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A two-dimensional electron gas drifting under a lateral bias is also heated, and the drift and heating have
dramatic effects on its collective plasmon modes. A low-energy feature is observed in polarized Raman
scattering in addition to the usual intrasubband plasmon mode, and disperses linearly with in-plane wave
vector. Large variations in the Raman intensities and energies of the intrasubband plasmon and the low-energy
feature are observed with position along the drift channel, together with variations in the electron temperature
and in the integrated photoluminescence intensity. These effects are discussed in terms of a simple model
involving a second sheet of electrons near the current injection contact; the low-energy mode is ascribed to an
additional acoustic plasmon mode arising from this double-electron sheet geometry.

I. INTRODUCTION

Two-dimensional electron gases~2DEG’s! drifting under
the influence of an in-plane electric field have attracted much
attention because of the physical and technological interest
in plasmon instabilities in drifting 2DEG’s. These have been
shown theoretically to occur for drift velocitiesnd equal to or
larger than the 2DEG Fermi velocity,1,2 although such con-
ditions have been shown to be very difficult to achieve ex-
perimentally in GaAs/AlxGa12xAs systems

3,4 in which typi-
cally nF'107 cm s21. Devices such as radiation sources
based on plasmon instabilities have been suggested,5,6 and
recent experimental data on a drifting 2DEG have shown that
the heating of a 2DEG by an applied field gives rise to
‘‘hot’’ plasmons which can be observed in anti-Stokes Ra-
man scattering,7 and which can decay to far-infrared radia-
tion in the presence of a grating optical coupler.8 The poten-
tial distribution in the drift channel has also received much
attention, and instabilities have been observed in high elec-
tric fields due to the formation of high-field domains in the
drift channel which travel from source to drain.9

Electronic Raman scattering, a powerful experimental
technique for the investigation of both collective and single-
particle electronic excitations~SPE’s! in a 2DEG~e.g., Refs.
10 and 11!, has recently been used to characterize electronic
devices.7,12 In the backscattering geometry employed here
@Fig. 1~a!#, the Raman wave-vector transfer in the plane of
the 2DEG can be varied by rotating the sample relative to the
incident and scattered light wave vectors, enabling the deter-
mination of the energy dispersion of the excitations with
wave vectorq. The 2DEG plasmon energy disperses as
q1/2, and the high-energy cutoff for SPE’s has a linear dis-
persionqnF .

10 The selection rules for inelastic light scatter-
ing from the 2DEG allow plasmons to be observed when the
incident and scattered polarizations are parallel~polarized
scattering!, and spin-density excitations when the polariza-
tions are mutually perpendicular~depolarized scattering!.10

However, Raman scattering from SPE’s has been observed
experimentally for both configurations.13

In Raman spectroscopy, the simultaneous measurement of
both Stokes (S) and anti-Stokes~AS! scattering allows the
observation of excitations with wave vectors in opposite di-
rections. If the wave-vector transfer determined by the ex-
perimental geometry isQ, an excitation of wave vector
q(51Q) is created and observed in Stokes (S) Raman scat-
tering, while in anti-Stokes~AS! scattering an excitation of
wave vectorq(52Q) is annihilated, and the wave vector of
the observed excitation is therefore2Q @Fig. 1~a!#. So for a
2DEG with the drift velocitynd in the scattering plane@Fig.
1~a!#, the simultaneous Stokes and anti-Stokes Raman spec-
tra correspond to two different configurations, with the exci-
tation wave vectorq parallel and antiparallel tond .

Furthermore, for plasmon excitations, the ratio of the
Stokes and anti-Stokes intensities provides a direct estimate
of the electron temperatureTe ,

14 which can be compared to
that determined by analyzing the high-energy tail of the
band-to-band photoluminescence~PL!.15 Note, however, that
for a degenerate 2DEG (Te!TF , whereTF is the Fermi
temperature! PL involves the radiative recombination of
electrons with photoexcited holes and hence strictly gives the
characteristic hole temperatureTh , which is assumed to be
equal toTe . The two techniques complement each other,7

though Raman spectroscopy gives a direct measure ofTe ,
whereas PL is a complicated process, involving spatially di-
rect and indirect transitions and the nature of the electron and
hole distribution functions; the PL intensity also depends on
the density of the minority carriers.

