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ABSTRACT

We demonstrate ion irradiation by argon or gallium as a wafer-scale post-processing method to increase disorder in superconducting thin
films. We study several widely used superconductors, both single-elements and compounds. We show that ion irradiation increases normal-
state resistivity in all our films, which is expected to enable tuning their superconducting properties, for example, toward a higher kinetic
inductance. We observe an increase in superconducting transition temperature for Al and MoSi and a decrease for Nb, NbN, and TiN. In
MoSi, ion irradiation also improves the mixing of the two materials. We demonstrate the fabrication of an amorphous and homogeneous film
of MoSi with uniform thickness, which is promising, for example, for superconducting nanowire single-photon detectors.

© 2024 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/10.1063/5.0202851

I. INTRODUCTION

Disorder, manifested by normal-state resistivity, has signifi-
cant effects on the superconducting properties of thin films, which
are of continuing scientific interest.' * Ultimately, superconduc-
tivity can be observed in films up to the sheet resistance of
Rp ~ Rqg = h/(4€%) ~ 6.5 kQ,” where Rq is the quantum resistance
of Cooper pairs, h is the Planck constant, and e is the elementary
charge. Above that, superconductivity is destroyed by fluctuations
and a superconductor—insulator transition arising from the localiza-
tion of Cooper pairs.” Below that limit, disordered superconductors
are of topical applied interest: For example, high Ry yields a high
sheet kinetic inductance Lg ~ hRn/(27°A) in the superconducting
state, where A is the superconducting energy gap. High Ly allows
compact superinductors for quantum information processingf"\'
Disorder also enables magnetic field resilient superconductivity,’
quantum phase slip (QPS) devices for quantum metrology,'”'" and
superconducting nanowire single-photon detectors (SNSPDs) for
quantum communication.'”” Typical Ry may span roughly 1-4 kQ
for superinductors or QPS and 100-200 Q) for SNSPDs.

High normal-state resistivity can arise from either the gran-
ular or amorphous structure. However, many applications benefit
from homogeneous materials where: (i) the grain size is too small
to support local superconductivity inside a single grain'* and (ii)
the grain size is smaller than any critical dimensions of the struc-
tures made from the material. Nanostructures, in particular, become
irreproducible unless the material is either amorphous or has small
grains. Improving homogeneity enables uniform films also at small
thicknesses, which further enhances R and Lg. In principle, irre-
producibility could also be solved with novel, single-crystalline two-
dimensional superconductors,'”'® but their processing currently
lacks the maturity required for large-scale fabrication.

In this article, we study the usage of broad-beam ion irradia-
tion by argon or gallium for increasing disorder in superconducting
thin films. Our wafer-scale post-processing method is applicable
to any material regardless of the film deposition method, but here
we focus on sputtering, which typically yields polycrystalline films.
Physical collisions of the ions may, for example, cause a dense dis-
tribution of lattice defects that scatter electrons or even dismantle
grains, thus improving the functional homogeneity of the materi-
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als. Since conventional superconductivity arises from the interplay
between electrons and lattice, it is expected that such structural
manipulation also affects the critical temperature T, but the direc-
tion of the change is less obvious. This motivates our investigation of
processing several superconductors, both the most common single-
element materials (Al, Nb) and compounds in two widely used
groups: nitrides (TiN, NbN) and silicides (MoSi).

Already since the 1950s, several studies on single-element
materials, e.g., Al, W, Ga, and Mo, have demonstrated an increase
of T when the growth of large grains has been prevented, e.g., by
evaporating on a cold substrate or in the presence of oxygen, or
by creating a layered structure with other materials.”'’ ' Evaporat-
ing with oxygen is a key fabrication step for modern superinductors
based on granular aluminum.”*”* In contrast, decreasing the grain
size in sputtered niobium by controlling the deposition parameters
yields a significant decrease of T,;** however, proton irradiation has
been observed to cause only a slight decrease of T. in Nb while
increasing its upper critical field.* Other examples of the subtle
interplay between disorder and superconductivity include, for exam-
ple, a significant decrease of T, in several high-T. compounds with
an A-15 lattice due to neutron irradiation” and the dependence of
T. on the crystalline phase of tungsten.*

