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ABSTRACT
Photogating  and  electrical  gating  are  key  physical  mechanisms  in  organic  phototransistors  (OPTs).  However,  most  OPTs  are
based on thick and polycrystalline films, which leads to substantially low efficiency of both photogating and electrical gating and
thus  reduced  photoresponse.  Herein,  high-performance  OPTs  based  on  few-layered  organic  single-crystalline  heterojunctions
are proposed and the obstacle of thick and polycrystalline films for photodetection is overcome. Because of the molecular scale
thickness  of  the  type  I  organic  single-crystalline  heterojunctions  in  OPTs,  both  photogating  and  electrical  gating  are  highly
efficient. By synergy of efficient photogating and electrical gating, key figures of merit  of OPTs reach the highest among those
based on planar heterojunctions so far as we know. The production of few-layered organic single-crystalline heterojunctions will
provide a new type of advanced materials for various applications.
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1    Introduction
Efficient  photodetection  is  essential  in  modern  science  and
technology.  Organic  photodetectors  (OPDs)  have  attracted
considerable  attention  because  they  can  be  fabricated  on
mechanically flexible and/or large surfaces by solution processing
techniques. Moreover, color selectivity without color filters can be
achieved  by  selecting  organic  semiconductors  with  tailorable
optoelectronic  properties.  As  a  result,  OPDs  have  shown  great
potential  in  next-generation  imaging,  health  monitoring,  optical
communication, biomedical detection and so on [1–6].

There  are  several  requirements  to  fabricate  high-performance
OPDs,  such  as  high  external  quantum  efficiency  (EQE),  high
photoconductive gain (G) and low dark current (Idark). High EQE
and high G ensure  high  responsivity  (R).  Low Idark together  with
high R results in high photosensitivity (P) and specific detectivity
(D*)  [7].  Organic  phototransistors  (OPTs)  with  planar
heterojunctions  as  the  photoactive  layers  are  a  type  of  promising
device  structure  for  highly  sensitive  photodetection  [8–12].  The
reasons  are  threefold.  First,  the  heterojunctions  help  the
dissociation  of  excitons  into  free  charge  carriers.  Because  of  the

low  dielectric  constants  of  organic  materials  (static ε =  3–4),  the
exciton binding energy is  large (0.3–0.5 eV) and the efficiency of
exciton  dissociation  in  pristine  organic  semiconductors  is  low
[13–16].  In  contrast,  photogenerated  excitons  can  be  dissociated
efficiently at the interfaces of heterojunctions with the help of the
built-in potential, resulting in high EQE [17–19]. Second, the free
charge  carriers  can  recirculate  in  the  channels  of  OPTs  many
times  before  recombination,  producing  high G.  Third,  a  gate
voltage can be applied to reduce the conductivity  of  the channel,
resulting  in  low Idark.  As  a  result,  heterojunction  OPTs  have
attracted immense attention in recent  years  [8–10].  For example,
in  2013,  Wang  et  al.  designed  OPTs  based  on  heterojunctions
composed  of  polycrystalline  films  of  copper  phthalocyanine
(CuPc,  50  nm)  and  lead  phthalocyanine  (PbPc,  15  nm).  The
maximum P and R reached  6.2  ×  102 and  77.4  mA·W−1,
respectively  [20].  Recently,  in  2018,  Peng  et  al.  designed  OPTs
based  on  heterojunctions  composed  of  pentacene  (30  nm)/tin
phthalocyanine (SnPc, 20 nm) films. The maximum P, R,  and D*

reached 83.6, 1.0 A·W−1, and 3.1 × 1011 Jones, respectively [21].
Photogating and electrical  gating are key physical  mechanisms

