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The optical properties of a sample containing several GaAs quantum wells of different widths

separated by relatively thick but leaky Alo, Gao 7As barriers are investigated at temperatures up to
150 K. Electrical bias, applied using a Schottky gate, tilts the energy bands and results in

quasiresonant transfer of electrons or holes, photoexcited in thicker GaAs layers into the quantum

wells. This permits investigations under conditions varying from no significant carrier population

up to electron or heavy-hole sheet densities of about 2X10" cm ' in the same quantum well and

provides detailed information on the formation of "Mahan excitons, " oscillator strengths, and

band-gap renormalization.

I. INTRODUCTION

The band-edge optical properties of semiconductor
quantum wells are strongly affected by the existence of
excitons. In addition to intrinsic wells, interest has re-
cently turned also to understanding the optical effects of
free carriers, particularly in the one-component Coulomb
systems which can be created using modulation doping.
In these structures the carriers are spatially separated
from the dopants so that ionized-impurity scattering is
reduced and high-mobility quasi-two-dimensional (quasi-
2D} Fermi gases can be created. They demonstrate in-
teresting many-body effects in the optical properties not
easily seen in doped bulk semiconductors. ' In particu-
lar, the collective behavior of the Fermi sea in the process
of creation or annihilation of an electron-hole pair is im-
portant.

At low temperatures and carrier concentrations the
dielectric response of a quantum well at energies near the
direct band gap is dominated by atomic exciton states.
With increasing doping, carrier-carrier interactions in the
form of many-body exchange and correlation effects
cause a renormalization of the single-particle energies.
This can be approximately described as a rigid shift of
the conduction and valence subbands towards each other
and affects all subbands in a similar way. ' If both sub-
bands involved in the optical transition are unoccupied,
then the atomic exciton remains well defined up to carrier
sheet densities of —10' cm, which is larger than in

the case of bulk material. This is because in two dimen-
sions, screening of the long-range Coulomb interaction is
weaker than in three dimensions and, at low tempera-
tures, saturates at large carrier densities because of the
constant density of states. ' If one of the subbands is oc-
cupied, then the exclusion principle, in the form of
phase-space filling and short-range exchange interactions
between carriers in the Fermi sea, leads to quenching of
the atomic exciton. At low temperatures the limit of sta-
bility is the Mott density, given by kFao —1, where kF is
the wave vector at the Fermi surface and ao is the Bohr
radius of the atomic exciton. Beyond this limit the re-
normalized band gap falls below the exciton energy, or
equivalently, the exciton binding energy becomes less
than the combined Fermi level. Typically this corre-
sponds to a carrier density of a few times 10"cm

Although for quite low sheet carrier densities the
atomic exciton unbinds, when allowance is made for the
dynamical response of the Fermi sea in the case of a de-
generate electron gas, final-state interactions of the elec-
tron and hole have a pronounced effect on the absorption
spectrum in three dimensions and an even larger effect in
two dimensions. ' At low temperatures these effects
manifest themselves in the appearance of an excitonlike
peak, the "Mahan exciton, " which is a bound state with
respect to the Fermi level. Physically, the oscillator
strength at the Fermi edge is enhanced because the
many-body correlation of the photoexcited minority car-
rier with the majority-carrier Fermi sea increases the
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electron-hole overlap relative to the statically screened
case. ' The enhancement is strongest at the Fermi edge
because, below EF, electron-hole multiple scattering is

suppressed by phase-space blocking. It has been
remarked that this phenomenon is analogous to the
Fermi-edge singularity in the x-ray absorption and -emis-
sion spectra of metals, "' although in the semiconductor
case the singularity is smeared out by hole-recoil effects.
In general, the recombination for both low and high con-
centrations of a single carrier type is expected to be a
wave-vector-conserving process and therefore to show a
peak at the fundamental gap. " However, hole localiza-
tion in alloy systems may relax this selection rule giving
an additional peak at the Fermi energy. '

Ideally, one would like to vary the carrier density in a
continuous manner in order to make systematic studies of
the many-body effects. One approach is to use a
modulation-doped quantum well as the channel of a
field-effect transistor and so vary the electron or hole con-
centration with the gate voltage. However, this only
makes possible the control of one type of carrier, accord-
ing to whether the modulation doping is p or n type. In
this paper we describe experiments on a structure in
which it is possible to change the carrier type, as well as
to vary their densities from essentially zero up to 2 X 10"
cm . It is grown on a conducting substrate, but is oth-
erwise undoped, and therefore retains the advantage of
spatial separation of carriers from impurities.

