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Evidence for large lattice relaxation at the DX center in Si-doped Al, Ga,_, As
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New measurements of the energy dependence of the photoionization cross section of the DX
center in Si-doped Al,Ga,_, As are reported. With the use of a tunable infrared laser which pro-
vides sufficient light intensity in a very narrow wavelength range, the photoionization cross section
has been measured over 6-8 orders of magnitude in samples with a variety of alloy compositions
and doping concentrations. No measurable signal was observed for photon energies less than 0.8
eV. Data are analyzed in terms of a simple model which gives a value of 1.4-1.8 eV for the photo-
ionization threshold energy. This energy is much larger than the DX-center binding energy,
confirming that there is a large relaxation of the lattice when charge is captured at the DX. The
phonon mode involved in the lattice relaxation is found to be 5.5 meV.

INTRODUCTION

The DX center is the dominant deep level found in »n-
type Al,Ga,;_,As and it is believed to be the cause of
persistent photoconductivity observed in this material at
low temperature.!™3 The energy position of this deep
level follows that of the conduction-band minimum at the
L point in the first Brillouin zone and it lies below the
bottom of the conduction band for x >0.22.%° The con-
centration of the DX center has usually been found to be
equal to the donor concentration in Al,Ga,_,As, in-
dependent of the conditions or method of epitaxial crys-
tal growth.®~3 It is observed for all substitutional n-type
dopants both those on the group-III sites (Ge,Si,Sn) and
those on the group-V sites (S,Se,Te). The activation ener-
gies for thermal emission and capture vary with the
donor species.” The emission energy is independent of
the alloy composition, !°~!2 but the capture energy varies
with the crystal band structure.!'~!'* The photoioniza-
tion energy of the DX center is much larger than the
thermal ionization energy and also varies with the donor
species. ! =+ 13

A large-lattice-relaxation (LLR) model for the DX
center was proposed by Lang et al.'~3 In this model a
rearrangement of the atoms surrounding the impurity
occurs when an electron is captured at the deep level.
This results in a lower total energy than when the elec-
tron is in the conduction band. In order to account for
the large relaxation of the lattice, it was suggested that
the level comes from a complex consisting of the donor
atom and an unknown native defect, hence the name DX
center. Recent measurements of the temperature depen-
dence of the photoionization cross section of the DX
center in Si-doped Al,Ga,_,As (Ref. 16) support this
model and agree well with the earlier data. '’

Other models for this level have also been proposed.
One, which also includes the idea of large lattice relaxa-
tion, attributes the level to a donor atom that is displaced
from the substitutional site.!”~! The deep level is pro-
posed to be a bound state of the displaced donor atom as-
sociated with the minimum of the conduction band at the
L point. These authors argue that since the deep-level

37

concentration is independent of the growth conditions, an
arsenic vacancy or other native defect cannot be in-
volved. In this model the lattice relaxation results from
the displacement of the donor atom when an electron is
captured.

A small-lattice-relaxation (SLR) model in which the
donor atoms remain at the substitutional site has also
been proposed.2®?! Here the DX level is suggested to be
a bound state of the substitutional donor atom which is
associated with the minimum of the conduction band at
the L point. This model predicts an optical ionization
threshold which is nearly equal to the binding energy of
the DX level. A low value for the photoionization thresh-
old energy for Si-doped Al ,Ga,_,As, which supports
this model, has recently been reported.?»?* Another
model which attributes the properties of the DX center to
fluctuations in the band structure due to the random dis-
tribution of atoms in the alloy also predicts a photoion-
ization threshold equal to that of the DX-level binding
energy and data for Sn-doped Al, Ga,_, As were reported
in support of this model. *

In this paper we report new measurements of the ener-
gy dependence of the photoionization cross section. By
using a tunable infrared laser which provides sufficient
light intensity in a very narrow energy range, we have
been able to measure the cross section over as many as 8
orders of magnitude in some cases. We have measured
samples with a variety of alloy compositions and doping
concentrations and in all cases our data show a value for
the threshold energy which is much larger than the DX-
center binding energy. We conclude that there must be a
large lattice relaxation associated with charge capture at
the DX center. We discuss differences in experimental
methods and conditions that might account for the
difference between our results and those reported in Refs.
23 and 24.

