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Applications of vibrational spectroscopy throughout the field of physical chemistry are limited by
detectors with poor temporal resolution, low detection efficiency, and high background levels. Up to
now, the field has relied upon detectors based on semiconducting materials with small bandgaps, which
unavoidably leads to a compromise between good spectral response and noise at long wavelengths.
However, a revolution in mid-infrared light detection is underway based on the interactions of photons
with superconducting materials, which function under fundamentally different operating principles.
Superconducting detectors were first used to detect light at shorter wavelengths. However, recent
developments in their sensitivity toward mid-infrared wavelengths up to 10 pum provide new
opportunities for applications in molecular science, such as infrared emission experiments, exoplanet
spectroscopy and single molecule microscopy. In this tutorial review, we provide background
information needed for the non-expert in superconducting light detection to apply these devices in the
field of mid-infrared molecular spectroscopy. We present and compare the detection mechanisms and
current developments of three types of superconducting detectors: superconducting nanowire single-
photon detectors (SNSPDs), transition edge sensors (TESs), and microwave kinetic inductance detectors
(MKIDs). We also highlight existing applications of SNSPDs for laser-induced infrared fluorescence
Received 16th June 2022 experiments and discuss their potential for other molecular spectroscopy applications. Ultimately,
DOI: 10.1039/d1cs00434d superconducting infrared detectors have the potential to approach the sensitivity and characteristics of
established single-photon detectors operating in the UV/Vis region, which have existed for almost a
rsc.li/chem-soc-rev century and become an indispensable tool within the field of physical chemistry.

Key learning points

1. The principles and limitations of conventional infrared and single-photon detectors.
2. The principles of superconducting detectors and what makes them different.

3. What is needed to implement superconducting detectors in a chemistry lab.

4. What drives vibrational dynamics in the condensed phase.

5. Potential future applications of superconducting mid-infrared detectors.

1. Introduction
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for vibrational transitions. For example, vibrational microscopy
still suffers from poor detector performance,® while visible
fluorescence microscopy can be performed for single molecules.”

These facts on the ground are directly connected to the poor
performance of photodetectors that must operate in the
mid-infrared where vibrational spectroscopy is most useful
(see Fig. 1).° The poor performance stems from the fact that
semiconductor-based infrared detectors rely on small bandgaps
in order to detect photons at long wavelengths. However, this
comes at the price of increased thermal noise (dark current
noise), even when cryogenic cooling down to ~4 K is employed.

With their inherently smaller energy gaps and unique
operating mechanisms, superconducting infrared detectors
have the potential to revolutionize mid-infrared detection
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for vibrational spectroscopy. In addition, they also
operate not much below the cryogenic temperatures that are
already required for the best performing semiconducting IR
detectors.

Their potential for the mid- and even far-infrared also makes
them interesting candidates for future space telescopes. Some
mission concepts by NASA, such as the Origins space telescope
(OST), already include plans for superconducting transition
edge sensors (TESs) and microwave kinetic inductance detec-
tors (MKIDs).? Superconducting nanowire single-photon detec-
tors (SNSPDs) are another class of promising candidates for
mid-infrared instruments of future space telescopes, which will
be important for the search for extra-terrestrial life through
exoplanet spectroscopy.'’

Varun Verma obtained his PhD in
Electrical Engineering from the
University of Illinois at Urbana-
Champaign in 2010 in the group
of Jim Coleman. His PhD work
focused on the development of
nanoscale-patterned active layers
for semiconductor lasers. As a
postdoc at NIST he demonstrated
single-photon  emitters  using
patterned single quantum dots.
He is now a staff electrical
engineer at NIST, working on the
development of superconducting
single-photon detectors.

Varun B. Verma

Alec Wodtke is an experimenta-
list studying chemical reaction
dynamics. As Professor at UCSB,
he developed methods for
studying collision dynamics of
highly  vibrationally  excited
molecules. This produced results
on topics from the quantum
nature of chemical isomerization
to the role of hot molecules in
stratospheric ozone production.
In 2010, he was awarded a
Humboldt  Professorship  and
became a Max Planck Director
and University Professor in Germany. He now studies problems
in fundamental surface chemistry emphasizing interactions
between experiment and theory, work that was rewarded with an
ERC Advanced Grant Award in 2017 and the Gerhard Ertl Lecture
Award in 2022.

Alec M. Wodtke

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00434d

Open Access Article. Published on 17 January 2023. Downloaded on 12/4/2025 7:08:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

x ¥ 5 &
P FFF88 0858
I
Lol
Olpm\lum‘ 10um’7pm

——| SPAD semi-
o] InSb (PV) conducting
| HgCdTe (PC)
| BIB-SSPM
increasing dark current
SNSPD (WSi, MoSi)  super-
SNSPD (NbN, NbTiN) conducting
TES
MKID

Fig. 1 Overview of the typical spectral range covered by a selection of
photodetectors relying on the photoelectric effect, semiconductors and
superconductors as indicated by the coloured horizontal bars. A vertical
bar at the long wavelength end indicates the upper limit imposed by the
material's band structure for photocathodes and semiconductors, whereas
the wavelength related to the energy gap in low-temperature super-
conductors is beyond the scale shown here. MKIDs and TESs essentially
span the complete spectral range shown here but single-photon sensitivity
above 1.55 and 4 um, respectively, has yet to be demonstrated, as implied
by the lighter green colour. Note that for SNSPDs, the upper edge of
~10 pm does not correspond to a fundamental limit and only reflects
currently accessible wavelengths. The region between 2.5 and 25 um,
highlighted in grey, indicates the spectral region where most fundamental
vibrational frequencies are found. Selected examples of group frequencies
are shown in addition.2 PMT: photomultiplier tube; SPAD: single-photon
avalanche photodiode; PV: photovoltaic; PC: photoconductive; BIB-SSPM:
blocked impurity band solid-state photomultiplier; SNSPD: superconduc-
ting nanowire single-photon detector; TES: transition edge sensor; MKID:
microwave kinetic inductance detector.

Despite the great potential of superconducting detectors for
the mid-IR, most applications of these novel detectors have
so far been outside the mid-IR range.'"'> However, recent
advances in the development of SNSPDs for the mid-IR region
have made possible the first applications in molecular
spectroscopy.'®™"” These and many additional experiments able
to profit from such detectors will be highlighted throughout
this review.

As the tutorial review is intended to be read by chemists at
every level, it is organized as follows: Section 2 introduces
fundamental concepts of (single) photon detection and general
requirements for modern experiments relying on vibrational
spectroscopy. Section 3 gives an overview of commonly used
semiconducting IR detectors as well as the most important
single-photon detectors for the UV/Vis to mid-IR range and
discusses their limitations. Additionally, a short introduction to
infrared detector arrays and cameras is given in Section 4.
Section 5 introduces three types of superconducting IR detec-
tors, explains their operating principles, and highlights current
developments. In Section 6, the currently available studies in
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chemistry based on superconducting detectors are presented.
Finally, Section 7 summarizes expected future developments
of superconducting detectors and presents our analysis of
other experiments and techniques that could profit from the
implementation of such devices.

2. Fundamentals of photon detection
and requirements in molecular science

This section introduces important definitions and concepts,
which will be used to discuss advantages and shortcomings of
different detector types throughout this review. It provides a
glossary of important concepts to those, not necessarily experts
in detector physics, who are seeking the best detector for use in
mid-infrared spectroscopy applications. A more complete over-
view for the reader who wishes to delve deeper can be found in
ref. 18. In addition, Section 7 and Table 1 provide a quantitative
discussion of detector requirements, which will only briefly be
discussed here.

2.1. Sensitivity

The sensitivity of a detector is determined by its signal-to-noise
ratio (SNR), which is simply the ratio of the absolute signal level
to the detected noise. A related quantity is the noise equivalent
power (NEP), which describes the power of incident light
(P, in Watts) needed to generate a signal equal to the noise
level (SNR = 1) for an electrical bandwidth, Av = 1/(27;,,), of 1 Hz
(equivalent to % second of integration time, tjy):

NEP = P/VAv (1)

It is thus often expressed in units of W Hz "2 Specific

detectivity, D*, is another frequently used measure of the
sensitivity:

D* = v/A/NEP (2)

By including the area of the detector, D* values can be used to
compare one specific detector to another. As illustrated in
Fig. 1, high sensitivity (i.e., low NEP or high D*) at wavelengths
up to 25 um is desirable to probe the whole range of
fundamental vibrational frequencies found in the molecular
world; hence, it is over this range of wavelengths that optimiza-
tion of the system detection efficiency and reduction of noise is
required.

2.2. System detection efficiency (SDE)

The system detection efficiency describes the overall probability
that a photon emitted by the investigated sample or light
source will be detected and is influenced by three factors
(SDE = internal efficiency x absorption efficiency x coupling
efficiency). Internal efficiency (sometimes referred to as quan-
tum efficiency) describes the probability that an absorbed
photon produces a detectable event, e.g. by releasing photo-
electrons, exciting electrons to the conduction band in a
semiconductor or inducing a normal-conducting state in
a superconductor. As the name would suggest, absorption
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Table1l Overview of important detector characteristics of the superconducting single-photon detectors introduced in Section 5 and the corresponding

requirements for infrared emission experiments as discussed in Section 7.2.1

Amorphous SNSPD

Polycrystalline SNSPD

Requirements for IR

Figure of merit (Wsi, MoSi) (NDbN, NbTiN) TES MKID emission experiments
Wavelength range 0.3-10 pm**33 UV - 4 um?**3° <4 um?® <1.55 um®’ 2.5-25 pm
(single-photon sensitivity)
System detection efficiency ~ 98% (1550 nm)>® 99.5% (1350 nm)*® 98% (805 nm)** 17%* ~100%
50%“ (2-10 um)'®*  98% (1590 nm)*’ 98% (850 nm)*?
70%” (2000 nm)**
Timing jitter 10.3 ps (1550 nm)** 4.3 ps (1500 nm)*’ 25 ns (850 nm)*® 1 s (1550 nm)  1-100 ps
76 ps (1550 nm)** 14.3 ps (2000 nm)** 4.1 ns (1550 nm)*°
150 ps (1550 nm)*®
Dark counts (counts s™*) 0.01%* 0.1° 0.06 — <0.01-1
0.000006°° 0.0086>*
Maximum count rate 107%° 1.5 x 10°%° 10° 53¢ 2 x 10°% 10°-10°
(counts s 1) 1.2 x 10°
(64 pixel array)>*
Number of pixels 1024°7 64°% 36%° 2024* —
590°° 20440%

¢ Saturated internal efficiency (~100%) up to 7.4 um. The 50% value refers to the peak SDE expected for optical stacks optimized for different
wavelengths within the 2-10 um range based on simulations.’® ? Saturated internal efficiency (~100%) up to 3 um and 80% for 4 pm.

efficiency describes the probability that a photon reaching the
detector will be absorbed. The coupling efficiency describes the
probability that a photon emitted by the investigated sample
or light source will reach the detector. It can be limited by
geometrical constraints, e.g. the acceptance angle of the collec-
tion optics or a mismatch between the detector area and the
cross section of an optical fiber, as well as reflection and
absorption losses. Note that detectors are often characterized
using setups with optimized coupling efficiency, for which
SDEs near 100% are achieved. We emphasize that the SDE will
often be reduced in a spectroscopic setup where additional
optical components may be required.

