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Abstract

High-quality crystalline growth of a thin film on sapphire requires sufficient substrate preparation,
often achieved via aggressive chemical cleaning. Direct thermal reconstruction of the sapphire sub-
strate via a CO, laser beam may provide an alternative method to prepare the substrate for epitaxy
without the use of any chemical processing. In this work, we demonstrate that the thermal anneal-
ing of sapphire into its (v/31 x v/31) R+ 9° reconstruction is a valid alternative preparation tech-
nique for sapphire substrates. TiN films grown via plasma-assisted molecular beam epitaxy upon
these substrates exhibit greater crystallinity than those grown on chemically-cleaned sapphire sub-
strates. Superconducting resonators fabricated from these films exhibit similar performance, with
many possessing internal quality factors at single photon levels greater than 10° for both substrate
preparation methods.

1. Introduction

While Nb-based technologies have a long history in superconducting electronics [1], Al/AlO, has become
a widely adopted material system for superconducting quantum circuits [2, 3]. Alongside these estab-
lished platforms, alternative superconducting materials have been investigated for decades with the aim
of improving device performance and expanding fabrication capabilities [4—6]. Superconducting transi-
tion metal nitrides (TMNs) have attracted significant attention because of their desirable properties, such
as a large superconducting gap, high critical temperature, T, and resistance to oxidation and chemical
etching [7, 8].

Titanium Nitride (TiN) is a metallic compound that is readily used within the semiconductor indus-
try due to its desirable properties, such as: high electrical conductivity, compatibility with existing
CMOS technology and chemical stability [9, 10]. Despite its lower T, and superconducting gap size, TiN
offers a comparatively simple phase-stability landscape for high-temperature epitaxial growth, compared
to other popular superconducting TMNS, like the Nb-N system [11, 12]. In recent years, TiN has been
shown to be a promising material for passive superconducting components, with the internal quality fac-
tors (Q;) of prior superconducting co-planar waveguide (CPW) resonators, exceeding 10° at single pho-
ton levels for films grown on silicon and sapphire substrates [13—16]. Commonly reported methods for
the chemical cleaning of sapphire substrates include organic solvent cleaning, typically using acetone and

© 2026 The Author(s). Published by IOP Publishing Ltd
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isopropanol, as well as more aggressive treatments using Piranha solution or hydrofluoric acid (HF) to
remove surface contaminants and obtain a clean substrate surface [17].

An alternative substrate preparation method is presented through the thermal reconstruction of the
surface of the substrate [18]. In the case of sapphire substrates, in-situ direct heating by a CO; laser
substrate heater, such as those available with thermal laser epitaxy (TLE) chambers, provides a rapid
method to thermally prepare the substrate for further epitaxy. Crucially, this rapid thermal preparation
of the substrate is performed without any aggressive ex — situ chemical preparation [19, 20]. C-plane
sapphire substrates that have been reconstructed into the characteristic (v/31 x v/31) R+9° (R31) recon-
struction have been shown to enable the high-quality crystalline growth of various materials with pris-
tine interface quality and exemplary electronic properties [19, 21-24]. Given this platform, an intriguing
opportunity is presented to observe if thermal reconstruction of the sapphire substrate impacts the per-
formance of a simple superconducting device, such as a CPW resonator, that has been epitaxially grown
upon the substrate. This can then be compared to a sister device grown and fabricated on sapphire sub-
strates that have been prepared with aggressive chemicals.

Within this work, we epitaxially grow highly crystalline TiN (111) films on both chemically-cleaned
c-plane sapphire and thermally reconstructed R31 sapphire via plasma-assisted molecular beam epitaxy
(MBE). It was observed that TiN films grown on reconstructed sapphire exhibit a greater degree of crys-
tallinity compared to those grown on sapphire prepared via aggressive acids. By etching the films using
resist-based lithography, we manufacture superconducting CPW resonators from these films. For both
preparation methods, we observe Q; values exceeding 10° at single photon values, indicating that ther-
mal reconstruction provides a rapid and simple alternative to substrate preparation via aggressive acids,
without significantly affecting superconducting properties of the films nor the performance of a corre-
sponding superconducting device.

2. Methods

2.1. Growth

Pre-diced 10 x 10 mm? pieces of c-plane sapphire (a-Al,O3) supplied by CrysTec GmbH were used as
the substrate during this work. Before any further processing of the substrates in a cleanroom environ-
ment, all substrates were first cleaned with an acetone and isopropanol (IPA) bath of 5min each with
sonication, before further chemical or thermal treatment to avoid equipment contamination. A selection
of these substrates were then chemically processed further in a Piranha solution mix of 2:1 H,S04:H,0,
for 10 min, followed by a dip in a 1% solution of HF for 1 min. A final cleaning step of a 10 min dip

in deionized water followed by a 2 min dip in isopropanol was performed to remove any volatile prod-
ucts and ensure a clean surface. These chemically-processed Al,O; substrates were then loaded into an
ultra-high vacuum (UHV) preparation chamber, where they were baked at 900 ° C for 45 min to prepare
an epi-ready surface without forming a surface reconstruction [25]. After baking, these substrates were
loaded into the MBE chamber for deposition. Sapphire substrates cleaned in this manner will be hereon
referred to as ‘Bare’ sapphire or B-AL,O;.

