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The layer interdependence of transport in an undoped electron-hole bilayer (UEHBL) device was studied as
a function of carrier density, interlayer electric field, and temperature. The UEHBL device consisted of a
density tunable, independently contacted two-dimensional electron gas (2DEG) and two-dimensional hole gas
(2DHG) in distinct (100) GaAs quantum wells separated by a 30 nm AlyGay;As barrier. The 2DEG and
2DHG are induced via field effect by top and bottom gates, respectively. Transport measurements were made
simultaneously on each layer using the van der Pauw method. An increase in 2DHG mobility with increasing
2DEG density was observed, while the 2DEG mobility showed minimal dependence on the 2DHG density.
Changes in both surface-gate voltages for the mobility-density measurements were observed. Decreasing the
interlayer electric field and thereby increasing interlayer separation also increased the 2DHG mobility with
negligible effects on the 2DEG mobility. The change in interlayer separation as interlayer electric field changed
was estimated using 2DHG Coulomb drag measurements. A general discussion of the results is given in which

the possible sources for the apparent interlayer dependence of the hole transport are examined.
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I. INTRODUCTION

Interest in electron-hole bilayers necessarily arose from
the prospect of observing Bose-Einstein condensation of ex-
citons in semiconductor double quantum well systems'? and
significant progress toward this goal has been made.>* This
trend in bilayer research centered on the behavior of the
electron-hole pair. The work presented in this paper, how-
ever, focuses on the individual transport in each layer and the
layer interdependence. The latter is the primary question we
seek to answer here and for which a bilayer device is singu-
larly, exceptionally suited: to what extent will the mere pres-
ence of a nearby two-dimensional electron gas (2DEG) affect
the transport in a two-dimensional hole gas (2DHG) and vice
versa?

The general transport properties of the 2DEG system in
modulation-doped heterostructures were well established de-
cades ago.>® Evidence for how the carrier mobility in these
systems can be varied, via changes to scattering time or ef-
fective mass, will be emerged later. Exploiting Coulomb
scattering’s dependence on the shape of the wave function,
Hirakawa et al.” demonstrated that a 2DEG’s mobility could
be altered by deforming the wave function using external
fields from gates.®? Calculations by Kurobe'® also showed
that the 2DEG wave function can be squeezed by changing
surface-gate voltages; when the 2DEG’s confining potential
is tilted by an electric field, the wave function is squeezed
against an interface. Furthermore, the calculations showed
that this squeezing reduces remote and space impurity scat-
tering times but enhances the channel impurity scattering
time. From other studies on similar devices it was deter-
mined that background channel impurities dominate scatter-
ing at low densities, while interface roughness dominates at
higher densities.!""!> More recently, Das Sarma et al.'> and
Manfra et al.'"* showed that background impurity scattering
in GaAs heterostructures is rudimentary to the two-
dimensional (2D) metal-insulator transition, which occurs as
density is reduced and screening of the random potential
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landscape, due to these impurities, becomes progressively
weaker. Changes to the effective mass, a second possible
mechanism to vary mobility, have also been recently inves-
tigated. Zu et al.'> showed how a 2DHG effective mass var-
ies with well parameters and density due to the highly non-
parabolic valence subband structure. Lastly, several studies
of spin-orbit coupling induced Rashba effect have shown that
the spin splitting of the hole subband could be controlled via
surface-gate voltages and how this changes the densities of
the spin-split subbands.!®!” These subbands have different
effective mass, and thus, a change in the relative populations
of each may influence mobility. These studies, however,
were all on unipolar devices and an experimental study of
whether general transport, specifically carrier mobility, is af-
fected by a 2D system of opposite charge in close proximity
has not been reported.

