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We have performed a theoretical (first-principles) and experimental (contactless electroreflectance) in-
vestigation of the temperature dependence (17 < T <351 K) of the electric-field-modulated interband
transitions in a pseudomorphic Gag g Alg 19As/Ing ,0Gag goAs/GaAs modulation-doped quantum well
that contains a two-dimensional electron gas. We find that many-body effects are a factor at all tempera-
tures although they are most pronounced for 7'< 152 K. Because of the derivativelike nature of our ap-
proach, both theoretical and experimental, the weak Fermi-edge transition is still visible up to at least
152 K, as a complement to the results of previous theoretical and experimental investigations.

Modulation-doped quantum-well (MDQW) structures
containing a two-dimensional electron gas 2D EG) have
recently attracted a great deal of attention both for fun-
damental physics as well as for device applications.
These systems possess unique properties for the study of
many important physical phenomena such as the Fermi-
edge singularity due to electron-hole multiple scatter-
ing,’ ™3 quenching of excitons due to phase-space filling
and screening,!”® the Burstein-Moss shift due to band
filling,' =37 etc. Furthermore, such structures also form
the basis for high electron mobility transistors (HEMT’s)
which are believed to have superior performance over
other solid-state amplifiers or receivers at frequencies up
to 100 GHz.37'° One of these transistors is the pseu-
domorphic Ga, ,Al,As/In,Ga,_,As/GaAs MDQW,
which has exhibited outstanding power performance.
The large Ga,;_,Al,As/In,Ga; ,As conduction-band
discontinuity allows high 2D EG densities (n,p) in the
In,Ga,_,As channel.

In spite of the proven utility of modulation spectrosco-
py in studying semiconductor microstructures,!""!? rela-
tively little work has been done on 2D EG systems. 2
Modulation spectroscopy studies of Ga,_ yAl,As/GaAs
modulation-doped heterojunctions (MDHJ’s) (and §-
doped GaAs) have not shown clear evidence for a signa-
ture associated with the 2D EG and have been the subject
of considerable controversy.!""!3 This is because in these
systems the observed signals in the spectral vicinity of the
direct band gap of GaAs could originate in either the 2D
EG (in the ‘‘triangular’-shaped potential at the
GaAs/Ga;_,Al As interface) or in other GaAs portions
of the sample. This problem has been averted by study-
ing Ga;_,Al,As/In,Ga,_,As/GaAs MDQW systems
since in this case the 2D EG signature will be associated
with the In,Ga,_, As section of the sample, which is
spectrally separated from the GaAs and Ga,_, Al As sig-
nals.>°

Using photoreflectance and electroreflectance, Yin
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et al. have investigated both 8-doped® and step-doped®
Ga,;_,Al As/In,Ga,_,As/GaAs structures with
different material parameters. In their previous works,
the spectra from the In, Ga;_,As MDQW channel have
been accounted for on the basis of a simple one-electron
line shape, i.e., the first derivative of a broadened steplike
2D density of states and a Fermi-level filling factor.>® A
detailed fit of this function to the experimental data
makes it possible to evaluate the Fermi energy (E), and
hence n,5. Furthermore, other important parameters of
the system such as built-in electric fields, In composition,
and well width (L) of the In, Ga,_, As MDQW channel
can be evaluated.>® However, the simple one-electron fit
to the spectra is found to be good only for data taken at
high temperatures (7 > 152 K), for which many-body
effects are small.

We have recently observed that for 7'<152 K the
derivative contactless electroreflectance (CER) (Ref. 14)
trace contains a high-energy peak, related to the Fermi-
edge transition, which exhibits strong many-body effects.
The derivative nature of modulation spectroscopy makes
it possible to observe such Fermi-edge features at temper-
atures considerably higher than other optical
methods.! %7 Therefore, for such 2D EG systems it is
important to have a general theory of the temperature
dependence of the electromodulation spectra which in-
cludes many-body effects.

