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Although the class of compounds called organic semicon-
ductors was known from early 20th century, it is with
the invention of organic light emitting diode (OLED) by
Tang and Vanslyke in 1987, the new research area-organic
electronics-began flourishing. With the progress made in
synthetic techniques, purification processes, and fabrication
technologies, OLEDs have matured into commercial appli-
cations. It is seen that organic photovoltaic (OPV) cells and
organic thin film transistors (OTFT) are also following suite.
Both polymers and small molecules have been widely studied
for possible use in OLEDs, OPV, and OTFT. The prospect
of developing flexible and printable electronics on large area
makes this field further attractive.

This special issue on Organic Electronics contains 5
research articles which cover organic solar cells, organic light
emitting diodes, and back-plane technology for OLED based
displays.

Though tandem device structure could be employed to
increase the open circuit voltage in organic solar cells, in
certain cases this results in charge trapping at the interface
and reduced filling factor. W. Nie et al. address this issue by
doping the interconnect layer (ZnO) with Ag nanoparticles
which results in the mitigation of trapping effect.

In another article, dependence of performance on solu-
tion concentration of inverted organic solar cells based on
eosin-Y-Coated ZnO nanorod arrays and MEHPPV and
PCBM solutions have been studied by R. T. Ginting et al.

R. Rahimi et al. have systematically studied the opti-
cal constants, morphology, and structure of thin films of

an important perylene derivative, PTCDI-C8, which will be
useful for device design and optimization.

Enhanced charge carrier transport, optimized exciton
distribution, and better harvesting of triplets excitons have
been obtained by a mixed interlayer in a fluorescent blue-
phosphorescent yellow-white OLED by C.-H. Gao et al. A
reasonably high efficiency of 29 lumens/watt underlines the
importance of this device structure.

The variations in the threshold voltages of driving TFT
and theOLEDgive rise to nonuniform colors in anOLEDdis-
play. One way of addressing this issue is to deploy more TFTs
as part of compensating circuits. The compensation circuit,
proposed by C.-L. Fan et al., promises excellent control over
the variation in the threshold voltages of TFT andOLED.The
circuit contains 5 TFTs and one capacitor. Any improvement
in this area with low temperature polycrystalline silicon
(LTPS) is important as these problems aggravate as we go to
larger and larger displays.

We do believe that these articles not only enrich our
knowledge about organic semiconductor devices but also
indicate the existence of a lotmore technological issues which
make the field organic electronics all the more attractive and
challenging.

K. N. Narayanan Unni
Himadri S. Majumdar

Manoj A. G. Nambuthiry
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A highly efficient hybrid white organic light-emitting diode (HWOLED) has been demonstrated with a mixed interlayer between
fluorescent blue and phosphorescent yellow-emitting layers.The device structure is simplified by using a controllable fluorescence-
mixed interlayer-phosphorescence emission layer structure. The electroluminance (EL) performance can be modulated easily by
adjusting the ratio of the hole-predominated material to the electron-predominated material in the interlayer. It is found that the
HWOLED with a ratio of 3 : 2 exhibits a current efficiency of 34 cd/A and a power efficiency of 29 lm/W at 1000 cd/m2 with warm
white Commission Internationale de l’Eclairage (CIE1931) coordinates of (0.4273, 0.4439). The improved efficiency and adaptive
CIE coordinates are attributed to the controllable mixed interlayer with enhanced charge carrier transport, optimized excitons
distribution, and improved harvestings of singlet and triplet excitons.

1. Introduction

Since firstly reported by Tang and Vanslyke in 1980s [1],
organic light-emitting diodes (OLEDs) especially the white
OLEDs (WOLEDs) [2] have drawn increasing attention for
wide commercial applications in displays and solid-state
lighting, owing to their thinness, flexibility, low operation
voltage, wide-viewing angle, high resolution, and a fast
response time.

Several kinds of structures have been developed for the
WOLED fabrications, such as single emitting layer (EML)
[3–5], multi EML [6, 7], blue EML with down conversion
layer [8], and tandem structures [9–12] employing fluores-
cent and/or phosphorescent emissive materials. Phospho-
rescent materials are the outstanding candidates because of
their potential for almost 100% internal quantum efficiency
[13]. However, few blue phosphorescent materials could
be considered as an appropriate candidate for WOLEDs
until now owing to their short lifetime and high energy

gap which causes difficulties in keeping color stability
and in finding suitable host materials. Hybrid WOLEDs
(HWOLEDs) with an architecture of fluorescence blue-
interlayer-phosphorescence complementary color (s)-inter-
layer-fluorescence blue (F-I-P-I-F), proposed by Sun et al.
in 2006 [14], have been paid increasing attention due to the
long-term stability of fluorescence bluematerials and the long
lifetime of the color complementary phosphorescent dopants.

The interlayer between fluorescent blue-emitting layer
(EML) and complementary phosphorescent EML plays an
important role in the efficiency, brightness, and lifetime since
it prevents the singlet energy transfer from the blue fluores-
cent emitter to the complementary phosphorescent emitters
and minimizes the exchange energy losses. Various organic
materials with hole-predominated property [15–17], electron-
predominated property [18], ambipolar properties [19–22],
and mixed interlayer (MI) with hole-predominated material
and electron-predominated material [23–32] have been used
as the interlayer. The MI is a simple way to effectively
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balance carrier transporting property to achieve improved EL
performance in the devices [25–31]. However, the functions
that the ratio of the hole-predominated material to electron-
predominated material of MI plays in the location of recom-
bination zone and the harvest mechanism of singlet and
triplet excitons are not clear enough. Therefore, systematic
investigation in order to achieve a suitable MI is still needed.
In this study, we investigate the effects of the ratio of the
hole-predominated material to the electron-predominated
material in MI on the device efficiency and the white color
coordinates in HWOLEDs. In addition, we employed an
optimized emitting architecture of fluorescence blue-MI-
phosphorescence yellow (F-MI-P) instead of the generally
used F-I-P-I-F architecture [14, 20–22] for simplifying the
fabrication processes.The blue fluorescence and yellow phos-
phorescence, instead of conventional doping in the ambipolar
host and/or the mixed bipolar property host materials [20–
24, 26–28, 30, 31], are doped in the hole-predominated host
and the electron-predominated host, respectively.

2. Experimental Section

All layers were fabricated on precleaned and 15min UV-
ozone-treated indium-tin-oxide (ITO) electrode on a
glass substrate. The thickness and the sheet resistance of
the ITO electrode were 110 nm and 15Ω/◻, respectively. The
organic and metallic layers were subsequently deposited
by thermal evaporation under a base pressure of 2 ×
10−6 Torr without breaking vacuum. The materials used in
this work include molybdenum trioxide (MoO

3
) used

as both a hole injection material and a p-type doping
material in hole-transporting layer (HTL). 4,4,4-Tri(N-
carbazolyl)triphenylamine (TCTA) is used as both HTL
and exciton-blocking layer (EBL). 4,4-Bis(carbazol-9-
yl)biphenyl (CBP) is used as both host and interlayer
spacer. 2,2-(1,3,5-Benzinetriyl)-Tris(1-phenyl-1-H-ben-
zimidazole) (TPBi) is used as host, interlayer spacer,
and electron transport layer (ETL). 4,4-Bis(9-ethyl-3-
carbazovinylene)-1,1-biphenyl (BCzVBi) is used as a blue
fluorescent dopant. Iridium(III)bis(4-phenylthieno[3,2-
c]pyridinato-N,C2



)acetylacetonate (PO-01) is used as a
yellow phosphorescent dopant. The molecular structures of
the organic materials are shown in Figure 1(a). The
device structure of the HWOLEDs consists of ITO/MoO

3

(10 nm)/TcTa :MoO
3
20 vol.% (65 nm)/TcTa (10 nm)/CBP :

BCzVBi 5 vol.% (10 nm)/Spacer (5 nm)/ TPBi : PO-01 3 vol.%
(20 nm)/TPBi (10 nm)/TPBi : Li 0.8 vol.% (20 nm)/Al (110
nm), where “Spacer” stands for CBP only (Device A), TPBi
only (Device B), and CBP : TPBi with varied ratio of 3 : 2
(Device C), 1 : 1 (Device D), and 2 : 3 (Device E), respectively.
The lithium-doped TPBi layer [10, 33] is used as both an
electron injection layer (EIL) and an electron-transporting
layer (ETL). The intrinsic TcTa is used as both an electron-
blocking layer (EBL) and an exciton-blocking layer, while
10 nm intrinsic TPBi is used as both a self-hole-blocking
layer (HBL) and a self-triplet exciton-blocking layer. The
schematic diagram of device structures and the energy
diagram is shown in Figure 1(b).

The layer thickness and the deposition rate of the mate-
rials were monitored in situ using an oscillating quartz
thickness monitor. A photometer (Photo Research Spec-
traScan PR 655) was used to measure the electroluminescent
(EL) spectra and Commission Internationale de I’Eclairage
(CIE) coordinates of the devices. Combined with a constant
current source (Keithley 2400 SourceMeter), the current-
voltage characteristic was measured simultaneously. An opti-
cal microscope was used to calculate the active area of each
device (0.1 cm2) for reducing possible device-to-device error.

3. Results and Discussion

The interfacial energy barrier between emitting layers is
critical to the driving voltage of WOLEDs. The current
density-voltage (J-V) characteristics shown in Figure 2 exhibit
that the driving voltage of HWOLEDs with intrinsic inter-
layers as spacers (Devices A and B) is higher than that
of devices with MIs as spacers (Devices C, D and E) at
the same current density. It is reported that a mixed layer
of two materials has an intervenient energy level between
those of two materials [26, 34]. In the present work, the
lowest unoccupied molecular orbital (LUMO) levels of CBP
and TPBi are −2.5 and −2.8 eV, and the highest occupied
molecular orbital (HOMO) levels of CBP and TPBi are −5.9
and −6.3 eV, respectively. Therefore, the mixed layer of CBP
and TPBi is expected to have suitable LUMO and HOMO
levels which can reduce interfacial energy barrier for holes
and electrons injection in HWOLEDs with MIs.

