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Band-structure determination of GaAs from hot-electron luminescence
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We show that band-structure information with an accuracy of up to +1.0 meV for the first tenth of the
Brillouin zone can be obtained from hot luminescence emitted by the transient distribution of laser-excited
electrons. With this technique, directionally averaged valence bands can be constructed provided the con-
duction band is accurately known. It does not allow construction of both the valence band and the conduc-
tion band without further information. This new technique is similar to non-angular-resolved photoemis-
sion, but its resolution is more than an order of magnitude higher. We demonstrate our new technique for
2x105-cm~3 pdoped GaAs:Ge. Our interpretation is supported by line-shape calculations. Compared
with a recent k- p calculation, our result puts the light-hole band about 15 meV lower in energy and the
heavy-hole band about 7 meV lower. We also obtain information on electronic impurity states associated
with higher conduction-band minima. Intra- and intervalley scattering times can be deduced from measur-

ing the intensities of the hot-luminescence spectra.

In the present paper we introduce a method to obtain
band-structure information for semiconductors from hot
luminescence with a resolution of up to +1.0 meV. The
method allows the construction of directionally averaged
valence bands provided the conduction band is accurately
known. Hence band-structure calculations can be tested and
other information such as scattering rates and impurity lev-
els at higher conduction-band minima can be obtained.

For many applications such as hot-electron transport there
is a need to know the band structure in a substantial part of
the Brillouin zone. Most techniques determine band prop-
erties only around k=0. Thus k-p calculations are based
on expetimental values of effective masses, gaps, and g
values at k=0. High-energy photoemission measures the
dispersion in the whole Brillouin zone with low resolution.
Drouhin, Hermann, and Lampel'-2? recently made an impor-
tant advance by measuring the energy distribution curves
(EDC’s) of photoelectrons from 10%-cm~3 p-doped GaAs
with an energy resolution of about 20 meV.!

With the method introduced in the present paper we ob-
tain the same kind of information with a precision of up to
+1.0 meV. This represents an improvement in precision
by more than an order of magnitude. An additional advan-
tage of our technique is that samples have low
(~ 10 cm~3) doping concentrations. Band-gap shrinkage
is negligible for our samples, while it is 30-60 meV for
10"%-cm~3 p-doped GaAs.>*

At low temperatures and low carrier concentrations in a
polar semiconductor like GaAs electrons high in the con-
duction band thermalize almost exclusively by LO phonon
emission. Therefore, when excited by a single laser fre-
quency the transient distribution of electrons consists of su-
perimposed series of peaks, spaced by about the LO phonon
energy: A series for electrons excited from the light-hole
band, for the heavy-hole band, and also from the split-
off-hole band (the latter only for sufficiently high laser en-
ergies). In the present work we deduce band-structure in-
formation from the dependence of the first peak of each
series on the dye-laser energy. In addition, we find evi-
dence of a donor level associated with a higher conduction-
band valley.
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Luminescence from the transient distribution of hot elec-
trons was first reported by Zakharchenya, Mirlin, and co-
workers.*~’ In a recent paper we have shown that the
luminescence transition is between hot electrons and holes
in acceptor states.! Some concepts are reviewed in Ref. 9.

We have studied a considerable number of Ge-, Zn-, Be-,
and C-doped p-type GaAs layers grown both by molecular-
beam and liquid-phase epitaxy (MBE and LPE) on [100]
GaAs substrates. The band-structure study presented here
was carried out on a Ge-doped LPE sample with a hole con-
centration p=2.10° cm~3 as determined by Hall-effect
measurements at 77 K. For the present low doping concen-
trations the acceptor levels do not form an impurity band
and there is no band-gap shrinkage®* due to the doping, as
opposed to photoemission experiments."? Electron relaxa-
tion by intervalence-band scattering!® will also be absent at
our low doping levels.

We used Ar*- and Kr*-laser-pumped dye lasers, a
Jarrel-Ash 1-m double monochromator, a GaAs RCA
C31034 photomultiplier, and photon counting apparatus.
The sample was in a flowing-He cryostat at 10 K for all
measurements reported here.

Figure 1 presents a selection of hot-luminescence spectra
for a series of dye laser energies between 1.63 and 2.41 eV.
The spectra shown are not corrected for the spectral
response of the detection system. The spectra reflect the
transient distribution of the hot electrons. The positions of
the peaks and Stokes shift change with laser energy. This
change contains information on the band structure of the
material.

