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le-light organic photodetectors
using PEI/PAA multilayers as a p-type buffer layer†

Chan Hyuk Ji, Seon Ju Lee and Se Young Oh *

A low leakage current is critical for achieving organic photodetectors (OPDs) with high detectivity. The

insertion of buffer layers is an effective approach for reducing the reverse-biased leakage current. In this

study, polyelectrolyte multilayers comprising polyethyleneimine (PEI) and polyacrylic acid (PAA) were

introduced by a spin-assisted layer-by-layer technique into an OPD as a p-type buffer layer. Although

PEI/PAA multilayers are insulators, when used as a buffer layer in our device, they suppressed the leakage

current and also provided a high photocurrent due to the light-assisted tunneling effect. The prepared

device configuration was ITO/(PEI/PAA)2/P3HT:PC60BM/Yb/Al. The performances of the OPDs were

investigated by measuring the current–voltage characteristics, external quantum efficiency, and transient

photocurrent. In addition, the operating mechanism of the OPDs was confirmed by impedance analysis.

The device comprising (PEI/PAA)2 showed a specific detectivity of 3.11 � 1012 Jones and a bandwidth of

103.2 kHz at �1 V and 525 nm. This performance is a numerical value that can be used in devices such

as a line scan camera. In addition, because this device is fabricated by a low-temperature solution

process, flexible and large-area substrates can be used.
Introduction

Photodetectors that convert incident photons into an electrical
signal are prevalent in consumer electronics, mobile devices,
vehicle systems, military applications, and security.1,2 Tradi-
tionally, most commercial photodetectors are based on inor-
ganic materials such as silicon and III–V compounds that have
been developed owing to their high charge-carrier mobility,
small exciton binding energy, and high stability.3 However,
inorganic-based photodetectors have limited use in advanced
applications such as augmented reality and autonomous
running, where a suitable design and miniaturization is
required, because of the complicated manufacturing processes
and mechanical inexibility.4

In recent years, many studies have been conducted to replace
inorganic photodetectors by utilizing organic materials having
a high adsorption coefficient, mechanical exibility, adjustable
energy levels, and the possibility of large-area fabrication and
solution processing.5–7 In particular, polymer–fullerene blends
have attracted great interest as active materials in organic
photodetectors (OPDs) in the visible-light region,8,9 and poly(3-
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hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl
ester (P3HT:PC60BM) is widely used as a photoactive mate-
rial.10–13 With these materials, a p-type/n-type buffer layer is
inserted between the active layer and the electrodes to improve
the device performance. Some devices are operated under
reverse bias to achieve the required response speed and band-
width for certain applications such as line scan cameras (100
kHz) and optical communication (1 MHz).13–15 Under the
applied reverse bias, carriers ow into the active layer from the
electrode, thereby generating a leakage current.

A low leakage current is important for using an organic
photodetector with high detectivity and the charge-blocking
ability of the inserted buffer layer substantially contributes in
inhibiting the reverse-bias leakage current. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)9,11 and NiOx

16 are widely used as p-type buffer
layers in the solution process. However, OPDs using the
PEDOT:PSS layer encounter problems such a high dark current
under reverse bias and device instability.17 Moreover, the NiOx

