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We present a theoretical and experimental analysis of photorefractive two-beam coupling in undoped
GaAs as a function of temperature. The theoretical treatment includes the metastable state of the EL2
defect with its optical properties (optical generation and optical recovery) in the photorefractive model.
Three major features are predicted by this model: First, a change of the sign of the photorefractive beam
coupling gain around 150 K; second, an enhancement of the space-charge field by a factor of 2 compared
to the diffusion field; and, finally, the appearance of a strong peak due to an absorption grating around
150 K. All these features are actually observed experimentally with a good correlation between experi-

mental data and theoretical simulation.

I. INTRODUCTION

The photorefractive effect (PRE) in a particular materi-
al depends on both its extrinsic defect-related and intrin-
sic properties:' photoconductivity and carrier diffusion
properties on one side, and the electro-optic coefficients,
dielectric constants and the refractive index on the other.
Photoconductivity is responsible for the creation of a
space-charge field by a spatial redistribution of the
trapped charges in the deep level due to a nonuniform il-
lumination by photons of below-band-gap energy. The
free carriers, created by photoionization of deep levels in
the bright region of the illumination pattern, take part in
the redistribution of the charges through diffusion (no
external applied field) and/or drift (under external ap-
plied field) towards the dark region where they recom-
bine. The redistribution of charges results in a spatially
modulated space-charge field which is transformed in a
spatially modulated refractive index variation via the
electrooptic effect.

Important parameters which influence the PRE are the
nature and characteristics of the deep defect in which
carriers are redistributed. Its concentration and occu-
pancy ratio as well as its optical cross sections greatly
influence the strength of the PRE. Many studies are
currently being performed in order to identify the deep
level involved in the PRE in the different materials sensi-
tive to the infrared [GaAs,? InP,>* and CdTe (Ref. 5)].
Standard electrical methods of characterization of the
deep levels such as deep-level transient spectroscopy
(DLTS) are inapplicable in the high resistive samples
used in PRE. To that purpose an optical contactless
technique was proposed: deep-level photodiffractive
spectroscopy (DLPS).® In this technique the study of the
variation of the strength of the PRE with temperature
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provides information about the deep levels present in the
sample. This technique was used in InP:Fe to deduce the
presence of a secondary defect that influences the PRE.*
In undoped GaAs, due to peculiar metastability proper-
ties of the EL2 defect, drastic variations of the PRE at
low temgaerature were expected and experimentally ob-
served.”

The aim of this paper is to present both theoretical and
experimental investigations performed on GaAs:EL2
with the DLPS technique. After a brief presentation of
the EL2 defect and its metastable state, in Sec. III we ex-
tend the photorefractive model in GaAs to low tempera-
ture, taking into account the optical and thermal proper-
ties of the metastable state of EL2. The model predicts a
peak of resonance of the photorefractive effect around
130 K with a created space-charge field higher than the
diffusion field E,;. This peak follows a reverse of the sign
of the PRE around 150 K. All the theoretical features
predicted were experimentally observed in two-beam cou-
pling experiments at 1.047 um in the temperature range
90-300 K, as can be seen in Sec. IV.

I1. THE EL2 DEFECT AND ITS METASTABLE STATE

In liquid-encapsulated-Czochralski-(LEC)-grown un-
doped GaAs the semi-insulating character of the material
is due to the compensation of the residual shallow donors
and acceptors, with concentrations N 4, > N = 105 ecm ™3,
by the intrinsic EL2 defect (Ng,~1...2X10'¢ cm™3).°
It gives rise to a deep level at 0.75 eV below the bottom of
the conduction band, where the Fermi level is pinned.
The EL2 defect can then exist in a neutral state EL2° or
a single ionized state EL2%.19 The EL2 defect is an ar-
senic antisite-related double donor defect. The electrical
compensation and, related to this, the atomic structure of
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the EL2 defect have been the object of numerous studies,
and recent reviews are available.!'? An unusual proper-
ty of this defect is the existence at low temperature of a
metastable state called EL2* which is optically and elec-

trically inactive.!> The transfer of the defect from the
neutral state EL2° to the metastable state is optically in-
duced by photons with an energy around 1.18 eV.!? With
this transfer, known as the photoquenching of EL2,

TABLE I. Parameters of the EL2 defect used in the theoretical calculations (see text for details).

Name Value Reference
S, electron photoionization cross section 1x10°1¢ 18
at 1.06 um (cm?)
S, hole photoionization cross section at 3Ix1o~" 18
1.06 um (cm?)
o, capture cross section of electrons 5X107°+6X10" P exp —0.0566keT J 11
B
(cm?)
o, capture cross section of holes (cm?) 2X10718 19
T 1/2
Un thermal velocity of electrons (cms™') 4.4X10" |—— 20
r "
vy thermal velocity of holes (cms™') 1.65%107 | — 20
r P
i, electron mobility (cm?V~'s™}) 8000 30 20
r
p, hole mobility (cm?>V~'s™") 320 | = 20
300
B, electron thermal emission coefficient 2.83X10'T?exp | —0.814 keT 21
B
(s™h
B, hole thermal emission coefficient (s™') 3.3X10*T?exp |—0.813 keT 21
B
r* recovery rate of the metastable state 2X 10" exp | —0.30 keT 13
B
(s™h
S metastable state generation optical 1x10”" 13
cross section (cm?)
S* recovery optical cross section of the =1Xx1071 22
metastable state (cm?)
e, relative dielectric constant 124 (1+1.2X107* T) 20
fractive ind P L) S 20,23
n, refractive index n} Ty \
A=17.10
B=0.18 (eV)*
n,=3.255(1+4.5X107°T)
hv in eV
741 electrooptic coefficient (pmV ™) 1.72 24
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many of the characteristics of EL2 disappear such as
below-band-gap absorption,'* electron paramagnetic res-
onance spectrum,'® and diffraction efficiency in PRE mea-
surements.” Until now no model has satisfactorily ex-
plained this quenching of the DLPS signal. The aim of
this work is to introduce the EL2* metastable state in a
band transport model'®!” that describes the PRE, and to
observe the influence of this state on the DLPS signal.

