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The subband structure of the quasi-two-dimensional hole gas (2DHG) formed at a single Be 6-doped
layer in GaAs has been studied by photoluminescence spectroscopy. To confine the photogenerated
minority carriers, and thus to enhance the efBciency of radiative recombination from the 2DHG, the 5-
doping spike was placed in the center of an Al Gal As/GaAs/Al„Ga, As double heterostructure.
Recombination involving different hole subbands has been resolved which enabled us to analyze the sub-
band occupation as a function of dopant concentration and sample temperature. In sample structures
where the Fermi level is located close to unoccupied subbands, a pronounced Fermi-edge singularity
(FES) is observed in the low-temperature ((20 K) luminescence spectrum. The temporal evolution of
the FES has been studied by time-resolved luminescence spectroscopy. The enhancement in emission in-
tensity at the Fermi edge can be understood in terms of a transfer of excitonic oscillator strength from
the unoccupied subbands to nearby occupied states at the Fermi energy. Self-consistent subband calcu-
lations have been performed to compute the hole confining potential and the subband energies for the
present 5-doped structures. The results of these calculations, which take into account the finite spread of
the dopant atoms in accordance with secondary-ion-mass spectroscopic data, are in good agreement with
the measured subband spacings. The assignment of light- and heavy-hole transitions is supported by
luminescence measurements using circularly polarized light.

I. INTRODUCTION

There is considerable current interest in so-called 5 (or
planar) doping of semiconductors. This is because of the
possibility of fundamental studies based on 6-doped
structures as well as a variety of promising applications
in semiconductor devices. An isolated doping spike of,
e.g. , Si or Be in GaAs forms a 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 subbands are occupied. ' So far
most of the studies have been carried out on n-type Si 6-
doped GaAs layers. Both the incorporation and the
depth distribution of the dopant atoms as well as the
structure and population of the electron sub-
bands ' ' ' ' have been investigated with a variety of
experimental techniques. Also self-consistent subband
calculations have been performed by a number of groups
and used, e.g. , to deduce the actual width of the Si doping
spike from experimental data on the occupation of the
various subbands. ' ' ' ' Only recently has p-type 6
doping of GaAs been investigated in some detail. '

These investigations include secondary-ion-mass spec-
troscopy (SIMS), ' capacitance profiling, ' and direct im-
aging by high-resolution transmission electron micros-
copy to assess the spatial distribution of the dopant
atoms. Photoluminescence (PL) measurements on Be 6-
doped GaAs layers have been used to gain information
on the subband structure and occupation. ' Still lacking
are self-consistent subband calculations for p-type 5-

doped GaAs structures which would allow a direct com-
parison with experimental data.

In 5-doped layers PL spectroscopy is complicated by
the fact that the potential confining the majority carriers
is repulsive for the photogenerated minority carriers. In
n-type 5-doped GaAs layers this repulsive interaction
leads to a too large spatial separation of the carriers to
observe efficient radiative recombination from the
2DEG. ' ' It has been shown that confining the minori-
ty carriers by GaAs/Al Ga& As heterointerfaces
placed sufficiently close to the 5-doping layer enhances
the wave-function overlap such that efficient emission
from the 2DECJ can be observed. ' ' For p-type $-doped
layers the repulsion of the minority carriers by the hole
confining potential seems to have less effect on the
luminescence efficiency because radiative recombination
from the 2DHG has been reported from plain Be 6-doped
GaAs layers. But also there, as will be shown below,
placing the Be doping spike in the center of an
Al Ga, As/GaAs:Be/Al„Ga, As double hetero-
structure leads to a significant enhancement of the
2DHG emission intensity. '

Fermi-edge singularities (FES) have been studied in de-
tail in n-type modulation-doped heterojunctions and
quantum wells. ' The FES, which manifests itself by
an enhancement of the luminescence intensity at the Fer-
mi edge, is a consequence of many-body interactions be-
tween electrons and holes. ' To observe this effect
in the emission spectrum either non-k-conserving transi-
tions have to contribute to the luminescence spec-
trum ' or the excitonic oscillator strength of unoccu-

47 9629 1993 The American Physical Society



9630 D. RICHARDS et al. 47

pied subbands at energies close to the Fermi level has to
be transferred to occupied states at the Fermi edge.
In a 2DHG system Fermi-edge singularities
have been observed only recently in the luminescence
spectrum of a dense 2DHG in a 6-doped
Al Ga, „As/GaAs:Be/Al Ga& As structure. '

In the present paper a detailed PL study of Be 6-doped
GaAs layers will be presented including time-resolved PL
measurements and experiments with circularly polarized
light. To assign the various emission bands observed in
PL to transitions involving specific hole subbands, self-
consistent subband calculations have been performed.
The results of these calculations compare favorably well
with measured subband spacings. For this comparison
the energetic position of the Fermi level can readily be
extracted from the PL spectra because a pronounced FES
is observed in samples where the Fermi level lies close to
unoccupied subbands.

The organization of this paper is as follows. In Sec. II
details of the samples and of the photoluminescence ex-
periments are described. The experimental luminescence
data are presented in Sec. III. In Sec. IV numerical re-
sults of the self-consistent subband calculations are dis-
cussed and compared to the experimental data. The con-
clusions are given in Sec. V.

