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Abstract: This article demonstrates the fabrication of organic-based devices using a low-cost solution-processable technique. A
blended  heterojunction  of  chlorine  substituted  2D-conjugated  polymer  PBDB-T-2Cl,  and  PC71BM  supported  nanocapsules  hy-
drate  vanadium  penta  oxides  (HVO)  as  hole  transport  layer  (HTL)  based  photodetector  fabricated  on  an  ITO  coated  glass  sub-
strate  under  ambient  condition.  The  device  forms  an  excellent  organic  junction  diode  with  a  good  rectification  ratio  of  ~200.
The  device  has  also  shown  excellent  photodetection  properties  under  photoconductive  mode  (at  reverse  bias)  and  zero  bias
for  green  light  wavelength.  A  very  high  responsivity  of  ~6500  mA/W  and  high  external  quantum  efficiency  (EQE)  of  1400%
have  been  reported  in  the  article.  The  proposed  organic  photodetector  exhibits  an  excellent  response  and  recovery  time  of
~30 and ~40 ms, respectively.
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 1.  Introduction

Photodetectors (PDs), which serve as a practical technolo-
gical  device  for  converting  the  absorbed  optical  energy  into
electrical  signals,  have  gained  considerable  interest.  They  are
helpful  in  several  scientific  and  industrial  applications,  such
as  light-wave  communications,  military  affairs,  medical  dia-
gnostic,  biological  sensors,  optical  surveillance,  physical
sensors,  biochemical  detection,  and  image  sensing,  etc.[1−10].
The  commercial  market  of  PDs  is  still  dominated  by  inorgan-
ic  semiconductor-based  PD  such  as  germanium,  silicon,  and
III–V  group  elements  owing  to  their  excellent  mobility  of
charge carriers, the small binding energy of exciton, high dur-
ability,  and  robustness[11−15].  However,  inorganic-based  PD
has  several  drawbacks,  such  as  complex  and  costly  fabrica-
tion processes and non-eco-friendly and mechanical rigidity re-
stricting their application in portable and flexible systems.

Over  the  last  two  decades,  organic  PDs  (OPDs)  have
gained  even  more  interest  due  to  their  unique  benefits  over
conventional-based  PD,  such  as  transparent,  flexible,  light-
weight,  adjustable  energy  levels,  large  scale  possibility,  low
cost,  chemically  tailoring  and  structural  diversity,  etc.[16−27].
Most  of  the  organic  semiconductor  materials  and,  therefore,
efficient  charge  extraction  through  continuous  transport
pathways.  For  the  optimal  performance  of  OPDs,  proper  se-
lection  of  weight  ratio  of  the  acceptor  and  donor  is  essential
for  the  better  external  quantum  efficiency  (EQE),  energy
level  tuning,  and  photo-multiplication  characteristics  of  the

