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Quantized Current in a Quantum-Dot Turnstile Using Oscillating Tunnel Barriers
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We have observed a quantized current in a lateral quantum dot, defined by metal gates in the two-
dimensional electron gas (2DEG) of a GaAs/AlGaAs heterostructure. By modulating the tunnel bar-
riers in the 2DEG with two phase-shifted rf signals, and employing the Coulomb blockade of electron
tunneling, we produced quantized current plateaus in the current-voltage characteristics at integer mul-
tiples of ef, where f is the rf frequency. This demonstrates that an integer number of electrons pass

through the quantum dot each rf cycle.

PACS numbers: 73.20.Dx, 06.20.Hq, 72.20.Fr, 73.40.Gk

The discreteness of the electron charge can cause
dramatic transport phenomena in submicron structures.
These single-electron charging effects have been studied
in granular films, metal tunnel junctions, and scanning-
tunneling-microscope-grain junctions [1], and more re-
cently in semiconductor systems [2]. rf studies in con-
junction with charging effects have been performed by
Geerligs et al. [3], who applied a rf signal to the central
island of a sample of four metal tunnel junctions in series.
They observed a plateau at a current I =ef, with f the
frequency of the rf signal, demonstrating that exactly one
electron per rf cycle passed through their so-called
turnstile device. In a three-junction geometry, Pothier et
al. [4] used two phase-shifted rf signals to realize a
single-electron pump: a device with I =ef at zero bias
voltage.

Here we present the realization of a turnstile operation
in a semiconductor quantum dot, defined by metal gates
in a two-dimensional electron gas (2DEG). In contrast
to metal systems, our quantum-dot turnstile relies on the
ability to induce oscillating tunnel barriers between the
quantum dot and the wide 2DEG regions by applying rf
signals to the gates. The inset of Fig. 3 is a scanning-
electron-microscope photograph of the gate geometry,
which is fabricated on top of a GaAs/AlGaAs hetero-
structure containing a 2DEG about 100 nm below the
surface. The ungated 2DEG has a mobility of 2.3x10°
cm?/Vs and an electron density of 1.9%10'> m ™2 at 4.2
K. We denote gate F as the finger gate, gates 1 to 4 as
quantum-point-contact (QPC) gates, and gate C as the
center gate. In the experiments discussed in this Letter,
we do not use QPC gates 3 and 4; these gates are ground-
ed and have no effect on the 2DEG. Applying —400 mV
to gates F, C, 1, and 2 depletes the electron gas under-
neath them and forms a quantum dot with a diameter of
about 0.8 ym in the 2DEG. The narrow channels be-
tween gates 1 and C and between 2 and C are pinched off
at this gate voltage. Electron transport occurs only
through the constrictions induced by gates 1 and F and
by 2 and F, which couple the dot to ths two wide 2DEG
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regions.

Charging effects become important when the gate volt-
ages are such that the constrictions form tunnel barriers
with conductances G;,G,<2e?/h [5]. The electrons in
the dot are then strongly localized, so N, the number of
electrons in the dot, is an integer. The electrostatic ener-
gy associated with the addition of one electron to the dot
is the charging energy Ec =e?%/C, where C =X,C; is the
sum of the capacitances between the dot and the two
2DEG reservoirs and between the dot and the different
gates [6,7]. The difference in electrochemical potential in
the dot is [5] puy(N+1)—pu,(N)=Eni+ —En+e?/C.
The electrochemical potential u, (V) denotes the minimal
energy of the Nth electron in the dot, and E is the ener-
gy of the Nth single-particle state relative to the bottom
of the conduction band. In our quantum dot, the energy
difference between the discrete states, En+;—En
== 2Er/N =0.03 meV, is much smaller than the charg-
ing energy e?/C=1 meV [5]. We therefore neglect the
discreteness of the energy states in the remainder of this
Letter.

Quantitative calculations of transport properties
through semiconductor quantum dots, including discrete
energy states and charging effects, are described in Refs.
[8-10]. A qualitative description can be obtained from
the schematic potential landscape of Fig. 1. We begin
with the case of static tunnel barriers, and later on con-
sider barriers oscillating out of phase. Electron tunneling
occurs when a charge state u,(/V+1) lies between the
electrochemical potentials of the reservoirs [u, < uy (N
+1) <, as in Fig. 1(a). Tunneling into the dot in-
creases the number of electrons by one, corresponding to
a change in the electrochemical potential of u,(N+1)
—uy(N)=e?/C. Tunneling out of the dot reduces the
number and the electrochemical potential again, and a
new electron can repeat this process. Tunneling is
suppressed when u, (V) < p;,u, <uy(N+1), which can
be accomplished by moving the bottom of the conduction
band in the dot by changing the voltage on the center
gate. In this case, an extra electron would increase the
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FIG. 1. Potential landscape through the quantum dot. u; and
ur are the electrochemical potentials of the left and right reser-
voirs, and V =(u; —u,)/e is the bias voltage. The level N indi-
cates us(N) and N electrons are confined in the quantum dot,
while the level N+1 indicates us(N+1). (a)-(d) are four
stages of a rf cycle where the probability for electron tunneling
is large when the barrier is low (solid arrows), and small when
the barrier is high (dashed arrows).

electrochemical potential of the dot above the electro-
chemical potentials of the reservoirs. Such a tunnel event
to a final state higher than the initial state is possible only
by thermal activation or tunneling via virtual states [11].
This suppression of electron tunneling is known as the
Coulomb blockade.

