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Photorefractive properties of undoped lithium tantalate crystals
for various composition
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Lithium tantalate crystals of compositions ranging from 48.3 mol % to 50.0 mol % lithium oxide
are fabricated by vapor transport equilibration. Light-induced refractive index changes of the
crystals are investigated with holographic methods at usual cw-laser inteigsiti€® W/m?) and

with a single focused laser beam at high light intensities up *al@ W/m?. In stoichiometric
crystals the index changes are reduced by more than two orders of magnitude when compared with
congruently melting ones. Simultaneously, the normalized photoconduatiyity, wherel is the

light intensity, increases by nearly two orders of magnitude. Therefore, stoichiometric lithium
tantalate is an attractive material for applications such as frequency conversion via quasi-phase
matching. ©2004 American Institute of PhysidOIl: 10.1063/1.1805199

I. INTRODUCTION measurements we either use a holographic setup at usual
cw-laser intensitie$~10° W/m?), or a single focused laser
Lithium tantalate(LiTaO3) crystals are of special inter- peam that provides high light intensites up to
est for applications such as frequency conversion via quasp x 10" W/m2.
phase matching in periodically poled cryst%tf'sl.n this con-
text light-induced refractive index changes, also known as
optical damage, are of great disadvantage. This disturbing
effect is caused by both, extrinsic and intrinsic defects which
initiate the development of space charge fields that finallyl. EXPERIMENTAL METHODS
change the material's refractive index. Extrinsic defects can, Samples
be minimized by the use of very pure starting chemicals for
crystal growth. On the other hand, the reduction of intrinsic ~ Several samples of different compositions in the range
defects is more difficult. The congruently melting composi-from 48.3 to 50.0 mol % LIO are prepared using VTE
tion of LiTaO; [about 48.5 mol % LiO (Ref. 3] does not treatments. Starting crystals for VTE processing are obtained
coincide with the stoichiometric oné50.0 mol % L,0).  from Czochralski-grown boules of the congruently melting
Because of the Li deficit, congruent LiTa®©rystals possess composition. The boules are cut into plates of 0.3—0.5 mm
a large number of intrinsic defects such as Li vacancies anthickness. A VTE treatment is carried out by heating the
Ta,; antisite defectgTa on Li site. Besides optical damage crystals in a platinum crucible together with a powder of
many physical properties of LiTalxrystals depend on the LiTaO; of a certain composition. Annealing takes place at a
Li content, such as coercive field, birefringence, Curie temtemperature of 1200 °C for a duration of 140 h. A detailed
perature, and position of the absorption edge. description of this VTE treatment is given in an earlier
A reduction of intrinsic defects can be realized by sev-paper’ In order to determine the Li content of the powder, an
eral methods. The crystals can be doped by adding MgO taccurate weight control is carried out during the whole pro-
the melt® where Mg ions occupy Li sites in the crystal thus cedure. Thus it is possible to determine the evaporation
reducing the number of Taantisite defects. Alternatively, losses of LjO and an absolute accuracy for the composition
nearly stoichiometric crystals can be grown from a melt conof +0.05 mol % is achieved. The lithium concentrations
taining an excess of Li by the double crucible Czochralskigiven in the following are the concentrations of the powder
method?® A third method, the vapor transport equilibration after annealing. Below 50.0 mol % 4@ this concentration
(VTE) process, is a postgrowth treatménilere, LiTaQ s equal to the concentration of the treated crystals in the
crystals are annealed together with a Likawder of a  equilibrium state, whereas for concentrations higher than
certain Composition until equilibrium is reached. 50.0 mol % Lbo in the powder it can be assumed that a
In this paper we investigate light-induced refractive in-maximum value of 50.0 mol % LD is obtained in the
dex changes in LiTa@crystals in dependence of composi- crystals® For further investigations the crystals are polished
tion. Therefore, we have prepared several samples of diffefp optical quality. Poling is achieved by heating the crystals
ent Li concentrations using VTE treatments. For thetg 5 temperature of 750 °Cabove Curie temperaturand
cooling down quickly with an applied electric field of
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B. Holography pensatoy. The extraordinarily polarized beam of an*Apn
laser at a wavelength=488 nm is focused by a lens to a
iameter(1/e?) D of ~80 um and collimated to the sample.
he intensity of this pump beam can be controlled by a com-
bBination of N/2-plate and polarizer. The light-induced
o _ changes of the birefringence are determined by a weak
controlled by means of a combination of\d2—plate and a He-Ne laser bearfh =633 nm which is focused roughly to

