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We have investigated the carrier-induced changes in the photoluminescence (PL) and excitation
spectra (PLE) of an n-type Al„Gal „As/GaAs quantum-well structure at 10 K by controlling the
electron concentration (N, =0-10' cm ) via gate electric fields. By comparison with local-
density-functional theory, the red shift of the PL peak and the blue shift of the PLE spectra could
be ascribed to band-gap renormalization (-18 meV at N, =1&(10"cm ') and to band-filling effect.
While appreciable portions of the PL and the PLE linewidths are attributed to thermal broadening,
the presence of additional broadening is noted and discussed in terms of the localization of carriers,
the Auger effect, and other mechanisms.

I. INTRODUCTION

Semiconductor quantum-well (QW) structures possess
unique optical properties, including a strong exciton con-
tribution to the interband transition' and a distinctive
shift of the absorption edge caused by transverse electric
fields. ' Optical properties of QW's are strongly
modified when carriers are introduced into the well. '
For example, the absorption spectra are affected by the
presence of carriers through such mechanisms as (1)
quenching of excitonic absorption caused by phase-space
filling and screening, ' (2) band-gap renormalization due
to particle correlations, ' ' (3) the Burstein-Moss shift
due to band filling, ' and (4) Fermi-surface singularity
due to the correlation between a photoexcited hole and
Fermi-sea electrons. ' '" Furthermore, the presence of
carriers may modify the optical spectra through (5) the
Auger effect (AE) (Refs. 14 and 15) and (6) the possible
formation of tail states or the localized states near the
band edge. Carrier-induced changes in refractive index

have also been pointed out. ' '
Although these carrier-induced optical effects have

been studied mainly by introducing carriers through opti-
cal excitation, ' ' current injection, or modulation
doping, ' '" some experiments have been recently
made in which the electron concentration in a quantum
well is varied by using a field-effect-transistor (FET)
configuration. This scheme has been applied to optical
read out of the logic state of an FET.' The application
of this QW FET to a waveguide optical modulator of ab-
sorption type has been proposed and analyzed to show its
high potential for application. ' ' ' '

QW FET's of this kind are important not only for
these applications, but are ideal systems for the study of

carrier-induced optical effects since the concentrations N,
and the temperatures T, of electrons can be accurately
controlled in a single sample. ' ' Indeed, Bar-Joseph
et al. ' and Delalande et al. ' have recently adopted
such an approach. The former performed modulation
spectroscopy of the optical absorption of an
In~ „Al„As/In Ga& As FET. The latter measured the
photoluminescence (PL) and photoluminescence excita-
tion spectra (PLE) of an AI„Ga, ,As/GaAs FET. Both
of them observed energy shifts and a change of excitonic
absorption as functions of the electron concentration and
interpreted them in terms of mechanisms (1)—(3).

In this study, we report on measurements of PL and
PLE of GaAs/AI„Ga, „As single-QW FET structure
with N, being scanned from 0 to 1&(10' cm . We com-
pare the experimental data of the spectral shift with
local-density-functional theory and evaluate separately
the relative contributions of the many-body effect, the
band-filling effect, the Stark effect, and other carrier-
induced effects. We examine also the mechanisms re-
sponsible for the PL and PLE linewidths.

II. SAMPLE PREPARATION AND EXPERIMENTALS

An n-type Al„Ga, „As/GaAs modulation-doped QW
used in this study was grown on semi-insulating (100)
GaAs by molecular-beam epitaxy. As shown in Fig. 1(a),
we grew successively 5000 A undoped GaAs, five periods
of GaAs(30 A)/Al Ga

&
As(30 A ) superlat tice buffer,

2000 A undoped Al„Ga, As, 120 A GaAs gW, 50 A
undoped Al Ga, ,As spacer layer, 600 A n-type
Al„Ga, „Aslayer with the donor (Si) concentration of
5X10' cm and 100 A GaAs cap layer. The Al mole
fraction of all the Al, Ga& As layers is 0.3. The elec-
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FIG. 2. The source-drain conductance measured under weak
room-light illumination is plotted by open circles and that un-

der illumination of He-Ne laser by closed circles. The energy
difference between PL and PLE is also shown by open squares.

