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Dielectric Encapsulated Niobium Films to Achieve
Higher Processing Temperatures
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Abstract—To avoid degradation of circuit performance, fabrica-
tion processes for niobium-based superconductive electronics are
typically limited to temperatures below 150 ◦C. In this study, we
investigated protective dielectric capping layers that preserve the
superconducting properties of Niobium (Nb) wiring at processing
temperatures as high as 400 ◦C. To assess the thermal stability of
Nb films, 400 nm thick Nb layers were deposited on oxidized silicon
wafers and were either left uncapped or were intentionally capped
with selected dielectric materials. The samples were subjected to
postdeposition annealing in an argon atmosphere for comparison.
Samples were annealed up to 450 ◦C, and changes in room tem-
perature sheet resistance were used as a proxy for film degradation
and checked with cryogenic measurements of samples annealed up
to 400 ◦C. A sharp increase in room temperature sheet resistance,
and a resulting decrease in residual resistivity ratio was observed in
pristine Nb films above 300 ◦C. We found that the ex-situ deposition
of insulating covering (“cap”) reduces the onset of degradation.
Notably, silicon oxide (SiOx) capping shows significant improve-
ment and silicon nitride (SixNy) capped samples exhibit minimal
changes in resistance across the full annealing range. These results
suggest that SixNy encapsulation as a dielectric “cap” preserves
superconductive properties and offers an expanded thermal budget
for Nb-based superconductive electronics, with implications for
multilayer integration and scalable fabrication.

Index Terms—Superconducting niobium fabrication.

I. INTRODUCTION

N IOBIUM is a foundational material in superconductive
electronics due to its high critical temperature

(Tc = 9.2 K), favorable mechanical properties, compatibility
with standard thin-film fabrication techniques, and ability to
make high quality, high yielding Josephson junctions. Due
to these advantages, Niobium is the basic superconducting
material used in many low temperature superconducting (LTS)
applications such as SQUIDS (superconducting quantum
interference device) [1], superconducting detectors and readout
[2], and voltage standard circuits [3]. Niobium thin films are
also widely employed in superconducting integrated circuits
such as qubit circuits [4], single flux quantum (SFQ) circuits [5],
and Josephson junctions [6]; bulk Nb is used on radio-frequency
(RF) cavities [7].
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Niobium’s sensitivity to oxidation and structural degradation
at modest thermal budgets [8], [9] limits its post-deposition
processing to temperatures below 150 ◦C [10], [11], [12]. This
limitation presents a challenge for multilayer integration, and
high throughput manufacturing, particularly as superconduct-
ing technologies advance towards scalable, multilayer archi-
tectures [13]. Several studies recognize the mechanisms of Nb
oxidation and the formation of resistive oxide layers post thermal
and atmospheric exposure [14], [15], [16], [17], [18], [19]. These
layers degrade electrical performance by increasing resistance
of the Nb wiring and suppressing superconductivity. In-situ rf
nitridation and vacuum annealing show promise in RF cavity
performance improvement [9] and in Nb films [20], but these
techniques have yet to be implemented in a scalable device
fabrication stack-up.

Advanced Nb foundries are now typically fabricating 8 or
10 layer Nb devices, with intermixed Josephson junction layers
and insulator layers as well as embedded resistor and inductor
layers [13]. While these processes have impressive results, the
circuit integration density remains many generations behind
state-of-the-art semiconductor fabrication – partly caused by
the inability to exploit the thermal budget needed to use ad-
vanced semiconductor tools and processes. This limitation is
especially evident in Josephson junction technology, where the
common barrier material, AlOx, shares a similarly constrained
thermal budget [21]. In contrast, amorphous-Silicon (α-Si) has
achieved substantially higher critical current densities (Jc) with
thermal treatment up to 300 ◦C without compromising junction
quality [22], giving α-Si junction families an advantage over
AlOx barriers that are limited to 150 ◦C processing tempera-
tures. Previous work to suppress oxide formation on the Nb
surface and to prevent diffusion into the film demonstrated that
surface passivation techniques can effectively eliminate surface
oxides, including approaches such as in-situ nitride plasma
passivation [20], Ar+ ion milling [23], and encapsulation with
thin metallic layers [24]. If Nb wiring layers can be stabilized
against oxidation and diffusion at comparable temperatures,
then integration with high performance α-Si junction families
becomes practical. A robust dielectric cap that can suppress
oxidation in Nb and preserve superconducting properties up
to 400 ◦C directly supports junction stack integration and will
help bridge the gap between foundry level superconducting and
semiconducting fabrication capabilities.

