‘Cutoff Frequency’ of Quantum-Dot Single-Electron Pump
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Abstract—We have investigated a ‘cut-off frequency’ f. beyond
which the quantized charge pumping phenomena disappear in a
quantum-dot (QD) pump. We have observed a shift of f. in the
opposite direction to that of 5o parameter, the figure of merit for
the current-plateau flatness, depending on the potential profiles
of the QD which can be controlled by a plunger gate. In relation
with f., we discuss the level-shift rate of a QD quasibound state
in a nonadiabtic pumping phase.

Index Terms—Charge pumps, current measurement, measure-
ment standards, semiconductor devices, single electron devices,
single electron transistors

I. INTRODUCTION

Quantized electron pump based on a quantum dot (QD)
is a promising candidate for the quantum current standard
[1]-[3]. In order to obtain 10~% level accuracy with a single
electron pump [4], either precision measurement technique
is to be improved or the output level of a pump must be
increased at least with an order of magnitude. The simplest
way to increase the output current level is to increase the
operation frequency. However, it was turned out that increasing
the microwave frequency resulted in non-adiabatic effects [5].
In this summary paper we report that there exists a cut-off
frequency f. beyond which single electron pumping does not
work. We have investigated a potential dependence of f. by
varying the potential profile of the QD, which is controlled by
a plunger gate.

II. EXPERIMENT AND DISCUSSION

Figure 1(a) shows a schematic diagram of our pump device
[6]. The device is fabricated on the surface of a 2DEG wafer
based on a GaAs/AlGaAs heterostructure. The pump device is
composed of three pair of QPC (quantum point contact) gates,
two of which are an entrance- and exit-gate QPC’s controlling
respectively the entrance- and exit-potential barrier heights of
the QD formed between these gates. The other one is a plunger
gate QPC which is designed to tune the QD potential depth or
the QD energy state. In this experiment, the three lower gate
voltages are fixed for optimal tuning while the upper gates
are used as entrance, plunger and exit gates separately. The
width of each gate is 150, 75, and 75 nm, respectively for
the entrance, plunger and exit gates, whose gaps are designed
to be 75 nm. All the measurements are performed at 4.2 K
without magnetic fields in liquid helium.
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Fig. 1. (a) Scanning electron microscopic picture of our device and the

measurement scheme. A QD forms on 2DEG underneath the gates. (b)
Schematic diagram illustrating loading and unloading process. (c) d2 vs f
for various Vp, for instance Vp =0.0, 0.05, 0.1 V corresponding to ‘PS-
C’,'PS-B’ and ‘PS-A’. (d) Three physical parameters 62, AEyy/« and fe
vs Vp. §2 and AEyy/« are obtained for f =100 MHz.

It is known that the flatness parameter d, of the 1st current
plateau decreases as the pumping frequency increases [1][6].
Here 65 is a fitting parameter obtained by fitting the decay
cascade model to experimental data [7]. We investigate the
frequency dependent do for various potential shapes of the
QD. We varied the potential shapes using the plunger gate as
illustrated in Fig.1(b). As the plunger gate voltage Vp increases
the potential depth of the QD deepens the more, leading to
increased 05 [6], which is confirmed in Fig. 1(c) and (d).

Figure 1(c) shows monotonic decrease of do as a function
of frequency for three different potential shapes ‘PS-A’, ‘PS-
B ’and ‘PS-C’ corresponding to Vp = 0.1 V, 0.05 V and
0.0 V respectively in decreasing Vp order. But we find that a
‘cutoff frequency’ f. exists above which pumping phenomena
disappear depending on each potential shape and f. survives
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up to higher frequency for the shallower potential dip or ‘PS-
C’ than for the deeper potential ‘PS-A’.

