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Continuous-wave spectroscopy of femtosecond carrier scattering in GaAs
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We show that cw luminescence spectroscopy of the cascade of electrons in the conduction band
of III-V compound semiconductors relaxing by LO-phonon emission yields information on the band
structure, on electron-phonon, electron-electron, and intervalley scattering rates, and on impurity
levels at higher-conduction-band minima in III-V compound semiconductors. The luminescence
emitted by electrons recombining with holes on acceptors shows a series of up to nine very pro-
nounced peaks directly measuring the steady-state distribution of electrons, while they cascade to
the bottom of the conduction band in a few hundred femtoseconds. We determine the lifetime

broadening by comparing the high-resolution cw hot-electron luminescence spectra with theoretical
line shapes, calculated using a double-5-function k-space integration, 16X16 k p band structure,
and transition-matrix elements in the dipole model. We determine an electron-LO-phonon scatter-
ing time of ~«=(132+10) fs, and I ~L scattering times between ~& L

= 150 and 200 fs. We obtain

Dz I =(9.5+1.5) X 10' eV/cm for the related deformation potential. We show how temperature-
dependent scattering times, and electron-density-dependent scattering (i.e., electron-electron
scattering) can be studied with the same method. Thus, we measure ultrafast processes by cw
luminescence spectroscopy which are too fast or too weak for the sensitivity of present-day fem-

tosecond spectroscopy. Unlike experiments using ultrashort laser pulses, the present method can
study ultrafast (femtosecond) relaxation processes under low and high carrier concentration and
with high spectral resolution.

I. LUMINESCENCE FROM ELECTRONS
IN THE LO-PHONON-EMISSION CASCADE

We present a method to study the femtosecond scatter-
ing processes of electrons in III-V compound semicon-
ductors using continuous wave (cw) spectroscopy.
Electron-electron scattering, electron- LO-phonon
scattering, and I ~L scattering determine the behavior
of fast transistors using these materials. Accurate values
for the parameters determining femtosecond processes
are very important for device modeling and understand-

ing fundamental processes. Switching times of the fastest
electronic and optical devices are reaching this time
domain. New physical approaches are needed to describe
ultrafast processes. There are still big discrepancies in
the experimental determination of many fundamental
scattering times, such as the technologically important
I ~L scattering time in GaAs, which determines the sat-
uration velocity in high-field transport. In the pi-
cosecond time domain, the most successful techniques
have been pulsed laser techniques, often using a streak
camera. In the femtosecond domain, pump and probe
techniques are used. Pump and probe techniques using
ferntosecond laser pulses have severe limitations: their
sensitivity is limited; the extremely high peak optical in-

tensities during the pulse duration severely perturb the
sample; and due to the uncertainty principle the spectral
width of ultrashort pulses is broad, restricting the spec-
tral resolution of femtosecond spectroscopic experiments.

In the present work, we use an alternative approach.
We use luminescence from the steady-state distribution of
electrons in the conduction band of GaAs, which are ex-
cited by a continuous-wave laser. The principles of this
technique and a typical spectrum are shown in Fig. 1.
The luminescence is detected by standard cw photon
counting. Thus we can study the processes of carrier re-
laxation and carrier scattering which take place on a
100-fs time scale. We benefit from the advantages of a cw
technique: high sensitivity, high spectral resolution, and
high dynamic range of the excitation density —we have
recently studied the electronic relaxation in GaAs for
carrier densities in the range 10' —10' cm . There is
no difficulty in principle in extending this carrier density
range in either direction.

Electrons excited high into the conduction band of
GaAs relax predominantly by emission of LO phonons as
long as the carrier density, the light intensity, and the
temperature are low enough. Under these conditions the
electrons relax by subsequent emission of LO phonons.
As a result the steady-state distribution of electrons con-
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sists of a cascade of peaks spaced approximately one LO-
phonon energy apart. This series of peaks can be seen
very clearly in appropriately designed luminescence ex-
periments. The LO-phonon scattering time is (132+10)
fs (as determined below from the line-shape analysis of
the hot-electron luminescence spectra), while the free-
electron to acceptor recombination time is approximately
10 ns. Thus it follows that the hot-electron luminescence
is about 10 times weaker than the band-gap-related
luminescence.

We show in the present paper that the hot-electron
luminescence spectra contain a wealth of information
about carrier thermalization, intraband and interband
scattering times, band structure, electron-phonon interac-
tion, electron-electron scattering, and other ultrafast
scattering processes. We present a series of experimental
results demonstrating the power of this very sensitive cw
method. We determine band-structure information of
GaAs near point I, we study free-electron to the accep-
tor transitions, we determine the energy dependence of
the LO-phonon scattering time, the energy dependence of
the I ~L scattering time, the associated deformation po-
tential, and we obtain information about a donor state at
a higher conduction-band minimum. We will show how
the present method can be used to obtain information on
carrier-carrier scattering, and temperature-dependent
scattering processes. There is a wealth of other informa-
tion, which may be obtained in this way.

II. RELEVANT PREVIOUS WORK
ON HOT-ELECTRON LUMINESCENCE

IN III-V COMPOUNDS

The main luminescence emission in GaAs is from
band-gap-related processes (bound excitons, free-electron
to acceptor transitions, etc.). On the high-energy side of
the extremely strong band-gap-related luminescence
peaks, the luminescence intensity decreases exponentially
with increasing energy —sometimes over several decades
in intensity. This exponential luminescence tail can be
fitted by an exponential function and a temperature may
be derived. ' The temperature derived from such a fit is
very commonly used to study the temperature of the elec-
tron gas as a function of laser pump density, time delay
after a laser pulse, etc. A large amount of work has been
published on this type of hot-electron luminescence, and
despite some problems with the interpretation, it has be-
come a common tool. The luminescence studied in the
present paper is on the high-energy side of the exponen-
tial tail.

Luminescence spectra from the hot-electron cascade
on the high-energy side of the exponential tail in GaAs
was reported first by the Leningrad group ' and has been
recently reviewed in Ref. 4. The Leningrad group also
calculated the polarization properties, and determined a
value for the 1"~L scattering time from depolarization
measurements in a magnetic field. Recently the Len-
ingrad group also reported data on the valence-band an-
isotropy from luminescence of the hot-electron cascade in
Inp. ' We have previously reported experiments proving
that the relevant luminescence transition is to an accep-

tor level, we have shown how band-structure informa-
tion can be obtained from hot-electron luminescence ex-
periments, ' we analyzed the hot-electron luminescence
line shapes, and we have shown that determining the in-
tensities should enable the determination of scattering
times such as the I ~L scattering time. The experimen-
tal determination of the band structure with hot-electron
luminescence is in fact analogous to energy-resolved pho-
toemission experiments. ' Using the same cw hot-
electron luminescence technique, Ulbrich et al."have re-
cently determined experimental values for the I ~L
scattering time from an analysis of the luminescence in-
tensities. Several concepts important for the present
work on electron relaxation are reviewed by Ulbrich. '

Olego et al. ' reported luminescence from heavily p-
type doped GaAs. In these samples there is a doping-
induced band-gap narrowing of around 30—60 meV,
which is absent in the present low-doped samples. Olego
et al. found oscillatory luminescence spectra due to car-
riers returning from the L conduction-band valley into
the point-I valley. '

At this stage it should be stressed that "oscillatory
photoconductivity" and "oscillatory luminescence excita-
tion" are not related to the present work. Such oscillato-
ry spectra have been a topic of intense study in the 1970s.
For access to the vast literature on these effects see Refs.
15 and 16. Note that these effects arise from a depen-
dence of the trapping cross section of defects as a func-
tion of the electron kinetic energy —they have a different
physical origin than the spectra studied in the present
work, and do not allow us to obtain the detailed band-
structure information and determination of scattering
rates discussed here.

