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The photorefractive properties of Sn2P2S6 crystals doped with Te and Sb in the near-infrared wavelength range 
up to 1064 nm are reported. The main photorefractive parameters, i.e., two-wave mixing gain, effective electro-
optic coefficient, diffusion length, concentration of traps, and response time, are compared with conventional

nominally pure Sn2P2S6. Te-doped Sn2P2S6 shows the fastest response with the smallest decrease of the pho-
torefractive efficiency with increasing wavelength in the near infrared. Sb doping, on the other hand, inhibits

photorefraction in the near infrared. Sn2P2S6 :Te and Sn2P2S6 :Sb crystals both show a high two-wave mixing 
gain � at 633 nm, and 10 and 20 cm−1. Te-doped Sn2P2S6 shows a photorefractive gain of 4.5 cm−1 at 1064 nm. 
Response times at 1064 nm of 20 ms have been measured for the intensity 6 W/cm2, which is 2 orders of mag-

nitude shorter than in Rh-doped BaTiO3. 

1. INTRODUCTION

Photorefractive materials have been considered to be at-

tractive candidates for several applications in photonics 
[1], particularly for the spatial and spectral laser beam 
clean-up using dynamic holography. However, conven-

tional photorefractive crystals (mainly oxides) tend to 
show a reduced photorefractive sensitivity at larger wave-

lengths in the near infrared. Due to widely available pow-

erful infrared laser sources, a substantial effort was made 
to improve the photorefractive sensitivity of these mate-

rials in this spectral range to use the photorefractive ef-

fect in devices. This can be achieved by the variation of 
the growth parameters (i.e., by changing the stoichiom-

etry of the crystals), a reduction or oxidization treatment, 
and by doping of the photorefractive crystals. Examples of 
successfully improved photorefractive crystals for the 
near infrared are rhodium (Rh)-doped BaTiO3 [2] and Rh-

doped KNbO3 [3]. BaTiO3 :Rh was successfully imple-

mented for spatial beam clean-up by two-wave mixing en-

ergy transfer at 1.06 �m [4,5], as an external-cavity 
phase conjugating element for spatial and spectral 
clean-up of high-power laser diodes [6,7], and intracavity

dynamic filter [8]. However, BaTiO3 :Rh suffers from do-

main formation caused by infrared light and has a phase 
transition close to room temperature at �9°C; therefore a 
new material is needed for these applications [9].

Tin thiohypodiphosphate �Sn2P2S6� is a relatively

new photorefractive material with a smaller bandgap

��2.3 eV� compared with conventional wide-bandgap ox-

ide ferroelectrics [10]. The investigations of Sn2P2S6 for

photorefractive applications in the infrared were started

by Odoulov et al. [11], where the photorefractive effect at

a wavelength of 1064 nm with focused light and using

preillumination with nominally pure (yellow) samples

was demonstrated. Measurement of the electro-optical

properties showed a high electro-optic coefficient of r111

=160 pm/V at 1064 nm that corresponds to a half-wave

voltage of V�=290 V, i.e., more than 1 order of magnitude

smaller than the one measured in LiNbO3 [12]. Nomi-

nally pure (yellow) Sn2P2S6 crystals typically exhibit a

great variation of parameters between different samples,

and can be basically divided in two groups [10]. Crystals

of type I show a pronounced electron-hole competition and

a strong influence on preillumination and are of funda-

mental importance due to the unique electron-hole com-

peting dynamics. Particularly, this allows to demonstrate

a coherent optical oscillator with periodic zero-� phase

modulation [13]. On the other hand, for crystals of type II

no considerable transient gain and preillumination influ-

ence are detected, and these samples are preferable for

applications requiring a high steady-state photorefractive

gain. Self-pumped optical phase conjugation in these crys-

tals was realized up to a wavelength of 1064 nm [14,15].

