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We report the first direct determination of carrier-energy—loss rates in a semiconductor. These
measurements provide fundamental insight into carrier-phonon interactions in semiconductors.
Unexpectedly large differences are found in the energy-loss rates for electrons and holes in
GaAs/AlGaAs quantum wells. This large difference results from an anomalously low electron-
energy-loss rate, which we attribute to the presence of nonequilibrium optical phonons rather than
the effects of reduced dimensionality or dynamic screening.
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The interaction of electrons and holes with phonons
plays a central role in the physics of semiconductors.
These interactions are also important in hot-electron
physics, which determines the behavior of carriers
under high electric fields and hence the characteristics
of ultrasmall, high-field devices. There is considerable
current interest in how these interactions are modified
(1) in the presence of high density of carriers and (2)
when these carriers are confined to two dimensions, as
in quantum wells or heterostructures. Mobility mea-
surements, while useful in many ways, provide only
limited information about carrier-phonon interactions
because mobilities are also influenced by elastic col-
lisions (e.g., impurity scattering). In contrast, carrier-
energy-loss rates provide fundamental insight into
carrier-phonon interactions because they are directly
related to inelastic collisions with the phonons.

In recent years, picosecond excite-and-probe!-2 and
luminescence experiments®* have been used to mea-
sure cooling curves for the photoexcited hot electron-
hole plasma. Such experiments show that the cooling
of the plasma is slower than expected. The carrier-
energy-loss rates have been deduced from such mea-
surements by comparison of the measured cooling
curves with calculated curves. However, the simul-
taneous presence of electrons and holes complicates
the interpretation of these experiments. The non-
linear luminescence experiment’ suffers from the ad-
ditional problem that the information is derived from
relaxation times at a few discrete wavelengths and
from time-integrated spectra. Furthermore, these ex-
periments>*> have generated conflicting results and
interpretations regarding the influence of reduced
dimensionality and plasma density on carrier-
energy-loss rates.

We report in this Letter a direct determination and
the first comparison of the electron and hole energy-
loss rates in a semiconductor. The most striking result
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of our studies is that the low-temperature carrier-
energy-loss rate for electrons is 25 times smaller than
for holes in GaAs quantum wells. We show that this
surprisingly large difference results from an
anomalously low electron-energy—loss rate. Our anal-
yses indicate that, in contrast to recent suggestions,*
the effects of reduced dimensionality, dynamic screen-
ing, and degenerate electron statistics are not expected
to reduce the electron-energy—loss rate. We attribute
the reduction in the electron-energy—loss rate primari-
ly to a large nonequilibrium optical phonon population
(i.e., hot phonons) resulting from the long (5 psec®)
phonon lifetime. The magnitude of the reduction and
its variation with electron temperature are explained
by a model calculation. Hole-energy-loss rates are not
significantly affected by hot-phonon effects, as dis-
cussed below. Our results imply that the reduction in
the cooling of a two-dimensional (2D) electron-hole
plasma in high-excitation picosecond experiments can-
not be attributed to reduced dimensionality, in con-
trast to some current conclusions.*?

These determinations were made by a combination
of optical and electrical techniques. We simultaneous-
ly measured the luminescence spectra, which yield car-
rier temperatures, and the I-V characteristics, which
yield the power input per carrier, both as a function of
an applied electric field.” Since, in a steady state, the
power input from the electric field must equal the power
loss from the carriers to the lattice, this technique provides
a unique means of directly determining the carrier-
energy-loss rates to the lattice as a function of the carrrier
temperature.

One p-type and two n-type samples of modulation-
doped GaAs/AlGaAs multiple-quantum-well hetero-
structures grown by molecular-beam epitaxy were in-
vestigated. The samples were fabricated into Hall
bridges and were immersed in superfluid He. The
central part of the bridge was excited with a weak
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( < 10 mW/cm?) dye-laser beam (=7700 A). The
luminescence from the sample and the current-voltage
characteristics were measured simultaneously for elec-
tric fields (F) applied parallel to the heterolayers. For
F > 40 V/cm, the field was pulsed (1-3-usec-wide
pulses, period > 25 usec), and only the luminescence
during the pulse was measured.

Luminescence from the samples results from intrin-
sic recombination of photoexcited minority carriers
with the 2D majority carrier plasma present in the
GaAs quantum wells.”® Near the band-gap energy,
these spectra show structure which is attributed to the
contribution of several conduction and valence sub-
bands to emission. For the present investigations, we
focus on the spectral high-energy tail where the emis-
sion intensity decreases exponentially with photon en-
ergy (see inset in Fig. 1). This behavior shows!? that
the carriers can be characterized by a Fermi-Dirac dis-
tribution function with a temperature 7, higher than
the lattice temperature 7;. The inset of Fig. 1 shows
that 7, in the n-type sample considerably exceeds T, in
the p-type sample for comparable fields.!!

