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The local properties of a high-mobility, two-dimensional electron gas (2DEG) subjected to an increasing
Hall electric field are studied by imaging photoluminescence spectroscopy. It is observed that as the Hall
electric field increases, the distribution of a 2DEG density across the sample becomes spatially nonuniform. This
nonuniformity is associated with the “gating effect” of the Hall electric field that is screened by low-mobility
charges accumulating in the layers parallel to the 2DEG. We consider two mechanisms to explain the 2DEG
density redistribution induced by the Hall electric field. The first involves in-plane electron transport that results
in a linear 2DEG density variation across the Hall bar. The second is activated at a high Hall voltage (>50 mV)
and involves vertical electron tunneling out of the 2DEG layer. We conclude that the 2DEG density redistribution
can affect the nonlinear magnetotransport phenomena recently studied in GaAs/Al,Ga,_,As heterostructures

containing a high-mobility 2DEG.
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I. INTRODUCTION

The two-dimensional electron gas (2DEG) system sub-
jected to crossed magnetic (B) and electric field has been
studied intensively since the discovery of the quantum
Hall effect (QHE)."? In the past few years, a number of
remarkable magnetotransport phenomena were observed in
a high-mobility 2DEG under increased dc current. Among
these are Hall field-induced resistance oscillations,>* non-
linear rnagnetoresistance,S and zero differential-resistance
states.® The models proposed for interpreting these nonlinear
phenomena’ are usually based on the assumption that the
2DEG density nyp and mobility are spatially uniform through-
out the sample and thus are not affected by the increased Hall
electric field (HEF), Ep .}

In general, charged carriers deflected by the HEF to the
sample edge can lead to a spatial charge redistribution. In
a three-dimensional sample (a slab), a self-consistent charge
distribution is obtained by establishing charge layers on the
slab edges. In the 2D Hall effect, charge, potential, and
current distributions are more complicated and have been
studied extensively. In the QHE regime in particular, the
2DEG density distribution was investigated theoretically®'°
and experimentally by electro-optical potential imaging'!
and scanning inductive probe.'> By using photoluminescence
microspectroscopy, Frankenberger et al.'® reported on a
strong variation of the electron density across a Hall bar
at high B (>4 T). The spatially nonuniform distribution of
the photoluminescence intensity was observed in a current
biased sample at high magnetic field.'* These techniques
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gave valuable information about the current density and Hall
potential distribution in the QHE regime.

A direct study of the 2DEG density distribution in high-
mobility heterostructures under increased Hall electric field
is timely and important because the lateral variation of the
2DEG properties can affect the nonlinear magnetotransport
effects that were recently observed at low B (<1 T).>>!3

In order to measure the local 2DEG density n,p, we
use an imaging photoluminescence (PL) spectroscopy. The
latter measures the spatial distribution of the PL spectrum,
which is due to radiative direct interband 2De-h (2D electron-
photoexcited valence hole) transitions occurring in the spectral
range of AE = Epy(kr) — Ey, as shown in Fig. 1(a). Thus,
AE is mainly determined by the electron Fermi energy,
Er o nop,'® and imaging the PL spectrum provides an
nyp distribution map (as well as the 2DEG temperature 7,
variation).'”!8

We observe that with increasing Ep, the spatial 2DEG
density distribution along the Hall field, n)p(y), becomes
nonuniform. At low bias current, n,p(y) varies linearly with
a slope proportional to the Hall voltage, Vg = I4.B/|elnop,
where I is the driving dc-bias current. At high Hall voltages,
nyp(y) shows a nonlinear dependence, and the n,p value,
averaged over the Hall bar, decreases. We propose that the
2DEG density redistribution is caused by a “gate voltage”
arising between the 2DEG and a low-mobility conductive
channel in the GaAs/Al, Ga,_, As heterostructure layer. Further
information about the mechanisms leading to the HEF-
induced n,p nonuniformity is obtained in a time-resolved PL
experiment. It was observed that the PL intensity transients
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FIG. 1. (Color online) (a) Direct optical transitions due to
recombination of low-density photoholes in the valence band (v.b.)
and 2D electrons in the conduction band (c.b.). E is the electron
Fermi energy, and the emitted photon energies are in the range of
AE = Ep (kp) — Ey. (b) A schematic description of the Hall bar
and the spatially resolved photoluminescence experiment.

induced by short (10-100-us duration) current pulses have
fast and slow components in the 2DEG density redistribution,
corresponding to different mechanisms of modulation of n,p.

