Reversible tuning of superconductivity in ion-gated niobium nitride ultrathin films by
self-encapsulation with a high-x dielectric layer
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Tonic gating is a powerful technique for tuning the physical properties of a material via electric
field-induced charge doping, but is prone to introduce extrinsic disorder and undesired electrochemical
modifications in the gated material beyond pure electrostatics. Conversely, reversible, volatile and
electrostatic modulation is pivotal in the reliable design and operation of novel device concepts enabled
by the ultrahigh induced charge densities attainable via ionic gating. Here we demonstrate a simple
and effective method to achieve reversible and volatile gating of surface-sensitive ultrathin niobium
nitride films via controlled oxidation of their surface. The resulting niobium oxide encapsulation
layer exhibits a capacitance comparable to that of non-encapsulated ionic transistors, withstands
gate voltages beyond the electrochemical stability window of the gate electrolyte, and enables a
fully-reversible tunability of both the normal-sate resistivity and the superconducting transition
temperature of the encapsulated films. Our approach should be transferable to other materials and
device geometries where more standard encapsulation techniques are not readily applicable.

The ionic gating technique is a very powerful tool to
tune the properties of a large variety of materials, includ-
ing high-carrier density systems such as metals [1-6], BCS
superconductors [7-11], thin flakes of metallic transition-
metal dichalcogenides [12-14] and iron-based superconduc-
tors [15-21] using a field-effect transistor (FET) configura-
tion. In principle, the basic mechanism by which it oper-
ates is electrostatic and fully reversible: when the interface
between an electrolyte and the material under study is
polarized by a gate voltage, the mobile ions accumulate
in the so-called electric double layer (EDL) and build up
electric fields up to ~ 100 times larger than those achiev-
able in standard solid-dielectric FETs [22, 23]. In practice,
however, many processes beyond pure electrostatics can
occur in an EDL-FET. These range from the introduction
of extrinsic disorder in the form of charged-scattering cen-
ters [21, 24-32], to field-induced distortions in the crystal
lattice [33-35], to the intercalation of alkali ions [36—46]
or protons [47-52], to the outright electrochemical modi-
fication of the gated material [16, 33, 34, 53-60]. While
these additional processes can be harnessed to provide
additional degrees of freedom in modulating the prop-
erties of a material, it is often desirable to ensure that
the modulation occurs only in the electrostatic regime.
Indeed, reversible electrostatic switching is crucial for the
realization of novel device concepts, such as chiral-light
emitting transistors [61], superconducting FETs [62, 63],
nano-constriction Josephson junctions [64, 65] and metal-
lic SC quantum interference devices [66], as well as for
reliable operation of stretchable and flexible devices [67—
69] and thermoelectric energy harvesters [70)].
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The most straightforward way to ensure that the oper-
ation of an EDL-FET is dominated by reversible charge
doping and that electrochemical interactions are sup-
pressed, is to physically separate the active material from
the electrolyte using an electrically insulating and electro-
chemically inert layer. This can be achieved by employing
an electrolyte that partially decomposes when polarized,
creating a passivation layer [21], but this strongly reduces
the switching speed of the device [21]. Another possibil-
ity is to employ encapsulation techniques widely used
to protect unstable or reactive 2D materials in standard
solid-state FETs [71]. For example, one can cover the
surface of the active materials, prior to the exposition to
the electrolyte, with a high-quality ultrathin layered insu-
lator obtained by micro-mechanical exfoliation of a bulk
crystal [13, 14, 24], or a protective dielectric layer [39, 72].
These alternatives, however, can present drawbacks when
used in a ionic-gating setup. For instance, the first ap-
proach is not easily scalable to multiple integrated de-
vices and large-area geometries [13, 14, 24]. In the second
approach, the thickness of the protective layer is criti-
cal: thick passivation films strongly suppress the gate
capacitance [39, 72], while thin uniform films cannot be
deposited on several materials of interest [72]. The devel-
opment of an alternative, complementary encapsulation
technique is therefore highly desirable. In this work, we
demonstrate that growth of an ultrathin high-x dielectric
layer on top of a surface-sensitive superconducting (SC)
film by means of controlled in-situ oxidation ensures a
fully reversible operation of the EDL-FET, a sizeable gate
capacitance, a large induced charge-carrier density, and
an enhanced tunability of the SC transition temperature
with respect to the literature.

