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Abstract
Effect of charge blocking layer
for enhancing detectivity

In near infrared organic photodetectors

Eun-Ji Lee
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Potential of organic semiconductors was proved as the development
of organic light emitting diodes (OLEDs) used in many areas of our life.
Interest in organic photodetectors is also increasing thanks to an
advantage of organic materials such as low process cost, using flexible
substrate, wavelength selectivity by designing a molecular structure.

Organic photodetectors (OPDs) can be applied in various fields



depending on the absorption wavelength region. Near-infrared
photodetectors have the various application of NIR camera, organ
implant, motion detector, and remote controller. However, NIR OPDs
have a drawback in terms of small bandgap causing high dark current
density, namely noise in OPDs. Noise stand out particularly in the
photoconductive mode of photodetectors in which an external voltage is
applied. An increase in the dark current reduces the detectivity and it is
important to improve the detectivity without decreasing the efficiency.

For enhancing the detectivity of OPDs it is required to reduce dark
current density and increase external quantum efficiency. The dark
current density is originated from the injected carrier from the electrode
and thermally generated carrier in the PN junction and leakage current
in devices. Reducing the dark current by blocking this flow of charge is
important to improve the detectivity.

In this study, we introduced organic materials as charge blocking
layers (CBLs) on inverted-structure NIR OPDs to investigate the origin
of the dark current density. Depending on CBLs with various molecular
energy levels, characteristics of OPDs is different. The deeper HOMO
of the charge blocking layer is, the lower the dark current density is. With
inserting 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) between anode
and donor the dark current density was reduced up to 164 nA/cm? and

EQE also increased from 25.1% to 29.3%. High detectivity of 1.06 x10*?



cm? Hz/W at 970 nm under a reverse bias of -3V was obtained. The low
dark current density was obtained due to low HOMO and high LUMO
level of CBP working as energetic barriers on the injected charge from
the electrode and thermally generated charge at PN junction respectively.

Other figure of merits including linear dynamic range, cut off
frequency, and response time were compared depending on used CBL.
The linear region was also longest in the device with CBP due to the low
dark current density. However, using charge blocking layers resulted in
increased response time compared with the device without CBL because
the charge extraction was delayed due to the increase of device thickness
and accumulation at the organic interface. Similarly, the cut-off
frequency was reduced compared with the device without CBL but high
mobility of CBL compensated loss of frequency response.

In this study, we could know the effect of the charge blocking layer
on the characteristics of the organic photodetector and it will be useful
for the study of material and development of device structure in the

future.

Keywords: charge blocking layer, organic photodetector, enhancing
detectivity, molecular orbital level, inverted near-infrared photodetector,

origin of dark current
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Chapter 1. Introduction

1.1 Motivation and outline of thesis

1.1.1 Motivation

Organic photodetectors (OPDs) have received a lot of attention due
to advantages such as using flexible substrate, color selectivity,
lightweight.

Especially, near-infrared OPDs have various application to CMOS
image sensor,>23 NIR camera, and artificial organ like retinal implants.*
However, NIR OPDs has low bandgap for absorbing NIR light and its
detectivity is relatively low due to high dark current density compared to
UV-vis OPDs. Low bandgap causes increasing dark current density
consisting of injected charge from the electrode and thermally generated
charge at the interface of donor and acceptor.

Therefore, in many papers, the dark current density and the detectivity
measured at zero or low bias e.g. -1V have been reported.
Photoconductive mode OPDs have the advantage such as high speed and
efficiency but, noise, dark current, is also high due to external bias. But
OPDs as image sensor are required to combine with transistors and the

photoconductive mode is more preferred for high speed. As mentioned,

1]



NIR OPDs have low detectivity and lowering dark current density is
required for high detectivity.
The detectivity of photodetectors will be enhanced if the dark current
density decrease and EQE increase. Reducing dark current is important
on the detectivity in photoconductive mode OPDs because increasing
bias increases not only EQE but also dark current density.

In this thesis, we will introduce charge blocking layer for reducing
the dark current density in NIR OPDs. It was founded that not only
injection carrier from electrode but also thermally generated carrier at

the interface between donor and acceptor contribute to the dark current.

1.1.2 Outline of thesis

In chapter 1, the brief introduction of the organic photodetector
including the general working mechanism and the figure of merits were
described. Figure of merits included responsivity, detectivity, linear
dynamic range, cut off frequency, and response time. Additionally,

reviews on organic photodetectors were listed.

