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ABSTRACT

The control of a superconducting current via the application of a gate voltage has been recently demonstrated in a variety of superconducting
devices. Although the mechanism underlying this gate-controlled supercurrent (GCS) effect remains under debate, the GCS effect has raised
great interest for the development of the superconducting equivalent of conventional metal-oxide semiconductor electronics. To date, how-
ever, the GCS effect has been mostly observed in superconducting devices made by additive patterning. Here, we show that devices made by
subtractive patterning show a systematic absence of the GCS effect. Doing a microstructural analysis of these devices and comparing them
to devices made by additive patterning, where we observe a GCS, we identify some material and physical parameters that are crucial for
the observation of a GCS. We also show that some of the mechanisms proposed to explain the origin of the GCS effect are not universally
relevant.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159750

I. INTRODUCTION The superconducting equivalent of such effect had remained
unknown for years, possibly because it was believed that in a super-

In conventional metal-oxide semiconductor (CMOS) circuits, conductor (S), which is a normal metal (N) above its supercon-

169220 €202 4890100 ¢}

the logic state of one of the elemental three-terminal device com-
ponents (the transistor) is controlled via the application of a gate
voltage (V). The applied Vg induces an electric field (E) that
changes the density of charge carriers flowing through a nanoscale-
size constriction of the transistor, and this, in turn, sets the logic state
of the device.

ducting critical temperature (T.), the E induced by an applied Vg
would be just screened within the Thomas—Fermi length " (typically
a few angstroms from the S surface’), meaning that E would have no
effects on the S properties.

Over the past few years, however, several groups >’ have
shown that an applied Vg can affect the superconducting
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current (supercurrent) through a nanoconstriction made from S. As
the applied Vg is increased, the critical supercurrent (I.) of the S
nanoconstriction does not change significantly compared to its value
measured at Vg = 0 until after | V| reaches a certain threshold value
(VGonset)- For |Vg| > VG onset> Ic gets progressively suppressed until
it becomes null at an even higher |Vg| (Vgofiset). The applied Vg
can, therefore, switch the S nanoconstriction from a superconduct-
ing state with zero resistance (and I. # 0) to a metallic state with
non-null resistance (and I = 0).

The possibility of switching a superconducting device between
two states with different resistance via an applied Vg can be seen
as the superconducting equivalent of the effect used to control
the logic state of semiconductor transistors in CMOS electronics.
This phenomenon, which we name gate-controlled supercurrent
(GCS) effect as in Ref. 20, is fully reversible, as it has been shown
that superconducting devices exhibiting a GCS effect can be freely
switched between the resistive and superconducting states, upon the
application and removal of Vg offset, respectively. LIRISITINI0 Other
physical features of the GCS effect confirmed by the majority of the
studies done to date include that the effect is independent of the Vg
polarity," "' it decays over a length scale of the order of the
S coherence length,”'” and it is weakly dependent on temperature
(T) and applied magnetic field (H),"”%>'"'*!1>1%19202* meaning that
VGoffset does not change significantly with T and H.

Although the experimental signatures of the GCS effect are
well-established, the physical mechanism responsible for the effect
is still under debate. Understanding the main mechanisms at play
for the GCS effect remains a matter of priority to control the effect,
which is, in turn, crucial for the development of future applications
based on it.

Several mechanisms have been proposed to explain the ori-
gin of the GCS effect. In addition, it should be noted that, in some
studies, and in particular in earlier ones, the authors do not specify
exactly the mechanism at play in their experiment. Some research
groups have argued that high-energy electrons emitted from the
gate electrode into S can excite phonons and/or decay into quasi-
particles in S, thus suppressing I. (scenario 1)."”'"'® Other studies
suggest that the leakage current (Ije.x), which flows from the gate
electrode into the S nanoconstriction upon the Vg application, can
induce heating of the electronic system due to the phonons trig-
gered in the substrate (scenario 2)19161925 o drive the S into an
out-of-equilibrium state with phase fluctuations but without siz-
able heating (scenario 3)."**" Last, several other groups ascribe the
GCS effect to an effect induced by the E associated with the applied
Vg (scenario 4)."1%*