The ratio of CBP to TPBi in the spacer is critical to
the exciton generation interfaces. The EL spectra of the
HWOLEDs at 5mA/cm2 in Figure 3 exhibit that the yellow
emission intensity is decreasing with the ratio of CBP to TPBi
ordered as 1 : 0, 3 : 2, 1 : 1, 2 : 3, and 0 : 1, while the blue emission
intensity is increasingwith the proportion of CBP decreasing.

Generally, CBP is used as an ambipolar charge transport-
ing material with a predominated-hole-transporting prop-
erty because its hole mobility (2 × 10−3 cm2/V s) is ten
times its electron mobility (2 × 10−4 cm2/V s) [35]. In this
work, electrons cannot pass through well because the LUMO
of CBP is higher than the LUMO of adjacent TPBi layer.
Therefore, in Device A, electrons are blocked from reaching
the blue fluorescent EML (BFEML) by a large energy barrier,
the main recombination zone of electron and hole is located
at the CBP/yellow phosphorescent EML (YPEML) interface,
which results in yellow-dominated emission. Whereas, in
Device B, the recombination most likely occurs at the
BFEML/TPBi interface.The spacer layer prevents the Förster
energy transfer from the BFEML to the yellow emitter,
while allowing the diffusion of part of the triplets into the
YPEML. Therefore, Device B exhibits mainly blue emission.
The experimental results demonstrate that MIs act as a role
in optimizing the distribution of excitons generated at both
BFEML/MI interface andMI/YPEML interface. And the ratio
of the yellow emission intensity to the blue emission intensity
can be optimized by adjusting the ratio of CBP toTPBi inMIs.

The spacer plays an important role in the singlet and
triplet excitons harvesting as well as in the current efficiency
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Figure 1: (a) The chemical structures of organic materials, (b) the device structure and the energy level diagram of HOMO (solid lines) and
LUMO (dashed lines) levels (eV) of HWOLEDs (Devices A, B, C, D, and E). The red dashed box depicts the “Spacer” composed of different
ratios of CBP to TPBi.

and power efficiency of HWOLEDs. Figures 4(a) and 4(b)
show the relationships of current efficiency and power effi-
ciency of the five HWOLEDs under the same current density,
respectively. Device A (with intrinsic CBP as spacer) shows
the highest efficiency with a maximum current efficiency of
58.5 cd/A and a maximum power efficiency of 58.8 lm/W at
117 cd/m2, and 58.4 cd/A, 51.9 lm/W with CIE coordinate of
(0.4907, 0.5015) at 1000 cd/m2. Conversely, Device B (with
intrinsic TPBi as spacer) shows the lowest efficiency with
a current efficiency of 6.98 cd/A and a power efficiency
of 6.09 lm/W at 100 cd/m2, and 6.43 cd/A, 4.5 lm/W at
1000 cd/m2. Furthermore, it demonstrates that both current
efficiencies and power efficiencies in the HWOLEDs with

MI spacers are lower than those of Device A and higher
than those of Device B, which are strongly dependent on the
CBP proportion in MI. The results imply that the harvest of
singlet and triplet excitons is crucial in the EL performance.
The diffusion length is different for singlet excitons (about
several nanometers) and triplet excitons (about several tens
of nanometers) [14]. Device A, in which excitons are mainly
generated at the CBP/YPEML interface, exhibits the highest
efficiency because both singlets and triplets can be harvested
by the phosphorescent dopant PO-01, and the triplet Dexter
energy transfer from the phosphorescent excitons to the
nonradiative triplet state of blue fluorescent emitters is
suppressed by the spacer. While Device B, in which excitons



4 International Journal of Photoenergy

3 4 5
0

10

20

30

40

Cu
rr

en
t d

en
sit

y 
(m

A
/c

m
2
)

(A) CBP
(B) TPBi

Voltage (V)

(C) CBP : TPBi = 3 : 2

(D) CBP : TPBi = 1 : 1
(E) CBP : TPBi = 2 : 3

Figure 2: The relationship of current density versus voltage in the
semilogarithmic scale of HWOLEDs (Devices A, B, C, D, and E).

300 400 500 600 700 800
Wavelength (nm)

EL
 in

te
ns

ity
 (a

.u
.)

(A) CBP
(B) TPBi
(C) CBP : TPBi = 3 : 2

(D) CBP : TPBi = 1 : 1
(E) CBP : TPBi = 2 : 3

Figure 3: The relationship of EL intensity versus wavelength of
HWOLEDs (Devices A, B, C, D, and E) at 5mA/cm2.

are mainly generated at the BFEML/TPBi interface, exhibits
the lowest efficiency since the fluorescent dopant BCzVBi
can only harvest singlets, and most of the triplets are lost
via nonradiative process through the low triplet energy level
of BCzVBi. In HWOLEDs with MI, excitons are generated
at both the interfaces of BFEML/MI and MI/YPEML. At
the interface of BFEML/MI, the generated singlet excitons
are harvested by the blue fluorescent dopant (BCzVBi) via
Förster energy transfer process, and some of the generated
triplet excitons can diffuse into the YPEML and are har-
vested by the yellow phosphorescent dopant (PO-01) via
Dexter energy transfer process. Meanwhile, at the interface
of MI/YPEML, the generated singlet excitons and triplet
excitons are mainly harvested by the yellow phosphorescent
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Figure 4: The relationships of (a) current efficiency versus cur-
rent density and (b) power efficiency versus current density of
HWOLEDs (Devices A, B, C, D, and E).

dopant (PO-01) via the intersystem crossing process and the
Dexter energy transfer process, respectively.

By adjusting the ratio of CBP to TPBi in MI, both the
distribution and the harvest of the singlet and triplet excitons
are optimized at both BFEML/MI andMI/YPEML interfaces.
As a result, Device C (with a ratio of 3 : 2) achieves a warm
white emission with a current efficiency of 34.1 cd/A and a
maximum power efficiency of 29 lm/W at 1000 cd/m2 and
corresponding CIE coordinate of (0.4273, 0.4439). Particu-
larly, Device D (with a ratio of 1 : 1) exhibits a warm white
emission with a maximum current efficiency of 36 cd/A and
a maximum power efficiency of 35.2 lm/W at 72 cd/m2 and
corresponding CIE coordinate of (0.4279, 0.4341).

The stability of EL spectra is also one of the key factors
to evaluate the performance of WOLEDs. Figures 5(a)–5(e)
show the EL spectra, normalized by the main emission peak
of PO-01 at 560 nm, for HWOLEDs with different spacers at
various current densities. The deep blue emission peak
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(∼448 nm) in the EL spectra shows three different trends
in the five HWOLEDs corresponding to different ratios of
CBP : TPBi. With increasing current density, the intensity of
deep blue emission peak increases in the devices with high
CBP proportion (Devices A (1 : 0), C (3 : 2), and D (1 : 1)),
exhibits small changes in the device without CBP doping
(Device B (0 : 1)), and shows a rapid increase firstly and then a
small change in the device with low CBP proportion (Device
E (2 : 3)).

With current density increasing, the CIE coordinates
exhibit a blue shift in Devices A, C, and D with high
CBP proportion. It exhibits a small change of ΔCIE (0.002,
0.002) in Device B (0 : 1), and a ΔCIE (0.031, 0.025) shift
from 0.2mA/cm2 to 1mA/cm2 firstly, and then a ΔCIE
(0.002, 0.002) shift in the subsequent applied current density
in Device E. The increased blue emission arises from the
ambipolar charge transporting properties of CBPwhich leads
to more electrons injected from TPBi to CBP at an increased
current density. As the current density increases, more
excitons diffuse to the interface of BFEML/Spacer and cause
BCzVBi emission through Förster energy transfer process,
resulting in a blue color shift inDevices A, C andD.This indi-
cates that the recombination region is gradually shifted to the
interface of BFEML/Spacer interface from Spacer/YPEML
interface in the devices with high CBP proportion when
increasing the current density. For Device B, the emission
zone is located at the interface of BFEML/TPBi and remains
unchangeable when increasing the current density. In Device
E with low CBP proportion, the emission zone is dominated
by CBP at low current density and is located at the interface
of Spacer/YPEML.The emission zone is gradually dominated
by TPBi with increasing current density and shifts to the
interface of BFEML/Spacer interface. However, a HWOLED
with a stable EL spectrum can be realized by optimizing
the ratio of the hole-predominated material (i.e., CBP) to
the electron-predominated material (i.e., TPBi) in MI. In
the present work, a cool HWOLED with a stable CIE
coordinate of (0.2875 ± 0.002, 0.2782 ± 0.002) is achieved in
the luminance range from 136 cd/m2 to 4916 cd/m2.

4. Conclusion

In summary, we have demonstrated a highly efficient warm
white OLED with a simplified F-MI-P structure by optimiz-
ing the mixing ratio of hole-predominated material (CBP)
and electron-predominated material (TPBi) in MI (3 : 2).
The influence of the mixing ratio of the hole-predominated
material and the electron-predominated material in MI
on the EL performance is investigated. It is found that
the improved efficiency with adaptive CIE coordinates is
attributed to the enhanced charge carrier transport, opti-
mized excitons distribution at interfaces of both BFEML/MI
and MI/YPEML interfaces, and the improved harvest of
singlet excitons and triplet excitons, which are modulated
by a controllable MI. A cool HWOLED with a stable CIE
coordinate off (0.2875 ± 0.002, 0.2782 ± 0.002) is achieved
in the luminance range from 136 cd/m2 to 4916 cd/m2 with
an optimized mixing ratio of CBP : TPBi = 2 : 3 in the MI.
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A novel pixel driving circuit for active-matrix organic light-emitting diode (AMOLED) displays with low-temperature polycrys-
talline-silicon thin-film transistors (LTPS-TFTs) is studied.The proposed compensation pixel circuit is driven by voltage program-
ming scheme, which is composed of five TFTs and one capacitor, and has been certified to provide uniform output current by the
Automatic Integrated Circuit Modeling Simulation Programwith Integrated Circuit Emphasis (AIM-SPICE) simulator.The results
of simulation show excellent performance, such as the low average error rate of OLED current variation (<0.5%) and the low average
nonuniformity of OLED current variation (<0.8%) while the shift of threshold voltage of the driving poly-Si TFT and the OLED
are both in the worst case (Δ𝑉TH = ±0.33V for TFT and Δ𝑉TH O = +0.33V for OLED). The proposed pixel circuit shows high
immunity to the threshold voltage deviation of both the driving poly-Si TFT and the OLED.