In chapter 2, we introduced charge blocking layers to reduce dark
current density. High LUMO level of CBL blocked injected electron and
low HOMO level also suppressed hole flow. Interestingly, the dark
current density decreased as the HOMO level is deeper. The dark current

density was reduced to 164nA/cm? at -3V when CBP was used as the
1] 3 1]
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charge blocking layer. Also, EQE increased due to increased hole
transport properties between CBP and HATCN. It resulted in the high

detectivity of 1.06 x10'? cm? Hz/W at 970 nm and -3V

In chapter 3, the additional figure of merits were measured and
compared to the devices. The linearity of photocurrent to light intensity,
frequency response, and response time were measured. The linearity of
OPDs was also enhanced with inserting charge blocking layer due to
reduced dark current density. But, it affects badly on frequency response
and response time. Instead, as higher mobility of the charge blocking
layer is, the smaller loss of frequency response is. This study could

propose criteria on selecting charge blocking layer in OPDs.



1.2 Organic photodetectors

1.2.1 Photodetectors

Photodetectors are sensors of light or electromagnetic radiation. Many
types of photodetectors are grouped by a mechanism such as
photoemission, semiconductor, thermal, photochemical properties.
Photodetectors using photodiode have more high electrical conductivity
when illuminated. These devices can be used as a CMOS image sensor
in a digital camera, night vision imager, and spectroscopy. Figure 1.1.
shows a) image sensor and b) picture captured with Vis-NIR camera.
Organic photodetectors to be described in this study use organic

materials as semiconductors.

1.2.2 Working principles of organic photodetectors

Organic photodetectors using photodiode convert optical signal to
electric signal. Organic photovoltaic device consists of conductive
electrodes at both sides and organic active layers between them. When
light is illuminated to photo-active organic layer, electrons in the HOMO

level are excited by absorbing photon and go to the LUMO level



Figure 1.1 a) CMOS image sensor, according to Coventor Blog by
Marketing Wed, June 14, (2017) b) images captured in color imaging
mode (Left) and NIR imaging mode (Right), according to Panasonic data

February 9, (2017)



remaining holes in the HOMO level. The Electrons and the holes
bounded by coulombic interaction are called exciton. To be dissociated,
excitons should diffuse to interface between donor and acceptor.
Excitons at the interface can be easily dissociated to free carrier electrons
and holes. Then, the electrons and the holes drift and diffuse by the
internal electric field and collected at the electrode. Schematic

mechanism of organic photovoltaic cell is shown in Figure 1.2.

There are two working modes of photodetectors, photovoltaic mode and

photoconductive mode.

Photovoltaic mode

As shown in Figure 1.2, photodetectors work on short circuit condition
when the voltage is zero in current density-voltage curve. There are drift
and diffusion current contributing to short circuit current, so current is
obtained without additional bias. Because of no bias, electrical noise is

low, but small bandwidth and low speed of the device were exhibited.
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Figure 1.2 Mechanism of photo-induced carrier generation in
photovoltaic cells. 1) Photon absorption, 2) Exciton generation, 3)
Exciton diffusion, 4) Exciton dissociation, 5) Carrier transport, 6)

Charge collection



Photoconductive mode

Differently, a photoconductive mode has an advantage in bandwidth and
speed. Owing to external force recombination loss of created carrier are
reduced and free carriers are easily collected to the electrode. However,
noise is also higher than the photovoltaic mode. In the photodetectors,
noise is an important parameter decreasing the detectivity of
photodetectors. Although disadvantage, the photoconductive mode is
required to operate photodetector for an image sensor which is combined
with a n-channel transistor. Therefore, suppressing dark current density
IS an important issue on research of the photoconductive mode

photodetectors.
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Figure 1.3 Current-voltage characteristics and schematic energy

diagram on working mode of photodetectors



1.2.3 Figure of merits of organic photodetectors

Figure of merits of OPDs were introduced to compare and assess
the performance of the devices. There are several figure of merits
including responsivity, detectivity, linear dynamic range, response time,

and cut off frequency.

External quantum efficiency (EQE) and responsivity (R)

EQE is ratio of number of incident photon to number to extracted

electron.

I/q _ Rhv
P/hv_ q

EQE= (1.1)

I: output photo-induced current
g: elementary charge

P: incident power of photon
hv: photon energy

EQE can be expressed with responsivity which means ratio of incident

light power and output photo-induced current.

_ ]ph_ EQE-q
Pin hv

[AW] (1.2)

R: responsivity [A/W]

Jpn: photocurrent density
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P,: power of incident light

Noise equivalent power (NEP) and detectivity (D)

The sensitivity of the device is an ability that detector distinguishes

optical input power from noise.

Noise equivalent power is minimum light power which can be detected
by the photodetector, power at signal-to-noise ratio (SNR)=1 and

bandwidth=1, and power corresponding to the noise current.