Another portion of the acetone/IPA cleaned substrates were prepared thermally by loading them into
a TLE system, which operates at UHV conditions with a chamber pressure p ~ 1 x 10~° mbar during
laser irradiation [26-28]. This system is equipped with a CO; laser substrate heater with a laser beam
diameter of 5 cm, capable of directly heating the Al,O; substrates to extremely high temperatures [20,
23, 29]. This method provides a far greater range of substrate temperatures without the risk of contam-
ination caused by indirect heating via wire heaters or tube furnaces [18]. Under these conditions, the
surface of the Al, O3 substrates reforms into the R31 reconstruction described previously. The AL,O;
substrates were held at 1700 °C for 200 s, forming a terraced structure with a step height of ~ 0.4 nm,
corresponding to two atomic layers of the Al,O3 unit cell as previously described in prior literature [20].
The presence of a R31 surface reconstruction was verified via reflection high-energy electron diffraction
(RHEED) imaging performed after heating, in which a clear double-step R31 reconstruction is observed.
These images are shown within appendix A.

The change in the surface morphology during surface reconstruction compared to chemically cleaned
Al,Oj; is shown in figures 1(a) and (b), respectively. Parallel to each terrace on the reconstructed sap-
phire, the root-mean-square (RMS) roughness is noticeably lower compared to the bare sapphire sub-
strate. The flat and well-ordered surface morphology provides a favorable platform for epitaxy with
atomically sharp interfaces compared to unreconstructed Al,O3, which recent literature has shown does
not provide a uniform and smooth (1 x 1) surface [30]. The use of reconstructed R31-Al,O3 within
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Figure 1. (a) and (b) AFM topographs of c-plane sapphire substrates, after chemical cleaning with Piranha solution and 1%
HF (B-Al,O3) and after thermal annealing to form the (v/31 x v/31) R+9° reconstruction at Ty, = 1700 °C for 200 s (R31-
Al O3). Height profiles along indicated paths are shown underneath each AFM topograph with the calculated RMS roughness
noted for each substrate. (c) and (d) AFM topographs of d = 106 nm TiN films grown at 1150 °C.

physical vapor deposition and epitaxy promotes the growth of highly crystalline thin films with exem-
plary crystal properties, as previously demonstrated for various material systems [19, 21, 22, 24]. As
confirmed by the RHEED images in appendix A and in prior literature, once the R31 reconstruction

has formed, it remains stable in air, even after months in atmospheric conditions [20]. Consequently,

ex — situ transfer of the reconstructed sapphire between the TLE chamber and any separate growth
chamber did not effect the quality of substrate, provided that any volatile products like water vapor were
removed prior to epitaxy [20]. Sapphire substrates prepared in this manner will be henceforth referred
to as R31-AL,05.

A selection of B-Al,O3 and R31-Al,05 substrates were then simultaneously loaded into a MBE cham-
ber, where they were first baked at 200 °C for 45 min to remove any lingering water vapor or other
adsorbents. Prior to growth, the chamber operated under UHV conditions with p ~ 1 x 1071 mbar.
During growth within the MBE chamber, an atomic nitrogen (N) atmosphere was provided by a Radio
Frequency (RF) plasma source with an RF power of 400 W and a N flow rate of 1.25sccm, provid-
ing a chamber pressure of 1.5 x10~* mbar during growth. Titanium (Ti) was provided via an e-beam
evaporator held at a partial pressure of 1 x 1078 mbar, resulting in a TiN growth rate of ~ 0.4A s~ !.
Films with a thickness d = 106 nm of TiN were grown at 1150 °C. To ensure the stoichiometry of the
deposited TiN is as close to the desired 1:1 atomic ratio of Ti:N as possible, the deposited film was held
at 1100 °C for an hour within the atomic N atmosphere after growth was complete. This allowed for any
volatile materials incorporated during growth to leave the TiN film whilst fully nitriding the remaining
sample. The sample was then cooled back down to room temperature over the period of half an hour
within the atomic N atmosphere. The presence of this atmosphere during cool down was designed to
reduce the diffusion of N out of the TiN at high temperatures, which may negatively impact the super-
conducting properties of the grown TiN film [12]. A second set of TiN films with d = 17 nm were also
grown on both R31-Al,05 and B-Al, O3, under the same growth parameters described previously for
imaging via Transmission Electron Microscopy (TEM). All other measurements were performed on the d
= 106 nm TiN films.

2.2. Design and fabrication of resonators

Once growth was completed, the d = 106 nm TiN films were fabricated into A/4 CPW resonators using
a standard optical resist lithography process and dry etching. The samples were spin-coated with ECI-
3012 (positive) photo-resist, soft baked at 90° C for 1 min and then patterned using direct laser writ-
ing via a Maskless Aligner device with a dose of 130 mJ cm~2. The samples were then post-exposure
baked at 110 °C for 1 min before developing the exposed resist via a 65 s dip in AZ-326 metal-ion free
solution. The TiN films were then patterned via reactive ion etching using SF¢ gas with a flow rate of
30 sccm, an RF power of 25 W and an ICP power of 100 W. Once the samples had been etched, the
remaining resist was removed with acetone and isopropanol dips of 10 min each. A drawing of the

A/4 CPW resonator design used in this work is given in figure 2(a).

3
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Figure 2. (a) Drawing of the A\/4 CPW resonator design used in this work. The four rectangular structures, each placed at the
corners of each chip are four-point probe structures to measure the superconducting transition as a function of temperature
(see appendix C). (b) Zoom in of resonator design showing the coupling between the central feedline and a resonator, with the
coupler length, I = 50 m indicated. This value remained fixed for all resonators. (c) Photograph of 10 x 10 mm fabricated TiN
resonator chip after bonding. (d) Cross-sectional diagram of CPW resonator, where the width of the central conductor, w and

the gap size, s are indicated.