In this paper, the results of an investigation into the layer
interdependence of transport in an undoped electron-hole bi-
layer (UEHBL) are presented. The UEHBL device under
study consists of a density tunable, independently contacted
2DEG and 2DHG induced via field effect in distinct GaAs
quantum wells separated by a 30 nm Al ¢Ga,As barrier.'®
To populate the undoped wells an interlayer electric field Ey;,
is necessarily established to account for the energy difference
between the conduction and valence bands. This design af-
fords the following advantages: (1) independent contacts al-
low for simultaneous transport measurements of each layer
and Coulomb drag measurements; (2) a tunable density
2DEG and 2DHG allows for these measurements to be made
as functions of the density in each layer, n and p; (3) an
undoped structure reduces scattering by remote ionized im-
purities; and (4) for equal densities, the interlayer separation
d between the 2DEG and 2DHG can be varied by changing
Ey, and both gate voltages. The investigation included mo-
bility and resistivity measurements measured in each layer as
functions of n and p, Ey;, and temperature 7. Coulomb drag
measurements were used to estimate the change in d as Ey,
was varied.
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The paper is organized as follows. An explanation of the
device material and fabrication is given in Sec. II. Details
regarding the device operation and experiment are presented
in Sec. III. The results are presented in Sec. IV. They indicate
that 2DHG transport changed by varying n or Ey, while the
transport observed in the 2DEG was largely immune to simi-
lar magnitude changes in p or Ey . The apparent layer inter-
dependence demonstrated by the 2DHG transport may only
have been indirect; however, since increasing n also neces-
sitated changes to the surface-gate voltage predominantly
controlling p, which also would have affected the shape of
the 2DHG confinement potential. Changes in confinement
potential are known to affect 2DHG transport and whether
any mechanisms are appropriate to the changes in hole mo-
bility observed in the UEHBL is discussed in Sec. VI. This
discussion is augmented with Coulomb drag measurements
that were used to estimate the change in hole wave-function
position with Vj;. Finally, in Sec. VI the conclusions are
summarized.

II. MATERIAL AND FABRICATION

A description of the design and fabrication of the device
used in this study was given by Seamons et al.'® The UE-
HBL device was formed from molecular-beam epitaxy
grown GaAs/AlGaAs double quantum well material (wafer
EA1286) grown on the (100) surface of a GaAs substrate. A
side profile diagram of the device after full processing is
shown in Fig. 1(a). The top and bottom 18 nm GaAs quan-
tum wells were separated by a 30 nm Al,¢Ga,;As barrier.
Above the top quantum well is a 200 nm Al ;Ga,,As clad-
ding layer and a 60 nm Si-doped n* GaAs cap layer. Beneath
the bottom quantum well is a 125 nm Alj;Ga,,As cladding
layer and a 310 nm growth superlattice. Beneath that is a 15
nm GaAs layer, which acts as the second etch stop during
back-side processing and effectively becomes the cap layer.
The first stop etch (not visible in diagram) is a 500 nm
Al 55Gag 45As layer and that is completely removed during
processing.

Because our approach to electron-hole bilayers is to in-
duce carriers with gate-generated electric fields, the process-
ing for these devices is quite involved. The key steps are to
define a Hall bar with an integrated top gate, define the
n-type and p-type contacts, thin the structure for back-side
processing, and apply a final metallization layer for both a
back gate. An image of the final device is shown in Fig. 1(b),
and the key steps are described below.

To process the UEHBL device an ~6 X 8 mm? piece was
cleaved from the wafer and mesa etched into the shape of a
200 pum wide Hall bar with five arms extending from it on
each side. The only intentional dopants present in the mate-
rial were in the n* cap layer that forms the top gate. These
dopants do not provide the carriers to populate either of the
quantum wells. Instead, electrons are pulled into the top
quantum well from n-type NiGeAu self-aligned Ohmic con-
tacts with the top gate.!” A shallow annealing of PdGeAu
metal was used to make Ohmic contact to the top gate [the
right end of Fig. 1(b)]. In Fig. 1(b), the n-type contact and
gate arms are outlined by the black dashed lines. The arms
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FIG. 1. (Color online) (a) Schematic of the UEHBL device. (b)
Micrograph of the device. The top gate and n-type contacts are
barely visible through the epimaterial and are outlined by black
dashed lines. The back gate covering the Hall bar and p-type con-
tact arms is the gold region. Top and bottom gate contact arms are
located at the ends of the Hall bar; the actual contacts are not
visible. (¢) Schematic of the energy-band diagram depicting Vg,
Vi, and Vpe.

are very difficult to see in the image because following back-
side processing they end up beneath the epilayer, as will be
discussed further below. The actual contact pads are not vis-
ible in the micrograph. These contacts served a dual role as
reservoirs supplying electrons to the top quantum well and as
the n-type Ohmic contacts for transport measurements on the
2DEG. At the ends of the remaining arms, AuBe p-type
Ohmic contacts were formed.