While prior work has demonstrated improvements in Nb
film stability using in-situ nitridation and vacuum anneal-
ing, these methods are difficult to scale for multilayer device
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fabrication and do not address post-deposition processing com-
patibility. In this article, we study ex-situ encapsulation of two
dielectric materials for Nb wiring to mitigate oxidation, and then
measure the electrical and superconducting properties before
and after thermal treatment. Unlike previous surface treatments,
these standard thin-film fabrication workflows can be integrated
into multilayer superconducting process stacks. We demonstrate
that the encapsulated Nb structures maintain film integrity and
superconducting performance up to 400 ◦C, far exceeding the
traditional 150 ◦C processing thermal limit compared to samples
with no encapsulation. These results establish a practical route
for Nb-based superconducting electronics, enabling greater pro-
cess flexibility and improved compatibility with emerging α-Si
Josephson junction technologies.

II. EXPERIMENTAL PROCEDURE

Three sample types were studied: unencapsulated Nb, Nb
capped with SiOx, and Nb capped with SixNy . For this study,
encapsulation was performed ex-situ in a plasma enhanced
chemical vapor deposition (PECVD) system. All samples were
measured for room temperature (RT) sheet resistance before
thermal treatment, subjected to controlled thermal annealing,
and finally characterized using room temperature and cryogenic
electrical measurements.

A. Fabrication

Measurement structures were fabricated on high-purity,
76.2 mm diameter silicon substrates with 150 nm of thermal
oxide. Lithography was performed using an i-line stepper with
a critical dimension of less than 1 μm. Stress, layer thicknesses,
and sheet resistances using a 4-point probe were measured across
the wafer throughout processing for characterization of radial
variations.

The base pressure of the vacuum chamber used for film depo-
sition was 4× 10−6 Pa with partial pressure of water, nitrogen,
hydrogen being 133 nPa, 133 nPa, and 2660 nPa respectively.
Prior to niobium deposition, the wafer surfaces were cleaned
with a 6 min in-situ Ar RF plasma at 50 W with a chamber
process pressure of 1.3 Pa and a−300 V substrate bias to remove
surface contaminants. A 400 nm thick Nb layer was grown from
a 76.2 mm diameter target by DC magnetron sputtering at 1 kW
with a chamber process pressure of 0.64 Pa. Film stress was
measured with a multibeam optical sensor, and controlled by tun-
ing the chamber pressure to produce slightly compressive films,
200 MPa or less, in order to achieve the highest Tc film [26].
The substrate temperature during deposition was characterized
to be approximately 60 ◦C via temperature indicator labels.
Films had a nominal sheet resistance of 0.49 Ω/� measured
post deposition. The niobium film was patterned using standard
photolithographic techniques and followed by an anisotropic
inductively coupled plasma reactive ion etch (ICP/RIE) using
an SF6/Ar plasma.

