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A study of the Fermi-energy edge singularity (FEES) in the second (n =2) subband of asymmetric
modulation-doped (AlGa)As-(InGa)As-GaAs quantum wells (AMDQW?’s) is reported. In one of the
AMDQW?’s a Schottky gate is employed to vary the electron density in the » =2 subband (#,,) from O to
1X 10" cm™2. Temperature-dependent photoluminescence excitation (PLE) measurements clearly show
that the n =2 PLE feature has FEES character for n,,20.4X 10" cm~2. In contrast to PLE, photo-
luminescence (PL) intensity is not a true measure of oscillator strength, since PL intensity can be affected
by competing recombination pathways. Temperature-dependent PL measurements have been performed
on two types of AMDQW. One type has n,,~0, with the Fermi energy close to the n =2 subband ener-
gy. The other type has n,,=1X 10" cm™2 and a FEES associated with n =2 observed in PLE. We
demonstrate that the very similar broadening and reduction in peak height of the n =2 PL peak with
temperature for the two types of samples can be accounted for in terms of spreading of the electron or
exciton populations near the n =2 subband edge. Therefore, we conclude that temperature-dependent
PL does not provide unequivocal evidence for a many-body enhancement of the n =2 PL transition, in
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contrast to that reported by Chen et al. [Phys. Rev. Lett. 64, 2434 (1990)].

I. INTRODUCTION

Modulation-doped heterojunctions' and quantum wells
(MDQW?’s) are particularly suitable for the study of
many-electron effects in the optical properties of semi-
conductor heterostructures. The spatial separation of
the high-density two-dimensional electron gas (2DEG)
from the dopant atoms has allowed a variety of many-
body effects to be studied with minimal perturbation
from the donor impurities. Several properties related to
the many-body character of the 2DEG, can be investigat-
ed optically. These include band-gap renormalization,>*
Fermi-energy  edge singularity (FEES),>-10:411-16
“shake-up” processes,'!> !¢ magnetoexciton effects!” and
collective interactions in the fractional quantized Hall re-
gime.18’19

The FEES is observed in photoluminescence (PL) spec-
tra as an enhancement of oscillator strength for transi-
tions close to the Fermi level, Er, in MDQW?’s where dis-
order or hole localization allows wave-vector-
nonconserving transitions to occur.’ In optical absorp-
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tion, or photoluminescence excitation (PLE), the FEES
appears as an excitonic enhancement at the threshold of
transitions into unoccupied states above Ep. The oc-
currence of the FEES is due to correlation between the
photoexcited hole and the high-density Fermi sea of elec-
trons.!!'~* A characteristic feature of the FEES
enhancement is a strong decrease in oscillator strength
and substantial broadening with temperature up to ~ 50
K.>-1%12 The strong temperature dependence arises
from broadening of the Fermi surface and consequent
weakening of the electron-hole correlation with increas-
ing temperature. Typically the FEES is observed in ab-
sorption as an excitonic enhancement of a factor of ~2 at
4 K for carrier densities of the order of 1-5X10!! cm ™2,
weakening at higher densities.®~%1%13

Many of the previous experimental and theoretical
studies of the FEES have dealt with structures where
only the lower n =1 electron subband of the QW is
significantly occupied.®=® In most of these cases the Fer-
mi energy, €5 is much less than the energy separation
(E,—E,) of the two lowest subbands. More recent work
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on the FEES has involved structures where two sub-
bands are occupied. Of particular interest is the depen-
dence of the FEES associated with the second, n =2,
electron subband on both n =2 carrier density and the
position of E relative to the n =2 subband edge. Exper-
imental work, both with?!~2* and without'® magnetic
field, and theoretical studies?*~?” have been reported.

In the present paper, a photoluminescence (PL) and
photoluminescence excitation (PLE) study, at zero mag-
netic field, of excitonic processes associated with n=2
subbands in doped QW’s is reported. The samples used
in our study are a series of Al,Ga;_,As-In,Ga;_,As-
GaAs wide asymmetric modulation-doped strained layer
quantum wells (AMDQW’s) with varying well width
(w~150 A-250 A) and doping (electron density n, be-
tween 0.8X10'2-1.6X10'> cm™2). The electron Fermi
energy (ep) ranges between greater than and slightly less
than the separation (E,—E;) between the n =1,2 sub-
bands. In our previous experiments!® FEES character in
n =2 was only seen in PLE for samples where the n =2
population was significant, in spite of the large n =1 pop-
ulation present in all the AMDQW?’s,

In the present work a Schottky gate is applied to one of
the QW structures of well width 250 A. This enables a
systematic study to be made of the effect of varying the
carrier density in the n =2 subband from zero up to
~1X 10" cm ™2, while avoiding sample to sample varia-
bility. Utilizing the characteristic temperature depen-
dence of the FEES, we determine a minimum value
ng,%0.4X10" cm™? at which the fully developed FEES
sets in. The n =2 carrier densities are estimated from ob-
served variations in the effect of band filling on the PL
linewidth and (when possible) Landau-level depopulation
effects on magneto-PL spectra.

