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Semiconductor tunable barrier single-electron pumps can produce output current of hundreds of
picoamperes at sub ppm precision, approaching the metrological requirement for the direct imple-
mentation of the current standard. Here, we operate a silicon metal-oxide-semiconductor electron
pump up to a temperature of 14 K to qualitatively understand the temperature effect on charge
pumping accuracy. The uncertainty of the charge pump is tunnel limited below liquid helium tem-
perature, implying lowering the temperature further does not greatly suppress errors. Hence, highly
accurate charge pumps could be achieved in a *He cryogenic system, further promoting utilization
of the revised quantum current standard across the national measurement institutes and industries

worldwide.

I. INTRODUCTION

The seven base International Systems of Units (SI)
serve as basis for measuring any physical quantity. Re-
defining these units over the years aims to ascertain a
consistent and universal metrological standard. Recent
revision of SI suggests the use of quantized charge pump
for a practical realization of the primary current stan-
dard, by agreeing a fixed value of elementary charge e
(= 1.602176634 x 1071 A- s) [I, 2]. A charge pump is
a nanoelectronic device that transfers integer n number
of electrons, holes or cooper pairs per voltage cycle with
frequency f, yielding quantized current I (= n X e x f).
A clock-controlled on-demand charge emitting charac-
teristics of charge pump also attracts attention in the
field of quantum information processing and quantum op-
tics [3, M4]. Significant research has been pursued by the
national measurement institutes and academia to realize
quantized pumping of quasi-particles in variety of metal,
superconductor, metal-superconductor hybrids and semi-
conductor systems [5], [6].

Silicon metal-oxide-semiconductor (SiMOS) nanos-
tructure based charge pumps has evinced the potential
of practical realization of the ST Ampere by demonstrat-
ing remarkable combination of pumping speed and fi-
delity [7THI3]. Besides, quantum devices fabricated on
Si have exhibited significant reduction of 1/f noise and
background charge fluctuations at regimes of high ampli-
tude operations [14, [15]. SiMOS gate-stack technology
enables fabrication of multi-layer top gates, facilitating
strong planar electrostatic confinement to define a quan-
tum dot (QD) [16]. Owing to the small physical size, the
electronically defined QD in Si has high charging energy,
hence capable of transferring discrete number of charges
at a base temperature of sample-space (Thase) up to few
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kelvins [8, MOHI2, 17]. The influence of temperature on
the charge pumping accuracy has not been assessed in
any physical system. Understanding the temperature
limit is crucial to choose an optimal T}age, Which might
further relax the requirement of 3He or dilution refrig-
erator. In addition to the temperature of sample space,
AC periodic drive induced heating also accounts for an
increment in local electron temperature, which may de-
grade the charge pumping accuracy [I§]. Therefore, in
this work we perform a qualitative analysis to understand
the impact of sample-space temperature on the charge
pumping accuracy for a wide range of pulsing drive am-
plitude. We realize quantized electron pumping using a
normal accuracy measurement setup [I6] in a voltage-
induced Si QD up to a Thase of 14 K by varying the
pulsing drive amplitude between 300 mV and 650 mV.
We fit the measured current plateaus to non-equilibrium
decay-cascade and equilibrium thermal model of charge
transfer to quantify the charge capturing mechanism as
a function of Thase and pulsing drive amplitude. We re-
alize the transition temperature [I8] between tunnel lim-
ited and thermally limited electron capture mechanism
in our Si based charge pump is higher than the liquid
helium temperature (= 4.2 K) for the wide range of puls-
ing drive amplitude while pumping single-electron per
voltage cycle of 100 MHz frequency. Later, these re-
sults forecast the lower bound of theoretical errors of the
charge pump when operated above and below the tran-
sition temperature. In our experiments, the precision of
the charge pumping plateaus is limited by the noise level
of the room temperature transimpedance amplifier used
for pre-amplification of output current. This may lead to
overestimation of the uncertainty figure compared to the
charge pump capability. However, the conclusion of this
work is not dependent on the accurate value of measure-
ment errors in the charge pumping plateaus.
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FIG. 1. (a) False-color scanning-electron-micrograph of an electron pump similar to one used in the experiment together with

