marked lattice distortion induced by the proton exchange process in the waveguiding layer. H
and Li concentration measurements indicate an exchange of about 709 of the Li atoms are

present in the virgin LiNbO, crystal.

i. INTRODUCTION

The emergence of the proton exchange technique for
optical waveguide fabrication' could have a major impact on
the use of lithium niobate (LiNbO;) in varicus applications
of integrated optics. Proton exchange in LiNbO; is a low-
temperature process which creates an increase (=0.12 at
A =0.633 um) in the extraordinary refractive index larger
than that produced by conventional Ti in-diffusion ( <0.02
at the same wavelength).'™ Several devices have already
demonstrated, e.g.: grating beam splitters,® Fresnel lenses,®
polarization strippers,’ modulators,® and birefringence con-
trollers.” Proton exchange also shows the additional advan-
tage of decreasing the susceptibility to optical damage (the
photorefractive effect) ' so that devices made by proton ex-
change can operate using higher powers of shorter wave-
lengths than devices based on Ti in-diffused optical wave-
guides.

Some important practical problems have been identified
in proton exchanged waveguides. In particular the low tem-
perature at which the exchange takes place has led to con-
cern about long term or thermal stability of the guides.’
Furthermore, the high hydrogen concentration introduced
into the host lattice may induce large crystal distortions and
the surface damage observed in Y-cut substrates"'*'* and/
or the formation of new phases resulting in highly scattering
guides™'* and in a deterioration in the electro-optic and
acousto-optic properties.'®

Several papers report the optical properties of proton
exchanged (PE) waveguides but very little fundamental or
systematic research on the proton-lithium exchange process
in LiNbO, has been carried out. For example, Li and H
concentrations and profiles have not been directly measured
except as reported in Ref. 16, where preliminary measure-
ments of hydrogen profiles are given; x-ray diffraction meth-
ods have not been used to determine strains or defects in the
exchanged layer; a new crystalline phase (HNbBO,) with a
cubic perovskite structure was detected in x-ray diffraction
studies of LiNbO, exchanged powders'’ but direct experi-
mental evidence for its presence also in the exchanged
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LiNbO, single-crystals substrates has not been obtained.'*!”

There is clearly a need 10 establish, unambiguously, the
structural characteristics of waveguides formed by proton
exchange in LINbO, and their correlation with optical prop-
erties to give a basis for the design of well-controlled and
reliable devices.

This paper is primarily concerned with structural analy-
sis studies of proton-exchanged lithium niobate waveguides
fabricated on crystalline substrates with different crystallo-
graphic orientations by immersion in pure molten benzoic
acid at different exchange temperatures and for different ex-
change periods. Before structural analysis has been carried
out the optical characteristics of the waveguides have been
obtained using the standard prism-coupler technique.
Strains, defects, and crystal structure modifications have
been studied using x-ray diffraction methods, while Ruther-
ford backscattering spectrometry {RBS) has been used to
study the kinetics of waveguide formation and of the ex-
change process. H and Li concentrations and profiles have
been estimated via nuclear reactions.

1. SAMPLE REACTION

Optical-grade, polished, single-crystal LiNbO, sub-
strates supplied by Barr and Stroud Ltd. were cleaned and
degreased thoroughly using a series of organic solvents. The
samples were then mounted in a PTFE holder before being
placed in 250 ml of pure benzoic acid in a stainless-steel
beaker placed in an oil bath the temperature of which was
controlled to within + 0.25 °C. The benzoic acid was re-
newed after, at the most, 20 exchange runs. Both the oil bath
and exchange beaker were covered to provide a well-isolated
temperature-stable environment.

