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Improvement of the transport properties of a high-mobility electron system

by intentional parallel conduction
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We present a gating scheme to separate even strong parallel conduction from the magneto-transport
signatures and properties of a two-dimensional electron system. By varying the electron density in
the parallel conducting layer, we can study the impact of mobile charge carriers in the vicinity of
the dopant layer on the properties of the two-dimensional electron system. It is found that the parallel
conducting layer is indeed capable to screen the remote ionized impurity potential fluctuations
responsible for the fragility of fractional quantum Hall states. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4975055]

Modern high-mobility heterostructures rely on the
modulation-doping concept that places the dopants slightly
away from the heterojunction or quantum well that harbors
the two-dimensional electron system (2DES). When the dop-
ing concentration is very high or for a low aluminum content
in the Al,Ga;_,As spacer between the doping site and inter-
face, the conduction-band edge can drop below the Fermi
energy at the doping site, resulting in an additional conduct-
ing channel. The Ohmic contacts to the 2DES, which are
formed by metal deposition and thermal annealing, will also
be electrically connected to this parallel channel, resulting
in what is generally known as “parallel conduction”. The
existence of such parallel conduction is signaled by an
increasing resistive background of the longitudinal resistance
and a bending of the Hall resistance.' Masking the interest-
ing quantum phenomena, parallel conduction is considered
undesirable. However, the mobile charges in the parallel
channel generally have an extremely low mobility so that the
parallel channel usually does not exhibit Shubnikov-de Haas
oscillations or quantum Hall effects, which would be super-
imposed to the signal from the 2DES. Quite the contrary do
high-mobility samples with a slight parallel conduction often
exhibit beautifully developed fractional quantum Hall (FQH)
effects. In the second Landau level, this strong development
of FQH states can be traced back to an effective screening
from the ionized dopants by the parallel conducting layer
(PCL).? However, it is well-known that ionized dopants are
detrimental to the formation of FQH states in general.®

Here, we outline a simple top-gating technology that will
allow us to utilize samples displaying parallel conduction on
the surface side of a single interface. The parallel conduction
is isolated from the Ohmic contacts in the arms of a Hall-bar
geometry and can be modulated in the bar area itself. Thus,
the detrimental effect of parallel conduction can be eliminated
and additional impacts on the 2DES characteristics become
accessible. We demonstrate that the existence of a parallel
conducting layer (PCL) seems to enhance the development of
FQH states via the screening of remote ionized impurities
(RIs). When structured back gates are implemented,® our
method can be generalized for inverted single interfaces or
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double-sided doped quantum wells. We will explain the tech-
nological part using a low-quality single-interface modulation-
doped GaAs/Aly 13Gag g2 As structure with three consecutive
Si 0-doping layers 5 nm apart, which result in strong intrinsic
parallel conduction (Sample A, measured in a *He system at
T ~280mK). The 2DES is buried 245 nm below the surface
with a setback distance to the d-doping site of 70 nm. To illus-
trate the screening effect of a PCL on FQH states, a second
single-interface structure of higher quality was investigated
in a dilution refrigerator (Sample B, T ~ 80 mK). Sample B
is quantum-well doped, i.e., the Si dopants are located in an
1 nm-wide GaAs quantum well in the Aly24Gag76As barrier,
at a setback distance of 70 nm from the GaAs/AlGaAs inter-
face that is situated 100 nm below the surface. Sample A was
grown in a different MBE system with a higher impurity back-
ground. In addition, due to the lower barrier height in the 18%
aluminum material (Sample A) and the resulting stronger pen-
etration of the wave function into the barrier, both interface
and RI scattering are enhanced. Since Sample A was measured
in a *He system at T ~ 280 mK, magneto-transport will show
very few signatures of FQH states. In both samples, the evapo-
ration and annealing of Au/Ge Ohmic contacts short the
conducting doping layer and the 2DES. All measurements pre-
sented in the following were conducted without prior illumina-
tion of the samples.

Figure 1 illustrates the impact of a weak and a strong
PCL on the magneto-transport properties. While Sample B
displays an increase in the resistive background of the longi-
tudinal resistance at magnetic fields exceeding 5T, Sample
A already exhibits this resistive background at very small
B-fields. Also the Hall voltage is found to diverge from a lin-
ear increase with magnetic field.

