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Abstract: Thermal infrared (IR) detectors represent a crucial  technology for various applications, yet achieving high
performance without cooling remains challenging. Here, we demonstrate high-performance broadband IR photode-
tectors by integrating single-walled carbon nanotubes (SWCNTs) with a ferroelectric substrate, leveraging the pyro-
electric  effect  for  enhanced  photodetection.  Using  aerosol  chemical  vapor  deposition  and  capillary  transfer  tech-
niques, we fabricate sparse SWCNT films on z-cut LiNbO3 surfaces to create pyroelectrically gated field-effect transis-
tors.  The  devices  exhibit  remarkable  responsivity  across  the  IR  spectrum,  with  semiconducting  channels  achieving
maximum  relative  responsivities  reaching  nearly  100  %/μW  at  1550  nm.  Our  optimized  SWCNT  networks  demon-
strate  exceptional  specific  detectivities  of  1.7  ×  1010 cm  at  1550  nm  and  1.4  ×  1010 cm  at  9.3  μm,
surpassing  graphene-based  alternatives  by  several  orders  of  magnitude  and  approaching  theoretical  limits.  These
results establish SWCNT-based pyroelectric photodetectors as promising candidates for room-temperature IR detec-
tion, eliminating the conventional requirement for cooling.
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 1    Introduction
Thermal  photodetectors  that  operate  without  cooling
requirements are highly desirable devices for thermal imag-
ing,  quality  control,  and  optical  communication  applica-
tions1,2.  These photodetectors primarily utilize the pyroelec-
tric  effect,  which  occurs  when  absorbed  radiation  causes
temperature  modulation and subsequent  change  in  sponta-
neous  electric  polarization3.  In  the  detection  process,  the
pyroelectric  component  functions  as  a  capacitor,  where  the
pyroelectric  effect  alters  its  electrostatic  charge.  Conse-
quently, the photocurrent generated is directly proportional
to the rate of the temperature change.

Recent research has introduced an innovative application
where  thermally  driven  electrical  polarization  changes  in  a
pyroelectric crystal act as a back gate for a conductive chan-
nel  deposited  on  the  crystal  polar  surfaces  (photogating
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effect),  creating pyroelectrically gated field-effect transistors
(FETs)4−14.  Unlike  traditional  pyroelectric  detectors,  these
devices can process continuous and pulsed light signals. The
most  extensively  researched  configuration  uses  graphene
channels on LiNbO3 polar faces6−8,12, taking advantage of the
pyroelectric  effect  caused  polarization  changes  along  the
crystal z-axis15−17.  This  allowed  the  creation  of  pyroelectri-
cally  gated  phototransistors6−8,  where  depending  on  the
polar face of the crystal one could produce either positive or
negative  gate  voltage  in  contact  with  the  channel  material.
Moreover,  p-n  junctions  can  be  produced  in  channels
formed  on x-cut  or  on  ferroelectric  domain-engineered
substrates11−13.  However,  the  phototransistors  based  on
graphene  channels  on z-cut  LiNbO3 exhibited  low  specific
detectivity of  (tested at a wave-
length of  = 9 μm6) compared to conventional pyroelectric
detectors (  for TriGlycine Sulphate
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(TGS)  pyrodetector1).  This  low  detectivity  stems  from  the
lack of a band gap in graphene, which restricts conductivity
modulation with the gate voltage18.  To enhance the device's
performance,  we  suggest  replacing  the  graphene  channel
with single-walled carbon nanotubes (SWCNTs).

SWCNTs present a compelling platform for next-genera-
tion  photodetector  applications  due  to  their  unique  elec-
tronic properties19−27. Notably, semiconducting SWCNTs (s-
SWCNTs),  comprising  approximately  two-thirds  of  as-
grown  nanotubes,  exhibit  gate-voltage  sensitivity  owing  to
their  intrinsic  bandgap19.  While  conventional  approaches
typically  employ  individual  SWCNTs19,28 or  purified  s-
SWCNT  films29,30 as  FET  channels,  our  previous  research
has demonstrated the efficacy of sparse SWCNT networks in
enhancing  photogating-based  FET  performance  on  Si/SiO2
substrates  showing  that  strategic  deployment  of  SWCNT
networks  near  the  percolation  threshold  effectively  miti-
gates the impact of metallic nanotubes (m-SWCNTs) in the
as-synthesized  networks31.  However,  achieving  consistent
device  performance  with  randomly  oriented  SWCNT
networks  remains  challenging28−32.  The  solution  lies  in
synthesizing  and  transferring  homogeneous,  defect-free
networks  of  long  SWCNTs – a  crucial  requirement  for
maintaining high carrier mobility.