The structured CPW resonators were designed to have their resonance frequencies lie within the
range of 4-8 GHz, consisting of a range of different structure sizes and coupling to a central readout
line. For all resonators, the coupler length, I, as shown in figure 2(b), was fixed at 50 um. The central
conductor width, w and the gap size, s between the central conductor and the remaining TiN film was
varied for each resonator. A full list of resonator parameters is given in appendix E.

2.3. Cryogenic measurement setup
The electronic properties of the material were probed in a BlueFors SD cryogenic dilution refrigerator,

which cooled the samples down to ~20 mK. Using the build-in heaters the setup can be used at a range
of temperatures to measure the resistance via four-point probe structures determining DC properties
such as resistivity, p and T.. Additionally, the cryogenic experiment was used to measure the electronic
properties of any device at frequencies ranging from 3.5 GHz to 8.5 GHz. These chips were connected to
custom made PCBs via Aluminum wire-bonding, which have SMA connectors for readout. A Keysight
VNA (N5222B), in series with a total of 60 dB of attenuation on the various temperature stages, probed

the S-parameters of the samples.

3. Results

3.1. Growth and film quality
The TiN films grown on reconstructed (R31-Al,03) and bare sapphire (B-Al,03) were analyzed with a

variety of crystallography and imaging techniques. Firstly, the TiN films grown on R31-Al,O; and B-
Al O3 have visually different morphologies. As shown in the Atomic Force Microscopy (AFM) micro-
graphs in figures 1(c) and (d), TiN grown on R31-Al,O; demonstrates a smoother surface morphology
with micron-scale grains that are aligned with the underlying terrace structure of R31-AL,O;. For both
substrate preparation methods, the TiN films exhibit epitaxial growth with a face-centered cubic struc-
ture and (111) surface orientation. As shown in figure 3(a), both films exhibit sharp and intense TiN
(111) peaks. The fixed azimuthal relationship between the TiN (111) and Al,O; poles is preserved for
both films on R31-Al,05; and B-Al, O3, indicating the same TiN/Al, O3 epitaxial registry in both films.
Pole figures, shown with appendix B, reveal a sixfold TiN pole distribution that is consistent with two
60°-related in-plane rotational variants of TiN (111).

The quality of the TiN/AL, O3 interface was examined under cross-sectional TEM on two sister TiN
samples with d = 17 nm. Owing to the large lattice mismatch between TiN(111) and c-plane Al,O;
of approximately 8.5%, epitaxial strain is relieved within the first few atomic layers due to the forma-
tion of interfacial misfit dislocations [31]. This results in the interface structure between TiN(111) and
c-plane AL, O3 being fixed in the initial stages of growth [32]. Under identical deposition conditions,
cross-sectional TEM performed on a d = 17 nm TiN film is therefore expected to be representative of
the TiN/AL,O; interface within thicker TiN films, although microstructural features within the film itself
that evolve with film thickness, such as threading defects and grain morphology, may differ.

No significant visual evidence of intermixing between the TiN and R31-Al,O3 substrate was observed
for either sample. There is some indication of a smoother interface between the TiN and R31-Al, 03, but
both substrates exhibit a low surface roughness along the imaged crystal axis. This reduced roughness of
R31-Al, O3 is consistent with the AFM measurements performed in figure 1 and supports the reduced

4
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Figure 3. (a) Comparison of XRD spectra for d = 106 nm TiN films grown on reconstructed (R31-Al,O3—Red) and bare sap-
phire (B-Al,O;—Blue), where the relevant features have been indicated. The R31-Al, O3 curve has been vertically displaced by a
factor of 10 for clarity. (b) Zoom-in on the TiN (111) peak from the XRD spectra. (c) and (d) Transmission Electron Microscopy
(TEM) images of the TiN/Al, Os interface of d = 17 nm thick TiN films for B-AL O3 and R31-Al, O3 respectively. The interface
appears sharper for R31-Al, O3 compared to B-Al, Os.

surface roughness of each terrace in the (v/31 x v/31) R+9° reconstruction relative to its chemically-
cleaned counterpart [20, 25].

A smoother R31-Al, 05 surface would serve as a favorable platform for greater crystalline coherence,
due to its greater crystal order and lower surface roughness [30]. This is supported by rocking curve
measurements around the TiN(111) peak for both d = 106 nm films, wherein the rocking curve for the
TiN sample grown on R31-Al,O; is noticeably more intense and sharper than the corresponding curve
of TiN on B-Al,Os;. When both curves are fit to a pseudo—Voigt dependence, shown as dotted lines in
figure 4(a), the extracted full-width-half-maximum (FWHM) values for the TiN films on R31-Al,0; and
B-Al,O3 are 0.048° and 0.098° respectively.

From XRD measurements, Reciprocal Space Maps (RSMs) were extracted to elucidate how the distri-
bution of in-plane (a)) and out-of-plane (a_ ) lattice constants of the TiN films are effected by the dif-
ferent substrate preparation methods. Examining the off-axis (402) reflections of the TiN films allows for
information regarding a| and a to be directly extracted. In figure 4(b), the corresponding RSMs from
the TiN(402) reflection are overlaid, where only intensity values greater than half of the maximum inten-
sity are plotted. For both substrates, a; and a, are very similar in value, as expected for a cubic crystal
structure. For R31-Al,O3, The TiN film possesses a; = (4.245 & 0.003) A and a, = (4.242 £ 0.003) A.
For TiN grown on B-AL O3, the film exhibits aj = (4.244 £ 0.007) A and a; = (4.245 + 0.005) A.