Our device consists of a niobium nitride multiple-Hall-
Bar structure. A 5 nm-thick niobium nitride (NbN) layer
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FIG. 1. (a) Sketch of the multiple-Hall-bar structure a1
the measurement configuration. (b) Sketch of the cross-se
of the gated channel. (c) Sheet resistance Rs as a fun

of temperature T of the reference channel. Inset sho
magnification around the superconducting transition.

was deposited [73] on a 300 nm-thick thermal oxide ]

on silicon. The NbN layer was patterned into a mull
Hall-Bar geometry (see Fig. 1) with direct writing
tolithography followed by reactive ion etching. To f
tate the electrical contact with the measurements w
gold pads were patterned and deposited on the outer
regions of the Hall bar. The device was then anneale
oxygen atmosphere to grow a NboOj5 insulating ba_____
via direct oxidation of the superconducting layer. The
thickness of the oxide barrier was ~ 2.6 nm, measured
with ellipsometry [74]. More details on the fabrication
process are available in the Supplementary Section I.

To characterize the device, we defined two measurement
channels. The active (gated) channel is created by drop-
casting the standard DEME-TFSI ionic liquid on one
section of the Hall bar and on the gate counterelectrode,
made of a thin Au flake. The reference (ungated) channel
is one of the other sections of the Hall bar, where no ionic
liquid was casted. The droplet of liquid on the gated
channel is covered with a thin (10 pm) kapton foil to
tightly confine its coverage on the substrate and improve
its thermo-mechanical stability.

Transport measurements were performed in the high-
vacuum chamber of a Cryomech® pulse-tube cryocooler
by the four-wire method after the device was allowed to
degas in vacuum at room temperature for at least 1 day to
minimize the water absorbed in the electrolyte. A small
DC current (Ipg) of 1 uA was injected between the drain
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FIG. 2. (a) Sheet resistance Rs as a function of the gate

voltage Vg applied as a triangular wave at T = 220K, for
different values of the sweep rate. (b) Typical response of
R (blue line, bottom panel) to the step-like application and
removal of positive and negative values of Vi (red line, top
panel) at T'= 220 K. Dashed line is a guide to the eye.

and source contacts with the first channel of an Agilent
B2912 source-measure unit (SMU), and the voltage drops
across the gated (Vgatea) and reference (Vief) channels
were measured with two Agilent 34420 nanovoltmeters
to determine the corresponding sheet resistances (Rs).
Common-mode offsets such as thermoelectric voltages
along the leads and contributions from the gate current
were removed via the current-reversal method. The gate
voltage (Vi) and current (Ig) were applied and measured
between the gate and source contacts with the second
channel of the same Agilent SMU. All the temperature
(T')-dependent measurements were acquired during the
slow, quasi-static warm-up of the devices to room 7.
We first assessed the gate-dependent electric transport
in our EDL-FETSs through the NbyO5 encapsulation layer
by sweeping Vi in a triangular wave at T' = 220K and



monitoring the modulation of the sheet resistance Ry
(Fig.2a). Consistently with what we observed in thick,
non-encapsulated films[9, 10], applying a positive Vg
(electron doping) reduces the value of R, while applying
a negative Vg (hole doping) increases it. After complet-
ing each sweep, Rs returns to its original value (Fig. S1)
irrespectively of the sweep rate within the uncertainty
of the measurement. The leakage current I was always
orders of magnitude smaller than Ipg. The tunability of
Ry decreases upon increasing the sweep rate, indicating
that the relaxation time of the gate loop is dominated
by the large resistance of the bulk ionic liquid due to the
side-gate configuration [21, 75]. We thus investigated the
tunability of Rs over long time scales by applying and
removing Vg in a step-like fashion and waiting for the
ion dynamics to settle (Fig.2b). The total modulation of
R was found to be similar to that due to the triangular
wave at the slowest sweep rate 5mV/s. Most importantly,
the modulation was completely reversible upon applying
Vo = 0 over a comparable time scale to that required
for the saturation of R upon application of a finite V(.
This complete reversibility was observed for both posi-
tive and negative applied Vg in the NboOs-encapsulated
devices, which is the typical feature of a modulation oc-
curring via pure charge doping[1, 2, 21, 30]. Note that
these reversible modulations of Rg were retained when
the devices were then cooled below the freezing point of
the ionic liquid with a finite Viz applied (Fig. S2), further
excluding the possibility that they might be an artifact
due to a finite (even if small) gate leakage. Conversely,
control measurements performed on non-encapsulated ul-
trathin NbN films resulted in modulations of Ry which
were largely irreversible upon Vg removal (Fig. S3).

