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Hydrodynamics of electron-hole Coulomb drag
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A remarkable response of a three-component hydrodynamic plasma consisting of electrons, light holes, and
heavy holes to an external electric field has been discovered in a quantum well structure where the field causes
counterflows of light and heavy holes: Heavy holes propagate in the direction of the electric field, while light
holes move in the direction opposite to the electric field, in the same direction as the electrons. The observed
effect is due to the different scattering efficiencies of electrons by light and heavy holes, which causes the
Coulomb drag of light holes by electrons, while the drift in the electric field is responsible for the propagation
of heavy holes. As a consequence of the Coulomb electron-hole drag, negative conductivity of light holes is
observed.

DOI: 10.1103/71yh-kprh

I. INTRODUCTION

Mutual electron-hole (e-h) Coulomb drag is a natural
phenomenon for hydrodynamic e-h plasma, where interpar-
ticle momentum-conserving collisions dominate over random
momentum-relaxing scattering [1]. It arises from the effective
frictional forces caused by Coulomb interactions. Since the
pioneering experiments [2,3], Coulomb drag has been widely
studied in double-layer two-dimensional electron gas systems
(see for review Ref. [4] and references therein), where elec-
trons exhibiting the drag effect are spatially separated. At the
same time, the Coulomb drag between electrons and holes
that are not separated in space was discovered even earlier
in Ge [5], Si [6], and GaAs/AlGaAs heterostructures [7]. In
fact, the last two works were the first to discover the hydro-
dynamic properties of e-h plasma. A number of interesting
phenomena arise in hydrodynamic electron systems due to
the Coulomb drag, such as a negative absolute mobility [7–9]
and a negative drag conductivity [10]. Moreover, the e-h drag
influences the formation of plasma waves [11] and it causes
spatial accumulation of charge and the accompanying sharp
change in the optical properties [12]. The latter can be used
to form high-density e-h plasma in semiconductor quantum
wells (QWs).
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So far, most of the research has focused on the influence
of Coulomb drag on the electron transport properties. In fact,
a common feature of e-h Coulomb drag effects is the decisive
role of scattering-induced energy and momentum redistribu-
tion between electrons and holes, which is determined by their
spatial distribution. Thus, the study of charge flows in the
hydrodynamic e-h system helps to understand their specific
motion.

The diffusion of holes photogenerated in a system of hy-
drodynamic two-dimensional electrons was studied in our
recent paper [13], where the effect of e-h Coulomb drag was
observed and qualitatively explained. However, the quanti-
tative analysis of the data has not been performed and the
question of why diffusion of holes is observed in an n-doped
QW, where charge neutrality should be quickly achieved
within the Maxwell relaxation time [14], remained open.

In this paper, the spatial distribution of charge carriers in
the course of Coulomb drag is studied in detail and the results
of an experimental study of the influence of Coulomb drag on
the diffusion of holes optically injected into a hydrodynamic
electron mesoscopic channel made of a high-mobility GaAs
QW are presented. The spatial distribution of the injected
holes is studied using a scanning photoluminescence (PL)
microscopy setup. When an electric field is applied to the
channel, the effect of electron drift on the spatial distribution
of holes resulting in modification of their diffusion profile is
observed. With increasing current, a strong asymmetry of the
spatial diffusion profile is detected, caused by the drift of holes
in the external electric field and their drag by the electron
flow. It is shown that the injection of holes into a QW from
barriers leads to the formation of a positive space charge in
it, which is neutralized by the negative charge of electrons
accumulated in the barriers. In this case, the relaxation of the
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positive space charge occurs due to the diffusion of injected
holes. The observed phenomenon is well explained by the
standard drift-diffusion approach.

As mentioned above, similar Coulomb e-h drag and
negative absolute mobility were observed in GaAs/AlGaAs
multiple QWs [7,8], where the time evolution of the PL in-
tensity associated with photogeneration of heavy holes was
used to determine the local electron concentration. In this way,
the influence of the external electric field on the heavy hole
drift was studied. In the present work, we use photocurrent
measurements to obtain the diffusion spatial distribution of
holes injected into a QW. In this case, the different diffusion
lengths of heavy and light holes allowed us to separate their
contributions to the photocurrent. As a result, the different
effects of an external electric field on light and heavy holes
were found. Moreover, a QW depletion effect caused by the
increase in the effective propagation length of holes with
increasing electric field was discovered and shown to lead to
different hole transport regimes.

