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Optical-absorption profile of a single modulation-doped Al, Ga,_, As/GaAs heterojunction
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The interband optical properties of a single modulation-doped Al Ga,_,As/GaAs heterojunc-
tion are calculated. The calculation includes the absorption from the extended valence-band states
into the first five conduction-subband states which are confined by the band offset at the heterojunc-
tion and the space-charge potential. Modulation of the absorption is calculated under the assump-
tion that the modulation mechanism is the variation of the two-dimensional electron concentration.
The predominant effect of the modulation on the absorption arises from the modulation of the
Burstein-Moss edge in the bottom subband. Results of the calculation are compared to experimen-
tal electroreflectance data and are found to be in agreement.

Modulation spectroscopy has gained popularity as a
tool for studying and characterizing microstructures.
Photoreflectance (PR) measurements provide a room-
temperature contactless method for obtaining informa-
tion such as alloy concentration and quantum-well
width.!™* Both the modulation mechanisms and line
shapes observed in PR measurements on quantum-well
structures are reasonably well understood.>® Recently,
PR spectra of modulation-doped field-effect transistors
(MODFET’s) were shown to exhibit a feature which
correlates with the presence of a two-dimensional elec-
tron gas (2D EG).""? This work opens the possibility that
PR might also provide a simple, room-temperature, con-
tactless method for characterizing MODFET’s. Subse-
quently, Yinsheng and Desheng also reported PR spectra
of MODFET’s.” A model describing the data was pro-
posed which attributed the PR spectra to interband tran-
sitions from the valence band to the two-dimensional
conduction subbands. The data were fit to the Aspnes’s
theory of modulation spectroscopy.! However, no
modifications to the theory were made to take into ac-
count the distinguishing properties of a heterojunction,
i.e., transitions involving 3D valence-band states and 2D
conduction subbands in a high electric field.

Electroreflectance (ER) measurements of MODFET’s
have also been reported.” The feasibility of using ER
effects for optical readout of transistor action was dis-
cussed. The electroreflectance results were explained in
terms of modulation of the band-edge absorption due to
Franz-Keldysh effects involving the quantum-confined
states at the heterojunction. No calculation of the ab-
sorption process was presented.

In addition to the modulation experiments, several
groups have reported photoluminescence features related
to the Al,Ga,_,As/GaAs heterojunction.’” 3 Photo-
luminescence has been observed in samples both with 2D
EG’s and with 2D-hole gases.

In spite of these experimental efforts, few calculations
of the interband optical properties of a single
modulation-doped heterojunction have been reported.
Duke'* has examined the optical properties of a general
semiconductor-oxide interface, although the subject of in-
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terband transitions was discussed only briefly.

In this paper, we calculate the interband absorption
properties of a GaAs/Al,Ga,_,As modulation-doped
heterojunction. The absorption is calculated between the
extended states of the valence band and the quantum-
confined states of the conduction band. The absorption
process is analogous to the Franz-Keldysh effect with the
modification that the states in the conduction band are
not extended but are confined by the band offset and
space-charge potential at the heterojunction.

Specific attention is paid to the modulation of the ab-
sorption resulting from changes in the 2D EG density.
Surprisingly, the results of the calculation indicate no
structure corresponding to the onset of absorption by the
individual subbands. The only structure that is evident
arises from Franz-Keldysh-like oscillations arising from
structure in the energy dependence of the interband ma-
trix elements between the conduction-subband and
valence-band envelope functions.

For comparison, low-temperature experimental ER
data are also presented. The line shape of the predom-
inant feature in the ER spectra is in qualitative agree-
ment with the calculation.

A schematic of the absorption process is shown in Fig.
1. The optical-absorption coefficient a between the
valence band and the two-dimensional conduction sub-
bands is given by

1 1
O o 2 o 2

where the summation is taken over the valence-band (v)
and conduction-subband (s) states. «,, is given by

ag, = kZ [<vls)|* [8-pI* 8(E, (k)= E, (k) ) —#w) ,
f

where k| is the component of the wave vector parallel to
the surface and the summation is taken over the unoccu-
pied conduction-subband states, i.e., E; > E, p is the ma-
trix element of the momentum operator with the Bloch
states of the crystal (assumed to be independent of k), and
£ is the polarization vector of the incident light. {(vls) is
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FIG. 1. Diagram of the band structure and the valence- and
conduction-band states at the heterojunction. The potential and
the bottom conduction subband are calculated using a self-
consistent Hartree approximation. Next, the excited subbands
and the valence-band states are calculated from the potential.

the overlap integral of the valence-band and conduction-
subband envelope functions. The envelope functions |s )
and |v) were calculated as follows. For a given value of
the acceptor doping level in the GaAs and the 2D EG
density n, the envelope function of the bottom subband
and the potential were computed with a self-consistent
Hartree approximation.‘s’“’ The conduction-band offset
was taken to be 0.3 eV. From the potential, the higher
subbands and the valence-band wave functions were nu-
merically computed. A total of five conduction subbands
were used in the calculation. The interband absorption
was calculated from the summation of the appropriate
overlap integrals of the envelope functions. Zero temper-
ature was assumed throughout. Many-body effects were
not included in the calculation due to the difficulty in
properly calculating the energy shift and the wave func-
tions of the valence-band states.