Besides, Sn2P2S6 is interesting for fast interband photo-

refraction in the visible, i.e., excitation of the near-surface

gratings by 514 nm wavelength, with a response of

100 �s at an intensity of 0.6 W/cm2 [16]. In nonlinear op-

tics, Sn2P2S6 shows its potential for phase-matched fre-

quency conversion within the transparency range up to

8 �m [17]. Waveguides were demonstrated in Sn2P2S6 by

He+ implantation [18] and Sn2P2S6 nanoparticles are

used for enhancing the electro-optic effect of liquid crys-

tals [19].

Sn2P2S6 crystals are grown by the conventional chemi-

cal vapor-transport growth technique [20] using iodine (I)

as a transport agent. This can be loaded in the tube in

pure state or in composition with tin (Sn). SnI4 is typi-

cally used to grow nominally pure Sn2P2S6 crystals of yel-
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low color, which show a two-wave mixing gain � of

�2.5 cm−1 at 780 nm [14]. By increasing the temperature

gradient during growth and using SnI2 as the transport

agent, modified Sn2P2S6 crystals of brown color were ob-

tained. These have presumably a variation of nonstoichio-

metric defects, i.e., an increased concentration of sulfur

vacancies [21] and show a very large two-wave mixing

gain � of 18 cm−1 at 780 nm [14].

A more common and controllable approach to improve

the sensitivity of photorefractive crystals is doping. In

this work, we report on the photorefractive properties of

new Sn2P2S6 crystals doped with tellurium (Te) or anti-

mony (Sb). Te and Sb are chosen as dopants, because they

are in the same group in the periodic system as sulfur (S)

and phosphor (P), respectively, and are therefore potential

substitutes in the crystal lattice of Sn2P2S6 for S and P.

Doping is obtained by adding the doping material into the

initial compound in the chemical vapor-transport growth.

Te-doped Sn2P2S6 �Sn2P2S6 :Te� was already successfully

implemented in optical phase conjugation at 1064 nm

[15]. However, important photorefractive parameters

were not reported yet for this material, except for prelimi-

nary results at the wavelength of 780 nm [22]. Here we

investigate both Sn2P2S6 :Te and Sn2P2S6 :Sb to deter-

mine the most important photorefractive parameters for

applications in the red and infrared from 633 to 1064 nm.

We measure the two-wave mixing gain � and the two-

wave mixing response time �, and determine photorefrac-

tive parameters such as the effective electro-optic coeffi-

cient reff, the effective number of traps Neff, and the

diffusion length LD. The results are compared with con-

ventional yellow Sn2P2S6 and modified brown Sn2P2S6.

2. EXPERIMENT

A. Crystals
The Sn2P2S6 crystals used in our experiments were grown

by the conventional chemical vapor-transport growth

technique with the dopant material in the initial com-

pound. Crystals doped with Te are of light brown color

and crystals doped with Sb are of light red color. In the

following, we are investigating Te-doped crystals with an

amount of 1%, 1.5%, 2%, and 3% of Te in the initial com-

pound and one crystal with 1% Sb.

At room temperature, Sn2P2S6 has a ferroelectric

monoclinic structure with point group m [10]. We use a

coordinate system with the z axis parallel to the crystal-

lographic c axis, the y axis normal to the mirror plane,

and the x axis (that is close to the axis of spontaneous po-

larization) normal to y and z [10]. The samples were ori-

ented by x rays, cut along the x, y, and z axes and polished

normal to the z axis. Crystals were poled by applying an

electric field of �500 V/cm normal to the x faces above

the phase transition temperature Tc=337 K and then

slowly cooled down to room temperature with the applied

electric field.

