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Fermi-edge singularity and band-filling effects in the luminescence spectrum of Be-5-doped GaAs
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Photoluminescence studies of the quasi-two-dimensional hole gas (2DHG) at a single Be-d-
doped layer in GaAs reveal Fermi-edge enhancement and photoinduced band filling in the low-
temperature emission spectra. Strong radiative recombination is observed of the 2DHG with the
photocreated electrons confined by GaAs/Al.Ga,-xAs heterointerfaces placed at both sides of the
doping spike. For optical excitation with a sufficiently large penetration depth to generate elec-
trons on both sides of the doping spike, a filling of the valence subbands with photocreated holes
is found for excitation power densities exceeding a certain threshold. Excitation with light gen-
erating electrons only at the near-surface side of the doping spike does not lead to such band
filling, but yields luminescence spectra which show a strong enhancement in intensity at the Fermi
edge. The observation of a Fermi-edge singularity is indicative for non-k-conserving recombina-
tion of electrons weakly localized at the topmost heterointerface.

An isolated doping spike of, e.g., Si or Be in GaAs
forms a quasi-two-dimensional electronic system.' The
electrons or holes are confined in a space-charge-induced
potential well leading to a two-dimensional electron gas
(2DEG) or hole gas (2DHG) where usually several sub-
bands are occupied.!?> So far most of the studies have
been carried out on n-type planar (5-) doped GaAs lay-
ers"? or on &-doped GaAs n-i-p-i structures.! Only re-
cently have single Be doping spikes in GaAs also been in-
vestigated in more detail.> A variety of optical tech-
niques, such as Raman*> and infrared absorption spec-
troscopy, ® have been applied to the study of Si(n-type)-8-
doped GaAs layers. Photoluminiscence spectroscopy,
which has been used successfully to investigate the 2DEG
in modulation-doped heterojunctions,”’ ~'? has found so
far only little use for studying single §-doping spikes. This
is due to the repulsive interaction between the photogen-
erated holes (electrons) and the electrostatic potential
confining the 2DEG (2DHG) which results in a too small
overlap between electron and hole wave functions to pro-
duce a detectable luminescence signal.!! Recently, single
Si-8-doping spikes have been placed sufficiently close to
the GaAs surface or a GaAs/Al,Ga; —yAs heterointerface
to localize the photocreated holes and consequently to
enhance the wave-function overlap.'? In such structures,
radiative recombination of the 2DEG has indeed been ob-
served.

Fermi-edge singularities have been observed in the pho-
toluminescence spectrum of n-type modulation-doped
heterojunctions'® and quantum wells.'3~!> This enhance-
ment of the luminescence intensity at the Fermi edge, the
so-called Fermi-edge singularity, is a consequence of
many-body interactions between electrons and holes. '4!'6
To observe such a Fermi-edge enhancement in n-type
modulation-doped systems, non-k-conserving transitions
have to contribute to the luminescence spectrum.'®!3
This can be realized, e.g., by a localization of the photo-
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created holes, which allows efficient recombination of
electrons up to the electron Fermi energy.'%!?

As discussed above, Fermi-edge singularities have been
observed in the photoluminescence spectra of n-type
modulation-doped structures,'®!>~!3 where the electrons
forming the 2DEG and the ionized donors are spatially
separated. In the present study we show that a Fermi-
edge singularity can also be observed in p-type doped
Al,Ga, - ,As/GaAs/Al,Ga, — yAs double heterostructures
with a Be doping spike placed at the center of the GaAs
layer. In this structure, the hole wave functions have
significant overlap with the ionized acceptors.

The sample used for the present study was grown by
molecular-beam epitaxy on undoped semi-insulating
(100) GaAs substrates at a growth temperature of
610°C. After a GaAs/AlAs superlattice buffer, a 20-
nm-thick Alp33Gag¢7As barrier was grown, followed by a
60-nm-wide GaAs layer where a Be doping spike with an
intended dopant density of 8x10'?2 cm ~2 was placed in
the center of this layer. On top of the GaAs layer another
10-nm-thick Alp 33Gag¢7As barrier was grown capped by
1 nm of GaAs. The actual width of the doping spike mea-
sured by secondary-ion mass spectroscopy (SIMS) was
found to be less than 10 nm. There is an inherent asym-
metry in the sample structure due to Fermi-level pinning
at the surface and the inequivalence of the two heteroin-
terfaces.!” A schematic energy-band diagram of the
present sample structure is shown in Fig. 1. The photo-
luminescence spectra were excited with different lines of a
Kr-ion laser. The samples were cooled by He exchange
gas in a continuous-flow variable-temperature He cryo-
stat. The emitted light was dispersed in a double mono-
chromator and detected by a cooled intrinsic Ge diode.
Photoluminescence excitation (PLE) spectroscopy was
performed using the tunable output of a Ti:sapphire laser.

