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We report the observation of negative absolute mobility of electrons (i.e., a drift toward the nega-
tive electrode) in p-modulation-doped GaAs quantum wells. This unusual effect results from *‘car-
rier drag’’ on the electrons by the high-mobility hole plasma via electron-hole scattering.

PACS numbers: 72.20.Fr, 72.20.Ht, 73.60.Fw

Carrier-carrier scattering in semiconductors has re-
cently been studied in a series of exciting experi-
ments!~* that probe the ultrafast relaxation processes
of injected carriers. These studies were mainly
focused on the energy relaxation mechanisms of pho-
toexcited electrons, caused by electron-phonon and
electron-electron scattering. An important aspect of
carrier-carrier scattering is Coulomb interaction
between electrons and holes which causes both energy
and momentum relaxation in a two-component semi-
conductor plasma. Recent experiments®~’ have begun
to give quantitative information on the electron-hole
scattering processes.

An interesting fundamental physical question con-
cerning electron-hole scattering arises when minority
electrons are injected into a hole plasma of high mobil-
ity, subjected to an electric field. For sufficiently
strong electron-hole interactions, do the electrons drift
with the holes to the negative pole of the electric field,
i.e., does the absolute electron drift velocity (mobility)
become negative? This problem has been theoretically
studied in a classical paper by McLean and Paige® who
showed that, in the analogous case of minority holes in
n-InSb, negative mobility should be possible at low
temperatures. However, no experimental observation
of negative absolute mobility has been reported—in
contrast to numerous systems with negative differential
mobility, which, however, is a completely different
phenomenon.

This Letter presents experimental results demon-
strating that minority electrons in the semiconductor
GaAs do exhibit negative absolute drift mobility at low
temperatures and low electric fields, i.e., electrons
drift from the positive towards the negative electrode,
in p-modulation-doped GaAs quantum wells at lattice
temperatures up to 7; —~90 K. The negative drift of
electrons results from the momentum exchange be-
tween electrons and holes, i.e., the ‘‘carrier drag’’ on
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the electrons by the drifting, high-mobility hole plas-
ma.

The minority electron is measured by a new all-
optical technique: Electrons are excited in the semi-
conductor hole plasma by a focused laser pulse, and
the magnified spatial image of the time-integrated
luminescence is studied as a function of the applied
electric field. As will be shown later, the local
luminescence intensity is proportional to the local elec-
tron concentration. Therefore the luminescence image
directly reflects the spatial distribution of the injected
minority carriers with and without electric field. The
temporal evolution of the luminescence intensity is
separately measured by picosecond time-resolved tech-
niques. Combining both measurements allows the ex-
perimental determination of very low drift velocities
vy—depending on the carrier lifetimes 7, and the
resolvable drift length [; (vg7e.=/;). Other tech-
niques, such as measurements of the photocurrent,®
are disturbed by trapping effects at low temperatures.9

p-modulation-doped multiple quantum-well struc-
tures,!® in contrast to bulk semiconductors, can have
both high carrier mobilities at low temperatures, and
high carrier concentrations. This feature is essential
for the experiment. Our structures have the following
dimensions: d,=112 A (GaAs), d,=49 A (Al -
Gags;As p doped with Be), d;=294 A (undoped Al-
GaAs “‘spacer layer”’!? between GaAs and doped Al-
GaAs). This structure is repeated for twenty periods
on semi-insulating GaAs substrate. The hole mobili-
ties and concentrations per GaAs layer are pg
=1.5x10" cm~2, u,=53800 cm?/V s (at 4.2 K),
po=1.8x10" cm~2, u,=3700 cm¥V s (at 77 K),
determined by Hall measurements. Typical concentra-
tions of injected minority carriers are n ~ 3x101°
cm~2 per layer, photoexcited by 6-ps laser pulses
(wavelength 606 nm, repetition rate 4 MHz, focus di-
ameter — 3 um). The magnified photoluminescence
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image (x13) is scanned with a mechanical slit (width
50 wm), and spectrally analyzed to detect only the in-
trinsic band-to-band recombination (A ~ 820 nm, AX
=10 nm). The spatial resolution is of the order of 2
wm, which allows optical measurements of drift veloci-
ties as low as 2% 10° cm/s for carrier lifetimes of 1 ns
(as in our samples).