Apart from the features related to the quantum Hall
effect, these experimental profiles are in agreement with the
classical description of parallel conduction through two
channels by the so-called Two-band model.”™ According to
this model, the total longitudinal and transverse resistivities
arise from the total conductivity via matrix inversion

oo — VYp[nenyp + npept, )] 1)
Xxx T 27
[newy, + npepty)]* + [nep?By, + npeuZBy]
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FIG. 1. Parallel conduction in the doping layer. (a) Profiles of longitudinal
(pxv) (blue) and transverse (p,,) (red) resistivity calculated within the scope of
the Two-band model for parallel conduction, according to Egs. (1) and (2). (b)
Longitudinal (R.,) (blue) and transverse (R,y) (red) resistance as a function of
magnetic field B in Sample A (T ~280mK; n =12 x 10" em™2, y=12.8
x10° cmz/Vs) and (c) Sample B (T ~ 80mK; n = 1.5 x 10" em 2, nw==62
x 10 cm? /Vs) when no gate voltages are applied.
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with y = 1 + 4?B? and »p=1+ MEBZ; n and p represent the
2DES’s density and mobility while n;, and w, stand for the
respective quantities related to the PCL. These modifications
to the field dependence of p,. and p., compared to the Drude
model” are depicted in Fig. 1(a). The measured longitudinal
resistivity p., rises as a function of the B-field while the Hall
curve represented by p, (B) is bent downwards. At low mag-
netic fields, the measured transverse Hall resistivity is domi-
nated by the 2DES. The more the mobilities x and y, in both
parallel systems differ from each other, the higher is the
magnetic field to which the low-field limit, dominated by the
2DES, extends.
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In order to electrically isolate the 2DES from the PCL,
we apply negative voltages to narrow gates placed at
each Ohmic contact, which deplete the PCL underneath.
The insets of Figs. 2(a) and 2(b) illustrate the active gates
(in yellow) for magneto-transport measurements. To avoid
having the PCL electrically floating, the PCL at the drain
contact is not depleted. We emphasize that these pinch-off
gates (POGs) only locally deplete the PCL next to the
Ohmic contacts; they do not eliminate the PCL over the
area of the Hall bar. The control of the PCL density across
the Hall bar is achieved via an additional top gate (TG) that
covers the entire active Hall-bar region. Varying the top-
gate voltage, thus tuning the screening by the PCL, would
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FIG. 2. Sample A (T ~ 280mK): (a) Longitudinal (p,,) (blue) and (b) trans-
verse (py,) (red) resistivity as a function of magnetic field B when the
parallel-conducting doping layer is separated from the Ohmic contacts by a
negative pinch-off-gate voltage Vpog (Vrg = 0V). The gray traces corre-
spond to the traces in Fig. 1(b). (c) Capacitance (expressed as the capacitive
current /c o< Ctg) of the two-layer system formed by 2DES and PCL with
respect to the top gate.
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provide insight into the impact of remote ionized impurities
on the 2DES.

Figures 2(a) and 2(b) illustrate the dramatic effect on the
magneto-transport when the voltage to the POG is made more
negative. We observe that the minimum values of p,,, e.g.,
the minimum at filling factor v=1 at B = 4.9 T, are substan-
tially lowered while at the same time the Hall plateaus at
Vpog = —2V are lifted up. At Vpog = —3V, the effect of the
PCL is completely eliminated from the magneto-transport
data. For pinch-off-gate voltages more negative than —3V,
eventually, also the 2DES underneath begins to be depleted.
We never operated the POGs in the latter regime.

To determine the exact value of the top-gate (and pinch-
off-gate) voltage that eliminates the PCL, we employ a capac-
itive measurement technique. Since the capacitance between
top gate and PCL will markedly differ from that between top
gate and 2DES, we can easily obtain the top gate voltage that
depletes the PCL simply by measuring the capacitance. The
capacitance per unit area Cg related to the TG and a second
conducting layer, the PCL or the 2DES, is given by

C
Anjyer = %G Via, 3)

where Anj,yer refers to the density change in the affected
layer (PCL or 2DES) due to the applied top-gate voltage.
The pinch-off-gate capacitance per unit area Cpog is defined
accordingly.

We modulate the top-gate voltage Vg with an AC volt-
age of VAS = 10mV that has a frequency of frg = 381.3 Hz.
We apply the AC-modulated top gate voltage with respect to
the drain contact. The capacitive AC current /¢, measured at
the drain contact with a standard lock-in technique, is phase
shifted by 90° relative to V4S. The top-gate capacitance Ctg
is obtained from this off-phase component of the current via

Ic

CTG = )
27‘EfTG X V%g X ATG

“4)

with the top-gate area Arg, VA4S, and frg being constant.

Figure 2(c) shows the capacitive current /¢ for the varia-
tions of both gate voltages at zero field. In this experiment,
also the pinch-off gate near the drain contact was used to
completely isolate the PCL. The current /¢ (xCpg) shows
two significant drops indicating the depletion of the PCL and
the 2DES, respectively. The measured capacitance represents
the sum of the two parallel capacitances related to the two
plate capacitors formed by the metallic TG and the PCL and
by the TG and the 2DES. When the PCL is depleted and no
longer conductive, only the capacitance between the TG and
the 2DES contributes to the measured capacitance that drops
as a consequence at Vpg ~ —2.5V. The same capacitance
drop as occurring at Vg =~ —2.5V is produced by applying
Vpog = —2.6 V (at zero top-gate voltage) because the PCL
below the TG is separated from the contact where the capaci-
tive current is measured.