The application of an in-plane electric field results in an
increase in electron temperature, and shifts the 2D Fermi
circle in momentum space, leading to a Doppler shift of the
2DEG plasmon modes:vp5vp01q•nd ,

7 wherevp0 is the
plasmon energy for zero drift velocity given by16

vp0
2 5

Nse
2

2««0m*
q, ~1!

whereNs is the areal density of electrons, and the screening
effects of the various layers in the sample are accounted for
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by the effective dielectric constant«.17

In this paper, the results of spatially resolved Raman and
PL measurements from a 2DEG drifting under the influence
of a constant in-plane electric field are reported. A number of
physical parameters of the system in the drift channel are
obtained, such as carrier densities, the magnitude of Doppler
shift, and the electron temperature. Furthermore, the spatial
resolution allows the study of excitations with position in the
drift channel. A large variation in the intensity of the plas-

mon peak with drift current and position along the drift chan-
nel is observed. An additional low-energy feature is also ob-
served in polarized Raman scattering under lateral drift
conditions, and may be due to an acoustic plasmon; this fea-
ture shifts with current and momentum transfer, and with
position along the drift channel. Strong variations in the PL
intensity are also observed with position in the drift channel.

II. EXPERIMENT

The sample was a standard GaAs/Al0.3Ga0.7As-doped
heterojunction incorporating a Bed layer 250 Å from
the heterointerface, as shown in Fig. 1~c!.7 The electron
mobility and carrier density obtained form Hall measure-
ments at a temperature of 1.6 K werem5(2.260.2)3105

cm2 V 21 s21 andNs5(2.160.2)31011 cm22 in the dark,
andm 5(3.060.3)3105 cm2 V 21 s21 andNs5(2.560.3)
31011 cm22 after brief illumination by a red light-emitting
diode ~LED!. A mesa-etched area of the sample formed the
drift channel of length 800mm and width 1000mm, with
two primary Au/Ge/Ni Ohmic contacts@contacts 1 and 2,
Fig. 1~b!# for applying the in-plane electric field. Raman-
scattering experiments were performed using a laser wave-
length of 777.5 nm~near resonance with the GaAsE0 band
gap! and for a range of momentum transfers@determined by
the backscattering geometry, Fig. 1~a!#. Resonant electronic
Raman scattering is thought to be facilitated in this structure
by the presence of the ionized Bed layer which enables hole
localization in the vicinity of the 2DEG. The resonance pro-
file for Raman scattering from plasmons was found to be
very broad (*50 meV!. As the Be-doping density is very
low (231010 cm22, negligible compared to the 2DEG den-
sity!, the d layer has a negligible effect on the electrostatic
potential.

The laser spot was defocused onto the sample surface
with the spot diameter of approximately 1.1 mm covering the
whole drift channel, such that the power density (8–10
W cm22) was approximately uniform over the channel.~Us-
ing a laser spot smaller than the drift channel produced a
voltage drop across the channel which varied with the posi-
tion of the spot; however, the Raman results obtained with
small and large illumination spots were similar.! The sample
image was magnified by a factor of 3 onto an intermediate
iris ~the diameter is approximately equal to 1000mm! and
the 200-mm-wide entrance slit of the spectrometer, thus
probing Raman scattering from an area 70mm along and 330
mm across the drift channel. Together with the mechanical
stability of the sample stage, this led to an overall accuracy
of ;650 mm in the spatial resolution along the drift chan-
nel. The lattice temperature was maintained at;7 K on a
cold finger in a He bath cryostat. The scattered light was
energy dispersed using a DILOR XY triple grating spectrom-
eter and detected with an intensified Si diode array. For zero
drift, a peak due to scattering from the 2DEG plasmon was
observed in polarized Raman spectra, while no signal was
observed for depolarized scattering. Using the 2D plasmon
dispersion relation@Eq. ~1!#, the 2DEG carrier density was
estimated under zero drift conditions to beNS'3.7031011

