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The dynamic process of light illumination of GaAs is studied numerically in this paper to understand

the photoquenching characteristics of the material. This peculiar behavior of GaAs is usually ascribed

to the existence of EL2 states and their photodriven metastable states. To understand the conductivity

quenching, we have introduced nonlinear terms describing the recombination of the nonequilibrium free

electrons and holes into the calculation. Though some photoquenching such as photocapacitance, in-

frared absorption, and electron-paramagnetic-resonance quenching can be explained qualitatively by

only considering the internal transfer between the EL2 state and its metastability, it is essential to take
the recombination into consideration for a clear understanding of the photoquenching process. The nu-

merical results and approximate analytical approach are presented in this paper for the first time to our
knowledge. The calculation gives quite a reasonable explanation for n-type semiconducting GaAs to
have infrared absorption quenching while lacking photoconductance quenching. Also, the calculation
results have allowed us to interpret the enhanced photoconductance phenomenon following the conduc-

tance quenching in typical semi-insulating GaAs and have shown the expected thermal recovery temper-

ature of about 120 K. The numerical results are in agreement with the reported experiments and have

diminished some ambiguities in previous works.

I. IIV+RODUCTION

EL2 is one of the most important native centers ap-
pearing in GaAs. It is located near the mid gap
(E,—0.76) and it has been intensively studied for de-
cades now for the following two reasons. On the one
hand, the EL2 center is important technologically for its
role in producing semi-insulating GaAs. On the other
hand, it exhibits an optically driven metastability at low
temperature (T(120 K). Thus GaAs shows peculiar
photoquenching behavior. Though there are some argu-
ments about it (such as the electric charge transformation
model), this characteristic is generally ascribed to the
transition of EL2 to its metastable state (EL2'} on il-
lumination with white or infrared light (about 1.13 eV)
and the thermal or optical recovery associated with the
reverse transformation, EL2'~EL2. The metastable
state is electrically inactive and not accessible by most ex-
perimental methods. Therefore very little is known about
it, and only the transition between the two states has been
investigated. Techniques like electron paramagnetic res-
onance (EPR},' photoconductance (PC), infrared ab-
sorption (IA), ' photocapacitance, ' and internal fric-
tion have been applied to this study. It is generally ac-
cepted that the EL2 defect contains Aso„and this is
conSrmed by EPR and electron-nuclear double-resonance

(ENDOR} measurements. ' ' The configuration of
EL2, however, still remains uncertain; it may be an iso-
lated As&, or a complex defect such as AsG, -V~„
As&,-As;, or As&,-V&,-V~, . The same uncertainties ex-
ist, of course, for the atomic con6guration of EL2'. In
this paper we will present a theoretical study on the pho-
toquenching process for further understanding of the
EL2 center.

We focus our study mainly on the dynamic process of
photoconductivity quenching. Semi-insulating (SI}GaAs
materials show this peculiar behavior at low temperature
under infrared light illumination, and some of them also
present enhanced photoconductance characteristics. Al-
though there have already been some theoretical investi-
gations on the dynamic processes of photoquench-
ing, ' ' such as infrared absorption, EPR, and photo-
capacitance quenching, no one has yet given the correct
and satisfactory calculated result for photoconductivity
quenching to our knowledge. The EPR and absorption
quenching features are determined by EL2 and EL2'
themselves and may be qualitatively explained when only
the internal transition between the normal state EL2 and
the metastable state EL2* is considered. Photocapaci-
tance quenching can easily be interpreted since the mea-
surements are usually made in p-n junctions in which the
recapture of free carriers is normally negligible. Howev-
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er, the recombination of free carriers must be considered
in PC measurements, since the photoconductivity is
directly associated with the free electrons and holes emit-
ted from deep centers. It is known that the concentration
of photoinduced free carriers in SI GaAs is of the order
of 10 —10" cm, much smaller than the EL2 concen-
tration (about 10' cm }. In fact, it is the rapid recom-
bination that leads to the low concentration of free car-
riers. To describe these direct and indirect recombina-
tions with the deep center EL2, nonlinear terms should
be introduced in the general rate equations for the overall
quenching process. As a result, the equation set needs
numerica1 calculation. Even worse, the equation set we
faced here is very stiff and unstable. Correct and conver-
gent calculation results cannot be obtained by simple
methods such as the Euler and Runge-Kutta methods.
We have dealt with it carefully by combining the Newton
iterative method and the Gear method, and obtained
quite a good result.

