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Plasmon dispersion and electron heating in a drifting two-dimensional electron gas
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We present Raman-scattering and photoluminescence measurements on a laterally drifting two-
dimensional electron gas (2DEG) formed at a GaAs-Al, ;Gag ;As heterojunction. The backscattering
geometry employed allows both the direction, parallel, antiparallel, or perpendicular to the drift direc-
tion, and magnitude of the in-plane scattering wave vector to be varied. For a fixed wave vector the drift
current produces a Doppler shift and broadening of the intrasubband plasmon Raman peak. For small
drift velocities the energy shift is linear, and in opposite directions for the Stokes and anti-Stokes spectra,
but becomes nonlinear for large drift velocities, and in the same direction in both cases. This change in
behavior is ascribed to increasing carrier density with drift. Single-particle relaxation times were deter-
mined from the broadening of the plasmon Raman peaks. The ratio of the intensities of the Stokes and
anti-Stokes plasmon peaks provides an estimate of the 2DEG temperature under drift conditions; this in-
creased considerably with drift current, as confirmed by the high-energy tail of the band-gap photo-

luminescence from the 2DEG.

INTRODUCTION

A two-dimensional electron gas (2DEG) drifting under
the influence of an in-plane electric field is of both physi-
cal and technological interest. The potential device ap-
plications of using high mobility heterostructures and/or
superlattices as radiation sources and amplifiers based on
current driven plasma instabilities have raised interest in
the study of drifting 2DEG’s.!7® Theoretical studies
have shown that plasmon instabilities can occur for drift
velocities equal to or larger than the 2DEG Fermi veloci-
ty, vg (of the order of 10’ cms™!), although such condi-
tions have been shown to be very difficult to achieve ex-
perimentally in GaAs/Al,Ga,_,As systems.”® The
study of drifting 2DEG’s in a HEMT (high electron mo-
bility transistor) is also important in understanding
electric-field-induced changes in the electron energy dis-
tribution, the various scattering mechanisms, and the sat-
uration of the drift velocity at high fields.

Inelastic light scattering is a very powerful, contactless
technique for studying electronic excitations, such as
single-particle excitations or plasmons in 2DEG’s.>1° In
this paper, the effects of electron drift, induced by an in-
plane electric field, on the plasmon modes of the 2DEG
are studied using Raman spectroscopy, providing infor-
mation on the Doppler shift of the plasmon energy, the
plasmon line shapes (and hence the single-particle relaxa-
tion times) and the temperature of the 2DEG.

In the Raman-scattering process, photons are scattered
by excitations such as plasmons conserving both energy
and momentum parallel to the sample surface, i.e., in the
plane of the 2DEG. Excitations of wave vector +q,, and
energy +fiw,, are created in Stokes (S) scattering,
whereas excitations of wave vector —q,, and energy
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—#iw,, are annihilated in anti-Stokes (AS) scattering, so
the scattered light frequencies w; and wave vectors qg,
both of which depend on the scattering geometry and are
directly determined experimentally, are given by
os=w;tw,, and qg=q;tq,,. Both Stokes and anti-
Stokes spectra can be simultaneously probed in a single
Raman experiment.

For a drifting 2DEG a Doppler-type shift in the
plasmon energy is expected. For drift velocities v; <<vp
the energy o of a plasmon is given by!!

w=wp+q-‘vd , (1)

where o), is the energy for zero drift, q the plasmon wave
vector, and v, the drift velocity of the 2DEG. Such
Doppler shifts have been observed using far-infrared
(FIR) transmission spectroscopy,!"!? for which a metal
grating is required to couple the radiation to the plasmon
modes; the plasmon wave vector is fixed by the grating
period so FIR studies are not possible over a continuous
range of q. The plasmon dispersion relation and the
Doppler shift are also modified by the strong periodic
screening by the coupling grating, which further
compromises the uniformity of the applied drift field so
that the simple picture of a spatially constant drift veloci-
ty no longer applies. Raman scattering, not requiring a
grating, permits measurements of o for a wide and con-
tinuous range of q and v, without these complications.!3
In addition, measurement of both Stokes and anti-Stokes
Raman scattering allows the observation of plasmons
with wave vectors in opposite directions with respect to
the drift. For example, if the Stokes Raman wave vector
and hence the plasmon wave vector q is parallel to the
drift direction, then the plasmon observed in anti-Stokes
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scattering has wave vector —q, antiparallel to the drift.