The disordered structure is unstable in many single-element
materials, and already room temperature conditions are sufficient
to crystallize them into relatively large grains. Disorder can be
stabilized, for example, with oxidized grain surfaces or alloyed com-
pounds, which may already be of interest in terms of increased
T.”” One such compound with a metastable disordered phase is
MoSi, which is a well-known material for SNSPDs and can be fabri-
cated, for example, by sputtering from an alloy-target to a cooled
substrate’ or by co-sputtering at room temperature.”””” In the
referred experiments, the optimal stoichiometry was found to be
about 80% Mo and 20% Si, as a result of a trade-off between main-
taining the stability of an amorphous phase, which requires Si,
and maximizing T, which would favor electron-dense amorphous
Mo. The maximum T, of MoSi in these experiments was 7.9 K,
which is significantly higher than in crystalline MosSi, which has
almost the same stoichiometry, but T, of only 1.3 K.>! According
to Ref. 30, T. of amorphous co-sputtered MoSi decreases rapidly
in Mo-poor MoSi when the fraction of Mo is below 45%. Other
methods for fabricating disordered MoSi and other silicides include
mixing a deposited metal film into a silicon substrate by ion irradia-
tion®” or by annealing, a technique that was used in the observation
of QPS.*

The critical temperature of polycrystalline, moderately disor-
dered (Rg ~ 10 Q for ~100 nm film) NbN films has been found to be
relatively insensitive to ion or neutron irradiation.”* However, ion
irradiation of superconducting nitrides has recently been utilized for
the fabrication of various components or devices, e.g., helium irradi-
ation for superconducting nanowires from NbN"** and for highly
tunable Josephson junctions from NbTiN.?” Argon irradiation has
also been used for tuning the local critical current density of NbTiN
superconductor wide strip photon detectors.*

Recently, it has been shown that focused ion beam (FIB) irradi-
ation by gallium or helium ions increases T and Ry of MoSi formed
by thermal annealing.”” However, the FIB method is a relatively slow
direct-writing process, with timescale proportional to the processed
area. In the present work, we focus on broad beam ion irradiation

ARTICLE pubs.aip.org/aip/apm

treatment that allows wafer-scale processing. We perform a more
systematic study of MoSi, including structural imaging, and extend
this study into several other materials of interest.

Il. MATERIALS AND METHODS

Figure 1 illustrates our process and wafer structure and shows
the corresponding transmission electron microscope (TEM) image
of a (non-ideal) MoSi wafer taken after the ion irradiation treatment.
The thin films were sputtered on top of a silicon wafer terminated
by a silicon dioxide layer. As the next step, we protected some of the
wafers with a dielectric layer, because thin films might be sensitive
to aging due to oxidation and wafer-scale processing may require
significant shelf life. We experimented two dielectrics: 20 nm SiO,
grown by plasma enhanced chemical vapor deposition (PECVD)
and 15 nm AL O3 grown by atomic layer deposition (ALD). If
necessary, both layers can also be later removed by selective
etching.

The wafers were irradiated with either argon or gallium ions.
As anoble gas, argon may irradiate without any doping of the super-
conducting film. Meanwhile, the atomic mass of gallium ions yields
a closer match for most superconductors, which results in more
efficient momentum transfer per impact, and allows smaller ion flu-
ences. Gallium also provided promising results in Ref. 39 without
any evidence of doping problems. Due to the inevitably large num-
ber of other variables in our study, we kept the ion acceleration
voltage qualitatively constant for all wafers by choosing values that
maximize the fraction of kinetic energy deposited into the super-
conducting film. For this purpose, we performed Monte Carlo sim-
ulations (not shown) to optimize the voltage for each combination
of wafer stack and ion. The resulting different quantitative accelera-
tion voltages are reported in the supplementary material. Due to this
approach, the majority of the irradiation ions are deposited into the
film. We report the irradiation fluences in units of A= = 10" cm™
to provide intuitive into the amount of irradiated ions on the atomic
scale.

Table T provides an overview of the thin film materials, their
targeted sputtering thicknesses, protective layers, and the ions of
the irradiation treatment. For MoSi, we performed a study of the
effect of ion fluence for Mo-rich stoichiometry (M-series wafers)
and a smaller number of process variants for Si-rich stoichiometry
(S-series).

