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ABSTRACT: Gas  sensors  based  on  organic  semiconductor
materials (OSCs) have garnered significant attention due to their
cost-effectiveness  and  ability  to  operate  efficiently  at  room
temperature. However, the performance of these sensors is often
constrained  by  the  grain  boundaries  and  defects  inherent  in
polycrystalline  films  typically  produced by  conventional  methods.
In  this  study,  a  novel  approach  was  developed  for  fabricating
large-area porous organic single-crystal films. Hydrophobic lattice
structures  were  engineered  on  hydrophilic  substrate  surfaces,
facilitating  the  growth  of  2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene  (C8-BTBT)  molecules  by  micro-spacing
sublimation  with  liquid  crystal  properties.  These  hydrophobic
lattice structures function as thermal stress release sites during the film cooling process, enabling the formation of organic
single-crystal  films  with  precisely  controlled  pore  locations  and  sizes.  The  resulting  porous  films  demonstrate  electrical
properties on stripes with those achieved through growing on bare silicon substrates, yet exhibit enhanced sensitivity, faster
response times, and a lower detection limit when used as active layers in gas sensors. This technique offers a promising
pathway for advancing high-performance organic gas sensors toward industrial application.
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1    Introduction
Gas sensors based on organic semiconductor materials (OSCs) have
garnered  significant  attention  due  to  their  cost-effectiveness,  low
power  consumption,  and  efficient  operation  at  room  temperature
[1−5]. However, their performance is often constrained by the grain
boundaries  and  defects  inherent  in  polycrystalline  films  fabricated
using  conventional  methods,  which  limit  charge  carrier  mobility
and introduce signal  instability [6, 7].  Addressing these limitations
is  crucial  for  advancing  OSC-based  gas  sensors,  particularly  in
applications,  such  as  environmental  monitoring,  industrial  safety,
and public health [8, 9].

Single  crystals,  with  their  defect-free  molecular  structures,  offer
distinct  advantages  over  polycrystalline  materials  for  high-
performance charge transport devices [10, 11]. The absence of grain
boundaries and lattice defects significantly improves charge carrier
mobility,  enhancing  device  stability  and  response  speed.  These
properties  make  single  crystals  ideal  candidates  for  gas  sensing
applications  [12−14].  However,  in  organic  field-effect  transistor
(OFET)-based gas sensors, efficient diffusion of gas molecules to the
semiconductor  interface  remains  a  significant  challenge  [15−17].
Strategies,  such  as  reducing  film  thickness  or  introducing
nanostructures,  have been explored to enhance diffusion efficiency
[18−21].  For  instance,  recent  advancements  have  led  to  the
development  of  various  methods  for  preparing  ultra-thin  two-
dimensional  organic  single-crystal  thin  films,  such  as  solution
shearing,  spin  coating,  and  solution  epitaxy  [22−24].  These  ultra-
thin structures significantly reduce the molecular diffusion distance,
thereby  markedly  improving  the  sensitivity  and  response  time  of
devices.  However,  these  techniques  often  demand  meticulous
operational precision, and achieving consistent thickness remains a
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challenge. In comparison, vapor deposition provides a sampler and
more controllable approach, offering greater ease of operation and
more reliable thickness control.

Introducing  porous  structures  into  OSC  films  has  proven
effective  in  addressing  diffusion  limitations  by  increasing  the
surface area available for gas interactions while maintaining charge
transport  efficiency  [25−27].  However,  existing  porous  structures
are  typically  based  on  amorphous  or  polycrystalline  films,  which
exhibit suboptimal electrical performance [28−31]. Notably, Li et al.
demonstrated  that  incorporating  porous  single-crystal  films  into
OFET sensors enabled a detection limit as low as 0.1 ppb for NH3.
This  significant  performance  improvement  underscores  the
potential  of  porous  single-crystal  films  [32].  However,  their
fabrication  method—drop-casting  yields  films  with  poorly
controlled  pore  size  and  distribution,  limiting  their  practical
applicability.  Overcoming  these  limitations  is  essential  for  the
broader  adoption  of  such  structures  in  high-performance  gas
sensors.

This  study  addresses  these  challenges  by  developing  a  novel
method for fabricating large-area organic porous single-crystal films
with  precise  control  over  molecular  layer  thickness,  pore  size,
density,  and  spatial  distribution.  Leveraging  the  liquid  crystalline
properties  of  OSC  molecules,  films  are  grown  on  hydrophilic
substrates pre-patterned with hydrophobic lattice structures, which
act  as  thermal  stress  release  sites  during  the  cooling  process.  This
approach ensures controlled pore characteristics while maintaining
the  single-crystal  quality  of  the  films.  Gas  sensors  utilizing  these
films demonstrate enhanced sensitivity, faster response times, and a
lower  detection  limit  compared  to  non-porous  counterparts.
Furthermore, the scalability and reproducibility of this method pave
the way for industrial applications, providing a promising pathway
for advancing high-performance organic gas sensors. 