2.3. Noise

2.3.1. Background and dark counts. For single-photon
detectors, it is important to distinguish between dark counts
and background counts. Every detector produces dark counts
even when perfectly isolated from background sources, such as
blackbody radiation or high-energy particles. In contrast, back-
ground counts are detection events due to imperfect shielding,
which allows the unwanted light or particles to enter the
detection system. By analogy, the terms dark current and
background current are used for photodetectors that detect
analogue signals instead of discrete electrical pulses, where the
dark current is produced by thermal generation and recombi-
nation of hot electron-hole pairs.

2.3.2. Detector noise. Detector noise is generally indepen-
dent of incident photon flux. Statistical fluctuations in the
dark current are often the primary source of detector noise in
semiconducting mid-IR detectors. Because such detectors by
necessity operate at small bandgaps comparable to thermal
energies (kT ~ 210 em™ ' at room temperature), they are
commonly cooled to cryogenic temperatures to reduce dark
current noise. Contrasting this behavior, low-temperature
superconductors inherently exhibit almost negligible dark
counts and therefore little dark count noise. Other examples

924 | Chem. Soc. Rev,, 2023, 52, 921-941

of detector noise can come from the readout circuitry, an
external amplifier or intrinsic detector amplification; however,
those sources of noise can typically be avoided in single-photon
detectors by counting individual detection events instead of
measuring analogue signals.

2.3.3. Photon (shot) noise. Even in the case of negligible
detector noise, photon shot noise (sometimes called counting
noise) arises from the discrete nature of counting photons. For
an expected average count rate dN/dt, the probability to obtain
k counts during the time At is given by a Poisson distribution
with mean N and standard deviation v/N:

P(k counts) = Ne V/k! (3)

Especially when the number of total counts becomes large, the
Poisson distribution can be approximated by a normal distri-
bution with the same mean and standard deviation. Hence,
under most practical conditions the noise associated with
counting N photons is given by v/N. The total noise is deter-
mined by both signal (Ns) and background counts (Ngg)-

Noise = \/Ns + Npg (4)
Accordingly, the SNR is given by:
SNR = Ns/+/Ns + Nsg (5)

Background photons, which result from thermal emission from
objects within the field of view of the detector or even from the
detector itself, often limit the SNR. In this background-limited
case (Ns < Ngg), noise is dominated by background counts and
the SNR is given by Ns/v/Npg. The ideal case (Ng » Npg) still
involves shot noise arising from the detected signal and the
SNR is given by /Ns. Note that photon noise can always
be reduced with increased integration time 7;,; here, the SNR
scales with tinc /%

This journal is © The Royal Society of Chemistry 2023
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The NEP of a shot noise-limited photon-counting detector at
wavelength / is given by:"®

NEP = v/2Rohc/(7.SDE) (6)

here, Ry = No/Tin is the sum of the background and dark count
rates. Thus, both background and dark counts must be mini-
mized to detect small signal count rates on the order of 1 count
s~ ' or below, which can easily occur when studying vibrational
relaxation on ps timescales as discussed later. Also note that
the calculation of the NEP in eqn (6) involves the SDE because
the relevant power is that of the photons entering the detection
system. High SDEs are thus desirable to reduce the NEP and
increase the SNR.

2.4. Timing jitter

Jitter refers to temporal fluctuations in the rising edge of the
measured electrical signal, which produce an uncertainty in the
arrival time of the detected photon. Detector jitter ultimately
limits the achievable time resolution of experiments relying on
photon detection and therefore directly relates to the time-
scales of molecular processes that can be studied with that
detector. Radiative lifetimes of vibrations are typically on the
ms timescale; however, the timescales of many vibrational
energy transfer processes can be much shorter and thus require
comparably small jitter down to picoseconds.

2.5. Stability

All detectors utilize some form of signal amplification (gain) in
their operation, which may fluctuate over the timescale of the
experiment. Gain fluctuation can be caused by small variations
in temperature, bias voltage or bias current, limiting the
stability of the measurement. These fluctuations are important
to minimize in high-sensitivity experiments where long integra-
tion times over several hours are necessary. Such experiments
include astronomical observations or single molecule spectro-
scopy, for example.

2.6. Maximum count rate (MCR)

After a detection event, most photon detectors exhibit dead
time, the time required before another photon can be detected.
This limits the maximum count rate (MCR) of the detector.
When exceeding the MCR, the detector saturates and produces
non-linear signals, which are no longer proportional to the
incident photon flux. Low MCRs may thus limit the SNR
that can be obtained for a given integration time or prevent
operation when background count rates are high.

3. Conventional detector technologies

3.1. Semiconductor-based infrared detectors

Photodetectors based on intrinsic (pure) semiconductors, rely
on the internal photoelectric effect, where photon absorption
produces free charge carriers - electrons in the conduction
band or holes in the valence band - capable of producing an
electrical signal (see Fig. 2a). Obviously, it is impossible to

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic of the band structure in different types of doped
semiconductors: (a) an undoped (intrinsic) semiconductor; (b) a p-doped
semiconductor at low dopant concentrations; (c) an n-doped semicon-
ductor at low dopant concentrations; (d) an n-doped semiconductor at
sufficiently high dopant concentrations to form an impurity band. Red
arrows indicate the lowest energy photon that can be absorbed in each
type of semiconductor, giving rise to a long-wavelength limit of Anax.

detect a photon whose energy is less than the bandgap, limiting
the maximum detectable wavelength for intrinsic semicon-
ductors. Doping with extrinsic semiconductors (Fig. 2b-d) can
be used to manipulate the band structure-extending the sensi-
tivity to longer wavelengths.

Doping introduces additional energy levels associated with
the impurity atoms that are located between the valence and
conduction band. For p-type semiconductors, acceptor levels lie
close to the valence band, allowing electron excitation to the
acceptor levels, leaving holes in the valence band that are the
primary charge carriers (Fig. 2b). For lightly doped n-type
semiconductors, donor levels close to the conduction band
allow excitation of electrons from impurity levels to the con-
duction band and those electrons become the primary charge
carriers (Fig. 2¢). Higher levels of n-doping, necessary to achieve
strong photon absorption, lead to overlap of the donor electron
wavefunctions producing an impurity band (Fig. 2d), as dis-
cussed later in more detail.

Semiconductor-based photoconductive and photovoltaic
detectors, whose operating mechanisms can be found in
ref. 20, are commonly integrated in standard mid-infrared
applications, such as FTIR spectrometers or other types of IR
absorption experiments. They are easy to use as typically
neither complex electronics nor thermal shielding is required.
The detectors are available at moderate cost and cooling can be
achieved with liquid nitrogen. Commonly used materials are
InSb, which is sensitive out to ~5.5 pm (1800 cm '), or
HgCdTe (MCT), whose bandgap energy depends on the Hg/Cd
ratio in the Hg;_,Cd,Te alloy*® and can be used to produce
bandgaps as small as ~0.05 eV providing sensitivity in the
mid-IR. However, large dark currents remain a problem
when attempting to access low vibrational frequencies in the

Chem. Soc. Rev,, 2023, 52, 921-941 | 925
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so-called ‘““fingerprint” region below ~1500 cm™
their performance to peak D* values on the order of 10" to

10" em HzY2 WL

3.2. Conventional single-photon detectors

In contrast to photoconductive and photovoltaic detectors,
which convert a stream of incident photons into measurable
voltages and currents, single-photon detectors detect individual
light particles. Historically, the key feature of all well-
established single-photon detectors is the electron multiplier,
where a single electron produced by a single photon is detected
in an avalanche-like process. We next discuss three specific
devices used in the UV/Vis to mid-IR region. An excellent
overview of other types of single-photon detectors can be found
in ref. 21.

3.2.1. Photomultiplier tubes: a standard for single-photon
detection. Photomultiplier tubes (PMTs), a standard for UV/Vis
light detection and first developed in the 1930s,>>>* exhibit
features common to many single-photon detectors. The heart of
a PMT is avalanche multiplication (see Fig. 3a). A photoelectron
produced at a photocathode is accelerated toward a series of
metal plates (dynodes) held at increasingly positive potentials.
Each collision of an electron with a dynode surface produces
typically 3-6 secondary electrons. The electron pulse grows
exponentially travelling from dynode to dynode in an avalanche-
like process of amplification.”* The number of dynodes, typically

hv
photocathode

(@)

(b)
S
£
[0
()]
S
o
>
-15 H 4
1 1
0 500 1000 1500
Time (ns)
Fig. 3 (a) Schematic design and operating principle of a photomultiplier

tube. A single photon hitting the photocathode ejects a photoelectron that
is repeatedly amplified through formation of multiple secondary electrons
at each dynode (D1-D8). The amplified electron current is collected by the
anode. (b) Simulated voltage output at the anode of a PMT. The pulses are
assumed to arrive at an average rate of 10’ counts s~ with an average
pulse height of 10 mV, where white noise was added to each point. The
dotted line indicates a threshold at which all observed pulses would be
detected in a pulse counting experiment.
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8-12, is chosen to maximize amplification while avoiding tem-
poral broadening of the pulse due to space charge. For gains of
10°-107, pulses as short as 1 ns can be produced from a single
photon, resulting in instantaneous currents on the order of
~1 mA.