II. EXPERIMENTAL DETAILS

We studied several Hall bar samples that were fabricated
from GaAs/Al,Ga;.,As heterostructures containing a high-
mobility 2DEG. The heterostructures were grown by molec-
ular beam epitaxy on (001)-GaAs wafers. Each one contains
a single modulation-doped GaAs/Al,Ga;_,As quantum well
(MDQW) whose width was in the range of 2040 nm. The
Si-doped layer is located either asymmetrically (single-side
doping) or symmetrically (two-side doping) with respect to
the QW, and is separated from it by an Al,Ga;_, As spacer with
a width of 50-100 nm (depending on the doping level). The
nominal 2DEG density, ngD, and mobility, ., were measured
independently and are in the range of (1.0-3.6) x 10!' cm™2
and (2-15) x 10° cm?/V s, respectively.'?

In our spatially resolved (imaging) PL spectroscopy tech-
nique, a laser beam was focused to form a vertical illuminated
strip (2 mm high and 0.2 mm wide) on the sample surface
[as shown schematically in Fig. 1(b)] The luminescence from
the photoexcited strip was optically magnified and imaged on
the spectrometer slit, dispersed in the horizontal direction and
projected on a CCD matrix. Thus, the image on the CCD plane
provides both spatial (in the direction across the sample) and
spectral resolution with a corresponding spatial resolution of
~0.01 mm and a spectral resolution of 0.1 meV. A laser diode
with a photon energy of E; = 1.56 eV (below the Al,Ga;_,As
barrier band gap) or a He-Ne laser of low intensity were used
for photoexcitation so that the 2DEG density in the illuminated
area was very close the nominal n9,, value measured in the
dark (in transport study). An external magnetic field, B < 1
T, was applied normally to the 2DEG layer. The sample was
immersed in liquid He at a temperature of 7, = 2 K.

Hall bars of size ~5 x 1 mm? were prepared either by
standard lithography or by cleaving rectangular bars and
subsequent soldering In/Sn alloy contacts to the 2DEG layer.
Magnetoresistance measurements were performed with a
standard lock-in technique at a frequency of 17 Hz and a low
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ac current (of 0.1 A). The ac and dc (bias) current, i,. and Igc,
respectively, were driven through the edge contacts [numbered
1 and 2 in the scheme of Fig. 1(b)], and the longitudinal
voltage was measured on contacts 3—4. The dc current varied
in the range of 5-300 pA. The Hall voltage was measured on
contacts 3 and 5. The 2DEG density, ngD, was obtained from
the period of the SdH resistance oscillations. This period does
not change under weak laser illumination with the intensity,
I < 10 mW/cm?, and nd, was found to be very close to the
nominal value.

The temporal evolution of the HEF-induced PL modulation
was studied by applying current pulses of 10—100 ps duration
(the pulse rise and fall times <1 us). The time-resolved PL
signal was detected by a cooled photomultiplier, having a re-
sponse time of 2 ns, and measured with a gated photon counter.
The spatial resolution in the time-resolved measurements was
obtained by introducing a pinhole mask on the spectrometer
entrance slit so that the PL transients are measured near the
Hall bar edge (y ~ 0).

