
PHYSICAL REVIEW MATERIALS 7, 076201 (2023)

Development of Nb-GaAs based superconductor-semiconductor hybrid platform by combining
in situ dc magnetron sputtering and molecular beam epitaxy
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We present Nb thin films deposited in situ on GaAs by combining molecular beam epitaxy and magnetron
sputtering within an ultrahigh vacuum cluster. Nb films deposited at varying power, and a reference film from
a commercial system, are compared. The results show clear variation between the in situ and ex situ deposition
which we relate to differences in magnetron sputtering conditions and chamber geometry. The Nb films have
critical temperatures of around 9 K and critical perpendicular magnetic fields of up to Bc2 = 1.4 T at 4.2 K.
From STEM images of the GaAs-Nb interface we find the formation of an amorphous interlayer between the
GaAs and the Nb for both the ex situ and in situ deposited material.
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I. INTRODUCTION

Superconductor (SC) semiconductor (SE) hybrid (SSH)
devices have reemerged [1–3] fueled by the hope of finding
anyons in solid state systems and their subsequent application
for fault tolerant quantum computing [4–8]. A large spectrum
of experiments has been reported including Andreev inter-
action with Quantum Hall states [9–11], possible Majorana
fermions in solid state systems [12,13], and topological su-
perconductivity [14,15].

The achievement of epitaxial growth of thin film Al on III-
V SEs [16,17] brought the necessary material improvement
that resulted in the vast body of work on SSH in recent years
[18–34]. The crucial element of the material synthesis is the
in situ deposition, enabling an undisturbed SC-SE combina-
tion [17].

The superconducting properties of the epitaxial Al films
limit the temperature and magnetic field range of Al-based
SSH experiments to Tc of around 1.6 K at film thicknesses
between 5 nm and 10 nm [19,20,25,27,28]. The reported per-
pendicular critical fields Bc2 range from 30mT [21] up to
164 mT [28] at dilution fridge temperatures.

The search for an alternative to Al is the subject of a mul-
titude of recent studies [35–41]. A wide range of elemental
superconductors has been deposited onto nanowires including
Pb [37,42], In [43], Ta [36], V [44], and Sn [38,42]. Pb appears
to be the best alternative so far [37,42] owing to its favourable
lattice match to InAs [45] and relatively high Tc [37]. Nb
is of particular interest [35,36,40] as it has the highest bulk
critical temperature and magnetic field of all the elemental
SCs [46].

Nanowires and two dimensional electron systems (2DES)
based on InAs and InSb with an epitaxial Al layer have
become the established material platform. Exciting research
proposals [47–49] call for building increasingly complex SSH
devices and networks. In this application lithographically pat-
terned 2DES-SC SSH represent a promising approach [50].

The primary advantage of GaAs 2DES is that they reach
far higher mobilities [51] than 2DES based on InAs [32] and
InSb [52]. The drawback of GaAs is the �B = 0.77 eV [53]
Schottky barrier which is expected to suppress the proxim-
ity effect [54]. Nonetheless, induced superconducting gaps
in bulk n-GaAs employing in situ deposited Al have been
measured [55,56]. In this context our recently developed shal-
low GaAs 2DESs [51] are posing an interesting unexplored
potential for SSHs.

2DES based on GaAs in combination with Nb are suited
for vortex mediated interaction between the SC and 2DES. A
type-II superconductor can shape the magnetic field in the SE
underneath via its vortices [57] forming the basis of exciting
experimental proposals [58–60]. Geim et al. [61] investigated
Pb on a GaAs 2DES and concluded that a small vortex is
needed together with a low electron density shallow 2DES.
The small vortex size can be achieved in Nb, and GaAs
based 2DES reach far lower densities [51] than InAs [62] and
InSb [63].

We attempt to extend the range of available material
combinations to include GaAs and Nb, with the possible
applications in shallow inverted 2DES [51] and in vortex
mediated interactions [58]. In this work, we present the first
results from our chamber for DC magnetron sputtering of SC
on our MBE grown III-V SEs without breaking the vacuum.
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In the initial experiment, we compare Nb deposited in situ at
varying power in the UHV dc magnetron sputtering system
and ex situ deposited in a commercial system (AJA Interna-
tional). The samples are of high purity but display significant
differences in surface roughness and crystallite orientation
which can be related to the growth regime.

