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Lithium niobate-on-insulator (LNOI) is an emerging photonic platform with high potential for scalable quan-
tum information processing due to its strong second-order nonlinearity. However, little progress has been made
in developing on-chip single-photon detectors on LNOI. Niobium titanium nitride (NbTiN) superconducting
nanowire single-photon detectors (SNSPDs) are a promising candidate for this application. In this work, we use
DC reactive magnetron sputtering to grow high-quality NbTiN thin films using an ultrahigh vacuum deposition
system with a base pressure lower than 2 x 107! mbar. Enabled by the low concentration of background
impurities in this system, we investigate the impact of substrate temperature during NbTiN growth. We achieve
four nm thick superconducting films with a critical temperature (7;) of 12.3 K grown at a substrate temperature of
825 K. We find that the NbTiN films grow in the (111) orientation and evolve from a porous pillar structure when
grown at low temperatures to densely packed fibrous grains at higher temperatures. Furthermore, we demonstrate
that the increased substrate temperature reduces the oxygen concentration in our films and improves the overall
stoichiometry. In addition, we integrate these films with the LNOI platform and investigate the obtained interface
quality. Lastly, we fabricate SNSPDs from the NbTiN film on LNOI and characterize the detector performance.

DOTI: 10.1103/r4xx-y1qj

I. INTRODUCTION

Integrated quantum photonics has promising applications
in quantum-enhanced computation, communication, and sens-
ing [1]. Lithium niobate-on-insulator (LNOI) is a relevant
platform for quantum optics experiments due to its strong
optical nonlinearity, low optical loss, and strong electro-optic
response [2,3]. This allows for the integration of entangled
photon-pair sources and reconfigurable circuits using thermo-
optic and electro-optic phase shifters [4-8]. To realize a
complete monolithic platform for LNOI quantum photon-
ics, the integration of efficient single-photon detectors is
required.

One of the leading material platforms for realizing su-
perconducting nanowire single-photon detectors (SNSPDs)
is NbTiN thin films. They offer high detection efficiencies,
low timing jitter, reduced dark counts, short dead times, and
operation at relatively high temperatures [9-12]. In order
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to achieve optimal detector performance, the NbTiN layer
should have a thickness of around 10 nm or less [13,14].
This poses a significant challenge in terms of film uniformity
and homogeneity. Furthermore, film stoichiometry and crystal
structure have been shown to have a crucial impact on SNSPD
performance [11,13,15]. These properties can be controlled by
sputtering conditions such as the nitrogen-to-argon ratio [16],
the sputtering current [17], or the pressure during deposition.
Because the superconducting transition temperature is sensi-
tive to changes in crystal quality and stoichiometry, it can be
used as a general figure of merit indicating film quality and an
early indication of SNSPD performance.

To date, few experimental implementations of integrated
SNSPDs on LNOI photonic platforms have been reported
[18-20]. Different approaches have been explored by either
depositing the superconducting film after waveguide fabri-
cation [19,20] or prior [18]. Depositing the superconductor
after waveguide fabrication yielded a relatively high on-chip
detection efficiency of 46%, but at the cost of significant
waveguide propagation losses. Although these losses can be
mitigated by fabrication techniques [20], this subsequently
restrains the superconductor growth and complicates the fabri-
cation process. In contrast, depositing and patterning a NbTiN
film prior to waveguide fabrication preserved the low waveg-
uide losses typically achieved for LNOI, but yielded a lower
detection efficiency of 27%. These results stress the need to

Published by the American Physical Society
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study the material platform with a focus on optimizing the
growth conditions.

The main goal of this work is to develop a high-quality
NbTiN-on-LNOI material stack that supports the monolithic
integration of SNSPDs onto the LNOI photonic platform. In
the first part of this study, we optimize the NbTiN film qual-
ity by changing the substrate temperature of the magnetron
sputtering deposition. This growth parameter has not yet been
explored for NbTiN thin films, but we find it to have a strong
effect on film quality and superconducting performance. The
low oxygen concentration in our sputtering chamber allows
us to prevent the increased oxidation that typically occurs in
sputtering chambers at elevated temperatures. A maximum 7.
of 12.3 K (14.0 K) is found for NbTiN films of 4 nm (10 nm)
thickness for a substrate temperature of 825 K (900 K).
These values can be considered state-of-the-art, which is im-
portant given the significant fabrication-induced degradation
expected to occur toward full photonic integration. The effect
of substrate temperature on the film topography, chemical
composition, and crystallinity is studied by atomic force mi-
croscopy (AFM), X-ray photoelectron spectroscopy (XPS),
and X-ray diffraction (XRD).

