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The temperature and doping-concentration dependence of the oscillatory properties in the
photoreflectance (PR) spectra of GaAs grown by molecular-beam epitaxy has been studied in detail.
The peak separation of the oscillatory part of the PR spectrum is related to the internal electric field
in the sample. Both the peak spacing of the oscillations and the internal electric field increase with
increasing temperature and doping density. A PR spectrum with two kinds of oscillations from two
interfaces across different doping profiles was also observed. Our study of oscillatory properties not
only verified the electromodulation character of the PR experiment but also extracted the tempera-

ture dependence of the surface Fermi level.

I. INTRODUCTION

Recently photoreflectance (PR) has become one of the
most popular among the modulated spectroscopy
methods because no electrical contacts are required and
it is a nondestructive technique.l“3 However, the PR
spectrum is more complicated than the external-field type
of modulated optical spectrum, since in PR spectroscopy
the electric field is provided by the space-charge distribu-
tion near the surface. The modulation is provided by a
chopped pumping laser beam. The pumping photons
generate free electron-hole pairs which tend to neutralize
the space charge and thus flatten the band bending near
the interface between different materials or between re-
gions with different doping concentrations.

In addition to optical transition energies, information
about the internal field near interfaces may be obtained
from the oscillations in the PR spectrum.*> Therefore,
PR experiments may be used to study the temperature
and doping-level variations of the internal electric fields
in the semiconducting material. Nahory and Shay
pioneered this type of study and showed that
photoreflectance has the potential for the study of surface
properties. Using different doping levels, they concluded
from the PR spectra at 77 and 294 K that the PR effects
originated primarily from the photomodulation of the
surface field.*7 The increase of the spacing between the
oscillation peaks in the PR spectra with increasing tem-
perature and doping density may be explained by a sim-
ple Schottky-barrier model.

In the present work we applied the PR experiment to
study the surface and internal electric-field variations in
molecular-beam-epitaxy- (MBE-) grown GaAs layers
versus temperature and doping densities. We have stud-
ied the PR spectra from the GaAs surface and the PR
spectra from two types of doping profiles. The tempera-

43

ture ranged from 4.2 K to room temperature. The
space-charge distribution, the band bending, and the
internal electric field near the GaAs surface and the inter-
faces in the two types of doping profiles studied are illus-
trated schematically in Fig. 1. At the vacuum-GaAs in-
terface there are surface states. Here we assume that
these states take up carriers leaving a depleted region in
the GaAs and an electric field whose modulation is re-
sponsible for the PR signal. Across the interface between
the MBE-grown, n-type thin film and the undoped sub-
strate, electrons will diffuse from the n-type region to the
substrate and will induce an internal electric field which
can also be modulated to generate the PR signal. The
typical PR spectra of GaAs crystals, the line-shape varia-
tions versus temperature, and the dependence of the spec-
tra on doping concentration are summarized in the next
section. The information about the band bending ex-
tracted from the oscillation spacings is discussed in Sec.
III. In Sec. IV we present the conclusions of our PR
study.

II. EXPERIMENTAL RESULTS

Our experiments were performed with a standard PR
setup using a He-Ne laser as the source of pumping pho-
tons as described in Ref. 1. The pumping and the prob-
ing beams were chopped at different frequencies, 214 and
352 Hz, respectively. The change of the reflectivity sig-
nal due to modulation was measured by a lock-in
amplifier in phase with the sum frequency of the
choppers. Using the double-chopping method, we were
able to avoid the scattered laser light and reduce other
background noise.>

Typical PR spectra from a 7X 10" cm™3 Si-doped
GaAs surface at three different temperatures are shown
in Fig. 2. The oscillating part of the spectrum above the
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FIG. 1. Space-charge distribution Q, band-bending potential ¥, and internal electric field & are shown schematically for (a) GaAs

surface, (b) the interface between a heavily doped thin film and an

undoped substrate, and (c) the interface between a heavily doped

thin film and an undoped substrate and the interface between a heavily doped thin film and an undoped cap. The open (solid) rec-

tangular regions represent positive (negative) charges.

band gap is similar to Franz-Keldysh (FK) oscillations
observed in electromodulated spectroscopy.*> From
Fig. 2 we see that the spacings of the oscillation peaks be-
come larger when the temperature T increases. The PR
spectra for different doping concentrations at a fixed tem-
perature, 80 K, are shown in Fig. 3; the separation be-
tween oscillation peaks increases with doping concentra-
tion. This spreading of the spectra, shown in Figs. 2 and
3, indicates that the internal modulation field is increased
with increasing temperature and doping concentration.
Since the internal electric field in the semiconductor crys-
tal is induced by the built-in potential across the space-
charge region, the temperature dependence of this built-
in potential across the interface may be obtained from the
temperature dependence of the oscillation-peak spacings.
The detailed relation will be discussed in Sec. III.