1. Introduction

The organic light-emitting diode (OLED) has gained a lot of
attention due to its potential advantages, such as light weight,
fast response time, wide viewing angle, and high brightness
[1–3]. OLED display can be classified into two major driving
types: the passive-matrix (PM) driving and active-matrix
(AM) driving. The PM driving method has some merits of
simplemanufacturing process, high yield, and larger aperture
ratio. However, it has a challenge of the large size and high-
resolution panels because of its high power consumption and
short OLED life time [4]. The AM driving uses a thin-film
transistor (TFT) backplane to control the gray level of each
pixel, achieving lower power consumption and longer OLED
life time.Thus, the AMdrivingmethodwould be a promising
candidate to replace the PMdriving for higher resolution and
larger display sizes.

The low-temperature polycrystalline-silicon (poly-Si)
thin-film transistors (LTPS-TFTs) have been widely utilized
in active-matrix OLED (AMOLED) displays because of their
high current driving capability.However, the LTPS-TFTs have
an issue that is the nonuniformity of threshold voltage (𝑉TH)
andmobility due to process variation, further resulting in dif-
ferent OLED current levels among pixels. In the conventional
two-TFT pixel circuit for AMOLED, the various threshold
voltages of driving TFT (DTFT) cause nonuniform gray-scale
over the display area. Thus, several compensating methods
have been developed and can be classified into voltage pro-
gramming [5–12] and current programming [13–16]. Though
the current programming method can compensate for the
variation of both mobility and threshold voltage, but it has
demerits in that low data current will result in long settling
time because of the high parasitic capacitance of data lines.
The long settling time is the critical issue for large panels
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Figure 1: (a) Cross-section of the poly-Si TFT. (b) The device transfer curve.

with high resolution. Comparing with current programming
method, the voltage programming method is more suitable
to be applied in large size and high-resolution panels due to
the ability of short settling time.

In addition, since the efficiency and threshold voltage of
OLED decays to cause the luminance degradation under a
long-time operation [17], many schemes have been reported
to compensate for the threshold voltage variation of driving
TFT. However, in the published compensated pixel circuits,
the number of TFTs, the error rate of OLED current under
the TFT threshold voltage deviation, and the degradation of
OLED are not usually optimized at the same time [2, 6, 18]. In
this study, we propose a new voltage programmingAMOLED
pixel design. The proposed pixel circuit, which comprised
five TFTs and one capacitor (5T1C), has been verified to suc-
cessfully compensate for the threshold voltage deviation of
both the DTFT and the OLED at the same time. And the sim-
ulation results demonstrate that the novel design can effec-
tively improve the average error rate (<0.5%) and the nonuni-
formity (<0.8%) of OLED current. Therefore, the proposed
design successfully provides highly stable OLED current and
is suitable for large-size and high-resolution displays.

2. Process Flow and Poly-Si
TFT Characteristics

The poly-Si TFTs were fabricated on silicon wafer. Main fea-
tures of the LTPS device structure are shown in Figure 1(a).
A 110 nm amorphous silicon (a-Si) active layer was deposited
on the buffer layer by low-temperature chemical vapor depo-
sition (LPCVD) at 550∘C, followed by annealing in nitrogen
at 600∘C. The poly-Si was patterned for active islands, and a
120 nm thick SiO

2
layer was deposited by plasma-enhanced

chemical vapor deposited (PECVD) as a gate insulator.Then,
a poly-Si layer was deposited and patterned for gate electrode.
The source and drain region were doped with phosphorous
ion by the self-aligned ion-implantation at 40 keV to a dose
of 5 × 1015 cm−2. The dopants were activated at 600∘C for 24
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Figure 2: Proposed pixel design and timing scheme of the signal
line.

hours. Finally, a 500 nm thick PECVD-TEOSoxidewas depo-
sited as a passivation layer and patterned for contact holes.
Figure 1(b) shows the transfer characteristics of poly-Si TFT
with a width of 20𝜇m and length of 2 𝜇m at 𝑉DS = 0.1V and
𝑉DS = 10V, respectively.

3. New Pixel Circuit Design Scheme

As shown in the circuit configuration and timing diagram
of Figure 2, the proposed pixel circuit employs five TFTs
including four switching TFTs (SW1–SW4), one driving TFT
(DTFT), one signal holding capacitor (𝐶

𝑠
), two scan lines, and

one signal data line. The relevant operation stage comprises
four states, including precharging, compensating, data input,
and emission states.The design parameters of proposed pixel
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Table 1: Simulation parameters of the proposed circuit.

Devices

𝑊/𝐿 (SW1–SW4) (𝜇m) 8/2
𝑊/𝐿 (DTFT) (𝜇m) 20/2
𝐶
𝑠
(pF) 0.1

𝑉TH (DTFT) (V) 1
𝑉TH O (OLED) (V) 1

Signal line

𝑉SCAN1 (V) −9 to 9
𝑉SCAN2 (V) −3 to 15
𝑉DD (V) 9
𝑉DATA (V) −5 to −2

circuit are listed in Table 1. As shown in the equivalent
operation circuit of Figure 3, the equivalent circuit includes
a driving TFT (DTFT) and a signal holding capacitor 𝐶

𝑠
in

addition to the OLED. It is to be noted that the signal holding
capacitor 𝐶

𝑠
not only accumulates electric charges from the

system power 𝑉DD but also bleeds/discharges stored electric
charges to ground via the DTFT and the OLED, respectively.
The operational method and compensation principle of the
proposed pixel design are described as follows.

3.1. Precharging Period. The task in this period is precharging
and resetting the 𝑉DD + 𝑉DATA stored in the capacitor 𝐶

𝑠
.

Both𝑉SCAN1 and𝑉SCAN2 are high; so, SW1, SW3, and SW4 are
turned on, and SW2 is turn turned off.Therefore, the voltage
of the signal holding capacitor𝐶

𝑠
located at nodeA is charged

to approach 𝑉DD through SW3 and SW4. Furthermore, the
data line is biased by a negative voltage. Since the node 𝐵 is
coupled to the data line, the storage voltage across the signal
holding capacitor𝐶

𝑠
can be written as𝑉

𝐴
−𝑉
𝐵
= 𝑉DD+𝑉DATA.

Hence, the gate voltage of the DTFT connected to the signal

holding capacitor 𝐶
𝑠
is also reset for initialization. This stage

can get rid of the effects of previous operations.

3.2. Compensating Period. In this stage, the threshold volt-
ages of both the DTFT (𝑉TH) and the OLED (𝑉TH O) are
detected by the compensation operation. When 𝑉SCAN1
remains high, it sustains SW1 and SW3 in the “on” state and
SW2 in the “off” state. Meanwhile, 𝑉SCAN2 becomes low, and
it turns off SW4 only. Hence, the gate voltage of the DTFT
continues discharging through SW3, DTFT, and OLED until
the DTFT is turned off. In this way, the gate voltage of the
DTFT that has a diode-connect structure will reach 𝑉TH +
𝑉TH O, where 𝑉TH is the threshold voltage of the DTFT, and
𝑉TH O is the threshold voltage of the OLED.

3.3. Data Input Period. In the data input stage, when 𝑉SCAN1
returns to a low value, it turns off SW1 and SW3 and turns
on SW2 simultaneously. At this moment, 𝑉SCAN2 constantly
remains low, which forces SW4 in the “off” state. Further-
more, voltage at node 𝐵 is applied by zero voltage. Thus, the
voltage at node 𝐵 of the signal holding capacitor 𝐶

𝑠
becomes

zero voltage, and the gate of DTFT is charged up to a high
potential, which is high enough not to interfere with the
compensation operation at the next frame. The gate voltage
of the DTFT is boosted up to 𝑉TH + 𝑉TH O + 𝑉DATA by the
conservation of charge in the capacitor 𝐶

𝑠
.

3.4. Emission Period. In the emission stage, when 𝑉SCAN1
continues low, it keeps both SW1 and SW3 in the “off” state
and keeps SW2 in the “on” state. Meanwhile,𝑉SCAN2 becomes
high; as a result, it turns on SW4. In addition, the node 𝐵 is
continuously applied by zero voltage. Hence, the signal hold-
ing capacitor 𝐶

𝑠
maintains the gate voltage of the DTFT, as
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mentioned eariler, up to the next cycle of precharging stage.
The OLED current (𝐼OLED) can be written using the drain
current of the DTFT in the saturation region as

𝐼OLED =
1

2
𝐾DTFT(𝑉𝐺𝑆DTFT

− 𝑉TH)
2

=
1

2
𝐾DTFT(𝑉TH + 𝑉TH O +

𝑉DATA
 − 𝑉𝐷 − 𝑉TH)

2

=
1

2
𝐾DTFT(
𝑉DATA
 + 𝑉TH O − 𝑉𝐷)

2

,

(1)

where 𝑉
𝐷
is the anode voltage of OLED when OLED is emit-

ting.Therefore, 𝐼OLED is independent of the threshold voltage
deviation of DTFT, and only affected by 𝑉DATA, 𝑉TH O, and
𝑉
𝐷
. The threshold voltage of OLED (𝑉TH O) will be increased

when the OLED degrades under long time operation, so that
the OLED driving current is also increased to compensate
for the degraded luminance of OLED during the emitting
period. Thus, we believe that the proposed pixel circuit can
also compensate the threshold voltage degradation of OLED
and DTFT under the long operation time at the same time.

4. Result and Discussion

In this study, we had used poly-Si TFT model of AIM-SPICE
with level 16 for pixel circuit simulation. And the OLED
was modeled by a diode-connected poly-Si TFT and a capa-
citor. The OLED capacitance was set to 25 nF/cm2 in this
simulation. And the dimension of the channel width/length
for DTFT had been set to 20/2 𝜇m.

