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Pressure-induced negative charge state of the EL2 defect in its metastable configuration
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We present the results of electrical-conductivity and low-temperature deep-level transient spec-
troscopy (DLTS) measurements performed with use of monochromatic light at hydrostatic pres-
sures up to 0.7 GPa on n-type GaAs samples containing the EL2 defect. Based on our results we
give clear experimental evidence that there exists an acceptorlike level of the metastable EL2
configuration. Without pressure this level is resonant with the conduction band and therefore unoc-
cupied, but under pressure it enters the energy gap capturing free electrons and leading to the nega-
tive charge state of the metastable EL2. The electrical activity of the level manifests itself in opti-
cally induced persistent changes of the electrical conductivity and DLTS signal, driven by EL2 pho-
toquenching and extremely efficient EL2 photorecovery processes. These effects vanish at the tem-
perature at which EL2 thermally recovers its normal configuration. We exclude the “negative-U”
case for the level and determine its energetic position and the pressure shift. We claim that the neg-
ative charge state of the metastable EL2 is responsible for the optical accessibility of the metastable
configuration. Finally, we refer the experimentally confirmed existence of this level to the predic-
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tions of the EL2 theoretical models.

I. INTRODUCTION

The main native defect present in GaAs, EL?2, belongs
to one of the most intensely studied defects in III-V semi-
conducting compounds. It is well known that the EL2
defect possesses a midgap donor level (EL2)% " (Refs.
1-4) which in n-type GaAs is fully occupied and there-
fore the EL2 is in its neutral charge state, (EL2)°. This
charge state manifests itself in a very characteristic ab-
sorption spectrum consisting of the photoionization
background and the intra-(EL2)° absorption band.’”’
At low temperatures this absorption can be completely
quenched by means of irradiation with photons in the en-
ergy range 1-1.35 eV.%? The ability to undergo this
photoinduced transformation (without the change of the
EL?2 charge state®!®!!) from the normal configuration to
the metastable (EL2)* one is one of the most intriguing
properties of the EL2 defect. It is commonly believed
that the photon-created metastable configuration,
(EL2)*, apparently exhibits no experimentally observed
properties of its own—no electrical'!' and electron
paramagnetic resonance (EPR) (Refs. 4 and 12-14) ac-
tivity as well as no clear optical accessibility.'>

The FEL2 defect recovery from the metastable
configuration (EL2)* to the normal one can be induced
by means of thermal annealing of a crystal up to tempera-
tures highly dependent on the free-electron concentra-
tion: 140 K for a semi-insulating material and 50 K for
an n-type one.'*”2° The photoinduced recovery process-
es have also been reported, but their efficiencies were
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much lower than those of the photoquenching processes
and most of these effects were only partial.!®?1 28

In a recent paper,?’ we gave experimental evidence that
in semi-insulating as well as in n-type GaAs under hydro-
static pressure the metastable configuration (EL2)* be-
came optically accessible with an extremely efficient pure-
ly optical recovery process that was not observed without
pressure. This process appeared gradually at pressures
0.25-0.3 GPa, and then at p > 0.3 GPa the experimental
results were qualitatively the same irrespective of pres-
sure. The (EL2)%related spectrum could be reversibly
photoquenched and fully recovered many consecutive
times, even at low temperature 7 =5K. The efficiency of
this recovery process for photons from the energy range
slightly below band-to-band transitions was comparable
to, and for n-type GaAs even exceeded, the efficiency of
the EL2 photoquenching process. Moreover, in n-type
samples, contrary to the semi-insulating material, after
the EL?2 photoquenching there appeared a weakly disper-
sive additional absorption clearly anticorrelated to the
(EL2)°-related absorption band. We proposed that this
absorption was the photoionization of the EL2 defect be-
ing in its metastable configuration with an additional
electron trapped on it. The capture of an extra electron
by EL2 resulting in the negatively charged state
[(EL2)*] had to be easily detectable by electrical mea-
surements.

The aim of the present high-pressure investigations was
to check the above suggestion. Based on the results of
our electrical conductivity and deep-level transient spec-
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troscopy (DLTS) measurements performed with an access
of monochromatic light, we provided clear experimental
evidence that the metastable EL2 defect possessed an ac-
ceptorlike level that was resonant with the conduction
band without pressure and entered the energy gap at high
pressure. This level creates the electrical activity and op-
tical accessibility of the EL2 metastable configuration at
high pressure, which seems to be of crucial importance in
solving the problem of the microscopic model of the EL2
defect and the mechanism of its metastability.

II. EXPERIMENT

We investigated two kinds of horizontal Bridgman-
grown n-type GaAs samples. Their electronic-transport
parameters are given in Table I. The samples were
chosen in such a way that the EL2-defect concentration
Ng;, was either approximately two times higher (sample
no. 1) or lower (sample no. 2) than the free-electron con-
centration n3o, g (see Table I). In both samples we ob-
served that the Hall concentration n =1/eR decreased
during cooling the samples in the dark down to approxi-
mately 40 K and then increased sharply to the values
close to nyp x (see Fig. 1). At the same time the Hall
mobility R yo decreased several times in the range 2050
K and then it became temperature independent. This
means that in our samples at high temperatures the elec-
tronic transport took place mainly in the conduction
band and the observed temperature dependence of the
Hall concentration was due to the freezing of free carriers
onto the impurity band of shallow donors, while at low
temperatures the transport took place in the impurity
band itself. However, without illumination in the whole
temperature range the total concentration of the conduct-
ing electrons (hereafter denoted also as free electrons)
remained constant.