The extracted lattice constants correspond to in-plane strains of ¢ = (0.021 & 0.064)% and ¢ =
(0.002 + 0.165)% for TiN on R31- and B-Al,O; respectively, relative to bulk TiN (a = 4.244 A) [33,
34]. The corresponding out-of-plane strains are €; = (—0.048 & 0.072)% and €, = (0.024 £ 0.118)%.

Both in-plane and out-of-plane strain values are relatively small, suggesting that the film is largely
relaxed. The contour shapes shown in figure 4(b) further support these interpretations; the elongated
distribution for B-Al, O3 lies along a single primary axis in the aj—a_ plane, reflecting correlated fluc-
tuations between in-plane and out-of-plane lattice constants. This behavior is characteristic of micros-
train broadening and mosaic disorder, where minor local lattice tilts and distortions contribute to the
spread of values [35, 36]. In contrast, the nearly circular contour for R31-Al,O5 indicates an isotropic
distribution of lattice constants, consistent with a more uniform strain state and reduced defect density.
The overall weaker intensity and larger spread for B-Al, O3 suggest a smaller coherent scattering volume,
likely arising from higher dislocation density or reduced grain size, whereas the sharper, more intense
distribution for R31-Al,O; reflects improved crystalline coherence. When taken together, these results
point to R31-Al,O; providing a more favorable template for crystalline TiN growth, enabling reduced
mosaicity and with more homogeneous strain relaxation compared to B-Al,Os.

Both TiN films were measured to turn superconducting with T, = 5.08 K and 5.11 K for B-Al,05
and R31-Al, 05 respectively. Via the use of fabricated four-point probe structures, p of each film was
measured at room temperature and at temperatures close to T.. From these measurements, the Residual
Resistance Ratio value for each film was calculated. These were found to be broadly similar at 2.64 and
2.62 for B-Al,05 and R31-Al,05 respectively, supporting the comparable level of film quality between
both samples observed in figure 3.
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Figure 4. (a) TiN (111) rocking curves for d = 106 nm grown on R31-Al,O3 and B-Al,O3. Both curves have been fit to a
Pseudo—Voigt (PV) distribution (shown as dotted lines) to extract the FWHM values of 0.048° and 0.098° respectively. (b) RSM
plots of the off-axis TiN (402) peak showing the distribution of in-plane (a))and out-of-plane (a ) lattice constants for each
film. Only intensity values greater than 50% of the maximum value have been plotted for clarity. The literature value of the TiN
lattice constants, (ao) is indicated by a black cross whilst the peak intensity for each distribution is indicated by a colored dot. The
average value for a and a_for each film is also indicated.

Whilst it is evident that TiN grown at high temperatures on R31-Al,O; exhibits greater crystallinity,
it may not definitively translate to the superconducting properties, particularly since both can be consid-
ered to be disordered superconductors [37, 38]. To probe if the observed differences in film crystallinity
translate to changes in the superconducting properties, we perform scanning tunneling microscopy/spec-
troscopy (STM/S) measurements. STS allows to determine the size and uniformity of the superconduct-
ing gap across the sample surface. Although STS measurements cannot directly probe the substrate-film
interface, it can detect changes in the film properties at the sample surface, which arise from differ-
ences at the substrate—film interface, similar to the observed changes in surface morphology (figures 1
and D4).

Prior to STM/S measurements the samples were degassed in-situ at 280 °C for 20 min to remove sur-
face adsorbates. Cleaning via ion bombardment was avoided to minimize the risk of surface defect for-
mation. Subsequently, the samples were transferred into a Createc scanning tunneling microscope and
cooled down to 1.2 K. All STM/S experiments were performed with an Ag-coated Ptlr tip.

STM topographs are shown in appendix D and are in broad agreement with the AFM data displayed
in figures 1(c) and (d). Figure 5(a) shows differential conductance spectra measured across representative
areas of the B-AL,O; and R31-Al, 03 sample respectively. A linear background was subtracted from each
spectrum. From the STS data, three main conclusions can be drawn. Firstly, both the gap width and
coherence peak height were not uniform along the measured lines. Clear variations in both parameters
were observed on a length scale of 20-50 nm. This observation is consistent with previous STS measure-
ments on homogeneously disordered superconducting thin films [37, 38]. Secondly, in-gap states were
observed, particularly on the R31-Al,0; sample. Such sub-gap spectral weight has also been observed in
STM measurements of TiN and may arise from local variations in tunneling conditions, surface disorder,
or Andreev contributions at highly transparent tip-sample contacts [39]. Thirdly, some spectra showed

6
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Figure 5. (a) Waterfall plot of 200 differential tunneling conductance spectra recorded along a 424 nm line across a representa-
tive area of the surface of each TiN film with d = 106 nm grown on B-Al,O3 and R31-Al, O3 (successive spectra are taken every
2.1 nm, and are offset vertically). (b) Average of the 200 spectra shown in (a) including BCS fits which yield order parameters

of Apcs = 0.63 and 0.67 meV as well as effective temperatures of Ty, = 1.90 and 1.91 K for the samples B-Al,O3 and R31-
Al, O3 respectively. (c) Distribution of the energy at which the coherence peak maxima occur Ay in the spectra shown in panel
(a) The mean values and standard deviations of the distributions are determined from the shown Gaussian fits and indicated as
insets. Tunneling spectra were recorded at an STM temperature of 1.2 K with a set point current of 1 nA and a lock-in amplitude
of 0.08 mVpp at a modulation frequency of 819 Hz.

unstable tunneling, which results in a noisy signal and little to no superconducting gap. We attribute this
to possible surface contamination caused by exposure of the films to air.

