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Hydrodynamics of electron-hole fluid photogenerated in a mesoscopic two-dimensional channel
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The dynamics of the diffusion flow of holes photoinjected into a mesoscopic GaAs channel of variable width,
where they, together with background electrons, form a hydrodynamic electron-hole fluid, is studied using
time-resolved microphotoluminescence. It is found that the rate of recombination of photoinjected holes, which is
proportional to the rate of their flow, decreases when holes pass through the expanded sections of the channel. In

fact, this is the Venturi effect, which consists in a decrease in the velocity of the fluid in the expanded sections of
the pipe. Moreover, a nonuniform diffusion velocity profile is observed, similar to the parabolic Hagen-Poiseuille
velocity profile, which indicates a viscous hydrodynamic flow. It is shown that in agreement with a theory, the
magnetic field strongly suppresses the viscosity of the electron-hole fluid. Additional evidence of the viscous

nature of the studied electron-hole fluid is the observed increase in the recombination rate with increasing
temperature, which is similar to the decrease in the electrical resistance of viscous electrons with temperature.

DOI: 10.1103/PhysRevB.109.L121401

Introduction. For almost three decades, the hydrodynamics
of electron systems has continued to be one of the most
attractive problems in solid state physics. The history of the
hydrodynamic approach in condensed matter physics is well
described in Ref. [1]. The hydrodynamic theory is based
only on the conservation of mass, momentum, and energy,
which implies an uncomplicated interpretation of the observed
response of electrons to an external disturbance. The laws
of hydrodynamics become applicable to clean electron sys-
tems, where electron-electron collisions with conservation of
momentum predominate over scattering of electrons with-
out conservation of momentum (for a review, see Ref. [2]).
More explicitly, electron systems reveal collective fluid be-
havior when the effective Knudsen parameter { = 1,./7, < 1,
where 7., and 7, are the momentum-conserving electron-
electron collision time and momentum-relaxing scattering
time, respectively. One of the fundamental properties of hy-
drodynamic systems is the space-dependent drift velocity
which leads to a nonuniform hydrodynamic flow. The nonuni-
formity of a viscous hydrodynamic systems is manifested
itself in a Hagen-Poiseuille flow with a parabolic diffusion ve-
locity profile [3]. Another manifestation of the hydrodynamic
nature is the Venturi effect, which is a direct consequence
of the mass continuity principle, and it is one of the key
concepts in the continuum hydrodynamics of an inviscid fluid.
This effect is that the pressure of the fluid decreases and
therefore the velocity increases as the fluid flows through the
constricted section of the pipe. The Venturi effect has found
a vast number of applications. The issue related to the elec-
tronic Venturi effect was first discussed in Ref. [4], where the
mechanism of quantum pumping in a Fermi system, similar

“pusep@ifsc.usp.br

2469-9950/2024/109(12)/L121401(6)

L121401-1

to classical Bernoulli pumping, was considered. Experimental
evidence of electronic quantum pumping was obtained in an
electron-avalanche amplifier based on a GaAs/AlGaAs het-
erostructure in Refs. [5,6] and in a graphene field-effect
transistor in Ref. [7].

Due to the interplay between momentum-conserving
electron-electron and momentum-relaxing electron-phonon
scattering, the hydrodynamic electron flow condition is sat-
isfied in a narrow temperature window, typically 4-35 K,
where electron viscosity is temperature dependent. In this
temperature range, electrons exhibit strong and weak hy-
drodynamic regimes, in which internal friction and hence
shear stress are strong or weak, respectively. In the weak
hydrodynamic regime electrons are practically inviscid. The
Hagen-Poiseuille diffusion velocity profile is a fundamental
characteristic of viscous flow.

To observe the inhomogeneous nature of the electron flow,
it is necessary to carry out measurements with spatial reso-
lution. To date, measurements with spatial resolution, which
unambiguously testify to the hydrodynamic nature of the
electron flow, have been carried out in graphene using a scan-
ning carbon nanotube single-electron transistor [8], nanoscale
quantum spin magnetometers [9], scanning tunneling poten-
tiometry [10], in semimetal WTe, using a nanoscale scanning
superconducting quantum interference device [11], and in the
GaAs epilayer using a scanning tunneling microscopy [12].