polarizer. A maximum intensity of 1610° W/m? can be half of the di  th b d bring th
reached and the recording light is ordinarily polarized. The alf of the diameter of the pump beam. In order to bring the

interference pattern has a fringe spacing\f0.8 um and pump beam and 'the test beam into the same dirept?on, both
the grating vectoK is directed parallel to the crystalksaxis. begms are supenmpqsed by the use of a ngnpqlanzmg beam
The resulting refractive index grating can be probed by fplltter. The polarization of the test_ beam is orlenteo! atan
weak beam of a He-Ne las€éh=633 nm that is Bragg- angle Qf 4_50 towa_\rds the optical axis .Of the samplexis)
matched and extraordinarily polarized. The intensities of thé"’r"(:hf'shSItuateCI w:jthe plarlge perplenqcljculz;l]r to the vlvar\]/e vee
transmitted,) and the diffractedly) beams are measured by tors of the test and pump beam. Inside the crystal the inci-

photodiodes. For this measurement, the samples are mountgant wave 1s spht Into an ordmar_(wth No) and an extraor-
in front of an aperture with a diameter of 1 mm. With the inary wave(with n) due to birefringence. These two waves
diffraction efficiency» given by possess different phase velocities, i.e., the superposition re-

sults in an elliptically polarized beam. Behind the crystal a
_ lg 1) Nl 4-plate is introduced at an angle of +45° with respect to
g+ 1 the ¢ axis to get linearly polarized light. Depending on the
natural birefringence of the crystal the polarization of the
incident light is rotated and a second polarizer is adjusted to
block this probe light completely.
A\ cos® o A light-induced change of the birefringenéan leads to
Ne=""4 arcsirtv). (2 an additional rotation of the polarization of the probe light.
The intensityl; behind the second polarizer is given by

wdéAn)

Holographic measurements are performed with a two
beam interference setup as described, e.g., in Ref. 8. Th
beams of an Arion laser with a wavelength 0of=488 nm
are superimposed inside the crystal. The intensity can

n

the refractive index changeés, (extraordinary polarization
can be determined using Kogelnik’s formula

Here N denotes the wavelength of the probe lasers the
thickness of the crystal, an@ is the Bragg angle inside the Iy = |05in2( (5)
crystal. With a third laser beaf\ =488 nm, ordinarily po-

larized holograms can be. ergsed off-Bragg. Th? ternporalﬂ\ssuming that the temporal behavior of the light-induced
development of the refractive index chang¥s. during the birefringence changes follows E¢3) we obtain the time

recording proc_edu_re and the temporal decay during erasurc?ependence of the intensity behind the second polarizer,
of the refractive index changes follow monoexponential

laws: =1 sinz{ mdSANY 1 - expg—t/7)] } .
An,=AnJ1-exg-t/7)] for recording, (3) A

(6)

Here SAnS is the saturation value of the light-induced bire-
Ane=An§exp(— t/7) for erasure. (4) fringence change and the time constanyields again the

The saturation value of refractive index changes is deP hotoconductivityoy,= egs€q/ 7. After each measurement the

noted byAn§ and the recording time constant byThis time samplets aare fhea}[t_ed _to d300 hC for half arll rt1o|ur to erase the
constant yields the photoconductivity,= 3360/ 7 With the generated refractive Index changes completely.

dielectric constant33:43.4(Re'f. 10 and the permittivitye, Il EXPERIMENTAL RESULTS

of free space. In order to provide a stable setup even for long
writing processes an active stabilization is used. One of thé. Holographic measurements
interfering beams is phase-modulated by a piezoelectrically
driven mirror with a frequency much higher than the fre-
quency response of the crystal. Using a lock-in amplifier th
first (1) and second harmonid$*?) are extracted from the
detected intensity of one of the beams behind the sampl
With the assumption that the bulk photovoltaic effect domi
nates the chZ%rge transport, the second harmonic approac %ﬁsity of 1.6 10° W/m2 Up to a Li concentration of
zero. Hencd<"* can be used as an error signal and as contro