_ Input power for SNR=1_ ipgise_ +/2digB_ +/2qig
NEP= = = mlses LS VI (WHHZ]  (13)

inoise:\/isz +ify + i +iG [A] (1.4)
is= shot noise
iy, = thermal noise (Johnson noise)
iy/¢= U/ noise
ig= shot noise from dark current

The dark current is a dominant element to noise of photodetector under
operating in photoconductive mode and thermal noise can be negligible.
But it cannot directly define noise of photodetectors due to other
component contributing to noise so, detectivity can be overestimated.

7]

-
|
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The detectivity (D) is reciprocal of the NEP and specific detectivity (D*)
Is normalized with respect to the area (A) for comparison with other

photodetectors in terms of sensitivity.

wz YA _ RVA
D*= ——= N [cmvVHzZ/W] (1.4)

In order to increase the detectivity, reduction of the dark current and

increase of the responsivity are crucial.

Linear dynamic range (LDR)

Linear dynamic range means operational light intensity range.® The
photocurrent is measured depending on intensity of light shown in

Figure 1.4a

Im X
LDR= 20log (I—‘j‘) (1.5)
This quantifies the ability of the light sensor to adequately detect

variation in light intensity. It is expressed as a ratio of maximum and

minimum detectable current within a linear region.

So, high LDR is desirable and low dark current density is required

because inoise IS lower limit of the linear range Imin.

The deviation in region of high light intensity is related to charge carrier
mobility of the active materials and bimolecular recombination rate’ and

photocurrent will deviate from linearity at a certain light in]te.nsity (or .
12 = Y



photocurrent, Imax). The deviation in region of low light intensity is
related to dark current because the dark current is saturated as light

intensity decrease.

Response time (tr, tf)

The speed of response in photodetector is the time for charge to
generate and extract to the electrode. Rising time and fall time are
defined respectively as the time rising from 10% to 90% of photocurrent
and falling from 90% to 10% of photocurrent shown in Figure 1.4b. It

is important parameter for high resolution of image sensor.

Cut off frequency (f-3a8)

The temporal bandwidth or cut off frequency is defined as the
frequency of input light modulation at which the photo-response is -3dB
lower than the continuous wave response shown in Figure 1.4c. This
frequency is limited by the carrier transit time and RC-time. In order to
get high response minimizing carrier transit time and decreasing

capacitance.

13
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Chapter 2. Effect of charge blocking layer for
enhancing detectivity in near-infrared organic

photodetectors

2.1 Introduction

Reducing dark current density is very important issue for
enhancing the detectivity of photodetectors. The dark current is
originated from injected current from electrode, thermally generated
current at PN junction, and leakage current in device. There are many
researches on method for reducing dark current density of organic
photodetectors such as using charge blocking layer, work function

modification.

\]dark :\]injection + \]generation + Jleakage

2.1.1 Reviews on method reducing dark current

The methods were reported to reduce dark current of OPDs. Thin
cathode was used to tune the work function of ITO electrode. Work
function of electrode increased from -4.71 eV to -4.31 eV by depositing
MoOx:Al (5nm) on the ITO electrode. Dark current density was reduced
due to increasing energetic barrier on injected hole from ITO to HOMO

level of acceptor.® Likewise, YbF3 as electron transport layer reduced
| U 1}
15 *



hole injection current and leakage current.® Also, controlling
composition of oxygen and nitrogen in silicon oxynitride (SiOxXy)
insulator could tune valance band level and dark current reduced due to
the increase of electron injection barrier.X® But, as shown in Table 2.1,
research to reduce dark current were conduct mainly in UV-visible OPDs
not NIR OPDs. PFN!12 ZnO nanowire®3, PFN-OX** on the cathode side
and PS-TPD-PFCB® with HOMO level of -5.6 eV and LUMO level of
-2.3 eV on the anode side were used as charge blocking layer. But those
were used to block injection carrier and there were no consideration on

thermally generated carrier at organic interface.

Not only injected carrier but also thermally generated current at PN
junction attribute to dark current in OPDs. To repress both of injection
current and generation current, we introduced organic materials which
have been used conventionally in organic electronic devices. Many
materials have been used for hole injection and transport. Ultimately to
reduce the dark current density, material with low HOMO and high

LUMO is required.

In our previous research, Near-infrared OPDs using lead phthalocyanine
(PbPc) as donor and Ceo as acceptor were reported. The triclinic phase of

PbPc absorbs up to 1050 nm, and the substrate heating and the templating

16



layer of Ceo realized NIR light response in bulk heterojunction device.
So, EQE of 31.1 % is obtained at -3V and 970 nm, but high dark current
density of 3.94x10° A/cm? is also obtained.’®* So, NPB was used as
electron blocking layer to reduce dark current density. Even if not
reported, the effect of charge blocking layer was early confirmed in our
laboratory by using NPB in this device structure.'’

