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ABSTRACT

On-chip single photon detection is crucial for implementing on-chip quantum communication, quantum simulation, and calculation.
Superconducting nanowire single-photon detectors (SNSPDs) have become one of the essential techniques to achieve high-efficiency, on-
chip, single-photon detection at scale due to their high detection efficiency, low dark count rate, and low jitter. Silicon carbide (SiC) has
emerged as a promising integrated photonics platform due to its nonlinear optical processing capabilities, compatibility with CMOS technol-
ogy, and outstanding quantum properties as a device for single photon sources. However, achieving high-efficiency superconducting nano-
wire single-photon detection on SiC substrates has yet to be demonstrated. In this study, we deposited polycrystalline NbN thin films
onto 4H-SiC substrates. We also ensured that the deposited NbN thin film had a flat surface with a roughness less than 1 nm on the C-side
4H-SiC substrate through optimized chemical mechanical polishing. The NbN-SNSPD achieved a saturated quantum efficiency covering the
color center emission bandwidth wavelength range (from 861 to 1550 nm) of the 4H-SiC material. These results offer a promising solution
for high-efficiency single-photon detection on fully integrated quantum optical chips on 4H-SiC substrates.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164368

Solid-state qubit candidates with defects, such as diamond,1,2 sili-
con carbide,3–6 and rare earth ions material,7 are emerging as promis-
ing platforms for quantum memory,8,9 quantum computation,10,11

quantum communication,12,13 and quantum information processing.14

Among them, silicon carbide is drawing increasing attention due to its
outstanding optical properties,15 such as nonlinear optical proper-
ties,16,17 mature crystal growth technique,18,19 and good compatibility
and scalability with complementary metal–oxide–semiconductor fab-
rication process.20,21 Silicon carbide has numerous polytypes and vari-
ous types of defects. 4H-SiC defects possess long emission time,15

long-lived electron spin coherence time,22–24 and high readout ratio.25

To date, studies on the fabrication of 4H-SiC-on-insulator substrates
(4H-SiCOI),26 addressable implanted color centers near the surface of
4H-SiC,27,28 and devices, such as micro rings,29 cavities photonics

crystals,30,31 frequency combs,32 and solitons,33 have been carried out.
These achievements present the possibility for complex integration
and applications on 4H-SiC. Therefore, it is viewed as a potential inte-
grated photonics platform. However, single photon detection for color
centers on 4H-SiC has yet been carried out, despite being an important
element for fully integrated photonics quantum chips.

Superconducting nanowire single photon detectors (SNSPDs),
normally based on silicon substrates, offer high detection effi-
ciency,34,35 low dark count rate, low timing jitter,36 and wide band-
width from x-ray37 to mid-infrared range.38,39 Currently, SNSPDs can
be integrated on various substrate materials, such as X-cut lithium nio-
bate (LN),40,41 silicon,42 and silicon nitride43,44 with intrinsic detection
efficiency near 100% at 1550nm and shorter wavelength. On silicon
carbides, SNSPDs have been fabricated on 3C-SiC. The detector
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showed a single photon response with a moderate unsaturated device
detection efficiency of around 20%.45 The detection efficiency may be
affected by the structures of NbN thin films. NbN thin films deposited
on 3C-SiC46 and 4H-SiC47 substrates are epitaxial due to slight lattice
mismatch. Previous research suggests that polycrystalline thin films
are more likely to induce better performance in SNSPDs than epitaxial
films.41

In this research, the natural oxide layer of 4H-SiC was retained to
prevent NbN thin films from epitaxial growth on 4H-SiC substrates.
Following the popular fabrication processes of NbN-SNSPD on the Si
substrate, we obtained an NbN-SNSPD on 4H-SiC with broadband
saturated detection. The results demonstrate the possibility of on-chip
high-efficiency single-photon detection on 4H-SiC materials as inte-
grated platforms.

Due to its spontaneous polarization, 4H-SiC has two sides, as
shown in Fig. 1(a). Si-side is usually used in the binding process of
4H-SiCOI fabrication, as shown in Fig. 1(b), which makes the upper
surface the C-side of the SiCOI substrate. We chose to fabricate NbN
thin films and SNSPDs on the C-side. 4H-SiC substrates have a size of
20� 22mm2. Using an optimized chemical mechanical polishing pro-
cess, the root mean square surface roughness (Rq) was reduced to
lower than 0.2 nm.