PDs[19, 20, 28, 29].  Several  donor  and  acceptor  materials  have
been  used  for  the  PDs  applications,  such  as  P3HT,  ITIC,  MEH-
PPV,  PTB7-Th,  PQT-12,  PC61BM,  PC71BM,  PSBTBT-NH2,  F8BT,
and  PDTSTPD,  etc.  The  journey  of  OPD  begun  in  1981,  when
Kudo  and  Moriizumi  reported  the  first  organic  OPDs  having
structure  ITO/ merocyanine  dye/rhodamine  B  dye/Al.  This
OPD was prepared in a vacuum by a sublimation process that
demonstrated  a  spectral  response  range  only  in  the  visible
spectrum region[30]. In 1993, the first MEH-PPV and C60 based
planar  heterojunction  polymer  photodiodes  were  estab-
lished  by  Sariciftci  and  his  team[31].  Furthermore,  in  1995
concept  of  bulk  heterojunction  (BHJ)  diodes  consists  of  the
blend  of  polymer-polymer  and  polymer–fullerene  was  real-
ized[32, 33].  The  enhancement  of  OPDs  performance  is  accom-
plished  by  considering  the  device's  architecture  engineering
and  the  photoconductive  layer's  materials  engineering.  Im-
provements  in  OPD  performance  using  new  design  strategy
in  materials  and  their  optimized  arranging  in  various  device
architectures have been continued and showed some practic-
al  application.  Rauch et  al.  prepared  hybrid  OPD  (for  near-in-
frared  imaging)  based  on  the  P3HT/PCBM  blend  added  with
PbS  quantum  dot,  delivering  51%  of  EQE  and  fast  temporal
response  of  fewer  than  100 μs[34].  Han et  al.  exhibited  ambi-
ent  light  oximeter  OPD  with  two  different  blends:
PCDTBT/PC71BM  and  P3HT:O-IDTBR[35].  Hung et  al.  demon-
strated  OPD  for  heart  rate  monitoring  using  PTB7-Th/CO1-
4CL  and  achieved  an  outstanding  responsivity  of  more  than
0.5  A/W  in  the  920–960  nm  NIR  spectral  range[36].  Strobel
et  al.  displayed  pristine  polyindenoflurorene-8-triarylamine
(PIF)  (polymer  donor)/ITIC  (non-fullerene  acceptors)  and  PIF
(polymer  donor)/IDFBR  (non-fullerene  acceptors)  based  mul-
tichannel  visible  light  communication system with responsiv-
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ity  greater  than  102  mA/W[37].  Kumar et  al.  recently  reported
a self-powered OPD based on PQT-12/  PC61BM with 41.6% of
EQE obtained at 515 nm at 57 μW/cm2 and responsivity of ap-
proximately  167.5  mA/W[38].  State-of-the-art  of  OPDs  re-
search lacks  to  achieve  a  very  high responsivity  as  compared
to  their  inorganic  counterpart.  In  this  work,  we  have  fabric-
ated  a  self-powered  photodetector  based  on  PBDB-T-
2Cl:PC71BM  BHJ  active  layer  employing  hydrate  vanadium
pentaoxide (HVO) nano-capsules as hole transport layer (HTL)
and found it operates in the visible region.

 2.  Experimental section

 2.1.  Device structure
The  low-cost  proposed  structure  with  ITO/HVO/  PBDB-T-

2Cl:  PC71BM /Al  is  fabricated by depositing the thin film layer
on a glass substrate using a solution-processable technique.

In Fig.1(a),  the  schematic  structure  and  fabricated
devices  image are  respectively.  The chemical  structure  of  the
active layer materials used in OPD has shown in Fig. 2.

 2.2.  Device fabrication steps
HVO  nano-capsules  were  synthesized  as  shown  in Fig.  3

by the one-step method[39]. In this method, vanadium pentox-
ide  (V2O5)  powder  (0.5g)  (Sigma  Aldrich  (CAS#223794))  dis-
solved  into  30%  hydrogen  peroxide  (H2O2)  (Thermo  Fisher
(CAS#7722-84-1,7732-18-5) solution (50 mL). A reddish-brown
precipitate was obtained after the continuous stirring of 24 h
at  room  temperature.  Then  the  filtration  is  done  with  high-
quality Whatman filter paper, and washing is done using 10%

H2O2 solution.  After  the  filtration,  the  residue  was  kept
overnight  for  room  temperature  drying  and  then  moved  to
the  furnace  to  remove  water  contents  at  110  °C  for  1  h  for
the  fabrication  of  HVO/PBDB-T-2Cl:PC71BM/Al  photodetector
device.  Before  coating  HVO,  the  ITO  substrates  were  cleaned
by sequential ultrasonication in dilute detergent solution, de-
ionized  (DI)  water,  acetone,  and  isopropyl  alcohol  for  20  min
each. The substrate was then dried in an oven at 50 °C for 30
min.  The  HVO  was  spin-coated  at  3000  r/min  for  45  s  onto
the cleaned ITO substrates and subsequently annealed at 100
°C  for  15  min.  For  the  fabrication  of  photoactive  layers  com-
posed  of  electron  donor  and  acceptor,  PBDB-T-2Cl  (CAS.
#2239295-71-5,  purchase  from  Ossila)  and  PC71BM
(CAS#609771-63-3, purchase from Ossila) respectively,  use or-
ganic materials which were dissolved in chloroform to produce a
1  :  1  solution  and  followed  by  shaking  at  room  temperature
for  12  h  (Total  concentration  10  mg/mL).  PBDB-T-2Cl:PC71BM
thin film was spin-coated at 2000 r/min for 30 s onto the HVO
layer,  and the film was annealed at 100 °C for 15 min.  Finally,
a  100  nm  thick  aluminum  (Al)  electrode  was  deposited  on
the  top  of  the  active  layer  via  thermal  evaporation  at  a  pres-
sure  of  less  than  10–5 Torr.  The  active  area  of  the  cell  was
0.205 cm2.