The present and previous work!® has shown that
temperature-dependent studies of excitonic peaks in ab-
sorption (or PLE) can provide unequivocal identification
of such peaks as originating from ‘“atomic” exciton or
FEES processes. In AMDQW’s, PL associated with the
n =2 electron subband (E,;) is also observed to be
enhanced by a factor of ~2 by electron-hole Coulomb in-
teractions after oscillator strength modifications due to
the electron-hole wave-function overlaps have been ac-
counted for. The nature of this PL enhancement is also
dependent on the n =2 population. Chen et al.?! have
presented results on structures, where only a single peak,
E,,, is observed at Ep, in which the decrease in peak
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height and broadening of the E,; PL peak with increas-
ing temperature was interpreted as evidence for a FEES.
In the present work careful temperature-dependent mea-
surements of the E,; and E; PL are performed on two
types of AMDQW’s where Ej is close to E,. From the
first type, with E slightly greater than E,, a FEES is ob-
served in the E,; PLE (labeled E3,); in the other, with
Ej slightly less than E,, the E5; PLE is of atomic exci-
ton nature. In contrast to the PLE results the E,; PL
from both types of samples shows very similar
temperature-dependent broadening and decrease in peak
amplitude which are interpreted in terms of changes in
the electron and exciton distributions. We thus conclude
that observation of temperature-dependent E,; PL can-
not necessarily be regarded as evidence for a many-body
related mechanism such as the FEES. Preliminary
temperature-dependent PL and PLE measurements on
the Schottky gated structure have been reported by us
previously.?®

The paper is organized in the following way. In the
next section details of the structures and of the experi-
ments are given. Section III provides a description of
the PL spectra from the samples studied. Then in Sec-
tion IV the temperature dependence of the PLE spectra
as a function of applied bias on a Schottky gated struc-
ture is described. Section V discusses the significance of
temperature-dependent broadening of E,; PL from sam-
ples with differing » =2 populations. The main con-
clusions are summarized in Sec. V1.

II. EXPERIMENTAL DETAILS

The Al,Ga; ,As-In,Ga,_,As-GaAs AMDQW’s were
grown by molecular-beam epitaxy?® and consisted of the
following layers grown on a semi-insulating GaAs sub-
strate: 1-um undoped GaAs, In, Ga,;_, As quantum well
(x ~0.1, thickness w), undoped AlyGal_yAs (y ~0.23)
spacer (thickness d), Al,Ga,_,As doped region (thick-
ness d,, doping level n,) and GaAs capping layer
(d3,n3). The In contents (x) in the QW layers were es-
timated from the growth conditions?® and are consistent
with the measured PL energies, after allowing for the
effects of band bending and band-gap renormaliza-
tion.’%>10 Some of the details of the individual samples
are given in Tables I and II; also included are the total
electron sheet carrier density (n,), together with E,-E,

TABLE I. Structural parameters for the (AlGa)As-(InGa)As-GaAs asymmetric modulation-doped
quantum well structures (AMDQW’s). The AMDQW’s consist of the following layers grown on a
semi-insulating GaAs substrate: 1-um undoped GaAs, In,Ga,_,As quantum well (thickness, w), un-
doped Al,Ga,_,As (y =0.23), spacer (thickness d), Al,Ga,_,As doped region [thickness, d,; doping,
n,(cm™?)], and GaAs capping layer [thickness, d;; doping, n; (cm™3)].

w dﬂ, d, n, ds nj
Sample (A) (A) (A) (cm™3) (A) (em™?) x
A 250 100 250 1.5X10'8 200 1X 10 0.10(5)
B 200 40 400 1X10'® 100 2x10'® 0.07(5)
c 150 40 400 5x10'8 100 5x10'® 0.07(5)
D 150 40 400 1.5x10'® 400 2X 10! 0.07(5)
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TABLE II. Electronic data for the AMDQW?’s of well width (w) and total electron concentration in

the well of n, (cm™2).

The data displayed are the experimentally obtained and calculated values of the

Fermi energy, €, the energy position of the Fermi level, Er above the second electron subband (energy

Ez), Eq—

Shubnikov-de Haas and PL data.

E,, and the energy separation of the electron subbands E,-E,.
transition energy between the first electron and first hole subband.

Also shown is the E|; PL
n, values were obtained from

w n,

Sample (A) (cm™?)

>33
(meV)

Ep-E,
(meV)

E;-E, .
(meV)

Ell
(eV)

1x 10
1x10"
1.61X 10"
1.43 102

250
200
150
150

(CHON "IN

30.5
340
56.0
49.0

3.5
~0
~0
=5

27.0
34.5
56.0
54.0

1.402
1.407
1.403
1.407

the electron Fermi energy €5 and the energy position of
the electron Fermi level, E., above the n =2 subband,
Ep—E,. These values were determined from magneto
photoluminescence (magneto-PL) and Shubnikov-de
Haas (SdH) measurements. Care was taken that the car-
rier density employed in interpreting the data corre-
sponds to the particular portion of the wafer and to simi-
lar illumination conditions used for the optical experi-
ments. Additional details of layer growth and structure
can be found in Refs. 10 and 29. Semitransparent gold
Schottky barriers of 100- A thickness were evaporated on
to the top surface of a portion of sample 4, and Ohmic
contact was made to the substrate. By varying the bias
the n =2 electron density n;, (and n;) could be con-
trolled.

PL and PLE measurements were carried out at temper-
atures between 2 and 50 K in a variable temperature flow
cryostat. The photoluminescence was excited by either a
tunable Ti:sapphire laser, Styryl-9 dye laser, or fixed
wavelength He-Ne laser. The emitted radiation was
dispersed with a 0.75-m double grating, or 1-m single
grating spectrometer and detected by a cooled 77-K Ge
photodiode.