We compare the superconducting properties of the Nb film,
by investigating the resistive transition as a function of tem-
perature and magnetic field. STEM images of the Nb-GaAs
interface reveal an amorphous interlayer at the interface for
both the in situ and ex situ depositions.

II. MBE AND MAGNETRON SPUTTERING CLUSTER

The layout of the UHV cluster, consisting of two molecular
beam epitaxy (MBE) machines and the SC deposition system,
is presented in Fig. 1(a). The first MBE chamber is optimized
for high mobility 2DES in (Al)GaAs [51,64–67] while the
other covers a wider range of III-V materials based on As and
Sb [52,63,68–71]. The UHV magnetron sputtering chamber
is connected via a UHV tunnel to enable in situ deposition of
SCs on MBE grown SEs as well as preventing contamination
of the MBE systems.

The incorporation of oxygen in superconducting films is
generally believed to have a detrimental effect on the super-
conducting properties such as the critical temperature [72].
Therefore, the system was designed to minimize contami-
nants, specifically the incorporation of oxygen. The UHV
magnetron sputtering chamber is supplied with purified gas
and solely pumped by a cryo pump in order to obtain el-
ementally clean films, see the Supplemental Material for
details [73]. After bakeout, the system achieved the mass
spectra presented at the bottom Fig. 1(b). The black line
represents the pumped state at p < 1 × 10−10 mbar while the
red line at p = 1 × 10−9 mbar was taken 18 hrs after the
deposition of Nb. The pressure is dominated by peaks from
the different ionization states of Ar and its isotopes [36,38]. A
peak associated with water three orders of magnitude smaller
than Argon can be identified after deposition indicated by
the arrow. Continued use of the chamber reduced the water
peak below detection limit and therefore we assume that it
originated from residual water in the gas lines.

The kinetic rather than thermal nature of magnetron
sputtering offers an alternative path to the evaporation for
SC deposition on SEs. The film growth via evaporation is
primarily controlled by substrate temperature and rate [74].
In order to produce connected films of low melting point
elements such as In, Pb, or even Al on SE surfaces, the
substrate has to be typically cooled below room temperature
[17,37,75,76], adding technical complexity. SC with higher
melting points such as Ta and Nb can be grown at higher
substrate temperatures [40]. However, to evaporate these low
vapor pressure metals [77] they have to be heated to high
temperatures causing the chamber to release contamination
from the chamber walls and heat up the substrate surface.
Magnetron sputtering, on the other hand, is a comparatively
cold deposition method [78].

The method appeals additionally with the possibility to
grow nitrides, a simple material exchange, wide variety of
compounds from mixed targets and co-sputtering, as well
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FIG. 1. (a) Layout of the UHV cluster, consisting of two MBE
chambers used for semiconductor growth and the magnetron sput-
tering chamber for superconductor deposition. (b) Mass spectrum
of the superconductor deposition chamber. The red line indicates a
measurement 18 hrs after a Nb deposition while the black line is a
measurement taken after pumping the system for a week. The arrow
indicates the minute water peak that appears after deposition.

as a moderate pressure during deposition which limits out-
gassing [78]. This opens up the possibility to deposit a wide
range of compound materials such as A15 and B1 phase SCs,
as well as more exotic variants like MgB2 [79].

A. Sample preparation

Both the ex situ and in situ Nb films were deposited onto
720 nm of MBE grown n++ GaAs. The ex situ wafer was
removed from the MBE chamber after growth. Before loading
it into the AJA magnetron sputtering system the wafer was
etched in a 1:1 solution of HCl (32%):H2O at room temper-
ature until the surface was hydrophilic to remove the oxide.
The wafer was then transferred in air to the load lock within
5 min. The in situ wafer was moved in our UHV tunnel from
the MBE chamber to the UHV magnetron sputtering chamber
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FIG. 2. (a) Current and (b) Nb deposition rate dependence on
pressure. The voltage is indicated by the color of the dot and the
scale bar. The working conditions for the presented in situ films are
indicated by the larger dots.

under a residual pressure of <5 × 10−9 mbar. Immediately
after the MBE growth run has ended, the structure is cooled
rapidly in an As atmosphere for ca. five minutes, until the
wafer has reached a temperature < 500 ◦C. Then the As sup-
ply is turned off and the wafers cool to room temperature.