We performed electrical conductivity and DLTS mea-
surements at temperatures ranging from 5 to 70 K and
hydrostatic pressures up to 0.7 GPa with an access of
monochromatic light. Samples were placed in a high-
pressure optical cell with helium as a pressure transmit-
ting medium. At high pressure, helium solidified (or
melted) in the temperature range of interest, which re-
sulted in the abrupt change of pressure in our pressure
cell. Therefore we tried to avoid the disadvantage of
crossing the phase-transition temperature during our ex-
perimental temperature transients (the only exception
was the experiment presented in Fig. 6) so as to deal with
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FIG. 1. The Hall mobility (a) and the Hall concentration (b)
of sample no. 1 measured in the dark at p =0.3 GPa without
any previous illumination.

either gaseous or solid helium. A tungsten halogen lamp
and a prism or grating monochromator were employed to
illuminate the samples. The sample temperature could be
kept constant within 0.1 K. The electrical conductivity
measurements were done with a four-probe method with
indium contacts in the van der Pauw configuration. For
DLTS measurements a lock-in amplifier-based system
was used. Schottky diodes were fabricated by Au eva-
poration on a GaAs surface, degreased and etched in di-
luted HCIL. The thickness of all the samples for conduc-
tivity as well as DLTS measurements did not exceed 1.5
mm.

III. RESULTS AND DISCUSSION

A. Pressure-induced persistent photoconductivity

It is commonly believed that the EL2 defect, while be-
ing in its metastable configuration (EL2)*, is in the neu-
tral [(EL2)*]° charge state and the photoquenching of
(EL2)° as well as thermal recovery [(EL2)*—EL2] pro-
cesses take place without the change of the EL2 charge
state.>1%1! The existence of charge states of (EL2)* oth-

TABLE I. Characteristics of the investigated samples.

N300 K M300 K 0300 K 042K Ngr,
Sample Dopant (10'® cm™?) (cm?V~1lsg™h (Q 'em™}) (Q 'em™1) (10" cm™?) k=Ng2/N30k
no. 1 . a b
GaAs Si 1.2 5550 10.8 2.2 2.7 2.3
no. 2 a c
GaAs none 3.2 4480 22.8 5.9 1.3 0.41

“Determined from Hall effect measurements.

*Determined from the intensity of the (EL2)° zero-phonon-line absorption (Ref. 30).

“Evaluated from the standard DLTS measurements.
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er than the neutral one [(EL2)*]° has not yet been re-
ported. However, in a recent paper?® we suggested that
under hydrostatic pressure exceeding 0.25-0.3 GPa the
metastable (EL2)* might capture an additional electron
leading to an [(EL2)*]™ negative charge state. This
should introduce persistent changes of the free-electron
concentration and, as a consequence, the electrical con-
ductivity of a sample must be strongly dependent on the
distribution of the EL2 defects between its normal and
metastable configurations. In an attempt to verify this
hypothesis, we investigated at low (7' =5 K) and constant
temperature the conductivity transients of the samples
during successive photoquenching and photorecovery
processes. The exemplary results obtained at high pres-
sure for both samples no. 2 and 1 are presented in Figs. 2
and 3, respectively. These results can be described as fol-
lows.

(i) At sufficiently high hydrostatic pressure (p =0.25
GPa) the optically induced (hv=1.17 eV) transfer of the
EL?2 to its metastable configuration caused the drop of
the conductivity of both samples. For sample no. 2, for

which N ., 0/n300 x =0.4, and only a part of the free

electrons could be trapped on (EL2)* leading to its nega-
tively charged state [(EL2)*]™, the value of the conduc-
tivity obtained after the full EL2 photoquenching was
about two times lower than the initial one (see Fig. 2). In
the case of sample no. 1, for which N . 0/n300 x =2.3

and all the free electrons could be bound by (EL2)*, we
observed a drastic fall of the conductivity (see Fig. 3),
exceeding seven orders of magnitude and leading to im-
measurably high resistance of the sample (light-induced
metal-insulator transition).

(ii) The highly conductive state of the samples could be
fully restored by illumination with light from the spectral
range from approximately 1.4 eV to the energy of band-
to-band transitions (see Figs. 2 and 3). This effect is fully
analogous to the optically induced recovery of the
(EL2)° intracenter absorption, observed previously.?’
Thus, it should be interpreted as a photorecovery of the
EL?2 defect from its metastable, negatively charged state
[(EL2)*]™ to the neutral normal one (EL2)° with an ac-
companying process of releasing an extra electron
trapped by EL2: [(EL2)*]” +hv—(EL2)°+e~. The
efficiency of this photorecovery process was very high—
for photons with energies near the band-to-band transi-
tions, the efficiency even exceeded that of the photo-
quenching process (see Figs. 2 and 3).