Optical absorption coefficients were obtained by trans-

mission measurements with a Perkin Elmer �9 spectro-

photometer. Spectra were measured with light polarized

along the x axis and analyzed taking into account mul-

tiple reflections at the surfaces on the base of the refrac-

tive index dispersion data [23]. The crystals we used had

the following thicknesses: 0.2 cm for Sn2P2S6 :Te 1%,

0.22 cm for Sn2P2S6 :Te 1.5%, 0.38 cm for Sn2P2S6 :Te 2%,

0.33 cm for Sn2P2S6 :Te 3%, and 0.24 cm for Sn2P2S6 :Sb

1%. Figure 1 shows the absorption coefficients as a func-

tion of the photon energy h� (wavelength �) for Te- and

Sb-doped Sn2P2S6. For comparison, we also show data for

undoped crystals, i.e., brown and yellow Sn2P2S6, that

were obtained in [14]. One can see that the brown crystal

reveals an enhanced absorption band leading to a signifi-

cant rise of the absorption coefficient in the red. The ab-

sorption spectra of Te-doped crystals also show an addi-

tional absorption band that increases with Te

concentration. Additionally, the edge of transparency �
�15 cm−1� for all three doping levels is shifted by �0.2 eV

toward longer wavelengths. For the Sb-doped crystal, the

absorption edge is also shifted to a higher wavelength

compared with pure Sn2P2S6, by �0.3 eV, and the absorp-

tion band in the red is less pronounced, with a steep drop

of the absorption for decreasing photon energy below the

bandgap. The absorption values in the infrared remain

low ��0.1 cm−1� in all investigated samples.

B. Photorefractive Measurements
To determine the two most important photorefractive pa-

rameters for applications (the two-wave mixing gain �

and a response time constant �), we performed two-wave

mixing measurements for all the samples at different

wavelengths using the usual experimental setup [1]. As

light sources we used a HeNe laser for 633 nm (maximal

output power Pmax=5 mW), single-mode laser diodes for

780 nm (Pmax=100 mW, Rainbow Photonics), and for

980 nm (Pmax=100 mW, Semiconductor Laser Interna-

tional), a Ti:sapphire laser for 860 nm (Pmax=100 mW,

Coherent) and a Nd:YAG laser for 1064 nm (Pmax

=400 mW, Lightwave Electronics). The beam was ex-

traordinarily polarized and divided into two beams by a

beam splitter. A neutral density filter reduced the inten-

sity of the signal beam to have a high-intensity ratio of

the pump to signal beam to ensure negligible depletion of

the pump beam. The two beams were overlapping with an

external angle of 2�. The bisector of the two beams was

directed along the z axis of the crystal, and both beams

propagated in the xz plane. By varying the angle 2�, the

two-wave mixing experiment can be carried out at differ-

Fig. 1. Absorption spectra of nominally pure yellow, brown, Sb-

and Te-doped Sn2P2S6 crystals for x-polarized light.

2



� =
4�2kBT

�e
nSnP

2
cos 2
S

cos 
S

reff

1

	�1 + �2�ls

	
�2�

, �1�

where kB is the Boltzmann constant, T is the absolute

temperature, e is the unit charge, nS and nP are refractive

indices of the signal and the pump beams, �S is the inter-

nal angle between the signal beam and the sample

normal, reff is the effective electro-optic coefficient, and

ls=��eff�0kBT / �e2Neff� is the Debye screening length. Here

�0 is the electric constant, �eff is the effective dielectric

constant, and Neff is the effective concentration (number

per unit volume) of traps. In Eq. (1), effects of beam walk-

off and of a possible anisotropy of the photoexcitation

cross section were neglected [25].

Figure 2 shows the measured dependence of the steady-

state two-wave mixing gain � on the grating spacing 	 for

the Sn2P2S6 :Te 1.5% crystal. Measurements at the wave-

lengths 633, 860, and 1064 nm are presented. For these

wavelengths the maximal two-wave mixing gain coeffi-

cients are 17, 8, and 4.5 cm−1, respectively. The solid

curves correspond to the theoretical dependence accord-

ing to Eq. (1). For the evaluation, we use the effective di-

electric constant �eff	280 [22] and the refractive indices

nS=nP	3.06 at 633 nm, 2.90 at 860 nm, and 2.84 at

1064 nm [23]. From the model parameters, we can esti-

mate the effective electro-optic coefficient reff and the ef-

fective concentration of traps Neff. The parameters de-

rived from Eq. (1) are listed in Table 1. Two-wave mixing

measurements for the crystals Sn2P2S6 :Te 1.0%,

Sn2P2S6 :Te 2.0%, Sn2P2S6 :Te 3.0%, and Sn2P2S6 :Sb

1.0% have also been performed at the wavelengths in the

infrared mentioned before. The parameters derived from

these measurements are listed in Table 1. The dielectric

constant �11=280±50 of Sb-doped Sn2P2S6 was measured

and is similar to the one determined in Te-doped samples.

