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ABSTRACT

Single-photon detections (SPDs) represent a highly sensitive light detection
technique  capable  of  detecting  individual  photons  at  extremely  low  light
intensity  levels.  This  technology  mainly  relies  on  the  mainstream  SPDs,
such  as  photomultiplier  tubes  (PMTs),  avalanche  photodiodes  (SAPD),
superconducting  nanowire  single-photon  detectors  (SNSPDs),  supercon-
ducting  transition-edge  sensor  (TES),  and  hybrid  lead  halide  perovskite.
However,  the  complexity  and  high  manufacturing  cost,  coupled  with  the
requirement  of  special  conditions  like  a  low-temperature  environment,
pose  significant  challenges  to  the  wide adoption of  SPDs.  To address  the
challenges faced by SPDs, significant efforts have been devoted to enhan-
cing  their  performance.  In  this  review,  we  first  summarize  the  principles
and  technical  challenges  of  several  SPDs.  Conductors,  superconductors,
semiconductors, 3D bulk materials, 2D film materials, 1D nanowires, and
0D  quantum  dots  have  all  been  discussed  for  single-photon  detectors.
Methods  such  as  special  optical  structure,  waveguide  integration,  and
strain  engineering  have  been  employed  to  elevate  the  performance  of
single-photon  detectors.  These  techniques  enhance  light  absorption  and
modulate the band structure of the material, thereby improving the single-
photon sensitivity.  By providing an overview of  the current  situation and
future challenges of SPDs, this review aims to propose potential solutions
for photon detection technology.
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1   Introduction

Traditional  photoelectric  detection  uses  photons  with
energy greater than the band gap being incident on the
detection area of the device, resulting in the generation
of  photon current.  However,  in  single-photon detection,
when  the  light  power  is  relatively  weak,  the  incident
photon beam presents as discrete states, arriving at the
detector in the form of particles. As a result, conventional
photoelectric  detection  technologies  exhibit  reduced
responsive, increased noise, and requires continuous scat-
tering  [1].  The number  or  intensity  of  incident  photons
in  SPDs  can  be  measured  through  the  photoelectric
detector. Photoelectric detectors converts optical signals
into  electrical  signals  to  detect  the  intensity  and
frequency  of  radiation  signals  and  are  widely  used  in
quantum  communication  [2–4],  optical  imaging  [5–9],
biomedicine  [10–13],  remote  detection  [14–16],  and
defense military [6, 17]. These detectors can convert the
received single photon’s energy into an electrical signal,
enabling  efficient  detection  of  very  low  light  intensity

signals. SPDs facilitate the migration of photogenerated
carriers to the detector multiplier region by electric field
acceleration. Under certain conditions, the photogenerated
carriers  undergo  collision  ionization  with  the  lattice  in
the multiplier region, continually produce new photogen-
erated  carriers  [18].  Compared  with  traditional  photo-
electric  detection,  SPDs  have  the  following  advantages:
weak  light  detection  and  ultra-high  time  resolution,
which can be far lower than the pulse width of a photo-
multiplier tube. Future single photon detection technology
will  face  the  following  challenges:  (i)  Higher  operating
temperature of single photon detection to reduce equipment
and  material  costs.  (ii)  Manufacture  larger  detection
arrays at the centimeter level or larger scale. (iii) Wider
detection  wavelength  (middle-far  infrared  band).
(iv) More extreme environment detection, such as long-
range detection, deep space optical communication, and
underwater detection. 

2   Working mechanisms of single photon
detector

 

2.1   Single photon avalanche detection diode
 

2.1.1   Principle of single photon detection avalanche
diode

Single photon avalanche diode (SPAD) is a p–n junction
that operates in Geiger mode. The device operates with
a  bias  voltage  significantly  higher  than  its  reverse  bias
breakdown  voltage,  rendering  it  versatile  for  a  wide
range  of  applications  due  to  its  excellent  sensitivity  to
both  photons  and  charged  particles.  This  technology  is
well  developed  and  commercially  available  in  the  short
infrared  range.  The  mechanism  of  avalanche  diode
photodetection  is  shown  in Fig.  2(a),  the  photon  is
absorbed  in  the  P-type  region,  producing  electron-hole
pairs. Currently, avalanche diodes are advancing rapidly
in  two  directions:  one  path  is  to  continuously  optimize
the  performance  of  existing  InP/InGaAs-SPAD-like
block  avalanche  towards  the  smaller  dark  count,  lower
after-pulse effect, higher count rate, and higher operating
temperature.  The  other  path  is  finding  more  promising
new materials  and mechanism devices.  Therefore,  novel
materials and new mechanism devices capable of achieving
high  gain  multiplication  have  emerged.  Those  include
low  noise  materials  with  low k-factor,  low  dimensional
materials  that  can  extend  wavelength  ranges,  ballistic
transport  of  low  dimensional  materials,  and  separation
multiplication engineering to reduce noise.

When  the  SPAD  operates  in  Geiger  mode,  excessive
induced  current  will  damage  the  device’s  performance
and  reduce  the  detection  efficiency  for  a  long  time.  To
optimize  and  expand  the  application  of  the  avalanche
diode,  it  must  be  supported  by  the  quenching  circuit
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[20].  On  the  one  hand,  the  quenching  circuit  needs  to
stop  the  avalanche  in  time,  on  the  other  hand,  it  also

suppresses  the  noise  from  the  device  and  circuit  to
extract the avalanche signal.  At present,  the main idea
of  the  quenching  circuit  is  to  extract  a  digital  pulse
signal upon detecting avalanche current and subsequently
quench  the  current  by  applying  an  extra  reverse  bias.
The  quenching  mode  can  be  divided  into “passive
quenching” in Fig. 2(b), “active quenching” in Fig. 2(c),
and “mixed  quenching” in Fig.  2(d).  As  shown  in
Fig. 2(b), passive quenching is realized automatically by
current limiting and voltage division of resistance above
100 kΩ, which is faster and more convenient. The disad-
vantage  is  that  the  added “large  resistance” makes  the
device unsuitable for array line SPAD. Active quenching
in Fig. 2(c) is to forcibly reduce the avalanche effect of
SPAD’s reverse bias voltage by additional control structure
after the avalanche current is detected, and the reaction
time  is  fast.  However,  due  to  the  large  capacitance
constant  in  the  circuit,  the  photon  count  of  SPAD  is
lower than 100 kHz. The mixed quenching mode is more
complex  and  is  not  often  used  as  shown  in Fig.  2(d).
Through  the  above  three  quenching  modes,  the  dark
count  and  after-pulse  of  the  device  are  significantly
reduced,  and  the  counting  rate  of  the  device  is
improved. 
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Fig. 1  Scope of this review.
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Fig. 2  (a) Schematic  diagram of  the  multiplication  effect
in  APD.  Reproduced  from  Ref.  [19].  Avalanche  diode
quenching circuit: (b) passive quenching, (c) active quench-
ing, and (d) mixed quenching.
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2.1.2   SPAD based on conventional bulk semiconductors

The most common bulk materials in the practical appli-
cation  of  SPAD  are  Si-SPAD  [21, 22],  InGaAs-SPAD,
InGaAs/InP-SPAD  [23, 24],  InAlAs-SPAD  [25, 26],
HgCdTe-SPAD  [27],  etc.  The  earliest  and  most  widely
used materials for short infrared and visible light are Si-
SPAD  and  InGaAs-SPAD.  Haitz et  al. [28]  developed
the first batch of Si-SPAD operating in Geiger mode in
1963.  Si-SPAD  is  favored  by  all  parties  because  of  its
high detection efficiency, small size, and strong stability.
However,  due  to  a  large  electronic  band-gap,  it  cannot
be exploited for single-photon detection at a wavelength
over 1000 nm. To overcome this limitation, one strategy
is to convert infrared photons to higher energy photons
within  visible  range,  thereby  enabling  the  utilization  of
silicon  SPADs  in  such  applications  [29].  A  fiber  pigtail
periodically polarized lithium niobate (PPLN) waveguide
absorbs  photons  mixed  with  a  strong  pump  signal  of
1950 nm in the telecommunication band, which are then
collected and detected by a silicon avalanche photodiode
(SPAD)  and  frequency-generated  (SFG)  photons  [29,
30].  Si-SPAD  thick  junction  SPAD  has  high  detection
efficiency,  but  poor  timing  jitter.  The  timing  jitter  of

shallow  SPAD is  good,  but  their  detection  efficiency  is
relatively  low.  To  reduce  the  operating  voltage,  a
smaller  time  jitter  must  be  achieved  at  the  expense
of  detection  efficiency.  All  commercially  available
avalanche diodes use a mesa structure. For example, in
Fig.  3(a),  Lee et  al. [31]  adopted  the  concept  of  dual
multiplication  layer  to  construct  three-layer  and  four-
layer  InGaAs/InAlAs-SPAD  single-photon  avalanche
diodes,  and  the  InGaAs/InAlAs-SPAD  mesa  devices
show obvious avalanche effect as seen in Fig. 3(b), effec-
tively  reducing  the  dark  count  rate  and  after-pulse
effect. Since avalanche triggering depends on the electric
field  distribution  in  the  multiplication  layer,  the  multi-
stage table structure can effectively limit the high electric
field in the central active multiplication region. Through
the comparison of Fig. 3(b), it is found that the electric
field in the central multiplication area of the quadruple
mesa structure is higher, which can realize the effective
control  of  the  electric  field.  As  illustrated  in Fig.  3(c),
compared with the triple mesa structure, the time jitter
of the quadruple mesa structure is significantly reduced.
Therefore,  the  mesa  structure  is  widely  used  to  better
confine  the  distribution  of  electric  field  in  the  central
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Fig. 3  Multiple multiplication layer avalanche diode. (a) Illustration of InGaAs/InAlAs-SPAD with quadruple mesa structure
(i)  and triple  mesa  structure  (ii). (b) Transverse  electric  field  profile  of  the  lower  side  of  the  second multiplication  layer.
(c) Dark  current  and  photocurrent  of  mesa-type  InGaAs/InAlAs  SPAD  illuminated  with  an  optical  power  of  1  μW.
(d) Gaussian-like temporal responses were measured at T = 200 K for quadruple and triple mesa devices. Reproduced from
Ref. [31].
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doubling region and further  optimize  the  detection effi-
ciency and timing jitter. 

