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Abstract

Design rules for organic
photodetectors with high detectivity
and high color selectivity
Dae-Ho Kim
Department of Materials Science and Engineering
The Graduate School
Seoul National University

Organic photodetectors (OPDs) are promising candidates for ultra-violet (UV),
visible, near-infrared (NIR) image sensors due to their ability to provide low
dark current, high detectivity, flexibility and large area sensing, which can
compete with the conventional inorganic photodetectors. Moreover, due to
narrow absorption spectrum of organic materials, OPDs need no color filter
system and can be used for compact, lightweight, and high resolution full
color complementary metaloxidesemiconductor (CMOS) image sensors for
digital still camera, camcorders, and so on.
For these reasons, the OPDs are getting more interest and research into OPDs
are growing. However, the detectivity of the OPDs are still lower than that of
the silicon based photodetectors. Because the dark current density is the major
factor contributing to the detectivity, it should be decreased to increase the
i

detectivity of the OPDs. To decrease the dark current density, the origin of the
dark current density must be identified. In addition, it is highly desirable to
develop a model describing the dark current. Futhermore, the quantitative
description and prediction of color selectivity of OPDs are needed.
Firstly, we fabricated green selective transparent OPDs with high detectivity
of 4.1  1012 cm Hz1/2 /W at a reverse bias of -1 V by adopting indium zinc
oxide (IZO) as top electrode and using 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN) as the buffer layer. HATCN was used to protect the
active organic layers from sputter damage during the deposition of the IZO
top electrode. The detectivity of the OPDs using 220 nm thick HATCN was
comparable to that of the reported conventional OPDs with highly reflective
metal electrodes. Furthermore, the color selectivity of the OPDs as a function
of the thickness of HATCN as an optical spacer are described quantitatively
using optical simulation. The green selective transparent OPD using the 220
nm thick HATCN layer showed the transparency of 26% and 63% in the blue
region and the red region, respectively.
Secondly, a theoretical model is presented to describe the dark current density
in planar heterojunction (PHJ) OPDs, which is a combination of the
Richardson-Schottky thermionic emission for injected current density, a
Shockley diode equation for thermally generated current density and a term
for leakage current. The theoretical model not only describes the experimental
dark current densities very well obtained from five different combinations of
donor/acceptor molecules confirming the validity of the model, but also
provides the quantitative analysis of the contribution from different origins.
ii

The model can be utilized to estimate the dark current density of OPDs as
functions of the injection barriers ( B ) and the energy difference ( EDA )
between the highest occupied molecular orbital (HOMO) level of the donor
and the lowest unoccupied molecular orbital (LUMO) level of the acceptor at
a certain applied bias and establish the selection criteria of a donor material
for a given acceptor or vice versa. The theory predicted that B and EDA
should be larger than 1.32 eV and 0.8 eV, respectively, to obtain the dark
current density lower than 1010 A cm-2 at a reverse bias of 3 V.
Lastly, a theoretical model has been developed to describe the dark current
density of bulk heterojunction (BHJ) OPDs considering the extraction
efficiency and the interfacial area between the donor and the acceptor. Subphthalocyanine (SubPc):C70 and copper phthalocyanine (CuPc):C70 based BHJ
OPDs showed different major origins of the dark current density, which
explain the different behavior of the dark current density with varying the
composition of the codeposition layer. The dependence of the thermally
generated current density on the composition of the codeposition layer for the
CuPc:C70 based BHJ OPDs is interpreted in terms of the extraction efficiency
( ext ) and the interfacial area in the BHJ layer ( ABHJ ) between the donor and the
acceptor.

Keywords: organic photodetector, planar heterojunction structure, bulk
heterojunction structure, color selectivity, origin of dark current density,
theoretical model
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Chapter 1
Introduction

1.1 Motivation and outline of thesis

1.1.1 Motivation

Organic photodetectors (OPDs) are promising candidates for ultra-violet
(UV), visible, near-infrared (NIR) image sensors due to their ability to
provide low dark current, high detectivity, flexibility and large area sensing,
which can compete with the conventional inorganic photodetectors.
Moreover, due to narrow absorption spectrum of organic materials, OPDs
need no color filter system and can be used for compact, lightweight, and
high resolution full color complementary metaloxidesemiconductor
(CMOS) image sensors for digital still camera, camcorders, and so on.1,2
For these reasons, the OPDs are getting more interest and research into
OPDs are growing. However, unfortunately, the detectivity which is the one
of the important parameters of the OPDs are relatively lower than that of the
silicon based photodetector.3-15 Because the dark current density is the major
factor contributing to the detectivity,3 it should be decreased to increase the
detectivity of the OPDs. To decrease the dark current density, the origin of
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the dark current density must be identified. In addition, it is highly desirable
to develop a model describing the dark current. Furthermore, the quantitative
description and prediction of color selectivity of OPDs are needed.

1.1.2 Outline of thesis

Chapter 1 describes the motivation and outline of this thesis Working
principle of OPDs including the photocurrent density will be discussed. The
method to interpret the performance of OPDs including the incident photonto-current efficiency (IPCE), responsivity, detectivity, and color selectivity
will be presented. Finally, the issues in OPDs will be discussed.
In chapter 2, green selective transparent OPDs with high detectivity of
4.1  1012 cm Hz1/2 /W at a reverse bias of -1 V by adopting indium zinc
oxide (IZO) as top electrode and using 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN) as the buffer layer are described. This color
selective transparent OPDs are needed for high resolution full color CMOS
image sensors. HATCN was used to protect the active organic layers from
sputter damage during the deposition of the IZO top electrode. The
detectivity of the OPDs using 220 nm thick HATCN was comparable to that
of the reported conventional OPDs with highly reflective metal electrodes.
Furthermore, the color selectivity of the OPDs as a function of the thickness
of HATCN as an optical spacer are described quantitatively using optical
simulation. Experimental color selectivity agree well with the optically

2

simulated color selectivity within the average error of 4%. This implies that
the color selectivity can be predicted using optical simulation without
experiments. The green selective transparent OPD using the 220 nm thick
HATCN layer showed the transparency of 26% and 63% in the blue region
and the red region, respectively.
A theoretical model is presented in chapter 3 to describe the dark current
density in planar heterojunction OPDs. To decrease the dark current density,
it is highly desirable to develop a model describing the dark current density.
The model is a combination of the Richardson-Schottky thermionic emission
for injected current density, a Shockley diode equation for thermally
generated current density and a term for leakage current. The theoretical
model not only describes the experimental dark current densities very well
obtained from five different combinations of donor/acceptor molecules
confirming the validity of the model, but also provides the quantitative
analysis of the contribution from different origins. Furthermore, the model
can be utilized to estimate the dark current density of OPDs as functions of
the injection barriers ( B ) and the energy difference ( EDA ) between the
highest occupied molecular orbital (HOMO) level of the donor and the
lowest unoccupied molecular orbital (LUMO) level of the acceptor at a
certain applied bias. The theory predicted that B and EDA should be
larger than 1.32 eV and 0.8 eV, respectively, to obtain the dark current
density lower than 1010 A cm-2 at a reverse bias of 3 V.
In chapter 4, a theoretical model has been developed to describe the dark
3

current density of bulk heterojunction (BHJ) OPDs considering the
interfacial area between the donor and the acceptor, and the extraction
efficiency. Sub-phthalocyanine (SubPc):C70 and copper phthalo-cyanine
(CuPc):C70 based BHJ OPDs showed different major origins of the dark
current density, which explain the different behavior of the dark current
density with varying the composition of codeposition layer. The dependence
of the thermally generated current density on the composition of the
codeposition layer for the CuPc:C70 based BHJ OPDs is interpreted in terms
of the extraction efficiency ( ext ) and the interfacial area in the BHJ layer
( ABHJ ) between the donor and the acceptor.

1.2 Organic photodetectors

1.2.1 Working principle of organic photodetectors

Figure 1.1 shows the working principle of the photocurrent generation in
the OPDs. Photocarrier generation in OPDs is initiated by absorption of
photons. The electron-hole pairs which are so called excitons are tightly
bounded by exciton binding energy (around 0.2~0.3 eV). So they cannot be
dissociated by thermal energy. The electron-hole pairs can be dissociated at
the interface between the donor and the acceptor if the LUMO energy of the
acceptor lies lower than that of the donor and the HOMO energy of the

4

Figure 1.1 The working principle of the photocurrent generation in the OPDs: (1)
Absorption of photons and creation of excitons, (2) diffusion of excitons to the
interface with the acceptor, (3) dissociation of excitons into electron-hole pair, (4)
transport of electrons and holes to the electrodes, (5) collection of the carriers at the
electrodes.

5

donor lies higher than that of the acceptor by more than exciton binding
energy. After dissociation the electrons and holes diffuse or drift to the low
workfunction electrode (cathode) and the high workfunction electrode
(anode), respectively. Finally holes and electrons are collected at the
respective electrode.

