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Abstract—The large concentrations of free carriers (electrons or
holes) present in modulation-doped quantum well (MDQW) samples
have important effects on their optical properties. We discuss here the
temperature-dependent optical absorption and luminescence spectra of
GaAs/AlGaAs and InGaAs/InAlAs n-doped MDQW?’s with emphasis
on the peak seen at the edge of the absorption spectra of these samples.
We present here a many-body calculation of the electron-hole corre-
lation enhancement, which identifies this peak with the Mahan exci-
ton—the result of the Coulomb interaction between the photoexcited
hole in the valence band and the sea of electrons in the conduction
band. This calculation accounts for the strong dependence of the ab-
sorption edge peak on both the temperature and the carrier concentra-
tion, in good qualitative agreement with our data and with previously
published results. We also analyze the changes induced by the carriers
on the subband structure through self-consistent calculations, and we
conclude that in these symmetric structures, the changes are small for
achievable carrier densities.

I. INTRODUCTION

ODULATION doped quantum wells (MDQW?’s) are

quantum well (QW) structures with the barrier lay-
ers doped [1]. The material systems most studied include
GaAs wells with AlGaAs barriers, as well as InGaAs wells
with InP or InAlAs barriers, lattice matched to InP. The
presence of a highly mobile, quasi-two-dimensional (2D)
electron or hole gas makes their transport properties ex-
tremely attractive for fundamental reasons, as well as from
the device point of view [1]. Their optical properties have
only recently started to receive more attention [2]-[20],
including experiments in photoluminescence (PL) [2]-[7],
[20] and photoluminescence excitation (PLE) [2]-[7],
magnetoluminescence (ML) [8]-[10], [14]-[16], as well
as direct absorption [11]-[13], [17], [18], or absorption
saturation under very high photoexcitation [19]. Most of
these measurements were done using GaAs/AlGaAs
MDQW samples [2]-[13], [19]; data on the InGaAs/InP
[14]-[16] and InGaAs/InAlAs [11], [17], [18], [20] ma-
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terial system have become available too, due to the high
quality recently achieved for some MDQW samples.

The optical properties of undoped QW'’s are relatively
well understood [3], [21]. At low temperatures, the pho-
toluminescence spectra are often dominated by excitonic
recombination between the photoexcited n, = 1 electron
and the corresponding heavy hole. The optical absorption
spectra of undoped QW'’s also show well-resolved exci-
tonic resonances at the onset of each intersubband tran-
sition. Due to the quantum confinement, there is a large
overlap between the electron and the hole wavefunctions,
resulting in strong emission and absorption peaks even at
room temperature and/or under large applied electrical
field, thus making quantum wells highly suitable for elec-
trooptical devices [22].

The mechanisms for luminescence and absorption in
modulation-doped quantum wells are much less under-
stood. At low temperatures, the free carriers present in
the quantum wells fill the lowest confined states up to the
Fermi level Ej (see Fig. 1). For a 2D gas of particles of
mass m, Ep = (rhz/m)N where N is the number of par-
ticles per unit area (sheet concentration). Since the heavy-
hole mass m,,;, can be 5-8 times larger than the elecron
mass m, (depending on the material), Er of an electron
gas will be 5-8 times larger than that of a hole gas of the
same density. This makes effects larger and easier to mea-
sure in an n-MDQW, which explains why the vast major-
ity of results reported were obtained on n-doped samples.
In the following, we will only be concerned with n-
MDQW'’s, and we will refer to Ey as the electron Fermi
energy. For N = 1 X 102 cm™2, Ey is about 35 meV in
GaAs and about 50 meV in InGaAs. This means that the
lowest allowed electronic states are occupied up to rela-
tively large in plane wavevectors k = kg on the order of
a few times 10° cm™!. As a consequence, the electrons
that fill these states will participate in the photoemission
process, rather than the photoexcited ones (because there
are so many electrons already in the sample, the behavior
of the photoexcited ones is relatively unimportant). The
photoexcited holes, on the other hand, rapidly relax to the
top of the valence band, so that the k-conserving vertical
transitions that produce the photoluminescence take place
essentially at £ = 0, and involve mostly electrons at the
bottom of the conduction band (Fig. 1), just as in undoped
QW’s.
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Fig. 1. Schematic description of the absorption and luminescence pro-
cesses in n-modulation-doped quantum wells. The electrons in the con-
duction band fill all the states below the Fermi level (dashed area in-
cluding the first two confined levels). Absorption of a photon (broken
arrow) promovates an electron from the valence band to an empty state
in the conduction band. Since this state has to be above Eg, the vertical
transition involves states with ¥ = k. Luminescence (full arrows) is
produced when an electron from the conduction band recombines with a
hole in the valence band. Vertical transitions at k = 0 dominate the
observed luminescence spectrum because of the fast relaxation of the
photoexcited hole to the top of the valence band, as well as because of
the large density of states here. Therefore, the luminescence peak (full
line) appears at a lower energy than the onset of the absorption spectrum
(broken line).

More information on the nature of the states participat-
ing in the recombination process can be obtained by ap-
plying a magnetic field H along the z direction. This splits
the constant 2D density of states into discrete Landau lev-
els: E = (I + 1/2)eH/mc where m is the mass of the
corresponding particle and / is a positive integer. At small
magnetic fields, there will be a large number of Landau
levels available for electrons below Ep, and recombina-
tion will occur between these levels and the correspond-
ing Landau levels of the holes, as shown in ML experi-
ments on GaAs/AlGaAs n-MDQW’s [8]-[10]. In
InGaAs/InP samples [14], [15], evidence for hole local-
ization has been obtained by comparing the transition
energies as a function of the applied magnetic field, ob-
served both in luminescence (from electron Landau levels
below Ejp to the lowest localized hole level) and photo-
current measurements (equivalent to absorption, where
transitions occur from hole Landau levels to empty elec-
tron Landau levels above Er). The hole localization (due
probably to alloy fluctuations) relaxes the k conservation
rules, permitting all electrons up to Er to recombine even
at H = 0. The luminescence is very broad in this case,
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covering the energy range between E, (the n, = 1 tran-
sition) and E; + Ep[14].

In absorption spectra, only states above Ep will be ob-
served since absorption of light can only be associated
with transitions into empty electronic states. One thus ex-
pects the absorption edge to be shifted to higher energies
than in undoped QW'’s of the same width because it will
correspond to vertical transitions at k = kg rather than at
k = 0. As a consequence, there will be an energy differ-
ence between the luminescence and the absorption given
by Eyg = (1 + m,/my,) Eg (similar to the Moss-Burstein
shift [23] in doped bulk semiconductors). Low-tempera-
ture PL and PLE measurements on n-MDQW’s of
GaAs/AlGaAs [2]-[7], [11] show that this shift does oc-
cur. By electrically tuning the electron concentration in
one-sided InGaAs/InAlAs [17], [18], InGaAs/InP [15],
[16], or GaAs/AlGaAs [6], [7], the position of the ab-
sorption edge can be controlled [17], [18] and this shift
can be tuned [6], [7].