(iii) I'he main contribution to the light-induced electri-
cal conductivity changes was persistent (i.e., the conduc-
tivity of the samples retained its value after the irradia-
tion was interrupted), however a nonpersistent photocon-
ductivity, originating from band-to-band transitions, was
also noticeable (see Figs. 2 and 3).

(iv) The conductivity changes were fully reversible, i.e.,
the experimental procedure of the successive photo-
quenching and photorecovery processes could be repro-
ducibly repeated many times one after the other.

(v) None of the phenomena described above were ob-
served at ambient pressure; they then gradually appeared
with increasing pressure, but at p > 0.3 GPa the experi
mental results were qualitatively the same irrespective of
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FIG. 2. The transient of the electrical conductance of sample
no. 2 recorded at p =0.583 GPa and T =5.4 K during succes-
sive optical EL2 quenching (Av=1.169 eV) and optical EL2
recovery (hv=1.511 eV) processes. The ratio of the mono-
chromatic light intensities was 1,:I, =5:1.

pressure.

The full analogy between the above experimental
findings and the results of our previous paper? [where
the (EL2)° intracenter absorption was measured instead
of the electrical conductivity] means that at p > 0.3 GPa,
EL?2 photorecovery and photoquenching processes as
well as the distribution of the EL2 defects between their
normal and metastable configurations can be monitored

03 1 1 1 A 1 L 1 1 1 1 1 1 1 1 1 1 1L
]sample No. 1|p=0.656 GPa T=5.4 K|
1 1.169ev (1)) 1.578eV (I,) -
ar 1 1 L
I o el
0.2 T : : I.. \ -
L~ i [ . L
— I | 1
] | L /\: i
(@ Vo Lo
Nl B [ / L
: o / —
e ] b =3
\’\\ 0.1 4 ! : H =
v——l‘ 4 } : [ : > L
[ ; [0}
B kY [ [ce}
A [ r
J \ o w0
K [ :
4 1 | H |-
[ /
0.0 T T T T T |J| T T T T T T
¢} 400 800 1200 1600
t (s)

FIG. 3. The transient of the electrical conductance of sample
no. 1 recorded at p=0.656 GPa and T=5.4 K during succes-
sive optical EL2 quenching (hv=1.169 eV) and optical EL2
recovery (hv=1.578 eV) processes. The ratio of the mono-
chromatic light intensities was 7,:1,:1;,=5:1:11.
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both by electrical conductivity and optical-absorption
measurements. Thus it was possible to observe the EL2
thermal recovery process [usually monitored by the
(EL2)° intracenter absorption'®!?] in our electrical con-
ductivity, o, measurements; see Fig. 4, in which we
present the temperature transients of o of the sample no.
1 after the initial EL2 photoquenching, performed at
T =10 K. The highly resistive state of the sample per-
sisted up to about 40 K and then the thermally induced
[(EL2)*]”—(EL2)° transformation released the elec-
trons to the conduction band, so that o increased sharp-
ly. The further small increase (7 > 48 K) of o is due to
the change of the electron mobility only; see Fig. 1.

Our experimental results presented in this section pro-
vide convincing arguments that the [(EL2)*]™ "% accep-
torlike level [i.e., the level of the photon-created metasta-
ble (EL2)* configuration] is resonant with the conduc-
tion band at ambient pressure and at p = 0.25 GPa enters
the energy gap capturing free electrons. The following
sections give further confirmations of this statement.

B. Low-temperature DLTS experiments at high pressure

Since the optical transformation of the EL2 defect to
its metastable configuration creates the acceptorlike
[(EL2)*]~ " level, which at p >0.25 GPa traps free elec-
trons, this level should be detectable by means of the
DLTS technique. Since even at the highest applied pres-
sure the level cannot lie deep in the energy gap and it
only exists as long as the EL2 defect is in its metastable
configuration (that is, at T <40 K), the DLTS measure-
ments had to be performed at low temperatures.

The experiment was done on sample no. 2 because its
electrical conductivity always remained high enough, ir-

18

T T T
——
1

| sample No.

GPa

| p=0.31

o (@ 'em™)
[e))
> o
1 L

T
I S R B

O tmmmrmempmmmn T )

35 40 45 50 55

FIG. 4. The temperature transients of the electrical conduc-
tivity of sample no. 1 measured at p =0.31 GPa during heating
of the crystal. EL2 was initially fully photoquenched at T =5
K by means of long-time (10 min) illumination (hv=1.17 eV);
see text.
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respective of the distribution of the EL2 defects between
their normal and metastable configurations (see Fig. 2).
The experimental procedure consisted of the following ir-
radiation cycles: (i) the DLTS spectrum measurement up
to 40 K and the subsequent cooling of the sample down
to 10 K; (ii) monochromatic light irradiation of the sam-
ple (photoquenching or photorecovery of the EL?2); (iii)
the same as (i) to verify the influence of the irradiation.
The results obtained by means of such a procedure are
presented in Fig. 5. The initial DLTS run (curve a of Fig.
5) was made after cooling the Schottky diode down from
room temperature to 10 K in the dark with the zero bias
(however, the result was not affected by the applied bias
voltage). Since in this situation there was no EL2 in its
metastable configuration, the [(EL2)*]™7° level did not
exist and hence there was no DLTS signal either. How-
ever, after the EL2 photoquenching (hv=1.13 eV) there
appeared a signal with the DLTS peak close to T=32 K
(see curve b of Fig. 5). Then subsequent EL2 pho-
torecovery (Av=1.57 eV) reduced the DLTS signal in-
tensity partially or almost fully, depending on the irradia-
tion time; see spectra ¢ and d in Fig. 5. The high DLTS
signal was then restored after the repeated EL2 photo-
quenching (spectrum e in Fig. 5). The observed correla-
tion between the DLTS signal intensity and the concen-
tration of the EL2 being in its metastable configuration
strongly supports the identification of the level as the

