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Optically induced gquantum transitions
in direct probed mesoscopic NbSe;
for prototypical bolometers

Kishan Jayanand,’ Gustavo A. Saenz,” Sergiy Krylyuk,® Albert V. Davydov,®> Goran Karapetrov,* Zhonghe Liu,”
Weidong Zhou,® and Anupama B. Kaul’2¢*

SUMMARY

Superconducting transition-edge sensors (TES) have emerged as fascinating devices to detect broadband
electromagnetic radiation with low thermal noise. The advent of metallic transition metal dichalcoge-
nides, such as NbSe,, has also created an impetus to understand their low-temperature properties,
including superconductivity. Interestingly, NbSe,-based sensor within the TES framework remains unex-
plored. In this work, direct-probed superconducting NbSe, absorbers led to a proof-of-concept demon-
stration for the transduction of incoming light to heat, where a thermodynamic superconducting phase
transition in NbSe, was evident to switch it to the normal state, when biased below its superconducting
transition temperature. A wavelength-dependent response of its optical absorption properties was
observed, based on the incident optical excitation source used. Furthermore, extensive optical character-
ization studies were conducted using Raman spectroscopy, where the in-plane and out-of-plane thermal
conductivity was empirically determined. Our results open possibilities for the use of NbSe; in supercon-
ducting radiation detectors, including in a TES framework.

INTRODUCTION

Layered two-dimensional (2D) materials have intrigued the research community since the mechanical exfoliation of graphene in 2004," where
their outstanding optical, mechanical, and electronic properties have been at the heart of fundamental studies, including in transition metal
dichalcogenides (TMDs).*? Studies on TMDs have opened up opportunities for exploring their use in photodetectors,” zero-dimensional (D)
cage molecule-2D hybrids,” and quantum multibody systems.® The TMDs are present in five polytypes: tetragonal (1T), hexagonal (2H), rhom-
bohedral (3R), orthorhombic (1T’), and monoclinic (Td). Each layer consists of a transition metal M (e.g., Mo, Nb, W, and Re) sandwiched be-
tween two chalcogen X (e.g., S, Se, and Te) atomic planes that form the X-M-X tri-planar architecture, with the MX; stoichiometry. In this crys-
talline structure, strong in-plane covalent bonding arises between the X-M-X complex, while the out-of-plane bonding between adjacent X-X
interactions is weak, arising from van der Waals coupling.” The electronic structure of TMDs ranges from the typical d-block group VI semi-
conducting (e.g., MoS,, MoSe,, WS,, and WSe,) to the metallic or semi-metallic (e.g., TaS,, TaSey, NbS,, NbSes) group V binary chalcogen
compounds.® In the case of group VI semiconducting TMDs, their out-of-plane quantum confinement leads to bandgap tunability, and the
transition from indirect bandgap to direct bandgap optical transitions being a characteristic feature.'’

While the semiconducting TMDs have garnered significant attention from the broader research community, the body of work on super-
conducting 2D materials, particularly NbSey, also a TMD, appears to be less extensive. In particular, NbSe;, has distinctive electronic and mag-
netic properties including emergent superconductivity, which coexists with incommensurate charge density wave (ICDW) states. The latter
phenomenon is attributed to a periodic modulation of conduction electrons accompanied with lattice distortions at temperatures T below
33.5 K. In single unit cell thick layers of NbSe, superconductivity is realized via Ising spin pairing due to broken inversion symmetry."’

Cryogenically induced superconducting transitions are at the heart of superconducting tunnel junctions relying on the Josephson effect'?
in the superconductor-insulator-superconductor (SIS) configuration, as well as superconducting-quantum-interference-devices (SQUIDs) for
high-speed superconductor electronics.'*'* The Josephson junction is comprised of an ultra-thin insulator film sandwiched between two
superconducting layers which forms the basis for quantum-limited detection, pivotal in astrophysics applications, '” along with superconduct-
ing qubits for quantum computing.'® The latter is a rapidly growing area in recent times toward national security needs involving the broader
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quantum information science community. More recently lower-dimensional materials such as OD nanoparticles, 1D nanowires, and 2D mate-
rials have been explored for their use in single photon detection, a key component of quantum information science employing photons.'”

Another device that leans on superconducting properties for its operation is the transition edge sensor (TES). Here, incoming photons
from incident electromagnetic radiation interact with the superconducting sensor which is biased on the steeply rising edge in the resistance
Rversus T characteristic of the TES. Incoming radiation causes local heating to propel the superconducting sensor to its normal state, forming
the basis for radiation detection where sensitivity toward the quantum-limit is a fundamental goal.'® The TES has been implemented for non-
destructive analysis of nuclear materials,’” neutrino detection,”® optical and microwave frequency detection”""”” on the European Athena sat-
ellite,”® and South Pole Telescope,24 as well as electron-beam ion traps (EBIT).?° The hot-electron bolometer (HEB), based on direct detection
or mixing, outperforms SIS and Schottky diodes in astronomical observations significantly above 1 THz which were used on the Herschel space
observatory.26 The microwave kinetic inductance detector (MKID),”’ the superconducting nanowire single-photon detector (SNSPD),”® and
the superconducting stripline detector (SSLD)?? are other variants of detectors relying on superconducting materials. In many situations, the
aforementioned devices exhibit low-thermal noise and high sensitivity.'**%*" Superconducting films employed in the aforementioned detec-
tors typically rely on materials such as Mo,*? Nb,** NbN,** and high-T, superconductors such as YBCO>® and MgB,.*