layer normally requires a high-temperature (>300 �C) sintering
process to enable efficient carrier transport, which makes the
application of a exible substrate difficult.18 Insulator materials
as an ultra-thin (1–2 nm) buffer layer are also used in organic
solar cells to suppress the recombination of carriers separated
from the excitons.19 However, for OPDs in which only an ultra-
thin insulator is used as a buffer layer without another block-
ing layer, electrons can pass through the insulator layer due to
a direct tunneling effect and the suppression of leakage current
caused by the reverse voltage becomes difficult.20
This journal is © The Royal Society of Chemistry 2019
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In this work, we introduced polyelectrolyte multilayers
comprising polyethyleneimine (PEI) and polyacrylic acid (PAA)
by a spin-assisted layer-by-layer (LBL) technique21 into
a P3HT:PC60BM-based OPD as a p-type buffer layer. PEI/PAA
multilayers fabricated by the LBL process are used in various
elds such as biomedicine,22 membrane technology,23 and
insulators for organic transistors24–26 because it is possible to
control the thickness at a molecular level and to fabricate
a pinhole-free thin lm. However, to the best of our knowledge,
PEI/PAA multilayers have not been used in photodetectors as p-
type buffer layers because of their poor charge-transport ability
(i.e., insulator). Wang et al.49 used a PEIE insulator as a p-type
buffer layer, which created an energy barrier and increased
the tunneling current due to accumulated charge, resulting in
a high EQE. However, the specic detectivity was 1.01 � 1012

Jones due to the high dark current. In this study, we achieved
a detectivity that was three times higher and a dark current two
orders lower than the values presented by Wang et al. The PEI/
PAA multilayers allow for thickness control without introducing
pinholes, effectively reducing the dark current in the corre-
sponding devices. In addition, PEI/PAA multilayers produced
using the LBL process have higher dielectric polarization due to
the ordered dipoles than a single PEIE lm, thereby accumu-
latingmore charge under reverse bias.50 Herein, we compare the
performance of OPDs developed using the PEI/PAA multilayers
with that of the devices using PEDOT:PSS or NiOx as a p-type
buffer layer. In addition, the transient photocurrent was
measured to investigate the response speed of the device, and
the resistance and capacitance were measured through
impedance measurement to analyze the light-assisted
tunneling property.
Experiments
Materials and reagents

PEI (branched, Mw � 25 000), PAA (Mw � 100 000 and Mv �
450 000), P3HT, and nickel(II) acetate tetrahydrate ($99.0%
purity) were purchased from Sigma-Aldrich Co., Ltd. PC60BM
was obtained from Nano-C, PEDOT:PSS (Clevious PH 1000) was
purchased from Heraeus, and ytterbium (Yb) and aluminum
(Al) as ETL materials were obtained from iTASCO. The other
chemicals used were of reagent grade.
Fabrication of organic photodetectors (OPDs)

Patterned ITO (#20 U sq�1) glass substrates were sequentially
cleaned in an ultrasonic bath of acetone, isopropyl alcohol, and
deionized water for 15 min each, and then treated by UV/ozone
for 15 min. The spin-assisted LBL method was carried out
following the procedure reported by Ma et al.21 Briey, several
drops of PAA (1 mg mL�1, pH ¼ 6.5) or PEI (1 mg mL�1, pH ¼
6.5) solution were placed on the substrate surface and the
substrate was rotated at a speed of 4000 rpm for 15 s. Aer the
assembly of each polyelectrolyte layer, the substrate was washed
by placing several drops of deionized water and spinning the
substrate at the same speed and holding time as those used for
layer deposition. The above steps constitute one complete cycle
This journal is © The Royal Society of Chemistry 2019
of deposition. By repeating this cycle (1–4 times), a multilayer
lm was obtained, which is denoted as (PEI/PAA)n (PAA termi-
nated), where n represents the number of deposition cycles. In
two-component systems (PEI and PAA), the deposition of both
the components is referred to as a bilayer (i.e., 1 complete cycle
¼ 1 bilayer).

The LBL lms were annealed at 120 �C for 10 min on a hot
plate. A solution of P3HT : PC60BM (1 : 0.8) in chlorobenzene
(10 mg mL�1) was spin-cast at 600 rpm onto the LBL thin lm
and annealed at 120 �C for 10 min on the hot plate. Finally, Yb
(2 nm) and Al (100 nm) were deposited by a thermal evaporation
technique at 10�6 torr (ULVAC VTR-300M/1ERH evaporator,
Japan). The active area thus obtained was �0.04 cm2.