III. PHOTOLUMINESCENCE
OF THE AS-GROWN SAMPLES

The PL spectra at low excitation between 2 and 4 K
for the four principal samples studied in detail ( 4, B, C,
D) are shown in Figs. 1(a)-1(d). The results of PL mea-
surements on samples A4 and B have been discussed in de-
tail elsewhere.!® The spectra generally consist of two
bands, labeled E; and E,;; these arise from recombina-
tion of holes thermalized in the n =1 heavy-hole valence
subband (HH1) with, respectively, electrons in n =1 and
either in, or very close in energy to, n =2 conduction sub-
bands.!®22%3! Sample D [Fig. 1(d)] shows only E,, PL.
The E,, recombination peaks near the n =1 subband
edge (k =0) and exhibits a strong decrease in intensity as
it extends towards Ep. These transitions are weakly al-
lowed since the in plane wave-vector selection rule
(Ak =0) is broken by weak disorder (or hole localiza-
tion).>1%37:32 This contrasts with the case of significant
disorder where strong luminescence is observed at Ep.>*
For samples A4, B, and C the relative peak height of E,;

AlGq, _yAs—Ir'n,‘Gm1 _xAs—GaAs quantum well

Sample

Eqq A
(a) |

INTENSITY (arb.units)

Ea1x
(c)

D
EF Ez1 X

143 145
ENERGY (eV)

PHOTOLUMINESCENCE

PHOTON

FIG. 1. PL spectra measured from the AMDQW’s. For (a)
sample A, (b) sample B, and (c) sample C at T =4 K both peaks
E,; and E,, are observed, arising from recombination of elec-
trons in the n =1 and n =2 electron subband, respectively, with
photoexcited thermalized holes in the first heavy hole subband.
In (b) sample B and (c) sample C the E,, recombination is of
atomic exciton nature and is labeled E,; x. (d) Only E,; recom-
bination is observed from sample D at T=4 K with a weak
enhancement at E, attributed to hybridized mixing with n =2
states. (¢) At T=12 K the hybridized peak at Er and weak
E,, x recombination are observed.
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to E |, recombination ranges from a factor ~3 for sam-
ple B (well width w=150 A) to ~22 for sample A
(w =250 A). This is due to two factors. First, in asym-
metric QW’s at high ng, the electrostatic band-bending
potential leads to localization of n =1 electrons and HH1
holes at opposite interfaces of the QW.»10  Self-
consistent (Hartree) solutions of Poisson’s and
Schrodinger’s equations for sample C predict a ratio of
E,, to E, band-to-band oscillator strengths of 3, increas-
ing up to 11 in sample A.'° Second, E,, transitions ex-
perience excitonic enhancement of ~2 to 3. This
enhancement may be of atomic exciton or FEES charac-
ter as discussed below. The combination of these two
effects has been shown to account well for the observed
E,, to E,; intensities in Figs. 1(a)-1(c). The experimen-
tally determined sample parameters, discussed below, are
in good agreement with values obtained from self-
consistent calculations.

For the as-grown sample A4, the electron subband sepa-
ration E, —E;=27.0 meV corresponds approximately to
the difference in energies between the E,, and E; transi-
tion peaks [Fig. 1(a)] and is determined from extrapola-
tion to zero field of n =1,2 Landau level (LL) transitions
observed in magneto-PL. From Shubnikov-de Haas
(SdH) measurements €5,;=30.5 meV so that the Fermi
level Ep resides 3.5 meV above the bottom of the n =2
subband. The n =2 Fermi energy, £z,=3.5 meV is con-
sistent with n ,=(1£0.1)X 10" cm~? obtained from the
depopulation of E,; Landau levels in a magnetic field
and with the observation of a low-field series in SdH mea-
surements.

Figure 1(b), ¢ shows the 2-K PL for samples B and C,
of well widths 200 and 150 A, respectively, for which Ey
resides close to energy E,. No LL splitting or narrow-
ing of E,, transitions is observed in this case, allowing an
upper limit of ~1.0 meV to be placed on gj,, corre-
sponding to n,,$0.3X10" cm™% Even though the
n =2 population is small, E,, is observed close to its full
oscillator strength relative to E;;'° varying the laser ex-
citation over more than an order of magnitude causes
only weak changes in relative intensities. In magnetic
field, the n =2 PL transitions have definite exciton char-
acter; consequently the labeling E,; x will be employed.
In zero magnetic field the excitonic enhancement associ-
ated with n =2 can be attributed to either of the two
mechanisms described below.

First, the recombination could be of an atomic exciton
nature, which involves a small real population of n =2.
A simulation of the PL emission line shape, indicates that
the E,; PL transitions would attain their full peak height,
at low temperature, for n,,20.3X10'" cm™2 (Further
details of the line-shape simulations are given in the fol-
lowing section.) This value of ng, is consistent with the
upper limit given above and also with the observed atom-
ic exciton nature of n =2 E,; y absorption peaks mea-
sured in PLE.!” Second, in the absence of real n =2 pop-
ulation where E is less than but within the excitonic
binding energy of E, the enhancement can be interpreted
as a many-body excitonic interaction. This interaction
leads to hybridization, in the presence of photocreated
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holes, between n =1 electron states near the sharp Fermi
edge at Ep and n =2 states with k~0.222%25-27 The
k =0 exciton character and enhanced electron-hole over-
lap for E,,, relative to E;, would contribute to the rela-
tively large oscillator strength of the hybridized excitonic
peak in the same manner as expected for excitonic recom-
bination associated with a small “real” n =2 population.