With increasing doping concentration the PR spectra
start to lose the characteristics of a modulated reflectance
line shape and become weaker and broader as shown in
Fig. 4. At very high doping concentrations,
Np>10" cm ™3, there is no detectable PR signal. The
disappearance of the PR spectra may be due to the spa-
tial fluctuations of the depletion depth caused by the ran-
dom distribution of donors. If the sample is doped close
to the three-halves power of the surface density of states,
the depletion width will be approximately the average
donor separation. Since the donors are randomly distri-
buted, the uncertainty in the depletion width will be com-
parable to the width, and therefore a well-defined space-
charge region with internal electric field will not exist. In
this case, the PR experiment records the averaged infor-
mation over a range of different modulation fields, the
spectrum becomes broadened, and it loses its oscillatory
character. Since the density of surface states varies from
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FIG. 2. PR spectra of 7X 10'* cm 3 Si-doped GaAs at three
different temperatures. Notice the peak-to-valley separations
AE of the oscillations decrease with decreasing temperature.
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FIG. 3. PR spectra from the GaAs surfaces with three
different doping concentrations. Notice the peak separations of
the oscillations decrease with decreasing doping concentration.

about 10'' to 10'2 cm ™2, depending upon the surface
quality, the three-halves power of the surface-state densi-
ty varies from 3X 10'¢ to 10'® cm 3. We see from Fig. 4
that above 3X10'® cm™3 the PR spectrum already has
become blurred and has lost its PR signature.

Although there is no PR signal observable from thick
highly doped samples, it is possible to see the PR signal
from thin highly doped samples. This is because the sam-
ples are so thin that photons are able to reach the inter-
face between the undoped substrate and the heavily
doped MBE layer. The band bending across this inter-
face, as shown in Fig. 1(b), provides the modulation field
needed for PR, and a PR signal originates from the back
interface of the sample.

We studied two samples of this type of MBE thin film.
One was a 0.3-um-thick, 1.2X 10" cm ™2 Sn-doped GaAs
sample grown on an undoped substrate. The space-
charge distribution, band bending, and electric field are
shown schematically in Fig. 1(b). The other thin-film
sample with thickness about 0.5 um was a 5X10'® cm™?
Si-doped GaAs sample grown on an undoped substrate.
There was a 0.05-um undoped protection cap in front of
the thin layer. There are two regions in the sample where
the internal electric field is nonzero as shown in Fig. 1(c).
In the cap region the electrons from the first layer of
donors in the heavily doped region may be depleted to fill
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FIG. 4. PR spectra from surfaces of different highly doped
GaAs samples. The PR spectra become broad and weak at high
doping concentrations.
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FIG. 5. PR spectra from the highly doped (N,
—N,=5X10"® cm~?) GaAs thin film with undoped protection
cap. (a) Spectrum from both the front and back interfaces. (b)
Spectrum from the back interface only. The cap was etched off.
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FIG. 6. The temperature variations of the oscillation spectra
peak-to-valley spacings have been plotted on a log-log scale.
The solid line in the figure, offset arbitrarily for ease of compar-
ison, has a slope of 1. The dashed lines with slopes S are least-

squares fit to the data points.

up the surface states. A capacitorlike region will form
between the positively charged depletion layer and the
negatively charged surface and a large and slowly varying
electric field will build up in this cap region. In this case
the spatial fluctuations of the depletion depth will be
small compared to the thickness of the capacitor region
and the PR spectra will have large oscillatory peak spac-
ings as shown in Fig. 5(a). On the back interface between
the MBE layer and the undoped substrate, the space-
charge region may extend farther into the undoped re-
gion and therefore the electric field will be smaller. The
PR spectra will depend primarily on the electric field in
the undoped region and consequently will have a small
oscillation spacing. The PR spectrum with the cap
etched off is shown in Fig. 5(b). It is clear that the por-
tion of the spectrum in Fig. 5(a) with the large oscillation
period is absent when the cap is removed.