Ey

tron concentration N, is 1)& 10' cm and the mobility JM

is 74000 cm /V sec at 77 K under light illumination.
To fabricate depletion mode QW FET's, InSn was de-

posited and patterned to form the source-drain electrodes
and alloyed at 400'C for 1 min. A semitransparent 200-
A-thick Au gate electrode of 2&(3 mm was formed. Fig-
ures 1(a), 1(b), and 1(c) show, respectively, the sample
structure and the band bendings for high and low elec-
tron concentrations. Figure 2 shows the source-drain
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FIG. 1. The schematic structure of quantum-well FET (a)
and the band bendings (b) and (c) at high and low electron con-
centrations.

FIG. 3. Photoluminescence spectra of the n-type
Al„Ga& As/GaAs single quantum well (L =120 A) at vari-
ous electron concentrations, N, =0—1 &( 10' cm controlled by
gate electric fields.
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FIG. 4. Photoluminescence excitation spectra of the n-type
Al„Ga, „As/GaAs single quantum well (L =120 A) at vari-
ous electron concentrations; X, =0-1)(10' cm controlled by
gate electric fields.

conductance of the FET measured at 77 K as a function
of the gate voltage V, . Open circles are the data taken
under a weak room-light illumination and closed circles
are under the illumination of He-Ne laser (A, =6328 A,
P= 1 W/cm ). Note that FET action is achieved in both
cases. The conductance is constant when 0& V, & —0.2
V, but decreases almost linearly as V, is made more neg-
ative, reaching nearly zero at —2 V. Although the PL
and PLE measurements were done at 10 K under the il-
lumination with the wavelength of 7600 A and
7600-8100 A, respectively, the FET action during these
measurements is considered to be quite close to that of
Fig. 2, since the Vg, dependence of N, is independent of
temperature for T& 100 K and the excitation light used
in our PL and PLE measurement generates only a small
number of carriers.

The PL spectra and the PL excitation spectra were
measured at 10 K by using the Styryl-8 dye laser pumped
by the cw Ar laser. The excitation area was about
100X 100 1Mm, and the power density is 10 W/cm . Fig-
ures 3 and 4 show the PL and the PLE spectra at
different gate voltages V, . The estimated electron con-
centration N, ( Vs, ) at each of these gate voltages in units
of 10"/cm is N, &0.3 at V, = —2 V, &0.3 at —1.8 V,
0.3- 1 at —1.6 V, 1.8-3 at —1.4 V, 4-5 at —1.2 V,
6-6.7 at —1.0 V, and 10 at 0 V. The sharp PL peaks ob-
served at A, =8180 A and 8172 A in Fig. 3 originate from
the GaAs buffer layer. The broader PL peak on the
higher-energy side comes from the QW and shifts by
about 17.5 meV towards lower energy when N, increases.
The PLE spectra in Fig. 3 exhibit a well-resolved exciton-
ic peak in the region of low N, ( &3X10' cm ). For
higher N„the quenching of excitons and the blue shift of
the absorption edge are clearly observable.
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In Figs. 5(a) and 5(b) we plot the peak position Ep„'"
and the linewidths of the PL spectra as functions of gate
voltage. For PLE spectra, we plot in Fig. 5(a) the three
photon energies Ep„F(0.3), EptF(0.5), and Epta(0. 7) at
which the intensity of the PLE spectra reaches 30%,
50%, and 70% of their maxima, which is defined as the
height of the first PLE step for V, & —1.4 V and as the
height of the heavy-hole excitonic peak for V, (—1.6 V.

III. CARRIER-INDUCED SHIFTS
OF PL AND PLE SPECTRA

A. Shift of PL spectra and band-gap renormalization

The red shift of the PL peak shown in Fig. 3 is caused
by a many-body effect usually referred to as band-gap re-
normalization' and by the modified Stark effect in the