=ble for a foedback | i the piezoelectricall 2> Mol % LO AnS exceeds K107 For Li concentra-
variable for a e?_lgac 00p acting on the piezoelectricallyiqng larger than 49.5 mol %n§ decreases rapidly and
supported mirrol

above 50.0 mol % LO no refractive index changes can be

observed. The detection limit of light-induced refractive in-

dex changes measured with a holographic setumri§
For the investigation of light-induced refractive index ~2x 1076

changes at high light intensities up to Our measurements show that the photoconductivify

2Xx 10° W/m? a single-beam setup is usé®énarmont com- is proportional to the light intensity. The normalized pho-

In our holographic measurements all samples show a
monoexponential time dependence of the light-induced re-
Sractive index changes as described by E&.and (4). In

Fig. 1 the saturation value of refractive index changes is
%‘Iotted versus the Li content of the powder after the VTE
“treatment. The measurements have been performed at an in-

C. Single-beam setup
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FIG. 1. Saturation value of refractive index changes (\=633 nm, light FIG. 3. Intensity of probe light behind the second polarizer as a function of
intensity | =1.6x 10° W/m?) vs lithium content of the powder after a VTE the position of the sampl@!9.2 mol % LiO) shifted in a plane perpendicu-

treatment. Li concentrations of the powder larger than 50.0 mol % lead tda" to the beam after illumination with the pump beam for a few minutes
An values smaller than 2 1076, (pump beam: wavelengtih=488 nm, intensityl=10" W/m?, diameter

D=80 um; test beam:A=633 nm, | =6x 10* W/m?, D=40 um). The
sample is shifted parall¢®) and perpendiculafO) to thec axis. For zero
toconductivity op/I increases from X 1072°m/V?2 for a  shift the maximum intensity is obtained.
sample with a Li concentration of 48.3 mol % to

17 2 i 9 i
4> 107" m/V* for a sample with 49.9 mol % O (Fig. 2). are determined with the probe beam. In Fig. 4 the saturation

For samples treated with a powder containing more thavalue SAnS is plotted versus pump light intensity for four

50.0 mol % Lp,O the photoconductivity cannot be deter- - . . .

. . . samples with different Li contents. The intensity dependence
mined from holographic measurements because no refractlvef S . )
index changes are observed. of SAn> can pe described by a function of the form

SANSI/(b+1), with SAnS as the maximum value of the satu-
ration birefringence changes ahas the intensity where half
B. Single-beam measurements of the maximum value oBANS is reached. The maximum

The following measurements are based upon the generé{?lue depends on the Li content of the sample and decreases

tion of birefringence changes({An)=An,-An, by a focused considerably with increa}sing lithium concen.trgtiﬁ'g. 5.
laser beam and detection of these changes by another Weggrosan}p;}esttroeated \r’]\”th a pofwtc)i'erfc.:ontalnlng mol;e thban
beam which is focused to a smaller diameter. In order tg°~-~ MO! 70 LbY NO changes ol biréiringence can be ob-

examine the transverse profile of the induced birefringenc erved even for the highest possible intensities of about

changes we first illuminate the samp9.2 mol % LjO) X 10" W/m?. The detection limit of light-induced birefrin-
with the pump beam for a few minutes. Then the pump bear&eg;elgéanges measured with a single-beam setdris
is switched off and the sample is shifted perpendicular to the From the temporal behavior of the light-induced bire-

probe beam in a transverse direction either parallel or perf-. h the phot ductivit be determined
pendicular to the axis of the crystal and the intensity behind rihgence changes the photoconductivity can be determined.

the second polarizer is detectgkig. 3). As can be seen, the dOver tge whol;e tLangi ?f the dus?d.tlntensntl)es the |n'§enst|t3(/j
measurements show Gaussian shapes of similar widths. ependence of the photoconductivity can be approximate

In the following measurements the samples are iIIumi—by a linear relatior(Fig. 6). The dependence afy, on the Li

nated by the pump beam while the saturation values of Iigh,[g:ontent is presented in Fig. 7. The change of the normalized

induced birefringence changéanS and the time constants photoconductivityoy,/I with Li concentration is the same as
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FIG. 2. Photoconductivityr,, (\=488 nm) normalized to light intensity FIG. 4. Saturation values of light-induced birefringence changfes® vs
(1.6X10° W/m?) vs lithium content of the powder after VTE treatments. pump light intensityl. The Li content of the powder after the VTE treatment
For a lithium content larger than 50.0 mol % no index changes and thereforevas 49.2 mol %O), 49.8 mol %(®), 49.9 mol %([J) and 51.2 mol %M).