2    Results and discussion
 

2.1    Preparation and characterization of thin films
In  this  study,  2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT, molecular structure is shown in Fig. S1 in the Electronic
Supplementary Material  (ESM)) was selected due to its  prominent

application  as  an  organic  semiconductor  material  in  organic
electronics, owing to its superior crystallization properties and high
charge  carrier  mobility  [33, 34].  Notably,  C8-BTBT  is  a  liquid
crystal  material  with  a  melting  point  of  109  °C  and  maintains  a
liquid  crystalline  phase  between  109  and  125  °C  [35].  This
characteristic  allows  for  controlled  crystallization  within  this
temperature  range,  facilitating precise  adjustment  of  the  material’s
crystalline  properties  during  the  intermediate  phase. Figure  1(a)
illustrates  the  fabrication  process  of  the  porous  organic  film.  First,
electron beam lithography (EBL) was employed to create a porous
structure on a polymethyl methacrylate (PMMA) resist layer coated
on  a  silicon  wafer  substrate,  exposing  the  SiO2 surface.
Octadecyltrichlorosilane (OTS) was then used to chemically modify
the  exposed  SiO2 surface,  forming  a  hydrophobic  OTS-patterned
array  after  the  PMMA  resist  was  removed.  Subsequently,  micro-
spacing  in-air  sublimation  was  used  to  grow  C8-BTBT  molecules
on  the  sample  surface  [36].  Specifically,  the  sample  was  inverted
over a silicon wafer coated with C8-BTBT molecules, with the OTS-
patterned  side  facing  the  C8-BTBT  source,  and  a  120  μm-thick
glass  spacer  placed  between  them.  The  sample  was  heated  on  a
hotplate preheated to 200 °C for 30 s,  resulting in the growth of  a
porous single-crystal C8-BTBT film on the substrate surface.

The growth of C8-BTBT using micro-spacing in-air sublimation
has  been  previously  documented  [37, 38].  Compared  to  vacuum
evaporation,  C8-BTBT  exhibits  a  higher  surface  tension  when  it
forms a melt  in the atmosphere at  temperatures exceeding its  gas-
phase melting point, facilitating its spreading and film formation on
the  substrate.  This  property  enables  the  fabrication  of  large-area
thin  film  structures.  However,  the  obtained  films  often  exhibit
cracking  after  growth.  As  illustrated  in Fig.  1(b),  a  crystalline  film
grown at 200 °C for 30 s exhibits stripe-like patterns with numerous
nearly  parallel  but  randomly  oriented  cracks.  The  inset  shows  a
high-resolution scanning electron microscopy (SEM) image of  the
stripes.  Although  the  stripe  orientation  is  consistent,  the  widths
vary. This phenomenon, also reported in the literature, is associated
with  the  phase  transition  of  C8-BTBT from liquid  to  solid  during
cooling [37]. The resulting thermal mismatch between the material
and substrate causes volume contraction and generates cracks. On a
smaller  scale,  the  cracks  are  orderly,  but  on  larger  scales,  they
extend in various random directions (Fig. S2 in the ESM). For high-

 

Figure 1    (a)  Schematic  representation of  the  preparation process  for  porous  films.  (b)  Optical  microscopy image of  strip  patterns  formed on a  bare  SiO2 surface.  (c)
Optical microscopy image of a porous film with a pore size and spacing of 1.0 μm, fabricated on a SiO2 surface patterned with OTS dot arrays. The insets in (b) and (c)
present the corresponding high-resolution SEM images, highlighting the detailed microstructures of the films.

Chen et al. Nano Research | Vol. 18, No. 4

Nano Research, 2025, 18, 94907299 94907299 (2 of 9)

https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299


performance  device  fabrication,  it  is  crucial  to  align  source–drain
electrodes  with  the  direction  of  these  cracks  to  facilitate
uninterrupted  carrier  transport  in  the  channel,  which  poses
significant  challenges  for  scaling  up  the  production  of  high-
performance  OFETs.  To  address  this  issue,  a  sparse  crystal  lattice
structure  was  introduced  on  the  substrate  surface  to  serve  as
thermal  stress  release  points.  This  approach  facilitated  the
formation  of  the  organic  porous  structure  is  depicted  in Fig.  1(c),
with  a  high-resolution  SEM image  of  the  film shown in  the  inset,
and  effectively  mitigating  the  cracking  typically  observed  during
direct growth. As shown in Fig. S3 in the ESM, a large-area optical
microscopy image confirms that the porous film structure remains
intact across the entire region with the OTS lattice.  The formation
of  the  porous  structure  is  attributed  to  the  hydrophobic  nature  of
OTS-modified  silica  surfaces.  The  methyl  (–CH3)  groups  at  the
ends of OTS molecules are nonpolar and exhibit weak interactions
with  C8-BTBT  molecules,  making  adsorption  in  these  regions
difficult.  This  weak  interaction  increases  the  mobility  and
desorption  likelihood  of  C8-BTBT  molecules  on  the  surface,
hindering  the  formation  of  stable  nucleation  centers.  As  a  result,
nucleation  and  film  growth  occur  primarily  in  the  hydrophilic
regions.