In the present paper, we establish the recombination
mechanism; we show how the present results are useful to
determine band-structure data of GaAs near point I .
We calculate the expected line shapes from a double-5-
function integration over all k space, taking the matrix
elements into account in the dipole approximation. Corn-
paring the calculated line shapes with the measured ones
enables us to determine the LO-phonon emission time
and the I ~L scattering time, and their dependence on
the electron kinetic energy.

III. EXPERIMENT

The experiments reported here were performed with
several different spectrometers. We used 0.8-m and 1-m
double-grating spectrometers (Spex, Jarrel Ash, and
Jobin Yvon) combined with single-channel detection us-

ing cooled gallium arsenide photomultipliers and photon
counting. In addition, experiments were performed using
a DILOR 0.5-m triple monochromator combined with
single-channel and multichannel light detection. We used
argon-ion, krypton-ion, and dye lasers. For a11 experi-
ments the samples were cooled in closed-cycle or Aow
cryostats to helium temperatures. The temperature was
carefully monitored with a calibrated Ge resistor next to
the sample. In addition, for most experiments the ex-
ponential luminescence tail on the high-energy side of the
band-gap-related luminescence was used to monitor the
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electronic temperature. The spectra were not corrected
for the spectral response of the measurement systems.

The samples were Ge, Zn, Be, and C p-type doped
GaAs samples grown by molecular-beam epitaxy (MBE)
and by liquid-phase epitaxy (LPE) both at the Max-
Planck-Institut in Stuttgart and at the Toyota Central
Research and Development Laboratories. Most experi-
ments are performed at 10 K, so that all acceptors are
neutral.

IV. RECOMBINATION OF ELECTRONS
IN THE LO-PHONON CASCADE
WITH NEUTRAL ACCEPTORS

tConduction Band )

Jo~ LO

CW

Laser Hot
Luminescence

At the outset of this work it is necessary to explain the
luminescence mechanism. Figure 1 demonstrates the
hot-electron luminescence process giving rise to the oscil-
latory luminescence spectra studied here, A spectrally
narrow continuous-wave laser shining onto a GaAs sam-

ple lifts electrons from the light-hole band, from the
heavy-hole band, and from the split-o8' band into three
narrow energy regions in the conduction band. The ini-

tial, unrelaxed distribution of electrons is broadened both
by the anisotropy of the band structure and secondly by
the very short lifetime of these states. The electrons ex-
cited by the laser relax by the emission of LO phonons.
For polar semiconductors, electron scattering by LO
phonons is the most important scattering mechanism as
long as electron-electron and electron-hole scattering are
negligible. As the LO-phonon energy near k =0 shows
little dispersion, the carriers proceed through a cascade
of peaks, the spacing of which corresponds approximate-
ly to the LO-phonon energy. Depending on the laser en-

ergy, there are two, and for sufficiently high laser ener-
gies, three superimposed cascades, one each for electrons
originating from the heavy-hole band, the light-hole
band, and the split-off band, respectively. At higher ex-
cess energies, scattering processes to other conduction-
band minima at points X and L compete with the LO-
phonon-related cascade in the point-I valley.

Figure I demonstrates this situation, and also it shows
a typical hot-electron luminescence spectrum in the inset
on a logarithmic scale. At the outset of this work we had
to prove that the transition scheme shown in Fig. 1 is
correct. This is particularly necessary, as similar but un-
related osci11atory structure in the luminescence excita-
tion spectrum and in the photoconductivity as studied ex-
tensively in the 1970s does not monitor femtosecond pro-
cesses but resonant capture rates by impurities. There-
fore, we measured the hot-electron luminescence spectra
of GaAs, p-type doped with Ge, Be, Zn, and C. Results
are shown in Fig. 2 for a laser wavelength of 7525 A and
in Fig. 3 for 6764 A. The spectra for each laser wave-
length show a clear shift, which depends on the type of
acceptor. The acceptor binding energies are 40.4 meV
for Ge, 30.7 meV for Zn, 28.0 meV for Be, and 26.0 meV
for C. Comparison of these shifts with the differences in
acceptor binding energy proves that the recombination
measured is between hot electrons and neutral acceptors.
Thus the hot-electron luminescence spectrum directly
measures the steady-state distribution of electrons in the
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FIG. 1. (a) Schematic of cw spectroscopy of ultrafast process-
es in GaAs. The vertical arrow on the left shows excitation of
electrons from the light-hole valence band to the conduction
band by a cw dye laser. The steady-state distribution of elec-
trons consists of a series of peaks, spaced by the LO-phonon en-

ergy. Individual electrons take only a few hundred fem-

toseconds to relax through this cascade. The luminescence
transitions are indicated as vertical arrows. For clarity only
processes involving the light-hole band are shown in (a). In the
experiment, equivalent processes involving the heavy-hole band
are superimposed. (b) This figure shows hot-electron lumines-

cence near point I to scale. The steady-state distribution of
electrons excited both from the heavy- and the light-hole bands
are shown to scale. The inset on the right-hand side shows the
corresponding luminescence spectrum on a logarithmic scale.
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conduction band multiplied by the transition-matrix ele-
ment between the conduction-band states and the accep-
tor state.

Figures 2 and 3 summarize several important results.
(l) The spacing of the peaks within each of the two

series (for electrons from the heavy- and the light-hole
bands) is around 38.5 meV, which is slightly larger than
the LO-phonon energy of 36.4 meV.

(2) The separation of the first peak in each series with
respect to the laser energy contains band-structure infor-
mation. The horizontal bars show the expected contribu-
tions for electronic transitions taking place at the high-
symmetry points X, K, and l. in k space.

(3}The luminescence peaks are broader than the width
expected from the band structure. This broadening is
due to lifetime broadening, provided electron-electron
and electron-hole scattering, and other processes with
small energy exchange, are excluded. Later in this paper
we will determine scattering times from the broadening.

V. BAND-STRUCTURE INFORMATION
FROM HOT-ELECTRON LUMINESCENCE SPECTRA

A. Experiments

Figure 1 shows that the spacing between the first hot-
electron luminescence peak and the laser corresponds to
the initial kinetic energy of the hole plus the binding en-

ergy of the acceptor. Thus the position of the first hot-
electron luminescence peak as a function of dye-laser en-

ergy contains band-structure information. This section
will show how this information can be extracted and we
will use our experiments to check the k p band-structure
calculation in the first tenth of the Brillouin zone near
point I .

Figure 4 shows a selection of measurements of hot-
electron luminescence spectra in a Ge p-type doped GaAs
sample for dye-laser energies ranging from 1.632 to 2.410
eV. The spectra show several types of peaks. There are
series of peaks corresponding to the steady-state distribu-
tion of electrons relaxing by LO-phonon emission: the
series of peaks just below the dye-laser energies corre-
sponds to electrons originating from the heavy-hole (HH)
band; a second series starts at somewhat lower energies
and corresponds to electrons from the light-hole (LH}
band. Both series of peaks move at different rates as the

GaAs: B

C

GoAs:Zn

10 K

As/

ubstr

GQAs:Ge

Eo(GaAs)
KL

ser
7525 A

C

a

c GQA

C

E

s:C

s:Be

1.50 1.55 1.60 1.65
Photon Energy (eV} GaA

FIG. 2. Luminescence from the steady-state distribution of
electrons in the conduction band of GaAs, p-type doped with
C,Be,Zn, Ge. The shift between spectra corresponds exactly to
the differences in acceptor binding energy proving that the tran-
sition is between the conduction band and the neutral acceptor.
Note that the spacing is about 7% larger than the LO-phonon
energy. The position of peaks is determined by the band struc-
ture. Contributions from the X, K, and L directions in k space
are indicated. Note that the Ineasured spectrum is larger than
the contributions expected from the band structure, reflecting
lifetime broadening. Laser wavelength is 7525 A.
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FIG. 3. Luminescence from the steady state of electrons re-
laxing by LO-phonon emission in GaAs p-type doped with
C,Be,Zn, Ge. Analogous to Fig. 2, but for a laser wavelength of

0
6764 A. Also measured is a sample covered with A1„Ga& As.
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electrons from the split-off band appears close to the
point where the exponential tail of the band-gap-related
luminescence starts to rise. Further features of the spec-
tra are a luminescence peak (shown with an asterisk) as-
sociated with a donor level at a higher conduction-band
minimum, and luminescence from electrons returning
after relaxation within the I. conduction-band valley.
These additional features will be discussed in later sec-
tions.