All the properties of the defect used in the band trans-
port model are summarized in the energy diagram of the
EL2 defect (Fig. 1), and the values of the parameters
(with their possible temperature dependence) are summed
up in Table I. Carriers are generated from the
EL2°/EL2" defect both thermally and optically with an
electron thermal emission rate B, (Bp for holes) and an
electron photoionization cross section S, (Sp for holes),
respectively. At the photon energy used in our experi-
ments (hv=1.18 eV), we are far from the photoionization
threshold (0.7-0.8 eV), thus the temperature dependence
of the photoionization cross section is expected to be low
and is neglected in the end of the study. This fact is
confirmed by the small temperature variation observed in
the absorption spectra in this wavelength region?* (at low
illumination, without quenching). The carrier recom-
bination is characterized by a recombination coefficient
¥ n(p) for electrons (for holes). These parameters are writ-
ten ¥ ,(5) =0 »(p)Vn(p)n s @ function of the thermal veloci-
ty v,(,) and the capture cross sections o0 ,(,) of the car-
riers. All these parameters can be temperature depen-
dent. The mobilities of electrons and holes are p, and
U, respectively. The transfer from EL 2° to EL2* is op-
tically induced with a cross section S."* The spectrum
of S} is a sharp band centered at 1.18 eV with a width of
about 200—-300 meV. The absolute value of the cross sec-
tion at the maximum (our experiments are performed at
this maximum) is about a tenth of the electron photoion-
ization cross section S,. As there is no evidence of any
temperature variation, we assume S, to be constant. The
recovery is induced both thermally with a recovery rate
r*,!% and optically with an optical recovery cross section
S*.22 Though the thermal recovery is well known (as we
are in semi-insulating materials we neglect the “Auger-
like” process in the presence of free electrons!®), this is
not the case of the optical recovery especially concerning
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FIG. 1. Energy diagram of the EL2 defect in GaAs as a func-
tion of a space coordinate.
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the wavelength around 1.18 eV. A lot of papers provide
evidence of the existence of this optical recovery (for a re-
view see Ref. 12). The spectrum of S;* is characterized by
two bands centered at 0.85 and 1.45 eV. Between these
two maxima the cross section seems to go to a minimum
for our energy of interest (1.18 eV).22 No absolute value
of this cross section is accessible, nevertheless we can esti-
mate the ratio S,f/S;* from the experimental curves of
Ref. 22. The recovery of the quenched absorption mea-
sured at 1.18 eV is about 1%. This absorption recovery
can be written as a function of the different cross sections
as S*/(S*+S7),% which gives an estimation for the ra-
tio S, /S ~100. In this estimation it is supposed that
the absorption recovery is entirely a competition between
quenching and recovery. If other phenomena add to this
competition (as suggested by Ref. 22) the ratio would be
increased, but in the following this will not be considered.
The optical recovery cross section was also found to be
thermally activated.”’” In our study the temperature
range where the metastable state is studied is between 90
and 150 K, a range where S;* varies only slightly with
temperature?’ (a factor 2-3), so we neglect this tempera-
ture effect to simplify the present study. The temperature
variation is known?’ and can be taken into account in fur-
ther numerical simulations or for experiments at lower
temperature.

Thus we see that all parameters that characterize the
EL?2 defect and its metastable state are well known from
the literature, including their temperature dependence.
We will use these parameters to predict the behavior of
the photorefractive effect in undoped GaAs at low tem-
perature.

III. THEORETICAL MODEL

The total EL2 concentration is [EL2]=Ny, with an
ionized part EL2% in concentration [EL27]=N
and a neutral part EL2° in concentration [EL2°)
=N;y—N—N?*, [EL2*]=N"* being the concentration of
the defect in the metastable state EL2*. The electron
and hole current densities are j, and j,, and the free hole
and electron densities are p and n. E is the electric field
inside the crystal. The material equations that are used
to describe the band transport model'®!? of the PRE are
the following.

The rate equations for EL2%" and EL2* concentrations
are

N
—§=(B,l +S, I Nyr—N—N*)—y,nN—(B,+S,I)N
+y,p(Ny—N—N*), (3.1a)
aN* = Q% * * * *
~a—t——S,l IN;—N—N*)—(r*+S*I)N* . (3.1b)
The current density equations are
j.=enu ,B+p kgTVn , (3.1¢)
jp=epp,E—p,kgTVp . (3.1d)

The continuity equations are
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an

o
o =—e’i+(ﬁn+sn1>(NT—N—N*>-—ynnN ,

(3.1e)

p_ Vi
L= —+B,+S,IN=7,p(N;~N—N"*) .