For sample D, where only E,; recombination is ob-
served and E; is 5 meV below E, a small peak is ob-
served in the PL spectrum at Ey [Fig. 1(d), T=4 K]. At
elevated temperature, TR 10 K [shown at T'=12 K, Fig.
1(e)], or under increased laser excitation, a weak peak as-
sociated with n =2 (E,; y) is observed in addition to the
enhancement at E,. The small enhancement at E. at
both 4 and 12 K can be attributed to the hybridized exci-
ton mechanism, as described first by Chen and co-
workers??»?  for GaAs-(AlGa)As and (AlGa)As-
(InGa)As-GaAs MDQWs and discussed by Hawrylak.2
It is only in this case, where two spectroscopic features
are observed, that PL associated with the two mecha-
nisms of the hybridized exciton and the n =2 atomic ex-
citonic enhancement can be distinguished.

IV. THE EFFECT OF CARRIER DENSITY
ON THE OPTICAL TRANSITIONS

The principal sample used in this aspect of the study
was the as-grown and Schottky gated sample A with
w =250 A (see Table I). PL at low excitation (dashed
line) and PLE (full line) spectra at T~4 K and higher
temperatures are illustrated in Fig. 2 for sample 4. The
spectra are shown for the as-grown structure [Fig. 2(a)]
and for reverse biases V,, applied to the gated structure,
of ¥,=0.3 and 0.7 V (Figs. 2(b) and 2(c)]. The E,; PL
peak for both the as-grown and gated samples (V, =0) is
broadened due to band filling by n =2 electrons.® With
increasing reverse bias ¥V, the PL linewidth narrows from
4.5 meV in the as-grown sample to 2.5 meV at ¥V, ~0.6
V corresponding to a decrease in 7, from 1X 10" cm ™2
to O(ez=E, —E;). Over the same bias range the lower
subband is depleted from n ;~9X 10" cm™? to
ng1~5.5X10'"" cm™?, as determined from the change in
er which follows the decrease in separation of the E,;
and E,; peaks with V,. At V,=0.7 V [Fig. 2(c)] the
presence of a Fermi-energy edge in the E;; PL recom-
bination ~3.5 meV below E,, and the very weak intensi-
ty of E,, transitions (reduced by a factor of 10), indicates
that Er <E, and n;,~0. The persistence of E,; PL at
this bias is attributed to sample inhomogeneity (the E,;
relative intensity does not change appreciably over the
range of excitation from 4—300 mW/cm?).

The PLE spectrum of the as-grown sample is shown at
4 K in Fig. 2(a). A well-defined excitonic peak (linewidth
4.5 meV), labeled E3;, is observed at Eg, corresponding
to transitions into empty states in the » =2 subband.
E,,, involving excitation of an electron from HH2
valence to n =2 electron subband states is also observed,
together with other transitions between higher electron
and hole subbands.!° Figure 3(a) illustrates that at 4 K,
E3; shows little variation relative to its continuum over
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the range of bias studied on the gated sample (¥, =0-0.7
V) corresponding to an n =2 population varying between
0.5X10" ¢cm™2 to ~0. (The determination of ng, is
given below). The as-grown (n,,~1X10" cm™?) [Fig.
2(a)] and gated sample at V, =0 V [see Fig. 3(a)] also
show very similar E3; absorption. The excitonic peak
height enhancement over the continuum (PHE) of E3; is
a factor of 2 over this range, comparable to excitons of
similar linewidth in undoped QW’s.?® With increasing ¥,
(decreasing n,) both E3, and E,, become slightly nar-
rower [Fig. 3(a)], where the linewidth of E}, varies from
4.5 meV for the as-grown sample to 2.2 meV at ¥V, =0.7
V (n,,~0); asymmetric broadening with increasing n; is
expected behavior for FEES resonances.®!? Also the
strength of E,, increases relative to E3; with ¥, as ex-
pected from self-consistent calculations; the initially
strong band bending in the QW weakens, thus increasing

(b) (c)
Vp=0.3V 20k | Vb=0.7V 20K
ns»~0.3 x 10" ¢’ ng »~0cm 2
10K
*
"E“ En ,E2
1" \ l" \‘\
Y ] \
FA Do
! [ 4K
H ' \ i
' 1 \ 1)
i ;x5 N {ixs
1 I’ ‘I
| | 1
1.40 1.42
o
W=250A 38K

(a)

As grown 2K

ns,2~1x 10" cm 2
~Eg2
4K

PHOTOLUMINESCENCE INTENSITY (arb. units)

zero
\
\

1.40 1.44 148
PHOTON ENERGY (eV)

FIG. 2. PL (dashed line) at T =4 K and PLE (full line) for a
range of temperatures 4 to 40 K. For (a) the as-grown sample A
and (b) the Schottky gated sample A at reverse bias ¥, =0.3 V
the excitonic peak associated with n =2, EJ, is strongly
broadened and weakened with temperature, clearly identifying
E} as a Fermi-energy edge singularity. (c) At ¥,=0.7 V the
E}, PLE transition is of atomic exciton nature since the
strength of EJ; is not affected by temperature. This is consistent
with E;; in PL being of reduced intensity in comparison with (a)
and (b).
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the overlap of wave functions of electrons and holes of
the same subband index, while also bringing about the
reduction in E,-E .