in  OPTs.  However,  most  of  the  reported  works  used  thermal
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evaporation  or  spin  coating  techniques  to  prepare  polycrystalline
films as the photoactive layers. Also, the thicknesses were typically
several tens of nanometers to achieve continuous films for charge
collection  (Table  S1  in  the  Electronic  Supplementary  Material
(ESM)).  There  were  two  problems  of  thick  and  polycrystalline
photoactive layers for OPTs. First, both photogating and electrical
gating  were  inefficient  in  thick  films  because  of  the  interlayer
shielding effect (see the detail information in the ESM) [7, 22–25].
Second,  both  the  electron  (and/or  hole)  mobility  and  exciton
mobility were reduced in polycrystalline films because of the high
density  of  defects  (e.g.,  grain  boundaries)  [24, 26].  As  a  result,
thick and polycrystalline photoactive layers led to substantially low
efficiency  of  both  photogating  and  electrical  gating  and  thus
reduced  photoresponse.  In  principle,  the  problems  could  be
overcome  by  few-layered  organic  single-crystalline
heterojunctions,  which  were  expected  to  show  efficient
photogating  and  electrical  gating  effect  and  thus  superior
performance  [7, 24, 27].  However,  the  obstacle  to  construct  such
ultra-thin  photoactive  channels  blocked the  way.  Up to  now,  the
intrinsic  structural  problems  of  thick  and  polycrystalline
photoactive  layers  were  unavoidable  and  have  become  a
bottleneck in the development of OPTs.

Herein,  OPTs  based  on  few-layered  organic  single-crystalline
heterojunctions  were  proposed  and  the  obstacle  of  thick  and
polycrystalline films for photodetection was overcome. Ultra-thin
organic  single-crystalline  heterojunctions  were  produced  by  the
growth  of  semi-freestanding  two-dimensional  molecular  crystals
(2DMCs)  [28–34]  on a  liquid  surface  following by  layer-by-layer
transfer  on  the  target  substrate.  Because  of  the  molecular  scale
thickness of the 2DMCs and their formation of type I heterojunc-
tions, both photogating and electrical gating were highly efficient.
The synergy of efficient photogating and electrical gating resulted
in  high  EQE,  high G and  low Idark.  As  a  result,  OPTs  showed  a
high R up to 891.4 A·W−1, P up to 5.9 × 107, EQE up to 3.03 × 105

and D* up to 2.5 × 1016 Jones, all of which were the highest values
among OPTs based on planar heterojunctions as far as we know
(Table S1 in the ESM). 

2    Experimental
 

2.1    Substrates modification
SiO2/Si wafers with 300 nm-thick SiO2 were used as the substrates.
The  wafers  were  cleaned  sequentially  with  deionized  water,
acetone,  and  isopropanol  and  then  cleaned  with  oxygen  plasma
for  10  min.  The  cleaned  wafers  were  immediately  modified  with
octadecyltrichlorosilane  (OTS)  by  a  vapor  phase  method.  The
OTS-modified  substrates  were  cleaned  by  sonification  in
chloroform, n-hexane and isopropanol, successively. 

2.2    Materials and instrumentations
6,13-bis(triisopropylsilylethynyl)pentacene  (TIPS-PEN)  was
purchased from TCI. 2,6-bis(4-hexylphenyl)anthracene (C6-DPA)
was  purchased  from  Shanghai  Daeyeon  Chemicals.  Both
compounds  were  used  without  purification.  Optical  microscope
(OM) and polarized optical microscope (POM) images were taken
with  a  Nikon  ECLIPSE  Ci-POL  polarized  optical  microscope.
Transmission  electronic  microscopy  (TEM)  and  selected  area
electron  diffraction  (SAED)  measurements  were  conducted  on  a
Tecnai  G2  F20  S-TWIN  transmission  electron  microscope.
Tapping  mode  atomic  force  microscopy  (AFM)  was  performed
using  a  Bruker  Dimension  Icon.  High-resolution  atomic  force
microscope  (HRAFM)  was  performed  using  a  Cypher  ES.
Ultraviolet  photoelectron  spectrometer  (UPS)  characterizations
were  performed  on  an  AXIS  ULTRA  DLD  photoelectron

spectroscopy  (Kratos,  UK)  with  an  unfiltered  He discharge  lamp
(21.2  eV)  as  the  excitation  source.  Photoluminescence  (PL)
measurements  were  carried  out  using  a  Confocal  Smart  Raman
system with 405 nm laser excitation. OPTs were measured in the
air  at  room  temperature  using  a  probe  station  connected  to  a
Keithley 4200-SCS. The photoelectrical responses were studied by
a 365 nm laser generator with tunable power density from 17.0 to
37.4  μW·cm−2.  X-ray  diffraction  (XRD)  measurements  were
carried  out  in  reflection  mode  at  45  kV  and  200  mA  with
monochromatic  Cu  Kα radiation  utilizing  a  Rigaku  Smartlab
diffractometer.  The  ultraviolet–visible  (UV–vis)  spectra  were
measured by a SHZMADZU UV-3600 Plus spectrophotometer. 

