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Many-Body Eff'ects in a Modulation-Doped Semiconductor Quantum Well
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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 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.+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 eAects (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 eAects. 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 n~ 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 eAects 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 ns is controlled via a
Schottky gate from 0 to 6.6x10'' cm at T=2 K.
We were able to cover a kqao range between 0 and=2.5, where k F is the Fermi wave vector
[kt;=(2trns) ' ], and ap=138 A is the three-
dimensional eA'ective Bohr radius. These experiments
thus permit us to test the validity of recent calculations
of many-body eAects in quasi-2D systems.

The investigated sample consists of a semi-insulating
GaAs substrate followed by a 1.3-pm buAer layer, a
GaAs-Gap s|Alp 39As superlattice (nominally 5 x 420 4
+6x680 A, followed by 7x 35 4+8&& 115 A) used to
improve the quality of the inverted Ga(A1)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 Gap s|Alp 39As spacer from a 330-A Si-doped

(ND =3.5x10' cm ) Gaps&Alp 39As layer. A 20-A
doped (N&=5&&10' cm ) Gap6|Alp39As layer and a
240-4 undoped layer cap the structure. Two Ge-Au
Ohmic contacts to the channel, separated by 4 mm, al-
low the determination of n~ 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 n~ =3.2&10'' cm . 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 =kl.-.
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theoretical curves were obtained by our subtracting from
the Hartree calculation a n~-dependent, but subband-
independent, renormalization energy chosen to ensure a
good fit of the E~H~ 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 E~H~ exciton due to electron-hole
correlation. Note that a portion of the discrepancies in

Fig. 2 can be attributed at n~ =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 eftects. We now turn our attention to the n~ depen-
dence of the BGR energy. The crosses of Fig. 3 show
the BGR energy deduced from the E&Hi line. This ener-

gy is equal to 12.5 (15.5) meV at n& =3.2X IO" (6
X10'') cm '. At high density the slope of the BGR
curve versus n~ in a double-logarithmic plot is consistent
with a n~ functional dependence. This scaling law was
predicted to occur in the 10''-10' cm n~ range due to
exchange and correlation eff'ects. ' 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 eAects 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 ns (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 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 E~*L~* excitation peaks. The larger value of
the BGR scales well to the larger value of the binding
energy of the excitation found at low ns (10 meV). It is
clear that nothing can be asserted on higher energy tran-
sitions, because of the uncertainties of the Hartree calcu-

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 E2H2 exciton peak,
with respect to the Ei Hi 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(A1)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 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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