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Photoreflectance from semi-insulating GaAs, and GaAs/GaAs interfaces, is discussed in terms of
its behavior with temperature, doping, epilayer thickness, and laser intensity. Semi-insulating sub-

strates show an exciton-related band-edge signal below 200 K and an impurity-related
photoreflectance above 400 K. At intermediate temperatures the band-edge signal from thin GaAs
epilayers contains a contribution from the epilayer-substrate interface. The interface efFect depends
on the epilayers thickness, doping, and carrier mobility. The efFect broadens the band-edge
photoreflectance by 5 —10 meV, and artifically lowers the estimates for the critical-point energy,
Ecp obtained through the customary third-derivative functional fit to the data.

INTRODUCTION

Modulated photorefiectance' (PR) is a common,
nondestructive technique for optical measurement of the
band-gap energies, doping concentrations, and alloy com-
position in GaAs and Al Ga& As. ' The technique
could have application as an optical diagnostic tool for
the determination of sample quality in molecular-beam
epitaxy (MBE). However, before such applications can
be made, much remains to be done on the fundamental
properties of PR, especially its properties from interfaces,
at elevated temperatures.

Ordinarily, in most PR experiments, the critical-point
energy, Ecp, is determined by 6tting the shape of the sig-
nal at the band edge with the third-derivative functional
form (TDFF) for low electric fields. ' The precise loca-
tion of the critical-point energies and their subsequent
use in determination of carrier concentrations, alloy
composition, ' etc. , depends on rather precise theoretical
fits to the PR data. The theory, in turn, relies on assump-
tion of specific physical processes. The main process is
the interaction of electrons with the electric field in the
space-charge region (SCR). This process dominates the
PR above the band-gap energies and is prominent in
doped samples. The PR below the band gap includes ex-
citon effects and involves a superposition of processes.
The complexity of the band-edge PR is described by
Peters et al. These authors, in their analysis of PR data,
invoke room-temperature excitonic nature of PR
response to account for the fact that the critical-point en-
ergy they obtain from TDFF falls below the nominal
band-gap energy for GaAs. Peters et ah. , using very ac-
curate PR measurements and TDFF analysis, observed
shifts in Ecp with doping and used these shifts in deter-
mination of the carrier concentrations for ion-implanted
samples. Their method was accurate for the ion-

implanted samples, but was less fruitful for doped MBE
samples, where the calculated shifts in Ecp fell below the
ion-implanted values. The authors resolved this di%culty
by considering the differences between the dopant distri-
bution in the ion-implanted and the MBE-doped samples.

On the other hand, Bottka et al. chose to circumvent
the complexities of band-edge PR analysis by considering
instead, properties of the oscillatory PR above the band
edge. They developed a relationship between the carrier
concentrations, the built-in surface potential Vb, and the
energy period of the PR oscillations. Subsequently, they
used the oscillations in the determination of doping con-
centrations for samples grown by chemical vapor deposi-
tion (CVD).

We report here on several measurements which were
devised to isolate the origin of the band-edge PR in the
semi-insulating substrates and investigate the nature of
PR from the epilayer-substrate interfaces. We will discuss
our results in the light of known PR mechanisms, ' ' '"
and address the merits of the above two techniques for
the optical determination of carrier concentrations. * In
particular, we will show that interface effects detected
here can distort the band-edge PR, and introduce errors
in the commonly accepted TDFF analysis of the data.
Our results will also show that the PR oscillations
method provides accurate determinations of the band-
gap energy for MBE samples, independent of the shape of
the band-edge PR.

In this paper, we will have two distinct regions of in-
terest; the PR signal just below the band-gap energy and
the oscillatory PR above the band gap. We will use the
term band-edge PR loosely to refer to the signal in the
0—10-meV region below the nominal band-gap energy.
This region will include the excitonic PR discussed by
Peters et al. and the interface PR which we detected in
our experiments.
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THEORETICAL BACKGROUND

We present a brief outline of the theory and terminolo-
gy needed in the analysis and discussion of our data.

The PR signals for GaAs samples can be classified into
two categories according to the magnitude of the surface
electric field E, . The first category is the high-field condi-
tion, where the surface field is large. This is usually the
case for doped samples. The second category is the low-
field condition, which usually occurs for undoped sam-
ples. Aspnes showed that the PR signal is in the low-
field limit when

iriQ& I /3 .