schematic of the measurement setup. (b) Three-dimensional cross-section schematic of the charge pump along the black dashed
line showing the three layers (yellow: 20 nm, red: 27 nm and violet: 35 nm) gate-stack architecture. (i) load, (ii) capture and
(iii) unload illustrate conduction-band energy level profile during three stages of an electron (green dot) pumping cycle. (c)
Average number of pumped electrons per AC voltage cycle (n) as a function of plunger gate voltage Vpr, with varying base
temperature of sample-space Thase up to 14 K. (d) Plateaus of measured (n) at Thase 2 K, 6 K, and 14 K along with its fit to
decay-cascade model (D), thermal model (T), and weighed sum of decay-cascade and thermal model (DT) of charge pumping.
Insets show the zoomed-in axes at the raising edge of first and second plateaus. The data is horizontally shifted for clarity.

II. METHODS

The charge pump measured in this work is fabricated
on a near-intrinsic silicon substrate with a 7 nm thick
thermally grown silicon dioxide (SiOs) layer. The alu-
minium (Al) gate-stack architecture in Figs. [[(a, b) is
realized by defining the device morphology with electron-
beam-lithography, followed by thermal evaporation of
subsequent three Al metal layers. Al top-gates are
electrically insulated from the adjoining metal gates by
thermally growing aluminium oxide (AlcOy) of 3 nm
thickness between each layer. Top-gates are connected
to a programmable room-temperature DC bias source
through 300 MHz cryogenic low-pass-filter. A QD is
electrically induced under plunger gate (PL) by tuning
the planar confinement potential (Voy and Vi) and tun-
nel barrier potential (Vpr, and Vgr). Clock-controlled
charge transfer characteristics of the pump is instigated
by adding an AC sine waveform with a time-period of
10 ns, generated using an arbitrary-waveform-generator
connected to BL pulsing barrier gate in Fig. a). The
periodic drive modulates BL barrier potential as show in
Fig.[I{(b) to load electron from the source reservoir (i), fol-
lowed by capturing the electron in the QD (ii) and finally
unloading it to drain reservoir (iii), generating a pump

current (I). The output current is pre-amplified with a
gain of 10%® V/ A using a transimpedence-amplifier and
measured using a voltmeter by integrating over a time
of 20 ms, or one power line cycle. The pumped current
is normalized as I/ef to elucidate the average number
of electrons pumped per AC voltage cycle (n). All the
measurements are performed in a variable-temperature-
insert at Thase that ranges from 2 K to 14 K with a cryo-
genic temperature controller. A single sweep of measured
Thase dependent normalized pump current as a function
of plunger gate voltage Vpr, at a constant AC periodic
drive amplitude Vir, of 350 mV is displayed in Fig. |1 I(c

III. RESULTS

We observe smoothing rise to the (n) plateau with in-
creasing Thase from 2 K to 14 K, in Fig. c). This cor-
roborates the occurrence of dissimilar electron transfer
mechanism in our charge pump, which is explained by
decay-cascade [19] and thermal [7, 20] models by elab-
orating the process of periodic decoupling of QD from
source reservoir lead. The decay-cascade model assumes
that the dominant charge pumping error mechanism is
a series of non-equilibrium electron escape events back
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FIG. 2. Phenomenological fitting parameters along with error bars, extracted from the decay-cascade model (D), thermal

model (T), and weighed sum of decay-cascade and thermal model (DT) charge pumping for first and second plateau as a function
of base temperature of sample-space Thase. (a) Difference between the average residual sum of squares of decay-cascade and
thermal fits of the measured data (Apgrss). (b) Weight component of decay-cascade ({pr), and thermal (1 — {pr) in the
combined model. (c) Gate-referred tunnel rate factor (af,). (d) Fitted electron temperature at the source and drain reservoir
leads (Tpump). The difference between the black-dashed line (at Thase) and Tpump depict the AC periodic drive induced heating
in the pump (ATpump)- (€) Aurss, (f) (or, (g) af and (h) ATpump for single-electron pumping, measured as a function of

Thase and drive amplitude (Var).

to the source reservoir to yield (np) number of trapped
electrons in the QD, given as:

2
(np) =Y exp {—explaf, (Ve — Vo,.0)]}

i=1

(1)

where of) is the gate-referred tunnel rate factor and Vp p
is the threshold voltage obtained from decay-cascade fit
of the normalized pump current. The double-exponential
function describing the decay-cascade regime in Eq.
analytically has an asymmetric rise shape.