Although elemental or compound superconducting materials have been extensively studied for their use in TES devices, including some
material systems such as Nb and YBCO where investigations have spanned several decades, 2D materials on the other hand, are far less
explored for TES applications. Elemental superconductors such as Mo shows a superconducting transition temperature T, ~ 0.9 K, while
Nb exhibits T.~ 9 K. Binary 3D crystalline compounds, such as the nitride of refractory Nb, i.e., NbN yields T, in the range of ~12-16 K depen-
dent on its crystalline quality and offers a more direct comparison to the selenide of Nb which takes up a 2D crystalline host lattice in the form
of NbSe,. In comparison to the aforementioned 3D crystalline materials, either elemental or binary, 2D NbSe, exhibits layer-dependent prop-
erties, a feature not commonly observed in 3D crystalline material systems, stemming from the out-of-plane van der Waals bonding in the
latter. For example, previous studies conducted on NbSe; have demonstrated a thickness-dependent magnetic susceptibility and supercon-
ducting response.”’ This layer-dependent response also likely poses intriguing possibilities when NbSe; is used as the absorber material in
TES architecture, providing another exciting degree of freedom to tune its interaction to incoming radiation. The current study considered in
this work on bulk NbSe; should thus serve as an important benchmark and stepping-stone to extended such empirical analysis in the future for
the validation of theoretically proposed phenomena for TES devices based on NbSe, in the limit of monolayers and thickness-dependent
device parameters. Additionally, Xi et al.*® previously demonstrated layer-dependent gate tunability of the superconducting transition of
NbSe,, where the transition temperature and superconducting bandgap maybe tuned externally. Through layer engineering and electro-
static tuning, NbSe, may serve as a candidate bolometer material for high-energy particle detection, as well as a single photon detector
for quantum information science applications. Furthermore, large area detectors, such as long-range telescopes, may benefit from the
arrangement of NbSe, pixel arrays capable of capturing and detecting a wide spectral range of energies, on-demand, via layer engineering
and electrostatic tuning of the crystallites.

The 2D TMD materials family has grown at a rapid pace over the last decade, and much attention has been placed on the large-area syn-
thesis and manufacturing of these van der Waals solids.>” Approaches for the large-scale synthesis of 2D materials include chemical vapor
deposition (CVD), liquid exfoliation, and wet chemical synthesis, to mention a few. Of the aforementioned growth approaches, CVD offers
the most potential for generating high-crystalline quality materials, while at the same time being largely compatible with the infrastructure
of today’s microelectronics industry and semiconductor process technology.’® Recent work has demonstrated the ability to produce high-
quality NbSe; with thicknesses control using CVD processes.”' ™ This highlights the possibility of manufacturing high-grade and crystalline
quality NbSe; toward future scalable platforms and for the deployment of superconducting NbSe, toward important applications, including
TES devices.

Furthermore, NbSe; is a refractory material with a melting point >1,573 K from which a high bond strength, as well as high mechanical
stability, maybe inferred.* Specifically, the bulk modulus of NbSe; is reported to be ~52 GPa,"” which is similar in magnitude, to first order,
to Silicon’s bulk modulus (~130 GPa),*® where the latter is widely recognized as a robust mechanical support structure for micro-electro-me-
chanical systems (MEMS), as well as TES devices. Thus, we expect NbSe; to offer similar structural stability attributes, while its chemical and
air-stability is a topic discussed in more detail in the section “Synthesis and materials characterization of 2H-NbSe,", where experimental anal-
ysis was facilitated by Raman spectroscopy and energy dispersive X-ray spectroscopy (EDS). Such spectroscopy analysis revealed no observ-
able degradation for our samples when they were exposed to radiation under ambient conditions, corroborating its stabile nature, which
should be beneficial for practical TES devices.

In this work, we demonstrate the use of a bulk NbSe,, as a superconducting bolometer when it couples to incoming electromagnetic ra-
diation. Here, a change in temperature is sensed as a result of absorption of the electromagnetic radiation focused on the crystal, causing the
optical-to-thermal transduction to arise from the superconducting-to-normal transition. Direct probing of the bulk NbSe; crystal in a cryo-
genic probe stage with optically pumped incoming radiation spanning the ultraviolet (UV, A = 405 nm), visible (VIS, 2 = 660 nm), and near-
infrared (NIR, 2 = 1060 nm) via an optical fiber at cryogenic temperatures allowed us to observe the superconducting-to-normal state tran-
sition. Time-resolved measurements were also conducted with these lasers, which enabled us to estimate switching parameters of bulk
NbSe,-based prototypical TES device. The in-plane and out-of-plane first-order temperature and laser power dependent coefficients of
the bulk NbSe, crystallite were tabulated by analyzing the Raman peak shifts with respect to temperature T and power P, which provided
insights into the in-plane and out-of-plane thermal conductivities, where the former was found to be a factor of two higher. Our prototypical
demonstration shows the optical-to-thermal transduction in the superconducting transition of bulk 2H-NbSe,, driven solely by incoming
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optical radiation. This work is well positioned to open opportunities for the use of NbSe;, and other superconducting dichalcogenides in
superconducting bolometers in the future.

RESULTS

Synthesis and materials characterization of 2H-NbSe,

The 2H-NbSe; crystals were grown using the chemical vapor transport (CVT) method with SeBry as the transport agent, and the details of the
growth is discussed in the STAR Methods. Powder X-ray diffraction (XRD) scans depicted in Figure 1A confirms the hexagonal crystal structure
of the obtained 2H-NbSe; flakes (space group P63/mmc). Materials Data Inc (MDI) Jade 6.5 software (Livermore, CA 2015) was used to calcu-
late the lattice parameters of our 2H-NbSe; crystallites where the parameters were determined to be a; = a, ~ 3.445 A and a3~ 12,548 A,
which are comparable to lattice constants previously reported”’ for 2H-NbSe; (a7 = a, = 3.449 A and a3 = 12.54 A). Post growth, the CVT grown
NbSe, crystallites were stored in a vacuum desiccator to minimize air-exposure and possiblity of consequent degradation.*®

The bulk NbSe; flakes were further examined using Raman spectroscopy. The lattice of 2H-NbSe; is reported to encompass A, By, Bu, Ag,
E,, and Eg, vibrational modes of which one out-of-plane phonon mode (A1), and three in-plane phonon modes (Ey g, E;g and Egg) arereported to
be Raman active.*” A schematic of the Raman active vibrational modes in NbSe, is shown in Figure 1B. In contrast, Raman inactive modes corre-
spond to asymmetric vibrational modes, either stretched or bent, which are detected using Fourier transform infrared spectroscopy (FTIR). In our
sample, a thick NbSe; crystal was placed on a 270 nm thick thermal SiO; layer on a Si substrate for high optical contrast (see schematic in Fig-
ure 1C). The approximate dimensions of the NbSe; crystallite used in the following investigations were measured to be 2 mm X 1 mm X 13 pm
(length X width x height). From the Raman analysis, the vibrational modes occur at = 228.2cm™ " and ~238.7 cm™ " which are assigned to the A
and E;g modes, respectively, as shown in Figure 1D, and the data are in close agreement with previous reports.”® The broad line around 180 cm ™
is called the soft mode due to a second-order scattering mechanism,”’ and its analysis is beyond the scope of this paper. The Egg vibrational
mode is reported to occur at ~ 29.6 em~!, and we did not observe this mode due to limitations of our micro-Raman instrumentation. Further-
more, the E1q mode signal intensity is reported to be very low because of the small Raman cross-section.”

