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ABSTRACT: In this study, we compared the use of neat
bathocuproine (BCP) and BCP:Cy, mixed buffer layers in
chloroboron subphthalocyanine (SubPc)/Cg, bilayer organic
photovoltaic (OPV) devices and analyzed their influence on
device performance. Replacing the conventional BCP with
BCP:Cg, enabled manipulating the optical field distribution for
optimizing the optical properties of the devices. Estimation of
the interfacial barrier indicated that the insertion of the
BCP:Cq, between the Cg, and electrode can effectively reduce
the barrier for electrons and enhance electron collection at the
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electrode. Temperature-dependent measurements of the OPV devices performed to calculate the barrier height at the SubPc/Cy,
interface suggested that band bending was larger when the BCP:Cg, buffer layer was used, reflecting increased exciton
dissociation efficiency. In addition, the device lifetime was considerably improved when the BCP:Cy, buffer layer was used. The
device performance was stabilized after the photodegradation of the active layers, thereby increasing the device lifetime compared
with the use of the neat BCP buffer layer. Atomic force microscopy images showed that the neat BCP was easily crystallized and
could degrade the cathodic interface, whereas the blend of C4, and BCP suppressed the crystallization of BCP. Therefore, the
optimal buffer layer improved both the device performance and the device lifetime.

KEYWORDS: small-molecule organic photovoltaic, power conversion efficiency, lifetime, cathodic buffer layer, optical manipulation,

morphology

B INTRODUCTION

Small-molecule organic photovoltaic (OPV) devices have the
potential to be next-generation photovoltaic devices because
their power conversion efficiency (PCE) has substantially
improved over the past decade.'™ One of the major
developments is the evolution of cathodic buffer layers.*”"°
Unlike inorganic semiconductors, in these layers strong binding
between electrons and holes leads to the formation of excitons
(ie, strongly bound electron—hole pairs)."" These excitons
must diffuse to the donor/acceptor interface to overcome the
binding energy and dissociate into free electrons and holes."?
Conventional OPV devices use fullerenes such as Cq, and C,,
as an acceptor; fullerenes have a large excition diffusion
length.">~"> Therefore, an exciton-blocking layer (EBL) is
necessary to prevent the quench of excitons near the electrode
and thereby increase the possibility of exciton dissociation.'®”"®
In our previous studies, we demonstrated that the thickness
variation of C4y and C;, enables manipulating the optical field
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distribution in OPV devices with different donor materials.!”*°

This optical tuning property is a consequence of the first optical
field maximum occurring close to the reflective metal because
of optical interference.”’ "> However, the wide absorption
band of Cy, and C,, may increase unnecessary absorption in
OPV devices.”**> Therefore, using Cq and C,, as optical
spacers may be inappropriate for optical field manipulation.
In contrast to fullerene, a wide band gap EBL that is
transparent to visible light is a promising candidate for an
optical spacer.”*™* For example, the conventional EBLs,
bathacoproine (BCP) and bathophenanthroline (BPhen), are
typically used to block excitons and act as electron selective
layers.*”'*3°733 However, the ability to transport electrons is
attributed to carrier hopping through defect sites formed during
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Figure 1. Power dissipation profiles of OPV devices with neat BCP and BCP:C, mixed buffer layers of various thicknesses, (a) 8, (b), 16, (c) 24,
and (d) 32 nm, at incident wavelengths of 450 and 585 nm, which correspond to the peak absorption of C4 and SubPc, respectively (Supporting
Information Figure S1). The solid and dashed lines denote devices with BCP and BCP:Cg, buffer layers, respectively.

the deposition of metal cathodes.'******* Because of the
limited penetration depth of the metal atoms, the number of
defect sites of BCP and BPhen may be reduced as a function of
the BCP and BPhen thicknesses, thus restricting the thickness
to typically less than 10 nm, as shown by previous
studies.>”®'%133132 Nevertheless, using the conventional
EBLs is advantageous because the embedded optical spacer
can be used, implying that additional layers need not to be
introduced; introducing additional layers complicates the
fabrication processes of the OPV devices. Metal-doped EBLs
have been proposed for facilitating efficient electron conduction
and blocking excitons simultaneously.**> Multilayer structures
have been used as EBLs and optical spacers.*”'*** Although
the device performance considerably improves when multilayer
EBLs are used, the insertion of additional layers is unfavorable
for simplifying the device structure.