FIG. 5. The gate voltage dependence (carrier concentration
dependence) of photoluminescence (PL) and excitation (PLE)
spectra (a) and their widths (b). The solid circles in the lower
figure (a) show the PL peak Ep&", while the solid squares and
open circles show the photon energies Ep&" —Ape and
Epp" +Spy at which the PL intensity is reduced to 50% of its
maximum. Also shown by open triangles, solid triangles, and
open squares are the photon energies Ep«(0. 3), Ep«(0. 5), and
Eppes(0. 7) at which the PLE intensity is 30%, 50%, and 70% of
the first PLE step or of the excitonic peak (see text for details).
The exciton peak energy is also shown at V~, & —1.6 V (open
stars). Upper figure (b) shows the gate voltage dependence of
the PL half-width at half maximum on the lower-energy side
(open circles) and that on the higher-energy side (solid squares).
Also shown by solid triangles is the energy difference between
Eppes(0. 7 ) —Ep«(0. 3 ). Shown by open squares are the half-
widths at half maximum on the lower-energy side of the heavy-
hole exciton peak of PLE.
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presence of carriers. As illustrated in Figs. 1(b) and 1(c)
the electric field at the front heterointerface increases
linearly with (N, +Nd, ~), where Nd, is the concentration
of the depletion-layer charge ( & 1 X 10" cm ). By using
local-density-functional theory which takes into account
both the many-body effect and the band bending effect,
we have calculated the ground level E, of electrons and
that of heavy holes E&&. The effective energy gap E',
which is defined as the energy separation between E, and
E,z, can be also calculated. Its shift is predicted to be
26.7 meV as N, is changed from zero to 1X10' cm
Since the PL peak is dominated by free-carrier recom-
bination at high-electron concentration and becomes ex-
citonic at low N„the PL peak energy Ep„'"is equal to Eg*

only at high N„but is equal to (E" Eb), wh—ere Eb is
the exciton binding energy at low N, . If we take this
correction term, which is calculated to be 9 meV in this
case, into account only at low-carrier concentration, the
shift of PL energy is predicted to be 17.7 meV (=26.7
meV Eb). T-his is very close to the observed shift (-17.5
meV). In other words, our experiment has indicated that
the shift of the effective energy gap E* is 26.5 meV
(=17.5 meV + E& ).

To clarify the relative importance of the many-body
effect and the Stark effect, we have performed the
energy-level calculation in the Hartree approximation
which takes into account only the self-consistent band
bending effect. The shift of the effective energy gap E' is
then predicted to be 8.5 meV which corresponds to a PL
energy shift of —0.5 meV (=8.5 meV Eb ). Henc—e, the
observed energy-gap shift 26.5 meV at N, =1)&10' cm
can be mainly ascribed to the many-body effect ( —18.2
meV) and partly to the Stark effect ( —8.5 meV). The de-
duced band-gap shrinkage (18.2 meV) due to the many-
body effect is much smaller than that reported by Trankle
et al. ;' he found that the shrinkage was 40 meV when
the electron-hole plasma with the carrier. concentration
of 10' cm was generated. ' The many-body effect
should be larger in electron-hole plasmas because the
numbers of particles is twice as large for the same densi-
ty. But this does not explain the very large values of
Trankle. The origin of this discrepancy is not clear but
calls for further study.

B. Burstein-Moss shift

As shown in Fig. 4, the PLE spectra exhibit sharp
peaks when V, = —1.8 V (N, & 3 X 10' cm ), but in the
region of higher electron concentrations the bleaching of
excitons and a blue shift of the absorption (or PLE) edge
are observed. The energy difference hhv between the
PLE edge and the PL peak in that region (N, & 3 X 10"
cm ) results from the band filling by conduction-band
electrons. Hence, bhv should be equal to the sum of
electron Fermi energy Ez and the hole energy
E„=E&(k~), where k~ is the Fermi momentum
(2m, E~) /A' and m, the effective mass of the electrons.
If the conduction and valence bands are assumed to be
parabolic, Ez(k~) is (fi /2m&)k~ and b,hv is given by
Ep X (1+m, /mz ) in the degenerate case, where m& is the

effective hole mass for the motion along the heterointer-
face. This relation suggests that bhv should depend
linearly on E~ (or N, ). However, this simple treatment is
not adequate here, since the valence band has a nonpara-
bolic dispersion relation, where the heavy-hole mass at
k~ gets heavier with increasing N, . At N, =1)&10'
cm or Ez ——35.7 meV, the Fermi wave number kz is
2.5&(10 cm '. A calculation of the valence-band struc-
ture (neglecting the small effects due to the band bending)
has shown that the energy E„(k~)is about 4.8 meV,
which corresponds to an effective hole mass of 0.5m, .
The prediction that b,h v is 40.5 meV (=35.7 meV + 4.8
meV) agrees well with the observation b, h v= 38 meV at

Vs, ——0 V (N, = 1 X 10' cm ).
We plot in Fig. 2 the energy difference b,hv between

the onset energy Ept&(0.5} of PLE and the PL peak as a
function of gate voltage. Note that the data (denoted by
squares) show a linear increase and saturation, which fol-
lows closely the change of the channel conductance or
the electron concentration. One should recall here that
the exciton correction at low-electron concentration
(N, & 1 X 10" cm ) affects both the PL and PLE energy
and, hence, does not appear in the difference of the two.