The T-dependent Raman spectroscopy measurements were then conducted from T ~ 80 K where cooling was done using liquid nitrogen
(LN2), and a heater was used to warm up the sample up to room T ~ 298 K. The laser was stabilized at a constant laser power P ~ 0.84 mW at
which an appreciable signal-to-noise (S/N) ratio was obtained, without inducing damage to the bulk NbSe; crystallite. The E%g and Aig modes
were analyzed using Gaussian peak-fitting to extract the Raman shift. The contour plot in Figure 2A illustrates the Raman map as a function of
T for our NbSe; crystallite. From the data presented in Figure 2B, the in-plane E}_ and out-of-plane A1g modes were red-shift linearly as T
increased from 80 K to 298 K. The first-order T-dependent behavior for the E;g and Aig modes was analyzed using,”

o(T) = wo+xT (Equation 1)
where w(T) is the Raman peak position as a function of T, wy is the vibrational frequency at 0 K, and X is the first-order T coefficient extracted

53

from the linear fit. In Equation 1, the influence of the higher-order T coefficient term (x?T?)*” was not examined given that the higher order

non-linear trends were not apparent in our data in Figure 2C. Furthermore, the influence of the non-linear x>T? term has been previously re-

ported in some TMDs only at T > 350 K,*" while our measurements were well below this T range. From Equation 1, we find that ‘XE; ’ =
]

0.0410 cm™"/K and ‘XAWg‘ ~ 0.0174 cm™'/K, as shown by the top and bottom panels in Figure 2C.

Next, the Raman shift of the modes was analyzed as a function of the incident optical excitation power P of the laser, shown in Figure 2D at
room T. Anincrease in P causes an ensuing increase in T locally, which likely results in thermal dilation within the crystal, inducing a shift in the
vibrational phonon spectrum. The first-order power P coefficient is described as follows,

w(P) = wpo+ (gi;)P (Equation 2)
where w(P) is the Raman peak position as a function of laser excitation power P, wpg is the vibrational frequency at p = 0 W, 6w/ 6P is the first-
order power P coefficient which denotes the change in the A4 and E;g peak positions with increasing laser power P. Incidentally, with
Gaussian peak position fitting to the laser power P-dependent Raman spectra presented in the inset of Figure 2D, we observe a red-shift
inthe Ajg and E;g peaks with increasing laser power P over the entire range from low P (~11.7 uW) to high P (~4700 uW), though two regimes
were evident where éw/6P changed more rapidly up to 840 pW, as shown in Figure 2D. Additionally, the laser power P-dependent trend
observed in 6w/6P (see Figure 2D) was found to be reversible upon reduction of laser power P from 4,700 pW to 11.7 pW. We believe the
slower change in 6w/6P above P = 840 pW may be due to the influence of the higher-order non-linear term ([(8?w /6P? )P?)) which was not
considered in Equation 2 for our computation. In the low P range of 11.7 pW-840 uW, our data analysis led us to determine \5w/6P|<A19) ~

2.9 em™'/mW and |6w/6P|(E; )~ 3.9 em™'/mW using Equation 2. As a result, the thermal conductivity k is extracted using the following,*®
g

1 O\~ .
k = X(R) (ﬁ) (Equation 3)
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Figure 1. NbSe, crystal structure and phonon modes

(A) Powder XRD diffraction scans of as grown 2H-NbSe,. The peak at 69.3° denoted with * refers to the Si (400) reflection from the sample holder. Inset shows a
representative picture of CVT grown NbSe; flakes.

(B-D) Raman spectroscopy of 2H-NbSe,, where the crystal structure of 2H-NbSe, (top and cross-sectional views) are shown in (b)-left, while the Raman active
vibrational modes comprising of the out-of-plane A4 and the in-plane Eqg, E;Q, Egg modes are shown in (b)-right.

(C) Schematic of the 2H-NbSe; crystal placed on an SiO,/Si substrate used for the micro-Raman measurements excited with a 532 nm laser source.

(D) Raman spectra gathered at room T for pristine 2H-NbSe, shown in the optical micrograph of the inset, where the vibrational modes are located at ~
2282 cm™" and 238.7 cm™", corresponding to the Ag and E;g Raman modes, respectively.

where X is as described previously, and z is the thickness of the NbSe,. Using the computed values of |6w/6P\(E; yand [60/6P| s, yinthe low P
9
range (P < 840 uW), measured z = 13 pum for our bulk NbSe; crystallite, the thermal conductivity was calculated, where kE; = 0.13W/mK
9

refers to the in-plane mode, and ky,, ~ 0.07 W/m Krefers to the out-of-plane mode. It is interesting to note that kE; is almost 2x higher than
9

the ka,,, which is well in line with the earlier observation of )XE; ‘ > 2x }XA@ , highlighting the presence of anisotropy in thermal conductivity
9
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Figure 2. Temperature and excitation laser power dependent Raman spectroscopy of NbSe,

(A) Contour map of the T-dependent Raman for 2H-NbSe, from 80 K to 298 K where the data are collected in 20 K increments at a constant laser Pof = 0.84 mW.
(B) Stack plot of the Raman spectra of 2H-NbSe; from 80 K to 298 K. Dashed lines track position of the E;g and Arg modes, which exhibits a linear redshift as T
increases.

