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Influence of screening in the magneto-optical properties of a two-dimensional electron gas:
Photoluminiscence from Iny s4Gag 4/AS/INP quantum wells
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Different modulation doped Wy Ga, 4/AS/INP quantum wells have been studied by photoluminescence and
photoluminescence excitation at variable temperature and magnetic field. Clear manifestations of many-body
effects as band-gap renormalization, optical Fermi-edge singularities, and shake-up sidebands are observed to
depend on the electron concentration. A correlated evolution of the Fermi-edge singularity and the shake-up
intensities with the filling factor is observed and explained in terms of the screening properties of the two-
dimensional electron gas. The role of the hole mass on the optical spectra is also considered. These results
provide a unified picture of the main effects of electron-electron interaction on the magneto-optical properties
of the two-dimensional electron gd$0163-182607)52624-1

[. INTRODUCTION the observation of its intrinsic dependence on magnetic field.
In addition, relevant information is obtained on the band-gap
Modulation-doped semiconductor heterostructures andenormalizationBGR) and the FES dependence on electron
guantum wellfMDQW's) have been extensively studied by concentration and temperature, showing that intersubband
optical spectroscopy. The rich phenomenology associatecoupling is negligible in the present case. In the presence of
with their absorption and emission processes provides valua magnetic field the intensity and line shape of both FES and
able insight on the electron-electron interaction in the two-SU emissions change periodically with the filling factor, re-
dimensional electron ga@DEG),! which in turn determines flecting the variation of the screening properties of the
important physical phenomena like the integer and fractionalDEG.
quantum Hall effecté® Among the manifestations of carrier In the next section the sample characteristics are given as
correlation in the optical spectra, special attention has beewell as details of the experimental methods. Section IlI is
paid to the enhancement of the optical emission and absorglevoted to PL and PLE measurements at zero magnetic field.
tion at the Fermi level(optical Fermi-edge singularity or PL results under magnetic field are presented and discussed
FES*® and to the appearance of low-energy sidebands ifn Sec. IV. Finally, the main conclusions are summarized in
the luminescence spectrum due to phonon repli®d&® or  Sec. V.
shake-upSU) processes in the Fermi s&a?The details of
the physical mec_ham_sms underlymg these effects are not yet II. EXPERIMENT
fully understood in spite of the considerable theoretical effort
invested->*3~1This is due in part to the difficulty of con-  The samples studied are 8-nm-wide, J§Ga, 4/AS/INP
trolling experimentally some crucial parameters that deterMDQW'’s grown by low-pressure metal-organic vapor-phase
mine the appearance and strength of both FES and SU sidepitaxy on InP substrates. Two 10-nm-thick layers contain-
bands, like the details of the valence-band structure and thieg 1.7x 108 cm™2 sulphur donor atoms are symmetrically
intersubband coupling, and localization by impurities or po-located in the InP barriers. Different values of the width of
tential fluctuations. the spacer layer separating the dopants from the well lead to
The presence of an external magnetic field has a strondifferent densities of the 2DEG. In our case the samples
effect on the electronic properties, including intersubbandienotedA, B, andC have spacer layers of 30, 15, and 5 nm,
coupling, the energy spectrum of electronic excitations, andespectively. Typical electron mobilities at low temperature
the screening properties of the electron gas. As a result thare around 175 000 chV s. The main characteristics of the
optical spectra are drastically changed, offering new possithree samples studied in this work are presented in Table I.
bilities to study the above-mentioned many-body effects. Electron densities have been measured by Shubnikov—de
In this paper we present a systematic study of the photoHaas oscillations and Fermi energies are obtained from the
luminescenceéPL) and photoluminescence excitati(LE) width of the photoluminescence spectra.
of symmetric modulation doped gGa, 4/AS/INP quantum PL and PLE spectra at zero magnetic field for different
wells as a function of temperature, carrier density, and magtemperatures were taken in a He-bath cryostat. The light
netic field. The optical FES and SU subbands are clearlgource was a tungsten lamp attached to a 275-grating mono-
observed to depend on these parameters. In some of tlehromator for selecting the wavelength. PL measurements
samples studied, SU sidebands are observed without mixingnder magnetic field were performed at fixed temperat8re
with PR, at difference with previous wofR;**thus enabling K) in a superconducting coil reaching 13 T. The samples
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TABLE I. Main characteristics of the tree samples. The electron

