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We study the noise properties of a gate controlled single electron pump at a driving frequency f),
=400 MHz. We observe a significant reduction of the noise power on the current plateaus. This is
a strong indication for true quantized charge pumping. We furthermore observe a small level of low
frequency fluctuations which indicates a good frequency stability of the pump. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2885076]

Delivering a quantized number of electrons per cycle
reliably and with a high repetition rate could allow to realize
a quantum standard for the ampere.l_3 Several approaches to
obtain such a quantized current pump have been tested.*
However, obtaining both a high current value and a high
accuracy has proven to be difficult. Recently, Blumenthal ef
al. have demonstrated a new promising way to deliver high
currents.” Their device consists of a semiconductor quantum
wire crossed by three metal gates. For pumping, two of these
gates are driven by phase locked high frequency signals.
Such a pump allows gigahertz pumping comparable to
surface-acoustic-wave pumps® while promising higher accu-
racy.

Beside this application as a current standard, an electron
pump could also be used as a fast on-demand electron
source. Very recently, Feve et al. demonstrated the cyclic
injection of coherent electrons using energy modulation of a
quantum dot.”” Inherently, their device injects a quasihole
between the injection of two electrons. A charge pump would
however allow to inject a pure string of on-demand elec-
trons.

In Ref. 9, the amplitude and phase relation of the two
high frequency signals applied to the two gates have to be
carefully controlled. Kaestner et al. have shown experimen-
tally that it is sufficient to drive a single gate to achieve a
quantized pumping current at very high frequency.11 A theo-
retical description of this nonadiabatic charge pumping leads
to the conclusion that an optimized device could be suitable
for metrological applications.

The standard criteria for quantized charge pumping used
in all the aforementioned experiments is the appearance of
current plateaus as a function of some control gate voltage
with a quantized value I=nef,, where f, is the driving fre-
quency, e is the elementary charge, and » is the integer num-
ber of electrons pumped in each cycle. However, for a quan-
tized current pump used as a current standard, an
independent proof of quantized charge pumping is necessary.
Such independent proof can be delivered by a measurement
of the current noise. The low frequency current noise S;(f)
:S? for f<f, is expected to be frequency independent and
becomes zero for an ideal quantized charge pump while a
nonzero noise power S(,) reveals pumping errors.'>*

In this letter, we present noise measurements of a single
gate quantized charge pump. We find that the current noise is
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strongly suppressed at current plateaus with quantized values
I=nef, indicating quantized charge pumping. We also ob-
serve an enhanced current noise in the nonquantized current
regions well described by a simple theoretical model. The
level of 1/f frequency fluctuations is low and restricted to
f=1 kHz; for f=2 kHz, the noise power is frequency inde-
pendent as predicted.

The device used for our measurements is shown in Fig.
1(a). Three 100 nm wide metallic finger gates sit on top of a
wire etched in a n-type AlGaAs heterostructure. The right-
most gate is grounded as it is not relevant for our measure-
ments. A bound state in between the other two gates is
formed by applying sufficiently large negative voltages Ul
and U2 to both gates. An additional sinusoidal signal is then
coupled to the left gate. If the oscillation amplitude is high
enough, the bound state drops below the Fermi level during
the first half-cycle of the periodic signal and can be loaded
with electrons from the left reservoir. This is shown sche-
matically by the solid curve in Fig. 1(b). During the second
half-cycle the bound state is raised sufficiently fast to avoid
backtunneling and electrons can be unloaded to the right
(dashed curve)—a current is driven through the sample with-
out an applied bias. The device acts as a quantized charge
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FIG. 1. (Color online) (a) SEM picture and measurement setup of the quan-
tized charge pump. (b) Schematic of the pumping mechanism. (c) Detailed
characteristic of the sample near the 2ef-plateau region.
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FIG. 2. (Color online) Three different noise spectra at voltages Ul=
—125 mV (a), =103 mV (b), and =91 mV (c). The horizontal lines corre-
spond to the average noise power in the frequency range from 5 to 15 kHz
[(@) 0.16X107° A2/Hz, (b) 6.21X1073° A%/Hz, and (c) 143
X 1073° A%/Hz].

pump. For a more detailed discussion of this pumping
mechanism, we refer to Ref. 11.

The resulting current is converted into a voltage by a low
noise current amplifier at room temperature with a band-
width of 20 kHz and measured via a dc voltmeter. The cur-
rent noise is monitored by a fast-Fourier-transform analyzer.
The measurements are carried out in a *He system at a tem-
perature of 0.4 K.

The corresponding pumped current of the sample driven
at a frequency f,=400 MHz with a power of 1 dBm is
shown as a function of U1 and U2 in Fig. 1(c). Pumping sets
in for voltages Ul =-150 mV as the bound state is able to
drop below the Fermi level during the first half of the peri-
odic signal and an electron can be loaded onto the bound
state. A current starts to rise and a small shoulder at I=ef),
appears as one electron is pumped per cycle. Further increase
of Ul leads to a broad plateau with well quantized current
I=2ef,, where now two electrons are loaded and unloaded
per cycle. Increasing the gate voltage even more imposes a
limit on the maximum number of electrons that can be
transferred—the bound state is not lifted high enough to ac-
count for both electrons to be unloaded to the right. Only the
highest energetic state participates in the pumping process
and the current drops to a narrow /=ef), plateau with just one
electron per cycle. For even higher voltages U1 the current
again drops to zero as no electron can be unloaded to the
right. Such current plateaus can be observed over a wide
range of voltages U2. For nonquantized current values in
between the plateaus the number of electrons per pump cycle
fluctuates.