There are a number of other features characterizing the
luminescence and absorption of MDQW?’s that cannot be
accounted for by the above simplifying ‘‘single particle’”
picture.

1) Although the shift of the absorption edge relative to
the bandgap E, can be predicted as a function of N, its
absolute position cannot because E, is reduced in the
presence of the carriers. This so-called bandgap renor-
malization is due to many-body effects such as direct and
exchange screening [24].

2) Many-body effects must be invoked to explain the
line shape of PL spectra. For example, the polarization
dependence of the low-temperature luminescence in
GaAs/AlGaAs samples [25], [26] can be explained by
assuming a significant mixing of the heavy-hole (hh) and
light-hole (/h) subbands, even at k = 0, induced by a
‘‘shake up’’ of the Fermi sea. Similarly, the circular po-
larization reversal of the low-temperature PL in
GaAs/AlGaAs samples when resonantly excited with
light at the n = 2hh exciton transition may be explained
by the instantaneous buildup of a collective moment of
the Fermi sea [4]. Finally, the broad PL to localized holes
observed in InGaAs/InP samples [14] had an asymmetric
shape, with a strong peak at E; + Er. This peak was iden-
tified [14] as the many-body Fermi enhancement, analo-
gous to that proposed for degenerate bulk semiconductors
and metals by Mahan [27], extensively discussed in the
series of papers by Nozieres, Roulet, Gavoret, and
deDominicis [28], and observed previously only in the
soft X-ray emission and absorption spectra of metals. The
luminescence line shape and its temperature dependence
could be accounted for by calculations based on the many-
body model developed by Schmitt-Rink et al. [29], which
is applicable, with some minor modifications, to the quasi-
two-dimensional case of MDQW's.

3) The single-particle picture alone cannot explain the
absorption spectra of MDQW?’s either. The blue shifted
absorption edge is not the (1 — f,) rectangular step at low
temperatures that broadens according to the Fermi-Dirac
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distribution f, at higher temperatures. Instead, a peak is
observed at the absorption edge in all low-temperature
PLE [2]-[7] or absorption spectra [11]-[13], very similar
to the n, = 1 exciton in undoped QW’s. At low carrier
concentrations [3]-[5], [7], [13], this peak is strong and
it still exhibits the characteristic hh—lh splitting. As dop-
ing increases, the splitting disappears and the peak
broadens [2], [6], [7], [11]-[13]. As we will discuss later,
when the temperature is raised, the peak rapidly decreases
in height and practically disappears for T > 50 K, in sharp
contrast to the negligible changes of the n, = 1 excitonic
line in undoped QW’s in this temperature range [30], [31].
This peak was identified as the Fermi edge enhancement
due to the many-body electron-hole correlation (the Ma-
han exciton) [11], [12], [27], [29]. Contrary to the Fermi
edge singularity in PL spectra that can only be observed
in certain samples where hole localization relaxes k con-
servation rules, the singularity at the absorption edge is a
general, inherent property of MDQW’s [11]. We shall
discuss this at length below in this paper.

The high-energy structure of the absorption spectra de-
serves separate discussion. As PLE [3]-[5], [7] and direct
absorption [11], [13] measurements have shown, exci-
tonic resonances at the onset of the n, = 2 and n, = 3
transitions can be seen in the spectra of MDQW'’s also,
and over a large range of temperatures, in spite of the
screening of the electron-hole Coulomb interaction that
might be expected from the free carriers. The explanation
of this apparent absence of screening is that the screening
is most effective at energies close to Er where it gives rise
to the above-mentioned Fermi edge enhancement [27],
[29]. The absence of strong screening for higher transi-
tions is also consistent with time-resolved photoexcitation
experiments in undoped samples where strong effects are
seen on the n, = 1 exciton with only minor changes at the
n, = 2 peak [32]. However, the free carriers do affect the
energies of all the confined levels via the electrostatic po-
tential present in the sample. The fixed (positive) charge
of the ionized dopants (donors) in the barrier layers con-
trols the spatial distribution (the wave function) of the
mobile (negative) carriers within the quantum wells. This
results in a bending of the bands (see Fig. 1) whose mag-
nitude is given by Poisson’s equation and depends linear-
ily on the carrier concentration [1]. In general, N < 1 X
10'2 cm ™2 which, if uniformly distributed over a 100 A
wide quantum well with dielectric constant e on the order
of 12 (GaAs, InGaAs), produces a maximum bending on
the order of 18 meV at the center of the well. This is much
less than the barrier heights on the order of 214 meV in
GaAs/AlGaAs, 240 meV in InGaAs/InP, and 440 meV
in InGaAs/InAlAs. We will evaluate the consequences of
this bending specifically below, although the effect of this
electrostatic potential is not very large in symmetric struc-
tures. It becomes more important, however, in asymmet-
ric, one-sided MDQW’s (e.g., FET structures) where it
results in an asymmetric distribution of the carriers in the
well. The asymmetric skewing of the wells results in sub-
stantial shifts of the transitions through the quantum-con-
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fined Stark effect [33]. In this case, the screening of the
electrostatic field by the mobile carriers is important, and
its effect on the confined energies and wavefunctions can
be obtained by self-consistently solving the Poisson and
Schrddinger equations [5]-[7], [18], [34].

In view of the large amount of data on optical spectra
of MDQW'’s, many of them not yet understood, the time
seems appropriate to present them in a unified and com-
prehensive picture. Our goal in the present paper is to
accomplish only part of this ambitious task, namely, to
discuss the effect of the carriers on the temperature-de-
pendent absorption and luminescence spectra. We will
first present our experimental data (Section II), starting,
for the sake of clarity, with results we have obtained in
an undoped InGaAs/InAlAs QW sample (Section II-A),
which we use as a ““‘control’’ to compare to doped results.
The behavior of the same material system, but modulation
doped, is presented in Section II-B, while results on a
GaAs/AlGaAs n-MDQW sample are described in Section
II-C. The electrostatic effects on the transition energies
are described in Section III-A. As mentioned earlier, the
existence and the strong temperature dependence of the
absorption edge peak in these samples (the Mahan exci-
ton) can be described by means of the 2D many-body
model of Schmitt-Rink et al. {29]. In Section III-B, we
describe briefly our version of the model, slightly modi-
fied to describe a single-component plasma of electrons,
and we discuss at length the physics behind the model.
Finally, in Section IV, we present our conclusions.

