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Role of hole localization in the optical
singularities of a two-dimensional
electron gas studied by time-resolved
photoluminescence
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Abstract. The coexistence of localized and free holes in modulation doped
InGaAs/InP quantum wells, which show Fermi edge singularities in the cw
photoluminescence and excitation spectra, has been determined by picosecond
time-resolved luminescence spectroscopy. A long-lived peak at the low-energy side
of the emission spectrum is observed at 5 K and weak excitation. The peak, which
vanishes on either increasing the temperature at ~30 K or increasing the excitation
density, is attributed to recombination of free electrons with localized holes. The
simultaneous presence of free and localized holes explains the lineshapes
observed in cw measurements and the presence of Fermi edge singularities.

1. Introduction efficient recombination of electrons up to their Fermi energy
and enhances the electron—hole interaction due to the fact
The presence of free carriers in a semiconductor quantumthat the hole becomes a practically infinite effective mass.
well (QW) modifies most notably its optical properties. A The temporal evolution of FES has been studied by
strong enhancement in the oscillator strength of optical time-resolved photoluminescence (TRPL) spectroscopy in
transitions in the vicinity of the Fermi edge has been atwo-dimensional hole gas in GaAs QWs [8]. In this work,
reported both in absorption and emission of modulation we present a study of the temperature and excitation-density
doped QWs [1-6]. This enhancement, known as Fermi dependence of the TRPL spectra in n-type modulation
edge singularity (FES), results, in n-type samples, from doped QWSs, which show FES in the cw PL and excitation
many-body interactions between a photoexcited hole and(PLE) spectra. Our results confirm the coexistence of
the sea of electrons in the QWs [7]. Due to the difficulties localized and free valence band holes in these samples.
of controlling some crucial experimental parameters, such
as the valence band structure, the intersubband coupling
and the localization of the carriers by impurities or
potential fluctuation, the physical mechanisms giving
rise to the singularities are still not fully understood.
Photocreated holes in semiconductors are free to move
in the valence band and therefore its recoil reduces
the FES. Furthermore, to observe the FES in emission
non«-conserving transitions have to contribute to the
photoluminescence (PL) spectrum [2]. Localization of the
holes, for example by random alloy fluctuations, allows

2. Experimental details

We have investigated three single $8Ga 47As/INP QWs
grown by low-pressure metal-organic vapour phase epitaxy
on InP substrates. Two 10 nm thick layers containirigxl
108 cm2 S atoms are symmetrically located in the InP
"barriers around the 8 nm wide QWs. The different widths
of the space layer separating the dopants from the well, 30,
15 and 5 nm, lead to sheet-carrier concentrationsdf@?,

8 x 10 and 12 x 10*? cm~2, and to Fermi energies of 27,

1 Author to whom correspondence should be addressed (e-mail address42 and 72 meV respectively. Typical electron mobilities at
luis.vina@uam.es). low temperature are-1.8 x 10° cn? V-1 s71. The electron
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densities and Fermi energies are obtained from Shubnikov—
de Haas oscillations and from the width of the PL spectra
respectively.

Photoluminescence and PLE spectra were taken in an
He bath cryostat, exciting the samples with the light from a
tungsten lamp passed through a grating monochromator. FES
The emission was analysed in a 0.85 m focal length
double spectrometer and detected by a liquid nitrogen
cooled Ge detector. TRPL spectra were obtained using
an up-conversion spectrometer (5 ps resolution), with the
samples mounted in a cold finger cryostat. Pulses from
a Styryl 8 dye laser, synchronously pumped by a mode-
locked Nd:YAG laser, were used to excite the samples. We
will concentrate here on the sample with the lowest carrier
density.
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3. Results and discussion

The cw PL (dotted curve) and excitatiom) (spectra of ;’PLT

the sample with an electron density= 5 x 10 cm2 5

are shown in figure 1. The shift between the PL and ; f

PLE arises from the phase-space filling by the electrons, ! T=5K

which blocks the absorption underneath the Fermi energy . N . .

in the conduction band. The PL spectrum of a two- 0.8 0.9 1.0 1.1 1.2

dimensional (2D) electron gas depends on the degree of Energy (eV)

hole localization: since the joint density of states is energy

independent, the lineshape is determined by the energyFigure 1. Low-temperature photoluminescence (PL, dotted

distribution of the photocreated holes and the possible curve) and excitation (PLE, e) spectra of an n-modulation

relaxation of the momentum conservation. For free holes 40Ped (7 =5 10 cm™2) Ings53Gao.47As/INP quantum well
. - . .~ (8 nm width). E, and E; denote transitions from the bottom

with finite mass, the PL has a maximum at energies .t ihe first and second electronic subbands respectively.

corresponding to transitions to the top of the valence band Fermi edge singularities are labelled with FES. Inset: PL

and a monotonic decrease at higher energies following aspectra at two temperatures.