2.1.3   SPAD based on low-dimensional materials

Currently,  the  majority  of  avalanche  diodes  are  made
from bulk materials, with limited research conducted on
thin  film  materials,  which  also  limits  the  shift  of  the
detection wavelength of avalanche diodes to the mid-far
infrared.  Low  dimensional  materials  meet  the  growing
need  focus  on  longer  wavelengths  due  its  narrow
bandgap  materials  such  as  Graphene,  WS2 [32],  MoTe2
[33],  PdSe2 [34],  PtTe2 [35],  PtSe2 [36, 37],  and  PdTe2
[38]. However, as the band gap decreases, large background
noise  and  dark  count  rate  also  occur.  Dark  counting  is
caused  by  factors  such  as  low  energy  band  gap,  lattice
mismatch and dislocation of materials, resulting in false
photon counts generated in the absence of photon irradi-
ation. Currently, the most effective method for reducing
dark  counting  is  to  significantly  reduce  the  operating
temperature, but this also leads to increased costs. The
occurrence  of  avalanche  diodes  relies  on  the  distance
over  which  electrons  in  the  material  accelerate,  making
low-dimensional materials relatively less explored in this
field. Due to the atomic thickness, the inherent detection
capability of low-dimensional materials photodetectors is
low, and will also produces a large noise current, which
further  limits  the  detection  capability.  To  further
improve  performance,  it  has  been  documented  that
single photon detection performance can be achieved in
low-dimensional  materials  by  introducing  photogating
effect, double gate modulation, ballistic avalanche, etc.

Zero-dimensional  materials  (0D  materials).
Quantum dot (QD) based devices are an emerging class
of  promising  single-photon  detectors  (SPDs).  This  kind
of detector operates at a relatively low voltage bias with
very low dark count rates, and has reduced noises due to
the  avoidance  of  involving  the  avalanche  multiplication
process. By adjusting the composition and size of quantum
dots,  the  detection  band  can  be  adjusted  from infrared
to  UV-visible.  Mahdi et  al. [39]  proposed  an  avalanche
quantum  dot  infrared  photodetector  (AQDIP)  that
could  be  a  perfect  candidate  for  detecting  mid-far
infrared  wavelengths  as  shown  in Fig.  4(a).  The  QDs
layer will absorb a single photon, resulting in the generation
of  photogenerated  electrons,  which  are  injected  and
multiplied,  resulting  in  a  large  output  pulse  signal.
Figure 4(b) shows the relationship between the calculated
detection efficiency and the normalized bias voltage. As
demonstrated,  the  detection  efficiency  (DE)  increases
with the increase of bias voltage, but it is low compared
to  the  conventional  NIR  SPDs.  This  can  be  explained
since the effective absorption length of the QDs absorption
layer is much lower than that of the bulk material. The
overall optical properties of QDs-SPD exhibit improvement
with  decreasing  temperature,  as  depicted  in Fig.  4(c).

However,  excessively  high  bias  and  temperature  will
increase  the  detection  efficiency  while  simultaneously
increase the dark count rate (DCR). At higher tempera-
tures, the quantum dot layer will experience an increment
in thermally excited electrons, leading to an increase in
the dark count rate. Therefore, the working temperature
of the detector is limited to less than 150 K.

One-dimensional materials (1D materials). Posi-
tive  or  negative  light  responses  can  be  caused  by  the
surface  states  of  nanowires  through  the  photo-gating
effect.  Those  surface  states  can  also  act  as  optically
addressable floating gates similar to quantum dots [40].
In Fig.  4(d),  Luo et  al. [41]  constructed  a  core-shell
structure  room temperature  field  effect  transistor  using
cadmium sulfide  single  crystal  nanowires.  By  using  the
photo-gating effect shown in Figs. 4(e, f), the scattering
effect  from  the  negative  reverse  gating  voltage  to  the
core was alleviated, and the single-photon detection effi-
ciency of 23% was achieved in Fig. 4(g).

Two-dimensional  materials  (2D  materials). 2D
materials  have  a  fascinating  development  potential  in
the field of single photon detection due to the unfavorable
integration  of  bulk  materials  and  the  high  avalanche
breakdown voltage. 2D materials such as graphene, tran-
sition  metal  dihalides  (TMDs),  black  phosphorus  (BP),
and  hexagonal  boron  nitride  (h-BN)  play  important
roles  in  the  field  of  optoelectronic  detection  because  of
their  special  properties,  such  as  strong  light-matter
interactions,  thickness-dependent  electronic  and  optical
properties, and the ability to form mixed structures [42,
43].  Single-layer  graphene  can  produce  a  good  light
response  to  the  ultra-wide  spectral  range  of  300‒
2500 nm, with ultra-high room temperature mobility up
to  1500  cm2·V–1·s–1,  ultra-wide  spectral  detection  capa-
bility, and fast response speed, but with ps level carrier
lifetime  and  poor  light  absorption  capacity  (~2%).  The
band structure of graphene poses a challenge of the real-
ization  of  photodetectors  with  a  high  signal-to-noise
ratio  [44].  The experimental  challenge  in  building high-
resolution  photonics  counting  devices  with  graphene
arises from the generation of substantial flicker noise in
the  detection  (or  receiver)  electronics  due  to  large  bias
current.  In  2013,  the  single-layer  MoS2 photodetector
prepared by Lopez-Sanchez et al. [45] demonstrated not
only a very high photoresponsivity (880 A/W) but also
a  wide  spectral  range  (400‒680  nm).  In  the  same  year,
Zhang et  al. [46]  explored  the  Coulomb  potential  of
charged  impurities  in  air  on  single-layer  MoS2 surfaces
or  MoS2/SiO2 interfaces,  resulting  in  enhanced  carrier
scattering and reduced mobility. In 2018, Roy et al. [47]
constructed  a  double-gated  detector  with  single-photon
counting  ability  by  using  double-layer  graphene  and
MoS2.  By  opening  the  band  gap  in  the  double-layer
graphene,  it  can  achieve  extremely  low  noise  (0.07  Hz)
and large optical gain (1010) at 80 K. In 2018, Liu et al.
[48]  utilized  MoS2 and  periodically  aligned  graphene  to
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form vertical heterojunctions, the periodic grating struc-
tures  can  effectively  excite  highly-confined  plasmon
waves in graphene and achieve 107 A·W–1 photorespon-
sivity  at  6‒16  μm  wavelength.  In  conventional
avalanches [Fig. 4(h)], the energy of the external electric
field  is  absorbed  by  holes,  which  further  impact  the
ionized  atoms  in  a  cascade  manner,  generating  a  great
deal of free electrons and holes for fast current multipli-
cation. Since avalanches occur randomly, a large amount
of excess noise will exist. The ballistic avalanche process
is  shown  in Fig.  4(i),  under  the  action  of  the  electric
field,  the  hole  accelerates  and  hits  the  A  plane  to
produce  one  electron-hole  pair.  After  the  two  holes  are
absorbed, the electron enters the electric field. The electron
accelerates  and  hits  plane  B  to  produce  a  pair  of
electron-hole pairs. Due to the symmetric band structure
of BP, electrons, and holes have almost equal ionization

probabilities, and the absence of scattering allows ballistic
avalanches  to  occur  without  introducing  any  excess
white  noise.  To  expand  the  application  in  the  single-
photon field of two-dimensional materials, Gao et al. [49]
made  vertical  PN heterojunction  by  InSe/BP based  on
the  principle  of  ballistic  avalanche  in Fig.  4(j),  which
maintained low power consumption and low noise while
realizing carrier multiplication amplification. In conven-
tional avalanches [Fig. 4(h)],  the energy of the external
electric field is absorbed by holes, which further impact
the  ionized  atoms  in  a  cascade  manner,  generating  a
great  deal  of  free  electrons  and  holes  for  fast  current
multiplication. Since avalanches occur randomly, a large
amount of excess noise will exist. The ballistic avalanche
process  is  shown  in Fig.  4(i),  under  the  action  of  the
electric field, the hole accelerates and hits the A plane to
produce  one  electron-hole  pair.  After  the  two  holes  are
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Fig. 4  0D quantum dot  based  avalanche  diode. (a) Schematic  diagram of  AlGaAs/GaAs  quantum dot  avalanche  diode
single-photon detector. (b) Detection efficiency of AQDIP-SPD at different temperatures. (c) DCR of the detector as a function
of its detection efficiency for different temperatures. 1D nanowires based detector. (d) Schematic diagram of single photon
detection  of  CdS  nanowires  deposited  on  Si/SiO2 structures. (e) The  process  of  electron–hole  pair  induction  by  a  single
photon. (f) The photogating effect was induced by the trapped hole in the photogating layer. (g) Time-resolved of current
measurements at room temperature. 2D ballistic avalanche diode. (h) Illustration of the conventional avalanche diode and
(i) ballistic avalanche diode in the vertical InSe/BP heterostructure devices. (j) Low temperature (10 K) photon response
and multiplication of InSe/BP APDs (grey line, dark; red line, 4 μm laser illuminated with 30 μW and blue line, the corresponding
multiplication factor). (k) Ids–Vds curves at different temperatures (from 40 to 180 K). (l) Threshold voltages (Vth) of the
avalanche  breakdown  and  multiplication  as  functions  of  temperature.  (a‒c)  Reproduced  from  Ref.  [39];  (d‒g)  Reproduced
from Ref. [41]; (h‒l) Reproduced from Ref. [49].