Independently of what the specific mechanism underlying the
GCS effect is, we note that to date a GCS has been observed in super-
conducting devices based on a variety of Ss (e.g., ALY NSO,
v, T WG, Ta,” and TIN') and with different
geometries, including nanowires,”""""'”*" Dayem bridges,” """
S/N/S Josephson junctions (with Vg applied to the N weak link,
N being a normal metal),””" superconducting interferometers,”"”
and resonators.'””’ For superconducting resonator devices, the
resonance frequency fo other than I. is the physical para-
meter the variation of which is tracked upon the application
of V. 18,23

Most of the devices, however, where the GCS effect has
been reported have been fabricated using a bottom-up fabrication

ARTICLE pubs.aip.org/aip/apm

route™! 171 (e by additive patterning). Here, we show that

devices made following a top-down approach (i.e., by subtractive
patterning) show a systematic absence of the GCS effect, indepen-
dently of their geometry and of S used for their fabrication. Given
the absence of the GCS effect, our gate-controlled superconducting
devices made by subtractive patterning represent an ideal system to
determine the parameters that are responsible for the absence of the
GCS effect and to discuss them in light of the mechanisms proposed
in the literature.

Performing a microstructural characterization of the devices
made by subtractive patterning with no GCS and comparing them
to devices made by additive patterning, which instead show a GCS,
we identify some material parameters that are different between the
two types of devices and represent, therefore, key factors for the GCS
observation. Our analysis also suggests that some of the mechanisms
proposed in the literature to explain the GCS effect cannot account
for the different behavior of devices made by subtractive or additive
patterning.

Il. EXPERIMENTAL
A. Sample fabrication

We have made superconducting devices with gate electrodes by
both subtractive and additive patterning, to which we refer as etched
devices and lift-off devices, respectively, since their corresponding
fabrication process involves an etching step or a lift-off step (see
Sec. I11). To minimize hidden parameters in the sample fabrication
as the origin of the different behavior regarding the CGS effect, we
have fabricated devices in different geometries (Dayem bridges and
nanowires) and different materials in two different labs each. Nb
Dayem bridge devices have been fabricated by two of our groups,
at the University of Konstanz (UKON) and at the Centro Nazionale
delle Ricerche (CNR), following protocols involving both subtractive
and additive patterning. The gate-controlled Nb devices made by
lift-off at CNR have been fabricated following the process described
in Ref. 8. The detailed fabrication procedure and parameters for the
devices made at UKON as well as for the etched devices at CNR are
given in the supplementary material.

Gate-controlled NbTiN devices with a Dayem bridge geome-
try made by both lift-off and etching have been fabricated at the
Budapest University of Technology and Economic (BME). In addi-
tion, NbTiN etched devices with a nanowire geometry have been
realized at the Chalmers University of Technology (CUT). The
detailed fabrication protocols for these devices are given in the
supplementary material.

B. Transport measurements

The current-voltage characteristics (IVs) of the devices have
been measured in the labs where the respective samples have been
fabricated by sweeping a current and measuring the voltage drop.
The etched and lift-off samples fabricated in the same lab have been
studied in the same cryostat using the same wiring to avoid possible
impacts of the measurement setups or routines. The IV's have always
been recorded for both sweep directions. Within the intrinsic vari-
ation of switching current distributions typical for such devices,”"”"
the I'Vs are mirror symmetric upon reversal of the sweep direction
as typical for hysteretic Josephson junctions. Therefore, for clarity,

APL Mater. 11, 091113 (2023); doi: 10.1063/5.0159750
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in this work we always show IVs recorded for one sweep direction,
namely, for increasing bias current.

Ill. RESULTS AND DISCUSSION

A. Fabrication routes of gate-controlled
superconducting devices

To better understand the mechanisms underlying the GCS
effect and the material/device parameters controlling it, we have fab-
ricated a series of devices based on different Ss and fabrication pro-
cesses. The fabrication recipes, given in detail in the supplementary
material, are essentially of two different types. The first type of fab-
rication route is shown in Fig. 1(a). This is a top-down fabrication
based on subtractive patterning, which starts with the deposition
of a S thin film onto an insulating substrate. Once the S thin film
is grown, a negative resist is spin-coated onto it, which is then
patterned by EBL into the desired device geometry. After the devel-
opment of the unexposed resist, the patterned resist is used as a mask
during the following etching process, which transfers the device pat-
tern into the S [Fig. 1(a)]. Last, the resist mask is removed leaving the
desired device. Due to the etching step involved in the fabrication,
we refer to gate-controlled devices fabricated with this top-down
approach also as etched devices.