We gain further insight on the gate modulation process
in our encapsulated NbN films by determining the surface
density of induced charge, Ansp, as a function of V5. This
can be done by means of double-step chronocoulometry,
a well-established electrochemical technique [76] which
allows determining the charge density stored in the EDL
during the FET charging process|[1, 2, 9, 10, 21, 30, 32]
through the analysis of the Ig transients upon the step-
like application and removal of a given value of Viz. As we
show in the inset to Fig. 3, the Vz-dependence of Ansp
further demonstrates that gate modulation occurs via
charge doping: Angp linearly increases upon increasing
Vi for both electron and hole doping, as expected for the
electrostatic charging of a capacitor. The corresponding
gate capacitances (Cg = 8.1+ 0.3 and 7.2 £ 0.6 uF cm ™2
as estimated from the linear fits in the electron and hole
doping regimes respectively) are also in agreement with
a simple estimation of the electrostatic capacitance of a
NbyOs5 layer with permittivity e, ~ 30[77] and thickness
dox = 3nm, Cox = £,60/dox == 8.8 uF cm™2.

Let us now consider the normalized resistance mod-
ulation ARs/R. = [Rs(Ansp) — Rs(0)]/Rs(Anap) as a
function of the induced charge density Anap (Fig. 3). This
quantity clearly follows two distinct linear trends (high-
lighted by the straight dashed and dotted lines) in the
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FIG. 3. Normalized resistance variation, AR/R' =

[Rs(Angp) — Rs(0)]/Rs(Angzp) as a function of the induced
charge density Anep obtained upon the step-like application
of V. Inset: Anap as a function of the applied gate voltage
V& determined via double-step chronocoulometry in the same
measurements. Dashed lines are linear fits to the data and
allow to estimate the gate capacitance Cq.

low- and high-Ansp regimes. For the sake of comparison,
in gated homogeneous films of elemental metals (Au, Ag,
Cu) [1, 2], ARs/R, displays a simple linear trend, with
the same slope in the whole range of Ansp, that can be
described by a simple free-electron model with constant
effective mass and relaxation time [1, 2, 21]. The model
predicts that AR/R’ should depend on Ansp according
to the equation:

AR R, (Angp) — Ry(0)
R’ - RS (AnQD)

—-2m )

n3Dp,ot

where ngp g is the intrinsic carrier density per unit volume
and t is the film thickness. Deviations from this trend,
with a reduction of the slope, were observed at high gate
voltages in ultrathin metallic films (¢ ~ 5nm) [1, 2] and
were ascribed to scattering phenomena at the film surface,
which are not accounted for by Eq. 1 but play a role when
the thickness becomes comparable to the mean free path,
as well predicted by quantum perturbative scattering
models.

In our NbN films, the departure of the data from the
initial linear trend cannot be interpreted in the same
way as in the ultrathin metallic films: i) the mean free
path of NbN is known to be very small (approximately
1/10 of the film thickness) so that these films are actually
bulk-like [78]; ii) if one uses the thickness of the films
t = 5nm, it turns out that the intrinsic carrier density
of NbN ngp ¢ ~ 2 x 10?3 cm™ [79] would be compatible
with the high-doping slope AR/R’ (see dashed line in
Fig. 3) rather than with the low-doping one, which would



instead correspond to nsp g >~ 4 x 102 cm—3 (dotted li
This indicates that, in the low-Vg regime, the resista
modulation mainly stems from the charge doping ¢
layer which is less conducting than NbN. This conclus
is supported by the compositional analysis of the fi
(see XPS analyses below) which evidences the existe
of an intermediate interfacial layer of the suboxide spe
NbO,N;_, between the NbN film and the NboOs5 o>
layer. At low gate voltages, this layer is less conduct
and less capacitive than NbN, absorbs most of the v
age drop through the device and is thus preferenti:
charge-doped. Eventually, on increasing the gate volt:
its charge density may become similar to that of N
and the charge induction into the whole NbN film dc
nates. A more detailed analysis of the AR, /R trend, t
takes into account the existence of two layers of differ
materials, is reported in the Supplementary Section

Incidentally, Fig.3 also shows that the NbsOs
capsulation allows safely operating the EDL-FET
yond the electrochemical stability window of the ic
liquid (|Vg| < 6V at T ~ 220K): All the resista
modulations induced at Vg = £8V (that corresponc
|Angp| 2 2 x 101 cm™—2, see the inset) extrapolate ni
to the linear scaling observed at lower doping levels :
the relevant resistance modulations remain reversib
even though a large uncertainty is introduced in the de
mination of Anop due to the large increase in I cau
by the decomposition of the ionic liquid.