To investigate the optical properties of this structure,
we have used a variety of techniques. Here we describe
photoluminescence (PL) and photoluminescence excita-
tion (PLE) measurements at temperatures up to 150 K,
which establish the details of the charge accumulation in
the wells at different applied bias. They also reveal the
formation of "Mahan excitons" at the Fermi level (or,
more generally, at the quasichemical potential), and the
changes in oscillator strengths and band-gap renormal-
ization when electron or hole Fermi seas are present in
the wells, and their temperature dependence. We have
also made studies of effects of carriers on magneto-PLE
(Ref. 15) and on exciton dephasing by means of resonant
Rayleigh scattering, which will be described elsewhere. '

II. EXPERIMENT

The sample (see Fig. 1) consisted of intrinsic GaAs
wells of thickness 5, 10, 20, and 80 nm separated by 34-
nm Alo 3Gao 7As barriers grown by molecular-beam epi-
taxy (MBE), on an n +-type GaAs substrate with an inter-
vening 0.5-pm-thick undoped GaAs buffer layer. The
layer thicknesses were measured by transmission electron
microscopy (TEM). A background p-type doping of
-3X 10' cm (probably carbon acceptors) was found
in GaAs epilayers grown immediately after the above
structure, and residual p-type doping in the Al Ga& As
layers is probably somewhat higher. Electric fields were
applied perpendicular to the layers using a 100-nm-thick,
90% transparent indium tin oxide (ITO) Schottky con-
tact on the top surface and an Ohmic indium alloy con-

Al03Gao, As barriers
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FIG. 1. Schematic of the sample structure.

tact on the substrate. The zero-electric-field or flat-band
condition was identified as 0.35 0.05 V applied bias
from the null point of the photocurrent in the sample.
This is also approximately the saturation voltage ob-
tained with intense illumination at energies above the
Al, Ga, ,As band gap.

Closely similar electrical behavior and spectra were ob-
served using a 20% transmitting layer of gold in place of
the ITO. The ITO acts as an antireflection coating, so
that the luminescence intensities are roughly twice that of
the uncoated material and about 50 times that obtained
with the gold electrode. This allowed measurements over
a considerable range of incident power densities, the re-
sults discussed here being for -0. 1 Wcm, well below
that required to produce saturation or carrier-heating
effects. Most of the data in this paper refer to the 5-nm
well, but qualitatively similar results were obtained for
the 10- and 20-nm wells. The sample was mounted in a
strain-free manner in a helium atmosphere in a variable-
temperature cryostat.

Our optical equipment consisted of an argon-ion-
pumped Styryl-9 or Pyridine-2 dye laser to excite the
sample. It was tuned with a birefringent filter giving a
linewidth [full width at half maximum (FWHM)] of -0. 1

meV. Light from the sample was analyzed using a 0.85-
m —focal-length double-grating spectrometer, also with a
resolution of -0. 1 meV, and was detected using a cooled
GaAs photomultiplier with photon-counting electronics.

Measurements were made with the dye laser incident
at an angle of —15' to the surface normal of the sample,
focused to a spot —50 pm in diameter and polarized with
its E vector in the plane of the surface. Light was collect-
ed at -90' to the incident beam with f /1. 8 optics. PL
was examined by using a fixed dye-laser energy well
above the absorption edge and scanning the spectrometer
through the region of interest. PLE spectra were ob-
tained by setting the spectrometer to detect near the max-
imum of the first conduction subband to first heavy-hole
subband (El-Hl) recombination peak and scanning the
dye laser to higher energy.
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III. EFFECTS OF CARRIERS
AT LOW TEMPERATURES

Examples of PL and PLE spectra at 5 K for the 5-nm
well at different applied biases are shown in Fig. 2. At
this low temperature the PL spectrum in each case con-
sists of a single line due to the intrinsic E1-H1 recom-
bination, first conduction subband to first light-hole sub-
band (F. l Ll) -recombination being negligably weak. The
PLE spectra contain two peaks, that at lower energy as-
sociated with El-H 1 absorption and that at higher ener-

gy with E1-L1 absorption. In our treatment of the PLE
data we have assumed that the luminescence intensity is
directly proportional to absorption and that the continu-
um absorption well above the E1-L1 transition is approx-
imately independent of bias and carrier density. The
latter assumption is based on consideration of oscillator-
strength sum rules' and allows us to scale the spectra ob-
tained at different biases relative to that at Hat band (0.35
V).