density is obtained from Shubnikov—de Haas oscillations, the Fermi

energy from the PL spectra, and the effective masses from the fan

plots.
Electron densityn ~ Fermi energy  Effective mass sample A
Sample (cm?) (meV) (mo)
A 5x 101 27 0.052 —
(2]
B 8x 101 42 0.051 =
C 1.2x 1012 72 0.052 :
g
. . . . . 2| sampleB
were excited in Faraday configuration by the 457.9-nm line @
of an Ar laser wih a 1 mW power focused on a 20@m gf:
c

spot. In both cases the emitted light was analyzed in a double
spectrometer of 0.85 m focal length and detected by a liquid-
nitrogen-cooled germanium detector.
sample C
Ill. TEMPERATURE AND DENSITY DEPENDENCE M

Even without considering many-body effects, the PL
spectrum of a degenerate electron gas depends already on the 800 850 900 950
degree of hole localization. In a 2D system with parabolic E
bands the joint density of states is energy independent and nergy (meV)
the shape of the spectrum is determined by the energy dis-
tribution of photocreated holes and the possible relaxation of FIG. 1. Luminiscence of the tree samples at 3 K. Differences in
the crystal momentum conservation condition. One can corelectron density yield different values of BGR and FES intensity.
sider two extreme cases. For free holes with finite mass the
PL maximum occurs for transitions to the edge of the va-‘Mahan exciton” in the static Fermi-sea picturélhe inten-
lence band because of the rapid hole relaxation to its lowessity of the optical FES in two dimensions depends on several
energy state. At higher energies the PL intensity decreasdactors, among which the hole mass is of crucial
following the energy distribution of holes in the valence importance:®~*° The FES intensity increases with the hole
band, which for low excitation power, is Boltzman-like. On mass as a result of the reduction of the hole recoiVe
the other extreme, if the holes are completely localized bybserve experimentalliFig. 1) a strong FES in the emission
impurities or potential fluctuations, crystal momentum is noof sampleA, and much weaker ones in sampRsand C,
longer conserved and the spectrum becomes squarelike. Omdnich have higher electron densities. Another circumstance
deals often with an intermediate situation, especially in ahat favors the observation of the FES is the coupling to near
ternary compound, where compositional disorder allows inunoccupied subbandg® In our case, however, this mecha-
direct transitions. nism is not relevant as the nearest empty electron subband is

Many-body interactions introduce several modificationsaround 100 meV above the Fermi level as can be seen in the
to this single-particle picturé First they produce the well- PLE spectra of Fig. 2.
known renormalization of the band gap. It is a consequence The spectral shape of the PL curves of Fig. 1 indicates
of the corrections of the self-energy of electrons and holes bhat localized holes are dominant in sampleas shown by
exchange and static correlation tertt$.A general expres-
sion for the BGR is proposed in Ref. 17:

a)' T b, 33K
AE4/Eg=—3.1(na3)*?, (1) 36K

where AE, is the correction of the energy gap akg and _
ag are the appropriate exciton binding energy and the effec- £
tive Bohr radius, respectivel{f. According to Eq.(1) the 2 10K 10K
fundamental gap of sampl@&andC should lie 5.3 and 10.5 8
meV below that of samplé. Measured values are 5.5 and Z
10 meV, in excellent agreement with theory. For this calcu- é 20K 15K
lation an effective mass of 0.0#§ has been usédineglect- - /ch/w M
ing nonparabolicity of the bands. so8 25K