Following the Nb patterning, an ICP/RIE PECVD tool was
used to deposit 150 nm of SiOx or SixNy conformably, ensuring

sidewall encapsulation. No dielectric was deposited on the un-
encapsulated device, but a native coating of Nb2O5 and sub ox-
ides [4] upon exposure to atmosphere is expected. An in-situ Ar
RF plasma clean was performed immediately prior to deposition
of the dielectric films, minimizing interfacial contamination by
removing the naturally occurring surface Nb2O5. An identical
plasma cleaning process was used prior to deposition of either di-
electric. SiOx was formed using 2000 W/ 200 W ICP/RF plasma
of N2O and SiH4 at 2 Pa. Optical properties of this composition
yielded n = 1.47 at 633 nm determined by ellipsometry. SixNy

was deposited using 1000 W/ 0 W ICP/RF plasma of N2 and
SiH4 at 1.3 Pa. Optical properties of this composition yielded
n = 2.00 at 633 nm determined by ellipsometry.

Following the dielectric deposition, openings in the dielec-
tric were defined for contact pads using photolithography and
ICP/RIE etching with a trifluoromethane (CHF3), Ar, and oxy-
gen (O2) plasma. The contact pad metalization process cleaned
the substrate with an Ar RF clean, followed by a 10 s titanium
(Ti) adhesion layer, and a 120 nm thick palladium gold alloy
(PdAu) both deposited with DC magnetron sputtering. Wafers
were then diced into 26 10 mm × 10 mm chips for annealing
and testing.

B. Annealing

All chips were subjected to a baseline processing temperature
of 150 ◦C during select photolithography steps. Thermal anneal-
ing experiments were conducted in a rapid anneal system with
a silicon carbide chip carrier and a controlled atmosphere. Tests
conducted in air, N2, and forming gas environments established
that argon best suppresses reactivity with impurities at the Nb
surface. Argon atmosphere annealing yielded the most stable
electrical behavior and reproducible results. Variations in purge
duration were also explored, but did not produce measurable
differences in electrical properties. Annealing steps were per-
formed in an Ar atmosphere with a 3 min N2 purge before
each thermal cycle. Chips were annealed at 25 ◦C increments
ranging from 175 ◦C to 450 ◦C, each for a duration of 10 min.
A 10 percent overshoot of the target temperature was observed
and consistent across samples, settling to the target temperature
after 20 to 30 s.

III. MEASUREMENTS

Electrical measurements of Nb film sheet resistance, resid-
ual resistivity ratio (RRR, defined as R300K/R10K ), and the
zero-resistance temperature (Tc), were used to asses the thermal
stability of the etched Nb films. To measure both the longi-
tudinal resistance and the sheet resistance, a structure with a
6μm× 200μm bar (33.33 squares) with electrodes on either end
of the bar and a one square element measuring 6μm× 6μm was
used. All resistances were measured using a bipolar technique of
applying +/−1 mA to the structure and measuring voltage using a
calibrated nanovoltmeter. Diced chips with these structures were
affixed in a rapid test probe and immersed in liquid helium (LHe).
A silicon diode thermometer was pressed in contact with the
chip to monitor chip temperature. Room temperature resistance
was measured at 293 K while low temperature resistance was
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TABLE I
ROOM TEMPERATURE SHEET RESISTANCE IN Ω/� OF HEAT TREATED SAMPLES

Fig. 1. Comparison of percent change in room temperature sheet resistance
for SixNy , SiOx, and uncapped Nb wiring.

measured just above Tc near 10 K where resistivity is relatively
constant. Tc of the structure was measured by sweeping temper-
ature above a liquid helium bath and by lowering and raising the
test probe to determine the zero of resistance.

IV. RESULTS

Parameters such as deposition process, deposition temper-
ature, and film stress affect the morphology and grain size
of the film, which can then be qualified using room temper-
ature resistance, Tc, and RRR measurements [15], [21], [25].
Polycrystalline Nb thin films achieved using DC magnetron
sputtering at room temperature and tuned for zero to slightly
compressive film stress are known to be adequate for Josephson
circuits, and typically have Tc>9 K and RRR ≈ 8 [26], as in this
work.