At elevated temperatures, the broader energy spec-
trum of the electron reservoir becomes the dominating
error process, to capture (nr) number of electrons in the
QD [7]. The average number of electrons pumped in the
thermal regime is ascertained by the Fermi distribution
of electrons in the source reservoir leads at thermal equi-
librium, expressed as:

2

(nr) =Y 1/{1+exp [B7, (Ver — Vo, 1))}

i=1

(2)

where [} is the gate-referred modified thermodynamic
beta and V1 is the threshold voltage obtained from
the thermal fit of the normalized pump current, which
analytically ascribe to a symmetrical rise shape. The
phenomenological fit parameter [} corresponds to heat
induced by the AC periodic drive, required to prompt

the charge pumping process, and inferred as 85 = (e -
aprL—qp)/ (kB - Tpump). Here, apr,_qp = e(AVsp/AVpy)
is lever-arm of PL to pump QD and Thump is the fitted
electron temperature at the source and drain reservoir
leads. We calculated apr,_qp from the slope of experi-
mentally measured Vpy, versus Vgp when an electron is
added to the QD from the source reservoir.

To have a better understanding of the breakdown of
tunnel limited and thermal limited errors, we simply
combine the decay-cascade and thermal charge capturing
models with an error weight, quoted as combined model,
given as:

(npr) = _(Com,)-exp {— exp [apyr, (VoL — Vo, .p1p)]}

=1
+ (1 =¢or,) - 1/{1 +exp [Bpr, (Ver — Vo, pro)l} (3)

where (pr is weight of the non-equilibrium decay-cascade
component in the combined model, having statistical
bounds of confidence interval between 0 and 1, oy is
the temperature-independent gate-referred tunnel rate
constant obtained from decay-cascade fit, 1 — (pr is
weight of the equilibrium thermal component in the com-
bined model, Bfr is the gate-referred modified thermo-
dynamic beta of the thermal component in the combined
model, and Vy pt, and Vp pr, are the threshold voltage
of decay-cascade and thermal component in the combined
model, respectively.



To investigate the dependency of temperature on the
charge pumping mechanism, we fit the (n) associated
with one and two electron pumping plateau, measured
as a function of Vpr, at varied Thase, while keeping the
top gate DC voltages constant at Vg, = 1.20 V, Vg
=228V, Vg =22V, Vp, =22V, Vg =0V
and Vce = 0 V. Fitting of the measured data to the
aforementioned decay-cascade (in Eq. , thermal (in
Eq. [2)) and combined (in Eq. models, are shown in
Fig. [1{d). The magnified-axes in the insets of Fig. [[[d),
visibly depict the decay-cascade model fits better at lower
Thase- However, with an increment of T},,¢ the measured
plateaus starts agreeing more with the thermal model.
To quantify the electron transfer mechanism as a func-
tion of Thase We implement two approaches. First, indi-
vidually determining the average residual sum of squares
of the decay-cascade (prss,p) and thermal (prss ) fit
to the experimental data. A statistical value of Augss
(= prss,p — krss,T) less than zero implies a better fit to
the decay-cascade model, whereas a positive Augss indi-
cates the paramountcy of the thermal model, in Fig. (a).
Second, we benchmark the weight component of (pr
at 0.5, signifying the transition from the regions where
decay-cascade or thermal model fit better, in Fig. b).
The operating regime of charge pump is purely decay-
cascade if {(pr is about unity, in contrast estimation of
(pr close to zero, corresponds to thermal mechanism of
electron capture in the QD. From the results in Fig. a,
b), we find our charge pump operates in decay-cascade
regime at Thase less than 5 K while transferring single-
electron per voltage cycle. However, pumping two elec-
trons shifts this decay-cascade to thermal transition be-
low a temperature of 4 K.

The phenomenological fit parameter of, relate to tun-
neling rate of excess electrons (I'5 "), escaping back
to the source reservoir leaving (n) number of electrons in
the QD. One can theoretically forecast the lower bound of
uncertainties encountered during the process of pumping
from the difference (ag), - Vo, p) — (o, - Vo, p), equiv-
alent to the difference of back tunneling rate of excess
electrons InT'5 " — In TP [I8, 19]. Although af is
independent of temperature, the regression analysis re-
sults deduced a decrement in of, and af,, when the
charge pump is operated in the thermal regime, corre-
sponding to a Thase higher than the transition tempera-
ture. In contrast, we observe saturation of afy for both
one and two electron transfer, when T},ee is lower than
the transition temperature, in Fig. c).