The carriers in each quantum well were induced via ex-
ternal fields generated by gates on the top and bottom of the
device, as depicted in Fig. 1(a). Each gate covers the central
Hall bar region and extended along the entire length of half
the arms in a geometry which allows for both longitudinal
resistance R, and Hall resistance R,, measurements in both
wells independently. The gate contact pads were positioned
at opposite ends of the long axis of the central Hall bar
region [arms visible at right and left ends of Fig. 1(b)].

The patterning of the bottom gate of the device requires a
procedure for thinning GaAs heterostructures called epoxy
bond and stop etch (EBASE).?° This technique entails epoxy-
ing the sample to a GaAs host substrate with the completely
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processed top-side face down on the host substrate. The
original GaAs substrate is removed down to the first stop-
etch layer [Alj ssGag4sAs, not shown in Fig. 1(a)] using a
combination of lapping and selective etching of GaAs using
citric acid. The first stop-etch layer is removed with an HF
etch, which stops on the second stop-etch layer of GaAs.
Once completed SiN was deposited over the entire mesa sur-
face by plasma enhanced chemical vapor deposition and vias
were etched through the heterostructure to contact the top
electrical layers (n-type Ohmics, p-type Ohmics, and top
gate). The back-gate metal, TiAu, was then deposited over
the top of the SiN. The five p-type contact and the back-gate
arms are clearly visible as gold regions in Fig. 1(b).

The back gate covers the central Hall bar region, the five
p-type Ohmic contact arms, and a small portion of the p-type
contacts. In this so-called overlap configuration, holes are
pulled by the back gate into the bottom well from the p-type
Ohmic contacts;?! this is analogous to the aforementioned
n-type Ohmic contacts’ function. While both quantum wells
are physically in contact with the n-type and p-type metal
contacts, the gates and mesa configuration are such that only
one type carrier is induced in each well. The positions of the
contacts along the Hall bar were chosen to allow R, and R,
measurements of both quantum wells independently; how-
ever, due to processing problems, only four contacts to each
layer worked on this device and this led to measurements
being made using the van der Pauw method.??

III. EXPERIMENT

A schematic of the energy-band diagram of the UEHBL
during typical operation is given in Fig. 1(c). To simulta-
neously establish 2DEG and 2DHG in the UEHBL devices
three different bias voltages, top-gate bias Vpg, bottom-gate
bias Vyg, and interlayer bias Vj;, are necessarily used; all
these voltages are referenced to ground. As depicted in Fig.
1(c), Vrg, Vi, and Vgg predominantly adjust the electric
fields across the 2DEG, barrier region, and 2DHG, respec-
tively. During operation at least one p-type contact always
remains grounded. The 2DEG is held at V};, which accounts
for the difference in the electron and hole Fermi levels and
ends up being slightly less (~1.43-1.45 meV) than the
GaAs band-gap energy (~1.51 eV), due to the presence of
other field sources, Vyg, Vgg, and the carriers in each well.
Ideally, it is expected that n and p are controlled only by
their nearest gate, the top and bottom gates, respectively, due
to screening. However, as will be demonstrated below,
changing the density in one well causes a small change in the
density of the other well, requiring simultaneous adjustment
of Vg and Vgg for the mobility versus density measure-
ments at constant V. Additionally, the system is overdeter-
mined (two densities and three voltage settings) so the same
densities can be achieved at different gate voltage settings.
Finally, with the 2DEG held at V}; with respect to ground, all
the circuitry connected to it must also be held at Vy;, neces-
sitating the use of an isolation transformer to break the
ground of the signal source. This also means that n is mainly
proportional to |Vyg— V|, while po|Vgg|.

The n and p in the UEHBL were set by adjusting Vrg,
Vge, and Vy and measured using low-magnetic-field R,,
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FIG. 2. (Color online) Mobilities (a) w, and (b) w, as a function
of p and n, respectively, and the adjacent well density at T
=0.3 K and VH_Z—I.44 V.

measurements. To characterize transport, the resistivity p
was measured in each layer as a function of n and p, Ey;, and
temperature 7. The mobility in each layer was calculated
from the resistivity and density according to u,=1/pep, and
m,=1/nep,. R, and p measurements were made by standard
van der Pauw methods using low-frequency lock-in tech-
nique with separate 20 nA excitation currents in both layers.
Coulomb drag measurements were used to estimate the
change in d as Vj; changed. For these measurements a 10 nA
current was driven in the 2DEG, while the induced voltage in
the 2DHG was measured with a high-impedance detection
circuit. The constant-temperature measurements were all
taken at 7=0.3 K in a He? refrigerator.