The temperature dependence of the PLE spectra is
shown in Figs. 2(a)-2(c). Most strikingly in Figs. 2(a)
and 2(b), where n =2 has significant population (low V),
the E3; peak weakens and shows strong asymmetric
broadening with increasing temperature up to and
beyond about 20 K. By contrast, this effect is much
weaker for the spectra at ¥, =0.7 V in Fig. 2(c) where
n =2 is largely depleted. Figure 3(b) shows the PLE
spectra measured at 7 =20 K (full line) and T=40 K
(dashed line) for the same biases shown in Fig. 3(a) at
T =4 K. Comparison of Figs. 3(a) and 3(b) illustrates
very clearly the significantly different behavior of the E3
PLE peak at elevated temperatures when compared to
the 4-K PLE spectra. For biases up to ¥V, =0.3 V weak-
ening and broadening of EJ; is clearly seen at T~20 K
[full line, Fig. 3(b)]. By T'~40 K [dashed line, Fig. 3(b)]
the original sharp E3, feature is present only as a very
weak enhancement. For ¥V, 2>0.6 V [shown at ¥V, =0.7
and 0.95 V, Fig. 3(b)], where n =2 is depleted, the tem-
perature dependence is very weak.

The above features are shown quantitatively in Fig. 4
where the temperature dependence of the E3, peak height
above the continuum (relative to its value at 4 K) is plot-
ted against temperature at various V. In the intermedi-
ate bias region between 0.3 and 0.6 V, E3; exhibits a de-
crease in peak height with temperature [shown in Fig.
3(b) and Fig. 4]. However, the broadening of the peak is
much weaker than for ¥, =0.3 V. Thus at higher tem-
peratures marked changes in the E3, PLE spectra are ob-
served as a function of ¥, in contrast with the weak vari-
ation with ¥V, observed at 4 K.

In order to interpret these results in detail, it is neces-
sary to determine the n =2 population n,,, as a function
of V,,. The change in line shape of E,; PL recombination
at 4 K was used to estimate n,, vs ¥V, up to ¥,=0.5 V,
based on the assumption of simple band-to-band recom-
bination, in a similar manner to that described in Ref. 34.
The line-shape fitting procedure involved the convolution
of a Gaussian line (to account for broadening) with Fermi
and Boltzmann distribution functions for electrons and
photocreated holes, respectively,3*3¢ together with a de-
creasing transition probability towards the Fermi energy
(fall-off factor). The fitting parameters were determined
predominantly from the n =2 PL spectrum of the as-
grown sample, shown in Fig. 5(a) (full line). As discussed
in Sec. IIl, for sample A depopulation of n =2 Landau
levels in magneto-optical spectra and magneto transport
measurements give n,,=(1£0.1)X10'" cm™2.3%3410
The Gaussian width was determined from the magnetic-
field spectrum at B =2.5 T (only N, =0 LL is occupied),
shown in Fig. 5(d) with substantial narrowing of
linewidth to 1.7 meV from 4.5 meV at zero field. The
hole temperature and fall-off factor were obtained from a
combination of fitting both the zero-field spectra and the
spectra in magnetic field for B <2.5 T for the as-grown
sample. The LL relative intensities at these B values,
where more than one n =2 LL is occupied, are well ac-
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counted for by the parameters. For the gated sample at
V,=0V, n,,=(0.5£0.1)X 10" cm™? was obtained from
the zero magnetic field line shape. The close fit to the ex-
perimental spectra obtained from the line-shape parame-
ters is shown in Figs. 5(a) and (b) (dashed line) for

n,,=~1X10" cm™? (as grown) and n,,~0.5X10" cm™?
(V=0 V), respectively.

The variation of ng, vs ¥, deduced from the line-shape
fitting is shown in the inset to Fig. 3(a). Below
n,,~0.3X 10" cm™? the band-filling contribution to the
broadening becomes too small to allow estimation of n ,.
For V,=0.5 V, n, is estimated to be between O and
0 3% 10! cm™? (some broadening is still observed).

V;,=0.6 V is the highest bias at which the peak height of
E,, is at full strength relative to that of E;;. Also, the
E,, spectral width is at its narrowest. Hence, at this bias
€r is estimated to be approximately equal to E,—E,.
For biases beyond ¥V, =0.6 V the PL intensity of E,,; de-

creases sharply indicating that ez <E,—E, and n =2 is
T=4K w=250A A
095V
2 0.7V
g
=
0
ES
>
& 0.5V
Z = B
23] 22
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E’zi 03V
i
o
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04 08
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depopulated.

The Moss-Burstein shift [ez,(1+m,/m,;)] (Refs. 3, 9,
and 10) between n =2 PL and PLE was used to provide a
separate estimate of n,. For the as-grown sample and at
V, =0 V Stokes shifts of A, =5 and 3 meV, respectively,
are found; these Stokes shifts correspond to
ns’2=0.95><1011 and 0.55X10!! cm™2, in good agree-
ment with the values determined from the line-shape
analysis.

