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ABSTRACT

Thin films of vanadium silicide (V-silicide) in the A15 cubic phase (V3Si) are promising for superconducting quantum devices due to their
high transition temperature and potential compatibility with scalable semiconductor fabrication. However, solid-phase synthesis often yields
secondary silicide phases that degrade performance. Here, we investigate the influence of substrate properties using two silicon-on-insulator
architectures: one with a polycrystalline HfO, buried layer (group A) and the other with amorphous SiO, (group B). Both systems exhibit
superconductivity consistent with V3Si formation, yet structural analysis reveals mixed-phase films in both cases. Crucially, only group A
maintains an atomically sharp and chemically stable interface, a prerequisite for phase purity. Prolonged annealing in group A reduces the
unwanted VsSi; phase but also leads to the emergence of Si-rich VSi,, likely due to localized substrate degradation. Preliminary atomic-
resolution imaging suggests that HfO, crystallinity may promote local phase-selective nucleation. These findings highlight the importance of
substrate design in promoting phase control and maintaining interfacial integrity in superconducting silicides.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0291576

A promising approach to scalable quantum technology involves
developing superconducting materials compatible with standard semi-
conductor fabrication. Transition metal silicide thin films, long used in
silicon (Si) electronics for low-resistance contacts,'  offer significant
potential due to their superconducting phases,” * and compatibility
with Si chip manufacturing (i.e, CMOS processes). Among these,
vanadium silicide (V-silicide) in the A15 cubic phase (V5Si) is particu-
larly compelling. Its relatively high superconducting transition temper-
ature (T.), exceeding 10 K" makes it a strong candidate for
quantum devices that can operate at temperatures above the conven-
tional millikelvin (mK) regime.

Despite this promise, synthesis of phase-pure V;Si remains a
significant material challenge. The solid-phase reaction between
vanadium (V) and Si, while compatible with semiconductor
manufacturing, typically yields multi-phase films. Additional second-
ary silicide phases such as VSi, and VSis often form more readily'* '
due to their lower formation energies, thereby reducing the phase
purity and limiting superconducting performance. Although various
strategies have been explored to suppress these secondary
phases,'”'>'” precise control over phase selectivity remains elusive.

Substrate properties, including chemical reactivity, structural
integrity, and crystallinity, represent a largely underexplored dimen-
sion in controlling V-silicide phase formation. SiO,, the most com-
monly used substrate,'”'*'*"' is known to chemically react with V
during annealing,'>'”"” providing oxygen (O) and excess Si. By sup-
plying additional Si, this interfacial decomposition is expected to alter
local stoichiometry.'”'”'? The release of O has also been reported to
disrupt the formation of the V;Si phase.'® Therefore, substrates that do
not supply Si or O may offer a more promising route to achieving
phase-pure V;Si. Nonetheless, the influence of alternative substrate
materials has received comparatively limited attention in the context
of V-silicide solid-phase synthesis.

In a pioneering study, Psaras et al. examined V-silicide solid-
phase synthesis on two substrates: crystalline Al,O; (sapphire) and
amorphous SiO,. They found that annealing V on sapphire led to a
near-complete transformation from VsSi; to VsSi after prolonged
annealing, an effect that was not observed on Si0,."” However, these
conclusions were based solely on bulk compositional characterization
and lacked both superconducting measurements and atomic-
resolution imaging, leaving the atomistic mechanism unresolved.
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These findings suggest that chemically inert interfaces facilitate the
transformation of existing secondary phases into V;Si by reducing the
likelihood of additional secondary phase formation. Another open
question is whether crystalline substrates serve as templates in phase-
selective growth. Notably, Psaras et al. also reported structural degra-
dation of the sapphire substrate after extended annealing, highlighting
the challenge of identifying substrates that can simultaneously enable
phase purity and maintain structural integrity.

Motivated by these observations, we hypothesize that achieving
phase-pure V;Si requires substrates that are both chemically inert (i.e.,
not contributing O or excess Si to the reaction) and structurally stable
under high-temperature annealing. We further posit that substrate
crystallinity may promote selective phase nucleation by templating the
growth of specific silicide structures. To test this, we designed a model
system based on silicon-on-insulator (SOI) architecture incorporating
a buried HfO, layer. HfO, was selected for its chemical inertness, ther-
mal stability, and ability to form a polycrystalline structure at CMOS-
compatible temperatures. We compared these engineered substrates
(group A) to conventional SOI with SiO, buried oxide (group B) under
identical synthesis conditions. Both groups exhibited superconducting
transitions consistent with V3Si formation, but structural characteriza-
tion revealed multiphase V-silicide formation in both cases. Crucially,
only the HfO,-based samples maintained an atomically sharp interface
under moderate annealing conditions and exhibited signs of templated
phase growth. These findings highlight the critical role of substrate
design in controlling phase evolution and maintaining interfacial
integrity in V-silicide superconductors.