In figure 5(b), the average differential conductance spectra of the data shown in figure 5(a) are
plotted together with the corresponding fits of the Bardeen—Cooper—Schrieffer (BCS) density of states
(DOS) [40]:

||
VE = Aes
where 1y is the normal state DOS, E is the energy and Apcs is the superconducting pairing gap. In our

experiment, we assumed a flat tip DOS and a constant tunneling matrix element, which allows us to use
a simplified relation between the measured dI/dV and npcs:

(1)

npcs (E) = noRe

o0

dI/dV « / dE [di/fﬁp (E)] npcs (E+eV), (2)

where e is the elementary charge and fip(E) = 1/[1 4 exp(E/kgTyp ), the Fermi—Dirac distribution
function of the tunneling tip. From the fits in figure 5(b), pairing gaps of Apcs = (0.63+0.01) and
(0.67 £ 0.01)MeV were obtained for the B-Al,O3 and R31-Al,05 samples respectively. Note that, while
the majority of the spectra from figure 5(a) are well described by the BCS scenario, the BCS gaps result-
ing from figure 5(b) are averaged values that also include spectra with in-gap states. Such states broaden
the averaged dI/dV spectra, which can explain the increased effective temperatures of Ty, ~1.90K
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resulting from the fits. To clarify this issue, we plot the energy distributions of the coherence peak max-
ima in figure 5(c). The histograms emphasize that there are a few outliers corresponding to spectra with
in-gap states, while the majority of spectra has coherence peaks centered around the mean values of
Ao = 0.91 MeV and 0.94 MeV for the B-Al,O5 and R31-Al,05 sample respectively. By fitting these his-
tograms to a Gaussian function:

g(A) x exp S | (3)

We further extract the width of the coherence peak distributions variations as .., = 0.02MeV for both
samples. The small differences in the coherence peak positions are within observed variations measured
across different locations on the samples.

From the fitted order parameters, we calculate the BCS gap ratio 2Apcs(0)/kgT.. For sample B-

Al, O3, we obtain 2.88, and for sample R31-Al,O3, 3.04. Both values are below the weak-coupling BCS
value of 3.53. Nevertheless, we believe that our samples are well described by the BCS scenario, as this
discrepancy can be explained by spatial inhomogeneities in our films: Fits of the averaged tunneling
spectra in figure 5(b) reflect the average order parameter across the surface. In contrast, T, determined
from transport measurements corresponds more closely to the temperature below which a supercurrent
can flow through interconnected regions with the largest order parameter. Based on the variations of the
coherence peak positions shown in figure 5(c), we expect the variations in the order parameter through-
out the film to be on the order of ~10%. Within this variation, the gap ratio approximately reaches the
expected BCS value of 3.53. Remaining discrepancies may stem from STS being more sensitive to defects
located at the film surface, especially in the film’s native oxide layer. Such defects can locally weaken
superconductivity, and therefore reduce the order parameter of the tunneling spectra (see figure 5(a))
and thus the BCS gap ratio.

From these results, we conclude from the STS measurements that the pairing gap of the TiN films
grown on both B-Al,O3; and R31-Al,03 are comparable. No significant influence of the thermal recon-
struction of R31-Al,O3 on the pairing gap of TiN was observed, resulting in TiN films grown on both
B-Al,O3; and R31-Al, O3 possessing similar superconducting properties.

3.2. TiN CPW resonators
Finally, superconducting CPW resonators were fabricated from both TiN films in order to assess if the
differences observed in crystalline quality with similar superconducting properties can effect the proper-
ties of said resonators.

A full list of the parameters of all resonators on each chip are given in appendix E. From the raw
Q; data for all resonators on each chip, a median Qqextrmi as a function of photon number, (1) was
calculated and is indicated in figure 6(a), with a confidence interval equal to one standard deviation
as a measure of device-to-device performance for resonators on a given chip. The raw Q; data for all
resonators on each chip are shown in appendix E, with the confidence interval overlaid. Figure 6(b)
shows the distribution of Q; values at (n) ~ 1 across all resonators, for which single-photon data was
available, on each chip. For both chips, a majority of resonators had Q; values exceeding 10°, similar to
what has been observed in prior literature on TiN resonators [13, 15, 41]. Median Q; values of the TiN
resonators at single photon values were calculated at 1.33 x 10° and 1.13 x 10° for B-Al,O; and R31-
Al, O3 respectively. For each chip, the confidence interval at single photon levels spanned from 1.19 x
10° — 1.73 x 10° and 0.35 x 10° — 1.31 x 10° for B-Al,O3 and R31-Al, O3 respectively. All measured
resonators exhibited a characteristic dip in its corresponding, frequency-dependent transmission func-
tion Sy, and the expected circular profile in complex space, examples of which on each chip are shown
in appendix E at single photon levels with corresponding fits [42, 43]. The corresponding parameters
for each resonator on both B-Al;O3; and R31-Al,0; are also given in appendix E. For both chips, sev-
eral resonators possessed Q; values exceeding 107 at high photon numbers, matching values measured in
similar TiN resonators in prior literature [15, 41, 44].