cm22.
Drift currents I up to 25 mA, constant to within65%,

were generated by an applied voltage across the end contacts

FIG. 1. ~a! Backscattering geometry showing the Raman wave-
vector transferQ and the drift velocitynd @parallel (P) and anti-
parallel ~AP!# to Q as discussed in the text. The in-plane wave
vector of the excitations created in Stokes scattering isq56Q, and
of those annihilated in anti-Stokes scattering isq52Q. 1 and 2
label the two Ohmic contacts for applying the drift bias.~b! Drift
channel showing the areas of measurement along the center line
(C) and the edge (E) of the mesa etched into the heterojunction
sample, and the two directions ofnd , P, and AP toQ. ~c! Sche-
matic of the layer structure of the sample, with the
GaAs/AlxGa12xAs interface (A) and the GaAs superlattice inter-
face (B).
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of the drift channel; the current fluctuations arose from varia-
tions in the laser power density (65%). ThesampleI -V
characteristics were found to be independent of the direction
of the lateral biases. The range of drift velocities probed was
limited by the associated electron temperature rise, which
eventually broadened the band gap PL to higher energies
sufficiently to obscure the plasmon Raman peak.

Spatially resolved Raman and PL measurements were
made for different positionsx @the distance from contact 1 in
Fig. 1~b!# along the center (C) (P and AP configurations!
and the upper edge (E) (P configuration only! of the drift
channel. The source and drain are defined as those contacts
from which electrons enter and leave the drift channel, re-
spectively@Fig. 1~b!#. The P ~and AP! configurations, i.e.,
nd parallel ~and antiparallel! to the Raman wave-vector
transferQ, are achieved when contacts 1 and 2 are used as
the source and drain~and vice versa!. The bias values ranged
up to 1.84 V for the maximum current of 25 mA, corre-
sponding to a lateral field of 23 V cm21, though most mea-
surements were performed forI515 mA, for which the plas-
mon signal was maximum.

III. RESULTS AND DISCUSSION

A. Photoluminescence spectroscopy

Significant changes in the band-gap PL from the drifting
2DEG were observed with positionx along the drift channel.
The PL spectra showed two distinct peaks due to recombi-
nation of degenerate electrons with acceptor bound holes
(e-B) and with free holes (e-A).7,18 Assuming electrons and
holes are in thermal equilibrium, the electron temperature
Te is determined by fitting a Boltzmann distribution function
to the high-energy tail of the (e-A) PL peak.Te was also
deduced from the ratio of the Stokes and anti-Stokes plas-
mon Raman intensities~for the drifting 2DEG! at various
points in the drift channel. Although a determination of tem-
perature in this way is strictly valid only under nonresonant
conditions, when the Raman-scattering amplitudes are inde-
pendent of the outgoing photon energies, it is justified in this
case as the width of the resonance (*400 cm21) is large
compared to the energy separation of the Stokes and anti-
Stokes peaks (;110 cm21).

Te for a nondrifting 2DEG (1761 K! was independent of
the position in the drift channel as expected, showing that the
illumination density is fairly uniform over the drift channel.
Under drift conditions (I515 mA; lateral electric field 14.2
V cm21) and concentrating on the line along the center of
the drift channel (C), it was found thatTe was lower near
the electron source than near the drain;Te ranged from
2962 K at the source to 4162 K at the drain for theP
configuration, and from 3062 K at the source to 4362 K at
the drain for the AP configuration, as shown in Fig. 2~a!.
Te determined from Raman measurements along the center
of the drift channel in theP configuration are also shown,
and the temperatures determined from the two techniques are
in good agreement. The change inTe from source to drain is
roughly linear inx. Also shown in Fig. 2~a! are electron
temperatures measured close to the upper edge (E) of the
drift channel; these are markedly lower than those along the
center (C), suggesting that the field near the mesa edge is
smaller than at the center.