1.2.2 Basic characterization of organic photodetectors

Incident photon-to-current efficiency (IPCE)

A capability of OPDs to covert light energy to electrical energy, expressed
as percentage, is the IPCE. The IPCE is the number of electrons generated
per photon at each wavelength. IPCE is used equivalently with the external
quantum efficiency (EQE).



# of colleted carrier I ph / q I ph hv


# of incident photon Pinc / hv Pinc q

(1.1)

where η, Iph, Pinc, q, h and ν represent the IPCE, the output electrical signal
(photo current), the input optical signal, the elementary charge, the Planck
constant, the frequency of the light, respectively.

Responsivity

The responsivity of a photodetector is the ratio of its output electrical

6

signal, a current Iph, to the input optical signal expressed in terms of the
incident optical power Pinc. The responsivity can be defined and correlate
with the IPCE as follows.
R

I ph
Pinc



q

(1.2)

hv

The responsivity R is expressed in terms of A/W.

Noise equivalent power and detectivity

Although the responsivity of a photodetector gives a measure of the output
signal of the detector for a given optical input signal, it does not give any
information about the sensitivity of the device. The sensitivity of the OPDs
can be defined as the minimum detectable optical input power meaning a
signal-to-noise ratio of unity. Noise equivalent power (NEP) is defined as the
minimum impinging optical power that a detector can distinguish from noise.
NEP 

in
R

(1.3)

where in represents the noise current.
The reciprocal of the NEP is referred to as the detectivity (D) of the device.
Besides depending on the signal bandwidth (Δf), D also depends on the
active area (A) of the OPDs. Normalization of D with respect to Δ f and A is
often applied to enable straight comparison of different devices in terms of
sensitivity:
7

D 

( A  F )1/2 ( A  F )1/2 R

NEP
in

(1.4)

D* is typically referred to as the specific detectivity of the OPDs and it is
commonly expressed in Jones, i.e. cm Hz1/2 /W. Even if many mechanisms
can be claimed to be sources of electronic noise inside OPDs, like Johnson
noise, shot noise or flicker noise, the shot noise from the dark currents is
commonly assumed to be the dominant contribution.3,4,6-9,11,13,15 In the frame
of this assumption, the expression of D* becomes
D 

( A  F )1/2 R
R

1/2
(2qI d  F )
(2qJ d )1/2

(1.5)

From the equation, decreasing the dark current density and increasing the
IPCE or the responsivity is important to increase the detectivity. Especially,
dark current can be dominant factor to increase the detectivity.

Color selectivity

As shown in Figure 1.2, organic materials can have the narrow absorption
spectrum in compared to the inorganic material.16-20 Due to narrow
absorption spectrum of organic materials, OPDs need no color filter system
and can be used for compact, lightweight, and high resolution full color
CMOS image sensors for digital still camera, camcorders, and so on, as
shown in Figure 1.3.1,2 For this reason, color selectivity is important
parameter to reduce the spectral crosstalk between the adjacent colors. Color
8
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Figure 1.2 Narrow absorption spectrum of organic materials in
compared to the inorganic material. Due to narrow absorption
spectrum of organic materials, OPDs need no color filter system.
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Figure 1.3 Compact, lightweight, and high resolution full color
CMOS image sensors for digital still camera, camcorders, and so on.
Due to narrow absorption spectrum of organic materials, transparent
OPDs can be stacked vertically.
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selectivity is defined as the ratio of the target signal to the undesired signal.
For example, green color selectivity can be defined as the ratio of the green
(target) signal to the red or blue (undesired) signal.
570

Green color selectivity in contrast to red color 



Rgreen d 

510
570

Green color selectivity in contrast to blue color 



650

R

red

d

(1.6)

590

Rgreen d 

510

490

R

blue

d

(1.7)

420

1.3 Issues in organic photodetectors

1.3.1 Detectivity and dark current density

The dark current density is the major factor contributing to the detectivity.
Therefore, it should be decreased to increase the detectivity of the OPDs. To
decrease the dark current density, the origin of the dark current density must
be identified.
Thermally generated current density at the donor-acceptor junction has
been proposed as an origin of the dark current density.22-25 The thermally
generated current density originated from the electron-hole pairs ( J gen ) at the
donor/acceptor (D/A) junction can be described by the Shockley diode
equation.22 The equivalent circuit model to describe the Shockley diode
equation is shown in Figure 1.4. The Shockley diode equation can be
described by

11

Figure 1.4 The equivalent circuit model of an organic photodetector. The
Shockley diode equation can be described by the equivalent circuit model.
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J  J gen  J leak


 q V  JRs    V
 J s exp 
  1 
nkT


  R p

(1.8)

where n, k, T, q, V, Rs and R p represent the diode ideality factor, the
Boltzmann constant, the temperature, the elementary charge, the applied
voltage, series resistance and parallel resistance, respectively. J s is the dark

 ΔE 
saturation current density expressed by J s  J s 0 exp   DA  where J s 0
 2nkT 
is the pre-factor. The thermally generated current density are affected by the
energy difference ( EDA ) between the HOMO level of the donor and the
LUMO level of the acceptor22, the intermolecular interaction between the
donor and the acceptor23, the interfacial area between the donor and the
acceptor,23 the reorganization energy induced by the electron transfer24, , and
the polaron pair dissociation efficiency25.
On the other hand, the injected current density was also proposed as an
origin of the dark current density. The charge injection can take place by
thermionic emission and tunneling, which can be described by the
Richardson-Schottky equation [Equation 1.9] and the Fowler-Nordheim
equation [Equation 1.10], respectively. Therefore the injection current ( J inj )
can be described by the addition of thermionic emission currents ( J th ), and
the tunneling current ( J tunn ) as follows.
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1
 


 V 2 
 

J th  B0T exp    B   s    / kT 
 d  
 





(1.9)

2
 2 d 2 3
B0  qV 
B
 
 exp  
B   kd 
3q V


(1.10)

2

J tunn






where T, B , V, d and k represent the temperature, the injection barrier
between the electrode and the organic layer, the applied voltage, the
thickness of the device and the Boltzmann constant, respectively. The
symbols B0 and βs stand for the Richardson-Dushman constant and the



3
Schottky coefficient with B0  4 qme k 2 / h3 and  s  q / 4 0



1/2

, where

q, me, h and  0 represent the elementary charge, the electron mass, the
Planck constant, and the permittivity of vacuum, respectively. The lowering
of the barrier by the applied field, so-called the Schottky effect is included
using the Schottky coefficient.  is the constant expressed by
  4 2me h .

The injected current density have been adjusted by using charge blocking
layer between the electrode and the active layer or tuning the workfunction
of the electrode.3,7,9
Figure 1.5 shows the detectivity and the dark current density of OPDs and
commercial inorganic photodetectors.3-15 Based on the effort to investigate
the origin of the dark current density and decrease the dark current density,
the detectivity of ~1012~13 cm Hz1/2 /W have been reported for the OPDs
since A. J. Heeger firstly reported the detectivity of OPDs.3 The figure shows
that the dark current density is intimately related with the detectivity of the
14
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Figure 1.5 The detectivity and the dark current density of OPDs and
commercial inorganic photodetectors. The detectivity of ~1012~13 cm
Hz1/2 /W have been steadily reported for the OPDs.
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OPDs. However, the detectivity of the OPD is lower than that of the
commercial inorganic photodetectors. To achieve higher detectivity of OPDs
than that of inorganic photodetectors, decreasing the dark current density is
needed. To decrease the dark current density, the origin of the dark current
density must be identified. In addition, it is highly desirable to develop a
model describing the dark current.

1.3.2 Color selectivity

Organic materials can have the narrow absorption spectrum in compared
to the inorganic material.16-20 Due to narrow absorption spectrum of organic
materials, OPDs need no color filter system and can be used for compact,
lightweight, and high resolution full color CMOS image sensors for digital
still camera, camcorders, and so on.1,2 For this reason, color selectivity is
another important parameter to reduce the spectral crosstalk between the
adjacent colors. Color selectivity has been controlled by using optical
spacer,26 modulating the absorption of the active materials,21 or the thickness
of the active layer.7 Furthermore, color selectivity has also been controlled
by modulating the internal quantum efficiency using thick active layer.14

16

Chapter 2
A high performance semitransparent organic
photodetector with green color selectivity