Measured RT sheet resistance, RRR, and Tc, in all cases,
show that the Nb thin film structures are degraded with sample
annealing. Table I presents the raw RT sheet resistance data
represented in Fig. 1 as a percent change as a function of
annealing temperature, comparing RT sheet resistance measured
before and after the heat treatment. Samples with dielectric
capping layers exhibited minor degradation; an increase of
approximately 4% for samples capped with SixNy and 26% for
samples capped with SiOx up to 450 ◦C. Note the 333% increase
in RT resistivity for sample structures with no dielectric cap
(other than native Nb2O5). The RRR and Tc data in Figs. 2 and 3
show that the three wafers, both PECVD dielectric encapsulated
and unencapsulated, retain superconducting properties up to
200 ◦C heat treatment. Available oxygen in these films does not
diffuse significantly in this temperature range.

Fig. 2. RRR for SixNy , SiOx, and uncapped Nb, for heat treatment tempera-
tures between 150 ◦C and 400 ◦C. Uncapped Nb RRR degrades rapidly between
200 ◦C and 300 ◦C. SiOx capped films begin to see degradation at 250 ◦C while
the SixNy capped films retain high quality throughout this range.

Fig. 3. Critical temperature for SixNy , SiOx, and uncapped Nb wiring, for
heat treatment temperatures between 150 ◦C and 400 ◦C. Uncapped Nb degrades
rapidly above 200 ◦C, and does not show a zero-resistance transition above LHe
temperatures after 400 ◦C annealing.

In line with Fig. 1, application of post processing thermal
treatment reduced the Nb Tc. Furthermore, the data remain
consistent in that the films encapsulated using SixNy exhibit
Tc reduction of only 2% at 400 ◦C, while the films encapsulated
using SiOx reduced Tc by 10% at 400 ◦C. The unencapsulated
film annealed at 400 ◦Cdid not have a superconducting transition
above LHe temperatures.

V. DISCUSSION

It is well known that oxidation of Nb causes degradation
of the superconducting properties specifically Tc and RRR,
and increases normal state resistivity at 10 K [27], [28]. Ox-
idation may occur via multiple mechanisms including direct
incorporation into the Nb lattice during sputtering [15] or post-
deposition diffusion with temperature [29]. In this article, we
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neglect the direct oxygen-incorporation during sputtering as
the partial pressure of oxygen during sputtering was less than
≈7× 10−8 Pa, and films for all studied wafers were sputtered
under similar conditions, thus wafers may be compared despite
some incorporation during sputtering. Because the dielectric
encapsulation layers were deposited ex-situ, all the Nb films
in this trial were exposed to atmosphere postdeposition, where
a surface layer of niobium oxide likely grew. For example,
references [16], [17] found that Nb suboxides grow 1–2 nm thick
followed by approximately 2–10 nm of Nb2O5 within hours of
exposure to atmosphere. The grain structure and shape play an
important role in natural surface oxidation. For DC sputtered
thin Nb films on RF cleaned silicon oxide substrates, the grain
size is on the order of 70 nm and has a columnar structure when
deposited at nearly zero stress [30]. Oxidation on the surface,
and within the fine columnar structure has been observed in Nb
samples that have zero to slightly compressive stress [18]. It was
found that a majority of the oxidation will occur on the surface,
however, a minor, but nonnegligible amount will embed itself
along the finely packed columnar grains [19].

After removal from the Nb deposition system, PECVD depo-
sition was used to deposit the dielectric capping layers with an
in-situ Ar RF plasma to remove surface contamination of the film
prior to insulator deposition. Ar ions effectively clean the surface
of the film, but only remove a few nanometers and cannot reach
inside the grains. Though much of the surface niobium oxidation
is removed, some oxygen will remain along the grain boundaries.
Films with PECVD SixNy were not exposed to oxygen during
dielectric deposition whereas films encapsulated using SiOx