Thegate, drain, and source node’s voltages ofDTFTunder
the data voltage 𝑉DATA (−2V) are shown in Figure 4. At the
end of compensating period, the gate voltage of DTFT is dis-
charged until 2 V (𝑉TH + 𝑉TH O), where 𝑉TH is the threshold
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Figure 5: The OLED current with the variation in the threshold
voltage of DTFT when 𝑉DATA = −2V.

voltage of DTFT, and 𝑉TH O is the threshold voltage of
OLED. The expectancy of circuit operation is verified by the
simulation result. During the emission period, the gate volt-
age of DTFT is 4V (𝑉TH +𝑉TH O + |𝑉DATA|). Thus, the𝑉GS of
DTFT is𝑉TH+𝑉TH O+|𝑉DATA|−𝑉𝐷, where𝑉𝐷 is the voltage of
OLEDwhenOLED is emitting light.Thus, the proposed pixel
circuit can efficiently compensate for the OLED degradation.

The OLED current with the threshold voltage deviation
of DTFT (Δ𝑉TH = ±0.33V) under the data voltage (−2V)
is shown in Figure 5. The error rate of the OLED current is
defined as the difference between the shifted OLED current
of driving TFT (Δ𝑉TH = ±0.33V) and the normal OLED cur-
rent (Δ𝑉TH = 0V) divided by the normal OLED current
(Δ𝑉TH = 0V), as follows:

error rate=
𝐼OLED (Δ𝑉TH=±0.33V)−𝐼OLED (Δ𝑉TH =0V)

𝐼OLED (Δ𝑉TH = 0V)
.

(2)

It is found that the error rates of the OLED current under
the Δ𝑉TH = ±0.33V of DTFT for input 𝑉DATA = −2V were
0.14% and 1.86%, respectively. The driving current of OLED
will affect the luminance of OLED and thus represent the dis-
play brightness because the OLED is current driving unit.
The simulation result has shown that the current variation of
OLED caused by the threshold voltage deviation of DTFT is
very small. Figure 6 shows the error rates of OLED current
at different data voltages (|𝑉DATA|) with the threshold voltage
deviation of DTFT (Δ𝑉TH = ±0.33V). The error rate of
OLED current is the deviation percentage of the original
OLED current (Δ𝑉TH = 0V) when the varied threshold volt-
age of DTFT is +0.33 or −0.33V. It can be clearly showed that
the maximum error rate of OLED current is below 2%, and
the average error rate is 0.5% for the proposed pixel circuit.
In the conventional 2T1C pixel circuit, the average error rate
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Figure 6: The error rates of 𝐼OLED at different 𝑉DATA with threshold
voltage variations (Δ𝑉TH = −0.33 and +0.33V); the average error
rate is 0.5%.

is about 30%.Therefore, the display image quality of the pro-
posed pixel circuit will bemore uniform than that in the other
reports [12]. The results can prove that the proposed pixel
circuit has high immunity to the threshold voltage devia-
tion of DTFT. As a result, the proposed pixel circuit is capable
of providing a uniform OLED driving current regardless of
the variation in the poly-Si TFT performance.

The increases in OLED threshold voltage (𝑉TH O) with
emission for a long time degrade the display image quality.
Figure 7 shows the nonuniformity of OLED current in the
worst case (Δ𝑉TH = ±0.33V and Δ𝑉TH O = +0.33V) for
different data voltages (|𝑉DATA|) for the proposed pixel circuit
and the conventional 2T1C pixel circuit, respectively. The
𝐼OLED nonuniformity is defined as the difference between the
maximum OLED current (𝐼OLEDMAX when Δ𝑉TH = −0.33V
for TFT, Δ𝑉TH O = 0 for OLED) and the minimum OLED
current (𝐼OLEDMIN when Δ𝑉TH = +0.33V for TFT, Δ𝑉TH O =
+0.33 for OLED), divided by their average OLED current
((𝐼OLEDMAX + 𝐼OLEDMIN)/2) as follows:

nonuniformity

=
𝐼OLEDMAX (Δ𝑉TH = −0.33V, Δ𝑉TH O = 0)

(𝐼OLEDMAX + 𝐼OLEDMIN) /2

−
𝐼OLEDMIN (Δ𝑉TH = +0.33V, Δ𝑉TH O = +0.33)

(𝐼OLEDMAX + 𝐼OLEDMIN) /2
.

(3)

The uniformity of display image can be improved by
reducing the nonuniformity of OLED current. Compared
with simulation results for the conventional 2T1Cpixel circuit
and the reported compensating circuit [19], the proposed cir-
cuit can offer a more stable driving current, which is inde-
pendent of the threshold voltage variation of DTFT
(Δ𝑉TH = ±0.33V) and the degraded OLED threshold voltage
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Figure 7: The nonuniformity of 𝐼OLED at different 𝑉DATA under the
worst case (Δ𝑉TH = ±0.33V and Δ𝑉TH O = +0.33V). The average
nonuniformity is 0.89%.

(Δ𝑉TH O = +0.33V) for different data voltages. For the pro-
posed pixel circuit, the average nonuniformity is approxi-
mately 0.89%. In addition, the average nonuniformity of the
conventional 2T1C pixel circuit and the reported compen-
sating circuit (5T2C) is about 55% and 5.7%, respectively
[19]. Clearly, the proposed pixel circuit has high immunity to
DTFT threshold voltage shifts andOLEDdegradation, result-
ing from the compensation for the threshold voltage devia-
tion of DTFT and OLED aging phenomenon at the same
time.

5. Conclusion

A novel voltage programming pixel circuit for active-matrix
organic light-emitting diode (AMOLED) displays was stud-
ied.The proposed circuit was verified by AIM-SPICE simula-
tor.The proposed circuit consisted of five TFTs and one capa-
citor and successfully compensated for the threshold voltage
deviation ofDTFT and the degradation ofOLED.The average
nonuniformity of the proposed pixel circuit is approximately
0.8% in the worst case. The proposed pixel circuit design
can provide stable driving current to the AMOLED panel for
achieving high-resolution images, thereby promising cand-
idate for the large size and high-resolution AMOLED panels.
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PTCDI-C8 due to its relatively high photosensitivity and high electron mobility has attracted much attention in organic
semiconductor devices. In this work, thin films of PTCDI-C8 with different thicknesses were deposited on silicon substrates
with native silicon dioxide using a vacuum thermal evaporator. Several material characterization techniques have been utilized
to evaluate the structure, morphology, and optical properties of these films.Their optical constants (refractive index and extinction
coefficient) have been extracted from the spectroscopic ellipsometry (SE). X-ray reflectivity (XRR) and atomic force microscopy
(AFM) were employed to determine the morphology and structure as well as the thickness and roughness of the PTCDI-C8
thin films. These films revealed a high degree of structural ordering within the layers. All the experimental measurements were
performed under ambient conditions. PTCDI-C8 films have shown to endure ambient condition which allows pots-deposition
characterization.

1. Introduction

Small organic molecules represent a remarkable group of
materials that exhibit alterable physical, optical, and elec-
trical properties. Furthermore, charge transport and optical
properties of organic thin films are strongly dependent on
the overlap between the molecular orbitals of the neighbor-
ing molecules [1]. Hence, determination of the molecular
packing of the organic thin films is an essential input for
a comprehensive understanding of the correlation between
the material structure and the device optical and electrical
properties. Perylene Tetracarboxylic Diimide derivatives are
among the most promising small organic molecules to fabri-
cate organic thin film transistors (OTFTs) and organic solar
cells (OSCs) [2–5].Their optical and electrical properties can
be modified by attaching different functional groups at spe-
cific molecular positions [6, 7]. PTCDI-C8 (N,N-Dioctyl-
3,4,9,10 perylenedicarboximide) is a compound belonging
to the perylenes family that shows high photosensitivity
(∼20%) [8] and high electron mobility (∼0.6–1.7 cm2/Vs)
[9, 10]. Since structural properties of thin films are defining
parameters of the device optical and electrical characteristics,

a detailed study of the morphological properties of PTCDI-
C8 thin films is essential to optimize the performance of
the devices based on this material. Although investigation of
the structure of the PTCDI-C8 on different substrates has
been reported before [11], the importance of the material
effects on the device performance is the main reason for
the continuing research in this area. In this work, optical
properties and molecular structure of PTCDI-C8 thin films
have been investigated combining several material character-
ization techniques such as ellipsometry, AFM, and XRR. The
obtained results revealed a high degree of structural ordering
that explains the superior electrical and optical properties of
these films.

2. Experimental

Several sets of PTCDI-C8 films with thicknesses ranging
from 20 to 45 nm were deposited on p-type boron-doped Si
(111) substrates with native oxide using a vacuum thermal
evaporator system. These films were deposited under high
vacuum condition with a base pressure of about 4 × 10−7
Torr at a rate of 1 Å/sec at room temperature. Topographic
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Figure 1: AFM images for PTCDI-C8 films with (a) 20, (b) 27, (c) 33, and (d) 45 nm thickness deposited on Si substrate at room temperature
for scan sizes of 500 × 500 nm2 and 2 × 2𝜇m2.
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Figure 2: Line scans of the terraces which showmonomolecular steps of 2 nm for 27 nm of PTCDI-C8 on Si.The inset presents the chemical
structure of PTCDI-C8.

images were taken using a Veeco Multimode Scanning
Probe Microscope AFM operated in tapping mode. X-ray
reflectivity was performed using a Bruker-AXS D8-Discover
high resolution X-ray diffractometer. This system utilizes a
horizontal goniometer, fixed X-ray tube with a Cu anode
(CuK 𝛼 radiation, 𝜆 = 0.15418 nm), Göbelmirrors, Cu rotary
absorber, 4-bounce Ge (022) monochromator, and Lynx Eye
position sensitive detector (PSD) with automated Iris. The
reflectivity data were analyzed using the Parratt formalism
which takes into account multiple scattering effects [12].
Spectroscopic ellipsometry measurements were performed
using a variable-incidence-angle ellipsometer fromWoollam
Company in the photon energy range of 1.4 to 3.5 eV and
at the incident angles of 65, 70, and 75 degrees. All the
experiments were carried out in the ambient condition.
Summary of the material characterization is presented in the
next section.