 3.  Results and discussion

The X-ray diffraction (XRD) spectrum of HVO illustrates in
Fig.  4(a).  The  diffracted  peaks  are  well-matched  with  stand-
ard  JCPDS#96-202-0757  and  confirmed  the  orthorhombic

 

Fig. 1. (Color online) Schematic architecture of organic photodetector
and the image of fabricated device.

 

Fig. 2. Chemical structure of (a) PBDB-T-2Cl and (b) PC71BM.

 

Fig. 3.  (Color online) One-step method of synthesis of HVO nanocap-
sules.

 

Fig. 4. (Color online) (a) XRD spectra and (b) TGA curve of HVO.
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(a = 11.51200 Å, b = 3.56400 Å, c = 4.36800 Å,)  layered struc-
ture  of  vanadium  pentoxide.  Also,  the  narrow  and  intense
diffraction peaks reveal that the HVO nanoparticle was highly
crystalline[40].  The  average  measured  crystallite  size  from
the  XRD  of  HVO  by  using  the  Debye  Scherrer  formula  was
29.20 nm.

The presence of water molecules in the HVO was investig-
ated by thermogravimetric analysis (TGA) (Fig. 4(b)) using the
A-Torracca formula[41].  It  is found that the material consists of
mostly  1.5  water  molecules  (calculated  total  weight  loss  is
13%), which confirmed the hydrating nature of V2O5.

The scanning electron microscope (SEM) of HVO film was
displayed in Fig.  5,  showing the formation of  a  tightly  bound
capsule  network.  These  types  of  networked  morphologies
may  be  suitable  enough  for  the  operation  of  interfacial
charge  transport  in  photodiodes.  Also,  the  alignment  of
HOMO and LUMO energy levels are demonstrated by the effi-
cient  charge  transport  between  interfacial  layers  of  in  given
photodetector[42].

The  high-resolution  scale  transmission  electron  micro-
scope (HRTEM) is used to get the information about the forma-

tion  of  the  HVO  nanocapsule,  and  shown  in Fig.  6(a).  The
HRTEM image in Fig. 6(b),  shows the different grain boundar-
ies  that  confirm the polycrystalline nature of  the sample.  The
selected  area  electron  diffraction  (SAED)  pattern  was  shown
in Fig. 6(c), which displays the polycrystalline nature of HVO.

The  optical  properties  of  the  material  are  essential  when
it  is  used  as  an  active  layer  for  OPD.  The  UV–vis  absorption
spectra  of  pristine  PBDB-T-2Cl  and  PC71BM  are  shown  in
Fig.  7(a).  The  absorption  spectra  of  PBDB-T-2Cl:PC71BM  are
shown  in Fig.  7(b).  It  can  be  seen  from Fig.  7(b)  that  the
blend showed strong absorption spectra from 300 to 700 nm.
The primary purpose of the nanocapsules HVO layer in the de-
tector  is:  (i)  used  as  an  HTL  layer  for  the  detector,  i.e.,  it
blocks  the  electron  transportation  towards  the  ITO  side  be-
cause of  the large barrier  height of  ~0.93 eV.  (ii)  It  provides a
viable  path  for  holes.  The  active  layer  of  PBDB-T-2Cl:PC71BM
blend is suitable for detecting only visible spectrum and show-
ing cut-off for infrared wavelength, i.e.,  above 700 nm. There-
fore,  the  proposed  BHJ-based  detector  perfectly  suits  the
broadband  spectrum  of  550  to  625  nm  wavelength.  Further,
we  have  obtained  the  optical  energy  bandgap  of  2.48  eV  for
HVO  that  shows  high  transparency  to  the  visible  region,  as
shown  in Fig  7(b).  The  optical  energy  band  gap  PBDB-T-2Cl
and  PC71BM,  estimated  from  the  onset  absorption  edge
(Fig. 7(a)),  is 1.85 and 2.13 eV, respectively. When the light in-
teracts  with  an  active  layer  of  PBDB-T-2Cl:PC71BM  blend,  the
organic  molecule  of  the  active  layer  goes  to  electron  trans-

 

Fig. 5. (a) SEM image of HVO thin film on the scale of 1μm and (b) 25
nm respectively on ITO coated substrate.