The paper is organized as follows: Experimental details are
given in Sec. II, qualitative analysis of the results is presented
in Sec. III, a theoretical model is developed in Sec. IV, and
the obtained results are discussed in Sec. V. Conclusions are
given in Sec. VI.

II. EXPERIMENTAL

The sample used in this work was fabricated from a single
GaAs QW, with a thickness of 14 nm, grown on a (100)-
oriented GaAs substrate by a molecular beam epitaxy. QW
barriers were grown in the form of short-period GaAs/AlAs
superlattices. The sheet electron density and the mobility
measured at the temperature of 1.4 K were 9.1 × 1011 cm−2

and 2.0 × 106 cm2 V−1 s−1, respectively. In this structure, hy-
drodynamic electron transport in the form of viscous flow of
electrons was demonstrated in Refs. [13,15–19] .

Scanning photocurrent microscopy experiments were per-
formed using the potential probes of the multiterminal Hall
bar structure with a width W = 5 µm and a length L = 100
µm of the active mesoscopic channel at the temperature of
3.7 K using a helium closed-cycle cryostat. An electrically
connected sample was placed on top of an x-y-z nanoposi-
tioner stack (Attocube), which allows for precise positioning
of the focused laser beam. The 440 nm (2.82 eV) illumination
from the laser (Cobolt/08), whose energy is higher than the
gap in the barriers, was focused onto the sample. The laser
spot size is about 1 µm. During the measurements, the laser
spot was scanned along the channel. The photocurrent mea-
surements were carried out by a source meter Keithley 2400.
The measurement scheme is given in detail in Ref. [13].

As will be explained in detail in the next section, the
choice of excitation energy was determined by the conditions
required to observe hole diffusion in the QW. More precisely,
photogeneration of holes in an n-doped QW does not lead to
the observation of their diffusion due to the very fast (within
the Maxwellian relaxation time) response of background elec-
trons, which tend to neutralize excess holes and thus maintain
charge neutrality. At the same time, photogeneration of e-h
pairs in barriers with their subsequent spatial separation by
the built-in electric field leads to the injection of holes into the

FIG. 1. Schematic diagram of the formation of a positive space
charge (shown as the shaded red region) in a QW. Electrons accumu-
lated in the barriers near the heterointerface form a negative space
charge (shown as the shaded blue region) that balances the positive
space charge in the QW.

QW and the accumulation of electrons in the barriers. As a
result, no electric field arises in the QW plane that can force
background electrons to neutralize the injected holes, while
diffusion returns the e-h system to the equilibrium.

In addition, the recombination time was measured by time-
resolved PL with a temporal resolution of 100 ps using the
PicoQuant/LDH Series diode lasers emitting 80 MHz pulses
with a pulse duration of 70 ps. The PL decay transients
were detected by a PicoQuant Hybrid PMT detector triggered
with a time-correlated single-photon PicoQuant/PicoHarp 300
counting system.

III. RESULTS

In the studied doped QW, no photocurrent was detected
when exposed to illumination with energy above the QW band
gap but below the barrier band gap [18]. This is consistent
with the fact that the photoelectric effect is not expected
in highly conductive materials, where space charge is not
generated within realistic observation times due to Maxwell
relaxation. At the same time, when photoexcited by light
whose energy exceeds the gap in the barriers, a photocurrent is
observed. This photocurrent arises from the optical depletion
effect, first discovered in highly doped GaAs/AlGaAs QW by
Chaves et al. [20], which results in the formation of a positive
space charge in the QW. The scheme of optical excitation
and formation of a positive space charge in a QW is shown
in Fig. 1. The built-in electric field of the heterointerface
separates electrons and holes photogenerated in the barriers:
Holes are injected into the QW, recombine with background
electrons and thereby create a space positive charge there
due to the uncompensated charge of ionized impurities, and
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FIG. 2. (a) Microscope image of the sample. (b) Photocurrent I34