Achieving high sensitivity requires background elimination;
optical shielding or even “lights out” operation may be
required. The PMT sensitivity is ultimately limited by dark
counts, produced by thermally induced electron emission from
the photocathode. For cooled PMTs, dark count rates can be
on the order of 1 s',*" making them highly sensitive single-
photon detectors. However, PMTs are only useful when the
photon energy exceeds the work function of the photocathode
material, limiting their use to wavelengths shorter than
~1000 nm.

The key advantage of single-photon counting is easy opera-
tion within the photon noise limit, as illustrated in Fig. 3b by a
simulated PMT pulse sequence. Although the shape of indivi-
dual pulses is altered by detector noise and the pulse amplitude
varies due to gain noise, each peak can be clearly identified.
By setting a proper threshold, high efficiency counting electro-
nics can convert the signal into time-resolved photon counts,
where detector noise and signal fluctuations become irrelevant.
Note, however, that the absolute photon flux must be kept
below a maximum count rate that is small enough to avoid
pulses overlapping in time.

3.2.2. Single-photon avalanche photodiodes. Avalanche
photodiodes are another type of single-photon detector, but
here photon absorption in a photovoltaic detector generates the
first electron. When operated under high reverse bias voltages,
photo-generated electrons are accelerated above the band gap
energy within the depletion region. This leads to impact
ionization of semiconductor atoms and the release of second-
ary electrons, which also acquire sufficient energy to ionize
further atoms, leading to a typical gain between 50 and 500.%°
The gain is much smaller than that of PMTs, but still sufficient
for single-photon detection.

In single-photon avalanche photodiodes (SPADs), this
avalanche process produces “clicks” from individual photons
when a saturation current is reached. However, because of the
saturation, the bias voltage must be reset after every detection
event resulting in a significant dead time. The dead time may
be aggravated by after-pulsing, where electrons that were
caught in trap sites within the gain region are released during
the detector reset and trigger a second avalanche. This is
especially severe for the infrared where it can lead to dead
times of up to 10 us.>* Such a dead time limits the maximum
counting rate. SPADs are available for the UV/Vis to near-IR
region, where their detection efficiency, temporal response and
dark count rates compete with the properties of PMTs.*" They
are, however, far superior to PMTs in imaging applications
within SPAD arrays (see Section 4).

3.2.3. Blocked impurity band solid-state photomultipliers.
Extrinsic detectors typically suffer from increased dark current
when optimized for long mid-IR wavelengths. This is related to
the high dopant concentrations used for enhanced photon

This journal is © The Royal Society of Chemistry 2023
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absorption at long wavelengths that naturally leads to high
dark currents, due to conduction of electrons between ionized
donor sites (see Fig. 2d).

The blocked impurity band solid-state photomultiplier
(BIB-SSPM) overcomes this problem. A thin undoped blocking
layer (BL) is introduced in contact with a heavily doped
infrared-active layer (IRL). This is shown in Fig. 4(a) for a Si:As
BIB-SSPN as developed by Petroff et al.>® In that device, n-doped
silicon is used for the IRL, where arsenic serves as an electron
donor (D — D' + e7). Typical donor concentrations are
5 x 10" em™>. During growth of the IRL, a second acceptor
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Fig. 4 (a) Structure of a blocked impurity band solid-state photomultiplier
(BIB-SSPM) according to Petroff et al?® The blocking layer (BL) is
composed of intrinsic silicon while the infrared-active layer (IRL) is strongly
doped with a high concentration of As and a smaller concentration of an
acceptor. The BL is held at a positive bias voltage while the IRL is
connected to ground. Ohmic contact layers are not shown. (b) Concen-
tration profiles of the ionized donor (D, blue curve) and acceptor (A™, red
curve) concentrations under positive bias. Negative charges indicate space
charge due to the existence of A~ in the D* depletion region. (c) The
electric field profile resulting from the concentration profiles in panel (b).
(d) Schematic operating principle of a BIB-SSPM in terms of the band
structure at the biased BL-IRL interface. Note that the avalanche multi-
plication process is similar to that occurring in the depletion region of a
SPAD. CB: conduction band edge, IB: impurity band, AL: acceptor level,
VB: valence band edge.
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dopant (A + e~ — A7) is added at about 1/1000th the concen-
tration of the donor. This results in similar concentrations of
D' and A™. While the D" charges are mobile due to impurity
band conduction, the A~ cores are immobile. When a positive
bias voltage is applied to the device, the concentration of
mobile D' charge carriers is therefore depleted within a few
pum at the IRL/BL interface, while the A~ concentration remains
unchanged (Fig. 4b). This produces a strong electric field
within the depletion region (Fig. 4c). This depletion region,
if carefully grown and properly biased, can serve as a gain
region, similar to that of a SPAD (see Fig. 4d). Electrons created
by photon absorption in the IRL first drift toward the gain
region, where they are accelerated to sufficiently high energies
to cause multiple impact ionization of neutral donor atoms D.
The secondary electrons then travel through the BL and are
detected. The Si:As BIB-SSPM exhibits high gain (~4 x 10%) as
well as short pulses (~1 ps) that make high count rates and
sub-microsecond response possible.>®

In our opinion, BIB-SSPMs represent the best solid-state
analogue of a PMT in the mid- to far-infrared region. Limita-
tions of BIB-SSPMs are related to dark counts from thermal
ionization of the donor atoms, even at 7 K. In addition, the
statistical nature of the avalanche multiplication leads to excess
gain noise, although the distribution of gain values is relatively
narrow.”® BIB-SSPM setups also require low operating tempera-
tures and good thermal shielding (see Section 7.2.3) compared
to PMTs or SPADs, conditions close to those needed for super-
conducting detectors.

4. Detector arrays and cameras

Combining the discussed types of infrared detectors into large
one- or two-dimensional detector arrays, also often called focal
plane arrays (FPAs), allow position-dependent measurements,
where the signal from single detector pixels is read out
individually. A comprehensive review of common FPA read-
out mechanisms, such as the popular charge-coupled devices
(CCDs) and complementary metal-oxide-semiconductor (CMOS)
sensors, which essentially combine many photodiodes on a
single substrate, is beyond the scope of this review. The reader
is referred to ref. 20 and references therein.

Such detector arrays can be used in infrared cameras
with various applications in astronomy, infrared microscopes,
thermographic imaging, etc. Another application includes their
use in spectrographs, which can simultaneously detect a range
of wavelengths and offer an improved SNR (multiplex advan-
tage) over spectrometers based on scanning monochromators,
which detect a single wavelength at a time. An important
example is the echelle spectrograph, which allows to simulta-
neously detect different wavelengths at different positions on
the detector array and is primarily used in astronomical
telescopes.>” Detector arrays capable of single-photon detection
together with echelle spectrographs would also be interesting
candidates for physical chemistry laboratory experiments
instead of the more commonly used scanning monochromators.
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In addition, combining multiple detector pixels can increase the
effective size of the detector when the size of efficient single
detector pixels is limited by the manufacturing process.

The highest performing infrared detector arrays are typically
found in ground- and space-based infrared telescopes, as those
impose stringent requirements on their sensitivity to distin-
guish small signals against large background noise. A recent
example is the James Webb Space Telescope (JWST) launched
in December 2021.>® It contains four infrared instruments:
three near-IR instruments, operating in the range 0.6-5.0 um,
and one mid-IR instrument operating in the range 5-28 pm.>’
The near-IR instruments (a camera, a spectrograph and a
guidance sensor) all employ multiple 2048 x 2048 hybrid
MCT array detectors (Teledyne H2RG) that are operated at
~35 K, achieved by passive cooling. The mid-IR instrument,
on the other hand, uses 1024 x 1024 arrays of Si:As BIB
detectors for its mid-infrared camera and spectrometer, which
are actively cooled to 7 K with a cryocooler.

Note that the JWST arrays are not capable of single-photon
counting. For example, pure BIB detectors are used in the
JWST, which differ from BIB-SSPMs in terms of lower acceptor
concentrations and smaller bias voltages in order to extend the
depletion region for efficient charge extraction and to avoid
gain noise due to avalanche multiplication.*® Smaller SPAD
arrays, on the other hand, combine the high sensitivity and
temporal resolution of single-photon counting with spatial
resolution.®’ However, just as single-pixel SPADs, they are not
sensitive in the mid-infrared, which leads us to the discussion
of superconducting single-photon detectors in the mid-infrared
including possible array sizes.

5. IR detectors based on
superconductivity

5.1. Physical mechanisms

Superconductivity arises due to the weak attraction between
electrons induced by lattice distortions, which can outweigh
the Coulombic electron-electron repulsion at large distances.
These attractive forces allow two electrons of opposite momen-
tum and spin to form stable “electron dimers”, known as
Cooper pairs.®®> The Cooper pairs, having zero spin, are bosons
and can undergo Bose-Einstein condensation leading to
superconductivity.

Superconductivity is only possible when Cooper pairs are
stable, appearing below a critical temperature (7.), current
density (J.) and magnetic field (B.). If any of these three
quantities is exceeded, normal conductivity will arise. The
energy required to dissociate a Cooper pair, 24 =~ 3.25kgT,
can be estimated from Bardeen-Cooper-Schrieffer (BCS)
theory.®® Thus, even a 1.1 mm wavelength photon could destroy
a Cooper pair in a superconductor with T, = 4 K. A mid-infrared
photon, possessing 100-1000x more energy, can destroy far more.

This simple picture makes it possible to envision how
absorption of a single mid-IR photon might raise the effec-
tive local temperature enough to induce switching from
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superconductivity to normal conductivity, a fundamentally
novel “amplification” mechanism that provides two key advan-
tages. The first is the small effective energy gap with the
promise of long wavelength sensitivity. The second is ultra-low
detector noise due to low dark count rates, which is intrinsic to
low-temperature superconducting materials.

