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Photocapacitance study of pressure-induced deep donors in GaAs:Si
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Photocapacitance transient measurements in CxaAs:Si under pressures of 33 and 38 kbar are re-
ported for the erst time. The optical ionization energy of pressure-induced deep donors in GaAs
was determined to be 1.44+ 0.04 eV. The low-temperature capture times of photoexcited carriers
were also measured and the results indicate that persistent photoconductivity would occur in

GaAs under pressures in excess of 30 kbar. These results show that qualitatively the pressure-
induced deep donors in GaAs are very similar to the DX centers in Gai —„Al„As alloys in terms
of their optical properties.

The DX centers in Gai AI„As alloys have recently
received much attention because of their influence on the
performance of modulation-doped field-effect transistors
and also because of their metastability. One significant
development has been the discovery by Mizuta, Tachi-
kawa, Kikumot, and Minomura' of deep donors in GaAs
doped with Si or Sn under pressure with many properties
very similar to the DX' centers in Ga& „Al As. Based
on their deep-level transient spectroscopy (DLTS) mea-
surements Mizuta et al. ' concluded that these pressure-
induced deep donors (PIDD's) in GaAs are identical to
the DX centers in Ga~ Al„As. To substantiate this con-
clusion it is necessary to compare all the known properties
of the DX centers with those of the PIDD's in GaAs. The
DX centers in GaA1As alloys have many characteristic
properties. One of these characteristics is the large
diff'erence between the optical ionization energy (F.„)and
thermal ionization energy (E, ). Another characteristic,
which is very important from the point of view of device
performance, is that the DX centers produce persistent
photoconductivity (PPC). Mizuta et al. ' were unable to
determine the optical ionization threshold of the PIDD's
in GaAs under pressure because their high-pressure cell
has no optical access. Although Tachikawa et al. demon-
strated PPC due to the PIDD's in GaAs by illuminating
their sample with a light-emitting diode inside the high-
pressure cell, no quantitative measurements were report-
ed. We have used a diamond-anvil cell to study the
PIDD's in GaAs:Si. Because of the transparency of the
diamond anvils we were able to use photocapacitance
transient techniques to study PPC quantitatively and to
determine E„ for the PIDD's in GaAs. We showed that
our optical results for the PIDD's in GaAs:Si are very

similar to those of the DX centers in Ga& —„Al„As alloys.
The samples used in our photocapacitance measure-

ments were Schottky diodes fabricated from either GaAs
doped with 2&10' cm of Si or Ga065A1035As doped
with 5 x 10' cm of Te. Ohmic contacts to the samples
were made by evaporating Au-Ge alloy on one side of a
wafer followed by annealing at 450'C for one minute.
Schottky barriers were formed by evaporating Al onto the
other side. Chips of typically 200&200 pm in size were
cut from the wafer. The cut sides of the chips were etched
to reduce the reverse-bias leakage current. The chips
were then mounted into a diamond-anvil cell with a soft
powder (CaSO4) as the pressure-transmitting medium.
The details of loading the sample with leads into the
diamond-anvil cell have been determined by Erskine, Yu,
and Martinez. A schematical diagram showing the sam-
ple and the wires inside the cell is shown in the inset of
Fig. 1. The diode was always placed with the Al side fac-
ing the incoming light. The cell was pressurized with a
hydraulic press at room temperature. The pressure was
determined by the standard ruby-fluorescence technique.

Two optical measurements have been performed to
study the properties of the PIDD's in GaAs. In the first
experiment the dependence of the electron photoionization
cross section (o„)of deep centers on incident photon ener-

gy was measured. In the second experiment the thermal
capture rates of optically excited carriers were determined
at low temperatures. From these capture rates the decay
times of free carriers in PPB can be calculated.

In the first experiment light from a tungsten halogen
lamp is focused into a monochromator with a spectral
width of 7 nm. The radiation from the monochromator is
directed into the diamond-anvil cell and scattered by the
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the range of photon energies in this study. Except for this
assumption we have corrected for the dispersion in the di-
amond absorption and in the lamp emission. As a test of
the reliability of our measurement we have used the same
setup to measure the dispersion of the o„of Ga~ „Al-
As:Te at atmospheric pressure and compared our results
with those reported by Lang, Logan, and Jaros.