were exposed to N2O plus SiH4 as the precursor gasses used
to form the silicon oxide (N2O dissociates in the plasma to
provide the oxygen source for SiO2). The gas ratio used was
2.27N2O : 1 SiH4 yielding a 13.5% oxygen rich environment
over stoichiometric silicon oxide for the standard SiO2 recipe:
for this reason we refer to this film as “SiOx” rather than “SiO2.”
Ellipsometer measurements indicate that the PECVD is forming
stoichiometric SiO2, meaning that the oxygen-rich environment
within the PECVD encapsulation process and the high reactivity
of the Ar plasma cleaned Nb surface may again oxidize the ex-
posed Nb surface. The PECVD process is temperature controlled
to 40 ◦C. Additionally, the slightly oxygen-rich PECVD may
result in the incorporation of oxygen, which will dissociate and
diffuse at temperatures of interest in this study [27].

A final significant source of oxygen is the atmosphere within
the rapid thermal annealer. This tool does not have vacuum ca-
pability and therefore high purity is achieved by flowing a steady
stream of 99.999% Ar gas through the process area. An initial
purge plus a steady stream of Ar was flowed during annealing,
but the background atmosphere was at least 1 ppm from the
intrinsic gas impurities. At elevated temperatures, background
oxygen can diffuse through a thin barrier of SiOx[31]. Dielectric
film thickness was fixed at 150 nm for this work, which may not
provide a sufficient diffusion barrier.

If we assume that most of the oxygen is initially located at the
film-dielectric interface, it will diffuse into the film during an-
nealing according to the standard diffusion equation, dependent
on initial oxygen concentration and diffusion coefficient. The
diffusion coefficient should obey an Arrhenius-type relationship

with temperature, determined by the activation energy and kBT .
Consequently, increasing the annealing temperature yields an
exponential increase in oxygen diffusion [32].

With increasing temperature, the data shows that the unen-
capsulated Nb structure degrades significantly, with deviation
from the capped samples with temperatures as low as 250 ◦C.
The surface oxide, Nb2O5, is not stable at the study temperatures
and readily decomposes into its sub-oxides releasing oxygen at
the Nb surface [14], from experiments indicating that the surplus
subsurface oxygen dissolves into the bulk [33].

Films with ex-situ PECVD SiOx maintain their superconduct-
ing properties to somewhat higher temperatures. The available
oxygen originates from the thin surface oxide remaining from
the SiOx deposition and from deep within the grains, additional
background molecular oxygen can diffuse through thin SiO2 at
these temperatures [31]. As a source of oxygen from the SiOx

film itself, only interstitial oxygen could dissociate and migrate
into the Nb. Stoichiometric SiO2 is very stable and requires high
temperature to decompose and is considered immobile.

Finally, the films with ex-situ PECVD SixNy encapsulation
show the least degradation in both the measured RRR and
Tc values, with usable superconductive films surviving 400 ◦C
annealing. The small, but significant improvement over the SiOx

encapsulated films is related to a reduced source of oxygen, ei-
ther from less surface oxide formation during the encapsulation
step or reduced diffusion through the cap during the annealing
step. The data is insufficient to distinguish the source of oxygen.
Note that even in the absence of surface oxide or diffusion
through the encapsulation, the oxygen in the grain boundaries
remains a source of impurities and would only be alleviated by
in situ encapsulation.

VI. CONCLUSION

A series of multilayer Nb structures was studied to determine
the thermal budget of superconducting films. It was found that
pristine sputtered films degrade in both resistive and super-
conductive properties at temperatures greater than 200 ◦C. By
encapsulating the Nb films with a dielectric layer (either SiOx

or SixNy), the electrical properties remain minimally degraded
for superconductive devices up to nearly 400 ◦C processing tem-
perature. This degradation is attributed to oxygen incorporation
in the films, which is diminished by dielectric encapsulation.
This work demonstrates the importance of reducing oxygen
incorporation during fabrication which yields greater improve-
ment in film quality and thermal budget for more advanced
superconductive circuits. Ex situ encapsulation of Nb supports
foundry level fabrication capabilities and enables the advantages
of thermally stable junction stack integration.
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