Exchange temperatures and times used ranged from 150
to 250 °C and from 20 min to a few hours, respectively. Sam-
ple preheating was used for shorter exchange periods. The
exchange time was defined as that between immersion of the
sample in the benzoic acid and its removal from the acid.
Benzoic acid crystallized on cooled samples was removed by
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FIG. 1. Double-crystal x-ray diffraction, (220) rocking curves obtained on
X-cut satnples isochronally (40 min) exchanged at different temperatures

in pure benzoic acid. The insert shows the dependence of the satellite peak
amplitude on the thickness of the exchanged layer #.

chloroform and/or methanol. The samples were then stored
for along enough period for the refractive index of the wave-
guide region to relax to a stable value,?!' typically for at Jeast
two weeks,

lIt. RESULTS AND DISCUSSIONS
A, Optical characterization

The mode structure and propagation losses of the opti-
cal waveguides were measured by means of the conventional
prism-coupler technique with single-crystal rutile prism? at
A =0.633 um. The values of the effective refractive indices
of each observed mode were used as the input for a computer
program to calculate the refractive index profile and the
depth of the planar waveguides. The obtained results agree
with those previously reported in Refs. 2 and 18. In particu-
lar, the increase of the extrordinary refractive index showed
a steplike profile with a maximum of about 0.126 for both Z-
and X-cut substrates.

Propagation losses were measured by monitoring the
out-of-plane scattering light, imaging it on an infrared vidi-
con, and displaying the amplitude of the scattered light sig-
nal.>'® Measured losses were between 2.5 and 6 dB/cm; sim-
ilar propagation Josses, as large as 6 dB/cm, were reported in
Ref. 14, and, in both cases, the experimental values are much
higher than values given by Jackel.!

B. X-ray diffraction methods

Strains and crystal structure modifications induced by
proton exchange have been studied by x-ray diffraction
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methods. In particular, a double-crystal diffractometer was
used to measure strains present in the waveguide region and
x-ray diffraction topography was used to detect defects.
Glancing-angle x-ray diffraction was carried out in a Wal-
lace-Ward cylindrical texture camera'® to investigate the
presence of new phases formed during the proton exchange
process.

Figure 1 shows double-crystal x-ray diffraction, (220)
rocking curves, taken on X-cut samples all exchanged for 40
min in pure benzoic acid at four different temperatures. The
presence of satellite peaks at a negative deviation AZ from
the Bragg angle relative to the unperturbed substrate indi-
cates that the exchanged layer exhibits a positive strain, Aa/
a > 0 perpendicular to the surface. The shape and position of
the satellite peaks remain the same with increasing the ex-
change temperature. Furthermore, as shown in the insert in
Fig. 1, their intensity increases linearly as a function of the
exchanged layer thickness. Even though an accurate evalua-
tion of the lattice strain value and distribution requires theo-
retical simulation of the experimental rocking curves, in-
spection of the features of the spectra reported in Fig. 1
allows a qualitative estimate of about 0.8% for the strain
present.

Positive strains perpendicular to the surface have also
been observed to occur for similar treatments in Z- and Y-
cut substrates and in particular, on ¥Y-cut PE samples, strains
as large as 1.6% have been observed. Furthermore, in these
substrates when the exchanged layer thickness exceeds
about 2000 A a surface damage appears as reported by other
authors.'?-1%2° This phenomenon is clearly evident in both
scanning electron microscope (SEM) and x-ray topography
(XRT) observations. Figure 2(a) is a low magnification
SEM micrograph taken on a Y-cut sample proton exchanged
for 20 min at 180 °C, showing a large number of cracks run-
ning along the x axis. At higher magnification [Fig. 2(b)],

LiNB Qg . ¥-cut;P.E. 180 °C; pure benzoic acid
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FI1G. 2. (a) and (b) are SEM micrographs taken at two different magnifica-
tions [markersare 125and 2 um longin (a} and (b}, respectively] on Y-cut
samples exchanged at 180 °C for 20 min, {c) and {d) are x-ray topographs
(Cuka, radiation, 030 refiection) on Y-cut LiNbO, substrates exchanged
at: {c} 180 °C, 10 min and (d) 180 "C, 20 min in pure benzoic acid. Magnifi-
cation is the same for (c) and {d).
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FIG. 3. Backscattering spectra in random and aligned conditions for three
X-cut samples isochronally (20 min) exchanged at different temperatures
in pure benzoic acid.