To form a NiOx lm (15 nm),18 nickel(II) acetate tetrahydrate
was dissolved in 2-methoxyethanol (0.1 M) by sonication. The
prepared nickel oxide solution was coated on the ITO glass
substrates by spin coating at 4000 rpm for 45 s and annealing at
400 �C for 30 min. To form the PEDOT layer (30 nm)14 on the
ITO, PEDOT was deposited by spin coating at 5000 rpm for 45 s
and annealed at 150 �C for 10 min.
Device characteristics

Current–voltage and impedance measurements were performed
under the illumination of monochromatic light from a light-
emitting diode (525 nm, 1 mW cm�2) using an Iviumstat
(Ivium Technologies, Netherlands). The external quantum effi-
ciency (EQE) was measured using a spectral incident photon-to-
electron conversion efficiency (IPCE) system (SpectraPro 300i,
Acton Research Co., Ltd). The lm thickness was measured
using a spectroscopic ellipsometer (Woollam Co., USA). The
transient photocurrent (TPC) and dynamic characteristics were
measured using a photoresponse measurement system (TNE
Tech Co., Ltd, South Korea). The light-emitting diode (525 nm)
in the photoresponse measurement system was modulated by
a function generator to act as an excitation source. Square waves
with different frequencies were applied. The photodetectors
were directly connected to an oscilloscope (Tektronix TDS
3012B) with an input impedance of 50 U. For dynamic range
measurement at light intensities up to 10 mW cm�2, a Xe lamp
(1000 W) with a 525 nm color lter was used. The light intensity
was rst calibrated with a Si diode at the highest light intensity
of the light source and the lower light intensities were obtained
by attenuating the strong light with a set of neutral density
lters (Newport, Germany).
Results and discussion

The conguration and energy diagrams of the fabricated
photodetector device are shown in Fig. 1(a) and (b), respectively.
On a glass/ITO substrate, the active layer (P3HT:PC60BM) is
inserted between the p-type buffer layer and Yb (n-type buffer
layer). The energy levels of the materials shown in Fig. 1(b) are
taken from literature.16,27–30

As shown in Fig. 1(b), the (PEI/PAA)n lm has a wide bandgap
(as an insulator), which imparts an excellent carrier-blocking
capability but allows limited carrier transport.29–32 In very thin
RSC Adv., 2019, 9, 37180–37187 | 37181



Fig. 1 (a) Configuration of the prepared organic photodetector (OPD).
(b) Energy diagrams of OPDs comprising three different p-type buffer
layers.
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insulators (less than 3–4 nm), electrons tunnel directly through
the trapezoidal potential barrier of the insulator, while in thick
insulators, electrons tunnel through the triangular potential
barrier under an external electric eld (Fowler–Nordheim
tunneling).33 The potential barrier formed by the energy level
difference between the materials constituting the electronic
device causes the accumulation of carriers at the interface,
which results in band bending.34,35 In the device comprising the
(PEI/PAA)n lm, electron tunneling occurs because of interfacial
energy band bending due to the accumulation of photo-
generated holes between (PEI/PAA)n and the active layer under
an external electric eld; this is schematically illustrated in
Fig. 2. The work function of ITO in contact with PEI (at zero bias
(0 V) and dark state) is 4.0 eV (Fig. 2(a)).28 Under a reverse bias
(�1 V) and dark state (Fig. 2(b)), electron tunneling under an
external electric eld does not occur due to an energy barrier
created by the lowest unoccupied molecular orbital (LUMO) of
P3HT (�3.0 eV) as well as the LUMO of (PEI/PAA)n (�1.1 eV).
Under the reverse bias (�1 V) and light state (Fig. 2(c)), the
photogenerated holes are accumulated between the (PEI/PAA)n
lm and the active layer; thus, interfacial energy band bending
occurs in the downward direction at the (PEI/PAA)n/P3HT
interface. As a result, the energy barrier that prevented electron
tunneling is reduced and electrons are injected from the elec-
trode into the active layer. The detailed mechanism of hole
accumulation was determined by impedance analysis.

