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We evaluate the material characteristics of superconducting platinum silicide (PtSi) thin films as candidate materials
for superconducting quantum information devices compatible with silicon technology. These films were synthesized
using magnetron sputtering under ultra-high vacuum conditions, followed by rapid thermal annealing. Polycrystalline
PtSi films synthesized by this method have the favorable properties of superconducting critical temperature of 0.95
K and relatively long zero-temperature Ginzburg-Landau coherence length of 76 nm. We further studied co-planar
microbridge devices fabricated by electron beam lithography and chlorine-free reactive ion etching, finding that the
temperature dependent critical current density follows the Ginzburg Landau de-pairing mechanism.

I. INTRODUCTION:

With the urgent rush to develop superconducting quantum
information devices, a critical phase involves evaluating and
selecting materials with advantageous properties, particularly
in the cryogenic environments in which qubits operate.! For
example, aluminum and niobium have been longtime materi-
als of choice, with tantalum recently demonstrating substan-
tial benefits.>* Even with continuing performance improve-
ments, it is vital to explore alternative superconducting mate-
rials that may offer further performance advantages. Because
there is strong incentive to develop qubit fabrication processes
that fit within silicon technology, our group and others have
been investigating superconducting transition metal (TM) sili-
cides. TM silicides are highly compatible with silicon pro-
cessing, which offers significant advantages for scalability and
development of quantum computing systems.

Among TM silicides, platinum silicide (PtSi) has
found broad application in electronic devices and CMOS
technologies>®, including source/drain contact in field effect
transistors,’ Schottky diodes,® infrared (IR) detectors,” field-
effect transistor gates, and micro-electro-mechanical systems
(MEMS) devices,!® due to its high electrical conductivity
and thermal/chemical stability. PtSi is also a superconductor,
and has been used in microwave kinetic inductance detectors
(MKIDs) and quantum phase slip junctions.!!-1>

In this work, we measure the material properties and elec-
trical transport in superconducting PtSi thin films grown on
Si(100) wafers. Measurements of the field-temperature (H-
T) phase diagram and depairing critical current density of
PtSi thin films determine a critical temperature close to 1 K,
with zero-temperature Ginzburg-Landau coherence length of
76 nm, and Pippard coherence length of 460 nm.

II. RESULTS AND DISCUSSION
A. PtSi thin film synthesis and characterization

PtSi thin films were synthesized on silicon wafers by de-
positing a Pt layer using magnetron sputtering. The Pt-
covered Si substrate was then subjected to rapid thermal pro-
cessing, converting the Pt layer into PtSi (details in Meth-
ods). The average thickness of the PtSi thin film, as mea-
sured by cross-sectional scanning electron microscopy, is 25
nm (Fig. 1(a)). Atomic force microscopy of the PtSi surface
reveals that the film is flat, with root-mean-squared roughness
of 1.2 nm (Fig. 1(b)).

Grazing incident X-ray diffraction (GIXRD) measurements
were carried out on the PtSi thin films in the ranges of diffrac-
tion angles 18° <26 < 70°, with the grazing incidence angle
fixed at about 0.5°. The GIXRD confirms formation of PtSi in
orthorhombic lattice, without trace of intermediate phases of
platinum silicides, such as Pt3Si or Pt2$i,16’17 confirming the
complete conversion of Pt to PtSi. The peak positions corre-
sponding to the various crystal orientations of PtSi are identi-
fied (Fig. 1(c)). Narrow peaks indicate well-ordered and crys-
talline nature of PtSi. The polycrystalline nature of PtSi on
Si(100) is understood as a result of lattice mismatch (~ 10%)
between PtSi and Si.!>!8