Figure 1 shows typical luminescence images for dif-
ferent lattice temperatures 7;. At the lowest tempera-
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FIG. 1. Time-integrated luminescence images (one-
dimensional scans) for different lattice temperatures 7T, =15
K, electric field E=0 (curve a), E=20 V/cm (curve b),
T,=50 K, E=120 V/cm, (curve ¢, T, =90 K, E=280
V/cm (curve d), T, =150 K, E=600 V/cm (curve e). The
solid black lines are the calculated image shapes according to
Eq. (1). The insets show the time integration of the drifting
minority carriers (top left) and the time dependence of the
luminescence intensity (top right) measured with a Si
avalanche photodiode with a time resolution of 0.44 ns.

ture T; =15 K, without applied electric field, the im-
age is symmetric (curve @). With applied electric field
(curve b), the image is shifted and distorted in the
direction of the minus pole of the applied voltage. As
temperature is increased, the drift becomes smaller
(¢), and vanishes at 7, =90 K (d). Finally, at even
higher temperatures (curve e, T; =150 K) the drift is
in the direction of the positive pole, as expected for
negatively charged particles. Curves b and ¢ demon-
strate that, at low temperatures and low electric fields,
photoexcited electrons have negative absolute mobility,
i.e., electrons drift from the positively charged electrode to-
wards the negatively charged electrode.

Quantitative analysis of these experiments is based
on the linear relation between the local photolumines-
cence intensity from free-carrier band-to-band recom-
bination and the local minority-carrier concentration.!!
For the case of a p-type semiconductor and weak injec-
tion of minority electrons (n << py), the time-in-
tegrated local luminescence intensity can be written as

f](x,t)dt=fn(x~vdt,t=0)f1(t)dt, (1

where v, is the drift velocity of electrons. The func-
tion f;(¢) is the time dependence of the minority elec-
tron concentration (proportional to the time depen-
dence of the luminescence intensity for weak injec-
tion). The inset in Fig. 1 (top left) illustrates the
time-integration process for a drifting and decaying
(recombining) electron “‘packet.”” Diffusion is
neglected since diffusion lengths are small compared
to the size of the excitation spot. The time depen-
dence of the luminescence intensity, f;(¢), is mea-
sured with a Si avalanche photodiode (Fig. 1, top
right), showing an exponential behavior with a decay
time of — 1 ns. The experimental data are evaluated
by our first determining the spatial profile of the pho-
toexcited carriers in the absence of electric fields, n (x,
t=0). The luminescence image profiles with applied
fields (curves b—e in Fig. 1) are then fitted by Eq. (1)
with the drift velocity v, as the only parameter. Equa-
tion (1) accurately describes the observed lumines-
cence image: The solid curve and the experimental
data, shown in Fig. 1, coincide within the experimental
noise limit.

Data from several measurements at different tem-
peratures and different electric fields E are shown in
Fig. 2. The results can be summarized as follows: At
low temperatures (7, =15 K) and low electric fields,
the electron drift is negative. The highest measured
value of the negative drift mobility is — 11500 cm?/V
s. The negative mobility decreases both with electric
field (at 15 K lattice temperature) and with increasing
lattice temperature. At temperatures above 90 K the
minority electron mobility becomes positive and in-
creases with increasing temperature.

We interpret these observations in terms of strong
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momentum scattering of electrons by the high-density
hole plasma (p > 1.5x 10" cm~2in a 112-A quantum
well). One must resort to a numerical calculation of
the coupled Boltzmann equations, as in Ref. 8, to ob-
tain a solution in the general case. However, if the
velocity distributions are drifted Maxwellians with drift
velocities v, and v, then it can be shown that these
equations can be approximated by the hydrodynamic
or flluzid equations in the relaxation-time approxima-
tion,

dv, v, (ve—vy)  eE )

dt T <Te-l> B <Te-h> me,

where (7,,) and (7,.,) are the momentum relaxation
times of electrons (averaged over the energy distri-
bution function'"!?) by lattice scattering and by
Coulomb scattering in the resting hole plasma, respec-
tively. The analogous equation for the holes is cou-
pled with Eq. (2) via the term (v, —v,)/(7..,). Since
the total momentum is conserved, it follows that, for
weak minority-carrier injection (n << py), the elec-
tron drift mobility in steady state is given by

pe=e((Tep)/ mg— (T )/ my)
X(1+(te )/ (te )™ (3)

At low temperatures, (7,,) << {(7..) (i.e., electron-
hole scattering dominates), and so the electron mobili-
ty is simply the difference between the mobility of
electrons relative to the holes and the mobility of
holes relative to the lattice.