[(EL2)*]1"/° one. The EL2 photoquenching increases

the concentration of (EL2)*, so the DLTS signal, which
is due to the [(EL2)*)]™7° level, also increases, while at
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FIG. 5. The influence of the successive processes of the
monochromatic light irradiation performed at T=5 K and
p=0.52 GPa on the DLTS spectra for sample no. 2: a, initial
DLTS spectrum after cooling the sample down to 5 K in the
dark; b, after hv=1.13 eV EL2 photoquenching for 10 min; c,
after hv=1.57 eV partial EL2 photorecovery for 5 min; d, the
same as c¢ after the next 5 min; e, after repeated hv=1.13 eV
EL?2 photoquenching for 10 min. The reverse bias was —0.5 V,
the pulse amplitude was 0.5 V, and the emission rate window
e,=1062s7 1,
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the same time the free-electron concentration and the
electrical conductivity decrease, because of the trapping
of free electrons by the level (see Sec. IIT A). The pho-
torecovery involves reverse changes of the DLTS signal
and the electrical conductivity.

The pressure evolution of the DLTS spectra collected
after the full EL2 photoquenching at three different pres-
sures is presented in Fig. 6. It is clearly seen that the po-
sition of the DLTS peak shifted to higher temperatures
with increasing hydrostatic pressure, reflecting the
pressure-induced movement of this level down with
respect to the bottom of the conduction band. Unfor-
tunately, because of the unusual asymmetric shape of the
DLTS peak, we could not determine reliably the activa-
tion energy of the [(EL2)*]™ /% level and its pressure
shift from our DLTS data. It should be noted that even
at the lowest temperatures we observed a pronounced
DLTS signal that decreased at higher pressures, while the
intensity of the DLTS peak increased at the same time.
Moreover, we found that the higher the Schottky diode
reverse voltage or the lower the filling pulse frequency
was, the more asymmetric the DLTS spectrum shape
was. It seems that the observed unusual shape of the
spectra originated from the temperature-independent
electric field emission3! ™33 of the electrons from the rela-
tively shallow [(EL2)*]7/° level. This effect should de-
crease for lower bias voltages as well as for higher pres-
sures at which the level becomes deeper. Therefore, this
could explain the experimental findings concerning the
shape of the DLTS spectra. In addition, there is another
intriguing fact that needs further study, namely that the
observed DLTS signal was by far too low in comparison
with the total EL2 concentration.

In our DLTS measurements, periodically repeated
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FIG. 6. The pressure evolution of the DLTS spectra collect-
ed after the full EL2 photoquenching (hv=1.17 eV, 10 min) at
three different pressures: spectrum a at p =0.4 GPa, spectrum b
at p =0.5 GPa, and spectrum ¢ at p=0.6 GPa. The reverse
bias was —0.5 V, the pulse amplitude was 0.5 V, and the emis-
sion rate window e, = 1062 s 1.

MICHAEL BAJ, PIOTR DRESZER, AND ADAM BABINSKI 43

filling pulses induced free carriers to the space-charge re-
gion of the Schottky diode, therefore the EL2 defect in
the junction should thermally recover to its normal
configuration in the same temperature range as in the
bulk n-type material (i.e., at 40-50 K).!®*72° Such a
thermal recovery, monitored with the DLTS signal, is
presented in Fig. 7. After the optical quenching of the
EL2 at T=10 K, we performed the DLTS run up to
about 60 K. The results up to 40 K were quite similar to
those shown in Figs. 5 and 6. Then, because of the melt-
ing of helium in the pressure cell, we observed an abrupt
increase of pressure that induced the shift of the peak po-
sition originating from the pressure-induced movement of
the [(EL2)*]™ 7Y level. Starting from T =44 K, the pres-
sure transmitting medium was already gaseous and the
DLTS spectrum was again smooth. At T'=46 K the sig-
nal began to fall drastically and at 7=56 K its value al-
most reached zero. This drop was irreversible (unlike the
case of the change of the DLTS signal observed below 40
K), which is illustrated by the lack of the DLTS signal
during the subsequent cooling down of the sample. It
originates from the absence of the electrically active
[(EL2)*]™/° level after the thermal recovery of the EL2.
This is consistent with our electrical conductivity mea-
surements; see Sec. III A and Fig. 4.

The results of the present section confirm the existence
of the [(EL2)*]™/° level, which is responsible for the ob-
served DLTS spectra. The pressure evolution of the
DLTS peak seen in Fig. 5 indicates that the level moves
down with respect to the conduction-band edge.