these appear as a clear peeling off of the exchangs layer.
Figures 2(c) and 2(d) report x-ray topographs, obtzined by
Lang technique in symmetric reflection geometry, taken on
two Y-cut samples exchanged at 180 °C for 10 and 20 min,
respectively. In these specimens the defects detected by XRT
are dark bands aligned along the x axis, the length and den-
sity of which increase with the exchange time [compare Fig.
2(c) with Fig. 2(d}] and which are clearly related to the
presence of cracks observed in the SEM. 1t should be pointed
out that XRT is much more sensitive in detecting th= begin-
ning of the surface damage and peeling-off phenomenon
than is an SEM.

The mechanism of surface damage generation on ¥Y-cut
PE LiNbO, substrates exchanged in pure benzoic acid can
be described as follows.™ When the exchange time inzreases,
theincreasing thickness of the exchanged layer and the shar-
pening of its interface with the substrate lead to the genera-
tion of stress relieving defects. Remembering that the Y-
plane is not an easy glide plane and that the temperature of
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FIG. 4. Backscattering spectra in random and aligned conditions of three

Z-cut samples isochronally (20 min) exchanged at different tem>eratures
in pure benzoic acid.
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the exchange process sems to be too low to favor the genera-
tion of misfit dislocations by plastic relaxation and their
movement by a climb process to follow the in-depth shift of
the interface, the only way to relax the high-stress gradient is
through the formation of cracks. Cracks may also be ob-
served on Z- and X-cut samples after prolonged exchange at
temperatures such as 220°C.

Exchanged samples were also examined with glancing
angle x-ray diffraction using a cylindrical Wallace-Ward
texture camera.'® Diffraction patterns confirmed the pres-
ence of large strains in the exchanged layer but did not reveal
the presence of any new phase, such as the cubic perovskite
phase (HNbO,) observed in proton exchanged LiNbO,
powders.!’

C. Rutherford backscattering analysis

The lattice distortion induced by the proton exchange
process is clearly detectable by *“He™ 1.8 MeV Rutherford
backscattering spectrometry®' {RBS) in the aligned condi-
tion, thus allowing the evaluation of the thickness of the
distorted layers. Figures 3 and 4 report the experimental
RBS spectra taken on three X-cut and three Z-cut LiNbO,
substrates exchanged for the same time, 20 min, in pure ben-
zoic acid at three different temperatures: 180, 200, and
220°C. Owing to the square-law dependence of the cross
section on the atomic number, the RBS signal is mainly due
to Nb atoms present in the target. The aligned spectra show
clearly a surface region with a slightly higher backscattering
yield than the virgin sample, indicating a small displacement
of the Nb atoms with respect to their regular positions in the
normal crystal lattice. From comparison of the spectra of
Figs. 3 and 4 the displacement of Nb atoms appears to be
larger along the ¢ axis than along the @ axis.

As shown in Figs. 3 and 4, the depth of the distorted
layer clearly increased with increasing temperature when
the exchange time was kept constant at 20 min. Further-
more, the small peak present at the surface for all samples
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FIG. 5. Depths of exchanged regions measured by RBS in aligned condi-
tions and by optical technigues on X-cut LINbO, samples exchanged at dif-
ferent ternperature and times in pure benzoic acid.
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FIG. 6. Depths of exchanged regions measured by RBS in aligned condi-
tions, and estimated from optical measurements, on Z-cut LiNbO, samples
cxchanged at different temperatures and times in pure benzoic acid.

suggests a small amount of surface damage probably caused
by mechano-chemical polishing of the substrates and chemi-
cal reactions occurring at the sample surface during the ex-
change process.