In this study, we additionally selected organic materials including
NPB between buffer layer of HATCN and PbPc intrinsic layer. The
device structure was shown in Figure 2.1. 2-TNATA, DNTPD, NPB,
TAPC, and CBP were used as charge blocking layer and the dark current
density was reduced to 164 nA/cm? and the enhanced detectivity of
9.7x10% cmHzY/W at 940nm and 1.06 x10% cm? Hz/W at 970 nm
under reverse bias of -3V were obtained. The detectivity is quite high
compared to reported value of 6.7 x 10° at 810nm and 4.0 x 10° at

1000nm, -3 V8, 2.2 x 10 at 900nm, -3V%°.

17



Table 2.1. Literature survey on charge blocking materials to reduce the

dark current density of OPDs

Donor J EQE Detectivi
Process g 5 Q 1 Ty CBL Ref
/Acceptor (A/cm?) (%) (cm Hz'/2/W)
_ 1.3x10% 51.7 4 % 104 _
s CuPc: Ceg 1) ©20mm.-1v) | (700nm, -1v) | FBLP6T. BP3T 34
s sQ:PCBM 3.3710% 15 3.4 7 10 EBL: PPV s
: (-1v) (700 nm, -1V} | (700nm, -1v) :
23109
s SQ:PCBM - - EBL:MEH-PPV 36
(-1v)
s PBDTTT-C 2%10° 30 ~10% HBL: PEIE rinsed 3
70-PCBM (2v) (680nm, -2V) | (680nm, -3v) by QDR
DMOQA 6.41 X 10°® 55.2 3.05 x10%2 )
£ DCV3T (-3V) (-3V) (540nm, -3V) EBL:TPD1S 38
PTZBTTT-
% 1010 13
s BOT: 4'010\/)10 (soéf'z o (glz'gnzn’: t sy | EEL PRN-OX 14
PCE1BM m, A
PDPPITPC7 | 3.1%10% 27 1.5 x102
s 1BM (-2v) (820nm, -0.5V) | (820nm, -05v) | EBY PlV-TPD 33
. P- 1.1X10% 67 9.2 x10%2 HBL. 60 2
DTS(FBTThoh: | 5 5v) | (700nm, -0.5v) | (700nm, -05v) :
PCBM
: DMQA 2.45 X100 5.8 8.95 x101? HBL: MoOx:Al .
DCV3T (3V) (540nm, -3V) | (540nm, -3v) WF (0.4eV)
s PMDPP3T-Pc| 3.1x107 ~20 1% 10! EBL: m- 20
612BM (3V) (g00nm,-3V) | (950,-3V) MTDATA
S P3HTPC61B | 1.02 %107 53.7 1.67 x10%2 EBL: NiOx "
M (-3V) (520nm, -1v) | (520nm, -1v) HBL: YbF3
s P3HTPC61B | 1.13 %107 53.3 2.15X1012 EBL: NiOx o
M (-3V) (525nm, -1v) | (525nm, -1v) HBL: Yb
s PCDTBTPCE | 3.1x10% 65 3.21x100 HBL: PEIE .
0BM (-2v) (528nm, -2V) | (566nm, -2v) WE
s H_FFSEE'OB 2.98 % 10% ~60 3.31x102 HBL: ZnO: PSS 23
i’ (-5V) (690nm, -5v) | (690nm, 5v) WF
. P3HTPCE1B | 1.9x10% 9.1x10% E(B"‘: PbFIN "
M (-0.5V) . (550nm, -0.5V) soluble
polymer)
: NPIDDSe:C6 | 1.8%10% 67 101 EBL: SiOxNy 10
0 (-3V) (550nm, -3V) | (550nm,-3v) | (x=0.16, y=0.65)
PPDT2FBT:Z | ~4x10° (-1V) 30 3.04x10%
s no 5.9%10°(-3V) (-1v) (1) o 4>
Process: evaporation/ solution
18
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2.1.2 Hole transport materials

We selected several materials as charge blocking materials. 2-
TNATAZ and DNTPD? have used as hole injection layer due to high
HOMO levels for injection of holes from the electrode. NPB was broadly
used both in OLEDs and OPVs as hole transport materials.?2 TAPC has
very high hole mobility and used as electron blocking layer due to high
LUMO level® in OLEDs and CBP used as host materials for blue
OLEDs?*%, The molecular structure of CBL and photoactive materials
were shown in Figure 2.2. Energy levels of charge blocking materials
(CBMs) shown in Figure 2.3 were measured even though that of CBMs
were reported in many papers due to the different value reported in each
literature. As shown in absorption spectra of Figure 2.4b charge blocking
materials have no absorption in near-infrared region. There was no

contribution by absorption on the enhancement of EQE.
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Figure 2.1 Inverted device structure of PbPc based NIR OPD. The Light
is incident from top electrode of 1ZO and electrons were extracted and

collected to ITO bottom electrode.
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Figure 2.2 Molecular structures of donor, acceptor, and charge blocking

materials including 2-TNATA, DNTPD, NPB, TAPC, and CBP
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Figure 2.3 Schematic energy diagram of charge blocking materials, 2-

