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Optical investigation of the DX centers in GaAs under hydrostatic pressure
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Raman-scattering experiments performed on n-type GaAs samples, doped with Te, Si, and S impuri-

ties, as a function of hydrostatic pressure in the indirect-gap range 4—9 GPa, reveal the bistable charac-
ter of the related impurity level under optical illumination. A numerical simulation of our results shows

that the negative-U model of Chadi and Chang is valid for reproducing the experimental data at low

pressure. However, at very high pressures beyond 5—6 GPa, a positive-U description involving a small

lattice relaxation is necessary to reproduce results for Te- and Si-doped samples. This demonstrates that
the DX defect evolves under pressure, and that a transition from negative to positive U can occur at
about 5—6 GPa.

I. INTRODUCTION

The DX center in Al Ga, As alloys and n-doped
GaAs has been intensively investigated these last 15
years. However, a clear understanding of this defect has
not yet been achieved. This understanding is very impor-
tant because DX centers appear inevitably in many n-type
III-V compounds semiconductors, and limit the perfor-
mance of optoelectronic devices.

The DX center is known to be induced by the presence
of n-type impurities in Ga„A1, As alloys when the Al
concentration exceeds 22%, or in GaAs when a hydro-
static pressure above 2.5 GPa is applied. ' It is charac-
terized by a deep center behavior and a persistent photo-
conductivity (PPC), though the latter is not a specific
property of the center. The discovery of the DX center in
n-type GaAs under hydrostatic pressure was an impor-
tant step in studying this defect. Indeed, it has been
considered as direct proof of the relation between the DX
center and the substitutional impurity which presents at
least two different type of energy states: deep and shal-
lowlike. Thus the stability of the deep state for x )0.25
in Al GaI As and for pressures beyond 2.5 GPa in n-

type GaAs has the same origin and is related to band-
structure effects, a consequence of the similarity of hy-
drostatic pressure and alloying on the band structure.
The advantage of the hydrostatic pressure tool is to
modify the band structure of the material on a single
sample, in a reversible way, without inducing extra per-
turbation.

Various techniques have been used in experiments un-
der hydrostatic pressure: electrical or optical measure-
ments under pressure such as the Hall effect,
Shubnikov —de Haas ' oscillations, deep-level transient
spectroscopy (DLTS), " ' and photoluniines-
cence. ' ' They have revealed the existence of DX

centers associated with different impurities such as Si, Sn,
S, Te, and Se. However, the energy position of the DX
level in GaAs as a function of pressure is not yet well
determined. It is now accepted that the deep DX level
enters the forbidden gap of GaAs at around 2.5 GPa, but
in the indirect-gap regime (i.e., for pressures beyond 4
GPa), the behavior of the center under pressure has been
investigated very little. '

Recently, we performed Raman-scattering experiments
on n-type GaAs as a function of hydrostatic pressure,
which have revealed the existence, at low temperature
and beyond some critical value of the pressure corre-
sponding to the indirect-gap regime, of bound phonons
associated with electrons trapped at an effective-mass-like
level. ' ' At higher temperatures, this level is depopulat-
ed in favor of a deep state which has many of the charac-
teristics of the DX center. These results indicate a
shallow-deep bistable character of n-type impurities in
GaAs under high pressure. This bistability has already
been studied by various techniques such as the Hall
effect, ' infrared absorption, electron paramagnetic
resonance (EPR), ' and DLTS (Ref. 26) in GaAs and
Ga, Al„As, and appears to be a general property in
III-V semiconductors.

It is generally accepted that the DX center is a substi-
tutional isolated donor which undergoes a shallow-to-
deep donor transition under the above conditions of al-
loying or application of hydrostatic pressure. The
description of the defect, proposed by Chadi and
Chang, is based upon the concept of a negative- U defect
center, i.e., a negatively charged donor DX, highly lo-
calized and exhibiting a large lattice relaxation (LLR)
effect. More recently, Zhang and Chadi simulated the
effect of pressure (or Al alloying) on that DX level in
GaAs (or Al„Gai „As alloys), and have shown that this
level enters the gap of GaAs at around 2 GPa (or for an
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aluminum concentration of about 20% in Ga, Al As),
in fair agreement with experimental results. The Chadi
and Chang model appears to explain most of the basic
properties of the DX center, at least in the direct-gap re-
girne, ' ' but its validity remains to be confirmed at
very high pr essures.

Among other models, a simpler description has been
given by Dmochowski et al. , who proposed that the DX
center has only two charge states, namely D and D+,
with two different configurations for the D state corre-
sponding to one deep level and one shallow level. This
model corresponds to a positive-U situation. With this
model Dmochowski et al. were also able to reproduce
various experiments such as the Hall effect and infrared
absorption. Another calculation based on first princi-
ples has also been performed on these defects in GaAs
and Ga& Al„As, and has lead to a positive-U picture as-
sociated with a small lattice reaction (SLR).