AQ is a characteristic energy associated with the critical
point. It is related to E, by

A'Q=(e E, A /8p)' (2)

where p is in interband reduced mass and I is a broaden-
ing parameter for the critical-point energy Ecp. Aspnes
also derived a quick rule of thumb, if the PR signal is
such that

hR/R &10 ', (3)

then the signal is in the low-field limit. In the low-field
limit, the line shape for PR is given by

bR /R =Re[Ce' (Ace Ecp+i—I ) "], (4)

where Am is the energy of the probe beam and C and 0
are an amplitude and phase factor that vary slowly with
Ace. n refers to the type of critical point in question;
n =2, 2.5, and 3 for an exciton, a three-dimensional
band-to-band transition, and a two-dimensional band-to-
band transition, respectively. This relationship is fre-
quently used to fit PR data for undoped and doped sam-
ples which meet the low-field criteria.

In the high-field limit, the PR signal is proportional to
the product of Airy functions and their derivatives.
These take the asymptotic form

b,R/R ~cosP[(fico Ecp)/fiQ]' —+ir(d —1)/4J, (5)

where d is the dimensionality of the critical point. For
GaAs, with a direct transition, d =3. This line shape has
an oscillatory nature where the oscillations are termed
Franz-Keldysh oscillations (FKO). Neglecting the ampli-
tude factor in Eq. (5), the position of the FKO peaks is
approximated by '

(fico ), =A'Q(F~ )+E, j= 1,2, 3, . . . ,

where

F~ =[3'(j——,
' )/2] ~

(6a)

(6b)

As indicated by Eq.(6), a plot of (A'co) versus F isa.
straight line, with slope AQ and intercept E . This plot
uses the FKO extrema marked j =1, 2, etc. in sequence,
beginning with the first pronounced extremum following
the PR signal at the band gap (see Fig. 9). fiQ is related
to E, by Eq. (2). By assuming a reduced mass, '

p=0.057'„ the surface electric field can be determined.

Bottka et al. have shown that the field so determined is
related to the carrier concentration X and the built-in po-
tential Vb by the generalized Schottky equation

E, = [2eN( Vb
—V kT—/e )/~e]' (7)

E = 1.519—5.405 X 10 [T /( T+204 K )], (8)

where T is the absolute temperature in degrees Kelvin
and E is in eV.

EXPERIMENT

We used a standard arrangement of photoreAectance
apparatus to measure the PR from undoped and lightly
doped GaAs, grown by MBE on semi-insulating sub-
strates. Signal modulation was achieved with a 5-mW
HeNe laser beam chopped at 400 Hz. The intensity of
the modulation beam ranged from 10—100 mW/cm . As
a check on the laser excitation effects, some data was re-
peated using a 7-mW HeCd laser. The shape of the PR
remained the same. Usually a 100-W tungsten-halogen
lamp coupled to a 0.25-m monochromator was used to
scan the samples for photoreffectance b,R/R over a
wavelength range of 700—1000 nm. The samples were
mounted in a rotatable dewar, which allowed us to take
data at reAectance angles ranging from 15' to 65, and
temperatures ranging from 77 to 600 K. Narrow-band-
pass filters were used in front of the probe beam detector
to check for room-temperature photoluminescence. '

For the sake of comparison, and instrument checkout,
several CVD epitaxial samples were examined. In partic-
ular, a sample, accompanied with PR data, was provided
to us by Gaskill (U.S. Naval Research Laboratories,
Washington, D.C.). The sample was used as a compara-
tive standard to test the performance of our equipment.
The PR data for the sample was invariably the same in all
experimental setups.

Because we suspected that the interface effects which

where V is the quasiequilibrium photovoltage of the
laser, kT/e is a thermal term, and a.e is the dielectric
constant times the permittivity of free space. Because of
pinning at the surface, V&

=0.73 V (Ref. 13) and
x=13.18 for GaAs. 9 V was determined from Eq. (7) us-
ing calibrated samples where N was known. Bottka
et al. ' used the slopes given by Eq. (6) to determine the
carrier concentrations in Si-doped samples of GaAs
grown by CVD.

The slope of the lines given by Eq. (6) appears to de-
pend only oa the carrier concentrations, independent of
the laser energy and intensity, and sample preparation.
For instance, CVD samples fall along the same straight
lines as the MBE samples, when they have the same Hall
carrier concentrations. ' Usually, the intercept E ob-
tained from Eq. (6) falls close to the critical-point energy
Ecp calculated by TDFF from Eq. (4), except for thin
MBE samples where the band-edge PR is distorted by the
interface effects. We will show that Es given by Eq. (6) is
insensitive to the shape of the band-edge PR and that it
follows, with temperature, the relationship due to Thur-
mond
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FIG. 7. Curve 1, PR for the A1„GaI As-coated substrate at
156 K shows the disappearance of the impurity PR below the
band edge. Curve 2, exciton-related PR appearing in the bare
semi-insulating substrate at 200 K, after the Al Ga& „As has
been etched off.