IV. RESULTS

To establish some basis for comparison, the mobility of
each layer is plotted in Fig. 2 as a function of its density, n or
p, at different densities in the adjacent layer with Vi =
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FIG. 3. (Color online) Mobilities (a) u, and (b) w, as a function
of adjacent well carrier density, n and p, respectively, at 7=0.3 K
and Vi =—1.44 V. The inset plot shows AVyg as a function of p for
the data in (a).

—1.44 V. The resulting interlayer electric field Ey is ex-
pected to be on the order of 10 kV/cm, far below the
~500 kV/cm breakdown field of Al,¢Ga,As in this tem-
perature range.”? In the traces of Fig. 2(a) an increase in hole
mobility u, with increasing n is visible with a weakening
dependence as p increases. In direct contrast, the traces in
Fig. 2(b) of the electron mobility u, show minimal depen-
dence on p, the density in its adjacent well. This mobility
layer interdependence is more closely investigated in Fig. 3.
First, these data show that the mobility in both layers in-
creases with its density, as expected from Fig. 2. Second, the
plots in Fig. 3(a) also show that there is a monotonically
increasing relationship between the hole mobility w, and
electron density n, the density in the adjacent well. At the
lowest hole density, p=5.0Xx 10" cm™2, a=~23% change in
w, was observed. As p was increased to 10.0X10'" ¢cm™
the percent change apparently becomes weaker, which is il-
lustrated by the visible decrease in slope between the data
sets. This decrease in slope corresponds to the data in Fig.

PHYSICAL REVIEW B 78, 115318 (2008)

) ) ) ) ) ) ) ) ) ) 1
14 A A —A—, 4 4
A—A—4
L —eo
§ 1.2 « °
L _e— &
> e g —0
« 1.0 P L -
1
)
w _m
o8} - 4
— ./
3‘ 10 -2 oo
= p=5x10"cm e
'_g 0.6 |- ./I s -
= /-/ En
L 04} " o -
o vV = S
T IL 2
—=u—-143V -40
0.2 |- -
—e—-1.44V
-1.45 -1.44 1.43
—A-—--145V v, (V)
00 b o1 o [P P RPN T M

2 3 4 5 6 7 8 9 10 11 12 13 14
Electron Density (10" cm?)

FIG. 4. (Color online) Mobility w, as a function of n for
Vi=—1.43 to —1.45 V and (inset) AVgg as a function of Vi at T
=0.3 K.

2(a), where the spread between plots was much larger for
smaller p. The traces in Fig. 3(b) show that u, was roughly
independent of p, confirming what was apparent in Fig. 2(b).

The inset plot of Fig. 3(a) shows the change in bottom-
gate voltage AVpg required to maintain a constant p while n
was increased from 3.0 X 10'° to 13.0 X 10' cm™ using Vg
for each trace in the main plot. As previously mentioned,
changing the density in one well often leads to a small
change in the density of the other well, and thus, both gate
voltages Vg and Vg must be simultaneously adjusted to set
the densities. For all the measurements taken for this work,
making Vg less negative increased n, while making Vgg
more negative increased p. According to the inset plot, as n
was increased for each trace Vg had to be made slightly
more negative for p to remain constant. The increases in n
for each trace thus result in small decreases in p since in-
creasing Vyg (making V5 less negative) to increase n re-
quired making Vpg more negative to keep p constant. Fur-
thermore, the steepness of the slopes of each trace in Fig.
3(a) correlates with the magnitude of the change in Vg in
the inset plot; as |Vpg| increases, the slope becomes steeper.

In Fig. 4 the same w, data at p=5X 10" ecm™? and Vi
=-1.44 V from Fig. 3(a) are plotted alongside similar mea-
surements at Vy; =—1.45 and —1.43 V. The data in Fig. 4
were taken to examine the role of Vi in determining u,, as
changing Vj was also expected to alter the 2DHG and
2DEG wave functions. With the 2DHG held at ground, mak-
ing Vi, the voltage dropped across the barrier and less nega-
tive pulled the 2DEG energy level down toward the 2DHG
energy and, thereby, increased Ey . Measurements of u, un-
der similar conditions (not shown) were also taken but
showed no discernable dependence on Vy;. The inset plot of
Fig. 4 shows the AVyg required to maintain constant p while
increasing n from 3.0 10'° to 12.0 X 10" c¢m™2 at each Vy;.