In the next section, we will discuss the calculation
model in detail, give the general rate equation set describ-
ing the overall photoquenching process, and present an
approximate analytical approach under certain condi-
tions. Section III analyzes and discusses the numerical
results in different initial conditions corresponding to
different type of GaAs. Finally, Sec. IV summarizes this

paper and presents a conclusion.

II. CALCULATION MODEL

dn /dt =No „P —C„nN+ —Cnp,

dp/dt =N+o~P C—pN C—np,

dN/dt = —(o „+0*)pN

+P PN++RN'+C„nN+ C—pN,

dN'/dt =Na'P RN-*,
N +X'+N+ =NT,

where t is the illumination time, n and p are the concen-
trations of free electrons and holes emitted from the EL2
centers, and NT is the total concentration of EL2 defects
which is usually of the order of 10' cm in SI GaAs. R
represents the recovery rate for the reverse transition
EL2'~ EL2, which consists of two parts, the thermal
recovery R,h and the optical regeneration R, (o „' is the
optical cross section for EL 2 regeneration):

R =R,h +R,p
=R,h +0,'p .

C is the direct recombination coefBcient of the free car-
riers which takes the value'

C—=2X10 ' cm s

C„and C denote the free-electron and -hole indirect
recombination rates with the EL2 center, which are
defined by the usual relations

A. General rate equation set

CB

Cnp

VB

EL2

EL2

CpN

FIG. 1. Optical transitions of the EL2 center.

It is generally accepted that the metastable state
(EL.2*} can only be accessed by an internal transition
when the EL2 is filled with electrons, i.e., in the neutral
state of the defect, EL20. The photoquenching behavior
of GaAs at low temperature can then be interpreted by
considering this internal transition, the free-carrier emis-
sion from EL2, and the free-carrier recombination. The
optical transition involved is depicted in Fig. 1. The free
electrons and holes emitted by EL2 occur with the rates
0 P and tr P, respectively, while 0 "P is the rate of emis-
sion to the metastable state. Here, P represents the pho-
ton flux, 0„,and cr are the electron and hole photoion-
ization cross sections of the EL2 center, and cr* is the op-
tical cross section describing the emission EL2~EL2'.
Let us denote the concentrations of the neutral state
EL2, ionized state EL2+, and metastable state EL2' as
X, X+, and X, respectively. Then the general rate
equation set for the overall photoquenching process, can
be written as

C„=o„V„, C =o V

where a „(0 ) is the electron (hole) capture cross section
and V„(V ) is the thermal velocity of the electrons
(holes).

Equation (1) is a set of nonlinear difFerential equations
for there are nonlinear recombination terms, which need
numerical calculation. Since the nondimensional
coefficients C„Nr/(a~/), C~NT/(o~P), and CNr/(e~P)
are about 106-10 (much greater than 1},this differential
equation set is very stiff and unstable, as we mentioned in
the previous section, and must be dealt with carefully.
However, we managed to obtain numerical results by
combining the Gear method and the Newton iterative
method. The calculation results will be shown and dis-
cussed in the next section. Now we are going on to dis-
cuss an approximate analytical solution and a steady-
state solution under certain conditions.