(3.10

The Poisson equation is
V-E=:€—e—(—N+NA —Np+n—p) . 3.1g)
I is a spatially modulated illumination I(z)

=I,[1+Re(m exp(ikz))] with I, as photon current in
s 'cm™2, a modulation m of the fringes and the wave
number k of the fringes (k=27/A, A the grating spac-
ing). e, p,, and p, are the absolute values of electron and
hole charges and mobilities; € is the static dielectric con-
stant of the material (e=gy¢,); and N, and Np are the
densities of compensative acceptors and donors, respec-
tively.

Equations (3.1a)-(3.1g) form a set of equations which
allow us to determine N, N*, n, p, j,, j,, and E. Each
one of them has a solution of the general form
X(z)=[X,+Re(3,oX, explinkz))]. Considering the
small modulation of the illumination pattern (m <<1),
the usual linearization is performed, keeping only the
zero- and first-order terms. In the steady state
(0X /9t =0) an analytical solution can be found. Similar
equations have been solved by many authors and dis-
cussed under different aspects.”® We will present the
solution for the space-charge field E,, which is the im-
portant parameter for the PRE, under consideration of
the metastable state EL2*, and will discuss it as a func-
tion of temperature.

A. Zeroth-order solution

First, we solve the equation for the nonmodulated term
Xy, neglecting the influence of higher-order terms (of the
order of mX,) as a small modulation of the illumination
pattern'® is used. We obtain

Nr—Ny—N§=(Npy—Ny)4'*, (3.2)

N3=(1—A"*)Nr—N,), (3.3)

ny= (B, +S, I (N—Ny)A'* ’ 5.4)
YnlNo

Po= yfii”;z))ﬁo,, , 3.5)

No=N,—Np+no—po (3.6)

with
. r*+Sr1,
r*+S*,+S*,

Replacing n, and p, by their expression as a function
of N, in Eq. (3.6), we obtain a third-order equation that
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gives Ny. We then deduce all the other parameters using
Egs. (3.2)-(3.5). We see that for a fixed illumination I,
all populations of the different species are perfectly deter-
mined.

We can simplify the problem in the case of semi-
insulating materials. Indeed in that type of materials we
know that, at room temperature, the free-electron and
hole populations n, and p, are very low compared to de-
fect concentrations, which means that Eq. (3.6) becomes
Ny=N ,—N, (the compensation of the excess of shallow
acceptors is assured by holes trapped in the EL2 defect).
With decreasing temperature the EL2 defect is quenched,
which results in a generation of free holes (and the ma-
terial becomes p type). Considering these two points we
can reasonably consider that we can neglect the free-
electron concentration for the entire temperature range
in semi-insulating samples. Then Eq. (3.6) becomes

No=N,—Np—pp, (3.7)

and the resulting equation becomes a second-order equa-
tion in N:

+S,1
N%_No[[ﬂp PO

'}/pA" +(NA_ND+NT)

+(N,~Np)N;=0. (3.8)

The temperature dependence of this equation occurs
through the first term of the second member of the equa-
tion and particularly A'*. Indeed 4'* depends on the
recovery rate r* (Table I). At high temperature r* goes
to a value much greater than S*I,+SI, and 4'* equals
approximately 1. When temperature decreases, r* goes
to zero and A’* decreases to a limit A'*=S"/(S*+S}),
which goes to zero as S* decreases with temperature.?’
At room temperature, we have [(B,+S,Iy)/y,4"*]
<<(N,4—Np+Ny), and Eq. (3.8) gives Ng=N 4, —Np, as
previously seen (or No=N, but this is physically mean-
ingless). When the temperature decreases, A'*
goes nearly to zero and the approximation
[(B,+S,15)/v, A"*]<<(N 4—Np+Ny) is no longer val-
id, and N, decreases (Fig. 2). We can note that in the

Concentration (cm’™ )
(WD ()]) uonrauasuo,y
b sl N *

\ T T T
100 150 200 250 300
T(K)

FIG. 2. Calculated concentration of the different species
present in undoped GaAs as a function of the temperature (il-
lumination I =60 mW cm ).
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temperature range 77 K<T <300 K the condition is
verified and N, is almost constant with a value which
equals N,—N, (the room-temperature value) (Fig. 2).
We also see in Fig. 2 that the free-electron concentration
stays very low compared to N, for the entire temperature
range, as supposed previously. At lower temperature
(T <77 K), due to the temperature decrease of S;*, N, is
quenched.

Here we have an important feature of the EL2 quench-
ing in GaAs, although 4’* has decreased by a factor 100,
when passing from 300 to 77 K [which means that the
EL?2° concentration has decreased by the same factor Eq.
(3.2)] the EL2% concentration has not changed. We have

|

|

B, +S,1,

1
EL2%]=Ny,=— |(N,—Np+N;)+
[ ] 0= ’ A D T v, A"

which immediately allows us to determine [ EL2°] using
Eq. (3.2). The second solution of the equation is greater
than N.

This feature of quenching will be very important for
the strength of the PRE, as we will see now.