NbN thin films (3–200 nm) were fabricated using DCmagnetron
sputtering. The detailed deposition parameter and the process are the
same as the previous study on the deposition of NbN thin films onto
the silicon substrate.35 We measured the superconducting properties
of NbN thin films using a physical properties measurement system,
while topography and surface roughness were analyzed by atomic
force microscopy (AFM). The crystal structure was detected by x-ray
diffraction (XRD). The device was fabricated using processes such as

electron beam lithography and reactive ion etching. After dicing, the
device was mounted in a custom-made copper holder and electrically
connected using wire bonding. The optical fiber was coupled to the
device’s photosensitive area using a vertical coupling method. Device
measurements and characterizations, such as I–V characterization,
system detection efficiency, and jitter characterization, were per-
formed. The methods and equipment details can be referred to in our
previous paper.35

Figure 2(a) displays the topography of an 8-nm-thick NbN thin
film on a 4H-SiC substrate. Randomly oriented trenches were brought
by the morphology of the surface of the C-side 4H-SiC substrate.
The Rq value of the NbN thin film was 0.37 nm within a scanning
range of 5� 5lm2, satisfying the fabrication requirement for SNSPDs.
Figure 2(b) is the scanning electron microscopy (SEM) image of the
photoreactive area of an NbN-SNSPD device, with the inset providing
measurements of the detector’s width and pitch. The detector is circu-
lar with a diameter of 15lm, while the nanowire has a width of 62 nm
and the pitch is 162 nm.

Figure 3(a) shows the superconducting transition of a 6-nm-thick
NbN thin film deposited on the C side of the 4H-SiC substrate. The
transition temperature (Tc) was determined as the temperature at
which the thin film’s resistance reaches half its value before the transi-
tion. The transition width (DTc) was calculated as the temperature
range between 90% and 10% of the resistance before the transitions.
The 6-nm-thick NbN thin film exhibited a Tc of 6.7K and a DTc of
0.4K. Figure 3(b) illustrates the dependence of the Tc and DTc on film
thickness, ranging from 6 to 200nm. As the thin film thickness
increased, Tc increased and DTc decreased. A 200-nm-thick NbN film
exhibited a Tc of 16K and a DTc of 0.1K. The value of residual
resistance ratio (RRR) was defined as the resistance at 300K over the
resistance at 20K. The RRR values were 0.6 and 0.8 for a 6- and
200-nm-thick films, respectively. The higher RRR value for thicker
films corresponded with the results of Tc and DTc. As the thin film
thickness increased, it demonstrated better superconducting properties
with a higher Tc approaching 16K. Additionally, the DTc decreased to
as low as 0.1K, indicating that the depositions were close to the opti-
mal deposition parameters with approximately a 1:1 stoichiometric
ratio. Therefore, the low Tc observed at the beginning of the growth
was not due to deviation from stoichiometry but relatively low crystal-
linity. Figure 3(c) compares the dependence of Tc values on NbN film
thickness on various substrates, including MgO, X-cut, Z-cut, and
4H-SiC substrates.41 Previous research has shown that NbN thin films
are single crystalline, epitaxial with dense twins, and polycrystalline
on MgO, Z-cut LN, and X-cut LN substrates, respectively.41,47

FIG. 1. (a) The crystal structure of 4H-SiC. (b) The structure of 4H-SiCOI sub-
strates. The upper surface is C-side.

FIG. 2. (a) AFM characterization of 8-nm-
think NbN film. (b) The SEM image of the
fabricated NbN-SNSPD device in this
paper. The inset shows the width and
pitch of the nanowire.
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The Tc-thickness dependence of NbN thin films on 4H-SiC substrates
is more similar to that of polycrystalline NbN thin films, which were
grown on Si and X-cut LN substrates, meanwhile different from those
of epitaxial NbN thin films on MgO and Z-cut LN substrates. The
XRD result shows two peaks of NbN materials, verifying the polycrys-
talline structure (see Fig. S1 in the supplementary material). Given that
NbN deposition reaches a balanced stoichiometric ratio, the difference
in NbN crystal structures was mainly caused by the degree of lattice
mismatch with substrate materials.