The purpose of this paper is to present an experimental
study of both the metastable hydrogenlike state and the
deep level associated with the DX center in GaAs doped
with diferent n-type impurity species (S, Te, and Si) un-
der high hydrostatic pressure in the range 4—9 GPa
(indirect-gap regime). Whereas, for such high pressures,
transport techniques are very dificult to perform under
hydrostatic conditions, optical techniques, such as Ra-
man experiments using diamond-anvil cells (DAC), allow
us to work in quasihydrostatic conditions (better than
1%) up to 12 GPa, and can be used to probe the free-
carrier concentration.

From these data one can deduce the properties of the
energy levels of the center as a function of the pressure
for different donor species. The Rarnan spectrum of n-
doped GaAs can give information about the concentra-
tion of free electrons because of the interaction between
the longitudinal-optic (LO) mode and the collective exci-
tations of these electrons. The method is described in
more detail in Sec II.

The present paper is divided into six sections: Sec. II
contains a description of the experiments under hydro-
static pressure, which are analyzed in Sec. III. Section
IV presents the rate equations which have been used for a
numerical simulation of our experimental results, in the
framework of the theoretical descriptions given by Dmo-
chowski et al. and Chadi and Chang. In Sec. V, a
comparison with experimental data is outlined. As a re-
sult, it is proposed that there are two different behaviors
of the center depending on the pressure range: if the
negative-U model is consistent with data at lower pres-
sures, only the two-charge state model of Dmochowski
et al. (positive U) can reproduce the experimental data at
higher pressures for Si and Te impurities. Conclusions
are drawn in Sec. VI.

II. EXPERIMENT

Qur results have been obtained on three different n-
type GaAs samples doped during growth (by Bridgman's
technique) with tellurium (sample A, n =2X10' cm ),
silicon (sample 8, n =2X 10' crn ), or sulfur (sample C,
n =3 X 10' cm ). For the Te- and S-doped samples the

compensation rate is less than 10%. In the range of
donor concentrations which have been explored, we are
well below the metal-insulator transition for the indirect-

gap regime. Another sample (sample D) made of uninten-
tionally doped GaAs (n (10' cm ), was also used as a
reference for measuring the transverse- and longitudinal-
optic modes (TO) and (LO) modes at various pressure and
temperature conditions.

Rarnan-scattering experiments have been performed as
a function of hydrostatic pressure on these samples using
the DAC technique. A 4:1 mixture of methanol-ethanol
was chosen as the pressure-transmitting medium. The
value of the pressure was measured using the calibrated
shift of the ruby luminescence line, by including tiny ruby
pieces in the pressure chamber along with the sample.
The pressure determination was accurate to +0. 1 GPa.
A11 pressure changes were made at room temperature.
No pressure dependence of the phonon linewidths has
been detected, indicating a negligible amount of nonhy-
drostatic stress ( (0.1 GPa). In order to investigate the
temperature dependence, the DAC was inserted in a heli-
um Bow cryostat, and the temperature was measured us-
ing a carbon and platinum resistor glued to the heat
sink. The actual temperature of the sample has been
checked systematically by recording that of the ruby chip
located close to it. These experiments have been per-
formed with the use of a triple Raman spectrograph
DILQR operating in the high dispersion mode with mul-
tichannel detection. The resolution of this apparatus
reaches 6.2 cm '. The red line 647.1 nm of a krypton
laser has been used for excitation.

A typical Raman spectrum of pure GaAs consists of
LQ and TQ lines. Their position depends on the pres-
sure, but the splitting is virtually independent of the pres-
sure, temperature, or laser intensity. In highly n-doped
samples, a coupling appears at high temperature between
the LQ mode and plasmons, giving rise to so-called co+
and ~ modes. Under such conditions, one usually rnea-
sures the TQ peak and a line corresponding to the co+
mode. The position of this peak depends on pressure and
also on the free-electron concentration n, and conse-
quently on the temperature. The splitting hm=m+ —

c~T&

rejects this effect. The free-electron concentration
influences also the half-width of the ~+ peak, which
broadens when temperature increases. In a certain tern-
perature range (250—300 K) and for certain pressures, n,
is sensitive to the intensity of the incident laser beam due
to the bistability of the DX center. In those conditions
the position of the ~+ mode is sensitive to the laser
power. All these effects have been demonstrated in our
previous work. ' ' Besides TQ and co+ peaks, we ob-
serve (in doped samples and at low temperatures) small
Raman structures at a lower energy than the co+ mode
which are due to bound phonons. These bound phonons
have already been investigated elsewhere. '