4. Discussion

Both TiN films grown on R31-Al,O3 and B-AL O3 exhibit epitaxial growth of the TiN (111) phase, as
evidenced by the XRD spectra shown in figure 3. Compared to the TiN film on B-Al, O3, the film grown
on R31-Al,05; demonstrates superior crystalline order and a reduced mosaic spread of TiN grains. This
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Figure 6. (a) Median internal quality factor (Q;) of TIN CPW resonators fabricated from d = 106 nm TiN films grown on R31-
Al,O3 and B-AL Os respectively. The median value was only calculated from resonators where single-photon data was available.
A confidence interval of one standard deviation for Q; values across all resonators on each chip is also indicated by the corre-
sponding colored envelope. Selected Q; values from literature are also shown, with the values obtained here being similar to those
achieved previously [13, 15, 41]. (b) Histogram of single photon Q; values for all resonators on each chip.

suggests that the atomically ordered surface of R31-Al, O3 facilitates coherent rotational alignment of
the TiN film, thereby minimizing grain misorientation. Furthermore, the atomically-smooth terrace sur-
face of R31-Al,O; promotes single-domain epitaxy, enabling the formation of large grains and step-flow
growth. This is supported by the replication of the underlying terrace structure of the R31-Al,O3 sub-
strate in the deposited TiN film [20, 24, 45]. The T, values of these TiN films were measured at 5.11 K
and 5.08 K on R31-Al,05 and B-Al, O3, respectively. These values fall below the state-of-the-art value
of T. ~ 5.7 K recorded for thin films grown via magnetron sputtering or TLE [24, 46]. Firstly, the TiN
films presented in this work were deposited at 1150°C, a temperature at which the rate of nitrogen dif-
fusion out of the deposited film becomes significant [47]. This stands in contrast to the growth of TiN
via magnetron sputtering which is typically performed at significantly lower substrate temperatures or
from stoichiometric targets [15, 41, 46]. High temperature deposition would then result in small changes
in the stoichiometry of the TiN, potentially via the formation of N vacancies, which would then reduce
the T, of the film compared to bulk values. In order to minimize the potential presence of N vacan-
cies and potentially improve the stoichiometry of TiN films grown at high substrate temperatures, the
use of an Ammonia (NHj3) atmosphere during growth may be desirable, as demonstrated in prior lit-
erature demonstrating the growth of highly crystalline superconducting TMNs with state-of-the-art
properties [24].

Despite the clear advantages in crystal quality when growing TiN on R31-Al, O3, TiN resonators on
R31-Al,0; and B-Al,O; exhibit similarly high Q; values, with low-power Q; values greater than 10° for
many resonators. As shown in figure 6, this performance is consistent with other TiN resonators from
literature, including TiN films grown via MBE [13] or those grown via conventional sputtering methods
[15, 41]. However, we caution that directly comparing our work with prior literature may be misleading
due to differing resonator geometries, growth mechanisms and choices in substrate material, all of which
impact the extracted values of Q;. In addition, we note that some prior literature may only report the
measured Q; values from a small number of resonators, whereas the median Q; values presented in this
work are calculated across all resonators on each chip.

A greater variation in resonator performance is observed for TiN resonators grown on R31-Al,0;
compared to B-Al,Os. However, the larger spread of low-power Q; values observed for resonators on
R31-AL, O3 does not appear to correlate directly with the improved crystalline quality of the TiN film.
In particular, the lowest-Q; devices on the R31 chip occur among resonators with the narrowest CPW
geometry (w = 3 um, s = 2 um), for which the electric-field participation of the metal-vacuum and
substrate—vacuum interfaces is enhanced [48]. At single-photon powers, losses in TiN CPW resonators
are known to be strongly influenced by TLS associated with processed surfaces and interfaces, and recent
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studies indicate that fabrication conditions and interfacial oxide chemistry can affect microwave loss
more strongly than the crystalline orientation of the TiN film itself [48-50]. Consequently, local varia-
tions introduced during lithography, dry etching, resist removal or subsequent surface oxidation could
produce appreciable device-to-device variation without being reflected in the XRD, transport or STS
properties of the film. With the present number of devices and one chip for each substrate prepara-
tion method, we therefore cannot assign the broader Q; distribution uniquely to the R31 reconstruc-
tion. The larger laterally correlated structural domains observed on R31-Al,05 may additionally reduce
spatial averaging of local loss centers, but testing this interpretation would require correlating individual
resonator locations with local morphology [51].

Regardless of this variation, both TiN films are capable of supporting resonators with similarly high
Q; values. When taken together, we can conclude that thermal reconstruction of the Al,O; substrate is
a viable method of substrate preparation for superconducting devices with comparable quality to those
grown on substrates which were prepared chemically. Indeed, this resilience of TiN resonator perfor-
mance despite the differences in substrate preparation is broadly consistent with prior literature sug-
gesting that dielectric losses within a superconducting quantum device are mostly dominated by metal-
vacuum interfaces, which changes in the interface between the substrate and the film having minimal
effect on device performance [52-54].

5. Conclusion

In summary, we have demonstrated that thermally reconstructed sapphire is capable of producing highly
crystalline, epitaxial films grown by MBE that have greater crystallinity than those grown on sapphire
substrates prepared by aggressive chemical cleaning. We attribute this to the formation of an atomically-
smooth terrace structure inherent to the R31 reconstruction that has been extensively studied and found
to aid in the growth of epitaxial thin films with enhanced microstructure [19-21]. While TiN films
grown on thermally reconstructed sapphire exhibited lower mosaicity and greater long-range order, these
films possessed similar superconducting properties to those grown on chemically prepared substrates.