Here, we present an innovative approach utilizing perco-
lation  sparse  networks  of  high-quality  SWCNTs  as  FET
channels  on  LiNbO3,  leveraging  the  pyroelectric  effect  for
achieving  a  photoresponse.  Modifying  the  conventional
aerosol  CVD  synthesis  technique,  we  can  produce  thin
SWCNT films ranging from sub-monolayer  to hundreds of
nanometers to enhance photodetector performance, particu-
larly  the  signal-to-noise  ratio,  compared to  graphene-chan-
nel  alternatives.  The  implementation  of  pyroelectric  gating
extends  the  operational  spectrum  into  the  mid-infrared
(MIR)  region,  surpassing  the  limitations  of  Si/SiO2-based
photogating  FETs,  which  are  constrained  by  silicon  IR
absorption  range.  Our  comprehensive  investigation  exam-
ines  the  relationship  between  channel  parameters  and
photoresponse  characteristics,  including  amplitude  and
temporal  dynamics  across  various  wavelengths.  This
research  establishes  the  foundation  for  a  novel  class  of
room-temperature  broadband  photodetectors  with
enhanced sensitivity.

 2    Methods and materials
 2.1  Characterisation of SWCNTs and LiNbO3

Raman  spectra  were  analyzed  using  a  LabRAM  HR  Evolu-
tion system with 532 nm 1 mW laser excitation. SEM images
were  collected  with  Quattro  S,  Thermo  Fisher  Scientific.
AFM  visualisation  was  performed  with  Bruker  Multimode
V8. TEM images were collected with Tecnai G2 F20 micro-
scope.  The  absorbance  and  transmission  spectra  were
obtained with PerkinElmer Lambda 1050 UV–vis–NIR spec-

trometer (250–2500 nm) and Bruker Vertex 70v FTIR spec-
trometer (2500–25000 nm).

 2.2  SWCNTs transferring

∼

At  the  first  step,  a  filter  (Merck  Millipore  HAWP  filter
membranes  with  0.45  μm  pore  chosen  for  low  adhesion  to
CNTs) with SWCNTs is  annealed at  130 °C for 15 minutes
to  improve  the  adhesion  of  the  nanotubes  to  the  substrate.
Secondly, a piece of filter which has to be 0.5–1 mm larger in
length  and  width  than  the  substrate  to  cover  it  fully  is  cut
and placed on the substrate  (the filter's  side with film must
lie on the substrate surface) as shown in Fig. 1(a). Next, the
isopropanol  (IPA,  99.8%,  100  μL)  is  sprayed  to  wet  the
whole  substrate  and  the  filter  and  present  the  surface
tension, and then they are put under a pressure of 2–5 MPa
for  30  seconds.  When the  filter  is  completely  dry,  it  can  be
removed.  The  success  of  SWCNT  network  transfer  is
controlled with 2-probe resistance measurement of the filter
(which  shows  10–40  MΩ  before  transfer  and  achieves  the
limit  of  detection  of  multimeter  after  transfer)  and  with
Raman spectroscopy by the intensity of G-peak.

 2.3  Fabrication of FETs

μm
μm

μm

∼ 1015 cm−3

∼ 1 μm

We  used  UV  lithography  to  pattern  contacts  (μPG101
Heidelberg  instruments  Micro  Pattern  Generator)  on  the
device  that  consisted  of  an  adhesion  layer  of  chromium  (5
nm)  and  gold  (60  nm)  deposited  by  thermal  evaporation
(Tecuum  AG  vacuum  evaporator)  with  subsequent  lift-off
process (Fig. 1(a)). The channel length of individual devices
varied from 10 to 310 , and the width of the channels was
fixed at the value of 150 . A second lithographic step was
used  in  conjunction  with  oxygen  plasma  to  microstructure
the  continuous  SWCNT film for  the  purpose  of  electrically
isolating  individual  devices.  10%  of  the  devices  underwent
wire  bonding  with  F&S  Bondtec  bonder  to  facilitate  the
measurement of the response to 9.3  illumination due to
the optical setup. The control FETs on Si/SiO2 substrate (n-
doped silicon with dopants concentration , SiO2
layer  thickness  is  )  were  fabricated  with  the  same
procedure.

 2.4  Photoresponse measurement

Vsd = 1

μm

We  measured  the  electrical  characteristics  and  photore-
sponse  of  the  devices  using  a  Keysight  B15000A  semicon-
ducting device analyser and/or Keithley 2636B source meter
connected  to  a  TS150  probe  station.  The  measurements  of
the  photoresponse  were  conducted  using  a  source-drain
voltage  of  V.  A  532  nm  green  diode  laser  (1–100
mW  per  5  mm2),  a  1550  nm  infrared  diode  laser  (0.5–15
mW  per  10  mm2)  and  a  9.3  quantum  cascade  laser
(2.5–16.5  mW  per  15  mm2)  were  used  as  light  stimuli  to
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observe  photogating.  The  illuminating  power  level  was
controlled by regulating the current directly from the power
supply of each laser. We utilised a Peltier heater to conduct
measurements  at  different  temperatures.  Finally,  we  used  a
Zurich  MFLI  Lock-In  amplifier  to  obtain  the  transistors'

In/
√
Δf = 0.1− 100 pA/

√
Hz

Δf = 1
noise  spectral  density   in

 Hz bandwidth within the frequency range of 0.1–100
Hz, which shows ~1/f behaviour (Fig. S9). The simulation of
the LiNbO3 substrate heating was performed with COMSOL
Multiphysics 6.1.
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Fig. 1 | Device  preparation  and  characterization.  (a)  Schematic  presentation  of  the  synthesis  of  SWCNTs  by  the  aerosol  CVD  method,  collection  of  the
sparse network on a nitrocellulose filter, and subsequent capillary transferring on a substrate and contact patterning and deposition. (b) Schematics of the
fabricated pyroelectric LiNbO3 phototransistors (SWCNTs are transferred onto "+z face" of the crystal; blue tubes corresponds to s-SWCNTs, red ones are
m-SWCNTs)  and mechanism of  channel  gating  with  radiation.  (c)  SEM image of  the  sparse  SWCNT network  on  Si/SiO2 substrate.  (d)  AFM image of  the
sparse SWCNT network between two gold contacts on a Si/SiO2 substrate. (e) Raman spectra of thick film of SWCNTs used for the phototransistor fabrica-
tion (upper spectrum) and SWCNTs on the z-cut LiNbO3 substrate (lower spectrum).