The log of peak separations AE versus log(7T) from
four GaAs surfaces with different doping densities and
from the back interface of the 1.2X 10" cm 3 Sn-doped
sample are presented in Fig. 6. We see that AFE is ap-
proximately proportional to T'!/3,

III. ANALYSIS

A. Qualitative interpretation

In the PR spectra, the signature of strength of the elec-
tric field is carried in the oscillations which are observed
at energies greater than the gap energy. It is well known
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that both the one-electron band-to-band transition
theory*> and the excitonic transition theory®™!© lead to
an oscillatory electromodulated optical response above
the band gap. A sharp exciton feature near the funda-
mental gap is predicted by the exciton theory. The PR
spectrum near the fundamental gap is complicated and
due to many different mechanisms.®”!* Although the ex-
citon effect has a strong influence in this region, a de-
tailed analysis of this portion of the PR spectrum must be
much more elaborate, and such an analysis is in progress.
The oscillations above the fundamental gap, however, are
due mainly to the electromodulation effect. In most cal-
culations of the one-electron theory and the exciton
theory, the photon energy #w may be replaced by a
dimensionless energy 7 to deduce a general electromodu-
lated spectrum and the line shape in terms of 7 is in-
dependent of the magnitude of the modulation
field.*>* 719 The dimensionless energy 7 is defined as
n=(fiw—E,)/#Q, where

26 1/3

Q=% 81

(1)

E, is the energy gap, p is the reduced mass along the
electric-field direction, & is the modulation electric field,
e is the charge of the electron, and 7 is Planck’s constant
divided by 27. To compare with an experimental spec-
trum, one needs to convert the theoretical spectrum from
7 units to the photon energy #iw by multiplying #Q by 7.
Thus, the oscillation peak spacings in the large field-
modulated spectrum will be larger than those in the small
field-modulated spectrum. It is important to notice that
both the one-electron theory and the exciton theory pre-
dict oscillatory features above the fundamental gap, but
the oscillation amplitudes and the peak positions are
different in the spectra deduced from two theories. On
the other hand, the oscillation peak-to-valley spacings,
AE, in the spectra with different modulation fields from
the same sample will be proportional to the electro-
optical energy #(, and

AE=(Ap)#HQ ,

where A7 is the oscillation peak-to-valley spacing in the
theoretical spectrum in terms of the dimensionless unit 7.
From Eq. (1) we find that

AE <#Q < §2/3 . )

The internal electric field in the depletion region may
be evaluated by integrating the Poisson equation. This
electric field will have a maximum ¢ at the surface,
given by

max

172

(3)

max

2eNp Vi,
6 :[ D7 bi
€9

Here Nj is the donor concentration and the band bend-
ing, Vy; =(Egg—Egg), is the built-in potential, which is
equal to the difference between the Fermi level in the
bulk (Egg) and the Fermi level at the surface (Egg).
From Egs. (2) and (3), it is easy to see that AE should de-



43 TEMPERATURE AND DOPING-CONCENTRATION DEPENDENCE . ..

crease with decreasing doping concentration as shown in
Fig. 6.

We now proceed to estimate the size of the band bend-
ing V,;. The carrier concentration n may be described by
the quasi-Fermi energy Ery as

n=n;exp[(Egg —E;)/kT] , (4)

where E; is the intrinsic Fermi energy. For an n-type
semiconductor with shallow donors, n =Np, and the
quasi-Fermi energy can be expressed as

Egg=E,+kT[In(Np)—In(n,)] , (5)

where n; is the intrinsic carrier density.