Responsivity and detectivity are important parameters in the
evaluation of photodetectors. The responsivity (R(l)) is the ratio
37182 | RSC Adv., 2019, 9, 37180–37187
between the generated photocurrent (Iph) and the amount of
optical power (PO) incident on the detector, and is calculated
from the EQE by the following equation:36

RðlÞ ¼ EQE
lq

hc
¼ Iph

PO

(1)

where l is the wavelength, q is the electron charge, h is Planck's
constant, and c is the velocity of light in vacuum. The detectivity
is the ability to detect a weak light signal, and is related to the
responsivity and dark current density. The specic detectivity
(D*) is given by15

D* ¼ RðlÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qJdark

p �
Jones; cm Hz1=2 W�1� (2)

where Jdark is the dark current density. According to the above
equation, to achieve high detectivity, not only a high photo-
current but also a low dark current is required.

To achieve a high detectivity of the device comprising the
(PEI/PAA)n lms, we controlled the thickness of (PEI/PAA)n
according to the number of bilayers (from 1 to 4). The thickness
and roughness of the fabricated (PEI/PAA)1–4 lms were
measured by ellipsometry and atomic force microscopy (AFM),
respectively, and the results are shown in Table S1 and Fig. S1.†
The thicknesses of the (PEI/PAA)1, (PEI/PAA)2, (PEI/PAA)3, and
(PEI/PAA)4 lms are 3.3 � 0.1, 7.4 � 0.4, 12.2 � 0.9, and 19.4 �
0.2 nm, respectively. With the formation of 2 bilayers on a bare
ITO, the root-mean-square (RMS) surface roughness greatly
improved without a pinhole from 4.4 � 0.3 nm (bare ITO) to 1.4
� 0.2 nm (ITO/(PEI/PAA)2) in a 5 � 5 mm scan area. A similar
roughness was observed above 2 bilayers. To achieve a statisti-
cally relevant result, we tested 30–32 nominally identical devices
comprising different p-type buffer layers (Fig. S2†). As can be
seen in Fig. S2(a),† the dark current (at �1 V) of the 2 bilayer is
signicantly lower than that of 1 bilayer and is similar for 2
bilayer to 4 bilayer samples. The photocurrent density (at
525 nm, 1 mW cm�2, and �1 V) decreased with an increase in
the bilayer number (Fig. S2(b)†). Among the devices comprising
the (PEI/PAA)1–4 lms, the device using the (PEI/PAA)2 lm
shows the highest specic detectivity (3.11� 1012 Jones) at�1 V
and 525 nm (Fig. S2(c)†). In the device using the (PEI/PAA)1 lm,
the (PEI/PAA)1 lm was too thin to suppress the leakage current,
whereas the (PEI/PAA)3–4 lms in the respective devices were too
thick to tunnel the electron.

We compared the performances of the developed device
using (PEI/PAA)2 and the devices using general p-type buffer
layers (PEDOT:PSS or NiOx), and the current density–voltage (J–
V) characteristics are shown in Fig. 3. The J–V curve was
measured in the dark and under illumination at l ¼ 525 nm
(power density¼ 1 mW cm�2). The photocurrent density (Jph) of
the device using (PEI/PAA)2 is 3.04 � 10�4 A cm�2 at �1 V,
which is higher than that of the device using NiOx (2.89 � 10�4

A cm�2) but lower than that of the device using PEDOT:PSS (3.17
� 10�4 A cm�2). The photocurrent properties at 525 nm were
calculated as the R according to eqn (1); the responsivities of the
three devices using PEDOT:PSS, (PEI/PAA)2, and NiOx are 0.317,
0.304, and 0.289 A W�1, respectively. The Jdark of the device
using (PEI/PAA)2 is 2.99 � 10�8 A cm�2 at �1 V, which is
This journal is © The Royal Society of Chemistry 2019



Fig. 2 Light-assisted tunneling effect in the OPD comprising (PEI/PAA)n. (a) Zero bias (0 V) and dark state; (b) reverse bias (�1 V) and dark state;
and (c) reverse bias (�1 V) and light state.