The hole created by the photoexcitation of an electron
in the valence band may be used to probe the equilibrium
properties of electron systems. The creation of a pho-
toexcited hole also introduces a finite perturbation to the
initial equilibrium state of electron systems. This has
been of interest from both a theoretical and an experi-
mental point of view.>!>!¢ This problem was considered
theoretically by Mahan!? for electron-hole scattering.
Subsequent theoretical work included the dynamical
screening of the Fermi sea, as well as effects due to ex-
change arising from an increased carrier density.'®!® As
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a result of excitonic many-body effects, an enhancement
of the absorption at the Fermi edge was obtained. This
many-particle excitonic feature is actually composed of
two compensating processes, i.e., the scattering of elec-
trons by holes (vertex correction) and the strong renor-
malization of the electron self-energy.!>'%2° The appre-
ciable exciton enhancement was shown to survive in the
low-temperature regime (T <50 K).? However, in our
derivative CER experiment the Fermi-edge transition is
actually observed to temperatures as high as 152 K.

In this paper, we now present the general form-
ulation for the absorption of light, and its deriva-
tive, by a MDQW. These results are in excellent
agreement with a CER  experiment on a
Gay g,Aly 19As/Ing ,,Gag goAs/GaAs HEMT structure in
the temperature range 17 < 7T <351 K, including the ob-
servation of the Fermi-edge transition at temperatures up
to 152 K. The details are given by the description for
sample No. 1 in Ref. 6. The theory also has important
ramifications for the optical and modulated optical stud-
ies of other 2D EG systems such as GaAs/Gal_yAlyAs,4
Ga,_,In,As/Al,_,In, As,” and In,Ga,_,As/InP (Ref.
1) MDQW?’s. Therefore, it is now possible to correlate
the line shapes of modulation experiments in these sys-
tems with a first-principles theory rather than the phe-
nomenological expression used in the past.>® This com-
parison results in the understanding of new phenomena,
such as the high-temperature behavior of the Fermi-edge
transition, and in greater confidence in the obtained
relevant parameters such as n,p.

In our approach, the interactions between the electrons
in the Fermi sea and the electron-hole pairs as well as the
coupling between excitons are included. The absorption
of light for interband transitions at temperature T can be
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where pp(0)=1/[e T 1] is the photon distribution
function. S(w), the dynamical structure factor, which in-
cludes all the optical responses from the electron system
and the coupling between the transitions, is

S(w)=3 B, [—ImQ, ,(@)]. (3)

The screened response function @, (@) in the presence
of exciton couplings is the solution of the Dyson equation
and is given by
Ql,,v(w)‘——e;vll(w)x(v?)(w) , 4)

where ¥'9(w) is the response function for uncoupled exci-
tons, and ev_‘,.l(ca) is the inverse dielectric function matrix
for exciton coupling. Also, B, . is a form factor which
determines the peak strength of the absorption in the
spectrum and is calculated from?!
B,,=[" dz [7 dz'&, (26 (2)85, (208 (z) . (5)
In Eq. (1), B=|{u.(r)|r|u,(r)}]| is the dipole matrix ele-
ment?! for the Bloch state u.(r) of an electron in the con-
duction band and the Bloch state u,(r) of an electron in
the valence band, €, is the optical dielectric constant of
the well material, L is the well width, and o is the fre-
quency of the incident light. In our notation, v=(m,n) is
a composite index labeling the valence and conduction
subbands.

In the generalized random-phase approximation, the
dielectric function is of the form

written as!” Emnr.mn (@) =8 S = X'\ @)V it (@) (6)
e2f’w where the coupling matrix element between different
Realw)= mcegln(w) [opn{@)+11S(0), () types of excitons is given by
J
_ 2me? © ., eHH( 1|, — | g€ HH (7
Vo, mn (@)= = 5 J7az [ dzg gz =216, 8@
The phonon coupling is included through frequency-dependent  dielectric ~ function €, ()

function at finite temperature has been calculated as

1 «© c
Xon@)=— [ “dk* fo BT (kD) = fo B (KDL (Ks0)

Here, E,,(k?)=Ef(k?>)—EM(k?), and #/7,,, is the
broadening due to impurities, density fluctuations in the
alloy composition, and interface imperfection. The Fer-
mi function is fy(E) with Fermi energy E; determined
from the fixed electron density n,5. In a MDQW, the ex-
citon interaction is strong, the hole density is low, and
the range of the exciton interaction is short due to the
screening from the other electrons in the well. Under
these conditions, the ladder approximation can be used to