Based on the previous results in Fig. 3(a), the slopes of
each data sets in Fig. 4 suggest, and the inset data confirm,
that the largest AVgg occurred at Vi =—1.43 V since it has
the steepest slope and that AVyg increases with decreasing
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V. For fixed n, the traces also show an increase in u, as
Vi, decreases. In this case, however, the increase in w, was
accompanied by an increase in Vg (making it less negative)
as Vy decreased. For example, at n=3X10"° cm™? a
Veg=—1.647 V resulted for V;; =—1.43 V, which was more
negative than Vgg=-1.5735 V at V=-1.45 V. This im-
plies that changing Vy also has a large impact on w, since a
comparison of the slopes of the traces in Figs. 3(a) and 4
with the inset data shows that making Vg less negative
would typically be associated with a reduction in u,, not an
enhancement.

V. DISCUSSION

A discussion of the mechanisms that might qualitatively
describe the results in Sec. IV, the apparent increase in u, as
n increased, the lack of similar magnitude changes in w,,, and
the changes in hole transport and Coulomb drag with Vi, is
given in the following. The analysis of the UEHBL is com-
plicated by the bipolar nature of the device and the related
use of three different voltages to control the carrier densities
and the two different field-effect transistor (FET) structures
used to generate them. These make it difficult to determine
the exact shape of the confining potentials in the device;
however, the action of the gates on the confining potentials
and the wave-function shape can still be qualitatively de-
scribed sufficient for one of these mechanisms to seem like-
lier than the other two.

Mobility is directly proportional to 7, and inversely pro-
portional to m;; changes in either could lead to the behavior
of u, above. One previously mentioned method for varying
7, is via squeezing of the wave function. If scattering is
limited by background impurity scattering in the well region
then increased squeezing of the hole wave function would
lead to an increase in w,. Squeezing is known to reduce
background impurity scattering in undoped heterostructures
in this density range (<10"' ¢m™2).'%!2 In the UEHBL, the
hole wave-function squeezing would increase with increas-
ing n because Vg, which tilts the 2DHG confinement poten-
tial, was simultaneously decreased (made more negative) to
maintain a constant p, as shown in the inset of Fig. 3(a). A
Boltzmann transport calculation for the mobility-density data
of a similar structure showed that transport in each layer was
qualitatively consistent with scattering being dominated by a
uniform background impurity density.”* Finally, the decrease
in steepness of the slopes of each data set in Fig. 3(a) as p
was increased is also consistent with squeezing since the
change in w, is proportional to —AVpg, which correspond-
ingly drops in magnitude as p increased [see inset of Fig.
3(a)].

While qualitatively AVpg would move the hole wave
function in the right direction for squeezing to occur the
question that arises is whether the effect was large enough to
cause a change in w,. An analysis of calculations on a 2DEG
in an undoped 100 nm wide quantum well showed that a
AE=18 kV/cm led to an increase in background impurity
scattering time of A7=~3X10'2 s at n=1X 10" cm=2.10 If
background impurity scattering was completely limiting wu,
then this effect would change it by ~5.0X 103 cm?/V s. In
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comparison, the w, results in Fig. 3(a) show a AVpg
=3 mV at p=1X10"" cm™ which led to a Ap,~4
X 10* cm?/Vs. It is not clear how these results would
change for the case of holes or for a smaller well; however,
squeezing effect on mobility increases as density is
reduced.'?

A second question which arises is why similar magnitude
changes were not visible in the u, results since Vg was also
varied as p increased. If background impurity scattering also
limited the 2DEG mobility then the results in Fig. 3(b), that
M, is roughly independent of p, imply that squeezing of the
electron wave function was much weaker than squeezing of
the hole wave function as density in the respective adjacent
well increased. A direct comparison of the changes in the top
and bottom gate voltages is invalidated by the device’s asym-
metry with regard to the cladding layer widths and relatively
different gate leakages. The latter was a function of the type
of gate and contact combinations for either 2D system [see
Fig. 1(a)]. Thus, it is possible that changes to Vyg caused
relatively smaller changes in the electron wave function
compared with Vpg’s effect on the hole wave function.