The second type of fabrication process shown in Fig. 1(b) is a
bottom-up approach based on additive patterning, where the gate-
controlled device is patterned EBL into a positive resist, after this is
spun onto an insulating substrate. After EBL patterning, the resist is
developed, and then, the S material is deposited (usually by sputter-
ing or evaporation). Last, the resist is removed with a solvent (lift-off
step), which leaves the desired superconducting device. Due to this
last lift-off step, we also refer to devices made with this bottom-up
approach as lift-off devices.

We note that dry etching has already been used by a few
other groups for the fabrication of gate-controlled superconduct-
ing devices. 1'% Most of these devices,'”'® however, have been

@

1. ' 2. ’
S thin film on substrate

Negative resist

[ 4.

E-beam exposure Development
5 6.
S5 e
[ —
Etching Resist removal

pubs.aip.org/aip/apm

made onto a Si substrate without an insulating SiO; layer. The GCS
effect in these devices seems mostly dominated by Ije,c-induced
dissipation due to the stronger thermal coupling between the S
nanoconstriction and the substrate due to the absence of an insu-
lating layer (scenario 2 above). This is evidenced by the fact that
the typical E corresponding to Vg offset is much lower (~0.5 MV/cm,
Refs. 15 and 16) than that reported for devices made on an insulat-
ing substrate (~4 MV/cm, Refs. 4-7 and 17). In two other reports,
where etching has been used and the substrate is insulating, either
a limited suppression of the superconducting state'”'* or even an
increase in I. (Ref. 24) under the applied Vg has been instead
reported.

Across our research groups, we have fabricated a variety of gate-
controlled devices by dry etching. We have used Nb and NbTiN
on various insulating substrates (300-nm-thick SiO on p-doped or
intrinsic Si and Al;O3), as reported in the supplementary material
and shown in Fig. 2 and in Figs. SI-S3. Unlike lift-off devices
made of the same S material and with the same geometry, for
which we observe a GCS effect, all these etched devices exhibit
no GCS.

B. Gate-controlled superconducting current
effect in etched and lift-off devices

Figure 2 shows an example of a lift-off nanowire and an etched
gate-controlled nanowire made of the same S (i.e., NbTiN). To
show the effect of Vi on I, for each device, we report a few rep-
resentative current vs voltage characteristics (IVs) as a function
of the applied V. Although both nanowires are superconduct-
ing with critical temperature T ~ 12.5 K [Fig. 2(c) and Fig. S1],
we find that in the etched device [Fig. 2(a)], both I. and I (I
being the retrapping current) are completely unaffected by the
applied V¢ [Fig. 2(d)], which demonstrates that the etched device
shows no GCS. We observe the absence of a GCS effect in these
NDbTIN etched devices not only when Vg is applied through a
side gate [Fig. 2(b) and 2(d)] but also when Vg is applied to

(b)

Positive resist on substrate E-beam exposure

3. 4.
T .
\\\s
Development S deposition
S.
Lift off

FIG. 1. lllustration of fabrication steps (in progressive order as specified by corresponding numbers) for the realization of gate-controlled superconducting devices with

subtractive patterning (a) and additive patterning (b).
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(@ Lift-off device ©

@ Etched device

V (mV)

FIG. 2. Characterization of gate-controlled NbTiN devices made by dry etching and lift-off. Scanning electron microscope images of NbTiN nanowire devices made by dry
etching (a) and by lift-off (b) on a SiO, (300 nm)/p-doped Si substrate. (c) Resistance vs temperature R(T) curve around the superconducting transition for the device shown
in (a). Current vs voltage, IV, characteristics measured for increasing bias current / for the NbTiN device in (a) are shown in (d), and /V characteristics for the NbTiN device in
(b) are shown in (e) for a few representative applied V¢ values (indicated next to the corresponding /V curve). The data in (d) for the etched device do not show a progressive
suppression of either the critical current (Ic) or retrapping current (/) with increasing Vg, while /. is instead suppressed for the lift-off device in (e).