Since the surface Fermi energy of GaAs is pinned at
midgap E;, the band bending becomes proportional to the
temperature when N >>n; and the surface electric field
& ax becomes proportional to the square root of the tem-
perature. Therefore, the oscillation spacing AE will be
proportional to the 1 power of the temperature. The
slopes of log;o(AE) versus log,o(T) in Fig. 6 were very
close to + except for the lowest-doped and the heavily
doped samples. In the lowest-doped sample, the internal
electric field induced by the depleted donors is small.
Therefore AE is also small and thermal broadening may
dominate. Consequently, the broadening of the spectra,
including only the electric-field effect, will underestimate
AE at high temperatures. In addition, there are some
background deep-level defects or donors whose density
might be comparable with the small doping concentra-
tion. In this case, as the temperature decreases, the elec-
trons from deep levels freeze out quickly and the relative
space-charge density decreases faster with temperature
than expected from normal donors and so does the inter-
nal electric field.

As to the heavily doped sample, the substrate Fermi
energy is not necessarily pinned at midgap and the Fermi
energy in the heavily doped layer is degenerate with the
conduction band. The simplified quasi-Fermi-level
description of the band bending is not applicable.

B. Calculation of Fermi energies

In this section we calculate the Fermi energy in
different regions of the sample in a more rigorous way to
obtain band bending information. For a nondegenerate
bulk crystal, the calculation starts with the charge neu-
trality equation, which may be written as

N 1
4 1+4exp[(E,—Egg)/kT]

+N.exp[ —(E.—Epg)/kT]

P 142exp[(Egg—Ep)/kT]

+N,exp[(E, —Egg)/kT] , 6)

where N, and N, are effective densities of states in the
conduction band and valence band, respectively. In Eq.
(6) Np and N, are doping densities of donors and accep-
tors and E}, and E , are donor and acceptor levels. For
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an n-type semiconductor, the unintentionally doped ac-
ceptors (N 4, << N ) may be ignored for simplicity. For a
given set of N., N, N,, E., Ep, E,, and T the Fermi
energy can be uniquely determined from Eq. (6). Figure 7
illustrates the calculated Fermi energies versus tempera-
ture for GaAs with doping concentrations from 10'? to
107 cm 3. If the surface Fermi energy is pinned at the
midgap at all temperatures, it is clear from Fig. 7 that
band bending will increase when the temperature de-
creases. Since this is contrary to the result observed, we
suggest that the Fermi energy at the surface does not
remain constant when the temperature changes.

There has been an intensive effort in recent years to
characterize interfaces between metals and III-V com-
pound semiconductors, with a strong emphasis placed on
GaAs. It was established early on for GaAs that, despite
a variety of interface structural properties and chemical
interactions with metals, the surface Fermi level (Egg) at
room temperature is pinned within a small range near
midgap, giving a barrier height nearly independent of the
metal work function.!> Models based on native defects,!®
interface chemistry,17 effective work functions,!® and
metal-induced gap states!® have been proposed to explain
this behavior, but there remains considerable controversy
about this issue. The morphology, chemistry, and atomic
structure of metal-(III-V) interfaces are complex and
diverse, and there is no consensus at this point on the
mechanism(s) which dominate pinning during interface
formation.

The temperature dependence of the surface Fermi-level
pinning has not yet been well understood either theoreti-
cally or experimentally. Although almost all the experi-
mental information related to the GaAs surface Fermi-
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FIG. 7. Calculated temperature dependence of Fermi levels
of bulk GaAs with different doping concentrations (solid lines).
The upper dashed curve indicates the conduction-band edge and
the lower dashed curve indicates the intrinsic Fermi level.



11 796

level pinning was obtained at room temperature, a few
low-temperature studies were performed near liquid-
nitrogen temperature;?°23 these experimental results in-
dicate that the surface Fermi energy approaches the bulk
Fermi level at low temperatures. Therefore, for our cal-
culation, we assume that for n-type GaAs the surface
Fermi energy increases linearly from midgap at room
temperature to the zero-temperature pinning position
near the conduction band.