To confirm the PtSi film chemical composition, we con-
ducted scanning transmission electron microscopy (STEM)
studies on vertical cross-sectional specimens, prepared with
the focused ion beam (FIB) lift-out technique. The high-angle
annular dark field (HAADF)-STEM image (Fig. 2a) confirms
the presence of a thin, PtSi layer atop the Si wafer. The
energy-dispersive X-ray spectroscopy (EDX) mapping, col-
lected concurrently with the HAADF-STEM image, reveals
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FIG. 1. (a) Cross-sectional SEM image of a 25 nm thick PtSi film
synthesized on Si(100). (b) Atomic force microscope (AFM) topo-
graphical image of the PtSi surface. Side panel shows the height pro-
file along the green dashed line. Red scale bar = 10 nm. (c) Grazing
incidence X-ray diffraction (GIXRD) pattern of a PtSi thin film.
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FIG. 2. (a) HAADF-STEM image of a PtSi thin film on Si(100). (b)
Quantitative EDX analysis reveals nearly 1:1 Pt:Si ratio within the
PtSi layer. (c), (d) and (e) EDX elemental mapping for the spatial
distributions of platinum (Pt), silicon (Si) and oxygen (O) respec-
tively, collected simultaneously with the HAADF-STEM image in
panel (a).

nearly 1:1 atomic ratio between Pt and Si (Fig. 2b) and con-
firms the uniform distribution of Pt and Si within the PtSi layer
(Fig. 2c and d).

Surface chemistry of PtSi thin films was examined by X-
ray photoelectron spectroscopy (XPS), using Al K, radiation
(hv = 1486.6 eV) as the excitation source. XPS scans col-
lected near the edge of the 2-inch PtSi wafer (Figs. 3a and b)

appear almost identical to those collected near the wafer cen-
ter (Figs. 3c and d), signifying the thin film uniformity across
the entire wafer. The XPS survey scans confirm the absence
of impurity metal elements in the PtSi thin film. However, the
O 1s peak, with its binding energy (B.E.) at approximately
530 eV, clearly indicates surface oxidation. The Pt 4f enve-
lope displays a doublet induced by spin—orbit coupling, with
the Pt 4f;, component peaking at 72.2 eV, affirming the inter-
metallic nature of Pt in PtSi (Figs. 3b and d).!*-*2> Meanwhile,
the Si 2p envelope appears as a 1:1 doublet, with one peak at
99.8 eV and another at 103 eV. A more careful peak fitting
identifies that the envelope must contain at least two compo-
nents, with one 2p; , —2p3, pair associated with silicon in

metal silicides'® and another pair associated with silicon in
Si0; (Figs. 3a and c¢). The formation of silicon oxide on PtSi
surface is also visible in the EDX mapping (2(e)). Given that
Pt does not oxidize in air, we conjecture that the surface oxi-
dation of PtSi produces a thin native oxide layer of SiO;.

B. PtSi thin film electrical transport

The temperature-dependent electrical resistance of the PtSi
thin film, R(T'), was measured from 300 K to 400 mK, clearly
showing a sharp superconducting transition to zero resistance
at 0.95 K (Fig. 4(a) and supplementary material Fig. S1),
which is consistent with reported critical temperature (7;.) of
PtSi.!° In this study, we define T, as the temperature that
maximizes the derivative dR/dT, following a convention pre-
viously adopted for other superconducting materials.>> The
residual resistivity ratio (RRR) of our PtSi film, defined as
P300K /1K, 18 2.25.

As a type II superconductor, PtSi is characterized by
distinct phase transitions at two different applied magnetic
fields.!> Above the lower critical magnetic field (H,.), the lo-
cal suppression of the superconducting order parameter fos-
ters the emergence of Abrikosov vortices, enabling the par-
tial penetration of magnetic field. Above the upper critical
field (H.»), the superconducting order is destroyed entirely
and the material reverts back to its normal state. The tempera-
ture dependent upper critical field is determined by measuring
the electrical resistance in the temperature range of 0.41 K <
T < 1.2 K, with magnetic field 0 mT < ypH < 75 mT ap-
plied perpendicular to film surface (Fig. 4(b)). As T decreases
from the critical temperature of PtSi (0.95 K), the supercon-
ducting order persists to incrementally higher magnetic fields
(Fig. 4(b)). By applying the criterion R/R,, = 0.5, where R,
is the normal state resistance, we determined H., for each
temperature, which is represented by the dashed black line
in Fig. 4(b).