In the second part of this study, we use the developed recipe
to deposit the film on an LNOI substrate. The quality of the
interface between LNOI and the NbTiN thin film is deter-
mined by scanning transmission electron microscopy (STEM)
analysis. Lastly, we show the realization of a single-photon
detector on the LNOI substrate. The meandering nanowire
devices show high critical current (J = 5.7 * 10°A/cm?), low
recovery time (r = 2.96 ns), low dark counts (<200 Hz), and
an internal quantum efficiency approaching unity. The de-
vices serve as a prototype for the developed material stack
and demonstrate that the superconducting material remains in
excellent condition after SNSPD fabrication. This realization
of a single-photon detector on LNOI is a crucial step toward
a fully integrated photonics platform that would allow for
on-chip quantum information processing.

II. NbTiN FILM GROWTH

The NbTIN thin films in this study are deposited by
DC reactive magnetron sputtering in a custom-made UHV
chamber with a base pressure lower than 2 x 107! mBar
[21]. The substrate temperature during deposition was
controlled by heating coils directly underneath the substrate
and measured with a pyrometer. NbTiN films are grown on
two different substrates: 2-inch epi-ready (0001) sapphire
wafers and 15 x 15 mm square cutouts of a 300 nm X-cut
LNOI wafer from NanoLN. These substrates are prepared
by the supplier by slicing the LiNbOj5 crystal, which is then
bonded to a SiO2 layer, and lastly the surface is polished.
These substrates are loaded into the UHV deposition chamber
without prior processing. The substrates were pre-baked at
500 K for 8 hours in the load lock and subsequently outgassed
for 60 minutes at growth temperature in the UHV chamber
before growth. The pressure during the DC magnetron
sputtering was 7 x 103 mbar, the sputtering current 130 mA
and the power around 65 W. After growth, the substrates are
kept in UHV at growth temperature for another 60 minutes.
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FIG. 1. (a) AFM topography showing the obtained NbTiN sur-
face for a substrate temperature of 300 K, (b) 600 K, ¢ 750 K,
and (d) 825 K. (e) The RMS roughness values associated with the
various substrate temperatures. (f) A schematic representation of
the expected changes in film structure and how they relate to film
oxidation.
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Low-temperature DC transport measurements were per-
formed in the Van der Pauw geometry using standard lock-in
techniques. Wafers are cleaved by hand directly after growth
and contacted using indium. By controlling the temperature
and measuring the resistance, the critical temperature 7; is
extracted.

Figure 1 shows the surface topography of NbTiN thin films
grown at different substrate temperatures measured by AFM.
The films have a thickness of 10 nm and are characterized
directly after growth. The film grown at room temperature
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FIG. 2. (a) XPS measurements of the NbTiN films grown at

various substrate temperatures showing the Ols peak, (b) N1s peak,
and(c) Nb3d peak.

[Fig. 1(a)] has a porous and round grain structure typical for
polycrystalline NbTiN grown at room temperature on various
substrates [16,22]. Qualitatively, Figs. 1(a)-1(d) indicates that
an increased growth temperature leads to a more compact
columnar structure. This is also reflected by the root mean
square (RMS) roughness plotted in Fig. 1(e) for a surface
area of 1 um by 1um, which shows a significant difference
between the room temperature film and the films grown at a
substrate temperature of 600 K or higher.

The observed change in surface topography affects the
oxygen incorporation in the film, as more oxygen can pene-
trate into the bulk of the film if the film has a porous structure
[23]. This concept is schematically shown in Fig. 1(f), which
is based on the Thornton Zone diagram [24]. Increased oxy-
gen incorporation will generally degrade the superconducting
characteristics such as 7; and consequently lower SNSPD
performance [25,26]. Oxidation is typically aggravated by
fabrication steps required for patterning the SNSPD, such as
heating or plasma ashing. Since the ultra-thin films in this
study are especially prone to this effect, we expect the more
compact grain structure observed for growth temperatures
larger than 600 K to yield better SNSPD performance.