(C) Raman shift as a function of T for which the Xg), ~ — 0.041 cm~"/Kand a XA, ~ — 0.0174 cm™"/K were extracted.

(D) Laser power P dependence of the Raman spectra for NbSe; from ~11.7 pW to = 4700 pW. For laser power P < 840 uW, a 6w/6P(E1 yof =3.9 cm™'/mW and
6w /6P(a,,) of =2.9 cm ~'/mW were calculated and a ka,, ~0.07 W/m K and I<E1 ~ 0.13W/m K was extracted using Equation 3. Variation of 6w /6P at higher laser
P > 840 uW is also plotted as shown by the reduced slope region denoted by the dotted line. The change in slope is attributed to dominance of higher-order
P coefficient ([(6°w /6P? )P2]) which was not addressed in Equation 2 for our computation. We hypothesize that the dominance of ([(6%w /6P? )P?]) term in
Equation 2 is due to localized heating at P > 840 uW. The inset shows the P-dependent stack plot of the Raman spectra from 11.7 pW to 4,700 pW, revealing
the changed nature of the 6w/éP for both the low (P < 840 pW) and high slope (P > 840 pW) regions in the E;g and Ay4 peak positions.

caused by T-dependent and P-dependent phonon anharmonicity in the NbSe,. Furthermore, Table 1 summarizes all of the quantitative pa-
rameters determined using non-contact Raman spectroscopy on bulk NbSe; crystallites investigated in our work.

After extensive T- and P-dependent Raman measurements, the NbSe; crystallites were once again examined to deduce the possibility of
degradation arising from air-exposure or photo-oxidation occurring during these measurements. Thin exfoliated NbSe; flakes are indeed
very sensitive to both air exposure and photo-oxidation. The before and after Raman spectra are shown in Figure S1 (see Supplementary In-
formation) which reveals little shift in the phonon peak positions, indicative of minimal degradation occurring in our samples during the mea-
surements. Incidentally, the phonon peaks of selenium-based 2D materials are reported to shift upon the formation of selenium vacancies,
oxygen substitution, or other defects formed through exposure to ambient atmosphere or defect formation through photo-oxidation.”® How-
ever, surface and composition sensitive characterization techniques such as X-ray photoelectron spectroscopy (XPS) would allow further vali-
dation of photo-oxidation states in the NbSe, which may be interesting to explore in a future study. In reviewing the existing literature,*®>’-*°
our measurement range is broad over 80 K-298 K for the T-dependent Raman, to determine x and k values for bulk NbSe; crystallites.

Table 1. First-order temperature coefficient and thermal conductivity parameters for NbSe,

Measured Value

Material Property In-plane Out-of-plane
First-order T-coefficient of phonons (x) ’xE; | ~0.0410 cm~ /K |wa9| ~0.0174 cm~ /K
Thermal conductivity (k) kE; ~ 0.13 W/m.K ka,, ~ 0.07 W/m.K

A summary of the in-plane and out-of-plane parameters determined using non-contact Raman spectroscopy on bulk NbSe.
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Furthermore, as reported in a prior study,” k is strongly dependent on vacancy and defect concentrations. The wide variation in k values
found in the literature for the same material has been observed for single layer graphene,*® and incidentally also for NbSe,,°" as reported
in the prior literature.*'*>®* Moreover, early studies successfully demonstrated the use of Raman spectroscopy to deduce k in 2D materials
including graphene,’” where the T-dependent and P-dependent phonon peak positions shift as the T changes, from which k is inferred. Using
the shift in the optical phonon peak positions which are sensitive to local heating effects (e.g., caused by ambient temperature or laser-power
induced heating), the thermal conductivity for 2D materials can be estimated using such a noncontact approach, despite the fact that the
Raman-active optical phonons play a minor role in directly conducting heat along the flake. Balandin and co-workers pioneered this approach
in 2008,°° where the T-dependent and P-dependent G-peak position was used to determine k in graphene. We have used the same approach
here following similar guidelines, where the E;g and Ajg mode variations allowed us to compute k for our bulk NbSe,. However, prior work by
Zhang et al.** has shown modulation of Raman peak positions and their intensities with the choice of substrate for in-plane and out-of-plane
phonons modes. The anisotropy in thermal conductivity reported in our work may also be influenced by the interaction of NbSe; with the
substrate. While not within the scope of this paper, future studies elaborating upon thermal conductivity calculations and its anisotropy
may be interesting to gather for both supported and suspended NbSe; to shed insights on the role the substrate plays. Additionally, bulk
NbSe; is less prone to oxidation compared to thin membranes, and thus no additional Raman peaks appeared, for example at ~
302 cm™" ascribed previously to the presence of Nb,Os formed after laser irradiation.®

Electronic transport measurements
Delta-mode instrumentation

The electronic transport measurements on our bulk NbSe; samples were conducted using a data acquisition system developed in-house to
acquire the superconducting transition temperature T, using the Lakeshore CRX-4K cryogenic probe stage. The schematic of the instrumen-
tation is shown in Figure 3A. One of the ways in which electronic transport measurements on superconductors are carried out is using a
commercially available physical property measurement system (PPMS),'"*’ variable T helium cryostat,”'“ or closed-cycle two-stage pulse
tube with helium stage.®® In this work, we have developed an approach to make such transport measurements with the CRX-4K probe station
using a closed cycle helium refrigerator, where optical radiation is coupled to the device under test (DUT), while the transport measurements
are made in vacuum using delta-mode technique.

The delta-mode technique uses an ambipolar current source I to the DUT which is squared in amplitude to eliminate the Seebeck voltages
at the interfaces. Here, electrical connections and adapters from the instrumentation to the DUT result in a Seebeck coefficient mismatch and
alarge T gradient in our interconnects on the chip. Since the Seebeck voltages remain constant in magnitude and polarity at a fixed Tregard-
less of current source bias, the average voltage is extracted every n cycles at the maximum operating frequency of 12.5 Hz, as denoted in
Equation 4.