The experimental procedure consists of recording, at a
given value of the pressure and at different temperatures,
Raman spectra for two different laser power intensities Io
and Io/20. The splitting hco between the TO- and the
I.Q-plasmon collective mode is followed for the two
different power intensities as a function of temperature,
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and the results are presented in Figs. 1, 2, and 3 for
different impurity species and for different values of pres-
sure. Two regimes are clearly apparent: at low tempera-
ture hco is not sensitive to the laser power intensity. It
increases in a way which reproduces the impurity ioniza-
tion from the effective-mass-like level of the impurity.
Above a critical temperature, around 200 K for all im-
purities, the spectra become laser power dependent but in
a way which varies with the species. Thus different
behaviors can be observed in Figs. 1, 2, and 3 in this
high-temperature regime, which correspond to different
regimes of thermal ionization that we are going to ana-
lyze.
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III. ANALYSIS QF THK EXPERIMENTAL RESULTS

The free-carrier concentration n, can be determined
through the plasmon frequency co~=(4mn, e )/(s„m*),
which in turn is deduced from our measurements of Aco
using the relation co~ =co+ [(coLo—co+ ) /(co To

—~+ ) ],
provided the values of the mean effective mass m ' and
high-frequency dielectric function c„are know. These
values have been taken from the literature. The pres-
sure dependence of the splitting cozen

—
cozen has been mea-

sured on the undoped sample D, and is not significantly
affected by the temperature. Therefore, the value of cozen
can be deduced from that of co&~, and then one can deter-
mine the variation of n, as a function of 1/T, for two
values of the laser intensity Io and Io/20, and depict it as
an Arrhenius plot (see Figs. 4, 5, and 6). It is worthwhile
to note that, below 200 K and for the three impurities,
the carrier concentration presents a typical thermoac-
tivated behavior with almost no difference as the laser
power intensity is varied. For higher temperatures, the
effect of the laser power intensity is important and de-
pends on the impurity species. Here two different re-
gimes can be distinguished in the high-temperature re-
gion.

(i) A low-pressure behavior, showing a sudden decrease
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FIG. 2. Same key as in Fig. 1 but for GaAs:Si. Continuous
curves are best fits using the negative-U model at 4.8 and 5.6
GPa, and the positive-U model at 6.6 and 9.2 GPa.

of the free-carrier concentration n, between 200 and 260
K, appears when samples are illuminated with the low
power intensity Io/20. Then, as the temperature in-
creases, a thermoactivated dependence appears which
presents a larger slope than that observed at low tempera-
ture. This behavior is seen in the three type of samples,
but only at low pressures in GaAs:Si and GaAs: Te.

(ii) A high-pressure regime, observable only in GaAs:Si
and GaAs:Te, where the effect of power density is low,
and where, with increasing temperature, the thermoac-
tivated dependence is reached without any decrease of n,
around 200 K. A change of slope is only noticeable when
going from the low-temperature thermoactivated depen-
dence to the high-temperature one (see the two upper
curves in Figs. 1, 2, 4, and 5).

The temperature variation of the free-carrier concen-
tration observed under illumination at low pressures and
at low temperatures (below —200 K) {see Figs. 1 —6), is
easily explained by taking into account the following pro-
cesses (see also the configuration diagram drawn Fig. 7):
at the thermodynamical equilibrium in the dark, the elec-
tronic concentration is controlled by the deep DX state
(the activation energy of which is Er, ) 100 meV). This
situation remains unchanged, under continuous illumina-
tion, as long as the net optical ionization of the deep DX
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FIG. 1. Frequency splitting Aco=co+ —cozo vs temperature
for GaAs: Te at different values of the pressure. Empty squares,
triangles, and circles correspond to the laser power Io, and
crosses to Io/20. Continuous curves are best fits using the
negative-U model at 4.5 and 5.0 GPa, and the positive-U model
at 6.5 and 8.3 GPa. (Data and curves at each pressure have
been shifted along the vertical axis for clarity. )
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FIG. 3. Same key as in Fig. 1 but for GaAs:S. Continuous
curves are best fits using the negative-U model at all the present-
ed pressures.
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FIG. 4. Free-carrier concentration vs 1000/T for GaAs:Te.
The same convention as that of Fig. 1 is adopted for the sym-
bols. The continuous curves are deduced from the same models
as those used for reproducing her (Fig. 1). (Again, data and
curves at each pressure have been shifted along the vertical axis
for clarity. )

state is negligible with respect to the capture process of
that deep state. When the optical generation of carriers
from the deep DX state becomes dominant as compared
to the thermal capture process, the deep DX level is depo-
pulated, and the photoionized electrons are distributed
between the conduction band and a shallow donor (SD)
impurity level of efFective-mass type (the SD state of the
DX center which has an activation energy of —50 meV).
The free-carrier density variation with temperature is
thus controlled by this hydrogenlike SD level.