The chemical composition of the NbTiN films grown at
various substrate temperatures is further studied by XPS anal-
ysis, shown in Fig. 2. Figure 2(a) shows that the oxygen
content indeed decreases with increasing growth temperature.
This decrease saturates for 7 > 750 K. The Ols peak has
two features at 531.5 and 530.0 eV, which are associated with
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FIG. 3. (a) The T, of films grown at increasing N, flow rate,
indicating an optimum for 4 sccm. (b) The T; of 4 and 10 nm thick
NbTiN films grown at various substrate temperatures at a N, flow rate
of 4 sccm. (c) The obtained 7 for our optimal 10 nm film (grown at
900 K) and 4 nm film (grown at 825 K) in comparison to literature
results for various substrates.

oxygen species in the sapphire substrate and metal oxides in
the film, respectively [27,28].

Similarly, Fig. 2(b) demonstrates an increased nitrogen
content for films grown at increasingly higher temperatures.
This is likely associated with thermally increased reactivity
during the sputtering process. This increased nitridization
saturates for substrate temperatures higher than 750 K. Ad-
ditionally, a clear shift toward higher binding energy is
observed for higher growth temperatures, indicating a rela-
tively stronger contribution of metal-nitrides and a reduction
of oxidized metal-nitride species [29-31]. The rising peak
at 204 eV in Fig. 2(c) indicates a higher concentration of
niobium nitride or niobium oxide species. Given the overall
decrease in oxygen content seen in Fig. 2(a), this is likely due
to the NbN contribution. Similar results for the Ti2p peak are
shown in the Supplemental Material [32] Fig. S1, with a rising
contribution of TiN at approximately 455.5 eV [30,31].

In Fig. 3, the superconducting characteristics of NbTiN
films grown at various nitrogen flow rates and substrate tem-
peratures are shown and compared to the state-of-the-art. All
measurements are done in the van der Pauw geometry using
standard DC lock-in techniques in a setup that allows the
temperature to be controlled. Figure 3(a) shows the effect of
nitrogen flow rate on a 10 nm room temperature film. The
argon flow rate during the deposition is constant at 50 sccm.
An optimum is found for a ratio of 50/4 argon-to-nitrogen
gas flow, which agrees well with similar studies [16,22]. This
point was chosen as the default nitrogen flow rate for subse-
quent depositions.

Figure 3(b) shows a significant increase in the super-
conducting transition temperature for films grown at higher
substrate temperature. This is shown for 4 and 10 nm thick
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FIG. 4. (a) High-resolution high angle annular dark field detector
STEM overview of the 4 nm thick NbTiN film grown at 825 K
and the interface with LiNbOs. (b) Details of the interface between
LiNbO; for T = 825 K (¢) and T = 600 K. (d) An EDX measure-
ment of the region indicated by the dotted dashed line in c.

films grown on sapphire substrates, with the 10 nm films
having generally higher 7;. The increase in T; saturates for
temperatures higher than 825 K. The respective maximum
T. values of 12.3 K (at 825 K) and 14.0 K (at 900 K) are,
to the best of our knowledge, among the highest reported
in literature for films of comparable thickness [Fig. 3(c)]
[9,10,13,17,22,33—42]. This increased superconducting per-
formance is likely related to improved stoichiometry shown
by the XPS measurements in Fig. 2 and reduced oxygen
penetration in the bulk of the film, as argued in Fig. 1. We
associate the observed saturation and even degradation of 7
for temperatures larger than 825 K to increased oxidation rates
during growth. Alternatively, thermally induced stress in the
film could also result in the observed degradation of 7;. From
these results, we determined the optimum growth temperature
to be around 825 K. We find that this optimized growth recipe
can be transferred to LNOI substrates, yielding similar 7
values, which is shown in the Supplemental Material [32]
Fig.S2.

While evaluating 7; values is interesting from a material
perspective, it also forms an important consideration toward
full photonic integration of NbTiN on LNOI. Realizing a com-
pletely monolithic platform will require a lot of subsequent
fabrication steps, including waveguide patterning and the
integration of single photon sources. Significant fabrication-
induced degradation of the superconducting properties of the
film is expected to occur, so having excellent T; is an impor-
tant starting point.