FRONTIERS OF PHYSICS TOPICAL REVIEW

62502-6   Jinxiu Liu, et al., Front. Phys. 19(6), 62502 (2024)

 



absorbed, the electron enters the electric field. The electron
accelerates  and  hits  plane  B  to  produce  a  pair  of
electron-hole pairs. Due to the symmetric band structure
of BP, electrons and holes have almost equal ionization
probabilities, and the absence of scattering allows ballistic
avalanche to occur without introducing any excess white
noise.  The  mid-infrared  detector  based  on  this  ballistic
avalanche  phenomenon  exhibits  a  positive  temperature
coefficient  (the  current  jump  value  in Fig.  4(k)  barely
changes  from  40  to  180  K),  extremely  high  photon
amplification [greater than 10 000 in Fig. 4(l)] and noise
performance  below the  theoretical  limit  of  conventional
avalanche photodetector. 

2.2   Single-photon superconducting nanowire
 

2.2.1   Principle of single-photon detection superconducting
nanowire

Single-photon superconducting nanowires is based on the
superconducting  Bardeen‒Cooper‒Schrieffer  theory
(BCS  theory),  which  causes  the  state  change  of
nanowires between the constant state and the supercon-
ducting  state  by  absorbing  photon  energy  from  the
nanowires,  and  the  resulting  gingal  changes  for  photon
detection.  As shown in Fig.  5,  the light irradiation will
cause  several  Cooper  electron  pairs  on  the  nanowire.
The  Cooper  pair  rotates  in  a  certain  area,  forming  a
regional  current.  With  the  number  of  photons  increas-
ing, the current near the electron Cooper pair increases
the critical  current density beyond the superconducting
nanowires. The nanowires change from a superconducting
state  to  a  constant  resistance  state  and  the  detection
system  detects  an  electrical  signal,  then  the  nanowire
returns to a superconducting state again.

Since  superconducting  nanowires  are  single-photon
detection  based  on  signal  fluctuations  generated  by
absorbing  single  or  several  electrons,  their  detection
sensitivity  and  detection  efficiency  are  very  high,  so
SNSPD  has  become  the  leading  technology  equipment
[14].  At  present,  the  most  widely  used  materials  for
superconducting  nanowire  single-photon  detectors  are

niobium nitride (NbN [50, 51]) and Niobium nitride tita-
nium (NbTiN [52]) because of their high superconducting
transition  temperature  (TC =  1–6  K)  and  fast  thermal
recovery time [53]. Advanced materials such as NbN can
achieve  detection  efficiency  close  to  100%,  and  the
change time of constant state and superconducting state
is fast, so SNSPD has a fast reset time, the low temperature
decides  the  low  dark  count  rate  and  low  time  jitter.
However,  its  shortcomings  are  also  obvious,  subject  to
the  superconducting  transition  temperature  and  the
preparation  process  of  superconducting  nanowires,  the
current  detection  working  temperature  still  does  not
exceed 100 K, and the line width is  also limited to the
nanometer  range,  although  some  literature  reports  the
work  of  superconducting  microwires,  it  always  needs
extremely  low  temperature.  The  width  of  nanowires  is
generally  less  than  120  nm,  and  some  recent  studies
have  reported  that  superconducting  micro-strip  single-
photon  detectors  have  a  larger  critical  current  density
and lower dynamic sense than superconducting nanowire
single-photon  detectors,  making  them more  suitable  for
manufacturing  large-area  detectors  [54].  Ejrnaes et  al.
[55]  reported  the  4-nm-thick  NbRe  micro-strip  with
single-photon sensitivity as a single-photon detector at a
temperature of 1.79 K and 1.5 μm band. 

2.2.2   Superconducting nanowire materials-based single
photon detection

Superconducting  nanowires  have  a  larger  spectral
response  in  the  field  of  single  photon  detection  than
avalanche  diodes.  In  addition,  SNSPDs  have  developed
rapidly  in  recent  years,  and  the  DE  of  SNSPD  has
reached  more  than  95%  and  close  to  100%.  In  2017,  a
research  team  [57]  successfully  realized  SNSPD  with  a
working wavelength of 1550 nm and a photon detection
efficiency  of  more  than  90%  by  using  NbN  ultra-thin
film  for  the  first  time  in  the  world.  In  2019,  another
team  developed  SNSPD  devices  by  replacing  single
nanowires with double nanowires on a dielectric mirror.
The photon response rate and absorption efficiency were
improved simultaneously. Korzh et al. [58] demonstrated
that the NbN system has a temporal resolution of 2.6 ±
0.2  ps  at  visible  wavelengths  and  4.3  ±  0.2  ps  at
1550 nm. Zhang et al. [59] adjusted the superconducting
gap and Fermi level electron density of superconducting
polycrystalline  NbN  ultrathin  film  through  the  helium
ion  irradiation  defect  project  and  found  that  with  the
increase  of  helium  ion  flux,  the  detection  rate  of  the
system significantly increased from 49% to 92%.

The future of single photon detection of superconducting
nanowires will face the following challenges: (i) Increase
the  operating  temperature  of  nanowire  detection  to
reduce  equipment  and  material  costs.  This  requires  the
development of high-temperature superconducting mate-
rials  with  better  performance.  (ii)  Manufacture  larger
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Fig. 5  Single photon detection principle of superconducting
nanowire. Reproduced from Ref. [56].
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superconducting  nanowires  at  the  centimeter  scale  or
larger.  (iii)  The  preparation  of  nanowire  detection
cameras with higher accuracy. 

2.3   Superconducting transition edge sensor

Superconducting  transition-edge  sensor  (TES)  has
extremely  high detection sensitivity  in  the  visible/near-
infrared band. It can distinguish the number of photons,
and the energy discrimination rate is very high in the X-
ray and other high-energy bands. And the aforementioned
semiconductive  SPDs  (Si-SPAD,  InSb,  HgCdTe,  etc.),
the  superconducting  TES  detector  has  higher  detection
efficiency,  faster  response  speed,  lower  dark  count,  and
higher energy resolution. TES single-photon detector is a
thermal  detector  consisting  of  a  superconducting  thin
film and electrodes located at both ends of the film. As
is illustrated in Fig. 6(a), when a photon of energy E is
incident  on  the  TES  in  an  equilibrium  state  in  the
temperature transition region [Fig. 6(a)(i)], the tempera-
ture  of  the  superconducting  film is  changed  by  absorp-
tion, the photon energy is slightly increased. The super-
conducting film rapidly switch from an equilibrium state
to a normal state in the transition interval [Fig. 6(a)(ii)],
and  its  resistance  increases  sharply.  In Fig.  6(b),  the
resistance of TES film resistance is directly proportional
to the absorbed photon energy (ΔE) with the change of
temperature. Therefore, the energy of absorbed photons
can be inferred for the change of resistance on the time

scale  in Fig.  6(c).  For  single  photon  detection,  TES  is
required  to  have  high  resistance  sensitivity  [60].  In  a
certain period, the absorbed energy is further dissipated
from the TES film, and the temperature of the TES film
returns  to  the original  equilibrium state.  The energy of
the  photon  beam  is  proportional  to  the  number  of
photons so for a fixed wavelength of incoming photons.
The  number  of  incident  photons  can  be  determined  by
the  response  waveform  outputted  by  the  detector  [61].
The energy resolution (ΔE) in the strong electro-thermal
feedback is related to the heat capacity (C) of supercon-
ducting thin film. ΔE further characterizes the sensitivity
of  the  detector.  For  the  best  ΔE,  the C of  the  film
should  be  as  low  as  possible.  High-energy  resolution
(ΔE) is crucial for quantum-key distribution applications
for TES. ΔE can be written as [62, 63] 

∆E = 2
√
2 ln 2

√
4kBT 2

0

C

αI

√
n (1 + 2βI)

2
, (1)

kB

αI

βI

where  is  the  Boltzmann constant, n is  the  material-
dependent exponent for  the thermal  conductivity, T0 is
the electron temperature,  is the temperature sensitiv-
ity, and  is the current sensitivity.