The anomalies which are observed in Figs. 1, 2, and 3
and also in Figs. 4, 5, and 6 between 200 and 260 K and
for low illumination can be interpreted in terms of trap-
ping of the carriers by the deep DX-like level of the im-
purity, and are the signature of the bistable character of
the DX center. Indeed, when the temperature increases,
the capture rate of the deep state increases, while the op-
tical excitation remains constant. We have to assume,
therefore, that the impurity is able to trap electrons both
on SD states of effective-mass type, and on deep states as-
sociated with a large lattice relation (DX-type state). In
such a picture (Fig. 7), these two levels are separated by
an energetic barrier 5 of the same order of magnitude as

FIG. 6. Same key as in Fig. 4 but for GaAs:S. The continu-
ous curves are deduced from the same models as those used for
reproducing Ace (Fig. 3).

the one E~j which separates the deep DX level from the
conduction band. This behavior is found to be the same
for all impurity species, but only at low pressure for
GaAs: Te and GaAs:Si samples.

At high temperatures (i.e., for T) 260 K) the deep
state is in turn thermally ionized with an energy of about
160+20 meV at -7.0 GPa which increases with decreas-
ing pressure. These values of the ionization energy of the
deep state cannot be compared with results of transport
measurements, ' ' since these latter results have been
obtained in the direct-gap configuration. There is then an
interplay between SD state of effective-mass type and
deep relaxed levels as visualized by the configuration dia-
gram of Fig. 7.

The behavior of GaAs:Si and GaAs:Te at high pres-
sures (P & 6 GPa) differs mainly in the low- and medium-
temperature ranges ( T (260 K, typically) (see the upper
curves of Figs. 1 and 2 and 4 and 5), where n, is smaller
compared to the low-pressure data. This means that
more electrons are captured to the centers. We explain
this effect by pressure-induced changes of the properties
of the deep states, since it is unlikely that there are
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FIG. 5. Same key as in Fig. 4 but for GaAs:Si. The continu-
ous curves are deduced from the same models as those used for
reproducing b,co (Fig. 2).

Q

FIG. 7. Configurational diagram showing the parameters for
negative- and positive-U models. Curve 1 and points P and C
correspond to the large lattice relaxation model, and curve 1'

and points P' and C' are related to the small lattice relaxation
case. The corresponding energy barriers are also displayed.
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significant changes of the shallow states in the pressure
range outside the I -X crossover, and moreover the ob-
served changes do not occur in GaAs:S, i.e., they are
species dependent. The relevant properties of the deep
state are mainly the optical cross section, the thermal
capture cross section, and the thermal emission rate for
electrons. All these quantities depend on pressure, so it is
difficult to say a priori which of them is responsible for
the observed changes.

IV. RATE EQUATIONS FOR A NUMERICAL
SIMULATION

n)6) n~62

n) ao)e n2o2Oe

n2nc)
n&

n3nc2
n2 n3

O(p
2 shallow

n) n2

FICx. 8. Sketches of the DX center models used for reproduc-
ing the experimental data: (a) the negative-U model of Chadi
and Chang (Ref. 29), and (b) the positive-U model proposed by
Dmochowski et ai. (Ref. 23). The circles correspond to the
different energy states, and the arrows to the different transi-
tions included in our rate equations (the transition rates are in-
scribed near the corresponding arrows). The two horizontal ar-
rows (b) visualize the intracenter transitions of the two-charge-
state model.

In order to reproduce the experimental results (Figs. 4,
5, and 6) and to clarify the infiuence of the properties of
the two types of DX center states on them, we have per-
formed a numerical simulation of n, based on rate equa-
tions which can be written following two different scen-
eries. As already mentioned, we consider two different
cases which represent a negative-U model ' ' ' [Fig.
8(a)] or a two-charge-state model (positive U) (Ref. 23)
[Fig. 8(b)].

Let us 6rst consider the negative-U model. The model
supposes that three charge states are possible for the
center, with respective concentrations n, (negatively
charged), n2 (neutral), and n3 (positively charged).
Among the transitions between these charge states, one
of them, D ~D, is accompanied by a strong lattice re-
laxation giving rise to a barrier for the electron capture at
the center. Transitions involving only one electron are
considered. The excitation of the electrons from the
valence band is also neglected. The rate equations can
then be written as

dn1

dt
n1e1 n10 14 +7l+n3C1 +n2e2& —n1e12

n2

dt 2e2 n2O2@+Plg713C2+7l1812 n2821 (2)

d71 3

dj
d7l 1

dt

dn2

dt

Additionally, the conservation of the total number of

de 1

dt
n 1e1 n 10 14+n 2ngC1

de 2

dr
= —n 2e2 —n 20.2e —n 2ngc1+ n 1e1

+ 7l 1' 1@+ 713nCC2
0

d7$3

dt
n37l+C2+712e2+n20 24

where e1, e2, c1, and c2 are emission and capture rates
(see the Appendix for their definition), o i and o z are opti-
cal cross sections for the optical ionization of an electron
from D and D states, respectively, N is the photon
Aux, and n& is the free-electron concentration. Two addi-
tional conditions can be written for the total number of
centers ND. (i) ND =n, +n2+ n 3 and (ii)
ND=2n, +n2+n, . From these two equations we im-
mediately obtain the relation n, +n, =n 3. The details of
the calculation are reported in the Appendix.