Protective layer
Thin film

Sio,

FIG. 1. (a) lllustration of the wafer structure and the ion irradiation process. (b)
Transmission electron microscope image of MoSi film S3. The layer of platinum on
top of the protective layer was deposited for the TEM imaging and is not a part of
the actual fabrication process. The title describes the nominal thicknesses of the
sputtered Mo and Si layers as well as the ion fluence.
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TABLE I. Overview of thin film materials, their nominal sputtered thicknesses (those
of Mo + Si for MoSi), protective layers, and ions for irradiation.

Material Thickness (nm)  Protective layer Ton
Single elements

Al 14 None Ar*

Nb 20 AL, Os/none Art
Nitrides

TiN 10 Al,O3/none Art

NbN 10 Aleg./l’lOnC Al‘+
Silicides

MoSi (M-series) 10+7 Si0,/AL 03 Art/Ga*

MoSi (S-series) 5+7 Al Os Art/Ga*

MoSi (S-series) 3+7 AL O3 Art/Ga*

Nitrides were deposited by reactive sputtering of Nb or Ti in a
flow of argon and nitrogen. For TiN, we used a recipe that produces
. ~ 3 K. For NbN, the maximum T, of 14 K is obtained with 1:1
stoichiometry,”’ but in this work, we aimed at high Rg by utilizing
two higher nitrogen flow values. Below, we denote these materials
as NbN and NbN*, and their expected values of T, are 7 and 6 K,
respectively.
For MoSi films, first, a layer of molybdenum and then a
layer of silicon were deposited, which allowed tuning the targeted

3.0 &2 (Ar

® M7, 10 nm Mo + 7 nm Si, 0.03 A2 (Ga*):

() M12, 10 nm Mo + 7 nm Si, 0.1 &2 (Ga*):

(@ M14, 10 nm Mo + 7 nm Si, 0.6 A2 (Ga*): ) s2,

ARTICLE pubs.aip.org/aip/apm

stoichiometry by changing the ratio of the film thicknesses. The
thickness estimates are based on longer depositions using the same
sputtering parameters and measuring the resulting thicker films.
However, the short deposition times of thin films increase irrepro-
ducibility of their thicknesses. We estimate the stoichiometries of
about 65% Mo + 35% Si, 48% Mo + 52% Si, and 35% Mo + 65% Si for
our film variants with 10, 5, and 3 nm of Mo (and 7 nm of Si), respec-
tively. The MoSi compounds were formed by annealing in nitrogen
environment at 600 °C for 15 min after the deposition of the protec-
tive layer. The same temperature (but only for 10 min) was used in
Ref. 39 and was expected to yield a compromise between allowing
Mo to diffuse into amorphous Si and not allowing Si to crystallize
before that, which would prevent forming the compound.*! How-
ever, the optimal annealing of MoSi may depend on many details
of the fabrication process, including the thicknesses of the initial
Mo and Si layers, and such optimization is beyond the scope of the
present work.

In total, we produced 32 irradiated wafers and varied materi-
als, protective layers, and ions and their fluences. We also fabricated
reference wafers with the same processes excluding ion irradiation
for Al, Nb, TiN, and NbN. We measured Ry of all wafers at room
temperature and imaged most of them with a scanning electron
microscope (SEM). We used data from this fast characterization to
select an illustrative set of samples for the more elaborate cryogenic
characterization (presented in Sec. I'V). Based on all these data, a set
of seven MoSi films were selected for TEM imaging (Sec. I1I): iden-
tical MoSi films with varied ion fluence, films that seemed visually
defective in SEM, MoSi with the highest T, and MoSi films that were
promising in all the initial measurements.

