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A novel split gate design to study interaction effects
In quantum wires
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Abstract

A new concept to form ballistic quantum wires based on a triple split gate structure on top of a GaAs/AlGaAs heterostructure
is presented. Due to the flexibility in the design we propose this method, which would allow one to check the predictions
of the Luttinger liquid model. The current—voltage characteristic of an embedded tunneling barrier in a 2 pm long ballistic
quantum wire is also addressed in some detail. (©) 2002 Elsevier Science B.V. All rights reserved.
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A major part of the growing interest in strongly cor-
related electron systems concentrates on a better un-
derstanding of interacting electrons in one dimension
(1D), exhibiting non-Fermi liquid behavior. Well es-
tablished in theory, such a system should rather be
described—even for arbitrarily weak interactions—as
a so-called Luttinger liquid (LL) (for reviews see, e.g.,
Refs. [1-3]). Spatial correlation among the electrons,
which increases with decreasing temperature, gives
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rise to various remarkable properties [4]. For example,
the Drude conductance of an infinitely long LL with
only a single impurity is predicted to be suppressed
according to a power law as a function of applied
voltage (V') and temperature (7') (non-linear /-V"),
eventually vanishing at /=0, 7 =0. This behavior
arises from the zero tunneling density of states for
electrons for =0 at 7 =0.

For an unambiguous study of the predictions an
extremely clean 1D system (quantum wire, QWR) is
highly desirable, since the presence of even a small
residual disorder may largely obscure the desired ob-
servation of interaction effects. Due to the difficulty
of preparing suitable QWRs, only a few experiments
addressing the theoretical predictions were reported

1386-9477/02/$ - see front matter (©) 2002 Elsevier Science B.V. All rights reserved.

PII: S1386-9477(01)00229-6



90 M. Tornow et al. | Physica E 13 (2002) 89-93

(see, e.g., Refs. [5,6]). More recent results on car-
bon nanotubes and chiral edge states in the fractional
quantum Hall effect regime could be interpreted in a
satisfactory manner within the LL picture [7,8]. De-
viating from ideality, for example, in a recent work
[9] on very lightly disordered wires, fabricated on
a cleaved edge of a 2D system, tunneling through a
natural island within the wire was investigated. The
observed temperature dependence of the Coulomb
Blockade peaks could be successfully explained
within the LL picture.

In the present work, we introduce a new concept: a
multi-gate configuration, which forms a high quality
QWR with an added flexibility. For example, an easy
introduction of a potential barrier along the wire is pos-
sible. After describing our novel split gate design and
presenting representative measurements on a 0.5 pm
long QWR, first results on the tunneling through a
barrier in a 2 pm long QWR device will be described.

The preparation of our QWRs is based on the
widely used technique of laterally confining a high
mobility two-dimensional electron gas (2DEG), at the
interface of an AlGaAs/GaAs heterostructure, to a
narrow one-dimensional channel by using deposited
split gates. The main new component is a third gate put
in between the two negatively biased, channel limiting,
gates. This “middle gate”, only some 20-30 nm wide,

is biased positively. This configuration, combined with
the very small distance measured from the 2DEG to
the surface, allows a narrow lateral confinement while
retaining a high density 1D electron gas.

The steep potential walls lead to a larger subband
splitting, which reduces the inter-subband scattering.

We report the results measured on two samples
made from two different starting materials, both pre-
pared from MBE-grown GaAs/AlGaA s heterostruc-
tures, containing shallow high mobility 2DEG. In
sample A, the distance of the 2DEG to the sur-
face is d =50 nm, the electron mobility is about
p=10% cm?/V s at a density of ny=2.7 x 10'! /cm?
measured at 7=4.2K in the dark. In sample B,
d=53nm and p=1.7 x 10°cm?/V s at ny=3.7
x 10" /em?. The metallic gates were formed by means
of high resolution e-beam lithography (200 nm dou-
ble layer PMMA), UHV evaporation of a standard
AuPd (80/20) alloy and a subsequent lift-off pro-
cess. Metal line widths and spacings were as small
as 20 nm, but typical dimensions of lines were 30 nm
and spacings were 80 nm. Proximity effects during
the e-beam writing were drastically reduced via using
metal lines instead of large metal pads for the side
gates. Conductance measurements were performed at
temperatures between 400 mK and 4.2 K by applying
an AC voltage Vac = 10-100 pV to the drain (source

(a)

Fig. 1. (a) Conductance of a 0.5 um long quantum wire (sample A) as a function of side gate voltage Vsg at 7 = 1.4 K, measured with an
excitation voltage V5c =100 pV. Different curves correspond to different positive middle gate voltages Vyg = 0.25-0.45 V from right to
left. Inset left: Schematic view of the sample setup, crossed rectangles assign ohmic contacts. Inset right: SEM picture showing the AuPd
split gates of the central device region. Note, that the length 0.5 pm refers to the strictly parallel section of the gates, not including the
smooth openings. Other geometrical dimensions are approximately linewidth 30 nm, line spacing 200 nm between side gates. (b) Differential
conductance for the sample of Fig. 1(a) at fixed Vg =0.35V and T =4.2 K. Different curves correspond to Vsg from —0.50 V (top) to
—0.96 V (bottom) in steps of —0.01 V. The arrow points to a non-linear conductance regime, indicating the so-called “0.7 structure”.
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Fig. 2. (a) SEM picture of a 2 um QWR device with a center
QPC. The five split gates at the surface of the AlGaAs/GaAs
heterostructure (compare inset of Fig. 1(a)) can be biased with
individual voltages. For details of the device operation see text.
The 2DEG regions between Vsg, and Vsgs remain grounded to
avoid floating conductive planes close to the wire. (b) Detail view
of the center of (a).

was grounded). Up to a few mV, DC voltage wast
added to the drain in order to extract the full range
differential conductance.