II. EXPERIMENT

The samples used for the present study were grown by
molecular-beam epitaxy on undoped semi-insulating (100)
GaAs substrates at substrate temperatures of 580'C
(samples nos. 1 —3) or 610 C (sample no. 4), respectively.
Sample no. 1 consists of a thick GaAs layer with a Be 5-
doping spike placed at a nominal depth of 20 nm under-
neath the surface. The intended doping level was 8 X 10'
cm . For samples nos. 2 —4, after a thick GaAs buffer
layer or a GaAs/A1As superlattice bu6'er a 20-nm-thick
Alp 33Gap 67As barrier was grown followed by a 60-nm-
wide GaAs layer. In the rniddle of this layer, growth was
interrupted to deposit the Be doping spike with a doping
concentration of 3 X 10' cm (sample no. 2), g X 10'
cm (no. 3), and 3X10' cm (no. 4). On top of the 5-
doped GaAs layer another 10-nm-thick Alp 33Gap 67AS
barrier was grown followed by a 1 —2-nm-thick GaAs
capping layer. The actual dopant concentrations and
widths of the doping spikes were measured by
secondary-ion-mass spectroscopy for samples nos. 2—4.
For the lowest doping level of 3X10' cm a Be SIMS
depth profile with a full width at half maximum (FWHM)
of 6.5 nm was obtained. This width corresponds essen-
tially to that of the SIMS depth resolution profile for the
present experimental conditions (3.2 keV, normal in-
cidence 02+ primary ions). For the highest dopant con-
centration of 3 X 10' cm (sample no. 4) a spike width
of 12.5 nm was found which indicates the onset of a
segregation- and/or difFusion-induced broadening for this
doping level and substrate temperature. ' The SIMS data
for the different samples are listed in Table I together
with the free-hole concentrations determined from Hall-
effect measurements. For a dopant level of ~8X10'
cm there is a reasonable agreement between the SIMS

TABLE I. Free-hole concentrations pHa» measured by Hall-
efFect and Be concentrations [Be]s,Ms measured by SIMS for the
5-doped samples used in the present study. The accuracy of the
Hall-effect and SIMS data is +10%. Also given is the full width
at half maximum of the Be doping spike as measured by SIMS.

Sample
no.

PHall

(cm )

a
7.4X 10"
9.2X 10'
3.1X 10"

[BelsrMs
(cm )

8X 10'
3 X10"
8X10"
3 X10"

FWHM
(nm)

a
6.5
7.2

12.5

'Not measured.
Nominal.

center of doping spike
I CB

surface

gas
---- EF

60 nrn GaAs
I

ALQ 33GQQ Q7As ~yB
FIG. 1. Schematic energy-band diagram of the Be 5-doped

Al„Gal As/GaAs/Al„Ga& As double heterostructure used
in the present study.

and the Hall concentration considering the respective ex-
perimental accuracies of +10%%uo. In particular, the Hall-
effect measurements may not give the true hole concen-
trations due to the differing mobilities of the various oc-
cupied subbands. ' For the lowest dopant concentration
the free-hole concentration is significantly lower than the
Be concentration, most probably due to surface depletion
effects. A schematic energy-band diagram of the p-type
5-doped Alo 33Gao 67As/GaAs/Alo 33GaQ 67As double
heterostructures (samples nos. 2—4) is shown in Fig. l.

The cw PL spectra were excited with various lines of a
Kr-ion laser or with the tunable output of a Ti-sapphire
laser pumped by an Ar-ion laser. The samples were
cooled by He exchange gas in a continuous-Aow
variable-temperature cryostat. The emitted light was
dispersed in a single or double monochromator and
detected by a cooled intrinsic Ge diode. For time-
resolved measurements optical excitation was provided
by a mode-locked Ti-sapphire laser producing 1-ps pulses
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at a repetition rate of 76 MHz. For excitation with pho-
ton energies well above the GaAs band-gap energy the
output of the mode-locked Ti-sapphire laser was frequen-
cy doubled. On the detection side a synchroscan streak
camera coupled to a single monochromator was used.
The overall time resolution of the system was ~ 50 ps.

hvL= 3.00 eY

T=6
No. 3

GaAs: BejAIQ 33Gop e7As

III. PHOTOLUMINESCENCE RESULTS

Figure 2 shows low-temperature (6 K) luminescence
spectra of sample no. 1 which contains no Al„Ga, As
barriers. The spectra were excited at 3.00 eV to minimize
the depth of the optical excitation 1/a to 20 nm, which
is the nominal depth of the Be doping spike in that sam-
ple. Here a denotes the absorption coefficient. The spec-
tra are dominated by bound exciton recombination (BE)
at 1.514 eV from the undoped GaAs buffer layer. Emis-
sion from the 2DHG induced by the Be 5-doping spike is
resolved as a broad band centered at 1.475 eV. With de-
creasing excitation intensity the relative intensity of the
2DHG emission decreases and band-to-acceptor (eA)
emission from the buffer layer can be resolved at 1.493
eV. Spectral position and shape of the present 2DHG
emission band are very similar to those reported in Ref.
22 for Be 5-doping spikes placed 0.5 pm underneath the
surface.