The assumed temperature variation of the surface Fer-
mi energy used in the calculation for the 1.3 X 10® cm ™3
GaAs-oxide interface is shown in Fig. 8 by a straight line
labeled Erg. This temperature variation combined with
the bulk Fermi energy Epp, calculated from Eq. (6), was
used to calculate the difference between the bulk and the
surface Fermi level and thus to obtain the built-in poten-
tial. The temperature variations of the surface and the
bulk Fermi energies are given in Fig. 8(a). We see that
the built-in potential, (Erg— Egg), decreases approxi-
mately linearly with decreasing temperature. To com-
pare with experiment, we used our calculated built-in po-
tential to obtain the electric field from Eq. (3) and the

1.6
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Egeouo |

1.0 Eps

E-Ey(eV)

0.8 -

(a) I !
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FIG. 8. The temperature variations of the surface and the
bulk Fermi energies for the 1.3 X 10'® cm ™3 Si-doped sample are
given in (a) by the curves Egg and Egg, respectively. The ob-
served temperature dependence of the electro-optical energy,
(circles), is compared with the calculated results (solid line) in
(b). The calculation is based on the built-in potential,
Epg — EFs, illustrated in the shaded area in (a), where E, and E;
are energy gap and intrinsic Fermi level, respectively.
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electro-optical energy #Q from Eq. (1). The temperature
variation of ) is observed in the PR spectra by measuring
the oscillation peak spacing, which is proportional to ,
Eq. (2). Therefore, we normalized the observed peak-to-
valley spacing, AE, of the oscillation spectrum as
AE(T)/AE(Ty)=QUT)/QUT,), with T, chosen as 200
K. A comparison of the normalized  from calculations
with the experimental data is shown in Fig. 8(b). Since
the calculations agree quite well with the experimental
observations, our assumed temperature dependence for
the surface Fermi level is plausible.

For the highly doped sample, the Fermi energy is de-
generate with the conduction band. That is, the electron
gas behaves like an ideal gas in a positive-charge back-
ground of ionized donors. However, since the size of the
donor wave function exceeds the average separation be-
tween impurities, quantum-mechanics averaging smears
out the discrete charge of an individual impurity and the
density of states will have an exponential tail into the for-
bidden gap (see Refs. 24 and 25). Therefore the Fermi-
level position cannot be determined from the simple ex-
pression, Eq. (6). We have calculated the Fermi levels for
heavily doped bulk crystals using expressions from Refs.
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FIG. 9. The temperature variations of the epitaxial layer and
the substrate Fermi energies for the 1.2X 10" cm~* Sn-doped
sample are given in (a) by the curves E; (film) and E (sub-
strate), respectively. The observed temperature dependence of
the electro-optical energy, Q (in circles), is compared with the
calculated results (solid line) in (b). The calculation is based on
the built-in potential illustrated in the shaded area in (a), where
E, and E; are energy gap and intrinsic Fermi level, respectively.
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24 and 25 and results are shown by the top three curves
in Fig. 7.

The band bending may be obtained from the difference
between the Fermi level in the undoped substrate and the
Fermi energy in the heavily doped MBE thin layer. The
temperature dependence of this band bending, i.e., the
built-in potential, across an undoped substrate,
Np=~10"%cm™3, and heavily doped, Np=~1.2
X 10" ¢m ™3, MBE film is shown in Fig. 9(a). In this cal-
culation, a small concentration of acceptors,
N,~10" cm ™% and E ,~0.03 eV, in the substrate was
needed to fit with the observed electro-optical energy 2
in Fig. 9(b). These acceptors may be from carbon
(E~0.026 eV) or other impurities in the substrate.?®
Comparing Fig. 9 with Fig. 8, we see that the electro-
optical energy does not approach zero in the heavily
doped sample at low temperatures because the carriers do
not become frozen out on the donors. We also note from
Fig. 9 that, although the calculations agree well with the
observations, there is some deviation in the low-
temperature region. This deviation may be due to DX
centers in the heavily doped samples. When the tempera-
ture is below about 50 K, electrons trapped on DX
centers cannot overcome the thermal barrier of the DX
center?’ and therefore the Fermi energy, evaluated on the
assumption that the number of free electrons equals the
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number of donors, may not be correct. A detailed inves-
tigation of the properties of the DX centers in these
heavily doped samples is in progress.

IV. CONCLUSIONS

In this study of photoreflectance, the oscillatory prop-
erties in the PR spectra were studied for GaAs surfaces
and interfaces across the regions with different doping
densities. The temperature dependence of the oscillation
spacings in the PR spectra for different doping concentra-
tions may be explained well by the temperature variations
of the Fermi energies at the surface and in the bulk crys-
tal. It should be possible to study the internal electric-
field distribution in Al,_, Ga,As/GaAs heterostructures
by examining similar oscillatory properties in the PR
spectrum.
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