SAMPLES AND EXPERIMENTAL METHOD

The Al,Ga,;_,As layers used for these measurements
were grown by molecular-beam epitaxy (MBE). The al-
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loy composition of each layer was measured by electron
microprobe. Schottky-diode structures were used for the
photocapacitance-transient measurements. Three sam-
ples with AlAs mole fractions 0.30, 0.48, and 0.74 were
grown as follows: a thin buffer layer of GaAs followed by
a thin graded layer in which the AlAs mole fraction was
increased from zero to the desired value followed by a
thick (1 um) layer of Al,Ga,_,As. All of these layers

were doped with 7Xx10'® cm™3 Si. The layers were
grown on n-type GaAs substrates, except in the case of
the x=0.30 sample, which was mistakenly grown on a
semi-insulating substrate. 200 A of Mo was deposited
while the samples remained under high vacuum in the
MBE chamber to form semitransparent Schottky-barrier
diodes. A fourth sample was a modulation-doped field-
effect transistor (MODFET) with a 500-A-thick
Al Ga,__ As layer doped with 1x10'® cm~? Si and with
x=0.27. The Schottky gate was made by depositing
Ti/Pt/Au. Ohmic contacts on all of these samples were
standard AuGe/Ni/Au alloy contacts. In the case of the
MODFET and the x=0.30 sample the Ohmic contacts
were made on the top surface of the Al, Ga,_, As layer.
When a conducting substrate was used, Ohmic contact
was made to the substrate. These samples were similar to
the two series of samples used for the photoionization
cross-section measurements reported in Ref. 16. Thermal
emission and capture measurements for the DX center in
these samples have been reported.!'=!* A sample for
photoconductivity transients was also prepared from the
thick Al ,Ga,_, As layer (x=0.30) grown on the semi-
insulating substrate. After removing the thin Mo layer
from the surface, Ohmic contacts were made by alloying
Sn balls onto the Al,Ga,_,As layer. No photovoltaic
effect or rectification was observed. When the sample
was cooled in the dark the resistance was high, indicating
that the Ohmic contacts were shallow enough not to con-
tact the underlying GaAs layer.

Samples were mounted in a liquid-nitrogen cryostat
having a sapphire window. The transmission of the win-
dow was measured to be 90% out to a wavelength of
2600 nm. During the measurements the samples were
held at a constant temperature of 82 K, measured with a
copper-Constantan thermocouple placed on the header
adjacent to the sample.

Two different monochromatic light sources were used
for these experiments. A quartz halogen lamp with
narrow-band interference filters was used in the wave-
length range of 650-2300 nm. For 650<A <1200 nm,
the bandwidth AA was 10 nm. For A=1300, 1400, and
1500 nm, AA=40 nm. For A > 1600 nm, AA=60-80 nm.
A lens focused the light onto the sample. The filter hold-
er and shutter were mounted on the window of the cryo-
stat so as to prevent stray light from striking the sample.
Calibrated neutral-density filters were placed in front of
the interference filter to reduce the light intensity when
necessary. The transmitted power at each wavelength
was measured by placing a thermopile in place of the
sample. The area of the focal spot, which was consider-
ably larger than the area of the samples, was measured in
order to determine the photon flux incident on the sam-
ple.
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The second light source, a laser, was an optical para-
metric oscillator (OPO) which produces a continuously
tunable, well-collimated beam over the spectral range
900-1600 nm, with a linewidth of less than 1 nm.?* The
system involves a 20-W copper-vapor laser pumping a
grating tuned dye laser—amplifier circulating Kiton red
or Rhodamine-6G dye. The dye laser, in turn, pumps the
OPO, which consists of a 5-cm-long c-axis LiNbO; crys-
tal in an oscillator configuration. Nonlinear mixing in
the crystal splits a dye photon into two infrared photons,
in an energy ratio determined by a phase-matching condi-
tion. The infrared wavelengths are tuned by variation of
either the dye wavelength or the crystal temperature.
The desired infrared wavelength is then isolated and mea-
sured by a pass through a grating monochromator, re-
sulting in usable narrow-band powers in the (5-30)-mW
range.

