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Metastable state of EL2 in the GaAs& „P„alloy system
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The photocapacitance quenching effect of EL2 previously observed in GaAs has been studied in

the GaAsl „P alloy system, and optical and thermal properties of the metastable state have been

determined. It is shown that the spectral distribution of the optical transition rate for the popula-
tion of the metastable state (EL2 —+EL2*) is nearly independent of the alloy composition. A previ-

ously unknown temperature dependence of the spectral distribution of the transition EL2 —+EL2
in GaAs is reported and a possible explanation is discussed.

I. INTRODUCTION

Owing to its technical importance and interesting physi-
cal properties the EL2 center in GaAs has been the subject
of many detailed studies during the last decade. ' Since
both the origin and properties of the center are poorly un-

derstood a new approach towards a better understanding
of this center is taken in this paper by studying the prop-
erties of the EL2 level as a function of the composition in
the alloy system GaAs~ „P„.' One of the most intrigu-
ing properties of GaAs:EL2 is the existence of a metast-
able state. ' In samples with low carrier concentrations
this state can be populated, at sufficiently low tempera-
tures (T & 140 K), by illuminating the sample with pho-
tons in the energy range 1.0&hv&1. 3 eV. Once popu-
lated the metastable state is inaccessible to extrinsic light,
and can be depopulated thermally by, for example, heating
the sample to temperatures above about 110 K. Another
way of depopulating the state is to let free carriers interact
with the metastable state. This process is already active
for temperatures below 110 K.

So far there have been no reports on metastable proper-
ties of EL2-related defects in materials other than GaAs.
The purpose of this paper is therefore to present a study
of the metastable state of EL2 in an alloy system, namely
in GaAs~ „P„. Photocapacitance data are presented on
the optical and thermal properties of the metastable state
of EL2 for different compositions. It will also be shown
that the depopulation process of the metastable state can
be expressed in one formula, valid for the part of the alloy
system investigated. Furthermore, data are presented
which reveal for the first time an unexpected temperature
dependence of the spectral distribution of the optical cross
section for the population of the metastable EL2 state in
GaAs.

II. EXPERIMENTAL

mination of carrier concentrations (
~
N~ N,

~
)—and

deep-level transient spectroscopy ' (DLTS) measurements
to evaluate deep level concentrations (NT). Photocapaci-
tance measurements were performed in a temperature-
controlled cryostate (10—300 K) using a Boonton 72BD
capacitance meter and a Zeiss MM3 prism monochroma-
tor. A Bausch and Lomb grating monochromator was
employed for broadband illumination. Some important
parameters of the samples investigated are collected in
Table I.

III. EXPERIMENTAL RESULTS

A. Background

Even though the photocapacitance kinetics of the EL2
center have been described previously' ' it may be useful
for the understanding of this paper to give a brief sum-
mary of the results found in GaAs. In an n-type Schottky
diode at temperatures higher than T=150 K but lower
than =250 K (in order to avoid thermal emission process-
es) the EL2 centers respond to optical excitation as a sin-

gle deep midgap level at an energy position E,—ET-0.75
eV. Choosing the initial condition in a reverse biased
diode such that the EL2 levels are occupied by electrons,
and illuminating the diode with photons of energy hv
(where E, ET &hv&E, —E„), the observed —change in
capacitance is given by" (notations according to Ref. 11)

' 1/2
e„ 1 eel qEC(t) =

o o NTT—
2 2( VD —Vtt )Nd

X Il —exp[ (e„+ep)tj—'I .

TABLE I. Characteristics of the n-type Schottky samples
used in this work.

