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Developing new material platforms for use in superconductor-semiconductor hybrid structures is desirable due to limi-
tations caused by intrinsic microwave losses present in commonly used III/V material systems. With the recent reports
that tantalum provides drastic improvements when implemented in superconducting circuit elements over traditional
Nb and Al films, exploring Ta as an alternative superconductor in hybrid material systems seems necessary. Here, we
present our study on the growth of Ta on semiconducting Ge (001) substrates grown via molecular beam epitaxy. We
show that the Ta diffuses into the Ge matrix in a self-limiting nature resulting in extremely smooth and abrupt surfaces
and interfaces that are ideal for future cQED device fabrication. The films have a nominal composition of TaGe, and
form a native oxide of nominal composition TayGe,Os5 that also forms a sharp interface with the underlying film. These

films are superconducting with a 7¢ ~ 1.8 — 2K and Hé ~ 1.88T, Hg ~5.1T.

Superconductor-semiconductor (S-Sm) hybrid material
platforms have been of interest in the last few decades for
studying mesoscopic superconductor physics’, the search for
topological superconductivity“>, and most recently for the de-
velopment of new voltage-tunable qubits, couplers, and other
superconducting circuit elements®®. However, due to the
complexity of the material requirements (e.g. interface rough-
ness, band alignment, etc.), growth of these structures is not
straightforward. Furthermore, in terms of the latter applica-
tion in superconducting circuitry for circuit quantum electro-
dynamics (cQED) applications, high intrinsic losses in the
community standard Al-InAs system® have motivated mate-
rial exploration studies to search for materials better suited
towards these cQED applications. On the other hand, recent
advancements in the Si-Ge alloy system present these materi-
als to be highly promising for low-microwave loss materials’®
for quantum information applications.

In terms of superconducting materials, implementation of
tantalum metal is also extremely interesting for cQED de-
vices due to the fact that it forms a well-behaved native oxide
for superconducting microwave applications®'H. Addition-
ally, recent studies showed that this behavior of Ta also propa-
gates to high-performance cQED devices'>3. In this context,
major increases in qubit coherence times are caused by low
intrinsic two-level system (TLS) losses within the Ta metal
native oxide, TaOs;. However, implementation of this ma-
terial into S-Sm hybrid materials requires significant effort in
terms of understanding the film growth parameters to promote
smooth interfaces/surfaces. Thus, further study of Ta and Ta-
alloys is of interest for investigation of new superconductor-
semiconductor (S-Sm) hybrid material systems.

Here, we report the first diffusion-limited growth
(diffusion-growth) of tantalum germanide films via molecu-
lar beam epitaxy (MBE). We evaluate our grown films via
a suite of structural and electronic materials characterization
and present the chemical composition, structure, and super-
conductivity behavior of this material. We present a unique
growth method that forms uniform, wafer-scale thin films of
homogeneous chemical composition and thickness that make

this material system highly promising for future application in
superconducting cQED devices.

The tantalum germanide films are grown on 50.8mm
Ge(001) substrates in a custom solid-source molecular beam
epitaxy system (Mod Gen II) equipped with three electron
beam sources and hydrogen cleaning capabilities. The inter-
nal manifold around the sources is water-cooled and no LN,
cryo-paneling is used during this deposition. The substrates
are first etched ex-situ in deionized water at 90°C for 15 min-
utes and then immediately loaded into vacuum on indium-free
blocks. The substrates are initially outgased in the growth re-
actor at 200°C for 15 minutes, before slowly increasing tem-
perature to 550°C to anneal for 10 minutes. Ta deposition was
done using a water-cooled vertical EBVV e-beam source from
MBE Komponenten at an emission current of 180mA in a 6kV
acceleration field. The films are grown at 400°C, immediately
following the Ge oxide removal. Due to passive heating from
the Ta source, deposition was conducted in three cycles of 10
minutes each, allowing the chamber to cool for 15 minutes be-
tween deposition cycles to prevent significant outgasing from
the chamber walls.