The bottom panel of Fig. 1(d) summarizes the results of f,
for three different potential shapes, ‘PS-A’, ‘PS-B ’and ‘PS-C’.
This decreasing tendency of f. is contrasted with the incre-
ment of o with Vp [Fig. 1(d)]. The decreasing d2 with f can
be understood qualitatively by considering that the loading and
unloading probability could become much less than 1 as the
modulation frequency becomes higher, which was described
by the authors [1]. The authors [1] proposed a theoretical
model and analyzed frequency dependency of the pumping
accuracy. They predicted that nonadiabatic quantized-charge
pumping model does not work at high frequency where
adiabatic condition in the loading and unloading phase is not
satisfied.

However, the authors [5] reported nonadiabatic excitations
in localized quasibound states on QD. We presume that the
nonadiabatic excitations could lead to influence the pumping
accuracy, which was neglected in the model [1]. Focusing on
the nonadiabatic effects on the quasibound state, we searched
for relationships between the ‘cutoff frequency’ f. and the
level-shift rate of a quasibound state on a QD. In order to
quantify the level-shift rate, we investigated a physical pa-
rameter called as ‘tunneling blockade gap’ denoted as AFyy,
which is illustrated in Fig. 1(b) [8]. Figure 1(b) depicts the
loading and unloading process as the entrance potential barrier
varies. Here, Fr, and Ey denote the energy level where
loading and unloading process sets in and out respectively.
Thus AFEyy, = Ey — Ey, characterizes the tunneling blockade
gap energy, because, if local bound state £(¢) in the QD is
located inside the gap AFyy, during the cycles of entrance-
potential modulation, loading and unloading is prohibited by
the definition of Ey, and Ey. Pumping requires large amplitude
V't of microwave to overcome the blockade gap energy. This
is the condition for pumping; E1, > emin and Fy < €max
where enax = (Vene + Vig) and epmin = a(Vene — Vig)
assuming the localized state £(t) = a(Vens + V*cos(27f1)).
Here « is a conversion factor from the entrance voltage to
the localized energy level of the QD. After simple algebra,
we have the pumping condition for Ve, Ey/a — Vi <
Vent < EL/a+ V. Using this relationship, it is known that
the ‘tunneling blockade gap’ AFyj, can be experimentally
obtained from the formula, AV, = —AFELy/a + 2V [8]
where AVq, describes the length of current plateau in Vi
axis. Plotting AV, as a function of V*f gives —AEpy/a as
an intercept in y—axis.

The 2nd panel of Fig. 1(d) plots AEyy/« as a function
of Vp. As we are lack of informations on the conversion
factor o, we deal with the scaled ‘tunneling blockade gap’
AFEyL/a. AELy/« increases as a function of Vp, which is
contrary to the f. tendency. If we assume that the cutoff
frequency f. is due to some nonadiabatic effects, then we
can speculate that there might exist a maximum speed of
level-shift rate that determines f.. Figure 2 plots AFLy/«
multiplied by f. representing a maximum speed of QD level
shift, a~!(de/dt),.. = AELu/a X fe, as a function of
relative variation of Vp, AVp for three different samples,
SA1, SA2 and SA3. Figure 1 corresponds to SAl. SA2 and
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Fig. 2. Scaled ‘tunneling blockade gap’ AFEyr, /o multiplied by f. vs
relative variation of plunger voltages AVp for three different samples. Fig.1
corresponds to SAT.

SA3 also showed very similar characteristics as SA1 but with
different values of d3, AFyr,/« and f. (not shown here). As
shown in Fig. 2, a~!(de/dt)max values are different among
three samples. But a1 (de/dt)max for each sample does not
vary much with respect to AVp. At this moment as we don’t
know the value of the conversion factor «r, we cannot confirm
whether the value of (de/dt)max to be constant irrespective of
samples, or not. We need further study on this isssue.

III. CONCLUSION

We have observed the cutoff frequency f. almost inversely
proportional to the tunneling blockade gap AFEyr, when the
QD potential shape is controlled by a plunger gate. Our
observations and discussions propose that there might exist
a maximum speed of level-shift rate represented by f..
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