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Collective effects in optical spectra of high-densityhigh-mobility two-dimensional electron gases
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A special GaAs structure with a two-dimensional electron gas having simultaneously high density and high
mobility has been fabricated. Its photoluminescence excitation spectrum displays strong and clear optical
singularities at the Fermi edge for electron densities as high as1¥8 cm 2. The power-law exponent of
the singularities is determined to be between 0.3 and 0.4 both for heavy- and light-hole transitions. Comparison
of these results with GaAs quantum wells codoped with a low-density Bger shows that hole localization
is needed for the observation of the Fermi-edge singularity in emission spectra. However, hole localization
plays a minor role, if any, in the singularity observed in photoluminescence excitation. Spectra of similar
quantum wells made of &g _,As show no singularities at all, probably as a consequence of the lower
electron mobility.[S0163-18209)06423-1

I. INTRODUCTION alloy disorder, results in the observation of FES in PL

spectr£ 8 FES can also be observed in PL by including an

The optical properties of high-mobility two-dimensional acceptors-doping layer in the QW to trap the photocreated

electron gase$2DEG's) have been studied for the last 15 holes: Existing theoretical models require either hole

years with the purpose of looking for potential optoelectroniclocalization;™* and/or coupling or%&eglectrons at the Fermi
applications and also to get insight into fundamental aspecti€vel to empty conduc(:}'?glrzl subbarias for the FES to be

such as the collective Coulomb effects in low-dimensionaPPServed. Other auth consider that FES can be ob-

systems. Among these effects, the appearance of a singulgi€/Ved in PLE spectra for mobile holes, but it would be
ity at the Fermi levelFermi-edge singularity or FBSn the sSmeared out by indirect transitions assisted by zero-energy

. . o . excitations of the Fermi sea, as the electron density
opt_|cal absorpnor_] and e{{,"ss"’” specira has t.)ee[wlst)he Oblem)[i:reaseé.l This appears to be the case of the PLE spectra of
of intense experimental’® as well as theoreticH™° re-

the GaAs MQW reported in Ref. 10, where the FES power

searc.h. The origin of the FES IS the cohe.re.nt response of ﬂ]ﬁw evolves into a steplike function for electron densities
Fermi sea to the sudden creation or annihilation of the phozp e %101 cm 2. When trying to analyze the influence

tocreated hole in the absorption or emission process, respegs glectron density on the FES intensity and shape one has to
tively, similar to the case of the x-ray absorption spectra ohear in mind that increasing the doping level usually results
metals.”” " The spectral shape of the FES has the form of g 3 decrease of the electron mobility by remote impurity
power-law dependence on energy, which broadens and digcattering. This can affect the screening properties of the
appears very rapidly as the temperature is raised, comparefectron gas and therefore the FES itself.

to excitonic transitions in undoped systems. The correspond- |n this paper we present PL and PLE measurements on a
ing power-law exponent in the 2DEG depends on electroppEG formed in GaAs single quantum wells with simulta-
density, and it is related to the number of electrons needed tgeously high electron density of about ¥.60"2 cm™2 and
screen the photocreated hofe!**1°FES’s have been ob-  electron mobility of 1.% 10F cm?/V s2L We observe strong
served in modulation-doped GaAs and@® _,As multiple  and clear FES in the PLE spectra at low temperatures, both
(generally symmetric quantum well$>®° (MQW's) or  for the heavy- and light-hole transitions. The high-
single  (generally  asymmetrjc  quantum wells  temperature spectra indicate an energy-independent joint
(SQW's).238-1%The first studies on GaAs QWiRefs. 1-5  density of stateDOS), reflecting parabolic energy bands,
report FES only in photoluminescence excitatiGRLE) and a finite effective mass for the holes. This allows for the
spectra, as the lack of holes with the Fermi wave vedtg) ( €xperimental determination of the power-law exponent and
at low temperatures prevents its observation in photolumiits comparison with previously reported vald8sTo study
nescenc&PL) spectra. However, a weak FES has recentlythe role of the localization of photogenerated holes in the
been observed in the PL spectrum of a high-quality GaAs FES we used a similar QW with a low-density Bedoped

QW, whose intensity was consistent with a nonequilibriumlayer, placed at the center of the well, which exhibits FES in
population of holes &g . In In,Ga, _,As/InP wells the mix-  both PL and PLE spectra. Finally an Ga, ,As QW grown

ing of heavy and light holes produces a strong nonparabolicin the same way has been studied for comparison. Our results
ity of the valence band with very high values of the holeindicate that FES appears in the PLE spectra in high-density
mass?’ This, together with hole localization produced by 2DEG with delocalized holes, provided that the electron mo-

0163-1829/99/6(T)/48975)/$15.00 PRB 60 4897 ©1999 The American Physical Society



4898 H. P. van der MEULENet al. PRB 60

TABLE I. Main characteristics of the samples; is the electron density measured by Hall effeftjs the
Fermi energy determined by the densiE{Z,L is the value obtained from the optical spectra, ands the
low-temperature electron mobility derived from Shubnikov—de Haas measurements.