The two GaAs/Al,Ga; —xAs barriers were placed near
the doping spike to ensure a sufficient confinement of the
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FIG. 1. Schematic energy-band diagram of the &-doped
Al 33Gaos7As/GaAs:Be/Alg 33Gaos7As heterostructure used in
the present study.

photocreated electrons to enhance radiative recombina-
tion of the 2DHG present in the &-doped GaAs layer.
Strong photoluminescence from the 2DHG is observed as
shown in Fig. 2, which displays a sequence of excitation
intensity-dependent luminescence spectra. The spectra
were excited at 1.65 eV, i.e., below the band gap of the
Alg33Gage7As barriers, and recorded with the sample
cooled to 6 K. The two dominant peaks in the photo-
luminescence spectrum at 1.460 and 1.496 eV arise from
radiative recombination of holes in the 2DHG. The PLE
spectrum of the 2DHG emission was found to reflect the
intrinsic absorption spectrum of the 60-nm-wide GaAs
layer. Relatively weak bound exciton (BE) emission from
the undoped GaAs buffer layer is resolved at 1.513 eV for
excitation intensities = 0.3 W/cm?.

The emission peaks at 1.460 and 1.496 eV are assigned
to recombination involving two different hole subbands.
The possibility of the former peak being a phonon replica
of the latter peak involving the emission of a longitudi-
nal-optical phonon can be ruled out because in this case
the relative intensities are expected to be constant. How-
ever, the contrary is observed with the relative intensity of
the 1.460-eV emission increasing with increasing power
density. Taking just the difference in peak energy, an en-
ergy spacing between the two subbands involved of 36
meV is obtained. Taking the intersection of the extrapo-
lated slope of the low-energy edge of each peak with the
base line as a measure for the subband energies, as indi-
cated in the topmost spectrum of Fig. 2, a spacing of 46
meV is derived.

Unfortunately, a detailed study of the valence subbands
formed in p-type 5-doped GaAs has yet to be reported.
To get a rough estimate of the expected subband spacings,
we have calculated the energy levels of heavy and light
holes in the space-charge-induced V-shaped potential
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FIG. 2. Excitation-intensity-dependent photoluminescence
spectra excited at 1.65 eV. The arrows at the high-energy side
of the most intense luminescence band mark the photon energy
at which the emission intensity is 50% of its peak value.

well,'® neglecting any effects of screening by the holes

which would have to be included self-consistently. The
appropriate heavy- and light-hole masses for bulk GaAs
were taken from Ref. 19. The resulting spacings between
the first heavy- and light-hole subband and the first and
second heavy-hole subband are 60.8 and 112.7 meV, re-
spectively. These values represent an upper limit with the
actual spacing being reduced by screening effects.? Keep-
ing this in mind, one may assign the 1.460- and 1.496-eV
emission peaks to recombination from the first heavy-hole
and the first light-hole subband, respectively. This assign-
ment is consistent with the emission from the light-hole
subband being stronger than that from the heavy-hole
subband, even though fewer electrons occupy the higher-
lying subband. This is due to the more extended light-
hole wave function leading to an enhanced overlap with
the photocreated electrons. The present identification of
the observed emission peaks gets further support from the
comparison with photoluminescence spectra of §-doped
GaAs n-i-p-i structures which show recombination from
the first heavy-hole and first light-hole subbands as the
two emission lines lowest in energy. '3:2°

For excitation intensities exceeding = 0.3 W/cm?, the
emission spectrum of the 2DHG changes in two ways.
First, the relative intensity of the recombination involving
holes in the first heavy-hole subband (1.460-eV peak) in-
creases. Second, the high-energy edge of the emission
from the first light-hole subband centered at 1.496 eV
shifts to higher energies with increasing excitation intensi-
ty. The change in the relative intensity can be explained
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by an increase in the concentration of photocreated elec-
trons and holes for higher excitation intensities leading to
an enhanced overlap between electron and hole wave func-
tions. The energy shift of the high-energy cutoff, which
represents the Fermi edge in the hole distribution, indi-
cates a filling of the doping-induced potential well with
photogenerated holes. This shift amounts to 7.2 meV for
the highest excitation intensity used. On the other hand,
the low-energy edge of the 1.496-eV line and the peak of
the 1.460-eV recombination band remain fixed in energy
within = 1-2 meV for all excitation intensities. This
shows that under photoexcitation with the present excita-
tion intensities, band-filling effects are dominant and the
actual shape of the potential well, which determines the
subband energies, remains essentially unchanged.