(circles) measured at T = 3.7 K between collecting probes 3 and 4
at different electric currents I12 through probes 1 and 2. The cyan
lines represent calculated spatial diffusion profiles. Black and red
arrows indicate the directions of hole diffusion and electric current,
respectively.

photoexcited electrons accumulate in barriers near the het-
erointerface. The positive charge induced in the QW lowers
the potential barrier for electrons and thus promotes their
injection from the barriers into the QW, compensating for the
loss of background electrons. Finally, in the stationary case,
a positive space charge is formed in the QW on the scale of
the diffusion length of the injected holes and is determined by
the balance between holes and electrons transferred into the
QW from the barrier. The spatial distribution of this positive
charge is then measured using microphotocurrent equipment
as described below.

It is important to note that in the region of photogeneration,
the electroneutrality of the e-h system under study is ensured
by the negative charge of the electrons accumulated in the
barriers. Thus, the electric field is not related to the spatial
distribution of holes in the QW plane, the latter distribution is
therefore due to diffusion.

In general terms, the processes of formation of a posi-
tive charge and the corresponding depletion of the QW were
considered in Refs. [20–22]. However, the processes that de-
termine the spatial distribution of the positive charge induced
in the QW are still unclear.

A microscopic image of the sample is shown in Fig. 2(a).
A constant electric field applied to collecting probes 3 and
4 leads to a corresponding dc electric current I34. Laser ex-
citation causes injection of holes from the barriers into the
channel. The injected holes diffuse from the laser spot to
collecting probes 3 and 4, where they recombine with the
background electrons, reducing the current I34. This current,
measured as a function of the distance x between the laser spot
and the collection probes, reproduces the spatial diffusion pro-
file of the holes. In addition, a constant electric field applied
to the ends of the channel (probes 1 and 2) causes a dc electric
current I12 to flow through the channel. The spatial diffusion
profiles measured along the channel at different currents I12 in
the channel are shown in Fig. 2(b). Raw experimental data are
available in Ref. [23].

In the absence of current I12 in the channel, the spatial
diffusion profile is represented by a shape of the photocurrent
I34 minimum, symmetrical with respect to collecting probes 3
and 4. As the current increases, the diffusion profile becomes
asymmetric, indicating an increase in the propagation length
of holes λ in the direction opposite to the current, i.e., in
the direction of electron flow. Obviously, the observed asym-
metry of the diffusion profile is due to the entrainment of
holes by electrons. To our knowledge, the first observation of
asymmetric diffusion of different ions under electric field was
presented by Arnikar [24], while the asymmetry of diffusion
profiles similar to that shown in Fig. 2(b), measured us-
ing spatially resolved PL in multiple p-doped GaAs/AlGaAs
quantum wells, was shown to arise due to the e-h Coulomb
drag [7,8].

It is significant that in the case of one type of holes, the
drag is expected to increase the width of the spatial diffusion
profile on the side where the holes diffuse in the direction of
the electron flow (to the right of the minimum), whereas on
the opposite side, where holes diffuse against electrons, the
width of the diffusion profile should decrease. However, no
significant reduction in the width of the diffusion profile to
the left of the minimum was detected. It will be shown below
that this is due to the diffusion of two types of holes: heavy
and light, which diffuse in opposite directions. Moreover,
unexpectedly, at a high current I12 in the channel, an inverted
shape of the spatial diffusion profile with a maximum at the
collecting contacts was discovered.

It is worth mentioning that the observed increase in the hole
propagation length λ with increasing current I12 can lead to
depletion of the entire channel when the propagation length
exceeds the channel length L.

When an external electric field E34 is applied to the probes
3 and 4, the photocurrent density is determined as j34 = σE34

with conductivity

σ (x) = e[n0 − p(x)]μe + enc(x)μ∗
e + epc(x)μ∗

p, (1)

where e is the electron charge, n0 and μe are the concentration
and mobility of background electrons, respectively, p is the
concentration of the injected holes, nc = pc are the concen-
trations of electrons and holes photogenerated inside the QW,
and μ∗

e � μ∗
p are their ambipolar mobilities.