(®) g4, ,0.5R2 (Ga*):

0.23 nm/c

i FFT. J
, 1.0 &2 (Ga*):

FIG. 2. Transmission electron microscope images of MoSi films S5, M7, M12, M14, S1, and S2 [(a)—(f), respectively]. Images (a)—(f) are on the same scale shown in (a) and
(f). The title of each image describes the nominal thicknesses of the sputtered Mo and Si layers and the fluence and ion of the irradiation treatment. The layer stack is the
same in each figure: the bright bottom layer is SiO, (oxide capping of the silicon wafer) and the bright top layer is of Al,O3 deposited to protect the darker layer consisting of
Mo and Si. The insets in (a), (b), and (f) show the FFT analysis from the region shown with the orange square. The inset of (c) shows the EDS data of Mo and Si (blue for
Si and red for Mo) combined. The gray dashed lines illustrate where the MoSi layer is shown in the EDS inset. The inset in () shows the zoom of the region shown with the

blue circle.
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I1l. MATERIAL MIXING

Figure 2(a) shows the TEM image of a Mo-poor MoSi film irra-
diated with argon, which yielded the highest T, = 5.7 K of all our
MoSi films (see Sec. IV). There are gas pockets both in the substrate
and in the protective layer, which deform the MoSi film and cause
a variation in its thickness. Since the SEM images (not shown) of
all argon irradiated MoSi wafers indicated a visually uneven sur-
face, we expect that also they had gas pockets. The energy-dispersive
x-ray spectroscopy (EDS) data (not shown) relate the gas pockets to
argon. The film is continuous, with grains not resolvable with TEM.
Fast Fourier transform (FFT) analysis shows a broad ring at 0.23
nm/cycle. This suggests that the film is amorphous with short-range
order corresponding to the nearest neighbor distance.

Figures 2(b)-2(d) show the TEM images of Mo-rich MoSi films
treated with an increasing fluence of Ga* ions. The films are hetero-
geneous and have a bilayer structure, with a polycrystalline bottom
layer and an amorphous top layer. The inset of the FFT analysis of
the bottom layer confirms the crystallinity of the grains. The inset of
EDS data indicates that the bottom layer consists mostly of molyb-
denum, whereas the top layer is a MoSi compound. Higher fluences
of gallium reduce the amount of crystalline Mo. Figure 1(b) shows
the TEM image of a Mo-poor film (S3) with 5 nm of Mo. The
image shows a bilayer structure, similarly as for the Mo-rich films
of Figs. 2(b) and 2(c).

Figures 2(e) and 2(f) show the TEM images of Mo-poor MoSi
films (S1-S2) with 3 nm of Mo. The thinner layer of molybde-
num yields a better intermixing with the silicon top layer; compare
Figs. 1(b) and 2(e) with the same gallium fluence of 0.5 A% Increas-
ing the fluence to 1.0 A2 leads to a continuous, homogeneous film
of molybdenum and silicon, without TEM-resolvable grains. The
FFT analysis shows a broad ring at 0.23 nm/cycle, suggesting that
the film is amorphous with short-range order.

pubs.aip.org/aip/apm

Figures 1 and 2 indicate that our annealing process did not
result in homogeneous mixing of Mo and Si especially for the
Mo-rich stoichiometries, but that ion irradiation improves it. Ion
irradiation may thus allow for the fabrication of homogeneous,
amorphous MoSi without co-sputtering technology.”**’ We expect
that for a two-layer structure, the mixing improves if the atomic
mass of the irradiation ion is closer to that of the top layer rather
than to the bottom one. In this respect, Ar* (40 u) is more optimal
than Ga* (70 u) in our case where Si (28 u) is on top of Mo (96 u).
Finally, we note that we did not observe significant gas pockets in
the TEM images of NbN films (not shown). The present amount of
data thus does not rule out the use of Ar* ions for irradiation, but it
would also be interesting to explore noble gases with higher atomic
masses.

An upper limit for the gallium doping of our MoSi films can
be obtained by assuming that all ions remain in the superconduct-
ing film. For the thinnest film and largest gallium fluence (3 nm Mo
+7nmSi, 1 Afz), this limit yields the stoichiometry of 30% Mo, 54%
Si, and 16% Ga (35% Mo and 65% Si before irradiation).

IV. SHEET RESISTANCE R; AND CRITICAL
TEMPERATURE T,

We measured the room temperature sheet resistance R r with
a wafer prober. For cryogenic measurements, we cleaved the wafers
into small chips that were fully covered with the film on the top sur-
face. The relative temperature dependence of Rn down to the base
temperature of 0.3 K of our cryostat is recorded through measure-
ments with 4-probe geometry realized by wire bonding. Combining
these datasets yields sheet resistance as a function of temperature,
Ra(T).