Note also in Figs. 3 and 5 that the position of the PL
peak remains unchanged for N, ~3)(10"cm . This is
likely to reQect the competition between the band-gap re-
normalization and the quenching of the exciton. When
N, is increased from zero to a small value ( & 2 X 10"
cm ), the quenching of the exciton should raise the ab-
sorption edge by about Eb -9 meV, whereas the band-
gap renormalization lowers the PL energy. These two
factors are of the same order of magnitudes and, there-
fore, more or less cancel each other, and keep the PL en-
ergy constant.

IV. LINEWIDTHS OF PL AND PLE SPECTRA

The linewidths of the PL and the PLE spectra summa-
rized in Fig. 5 contain various information on the energy
and wave-number distribution of carriers as well as on
the inhomogeneity of the system. We denote the half-
width at half maximum of both the high-energy and low-
energy side of PL by Ap+z and Apz. Similarly, we define
the broadening of PLE spectra by EEpjp ' ', which is the
energy range over which the PLE intensity increases
from 30% to 70% of its maximum or its full value. Note
first in Fig. 5 that Lpga Spy and AEpjp ' ' are all rather
narrow (2 —3.5 meV} when N, =O (V, & —1.8 V) where
the optical processes are excitonic. The linewidths, how-
ever, increase substantially, when N, is raised to 1&(10'
cm; they show maxima at intermediate electron con-
centrations.

When N, is sufficiently high, excitons are quenched
and optical processes are dominated by the interaction
between a large number of electrostatically induced elec-
trons and a small number of photoexcited holes. "
Hence the line shapes of PL and PLE should be affected
by such factors as the energy and the wave-number distri-
butions of electrons and/or holes. We study below such
mechanisms as (1) the thermal (k&T) broadening, (2) the
correlation between photoexcited holes and electrons, (3)



38 CARRIER-INDUCED SHIFT AND BROADENING OF OPTICAL. . . 10 795

the inhomogeneous broadening, and (4) the lifetime
broadening ' which all give rise to the broadening of PL
and PLE. Furthermore, we discuss effects of (5) the lo-
calization of holes, (6) the Auger process, ' and (7) the
possible formation of tails in the reduced density of
states. These processes may result in the breakdown of
the k selection rule, and give rise to additional broaden-
ings.

A. Linewidths of excitation spectra

We examine first how the PLE broadening AE'pLF

of Fig. 5(b) can be explained. We discuss, in particular,
both the contribution from the thermal distribution of
carriers and that of the correlation between photoexcited
holes and Fermi-sea electrons in addition to the inhorno-

geneous broadening.
Suppose that the excitonic contribution is completely

suppressed by a large number of free electrons, the inter-
band absorption coefficient of an n-type QW is expressed
as

a'(h v) =a„(hv)[1 —f, (h v)][1 f&(h v)—],
where f, (hv) and fz(hv) are the Fermi-Dirac distribu-
tion function of electrons and holes in those states that
are involved in the optical transitions of energy hv. The
band-filling effect is expressed by (1 f, )(1 —fl, ) while-
a„(hv) is the interband absorption spectrum in the ab-
sence of carriers. If we assume that the F.-k relation of
holes is approximated by a parabola (A' /2mi', )k in the
vicinity of the Fermi momentum kF, the expected
broadening AEpLE

' caused by the band filling of
thermally distributed carriers is given by
1.7ksT(1+m, /m&'). At T=10 K (20 K), where ka T is
0.86 meV (1.72 meV), EEPLE ' is predicted to be
1.7 —1.8 meV (3.4—3.6 meV). In this estimation, we have
taken into account that the effective hole mass

cr E/o k is strongly dependent on the wave number
and is around (0.3 —0.5)mo in this region.

When at intermediate electron concentration the
quenching of the exciton is not complete, the absorption
may be broadened by the correlation of Fermi-sea elec-
trons and photoexcited holes. This situation is somewhat
analogous to that of indirect-band-gap semiconductors
in the sense that the transition takes place between a
valence-band state with k=0 and a conduction-band
state with k =kF. In this case, the energy and momen-
tum conservation are ensured by the simultaneous excita-
tion of particle-hole pairs or plasmons instead of the
emission of phonons. Hence the broadening tail is at
most the energy difference between the direct transition
and the indirect transition, which is the kinetic energy
E&(kF) of the heavy hole in the first subbands with the
Fermi wave vector kF. This term Ez(kF) has been dis-
cussed earlier in connection with the Burstein shift and
shown to be 4.8 meV at N, = 1)& 10' cm when the non-
parabolicity of the valence band is taken into account.