Boltzman distribution. On the other hand, the spectrum

is square-like if the holes are completely localized @nd £y corresponds to recombination of holes with electrons
is no longer conserved. Many-body interactions strongly iy the Fermi sea of the first subband. The small blue
modify the single particle picture: exchange and correlation gpitt of this peak with increasing power density denotes
introduce corrections to the self-energy of the carriers, and the gisplacement towards higher energies of the product
the electrons at the Fermi level respond collectively to the of the density of states and the subband occupation with
presence of a photocreated hole, giving rise to an FES [9]. increasing band filling. Concurrently, the onset of the peak
The intensity of the FES increases with the hole mass as aye(-shifts as a consequence of band gap renormalization
result of the reduction of hole recoil [1]. [11]. The second peakt;, assigned to recombination of

The Fermi edge singularities are clearly observed as electrons from the second subband, shows also a small
peaks at the high energy side of the PL and at the beginningpjye shift with increasing power density. The lineshapes
of the pseudo-absorption spectrum in figure 1. Transitions of these spectra are very similar to those obtained under
to the second electron subbangh) can be recognized at  cw illumination at moderate and high excitation densities
an energy of~1 eV. The strong temperature dependence [11]. The behaviour of the PL between 0.93 eV and 1 eV
of the peak labelled FES in the PL is documented in the indicates that the carrier temperature increases with power,
inset of the figure: on increasing the temperature from 5 K jn agreement with previous reports [12, 13]. Only for power
to 30 K the peak vanishes. This dependence confirms thedensities belo 5 W cni2 does the spectral range of the PL
assignment of this structure to a Fermi edge singularity [7]. become comparable with that of the cw spectrum (inset).
The step-like onset of the low-temperature PL, reflecting However, even at the lowest power used in our experiments,
the 2D density of states, indicates that localized holes arethe carrier temperature is still too high to allow a direct
involved in the emission. This fact is also evidenced in observation of the FES in time-resolved measurements.
the low-energy tail of the PL arising from phonon replica The reduction of the FES at high densities of photoexcited
processes, which require hole localization to preserve carriers and/or high temperatures has been also observed in
conservation [6, 10]. cw measurements [14].

Figure 2 shows low-temperature TRPL spectra taken The time evolution of the PL at two different detection
50 ps after excitation at power densities ranging from energies is shown in figure 3 for a power density of
1 W cnr? to 30 W cnm?. The excitation energy was 30 W cnt?. The inset depicts the corresponding TRPL
1.68 eV, above the InP bandgap. The low energy peak spectrum at 50 ps (the arrows mark the detection energies).
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Figure 2. Time resolved PL spectra, corresponding to the
sample of figure 1, taken 50 ps after excitation at 1.68 eV,
for different excitation densities. The beginning of the PL
from the first (Eo) and second (E;) subbands is marked by
arrows. Inset: cw PL for comparison.
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Figure 3. Time evolution of the PL for an excitation power
density of 30 W cm~2 at two different detection energies:
(@) E; =1.02 eV (M), (b) E; =0.88 eV (®). The curves
show the best fit to an exponential decay. The inset shows
the TRPL spectrum at 50 ps and 30 W cm~2; the arrows
mark the detection energies.