We now consider how the ionic gate modulates the
properties of our encapsulated NbN ultrathin films, fo
ing on the dependence of the SC transition temperat
T. on Ansp. Since the gate-induced T, shifts can be
small as few millikelvin, we adopt a differential techni
allowed by the simultanous measurements of the resis
transition in the active (72°*) and reference (T*!) ct
nels [9, 10, 21]: For each threshold 7=10, 50, 90 (i.e. 1
50% and 90% of the resistive transition: see Fig. 4a) viw
T, shift due to the application of a certain value of Vg is
determined as:

ATCT(VG) _ [Tg—,act _ Tg,ref] _ [Tg,act _ Tg—,ref}o. (2)

Va
We will also define a relative temperature scale 7" whose
zero falls on the midpoint (50%) of the transition in the
reference channel:

T — [T _ T‘E)O,rcfjl _ [TC50,act _ TC50,rcf]o. (3)

Vo
The application of positive values of Vg (electron doping)
shifts the resistive transition to lower temperatures, while
that of negative values of Vg (hole doping) shifts it to
higher temperatures (Fig. 4a), consistently with what was
reported on thick NbN films [7, 9, 10]. Similarly to the
Rs modulations, also the shifts in the resistive transition
are fully reversible by simply removing the applied Vi,
as shown in the inset to Fig. 4a). This reversible behavior
must be compared with the control measurements per-
formed on ultrathin non-encapsulated films, where the
T. suppression upon electron doping was only partially
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FIG. 4. (a) Normalized resistance Rs/Rs(15K) as a function of
the referenced temperature T = [T — Tcref] Vo T [T2t — T,
for different values of the applied gate voltage Vg. Dashed
lines highlight the criteria used to obtain T1% T:°°, and T°
from the resistive transitions. Inset: zoom of the same data
close to the midpoint of the transition (72°). (b) Te shift AT,
as a function of the induced charge density Ansp determined
for T2% (blue up triangles), T2° (black diamonds), and T2°
(red down triangles). Inset: maximum 7. tunability AT>°/T.>°
as a function of the NbN film thickness. Black dots are calcu-
lated from the data of Ref. 10. The red dot is the maximum
tunability achieved in this work.

reversible (Fig. S4a), and — most importantly — hole dop-
ing not only did not increase T, but suppressed it in a
completely irreversible fashion (Fig.S4b). Notably, the
NbyOj; encapsulation allows for this fully reversible be-
havior to be maintained even for values of Vg in excess
of the electrochemical stability window of the ionic lig-
uid (at least up toV = £8V), while in non-encapsulated
films much smaller values of Vg were sufficient to trigger



Species  Pristine Gated +6V Gated 6V
(atom %) (atom %) (atom %)
NbN 24.24+0.7 22.6 £0.7 22.44+0.4
Nb2Os 74.6 £0.7 74.6 £ 0.6 74.9+ 0.6
NbO;Ni_, 1.0+0.2 2.8+0.4 2.7+0.6

TABLE I. XPS peak ratios of the Nb3d region in a pristine
NbN film, a NbN film gated at Vo = +6V, and a NbN film
gated at Vg = —6V.

irreversible modifications.

In Fig. 4b we summarize all the T; shifts measured as
a function of Ansp in our encapsulated films. In the
electron doping regime, T, is monotonically suppressed in
a nearly linear fashion on increasing Ansp. Moreover, the
T, shifts are nearly independent of the criterion used to
define T¢, i.e. on the threshold 7, which indicates that the
resistive transition is rigidly shifted by the charge doping
without any appreciable broadening. This is an expected
feature for a gated SC film with a thickness smaller than
the coherence length [7, 10, 80, 81], since proximity effect
“spreads” the perturbation to the SC order parameter well
beyond its electrostatic screening length [7, 10, 82] and
potentially up to the London penetration depth [63].