B. Nb depositions

In order to investigate the possible operating conditions in
our sputtering system, a characterization of the Nb sputtering
rate for various power and pressure combinations was made.
This exploration served as a starting point to determine which
sputtering conditions could be compared to the commercial
AJA system and could yield films with good superconducting
parameters.

The dependence of the Nb deposition rate on pressure and
set power for our system was investigated using a quartz

crystal balance that can be moved into the wafer position;
results are presented in Fig. 2. The rate increases with pressure
up to 20 µbar at which point the Nb growth is limited by dif-
fusion from the Ar gas. With increasing pressure the voltage
decreases and the current increases, as expected from a denser
and more conductive plasma. The rate is linearly dependent
on the set power at a given pressure.

The deposition in our system with two inch UHV mag-
netrons from Angstrom Sciences is controlled by pressure,
power, and substrate heating. The parameters used in this
study are summarized in Table I. The guns are mounted such
that we can vary the substrate target distance under a fixed
angle of 32◦ and the substrate is not rotated. For this study
we chose to fix the distance at the minimum of 110 mm.
The commercial system employs a four inch target 100 mm
away from the substrate in a planar orientation and a constant
substrate rotation. The pressure was chosen such that the
pressure-distance product is 1 µbar for both setups.

Due to the difference in target size between the systems, it
is not possible to attain the same rate at the same current and
voltage values for both setups. The ex situ system can attain a
low voltage of 214 V at a high rate while the in situ machine
is limited to 404 V before the plasma becomes unstable at
9 µbar.

III. STRUCTURAL AND ELEMENTAL ANALYSIS

A. AFM

Figure 3 shows the surface morphologies of the Nb films
measured by AFM. All samples have randomly distributed
elongated grains, roughly 100 nm long and 20 nm wide. The
elongated grains are not oriented with respect to the substrate
or the source. Since randomly oriented elongated Niobium
grains are also observed on a silicon substrate by Imamura
et al. [81], a direct relationship between this effect and the
GaAs substrate seems unlikely.

The root mean square roughness values obtained from the
AFM data using Gwyddion [82] are listed in the last column
of Table I. The in situ films are distinctively rougher than the
ex situ film with little difference between the in situ films.

B. XRD

XRD measurements were performed with a PANalytical
X’PERT PRO MPD diffractometer in Bragg-Brentano reflec-
tion geometry and Cu Kα1 radiation. The measurements of

TABLE I. Comparison of dc sputtering parameters p-pressure, Tsub-substrate temperature, voltage, J-current density, and rate with the
resulting root mean square roughness Rsq obtained from AFM measurements in Fig. 3. The bottom three lines are comparable films from
literature, see text.

p Tsub Voltage J Rate Rsq

Sample Substrate (µbar) (◦C) (V) (mA cm−2) (Ås−1) (nm)

Ex situ GaAs 10 RT 214 24.2 5.0 0.95
In situ A GaAs 9 RT 404 3.7 0.6 1.84
In situ B GaAs 9 RT 582 10.6 2.7 1.75
In situ C GaAs 9 RT 708 17.4 5.0 2.03
[80] B2 Al2O3 4 850 312 2.5 5.0 0.7
[81] Si 23 RT 270 74 27.3
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FIG. 3. Topography maps of the surface of the in situ deposited
Nb films A, B, and C and the ex situ deposited Nb films. Maps
acquired 2 × 2 µm2 areas are shown in the left panel and from
500×500 nm2 areas in the right panels.

the Nb films are plotted in Fig. 4. The data was acquired
under a two offset of the sample tilt relative to the symmetric
geometry to strongly reduce the signal from the single-crystal
GaAs substrate relative to the polycrystalline film. Unlike sin-
gle crystals, the scattering intensity of polycrystalline material
is much less sensitive to small rotations of the sample. The
signal from the (001) oriented GaAs substrate still appears as
broad background centered at 66.1◦, which is coming from
thermal diffuse scattering. Apart from the substrate signals,
no significant differences are observed between the measure-
ments with and without offset.

Comparison of our XRD data with literature [83,84] shows
that our in situ Nb films are missing the reflections asso-
ciated with the (211) orientation parallel to the substrate
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FIG. 4. XRD measurements using a PANalytical X’PERT PRO
MPD diffractometer in Bragg-Brentano reflection geometry and Cu
Kα1 radiation. Tails of the GaAs 001 reflection appear as broad
background at 66.1◦ while the sharp contributions at this position
are from small slightly misoriented substrate crystallites, likely from
the cut edge. (a) is the ex situ sample while (b) shows traces from the
in situ samples vertically offset for clarity.

surface [83,84]. The ex situ film, on the other hand, only shows
the 110 and 220 reflections indicating that the crystallites,
making up the uniform film, have a preferential orientation
of the (110) planes with respect to the substrate.