2.1 Introduction
Organic photodetector (OPD)s are promising candidates for ultra-violet
(UV), visible, near-infrared (NIR) image sensors due to their ability to
provide low dark current, high detectivity, flexibility and large area
detectivity, which can compete with the performance of conventional
inorganic photodetectors.28 Moreover, OPDs need no color filter system due
to narrow absorption spectrum of organic materials and transparent OPDs
can be used for compact, lightweight, and high resolution full color image
sensors by stacking two or more color selective OPDs vertically.1,2 In
complementary metaloxide semiconductor (CMOS) image sensors, the
transparent OPDs which detect one of three primary colors or more can be
integrated with silicon photodetectors. One of three primary colors or more
are firstly detected by the transparent OPDs and the transmitted remaining
light through the transparent OPDs are selectively detected by silicon
photodetectors combined with color filters.1,2 Thin metal electrodes such as
gold (Au) or silver (Ag) have been used in the transparent OPDs.29-32
However, the transmittance of the thin metal based OPDs is low due to high
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reflectance of thin Au and Ag film. To solve this problem, various
transparent conducting oxides (TCOs) such as indium tin oxide (ITO)33-36
and indium zinc oxide (IZO)37 have been used. The TCOs are mostly
deposited by a sputtering process and a stable buffer layer must be formed
between the TCO electrode and organic layers to protect the underlying
organic layers from damage during the sputtering process. Amorphous
carbon nitride (a-C:N)33, naphthalene tetra carboxylic anhydride (NTCDA)34,
and lithium fluoride (LiF)35 have been used as buffer layers in transparent
OPDs. However, the best performed transparent OPDs reported up to now
exhibited the detectivity of 3.2  1011 cm Hz1/2 /W at a reverse bias of -0.1 V,
32

which is poorer than the conventional OPDs with highly reflective metal

electrodes which show about ~1012~13 cm Hz1/2 /W,3,4,7,9,38 probably due to the
inappropriate thickness and type of buffer layer.
In this paper, we report a high performance green color selective
semitransparent inverted OPD with the detectivity of 4.1  1012 cm Hz1/2 /W
at a reverse bias of 1 V by using 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN) as a buffer layer to protect the organic layers
from sputter damage during the deposition of IZO.39-43 The performance is
comparable with thin metal electrode based OPDs.

2.2 Experiments
The transparent OPDs have the following structure: ITO (150
nm)/rubidium

carbonate

(Rb2CO3)
18

(1

nm)/dicyanovinyl-substituted

terthiophene derivative (DCV3T) (5 nm)/DCV3T: N,N-dimethylquinacridone (DMQA) (1:1, 110 nm)/DMQA (5 nm)/1,1-Bis-(4-methylphenyl)-aminophenyl-cyclohexane (TAPC) (15 nm)/HATCN (x nm)/ IZO
(120 nm). The 150 nm-thick ITO coated glass substrate was successively
cleaned with acetone and isopropyl alcohol. DMQA and DCV3T were used
as the donor and acceptor molecules, respectively, which absorb green light
region. Rb2CO344 and TAPC were used as the electron extraction layer and
the electron blocking layer, respectively. HATCN was used as the hole
extraction layer and also as the buffer layer to protect the active organic
layers from sputter damage during the deposition of IZO. All the organic
layers were successively deposited using thermal evaporation at the base
pressure of ~10-7 Torr without breaking the vacuum. The IZO top electrode
was fabricated by the sputtering process under a gas flow rate of 30 standard
cubic centimeters per minute (sccm) for Ar and 0.6 sccm for O2 and a
working pressure of 2 mTorr. The active area was 4 mm2 defined by a
patterned insulator on the ITO anode. After fabrication, the devices were
encapsulated using glass cans under an N2 environment. The UV-vis
absorption spectra of the films were recorded with a VARIAN Cary 5000
UV-vis spectrophotometer. The current density-voltage characteristics were
measured under AM 1.5G solar simulator illumination (Oriel) or dark
condition, and recorded with a Keithley 237 source measurement unit. The
light intensity was calibrated with a National Renewable Energy Laboratorycertified reference Si-solar cell. The incident photon to electron conversion
efficiency (IPCE) was measured with a 1000 W Xe lamp (Oriel) combined
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with a calibrated monochromator (Acton research). The intensity of the
monochromatic light was calibrated with a Si-photodiode (Newport).

2.3 Results and discussions
Figure 2.1a shows the structure of the green selective OPDs. We selected
the inverted structure because n-type based silicon photodetectors are
preferred. TAPC with high lowest unoccupied molecular orbital (LUMO)
level of 2.0 eV45 was used as an electron blocking layer to reduce the
injected dark current density from the IZO anode at a reverse bias.3,4,7 The
molecular structures and energy levels of DMQA46 and DCV3T47 are
depicted in Figure 2.1b. The offset of the LUMO levels and the highest
occupied molecular orbital (HOMO) levels between the two active materials
was estimated to be 0.8 eV and 0.6 eV, which favors efficient charge
separation.46 The relatively thick codeposited active layer of 110 nm was
selected to reduce the dark current density and increase the detectivity of the
transparent OPDs.48 Figure 2.2 shows the absorption spectra of DMQA and
DCV3T. The DMQA film has the absorption peak at 538 nm with an
absorption coefficient of 8.4  104 cm-1 and the high color selectivity. The
DCV3T film has the relatively broader absorption peak at 530 nm with
higher absorption coefficient of 3.2  105 cm-1 than the DMQA film. By
blending DMQA and DCV3T in the ratio of 1:1, an absorption peak at 527
nm with an absorption coefficient of 2.0  105 cm-1 was obtained. These
results suggest that the bulk heterojunction (BHJ) system is suitable for the
green color absorbing layer.
20

Figure 2.1 (a) The device structure of the green selective OPD using
HATCN as a buffer layer to protect the underlying organic layers from
sputter damage during the deposition of the IZO anode. (b) The
molecular structures and energy levels of DMQA and DCV3T as
donor and acceptor, respectively.
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Figure 2.2 The absorption coefficient of active materials, DMQA and
DCV3T. All the layers are deposited on the glass.
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Figure 2.3 shows the IPCE spectra of the transparent OPDs as a function of
the thickness of the HATCN layer. All the devices showed the selective
response to green light with a drastic decrease in the IPCE at longer
wavelengths over 600 nm and at shorter wavelengths below 450 nm. The
IPCE at 525 nm increased as the thickness of the HATCN layer increases
from 10 nm to 60 nm. Interestingly enough, green color selectivity7 against
blue color decreases from 1.36 to 1.13 when the thickness of the HATCN
layer increases from 60 nm to 100 nm. In contrast, the green color selectivity
against blue color increases from 1.13 to 1.61 when the thickness of the
HATCN layer further increases from 100 nm to 140 nm. This variation in the
color selectivity can be understood based on the interference effect of the
incident light in the transparent OPDs shown in Figure 2.4a and b, which
display the distributions of the optical intensity at the wavelength of 525 nm
and 450 nm, respectively.49-52 The integrated optical intensities in the active
layer of the transparent OPDs match well with results of IPCE curves. This
implies that the control of the thickness of HATCN as an optical spacer is
crucial in determining the color selectivity of the transparent OPDs.
Unfortunately, the IPCE of the device is relatively low compared to that of
the OPDs with highly reflective metal electrode. 3,4,7,9,38 This can be ascribed
to the device structure which does not have a highly reflective metal
electrode and the relatively thick co-deposited active layer of 110 nm to
reduce the dark current density thereby to increase the detectivity.
Nevertheless, it is worth noting that the IPCE in this manuscript is higher
than the reported values of transparent OPDs with high detectivity, even
23

15

5.0

HATCN 10 nm
HATCN 30 nm
HATCN 60 nm
HATCN 100 nm
HATCN 140 nm

10

2.5

DMQA:DCV3T
(1:1, 110 nm)
=450 nm
=525 nm

5

0.0

400

500

600

700

 (105 cm-1)

IPCE (%)

7.5

0

Wavelength (nm)
Figure 2.3 The IPCE spectra of the transparent OPDs at a reverse bias
of -1 V as a function of the thickness of the HATCN layer.
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Figure 2.4 (a) Optical intensity distributions of the transparent OPDs
at the wavelength of 525 nm with varying the thickness of the HATCN
layer from 60 nm to 140 nm. (b) Optical intensity distributions of the
transparent OPDs at the wavelength of 450 nm with varying the
thickness of the HATCN layer from 60 nm to 140 nm.
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though the IPCE value should be improved.32, 37 Low IPCEs of the devices
with thinner HATCN layers than 50 nm come from the incomplete protection
of the organic layer from sputter damage as reported before.39-43
Figure 2.5a shows the dark current density of the transparent OPDs as a
function of the thickness of the HATCN layer and the photocurrent density
of the transparent OPD with the 220 nm thick HATCN layer. When the
thickness of the HATCN layer increased from 10 nm to 220 nm, the
averaged dark current density at a reverse bias of 1 V decreased from 5.0