In the second model [Fig. 8(b)] we assume the existence
of only two charge states (D and D+), but two different
energy states correspond to the D charge state —one
deep and one shallow state with respective concentrations
n1 and n2. The concentration of the positively charged
state is noted n3. We suppose that the capture of the
second electron at the center is prohibited because of the
positive value of the correlation energy U. The model
can be then called a positive- U model with two
con6guration states.

The free electron can be captured at an ionized center
D+ forming either a deep state or a shallow state. We
suppose that the capture process to the deep state is ac-
companied by the lattice distortion giving the capture
barrier. The capture process by the shallow state does
not exhibit any lattice distortion. Since we have two
different configurations of the same center having the
same charge state, we can expect direct transitions be-
tween them. In other words, due to thermal vibrations of
the lattice, a center in a deep state (which is probably ac-
companied by certain lattice distortion) can be converted
to the center in the shallow state configuration, or vice
versa, without changing its charge state and therefore in
uolving no transport for free electrons. These intracenter
transitions imply a change of the total energy of the
center, and a change of its configuration (distortion)
without changing its electrical charge. The intracenter
transitions can be induced by thermal or optical excita-
tion, as this is well known for EI.2 defect in GaAs. In
our model we only include thermally driven intracenter
transitions
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centers ND implies, XD=n&+n2+n3 and the condition
for the total number of electrons N~ =n

&
+n 2+ n, .

From these two conditions one deduces n, =n3. Again,
the details of the calculation are given in the Appendix.

Using the above equations and the formula given in the
Appendix, we have been able to reproduce our experi-
mental results with a very. good agreement, over a large
range of pressure and temperature (see the solid curves of
Figs. l —6). Only a reasonable number of parameters (ac-
tually five, as can be seen in Table I) have been used in or-
der to perform the numerical simulation. The compar-
ison with experimental data is presented in Sec. V.

V. COMPARISON WITH EXPERIMENTAL DATA
AND DISCUSSION

It is useful to look at the general behavior of the calcu-
lated curves for both models. Figure 9(a) shows data tak-
en for GaAs:S at -5.3 GPa and curves calculated for the
darkness and di6'erent illumination intensities. In the
darkness we have a simple exponential behavior which
gives the position of the deeper state. It is important to
note here that the value of the activation energy of the
deep state Ez& for the negative-U model must be —,

' of the
corresponding value for the positive-U model in order to
obtain the same slope of the high-temperature part of the
curve. It is frequently said that negative-U statistics
behaves like positive-U statistics with a high compensa-

tion ratio. At high temperatures the curve bends slight-
ly, and for T~ 00 the free-electron concentration would
be equal to the total number of centers Nz. When the
light is on, one can observe features at low temperatures
which arise due to the emptying of all deep states by
light. Again, from the Arrhenius plot one can determine
the position of the shallow level. In the intermediate
temperature range the free-electron concentration first
drops due to the increased capture rate of the deep state
and then increases again due to the thermal emission rate
from deep state. The position of this threshold moves to
higher temperatures when increasing E&&, o.„or 4.
Briefiy speaking, regardless of the model the slopes are
given by the positions of the shallow and deep levels in
the gap. By varying ND we can move the whole curves up
or down, and by changing ES&, which is the change of
the entropy due to the emission of the electron [see Eq.
(A3) of the Appendix], it is possible to raise or lower the
high-temperature part separately. The values of Ec„o,
and 4 determine the temperature range where the transi-
tion from one slope to the second one occurs. Figure 9(b)
shows the comparison of the experimental data obtained
for GaAs:Si at 6.6 GPa (high-pressure behavior) with the
curves calculated from the positive-U (curves l and 2),
and negative-U (curve 3) models. All parameters have
the same values, with the exception of E~, which is dou-
bled for curves 1 and 2 with the respect to that of curve
3. The e6'ect of the intracenter transitions is clearly visi-

TABLE I. List of the parameters used for reproducing the experimental data. The meaning of the
symbols is explained in the text (see Sec. IV, the Appendix, and Fig. 7). The superscript —at E» indi-
cates the use of the negative-U model, whereas + means the use of the positive-U model.