The STEM images in Fig. 4 show the interface between
NbTiIN and LiNbOj; for a film grown at 825 K [Figs. 4(a) and
4(b)] and 600 K [Fig. 4(c)] on LNOI wafers. A high-quality
and sharp interface is observed for both temperatures without
clear signs of chemical intermixing. The absence of chemical
intermixing is further substantiated by the energy dispersive
X-ray (EDX) spectroscopy shown in Fig. 4(c). The NbTiN
film is fully crystalline over the studied 1.5 um lamella width,
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FIG. 5. (a) Radial XRD scans of the NbTiN films grown at vari-
ous temperatures. The only out-of-plane crystal orientation observed
over the measured range is the [111] orientation. (b) Polar plot of the
NbTiN film grown at 750 K with the (111) peak as the central contri-
bution. The six different intensity spots circled in green indicate the
two different observed in-plane orientations of the (111) grains.

and grain boundaries are separated by more than 30 nm.
Furthermore, the films are uniform, have no visible thickness
variation, and have limited oxide growth. The crystal lattice of
the NbTiN film is tightly spaced in the horizontal direction and
has clear lattice planes in the vertical direction. This suggests a
side projection of the (111) orientation in the growth direction.
We attribute the apparent difference in brightness and contrast
between Figs. 4(b) and 4(c) to variations in lamella thickness
and post-processing.

The (111) dominant crystal orientation of the NbTiN films
is confirmed in the XRD analysis in Fig. 5. In Fig. 5(a), radial
XRD scans of four different films grown on sapphire sub-
strates at various temperatures are shown. The only observed
out-of-plane crystal orientation is (111) and the higher-order
reflections of that lattice plane. The films grown at 600 K
and 750 K show the strongest (111) oriented peaks, indicating
the higher crystal quality of these films. This is corroborated
by the visible Laue oscillations for these temperatures. Laue
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oscillations are often seen in a symmetric 8-26 scan around
a single Bragg reflection as small periodic oscillations on
either side of the main peak. These oscillations only occur
if the crystal quality is high, the surface is smooth, and the
thickness is locally very well-defined. Figure 5(b) shows a
pole figure of the (111) Bragg peak from the 7 = 750 K film
in order to further investigate the in-plane orientations of the
crystal domains. We observe six different intensity spots under
60 deg, indicating two different in-plane orientations of the
(111) crystal domains.

Opverall, a distinct difference in crystal quality can be ob-
served between the room-temperature film and the films with
increased substrate temperature. The decrease in oxygen con-
centration seen in Fig. 3 combined with the structural changes
in the NbTiN film seen in Figs. 1 and 5 are the likely root
causes for the increased T [43]. Since we have not observed
any intermixing or damaging of the LNOI substrate in the
STEM images in Fig. 4, we believe the films grown at 825 K
will ultimately yield the best detector performance.

III. SNSPD INTEGRATION

Now that the growth of NbTiN films on LNOI has been
optimized, we demonstrate the use of this material platform
for single-photon detection. Using the growth temperature of
T = 825K, a 10 nm film is grown on LNOI, similar to the
films shown in Fig. 3. This thickness is chosen over the thinner
films developed in this work as we expect the 10 nm films
to be more resilient against oxidation that will occur during
SNSPD fabrication. SNSPDs are fabricated by patterning a
meandering nanowire structure using electron beam lithogra-
phy. Etching of the NbTiN is done by reactive ion etching
using a mixture of Argon and SF¢. More details on the fabri-
cation process are given in the Supplemental Material [32],
including reference [44]. The fabricated SNSPD device is
designed to be a nanowire meandering over a 10 um x 10 um
area with a duty cycle of 50 %. The nanowire has a width
of 100 nm. The device is contacted with a movable radio
frequency probe and biased using a current source. All mea-
surements are performed in a cryostat at a temperature of 5 K
or higher.

Figure 6(a) shows the critical current of the nanowire de-
vice plotted as a function of temperature. The inset of Fig. 6(a)
shows a scanning electron microscopy image of the fabri-
cated SNSPD. The critical current of the wire is fitted using
I.(T) = L.(0)[1 — (%)2]3/2 with T, as a fitting parameter, and
the resulting fit is shown in the dashed line. The obtained 7; of
12.6 K is relatively close to the 7; of 13.5 K of the NbTiN film
before fabrication, indicating limited oxidation during fabrica-
tion. The critical current of the device is relatively large for a
wire of this dimension (J = 8.0 x 10°A/cm?) [22,40,45].