The upper critical field at 0 K, H.»(0), is determined ac-
cording to the Werthamer-Helfand-Hohenberg model**? in
the dirty limit:

ZTC(O) dHcZ
e dT

Hep(0) = -2 (0

k)
T=1x(0)

where T,(0) is the critical temperature at zero field and y ~



Superconducting Platinum Silicide Thin Films and Devices

(b)

Intensity (a.u.)
Intensity (a.u.)

4fs)p

4f7 IE

FIG. 3. XPS measurements across the
PtSi thin film, for scans over (a, c¢) the
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Si 2p region and (b, d) the Pt 4f region.
The spectra in (a) and (b) are collected
near the edge of the 2-inch Si(100) wafer,
while the (c) and (d) are scans collected
near the wafer center. In each panel, the
scatter plots show the experimental data,
while the fitting envelopes are repre-
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FIG. 4. (a) The temperature-dependent electrical resistance of a PtSi
thin film from 300 K to 340 mK, showing superconducting transi-
tion at 0.95 K. Resistance values are normalized by the averaged
resistance within the temperature range 1 —2 K. (Inser) Measured
film resistance near the superconducting transition temperature. (b)
Magnetic field phase diagram of superconducting PtSi. The narrow
white region separates the normal state (red) and superconducting
state (blue). A linear fit to R/R,, = 0.5 (dashed) finds uyH.,(0) = 56
mT using Eq. (1).
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0.5772 is Euler’s constant. By performing a linear fit on the re-
lationship between H,, and T within the range of 0 < ppHq, <
75 mT, we derive the tangent term (duoHy/dT = —85.4
mT/K) in Eq. (1) and determine that goH(0) = 56 mT.

H»(0) is linked to the zero temperature Ginzburg-
Landau (GL) coherence length, &g (0), through HoHo(0) =
@ /21EE; (0), where @) = //2e is the magnetic flux
quantum,?®?® which allows us to determine &gp(0) = 76
nm in these PtSi thin films. The relatively long coherence
length, combined with the relatively high normal-state re-
sistance of PtSi, positions it as a promising material for
superconductor-constriction-superconductor (ScS) transmon,
which can be fabricated in a single-step electron beam lithog-
raphy process.’® We can further estimate the Pippard coher-
ence length using & = hvg/TA(0), where vr is the Fermi
velocity and A(0) is the superconducting gap, 1.7kgT,. The
vr is calculated as 0.33 x 10% m-s~!, using the relation vy =
h(372n)'/3 /m,, with the carrier density n = 7.9 x 102 cm 3
as determined by a density functional theory calculation.®!
The estimated Pippard coherence length, &, is around 460
nm. Through the dirty limit approximation &g, ~ \/@, we
estimate the electron mean free path / of 12 nm in these thin
films.

We can estimate the Ginzburg-Landau parameter of our
PtSi film, k¥ = Aefr/EgL, using these material constants. First,
the zero temperature London penetration depth, A, (0), is cal-
culated to be 189 nm from A, (0) = \/m,/Uone?. From this,
we estimate an effective penetration depth Aeg of 326 nm, us-
ing Aefr(0) = A, (0)/1+ &y /1. We thus calculate k &~ 4.26, as
expected for a type-II superconductor. Because H., and H,
are related through H,, = 2x2H,, we find WoH: ~ 1.5 mT
in these thin films. Similarly, we may calculate the thermo-
dynamic critical field as poH,(0) = poH.2(0)/(v/2K) = 9.2
mT.