2.3    Device fabrication and characterization
The device was fabricated on an OTS-modified SiO2 (300 nm)/Si
substrate.  Bottom-gate  and  top-contact  device  configuration  was
achieved  by  stamping  Au  stripes  on  the  heterojunction  as  the
source and drain electrodes. In OPTs, R can be evaluated by R =
(Ilight − Idark)/Pin,  where Ilight and Idark are  the drain currents  under
laser  irradiation  and  dark  condition, Pin is  the  power  density  of
incident photons. EQE can be defined as EQE = Rhν/e, where e is
the unit electron charge and hν represents the energy of one single
photon.  The P can  be  calculated  by  the  equation P =  (Ilight −
Idark)/Idark. D* is  defined  as D* = R(AB)1/2/inoise,  where inoise is  the
noise current; A is the sensing area of active and B is bandwidth.
All  reports  in  Table  S1  in  the  ESM  assumed  that  the  shot  noise
from the dark current was the main contribution of noise current.
In this case D* can be expressed as D* = RA1/2/(2qIdark)1/2. 

3    Results and discussion
Several  strategies  including  drop  casting  [34],  physical  vapor
transport  [35],  solution  shearing  [36, 37],  and  bar-coating  [38]
have been reported for the production of molecularly thin 2DMCs
on  solid  substrates.  However,  because  of  the  molecular  scale
thickness of the 2DMCs, it was challenging to peel them off from
solid  substrates  for  the  construction  of  heterojunctions.  We have
recently  developed  the “layer  defining  strategy” to  grow  2DMCs
on glycerol surface [22]. One key advantage of the “layer defining
strategy” is  that  2DMCs  are  grown  on  a  liquid  surface  and  the
2DMCs are  semi-freestanding.  Thus,  it  is  possible  to  transfer  the
2DMCs layer by layer to construct heterojunctions.

In  this  study,  two exemplary  organic  semiconductors,  i.e.,  C6-
DPA and TIPS-PEN (insets of Figs. S1(a) and S1(d) in the ESM)
were selected as the architype materials because they showed good
solubility,  high  stability  and  high  mobility  in  organic  field-effect
transistors  (OFETs)  [33, 39, 40].  Taking  advantage  of  the “layer
defining  strategy” [22],  few-layered  organic  single-crystalline
heterojunctions  based  on  2DMCs  were  produced  successfully.
First, 2DMCs of TIPS-PEN were grown on the surface of glycerol
and  transferred  onto  an  OTS-modified  SiO2/Si  substrate.  Then,
2DMCs  of  C6-DPA  were  grown  by  the  same  method.  Finally,
2DMCs  of  C6-DPA  floating  on  the  surface  of  glycerol  were
transferred  onto  the  OTS-modified  SiO2/Si  substrate  pre-covered
by 2DMCs of TIPS-PEN to form the few-layered single-crystalline
heterojunctions (Fig. S1 in ESM).

OM  images  of  both  2DMCs  transferred  to  OTS-modified
SiO2/Si substrates were shown in Figs. 1(a) and 1(d), respectively.
These  crystals  exhibited  smooth  surfaces  without  any  notable
steps. The areas of these crystals were larger than 104 µm2. Under a
POM, the color of the entire films changed uniformly from bright
to  dark  when the  2DMCs were  rotated  45°,  indicating  that  there
were  no  grain  boundaries  (Figs.  1(b), 1(c), 1(e),  and 1(f)).  In
Fig. 1(g),  a  2DMC of TIPS-PEN was covered by a 2DMC of C6-
DPA, forming a heterojunction with an area larger than 104 µm2.
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The  color  of  the  heterojunction  region  changed  uniformly  from
bright  to  dark  under  a  POM  when  the  substrate  was  rotated  by
45° (Figs. 1(h) and 1(i)), indicating the successful production of a
single-crystalline heterojunction.