A similar sequence of PL spectra is displayed in Fig. 3
for sample no. 3 where the doping spike with the same Be
concentration is positioned in the center of a 60-nm-wide
GaAs layer sandwiched between two Al Ga, „As bar-
riers. Under identical experimental conditions the inten-
sity of the 2DHG emission is enhanced by a factor of 50
and no bound exciton luminescence is observed from the
GaAs buffer layer. On the top of the 2DHG emission
band a peak is resolved at 1.490 eV which sharpens with

GOAs: Be, No. 1
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FIG. 2. Excitation-intensity-dependent photoluminescence
spectra of Be 5-doped GaAs (sample no. 1). The spectra excited
at 3.00 eV were recorded with the sample cooled to 6 K.
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FIG. 3. Same as Fig. 2 for a 5doped
Alp 33GRQ 67AS /GRAS Be/Alp 33GQ 67As double heterostructure
(sample no. 3). The emission intensity is =50 times that from
the 2DHG of sample no. 1 (see Fig. 2). Calculated kI~

=0 sub-
band energies are marked at the bottom of the figure (see Sec.
IV). Calculations are for an 8X10' cm Be density and a
dopant spread hz=2 nm. Heavy- and light-hole character are
denoted by "hh" and "lh," respectively. "EF"marks the Fermi
energy.

increasing excitation intensity. Based on its temperature
dependence this feature can be assigned to a Fermi-edge
enhancement of the emission intensity (see below). The
shoulder on the high-energy side of the 2DHG emission
band, which is most pronounced for low excitation inten-
sities, is most likely due to eA recombination from the
GaAs buffer layer.

Comparing Figs. 2 and 3 it is evident that the insertion
of the Al Ga& As barriers significantly improves the
luminescence properties of p-type 5-doped GaAs layers.
Therefore we shall focus in the following on the sample
structures with Al„Ga& As barriers (samples nos. 2 —4).
Figure 4 displays the low-temperature (6 K) PL spectra
of those samples all recorded with excitation at 3.00 eV.
When the Be concentration is increased from 3X10'
cm (sample no. 1) to 8X10' cm (sample no. 3) the
2DHG emission band increases in width and shifts slight-
ly to lower energies. A further increase of the Be concen-
tration to 3 X 10' cm (sample no. 4) results in a split-
ting of the 2DHG emission into two bands, one centered
at 1.460 eV and the other at 1.496 eV. The low-energy
edge of the 1.460-eV band is shifted to even lower ener-
gies as compared to sample no. 3. On the high-energy
side of the 1.496-eV emission a distinct peak is resolved.
Based on its temperature dependence, i.e., its disappear-
ance for temperatures )20 K, ' this enhancement in in-
tensity for transitions from states close to the Fermi level
has been identified as a Fermi-edge singularity. Similar
features, even though less pronounced, are resolved also
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FIG. 4. Low-temperature (6 K) photoluminescence spectra
of 5-doped A10»Ga0 67As/GaAs:Be/A10»Ga0 67As double het-
erostructures with varying dopant concentration (samples no.
2—4). The vertical lines mark the enhancement in luminescence
intensity at the Fermi edge.

in the two less heavily doped samples nos. 2 and 3. The
photoluminescence excitation (PLE) spectrum of the
2DHG emission, with an absorption cutoff at 1.515 eV in
all three samples, was found to reAect the intrinsic ab-
sorption spectrum of the GaAs layer to the left and to the
right of the Be 5-doping spike.

Figure 5 displays a series of PL spectra from the most
heavily doped sample no. 4 excited at difFerent photon en-
ergies. The FES is most pronounced for excitation at
3.00 eV, still resolved for 1.92-eV excitation, but corn-
pletely missing for excitation at 1.65 eV which is below
the band-gap energy of the Alo 33Gao 67As barriers. The
emission peak observed at 1.513 eV in the topmost spec-
trum in Fig. 5 is due to bound exciton luminescence from
the buffer layer. It is interesting to note that the FES is
only observed for excitation above the barrier band-gap
energy. It is particularly well resolved for excitation with
3.00-eV photons which are absorbed within the first
20—30 nm underneath the surface. This might be related
to the fact that such excitation generates electron-hole
pairs only on the near-surface side of the doping spike
which in principle changes the electrostatic potential in
an asymmetric way. This change in potential shape may
modify the overlap between electron and hole wave func-
tions, possibly favoring the observation of a FES in the
PL spectrum.

Time-resolved PL spectra of sample no. 4 are plotted in
Figs. 6 and 7 for excitation at 1.73 and 3.07 eV, respec-
tively. The overall shape of the time-resolved PL spectra
resembles very much that of the cw spectra excited at the
corresponding photon energies (see Fig. 5). For excita-
tion at 1.73 eV (Fig. 6) the main peak in the time-resolved
PL spectra shows a slight redshift and a reduction in

2:—GoAs: Be/AI0 33GaQ 67As- hvi=1. 73eV
TASK No. 4
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FIG. 6. Time-resolved photoluminescence spectra of sample
no. 4 excited at 1.73 eV.
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FIG. S. Low-temperature (6 K) photoluminescence spectra
of a 5-doped Alo»Ga0 67As/GaAs:Be/A10»Gao 67As double
heterostructure (sample no. 4) excited at different photon ener-
gies given in the figure. The vertical lines mark the enhance-
ment in luminescence intensity at the Fermi edge. Calculated
k~I =0 subband energies are marked at the bottom of the figure
(see Sec. IV}. The calculations are for 3X10' cm acceptors
and varying dopant spread Az. Heavy- and light-hole character
are denoted by "hh" and "lh," respectively. "EF" marks the
Fermi energy.
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FIG. 7. Same as Fig. 6 for excitation at 3.07 eV.