C. Thermal population of the [(EL2)* ] /° level

In the preceding sections we proved that at high pres-
sure and low temperature the relatively shallow
[(EL2)*]7/° level traps free electrons, which results in
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FIG. 7. The thermal recovery of the EL2 defect monitored
with the DLTS signal; see text. The reverse bias was —0.1 V,
the pulse amplitude was 0.1 V, and the emission rate window
e, =1062s7 1.



43 PRESSURE-INDUCED NEGATIVE CHARGE STATE OF THE . . .

the electrical conductivity changes. Therefore at con-
stant pressure the population of the level and thus the
concentration of conducting electrons should be very sen-
sitive to the sample temperature.

We investigated the temperature dependences of the
electrical conductivity, o, of sample no. 1 up to 30 K at
three different constant pressures. We tried to avoid both
the EL?2 thermal recovery process and the crossing of the
He melting point, which defined the upper temperature
limit for each measurement. The Arrhenius plots of the
experimental data obtained after the full EL2 photo-
quenching are given in Fig. 8. In the whole temperature
range, o was thermally activated with the activation en-
ergy increasing from approximately 0.8 meV for p =0.25
GPa to about 10 meV for p =0.45 GPa, which reflects
the pressure shift of the thermal ionization energy of the
[(EL2)*]7 7 level. Moreover, it should be pointed out
that the conductivity at a given pressure was a unique
function of temperature, i.e., the results obtained during
the heating or cooling of the sample were the same even
at the lowest temperatures. This means that the
[(EL2)*]/° level was always in the thermal equilibrium
with the conduction band and hence the change of the
charge state within the EL2 metastable configuration
[(EL2)*]” <[(EL2)*1° takes place without an addition-
al strong lattice relaxation, i.e., these charge states are
separated by a configuration barrier.

D. Pressure-induced changes of the thermal population
of the [(EL2)*]™ /0 level

The applied hydrostatic pressure strongly influences
the energetic position of the [(EL2)*]™70 level with
respect to the bottom of the conduction band and, as a
consequence, it modifies the thermal equilibrium between
the level and the conduction band. The equilibrium pop-
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FIG. 8. The Arrhenius plots of the electrical conductance of
sample no. 1 measured at three different constant pressures after
the full EL2 photoquenching (hv=1.17 eV, 10 min) with the
estimated activation energies.
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ulation of the level can be monitored by electric conduc-
tivity, o, measurements.

We studied the isothermal pressure dependences of o
for various concentration of the metastable (EL2)*. In
these experiments we chose the relatively high tempera-
ture T=35.1 K at which we could easily change and
control the pressure up to 0.4 GPa in the gaseous helium
as a pressure transmitting medium. On the other hand,
this temperature was sufficiently low to avoid the thermal
EL?2 recovery process. The results are presented in Fig. 9
for sample no. 2 and in Figs. 10 and 11 for sample no. 1.
We would like to point out the following.

(i) As long as the EL2 was in its normal configuration,
o depended on pressure very weakly and linearly, which
was due to a small pressure-induced decrease of electron
mobility only (see Figs. 9-11).

(ii) When the EL2 was partially or fully transformed to
its metastable configuration, o was strongly pressure-
dependent, however for a given sample, o at low pressure
was practically the same, irrespective of the actual distri-
bution of the EL2 between its normal and metastable
configurations. This reflects the fact that without pres-
sure both EL2 and (EL2)* are in n-type GaAs in their
neutral charge states. The higher the pressure was, the
lower the energy of the level was in respect to the bottom
of the conduction band and the lower the free-electron
concentration (or o) was because the population of the
[(EL2)*] /0 level increased; see Figs. 9—11.

(iii) We distinguished two kinds of o(p) dependences:
(a) the steplike shape [see Fig. 9 and curve 2 in Fig. 10(a)]
when at the highest pressure o was practically saturated
with relatively high value; (b) the shape without a high-
pressure saturation [see curve 3 in Fig. 10(b)]. The first
shape was always observed for sample no. 2, for which
n3g x > Ngry, and for sample no. 1 after partial photo-
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FIG. 9. Pressure dependence of the electrical conductivity of
sample no. 2 measured at T=35.1 K before (open squares,
curve 1) and after (solid squares, curve 2) the full EL2 photo-
quenching with A#v=1.13 eV for 10 min. The arrows depict the
direction of the pressure changes.
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quenching only. In this case at the highest pressure the
population of the [(EL2)*]™ /0 level was practically sa-
turated and thus the height of the step was proportional
to N[(ELz)*]“ ~N g1, The second shape was observed

only for sample no. 1 with a sufficiently high concentra-
tion of photon-created (EL2)*. Since for this sample
N300k <Ngr the population of the [(EL2)*]™7° level
was not full in this case and a part of the (EL2)* always
remained in its neutral charge state.

