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Luminescence and intersubband excitations in high-density two-dimensional electron gases
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We report a detailed analysis of both luminescence and electronic Raman-scattering results in
modulation-doped single quantum wells. Wave-vector nonconservation in the electron-hole recombina-
tion process is demonstrated in these highly doped systems. We also observe, in both polarizations,
surprisingly intense Raman lines in addition to the collective excitations of the electron gas. The single-
particle character of these lines is proved from the analysis of their dispersion and line shape as a func-
tion of the Raman in-plane wave vector.

Modulation-doped structures are of great interest in
the study of the quasi-two-dimensional electron gas
(2DEG) in both transport and optical experiments, be-
cause of the high mobility achieved by separating the
electrons from the ionized donors. Among these studies,
a large amount of work has been devoted to one-side
modulation-doped single quantum wells. This system ap-
pears very promising for spectroscopic probes of the in-
teger and fractional quantum Hall effects by optical mea-
surements under a quantizing magnetic field. ' The
low-temperature photoluminescence spectra of such sys-
tems show a broad luminescence line extending from the
first conduction-subband edge to the Fermi energy EF,
while the absorption edge is shifted toward EF because of
the phase-space occupation by the 2DEG. This broad
line has been attributed to a significant recombination be-
tween high-density electrons and localized holes due to
acceptor doping or disorder effects. Moreover, this re-
laxation of the k-conservation selection rule has enabled
the observation of an enhancement of the luminescence
intensity near the Fermi energy EF. A sharp Fermi-
edge singularity (FES) has also been observed in samples
with a near-energetic degeneracy between EI; and the
second conduction-subband edge. ' On the other hand,
electronic Raman scattering is a powerful tool for prob-
ing electronic excitations, both collective and single parti-
cle, occurring in a 2DEG. This was first suggested by
Burstein, Pinczuk, and Buchner, and has since been ex-
tensively demonstrated. From the energetic positions of
these excitations, one is able to determine the subband
structure as well as the electron density in modulation-
doped structures. " More recently, the observation of
distinct spin-density and single-particle excitations, in ad-
dition to charge-density waves, opened the way to an in-
dependent measure of both direct and exchange-
correlation Coulomb interactions of the electron gas. ' '
The experimental observation of these different excita-

tions has also made possible a test of the validity of the
local-density approximation usually applied to a calcula-
tion of the energies of the collective excitations. '

In this paper, we present both luminescence and elec-
tronic Raman-scattering results obtained on the same sin-
gle asymmetric modulation-doped GaAs quantum wells.
We therefore check the consistency of the results of these
different optical experiments. In the first part, we report
photoluminescence data obtained on two samples with
different electron density, and we point out the role of
wave-vector nonconservation in the electron-hole recom-
bination process in these highly doped systems. In the
second part, we present electronic Raman-scattering
spectra of the same samples, where the observation of
strong intersubband excitations with a marked in-plane
wave-vector dependence is attributed to single-particle
excitations (SPE). We further provide a line-shape
analysis of this line and discuss its origin.

The two samples each consist of a highly doped 180-
A-thick GaAs single quantum well. A large electron den-
sity was obtained by asymmetric modulation doping from
a Si 5 layer inserted in a Ga& „Al„As barrier grown on
the top of the structure. The 5 layer is separated from
the single quantum well by an undoped Ga, „Al As
spacer. The density of the 2DEG in the GaAs quantum
well is controlled mainly by the thickness of this spacer
layer. In the first sample (S1), a thickness of 150 A leads
to an electron density around 1 X 10' cm, while in the
second sample (S2) an electron density around 1.3 X 10'
cm is achieved with a thickness of 100 A. The experi-
ments were performed in pumped liquid helium (1.8 K),
with exciting laser energies around 1.6 eV. Typical in-
cident power lies between 1 and 100 mW, focused onto 1

mm .
The photoluminescence spectra are shown in Fig. 1 for

S1 and in Fig. 2 for S2. In addition to the emission due
to bulk GaAs, the photoluminescence (PL) signals exhibit
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features attributed to the 2DEG. They are very similar
in both samples and exhibit two lines.

(i) A broad line, attributed to the E, to H, transitions
between the first conduction and valence subbands of the
well. Its peak positions, 1.5067 eV in S1 and 1.5039 eV
in S2, lie below the bulk GaAs band gap because of the
electric field due to the large electron density in the quan-
tum well (QW). This line displays a high-energy tail ex-
tending over 50 meV up to the Fermi energy EF, because
of the large population of the first conduction subband
E).