III. RESULTS

Although the PL images turn out to be dependent on
the particular sample heterostructure, size, and nJp,, similar
HEF-induced effects were observed in all the studied samples.
Figure 2 shows typical results obtained for a 30-nm-wide
MDQW specimen with ngD = 3.6 x 10'! cm~? and mobility
above 2 x 10 cm?/V s. Four series of PL spectra are
shown, measured across the Hall bar (namely, along the Hall
field direction, y) under an applied magnetic field of B =
0.35 and 0.7 T. For I4. = 0, the PL spectra are spatially

Photon energy (eV)

FIG. 2. (Color online) Spatially resolved PL spectra measured on
a Hall bar with a nominal n,p = 3.6 x 10" cm~% at 7, = 2 K and
under B = 0.35 and 0.7 T. (a),(c) I4c = 0; (b),(d) Vy = 100 mV at
Iy =160 A and 80 A, respectively. The red and green curves mark
the PL onset and Ep.(kr) energy, respectively.
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uniform [Figs. 2(a) and 2(c)], and the PL spectral bandwidth
AE = EpL(kp) — Eq corresponds to the nominal 2DEG den-
sity (ngD measured in the dark). The dc current induces
significant variations in the PL spectra across the Hall bar
[Figs. 2(b) and 2(d)]: In the region of high Hall potential
(near y ~ 0), the low-energy PL onset Ey shifts to a higher
energy, the spectral bandwidth A E decreases, and the PL peak
intensity increases.

Both the blueshift (of Ej) and the decrease in AE indicate
a decreased n,p value in the direction of the increased Hall
potential. Indeed, the E; shift results from the band-gap
renormalization (BGR) effect occurring at high n,p.2! The
high-energy, steplike PL intensity decrease occurs at Epy (kF),
corresponding to the valence hole recombination with 2D
electrons at the Fermi vector k. In the wide MDQW?’s studied
here, the valence hole dispersion effect on the emitted photon
energy can be neglected, and Er(y) = AE(y). Then, the local
2DEG density value is obtained: n,p(y) >~ Er(y)/D., where
D, = nh?/ m} is the averaged 2D electron density of states,
which has the value of D, =3.5 x 10~!! meV/cm~2 for
GaAs.

The total 2DEG PL intensity (energy-integrated PL),
measured at each y point, remains unchanged with increasing
Hall field. This means that the 2De-h radiative recombination
rate is not affected by the Hall field, and therefore the Hall
electric field does not affect the local density of the photoholes.
It should be noted that a similar spatially nonuniform PL
distribution across the Hall bar (along the y direction) was
observed as the laser-illuminated strip was moved along the x
direction.

At higher B (above 0.5 T), distinct bands due to the 2De-h
recombination between the Landau levels (LL’s) emerge in
the PL spectra. At B = 0.7 T [Figs. 2(c) and 2(d)], nine LL
PL bands are seen, and the spectrum at /3. = 0 does not vary
in the y direction. The LL separation is ~1.3 meV, which
is close to the electron Larmor energy at this magnetic field,
heB/m* = 1.2 meV. Under dc bias, the PL spectra in Fig. 2(d)
show spatial variations along the y direction that are similar to
those displayed in Fig. 2(b). At B = 0.7 T, the total number of
occupied LL’s and the PL spectral width, A E, decrease toward
y ~ 0. In this case, E(kr) can be accurately measured from
the energy of the highest LL PL band.

The n,p dependence on the Hall-induced voltage Vg was
studied by measuring the PL spectrum near y ~ 0O at different
I4. and B values. The PL spectra displayed in Fig. 3 were
obtained for Vi =0, 475, and —75 mV. The PL spectra
measured at B = 0.35 and 0.7 T under the same Vg show
the same energy shifts and the same spectral broadening.
We conclude that the Hall-induced 2DEG density change
depends on a single parameter: Vi o Blq., both on its value
and sign.

The local nyp value increases at Vy = —75 mV (Fig. 3, top
panel), and each LL PL band broadens relative to its width at
Vi = 0and 75 mV. By comparing Figs. 2(c) and 2(d), one can
see that the LL widths vary across the Hall bar so that the LL
PL band separation is almost smeared out near y ~ 1, when
bias current is applied. This finding definitely indicates that the
effective electron temperature 7, increases under high (—Vy)
values and varies across the Hall bar. Our detailed study of the
T, inhomogeneity generated by a high Hall electric field will
be discussed elsewhere.
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FIG. 3. PL spectra measured near the Hall bar edge (y = 0) for
several Hall voltages. Negative Vy values correspond to the (—x)
dc current direction. Nominal n,p = 3.6 x 10" em™2, T, =2 K. E,
(estimated at a PL half-maximum intensity) and E(kr) are shown by
dashed and dotted lines, respectively.