CITI 3

1.5 1.6 17 1.8 1.9 2.0 2.1
LUMINESCENCE ENERGY (eV)

FIG. 4. Spectra of the steady-state distribution of electrons
in the conduction band of GaAs for different dye-laser energies.
The line shape of such spectra contains information on ultrafast
carrier relaxation, and the position of the spectral peaks reflects
the band structure.
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FIG. S. Hot-electron luminescence spectrum for GaAs, p-
type doped with a Ge spectrum. Laser wavelength is 6890 A.
This spectrum clearly shows the presence of one series of peaks
corresponding to electrons from the heavy-hole band and a
second series due to electrons from the light-hole band.

dye-laser energy is varied, and there is a range of dye-
laser energies (near 1.810 eV), where the peaks of the LH
series fill the valleys of the HH series leading to a Hat pla-
teau in the spectra. Figure 5, for a dye-laser energy of
1.799 eV shows a spectrum, where the HH series and the
LH series are we11 resolved. At still higher laser energies
(above 1.953 eV) a hot-electron luminescence peak for

B. Band structure and comparison
~ith 16X 16 k p calculations

In the present section we extract band-structure infor-
mation on GaAs from hot-electron luminescence spectra
and we compare the results with the band structure cal-
culated from a 16X 16 k p Hamiltonian.

The k p technique is a perturbation technique to deter-
mine the dispersion of electron energy bands close to
high-symmetry points. Many variants exist which differ
mainly in the amount of terms in the perturbation expan-
sion. Our present work is based on the 14X 14 k p Ham-
iltonian given in Ref. 17. We have extended this Hamil-
tonian to include one more higher s-like (I",) conduction
band. In addition, we also include the spin-orbit coupling
terms 5 which were omitted in Ref. 17:

(la)

(lb)

Details of our 16X 16 k p Hamiltonian, also used for
the present work, are given in great detail in Ref. 18.
Table I of Ref. 18 shows the values for the parameters we
used in the calculation. In Ref. 18 we have also presented
an investigation of the accuracy of the present k p calcu-
lation. We find good agreement with relativistic linear
muffin-tin orbital (LMTO) calculations for at least the
first tenth of the Brillouin zone, and for several bands far
beyond.

One particular way of extracting band-structure infor-
mation from the hot-electron luminescence spectra is
shown in Fig. 6. The continuous lines in this figure show
results from our k p band-structure calculations. Let us
assume for the moment that the dispersion of the conduc-
tion band as a function of the wave vector k, and the po-
sition of the acceptor level with respect to the conduction
band, are well known. Then we can use the energy of the
first hot-electron luminescence peak, which corresponds
to the unrelaxed electrons, to determine the position
along the k axis where the excitation and the lumines-
cence transition take place. At this point along the k axis
we then use the dye-laser energy, as shown in Fig. 6, to
plot an experimental value for the valence band. Figure 6
shows such experimental points derived from around 50
measurements for the light-hole band, the heavy-hole
band, and the split-off band. There is good agreement be-
tween the experimental points and the k.p band struc-
ture. Nevertheless, it has to be kept in mind that the
present experiments do not allow a directional resolution
of the band structure.

In Fig. 7 the same data are analyzed in a different way.
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FIG. 6. This diagram shows that experimental values for the
valence bands can be obtained from the positions of the hot-
electron luminescence peaks, provided that the conduction band
is known. There is no directional resolution.
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FIG. 7. Position of the hot-electron luminescence peaks
(solid squares) as a function of dye-laser energy, in comparison
to the positions expected in different directions in k space.
Solid, dotted, and dashed lines show the results of a 16X 16 k.p
calculation for the band structure of GaAs. This luminescence
experiment is equivalent to energy-resolved photoemission re-
sults (solid dots) (Refs. 19 and 20). The inset on the left-hand
side shows schematically the underlying luminescence process.
E,(eV) denotes the valence-band energy and E,(eV) denotes the
conduction-band energy.

%e plot the energies of the hot-electron luminescence
peaks (these energies are equivalent to the excess energies
of the unrelaxed electrons plus the band-gap energy) as a
function of the dye-laser energy. The experimental data
(solid squares in Fig. 7) are compared with the results of
our 16X16 k p calculation, which are shown for several
directions of k space. There is generally very good agree-
ment, keeping in mind that the experimental values give
no information on the directional dependence of the band
structure. Also sho~n in this Ggure are data from
energy-resolved electron photoemission experiments' '

(solid circular points). These data have a somewhat
larger vertical error bar, rejecting the comparatively
lower energy resolution of photoemission experiments.
Photoemission experiments, on the other hand, are possi-
ble to much higher energies, where the luminescence
yield became too low for our measurement. The lumines-
cence data agree very well with the results of photoemis-
sion experiments, confirming the accuracy of the k p
band structure in this particular range.

Thus we have shown that hot-electron luminescence
experiments are capable of delivering band-structure in-
formation in III-V compound semiconductors. They are
equivalent to energy-resolved electron photoemission ex-
periments, which have somewhat lower energy resolution
than luminescence, but may be used over a larger energy
range higher into the conduction band. Both techniques
are equivalent, because they both measure the steady-
state distribution of electrons in the conduction band.
Hot-electron luminescence measures the steady-state dis-
tribution via transitions to the acceptor level, while pho-
toemission measures transitions to the vacuum level,
which is a1so independent of k.

VI. CALCULATIONS OF THE cw HOT-ELECTRON
LUMINESCENCE LINE SHAPES

A. Double-5-function integral

In the previous section we have shown how to extract
band-structure information from the peak position of the
hot-electron spectra alone. %e will show that there is
much more information contained in the line shape of
hot-electron spectra: electron-electron scattering, LO-
phonon scattering, and the 1 ~I. intervalley scattering
may all be studied. In order to extract such information
it is necessary to calculate the theoretical shape of the
electron distribution from the band structure.

We calculate the expected luminescence line shape
from the first peak in the steady-state electron distribu-
tion. The electrons corresponding to the first peak have
not yet undergone any relaxation by LO-phonon emission
and as long as the temperature and the excitation power
are low enough there will be no other scattering mecha-
nism. Nevertheless, the spectra will be broadened by the
limited lifetime due to LO-phonon emission, and by the
I ~I. and 1 ~X scattering mechanisms at higher laser
energies. %e determine the scattering times by convolut-
ing the calculated line shapes with a broadening curve
and comparing the broadened spectra with experiment.

In order to calculate the expected luminescence spectra
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we use Fermi's golden rule. We perform a double-5-
function integral over the Brillouin zone describing the
probability of both the excitation of the electron by ab-
sorption of a laser photon and the emission of a lumines-
cence photon. According to Fermi's golden rule we cal-
culate the luminescence line shape 1(E~„)as

I(E,„)-f d k iM(k))

X 5(E„„~(k)—E„,)(k) —E„„,)

X5(E„„~(k)+Eo—E„,—E)„).
Here E„„z(k)is the I 6 conduction-band energy

dispersion and E„„(k)is the dispersion of the relevant
valence band (heavy hole, light hole, or split-oS. Both
are measured from the minimum of the conduction band,
i.e., conduction-band energies are positive while valence-
band energies are negative. Eo is the band-gap energy
(ED=1.519 eV for GaAs at 10 K). E„,is the acceptor
binding energy for the relevant acceptor (Ge, Be, C, or
Zn in our case). M(k) is the product of the relevant
transition-matrix elements: i.e., the product of the ma-
trix element for excitation from the valence band to the
conduction band and the matrix element for emission of
the luminescence photon by recombination of the same
electron with a hole on the neutral acceptor. M(k) de-
pends on the polarization of the incoming light, on the
polarization of the outgoing light and on the direction
and magnitude of k. Note that here the integral in Eq.
(2) has to be performed over an appropriate part of the
Brillouin zone, which is six times larger than the irreduc-
ible part, since the presence of the incoming and the out-
going light in the integral reduces the symmetry of the
problem. The occupation probability factors f„„(k),
1 —f„„~(k),f„,(k), etc. , can all be neglected here, since
they are all equal to unity here.