In the hole doping regime, things are more complicated.
The T. enhancement is found to be almost independent of
7 only at large Angp < —2 x 101 em™2). At smaller hole
doping, AT?° turns out to be nearly doping-independent,
but AT and ATZ vary in a non-monotonic fashion
as a function of Anop and, although always positive,
are smaller than ATY°. This indicates a broadening of
the SC transition which is instead typically observed in
films where the SC order parameter is perturbed in a
non-homogeneous way [21, 63]. Overall, this asymmet-
ric tuning of T, was already observed in thicker, non-
encapsulated NbN films [9, 10] and can be ascribed to the
similarly asymmetric energy-dependence of the density of
states above and below the undoped Fermi level.

Another figure of merit of our encapsulated ultrathin
films is the maximum 7, tunability, defined as the maxi-
mum value of |AT5Y| /T2 observed in a given film. If com-
pared to previous results obtained in thicker NbN films
[10], the maximum tunability achieved in these ultrathin
films is nearly three times larger and approaches 1% (see
the inset to Fig. 4b). Notably, this strongly improved tun-
ability is obtained at much lower values of charge doping
(Angp ~ 3 x 10" em =2 against Ansp > 1 x 101° cm—2
in Ref. 10). Further large improvements can be expected
by properly optimizing the growth process of the NbsOs
encapsulation layer and increasing its relative permittivity
up to &, ~ 90[77].

As a further support of the effectiveness of the NboOg
encapsulation layer in ensuring an electrostatic operation
of the gated NbN devices, we carried out detailed analy-
ses by means of X-ray photoelectron spectroscopy (XPS).
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FIG. 5. High-resolution X-ray photoelectron spectroscopy
spectra of the Nb3d region in an ungated NbN film (a), a
NbN film gated at Vo = 46V (b), and a NbN film gated at
Ve = —6V (c). Filled circles are the experimental data, solid
lines are the fitted signals and relative components.

Following a similar protocol as in our previous work [21],
three unpatterned films were covered by DEME-TFSI
ionic liquid and loaded in the cryocooler with the same
procedure as the patterned devices. The first film was not
electrically contacted and served as the pristine reference.
The other two films were electrically contacted and sub-
jected to Vg = 46V and —6V at T = 220 K, respectively,
for ~ 30min. All the films were then cooled down to the
base temperature and warmed up, after which Vg was
released in the gated films. All films were then cleaned
by subsequent sonications in soapy water, acetone and
ethanol (~ 30min each) and blow-dried with a nitrogen
gun, after which they were immediately transferred to
the ultra-high vacuum chamber of a PHI 5000 Versaprobe
scanning X-ray photoelectron spectrometer. XPS spectra
were acquired using a monochromatic Al K-alpha X-ray
source with 1486.6 eV energy, 15kV voltage, and 1 mA



anode current. Despite the cleaning process, the survey
spectra of all samples (Fig. S6) showed a massive presence
of carbon contamination, which is unavoidable since ultra-
thin samples cannot be subjected to in-situ Ar-ion milling
before the acquisition of the XPS spectra[21]. Such pres-
ence of organic species with unknown stoichiometry makes
an unambiguous peak assignment of the N and O signals
impossible, making their analysis highly speculative at
best. We therefore focus on the high-resolution Nb3d
spectra shown in Fig. 5, which are unaffected by impuri-
ties and ionic-liquid residues, and highly sensitive to the
chemical environment in both the NbsO5 encapsulation
layer and the underlying NbN film. The spectrum of the
pristine sample (Fig. 5a) comprises two peaks belonging
to NbN (3d5/2, ~203.8eV; 3d3/2, ~205.1eV)[83, 84],
two peaks due to the massive presence of NbyOs (3d5/2,
~206.9eV; 3d3/p, ~209.5eV)[83, 84], and a fifth peak
centered at ~208.2eV which can be reasonably assigned
to the intermediate suboxide species NbO,Nj_,. [85]. This
suggests that, even in the pristine sample, the NboO5 and
NbN layers are not separated by a sharp interface but,
rather, by an intermediate transition region formed by
sub-stoichiometric niobium oxynitride. The spectra of
both the gated samples (Fig.5b, Vo = 4+6V; Fig. 5¢,
Ve = —6V) do not show any appreciable difference with
respect to the pristine sample in the NbyO5 peaks, as
evidenced by the peak areas reported in Table I. Minute
differences < 2% are instead observed in the NbN peaks
and in the NbO4N;_y peak, which are however extremely
sensitive to both fitting procedure and baseline correction.
Overall, the XPS analysis indicates that the thickness
of the oxynitride transition region might be significantly
increased by the gating process, certainly at the expenses
of both the NbN film and the NbyOs5 encapsulation layer,
even though the reduction in the thickness of the latter
is, in percentage, very small and experimentally unde-
tectable. Any change to the electronic properties of either
the NbyOj5 or the NbN layers is instead completely volatile
upon removal of the gate voltage.