We assessed the influence of substrate properties on solid-phase
V-silicide synthesis and interfacial stability by comparing two SOI-
based designs: one with a buried polycrystalline HfO, layer (group A)
and the other with amorphous SiO, (group B). Figure 1 illustrates the
solid-phase synthesis procedure for V-silicide films, adapted from
Zhang et al.'' The process began with depositing a ~90 nm V layer
onto an SOI substrate [Fig. 1(a)], followed by vacuum annealing at
mid-10"°Torr [Fig. 1(b)]. The V layer thickness significantly exceeds
that of the top Si layer, intending to drive the reaction toward metal-
rich silicide phases. Post annealing, the resulting structure [Fig. 1(c)]
consists of a polycrystalline V-silicide film (highlighted in yellow), cov-
ered by a residual V layer partially oxidized to VO,. Full synthesis
details are provided in supplementary material Note S1.

Group A employed custom-engineered SOI wafers incorporating a
buried HfO, layer beneath the top Si [Fig. 1(d)]. The buried stack con-
sisted of SiO,/HfO,/SiO, (2/6/6 nm), with the top 2 nm SiO, buffer layer
included to suppress Hf-silicide formation during substrate fabrication
(see supplementary material Note S2). HfO, crystallizes readily in a poly-
crystalline monoclinic phase under CMOS-compatible conditions,” pro-
viding a structurally ordered, chemically inert interface for silicide growth.

Group B used commercial SOI substrates with a 15nm top Si
layer and a 145nm SiO, buried oxide. The thicker oxide in group B
was intentionally selected to sustain substantial interfacial reaction
between SiO, and V, allowing focused investigation of how SiO, insta-
bility influences the V-silicide film formation. Notably, we observed
oxide consumption exceeding 10nm even under moderate synthesis
conditions (supplementary material Note S3, Fig. SI). Both groups
were processed under identical synthesis conditions, enabling a con-
trolled comparison of how substrate reactivity and crystallinity influ-
ence V-silicide phase formation and interface integrity.

ARTICLE pubs.aip.org/aip/apl
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FIG. 1. V-silicide synthesis. The solid-phase reaction involves two main steps: (a)
deposition of V onto the SOI substrate, and (b) annealing in high vacuum. The
schematic in (c) illustrates the final structure, consisting of V-silicide capped with
residual V/VO,. (d) Cross-sectional TEM image of the engineered SOI substrate
with a multilayer insulator, comprising SiO,/HfO,/SiO,. Scale bar 10 is nm.

We first examined how the annealing temperature (T,y,) influen-
ces the formation of the V;Si phase. Samples were annealed from 600
to 900°C for 15min. Since the presence of non-superconducting
phases reduces the superconducting volume fraction, we used T as a
proxy for V;Si content, with higher T. values suggesting its greater
phase purity. Resistance was measured using the standard lock-in
method in a closed-cycle cryostat (base temperature of 1.5K), with
current bias kept below 1 yA to avoid Joule heating (see supplementary
material Note S4 for details). We define normalized resistance (Ryorm)
as the resistance at a given temperature divided by its value at 20K,
and extract midpoint T, (T mia) at Ryorm = 0.5.

Figure 2(a) shows representative Rpom traces for the highest-
performing samples from each group. The maximum T4 values
reached 13.2K for group A and 13.8 K for group B. These comparable
values indicate that both substrate types can support V3Si formation
under these synthesis conditions, though they may differ in structural
quality and stability, as examined later.