PL imaging was performed for various dc currents and
several B values, and the PL spectral width dependence
on y was measured. Figure 4(a) shows the n,p(y) values
extracted from the measured A E(y) dependencies at various
Hall voltages. For | Vg | < 25 mV, nyp shows an approximately
linear y-dependence for both positive and negative V. The
density remains nearly unchanged in the middle of the sample
(y = 0.5 mm). For |Vg| > 100 mV, nyp(y) varies nonlinearly
and it depends on Vj sign reversal [dashed curves in Fig. 4(a)].
In addition, the average n,p value decreases at high |Vy]|.

Figure 4(b) shows the dependence of n,p on the Hall
voltage, as obtained from the measured AE(Vy) at y ~ 0,
near the Hall bar edge. In the range of —25 < Vi < 50 mV,
the nop(Vy) dependence is nearly linear, nop = ”(2)D +én,
where 8n = cVy and ¢ >~ —7 x 108 cm™2 [mV]~!. Thus at
Vi = 25 mV, the total variation of the density across the bar
is of 10% ngD, as seen in Fig. 4(a). For Vi < —30 mV, nyp
saturates at 3.9 x 10'! cm~2.
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FIG. 4. (a) n,p(y) (along the Hall electric field) for several Vy
values; (b) nyp (y = 0) as a function of the V. The nyp values are
extracted from the PL spectra.
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FIG. 5. Time-resolved PL intensity, J, probed at E\,o, = 1.512,
near y = 0.

It is important to note that the PL spectral modification
induced by increasing Vy was independent of the photoexci-
tation diode-laser intensity (below 20 mW /cm?). Moreover, a
similar n,p spatial dependence was also observed at a lattice
temperature 77 K.??

Additional information about the nonuniform spatial 2DEG
distribution was obtained by studying the PL response to
current pulses /7. Transient traces of the PL intensity, J (),
monitored at Epo, = 1.512 eV (indicated by an arrow in
Fig. 3), were measured at current pulses of 0.1 ms duration
and a repetition rate of 0.5 kHz. Figure 5 displays J(¢) traces
obtained near the Hall bar edge (y = 0) for two /7 values and
B = 0.7 T. At the leading edge of the current pulse (Hall field
increases), J(¢) drops due to the PL spectral blueshift caused
by 2DEG depletion (see Figs. 2 and 3), and thus the n;p
variation with time is probed. At I? = 28 uA, J(t) drops and
recovers (after the current pulse turns off) with a characteristic
time <0.05 ms. Athigh current pulses (/7 = 56 ©A), however,
a much longer J-recovery time (exceeding the time interval
between the current pulses, 2 ms) is detected. Such a slow
recovery indicates that another mechanism is responsible for
the nyp redistribution at high Vy values, which is different
from the n,p redistribution occurring at low V.

The 2DEG transport properties are also affected by an
increased dc bias current. At I4. = 0, the differential longi-
tudinal and Hall magnetoresistances, r,, and r,,, respectively,
are shown in Fig. 6 (square symbols). These B dependencies
are typical of those observed in a high-mobility 2DEG. The
asymmetry of the SdH oscillations and the increased r,, with
B are attributed to the presence of a parallel low-conductivity
channel in this particular sample. Under a moderate current
(I3c = 20 pA, triangle symbols), a significant decrease in 7,
is observed at 0.2 < B < 0.6 T, and the amplitude of SdH
oscillations decreases.’

At Ig. = 100 uA, ry, sharply grows with increasing B, and
a longitudinal voltage instability develops at Vg > 500 mV
(not shown). Simultaneously, a deviation from the linear r,,
dependence on B is observed. Similar r,, changes were
recently discussed in detail.>® We note that the transport
properties were nearly independent of the low photoexcitation
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FIG. 6. Differential Hall (r,,) and longitudinal (r,,) magnetore-
sistance at various /Iy values, Ty =2 K.

intensity used (see above), and there are no observable changes
in the SdH oscillation amplitudes and frequency.