Fig. 3 Logarithmic J–V characteristics of OPDs comprising different
p-type buffer layers.

Fig. 4 (a) External quantum efficiency (EQE) and (b) detectivity of
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signicantly lower than that of the device using PEDOT:PSS
(1.40 � 10�5 A cm�2) and similar to that of the device using
NiOx (2.94 � 10�8 A cm�2). Furthermore, D* was calculated
using eqn (2). The device comprising (PEI/PAA)2 has the highest
D* (3.11� 1012 Jones) at�1 V, while the D* values of the devices
using NiOx and PEDOT:PSS were 2.98 � 1012 and 1.50 � 109

Jones, respectively. At a reverse bias larger than �1 V, the Jph of
the device using (PEI/PAA)2 is higher than that of the device
using PEDOT:PSS; however, the Jdark of the device using (PEI/
PAA)2 increased, thereby decreasing the D* of the device using
(PEI/PAA)2 from 3.11 � 1012 (at �1 V) to 3.05 � 1012 Jones (at
�1.5 V).

The EQE and D* of the three devices using PEDOT:PSS, (PEI/
PAA)2, and NiOx at different wavelengths are shown in Fig. 4.
The devices show photoresponses from 300 to 650 nm. The
broad spectral responsivities of these photodetectors (Fig. S3†)
indicate their suitability for visible spectrum applications. The
EQE and R are proportional to the intensity of light incident
from the ITO side, which depends on the transmittance of the
This journal is © The Royal Society of Chemistry 2019
buffer layer inserted between the ITO and the active layer. As
shown in Fig. S4,† the trends of EQE and responsivity agree well
with the trend of transmittance, and (PEI/PAA)2 at 525 nm
shows the same transmittance (90%) as that of PEDOT:PSS.
From 350 to 600 nm, the D* of the device using (PEI/PAA)2 is
more than 1 � 1012 Jones, which is similar to or higher than
OPDs at different wavelengths (�1 V and 1 mW cm�2).

RSC Adv., 2019, 9, 37180–37187 | 37183
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that of the device using NiOx. In particular, at 350–450 nm, the
D* of the device using (PEI/PAA)2 is signicantly higher than
that of the device using NiOx because (PEI/PAA)2 has a higher
transmittance than NiOx. Moreover, the D* of the device using
(PEI/PAA)2 is 10 times or more than that of the device using
PEDOT:PSS. A comparison of these results with those of an
organic-halide perovskite photodetector reported in the litera-
ture20,37 reveals that the device using (PEI/PAA)2 exhibits
a similar detectivity (>1012 Jones at �1 V) in the visible-light
region. In addition, the performance of the device with (PEI/
PAA)2 achieved high D* and simultaneous suppression of the
dark current compared to a similar reported device with
a P3HT-based photodetector (Table S2†).12,49,51–53

Another gure of merit for photodetectors is the linear
dynamic range (LDR or photosensitivity linearity, typically
expressed in dB), which is given as38

LDR ¼ 20 log

 
J*
ph

Jd

!
(3)

where J*ph is the photocurrent measured at a light intensity of 1
mW cm�2. Fig. 5 shows the photocurrent density as a function
of light intensity of the three devices comprising PEDOT:PSS,
(PEI/PAA)2, and NiOx, respectively, at �1 V and 525 nm. The
devices comprising (PEI/PAA)2 or NiOx show a linear response
over the incident light intensity range from 10�3 to 102 mW
cm�2 and have a LDR of 80.1 and 79.8 dB, respectively. This
range is comparable to that of an organic-halide perovskite
photodetector (>80 dB)20 and is higher than that of an InGaAs
photodetector (66 dB).15 Thus, we conrmed that the device
comprising (PEI/PAA)2 is suitable for the detection of a wide
range of incident powers. However, the device comprising
PEDOT:PSS shows a linear response over a narrower incident
light intensity range from 3 � 10�1 to 102 mW cm�2 and a low
LDR of 27.1 dB. This implies that the photocurrent of the device
comprising PEDOT:PSS cannot be distinguished by a high
leakage current (or dark current) due to the low blocking ability
of PEDOT:PSS under reverse bias (�1 V) at an incident light
intensity of 10�1 mW cm�2 or less.
Fig. 5 Photocurrent density as a function of light intensity (LDR) of
OPDs at �1 V and 525 nm.