It may be possible that any deviations observed in the superconducting properties of our films com-
pared to literature, may be due to the high temperature epitaxy of these TiN thin films on sapphire sub-
strates, potentially leading to the formation of N vacancies. The quality of this high temperature epitaxial
growth may be improved further via the use of Ammonia (NH;3) as a reactive atmosphere, potentially
enhancing crystallinity further while minimizing the formation of vacancies [24]. When fabricated into
superconducting CPW resonators, both substrate preparation methods produce resonators with quality
factors over 10° at single photon values, with some exceeding 107 at high photon numbers. No signif-
icant or systematic differences were observed in the superconducting properties or behavior of the res-
onators on either chip. This implies that thermal reconstruction of sapphire substrates via direct laser
heating is a viable method of in — situ substrate preparation that by-passes aggressive chemical cleaning.
Thermal reconstruction of the substrate promotes greater crystalline coherence of the epitaxially grown
film while preserving the electrical properties of the deposited material. This may also present excit-

ing opportunities for the in — situ growth of quantum devices and high-quality 2D materials on oxide
substrates [29]. When taken together, these results establish thermally reconstructed sapphire as a robust
in-situ platform for the epitaxial growth of superconducting nitrides, opening new avenues for the fabri-
cation of quantum devices and other heterostructures.
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Appendix A. Reflection high-energy electron diffraction (RHEED) images of R31-Al,03

As described in the main text, 10 X 10 mm c-plane «-Al,O3 substrates were heated at a rate of 3°C

s~! to 1700 °C, where they were held at this temperature for 200 s before being cooled back to room
temperature at a rate of 3°C s~!. During heating, the thermal laser epitaxy (TLE) chamber pressure
remained in the order of 10~° mbar. These substrates were stored in air for six months after reconstruc-
tion. In order to verify the presence of a specific double-step (v/31 x v/31) R+9° (R31) surface recon-
struction, RHEED was performed on the samples at 15 keV. Before imaging, the samples were baked

in a ultra-high vacuum (UHV) atmosphere at 400 °C for 30 min to remove any volatile absorbates (e.g.
water vapor) resulting from extended storage in air. This recovers the original surface reconstruction,
which in the case of R31-Al, O3 is stable in air [20].

[6510]

Figure A1. RHEED images of the reconstructed sapphire surface produced after being heated to 1700 °C for 200 s in UHV con-
ditions. Prior to imaging, these substrates were stored in air for six months. The sample was baked in a UHV atmosphere at

400 °C for 30 min prior to imaging in order to remove any volatile absorbates resulting from extended storage in air. Images were
taken along the [1100] direction, shown in (a) and the [6510] direction, taken by rotating the sample by 9° anti-clockwise (while
viewing the substrate from the top). This image is shown in (b) Both of these images are consistent with prior literature of the
double-step (v/31 x v/31) R£9° surface reconstruction [20].

As shown in figure A1, both images present sharp and well-resolved spots, implying a highly ordered
2D surface, consistent with prior literature of the reconstructed R31 surface [20, 57]. Within figure A1,
all spots appear to lie upon observable Laue circles centered on the upper-right corner of the image.

By rotating the pattern by —9°, corresponding to an anti-clockwise rotation, as viewed from above

the substrate, the concentric circular pattern in figure A1(b) is observed. Crucially, this pattern in

figure A1(b) is not present when the sample is rotated by +9°, indicating that the degeneracy of the
(v/31 x v/31) R+9° reconstruction has been lifted, supporting a double-step R31 surface reconstruction
with a singular orientation of +9°. The observation that the RHEED pattern observed in figure Al was
recovered, despite storage in air for six months supports prior literature stating that the R31 reconstruc-
tion remains stable in air and does not degrade [20]. When taken as a whole, these images confirm the
presence of a stable R31 reconstruction after direct laser heating of the Al,O3 substrates at 1700 °C for
200 s. The lack of degeneracy in the RHEED pattern when rotating the RHEED pattern to £9° from the
[1100] azimuth supports the formation of a double-step surface with a singular surface rotation of +9°,
consistent with the AFM image of the same R31-Al, 05 surface shown in figure 1.
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Appendix B. TiN/Al, O3 XRD pole measurements

To confirm the presence of a fixed epitaxial relation between the c-plane a-Al,O3 and the TiN (111)
films grown on top of them, XRD pole measurements centered on TiN(111) and off-axis Al,03(1014)
reflection for both the B-Al,O; and R31-Al, O3 substrates were performed.

B-Al,O, R31-Al,0,
a) > b) >

TiN(111)

3
Intensity (counts)

3
Intensity (counts)

Al,O5(1014)

5
Intensity (counts)
Intensity (counts)

Figure B2. XRD pole figures centered around the TiN(111) and off-axis Al,O3 (10-14) peaks, for TiN films on R31-Al;O3 and
B-ALO;s.

Pole-figure measurements shown in figure B2 reveal TiN grows epitaxially with TiN (111) ||
Al,03(0001). The TiN 111 pole figures indicate six discrete off-axis poles at x ~ 70.5°, consistent with
two 60°-related in-plane rotational variants. Both the reconstructed and unreconstructed sapphire sub-
strates yield TiN (111) films with the same epitaxial orientation relationship relative to the underlying
Al, O3 lattice. Although the absolute azimuthal positions of the pole sets differ by approximately 30°
between samples, the TiN and Al,O; poles rotate together, leaving their relative azimuthal relationship
unchanged.

Appendix C. Superconducting properties of TiN films

Before cooling down the TiN films on B-Al,O; and R31-Al, O3, room temperature four-point probe
measurements were performed using a needle probe station to determine the resistivity, p of the sam-
ples. These values were determined to be 21.1 u€) - cm and 19.8 uf) - cm for TiN on B-Al,O3; and R31-
Al O3 respectively.