3. Results and Discussion

Figure 1 displays the typical topographical AFM images of
20, 27, 33, and 45 nm thick PTCDI-C8 films deposited on Si
substrate at room temperature. PTCDI-C8 films display a rel-
atively smooth surface morphology with needle-like features.
These features which are randomly oriented in the film have a
length of about several hundred nanometers. Planar terraces
on the needles can be seen in the AFM images. The line
scan of the terraces (Figure 2) revealsmonomolecular steps of
about 2 nm which is close to the film periodicity determined
by the XRR data. The line scan has been performed over
the area with the largest differences between the heights
of the features. A summary of the roughness of the films
with different thicknesses has been presented in Figure 3. As
can be seen in this figure, the root mean square roughness
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Figure 3: Plot of the surface roughness versus thickness of the
PTCDI-C8 films deposited on Si substrates.

increases from0.7 nm to 1.7 nmas the film thickness increases
from 20 nm to 45 nm. Having a relatively smooth surface for
thicker films suggests that the films display awetting behavior
on the Si substrates [13].

Furthermore, X-ray reflectivity was performed to evalu-
ate the structural properties of PTCDI-C8 films. The results
of the XRR studies are presented in Figure 4(a) and have been
offset deliberately for better presentation. These reflectivity
curves were analyzed using the Parratt formalism. In this



4 International Journal of Photoenergy

0 1 2 3 4 5

In
te

ns
ity

 (a
.u

.)

 20 nm
 23 nm
 27 nm

 33 nm
 39 nm
 45 nm

2/𝜋𝑑 (nm−1)

(a)

0 0.5 1 1.5 2

In
te

ns
ity

 (a
.u

.)

27 nm PTCDI-C8 on Si
 Experimental data
 Simulated curve

ΔK (Kiessig fringes) film thickness

2𝜋/𝑑 (nm−1)

(b)

2 2.5 3 3.5 4 4.5 5

In
te

ns
ity

 (a
.u

.)

ΔL (Laue oscillations)
thickness of the periodic part 

27 nm PTCDI-C8 on Si
 Experimental data
 Simulated curve

2𝜋/𝑑 (nm−1)

(c)

Figure 4: X-ray reflectivity curves for (a) different thicknesses of PTCDI-C8 films as well as the measured and simulated reflectivity data for
(b) Kiessig fringes and (c) Laue oscillations for PTCDI-C8 film with 27 nm thickness.

model, the transmitted X-ray in the top-most layer serves as a
new source for the scattering at the next lower interface [14].
Kiessig fringes at low angles as well as the Bragg peak with
un-damped Laue oscillations indicate formation of films with
a highly ordered structure. The low angle Kiessig fringes are
related to the total film thickness and the Laue oscillations
around the Bragg peak are related to the coherently ordered
film thickness. Figures 4(b) and 4(c) show the measured and
simulated reflectivity data for a 27 nm thick film of PTCDI-
C8. Similarity of the widths of the Kiessig fringes with

the Laue oscillations around the Bragg peak suggests that
PTCDI-C8 films are coherently ordered across their entire
thickness.

The roughness and the thickness of the deposited films
have been determined by a combination of techniques
including AFM, ellipsometry, and XRR. A summary of the
roughness analysis from AFM and XRR has been shown in
Figure 5(a). Thickness data from ellipsometry and XRR is
also summarized in Figure 5(b). As presented in these figures,
the results of characterization from different techniques are



International Journal of Photoenergy 5

20 30 40 50

0

0.5

1

1.5

2

2.5

XRR
AFM

Ro
ug

hn
es

s (
nm

)

Film thickness (nm)

(a)

10 20 30 40 50 60
10

20

30

40

50

60

Fi
lm

 th
ic

kn
es

s (
nm

)-
el

lip
so

m
et

ry

Film thickness (nm)-XRR

XRR
 Ellipsometry

(b)
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Figure 6: Calculated (a) interlayer spacing and (b) domain size for PTCDI-C8 films with different thicknesses.

similar. Among these techniques, XRR is the best method to
characterize the structure of the materials in a thin film since
it provides detailed information about the film roughness and
thickness as well as molecular ordering and filmmorphology.

Moreover, the interlayer spacing (𝑑) can be determined
from the diffraction peaks according to Bragg’s equation,
𝑛𝜆 = 2𝑑 sin 𝜃, where 𝑛 is the order of the diffraction peak and
𝜃 is the scattering angle. A summary of the calculated values
for PTCDI-C8 films with different thicknesses is presented
in Figure 6(a). Calculated values for interlayer spacing are
in good agreement with the height of the molecular terraces
measured from AFM topographical images. In a simplified

way, considering negligible contribution from the strain, the
mean size of the crystalline domains can be estimated from
the inverse of the full width at half maximum (FWHM) of
the Bragg peak using equation 𝐷 ≈ 𝐾𝜆/𝛽 cos 𝜃, where 𝐾
is the Scherrer constant, 𝜆 the wavelength, 𝛽 the FWHM,
and 2𝜃 is the Bragg peak angular position. The domain sizes
calculated for the different thicknesses of PTCDI-C8 films are
presented in Figure 6(b). As can be seen in this plot, thicker
films possess larger domain size and therefore sharper peaks
compared to the thinner films. The size of the crystalline
domains estimated from the X-ray reflectivity measurements
is in the range of 20 to 40 nm for different thicknesses.
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Figure 7: The (a) refractive indices (𝑛) and (b) extinction coefficients (𝑘) for PTCDI-C8 films with different thicknesses.

The fact that these values are considerably smaller than the
grains size (needle-like features) observed in the AFM images
indicates that the deposited films possess polycrystalline
structure.

The refractive indices (𝑛) and extinction coefficients (𝑘)
were extracted from the ellipsometry spectra of PTCDI-C8
thin films using Lorentz model. Figure 7 shows the ellipsom-
etry results for different thicknesses of PTCDI-C8films.Opti-
cal constants of some derivatives of perylenes family such as
PTCDAandPTCDI-C13 have been reported previously in the
literature [15]. However, the authors believe that their attempt
tomodel optical spectra of PTCDI-C8may be one of the only
reported ones. As can be seen in these figures, for both 𝑛 and
𝑘 spectra, increasing the thickness of the film decrease the
intensity of the peaks and shifts their position toward lower
energies. The effects of thickness variation on the optical
constants can be attributed to the change in the density of
the defects in the films [16]. XRR studies revealed that thicker
films possess larger crystalline domains, which modify the
formation and the density of the defects inside the deposited
films. Therefore, the differences in the optical properties of
these films can be attributed to the thickness variation.

4. Conclusions

In summary, in order to study the structural properties of
PTCDI-C8 thin films, different thicknesses of this material
have been deposited on SiO

2
/Si substrates by vacuum thermal

evaporator at room temperature. The effect of the thickness
variation on the structural and optical properties of these
films has been investigated performing AFM, XRR, and ellip-
sometry.The results of this study verify the existence of a very
high internal molecular ordering within the PTCDI-C8 films

regardless of the thickness variation. The average sizes of the
crystalline domains which have been extracted from the XRR
analysis coincide with the film thickness. This implies the
presence of a 3D crystalline structure across the entire thick-
ness of the layered film. Therefore, the reported outstanding
optical and electrical properties of organic semiconductor
devices based on PTCDI-C8 can be attributed to the high
degree of molecular packing observed for these films.
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In this work we investigate the Ag nanoparticle doping of TiOx used as an intermediate layer between subcells of a tandem organic
photovoltaic. We use a model polymer cell structure of P3HT:TiOx:PEDOT:P3HT to observe charge-trapping effects as a function
of nanoparticle content in the TiOx, as determined by the shape of the dark and illuminated current voltage curves of the devices.
There is a direct correlation between the amount of Ag nanoparticles in the TiOx, and interfacial charge buildup, and charge trapping
being completely mitigated at around 0.2% mol. This suggests that such doping schemes might provide a simple approach to the
creation and use of TiOx layers for tandem cells.

1. Introduction

Polymer-based organic solar cells in single-layer bulk het-
erojunction have now demonstrated power conversion effi-
ciencies (PCEs) of between 7%–9% [1–3]. These efforts
have improved the solar cell performance by modifying the
chemical structure [4, 5] of the polymers or of the bulk
heterojunction acceptor [6] which has yielded improvements
to the filling factor (FF) through better packing and the short
circuit current density (Jsc) through smaller bandgaps. How-
ever, the PCE of such cells remains limited by the open circuit
voltage (Voc) [7], which arises from the difference between
donor highest occupied molecular orbital (HOMO) level and
acceptor lowest unoccupied molecular orbital (LUMO) level
[8, 9]. Given the optical absorption bandgap and the need to
set the acceptor levels sufficiently below the polymer’s LUMO
for efficient exciton separation, increasing the Voc in a single-
layer bulk heterojunction device can be challenging.

A popular approach to increasing the Voc in such cir-
cumstances is the use of a series-connected solar cell con-
figuration: a “tandem solar cell,” in which two or three
polymer solar cells with different optical bandgaps, matched
across the solar spectrum, are stacked together [10]. Typically,
in tandem devices, there is an interconnection layer (ICL)
between the subcells that serve to allow current flow through

the device. This interlayer has to be sufficiently conductive
and transparent for charge and light to pass unimpeded.
This further requires the Fermi level to be in a specific
range depending on the LUMO of the front-cell acceptor
and HOMO of the back-cell donor for the charge collection
and voltage add up. Finally, since this ICL can allow for the
recombination of electrons generated by the front cell and the
holes from the back cell (for noninverted subcells), mobility
must be high, meaning no charge trapping. Examples of
interlayers successfully demonstrated to meet some of these
requirements and connect the subcells are ultrathin metal
films of silver or gold [11, 12]; vacuum deposited metal oxide
(i.e., indium tin oxide (ITO), molybdenum trioxide (MoO

3
)

[13, 14] or solution processed metal oxides (such as Titanium
Oxide and Zinc Oxide)) [15].