The relative peak heights of the 110 family of reflections
and the 200 reflection vary between the in situ samples while
the 310 signal appears unchanged. Depending on deposition
voltage and the orientation distribution either the (110) or
(200) oriented crystallites appears to vary. However, it is not a
direct trend as the largest variation is observed for the in situ B
sample.

C. Elemental analysis

Rutherford Back Scattering (RBS) measurements of the Nb
films were undertaken. The RBS was performed using 2 MeV
Helium ions under a back-scattering angle of 167.5 ◦. The
particle induced x-ray emission (PIXE) from the sample was
measured in parallel. No significant contamination of the Nb
film could be conclusively detected within the capabilities of
RBS and PIXE, see the Supplemental Material for details [73].

D. Discussion

The possible origin of the observed structural variations
between the in situ and ex situ films could be related to
different deposition parameters, namely voltage, substrate
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surface, and/or geometric differences between the two sput-
tering systems.

It appears, that the large kinetic energy difference related
to different powers used for the in situ samples do not make a
significant difference in their structure that could be identified
with the implemented characterization methods. A step up in
deposition voltage between the in situ and ex situ samples
does exist. However, we observed very little structural change
when changing the voltage from 404 V to 708 V for samples
in situ—A, B, and C. Given that both systems work at the
same pressure distance product, this does not point to the
deposition voltage as the root cause for our observed structural
differences.

To aid in understanding our findings and bring our de-
position conditions into context with those from published
literature which have been appended to Table I.

Dobrovolskiy et al. [80] have reached the Stranski-
Krastanov growth regime [78] and produced epitaxial Nb
films at 850 ◦C on Al2O3. The key differences between the
reference film by Doborvolskiy et al. and our material is the
Al2O3 substrate which not only has a favourable lattice match
but also allows for the required high substrate temperature.
The high quality clean limit film listed in Table I has been
grown at the same rate as our ex situ and in situ C samples.
In terms of voltage current conditions the reference film is
comparable to our in situ A sample which suggests that the
authors had a smaller substrate target distance to achieve a ten
fold higher rate at roughly half the pressure. The roughness
increased with elevated growth rate corresponding to a larger
voltage which could either be due to the kinetic energy of
arriving species or adatoms that didn’t have enough time to
reach a kink site.

Imamura et al. [81] report similarly elongated grains on
their Nb films deposited on Si at room temperature. The
distance pressure product employed by Imamura et al. is
close to ours at 1.3 µbar m which could explain the close
resemblance. The authors find that with reducing pressure or
equivalently increasing voltage, the width of the XRD peaks
reduces (therefore crystallite size increases) and the surface
becomes smoother. Specifically, the strain went from tensile to
compressive at 270 V which corresponds to the point at which
crystallite size and roughness did not change anymore. Our in
situ samples deposited at voltages >404 V appeared to follow
this in that roughness and crystallite size did not change.

The random crystallite orientation seen in the XRD in
Fig. 4 on the in situ material suggests that the Nb does not
find a preferential orientation with the substrate. The in situ
material presents the clean GaAs surface reconstruction while
the ex situ material was exposed to air. It is therefore less likely
that the XRD findings are not originating from the Nb-GaAs
interface.

The film growth as we understand it has been discussed in
detail by Monti et al. [85]. Randomly nucleated crystallites
grow in the direction of the facet that incorporates new ma-
terial at the highest rate. Which facets grow is determined by
the surface energy of the specific facet, the adatom mobility on
the surface, the direction, and rate of the arriving Nb. This will
result in the crystallites with favorable orientation to outgrow
and terminate neighboring crystallites until only dendrites of
one orientation remain.
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FIG. 5. The resistive superconducting transition as a function
of temperature and perpendicular magnetic field for the material
deposited ex situ and the films A, B, and C deposited in situ at a
rate of 0.6, 2.7, and 5 Ås−1, respectively.