In the random spectra, the Nb yield does not show any
variation going from the exchanged surface layer to the un-
perturbed substrate thus suggesting that the Nb concentra-
tion remains constant across the whole sample.

Similar results have been obtained in samples ex-
changed at different temperatures and/or times on Y-cut
substrates when the thickness of the exchanged layer was
smaller than 2000 A.

The thicknesses of the perturbed layers measured from
the aligned RBS spectra as a function of the exchange time
and temperature are shown in Figs. 5 and 6 for X- and Z-cut
substrates, respectively. In all cases the measured thick-
nesses exhibit, at a given temperature, a square-root time
dependence, indicating that the proton exchange in LiNbO,
is a diffusion-limited process.

In the same Figs. 5 and 6, the waveguides depths esti-
mated from the optical mode structure are reported for com-
parison. In particular the optical depths reported in Figs. 5
and 6 have been calculated from the growth data D, and E,
given in Refs. 2 and 18 and obtained on multimode wave-
guides in order to optimize the fit of the index profile. As
shown in Figs. 5 and 6 there is good agreement between
depth estimates obtained from optical waveguide measure-
ments and measurements of perturbed layer thicknesses ob-
tained using the RBS technique. Optical depth estimates ap-
pear to be shightly ( <10%) higher than RBS thickness
measurements.??

In the diffusion-controlled growth of the exchanged lay-
er a kinetic parameter 4 can be measured from the rate of
growth of the layer, on assumption of the relation W? = 4,
where B and t are the layer thickness and time of exchange,
respectively. If 4 is taken to be the diffusion coefficien1®*%*
(D = W?3/1) of the exchange process occurring in LiNbO,
when immersed in pure benzoic acid, then the values and
temperature (T ) dependence of D(T )} can be obtained
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FIG. 7. 1000/ T dependence of diffusion coefficients measured by RBS and
optical techniques on LiNb(Q; substrates with different crystallographic
orientations exchanged in pure benzoic acid.

from the square of the slopes of the curves shown in Figs. 5
and 6.

Clearly in Fig. 7 all D(T) values lie on straight and
parallel lines indicating that the dependence of D on tem-
perature is given by the Arrhenius law:

D(T)=Dyexp| — (E;/KT)],

with the same activation energy £, = 0.95 ¢V. The main
difference is in the absolute value of D which appears larger
for X-cut D, = 6.09x10° um*/h, and lower for Z-cut
D, = 3.47x10° um?/h. The value for ¥-cut substrates
Dy, = 4.93x10° um*/h, lies between these values.

D. H and Li detection

For the analysis of H and Li which, owing to their low
atomic number, are not detected by RBS with*“He™ 1.8 MeV
particles, two nuclear reactions (NR ) have been employed.
Nuclear reactions are an ion-beam technique complemen-
tary to RBS and are especially useful for the analysis of ele-
ments of low atomic number.™ They are based on the analy-
sis of nuclear reaction preducts induced by the bombarding
charged particles. When the differential cross section for nu-
clear reaction presents a narrow isolated resonance at a well-
defined value of the energy E; of the bombarding ions, the
nuclear reaction which occurs is particularly suitable for
atomic depth-profile measurements. On the other hand, if
the differential cross section is not resonant but nearly con-
stant or continuously varying as a function of bombarding
ion energy the nuclear reaction which occurs is only suitable
for determining the total amount present of the element be-
ing investigated without accurate depth resolution.

We have used a narrow isolated resonance in the reac-
tion '*N + 'H—""C + a + y which occurs at E, = 6.385
MeV to measure the hydrogen content versus depth.”® To
use this resonance as probe for H, the sample is bombarded
witha '*N beam and the yield of the characteristic 4.43 MeV

Canali et al. 2646
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FIG. 8. Measured hydrogen profiles on LiNbO, Z- and X-cut samples ex-
changed in pure benzoic acid at two temperatures 160 and 180 *C and differ-
ent times. The table inset compares nuclear reaction and optical measured
depths.