Figure 2(b) shows the evolution of T ;¢ with annealing tempera-
tures. Films annealed at 600 °C exhibited no superconductivity down
to the cryostat base temperature of 1.5K, indicating the absence of
VSi formation. Superconductivity transitions appeared at 650 °C, con-
sistent with the reported onset of V3Si phase formation in this sys-
tem."' In group B (SiO,), T¢mia increased steadily with T,,, and
peaked at 800 °C before declining slightly at 900 °C. In contrast, group
A (HfO,) achieved its highest T, q of 13.2K at a lower annealing
temperature of 700 °C. We observed a slight drop in T, ;g to 12.2K at
800°C, followed by an increase at 900°C. This degradation in T
appears to coincide with signs of structural damage to the buried HfO,
layer (supplementary material Note S5, Fig. S5). We surmise that such
damage might initially increase the volume fraction of secondary
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FIG. 2. Evidence of A15 V3Si phase formation. (a) Four-point resistance vs temper-
ature traces for representative samples from groups A and B, showing Tgmig
(marked by circles) of 13.2 and 13.8K, respectively. (b) Dependence of T, on
annealing temperature. (c) Corresponding powder XRD patterns for groups A and B
samples prepared under similar synthesis conditions to those in panel (a), confirm-
ing the presence of the A15 V3Si phase along with additional secondary phases in
both groups.

phases and then partially convert into the desired V;Si phase when
annealing at 900 °C. Full understanding of this observation will require
future investigation into the structural evolution of the V-silicide films
synthesized under these conditions.

Assuming full conversion of Si to stoichiometric VSi, the result-
ing film thickness is expected to be approximately 2.1 times the origi-
nal Si layer,"' yielding ~15nm for group A and ~30 nm for group B.
These thicknesses exceed the superconducting coherence length of
V,Si (4-7nm),''” suggesting the potential for bulk-like supercon-
ducting behavior. However, the measured T, values remain below the
previously reported bulk value of 17.1 K,”'” consistent with the pres-
ence of unwanted V-silicide phases that can degrade superconductiv-
ity. To investigate the origin of this deviation, we performed structural
analysis of the films, focusing on (1) phase composition, (2) interfacial
stability, and (3) the potential influence of HfO, crystallinity on silicide
texture.

Figure 2(c) shows x-ray diffraction (XRD) spectra for samples
from groups A and B, annealed under similar conditions to their coun-
terparts in Fig. 2(a). Both spectra exhibit clear peaks attributable to
V3Si, confirming its formation in both systems. Additional diffraction
peaks correspond to secondary V-silicide phases, including VSis and
VsSis, based on reference patterns. However, significant peak overlap,
common in multiphase silicide systems, may obscure contributions

ARTICLE pubs.aip.org/aip/apl

from certain crystalline orientations. As such, the phase composition
inferred from XRD should be interpreted with caution, and direct
comparisons of phase purity between the two samples may not be fully
conclusive based on XRD alone.

Having established the presence of V;Si through electronic trans-
port and XRD, we next used transmission electron microscopy (TEM)
to examine the structural and interfacial properties of the films. Figure
3(a) shows a representative cross section from a group B sample (bur-
ied Si0,), annealed at 730 °C. TEM imaging reveals pronounced inter-
facial intermixing between the V-silicide layer and the SiO, substrate,
marked by localized disruptions in grain structure (see supplementary
material Note S3 for additional details, Fig. S2). In these regions, sec-
ondary grains are observed beneath the primary columnar grains, indi-
cating a sequential growth mechanism, where the initial silicide
formation is followed by additional V-Si reaction driven by Si and O
released from decomposing SiO,. This interfacial instability is consis-
tent with prior reports on the chemical reactivity of $i0,.' "> !

In contrast, TEM imaging of group A samples prepared at 700 °C
reveals structurally distinct behavior. As shown in Fig. 3(b), V-silicide
grains grow in a columnar fashion with no visible interfacial roughness
or secondary grain formation. Scanning transmission electron micros-
copy with energy-dispersive x-ray spectroscopy [STEM-EDS, Fig. 3(c)]
confirms a chemically abrupt interface between the V-silicide layer
and HfO,, with no evidence of interdiffusion. This is further supported
by uniform Si signal intensity in EDS across the film (supplementary
material Figs. $3 and S4). In stark contrast, the group B samples exhibit
Si-rich regions within the silicide layer near the interface with the bur-
ied SiO, layer, likely due to additional Si supplied during the SiO,
decomposition (see supplementary material Fig. S2).