Figure 2~b! shows the integrated PL intensities for the
(e-A) peak as a function of positionx along the center of the
drift channel for the same conditions as for Fig. 2~a!. Large
variations are observed, with the PL intensity a maximum
close to the source contact and decreasing to a minimum at
the drain end. Since the PL process is dominated by the
recombination of degenerate electrons with photoexcited
valence-band holes, its intensity reflects the density of these
minority carriers.

B. Raman spectroscopy

A representative spectrum for polarized Stokes Raman
scattering from the nondrifting 2DEG is shown at the bottom
of Fig. 3; also shown are polarized Stokes and anti-Stokes
Raman spectra forI515 mA, obtained at various positions
x along the drift channel from the source for the case when
the drift velocity nd is parallel (P) to the Raman wave-
vector transferQ51.253105 cm21. The plasmon peak
(vp) is clearly visible in both Stokes and anti-Stokes spectra,
together with a low-energy~LE! feature (vX) visible only on
the Stokes side.

In Fig. 4, the Raman shifts for the plasmon and the LE
feature,vp andvX , are plotted as a function ofx for both
theP and AP cases, forI515 mA;vp0 is also shown and is
independent ofx, suggesting a uniform 2DEG density in the
channel forI50 mA, and confirming that the channel was
illuminated with uniform laser power density. Fornd.0, the
Stokes and anti-Stokes plasmon energies are a minimum

FIG. 2. Variations with positionx in the drift channel for~a! the
electron temperatureTe along the centerC of the channel deter-
mined from PL (s,P), (h, AP! and Raman measurements
(d,P), and also from PL along the edgeE of the channel
(L,P); and ~b! the integrated band-gap PL intensities (d,P) and
(j, AP!.
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close the source, and increase asx increases toward the
drain. Assuming a single 2DEG, the average of the Stokes
and anti-Stokes Raman shifts gives the non-Doppler-shifted
plasmon energy from which the carrier densityNs in the drift
channel can be estimated using Eq.~1!;7 for I515 mA, Ns

apparently increases by roughly 5% from the source to drain,
though this picture is modified in Sec. V.

In Fig. 5~a! the magnitude of the Doppler shift~half the
difference between the anti-Stokes and Stokes plasmon en-
ergies! is plotted as a function ofx; the mean values are
61.660.6 cm21 for the P and AP configurations, respec-
tively. The predicted Doppler shiftuqndu can be estimated,
obtainingnd from Ns(54.131011 cm22) and I , and is also
shown. The slight variations withx are within the estimated
errors, and may be due to a nonuniform electric field in the
drift channel, but there appears to be a significant deviation
from uqndu. The discrepancy between the experimental and
theoretical Doppler shifts is at present unexplained, though it
has been found that the Doppler shift follows the expected
behavior of 6qnd only for small nd , saturating at
nd.3.03106 cm s21.7

The variation in the Raman plasmon intensities and peak

FIG. 3. Stokes (S) and anti-Stokes~AS! polarized Raman spec-
tra for the 2DEG for a drift currentI515 mA at various positions
x in the drift channel for theP configuration. The source and drain
are atx50 andx5800mm, respectively. The Raman wave-vector
transferQ51.253105 cm21 and the sample temperature is 7 K.
The bottom spectrum is for a nondrifting 2DEG. The plasmon peak
occurs around;50 cm21, and the low-energy feature referred to in
the text is shown shaded. The spectra are displaced vertically, and
the anti-Stokes intensities have been scaled by a factor of 4, for
clarity.