 

Fig.  6.  (a,  b)  HR-TEM  image  (scale  20nm).  (c)  SAED  pattern  of  HVO
nano capsule.

 

Fig.  7.  (Color  online)  (a)  Absorption  spectra  of  PBDB-T-2Cl  and
PC71BM. (b) Transmittance and absorption spectra of HVO and PBDB-
T-2Cl: PC71BM blend.
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ition,  i.e.,  the  electron  goes  from  lower  energy  to  higher  en-
ergy. Only a fraction of light will be absorbed by the active lay-
er, i.e., the incident light energy must be equal to or more sig-
nificant  than  the  difference  between  higher  energy  levels
and  the  lower  energy  levels.  Therefore,  it  is  essential  to  find
out the energy levels in the active layer of  the detector.  Also,
these  energy  levels  will  help  us  to  analyze  the  charge  carrier
transport in the photodetector. The investigation of these en-
ergy levels, which refers to the highest occupied molecular or-
bital  (HOMO)  and  lowest  unoccupied  molecular  orbital
(LUMO), is essential for HVO and PBDB-T-2Cl:PC71BM for analyz-
ing  the  electrochemical  energy  bandgap  of  material  and
charge  transportation.  Electrochemical  investigation  of  HVO

and  PBDB-T-2Cl:PC71BM  blends  were  determined  by  Cyclic
Voltammetry  (CV)  as  shown  in Fig.  8.  We  have  three  elec-
trodes in the CV setup: glassy carbon as working electrode, ca-
lomel  as  reference  electrode,  and  platinum  as  counter  elec-
trodes connected with Keithley 2450. The EHOMO and ELUMO en-
ergy levels were estimated via onset oxidation (Ex.) and reduc-
tion  (Ered.)  electrochemical  potential,  which  results  are
shown in Table 1[43].

The electrical characterization has been carried out by us-
ing  an  Agilent  semiconductor  parameter  analyser  in  ambient
conditions. The diode characteristics of the junction of fabric-
ated structure PBDB-T-2Cl:PC71BM blend, the junction I–V char-
acteristics (current-voltage) are shown in Fig. 9.

It  shows that  the PBDB-T-2Cl  as  p-type and PC71BM as n-
type  show  a  suitable  rectifying  property.  The  rectification  ra-
tio of the organic junction diode at 1 V is ~250 under dark con-
ditions.  The  signal  to  noise  ratio  i.e.,  ratio  of  the  photocur-
rent to the dark current of  the self-powered photodetector is
found to be ~1000 at 0 V.  The current–voltage characteristics
of  the  fabricated  detector  with  the  structure  ITO/HVO/PBDB-
T-2Cl:PC71BM/Al  under  both  dark  and  illumination  are  inve-
stigated  at  the  wavelength  of  550  nm,  power  intensity  of
1  mW/cm2 or  1  Sun.  The  550  nm  light  exposure  was  used  to
impose  on  the  backside  of  the  detector  from  glass/ITO/HVO
to  the  active  layer;  this  wavelength  was  obtained  using  a
monochromator. The green light has passed through ITO and
HVO  but  is  absorbed  by  the  active  layer.  This  can  be  Green-

Table 1.   Optical and electrochemical characteristics of polymers.

Polymer λmax (s)
(nm)

λmax (f)
(nm)

EHOMO
(eV)

ELUMO
(eV)

Eg
ech

(eV)
Eg

opt

(eV)

PBDB-T-2CL 606 621 −5.32 −3.57 1.75 1.85
PC71BM 373, 460 325 −5.90 −3.90 2 2.13

 

Fig.  8.  (Color  online)  Cyclic  voltammetry  of  (a)  HVO,  (b)  PC71BM,  and
(c) PBDB-T-2Cl. (d) HOMO-LUMO energy level of polymers and charge
transfer in the active layer.