In summary, the PLE spectra in Fig. 3(b) show that
pronounced broadening and weakening of the E}; exci-
tonic enhancement with increasing temperature, which is
the characteristic signature of the FEES, is clearly ob-
served for ¥, <0.3 V; this corresponds to carrier densi-
ties n,,(4 K)20.3X 10" cm™2 A small increase of n;,
with temperature due to thermal excitation of electrons
from n =1 raises this value to n,,(20 K)X0.4Xx 10"
cm ™2 at 20 K, the temperature at which the quenching of
the FEES actually occurs. In the region 0.3 V<V, <0.6
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FIG. 3. (a) PLE at T =4 K for a range of reverse biases, V,, applied to the gated sample A, where carrier density is reduced from

n,,~0.5X10" cm~2 at V,

=0V ton,~0at V,>0.7 V. The variation of n,, with V, is plotted in the inset. (b) PLE at the same

biases, V,, measured at T=20 K (full line) and 7 =40 K (dashed line). In contrast to T =4 K, E3, varies from a broad peak of re-

duced amplitude, at V, =

0 V to a sharp excitonic peak at ¥, >0.7 V.
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FIG. 4. The EJ peak height measured from the continuum,
relative to its 4-K value, is plotted against temperature. Open
circles denote the as-grown sample 4 and the other symbols
denote the Schottky gated sample A at various reverse biases,
V,. At biases ¥, <0.3 V for T>20 K the peak height of EJ;
relative to its 4-K value is strongly reduced.

V [n,,(4 K)S0.3X 10" cm ™2 but greater than zero] a
transition takes place from fully developed FEES towards
atomic  exciton  behavior. When V,=0.6 V
(Ep=E,—E,), the weak temperature dependence of E,
in PLE is similar to that of atomic exciton transitions as-
sociated with the higher subbands and to that seen in un-
doped QW’s. This behavior is consistent with that found
for samples B and C where e, ~E,—E,.'° For V,>0.6
V (n,,~=0), n =2 is depopulated and the atomic exciton
behavior of the E 3| transition is observed, as expected.

The temperature-dependent behavior of n =2 is similar
to experiments on QW’s having low s, values and only
the n =1 subband occupied. Characteristic FEES
behavior was reported by Saker et al.” down to
n,,;~0.3X10" cm™2 in an (InGa)As-InP QW (110 A)
and by Lee, Miura, and Ando? for ng1~=1.4X 10" cm ™2
but not for 0.5X 10" cm™? in (A1Ga)As-GaAs QW’s (250
and 84 A). Thus, the present experiments provide clear
evidence that the presence of a high density of electrons
in n =1 has no significant effect on the FEES in the n =2
subband. FEES behavior is observed only in the presence
of appreciable 7, values, at n,,20.4X10' cm™2 con-
sistent with the results published earlier for the n =1 sub-
band case.

V. TEMPERATURE DEPENDENCE
OF n =2 PL TRANSITIONS

The temperature variation of n =2 related PL transi-
tions (denoted generally as E,;) for samples A4, B, and C
is described in this section. In Figs. 6(a)-6(d) PL spectra
for sample A4 (n,,~1X10"" cm™?) are shown for a range
of temperatures, T=4-60 K, the temperature range over
which FEES behavior of E,, is clearly observed in PLE.
Both E,; and E; PL peaks are displayed in Fig. 6, show-
ing the ~20 times stronger peak amplitude of E,; rela-
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FIG. 5. Narrowing of the observed E,; PL linewidth with
decreasing n, , is shown (full line) for (a) the as-grown sample 4
(n,,~1X10" cm™?), and the gated sample at (b) ¥,=0 V
(n,,~0.5X10" cm™?), and (c) ¥,=0.6 V (ey~E,—E;). The
dashed lines in (a) and (b) show the line-shape simulations used
to estimate n;, vs V,. (d) The PL profile for the as-grown sam-
ple A4 is shown at B =2.5 T, where only the lowest Landau level
in n =2 is filled.

tive to E,, at T =4 K. With increasing temperature the
E,, PL peak is seen to decrease significantly in amplitude
relative to E,;; and broaden. In Fig. 7 the spectra ob-
tained at similar temperatures are displayed for sample C
(n;,<0.3X 10" ¢cm™?), in which temperature-dependent
PLE studies identified the E,, feature as being of atomic
exciton nature. The peak height of E,, y in PL is only
three times stronger than E;; in this sample. As de-
scribed previously the linewidth of the n =2 related tran-
sition E,; y (3.1 meV) is narrower than for sample 4 (4.5
meV) due to a much reduced carrier density in n =2.
However, with increasing temperature the E,; y peak of
sample C also undergoes a similar reduction in ampli-
tude, relative to E;;, and broadening.

The very similar behavior of the n =2 transitions in
samples A and C, despite the significant difference in
n =2 population can be seen clearly in the quantitative
plots of Figs. 8(a) and 8(b). The variation with tempera-
ture of the integrated PL intensity and PL peak ampli-
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FIG. 6. PL spectra of sample A showing the strong E,; in-
tensity, relative to E;; (90% of the total intensity) at (a) T=4
K. With increasing temperature, shown at (b) 7=22 K, (c)
T=36 K, and (d) T=58 K the E,, PL peak broadens and de-
creases in amplitude.

tude, respectively, of the n =2 related transitions (re-
ferred to generally as E,;) are plotted for samples A4
(crosses), B (circles), and C (triangles). [Sample B (PL)
described in Sec. III) has a similar n» =2 population to
sample C (n,,<0.3X 10" cm~?). The E,; PLE enhance-
ment is of atomic exciton nature.] The intensity values
of E,; are normalized to the total integrated intensity of
E,, and E,, at each temperature. The normalized values
ratioed to the normalized values at 4 K are then plotted
in Fig. 8(a). In a very similar way the E,; peak amplitude
normalized at each temperature to the E,; integrated in-
tensity, and then ratioed to the 4-K values are plotted in
Fig. 8(b).