XRD  patterns  (Fig. S2  in  the  ESM)  and  UV–vis  absorption
spectra (Fig. S3 in the ESM) of the heterojunctions showed all the
characteristic  peaks  of  the  single  components,  indicating  the
successful  preparation  of  the  single-crystalline  heterojunctions.
Figures  2(a) and 2(b) show  typical  AFM  images  of  2DMCs  of
TIPS-PEN and  C6-DPA.  The  thicknesses  were  10.1  and  7.1  nm,
respectively,  corresponding to 6 and 2 molecule layers (Figs.  2(d)
and 2(e)).  The root mean square (RMS) roughness of 2DMCs of
TIPS-PEN and C6-DPA was 0.25 and 0.17 nm, respectively.  The
atomically  flat  surfaces  not  only  indicated  the  single-crystalline
nature of the 2DMCs, but also ensured the intimate layer by layer
vertical stacking for few-layered single-crystalline heterojunctions.
An  AFM  image  of  a  heterojunction  is  shown  in Fig. 2(c).  Clear
boundaries and overlapping of the two 2DMCs were observed. As
shown  in Fig. 2(f),  the  thickness  of  the  heterojunction  was  16.3
nm, which coincided with a sum of the thicknesses of 2DMCs of
C6-DPA  (6.9  nm)  and  TIPS-PEN  (9.5  nm).  Owing  to  the
atomically  flat  surfaces  of  the  component  2DMCs,  the  surface  of
the few-layered single-crystalline heterojunctions was uniform and
flat  (RMS  =  0.46  nm).  The  atomically  flat  surfaces  of  the
component  2DMCs  also  ensured  sharp  interfaces  of  the
heterojunctions,  which  were  essential  for  high-performance
optoelectronic  devices  [41, 42].  TEM  images  and  SAED  patterns
of  TIPS-PEN  and  C6-DPA  crystals  are  shown  in Figs.  2(g) and
2(i).  The  TEM  images  of  both  2DMCs  showed  uniform
morphology  (the  insets  of Figs.  2(g) and 2(i)),  and  the
corresponding SAED patterns exhibited ordered diffraction spots,
confirming  the  single-crystalline  nature  of  both  films.  HRAFM
images  were  further  performed  to  assess  the  crystallinity  of  both
2DMCs. Figures 2(h) and 2(j) show the molecular packing of TIPS-
PEN and C6-DPA in the heterojunctions. Lattice constants of a =
7.61 Å, b = 7.75 Å, and θ = 83.6° for TIPS-PEN and a = 6.36 Å, b
=  8.13  Å,  and θ =  86.5°  for  C6-DPA  were  obtained,  which
coincided with previous  reports  [22, 43].  The high-quality  single-
crystalline  2DMCs  laid  the  foundation  to  construct  few-layered
organic  single-crystalline  heterojunctions  for  high-performance
OPTs.