TNATA, DNPTD, NPB, TAPC, and CBP
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2.2 Experimental methods

2.2.1 Materials

Lead phthalocyanine (PbPc; purity of 95%) was purchased from
TCI chemicals and sublimated once in our laboratory. Fullerene-C60,
4,4°,4°°-Tris[2-naphthyl(phenyl)amino]triphenylamine (2-TNATA;
99.9%, EM index, Korea ), N,N’-bis[4-[bis(3-
methylphenyl)amino]phenyl]-N,N’-diphenyl- (DNTPD; 99.9%, Nichem,
Taiwan), N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1°-bisphenyl)-4,4’-
diamine (NPB; 99%, Nichem, Taiwan), 4,4’-cyclohexylidenebis [N,N-
bis(4-methylphenyl)benzenamine] (TAPC, shine materials, Taiwan),
4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP; 99%, Nichem, Taiwan), and
1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile  (HATCN;  99%,

Nichem, Taiwan ) were used as received without further purification.

Absorption spectra
Ultraviolet-visible (UV-vis) absorption spectra were recorded using
a Varian Cary 500 UV-vis spectrophotometer. Methylene chloride (MC)

was used as the solvent and the concentration is 10 M.

Measurement of energy level
Energy levels of charge blocking materials (CBMs) including 2-TNATA,

DNTPD, NPB, TAPC, and CBP were measured via method of cyclic

1|
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voltammetry. The NPB is set as reference material with HOMO level of
-5.4 eV and HOMO levels of other materials are relatively determined to
that of NPB. The solutions of 10-*M were used and tetrabutylammonium

hexfluorophosphate (TBAPF6) of 0.1M was added as electrolyte and
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2.2.2 Fabrication of devices

The structure of inverted OPD of ITO (70 nm)/ Ceo (40 nm)/
PbPc:Ceo (ratio of 2.5:1, 250 nm)/ PbPc (40 nm)/ CBL (40nm)/ HATCN
(200 nm)/ 1ZO (10 nm) are shown in Figure 2.1.
The ITO coated glass substrates were cleaned with detergent solution,
acetone, and isopropyl alcohol to remove particles and organic impure
materials. A Ceo layer, mixed layer of PbPc and Ceo, PbPc layer, CBL
layer, and HATCN layer were deposited at a rate of 0.5 A/s, 0.2 A/s, 1.0
A/s, 0.5 A/s, and 0.2 A/s respectively. The substrate was heated to 180 °C
during deposing mixed layer to form triclinic phase of PbPc for NIR
absorption.?® Except for mixed layer the temperature of the substrate was
under 20 °C during depositing all layers. HATCN served as a buffer to
protect the organic layers from sputtering damage during the formation
of the 1ZO top electrode via sputtering. All of the organic layers were
deposited at a base pressure under 1x107 Torr.
The substrate was transferred through the glove box and metal carrier to
another chamber to form 1ZO top electrode on the HATCN layer using a
sputtering process. Sputtering took place under gas flow rates of 30 sccm
for Ar and 0.6 sccm for O, and working pressure of 1.9 mTorr. After

sputtering process, the devices were encapsulated in a N2> atmosphere.
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2.2.3 Characteristics of devices

The current density-voltage (J-V) characteristics were measured by
using a Keithley 237 source measurement unit. The EQE spectra under
the short circuit and the reverse biased voltage were measured using a
1000W Xe lamp (Oriel) combined with a calibrated monochromator
(Acton Research). The intensity of monochromatic light was calibrated

with the aid of a silicon photodiode (Newport).
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2.3 Result and discussion

A relationship between energy level of CBL and dark current density

CBLs were inserted between PbPc and HATCN layer. When the
reverse bias is applied to device, electron and hole are injected from 1ZO
and ITO respectively. In case of the hole, the energy barrier between ITO
and the layer of Ceo is 1.7 eV. On the other hand, electron injection
barrier between the layer of HATCN and the layer of PbPc is 0.8 eV and
is lower than the injection barrier for hole. So, using electron blocking
layer is more effective on change of current and voltage characteristics.
Schematic diagram of inverted near-infrared OPDs with CBL is shown

in Figure 2.5.