Fig. 1 shows the conductance of a 0.5 um long
QWR (sample A) made by a triple gate design as seen
in the inset. While the two side gates were biased neg-
atively with Vg, the QWR in between the gates is
formed as a result of biasing the middle gate with a
positive voltage V. All conductance measurements
were done after verifying that the leakage currents in
the gates, especially in the middle gate, were typically
less than 20 pA at 4.2 K. Fig. 1(a) shows the lowest,
well pronounced, quantized 1.4 K conductance steps
of the QWR as a function of Vsg with Vg as a pa-
rameter. Note that no correction for the lead resis-
tance (and Ohmic contacts) was done since it was

very small. With increasing Vyg, the 1D density in
the channel increased. Consequently, the characteris-
tic voltage range of Vsg, down to pinch-off, shifted
to more negative voltages and at the same time the
plateaus were better resolved (due to the suppressed
scattering). We observed conductance quantization up
to wire lengths of 2 um in similar devices.

For the study of interaction effects in 1D, measure-
ments of the differential conductance is of particular
interest. Fig. 1(b) shows, for the same device pre-
sented in Fig. 1(a), the conductance as a function of
an added DC source—drain voltage, V'pc, drain, fOr a se-
ries of Vg voltages at a fixed value of V. Closer
to Vbc.drain =0 the curves merge with the lowest 3
quantized conductance plateaus. The quantization dis-
appears when Vpc,drain becomes the order of the level
separation; then the number of conducting subbands
for the two directions of transport differs by one. Un-
der these conditions the so-called “half plateaus” (Ref.
[10] and references therein) evolve. Their value, rather
than being exactly quantized, depends on the voltage
drop at the constriction. For a partially transmitted first
channel, which will be the focus of our study, various
effects must be taken into account, which may compli-
cate the interpretation. First, the differential conduc-
tance traces below G = 2e?/h become non-symmetric
with respect to Vpc,drain (compare with Refs. [10,11]).
Second, many investigated devices (including sample
A) show “random telegraph noise” near pinch-off, i.e.,
the conductance is unstable between two or more val-
ues. Finally, the /-V characteristic is non-linear for
small biases. Here, we find an indication of the re-
cently discussed “0.7 structure” [11,12] in Fig. 1(b)
(arrow).

The rest of the paper will focus on the question of
tunneling of interacting 1D electrons through a 1D po-
tential barrier. The conductance of a (infinitely long)
QWR, perturbed by a large potential barrier, is pre-
dicted to follow a power law [4]:

G(V)=dI/dV oc |to*|V|*/9)2, (1)

where #, denotes the (bare) transmission amplitude.
The Luttinger interaction parameter g equals 1 for
the non-interacting case and then yields a linear /-
curve. Repulsive interaction (g < 1) results in a zero
conductance for ' — 0 at zero temperatures. How-
ever, the conductance of QWRs of finite length L is



92 M. Tornow et al. | Physica E 13 (2002) 89-93

— — 1 o alrwies |
K
S
1.0 10k & 0.5 /\N/SF\C/\/
Oog
-1.0V 00 ( \/1).0
o in (M
= = P NS 80Uy
“o “o . . o MK
Nost left N o5t
o half wire 0] . .
right .
half wire d LBl b
0.0 — : 0.0 : et
-19 18 -17 -16 -15 -14 13 -12 -11 -1.0 -0.5 0.0 0.5 1.0
(a) Vs (V) (b) Voc, gran (MV)

Fig. 3. (a) Conductance of the quantum wire device (sample B) of Fig. 2 at T ~ 400 mK, Vac =10 pV, Vv = + 250 mV: Lowest
(n=1) quantized conductance plateaus of the QPC only, the left half wire (using SG3) and the right half wire (using SG2), see Fig.
2(a). The arrow denotes the voltage value Vsgi,23 = — 1.19 V in the overlap region of the n=1 plateaus of the two half 1 pm wires.
(b) Averaged (10x) differential conductance data for the same device. For all traces Vsgi 23 = — 1.19 V. Vopc varies from —1.85V
(top, open squares) to —2.05 V (bottom, full triangles) in steps of —0.05 V. Thin full lines: G(V)= A + B|V/Vo| @D =2 + C|V/V,| with
Vo=1mV (cp. Eq. (1)). From top to bottom g=0.98,0.9,0.8,0.5 and 0.2. A, B and C (C to compensate for the slight asymmetry) were
adjusted individually for best visual fits of the data points. Inset: The two 1 um wire halves at the 1st plateau measured separately at
Vsg1,,=— 12V and Vsg13 = — 1.2V, respectively, and the quantum point contact alone at Vopc = Vsg1 = — 1.725 V.

