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Fermi-edge singularities in photoluminescence from modulation-doped GaAs quantum wells
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We have performed a detailed study of low-temperature photoluminescence~PL! from a pair of modulation-
doped GaAs/AlxGa12xAs multiple-quantum-well samples finding weak Fermi-edge singularities~FES’s! as-
sociated with both heavy-hole and light-hole subbands. In contrast to previous experiments it appears that the
presence of the FES’s is not due to hole localization or the proximity of a second electronic subband. The many
body enhancement above the single particle background is found to be comparable to that in systems with
localized holes. The enhancement of the PL spectrum is significantly stronger than that of the absorption
spectra from the same samples. Comparison with previously published data suggests that this asymmetry may
be a general property of two-dimensional electron systems.@S0163-1829~97!00831-X#
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The Fermi-edge singularity~FES! is a many-body en-
hancement of optical spectra that results from the respons
a degenerate electron gas to the photocreation or annihila
of a positively charged hole. This phenomenon was first
derstood in simple metals where the absorption of an x-
causes the excitation of an electron from a localized ato
core level to the Fermi level (m) in the conduction band.1,2

Fermi-edge enhancement of optical spectra from a t
dimensional semiconductor system was first reported
Skolnick et al.3 in photoluminescence ~PL! from
modulation-doped InxGa12xAs quantum wells~QW’s!. The
enhancement took the form of a large peak in the PL as
ciated with recombination of electrons at the Fermi lev
This peak was considerably stronger than the recombina
due to electrons at the bottom of the conduction band,
the many-body enhancement above the single particle b
ground was quite large~a factor of;3!. Over the past ten
years it has become clear that the observation of the FE
PL is relatively rare, and the majority of studies have be
performed using absorption or PL excitation~PLE! where
the many-body enhancement above the single particle b
ground is typically rather small. A significant outstandin
problem is the lack of an understanding of the differe
strengths of the many-body enhancement observed in
various cases.

As in many subsequent reports a crucial factor which
lowed the observation of the FES in PL in Ref. 3 was t
localization of the valence band holes by a form of disord
typically alloy fluctuations in InxGa12xAs wells. This local-
ization is important for two reasons. First, the conservat
rules for optical processes require that electrons and h
have equal and opposite wave vectors (k). This requirement
cannot be fulfilled for electrons at the Fermi energy (k5kF)
if the free holes are relaxed into states of lowest energy at
top of the valence band (k50). Localized hole states, how
ever, can be viewed as being constructed from states w
560163-1829/97/56~7!/3937~4!/$10.00
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range of momenta, thus enabling PL from the vicinity of t
Fermi level to be observed. Second, it has been predi
that for finite hole mass the FES inboth PL and absorption
will be smeared out over the effective bandwidth of the h
(me /mh)EF leading to the destruction of the FES for eve
moderate Fermi energies.4 Calculations of the absorption an
emission spectra for the case of delocalized holes also
dict that the FES should be washed out.5,6 In contrast Bauer7

argues that the FES should still be observable.
In general GaAs quantum wells will provide a clean

system with less disorder, strain, and alloy fluctuations th
In xGa12xAs QW’s and so the valence holes are expected
be delocalized. To our knowledge all publishedabsorption
and PLE spectra for modulation-doped GaAs QW’s sho
Fermi-edge enhancement at low temperatures~see, for ex-
ample, Refs. 8–14!. This seems to be in contradiction wit
much of the above theoretical work since the holes involv
in the absorption process are not obviously localized.
have previously reported FES’s in the absorption spectra
the GaAs QW samples studied here, associated with both
heavy-hole~hh! and light-hole~lh! subbands.15,16

Despite extensive experimental studies of the opti
properties of GaAs quantum wells~see Ref. 12 for a review!
we are not aware of any conclusive report of the FESin PL,
except in samples where the Fermi level lies close to
unoccupied electronic subband17,18 ~or where holes were lo-
calized by well width fluctuations8 resulting in spectra simi-
lar to those in Ref. 3 for the InxGa12xAs case!. In the pres-
ence of a second subband the mechanism involved in
Fermi-edge enhancement is distinctly different to that in s
tems where no such additional subband is present;17,18 our
interest here is confined to systems where only the low
conduction subband is of importance. FES’s have also b
reported in PL from GaAs/AlxGa12xAs single heterojunc-
tion samples19,20but it seems to be largely unrecognized th
the shallow confining potential at the heterointerface ensu
3937 © 1997 The American Physical Society
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3938 56BROWN, YOUNG, WASILEWSKI, AND COLERIDGE
that an unoccupied subband lies close to the Fermi level.
absence of the FES in the large number of previous stu
of free hole luminescence from doped GaAs QW’s has b
seen as evidence for the elimination of the FES by the fi
hole mass.