37184 | RSC Adv., 2019, 9, 37180–37187
To study the photogenerated hole accumulation at the (PEI/
PAA)2/P3HT interface of the device, impedance measurements
were carried out under light (525 nm, 1 mW cm�2) and dark
conditions (100 Hz to 1 MHz) (Fig. 6). The device capacitance
can be determined by the interfacial charge density in the OPD
devices under illumination.39,40 Considering the device struc-
ture, the equivalent circuit shown in the inset of Fig. 6(a) was
used as a model.41 From the tted values of each element in the
equivalent circuit model, the resistance and capacitance values
were evaluated, which are listed in Table 1. R1 is the sheet
resistance (20 U) through the ITO electrode, and R2 and C1 are
the resistance and capacitance of the device excluding the ITO
electrode, respectively. In Table 1, the C1 of the device using
(PEI/PAA)2 irradiating light at �1 V is 2.90 nF, which is higher
than that of the two devices using PEDOT:PSS (2.02 nF) or NiOx

(2.32 nF), respectively. It can be argued that the holes generated
by the light in P3HT:PC60BM are accumulated at the (PEI/PAA)2/
P3HT interface by (PEI/PAA)2, which is a wide-bandgap insu-
lator. Band bending occurs in the downward direction at the
(PEI/PAA)2/P3HT interface due to the accumulated holes, as
shown in Fig. 2, and electrons are tunneled from the electrode
to the active layer under an external reverse bias. The C1 of the
device using NiOx is slightly higher than that of the device using
Fig. 6 Impedance spectra measured under (a) light condition and (b)
dark condition at 525 nm, �1 V and 1 mW cm�2. The inset in (a) shows
the equivalent circuit used to model the impedance and the inset in (b)
shows enlarged curves of the device comprising PEDOT:PSS.

This journal is © The Royal Society of Chemistry 2019



Table 1 Electrical parameters calculated from the impedance values
of OPDs

PEDOT:PSS (PEI/PAA)2 NiOx

R1 (U) 20 (ITO sheet resistance)
C1 (F) Light 2.02 � 10�9 2.90 � 10�9 2.32 � 10�9

Dark 1.68 � 10�9 4.70 � 10�10 4.62 � 10�10

R2 (U) Light 4.96 � 102 5.70 � 102 7.76 � 102

Dark 2.69 � 104 5.31 � 105 5.40 � 105

Fig. 7 Transient photocurrent responses of the OPDs with different p-
type buffer layers measured using a laser diode (1 mW cm�2, 525 nm)
at �1 V. (a) Transient photocurrent responses of the OPDs at a pulse
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PEDOT:PSS because the holes transported from the active layer
to the electrode are accumulated at the NiOx/P3HT interface due
to the potential barrier created by NiOx having a deeper highest
occupied molecular orbital (HOMO) (5.4 eV) than the HOMO of
P3HT (5.0 eV).42,43 As a result, weak band bending occurs in the
downward direction at the NiOx/P3HT interface and the holes
are transferred from the HOMO of P3HT to the electrode
through the HOMO of NiOx. This process is illustrated in
Fig. S5.† In contrast, the device using PEDOT:PSS does not have
a potential barrier at the PEDOT:PSS/P3HT interface due to the
coincidence of the work function of PEDOT:PSS (5.0 eV) and the
HOMO of P3HT (5.0 eV). Therefore, no charge accumulation
occurs at the PEDOT:PSS/P3HT interface and thus, the C1 of the
device using PEDOT:PSS is smaller than those of the other two
devices. In the dark state at�1 V, the C1 of the device using (PEI/
PAA)2 (0.47 nF) was similar to that of the device using NiOx