When the first term dominates, optical depletion and corre-
sponding minimum photocurrent occur. This is expected when
μe � μ∗

e , μ
∗
p. While in an entirely depleted channel at p � n0,
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the conductivity becomes σ (x) � enc(x)μ∗
e + epc(x)μ∗

p.
Thus, in a depleted channel, the photocurrent is driven by
e-h pairs photogenerated within the QW. Reaching collection
probes 3 and 4, these e-h pairs directly contribute to the pho-
tocurrent, resulting in a maximum of spatial diffusion profile.

In this way, Eq. (1) reflects two transport regimes that can
be realized in a QW under photoexcitation conditions: (1)
λ < L, when the channel conductivity is due to background
electrons, and (2) λ > L, when ambipolar diffusion domi-
nates.

To explain the observed phenomenon, we have developed
a theory of Coulomb drag in our case, when holes are injected
into a hydrodynamic electron system, based on the stan-
dard drift-diffusion approximation, which is given in the next
section.

IV. THEORETICAL MODEL

The linear response of the e-h plasma studied here was
confirmed in Ref. [12], which proves the use of the standard
drift-diffusion approach. In the case considered here, the con-
tinuity equations have the form

∂n

∂t
+ div(je/e) + γ np = n − n0

τo
, (2a)

∂ p

∂t
− div(jh/e) + γ np = Gp, (2b)

where n and p are the electron and hole densities in the
sample, coefficient γ describes the e-h recombination, je and
jh are the electron and hole electric currents, respectively, and
e = −|e| is the electron charge. The right-hand side of the hole
continuity equation contains Gp, generation rate of the holes
in the channel at the above-barrier illumination as described in
Sec. III and Fig. 1. The right-hand side of the electron continu-
ity equation contains the term that describes slow relaxation of
electron density n toward its equilibrium (background) value
n0 related to the doping and τo is a recharging time of the
structure.

The electric current densities of the charge carriers can be
expressed in a standard way:

je = −eDe∇n + σeE −
je + n

p jh

τeh/τe
= σeEe −

je + n
p jh

τeh/τe
,

(3a)

jh = +eDh∇p + σhE − jh + p
n je

τeh/τe
= σhEh − jh + p

n je

τeh/τe
,

(3b)

where De,h are the electron and hole diffusion coefficients and
σe,h = ne,he2τe,h/me,h are their conductivities, with ne = n and
nh = p, τe,h are the electron and hole momentum relaxation
times, and me,h are their effective masses. In Eq. (3), τeh is the
e-h scattering time. Accordingly, the last terms describe the
e-h drag. The generalized fields Ee = E − 1

e ∇μe and Eh =
E − 1

e ∇μh take into account the chemical potential (μe,h)
gradients, and we used the Einstein relation to interrelate the
diffusion coefficients and conductivities.

These equations follow from simplified microscopic equa-
tions for the ensemble average electron and hole velocities

ve,h = 2
∑

k(h̄k/me,h) fe,h(k), where the factor 2 takes into
account the spin degeneracy of the charge carriers and fe,h(k)
are the distribution functions of electrons and holes:

∂ve

∂t
+ ve

τe
+ ve − vh

τeh
= eEe

me
, (4a)

∂vh

∂t
+ vh

τh
+ vh − ve

τeh
= −eEe

mh
. (4b)

In Eqs. (2) and (3), the generation and recombination terms
are omitted because these processes typically occur on much
longer timescales compared to the microscopic scales of the
momentum and interparticle scattering. For the same reason,
terms with ∂//∂t are disregarded. Hence, Eq. (4) can be solved
in the steady-state conditions, and taking into account that
je,h = enve,h, we arrive at Eq. (3).