Impurity
Pressure Ez& Eci Ez2

GPa eV eV eV
AS)

meV/K
N~

m m's' eV

5.3
5.8
6.8
7.1

7.5

O. 14-
0.13
0.12
0.12
0.12

0.25 0.05
0.26 0.06
0.24 0.06
0.24 0.05
0.2S 0.04

0.1

0.2
0.1

0.2
0.2

1.S x1O" 1.6X 10 /8X 10
8 x 10»/8 x 1P26

4x 10»/2x10"
3 x 1P26/2X 1P26

8X10 /4X10

Te 4.2
4.5
4.9
5.0
5.4
6.5
7.0
8.3

0.20
0.18
0.17
0.17
0.16
0.16+
0.15+
0.12+

0.21 0.085
0.20 0.09
0.20 0.08
0.20 0.07
0.2O O.O6

0.20 0.05
0.20 0.05
O.20 0.05

0.3
0.2
0.4
0.3
0.4
0.3
0.3
0.3

1.3X10 1.2 X 10 /3 X 10
1.5X10 /3X10
1x 10»/4x10"
1 X 10 /1 X 10
4X10"/4x 10"

1x 1O"
2x10"
1x 1O"

2 X 10 0.025
2X 10 0.03
3 X 10 0.035

Si 4.3
4.8
5.1
5.3
5.6
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FIG. 9. (a) Arrhenius plot showing the experimental data ob-
tained for GaAs:S at 5.3 GPa, and the calculated curves using
the positive-U (1) and negative-U (2) models. Empty circles cor-
respond to the laser power Io, and crosses to Io/20. The calcu-
lations reproduce the effect of the illumination intensity. The
calculated curve for darkness is also plotted. All parameters of
the curves are identical, with the exception of the activation en-
ergy of the deep state E» for the negative-U model. (b) Com-
parison of the experimental data obtained for GaAs:Si at 6.6
GPa with the calculated curves obtained using the positive-U
model without [curve (1)] or with [curve (2)] intracenter transi-
tions, and the negative-U model [curve (3)]. Again, the empty
circles correspond to the laser power Io, and crossed to Io/20,
and all the parameters are the same with the exception of E».

ble: they are switched off for curve 1 and on for curve 2,
and they appear to be essential in order to reproduce the
experimental data at high pressure. The intracenter tran-
sitions included in the two-charge-state model mainly
inhuence the low-temperature part of the curves, moving
them down (with respect to the high-temperature part)
and changing their slopes slightly. Results of our fitting
analysis are given in Table I and illustrated in Fig. 10.

Both models well fit our experimental data obtained
with GaAs:S, and also with GaAs:Si and GaAs:Te, but
only for the low-pressure range (see Figs. 1 —6). Indeed,
only the positive-U model, due to the possibility of intra-
center transitions, is able to describe the high-pressure
behavior observed for GaAs:Si and CraAs:Te. One can
observe that the activation energy of the SD level (energy
Ez.z in Table I and Fig. 7) does not depend on the impuri-
ty species. It unambiguously follows the X minimum
behavior with pressure in the indirect-gap regime,
whereas the deep-state energy position ET, is rather less
sensitive to pressure in the same pressure range. The
value of this Ez2 energy is found to be about 50+10 meV
at high pressures, and deepens slightly when the pressure
decreases. This has to be compared to the binding energy
of the effective-mass-like level, which is about 66 meV, as
found for GaP:Te, for example, at this high level of dop-
ing. These features for Ez-2 are given by long-range and

FICx. 10. Energy position of the SD and deep levels for the
negative-U(a) and positive-U(b) models. Points at 1 bar and 2.9
GPa are those given in Refs. 7 and 11, respectively. The dashed
line in (a) corresponds to a slope of 22 meV/GPa.

slowly varying Coulombic tails of the defect potential.
Both models we use treat the shallow state in the same
way (one-electron state, no capture barrier), so that both
models lead to the same values of the SD energy position
in the gap. This is not the case of the deep DX level, for
which different energies Ez &

are obtained when using
difFerent models (see Table I and Fig. 10). The activation
energies Ez-& of deep state for silicon and tellurium im-

purities, determined for the positive-U model, reveal a
sharp change around 5 GPa [see Fig. 10(b)], which is not
expected for a pressure variation of a deep level. Fur-
thermore, these values of activation energy do not fit pre-
vious results obtained at low pressure '" [Fig. 10(b)].
The easiest way to explain these anomalies is to assume
that the positive-U model is not appropriate below that
pressure. Therefore, the shape of the curves observed at
low pressures is characteristic of the negative-U models,
which turns out to be valid for the S impurity up to the
highest pressure. Including previous data, '" we obtain a
pressure dependence of the deep DX negative-U level of
22+2 meV/GPa [see Fig. 10(a)]. On the other hand, it is
natural to associate the change in the shape of the curves
with the change of the sign of the energy U for the other
impurities, a change occurring in the range 5 —6 GPa.
Such a change of the sign of the Hubbard correlation en-

ergy U has already been predicted by Baj, Dmowski, and
Slupinski. The parameters used for fitting can be com-
pared with some existing values reported in the literature,
as for instance Ec& for Al Ga, As:Si: the agreement
is quite good. The parameters A and 6 describing the
rate of the intracenter transitions are displayed in Table I
for tellurium and silicon for high pressures only, because
for lower pressures their relative contribution was not im-
portant.