This  method  not  only  mitigates  crack  formation  in  large-area
films but also allows for precise control over the size and density of
the pores by adjusting the dimensions and spacing of the OTS dots.
Lattices  with  OTS  patterns  of  0.8,  1.0,  1.2,  and  1.5  μm  diameters,
with  spacing  corresponding  to  the  dot  diameters,  were  fabricated.
Crystalline  films  were  subsequently  grown  at  200  °C  for  30  s.
Optical  microscopy  characterization  of  the  large-area  films,  as
shown in Figs. 2(a)−2(d), reveals a uniform grid-like structure with

consistent  coloration  across  the  grid,  indicating  uniform  film
thickness. The pore sizes within the grid increase progressively with
the diameter of the OTS dots. In addition, the thickness of the film
can be precisely controlled by adjusting the growth parameters. For
instance,  increasing  the  growth  time  from  30  to  120  s  when  the
temperature  was  set  as  190  °C  resulted  in  an  increase  in  the
thickness of the porous film from 5.6 to 26.2 nm (see Fig. S4 in the
ESM).  The  large-scale  uniformity  of  the  film  is  achieved  by
ensuring the uniform dispersion of the C8-BTBT source across the
underlying silicon wafer [37].

Further  surface  characterization  was  conducted  using  atomic
force  microscopy  (AFM). Figure  2(e) presents  the  AFM  image  of
the  OTS  pattern  with  a  diameter  of  0.8  μm,  revealing  a  uniform
grid-like  structure  with  minimal  defects  and  no  visible  cracks.  An
enlarged  view  of  a  specific  region,  shown  in  the  inset,  highlights
approximately  circular  pores  that  closely  align  with  the  intended
dimensions.  As  the  pore  size  increases,  the  AFM  images  in
Figs. 2(f)−2(h) display structures similar to the 0.8 μm OTS pattern,
indicating  that  the  designed  OTS  hydrophobic  lattice  effectively
suppresses crack formation in C8-BTBT films within a specific size
range.  This  enables  the  fabrication  of  organic  single-crystal  thin
films  with  tunable  pore  sizes  and  densities.  Although  the  pattern
sizes  investigated  in  this  study  were  limited  to  0.8–1.5  μm,  it  is
hypothesized  that  similar  control  could  be  achieved  with  smaller
sizes.  However,  this  could  not  be  verified  due  to  the  resolution
limitations  of  the  EBL  system  employed.  On  the  other  hand,
increasing  the  pattern  size  beyond  1.5  μm  compromises  control
over crack confinement. At 1.8 μm, minor defects begin to appear,
while  at  2.0  μm, a  significant  increase in defects  occurs,  leading to
the loss of effective crack control (see Fig. S5 in the ESM).

 

