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ABSTRACT

This study explores gate-controlled superconductivity in metallic superconductors by employing a top-gate architecture with a 15 nm mono-
crystalline h-BN as a gate dielectric. The transport properties under gate voltage can be elucidated by injecting high-energy electrons, follow-
ing the Fowler-Nordheim electron field emission model. In contrast to conventional resistive Joule heating, high-energy electron injection
with top-gating exhibits excellent power efficiency in suppressing superconductivity. A nearby superconducting bridge, which serves as a
thermometer, indicates that our top-gate device can achieve good local control, well limited within a distance of 0.6 um due to the very low
top-gating power. These findings are essential for advancing efficient and highly integrated tunable superconducting electronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195254

The control of supercurrent has long been a central focus in
applied superconductivity. Various strategies have been employed
to regulate supercurrents. * Notably, prior research has shown
that supercurrents in superconductor nanobridges can be modu-
lated through the application of hot-electron injection.”* As
highlighted in Ref. 5, the implementation of superconducting ther-
mal switches, utilizing current-induced heating in the resistor, has
been explored. The transition to the normal state occurs when
Joule heating phonons applied to the superconducting nanowire
exceed twice the superconductor energy gap. This method can lead
to excessive Joule heating in the devices, significantly impairing the
performance of the superconducting circuit,” prompting further
investigation into heat transfer mechanisms,” ” and thermal appli-
cations.' ! Alternatively, semiconductor materials,'” such as gra-
phene'” ™" and two-dimensional electron gases,'*'* are frequently
incorporated into devices to enhance superconductivity through
electric field effects. However, the integration of semiconductor
materials may result in increased device losses'” and might not be
universally applicable to all superconducting electronic systems.

Therefore, it is necessary to explore versatile and feasible
approaches to achieve tunable superconductivity.

The prospect of adjusting the properties of metallic superconduc-
tors through field effect has been dismissed by several works.””*" This
exclusion is primarily attributed to the external electric field dissipating
within a depth comparable to the Thomas-Fermi screening length,
which is at the atomic scale.”” However, recent experiments have
revealed that gate voltages can significantly influence the superconduc-
tivity of metallic nanobridges. This effect is achieved by applying a
voltage bias to the gate near the nanodevices, primarily through meth-
ods such as the side gate,” * ionic liquid,”* or the bottom and top
gates with dielectric layers.””"’ This phenomenon was explained as the
effect of a strong electrostatic field in subsequent reports.”” ** The
most recent studies have demonstrated that the suppression of the crit-
ical current in metallic superconductors is closely tied to minuscule
gate leakage currents induced by the emission of high-energy electrons
under the influence of the electric field emission.”””' ~* Detailed
investigations have shown that these high-energy electrons produce
phonons by relaxing in the substrate, efficiently quenching the
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superconductivity of the devices. This viewpoint has also been vali-
dated by measuring tunnel spectra to study the population of quasipar-
ticles (QPs), directly observing the control process of QPs generated by
field emission.”** This effect is found to be distinct from the conven-
tional resistive Joule heating effect, which causes an increase in elec-
tronic temperature.””' In Ref. 23, utilizing a sapphire substrate and Ti
nanowires, the power consumption is reduced to several picowatts.
Conversely, Ref. 32 demonstrates that using the SiO, and Si substrates,
the energy consumption of Ti superconductor switches increases to sev-
eral nanowatts, and with niobium (Nb) nanowires, it can reach several
hundred nanowatts. This variation in power consumption is intricately
linked to various factors such as materials, substrate, and device dimen-
sions, the operational working principle of these devices remains
unclear to date, necessitating further studies and interpretation.

In this work, we investigate the transport characteristics of a top-
gated Nb superconductor microbridge with the h-BN thin flakes as the
gate dielectric and observe the suppression of critical current with
increased leakage current between the gate and Nb microbridge. The
gate current-voltage characteristic follows the Fowler-Nordheim field
emission model, indicating that the leakage current of high-energy
electrons is presumably responsible for the gating effect, which is con-
sistent with previous works.”* Quenching the critical current by the
gating or the resistive heater, we find that high-energy electron injec-
tion is significantly more efficient, nearly forty times lower than the
power of resistive Joule heating. Consequently, our top-gate device
achieves efficient local control, without observable heat effect on a
superconducting bridge 0.6 pm away from it. These results provide
practical methods for designing superconducting circuits with tunabil-
ity and high integration.