On varying the voltage on the center gate, the conduc-
tance G of the dot is expected to oscillate between zero
(Coulomb blockade) and nonzero (no Coulomb block-
ade). These Coulomb oscillations have recently been ob-
served in quantum dots [2,12,13] and are shown in the
upper inset of Fig. 2 for our sample. All measurements
are performed at 10 mK and zero magnetic field. The
Coulomb oscillations are measured with barrier conduc-
tances G,,G,<2e%/h. The period of the oscillations is
4.6 mV, each period corresponding to a change of one
electron in the dot.

For unequal tunnel barriers, a stepwise increase of the
current / upon increasing the bias voltage V is expected
[1,8,9]. A current step Al = eG/C occurs when the ener-
gy interval eV between u; and u, contains an extra
charge state. This Coulomb staircase is shown in the
lower inset of Fig. 2. The five different curves correspond
to different center-gate voltages: The lowest curve is at a
minimum in the conductance oscillations, the curve in the
middle at a conductance peak, and the uppermost curve
at the next minimum. The width AV =0.67 mV of the
current plateaus is a direct measure of the charging ener-
gy: eAV =e?2/C, from which we deduce the total capaci-
tance C =2.4x10 "' F.

We now demonstrate that with oscillating tunnel bar-
riers, the Coulomb oscillations and staircase are deter-
mined by the frequency of the applied rf signals. Figure
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FIG. 2. Main figure: I-V characteristics when two phase-
shifted rf signals are applied with a frequency f=10 MHz,
showing current plateaus at integer multiples of ef (dotted
lines). The curves correspond to different center-gate voltges
and are offset for clarity by an integer times ef. Upper inset:
Coulomb conductance oscillations vs center-gate voltage.
Lower inset: Coulomb staircase in the I-V characteristics (the
curves correspond to different center-gate voltages and are
offset for clarity).

1 represents four stages of a rf cycle, where the tunnel
barriers oscillate with a phase difference of x [14]. In (a)
the dashed arrows indicate possible tunneling via the
us(N+1) charge state. For a turnstile operation this
tunnel probability must be small because it produces an
unwanted leakage current. When the left barrier is re-
duced, the probability for the N +1 electron to tunnel
into the dot is strongly enhanced, as illustrated by the
solid arrow in (b). Simultaneously, the increase of the
right barrier suppresses the probability to tunnel out of
the dot to virtually zero. Tunneling into the dot of a
second electron is prevented by the Coulomb blockade.
At half the cycle time, shown in (c), the barriers are in
their equilibrium position again, but compared with (a),
one extra electron is confined in the dot. The N +1 elec-
tron tunnels out when the right barrier is reduced, and
simultaneously, the left barrier is increased, which is il-
lustrated in (d). Completing the cycle yields the situation
shown in (a), and exactly one electron has passed through
the quantum dot. Repeating this process with a frequen-
cy f results in a current / =ef. Increasing the bias volt-
age, thereby increasing the number n of charge states
contained in the energy interval between u; and u,, pro-
duces a quantized current I=nef, corresponding to
frequency-determined current steps in the Coulomb stair-
case. The steps in the staircase come at voltage intervals
of e/C, from which we expect an average conductance
(G)=ef/(e/C)=/fC.

The accuracy of this quantized current can be estimat-
ed by comparing the tunnel times of leakage and wanted
events with the rf frequency. In the experiments, we have
chosen gate voltages such that the tunnel resistances
without applying rf are about 100 GQ, which yields a

1627



VOLUME 67, NUMBER 12

PHYSICAL REVIEW LETTERS

16 SEPTEMBER 1991

typical leakage time RC||C.‘,k=10_5 s. When rf is ap-
plied, the minimum of the barrier has a tunnel resistance
of order M Q, yielding a tunnel time for wanted events of
RClunma=1071" s, If f=10 MHz, the time ratio
(1/f)/RC ek =10 ~2 gives a probability for leakage per
cycle of 1—e %%'=0.01, while (1//)/RC|unne=10>
gives a probability for wanted tunnel events of 1
—e¢ 190~ 1 The thermal energy kz(10 mK) is 2 or-
ders of magnitude less than e?/C, so that excess electron
transport via thermal activation is exponentially
suppressed. These considerations predict a turnstile accu-
racy of 1%, somewhat better than that observed in the
data presented below.