B. Analytical approach for n-type SI GaAs

Suppose the initial concentrations of the neutral state
EL2 and the ionized state EL2+ before illumination are
%0 and X respectively in the semi-insulating GaAs. It is
known that N+ remains nearly unchanged during the
whole quenching process, according to the numerical cal-
culation shown in the next section. The free holes can be
neglected (p =—0) when the illumination time is not long.
Therefore we can obtain a simplified difFerential equation
set for this situation:
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dn Idt =No „P —C„nN+,

dN/dt= —(o„+cr )PN+cr PN++RN +C„nN+,
(2)

N+N +N+=N~,

n =-Noo„g[[R+a /exp( —o'Pt —Rt}]I(o'P+R )

—exp( C—„N t)I I(C„N~) .

Finally, it can be written as

(5)

X+=N +n —p =—1',
since n,p «N~. From the above equation set, one has

dn2/dt~+2A dnldt+Bn=NORo'P, (3)

where

A =0 5[.(cr„+o')P+R +C„Np ],
B=C„N (cr'P+R) .

Using the initial conditions

n~, 0=0 and dnIdt~, O=Noo„g,

it is given that

n =0.5Nocr„g exp( —At +A—~ —Bt)

—exp( —At +V A' —8t 1 /V A —8 .

(4)

Since C„N »(cr„+o')P+R with normal light intensity
at low temperature, we can further simplify the expres-
sion to

n =N—oo„/[exp( —cr'Pt) —exp( C„—N t))/(C„N },
(6)

when R «o'P, which is satisfied at low temperature.
Based on Eq. (6},we can deduce that

t =t =ln[C—„N /(o'~P)]I(C„N o'—P)

ln(C„—N~ Icr'P) l(C„N„)=— 1 ms,

and the photoinduced free-electron concentration will
take its maximum value

n =n =—Noo„g/(C„N ) «No .

Thus it is known that the photoconductance reaches its
maximum value at a very early time t, and the conduc-
tance decay time r= 1/o'—P. The above result agrees
with previous experiments. It was reported ' that the
photoconductivity of SI GaAs at low temperature
reached its maximum point at the very beginning, the
peak conductance was proportional to photon flux P, and
its quenching time was inversely proportional to P.

Under the same conditions, we can further obtain

N+=-N +Nooog[[R+o ~/exp( tr'Pt Rt) JI(o—'—P+R )—exp( C„N t)] l(C„—N )=-N

N=-No[[R+cr*/exp( —a'Pt —Rt)]I(cr P+R)—o„/[exp( oPt —Rt)——exp( C„N t)]/(C—„N )]

=-Noexp( a*Pt ) . — (8)

Clearly, the EL2 concentration N decays nearly ex-
ponentially and is dominated by o'P.

The above results are quite difFerent from the results
obtained from a simple model excluding the free-carrier
recombination. According to the simple model calcula-
tion,

N =Nr[C~ exp( —~~t)+ C~exp( —&~t ) ]

+Nro pPR /(A, ,A~),

n =Nzoog([C&[1 —e. xp( —A&t)]/k,
&

+C& [1—exp( —Azt ) ]IA2]

+ to OPR /(A, ,A ~)),
where C, , Cz, A, „and A.z are defined as

C, =(NOINz crpPIA, , )(R —
A, , )/—(A2 —

A, , ),
C~=(NO/NT —o p/A~)(R —A2)/(A, ,—A~),

A, , ~=0.5[ +Qee~ —4[R(cr„+op)Q+cr'o~f ]],
e=(o„+o +o')P+R .

I

In the simple model calculation, N and N+ are somewhat
complicated and mainly controlled by a'„, '5 and the con-
centration of emitted free electrons n may be greater than
Nz. Equation (10) is obviously an incorrect result since it
can be simplified as n =-Nz(1+Rt)oo/cr', if R -0 and
o'„pt »1. Thus the simple model without the free-
carrier recombination is of doubtful validity.