Equations (3) and (4) are derived in the diffusive regime
under the assumption that the momentum of the particles is
lost due to the scattering in the bulk of the channel. In the
viscous hydrodynamic regime, it may not be the case: The
momentum of the quasiparticles is dissipated by the scattering
at the channel edges, while the viscosity enables the transfer
of momentum from “fast” quasiparticles in the middle of the
channel to the “slow” quasiparticles near the edges. In that
case, τe and τh in Eq. (3) should be considered as phenomeno-
logical parameters that take into account the viscosity and
control the conductivities of the electrons and holes.

According to Ref. [25], these phenomenological effec-
tive scattering times can be recast as τi = τpi · τ ∗

i /(τpi + τ ∗
i ),

where i = e or h, τpi is the momentum relaxation time in
the channel bulk, and τ ∗

i = w2/12η is the viscosity-related
contribution, with η and w being the effective viscosity of the
carriers and the channel width, respectively. Similarly, effec-
tive electron-hole scattering time τeh can contain contribution
due to the drag viscosity [10].

As discussed above, photoinjection of holes into a quan-
tum well results in the formation of a positive space charge
accompanied by a corresponding electric field. In such a case,
the electric field E should be found self-consistently taking
into account both the external field and the fields produced by
separation of electrons and holes in the QW plane. It satisfies
the Poisson equation (with appropriate boundary conditions)

div(εE) = 4π (n − p)δ(z), (5)

where ε is the permittivity of the medium and the δ(z) func-
tion with z being the direction normal to the QW plane
takes into account the fact that electrons and holes are in a
two-dimensional layer. In two-dimensional systems, this field
produces rapid neutralization of the system [14,26]. In our
case, we assume that the additional positive charge in the
QW is compensated by the negative charge of electrons in
the barriers; therefore, total charge does not appear. Hence,
for simplicity, we consider a model where the electric field
of the space charge is disregarded. Thus, we can consider
drift and diffusion of holes only assuming a given dc current
of electrons. Furthermore, under assumption of n � p, the
continuity equation becomes

p

Tp
= Dh

d2

dx2
p − Vh

d

dx
p + Gp. (6)
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Here, Tp = 1/(γ n) is the recombination time of holes and
Vh is the effective drift velocity of the holes (resulting from
both the external field and e-h collisions). The velocity con-
tains two components due to (1) hole drift in the field E and
(2) hole drag by the electrons, and can be recast as

Vh = μhE − μe
τh

τh + τeh
E, (7)

where μe,h = |e|τe,h/me,h > 0 is the hole (electron) mobility,
and we recall that E is the component of electric field along
the channel. Here, we assume that the electron drift in the
field is unaffected by the e-h scattering. The effective velocity
Vh �= 0 is responsible for the asymmetry of the spatial diffu-
sion profile of holes. The diffusion profile is symmetric when
Vh = 0, while a finite value of the effective velocity results
in diffusion asymmetry: due to drift or drag when Vh > 0 or
Vh < 0, respectively.

The linear equation (5) can be readily solved by the Green’s
function method. We introduce

g(x, x′) =
√

Tp

D∗
h

× exp

[
−

√
D∗

h

2DhT 1/2
p

|x′ − x| − Vh

2Dh
(x′ − x)

]
(8)

where D∗
h = 4Dh + TpV 2

h is the effective diffusion coefficient
of holes; hence, the steady-state solution of the drift-diffusion
equation is represented as

p(x) =
∫ ∞

−∞
g(x, x′)Gp(x′)dx′. (9)

For a Gaussian profile of the excitation,

Gp(x) = Go exp

(
− x2

σ 2

)
, (10)

where σ characterizes the dispersion and Go is the prefactor
determined by the above-barrier illumination. As a result, we
can evaluate the steady-state spatial profile of holes as

p(x) = Go

√
πσ

2

√
Tp

D∗
h

× exp

[
(Vhσ

2 + 4Dhx)λ− + 2Dhσ
2

8D2
hTp

]

×
{

1 + erf

(
x

σ
+ λ−σ

4DhTp

)

+ exp

⎡
⎢⎣

√
4Dh
Tp

+ V 2
h (Vhσ 2 + 4Dhx)

4D2
h

⎤
⎥⎦

× erf

(
x

σ
+ λ+σ

4DhTp

)}
. (11)

In Eq. (11), λ± = VhTp ±
√

Tp(4Dh + V 2
h Tp) are the ef-

fective propagation length in the direction of (λ+ > 0) and
against (λ− < 0) the velocity Vh. In the purely diffusive
case (Vh = 0), λ± = ±2

√
TpDhand |λ±| is twice the diffusion

length. In the presence of drift and drag, Vh �= 0 and VhTp �√
4TpDh. In this case, λ+ � +VhTp determines the effective

propagation length along Vh over the lifetime of the hole,
while λ− � −2Dh/Vh describes the tail of the hole profile in
the direction opposite to Vh.