In Fig. 1 we plot 1/ T, as a function of energy-loss
rate per carrier for all three samples. The energy-loss
processes in 3D are dominated by acoustic phonons for
T, < 30 K and by optical phonons above ~ 35 K.!°
The slopes of the 1/ T, versus power-loss curves in Fig.
1 in the linear region are close to the optical phonon
energies (33-37 meV) in GaAs. Thus optical phonons
dominate for 2D electrons and holes, even in the pres-
ence of a relatively high-density plasma. Another im-
portant feature of the data is that the curve for elec-
trons bends over and approaches the curve for holes at
higher 7,. The most striking conclusion from Fig. 1 is
that the holes remain considerably cooler than the elec-
trons and that the energy-loss rate at any given T, < 100
K is a factor of 25 larger for holes than for electrons.
This is the first quantitative comparison of electron
and hole energy-loss rates in a semiconductor.

The carrier-energy-loss rates are related to the aver-
age carrier-phonon scattering rates. For electrons,
these rates are determined by scattering with longitudi-
nal optical phonons via the wave-vector dependent
Fréhlich interaction. For holes, one must also consid-
er the wave-vector—independent deformation-potential
interaction with both longitudinal and transverse opti-
cal phonons.!? In order to interpret our results, we
first consider the effect of carrier confinement on
these scattering rates.!>-!7 In the absence of a plasma,
the relevant parameter in comparing the 2D and the
3D scattering rates is Eo/fwg, where Eg=n%?%/2m*d}
is the confinement energy of the quantum well and
Hwy is the optical phonon energy.!” In our case, where
Ey/fiwg is approximately 0.25 for all three samples in-
vestigated, the calculations!” show that the 2D scatter-
ing rates are the same as 3D rates at high carrier ener-
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FIG. 1. Inverse of carrier temperature (1/7,) vs energy-
loss rate per carrier to the lattice for one p-type and two n-
type modulation-doped samples of GaAs/Al,Ga;_,As
multiple-quantum-well heterostructures. Sample 1: n=7
x 101, x=0.2, d;=262, d,=317, d3=163, u=63000, n
=20. Sample 2: n=23.9x10", x=0.23, d; =258, d,= 284,
d;=118, w=79000, m»=15. Sample 3: p=3.5x101,
x=0.45, d1=94, dy=43, d3=256, £ =36000, n=15. n
and p are density (inverse squared centimeters) per GaAs
layer; d;, d,, and d; are thicknesses of GaAs, doped Al-
GaAs, and undoped AlGaAs spacer layers (in angstroms),
respectively; u is mobility (cm?/V -sec); and 7 is number of
periods. Points are experimental (crosses for sample 1, cir-
cles for sample 2), solid curves are drawn to guide the eye,
and the dashed line is calculated for nondegenerate 3D elec-
tron gas. Inclusion of degeneracy does not affect the calcu-
lated curve significantly. The inset shows typical lumines-
cence spectra at 7, = 1.8 K for samples 1 and 3 at 750 V/cm
and 1000 V/cm, respectively. Values of 7, deduced from
the spectra are also shown.

gies (> 2Ziwy) but slightly exceed the 3D rates at
lower energies. Thus the average electron-phonon
scattering rates in 2D are approximately the same as
the corresponding 3D rates. In Fig. 1 we have plotted
as a dashed line the known variation!® of the 3D
electron-energy-loss rate with electron temperature.
We immediately conclude that the measured low-
temperature electron-energy—loss rates are approxi-
mately a factor of 8 smaller than expected for 2D elec-
trons.

We now consider what is expected for holes. On the
basis of the detailed calculation of hole-phonon scat-
tering rates in 3D,!® we estimate that, in 3D systems,
the hole-phonon scattering rates are 2.5 to 3 times
larger than the rates for electrons when deformation-
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potential interaction is included for the holes. The ar-
guments given in the preceding paragraph lead us to
expect that the hole-energy—loss rates are comparable
in 2D and 3D, if we ignore the added complexities of
valence bands in 2D.1%2° Thus we conclude that the
measured hole-energy—loss rates (Fig. 1) agree quite
well with the energy-loss rates expected for 2D holes.

These considerations show that the large difference
between the rates for electrons and holes results from
an anomalously low electron-energy—loss rate. We
consider first two factors that may contribute to this
result. The first is the effect of reduced dimensionali-
ty on the optical phonons of the GaAs layers!® and the
second is the effect of the high-density plasma on the
polar phonon coupling to electrons. Energy and
momentum conservation shows that the in-plane pho-
non wave vectors g involved in energy-loss processes
are ¢ > 10% cm~! so that gd; > 1. Therefore the slab
modes that describe the optical phonons in the GaAs
layers have 3D character and are unlikely to make 2D
scattering rates much different from 3D rates.