¥ rays is measured as a function of the energy of the incident
15N beam so that the concentration of H versus depth in the
target is determined. The depth resolution of this method is
finite because the resonance has a finite energy width + 3
keV, which corresponds for LINbO; to a depth resolution of
approximately 20 A at the surface. The sensitivity of this
technique for H detection is about 0.1 at. %. Toavoid crystal
damage and H atoms movement during the analysis the BN
beam current density was kept lower than 10 nA/cm?.
Figure 8 shows the measured hydrogen profiles in Z-
and X-cut LINbO, samples exchanged in pure benzoic acid
at two temperatures, 160 and 180 °C, for several different
periods. The data clearly show a steplike hydrogen distribu-
tion with a well-defined plateau where the resultant H con-
centration is in the range 1.1-1.3% 10> atoms/cm’ with,
apparently, a small dependence on the exchange tempera-
ture and substrate crystallographic orientation; the concen-
tration is in fact slightly higher for X-cut material. The
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virgin X-cut LiNbO, sample and on one exchanged in pure benzoic acid at
220*Cfor 1 b,
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depths of the exchanged region measured by nuclear reac-
tion always agree closely with RBS data and optical mea-
surements.

In the ion exchange process the fluxes of the two ex-
changing ions, Li* and H™ in our case, are expected to be
equal. As a consequence, from the measured concentration
of H in the exchanged layer, we expect that approximately
65 to 75% of the original Li atoms present in the LiINbO,
lattice have been exchanged or substituted by H atoms. To
determine the proportion of Li atoms present in the ex-
changed layer a second nuclear reaction, 'H + 'Li-
—*He + a, already used previously for this purpose,®” was
employed. The reaction 'H + "Li—*He + a is not resonant
so that the depth resolution achievable is quite poor, about
1000 A. To use this nuclear reaction to detect Li, the sample
is bombarded with a proton beam, having 1.5 MeV energy in
our experiments, and the yield of the emerging a particles is
measured. Figure 9 shows the a-particle signal from Li
atoms in a virgin sample and in an X-cut substrate exchanged
at 220 °C for 1 h. The shape of the a-particle signal produced
by Li atoms in the exchanged sample clearly indicates that
this sample exhibits a surface layer partially depleted of Li
atoms. The thickness of this exchanged layer can be estimat-
ed from Fig. 9 approximately 1 zm in agreement with RBS
data, and the concentration of Li atoms is about 30% of the
original Li concentration in agreement with H profile mea-
surements.

We have also attempted to measure atomic composition
profiles in the exchanged layer with secondary ion mass
spectrometry (SIMS). SIMSisin fact the only microanalyti-
cal technique suitable to detect H and Li; furthermore, SIMS
has been found useful in understanding the Ti-indiffusion
process in LiNbO,."™?* However, in the case of proton ex-
change, the strong change of the physico-chemical proper-
ties induced by the substitution of a large fraction of the Li
atoms by H atoms makes the matrix effects prevailing and
the profiles consequently obtained quite unreliable. In fact

Canali et 8/, 2647
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FIG. 11. IR absorbance measured in Z-cut LiINbO, samples, one virgin and
the rest all exchanged for 120 min at different temperatures in pure benzoic
acid.

from Fig. 10, which gives SIMS profiles obtained on an ex-
changed sample, an apparent increase in Nb concentration
can be observed together with a decrease by a factor of 40 in
the Li content in the exchanged layer with respect to the
bulk. These results disagree with those obtained for Nb con-
centration by RBS in random conditions and with those ob-
tained for Li content by NR and are clearly an artifact due to
the matrix effect and therefore it is incorrect to compare the
secondary ion intensities from the exchange layer with those
from the LiNbO, substrate.