As shown in Ref. [13], in the studied sample, the two
hole species are present: heavy and light holes. Therefore, at
high injection level, the electron concentration responsible for
the diffusion profile of the photocurrent is n(x) = n0 − p(x),
where p(x) = phh(x) + plh(x) are the concentrations of heavy
(hh) and light (lh) holes injected into the channel from the
barriers, which recombine with background electrons. Thus,
the hole spatial diffusion profile consists of two correspond-
ing contributions, each of which is calculated according to
Eq. (11). In contrast, in the entirely depleted channel, n(x) =
n∗

0 + nch(x) + pch(x), where n∗
0 is the residual concentration

of background electrons, and the concentrations of electrons
and holes as a function of distance x are calculated according
to Eq. (11).

In general, spatial diffusion profiles are determined by
numerous parameters related to heavy and light holes pho-
togenerated in the QW and injected from the barriers. The
parameters that most influence the shape of the spatial dif-
fusion profile are the effective drift velocities Vh and the
recombination times Tp, determined for both light and heavy
holes. Furthermore, the contributions of heavy and light holes
are spatially separated due to their different diffusion lengths.
Heavy holes influence the diffusion profile near the collecting
contacts, while the influence of light holes is pronounced at
larger distances. In addition, the contributions of holes pho-
togenerated in the QW and injected from the barriers affect
the photocurrent differently. At low electric current in the
channel, the contribution of holes injected from the barriers
predominates, which leads to a minimum of the spatial dif-
fusion profile. However, as discussed in the next section, at
high channel current the maximum of the diffusion profile is
entirely due to holes photogenerated inside the QW.

Thus, despite the many parameters, fitting experimental
spatial diffusion profiles results in a unique set of parameters.

V. DISCUSSION

First, a symmetric spatial diffusion profile (Vh = 0), mea-
sured without current, with contributions from light and
heavy holes only, was fitted to obtain the diffusion coeffi-
cients of light and heavy holes Dlh = 0.81 m2 s−1 and Dhh =
0.04 m2 s−1, respectively. The obtained heavy hole diffusion
coefficient was then used to fit the spatial diffusion profile
measured in the depleted channel at I12 = 2.5 mA, when
ambipolar diffusion of electrons and heavy holes photogen-
erated in the channel was observed. The electron diffusion
coefficient obtained in this way De = 0.66 m2 s−1 agrees with
the electron diffusion coefficient De = 1.1 m2 s−1 obtained in
the same structure in Ref. [27] using magnetotransport mea-
surement data. These diffusion coefficients were then used to
fit diffusion profiles measured at different channel currents.

With increasing current I12, the increase in the electron
drift velocity leads to an increase in the propagation length
of holes in the direction of the electron flow (x > 0), which
occurs due to Coulomb drag. When the propagation length
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of holes becomes greater than the channel length, diffusion
no longer determines the flow of holes in the channel. In
this case, observed at I12 = 2.5 mA, the low photocurrent
I34 indicates entire channel depletion due to recombination of
background electrons with injected holes and the photocurrent
is expected to become distance independent. Instead, a maxi-
mum of the photocurrent is found. The observed maximum of
photocurrent is a manifestation of the ambipolar diffusion of
electron-hole pairs photogenerated inside the QW, rather than
holes injected from the barriers.