 

Fig. 9. (Color online) I–V characteristics of OPD under dark and illumina-
tion

 

Fig. 10. (Color online) Current time response of the photodetector.
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light interaction with the active layer led to the generation of
electron–hole  pairs.  Once  the  carrier  is  generated  in  the  act-
ive layer,  the proposed support  layer is  helping to pass these
carriers to the respective anode and cathode electrodes. It's in-
teresting  to  note  that  the  self-powered  effect  can  be  seen  in
Fig  10;  the  self-powered  development  enhanced  the  photo-
generated current nearly in the order of ~1000 at the zero bi-
as at a very low intensity of light.

Ip

The quantum efficiency of the fabricated detector was cal-
culated  using  Eq.  (1)  to  define  the  number  of  generated
photo  carriers  per  photon.  The  responsivity  (R)  of  an  organic
photodiode can be defined in Eq. (2) and defined as a ratio of
photogenerated  current  (  in  A)  to  the  incident  power  (P in
W) at a given wavelength. 

η =
Ip
qΦ

=
Ip
q

hν
Popt

, (1)
 

Rλ =
ηq
hν

=
ηλ (μm)
.

=
Ip
Popt

(A/W). (2)

The figure  of  merit  of  photodetector  has  been evaluated
in terms of noise equivalent power (NEP) and detectivity. NEP
is  defined  in  Eq.  (3)  as  the  minimum  optical  power  at  which
the signal to noise ratio becomes unity[15, 23−27].

Minimum  detectable  power  (in  W/(cm2·Hz1/2))  are  ob-
tained  with  the  help  of  using  NEP  in  terms  of  Detectivity  of
the detector as shown in Eq. (4) 

NEP = rms optical power Popt∣min =
hν
η

√
Ieq
q , (3)

 

D∗ =
√
A

NEP
Jones. (4)

The  photodetector  based  on  the  operating  voltage  is
primarily working on the two-mode of operation 1. Photocon-
ductive  mode  (at  revere  bias)  and  2.  Photovoltaic  mode  (at
zero bias).  The self-powered detectors  do not require any ex-
ternal  battery  source and could be utilized to  measure  ambi-
ent  conditions.  This  ambient  condition  can  be  achieved  by
measuring the electrical characteristics of the device under nat-
ural  sunlight.  In  this  article,  the  organic  detector  is  measured
under equivalent to 1 Sun light condition. The proposed organ-
ic  optical  sensor  was  showing  promising  results  under  both
modes of operation.

The  maximum  responsivity  and  EQE  are  obtained  in  the
photovoltaic mode of operation under the illumination of the
wavelength  of  550  nm  at  power  density  1  mW/cm2.  The
device  shown  an  excellent  result  under  the  photovoltaic
mode,  i.e.,  the  responsivity  and  EQE  obtained  at  zero  bias  is
6.25  A/W  and  ~1400%.  The  NEP  of  the  detector  is  found  to
be  2  ×  10−11 W/(cm2·Hz1/2),  and  the  estimated  detectivity  of
the  detector  is  ~4.0  ×  1012 Jones.  The  current  time  response
is  obtained  for  measuring  the  detector's  response  time,  as
shown  in Fig  10.  The  rise  time  of  the  detector  is  defined  as
the  time  required  to  reach  90%  of  the  steady-state  value  (fi-
nal  value)  from  10%  of  the  initial  value,  and  similar,  the  fall
time was estimated from current changes from 90% of the fi-
nal  value  to  10%  of  the  initial  value.  The  estimated  rise  time
and  fall  time  from Fig.  10(b)  are  30  and  40  ms,  respectively.
The  detailed  performance  comparison  table  of  the  previ-
ously  reported  organic  junction  with  supporting  ETL/HTL
based  photodiode  has  been  shown  in Table  2.  The  transport
mechanism of charge carriers (electrons & holes) of the photo-
detector[47−53] is  shown  with  the  help  of  energy  band  dia-
gram  in  the Fig.  11.  As  the  light  incident  on  the  PBDB-T-
2Cl/PC71BM BHJ active layer, light having energy greater than
bandgap of active layer will be absorbed by active layer, result-

Table 2.   Comparison table of various self-powered organic based photodetectors.