The calculated spectra depend considerably on the ma-
trix elements M(k). We calculate the polarization and k
dependence of M(k) in the dipole model as discussed in
the following section. To calculate the shape of the
luminescence spectra we integrate Eq. (2) over the whole
Brillouin zone using a tetrahedron method due to Allen. '

With this method the Brillouin zone is divided into small
tetrahedra. The energies and weight functions are calcu-
lated for the corner points of each tetrahedron and linear-
ly interpolated along the edges of the tetrahedron. The
integral is then calculated analytically for each tetrahed-
ron and summed over all tetrahedra.

B. Transition-matrix elements in the dipole model

In this section we describe the calculation of the
transition-matrix elements M(k} in Eq. (2). M(k) is the
product of the matrix element for the excitation transi-
tion and the luminescence recombination transition. Be-
cause III-V compound semiconductors have no center of
inversion, all bands are spin-split, ' ' except in a few
high-symmetry directions such as [100]. Therefore, when
calculating the transition probability from the light-hole
bands (LH+&/2 and LH, /2) to the conduction bands
(CB+,/2 and CB,/2), for example, in general, contribu-

tions from four different transitions have to be summed:

LH+, /2 CB+, /2 (n },
LH + 1/2 CB I /2

LH )/2~CB+, /2 (o + ),
LH )/2~CB )/q (m ),

(3a)

(3b)

(3c)

(3d)

where the arrows refer to the spin orientations with
respect to the spin quantization axis. ~, o. , and o+
refer to linearly oscillating, left-hand, and right-hand ro-
tating dipoles associated with these transitions. The spin
splitting is equivalent to the presence of a magnetic field
acting on the electron spin. Note that both magnitude
and orientation of the magnetic field depend on the orien-
tation and magnitude of the electron wave vector k. In
the case of the heavy-hole bands the situation is slightly
simpler, as in the present approximation only matrix ele-
ments for the following transitions exist:

HH+3/2 ~CB+~/p (o' )

HH 3/2~CB, /2 (o+) .

(3e)

k is the crystal wave vector of the electron and hole states
(we neglect the wave vector of the photon), e is the unit

TABLE I. Dipoles describing optical transitions between the
spin-split valence bands and the spin-split conduction bands at
point I . K~I is a unit vector parallel to the electron wave vector
k, while K» and K» are mutually perpendicular unit vectors per-
pendicular to k. Thus, (K»+iK») describes a rotating dipole.
HH stands for heavy-hole band, LH stands for light-hole band,
SO for split-off, and CB for the lowest conduction band.

HH+ 3~2

HH
LH+ I /2

LH
SO+1/2
SO

CB+ &yp

—(K,l+i K„)/&2
0
&2/3K((
(Ky 1 iKJ2) /&6

&1/3KII

CB

0
(K» —i K„)/&2
—(K»+i K~2)/&6
&2/3K((
—(K»+ «»)/&3
—&1/3K)(

%e treat the emission and absorption of photons in the
dipole model, i.e., we represent a particular transition by
oscillating (m. ) or by rotating dipoles (o or o+) to which
the photon field couples via its electric field vector. The
electric field vector is parallel to the polarization plane in
the case of plane-polarized light [m. in Eqs. (3)] and rotat-
ing in the case of circularly polarized light [o+ and o in

Eqs. (3)]. Table I shows the dipoles associated with the
various transitions: e.g., HH+3&2~CB+, z2 corresponds
to a rotating dipole. The rotational axis is parallel to k.

To give an example, let us consider linearly polarized
light with the electric field vector 0 parallel to the unit
vector e. The matrix element m of the optical transition
HH+ 3/2 ~CB+

& //2 is given by
T 2

m -[2 (sin8)] =— 1—2 —1/2 2 ke
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TABLE II. Combined transition probabilities for laser excitation followed by hot-electron luminescence recombination with the

acceptor. The acceptor is assumed to have a heavy-hole wave function. k is the wave vector of the electron and hole states, e;„and
e,„,are unit vectors parallel to the 4' field vectors of linearly polarized incoming and outgoing light, respectively, g;„andg,„tare vec-

tors perpendicular to the plane of rotation in the case of circularly polarized light.

HH+ggp

HH

1 1—
4

0

CB+ &re

In, linear polarization; out, linear polarization
'2 '

k.e,
„ 0

1 1—
4

k e,
„

CB &is

'2

LH+
& yp

] ke;„
'2

ke,„,'2 1 1—
12

k e,
„

LH
1 1—

12

k e;„ k e,„, k e,
„

HH+ gyp

HH

1 1—
4

0

k eon loUtk

In, linearly polarized; out, circularly polarized
'2 2

0

k e;„1—
4

k nout1—
2

LH+
& yp

1 ke,
„

2

loUtk.
2'

k g,„t1—
2

LH
1 1—

12

k e,
„ golltk

'2
k e~n k g,„t

'2

In, circular polarization; out, linear polarization

HH+pqq
k e,„, 0

HH —~zz 0 1 1—
4

k.g;„ k e.„,

LH+
& yp

1 1—
3

k g;„ k g, „1+
k e,„,

2

LH 1 1—
3

k g;„

HH+ 3gp

In, circular polarization; out, circular polarization
'2

)0Utk.
0

HH 0
2 2

LH+, rz

LH

1 1—
3

k.g;„ loUtk-

loutk. 1 1—
3

k.g;„

k.g, „

2

&.afoot
2
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vector perpendicular to the plane in which the C field of
the circular polarized light associated with the
HH+3&2~CB+&&z transition rotates, and 8 is the angle
between k and e. Thus plane-polarized light with 8 per-
pendicular to the plane in which the dipole associated
with a particular transition rotates will induce no transi-
tions.

To calculate the hot-electron luminescence spectra we
have to consider both the absorption process as well as
the luminescence emission process. Thus ~M (k)

~
in Eq.

(2) is the product of the excitation probability and the
luminescence emission probability. One of the greatest
possible sources of error in the present calculation is the
transition-matrix element to the acceptors and its k
dependence. Indeed, measurements of the hot-electron
luminescence intensity as a function of dye-laser ener-

gy
'" may actually be used to determine the details of the

acceptor wave function. In the present work, we simply
assume that the acceptor wave function is predominantly
formed from the heavy-hole wave function at the
conduction-band maximum. We evaluate the matrix ele-
ments ~M(k)~ in the dipole model and the results are
shown in Table II. Those values from Table II which are
appropriate for the polarization conditions of the mea-
surement are inserted into Eq. (2) to calculate the
luminescence line shape.

It should be noted that the present dipole model is
strictly only valid for transitions at k=O. For kAO,
heavy- and light-hole bands mix. The present calculation
can easily be extended to treat the transition-matrix ele-
ments in the k p approximation, since the optical-matrix
elements and the k p matrix elements are identical.

C. Comparison of the calculated
and measured hot-electron luminescence shapes

Detailed comparison of the calculated hot-electron
luminescence line shape and measurement for a p-type
GaAs:Ge sample are shown in Fig. 8. The solid line is

the measured hot-electron luminescence spectrum for the
0

laser wavelength 6471 A, displaying one series of peaks
for electrons excited from the heavy-hole band. Below
1.73 eV this series is extrapolated to lower energies. Su-
perimposed onto this first series is the second series for
electrons from the light-hole band. Subtracting the extra-
polated HH series (dashed line) we determine the contri-
bution from the LH series alone; we show the resulting
LH hot-electron luminescence as a dashed line below 1.73
eV.