Most studies insert TiOx or ZnOx as an electron transport
layer (ETL), together with poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) between the front cell
and back cell, that provides a region for holes generated
by the front cell and electrons transported from the back
cell. But these suffer from insufficient electron mobility and
result in a space charge trapping that leads to a fill factor
reduction in tandem devices using ZnO [16] and TiOx [17, 18]
as ETL. However, when irradiated with UV light, such as
from a solar simulator with the UV filter removed, mobility
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is restored as a charge balance in both ZnO and TiOx cases
[17–19]. This effect has been interpreted as UV-stimulated
detrapping of charge traps between the conductive PEDOT,
which can be treated as metallic hole conductor, and then
type semiconductive metal oxide (TiOx or ZnOx) [16, 17].
We note that an opposite phenomenon has been observed
in Pandey et al.’s work [20], and this could be attributed
to the Fermi level variation owing to the surface states
and impurities for nanoporous TiO

2
films mentioned in the

literature, which is different from our method.
In this study, we present an alternative method for

electron activation. Following the work of photosensors
[21], we employ the use of silver nanoparticles to dope the
metal oxide. Focusing on solution-processed TiOx, we show
that improvements in the conductivity and charge carrier
mobility can be similar to those in the UV-activated case
[21, 22]. Similar effect has been observed by Liu and Nunzi
[23] by depositing 1 nm gold nanoparticles between two
subcells in an inverted tandem cell configuration for space
charge removal, which confirms our observation. This is
demonstrated in a model P3HT system; however, the results
can be applied to polymer devices with different bandgaps in
the subcells, allowing for more efficient spectral splitting and
charge collection generally.

2. Experiment

The detailed recipe for the preparation of TiOx sol-gel solu-
tions has been reported elsewhere in the literature [24, 25].
Briefly, the sol gel is prepared from the hydrolysis of titanium
(IV) isopropoxide (Aldrich, 99.9%) by water with the present
of nitric acid (HNO

3
) [26] as catalyst and acetylacetone as

chelating agent [18] under vigorous stirring. The obtained
clear gel is heated in an oven at 60∘C for 24 hours and aged
for three days. Silver doping was achieved by subsequently
dissolving silver nitrate in distilled water and added in
TiOx solution (0.2 w.t.% in ethanol) by 0.1 mol%, 0.2 mol%,
0.4 mol%, and 1.0 mol%. After white light illumination during
stirring for 24 hours, silver nanoparticles will be formed in the
solution.

Prepatterned indium tin oxide (ITO) coated glass sub-
strates (Delta Technologies) were cleaned by detergent and
ozone treated for 30 min after drying in a vacuum oven.
A blend solution of regioregular poly(3-hexylthiophene)
(P3HT) (Reike Metal) and phenyl-C61-butyric acid methyl
ester (PCBM) (as received from NANO.C) at a ratio of
1 : 0.8 in chlorobenzene was spun cast onto the poly(3,4-eth-
ylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS
4083), a 40 nm hole transporting layer formed by spin coating
at 4000 rpm for 45 seconds, coated substrates at 1500 rpm for
30 sec. A thin layer of TiOx with silver doping ratio of 0 mol%
(D00), 0.1 mol% (D01), 0.2 mol% (D02), 0.4 mol% (D04), and
1.0 mol% (D10) was spin coated at 1000 rpm on top of active
layer. After the second PEDOT:PSS (PH500) film (∼100 nm)
was formed and baked at 130∘C for 10 min, the back cell from
the same P3HT:PCBM blend solution was spun casted at
1500 rpm to keep the thickness the same as the front active
film. After the film was dried, the devices were transferred

to a vacuum chamber (<1.0 ∗ 10
−6 torr) for LiF (0.3 nm) and

aluminum (100 nm) back contact deposition.
The solar cells were tested using a standard AM 1.5 g

solar simulator at 100 mW/cm2. The active area of the devices
is carefully masked while testing and determined to be
between 0.08∼0.12 cm2. The current-voltage characteristics
are collected by Keithley 230.

3. Result and Discussion

The formed TiOx particles in thin film by spun casting
this solution on glass substrate can be seen in the Field
Emission Scanning Electron Microscopy (FESEM) image in
Figure 1. The particles are closely packed in the film with
an average size of 30 nm, which is comparable to literature
stated [27, 28]. The TEM images in Figure 1(b) confirm a
uniform porous TiOx matrix formed by this sol-gel method.
By adding silver nitrite water solution in the TiOx ethanol
solution and illuminated with white light for 24 hours, the
silver nanoparticles are decomposed from silver nitrite and
distributed uniformly in the TiOx matrix with a size of
5∼10 nm. This can be observed as black spots by TEM in
Figure 1(c) comparing with the nondoped film.

With a work function of 4.27 eV ± 0.05 eV, the sol-
gel-derived amorphous titanium oxide (TiOx) should
act as an electron-transporting layer (ETL) [29] in the
solar cell. To test the TiOx performance as ETL in
single-junction device, solar cells in the structure of
ITO/PEDOT:PSS(4083)/P3HT:PCBM/TiOx/Al were fabri-
cated and characterized by the IV curve under one sun illu-
mination as shown in Figure 2(a). It is clear that the
device with nondoped TiOx film exhibits an “s-shaped”
JV curve near Voc. This indicates that space charge has
been built up between cathode and active layer due to the
insufficient charge carrier mobility, which corresponds to a
low filling factor of 0.405 [19]. Once a small amount of silver
nanoparticles (0.1 mol%) are added, the trapped charge, as
indicated by the JV curve shape, has been removed, and
a higher fill factor can be achieved (FF = 0.446). This was
confirmed by performing a JV measurement (Figure 2(b))
on a diode fabricated by inserting TiOx layer between ITO
and aluminum. Further increasing the doping level raises the
fill factor to 0.605 at 0.2 mol%.

Since the electron tends to go to a higher-energy level
from acceptor LUMO (−3.7 eV) to cathode Fermi level
(−4.06 eV), the electron transporting layer work function
needs to be high enough to maintain the Voc. The nondoped
TiOx layer work function was measured to be 4.27 ± 0.05 eV,
which is similar to other studies [17]. This suggests the
silver nanoparticles (work function = 4.5∼4.7 eV) increase the
work function as expected. The Voc (∼0.66 V ± 0.02) was
relatively constant at low levels of doping between 0.1 mol%
and 0.4 mol%. However, it starts to drop by 10% at a higher
doping (1.0 mol%) due to the work function increase up to
4.79 eV ± 0.03 eV as measured.

The ICL in tandem cell serves as a charge recombination
layer for electron transported from the acceptor of front cell
and the hole generated by the back cell and has to be both
transparent to visible radiation and electrically compatible
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(a) (b) (c)

Figure 1: (a) FE-SEM image for TiOx thin film spun casted on glass substrate and TEM images on TiOx thin film (b) with 0.4 mol% silver
nanoparticles and (c) without silver.
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Figure 2: (a) Single junction device performance under standard illumination with TiOx as electron transport layer and (b) electron mobility
in TiOx thin film diode without doping (black square) and doped by silver nanoparticles.

with the two subcells [30]. In our study, the combination of
TiOx (with and without doping) as ETL and PEDOT:PSS
as hole transport layer (HTL) was used as ICL between
two identical absorbing layers composed of P3HT:PCBM
at a ratio of 0.8. The thickness of the active layer of front
cell has been kept the same as that in the back cell for
all devices. The transparency of ETL thin films (with and
without silver nanoparticles) was tested and is shown in
Figure 3(a). It shows the transmission of 98% over the range
of 300 nm to 1000 nm. The doped TiOx has a thickness
of 20 nm in this study. In terms of the electrical behavior,
however, the PEDOT has a work function of 5.2 eV, which
induces a Schottky barrier at the interface between PEDOT
and TiOx, leading to an insufficient charge recombination
and voltage loss. The diodes in Figure 3(b) have a struc-
ture of ITO/PEDOT:PSS (PH500)/TiOx(silver)/Al, and the

undoped diode shows a Schottky curve while the doped
diodes show ohmic contacts, which aids in charge transfer.
From this we conclude that the doped layers should allow for
light and charge transfer within the tandem structure.

The tandem devices were fabricated by inserting
the above intermediate layers between two identical
P3HT:PCBM bulk-heterojunction subcells, and the back
contact was the combination of LiF and aluminum. As shown
in Figure 4, the IV curve for the device fabricated by non-
doped TiOx/PEDOT:PSS as interlayer has a “S” shaped
curve under standard illumination near Voc, which is the
Schottky barrier caused by the interface between TiOx
and PEDOT:PSS, resulting in a low filling factor of 0.373
and Voc ∼ 1.135 V with a potential loss. With a small
amount of silver nanoparticles in TiOx (0.1 mol%), the “S”
shape is partly corrected. Increasing the silver further to
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Figure 3: (a) IV characteristic of devices with structure of ITO/PEDOT:PSS/TiOx/Al diode and (b) transmission with TiOx thin film at
changing amount of silver dopant from 0.1 mol% to 1 mol%.
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Figure 4: IV curves of single-junction device and tandem devices with doped and undoped TiOx interlayer under standard AM 1.5 solar
simulator illumination when (a) UV filter not removed and (b) UV filter removed.

0.2∼0.4 mol%, the Voc increased up to 1.25 V∼1.28 V, which
is roughly the sum over two single junction devices (0.66 V).
The fill factor has also increased nearly 50% compared to
nondoped device, resulting in a PCE ∼ 3.63%± 0.11. For a
higher doping at 1.0 mol%, the device shows a slightly higher
fill factor of 0.537 but a reduced Voc of 1.01 V which limits
the PCE to around 2.5%.