 108 A cm2 to 7.3  1011 A cm2. The low dark current in the range of
~1011 A cm2 demonstrates the ability of the HATCN layer to protect the
underlying organic layers from the sputtering damage as long as it is thicker
than 50 nm.39-43 Furthermore, this value is about 6 orders of magnitude lower
than that of the photocurrent density under AM 1.5G solar simulator
illumination, which shows high sensitivity of the transparent OPDs.
Figure 2.5b shows the detectivity of the transparent OPDs as a function
of the thickness of the HATCN layer. As the thickness of the HATCN layer
increases from 10 nm to 220 nm, the detectivity at a reverse bias of 1 V
increased by more than one order from 0.1  1012 cm Hz1/2 W1 to 4.1 
1012 cm Hz1/2 W1 due to the decreased dark current density and the
increased IPCE. The detectivity of the OPD using the 220 nm thick HATCN
layer is comparable to that of the reported OPDs with highly reflective metal
electrodes which show about ~1012~13 cm Hz1/2 W1. 3,4,7,9,38
The dark current density and green color selectivity of the organic
photodetectors as a function of the HATCN are shown in the Figure 2.6 and
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Figure 2.5 (a) The dark current density of the transparent OPDs as a
function of the thickness of the HATCN layer and the photocurrent
density of the transparent OPD with the 220 nm thick HATCN layer.
(b) The detectivity of the transparent OPDs at a reverse bias of -1 V as
a function of the thickness of the HATCN layer.
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Table 2.1 The dark current density and the green color selectivity of the OPDs as a
function of the HATCN thickness. Jd stands for the dark current density.
Dark current density

Green color selectivity

HATCN

Jd at -1 V

Jd at -3 V

thickness (nm)

(A/cm2)

(A/cm2)

10

5.0 × 10-8

20

Experiments

Simulation

1.5 × 10-6

1.26

1.39

1.7 × 10-8

6.2 × 10-7

1.49

1.49

30

8.7 × 10

1.4 × 10

-7

1.51

1.57

60

2.1 × 10-9

3.3 × 10-8

1.46

1.55

100

1.0 × 10

3.9 × 10

-9

1.13

1.24

140

4.0 × 10-10

2.3 × 10-9

1.33

1.29

180

1.8 × 10

2.5 × 10

-9

1.53

1.54

220

7.3 × 10-11

1.7 × 10-9

1.35

1.41

-9

-9

-10
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summarized in the Table 2.1. As shown in the top figure, when the thickness
of the HATCN layer increased from 10 nm to 220 nm, the averaged dark
current density at a reverse bias of 1 V (3 V) decreased from 5.0  108
A cm2 (1.5  106 A cm2) to 7.3  1011 A cm2 (1.7  109 A
cm2). The dark current density of 7.3  1011 A cm2 at a reverse bias of
1 V is the lowest value among the reported value in the literature for the
transparent OPD. In the bottom figure, the experimental and optically
simulated green color selectivity against blue color are presented, which are
varied with the HATCN thickness due to the variation of integrated optical
intensities in the active layer of the transparent OPDs.49-52 Experimental
color selectivity agree well with the optically simulated color selectivity
within the average error of 4%. This implies that the color selectivity can be
predicted using optical simulation without experiments.
Figure 2.7 shows the transparency of the OPDs in the visible light region
as a function of the thickness of the HATCN layer. For comparison, the
transmittance of ITO and IZO electrode, and an absorption coefficient of the
BHJ layer are additionally included in the figure. When the thickness of
HATCN increased from 10 nm to 220 nm, the transmittance of the OPD in
the red region (590 nm~650 nm) increased from 55% to 63%. The
transmittance of the OPD in the blue region (420 nm~490 nm) maintained
26%. The transmittance of the OPD with the 140 nm thick HATCN layer in
the green region (510 nm~570 nm) is only 18% due to the absorption of the
active materials.
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Figure 2.7 (Top) The transparency of the transparent OPDs in the
visible light region as a function of the HATCN thickness. The
transmittance of ITO and IZO electrode are also shown for
comparison. (Bottom) Absorption coefficient of BHJ layer consisted
of DMQA and DCV3T
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2.4 Conclusion
In conclusion, we fabricated green selective transparent OPDs with high
detectivity of 4.1  1012 cm Hz1/2 /W at a reverse bias of -1 V by adopting
inverted structure and using HATCN as the buffer layer to protect the active
organic layers from sputter damage during the deposition of the IZO top
electrode. The detectivity of the OPDs using 140 nm thick HATCN was
comparable to that of the reported conventional OPDs with highly reflective
metal electrodes. Furthermore, the experimental color selectivity agree well
with the optically simulated color selectivity within the average error of 4%.
This implies that the color selectivity can be predicted using the optical
simulation without the experiments. The green selective transparent OPD
using the 220 nm thick HATCN layer showed the transparency of 26% and
63% in the blue region and the red region, respectively. The relatively low
transmittance in blue region is due to absorption of active materials in the
blue region, which can be expected to be improved using appropriate
selection of the active materials which absorb only the green region.
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Chapter 3
A theoretical model to describe the dark current
density

in

planar

heterojunction

organic

photodetectors

3.1 Introduction
Organic photodetectors (OPDs) are promising candidates for ultra-violet
(UV), visible, near-infrared (NIR) image sensors due to their ability to
provide low dark current, high detectivity, flexibility and large area sensing,
which can compete with the conventional inorganic photodetectors.
Moreover, due to narrow absorption spectrum of organic materials, OPDs
need no color filter system and can be used for compact, lightweight, and
high resolution full color complementary metaloxidesemiconductor
(CMOS) image sensors for digital still camera, camcorders, and so on 1,2.
Development of high performance OPDs is needed to realize the high
resolution full color CMOS image sensors with high sensitivity. Detectivity
is an important parameter related to the sensitivity of the OPDs.3,53,54 The
dark current density is the major factor contributing to the detectivity and
should be decreased to increase the detectivity of the OPDs. To decrease the
dark current density, the origin of the dark current density must be identified.
In addition, it is highly desirable to develop a model describing the dark
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current.
Thermally generated current density at the donor-acceptor junction has
been proposed as an origin of the dark current, which are affected by the
energy difference ( EDA ) between the highest occupied molecular orbital
(HOMO) level of the donor and the lowest unoccupied molecular orbital
(LUMO) level of the acceptor22, the thickness of the active layer48, the
intermolecular interaction between the donor and the acceptor23, the
reorganization energy induced by the electron transfer24, the polaron pair
dissociation efficiency25. Potscavage et al. reported that the dark current
density at a reverse bias can be correlated quantitatively with the EDA
using a Shockley diode equation 22.
On the other hand, the injected current density was also proposed as an
origin of the dark current which can be adjusted by using charge blocking
layer between the electrode and the active layer or tuning the workfunction
of the electrode3,7,9. Further insight into the injected current density was
obtained from the description of the dark current density using only
thermionic emission55. However, there was difference between experimental
data and fitting results, especially at reverse bias. To our best knowledge,
there is no report of quantitative description of the dark current density
generally applicable to large variety of OPDs, even though the thermally
generated current density and the injected current density have been
identified as the origins of the dark current density.
In this paper, a theoretical model is developed to describe the dark current
density in planar heterojunction organic photo-detectors, which is a
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combination of the Richardson-Schottky thermionic emission for injected
current density and a Shockley diode equation for the thermally generated
current density. The theoretical model describes the experimental dark
current densities very well obtained from five different combinations of
donor/acceptor molecules.

3.2 Experiments
The 150 nm-thick Indium tin oxide (ITO) coated glass substrate was
successively cleaned with acetone and isopropyl alcohol. The substrate was
exposed to UV-O3 for 10 min before use. Lead phthalocyanine (PbPc), α,α’bis(2,2-dicyanovinyl)-quinquethiophene

(DCV5T),

sub-phthalocyanine

(SubPc), copper phthalocyanine (CuPc), and zinc phthalo-cyanine (ZnPc)
were selected as the donors possessing different injection barriers and EDA
with

fullerene

(C60)

acceptor

and

2,9-dimethyl-4,7-dipheyl-1,10-

phenanthroline (BCP) was used as the exciton blocking layer, respectively. All
the organic layers were successively deposited using thermal evaporation at
the base pressure of ~107 Torr without breaking the vacuum. The 100 nm
thick Al was deposited at a rate of 4 Å s1 as the cathode through a shadow
mask. The active area was 4 mm2, defined using a patterned insulator on the
ITO anode. After fabrication, the devices were encapsulated using glass cans
in an N2 environment. The dark current density were measured using a source
measurement unit (Keithley 237).
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3.3 Results and discussions
The structure of the OPD used to develop a model is a simple planar
structure composed of donor and acceptor layers under reverse bias whose
energy band diagram is shown in Figure 3.1a. However, use of the equation
is not limited to the simple planar structures but can be extended to more
complicated multilayer planar structures as demonstrated in the experimental
section. There are three sources of the dark current in the device: injection
currents from the cathode and the anode, the generated current at the
donor/acceptor junction and the leakage current, which can be represented
by the modified equivalent circuit in Figure 3.1b.
The charge injection can take place by thermionic emission and tunneling,
which can be described by the Richardson-Schottky equation [Equation 3.1]
and the Fowler-Nordheim equation [Equation 3.2], respectively. Therefore
the injection current ( J inj ) can be described by the addition of thermionic
emission currents of electron ( J the ) and hole ( J thh ), and the tunneling current
e
h
of electron ( J tunn
) and hole ( J tunn
) as follows.
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where T, B , V, d and k represent the temperature, the injection barrier
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(3.1)

(3.2)