(iv) The o(p) dependences were quantitatively the
same, irrespective of the pressure (low or high) at which
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FIG. 10. Pressure dependence of the electrical conductivity
of sample no. 1 measured at T=235.1 K before (solid circles,
curve 1), after partial (asterisks, curve 2), and full (stars, curve 3)
hv=1.13 eV EL?2 photoquenching presented in (a) a linear scale
and (b) a semilogarithmic one. The arrows depict the direction
of the pressures changes.
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the EL2 defect was photoquenched; compare curve 3 in
Fig. 10(b) with curve 2 in Fig. 11.

(v) Even at the lowest applied pressure p <0.1 GPa,
the temperature (35.1 K) was high enough to partially
populate the [(EL2)*]™ /0 level, which at low pressure
was resonant but very close to the bottom of the conduc-
tion band; the values of o were noticeably different before
and after EL2 photoquenching.

All the above results point out that under hydrostatic
pressure there exists a very curious and unique possibility
of controlling (via EL2 photoquenching and pho-
torecovery processes) the concentration of the defect
centers (i.e., the EL2 defects in their metastable
configurations) which can bind free electrons on the lo-
calized electronic state (the [(EL2)*]™ 70 level).

E. The [(EL2)*]™ /° level energy and its pressure dependence

In this section we will estimate the energy of the
[(EL2)*]77° level, hereafter denoted as ¢ 7°, and its
pressure shift. First it should be pointed out that
[(EL2)*]” /0 level is the proper level of the metastable
configuration of the EL2 defect. This means that £~ 7°,
given in respect to the bottom of the conduction band, is
the energy yield obtained from the change of the total en-
ergy (electronic +elastic) of the metastable EL2 upon the
transfer of the electron from the negatively charged state
[(EL2)*]™ to the bottom of the conduction band leading
to the neutral charge state, but still within the metastable
configuration [(EL2)*]%

e °=E* —E} , (1)
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FIG. 11. Pressure dependence of the electrical conductivity
of sample no. 1 measured at T=35.1 K before (solid circles,
curve 1) and after (stars, curve 2) full Av=1.13 eV EL2 photo-
quenching and then after successive (asterisks, curve 3) full
hv=1.36 eV EL?2 photorecovery. The arrows depict the direc-
tion of the pressures changes.
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where E* is the total energy of the negatively charged
defect and E§ that of the neutral defect with an electron
at the bottom of the conduction band. Both energies
refer to the defect being in its metastable configuration,
(EL2)*, which can exist at T <50 K only.

The thermal ionization energy of the [(EL2)*]77° lev-
el could not be determined from our DLTS data because
of the asymmetric shape of the DLTS spectra; see Sec.
IIIB. On the other hand, the temperature variation of
the electron mobility (see Fig. 1) strongly affected our
o(T) data presented in Sec. III C. Thus it was also not
reasonable to use them for the accurate determination of
the level energy £ ~/°. The best solution seemed to be the
application of our results obtained at a constant tempera-
ture T=35.1 K, i.e., the pressure dependences of o (see
Sec. III D), because the pressure dependence of the elec-
tron mobility at 7=35.1 K was very weak and practical-
ly linear [see curves ““1” in Figs. 9 and 10(a)].

For the quantitative analysis we chose the experimen-
tal results presented as curve “2” in Fig. 9 (for sample no.
2) and curve “2” in Fig. 10(a) (for sample no. 1). Since in
our optical pressure cell we were able to measure the
electrical conductivity o, but not the free-electron con-
centration n, we tried to recalculate o onto n. To evalu-
ate the relative pressure changes of n [n3s g (p)/nysk
(p =0)] we took into account the electron mobility
changes for both samples by a simple division of each
curve “2” by the corresponding curve “1.” Then, assum-
ing that n35 ¢ (p =0)=n,4, ¢ (p =0) (see Sec. II), we cal-
culated the scaling factors for both samples, which en-
abled us to find the absolute values of n for every pres-
sure. The results of the above procedure are presented in
Fig. 12 as “experimental points.”
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FIG. 12. The hydrostatic pressure dependence of the free-
electron concentration after full EL2 photoquenching for sam-
ple no. 2 (solid squares) and partial EL2 photoquenching for
sample no. 1 (solid triangles). The solid lines were fitted to ex-
perimental data in order to determine the [(EL2)*]7/° level en-
ergy and its pressure shift; see text.
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The numerical analysis of these data was based on the
following formulas.

(a) The equation describing the equilibrium population
of the [(EL2)*] " level:

N[(EL2)*]‘ Ep—e °+TAS
- —exp T > (2)
N[(ELZ)*]O B

where N[(ELZ)*F and N[(ELZ)*]O stand for the concentra-

tion of the metastable EL 2 in negative and neutral charge
states, respectively; AS is the local entropy change during
the transition from [(EL2)*]° to [(EL2)*]"; Ey is the
Fermi level energy.

(b) The balance between various states of EL2:

Ners=N e 0N, +N (3)

[(EL2) (EL2)*]™ (EL2)®

where Npg;, is the total EL2 concentration and N g2

represents the concentration of EL2 being in its normal
configuration (always neutral in our n-type samples).

(c) The charge balance of the sample
n+N, +N[(EL2)*]‘ =Np , 4)
where n is the free-electron concentration, and N, and
Np are the concentrations of always ionized acceptors
and shallow donors, respectively.