FIG. 4. The energies of the various Raman features forI515
mA as a function ofx: Stokes (S) plasmon forP (d) and AP
(j) configurations; anti-Stokes~AS! plasmon forP (s) and AP
(h) configurations. Stokes low-energy~LE! peak forP (d) and
AP (j) configurations. The Stokes plasmon energy forI50 mA is
shown as the dashed line.

FIG. 5. The variations with positionx along the center of the
drift channel, forI515 mA and for both theP (d) and AP (j)
configurations, of the following:~a! the plasmon Doppler shift.
~The dashed line is the predicted shift as discussed in the text.! ~b!
The plasmon intensity.~c! The plasmon peak width.l correspond
to points close to upper edge of the channel for theP configuration.
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widths for bothP and AP cases as a function ofx along the
center and the upper edge of the drift channel are plotted in
Figs. 5~b! and 5~c!, respectively. The behavior for theP and
AP configurations are similar. The plasmon intensities in-
crease slightly away from the source and then fall dramati-
cally, with the maximum intensity for both cases occurring at
the center of the drift channel where the plasmon intensity is
roughly independent of the bias direction; the behavior ob-
served close to the upper edge of the channel follows that
along the center of the channel for theP case. This is con-
sistent with the variations for the PL, as Raman scattering is
a resonant process depending strongly on the recombination
efficiencies of the photoexcited electrons and holes. Recom-
bination efficiencies are known to be affected by the overlap
of the electron and hole wave functions and by the carrier
densities.

The plasmon peak widths~determined by the electron-
scattering times! for both P and AP cases show similar be-
haviors as a function of positionx @Fig. 5~c!#, initially de-
creasing away from the source with a minimum~7%
reduction! approximately 300mm from the source, and sub-
sequently increasing by approximately 40%. The Raman
peak widths close to the upper edge are lower than observed
along the center of the channel, and again may possibly be
due to a nonuniform field distribution in the drift channel.
These variations in peak widths cannot be satisfactorily ex-
plained at present.

In contrast to the slightincreasein the plasmon energy
vp as the sampling point is moved away from the source,
there is a drasticdecreasein the energyvX of the low-
energy mode~Fig. 4!. A possible explanation for this, and
the origin of this LE feature, will be discussed in Sec. V.

IV. PLASMON AND LOW-ENERGY MODE

A. Variation with drift current

Stokes and anti-Stokes polarized Raman spectra are
shown in Fig. 6 for various drift currents at a fixed position

of x585mm in the drift channel@close to the source~contact
1!#, with the wave-vector transfer of 1.43105 cm21 parallel
to nd . As expected,vp shifts with I due to the Doppler shift
and an increase in the electron density,Ns . Te rises with I
and, as a consequence, the anti-Stokes plasmon peak, corre-
sponding to the annihilation of increasingly numerous ‘‘hot’’
plasmons, emerges more strongly.7 At each value ofI , Te
was determined from PL and the Stokes–anti-Stokes inten-
sity ratio ~the two techniques agreeing to within63 K!, and
rose form 19 K for 0 mA to 55 K for 20 mA, in good
agreement with theoretical predictions.19

Figure 7 shows the variation in the observed Stokes inten-
sities of the plasmon and the LE mode as a function ofI ; the
Stokes Raman intensity is expected to follow
n(vp ,Te)11, wheren(vp ,Te) is the Bose-Einstein occupa-
tion number, and this expected variation is also shown, nor-
malized atI50 mA ~dotted line!. It is clear that the observed
Raman intensities cannot be discussed in terms of the Bose-
Einstein function; the maxima for the plasmon and the LE
mode are at different currents, and these marked variations
cannot be explained at present.

With increasing current, the scattered intensity close to
the laser line on both the Stokes and anti-Stokes sides in-
creases steadily, and eventually the LE feature appears. The
shift in its energyvX with I suggests that it is due to elec-
tronic excitations, and Fig. 8 shows the variation invp
~which has been discussed previously7! andvX with I ; the
shift in vX is much more marked than that forvp . It is also
evident from Fig. 8 that the Doppler splitting of the Stokes
and anti-Stokes plasmon energies is much larger than that of
the LE feature. Also plotted in Fig. 8 is the single-particle
cutoff qnF , with nF determined from the value ofNs ob-
tained from the mean energy of the Stokes and anti-Stokes
plasmon peaks; this shows a very small change with current,
suggesting that the LE feature is not due to SPE’s.