In Fig. 2(a), the absorption into the bottom subband is
shown for two values of n, with n, =3X 10" cm™3. The
energy width of the absorption edge for both densities is
broad ( ~50 meV). The origin of the broadening is easily
seen in Fig. 1. The subband envelope function extends
well away from the Al ,Ga,_,As/GaAs heterojunction.
Over this region of the sample there is a large potential
drop (of order E,) due to the space charge n,. Thus, a
broad energy range of valence-band states will contribute
to the overlap integrals with the subband state, resulting
in a broad absorption edge.

As ng is increased, the absorption edge broadens slight-
ly and shifts to higher energy. The energy shift is due to
the increase in the Fermi energy within the bottom con-
duction subband, analogous to the Burstein-Moss shift in
a bulk semiconductor. Since the higher-lying subbands
are not occupied at these densities, they do not experi-
ence this effect.

In Fig. 2(b) the absorption into the second excited sub-
band is shown. The absorption edge is again broad and
only a slight additional broadening results from an in-
crease in n,. The structure in the absorption edge is due
to the energy dependence of {v|s). This energy depen-
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FIG. 2. Absorption vs energy plotted for two values of n;
and n,=3X 10" cm™*. (a) and (b) represent the absorption into
the bottom and second excited subbands. (c) represents the to-
tal absorption.

dence arises from interference between the oscillations of
the valence-band envelope functions and the three lobes
of the second excited subband.

Note that the absorption edge onset is at, or slightly
below, the band-gap energy and not at E, +E,. The
conduction-subband envelope functions extend out from
the heterojunction to approximately the point where the
subband energy levels cross the conduction band. At this
point, the energy difference between the subband and the
valence band is equal to the band-gap energy. Thus, the
onset of absorption occurs at ~ E, instead of E, + E;.

The total absorption, including the first five subbands,
is plotted in Fig. 2(c). Since the onset of the absorption
for all the subbands is at approximately the band-gap en-
ergy (except for the first due to the position of the Fermi
energy) there is no structure in the absorption edge that
can be identified with the subband energies. This is an
important observation since it implies that interband ab-
sorption is not a sensitive measurement of the energy po-
sitions of the subbands. The only structure evident in the
absorption edge arises from oscillations in {v|s). It is
unclear whether or not this structure will remain after
absorption into the higher-energy subbands ( > E,) is in-
cluded. The main effect of increasing n, is the shift of the
absorption edge of the bottom subband due to the in-
crease in the Fermi energy. The slight broadening of the
remaining subbands also alters the absorption slightly.

To simulate modulation spectroscopy, we calculate the
change in absorption Aa as n, is modulated. The modu-
lated intensity of the reflected light in a PR or ER experi-
ment is proportional to the superposition of the modula-
tion of the real A€, and imaginary Ae, parts of the dielec-
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tric function. These two quantities were calculated from
Aa using the Kronig-Kramers relations.

In Fig. 3, A€, and Ae, are plotted for two values of n,.
The magnitude of the modulation was An,=1X10"
cm 2. Since the dominate modulation mechanism is the
Fermi-energy shift in the bottom subband, A€, approxi-
mates the first derivative of a, with respect to E. Energy
broadening of the excited subbands contributes addition-
ally to A€, and Ae,. The structure in the high-energy tail
of A€, and Ag, is due to oscillations in (v|s) involving
the excited subbands. As n is increased, A€, and Ae,
broaden and shift away from the band-gap energy corre-
sponding to the analogous behavior of a,.

Experimental ER data are shown in the top half of Fig.
4. The structure consisted of a 100-A GaAs cap layer, a
400-A Si-doped Al Ga,_,As layer (N, =2X10'8 cm ™),
a 100-A Al,Ga,_,As spacer layer, and a 1-um GaAs
buffer layer grown on a semi-insulating GaAs substrate.
The sample had a carrier concentration of 6X 10" ¢cm ™2
and a mobility of 97000 cm?/V s at 77 K. Contact to the
2D EG channel was made with diffused Au-Ge contacts.
A semitransparent gate was evaporated onto the sample
following the removal of the cap layer. The gate consist-
ed of 10 A of Cr followed by 60 A of Au. The modula-
tion spectra were produced by placing a 0.1-V modula-
tion on a dc gate voltage. The spectra were taken at 10 K
and are shown for two dc values of the gate voltage. The
carrier concentrations quoted in Fig. 4 are estimates
based on Hall-effect measurements on an ungated device.