The device’s electrical characteristics, single-photon response,
and jitter properties were tested under an environment with a power
level of –108.92 dBm. Figure 4(a) illustrates the I–V characterization of

the device, indicating a critical current of 9.1 lA and a corresponding
critical current density of 2 MA/cm2 at a temperature of 2.2K.
Figure 4(b) shows the dependency of normalized system detection effi-
ciency (SDE) and dark count rate on bias current at 861, 1064, and
1550nm wavelength. The respective absolute SDE values are 1.1%,
1.5%, and 1.2%. The device detected single photons with saturated effi-
ciency and a low dark count rate. Figure 4(c) shows the device’s single
photon response signal with a response time (dead time) of 34 ns
simulated for the falling part (1/e criterion). Figure 4(d) demonstrates
the jitter characterization of the device in the 1064 and 1550nm wave-
lengths with jitters of 106 and 111 ps, respectively. Upon on-chip inte-
gration, jitters are expected to decrease significantly due to the
shortened nanowire length.

In Ref. 47, it reported that a 5-nm-thick NbN thin film on
4H-SiC substrate processes a Tc of 11K,47 which differs from our
results. This discrepancy can be attributed to using of HF solution to
remove the oxide layer of 4H-SiC substrates, which resulted in the epi-
taxial growth of NbN on the substrate. Additionally, due to the slight
lattice mismatch, NbN thin films grown on 3C-SiC exhibit higher Tc

values, and the detectors demonstrate unsaturated detection.45 In con-
trast, in our research, we chose to retain the oxide layer, resulting in
polycrystalline NbN structures, lower Tc values, and saturated detec-
tion behavior of detectors.

Based on our research on NbN thin film on LN substrate, epitax-
ial NbN thin films contribute less to the high performance of SNSPD
than polycrystalline NbN thin films.41 The results of our device are
consistent with this conclusion. Here, the device performance is more
similar to and comparable with the results of NbN-SNSPDs on Si sub-
strates, indicating high device detection efficiency of on-chip wave-
guide integrated NbN-SNSPD on 4H-SiC photonics chips once the
evanescent field absorption efficiency be enhanced. These results help
to further integrate of high-efficiency on-chip SNSPDs on 4H-SiCOI
substrates.

In conclusion, our study has demonstrated that NbN thin films
with thicknesses ranging from 6 to 200nm can be deposited on the
C-side of 4H-SiC substrates. The relationship between the thickness of
NbN thin films and their transition temperature follows the regular
pattern of polycrystalline NbN thin films. Our fabricated NbN-SNSPD
device with a width of 62 nm exhibits a critical temperature of up to

FIG. 3. (a) Dependence of normalized resistance on temperatures of a 6-nm-thick NbN thin film. (b) The Tc and DTc of NbN thin films with thicknesses from 6 to 200 nm. (c)
The relationships of the transition temperatures and thickness of NbN thin film on MgO (down triangle), X-cut LN (square), Z-cut LN (up triangle), and 4H-SiC substrates (hol-
low diamond).

FIG. 4. (a) I–V curves, (b) system detection efficiency (left) and dark count rate
(right) vs bias current, (c) oscilloscope persistence map of a response, and (d) jit-
ters characterization of NbN-SNSPD on 4H-SiC substrates.
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9.1 lA. It shows saturated quantum detection efficiency at 861, 1064,
and 1550nm wavelengths, with a low dark count rate. These results
support the further exploration of high-performance integrated NbN-
SNSPDs on 4H-SiC and 4H-SiCOI photonics chips, which could have
significant implications for future research in the field of photonics.
Specifically, the high critical temperature and quantum detection effi-
ciency of our NbN-SNSPD device could enable new types of experi-
ments or applications, such as single-photon characterization and
manipulation, with potential applications in quantum information
processing and communication.

See the supplementary material for the x-ray diffraction characteri-
zation result of a 200-nm-thick NbN film grown on 4H-SiC substrate.

The devices were fabricated at Superconducting Electronics
Facility (SELF) of SIMIT.
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