In Fig. 2 we plot the measured peak energies of the first
luminescence bands of each of the heavy-hole, light-hole,
and split-off series, augmented by the Ge acceptor binding
energy,!! as a function of the corresponding laser energy.
The sum of the measured peak energies plus the acceptor
binding energy is equivalent to the separation of the con-
duction band from the top of the I'y valence band. The dot-
ted, solid, and dashed lines show the results of a calculation
using Réssler’s k- p matrix!? in the X, K, and L directions,
respectively. For every laser energy the lines for the X, K,
and L directions define a range of luminescence energies.
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FIG. 1. Hot luminescence spectra in GaAs:Ge due to transition
from the transient distribution of hot electrons to neutral acceptors.
The positions of the spectral features as a function of laser energy
contain information on the band structure. The asterisk marks a
spectral line attributed to a donor associated with a higher
conduction-band valley. The spectrum for the highest laser energies
shows effects of scattering to other conduction-band valleys.

Calculations presented in Fig. 3 show that the expected
luminescence peaks should be near the top of this range. In
particular, for the light-hole band the measured peaks lie at
the low end of the range. Figure 2 presents our data in a
way equivalent to Fig. 9 of Drouhin et al! Their photo-
emission data are shown as full circles, as long as they lie in
the energy range considered here.

We would like to stress that the band-structure informa-
tion we obtain is indirect and averaged over all angles of the
wave vector. Thus the experimental points in Fig. 2 are not
angularly resolved. In a later section we will show that it is
possible to check band-structure calculations by comparing
the measured luminescence spectra with the calculated spec-
tra.

The inset of Fig. 2 shows the measured quantities in rela-
tionship to the band structure of GaAs, calculated according
to Ref. 12. In the inset the relevant transitions are shown
as vertical arrows. The inset also shows that angularly aver-
aged experimental points for the valence bands can be con-
structed assuming that the conduction band is accurately
known. By subtracting the value of the band gap and the
acceptor binding energy from the energy of the first peak of
each series, the value of k' at which the excitation occurred
in k space is determined. In construcing this k' value there
will be an uncertainty due to the spread of the luminescence
peak, a spatial dependence due to the conduction-band an-
isotropy, and a contribution from the error in the acceptor
binding energy. The total uncertainty Ak’ due to all these
effects depends on k'. It is estimated to be less than 4% in
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FIG. 2. Peak energies (augmented by the Ge acceptor binding energy E,..=40.4 meV) of the first luminescence bands of each series as a
function of laser energy (solid squares). The dotted, solid, and dashed lines show the k- p calculation (Ref. 12) of the same quantities for
the [100], [110], and [111] directions, respectively. Also shown (solid circles) are parts of the results of a photoemission experiment from
Ref. 1. The inset shows the relevant transitions in a band-structure diagram of GaAs. The inset also demonstrates that values (E) aver-
aged over all angles for the valence bands can be constructed from the present results if it is assumed that the conduction band is known.
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FIG. 3. Hot luminescence spectrum in GaAs for laser energy
1.916 eV (solid line). The dotted line shows calculated spectra using
the k:p matrix from Ref. 12 and the double-8-function integral
(Ref. 13) and appropriate optical transition matrix elements (Ref.
6). The dashed line shows the spectrum from electrons originating
from the light-hole (LH) band, determined by subtracting the es-
timated contribution from the heavy-hole (HH) process. Compar-
ing measured spectra with calculated shapes, the information con-
tained in the shape of the spectra can be interpreted. Note that
measured spectra lie significantly below spectra calculated from the
k - p approximation (Ref. 12).

the present range. Ak’ is shown as the horizontal error bars
in the inset of Fig. 2.

The error Ak’ for the wave vector of the excitation pro-
cess at k' is

assuming parabolic bands, where AE, is the error of the ac-
ceptor binding energy or the spread of conduction-band en-
ergies due to anisotropy. The value for the Ge acceptor
binding energy in GaAs is taken from Ref. 11 as
EicGe=40.41+1 meV. The associated error in k' is
Ak'/k' < 0.2% in the present range. The wave vector at k'
at which the excitation occurred can therefore be fairly accu-
rately determined. Subtracting the value of the laser energy
from the conduction-band energy at k', we construct an ex-
perimental point for the angularly averaged valence band.
The results are displayed in the inset of Fig. 2. Also shown
for comparison is the band structure which we calculated us-
ing Réssler’s k - p matrix.!2 We used his calculation for the
conduction band in the construction of the experimental
points discussed above.