IV. MODEL

The experimental results shown in Fig. 2 reveal a nonuni-
form distribution of the 2DEG across the Hall bar for finite
dc bias current under low magnetic field B <1 T. In the
following, we will show that this spatially nonuniform electron
density distribution arises from screening of the HEF by
low-mobility charges in the layers parallel to the 2DEG, thus
it is due to a “gating effect.”

The spatial distribution of electrons under the Hall effect
was considered in the past.>'0 In the 3D case, the electron
density distribution is uniform across the Hall bar, except
for a relatively small density change at the sample edges.'”
For a 2DEG sheet embedded in an infinite dielectric medium,
the Hall electric field E,(y) induces strong electron density
variation within the screening length ~10 nm near the Hall
bar edges (y = 0 and y = W).%!0 In the rest of the sample, the
2DEQG is nearly uniform.

A significant 2DEG density nonuniformity across the Hall
bar can be induced if an additional screening of the Hall
electric field is provided by a conductive layer (“gate”) located
parallel to the 2DEG.° In this case, the potential of the “gate”
remains constant while the Hall-induced voltage appears
between the “gate” and the 2DEG layers. The existence of
a parallel conductive layer has already been considered for
interpreting the “anomalous” magnetoresistance®>>* and in the
experiments with increased dc bias current.!!:!#

The distribution of n,p(y) and E,(y) in a system consisting
of the 2DEG layer and a “gate” layer separated by an
undoped spacer (Al,Ga;_, As) of thickness d; can be obtained
self-consistently from the potential distribution in the 2DEG
layer relative to the “gate” one that is at zero potential:

P(y) = —lel/C.[ndp + 8n(»)], (1)

where the capacitance of the 2DEG and “gate” layers C, =
€0€Al,Gay As/d and d; < W (W is the Hall bar width). Hence,
we have

Ey = —d¢(y)/dy = |e|/Ccd(Sn)/dy.
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On the other hand, E, = E,uB, since j, = o E, +
oyE, =0 and o,,/0,, = uB holds at low B. Here, o,
and oy, are components of the conductivity tensor. Thus,
the Hall electric field is homogeneous across the sample and
E, = Vy/W. Then, dn(y) depends linearly on y (implying
conservation of the entire 2DEG charge),

Sn(y) = VuCe/lel(y = W/2)/W. @

Thus, a “gate” layer gives rise to a lateral, linear variation
of nyp, and the entire 2DEG density modulation across
the Hall bar is equal to VyC,./|e|. We note that a similar
density modulation can be obtained by considering a uniform
distribution of the electrochemical potential %!

The steady-state 2DEG density redistribution [Eq. (2)] that
results from a HEF screening occurs with a characteristic time
Toe & ppC.W? (a charging time in our model). Here, p;, is the
“gate layer” resistivity. The longest 7, ~ 1 s can be estimated
for a GaAs/Al,Ga;_,As heterostructure where the parallel
conductance is due to a high-resistivity GaAs cap layer (o, ~
2GQ/0)," C, ~ 2 nF/cm? (calculated for a thin Al,Ga;_,As
spacer, d; = 50 nm), and W = 1 mm. This estimation shows
that the gating effect takes place even for a very low (dark)
parallel conductivity, and therefore the HEF-induced in-plane
electron redistribution should be accounted for in the dc
transport experiments with the increased bias current.

V. DISCUSSION

From the PL spectral measurements, we obtain that the
nyp(y) depends nearly linearly on Vg at Hall voltages
below 50 mV, and is symmetric with respect to Vy sign
inversion, so that the integrated 2DEG density does not change
[Figs. 4(a) and 4(b)]. Indeed, at the sample edge (y = 0), the
2DEG density variationis 6n(Vy) &~ —7 x 10"V [Fig. 4(b)].
According to Eq. (2), such a 2DEG density dependence on Vg
can be affected by an “effective gate” located at a distance
of dy = 50 nm from the 2DEG layer. The results shown
in Figs. 2-5 were obtained for the sample structure with a
parallel conductive channel formed by a Si-doped layer. From
Fig. 6, we estimate the latter conductivity is of 0.1-1.0 M2 /0.
Then, the characteristic HEF screening time is short enough
(tse ~ 0.1-1 ms), and the 2DEG (in-plane) redistribution took
place.