FIG. 8. Temperature dependence of various PR signals.
Curve 1, band-edge PR from a semi-insulating substrate. Curve
2, band-edge PR from an Al Ga& As-coated semi-insulating
substrate. Curve 3, band-edge PR at low temperature from a
bare semi-insulating substrate after the A1„Ga& „As has been
etched off. Curve 4, band-edge PR from a thick, undoped MBE
sample. Curve 5, band-edge PR from Si-doped MBE sample.
Curve 6, temperature dependence for interface PR, structure A,
for undoped GaAs on semi-insulating substrate. Curve 7, tem-
perature dependence of structure 3 for doped GaAs on semi-
insulating substrate.

supported by the fact that the excitonic PR is absent in
the Al„Ga& „As coated substrate at low temperatures.
Its absence is probably due to lack of modulation. Laser
modulation of the electric field through carrier injection
was sufficient to produce the FKO in the coated sub-
strate, but the fields were insufficient to produce exciton
quenching efFects. " Furthermore, the laser-generated
carrier densities originating in the coating were
insufficient to modulate the refractive index of the sub-
strate at the exciton energy. ' On the other hand, direct
injection of laser generated carriers at the bare GaAs sur-
face may produce sufficient changes in absorption ' to
give rise to the observed narrow excitonic PR.

Mechanism for band edge PR from traps o-r impurities

different sources. The modulation mechanism responsi-
ble for this PR appears to be due to a thermal emptying
of the traps, or a thermal dissociation, and a momentary
refilling of the traps by the laser-injected carriers.

This proposed mechanism is also needed in explanation
of the band-edge PR from substrate surfaces buried by
1 —4-pin-thick GaAs epilayers. Undoped GaAs epilayers
isolate the substrate surface from field modulation effects,
yet, the trap or impurity related PR, which appears as an
interface effect in the GaAs coated substrates, is quite
evident when one compares the PR in Figs. 9 and 10.
The origin of the band-edge PR structure 2, Fig. 10, will
be traced directly to the epilayer-substrate interface
through use of interference measurements which will be
discussed in detail in the section entitled, interface effects.

The general freeze-out of the band-edge PR and its
sharp onset with temperature increase, curves 1 and 2 of
Fig. 8, suggests that the band-edge signal from semi-
insulating substrates at room temperature comes mainly
from inherent traps or impurities or possibly bound exci-
tons. The temperature dependence shown in Fig. 8 was
nearly the same for semi-insulating samples from three

Determination ofFs from FKO plots

Before we leave this section we wish to show that the
oscillatory PR and E in the Al Ga& „As-coated sub-
strates follows the expected' temperature behavior for
the PR from GaAs and that the coating mainly serves the
purpose of imposing a change in surface potential Vb.
We also want to consider results which support the FKQ
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dent of the shape of the band-edge PR. Furthermore,
doping concentrations determined from the slopes in Fig.
6, appear insensitive to small changes in sample tempera-
ture.

Thick MBE material

Thick, undoped MBE material has a narrow PR signa-
ture, as shown by examples in Figs. 9 and 10. Unlike the
bulk material, the PR from the thick MBE samples has a
monotonic decrease with temperature, as shown by
curves 4 and 5 in Fig. 8. The shape of the PR signal shar-
pens at lower temperatures, but its general character
remains relatively unchanged over the temperature range
discussed here. In comparison with the PR from the
semi-insulation substrates, the undoped MBE material
does not show a Hat-band condition at any temperature.
Its PR always shows a full oscillation above the band gap,
with a distinct peak corresponding to the second FKO, as
shown in Fig. 9. At room temperature the separation of
the FKO peaks for the undoped MBE samples was corre-
lated with the unintentional impurity concentrations. '"