The increase of the oxynitride transition region and
the consequent change in the mean potential barrier of
the encapsulation layer is also confirmed by tunnel spec-
troscopy through the NbyOs barrier. After a set of ionic
gating measurements, we cleaned the surface of the de-
vices and made point contacts (with a conductive Ag
paste) on top of either the active (gated) channel or the
reference (ungated) channel. A picture of the setup is
shown in the inset to Fig. 6a. We then injected a current
I into the Ag/NbyO5/NbN junctions and measured the
voltage drop VT — V™ = Vi, both in the superconduc-
tive and in the normal state. This was done in order
to determine and cancel the contribution of the spread-
ing resistance ry (i.e. the portion of NbN film between
the point contact and the V'~ contact) to the measured
I(Vexp) curve. Once suitably corrected the measured volt-
age (V(I) = Vexp(I) —1sI) we determined the I(V') curve
of each junction in the normal state. Fig. 6a reports two
examples of such curves, measured on the reference chan-
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FIG. 6. (a) Two examples of I(V') characteristics of N/I/N
junctions made through the Nb oxide layer, in a region of the
reference channel (blue symbols) and in a region of the active
channel (red symbols). The curves have already been corrected
to eliminate the contribution of the spreading resistance. The
blue and the red lines represent their fit with the Simmons
model [86]. The values of ¢ (barrier height) and s (barrier
thickness) extracted from the fit are indicated. For these par-
ticular fits, the area of the junctions was fixed to 1.2 x 1075 m,
based on the geometric estimation. The inset shows a picture
of the setup. (b) Effective thickness s and (c) effective height
¢ of the potential barrier, as extracted from the Simmon’s fit
of some I(V) curves in the ungated (blue symbols) and gated
(red symbols) channels. (d) and (e) summarize in a schematic
picture the evolution of the potential barrier upon gating, as
it results from XPS and tunnel measurements.

nel (blue symbols) and on the active one (red symbols).
Clearly, the latter shows a greater degree of non-linearity
that, once the curves are fitted to the simple Simmons’
model [86], can be rationalized as being due to a higher
thickness and smaller height of the potential barrier that
separates the normal electrodes (see Supplementary Sec-
tion VII for more details). As shown in Fig.6b and c,
this is a general trend; the mean height of the potential
barrier is (¢), = 0.60 £ 0.13V before gating, and de-
creases to (¢)g = 0.39 + 0.07V after gating; at the same



time, the thickness of the potential barrier increases from
(s)u =2.62+0.33nm to (s), = 3.34£0.34nm. Both these
results are compatible with the expansion (by a factor 3:
see last line of Table I) of the intermediate interfacial layer
of sub-stoichiometric oxide, as observed via XPS, at the
expenses of the NbN film and possibly of the NbyO5 en-
capsulation layer — provided that one admits, as it seems
reasonable, that the relevant potential barrier is lower
than that of the insulating oxide. A rough estimation
based on the XPS and tunnel data would indicate that
the interfacial layer has a thickness of the order of 0.3 nm
in the ungated devices, and expands to about 1nm in
the gated ones. A schematic picture of the junction is
shown in Figs. 6d and 6e in the ungated and gated devices
respectively.

In summary, we have demonstrated a simple and effec-
tive method to ensure the volatile and reversible operation
of ion-gated superconducting films by means of encapsula-
tion in an ultrathin high-~ dielectric niobium oxide layer.
Our gate-dependent electric transport measurements show
that encapsulated devices exhibit fully-reversible tunabil-
ity of both the normal-state resistivity and the supercon-
ducting transition temperature, a gate capacitance compa-
rable to that found in non-encapsulated ionic transistors,
and stability even beyond the electrochemical stability
window of the electrolyte. X-ray photoelectron and tunnel

spectroscopy characterizations confirm the effectiveness of
the encapsulation layer in suppressing undesired electro-
chemical interactions between the superconducting film
and the electrolyte, and reveal how the only non-volatile
alteration to the devices is an increase in the thickness
of the substoichiometric interfacial region between the
superconducting film and the encapsulation layer. Our
approach should be readily transferable to other materials
and devices where ensuring a reversible and volatile ionic
gate operation without major losses in gate capacitance
is required for successful device operation.
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