Recently, Luo et al. employed LiF as a dopant for the Cg,
layer, and a thin layer of BCP (ie, Cg:LiF/BCP) was
deposited over the Cg, layer to optimize the optical properties
and exciton energy transfer.>® Menke et al. proposed using a
dilute acceptor layer prepared from a blend of C4y and a wide
band gap material, p-bis(triphenylsilyl)benzene (UGH2), to
enhance light absorption.”” By appropriately controlling the
concentration of UGH2 and the thickness of the dilute layer,
more efficient use of absorbed photons at the donor/acceptor
interface was achieved, leading to a large enhancement of the
short-circuit current density (Jsc) compared with the neat Cq,
layer. This concept is similar to that presented by Luo et al,
who suggested doping the Cg4, with wide band gap, transparent
materials. Bartynski et al. reported a simplified EBL prepared
from a blend of C4, and BCP that showed high electron
conductivity and efficient exciton blocking effects.”® A crucial
finding relating to the BCP:C4, buffer layer was the low
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exciton—polaron recombination at the acceptor/EBL interface,
which may reduce exciton dissociation and hence Jg¢. Xiao et al.
used the same concept but a different material, BPhen:Cg, to
increase exciton dissociation and electron extraction, thereby
improving the fill factor (FF).*

In the current study, we demonstrated the high PCE and
long device lifetime of chloroboron subphthalocyanine
(SubPc)/Cgy-based small-molecule OPV devices containing a
mixed EBL comprising BCP and Cg. Although the concept is
not new, we thoroughly studied the capability to tune the
optical field distribution, properties of the Cqy/buffer layer
interface, morphological changes, and diode behavior associated
with the use of the BCP:Cy, buffer layer. An optical simulation
was performed to calculate the power dissipation profile inside
the OPV devices. Optimal optical properties can be achieved by
using a 24 nm buffer layer. However, the conventional BCP
layer has a thickness of less than 10 nm, preventing optical field
manipulation. By contrast, the BCP:Cy, buffer layer shows
satisfactory electrical conduction for a thickness of 24 nm,
thereby showing the ability to tune the optical properties of the
OPYV devices. A series of temperature-dependent measurements
was performed to estimate the effective interfacial barrier at the
Cgo/buffer layer interface and the barrier height at the SubPc/
C¢o interface. The results suggested that using an optimal
BCP:Cq4, buffer layer improves both the charge collection
efficiency and exciton dissociation, thereby enhancing the PCE
considerably. In addition, because the BCP crystallization is
suppressed by Cg, the device with the BCP:Cy, buffer layer
shows a much longer lifetime and almost stable performance
over time compared with a device using neat BCP.
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Figure 2. (a) Photo J—V characteristics of OPV devices with various buffer layers under AM 1.5G solar illumination at 100 mW cm™> The error bars
shown were determined by examining 10 devices. (b) EQE spectra of OPV devices with various buffer layers. The solid and open symbols denote

devices with BCP and BCP:Cg, buffer layers, respectively.

Table 1. Photovoltaic Parameters of OPV Devices with Various Buffer Layers under AM 1.5G Solar Illumination at 100 mW

cm™2?
device Voc (V)
BCP, 8 nm 1.02 + 0.004
BCP, 24 nm 1.05 + 0.007
BCP:Cgy 8 nm 1.06 + 0.004
BCP:Cy, 24 nm 106 + 0.005

“The standard deviations for an average of 10 devices are provided.