Application of an in-plane electric field also results in
heating of the 2DEG, which is of considerable theoretical
and technological interest and has been studied extensive-
ly using band-gap photoluminescence (PL) measurements
(e.g., Refs. 14, 17, and 18). Much work in this area has
used steady currents to produce Joule heating in the
2DEG:;"’ the electrons gain energy from the applied field
which is redistributed within the 2DEG through
electron-electron  or  electron-phonon  scattering.
Electron-electron scattering processes have the effect of
populating higher-energy states in the conduction band
with electrons and producing a corresponding high-
energy Boltzmann-like exponential tail to the PL spectra,
characteristic of an electron temnerature 7. greater than
the lattice temperature 7;. On the other hand, electron-
LO-phonon scattering tends to deplete the population of
electrons above a threshold energy marked by a sharp
cutoff in the PL spectra.!® Shah and Leite!” have mea-
sured the carrier temperature in GaAs (assuming
T,=T,, the hole temperature) as a function of excitation
power in a cw PL experiment by analyzing the high-
energy tail of band to band emission. It should be noted,
however, that PL from a 2DEG involves the radiative
recombination of essentially degenerate electrons
(T, <<Ty) with photoexcited holes, which themselves
have an energy distribution with a characteristic temper-
ature T; it is, therefore, effectively the hole distribution
that is probed and T, that determines the high-energy PL
tail. However, it may reasonably be assumed that the
holes and electrons are in thermal equilibrium, and
Southgate and co-workers using this method, have stud-
ied the heating of the electron distribution by an applied
electric field.'®!° In addition, application of the Fermi-
Dirac distribution function has also been shown to be a
reliable way to extract the temperature of a drifting
2DEG.%

The electron temperature can also be derived from the
Raman-scattering measurements. The ratio of the Stokes
and anti-Stokes plasmon intensities Ig and I ,g provides a
direct estimate of the electron temperature T, from?!

, (2)

where kj is the Boltzmann constant.

EXPERIMENT

The sample studied was a standard HEMT structure,
with layer sequence as follows: semi-insulating GaAs sub-
strate, 0.67-um GaAs buffer, 0.33-um GaAs/AlAs super-
lattice (60 periods of 28- A GaAs/27-A AlAs thick lay-
ers), 1000-A GaAs active layer, 240- A Aly 3Gag ;As
spacer, 480-A Si- -doped Al ;Ga, ,As, and 100-A GaAs
capping layer. The electron mobility and carrier density
obtained from Hall voltage measurements at a tempera-
ture of 1.6 K were u=(2.24+0.2)X10° cm?>V~'s~! and
NS=(2. 1£0.2) X 10! cm_2 in the dark, respectively, and

=(3.0+0.3)X10° cm?V~!s™! and Ng=(2.5+0.3)
>< 10'! cm™? after brief 111um1nat10n by a red LED. The
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active GaAs layer included a 8-doped Be layer (2X 10"
cm™2), 250 A from the active heterointerface, which
confines the photohole produced in resonant electronic
Raman scattering to the region near the heterointerface
where the corresponding photoelectron is confined by the
conduction-band bending; this enhances luminescence in-
tensities?? and is believed also to account for the observed
enhancement of electronic Raman scattering?® in such
heterojunction samples. A mesa etched area of the sam-
ple formed the drift channel of length 1000 um and width
800 um, with two primary Au/Ge/Ni ohmic contacts for
applying the in-plane electric field, and two independent
Au/Ge/Ni ohmic contacts, separated by 400 pum, on
each side for measuring the voltage drop along the
2DEG.

Raman-scattering experiments were performed using a
laser wavelength of 777.5 nm (near resonance with the
GaAs E band gap) and for a fixed momentum transfer
(determined by the backscattering geometry) of
1.39X10° cm ™! except where stated explicitly otherwise.
The laser power illumination at the sample surface was
~30 mW with a spot size of ~350 um, and the lattice
temperature was maintained at ~7 K on a cold finger in
a He bath cryostat. The backscattering geometry and the
rotatable sample mount allowed a range of momentum
transfer q to the 2DEG excitations, with direction paral-
lel (P), antiparallel (AP), or perpendicular (1) to the drift
velocity v,, to be studied. The scattered light was energy
dispersed using a DILOR XY triple grating spectrometer
and detected with an intensified Si diode array. The
selection rules for inelastic light scattering from the
2DEG allow plasmons and LO phonons to be observed
when the incident and scattered polarizations are parallel
(polarized scattering), and spin density excitations when
incident and scattered polarizations are mutually perpen-
dicular (depolarized scattering).” Indeed a peak due to
scattering from plasmons was observed in polarized Ra-
man spectra, while no excitations were observed for
depolarized scattering. Using the plasmon dispersion re-
lation

Nse2

2eggm * ?