Figure [l| presents x-ray diffraction data taken using a
Bruker D8 Discovery lab source diffractometer with a da
Vinci configuration and a conditioned Cu Ko source. A col-
limator and 1mm slit are used to reduce the effects of substrate
bowing in select measurements. All scans are measured in a
double crystal configuration. An out-of-plane 6 — 20 scan is
presented in Fig. [Th in which the only reflection visible is
the substrate Ge (004) reflection at 66deg. X-ray reflectivity
(XRR) measurements are taken after removing the collima-
tor and reducing the slits to 0.2mm. The XRR results are
presented in Figure [Ib, showing extremely sharp interfaces
for the amorphous film. The fit is initialized assuming a two-
layer model for the film structure with the primary layer being
a film of tantalum germanide and the secondary layer being
a thin native oxide layer. Since the density is unknown due
to the amorphous nature, we allow the scattering length den-
sity (SLD) to vary in the fitting procedure as well. The re-
sults of the fit are shown below in table [l The feature that is



not captured by our fitting model we speculate is related to
the dot-like features observed in the atomic force microscopy
(AFM) image seen in Figure [Ic. These features are well dis-
persed across the sample surface and are all nominally a uni-
form thickness and may be the cause of this spurious peak that
is not captured by our two-layer model. The roughness values
for the fits are initialized at 7 A the roughness we measured in
AFM, but then is allowed to vary for both layers individually.

Laver SLD |thickness | Roughness
Y a0y | @ )
Tanalum |93 07 | 1951 | 36
Germanide
Native
Oxide 64.95 24.4 9.3

TABLE 1. X-ray reflectivity fitting results.

From the fits we extract scattering length densities (SLD)
for total internal reflection x-ray scattering in the XRR mea-
surements. Using Eqn. [T|below we then calculate the product
of p fi/M,, relating the SLD from the fit back to the material
density and scattering factor.

Re(sLD) = P 1 (1)

a

Where p is the material density, N, is Avogadro’s constant,
r. is the classical electron radius ~ 2.818 x 10~15 m, M, is
the molar mass, and f] is the real part of the atomic scattering
factor of the compound. We calculate values of 5.54cm > and
3.83cm ™3 for the tantalum germanide and native oxide layers,
respectively.

Crystallinity and composition of the tantalum germanide
film is examined with scanning transmission electron mi-
croscopy (STEM) in a JEOL ARM200F, equipped with a
spherical aberration corrector for probe mode, and operated
at 200 keV. The samples were prepared with cross-sectional
tripod polishing to 20 pm thickness, followed by shallow an-
gle Ar+ ion milling with low beam energies([1]3 keV), and
LN2 stage cooling in a PIPS II ion mill. Exemplary transmis-
sion electron microscopy images are shown in Figure[2] where
we observe sharp interfaces and well-defined film and oxide
regions of thicknesses ~18.7nm and 2.2nm, respectively, in
good agreement with our XRR fitting. To calculate the ma-
terial density, rough estimations of film composition are ob-
tained from energy dispersive x-ray spectroscopy (EDS) as
shown in Figure Zb. From EDS we estimate the tantalum ger-
manide phase to be ~ 36 : 74 Ta:Ge ratio and the native oxide
to have a composition of ~ 56 : 22 : 22 O:Ta:Ge. From these
compositions we see that the film and native oxide layers have
approximate chemical formulations of TaGe; and Tay; Ge; Oy,
respectively. Interestingly, this implies that the oxide is made
up of a mixture of one part Ta,Os and two parts GeO».

Assuming random distribution of elemental species in the
two distinct layers, we then calculate average material densi-
ties to be 13.97g/cm? and 9.47g/cm? for the TaGe, and oxide
layers, respectively. We attribute the larger density than re-
ported literature values for TaGe, (11.43g/cm*) to a Ta-rich

phase, likely due to small regions of non-reacted Ta metal.
Interestingly, the calculated density of the oxide layer is sig-
nificantly larger than reports of TayO5 and GeO,, which are
8.31g/ em9 and 6.27 g/ enl, respectively. However, there
are reports of high pressure phases of the tantalum pentaox-
ide in which the densities are drastically increased'® up to
10.75g/cm?®. Therefore, we speculate the nature of this ox-
ide layer to be the result of residual internal strains inducing
the formation of small regions of high density polymorphs of
the TayOs and GeO; native oxide phases.