The fact that the ex situ sample only shows the (110) family
of crystal orientations parallel to the substrate surface could
therefore originate from a fast saturation of the termination
process. The (110) facets thus grow the fastest and terminate
their neighbours faster in the ex situ system than in the in situ
system. The in situ samples on the other hand have not reached
the point at which slower growing crystallites are buried re-
sulting in a rougher surface and more crystallite orientations
appearing in the XRD. The (211) oriented crystallites have
been buried early on in both systems and do not appear at all
in the XRD data.

IV. Nb SUPERCONDUCTING PROPERTIES

The critical temperature Tc and critical magnetic field Bc2

of the Nb films limit the measurement range of SSH devices.
Bc2 is the field applied perpendicular to the film at which
the resistive transition occurs, termed the upper critical field
associated with type-II superconductors [86]. Knowledge of
the resistive superconducting transition can additionally be
used to estimate the coherence length of the Cooper pairs.
When compared to the mean free path of the electrons �,

the coherence length determines whether the superconducting
film is in the clean or dirty limit [87].

In the context of proximity induced superconductivity the
coherence length appears in the pair breaking parameter in-
dicating that a larger coherence length enhances the pair
breaking within the superconductor toward the interface [88].

Van der Pauw structures were made and measured using
standard lock-in techniques to determine the sheet resistance
as a function of temperature and magnetic field R(T, B), see
the Supplemental Material for details [73]. The result of mea-
suring the resistive transitions at a constant temperature, while
sweeping the magnetic field, is given in Fig. 5.

The extracted Bc2(T ) values are significantly higher than
expected for clean limit films which have Bc2(0) values of 1 T
or less [80,89]. It has been reported that dirty limit films have
increased critical fields [80,89] while the critical temperature
is lower. The large critical field of our films indicates that these

076201-5



CLEMENS TODT et al. PHYSICAL REVIEW MATERIALS 7, 076201 (2023)

TABLE II. Superconducting properties of the Nb films. The film
thicknesses are 100 nm from QCM rates with the exception of in
situ B which is 90 nm. The reference film by Dobrovolskiy et al. [80]
is 52 nm thick. The normal state resistivity ρ was measured at 10 K
just above the critical temperature Tc. � is the mean free path de-
termined using ρ in Eq. (2). ξGL (0) is obtained when using the GL
Eq. (4). The critical perpendicular magnetic field at zero temperature
Bc2(0) is estimated from the WHH expression in Eq. (5). The mean
free path � in the last column arrived at from the GL the expression
in Eq. (8).

Tc ρ � Eq. (2) Bc2(0) ξGL (0) � Eq. (8)
Sample (K) (µ�cm) (nm) (T) (nm) (nm)

Ex situ 9.2 47.8 0.8 1.48 15 2.3
In situ A 9.0 32.7 1.1 1.59 14 2.1
In situ B 9.0 43.8 0.8 1.73 14 1.9
In situ C 8.9 71.7 0.5 1.83 13 1.8
[80] B2 9.1 0.45 83 0.7 22

are in the dirty limit with the ex situ sample being closest to
the clean limit. The results shown in Fig. 5 indicate that, even
for room temperature Nb depositions, it is possible to obtain
films with less structural defects by changing the sputtering
parameters, such as power and voltage.

The target film thickness was chosen to be 100 nm such
that the superconducting critical temperature [90] and critical
field [91] of Nb are not expected to significantly change with
variations in thickness [92,93]. The thicknesses are deter-
mined from QCM deposition rates and time with the in situ B
sample being slightly thinner at 90 nm.

A. Mean free path

Estimating � from the Drude formula [94]

ρ� = m∗

e2

vF

n
(1)

requires knowledge of the normal state resistivity ρ, the car-
rier density n, and the effective mass m∗ at a temperature
just above the superconducting transition. Ideally, each of
these parameters is determined from a separate measurement.
However, it is common [80,95,96] for Nb films to estimate �

just from ρ using the expression by Mayadas et al. [97], given
as

ρ� = 3.72 × 10−6 µ�cm2 . (2)

The normal state resistivity of the sample is calculated
from the measured resistance at 10 K and zero applied mag-
netic field using [98]

ρ = πt

ln (2)
R(10 K, 0 T), (3)

where t is the Nb film thickness determined from the QCM
rate and deposition time. The extracted � values do compare
well with published values [80,93,95,99,100] and are listed in
the fourth column of Table II.