Although the charge pump is cooled to Thase tem-
perature, the T,ump may be higher due to AC periodic
drive induced heating [7, I8]. In order to assess, the
Thump Wwhilst pumping one and two electrons per volt-
age cycle, we infer the gate-referred modified thermo-
dynamic beta extracted from the thermal component of
the combined model to evaluate the value of Toump, =
(e apL-qp)/(kB - BHt,)- To pursue a fair comparison
of AC drive induced electron temperature at the source
reservoir as a function of varying Ty.se, we evaluate the

heat induced in the pump ATpump = Tpump — Thases
in Fig. 2(d). We assess, the heat induced due to AC
periodic drive in our system is higher during transfer-
ring single-electron per cycle, when compared to that
of two electrons transfer. However, the number of elec-
trons existing in the QD before initialization of charge
pumping proccess might have an influence in the value of
ATpump. Therefore, the gate-referred modified thermo-
dynamic beta used to deduce the Tpump for two electrons
plateau deserves further theoretical and experimental in-
vestigation.
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FIG. 3.
(épump) as a function of varying drive amplitude (Var,) and
base temperature of sample-space (Thase)- B
Next, we turn our attention towards the impact of Vpy,
on the single-electron pumping fit parameters (Augss,
CpT, ofy and AT ump) as a function of Th,se and VBL.
The top-gate DC voltages are kept constant at Vg, =
132V, Vgr =238V, Vo, =22V, VpL =22V, Vi =
-0.03 V and Veo = 0 V while repeating the measurement
for different values of Vgy, and Thase- The Augss and (pr
in Fig. 2fe) and Fig. 2(f), respectively, deduce a leftward
shift of the transition temperature with rising VBL. In
addition, it is worth noting the value of of, deteriorates

with increment in Vg, in Fig. g). This informs us the

importance of tuning the Vpr, amplitude. Further, the
evaluated value of AT,,mp support the statement as at a
particular Tj,se the heat induced is directly proportional
to Vir,, in Fig. [PJn).

In order to pursue a qualitative investigation of the
single-electron pumping uncertainties, we follow a the-
oretical approach to assess the lower bound of error oc-
curring during the single-electron pumping processes [19].
To determine the charge pumping error €pump as a func-

Lower bound of single-electron pumping error

tion of XN/BL and Thage, We use the single-electron transfer
experimental data, which is measured as a function of
VpL, by varying ‘N/BL and Thage, @ single sweep of whose
(at Vp = 400) is shown in Fig. [1] (¢). The epump is



given as 1 — (np), at the point of inflection (Vg;,) on
(n) = 1 plateau. While calculating the €pymp, we as-
sumed ofy = af, and AVyp(= Vo, p — Vo, p) is inde-
pendent of Vgr,. The lower bound of the evaluated s~ingle—
electron pumping error as a function of Tj.se and Vg, is
illustrated in Fig. [3} The theoretical error rate of our Si
single—electron pump when operated at a Thase of 2 K and
Ve = 350 mV is 1.72 ppm. At a constant T} aee, the re-
duction in Vpy, lead to sharper edges of the plateau, and
theoretically lower error bound. Besides, the captivating
results delineate, single-electron pumping error is almost
independent of Tjase when operated in a regime where
an electron is captured in the pump QD by following a
sequence of tunneling event back to the source reservoir.

IV. SUMMARY

Overall, we showed that our Si single-electron pump
is operable at liquid helium temperature with tunnel
limited errors dominating the pump fidelity, indicating
high precision metrological current measurements could
be consistently done in cheap *He systems. This pave
the path for transportable and scalable primary SI cur-
rent standard by deploying SIMOS technology, which is
well-established across the semiconductor foundries. Al-
though the results of this experiment does not show the
universality of the transition temperature, they are likely
to be above or around the liquid helium temperature for

SiMOS devices with same architecture. Showing the uni-
versality of the transition temperature will require more
device statistics. To further assess the charge pump fi-
delity, an on-chip charge sensor could be used to detect
the error events [21].
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