(ii) A narrow peak, at 1.5503 eV in Sl and 1.5523 eV
in S2, attributed to the E2 to H, transitions between the
second conduction subband and the first heavy-hole sub-
band.

%'e notice that the intensity of this line is smaller than
the E&M& one under weak excitation (( 20 mW), but be-
comes comparable or larger under strong excitation ()
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FIG. 2. The PL signal for the sample of higher density
1.3X10' cm (S2) recorded with a laser energy of 1.6 eV and
a power density of 1 W/cm . The peaks labeled by stars are due
to the bulk GaAs. The lines coming from the 2DECx are labeled
E&H& and E2H&, respectively, while FES refers to the Fermi-
edge singularity.

FIG. 1. A comparison between photoluminescence spectra
and E,H, line-shape fitting for an n type -CiaAs SQW of density
1.10' cm (S1). The solid line exhibits the PL signal recorded
with a typical power density of 10 W/cm at pumped liquid-He
temperature (1.8 K). The dotted line ( ) represents a fit of
the E

&
H

&
line shape considering only vertical transitions

(Ak =0). The dashed line ( ———) is an E,H& line-shape fit
assuming a partial breakdown of the k-conservation selection
rule (Ak =4.8X10' cm '). The peaks labeled by stars are due
to the bulk GaAs.

50 mW). However, this line remains narrow whatever
the incident power density, suggesting that the second
electronic subband is not significantly populated even un-
der strong excitation. This is further demonstrated by
photoluminescence excitation spectra, which show two
sharp and intense lines, respectively attributed to E2H,
and E21.j excitonic transitions: no significant shift is ob-
served between E2H, lines as observed by PL and photo-
luminescence excitation (PLE). Therefore electronic
Raman-scattering experiments, which require very high
power excitation (200 mW) because of the weak cross sec-
tion, will not lead to a significant population of E2. From
the positions of the E&H& and E2HI peaks, we can esti-
mate the distance between the two conduction subbands
E2 —E, . We find 43.6 and 48.4 meV for S1 and S2, re-
spectively. In the second part of the paper, these values
will be compared to electronic Raman experiments which
allow a direct determination of E2 E~.

Let us first analyze the E,H, line shape. In both sam-
ples, the luminescence intensity of this line regularly de-
creases from the band gap to the Fermi energy EF. In
S1, where the Fermi edge is far enough from the E2H&
excitonic transition, the PL signal (see Fig. 1) exhibits a
clear falloff at this energy. On the contrary, in S2 the
Fermi energy lies very close to the E2H, excitonic transi-
tion, and a shoulder appears on the lower side of this
transition (see Fig. 2). This feature has already been re-
ported in similar samples under very weak excitation by
Chen et al. , and attributed to a Fermi-edge singularity,
strongly enhanced because of the near-energetic degen-
eracy between EF and E2. ' However, in our sample the
structure close to E2Hj is still observable under strong
excitation power density () 5 W/cm ) and should be re-
lated to another mechanism. In what follows, we do not
consider many-body effects, and use a simple model of
band-to-band recombination to reproduce the E&H, line
shape.

With the typical incident power density in our experi-
ments, the recombination process only involves near-
zone-center photocreated holes in the HH& subband. We
first assume a strict conservation of the wave vector dur-
ing the recombination process, and fit the carrier temper-
ature. %'e assume that electrons and holes are thermal-
ized at the same temperature T, =T&=T and obtain
T=11.5 K for S1 and T=20 K for S2. As shown in
Fig. 1 (dotted line) for Sl, this model reproduces well the
low-energy part of the E&H, line, but is unable to ac-
count for the falloff in amplitude near EF. Therefore we
partly relax the usual k-conservation selection rule using
a phenomenological Lorentzian broadening Ak. This dis-
tribution for the change in k gives a nonvanishing proba-
bility for all electrons in the Fermi sea to recombine with
k=0 holes. The line shape obtained in this model is
shown in Fig. 1 (dashed line) for Sl, and well reproduces
the sudden falloff in amplitude near EF. The best fit gives
a carrier temperature of T = 11.5 K and a broadening pa-
rameter Ak =4. 8 X 10 cm '. The fit for S2 is also in
very good agreement with experiments, if one neglects
the shoulder close to E2H&, as assumed above. The fit
parameters are T=15 K and Ak =1.3X10 cm
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Such broadening has been already observed in
In Ga, As-InP quantum wells and attributed to disor-
der effects in the QW due to alloy fiuctuations. These
effects lead to hole localization, resulting in the break-
down of the k-conservation selection rule. Broad
luminescence lines, attributed to the localization of holes,
have also been observed in modulation-doped samples
with slight acceptor doping in the quantum well. ' In
our samples, where disorder is minimized in the GaAs
QW's, we can explain the comparatively weak but
significant high-energy tail of the E&H& line by consider-
ing a partial relaxation of the k-conservation selection
rule, modeled by a phenomenological broadening hk.
This could be attributed to Coulombic interactions be-
tween the ionized remote donors in the Ga, Al„As bar-
rier and the 2DEG, or more likely to defect scattering at
the rough inverted interface. Because of the self-
consistent electric field, holes wave functions indeed
are predominantly located at this interface. This
phenomenon increases with the electron density in the
well, in agreement with the fitted Ak values.