SiO,/p-doped Si used as a back gate (Fig. S2). In addition, the power
which is dissipated by the gate Pg = Viljek at the largest applied
Ve = 120 V for these etched devices is comparable to the power
Pn = Ry Ir2 that the device would dissipate when it switches to the
normal state (Ry being the normal-state resistance of the device).
This consideration suggests that, despite phonon-induced heating
associated with Ijex can be significant in these devices, no GCS
effect is observed. When gate-controlled devices based on the same
S (NbTiN) are fabricated by lift-off, instead, we can observe a full
GCS effect, as evidenced by the IV curves at different applied Vg
values in Fig. 2(e)—which we have measured for the device shown
in Fig. 2(b).

C. Microstructural characterization of devices
and analysis of mechanisms responsible
for their different behavior

As reported in the supplementary material, we have fabricated
and tested almost 30 etched devices based on the above-listed S
materials and also having different geometries (i.e., both Dayem
bridges and nanowires). In Fig. S3, we show the absence of the GCS
in etched NbTiN nanowires with a different geometry than those
reported in Fig. 2 and Fig. S1, while in Fig. $4, we show the absence
of the GCS in etched Nb Dayem bridges.

All the etched devices that we have made and tested, except for
one with very high I}k, do not show a GCS effect, even for Ije,x up
to several tens of nA and applied Vs up to or above 100 V (see the
supplementary material). We outline that the GCS effect is absent in
all these devices, even though they have been made with the identical
geometry used for lift-off devices for which we instead observe a GCS
effect. This observation suggests that geometry is most likely not a
factor that plays a key role toward a GCS.

Keeping in mind the fabrication steps for etched and lift-off
devices (illustrated in Fig. 1) and assuming that the mechanism
responsible for the GCS is one of those proposed in the literature
(scenarios 1 to 4 listed above), we argue that the following differ-
ences may be responsible for the different behavior of the two types
of devices with respect to the GCS:

(A) If field emission of hot electrons is responsible for the I.
suppression (scenario 1), the redeposition of oxide species
from the substrate onto the walls of the S constriction dur-
ing the etching step can make the tunneling of hot electrons
into the S less efficient for etched devices. The reason-
ing behind this argument is that a thicker oxide layer on
the surface of the S nanoconstriction may stop electrons
emitted from the gate more effectively than a thinner one
and, thereby, reduce their impact onto the superconducting
state.

APL Mater. 11, 091113 (2023); doi: 10.1063/5.0159750 11, 091113-4
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(B) If phonon heating is responsible for the I. suppression
(scenario 2), then physical etching into the substrate should
increase the propagation length of phonons that reach the
device and, as a consequence, suppress the GCS in etched
devices.

If Leak-induced phase fluctuations (scenario 3) or an
E-driven effect (scenario 4) is the mechanism responsible
for the suppression of I, then differences in the microstruc-
ture of the S material (e.g., grain size and presence of
dislocations) or in the S surface can account for the absence
of the GCS in etched devices. Structural parameters, such as
grain size, shape, or roughness of S, can, in principle, be dif-
ferent for lift-off or etched devices. In addition, an E-effect or
eak-induced phase fluctuations can be enhanced by surface
states in S, which, in turn, can change depending on the S
surface morphology. The etched process can also introduce
changes in the S surface,””** which can explain the different
behavior of etched and lift-off devices.

©)

To rule out or validate some of the above hypotheses, we have
carried out scanning transmission electron microscopy (STEM)
imaging and electron-energy loss spectroscopy (EELS) analysis of
lamellae fabricated from etched devices of Nb showing no GCS
effect and from lift-off devices of Nb showing a GCS effect. The
results of our STEM and EELS analysis are shown in Figs. 3(a)-3(d)
for an etched Nb device and in Figs. 3(e)-3(h) for a lift-off Nb
device.

The EELS analysis shows that nanowires made by etching have
Nb,Os layers on their side edges, which are thinner than those of
devices made by lift-off, where the contact between Nb and the EBL

@ teheddevice

etched
substrate

©
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resist before lift-off possibly results in the formation of a thicker
Nb,Os layer. This observation suggests that the disruption of super-
conductivity due to high-energy electrons tunneling into S should
be even more efficient in etched devices compared to lift-off devices,
which rules out case A listed above and hence scenario 1 as general
mechanism responsible for the GCS effect.