As shown in Fig. 1, the beam was then focused onto an
0.6-mm aperture, after which it was split into a reference
beam and a sample beam. These beams passed through
lenses which image the aperture 1:1 onto a Ge photo-
diode and the sample, respectively. The reference beam
is chopped, and the reference signal detected synchro-
nously. When calibrated by replacing the sample with a
thermopile, the reference beam provided a measure of the
power at the sample with a dynamic range of 10° or
better. The variable attenuator allowed continuous ad-
justment of the power by a factor of 10* to obtain a
measurable transient over the wide range of cross sec-
tions encountered. This in situ measurement of the
power was required by the variability of the laser power
as compared to the lamp source.

Optical emission transients of the Schottky-diode sam-
ples were measured using a capacitance feedback circuit
to maintain a constant capacitance and measuring the
voltage applied to the diode as a function of time. This
technique keeps the depletion depth constant, thus avoid-
ing nonexponential transients due to the large trap con-
centrations in these samples.? The sample was cooled to
the measurement temperature at zero bias to establish an
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FIG. 1. Schematic diagram of the optical system for the
infrared-laser-light source.
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initial condition with all of the DX centers occupied (neu-
tral). For some samples all of the electrons in the unde-
pleted part of the layer become trapped at DX centers
and the material contains almost no free carriers. This
results in a flat C-V curve for negative voltages applied to
the Schottky contact, such as curve (a) in Fig. 2. Thus it
is not possible to choose a suitable value for the capaci-
tance. Since the photoionization is persistent at these
temperatures, i.e., there is a barrier which prevents the
electrons in the conduction band from being trapped at
the DX centers, we initialized the sample by exposing the
sample to light with no applied voltage until the desired
value of the capacitance was reached. After this the C-V
curve, which is stable, was like curve (b) in Fig. 2. A
suitable value of the capacitance was then chosen (this
value was slightly smaller than the value at 0 V after ini-
tialization as shown in Fig. 2) and the voltage transient at
constant capacitance was measured. At the completion
of the photoionization process the C-V curve was like
curve (c) in Fig. 2.

Full photocapacitance transients were measured at
various wavelengths. They were found to be exponential
in form and the amplitude was the same for all wave-
lengths of incident light out to 1220 nm, as was reported
in Ref. 16. The photoionization cross section was calcu-
lated using the equation 0%(hv)=(é7)!, where 7 is the
time constant of the emission transient and ¢ is the pho-
ton flux at the sample surface. At a wavelength of 1050
nm the time required to measure the full transient was
the order of an hour and it increased by orders of magni-
tude as the wavelength was increased. Therefore, to get
data in a reasonable amount of time the initial slope of
the voltage transient was used to determine the photoion-
ization cross section.

At very short times an exponential transient of the
form V(t)=AV(1—e~'/") is linear in time. The voltage
signal was ampllﬁed by 10’ and a voltage change of less
than 0.3% of AV measured. The variation in the initial
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FIG. 2. C-V curves showing the method of initializing the
samples and measuring the photocapacitance transients for the
Schottky diodes.
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slope of the first transient after the sample was initialized
under the same conditions was a factor of 3. We found
that the difference in initial slope between the largest and
smallest of 10 transients taken successively without reini-
tializing the sample was a factor of 1.5, about half of the
error to initialize the sample. Therefore up to 10 tran-
sients were measured for each initialization. We estimate
the uncertainty in the cross sections taken from the initial
slopes to be equal to the uncertainty resulting from the
initialization procedure, a factor of 3. Figure 3 shows the
photon-energy dependence of the photoionization cross
section calculated from measurements of both full tran-
sients and initial slopes for the same sample. The results
agree within the uncertainty of the measurements.