Let us now present the intersubband Raman-scattering
results on the same samples. Here we concentrate our at-
tention on the Raman-scattering signal associated with
the transitions from filled states below E~, inside the
lowest conduction subband E&, toward empty states in
the first excited subband E2. Intrasubband signals from
sample S2 have been previously reported. ' Raman-
scattering experiments were also done at liquid-helium
temperature (1.8 K) and under close energy resonance
with the fundamental energy gap.

Figure 3 shows electronic intersubband Raman spectra
obtained in S2 in parallel (polarized spectra) and crossed
(depolarized spectra) polarizations, respectively, for two
different Raman in-plane wave vectors: qi =0 (the left
side of the figure) and

q~~
= 1.5 X 10 cm ' (the right-hand

side of the figure). In the backscattering setup, we can
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change qII in the plane of the 2DEG by simply rotating
the sample relative to the fixed incident light wave vector.
Charge-density excitations occur in polarized spectra,
while spin-density excitations are active in depolarized
spectra. The sharp lines with well-defined polarization
selection rules are assigned, respectively, to collective
charge-density waves (CDW's) and spin-density waves
(SDW's) occurring in the 2DEG. We also observe, in
both polarizations, a broader band labeled SPE, with an
intensity comparable to the collective ones. It is located
at the same energy (395 cm ') for both polarizations;
this energy is very close to the intersubband energy
E2-E, . Moreover, this band displays a specific behavior
as a function of qII. Unlike the CDW and SDW, which
remain approximately unchanged, the SPE band is
strongly broadened with increasing Raman in-plane wave
vector. At large qII, the shape of this line is nearly rec-
tangular and symmetrical within experimental accuracy.
An experimental dispersion curve of all excitations,
shown in Fig. 4, is deduced from a systematic study as a
function of the angular configuration. The CDW and
SDW lines are not strongly dispersive because of their
large shift from the single-particle transitions. On the
contrary, we observe a continuous broadening of the SPE
line with increasing qlI. Such wave-vector dependence is
typical of nonvertical single-particle intersubband transi-
tions between the two lowest conduction subbands E,
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FIG. 3. Electronic Raman-scattering spectra of S2 obtained
with a resonance laser energy of 1.64 eV and at pumped liquid-
He temperature (1.8 K). The left-hand side of the figure shows
collective (CDW and SDW) and individual (SPE) intersubband
excitations of the 2DEG for a very small Raman in-plane wave
vector, while the right-hand side exhibits the same excitations at
arger qll.
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FIG. 4. The dispersion curve of the collective (CDW and
SDW) and individual (SPE) intersubband excitations of the
2DEG, deduced from Raman-scattering experiments as a func-
tion of qII. The vertical lines are the width at half maximum of
the SPE line. The experimental curves are compared to the cal-
culated ones (solid lines) as explained in the text.
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and E2. They cover a continuum bounded by the
E»+AqII Up curves, where u~ is the Fermi velocity and
E» is the subband spacing at q

II

=0.
This intersubband SPE signal appears to be very in-

tense and well defined in this highly doped sample as
compared to previous observations. ' ' This is in con-
tradiction to the expected complete screening of the SPE
due to collective effects.

The extrapolation to the zone center of the intersub-
band SPE dispersion provides a determination of the sub-
band splitting E2-E„here about 49 meV. This value is
in very good agreement with the PL estimation (48.4
meV) reported above. In Sl, we obtain the same overall
behavior of the Raman spectrum, and a similarly good
agreement between luminescence and SPE data. Let us
now model the SPE line shape of the E& to E2 intersub-
band transition. The model is based on a numerical in-
tegration over the Fermi disk of the usual intersubband
Lindhard polarizability for a noninteracting electron gas:

j +q~(
)

II' ~ 0 En' Ena+q
II

where fo is the Fermi-Dirac distribution, Ez+ the
k+qII

dispersion relation of the final state, while Ek refers to
the initial state. The Raman cross section associated
with the intersubband transition is then proportional to

R"" (co, q~~ ) =n (co)yo" (q~~, co),

where n(co) is the Bose-Einstein factor population. In
this expression, a perfect conservation of the wave vector
is assumed.