0, = (3)

in two dimensions,?* and taking into account the screen-
ing effects of the various layers in the sample that deter-
mine the effective dielectric constant €,>° the 2DEG car-
rier density was estimated under zero drift conditions to
be Ng~3.76X 10" cm ™2

Drift currents, constant to within 5%, up to 20 mA
were generated by voltages applied to the end contacts of
the drift channel; the current fluctuations arose from
variations in the precise position of the laser spot on the
drift channel, and the changes in the laser power density
(£5%). I-V characteristics were found to be independent
of the orientation of the sample to the laser beam, but
were dependent on the bias direction for higher currents
and were marked by a difference in the electron tempera-
ture for forward and reverse currents. The range of drift
velocities probed was limited by the associated electron
temperature rise which eventually broadened the band-
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gap PL to higher energies sufficiently to obscure the
plasmon Raman peak. Another limiting factor is the sat-
uration of v, at high electric field; v, increases linearly
with the applied electric field up to a certain critical
value, above which it saturates as a consequence of the
emission of LO phonons and intervalley scattering.®2¢
Recent theoretical results for GaAs/Al,Ga,_, As quan-
tum wells have shown that v; should saturate at
~2X 10" cms ™}, independent of the zero-field mobility.®

RESULTS AND DISCUSSION

Figures 1(a)—(c) shows representative Stokes and anti-
Stokes polarized Raman spectra for various drift currents
for three orientations of wave-vector transfer with
respect to the drift direction—parallel, antiparallel, and
perpendicular—and Fig. 2 shows the variation with drift
current of the plasmon energy observed in the parallel
and antiparallel configurations.
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FIG. 1. Stokes and anti-Stokes polarized Raman spectra of a
drifting 2DEG, with the Raman wave-vector transfer: (a) anti-
parallel (AP), (b) parallel (P), (c) perpendicular (1), to the drift
velocity direction. Arrows indicate the intrasubband plasmon
peaks. The Raman wave-vector transfer for P and AP is
1.39X10° cm ™! and for 1 is 1.35X 10° cm™!. The spectra are
displaced vertically for clarity.
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For the antiparallel configuration (AP), the Stokes
plasmon peak shifts toward lower energy as the drift
current initially increases, as expected for a simple
Doppler shift [Eq. (1)]. But for higher currents, it starts
to shift to higher energy; the anti-Stokes plasmon peak
develops with increasing current, growing in strength be-
cause of the increase in electronic temperature [Eq. (2)]
and shifting to higher energy as expected from Eq. (1)
since for anti-Stokes scattering the Raman wave vector
—gq is in the same direction as v.

Similarly, for the parallel case (P), the Stokes plasmon
energy shifts to higher energy, as expected from Eq. (1),
since v; and the wave-vector transfer q are in the same
direction, but the rate of energy shift is greater than pre-
dicted. The anti-Stokes plasmon, for which v; and
wave-vector transfer q are in opposite directions, first
shifts to lower energy as expected, and then to higher en-
ergy as Ny increases. A second peak at low energy (35
cm ™) is also observed, the position of this peak is insens-
itive to current, and its origin is not clear.

It is clear from Fig. 2 that the anti-Stokes plasmon en-
ergy for the antiparallel case closely follows the Stokes
plasmon energy for the parallel case, as expected since q
in both cases is parallel to v;. Likewise, the anti-Stokes
plasmon for the parallel case closely follows the Stokes
plasmon for the antiparallel case. The general increase of
the means of the Stokes and anti-Stokes plasmon energies
at the higher currents can be attributed to a current-
induced increase in the 2DEG carrier density, and is
confirmed by the perpendicular (1) case; no Doppler shift
is expected, but again the Stokes and anti-Stokes plasmon
energies increase with increasing current because of the
increasing carrier density.

At this. stage, a more exact comparison with the
behavior expected from Eq. (1) can be made by calculat-
ing the drift velocity itself for each value of drift current.
First, the modified carrier density Ng is determined at a
particular current from the average of the Stokes and
anti-Stokes plasmon energies, and the known 2DEG
plasmon dispersion relation. Knowing Ny, v, can be ob-
tained directly from the drift current, and is plotted as a
function of a laterally applied electric field for both paral-
lel and antiparallel cases in Fig. 3. It can be seen that v,
increases linearly with field and starts to saturate at
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FIG. 2. Stokes (wg) and anti-Stokes (w,s) plasmon energies
for the drifting 2DEG for P and AP configurations.
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FIG. 3. Drift velocity v, (dashed lines) and mobility u (con-
tinuous line) for P and AP configurations as a function of in-
plane applied electric field. v, starts to saturate at higher elec-
tric fields.