no photoconductivity can be measured. The dashed lines are fits accordingdtnS=sAnSI/(b+1).
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FIG. 5. Maximum value of saturation birefringence changas$ vs the FIG. 7. Normalized photoconductivity,,/l vs Li content of the powder
lithium content of the powder. For a Li content larger than 50.0 mol % noafter VTE treatments.
light-induced birefringence changes are dete¢@thS<5x 107).

allel to thec axis we also obtain a Gaussian shape, though
that measured for low intensities with the holographic meth-one expects a main maximum and two side maxifn@b-
ods. Congruently melting samples have a much lower phoyiously the resolution of our method is not sufficient to ob-
toconductivity than lithium rich ones. Samples treated with aserve the side maxima for our thin samplésickness only
powder containing more than 50.0 mol %,0i show no de-  0.3-0.5 mny in agreement with observations for LiNg&
tectable light-induced birefringence changes and the photo- The saturation values of light-induced birefringence
conductivity cannot be determined in these samples. changessAnS increase with increasing light intensity and
reach a saturation valudAn® for high intensities(Fig. 4).
The dependence afAnS on the Li concentration exhibits a
similar behavior as the light-induced refractive index

The holographic rr;ea}suremer'\ts performed at intensitieg 5 gesnn® determined from holographic measurements at
of about 1.6<10° W/m? yield relatively large light-induced | intensities. ThesAnS values decrease with increasing Li

refractive index changesng of about 10° for our undoped  otent of the powder and above 50.0 mol %Qino bire-
LiTaO5 crystals with<<49.5 mol % LO. For larger Li con- fringence changes can be obsen(&d. 5). The maximum
centrations the\n] values decrease with increasing Li con- saturation valuesAnS at 10 W/m? for a certain Li concen-
centration and above 50.0 mol %,0 n the powder no re- ya4ion s about one order of magnitude larger than the cor-
fractive index changes can be obser@nj;. D. _On the other respondingAn value determined from holographic measure-
hand, the normallzeq photocor)ductlv%h/l ncreases by ments at about POW/m? The photoconductivity values
two_orders Of_ mag_nltude f<_)r Li _concentra‘upns larger thanobtained from single-beam measurements also increase con-
49.5 m.ol %. LyO (Fig. 2). T_hls pomts to a reciprocal behav- siderably with increasing Li conteriEig. 7).
ior qf 'I|ght-|nduced refractive index change and photocon- The dependences of the photoconductivity as well as of
ductivity. . _the light-induced changes of the refractive index and of bi-
For the smgle-_beam measurements we have examin fringence on the Li concentration may be explained quali-
the shape of light-induced refractive index changes by degyiyely by considering the charge transport that is similar to
tecting the intensity behind the second polarizer while shift-, charge transport in LiNbxrystalsi® LiTaOs crystals
ing the sampl.e in a plane perpenqular to the beﬁ'_g" 3. of the congruently melting composition contain a large num-
When we shift the sample perpe#éldmular to thexis we ber of intrinsic defects, among them °Tdons on Li" sites
observe the expected Gaussian shidfiar a movement par- (T&"). Under illumination electrons of filled deep traps

(which are always present as impuridies.g., Fé* or Cu'

IV. DISCUSSION

Al ' ' ions, can be transferred to Jdons forming T4" polarons.’
351 ] From these polarons as well as from filled deep traps elec-
~— 30} trons can be optically excited to the conduction band. The
g 25 photoconductivity o, resulting from excited electrons is
- 20 given by
2 15
& 10 Oph = euNg, (7)
0.5 wheree denotes the electron charge the mobility, andN,
0 05 10 15 20 25 the density of excited electrons in the conduction band. With
increasing Li content the number of TJaantisite defects de-
11107 W/m’] creases influencing mobility and electron densitiX,.