(0.462 nF) and was signicantly lower than that of the device
using PEDOT:PSS (1.68 nF). This is because the blocking abili-
ties of (PEI/PAA)2 and NiOx are superior to that of PEDOT:PSS,
and the amount of residual (or trapped) charge inside the device
decreased due to the blocking of carrier injection by an external
reverse bias.

Impedance analysis can provide not only the capacitance
component but also the resistance component of the device. As
shown in Fig. 6(a) and Table 1, the R2 under light condition
indicates the series resistance of the device and it changes
depending on the active layer/electrode interfacial barrier (or
resistance). The order of R2 of the three devices under light
condition is NiOx (776U) > (PEI/PAA)2 (570U) > PEDOT:PSS (496
U). In terms of conductivity, which is the reciprocal of resis-
tance, the above results are consistent with the photocurrent
density trend of the three devices comprising different p-type
buffer layers (Fig. 3). This implies that the series resistance,
which inhibits the photocurrent (or charge transport) caused by
the tunneling effect in the device using the (PEI/PAA)2 insulator,
is comparable to that of the device using a general buffer layer
(PEDOT:PSS or NiOx). Further, the R2 under dark condition
indicates the shunt resistance of the device, which is related to
its leakage current (Fig. 6(b) and Table 1). The R2 of the device
using (PEI/PAA)2 (5.31 � 105 U) under dark condition was
similar to that of the device using NiOx (5.40 � 105 U) and was
signicantly higher than that of the device using PEDOT:PSS
(2.69 � 104 U). This implies that the blocking abilities of (PEI/
PAA)2 and NiOx inserted in the devices are superior to that of
PEDOT:PSS, which effectively suppress the leakage current due
to the external reverse bias, as shown by the J–V characteristics
This journal is © The Royal Society of Chemistry 2019
under dark conditions (Fig. 3). In addition, we analyzed the
capacitance of the device using PEIE (single thin lm, 7.5 nm)
and (PEI/PAA)2 with similar thicknesses via impedance
measurements (Fig. S6†). The capacitance of the device using
(PEI/PAA)2 was higher than that of the device using PEIE (Table
S3†). In addition, it was conrmed from the J–V characteristics
that the device using PEIE had a lower photocurrent and
a higher dark current than the device using (PEI/PAA)2 at �1 V
(Fig. S7†). This is because the pinhole-free uniform thin lm of
(PEI/PAA)2 blocks the leakage currents and accumulates more
charge, resulting in enhanced interfacial band bending.

The response speed of a photodetector is another important
parameter for its evaluation. Some devices require the collec-
tion of optical signals over a certain bandwidth, such as a line
scan camera (100 kHz) and optical communication (1 MHz),13–15

which requires rapid extraction of the photogenerated charge
carriers. To demonstrate the speeds of our devices, we
measured the rise times (tr) and decay times (td) of the photo-
current using an oscilloscope and a pulsed laser diode (525 nm,
1 mW cm�2). The rise and decay times are dened as the time
frequency of 20 kHz. (b) Frequency responses of the OPDs.