Another effect of the electron gas is the suppression of M AN, e
exciton lines due to phase space fillihyet a new spectral S50 500 950 1000 1050 | 850 900 950 1000 1050
feature appears due to the collective response of the electrons Energy (meV) Energy (meV)

at the Fermi level to the presence of the hole. This is the
well-known optical singularity at the Fermi edge, which re-  FIG. 2. Evolution of PL and PLE spectra with temperature for
sults from the broadening into a power law of the so-calleda sampleA and (b) sampleB.
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the steplike onset of the PL spectrum, which reflects the 2D
density of states of théparaboli¢ conduction band. Emis-
sion of samplesB and C, however, exhibit an essentially
“free-hole” behavior, as indicated by the intensity decrease
at energies higher than the band edge. Further evidence for **"
the stronger hole localization in sampleis given by the
unusually intense low-energy tail in its PL spectrum. As
proved by the magneto-PL results presented in the next sec-
tion, this tail contains contributions from both shake-up and
phonon replica processes in samplewhile only the former
are observed in sampleB and C. At difference with ‘
shake-up mediated recombinatithphonon sidebands re- oo anT 860 T
quire hole localization in order to preserve momentum energy (meV) energy (meV)
conservatiort??? The different regime of hole localization _ o
can be understood as a result of the better screening in high FIG. 3. PL spectra of samplg for different magnetic fields.
density samples of the potential fluctuations due to interface
roughness and alloy composition. These are known to be th@ L’s) of energyEn=(N+3) #w,, with the cyclotron fre-
most important sources of disorder in these kinds of strucquencyw, given byeB/m*. In real samples these levels are
tures at low temperatures. broadened by lifetime effects and disorder. The latter intro-
In Fig. 2 the PL and PLE spectra of samplesindB are  duces a difference between the states at the center of a LL,
presented for different temperatures. As expected, the opticglhich are extended, while those whose energy lies in the
FES in emission disappears very quickly as the temperaturgiis of the LL have a localized character. The emission spec-
is raised due to the smearing of the Fermi distribution. Therym is then a collection of well-defined peaks, of certain
sharpness of the Fermi surface is a decisive factor in thgnewidth, corresponding to recombination from all occupied
strength of the FES because it determines the available stateg's. This is shown in Fig. 3, where the PL spectra of
for the coherent scattering of the electrons by the photocresampleB are displayed for different values of the magnetic
ated hole. The analysis of the PLE spectra is more complifield. As the field increases one observes the depletion of the
cated because of the details of the valence-band structure apgrg LL until it becomes empty at 9.5 T. From these data we
the competition between direct and indirect transitions to the;an estimate the electron density under the present illumina-
Fermi level, the later being allowed by disorder. For bothtjon conditions. It is found to by 8X10" cm 2.
samples the PLE onset is less abrupt than the PL cutoff, anjagneto-PL taken with circularly polarized light displayed
the PLE maximum is reached at a higher energy. A shouldejery small Zeeman splittings, indicating that the LL in our
on the low-energy side of the PLE maximum is also clearlysamples are essentially spin degenerate. As in the case of
observed. The intensity decreases at higher energies as igsro magnetic field other recombination processes take place
ported in previous measurements on other MDQ#W-dhe  \yhere the energy of the transition is shared by an excitation
PLE spectral shape indicates that is starts with the indirectf the system and the emitted photon. The former are usually
transitions from the top of the valence band to the conducpnonons or SU excitations of the Fermi sea. Both types of
tion band at the Fermi wave vectég . These absorption excitation have been observed coupled to each other in pre-
processes are much weaker than the direct ones, but donyjious work!%* Also SU sidebands without significant cou-
nate the emission spectrum because of the hole relaxatiopjing to LO phonons have been reported recefftiyhey are
They correspond to the FES observed in PL, and that is thghown in the low-energy side of Fig. 3 and will be discussed
reason why it is more sensitive to temperature than PLE.pejow.
For increasing energy the PLE intensity grows as the transi- The energies of the PL peaks for samplesand B are
tions progress to the verticadirecy one atke . Therefore the  represented in Fig. 4. The LL's follow the expected linear
PLE shoulder is most probably dqe to transitions from thedependence on magnetic field, showing only small devia-
heavy-hole(HH) state and the maximum to light-holeH)  tions towards lower energyery clear in LL, of sample
transitions. The greater intensity related with the light hole isA) at fields corresponding to even values of the filling factor
a consequence of the valence-band structure. The Fermipp/eB, Such behavior, which has been observed in simi-
wave vector lies near the anticrossing between Hkhd |5, QW’s 1211 5eflects the changing properties of the 2DEG
LH, subband® in both samples Here the dispersion of theyith the filling factor. When the Fermi level lies between
“light” hole subband has its maximum; consequently the yyo LL’s, the creation of electron-hole pairs requires a finite
density of states is higher and the hole recoil is smaller for itenergthc, the screening becomes poor, and the 2DEG is
The step around 1 eV in both samples corresponds_to thgaid to be incompressible. The situation is opposite for odd
second electron subband. This large energy separation ekfing factors in the absence of Zeeman splittfifgin this
cludes any intersubband coupling as the origin of the obzase there are degenerate extended states at the Fermi level
served FES. allowing for easy charge redistribution, and the 2DEG is
then compressible. In our case no significant differences
have been detected between the unpolarized and circularly
polarized spectra, indicating that the Zeeman splitting is
Upon application of a magnetic field to the 2DEG the smaller than the inhomogeneous width of the PL peaks. This
density of states becomes a series of discrete Landau leveiseans that for odd filling factors, even if the Fermi level,