B. Wave-vector dependence

In order to elucidate the nature of the LE feature, Raman
spectra were recorded by varying the in-plane wave vector

FIG. 6. Stokes and anti-Stokes polarized Raman spectra of the
drifting 2DEG with the Raman wave-vector transfer of 1.43105

cm21 parallel (P) to the drift at x585 mm. The plasmon peak
occurs around;50 cm21, and the LE peaks are shown shaded. The
spectra are displaced vertically, and the anti-Stokes intensities have
been scaled by a factor of 3, for clarity.

FIG. 7. The intensitiesI p andI X of the Stokes plasmon (d) and
the Stokes low-energy model (j) ~scaled by a factor of 5! as a
function of drift currentI for the parallel (P) configuration. The
dashed line shows the variation in the plasmon Bose-Einstein factor
~arbitrarily normalized atI50 mA! determined from the electron
temperaturesTe ~ranging from 20 to 65 K! obtained for each value
of I from PL.
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for a fixed drift current of 17 mA~lateral electric field 20.5
V cm21), and representative spectra are shown in Fig. 9.
The experimental dispersions thus obtained are shown in Fig.
10. The linear dispersion ofvX might suggest that it origi-
nates from SPE’s, and indeed Raman scattering from intra-
subband SPE’s of magnitudes comparable to that from the
plasmon has been reported in 2DEG systems.13 The peak of
the SPE band should occur close toqnF , which can be cal-
culated using the 2DEG densityNs obtained from the plas-
mon dispersion. AlthoughvX is close toqnF here, it shows
a much greater variation withI than doesqnF ~Fig. 8!. It
also varies withx; Fig. 11 shows the dispersion ofvX with
wave vector at three different positions in the drift channel
for I517 mA for theP configuration, the solid lines being
linear fits through the origin.vX is maximum close to the
source, and decreases linearly with position in the channel
~also see Fig. 4!. It should also be noted that no LE signal
was observed in depolarized spectra, although Raman scat-
tering from SPE’s is expected in this configuration.13,20 In
addition, the sample showed a broad~50 meV! Raman reso-

nance, while SPE’s are generally observed only in structures
showing sharp resonance behavior.20 Overall, it appears that
SPE’s are not the likely explanation for the LE feature, and
the observed behavior is discussed in detail in Sec. V, to-
gether with possible explanations for the origin of the LE
mode.

V. MODEL FOR THE LOW-ENERGY MODE

The linear wave-vector dispersion of the LE mode, once
SPE’s have been ruled out, suggests a possible explanation
as an additional acoustic plasmon mode.21,22The emergence
of such a mode as a consequence of plasma instabilities in
drifting 2DEG’s has been predicted to occur for
nd.nF ;

1,2,22however, the maximum drift velocity achieved
here is only 0.3nF , and the LE mode starts to appear for
even smaller drift velocities (nd'0.1nF), so this explanation
is unlikely. Acoustic plasmon modes also exist in plasmas

FIG. 8. The energies of the Stokes (d) and anti-Stokes (s)
plasmonvp and the LE modevX with drift current I at x585
mm. The dashed line represents the single-particle cutoffqnF as
discussed in the text.

FIG. 9. Representative Stokes polarized Raman spectra for
I517 mA andx585 mm from the source, for theP configuration
for various values of wave-vector transferQ. The spectra are dis-
placed vertically for clarity.

FIG. 10. Dispersion curves of the plasmon (vp) and the low-
energy feature (vX) at x585mm for I517 mA for theP configu-
ration, determined from Stokes (d,j) and anti-Stokes (s,h)
spectra. The solid lines are fits based on the double-electron sheet
model discussed in the text. The plasmon disperses approximately
asq1/2, and the low-energy mode approximately linearly withq.