For comparison, the values for pure (yellow) Sn2P2S6 and

modified (brown) Sn2P2S6 are included in Table 1 as well.

The build-up time of the two-wave mixing gain � after

switching on the writing beams in the two-wave mixing

experiment can be described in the simplest approxima-

tion with a single exponential function and one time con-

stant � :

� = �0�1 − e−t/��. �2�

In Eq. (2) �0 is the saturation value. In some two-wave

mixing measurements, depending on the wavelength and

grating spacing, we observe that the dynamics cannot be

described by a single exponential function. A typical mea-

surement for such a temporal evolution of the two-wave

mixing gain � is shown in Fig. 3. We therefore use a

double-exponential dynamics,

� = �1�1 − e−t/�1� + �2�1 − e−t/�2�. �3�

This dynamics with a “fast” ��1� and a “slow” ��2� compo-

nent can be explained by the presence of multiple energy

levels inside the energy bandgap [10]. The second contri-

bution ��2� was of the same sign as �1, and therefore it is

not caused by electron-hole compensation as observed in

nominally pure yellow samples of type I [10,13]. The two-

wave mixing gain �1 (the fast component) is �1 order of

magnitude larger than �2. Therefore in the following we

only consider the fast two-wave mixing rise time �1 as the

rise time and neglect the slow contribution.

The response time � for negligible dark conductivity is

given by [23]

� = �die

1 + �2�LD/	�2

1 + �ls/	�2
, �4�

where �die=�0�eff / is the dielectric relaxation time and

=e�n0 the photoconductivity, where n0 is the steady-

state concentration of free charge carriers and is propor-

tional to the total light intensity I0. LD=�kBT� / �e�NA� is

the diffusion length, where � is the recombination con-

stant, � is the carrier mobility, and NA is the concentra-

tion of traps in the dark.

Figure 4 shows the measured two-wave mixing

build-up time as a function of the grating spacing 	 for

Sn2P2S6 :Te 1.5%. Measurements for the infrared wave-

lengths 980 and 1064 nm are presented. The measure-

ments were done at intensities 6.4 and 6.2 W/cm2 for 980

and 1064 nm, respectively. For comparing the measure-

ments at different wavelengths, the data points in Fig. 4

were normalized to an intensity of 10 W/cm2, based on

the measured linear dependence of the build-up rate with

intensity. Additionally, the wavelength-dependent Fresnel

losses at the Sn2P2S6 surface have been considered also.

The solid curves correspond to the theoretical dependence

given by Eq. (4) with parameters that correspond best to

the measurements, considering the Debye screening

length lS as obtained from the ��	� measurements. From

Fig. 2. (Color online) Two-wave mixing gain � as a function of

the grating spacing 	 in 1.5% Te-doped Sn2P2S6 for x-polarized

light for the wavelengths 633, 860, and 1064 nm. Solid curves are
theoretical curves according to Eq. (1) and parameters listed in
Table 1.

ent grating spacings� =� / �2 sin��, where � is the light 
wavelength in vacuum. For all the samples and wave-

lengths, the amplification was in the direction of the

+x-crystalline axis, implying that holes are the dominant

charge carriers.