This allows an understanding of the observed nega-
tive absolute mobility at low temperatures: The elec-
tron mobility in a resting hole plasma can be approxi-
mated by ionized-impurity scattering,”-? because of the
high ratio of the effective masses. Comparable impur-
ity concentrations in GaAs!? cause electron mobilities
much lower ( <2000 cm?/V s) than the low-tem-
perature hole mobilities ( > 50000 cm?/V s at 4.2 K).
Thus the absolute electron mobility according to Eq.
(3) is expected to be negative at low temperatures.
With increasing temperature, the hole mobility de-
creases rather rapidly'* to u, ~200 cm?/V s at 300 K,
whereas the electron mobility relative to holes is ex-
pected to increase as in the case of ionized-impurity
scattering.!! This model therefore predicts that the
electron mobility will go through zero and become
positive at higher temperatures, in agreement with the
observations. The behavior of electron mobility with
electric field can be understood in the same manner
since the carrier temperatures increase with increasing
electric field.!s

Quantitative comparison of the measured negative
electron mobility and our theoretical model is shown
in Fig. 2: The temperature dependence of the minori-
ty electron mobility is plotted (dashed line) according
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FIG. 2. Electron mobility as a function of the lattice tem-
perature for low electric fields. Circles and solid line: exper-
iment. Dashed line: theory according to Eq. (3). Inset:

Mobility as a function of electric field at lattice temperature
T, =15K.

to Eq. (3), with use of the measured values of the hole
mobility. The electron-hole momentum scattering
times are estimated from ionized-impurity scattering in
comparable (heavily doped) bulk GaAs.!* It is obvi-
ous from Fig. 2 that Eq. (3) gives the right qualitative
behavior; the theoretical curve is very close to the ex-
perimental values. Quantitative interpretation of this
agreement, however, is problematic as a result of a
strong effect of the photoexcitation on the hole mobil-
ity and concentration in heterostructures, which has
been explained by trapping effects in AlGaAs.? Simi-
lar effects are present in the structures used in our ex-
periments. They reveal high negative photoconduc-
tivity with a decay time of ~ 2.5 ms (at 15 K), as well
as a small positive photoconductivity signal with a de-
cay time of ~ 20 ns. Both effects clearly are not relat-
ed to the minority-carrier dynamics in GaAs where the
luminescence decays with a lifetime of 1 ns. There-
fore, the local hole concentrations and mobilities may
be different from the values obtained by the total-
current measurements. Furthermore, these effects
make it impossible to study the negative drift effect by
photoconductivity alone (which should be seen as a
negative photocurrent signal) and show the necessity
and strength of the optical experiment.

Explicitly, for the theoretical curve in Fig. 2 we use
values for (7,.,) from ~40 fs (below 30 K) up to
~100 fs ( > 100 K). This corresponds to mobility
values of ~ 1000 to — 300 cm?/V s. Because of the
discussed difficulties in determining the local hole mo-
bility, these numbers should be regarded only as first
estimates of (7,,). Regardless of the exact values,
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our experiments show that electron-hole scattering is
an extremely effective momentum scattering process
for injected minority electrons in high-density hole
plasmas. Also in photoexcited electron-hole plasmas,
electron-hole scattering should cause rapid momentum
relaxation, which may explain the recently measured
orientational relaxation times of less than 200 fs in
photoexcited bulk GaAs at 77 K.2

In summary, we have observed negative absolute
drift mobility of minority electrons in the high-
mobility hole plasma of GaAs/AlGaAs quantum wells.
Injected electrons drift from the positive to the nega-
tive electrode. The effect is explained by ‘‘carrier
drag’’ via electron-hole scattering, which is shown to
be the dominant electron-scattering process in this sys-
tem.
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