FIG. 11. Dispersion curves for the low-energy featurevX at
different positionsx in the drift channel for a drift currentI517
mA for the P configuration. The solid lines are linear fits passing
through the origin.
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with two components separated ink space,22–24or physically
in the sample structure;21,25 the components oscillating either
in or out of phase give rise to optic and acoustic types of
behavior. Some possibilities for a second population of elec-
trons here are~i! a second electron population ink space~a
hot-electron stream!; ~ii ! occupation of the first excited sub-
band; ~iii ! an electron gas in the Si-doped AlxGa12xAs
layer; and~iv! an electron gas confined at interface B@Fig.
1~c!#.

There is little likelihood that~i! could be the explanation
here, as the LE mode is observed for several hundredmm in
the drift channel, while the ballistic scattering length is of the
order of a fewmm. As regards~ii !, the plasmon behavior
predicted by random-phase approximation~RPA! calcula-
tions of the dielectric response function for this sample26

show the acoustic mode resulting from occupation of the first
excited subband to be very weak in intensity and damped all
the time in the electron-hole continuum. This behavior is
contrary to the experimental observation. The LE feature is
also observed several hundred micrometers away from the
source, and the survival of a second subband population in-
jected at the source over such distances would imply an in-
tersubband scattering time unrealistically long compared
with those of (t01'100–200 ps! given by many authors27

~i.e., x'200 mm and nd'33106 cm s21 implies t01'7
ns!. Thus population of the second subband also does not
seem likely.

A second electron gas lying parallel to the principal
2DEG would allow modes for which the two spatially sepa-
rated gases oscillate essentially in phase, producing a com-
bined optic plasmon; or essentially out of phase, producing
the lower-frequency acoustic mode with linear wave-vector
dispersion. For such a double 2DEG configuration with areal
densitiesNA andNB , the dispersion relations for the optic
and acoustic plasmon modes are, forqd!1 ~whered is the
separation of the two 2DEG’s! and under nondrifting
conditions,21

vOP
2 5

e2q

4««0m*
~NA1NB!S 22

4NANB

~NA1NB!2
qdD ~2!

and

vAP
2 5

e2q2d

4««0m*
4NANB

~NA1NB!
. ~3!

However, if the second 2DEG were in the Si-doped
Al xGa12xAs layer, its mobility would be very low and the
associated plasmons would be heavily damped, while the LE
feature observed here is quite sharp, with a width approxi-
mately half that of the plasmon peak itself.

This leaves the fourth possibility of a second electron gas
at interfaceB, 1000 Å away from the primary 2DEG at
interfaceA @Fig. 1~c!#; such a secondary population might be
introduced near the source contact as a result of the injection
properties of the nominally Ohmic contact. The solid lines in
Fig. 10 are fits to the experimental data using Eqs.~2! and
~3! ~and therefore neglecting drift! and giveNA53.931011

cm22 and NB50.731011 cm22, a total areal density of
electrons of NT54.631011 cm22 as compared with
NT54.131011 cm22 obtained earlier by fitting the data with
a single 2DEG. The inclusion of drift in the calculation of

the coupled plasmon modes for a double 2DEG is a complex
issue, since different drift velocities are involved because of
the different 2DEG mobilities, and has not been attempted
here. However, the calculated dispersions forvOP andvAP

of the optic and acoustic plasmons are in good agreement
with those observed experimentally for the plasmon and the
LE mode.