The  principle  of  TES  is  related  to  resistance,  so  the
size  and  thickness  of  the  superconducting  film  are
related  to  the  detection  efficiency.  As  shown  in
Figs.  6(d,  e),  de  Wit et  al. [64]  proves  that  the  high
aspect ratio for TES will prefer the critical temperature
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Fig. 6  (a) TES  Single  photon  detection  schematic  diagram. (b) The  TES  resistance  changes  near  the  superconducting
transition temperature and. (c) TES resistance changes with photon absorption. (d) Microscope images of various sizes of
Au-TES layouts  on the chip. (e) Schematic  layout of  the TES array.  The top number (black)  indicates  the TES number
used. The bottom number, in red, gives the AC bias frequency in MHz for each TES. (f) Measured energy resolution for all
geometries. (a‒c) Reproduced from Ref. [60]; (d‒f) Reproduced from Ref. [64].
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(90  mK),  and  achieve  excellent  energy  resolution  with
an  array  average  of  2.03  ±  0.17  eV  at  5.9  keV  and  a
best-achieved resolution of  1.63  ± 0.17  eV as  shown in
Fig.  6(f).  At  present,  superconducting  films,  such  as
tantalum (Ta) [65],  semimetal (Bi) [66],  gold (Au) [67],
and titanium (Ti) [68–70],  have been used as TES thin
films for single photon remote detection [71]. Compared
to  superconducting  nanowires,  transition-edge  sensors
(TES) offer higher sensitivity, making them suitable for
single-photon detection in the terahertz band. However,
since  TES  utilizes  the  principle  of  thermal  effect,  the
reaction  time  is  slow,  and  further  development  is  still
needed  in  the  field  of  quantum  communication.  The
TES  single  photon  detector  wave  has  good  detection
efficiency in the terahertz to gamma-ray band [72, 73].

In 1998,  the first  superconducting TES single  photon
detector  was  developed,  consisting  of  a  TES  film  with
W. It had a critical temperature (Tc) of 80 mK, a size of
18  µm2,  and  a  recovery  time  of  60  µs  [74].  At  present,
the  best  energy  resolution  that  a  superconducting  TES

single-photon  detector  can  achieved  is  0.067  eV  [75].
Through the integrated optical resonator, the supercon-
ducting  TES  single-photon  detector  has  been  able  to
absorb  nearly  100% at  multiple  bands  such  as  850  nm
[76]  and 1550 nm [77],  and the combined single photon
resolution of multiple detectors will be further improved.
de Wit et al. [64] found that the critical temperature has
a dependence on the dimensions of  the devices  and the
thermal conductance scales with the TES perimeter. The
energy  resolution  and  response  speed  of  the  supercon-
ducting TES single photon detector are affected by the
superconducting  transition  temperature Tc,  the  lower
the Tc,  the  higher  the  energy  resolution,  while  the
response speed will also be slower. The response speed is
determined by the process in which the TES film resistance
recovers from the normal state peak to the superconducting
state. A faster recovery leads to a faster response speed
for the detector. Until now, two main methods are used
to  improve  the  response  speed  increasing  the  thermal
sensitivity parameters and increasing the critical temper-

 

Table  1 Performance information of different single-photon detectors.

Detector type Working parameter
(wavelength, time jitter/tj)

Performance (detection range,
depth resolution, etc.) Year Ref.

PMTs 200–1100, 1550 nm 2–40 QE at 200‒300 K ‒ [78]

Ge-APD 1310 nm DE:5.27%, dark count rate of
534 kHz at 80 K 2017 [79]

Si-SPAD 400‒1000 nm 50%–92% QE at 200‒300 K ‒ [80, 81]
InGaAs/InAlAs-SPAD 1310 nm 61.2% DE at 200 K 2022 [82]

InGaAs/InAlAs-SPAD 1550 nm, 53 ps tj
sensitivities of –57.2 dBm, –53.42 dBm, and

–51.06 dBm at bit rates of 100 Mbit/s,
200 Mbit/s, and 400 Mbit/s

2022 [25]

InGaAs/InAlAs-SPAD 50 keV X-ray
4.1 Mcps at 50 keV, NEP/Ps (2.5 ×

10–15 W·μm2/Hz3/2) 2023 [83]

NbRe-SMSPD 1.5 μm — 2022 [55]
NbN SMSPD 1550 nm.48 ps tj 92.2% SDE, 200 cps DCR, at 0.84 K 2021 [54]
NbN-SNSPD 1550 nm 92%SDE at 2.2 K 2019 [59]
WSi-SNSPD 1520‒1610 nm, 150 ps tj, 1cps DCR 93% SDE at 2 K 2013 [84]

NbN-SNSPD visible wavelengths and 1550 nm
2.6 ± 0.2 ps system temporal resolution (STR)
for visible wavelengths , 4.3 ± 0.2 ps STR at

1550 nm
2020 [58]

MoSi-SNSPD 1542 nm, 76ps tj 87.1%±0.5% SDE for 1542 nm at 0.7 K 2015 [85]
MoSi-SNSPD 1550 nm 98.0%±0.5% SDE for 1550 nm, 2020 [86]
NbTiN-SNSPD 1260‒1625 nm, 15‒26ps tj 99.5% SDE for 1350 nm, 2022 [87]

MoSi-SNSPD 1550 nm, 15ps tj
full-width at half-maximum values of 4.8 ps for
532 nm and 10.3 ps for 1550 nm single photons,

lowest temporal jitter of 15 ps
2018 [88]

Bi-TES 10 keV and 15.6 keV X-ray 40.3% and 30.7% absorptivity 2016 [65]

TiAu-TES 5.9 keV X-ray 2.4 eV energy resolution for 140 × 30 μm2 at
110 mK 2020 [67]

TiAu-TES 5.9 keV X-ray 1.75 ± 0.10 eV energy resolution for
50 × 50 μm2 (Tc = 80.77 ± 0.70 mK) 2022 [89]

TiAu-TES 1550 nm 0.067 eV energy resolution for 8 × 8 μm2 at
115 mK 2022 [75]

Ti/Au -TES 1550 nm 0.19 eV energy resolution for 20 × 20 μm2 at
46 mK 2022 [90]

BLG-MoS2 470‒700 nm 2%‒4% at 100 K 2018 [47]
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ature  of  the  film.  Since  most  TES-absorbed  layers  are
metal,  reflection  will  inevitably  occur  on  the  metal
surface, so the absorption efficiency of photons is signifi-
cantly  related  to  the  detection  efficiency  of  single
photons  and  places  an  important  limitation  on  the
device’s  performance.  At  present,  optical  absorption
cavity  and  waveguide  integration  are  widely  used  in
TES  single-photon  detection  [76].  Therefore,  the  next
method  is  to  further  explore  how  to  improve  the
response  speed  of  the  device  while  maintaining  high
resolution. 

2.4   Other single photon detections
 

2.4.1   Photomultiplier tubes

The  photomultiplier  tubes  (PMTs)  are  composed  of  a
vacuum tube, a photocathode, a focusing electrode, and
an  electron  multiplier  tube.  The  light  entering  the
photomultiplier  tube  is  emitted  into  the  vacuum  tube,
accelerated  and  focused  by  the  focusing  electrode,  and
impinges on the emission multiplier.  Secondary electron
emission occurs at each node of  the electron multiplier,
generating  secondary  electrons  exponentially.  Finally,
the photoelectrons are extracted from the anode through
multistage  amplification.  Although  PMTs  have  a  large
active  area,  they  are  always  subject  to  high  operating
voltages  (in  the  kV  range),  low  efficiency,  and  high
DCR.  Therefore,  the  field  of  SPDs  is  gradually  being
replaced by SPAD. 

2.4.2   Hybrid lead halide perovskite

In the field of medical imaging, semiconductor materials
(such as Si  [91],  CdTe [92, 93],  and CdZnTe [94])  were
first  proved  to  have  single-photon  sensitivity  in  X-ray
medical imaging. Si and α-Se possess low stopping power
for  X-rays,  making  them  suitable  for  portable  X-ray
fluorescence  spectrometry  focused  on  soft  X-ray  detec-
tion.  However,  this  characteristic  limits  their  potential
application in the high-energy range beyond 50 keV [91].
Later,  hybrid  lead  halide  perovskite  (HLHP)  began  to
develop rapidly and proved to have the same properties,
and hybrid lead halide perovskite is easy to be absorbed
by  solution  and  has  lower  cost.  There  are  two  main
strategies for X-ray detection: direct type (using scintil-
lators  to  convert  X-ray  photons  into  low-energy
photons) [95] and indirect type (directly converts X-ray
photons into electrical signals) [96].

X-ray  imaging  systems  rely  primarily  on  scintillators
[97],  which  function  by  absorbing  X-ray  photons  and
then  converting  them  into  visible  photons.  These
photons  are  then detected by photodiode  arrays,  which
are  often  expensive  and  time-consuming  to  synthesize.
For traditional perovskite X-ray detectors, self-absorption
and lead toxicity are high, and the structural instability

under high-pressure bias conditions and mixed electron-
ion  conductivity  limits  their  application  in  high-end X-
ray  imaging.  Lead  halide  perovskite  X-ray  scintillator
detectors have demonstrated a low detection limit, rapid
response speed, and superior spatial resolution up to the
present time. Moreover, lead-free halide perovskites have
also  shown  excellent  scintillation  properties.  The  X-ray
detector prepared by Sakhatskyi et al. [98] using a solution
prepared lead methyl iodide single crystal thin film has
been  proved  to  have  single-photon  sensitivity  in  zero-
bias photovoltaic mode when 18 keV X-ray detection is
adopted,  the  efficiency  is  as  high  as  88%,  the  noise
equivalent power is 90 pGyair, and the array sensor also
has a high spatial  resolution. Similar to X-ray imaging,
gamma spectra can also be acquired by a combination of
scintillators and pixel-scale sensitive photodetectors. For
γ-ray  detection  of  semiconductor  materials  put  forward
multiple  stringent  requirements,  this  is  because  the
energy of γ-rays is much higher than that of X-rays, so
it  requires  the  material  to  have  a  large  atomic  number
(Z) to obtain a strong blocking force [99]. The band gap
of CdZnTe material is greater than 1.6 eV, and the large
atomic  number  ensures  a  large  blocking  capability,  so
the  single-crystal  CdZnTe  detector  has  achieved  an
energy resolution of 0.5% at room temperature [100]. 