The dotted lines are the corresponding calculated hot-
electron luminescence line shapes for the first electron
peak, where the excited electrons have not undergone any
relaxation process. The hot-electron luminescence band
for electrons excited from the HH valence band appears
between around 1.85 and 1.81 eV for this particular dye-
laser energy. There is a strong peak near 1.84 eV fol-
lowed by a shoulder, which has two weaker peaks near
1.82 eV. Comparison with the horizontal bars which in-
dicate the contributions from different regions in k space
in Fig. 3 and with the lines shown in Fig. 7 shows that
the first strong peak near 1.84 eV corresponds to elec-
trons from regions of k space such as the directions
pointing towards points E and L. The peak at lower en-
ergies near 1.82 eV corresponds to transitions near the 6
directions. The luminescence in this shoulder is weaker,
as the density of states is lower near X (where the
effective mass is lower) than near points K and L. The
dotted peak between 1.73 and 1.71 eV displays the calcu-
lated hot-electron luminescence spectrum for electrons
from the light-hole band. There are two peaks separated
by 10 meV. Inspection of Fig. 7 and its inset show that
this splitting observed in the LH peak is due to the spin

splitting. ' ' In the experimental spectra the effect of
spin splitting is obscured by strong lifetime broadening.

Figure 9 shows measurements and calculations of the
first luminescence peak, which results from electrons
which have not yet undergone any emission of LO pho-
nons. The measured luminescence bandwidths are in
every case larger than the calculated widths. There may
be several physical origins for broadening of the experi-

I I I I I I l I l [ I I

C
D

L=1 758eV

1.7
Ener gy (eV)

Los

E2LO

8 i ii

1.8 1.9

C
O
tll
Cp
L:
E

32eY

GaAs:Ge
10K

FIG. 8. The solid line shows the experimental hot-electron
spectrum for GaAs:Ge and a laser wavelength of 6471 A. The
dotted lines show the unbroadened (neglecting lifetime broaden-
ing) calculated spectra for the heavy-hole and the light-hole
band. The calculations use a 16X16 k-p matrix for the elec-
tronic band structure, a double-5-function k-space integral and
transition-matrix elements in the dipole model (see text).

I I I I

1.60 170
Luminescence Energy (eV)

1.80

FIG. 9. Line-shape calculations analogous to Fig. 8 for
several different laser energies. The experimental width is
larger than the calculated width due to lifetime broadening.
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mental line shape with respect to our raw (i.e., not life-
time broadened) calculation.

Lifetime broadening of the electron energy levels them-
selves, according to Heisenberg's uncertainty relationship
b,E b t =h /2n(. T. o indicate the range: A scattering time
of b t =v= 150 fs corresponds to a linewidth of bE =4.4
meV, while a scattering time of At =~=200 fs yields a
lifetime broadening of 3.3 meV. )

Fast scattering mechanisms with small energy exchange.
If such processes are as fast as LO-phonon scattering
they may yield a broadening of the distribution of elec-
trons sampled by the luminescence measurement. Candi-
dates are electron-electron scattering, electron-hole
scattering, and acoustic-phonon scattering.

Broadening af the acceptor ground state. This will be
important when the acceptor concentration is high
enough to yield an impurity band. In our samples the
doping concentration is always sufticiently 1ow to avoid
broadening due the acceptor wave-function overlap. We
have observed a broadening of the hot-electron lumines-
cence bands for higher acceptor concentrations.

We will show in later sections that precise analysis of
the calculated and measured line shapes allows (a) an ac-
curate determination of the LO-phonon scattering time
as a function of the electron kinetic energy and (b} a
determination of the I ~L (and analogously also the
I ~X scattering time, although this is not shown in the
present paper). (c) Measurements as a function of carrier
density allow the analysis of electron-electron and
electron-hole scattering.

VII. DETERMINATION OF SCATTERING TIMES

cw hot-electron luminescence are ideally suited to
determine details of ultrafast recombination and scatter-
ing processes. Scattering rates may be deduced in several
ways from cw hot-electron luminescence experiments.

Depolarization of the cw hot-electron luminescence in
a magnetic field. This technique was used by the Len-
ingrad group to determine the K'~L scattering time.

Measurement of the cw hot-electron luminescence in-
tensity as a function of the dye-laser energy and therefore
as a function of electron kinetic energy. This technique
was proposed by Fasol and Hughes and was thoroughly
studied by Ulbrich et al." to determine the I ~L and
the I ~X scattering times. The main limitation of this
technique is the uncertainty in the present-day knowledge
of the precise composition of the acceptor wave function
and the matrix elements from the conduction band to the
acceptors.

In the following sections (Secs. VII 8 and VII C of the
present paper) we introduce an alternative method, which
greatly reduces the uncertainty in the determination of
scattering times from the lack of precise knowledge of the
wave functions and matrix elements associated with the
different acceptors in question. For this technique, we
calculate the expected luminescence spectra using a k.p
band-structure calculation, and we determine the lifetime
broadening by comparison of the measured and calculat-
ed luminescence shapes. For this determination on1y the
relative variation of the acceptor matrix elements over a

Figure 10(a) shows the emission spectrum of a sample
of GaAs:Ge (p =4.9X10' cm ), while Fig. 10(b) is for
GaAs:Ge with a slightly lower doping concentration
(p =2. 1 X 10' cm ). The luminescence spectra are
displayed logarithmically over 7 decades. The large dy-
namic range of these measurements was achieved by a
long integration time in a single-photon counting mode
and by the use of gray filters attenuating the band-gap-
related emission. Figure 10 displays two band-gap-
related luminescence lines —one line due to excitons
bound to the acceptors and a much stronger second line
due to free-electron to acceptor emission. If we neglect
nonradiative processes, the ratio between the integral
count rate for the band-gap-related luminescence I, and
the first hot-electron peak I«„d „,is expected to be
equal to the ratio of the conduction-band to acceptor
transition time r„„d„,(k) and the LO-phonon scatter-
ing time 7.Lo. Therefore we expect

gap/ cond~ace cond~ace k)/+LO

=(10 ns)/(135 fs)=7X10 (5)

This estimation is to be compared with the measurements
of Fig. 10—note that Eq. (5) refers to the integrated in-
tensity as opposed to the peak values. The comparison
suggests that ~„„z„,is actually longer than 10 ns.

B. The LO-phonon scattering time

Figure 9 has shown the comparison of typical mea-
sured hot-electron spectra compared with spectra calcu-
lated without taking any lifetime or scattering effects into
account. The measured spectra are considerably broader
than the calculated shapes. The dominating scattering
events are LO-phonon scattering below the threshold for
scattering to the L conduction-band valley. Above this
threshold, both LO-phonon scattering and scattering into
the L valley contribute. As the temperature is low
(T =10 K} and the photoinduced carrier density is low
(below 10' cm ), acoustic-phonon, electron-electron,

very narrow energy range need be known, and not over
the whole energy range of the full hot-electron lumines-
cence spectrum.

In the following sections we first discuss the ratio of in-
tensity of the hot-electron luminescence spectra com-
pared to the band-gap luminescence, since it reflects the
ratio of the LO-phonon scattering time to the recombina-
tion time for band-gap-related luminescence. Then we in-
troduce the techniques for the lifetime determination
from comparison of calculated and measured spectra.

Note that in order to deduce scattering times it is cru-
cial to deconvolute the contributions from different
scattering processes properly. In particular, acoustic-
phonon, electron-electron, and electron-hole scattering
will also contribute to the broadening of the distribution
via exchange of small energy amounts. All experiments
in the following sections are done under conditions
designed to exclude contributions from acoustic-phonon,
electron-electron, and electron-hole scattering.