There are several significant changes in the spectra
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1

with increasing forward and reverse bias, which can be
understood in terms of creation of Fermi seas of electrons
or heavy holes in the wells due to quasiresonant carrier
injection. Firstly, the energy difference ("Stokes shift" )

between the emission- and absorption-peak positions
changes markedly; a detailed plot is shown in Fig. 3.
Secondly, there is a shift of the PL-peak position, as
shown in detail in Fig. 4. Thirdly, at biases correspond-
ing to the maxima of the "Stokes shift, " there is a
broadening and reduction in the integrated area under
the El-01 exciton peaks in the PLE spectra, relative to
that of the continuum at higher energy, which indicates a
decrease in oscillator strength by a factor of order 2 —3.
These effects can be seen by comparing the spectra at
+1.0 V with that at 0.45 V in Fig. 2.

In interpreting the "Stokes-shift" data (Fig. 3), we as-
sume that the relatively small shift of -3 meV under
flat-band conditions has its origin in eScient trapping of
the delocalized excitons at regions, perhaps of order of a
few tens of nm in extent, where the well is 1 or 2 mono-
layers wider than average. The increased values of the
"Stokes shift" for biases away from flat band indicate an
additional contribution due to the Moss-Burstein shift'
associated with Fermi seas of electrons and heavy holes.
We expect that, in this case where the wells are GaAs,
wave vector will be conserved in the absorption and
recombination processes. " This is in contrast to the sit-
uation for alloy wells, where carrier localization can be
dominant. ' Thus the recombination occurs predom-
inantly at k=0, whereas absorption occurs at a higher
energy between valence- and conduction-band states at
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FIG. 2. Photoluminescence excitation (PLE) (solid curves)
and photoluminescence (dashed curve) spectra at 5 K for the 5-
nm well at different biases. The intensity of the PLE spectra are
scaled relative to one another as described in the text.

FIG. 3. Bias dependence of the "Stokes shift" between the
El-H 1 transition in emission and the El-H 1 and El-L 1 transi-
tions in absorption for the 5-nm well at 5 K as deduced from
photoluminescence excitation spectra.
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small decrease in oscillator strength relative to the con-
tinuum background that we tentatively attribute to band
mixing. We shall discuss in Sec. V the mechanism for ac-
cumulation of electrons or holes in this structure.

The sheet carrier densities N, are obtained from the
"Stokes shift" (Fig. 3) as follows. We assume a two-
dimensional density of states with parabolic electron and
hole dispersion and also assume that optical transitions
conserve wave vector (b,k =0). The extra "Stokes shift"
is given by

FIG. 4. Variation of photoluminescence peak energy as a
function of bias for the 5-nm well at 5 K.

1$ 31 E+E (1+—'j
0 fAh

FIG. 5. Schematic of absorption and emission processes with
an occupied conduction subband.

the Fermi wave vector k~ (see Fig. 5). Under these con-
ditions, band-gap renormalization and changes in the ex-
citon energy due to space charge as well as effects of band
bending and electric field on the energy levels make no
net contributions to the "Stokes shift" of the heavy-hole
"exciton" peak since they contribute equally to the ab-
sorption and emission energies. The "Stokes shift" of the
"heavy-hole" peak may then be used to obtain a value of
the Fermi energy and carrier concentration in the well.
It is clear from Figs. 2 and 3 that the additional "Stokes
shifts" for positive bias between 0.60 and 2.0 V is due to
the presence of a Fermi sea of electrons, since both the
heavy- and light-hole transitions show a similar shift and
loss of integrated intensity. However, for biases between
0 and -4 V the light-hole transition shows no significant
shift and little broadening ( (0.5 meV), indicating that
under these conditions there is a Fermi sea of heavy holes
present, the light-hole band being empty. There is a

where m,„'=m, '+ m& ', and m, and m& are the
effective masses of the electron and hole, respectively.