Having found a method to determine the exact voltage
where the PCL is depleted, we scrutinize the screening effect
of the PCL from the RIs. We evaluate Sample B which has a
weaker PCL, already depleted with a gate voltage of —0.5 V.
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Figure 3 shows the electron density and mobility of the
2DES as a function of the top-gate voltage Vtg when Vpog
= —0.5V is applied. For —0.3V < Vig < 4+0.6V, varia-
tions in the PCL density result in a linear response of the
density and mobility of the 2DES. We do not attribute this
to changes in the screening of RIs but to a different effect
called compressibility,'® where the density of the 2DES
is affected by density changes in the PCL. Beyond Vrg
= —0.4V, the electric field from the top gate penetrates the
parallel layer and can directly affect the 2DES.

We deem the development of fractional quantum Hall
states a better indicator of the impact of RIs''™"* on the
2DES than the mostly background-impurity dominated
electron mobility.*'*'* The dominant role of background
impurities in Sample B is indicated by o« < 1 (cf. the inset of
Fig. 3) in the mobility-density dependence p o< n*, where the
value of the exponent « is related to the dominant scattering
mechanism. '

The effect of the screening from the RIs by the PCL
in terms of the value of the minimum in the longitudinal
resistivity at two representative filling factors v = 3/5 and
v =5/3 is depicted in Fig. 4. In the range of the top-gate
voltage where parallel conduction occurs (Vg > —0.5V),
the minima of both FQH states are only slightly affected by
Vg, i.e., by the density in the PCL. For Vg < —0.5V, we
observe a rapid increase in the longitudinal resistivity p,. of
both states because the PCL vanishes and RlIs are no longer
effectively screened.

While the density of the 2DES also changes in response
to the top-gate voltage, we stress that the sudden strong
increase in p,, for VoG < —0.5V cannot be solely attributed
to these comparably small changes in the electron density.
We attribute the rapid variations in the longitudinal resistiv-
ity to the screening effect of the PCL. The amount of the
density change gives the capacitance per unit area according
to Eq. (3) via

dn
e .
dVrg

®)

C1G2DES = —

As shown in Fig. 4(c), the value of Crgoprs does not
exceed 25nFem 2 in the investigated range of the top-gate
voltage Vrg. The difference to the geometrical capacitance
of C3opes = 100nFem ™ (with C¢pes = €oe/d and the

1.60 f=Sample B 6.4
‘\.'A156 —VPOG = —OSV 6 2 ;J?
g T
-9 g
=148 1.52 1.57 R
n o 219070 -

1.44 n (10" cm ) 30

5.4

04 -02 00 02 04 06
Vg (V)

FIG. 3. Sample B (T ~ 80mK): Impact of the applied top-gate voltage Vg
on the 2DES characteristics (electron density n and mobility u). The inset
shows the a-parameter determined from the mobility-density dependence in
the presence of the PCL, according to log u = o log n.
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FIG. 4. Sample B (T ~ 80mK): (a) Resistances when the parallel conduct-
ing layer is entirely depleted. (b) Evolution of the longitudinal resistivity p,.
at fractional fillings v = 3/5 (blue) and v = 5/3 (black) with the top-gate
voltage Vg, i.e., as a function of the PCL density. (c) The derivative of the
coinciding density change (gray, right axis) with respect to Vg is propor-
tional to the capacitance per unit area Ctgpgs (red).

distance d = 100 nm between the TG and the 2DES) reveals
the existence of residual free charges in the doping layer
even for Vig < —0.5V. In this range, the parallel conduction
of the doping layer vanishes (cf. Fig. 4(a)). If charges in the

Appl. Phys. Lett. 110, 042106 (2017)

screening layer were completely absent, the capacitance
would result solely from charges in the 2DES and the top
gate, i.e., the geometrical capacitance. From the tremendous
increase of the resistivity minima in the range —0.7V < Vg
< —0.5V, it can be deduced that even a small amount of
free mobile charges in the doping layer, not forming a fully
conductive layer, is sufficient to screen the Rls in a notable
manner. Hence, a high doping concentration up to the thresh-
old of parallel conduction favors the development of frac-
tional quantum Hall states.

In summary, we have shown how a parallel-conducting
doping layer can be eliminated from the magneto-transport
data of a two-dimensional electron system by an appropriate
gate design. The parallel conduction can be manipulated by
a top gate in the Hall-bar region and we observe a very pro-
nounced response in the development of fractional quantum
Hall states, which we attribute to the screening from the
remote dopants. Since these effects compete with a small
change in the 2DES density, for a more thorough investiga-
tion, even more sophisticated samples with top and back
gates must be designed. In such samples, the density change
during the variation of the PCL could be compensated by the
back gate.

We would like to acknowledge Thomas Feil for helpful
discussions. The financial support by the Swiss National
Science Foundation (SNF) was highly appreciated.
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