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Intensity dependence of the Fermi edge singularity in photoluminescence from modulation-dope
Al xGa1ÀxAsÕIn yGa1ÀyAsÕGaAs heterostructures
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A photoluminescence~PL! study of pseudomorphic modulation-doped AlxGa12xAs/InyGa12yAs/GaAs het-
erostructures with high-electron density reveals a fundamental change in the PL spectrum under increased
excitation density. The high-energy tail of the PL is transformed due to the mutual repulsion of the Fermi-edge
singularity ~FES! and the excitonic states. The details of this repulsion depend on the excitation density and
temperature. At low temperature, the dependence of the existence of the FES feature on excitation density has
been demonstrated for the first time. The appearance of the FES is accompanied by the formation of an abrupt
high-energy edge and occurs at intensities far below those required for the appearance of the hybridized
n52 exciton. Strong screening of then52 exciton state by photoexcited carriers is observed. The PL behavior
under excitation density and temperature variation near the Fermi edge is explained in terms of a strong effect
of the carrier density on the appearance of the FES; the details of this effect have not yet been fully theoreti-
cally explored.
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Nearly ideal conditions for the study of many-bod
effects, namely, the Fermi-edge singularity~FES!,
band-gap renormalization, or shake-up processes
provided by pseudomorphic modulation-dop
Al xGa12xAs/InyGa12yAs/GaAs heterostructures.1–5 Due to
the high density of the two-dimensional electron gas~2DEG!
in these systems, the correlation effects are of great im
tance, resulting in the rearrangement of electron and h
subsystems in order to reduce the Coulomb interaction. It
been shown theoretically that two principal conditions m
be satisfied in order to observe the FES :~i! the strong over-
lap of the wave functions of spatially separated electrons
holes to ensure the effective electron-hole correlation and~ii !
an abrupt Fermi edge.6–8 Recently, it has been demonstrat
that these conditions are necessary but, likely, not suffic
for such an observation.9 We report here principally a behav
ior of the FES providing strong support for this latter ass
tion.

Typically the FES is identified:~i! in photoluminescence
~PL! as an enhancement of the oscillator strength for tra
tions close to the Fermi edge if disorder or hole localizat
spreads the hole wavefunction sufficiently in k-space to
low transitions otherwise forbidden due to momentum c
servation;~ii ! in absorption it appears as an excitonic e
hancement near the Fermi level of a factor;2 at 4 K.10 FES
related effects demonstrate a strong temperature, excita
density, and magnetic-field dependence. Chenet al.11 ob-
served for AlxGa12xAs/InyGa12yAs/GaAs in perpendicula
magnetic fieldB very strong periodic intensity oscillations i
B21 for the PL at low temperature caused by the reson
enhancement of the FES in the highest occupied Lan
level. The electron scattering by holes becomes substant
enhanced due to resonance with excitons of the em
n52 electron subband. The behavior of the FES and
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n52 exciton under near-resonance condition between
n52 subband and the Fermi energyEF has been recently
studied in AlxGa12xAs/InyGa12yAs/GaAs by means of PL
and PL excitation spectra under temperature and excita
density variation.12 It has been shown that the FES quench
rapidly with a temperature and/or excitation density increa
whereas the magnitude of then52 exciton feature grows
accompanied by a blueshift of the energetic position. In
previous studies the FES feature either definitely exists
definitely does not exist at low temperature. If existing,
further evolution can be followed under temperature, m
netic field, or excitation density variation. We demonstra
here for the first time the low-temperature origination of t
FES in the PL spectra, although it was absent initially.