Figure 2    ((a)–(d)) Optical microscopy images of porous thin films with pore sizes and spacings of 0.8, 1.0, 1.2, and 1.5 μm. ((e)–(h)) AFM images of the corresponding
samples  in  ((a)–(d)),  with  insets  showing  high-resolution  views  of  the  samples.  (i)  XRD  patterns  of  the  C8-BTBT  porous  film.  The  inset  provides  a  schematic
representation of the molecular arrangement of C8-BTBT within the film. (j) High-resolution AFM image of the C8-BTBT porous film with a pore size of 1.0 μm. (k)
Cross-sectional profile of the sample along the black line segments indicated in (j).
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To ascertain the single-crystal properties of the fabricated films, a
series  of  characterization techniques  were  employed.  As  illustrated
in  Fig.  S6  in  the  ESM,  SEM  images  demonstrate  that  the  film
remains intact and continuous within the porous lattice. The pores
exhibit  a  well-defined  morphology,  with  sizes  and  spacing  closely
aligned  with  the  designed  pattern  and  no  observable  cracks.  This
demonstrates  the  effectiveness  of  the  pore  structure  in  mitigating
crack  formation.  As  illustrated  in Fig.  2(i),  the  X-ray  diffraction
(XRD)  patterns  of  the  porous  single-crystal  film  exhibit  three
distinct and sharp diffraction peaks at 3.03°, 6.05°, and 9.13°. These
peaks  correspond  to  the  (001),  (002),  and  (003)  planes,  consistent
with  the  fitted  XRD  patterns  of  C8-BTBT  single  crystals  [39, 40].
The  presence  of  these  peaks  confirms  the  film’s  high  crystallinity
and  indicates  that  the  C8-BTBT  molecules  adopt  a  layered
arrangement  along  the c-axis,  perpendicular  to  the  substrate.  This
molecular  arrangement  is  illustrated  in  the  inset  of Fig.  2(i).
Figure  2(j) illustrates  the  results  of  high-resolution  AFM
measurement,  which  reveals  prominent  step-flow  structural
features  on  the  film  surface.  The  cross-sectional  profile  along  the
black  line,  depicted  in Fig.  2(k),  distinctly  shows  a  step  structure.
Statistical analysis indicates a step height of 3.03 ± 0.06 nm, which
matches  the  thickness  of  a  single  C8-BTBT  molecular  layer.  This
observation  suggests  a  sub-monolayer  molecular  coverage  on  the
top surface of the porous film. Considering the absence of obvious
domain boundaries in previously acquired large-scale AFM images,
the  observed  structure  can  be  confidently  identified  as  a  porous
single-crystal  thin  film.  It  is  worth  noting  that  small  concave
structures observed in the high-resolution AFM images are defects
resulting  from  an  excessively  rapid  growth  rate.  By  reducing  the
growth rate, these defects can largely be eliminated.

Additionally,  polarized  optical  microscopy  characterization  was
performed  on  the  samples  (Fig.  S7  in  the  ESM).  The  porous  film
exhibited  uniform  color  changes  and  extinction  behavior  as  the
polarizer was rotated.  In contrast,  the film grown in areas without
the  hydrophobic  lattice  showed  inconsistent  color  changes,
indicating  random  crystalline  orientations.  This  further  confirms
that the continuity of the porous film results in uniform molecular
alignment, leading to consistent crystal orientation across the entire
film.  The  formation  of  this  structure  is  attributed  to  the  liquid
crystal  properties  of  C8-BTBT.  During  the  transition  from  the
liquid  crystal  state  to  the  crystalline  state,  the  intact  liquid  crystal
phase  facilitates  the  formation  of  a  well-ordered  crystal  structure
with uniform internal molecular arrangement and orientation [38].

The  mechanism  by  which  the  sparse  crystal  lattice  structure
reduces  thermal  stress  and  prevents  cracking  in  single-crystal  thin
films  was  analyzed  based  on  experimental  observations.  In  this
study,  single-crystal  thin  films  of  C8-BTBT  were  grown  at  a
temperature  of  200  °C.  During  the  cooling  process,  the  films
underwent  a  phase  transition  from  a  liquid  state  to  a  liquid-
crystalline  state  and subsequently  to  a  solid  state,  accompanied  by
notable  changes  in  density.  Due  to  the  significant  disparity  in
thermal expansion coefficients between the C8-BTBT film and the
SiO2 substrate,  thermal  stress  is  generated  during  the  cooling
process.  To  investigate  this  phenomenon,  a  thermal  stress
distribution  simulation  was  conducted  using  COMSOL
Multiphysics.

In  the  simulation,  a  1  μm-thick  film  was  modeled  on  a
rectangular prism substrate with dimensions of  50 μm × 50 μm ×
5  μm.  The  thermal  expansion  coefficient  of  the  film  was  set  at  a
value higher than that of the substrate, and the material properties

were  assumed  to  be  isotropic.  The  distribution  of  steady-state
thermal  stress  after  cooling  was  calculated.  As  illustrated  in
Fig. 3(a), substantial thermal stress was evident within the film, with
the  stress  concentration  occurring  in  the  vicinity  of  the  film’s
center.  However,  the  stress  magnitude  along  the  edges  of  the
substrate remained uniform. On a bare silicon substrate, this stress
distribution results in film splitting along the b-axis direction, where
intermolecular interactions are weakest, leading to the formation of
a striped morphology [37, 40].

The  introduction  of  a  hydrophobic  lattice  structure  onto  the
substrate  surface,  as  illustrated  in Fig.  3(b),  effectively  alleviates
internal stress within the film by redistributing it around the lattice
dots.  The  localized  stress  concentrations  exceed  the  maximum
stress  experienced  by  the  bare  substrate,  promoting  the  release  of
thermal stress through molecular mobility. This results in localized
slippage  of  the  film  around  the  OTS  dots,  dissipating  the
accumulated stress energy. The stress relaxation is evidenced by the
irregular morphology surrounding the holes. High-resolution AFM
image  of  specific  holes  reveals  distinct  layered  structures,  further
supporting the proposed stress-relief  mechanism. This mechanism
helps  maintain  the  film’s  structural  integrity,  as  the  hydrophobic
lattice  structure  mitigates  thermal  stress  and  prevents  crack
formation  in  single-crystal  thin  films.  However,  it  is  important  to
note  that  the  introduction  of  this  porous  structure  does  not
improve  the  mechanical  properties  of  the  film  (see  Fig.  S8  in
the ESM).