Using a temperature of 5 K, we are unable to repro-
duce the experimental line shape of the SPE whatever the
Raman in-plane wave vector. Increasing the temperature
up to 30 K allows us to reproduce the Oat shape of the
SPE line at large wave vector, because of the thermal
population in E2 near the zone center. However, this
procedure, applied at small qII, does not give a good
agreement with the experiments. Moreover, this temper-
ature is surprisingly high when compared to the carrier
temperature estimated by the luminescence line-shape
analysis. Therefore, we introduce in the Raman process,
as we did for the luminescence process, a breakdown of
the k-conservation selection rule to model the SPE band.
Taking a very small Raman in-plane wave vector, the
dispersion effects are negligible, and the line-shape
broadening is dominated by disorder. Assuming a
Lorentzian broadening of width Ak = 1.5 X 10 cm ', we
obtain a SPE linewidth of 4 meV, in good agreement with
our experimental data at small qII. This value is several
times smaller than the one obtained in the luminescence
spectra. This difference is not surprising because the
luminescence broadening, contrary to the Raman-
scattering one, is controlled mainly by hole localization
effects.

In conclusion, the wave-vector dependence of the SPE
line, as well as its line shape, allow us to definitely assign
this line to single-particle intersubband excitations be-
tween the two lowest conduction subbands. However, a
discrepancy remains in the quantitative modeling of the
line shape at large wave vector, even assuming a wave-
vector broadening. This should be improved by using
energy-dependent broadening in the degenerate conduc-
tion band. ' '

In our samples, the SPE lines are well separated from
the CDW and SDW lines. Thus one is able to accurately
determine their energies, and to deduce the electron den-
sity. Using a random-phase-approximation (RPA) calcu-
lation based on self-consistently determined wave func-
tions, ' we deduce from the CDW energy an electron
density of 1.3X10' cm . With this value, one may ex-
tract from self-consistent subband calculations the poten-
tial profile of the structure and the subband energies.
The calculated value of the E, —E2 intersubband energy
obtained by this procedure is in very good agreement
with experimental values provided by PL (48.4-meV) and
Raman (49-meV) measurements. Moreover, from the ex-
perimental SPE, CDW, and SDW lines, one may extract
an experimental determination of the direct and
exchange-correlation Coulomb interaction, 2na and 2nP,
respectively. ' ' The ratio P/a accounts for the rela-
tive strength of the exchange-correlation and direct
Coulomb interactions; it is found to be equal to 0.27 and
0.26 for S1 and S2, respectively. These values show that
these interactions have comparable strengths in this
high-density 2DEG. This is consistent with previous es-
timations performed on samples with lower densi-
ties. ' ' In Fig. 4, we show (solid lines) the calculated
CDW and SDW dispersions, as well as the calculated
SPE width dispersion. The SDW energies have been
determined using a parametrization for the exchange-
correlation potential within the local-spin-density ap-
proximation (LSDA). ' ' ' As has been shown for
lower-density samples, the LSDA is found to underesti-
mate the magnitude of the exchange-correlation interac-
tion. ' However, the general trend of all the experimen-
tal dispersions is correctly reproduced.

In conclusion, we have obtained an excellent under-
standing of the optical properties of the 2DECx, thanks to
the combination of PL and electronic Raman-scattering
experiments. The E

&
H

&
luminescence line-shape analysis

gives evidence of the partial breakdown of the k-
conservation selection rule in the PL process of these
highly doped systems. On the other hand, electronic
Raman-scattering experiments have allowed us to study
collective as well as single-particle excitations of the
2DEG. The very good agreement for the intersubband
energy E~ E, , obtained by PL -(48.4 meV) and Raman-
scattering experiments (49 meV), is a strong indication of
the single-particle nature attributed to the SPE line.
Moreover, we have shown that the SPE linewidth had a
marked dependence with qII, proving its single-particle
character. This was further demonstrated from a line-
shape analysis including some breakdown of the wave-
vector conservation. However, some disagreement
remains for the modeling at large qII. Our observation of
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SPE lines with an intensity comparable to that of the col-
lective ones in both polarizations disagrees with the usual
Raman processes and is still not very well understood.
Finally we showed that direct and exchange-correlation
Coulomb interactions have comparable strengths in a
high-density 2DEG.
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