All measurements were performed on undoped n-type
GaAs~ „P„epitaxial layers grown on GaAs substrates by
metal-organic vapor-phase epitaxy. Details about the epit-
axial growth and the electrical and optical properties of
the layers have been published previously. '

The electrical characterization of the samples includes
capacitance-voltage (C -V) measurements for the deter-

x ln

GaAsl „P„
0
0.04
0.08
0.20
0.26

]N, —N, [

( 1016 cm —3)

0.66
0.54
0.62
1.3
1.3

EL2 conc.
(10' cm )

2.0
1.9
1.4
0.6
0.7

E
(10 V/cm)

4.5
4. 1

4.4
6.5
6.5

29 4534 1984 The American Physical Society



METASTABLE STATE OF EL2 IN THE GaAs~ „P„ALLOY SYSTEM 4535

4P
O
O
lO

C

-}e
O

~ ~
e

4 ~ T= 100 K

(EL2 ) into a metastable state (EL2') of the same charge
state. Once populated, the state is no longer affected by
extrinsic light. The spectral distribution of the optical
transition rate for the population of the metastable state is
shown in the inset of Fig. 1. The regeneration (from the
metastable state, EL2", to the normal state, EL2 ) is often
described by an empirical regeneration rate r, which in
turn can be divided into the thermal regeneration rate,

r'"=r o"exp( b,E—'"/k T) (2)

zC(td}

1.0 1.2 1.4
Photon energy ( eV )

and the electron-induced regeneration rate

r"=0"n(u,b) =oq'n(un, )exp( bE"—IkT) . (3)

= time T td T
ht off hr on

(b)

FIG. 1. Photocapacitance signal due to EL2 in GaAs for two
different temperatures. Curve (a) corresponds to Eq. (1)
(T=200 K) and curve (b) shows the photocapacitance quench-
ing effect ( T=77 K). The spectral distribution for the
EL2 ~EL2 transition at T =100 K is inserted. Also illustrat-
ed by curve (b) is the measurement of the thermal regeneration
as discussed in Sec. IIID. AC(tq ——oo ) is proportional to N, and
AC(tq ) is proportional to the concentration of EL20 ([EL2o]).

It is readily seen that the time dependence of the capaci-
tance signal is exponential with the time constant
rt ——(e„+ez) '. This behavior corresponds to curve a in
Fig. 1. Performing the same experiment at temperatures
lower than 100 K, the time dependence of the photocapa-
citance signal becomes more complicated [curve (b) in Fig.
1]. Before reaching the steady-state occupancy
(nr( ao ) = [eel(e„+ez )]NT ) observed at T & 150 K the
capacitance signal decreases towards the initial capaci-
tance value with a time constant ~2. This is the photo-
capacitance quenching effect of EL2 in GaAs. From
several arguments' it has been concluded that the effect is
caused by the transformation of the "normal" EL2 center

(u,s ) is the thermal velocity of free electrons and o" is
the capture cross section. ' Both rates are temperature
activated (bE'"=0.34 eV and bE"=0.11 eV), and in ad-
dition, r" is proportional to the free-electron concentra-
tion n.

B. Identification of EL2 in GaAs~ „P„

The identification of the deep donor observed in
GaAs] P„as being the ELZ center observed in GaAs is
based on three arguments. First, thermal emission rates
studied as a function of temperature show continuous
trends with alloy composition, both for activation energies
and thermal emission rates. Second, we observe continu-
ous variations of details in the photoionization cross sec-
tions when the alloy composition is varied. Third, broad-
band illumination (hv=1. 15 eV) at low temperatures
causes the same characteristic photocapacitance quench-
ing effect of the studied center for x (0.26 as for EL2 in
GaAs (Fig. 2). The quenching effect was not observed for
x )0.38, although the EL2 center seems still to be present
according to the first two arguments.