Also shown in Fig. 4 are two calculations of the ER
spectra. The spectra were produced by calculating the
proper linear combination of A€, and A€, appropriate for
this particular structure, as determined by the phase
shifts of the light introduced at the reflections off the air-
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FIG. 3. The modulated real (A€,) and imaginary (Ae,) parts

of the dielectric function. The absorption was modulated by the

variation of n;, An,=1X 10" cm™2.
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gate, gate-Al,Ga,_,As, and Al,Ga,_,As-GaAs boun-
daries.!”

The experimental and theoretical curves are in qualita-
tive agreement. However, there are three distinct
differences. The first difference is the sharp structure at
the band-gap energy which is present in the experimental
data. This structure corresponds to absorption modula-
tion of the bulk GaAs exciton. This absorption is not
present in the calculation since we are only calculating
the absorption in the high-field region of the heterojunc-
tion. The second difference is the structure present in the
high-energy tail of the calculated data. As was men-
tioned above, it is unclear whether or not this structure
would remain if absorption into the higher subbands is
included. Alternatively, if the structure is real, the inho-
mogeneities introduced during the device fabrication may

- have sufficiently broadened the experimental data as to

render the structure unobservable. The third difference is
the energy shift between the experimental and calculated
data. This energy difference most likely arises as the re-
sult of neglecting many-body corrections in the calcula-
tion. We have applied the local-density-functional ap-
proximation'® to the calculation of the conduction sub-
bands and find approximately a 5-10-meV downward
shift in energy for these densities. If the valence-band
states are similarly affected, the calculation would overes-
timate the absorption energy by approximately 10-20
meV. This energy shift accounts for the difference in en-
ergy between the calculation and the experimental data.
The PR data published in Refs. 1, 2, and 7 differ
markedly from the present results. The experimental
data indicate that the 2D EG PR feature is much nar-
rower than the calculation predicts. More-recent PR
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FIG. 4. Experimental ER data taken at 10 K. Reflections off
the air-metal, metal-Al,Ga,_,As, and Al,Ga,_,As-GaAs in-
terfaces mix A€, and Ae,. Calculation of the modulated
reflected intensity is also shown. The experimental data and the
calculation are in qualitative agreement.
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FIG. 5. PR data taken at 200, 80, and 40 K. In contrast to
the ER data, the 2D EG PR feature is very narrow in energy
(~6 meV).

data indicate that the 2D EG feature is only ~6 meV
wide at low temperature (see Fig. 5). This is to be com-
pared with the ~50 meV width of the ER feature shown
in Fig. 4. Clearly, interband absorption, alone (as pro-
posed in Ref. 7), cannot explain the PR results.

In PR, the operative modulation mechanism is the

E. S. SNOW, O. J. GLEMBOCKI, AND B. V. SHANABROOK 38

photogeneration of electron-hole pairs and their subse-
quent spatial redistribution. In the case of a MODFET,
the photogenerated charge is produced predominantly in
the GaAs buffer layer. The photogenerated electrons and
holes both modulate n, and flatten the energy bands
across the depletion layer of the GaAs. The latter of the
two effects is not modeled by the calculation in which n;
originates solely from the doped Al ,Ga,_,As layer.'
However, it is doubtful that sharp features will arise in
A€, or Ae, from modulation of the fields in the GaAs de-
pletion region since « itself is broad. Possibly, the addi-
tion of impurity states or the inclusion of excitonic effects
can explain the PR data."

In summary, we have calculated the interband optical-
absorption  properties o6f a  modulation-doped
Al ,Ga,_, As/GaAs heterojunction. The absorption was
computed between the extended valence-band states and
the quantum-confined states of the conduction band. The
absorption edge is broad (~50 meV) and the onset is at
approximately the band-gap energy. Since onset of the
absorption for the excited subband states is at the band-
gap energy, no structure is evident in the absorption
profile that corresponds directly to the subband energy
spacing. The modulation of the absorption was calculat-
ed corresponding to a change in n,. The dominant
modulation mechanism is the shift of ‘the Burstein-Moss
edge in the bottom subband. Consequently, Aa approxi-
mates the first derivative of «, Experimental ER data
were found to qualitatively agree with the calculation.
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Research. We thank D. Broido and S. Kirchoefer for
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