5.2. Superconducting nanowire single-photon detectors
(SNSPDs)

SNSPDs are perhaps the simplest and most promising imple-
mentation of these ideas and have recently emerged as the
highest-performing single-photon detectors for time-correlated
single-photon counting from the ultraviolet to the mid-
infrared.*>***® Their excellent performance, especially for
mid-infrared applications, is summarized in Table 1 and com-
pared to the performance of other superconducting single-
photon detectors introduced in this review. SNSPDs based on
amorphous superconductors have demonstrated 98% system
detection efficiencies at 1.55 um, dark count rates as low as
1 count per day, zero readout noise, and count rates higher
than 107 counts s~ pixel *.>*° This was achieved at a typical
time resolution of 100 ps, which can be even as low as a few
picoseconds in exceptional cases.***” Note, however, that not
all of these outstanding characteristics are necessarily achieved
in the same device, which is specifically highlighted by compar-
ing SNSPDs based on amorphous and polycrystalline materials
in Table 1. Amorphous SNSPDs do not yet achieve the maxi-
mum count rates and timing jitters of polycrystalline SNSPDs.
Nevertheless, except for the sensitivity being so far limited to
wavelengths shorter than 10 pm—a limitation that is likely to
be soon overcome—the current characteristics of amorphous
SNSPDs are already close to the requirements for state-of-
the-art infrared emission experiments, as discussed in Section
7.2.1. We next discuss SNSPD performance characteristics in
detail.

5.2.1 Operating principles and fabrication challenges. The
basic operating principle of an SNSPD is shown in Fig. 5(a). The
sensor element is a narrow (80-200 nm) and thin (2-5 nm)
superconducting wire, patterned on a substrate in a mean-
dering fashion to fill the active area. The wire is cooled below
its superconducting transition temperature and biased with a
constant current. When a photon is absorbed in the material,

w _J .9~

4 SNSPD

(b) bias current l

amplifier

Fig. 5 (a) Conceptual representation of the operating principle of an
SNSPD. The details are explained in the text. (b) Schematic of a typical
readout circuit for SNSPDs. The nanowire acts as a switch which opens
when the photon is absorbed, causing the bias current to be shunted into
the readout amplifier.
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Cooper pairs are broken, resulting in a localized non-
superconducting region called a “hotspot” having a size on
the order of a few coherence lengths in the material (10-20 nm).
Recent experiments have shown evidence for “vortex-assisted”
growth of the initial hotspot, in which tunneling of a magnetic
vortex across the edge of the nanowire and subsequent dissi-
pation contributes to hotspot growth.®*®* The hotspot then
grows until it covers the entire width of the nanowire, causing
its resistance to increase to several kKQ on a timescale of
picoseconds.

To a first approximation, the superconducting wire thus acts
as a switch in parallel with a large resistance, which opens
when the photon is absorbed, as illustrated in Fig. 5(b). This
pushes the current out of the nanowire and into the readout
circuit, which comprises a 50 Q amplifier chain. After the
current is diverted, the nanowire cools off, returning to the
superconducting state, and current rebuilds in the nanowire on
a time scale of 10 ns. At this stage, the device is ready to count
another photon.

While the operating concept is simple, SNSPD fabrication
challenges have taken decades to overcome. The first SNSPDs
were fabricated in 2001 from 5 nm thick NbN superconducting
films, and consisted of 200 nm wide and 1 pm long micro-
bridges operated at a temperature of 4.2 K.°> NbN is well
studied in superconductivity research and was chosen due to
its high T, (9-12 K). Unfortunately, NbN is polycrystalline and
the presence of many grain boundaries can lead to poor
uniformity over large areas. Hence, fabrication required lattice
matching to the film-growth substrate and high growth tem-
peratures. These limitations constrained fabrication of high-
efficiency devices for many years.

Ten years after the first report, experiments began on the
fabrication of SNSPDs based on amorphous superconductors.®®
In contrast to NbN, amorphous superconductors lack grain
boundaries as they are highly disordered glasses. This leads to
an extremely useful property - amorphous superconducting
materials can be sputtered at room temperature on any suffi-
ciently smooth substrate and have excellent uniformity over
large areas. The use of amorphous superconductors such as
WSi and MosSi eliminated many constraints on fabrication, and
for the first time allowed the production of large area, high
efficiency devices.*® Also the low fabrication temperature was
especially helpful because optical stacks based on metallic
mirrors could be used (vide infra) and integration with other
room temperature manufacturing processes was simplified.

We note that more recently SNSPDs based on polycrystalline
NDbTiN and NbN sputtered at room temperature have also
resulted in high detection efficiency.***® Furthermore, efforts
to improve sensitivity of NbN and NbTiN-based SNSPDs at
mid-infrared wavelengths are ongoing and significant progress
has been made recently.>*®” This tutorial is focused primarily
on amorphous WSi-based SNSPDs as these have been imple-
mented in mid-IR physical chemistry experiments. NbN and
NbTiN-based SNSPDs should be considered a mid-IR option in
the future as they have certain advantages, such as better
timing resolution and higher maximum count rates.
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5.2.2. Extraordinary quantum efficiency. SNSPDs exhibit
excellent sensitivity to light. The three factors that contribute
to their high system detection efficiency (SDE = internal effi-
ciency x absorption efficiency x coupling efficiency) will now
be discussed in turn.

First, internal efficiency describes the probability that a
photon absorbed by the nanowire will produce an electrical
pulse. It is strongly influenced by the physics occurring during
the amplification of the initial hotspot, which depends on the
superconductor’s transition temperature, electron-phonon
coupling strength, and thermal relaxation time. Fig. 6a shows
measured SDEs vs. bias current for a WSi SNSPD from ref. 46.
A typical feature of SNSPDs is that, at sufficiently high bias
currents, the internal detection efficiency saturates - i.e., every
absorbed photon produces a pulse. This saturation also
reduces noise as the response becomes insensitive to fluctua-
tions in bias current and temperature. Fig. 6a also shows the
switching current, Isw, the current at which the critical current
density is exceeded, and the cutoff current, Ico, defined as the
current at the inflection point of the curve. Ico is, roughly
speaking, the bias current at which the SNSPD “turns on” and
it becomes larger for longer wavelengths, eventually requiring
operation near Isw (see Fig. 6b).
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Fig. 6 (a) Plot of system detection efficiency (SDE) vs. bias current for a

typical WSi-based SNSPD. SDE, .« (red) corresponds to illumination with
light polarized parallel to the nanowire orientation. SDE;, (blue) corre-
sponds to illumination with light polarized perpendicular to the nanowire
orientation. The SDE for the two polarizations differs because the meander
structure acts effectively as a diffraction grating. The switching current
(Isw) and cut-off current (Ico) are also indicated. Adapted with permission
from ref. 46. Copyright 2013 Nature Publishing Group. (b) Schematic
wavelength dependence for the internal efficiency of an SNSPD. The
cut-off current and the onset of the plateau shift to higher bias currents
with increasing wavelength. For the highest wavelength curve shown here,
the SNSPD switches to the normal-conducting state before the plateau is
reached.
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Fig. 7 (a) Optical stack of a typical high-efficiency SNSPD utilizing a
metallic mirror. (b) Optical stack of a high-efficiency SNSPD utilizing a
distributed Bragg reflector (DBR) instead of a metallic mirror. Here, MoSi is
used as the superconductor but in principle any superconductor could be
used in such a stack. Panels (a and b) adapted with permission from ref. 38.
Copyright 2020 Optical Society of America.

The second factor affecting SDE, the absorption efficiency,
describes the likelihood that a photon incident upon the
nanowire is absorbed. Fig. 7(a) shows how absorption is
enhanced using an optical stack with an embedded SNSPD.*®
Typically, a gold mirror is combined with a 1/4-wave layer of
SiO, underneath the SNSPD and an antireflection coating
deposited on top. To avoid the intrinsic ~3% absorption of a
metallic mirror, one can instead use a distributed Bragg
reflector (DBR) consisting of alternating layers of two materials
with different dielectric constants, as shown in Fig. 7(b).
SNSPDs with SDEs greater than 98% have recently been demon-
strated using DBR back reflectors.*® Here, the ability to deposit
the amorphous superconductor on any substrate is especially
helpful. SNSPDs based on NbN and NbTiN have also demon-
strated better than 98% SDE at 1550 nm wavelength.*®"*°

Finally, high SDEs require optimized coupling efficiency
between the experiment and the active area of the detector.
In principle, SNSPDs can be either free-space coupled or fiber-
coupled, whereby the latter is often preferred in practice as it
avoids the need for cryogenically cooled mirrors and lenses.
Furthermore, since SNSPD chips can be precisely micro-
machined to fit into commercially available zirconia sleeves
they become essentially self-aligning when used in combi-
nation with fibers (see Fig. 8a).°® Modern SNSPDs have a
diameter of 20-50 pm, while the mode field diameter of a
1550 nm single-mode optical fiber is approximately 10 microns.
Alignment tolerance using the self-aligned coupling technique
is £3 microns. Fig. 8(b) shows the device chip in detail. The
active area of the SNSPD lies at the center of the 2.5 mm circle,
with gold leads carrying the bias current and electrical pulses
leading out from the SNSPD onto the “diving board” of the
silicon chip. This now standard design works well and is highly
robust. Extending this design to the mid-IR requires modified
fibers which we will discuss below (Section 6.1).

5.2.3. Low dark count rate. Dark count rates are often the
toughest problem to solve in single-photon counting experi-
ments. With SNSPDs, dark count rates are often much smaller
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Fig. 8 (a) Illustration of the self-aligned device package used for fiber
coupling. (b) Optical micrograph of the device chip, showing the circular
chip which is precisely etched to the dimensions of the zirconia sleeve,
which is 2.5 mm in diameter. The SNSPD active area at the center of the
circle and gold leads are also indicated. Reprinted with permission from
ref. 38. Copyright 2020 Optical Society of America.
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Fig. 9 Plot of the system dark count rate due to background photons
(SDCR, black) and the device dark count rate (DDCR, orange) of a typical
fiber-coupled SNSPD. Note that near 4 pA the switching current is
reached. Adapted with permission from ref. 46. Copyright 2013 Nature
Publishing Group.

than background counts arising from blackbody radiation that
may leak into the optical fiber (see Fig. 9 for typical results).
In Fig. 9, the dark count rate is less than 1 min~'; however,
rates as low as 1 count per day have been demonstrated and
there is no fundamental reason why this could not be improved
further.

Reducing the effects of background leak into the fiber and
blackbody radiation emitted from the fiber itself can be
achieved by tightly coiling the optical fiber (coil diameter of
~35 mm, 5-6 loops), which leads to a high loss for low energy
blackbody photons. For light at 1550 nm, only a few percent
loss was seen. This technique can reduce background rates by
an order of magnitude or more depending on the experimental
setup and number of loops in the fiber coil.*>**7°

For operation in the mid-infrared, cryogenic shielding is
required (see Section 6.1). Without shielding blackbody radia-
tion alone can easily result in count rates so large that the
detector latches into the normal conducting state and cannot
be operated.