Our calculated result for N can be used to fit the in-
frared absorption experimental data [see Fig. 6(c) below].
The absorption a(t) after irradiation can be expressed as

a(t) —=const+ a 0Noexp( o*Pt ), —

assuming az~z &&a@~20, where azzz and az~zo are the

optical cross sections of EL2' and EL2 defects.

C. Steady-state solution for SI GaAs

In this part, we continue to discuss the steady-state sit-
uation following a long duration of light illumination.
After the EL2 defects are transformed to the electrically
inactive metastable state by light, the photoinduced holes
will dominate the electrical conductance instead of elec-
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trons. Thus an enhanced photoconductivity appears fol-
lowing the photoconductance quenching, and at last a
steady photocurrent will occur. For this stationary state,
we obtain

Na„g C„—nN+ C—np =0,
N+o P C—pN C—np=0,

Ncr P RN—'=0,
N +N'+N+ =N~,
N+=N +n —p .

Since Co„g/(C C„N ) «1 at low temperature, n —=0
can be simply eliminated. Substituting this into the
above equation set, we obtain

p —= —0.5(D +No)+0. 5)r/(D +No) +4NOD

(12)=-N„/(1+Nc/D ),
where D =(1+o'P/R }cr P/C . We see that D/No « 1

is usually satisfied, and therefore

p=N (cr P/C No)cr'P/R

N(o pP/—CENO kr'P/(R, „+R,p), (13)

where o *P»R is required, which is satisfied at low tem-
perature as mentioned above. It is known that the opti-
cal regeneration dominates at low temperature. ' ' Con-
sequently, we can predict that the stationary photo-
current is proportional to (()N /No at low temperature
(T & 100 K). The above result may be applied to investi-
gate the compensation of the EL2 center in SI GaAs,
which will be discussed in detail elsewhere.

III. NUMERICAL RESULTS AND DISCUSSION

Numerical values of the parameters used for the calcu-
lation are listed in Table I unless otherwise specified. The
results of the calculation under difi'erent conditions are
shown in the figures below. In Table I, the photoioniza-
tion cross sections are defined under infrared light of 1.17
eV, and o„*/cr'=0.005 and p, „/)M& =15, are fitting pa-
rameters, where p„and p are the electron and hole mo-
bility. The total concentration of EL2, Nr, is set to be
10' cm, and n, p, N, and N+ in the figures are normal-
ized by Nz-.

In Fig. 2, we show the numerical results for typical n-

type SI GaAs. The calculation indicates that the photo-
conductivity reaches a maximum at the very beginning,
and then decreases gradually down to a minimum point.
As light illumination goes on, the concentration of pho-
toinduced electrons will be diminished and the holes will
become dominant. As a result, the conductance increases
again, the enhanced photoconductivity. Finally it
reaches a stationary state. PC quenching is a well-known
feature of SI GaAs. Besides the photoconductivity
quenching, some authors have also reported ' ' '

enhanced photoconductance (EPC) in SI GaAs, and
photo-Hall measurement has confirmed that the photo-
current has converted from n type to p type after EL2 is
completely quenched. Our calculation results are in
good agreement with these experiments, and predict a
necessary condition of EPC, that is, N /Nr & 0.01.
However, if the nonlinear recombination is neglected, as
some authors have done in their calculation, '3 's the
concentration of emitted electrons and holes will never
decrease. Therefore PC quenching and the EPC
phenomenon cannot be deduced theoretically from a sim-
ple model calculation.