For the diffusion case, one can express the stationary 
two-beam coupling gain coefficient within the weak probe 
beam approximation as a function of the grating spacing 
[24]:
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Eq. (4), we can estimate the diffusion length LD and the

dielectric relaxation time �die. The obtained parameters

for this crystal and for other Sn2P2S6 crystals are listed in

Table 1. The value of LD is basically determined by two-

wave mixing rise times for small grating spacings. There-

fore the error for LD can be as high as ±50%. In Table 1,

the response times �die and the rise time at the grating

spacing with maximal two-wave mixing gain ���max� have

also been normalized to an intensity of 10 W/cm2, assum-

ing a linear dependence �−1 on I0.

Table 1. Photorefractive Parameters of Te- and Sb-Doped Sn2P2S6
a

Compared with Nominally Pure

Sn2P2S6 and Modified Brown Sn2P2S6
b

Sn2P2S6 Sample

�

(nm)

�x

�cm−1�

�max

�cm−1�
�±10% �

LD

��m�
�±50% �

reff

(pm/V)

�±15% �

�die at 10 W/cm2

(ms)

�±20% �

���max� at 10 W/cm2

(ms)

�±20% �

Neff

�1016 cm−3�
�±15% �

Nominally pure 633 0.5 4–7 0.2 1–5 0.7

(type II) yellow 780 0.20 2.5 41 10 0.2

860 0.16 1.8 0.9 48 9 12 0.08

980 0.12 1.6 1.4 40 15 44 0.11

1064 0.10 0.9 38 0.044

Brown 633 5.7 38 0.1 0.2 0.4 2.5

780 0.9 18 180 0.4 1 0.7

860 0.3 14 190 0.48

980 0.14 11 0.5 190 29 33 0.39

1064 0.09 8.6 160 0.04

SPS:Te 1.0% 633 1.0 10 0.5 60 0.1 0.3 0.9

780 0.34 6 2.3 50 0.2 1.3 1.0

860 0.19 6.5 0.5 89 6 10 0.44

980 0.11 6 0.3 75 8 13 0.62

1064 0.09 4.5

SPS:Te 1.5% 860 0.8 8 0.5 89 7 15 0.44

980 0.42 6 0.5 83 10 13 0.57

1064 0.36 4.5 0.6 73 11 25 0.53

SPS:Te 2.0% 633 1.8 10 1.1 57 0.2 0.5 1.0

780 0.6 6 0.8 47 0.5 1.6 0.8

1064 0.10 2.2 0.9 54 17 32 0.22

SPS:Te 3.0% 633 2.7 12 2.6 81 0.1 0.4 0.8

780 0.9 7 0.7 56 0.6 1.3 0.8

1064 0.20 2.5 0.8 49 14 20 0.34

SPS:Sb 1.0% 633 1.4 20 0.7 110 0.2 0.4 1.0

780 0.08 0.4

a
This work.

b
This work and 
14,26�.

Fig. 3. (Color online) Temporal evolution of the two-wave mix-

ing gain � after turning on the pump beam at time t=0, in a 1.5%

Te-doped Sn2P2S6 crystal at a wavelength of 1064 nm, light in-

tensity of 6 W/cm2, and a grating spacing 	=1.7 �m. The dashed
curve is theoretical according to Eq. (3) with a “fast” time con-

stant �1=25 ms and a “slow” time constant �2=310 ms.

Fig. 4. (Color online) Two-wave mixing response time � as a

function of the grating spacing 	 in 1.5% Te-doped Sn2P2S6 for

the wavelengths 980 and 1064 nm, normalized to an intensity of

10 W/cm2.
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where e is the electron charge.

As examples, we calculate the minimal photorefractive

rise time for the Sn2P2S6 :Te 1.0% crystal at the wave-

length of 633 nm and for the Sn2P2S6 :Te 1.5% crystal at

1064 nm. Considering an ideal photoexcitation efficiency

�=1 and a grating spacing 	 at the maximum gain �, i.e.,

	=1.0 �m for 633 nm and 	=1.5 �m for 1064 nm. We get

tmin	0.1±0.02 ms, which is only approximately three

times faster, and tmin	0.2±0.1 ms, which is �120 times

faster compared with the experimentally measured

buildup that also includes the redistribution of the charge

carriers. The larger error for the rise time tmin at 1064 nm

is due to the larger error of the measured absorption con-

stant at 1064 nm. This means that at 633 nm we are

closer to the fundamental limit than at 1064 nm. We at-

tribute this difference to different values of the quantum

efficiency � at different wavelengths, i.e., photoexcited

charge carriers at 633 nm contribute more efficiently to

the photorefractive grating than at 1064 nm.