We recently performed scanning microscopy photocurrent
measurements to study the diffusion of holes photoinjected
into a high-mobility GaAs quantum well (QW) where the
electrons reveal hydrodynamic properties [13,14]. It was
found that the observed diffusion consists of the diffusion
of heavy and light holes occurring in a viscous electron-hole
fluid. In this Letter we address our investigation to the dynam-
ics of diffusion of photogenerated holes in a mesoscopic GaAs
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channel of variable width. Using time-resolved photolumines-
cence scanning microscopy (TRPL), we demonstrate both of
the aforementioned hydrodynamic features: the Venturi effect
and the paraboliclike velocity profile. Such measurements
make it possible to directly investigate the nonuniformity of
an electron system, which is one of the most obvious proofs
of its hydrodynamic nature. In addition, an unusual increase in
the recombination rate with temperature was found, which is
analogous to a decrease in the electrical resistance of viscous
electrons with temperature.

It is worth noting that according to Ref. [15], in GaAs QWs
the effective Knudsen parameter is generically much smaller
than unity and “electrons in high-mobility two-dimensional
(2D) GaAs are by far the best system for the direct observation
of collective hydrodynamic effects conditions for studying
electron hydrodynamics.”

Experimental details. Here, we studied a single 46-nm-
thick GaAs QW, grown on a (100)-oriented GaAs substrate
by molecular beam epitaxy. QW barriers were grown in the
form of short-period GaAs/AlAs superlattices. The sheet elec-
tron density and the mobility measured at a temperature of
1.4 K were 6.7x10cm=2 and 2.0x10° sz/V s, respec-
tively, using a standard Hall bar structure in Ref. [16], where
the viscous character of electron transport was demonstrated
in Ref. [16]. Electron hydrodynamics was observed at tem-
peratures above 10 K, at least up to 100 K [17], while the
electron-hole fluid exhibits hydrodynamic behavior in the
temperature window 4-30 K [13]. The energy structure of
the samples studied here is similar to the structure calculated
in Ref. [14]. The electric field built in the barriers spatially
separates the electrons and holes photogenerated in the barri-
ers. As a result, photogenerated holes tunnel into the quantum
well. Holes injected in this way into the GaAs QW lead
to the emergence of a multicomponent hydrodynamic fluid
formed by background electrons and photogenerated holes.
The structure studied here consists of the sections width 4,
10, and 50 um. The time of recombination of photogenerated
holes with background electrons was measured using TRPL in
various sections at the emission energy of GaAs QWs. In this
work, the same GaAs QW is used to fabricate a mesoscopic
channel with section widths of 4, 10, and 50 um.

Scanning TRPL microscopy experiments were performed
at temperatures 4 and 25 K using a helium closed-cycle
cryostat equipped with a superconducting magnet (At-
tocube/Attodry1000). These temperatures were chosen in
order to distinguish the effect of electron viscosity. According
to Ref. [13], the maximum electron viscosity is expected at
25 K. TRPL measurements with a temporal resolution of 100
ps were made using PicoQuant/LDH Series diode lasers emit-
ting 80 MHz pulses at 730 nm (1.7 eV) and 440 nm (2.82 eV)
with a pulse duration of 70 ps. Excitation at 1.7 eV generates
electron-hole pairs in the GaAs QW, but not in the barrier,
whose gap is about 1.8 eV, while an excitation energy of
2.33 eV leads to electron-hole excitation both in the QW and
in the barrier. The electron-hole pairs photogenerated in the
QW rapidly recombine and do not contribute to the diffusion.
At the same time, holes injected from the barriers form a
diffusion flow in the QW channel [14]. Photoluminescence
(PL) emission was dispersed by a 75-cm Andor/Shamrock
spectrometer and the PL decay transients were detected by a
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FIG. 1. (a) Sketch of the excitation/collection probe, (b) scheme
of PL transitions at different laser excitation energies, (c) typical PL
spectra measured at 7 = 4 K and laser excitation at 440 nm (2.33 eV)
and 730 nm (1.7 eV) at a pump power of 7.5 uW, and (d) typical PL
decay transients measured in channel sections of different widths 4,
10, and 50 um at 7' = 4 K and laser excitation at 440 nm (2.33 eV);
the cyan lines show the results of the best fits.

PicoQuant Hybrid photomultiplier (PMT) detector triggered
with a time correlated single photon PicoQuant/PicoHarp
300 counting system. The laser instrument response function
(IRF), which is responsible for the temporal resolution of the
setup, was measured as a transient process of reflected laser
light measured at the laser energy and it is shown in Fig. 1(d).
Electron-hole pairs are generated by a laser spot about 1 um in
size. The spatial resolution of the setup is determined by the
size of the light collection area, which is estimated at about
10 um in the spectral range of GaAs QW radiation due to a
chromatic aberration.