The procedure for collecting the data was to adjust the
light intensity to give a transient with the fastest initial
slope which could be measured. As the wavelength was
increased, it was necessary to increase the light intensity
in order to have the same initial slope. Once the intensity
was at a maximum, the slopes were measured for longer
and longer times, but always for the same voltage change.
Figure 4 demonstrates that the initial slope of the photo-
capacitance transients varies linearly with the light inten-
sity at a fixed energy over the range of slopes we were
able to measure.

The photoconductivity transients were taken by using
a constant-current source and measuring the voltage drop
across the sample as a function of time. The sample was
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FIG. 3. Photoionization cross section for a Schottky diode
with x=0.74. Data were calculated from both full transients
and initial slopes at each photon energy.
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FIG. 4. The dependence of the initial slope of the photocapa-
citance transients and photoconductivity transients on the
laser-beam intensity.

cooled to the measurement temperature with no current
passing through it. The initial slopes of the photocon-
ductivity transients were measured by the same pro-
cedure as for the photocapacitance transients. Measure-
ments of the full transients at some wavelengths show
that they are exponential. Though the magnitude seems
to decrease with increasing wavelength, the change in
amplitude is less than a factor of 2 at the longest wave-
length measured (1400 nm).

RESULTS AND DISCUSSION

The results of our measurements on four samples are
shown in Fig. 5. Data taken with both light sources are
plotted together for each sample. In all cases there is a
smooth decrease of the photoionization cross section as
the photon energy decreases and the shape of the curve
shows that a transition from a bound state to a band is
observed. The sign of the photocapacitance signal indi-
cates that an electron from the DX center is ionized to
the conduction band. Comparison of the photocapaci-
tance data for the three samples in Figs. 5(a)-5(c), which
have similar doping concentrations, but different alloy
compositions, shows that there is very little variation of
o with alloy composition. A comparison of the photo-
capacitance data in Figs. 5(c) and 5(d) for samples with
similar alloy compositions but different Si concentrations
shows that there is no dependence on the DX-center con-
centration either.

Figure 5(c) shows the spectral distribution of the pho-
toionization cross section obtained from measurements of
both the photocapacitance transients and photoconduc-
tivity transients on samples prepared from the same
wafer. While the data show the same general shape, a
direct comparison of the two spectral distributions is
difficult to perform since, in general, photoconductivity
measurements do not provide absolute values of photo-

ionization cross sections.?® In order to correlate the two
distributions, a few assumptions have therefore to be
made which, as will be shown, are supported by the ex-
perimental results.

To make the analysis more transparent, it may be use-
ful to examine the two types of measurements in detail.
In the photocapacitance samples the DX centers that are
ionized by the incident photons are in the depletion re-
gion of a Schottky diode. When the electron reaches the
conduction band it is immediately swept out of the de-
pletion region by the electric field and there is negligible
probability that it can be recaptured at the DX center.
The linear relation between the initial slope of the photo-
capacitance transient and the light intensity shown in
Fig. 4 confirms that recapture of an electron can be
neglected in these measurements. Thus only one dom-
inant process is possible in this type of sample, that of
electron emission from the DX center. The voltage re-
quired to have a depletion region of a specified width is
determined by the net ionized charge in the depletion re-
gion. Since other processes can be neglected, the rate of
change of this voltage must be the ionization rate of the
DX center. In this type of sample one worries about the
effect of the electric field on the emission process. Any
enhancement of the emission process by tunneling due to
the electric field would result in a faster photocapacitance
transient and larger value for o at the lower photon en-
ergies.