In the positive-U model, the two paths of the reversible
transition from deep to shallow states are present. The
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probability of both processes is mainly governed by the
height of the corresponding barriers (Ec„h). At high
pressure the intracenter transitions prevail, with a small
barrier 6 with respect to Ec,. this is only compatible
with the small lattice relaxation picture. However, at
lower pressures the transitions via the conduction band
are more important when the negative- U model is
effective with a large lattice relaxation. ' This can
be explained by a pressure-induced change of the equilib-
rium lattice coordinate Qo. The transition from the
negative- to positive- U model should occur with a
change in the lattice relaxation.

The negative-U model proposed by Chadi and co-
workers ' ' is compatible with our data at lower pres-
sures with a stable configuration made of a negatively
charged two-electron state with a broken-bond
configuration. The impurity atom is displaced in the
(111) direction. When increasing the pressure the in-
teratomic distances decrease, so that the impurity atom is
forced to return to its lattice position; in other words, the
symmetrically distorted neutral state becomes energeti-
cally more favorable. This state reveals a small symmetri-
cal lattice relaxation, giving a still-high capture barrier
but a much smaller barrier for intracenter transitions so
that this channel remains efficient. Schematically this is
sketched in Fig. 7. The sulfur impurity for all pressures
between 5.3 and 7.5 GPa behaves as a negative-U impuri-
ty. This exception could be explained by comparing the
tetrahedral covalent radii of impurities with a nearest-
neighbor distance in the GaAs lattice (=2.4S A). The
atomic radius of a silicon atom is 1.17 A, and 1.32 A, for
tellurium, but only 1.04 A for sulfur, so that the sulfur
atoms could remain in the broken-bond configuration
even at high pressures. The pressure of 5.5 GPa causes
the decrease of the lattice constant of GaAs by 0.05 A
(according to the Murnaghan equation ) which is not
much but is still six times more than the difference be-
tween the lattice constant of GaAs and A1As. Note
also that the pressure of 17 GPa is able to transform corn-
pletely the crystal lattice of GaAs. It appears that the
pressure efFect is much stronger than the alloying effect,
and this could explain why such a transition between the
negative- and positive-U models in Al Ga, As alloys
has riever been observed.

The existence of the crossover between the two models
is also supported by the different pressure dependences of
the energies (Fig. 10). For a very deep state, the level
does not follow any minimum of the conduction band,
which means that its wave function consists of the Bloch
functions with a k vector from the whole Brillouin zone.
Chadi and Chang approximated the inhuence of the
conduction-band minima according to their multiplicity
and their formula for the pressure dependence of the deep
state (with respect the valence band) reads

dET) 1 dE~ dE~ dEL+3 +4 =+36meV/GPa .

(3)

density of states between the three minima of the conduc-
tion band. For that reason this compares quite well with
our results (22+2 meV/GPa) at low pressures with the
negative-U model [Fig. 10(a)]. On the other hand, a
positive-U model with a small lattice relaxation looks
very much like an effective-mass-type center, and it is not
surprising that at high pressures this level follows the X-
band minima quite well [Fig. 10(b)].

VI. CQNCLUSI(ON

In conclusion, the study of GaAs samples doped with
Si, Te, and S, as a function of hydrostatic pressure and of
temperature, reveal the bistability of the related impurity
level under optical illumination. This bistability involves
a shallow effective-mass-like level and a deep level. The
character of this deep level is not unique. It is possible to
describe the behavior of the sulfur impurity with a
negative-U model for the pressure range up to 7.5 GPa,
whereas for Te and Si impurities a crossover behavior
from negative to positive U occurs in the range 5 —6 GPa.
This is accompanied by a transition from a LLR to a
SLR state.

Thus we can conclude from our results that the DX
center is a defect which evolves with pressure, and that a
single model is not able to reproduce the experimental
data over a large pressure range.
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APPENDIX: DX CENTER STATISTICS

Here we present the equations and the hypothesis
which we used in our numerical simulation. The system
of equations (1) and (2) (see Sec. IV) provides solutions in
the steady-state case. In the case of system (1), the
steady-state solution is given by the cubic equation for
nc..

n, a, a2+n, a2(XDa, + I )+nc ND =0, —

where

C2
a][ = a2=

p
0

e I +o.)4 e2+ o.24
(A2)

T1 C1 1
e, =o-,-viVcg, 'exp

(A3)

The relations for the capture rates and for the emission
rates are

This formula overestimates the expected pressure
coe%cient since it does not stress the difFerences in the

c& =g
&

Vexp
Eci
kT
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c2=o2 @exp
Ec2
kT

ET2+EC2
e2 =o.