B. First-order solution

The equation for the spatially modulated terms X, is
solved, neglecting, as usual, the influence of the free-
carrier grating (n, and p,) (Ref. 17) in comparison with
the deep trap grating N,. In addition, we assume an
externally applied field to be absent (E,=0). For the spa-
tially modulated space-charge field E, (the calculation is
given in the Appendix) we obtain

kT
—im —I-:—— k
E,= s—[E(k)—(1—4"*—B"*)], (3.10)
1+ 47>
ko

with £(k) the electron-hole competition coefficient:!”

a,(k*+Kl)—a,(k*+k2)
Ana,(k*+i2)+ A,a,(k*+K2)

*=(r*+Sr)/(r*+S¥1,+S}1,) was previously
defined, and B'*=SrS*IZA"*/[(r*+S*I))?]. A4,
.=(B,, +S8,10)/S,1, and A4,=(B,+S,1,)/S,I, give the
influence of the thermal emission of carriers from
EL2 at high temperature. a,=S,(N;—Ny—N}) and
a, =S, N, are the parts of the absorption that create elec-
trons and holes, respectively. «2=(e /kgTXy No/1,)
and k3 =(e/kpT)[y,(Nyr—No—Ng)]/u, are the inverse
squared of the diffusion lengths of electrons and holes.
Finally, k3=(e2/ekgT)[No(Ny—Ny,—N$)]/N, is the
inverse squared of the Debye screening length. The

E(k)=

(Ny,—Np+Np)+
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quenched only the neutral part of EL2 and not the ion-
ized part. This is easy to understand physically, as the
transfer from EL2% to the metastable state is a transfer
in two steps: first, the generation of a hole is accom-
panied by the transformation of EL2% to EL2° then
EL?2° is transferred to EL2*. Then there is competition
between the lifetime of holes and the lifetime of the meta-
stable state, resulting in a reduced efficiency of the
transfer from EL2" to EL2*. We can also see in Fig. 2
that the concentration of free electrons remains negligi-
ble, and that free holes are generated at low temperature
by the quenching of EL2".

From Eq. (3.8) we deduce

2

B, tS,1
yp A %

172
—4(N4—Np)Ny ] ] ’

(3.9)

different concentrations N, and (N —Ny,—N¢§) are given
by the zeroth-order solution of the equations, i.e., (3.9)
and (3.2).

The space-charge field is purely imaginary, which cor-
responds to a grating that is 77/2 shifted with respect to
the illumination grating.

At room temperature we have A'*=1 and B'*=0
then (1— A"*—B'*)=0 (as r*>>S1,,S1,) and we find
the well-known expression of the space-charge field given
by the electron-hole competition model.!”

Considering the values of the different parameters at
room temperature, we can make the usual approximation
K%, k2 <<k?. Moreover, as thermal emission is negligible
for temperatures below 300 K we have 4, = A4,=1, and

&(k) reduces to
.—a, S,[EL2°]—S [EL2%
£k =, = a,—a,  Sil 1=S,{ ]

a,+*a, S,[EL2°)+S,[EL2"]

At low temperature x> and k> decrease, and the ap-
proximation is also justified, and we take the expression
&E(k)=§, in the following study (we will take the whole
expression for the numerical simulations).

The influence of the metastable state of EL2 appears in
the k dependence of E, with the term k3/A4'*. Taking
into account Eq. (3.2), we obtain

k(z) _ e2 No(NT"'NQ)

,4"r EkBT NT

As No(=[EL2%")) stays constant between 77 and 300 K,
we see that the term (k3/A’*)(ky T /e) retains the value
it has at 300 K. Then, in this temperature range, the
metastable state does not bring additional temperature
variation to the e /ky T dependence of k3 we can observe
in the classical model.!” At lower temperature, N, de-
creases (as S;* decreases) and k2 / A'* decreases and goes
to zero, decreasing E,. Then the only remaining
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influence of the metastable state between 77 and 300 K is
through the term of “hole-electron” competition, i.e.,
through the value of R=§,—(1— A4'*—B'*). We will
now discuss the variation of this parameter with tempera-
ture, by considering its two terms independently to clari-
fy the situation.

The electron-hole competition factor £, depends on
both photoionization cross sections S, and S, and zeroth
Fourier components of the concentrations of EL2° and
EL2", namely (N;—N,—N3) and N,. We saw that
these concentrations varied with temperature due to the
quenching of EL2. The EL2° density decreases by more
than two orders of magnitude when the temperature goes
below 150 K, whereas the EL2" concentration stays con-
stant until 77 K (Fig. 2). This means that the electron-
hole competition changes with temperature. In real
cases, many different characteristics can be observed de-
pending on the initial compensation ratio of the sample.
In samples with a great excess of acceptors, i.e.,
(EL2°)/[EL2% ]=~1, we observe electron-hole competi-
tion at room temperature at 1 um, §;<1 [with a reverse
of the sign of the majority carrier at 1.32 um (Ref. 25)].
This is due to the higher value of S, compared to S,
(Table I). When decreasing temperature [EL2°] de-
creases and [EL2%] stays constant, the ratio becomes
[EL2°]/[EL2%]~1/100, and we observe a change of
the sign of the electron-hole competition, the holes
becoming majority carriers for the PRE. The change of
the ratio is enough to completely reverse the competition
and &, goes to —1, and electrons have disappeared from
the PRE (S, [EL2°] <<S,[EL2"]). The other extreme of
GaAs samples is the class of crystals with a low excess of
acceptors, and where we have [EL2°]/[EL2%]~10. At
room temperature in that kind of sample we have no
electron-hole competition at 1 um, and electrons are the
majority carriers, ;=1 [no reverse of the sign of the ma-
jority carrier at 1.32 um (Ref. 25)]. With decreasing tem-
perature the ratio inverts [EL2°]/[EL2%]~1/10, and
the electron hole competition increases, but not enough
to have a complete change of the sign of the majority car-
riers. We obtain an almost exact compensation of the
electrons by the holes, £,~0 (S,[EL2°]~S,[EL2™]).
Between these two extremes we observe all the possible
behavior with a general trend of change of the sign of the
electron-hole competition coefficient £, which becomes
negative.