To assess phase composition, we analyzed the V:Si ratio using
EDS (supplementary material Figs. S2 and S3). The results suggest
near-stoichiometric values consistent with V3Si in both groups. While
previous studies have used EDS to support the presence of V;Si, we
caution against over-interpretation of these results. The silicide grains
are nanoscale and span multiple phases, as we demonstrate next. Since
EDS analysis averages signals over multiple grains, the resulting ele-
mental ratios may not reliably determine phase purity or identify spe-
cific phases. Nonetheless, EDS can provide useful insight into
interfacial sharpness and overall elemental uniformity, particularly in
comparing substrate reactivity of SiO, and HfO, (see supplementary
material Notes S3 and S5).

Compositional characterization by Psaras et al,'” indicated near-
complete transformation from VsSi; to VsSi on sapphire substrates
after prolonged annealing (up to 240 min). We observed a similar
trend in group A samples subjected to prolonged annealing at 800 °C.
Comparison of XRD spectra for 60- and 240-min anneals [Fig. 3(d)]
reveals a slight increase in V;Si peak intensity accompanied by a
marked reduction in V;Si; peak intensity. The apparent correlated
improvement in T, supports this structural evolution and suggests that
the prolonged annealing reduces the volume fraction of the non-
superconducting VsSi; phase. Nevertheless, T, still remained well
below the value expected for bulk VSi (17.1K).”"

Although the precise mechanism remains unclear, we attribute
this limitation to interfacial degradation in group A substrates [Figs.
3(e) and 3(f)], which likely facilitates additional Si incorporation from
the substrate at damaged sites. This interpretation is supported by the
presence of the VSi, phase in these samples, as identified by XRD. The
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FIG. 3. Effect of buried oxide on interfacial stability. (a) Bright-field cross-sectional TEM image of V-silicide formed on group B substrates (SiO, insulator), showing significant
interfacial intermixing and disrupted grain ordering along the film thickness. (b) TEM image for a group A sample annealed at 700 °C, revealing a sharp interface and columnar
V-silicide grains. (c) EDS elemental maps of the sample in (b), confirming the chemical stability and interfacial integrity of the V-silicide/HfO, interface. (d) XRD patterns of two
samples from group A, showing marked reduction in VsSi; phase after prolonged annealing. This trend appears to coincide with the increase in T.. (e) Cross section STEM
image and (f) corresponding EDS elemental map of V for a group A sample annealed at 800 °C, revealing damage to the buried HfO, layer. Scale bars in (a) and (b) are

20nm, (c) is 10nm, and (e) and (f) are 60 nm.

resulting local change toward a Si-rich stoichiometry may counteract
the benefits of improved phase purity elsewhere in the film. The
observed substrate damage is reminiscent of the sapphire degradation
reported by Psaras et al,”” highlighting the challenge of substrate
material design that can preserve the interfacial integrity under pro-
longed annealing conditions.

For grain-specific analysis of phase diversity and crystalline struc-
ture, atomic-resolution STEM is essential. Given the limitations of
techniques like XRD and EDS in resolving individual phases of nano-
scale grains, we examined single grains using zone-axis imaging and
image simulations. These data allow us to directly identify specific sili-
cide phases and orientations, offering deeper insight into microstruc-
tural heterogeneity and potential substrate effects.

We employed high-angle annular dark-field-STEM (HAADEF-
STEM) to identify the phase of individual V-silicide grains. Its sensitiv-
ity to atomic number (Z)**” provides strong contrast for the HfO,
layer and resolves the V-silicide structure primarily through the
heavier V atoms (Z=23) compared to Si (Z=14). Figures 4(a) and
4(e) show representative grains of V;Si and VsSi; along the [001] and
[101] zone axes, respectively. Inverse fast Fourier transform (iFFT)
images, reconstructed from selected diffraction spots, are shown as
insets to enhance lattice visualization. Simulated HAADF-STEM

images [Figs. 4(b) and 4(f)] confirm that the identified phases and ori-
entations match the experimental observations. This analysis high-
lights the mixed-phase nature of the films at the grain level, revealing a
level of structural complexity not accessible through conventional
measurements.

To further assess substrate/film interactions in group A, we exam-
ined the interface between V-silicide and HfO, at atomic resolution.
Figures 4(c) and 4(g) present false-colored inverse FFT images
extracted from the marked regions in Figs. 4(a) and 4(e), respectively.
In both cases, the V;Si and V5Si; grains terminate sharply at the HfO,
boundary, with no discernible interfacial mixing or intermediate
phase. These results suggest that HfO, can support direct nucleation of
multiple silicide phases while preserving structural and chemical
integrity.