The schematic of our device is shown in Figs. 1(a) and 1(b). The
device fabrication process has been partly reported earlier.”® For clar-
ity, we briefly mention the main steps for device A. We used photoli-
thography and sputtering techniques to define the bottom NB with
15 nm (blue) on a sapphire substrate, which constituted an 18 x 1 um?
bottom microbridge, along with a 14 x 1 pm” superconducting ther-
mometer 5pm away from the gate. The excess parts were removed
using a liftoff technique. Subsequently, we used the PDMS film to stack
the h-BN dielectric layer [approximately 15 nm, as shown in the sup-
plementary material, Fig. S1(c)] onto the Nb bottom microbridge via a
dry transfer technique. Afterward, an additional 50-nm-thick Nb
microbridge (14 x 3.5um?) is patterned and deposited on a hetero-
structure to serve as the top-gate electrode (green). The distances
between the gate and the thermometer are 5 um, 545 nm, and 1 pm in
device A, device B, and device C, respectively. The optical microscope
images are shown in the supplementary material.

It is noteworthy that, in our scenario, the Nb microbridge serves
as an effective thermometer. The thermodynamic process of applying
power to a metal involves electron-phonon interactions, leading to an
elevated electronic temperature (T,) within the metal. The critical
current of superconductors is intrinsically temperature-dependent,
rendering it a suitable gauge for electronic temperature variations and,
consequently, monitoring the power consumption of the gate.
Specifically, in prior research,”” the critical current of a superconduct-
ing Nb nanowire was utilized as a thermometer to assess the local elec-
tronic temperature. In Fig. S5 of the supplementary material, we
observed that the correlation between T, and gate power can be pre-
cisely elucidated through the electron-phonon interactions process.

ARTICLE pubs.aip.org/aip/apl
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FIG. 1. Layout and basic characteristics of device A. (a) and (b) Measurement
scheme using a four-probe method for the bottom microbridge or the superconduct-
ing thermometer. The width of the bottom microbridge and thermometer is 1 pm,
and the top gate has a width of 3.5 um. The separation distance between the gate
electrode and the thermometer is denoted as Ly, which amounts to 5 um. (c) The
current / and voltage V characteristics of the bottom microbridge were measured at
a temperature of T=3.1K, with gate voltage (V) values ranging from 0 to 3.6, 5.0,
and 8.0'V. (d) The current /+ and voltage Vr characteristics of the thermometer mea-
sured at T=3.1K, with V values taken as 0, 5.0, and 8.0 V.

Therefore, we can rely on the critical current of the Nb microbridge as
a dependable indicator of temperature variations, effectively utilizing it
as a thermometer.

Figures 1(a) and 1(b) show the test wiring diagrams of the Nb
bottom microbridge and superconducting thermometer using the
standard four-probe method, respectively. The several current-voltage
characteristics (IVCs) corresponding to the gate voltage applied to the
Nb bottom microbridge and superconducting thermometer are shown
in Figs. 1(c) and 1(d). The thermometer detects the temperature
increase generated by the heat power diffusion resulting from the gate
voltage V. As depicted in Fig. 1(c), at Vo=0V and T=3.1K, the Nb
microbridge and the thermometer displayed hysteretic behaviors with
critical currents of I.=1.67mA for the Nb microbridge and
I.r=2.34mA for the thermometer, respectively. Notably, the applica-
tion of gate voltage to the top electrode reveals that the superconduct-
ing properties of the bottom microbridge are suppressed when the gate
voltage exceeds 3.6 V. Conversely, at a greater distance from the gate
(5 um), no significant changes were observed in the superconducting
properties of the thermometer even when the gate voltage reached
8.0V.