peak width with increasing delay time t after the exciting
laser pulse. This trend reproduces that observed in cw
luminescence spectra upon reduction of the excitation in-
tensity. There the corresponding PL peak narrows and
shifts to lower energies when the excitation intensity is
reduced (see Fig. 2 in Ref. 17). This similarity suggests
that the changes in the time-resolved PL spectra with in-
creasing delay time are essentially due to the decreasing
number of photogenerated carriers as they gradually
recombine. Emission from the GaAs buffer layer at 1.513
eV shows a significantly shorter lifetime (r=0. 15 ns)
than the emission from the 2DHG (v=0.4 ns). This can
be taken as direct evidence for the fact that spatially in-
direct transitions contribute to the 2DHG lumines-
cence ' as shown schematically in Fig. 1. For excita-
tion at 3.07 eV (Fig. 7), spectra recorded directly after the
exciting laser pulse (t =20 ps) show a pronounced high-
energy tail which indicates a nonthermalized carrier dis-
tribution. Here this effect is much more pronounced
than for excitation at 1.73 eV, even though the excitation
intensities are comparable, because of the smaller
penetration depth and much larger excess energy of
3.07-eV photons. After thermalization of this initial hot
carrier distribution (t )0.2 ns) a FES develops in the PL
spectrum. The FES decays with a time constant compa-
rable to the decay time of the entire 2DHG emission
spectrum of =0.3 ns. After thermalization of the photo-
generated carriers the shape of the emission spectrum is
essentially time independent, indicating that the recom-
bination rate is independent of the emission energy. This
contrasts with results reported for n-type modulation-
doped heterojunctions and p-n-p double heterostructures
where the PL decay time was found to vary with energy
by several orders of magnitude.

Figure 8 shows a sequence of temperature-dependent
PL spectra from sample no. 4 all excited at 3.00 eV. For
sample temperatures ~ 25 K the FES is, as expect-
ed, ' ' ' no longer resolved. Increasing the tempera-
ture further a third peak develops at the high-energy side

I ) I i I

1.4 1.45 1.5
PHOTON ENERGY (eV)

FIG. 8. Temperature-dependent photoluminescence spectra
of sample no. 4 excited at 3.00 eV.

of the 1.496-eV emission band. This new peak becomes
the dominant feature in the spectrum for temperatures
~ 75 K. Simultaneously the first two luminescence bands
shift to lower energies which rejects the temperature
dependence of the GaAs band-gap energy. This third
peak arises from recombination involving higher-lying
subbands which get thermally populated [for a
justification of this assignment see the results of self-
consistent subband calculations presented in Sec. IV,
Figs. 10 and 11(a)]. Holes occupying such higher-lying
subbands have in general more extended wave functions
(see Sec. IV) than those in the lower subbands, resulting
in an enhanced wave-function overlap with the photogen-
erated electrons. This enhanced overlap explains the
comparatively strong emission intensity of this third peak
even though relatively few holes are thermally excited
into these higher-lying subbands.

To discriminate between emission from light- and
heavy-hole subbands PL spectra were excited with circu-
larly polarized light, and the degree of circular polariza-
tion of the emitted light was analyzed. Typical low-
temperature difference spectra I+—I for samples nos.
2—4 are shown in Fig. 9. Here I+ and I denote the in-
tensities of right and left circularly polarized emitted
light, respectively. In Fig. 10 are shown spectra for sam-
ple no. 4 which were recorded with the sample held at 50
K to populate also higher-lying subbands (see the above
discussion). The spectrum of the total intensity I++I
mirrors the corresponding spectrum of unpolarized light
(see Figs. 4, 5, and 8). In the diff'erence spectrum
I —I, in contrast, transitions involving light-hole lev-
els contribute subtractively. In the low-temperature
spectra from samples nos. 2 and 3 in Fig. 9, the negative
contribution to the difference spectra from the light-hole
level is clearly observed. From a comparison with the
spectra of unpolarized light in Fig. 4 it can be seen that
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FICr. 9. Low-temperature (6 K) photoluminescence spectra
of samples nos. 2—4 excited with right-hand circularly polar-
ized light. The difference spectra I —I between right- and
left-hand circularly polarized emission are displayed. Emission
from a heavy-hole band results in a positive signal, that from a
light-hole band in a negative signal. Subband energies, calculat-
ed for different dopant spreads hz, are marked for samples nos.
3 and 4. The position of the first heavy-hole level hh1 is fixed at
the peak of the lowest-energy band. Asterisks ( + ) indicate that
the absolute energetic positions are not given but rather an indi-
cation of the expected peak positions.