For both types of sample (A: n,,~1X10" cm™?, B,
C: n,,<0.3X10'" cm™?) the E,, integrated PL intensity
exhibits a rather weak decrease for T'S520 K. At T =355
K the E,; intensity relative to 4 K has decreased to
~0.80 for sample 4 and ~0.68 for sample C, shown in
Fig. 8(a). By contrast the E,; peak amplitudes [shown in
Fig. 8(b)] decrease much more strongly for both types of
samples, evident even at T=20 K. At T=20 K E,,
peak heights, relative to 4-K values, of ~0.65 for both
samples A4 and C are found; corresponding values of
~0.45 and ~0.35 near 55 K are found.

In order to understand these variations in E,; intensity

PHOTON ENERGY (eV)

FIG. 7. PL spectra of sample C where the E,; PL is only
38% of the total intensity at (a) 7=5 K. With increasing tem-
perature, shown at (b) T=19 K, (¢) T=34 K, and (d) T=50 K
the E,; PL peak broadens and decreases in amplitude.

with temperature it must be understood that any changes
in oscillator strength (or recombination rate) of E,; as
temperature is varied will only affect the E,; intensity if
there are competing recombination pathways of
significant strength. The only important competing path-
way of relevance is E;; PL recombination; nonradiative
processes are eliminated by the normalization, described
previously. In any case, the small changes in total PL in-
tensity with temperature, even at 7T=50 K, for both
types of sample, indicate that nonradiative recombination
is not important. (At 7T =35 K the total PL intensity rel-
ative to 4 K is 0.86 for sample 4 and 0.95 for sample C.)
In sample A4, with significant »n =2 population
(ng,=1X10" cm™?), the E,; PL intensity is dominant
(90% of the total PL intensity at 7 =4 K) principally due
to the 10 times larger overlap of the n =2 electron wave
function, relative to the n =1 electron wave function,
with the first heavy-hole wave function. Therefore, since
the main competing recombination channel E;; (recom-
bination rate R ) is weak any decrease in E,; recombina-
tion rate R,(T) leads to far weaker corresponding
changes in E,; relative integrated intensity
[131,:=R,(T)/(R,(T)+R)]. E, optical transitions at
T =4 K are known to be enhanced in oscillator strength
by a factor of 2, due to the FEES, from the PLE experi-
ments of Sec. IV. In such a sample we now show that the
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FIG. 8. The variations with temperature, relative to the
T=4 K values of (a) E,; PL integrated intensity and (b) E,;
peak height for the two types of samples studied: sample A4
(crosses) (FEES observed in PLE) and samples B (circles) and C
(triangles) (no FEES observed in PLE). The intensity values of
E,, are normalized to the total integrated intensity of E; and
E,, at each temperature. The normalized values at 4 K are then
plotted in (a). In Fig. (b) the E,; peak amplitude is normalized
at each temperature to the E,, integrated intensity and then ra-
tioed to the 4-K values. The temperature-dependent behavior is
very similar for all samples.

decrease in intensity and peak height of E,; with temper-
ature can be understood without invoking the FEES
mechanism.

The E,; PL recombination involves band to band
recombination between a Boltzmann thermal distribu-
tion of holes and a partially degenerate n =2 electron dis-
tribution. With increasing temperature the electron and
hole population is spread out’’ broadening the spectral
range over which allowed E,; band-to-band transitions
occur. For any individual hole the probability of recom-
bination with an electron is reduced, thus causing a weak
reduction in the integrated intensity of the E,; PL
recombination, as observed [shown in Fig. 8(a) as
crosses]. The spreading out of the electron and hole dis-
tribution also causes the corresponding decrease of the
E,, peak height with temperature. A line-shape calcula-
tion (similar to that described in Sec. IV) where the Fermi
energy is adjusted to account for changes in thermal exci-
tation of electrons into n =2, provides an estimate for the
E,, PL intensity and peak amplitude, relative to T =4 K.
Values for the amplitude (normalized to the T =4 K E,,
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PL intensity) of 0.75 (T =20 K) and 0.55 (T =40 K) are
obtained from the line-shape simulation in reasonable
agreement with the experimental value of 0.65 at 20 K
and ~0.60 (interpolated) at T=40 K. The integrated
PL intensity (normalized to the total PL intensity) is es-
timated on this model to decrease to ~0.90 at T ~40
K,3® in agreement with the experimental value of ~0.90,
shown in Fig. 8(a).

In addition an extra factor of 2 reduction in oscillator
strength of E,; between 4 and 20 K is expected due to
quenching of the FEES enhancement.!® However, since
there are no strong competing pathways, only a small fur-
ther reduction in relative intensity at 40 K (to 0.75) is
expected. Therefore it is not possible by temperature-
dependent PL measurements to distinguish clearly be-
tween FEES processes or band-to-band recombination.