The second means by which to alter mobility is by vary-
ing m*. In GaAs/AlGaAs heterostructures, the conduction-
band structure is parabolic and can be described by a con-
stant m), while the valence-band structure is highly
nonparabolic due to admixing of the heavy-hole and light-
hole subbands and that leads to m;, being a function of sev-
eral factors, such as p, the orientation of the grown surface,
and the confining potential’s height, width, and symmetry.
Changes in m, with p and well width W in (100) GaAs
quantum wells were recently measured by Zu et al.'> using
cyclotron resonance. They showed that m) increased as p
increases for fixed W and as W increases for fixed p. In the
results of Sec. IV above, however, u, increases as the adja-
cent well density n increased, while p and W were both held
constant. Furthermore, from the traces in both Figs. 2(a) and
3(a), u, always increases as p increased, which means that
any increase in mj, due to increasing p, as implied by the
results of Zu e al.,'> must have been weaker than the in-
creases in scattering time from increased p. Finally, the
change in m;, required for a Ap,=~2X 10* cm?/V s, which,
for example, was roughly the change observed at p=5.0
% 10'° ¢m™? in Fig. 3(a), is roughly 0.06m,. Based on an
analysis of the results of Zu et al.," this would equate to
either a AW=5 nm or a Ap~=~2.0X11'" cm™, neither of
which is expected.

Variation in m* is also effectively possible via the Rashba
effect, a spin-orbit interaction found in systems lacking in-
version symmetry that leads to spin splitting of subbands in
the absence of a magnetic field.>>%° In such systems the mov-
ing carriers feel an effective magnetic field proportional to
the vector product of the carrier’s in-plane velocity and an
electric field which is present because of the inversion
asymmetry.””?% In a quantum well the application of a
surface-gate bias provides a source of inversion asymmetry
and the spin splitting can be varied using the surface
gate.?>30 In GaAs/AlGaAs heterostructures the smaller band
mass and weaker spin-orbit couplings of the electrons lead
to, for our purposes, negligible Rashba effect in the conduc-
tion band; in the valence band, however, measurable effects

115318-5



MORATH et al.

T T T T T T T
> P
2DHG
s ? current =)
()
G2} 4
VIL =
1 —=—-143V _
—e—-1.44V
—+—-1.45V A
5 o _ 10 2]
AN n=p~50x10"cm
0 I. L " L " L
0 1 2 3 5
Temperature (K)

FIG. 5. (Color online) The hole drag resistivity pg, as a func-
tion of T at matched density n=p~5.0X 10'© cm? for various Vj;_
and (inset) schematic of the drag measurement.

are expected.'®!73! In the uppermost hole subband pair 2D
heavy-hole and light-hole spin-split subbands result from the
heavy-hole band.*?> By changing the spin splitting, the rela-
tive populations of the spin-split subbands can be varied and
since these subbands have different m”™ it is expected that the
Rashba effect may thereby alter the effective mass of the
system and correspondingly the mobility.

The confining potential for the 2DHG in the UEHBL was
expected to be asymmetric due to Vg, which generate the
holes. Thus, making Vg more negative was expected to in-
crease the spin splitting of the 2DHG subbands. This would,
in turn, increase the difference in relative populations of each
spin-split hole subband, with a corresponding increase
(decrease) in the population of the spin-split heavy (light)
hole subband for constant p.'® This change in relative popu-
lations should lead to an increase in m; and, thereby, reduce
#p- This type of behavior was not observed, however, as
evidenced by the results in Fig. 3(a), where w,, increases as n
increased and simultaneously Vgg was made more negative
so p remained constant. Thus, it appears that at least quali-
tatively the Rashba effect cannot account for the apparent
layer interdependence of w, in the UEHBL data from Figs. 2
and 3. Furthermore, the observed changes in hole mobility
were strongest at low density, while the Rashba effect is
expected to occur mainly at larger k and vanish as k—0.
Based on this analysis, it seems likely that squeezing of the
hole wave function was the source of the apparent interlayer
dependence manifest between u, and n.