Figure 3.1 (a) The structure of the OPD used to develop a model with a
simple planar structure composed of donor and acceptor layers (b) The
modified equivalent circuit used to derive a theoretical model of the
dark current density of the OPD, which is a combination of the
generated current, the injected current, and leakage current.
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between the electrode (cathode for holes and anode for electrons) and the
organic layer, the applied voltage, the thickness of the device and the
Boltzmann constant, respectively. The symbols B0 and βs stand for the
Richardson-Dushman

constant

and



3
B0  4 qme k 2 / h3 and  s  q / 4 0

the



1/2

Schottky

coefficient

with

, where q, me, h and  0

represent the elementary charge, the electron mass, the Planck constant,
and the permittivity of vacuum, respectively. The lowering of the barrier by
the applied field, so-called the Schottky effect is included using the Schottky
coefficient.  is the constant expressed by   4 2me h .
The thermally generated current originated from the electron-hole pairs ( J gen )
at the donor/acceptor (D/A) junction can be described by the Shockley diode
equation. Therefore the total current in the device can be described by
J  J gen  J leak  J inj
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 (3.3)



where n, Rs and R p represent the diode ideality factor, series resistance
and parallel resistance, respectively. J s is the dark saturation current density

 ΔE 
expressed by J s  J s 0 exp   DA  where J s 0 is the pre-factor.
 2nkT 
To confirm the validity of the model, we fabricated OPDs using thermal
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evaporation. Figure 3.2 shows the device structure and the energy diagram of
the OPDs. The energy levels are obtained from literature56-60. The devices
have the following structure: ITO (150 nm)/ PbPc (40 nm), CuPc, or ZnPc
(20 nm)/C60 (40 nm)/BCP (8 nm)/Al (100 nm), and ITO (150 nm)/DCV5T
(10 nm) or SubPc (8 nm)/C60 (35 nm)/BCP (8 nm)/Al (100 nm).
Figure 3.3 shows the measured dark current densities of the devices and the
theoretical fittings using Equation 3.3 along with those of the Shockley
diode equation only and the thermionic injection only61-66. In the theoretical
fittings, the hole injection from the Al cathode in the reverse bias was
assumed to be negligible compared to the electron injection because of the
much larger hole injection barrier (2.7 eV) at the interface between the Al
cathode (work function ~4.3 eV) and BCP (HOMO ~ 7.0 eV) than the
electron injection barriers (0.9~1.3 eV) from the ITO electrode. Tunneling
injections were also neglected because they give several orders of magnitude
lower current densities than the thermionic injection of electrons from the
anode as shown in Figure 3.4. Equation 3.3 fits the dark currents very well
for all the devices. The parameters used for the fitting are summarized in
Table 3.1. The energy barriers used for the fittings are almost the same as the
ones calculated from the energy levels shown in Figure 3.2 under the
assumption of the vacuum level alignment. Deviation of the ideality factor of
the dark current density from unity may be due to dominant trap-assisted
recombination67,68. The Shockley diode equation for the thermally generated
current describes the dark current density of the OPDs with the

39

Figure 3.2 The device structure and the energy diagram of the OPDs using five
different donors of PbPc, DCV5T, SubPc, CuPc, and ZnPc. The materials give
different electron injection barriers and the energy level differences of EDA .
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Figure 3.3 The measured dark current densities of five different devices based on (a)
CuPc, (b) ZnPc, (c) PbPc, (d) DCV5T, and (e) SubPc/ C60 heterojunctions and fits
using the new theoretical model along with the fittings using the Shockley diode
equation only and the thermionic injection only. (f) The summarization of the
measured dark current densities and the fitting results of the OPDs.
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Table 3.1 The parameters used to fit the dark current density and the expected
injection barrier from the schematic band diagram. R p , n, J s and

B represent

the parallel resistance, diode ideality factor, dark saturation current density and
injection barrier, respectively.

Rp
[Ωcm2]

n

Js

B

Expected injection

[A cm-2]

[eV]

barrier [eV]

CuPc

5  105

2.0

1.7  10-7

1.3

1.3

ZnPc

5.7  105

1.9

1.2  10-7

1.3

1.3

PbPc

9  106

1.6

1  10-8

0.94

0.9

DCV5T

2  107

3.3

1.3  10-10

1.01

1.1

SubPc

5  108

2.3

1.3  10-11

1.11

1.2
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heterojunctions of CuPc, and ZnPc/ C60 very well, indicating that the origin
of the dark current density of the OPDs with the heterojunctions of CuPc/C60
and ZnPc/C60 is the thermally generated electron-hole pairs which are
consistent with the reported results22. In contrast, the dark current density of
the OPDs with heterojunctions of PbPc, DCV5T, and SubPc/C60 cannot be
described by the Shockley diode equation or thermionic emission only. Both
the thermally generated current at the D/A junction and the injected current
from the electrode (here the anode) contribute comparably in the OPDs. The
model not only allows the prediction of the total dark current in OPDs, but
also provides the quantitative analysis of the contribution from different
origins. For instance, the dark current at low reverse bias is mostly
originated from the thermally gene3ated current. As the reverse bias
increases, the injected current becomes dominant over the generated current
in the PbPc, DCV5T, and SubPc based OPDs. Figure 3.3f summarize the
measured dark current densities and the fitting results of the OPDs. The
SubPc based OPD showed the lowest dark current density due to the high
LUMO level for the high injection barrier and the low HOMO level for the
high energy level difference EDA .
The model can be utilized to estimate the dark current density of OPDs as
functions of B and EDA at a certain applied bias. One example is shown in
Figure 3.5 calculated at a reverse bias of 3 V. We calculated also the dark
current density of OPDs as a function of B and EDA , respectively, in
Figure 3.6a and b. The J s 0 is set as 3090 A cm2, which is taken from the
Pentacene based device in literature22. The ideality factor and the thickness
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of the OPD are set as two and 50 nm, respectively. The leakage current
density is not considered in the calculation. Therefore the current densities in
Figure 3.5 correspond to the minimum achievable ones. Figure 3.5 is divided
into the lower right region where the injection current density is dominant
and the upper left region where the generation current density is dominant.
The dark current density of ~1010 A cm2 corresponding to the detection of 6
electrons s-1 m-2 requires B and EDA be larger than 1.32 eV and 0.8 eV,
respectively, at the same. Apparently all the devices in Figure 3.2 do not
satisfy one of the requirements so that the dark current densities are higher
than 1010 A cm2.
The model can also be utilized to establish the selection criteria of a donor
material for a given acceptor. For instance, the donor of a green (535 nm)
selective OPD based on C60 as the acceptor and ITO as the anode must have
the HOMO level between 5.3 eV (to have low enough generation current)
and 5.8 eV (to have high enough B >1.32 eV with the optical band gap of
2.32 eV and the work function of 4.8 eV for ITO) to have the dark current
density lower than 1010 A cm2 at 3 V.
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3.4 Conclusion
A theoretical model has been developed to describe the dark current
density of planar hetero-junction OPDs, which is the summation of the
injection current from the electrodes, the thermally generated current at the
donor/acceptor junction and the leakage current, respectively. The validity of
the model was confirmed by the experimental data from the OPDs
possessing different B ’s and EDA ’s, identifying that thermionic emission
from the electrodes and the generated electron-hole pairs at the
donor/acceptor junction are the origin of the dark current in the OPDs. The
model can be utilized to estimate the dark current density of OPDs as
functions of B and EDA at a certain applied bias and establish the
selection criteria of a donor material for a given acceptor or vice versa. The
theory predicted that B and EDA should be larger than 1.32 eV and 0.8
eV, respectively, to obtain the dark current density lower than 1010 A cm-2 at
a reverse bias of 3 V.
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Chapter 4
The origin of the dark current density of bulk
heterojunction organic photodetectors