We present here clear evidence for Fermi-edge enha
ment of the PL spectrum from two modulation-doped Ga
QW samples. Enhancement is observed in the recombina
of electrons at the Fermi level with both light and hea
holes. The form of the spectrum is clearly different to th
when holes are localized but we show that the enhancem
above the single particle background is comparable in
two cases. A weak feature similar to that reported here
been observed previously,21 but in that case the possibility o
hole localization was not addressed and the temperature
pendence of the feature, which is crucial in identifying t
FES, was not reported. Independent measurements o
carrier concentration are also important in assigning spec
features to the Fermi edge. Additionally in Ref. 21 the s
ond electronic subband appears to lie only;10 meV above
the Fermi level in the occupied subband and it is difficult
rule out enhancement due to a weakened intersubband
tering process similar to that discussed in Refs. 17,18. In
narrow well samples the first and second electronic subba
are very well separated~by ;150 meV!.

Our experiments were performed on a pair of MBE gro
50 period 60 Å GaAs/ 400 Å Al0.3Ga0.7As multiple QW’s.
Each barrier isd doped with Si 100 Å from the previousl
grown well. The larger distance~300 Å! before the next well
is grown allows for some diffusion of the dopants. Stand
transport measurements were used to obtain the carrier
sitiesns5731011 cm22 andns513.531011 cm22. In addi-
tion, we have performed absorption measurements
samples that were chemically removed from th
substrates,22 yielding Stokes shifts between the PL peak a
the half intensity point on the absorption edge16 of 29 meV

FIG. 1. PL from thens513.531011 cm22 sample at 5 K show-
ing weak hh and lh features associated with Fermi-edge singu
ties. Vertical lines mark the positions expected from the measu
Stokes shifts. Note scale changes.
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and 56 meV, respectively. These results are in good ag
ment with the Fermi energies derived from the transp
measurements~24.5 meV and 47 meV! when dispersion of
the hh subband (Ek5kF

2Ek5056 meV and 9 meV! ~Ref. 23!
is taken into account.

PL was measured using a triple grating spectrometer
a cooled CCD detector. An appropriate choice of filtering
the triple spectrometer allowed weak features close to str
luminescence lines to be observed without saturation of
CCD. Excitation was provided by either an Ar1 or tuneable
Ti:sapphire laser.

Figure 1 shows PL from thens513.531011 cm22 sample
at 5 K. The main PL peak is at 1.5755 eV and there is a ra
fall off in PL intensity with weak additional structure~shown
on an expanded scale! close to the energies expected f
transitions from the conduction band Fermi level to the
and lh valence bands~marked with vertical lines!, i.e., the
new features are shifted from the position of the main pe
by the measured Stokes shifts.24 Figure 2 shows similar weak
structure for thens5731011 cm22 sample associated with
transitions from the Fermi level to the lh band~again, the
vertical line marks the calculated position of the feature24!,
but there is no observable structure for transitions to the
band. Any feature associated with the hh band is obscu
due to ~i! the smaller Fermi energy in this sample whic
moves the weak hh feature closer to the strong, relativ
broad, main PL peak, and~ii ! the small feature in the spec
trum at;1.603 eV which appears to be due to a recombi
tion of electrons and light holes near tok50. The fact that
the ‘‘background’’ PL extrapolates to zero close to each
the features of interest is consistent with their occurrenc
energies that correspond to the highest energy occupied
duction band states.

Figure 3 shows the temperature dependence of the hh
ture for thens513.531011 cm22 sample. Similar behavior
is observed for the lh features for both samples. In all ca

ri-
d

FIG. 2. PL from thens5731011 cm22 sample at 5 K showing
a weak lh feature associated with a FES. A vertical line marks
position expected from the measured Stokes shift~Ref. 24!. Note
the scale change.
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56 3939FERMI-EDGE SINGULARITIES IN . . .
the feature is washed out by increasing the temperatur
;15–20 K: this temperature dependence is typical of
FES.3,8,10,11,13Note that the 11 K data shows that the e
hancement is rapidly reduced, independent of the increas
PL intensity at higher energies due to the thermal smea
of the electron population close to the Fermi level.

We have also measured the effect of different excitat
intensities and energies on these features. At low laser in
sities each of the features is well defined~as shown in Figs.
1 and 2!, but on increasing the laser power the peak weak
in a similar manner to that when the temperature is
creased. There is no effect of changing the laser energy~be-
low or above the AlxGa12xAs band gap, using Ti:sapphir
or Ar 1 excitation! except in so far as changes in the abso
tion coefficient of the sample may cause different amount
heating for large laser powers.