5.2.4. Low timing jitter. Fig. 10a shows a typical amplified
pulse from a MoSi-based SNSPD.*’ In Fig. 10b, the uncertainty
in the arrival time of the detected photon (jitter) is charac-
terized using a picosecond pulsed laser and an oscilloscope to
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Fig. 10 (a) Electrical pulse from a MoSi SNSPD. (b) Jitter histogram of the

same SNSPD. The full width at half maximum of 76 ps characterizes the

magnitude of jitter. (a and b) adapted with permission from ref. 45.

Copyright 2015 Optical Society of America.

record a histogram of the delay times between the laser pulse
and the SNSPD pulse. Although SNSPDs have demonstrated
jitter as low as 3 ps,”” the lowest of any superconducting
detector, the detector shown here is more typical, exhibiting a
total jitter of 76 ps.

Jitter is influenced by amplifier noise, geometric jitter, and
intrinsic jitter.”* Intrinsic jitter is the result of statistical varia-
tions in the time it takes for the hotspot to form and grow
within the nanowire and depends on the superconducting
material’s electron-phonon scattering time, electron-electron
scattering time, as well as the thermal coupling between
the superconductor and substrate. Further degradation of the
intrinsic jitter results from the rise time dependence on the
ratio Ly/Ry, where Ly is the kinetic inductance (see Section 5.3.2)
and Ry is the hotspot resistance of the nanowire. Larger
detectors with increased active area and longer nanowires show
larger Ly values and slower rise times. Intrinsic jitter is typically
the smallest contributing factor to the overall jitter.

Geometric jitter arises because a meandering superconduc-
ting wire acts as a microwave transmission line, resulting in a
small but finite propagation time from the hotspot to the
amplifier.”* This propagation delay varies depending on where
along the wire the photon is absorbed. This contribution to
jitter is proportional to the total length of the nanowire (size of
the detector) and typically the second largest contribution to
jitter.

Amplifier noise is the final contributing factor to arrival time
uncertainty. To minimize this in experiments demanding the
lowest possible jitter, cryogenic amplifiers are critical.

5.2.5. Maximum count rate. The maximum count rate
(MCR) sets an upper limit on the photon flux a detector may
see and, when background levels are high, may even prevent
some experiments. SNSPDs demonstrate the best MCR of any
superconducting detector, limited by either the thermal or
electrical relaxation time after detecting a photon.

An upper limit to the MCR is determined fundamentally by
the physics of the thermal relaxation process after generation of
the hotspot - the shorter the thermal time constant, the higher
the MCR. Epitaxial superconductors on lattice-matched
substrates, e.g. NbN on MgO, provide MCRs on the order of
100 MHz-1 GHz, due to stronger electron-phonon coupling
in the superconductor and thermal coupling between the
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superconductor and its substrate. SNSPDs based on amor-
phous superconductors are typically limited to ~10 MHz.

Often the electrical relaxation time, 7, is longer than the
thermal time constant and limits the MCR instead. Fig. 10(a)
shows an example of a measured SNSPD pulse with a 7. of
35 ns.*” The electrical relaxation time is determined by L/R,
where R is the resistance of the readout circuit (typically 50 Q).
For similar reasons as discussed in Section 5.2.4, 7. can thus be
reduced by decreasing the size of detector pixels.

5.3. Alternatives to SNSPDs

While SNSPDs have many advantages, there are other techno-
logies that one should be aware of, which we now discuss
briefly.

5.3.1. Transition edge sensors. Transition edge sensors
(TESs) are microcalorimetric energy detectors and are widely
used in both the quantum optics and the astronomy
communities.”” They take advantage of the large temperature-
dependent resistance change near 7.. A TES, schematically
shown in Fig. 11a, comprises an absorber, an ultra-sensitive
thermometer with a weak thermal link, and a thermal sink.
This is accomplished in practice with a ~20 nm-thick tungsten
film that acts both as absorber and thermometer. The film is
cooled to and stabilized within the superconducting transition
temperature (see Fig. 11b). The absorbed energy thus results in
a detectable rise in the resistance of the film. Reading out the
resistance change is rather complex, requiring the use of
superconducting quantum interference devices (SQUIDs),
which are more difficult to operate than radio-frequency ampli-
fiers used for SNSPDs. Another disadvantage of TESs is their
low operating temperature, typically less than 100 mK. TESs
are also slower than SNSPDs. The MCR for a typical TES is
~100 kHz or less and timing jitter can be as large as 100 ns,
although recently values on the order of just a few ns have been
demonstrated.*®

Despite these issues, TESs are excellent detectors especially
where photon number or energy resolution is needed - keep in
mind that the magnitude of the resistance change is a direct
readout of the absorbed energy. TES efficiencies can be above
95% in the optical and near-IR.”> They are single-photon
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Fig. 11 (a) Cartoon model of a transition edge sensor. (b) Diagram of the
operating point in the superconducting transition. The red arrow indicates
the change in resistance caused by the energy of the photon(s) absorbed
in the detector.

200 mK

Chem. Soc. Rev,, 2023, 52, 921-941 | 931


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00434d

Open Access Article. Published on 17 January 2023. Downloaded on 12/4/2025 7:08:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

sensitive from the X-ray to 4 um, and can also be used to
characterize the energy of massive particles instead of photons.
Work is also in progress to improve their MCR and jitter.*’

Furthermore, small arrays have been demonstrated, typi-
cally with less than 100 pixels,” and work on larger arrays
approaching 1 kilopixel is ongoing. However, the necessity of
SQUIDs for read-out make multiplexing for arrays more
complex; this accounts for current limitations on array size.
Pixel sizes vary widely - 20 um to several hundred microns -
depending on the target photon energy and energy resolution
requirements.

5.3.2. Microwave kinetic inductance detectors. The kinetic
inductance, Ly, describes the inertial response of electrons in a
superconductor to high frequency electric fields. L, is inversely
proportional to the density of Cooper pairs and can be tuned by
changing the geometry (length/width ratio) of a meandering
nanowire. A microwave kinetic inductance detector (MKID) is
created when a superconducting nanowire, commonly made
from TiN or aluminum, is placed in parallel with an LC
circuit.”” Since the resonance frequency depends on both L
and C, it now depends on the concentration of Cooper pairs.
Photon absorption results in a decrease of the Cooper pair
density and an increase in Ly, producing a detectable shift in
the resonance frequency and phase.

The ability to multiplex a large number of detectors is the
primary advantage of MKIDs. Each pixel can be tuned to have a
unique resonant frequency, thus allowing multiple pixels to be
capacitively coupled and multiplexed to the same microwave
readout line. One can then sweep the frequency on the readout
line to sequentially interrogate each pixel.”> This enables very
large arrays using only a few microwave transmission lines,
an important advantage in cryogenic devices as each readout
line carries an associated heat load. 1 kilopixel arrays are easily
achievable and large MKID arrays are now being used routinely
for ground-based astronomy.*?

MKIDs have been widely used in astronomy, particularly in
the UV to near-infrared and the far-infrared.”® Like TESs,
MKIDs are energy-resolving detectors. However, single-photon
sensitivity has only been demonstrated from the UV to the near
infrared (up to 1550 nm wavelength) but not yet for the mid-to-
far-IR. At 1550 nm, noise levels are comparable to those of
typical SNSPDs (NEP ~ 10 ' W Hz ?). Disadvantages
of MKIDs include their lower operating temperature of
~100 mK, which has so far prevented their use in space-based
applications, smaller dynamic range (MCR ~ 5 kHz pixel %),
lower efficiency, and the complexity of the room temperature
readout electronics.

6. Superconducting detectors in
Chemistry
6.1. A mid-infrared laser-induced fluorescence instrument

The first application of superconducting detectors for molecular
spectroscopy has been recently reported, where a tunable mid-IR
laser pulse (5 ns) excites a sample of CO adsorbed to a NaCl(100)
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Fig. 12 Overview of the infrared LIF setup based on a SNSPD. The left part
of the setup shows an ultra-high vacuum chamber, shielded from thermal
radiation by a liquid nitrogen cold shield, which is used for investigating CO
molecules adsorbed to a NaCl crystal at cryogenic temperatures. The right
part of the setup, separated from the UHV chamber by a CaF2 window,
shows the completely independent spectrometer chamber containing a
40 K grating monochromator, which is connected to the 0.3 K cold SNSPD
via a multi-mode mid-IR fiber. From ref. 13. Reprinted with permission
from AAAS.

crystal to detect time- and wavelength-resolved mid-IR fluores-
cence (IR-LIF). Details of the spectrometer design, shown in
Fig. 12, can be found in ref. 13, 15, 16 and 76. The spectrometer
comprises a homebuilt grating monochromator and a 4 x 1
SNSPD array (25 pm x 100 um for each pixel) connected by a
As,S; multi-mode infrared fiber (IRF-S-100, IRflex). The WSi
SNSPD (T, ~ 3.5 K) is cooled down to temperatures between
0.3 and 0.6 K, achieved with a two-stage *He cryocooler (CRC-GL7-
009, Chase Research Cryogenics), attached to the 4 K stage of
another closed-cycle “He cryocooler (RDK-101D, Sumitomo).
The monochromator is connected to the 40 K stage of the
“He cryocooler and gold-coated aluminum plates, connected to
the 4 K stage, shield the *He cryocooler and the SNSPD. A second
layer of aluminum shields is attached to the 40 K stage.
Additionally, optical filters are used to further suppress black-
body emission from the sample’s surroundings.

The SNSPD bias current (~5 pA) is supplied by an isolated
voltage source (SIM928, Stanford Research Systems). SNSPD
signal pulses are amplified by cryogenic amplifiers (SGL0622Z,
Qorvo) attached to the 40 K stage and passed to a multi-channel
scaler (MCS, model: MCS6A-2, FAST ComTec) with a resolution
of 100 ps to record time-resolved photon counts with respect to
the excitation laser pulse. This spectrometer demonstrated a
temporal resolution of ~500 ps.'® In many of the experiments
discussed in the following, the time resolution was limited by
the SNR. For example, for dispersed LIF experiments on a
monolayer of CO, which had not been previously possible with
conventional detectors,”” the MCS temporal binning was set
to 1 ps to ensure an adequate SNR.'” Clearly, further improve-
ments in the SNSPD sensitivity have the potential to allow
measurements at shorter timescales.