C. PtSi microbridge device electrical transport

We pattern PtSi thin films into microbridge devices (Figs.
5 (a), (b)) by electron beam lithography and reactive ion etch-
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FIG. 5. SEM images on PtSi ScS type microbridge devices with (a) w =2 um and (b) w =4 um. (c) Normal state resistance as a function
of inverse nominal width of the devices. The black dashed line represents the linear fit to the experimental data. The extracted normal state
resistivity of PtSi from this linear fit is 26 uQ-cm. (d) The temperature dependence of the normalized resistance of PtSi devices.
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FIG. 6. (a) V —I characteristics of a PtSi microbridge with w = 1um, at different temperatures. The black arrows with numbers show
the sequence of the current ramping directions. (b) The normalized critical current densities, J./J.(0), are plotted as a function of reduced
temperature (7 /T,) for devices with different device channel widths. The dashed line corresponds to [J./J.(0)]2/3 = (1 —T/T.).

ing (details in Methods). The microbridges have a length of
4 um, with widths ranging from 1 to 4 um. The device nor-
mal state resistance at 1 K (R,,) increases linearly with inverse
nominal width (w;olm) (Fig. 5(c)), as expected from the geom-
etry, which allows us to extract a normal state PtSi resistivity
of 26 uQ-cm from the slope. The 19 Q residual resistance
(y-intercept) in Fig. 5(b) reflects film resistance near the mi-
crobridge that is not compensated by the four-probe geometry.
The PtSi resistivity value compares well with the previously
reported value.'® The temperature dependence of the normal-
ized resistances, R(T) /Ry, are shown in Fig. 5(d). It appears
that the 7, of wider microbridges (w = 3 and 4 um) is close

to the unpatterned thin film, but decreased slightly for nar-
rower ones (w =1 and 2 um). In particular, a kink emerges
at R/R, ~ 0.65 for w = 1 um. Note that the film resistance
(~ 19 Q) accounts for about one third of the total normal state
resistance measured for the 1 ym microbridge, this suggests
that the bridge remains in a mixed state when the bulk film
completes superconducting transition. The behavior is con-
sistent with thermal phase slip (TPS) that has larger impact
to narrower microbridges. Calculation according to Little’s
model®®32, however, finds that the superconducting conden-
sation energy (AFp) is much larger than thermal energy kpT
when the bulk value of H, is used, while TPS is generally
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observed when AFp is smaller or comparable to kgT. Never-
theless, this does not exclude TPS, as the reactive ion etching
may have done enough damage to the edge, so that the local
H. and AFy become much smaller than their bulk values, with
lower apparent 7,..33 The temperature-dependent upper critical
field of the microbridges, H. (T), are similarly determined as
the thin film, by measuring resistance R in the temperature
range of 0.33 K < T < 1.0 K, with magnetic field -100 mT
< UpH < 100 mT. These microbridges show a similar Hy (T')
as the PtSi thin film (supplementary material Fig. S2).

The microbridges of different widths showed generally
similar voltage current(V — I) characteristics and temperature
dependence (supplementary material Fig. S3), as represented
by the device with w = 1 um in Fig. 6(a). Below their 7, the
devices remain superconducting until the bias current reached
a critical value, I.(T'), at which point the device enters the nor-
mal state. Decreasing current in the normal state device tran-
sitions it back superconducting, at a retrapping current level
I that is smaller than .. The black arrows with numbers in
Fig. 6(a) show the sequence of the current ramping directions.
For each temperature, V — I measurements are repeated mul-
tiple times to obtain averaged I, at both positive and negative
current bias. Fig. 6(b) shows the calculated J,. values from
averaged /..

The superconducting-to-normal transition at I, occurs when
the kinetic energy of a Cooper pair exceeds its binding energy,
resulting in de-pairing of the Cooper pair.?® The de-pairing
critical current density, J.(T'), can be fit to the standard result
of Ginzburg-Landau theory,*3>

GL 7 _ jGL T 32
JEHT) =IO (1- ) @

By averaging the fitting results for w = 1 —4 um, we obtain
JEL(0) = (0.64 £0.09) MA/cm? and T, = (0.84 +0.06) K.
As shown in Fig. 6(c), the scaling of [J.(T)/J.(0)]*/ o< 1 —
T/T., as demanded by Eq. 2, is well preserved within the
temperature range of study, for all 4 microbridge widths.