C. Spectral distribution

Figure 3 shows the spectral efficiency (/~2) ' vs hv (P
is the photon flux) of the photocapacitance quenching ef-
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FIG. 2. Photocapacitance quenching effect, typical for EL2 in GaAs as observed for the corresponding defect for two GaAs& „P„
alloy compositions.
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FIG. 3. Spectral distribution of the EL2 ~EL2 optical
cross section for different alloy compositions.

feet for different alloy compositions. Low effective cap-
ture cross sections for the EL2 ~EL2' transition made it
impossible to obtain reasonable resolution and to simul-
taneously monitor the full transient. r2 was therefore de-
duced (as in Refs. 10 and 12) from the initial slope of the
quenching transient, i.e.,

1 dhc
bCO dt

(4)

For notation see the inset of Fig. 3. Each spectrum has
been normalized at its peak position.
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D. Thermal regeneration

As mentioned earlier the thermal regeneration rate of
the metastable state of GaAs:EL2 (EL2'~EL2 ) is tern-
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FIG. 5. Logarithm of the thermal regeneration rates, r'",

plotted vs 1/T for different alloy compositions.

perature dependent ' and can be expressed as shown in
Eq. (2). r'" was measured using the isothermal method'
illustrated in Fig. l. After having transformed all EL2
states into EL2* states r'" was obtained for GaAs by
measuring the difference AC(td = ac ) —b, C(td ) (which is
proportional to [EL2'], see Fig. 1) as a function of td, the
time after the light source has been removed (see Fig. 4).
E'" can then be calculated from an Arrhenjus plot of y'".
In contrast to GaAs a nonexponential time dependence is
observed in GaAs~ &P„(see Fig. 4). An apparent regen-
eration rate r'" = rtI exp( b,E'" IkT) (whic—h becomes the
true regeneration rate r'" for x=0) has therefore been
used in alloys by taking the time td at which the capaci-
tance signal decreased to bC(t~=oo) AC(t&)=—AC(td
= 00 )le and defining r'" = I/td (see Fig. 4). It is interest-
ing to note that the Arrhenius plots of r'" for all composi-
tions investigated gave straight lines (Fig. 5) from which
the thermal activation energy hE'" could easily be de-
duced. The activation energy hE'" was found to be in-
dependent of the definition of r'", i.e., AE'" =DE'" is a
well-defined activation energy. The values obtained for
ro" and b,E'" in samples of different compositions are
summarized in Table II.

0.2

Ol 0 IOO 200 300
td (s)

FIG. 4. Plot of the concentration of EL2 centers remaining in
the metastable state as a function of the elapsed time in dark-
ness, td. The concentration [EL2 ] ~ AC(td = ao ) AC(td)—
where hC is the peak height in the capacitance transient in Fig.
l. A nonexponential behavior is observed in the alloy. Also in-
dicated is the evaluation of r'" in the alloys (see Sec. III D).

E. Electron-induced regeneration

In GaAs the regeneration of EL2* is accelerated by the
presence of free electrons. Similar effects have been ob-
served in our alloys for x &0.08. For larger values of x
the measurements were disturbed by the presence of
another deep center which was thermally active in the
temperature range in which the measurements were per-
formed. In principle, the electron-induced regeneration
rate [Eq. (5)] can be measured by a similar method as the
one described in Sec. III D. However, due to experimental
difficulties a simpler measuring technique was used.
Keeping the electrical filling pulse length (0 V) t, con-
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as" (eV)

TABLE II. Collected parameters for thermal and electron-induced regeneration (EL2*—+EL2o).

GaAs) „P„:EL2 th'
(

—]
) b,E'" (eV) 0" (cm )

x=o
Ref. 9
Ref. S

This work
x =0.04
x =0.08
x =0.20

2 F10"
8.6y10"
3.6X10"
S.1y 10'
2.3 && 10'
8 y10'

0.30
0,34
0.36
0.25
0.21
0.16

1.4y 10-"
1,9y 10-'4
2.8~ 10-"
2.SX 1O-"
3.3y 10-"

0.108
0.107
0.106
0.060
0.043

stant, EC(t, = ao ) E—C(t, ) was measured as a function
of temperature. Since it is not unreasonable to assume
that

[EL2'](t, )=[EL2*](t,=0)exp( —n {U,h )o"t, )

and o"=pro'exp( hE" /k—T}, it is readily seen that a plot
of log(logI[EL2*](t, =0)/[EL2'] (r, lI ) vs 1/kT yields
the activation energy ~'. The results obtained are sum-
marized in Table II.