We have used the method of Chantre, Vincent, and
Bais to measure a„. The sample, whether Ga

~
Al As

at atmospheric pressure or GaAs under pressure, was first
maintained at zero bias at room temperature in order to
fill the traps and then cooled to 77 K in the dark. A re-
verse bias of 3 V was then applied to the diode. As the
thermal emission rates of the DL center and the PIDD's
in GaAs at 77 K were both negligible, the traps in the de-
pletion layer remained occupied. Next the sample was il-
luminated with radiation from the monochromator and
the rate of change in the diode capacitance was measured.
Since the change in capacitance was proportional to the
change in the electron concentration in the deep centers
(nT) within the depletion layer, we obtained in this way
dnT/dt If N is .the incident photon flux density, and cr„
and o~ are, respectively, the electron and hole photo-
ionization cross sections for the deep center, then it has
been shown that dnT/dt is given by

dnT/dt =&9(h v) [crz (h v) (NT —nT ) —cr„(h v) nT]

PHOTON ENE RGY h V ( ev )

FIG. 1. The normalized photoionization cross-section spectra
of the DX center in Ga~ „Al As (open circles and open trian-
gles) and of the PIDD's in GaAs under pressures of 33 kbar
(solid circles) and 38 kbar (crosses). The open triangles are the
data of Lang et al. reproduced from Ref. 3, while the open cir-
cles represent data obtained with the sample inside the
diamond-anvil cell. The curves represent theoretical fits to the
experimental points using Eq. (3) discussed in the text. The in-

set shows schematically the sample inside the diamond-anvil
cell.

powder surrounding the sample. Since the diode is
covered by metal electrodes on both the top and bottom,
only the scattered light can enter the sample from the
sides. As a result it is not possible to determine exactly
the amount of light absorbed by the sample; however, it is
still possible to measure the relative o.„, provided we as-
sume that the light scattering efficiency is constant over

I

where NT is the concentration of deep centers and h v is
the photon energy. At the point where the light was first
turned on, most of the deep centers in the depletion layer
were occupied and so nT =NT and Eq. (1) reduced to

dnT/dr =cr„(hv)N(hv)NT . (2)

Using Eq. (2) and the measured dnT/dt as a function of
the incident photon energy hv we have deduced the nor-
malized o„(hv) spectra shown in Fig. 1. The open circles
are results obtained from our Ga~ —„Al„As:Te sample lo-
cated inside our diamond-anvil cell but with no pressure
applied. The open triangles are the data of Lang et al. on
the DX centers in Ga063A1037As: Te. The excellent agree-
ment between the two sets of results justifies our method
of measuring the o.„of samples inside the diamond-anvil
cell. The solid circles and crosses in Fig. 1 represent the
o.„of PIDD's in GaAs:Si measured with the same pro-
cedure under pressures of 33 and 38 kbar, respectively.

To analyze the experimental results in Fig. 1 we have
used the following expression obtained by Jaros using the
strong coupling model of Huang and Rhys

g OO
—2E/Fp ( //2

hv) — „dE(E) «2 (1 e ')E
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+E)
U
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U 2S(hro) /t ha(n6 /2ru~Tk) . (4)

In Eq. (3) E~ is the average optical (Penn) gap, Es is the
band gap, EF is the Fermi energy of the valance electrons,
E„ is the optical ionization energy of the deep level mea-
sured from conduction band, and U is a function defined
by

In Eq. (4) kz is Boltzmann's constant, T is the tempera-
ture, and 5 is the Huang-Rhys factor defined by
E~ =5Am, where E~ is the lattice relaxation energy and
Am is the phonon energy. The thermal ionization energy
ET of the deep center is related to its optical ionization en-
ergy by E„=ET+E~. The choice of the ~ and a signs
in Eq. (3) depends on the nodal character of the electron
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wave function. The upper and lower signs correspond to
deep centers with valence-band-like and conduction-
band-like wave functions, respectively. The curves in
Fig. 1 represent fits to the experimental points using Eq.
(3). In fitting the data points for GaAs we have used the
same values of EF =11.5 eV and E~ =5.2 eV as taros.
For the band gap of GaAs at a pressure of 33-38 kbar we
have used the approximate value of Eg 1 8 eV It
turns out that the shape of o.„ is not very sensitive to the
above energies anyway. The dispersion in cr„ is mainly
determined by E„and hco at a given T. Lang" has ar-
gued that the DX center is coupled predominately to the
transverse-acoustic (TA) phonon. We have considered
both the longitudinal-optical (LO) phonon and the zone-
edge TA phonon of GaAs in fitting the results for the
PIDD's in GaAs. The phonon energies of GaAs under
pressures of 33-38 kbar were 37 and 8 meV for the LO
and TA phonons, respectively. ' ' The remaining un-
known parameters in Eq. (3) are Fg and E„. Using the
value of ET =0.08 eV obtained from DLTS measurements
performed on the same samples ' and the relation
E„=E~+ET we reduce the adjustable parameters in
fitting the data points for GaAs to E„only. The resultant
curves obtained by assuming that TA phonons are in-
volved are shown as solid and broken lines in Fig. 1. The
difference between the two curves is that the deep-center
wave function was assumed to be conduction-band-like for
the solid curve and valence-band-like for the broken
curve. The values of E„obtained are 1.48 and 1.4 eV, re-
spectively. Since both curves fit the experimental results
equally well we conclude that E„=1.44~0.04 eV. We
note that the corresponding value for the DX center in
Ga~ „Al„As:Si obtained by Lang and Logan was 1.25
eV. " On the other hand, we could not obtain any reason-
able fit to our results by assuming that the PIDD's couple
to LO phonons. As an example, the dot-dashed line in
Fig. I shows a plot of Eq. (3) using the LO-phonon energy
and the value of E„=1.40 eV.