Further RPA dielectric response function calculations of
vOP andvAP for two parallel nondrifting 2DEG’s, varying
NA andNB such thatNT remained fixed, are shown in Fig.
12~a!, wherevOP is plotted againstvAP for several values of
NT . Also plotted are the experimental values of the energies
vp andvX of the intrasubband plasmon and the LE mode at
various positionsx along the drift channel (I515 mA!; for
comparison with the calculation for nondrifting 2DEG’s,
vp andvX have been shifted from the observed Stokes en-
ergies by the experimentally determined Doppler shifts of
11.6 and11.0 cm21, respectively. This rough approxima-
tion is expected to be valid as the Doppler shift ofvp is
independent of position in the drift channel@Fig. 5~a!# and of
drift current ~Fig. 8!. The curve forNT53.9531011 cm22

„as obtained earlier, assuming a single 2DEG@Eq. ~1!#… lies

FIG. 12. ~a! The optic plasmon energyvOP vs acoustic plasmon
energyvAP , calculated from the dielectric response of the two-
sheet model~see text!, varying the areal densitiesNA andNB for
three total electron densitiesNT5NA1NB . The adjusted experi-
mental values for several values ofx ~Fig. 4; see text! are also
shown (j). ~b! The solid line showsvOP2vAP vs NA and NB

calculated for a total carrier densityNT54.131011 cm22. The hori-
zontal dashed lines mark the experimental values ofvOP2vAP for
several values ofx @see~a!#, allowing an estimate ofNA andNB at
these positions.
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below the experimental points, but good agreement between
theory and experiments is found forNT54.131011 cm22.

The two electron densities at different positionsx along
interfacesA andB can now be estimated by plotting calcu-
lated values ofvOP2vAP vsNA andNB as in Fig. 12~b!. The
horizontal dashed lines show the experimental values of
vp2vX for I515 mA at various positions in the drift chan-
nel, corrected for drift as discussed above. The intersections
of these lines with the calculated curve give estimates of
NA andNB along the drift channel, and it appears that charge
is steadily transferred from interfaceA to B as the observa-
tion point moves away from the source contact. So, assuming
that the total electron density in the drift channel remains
constant, the balance of the two densities varying along the
drift channel can account for the observed variation in the
energy of the LE mode in terms of an acoustic plasmon.

However, although this double 2DEG model predicts
mode energies similar to those observed experimentally, it
fails to predict the variation in intensity of the two modes
with x; the ratio of the observed intensity of the plasmon to
that of the LE mode increases away from the source, while
the ratio obtained from the RPA dielectric response function
calculations is almost constant in the region of interest. But
the model does allow a semiquantitative interpretation of the
observed LE feature. The LE mode is observed close to the
source contact where electrons are injected, and where it is
assumed that some proportion are confined as interfaceB.
NB is a function of the injection current and, because the
electrons atB have a finite lifetime, also of position along
the drift channel. With increasing current,NB increases, and
the LE feature emerges and its energyvX increases~Figs. 6
and 8!; asNB decreases along the drift channel due to mi-
gration of electrons to the primary 2DEG at interfaceA,
vX also decreases~Figs. 4 and 12!, the linear decrease sug-
gesting thatNB also decreases approximately linearly along

the drift channel. The corresponding increase inNA causes
the ~optic! plasmon energy to increase as observed.

VI. CONCLUSIONS

Spatially resolved Raman and photoluminescence mea-
surements on a 2DEG heterojunction sample under lateral
bias have shown that the resulting drift and heating of the
2DEG has dramatic effects on the observed plasmon modes.
Hot plasmons were observed in anti-Stokes scattering, and
the Stokes–anti-Stokes ratio allows a determination of the
electron temperature which is complementary to that from
the high-energy tail of the band-gap photoluminescence. The
electron temperature was found to vary along the drift chan-
nel.

Another mode was observed near the source contact of a
2DEG heterojunction sample under conditions of lateral bias,
in addition to the usual intrasubband plasmon. The mode was
found to disperse linearly with wave-vector transfer, and a
model involving two 2DEG’s can explain the existence and
behavior of this mode as an acoustic plasmon. The model
accounts for the variation in the acoustic plasmon and optic
plasmon energies as functions of drift current and position
along the drift channel, but cannot quantitatively describe the
variations in its Raman intensity.
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