One should note that the SDE of this setup is substantially
smaller than that of the stand-alone SNSPD discussed in
Section 5, where the SDE approached 100%. This is explained
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in ref. 16. The mismatch between the 100 um wide fiber core
and a single detector pixel (25 pm x 100 pm) alone gives a
coupling efficiency of #coupie = 0.2. In particular, the fluores-
cence collection factor, F.,; = 0.005, which depends on the
acceptance angle of the monochromator (16°), reduces the
coupling efficiency further. Additional losses occur at the input
to the multi-mode mid-IR fiber, #gper = 0.69, and due to optical
transmission through the monochromator, Fy,c & 0.8. Assum-
ing that the absorption efficiency and internal efficiency of the
SNSPD are 1 for simplicity, all these factors together give an
SDE of 5.5 x 10*. For future experiments, in which a suffi-
ciently large SNSPDs array without fiber coupling could be
used, the SDE would improve to 4 x 10*, mainly limited by
the fluorescence collection factor.

6.2. Applications: Vibrational energy transfer studies of CO
adsorbed on NaCl(100)

When a mid-IR laser pulse is used to excite a large fraction of
CO molecules adsorbed to a NaCl surface to their first vibra-
tionally excited state (v = 1), the vibrational dynamics are
subsequently controlled by fast vibration-to-vibration (V-V)
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Vibrational energy transfer:
CO(n) +CO(m) » CO(n+1) + CO(m — 1) + AE,,
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energy transfer processes in competition with relaxation to
the salt crystal. Infrared emission spectroscopy in combination
with kinetic Monte Carlo modelling is an ideal means to study
these processes with time- and quantum state-specificity.'”
6.2.1. Vibrational energy pooling and vibrational relaxa-
tion in a single CO layer. Vibrational energy pooling (VEP)
occurs due to the anharmonic vibrational structure of CO.
When two excited CO(v = 1) molecules exchange a vibrational
quantum, transferring one molecule to v = 2 and the other to
v =0, a small amount of energy is released that can be absorbed
by the NaCl phonons (see Fig. 13a). The reverse process is
endoergic and therefore unimportant at low T (~7 K). Every
additional exchanged quantum forces one molecule further up
the vibrational ladder while another CO(v = 1) molecule is de-
excited, increasing the exoergicity with each step up the ladder.
This continues until the amount of energy released exceeds
the highest phonon frequency, above which a single phonon is
not sufficient to compensate the energy defect involved in VEP.
Here, the pooling stalls, establishing an intermediate ‘“‘base-
camp’” at v & 7. At this stage, only molecules in v ~ 7 can
exchange energy pushing a few molecules further up the ladder
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Fig. 13 Vibrational energy pooling for CO adsorbed on NaCl(100). (a) Vibrational energy scheme demonstrating different energy transfer steps in the
base-camp mechanism including the associated energy mismatch. Numbers in brackets indicate the vibrational quantum numbers of the CO stretching
vibration. (b) Effective lifetimes obtained from ref. 17 for the millisecond decay of individual vibrational states of monolayer CO after vibrational energy
pooling. Open circles indicate experimental values. Solid circles and squares correspond to effective lifetimes obtained from kinetic Monte Carlo
simulations relying on the models for non-radiative long-range energy transfer (CPS model) and anharmonic coupling through the CO-surface bond,
respectively. From ref. 17. Adapted with permission from AAAS. (c) Dispersed infrared emission spectrum of the CO monolayer on NaCl(100) after pulsed
infrared laser excitation of CO(1) measured with the SNSPD-based spectrometer described in Section 6.1. The spectrum is integrated over the initial
200 ps after excitation and all transitions correspond to overtone transitions (v — v — 2). From ref. 13. Adapted with permission from AAAS. (d) Dispersed
overtone emission spectra of CO overlayers of different thickness, epitaxially grown on NaCl, as measured by Chang and Ewing with a spectrometer
based on a liquid nitrogen-cooled InSb detector. Adapted with permission from ref. 78. Copyright 1990 American Chemical Society.
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as others are de-excited (v =7 + 7 — 8 + 6 etc.). This is again
associated with small energy defects accepted by single NaCl
phonons, but the v & 7 molecules are on average farther from
one another and so the VEP is slower. As VEP progresses, the
energy defect increases again, and a second ceiling is hit when
molecules reach v &~ 14 whereby a second basecamp is produced.
This process continues up to a third basecamp with the overall
timescale for the successive formation of the basecamps ranging
from ns to ~100 ps. Fig. 13c shows a mid-IR fluorescence
spectrum obtained from a CO monolayer sample undergoing
VEP, where the intensity minima near v = 8 and 19 demarcate the
three basecamps.

With the help of time-resolved IR-LIF measurements, the
lifetimes of the individual vibrational states, which are on the
millisecond timescale, could also be measured and compared
to different models for energy loss from the CO vibration to the
NaCl substrate."” This comparison (see Fig. 13b) clearly showed
that vibrational relaxation from CO to NaCl occurs through
non-radiative long-range energy transfer instead of anharmonic
coupling via the CO-surface bond, which would typically be
expected to dominate but is less important here due to the weak
CO-NaCl interaction."” A relaxation model developed by Chance,
Prock and Silbey (CPS model) described the observed rates well.”

6.2.2. Orientational isomerization of CO on NaCl(100).
Upon closer inspection, Fig. 13c clearly shows two resolved
vibrational progressions. These progressions were assigned to
two orientational isomers of CO, based on analysis of electro-
statically induced frequency shifts.'? In both cases, CO binds to
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the Na" ion, but it may bind either with the C- or the O-atom
closer to the surface. The ground-state C-bound species exhibits
a blue-shifted vibrational frequency relative to gas phase CO,
whereas the metastable O-bound adsorbate shows a red-shift.

The observation of the “upside-down” CO was only possible
due to the sensitivity achieved with superconducting detector
technology. Fig. 13d shows dispersed mid-IR fluorescence
spectroscopy using a liquid-nitrogen cooled InSb detector from
the seminal work of Ewing and co-workers.”””’® There, a com-
parable SNR required sample concentrations nearly 1000x
higher than in the monolayer experiments using SNSPDs.
Furthermore, detection of dispersed fluorescence from the
monolayer could not be achieved by Ewing and co-workers
while retaining a sufficient SNR for detailed experiments on
vibrational energy transfer in the CO/NaCl system.””

6.2.3. Transporting and concentrating vibrational energy
at an interface. The full capabilities of the SNSPD-based IR-LIF
setup were exploited in ref. 14 to track and control vibrational
energy flow in condensed phases. Layered structures consisting
of isotopically pure *C'®0 and '3C'®0 layers were grown
epitaxially on top of a NaCl(100) single crystal. On top of a
single monolayer (ML) of either >C'°0 or “C'0, about
100 overlayers (OL) of the other CO isotopologue were added,
respectively. Layer-specific excitation could be achieved by
using a tunable, pulsed infrared laser and exploiting the shift
in absorption frequencies for CO adsorbed at the NaCl interface
or in the overlayer (see Fig. 14a). Subsequent observation of
dispersed infrared fluorescence showed whether the vibrational
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Fig. 14 Interfacial vibrational energy transfer between different isotopically labelled CO layers. (a) Schematic infrared spectrum showing fundamental

vibrational frequencies of 2C**0 and *C®0 in the monolayer (ML) and overlayer (OL). (b) Overtone emission spectrum (v — v — 2) after selectively
exciting the monolayer in the *C*0 (ML)/*2C*0 (OL) sample. (c and d) Different views of the overtone emission spectrum after exciting the overlayer in
the *C'80 (ML)/*2C**0 (OL) sample. Throughout panels (b—d), the coloured combs together with the cartoons indicate the assignment of emission lines
to different initial vibrational states, v, of the respective CO species. (e) Relative populations of different vibrational states of the C-bound and O-bound
isomer in the monolayer after direct excitation of the monolayer (orange distributions) and indirect excitation via the overlayer followed by interfacial
energy transfer (blue distributions). (b—e) adapted from ref. 14 with permission from Springer Nature.
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energy remained within the excited layer or was transferred to
the other.

Fig. 14a also schematically indicates the expected direction
of vibrational energy flow of the two **C*°0 (ML)/**C'®0 (OL)
and *C'®0 (ML)/**C*®0 (OL) samples, based on the differences
in the fundamental vibrational frequencies within the two
layers, which differ by only ~100 cm ™. Indeed, the expected
direction of energy flow could be confirmed experimentally.'*
For the >C'°0 (ML)/**C*®0 (OL) sample, both excitation of the
2C'®0 monolayer and the *C'®0 overlayer lead to emission
from the >C'®0 overlayer. The emission spectra after excitation
of the other *C'®0 (ML)/**C'®0 (OL) sample are shown in
Fig. 14b-d. There, excitation of the *C'*0 monolayer leads
solely to emission lines associated with the O-bound and
C-bound isomers in the **C'®*0 monolayer, as energy transfer
to the *>C'°0 overlayers does not take place. Most importantly,
excitation of the >C'°O overlayer also gives rise to emission
lines from the O-bound and C-bound isomer in the *C'*0
monolayer, in addition to emission from the overlayer itself,
indicating efficient energy transfer from the 100 overlayers to
the single monolayer.

In fact, conversion of the emission intensities to relative
vibrational population for the monolayer and overlayer emis-
sion after overlayer excitation (Fig. 14e) indicates that about
12% of the vibrational quanta initially deposited into the over-
layer are transferred to the monolayer. Since ~50% of the
overlayer molecules were initially excited by the IR laser, this
equates to ~ 1.5 eV vibrational energy per monolayer molecule.
This highlights the large amount of energy concentrated in
the monolayer by indirect infrared absorption through the
overlayer,'* which can then drive the orientational isomeriza-
tion from the C-bound to the O-bound orientation in the
monolayer.

This phenomenon occurring in the infrared with vibrational
states resembles light harvesting in biological systems using
electronic states. Not only may it be possible to utilize this
effect to transfer large amounts of energy to induce chemical
reactions but the experiment also demonstrates the potential of
the SNSPD-based spectrometer to study vibrational energy
transfer dynamics.