the luminescence peak observed from samples nos. 2 and
3 is composed of overlapping transitions from heavy- and
light-hole subbands. For sample no. 4 the lowest-energy
emission band appears at a reduced relative intensity in
the difference spectrum (Figs. 9 and 10) to that in the to-
tal intensity spectrum (Figs. 5 and 10), which again indi-
cates the contribution of heavy- and light-hole transitions
to this band. The emission from the light-hole band
occurs at energies between the lowest heavy-hole transi-
tion centered at 1.45 eV and a second heavy-hole transi-
tion at 1.49 eV. For the 50-K spectra of sample no. 4
shown in Fig. 10, the I+—I spectrum shows differences
in the relative peak intensities as well as in the position of
the peak with the highest energy, which occurs at a
slightly lower energy in the difference spectrum I —I
than in the total intensity spectrum I++I . This indi-
cates that the high-energy peak is a superposition of tran-
sitions from a heavy-hole and a light-hole subband, which
contributes to the difFerence spectrum subtractively. The
light-hole transition is at a somewhat higher energy than
the heavy-hole one. An assignment to transitions from
speci6c hole subbands will be given for samples nos. 3
and 4, based on results of self-consistent subband calcula-
tions, in Sec. IV.

GoAs'. BelALO33Gao 67As No. 4
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FIG. 10. 50-K luminescence spectra of sample no. 4 excited
with right-hand circularly polarized light. The spectrum of the
total intensity I++I and the difference spectrum between
right- and left-hand circularly polarized emission I —I are
displayed. Subband energies, calculated for 3 X 10" cm Be
density and different dopant spreads hz, are marked at the bot-
tom of the figure (see Sec. IV).

IV. SELF-CONSISTENT SUBBAND CALCULATIONS

A. Valence-band structure

To determine the carrier confinement energies of a
space-charge-induced potential well requires, within the
Hartree approximation, a self-consistent solution of the
Poisson and Schrodinger equations. In two-dimensional
systems, coupling between heavy and light holes results
in complicated valence-band structures with strongly
nonparabolic bands, dispersions sometimes displaying
electronlike masses. Further to this, the forms of the
hole subband wave functions vary with in-plane wave
vector k

~~

due to the mixing between the bands. ' So to
determine the hole density distribution, it is necessary to
calculate the valence-band structure and then explicitly
sum the probability densities over states up to the Fermi
level. This gives us in addition the Fermi energy, which
can then be compared with the position of the Fermi-
edge singularity in luminescence measurements (Sec. III).
We calculate the valence-band structure within the multi-
band envelope-function approximation, from the
Luttinger-Kohn Hamiltonian, which describes the
dispersions of, and interactions between, the heavy, light,
and spin-orbit split-off bands up to order k . Details of
the band-structure calculations are given in the Appen-
dix.

For the structures considered here, inclusion of the
split-ofF band was found to have very little effect upon the
valence-band structure in the energy range of interest and
so, for computational expediency, the split-off band was
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neglected in the calculations presented below. The
valence bands at large k~~ are very anisotropic and a
thorough calculation would involve calculating the band
dispersions in all k directions, in order to determine the
position of the Fermi level and distribution of holes
throughout the subbands. However, again for computa-
tional expediency, the axial approximation was taken in
which an average over the in-plane directions is made. '

We consider the structures to be symmetric with
respect to the doping spike, the reasons for doing so to be
discussed in Sec. IV B. For a given dopant concentration
100%%uo ionization of acceptors is assumed, with 8X10'
cm of the holes going towards both the surface and
substrate, the remaining holes creating the quasi-two-
dimensional hole gas of interest. This transfer of holes to
traps in the buffer layer and substrate creates the neces-
sary band bending to give Fermi-level pinning mid-band-
gap at the semi-insulating substrate. We have taken the
spread of dopants hz as a variable parameter, keeping the
sheet dopant concentration fixed and varying the volume
concentration. The dopant atoms are taken to be homo-
geneously distributed over b,z. In Figs. 11(a) and 11(b) we
illustrate the self-consistent potential profiles for sheet
dopant concentrations of (a) 3 X 10' cm with a dopant
spread of 6 nm; (b) 8 X 10' cm and 2 nm spread, the
dopant spreads consistent with SIMS data which can
only give an upper limit of the actual spike width (see
Sec. II). Also shown are the zone-center (k~~ =0) energy
levels and probability densities

~ g~ [where P(z ) are the
envelope wave functions]. What is immediately apparent
is the very strong localization of the hole density around
the dopant spike, with a confinement length of only —10
nm. This is to be compared with a greater spread of elec-
trons in similar high-density n-type structures. ' ' The
intercepts of the subband energies of the unoccupied lev-
els with the confining potential give an indication of the
onset of the decay of the wave functions. As can be seen
from Fig. 11, the wave-function spread of these levels is
significantly larger than that of the occupied levels, with
a spread of -22 nm for the higher-density structure (a).