A. Ratio of band-gap related luminescence
and hot-electron luminescence



41 CONTINUOUS-WAVE SPECTROSCOPY OF FEMTOSECOND. . . 1471

1 l
tree to acceptor

-1
10 "

bound exciton

-210—
th

C

1-4el0—
C

GaAs:Ge
p =4.Sx10 5cm-3

Ce -5gl0—
E

10—

-7
t

10—
1.5

Laser

LO

free to acceptor

10 GaAs:Ge
p= 2.1xlQ cm

10
-2

Ul

C

a

ts to"—
C

5
~ 10
V
Vl4
C

10
E -6

und exciton

nce

10—

1.6 1.7 1.8 1.9
Luminescence Energy (eV)

and electron-hole scattering have negligible influence.
We have checked this assumption by investigating the
spectra as a function of induced carrier density. We
found that considerably higher induced carrier densities
are necessary to observe broadening effects due to
carrier-carrier scattering. Figure 11 shows the compar-
ison of a measurement (left-hand side) of the first
luminescence peak due to electrons from the heavy-hole
band, which have not yet undergone any LO-phonon
emission, with an unbroadened and a broadened calculat-
ed spectrum for the same laser energy and polarization
conditions. The calculations were done using a 16X16
k p matrix for the band structure of GaAs and integrat-
ing the double-5-function integral describing the optical
transitions over an appropriate part of k space as de-
scribed above in Sec. VI. The asymmetric shape of the
calculated spectrum reflects the directional anisotropy of
the valence-band dispersion. Effects of the spin splitting
can also be seen in the unbroadened spectrum. We deter-
mined the lifetime by optimizing the theoretical fit to the
experimental spectral shape. An example of such a fit is
also shown on the right-hand side of Fig. 11.

By fitting a large number of spectra measured with
different dye-laser energies we determine the electron life-
times as a function of electron kinetic energy. The
dependence of the total lifetimes on electron kinetic ener-

gy is shown in Fig. 12(a). The lifetimes are approximate-
ly constant up to an electron kinetic energy of around
300 meV. Above 300 meV, the lifetimes start to decrease
with increasing electron kinetic energy. We attribute the
decreased total lifetime above 300 meV to the onset of
I ~L scattering.

We can neglect acoustic-phonon scattering at the
present low temperatures. The present experiments are
performed with a laser-induced carrier concentration of
around 10' cm . Therefore, electron-electron and
electron-hole scattering are also unimportant. Figure
12(a) shows that the scattering time is constant to within
our error for electron kinetic energies between 100 and
300 meV. We determine the value ~L&=132+10fs. This
value lies weil within the range of 100 to 200 fs reported

C

measured
0

1.5 1.6 1.7 1.8
Luminescence Energy (eV)

calculation

FIG. 10. (a) Hot-electron luminescence for GaAs p-type
doped with Ge (carrier concentration at 77 K is 4.9X10"
cm '). The luminescence is shown logarithmically over 7 de-
cades. The large dynamic range was achieved due to long in-
tegration time and the use of neutral density filters. The intensi-
ty ratio of band-gap-related luminescence and hot-electron cas-
cade is related to the ratios of electron —LO-phonon scattering
time {determined here as 132 fs) and band-gap relaxation time
(approximately 1 —10 ns). (b) Hot-electron luminescence spec-
trurn as in (a) but for a Ge-doped GaAs sample with a lower
carrier concentration (2. 1X 10"cm at T =77 K).

—calculation
con volutI ed with
broadening curve

t, t

1.70 1.% 1.70 1.75
Luminescence Energy (eV)

FIG. 11. Left-hand curve: measured cw hot-electron
luminescence peak; right-hand curve, unbroadened calculated
spectrum, and calculated lifetime-broadened spectrum. The
lifetime-broadening parameter was determined as a fit parame-
ter, to yield the best agreement with the experimental curve.
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in recent years. It is important to keep in mind that in
our case the carrier density is below 10' cm . For com-
parison, Kash et al. have recently deduced a value of
7„p=165 fs from pump and probe Raman experiments at

I I

E

F]50—
IHi

()'0 &

~100— z
C0

~ 50—
d

room temperature. From depolarization experiments of
the hot-electron luminescence Zakharchenya et al. find
7Lp= 100+5 fs at an electron kinetic energy of 260 meV.
Levi ef al. find 7„,=100 fs from measurements in hot-
electron transistors, which constitutes a lower limit to the
LO-phonon scattering time, as other scattering effects are
also expected to contribute. Thus our experimental
determination of the kinetic energy dependence of the
LO-phonon scattering time is consistent with recent
available experimental data —a comparison is shown in
Table III. Note that our data are for low carrier concen-
tration.

C. The I ~L scattering time

0
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Figure 12(a) showed that the total electron lifetime de-
creases when the electron kinetic energy increases above
300 meV, where I ~L scattering sets in. We assume
that 7Lp is constant within our required accuracy for en-
ergies higher than 300 meV, which is an assumption well
supported by calculations. Using

I /r«~ = I /rLo+ I /v'r-I (6)

I /rrL =(4Dr I mt. /2' M pQ)ZB)

X [E Acoza (EL—Er )]

we deduce the kinetic energy dependence of the I ~L
scattering time 7[- L. The results are shown in Fig.
12(b).

We calculate the corresponding deformation potential
for I ~L scattering from the following relationship:

I I I
101Q

E

0

Q &s '
0

Ud
E
0

V

o 108 [ i I i

320 340 360 380 400 420
ConductiorH3and Kinetic Energy

I I—
(c)

I

440
(meV)

FIG. 12. (a) Total lifetime for electrons in the conduction
band of GaAs determined by achieving the best fit between
lifetime-broadened calculated spectra and measured cw hot-
electron luminescence spectra. Symbols K, F, and Z indicate re-
sults of Kash et al. (Ref. 23), Fawcett et al. (Ref. 37), and Za-
charchenya et al. (Ref. 2). (b) I ~L scattering time determined
by deconvoluting the LO-phonon scattering and the I ~L
scattering contributions. This figure represents our experimen-
tal results for the I ~L scattering time. (c) I ~L deformation
potential determined from the scattering times shown in (b).
Symbols Z, K, S, and U indicate results by Zacharchenya et al.
(Ref. 2), Kash et al. (Ref. 38), Shah et al. (Ref. 25), and Ulbrich
et al. (Ref. 11).

where mL=(mLmgmL)'~ =0.22mo is the directionally
weighted effective mass near the L conduction-band val-
ley, p =5.37 g cm is the density of GaAs, and
ficoz&=29 6meV is .the average energy of the [111]zone-
boundary (ZB) phonons responsible for the intervalley
transfer. (EL E„)is the en—ergy of the bottom of the L
valleys measured from the conduction-band minimum at
point I .

Figure 12(c) shows the deformation potential Dr
for I ~L scattering determined from the data in Fig.
12(b) and using Eq. (7). We find that the deformation po-
tential is virtually independent of the electron kinetic en-
ergy within our experimental accuracy. We find
Dr L=(9.5+1.6)X10 eV/cm. Table IV shows that
the discrepancies between the values determined by
different authors for Dz L are large. Shah et al. find

Dr L =(6.5+1.5) X 10 eV/cm. Collins and Yu find

Dz I =1.5X10 eV/cm, but it can be shown that the
hot-phonon population, on which the determination of
Collins and Yu relies, is relatively insensitive to Dz
Ulbrich et al." find Dr L =(4.0+0.5) X 10 eV/cm
from intensity measurements of the cw hot-electron
luminescence measurements. The experimental method
is comparable to the one used here, except that these au-
thors use the dependence of the luminescence intensity as
a function of electron kinetic energy, while we use the
line shape as compared to the calculated line shapes. Ul-
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TABLE III. Scattering times of electrons in the conduction band of GaAs by LO phonons.

+La

132+10 fs

&300 fs
170 fs
100+5 fs

165 fs) 100 fs

Reference

Present work

Conwell et al.'
Fawcett et al.
Zakharchenya et al.'

Kash et al.d

Levi et al.'