6.3. Current development of detectors for exoplanet
spectroscopy

As the number of discovered exoplanets continues to increase,
the atmospheric composition of these planets has emerged as a
topic of extreme importance. For example, infrared spectra of
water, methane, ozone, carbon dioxide, and nitrous oxide could
provide molecular signatures indicative of exoplanetary life.
These compounds exhibit their own unique spectral fingerprint
in the mid-infrared from 2.8-20 pm.

When an exoplanet transits its parent star, a small fraction
of the starlight passes through the planet’s atmosphere. If this
light could be spectrally analyzed, such molecules could be
revealed. Due to the extremely low photon fluxes at the tele-
scope and long transit times typically lasting several hours,
single-photon detectors with zero readout noise, stability below
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5 ppm, and efficiency of at least 50% are required. While BIBs
and MCTs are also highly sensitive in the mid-infrared and
operate at higher temperatures than SNSPDs, they are not
stable at the 5 ppm level necessary for future spaceborne
telescopes. BIBs also suffer from a number of undesirable
effects such as reset anomaly, last-frame effect, droop, drift,
multiplexer glow, and latent images.*® MKIDs also show pro-
mise in the mid-infrared, but are limited in dynamic range,
stability and even lower operating temperatures, as discussed
in Section 5.3.2. While TESs have been proposed for missions
such as ORIGINS for use in the far-IR, they have not yet been
optimized for the mid-IR.

Based on recent advances, SNSPDs show the greatest
promise for exoplanet spectroscopy.’® They are currently
the only detector which is truly single-photon counting in the
mid-infrared, and there are reasons to believe that SNSPDs
could meet the stringent stability requirements of 5 ppm or
better. To date, saturated internal detection efficiency has been
demonstrated up to a wavelength of 10 microns, for which
simulations suggest that an overall SDE of 55% is realistic,*
and currently unpublished results for 64-pixel arrays optimized
for the mid-infrared have also been obtained recently.
Additional work is underway to extend sensitivity to longer
wavelengths, to improve the overall SDEs of single pixels
beyond 50% and to increase array sizes to at least 1 kilopixel.
While SNSPDs were not specifically considered as a relevant
technology in the 2020 NASA Decadal Survey for missions such
as OST, NASA is now funding SNSPD development and it
will likely be considered in future surveys as the technology
continues to progress.

7. Prospects for the future

In this final section of the tutorial review, we outline our
expectations for the future, describing first how we expect
superconducting detector technology to develop in the near
future. We then describe some of our own ideas about possible
future experiments in the molecular sciences. These fall into
two categories: the first are established experiments that could
be dramatically improved and the second are to our knowledge
currently impossible without new technology.

7.1. The moving forefront of technology: superconductor-
based detectors and cameras

Work is ongoing to develop larger, more sensitive arrays using
all of the technologies outlined above: SNSPDs, TESs, MKIDs,
BIBs, and MCTs. In the future, superconducting detector arrays
will likely surpass BIB and MCT arrays in terms of temporal
resolution, noise and stability with comparable or higher
SDE—at the expense of lower operating temperatures. As astro-
nomers continue to push the limits of sensitivity in their measure-
ments, low noise and excellent stability will become a priority, and
single-photon detectors operating at temperatures below 4 K will
most likely become a requirement.
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Superconducting detector arrays may also have applications
in quantum optics, such as in the development of quantum
computers based on single ions. NIST has recently demon-
strated an ion trap integrated with an SNSPD for readout of the
qubit state via fluorescence.®’ A 64-element SNSPD array is
currently being installed at the Palomar Mountain Observatory
for future laser-based optical communications for missions to
Mars and beyond. SNSPD arrays may also find use in space-to-
ground quantum communication systems. Finally, SNSPD
cameras operating in the mid-infrared could be used for
passive navigation of autonomous vehicles in dark environ-
ments, without the need for projecting a laser or other light
source.

7.2. Supercharging established infrared emission methods

The extremely high sensitivity of superconducting detectors is
ideal for detecting infrared emission. An extensive review of
infrared emission experiments with traditional IR detectors
prior to 2000 can be found in ref. 82. Although only a selection
of infrared emission experiments will be provided, we believe
that this overview is representative of the field as a whole.
The narrow selection should further demonstrate that only a
limited number of different IR emission experiments could be
realized in the past due to the poor performance of semi-
conducting IR detectors. Superconducting single-photon detec-
tors now may provide actual zero background and dark count
conditions with dramatically enhanced performance.

A plethora of emission experiments is conceivable by com-
bining different techniques for sample preparation and vibra-
tional excitation. Techniques that prepare the molecules under
well-defined initial conditions, e.g. using molecular beams,
cryogenic ion traps, matrix isolation and adsorption on single
crystals, are particularly attractive. Infrared emission can then
be induced in the sample in different ways.

For thermal emission spectroscopy, the sample is kept at a
constant temperature and the emission spectrum is recorded.
The emissivity of a real sample, &(1) = L(1)/L®®(}), is defined
by its spectral radiance, L(4), relative to that of an ideal black
body, LP®(X). Since the sample emissivity is identical to
the absorbance, it exhibits emission lines at its absorption
wavelengths.®” One potential pitfall that must be avoided is
self-absorption; hence, thin samples are required. One obvious
example of interest to the authors is thermal emission from low
frequency vibrations or optical phonons from a solid surface or
adsorbate layer.

Non-thermal emission spectroscopy can, for example, be
accomplished by laser excitation or exothermic chemical reac-
tions (IR chemiluminescence). Here, vibrational excitation can
be initiated with pulsed molecular beams or lasers to exploit
the temporal resolution of SNSPDs. Furthermore, the sample
does not need to be at elevated temperatures, offering generally
better-defined starting conditions. A few selected examples of
experiments that could benefit from advanced superconducting
detectors are shown in the following sections.

7.2.1. Requirements for infrared emission experiments.
While the SNSPD-based mid-IR spectrometer presented in
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Section 6.1 was built specifically to study energy transfer
between molecules on solid surfaces, it is representative of
what would generally be needed for other experiments based on
infrared emission. It is therefore instructive to demonstrate the
requirements in vibrational spectroscopy to study molecular
dynamics using this specific setup, the results of which are also
summarized in Table 1.

To discuss the maximum count rate and dark count rate
requirements, consider the number of adsorbed molecules at a
surface density on the order of 1 x 10" cm™>. Assuming a
typical IR fluorescence rate constant of kg = 10-10° s, the
improved collection efficiency of 4 x 10~ from Section 6.1, and
the total number of molecules within the 100 pm focus of
the collection optics (~8 x 10'%), a maximum count rate on the
order of 10°-10' counts s™' is obtained. This estimate is,
however, based on the rather unrealistic assumption that every
molecule is excited and that the fluorescence quantum yield
is 1. For CO/NaCl, showing the weakest possible adsorbate-
surface coupling, as discussed in Section 6.2.1, the non-radiative
relaxation rate, k.., is only about 10x faster than the fluorescence
rate. Thus, the fluorescence quantum yield, ¢n = kq/(kq + ki), iS
about 0.1. In many applications, only a fraction of the molecules
will be excited or the excitation may further be distributed across
multiple quantum states of the molecule after energy transfer,
~30 states in the case of CO/NaCl. Taking both factors into
account, maximum count rates of 10°-10° counts s™', three
orders of magnitude below the theoretical maximum are more
realistic. However, the relaxation rate can be much larger in other
systems, for example for vibrationally excited molecules on metal
surfaces with relaxation rate up 10" s—*, resulting in fluorescence
quantum yields as low as 10 '*.%3 In this case, count rates on the
order of 1072-10° counts s ' would be expected, even when
assuming that all molecules are excited to the same quantum
state—underling the need for detectors with negligible dark
counts and excellent thermal shielding.

The optimal timing jitter is related to the timescales of
vibrational energy transfer. While infrared fluorescence time-
scales are on the millisecond timescale, intermolecular and
intramolecular vibrational energy transfer processes can be
much shorter. For example, the early stage of vibrational energy
pooling in CO/NaCl takes place on a sub-nanosecond
timescale.’>'” As mentioned above, vibrational relaxation on
metal surfaces takes place on even shorter picosecond time-
scales, and also intramolecular vibrational energy redistribution
occurs on timescales of 1-100 ps for many polyatomic
molecules.®* Therefore, temporal resolution down to 1-100 ps
would be of interest—especially for the same applications where
low dark counts are required, due to the small fluorescence
quantum yields that come with fast energy transfer rates.

7.2.2. Adsorbate vibrations and optical phonons. Thermal
emission spectroscopy works particularly well for low-frequency
vibrations as they can be easily populated at moderate tempera-
tures. Therefore, atomic or molecular adlayers adsorbed to sur-
faces present excellent samples for thermal emission spectroscopy.

One example of an emission spectrometer designed for
such experiments is the surface infrared emission (SIRE)
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spectrometer of King and co-workers designed for detecting
down to 10°-10° photons s™* at a 2 em™ " resolution.®® The
instrument is a homebuilt Fourier-transform infrared (FTIR)
spectrometer that is cooled with liquid helium and employs a
Ge:Cd bolometer held at 0.3 K. In addition, the complete
optical path is thermally shielded by cooling it to liquid helium
temperatures. The spectrometer is attached to an ultra-high
vacuum chamber, where single crystals with adsorbed mole-
cules are mounted. Those are held at constant temperature and
serve as the thermal emission source.

Ilustrating its capability, the SIRE spectrometer was applied
to the adsorbate vibrations of C4Ds and CO below 600 cm *
when adsorbed to Pt single crystals.’ At a temperature of
150 K, the internal out-of-plane bending vibration (v,) of
33 layers of C¢D¢ could be observed at 510 em ™!, well separated
from the blackbody background spectrum. Even emission from
the CO adsorbate (external Pt-CO stretching vibration) could be
seen from a monolayer at 200 K. Additionally, the emission
spectra revealed details relevant to Pt-CO bonding - the vibra-
tional frequency was seen to shift by ~10 cm ™' for a recon-
structed vs. a non-reconstructed Pt(110) surface.

A similar SIRE experiment was used to study the evolution of
the phonon spectra of a NiO surface during incorporation of K
atoms.®® On a clean surface, only the optical phonons of NiO
appear in the spectrum; but with alkali exposure K-O vibrations
appear from an outer potassium surface layer. With increasing
exposure, incorporation of K atoms into the NiO could be
inferred from the emission spectra.