At  the  microscopic  level,  as  shown  in Fig.  3(c),  the  transition
from  the  liquid-crystalline  to  the  crystalline  phase  entails  a  shift
from a structure with long-range order and short-range disorder to
a  fully  ordered  arrangement,  which  necessitates  molecular
rearrangement  [41].  This  phase  change  is  accompanied  by  a
substantial  volume  contraction,  which  causes  the  film  to  contract
 

Figure 3    ((a)  and  (b))  Schematic  illustration  of  the  thermal  stress  release
mechanism in C8-BTBT single-crystal thin films (a) without and (b) with an OTS
hydrophobic  lattice  structure.  (c)  Schematic  representation  of  molecular
arrangement and diffusion dynamics during the transition from the liquid crystal
phase to the crystalline phase.

Chen et al. Nano Research | Vol. 18, No. 4

Nano Research, 2025, 18, 94907299 94907299 (4 of 9)

https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299
https://www.sciopen.com/article/10.26599/NR.2025.94907299


and  crack  along  directions  with  the  weakest  intermolecular
interactions.  The  spacing  of  these  cracks  is  dependent  upon  the
average free molecular path on the substrate surface and the degree
of  volume  contraction  in  the  film  [42].  A  statistical  analysis  of
multiple  film  samples  indicates  an  average  crack  spacing  of
approximately 2.0 μm (Fig.  S9 in the ESM). The introduction of a
hydrophobic  lattice  enables  C8-BTBT  molecules  to  diffuse  into
lattice regions, effectively filling potential crack sites and preventing
film  rupture.  In  order  to  achieve  optimal  crack  suppression,  it  is
necessary that the lattice spacing be less than or equal to the average
crack  spacing.  In  accordance  with  prior  observations,  the
effectiveness  of  this  approach is  significantly  diminished when the
lattice  spacing  exceeds  1.8  μm,  and  once  it  surpasses  2  μm,  the
method becomes almost entirely ineffective. This serves to highlight
the  critical  role  of  lattice  spacing  in  maintaining  the  structural
integrity  of  single-crystal  films.  Notably,  based  on  the  growth
mechanism  of  porous  single-crystal  thin  films,  this  method
theoretically enables the growth of organic single-crystal  thin films
on scales ranging from large areas to wafer sizes. 

2.2    Device  fabrication  and  electrical  performance
characterization
Bottom-gate,  top-contact  OFET  devices  were  fabricated  by
depositing Ag electrodes  onto porous single-crystal  C8-BTBT thin
films. A schematic of the device structure is presented in Fig. 4(a),
with the pore size and spacing in the film set at 1 μm. A SEM image

of the fabricated OFET device is shown in Fig. S10 in the ESM. The
device features an effective channel width of 75 μm and a channel
length  of  45  μm.  The  conductivity  of  the  device,  determined
through current–voltage (I–V,  where I is  the source–drain current
and V is the source–drain voltage of the OFET) measurements, was
calculated to be 1.19 × 10−3 S·m−1 (see Fig. S11 in the ESM). Due to
its  p-type  semiconductor  characteristics,  C8-BTBT  facilitates  the
generation  of  additional  hole  carriers  at  the  interface  between  the
channel  and the dielectric  layer upon the application of  a  negative
gate  voltage,  significantly  enhancing  the  device’s  current
conduction  capability. Figures  4(b) and 4(c) illustrate  the  output
and  transfer  characteristics  of  the  device,  exhibiting  typical  p-type
behavior. The mobility reliability factor of the device was calculated
to  be  0.71.  Statistical  analysis  of 28  device  samples,  as  depicted  in
the histogram in Fig. 4(d), reveals an average saturation mobility of
2.40  cm2·V−1·s−1 and  a  maximum  mobility  of  5.16  cm2·V−1·s−1.  The
minimal  variability  in  device  performance  highlights  the  stability
and  uniformity  of  the  fabrication  process.  Furthermore,  the
mobility achieved with films prepared using other OTS lattice sizes
is comparable to that obtained with the 1 μm lattice size (Fig. S12 in
the ESM).