We first focus on the gating effect of the supercurrent in the
microbridge. Figure 2(a) shows the I. (blue dot line) and gate current
I (green dot line) as a function of the V. The dependence of the
supercurrent on the gate voltage exhibits a plateau until V falls below
a threshold voltage Vi, of approximately 3.6 V. Beyond this threshold,
the supercurrent decreases, reaching zero at a critical gate voltage V¢
of around 8.5 V. I; remains negligible until | V| reaches the threshold
voltage Vg, and starts to increase with the increase in the gate
voltage.
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FIG. 2. High-energy electron injection in the bottom microbridge at a temperature of
3.1K. (a) The dependence of critical current I, (blue dot line) and gate current /g
(green dot line) on gate voltage V. A fitting result of the gate current /g and gate
voltage Vg was obtained with the Fowler—Nordheim electron field emission model
(black curve). (b) and (c) The linear variation of In(|/g/Vi?|) with 1/V; for the nega-
tive and positive voltage. (d) The variation of critical current /, with gate current I
and gate power Pg (= Vglg).

This observation verifies previous findings regarding the phe-
nomenon in which electrons are emitted from the electrode into the
medium due to the application of a high electric field.”” This process
occurs when the electric field intensity at the material’s surface
surpasses the work function, a phenomenon described by the Fowler-
Nordheim (F-N) electron field emission model.** " In our experi-
ment, we applied a maximum electric field strength of around
570 MV/m, in accordance with the F-N electron field emission model.
In this context, we elucidate the I (V) relationship,

Ig = oV} exp(—vﬁ), 1
G

where o and f§ depend on our device’s material properties and geome-
try. The experimental data for the I (V) curve is best fitted by Eq. (1)
(solid black line), as depicted in Fig. 2(a). In this work, we assume the
barrier width to be the thickness of the h-BN layer (d~ 15nm), and
m*/m=0.26 for h-BN.*>"** The fitting parameters, o =0.31 % 0.14
HA/VZ (0.035+ 0.007 pA/V?) and f=30+5V (14*2V), are
obtained from the slope of each respective curve.””***’ These values
yield a barrier height ¢ of approximately 0.69 eV (0.41eV) for a posi-
tive (negative) bias. We further present In(|Is/ VG2|) vs 1/Vg data for
both negative and positive voltage sweeps, shown in Figs. 2(b) and 2
(c). The evident linear dependence observed in these plots implies that
electron tunneling through the h-BN can be best described by the F-N
model. These results indicate that the critical current suppression due
to the gate voltage can be attributed to high-energy electron field emis-
sion, in agreement with earlier works.””'** Indeed, as depicted in
Fig. 2(d), the supercurrent significantly reduces with the increase in

ARTICLE pubs.aip.org/aip/apl

the gate current (I) and becomes completely quenched at approxi-
mately I ~0.6 pA.

To have a more comprehensive understanding of the high-energy
electron field emission, we try to compare it with conventional resis-
tance heating, with experimental configurations depicted in Figs. 3(a)
and 3(b), respectively. Different from the gating method, we modu-
lated the critical current with the resistive Joule power Py by passing a
heat current Iy directly through the Nb gate control line. Figure 3(c)
shows that I. can be suppressed when Ij; exceeds the critical current of
the gate electrode. As expected, the resistive Joule heating stemming
from the normal state of the gate electrode is responsible for the
quenching of the supercurrent.** *°

Figure 3(d) compares the gate power and resistive heat power in
terms of the suppression of the I.. The gate power Pg is defined as
Vilg, while the resistive heating power Py is calculated as I, 12{ Ry, where
Ry is the normal resistance measured from the I-V curves of the gate
electrode. With an increase in Py, I. undergoes a sudden transition
due to the switching from the superconducting state to the resistive
state. Notably, to quench I, Py should be several tens of times as high
as Pg. Quantitatively, the power required to suppress I. in our 1-pm-
wide Nb microbridge completely is approximately 200 uW for the
resistive heater, in contrast to the value of 5.67 uW with top-gating.
Our research indicates that the procession of the gating effect sup-
presses the superconductivity, emphasizing a significant correlation
between the suppression of critical current (I.) and high-energy elec-
tron field emission. The high-energy electron injection offers a much
more efficient method for modulating the critical current in a metallic
superconductor.