The best-fit results for the experimental spatial diffusion
profiles are shown in Fig. 2(b), which demonstrate good
agreement with the theory. Apparently, in the depleted chan-
nel where diffusion is insignificant, the drift of holes should
determine their flow in an external electric field. Indeed, the
asymmetry of the corresponding diffusion profile measured
at I12 = 2.5 mA indicates an increase in the diffusion length
of holes that propagate in the direction of the electric field
(x < 0), which corresponds to a dominant drift regime.

Thus, depending on the current in the channel, two hole
transport regimes are observed: diffusion and drift at low
and high currents, respectively. In addition, in the diffusion
regime, the Coulomb e-h drag strongly influences the hole
diffusion.

The best fits of the spatial diffusion profiles were obtained
as a superposition of the profiles shown in Fig. 3, for the
selected diffusion profiles.

The diffusion profiles shown in Figs. 3(a) and 3(b) repre-
sent the minima due to dominating contribution of heavy and
light holes injected from the barriers. Although the density
of heavy holes photogenerated in barriers is expected to be
higher than that of light holes, the presented results show
that the concentration of light holes injected into the QW is
higher than that of heavy holes. This is due to the fact that,
according to the Wentzel-Kramers-Brillouin approximation
[28], the probability of tunneling through a heterointerface is
proportional to exp(−2

√
2mE
h̄ x), where m and E are the mass

and energy of the particle, respectively, and x is the tunnel-
ing distance. Consequently, the injection rate of light holes
is higher than that of heavy holes. Thus, the heterointerface
acts as a filter, allowing more light holes to pass through and
blocking heavy holes.

An increase in the current I12 leads to channel depletion.
In this case, the ambipolar diffusion of electron-heavy hole
pairs photogenerated in the QW begins to play a notable role,
and the corresponding maximum of the diffusion profile is
detected at I12 = 0.8 mA, shown in Fig. 3(c). The asymmetry
of this maximum indicates a predominant electron drift. As I12

increases further, ambipolar diffusion becomes dominant and
the maximum of the diffusion profile consisting of electron
and heavy hole contributions is observed in Fig. 3(d). In such
a case, the profile shapes of both electrons and holes exhibit a
drift in the external electric field. This demonstrates the effect
of the electric field on ambipolar diffusion: The propagation
length of holes increases in the direction of the field/current,
while the propagation length of electrons increases in the
opposite direction.

The characteristic parameters of the studied e-h system,
obtained as a result of fitting the spatial diffusion profiles, are
presented in Fig. 4.

FIG. 3. Fits of spatial diffusion profiles from Fig. 2(b) calculated
for different channel currents I12. For each diffusion profile (solid
black lines), the contributions of light (blue dashed lines) and heavy
(red dashed lines) holes and electrons (black dashed lines) are shown.
The arrows show the direction of the current I12.

The effective drift velocities are shown in Fig. 4(a). The
external electric field causes counterflows of heavy and light
holes: Heavy holes propagate in the direction of the electric
field (Vhh > 0). This means that the first term in Eq. (7),
responsible for the hole drift, dominates. At the same time,
light holes propagate in the direction opposite to the electric
field (Vhh < 0), in the same direction as the electrons (Ve < 0),
which is due to the dominant second term in Eq. (7), responsi-
ble for the e-h Coulomb drag. As follows from Eq. (7), in the
hydrodynamic e-h plasma, where momentum-conserving e-h
scattering dominates momentum-relaxing scattering of holes
(τh � τeh), a negative effective hole drift velocity is expected
when the electron and hole mobilities are related as μe > μh.

According to the model presented in Sec. IV, the resulting
asymmetry of the spatial diffusion profile is determined by
the relation between the effective propagation lengths in the
direction of the electric field (λ+) and against it (λ−). Dom-
inant λ+ or λ− indicates drift of holes or their electron drag,
respectively. A corresponding dominance is determined by the
total effective propagation length (λ+ + λ−), where λ+ > 0
and λ− < 0. Accordingly, a positive or negative total effective
propagation length (λ+ + λ−) indicates drift or drag regimes,
respectively.
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FIG. 4. (a) Effective drift velocity, (b) total effective propagation
length (λ+ + λ−), and (c) recombination time of light and heavy
holes and electrons in a biased channel obtained by fitting the cor-
responding spatial diffusion profiles shown in Fig. 2(b). The vertical
dashed line separates the diffusion (on the left) and drift (on the
right) regions. Positive and negative effective drift velocities and total
effective propagation length correspond to drift and drag transport
regimes, respectively. Inset in panel (c) shows the PL transient mea-
sured at T = 3.7 K and I12= 0.5 mA together with the best fit, while
the experimental heavy and light hole recombination times measured
as a function of current are shown as black dots in panel (c).