To further elucidate the nature of the squeezing of the
hole wave function in the UEHBL similar transport measure-
ments, shown in Fig. 4, and Coulomb drag measurements,
shown in Fig. 5, were then made at various Vy . Making Vi,
less (more) negative presumably increased (decreased) the
field across the barrier since the 2DEG energy level was
being pulled down toward (up away from) the 2DHG energy
level, which was held at ground. Inspecting data from Fig. 4
it is apparent that squeezing also occurs at different Vy; and
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that Vi significantly affects the relationship between w, and
n and, thus, the amount of squeezing that occurs. Combined
with the inset data of Fig. 4, these results are basically con-
sistent with the previous discussion above; for each Vy; trace
as n increased Vg was made more negative and, presum-
ably, this increased squeezing of the 2DHG wave function
leads to an increase in u,. Considering these results more
closely, however, another question arose, which is discussed
in the following.

From the data in Fig. 4 and the related discussion in Sec.
IV it appears that for constant p the presence of the weaker
barrier field nearby caused w, to increase while having a
negligible effect on u,. Furthermore, the process of making
Vi more negative was accompanied by an increase in Vg to
maintain a constant p. Based on the discussion above, the
increase in Vg would have reduced the squeezing effect and
decreased p,. This crucial difference made the role played
by Vi less obvious and worthy of more investigation.

To further illustrate how the 2DHG was affected by
changing the interlayer electric field and to provide an esti-
mate of the e-h scattering contribution some Coulomb drag
measurements, shown in Fig. 5, were taken as function of T
at three different Vy for matched density n=p~5.0
X109 cm™2. At T=03 K a Parag=0.1 /sq was equiva-
lently measured for each Vj;. Using pdrag=m2/ e’p7,_., the
time it takes for a hole to transfer its momentum to an elec-
tron is 7,_,,~313 ns.3* This was much longer than the hole
scattering time 7,, which varies from ~12.7 to 33.2 ps as Vy,
decreases at n=p=5X10'" cm™? in Fig. 4, which eliminates
e-h scattering as the dominant scattering mechanism.

The 2DHG Coulomb drag py,, measurements in Fig. 5
also show that at a fixed 7> 1.5 K, pqyr,, decreased as Vi,
was made more negative, which was expected, based on
Boltzmann theory, to occur if d were to have increased.®® To
analyze the drag results more closely the ratio
[Parag(A)/ parag(B)]"* was determined, where A and B were
the various Vi and A > B. For a constant density this ratio is
proportional to the ratio of interlayer separation d(B)/d(A) at
each Vy. From the ratio calculation, the decrease of
AV =—10 mV led to an increase Ad=5%. For the nomi-
nally expected separation d=38 nm, where the 2DEG and
2DHG wave functions would be located in the center of the
wells, this change equates to roughly 1.9 nm. Intuitively, the
increase in d makes sense; the strength of the actual electric
field between the 2DEG and 2DHG is primarily due to Vi
and when the field is weaker than the charges it would be
expected to be further apart from each other. Most impor-
tantly, however, this increase in d as Vj decreased suggests
the hole wave function moved away from the 2DEG and
closer to the edge of the confinement potential where squeez-
ing presumably occurs. Thus, making V}; more negative also
qualitatively suggests an increase in squeezing and, there-
fore, a commensurate increase in .

VI. CONCLUSION

The layer interdependence of low-temperature transport in
a 30 nm barrier UEHBL device was investigated. An in-
crease in u, with increasing n was observed at various p,
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while minimal change in u, with increasing p was observed
at any n. The former was accompanied by a simultaneous
decrease in Vg (made more negative) to maintain constant p
while n was increased, which was expected to have changed
the 2DHG confinement potential. Similar w, versus n results
were seen at three different V. Making V}; more negative
was also observed to increase both w, and d. A Ad~=~5%
increase with AV =—10 mV was determined by measure-
ments of py,e(7). The w,, results, which manifested an ap-
parent layer interdependence on adjacent layer density n,
were then discussed with regard to the following mecha-
nisms related to varying mobility: wave-function squeezing,
anisotropic band structure, and spin splitting of the subbands
due to the Rashba effect. Based on the analysis it appears
that hole wave-function squeezing was, at least qualitatively,
the best candidate as the source of the apparent layer inter-
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dependence. Bolstering this argument, the increase in d, sug-
gested by the 2DHG drag measurements, as Vj was made
more negative was also consistent with squeezing of the hole
wave function modulating u,,.
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