In some circumstances, de-pinning of Abrikosov vortices
can also contribute to I., wherein the Lorentz force in-
duced by the transport current surpasses the de-pinning force
acting upon vortices in the superconductor, and initiating’
movement.>® The magnetic field generated by the transport
current (I7) at the edges of the PtSi bridges can be estimated
using’’

Ir
2w/ wt’
where 7 is the thickness of the thin film device. As shown in
supplementary material Fig. S4, this field is only 0.16 mT, i.e.,

far below LpH,, and therefore the vortex depinning mecha-
nism does not contribute significantly to /..

3)

Hedge ~

. SUMMARY

In summary, we fabricated high quality, superconducting
PtSi thin films and co-planar microbridge devices on silicon

substrates, using magnetron sputtering, rapid thermal anneal-
ing, and reactive ion etching with a low-toxicity etchant. Low-
temperature transport measurements, reveal a superconduct-
ing critical temperature of 0.95 K, which is suitable for su-
perconducting quantum information applications hosted in a
millikelvin dilution refrigerator, and an upper critical mag-
netic field of 56 mT. Our measurements confirm that PtSi is
a type-1II superconductor with a relatively long superconduct-
ing zero-temperature coherence length, g, = 76 nm. This
feature, combined with the relatively high normal state resis-
tivity of PtSi, makes this material an attractive candidate for
superconductor-constriction-superconductor (ScS) Josephson
junctions and quantum phase-slip junctions. These advan-
tages are further enhanced by the material’s readiness for scal-
able patterning using CMOS-compatible processes.

IV. METHODS
A. Synthesis of PtSi thin films

PtSi thin films were synthesized over Si (100) wafers, by
first depositing a thin layer of Pt (typically ~ 10 nm) on the Si
wafer using magnetron sputtering (AJA Orion). Subsequently,
the Pt-covered Si substrate went through rapid thermal pro-
cessing (RTP) at 600°C for 10 minutes, in an inert atmosphere
(4% H; in Ar), which converted the thin Pt layer into PtSi via
reaction with the underlaying Si substrate. The native oxide
on the Si wafer was a potential diffusion barrier and removed
immediately before the Pt deposition, by immersing in a 10:1
buffered oxide etch (BOE) for 2 minutes. The Si wafer was
further cleaned with deionized water and isopropanol, then
dried under a stream of nitrogen gas and loaded into the Pt
sputtering deposition chamber.

In this study, 2-inch undoped silicon <100> wafers from
Virginia Semiconductor Inc were employed in the synthesis
process and were carefully diced using laser dicing techniques
before the device fabrication.

B. Material characterization
1. Atomic force microscopy (AFM)

The non-contact mode in the Park NX20 AFM was used to
examine the surface topography of the PtSi thin film. The
AFM images were processed using the XEI software from
Park Systems Corporation.

2. Grazing incident X-ray diffraction (GIXRD)

X-ray diffraction (XRD) measurements of thin films em-
ploying traditional 6/26 scanning techniques typically re-
ceive weak signal from the thin films but intense signal from
the substrates, and only capture reflection from crystalline
planes that are parallel to the substrate surface. One of the ap-
proaches to evading the substrate signal while getting a strong
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signal from the thin film involves conducting a 26 scan with
a fixed grazing incidence angle. This method is commonly
referred to as grazing incident X-ray diffraction (GIXRD).?®
The GIXRD patterns of the thin films were collected on a
Rigaku SmartLab II X-ray diffractometer using Cu K, radi-
ation (A = 1.5418 A).

3. Scanning transmission electron microscopy (STEM)/
Focused ion beam (FIB)

The scanning transmission electron microscopy (STEM)
and the energy-dispersive X-ray spectroscopy (EDX) studies
were carried out on a JEOL ARM-200F, with the specimen
prepared by the focused ion beam (FIB) lift-off technique us-
ing a dual beam SEM/ FIB microscope (FEI Helios).