Serebrennikova SI et al. Opto-Electron Adv 9, 260019 (2026) https://doi.org/10.29026/oea.2026.260019

260019 (Page 3 of 11)

https://doi.org/10.29026/oea.2026.260019
https://doi.org/10.29026/oea.2026.260019


 3    Results and discussion
 3.1  Device preparation and characterisation

The exceptional properties of SWCNTs, including their high
carrier  mobility  and tunable  bandgaps,  position them as  an
ideal  candidate  for  advanced  photodetection  applications
and  bolometric  devices,  with  performance  metrics  rivalling
traditional  vanadium  oxide-based  systems33−36.  Conven-
tional  methods  for  thin  film  formation  prove  to  be  inade-
quate  for  producing  sparse  percolation  networks  of  long,
defect-free  SWCNTs.  Traditional  ultrasonication  followed
by  ultracentrifugation  or  filtration  processes  results  in
nanotube  fragmentation  and  irreversible  surfactant  adhe-
sion.  To overcome these  limitations,  we  developed a  modi-
fied aerosol chemical vapor deposition (CVD) approach – an
advanced synthesis technique utilizing floating catalyst reac-
tors  with  extreme  catalyst  dilution27.  This  method  enables
the  formation  of  individual  nanotubes  or  minimal  bundles
through reduced collision probability in the aerosol phase.

10− 40

100±30
≈ 10 μm μm2

∼ 1 μm

Our  modified  aerosol  CVD  process  employs  carbon
monoxide  decomposition  on  Fe-based  aerosol  catalysts
generated  through  ferrocene  pyrolysis37−39.  The  methodol-
ogy allows precise control over film density through synthe-
sis  and  collection  time  optimization,  with  SWCNT  films
deposited  on  nitrocellulose  filters.  SWCNT  films  are  first
deposited on nitrocellulose filters, and the network density is
pre screened by two probe resistance measurements directly
on  the  filter.  Filter  resistances  in  the  range  of  MΩ
are  selected  as  optimal,  as  they  correspond  to  sub  metallic
percolation  networks  that  nevertheless  remain  laterally
continuous  over  several  hundred  micrometers,  thus
suppressing  metallic  percolation  while  maintaining  overall
connectivity30−32.  Here,  we  addressed  the  traditional  chal-
lenge  of  transferring  ultrathin  networks —typically  consid-
ered  non-transferable  without  filter  dissolution  and  subse-
quent organic contamination—through an innovative capil-
lary  transfer  technique30−32.  This  method  enables  direct
network transfer from a filter to a substrate yielding uniform
and  high-quality  sparse  nanotube  networks  (Fig. 1(a)).
Quantitative  image  analysis  gives  a  typical  areal  density  of

 individual  SWCNTs  and  small  bundles  (2–3  tubes,
length  ) per 100 , with an average inter bundle
spacing  of ,  confirming  that  the  networks  are  well
within the sparse, sub percolating regime (Fig. 1(c, d)).

∼ 10 μm

≈ 1592 cm−1 sp2

≈ 1327 cm−1

100±15

Structural  and  spectroscopic  characterization  confirms
the exceptional quality of the synthesised SWCNT networks.
Scanning  electron  and  atomic  force  microscopy  reveals  the
distinctive morphology of the sparse network architecture of

  long  SWCNTs  on  silicon  substrates  (Figs. 1(c, d)
and S1),  while  Raman  spectroscopy  of  films  on  LiNbO3
substrates  demonstrates  characteristic  peaks:  the  G-mode
( ,  indicative  of  carbons)  and  D-mode
( ,  associated  with  carbon  defects)  (Fig. 1(e)).
The  remarkable  G/D  intensity  ratio  of  validates  the

μm

≈

exceptional  structural  integrity  of  the  SWCNTs.  For
photodetector  fabrication,  we  employed  500 -thick
LiNbO3 z-cut  single-crystal  substrates,  with  Raman charac-
terization  confirming  the  material  quality  (Fig. 1(e))40.  The
"congruent  melting"  LiNbO3 crystal  composition  exhibit
high Curie temperature ( 1210 °C) and large coercive fields
which  results  in  a  polarization  domain  stability  at  low
temperatures.  Thus,  in  the  experiments  presented  in  this
work the fluctuations charged defect cites, which leads to the
full polarization inversion and fatigue, is negligible15.