The current density and voltage characteristics of devices with or
without CBLs under dark and illumination of 940nm light source
conditions are shown in Figure 2.6a. The device without CBL had dark
current as high as 3473 nA/cm? at -3V. But the dark current density was
reduced to 1192 nA/cm? when 2-TNATA was inserted between the layer
of HATCN and the layer of the PbPc. It means that injected electrons
from 1Z0 electrode were blocked by high LUMO of 2-TNATA between

the layer of HATCN and the layer of the PbPc.
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Figure 2.5 Schematic diagram of inverted near-infrared OPDs with
charge blocking layers. There is energetic barrier in device with CBL

layer due to high LUMO level and deep HOMO level of chare blocking

layers.
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However, the dark current density further decreased to 304 nA/cm?, 217
nA/cm?, and 164 nA/cm? when using NPB, TAPC, and CBP respectively
even though in case of NPB and CBP HOMO is lower than that of 2-
TNATA. It means there are not only injection barrier on electron but also
extraction barrier on thermally generated charge at interface PN junction
or excited to trap state?’. As seen in Figure 2.7, thermally generated
charges were accumulated at the interface between PbPc and NPB and
not extracted due to lower HOMO level of NPB of -5.4 eV than PbPc of
-5.2 eV. The same results were exhibited in case of TAPC and CBP.
When DNTPD was used, the dark current density also decreased even
though LUMO of DNTPD is lower than that of 2-TNATA and HOMO
level is higher than that of PbPc. It is not yet interpreted clearly, but
HOMO level offset between DNTPD and PbPc is as small as 0.03 eV,
so energy level alignment could be different with expectation.

From J-V characteristics, we could investigate the effect of energetic
barrier on the dark current density by changing HOMO of CBL. Figure
2.6b shows the change of dark current density as a function of the
HOMO level of CBL. It is not quantitative interpretation but, it can be

helpful to understand the origin of dark current.
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change of dark current density as function of HOMO level of CBLs
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b)

L 2.TNATA

Figure 2.7 Schematic energy diagram under dark condition. a) without
CBL, b) with 2-TNATA blocking electron injected from [ZO, c¢) with
CBP blocking both of electron injected from IZO and blocking hole

extracted to 1ZO
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EQE spectra were measured at various bias. Figure 2.8d shows the
increase of EQE with increasing reverse bias but, there was no large
increase above -1V and it seems that photo-induced charges almost were
extracted even low voltage like -1V. Interestingly, there are differences
of EQE depending on CBL, especially at zero bias. The device without
CBL exhibited EQE of 6 % at 0V, however, the device with CBP
exhibited the EQE of 15 %. Because CBMs have no absorption in region
of NIR wavelength it is thought the charge transport is enhanced between
CBLs and HATCN due to charge generation. HATCN has been used for
charge injection generally in OLED?*% and extraction in organic and
perovskite solar cell.**3132 In our study, 200nm HATCN was used for
protecting organic materials from damage of sputtering forming 1ZO and
extracting holes. Although HATCN has been used as p-dopant, there are
different charge extraction efficiency depending on hole transport
materials, in this case CBLs. CBP has low HOMO levels of -5.96 eV,
which facilitate to generate charge due to energy difference is small
around 0.1eV. It was assumed the loss of transport from PbPc to CBL is

negligible due to a number of photo-induced charges.

As shown in Table 2.3, open circuit voltage in each device was similar
but, the short circuit current density of CBP are 4-fold increased to 1.6
mA/cm?. Parallel resistances (Rs) were fitted with diode equation and it

consistent with the change of dark current density. Reduced dark current

1|
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density and increased EQE results in enhancing the detectivity. The
calculated detectivity and responsivity spectra were shown in Figure 2.9.
As expected, the detectivity of the device with CBP is noticeably higher
than other devices at zero bias due to high EQE of although the dark
current densities are similar. The high detectivity was obtained

7.16x10% cm? Hz/W at zero bias and 1.06 %10 cm?Hz/W at -3V.

We could plot the dark current density, EQE, and the detectivity as the
function of the HOMO level of CBLs shown in Figure 2.10. At -3V, the
EQE is similar but the dark current density is dramatically reduced until
HOMO of -5.46 eV. The detectivity increased as the HOMO level is
deeper and when the reverse bias is applied, reducing the dark current

density more effective on enhancing the detectivity.
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Table 2.2 numerical parameters of inverted device structure of PbPc based NIR OPD. The dark current density (J4), EQE, specific

detectivity (D*), and responsivity (R) of OPDs depending on charge blocking layer are listed. The detectivity and responsivity were

calculated from EQE and dark current density at -3V, 940 nm.