The rise-times are of the order of 10-20 ps. The second the localization of excitons in InGaAs/GaAs QWs [16], or

subband presents a fast decay with a time constant Offrom alloy dis.ordgr in the InGaAs QW [10]. o
120 ps, comparable with that of the barrier PL (not shown). The contribution of the localized holes to the emission

The decay time grows considerably for the first subband IS More evident in the spectral lineshape of the PL. A
to 2.5 ns, detecting at 0.88 eV. This time is considerably new peak (L) becomes resolvable in the low-energy side

longer than the one obtained for 8 nm wide undoped of the spectrum at long times as can be seen clearly in
INo53Ga47AS/INP QWSs, which amounts to 0.9 ns [15] figure 5, which compiles TRPL spectra of the first subband
The slow decay time of the first subband gives rise to the at different times' The spectrum taken 1 ns a_fter excitation
signal at negative times in trace (b), which arises from the E.') hasc,)a rrraxmu.m atvOfBE; e\F/)I_(?gak Lz)’ ggglevat shokrt
emission excited by a previous pulse (12 ns in advance). imes ) the maximum o the - 1es atQ. € (p_ea
Lowering the excitation densityot4 W cnr2, the labelled F). A I!neshape analy§|s of the spectra gives an
contribution from the second subband disappears (see inseFPfr:gy sep;ratlgn th.thhe _maxima Off 9 ”c])e;/ ?%do a r"’tlt'o
in figure 4). The high-energy side of the first-subband &' "€ area r/Ar Which increases from 0.1 & ps 10
PL shows rise and decay times 6f150 ps and 1.9 ns 0.4 at 1 ns. The high temperature of the carriers at short
respectively, as shown in trace (a) of figure 4 Lc.)wering times hinders the observation of peak L, which we attribute
the detection energy, the time evolution of the PL changes to rg_comblnatlon of 2D e!ect_rons with Iocall_zed hqles.
considerably: at 0.88 eV (figure 4, trace (), the rise and Additional proof of the localization of the holes is obtained
decay times.increz.ase o1 NS and’~6 ns res,pectivetbz from the temperature dependence of the TRPL spectra, as

Similar results to those presented in this figure are obtainedShown in the inset of figure 5. Increasing the temperature

Y : from 5 K to 30 K isenough to free a considerable number
for excitation below the bandgap of InP, which excludes a . .
. . of holes and therefore the peak L becomes less prominent in
slow transfer of carriers from the barrier to the QW as the

the PL spectra. Note that the behaviour of the TRPL spectra
Yvith increasing temperature is opposite to that of the cw PL,
indicating that the temperature of the carriers is still too high
in the time-resolved experiments to allow the observation
of the FES. A related shift of the emission towards low
energies with increasing time delay has been observed in
the time-resolved photoluminescence of localized excitons
+ The decay time has been estimated from the signal at negative times inin GaAs/GaAlAs QWs [17], but no additional peak has
been resolved in the spectra in this case. Similarly to

times. The long decay time indicates a contribution from
localized holes, which have a large lifetime due to their
small wavefunction overlap with free electrons. The origin
of the localization could arise from potential fluctuations at
the interfaces, which have been found to be responsible for

trace (c).
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Figure 4. Time evolution of the PL for an excitation power
density of 4 W cm~2 at three different detection energies:
(a) E; =0.93 eV (W), (b) E; =0.895 eV (@),

(c) E4 =0.88 eV (#). The curves show the best fit to an
exponential decay. The inset shows the TRPL spectrum at
50 ps and 4 W cm~2; the arrows mark the detection
energies.

Figure 5. TRPL spectra at different time delays for
low-power excitation. The inset shows the temperature
dependence of the spectra at 1 ns.

cw spectra. Although we do not demonstrate explicitly
the indispensability of hole localization to obtain Fermi

the temperature effect, an increase of the excitation poweredge singularities in the optical spectra, since these are

density &8 W cn?) leads to the disappearance of peak L not observed in the time-resolved measurements, our

and the PL spectrum becomes temperature independentesults strongly suggest that hole localization provides the

(up to ~60 K). These two facts can be easily explained mechanism to break the-conservation needed to observe

as a result of an increase in the carrier temperature with the singularities in emission. This study demonstrates the

excitation density, which also reduces the effects of the importance of the dynamics of the recombination processes

lattice temperature. in reaching a correct understanding of the role of different
The dependence of peak L on temperature and carriers types in highly correlated systems.

photoexcited carrier density resembles that of charged

excitons [18-21], which show an intensity decrease relative acknowledgments

to that of free excitons with increasing excitation density

and temperature. However, in contrast with the dependenceThis work was partially supported by the Spanish CICyT

found for charged excitons [20,21], our results are grant no MAT94-0982 and by the Fundami Randn

independent of excitation energy. The similarity between Areces.

excitation below and above the bandgap of the InP excludes

a transfer of carriers from the barriers to the QW as the

mechanism responsible for the decrease of the intensity of

peak L.
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