These samples were then placed within a dilution refrigerator with p being measured as a function of
temperature. From the results in figure C3, the T, of each TiN film was determined to be 5.08 K and
5.11 K on B-AL,O3 and R31-Al, 05 respectively. The value of T, was determined as the temperature at
which the superconducting transition was complete when the samples were cooled from their normal
state to the superconducting state. Due to the limited resolution of the T. measurement, it is challenging
to assign a width, AT, to the superconducting transition of both films. An extreme, approximate value
of AT, can be assigned to both films accounting for the region over which the entire superconducting
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Figure C3. p(T) around the region of T. for d = 106 nm thick TiN films grown on B-AL O3 and R31-Al, O3 substrates.

transition occurs. This results in AT, = 0.07 K and AT. = 0.09 K for TiN on B-Al,0O3; and R31-Al,03

respectively.

Appendix D. STM topography

Figure D4 depicts representative STM topographs of both samples. We attribute differences in the height
variations between the STM and AFM data to the AFM having a blunter tip and thus lower lateral reso-
lution, which leads to an underestimation of the surface roughness.

Q mmm—— 30 0 mmm——— 05 0 w15 0 w15
height (nm) height (nm) height (nm) height (nm)

Figure D4. STM topographs of d = 106 nm thick TiN films grown on chemically cleaned (B-Al,O3) and thermally reconstructed
(R31-Al,03) sapphire substrates (current setpoint: 30 pA, bias voltage: 800 mV).

Appendix E. Resonator parameters

Tables 1 and 2 show the resonator parameters for all TiN resonators prepared on both R31-Al,03 and
B-Al,O; respectively. For each resonator, both the internal quality factor, Q; and coupling quality fac-
tor, Q. were measured at low microwave powers, with the corresponding value of (n) indicated. All res-
onators possessed a coupler length of I = 50 pum. The raw Q; data as a function of (n) of all measured
resonators on each chip, along with the extracted median Q; and confidence interval of each chip are
shown in figure E5.

Example Sy, fits In figures E6 and E7, raw S;; data measured at single photon levels from a given TiN
CPW resonator are shown. Data from resonators on R31-Al,O3 and B-Al, O3 are included. To extract the
properties in question a Lorentzian fit for the normalized inverse transmission S;,' was used [58]:

“ Qi 1
Sl e - El
n = o T aiQex (ED)

14



10P Publishing

Supercond. Sci. Technol. 39 (2026) 095021 T J Smart et al

Table 1. Resonator parameters for d = 106 nm TiN film on R31-Al, O3 at given photon number (#).

Frequency Microwave
(GHz) power (dBm) (n) Qi (x10%) Q. (x 10°) s (um) w (um)
4.818 —155 1.63 1.581 0.367 2 3
5.777 —150 1.28 1.149 0.106 6 10
5.872 —155 0.71 1.582 0.207 2 3
6.797 —150 0.76 1.156 0.085 6 10
6.890 —150 1.11 0.618 0.185 8 12
6.941 —145 1.35 0.218 0.626 2 3
7.846 —150 0.89 1.123 0.146 6 10
7.946 —150 0.96 1.125 0.167 8 12
8.083 —150 0.38 0.383 0.222 2 3
Table 2. Resonator parameters for d = 106 nm TiN film on B-AL, Os at given photon number ().
Frequency Microwave
(GHz) power (dBm) (n) Qi (x 10°) Q. (x 10°) s (um) w (pm)
4.960 —155 1.21 1.826 0.254 8 12
5.340 —155 0.71 0.593 1.143 2 3
5.762 —150 1.24 1.216 0.101 6 10
5.863 —150 2.52 1.953 0.207 8 12
5.971 —135 138.41 1.630 0.617 2 3
6.827 —150 0.76 1.254 0.083 6 10
6.908 —155 0.57 1.512 0.243 2 3
7.845 —150 0.65 1.344 0.096 6 10
7.938 —150 0.96 1.198 0.164 8 12
B-Al,03 — B-AlO;
R31-Al,03 — R31-AL0;
1074 5 1074 — " _a

-

o (o7
105 . z 105
without median or envelope with median and envelope
10° . . r T 10° . . : :
10° 10t 102 103 104 10° 10° 10t 102 103 104 10°
Photon Number <n> Photon Number <n>

Figure E5. The first panel shows the Q; data for all CPW resonators fabricated from d = 106 nm TiN films on R31-Al; O3 and
B-AlL, O3 respectively. Each resonator is shown with a different marker and is colored according to which chip they belong to. The
second panel includes the raw data overlaid with a median Q; value for each chip. A confidence interval is also shown for each
chip. This confidence interval corresponds to one standard deviation from the mean Q; value.

With the internal quality factor, Q;, the rescaled coupling quality factor QF = (Z,/|Z|), impedance
mismatch ¢, and the linear frequency detuning from the resonance frequency déx = (f —fo)/fo.
Additionally the resonator is corrected for various external electrical factors. The average photon num-
ber of the resonators (n) was calculated via [59]:

4 le
n)=——+CPnZin—~-. (EZ)
(n)=— 7 o
Using the total resonator capacitance, C, feedline power, Piy, feedline impedance Zi, and the loaded
quality factor Q = QQ+Q5 .
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Figure E6. S, as a function of frequency, f for a TiN resonator on R31-Al,O3 with a resonant frequency, fo = 4.818 GHz. All data
was taken at T ~ 20 mK and measured at a microwave power of —155 dBm corresponding to (1) ~1.68.
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Figure E7. S,; as a function of frequency, f for a TiN resonator on B-Al, O3 with a resonant frequency, fo = 5.863 GHz. All data
was taken at T ~25 mK and measured at a microwave power of —150 dBm corresponding to (n) ~2.52.
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