Next, we irradiate this device with 774 nm photons using
a tunable wavelength laser source. The detection kinetics for
operation at a normalized bias of 0.9 are shown in Fig. 6(b).
The voltage response of the device can be fitted by a single ex-
ponential function [dashed line in Fig. 6(b)] using a relaxation
time 7 of 2.30 ns. Using this relaxation time, the total device
kinetic inductance is determined to be L = 115 nH. Account-
ing for the device geometry, this results in Lo =~ 23pH/sq.
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FIG. 6. (a) The critical current of the SNSPD as a function of
temperature. The dashed line is a fit of the expected critical current
relation with the found fit value of 7. The inset of the figure shows
a scanning electron microscopy image of the device. (b) The device
voltage response after excitation with a single photon. The response
time 7 is obtained from the dashed fit and indicated in the figure.
(c) DCR measurements of the detector as a function of normalized
current bias for various temperatures. (d) The normalized detection
efficiency as a function of normalized current bias for two different
excitation wavelengths.

This value is relatively low for NbTiN or NbN SNSPDs,
which can enable fast detector reset times [10,46].

Figure 6(c) shows the measured dark count rates as a
function of bias current for various temperatures. The various
temperature traces converge at a single point around lyjs = I..
For the lowest temperature trace (T = 5 K), the dark counts
indicate a reasonable operating regime at a normalized bias
current between 0.9 and 0.94 with dark counts below 10 Hz.
This is further explored by the normalized on-chip detection
efficiency (OCDE) shown in Fig. 6(d) as a function of nor-
malized current bias. For a photon wavelength of 774 nm, the
detection efficiency starts to saturate around a normalized cur-
rent bias of 0.9. Saturation indicates that the internal quantum
efficiency of the detector is reaching unity. However, full sat-
uration is not observed for the SNSPD at this temperature. To
observe this, a lower operating temperature is likely required
[45]. We note that the absolute detection efficiencies of these
devices are very low (<1%), which we attribute to the device
geometry, optical excitation, and absence of an optical cavity,
which are used in high-efficiency detectors. Future NbTiN
hairpin detectors on top of an LNOI waveguide could increase
the absolute detector efficiency by enabling a longer interac-
tion time and will enable fully integrated quantum photonics
experiments. Additionally, the 10 nm film used for the detec-
tor has a sheet resistance of 235 €2/sq, which is lower than the
typical values of 500—600 €2/sq for highly efficient SNSPDs
[46—48]. As the sheet resistance is strongly related to the
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film thickness, this indicates the efficiency of future devices
could be increased if they are realized using thinner films.
Moreover, recent work shows that the detector efficiency can
be further increased by applying controlled He-ion irradiation
after device fabrication. It does so through direct irradiation
effects on the NbTiN film and by introducing interface defects
that reduce thermal conductance to the substrate, allowing
hotspots to develop more efficiently [49].

In general, the SNSPD device shows performance charac-
teristics similar to those of NbTiN detectors made on more
conventional substrates, such as SiO, [22,50,51]. Based on
these results, the optimal operating regime for single-photon
detection would be around a normalized bias current of 0.9,
and the device can be operated at around 5 K, which is
well above typical base temperatures of Gifford-McMahon
cryocoolers.

IV. CONCLUSION

In summary, we have shown that increasing the sub-
strate temperature during DC reactive magnetron sputtering of
NbTIN can both structurally and chemically improve the qual-
ity of the superconducting film. AFM topography and XRD
characterization indicate that substrate temperatures exceed-
ing 650 K result in compact films with a columnar structure
consisting of (111) oriented grains. This results in a maximum
T. of around 12 K for ultra-thin films of 4 nm thickness, which
is among the highest reported for films of such thickness.
Furthermore, we demonstrate by STEM analysis that these
high-temperature NbTiN films can also be grown on LNOI
substrates while maintaining good interface quality.

The developed material platform was used to fabricate
an SNSPD. Low-temperature optical characterization of this
device indicates a high critical current density, low response
time, low dark counts, and an internal quantum efficiency
approaching 1. The ideal operating point of the device would
be at a normalized current bias of around 0.9. These re-

sults demonstrate that the developed material platform can be
used for single-photon detection. This material study forms a
complete perspective on the previously unexplored effect of
growth temperature for ultra-thin NbTiN films and suggests a
reliable route toward further photonic integration. This repre-
sents a critical step toward fully monolithic LNOI photonics.
In future work, single-photon sources, waveguides, and mod-
ulators could be incorporated on the same chip. An on-chip
single-photon detector will allow for more efficient, faster
detection with lower losses and reduced timing jitter, enabling
advanced photonic circuits involving boson sampling or feed-
forward operations. It would also support emerging quantum
microcomb experiments at the single-photon level [52], build-
ing on recent progress in electro-optic [53] and Kerr soliton
[54] microcombs on X-cut LNOI.
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