RSC Adv., 2019, 9, 37180–37187 | 37185
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taken for transition between 10% of the minimum current to
90% of the maximum current, and vice versa, respectively.
Fig. 7(a) shows the transient photocurrent responses of the
devices measured under �1 V at a pulse frequency of 20 kHz.
The rise and decay times of the device using (PEI/PAA)2 were 4.5
and 6.7 ms, respectively, which are longer than those of the
device using PEDOT:PSS (tr: 3.8 ms, td: 4.5 ms) but shorter than
those of the device using NiOx (tr: 5.9 ms, td: 8.8 ms). Fig. 7(b)
shows the normalized response vs. pulse frequency for the
devices. The order of 3 dB bandwidth of the three devices at
�1 V is PEDOT:PSS (140.1 kHz) > (PEI/PAA)2 (103.2 kHz) > NiOx

(95.6 kHz). This clearly shows the difference in the response
speeds of the three devices using different buffer layers and the
difference in the response speed is related to the RC constant of
the circuit.44 The impedance analysis results under light
condition revealed that carrier accumulation in the devices
using (PEI/PAA)2 is 1.25 times more than that in the device
using NiOx; however, the resistance to charge transfer was 1.35
times lower. As a result, carrier extraction of the device using
(PEI/PAA)2 was faster than that of the device using NiOx.
Meanwhile, the interface resistance and charge accumulation of
the device using PEDOT:PSS were signicantly lower than those
of the other two devices. Therefore, among the three devices,
the device using PEDOT:PSS extracted the carriers the fastest.
The device using (PEI/PAA)2 is faster than the reported
quantum-dot photodetectors45,46 and its speed is comparable to
that of the reported polymer detectors47,48 despite the time taken
for charge accumulation and tunneling. Such a device is also
applicable to industrial image processing such as line scan
cameras.13

Besides high detectivity and high response speed, long-term
stability is also essential for the commercialization of OPDs.
Aer fabrication, the stability of the devices was investigated in
air at ambient temperature for over 168 h (7 days). To observe
rapid changes, the devices were fabricated without encapsula-
tion. As can be seen in Fig. 8, the device using (PEI/PAA)2 shows
stable detectivity equivalent to that of the device using NiOx.
Aer 168 h, the devices using (PEI/PAA)2 or NiOx retained a D*
of > 1012 Jones (at 525 nm, �1 V), while that of the device using
Fig. 8 Detectivity of the OPDs over 168 h (7 days) after fabrication in
air under 525 nm (1 mW cm�2) illumination (at �1 V).
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PEDOT:PSS decreased from 1.50 � 1011 to 1.91 � 1010 Jones
under the same conditions. The R and Jdark values of the devices
used for the calculation of D* values are shown in Fig. S8.† In
the device using PEDOT:PSS, the acidic PEDOT:PSS etches the
ITO, thus deteriorating the device performance rapidly. In
contrast, the device using (PEI/PAA)2 shows enough stability
and detectivity to replace the NiOx by contacting the basic PEI
with the ITO. On the other hand, in addition to atmospheric
stability, the device showed thermal stability under continuous
illumination, which is an important behavior. The device using
(PEI/PAA)2 was found to have dark current and photocurrent
similar to the initial level aer exposure to 1 sun for 4 h
(Fig. S9†).

Conclusions

We demonstrated the behavior of (PEI/PAA)2 fabricated by
a spin-assisted LBL technique as a p-type buffer layer of a P3HT-
based OPD. At �1 V and 525 nm, the detectivity of the device
using (PEI/PAA)2 (3.11 � 1012 Jones) was higher than that of the
devices using NiOx or PEDOT:PSS due to the light-assisted
tunneling effect, even though an insulator (PEI/PAA multi-
layers) was used as a p-type buffer layer. In the device using (PEI/
PAA)2, the light-assisted tunneling effect occurred at a low light
intensity of 1 � 10�3 mW cm�2 and the device exhibited a LDR
of 80.1 dB, which is higher than that of an InGaAs photodetector
(66 dB). In addition, the device using (PEI/PAA)2 has a band-
width of more than 100 kHz and is applicable to the industrial
image processing eld such as line scan cameras. Moreover, our
results indicate that it is possible to replace metal oxide buffer
layers (e.g., NiOx), which require high-temperature processing,
and to apply exible, large-area substrates because the device
using (PEI/PAA)2 is fabricated by a low-temperature solution
process.
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