3   Single photon detection parameter
 

3.1   Detection efficiency

The  main  parameters  of  single  photon  detectors  are
detection efficiency (DE), dark count, system dead time,
time jitter, and so on. Detection rate (DR): the signal-to-
noise ratio generated per unit incident radiation power,
which  is  equal  to  the  square  root  of  the  detector  area
divided by the noise equivalent power, and is a parameter
to  measure  the  sensitivity  of  the  device.  The  detection
efficiency  is  composed  of  photon  absorption  efficiency,
optical  coupling  efficiency,  and  intrinsic  detection  effi-
ciency.  During  device  operating,  the  photon  first  needs
to  reach  the  physical  area  of  the  device,  and  then  the
photon  is  absorbed  by  the  material.  This  process  is
related  to  the  design  of  the  device  structure  (such  as
reflection, filling factor (f), and cavity). In recent years,
various  researchers  have  continued  to  optimize  the
detection  efficiency  of  the  detector  through  structural
enhancement  of  the  device  and  exploration  of  new and
alternative materials. 

3.2   Dark count rate

Another  application  indicator  of  detectors  is  the  dark
count  rate  (DCR),  which  mainly  includes  the  intrinsic
dark count rate and background dark count rate of the
detector  itself.  The  background  dark  count  is  derived
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from  the  blackbody  radiation  of  the  system  and  the
stray  light  of  the  outside  world  and  is  proportional  to
the  detection  efficiency.  The  intrinsic  dark  count  is
proportional to the bias current. In general experiments,
the effect of intrinsic dark count on detection efficiency
is  reduced  by  reducing  the  bias  current.  It  is  worth
noting  that  dark  current  (Idark)  exists  even  in  the
absence of ambient light. 

3.3   Light responsiveness

Optical response capability includes optical response (R)
and optical response time (τ). Optical response capability
is  one  of  the  important  parameters  of  photoelectric
detection. It describes the change of photocurrent caused
by light per unit power, which can be calculated by the
following equation: 

R =
Iph
P

, (2)

where Iph represents  the  actual  measured  photocurrent
minus the dark current, and P is the effective power of
illumination on the device, that is, the power density of
the laser times the area of the device. Optical corresponding
time (τ) represents the required time for the photodetector
to  change  from  the  final  output  of  10%  to  90%  and
describes the parameters of how fast the device responds
to the incident radiation. 

3.4   Quantum efficiency

Quantum  efficiency  (QE)  can  be  further  divided  into
internal quantum efficiency (IQE) and external quantum
efficiency  (EQE).  EQE  refers  to  the  ratio  between  the
number  of  photons  emitted  by  the  device  and  the
number  of  carriers  injected.  It  includes  photon  absorp-
tion,  carrier  generation,  recombination  and  transport.
IQE reflects the overall luminous efficiency of the device
and  describes  the  parameters  of  the  photoelectric
conversion  of  the  device.  Internal  quantum  efficiency
refers  to  the  percentage  of  photon  number  radiated  by
exciton recombination inside the device to the number of
injected carriers. It only includes the efficiency of photon
absorption and carrier generation inside the device with
not  the  process  of  photons  reaching  the  device  surface.
Usually,  the IDE is less than the EQE. And sometimes
the  QE  will  be  greater  than  1  due  to  the  existence  of
gain inside the detector, 

IQE =
Npr

Nab
, (3)

 

EQE =
Npr

Nill
, (4)

 

EQE = IQE · ηout, (5)

where Npr is  the  number  of  electrons  produced  by  the
detector per unit of time, Nab represents the number of
photons  absorbed  by  the  detector  per  unit  time, Nill
represents the number of photons a detector is illuminated
per unit time. IQE takes the loss (or grain) into account,
so it is generally larger (smaller) than the EQE, and The
EQE  is  equal  to  the  IQE  multiplied  by  the  photo-
coupling output efficiency ηout.  The DE depends on the
thickness  of  the  contact  layer,  the  reflectance  of  the
photodetector surface, the refractive index, the extinction
coefficient of the absorption layer, etc.

Quantum efficiency is a parameter that evaluates the
photoelectric conversion ability of a detector to incident
photons.  The  photon  detection  efficiency  (PDE or  DE)
refers to the ratio of photons detected by the device to
the incident photons,  and the IDE is  internal  detection
efficiency,  which  does  not  consider  the  loss  of  signal
from the external environment of the detector. In addition
to  the  photoelectric  conversion  performance  of  the
device,  it  also  considers  the  overall  response  ability  of
the detector, including time resolution, responsivity, and
time jitter. In short, quantum efficiency is a component
of  the  detection  efficiency,  specifically  targeting  the
photon-to-electron conversion efficiency, while the detec-
tion efficiency covers  the overall  response  ability  of  the
detector to the signal. 

3.5   Signal-to-noise ratio (SNR)

Signal-to-noise ratio (SNR) refers to the ratio of output
signal  to  noise.  The  detection  wavelength  of  a  single-
photon detector is usually easily affected by environmental
factors, so a high SNR is crucial for single-photon detec-
tion. 

3.6   Time resolution

The  time  resolution  of  the  detector  means  that  the
detector  can  distinguish  the  shortest  time  interval
between  two  pulse  photon  signals,  which  is  crucial  for
probing that requires high accuracy time measurements.
And  it  is  usually  expressed  in  terms  of  the  FWHM of
the electrical signal. The higher the temporal resolution,
the  more  precise  temporal  information  can  be  provided
by the detector. The improvement of the temporal reso-
lution usually depends on the optimization of the structure
design, materials, and detecting principles. 

3.7   Time jitter

Similar  to  the  time  resolution,  the  time  jitter  refers  to
the undesired deviation between the truly periodic signal
and  the  ideal  periodic  signal,  and  for  periodic  optical
signals,  the  time  jitter  is  usually  expressed  as  the  time
variation  of  the  electrical  output  signal,  which  will
improve with the increase of the bias voltage. 
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3.8   Response speed

The response speed generally refers to the transit time of
photogenerated  charge  carriers,  which  is  expressed  as
the rise and fall time in the photogenerated current, and
the response speed of the detector is usually represented
by the maximum value of the rise or fall time. The rise
time usually  refers  to  the  time required to  increase  the
responsiveness  from  10%  to  90%,  and  the  fall  time
usually  refers  to  the  time  required  to  decrease  the
responsiveness from 90% to 10% [101]. 

3.9   Other single photon detection indicators

Noise equivalent power (NEP) is a method of measuring
the  sensitivity  of  a  photodetector  or  detector  system,
defined as the signal power given a signal-to-noise ratio
of  1  in  unit  Hertz  output  bandwidth.  In  addition,  the
photo-conductance  gain  (G)  describes  the  ratio  of
photodetector’s  output  current  and the  current  directly
generated  by  the  incident  photon,  namely  the  built-in
current  gain.  Dynamic  linear  range  (LDR,  XLDR):
Describes  the  degree  to  which  the  photodetector’s
output  signal  maintains  a  linear  relationship  with  the
input  signal.  Time  resolution:  device  optical  response
time and corresponding circuit response time. 

4   Methods of improving single photon
detector performance

 

4.1   Designed optical microcavity structure

Currently, optical cavity structure and integrated optical
waveguide  structure  are  used  to  improve  the  single
photon  detection  efficiency  of  SNSPD.  Multiple
nanowires in parallel and changing the width and filling
factor  of  superconducting  nanowires  can  effectively
improve the signal amplitude. Dielectric mirror structures
and  double-layer  cavity  structures  are  widely  used  to
improve optical absorption in low-dimensional materials
[102, 103]. The distributed Bragg reflector mirror (DBR
mirror)  consists  several  pairs  of  two  or  more  kinds  of
semiconductor  or  dielectric  materials  with  different
refractive  indices  that  are  interlaced  to  obtain  a  high
reflectivity within a specific optical band. In general, the
most  commonly used type of  DBR mirror  is  a  quarter-
wave mirror, where the thickness of each layer corresponds
to a quarter of the desired wavelength. This arrangement
maximizes  reflectivity  at  the  desired  wavelength.  Addi-
tionally, a greater difference in refractive index between
the  two  materials  results  in  higher  reflection  efficiency.
The  greater  the  refractive  index  difference  between  the
two  dielectric  layers,  the  fewer  layers  are  required  to
achieve the target refractive index.