Light Si doping of the M BE samples invariably
broadens the PR below the band gap and enhances the
FKO peaks, as shown in Fig. 9. In MBE samples the PR
above the band gap behaves according to the theory. ' '"
However, as was the case in the semi-insulating material,
the origin of the PR below the band edge appears less cer-
tain, especially for the undoped material. The sharp rise
in the band-edge PR for undoped samples at low temper-
atures, in comparison with the band-edge PR for the
doped samples, Fig. 8, suggests the band-edge PR in un-
doped MBE samples comes from a combination of signals
due to unintentional impurities and excitons. Existence of
excitonic PR below the band gap is well known. ' '"
However, in the case of low fields, the nature of the exci-
tonic modulation mechanism is uncertain. It has been es-
tablished that the field-modulated excitonic PR in doped
samples comes from fluctuation of the SCR, exciton
quenching, and the associated interference effects, "'
but for the Hat-band conditions and the relatively low
fields in undoped MBE material, fields due to Vb and V
appear insufficient to modulate exciton-related reAec-
tance in the semi-insulating substrates and the undoped
MBE material. The results of interference measure-
ments, treated in the following section, will show that the
band-edge PR in these materials comes from the surface
region of the sample, a region which is on the same order
of thickness as the laser-light absorption region.

be referred to as such in the remaining text. %'e notice,
that for undoped MBE samples, the distortion appears on
the low-energy side of the band-edge PR. In doped sam-
ples, the interface effect is dominant, and its presence is
signified only by an inAection at Eg. In higher-doped
samples, presence of the interface effect may be complete-
ly disguised. However, the effect generally broadens the
band-edge PR by 5 —10 meV and lowers the TOFF esti-
mates of E by 0—5 meV, depending on the thickness of
the MBE epilayer. The results in Fig. 1 showed a 4-meV
shift in the excitonic TOFF applied to the data for a bare
semi-insulating substrate. In epicoated substrates this
shift may be lower. At elevated temperatures the inter-
face effect is visible even through epilayers thicker than 4
pm. In such instances, it only drags out the low-energy
tail of the band-edge PR.

Dependence of structure A on epilayer thickness

To establish the fact that structure A comes from the
epilayer-substrate interface, we examine its dependence
on epilayer thickness. Figure 11 shows that the ampli-
tude of structure A drops off according to the exponen-
tial absorption law, with a coefficient a =3.47 X 10
cm . This value for the absorption coefficient is compa-
rable with the value quoted for GaAs by Blakemore.

Further verification of the dependence of structure A
on the epilayer thickness was obtained from interference
measurements by varying the reflectance angle 0 relative
to the normal in air. Figure 12 shows the PR for a lightly
doped, 1.8-pm-thick epilayer at 0=48', when structure A
attains a maximum amplitude. If we consider that the
light rejected at the front surface of the epilayer is in-
dependent of the sample thickness, then the change in
structure A, with 0, can be explained in terms of the in-
terference of light reAected at the front surface of the epi-
layer with the light reAected at the substrate surface. For
an epilayer thickness t, the change in the optical path 6 is

20

15-

0)
"U

10-
E

Interface effects

Distortions in the band-edge PR

A superposition of effects, contributing to the band-
edge PR, is often manifested by an inAection, or a kink,
in the PR signal. In the thin MBE samples, interface
effects are visible through the epilayer and distort the
band-edge PR. Such distortions are evident in some sam-
ples, as shown by the two examples in Fig. 10. Here, the
PR from the interface is labeled as structure A and will

I I I I

2 3
Ssmple Thickness (ym)

FIG. 11. 0, the amplitude of the interface PR structure A as
a function of undoped epilayer thickness. The solid line shows
an exponential absorption with o.=3.47X 10 cm '. Curve 2
shows that the band-edge PR from the space-charge region is
independent of the sample thickness.
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FIG. 15 Curve 1, amplitude of structure A as a function of
laser intensity for an undoped epilayer-substrate interface.
Curve 2, laser-intensity dependence of the band-edge PR for
thick, doped samples. Curve 3, intensity dependence for PR
from a semi-insulating substrate.

FIG. 14. Decrease with temperature of structure 3 in a 1.8-
pm-thick doped MBE sample. Curve 1, 295 K. Curve 2, 238 K.
Structure A disappears altogether at —150 K, see curves 1, 6,
and 7 of Fig. 8.

can be attributed to the properties of the MBE epilayer,
and which can shed some light on the nature of the
mechanism for the impurity PR. We summarize these
additional results as follows.

(1) At room temperature, structure A increases with
the epilayer doping.

(2) For fixed doping of —10' cm, structure A in-
creases with the Hall mobility.

(3) For undoped MBE epilayers, structure A increases
more rapidly with laser intensity than the band-edge PR
from the substrates, or the band-edge PR from the thick,
doped MBE samples, as shown in Fig. 15.