=¢,l0*—wloti v [0 —whoti ¥ pn® ], Where y;, is a phonon broadening parameter, oy o and wyg are the longitu-
dinal and transverse optical-phonon frequencies, and €, =4m€p€,

. When the exciton coupling is neglected, the response

1 1
tiv—E,, (k) +i#i/Ty, fo+E,,(K)+i#/T,,

(8)

f

include the vertex correction I',,, (k,») to the response
function in Eq. (8).!7!8 The Bethe-Salpeter equation for
T,..(k,®) is solved by casting it into a linear matrix equa-
tion associated with the discrete values of the wave vec-
tor k. The cutoff value we use for k is an order of magni-
tude larger than the Fermi wave vector. The Thomas-
Fermi model is used for the static shielding of the exciton
interaction. The band edges ES,ENH and the envelope
functions £(z),£HH(z) are calculated by using the self-
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consistent Hartree approximation.??

In our numerical calculations, the energy dispersion re-
lation for electrons is parabolic. The energy dispersion
relation for holes, which was taken from a k-p theory,?!
includes the splitting, coupling, and nonparabolic effects
on the light- and heavy-hole subbands. The parameters
used in our calculations are as follows: L =100 A,
fiw; =36.7 meV, Hwp=33.6 meV, €,=11.587,
n,p=1.9%X102 cm ™2, #iy ,n=>5 meV, and the energy shift
due to strain is taken as S; =89.6 meV. For this system,
Ep lies between the first and second electron subbands.
The broadening can affect the derivative of the absorp-
tion spectrum. We have adjusted the broadening param-
eters #/71,,, to fit our numerical results to the experimen-
tal data. We choose four broadening parameters to fit the
spectrum at high temperature T'=351 K from a single-
particle model. We found that the line shape is not very
sensitive to small changes (a few meV) in these parame-
ters.

Plotted in Fig. 1 is the derivative of the absorption (in
units of ay=e?p?/#ice,L3V/ €, ) with respect to the fre-
quency of the incident light. It is plotted as a function of
the photon energy, fiw, for T =351, 152, 80, and 17 K.
At the lowest temperature (solid line), the transition
21HH is very intense compared to the other peaks in the
spectrum. The notation mnHH denotes a transition from
the mth conduction to the nth valence subband of heavy-
hole (HH) character. For the sake of clarity (a) the zero
of energy is taken to be E,;yy, the energy of the transi-
tion from the first HH subband to the second electron
subband, and (b) the curves are displaced. The strength
of 21HH is due to the strong mixing of the symmetric
and antisymmetric states by the built-in electric field
which results from the asymmetry of the doping and the
quantum-well structure. The strength of the 22HH tran-

-—
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[do(w)/dw]/o,
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FIG. 1. Calculated derivative of the absorption strength, in
units of a;, as a function of the photon energy measured from
E,yy- In this figure, the solid line is for T=17 K, the dashed
line is for T =80 K, the dash-dot line is for T =152 K, and the
dotted line is for T=351 K. The peak with the highest energy
at T=17 K is related to the Fermi-edge transitions. The nota-
tions mnHH and mnHH?* are defined in the text.
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sition, at energy E,,yy, is greatly reduced. Furthermore,
due to the occupation of the first electron subband at low
temperatures, we are not able to see transitions that go to
that subband from the first and second HH subbands, i.e.,
11HH and 12HH.

The steps in the absorption spectrum, corresponding to
the band-edge transitions, give the peaks in the derivative
spectrum, while the absorption peaks arising from the
Fermi-edge transitions produce the sign changes in the
derivative of the absorption coefficient. The zero in the
derivative spectrum corresponds to the peak positions in
the absorption coefficient. We denote it by 11HH* for
the Fermi-edge transition from the first HH level to the
first electron subband.’? On the other hand, another
Fermi-edge transition 12HH* only shows a step in the
absorption spectrum because there is no sign change in
the derivative with respect to it.