Figures 12(a) and 12(b) show the valence-band struc-
tures for these two systems, taken in the axial approxima-
tion. The strongly nonparabolic nature and anti-
crossings between the bands are instantly apparent. The
labeling of the bands as the different quantized (i )

heavy-hole (hhi) or light-hole (lhi ) levels is only relevant
at k~~ =0, as away from the zone center the states become
strong mixtures of the different angular momentum
states. " We illustrate in Figs. 13(a) and 13(b) the varia-
tion with dopant spread Az of the hole confinement ener-
gies (at kt =0) and the Fermi energy for the two struc-
tures. Energies are with respect to the valence-band max-
imum at the center of the dopant spike. At a dopant
spread hz of 8 nm for the high-density structure there is a
kink in the curves of Fig. 13(a) indicating occupation of a
new subband. Although the Fermi level has still not
crossed the lh2 level at k~~ =0, hole occupation of this
band commences at this point at nonzero k~~. From Fig.
12(a) we can see that the lh2 band initially has an elec-
tronlike mass and the band dispersion has a minimum at
nonzero k~~ where a pocket of holes initially forms. This

emphasizes the need to consider the full band structure
when considering self-consistent solutions of quasi-2D
hole gases.

For the lower-density structure there is very little vari-
ation with dopant spread of the confinement energies
[Fig. 13(b)], with just the potential maximum increasing
in energy with decreasing spread as the "V'-shaped po-
tential profile becomes more pronounced. For the whole
range of dopant spread considered, the wave-function ex-
tent of the hole states is greater than that of the dopant
spread, thus making the energy levels fairly insensitive to
the form of the potential around the dopants. On the
other hand, for the high-density structure [Fig. 13(a)],
for large dopant spreads b,z ~ 7 nm the extent of the hole
density matches very closely that of the dopants. Thus
we progress from a parabolic to a square potential profile

GaAs:Be 3X10 cm
b,z=6nm

(a)

a -0.05-

CP

ih i

hh2

Fermi Level

lh2
hh3
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-20.00

~ \

—3 0.00 0.0
Position (nm)

10.00

GaAs:Be 8&10 cm
Zz=2

~ -0.05-
QP

C Fermi Le

hh2
hh3

th2 ~
\ V 1 I

v T

-20.00 —10.00 0.0
Position (nm)

~ I % T T

10.00

FICx. 11. Self-consistent potential profiles for the quasi-two-
dimensional hole gas at a Be 5-doped layer in GaAs. (a) 3 X 10'
cm Be density with 6-nm dopant spread. (b) 8 X 10' cm Be
with 2-nm dopant spread. Subband energies and probability
densities ~P(z) ~

at k~~
=0 are also shown. "hh" and "1h" denote

heavy hole and light hole, respectively. Note the vertical scales
for {a)and (b) are different.
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Q
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as the dopant spread increases and the volume concentra-
tion correspondingly decreases and so comes into line
with that of the hole density. This gives rise to a much
stronger variation of the confinement energies as well as
the subband spacings with dopant spread, as can be readi-
ly seen from Fig. 13(a), thus enabling a comparison of the
subband energies with luminescence measurements as a
characterization of the dopant spread.
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FIG. 12. Valence-band structures for (a) 3X10" cm Be
with 6-nm dopant spread, (b) 8X10' cm ' Be with 2-nm
dopant spread. "E+" denotes the Fermi level and "hh" and
"lh," the angular momentum character (whether heavy hole or
light hole, respectively) at the zone center. Note the scales for
(a) and (b) are different.
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FIG. 13. Variation of hole subband energies, at k~~ =0, with
respect to the valence-band maximum at the center of the
dopant spike, as a function of dopant spread hz. (a) 3 X 10'
cm Be density, (b) 8 X 10' cm Be. For convenience the
negatives of the energies are in fact plotted, i.e., they are given
as positive. For comparison the horizontal scale at the top gives
the volume dopant concentration resulting from the given two-
dimensional dopant concentration and the actual dopant spread
Az. Note the scales for (a) and (b) are different.
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B. Comparison with luminescence data

Using the Fermi energy as a reference point, given by
the Fermi-edge singularity, we have compared the results
of our self-consistent calculations of the valence-subband
structure with the photoluminescence measurements. It
should be noted that it is difficult to unambiguously
determine the interband transition energies of a 2D plas-
ma from the luminescence spectrum. Thus we do not
attempt here to make a thorough quantitative compar-
ison between theory and experiment, but rather a more
qualitative understanding of the subband structure of the
systems under investigation.

The zone-center energies for a 3 X 10' cm acceptor
concentration are shown in Figs. 5 and 10, with respect
to the Fermi level given by the Fermi-edge singularity.
In the low-temperature measurements of Fig. 5 the
Fermi-edge singularity is clearly resolved and we take the
high-energy side of the peak to indicate the Fermi level.
For the high-temperature measurements shown in Fig. 10
we have fixed the Fermi level, which is not well defined in
the experimental spectrum, at 1.5 eV. In Fig. 9 the ener-
gies are given relative to the first quantized heavy-hole
level hh1 which is fixed at the low-energy peak. The en-
ergy ranges are given for a dopant spread between 6 and
7.5 nm corresponding, respectively, to a volume concen-
tration between 5.0 and 4.0X 10' cm