Vaverage = Z (W) (* 1)” (Equation 4)

i=1

Here, Vayerage is the measured voltage for the channel R calculation; V, n, Vi, and V¢, are used to indicate the alternating maximum and
minimum measured voltages at each n delta cycle. An example of this cyclical behavior in current and voltage is shown in Figure 3B for a given
ambipolarinput Iy = + 100 pA, and Vieasured Varies between 13 pV and 17 uV from n = 0 to n = 8 delta cycles, while the output Vayerage = 15 1V
was computed from Equation 4, as represented in Figure 3B.

In order to corroborate the superconducting transition temperature T, data deciphered using the above Kelvin sensing delta-mode
approach, a calibration test was conducted with a sputtered Nb film before proceeding to our NbSe, device measurements. For the calibra-
tion test, a thick Nb film was deposited on an oxidized Si substrate with a thermal oxide thickness of 270 nm using DC sputtering, with an Ar
flow rate of ~15 sccm, pressure of = 5 mTorr, and plasma power of ~50 W once the plasma stabilized. The delta-mode transport measure-
ment parameters for our Nb film were conducted at I = 100 pA (magnitude of Is selected to maximize the S/N ratio), 10 cyclesat 12.5Hzina T
range from 3.88 K to 300 K. Using these parameters, the T, (R = 0 Q) was measured to be 8.49 K using the CRX-4K system which is close to T, =
9.18 K acquired for the same sample using the PPMS system (Quantum Design, model DynaCool), as shown in Figure 3C. This resulted in an
offset of ~0.69 K in our T, data for the two approaches, which we mostly attributed to the position of the Tsensor in our CRX-4K system to be
well below the sample chuck, resulting in some thermal offset from the true reading at the surface of the material.

Bolometer measurements for deducing optical-to-thermal transduction

Superconducting TES bolometers rely on the abrupt change in resistivity induced by minute changes in temperature of the TES from the ab-
sorbed energy from optical sources which we now describe in our prototypical bolometers. Incidentally, there have been several reports on
electronic transport measurements on NbSe; crystals mechanically exfoliated and transferred onto pre-patterned electrodes by using a poly-
dimethylsiloxane (PDMS) stamping process and subsequent e-beam lithography to define electrical contacts.''>”> However, there appears
to be no prior reported work on the direct probing of as-grown pristine bulk NbSe; crystallites to access their intrinsic electronic properties
free from surface or interfacial residues commonly associated with post-processing and nanofabrication. The aforementioned delta-mode
Kelvin sensing technique allowed us to make measurements on the bulk NbSe; crystallite which was carefully probed with the Lakeshore tung-
sten probe tips. A pictograph of our set-up is highlighted in Figure 4A-Left, where the DUT is circled within the red dotted line, and expanded
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Figure 3. Delta-mode electrical characterization setup for superconducting transition temperature measurement

(A) The instrumentation setup for the electronic transport measurements to determine superconducting T, using the CRX-4K probe stage. Here, a nano-
voltmeter (Keithley 2182A), a precision current source (Keithley 6220), and the Lakeshore 336 temperature controller are interfaced to the CRX-4K probe
station, where cooling is achieved using compressed He closed cycle refrigerator.

(B) Input Is and output V measured from V+ to V-, as shown in the schematic in (a), at Is modulated at 12.5 Hz.

(C) The measured R obtained for Nb used as our reference sample for our in-house designed T. measurement system. The R is plotted as a function of T to
tabulate its TR = 0 Q) which occured at 8.49 K in the CRX-4K, while in the PPMS this transition occurs at T{R = 0 Q) = 9.18 K. The T offset of 0.69 K is
attributed to the thermal position of the temperature sensor located well beneath the sample on the SH-2.00-T stage, causing a delta in the actual T on the
surface of the sample. The inset shows R as a function of T over a broader T range for the sputtered Nb film from 6 K to 300 K using both the PPMS and the
CRX-4K.

on the right inset. The single-mode fiber-coupled (FC) optical sources utilized were the Thorlabs S3FC405 (X405 nm), STFC660 (X660 nm ), and
STFC1060 (A1060 nm) lasers which were interfaced to the CRX-4K fiber-coupled feedthroughs (manufactured by OZ optics) to focus optical
radiation onto the DUT at normal incidence, as shown in Figure 4A-left. We mounted the NbSe; crystal on a single-side polished Si wafer
using VGE-7031 thermal varnish; to further improve the thermal contact between the Lakeshore sample stage SH-2.00-T and the DUT, Apie-
zon N thermal grease was used between the Si wafer and the chuck, as shown by the sample set-up in Figure 4A-Right. We note the several
thermal stray paths within the effective thermal circuit illustrated in Figure 4A-right, where an effective thermal conductance G and effective
thermal capacitance Cgy are illustrated for our model system.

Electronic transport measurements were initiated through the previously described delta-mode measurements on NbSe; crystals from 300
K down to 3.88 K, with I = 1 mA (magnitude of [ selected to maximize S/N). Furthermore, when a lower magnitude of I; < 100 pA was used
with the current instrumentation, to possibly reduce the effect of Joule heating and decrease the response time, the signal-to-noise ratio in
the ensuing I-Vwas low and the data were noisy, which can be addressed further in future work. Additionally, between consecutive T-depen-
dent measurements, a 300 s equilibration interval was used, to ensure the surface T of NbSe; (Tyytace) reaches the Tset-point denoted as Teryo.
Figure 4B showsthe R — T behavior at T¢yo <40K, wherea T (R = 0 Q) was observed at 3.88 K, while the Tc gpset(R = Rn) (Ry ~ 2.6 mQ, is the
normal state R) was observed at 3.89 K. Moreover, no discernible R hysteresis was found when the DUT was heated and cooled below and
above the superconducting transition.