Judging from this comparison with absorption data the
temperature dependence in Fig. 6 may indicate the pres-
ence of a more complex intermediate state, or states, with
a temperature dependent transfer to the metastable state.

The shift in the optical cross-section spectrum with
temperature agrees well with the data in Refs. 10 and 12,

IV. DISCUSSION

The spectral distribution of the optical transition from
the normal to the metastable EL2 state has been measured
in previous studies using three different methods. The
first method employed photocapacitance measurements
(80 K} in epitaxial layers' (as in this work), the second
method used the fatigue effect of the 0.63-eV photo-
luminescence (4 K) in semi-insulating bulk GaAs, ' and in
the third method the difference between absorption and
photocurrent spectra (80 K) in n-type bulk GaAs was
studied. ' The different methods gave similar results, but
small differences were observed. Our peak position at 100
K was about 30 meV lower in energy than the photocapa-
citance data at 80 K, ' which in turn were about 30 meV
lower than the 4-K photoluminescence data. ' To investi-
gate whether these discrepancies reflect a temperature
dependence or whether they are caused by differences in
experimental conditions, the spectra of the EL2o~EL2*
optical cross section were measured at different tempera-
tures [Fig. 6(a)]. For comparison the 4-K photolumines-
cence data are also plotted, however, with an adjusted
peak height. The data clearly reveal a shift in peak posi-
tion and a change in the position of the onset on the low-
energy side. This is seen more clearly in Fig. 6(b) where
the 4-K photoluminescence data have been substracted
from the photocapacitance measurements at higher tem-
peratures. This temperature behavior suggests a possible
splitting of either the initial state or the final state, i.e., ei-
ther a variation in absorption strength with temperature
or a difference in branching efficiency from an intermedi-
ate excited state to the metastable state. In fact, the ex-
istence of an intermediate excited state has previously
bccn proposed.

If the temperature dependence in Fig. 6 is caused by a
splitting of the initial state (i.e., the EL2 ground state) the
same temperature dcpcIldcncc should bc observed in ab-
sorption experiments. However, neither a shift to lower
energies nor an overall increase in the absorption coeffi-
cient with increasing temperature has been reported. '

1.2
Photon energy ( eV )

1.4

t

(b)

l. l 1.2 1.5
Photon energy ( eV )

FIG. 6. (a) Optical cross section for population of the meta-
stable state plotted vs photon energy for different temperatures
(solid lines). The dashed bne is a low-temperature spectrum (4
K) obtained from photoluminescence quenching (Ref. 12). (b)
Same data as in (a) but with the 4-K spectrum subtracted from
each spectrum.
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but not with those in Ref. 13 where the peak position is
slightly higher in energy (Ii v= 1.18 eV, T=80 K). Furth-
ermore, it is claimed in Ref. 13 that the peak position
shifts to higher energies with increasing temperatures.
These discrepancies may be due to uncertainties in sub-

tracting results from two different measuring techniques.
Defects with similar electronic properties as EL2 in

GaAs have been observed using dark capacitance methods
in GaInAs, '" AlGaAs, ' ' and in GalnAsP. ' To the
best of our knowledge, no EL2 photocapacitance quench-
ing effect in any alloy or any material other than GaAs
has been reported so far. Since the center behaves similar-

ly in GaAs and GaAsi „P„(for & 0.3) it seems most like-

ly that the effect also exists in other alloys, at least for
small values of x.

