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The electron areal concentration n; of a one-sided 130-A-thick GaAs-Ga(Al)As modulation-doped
quantum well is continuously varied from 0 to 6.6x10'' cm ~2 by use of a Schottky gate. This allows
one to study the precise evolution of the luminescence and excitation spectra with increasing n;. From a
comparison between the measured peak positions and Hartree calculations of the energy levels, a mea-

surement of the band-gap renormalization is obtained.

PACS numbers: 73.20.Dx, 71.35.4+z, 71.45.—d

On account of improved quality, it has become possi-
ble to perform accurate optical studies of modulation-
doped quantum wells (MDQW)."? Clear experimental
answers can thus be given to such issues as the manifes-
tation (and magnitude) of many-body effects (i.e., ex-
change and correlation effects) in high-mobility one-type
carrier plasmas. Such answers are obscured in bulk ma-
terials by the interplay between many-body and heavy-
doping effects. On the other hand, neutral two-com-
ponent plasmas can be studied by line-shape fittings of
photoluminescence lines in the high-excitation regime.?
The carrier concentration ng of a MDQW has already
been varied by illumination.* The purpose of this Letter
is to present what we believe to be the first experimental
study of the precise evolution from optical spectra totally
dominated by excitonic effects to those characterizing
the one-component plasmas in which the excitons have
disappeared because of screening and phase-filling
effects. We have performed photoluminescence (PL)
and photoluminescence excitation (PLE) spectroscopy
measurements in the low-excitation regime (=0.1
W/cm?) on a sample where ng is controlled via a
Schottky gate® from 0 to 6.6x10'' cm~2 at T=2 K.
We were able to cover a kpao range between 0 and
=2.5, where kg is the Fermi wave vector
lkrp=Qnrns)2, and ao=138 A is the three-
dimensional effective Bohr radius.® These experiments
thus permit us to test the validity of recent calculations
of many-body effects in quasi-2D systems.’ ™’

The investigated sample consists of a semi-insulating
GaAs substrate followed by a 1.3-um buffer layer, a
GaAs-Gage1Alg 39As superlattice (nominally 5x420 A
+6x680 A, followed by 7x35 A+8x115 A) used to
improve the quality of the inverted Ga(Al)As-GaAs in-
terface, and by the nominally 150-A-thick MDQW; all
these layers are nominally undoped. The electrons trans-
fer into the one-sided MDQW through a 480-A-thick
undoped Gag1Alg.39As spacer from a 330-A Si-doped

(Np=3.5x10" cm 73) Gage Alp39As layer. A 20-A
doped (Np=5%10'® cm ~%) Gage Alp39As layer and a
240-A undoped layer cap the structure. Two Ge-Au
Ohmic contacts to the channel, separated by 4 mm, al-
low the determination of ng at 2 K by Shubnikov-de
Haas measurements. Without a Schottky gate and un-
der the same illumination conditions as those in optical
experiments we measured ng =3.2x10'' cm 2. The PL
line peak position was found to be Stokes shifted from
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FIG. 1. PLE (full curve) and PL (shaded area) of the inves-
tigated structure at various Stokes shifts Ess induced by vari-
ous voltages on the Schottky gate. Ess is the Stokes shift
occurring between the luminescence peak and the first excita-
tion peak. The assignment of the lines is explained in the text.
The transitions marked by an asterisk occur at k =kg.
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the first PLE peak by Ess =13 meV.

A 100-A-thick semitransparent (2x2 mm?) Cr
Schottky contact was evaporated between the two Ohmic
contacts, thus realizing a quantum well (QW) based
field-effect transistor. The Schottky gate was biased by
Vs with respect to the grounded Ohmic contacts. For
Vs=0.3 V, the QW channel was completely empty of
electrons. Figure 1 (upper curve) shows the characteris-
tic PL (dashed areas) and PLE spectra of the empty
QW. Very sharp excitonic peaks corresponding to the
EH, (fundamental conduction and heavy-hole sub-
bands) and E L, (light-hole subband) transitions are ob-
served in PLE, as well as the weakly allowed F|H3 line
and the sharp E,H; excitonic peak. The structures in
the PL can be accounted for by well-width fluctuations.
There was essentially no Stokes shift between PL and
PLE. As Vs increased, the channel was filled with elec-
trons and a Stokes shift Ess between PL and PLE ap-
peared. Also, the sharpness of the two first excitonic
peaks dramatically decreased because of screening and
occupancy effects: PL involves £ H | band-to-band tran-
sitions at in-plane wave vector k =0, while the first two
peaks of PLE, EFHY and ETLT involve band-to-band
transitions at k =kg (marked by an asterisk). Note in
Fig. 1 (Ess=0.9 meV) that the sharpness of the E>H,
peak, which involves an empty conduction subband, is
much less affected than that of the EfH or EfLY
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FIG. 2. Fit between the experimental PL (crosses) and PLE
(circles) measurements and calculated Hartree energies
corrected by a ns-dependent but subband-independent renor-
malization energy, as explained in the text. The data are plot-
ted as functions of the experimental applied Schottky voltage
Vs and the theoretical carrier density ns corresponding to the
same Stokes shift Ess. The transitions marked by an asterisk
occur at k =kpg.

transitions. When Vs was further increased, Ess in-
creased and the PLE structures were reduced. In addi-
tion, the PLE spectra increasingly displayed the An=0
transitions, including An odd lines. This result is expect-
ed since with increasing ng, the QW becomes more and
more asymmetric, because of the band bending induced
by the 2D electron gas located near the spacer layer. Fi-
nally, Fig. 1 shows a striking red shift of the PL peak po-
sition with increasing ns. This red shift is accompanied
by a broadening of the PL line: The half width at half
maximum is =1 meV at Ess=0 and reaches 7 meV at
Ess=17.3 meV where a high-energy tail develops (ap-
parent temperature =17 K).