Nanowires implanted into the optical cavity structure
can  significantly  improve  the  efficiency  of  light  absorp-

tion. As shown in Fig. 7(a), Xu et al. [104] demonstrated
that  the  optical  absorptivity  of  superconducting
nanowires was dependent on the line width and the filling
factor f (the  fill  factor f is  equal  to  the  line  width
divided by the space between the two lines) in an alter-
nating arrangement of SiO2/Ta2O5 Bragg optical cavity.
And Fig.  7(b)  shows  that  the  larger  the  filling  factor,
the higher the light absorption. When the filling factor f
is  0.8,  the  absorption  rate  nearly  can  reach  97%.  But
due to the narrow spacing of the nanometer microstrip,
the grating interference effect will occur when the wave-
length is larger than the grating spacing, resulting in the
absorption  decrease  in  a  specific  wavelength  range.  In
Fig.  7(b),  the  optical  absorption  decrease  can  be  seen
near  1350  and  1800  nm.  Cooling  can  affect  the  dark
count  rate  and  thermal  noise  of  SNSPD  and  SMSPD,
thus affecting the DE. At lower temperatures, the thermal
excitation of the detector is reduced, and the supercon-
ducting state will be hotter, and the recovery time of the
superconducting  state  to  the  constant  resistance  state
will  be  faster.  Therefore,  superconducting  nanowires
usually operate at extremely low temperatures. Since the
IDE of  the SMSPD can be improved by decreasing the
temperature in Fig. 7(c). A maximum SDE of 92.2% at
a  DCR  of  200  cps  at  a  wavelength  of  1550  nm  and  a
ratio of less than 1.03 between the maximum and minimum
SDE  calculated  by Fig.  7(d)  [104].  In Fig.  7(e),  Wang
et  al. [105]  reported  a  multispectral  superconducting
nanowire  single  photon  detector  constructed  using  a
thickness-modulated optical thin film stack. As illustrated
in Fig.  7(f),  in  contrast  to  the  simple  quarter-wave
(QW)  stack  optical  film,  this  unique  optical  thin  film
structure provides a modulated reflective band for single-
photon detection over a well-separated, multi-wavelength
range.  The  fabricated  detector  in Fig.  4(g)  shows  four
detection bands and system detection efficiencies (SDEs)
of  76.2%,  76.9%,  81.3%,  and  85.0%  at  wavelengths
505  nm,  610  nm,  1030  nm,  and  1550  nm  respectively.
With the same approach, Das [106] expanded the wave-
length detection range of superconducting nanowires by
leveraging multiple Bragg reflection cavities, with double
layers  at  400  to  2500  nm  (three  layers  at  400  to  3000
nm) absorbing more than 60% efficiently. Salvoni et al.
[107]  optimized  the  scattering  and  absorption  loss  of
photons  in  the  system  through  all-dielectric  laminated
and  fiber-coupled  superconducting  nanowires,  achieving
a system detection rate of 98%. The light absorption of
two-dimensional  material  placed in the microcavity can
be  greatly  improved  [107].  SNSPDs  made  from  4.1  nm
MoSi on the DBR (13 layers of α-Si/SiO2) showed 98%
SDE at 1550 nm (0.7 K) [107]. Therefore, achieving high
SDE was facilitated by employing amorphous MoSi with
robust  saturated  internal  efficiency,  utilizing  optimized
DBR,  and  incorporating  fiber  spacers.  However,  larger
SNSPDs  tend  to  cause  high  kinetic  inductance,  slower
recovery, low yield, and higher jitter. This is notable for
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NbTiN-based  large  detectors,  as  the  poly-crystalline
nature  of  the  materials  often  results  in  degradations  of
the  performance  due  to  higher  film  inhomogeneity
compared  to  amorphous  materials.  A  thicker  Bragg
reflector  results  in  high  light  reflection  and  requires  a
larger  detector  to  get  good  optical  absorption.  This
results  in  high  motion,  long  recovery  time,  and  high-
time  jitter.  Chang et  al. [87]  used  a  thinner  SiO2/Au
membrane  cavity  obtaining  an  ultra-high  reflective
mirror  with  over  99%  SDE  at  1350  nm  (also  over
98%  SDE  at  1425  nm  and  Low  time  jitter  (15–
26 ps).

Both  superconducting  nanowires  and  special  optical
cavity  structures  are  widely  used  in  TES  and  other

fields. Geng et al. [108] used an antireflection coating on
the  TES  device  fabricated  on  a  dielectric  mirror.  They
discovered  that  the  performance  of  the  Ti-based  super-
conducting  TES  detector  integrated  into  the  1550  nm
optical cavity is twice that of the absorption rate without
the  integrated  optical  cavity  [108].  Xu et  al. [90]  used
inductively  coupled  plasma-assisted  plasma-enhanced
chemical  vapor  deposition  (ICP-PECVD)  to  prepare
SiO2 and SiNx layers, coupled with fiber to reduce light
wave reflection efficiency. The energy resolution of TES
bilayer films (Ti/Au) can reach 0.19 eV, and discriminate
up to 36 photon states. This special optical structure is
also  used  in  other  materials,  such  as  two-dimensional
material  photoelectric  detection.  However,  the  develop-
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Fig. 7  (a) Schematic cross-section of the NbN SMSPD with 13 layers of SiO2/Ta2O5 Bragg mirror. (b) The relationship
between different filling values f on wavelength absorption. (c) The relationship between the bias current of the SMSPD on
the SDE and DCR of SMSPD under 1550 nm illumination at 0.84 and 2.1 K. (d) The maximum and minimum SDE under
different polarized lights (the dotted line is the function fitting, and the inset is the microscope image with an effective area
of  50 μm). (e) Multispectral  SNSPD schemata based on thickness-modulated SiO2/Ta2O5 optical  films. (f) For multilayer
thickness-modulated optical films, simulated absorption and measurement system detection efficiency (SDEs) in the vicinity
of multi-wavelength range. (g) The system detection efficiency (SDE) at 505, 610, 1030 and 1550 nm, and the dark count
rate (DCR) as a function of the bias current. (h) SEM image of a cross-section of an optical TES cavity. Inset is the contact
between TES and Nb electrodes. (i) Cross-sectional  diagram of  the  fiber  coupling. (j) The relationship of  reflectivity  and
wavelength  for  TES  single-photon  detectors  (The  solid  line  shows  the  simulation  results  and  the  circle  is  the  measured
reflectance). (k) The energy distribution of the number of probe pulses laser of Ti-TES.  (a‒d) Reproduced from Ref. [104];
(e‒g) Reproduced from Ref. [105]; (h‒k) Reproduced from Ref. [76].
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ment of weak light detection for two-dimensional materials
has  been  restricted  by  weak  light  absorption  for  their
atomic  thickness.  The  optical  cavity  structure  expands
the application of two-dimensional materials in the field
of  low-light  detection.  Fukuda et  al. [76]  constructed  a
multilayer  reflective  optical  cavity  structure  by
magnetron sputtering multilayer dielectric films on tita-
nium as  seen in Figs.  7(h,  i),  and then coupled it  with
optical  fiber  to  improve  the  optical  absorption  rate
[Fig.  7(i)].  At  the  wavelength  of  844  nm  and  853  nm,
the  overall  detection  efficiency  was  determined  to  be
98±1%, reflecting a good single-photon detection ability
[Fig. 7(j)]. Ti-TES detects pulse photons and finds that
it  is  energy  dependent.  With  the  increase  of  photon
energy, the photon counting rate decreases in Fig. 7(k).
This  is  due  to  the  fact  that  the  higher  the  photon
energy,  the  easier  it  is  to  achieve  saturation  and  TES
will  output  the  signal  after  the  photon  energy  reaches
saturation. 

4.2   Waveguide integration

The  waveguide  serves  to  confine  energy  within  the
waveguide  medium,  thereby  minimizing  energy  loss
during  high-frequency  and  long-distance  transmission
processes. The waveguide can be compared to a kind of
transmission line, where the important parameter of the
waveguide  transmission  is  the  cut-off  frequency  (fc).
Only the energy higher than the fc can be transmitted in
the waveguide, and the energy lower than the fc will be
quickly attenuated in the transmission process,  and the
fc depends  on  the  dimension  of  the  waveguide  cross-
section.  As  a  result,  waveguide  can  be  regarded  as  a
high-pass filter. Waveguide integration is another widely
used  method  to  improve  light  absorption  and  increase
detection  efficiency.  Waveguides  can  be  mainly  divided
into the following categories: (i) Rectangular waveguide.
This  is  the  most  common  type  of  waveguide  and  is
mainly  used  in  the  microwave  frequency  band.  Its fc
depends  on  its  maximum  side  length.  (ii)  Circular
waveguides.  These waveguides are mainly used in high-
frequency  applications  such  as  radar  and  satellite
communications.  Its fc depends  on  its  diameter.  (iii)
Stripline waveguides. These waveguides are mainly used
in  low-frequency  applications,  such  as  television  and
broadcasting.  Its fc depends  on  its  width.  (iv)  Fiber
waveguide.  This  kind  of  waveguide  is  mainly  used  for
optical  communication.  Its fc depends  on  the  diameter
and refractive index of its fiber. (v) Surface waveguides.
These waveguides are mainly used in UHF applications
such  as  radar  and  satellite  communications.  Its fc
depends  on  the  properties  of  its  surface.  The  light
absorption  is  enhanced  by  increasing  the  interaction
distance  with  the  evanescent  wave  propagating  along
the  waveguide,  and  the  nanowires  are  prepared  along
the  direction  of  the  optical  waveguide  to  facilitate