For the photoconductivity measurements a constant
current flows laterally through the Al Ga,_,As layer be-
tween two Ohmic contacts. Thus there are always free
electrons in the conduction band in the region of the ion-
ized deep levels and there is the possibility of recapture of
an electron. In the case of the DX center, however, the
thermal capture cross section is temperature dependent
and is quite small at low temperatures, 102® cm? or
smaller, depending on the alloy composition of the
Al Ga,;_, As layer. Consequently, this capture process is
expected to be negligible and both photocapacitance and
photoconductivity measurements might be expected to
give the same result. From the data in Fig. 4 it is quite
clear that the initial slope of the photoconductivity tran-
sients does not vary linearly with the light intensity at a
fixed energy. This nonlinear behavior suggests that
recombination probably cannot be neglected. If the cap-
ture process is not negligible, it causes a reduction of the
rate at which the free-carrier concentration increases and
would result in a smaller value of the photoionization
cross section than the true value. Since capture is prob-
ably favored at higher photon energies where the excited
electrons have a greater chance to return to the DX
center before thermalization than at small photon ener-
gies, we chose to normalize the two spectral distributions
in Fig. 5(c) at small photon energies. The deviation of the
two spectral distributions at higher photon energies may
then be caused partly by the electric field in the diodes
and partly by recombination processes in the photocon-
ductivity sample.

In order to determine the absolute value of the photo-
ionization cross section, we have measured the
reflectivity of one of the samples with semitransparent
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FIG. 5. Photoionization cross sections for four samples of Al,Ga,_,As. The samples with x=0.74, 0.48, and 0.30 have a Si-
doping concentration of 7X 10'® cm~3. The x=0.27 sample has a Si-doping concentration of 1 X 10'® cm~3.
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Schottky contacts. A large piece of the x=0.30 wafer T T T T T T T
was used and 53% of the incident light was found to be Al 1 G2, ,AS

reflected independent of the wavelength of the incident = 0307707 .
light. Having determined the photon flux incident on the o )
sample for the halogen lamp with the filters, the absolute _18 °

value of the cross section was determined from the mea- °

surements of the full transients for the x=0.30 and 0.74 o

samples. The data for these samples are plotted on an ab-
solute scale in Fig. 6. Note that the value for the cross
section is about an order of magnitude smaller than for
other deep levels.?’

Recently, other data for the energy dependence of the
photoionization cross section of the DX center in Si-
doped Al,Ga,;_,As measured from photoconductivity
transients have been reported.?!~2* The magnitude of
the maximum value of the photoionization cross section
was about 2 orders of magnitude higher than we report
here. Data for a sample with an alloy composition
x=0.33 and a Si-doping concentration of about 13X 10!’
cm ™3 showed structure and a much lower threshold ener- 10 o Lamp & Fiters =
gy than both the photocapacitance and photoconductivi-

2
)

T

|

Photoionization Cross Section (cm

ty data reported here for a similar sample (x=0.30). A | o Laser i
difference in the threshold between lightly and heavily

doped samples was also reported.?! Both the structure L 1

and the lower threshold energy of the spectral distribu- 08 12 ! 16 l zlo

tion was observed at values of the relative photoioniza-
tion cross section much smaller than had been previously Photon Energy (eV)
measured. '® It was therefore argued that this was one of

the reasons why such a structure was not observed in pre-

vious studies.