Jsc (mA cm™) FF (%) PCE (%)
4.0 + 0.01 62 + 0.1 2.5 + 0.03
3.6 +£0.13 26 + 2.0 1.0 + 0.09
44 + 0.05 63 + 0.5 2.9 + 0.02
47 + 0.05 64 + 09 32 + 0.06

B RESULTS AND DISCUSSION

To demonstrate the optical field tunability of the device with
the BCP:C4, buffer layer, power dissipation profiles were
calculated using the transfer matrix method** for OPV devices
with the structure indium tin oxide (ITO)/MoO; (15 nm)/
SubPc (10 nm)/Cg, (30 nm)/BCP or BCP:Cg,/Al (120 nm).
In the current study, the mixing ratio of BCP:Cg, was 1:1
(volume ratio). The chosen mixing ratio was referenced to
previous study, which has presented the optimal device
performance through the use of a 1:1 mixing ratio of BCP
(or BPhen) to Cg, as a buffer layer.®® The optical constants
used in the calculation are provided in the Supporting
Information (Figure S1). The calculated power dissipation
profiles provided direct evidence of photon absorption by the
active layers.”® Figure 1 shows the calculated results. All devices
showed similar profiles, and there were slight differences
between the profiles of the device with a BCP buffer layer and
that of the device with a BCP:Cy, buffer layer. Because the
photocurrent in SubPc is likely to be higher than that in Cg,
because of the considerably high absorption of SubPc, the
following discussion focuses on the SubPc layer. The power
dissipation of the device with the BCP:Cgy, mixed buffer layer
was slightly lower than that that of the device with neat BCP. A
possible reason for the difference is the expense of the photon
absorption in the BCP:Cg, buffer layer. The device with an 8
nm buffer layer exhibited an undesirable profile because the
maximal photon absorption occurred at the MoO;/SubPc
interface instead of the SubPc/C, interface, where exciton
dissociation occurs (Figure 1a). A similar profile was observed
for the device with a 16 nm buffer layer despite a higher
absorption intensity (Figure 1b). When the thickness of the
buffer layer was increased to 24 nm, the maximum power
dissipation was appropriately located at the SubPc/Cg interface
(Figure 1c). However, a 32 nm device exhibited a decreased tail
in the profile, which may reduce the photocurrent because of
low photon absorption (Figure 1d). These results suggest that
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the optical field distribution of OPV devices can be optimized
by using a buffer layer with a thickness of 24 nm.

Figure 2a shows the photo J—V characteristics of the OPV
devices with various buffer layers under AM 1.5G solar
illumination at 100 mW cm™ All of the data were obtained
from 10 devices on two different substrates, and the error bars
for each cell parameter are provided in the figure. The device
with a standard configuration (i.e., with an 8 nm thick BCP
layer) showed a conventional curve, similar to that observed in
previous studies where SubPc was used as the donor.*"*
However, when the thickness of the BCP was increased to 24
nm, the rectification characteristics of the diode deteriorated
and conformed to an s-shaped-like curve. The s-shaped curve
can be attributed to charge accumulation, the presence of an
interface dipole, an energy difference between two sides of the
organic/metal interface, chemical degradation at the electrode
interface, and an imbalance between the hole and the electron
mobility.”™*® In the current study, the s-shaped curve was
attributed to poor electron extraction because of the low
number of defect states near the Cq)/BCP interface. Under a
small forward bias, the built-in potential is compensated for by
the external applied bias, thus resulting in charge accumulation
at the Cgo/BCP interface.*® Although Jsc remained similar to
that of an 8 nm BCP, the s-shaped curve reduced the FF and
hence the PCE, as shown in Table 1. These results suggest that
achieving the optical tuning by varying the thickness of the neat
BCP buffer layer is impossible. By contrast, the devices with the
8 and 24 nm BCP:C4, buffer layers showed standard
rectification characteristics and, thus, identical FFs. Never-
theless, because the optical properties in the OPV devices were
shown to be optimal for the thickness of 24 nm, as shown in
Figure 1, Jsc was slightly higher in the device with the 24 nm
BCP:Cy, buffer layer. The PCE of the devices with various
BCP:Cy, thicknesses was therefore optimized from 2.9% to
3.2% (Supporting Information Figure S2). We have previously
reported a series of high efficiency SubPc/Cy, devices through
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Figure 3. (a) Total absorption and (b) IQEs of OPV devices with various buffer layers. The solid and open symbols denote devices with BCP and
BCP:Cy, buffer layers, respectively. Extinction coeflicients of neat SubPc and Cg, layers are indicated by solid lines.