Ji (nAlcm?) EQE (%) D* R
OPDs CBL

OV IV BV OV VY ey (AW)
1 Without CBL 7.4 381 3473 602 220 251 1.6 x10% 0.190
2 2-TNATA 9.3 241 1192 547 218 274 3.4 x10 0.207
3 DNTPD 8.0 174 891 565 206 266 3.8 x101 0.201
4 NPB 11 88 304 612 231 272 6.6 x101 0.206
5 TAPC 1.0 79 217 104 245 266 7.6x101 0.201
6 CBP 1.1 57 164 153 277 293 9.7x101 0.222
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Table 2.3 Energy levels, Voc, short circuit current density (Js¢), and parallel resistance (Rp) were listed. The photocurrent density

was measured under 1 sun illumination. The parallel resistances were extracted from J-V curves by using diode equation around

zero bias.
OPDs CBL HOMO (eV) LUMO (eV) Voc (V) Je(mA/ecm?)  Rp(Q cm?)
1 Without CBLs -52 -39 0.40 0.44 2.66x10°
2 2-TNATA -5.01 -1.97 0.42 0.49 5.52%10°
3 DNTPD -5.17 -2.10 0.42 0.45 8.02%x10°
4 NPB -5.4 -2.28 0.42 0.48 1.60x107
5 TAPC -5.46 -1.84 0.42 0.63 1.80x107
6 CBP -5.96 -2.43 0.42 1.6 2.47%107
& - = —
39 .-'in l ]_l| 'l«_-l-lr '|]_



2.4 Conclusion

We focused on the dark current density bias for enhancing the
detectivity of NIR OPDs under reverse. The dark current density consists
of injection carrier from the electrode and thermally generated charge at
the interface of donor and acceptor and trap state in organic layer. We
introduced charge blocking layer with various energy level to reduce the
dark current density. As a result, the dark current density reduced as
HOMO level of CBL became deeper. In this experiment, it was found
high LUMO blocked injected electron from the anode and low HOMO
also suppressed extracted hole to the anode. The low dark current density
of 164 nA/cm? was obtained. Also, the enhanced EQE of 15 % was
obtained in the device with CBP at OV due to efficient hole transport due

to charge generation between CBP and HATCN.

Conclusively, reduced dark current density and increased EQE resulted
in enhancing detectivity and it reached 1.06 x10*cm?Hz/W at -3V and
970nm. It is the very high value of the detectivity among the NIR OPDs

working around the reverse bias of -3V.
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Chapter 3. Figure of merits in near-infrared

organic photodetectors

3.1 Introduction

Other important figure of merits in OPDs includes linear dynamic
range, cut off frequency, and response time. We achieved low dark
current density and high detectivity using charge blocking layers such as
CBP and TAPC. Insertion of charge blocking layer influenced on
dynamic characteristics of the device although it is not related to
efficiency like responsivity. In this chapter, we measured and compared

the devices with the different charge blocking layer.

3.2 Experimental methods

Linear dynamic range (LDR)

The current density-voltage (J-V) characteristics were measured by
using a Keithley 237 source measurement unit. The light source of
940nm illumination was offered by using a 1000W Xe lamp (Oriel)

combined with a calibrated monochromator (Acton Research). The
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intensity of monochromatic light was calibrated with the aid of a silicon

photodiode (Newport) and controlled by neutral density filter.

Cut off frequency and fall time

A function generator (32250A 80MHz, Agilent) was used to supply
the ac input signal of incident light. An oscilloscope recorded frequency
response of the photo-induced signal. The green diode laser (532nm,
coherent) was used as light source and connected to the function
generator in order to give sinusoidal or square wave on the device.
Figure 3.1 illustrated experimental set up for measuring cut off

frequency and response time.
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Figure 3.1 Schematic diagram of experimental set up for measuring cut

off frequency and response time of OPDs.
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3.3 Result and discussion

3.3.1 Linear dynamic range (LDR)

Figure 3.2a, b shows photocurrent response on light intensity
measured at OV and -3V respectively. There were different tendencies
depending on the applied bias to the device. Firstly, all the OPDs
measured at zero bias showed linearity in the region of low light intensity
but the deviation in region of high light intensity related to the loss of the
photocurrent as a result of bimolecular recombination.®® Among them,
the device with CBP represented longer linearity at high light intensity
because charge generation efficiency between CBP and HATCN was
high. On the other hand, the device measured at -3V exhibited deviation
in the region of low light intensity unlike the condition of zero bias. Even
though high intensity light was exposed, charge carriers were easily
extracted by external force before holes and electrons recombine. The
deviation at low intensity is due to the dark current density which is

higher than photo-induced current.
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3.3.2 Fall time (tr)

Fall time is time taken to reach from 90% to 10% of photocurrent
after light turned off. Square wave light signal of 0.1Hz was used and the

response of photocurrent was shown in Figure 3.3.