Incidentally, the Tc onset(R = Rn) and T, (R = 0 Q) noted from our CRX-4K transport measurements are lower than previously reported
values of ~6.5 K—7.2 K for bulk NbSe,.>*>* We believe that the offset in the T. (R = 0 ) in our NbSe, bulk crystallite with the CRX-4K is a result
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Figure 4. in situ optically induced superconducting transition temperature measurement of NbSe,

(A) Left: a visual of the four-point probing set up used in the CRX-4K cryogenic stage, with the optical fiber and the four terminals for the voltage and current probe
connections in the Kelvin-probe set-up. Shown by the dotted-red circle is the DUT which is expanded on the Right. Right: a schematic of our NbSe; prototypical
superconducting bolometer with all the thermal links illustrated until the sample stage SH-2.00-T.

(B) The Ris plotted as a function of Ty, from 0 Kup to 40K, revealing the Tc onset (R = R,)) occurring at 3.89 Kand T, (R =0 Q) occurs at 3.88 K. Inset shows the Ras a
function of T over a wider T range from 300 K down to the superconducting transition.

(C) Measured R(T)/R, and from the approximation fit to the R(T)/R, data modeled using Equation 5, a unitless transition bandwidth a was computed. Through
the NRA approximation, « was determined to be ~196 for NbSe,. Inset shows the measured R(T)/R, and approximation fit R(T)/R, for Nb, revealing an « of
~1639.

(D) Time-resolved photo response of NbSe, where Ris plotted as a function of t using an optical source with A40s nm. The plotis divided into five regions (I to V) with
respect to the temporal response of the DUT as a function of the wavelength of the incoming laser source. Inset shows the temporal response in the
rising edge and falling edge of the DUT with additional irradiation sources at Ass0 nm and Ajoe0 nm- Evidently, we observe 7/|;040 nm < 7rlego nm < 7rla05 nm @nd

#1060 nm < #1660 nm < TF1405 nm-

of poor thermal coupling associated with the underlying layers in our DUT to the CRX-4K stage. We have used GE-7031 varnish for thermal
coupling of the superconducting crystal with the cryostage, as shown by the schematic in Figure 4A-Right. Our assumption is further corrob-
orated by the data in Figure S2 which shows T, measurements on the same sample obtained using vibrating sample magnetometry (VSM)
within a PPMS. As seen from Figure S2, the onset of T, ~ 6.78 K for this sample, which is in close agreement with previously reported T, values
for bulk NbSe,.>*** Additionally, EDS analysis in Figure S3in the Supplementary Information section, discusses the near stoichiometric ratio of
Nb:Se, thus confirming our notion of the lower T, (R = 0 ) measured with the CRX-4K to be associated with poor coupling of the underlying
layers in our DUT to the CRX-4K stage (i.e., GE-7031 varnish). In the case of superconducting thin films that are directly deposited on a sub-
strate using techniques such as physical vapor deposition, this offset in T, is expected to be smaller given the direct adhesion of the film to the
substrate rather than relying on thermal varnish to couple the two. Since the primary objective of our work here was to assess the optically
induced superconducting-to-normal-state phase transition in bulk NbSe,, we successfully demonstrate the function of this prototypical
bolometer behavior using the CRX-4K. The inset in Figure 4B shows the entire temperature sweep from 300 K down to the superconducting
transition, where the residual resistivity ratio (RRR) was tabulated to be ~13; the RRR in this case was taken as the ratio R3p0 k/Rs k and these
data are consistent with a prior report for CVT synthesized NbSe; crystallites with RRR ~ 16.”

For our bolometer measurements, the incident laser power P at the sample was calibrated using a Thorlabs PM100D power meter with a
silicon photodiode on the SH-2.00-T. The T, was maintained at near T. (R=0Q) = 3.88 K, and A405 nm, A¢60 nm, and A10s0 nm Optical sources at P
~ 4.45 mW were then used at normal incidence to shine electromagnetic radiation on the sample surface, which triggered the switch to the
normal state. For irradiating with 4405 nm, A660 nm, @nd A1060 nm, the laser spot was placed between the four probes used to measure resistance
of the bulk NbSe; crystal, as depicted in Figure 4A. The approximate laser spot size was ~250 pum, which is far smaller than the lateral dimen-
sions of the crystal, i.e., 2mm X 1 mm (length X width). The optical source was thus placed in the middle of the NbSe; crystal ensuring that the
electrically probed region captured the interaction the sample had with the incoming light source. The simplest approximation of the sensi-
tivity of a superconducting absorber layer for TES bolometers is given by a unitless parameter «, which is captured by the following,’

[R(T)/Rn]:o~5(tanh(7ra(-rsurface - TC)) + 1) (Equation 5)

Here, R(T) is the Ras a function of T, R, is the normal state resistance at the onset of the superconducting transition, Ty, face is the temperature
at the surface of the NbSe, under an incoming flux of photons (see Figure 4A-right), and T. (R = 0 Q) = 3.88 K is the superconducting transition
temperature of the NbSe; crystallite. We used the R — T data from Figure 4B and performed a non-linear regression analysis (NRA) to fit
Equation 5 to our measured [R(T) /R,] as a function of Tcyo between 3.88 K and 5 K, as shown in Figure 4C. We assumed Tgyface = Teryo IN
the laser-off condition, and as noted previously a 300 s interval was used in between sampling the R data to equilibrate T, e to the setpoint
Teryo- The sensitivity « was computed to be ~196 for our direct-probed bulk NbSe; (anpss,) using the NRA fitting technique, with the idea to
minimize the sum of squared residuals (SSR); here SSR is the sum square deviation between the measured [R(T) /R,] values and the fit approx-
imation of [R(T) /R,] from Equation 5. Similarly, the inset in Figure 4C shows the NRA fit of [R(T) /Rx] to our measured [R(T) /R,] for direct
probed sputtered Nb film (anp), where the an, was computed to be ~1639, evidently it was found that anpse, < anp. For our direct-probed
superconducting NbSe,, the calculated « signifies good electrothermal feedback, exhibiting higher sensitivity compared to, for example, a
typical superconducting thermistors in a TES architecture (a ~ 10).°%¢