4.1 Introduction
Organic photodetectors (OPDs) are promising candidates for ultra-violet
(UV), visible, near-infrared (NIR) image sensors due to their ability to
provide low dark current, high detectivity, flexibility and large area
detectivity,

which

can

compete

with

the

conventional

inorganic

photodetectors. Moreover, due to narrow absorption spectrum of organic
materials, OPDs need no color filter system and can be used for compact,
lightweight, and high resolution full color complementary metaloxide
semiconductor (CMOS) image sensors for digital still camera, camcorders,
and so on.1,2
Bulk heterojunction (BHJ) structure have been popularly used in OPDs
and organic photovoltaics (OPVs) to increase the incident photon to electron
conversion efficiency (IPCE) by increasing the interfacial area between the
donor and the acceptor, and overcoming the trade-off between the absorption
length (~100 nm) and the exciton diffusion length (~10 nm).3-15, 69
Detectivity is an important parameter related to the sensitivity of the
OPDs. 3,53,54 The dark current density is the major factor contributing to the
detectivity and should be decreased to increase the detectivity of the OPDs.
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Therefore, there have been the efforts to investigate the origin of the dark
current density and decrease the dark current density of BHJ OPDs.
Generated current density at the donor-acceptor junction and the injected
current density have been identified as origins of the dark current density.
Generated current density is related to the energy difference ( EDA ) between
the highest occupied molecular orbital (HOMO) level of the donor and the
lowest unoccupied molecular orbital (LUMO) level of the acceptor,22 the
intermolecular interaction between the donor and the acceptor,23 the
reorganization energy induced by the electron transfer,24 the interfacial area
between the donor and the acceptor,23 and the polaron pair dissociation
efficiency25. The injected current density is a function of the injection barrier,
the electric field and the temperature, which can be adjusted by using charge
blocking layer between the electrode and the active layer or tuning the
workfunction of the electrode3,7,9.
Based on these efforts, the detectivity of ~1012~13 cm Hz1/2 /W have been
steadily reported for the OPDs since A. J. Heeger firstly reported the
detectivity of OPDs.3-15 However, the detectivity of the OPD seems to be
stagnant and is lower than that of the commercial inorganic photodetectors.
To achieve higher detectivity of OPDs than that of inorganic photodetectors,
it is highly desirable to develop a model describing the dark current density
of the BHJ OPDs. To our best knowledge, there is no report of quantitative
description of the dark current density generally applicable to BHJ OPDs.
In this paper, a theoretical model is developed to describe the dark current
density of BHJ OPDs, considering the extraction efficiency for charges and
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the interfacial area between the donor and the acceptor. Sub-phthalocyanine
(SubPc) and copper phthalocyanine (CuPc) were selected as the donors
possessing different injection barriers and EDA with C70 acceptor.58,59
SubPc:C70 and CuPc:C70 based BHJ OPDs showed different major origins of
the dark current density, which explain the different behavior of the dark
current density with varying the composition of the codeposition layer.
Bimolecular Langevin recombination67,68 for the thermally generated
electron-hole pairs is dominant for the CuPc:C70 based BHJ OPDs, leading
to low extraction efficiency and dark current density. Finally, we
demonstrated BHJ organic OPDs with high detectivity of 1.1  1013 cm Hz1/2
W1 at a reverse bias of 1 V by using SubPc as the donor possessing low
HOMO level and high LUMO level to increase energy level difference ( EDA )
and injection barrier.

4.2 Experiments
The 150 nm-thick Indium tin oxide (ITO) coated glass substrate was
successively cleaned with acetone and isopropyl alcohol. The substrate was
exposed to UV-O3 for 10 min before use. All the organic layers were
successively deposited using thermal evaporation at the base pressure of
~107 Torr without breaking the vacuum. The evaporation rate for the
organic layers was 0.1~0.5 Å s1. The 100 nm thick Al was deposited at a
rate of 4 Å s1 as the cathode through a shadow mask. The active area was
4 mm2, defined using a patterned insulator on the ITO anode. After
fabrication, the devices were encapsulated using glass cans in an N2
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environment. The UV-vis absorption spectra of the films were recorded with
a VARIAN Cary 5000 UV-vis spectrophotometer. The current densityvoltage characteristics were measured under AM 1.5G solar simulator
illumination (Oriel) or dark condition, and recorded with a Keithley 237
source measurement unit. The light intensity was calibrated with a National
Renewable Energy Laboratory-certified reference Si-solar cell. The IPCE
was measured with a 1000 W Xe lamp (Oriel) combined with a calibrated
monochromator (Acton research). The intensity of the monochromatic light
was calibrated with a Si-photodiode (Newport).

4.3 Results and discussions
The structure of the OPD used to develop a model is a simple BHJ
structure composed of donor and acceptor molecules under reverse bias
whose energy band diagram is shown in Figure 4.1a. However, use of the
equation is not limited to the simple BHJ structures but can be extended to
more complicated multilayer BHJ structures as demonstrated in the
experimental section. There are three sources of the dark current in the
device: injection currents (

J inj

) from the cathode and the anode, the

generated current ( J gen ) at the donor/acceptor junction and the leakage
current ( J leak ).
The theoretical model which was used to describe the dark current
density of the planar hetero-junction (PHJ) OPD is modified to describe the
dark current density of the BHJ OPD by considering the increased interfacial
area between the donor and the acceptor, and the extraction efficiency. The
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Figure 4.1 (a) The structure of the OPD used to develop a model with
a simple BHJ structure composed of donor and acceptor molecules (b)
The device structure of the OPDs. SubPc and CuPc were selected as
the donors possessing different injection barriers and EDA with C70
acceptor.
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total dark current density in the device can be described by
J  J gen  J leak  J inj
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where n, k, T, q, V, Rs ,

Rp

, B and d represent the diode ideality

factor, the Boltzmann constant, the temperature, the elementary charge, the
applied voltage, series resistance, parallel resistance, the injection barrier
between the electrode (cathode for holes and anode for electrons) and the
organic layer, and the thickness of the device, respectively.

J s , BHJ

saturation

expressed

current

density

of

the

BHJ

OPD

is the dark
by

 ΔE 
J s , BHJ  J s 0 exp   DA  where J s 0 is the pre-factor. The symbols B0 and
 2nkT 

 s stand for the Richardson-Dushman constant and the Schottky coefficient

with

B0  4 qmek 2 / h3

and s   q3 / 4 0  , where me , h and  0 represent
1/ 2

the electron mass, the Planck constant and the permittivity of vacuum,
respectively. The lowering of the barrier by the applied field, so-called the
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Schottky effect is included using the Schottky coefficient.
expressed by

 is the constant

  4 2me h .

When compared with the generated current density of the PHJ OPD, the
generated current density of the BHJ OPD may be increased with the
increased interfacial area, but on the other hand, the generated current
density may be recombined and decreased when considering the morphology
or the path for charges in the BHJ layer; for such a reason, dark saturation
current density of the BHJ OPD ( J s , BHJ ) is expressed in terms of the
extraction efficiency (  ), the interfacial area in the BHJ layer ( ABHJ ) and in
the PHJ layer ( APHJ ) between the donor and the acceptor. ABHJ may be larger
than APHJ , which can be defined as the active area of the cell (4 mm2).
To confirm the validity of the model, we fabricated OPDs using thermal
evaporation. SubPc and CuPc were selected as the donors possessing
different injection barriers and EDA with C70 acceptor.58,59 The BHJ OPDs
which is shown in Figure 4.1b have the following structure: ITO (150
nm)/CuPc (15 nm)/CuPc: C70 (60 nm)/C70 (10 nm)/2,9-dimethyl-4,7-dipheyl1,10-phenanthroline (BCP) (8 nm)/Al (100 nm), and ITO (150 nm)/SubPc (7
nm)/SubPc: C70 (60 nm)/C70 (10 nm)/BCP (8 nm)/Al (100 nm).
Figure 4.2 shows the measured dark current densities of the devices
with varying the composition (3:1, 1:1, 1:3, 1:5 for donor:acceptor) of the
codeposition layer. Interestingly enough, SubPc:C70 (Figure 4.2a) and
CuPc:C70 (Figure 4.2b) based BHJ OPDs showed the different behavior of
the dark current density with varying the composition of the codeposition
layer. The dark current density of SubPc:C70 based BHJ OPD at reverse bias
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Figure 4.2 The measured dark current densities of (a)
SubPc:C70 and (b) CuPc:C70 based BHJ OPDs with varying
the composition of the codeposition layer. SubPc:C70 and
CuPc:C70 based BHJ OPDs showed the different behavior
of the dark current density with varying the composition of
the codeposition layer.
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are almost same with varying the composition of the codeposition layer. On
the other hand, the dark current density of CuPc:C70 based BHJ OPD at
reverse bias increase with volume fraction of C70.
To interpret this phenomenon, theoretical fitting using Equation 4.1 was
performed. The measured dark current densities of the SubPc:C70 based
devices and the theoretical fittings using Equation 4.1 along with those of the
Shockley diode equation only and the thermionic injection only are shown in
Figure 4.3. In the theoretical fittings, the thermionic emission of hole from
the Al cathode and tunneling injections in the reverse bias was assumed to be
negligible compared to the thermionic emission of electron from the ITO
anode as shown in chapter 3. The parameters used for the fitting are
summarized in Table 4.1. The energy barriers used for the fittings are almost
same as the ones calculated from the energy levels under the assumption of
the vacuum level alignment.56-60 Deviation of the ideality factor of the dark
current density from unity may be due to Langevin recombination and trapassisted recombination.67,68 As shown in Figure 4.3, thermionic emission is
the major origin of the dark current density of SubPc:C70 based BHJ OPDs.
Therefore, the dark current density of SubPc:C70 based BHJ OPDs at reverse
bias with varying the composition of the codeposition layer are almost same
due to same injection barrier.
Figure 4.4 shows the measured dark current densities of the CuPc:C70
based devices with varying the composition of the codeposition layer and the
theoretical fittings (Figure 4.4a) using Equation 4.1 along with those of the
Shockley diode equation only (Figure 4.4b) and the thermionic injection
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Table 4.1 The parameters used to fit the dark current density and the expected
injection barrier from the schematic band diagram. R p , n, J s and  B represe
nt the parallel resistance, diode ideality factor, dark saturation current density
and injection barrier, respectively.
RP