II. EXPERIMENTAL RESULTS

A. Temperature-Dependent Absorption and
Photoluminescence of InGaAs/InAlAs Undoped QW'’s

In this section, we present results obtained on a “‘con-
trol’’ sample—an undoped InGaAs/InAlAs QW structure
that is essentially otherwise identical to the doped one.
The results we obtain are similar to published data [31],
[35], [36] and are essential for the understanding of the
results obtained in the modulation-doped sample.

The sample used consisted of 50 periods of 100 A wide
InGaAs wells and 200 A wide InAlAs barriers, all grown
by MBE lattice matched on an InP substrate. The sample
was antireflection coated and transmission through it was
measured. Examples of our temperature-dependent ab-
sorption spectra on undoped InGaAs/InAlAs are shown
in Fig. 2(a). The spectra exhibit the typical step-like
structure characteristic of the 2D density of states in the
confined levels. Excitonic peaks at the edges of each step
are clearly seen at all temperatures. The three stronger
peaks at 0.855, 1.021, and 1.249 eV seen in the low-
temperature spectrum (12 K) are easily identified as tran-
sitions between the n, = 1, 2, 3 electron and heavy-hole
states Eyu,, Eypy, Ejp,. The weaker peaks at 0.881 and
1.127 eV correspond to transitions between the n, = 1, 2
electron and light hole states E,;,, E,;,. We calculated the
energies corresponding to the above transitions by solving
the Schrédinger equation in a finite square well, using the
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Fig. 2. (a) Temperature-dependent absorption spectra of undoped In-
GaAs/InAlAs quantum wells. Insert: Half width at half maximum of
first absorption peak as a function of temperature. Squares: measured.
Curve: calculated (see text). (b) Temperature-dependent absorption
spectra of n-modulation-doped InGaAs/InAlAs quantum wells.

barrier heights and the electron and hole effective masses
as adjustable parameters. The values used for the fit are
listed in Table I. They are identical to those reported in
[18] and similar to previously reported values [31], [36].

With increasing temperature, the entire absorption
spectrum shifts to lower energies, due to the decrease of
the bandgap E,. In Fig. 3, the energies of the Eyy, tran-
sition are plotted as a function of temperature (empty cir-
cles). Above 100 K, a practically linear dependence is
observed, with a negative slope of 3.8 X 107* eV/K,
very close to estimates based on values reported for
AE,/AT in the bulk materials. The excitonic peaks
broaden with increasing temperature due to interaction
with thermal LO phonons [30], [31]. In the insert of Fig.
2(a), we plotted as a function of temperature the half width
at half maximum (HWHM) of the E;;, absorption line
(measured on the low-energy side of the peak). The solid
line represents a fit to the expression

WLo

hkT B 1) (1)

where T'y is a constant inhomogeneous term accounting
for interface roughness and alloy fluctuations, and the
second term represents the homogeneous broadening due
to scattering by InGaAs phonons. Similar behavior was
observed previously in GaAs/AlGaAs samples [30], as
well as in earlier measurements on InGaAs/InAlAs sam-
ples [31]. Given Aw o = 35 meV [31], the best fit we
obtain is for I'y = 2.3 meV and I'y, = 15.3 meV. The
inhomogeneous broadening Iy is rather small, indicating

HWHM =T = PO + I‘ph/<exp
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TABLE 1
PARAMETERS USED FOR THE CALCULATION OF THE ENERGIES OF THE
CONFINED STATES (m Is THE FREE-ELECTRON MAsS)

InGaAs/InAlAs GaAs/AlGaAs

Eg(well) 0.810 eV 1.515eV
E, (barrier) 1.543 eV 1.890 eV
AE, 440 meV 214 meV
AE, 293 meV 161 meV
m,(well) 0.041m, 0.067m,
my,;, (well) 0.377m, 0.340m,
my, (well) 0.052m, 0.094m,
m, (barrier) 0.071m, 0.084m,
my,, (barrier) 0.580m, 0.420m,
my, (barrier) 0.140m, 0.043m,
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Fig. 3. Position of the luminescence peak (triangles) and first absorption
peak (circles) as a function of temperature in the undoped (empty sym-
bols) and doped (full symbols) sample. The lines are guides to the eye.

a very good sample quality. The value we obtain for Ty,
is significantly larger than that reported in [31] (9 meV),
which implies a larger net increase of the linewidth from
low temperatures up to room temperature. Since the room
temperature width we obtain is roughly the same as the
one observed in [31], while the low-temperature width is
much smaller in our measurements, we interpret this dis-
crepancy as being partly due to the better quality of our
sample and possibly lower errors in measuring T'.

We also measured the temperature-dependent photo-
luminescence of the same sample, using the 6471 A line
of a Kr laser for photoexcitation. The energies corre-
sponding to the luminescence peak are plotted as a func-
tion of temperature in Fig. 3 (empty triangles). Above T
= 100 K, they coincide with the E};,;, energies obtained
from the absorption spectra (empty circles in Fig. 3), in-
dicating that the luminescence is excitonic. At low tem-
peratures, however, the luminescence line is Stokes-
shifted with respect to the absorption. At T = 2 K, the
shift is =15 meV and it decreases with increasing tem-
perature. This dependence is practically identical to that
reported for InGaAs/InP QW'’s [35], and so is the low-
temperature line shape of the luminescence. We, too, find
that at 7 = 2 K, the luminescence peak is asymmetric to
lower energies, with a full width of about 11 meV. This
line shape is probably due to low-energy tails of the band
densities of states whose participation in the emission pro-
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cess is enhanced at low T. Indeed, as the temperature is
increased to = 80 K, the luminescence line becomes nar-
rower (7 meV) and acquires the usual asymmetry to
higher energies due to the Boltzmann factor. The shift of
the luminescence peak to higher energies for temperatures
between 2 and 80 K is expected when the luminescence
is extrinsic or is due to excitons weakly localized in po-
tential fluctuations [35]; these fluctuations may be caused
by variations of the well width or by spatial variations of
the alloy concentration. Luminescence from the recom-
bination of localized excitons is predominant at low tem-
peratures. As temperature increases, the excitons become
delocalized, and the luminescence arises from band-to-
band recombination processes at energies that coincide
with the absorption edge peak, as illustrated in Fig. 3.