We have grown pseudomorphic modulation-dop
Al xGa12xAs/InyGa12yAs/GaAs heterostructures to optimiz
the FES observation in PL. The typical epilayer seque
consists of a GaAs buffer layer (d580 nm), an undoped
InyGa12yAs strained quantum well~QW! ~2DEG channel!
(y50.19, QW thicknessD515 nm), an AlxGa12xAs un-
doped spacer (x50.2, d57.5 nm), an AlxGa12xAs heavily
Si-doped supplier layer (x50.2, d535 nm,
ND5231018 cm23), and a Si-doped GaAs cap laye
(d55 nm, ND52.531018 cm23). The electron sheet den
sity ns of the 2D electrons, obtained from the Hall measu
ments down to 4.2 K isNs51.1831012 cm22. Double-
crystal x-ray diffraction and simulation of the double x-ra
rocking curve were used to verify the samples’ structu
parameters. The x-ray patterns indicated a high quality of
structures under investigation. The PL was excited by
514.5-nm line of a cw Ar1 laser. The PL radiation was dis
persed through a 3/4-m Czerny-Turner scanning spectr
eter, with a spectral resolution better than 0.1 meV.

In order to be more precise in energy assignments,
calculate the subband structure for the InyGa12yAs QW in
8359 ©2000 The American Physical Society
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our heterostructures, self-consistently solving the coup
Schrödinger and Poisson equations. The Fermi level fo
given temperature was calculated by iteration from
charge-neutrality condition. The subband energies and
energy eigenfunctions for the In0.19Ga0.81As QW are shown
in Fig. 1. The intersubband separationD5E22E1 is found
to be 48 meV, andEF is about 5 meV smaller than theE2
energy. As seen, the wave function of then51 electron state
has its maximum near the AlxGa12xAs/InyGa12yAs inter-
face, while then52 electron state has its main peak near
InyGa12yAs/GaAs interface, as does the hole wave functi
The calculated wave functions allow one to compute the
tio of the electron-hole overlap integrals squared for theE21
and E11 transitions; this value is found to be 12.7. Bas
on the results derived from these calculations, one
calculate a single-peaked PL spectrum from o
Al0.2Ga0.8As/In0.19Ga0.81As/GaAs heterostructures.

Figure 2 shows a characteristic PL spectrum at 4.2 K@Fig.
2~a!# and the evolution of its high energy tail under differe
excitation densities@Fig. 2~b!#. The dominant feature
(E11-transition! at 1.284 eV@Fig. 2~a!# is due to the recom-
bination ofn51 electrons withn51 heavy holes and has
typical asymmetric line shape. The recombination reache
maximum near then51 subband bottom (kW50) and
strongly decreases in intensity towardEF . Due to the pres-
ence of impurities, the momentum conservation is brok
and the transitions from electrons in states up tok5kF
;23106 cm21 become allowed. The shape of the spect
feature is well described in terms of a microscopic the
developed by Lyo and Jones13 for steady-state PL at low
temperatures in modulation-doped degenerate direct-b
gap semiconductor QW’s. The following parameters w
derived from the fit:Eg51.278 eV,G513.8 meV (G is the
full width at half maximum!, and EF544 meV. The ob-

FIG. 1. Conduction- and valence-band profiles fou
from a coupled Schro¨dinger-Poisson analysis fo
Al xGa12xAs/InyGa12yAs/GaAs heterostructure. Squared envelo
functions for electrons and holes are also shown. Distance is m
sured from AlxGa12xAs/InyGa12yAs interface position.
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tainedEF value coincides well with that found from the sel
consistent solution of Schro¨dinger and Poisson equation
(EF543 meV). The low-energy PL threshold on the ener
axis @see Fig. 2~a!# is slightly redshifted with respect to th
E11 peak position. This is a consequence of 2D-carrier sc
tering by charge impurities strongly depending on the thi
ness of the spacer layer. These observations demonstrate
the PL profile is primarily determined by electron-hole r
combination accompanied by impurity and disorder-assis
processes, resulting in broadening and blue-shifting of
PL maximum.