The similarity of the optical cross section, the thermal
regeneration rate, and the electron-induced regeneration
rate of EL2 in GaAsi „P„alloys and in GaAs suggests
that the microscopic nature of the defect is similar. As-
suming the existence of an intermediate state for the
EL2 —+EL2* transition the absorption coefficient for the
intercenter transition given in Ref. 13 then corresponds to
the absorption between EL2 and the intermediate state.
This absorption coefficient and the one for the ionization
process are of the same magnitude in GaAs (=1 cm ' in
a GaAs sample with [EL2]=2X10' cm ).' The ratio
between the optical cross section for ionization and the
optical cross section for the EL2 ~EL2" transition, is es-
timated from our photocapacitance measurements to be
=100 (the ratio between r2 and ~& in Fig. 1). As already
noted in Ref. 13 this observation suggests that the inter-
mediate state acts as a branching state for the
EL2 ~EL2* transition. Furthermore, since the ratio of
the probability, for optical ionization of EL2 and popula-
tion of EL2 (ri and rz in Fig. 2) in GaAsi „P„is similar
to that observed in GaAs, it is reasonable to assume that

)0
T =l00 K

CO

)0

lO—

0.2
aE' (eV)

0 40 80 l20
aE (mev)

FIG. 8. (a) Logarithm of thc prcfactor of thc thcImal rcgcn-
eration rate, ro" [see Eq. (3)] in the alloy systein plotted as a
function of 5E'". (b) Logarithm of the cross section for the
electron-induced regeneration rate, pro' [see Eq. (3)j in the alloy
system plotted as a function of AE'.

~ aE (x)th

~ aE (x)

r(x, T) =2 X 10 exp

the intermediate state also acts in GaAs» „P„as a
branching state for the EL2 ~EL2* transition.

The nonexponential behavior of the thermal regenera-
tion rate measurements (Fig. 4} is interpreted as an alloy
effect, i.e., different EL2 centers having different local
surroundings resulting in a distribution of time constants.
The activation energy, which does not depend on the defi-
nition of r'" (see Sec. IIID), decreases with increasing
phosphorous concentration in the alloy (see Fig. 7). This
decrease is also observed for the electron-induced activa-
tion energy AE'. Our results can be summarized in an
empirical expression for the thermal and electon-induced
regeneration rates valid for the investigated part of the al-
loy system (see Fig. 8),

—b,E'"(x) 1 1

x

0 O. l 0.2 0.5
x in GoAsi xPX

FIG. 7. Activation energies for thermal regeneration, AE'",
and electron-induced regeneration, AE", plotted vs the alloy
composition.

bE"(x) 1 1—
kg T

where T'"=104 K [from Fig. 8(a)], T"=82 K [from Fig.
8(b)], {u,h) is the thermal velocity in cm/s, and n is the



METASTABLE STATE OF EL2 IN THE GaAsi „P„ALLOY SYSTEM 4539

free-carrier concentration in the conduction band (cm ).
The reason for disappearance of the photocapacitance
quenching effect for x & 0.3 may be due to the lowering of
the actwatlon energy AE'". Changes j.n the energy posj.-

tion of the EL2' level relative to the EL2 level may thus
make the metastable state energetically unfavorable. Al-
ternatively, increasing (decreasing) the P (As) concentra-
tion may reduce the probability of producing the micro-
scopic aggregate responsible for the metastable properties.

V. CONCLUSIONS

The photocapacitance quenching effect, typical for EL2
in GaAs, is observed for the corresponding defect in the
GaAsi „P„alloy system. The spectral distribution of the

optical transition rate for the population of the metastable
state has been studied for different values of x, yielding
remarkably constant spectral shapes. In GaAs the spec-
trum has been found to be temperature dependent. This
temperature dependence has been discussed in terms of
sphtting either of the ground state or of an excited state.

The thermal regeneration rate (EL2'~EL2 ) is
thermally activated %'1th an actlvat1on energy decreasing
from 0.36 eV (GaAs) to 0.16 eV (x =0.20). The electron-
~ndoced regeneration rate shmvs a sImilar reduction rn ac-
tivation energy. The metastable properties seem to disap-
pear for x)0.3. It is also shown that the regeneration
rate (thermal and electrical) can be expressed in one single
formula valid for the in~estigat~d part « the»ioy system
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