The scheme of the excitation/collection process is shown
in Fig. 1(a). Holes injected into the quantum well at the focus
of the lens diffuse to the boundaries of the light collection
area at a velocity determined by the properties of the electron-
hole fluid. The scheme of PL transitions at laser excitation
energies of 1.7 and 2.33 eV and the corresponding PL spectra
measured at a pump power of 7.5 uW, which excludes sample
heating, are shown in Figs. 1(b) and 1(c), respectively. They
demonstrate the effect of hole accumulation in the QW upon
excitation at a wavelength of 440 nm. In the n-type QW
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FIG. 2. (a) The sample image and (b) the velocity flow contour
plot in a variable-width hydrodynamic channel calculated with the
fluid parameters defined in the text. The scanning bands parallel and
perpendicular to the channel, determined by the spatial resolution of
the PL, are shown as mesh strips.

under study, the shape of the PL spectrum is affected by
the occupation of the states of the valence band by minority
photogenerated holes. Not all electrons below the Fermi en-
ergy contribute equally to recombination with photogenerated
holes. Only a small fraction of electrons near the bottom of
the conduction band is available for this process, since at
low temperatures and low pump powers only a small number
of hole states at the top of the valence band are occupied.
The shape of the PL spectra measured upon excitation at a
wavelength of 730 nm, which generates electron-hole pairs in
the GaAs QW, shows that the majority of holes are located at
the valence band extremum, which leads to a strong energy
maximum near the band edge. At the same time, excitation
at a wavelength of 440 nm in the AlGaAs barriers causes
the accumulation of holes in the QW, which leads to an in-
crease in the number of high-energy electrons participating in
recombination. In this case, the PL maximum shifts towards
higher energies, close to the Fermi energy. All experimental
data presented below were obtained at a laser pump power
of 7.5 uW. The sample image is shown in Fig. 2(a). Holes
injected from the laser excitation spot cause a perturbation in
the electron hydrodynamic system on the scale of the hole
diffusion length. Due to the hydrodynamic properties of the
electrons, this perturbation propagates over the entire channel.
The diffusion of holes in a system of hydrodynamic elec-
trons can be associated with the diffusion of particles in an
incompressible fluid contained in a channel. The stationary
flow of such particles injected at any point in the channel
creates pressure conditions that depend on the geometry of
the channel, which in turn affect the diffusion rate at the point
of injection.

Side contacts connect the channel with contact pads, the
area of which significantly exceeds the area of the channel.
Thus, the contact pads serve as open reservoirs into which
photogenerated holes can flow. During measurements, all con-
tacts remained floating and not grounded, while electrons

ensure equipotential conditions throughout the entire structure
of the sample.

To model the flow of photogenerated holes in this case,
the flow of a two-dimensional fluid was calculated by the
Navier-Stokes equation using the ANSYS R19.2 code. The
parameters required for these calculations were obtained in
similar structures in Refs. [13,14]. These include the diffu-
sion coefficient/kinematic viscosity Dy, = v, = 0.17 m?/s
and the diffusion length attributed to heavy holes, measured
at T =25 K, equal to Ly, = 6 um. According to these data
the diffusion flow velocity is v = 3Dy, /Ly, >~ 8.5% 10* m/s.
When simulating hydrodynamic flow, the contact pins were
left open. The corresponding velocity flow contour plot cal-
culated in viscous fluid is shown in Fig. 2(b). As follows
from the calculations presented in Fig. 2(b), the diffusion rate
increased as the holes entered the narrow contact pins, as
would be expected from fluid dynamics.

It is important to note that, taking into account the ex-
perimental conditions used, such model calculations provide
a qualitative analysis. Nevertheless, even such a simple
model is capable of reproducing the essential features of the
experiment.

To measure the diffusion velocity of holes, we use the
fact that the rate of recombination of photogenerated holes
1/7, where t is their recombination time with background
electrons, is proportional to the flow rate of holes through
a certain cross section. In this case the recombination time
is given by T = C/v, where it is assumed that C = const at
a definite laser pump power. The recombination times were
obtained by fitting the PL decay transients measured along
the scan bands shown in Fig. 2(b).