We use the value of m, „lm0=0.050 obtained for un-

doped 5-nm wells in recent low-field magnetoreflectivity
experiments. ' From the observed extra "Stokes shift" of
8.6 meV, the peak N, is 1.8X10" cm for electrons in
forward bias with E~=6.3 meV and k~ao=1. 05. Simi-
larly, with a maximum extra "Stokes shift" of 3.6 meV in
reverse bias, and heavy-hole density is 0.75X10" cm
E~=1.0 meV, and k~a0=0. 69. It is difficult to estimate
the carrier type and density under flat-band conditions,
but if limited by residua1 p-type doping, then it is prob-
ably less than 10 cm

We estimated the photoexcited carrier densities in
these measurements to be 10 cm, —10 of the max-
imum sheet densities calculated above. This estimate is
based on a recombination time of 300 ps, an absorption
coefficient of 10 cm ', and cw pumping power of 0.1 W
cm . We observed no change in peak charge densities
for intensities between 10 and 10 W cm

The effect of the space charge and electric field on the
single-particle energies can be estimated using the varia-
tion of the E1-81 luminescence-peak position, Fig. 4,
and from knowledge of the changes in exciton binding en-
ergy. As discussed in Sec. I, the atomic exciton binding
energy is predicted to become very small for quite modest
carrier densities, ' while the optical strength remains ob-
servable. Similarly, the binding energy of the 2D
"Mahan exciton, " although enhanced over the 3D
case, ' will probably be less than 1 meV. Indeed, we
have verified from magneto-PLE measurements, de-
scribed elsewhere, ' that the exciton binding energy at
flat band in the 5-nm well is approximately 10 meV and
becomes very small with increasing carrier density. The
combined renormalization, due to an electric field of or-
der 5X10 Vcm ' and the space charge, is 15.0 meV for
1.8X10" cm electrons and 14.6 meV for 0.75X10"
cm holes. We estimate the change in Hartree energies
due to electric field and the band-bending effects of space
charge to be -3.2 meV, leaving 11.8 and 11.4 meV as the
band-gap renormalization associated with the electron
and heavy-hole populations, respectively. The main un-
certainty in these values lies in the assumption of uniform
potential drop across the structure.

A rough estimate of the order-of-magnitude error in-
volved can be made by assuming that only the 5-nm well
is occupied with sheet charge density o.. The electric
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field experienced by the well will be different from the
unoccupied case by an amount of order o /e, where e is
the dielectric constant. This leads to changes in the com-
puted Stark shift, and therefore also in the band-gap re-
normalization, of about 1 meV.

Schmitt-Rink and Ell give an expression for the band-

gap renormalization in two dimensions,
1/3

X,ao
5E~D = —3. 1 EI, ,

2

where E„ is the exciton binding energy. Using the
effective parameters appropriate to the 5-nm well (ao =10
nm and EI, =10 meV rather than the theoretical 2D
values), we find 5E =13.9 meV in forward bias and 10.4
meV in reverse bias, values close to our measurements
and consistent with calculations for finite well width by
Kleinman and Miller. Note that our data show a
significantly larger band-gap renormalization (by about
30%) for a hole sea than for an electron sea of the same
density. A similar but smaller effect was calculated by
Kleinman and Miller.

The observed dependence of the linewidth and oscilla-
tor strength of the excitonic peaks upon carrier concen-
tration are discussed more fully in Sec. V.

compared to that observed in an undoped well. %e have
not studied this phenomenon in any detail, but have used
the polarization of the n =2 exciton peak as a monitor of
the presence or absence of an electron Fermi sea. Our
polarized PLE spectra were obtained from the 10-nm
well (where a significant electron population is present for
biases between 0.5 and 1.0 V and a hole population be-
tween 0.1 and —0.5 V). We used circularly polarized ex-
citation and measured the circular polarization of the
luminescence (I + I —) with a difFerential ratemeter
while simultaneously recording the unpolarized PLE
spectra. With fiat bands, Fig. 6(a), the excitation spec-
trum shows the n =1 and heavy-hole and the n =1
light-hole transitions. The corresponding polarization
spectrum is as expected, with positive peaks for the
heavy-hole transitions and a lower or even negative po-
larization for the light-hole transition. However, at a
bias of 1.0 V, even though the PLE spectrum near the
n =2 transition does not appear particularly changed,
Fig. 6(b), the polarized PLE spectrum exhibits a reversal
in the sign of the n =2 polarization, which is consistent
with a Fermi sea of electrons being present. No change is
observed in the polarization spectrum when a Fermi sea
of ho1es is present, in agreement with Ruckenstein et al.