(sun ‘que) Aysusul 1d

IV. MAGNETIC-FIELD DEPENDENCE



55 INFLUENCE OF SCREENING IN THE MAGNET®O. .. 16 393

b)l .f‘,."‘,u_.a "L I ] Filling Factor
- /-/ ° 7 5

900

; / & | T T :
%E: Y / ----- A MP:;M‘AA
Egrs e L L gt ] P :
? / w, ‘ vv Yy A : A‘
c . M H A
u ‘ i R 1 -~ re VY
850 . - @’% *g P e A
g, 5 Vv
o - 25, 3su .®. . 28U g i o
0 2 4 6 81012140 2 4 6 8 10 12 14 < o
Magnetic Field (T) Magnetic Field (T) 2
2 A L2
i - 2 v LL3
FIG. 4. (a) Fan plot for sampleA showing the position of the = : o :
LL, as well as SU and PR sidebands. The dashed lines are theoret- - { oo o o ; '1';4U
ical positions of the peaks with infinite hole mass and o© gl:&,gzln o 2sU
my =0.052n,. Dotted lines indicate the theoretical position of the %ﬂ : A 3SU
PR sidebands associated with the GaAs-like and InAs-like vibra-
tions of the well.(b) Same for sampl® with m¥ =0.051m, and 4 & 8 10
mj, =0.46m,. In both cases the spin splitting of the hole is included .
following Ref. 28. Magnetic Field (T)