In LiTaO5 the dominating charge driving force is the

FIG. 6. Photoconductivityr,, vs pump light intensity for two samples con-
taining 49.8 mol %(®) and 49.2 mol % LiO (M), respectively. The solid
lines are linear fits.

photovoltaic effect® Then the space charge fidi - can be
approximated by

Downloaded 25 Jul 2006 to 139.174.145.164. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Holtmann et al. 7459

L BolNo | BNy ACKNOWLEDGMENT

®) Financial support of the Bundesministerium fur Bildung
und ForschungGrant No. 13N807pis gratefully acknowl-

Here 85, and 8} denote the specific photovoltaic constants ofedged.

deep and shallow traps, respectivély, is the concentration | _
of filled deep traps anbly the concentration of filled shallow 'é'lé';’l'm':nelgg (236:?1' (“fggg" D. H. Jundt, and R. L. Byer, IEEE J. Quantum
A+ . . . . . . : .

traps(Te(;). With increasing Li contentr,, increases anblx 2 Mizuuchi and K. Yamamoto, J. Appl. Phy§2, 5061(1992.

decreases leading to a decreas&gf.~ Thus light-induced Y. Furukawa, K. Kitamura, E. Suzuki, and K. Niwa, J. Cryst. Growy,

refractive index changes and birefringence changes decreas§,389B(__1999- C David AT  Betsler H.H £ Kestoia. and
. . * : _ . baumer, C. Davia, A. Tunyagl, K. betzler, A. Aesse, E. Kratzig, an

tpo. It is also possible tha‘gx erequ_on thg Li concentra- -~ Wohlecke, J. Appl. Phys93 3102(2003.

tion and that some extrinsic impurity ions diffuse out of the Sg_ Nitanda, Y. Furukawa, S. Makio, M. Sato, and K. Ito, Jpn. J. Appl.

crystal during the VTE treatments. For crystals that have Phys., Part 134, 1546(1995.

been treated with a powder containing more than ®K. Kitamura, Y. Furukawa, K. Niwa, V. Gopalan, and T. E. Mitchell, Appl.

L Phys. Lett. 73, 3073(1998.
0
50.0 mol % LbO, no changes could be detected. P. F. Bordui, R. G. Norwood, D. H. Jundt, and M. M. Fejer, J. Appl. Phys.

71, 875(1992.
83, Imbrock, A. Wirp, D. Kip, E. Kratzig, and D. Berben, J. Opt. Soc. Am.
B 19, 1822(2002.
V. CONCLUSIONS °H. Kogelnik, Bell Syst. Tech. J48, 2909(1969.
1°R. T. Smith and F. S. Welsh, J. Appl. Phy42, 2219(1971).
We have prepared LiTagxrystals of different composi- *'P. A. M. dos Santos, L. Cescato, and J. Frejlich, Opt. L&, 1014
tions in the range from 48.3 to 50.0 mol % using VTE treat-,,(1988. . N
. . . . . ““P. M. Garcia, K. Buse, D. Kip, and J. Frejlich, Opt. Commuii7, 235
ments. The saturation values of light-induced refractive in- (1995.
dex and birefringence changes increase with increasings. Breer, K. Buse, K. Peithmann, H. Vogt, and E. Kratzig, Rev. Sci.
intensity up to a maximum value at high light intensities. LJnstrum. 69, 1591(1998.
YR ; ; ; F. S. Chen, J. Appl. Phys40, 3389(1969.
W'gh ;ncreas_n;]g Li cqntent th?se maX|m_um| v;lues def:reasgol Althoff and E. Kratzig, Proc. SPIEL273 12 (1990.
and for stoic |(_)metr|<_:_samp es no optical damage is Obieg jermann and J. Otten. J. Opt. Soc. Am18 2085(1993.
served even at intensities up to<20” W/m?. The decrease 3. Imbrock, S. Wevering, K. Buse, and E. Kratzig, J. Opt. Soc. AML63
is correlated with a strong increase of photoconductivity. 1392(1999. _
Therefore, VTE-treated stoichiometric LiTa@s an attrac- M;‘)G'ass' D.von der Linde, and T. J. Negran, Appl. Phys. L2§.233
F'Ve mate_'”al for applications S.UCh as.frequency CONVErSIONSy. jazbingek, M. Zgonik, S. Takekawa, M. Nakamura, K. Kitamura, and
in periodically poled crystals via quasi-phase matching. H. Hatano, Appl. Phys. B: Lasers Opt5, 891(2002.

ESC
O'ph Uph

Downloaded 25 Jul 2006 to 139.174.145.164. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