Figure 3 shows a similar sequence of excitation
intensity-dependent luminescence spectra as displayed in
Fig. 2, but for excitation at 3.00 eV, which is strongly ab-
sorbed both in the Alp33Gag¢7As and GaAs layers. The
penetration depth 1/a, where a denotes the absorption
coefficient, amount to 20 nm for GaAs.?' Therefore elec-
trons are mainly photoexcited in the region between the
doping spike and the sample surface and get trapped close
to the topmost heterointerface. In contrast to the photo-
luminescence spectra excited at 1.65 eV (Fig. 2), the
width of the emission peaks, as well as their relative inten-
sities, are independent of the excitation intensity. At the
high-energy side of the 1.496-eV luminescence band, a
distinct peak is clearly seen, which indicates a strong
enhancement of the recombination of holes close to the
Fermi edge.!®!*~!6¢ The assignment of this peak to a
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FIG. 3. Excitation-intensity-dependent photoluminescence
spectra excited at 3.00 eV. The vertical lines mark the enhance-
ment in luminescence intensity at the Fermi edge.
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Fermi-edge singularity gets further support from
temperature-dependent photoluminescence spectra shown
in Fig. 4. As expected,'®'>!5 the Fermi-edge enhance-
ment weakens with increasing sample temperature and is
no longer resolved in the present sample for temperatures
exceeding 20 K because of the increasing thermal
broadening of the Fermi edge and decreasing electron-
hole coupling. This is the first observation of a Fermi-
edge singularity in the luminescence spectrum of a 2DHG
and in a sample structure where the holes have significant
overlap with the ionized acceptors. All the previous re-
ports deal with n-type modulation-doped heterojunc-
tions '® and quantum wells. 3713

In order to observe such a Fermi-edge enhancement in
the luminescence spectrum of a 2DHG, non-k-conserving
transitions must become possible via, e.g., the participa-
tion of weakly localized electrons.'®'> For the lumines-
cence spectra from the present sample excited with 3.00-
eV photons, the inherent roughness of the topmost
GaAs/Alp 33Gag¢7As heterointerface leads to a sufficient
localization of the photocreated electrons being pushed to-
wards that interface by the repulsive potential of the dop-
ing spike. Further, the electrons photogenerated only at
the near-surface side of the Be-3-doping spike cause an
additional asymmetry of the confining potentials due to
screening effects. This may lead to a modification of the
electron-hole wave-function overlap favoring the observa-
tion of a Fermi-edge singularity in the luminescence spec-
trum. In contrast, for excitation at 1.65 eV, electrons are
photogenerated at both sides of the doping spike at about
equal concentrations because of the much larger penetra-
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FIG. 4. Temperature-dependent photoluminescence spectra
excited at 3.00 eV. The vertical lines mark the enhancement in
luminescence intensity at the Fermi edge.
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tion depth of the light.?! Therefore the resulting potential
is expected to be more symmetric than in the previous case
and electrons localized at both interfaces contribute to the
luminescence spectrum. This difference in the actual po-
tential shape as a consequence of different penetration
depths of the exciting light may explain the absence of
any detectable Fermi-edge enhancement in the lumines-
cence spectra recorded with 1.65-eV excitation. The pres-
ence of a sufficient density of photocreated electrons at the
topmost heterointerface as a prerequisite for the observa-
tion of a Fermi-edge singularity in the present sample
may also explain the decreasing strength of this singulari-
ty for 3.00-eV excitation at extremely low power densities
(see lowest spectrum in Fig. 3).

In conclusion, we have shown that intense photo-
luminescence can be observed from the 2DHG at a single
Be-8-doped layer in GaAs. A confinement of the photo-
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created holes is achieved by GaAs/Al,Ga, -,As heteroin-
terfaces placed near the doping spike. Depending on the
penetration depth of the light used to excite the lumines-
cence, band-filling effects and Fermi-edge enhancement
are observed in the recombination spectrum. The Fermi-
edge singularity is seen in the emission spectrum of a
2DHG and in a sample structure with a significant over-
lap of the hole wave functions with the ionized acceptors.
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