We also examined the responses of the thermometer to both
heating power and gate power. As illustrated in Fig. S2 of the supple-
mentary material, we noted a close similarity in the power levels
between the two approaches, with the quenching power of the
thermometer critical current (I.r) measuring approximately 1.5 mW.

(a) (b)

o o
S $
< L5
& 4
é é
Q Q

«—>
Thermometer Overlapping area Thermometer Overlapping area

AlLO; A0

) — ' '

0
10® 10° 10* 1072
P (W)

1 0 1
I, (MA)

FIG. 3. Modulation of microbridge superconductivity for two heat configurations. (a)
Schematics of device A for the voltage gating configuration. (b) Schematics of
device A for the resistive heating configuration. (c) The dependence of the critical
current on the heating current Iy for different temperatures. (d) Critical current /; as
a function of gate power (Pg), and heating power (Py).
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This observation may be ascribed to the monitoring accuracy of the
Nb microbridge thermometer in our experimental setup, which we
will delve into in the ensuing discussion.

To further substantiate our experimental findings, we conducted
finite element method (FEM)-based electrothermal simulations. In our
simulations, we utilized a resistive heater positioned at the intersection
of the gate electrode and the bottom microbridge, aligning the heating
area with the conditions of high-energy electron injection. The sub-
strate temperature in the simulation is held at 3.1 K, and more compre-
hensive details can be found in Part 2 of the supplementary material.
Figure 4(a) shows the color plot of the simulation results when an
input power P; of 5.67 pW is applied to the gate electrode. This value
corresponds to the one in Fig. 3(d), where the experimentally observed
suppression of I. to zero is achieved through high-energy electron
injection. In this scenario, the temperature increase in the cross-
sectional area beneath the gate electrode is approximately 0.19K.
Obviously, it is not sufficient to cause suppression of the bottom super-
conducting microbridge, indicating the high efficiency of high-energy
electrons.

In addition, as shown in Fig. 4(b), when the input power P; is set
to 200 uW, the temperature below the gate electrode increases to
approximately 6.41 K, very close to the critical temperature of niobium
film T, ~ 6.7K, and then I. is almost suppressed. This aligns well with
the experimental resistive Joule heating power Py of 200 WW required
for quenching the superconductivity, as shown in Fig. 3(d). The simu-
lation results verified that resistive Joule heating is comparatively inef-
ficient for low-temperature devices compared to high-energy electron
injection.

The numerical results of the simulation are depicted in Figs. 4(c)
and 4(d). We present the elevated temperature (AT) as a function of
the distance from the gate (L) for various power values. It is evident
that when the resistive heating power exceeds about 100 W, the

T (K)
7

347K6.41 K I6

,/L"

P, =200 uW

Ly=5um

T=31K d
L (um) ( )

012345 610° 102 10
L (um) P (mW)

FIG. 4. Simulation results for device A. (a) Color-coded simulation result depicting
the temperature distribution with an applied Joule heat power (P;=5.67 uW) and
thermal diffusion length (Ly = 5 um). (b) The applied Joule power P; is 200 pW. (c)
The elevated temperature (AT) as a function of the L for different simulated applied
power values P, (d) The elevated temperature (AT) is plotted against the applied
Joule power P, for different positions (L).
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heating effect around the device becomes noticeable. We then explored
the correlation between the temperature variation at different positions
(L) and the applied Joule power. As seen in Fig. 4(d), the temperature
starts to increase in the surrounding region only when the power
exceeds 10 uW, which is a considerably high threshold compared to
high-energy electron injection. In other words, this simulation results
suggest that the thermalization area associated with the high-energy
electron injection would be minimized, owing to the higher power effi-
ciency (or low gate power) in suppressing the superconductivity of the
underneath area.