There is also a discrepancy in the reported values of
the photoionization cross section for the DX center in
Sn-doped Al,Ga,_,As. Measurements using photocapa- T T T T T T
citance transients show a decrease of more than 4 orders
of magnitude in o) (hv) when the photon energy is de-
creased from 1.46 to 0.8 eV.!> On the other hand, data ° ®)
from photoconductivity transients shows an increase of 18
about an order of magnitude in o (hv) for the same 0 o h
range of photon energies and then a decrease of 5 orders o
of magnitude, but with no structure, when the photon en-
ergy was decreased further.?*

Since photoconductivity measurements, in general, do
not reflect the spectral distribution of photoionization
cross sections,?® we increased the sensitivity of our pho-
tocapacitance method to investigate whether or not such
a structure exists at the low-energy tail of the optical dis-
tribution. We found no difference between lightly and
heavily doped samples. We observed no structure in the
spectral distribution of the photoionization cross section
and none of our samples gave a measurable signal for
photon energies less than 0.8 eV. Therefore, the implica-
tion is that the photoconductivity transients observed for 101
photon energies less than 0.8 eV originate from some oth-
er deep level which is present in those samples, and not © Lamp & Fitters
the DX center.

In order to test this hypothesis, we performed measure-
ments of the photoionization cross section on a sample
identical to that measured in Ref. 23. The Schottky
diodes were prepared in our laboratory using the same Photon Energy (eV)
techniques as for our samples. The results are shown in FIG. 6. Absolute value of the photoionization cross sections
Fig. 7 along with the data for our sample with a similar  for samples with x=0.30 and 0.74.
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composition. There is excellent agreement between the
two samples, except for a peak in o (hv) at about 1 eV.
Deep-level transient-spectroscopy (DLTS) measurements
show that there are two additional electron traps in this
sample: one with thermal activation energy 0.69 eV at a
concentration of 1.9X 10~ cm™3, and another with a
thermal activation energy of 1.03 eV at a concentration
of 7.5 107 cm~3. It seems likely that the peak in the
energy spectrum of the photoionization cross section is
due to the latter trap.

In order to deduce some physical parameters from the
data, we employ the simplest model that is consistent
with the known properties of DX centers. We sketch this
model below and give more details in the Appendix. We
assume that the deep state is formed from a donor associ-
ated with one L valley of the conduction band and per-
turbed by a potential which varies with a single lattice-
distortion coordinate, Q.?® Thus, we write the effective-
mass Hamiltonian,

H=-V2-2/r+H{(Q)+H,Q), (1)

where the units are the effective Rydberg, Ry*, and Bohr
radius, a§, in an L valley, and the last two terms are the
unperturbed Hamiltonian and the electron-lattice cou-
pling for the mode represented by Q. We seek the adia-
batic potentials E; (Q) for the L-band edge and E,(Q) for
the lowest bound state generated by this Hamiltonian.
These curves define the configuration-coordinate (CC) di-
agram of the system. We have employed an approximate

T T T T
Photocapacitance
1+ * A
Transients ]
o
L ° .
— .
4] °
€
3
§ 8
c © .
.% » .
g 10 | —
n
” 8
<
o - —
§ e
b .
g
g o .
£ .
» )
10 ’— -
® Al 3058 70AS
B © O Aly;5Gagg,AS 7]
1 L ] 1
0.8 1.0 1.2 1.4

Photon Energy (eV)
FIG. 7. Comparison of the photoionization cross section for
our x=0.30 sample with one having x=0.33 identical with the
sample measured in Ref. 23.
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Green’s-function method to calculate E,(Q), as there is
no simple analytic function to describe it. %

We find that even linear coupling, H,=—aQu(r),
causes nonlinear changes in the adiabatic potential
Ey(Q),* and in a system which has a large lattice relaxa-
tion the CC curves are even more complex. This is be-
cause the dominant phonon modes themselves change as
the binding energy increases and the wave function be-
comes more localized, making the effective electron-
lattice coupling highly nonlinear. This is illustrated in
Fig. 8, which shows a simplified CC diagram for a (1s)
Coulomb state perturbed by a local (one-band, one-site)
potential of strength approximately proportional to Q.3
Had the lattice relaxation been treated self-consistently,
the potential barrier between Q=0 and Q =Q, would
have been even higher. Because of this complexity, it is
unproductive to attempt a fit to a set of simple parabolic
CC curves, and we must make changes in the usual fitting
procedure and its interpretation.