At higher |Vy|, an asymmetry in the nyp(y) distribution
accompanied by an integrated 2DEG density reduction is
observed [Fig. 4(a)]. These effects are due to the vertical
electron transport (tunneling) from the MDQW to adjacent
layers. The local tunneling rate strongly increases as the 2DEG
potential elevates relative to the gate (along with the local n;p
increase). The tunneling gives rise to a nonlinear, asymmetric
nop(y) distribution [Fig. 4(b)] with the local density saturation
at one Hall bar edge (at |Vy| > 50 mV) and a strong depletion
at another. Thus, the integrated electron density in the 2DEG
layer decreases. The 2DEG distribution asymmetry observed
under the dc-current inversion [Fig. 4(a)] probably results from
a spatially dependent vertical electron transport due to the
inhomogeneity of barrier layer properties. In the past, a 2DEG
density reduction was reported in samples subjected to intense
microwave irradiation® or high dc current.?®

PHYSICAL REVIEW B 84, 245320 (2011)

The time-resolved PL response to current pulses measured
near y = 0 (shown in Fig. 5) supports the two mechanisms
(in-plane and vertical) for nyp modulation. At low Hall voltage
(current of 28 wA), a fast in-plane nyp redistribution with a
relaxation time of ~0.05 ms is observed, and this relaxation
time is close to the 7, value.

At high Hall voltage (current of 56 pA, filled circles in
Fig. 5), the PL relaxation time (after the termination of the
pulse) increases, indicating a slow 2DEG density recovery
process. This time-dependent 2DEG density modulation can
be explained by a vertical electron transport between the 2DEG
and the adjoining layers. Indeed, such a transport occurring
during the strong Vi pulse leads to a total charge reduction in
the 2DEG layer. Then, very slow vertical electron transport?’
takes place between the pulses, recovering the 2DEG density
with a characteristic time of % ~ 2 ms.

Equation (2) allows one to estimate the maximal magnetic
field and dc current values at which only slight 2DEG density
nonuniformity, across the whole Hall bar, is produced by the
induced HEF. For example, 8n/n3, does not exceed 5% at
I B < 3 (uA T) for the structure considered above (d; =
50 nm, ngD =3.6 x 10! cm’z). These maximal current and
magnetic-field values are independent of the sample width
and are below the corresponding /4. and B values used in the
recently reported nonlinear magnetotransport experiments.>!

The similar 2DEG density redistributions were also ob-
served for many studied samples in which there was no
defined parallel conductive layer. In this case, photocarriers
generated in the barrier layers can also contribute to the parallel
conductivity channel. However, no change in the PL patterns
was observed when photoexcitation intensity was reduced by
three orders of magnitude (as compared with that used in the
measurements shown in Fig. 2). Thus, all these observations
show that there is always some low conductive parallel layer
that leads to a HEF screening.

VI. CONCLUSION

Using a spatially resolved photoluminescence tech-
nique, we show that in high-quality, modulation-doped
GaAs/Al,Ga;_As quantum wells, a gradient in the 2D electron
density along the Hall field is induced by the increased dc bias
current at low magnetic field. We attribute this Hall field-
induced density nonuniformity to an effective gating due to a
conductive layer parallel to the 2DEG. Two mechanisms for
the electron redistribution are considered: (a) In-plane electron
transport leading to linear 2DEG density variation across the
Hall bar with a gradient that is proportional to the Hall electric
field. (b) Vertical electrical transport that is activated at higher
Hall voltage, resulting in a local 2DEG density saturation
and accompanied by the total charge reduction in the 2DEG
layer. We propose that the Hall-induced spatially nonuniform
2DEG distribution should be taken into account in cases in
which the heterostructure is driven into the nonlinear regime
by increasing the Hall electric field.
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