The measured broadening AEpLF
' ' of Fig. 5 is 2 meV

at V, = —2 V (N, =O) increases to 5 —6 meV at inter-
mediate value of N, [(4—6) X 10" cm ] and then reduces
to 4 meV at V, =O (N, =1X10' cm ). Since the

broadening at N, =0 is due to the excitonic broadening
and originates mainly from the inhomogeneity, the incre-
mental broadening at intermediate and high N, should be
ascribed to those carrier-induced effects. This increment
is 3—4 meV (=5—6 meV —2 meV) at N, =4—6X10"
cm and 2 meV (=4 meV —2 meV) at N, =10' cm
The former (3—4 meV) is very close to the predicted
value for correlation-related broadening whereas the
latter (2 meV) value can be well explained by the simple
model for thermal broadening at T= 10 K.

Even when the whole broadening 4 me V at
N, =1)&10' cm is ascribed to thermal broadening, the
electron temperature T, is found to be 24 K. Therefore a
rise of T, in this experiment is quite small (&12 K).
Hence the broadening of PLE spectra can be explained
by these mechanisms without assuming much rise in T, .
This is different from the earlier report of Bar-Joseph
et al. ,

' in which the measured broadening was ascribed
to the rise of T, of more than 40 K.

The exact reason for the enhanced broadening
AE pL'E

' ' ——6 meV observed at the intermediate electron
concentrations (N, =6 X 10" cm at Vg, ——1.0 V) is
not clear but is likely to be associated with the correla-
tion effect as discussed earlier, since such an effect be-
comes important when the electron concentration is nei-
ther too high nor too low.

One should bear in mind that there are two other
mechanisms that may give rise to additional broadenings
at intermediate values of N, . First, the inhomogeneity of
the gate region of the system may give rise to local fluc-
tuations of the FET threshold voltage and the electron
concentration N, in the channel. Indeed, such an inho-
mogeneity is often experienced in quantum Hall-effect
studies, where the Landau-level filling is usually rather
inhomogeneous when controlled by gate voltage instead
of magnetic field. If N, varies by about 1)&10" cm
from one place to another, it should broaden the PLE
spectra by 2 meV, as suggested in Fig. 5. Note that this
fluctuation is reduced when the gate voltages is
sufficiently high (& —0.4 V), since an electrically neutral
region is formed in the n-type Al, Ga~ „Aslayer and N,
does not depend on the V, any longer.

Another mechanism that may broaden the PLE spec-
tra in the intermediate value of N, is the increase in the
number of ionized donor impurities in the depletion re-
gion of the n-type Al„Ga& As, where the depletion-
layer width increases as Vg, is made more negative. Al-
though further work is necessary to quantify these contri-
butions, the enhancement of inhomogeneity by the gate
electric field may well be partly responsible for the addi-
tional broadening.

B. Linewidths of photoluminescence spectra

We examine next the linewidths b pL and hpL of the PL
peak on the higher-energy side and lower-energy side, re-
spectively. In a PL measurement a small number of holes
is created by optical excitation which relax to the bottom
of the valence band. They are thermally distributed over
the energy range of kz T& -2 meV, which corresponds to
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a spread of wave numbers of about 1.2&(10 cm '. On
the other hand, electrons are induced by the field effect
and occupy generally a wider range of k at 10 K since the
Fermi-wave number kF is given by (2~N, ) under de-
generate case and is 2.5&10 cm ' when N, is 10'
cm

The PL line shape is expressed as

IpL(hv)= JM p(hv)f, (hv)fq(hv)5(hv, E)dE,

where M is the momentum matrix element, p (h v) is the
reduced density of states, and 5(hv, E) is the broadening
function which includes the carrier-induced effect. When
N, =10' cm ( V, ) —0.4 V), we can assume that f, is
almost 1 and that M and p(hv) are nearly constant in
the energy range where the radiation occurs. Hence the
PL line shape should reflect mainly the Boltzman distri-
bution k~ T of holes and the corresponding distribution of
electrons that recombine with holes. This means that
PL shows an exponential tail of the form
I(h v) = A exp( —h v/B) on the higher-energy side of the
PL peak. Here B is the joint thermal energy constant and
is expressed as (1+m&/m, )kaT for a parabolic case,
where mz is the effective mass of heavy holes along the
QW plane near the band bottom (-0.18mo). Consider-
ing mh/m, =2.69, B is predicted to be 3.2 —6.4 meV at
T= 10 K (or 20 K). Although the nonparabolicity of hole
subbands may further enhance the broadening, the pre-
diction (3.2 —6.4 meV) is far smaller than the experimen-
tal value B= 15.1 meV obtained at N, = 1 g 10' cm

(Vg, =0 V). Hence the major portion of the observed
broadening should be ascribed to some other mechanism.