strictly speaking, is not located at extended states, the screen-
ing length will be strongly reduced with regard to the even
filling factors. With these considerations in mind the picture
described above remains essentially valid and one can co
sider the screening properties of the 2DEG periodicallyis therefore a good system to study the joint evolution of FES
changing with the filling factor. The oscillations of the LL and SU sidebands in a magnetic field, even if some residual
energies arouné&y observed in Fig. 4 can be therefore un- coupling to phonons is present, as suggested by the small
derstood as a partial recovering of excitonic interactions irbending of the 1SU line at 8 T.
the insulating stat& The most remarkable effect of the filling factor on the PL
The energy positions of PR and SU sidebands are alsgpectrum is the variation of intensity and shape of the FES
shown in Fig. 4. PR sidebands, which run parallel to theirand SU band&* These changes are illustrated in Figs. 3 and
parent LL, are predominant in sampie They correspond to 5 for sampleB. In the upper part of Fig. &ull symbols the
InAs-like and GaAs-like vibrational modes of the QW. The intensity of different LL’s is plotted as a function of the
first SU sideband of Lk (1SU) is also observed in sample magnetic field. For increasing field, the intensity of a given
A. It has negative slope in the fan plot and appears stronglyL increases as it approaches the Fermi level, then reaches a
coupled to the LO phonon replic&'' The energy of the SU  maximum at the corresponding odd value of the filling fac-
excitations,E(LL o)-E(1SU), is usually larger thalhw, due  tor, i.e., when the Fermi level is in the middle of the spin
to magnetoroton effects:*’ However, this effect is not quasidegenerate LL, and decreases as the LL is further de-
strong enough to account for the large difference in sampl@opulated. The evolution of the SU bands with magnetic
A. Indeed, if one tries to fit the LL energies fow., an field is different. They change from well-defined peaks sepa-
anomalously large electron mas06@n,) is obtained. The rated by energies close fow. for even values of the filling
reason for that anomaly is the influence of Zeeman splittingactor to an essentially structureless tail for odd filling fac-
of the valence-band states. For the localized holes of sampters. This is clearly seen in Fig. 3 for near 5. The peak to
A the energy of the upper spin-split hole state increases withackground ratio of the SU bands is plotted in the lower part
magnetic field, leading to a reduction of the LL slopes. Theof Fig. 5(open symbolsand is a quantitative measure of this
expected LL energies have been calculated using infinitehange in the spectral shape. These results can be understood
hole mass for sampld and bulk mass for sampleB, to- on the basis of the already mentioned variable screening
gether with the reported value of the hgldactor in the QW  properties of the 2DEG. For odd filling factors the situation
of this compound?® The results are the straight lines of Fig. is more favorable to the appearance of the FES, as there is a
4. In this way a common and reasonable value of the electrosontinuum of extended final states at the Fermi level for the
effective masg0.052n, and 0.05in,) is obtained in both scattering by the hole. In other words, the charge can be
samples. redistributed at low energy cost. The fact that the intensity of
An important difference of sampl® compared with the last occupied LL is larger when it is half filled than when
sampleA is the lack of PR lines in the field range studied. it is full is the best indication of its edge singularity nature.
This can be understood remembering again that holes afEhe high density of electronic states around the Fermi level
essentially mobile in samplB. Consequently, creation of also explains the flattening of the SU emission at odd filling
quasiparticles with nonzero wave vectphonons or magne- factors, because there is a continuum for the SU excitations
torotong in recombination process are restricted. Santple across the Fermi level. Conversely, for

FIG. 5. Intensity of the FESfull symbolg and intensity to
background ratio of the SU bandspen symbols Filling factor is
rqenoted in the top axis.
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eveny the lowest-energy excitation across the Fermi level isshape of the PLE onset has been related to the valence band
the (inter-Landay defined peaks at energies closefito . structure. Measurements in magnetic field show periodic de-
They appear at higher energies, as shown in Fig. 4, becaugendence of three different experimental results on the filling
the highest transition rate corresponds to the magnetorotdiactor: (1) The oscillations of the LL transitions energies
minimum2! occurring at a wave vector of the order of the around N+ 3)%w., (2) the changes of the FES intensity,
inverse magnetic length. The poor screening of the potentiakhich is maximum at odd filling factors, ar@) the spectral
fluctuations at even filling factors helps these mpn- line shape of the SU bands, which are sharper at even filling

conserving transitions to take place. factors. These results are the consequence of the variable
screening properties of a spin-degenerate 2DEG as a function
V. CONCLUSIONS of the magnetic field.
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