We will now discuss the term (1— A’*—B'*) which
can be written as follows:

Styr*
(1—A4'*—B'*)= . (31D
(r*+S*y+SHgNr*+Sr1,)
At  room  temperature r*>>S¥I,,S*I;,; then

(1— A"*—B’*)=~0. At low temperature r* goes to zero,
and so does (1—A'*—B’*), which means that
(1— A" —B'*) goes through a maximum when we de-
crease temperature. If we suppose that the only
temperature-varying parameter is r* (we suppose that
T>77 K and that S is constant), the maximum is ob-
tained for rM=IO\/ SHSX+Sy), the maximum value
being

PH. DELAYE AND B. SUGG 50

St
VSF+V/STH+Sir

From the value of ry; (Table I) we deduce the tempera-
ture at which the maximum occurs. First, we remark
that rg; depends on the incident illumination. When we
decrease illumination, ry; decreases and the temperature
where the peak is located decreases. Second, we want to
point out that the maximum of the expression
(1—A4'*—B'*),, is close to 1 when considering the value
of the ratio S,;' /S to be 100, but it is closer to 1 the
higher this ratio is.

If we now consider both terms of R together in the case
of a sample with a high excess of acceptors, in which case
&y goes to —1 at low temperature, we obtain for R a
value of about —2, which means that the gain is twice as
large than the maximum gain obtainable in a pho-
torefractive material without applied field considering
Kukhtarev’s model with only one type of carrier. At
high grating spacing with k*<<k2/A’*, for the space-
charge field we obtain:

(1—A"*—B'*), =

kgT
E1=2imk—e—=2imEd » (3.12)
where E, is the diffusion field.

The enhancement of the gain due to the metastable
state can be of a factor of 2 in ideal conditions. This
enhancement is characteristic of the model we develop
here. All the band transport models derived from
Kukhtarev’s model including both carriers!’ or secon-
dary traps®~*? predict a reduction of the photorefrac-
tive effect compared to the ideal one-defect—one-carrier
model. In the real case the effect of temperature is more
complicated, as both quantities £, and (1— A4'*—B'*)
vary together with temperature. For example, the value

-

0.5 r
0 o

-0.54

l(l)O L%O 260 2;0 300
T(K)

FIG. 3. Calculated coefficient R as a function of temperature.
Straight line: illumination I =60 mW cm™?, [EL2]=1.3X10'¢
cm ™3, and [EL27]=6X 10" cm™>. Dashed line: illumination
I=43 mWcm™2  [EL2]=13X10* cm™, and
[EL2*]=6X10" cm™3. Dotted line: illumination I=60
mWcem™2, [EL2]=1.3X10" c¢m™3 and [EL2"]=1Xx10"
cm™>,
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of the peak of (1— A4’*—B’*) is obtained for a value
A*=v'S'/(SF+S;) which is about ., this means
that at this temperature the change of £, is not at a max-
imum. Nevertheless all the features predicted are
preserved, particularly the possibility of having |R|
greater than 1, even if the maximum value of 2 is hardly
obtainable (Fig. 3).

Decreasing the temperature, we observe drastic
changes of the PRE in GaAs due to the metastable state.
Those changes are strongly dependent on the compensa-
tion ratio of the sample, going from a simple cancellation
of the PRE to a change of the sign of the effect with an
enhancement of the PRE which can reach a factor 2.

C. Quenching of absorption and absorption grating

The change of absorption is the main effect of the pho-
toquenching of EL2. This absorption change is due to
redistribution of the population of the EL2 trap.
Changes in the spatially modulated populations are also
predicted by the model (with the result of the creation of
the space-charge field). They will create a spatially
modulated variation of the absorption. The aim of this
section is to study these absorption gratings, as well as
the linear absorption quenching.

According to our model, the nonmodulated part of ab-
sorption is

ay=(S, +S; Ny —No—Ng)+S,Ny+SNg , (3.13)
whereas the spatially modulated part is
a;=—(S,+S; NN, +N})+S,N,+SNT . (3.14)

At 1.047 pum, the first term of linear absorption is
predominant, whereas the third term can be neglected as
SY is very low. When the temperature decreases from
room temperature, the quenching of absorption occurs in
two steps: at first, Ny —Ny;—Ng decreases, the main
term of absorption disappears, and a, equals S, N; then,
below 70 K, N, decreases and absorption disappears to-
tally.

From the material equations (the Appendix) we deduce
N,and N{:

N, +Nt=A"*N,+m(1—A"*—B"*)(N;—N,—N2),
(3.15)

N,=i—E,,
1=
which for a;, gives

a; =[S, —(S,+S;)4"*+S8(4"* —1)]

ke g, ]
e

+m(l_ A'.—'B" )(S’._Sn _S:)(NT_NO—NS ) ’
(3.16)
with E, previously defined (3.10)
The first term is the classical absorption grat-

ing term. At room temperature it becomes
(S,—S,—S,)i(ke/e)E,]. This term is generally very
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FIG. 4. Calculated amplitude of the absorption grating a, as
a function of temperature. Straight line: illumination I=60
mWem™2, [EL2]=1.3X10" cm™3 and [EL2%]=6X10"
cm™ 3,  Dashed line: illumination I=4.3 mWcm™?
[EL2]=1.3X10" cm™3, and [EL2"]=6X 10" cm 3. Dotted
line: illumination =60 mWcm™?, [EL2]=1.3X10' cm™3,
and [EL2%]=1X10"% cm™3.

small and hardly observable in undoped GaAs.*® With
decreasing temperature the increase of E| and the varia-
tion of the cross-section factor are small, which means
that this term induces an absorption grating of very low
amplitude whatever the temperature. The second term is
more interesting, as it vanishes at room temperature
(1— A'*—B'*=0) and is directly proportional to the
EL?2° concentration. As previously seen, (1— A’*—B'*)
goes to a maximum at low temperature and
N;—Ny—N§ constantly decreases. We thus observe a
competition between these two factors, resulting in an ab-
sorption grating peak (Fig. 4) which can be very impor-
tant (@, ~0.2 cm™1).