B. Temperature-Dependent Absorption and
Photoluminescence Spectra of InGaAs/InAlAs
Modulation-Doped Quantum Wells

The modulation-doped sample has nominally the same
structure as the control sample described in the previous
section, except that the central 100 A of the barrier layers
is Si doped, leaving 50 A undoped spacer layers on each
side. A carrier density N = 4.8 x 10" cm ™2 was obtained
from Hall measurements at 7 = 2 K. Absorption spectra
obtained at several temperatures are shown in Fig. 2(b).
The comparison to Fig. 2(a) reveals striking differences.
Although the n, = 2 and n, = 3 transitions can be clearly
identified in the spectra of the doped sample too, the
strong Ey,, and E;;, peaks have disappeared even from the
low T spectra, being replaced by a single broad feature,
blue shifted by a significant amount (about 40 meV ). This
blue shift of the absorption edge in the MDQW sample
with respect to that of the undoped one is maintained over
the whole temperature range, as illustrated in Fig. 3 (full
circles, as compared to empty ones). As temperature is
increased, the absorption edge peak broadens and disap-
pears rapidly: at 150 K, only a ‘*knee’’ is left, which
barely changes up to room temperature. This broad knee
is very similar to the shape described in Fig. 1 for the
absorption into the continuum of states above Ep. The
higher energy peaks (n, = 2, 3) are observed at energies
very similar to the corresponding peaks in the undoped
sample (blue shifted by about 5 meV), and they exhibit
a larger width even at low temperature. However, the
broadening of these peaks from 16 to 300 K takes place
at a much slower pace than that of the absorption edge
peak. It is quite clear from these spectra already that the
absorption edge peak is different in nature from the exci-
tonic peaks seen in the undoped sample.

More information about the origin of the absorption
peak may be obtained by comparison to the luminescence
data. The luminescence spectrum at 7 = 2 K is presented
in Fig. 4. The peak is asymmetric to lower energies, very
similar to the line shape observed in the undoped sample.
The width of the low energy tail is larger here: about 18
meV (out of a total width of 24 meV ) compared to about
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Fig. 4. Low-temperature lunescence spectrum in the modulation-doped
InGaAs/InAlAs sample.

6 meV (out of a total width of 11 meV) in the undoped
sample, which suggests that bandtails are more populated
in the modulation-doped sample. The position of the lu-
minescence peak is also different from that observed in
the undoped sample. As illustrated in Fig. 3 (full trian-
gles), the luminescence from the modulation-doped sam-
ple is Stokes shifted from the absorption edge by =38
meV. This value is consistent with the expected Moss-
Burstein shift for N = 4.8 x 10" ¢cm™ and a value for
the ratio of the electron and heavy hole in plane masses
m,/my, = 0.6 [37].

Two more important pieces of information emerge from
Fig. 3. First, the energy of the luminescence peak in the
doped sample follows the temperature dependence of the
gap, and does not exhibit the initial increase with tem-
perature observed in the undoped sample. This may be a
consequence of the large concentration of electrons at the
bottom of the conduction band in the doped sample that
exceeds by far the small concentration of weakly local-
ized carriers that were participating in the recombination
process in the undoped sample. One may conclude, there-
fore, that even at low T, the luminescence we observe in
the modulation-doped sample is intrinsic, due to band-to-
band recombination. Second, the luminescence peak not
only follows the temperature dependence of the absorp-
tion edge in the undoped sample, but it also occurs at
practically the same energy. There is a small, but system-
atic, blue shift of about 5 meV which, together with the
5 meV blue shift of the n, = 2 and n, = 3 transitions,
suggests that all the transitions in the modulation-doped
sample occur at the same energies as in the undoped one.
This is consistent with the fact that the two samples have
essentially identical structure. The small difference in
energies may be due to strain or slight differences in the
widths of the quantum wells in the two samples. It also
suggests that: 1) the bandgap renormalization effects are
small at this concentration, and 2) the bending of the bands
due to the charges present in the MDQW sample (see Fig.
1) has a negligible effect on the transition energies. We
will discuss the latter in Section ITI-A.
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C. Temperature-Dependent Absorption and
Photoluminescence of GaAs/AlGaAs Modulation-Doped
Quantum Wells

We have done the same type of measurements using a
GaAs/AlGaAs n-MDQW sample [11]. The structure
consisted of 120 A quantum wells, sandwiched between
350 A barriers, whose central 115 A is Si doped (n type).
A concentration N = 2.6 X 10" cm™2 was obtained from
low-temperature Hall measurements. Examples of the ab-
sorption and luminescence spectra are shown in Fig. 5(a).
Similarly to the previous material system, the low-tem-
perature absorption spectrum (10 K) shows the n, = 2
and n, = 3 transitions, while the strong E);,, E,; peaks
characteristic for the spectra of undoped samples are re-
placed here by a single peak. A blue shift of this peak
with respect to the luminescence is also observed. The
value of the shift is Eyz = 15 meV, which corresponds
to N = 3.5 x 10" cm™?, using m,/m, = 0.2 for the
electron to heavy hole in plane mass ratio [2]. The value
we obtain for N is somewhat higher than that measured
by Hall effect, which could be due to inhomogeneities of
the doping over the area of the wafer. A fit of the transi-
tion energies was performed, solving the Schrédinger
equation in a square well with the parameters listed in
Table I. The reason for using a square well, neglecting
the electrostatic ‘‘bending’’ of the bands, is explained in
Section III-A. The calculated transition energies are in-
dicated with arrows in Fig. 5(a). Bandgap renormaliza-
tion of 12 meV was assumed in this calculation for all
transitions. As in the case of InGaAs/InAlAs sample, the
luminescence corresponds to the E;;, transition.

With increasing temperature, the absorption peak de-
creases and broadens, as in the previous sample. But the
changes are more spectacular here since the peak is much
sharper to begin with. As can be seen in Fig. 5(b), an
increase in temperature of 50 K is enough to nearly double
its linewidth. This should be compared to the situation in
the undoped GaAs/AlGaAs quantum wells where a tem-
perature of 300 K was necessary to broaden the E;;, ab-
sorption line by the same amount.