Equations (2)-(4) enabled us to calculate the free-
electron concentration, which could then be compared
with the experimental data from Fig. 12. To get the best
agreement between the experiment and the results of cal-
culation, we fitted two parameters, € /° (p =0) and
de~"°/3p, common for both samples, and one additional
parameter, N(ELZ)O’ for sample no. 1 only, for which the

photoquenching process was not completed and
N 11,070. The total EL2 concentration Ng;, was not
fitted, but taken from standard DLTS measurements or
absorption data (see Table I).

The following assumptions and/or simplifications were
used in our calculations.

(i) Np—N =n3p g, which means that even at low
temperature, 7=35.1 K, all the shallow donors and ac-
ceptors were ionized and the total concentration of con-
ducting electrons, which could be captured by (EL2)*,
remained constant (see Sec. II).

(ii) The Fermi integral was calculated to get the free-
electron concentration n in Eq. (4) with an assumption of
a spherical and parabolic conduction band with
pressure-dependent effective mass.>*

The solid lines in Fig. 12, describing well the experi-
mental data for both samples, represent the result of the
best fit obtained for

e Y (p=0)—TAS=14 meV ;
as~/0
ap

Since the temperature (77=35.1 K) is low and AS cannot
be very high, this means that without pressure the
[(EL2)*] /% level is resonant with the conduction band
and at p ~0.2-0.3 GPa it enters the energy gap; see Fig.
13, where we took AS =0. Moreover, as is clear from

=—68 meV/GPa . (5)
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FIG. 13. The experimentally determined pressure depen-
dence of the energetic position of the [(EL2)*] 7 level (see
text) and the conduction-band (Ref. 35) with respect to the top
of the valence band. The local entropy change of the transition
[(EL2)*1°—[(EL2)*]” was taken to be zero (AS=0). The
vertical line indicates the pressure at which the level enters the
energy gap of GaAs.

Egs. (2)-(4), we assumed that metastable EL2 can trap
under pressure only one extra electron (“positive-U”
case). The excellent agreement between the experiment
and the calculations clearly confirms the above assump-
tion and excludes the possibility of the “negative-U" case
[i.e., the trapping of two electrons by each (EL2)*] for
which the total amount of electrons trapped on (EL2)*
for sample no. 2 would be two times higher than Ng; ,.

As is clear from our experimental results, the
[(EL2)*]”/° level disappears when EL2 recovers opti-
cally or thermally to its normal configuration. This fact
needs some clarification. We know that EL2 in our n-
type samples can be in three different states, namely
(EL2)° [(EL2)*1° and [(EL2)*]". The total (electron-
ic plus elastic) energies of these states are E,, Ej, and
E* | respectively. The first two correspond to neutral
charge states with an electron at the bottom of the con-
duction band. The difference between E* and Eg,
defined as £~ 7? by Eq. (1), was determined in this section;
see Eq. (5). The total energy of the neutral metastable
EL2 (E{) is certainly higher than its energy in the nor-
mal configuration (E,) with the difference AE, which has
not been experimentally determined (however, the
theoretical prediction of Dabrowski and Scheffler®® gives
AE =~0.15 eV and that of Chadi and Chang®’ gives 0.24
eV):

AE=E}—E,>0. ©6)

The relative positions of E,, E§, and E* are schemati-
cally presented in Fig. 14. In both cases, p =0 and
p > 0.3 GPa, the stable state of EL2 is the neutral charge
state in the normal configuration. However, if EL2 is
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FIG. 14. The schematic diagram of the total energies of the
three EL2 defect states of both normal (EL2) and metastable
[(EL2)*] configurations for various pressures. £ % and AE are
defined in the text.

frozen in its metastable configuration (EL2)* (T <40 K),
it traps at p >0.3 GPa an additional electron because
E* <E{ in this case (i.e., the [(EL2)*]™ 70 level enters
the energy gap). If the temperature is raised above
T=40-50 K the configuration barrier between EL2 and
(EL2)* can be overcome and EL?2 returns to its normal
configuration. At this sufficiently high temperature the
capture of a free electron from the bottom of the conduc-
tion band, accompanied by the EL2—(EL2)* transfer,
would require relatively high energy:

e °+AE=E* —E, . (7

This expression has the sense of the energy of some level
that should be defined as the [(EL2)*]™ /(EL2)° level.
At p =0, this level is resonant and lies high in the con-
duction band. Thus, at high temperature, after the
thermal equilibrium of EL?2 is restored, the [(EL2)*]™/°
level disappears and is replaced by the completely empty
[(EL2)*1” /(EL2)°  one. Nevertheless,  because
9e~/°/3p <0 (the pressure dependence of AE is unfor-
tunately unknown), at very high pressure (p >>0.3 GPa;
see Fig. 14) the left-hand side of Eq. (7) might become
negative and in this case the stable state of EL2 would be
[(EL2)*]” and (EL2)° would become the metastable
one. If this was really observable, it would give a direct
experimental method to estimate the value of AE.