[Ωcm2]

n

Js

B

Expected injection

[A cm-2]

[eV]

barrier [eV]

SubPc:C70

1  109

1.6

1.4  10-11

1.1

1.2

CuPc:C70 (3:1)

3  107

1.6

6.4  10-9

1.0

1.3

CuPc:C70 (1:1)

5  106

1.5

1.8  10-8

1.0

1.3
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2  106

1.5

9.6  10-8

1.0

1.3
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1.0
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Figure 4.4 (a) The measured dark current densities of the CuPc:C70 based devices
with varying the composition of the codeposition layer and the theoretical fittings
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the thermionic injection only. Thermally generated current density is the major
origin of the dark current density.
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only (Figure 4.4c). The parameters used for the fitting are summarized in
Table 4.1. In addition, the parameters used for the fitting of the dark current
density of CuPc/C70 based PHJ device are inserted for comparison. The PHJ
OPDs have the following structure: ITO (150 nm)/CuPc (15 nm)/C70 (40
nm)/BCP (8 nm)/Al (100 nm). The ideality factor of the dark current density
varies from 2.2 for PHJ OPD to 1.5 for BHJ OPDs, indicating that the
recombination mechanism of the devices varies from trap-assisted
recombination for PHJ OPD to Langevin recombination and trap-assisted
recombination for BHJ OPDs.67,68 The energy barriers used for the fittings
are almost same as the ones calculated from the energy levels when
considering the vacuum level shift of 0.3 eV between ITO anode and CuPc
donor layer in the literature.70 As shown in Figure 4.4a and b, the dark
current density and thermally generated current density of CuPc:C70 based
BHJ OPD at reverse bias increase with volume fraction of C70. In contrast to
the SubPc:C70 based OPD, thermally generated current density is the major
origin of the dark current density of CuPc:C70 based BHJ OPD. Thermionic
emission is same with varying the composition of codeposition layer due to
same injection barrier. More interestingly, dark saturation current density
increase from 6.4



10-9 A/cm2 to 1.3



10-7 A/cm2 when the composision

of the codeposition layer for donor:acceptor varies from 3:1 to 1:5.
The dependence of the dark saturation current density and the thermally
generated current density on the composition of the codeposition layer is
interpreted in terms of the extraction efficiency (  ), the interfacial area in the
BHJ layer ( ABHJ ) and in the PHJ layer ( APHJ ) between the donor and the
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acceptor in Figure 4.5. The interfacial area between the donor and the
acceptor in the BHJ layer was roughly calculated from the reported size of
CuPc and C60 nanograin.71,72 We assumed that the interfacial area is same as
the surface area of nanograins whose volume fraction is small. Kim et al.
reported that the average diameter of the disk shaped CuPc nanograin was
20.4 nm and the height of that was 4.0 nm when the composition of CuPc
and C60 is 1:1 using grazing incidence X-ray small angle scattering
(GISAXS). Furthermore, obvious phase separation of CuPc and C60 was
reported by scanning electron microscopy (SEM) images when the
composition of CuPc and C60 is 3:1, which could reduce the interfacial area
significantly. The extraction efficiency was calculated using Equation 4.3
obtained from Equation 4.1 and Equation 4.2.
ext , BHJ APHJ J s , BHJ

ext , PHJ ABHJ J s , PHJ

(4.3)

Figure 4.5a shows the interfacial area between the donor and the
acceptor in the BHJ layer and in the PHJ layer. For the composition of 1:1
(CuPc:C70), the interfacial area in the BHJ layer is largest maybe due to the
highest probability to interact between the donor and the acceptor. The
interfacial area in the BHJ layer is larger than the interfacial area in the PHJ
layer, which could increase the dark current density of BHJ OPDs. However,
the thermally generated (or dark) current density of BHJ OPDs is lower than
the thermally generated (or dark) current density of PHJ OPDs (Table 4.1
and Figure 4.6). This observation motivated us to investigate in greater detail
the extraction efficiency of the OPDs. Figure 4.5b show the ratio of the
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Figure 4.5 (a) The interfacial area between the donor and the
acceptor in the BHJ layer with varying the composition of the
codeposition layer and the interfacial area in the PHJ layer. (b) The
recombination constant between the donor and the acceptor in the
BHJ layer calculated from Equation 4.3.

63

Current density (A/cm2)

10

1

10

-1

10

-3

10

-5

10

-7

10

-9

10

BHJ OPD
CuPC:C70 (3:1)
CuPC:C70 (1:1)
CuPC:C70 (1:3)
CuPC:C70 (1:5)
PHJ OPD
CuPc/C70

-11

-3

-2

-1

0

1

2

3

Voltage (V)
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extraction efficiency for BHJ OPDs to the extraction efficiency for PHJ
OPDs in dark condition calculated from Equation 4.3. For the composition
of 1:1 (CuPc:C70), the recombination constant in the BHJ layer is largest
maybe due to the Langevin recombination and the highest interfacial area
between the donor and the acceptor, which could decrease the thermally
generated (or dark) current density. This implies that the control of the
composition and morphology of codeposition layer is crucial in determining
the interfacial area and the extraction efficiency, which affect the dark
current density of the BHJ OPDs. Interestingly, the ratio of the extraction
efficiency for BHJ OPDs to the extraction efficiency for PHJ OPDs in dark
condition have very low value of ~10-3~-4, leading to lower dark current
density of BHJ OPDs compared to the PHJ OPDs. We interpreted this
phenomenon using the extraction efficiency under illumination and
recombination charateristics.
Figure 4.7 shows the extraction efficiency under illumination. The
extraction efficiency under illumination is obtained from the electrical loss
using the experimental IPCE and the optically simulated IPCE.65 The
extraction efficiency under illumination is maybe attributed to the path for
charges in the codeposition layer.
Figure 4.8a and b show the light intensity (I) dependent short circuit
current density (Jsc) and the recombination characteristics for photocurrent
density.73,74 From the equation 4.4, recombination characteristics for
photocurrent density can be obtained.
J SC  I 

(4.4)
65
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Figure 4.7 The extraction efficiency under illumination.
The extraction efficiency under illumination is obtained
from the electrical loss using the experimental IPCE and the
optically simulated IPCE.
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  1 means that the monomolecular recombination is dominant and

  0.5 means that the bimolecular recombination is dominant. From the
Figure 4.8b, the monomolecular recombination is dominant for both of BHJ
OPD and PHJ OPD.
Figure 4.9a summarizes the ratio of the extraction efficiency for BHJ
OPDs to the extraction efficiency for PHJ OPDs under illumination and in
dark condition. Figure 4.9b shows the recombination characteristics for
photocurrent density and dark current density. The recombination
characteristics for photo current density is the monomolecular recombination
for both of BHJ OPD and PHJ OPD. In contrast, the recombination
mechanism of the devices varies from trap-assisted recombination for PHJ
OPD to Langevin recombination and trap-assisted recombination for BHJ
OPDs. The lower ratio of the extraction efficiency in dark condition
compared to under illumination can be attributed bimolecular Langevin
recombination of thermally generated electron hole-pairs for the CuPc:C70
based BHJ OPDs, leading to low dark current density.
To further decrease the dark current density and increase the detectivity of
the BHJ OPD,48 the investigation into the dark current density and the
detectivity as a function of the thickness of the BHJ layer was conducted.
SubPc was selected as the donor possessing low HOMO level and high
LUMO level to increase energy level difference ( EDA ) and injection barrier.
As shown in Figure 4.10a, when the thickness of codepostion layer increase
from 60 nm to 140 nm, the averaged dark current density at a reverse bias of
1 V decreased from 3.1



109 A cm2 to 1.1
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109 A cm2. The
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Figure 4.9 (a) The ratio of the extraction efficiency for BHJ

OPDs to the extraction efficiency for PHJ OPDs under
illumination and in dark condition. (b) The recombination
characteristics for photocurrent density and dark current density.

69

decrease in dark current density is due to the decrease in the thermionic
emission from the Schottky effect and increase in parallel resistance (Table
4.2). Figure 4.10b shows the detectivity of the BHJ OPD as a function of the
thickness of the BHJ layer. As the thickness of the BHJ layer increases from
60 nm to 140 nm, the detectivity at a reverse bias of 1 V increased from 0.8


1013 cm Hz1/2 W1 to 1.1



1013 cm Hz1/2 W1 due to the decreased dark

current density and the increased IPCE. The detectivity of the OPD using the
140 nm thick BHJ layer is one of the highest reported values which show
about ~1012~13 cm Hz1/2 W1.