The photoelectrical properties of the few-layered organic single-

crystalline  heterojunctions  were  investigated  by  the  construction
of OPTs with a bottom-gate top-contact configuration (Fig. 3(a)).
The OFETs based on pristine 2DMCs of TIPS-PEN and the few-
layered single-crystalline heterojunctions were discussed in Fig. S4
in the ESM. Au (80 nm) was used as source and drain electrodes
and  OTS-modified  SiO2 (300  nm)/Si  as  gate  dielectric  layer.  All
measurements  were  carried  out  in  ambient  air  at  room
temperature. Figure 3(b) shows the typical transfer characteristics
of the OPTs measured in dark and under 365 nm laser irradiation
with  different  intensities.  By  increasing  the  laser  power  intensity
from  17.0  to  37.4  µW·cm−2,  the  transfer  curves  shifted  upward
prominently  to  higher  source-drain  current  and  the  threshold
voltage  (Vth)  shifted  towards  more  positive  values  (Fig. 3(c)),
indicating  a  prominent  photoresponse.  Compared  with  OPTs
based on pristine 2DMC of TIPS-PEN and 2DMC of C6-DPA, a
dramatic  improvement  of  the  performance  was  observed  for
devices  based  on  few-layered  single-crystalline  heterojunctions
with  a  maximum P of  5.9  ×  107 and D* of  2.5  ×  1016 Jones
(Figs. 3(d) and 3(e)). It was noted that P and D* values were about
6 times and 3 times higher than those of pristine 2DMC of TIPS-
PEN (Fig. S5 in the ESM). And the P and D* values were increased
by about 1 order of magnitude compared to those of 2DMC of C6-
DPA  (Fig. S6  in  the  ESM).  Moreover,  a  maximum R of  891.4
A·W−1 was  obtained  (Fig. 3(f)),  which  were  about  9  times  higher
than  that  of  pristine  2DMC  of  TIPS-PEN  (94.1  A·W−1)  and  six
times  higher  than  that  of  pristine  2DMC  of  C6-DPA  (135.8
A·W−1).  The R, P and D* values  of  OPTs  based  on  few-layered
single-crystalline  heterojunction  were  all  higher  than  that  of  the
2DMCs  of  TIPS-PEN  and  C6-DPA.  All  these  parameters  were
competitive  among  OPTs  based  on  organic  single  crystals
reported so far (Table S2 in ESM). Notably, the R, P and D* values
were the highest among OPTs based on planar heterojunctions so
far  as  we  know.  Specifically,  the D* value  was  three  orders  of
magnitude  higher  than  those  from previous  reports  (Table  S1  in
the ESM).

To  elucidate  the  origin  of  the  high  photoresponse  of  the  few-
layered  single-crystalline  heterojunctions,  PL  emission
spectroscopy  and  PL  mapping  were  carried  out  (Figs.  4(a) and
4(b)).  Typical  PL spectra collected in the 2DMC of C6-DPA and
the  few-layered  single-crystalline  heterojunction  are  shown  in
Fig. 4(a), where three strong exciton peaks at 442, 470 and 504 nm
(at excitation wavelength of 405 nm) belonging to C6-DPA were
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identified  [44, 45].  The  PL  spectrum  of  2DMC  of  TIPS-PEN  is
shown in Fig. S7  in  the  ESM. Figure  4(b) shows the  PL intensity
mapping  of  the  C6-DPA  and  the  few-layered  single-crystalline
heterojunction  (at  wavelength  of  500–550  nm).  The  C6-DPA
region  exhibited  strong  PL  emission,  whereas  the  few-layered
single-crystalline  heterojunction  region  showed  apparent  PL
quenching.  Judging  from Figs.  4(a) and 4(b),  the  PL  intensity  of
C6-DPA was significantly decreased in the heterojunction, which
could be ascribed to photoexcited charge transfer from C6-DPA to
TIPS-PEN  [46–48].  To  confirm  the  photoexcited  charge  transfer
in  the  heterojunctions,  the  energy  levels  of  both  2DMCs  were
determined  by  UPS  (Figs.  S8  and  S9  in  the  ESM).  The  highest
occupied molecular orbital (HOMO) levels of TIPS-PEN and C6-
DPA  were  −5.18  and  −5.60  eV,  respectively.  The  lowest
unoccupied molecular orbital (LUMO) levels calculated from their
HOMO levels and optical energy band gaps were −3.52 and −2.84
eV,  respectively  [49].  A  type  I  heterojunction  was  formed  when

