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- ' ABSTRACT

We have established the coexistence of localized and free holes in modulation-doped
InGaAs/InP quantum wells, which show Fermi-edge singularities in the cw photolumines-
cence and excitation spectra. Titne-resolved P) - Spectra at 5 K and low exciation deisities
reveal 2 long-lived peak at the low-energy side of the spectrum, which vanishes rising the
temperature at ~30 K or increasing the excitation density. The simultaneous presence of
free and localized holes explains the lincshapes observed in cw measurements and the
presence of Fermi-edge singularities. :

The presence of free carriers in a semiconductor quantum well {QW) modifies its opti-
. cal properties. A strong enhancement in the oscillator strength of optical transitions in the
vicinity of the Fermi edge has been reported both in absorption and emission of modula-
tion doped QWs.™ This enhancement, known as Fermi-edge sigularity (FES), results in
n-type samples from many-body interactions between a photoexcited hole and the sea of
electrons in the QWs* Photocreated holes in semiconductors are free to move in the va-
lence band and therefore its recoil reduces the FES. Furthermore, to observe the FES in
emission, non-k conserving transitions have to contribute to the photoluminescence (PL)
" spectrum.! Localization of the holes, e.g. by random alloy fluctuations, allows efficient
recombination of electrons up to their Fermi energy and enhances the clectron-hole inter-
action due to the fact that the hole becomes a practically infinite effective mass,

The temporal evolution of FES has been studied by time-resolved photoluminescence
(TRPL) spectroscopy in a two-dimensional hole gas in GaAs QWs.’ In this work, we
present a study of the temperature and excitation-density dependence of the TRPL spectra
in n-type modulation doped QWs, which show FES in the cw PL and excitation (PLE)
spectra. Our results confimm the coexistence of localized and free valence-band holes in
these samples. We have investigated three different single Ings3Gap ;As/InP QWs, with
carrier concentrations ranging from 6x10" cm? t0 1.4x10"2 cm2. The lineshapes of the
¢w PL and PLE spectra and their temperature dependence indicate the existence of
Fermi-edge singularities. TRPL, specira were obtained USIRE an up-conversion spectrome-
tet (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 in the sample with the Jowest density.
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Fig. 1. Exciatiop spectra of a n-modulation Fig. 2. TRPL specira, corresponding 10 the sam-
doped Ing 5:Geg.47ASTnP QW a1 5 K The arrows ple of Fig. 1, taken 50 ps after excitation at 1.68
depict the FES and second subband (E;). The eV, for different cxcitatiqu densities. The begin-
dotted line shows the PL from the first subband ning of the PL from the first (Eg) and second (E,)
(Eo) with the down-arrow pointing to the FES. - subbands are marked by arrows. Inset: ¢w PL for
The inset compares the PL at two temperatures. comparison

The cw PL (dotted line) and excitation (solid line) spectra of a sample with an electron
density n =6x10"" cm™ is shown in Fig. 1. The shift between the PL and PLE arises from
the phase-space filling by the electrons, which blocks the absorption undemeath the
Fermi energy in the conduction band. The Fermi-edge singularities (FS in the spectra) are
clearly observed as peaks at the high energy side of the PL and at the beginning of the
psendo-absorption spectrum. Transitions to the second electron subband (E,) can be rec-
ognized at an energy of ~1 V. The strong temperature dependence of the peak labeled
‘FS in the PL is documented in the inset of the figure: rising the temperature from 5 K to
30 K the peak vanishes. This dependence confirms the assignment of this structure to a
Ferfn1~edge singularity*

-Figure 2 shows low temperatum TRPL spcctra taken 50 ps after excitation at power

densities ranging from 30 W cm™ to 1W cm™. The excitation energy was 1.68 ¢V, above -

the InP band gap. The low energy peak (Eg) corresponds to recombination of free holes -
with electrons in the Fermi sea of the first subband. The small biue shift of this peak with -
increasing power density denotes the displacement towards higher energics of the product
of the density of states and the subband cccupation with increasing band filling.
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Fig. 3. Time evolution of the PL for an excitation Fig. 4. Time evolution of the PL for an excitation
power density of 30 Wem™? at three different power density of 4 Wem? at three different
detection energies. The lines show the best fit to detection energies. The lines show the best fit to
an exponential decay. The inset shows the TRPL an exponential decay. The inset shows the TRPL
spectrum at 50 ps and 30 Wem'?, specinum at 50 ps and 4 Wem™,

Concurrently, the onset of thé peak red shifts as a consequence of band gap renormali-
zation. The second peak, E,, assigned to recombination of electrons from the second sub-
band, shows also a small blue shift with increasing power density. The behavior of the PL
~ between 0.93 eV and 1 €V indicates that the carrier temperature increases with power.
Only for power densities below 5 W cm™ the spectral range of the PL becomes compa-
rable to-that of the e¢w spectrum (inset). However, even at the lowest power used in our
experiments, the carrier temperature is still too high to allow a direct observation of the
FES in time-resolved measurements. The reduction of the FES at high densities of pho-
toexcited carriers and/or high temperatures has been also observed in cw measurements.®

The time evolution of the PL at three different detection energies is shown in Fig. 3 for
a power density of 30 W cm™>. The inset depicts the comesponding TRPL spectrum at 50
ps (the arrows mark the detection energies). Their rise-times are of the order of 10-20 ps.
* The second subband presents a fast decay with a time constant of 120.ps, comparable to
that of the barrier PL (not shown). The decay time grows considerably for the first-sub-
band to 1.85 ns and 2.5 ns, detecting at 0.94 eV and 0.88 eV, respectively. Lowering the
excitation density to 4 W cm? the contribution from the second subband disappears. (sec
Fig. 4). The high-energy side of the first-subband PL shows a rise time of ~150 ps, and a
new peak appears in the low-energy side of the spectrum with nse- and decay times
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of ~1 as and ~6 ns, respectively. The long
decay time indicates a contribution from
localized holes, which have a large lifetime
due to their small wavefunction overlap
with free electrons. Similar results are
obtained for excitation below the band gap
d of InP. This new peak is clearly seen at
034 0.88 0.92 09§ long times (1 ns} in Fig. 5, which compiles
Energy V) | TRPL spectra of the first subband at
150 ps different times. The high temperature of
' ‘the carriers at short times hinders its ob-
servation. An additional proof of the local-
ization of the holes ‘is obtained from the
temperature.  dependence of the TRPL
spectra shown in the insét of Fig. 5. Rising
the temperature from 5 K t0 30 K the holes
are freed and the low energy peak in Ihe PL
disappears. '
In summary, we have studied the dy-
~namics- of the optical singularities in the
emission spectra of a two-dimensional gas
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Fig. 5. TRPL spectra at different time delays for

low power excitation. The inset shows the tempera-

ure dependénce of the speclré at 1 ns.

of electrons by time-resoived photoluminescence spectroscopy.The temperature and
excitation-density dependence of the time-resolved spectra establish the coexistence of
localized and free va.lcnce-band holes in samples which present Fermi-edge singularities -
in the cw spectra, : :
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