As noted above, FES peaks that dominate the PL sp
trum ~i.e., which have strengths greater than thek50 PL!
have been observed previously in systems where the h
are localized. The nature of the singularity in the present c
is clearly very different, e.g., in Ref. 3 the PL intensity atkF
is ;3 times greater than atk50, while in Fig. 1 the ratio is
;1/500. This indicates that the same localization mech
nisms are not at work and it suggests that this may be
first observation of the FES in PL from systems with de
calized holes.

While the features observed here are very weak, the b
ground PL in each case is much weaker still, and the
hancement above the single particle background appea
be quite large. To enable a comparison between spectra
samples with localized and delocalized holes, and to emp
cally quantify the Fermi-edge enhancement, we defi
z5I enhanced(m)/I unenhanced(m). We have fitted a decaying ex
ponential background to the spectra near to the enhan
region to estimateI unenhanced(m). If m is defined as the energ
at which the peak enhancement occurs then we obtainz;2
for the ns5731011 cm22 sample~lh peak! and z;3.524

FIG. 3. Temperature dependence of the FES associated wit
hh subband for thens513.531011 cm22 sample. Similar tempera
ture dependences are observed for the lh peaks in both sampl
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for the ns513.531011 cm22 sample~lh and hh peaks!. We
note that a similar enhancement (z;3) can be defined for
the data of Ref. 3 as in that case the high temperature
provides an estimate ofI unenhanced(m). PL data for
In xGa12xAs wells with low disorder25 show a FES with
weaker absolute magnitude but again the enhancement a
an extrapolated ‘‘background’’ appears to be of order 2–326

We suggest, therefore, that although the absolute streng
the FES observed here is small, the enhancement fact
comparable to that in systems with localized holes, and
the dominance of the spectrum by the FES in the case
localized holes3 is a result of enhancement of an alrea
large single particle background.

It is interesting to note that the values ofz for the PL data
in Figs. 1 and 2 are much larger than those estimated f
absorption data for the same samples (z; 1.1!.16 In fact, for
large ns , the enhancement of the absorption edge is gen
ally found to be small.9–16 This asymmetry between the P
and absorption data is not expected theoretically, highlig
ing the need for further theoretical investigations of the r
of the finite mass hole inboth PL and absorption.

It might be argued that some form of localization
present which is necessary for the FES to be observed in
present samples. We believe that this is not the case for
following reasons. First, the qualitative differences betwe
the spectra here and in Refs. 3,8 strongly suggest a diffe
underlying mechanism. The PL at the position of the hh F
in Fig. 1 is;500 times weaker than the single particle bac
ground expected for localized holes~c.f. the dashed line in
Fig. 1 of Ref. 3 which is for a sample with similar densi
but localized holes!. Second, we have shown previously15 in
similar samples that the evolution withns of the energy po-
sition of the absorption threshold is characteristic of fin
mass holes. It is highly unlikely that the absorption data fro
the present samples15,16 could originate from excitation of
localized holes and it is equally unlikely that the FES’s in P
and absorption result from different mechanisms. Last, w
the dispersion of the hh band is taken into account~as dis-
cussed above!, the energy position of the FES is in each ca
consistent with the Stokes shift and the electron density fr
transport measurements, i.e.,the holes appear to have sig
nificant dispersion.

For the FES to be observed in free hole PL it is necess
to find a hole with the correct wave vector (k5kF) and it is
clearly surprising that sufficient holes can be found near
kF : in thermal equilibrium the population would be ex
tremely small sinceT;5 K.27 In other words it appears tha
the distribution of the valence holes is characteristic o
relatively high temperature; we estimateT;50 K for the
hh’s in the ns513.531011 cm22 sample. One factor tha
may well be responsible for the apparent long thermalizat
time for the holes atk5kF is that they have small exces
energy~6, 9 meV for the hh’s in the two samples! and so
efficient energy loss mechanisms such as LO phonon sca
ing (dE;

.36 meV! are not available.28

In conclusion, we have observed Fermi-edge enhan
ment of PL involving both heavy and light holes which has
distinctly different form to that observed in the case
samples with localized holes. The qualitative differences
the spectra and the energy position of the features lead u
conclude that we have observed, for the first time, a FES
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PL from a system with delocalized holes. We suggest t
the feature has not been observed previously due to low
sities of valence holes atkF rather than due to intrinsic weak
ness of the Fermi-edge enhancement. These results, tog
with previous observations of Fermi edge enhancemen
absorption spectra, provide a significant theoretical challe
since, at present, there seems to be a widespead theor
,
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her
in
e

ical

expectation that the FES should not be observed in syst
with free holes.
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