Entity Ref. [44] Ref. [45] Ref. [30] Ref. [46] Ref. [38] This article

Junction – PBDTT-ffQ:
PC71BM

P3HT:PC71BM PNTT-H: PC71BM PQT-12: PC61BM PBDB-T-2Cl and
PC71BM

Transportationlayer ETL:Zr–TiOx – HTL:PEDOT:PSS HTL:PEDOT:PSS ETL:ZnO QDs HTL:HVO nano
capsules

Device structure ITO/PEDOT:PSS/
CH3NH3PbIxCl3−x/
PC60BM/Zr–TiOx/Al

PET/PBDTT-
ffQ:PC71BM/Au

ITO/PEDOT:PSS/
P3HT:PC71BM /Al

ITO/PEDOT:PSS/
PNTT-H:PC71BM/
Ca/Al

ZnO QDs/
PQT-12:PC61BM/
MoOx

Glass/ITO/HVO/
PBDB-T-2Cl and
PC71BM/Al

Self-powered Yes Yes Yes Yes Yes
Maximum temp
used in fabrication
(ºC)

130–150 ~30 100 100–150 200 100

Operating bias (V) –0.1 – –10 –0.1 0 0
Rise time (μs) 0.29 0.0889 – 32 0.07 0.03
Delay time (μs) 0.27 0.0667 – 29 0.1 0.04
Wavelength (nm) 525 365 650 760 515 550
Responsivity (A/W) 0.380 0.115 0.255 0.360 0.1675 6.25

mW/cm
Power density
( )

1 mW/cm2 = 1 Sun – 2 – 0.057 1 mW/cm2 = 1
Sun

EQE (%) – – 49 (at 520 nm, –10 V)
&53500 (at 620 nm,
–60 V)

59.45 41.6 1400 (at 550 nm,
0 V)

cm ⋅ Hz/NEP
(W/( ))

– – – – – 2 × 10–11

Detectivity (1011

Jones)
137 6.19 1.3 139 4 40 (0 V, 550 nm)
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ing  an  excition  (excite  electron  from  HOMO  to  LUMO  level)
generation followed by the excitons diffusion to the donar ac-
ceptor  interface.  At  the  interface  of  PBDB-T-2Cl/PC71BM,  the
electron  will  move  to  the  PC71BM  material,  and  the  hole  will
move from PBDB-T-2Cl to HVO, i.e., the dissociation of the ex-
citon across this interface. HVO layer is used to block the elec-
tron  from  ITO  side  and  make  feasible  paths  for  holes.  Finally,
the charge transfer  to the respective electrodes i.e.,  electrons
reached to the Al side and hole reaches to ITO side.

The proposed device achieved excellent detection and re-
sponsivity in both photoconductive and photovoltaic modes.

 4.  Conclusion

In  this  article,  self-powered,  a  low-temperature  pro-
cessed  based  organic  bulk  heterojunction  organic  photodi-
ode  of  chlorine  substituted  2D-conjugated  polymer  PBDB-T-
2Cl:  PCBM is  studied over  the  visible  spectrum by  using HVO
nanocapsules  HTL layer.  The optical  characteristics  of  the  de-
tector  have  shown  an  excellent  sensing  capability  at  the  vis-
ible  range of  500–625 nm,  showing a  maximum sensitivity  at
the wavelength of 550 nm. Further, the electrical characterist-
ics of photodiode were measured using I–V characteristics un-
der  dark  and  illumination.  The  device  was  intended  to  make
for real-time application because the electrical  device charac-
teristics were obtained under natural sunlight, i.e., 1 mW/cm2.
The  proposed  fabricated  device  has  the  highest  responsivity
of 6250 mA/W at the wavelength of 550 nm at zero bias.  The
measured  NEP  and  detectivity  of  the  self-powered  photode-
tector  are  ~2  ×  10–12 W/(cm2·Hz1/2)  and  4.0  ×  1012 Jones  re-
spectively.  The  high  responsivity  of  the  self-powered  detect-
or  can  make  the  device  very  attractive  for  real-time  battery-
less operation
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