The FES is recognized by the transformation of the
line shape in the close vicinity ofEF under excitation density
increase@Fig. 2~b!#. Taking into account the close proximit
of EF andE2 in our experiment, a strong interaction betwe

a-

FIG. 2. PL spectrum from a Al0.2Ga0.8As/In0.19Ga0.81As/ GaAs
heterostructure at 4.2 K under various excitation intensity:~a! PL
spectrum at low excitation power of 0.0012I 0, where I 0 is the
maximum intensity used and approximately 20 W/cm2. Dashed
line presents the fit in terms of Lyo and Jones theory@11#. The
low-energy tail is approximated by the Urbach form. Arrows sta
for E11 andEF energies.~b! Transformation of the high energy P
tail under intensity elevation. Curves 1 to 4 correspond to the
tensities: 1 - 0.0025I 0, 2 - 0.01I 0, 3 - 0.1 I 0, 4 - I 0, respectively.
Transition energies for the FES and then52 exciton are shown by
arrows pointing up.
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the elementary excitations near the Fermi level and
n52 bare~atomic! exciton is expected. Several surprisin
new characteristics arise from this interaction. Figure 2~b!
shows that the PL tail spreads far beyond theEF boundary at
the modest excitation level. At very low excitation, tran
tions associated with neither the FES nor then52 exciton
are seen. Increasing the excitation density, luminesce
from the FES clearly develops with a pronounced shift
ward the energies belowEF . The steepness of the spectr
drop fall after the FES feature abruptly grows and no
signal is detected behindEF . Further increase of the excita
tion density results in the appearance of an52 feature
(E21-transition! moving toward higher energy. Finally, th
E11 andE21 peaks are present only at the highest intensi
and the FES decays completely.

The optical oscillator strength for electrons at the Fer
level recombing with photo-generated holes becomes
hanced by over two orders of magnitude when the continu
of Fermi sea excitations is resonantly coupled with the ex
ton state.7 This coupling is described in terms of Fan
interference.14 The interaction between an exciton and 2
electrons in asymmetrically-doped single InyGa12yAs QW’s
was also discussed by Chenet al. in terms of a Fano
resonance11 without solving the many-body problem. A mor
detailed theoretical treatment including the band-gap ren
malization, static screening, and dynamical response of
Fermi sea has been carried out by Hawrylak.7 With inclusion
of the hole selfenergy, the position of the actual emiss
line falls close to the bare excitonic transition, and in abso
tion two peaks arise, one related to the bound exciton s
For increasing carrier density the emission spectrum
sembles the single-particle density of states in the conduc
band with enhancement at the Fermi level, while the abso
tion spectrum evolves into a blueshifted FES. This predic
behavior is somewhat obscured both in our data and in th
presented in Ref. 12.

Indeed, at low temperature and low pumping level,
high-energy tail of the PL is reasonably described in terms
the electron-heavy hole recombination contributed by im
rity and disorder-assisted processes@Fig. 2~a!#. The FES en-
hancement, if exists, is of a negligible magnitude. Elevat
the excitation density in addition to excitations of the Fer
sea, an increasing contribution from excitations includ
holes in then51 heavy-hole subband and electrons in t
second subband arises. Due to strong resonance couplin
excitons with excitations of the Fermi sea, two hybridiz
states appear, separated by the region of destructive F
interference. The state related to the Fermi edge is ener
cally shifted toward lower energy and the state related
hybridized excitons shifts to higher energy. At these re
tively low-excitation levels, the states related to the seco
conduction subband exciton cannot be observed in PL
cause then52 electron level is empty according to Ferm
statistics with the electron temperature measured to be
proximately 9 K. The result is the characteristic FES e
hancement of the PL with an abrupt fall-off on the hig
energy side due to the Fano interference. A further incre
of excitation density leads to the population of then52
electron level and observation of theE21 transition, corre-
sponding to the hybridized excitonic state@curve 3 in Fig.
2~b!#. At still higher excitation intensity, both the FES an
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excitonic emission are quenched and the free-2D elect
hole recombination dominates the high-energy PL tail@curve
4 in Fig. 2~b!#.