higher applied fields as expected (e.g., Ref. 8). Knowing
v,, the electron mobility p can also be obtained, and is
shown in Fig. 3 plotted against the applied electric field;
the reduction in g from low field to high field is approxi-
mately 30%, comparable with the 30—-50 % found by oth-
ers. 1327

The Doppler shift in energy of the Stokes scattering for
the three configurations are plotted against v, in Fig. 4.
The shift is determined by subtracting the Stokes
plasmon energy from the average of the Stokes and anti-
Stokes plasmon energies for a particular drift velocity.
For lower v, the Doppler splitting closely follows the ex-
pected behavior of *qv,, but for higher v,, it becomes
almost constant. No Doppler shift between the Stokes
and anti-Stokes scattering was found for the perpendicu-
lar configuration, as expected.

From these results, it can be seen that two factors con-
tribute to the shift in plasmon energy—the increase in
carrier density Ng (shown in Fig. 5, plotted against drift

Doppler Shift (cm™)
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v4 (10cm s°1)

FIG. 4. Doppler shift of the Stokes plasmon energies for P,
AP, and 1 versus v;. The Doppler shift is obtained by subtract-
ing the Stokes plasmon energy from the average of the Stokes
and anti-Stokes plasmon energies. The shift is linear at small v,
and closely follows the expected behavior, +qv, (dashed lines).
For higher v, the shift saturates. No Doppler shift was found
for the perpendicular configuration, as expected.
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FIG. 5. Variation of the carrier density N, determined from
the average of Stokes and anti-Stokes plasmon energies with
drift current.

current), and the Doppler shift gv,;. For lower currents
the energy shift is essentially the linear Doppler shift,
while for higher currents, the major contribution comes
from the increasing carrier density, as clearly demon-
strated by the increase in plasmon energy with current
when q and v, are perpendicular. In thermal equilibri-
um, the carrier density is expected to increase with tem-
perature. However, carrier densities calculated for a
GaAs/Al, Ga,_, As heterojunction showed a smaller in-
crease with temperature than that observed in the present
experiments (5% as compared to 19%).%8

For Raman-scattering measurements performed with a
large spot size, covering the whole drift channel, with a
lower incident laser power density (~8-10 W cm™2), a
similar behavior of the Doppler shift is observed. The
shift is linear for small drift velocities and saturates for
higher drift velocities. An increase in carrier density is
still observed with drift, although smaller than for the
measurements with a small spot size.

Most single-particle relaxation times or quantum life-
times reported in the literature are derived from
Shubnikov—de Haas measurements.’® The width of the
Raman plasmon peak, however, gives a direct measure of
the single-particle relaxation time 7g,. The transport
scattering time 7, for small-angle scattering can also be
determined from the electron mobility u. The ratio of
these two scattering times usually indicates the dominant
scattering mechanism at the heterojunction interface (for
a detailed discussion on scattering mechanisms see Har-
rang et al. 2% and Coleridge3°). T, and 7, and their ratio,
are shown in Fig. 6 as functions of the drift current. The
relaxation times decrease significantly with the increase
of current, indicating the presence and strength of vari-
ous scattering mechanisms. 7, for a nondrifting 2DEG
is found to be 0.34%0.03 ps, and decreases by about 30%
at the maximum drift current [20 mA, Fig. 6(b)], suggest-
ing an increase in electron-electron and electron-phonon
interactions. The values of 7,/7,, are in the range
20-50, in good agreement with the values found experi-
mentally and calculated theoretically by other authors for
GaAs/Al,Ga,_, As heterojunctions, considering remote
ionized impurity scattering.3!"32
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FIG. 6. (a) Transport scattering times () determined from
the mobility; (b) single-particle scattering times (7,,) determined
from the plasmon linewidth; (c) ratio of the two times (7, /7;);
as functions of the drift velocity (for both AP and P).

In addition to the plasmon peak, the polarized Raman
spectra also show a low-energy tail to the laser line, the
intensity of which increases with current (see Fig. 1). The
origin of this feature, which is clearly due to inelastic
light scattering as it remains unchanged with different ex-
citation energies, is not clear. One possible explanation
of this continuum may be inelastic light scattering from
acoustic phonons due to a partial breakdown of crystal
momentum conservation in the growth direction; a simi-
lar structureless continuous spectrum close to the excita-
tion line has been reported previously in multiple quan-
tum well structures under strong magnetic fields (e.g.,
Ref. 33).