Results and discussion. The typical transient of PL decay
measured at a laser excitation energy of 2.33 eV, at the max-
ima of the PL spectra along the center line of channel sections
of different widths, is shown in Fig. 1(c). The measured PL
transients exhibited a mostly monoexponential decay with a
characteristic time related to the time of recombination of
heavy holes with background electrons. In contrast to the nar-
row 14-nm QW studied in Refs. [13,14], no presence of light
holes was found in such a wide 46-nm QW. In a narrow QW,
both heavy and light holes participate in the recombination
process, since spatial quantization removes the degeneracy
of heavy and light holes at the center of the Brillouin zone.
At the same time, in a wide QW, the subbands of heavy
and light holes are close to degeneracy, which leads to the
predominant recombination of heavy holes due to their higher
density of states. The data presented in Fig. 1(d) show that the
recombination time decreases with decreasing channel width,
indicating a corresponding increase in the diffusion velocity
expected from the Venturi effect.

To find hydrodynamic evidence in the diffusion flow of
photogenerated holes, the time of their recombination across a
wide section of the channel was measured. The corresponding
scanning band, along which the maximum change in flow
velocity is expected, is shown in Fig. 2(b). The recombination
times of photogenerated heavy holes obtained by the monoex-
ponential fitting of the PL transients are depicted in Figs. 3(a)
and 3(b) and demonstrate the nonuniform velocity distribution
over the channel width, which is expected for a hydrodynamic
flow. A significantly stronger change in the recombination
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FIG. 3. The recombination time measured (a), (b) perpendicular
and (c) parallel to the channel at 4 and 25 K, at an excitation energy
of 2.33 eV (440 nm) and in various magnetic fields. Black dotted
lines were calculated as described in the text. The recombination time
measured parallel to the channel at an excitation energy of 1.7 eV
(730 nm) is shown in (c). The measurements were carried out along
the strips shown in Fig. 2(b). The dotted lines are the recombination
times calculated for inviscid (blue line) and viscous (red line) fluids,
and as described in the text. The dashed line in (c) is calculated for
4 K including all contact pins.

time across the channel width is observed at 7 = 25 K com-
pared to T = 4 K. This is due to an increase in the viscosity
of the electron-hole fluid at 7 = 25 K [13]. An increase in
viscosity leads to an increase in internal friction and, as a
consequence, to increased energy dissipation. The lower the
flow energy, the less its velocity changes when the channel
width changes. The velocity profiles calculated for an inviscid
and viscous fluid are shown as black dotted lines in Figs. 3(a)
and 3(b). They demonstrate inhomogeneous Hagen-Poiseuille
profiles and well describe the changes in recombination times
observed at 7 = 4 K and T = 25 K, respectively.
Furthermore, a magnetic field creates a Lorentz force act-
ing on the hydrodynamic electron-hole fluid, which reduces

the effective mean free path and thereby suppresses the vis-
cosity [18,19]. The data shown in Figs. 3(a) and 3(b) indicate
that at 7 = 4 K the electron-hole fluid is practically invis-
cid. In this case, the formation of Landau levels results in a
slight increase in the recombination time. At the same time, at
T = 25 K, when the electron-hole fluid is expected to be vis-
cous, a strong change in the time of recombination indicates
a suppression of the viscosity induced by the magnetic field.
According to the data presented in Fig. 3(b), a 1 T magnetic
field transforms a viscous electron-hole liquid into an inviscid
one with a velocity profile similar to that obtained at 7 = 4 K.

The recombination time measured along the channel is de-
picted in Fig. 3(c). As shown, under the high-energy excitation
of 2.33 eV, the recombination time increases with increasing
channel width. This is a direct consequence of the Venturi
effect: The recombination time is inversely proportional to
the flow rate of photogenerated holes, which decreases with
increasing channel width. To prove that the observed effect is
due to the hydrodynamic flow of holes injected from barriers,
we measured the recombination times of holes photogener-
ated by laser excitation with an energy of 1.7 eV, which
creates electron-hole pairs exclusively in the channel. In this
case no significant change in the recombination time is found.
Thus, unlike holes injected from barriers, electron-hole pairs
photogenerated in a channel recombine rapidly and do not
form a hydrodynamic flow.

According to the Venturi effect, the flow velocity is in-
versely proportional to the width of the channel sections.
Thus, it is expected that the recombination times measured
in different sections will be proportional to the section width
and should be scaled as 1:2.5:12.5, where 1 corresponds
to the section with the minimum width. At the same time, the
experimental recombination times are scaled as 1 : 1.8 : 2.3 at
T=4Kand1:15:1.9atT =25 K. It has been found that
the presence of potentiometric contacts significantly affects
the flow velocity distribution. Adding contact pins consid-
erably reduces the corresponding flow velocity and allows
the calculated recombination timescale to be adjusted to the
experimental one. The best fits were obtained with contact
pins to the middle and wide sections, as shown by the dotted
lines in Fig. 3(c). At the same time, the dashed line calcu-
lated for an inviscid fluid shows that the addition of contact
pins to a narrow section somewhat worsens the agreement
between the calculated and experimental recombination times.
The observed discrepancy is probably due to the fact that the
diffusion length of holes is comparable to the width of the nar-
row section. In this case the diffusion of holes is remarkably
affected by the channel boundary, which changes the flow rate
distribution. The effect of channel boundaries on the recombi-
nation time of photogenerated holes was studied in Ref. [14],
where an optical analog of the Gurzhi effect was observed.