We use the fact that the important optical processes
occur near the point Q =0, at the minimum of the lower
potential curve, and that in this region the dominant pho-
non mode? is reasonably well defined. We then con-
struct a fictitious CC diagram, as in Fig. 8, which ignores
the fact that a self-consistent solution would involve
different modes away from Q,, and base our solution on
the following assumptions.

(1) Both potential curves are parabolic near their mini-
ma, though their curvatures may be different. We denote
the phonon energy in the upper parabola by fiw; and that
near the minimum of the lower curve by #iw,. Hence, the
probability distribution in Q space for the initial states is
described by a Gaussian having a variance

2.0 T T T T T T T

ENERGY (eV)

0.5~

0.0 -

05 ! | ! I I ! 1
-30 -20 -10 0 10 20 30 40 50
LATTICE DISTORTION Q (dimensionless units)

FIG. 8. Possible CC diagram for a deep Coulomb state de-
rived from conduction band at the L point. The conduction-
band at the I' point is also shown for x ~0.30. The effective-
mass Rydberg is Ry* =50 meV, the phonon energy is #iw, =5.5
meV, and the Huang-Rhys factor is 260.
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o} = 1By 2coth(fiwy/2k, T) 2)

where the factor f3; is defined in Ref. 28.

(2) The optical transitions are vertical in Q space, the
Franck-Condon principle, so that the Q-space broadening
is converted into an energy broadening according to the
slope of the energy difference near Q =Q,,

d(E; —E,)
dgQ
where K; is the stiffness coefficient for the distortion.
Thus, we find that the variance in energy is given by
0y =(K; Q0 0 =S(#iw, ) (0 /wg)coth(fiwy/2kpT) ,
(3)

where S is the Huang-Rhys factor, so that S#iw; is the
Franck-Condon energy. *?

(3) The optical transition rate into states at an energy
SE above the L-band edge is given, for small 8E, by the
product of the density of states and the square of the op-
tical matrix element.

W(hv)<(8E)2/(hv)? . (4)

=K’LQO ’

This is equivalent to Eq. (11) of Ref. 2 with only the first
term in the square matrix element factor retained.

With these assumptions the photoionization cross sec-
tion, o9, for photon energy hv is the convolution of the
transition rate, Eq. (4), with the Gaussian distribution of
initial Q values and can be written as

0% < [0 /(hv)*y(2), ()

where the function y(z) is defined in the Appendix and
z=E,/op with E,=E;(Qy)—Ey(Qy). We have in-
tegrated Eq. (A2), tabulated the function y (z), and used it
to find the two parameters E, and o, which give the
best fit to the photoionization cross-section data. The re-
sults appear in Table I. An example of such a fit is shown
in Fig. 9 for the sample with x=0.27. A similar fit to the
temperature dependence of the cross section at fixed pho-
ton energy from Fig. 4 of Ref. 16 was made and is shown
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FIG. 9. Fit to the photoionization cross-section spectrum for
the x=0.27 sample. The data are those of Fig. 5(d) taken with
the lamp plus filters.

in Fig. 10. This latter sample, with x=0.33, gave the
values E, =1.189 eV and fiwy=5.53 meV.

Because of the limited energy range available and the
scatter in the data, the parameters in Table I cannot be
fixed with precision, although some trends can be
identified. There seems to be a small decrease in the
threshold energy as the Al mole fraction of the
Al Ga,_, As layer increases. Such an increase was not
observed by Legros et al.!® and it may occur here be-
cause the energy range of the data increases as the band
gap increases. The threshold energy found here is a bit
larger than that reported by Legros et al.!® This could
be due to the difference in the equation used to fit the
data or to the smaller energy range of the data in Ref. 16.
What is clear from these measurements is that the thresh-
old energy for the optical ionization of the DX center is
about 10 times larger than the thermal binding energy

TABLE 1. Fitting parameters E, and o for the photoionization cross-section spectra. The data sets

1-4 are data from photocapacitance-transient

measurements and data set 3C is from

photoconductivity-transient measurements. The “error” is the rms difference in the natural logarithms
of the data and the fitted curves. The last column is obtained from Eq. (A3).