(4) The energy location of structure A follows E as
shown in Fig. 16, independent of the epilayer doping.
However the amplitude of structure A peaks at a much
lower temperature for the doped epilayers. This is shown
by curves 6 and 7 in Fig. 8.

that the band-edge PR in the Al„Ga, „As-coated sub-
strate comes from the substrate surface. This result, cou-
pled with the fact that the band-edge PR was reduced so
effectively by the coating, Fig. 3, indicates that the im-
purity or trap-related PR is a substrate surface
phenomenon. If the traps or impurities were distributed
throughout the substrate, they would produce an effective
population depth, which would exhibit an interference
effect with the change in reflectance angle. Interference
measureme~ts indicate that the impurity PR for the
Al„Ga, As-coated substrate and for the bare substrate
originated at the substrate surface.

1.5

1,4

DISCUSSION

The residual shape of structure A can be estimated
from the difference in PR at the two refIectance angles
shown in Fig. 12. By using the residual signal in Fig. 12
and by extrapolating the thermal freeze out of structure
A below 150 K, we can say that the traps or impurities
are distributed in an 8 —13-meV range below E .

Results from interference measurements, Fig. 13, show

1

300
1

400

(K)
500

FIG. 16. 0, energy of PR structure A relative to Eg. The E~
values (0) were established using the FKO intercept method.
The solid line follows the relationship E~ = 1.519
—5.405 X 10 [T /( T+204 K) ] eV due to Thurmond (Ref. 15).
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The excitation energy of the traps appears to be
affected by the coatings. The marked decrease in the
trap-related PR in the Al Ga& „As-coated substrates in-
dicates that the thermal excitation energy for the impuri-
ties or traps is higher in the presence of the coating, prob-
ably because the coating produces an additional potential
barrier to the removal of carriers from the iriterface re-
gion. Similarly, curves 6 and 7 of Fig. 8 show that the
amplitude of structure A peaks at a lower temperature
for substrates which were covered with doped GaAs epi-
layers in comparison with substrates covered by undoped
epilayers. This shift also appears to be due to a change in
the thermal excitation energy for the impurities or traps
in presence of doped GaAs coating. The shift shown by
curves 6 and 7 of Fig. 8, is about 5 meV, which corre-
sponds to the energy of the Si impurity level in GaAs.
This. result is quite interesting because thermal excitation
via Si impurities would imply that the mechanism for the
trap-related PR involves electrons which are free to move
along the interface. The process of excitation could thus
involve two steps, a thermal dissociation along the inter-
face and a thermal excitation out of the interface region.
Initial attempts at detectio~ of time-dependent PR
showed no long-lifetime effects.

The modulation mechanism for PR from the epilayer-
substrate interface appears to be related to the carrier
mobility. The fact that the interface PR is observed
through nearly 4 pm of GaAs indicates that the mecha-
nism depends on the transport of laser-injected carriers.
The absorption of the laser light occurs within the first
300 nm of the epilayer surface. The electric field and its
modulation at the interface of the undoped epilayer with
the semi-insulating bulk should be negligible. Thus, the
modulation mechanism for structure A could come from
the thermal excitation of impurities or traps at the inter-
face and their momentary refilling by the laser-injected
carriers. This suggestion is further supported by the
sharp increase in structure 3 with Hall mobility and epi-
layer doping. However, the overall increase in structure
A with epilayer doping (see Fig. 10) could also be attri-
buted to the lower light absorption by doped epilayers.
In pure GaAs, the absorption peak at the exciton energy
is generally quite prominent, but it is lowered by dop-

ing.
Modulation through laser-induced changes in absorp-

tion of GaAs also appear to play a role in the amplitude
of the PR from the interface. Structure 3 increases
anomalously with the increase in laser intensity for un-
doped epilayers, Fig. 15. This behavior could be attribut-
ed to changes in absorption caused by laser-injected car-
riers, especially in the thin region of laser light absorp-
tion. ' The laser-induced changes in absorption consti-
tute an additional PR modulation mechanism, which
could be responsible for the excitonic PR under low-field
conditions in the undoped MBE samples and in the
semi-insulating material. In doped epilayers, the exciton
absorption peak is already reduced by doping ' ' and the
laser-injected carrier density can be neglected. Thus, for
the doped epilayers, the behavior of structure A with
laser intensity, Fig. 15, is the same as the behavior for the
impurity PR from the bare substrate.

The PR from the traps or impurities has an inherent
nature, and it is substantially higher than the PR from
spurious contaminants which are sometimes observed in
the 15—25-meV region below the band gap. Over 30
diFerent samples have been examined in this study. The
PR from the impurities or traps has been observed in all
bulk samples and all thinly coated samples. The traps ap-
pear to be inherent to the semi-insulating surface. Thick
MBE samples did not show a similar PR. Etching of the
substrates did not change the energy or the amplitude of
the trap-related PR.
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