Next, we have investigated the A-dependent optical-to-thermal transduction present in our DUT comprising of the NbSe; van der Waals
crystal. To initiate the temporal and A-dependent measurements, the modulation of R as a function of time t under 405 nm illumination was
measured and the data are presented in Figure 4D. The fiber coupled laser at A405 nm was fixed at P~ 4.45 mW and I; = 1 mA was used for the
delta-mode measurements of Rat 300 s intervals. This yielded a transitionfrom R =0Q|;  _ 1 toR = Ryl under the influence of

surface surface = Tc,onset

optical irradiation. Five regions of operation are evident denoted as such at the top of Figure 4D, from regions | to V, while the bottom shows
the empirically calculated rise time 7,,which is defined as the time taken by the NbSe; sensor to heat up and change its resistance from R =
0Q  _1toR=Rir

surface surface = Tc.onset

after the laser source was turned on. Similarly on the falling edge, the fall time 7 was computed as the time
toR=0Q|

surface

taken for the NbSe; absorber to transduce from R = R, |-

surface = Tc.onset

_ 1. (i.e., reverting back to the superconducting state),

after the laser was turned off. In region I, the DUT was maintained in the superconducting state such that R = 0Q

-1 at Tcryo =

Tsurface

3.88 K, with the laser off. In region Il, the laser was turned on, which caused R to increase gradually, eventually resulting in the switch from
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R=0Q|

surface

-1, toR = Roly

surface = Tc,onset *

Here, 7, was empirically measured to be 25 min for the 2405 nm irradiation source on our direct-

probed NbSe; sensor. In region Ill, with the laser still on, a saturation of R = Ry|;. came about, as a result of thermal equilibrium

surface = Tc.onset
between the environment and thermal dissipation to the SH-2.00-T sample stage. For ease of visualization, the increase in T of the bolometer
is schematically represented by a broad color change from gray-to-red for the absorber in traversing regions Il to lll (top panel of Figure 4D). In
region IV, the laser is turned off, and there is a dwell time from R = Rp|; . _ toR = 0QJ; _.Finally,inregionV, athermal phase

surface = Tc.onset surface =
transduction is evidentin goingfrom R = Rp|; . _ toR = 0Q| . r.Usingthedatainregions|VandV, 7; was empirically computed

surface = Tc.onset

to be 55 min for the 405 nm source. Furthermore, the inset in the bottom panel of Figure 4D plots the R — t response of the DUT using other
irradiation sources, specifically As60 nm and 1060 nm Where the 7, and 7 values were determined empirically. Interestingly, the A-dependent
trend of our DUT's time constants was found to follow 7 |1040 nm(10 Min.) <7¢len nm(20 Min.) <7rlags pm(25 min.), and similarly
T#|1060 nm (35 MiN.) <7f| 440 nm (40 Min.) <7¢|4g5 (55 Min.), which is now elaborated more upon next.

Increasing A decreased 7, as observed, implying that the higher incident 1 value resulted in a faster optical-to-thermal transduction
occurring within the NbSe, TES sensor. We assume that the A-dependent trend in our DUT's temporal response is related to the A-dependent
reflectivity of the NbSe, crystallites previously reported by Liang. et al.”” and Hill. et al.”" who both noted an increased reflectivity in NbSe,
with a decrease in 1; this is also consistent with our observations for Asso nm t0 A1060 nm- We hypothesize that since a higher ratio of the
incident electromagnetic radiation is reflected at lower incident 2 values, the DUT takes more time to heat up from R = 0 Q|

surface
T UM Touface = Teoonset

poral response study, we see that 7y >> 7, for our prototypical bolometer. We presume this is associated with the poor heat dissipation from
the superconducting NbSe; layer to the Si thermal heat sink, since there is a 10-fold decrease in Si's thermal conductance at T¢,, < 20 K

_7. to

, leading to our empirical observation that 7, |1040 nm < 7rl6e0 nm < Trlags nm- Furthermore, for all the 2 values used in this tem-

compared to that at room T,”? limiting the thermal coupling to the SH-2.00-T sample stage, in order for the DUT to revert back to the super-
conducting state. The 7, and 7 recorded with the DUT under the optical stimulus is unmistakably linked to the thermal conductivities kE; and
g

ka,, of the bulk NbSe; evaluated through Raman spectroscopic analyses presented here. However, the response of the system is the sum of
the thermal conductivities of the several layers such as Si, thermal grease, thermal varnish and the NbSe,, as described in Figure 4A. To reit-
erate, the primary focus of this work was to provide a proof-of-concept demonstration of the NbSe; to optical irradiation in a TES architecture.
The emphasis of this study was to highlight the prototypical demonstration of bulk NbSe;, highlighting a transduction from R = 0 Q|
toR = Ry|t

surface = Tc,onset

Tsurface = Tc
by optical stimulation, using the proposed equipment setup. Our study was not motivated by benchmarking because it
is heavily dependent on the architecture of the DUT, and the defect concentration in the crystallite, as discussed earlier in this paper. The
thermal conductivity of NbSe; obtained through Raman spectroscopy can be extended to other material systems for determining thermal
conductivities using non-contact approaches. Furthermore, the effective heat capacitance C is inversely dependent on k, where higher
Ces values are correlated to a lower thermal noise within the TES device.®” This implies that the anisotropy in k values for NbSe, reported
in our study may perhaps be used to deduce NbSe; crystal’s orientation to optimize thermal noise performance. In the case when NbSe;
is suspended, the C.¢ of the TES maybe further reduced to improve thermal noise performance.