In the model we used for describing the photorefractive

effect in Sn2P2S6, we assumed one energy level in the

bandgap [24]. This model predicts the following relation-

ship for the response rate: 1/�die�I0� for the same crystal

at different wavelengths. This correlation is not fulfilled

in our Sn2P2S6 crystals (see Table 1), although we ob-

served a linear increase of the response rate as a function

of intensity I0 at certain wavelengths. This shows that the

theoretical model with one energy level is not sufficient to

describe the wavelength dependence, and that in the pho-

torefractive response in Sn2P2S6 several energy levels are

involved.

The diffusion length LD was determined with a big

error, therefore a comparison cannot be made; however, it

has a similar order of magnitude in all the samples and is

smaller than the Debye grating spacing 	max

=��0�effkBT / �e2Neff� where the maximum two-wave mix-

ing gain �max is obtained. According to the coupled-wave

theory [24] this implies that �die���max
in all the samples.

Compared with pure yellow Sn2P2S6 in all Te-doped

Sn2P2S6 crystals, an increase of the effective trap concen-

tration Neff has been measured (determined) in the con-

sidered wavelength range. While at 633 nm, the values

for doped and pure yellow samples do not differ consider-

ably, the difference is larger going to higher wavelengths,

e.g., 1 order of magnitude for Sn2P2S6 :Te 1.5% at

1064 nm. We get the highest values for Neff in the

Sn2P2S6 :Te 1.5% sample, i.e., an additional amount of Te

in the initial compound does not lead to an increased ef-

fective concentration of traps Neff. The wavelength depen-

dence of Neff can also be attributed to multiple energy lev-

els involved in the photorefractive response of Sn2P2S6, as

also observed in other materials, e.g., in CdTe [28] and

Rh:BaTiO3 [29]. This dependence is especially strong in

nominally pure (yellow), modified (brown), and Sb-doped

crystals, while in Te-doped samples Neff decreases much

less with increasing wavelength. Therefore the photore-

fractive centers in Te-doped samples may have a different

origin as in nominally pure and modified samples.

In photorefractive measurements, one often has to con-

sider an effective electro-optic coefficient reff=reff� �, where

reff� is a combination of the strain-free electro-optic contri-

bution and the elasto-optic contribution [25]. � is a reduc-

tion factor, which lowers the apparent effective electro-

optic coefficient reff� in photorefractive measurements, due

to, e.g., electron-hole competition. From direct interfero-

metric measurements, the electro-optic coefficients were

determined, e.g., r111=174±10 pm/V at 633 nm, with a

low dispersion in the near infrared [12]. For pure yellow

Sn2P2S6, we get the lowest values for reff and for brown

Sn2P2S6, reff is not reduced, i.e., within the error we get

the same values as in the direct interferometric measure-

ments. In Te-doped Sn2P2S6 crystals, the 1.5% sample has

the highest values for reff.

Figure 5 shows the maximal two-wave mixing gain

�max as a function of the photon energy h�. Measurements

for yellow, brown, Sb-doped, and 1% Te-doped Sn2P2S6

are presented. Doping of Sn2P2S6 with more than 1.5% Te

Fig. 5. (Color online) Measured maximal two-wave mixing gain

coefficient as a function of the photon energy h�. Solid lines are
guides for the eyes.