B. Ginzburg Landau coherence length

The Ginzburg-Landau (GL) coherence length ξGL(T ),
which denotes the characteristic length scale over which the
order parameter varies, is arrived at via the upper critical field:

Bc2(T ) = φo

2πξ 2
GL(T )

, (4)

where φo = h
2e is the magnetic flux quantum in type-II super-

conductors.
To obtain a value for ξGL(0) the zero temperature critical

field has to be estimated. The resistive transition R(T, B) from
Fig. 5 is not linear down to zero temperature and cannot
be simply extrapolated. Werthamer, Helfand, and Hohenberg
(WHH) [101] arrived at a relevant theory taking into account
no-magnetic impurities, spin paramagnetism, and spin-orbit
scattering at high fields based on initial results by Maki [102].
The relevant result from WHH has been presented by Gure-
vich et al. [103] as

Bc2(0) = 0.69Tc
dBc2

dT

∣∣∣∣
T =Tc

. (5)

Applying this theory produces the values for Bc2(0) and
ξGL(0) presented in Table II. The GL coherence length com-
pares well with previously reported values [80,104,105], and
the expected Bc2(0) are one order of magnitude larger than
what has been achieved with thin Al films [28].

C. Bardeen Cooper Schrieffer coherence length

Although Eq. (2) is an established method, there are
critiques relevant in the context of thin polycrystalline
films [106–108]. It therefore is warranted to sanity check the
consistency of Eq. (2) with the Ginzburg-Landau-Abrikosov-
Gor’kov (GLAG) theory [109]. It connects the findings of
GL and Bardeen-Copper-Schrieffer(BCS) for dirty limit films
giving a relation between ξGL(T ) and ξo [87] near Tc as

ξGL(T ) = 0.85
√

�ξo

(
1 − T

Tc

)− 1
2

, (6)

where ξo is the BCS coherence length at zero temperature.
The BCS theory defines the ξo as the average distance be-

tween the two electrons making up a Cooper pair determined
by the uncertainty principle [109]. It reads

ξo = h̄vF

π
(0)
, (7)

where 
(0) = 1.764kBTc is the zero temperature BCS gap
and vF the Fermi velocity. Mayadas et al. [97] arrive at
vF = 0.62 × 108 cm s−1 in their derivation of Eq. (2). Using
this value we obtain ξo between 93 nm for the ex situ film and
96 nm for the in situ C film.

Combing Eqs. (4) and (6) produces

Bc2(T ) = φo

2π

1

0.7225�ξo

Tc − T

Tc
(8)

which expresses the upper critical field to be a linear function
of temperature near Tc.

Our data in Fig. 5 is indeed linear which allows us to extract
the � from Eq. (8) with ξo given by Eq. (7). The resulting
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mean free paths are listed in the last column of Table II. The
values are close to the results from Eq. (2) listed in Table II
and follow the same trend.

D. Discussion

Despite the observed structural changes, the critical tem-
peratures of our Nb films vary only by a few 100 mK. The Tc

of the epitaxial clean limit film from Dobrovolskiy et al. listed
for comparison in Table I falls within the range of our results.

The resistivities of the in situ samples increase going down
the table correlating with the deposition voltage from Table I.
The upper critical field increases significantly going down the
table for all samples. Higher resistivities indicate structural
degradation which in turn presents more pinning sites for
vortices increasing the critical field [110,111]. A significant
structural change in AFM and XRD data has only been ob-
served between the ex situ and in situ samples but not between
in situ samples. Thus, the electrical measurements appear to
be more sensitive to structural changes than the AFM and
XRD analysis.

Although the ex situ material is smoother and has a pre-
ferred crystallite orientation perpendicular to the surface, it
does not have the lowest resistivity but a lower critical field
and higher critical temperatures. The superconducting prop-
erties, AFM, and XRD data all indicate a more homogeneous
film which should result in a lower resistivity as exemplified
by the reference film by Dobrovolskiy et al. listed in Table II.
An explanation could be that the ex situ film is thinner than
we expect.

The resistivity of the clean limit reference film from Do-
brovolskiy et al. is two orders of magnitude smaller despite
the film being half as thick. The additional effect of surface
scattering to the resistivities of thin films [106,107] does not
appear to be significant down to the 52 nm thickness of the
reference film. The large resitivities in our dirty limit films
therefore do originate in the structural differences.