As a conclusion we observe theoretically an absorption
grating peak, which leads to high diffraction efficiency or
a beam-coupling energy transfer. The peak is very nar-
row in temperature (Fig. 4), and its position depends on
illumination. Its height depends only on the EL2° con-
centration, which varies only a little from one sample to
another (by a factor less than 2). This absorption grating
should be observed in the same way in different samples
with different occupation ratios of EL2, contrary to the
PRE which depends strongly on the ratio of EL2% and
EL2°. Moreover, as the absorption grating does not de-
pend on EL2" concentration, it should be observed in n-
type crystals where all EL2 is in the neutral state and
where no PRE is observed.

IV. EXPERIMENTAL ASPECT

A. Two-beam coupling

As seen in Sec. III, the interference of two coherent
beams on a photorefractive crystal creates a space-charge
redistribution that induces a spatially modulated space-
charge field. This space-charge field is transformed
through the Pockels effect in an index grating.!® The am-
plitude of this index grating is
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_n (3)r eff 'E 1 ’

2 b
with |E,| the amplitude of the spatiaily modulated
space-charge field (3.10). r is the effective electrooptic
coefficient which depends on both the orientation of the
sample and the polarization of the beams,’®*! and n,, is
the linear refractive index of the material (Table I). In
the classical “beam-coupling” orientation, i.e., the propa-
gation along [110], grating vector along [001], and polar-
ization along [110], we have r 4=r,, (Table I).

In order to measure this index variation we choose the
two-beam-coupling technique for our measurements.
The two beams that create the grating diffract on it, lead-
ing to an energy transfer from one beam to the other.!®
In the presence of the pump beam I, the transmission of

the probe beam, I, for a crystal of thickness d, is
—(aO+Aa+F)d

4.1)

I, =Iqe (for small modulation of the grating,
ie, I, <<I,), with T=(2mnjrg/Acos®)Im(E,/m) the
photorefractive gain (6 is the half angle of the interfering
beams within the sample), Aa =Re(a,/m ) the absorption
grating gain, and «, the linear absorption. The pho-
torefractive gain is optimum when the space charge field
is purely imaginary, as it is the case in our experiments
(3.10). When the pump beam is cut, no grating is present
and we have I,=Ie "%’ We can then define the
effective gain y that characterizes the energy transfer as
the ratio of the probe beam intensity in the presence of
the pump beam to the probe beam intensity without the
pump beam:

yo=e (BatDid 4.2)

In order to separate the photorefractive gain from the
absorption grating gain, we used the properties of sym-
metry of the PRE. For example, in the “beam-coupling”
configuration, turning the crystal by 180° around the
{110] axis changes the sign of ", whereas the absorption
grating gain Aa retains the same sign. Thus two mea-
surements in the two orientations allow us to extract the

Cryostat

JUL

1

2 AIT_A’M%

Oscilloscope
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photorefractive gain I' on the one hand and the absorp-
tion grating Aa on the other hand. In all our experimen-
tal measurements we make this treatment, and present I"
and Aa directly.

B. Setup and sample

The experiments were performed with a diode-pumped
Nd:YLF laser (emitting at 1.047 um). The laser was split
into two s-polarized beams that intersected inside the
sample, producing a sinusoidal figure of interference with
a grating spacing A=3 um (Fig. 5). The pump beam was
chopped at a frequency of about 7 Hz. The probe beam
was attenuated in order to have a pump-to-probe beam
ratio of about 100. After the sample the probe beam was
detected with a silicon photodiode placed after a spatial
filtering that eliminated eventual scattering. The typical
total illumination used in the experiment was 60
mW cm 2 inside the crystal.

The sample was placed in a liquid-nitrogen cryostat
and cooled under illumination. In order to avoid the vi-
bration induced by the boiling nitrogen, the measurement
was performed during warming up of the cryostat, after
all the nitrogen was evaporated. The temperature range
of the experiment was 90-300 K. The warming of the
sample occurred with a maximum rate of about 2
Kmn~!. Around room temperature a resistor was used
to heat the sample. The temperature was measured with
a nickel-chromium thermocouple placed on the sample
carrier. We were not able to control the temperature and
stabilize it at a fixed position, but the temperature varia-
tion was slow enough to allow the measurement of tem-
perature at each instant and to ensure that the sample
was in thermal equilibrium.

The beam-coupling energy transfer was very low, typi-
cally some percent, which means that when the pump
beam was chopped the intensity variation of the probe
beam was small. The period of the chopper was chosen
to be much greater than the response time of the pho-
torefractive effect in GaAs. The signal of the detector
was electronically separated into two parts. One part

;_FUL}“‘L;
!