For  comparison,  OFET  devices  were  also  fabricated  on  stripe-
patterned C8-BTBT films grown under identical conditions on bare
silicon  substrates.  The  results,  shown  in  Fig.  S13  in  the  ESM,
indicate  an  average  saturation  mobility  of  3.98  cm2·V−1·s−1 and  a
maximum  mobility  of  7.72  cm2·V−1·s−1.  Despite  the  intentional
introduction of pores as structural features, the single-crystal nature

 

Figure 4    (a) Schematic illustration of the OFET device structure with a bottom-gate, top-contact configuration utilizing a C8-BTBT porous organic single-crystal film.
(b) Output characteristics and (c) transfer characteristics of a representative OFET device. (d) Histogram showing the distribution of charge carrier mobility values for the
OFET devices, calculated in the saturation region.
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of  the  film,  characterized  by  long-range  molecular  order  and
uniform  thickness,  ensures  that  carrier  mobility  remains  largely
unaffected.  These  findings  demonstrate  that  the  presence  of  pores
does  not  significantly  compromise  device  performance,  which
remains at a high level. 

2.3    Gas sensing performance
The  device,  fabricated  using  a  strategy  involving  porous  films,  is
suitable for direct application in gas detection. To evaluate the gas-
sensing  performance,  devices  were  placed  in  a  gas  test  chamber
with  pure  N2 serving  as  the  background gas.  Oxidizing  gas  (NO2)
and  reducing  gas  (NH3)  were  selected  as  test  gases.  C8-BTBT
exhibits  significant  selective  adsorption  capabilities  for  NO2 and
NH3, even in the presence of N2 (Fig. S14 in the ESM). To evaluate
the  device’s  response,  various  concentrations  of  these  test  gases
were prepared by mixing them with nitrogen at different ratios and
were  periodically  introduced  into  the  test  chamber.  The  gas  flow
rates  for  NO2 and  N2 were  controlled  by  a  computer,  with  flow
durations set to 4 min for NO2 and 10 min for N2, respectively.

Figure  5(a) depicts  the  comparative  current  response  (ΔI/I0 ×
100%)  of  multiple  devices  subjected  to  varying  concentrations  of
NO2.  Here, I0 defined  as  the  baseline  source–drain  current
measured under a controlled N2 atmosphere prior to gas exposure.
ΔI is  calculated  as  the  difference  between  the  post-exposure
source–drain current measured upon introduction of the target gas
at a specified concentration and the initial baseline current I0.  At a
concentration  of  1  ppm,  the  devices  exhibited  an  average  relative
response  of  31.19%.  The  response  increased  with  higher  NO2
concentrations, but it began to plateau beyond 15 ppm, indicating a
saturation  effect  (Fig.  S15  in  the  ESM).  At  a  concentration  of
50  ppm,  the  devices  exhibited  an  average  relative  response  of
668.62%.  Within  the  linear  response  range  of  1–15  ppm,  the
sensitivity was calculated to be 25.01 %·ppm−1. Figure 5(b) illustrates
the  dynamic  response  curve  of  the  porous  film  devices  under  a
500  mL·min−1 flow  rate,  which  demonstrates  a  clear  increase  in

current  with  rising  NO2 concentrations.  The  limit  of  detection
(LOD)  was  determined  using  the  signal-to-noise  ratio  (SNR)
method  (SNR  =  3),  yielding  a  value  of  2.14  ppb.  This  result
demonstrates the high sensitivity of the porous film devices.

For  purposes  of  comparison,  stripe-patterned  devices  were  also
evaluated under identical conditions, as illustrated in Fig. S16 in the
ESM.  The  devices  demonstrated  a  comparable  linear  response
within  the  1–15  ppm  range;  however,  they  exhibited  a  reduced
sensitivity  of  22.37  %·ppm−1 and  an  elevated  LOD  of  3.57  ppb.
Notwithstanding  their  elevated  baseline  current  under  identical
applied voltage, the stripe-patterned devices demonstrated reduced
responsiveness. With regard to the kinetics of the response, Fig. S15
in  the  ESM  indicates  that  the  porous  film  devices  exhibited  a
response  time  of  108  s  and  a  recovery  time  of  374  s  for  NO2.  In
contrast, the stripe-patterned devices exhibited longer response and
recovery  times,  with  values  of  114  and  502  s,  respectively.  These
findings  underscore  the  enhanced  sensitivity  and  accelerated
response  of  porous  film  devices  in  comparison  to  their  stripe-
patterned counterparts.