 3.2  Investigation of the photoresponse mechanism

Ion/Ioff

Vg

Isd Vg

∼ 100
Ion/Ioff > 100

μm

Sparse  networks  of  randomly  oriented  SWCNTs  consisting
of  a  mixture  of  s-SWCNTs  and  m-SWCNTs  used  as  the
FET’s  channel  demonstrates  variations  in  the  measured
conductivity  from  channel  to  channel  as  it  depends  on  the
nanotube  density  and  the  local  fraction  of  metallic  species.
The  conductivity  variation,  therefore,  leads  to  the  variation
in  the  response  of  each  channel  to  the  gating30,31,41,42.  The
channels  can  be  divided  into  "metallic",  when  m-SWCNTs
percolate from the source to the drain contacts, or "semicon-
ducting" otherwise (Fig. 1(b)). Generally, the probability of a
"metallic"  channel  occurrence  is  higher  for  1)  denser
SWCNT network, 2) wider contacts, and 3) shorter channel
lengths41.  In  our  previous  work,  the  channel  conductivity
type  ("metallic"  or  "semiconducting")  on  Si/SiO2 substrates
was  identified  by  the  ratio  of  the  transistor–the
current  ratio  of  fully  opened  and  fully  closed  channels,
controlled by the gate voltage , as can be seen on the typi-
cal  transfer  characteristics  (dependence  of  the  channel
current  on , Fig. S2(a))31. On a given substrate contain-
ing  an  array  of  transistors,  the  typical  fraction  of
semiconducting  devices  ( )  exceeds  60%,  and
increases  to  about  80%–90%  for  channel  lengths  >  30 ,
which  are  notably  larger  than  the  average  SWCNT  bundle
size (Fig. S2(b)). This behaviour reflects the reduced proba-
bility  of  purely  metallic  percolation  paths  in  longer
channels30,31.

Rdark

MΩ/μm
Ion/Ioff >> 100

Ion/Ioff < 100

IV

In the case  of  LiNbO3-based phototransistors,  the  nature
of  the  device  channels  cannot  be  identified  by  applying the
backgate.  In  this  situation,  we use  the  distribution of  chan-
nels' resistances  normalised  to  their  length ,  to  charac-
terise  channel  metallicity.  According  to  these  values  from
control  devices  on  Si/SiO2 substrate,  the  resistances  higher
than  0.03  correspond  only  to  "semiconducting"
devices  with  high ,  while  smaller  resistance
can be attributed to both "metallic" ( ) or "semi-
conducting"  channel  type  (Fig.  S2(b)).  The  same  nominal
boundary can be drawn at the resistance distribution of the
studied  devices  on  LiNbO3 (Fig.  S2(d)).  In  addition,  the
difference  between  "semiconducting"  and  "metallic"  devices
is  traced  in  diode-like  and  linear  characteristics  corre-
spondingly (Fig. S2(d), inset).
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p = −4× 10−5

C/(Km2)

E = −pΔT/(ε0ε) = ±1.6× 107
ΔT = ±10 ε0 ε = 29

Due  to  the  environmental  doping  at  ambient  conditions
SWCNTs  exhibit  p-type  conductivity30,31,41,42,  so  the  chan-
nels are opened at negative back-gate voltages and closed at
positive  ones  (Fig.  S2(a)).  The  channel  response  of  the
phototransistor  depends  on  the  face  of  the  LiNbO3
substrate,  which  is  relevant  to  the  orientation  of  the  polar-
ization  (Fig. 2).  For  the  "+z face",  SWCNT  channel  lays  on
the  side  with  positive  surface  charges,  and for  the  "-z face",
SWCNTs  are  on  the  negative  charged  surface.  Moreover,
since  the  charge  density  depends  on  temperature,  we  can
mimic  the  channel  resistance  dependence  on  the  gate  volt-
age by varying the substrate temperature (Fig. 2). As LiNbO3
has  a  negative  pyroelectric  coefficient  of 

, the heating of the crystal (using a Peltier element
or  by  laser  irradiation)  leads  to  a  reduction  of  the  positive
charge on the "+z face" in contact with the SWCNTs, which
results in a decrease of the SWCNT channel resistance (Fig.
2(a, b)). The reverse process occurs for the SWCNT channel
deposited  on  the  "-z face",  as  shown  in Fig. 2(c, d).  The
maximum values of the electric field arising due to the pyro-
electric  effect  are  V/m  at

 K (where  is a vacuum permittivity, and 
is a LiNbO3 permittivity15) corresponding to values that are
able  to  open  or  close  SWCNT  channel  from  typical  FETs'

E = ±108 Vg = ±10
∼ 1 μm

dR/dT
∼ 1010 μmK−1 ∼ 106 μmK−1

dR/dT

transfer  curves  V/m  for  V  and  SiO2
thickness   (Fig.  S2(a)).  The range of  the  transistor's
resistance change depends on the initial  conductivity of the
channel: more than four orders of magnitude for the "semi-
conducting" and less than two orders for the "metallic" chan-
nel  with  the  maximum  absolute  values  of  the  slope 
achieving  MΩ/  and  MΩ/ ,
respectively  (Fig. 2).  This  strong  decrease  of  with
increasing  film  metallicity  highlights  that  the  highest
response  to  the  gate  change  is  achieved  in  sparse  networks
with low metallic percolation.