ELECTRON TEMPERATURE

GaAs/Ga,Al,_,As &-doped heterostructures have
been studied extensively using the PL technique.’”3* PL
measurements on the drifting 2DEG were performed un-
der the same illumination conditions as the Raman exper-
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iments described above, and the results are shown in Fig.
7. The low- and high-energy peaks observed are assigned
to the recombination of electrons with holes bound to ac-
ceptors (e-B), and with free holes (e-A), respectively.
T,, the temperature of the 2DEG, can be deduced from
the exponential decay of the high-energy tail in the high-
energy PL peak, assuming, as discussed above, that the
electron and hole temperatures are equal. For the zero-
drift case, T, was 19 K, which is higher than the lattice
temperature (7T, =7 K) because of heating of the 2DEG
by the laser. T, was measured with different laser powers
and, for the minimum laser power density (10 Wcm™2),
was found to be 12 K. With increasing current the slope
of the high-energy tail reflects the effect of electron heat-
ing, while the position of the PL peaks (e-A4) and (e-B)
are unchanged as T, increases, indicating that the lattice
temperature remains constant.

Figure 8 shows a comparison between the electron
temperatures determined from the slope of the PL mea-
surements, and from the ratio of the Stokes and anti-
Stokes intensities of the plasmon peak in Raman scatter-
ing [Eq. (2)]. The rise in T, is approximately linear with
drift current, and the two techniques give broadly similar
results. T, determined from Raman scattering, however,
is probably more reliable as this gives a direct measure of
the temperature of the 2DEG, whereas PL is a compli-
cated process, involving spatially direct and indirect tran-
sitions and electron and hole distributions functions, and
the determination of temperature from the PL tail as-
sumes that the recombining electrons and holes are in
thermal equilibrium.

It can be seen that, for drift conditions, the electron
temperature becomes quite high (up to 60 K)—
comparable to the Fermi temperature (75 =150 K). The
effect of electron temperature on the plasmon energy was
investigated by performing calculations within the
random-phase approximation (RPA), at temperatures
comparable to Tp; the results show an increase in the

10°
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10?
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Energy (eV)

FIG. 7. Photoluminescence (PL) spectra for the anti-parallel
(AP) configuration at various currents. (e-A4) and (e-B) are the
peaks due to recombination of electrons with free and bound
holes, respectively. The spectra were obtained under the same
conditions as the Raman-scattering experiments. The laser
power density was 30 W cm ™2 and the lattice temperature was 7
K. The spectra are displaced vertically for clarity.
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FIG. 8. Comparison of electron temperatures (T, ) obtained
from the high-energy tail of the PL spectra and from the ratio
of intensities of Stokes and anti-Stokes of Raman measurements.
The increase in T, with current is approximately linear, and
both techniques are in broad agreement, although the Raman
determination is expected to be more reliable.

plasmon energy with temperature, but the shifts are small
(only ~1 cm™!) for the temperature range found experi-
mentally, compared to the shift observed. The plasmon
line shapes calculated in this manner were fitted for
different single-particle relaxation times for fixed electron
temperatures. The single-particle relaxation times ob-
tained from the best fits were found to be consistent with
the relaxation times determined from the experimental
line shapes [see Fig. 6(b)]. The widths of the calculated
plasmon peaks were found not to depend on electron
temperature.

CONCLUSIONS

Both Stokes and anti-Stokes scattering from the
plasmon of a drifting 2DEG have been observed. The ra-
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tio of the Stokes and anti-Stokes plasmon intensities gave
a measure of electron temperature, which was found to
be consistent with the temperature determined from the
measurements of the photoluminescence of the drifting
2DEG under the same conditions. The applied electrical
field caused the electron temperature to rise considerably.
The shift in the energy of the plasmon of the drifting
2DEG was found to be linear at small drift velocities, as
predicted by theory for the Doppler shift of the plasmon,
but a nonlinear behavior was observed at larger drift ve-
locities, due to an increase in carrier density with drift.
The anti-Stokes plasmon energy with the Raman wave
vector antiparallel to the drift direction follows the
Stokes plasmon energy for the parallel configuration, and
similar behavior is observed for the other two
configurations. No Doppler shift of the plasmon energy
for the perpendicular configuration was observed. The
single-particle scattering rate, determined from the
widths of the plasmon peaks, increases with increasing
drift of the 2DEG. Small-angle scattering times were
determined from mobility measurements, and the ratio of
the two scattering times was found to be consistent with
values quoted by other authors. A low-energy back-
ground, the intensity of which was found to increase with
current, is possibly due to inelastic light scattering by
acoustic phonons, aided by a lack of translational symme-
try in the growth direction.
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