Magnetotransport measurements of this material are done
in an Oxford Triton dry dilution refridgerator with a base
temperature of 15mK and a single direction magnet with a
maximum field of 14T. Samples are cleaved down to roughly
5x5mm chips. Contacts on the chip are made by annealing In-
Sn eutectic into the four corners in a Van der Pauw geometry
which are then contacted to the sample board via gold wires.
The results of these measurements are presented in Figure [3]
We see a sharp transition to a zero resistance state at roughly
2K upon cooldown, as shown in Figure [3p. To investigate the
field dependance, we sweep out-of-plane and in-plane mag-
netic field as shown in Figs. [3p and c, respectively. The
resistance surface presented in Fig. [Bp shows a very sharp
transition from the superconducting phase to the normal state,
suggestive of type 1 superconductivity. This is observed in
the tight spread of 0.9R,, 0.5R,,, and 0.1R,, contours overlaid
on the color map. For out-of-plane field configuration we ob-
serve a critical applied field of Hc ~ 1.88T. The critical field
fitting gives us a critical temperature of roughly 1.8K. With
an in-plane field configuration we measure a critical applied
field of He ~ 5.1T that also exhibits a sharp superconducting
transition up to 1K. We present this data in Fig. |3¢ in which
we overlay the 0.9R,, 0.5R,, and 0.1R,, contours. The vari-
ation in sheet resistance between Fig. [3p and Figs. 3h and ¢
are a result of oxidation in the film over the course of roughly
six months causing a slight increase in film resistance. The
measurements were otherwise conducted on the exact same
sample.

In conclusion, we presented here the growth, structure,
and transport characteristics of diffusion-grown tantalum ger-
manide thin films grown via MBE. The tantalum germanide
films are formed by a rate-limited diffusion process in which
the e-beam evaporated Ta diffuses into the surface such that a
nominal composition of 1 : 2 of Ta : Ge is maintained within
the film region. These films form a small native oxide layer
with sharp interfaces that has a composition that suggests the
formation of both Ta;Os and GeO», also in a ratio of 1 : 2.
Transport shows a reasonable critical temperature of ~1.8-
2K, but more we find a critical out-of-plane and in-plane crit-
ical field of Hé ~ 1.88T and Hg ~ 5.1T, respectively. With
such a high critical field and the ease of semiconductor in-

tegration, this new superconducting material is interesting to
study cQED devices.
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FIG. 1. X-ray diffraction characterization of tantalum germanide film. (a) Out-of-plane 0-26 scan. The only distinct reflection is from the Ge
substrate. (b) X-ray reflectivity measurement of the tantalum germanide film. The fit is done using REFLEX™ standalone reflectivity fitting
software, assuming two layers of composition TaGe; and Ta;Ge;Og. (¢) 10ux10p AFM image of tantalum germanide surface. RMS value of
7 A was used as the initial roughness for the XRR fitting.
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FIG. 2. TEM imaging of tantalum germanide film. (a) Zoomed-out
image of tantalum germanide lamella that shows sharp interfaces at
the oxide-film and film-substrate interfaces. (b) EDS measurement
of the film and native oxide regions. The line traces on the right are
an average across the entire window presented in the left side.
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FIG. 3. Magnetotransport data of tantalum germanide film. (a) Cooldown trace of sheet resistance, Rg. We see a zero-resistance transition

near 2K. (b) Rg map as a function of applied out-of-plane field and temperature. Lines are fits to the 0.9, 0.5, and 0.1R,, values. (¢) Rg map
for in-plane magnetic field configuration.
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