It should be noted that when calculating the flow rates and
the corresponding recombination times, no fitting parameters
were used, except for the constant C, which determines the
relationship between the flow rate and the recombination time
and was taken equal to 6000 and 4500 m for T = 4 K (inviscid
flow) and 25 K (viscous flow), respectively. Nevertheless, all
the observed experimental features of the recombination time
are well reproduced. This demonstrates the reliability of the
model used.
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FIG. 4. The recombination times measured along the channel at
25 K in various magnetic fields.

The decrease in recombination time with temperature,
shown in Fig. 3(c), is associated with a change in the nature
of the electron-hole fluid from inviscid to viscous. The effect
of temperature is more pronounced in the wide section, and
insignificant in the narrow one. The change in the recombi-
nation time is associated with a change in the mean free path
and, consequently, with a change in the diffusion length L. The
diffusion length of heavy holes as a function of temperature
was measured in a similar sample in Ref. [13]. Using these
data, we compare the effect of temperature on the viscosity
of an electron-hole fluid observed by different independent
methods. By using the Einstein relation D = puEr /e, where
W is the mobility, and the diffusion coefficient D = L? /T, the
recombination time can be expressed as

MUEF

r= )

If we assume that in the considered temperature range the
mobility remains unchanged, then the change in the recom-
bination time is related to the diffusion length. The diffusion
lengths of heavy holes measured in Ref. [13] are 4 and 7 um
at 4 and 25 K, respectively. Application of Eq. (1) to an
electron-heavy hole fluid gives a recombination time at 4 K
that is three times longer than at 25 K, which somewhat
exceeds the change by 1.4 times observed in the wide sec-
tion. However, in a viscous fluid, mobility that increases with
increasing temperature can improve the agreement between

calculated and measured recombination times. In a narrow
section, diffusion is limited by its width and, therefore, does
not depend noticeably on temperature.

In addition, the effect of the magnetic field on the distri-
bution of velocities along the channel, shown in Fig. 4, again
reflects the influence of the magnetic field on the viscosity of
the electron-hole fluid. As shown in Fig. 3(c), the difference in
recombination times measured in channel regions of different
widths increases with decreasing viscosity. A similar increase
in the recombination time was found with increasing magnetic
field. In the 4-um-wide section of the channel, due to the
higher diffusion velocity, the effect of the magnetic field on
viscosity is achieved at a stronger magnetic field than in wide
sections. In the 4-um-wide section of the channel, due to the
higher diffusion velocity, the effect of the magnetic field on
viscosity is achieved at a stronger magnetic field than in wide
sections. Taking into account the phenomenological character
of the model used to calculate the flow velocity distribution
in the channel, a good agreement was found between the
experimental and calculated recombination times. This proves
the hydrodynamic nature of the diffusion of photogenerated
holes in the sample studied here. Despite its simplicity, the
model used reproduces the main experimental features, such
as change in the recombination time in sections of different
widths and across the channel, and change in the recombi-
nation time with a change in viscosity. Model calculations
reproduce even the minimum of the recombination time ob-
served at the point where the channel width changes.

Conclusion. In summary, to study the diffusion of holes
in a hydrodynamic electron system, another method for de-
termining the diffusion velocity was used, which consists in
measuring the recombination rate of photogenerated holes.
Accordingly, TRPL scanning with micrometer resolution was
performed in a mesoscopic variable-width GaAs channel,
where the hydrodynamic features of the electron-hole fluid,
such as the Venturi effect and the parabolic Hagen-Poiseuille
velocity profile, are demonstrated. The observed decrease in
the recombination time with increasing temperature is unusual
and indicates the viscous nature of the investigated electron-
hole fluid. This effect is similar to the decrease in the electrical
resistance of viscous electrons with increasing temperature.
Moreover, a magnetic-field-induced suppression of viscosity
is observed. The presented results manifest to the fundamental
role of viscosity in the hydrodynamic flow of an electron-hole
fluid in the GaAs mesoscopic channel under study.
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