Sample no. QW ns (102 cm 2) et (meV) et (meV) w (cm?/Vs)
1 GaAs 1.6 54.8 47.6 800 000
2 GaAs 1.2 41.1 36.4 1200000
3 GaAs-Be 1.5 51.4 534 160 000
4 INg .Gay gAS 2.8 96 30000

bility is high. Instead, hole localization is crucial for the been performed at temperatures between 1.7 and 100 K in a
observation of FES in PL, as expected, because it allows fdnelium bath cryostat. The excitation source was a Ti-
the indirect recombination of electrons at the Fermi level. sapphire laser with a power density of 10 Wfcm

Il EXPERIMENT Ill. RESULTS AND DISCUSSION

Two samples with different electron densitismamples 1
and 2 each with a single GaAs QW and barriers made off

AlAs-GaAs short period superlatticeSSPSL) have been ) .
grown by solid-source molecular beam epitaxy Modulationat IQW temperature and broadens progressively to h.|gher en-
' ergies as the temperature increases, due to the increasing

doping was provided on both sides of the QW in a GaAs . o
sequence of the SPSL bysSi layer located at 9 mm and 14 population of photogenerated holes away from the Brillouin

nm from the QW interface, respectively. With appropriatezone center. This is a clear indication that in this sample the

values of the layer thicknesses, and the position and densi{10Ies are not localized. The peak at 1.49 eV is the band-to-

of the Si-5-doping layers, the first states to be populated bya/cceptor(carbor) transition of the GaAs substrate. The PLE

electrons are th¥ conduction-band minima of the barriers in spectrum(right) at the lowest temperature has an abrupt on-

the AlAs sequence of the SPSL. These electrons are able tQ‘oet at the Fermi levelH) followed by two asymmetric

screen effectively the potential fluctuations and therefore t eaks, which correspond to the heavy-hii) and light-

reduce the remote impurity scatterifigThe resulting 2DEG ole (lh) FES‘ respectlvely. This result ShOW.S thf"‘t the FES
confined in the QW exhibits simultaneously high electron®@" exist in a relatively dense electron gas with high electron

densities and high electron mobility. In the QW of sample 3mob|I|ty and mobile holes. The strong peak at 1.67 eV rep-

an additional Bes-doping layer with Be density of about

1.2x10° cm 2 was inserted into the center of the QW in Sample 1 GaAs QW

order to localize the photocreated holes. Another QW 'PL L 'PLlE
(sample 4 is made of Ig ;Ga gAs instead of GaAs. Due to

alloy scattering processes its mobility is rather low. All the
QW'’s are 10 nm thick. Relevant data of the QW's are listed 80K
in Table I. The electron densities and mobilities have been
obtained from Shubnikov—de Haas and Hall measurements
in parallel samples. The Fermi energies ) obtained from

the electron densities are listed in Table I, together with the
corresponding values resulting from the optical spectra
(ef"). For samples 1 and &" has been taken as the energy
difference between the inflection points at the low-energy
side of the low-temperature PL and PLE spectra shown in
the next sectioricorresponding to transitions at the Brillouin
zone center and akg, respectively, corrected by the
valence-band curvature factor+In./m,, (m, and m,, are

the conduction- and valence-band effective masses, respec- LH
tively). The small disagreemerihear 10% between both HH l
sets of values can be due to uncertainties in the electron 1
effective mass or the exact location of the emission thresh- 1.9K

old. For sample 3 the determination eﬁL is more compli-
cated due to the presence of the Be acceptors and will be —
explained in the next section. The valence-band nonparabo- 145 150 155 160 1.65 1.70
licity of InGaAs (sample 4 prevents the correct estimation
of the Fermi energy from the optical spectra. In all cases the
conduction intersubband energy spacing is significantly FIG. 1. PL(left) and PLE(right) spectra of sample 1 for differ-
larger than the Fermi energy, so that only the lowest subbaneht temperatures. The FES'’s corresponding to hh and |h holes are
is occupied by electrons. PL and PLE measurements havadicated.