Method

cw luminescence
spectroscopy

Calculation
Calculation
Magnetic depolarization

of hot-electron luminescence
Time-resolved Raman
Hot-carrier injection

Comments

T=10 K

Room temperature

'E. Conwell and M. Vassell, Phys. Rev. 166, 797 (1968).
Reference 37.

'Reference 2.
Reference 23.

'Reference 24.

brich et al."use an LO-phonon scattering time of 180 fs,
which is somewhat longer than in our present results.
Note that the interpretation of Ulbrich et al. relies on the
knowledge of the acceptor wave function over a large re-
gion of k. In our interpretation, using line-shape calcula-
tions, this uncertainty is removed to a large extent. A
comparison of our data with these and other determina-
tions are shown in Table IV.

scribed above. The effect of electron-electron scattering
is determined by measuring the hot-electron lumines-
cence spectra as a function of carrier concentration. We
have recently done such experiments, and they will be
published separately. Additional scattering mechanisms
setting in at higher temperatures can be analyzed. The
dependence of the I ~L scattering on temperature and
carrier concentration can also be measured in a straight-
forward way.

D. A method to study other scattering mechanisms

Since we are measuring the total broadening, we are
able to determine effects of other scattering effects in ad-
dition to LO-phonon scattering and scattering to the L
conduction-band valley. This is done by deconvoluting
the various scattering mechanisms such as those de-

VIII. SPACING OF HOT-ELECTRON PEAKS

%e have shown in Figs. 2 and 3 that the spacings of
the luminescence peaks are about 7%%uo larger than the
LO-phonon energy at k=0, which is 36.4 meV. This ex-

TABLE IV. Values for the deformation potential Dz L for scattering of electrons from the I to the L conduction-band valley.

Dr-L
(10' eV/cm)

9.5+1.5

6.5+0.5

4.0+0.5

7.1+1.2

8.0+1.5

1.5

10.0

Reference

Present work

Shah et al.'

Ulbrich et al.

K. Kash et al.'

Zakharchenya et al.

Collins et al. '

Littlejohn et al. '

Method

cw luminescence
spectroscopy

Time-resolved femtosecond
spectroscopy

cw luminescence
spectroscopy

Nonlinear susceptibility
measurements

Magnetic depolarization
of hot-electron luminescence

Raman: determination of
nonequilibrium phonon
population

Velocity vs field calculation

Comments

T=10 K

'Reference 25.
Reference 11.

'Reference 38.
Reference 2.

'Reference 26.
M. Littlejohn, J. Hauser, and T. Glisson, J. Appl. Phys. 48, 4587 (1977).
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perimental result is shown in greater detail in Fig. 13.
We show the energy shift between peaks 1 and 2 (crosses)
and, secondly, also the shift between peaks 2 and 3 (solid
dots) in the hot-electron spectra. These results are shown
for a variety of samples and a variety of dye-laser ener-
gies. Figure 13 clearly shows that the peak separation is
consistently larger than the LO-phonon energy. Figures
2 and 3 show that the peak spacing is larger than the
LO-phonon energy for samples doped with any of the
four acceptor species we investigated (C, Be, Ge, and Zn).

We have considered a variety of possible explanations
for this experimental result. The most likely explanation
is due to Ulbrich. In his model, the energy shift is due
to the change in the mutual Coulomb energy as the elec-
tron and the hole move apart between the time of genera-
tion and the instant of luminescence emission. Other
possibilities that we have considered include a renormal-
ization of the phonon energy in the vicinity of the accep-
tor impurity. ' This explanation is unlikely, as the re-28, 29

normalization would be expected to change sign depend-
ing on whether the phonon energy is larger or smaller
than the acceptor binding energy. Thus a decrease of the
phonon energy would be expected for Ge, since the Ge
acceptor binding energy (40.4+1.0 meV) is larger than
the LO-phonon energy (36.4 meV). An increase would be
expected for the other acceptors investigated here, as
their binding energy is smaller than 36.4 meV. Our ex-
periments contradict this prediction. Another possibility
would be the polaron coupling, i.e., renormalization of
phonon and excitonic energies due to their mutual in-
teraction via the polarization fields. An argument against
this explanation is the very small polaron correction to
the effective mass in GaAs.

The previous discussion promises that the spacing of
the hot-electron luminescence peaks within the LO-
phonon cascades may reveal details of the carrier
diffusion on an ultrafast time scale.

IX. TEMPERATURE DEPENDENCE

We studied the influence of temperature on the hot-
electron cascade luminescence. Figure 14 shows spectra
at T=10 and 80 K. The temperatures were measured
with a calibrated Ge resistor in contact with the cold
finger of the helium-flow cryostat. The temperature was
kept at a constant value by a temperature controller, and
the simultaneous use of a He-fiow regulator and a heater.
Figure 14(a) shows results for p-type GaAs:Ge
(n =1.7X10' cm at T=77 K) and Fig. 14(b) for p-
type GaAs:Be (n =2.5 X 10' cm at T =77 K). Both
Figs. 14(a) and 14(b) show that the global features of the
luminescence from the LO-phonon hot-electron cascade,
such as the integrated intensity and the position of the
peaks, stay unaffected by temperature, but the individual
peaks broaden substantially. At low energies, below 1.6
eV, the luminescence rises stronger as the energy de-
creases for the higher temperature, reflecting the well-
known temperature dependence of the exponential tail of
the band-gap-related luminescence. The substantial
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the first and second peaks, while dots indicate spacings between
the second and third peaks.
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FIG. 14. {a) Hot-electron luminescence spectra for T =10 K
and for T=80 K for Ge-doped GaAs. (b) Temperature depen-
dence of hot-electron luminescence spectra for Be-doped GaAs.
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broadening of the luminescence peaks implies that either
additional scattering mechanisms appear, or that existing
scattering mechanisms get stronger at these higher tem-
peratures. There are two candidates for increased
scattering. One is piezoelectric scattering by acoustic
phonons which is known to dominate in III-V compound
semiconductors in this temperature range. A different
possibility is the increase of electron-electron scattering
and electron-hole scattering due to the reduced screening
at higher temperatures. We are presently investigating
the effects of these additional scattering mechanisms.

Determination of the temperature dependence of the
cw hot-electron luminescence spectra yields information
on the temperature dependence of the various scattering
channels open to electrons high in the conduction band.

Ga

X. DEPENDENCE ON THE TYPE OF ACCEPTOR
FOR DYE-LASER ENERGIES ABOVE 1.8 eV

Figures 2 and 3 show that the luminescence spectra
from the hot-electron cascade are very similar for
diff'erent types of acceptors (C, Be, Zn, and Ge) as long as
the dye-laser energies remain below 1.9 eV. We showed
that the spectra are shifted by the difference of the accep-
tor binding energies, while the shapes remain exactly the
same apart from this uniform shift in energy position. In
the dye-laser energy region between around 1.9 and 2.0
eV the spectra depend very strongly on the type of accep-
tor. Figure 15 shows the hot-electron luminescence spec-
tra for GaAs:Ge, GaAs:Zn, GaAs:Be, and GaAs:C sam-
ples excited by the 6471 A (=1.916 eV) krypton-ion-laser
line. The different samples show dramatically different
hot-electron luminescence spectra, depending on the type
of acceptor. Figures 16 and 17 explore the excitation en-

ergy range 1.85-2.01 eV further for GaAs:Be and for
GaAs:C, while the spectra for GaAs:Ge were shown in
Fig. 4. As a new feature a strong and broad peak ap-
pears, which peaks around 1.9 eV. 01ego and Cardona '

have investigated this type of luminescence in detail and
have associated it with acceptor states at the split-off
valence band, hence the dependence of these spectra on
the type of acceptor. Thus this type of luminescence
shows a component below Eo+60 associated with transi-
tions involving an acceptor, plus a component associated
with direct transitions of holes in the split-off valence
band.