IV. CIRCULARLY POLARIZED
PHOTOLUMINESCENCE EXCITATION
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FIG. 6. Circularly polarized and unpolarized photolumines-
cence excitation spectra for the 10-nm well (a) at flat band (0.3
V) and (b) with —10" electrons cm present (1.0 U).

In their circularly polarized PLE experiments, Ruck-
enstein et al. observed a reversal of circular polarization
of the n =2 transition in an n-type-doped quantum well

V. TEMPERATURE-DEPENDENT EFFECTS

The effect of increasing temperature on the PL and
PLE spectra of the 5-nm well is illustrated for various ap-
plied biases in Fig. 7, which shows "Stokes shift" and
linewidth for the E1-01 transition. The behavior is very
different depending on the presence or absence of car-
riers. With no significant carriers in the well (0.30 V), the
linewidth [Fig. 7(a)] is approximately 4 meV at low tem-
peratures and shows a linear increase with temperature.
This is consistent with a dominant temperature-
independent inhomogeneous component superimposed on
broadening due to acoustic-phonon scattering, which is
expected to be —10 peV/K. LO-phonon scattering will
not be important over this temperature range. At the
same time, the "Stokes shift" [Fig. 7(b)] falls sharply as
excitons are thermally activated out of the few-meV-deep
potential wells formed by layer-thickness Auctuations.
The oscillator strength of the PLE peak varies only weak-

ly with temperature.
The behavior as temperature is increased with Fermi

seas of carriers in the wells is markedly different. The
"Stokes shift" for both electrons (1.50 V bias,
X, = 1.8 X 10" cm, and EF =6.3 meV) and holes

(
—0.70 V bias, X, =0.75 X 10"cm, and EF ——1.0 meV)

shows a rapid initial decrease, corresponding with that
for the empty well, superimposed on a more gradual
reduction towards zero at —100 K. The linewidths [Fig.
7(a)] are difficult to measure quantitatively due to the
asymmetry of the spectra (Fig. 2), but, at low ternpera-
tures, are increased by a few meV compared to the empty
well, partly resulting from hole-recoil effects of order
2EFm, lm„. ' The plotted quantity in Fig. 7(a) is twice
the difference of peak and half-height energies on the
1ow-energy side. As a function of temperature, for the
electron case there is an initial linear increase up to —50
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K, followed by a decrease to the empty-well value by
—150 K. At the same time, the oscillator strength de-
creases up to 80 K and then increases. With a hole sea
the width is initially temperature independent, and then
falls to the empty-well value, while the oscillator strength
increases uniformally.

We can account qualitatively for this as follows. The
existence of a singularity at the Fermi edge depends on
the sharpness of the Fermi surface relative to the binding
energy of the "Mahan exciton. " With increasing temper-
ature the Fermi edge broadens and the many-body
electron-hole correlation decreases. At the same time,
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FICx. 7. {a) Temperature dependence of the El-Hl photo-
lurninescence excitation linewidth at the indicated biases, and
(b) temperature variation of the "Stokes shift" between emission
and absorption for the E1-Hl transition in the 5-nrn well at
biases corresponding to flat band (0.30 Vj, an electron density of
—1.8X10" cm '- (1.5 V), and a hole density of -0.75X10"
cm ( —0.70 V). The solid curves in (b) are calculations of the
variation in "Stokes shift" as described in the text for 1.5 and
—0.7 V.

the phase-space blocking which prevents formation of the
atomic exciton becomes ineffective, so that with increas-
ing temperature the "Mahan exciton" evolves into the
atomic exciton, which shows little broadening at 100 K.
This decrease in linewidth observed in both the electron-
and hole-sea cases reflects the fact that in neither case is
kzao large compared to unity, so that the many-body
effects inherent in the "Mahan exciton" are fairly weak.