In Fig. 2 we show measured /-V characteristics with
10-MHz signals with a phase difference of z applied to
QPC gates 1 and 2. The quantized current values nef are
indicated by dotted lines [e(10 MHz) =1.6 pAl. The
curves correspond to different center-gate voltages, and
are offset from each other by ef. [The gate voltages are
F=—700 mV, QPC,=—865 mV, QPC,=—825 mV,
and C ranges between —500 and —504 mV (uppermost
curve) in steps of 1 mV. The rms amplitude of the rf
voltages is about 10 mV.] Without rf, the current is less
than 0.1 pA between V= —2 and V=3 mV (not shown).
Figure 2 shows that on applying rf, the I-V curves have
current plateaus at integer multiples of ef, demonstrat-
ing that a discrete number of electrons pass through the
quantum dot each rf cycle. Some of the plateaus are
missing or weakly developed. Note that this always
occurs for two neighboring plateaus. This plateau
averaging occurs for roughly equal tunnel barriers: The
bias voltage drops across both barriers instead of drop-
ping mainly over one barrier, as required for a well-
developed staircase [1].
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FIG. 3. Main figure: /-V curves for rf frequency (=S5, 10,
and 20 MHz, demonstrating scaling with frequency. Dotted
lines indicate multiples of ef for f=10 MHz. Upper inset:
Gate geometry. Lower inset: Current vs center-gate voltage for
/=10 MHz and different fixed bias voltages. The current oscil-
lations have a frequency-determined amplitude in the interval
between nef and (n+1)ef.
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The current plateaus are illustrated in Fig. 3, where for
f =10 MHz the same curves are shown as in Fig. 2, but
now without offsets. The dotted lines indicate the quan-
tized current values nef for f=10 MHz. As expected
from the model, the curves have crossings that occur at
current multiples of ef and voltage multiples of ¢/C, for
n between —7 and 7. To demonstrate scaling with fre-
quency, we also show /-V curves for f=5 and 20 MHz,
which have, respectively, twice and half as many cross-
ings as the curves for 10 MHz. Moreover, the average
conductance {G)=fC scales with frequency, and is in
agreement with the value for C obtained from the
Coulomb staircase shown in the lower inset of Fig. 2. An
alternative way of measuring the same curves is shown in
the lower inset of Fig. 3, where the current is plotted
versus center-gate voltage for different bias voltages and
f=10 MHz. The current is independent of center-gate
voltage and equal to nef when the bias voltage corre-
sponds to a crossing in the /I-V curves. In between, the
current oscillates with a period equal to that of the
Coulomb oscillations shown in the upper inset of Fig. 2.
However, the amplitude is now determined by the fre-
quency and lies in the interval between nef and (n+1)ef.
An analogous result was obtained for the metal turnstile
of Ref. [3].

To examine the dependence of the current plateaus on
rf amplitude, we measured /-V curves for f=10 MHz
and fixed rf amplitude on QPC,. The RF amplitude on
QPC, is increased in constant steps from the uppermost
curve in Fig. 4 to the lowest curve. Figure 4 shows that
for the same center-gate voltage, all the plateaus from
n=—17 to 7 are made visible by changing the rf ampli-
tude on one QPC gate. A striking feature is that at zero
voltage a nonzero current is observed, which can be either
positive or negative. This is due to the influence of the rf
signal on the conduction-band bottom of the dot. For
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FIG. 4. I-V characteristics with fixed rf amplitude on QPC;
and different rf amplitudes on QPC,, showing all the current
plateaus from —7ef to 7ef. Inset: [-V characteristics with
current plateaus from — 5Sef to Sef at zero bias voltage, demon-
strating discrete electron pumping.
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equal rf amplitudes on the two QPCs and phase dif-
ference =, this influence is compensated, so the band bot-
tom does not move, and consequently 7(¥=0) =0. How-
ever, for unequal rf amplitudes, charge states can be
pumped to higher energy. For instance, in Fig. 1(d), a
large increase of the left barrier will lift the state u,(/V)
above u,, resulting in an extra electron passing through
the quantum dot per rf cycle. Similar arguments explain
the pumping around zero voltage and predict the direc-
tion of the pumped current, which is found to be in agree-
ment with the measurements. A plot similar to Fig. 4
was obtained by varying the phase difference between
compensating rf signals, instead of varying one rf ampli-
tude.

From these measurements, we have been able to
deduce the effect on the quantized current plateaus of the
center-gate voltage, the rf amplitudes, and the phase
difference. To demonstrate the tunability of the
quantum-dot turnstile, we have measured the pumping in
more detail, which is shown in the inset of Fig. 4. Tuning
the different parameters, we found quantized current pla-
teaus from n=—35 to 5 around zero voltage, showing
that a discrete number ofelectrons are pumped per rf cy-
cle.

In summary, we have realized a quantum-dot turnstile
using oscillating tunnel barriers. The observation of
quantized current plateaus at multiples of ef demon-
strates the ability to control current on a single-electron
level.
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FIG. 3. Main figure: -V curves for rf frequency f=5, 10,
and 20 MHz, demonstrating scaling with frequency. Dotted
lines indicate multiples of ef for f=10 MHz. Upper inset:
Gate geometry. Lower inset: Current vs center-gate voltage for
/=10 MHz and different fixed bias voltages. The current oscil-
lations have a frequency-determined amplitude in the interval
between nef and (n+1)ef.