expected to saturate at a finite value once the cor-
responding “thermal length” hvg/27kgT, or voltage
related length hvg/2meV, exceeds L (vg: 1D Fermi
velocity). For example, a 2 um long QWR, trans-
mitting the n =1 channel, with electrons’ Fermi en-
ergy of 3 meV will have a saturated conductance at
V=40 nV and T =470 mK. In our experiments, with
the 2 pm long QWR device we used Vac =10 pV
and T ~ 400 mK. If the applied voltage and tempera-
ture are kept within the “saturated regime”, we would
expect to observe a maximum change in differential
conductance.

We prepared a 2 um long triple gate QWR, which
contains a tunable quantum point contact (QPC) at its
center. The various modes of operation, as a function
of the multiple split gates are best explained with
the help of Fig. 2. In the picture, one recognizes the
three main gate lines that form the wire, namely, the
bottom side gate (Vsg1), the middle gate (V) and
the top side gate, which is now split into two inde-
pendent halves (Vsa2, Vsgs ). In between the two top
side gates, an additional finger-like side gate (Vqpc)
enters, acting as a QPC. The various modes of opera-
tion are (1) Grounding gates SG2 and SG3, allowing
an operation of the QPC alone. This enables the study
of transport between two 2DEGs (Fermi liquids).

(2) Biasing one side gate SG2 (or SG3), and leaving
the other one (and the QPC) grounded, leads to a
single 1 pm long QWR. (3) Operating the “whole de-
vice”, i.e., biasing SG2 and SG3 as well as the QPC
individually in order to investigate a 2 pum long locally
perturbed QWR. This leads to tunneling between two
Luttinger liquids through their edges. Other combina-
tions are possible, but will not be discussed here. We
note that a bare 2 um long, totally unperturbed QWR
cannot be formed with this design.

Results of measurements with this device (sample
B) are presented in Fig. 3. At first, in order to find the
correct gate voltage biases, needed to adjust the split
QWR, such that only the first channel is transmitted,
the conductance of the 1 pm long QWR was measured.
Conductance of two such wires, “left”, with SG3, and
“right”, with SG2, are shown in Fig. 3(a). An oscil-
lating structure, which probably originates from trans-
mission resonances and scatterers inside the wire, is
visible on top of the conductance plateau. In order to
operate both 1 um long wires in series, biasing con-
ditions of the gates marked by the arrow in Fig. 3(a)
were chosen. Also included in Fig. 3(a) is the lowest
plateau of the QPC alone, which, as expected from the
design (compare with Fig. 2(b)), needs a much larger
negative voltage to pinch-off.
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We finally address the differential conduc-
tance, which is smaller than the quantum con-
ductance. Due to large fluctuations of the con-
ductance at a fixed Vsg near pinch-off, which in-
crease in amplitude with increasing Vpc drain, W€
averaged the differential conductance data over
many subsequent scans. We first checked the con-
ductance of the QPC and the individual 1 pm
long QWRs as reference. The inset of Fig. 3(b)
shows the data of the differential conductance. For
both individual 1 pm long QWRs, at n=1, G is con-
stant as a function of Vpc drain Within a few percent.
The QPC alone at about 0.5 x 2¢? /A exhibits a similar
behavior. In contrast, the conductance of the 2 pum
long “whole device”, below 2¢?/h, reveals a weak
but characteristic dependence on Vpc, drain. Fig. 3(b)
displays five differential conductance traces. For each
of them the gate bias of the QPC is different, while
both half QWRs are being retained at n=1. For
large QPC potential barriers, the differential conduc-
tance as a function of Vpc din can be qualitatively
described by power law dependencies as in Eq. (1),
however, with a Vgpc dependent interaction parame-
ter, g(Vqpc ). Using large and small QPC transmission
values given by the shown conductance traces, we
find that g =0.98 (high transmission, top), 0.9, 0.8,
0.5 and 0.2 (small transmission, bottom). We note
that a decreasing value of g might result from a de-
crease in 1D electron density (e.g., Ref. [4]). This is
possible in the wire region closer to the QPC for large
QPC barriers. A further, less ambiguous interpreta-
tion, however, within the framework of the Luttinger
liquid model, remains beyond the scope of these
measurements.

In summary, we present a new technique to prepare
quantum wires in order to check the predictions of
the transport of interacting electrons in 1D (Luttinger
liquid). Introducing a third, positively biased centered
gate, along the length of the wire, proves to generate a
robust quantization as demonstrated in a 0.5 pm long
quantum wire. Making use of the flexibility of our
design, we prepared a 2 um long wire sample with

a tunable quantum point contact in its center. Adjust-
ing the transmission of the first channel, we studied
the tunneling of 1D electrons through a barrier. Pre-
liminary measurements of the differential conductance
are in qualitative agreement with the predicted power
law with a barrier height dependent interaction para-
meter g.
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