The PL and PLE spectra of sample 1 are shown in Fig. 1
or different temperatures. The PL emissi@eft) is narrow

40K

20K
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Energy (eV)



PRB 60 COLLECTIVE EFFECTS IN OPTICAL SPECTRA P. .. 4899

Sample 3 GaAs:Be QW Sample 3 GaAs:Be QW T=6K
T T T T T T T n 1 " 1 n 1 " 1
PL PLE Canduction
Band
80K
| | z
'c
3
£
@ - s
c 40K 2
> 2
g £
5 . i £
Py
@ 20K
[
-Ea T T T T T v T v
= E 1.52 1.54 1.56 1.58 1.60 1.62
Energy (eV)

FIG. 3. Detail of the spectra of sample 3 at 6 K. The dashed line
betweenA and B indicates schematically the separation between
contributions from the band-to-band and the band-to-acceptor tran-
sitions to the PL spectrum. These transitions are indicated in the
inset by solid and dashed vertical lines, respectively.

150 155 160 165  1.70
E (eV) matically indicated by the dashed line in Fig. 3. As in the PL

spectra found in InGaAs-doped QW' reflects the rectan-

FIG. 2. PL and PLE spectra of the GaAs QW with additional gular shape of the joint DOS with the FES enhancement
Be-6 doping (sample 3 for different temperatures. FES energies towards the Fermi level. The set of band-to-acceptor transi-
are indicated by arrows in the 1.7-K spectra. The gap between thgons is shifted 28 meV to lower energies with respect to the
low-temperature PL and PLE spectra corresponds to the Be activdsand-to-band ones, corresponding to the Be activation en-
tion energy. ergy in bulk GaAs? The intensity of the band-to-band spec-

trum is proportional to the excitation power, while the inten-

resents the excitonic transition to the secdechpty con-  Sity of the band-to-acceptor one saturates when the excitation
duction subband. As the temperature is raised the FEBower is increased. The Fermi energyf of sample 3 can be
rounds off at 20 K and disappears completely at 40 K.estimated from both the band-to-band spectrum, as in
whereas the excitonic transition to the empty subband resamples 1 and 2, and from the width of the band-to-acceptor
mains practically unchanged, as expected. Apart from thispectrum. The resulting values are 53.4 meV and 48 meV,
excitonic transition, the flatness of the PLE spectra at highiespectively, the difference being probably due to the Stokes
temperatures indicates an energy-independent DOS corrshift between PL and PLE spectra. The former value has
sponding to parabolic energy bands. Consequently, the spebeen included in Table | for coherence with the values of
tral shape of the FE&he power law can be obtained from samples 1 and 2. The peak at 1.51 eV is the bound exciton of
the low-temperature PLE spectra by assuming a constarihe GaAs substrate. The PLE onset corresponds, as in Fig. 1,
background. The spectra of sampléndt shown are almost  to transitions from the valence band to the Fermi level. It
identical to those of sample 1 except for the lower value ofshows also a FES similar in strength and temperature depen-
er . Sample 3 with the Be layer in the wé#lee Fig. 2shows  dence to that of Fig. 1. This similarity and the fact that FES
some important differences with respect to samples 1 and Zappears simultaneously in PL and PLE spectra of sample 3
First, the PL spectra, even at low temperature, have a mudtheserves some discussion. Hole localization is commonly ac-
larger width, indicating that recombination of electrons awaycepted as a requirement for the FES to app&dr.This is so
from the Brillouin zone center becomes allowed. This is posbecause an infinitely extended hole would cause a uniform
sible because part of the photogenerated holes get localiza&thange of the electrostatic potential, thus not producing any
at the acceptor states and therefore the wave vector consegesponse of the Fermi sea. In the case of PL, hole localiza-
vation condition is lifted. In fact, the PL spectral shape re-tion is also needed, as mentioned before, to lift the wave
sults from the sum of two sets of transitions, which are indi-vector conservation condition in the recombination of elec-
cated in Fig. 3. One set corresponds to band-to-larale  trons atke . However, our PLE spectra involve valence-band
vector conserving transitions involving recombination of holes, which are assumed to be free. For them, “localiza-
conduction electrons with free holes at the valence band, a@n” can only be understood as the hole localization length
in samples 1 and 2. They contribute to the total PL spectrunfly,) being larger than the Fermi wavelengthe&20 nm in
with a peak at 1.54 eV and the tail decreasing towards highesample 1, but smaller than the typical length of the spatial
energies in analogy with the PL spectra shown in Fig. 1. Theegion occupied by electrons participating in the RES us
second set are band-to-accetwave vector nonconservifhg call it 1;). A rough estimate of the minimum value &f
transitions involving recombinations of electrons with wavecompatible with hole dispersion is to take it ten times larger
vector comprised between 0 akgd with holes localized at than\g, giving |,=200 nm for sample 1. The observation
the Be acceptors. Its corresponding spectral shape is schef a FES in the PLE spectra of Figs. 1-3 then would imply
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(3.1 without convolution (dotted ling and convoluted with a
Gaussian with a width of 1.9 metéolid line). The symbols are the
experimental data.