With increasing temperature, the entire spectrum shifts
to lower energy, like in the previous samples. In Fig. 5(c),
the positions of the luminescence and the first absorption
peak are plotted as a function of temperature. Note that
for temperatures above 100 K, the energy difference be-
tween them decreases, becoming practically zero at room
temperature. This may be rationalized as being due to the
temperature dependence of the Fermi energy or, more
precisely, the chemical potential

E
Esem = kT In (exp k—; - 1> (2)
(where Ef is the chemical potential at T = 0). In Fig. 6,
the calculated values of E,., are plotted as a function of
temperature for different concentrations N. The dots rep-
resent the experimental values, obtained from the energy
difference between the positions of the absorption edge

IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 24, NO. 8, AUGUST 1988

Ein Ezh ETI ECI'\

T l' Ill' ll T T T T
a b
L@ Ay ®)
AT 8 1
e Wy -
!
iy
b i\, 4
—~ 6
g
2 0K o z
- 4
h L
o et
8- MNA 2k
Iy ’
AN
eob T
z AV %5
Y ! B
2L o 18 T T
! E ]
. ) ) F(©) ]
T t t 7 F 3
L x = LUMINESCENCE
ok . < F 0 = ABSORPTION
N % 16 1
J o a
4r r 1 " I ]
HHKoxm = -2 ]
15 F xR XS SRy
2 F SES ]
f] 100K C 91
ol dF 1 P77} S T T T S SN S S T S N
14 15 16 17 0 100 200 300

£ tov) T K

Fig. 5. (a) Absorption (broken line) and photoluminescence spectra (full
line) of the GaAs/AlGaAs n-modulation-doped sample. The arrows on
the top spectrum indicate calculated transitions. (b) First absorption peak
as a function of temperature on an extended scale. (c) Temperature de-
pendence of the positions of the luminescence peak (crosses) and first
absorption peak (squares).
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Fig. 6. Full lines: calculated temperature dependence of the chemical po-
tential in an n-modulation-doped GaAs/AlGaAs quantum well for dif-
ferent carrier concentrations N. Dots: experimental points, obtained from
the energy difference between the luminescence peak and the first ab-
sorption peak in the GaAs/AlGaAs sample [see Fig. 5(c)]. Broken line:
the curve that fits the data.

and the luminescence peak. There is a good agreement for
N=3.5x 10" ecm™.

Summarizing this section, we conclude that the main
features characterizing the optical spectra of modulation
doped quantum wells are as follows.

1) There is a difference in energy between the lumi-
nescence and the absorption edge. At low temperature, it
can be well approximated by the Moss—Burstein shift Eyp
= (1 + m,/m,) Er, should be replaced with E ;.

2) The absorption edge exhibits a peak, which is
strongly temperature dependent. Its behavior is not con-
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sistent with that of a conventional exciton in an undoped
quantum well structure.

3) The higher energy absorption peaks appear in the
spectrum at approximately the same positions as in an un-
doped sample with the same structure. Their width is
larger in the doped samples. Temperature effects on these
peaks are by far weaker than in the case of the edge peak.

We shall discuss these results in the following section.
In Section III-A, we calculate the confined energy levels
in the presence of the charges to find out at what concen-
trations and to what extent these electrostatic effects be-
come important. In Section III-B, we discuss the nature
of the absorption edge peak. We show that it can be iden-
tified as the many-body electron-hole correlation singu-
larity whose existence was predicted by Mahan for de-
generate, bulk semiconductors [27]. We follow a 2D
version of this calculation, developed by Schmitt-Rink ez
al. [29] and we calculate the line shape of this peak, as
well as its dependence on temperature and carrier concen-
tration. .

HI. DiscussioNn

A. Self-Consistent Calculation of the Transition
Energies in a Modulation-Doped Quantum Well

In order to check the effect of the electrostatically pro-
duced band bending on the confined levels, we have self-
consistently solved the Poisson and Schrddinger equa-
tions in this type of structure. The calculation is similar
to that described in [34]. As a starting point for the iter-
ation, we assumed that the free electrons were initially
distributed in the quantum well according to the wave
function of the n, = 1 unperturbed state, which was cal-
culated using a tunneling resonance program. This ap-
proxmation is valid at low temperatures and for carrier
concentrations such that Er is smaller than the difference
between the n, = 2 and the n, = 1 electronic levels. For
InGaAs, this condition restricts the calculation to N < 3
x 102 cm~2, and in GaAs to N < 2 X 10" cm~2. These
maximum values are well above the concentrations in the
present samples. We then solved the Poisson equation as-
suming the ionized donors to be uniformly distributed in
the doped regions of the barriers. We superposed the elec-
trostatic potential obtained in this way on the original
square well, thus ‘‘bending’’ the bands (see Fig. 7). In
the next iterations, we found the confined levels in this
new ‘‘bent’’ well, and we redistributed the electrons ac-
cordingly (in the newly found n, = 1 state). The proce-
dure converged rapidly: after five iterations, the changes
in the energy of the first electronic level were less than
0.5 meV. With the electrons populating the n, = 1 level
obtained from the last iteration, we recalculated the elec-
trostatic potential, found the other confined levels (for
electrons, heavy holes, and light holes), and calculated
the transition energies.

In Fig. 7, illustrative results of the calculation per-
formed using parameters of InGaAs/InAlAs are shown.
The structure consisted of a 100 A well, sandwiched be-
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Fig. 7. Electrostatic effects in a modulation-doped quantum well structure.
(a) Band structure of the quantum well. Broken line: undoped. Full line:
Potential obtained from the self-consistent calculation (see text). V, rep-
resents the maximum bending at the center of the well. E indicates the
position of the Fermi level, e,, e,, hh,, hh, indicate the positions of the
confined levels of the electrons and heavy holes, respectively (in pres-
ence of the charge). (b) Calculated shifts A E of the transition energies
as a function of the carrier concentration N. Empty circles: homoge-
neously distributed charges. Full circles: self-consistent calculation (see
text). The lines are guides to the eye.

tween 200 A barriers, whose central 100 A were doped.
The structure and the resulting potential for the highest
electron concentration used (N = 2.5 x 10'? cm™?) are
described in Fig. 7(a). The potential in the undoped struc-
ture is plotted using broken lines, while the potential cal-
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culated for the doped structure is plotted with full lines.
Only 100 A of each barrier are shown. The positive
charge of the ionized donors is distributed in the first and
last 50 A of the barriers, while the negative charge is
distributed according to the wave function of the confined
electrons in the well. The energy levels corresponding to
the n, = 1, 2 electron and heavy-hole confined states in
the presence of the charge are indicated, as well as the
Fermi level E. The n, = 3 electron level is not shown
because, being so close to the top of the well, it becomes
unbound for relatively small carrier concentrations. The
maximum bending at the center of the well is proportional
to the carrier concentration. We calculate the band bend-
ing exactly in our self-consistent calculation below, but it
can be well approximated by the ‘‘uniform charge den-
sity’” result Vp = 1/2 (epz?) where p is the volume car-
rier density and z is measured from the edge of the well.
For e ~ 12, this gives V; ~ 17 meV at the center of the
well for N =1 x 102 cm™2 (p =1 x 10"® cm™3) and
~43 meV for N = 2.5 x 10” ecm™ (p = 2.5 x 10'®
cm™?). These values are not very large when compared
to the barrier heights, but are significant when compared
to the energies of the lowest confined levels in the un-
doped quantum well: 48 meV from the bottom of the con-
duction band for the electron, 7 meV from the “‘bottom”’
of the valence band for the heavy hole, and 32 meV for
the light hole.