3. DISCUSSION

In Section 2, we have seen that the measured rise time to 
build up a photorefractive grating is the fastest in Te-

doped Sn2P2S6 among the different Sn2P2S6 crystals. 
Since this rise time is very fast as compared with other 
ferroelectrics (e.g., 2 orders of magnitude faster than in 
Rh-doped BaTiO3), it is of interest to compare it with the

fundamental limit for the speed of the photorefractive ef-

fect. For this purpose, we estimate a lower limit for the 
rise time to build up the refractive index grating in the 
crystal. Assuming that the separation of a pair of charge 
carriers needs at least one photon, we can calculate the 
necessary energy to build a volume index grating consist-

ing of N separated charge carriers in the crystal. Out of

the incoming beam with an intensity I0, only a part of it is 
absorbed in the crystal, as determined by the absorption 
coefficient �. Additionally, only a part of the absorbed 
beam will excite charges that will build a grating, de-

scribed by the quantum efficiency for the photoexcitation 
� . The minimum rise time, i.e., the time needed to excite 
the amount of charges needed to build up the steady-state 
grating, can be approximated by [27],
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in the starting material increases the absorption (Fig. 1)

but does not lead to an improvement of the photorefrac-

tive properties (see Table 1). The solid lines in Fig. 5 are

guides for the eyes and were calculated with the linear

function ��h�� with a remarkably different slope for each

Sn2P2S6 material. Brown and Sb-doped Sn2P2S6 have a

slope of more than five times higher compared with yellow

and Te-doped Sn2P2S6. Therefore, although the maximal

two-wave mixing gain �max=10 cm−1 of Sn2P2S6 :Te 1% at

633 nm is only about half as high as that of Sn2P2S6 :Sb,

it is still �4.5 cm−1 at 1064 nm; whereas in Sb-doped

crystals, we see practically no photorefractive response al-

ready at 780 nm. Although the defect centers that are re-

sponsible for photorefraction in Sn2P2S6 are not yet

clearly identified, we can conclude that several different

energy levels are involved in the photorefractive response

of Sn2P2S6, and their contribution can be altered consid-

erably by doping. Te doping is best to increase the photo-

refractive sensitivity in the infrared and is therefore the

most attractive for wavefront corrections and improve-

ments of the spectral properties of infrared laser sources.

On the other hand, Sb doping can be used to effectively

suppress the photorefraction in the infrared, which is de-

sired, e.g., for electro-optic and nonlinear optical applica-

tions.

4. CONCLUSION
In summary, Sn2P2S6 can be efficiently modified by dop-

ing with Te and Sb. Two-wave mixing measurements

show an increased two-wave mixing gain at 633 nm for

Te- and Sb-doped Sn2P2S6 (10 and 20 cm−1, respectively)

compared with nominally pure conventional yellow

Sn2P2S6 �4–7 cm−1�. Te-doped Sn2P2S6 shows a favorable

photorefractive sensitivity for higher wavelengths in the

infrared, e.g., a two-wave mixing gain 4.5 cm−1 at

1064 nm. Sb doping, on the other hand, suppresses the

photorefraction in the near infrared and shows practically

no response already at 780 nm. Compared with modified

brown Sn2P2S6, the two-wave mixing gain for Te-doped

Sn2P2S6 is lower in the measured wavelength range of

633–1064 nm. However, in the investigated wavelength

range, the photorefractive gain of brown crystals de-

creases much more rapidly when increasing the wave-

length, while for Te-doped crystals, we can expect a sub-

stantial response in the infrared also beyond the

investigated range. Additionally, due to the better growth

control of Te-doped Sn2P2S6 and the possibility to grow

crystals of more than 1 cm in length L, the important pa-

rameter, coupling strength �L for applications is the high-

est in Te-doped Sn2P2S6. The photorefractive response is

fast for all measured modified Sn2P2S6 crystals, e.g., Te-

doped Sn2P2S6 with a two-wave mixing rise time of

�20 ms at a wavelength of 1064 nm for an intensity of

6 W/cm2. Therefore Te-doped Sn2P2S6 can be considered

as presently the best photorefractive material in the near

infrared up to a wavelength of 1.06 �m.
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