(a) TTTTTT T T TTTTI T

7]
i
/

(b) [

— AL
—-— Al ref
Ll Lol L=
10 100
T (K)
(© JITOe — T T TTTm (d) T
e T 10—
L5 { ;
= [ A —_ = 0.8— 1
e i 7 TR o« b
010 00.6— i
£ 1 x i3
Ol I £0.4— I
o€ 05— 1 —= NbN6 —| of I
" —— NbN5 02— : —_—— M1
1 —-— NbN ref 1 — M7
0.0 =l L1 wm‘\‘ [ 0.0 =Pl Ll L
1 10 100 1 10 100
T (K) T (K)

FIG. 3. Normalized sheet resistance R /R rr as a function of temperature for (a) Al, (b) Nb, (c) NbN, and (d) S- and M-series MoSi films. In (a)—(c), “ref’ labels reference

wafers that were not irradiated.
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In this section, Fig. 3 shows the most interesting data on R (T)
for Al, Nb, NbN, and MoSi. A more comprehensive set of data based
on the analysis of all Rp(T) measurements is collated into Table I
(see the supplementary material for complete data). Table II also
compares irradiated films to values obtained from reference wafers
without irradiation. We conclude this section by illustrating the
dependencies of Table IT in Fig. 4.

The general trend of Fig. 3 is that the residual resistivity ratio
(RRR) Rorr/Ror between room-temperature (RT) and normal-
state low-temperature (LT) resistances is higher for the less disor-
dered films (compare to Table II for the resistance values). Panels
(a)-(c) show that ion irradiation increases T, of Al, but decreases
those of Nb and NbN. The transitions of NbN, the most disordered
of our films, are significantly more smeared than for the others.
Figure 3(d) shows that RRR >1 for Mo-rich films, which contain
a layer of polycrystalline Mo, and RRR <1 for the better mixed
S series films; see Fig. 2. Improving material mixing also increases T'.
A comparison with non-irradiated MoSi wafers is not relevant due
to the imperfect mixing of Mo and Si in such films.

Table II shows that ion irradiation and increasing ion fluence
increase Ry for all materials. For NbN, there is a significant differ-
ence in Rp also between films with and without a protective layer.

pubs.aip.org/aip/apm

These results are also illustrated in Fig. 4(a) for Al, Nb, NbN, and
TiN.

For MoSi, the interpretation of the results is less straightfor-
ward, since most of the films are not homogeneous. The increase in
ion fluence reduces the amount of polycrystalline Mo (see Figs. 1
and 2), which we expect to dominate conductivity if there is a con-
tinuous layer. In contrast, the T, measurement of a multilayer stack
yields the highest T of the stack, but the other layers can still affect
the result through the inverse proximity effect. Figure 4(b) illustrates
T. of M- and S-series MoSi as a function of ion fluence. The values of
T. are between 4 and 6 K, and the highest values are obtained for the
most disordered Mo-poor films. This result is in ostensible disagree-
ment with Ref. 30, where the highest values of T were obtained with
Mo-rich films, but our results on Mo-rich films were likely affected
by the imperfect mixing. However, our highest T, for MoSi, 5.7 K
(film S5, irradiated with argon), is remarkably high compared to
the value 2.8 K obtained for the same stoichiometry in Ref. 30 for
co-sputtered, presumably amorphous MoSi.

Figure 4(b) shows one film that had SiO, as a protective
dielectric (see Table II, wafer M1). All other films in Fig. 4(b)
were protected with Al,O3. However, several films similar to M1,
protected with SiO, and irradiated with the same fluence, had repro-

TABLE II. Electrical measurement data for films presented in Fig. 4. The columns describe wafer labels, sputtering deposition thicknesses (Mo + Si for MoSi), protective layers,
ions and fluences of the ion irradiation treatments, room temperature sheet resistances before and after ion irradiation treatment, corresponding increases in room temperature
sheet resistances, sheet resistances at 10 K, critical temperatures, and the changes in critical temperatures compared to the reference values measured from the wafers without
ion irradiation. The ellipses symbol means that the corresponding measurement was not performed. The MoSi films that are shown in Figs. 1 and 2 are indicated in bold.