If we focus on the circular-polarized luminescence re-
sults of Figs. 9 and 10, we can see that the ordering and
spacing of the levels is correctly predicted below the Fer-
mi level. It transpires that the low-energy peak of the
photoluminescence of sample no. 4, given in Fig. 5 and by
the sum spectrum I++I in Fig. 10, is a superposition
of the first quantized heavy-hole (hh 1) and light-hole (lh 1)
states. The second peak is due to the second heavy-hole
level (hh2). Remembering that in the difference spectrum
I I (Figs. 9—and 10) the light-hole contribution is a
negative signal, we can see that the energy levels are well
reproduced by the calculations. For the states above the
Fermi level, from which radiative recombination occurs
upon thermal population, agreement is not so good. The
prediction from calculations that the hh3 and lh2 levels
should be close to one another is confirmed by a compar-
ison of the sum and difference circularly polarized spec-
tra of Fig. 10. However, it appears that their ordering is
reversed and they are further in energy from the occupied
levels than predicted. This is most probably due to
changes in the self-consistent potential upon the thermal
occupation of these bands. These changes in the poten-
tial will be less significant closer to the doped layer and so
the lower occupied levels will not be affected. The fact
that the higher quantized levels are sensitive to the elec-
tric field away from the spike, for which a rather arbi-
trary value was taken (see Sec. IV A) due to the uncer-
tainties in substrate and surface depletion, may also be a
cause of this discrepancy. In addition, due to the proxim-
ity to one another of these bands, there is a large amount
of mixing at even small k~~, this leading to the electronlike
mass of the lh2 band. Thus the angular momentum char-
acter of the bands quickly changes away from the zone
center, giving rise to some possible ambiguity in the cir-
cularly polarized results. From the general good agree-

ment between experiment and theory, we can conclude
for this structure (sample no. 4) a dopant spread of -6.7
nm (in qualitative agreement with SIMS), with a Be
volume concentration of -4.5 X 10' cm

We compare in Figs. 3 and 9 the results of our calcula-
tions for an 8X10' cm acceptor concentration with
the luminescence measurements of sample no. 3. We
have taken a dopant spread of 2 nm, corresponding to a
volume concentration of 4X 10' cm . This is rather ar-
bitrary due to the small variation in the subband spacings
for this structure [Fig. 13(b)]. SIMS results indicate that
there may be a slight spread of dopants (see Table I) and
the general agreement between experiment and theory is
good. In particular, from Fig. 9 it can be seen that the
spacing between the hhl and lh1 levels is well repro-
duced.

Approximations made in the calculations restrict a
quantitative analysis. As stated earlier, neglecting the
spin-orbit split-off band was found to affect the self-
consistent potential and subband levels very little. Fur-
ther simplifications made have been to neglect effects of
the high hole density and high concentration of dopant
atoms on the band structure. Although we can ignore
band-gap renormalization ' since we are only con-
cerned here with subband spacings, second-order effects
on the actual band dispersions could be significant.
However, the axial approximation made is perhaps a
greater cause for error, especially for the determination
of the Fermi level. In addition, at the high carrier densi-
ties and hence large wave vectors considered, the k p
method employed may no longer be a good approxima-
tion. To counter this, we note that the agreement with
experiment for the energy levels with respect to the Fer-
mi level is very good.

Let us now return to Fig. 11 and consider the potential
profiles in greater detail. As stated earlier, we have as-
sumed the potentials to be symmetric with just small elec-
tric fields outside the space-charge region, corresponding
to a small transfer of only —10" cm holes to remote
traps on the surface and substrate sides. But the dopant
spike is only 41 nm below the surface and so we should
expect, in principle, a large electric field on the surface
side due to Fermi-level pinning, with —10' cm surface
charge. But it is known that the pinning or unpinning of
the Fermi level at the surface, and thus the strength of
the surface electric field, is affected by light illumina-
tion. ' It has been shown for n-type 6-doped
GaAs:Si/Al Ga, As double heterostructures with iden-
tical layer thicknesses that illumination with 1.65-eV
photons at power densities ~ 10 W/cm results in essen-
tially symmetric potential profiles. It has been further
shown by measurements of the electric-field-induced reso-
nant Raman scattering of the GaAs LO phonon that
in the present sample structure for both n- and p-type
doping the resulting electric field at the surface side of
the 5-doped GaAs layer is strongly reduced by optical il-
lumination. ' Therefore we feel that it is not too un-
realistic to assume an essentially symmetric potential
profile for the above subband calculations. However, we
would like to emphasize that, whether there is indeed sur-
face Fermi-level pinning or not, the self-consistent poten-
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tial and subband structure of the occupied hole bands
determined in the present calculations are relatively
unaffected by the position of the Fermi level at the sur-
face because of the very localized nature of the hole
confining potential.