The effect of the band bending is obtained by calculat-
ing the transition energies in the presence of the band
bending and comparing them to the values obtained for
the square undoped quantum well. In Fig. 7(b), we plot
the differences AE between the transition energies cal-
culated with and without the charges as a function of the
carrier concentration N for the transitions involving the n,
= 1, 2 electron, heavy hole, and light hole states (full
circles). It can be seen that the values A E are very small
(on the order of a few meV) at the concentrations present
in our samples, becoming significant only at concentra-
tions above 10'? cm™2. The differences are negative and
approximately linear in N for the case of the heavy-hole
transitions where clear shifts are predicted. In the case of
transitions involving the light holes, there is practically
no change (AE = 0) over the whole range of concentra-
tions.

The reason for these extremely small changes is the fact
that the effects of bending up the bottom of the conduction
band and bending down the ‘‘bottom’’ (as seen by the
holes) of the valence band tend to cancel each other. This
can be deduced from first-order perturbation theory, which
is applicable here since the changes AE are proportional
to N, and thus to the perturbation V,. The correction to
the energy of the confined levels from a parabolic bending
within the wells can be written as E{ =
(¥ az?| ¥(?) where i = e, hh, Ih, the constant a is
proportional to the carrier concentration, and z is the dis-
tance. This expression has always the sign of a: it will be
negative for a < 0 [bending upwards of the bottom of the
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conduction band; see Fig. 7(a)] and it will be positive for
a > 0 [bending ‘‘downwards’’ of the ‘‘bottom’’ of the
valence bands; see Fig. 7(a)]. Its value will also be linear
in a, of course, which in this case means linear in N. The
transition energy is calculated as the sum between the en-
ergy of the gap E, and the energies of the electron and
hole, measured with respect to the bottoms of their cor-
responding wells. The change in the transition energy will
therefore be AE = EV + E{L)., with E{" negative and
E {\}. positive. Were the absolute values of E{" equal, they
would cancel each other and AE = 0. This happens in the
case of the light hole [see Fig. 7(b)] because the wave-
functions ¥ and ¥{’ are very similar (the particles have
similar masses). In the case of the heavy hole, the masses
are very different (the ratio my, /m, = 10; see Table 1),
and so are ¥ and ¥{). Therefore, a larger shift is ex-
pected and obtained, as shown in Fig. 7(b). The fact that
AE is negative shows that the dominant shifts are those
of the electronic levels.

The self-consistent calculation has an interesting effect
on the n, = 1 electronic wavefunction: ¥, ‘‘spreads’’
along z, the direction perpendicular to the quantum well,
as a result of the electrostatic attraction of the electrons
to the positively charged barriers, which tends to screen
the electrostatic field. Actually, almost identical solutions
for the Schrodinger equation are obtained if one approx-
imates the electrostatic potential with that created by uni-
formly distributed negative charge in the well too. To il-
lustrate this, we have plotted in Fig. 7(b) also the energy
differences AE calculated assuming a uniform distribu-
tion for the electrons in the QW’s (empty circles). The
values obtained for A E from the two calculations are very
close, within 0.5-1 meV from each other for all the con-
centrations considered. This error is actually of the same
order of magnitude as the fluctuations of the energy level
during the iteration. The fact that the results of the self-
consistent calculation are always below those obtained as-
suming the charge homogeneously distributed is probably
due to the fact that we stopped after a small number of
iterations, with a slightly asymmetric wavefunction for
the electron. This asymmetry is similar to the application
of a small electric field, which slightly skewes the well
and shifts all transitions to lower energies.

Our conclusion is therefore that an excellent approxi-
mation of the electrostatic potential in a symmetrical
modulation-doped structure can be obtained by assuming
that the free carriers are homogeneously distributed within
the quantum wells. Consequently, there is in practice no
need for time-consuming self-consistent calculations to
obtain the confined levels and wavefunctions in these
symmetrical structures.

From these calcuations, we also arrive at a second con-
clusion: the shift of the interband transition energies as a
function of N is negligible for concentrations below 10'?
cm 2, Therefore, a calculation of the transition energies
in a square well is an excellent approximation in a sym-
metric structure, moderately doped.



LIVESCU et al.: FREE CARRIER & MANY BODY EFFECTS IN MDQW'S

B. Many-Body Effects in the Absorption Spectra of
Modulation-Doped Quantum Wells: The Fermi Edge
Correlation Singularity

We discuss in this section the nature of the absorption
edge peak and its dependence on temperature and carrier
concentration. We present a many-body calculation of the
absorption edge line shape which accounts for the exis-
tence of this peak at the Fermi edge, and predicts a de-
pendence on temperature and carrier concentration that
agrees with the experiment.

The relatively large concentration of electrons in the
conduction band of a modulation-doped quantum well can
be regarded as a degenerate electron gas. Their screening
of the Coulomb interaction should drastically weaken the
interaction between photoexcited electrons and holes,
eventually leading to the disappearance of the excitonic
resonances from the absorption spectrum. As first dem-
onstrated by Mahan [27], excitonic effects persist in prin-
ciple even into regions where the conduction band is a
high density gas. He showed that, were it not for lifetime
broadening, a real electron-hole bound state would exist,
which would appear in the optical spectrum at an energy
close to the Burstein edge, and whose binding energy
would vanish at very large concentrations. The existence
of the bound state is related to exclusion principle restric-
tions on the electrons’ scattering. The experimental ob-
servation of this Fermi edge resonance in doped bulk
semiconductors is practically impossible because of the
strong scattering of carriers by the random impurity po-
tentials. One way of creating large densities of charge car-
riers without the introduction of impurities in pure bulk
semiconductors is by optical excitation: at sufficiently
large intensities, an electron-hole plasma is created.
Using this technique, Asnin et al. [38] seem to have ob-
served this Fermi resonance as a weak enhancement at the
absorption edge of pure Ge. The crucial aspects of mod-
ulation-doped quantum wells that make possible the ob-
servation of the Fermi edge resonance are, we believe,
the spatial separation between the ionized donors in the
barriers and the carriers in the wells, on one hand, and
the enhancement of the oscillator strength of the absorp-
tion due to confinment of the carriers in the quantum
wells, on the other.