The subband-edge energies as well as the valence-band
dispersion relations have been calculated by our self-
consistently solving the Poisson and Schrodinger equa-
tions at different ngs using the envelope function approxi-
mation and the Luttinger Hamiltonian for the valence
band.? In the empty QW, the best fit for the PL peak
position was found for a well width of 130 A and a E |H,
exciton binding energy of 7.5 meV.'® A 14.5-meV
Stokes shift was then calculated for ng=3.2x10"!
cm ~ 2, which corresponds to the ungated structure. This
compares favorably with the experimental results (13
meV). Thus in the gated structure, the ng values can be
confidently extracted from the E'ss measurements. This
allows a comparison between the measured PLE peak
positions and Hartree calculations performed at the
same ns. Although predicting a red shift due to band
bending, the calculations are unable to quantitatively ac-
count for the actual PL variation with ng: It is necessary
to use a band gap smaller than the bulk GaAs one to ob-
tain good agreement between the absolute positions of
the calculated and observed transitions. The comparison
between the experimental points and the theoretical
curves for several transitions is shown in Fig. 2. These
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FIG. 3. Measured band-gap renormalization (BGR) for

EH, transition (crosses) and EJL} transition (circles) as a
function of ns. The theoretical results are as follows: a, taken
from Ref. 7, Epgr = —3.1(nsa?p/2)*Ep, in a pure 2D gas,
with E;p=16.8 meV, a,p=69 A, and with a factor T to take
into account the one-component character of the plasma inves-
tigated here; and b, from Ref. 8 in a symmetric n-type MDQW
of thickness 217 A.
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theoretical curves were obtained by our subtracting from
the Hartree calculation a ng-dependent, but subband-
independent, renormalization energy chosen to ensure a
good fit of the £ 1H, PL line. The overall agreement is
fairly good, demonstrating that the Hartree calculations
provide a correct assignment of the observed lines.

At zero density, this renormalization energy is the
binding energy of the £ H exciton due to electron-hole
correlation. Note that a portion of the discrepancies in
Fig. 2 can be attributed at ng =0 to the subband depen-
dence of the exciton binding energy. At large density,
this renormalization energy is the band-gap renormaliza-
tion (BGR) due to the many-body exchange and correla-
tion effects. We now turn our attention to the ns depen-
dence of the BGR energy. The crosses of Fig. 3 show
the BGR energy deduced from the £H line. This ener-
gy is equal to 12.5 (15.5) meV at ng=3.2x10'" (6
x10'") cm "2 At high density the slope of the BGR
curve versus ng in a double-logarithmic plot is consistent
with a nd”? functional dependence. This scaling law was
predicted to occur in the 10''-=10'2 ¢cm ~2ng range due to
exchange and correlation effects.”"® Quantitatively, how-
ever, our findings are smaller than the theoretical predic-
tions (dashed lines in Fig. 3) which are derived for struc-
tures different from our own: a, two-component ideal-
ized 2D plasmas’ or b, symmetrically doped quantum
wells.® In particular, the correlation effects between the
photocreated hole and the electrons, which are a signif-
icant fraction of the BGR, ought to be smaller in our
asymmetrical well than in symmetrical ones because of
the spatial separation between the electrons and holes in-
duced by the band bending. The transition between an
excitonic PL, at low ng (constant PL energy that we
have schematized in theoretical curves of Fig. 3), and a
PL involving band-to-band luminescence is difficult to
determine from our experiments. Nevertheless, it is con-
stant with a 5x10'® cm =2 order of magnitude found by
space-filling considerations.”'"!'? Finally, a check of the
validity of a k- and subband-independent rigid shift of
the one-particle states can be attempted. In Fig. 3, the
dots refer to the BGR deduced from the calculated and
measured EFLT excitation peaks. The larger value of
the BGR scales well to the larger value of the binding
energy of the excitation found at low ng (10 meV). Itis
clear that nothing can be asserted on higher energy tran-
sitions, because of the uncertainties of the Hartree calcu-
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lation (in particular, a parabolic conduction band was
assumed) and the lack of an exact theory of BGR in the
asymmetric finite-thickness case. Nevertheless, the delay
in the disappearance of the sharp E,H, exciton peak,
with respect to the ET HY one, shows clearly the impor-
tance of the occupied and unoccupied character of the
subband in the behavior of the excitation resonance.

In conclusion, the carrier density in a GaAs-Ga(Al)As
MDQW has been controlled by a Schottky gate. PL and
PLE spectroscopy measurements have been performed,
at low temperature and low-excitation regime, in a
quasi-2D one-component plasma, from 0 to 6.6x10'!-
cm "2 areal density. The transition from an excitonic to
a plasma behavior is observed. By comparison with the
results of a Hartree calculation of the transition energies,
quantitative information is obtained on the BGR, yield-
ing a probe of many-body theories.
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