Rdark(ΔT)

∼
∼

ΔT±10 2− 5

The  dependence (Fig. 2) and the transfer curve
(Fig. S2(a)) exhibit reproducible hysteresis corresponding to
an  effective  gate  voltage  window  of  approximately  of  5–10
V,  which  is  likely  caused  by  pre-existing  surface  charges
residing  on  the  polar  surfaces  of  LiNbO3 and  from  charge
trapping by environmental  species (oxygen,  water,  nitrogen
oxides)  at  the  SWCNT/substrate  interface  as  well  as  from
slowly  relaxing  compensating  charges  responding  to
temperature  induced  changes  in  the  bulk  LiNbO3 dipole
moment42−46.  Nevertheless,  the  devices  maintain  stable
performance over at least  100 optical on/off cycles under
532 nm and 1550 nm illumination and  10 thermal cycles
of  K  (at  heating  rate  of  K/s)  around  room
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(b) "metallic" transistors fabricated on the "+z face" of the substrate (dark blue/red lines represent cooling/heating with Peltier, light red/blue lines shows
heating/cooling of the sample). (c) "semiconducting" and (d) "metallic" transistors fabricated on the "-z face" of the substrate. (e) Change in SWCNT chan-
nel's current in response to illumination with 1550 nm laser source (P = 5 μm per device area) for transistors fabricated on different faces of the LiNbO3

substrates and schematics of the corresponding Fermi level EF change of s-SWCNTs.
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Rdark(ΔT)

temperature  (RT),  without  detectable  degradation  in  pyro-
electric  response  or  transfer  characteristics.  It  is  worth
noting, that in long time scales (>1 day) at a fixed tempera-
ture  offset  from  RT,  the  compensation  process  in  LiNbO3
leads to a gradual return of the channel resistance resulting
in  a  shift  of  the  absolute  starting  point  of  the 
dependence  (Fig. 2),  while  the  slope  and  hysteresis  width
remain  nearly  unchanged.  Therefore,  ambient  temperature
variations  in  the  10–40  °C  range  primarily  affect  the  base-
line but do not impair the differential pyroelectric photogat-
ing response.

Rdark(T)
±15

dR/dT ≈ −130 Ω/μmK−1

In addition, we measured the  dependence of the
sparse network on the reference Si/SiO2 substrate within 
K  around  room  temperature.  The  intrinsic  bolometric
response  of  the  film  is  characterized  by  a  linear  slope  of

  with always a negative sign with a
consistently negative sign (Fig. S3(a)).

Iph = Ilight − Idark
P

SI = Iph/P
Srel = SI/Idark × 100%

Furthermore,  the  photogating  effect  in  transistors  with
SWCNT channel on LiNbO3 was studied by illuminating the
devices  using  several  laser  sources  and  measuring  the
photocurrent, which is defined as  at differ-
ent laser powers , normalised to the area of the device (Fig.
3).  Then,  we calculated the absolute  and relative

 responsivities  of  the  phototransistors.

∼ 3.5 ≥ 5 μm

∼ 8

Rdark

∼ 2− 4 μm

It  should  be  stressed  that  LiNbO3 has  a  wide  transparency
window  from  350  to  5000  nm  defined  by  the  band  gap
(  eV)  and  phonon  absorption  at   (Fig.
S4(a))15−17.  We  registered  the  increase  in  responsivity  by  a
factor from 2 to  at 1550 nm compared to 532 nm, prob-
ably  because  of  the  increased  absorption  of  SWCNTs  (Fig.
S4(b))  independently  on  channels'  (Figs. 3(a, d) and
S5). And the slight rise of responsivity of the same detectors
(  times) between 1550 nm and 9.3  happens due
to increased LiNbO3 absorption in MIR region instead (Fig.
3(a, d)).  Under  identical  532  and  1550  nm  illumination
conditions,  the  reference  devices  on  heavily  doped  Si/SiO2
do not exhibit  any detectable photoresponse.  This confirms
that the sign changing modulation of resistance observed in
SWCNT/LiNbO3 devices  originates  from  the  pyroelectric
effect in substrate rather than from intrinsic photogating or
bolometric effects in the SWCNT film.

δVph

Iph = δVph(∂Isd/∂Vg)

The  pyroelectric  response  of  LiNbO3 crystal  produces  a
change  in  the  surface  charge,  which  is  proportional  to  the
modulation  of  the  local  temperature,  which  is,  in  turn,
proportional  to  the  incident  radiation  intensity1−3.  The
photogating  voltage  produced  with  surface  charge
change is linked to the measured photocurrent in the follow-
ing way: 47. In Fig. 3(a, d), we can see a
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Fig. 3 | Photocurrent dependences on power and device position at different light wavelength for "+z and -z faces". (a, d) Photocurrent, corresponding to
532 nm (green dots), 1550 nm (red dots) and 9.3 μm (blue dots) illumination at different powers for the device on: (a) "+z face", (d) "-z face" of the LiNbO3

substrate. (b, e) Time response of a phototransistor on (b) "+z face" and (e) "-z face" to 9.3 μm illumination. (c, f) Change of the SWCNT channel's current
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ΔT ≤ ±1