In the presence of the high-density plasma, one has
to consider dynamic screening effects, i.e., the scatter-
ing of the carriers occurs by interaction with the cou-
pled 2D-plasma-LO-phonon modes of the layers.?!
The wave vectors ¢ relevant in the electron-ener-
gy-loss rate are in the range (1-6)x10° cm~!. For
g <25%x10% cm™!, the lower-energy (plasmalike)
mode is Landau damped and will not contribute to the
electron-energy—loss rate. However, the higher-
energy (phononlike) mode is not Landau damped in
this wave-vector range and we expect an enhancement
of the scattering rate. For g somewhat larger than
2.5%x10% cm™!, both modes are Landau damped and
this will lead to some reduction in the scattering rate.
For q > 2kg (where kg is the Fermi wave vector,
=2x10% cm~1), the coupling between the LO pho-
nons and the high-density plasma need no longer be
considered and the electron scattering rate approaches
that due to bare phonons. Similar conclusions may be
deduced from the calculations by Price.?2 These con-
siderations indicate that the dynamic screening is not
the cause of the anomalously low electron-energy—loss
rates. The fact that the electron-energy—loss rate ap-
proaches the expected value at higher 7, (Fig. 1) pro-
vides experimental evidence against dynamic screen-
ing, since it is not so strongly temperature dependent
in the degenerate electron system.

We propose that nonequilibrium population of opti-
cal phonons in excess of what is expected at the lattice
temperature is responsible for the anomalously low
electron-energy—loss rates. Such hot phonons?} have
been invoked previously?*%5 for explaining the slow
cooling of 3D photoexcited electron-hole plasma in pi-
cosecond experiments. In 2D heterolayers, acoustic
phonons generated by electric field heating of carriers

have been measured.? Price?”28 has treated the
theoretical problem of hot acoustic and optical pho-
nons in semiconductor heterolayers.

We have estimated the effects of hot phonons on
electron-energy-loss rates by making a model calcula-
tion for 3D electrons characterized by 7,. A 3D calcu-
lation is adequate because the scattering rates in 2D
and 3D are approximately the same, as discussed
above. The nonequilibrium optical phonons are de-
scribed by a temperature T, such that the occupation
factor for the phonons at g is N(T,)=1/
[exp(Fwo/kT,) —1]. The generation rate for phonons
of wave vector ¢ is calculated for the Frohlich
electron-phonon interaction by integration over elec-
tron energy E of the well-known expressions!! for the
probability of scattering of a phonon of wave vector ¢
by an electron of energy E. N(T,) for phonons is
then obtained for each g by the equating of this gen-
eration rate with the phonon decay rate given by
[N(T,) - N(T.)]1/7,, where 7, is the phonon lifetime
and N(T;) is the Bose-Einstein phonon occupation
factor at the lattice temperature. We find that for a
density of 2x10'7 cm™3, Fwy=36.8 meV, T,=50 K,
and 7,=35 psec, the phonon temperatures T, are 45,
49.5, and 33 K at ¢ =1.25x10°, 2.5x10°, and 5x 10°
cm™! respectively. Since the electron-energy—loss
rate due to interaction with phonons of wave vector g
decreases as T, approaches T.,? the rate will be clearly
smaller in the case considered above compared to the
case when the optical phonons are in equilibrium with
the lattice at 7;. In fact, by integrating over g, we find
that the electron-energy—loss rate is reduced by a fac-
tor of 7 at T,=50 K, in reasonably good agreement
with the data in Fig. 1. For higher T, the reduction is
smaller because N(T,) is larger. This trend is accen-
tuated because of the reduction in 7, with increasing
T.5 Thus, the experimental determination (Fig. 1)
that the electron-energy—loss rate approaches the ex-
pected value at higher 7, is also in accord with the
hot-phonon model. The effect of hot phonons on
hole-energy—-loss rate is rather small because of the
large phonon wave vectors (with correspondingly large
phase space) involved in hole scattering and also be-
cause of the wave-vector—-independent deformation-
potential scattering.

In conclusion, by using a combination of electrical
and optical techniques, we have made a direct and
separate determination of the electron and hole
energy-loss rates to the lattice as a function of carrier
temperature in GaAs/AlGaAs heterostructures. This
is the first time that these rates, which are governed by
inelastic collisions with phonons, have been quantita-
tively determined in a semiconductor. We found an
unexpectedly large difference between the electron
and hole energy-loss rates. Whereas the rates for
holes agree with theoretical expectations the rates for
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electrons are anomalously low. Analysis indicates that
the effects of reduced dimensionality and dynamic
screening on optical phonon scattering rates are small
and nonequilibrium optical phonon population is the
primary cause for the low electron-energy-loss rate.
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