AlAs
mole
Data fraction E, (eV) og (eV) Error fiw; (meV)

1 (filters) 0.74 1.39 0.165 0.29 6.6
2 (filters) 0.48 1.37 0.118 0.28 5.0
2 (laser) 0.48 1.43 0.119 0.57 4.7
3 (filters) 0.30 1.67 0.144 0.40 5.2
3 (laser) 0.30 1.89 0.162 0.46 5.5
3C (filters) 0.30 1.74 0.186 0.58 6.6
3C (laser) 0.30 1.48 0.142 0.38 5.5
4 (filters) 0.27 1.72 0.171 0.23 6.1
4 (laser) 0.27 1.81 0.156 0.29 5.2
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FIG. 10. Fit to the temperature dependence of the photoion-
ization cross section for hv=1.305 eV. The data are from Fig.
4 of Ref. 16. The fitting parameters are E,=1.189 eV and
fiwy=15.53 meV.

Eg, which is near 160 meV. Thus there must be a large
relaxation of the lattice when an electron is trapped at
this deep level.

The data in the last column of Table I are found by
equating the values found for o to the expression in Eq.
(A3) assuming the value #iwy=5.5 meV, from Fig. 10. All
of the phonon energies are found to lie near fiw; =6
meV. The small value of these energies is consistent with
results in Refs. 2 and 16, where a large-lattice-relaxation
model was also used to analyze the photoionization spec-
tra. These results are completely different from those re-
ported by Henning and Ansems, 2! 23 who not only find a
much lower value for the photoionization threshold ener-
gy, but also deduce from photoluminescence data that the
phonon mode is 48 meV. This discrepancy suggests that
they are observing some other process not involving the
DX center in the photoluminescence experiments.

CONCLUSIONS

We have presented new data demonstrating that the

photoionization cross section of the DX center in Si-.

doped Al Ga,_, As is essentially independent of both the
alloy composition and the Si concentration. More impor-
tantly, we have measured the photoionization cross sec-
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tion over 6—8 orders of magnitude and have observed no
measurable signal below 0.8 eV. We show that the
threshold for optical ionization is much larger than the
binding energy of the DX center. Consequently, a large
lattice relaxation must accompany the capture of an elec-
tron at this deep level. We also show that a 6-meV pho-
non mode is involved in the lattice-relaxation process.
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APPENDIX

The photoionization cross section, o, is the convolu-
tion of the transition rate, Eq. (4), with the Gaussian dis-
tribution of transition energies. This leads directly to Eq.
(5) with

y(2)= fomdx x3%exp[ —(x —2)%/2], (A1)

where x =8E /o and z =(hv—E,)/o . The integral in
Eq. (A1) is related to a parabolic cylinder function, **

y(2)=03V'7/4)exp(—22/4)D _; ,(—2) ,
and satisfies the differential equation

y'+zy'—3y/2=0. (A2)

The fitting procedure allows us to determine the vari-
ance, 0%, in energy of the photoionization spectrum and
the central energy E,. To determine the other parame-
ters we need to know the binding energy Ej, which is the
difference between E, and the Franck-Condon energy
S#iw; and one of the phonon energies. We take these to
be E;=160 meV from the published hall data® and
#iwy=>5.5 meV, from the fit in Fig. 9. By combining these
values with the values of o5 given in Table I and using
Eq. (3), we obtain
ot fiw,

h
E, _E, tan

172
ﬁwo

2%k, T

and the values for #iw; shown in the last column of the
table.
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