The lamellae fabricated on Nb etched devices show that we
only etch a few nanometers deep into the SiO, substrate, mean-
ing that the absence of a GCS in etched devices cannot be ascribed
to an increase in the propagation distance for phonons compared
to lift-off devices in our devices. This observation rules out case B
above and, therefore, scenario 2 as main mechanism behind the GCS
effect.

The STEM images and the STEM-EELS elemental maps in
Figs. 3(d) and 3(h) display structural differences: lift-off devices have
a rougher interface between Ti and the SiO, substrate compared to
etched devices, possibly due to polymeric residues that are left in
the trenches of the patterned resist after its development and before
the deposition of the S material. This increase in surface roughness
for nanowires made by lift-off can lead to an enhancement of E at
the nanowire/substrate interface in lift-off devices, which is con-
sistent with scenario C discussed above, meaning with enhanced
Leak-induced phase fluctuations or E-induced effects.

In addition, we observe that Nb nanowires made by lift-off
show significant bending on the edges [Figs. 3(f) and 3(g)] possi-
bly induced by the mechanical pulling force that the resist exerts
on the wire during the lift-off process. As for the increase in inter-
face roughness in lift-off devices compared to etched devices, the
presence of bending in lift-off devices can also cause variations in
microstrain and, in turn, an enhancement in the local E gradient.

Lift-off device

50 nm

20 nm

FIG. 3. Microstructural characterization and compositional analysis of lift-off and etched nanowires. Scanning transmission electron images (STEM) at low magnification of a
Nb nanowire with a side gate made by etching (a) and STEM images at higher magpnification of the same nanowire (b) and gate (c) corresponding to the areas in the yellow
boxes of (a). Electron energy loss spectroscopy (EELS) elemental maps corresponding to the area in yellow in (b) are displayed for Nb (red), Ti (light blue), and O (green)
and in a composite image (d). STEM images and EELS maps corresponding to those in (a)—(d) but obtained for a Nb lift-off device are shown in (€)—(h) with STEM image at
lower magnification in (e) and at higher magpnification in (f) and (g) and EELS maps corresponding to the area in the yellow box in (f) shown for Nb, Ti, O, and all elements

combined in (h).
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This can be another reason why a GCS is usually observed in lift-off
devices, but not in etched devices.

Surface changes induced by the fabrication process can also
account for the different behavior of etched and lift-off devices with
respect to the GCS effect. Spectroscopy measurements with surface-
sensitive techniques, such as nano angle-resolved photoemission
spectroscopy (nano-ARPES), under an applied Vg can be used in
the future to study the evolution of surface states in etched and lift-
off devices and confirm the relevance of surface states for the GCS
effect.

Our results will certainly stimulate future studies, where struc-
tural parameters, such as disorder and surface roughness, are
systematically varied, for example, by changing growth conditions
of S or using S with smaller grain size, to determine their optimal
values for the GCS and to achieve a reduction in Vg needed for a
full I suppression. This systematic investigation can possibly lead to
the determination of material parameters that are suitable also for
the realization of the GCS in etched devices.

Achieving a reproducibility of the GCS effect in etched super-
conducting devices would pave the way for their integration in
more complex superconducting logic circuits since etched devices
are easier to scale up compared to lift-off devices.

IV. CONCLUSIONS

We have shown the systematic absence of the GCS effect in
gate-controlled superconducting devices done by dry etching and
used them as a platform to study the reasons behind the absence
of the GCS effect. To this aim, we have performed a microstructural
characterization of the same devices in comparison to lift-off devices
based on the same geometry and S materials, for which we, instead,
observe the GCS effect.

We find that lift-off devices show a rougher and more dis-
ordered interface between S and the substrate as well as bending
toward the edges compared to etched devices. We conclude that a
change in these material parameters (i.e., roughness, disorder, and
microstrain due to bending) at the boundaries of the S constric-
tion can affect surface states in S and change its response to an
applied V.

By comparing the behavior of etched and lift-off devices, we
also show that some of the mechanisms proposed to date to explain
the GCS (i.e., high-energy electron tunneling or heating due to Ije.k)
cannot account for the absence of the GCS in etched devices and,
therefore, are possibly not universal mechanisms underlying the
GCS effect.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on sam-
ple fabrication, for statistics on the GCS observation in etched
and lift-off devices, and for Supplementary Figures with additional
experimental data on etched and lift-off devices.
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