Finally, we designed the other sample, device B, with the L4 value
of approximately 545 nm. The detailed sample characteristics are in
Part 3 of the supplementary material. To explore the thermalization
effect in the substrate resulting from high-energy electron injection, we
measured the transport properties of the superconducting thermome-
ter with gating. Figures 5(a) and 5(b) illustrate the variations in the
critical current of the bottom microbridge and the thermometer of
device A, respectively, with the application of gate power. The critical
current of the bottom superconducting microbridge (I.) decreases
exponentially with increasing gate power. As expected, the top-gate
control displays locality, with no significant change observed in the
critical current of the superconducting thermometer at 5pm.
Subsequently, we examine the behaviors of device B, as depicted in
Figs. 5(c) and 5(d). The application of approximately 5 W of high-
energy electron power is sufficient to suppress the superconducting

(b) RSV R ORORRS
2 OG> OO O © 0 |
— 06000 6 o ©
<
S
N
'31 i T(K) T
= o 31
Device A & 37
Ly=5pm O 44
Ot ) ) 4

[ Device B T
R R
0 2 4
Ps (WW)

FIG. 5. Investigation into the localized impact of gating. (a) The critical current of
the microbridge vs gate power at various temperatures for device A. (b) The rela-
tionship between the critical current of the thermometer and the gate power of
device A at different temperatures. (c) Variation of the microbridge’s critical current
with gate power at different temperatures for device B. (d) The relationship between
the critical current of the thermometer and the gate power of device B at various
temperatures.
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characteristics of the bottom microbridge, consistent with the observa-
tions in device A. However, the critical current of the thermometer
(Iet), located 545 nm away from the gating area, remains unaffected, as
illustrated in Fig. 5(d). The findings suggest that high-energy electron
injection is suitable for tuning the superconductivity locally. At least in
our experiment, 0.6 pum is a safe distance.

To further explore the thermometer’s sensitivity to power con-
sumption, we analyzed the relationship between the critical current of
the thermometer and the gate power, as illustrated in Fig. S6 of the
supplementary material. Our findings suggest that the Nb microbridge
thermometer demonstrates detectable sensitivity only when the power
exceeds several tens of micro-watts. Notably, comparable sensitivity
levels were observed at distances of 5 and 1pum from the gate, as
depicted in Fig. S6(b). This experiment suggests that the distance from
the gate, within the range of 1-5 um, may not be the primary factor
influencing sensitivity. Instead, it highlights the dimensions of the ther-
mometer as a critical parameter for sensitivity. Specifically, the mini-
mum power required to quench the superconductivity of the entire
microbridge, denoted as P, = IRy, is related to the retrapping current
(I,) and the normal state resistance (Ry) of the Nb microbridge.32 For
devices A and C, P, values of approximately 9 and 10 pW were
derived, consistent with the power levels observed in Fig. S6. As indi-
cated in Ref. 29, if the dimensions of the thermometer can be reduced
to the hundred-nanometer scale, the minimum sensing power could
potentially be within the pico-watt range.

While the current device’s thermometer may not be sensitive
enough, the 0.6 um distance for device B appears to be a safe distance.
This is because the power required to suppress the critical current of
the thermometer is significantly larger than the gate power needed to
quench the bottom Nb microbridge. Consequently, the gate power,
falling within the range of several hundred nanowatts, is unlikely to
appreciably raise the electronic temperature of the adjacent supercon-
ductors. Furthermore, we emphasize that utilizing a superconductor
wire thermometer to detect the gate power remains a valuable tool for
scrutinizing the performance of metallic superconductor switches,
warranting further investigation.

In conclusion, our study explored the modulation of supercon-
ducting properties in metallic Nb microbridges, employing a top-gate
architecture with monocrystalline h-BN as the dielectric. The gate’s
current-voltage characteristic adhered to the Fowler-Nordheim
model, demonstrating that the gating effect was attributed to the leak-
age current from the high-energy injection. Experimental and simula-
tion results show that high-energy electron injection is significantly
more effective, by several dozen times, in tuning the critical current
than resistive heating. Therefore, top-gating is good for the local tuning
of the superconducting devices. Our study presented here holds poten-
tial applications for designing integrated superconducting electronic
devices and the control optimization of superconducting circuits such
as Josephson junctions.

See the supplementary material for the detailed process of device
preparation and measurement, data on device A, device B, and device
C, as well as the Joule thermal power modulation.
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