The devices with CBL have longer decay time than the device without
CBL. Charges trapped or accumulated at interface of each organic layer
or trapped are extracted to electrode after the light turn off, which caused
delayed behavior. In this device, charge blocking layer make band
bending at the interface of PbPc and CBL and if it has trap state inside
bandgap delayed behaviors can happen. Except for the device without

CBL, similar fall times were observed irrespectively on CBL.
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3.3.3 Cut-off frequency

Frequency response of OPDs were shown in Figure 3.4. For the
same reason with delayed fall time, the device without CBL has the
highest cut-off frequency. However, CBP and 2-TNATA have relatively
low response of frequency as 132 and 170 Hz compared to other devices.
The reason of low cut-off frequency in the devices with CBP and 2-
TNATA is due to low hole mobility of CBP and 2-TNATA as shown in
Figure 3.5. Under low frequency, there is enough time for holes to be
extracted to the electrode. However, as frequency of light increases, the
holes could not reach to the electrode before light turns on. And the loss
of frequency could be reduced by using materials with high carrier

mobility like TAPC.
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Figure 3.4 Frequency response of the photodetectors with various CBL
and without CBL. The 532nm laser diode was used as light source

connected to function generator to make light modulation.
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Table 3.1 Fall time and cut off frequency of OPDs without and with CBL. Fall time was measured when modulated light of 0.1Hz

was illuminated. The hole mobility at 0.3V/cm were compared.

Device te f3aB Hole mobility

(ms) (Hz) (cm?/Vs)

1 Without CBL 3.76 306 -

2 2-TNATA 4.09 132 8.0x10¢

3 DNTPD 4.09 207 1.4x107

4 NPB 4.13 213 1.3x107?

5 TAPC 4.12 207 2.9%107°

6 CBP 4.07 170 7.4%10°°

50

[ TR |

"H =



Hole Mobility of CBMs

Single carrier device was fabricated to compare hole mobility of

CBLs as followed structure.
ITO (150 nm)/ ReO3 (1 nm)/ CBL (100 nm)/ ReO3 (1 nm)/ Al (100 nm).

Mobility is analyzed by space charge limited current (SCLC) method.
Current density and mobility are expressed by Mott-gurney theory and

Pool-Frenkel model.

9 v?
JscLe= g Eo&rb g (3.1)
i = poexp (0.894VF) (3.2)

J=the current density

€= Vvacuum permittivity
&= dielectric constant

u= mobility

V= voltage

L= thickness of the film.
p=Pool-Frenkel coefficient
F= electric field

The hole mobilities were shown as a function of electric field in Figure

3.5b and that of 0.3V/cm were compared in Table 3.1
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3.4 Conclusion

In this chapter, we measured linear dynamic range, fall time, and
cut off frequency. Linear dynamic range increased by using CBL due to
low dark current density compared to the device without CBL. Also, due
to applied reverse bias there is no deviation at high intensity, which is
advantage of photoconductive mode photodetectors. But, fall time is
longer in all the device with CBL due to the delay of charge extraction
originating from charge trapped at charge blocking layer and
accumulated at the interface between PbPc and charge blocking layer.
Fall time is similar except for the device without CBL. Finally, cut off
frequency is quite different between the devices. As the same result with
response time, the device without CBL represented highest cut off
frequency. On the other hands, inserting the charge blocking layer caused
reduction of frequency response. But, the device with TAPC has high
response among the devices with CBL. The result means high mobility

of charge blocking materials can minimize frequency response loss.
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Chapter 4. Summary and outlook

Organic photodetectors are promising electronic devices following
OLEDs. In chapter 1, we introduced OPDs with working principles
application. And the figure of merits of OPDs were introduced such as
detectivity, responsivity, linear dynamic range, response time, and cut

off frequency.

In chapter 2, we focused on the dark current density of the
photodetector related to detectivity meaning sensitivity of the device. To
reduce the dark current density, we review on charge blocking layers
(CBLs) in OPDs and applied it to NIR OPDs. Charge blocking materials
were selected to investigate the origin of the dark current density. The
dark current density was reduced by using 4,4’-bis(N-carbazolyl)-1,1’-
biphenyl (CBP) as 164 nA/cm?at -3V. High LUMO of CBP effectively
blocked electrons injected from 1ZO and low HOMO of CBP also
blocked hole extracted to 1Z0. Also, EQE increased because CBP is
strong electron donating material and HATCN is strong electron

withdrawing material so, hole transporting is favorable.

In chapter 3, we continued to study on other figure of merits such
as linear dynamic range, response time, and cut off frequency. Linear

dynamic range increased due to the reduced dark current density. But,
1] © 1]
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fall time is longer in the device with CBL which was delayed by trapped
charges in bandgap of CBL and accumulated at the interface of organic
layer. Finally, cut off frequency also was reduced but, high carrier

mobility can minimize the loss of frequency response.

In this thesis, we have focused on enhancing the detectivity of
photoconductive mode NIR OPDs and wish this study could propose a
criterion for selecting the charge blocking layer when studying

characteristics of OPDs.
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