4. X-ray photoelectron spectroscopy (XPS)

Surface chemistry of PtSi thin films was examined by X-
ray photoelectron spectroscopy (XPS), using Al K, radiation
(hv = 1486.6 eV) as the excitation source.

C. Device fabrication

(D Synthesizing the PtSi thin
film over the Si(100) wafer

v

@ Spin coating ZEP520A e-beam resist
on PtSi/Si and baking at 180°C for 3min

v

) Patterning the device shapes using EBL

v

@ Developing in amyl acetate
and post-bake at 180°C for 3min

v

) CF;Br/Ar etching and cleaning process

v

©® Final device is ready for electrical testing

FIG. 7. Flow chart of the device fabrication process.

The flow chart in Fig. 7 illustrates the basic steps fol-
lowed in device fabrication. The PtSi thin film was pat-
terned into ScS weak link devices with a single step of elec-
tron beam lithography (EBL, JBX-6300FS), using a positive-
tone, ZEP520A e-beam resist (ZEON). The PtSi wafer with
ZEP520A was spun initially 500 rpm for 5 seconds and then

3000 rpm for 55 seconds to achieve a ~ 420 nm thickness
coverage on PtSi. Next, the e-beam resist coated PtSi wafer
was baked at 180°C for 3 min and patterned using EBL.
After developing in amyl acetate, the exposed areas of PtSi
were etched away by reactive ion etching (RIE, March Plasma
CS1701F), using a mixture of CF3Br/Ar as the processing gas
with the orifices of the mass flow controllers set at 8% and
6% respectively.’® During the ~4.5 minutes etching process,
the plasma power was maintained at about 100 W, and the
chamber’s total pressure was stabilized close to 100 mT. The
CF;Br/Ar RIE would etch through exposed PtSi layer com-
pletely, with approximately 20 nm over-etching into the sili-
con substrate (supplementary material Fig. S5b).

In previous studies, RIE of PtSi thin films typically involved
chlorine chemistry, e.g., in a gas mixture of Cly, CFy4, and
Ar.'2 However, the use of Cl, in RIE processes requires strict
safety measures and specialized equipment, due to its high
toxicity. Therefore, our approach of using chlorine-free etch-
ing technique for PtSi is clearly advantageous. Additional de-
tails on CF3Br/Ar etching characterization can be found in
supplementary material Figs. S5 and S6. Finally, the e-beam
resist mask was stripped overnight in a MICROPOSIT Re-
mover 1165 bath at room temperature, followed by rinsing in
2-propanol and then dried under a stream of nitrogen gas.

D. Transport measurements on devices

Four terminal electrical transport measurements on PtSi de-
vices were performed in a top-loading He-3 cryostat equipped
with a superconducting magnet capable of 9 T. External mag-
netic fields were screened by a layer of metal shielding inside
of the dewar that held the cryostat and magnet. The sample
was sealed within a copper can at the bottom of the He-3
insert to shield out external signals. Noise was reduced in
each measurement channel of the insert by low-temperature
RC filters. Current biasing was provided by a low-noise DC
current source and voltage was measured with a digital multi-
meter. Lumped LC low pass filters were used on each chan-
nel at room temperature. Resistance was determined by delta
mode averaging with a bias current of 300 nA while slowly
(< 1 mK/s) sweeping temperature. It was found during the
course of this work that the magnetic fields required for the
measurements were not very large (< 0.1 T). As such, the
magnet’s usual high current power supply was replaced with
a high-precision DC current source to increase the resolution
and precision of the applied magnetic fields. The four termi-
nal electrical resistance measurements on the PtSi thin film
sample were performed in a Quantum Design Dynacool 12
T Physical Property Measurement System (PPMS) equipped
with a He-3 insert. For magnetic field-dependent measure-
ments, the field was applied normal to the sample plane in
both experimental setups.
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Electrical transport characteristics of PtSi thin films and mi-
crobridges. Etching rate and roughness of CF3B1/Ar RIE.
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