A more quantitative test is represented by the solid
curves in Fig. 7(b), which are predictions of the "Stokes
shift" based on the assumption that it consists of a sum of
components due to well-width fluctuations and to the
temperature dependence of the quasichemical potential.
The former component is obtained from the data for the
empty well at 0.30 V bias, while the latter is calculated
assuming that the carrier density remains constant with
temperature and that the PLE peak coincides with the
quasichemical potential at a given temperature. The Fer-
mi energies are taken as 6.3 meV at 1.50 V bias and 1.0
meV at —0.70 V bias.

The good agreement for the 1.5-V data where
EF»k~ T at the lowest temperature tends to confirm the
theoretical prediction that the peak enhancement of the
oscillator strength occurs near the quasichemical poten-
tial, as also found by Livescu et al. , and that we
indeed have fully developed "Mahan excitons" up to
nearly 100 K. At —0.7 V the agreement is poor. This
suggests that the many-body effects giving rise to forma-
tion of "Mahan excitons" are less important in the hole
sea than in the electron case, so that the observed absorp-
tion peak does not represent a fully formed "Mahan exci-
ton" even at low temperatures, and we are observing only
the recovery of the atomic exciton as the degeneracy of
the hole sea is diminished. The latter picture is con-
sistent with the fact that the quenching of the E1-H1
peak at —1.0 V (0.75 X 10" cm heavy holes) in Fig. 2
is more complete than at 1.0 V (1.8X10" cm elec-
trons); at 1.0 V there is a many-body enhancement of the
oscillator strength that is not present at —1.0 V.

VI. LUMINESCENCE UP-CONVERSION
AND MECHANISM OF CHARGE ACCUMULATION

To investigate the interwell charge transfer as a func-
tion of applied bias in more detail, we created electrons
and holes at low temperature by selective excitation of
the 10-nm and wider wells with photons of energy (1.56
eV while monitoring the integrated E1-81 luminescence
of the 5-nm well at 1.59 eV. Incident power density was
1 W cm . The results are shown in Fig. 8. The integrat-
ed intensity [Fig. 8(a)] shows a strong peak near 1.0 V
and a smaller peak near —0.2 V. The integrated intensi-
ty varied linearly with excitation intensity between 10
and 10 W cm . Since direct excitation of the 5-nrn well
requires photon energies greater than 1.58 eV (see Fig. 2),
observation of low-temperature luminescence for excita-
tion at much lower energies must result from carriers
generated elsewhere in the structure and transferred into
the 5-nm well when the bands are tilted under applied
bias. Quantum efliciency for the up-conversion was
10 —10 times that for direct photoexcitation of the
5-nm well.
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The action spectrum for the upconverted luminescence
at 0.7 V [Fig. 8(b)j shows a peak corresponding to the
band-edge exciton in GaAs ( —1.515 eV) and the El H-l
and El 1.1-transitions in the 10-nm well (1.54 —1.55 eV).
A similar spectrum is found for a reverse bias of —0.50
V. It is interesting that no peaks corresponding to the
20-nm well are observed, possibly due to quenching of the
oscillator strength by the electric field or by phase-space
filling under applied bias.

It is clear that the accumulation of electrons and holes
in the 5-nm well under applied bias must be due to trans-
port of carriers photoexcited in the 80-nm-thick GaAs
layer and, possibly, in the buffer layer. The small number
of the other carrier type necessary for recombination is
then injected from the ITO electrode. The fact that the
carriers only accumulate over restricted ranges of applied
bias, as demonstrated by the "Stokes shift" (Fig. 3), sug-
gests that resonant transfer between the wells is impor-
tant. This conclusion is strengthened by our measure-
ments of exciton dephasing using resonant Rayleigh
scattering.
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FIG. 8. (a) Integrated intensity of E1-H1 luminescence from
the 5-nm well near 1.595 eV obtained by exciting the thicker
wells in the structure at the lower energy of 1.547 eV. (b) In-
tegrated luminescence intensity as in (a), but as a function of
pumping energy at a fixed bias of 0.70 V.