μm

Iph

Vg = 0

Ioff

Ion

μm
ΔT = 3− 4

linear  growth  of  the  photocurrent  with  the  laser  power
which at low values corresponds to the photogating voltage,
that  does  not  fully  open  or  close  the  channel  (with  high
absolute  values  of  transfer  curve's  derivative  at Fig.  S2(c),
from Fig. 2 the  corresponding  K).  From the  slope
of the linear photocurrent dependence on the laser power we
can  determine  the  absolute  responsivity.  However,  at  the
incident  wavelength  of  9.3 ,  we  observed  saturation  of
the  photocurrent  for  devices  fabricated  on  the  "-z face",
while  at  the  same  laser  intensities  for  devices  on  the  "+z
face", the saturation of  was not achieved (Figs. 3 and S6).
This  asymmetric  response  is  attributed  to  the  asymmetry
and hysteresis  in the transfer characteristics of the SWCNT
FETs  with  respect  to  V,  which  is  also  evident  from
the temperature dependence of the SWCNT FET resistance
on  LiNbO3 shown  in Fig. 2.  Thus,  it  leads  to  the  different
optical  power  level  required  to  obtain  current  saturation  at

 for "-z face" (corresponds to the lower branch of transfer
curve and values of its derivative close to the 0 in Fig. S2(c)),
and at  for "+z face" (corresponds to the upper branch of
transfer  curve  and  higher  absolute  values  of  its  derivative
Fig. S2(c)), and illumination at maximum powers of 9.3 
corresponds to the heating  K. In contrast to the
absolute  responsivity,  the  relative  responsivity  can  reach
several  orders  of  magnitude  for  transistors  on  the  "-z face"
with laser  or  external  heating depending on the  type of  the
channel  (Fig.  S6).  The  asymmetry  of  the  SWCNT  FET’s
transfer  characteristics  also  results  in  the  dissimilarity  in
relative  responsivity  measured to  1550 nm from devices  on
different faces of LiNbO3 (Fig. S3(b)).

Ion/Ioff ∼ 105 Ioff
∼ 1

λ = 532 P = 4
D = 20 μm μm/s

Isd Vsd = 1

Iph

The observed strong absolute and relative responses of the
SWCNTs  phototransistors  to  the  substrate's  electric  polar-
ization change, induced by direct heating and by irradiation,
resulted  from  high  ratios  (up  to )  and  low 
(  pA)  achieved for  the  transistor  with  "semiconducting"
channels  (Figs. 2 and S2(a))  and  attributed  to  the  modula-
tion  of  the  Schottky  barrier  between  SWCNTs  and  metal
contacts  with  gate  voltage45,46.  To investigate  the  role  of  the
contact  between  SWCNTs  and  metal  in  the  process  of
photoresponse,  we  scanned  the  transistor's  channel  with  a
focused  laser  beam  at  the  wavelength,  where  the  LiNbO3
absorption  is  low  (  nm,  mW,  diameter

  < channel length) with the velocity of 10 
and recorded the current  ( V) (Fig. 3(c, f)). Thus,
we observed a significant drop of the photocurrent when the
beam  crosses  the  channel  due  to  low  absorption  and  heat
propagation  in  LiNbO3 and  a  rise  of  when  the  beam
meets the metal contact edge again (Fig. 3(c, f)).

 3.3  Characteristics of the phototransistors

Even though the mechanisms of photogating in Si/SiO2 and
LiNbO3 substrates  are  different,  we observed similar  trends
of  the  photoresponse  dependence  on  the  channel's  dark

Rdark

SI = 80
MΩ/μm

Srel

Srel

conductivity.  As  expected,  the  responsivity  drops  with  the
increase  of  the  channel  resistance ,  achieving  a  maxi-
mum absolute responsivity of  mA/W for less resis-
tive devices (< 0.03 ), which are likely to be "metal-
lic"  and  are  associated  with  larger  absolute  values  of
photocurrent  (Fig. 4(a)).  On  the  other  hand,  the  relative
responsivity  grows with  the  channel's  resistance.  Therefore,
the  highest  relative  responsivity  of  98.8  %/μW  corre-
sponds  to  the  more  resistive  ("semiconducting")  device.  In
contrast,  for  the  most  conductive  devices,  the  relative
responsivity  does not exceed 1 %/μW in (< 0.03 MΩ/μm)
(Fig. 4(b)). The same trends of characteristics were observed
for  illumination  with  both  1550  nm  and  9.3  μm  radiation
(Figs. 4(a, b) and S8).  The  maximum  measured  values  of
absolute  and  relative  responsivities  were  6  mA/W  and  8
%/μW,  respectively,  for  the  devices  that  were  illuminated
with  9.3  μm,  representing  a  significant  performance
improvement  as  compared  to  previously  reported  photo-
transistors (Table 1)4−8.