By removing the UV filter in the solar simulator, and
illuminating the undoped films, a similar effect was observed
as in literature [18, 19]. The UV light activated the TiOx layer
and removed the “S” curve near Voc, which increases FF from
0.314 up to 0.541. However, no significant change in the IV
curve occurred by UV illumination for the doped TiOx layer
devices.
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4. Conclusion

This work investigated the use of Ag nanoparticles as a
dopant for TiOx films used in organic photovoltaics. Single-
junction devices were fabricated first, to test the TiOx perfor-
mance as an electron transport layer. At the 0.2 mol% silver
doping level of the TiOx, the single-layer devices exhibited
improved rectification in the IV curve compared to the
devices with nondoped film. In the model, tandem P3HT
photovoltaic, where the TiOx is used as an interlayer for
transfer, the nanoparticle dopant increased the charge mobil-
ity and removed the Schottky barrier between the second
PEDOT:PSS layer. The tandem solar cells using doped TiOx
film also exhibited the expected addition of the open-circuit
voltage (1.28 V) for low doping levels. However, for higher
Ag doping the open circuit voltage begins to drop indicating
misalignment of the energy levels of the system. This work is
applicable to tandem devices that utilize multiple bandgaps in
the subcells and suggests that nanoparticle doping schemes
may play an important role in band alignment and carrier
mobility as well as light scattering.
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e in�uence of polymer solution concentration on the performance of chlorobenzene- (CB-) and chloroform- (CF-) based
inverted-type organic solar cells has been investigated. e organic photoactive layers consisted of poly(2-methoxy-5-(2-ethyl
hexyloxy)-1,4-phenylenevinylene) (MEH-PPV) and (6,6)-phenyl C61 butyric acid methyl ester (PCBM) were spin coated from
CF with concentrations of 4, 6, and 8mg/mL and from CB with concentrations of 6, 8, and 10mg/mL onto Eosin-Y-coated ZnO
nanorod arrays (NRAs). Fluorine doped tin oxide (FTO) and silver (Ag) were used as electron collecting electrode and hole
collecting electrode, respectively. Experimental results showed that the short circuit current density and power conversion efficiency
increased with decrease of solution concentration for both CB and CF devices, which could be attributed to reducing charge
recombination in thinner photoactive layer and larger contact area between the rougher photoactive layer andAg contact. However,
the open circuit voltage decreased with decreasing solution concentration due to increase of leakage current from ZnO NRAs to
Ag as the ZnO NRAs were not fully covered by the polymer blend.e highest power conversion efficiencies of 0.54 ± 0.10% and
0.87 ± 0.15% were achieved at the respective lowest solution concentrations of CB and CF.

1. Introduction

Rapid development in enhancing the performance of organic
solar cells (OSCs) for the past few years by utilizing bulk
heterojunction (BHJ) devices has enabled power conversion
efficiency (PCE) up to 10.6% to be achieved [1]. In the case
of BHJ conventional device structure, an active layer which
consists of polymer donor and acceptor material is normally
sandwiched between indium tin oxide (ITO) anode and alu-
minium (Al) cathode [2]. Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) or PEDOT:PSS which plays role as
conductive hole transport layer (HTL) is commonly intro-
duced in between organic photoactive layer and ITO anode
[3]. However, due to strong acidic nature of PEDOT:PSS,
instability between the interface of ITO/PEDOT:PSS could
create defect site and thus leading to deteriorated device

performance [4, 5].Moreover, oxidation of lowwork function
Al electrode (4.28 eV) in air could also lead to instability at
the interface between metal and organic photoactive layer
[6]. In order to solve these issues, inverted con�guration
with low work function metal or metal oxides materials as
electron transporting layer and high work function metal
(e.g., silver, gold) as hole collection electrode have been
introduced to improve the stability of the device [6, 7]. Lately,
a lot of attention towards inverted OSCs with various metal
oxide nanostructures as electron transporting layer have been
developed, such as ZnO [8–14], TiO2 [15–19], alkali-metal
oxide cesium carbonate (Cs2CO3) [20, 21], and others [22,
23].e environmental-friendly and low-cost ZnO nanorods
arrays (NRAs) can be grown at low temperature (below
100∘C) by hydrothermal method [24]. e ZnO NRAs not
only have good electron collecting and transporting property
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in the inverted OSCs hybridized with the polymer blend,
but also can provide larger interface surface area to improve
photocurrent and efficiency [25].

Recently, much effort has been focused on utilizing blend
�lm of poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61
butyric acidmethyl ester (PCBM) as photoactive layer inZnO
NRAs-based inverted OSCs [19–23]. Various P3HT-PCBM
processing parameters such as solvent selection, solution
concentration, and spin coating speed have been investigated
to optimize the solar cell performance [25, 26]. Takanezawa
et al. [25] reported that thicker organic photoactive layer
deposited by using higher solution concentration or lower
spin coating speed results in better power conversion effi-
ciency as a consequence of improved optical absorption and
short circuit current density. Meanwhile, Chou et al. [26]
demonstrated that organic photoactive layer drying time
could be lengthened by lowering the spin coating speed,
hence leading to improved photovoltaic performance as a
result of better polymer crystallinity, increased thickness,
and enhanced in�ltration of photoactive layer. However,
little attention has been given to poly[2-methoxy-5-(2′-
ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) blended
with PCBM as photoactive layer in the similar OSCs. MEH-
PPV has broad optical absorption region 400–600 nm and
also higher hole mobility compared to electronmobility [27].

e present work reports on the effects of MEH-PPV
and PCBM solution concentration on the performance of
inverted-type OSCs based on Eosin-Y-coated ZnO NRAs.
Eosin-Y organic dye, a low-cost alternative to expensive Ru-
complexes dye, has good absorption property and is able
to increase the wettability of ZnO surface [28]. Different
solution concentrations of MEH-PPV and PCBM were pre-
pared from chlorobenzene (CB) and chloroform (CF). e
short circuit current density and power conversion efficiency
increased, whereas the open circuit voltage decreased with
the reduction of solution concentration.e optimum power
conversion efficiencies of 0.54 ± 0.10% and 0.87 ± 0.15%were
achieved at the respective lowest solution concentration of
CB and CF devices.

2. Experimental Methods

2.1. Device Fabrication. Inverted OSCs with �uorine doped
tin oxide (FTO)/Eosin-Y-coated ZnO NRAs/MEH-PPV
and PCBM(1:2)/Ag structure were constructed. e FTO
(∼15Ω/sq) substrates were ultrasonically cleaned by using
acetone and 2-propanol each for 15min. e ZnO seed layer
was spin coated on top of precleaned substrates for 3 times
from an equimolar solution (0.2M) of zinc acetate dehy-
drate (Zn(O2CCH3)2⋅(H2O)2) and diethanolamine (DEA)
in ethanol followed by annealing at 300∘C for one hour
in air. e hydrothermal growth of ZnO NRA was done
by immersing ZnO seed coated substrates into an equimo-
lar aqueous solution (40mM) of zinc nitrate hexahydrate
(Zn(NO3)2⋅6H2O) and hexamethylenetetramine (HMT) at
90∘C for 45min in a laboratory oven. e dye coating was
performed by spin coating a thin layer of Eosin-Y from a
0.3mM acetone solution onto ZnO NRAs. e MEH-PPV

with molecular weight 40,000–70,000 gmol−1 and PCBM
were purchased from Sigma-Aldrich and Nano-C, respec-
tively. MEH-PPV and PCBM (1:2 by weight) were dissolved
in two different solvents, namely chloroform (CF) and
chlorobenzene (CB) at various concentrations. CF solutions
with concentration of 4mg/mL to 8mg/mL and CB solutions
with concentration of 6mg/mL to 10mg/mL were spin-
coated on top of Eosin-Y-coated ZnO NRAs. e spinning
speed and spinning time were �xed at 1000 rpm and 60 s,
respectively. Finally, the silver (Ag) contact (200 nm) was
deposited by using magnetron sputtering under vacuum (∼
10−3 Torr) by �owing Argon (Ar) gas at 45 cc/min. During
sputtering process, a slow deposition rate ∼0.17 nm s−1 was
used in order to avoid the damage of organic photoactive
layer. Furthermore, in order to oxidize silver, pure oxygen gas
was introduced during sputtering process into the vacuum
chamber at a �ow rate of 5 cc/min. It was believed that
oxidation of Ag will increase its work function from 4.3 to
5.0 eV, which in turn facilitate hole collection from donor
materials to Ag and improve the cells performance [29]. Four
devices for each solution concentration were fabricated.

2.2. Device Characterization. eabsorption spectra of blend
�lms consisted of organic photoactive layer and Eosin-Y-
coated ZnO NRAs were investigated using a Perkin Elmer
Lambda 900 UV-Vis spectrophotometer. e cross-sectional
images of organic photoactive layer deposited on Eosin-
Y-coated ZnO NRAs were recorded by using Carl Zeiss
Supra 55VP Field Emission Scanning Electron Microscope
(FESEM).e surfacemorphology of the organic photoactive
layers was investigated by using Ntegra Prima NT-MDT
scanning probemicroscope under ambient condition at%RH
∼68% and room temperature 26∘C. e 𝐽𝐽-𝑉𝑉 characteristics
of the devices were measured with Keithley 237 SMU under
illumination at 100mW/cm2 from a solar simulator with
AM 1.5� �lter. e active area of the devices was de�ned
as 0.07 cm2 by using mask. e incident photon to current
conversion efficiency (IPCE) values was measured using
Newport IPCE system at a chopping frequency of 10Hz. e
above device fabrication and measurements were conducted
under ambient atmosphere (without encapsulation).

3. Results and Discussion

Figure 1 shows the optical absorption properties of blend
�lms of organic photoactive layer and Eosin-Y-coated ZnO
NRAs. Broad absorption from 400 nm up to 600 nm is
correlated with MEH-PPV [30], whereas absorption below
400 nm is contributed by PCBM and ZnO NRAs [31]. e
absorption increased with solution concentration for both
CF and CB. It has been reported that enhanced absorption
in the long wavelength range of the polymer indicates the
increase in crystallinity and hole mobility of the polymer
[32]. However, the shape of absorption spectra of MEH-PPV
and PCBM blend �lm (in the range of 400–600 nm) showed
no notable changes with different solvents and solution con-
centration, suggesting no signi�cant different in crystallinity
and hole mobility of the polymer. e Eosin-Y-coated ZnO
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F 1: e absorption spectra of blend �lms of Eosin-Y-coated ZnO NRAs and organic photoactive layer deposited from (a) CB and (b)
CF solvents at various concentrations. Inset shows the absorption spectra of Eosin-Y-coated ZnO NRAs in the region 440–560 nm.
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F 2: Cross-sectional FESEM images of devices prepared from CB at concentrations (a) 10mg/mL (b) 6mg/mL and prepared from CF
at concentrations (c) 8mg/mL, (d) 4mg/mL (scale bar: 100 nm).