The Fermi level and the electron density can be de
mined by fitting the detailed line shape of the photolumin
cence to a theoretical model.15 Figure 3 depicts the exces
electron density due to optical excitation as determined fr
such a fit. It also shows the electron temperature as de
mined from the shape of the high-energy tail of the P
shown in Fig. 2. The data of Fig. 3 indicated that at t
highest excitation density studied here,I 0520 W/cm2, is
sufficient to result in population of the n52 electronic sub-
band in the InyGa12yAs QW.

Figure 4 shows the development energies of the FES
n52 related features as the intensity is varied. At the low
excitation intensities, no PL that can be attributed to the F
is observed. At about 40 mW/cm2, the FES appears near th
Fermi energy, immediately shifting to pronounced lower e
ergies as the excitation intensity is increased. This shift

FIG. 3. Excess electron concentration compared to the ther
equilibrium value and electron temperature as functions of exc
tion intensity. The maximum intensityI 0 is approximately
20 W/cm2.

FIG. 4. Shift by energy for the FES andn52 related features in
the PL spectrum under excitation power increase. The maxim
intensity I 0 is approximately 20 W/cm2.
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essentially saturates when the hybridizedn52 exciton state
appears. Then52 related feature undergoes a pronounc
blueshift after its appearance with a tendency to saturat
reflecting the screening of then52 exciton by excess elec
trons. It is noteworthy that the spectral shifts within theEF
proximity are not accompanied by any noticeable shift of
E11 transition when the excitation level increases. The bl
shift of theE21 peak is interpreted in terms of the transitio
from the hybridized exciton state to the bare~atomic!
exciton,10–12,16if the screening of then52 exciton by excess
electrons is included. Insensitivity of the transitionE11 to the
pumping density shows that the internal electrical field d
not change with intensity, and therefore the blueshift satu
tion for theE21 transition is mainly connected with the exc
ton screening and the transition from the excitonic recom
nation to the free-electron-hole recombination. In fact,
show here that the carrier concentration strongly influen
the character of both the FES and then52 exciton. This
result is consistent with the conclusion derived from PL
vestigations of low-doped InxGa12xAs/InP heterostructures.9

Here, it was shown that in spite of the fact that both a clo
position of the Fermi edge to the emptyn52 electron sub-
band and a hole localization by alloy fluctuation potent
provide the optimal conditions for the occurrence of the FE
these conditions are not sufficient for the FES enhancem
but, rather, the carrier concentration also plays a role.
conclude that even modest variation of the concentrat
caused by light illumination or heating, can substantially
fluence the FES development. Indeed, an elevation of
sample temperature from 4.2 to 15 K gives rise to a subs
tial broadening and subsequent smearing out the FES re
feature in PL.
-

K

d
n,

e
-

s
a-

i-
e
s

-

e

l
,

nt,
e
n,
-
e

n-
ted

In summary, we observe a fundamental change in the
spectrum as function of excitation density reflected in
high-energy tail due to the mutual repulsion of the FES a
the excited-subband excitonic states. The details of this
teraction depend critically on the excitation density and te
perature. At low temperature, the dependence of the e
tence of the FES feature on excitation density has b
observed for the first time in PL. The FES appearance
accompanied by the formation of an abrupt high-energy e
and occurs far lower in intensity than the luminescence
sociated with the hybridizedn52 exciton. Strong screening
of the n52 exciton state by photoexcited carriers is o
served, resulting in 2D electron gas heavy-hole recomb
tion for second electronic subband. A strong excitati
power dependence of the 2D-related PL could be the re
of the photoinduced change of the potential distributi
across the QW structure. Such an effect has also been p
ously observed in AlxGa12x/GaAs quantum structures.17,18A
strong band bending can arise from the neutralization of
ionized residual acceptors by photocreated holes in
InyGa12yAs channel and the neutralization of the ioniz
donors in the barriers by photocreated electrons. The red
tion of the band bending under illumination leads to a ch
acteristic blueshift of the PL spectrum. We have not o
served a noticeable blue-shift of the PL spectrum and, he
these explanations must be ruled out. We believe that
behavior of the PL near the Fermi edge must be explained
a strong carrier density effect on the FES which has not
been explored theoretically.
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