Finally we consider the origin of the Fermi-edge singu-
larity observed in the luminescence spectra (Figs. 3—5
and 7). Many of the reported observations of the Fermi-
edge singularity in the photoluminescence of quasi-two-
dimensional electron systems have been made possible by
the localization of photocreated holes in a sufficiently Hat
valence band. ' ' The singularity is due to multiple
electron-hole scattering around the Fermi level, with
electrons at k=kF and recombination to holes at k-0;
hole localization (hence spread in k space) and a low-
dispersion hole band permit optical emission. For the
quasi-two-dimensional hole systems under investigation
here, emission now involves electrons near k=0. The
electron effective mass is small and the electrons are un-
likely to be localized. Hence the spread in k space of
electron states will be very small and so, on these
grounds, it should be unlikely to observe the Fermi-edge
singularity. However, the valence-subband structures
shown in Figs. 12(a) and 12(b) indicate a possible mecha-
nism for the strong Fermi-edge enhancement observed in
the emission spectra of sample no. 4. It has been ob-
served that the presence of an unoccupied band close to
the Fermi level can cause a large enhancement of the op-
tical matrix elements, due to a hybridization between the
Fermi-edge resonance and virtual excitons involving the
unoccupied band. ' ' This is analogous to an edge
singularity occurring at k -0 and so the need for locali-
zation of the minority carrier is relaxed. In these samples
there does exist such a band: the lh2 level in sample no. 4
[Fig. 12(a)] and the hh2 level in sample no. 3 [Fig. 12(b)].
We conclude that these levels are most probably involved
in the origin of the Fermi-edge enhancement. As further
support for this argument we note that the lh2 level in
sample no. 4 is closer in energy to the Fermi level than
the hh2 level of no. 3. Thus it is expected that the
Fermi-edge enhancement will be stronger for sample no.
4 than for no. 3 (Ref. 33) and this is indeed observed to be
the case. However, further theoretical work is required,
in particular to provide insight into why the enhance-
ment is only observed for excitation by photon energies
exceeding the Al Ga, As barrier band-gap energy.

V. CONCLUSIONS

We have presented a detailed photoluminescence study
of Be 5-doped GaAs layers. To compliment cw PL mea-
surements, time-resolved experiments and measurements
using circularly polarized light have also been performed.
To enhance the 2DHG emission intensity
Al Ga& As/GaAs/Al Ga& „As double heterostruc-
tures were prepared with the Be 5-doping spike placed in
the center of the 60-nm-wide GaAs layer. Strong
luminescence is observed from the 2DHG involving vari-
ous subbands. In structures where the Fermi level lies
close to unoccupied subbands a pronounced Fermi-edge
singularity is observed in the PL spectrum. This Fermi-
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APPENDIX

The band structure of the three highest (doubly degen-
erate) valence bands of zinc-blende semiconductors can
be described by the Luttinger Hamiltonian. This is a
6X6 matrix, the basis set for which comprises the four
spin- —,

' (heavy hole
~

—', , +—', ), light-hole
~

—,', +—,
' ) ) and the

two spin- —,
' (split off

~ —,', +—,
' ) ) zone-center states. Here we

have used the
~
J,+MJ ) notation for the angular momen-

tum states at the I point. By a unitary transformation
the 6 X 6 Hamiltonian can be block diagonalized to two
3X3 matrices, ' effectively describing "spin-up" and
"spin-down" states.

To calculate the valence-band structure of the quasi-
two-dimensional hole system we employ the envelope-
function approximation and replace, in the usual manner,
the wave vector k, in the confinement z direction by its
associated momentum operator id/dz. —Thus we need
to solve for the two Hamiltonians H+ to give the sub-
band dispersions and envelope wave functions:

C+iB
C -+iB &2C+iB /&2

F+i &3/2B
+2C+-iB/P2 F+i&3/2B

+ ———21(yl+y2)k211+r|(yl+2y2)d2/dz2+ v(z)

iB=V3y3k~~d/dz C=V3/2y k

= —bo —
—,'y, kii+ —,'y, d /dz + V(z) .

(Al)

(A2)

(A3)

edge enhancement in emission intensity can be explained
by a transfer of excitonic oscillator strength from unoccu-
pied subbands to occupied states at the Fermi edge. The
present observation of a FES in the emission spectrum of
a 2DHG is facilitated by the p-type 5-doped double het-
erostructure used which enabled us to generate a dense
2DHG with free-hole concentrations exceeding 10'
cm . Such hole concentrations might be difficult to
achieve, for example, in p-type modulation-doped
Al„Ga, „As/GaAs heterostructures because of the com-
paratively small valence-band offset. To determine the
hole confining potential and the valence-subband struc-
ture, self-consistent subband calculations have been per-
formed. Taking into account the increasing spread of the
dopant atoms with increasing dopant concentration,
which is indicated independently by SIMS, the calculated
subband spacings are in good agreement with those de-
duced from the PL experiments.
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The matrix is with respect to a basis set of heavy, light,
and spin-orbit split-off holes, respectively. b,o is the
split-off band gap. y„y2, y3 are the Luttinger parame-
ters and the parameter y, is a function of the crystallo-
graphic direction k~~ and accounts for the anisotropy of
the valance bands. Here we employ the axial approxima-
tion for the valence bands where y, =

—,'(y2+y3). ' V(z)
is the confining potential. Neglecting the split-off band
reduces the Hamiltonian H+ to 2 X 2 block matrices.

Eigenvalues and envelope wave functions are deter-
mined using a modified variational method. ' This ex-
pands the wave functions in terms of a set of basis func-
tions and so keeps the problem in terms of a matrix ei-

genvalue problem, each element of H+ now becoming a
block matrix with respect to the basis functions. For a
symmetric potential, the "spin-up" and "spin-down" sub-
bands are degenerate. However, it should be noted that
the wave functions are not symmetric at nonzero k~I, due
to the lack of inversion symmetry of GaAs. They are,
however, antisymmetric to one another, leading to a sym-
metric probability density. A self-consistent solution be-
tween the band-structure calculations and the Poisson
equation is obtained in the usual way, with the proviso
of the need for summing over occupied states explicitly,
as outlined in Sec. IV.
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