In the second experiment we have measured the
thermal capture times of photoexcited free carriers by the
PIDD's in GaAs:Si at a pressure of 38 kbar. The capture
times are related to free-carrier lifetimes in PPC. The
method we used to measure the capture times is very simi-
lar to those employed by Zhou, Ploog, and Gmelin. ' Ini-
tially the sample inside the high-pressure cell was kept
around liquid-nitrogen temperature under a reverse bias
of 3 V. The sample was then illuminated with strong light
to photoexcite electrons from the deep centers to the con-
duction band while the capacitance was monitored. This
was carried out until the capacitance change became sa-
turated. At this point we assumed that most of the deep
centers in the depletion layer have been emptied. The
light was then turned off and the carriers were allowed to
be captured thermally by a sequence of filling pulses of
zero bias and of durations t~, t2, . . . , t„sec as shown
schematically in the inset of Fig. 2. In between these
filling pulses reverse-bias voltages of relatively short dura-
tions (—I sec) were applied to measure the diode capaci-
tance. Since, at low temperatures, the thermal emission
rate of the PIDD's in GaAs under pressure was rather
small ' the change in capacitance during the negative-bias
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FIG. 3. The capture rate of carriers by the P IDD's in
GaAs:Si plotted against l jT for two ditferent pressures. The
solid circles are data points at 29 kbar reproduced from Ref. 13,
while the open square is the result of photocapacitance measure-
ment at 38 kbar. The broken lines represent results extrapolated
from the 29-kbar experimental data.

FIG. 2. The recovery in the capacitance after photoexcitation
of GaAs:Si under 38 kbar of pressure at two diAerent tempera-
tures. Note the diA'erent time scales for the two temperatures.
The solid curves have been drawn through the data points by
hand. The inset shows the bias voltage sequence used in obtain-
ing the time dependence of the capacitance recovery.
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pulses was negligible. The square of the capacitance (C )
measured after the nth filling pulse was plotted as a func-
tion of the total time of the filling pulses
(t~+t2+ . +t„) in Fig. 2 for two diff'erent tempera-
tures. Note the difference in the time scales for the two
temperatures. From our DLTS measurements ' and
those reported by Mizuta et al. ' we know that at pressures
above 30 kbar trapping of free carriers in GaAs:Si is en-
tirely dominated by the PIDD's. Thus the observed time
dependence of C is proportional to the time dependence
of the bulk carrier concentration, and the trapping time of
the free carriers can be determined from the plots in Fig.
2. Since the decay curves in Fig. 2 are not single exponen-
tials we have used Lang's half-signal point method" to es-
timate the capture time of free carriers in GaAs in the
presence of the PIDD's to be about 1 min at 91 K and
over 1 h at 77 K. To compare these results with our
DLTS measurements at higher temperatures, ' we plotted
the capture rate (r, ') vs 1/T in Fig. 3 for the PIDD's in
GaAs at two different pressures. The solid circles
represent the experimental data obtained by DLTS in
Ref. 13. The broken lines are extrapolations of those ex-
perimental points to either lower temperatures or to
higher pressures using the pressure coefficients reported in
Ref. 13. The open square represents the result obtained in
Fig. 2. Thus we see that the capture rates we obtained at
low temperatures are quite consistent with the higher-
temperature DLTS results.

In conclusion, we have performed photocapacitance
measurements of the PIDD's in GaAs:Si under pressures
of over 30 kbar. From these measurements we determined
the photoionization thresholds and thermal capture times
of carriers by the PIDD's in GaAs:Si. We found that the
photocapacitance results of the PIDD's in GaAs under
pressure were very similar to the DL centers in

Ga~ Al, As alloys. However, there are significant quan-
titative differences between the two centers. We deter-
mined the optical ionization energy of PIDD s in GaAs:Si
to be 1.44 eV which is almost 0.2 eV higher than the cor-
responding value for the DA center in GaA1As:Si. On the
other hand, Mizuta et al. ' have found that the DLTS ac-
tivation energy of the PIDD's in GaAs was 0.2 eV lower
than that of the DX center. Although the PIDD's in
GaAs:Si under pressure is very similar in all respects to
the DX center in Gai — Al As alloys, these rather large
diA'erences in their energies should not be neglected.
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