IV. CONCLUSIONS

Based on the above-described results of our high-
pressure investigations of electrical conductivity and
low-temperature DLTS, we have clearly shown that the
metastable configuration of the EL2 defect in n-type
GaAs reveals electrical activity. We have proved that the
only reliable explanation of this effect is the existence of
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the [(EL2)*]™ 7 level, which is proper to the metastable
EL?2 configuration. This level at p =0 is resonant with
the conduction band, and under relatively low (0.2-0.3
GPa) hydrostatic pressure it enters the energy gap
capturing free electrons. The occupation of the level
leads to the negatively charged state of the metastable
configuration, [(EL2)*]™, which seems to be responsible
for the recently discovered optical accessibility of the
(EL2)*.?° The last effect manifests itself both in an ex-
tremely efficient purely optical full EL2 recovery process
(which can be monitored by electrical conductivity, low-
temperature DLTS, or optical-absorption measurements)
and in a weakly dispersive absorption linearly correlated
with the concentration of the metastable EL2,?° which
can now be easily interpreted as a photoionization of the
[(EL2)*]7/° level. These findings strongly support our
previous hypothesis?® that both optical accessibility and
electrical activity of the metastable EL2 must exist joint-
ly and that they are due to the population of the accep-
torlike [(EL2)*]~ 70 level.

It should be pointed out that high-pressure measure-
ments are a powerful experimental tool for studying the
EL?2 metastable configuration, which was not directly ac-
cessible up to now. Since the [(EL2)*] 7 level popula-
tion is always in thermal equilibrium with the conduction
band, we deduced that the change of the charge state
within the metastable configuration takes place without
an additional strong lattice relaxation. Thus, from the in-
vestigations of the [(EL2)*]™ state properties (which in
particular should be paramagnetic and therefore EPR ac-
tive), one can get direct information concerning the mi-
croscopic structure of the metastable EL2 configuration
as a whole, which is of crucial importance if one consid-
ers the model of the EL2 defect and the mechanism of its
metastability. Furthermore, our results have enabled us
to determine quite precisely the energy of the
[(EL2)*]™7° level and its pressure shift, as well as to ex-
clude the “‘negative-U” situation for this level. We have
explained the observed effects of the appearance and
disappearance of the [(EL2)*]™ 7 level exactly correlat-
ed with the distribution of the EL2 between its metasta-
ble and normal configurations and suggested the ex-
istence of the [(EL2)*]™ /(EL2)° level, which lies higher
than the [(EL2)*]/° one, with the separation between
both levels being AE, which is the total energy difference
between neutral EL2 in the normal and metastable
configurations. We have also pointed out that pressure
experiments might help to determine the value of AE.

Moreover, it is worth mentioning that we have found
out some other qualitatively new physical phenomenon
closely related to the existence of this level. We have
shown that one can observe a light-induced metal-
insulator transition—the process of optical EL2 quench-
ing involves at high pressure a drastic fall of the concen-
tration of conducting electrons bound on photon-created
metastable EL2, and therefore leads to the conversion of
a sample from a highly conductive to a semi-insulating
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one. Additionally, a successive application of the EL2
photoquenching and photorecovery processes gives us a
very unique possibility of controlling the number of deep
defect centers (metastable EL2) that can bind free elec-
trons on the localized electronic state.

We would like to emphasize that the existence of the
[(EL2)*]~ /% level is now well established and this experi-
mental fact must be taken into account by any theoretical
model of EL2. Unfortunately, our experimental results
do not provide any direct insight into the microscopic
structure of the EL2 defect and particularly they cannot
distinguish between the two most popular EL2 models,
namely that of the isolated Asg, (Refs. 36-39) and that
of the Asg,-As; pair.'*3*7% Since, in our opinion, the
isolated Asg, model better explains most of the experi-
mentally established EL2 properties, we have adopted
the commonly accepted assumption and used it
throughout this paper that the main EL2 midgap donor
level is the (0/+) one [this is in contradiction with the
Asg,-As; model, which claims that this should be a
(4/+ +) level]. It should be pointed out that Dabrowski
and Scheffler’®* say that the isolated Asg, model pre-
dicts that the metastable EL2 configuration (As;-Vg,),
being in its neutral charge state, possesses an interstitial-
like empty state of a symmetry (labeled as la i Ref. 36),
which can be filled with an additional electron. The cor-
responding ( —/0) level was found to be close to the bot-
tom of the conduction band. This is a very good candi-
date for our [(EL2)*] /° level. Since the population of
the level means simply filling the la state with one elec-
tron, the degeneracy factor of this level must be equal to
2. This implies that in Eq. (5), from Sec. III B, AS =kIn2
and £~ /° (p =0)~16 meV (the temperature at which the
experiment was performed was T=35.1 K). Neverthe-
less, the Asg,-As; model cannot be ruled out because it
also admits the existence of a level lying close to the
conduction-band edge but in this case this would be the
(0/+) one. This level originates from the filling of the e
symmetry state whose wave function is largely localized
on the interstitial arsenic.!*3%42

The major discrepancy between the above-mentioned
models concerns the predictions of the microscopic struc-
ture of the metastable EL2 configuration. Therefore the
direct investigations of metastable EL2, which are now
feasible due to its optical, electrical, and expected EPR
activity, induced by pressure, should finally solve the
problem of the EL2 atomic identification.
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