So far it may seem that our experiment only very accu-
rately determines an angular average of the valence bands,
provided the conduction band is known. But, in addition to
the position of the luminescence peaks, we can also use the
information contained in their shape. Using the shape of
the spectra allows the accuracy of band structure calcula-
tions to be tested far more accurately than using the peak
positions alone. To do this, we calculated the shape of the
luminescence spectra using the k:p parameters of Ref. 12,
to use the full sensitivity of our technique. The calculation
was done using Allen’s double 8-function k-space integra-
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tion technique!® and the appropriate optical transition matrix
elements.5 In the present version of the calculation we only
include the effect of the anisotropy of the band structure.
We do not include lifetime broadening. The result of line-
shape calculations for the laser energy E; =1.916 eV is
shown as the dotted line in Fig. 3. Line-shape calculations
were carried out for most of our spectra, which in this case
were corrected for the spectral response of the detection
system. Comparison shows that the measured light valence
band lies 15 meV below the k-p position in the k region
studied here, while the heavy-hole band lies 7 meV below,
if the conduction band is accurately determined by the k- p
calculation.

Inclusion of lifetime broadening in the calculation would
be expected to decrease the observed discrepancy in shape
and energy position. Note that the spin-orbit splitting of the
bands, as a consequence of the absence of inversion sym-
metry in GaAs, appears as splittings in the calculated
luminescence spectra (dotted lines in Fig. 3). The splitting
could not be detected in the measured spectra.

The accuracy of the positions of the luminescence peaks
(and the shift between different spectra) is around
+1.0 meV. To exploit this very high precision, which is
more than an order of magnitude higher than comparable
photoemission experiments, the above-mentioned line-
shape calculations are necessary. The difference between
calculated and experimental widths can be used to estimate
the lifetime of the electrons due to LO phonon scattering
and yields a lifetime of around 100 fs.

The spectra in Fig. 1 for dye laser energies between 1.95
and 1.99 eV for Ge-doped GaAs show a peak at 1.739 eV.
This peak is marked with an asterisk in Fig. 1. It is absent
in C-, Be-, and Zn-doped GaAs. It does not shift with laser
energy. The transition must therefore take place between
two discrete levels. Our interpretation is, therefore, that it
is due to a transition from a donor state related with the L
or the X conduction-band mininum to the neutral Ge accep-
tor state at I'. We believe that these donor states are due to
Ge atoms on Ga sites. In the case of the donor being at X,
using E(I'g— X¢)=2.010 £0.008 eV,!* the binding energy
would be EyY=231+10 meV+ (Ec). (Ec) is the differ-
ence between the peak of the donor-acceptor-pair lumines-
cence band and E;— E,— E; due to the Coulomb interac-
tion. (Ec) is of the order of 30 meV.!S E} therefore is
close to 260 meV, which is comparable to the binding ener-
gy of Ge at X in GaP,'%!” which is 201.5 meV. In the case
of the donor being at L, the binding energy would be
E=58 +5 meV+ (Ec), using E(I'¢— L¢) =320 £4 meV'3.
Pressure experiments are necessary to differentiate unam-
biguously between the two possibilities.

For the future, it is expected that intra- and intervalley
scattering times can be deduced from measuring the intensi-
ties of the hot luminescence spectra.

In conclusion, we have demonstrated that hot lumines-
cence spectra from the transient distribution of thermalizing
electrons contain band-structure information. This informa-
tion can be extracted from a series of spectra with different
dye laser energies. Assuming the conduction band to be ac-
curately known, valence bands averaged over all angles of k
are constructed for GaAs in the first tenth of the Brillouin
zone. Results of band-structure calculations can be tested
in the first tenth of the Brillouin zone with an accuracy up
to +1 meV using line-shape calculations. The accuracy is
more than an order of magnitude higher than comparable
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photoemission experiments. The present technique uses
samples with low doping densities (10" cm~3), avoiding
band-gap shrinkage, which becomes important for concen-
trations in the 10 cm~3 range and above. Although
present experiments were done for GaAs, the technique
should also be applicable to other materials.
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