For sample C (where a FEES is not observed in PLE)
the E,; PL intensity is only 38% of the total PL intensi-
ty and n,,<0.3X 10" cm™2. Since n, is very low exci-
tonic, rather than band to band, processes will be of
greater importance for the n =2 recombination in these
types of samples. (A similar discussion also applies to
sample B). In this case the model we use for analyzing
the temperature-dependent behavior of E,; is based on
that used by Feldmann et al.>® for n =1 excitons in un-
doped QW’s. In undoped QW'’s the exciton recombina-
tion is restricted to a range of momentum states, K,
about K., =0 over which the exciton oscillator strength
is spread, corresponding to an exciton homogeneous
spectral width of energy A(T).** Elevated tempera-
ture causes an increase in A(T), where the overall magni-
tude of A(T) is determined by various coherence destroy-
ing processes, of which the temperature-dependent com-
ponent is attributed to acoustic-phonon scattering.’*
Such spreading contributes to a small increase in the
(largely inhomogeneous) exciton linewidth and reduction
in peak transition strength. Much more importantly, at
higher temperatures kT will be greater than A[A(4K)S1
meV typically]. Thus in (quasi) thermal equilibrium an
increasing fraction, 1 —r(T), of excitons occupy transla-
tional states |K,, >0, which fall beyond the radiating
momentum conserving range A(7). This redistribution
results in reduced effective exciton oscillator strength
with increasing temperature.3% 404!

Assuming that results valid for excitons in undoped
QW'’s can be carried over to the present case, the frac-
tion of excitons undergoing recombination, »(T), is es-
timated to vary from ~1 to ~0.35 between T =8 and 40
K. Therefore, in the presence of competing E; band-to-
band recombination channels, a decreasing contribution
from E,, y exciton recombination, can be expected with
increasing temperature. Since the E,; intensity is only a
relatively small fraction of the total PL intensity (38% in
sample C) E,; competing processes will contribute to the
E,, PL intensity to a much larger extent with increasing
temperature than for sample 4 (E,; PL intensity 90% of
total PL intensity). On the simplifying assumption that
all n =2 recombination in sample C is excitonic, then by
T ~40 K a reduction in E,; intensity to ~0.45 of the 4-
K value is expected, close to that observed [Fig. 8(b) tri-
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angles]. In reality, at elevated temperatures band-to-
band processes are expected to assume increasing impor-
tance;’’ thermal spreading of band-to-band transitions
will then contribute additionally to the broadening and
reduction in amplitude of the E,, PL peak, as for the
case of sample A4 above.

- In summary the temperature dependence of PL from
two types of samples has been presented here. One type
(sample A) has strong E,; PL involving a significant
n =2 electron population (n, ,=1X 10" cm™?) from
which a FEES associated with n =2 is observed in PLE.
The other type of sample (B and C) has Ej close to E,
(ny,<0.3X 10" cm™?) and in PLE an atomic exciton as-
sociated with n =2 is observed. Although the contribu-
tion of excitonic and band to band processes varies in the
E,; PL of the two types of samples, in contrast to the
PLE results, the PL spectra converge to comparable form
and intensity at higher temperatures (7 % 40 K).

Chen et al.?! have presented results for (AlGa)As-
(InGa)As-GaAs AMDQW’s with 4-K spectra of similar
appearance to samples B and C, from which the
broadening and decrease in amplitude of the E,; PL peak
with increasing T was interpreted as evidence for a
Fermi-energy edge singularity. However the results ob-
tained on our samples show that a pronounced tempera-
ture dependence of E,; transitions occurring close to Eg
in AMDQW?’s (where Ep~F, —E ) can be interpreted in
terms of changes in electron and exciton distributions
alone. At elevated temperature, a broadened spectrum,
generally characteristic of band to band recombination
should result, as observed in samples B and C of the
present experiment and Ref. 21. Therefore a pronounced
temperature dependence of E,; photoluminescence tran-
sitions does not provide conclusive evidence for a many-
body enhancement of such transitions at low T as sug-
gested in Ref. 21. However if features due to both Egp
and E,; are observed firm conclusions as to the many-
body characteristics of the peak at Ep can be
reached.?>??
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VI. CONCLUSION

In conclusion, the many-body and atomic exciton
features associated with transitions between n =2 elec-
tron and HH1 hole in AMDQW?’s have been studied. At
zero magnetic field the temperature-dependent charac-
teristics of the excitonic enhancement observed in the
PLE of MDQW’s with one or more occupied subbands
have been shown to be controlled by the carrier density in
the subband in which the enhancement occurs. For PLE
transitions into the n =2 electron subband the strong
broadening and weakening of the excitonic enhancement
peak with temperature, the characteristic feature of the
Fermi-energy edge singularity, is observed for n =2 car-
rier density above ~0.4 X 10! cm 2.

It is only PLE (or absorption) measurements that can
be used to provide clear optical evidence for the presence
of a Fermi-energy edge singularity, since in this case true
oscillator strengths are measured. By contrast in PL,
competing pathways can have strong effects on the ob-
served PL intensity. The pronounced reduction in E,;
PL peak height and increased broadening with tempera-
ture, can be accounted for in terms of thermal spreading
of the electron or exciton population near the n =2 sub-
band edge, and therefore does not provide unequivocal
evidence for a many-body enhancement of the E,; transi-
tion at low temperatures.
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