Figure  5(d) demonstrates  the  negative  relative  response  of  the
device  to  NH3,  with  a  response  of −7.94%  observed  at  a
concentration of 1 ppm. The response increases proportionally with
NH3 concentration  but  begins  to  plateau  beyond  5  ppm.  At
50 ppm, the device achieves a relative response of −68.80% (Fig. S17
in  the  ESM).  Within  the  linear  response  range  of  1–5  ppm,  the
sensitivity  was  determined  to  be −5.12  %·ppm−1,  and  the  limit  of
detection,  calculated  using  the  SNR  method  (SNR  =  3),  was
18.10 ppb. The dynamic response curve of the porous film device to
varying  NH3 concentrations  is  shown  in Fig.  5(e),  indicating
consistent  response  behavior  with  increasing  concentrations.  For
comparison,  stripe-patterned  film  devices  exhibited  a  similar
response trend but with a lower average relative response compared
to the porous film devices, as shown in Fig. S18 in the ESM. These
stripe-patterned devices showed a sensitivity of −4.31 %·ppm−1 and
an LOD of 19.30 ppb. In terms of response kinetics, the porous film
device demonstrated a response time of 83 s and a recovery time of

 

Figure 5    (a) Linear response of the porous film device to NO2 concentrations ranging from 1 to 15 ppm. (b) Dynamic response curve of the porous film device to NO2.
(c)  Schematic  representation  of  the  working  mechanism  of  the  porous  single-crystal  structure  during  NO2 sensing.  (d)  Linear  response  of  the  device  to  NH3

concentrations ranging from 1 to 5 ppm. (e) Dynamic response curve of the porous film device to NH3. (f) Schematic representation of the working mechanism of the
porous single-crystal structure during NH3 sensing. The error bars represent standard deviations of measurements.
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115 s (Fig. S17 in the ESM). In contrast, the stripe-patterned device
had a slightly longer response time of 96 s and showed incomplete
recovery  to  the  baseline  after  stabilization,  with  an  extended
recovery time of 121 s.

The  operating  mechanism  of  organic  semiconductor  devices
involves the interaction between the oxidizing gas NO2 and the C8-
BTBT film.  Upon contact,  NO2 molecules  are  physically  adsorbed
onto the surface of the film and diffuse into the active layer of the
organic  semiconductor.  Due  to  its  strong  oxidizing  ability,  NO2
captures  electrons from the C8-BTBT molecules  upon adsorption,
leading  to  an  increase  in  hole  concentration  in  the  channel.  This
enhances the conductivity of the p-type semiconductor, resulting in
an increase in current.  As shown in Fig. 5(c),  the porous structure
significantly enlarges the contact area between the gas and the C8-
BTBT active layer, facilitating the diffusion of gas molecules into the
thin film. Moreover, the interconnected pores allow for more direct
interactions  between  the  gas  molecules  and  the  charge  carriers  in
the  conductive  channel,  lowering  diffusion  barriers,  and
accelerating  both  adsorption  and  desorption  processes.
Consequently,  the  porous  structure  results  in  higher  detection
current and faster response/recovery speed compared to the stripe-
patterned  devices.  Similarly,  the  sensing  mechanism  for  NH3,  as
illustrated in Fig. 5(f), operates on a comparable principle but with
an  inverse  effect.  As  a  reducing  gas,  NH3 donates  electrons  to  the
semiconductor  layer,  which  reduces  the  hole  concentration  at  the
interface and consequently decreases the detection current. Despite
the  molecules  being  adsorbed  onto  the  substrate  surface  through
weak van der Waals  forces,  the strong π–π interactions within the
C8-BTBT crystal impart excellent stability to the porous film. As a
result, the device demonstrates robust stability, retaining 86% of its
initial  performance  even  after  exposure  to  atmospheric  conditions
for  six  months  (Fig.  S19  in  the  ESM).  The  device’s  anti-humidity
performance  was  evaluated  under  varying  humidity  conditions
(Fig.  S20  in  the  ESM).  The  results  demonstrated  a  significant
reduction  in  sensitivity  to  NO2,  while  the  sensitivity  to  NH3 was
enhanced.  This  behavior  can  be  attributed  to  the  impact  of  water
vapor  on  the  adsorption  of  different  gases  and  the  modulation  of
charge carrier density [43, 44].

The preparation of porous single-crystal structures offers distinct
advantages  over  stripe-patterned  thin-film  structures,  including
faster response and recovery times, enhanced sensitivity, and lower
detection limits.  While  the gas-sensing performance of  the devices
in this study may not be among the highest reported, this limitation
primarily arises from the inherent gas-response characteristics of C8-
BTBT.  Sensitivity  can  be  significantly  enhanced  by  operating  the
device  in  an  OFET  configuration  with  negative  gate  voltages.  The
modulation  of  the  gate  voltage  further  amplifies  the  change  in
charge carrier density induced by the gas, leading to a gas response
to  NO2 and  NH3 that  is  3.5  and  2.0  times  greater,  respectively,
compared  to  a  resistive  device  (Fig.  S21  in  the  ESM).  Future
improvements  could  focus  on  synthesizing  alternative  organic
semiconductor  molecules  with enhanced gas-sensing properties  or
integrating functional molecules into the films to further boost their
performance  [45, 46].  Compared  to  other  commonly  used  gas
sensors,  the device  developed in this  study meets  the performance
benchmarks  for  practical  application  (see  Table  S1  in  the  ESM).
Additionally,  it  offers  key  advantages,  such  as  low  operating
temperature,  cost-effectiveness,  and  ease  of  operation,  presenting
significant  potential  for  real-world  applications.  Moreover,  the
compatibility of this approach with photolithography, coupled with

its  precise  control  over  film  thickness,  hole  size,  and  distribution,
underscores its strong potential for industrial-scale applications. 