A full theoretical treatment of the Fermi edge resonance
is very complicated, as discussed at length by Nozieres et
al. [28] for the case of metals, and by Ruckenstein and
Schmitt-Rink [29] for semiconductors. The conclusion
they reach for both cases is that the singularity exists, al-
though the calculation of the line shape is outside the
scope of conventional perturbation theory. In the approx-
imate treatment of Mahan [27] (used for quantum wells
by Schmitt-Rink et al. [29]), the absorption process is
viewed as the optical creation of an electron-hole pair,
and the Coulomb scattering between the photocreated hole
and the sea of electrons is calculated in the final state.
This scattering causes a logarithmic singularity in the ab-
sorption spectrum at Er, which decreases in intensity as
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the carrier concentration increases, and is smoothened by
the finite lifetimes of the electrons and holes. The only
electron-hole scattering terms used in this calculation are
the so-called ‘‘ladder diagrams’’ which, for an insulating
semiconductor, are identical to Eliott’s method of solving
the hydrogenic Schrodinger equation [27]. Other types of
terms, the ‘‘nonladder diagrams,’’ will also affect the op-
tical absorption. As predicted by Mahan [27], there is no
possibility that these terms will cancel the logarithmic
singularity. Nozieres et al. [28] confirmed later that these
corrections practically cancel each other, thereby having
little effect on the shape of the Fermi edge spectrum in
metals. Therefore, in our attempt to calculate the absorp-
tion edge line shape, we have used the approximate many-
body 2D model developed by Schmitt-Rink et al. [29],
which essentially applies Mahan’s approach to electron-
hole plasmas in highly photoexcited quantum well struc-
tures. In their model, the optical spectra are obtained by
solving the Bethe-Salpeter equation (BSE) for the e-A pair
Green’s function within the statically screened ladder ap-
proximation. This singular integral equation describes the
multiple scattering of electrons and holes via the statically
screened Coulomb interaction. In our modified version,
the plasma is composed of electrons only. This affects the
screening of the Coulomb interaction, and therefore the
electron and hole eigenstates, as well as the interband
density of states, which determines the absorption coef-
ficient «. In order to calculate the expression of the ab-
sorption coefficient, we therefore went step by step
through the calculation of [29], only adapting it for the
single component plasma of electrons. In the following,
we briefly recall these steps, and we devote more space
to the discussion of the physics behind this model.

The carriers interact via the 2D Coulomb interaction
V(r) = €®/e,r where ¢, is the background dielectric con-
stant. In the absence of carriers, the photoexcited elec-
trons e and holes 4 form excitons, with 2D binding energy
E;p = 2me*/ hel and Bohr radius ayp = he,/2me* where
m is the reduced electron-hole mass: m ™' = m;! + m;\.
We consider here the heavy hole only. In the presence of
free carriers (electrons, in our case), one has to include
exchange effects as well as the screening of the Coulomb
forces. The 2D screened Coulomb interaction can be ex-
pressed as V,(q, ) = 27e?/e(q, w)q.

Following [29], we use the static random phase ap-
proximation (RPA) for the dielectric constant ¢! (g, 0)
= &'(1 — (03(9)/w*(g))). Here w,(q) is the 2D
plasma frequency w?(q) = 27Ne’q/eym, where N is the
electron concentration (per unit area). w(q) is the fre-
quency of the effective plasmon mode: w?( q) = wf,( q)
(1 + q/«) + ¢*h*/4 m?. The screening wavenumber «
is given by xa, = m,/m [1 — exp(— ( Ep/kT))] where
Er = h*ki/2m, and kp = +27N. Finally, €(q) becomes

@) _,, L[, o m(ga)
o = 1 +an [(mo) +m, 2% } (3)
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Note that the screened Coulomb interaction V,(q) de-
pends both on temperature and on carrier concentration
via k, and that contrary to the unscreened case, V(g =
0) does not diverge and its value is 27e® /e,x. At a given
T, as the concentration increases, xk and hence ¢ become
larger, making the screening more efficient. Changes in
temperature also have an important effect on V(q): for a
given concentration of carriers, increasing T makes « and
¢ smaller, which in turn makes the screening less effective
and V(g = 0) becomes larger.

The absorption spectrum associated with optical tran-
sitions between the lowest electron and hole subbands is
determined {29] by the interband density of states D (Aw).
In the absence of carriers,

a(hw) = Dy(ho) = 7 2 |¢,(r = 0)|* 8(hw - E,)
(4)

where E,, are the eigenvalues of the unperturbed excitonic
problem, corresponding to the wavefunctions ¢,(r) and
¢, (k) in real and reciprocal space, respectively. (The sum
is carried over both the discrete states and the correspond-
ing continua.) In the presence of free carriers, one has to
replace the excitonic eigenfunctions ¢, (k) by scattering
(i.e., unbound) states ¢,(k), classified according to the
relative e-h momentum p. The electron-hole pair ener-
gies are E(p) = E,(p) + E,(p), depending now on a
continuous index p, and not the discrete index n, which
characterized previously the excitonic e-h states. The in-
terband density of states (i.e., the absorption coefficient
a) is calculated as [29]

a(hw) = D(hw) = Do(hw) p(hw) (5)

where D,(hw) = 1 — f,(hw) represents the one particle
result, and

_ M(p) i
M(p)

is the correlation enhancement due to multiple e-A scat-
tering. Here Aw is the photon energy, and A\, and \, are
given in the limit of moderate densities (Na3p < 1) and
low temperatures (k7/E,;, < 1) by the following expres-
sions:

(6)

o(hw) = ’1
E(p)=he

N 2 1 — fo(k)

MO =y ¥ VPO G —pw v
(7)

O PEY ORT )

where
1 2%
Vk,k’:—g doV, (k — k'
Wk k) = = | doV, (K — &)

is the angle-averaged value of the statistically screened
Coulomb interaction ( p is the angle between k and k').
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The use of the angle averaging is justified by the fact that
only s-wave scattering states [29] are contributing to
D(w).

These expressions include terms containing the screened
2D Coulomb interaction, as well as the distribution func-
tion of the screening particles. Therefore, both D,(hw)
and p(hw) depend on the temperature T and concentra-
tion N. Using (5)-(8), we have calculated the correlation
enhancement p(hw) and the absorption coefficient
a(hw). In Fig. 8, we have plotted the results of the cal-
culation of for GaAs: values of « in the temperature range
10-50 K (kT/ E,p, between 0.05-0.27) are plotted in Fig.
8(a) for a fixed value N = 3.5 x 10'' em™ (Nadp =
0.15), while in Fig. 8(b), the absorption coefficient is cal-
culated as a function of the concentration N at a fixed tem-
perature 7 = 10 K. The horizontal axis in the figure is the
photon energy, measured from the energy gap between
the top of the n, = 1 hole subband and the bottom of the
n, = 1 electron subband. Apart from universal constants,
the only numerical inputs used are the masses m, and m,,
the temperature 7, and the electron concentration N.