The mean free path listed in Table II compared to the
extracted coherence lengths confirms that our films are in the
dirty limit. The critical field of the clean limit reference film in
Table II is 0.7 T. Reducing the power and hence, the voltage,
for our in situ depositions brings us closer to the clean limit.
However, at the given pressure distance of 1 µbar m, we are
limited to the results from in situ A as the lowest power that
results in a stable plasma.

V. Nb-GaAs INTERFACE

ADF STEM images presented in Fig. 6 were taken of the
Nb-GaAs interface before and after annealing at 380 ◦C for
40 s. which is the annealing recipe for ohmic AuGeNi contacts
to n++ GaAs [112]. An amorphous interlayer can be seen
for both the in situ B and ex situ samples. The thicknesses
of the amorphous interlayer indicated in the images were
determined by comparing the normalized brightness, see the
Supplemental Material for details [73]. The ex situ amorphous
interface, initially being thicker than in the in situ one, is
unaffected by the heat, while the in situ material shows an
increased thickness after tempering.

as deposited: 0.67nm annealed: 1.53nm

(a)

(b)

as deposited: 1.41nm annealed: 1.28nm

in-situ - B

ex-situ

FIG. 6. ADF STEM of the annealed and as deposited in situ
(a) and ex situ (b) Nb-GaAs interface. See the Supplemental Material
for complete images and discussion of how the interface widths were
determined [73].

The amorphous interface thickness does not increase when
annealed for the ex situ sample while for the in situ it does by
1 nm. The Nb-GaAs interface is expected to be sharp, up to
600 ◦C for ex situ deposited films [113]. However, the quality
of the TEM images presented by Ding et al. [113] appear to
be the limiting factor in the comparison and the interlayer
cannot be resolved. Nb deposition on clean GaAs surfaces
via magnetron sputtering has been reported [114,115] but is
lacking structural investigation of the interface.

The best reference for in situ Nb are evaporated films on
InAs nanowires, which similarly show an amorphous inter-
layer [35,36,40]. The origin of the interlayer is attributed to
the formation of a NbxAsy compound, which would explain
our findings. A cause for the formation of the NbxAsy inter-
face layer might be excess arsenic accumulated on the surface
prior to the deposition of Nb.

VI. CONCLUSION

We have investigated both the structural and superconduct-
ing properties of Nb films in situ deposited on GaAs in a newly
designed magnetron sputtering chamber connected to a UHV
MBE cluster. An exceptionally high purity of the material was
achieved by designing a UHV compatible gas supply system,
as proven by the residual gas analysis of the chamber and
elemental analysis of the resulting Nb films.

The structural analysis via AFM of the Nb films revealed
a marked difference in surface roughness between our in situ
samples and a reference ex situ sample, deposited in a com-
mercial system. Varying the deposition power for the in situ
samples had little effect on the surface. XRD measurements
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further support that difference, with the ex situ sample hav-
ing only the (110) crystallite orientation with respect to the
substrate surface. The in situ samples all showed (110), (200),
and (310) oriented crystallites, despite significant differences
in deposition voltages. This difference in crystallinity is
attributed to the nucleation and growth of individual crystal-
lites in the polycrystalline film.

Measuring the superconducting resistive transition showed
that the films are in the dirty limit with excellent Tc and
Bc2(0) values. The Tc values did not vary significantly despite
a steady increase of Bc2(0) with deposition voltage associated
with structural degradation. The in situ method produces pure
films underpinned by RBS and PIXE measurements.

The Bc2(0) values reflected subtle structural differences
between the in situ films. With increasing deposition voltage
the critical field increased, indicating that an increased power
does have an effect, although we did not resolve a trend in film
structure by AFM or XRD.

All the investigated Nb-GaAs interfaces exhibited an amor-
phous interface layer. Tempering the samples to 380 ◦C
widens the amorphous layer for the in situ B but not the ex situ
sample. It is unclear if the formation of the amorphous alloy
between the materials is purely chemically driven or if it is
related to the sputtering process. Interestingly, its presence in
the in situ deposited samples shows that it is not related to the
formation of the native oxide on the semiconductor. Similar

phenomena were reported in literature, and the findings indi-
cate that it is related to formation of NbxAsy alloy [35,36,40].

The presented results validate in situ magnetron sputtering
as a new path to combine Nb and GaAs. Work is ongoing to
employ a wider range of III-V semiconductors and supercon-
ductors to built a wider material platform for SSH.
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