We have not attempted a self-consistent calculation of
the electric field distribution across the sample in the
presence of charge accumulation. However, as the bands
are tilted away from flat band under forward bias, it ap-
pears experimentally that electrons transfer into both the
5- and 10-nm-wide wells at approximately the same bias
of 0.6 V. This is quite close to the bias required (0.70 V)
to align the n =1 conduction subbands of the 20- and
10-nm wells, in the absence of charge accumulation, such
that the voltage is dropped uniformly across the struc-
ture.

The 10-nm well is depopulated at an applied bias of
about 1.0 V, which is approximately the bias required
(1.25 V) to align the n =1 conduction-band states in the
5- and 10-nm wells. At 2.0 V the 5-nm well is depopulat-
ed. A similar chain of events takes place in reverse bias.
There, the heavy-hole populations in the wells change
dramatically at biases suggestive of the alignment of the
light-hole bound states. Obviously, the detailed behavior
is governed by a complicated interplay of transport and
electrostatic effects which we have not modeled in detail,
but the sharp onsets for filling and emptying of the wells
are consistent with a transport mechanism dominated by
tunneling of electrons in forward bias and light holes in
reverse bias (which rapidly thermalize to heavy holes in
the wells) and which requires the alignment of energy lev-
els. The electrostatic effects of the charge transfer must
cause very nonuniform internal field distributions and
these may change rapidly with the transfer of small
amounts of charge leading to a cooperative emptying or
filling of wells.

The detailed mechanism of charge transport through
thick barriers at low temperature is generally unclear. In
our sample the dominant mechanism seems to be tunnel-
ing, possibly enhahced by defects (e.g., deep levels )

within the barriers. At temperatures higher than
100—200 K thermal activation over the barriers generally
provides a good picture of charge transport in
GaAs/Ga, „Al„As multiple-quantum-well (MQW)
structures with relatively thick barriers. In particular,
eScient thermal activation explains the high quantum
efficiency of pin MQW detectors when illuminated at en-
ergies below the barrier band gap. With decreasing tem-
perature, the photocurrent in such structures has been
observed to decrease, as expected for thermally activated
transport, but saturates and sometimes increases below
100 K, indicating the importance of tunneling at low
temperatures.

It is interesting to compare the up-conversion
phenomenon we have described with the charge or exci-
ton transfer observed by Wilson et al. in a similar
GaAs/Al Ga, As structure to ours. These authors ob-
served strong excitonic features in the PLE spectrum of a
10-nm well corresponding to transitions in an adjacent 5-
nm well separated by a 30-nm A1037Gao 63As barrier.
They attributed this effect to exciton migration between
the wells, possibly along dislocation chains, rather than
to single-step tunneling of the kind discussed by Nelson
et al. Another possibility is that they were observing
uncorrelated electron and hole migration. These mea-
surements were made without externally applied field, al-
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though there would have been a built-in field due to sur-
face pinning of the Fermi level near midgap. In contrast
to these results, we were unable to observe evidence of ex-
citon features corresponding to thinner wells in the PLE
spectra of thicker wells at any biases in our samples. This
is consistent with the low up-conversion eSciency which
we observe.

VII. SUMMARY

We have described a study of optical properties of the
same quantum well over a range of carrier concentrations
from 1.8 X 10" cm electrons through empty to
0.75 X 10" cm holes. This was made possible by use of
a sample containing several quantum wells of different
thicknesses separated by thick, though leaky, barriers.
Carriers accumulate in the wells over restricted ranges of
applied forward and reverse bias as a result of
quasiresonant transfer of carriers photoexcited elsewhere
in the structure. An important consequence of this is
that it enables the carrier density and type in the wells to
be varied merely by changing the bias, and thereby avoids
the variations of parameters inherent in previous compar-
isons of different samples.

In particular, we have investigated the changeover
from atomic" to "Mahan" exciton behavior as a func-
tion of both carrier concentration and temperature, and
have also measured the band-gap renormalization due to
both electron and hole accumulation. We find a larger
renormalization for a Fermi sea of holes than for elec-
trons at the same sheet density. The atomic exciton is
characterized by sharp bound states with relatively weak
temperature dependence, whereas the "Mahan exciton"
consists of a many-body enhancement of absorption near
the Fermi energy, which is strong at low temperatures
and rapidly disappears as the temperature approaches
Ez/k~. For the modest carrier concentrations available
in this sample, the "Mahan exciton" evolves continuously
into an atomic exciton as the temperature is increased
further.
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