It is clear that we are able to reproduce qualitatively the
behavior observed in the experiment: at an energy equal
to (1 + m,/my,)Er, the spectra exhibit a peak, which
weakens rapidly when temperature is increased. This peak
reflects the behavior of the correlation enhancement
p(hw). It is a result of the interaction between the hole
created in the valence band and the electron gas in the
conduction band. The movement of the sea of electrons
towards the hole, which screens the Coulomb potential of
the hole, of itself correlates them together, thus enhancing
the absorption. Hence, the correlation is actually caused
by the screening mechanism. The correlation factor is
strong and narrow at low temperatures, becoming singular
at T = 0. (An arbitrary broadening § = 1 meV was in-
troduced to avoid the singularity in the numerical integra-
tion used in calculating \; and \,.) The screening (and
the correlation) becomes weaker as the hole wavevector
moves away from kr, and hence the spectral peak around
the Burstein edge. The screening (and the correlation) also
becomes weaker with increasing temperature, and hence
the thermal broadening of p (Aw), which reflects the ther-
mal broadening of the electrons’ distribution function.

It is interesting to note that this result is most unex-
pected in the framework of the single particle picture. One
would have expected the electron plasma to effectively
screen the hydrogenic exciton at low temperature. At
higher temperatures, one would have expected to see a
reappearance of the excitons, as a result of the weakened
screening. The experiment shows that the opposite is true
for the present density: at low temperature, a strong peak
is seen in the absorption spectra due to the fact that the
electron gas forms a correlated state with the hole, a col-
lective analog of the hydrogenic exciton in an undoped
sample. At higher temperatures, as the electrons are
spreading in energy, the peak weakens because this cor-
relation weakens, analogous to the ‘‘unbinding’’ of a
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Fig. 8. Calculated absorption coefficient for the GaAs/AlGaAs n-MDQW
structure. Upper: absorption edge peak as a function of temperature for
N = 3.5 x 10" cm™2. Lower: absorption edge peak as a function of
carrier concentration for T = 10 K. Horizontal axis: energy measured
from E|,, the energy gap between the top of the n = 1 heavy-hole sub-
band and the bottom of the n = 1 electron subband.

state. In fact, the hydrogenic exciton and the correlation
singularity can be regarded as two extremes of the same
Coulomb enhancement phenomenon, the exciton repre-
senting the case of maximum screening of the hole by one
electron.

The effect of the carrier density on the absorption edge
peak is shown in Fig. 8(b). The calculated absorption
coefficient at T = 10 K is plotted for different values of
NuptoN =8 X 10" cm™2 (Nadp = 0.34). It can be
seen that for increasing carrier densities, the maximum of
a(hw) near the chemical potential decreases, reflecting
the decreasing e-h coupling due to increased phase space
occupation and exchange effects [24], [29]. This agrees
with the behavior observed in the spectra of n-MDQW’s
of GaAs/AlGaAs [7], [13]: with increased doping, the
E,.» and E,, absorption peaks broaden and eventually
merge into one single, broad peak. The fact that there is
only one peak left in the absorption spectra is due to the
mixing of the heavy hole and the light hole for wavevec-
tors k = kg [7], [11].

The line shapes we calculate for « are much narrower
than the actually observed ones, which limits our agree-
ment to a qualitative one. The reason is that we have not
included any broadening mechanisms in our calculations,
such as inhomogeneous broadening or the contribution of
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the light hole, none of which is easily modeled. The fact
that this calculation is valid only at low temperatures jus-
tifies our neglect of the phonon-induced broadening too.
In fact, this whole calculation was essentially performed
in order to explain the strong temperature dependence of
the absorption coefficient in a range where the optical
phonon interaction is practically nonexistent. Finally, we
wish to emphasize one source of broadening that is not
present experimentally: broadening from collisions with
ionized impurities. This is the benefit of modulation dop-
ing, and it may be one important reason that allows the
observation of the correlation peak in MDQW'’s, but not
in doped, bulk semiconductors.

Summarizing this section, we have calculated the line
shape of the absorption coefficient in the region of the
absorption edge, using a many-body model to describe the
eigenstates of the photoexcited electrons and holes and
the Coulomb interaction between them in the presence of
a background electron concentration. The result we obtain
is that the absorption coefficient exhibits a singularity
close to the Fermi edge, which broadens rapidly with in-
creasing temperature or electron concentration. This be-
havior agrees with that observed experimentally, which
allows us to identify the absorption edge peak in the mod-
ulation-doped quantum wells with the electron-hole cor-
relation singularity (the Mahan exciton).

IV. CONCLUSIONS

We presented and discussed the temperature-dependent
optical absorption and photoluminescence spectra of
GaAs/AlGaAs and InGaAs/InAlAs n-doped MDQW'’s,
and compared them to those of the undoped structures. In
our analysis of the experimental data, we have concen-
trated on the effect of the free carriers on the subband
structure, on one hand, and on the identification of the
peak seen at the absorption edge, on the other. By self-
consistently solving the Poisson and Schrédinger equa-
tions in the MDQW, we conclude that the electrostatic
potential has negligible effects on the transition energies
in these symmetrical structures in the case of moderate
densities. We also find that these effects (such as they are)
can be very well approximated by using the potential of a
homogeneous distribution of the negative (electronic)
charge in the quantum wells. Our second part of the dis-
cussion was devoted to the identification of the peak seen
at the absorption edge in the spectra of the modulation-
doped samples. We have shown that this peak may be
identified with the many-body electron-hole correlation
singularity (the Mahan exciton). Its appearance in the ab-
sorption spectra at an energy close to the Fermi edge is a
consequence of the Coulomb interaction between the pho-
toexcited hole and the sea of electrons. It is a manifesta-
tion of the screening: the movement of the electrons to-
wards the hole to screen the potential of the hole of itself
correlates them together, thus enhancing the absorption.
This ‘‘correlation peak’’ becomes weaker and broadens
with increasing temperature, reflecting the broadening of
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the electrons’ distribution function. The correlation also
becomes weaker with increasing electron density as a re-
sult of the decreased electron-hole coupling due to in-
creased phase-space occupation and exchange effects. The
experimental spectra are in qualitative agreement with the
theoretical predictions. The fact that this correlation sin-
gularity could not be seen in the absorption spectra of
bulk-doped semiconductors, but can be observed in the
spectra of the modulation-doped quantum wells, is, we
believe, a result of the reduced scattering rate of the car-
riers in MDQW’s. The Fermi edge correlation singularity
is yet another manifestation of the very special properties
of the free-electron gas in modulation-doped quantum well
structures.
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