2 vXcg2 'exp
kT

(A4)

where A is a prefactor which has to be fitted. If we as-
sume that the curvature of all three parabolas in Fig. 7 is
the same, then the barrier height 6 can be expressed as a
function of the other barrier energies in the following
way:

0 12 21
e1 + CT 1@+e12

e2+ e21+0.2e

C1e12
C2+

e12+e1+o 1N

0 e21e12
e2+ o.24+ e21-

e1+e12+0'14

(A6)

One can see that Eq. (A5) is perfectly symmetrical with
respect to the coefficients a1 and a2, which is quite natu-
ral and clearly visible from Fig. 8(b). The emission and
capture rates for both states are expressed again by (A3)
and (A4). In order to estimate the rates e,2 and e2„one
can look at the configuration coordinate diagram
displayed in Fig. 7. The crossing point P is important for
thermally activated transitions of an electron from the
deep state (1) to the conduction band and back. The
crossing point C at the intersection of parabolas 1 and 2
is relevant for the intracenter transition from the deep-
state configuration to the shallow one or back without
changing the charge state of the center. If we denote 6
the thermal energy barrier necessary for the transition
from the shallow state to the deep one, then the barrier
for the reverse process is 6+ET, —ET2, and then

e2&=A exp

~+ET1 ET2
e12 = A exp

(A7)

where o. ,
" and o2 are capture cross-section prefactors, v

is the mean velocity of electrons, Xc is the effective densi-
ty of states of the conduction band (related to the X
minimum in our case), g& and g2 are degeneracy factors,
ET, and ET2 are the thermal activation energies which
give the position of the energy levels in the gap, and Ec,
and Ec2 are the capture barriers. For the D ~D+ tran-
sitions, the change of entropy of the shallow state ES2
due to the emission of the electron is supposed to be zero
because of the effective-mass nature of this state. For the
same reaso~ we assume Ec2=0.

In the case of the positive-U model [Fig. S(b)], the
steady-state solution of the system of equations (2) is
given by a quadratic equation

nc(a)+a2)+nc ND =0-, (A5)

where a& and a2 are now given by

C2e21
C1+

e, +e21+o'2C
a1=

Ec1 +ET1 ET1

+Eel�(EC

1 +ET 1 )

2 4 2

(Er2 En —)'
+

SEci+4En ++Eci(Eci+Eri )
(AS)

2wm kT
/V =2s

C

3/2 ' 1/2,
3kT
Pl

(A9)

where s is the multiplicity of the X minima (here s =3),
and h is Planck's constant. The following parameters
were kept unchanged for fitting all curves:
o."=1X10 ' m and o. =o. =1X10 ' m
The solutions for both models are almost insensitive to
the values of o2" and az as long as thermal emission rate

e2 is much larger than the optical emission rate o.z4, be-
cause then az col e2=g 2/N, e px( Er2lkT). Thu—s in a
first approximation we have taken o.2" =o.," and o.2=o.1.
The energies Ec1, ET1, and ET2 depend on the hydrostat-
ic pressure and have to be fitted. The degeneracy factors
have been taken as g1 =g2 =2. Finally, only five parame-
ters were adjusted in order to perform our numerical
simulation (see Table I). Using the above values and tak-
ing the appropriate slopes from our experimental curves
as first approximations of the values ET1 and ET2, we ob-
tained a fairly good agreement between calculated and
measured curves (see Figs. 1 —6).

Equation (AS) has two solutions because for given values
of ET1 and Ec1 there exist two different configurational
coordinate diagrams: one corresponding to a small lat-
tice relaxation (see curve 1' in Fig. 7), a second one exhib-
iting a large lattice relaxation (curve 1 in Fig. 7). One
can see that for given values of Ec„ET1,and ET2, the
heights of the corresponding barrier 6 differ significantly.

From the above expressions it is clear that there are
many parameters included in the models. In our fitting
procedure we have tried to keep fixed as many parame-
ters as possible, and to fo11ow the pressure dependences of
the remaining ones. The coe%cients a1 and a2 contain
parameters describing the properties of the host semicon-
ductor and the DX center. The host material is charac-
terized by the effective mass of electrons m *, the effective
density of states N„and the mean velocity of the elec-
trons in the conduction band v. The effective density of
states and the mean velocity v have been calculated using
the standard formula
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