1− 1/e
103

τ = Cth/Gth Cth

Gth

τ ∼ 2

D = 3
P = 8

≈ 0.9

≥ 150 W/(m2K)

μm

Moreover,  from  the  current  dynamics  with/without  illu-
mination  (Fig. 2(e)),  we  determined  the  on- and  off-
response time when the change in current reaches the level
of  ( )  of  the  maximum  value1,2.  Since  the  intrinsic
thermal  conductivity  of  individual  SWCNTs is  of  order 
W/(m·K)33,  the  response  time  of  pyroelectric  detectors  is
defined by the rate of heat propagation through the LiNbO3
substrate1−3: ,  where  is  the  specific  heat
capacity of 628 J/(kg·K), and  is the thermal conductivity
of  5.2  W/(m·K)  of  LiNbO317.  LiNbO3 has  a  low  thermal
conductivity, which leads to a slow response. The photogat-
ing  detectors  reported  here  based  on  the  pyroelectric  effect
have  an  average  response  time  s  which  corresponds
with  the  previously  reported  results  for  devices  on  500  μm
thick  substrates  (Table 1)6−8,12.  To  estimate  the  main  reason
of this result we applied a COMSOL Heat Transfer in Solids
package  with  deposited  Gaussing  beam  of  9.3  μm, 
mm  and  mW  as  a  heat  source  and  emissivity  of
LiNbO3 external  surface  at  this  wavelength17.  The
bottom surface was studied for the heat flux between it and
the  stage  where  the  sample  is  placed  during  the  measure-
ment.  From  the  temperature  dependence  through  time  in
the substrate surface center right under the incidence of the
beam  and  comparing  it  with  the  slowest  (Figs. 3(b, e), S6),
we obtained that the effective thermal conductance between
the  sabstrate  and  the  stage  for  described  experiments  is

  (Fig.  S7(a)).  The  slow  compared  to  semi-
conductor  photodiodes  thermal  time  constant  of  the
presented  SWCNT/LiNbO3 phototransistors  is  still  compa-
rable  to  many  conventional  pyroelectric  and  thermal  IR
detectors used in non-dispersive gas sensing, environmental
monitoring,  and  Fourier-transform  IR  spectroscopy,  where
typical response times are in the sub second to a few second
range1−3.  The response time in the current  design is  limited
by  heat  diffusion  through  the  500  thick  LiNbO3
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substrate;  therefore,  faster  variants  could  be  realized  in  the
future  by  employing  thinner  LiNbO3 films  or  membrane
structures and optimized thermal management (Fig. S7(b)).

D∗ = SI
√
AΔf/In A

In/
√
Δf

D∗

D∗ = 1.7× 1010 cm
√
Hz/W D∗ =

1.4× 1010 cm
√
Hz/W μm

MΩ/μm

The  specific  detectivity  was  calculated  according  to  the
following  formula1,2: ,  where  is  the  area
of  the  photodetector  and  is  the  noise  spectral
density. As can be seen from Fig. 4(c), there is no noticeable
dependence of the specific detectivity on the resistance since
both responsivity (Fig. 4(a)) and noise (Fig. S9) are inversely
proportional  to  the  channel's  resistance.  The  wide  disper-
sion  of  values  can  be  explained  by  the  wide  range  of
responsivities  that  are  registered  at  different  channel  resis-
tances. Maximum values of detectivity were calculated to be

 (at  1550  nm)  and 
 (at  9.3 )  corresponding  to  devices

with  a  resistance  of  0.3 .  These  values  are  5  orders

D∗ = 1.98× 1010
cm

√
Hz/W

of magnitude higher then the maximum specific  detectivity
of  similar  detectors  fabricated  with  graphene  channels
reported  by  Gopalan  et  al.  (Table 1)6.  The  combination  of
the  thermal  detector  with  the  transistor  geometry  demon-
strated  in  this  work  allowed  us  to  achieve  the  detectivity
values  close  to  theoretical  limit  of 

 for  thermal  detectors  operated  at  room
temperature1.

λ = 9.3 μm

D
D = 15

D = 0.2 λ = 9.3 μm

To  prove  the  applicability  of  our  photodetector,  we
scanned two different size beams of a quantum cascade laser
operating  at   with  the  device  by  moving  the
detector  with the x-y translation stage with the scan rate  of
1  mm/s  (Fig. 4(d) where  of  the  incident  beam  is  3  mm,
and Fig. S10 where  mm). Since the calculation of the
heat distribution at the surface of LiNbO3 substrate with the
same dimensions lying on the perfect  heat  sink in response
to  the  point  source  (  mm,  )  should
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Fig. 4 | Characteristics of the phototransistors. (a) Absolute and (b) relative responsivities and (c) specific detectivity of SWCNT phototransistors with differ-
ent  resistances  normalised  to  channels' lengths  at  1550  nm  and  9.3  μm  laser.  (d)  Photocurrent  distribution  measured  by  scanning  a  phototransistor
(SWCNTs on "-z face" LiNbO3 substrate; Vsd = 0.2 V) with a quantum cascade laser operating at 9.3 μm with the laser power of 8 mW. A blue circle shows
the real size of the beam (D = 3 mm).
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result in a 0.51 mm hot spot on its surface (Fig. S10(b)), we
attribute  blurred  and  distorted  beam  image  in  comparison
to its actual size (blue circle in Figs. 4(d) and S10(a)) to the
imperfect heat sink (Fig. S7). This problem can be solved by
covering the area outside of the detector from light or usage
of  thinner  substrate  to  speed up the  heating and cooling of
the  substrate.  Nevertheless,  the  centre  of  the  beam,  which
corresponds to the peak intensity, is clearly resolvable.