E. Infrared absorption

Infrared transmission absorption spectra have been per-
formed using a Perkin Eimer 180 spectrometer on samples
polished on both surfaces and then proton exchanged. The
results obtained are similar 1o those already reported in the
Literature.'*'7? In particular, the virgin sample exhibits an
infrared (IR) absorption peak at 3845 cm ™' due to OH radi-
cals which is strongly dependent on the polarization of the
incident light. The absorption peak is present for E1C and
disappears for E ||C, suggesting that the direction of the tran-
sition moment of the OH radicals is perpendicular to the Z
axis of the crystal.*® After proton exchange, two absorption
bands could be observed. One is a sharp and strong peak at
3505 cm ™" which, as for the absorption peak of the virgin
sample, is polarization dependent, while its intensity grows
in proportion to the thickness of the exchanged layer (Fig.
11). The other is a broad, smaller, and polarization-indepen-
dent absorption peak at about 3250 e~ 7,

The absorption band at about 3250 cm ! has been attri-
buted to the presence of a new crystalline structure HNbO,
in LiNbO, samples exchanged in pure benzoic acid.'” We

2648 J. Appl. Phys., Vol. 59, No. 8, 15 April 1986

cannot confirm this hypothesis because we have been unable
to detect any new structure by x-ray diffraction methods.
Moreover, the high concentration of hydrogen and the con-
siderable distortion of the crystal lattice in the exchanged
layer suggest that not all the H atoms present substitute di-
rectly for Li atoms in the host lattice but that some of the H
atoms may be interstitial. As a consequence the presence of
two absorption peaks with different shapes and polarization
dependences is more likely to be due to the different lattice
positions and bondings of the H atoms present in the ex-
changed layer.

IV. CONCLUSIONS

Ien-beamn techniques and x-ray diffraction methods as-
sist greatly in the characterization and understanding of the
optical waveguide formation process in LINbO, by proton
exchange. In particular they can provide direct and absolute
measurements of the amount and the profile of H, Li, and Nb
atoms and the crystal distortion present in the exchanged
layer.

In LiNbO, substrates exchanged in pure benzoic acid
the H depth profile measured shows a typical steplike shape
in agreement with the refractive index profile measured opti-
cally. In the constant concentration region the measured H
content lies between 1.1 and 1.3 X 10** atoms/cm* and cor-
responds tc an exchange of about 65-75% of the Li atoms
present in the LiINbO, crystal, in broad agreement with the
concentration suggested by Jackel er al.*?

Measurements of the depths of the exchanged region
obtained by nuclear reactions and by RBS in aligned condi-
tions agree well with each other, proving that distortion of
lattice parameters and/or atomic locations are strongly cor-
related to the presence of protons. Furthermore, there is
good agreement between depth estimates obtained from op-
tical waveguide measurements and measurements of ex-
changed layer depths obtained with ion-beam techniques.

The comparison between optical and ion-beam results
provides the first direct experimental evidence that the guid-
ing layer consists of a LINbO, region where about 65-75%
of the original Li atoms have been replaced with H atoms.
This exchange apparently occurs without the formation of
new phases, at least as detectable by x-ray diffraction on
planar substrates. The exchange induces a large crystal dis-
tortion, sufficiently drastic to cause peeling off of the ex-
changed region on Y-cut substrates, and this may be due
partially to the interstitial position of H atoms in the lattice.
The large strain and disorder present in the waveguiding
layer may be the reason for the large attenuation measured in
these optical waveguides, while the high H atom density and
the high concentration gradient at the sharp edge of the hy-
drogen profile may be the source of the long-term and ther-
mal instabilities in these waveguides.

Because matrix effects prevent the meaningful use of
SIMS in studying these samples we believe that ion-beam
techniques together with x-ray diffraction and topography
are the most suitable for the study of post annealing treat-
ments of the exchanged waveguides®' and the exchange pro-
cesses in dilute solutions'**! which are reported to improve
optical waveguide performances and stability.
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