prolonged  interaction  between  light  and  nanowires,
thereby improving light absorption capability. Ge [109],
Si  (ultra-compact  size  and  low  energy  consumption)
[110–113],  Si3N4 (0.1  dB/cm  low  propagation  loss  and
400  nm  to  2.35  μm  wide  transparency  window)
[114–116],  InGaAs/InP  [117],  polymer  [118–121]  and
many  materials  have  been  widely  used  in  the  field  of
waveguide integrated short- and long-reach optical inter-
connects.  Wang et  al. [124]  proposed  and  fabricated  a
high-performance  waveguide  coupled  SPAD  with  three
electrical  terminals  (separate-absorption-charge),  as
depicted in Fig. 8(a), where the incident light is transmitted
from  the  channel  Si  waveguide  to  the  Ge  absorption
region  through  the  grating  coupler.  By  adjusting  the
electric  field  in  the  Ge  absorption  layer,  DCR  can  be
well  reduced  [Fig.  8(b)]  without  affecting  the  SPDE
[Fig.  8(c)],  but the weak electric field may prohibit  the
carrier to drift at the saturation speed in the Ge absorption
layer.  Thus, Fig.  8(d)  exhibits  a  high  time  jitter  when
the bias voltage is small. In Fig. 8(e), Sahin et al. [122]
proposed to use GaAs/Al0.75Ga0.25 As ridge waveguide to
couple  with  NbN  and  found  that  the  length  of  the
waveguide was related to the absorption rate [Fig. 8(f)],
and  the  quantum  efficiency  of  the  device  in  different
modes could reach 24% at 1310 nm in Fig.  8(g),  which
had  obvious  photon-counting  ability  in Fig.  8(h)  [122].
Gerrits et al. [123] demonstrated that tungsten is capable
of  photonic  technology  by  constructing  a  waveguide-
integrated TES in Fig. 8(i), compared to Fig. 8(k) without
waveguide transient coupling, Fig. 8(j) clearly shows the
separated  pulse  distribution,  which  proves  that  it  has
good  photon  resolution  ability,  and  by  optimizing  the
detector  and  adjusting  the  input  polarization,  the
number  of  photons  per  pulse  can  reach  0.986  in  TM
mode.  As  shown  in Fig.  8(l),  it  can  be  seen  that  the
photon-number-resolving  capability  of  the  thin  film  is
10 μs [123].

In addition to the main single-photon detection mech-
anisms,  some  narrow  band-gap  2D  materials  have
recently achieved low-light detection in the communication
band (O-L band) by coupling waveguides. For example,
Wu et  al. [125]  integrated  selenized  PdSe2 with  silicon
waveguide  for  on-chip  photodetection  with  a  high
responsivity  at  1260  to  1565  nm  as  shown  in
Fig. 9(a), which obtained low NEP of 4.0 pW·Hz–0.5, and
3  DB  bandwidth  of  1.5  GHz  measured  data  rate  of
2.5 Gbit·s–1. It can be seen from Fig. 9(b) that the electric
field  planed  surface  model  simulated  by  TE  indicates
that  the  PdSe2 coupled  waveguide  avoids  high  mode
adaptation  loss.  A  larger  bias  voltage  exacerbates  the
generation-separation of photogenerated carriers, resulting
in  higher  responsivity,  therefore,  different  responsivity
and  external  quantum  efficiency  are  produced  for  the
nanosheets  with  different  thickness/length  in Fig.  9(c).
The waveguide coupled PdSe2 photodetector can achieve
broadband  optical  response,  when  the  laser  output
power  is  fixed  at  different  wavelengths,  Due  to  the
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different  coupling efficiency of  the grating couplers,  the
actual  incident  power  at  different  wavelengths  of  the
waveguide  is  also  different.  Smaller  incident  power
usually brings a larger photocurrent gain and responsive-
ness (small incident optical power will cause less optical
power  loss,  so  the  relative  photocurrent  gain  is  high).

Therefore,  the  transmission  and  responsivity  change  in
the  opposite  trend  in Fig.  9(d).  Similar  to  this  kind  of
waveguide integrated narrow band gap two-dimensional
materials suitable for communication bands also include
BP [126, 127], MoTe2 [128, 129], and Bi2O2Se [130], and
PdSe2 [131]. 
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Fig. 8  Waveguide integrated SPAD (a), DCR (b) and SPDE (c) of the detection system versus the excess bias at 78 K.
(d) The timing jitter as a function of excess bias at VS1 = 1 V where single-photon detection based on waveguide superconducting
nanowires. (e) GaAs/Al0.75Ga0.25As ridge waveguides based on NbN. (f) The calculated absorptivity in TE and TM modes,
and the inset shows the electric field equivalent profile. (g) Device quantum efficiency (QE) at 1310 nm. (h) Photon count
rate measured by pulsed laser at TE polarization at 1310 nm, Ib = 8.8 μA where waveguide integrated TES is used to single-
photon detection. (i) Schematic of TES fabricated on optical waveguides at 1550 nm at 12 mK. The size of TES is 25 nm ×
25  nm × 40  nm. (j) The  photon  pulse  height  distribution  for  the  optimal  TM polarization  is  plotted,  and (k) the  pulse
height  distribution  without  waveguide  transient  coupling. (l) The  electrical  TES  output  traces  for  different  numbers  of
photons in the weak laser pulse. (a‒d) Reproduced from Ref. [124]; (e‒h) Reproduced from Ref. [122]; (i‒k) Reproduced from
Ref. [123].
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4.3   Strain engineering

Strain engineering is also a strategy capable of improving
the light response, which is usually used to tune a mater-
ial’s  properties  by  altering  its  mechanical  or  structural
attributes [132–134] by modifying their atomic structure
[135],  lattice vibration [136],  thermal conductivity, elec-
trical and optical performance [135], and chemical activities
[137].  By  adjusting  carrier  concentration  and  other
parameters,  the  band  structure  of  a  materials  can  be
changed from direct band gap to indirect band gap and
vice versa [138], and this method is widely used in two-
dimensional  materials.  Due  to  the  dimension  of  2D
materials, the reduction of surface defects, and the lack
of interlayer slip, the Young’s modulus and the strength
of  them  are  increased,  so  they  can  withstand  greater
stress than bulk materials [139, 140]. Strain engineering
was  originally  used  to  open  the  conduction  gap  in
graphene  Dirac  semi-metals  in  electronic  device  [141].
Strain  engineering  methods  in  2D  materials  include
substrate  deformation  induced  strain  [142–145],  AFM
tips [146–148], thermal expansion mismatches [149, 150],
piezoelectric  actuators  [151],  and  controlled  wrinkling.
To  apply  strain  to  a  two-dimensional  material,  it  is
usually  used  to  transfer  the  material  directly  to  an
asymmetric  or  uneven  surface,  forming  strain  through
mechanical  bending  of  the  two-dimensional  material
surface.

Induced strain can change the band structure of mate-
rials,  which  has  a  positive  impact  on  the  mobility  of
electrons.  Therefore,  the  energy  band  gap  of  low-
dimensional materials can be modulated by strain engi-
neering, and high light response and low light detection
can  be  achieved.  For  example,  as  shown  in Fig.  10(a),
Maiti et  al. [152]  fabricated  a  strain-induced  MoTe2
photodetector and integrated it with a silicon waveguide
for  photodetection at  1550 nm. In Fig.  10(c),  it  can be
seen  that  the  photocurrent  changes  linearly  with  the
optical  power  to  achieve  a  highly  sensitive  optical  re-
sponse  and  large  EQE.  The  high  responsiveness  of
MoTe2 at 1550 nm is attributed to the reduction of the

band gap caused by strain engineering [the band gap of
the  2D material  is  reduced from 1.04  to  0.80  eV under
strain  induction,  and  the  band  gap  modulation  is
0.20 eV in Fig. 10(b)]. The enhancement of photon lifetime
and  absorption  caused  by  integration  with  the  non-
planar  waveguide  and  the  performance  of  the  device  is
affected  by  the  ratio  of  thickness  and  length,  the  Au/
MoTe2/Au detector achieve nearly 1% and 37% EQE for
Device 1 (for  40 nm/15 μm) and Device 2 (for  60 nm/
30.7 μm), respectively in Fig. 10(d). Therefore, for single-
photon  detection,  strain  engineering  is  a  cost-effective
method to improve the optical responsivity and expand
the detection wavelength, which is of great potential in
the field of mid-far infrared detection in the future. 

5   Application
 

5.1   Optical imaging

A photon is the smallest energy unit of light that can be
detected.  Traditional  cameras  realize  object  imaging by
detecting  light  intensity  at  different  positions,  while
single-photon  imaging  can  reconstruct  the  image  of  the
object by detecting the three-dimensional space position
and time information of each photon [153]. For example
in Fig.  11(a),  researchers  have  used  Si-SPAD arrays  to
achieve  real-time  3D  imaging  of  underwater  targets
[154]. Single-photon imaging counting can break through
the  signal-to-noise  ratio  limit  of  classical  imaging,  and
effectively  improve  the  working  distance  and quality  of
remote sensing and reconnaissance. In Fig. 11(b) the 3D
image of an object hidden out of sight can be recovered
by calculating the scattering and time-of-flight information
of photons on the nearby wall, to identify and track the
object out of sight [155]. SPAD combined with an imaging
algorithm can  realize  the  imaging  of  the  target  outside
the  scope  of  the  camera  field  of  view.  This  technology
holds significant application value in fields such as anti-
terrorism reconnaissance, medical detection, and beyond.