The total effective propagation lengths (λ+ + λ−) shown in
Fig. 4(b) reveal a behavior similar to the effective velocities,
consistent with the drift of heavy holes and the drag of light
holes. In the diffusion regime, the drift of heavy holes and
the drag of light holes lead to an increase in the total effec-
tive propagation lengths associated with them with increasing
current in the channel. With further increase in current, the
total effective propagation length of heavy holes decreases due
to the enhancement of electron-phonon scattering caused by
the current-induced heating of electrons [12]. The presented
results show that in the studied sample the electron-light hole
scattering is stronger than the electron-heavy hole scattering.
As a result, negative conductivity of light holes due to the
Coulomb e-h drag is observed.

The above analysis is based on a comparison of the ex-
perimental spatial diffusion profiles with those calculated
according to the model presented in Sec. IV, which predicts
an exponential profile for the diffusion of one type of holes.
The deviation from the expected shape of the diffusion profile

is attributed to the contribution of additional carriers. The
simplest cases correspond to the spatial diffusion profile mea-
sured in an unbiased channel (without current) and the profile
measured in a depleted channel. In both cases, two dominant
carrier types were found: heavy and light holes and heavy
holes and electrons in the unbiased and depleted channels,
respectively. In addition, in the intermediate case, a clear
contribution of electrons photogenerated in the channel was
observed.

Furthermore, PL decay transients were measured at the
emission maxima. As shown in the inset of Fig. 4(c), they
exhibit a biexponential decay with characteristic times of
light and heavy holes. The experimental recombination times
obtained by fitting the PL transients are shown in Fig. 4(c)
together with the light and heavy hole recombination times
obtained by fitting the measured spatial diffusion profiles. The
reasonable agreement between the measured heavy hole re-
combination time and the time obtained by fitting the diffusion
profiles proves the correctness of the model used.

VI. SUMMARY

The transport of holes optically injected into a mesoscopic
GaAs channel, where electrons exhibit hydrodynamic proper-
ties, has been studied. Two types of diffusion are observed:
(1) diffusion of holes injected from barriers in the background
electron environment and (2) ambipolar diffusion of electron-
hole pairs photogenerated inside the channel. Ambipolar
diffusion is not visible in the presence of high background
electron concentration. In this case, diffusion of holes injected
from barriers dominates. The injected holes cause channel
depletion on the scale of their diffusion length. An external
electric field applied to the channel leads to an increase in the
propagation length of holes. It was found that the effective
propagation length of heavy holes increases due to their drift,
while the increase in the effective propagation length of light
holes is due to their Coulomb drag by electrons. As a result of
the different actions of an external electric field on light and
heavy holes, a remarkable effect was discovered in which an
external electric field causes counterflows of heavy and light
holes: Heavy holes propagate in the direction of the electric
field, while Coulomb drag causes light holes to move in the
direction opposite to the electric field, the same direction as
the electrons. As a consequence of the Coulomb e-h drag,
negative conductivity of light holes is observed. Moreover,
an increase in the effective propagation length of holes leads
to a change in their transport mode from diffusion to drift,
as well as to channel depletion when the propagation length
exceeds the channel length. In this case, ambipolar diffu-
sion of electron-hole pairs photogenerated inside the channel
is manifested. A theoretical model of the Coulomb drag of
holes by electrons is developed, which made it possible to
determine the characteristic parameters of the hydrodynamic
electron-hole system such as diffusion coefficients, effective
drift velocities, recombination times, and effective diffusion
lengths of light and heavy holes. The theory explains well the
obtained experimental results and demonstrates that the basic
physics of electron-hole drag can be easily captured using the
simple drift-diffusion model.
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