 4    Conclusions
We  have  demonstrated  a  significant  advancement  in
uncooled  photodetection  technology  through  the  develop-
ment of high-performance phototransistors based on sparse
SWCNT  networks  on  pyroelectric  LiNbO3 crystal.  Our
innovative  approach  combines  the  intrinsic  advantages  of
SWCNTs – tunable bandgap and exceptional carrier mobil-
ity —with  the  pyroelectric  properties  of  LiNbO3 to  create
devices that operate at room temperature across an unprece-
dented  spectral  range.  We  show  that  the  crucial  factor  to
obtain this output lies in the precisely controlled synthesis of
SWCNT  networks  by  means  of  a  modified  aerosol  CVD
method,  achieving  optimal  percolation  characteristics  that
maximize  the  sensitivity  of  the  network  to  the  gate  voltage
modulation.  This  method,  coupled with our  novel  capillary
transfer technique, enables the fabrication of uniform, high-
quality channels while preserving the intrinsic properties of
the nanotubes – length and non-defectiveness. Placed on the
polar  faces  of z-cut  LiNbO3 pyroelectric  crystal,  SWCNT
sparse network exhibit remarkable sensitivity to the temper-
ature changes induced by direct temperature control as well

1.7× 1010 cm
√
Hz/W 1.4× 1010 cm

√
Hz/W

∼

as visible-infrared light,  with specific  detectivities improved
in  comparison  to  graphene-based  alternatives  and  reaching

 at 1550 nm and 
at  9.3  μm for  certain  phototransistors.  We have  established
clear  structure-property  relationships  governing  device
performance. Our systematic investigation reveals that low-
resistive devices achieve superior absolute responsivities (up
to 80 mA/W at 1550 nm), while high-resistive channels excel
in relative response (reaching nearly 100 %/μW),  providing
crucial  design  principles  for  application-specific  optimiza-
tion. The consistent 2-second response time across config-
urations,  which  corresponds  to  the  thermal  properties  of
LiNbO3,  demonstrates  the  robust  nature  of  the  pyroelectric
gating  mechanism.  Thus,  the  further  development  of  the
devices  should  be  focused  on  the  optimisation  of  the  ther-
mal  coupling  of  the  system  to  improve  the  speed  of  the
response.  In  addition,  the  development  of  the  channel’s
coating  could  be  worked  through  to  stabilise  the  repro-
ducibility  of  the  performance  and  shrink  the  hysteresis  of
transfer  characteristics.  The  demonstrated  integration  of
SWCNT  network  with  pyroelectric-based  platforms  results
in a device with a combination of room-temperature opera-
tion, broadband response, and exceptional sensitivity, which
opens  new  possibilities  for  applications  ranging  from  ther-
mal  imaging  to  optical  communications.  Moreover,  our
findings  suggest  that  further  performance  enhancements
may be achieved through strategic materials engineering and
device architecture optimization, potentially revolutionizing
the field of uncooled photodetection, approaching miniatur-
isation challenging for conventional analogues.

 

Table 1 | Comparison of characteristics of the photogating-based transistors with response caused by pyroelectric effect with channels of different low-
dimensional materials.
 

Channel Substrate Mechanism Vsd (V) λ, (μm) Maximum SI (A/W)
Maximum Srel

(%/W)
Response time (s)

√
HzD* (cm /W) References

Graphene PZT FET 10 1.064 3.6 × 10−4 Hsieh et al., 20124

MoS2 PMN-PT, 60 μm
FET-assist.

photoresistor
0.5 1.064 500 Fang et al., 20155

Graphene LiNbO3 z-cut, 500 μm FET 0.1 6-10 1.5 × 10−4 1.3 1.14 × 105
Gopalan et al.,

20176

Graphene LiNbO3 z-cut, 500 μm FET 0.01 9 2.7 × 10−4 2 × 104 6 × 104 Sassi et al., 20177

Graphene
LiNbO3 z-cut, 500

μm+SiN,100 nm
FET 0.1 7.9 7 × 10−4 1

Shimatani et al.,

20198

Graphene P(VDF-TrFE) FET 2 0.66 7.9 × 10−4 Wei et al., 20239

MoS2 LiNbO3 z-cut, 600 nm
FET-assist.

photoresistor
5 0.66 113.1 32 × 10−3 7.2 × 1012 Liu et al., 202510

MoS2 P(VDF-TrFE) Bipolar transistor 0 0.532 12 32 × 10−6 1013 Lv et al., 201911

Graphene
LiNbO3 x-cut, 500 μm;

700 nm
p-n diode 2; 0.5 1.064

2.92 × 106;

1.78 × 105

23 × 10−3;

3.3 × 10−3

8.65 × 1014;

3.32 × 1011
Guan et al., 202112

MoS2 LiNbO3 x-cut, 500 μm p-n diode 2 0.462 17.3 0.25 × 10−3 4.3 × 1011 He et al., 202313

SWCNTs LiNbO3 z-cut, 500 μm FET 1 1.5; 9.3
8 × 10−2;

6 × 10−3

98 × 106;

8 × 106
2

1.7 × 1010;

1.4 × 1010
This study
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