The concentration variations of the EI.2+ and EI.2
are also given in Fig. 2(b). As we mentioned, N+(EL2+ )

could hardly be changed by illumination while the
neutral-defect (EL2 } concentration N keeps decaying
exponentially. The calculation results are drastically
difFerent quantitatively from the simple model calculation
excluding free-carrier recombination' [see Eqs. (9) and
(10) in Sec. IIB]. In Fig. 2(c), we give a comparison of
the calculated photocurrent I h with experiment. The
sample size is 5X2X0.3 mm, o„=4X10 ' cm, and
o =3X10 ' cm at a photon energy of 1.12 eV. We
set the applied voltage at 1 V, /=5. 5X10' cm ~s
o*=5X10 ' cm, N /Nr=0. 3, o„'/o'=0. 002, and
the other parameters are as listed in Table I. The calcula-
tion agrees well with experiment. From Fig. 2(c), we also
see that the simple model calculation cannot give a
reasonable result for photoconductance quenching, for
the calculated result for I h (dashed line} is much higher
than expected and never decreases. Therefore we can
conclude that the free-carrier recombination is very im-

portant in photoquenching, especially in photoconduc-
tance quenching, and should not be neglected in the cal-
culation.

Figures 3(a) and 3(b) give the calculation results for

TABLE I. Typical values of the calculation parameters.

o„=1.2X10 ' cm '
o = 1.3X 10 cmP

P!Nr =0.05 cm/s
R,„=2X10"exp[(—0.3 eV)/kT] s
o„=5X10 '9+6X10 "exp[( —56.6 meV)/kT] cm'

'References 8, 15.
Reference 15.

'Reference 20.
Reference 17.

'Reference 19.

o. /o„=0.08
o,*/o. =0.005
Np/N~ =0.15

JM„=4.5X10 cm /Vs
p =3 X 10 cm /V s
T=77 K
C=2 X 10 ' cm s

o =2X10 ' cm '
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different photon fiux P and rr*. They show that the max-
imum photoconductivity is proportional to P, the can-
ductance decay time is proportional to 1/Po', and the
stationary photocurrent intensity is proportional to P.
The results agree with experiments and also confirm the
analytical approach in the previous section.

FIG. 2. (a) Variation of conductivity (1), free electrons (n),
and free holes (p) under light. (b) Variation of concentrations of
EL2 (N) and EL2+(N+) under light. (c) Comparison of the
photocurrent calculation (solid curve) with experiment data
(solid points) from Ref. 23. The dashed line shows the I~h cal-
culation from the simple model without free-carrier recombina-
tion; it is much higher than experiment and never decreases.

FIG. 4. Photoconductivity for different compensation ratios
k =(N& —N& )/NT. (a) k =0.01,0.05,0.1,0.2 (lines 1,2,3,4). (b)
k =0.5,0.8,0.9,1.0 (lines 1,2,3,4).

Figures 4(a) and 4(b) show the corresponding plots for
different initial fractians of ionized defects
(EL2+) k =Nz/Nr. Here Nz is equal to the concentra-
tion of residual acceptors (N„ND) in —SI GaAs, where

N„,ND are the total shallow acceptors and donors. We
see that the stationary photoconductance varies greatly
with N /Nr. The higher the compensation, the higher
the current intensity. According to the calculated
figures, the EPC feature may not appear if the compensa-
tion is very low, e.g., Nz —ND much less than 0.05NT.
However, with high compensation, for example,
k =N~/Nr )0.8, the EPC may only be observed while
the photoconductance does not show obvious quenching
behavior.

Now we are going to discuss the photoquenching
behavior at different temperatures. The numerical results
shown in Fig. 5 indicate that the thermal recovery from
EL2' to EL2 plays a major role at higher temperature
as the recovery rate R,h increases exponentially. The cal-
culated recovery temperature of 120 K, which will be
slightly shifted by other parameters, is consistent with
the measurements. '

Finally, we come to discussing the calculation for low-
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FIG. 3. (a) Conductivity under different light intensities
P/Nr=0. 03,0.05,0. 1 (lines 1,2,3). (b) Photocondnctivity for
diferent o. /o. Q =0.04,0.08,0.12 (lines 1,2,3).