Fermi energy, related to the lower-energy gap of
1.5K In,Ga, _,As. The large peak at the PLE onset is not related
/ \ to the FES, as it does not change with temperatite
— change in intensity is due to the intensity decrease of the PL
) 1'3 ) 1'4 ' 1'5 ' 16 spectrum itse)f It rather reflects the valence-band nonpara-

: : : : bolicity typical of this materiaf® The lack of FES in this

Energy (eV) sample contrasts with previous results on the

InGa _,As/InP QW! 823 where it was clearly observed in
PL spectra. This difference can be ascribed to the higher
electron density and to a smaller degree of hole localization
in our sample, expected from the lower In content. The fact
that I should be significantly larger than this value, andthat the FES is also absent in the PLE spectra of sample 4,
therefore much larger than the static screening length givefhich differs from the case of the GaAs Q&amples 1-8

by the effective Bohr radiu&l0 nm in our case® This is a  strongly indicates again that the presence of FES in PLE is
rather puzzling result, because to our knowledge, there is nfhore related to the high electron mobilityee Table)l than
theoretical support for a dynamic response of the electrong hole localization.
extending over mesoscopic lengths. Then there are two pos- As mentioned above, the flat DOS shown by samples 1
sibilities left: The first one is that the FES observed in theand 2 allows the experimental determination of the power-
PLE spectra is not due to free holes, but to holes which argaw exponent of the FES. The hh and Ih peaks in the PLE

weakly localized, either at the interfaces due to microscopigpectra have been fitted using the power-law functfon,
roughness, or by any other weak localization mechanism.

However, the total number of these weakly localized holes lres=A* (E—Eq) ¢, (3.2

has to be very small in our case, as indicated by the very low

PL intensity near the Fermi level in the spectra of Figal. ~ whereE, is the hh or Ih transition energy amlis the FES

least two orders of magnitude weaker than the band-edgamplitude. The total signal is assumed to consist of a con-

PL). Also, they should be practically degenerate in energystant background associated to the joint Di@Sand the FES

with the free valence-band holeslat, as the FES observed intensity | .gs given by Eq.(1). The sum of the hh and Ih

in PLE coincides with the onset of the band-to-band con-<ontributions to the PLE spectrum has then been convoluted

tinuum. It is then difficult to attribute the strong FES ob- with a Gaussian, representing broadening effects, whose

served in our PLE spectra to these hypothetical few weaklyvidth is determined from the slope of the PLE onset. In Fig.

localized holes, while a similar one is not observed associ5 the fits without(dashed ling and with convolution(solid

ated to the Be-bound holes. The second possibility is that théne) of the PLE spectra are presented for sample 1 together

FES observed in our PLE spectra involves indeed free holevith the experimental data.

Then our results would indicate that the understanding of the The fit of the hh peak is very sensitive to the choic&gf

role played by the hole localization in the screening properfesulting in a large uncertainty far. One obtainsa=0.3

ties of a high-mobility 2DEGand therefore in the FB$ias  +/—0.1 andA/l1,=0.22. For the Ih FES the fit is more ro-

to be reexamined. bust, resulting ina=0.38+/—0.02 with the same value of
Finally, the spectra of the InGaAs QWample 4 are  Al/lg. The above values give equally good fits for both

shown in Fig. 4. Contrary to the GaAs case, these spectra asamples 1 and 2. The values for the Gaussian widthsrare

essentially independent of temperature. The large energy¥ 1.9 meV and 1.5 meV, respectively. Finite-temperature

separation between the PL and PLE onsets is due to the higlorrections given by the Fermi-Dirac distribution have not

FIG. 4. PL and PLE spectra of the,[Ba _,As QW (sample 4
for different temperatures.
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been included, as they affect ordyby 10-15% at 2 K. Our holes exist at the Fermi wave vector at low temperatures.
« values are larger than the one(.1) reported in Ref. 10 Instead, localization of holes does not appear to be required
for the same Fermi energy, probably due to differences in then PLE, as FES is clearly observed for valence-band holes in
sample characteristics in both cases. Instead, they are clodaigh-mobility samples. To reconcile this result with the com-
to the values calculated in Ref. 10 extrapolated to high elecmon assumption that hole localization is required for the FES
tron density(see Fig. 4 of this referengeAccording to this to appear, it would be necessary to assume that the electrons
calculation,« depends weakly on electron density for high participating in the FES in a high-mobility 2DEG extend
values ofeg, in agreement with the fact that we find the over a much larger region than the static screening length. As

same value for samples 1 and 2. to the best of our knowledge there is no theoretical support
for such an assumption we have to conclude that the role
IV. SUMMARY played by hole localization in the appearance of FES, and

more generally in the dynamic response of the electron gas,

In summary we present a study of the conditions requireghas to be reexamined.
for the observation of optical FES in PL and PLE spectra.
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