Measurements at still higher excitation energies are
shown in Fig. 18. At this higher excitation energy, the

Cl

C
CJ
O
lh

C
~ m

E

GaAs: Be
T=10K

EL- 2.016eV

GaA

4

ed)
Laser

6471 A

1.968eV

.945 eV

1.5

K LXK
I 1

1.6 l.7 1.8
Photon Energy (eV)

1.9

O
C
tb

Ul

L
E

2eV

5eV

FIG. 15. This figure shows that for higher laser energies
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FIG. 16. Hot-electron luminescence spectra of Be-doped p-
type GaAs for a series of dye-laser energies.
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I I
XI. LUMINESCENCE FROM A DEEP DONOR

AT POINTS X OR L
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FIG. 17. Hot-electron luminescence spectra of C-doped p-
type GaAs for a series of dye-laser energies.
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FIG. 18. Hot-electron luminescence spectrum excited with a
laser energy of 2.41 eV. At this energy electrons are transferred
in large amounts to the L and the X valleys. Reentrant spectra
can be seen below 1.8 eV.

spectra become virtually independent of the type of ac-
ceptor again: a hot-electron cascade below around 1.8 eV
is found, which is caused by electrons relaxing in the I
valley by emission of LO phonons, after returning from
the L conduction-band valley. As the energy position of
this cascade depends only on the energy position of the
minimum of the L valley with respect to the I
conduction-band valley, this luminescence is independent
of the exciting laser energy. This effect has been previ-
ously studied in detail. ' ' '

In Fig. 4 the hot-electron luminescence spectrum of
GaAs:Ge showed a peak at 1.738 eV for dye-laser ener-
gies in the range 1.95—1.99 eV. This peak is marked by
an asterisk in Fig. 4 and it is shown in detail in Fig. 19.
Figure 4 shows that this peak does not depend on the
dye-laser energy, contrary to the luminescence peaks
from the hot-electron cascade. This fact implies that the
signal must come from a transition between two levels
which are independent of k. Our interpretation is, that
the transition observed here is due to a transition from a
donor state associated with a higher conduction-band
minimum. We cannot at this stage determine whether
the relevant conduction-band minimum is point X or L.
Comparison with Figs. 16 and 17 show that this peak is
absent in samples where the acceptors are carbon or
beryllium. This finding is consistent with our explana-
tion, since germanium is the only impurity considered
here which can be incorporated into GaAs as an acceptor
or as a donor. In the MBE growth process the substrate
temperature determines whether the germanium impuri-
ties occupy predominantly acceptor or donor positions.
Thus by the choice of the substrate temperature, MBE-
grown GaAs can be made p type or n type depending on
the substrate temperature. This technique has been stud-
ied in detail by Kunzel et al. Thus we conclude that
the observed transition is due to a transition between an
electron trapped in germanium donor level at point X or
L with a hole on a neutral germanium acceptor. In the
case of the donor being at point X, using E(I" Xs)6=2.010+0.008 eV, the binding energy would be
E„'=231 meV+10 meV+ (Ec ). ( Ec ) is the Coulomb
energy, i.e., the difference between the peak energy of the
donor-acceptor-pair luminescence band and

Eg —E„—Ed due to the Coulomb interaction between
the ionized donor and the ionized acceptor after the
luminescence transition has taken place. (Ec) is of the
order of 30 meV. ' In case the relevant transition is be-
tween a donor level at point X and the acceptor, E„'is
therefore close to 260 meV, which is comparable to the
binding energy of Ge at the X point in GaP, ' which is
201.5 meV. In the case that the observed signal is due to
a donor associated with L, the binding energy would be
EL'=58+5 meV+(Ec), where we are using E(I 6-

L6) =320+4 eV. ' At this stage we cannot unambiguous-
ly determine whether transitions involve donor levels at
points X or L, but pressure measurements should be able
to determine the precise nature of the donor level, as the
pressure coefficients of the X and L conduction bands are
very different.

Note that the luminescence signal at 1.738 eV only ap-
pears for dye-laser energies in a very narrow energy
range, 1.95 to 1.99 eV. We could not detect this particu-
lar luminescence peak at any other dye-laser energy.
Within this narrow dye-laser energy range, on the other
hand, the luminescence peak at 1.738 eV dominates the
total hot-electron spectrum, as Fig. 19 demonstrates.
Thus it is indicated that a resonant excitation process
occurs. This resonance also appears as a strong dip in
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FIG. 19. Hot-electron luminescence spectrum of Ge-doped
GaAs, showing evidence of a line at 1.783 eV, which we assign
to recombination between an electron at a deep donor level at
point Xor L with a neutral acceptor.

the measurement of the ordinary hot-electron lumines-
cence spectrum as a function of dye-laser energy (Fig. 5

in Ref. 7). We conclude that for dye-laser energies in the
range 1.95-1.99 eV, excitation of electrons is into a reso-
nant state, most probably into a germanium donor state
composed of X or I. wave functions. It is quite possible
that this donor state is resonant with the conduction
band, leading to predominant laser excitation into this lo-
calized state. This luminescence method allows the study
of donor states at higher conduction-band minima.

XII. SUMMARY

We have investigated in detail the luminescence from
the steady-state distribution of laser-excited electrons in
the conduction band of GaAs relaxing by emission of LO
phonons. This luminescence contains a wealth of infor-
mation on ultrafast scattering processes taking place on a
time scale of 100 fs. We extract information on the band
structure of GaAs in approximately the first tenth of the
Brillouin zone around point I . Band-structure informa-
tion is obtained by determining the dependence of the
hot-electron luminescence spectra on the dye-laser ener-

gy. This technique is equivalent and complementary to
energy-resolved photoemission experiments from nega-
tive affinity coated GaAs, except that the energy resolu-
tion of the cw hot-electron luminescence experiments is
higher.

Using a 16X 16 k-p band-structure calculation and
determining the optical transition-matrix elements in the
dipole model we calculate the transient distribution of
electrons in the conduction band and the expected
theoretical luminescence line shapes. The experimental
line shapes are considerably broadened with respect to
the theoretical line shapes. We determine the details of
the broadening and deduce the LO-phonon scattering
times, and the I ~L scattering times, and their depen-
dence on the electron kinetic energy. This determination
is only weakly dependent on the relative lack of informa-
tion on the composition of the acceptor wave functions

and the conduction band to acceptor matrix elements, as
a function of k. An alternative way of determining the
scattering times is from the intensities of the hot-electron
luminescence peaks. Indeed, measuring the hot-electron
cascade as a function of dye-laser energy for different ac-
ceptors will yield information on the composition of the
acceptor wave functions.

For the LO-phonon scattering time we determine
TLp = 1 32+ 10 fs while for the I ~I. scattering time

I we find values between 100 and 200 fs depending
on the electron kinetic energy. For the associated defor-
mation potential we determine Dr L

——(9.5+1.6) X 108

eV/cm. These two scattering times are of tremendous
importance both for fundamental reasons as well as tech-
nological ones, as they are needed in Monte Carlo simula-
tions of transistors including superfast hot-electron
transistors. The I ~L scattering time ~z L also deter-
mines the saturation velocity. The importance of the
present technique is that it avoids many of the problems
associated with the more common femtosecond pulsed
laser techniques, which have lower sensitivity and lower
spectral resolution (Heisenberg's uncertainty relationship
limits the spectral resolution of ultrashort laser pulses).
Most important of all, ultrashort laser pulses always
severely disturb the sample due to the very high light
density, and due to a pulsed heating effect. Ultrashort
laser pulse experiments therefore always are under condi-
tions of very high nonequilibrium carrier concentration.
The present experiments study the electron relaxation
processes under low carrier density, and in addition they
also allow studies at higher densities as well. Thus we
gain the possibility of studying the carrier relaxation as a
function of carrier concentration. Such experiments are
in progress in our laboratory.

In addition to the determination of these scattering
times, there is a variety of other information contained in
the cw hot-electron luminescence experiments. Thus we
have obtained information on Ge donor levels at higher-
conduction-band minima.
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