70

Current density (A/cm2)

(a) 101
10

-1

10

-3

10

-5

10

-7

10

-9

10

-11

10

-13

-3

SubPc:C70
60 nm
100 nm
140 nm

-2

-1

0

1

2

3

Voltage (V)

(b)

1.5

13
Detectivity (10 cm Hz1/2/W)

Codeposition layer

1.0

60 nm
80 nm
100 nm
120 nm
140 nm

0.5

0.0

400

500

600

700

wavelength (nm)

Figure 4.10 (a) The dark current density of the BHJ OPDs as a
function of the thickness of the BHJ layer. (b) The detectivity of the
BHJ OPDs at a reverse bias of 1 V as a function of the thickness of
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Table 4.2 The parameters used to fit the dark current density and the expected
injection barrier from the schematic band diagram. R p , n, J s and B represent
the parallel resistance, diode ideality factor, dark saturation current density and
injection barrier, respectively.

Rp

n
2

Js

B

[A cm-2]

[eV]

[Ωcm ]

Expected
injection
barrier [eV]

SubPc:C70 60 nm

1  109

1.6

1.4  10-11

1.1

1.2

SubPc:C70 100 nm

2  109

1.7

1.4  10-11

1.1

1.2

SubPc:C70 140 nm

5  109

1.7

1.4  10-11

1.1

1.2
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4.4 Conclusion
A theoretical model is developed to describe the dark current density of
BHJ OPDs, considering the extraction efficiency for charges and the
interfacial area between the donor and the acceptor. SubPc and CuPc were
selected as the donors possessing different injection barriers and EDA with
C70 acceptor. SubPc:C70 and CuPc:C70 based BHJ OPDs showed different
major origins of the dark current density, which explain the different
behavior of the dark current density with varying the composition of the
codeposition layer. Bimolecular Langevin recombination is dominant for the
CuPc:C70 based BHJ OPDs, leading to low extraction efficiency and dark
current density. Finally, we demonstrated BHJ organic OPDs with high
detectivity of 1.1  1013 cm Hz1/2 W1 at a reverse bias of 1 V by using
SubPc as the donor possessing low HOMO level and high LUMO level to
increase energy level difference ( EDA ) and injection barrier.
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Chapter 5
Summary and Conclusion

In this thesis, the color selectivity of the organic photodetectors (OPD)s as
a function of the thickness of an optical spacer are described quantitatively
using optical simulation. A theoretical model is presented to describe the
dark current density in planar heterojunction (PHJ) OPDs and bulk
heterojunction (BHJ) OPDs. Based on these efforts, we try to provide design
rules for OPDs with high detectivity and high color selectivity.
Firstly, in chapter 2, we fabricated green selective transparent OPDs with
high detectivity of 4.1  1012 cm Hz1/2 /W at a reverse bias of -1 V by
adopting indium zinc oxide (IZO) as top electrode and using 1,4,5,8,9,11hexaazatriphenylene-hexacarbonitrile (HATCN) as the buffer layer. This
color selective transparent OPDs are needed for high resolution full color
complementary

metaloxidesemiconductor

(CMOS)

image

sensors.

HATCN was used to protect the active organic layers from sputter damage
during the deposition of the IZO top electrode. The detectivity of the OPDs
using 220 nm thick HATCN was comparable to that of the reported
conventional OPDs with highly reflective metal electrodes. Furthermore, the
color selectivity of the OPDs as a function of the thickness of HATCN as an
optical spacer are described quantitatively using optical simulation.
Experimental color selectivity agree well with the optically simulated color
selectivity within the average error of 4%. This implies that the color
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selectivity can be predicted using optical simulation without experiments.
The green selective transparent OPD using the 220 nm thick HATCN layer
showed the transparency of 26% and 63% in the blue region and the red
region, respectively.
In chapter 3, a theoretical model is presented to describe the dark current
density in PHJ OPDs. The model is a combination of the RichardsonSchottky thermionic emission for injected current density, a Shockley diode
equation for thermally generated current density and a term for leakage
current. The theoretical model not only describes the experimental dark
current densities very well obtained from five different combinations of
donor/acceptor molecules confirming the validity of the model, but also
provides the quantitative analysis of the contribution from different origins.
Furthermore, the model can be utilized to estimate the dark current density
of OPDs as functions of the injection barriers ( B ) and the energy difference
( EDA ) between the highest occupied molecular orbital (HOMO) level of
the donor and the lowest unoccupied molecular orbital (LUMO) level of the
acceptor at a certain applied bias. The theory predicted that B and EDA
should be larger than 1.32 eV and 0.8 eV, respectively, to obtain the dark
current density lower than 1010 A cm-2 at a reverse bias of 3 V.
In chapter 4, a theoretical model has been developed to describe the dark
current density of BHJ OPDs considering the interfacial area between the
donor and the acceptor, and the extraction efficiency. Sub-phthalocyanine
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(SubPc):C70 and copper phthalo-cyanine (CuPc):C70 based BHJ OPDs
showed different major origins of the dark current density, which explain the
different behavior of the dark current density with varying the composition
of codeposition layer. The dependence of the thermally generated current
density on the composition of the codeposition layer for the CuPc:C70 based
BHJ OPDs is interpreted in terms of the extraction efficiency ( ext ) and the
interfacial area in the BHJ layer ( ABHJ ) between the donor and the acceptor.
Our results indicates that selecting appropriate materials absorbing
specific color is important for high color selectivity of OPDs. Furthermore,
device structure for high color selectivity can be predicted using optical
simulation without experiments.
The dark current density is the major factor contributing to the detectivity,
it should be decreased to increase the detectivity of the OPDs. To decrease
the dark current density, the origin of the dark current density must be
identified. Injected current density, thermally generated current density, and
leakage current have been identified as origins of dark current density. Based
on these origins, theoretical models have been developed to describe the
dark current density of PHJ and BHJ OPDs. The dark current density can be
described and predicted using the model by modulating the injection barriers,
the energy difference ( EDA ), the interfacial area between the donor and the
acceptor, and the extraction efficiency.
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초

록

유기광검출기는 값싸고 간편한 공정, 높은 유연성 등 유기물
자체의 좋은 특성으로 인해 전세계적으로 많은 연구가 진행되고
있다. 특히 유기광검출기는 원하는 파장의 빛을 선택적으로 검출할
수 있어서 컬러필터가 따로 필요하지 않을 수 있으며, 조밀하고
가벼우며 높은 해상도를 가진 이미지 센서를 구현할 수 있다.
하지만
실리콘

아직까지

유기광검출기의

광검출기의

광검출능력

광검출능력보다

낮다.

(detectivity)은
광검출능력은

어둠전류밀도와 밀접하게 연관되어 있기 때문에 어둠전류밀도의
근원을 밝히고, 어둠전류밀도에 대한 이론적인 모델을 세우는 것이
중요하다. 또한 유기광검출기의 색선택성을 이론적으로 모사할 수
있다면 실험적 검증없이 색선택성을 예상할 수 있다. 따라서 본
학위

논문에서는

유기광검출기의

어둠전류의

이론적

모델을

세우고 색선택성을 이론적으로 모사하고자 하였다. 이를 통해 높은
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광검출능력과 색선택성을 가진 유기광검출기를 위한 가이드라인
또는 설계규칙을 제시해 주고자 하였다.
먼저 투명한 indium zinc oxide (IZO) 를 상부전극으로 적용하고
1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HATCN) 을 완충층
으로 적용하였다. 이를 통해 높은 수준의 4.1 × 1012 cm Hz1/2 /W 의
광검출능력을
구현하였다.
성능이다.

보여주고
이는

또한

있는

반투명한

반사전극을

사용한

색선택성을

광학계산을

녹색

광검출기를

유기광검출기와
통해

비슷한

실험적으로

예측함으로써 향후 실험적 검증없이 색선택성을 예상할 수 있는
기틀을 마련하였다.
두 번째로 평면 이종접합 유기광검출기에서 어둠전류밀도에
대한 이론적 모델을 세웠다. 그리고 주입장벽과 에너지 준위
차이(ΔEHL)가

다른

다섯

가지

전자공여체를

사용하여

실험적

검증을 하였다. 위 실험적 검증을 통해 어둠전류밀도의 근원이
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열적으로 생성된 전류밀도와 주입전류밀도라는 것을 보여주었다.
또한 위 이론적 모델을 이용해 어둠전류밀도를 예상하였다.
마지막으로 혼합 이종접합 유기광검출기에서 어둠전류밀도에
대한 이론적 모델을 세웠다. Sub-phthalocyanine (SubPc):C70 와 copper
phthalocyanine (CuPc):C70 기반의 혼합 이종접합 유기광검출기에서
조성에 따라 어둠전류밀도가 다른 거동을 보여 주었다 이것은 각
소자의 어둠전류밀도에 대한 다른 근원으로 설명할 수 있었다.
특히 CuPc:C70 소자에서 조성에 따른 어둠전류밀도의 변화는 혼합
이종접합층에서의 계면적과 전하 추출 효율로 설명할 수 있었다.

주요어: 유기광검출기, 평면 이종접합 구조, 혼합 이종접합 구조,
색선택성, 어둠전류밀도의 근원, 이론적 모델

학번: 2012-30726
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