SNSPDs will soon operate routinely at wavelengths as long as
15 pm. This suggests the possibility of a supercharged SIRE
experiment. Specifically, their high sensitivity would allow
detection of much smaller surface concentrations. This could
be used to detect emission from submonolayer coverages at the
1% level and potentially emission from products in surface
reactions, requiring a NEP at least two orders below the
8 x 107'® W Hz ' value of the Ge:Cd bolometer,®® which
can already be provided by current SNSPDs with typical values
around 10~ W Hz V2. Furthermore, SNSPDs have much
better temporal response allowing a host of time-resolved
experiments to be envisioned. For example, pulsed molecular
beams could be used to initiate surface reactions or adsorption
processes that might be followed through time-resolved emis-
sion spectroscopy.

7.2.3. IR emission from gas phase molecules and ions.
Using a cryogenically cooled single-photon infrared emission
(SPIRE) spectrometer based on a Si:As BIB-SSPM held at 7 K,
Saykally and co-workers designed an experiment to test whether
polyaromatic hydrocarbons (PAHSs) can be responsible for the
unidentified infrared bands (UIRs) observed in emission from
interstellar dust.®” It was postulated that UV excitation of PAHs
or their cations would produce highly vibrationally excited
ground state molecules by internal conversion and subsequent
mid-IR emission. The combination of a pulsed UV laser with
pulsed sample sources enabled the authors to not only observe
the emission spectrum but also record time-resolved emission
at single emission wavelengths. For the 3.3 pm emission band
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that is assigned to C-H stretching vibrations, a pulsed super-
sonic expansion was used to create molecular beams of PAHs.
Gaps within the cryogenic shielding used inside the molecular
beam chamber to achieve sufficient pumping speeds, however,
prohibited measurements at longer wavelengths, where black-
body background becomes more relevant. For these wave-
lengths, the authors relied on effusive beams of PAHs created
by laser-induced desorption from solid PAH samples using a
UV laser, which simultaneously transferred the molecules into
the gas phase and excited them. This setup provided complete
cryogenic shielding without any gaps, but many PAH samples
could not be studied due to degradation of the solid samples
and photofragmentation.

In the first version of the SPIRE spectrometer, these experi-
ments were able to rule out neutral PAHs as the carriers of the
UIRs.®”®8 This inspired further experimental development, in
which the SPIRE spectrometer was coupled to an ion beam
source to study cationic PAHs.**° Cations formed by electron
impact ionization of evaporated PAH molecules were extracted
along a flight tube and injected into a liquid nitrogen-cooled
sample chamber with a reflectron. At the turning point of the
reflectron, UV laser excitation induced infrared emission and
the slow speed of the ions at the turn-around point of the
reflectron increased the detector’s viewing time. The emission
spectra of the cations taken with this apparatus were in much
better agreement with the positions and relative intensities of
the UIR bands than any neutral PAH.

The use of SNSPDs for such gas phase emission experiments
would open many new possibilities. Their continuously improv-
ing sensitivity at long wavelengths could enable experiments
beyond 4 pm in ref. 87 with molecular beam samples instead
of the more restricted laser-induced desorption setup. This
would, however, still require optimized molecular beam source
designs to minimize gaps in the optical shielding. For the ion
beam experiments in ref. 90, the authors estimated that ~3 x
10° photons s~ ' arrive at the detector. However, those were
counted with only 5% detection efficiency while the SNR
of their BIB-SSPM was limited by a dark count rate of ~2 x
10 counts s, equating to a NEP of 4 x 10~ W Hz " at 7 um
(see eqn (6)). With SDEs near 1 and dark count rates on the
order of 1 s, SNSPDs could already improve the NEP by three
orders of magnitude. The high sensitivity of SNSPDs might thus
enable the detection of fluorescence from samples with smaller
concentrations than those in a molecular beam, e.g. to probe
reaction products in gas phase reactions or detect fluorescence
from laser-excited ions prepared in cryogenic ion traps.

7.2.4. Intramolecular vibrational energy redistribution
(IVR). Localized vibrations of a molecule, which may represent
chemical reaction coordinates and can for example be prepared
by pulsed laser excitation, are typically a superposition of
multiple vibrational eigenstates. Because the eigenstates evolve
in time at different frequencies according to their relative
energies, the energy deposited in the initial state can flow into
other superposition states spread across different parts of
the molecule, a process known as intramolecular vibrational
energy redistribution (IVR). See ref. 2 and 91 for a detailed
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introduction to IVR and how measurements in the time domain
and spectral domain are interrelated in this context.

McDonald and co-workers made important contributions to
the studies of IVR within molecules in their electronic ground
state after excitation of C-H stretch fundamentals. Their experi-
ment was based on excitation of molecules in a pulsed mole-
cular beam using a nanosecond mid-infrared laser. Dispersed
infrared fluorescence from vibrationally excited molecules was
then detected with a liquid nitrogen-cooled interferometer
based on a Ge:Hg photoconductive detector.”>®® The authors
measured the absolute intensity of fluorescence back into the
vibrational ground state (unrelaxed or resonant fluorescence)
and compared it to the intensity expected without the occur-
rence of IVR. From this the authors inferred dilution factors,
which gave information on the density of vibrational states
coupling to the excited state and the coupling strength.
In smaller molecules, even fluorescence from specific coupled
states could be observed at wavelengths longer than the excita-
tion wavelength (relaxed or non-resonant fluorescence).”

However, those IVR experiments were restricted to the
spectral domain,® limited by the ~250 ns temporal resolution
of the detector.’>** With better temporal resolution, the evolu-
tion of the excited vibrational state due to IVR could in
principle be observed directly by monitoring the unrelaxed
infrared fluorescence on a ps timescale after coherent excita-
tion with a picosecond laser. In fact, such experiments were
already possible at that time for electronically excited states
based on the detection of UV/Vis fluorescence with PMTs,
showing a resolution of 80 ps.”” The excellent timing jitter of
SNSPDs below 100 ps would thus finally enable the direct time-
resolved observation of IVR in electronic ground states using
infrared emission. Additionally, their high sensitivity in the
mid-infrared could extend the studies to vibrations with
frequencies below ~3000 cm ™.

7.2.5. Infrared chemiluminescence. Infrared chemilumi-
nescence experiments have played a key role in physical
chemistry, producing one Nobel prize, where the basis for the
chemical laser was discovered and insight into the potential
energy surface of chemical reactions, such as H + Cl, - HCI* +
Cl, was obtained.”® This field has been thoroughly reviewed
in ref. 82.

The use of modern superconducting IR detectors has the
potential to make chemiluminescence a much more attractive
means for studying chemical reactions. The high sensitivity
and the lack of a fundamental long-wavelength cut-off could
certainly help to observe chemiluminescence in larger mole-
cules, which exhibit lower frequencies and weaker emission.
It might also be possible to extend chemiluminescence to study
the kinetics of surface reactions.

7.3. New experiments based on superconducting detectors

As mentioned in the introduction, visible fluorescence micro-
scopy benefits from the high sensitivity of UV/Vis single-photon
detectors and arrays, clearly an important factor in the devel-
opment of super-resolution microscopy techniques and
single molecule spectroscopy.” Although several approaches
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to super-resolution microscopy based on vibrational excitation
exist with varying resolution between 1 nm and 1 pm, the
higher resolution techniques are less universal, measuring for
example thermal expansion of the sample upon IR absorption
with atomic force microscopy (AFM-IR).”” Efficient super-
resolution techniques that rely on the detection of mid-
infrared fluorescence have not been demonstrated to the best
of our knowledge. Here, the improved sensitivity of SNSPD
arrays could enable super-resolution techniques in the mid-IR
analogous to the ones developed for visible fluorescence micro-
scopy. Their value would be without doubt, given that most
molecules have infrared active vibrations whose frequencies
can act as “fingerprints” and are sensitive to the molecule’s
environment.

In the spirit of microscopy, we speculate that infrared
emission experiments could also be coupled with other excita-
tion sources. Such experiments could for example include
infrared emission microscopy coupled with excitation by low
energy electrons in scanning tunneling microscopes (STMs) or
transmission electron microscopes (TEMs).

8. Conclusions

In this paper, we have reviewed novel superconducting detector
technologies with respect to their great potential for the detec-
tion of mid-infrared light compared to traditional infrared
detectors in vibrational spectroscopy.

Out of the traditional semiconductor-based detectors, the
BIB-SSPM is probably the most powerful single-photon mid-
infrared detector. Similar to a PMT or SPAD, which operate in
the UV/Vis to near-IR range, the BIB-SSPM combines fast
temporal response, high count rates and large spectral range
in the mid-infrared. However, it still cannot completely avoid
dark count noise—one of the major limitations of all semi-
conductor-based detectors designed for longer wavelengths.

Superconducting single-photon detectors naturally avoid
this problem due to operating temperatures below 1 K and
fundamentally different operating principles. Consequently,
they show incredibly low dark count rates that are negligible
in almost all practical applications and their fundamental long-
wavelength limit is much higher due to the small super-
conducting energy gaps compared to typical band gap energies.

Out of the three superconducting detector types discussed in
this review (SNSPDs, TESs, MKIDs), we consider SNSPDs as the
most promising single-photon detector for the mid-infrared. In
fact, SNSPDs are currently the only superconducting detector
that is actively optimized for this region and high detection
efficiencies at wavelengths up to 10 um are already possible.
In addition, fast temporal response down to picoseconds and
maximum count rates up to 10 MHz have already been demon-
strated for SNSPDs in the near-IR.

We illustrated the high sensitivity of SNSPDs with experi-
ments on dispersed laser-induced infrared fluorescence from
a single CO adsorbate layer. With upcoming improvements
of SNSPDs in terms of pixel and array size and further

This journal is © The Royal Society of Chemistry 2023
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optimization toward longer wavelengths, SNSPDs could likely
become a new standard for vibrational spectroscopy - making
many more infrared experiments possible that deal with
low light levels, such as infrared chemiluminescence, single
molecule spectroscopy and exoplanet spectroscopy.

As a final point, we would like to emphasize that, despite
their low operating temperatures, the implementation of
SNSPDs in physical chemistry laboratories is greatly simplified
by commercially available closed-cycle helium refrigerators.
Therefore, we are optimistic that this new generation of infra-
red detectors will find its way into the chemical community.
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