The observed Fermi-edge transitions, 11HH* and
12HH?*, are a result of enhanced many-body effects and
the formation of excitons. Our numerical calculations
show that the excitonic interaction between electrons and
holes plays a key role in this enhancement. The binding
energy of an exciton is estimated as ~10 meV at low
temperature. The electron-electron interaction in the de-
generate Fermi sea strongly correlates these excitons and
greatly affects the line shape of this peak. Moreover, the
coupling between excitons shifts this peak. When 7 =80
K (dashed line), both the transitions of 22HH and11HH*
are almost suppressed, but the other Fermi-edge transi-
tion 12HH* is still visible up to T=152 K (see the
dotted-dashed line). The visible Fermi-edge transition at
high temperature can only have a step, and not a peak, in
the absorption spectrum since it does not have a negative
derivative. This complements the results based on the
previous model’> where the Fermi-edge enhancement in
the absorption spectrum only survives up to 7 =50 K.
Our numerical calculations are supported by the experi-
mental data, as will be discussed below. The negative
derivative of the absorption spectrum at low tempera-
tures is from the contribution of dn (w)/dw in Eq. (2).

For a high temperature of T=351 K (dotted line in
Fig. 1), the Fermi-edge transition is completely sup-
pressed. However, there are two features arising from
the 11HH and 12HH transitions at energies E gy and
E 3y, respectively. The thermal broadening line shape
of these two peaks depends sensitively on Ep and the
temperature, thus providing us with a tool to evaluate E
from a detailed line-shape fit. In this way, we are able to
determine n,p within the quantum well. We also found a
small blueshift for the peak 21HH for the increased tem-
perature. The strength of the 22HH peak increases with
elevated temperatures and becomes as strong as 21HH at
high temperatures (152-351 K).

In Fig. 2, the experimental CER data from sample No.
1 in Ref. 6 for T=17, 80, 152, and 351 K are presented
as a comparison with our calculations. At the highest
temperature, two weak and two strong features are ob-
served from the In,Ga;_,As MDQW. These have been
identified as 11HH, 12HH, 21HH, and 22HH, respective-
ly.® The peak labeled E,(GaAs) corresponds to the
direct gap of GaAs and originates in the GaAs
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FIG. 2. Experimental CER data as a function of the photon
energy measured from E, yy. The measurements are in the
temperature regime between 7" =17 and 351 K.

buffer/substrate. Again, for the sake of clarity (a) the
zero of energy is taken to be E, yy and (b) the curves are
displaced. As the temperature is lowered, 11HH and
12HH disappear and a resonance denoted 12HH* be-
comes evident at T'=152 K. There is very good agree-
ment between theory and experiment at both high and
low temperatures. Many of the observed features are
reproduced in our theory including the absorptive peaks
to the first occupied electron subband (11HH and 12HH)
at elevated temperatures, the temperature dependence of
the strongest peak (21HH), and the 22HH structure as
well as the Fermi-edge transitions (11HH*,12HH*) up to
152 K. There are some changes in the widths of the spec-
tral features as a result of the temperature dependence of
the phonon broadening.
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Even for temperatures as high as T'=351 K, where
many-body effects are expected to be small, we still ob-
serve an appreciable modification to the simplified
single-electron model. Although there is no shift in the
peak position for the band-edge transitions, we obtain an
appreciable shift for the Fermi-edge transitions at low
temperature. This relative change is largely independent
of the details of the model, but it illustrates the impor-
tance of the many-body corrections. We also find the re-
lationship between the cusps in the absorption spectrum
and the peaks in its derivative. The features in the ab-
sorption spectrum are significantly amplified, which gives
a very accurate determination of the Fermi energy by
fitting the thermally broadened line shape.

In conclusion, we have performed a detailed first-
principles theoretical and experimental CER investiga-
tion of the temperature dependence (17 <7 <351 K) of
the modulated interband transitions in a pseudomorphic
Gag g,Aly 19As/Ing ,0Gag goAs/GaAs modulation-doped
quantum well that contains a 2D EG. We find that
many-body effects are a factor at all temperatures al-
though they are most pronounced for 77<152 K. Be-
cause of the derivativelike nature of our approach, both
theoretical and experimental, the Fermi-edge transition is
still visible up to at least 152 K, a complement to previ-
ous works. There is very good agreement between theory
and experiment. Therefore, it is now possible to compare
the line shapes of modulation experiments in these sys-
tems with a first-principles theory rather than the phe-
nomenological expressions used in the past, resulting in
greater confidence in the obtained relevant parameters
such as n,p.
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