In parallel to recording the current, we also measure the
corresponding current noise at each voltage point. The result-
ing raw spectra contain also contributions of the amplifier
noise. They are determined by applying a sufficiently nega-
tive pinch off value Ul (which ensures I=0) and are con-
secutively subtracted from the raw spectra.

In Fig. 2, we show three current noise spectra for differ-
ent voltages U1l and an applied voltage U2=-86 mV. Note
that these and the following data were obtained on the same
device but after a different cool down cycle compared to Fig.
1(c) leading to a slight shift of the gate voltages at which the
current plateaus occur. Part (a) corresponds to the /=2ef,

Appl. Phys. Lett. 92, 082112 (2008)

3 T T T T
2

@

——

A1

<y 0

I 1

g

o

g o

'©

L i 1 ? ! 1

o -160 -140 -120 -100 -80

Ut (mv)

FIG. 3. (Color online) Top: Pumped current of the sample driven at
400 MHz with a power of 1 dBm. Arrows (a), (b), and (c) indicate the
voltage positions of the spectra shown in Fig. 2. Bottom: Corresponding
noise power (symbols) averaged over the range of 5-15 kHz (10—15 kHz
for —152< U1 <-146). The solid curves display theoretical estimates given
by Eq. (3) (see text).

plateau at Ul=-125 mV, (c) to the I=1ef, plateau at Ul =
—-91 mV, and (b) shows the noise power in between at Ul
=-103 mV (see also Fig. 3). The horizontal lines equal noise
powers averaged over the range of 5—15 kHz. The 1/f low
frequency noise drops at 1 kHz already below S
~107% A2/Hz; the current noise power S is frequency inde-
pendent for f=2 kHz. This reveals a very good low fre-
quency stability of the single gate quantized charge pump
and confirms the prediction of white noise at frequencies f
< fp_lz

Comparing the different spectra, we observe a very low
noise level at the quantized current values—for spectra (a)
and (c) the average noise power is 0.16X 107 and 1.4
% 1073 A%/Hz—while the noise level in between these cur-
rent plateaus at U1=-103 mV [spectrum (b)] is considerably
larger (6.21 X 1073 A%/Hz). We will now analyze the level
of white noise for the whole voltage range of Ul.

The average noise power as function of the gate voltage
U1 is displayed in the lower part of Fig. 3. The upper part
shows the corresponding current. The slight lef, shoulder
and the gray shaded quantized current plateau regions are
clearly visible. In agreement with the spectra presented
above, the noise power is strongly suppressed on these cur-
rent plateaus compared to the noise level for nonquantized
current values.

The current noise power of a quantized charge pump is
directly linked to fluctuations in the number of electrons
transported per pump cycle. If each cycle transports n—1, n
or n+1 electrons with probabilities p,_;, p, and p,., this
leads to a noise powerlz_14

S= 2[17;1—1 t D1 — (pn—l _pn+l)2]62fp‘ (1)

The pumped current is given by

I=(n+pn+l_pn—l)efp' (2)

The combination of current and noise measurements then
allows to fully characterize the probabilities p,_;, p, and

Pn+1-
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On the plateaus, the current is quantized, /=nef,. For an
ideal quantized charge pump the probabilities to pump one
less or one more electron p,_; and p,,; are both zero result-
ing in a noise power S=0 following Eq. (1).

The mean noise level, averaged over the measurements
within the [=2ef, plateau in Fig. 3 from Ul=
-143 mV to U1=-108 mV is =0.7x 107 A?/Hz which is
on par with our present measurement uncertainty. From these
measurements, we can thus estimate an upper limit of the
total pumping error (p,,,;+p,_;) of about four percent.

We can additionally study the noise power in between
the I=2ef, and I=1ef), current plateaus. It is reasonable to
expect that the majority of pump cycles consists only of one
or two electrons, p;+p,==1. The expected noise power is
then given by

S=2p,(1-py)e’f,. (3)

Using I=(2~p)ef,, we can directly extract p; from the mea-
sured current and insert it into Eq. (3). The result is depicted
by the solid curve in Fig. 3. We repeated this process for the
voltage range in between zero and I=lef, current (po+p,
=1, I=p,ef,) and arrived at the same conclusion. The mea-
sured noise power fits well to the curve.

In conclusion, we have measured the current fluctuations
of a single gate quantized charge pump. The pump shows a
good low frequency stability and white noise power as pre-
dicted. We observe the expected quantized plateaus of the dc
current. The noise measurements on these quantized current
plateaus reveal a strong noise suppression thereby verifying
quantized charge pumping. In addition, the measured noise
level at nonquantized current values is in agreement with a
simple theoretical model.
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