3    Conclusions
In  summary,  a  method  for  fabricating  large-scale  porous  organic
single-crystal  films  has  been  developed  by  implementing
hydrophobic  lattice  structures  on  hydrophilic  substrates.  This
design serves as stress release points to address the film rupture that
typically  arises  due  to  mismatched  thermal  expansion  coefficients
between  the  substrate  and  liquid  crystal  material  during  cooling.
This  approach  effectively  achieves  precise  and  controllable  pore
sizes  and  positions  in  the  porous  single-crystal  films,  which  can
then  function  as  the  active  layer  in  gas  sensors,  enhancing  the
device’s sensitivity and response rate. The strategy provides a robust
foundation  for  advancing  high-performance  organic  gas  sensors
and paves the way for applications in industrial settings. 

4    Experimental
 

4.1    Materials
C8-BTBT  was  procured  from  Derthon  Optoelectronic  Materials
Science  Co.,  Ltd.  and  used  without  further  purification.  Silicon
wafers  with  a  300  nm  thermal  oxide  layer  were  obtained  from
Sunson  Electronics.  PMMA  (950  A4)  for  photolithography  was
purchased from Beijing Boning Biotechnology Co., Ltd. 

4.2    Film preparation
PMMA  photoresist  was  spin-coated  onto  a  clean  silicon  wafer  at
4000 rpm for 45 s, followed by baking on a hotplate at 180 °C for 60 s.
A  pattern  of  holes  was  created  on  the  photoresist  using  electron
beam  lithography,  with  hole  size  and  spacing  precisely  controlled
via computer. The wafer was then immersed in a developer solution
of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) (1:3
ratio)  to  form  the  patterned  array.  Hydrophobic  silane  OTS  was
employed  to  modify  the  patterned  areas  of  the  substrate  in  a
vacuum environment at 120 °C, forming a hydrophobic monolayer.
After  stripping  the  photoresist  and  cleaning  the  substrate,  the
sample  with  a  patterned  hydrophobic  array  was  prepared.  This
substrate  was  then  inverted  above  a  second  substrate  coated  with
organic  semiconductor  liquid  crystal  molecules,  separated  by  a
micrometer-scale  spacer.  Heating  the  substrates  facilitated  the
vaporization of the organic semiconductor liquid crystal molecules,
which  then  condensed  onto  the  substrate,  resulting  in  the
formation of the organic porous single-crystal film. 

4.3    Film characterization
The surface morphology of the films was characterized using AFM
measurement  with  a  Horiba  Smart  SPM.  SEM  images  were
captured with a Hitachi SU 5000 at an accelerating voltage of 5 kV.
XRD measurements were performed using a Malvern PANalytical
Empyream system. 

4.4    COMSOL simulation
Simulation  was  performed  at  the  steady  state  using  the  solid
mechanics  module.  A  1  μm-thick  film  was  simulated  on  a
rectangular prism substrate with dimensions of  50 μm × 50 μm ×
5 μm. The thermal expansion coefficient of the film was assigned a
value  greater  than  that  of  the  substrate,  with  both  materials
assumed to  exhibit  isotropic  properties.  The  initial  temperature  of
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the substrate and film was set to 120 °C, and the final temperature
was  set  to  room temperature  of  25  °C.  The  remaining parameters
were set to the system default values. 

4.5    Device fabrication and characterization
Silver  electrodes  (100  nm)  were  deposited  onto  the  films  using  a
mask  in  a  vacuum  environment  to  fabricate  bottom-gate,  top-
contact  organic  field-effect  transistor  devices,  with  both  channel
length and width set to 100 μm. Device performance was evaluated
using  a  Keithley  4200-SCS.  For  gas  sensing  tests,  the  devices  were
placed  in  a  sealed  polytetrafluoroethylene  (PTFE)  chamber,  with
gases  introduced  through  tubing.  The  chemical  resistance  and
performance  response  of  the  devices  under  various  gas
environments were measured using a Keithley 2400. 

Electronic  Supplementary  Material: Supplementary  material
(further  details  of  the  molecular  structure,  optical  microscopy,
AFM  images,  SEM  images,  polarized  light  microscopy,  electrical
performance  characterization  curves,  and  gas  response  results  of
devices  based  on  porous  single-crystal  thin  films  and  striped
structures)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907299. 
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