FIG. 5. Photoconductivity under different temperatures
T =77,90,110,115,120,125 K (lines 1,2,3,4,5,6).
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significantly by light. Thus n-type GaAs may present
EPR and infrared absorption quenching while lacking
quenching of the photoconductivity. The above calcula-
tion results have interpreted some experiment measure-
ments which were not clearly explained in previous

ks 6, 15,22

Figure 6(c) shows the comparison with experiment of
the calculation results for the photoconductance and in-
frared absorption for n-type SC GaAs. Our calculated
results are in good agreement with the experiments and
present a quite natural explanation for n-type SC GaAs
to have infrared absorption quenching while lacking PC
quenching. Based on the general rate equation, we can
also deduce the conditions for the doped GaAs to lack
additional photoconductivity: (NTPa„)I(C„no) «1 for
n type, (NTpo )/(C pII) «1 in p type, which are often
satisfied with normal light intensity. We should mention
that the Auger-like regeneration of the EL2 which is
dominant in n-type GaAs material' is neglected in our
calculation. Consideration of the Auger-like regenera-
tion does not change the above conclusion except to re-
sult in a lower recovery temperature.

IO' g
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IV, CONCLUSION"
0.4

We have studied the dynamic process of photoquench-
ing in GaAs based on the metastability model. Our cal-
culation shows that considering free-carrier recombina-
tion is essential to understanding the photoquenching
characteristics of GaAs, otherwise some ambiguities will
arise. The numerical calculation and analytical approach
give the following results.

(a) Typical SI n-type GaAs. Besides EPR and infrared
absorption quenching, it will present both photoconduc-
tance quenching and the EPC phenomenon. However,
EPC does not appear in very slightly compensated GaAs,
while highly compensated GaAs only presents the EPC
phenomenon. Our numerical results also give an expect-
ed thermal recovery temperature of about 120 K and pre-
dict that the steady-state current intensity is proportional
to PN& INo (N&, No are the concentrations of EL2+ and
EL2 ) at low temperature, which indicates a potential ap-
plication in investigating EL 2 compensation in GaAs.

(b) Doped GaAs. It will not present photoconductance
quenching. However, n-type semiconducting GaAs may
show other photoquenching behaviors such as EPR and
IA quenching. p-type GaAs does not show any photo-
quenching behavior in contrast to n type.

The above numerical calculation results agree well
with experiments and favor the metastability model.

I I I I I 0.0
0 5 10 15 20 25

Time(min)

FIG. 6. Photoconductivity and EL2 concentration variation
for doped n-type (a) and p-type (b) GaAs. n p /NT or
pp/NT=0. 01 0.1 1.0 10 (lines 1,2,3,4). Lines 5 and 6 correspond
to EL2 and EL2+ variation with np/NT or pp/NT=0. 1. (c)
Comparison of the theoretical calculation with the experiment
for the photoconductivity and optical absorption of n-type SC
GaAs at 1.17 eV. The solid points are the experiment data from
Ref. 6; the fitting photon fiux P is 5.4X 10I cm ~ s

resistance material, doped n-type and p-type semicon-
ducting (SC) GaAs. EL2 usually has two difFerent charge
states, EL2 and EL2+. In n-type SC GaAs, EL2 de-
fects are all in the neutral state EL2, since ND —N„&0
(thermal emission from the deep level is neglected). In p-
type SC GaAs, the EL2 defects are all ionized since
X& —XD & NT. According to the compensation situation
we can determine that N /NT=O and n ~, o=no for n-

type GaAs, N~ INT= 1 and p ~, II=pII for p type, where

no and po are the corresponding residual donors and ac-
ceptors. The plots in Figs. 6(a) and 6(b) indicate that the
photoconductance remains nearly unchanged in both n-

type and p-type SC GaAs even if it is slightly doped, i.e.,
n o /NT p 0 /NT =0.01. Moreover, the EL2 concentration
will not be obviously changed by illumination in p-type
GaAs since EL2+ cannot be directly transformed into
EL2*. In contrast to p-type GaAs, the concentration of
the neutral state EL2 in n-type GaAs can be decreased
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