For TES measurements, an alternative unambiguous approach for determining the modulation of T. (R = 0 ) to T onset(R = Rn) under the
influence of optical irradiation maybe possible by extracting DC I-V curves to measure the critical current density and extracting the super-
conducting energy gap of bulk NbSe, "*’* as part of a future study. Moreover, our work focuses on analyzing the intrinsic electrical response
of NbSe; biased at its superconducting state, such that with incident optical stimulation, it causes it to switch to the normal state with the
proof-of-concept validation of the NbSe; crystal as a TES. NbSe; in its 2D form <10 layers, has also shown evidence of superconductivity
but the transition temperature appears to decrease as sample thickness decreases.”” While our samples were bulk, the findings of this study
can easily be translated to thinner films of NbSe, approaching the 2D limit. Furthermore, another degree of freedom is afforded in 2D NbSe;
to modulate its transition temperature through the thickness dependent dielectric screening that decreases as the sample thickness de-
creases for <10 layers. This allows external electric or magnetic fields to couple to the dielectric environment which changes with thickness,
as reported previously.*®’®

DISCUSSION

In this work, a comprehensive characterization of single-crystalline NbSe, was conducted toward a prototypical TES bolometer demonstra-
tion. A superconducting transition in bulk NbSe;, was determined to occur at ~ 3.88 K using the delta-mode Kelvin sensing technique by direct
electrical probing in a Lakeshore CRX-4K probe stage. Several optical radiation sources from the UV-to-IR (A405 nm, Ass0 nm and A10e0 nm) were
used to determine various operational parameters of our sensors. The bolometer's switching time constants showed a A-dependent temporal
response; for example, the rising time constant showed the following sequence: 7/]1040 nm < 7rl660 nm < Trlaos nm- The A-dependent trend in our
DUT's temporal response is attributed to the A-dependent reflectivity of the NbSe; crystallites, as explained in the Results section. The tem-
perature and laser power dependent Raman spectroscopy analysis revealed a directional anisotropy in thermal conductivity k, where, I(Ew ~
0.13 W/m K and ka,, ~ 0.07 W/m.K was computed, suggesting I(Ew ~ 2% ka,,, presumably due to phonon anharmonicity. This work shows a
proof-of-concept demonstration of NbSe;, where a transduction ffom its zero-state resistance to normal-state resistance is evident through
optical stimulation and indicates the promise of 2D NbSe, toward future TES devices and bolometers. These devices maybe further minia-
turized through lithographic patterning in the future, for the realization of monolithically integrated sensors which may be coupled to rf, mi-
crowave, and quantum photonic components.
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Limitations of the study

Surface and composition-sensitive characterization methods, such as X-ray photoelectron spectroscopy (XPS), may allow for additional confir-
mation of photo-oxidation states in NbSe,, which may be worth investigating in future work. The interaction of NbSe; with the substrate may
potentially have an effect on the anisotropy in thermal conductivity revealed in our study. Additional research into thermal conductivity cal-
culations and anisotropy for both supported and suspended NbSe;, may thus be useful in shedding insights into the role the substrate itself
plays. The current investigation on bulk NbSe; used in this work should serve as a benchmark for future extensions of this empirical study to
validate theoretically predicted phenomena for TES devices based on NbSe; in the limit of monolayers and extracting thickness-dependent
device parameters.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals

Nb powder (99%)
Se powder (99.999%)

Strem Chemicals

Strem Chemicals

https://www.strem.com/

https://www.strem.com/

Software and algorithms

XRD data Analysis - Jade 6.5 software
Data analysis and plotting — Origin

Materials Data Inc (MDI)
OriginLab Corporation

https://materialsdata.com/

https://www.originlab.com/

Other

Bruker D8 X-ray diffractometer

Horiba LabRAM HR Evolution

Delta-mode measurement, Keithley 2182A and Keithley 6220
Lakeshore CRX-4K

Quantum Design Physical Property Measurement System

Thermo Fisher Apreo 2S Lo Vac Scanning Electron Microscope

Bruker

Horiba Scientific
Tektronix

LakeShore Cryotronics
Quantum Design

Thermo Fisher Scientific

https://www.bruker.com/en.html
https://www.horiba.com/int/scientific/
https://www.tek.com/en/products/keithley
https://www.lakeshore.com/home
https://www.qdusa.com/index.html

https://www.thermofisher.com/us/en/home.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

There are no experimental model and study participants to include in this studly.

METHOD DETAILS

Growth of NbSe, crystallites

Polycrystalline NbSe, was synthesized during a 72-h reaction between stoichiometric amounts of Nb (99.9%, Strem Chemicals) and Se
(99.999%, Strem Chemicals) powders in a vacuum-sealed quartz ampoules at 850°C. The quartz ampoules contained ~1 g of polycrystalline
NbSe, charge and ~110 mg (5 mg/cm?) of SeBr,, which were sealed under vacuum and placed in a single-zone furnace. The T at the charge
and crystal growth zones (Thot = Teolg) Were 825°C-700°C for a growth duration of ~160 h.

X-Ray diffraction and Raman characterization of the NbSe, crystal

Powder X-ray diffraction (XRD) scans were produced using a Bruker D8 X-ray diffractometer. Materials Data Inc (MDI) Jade 6.5 software (Liver-
more, CA 2015) was used to calculate the lattice parameters. The micro-Raman spectroscopy measurements were carried out using a Horiba
LabRAM HR Evolution system equipped with a 532 nm laser for excitation and a high spectral resolution grating of 1800 grooves/mm. The
optical power Pwas tuned with a neutral-density filters, which reduces the laser power Pfrom 100% down to 0.01%, and the laser spot size was
determined to be ~2.6 um for a 10x objective with a numerical aperture (NA) of 0.25.

Delta-mode measurements

The delta-mode technique was used for the bolomter measurements using a nanovoltmeter (Keithley 2182A) interfaced to a precision bipolar
current source (Keithley 6220). The base T in our system was readout using the built-in silicon diode sensor (DT-670-CU-HT) underneath the
Lakeshore sample stage (SH-2.00-T), as shown in Figure 3A. In the Kelvin sensing technique, the Keithley 6220 sources current in the range of
100 fA to 105 mA, and the nano voltmeter measures the ensuing voltage via the RS-232 communication channel with the trigger link cable
8501 for synchronization. The T is controlled using the Lakeshore 336 temperature controller interfaced to the DT-670-CU-HT, and a built-
in heater warms the sample from the base T of ~3.88 K up to a maximum of 350 K. A Kelvin sensing technique was implemented to null-
out the influence of the parasitic resistance R arising at the electrical contacts for the DUT and the external cabling of the instrumentation.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no quantification or statistical analyses to include in this study.
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Disclosures

Certain commercial equipment, instruments, software or materials, commercial or non-commercial, are identified in this paper in order to
specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily
the best available for the purpose.
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