Other mechanisms that may broaden the higher-energy
side of the PL peak are those that allow the recombina-
tion of holes with k much greater than their thermal
values; the Coulomb enhancement near the Fermi sur-
face, for example, enhances the optical transition near kF
as discussed in connection with the excitation spectrum.
One also expects an appreciable spread of the hole wave
number over a wider range in k space, if holes are local-
ized by some inhomogeneities with an attractive poten-
tial. If the lateral size of such a localized state is 300 A,
the hole wave number may spread to 2X10 cm '. This
corresponds to the kinetic energy of 3.6 meV for holes
and 22.8 meV for electrons. Such a spread is large
enough to explain the broadening constant B of about 15
meV. In fact, the Coulomb enhancement near the Fermi
surface and the hole localization may function additively.
Similarly, any inhomogeneities which break the k selec-
tion rule may also cause broadenings.

The linewidth data of Fig. 5 show that APL on the low-

energy side of the PL peak increases from 3.6 to 7.8 meV,
as N, is increased from zero to 1X10' cm . Such a
large broadening cannot be explained by the lifetime
broadening, ' because the measured mobility at
N, =1&(10' cm is as high as 74000 cm /Vsec at 10
K. This corresponds to a broadening b,E =(equi/2m, p)
of 0.12 rneV. Even when we consider that p decreases
nearly linearly with X,' or N,', and the lifetime broaden-
ing increases as N, is reduced, the expected broadening is
still less than 1 meV for X, & 3 & 10" crn

Inhomogeneities in the QW system such as impurities
and interface roughness may broaden the PL linewidth.
In particular, the measured linewidth of EPL (-3.6 meV)

of the excitonic PL at low temperatures at N, =.0
( V, = —2 V) is likely to be dominated by such inhomo-

geneities. Since a heterointerface fluctuation of at least 1

monolayer is expected in MBE grown samples, this ac-
counts for the level broadening of about 1 meV when

L, &100 A. The remaining portion of the broadening
(2.6 meV =3.6 meV —1 meV) is most probably due to the
potential fluctuation caused by the donor impurities in

n-type A1„6a, As or by interface fluctuation of greater
amplitudes, possibly a few monolayers. These impurity
or interface related broadenings may depend on the elec-
tron concentration N„but are likely to decrease with in-

creasing N, because of screening. Hence, the contribu-
tion of impurity related broadening APL in the region of
high N, & 3&(10"cm is estimated to be of the order of
3 rneV or less.

Thus by assuming an inhomogeneity broadening of
about 3 meV and a lifetime broadening of 0.2-1 meV at
N, =1)&10' cm, one should still look for other mecha-
nisms to account for the remaining portion of APL, which
is about 3-4 meV at high N, . This mechanism should be
one that becomes important only at high N, . Possible
candidates are the Auger process of electrons and the for-
rnation of the nonparabolic tail in the joint density of
states which are known to play some roles in doped semi-
conductors. Hence, we conclude here that the broaden-

ing due to the Auger effect' or to the nonparabolic tail
states is small and at most 4 meV. This conclusion con-
tradicts somewhat with the work of Trankle et al. ,

'

since they have found that measured APL becomes as
large as 20 rneV when electron hole pairs of about 10'
cm is generated and have ascribed it mostly to Auger
processes. We think that their broadening is most likely
dominated by the well width fluctuation, since their well
width is so thin (21 A) that one monolayer fluctuation
may broaden the PL line width by about 20 meV.

V. SUMMARY

We have studied optical properties of a modulation-
doped single quantum well by controlling the electron
concentration via gate electric fields. Both the red shift
of the emission energy and the blue shift of the absorp-
tion edges are compared with local-density-functional
theory and are ascribed to many-body effects and band
filling. Mechanisms which dominate the PL and PLE
linewidths are discussed and clarified.
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