Label Dep. thick. (nm) ~ Prot. Ton Fluence (A7) Rogrper () Rorr (Q)  Rorr/Rorrer Ropok (Q)  Te(K)  TefTeref
All 14 None Art 1.5 2.7 25 9.5 19 1.7 1.2
Nb1 20 None Ar* 0.5 13 30 2.3 21 4.7 0.60
Nb2 20 ALO; Art 0.5 13 40 3.0 33 2.8 0.37
Nb3 20 None Ar* 1.5 13 71 5.7 68 1.7 0.22
Nb4 20 ALO; Ar* 1.5 13 64 5.0 63 1.6 0.20
NbN3 10 None Ar* 1.5 470 2100 4.4 3300 2.6 0.38
NbN5 10 None Ar* 1.5 530 3000 5.5 4800 2.6 0.37
NbN6 10 ALOs; Ar?* 1.5 530 1200 2.3 2200 2.0 0.28
NbN7* 10 None Ar* 1.5 690 5100 7.3 e - e
NbN8* 10 ALO; Art 1.5 690 1500 2.2

TiN1 10 None Ar* 1.5 290 1000 3.7 1200 <0.3 <0.1
TiN2 10 ALO; Art 1.5 280 640 2.3 720 <0.3 <0.1
M1 10+ 7 Si0,  Art 1.0 120 e 120 4.8

M7 10+ 7 ALO; Ga' 0.03 48 e 43 4.0

M11 10+7 ALO; Ga* 0.06 65 e 61 4.0

M12 10+7 ALO; Ga* 0.1 71 e 69 43

M13 10+7 ALO; Ga* 0.3 88 e 90 4.3

Ml4 10+7 ALO; Ga* 0.6 110 e 110 48

S1 3+7 ALO; Ga* 0.5 170 e 180 5.0

S2 347 ALO; Ga* 1.0 180 e 190 4.9

S3 5+7 ALO; Ga* 0.5 170 e 180 4.1

S4 3+7 ALO; Art 3.0 140 e 140 5.3

S5 3+7 ALO; Art 3.0 180 e 190 5.7

S6 5+7 ALO; Art 3.0 160 e 170 5.5
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FIG. 4. Relationships between ion fluence, sheet resistance, and superconducting transition temperature measured down to measurement threshold of 0.3 K. The material
labels are the nominal thicknesses of the sputtered films, and different colors are used for different materials. The size of the markers illustrates the magnitude of fluence (for
argon and gallium independently). The films treated with gallium and argon are shown with triangle and circle markers, respectively. Films that were TEM imaged are labeled.
Film that had a SiO, protective layer is labeled (other films with a protective layer had Al,O3). The empty markers mean that those wafers did not have a protective layer. (a)
Increase in sheet resistance due to ion irradiation treatment (R rr/Rorrper) @S @ function of R rrper, Which is the sheet resistance for otherwise finished wafer but without
the ion irradiation treatment. The lighter blue NbN, also marked with asterisk, presents the NbN wafers with higher nitrogen flow (NbN7-8). (b) T, as a function of argon or
gallium ion fluence for M- and S-series of MoSi. (c) T. as a function of Ry 10x. The star markers show (in some cases average) values for wafers that did not undergo ion
irradiation treatment, also labeled as “ref.” The arrows illustrate the change in parameters due to ion irradiation. Examples of parameter ranges with alternative techniques,
granular aluminum (grAl)*? and ALD-grown NbN,“0 are shown with green dashed and blue dashed lines, respectively.

ducible values of R rt between 98 and 120 Q; see the supplementary
material. The T. of wafer M1 is also the same as the highest
T. measured from gallium-treated M-series films with the Al,O3
layer. Hence, we notice no difference between the two protective
layer materials.

Finally, Fig. 4(c) shows the map between T, and Rp,10x of MoSi,
NbN, TiN, Nb, and Al wafers. The reference values of non-irradiated
wafers are included for Al, Nb, TiN, and NbN. The increase of
T. in Al and the corresponding decrease in Nb as a function of
increased disorder are in qualitative agreement with experiments
on granular Al'> and Nb,” but obtained with an entirely different
fabrication method. A significantly smaller decrease of T¢, 0.16 K,
has been observed in Nb films irradiated with protons,”* which was
in agreement with theoretical calculations.”” However, the proton-
irradiated Nb films had an order of magnitude smaller resistivity
than films Nb3-4. A strong decrease of T as a function of ion flu-
ence and resistivity makes this elemental material less promising as
a disordered superconductor. Meanwhile, lithography-defined irra-
diation may allow Nb structures of different T, and Lg in the same
layer.