L
D

FIG. 5. Experimental setup. BS: beam
splitter. ND: neutral density. SP: spatial
filtering. D: detector. S: sample. M: Mirror.
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passed through a long-time constant integrator (r= 100
s), the other part was subtracted from the integrated part
in order to extract the component modulated with the
chopper frequency. The two resulting signals, the mean
value of the signal T and the modulated part A, were sent
on the two inputs of an oscilloscope. A computer con-
trolled the entire experiment, and at each instant (every
two or three seconds) the temperature of the sample as
well as J and Al were recorded. We thus obtained
yo=(2I—AI)/(2T+AI) as a function of temperature.
For the treatment we made an average of the obtained
values on small temperature intervals (=~0.5 K) in order
to compare curves for different orientations of the sample
and then extract the photorefractive part and the absorp-
tion part of the energy transfer.

We used two undoped GaAs samples with close
characteristics, i.e., high excess of shallow acceptors and
[EL2°)=[EL2%), and close photorefractive perfor-
mance. The only difference between the two samples was
the orientation of the crystallographic axes. The first
sample D2 was cut with the classical photorefractive
configuration, the beams propagated in the [110] direc-
tion, with a grating vector along [001] and polarization
along [110], which for this configuration gives rz=r,;.
The thickness of this sample was d =1.72 mm. Absorp-
tion, electron paramagnetic resonance (EPR), and room-
temperature photorefractive measurements performed
with this sample?”® gave [EL2]=1.3X10'® cm™> and
[EL2*]=6X10" cm™3. For the second sample C4 the
beam propagated along the [111] direction, with grating
vector along [112] and polarization along [110], which
for this configuration gives r.=1/2r,,.2% Its thick-
ness was d =1.83 mm.

C. Experimental results

The behavior of the photorefractive gain I' corre-
sponds exactly to the theory (Fig. 6). First, between 300

l"(cm‘l)

T T T
100 150 200 250 300
T(X)

FIG. 6. Experimental gain I as a function of temperature for
sample D2 (dots) and sample C4 (line) normalized to the same
value of effective electro-optic coefficient as D2. The straight
line represents the calculated gain (see text for calculation pa-
rameters). The dashed lines represents the theoretical gain for a
one-carrier model corresponding to a space-charge field of am-
plitude +E,.
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FIG. 7. Experimental gain I" in sample C4 for two different
intensities. =60 mW cm ™2 (line) and 7 =4.3 mW cm ™2 (dots),
showing the displacement of the peak toward lower tempera-
ture, with decreasing intensity.

and 150 K a small decrease corresponding to the decrease
of the diffusion field with temperature is observed. At
150 K a strong decrease of the gain occurs, followed by a
change of the sign. This reverse of the sign is followed by
a peak of gain centered around 140 K, the maximum
value being around 0.12-0.15 cm™~!. After this peak the
gain decreases linearly with temperature. The same
feature is observed in the two samples studied, as shown
in Fig. 6, where the gain of the two samples is presented,
the value for C4 being corrected for the \/:g» ratio due to
the configuration. This proves that the effect observed is
purely a space-charge field effect. At this point we can
remark that the result obtained here is strongly different
from the results previously observed in the literature,” we
will return to this difference below. When decreasing the
illumination on the sample (Fig. 7), we observe a displace-
ment of the peak of the gain of about 10 K corresponding
to what was predicted theoretically (Fig. 3).

The other effect we observe concerns the absorption
part Aa of the beam coupling (Fig. 8). The absorption

0.2
0.15

0171

Aolcm)

0.05

100 150 200 250 300 350

FIG. 8. Experimental absorption energy transfer Aa as a
function of temperature (dots). The straight line represents the
calculated absorption grating strength (same parameters as for
Fig. 6).
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grating is negligible at room temperature, as expected in
that type of material and as previously observed.® At
low temperature we see the appearance of a strong peak
of the absorption part of the beam coupling centered at
140 K. The absorption grating vanishes at lower temper-
ature. This feature corresponds exactly to the theory
(Fig. 8).

D. Discussion

All the parameters concerning the EL2 defect (Table I)
as well as the concentrations in our sample are known.
We can thus calculate the variation of the gain with the
theoretical expression (3.10) previously established, and
compare it with the experimental results. The accor-
dance between the experimental data and the theoretical
model is good (Fig. 6). The principal point, which is the
enhancement of the gain which corresponds to the
space-charge field higher than the diffusion field, is well
explained (Fig. 6). The same accordance between theory
and experiment is observed for the absorption grating
(Fig. 8).

Our theoretical model also explains the previous re-
sults obtained in GaAs,” even if these experimental re-
sults are very different from ours. The first point is that
the sample used by Nolte, Olson, and Glass corresponds
to a sample with a small excess of acceptors correspond-
ing to a compensation ratio [EL2"]/[EL2°]~0.1. This
explains that the enhancement of the gain is not observed
in this sample, as previously discussed. The second point
is the absorption grating, which depends on the EL2°
concentration which is constant in LEC-grown samples
around 1-2X10'"® cm™3. The fact that this absorption
grating is not observed in Ref. 7 is due mainly to the fact
that the experiment was a four-wave mixing experiment
which was performed with a readout beam at 1.32 um, a
wavelength where the value of the different cross sections
are strongly different from that at 1.047 um. Indeed, in
the expression for a, [(3.14)], the reading wavelength
cross sections are used. For these cross sections we have
S,=1.5%x10"" cm? and §,=5X10"" cm?'® and we
can estimate S}=S'(1.06 um)/100 (Ref. 32) and
S§*=0.657*.22?° For the space-charge field the value is