two materials were brought into contact (Fig. 4(c)). Excitons were
generated  in  C6-DPA  under  laser  irradiation  (λ =  365  nm)  and
the heterojunction helped the dissociation of the excitons into free
electrons and holes, leading to high EQE [50]. The HOMO of C6-
DPA was about 0.42 eV lower than that of TIPS-PEN (ΔHOMO
= 0.42 eV). Thus, photogenerated free holes were transferred from
C6-DPA  to  TIPS-PEN.  These  free  holes  circulated  in  TIPS-PEN
layer  under  a  bias  voltage  (VDS),  producing  photocurrent.  The
LUMO  of  TIPS-PEN  was  0.68  eV  lower  than  that  of  C6-DPA
(ΔLUMO  =  0.68  eV),  which  allowed  the  photogenerated  free
electrons  to  transfer  from  C6-DPA  to  TIPS-PEN.  The  ΔLUMO
also blocked the reverse flow of free electrons from TIPS-PEN to
C6-DPA.  Considering  that  TIPS-PEN  was  a  p-type
semiconductor  with  electron-trap  states,  the  transferred  electrons
were  trapped  at  the  interface  in  the  TIPS-PEN  layer  (Fig. 4(c)).
The  trapped electrons  produced an  electric-field  like  gate  voltage
to  modulate  the  channel  conductance.  Judging  from  the  above
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15 20 25 30 35 40
15

20

25

30

35

40

45

50

 Power density (μW·cm−2)

 V th
)V( 

15 20 25 30 35 40
10−3

100

103

106

109

  P

 VGS = 22 V
 VGS = −40 V

15 20 25 30 35 40
10−3

10−2

10−1

100

101

102

103

104

 Power density (μW·cm−2) 

 

R
 (A

·W
−1

)

 VGS = 22 V
 VGS = −40 V

−40 −20 0 20 40
10−15

10−13

10−11

10−9

10−7

10−5

VGS (V)

 Dark
 17.0 P
 25.8 P
 32.5 P
 34.6 P
 37.4 P

λ = 365 nm

Heterojunction

(d)

(b) (c)

365 nm

(a)

15 20 25 30 35 40
1011

1012

1013

1014

1015

1016

1017

 
 

)senoJ( *
D

 

 VGS = 22 V
 VGS = −40 V

(e) (f)

|I D
S|
 (A

) 

 Power density (μW·cm−2) Power density (μW·cm−2)
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analysis, C6-DPA served as the photogate and TIPS-PEN worked
as the channel in the OPTs (Fig. 4(d)). The photogating effect was
efficient  in  molecularly-thin  2D  materials  because  of  the  large
capacitance due to a short distance between the photogate and the
channel  [24, 27].  The  efficient  photogating  was  proven  by
Figs. 3(b) and 3(c), where the transfer curves shifted notably to the
positive  direction  by  laser  irradiation,  suggesting  an  immense
negative  gating  induced  by  trapped  electrons  [24, 51].  Such  an
efficient  photogating  was  favorable  for  high G [27, 52].
Meanwhile,  electrical  gating  was  also  efficient  because  of  the
elimination  of  the  interlayer  shielding  effect  in  molecularly-thin
2DMCs  [7, 22–25].  In  the  dark,  the  channel  could  be  fully
depleted by a positive gate voltage [7],  resulting in extremely low
Idark of 5.2 × 10−15 A (Fig. 3(b),  3–4 orders or lower than previous
reports, see Table S1 in the ESM). Under irradiation, mobile holes
were induced and accumulated in TIPS-PEN by the application of
a negative gate voltage, leading to a large photocurrent (Fig. 4(d)).
In a word, by synergy of efficient photogating and electrical gating
in  the  few-layered  organic  single-crystalline  heterojunctions,  a
high  EQE,  a  high G and  a  low Idark were  achieved,  all  of  which
ensured high-performance OPTs. 

4    Conclusions
We  proposed  few-layered  organic  single-crystalline
heterojunctions to obtain high-performance OPTs. Because of the
molecular  scale  thickness  of  the  2DMCs  and  their  formation  of
type  I  heterojunctions  in  OPTs,  both  photogating  and  electrical
gating  were  highly  efficient.  By  synergy  of  efficient  photogating
and  electrical  gating,  the  OPTs  showed  a  high R up  to  891.4
A·W−1, P up to 5.9 × 107, EQE up to 3.03 × 105 and D* up to 2.5 ×
1016 Jones, all of which were the highest values among OPTs based
on  planar  heterojunctions  as  far  as  we  know.  We  believe  the
general strategy for the construction of few-layered organic single-
crystalline  heterojunctions  will  provide  a  new  type  of  advanced
materials  towards  various  high-performance  optoelectronic
devices. 
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