Ton irradiation yields a significant decrease of T, for both
nitrides. In irradiated TiN, we did not observe superconductivity at
and above 0.3 K. The effect of ion irradiation on T, of our 10 nm
NbDN films is significantly stronger (~70%) than in thicker and less
disordered films studied in Ref. 34 (~10%).

We studied Nb, NbN, and TiN films both with and without pro-
tective layers. Our experiments do not indicate any noticeable effect
of the protective layer on the measured T, but the increase of R was
significantly higher for non-protected nitrides. However, this effect
may also be attributed to oxidation, i.e., the limited shelf life of thin
nitride films.

We consider Fig. 4(c) also as an application-oriented map into
disordered superconductors, from which one could pick suitable
materials for each purpose. Since ion irradiation is, in principle, suit-
able for increasing disorder of any superconducting thin film, future
research on other materials may help us fill the empty parts of the
map. As examples of alternative techniques, tuning the oxidation of
granular aluminum provides a wide range of Rp at T, ~ 2 K,** while
reducing the thickness of ALD-grown NbN can provide values from
about T ~ 14 Kand Rg ~ 60 Q to T, ~ 5 Kand Rg ~ 5 k.’ These
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value ranges of the alternative techniques are illustrated in Fig. 4(c)
by the green and blue lines, respectively.

V. DISCUSSION AND CONCLUSIONS

We present a wafer-scale method for increasing disorder in
superconducting thin films by using broad beam ion irradiation.
Our treatment can be applied independently of the material and
its fabrication method, but a permanent effect requires a disor-
dered phase that is stable at room temperature. In contrast to most
other techniques, ion irradiation is also expected to allow for lim-
iting the treatment to certain parts of the thin film by lithography,
which enables pattern transfer of disorder-induced superconducting
properties within the same metallization layer.

We used both gallium and argon ions and studied various
single-element (Al and Nb) and compound materials (NbN, TiN,
and MoSi). Both ions increased the sheet resistance of the films, but
in some cases, argon yielded gas pockets that can be detrimental for
applications. As a result of ion irradiation, the critical temperature
increased in MoSi and Al, but decreased in TiN, NbN, and Nb.

Both ions were used to produce a MoSi film that is amorphous
with some short-range order. We obtained a significantly higher T
(5.7 K) for the Mo-poor MoSi film (35% Mo, 65% Si) than in the lit-
erature (2.8 K).”” Our Mo-rich MoSi films had the tendency to form
a two-layer structure of polycrystalline Mo and amorphous MoSi.
Further research on the effect of stoichiometry would benefit from
better mixing of the material before ion irradiation, which could be
achieved, for example, through co-sputtering from Mo and Si targets
or sputtering from a MoSi compound target.

The ion irradiation method enables the tuning of Ry and T.
of superconducting thin films, potentially expanding the range of
promising materials for different devices in quantum technology. In
this work, we have demonstrated amorphous and uniform MoSi that
is promising for superconducting nanowire single-photon detectors
as well as tuning of parameters for Al, Nb, and NbN thin films.

SUPPLEMENTARY MATERIAL

A table that shows information about all wafers of this work is
provided in the supplementary material. The first column contains
the wafer labels, sputtered materials, protective layers, and sheet
resistances in room temperature after deposition. The next column
describes the ion irradiation treatment parameters, i.e., ions, flu-
ences, and acceleration voltages. The last column shows the sheet
resistances in room temperature after ion irradiation treatment,
sheet resistances in 10 K, and critical temperatures. The T, value
is defined as the temperature, where R(T) = 0.5 x Rjox. Sheet resis-
tances in room temperature have been measured by a four-point
probe in multiple positions of the wafer and the value in the table is
the average of those measurements, shown with two significant fig-
ures. The asterisk in some NbN wafer labels corresponds to different
sputtering parameters; see Sec. I1.
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