0.8
0.6
0.4

0.2

Diffraction efficiency

0

50 100 150 200 250 300 350 400

T(K)

FIG. 9. Calculated diffraction efficiency for the experiment of
Ref. 7.
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calculated with the writing beam wavelength (i.e., 1.06
pm); only the value of the refractive index, the electroop-
tic coefficient, and the wavelength are changed: n=3.42
(Ref. 23) and 7, =1.50 pm V~',** in An expression. We
can then calculate the theoretical diffraction efficiency
with the formula:$

ad
4 cosf

2

. 4.3)

The calculated gain corresponds to what was observed
previously in Ref. 7 (Fig. 9). The small residual bump,
which is not seen in that experiment, perhaps corre-
sponds to values of diffraction efficiencies below the
threshold of the detection of the experiment. Neverthe-
less the presence of this bump does not obliterate the gen-
eral agreement between the two curves.

V. CONCLUSION

Photorefractive two-beam-coupling experiments per-
formed at low temperature in undoped GaAs reveal pecu-
liar characteristics of this material, such as a reversal of
the sign of the photorefractive gain, strong enhancement
of the value of this photorefractive gain, and a peak of
the absorption grating at low temperature. These results
are explained theoretically by the introduction, in the
photorefractive model, of the well-known metastable
state of the EL2 defect that appears at low temperature.
All experimental characteristics of the photorefractive
effect are perfectly described by this model, in particular
the fact that space-charge fields higher than the diffusion
field are observed. These first results show the interest of
DLPS studies in the case of GaAs. The study of different
samples with variable wavelength will provide informa-
tion about the optical properties of the metastable state
of EL2 and consequently about the microscopic structure
of this defect. Even n-type samples, where no space-
charge field can be created, could be studied by this tech-
nique due to the presence of the absorption grating. This
study also shows that the photorefractive gain obtained
by taking into account only one defect and one type of
charge carrier can be overcome in particular cases such
as the one presented here. Further development of the
model could be performed, especially concerning the time
dependence of the effect, an aspect not discussed here.
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APPENDIX

In this appendix a calculation of the space-charge field
E, is given. The first Fourier components of the equation
set (3.1a)—(3.1g) are
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0=(8, +8,1.)M—N,—N1)+5,I;m(Ny—Ng—N3)
—¥anoN 1~ Y1 No— (B, +S,I4)N, =S, I;mN,

+v¥,p0( =Ny —N})+7,p0,(Ns—No—N§), (Ala)
0=S8;I,(—N;—N}1)+S;Io;m(N;y—Ny—Ng)

—(r*+S* 1Nt —S*IomN} (A1b)
Jm=enou,E‘enu, Ey+ikp,kgTn, , (Alc)
Jpi=e€potpE | tep\p,Eq—ikp,kgTp, , (Ald)

0=%jnl+(ﬁn +S,,Io)( —Nl _NI‘ )

+Snlom(NT—No_N6 )—y"’loNl —‘}’,,nlNo > (Ale)
0=_%jp1+(ﬂp +Sp10)N1 +SplomNo

_YpPo(—Nl_Nf)—YpPJ(NT_No_N3) s (Alf)

ikEl=—§(—N,+n1—p,) . (Alg)
From Egs. (Ala), (Ale), and (A1f) it directly follows
that

Jmi+Jpn=0. (A2)

In the following we assume an externally applied field
to be absent (E,=0). Inserting (A1d) into (A1f) [(Alc)
into (Ale)] with the above-mentioned abbreviations a,,
A,,and «, (a,, 4,, and &, ), we obtain the expression for
P (n))as a function of E;, N, and N{:

- nikPO#pEl + APSPN110+IOmap+ypp0(N] +NT )

Py »
kT
2
. p, (k2+x2)
(A3)
__iknop,E\— A,S,(N,+N{ )y +Iyma, —y,noN,
n; kBT .

. pn(k2+i2)

(A4)

We now want to express every component X, as a
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function of E,. From (Alg) in the limit n,, p, <<N,, we
obtain

N1=—"Z—EE1 . (A5)
Finally, (A1b) related N} and N, as
N‘ —S:10N1+S:Iom(NT—N0_N6 )—S"IomNa
1= ’

r*+S*1,+S:1,

(A6)
which may be rewritten as
N,+N{=A""N,+m(1—A'"*—B'*¥N;y—Ny,—N¢§),

(A7)

which proves Eq. (3.15). So Egs. (A5) and (A7) enable us
also to express p; and n, as functions of E,. Subtracting
Eq. (A1f) from (Ale) under the consideration of (A2), an
equation involving the quantities n,, p,, N, and N7, is
obtained

0=—A,S, (N +N} y+Iyma,—y,noN,

kyT
—n,K2 5~ 4SNilo—Ioma,

kgT

—Yppo(N1+N1‘)+p1K:Tup . (A8)

Now inserting for n,, p;, N, and N, +N] the expres-
sions (A3), (A4), (AS), and (A7), respectively, we obtain
an equation depending only on E,;. Taking account of
S,=a,/(Nr—Ny)A'* and S,=a,/N, and the zeroth
Fourier components n, and p, given in Egs. (3.4) and
(3.5), respectively, after some algebra the desired space-
charge field E, can be written as

kyT
e

k
—[E(k)—(1— 4"*—B")]

1+A"—2
kg

—im

E,= (A9)

with the already mentioned electron-hole competition
coefficient £.
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