NRAs exhibited absorption in visible region from 440 nm
to 560 nm (inset of Figure 1) and two absorption peaks at
500 nm and 530 nm corresponding to the monomeric and
dimeric forms of Eosin-Ywere observed [33].e intensity of
Eosin-Y absorption was much lower than that of MEH-PPV,
suggesting Eosin-Y had a little contribution to the overall

absorption of device. However, the existence of thin layer
dye on top of ZnO NRAs may enhance the charge transfer
efficiency at the MEH-PPV/ZnO NRAs interface and also
improve the wetting state of ZnO NRAs [34].

Figure 2 shows typical cross-sectional images of devices
prepared from CB and CF at different concentrations. ZnO
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F 3: (a) 𝐽𝐽-𝑉𝑉 characteristics of devices prepared fromdifferent CB andCF solution concentrations, (b) photovoltaic parameters of devices
as a function of solution concentration.

nanorods with diameter ranging from 50 nm to 80 nm and
with length up to 300 nm were obtained. e total thickness
of the blend �lms prepared from CB and CF reduced from
∼560 nm to ∼460 nm and from ∼500 nm and ∼400 nm,
respectively, with decrease of solution concentration. is
is consistent with absorption result shown above where the
absorption increased with increasing solution concentration,
indicating formation of thicker blend �lm. In addition, it can
be clearly seen that the in�ltration of organic blend prepared
from CB into the spacing between Eosin-Y-coated ZnO
nanorods was better than that prepared fromCF, as indicated
by the increased number of voids appeared in the interspaces
between ZnOnanorods.e polymer prepared from a higher
boiling point solvent has longer time to effectively in�ltrate
into the spacing between ZnO nanorods and gives enough
time for polymer chain to self-organized [35]. erefore, the
poor in�ltration could be attributed to lower boiling point of
CF (∼61∘C) as compared to CB (∼131∘C).

e 𝐽𝐽-𝑉𝑉 characteristics of typical devices under illu-
mination of a simulated AM 1.5 sunlight at 100mW/cm2

are shown in Figure 3(a), whereas the statistical data for
photovoltaic parameters obtained from a series of four indi-
vidual devices for each parameter are plotted in Figure 3(b).
e short-circuit current density (𝐽𝐽sc), �ll factor (FF) and
power conversion efficiency (PCE) increased with decreasing
solution concentration for both CB- and CF-based devices,
whereas the open circuit voltage (𝑉𝑉oc) exhibited opposite
behavior. Both CB- and CF-based devices showed the highest
PCE at respective lowest solution concentration. e device
prepared from CB at concentration of 6mg/mL exhibited the
highest PCE of 0.54 ± 0.10%with 𝐽𝐽sc of 3.45 ± 0.17mA cm−2,
𝑉𝑉oc of 0.34 ± 0.02V and FF of 0.48 ± 0.02. In the case of
CF, the highest PCE of 0.87 ± 0.15% was achieved at the
concentration of 4mg/mL, with 𝐽𝐽sc of 4.76 ± 0.17mA cm−2,
𝑉𝑉oc of 0.35 ± 0.03V, and FF of 0.51 ± 0.02. However, further
reduction of polymer solution concentration results in very
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F 4: e IPCE spectra of devices prepared from different CB and CF solution concentrations.

low𝑉𝑉oc < 0.2V and low 𝐽𝐽sc < 0.75mAcm−2 for both CB and
CF devices (not shown here). e series resistance (𝑅𝑅𝑠𝑠) and
shunt resistance (𝑅𝑅sh) were determined from the slopes at𝑉𝑉oc
and 𝐽𝐽sc in the 𝐽𝐽-𝑉𝑉 curve, respectively.e enhancement of 𝐽𝐽sc
with decreasing solution concentration could be correlated
with the organic photoactive layer thickness. It is generally
accepted that increase in thickness results in more excitons
due to higher absorption. However, the charge recombina-
tion rate also increases with thickness, resulting in lower 𝐽𝐽sc.
In contrast to study obtained on P3HT and PCBM-based
inverted-type organic solar cell [25], increase in thickness did
not lead to increase in 𝐽𝐽sc, but to a decrement in present work.
is suggests that charge recombination process dominated
the variation of 𝐽𝐽sc with respect to thickness. It is believed
that the probability of photogenerated electrons and holes to
transport to ZnO NRAs and Ag, respectively, became higher
with thinner photoactive layer.e𝑅𝑅𝑠𝑠 decreased signi�cantly
from 397.24 ± 30.87 to 25.40 ± 6.91Ω cm2 and from 220.26
± 11.53 to 15.97 ± 2.47Ω cm2 as the polymer solution
concentration reduced for CB and CF devices, respectively.
is result indicates the decrease of bulk resistance across
the organic photoactive layer with decreasing thickness,
leading to higher number of electron and hole extracted from
the device. Besides, the increase of 𝑉𝑉oc with the solution
concentration for both solvents could be due to suppression
of leakage current as indicated by larger 𝑅𝑅sh. e signi�cant
decrement of 𝑅𝑅𝑠𝑠 with respect to 𝑅𝑅sh leads to increment in FF.
erefore, the increase in both 𝐽𝐽sc and FF was great enough
to offset the reduced𝑉𝑉oc, which in turn improved the overall
device performance.e overall photovoltaic performance of
all devices is summarized in Table 1.

Figure 4 shows IPCE spectra of the devices measured
from wavelength 350 to 800 nm with maximum IPCE of

∼16% and ∼20% at 500 nm was achieved at respective
lowest solution concentration for CB and CF device. Despite
the increase of absorption with solution concentration, the
opposite trend was observed from IPCE spectra. e IPCE
result is consistent with 𝐽𝐽sc which increased with decreasing
solution concentration and further con�rms that relatively
thick organic photoactive layer on top of Eosin-Y-coatedZnO
NRAs causes the increase of charge recombination in the
organic photoactive layer and results in lower 𝐽𝐽sc even though
the absorption increased. e IPCE spectra of the CB and
CF devices with the highest solution concentration exhibited
low photon conversion efficiency at wavelength (500 nm)
corresponding to absorption peak of MEH-PPV. For thicker
photoactive layer deposited at high solution concentration,
most of the photons with wavelength close to 500 nm were
absorbed in the region close to FTO/Eosin-Y-coated ZnO
NRAs. Meanwhile, photons with wavelength away from
500 nm were more uniformly absorbed throughout the pho-
toactive layer. e distortion of IPCE spectrum of thick
photoactive layer indicates that photocurrent generation in
the bulk region close to Ag was more efficient than that in
the region close to ZnO NRAs [36]. is result also suggests
that the probability of holes generated in the region close to
ZnO NRAs to be trapped or recombine before reaching Ag
was higher.

Figure 5 shows the topographic images of surface mor-
phology of organic photoactive layer deposited on Eosin-
Y-coated ZnO NRAs with different solvent concentrations.
e rootmean s�uare (rms) roughness signi�cantly increased
from 2.58 to 14.75 nm and from 4.11 to 17.77 nm, respec-
tively, as the CB and CF solution concentration decreased.
e rough surface obtained from lower solution concentra-
tion indicates ZnO NRAs were not fully covered by polymer
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F 5: AFM images of blend �lms of Eosin-�-coated ZnO NRAs and organic photoactive layer prepared from CB at concentrations (a)
10mg/mL, (b) 6mg/mL and prepared from CF at concentrations (c) 8mg/mL, (d) 4mg/mL.

T 1: Summary of photovoltaic parameters of devices at various solution concentrations.

Concentration
(mg/mL)

𝐽𝐽sc
(mA cm−2)

𝑉𝑉oc
(V)

PCE
(%) FF 𝑅𝑅𝑠𝑠

(Ω cm2)
𝑅𝑅sh

(Ω cm2)
Chlorobenzene

10 1.06 ± 0.07 0.53 ± 0.03 0.17 ± 0.03 0.29 ± 0.01 397.24 ± 30.87 618.54 ± 30.87

8 1.77 ± 0.08 0.50 ± 0.03 0.29 ± 0.04 0.31 ± 0.02 188.80 ± 30.88 402.77 ± 52.21

6 3.45 ± 0.17 0.34 ± 0.02 0.54 ± 0.10 0.48 ± 0.02 25.40 ± 6.91 340.56 ± 11.07
Chloroform

8 1.51 ± 0.07 0.50 ± 0.03 0.24 ± 0.03 0.32 ± 0.01 220.26 ± 11.53 526.98 ± 46.07

6 2.84 ± 0.13 0.49 ± 0.04 0.55 ± 0.08 0.41 ± 0.01 51.75 ± 6.70 322.64 ± 53.53

4 4.76 ± 0.17 0.35 ± 0.03 0.87 ± 0.15 0.51 ± 0.02 15.97 ± 2.47 272.05 ± 35.96

blend. �is �nding is in agreement with the value of 𝑅𝑅sh
which increased with solution concentration. Besides, this
observation is also well in line with the cross-sectional
FESEM images from which a wavy surface re�ecting the
ZnO NRAs underneath was clearly observed when organic

photoactive layer was deposited from a low solution concen-
tration. Meanwhile, the rougher surface also provides larger
contact area between organic photoactive layer and metal
contact, and thus leading to better charge collection efficiency
[37, 38]. Even though better photovoltaic performance can
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be achieved by depositing a thinner organic photoactive �lm,
the �lm must be thick enough to prevent the direct leakage
current from ZnO NRAs to Ag electrode.

4. Conclusions

e effect of solution concentration of MEH-PPV and
PCBM deposited onto Eosin-Y-coated ZnO NRAs on the
performance of inverted-type organic solar cell has been
investigated. e short circuit current density and power
conversion efficiency greatly enhanced with decrease of solu-
tion concentration for both chlorobenzene- and chloroform-
based devices, mainly due to reduce of charge recombination
in thinner organic photoactive layer and larger contact
area between the rougher organic photoactive layer and
Ag contact. In contrast, the increase of leakage current
from ZnO NRAs to Ag at lower solution concentration
results in decrease of open circuit voltage. e highest power
conversion efficiencies of 0.54 ± 0.10% and 0.87 ± 0.15%were
achieved at the respective lowest solution concentration of
CB and CF. It has been shown that the solution concentration
played important role in improving performance of inverted-
type organic solar cell.
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