Traditional  non-line-of-sight  imaging  (NLOS)  is
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limited by the time resolution of SPAD (tens of picoseconds
at  best),  and  the  imaging  accuracy  can  only  reach  the
centimeter  level.  It  was  reported  that  a  near-infrared
single-photon  detector  with  a  time  resolution  of  1.4  ps
by using pulse  pump frequency up-conversion detection
technology [5], and reduced the dark count of the detector
to 5 Hz through long-wave pumping and temporal filter-
ing. On one hand, with the help of time-sharing detection
of  diffuse  wall  echo  and  target  object  signal  echo,  the
NLOS system built  by the single-photon detector  effec-
tively addresses the challenge of achieving a fully coaxial
imaging system in NLOS scenarios. On the other hand,
with the help of high temporal resolution, the high-precision
3D reconstruction of the out-of-view object is successfully
realized,  and  the  horizontal  spatial  resolution  ability
reaches 2 mm and the vertical spatial resolution ability
reaches  0.18  mm.  For  avalanche  diodes,  the  design
process  has  also  evolved  from  simple  single-pixel  to
multi-pixel array imaging. 

5.2   Biophotonics applications

In  the  field  of  biomedicine,  antibody  activity  can  be
effectively obtained by fluorescent antibody labeling and
single  photon  counting  during  antigen-antibody  action.
Biological protein molecules have good light absorption,
energy  transfer,  and  light  emission  [156].  Single-photon
pulse-probe  spectroscopy  can  be  used  to  study  the
energy transfer of materials [157]. High-energy radiation
based techniques such as X-ray detection are particularly
important  in  many  areas  related  to  daily  life.  In
advanced  medical  imaging,  compared  with  the  existing
medical  imaging  modalities  such  as  magnetic  resonance
imaging  (MRI),  computed  tomography  (CT),  and  cone
beam computed tomography (CBCT), X-ray imaging is
the  most  available  and  cheapest  way.  However,  these
medical  imaging  methods  also  have  obvious  disadvan-
tages, such as radiation exposure, and high cost. There-
fore, it is very important to improve the X-ray radiation
dose  and  imaging  quality.  The  basic  principle  of  X-ray
imaging is to record the attenuation of X-rays after they
penetrate the human body and then image them. Small

doses  of  X-rays  penetrating  living  organisms  can  be
applied  in  medical  examinations,  and  penetrating  non-
living  substances  can  be  applied  in  product  quality
inspection  [158],  safety  inspection,  etc.  As  shown  in
Figs.  12(a‒c),  Jiang et  al. [159]  used  a  two-site  doped
perovskite  single-crystal  X-ray  detector  to  achieve
(2.6  ±  0.1)  ×  104 μC·Gyair

–1·cm–2 at  a  low  field  of
1 V·cm–1, with a state-of-the-art detectable dose rate of
7.09 nGyair·S–1 and long-term stability of more than half
a year. Sakhatskyi et al. [98] prepared single-crystal lead
methyl  iodide  films  with  single-photon  sensitivity  by
solution  growth  method  as  shown  in Fig.  12(d)  and
demonstrated  that  88%  detection  efficiency  and  noise-
equivalent  dose  of  90  pGyair (18  keV  X-ray)  could  be
achieved  in  the  photovoltaic  mode  under  zero  voltage
bias [Fig. 12(e)] [98]. The energy resolution spectrum in
Fig. 12(f) shows it has better performance in the field of
X-ray two-color imaging. 

5.3   Quantum communication

Lidar is used to study environmental parameters such as
atmosphere,  vegetation,  and  remote  objects.  Detector
performance  directly  influences  resolution,  acquisition
time,  and  maximum  range  in  lidar  systems.  Single-
photon ranging and detection both require single-photon
sensitivity  and  picosecond  timing  resolution  [160].  To
achieve ultra-long distance high-precision 3D imaging, it
is necessary to solve the strong noise in the echo process.
As  shown  in Fig.  13(a),  Li et  al. [161]  constructed  an
efficient and low-noise coaxial single-photon lidar system
[Figs. 13(a) (iii)], and combined it with the remote algo-
rithm  to  achieve  single-photon  3D  imaging  as  far  as
45 km. It is of great significance for long-distance imaging
and quantum communication. In the long-distance prac-
tical  application  of  quantum  secret  key  distribution
(QKD), it is inevitable to have serious channel loss. The
existing  measurement-device-independent  quantum  key
distribution  (MDI-QKD)  uses  two-photon  composite
events as the effective detection events so that its secure
code  rate  decreases  linearly  with  the  channel  attenua-
tion. Pan et al. [162, 163] have developed very low-noise
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Fig. 11  (a) Underwater  imaging  system  for  single-photon  radar.  Reproduced  from  Ref.  [154]. (b) Non-view  imaging.
Reproduced from Ref. [5].
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superconducting single-photon detectors. The dark count
caused by thermal radiation is suppressed by multi-stage
filtering  in  the  40  and  2.2  K  temperature  regions,  and
the  noise  of  the  single  photon  detector  is  reduced  to
0.02 cps. Two-field quantum key distribution (TF-QKD)
and  phase-matched  quantum  key  distribution  (PM-
QKD)  of  500  km  real  environment  fiber  are  realized.

Guo et al. [164] used a superconducting NbN film single-
photon  detector  to  detect  interference  photons,  which
has  a  high  detection  efficiency  and  a  low  DCR.  By
changing the thickness of the film, Guo et al. [164] used
an  NbN-superconducting  single-photon  detector  (NbN-
SNSPD)  to  detect  interference  photons  in Fig.  13(b),
which  a  has  high  detection  efficiency  and  a  low  DCR,
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Fig. 12  (a) Schematic of the X-ray imaging system. (b) Normalized response varying with the frequency. (c) Sensitivity
of X-ray detectors under different electric fields. (d) MAPbI3 SC XPV device and (e) DQE dependencies on the dose in γ-
ray single-photon counting. The solid black line and points represent the model and experimental data. (f) Energy-resolved
spectrum  of  60  keV  photons  from  a  radioactive 241Am source.  The  inset  picture  is  Energy-resolved  X-ray  imaging  of  the
object under 50 kVp X-ray irradiation. (a‒c) Reproduced from Ref. [159]; (d‒f) Reproduced from Ref. [98].
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Fig. 13  (a) Using single-photon laser radar (i),  a high-rise building (ii)  located 45 km away in Shanghai is  imaged at a
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extending  the  secure  transmission  distance  of  optical
fiber  TF-QKD to  more  than 830  km and increased the
secure  code  rate  by  50‒1000  times.  Pan’s  group  [29]
reported coupling 1550 nm and 1950 nm signal photons
through single-mode fiber coupling, using pigtailed peri-
odically poled lithium niobate (PPLN) waveguide and Si-
SPAD,  the  total  detection  efficiency  reached  8%  in
53-km  ultra-long  distance  communication,  the  average
dark  count  rate  was  20  Hz,  and  the  total  channel  loss
was only 48 dB. 

6   Conclusion

SPAD has become an indispensable basic technology in
quantum communication, photon calculation, and preci-
sion measurement.  In recent years,  with the continuous
development  of  optical  technology  and  nanotechnology,
SPAD  has  been  widely  developed  and  applied.  PMTs,
SPAD, SNSPD, TES,  and HLHP are all  shining in the
field  of  single-photon  detection  from different  detection
mechanisms,  different  dimensions,  different  electric
conductions,  and  different  detection  wavelengths.
According to  the  dimension of  the  detector  material,  it
can be divided into 0D quantum dots, 1D nanowires, 2D
thin  films,  and  3D  bulk  materials.  During  the  past
decades,  the  synthesis  of  low-dimensional  materials  has
gradually  matured,  which  can  effectively  reduce  the
period  loss,  extend  detection  wavelengths,  and  achieve
high-gain photon-counting detection by using the advan-
tages of high mobility, atomic level thickness, and wide
detection band combined with ballistic avalanche effect.
Beyond that, low-dimensional materials are also gradually
compatible with the CMOS technology. To increase the
single-photon  sensitivity,  special  optical  cavities,  and
waveguide integration are used to improve the ability to
couple with weak light. Multilayer cavity recombination
or frequency up-conversion has been used to extend the
detection wavelength. Although low-dimensional materials
currently  cannot  replace  traditional  Si-SPAD  and
InGaAs/InP-SPAD,  their  special  detection  mechanisms
(ballistic  avalanche,  photogating  effect,  etc.)  have
proven their potentials in photon counting. For photon-
counting devices based on superconducting effects, such
as  SNSPD and  TES,  the  superconductors  should  be  as
thin  as  possible  to  achieve  low  thermal  capacity  while
ensuring performance as much as possible.

For single-photon detection, the main problem is how
to separate the background noise and how to absorb the
weak  light.  The  former  researchers  have  studied
advanced  efficient  algorithms  and  optical  fibers  to
reduce the noise in the process of light propagation. At
present,  the  research  on  single-photon  detection  mainly
focuses on special optical cavity structures, and waveguides
are  integrated  to  improve  light  absorption.  Some  low-
dimensional  materials  with  special  band-gap  use  strain

engineering to adjust the band-gap structure to improve
optical  sensitivity  and  extend  the  wavelength.  Besides,
the  combination  of  SPAD with  lidar  technology,  X-ray
imaging,  and  efficient  algorithms  has  realized  mid-
infrared  imaging,  long-distance  imaging  of  nearly  one
thousand  kilometers,  low-loss  quantum  communication,
low-radiation medical imaging, and non-view-field imag-
ing. However, it is still challenging to further expand the
detection  range  because  the  photon  signal  intensity
decays quadratic function with the increase of distance,
and the background noise is also affected by atmospheric
scattering  and  operation.  For  example,  the  operating
temperature  of  high-performance  SNSPD is  below 5  K.
The  development  of  single-photon  detection  technology
requires  not  only  high  detection  efficiency  but  also  the
combination  of  high-power  lasers  and  efficient  imaging
algorithms to further improve the application practice. 
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