Let us now consider the potential role of crystalline HfO, in
influencing the orientation and phase selection of V-silicide grains.
Figures 4(d) and 4(h) show atomic models (generated using VESTA™)
corresponding to the experimental images in Figures 4(c) and 4(g),
employing a monoclinic HfO, phase. The extent of atomic alignment
between the V;Si; and the underlying HfO, in Fig. 4(g) is striking, rais-
ing the possibility that the substrate may play a role in templating the
overlying film.
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FIG. 4. Phase identification of individual V-silicide grain in group A samples. (a) and (e) Experimental HAADF-STEM images and (b) and (f) corresponding simulated HAADF-
STEM images of the identified V3Si and V5Si phases along the along the [001] and [101] zone axes, respectively. The scale bars are 2 nm. Insets outlined with solid squares
in (a) and (e) show the iFFTs. Insets in (b) and (f) display the corresponding atomic models, with yellow and navy spheres representing V and Si atoms, respectively. (c) and
(g) iIFFTs extracted from the dotted squares in (a) and (e), showing atomically sharp interface between V-silicide and HfO,. (d) and (h) Proposed atomic models of the interfaces

shown in (c) and (g). Gold and red spheres indicate Hf and O, respectively.

In contrast, the structural relationship between HfO, and V;Si in
Fig. 4(c) remains inconclusive. To further explore this possibility, we
identified and imaged additional V;Si grains oriented along the [100]
direction (Fig. 5). A comparison of two such grains reveals that their
underlying HfO, exhibits similar in-plane d-spacings (0.17 and
0.18nm) and comparable lattice angles relative to the bright atomic
columns in the HAADF-STEM images (76° and 80°, respectively).
These similarities, despite uncertainties from image distortions or pro-
jection effects, suggest that specific orientations of monoclinic HfO,
may provide favorable interfacial conditions for the heterogeneous
nucleation of V;Si. Although the exact crystallographic identity of
these HfO, grains could not be determined from the available data,
these results point to a potentially important role of substrate crystal-
linity in guiding local structure during silicide formation. Further
investigation is needed to reveal the relationship between monoclinic
HfO, grain orientation and V-silicide phase selection.

We also examined individual V-silicide grains in Group B samples
using atomic-resolution STEM (supplementary material Note S6, Figs.
S6-59). These analyses confirm the presence of multiple phases in group
B samples, including V;Si, VsSis, and VSis. As expected, grains on SiO,
substrates, due to their amorphous nature, show no orientational prefer-
ence and exhibit frequent interfacial disruption, likely a consequence of
interfacial reactions between SiO, and V during synthesis.

In conclusion, the findings of our study highlight key structural
differences between V-silicide films synthesized on polycrystalline

V,Si [100]

HfO,

FIG. 5. Crystalline HfO, as a potential growth template for V3Si formation. (a) and
(b) Overview HAADF-STEM images with markers indicating the regions where the
high-resolution images in (c) and (d) were acquired. Insets in (c) and (d) are iFFT
results to enhance image clarity. The lattice-resolved images provide preliminary
evidence that the underlying crystalline HfO, may influence the orientation and
phase selection of V3Si grains during nucleation. Scale bars in (a) and (b) are
20nm and in (c) and (d) are 2nm.

d=0.18 nm
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HfO, and amorphous SiO, substrates. The chemical stability of HfO,
suppresses interfacial reactions with V during synthesis, maintaining
atomically sharp substrate—film interfaces, in contrast to the degraded,
Si-rich interfaces seen with SiO,. Prolonged annealing in group A
appears to enhance phase purity by reducing the amount of secondary
VsSi; phase. However, the emergence of the Si-rich VSi, phase, likely
driven by local substrate degradation, partially counteracts this benefit.
Finally, the polycrystalline structure of monoclinic HfO, appears to
influence local grain alignment and support direct nucleation of spe-
cific V-silicide phases.

These results highlight the broader potential of chemically inert,
thermally stable, and structurally ordered oxides for phase-selective
synthesis of thin-film superconducting silicides. Future work combin-
ing grain-resolved orientation mapping and systematic substrate
design will be essential to establish how substrate structure influences
phase selection. Such insights may offer improved control over silicide
interfaces and phase purity, advancing their integration into supercon-
ducting quantum device architectures.

See the supplementary material for details on group A substrate
fabrication, the solid-phase synthesis process, and additional materials
characterization data for the V-silicide films.
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