the control of fabrication process and materials preparation,
which yielded the PCE approaching 4.0%.**~>* However, in the
current study, the standard device showed a PCE of 2.5% only.
The reason for the lower PCE here is that SubPc was used as
received without further purification. In addition, all devices
with various buffer layers were simultaneously fabricated
through a homemade independently controlled shutter system,
which allows for producing at most four different cell
parameters. Therefore, the improvement in device performance
primarily resulted from the use of the different buffer layers
without run-to-run deviation. In addition to the improvement
in the PCE, all of the devices with a BCP:Cg, buffer layer
showed similar performance. Their similar performance
indicates the extent of the thickness tuning window. Figure
2b shows the external quantum efficiency (EQE) spectra of the
OPV devices with various buffer layers. Because J¢ is linearly
proportional to the product of the EQE and the AM 1.5G solar
spectrum, the EQE values were directly reflected by the trend
of the experimental Jg-. The shape of EQE spectra varied with
the buffer layer used. This result is primarily caused by optical
field manipulation. In addition, for the thickness of 24 nm,
irrespective of the type of buffer layer used, the peak
wavelength of the EQE shifted toward the absorption
maximum of SubPc. This observation indicates that the optical
field distribution in the 24 nm devices was optimized, regardless
of whether BCP or BCP:Cgy, was used as the buffer layer, as
predicted in Figure 1. Although the optical field manipulation
can contribute to the increase in Jgc, there are possible
mechanisms in increasing Jgc such as internal quantum
efficiency and carrier collection efficiency, both of which will
be discussed later. To resolve the contribution of the optical
field manipulation, a model to predict the trend in the Jg
change is much appropriate. However, in the current study, we
cannot predict the Jsc change because of two reasons. First, the
transportation of electrons is generally via the defect sites
caused through the deposition of electrode; the penetration
depth of metal atoms to create defect sites is limited and
renders the model complex. In previous study, Wang and co-
workers have predicted the s-shape trend with various
thicknesses of BCP.*® However, the predicted Jsc remained
the same. Second, the electron transport via the BCP:Cg, buffer
layer is still unclear, probably because of defect sites in BCP
and/or direct transport in Cgq. To predict J¢c and quantify the
contribution of optical field manipulation, detailed physical
mechanisms should be accounted for.

Neat BCP is transparent to the wavelength range of the
SubPc absorption band (Supporting Information Figure S1).
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When BCP was doped with Cg, to form the mixed buffer layer,
the transparency of the buffer layer changed because of the
absorption of the Cg,. The variation in the transparency
resulting from the use of different buffer layers led to a change
in the absorption spectra of the OPV devices. To investigate the
absorption change, total absorption measurement was con-
ducted using an integrating sphere in the reflection mode
(Supporting Information Figure S3). The integrating sphere
accounts for optical interference, scattering from each interface,
and electrode absorption and precisely estimates the reflection
of OPV devices.>® By subtracting unity from the reflection, the
total absorption of the OPV devices can be obtained. Figure 3a
shows the total absorption of the OPV devices with various
bufter layers. For comparison, the extinction coeflicients of neat
SubPc and Cg, are provided. The absorption peaks of the
devices showed a slight shift from approximately 590—595 to
585 nm, irrespective of the type of the buffer layer, when the
thicknesses of the buffer layers were increased from 8 to 24 nm.
This result indicates that the thickness of 24 nm enables
manipulation of the optical properties, as predicted in Figure 1.
Because of the presence of Cg, the devices with a BCP:Cy,
buffer layer showed a slight decrease in absorption in a
wavelength range of 450—600 nm compared with the devices
with neat BCP as the buffer layer. Although the recoupling
effect from the buffer layer containing Cg, increased the
absorption in a wavelength range of 400—450 nm, the Jsc may
not be improved because the solar spectrum exhibits a lower
intensity in this wavelength range. In addition to the optical
manipulation, an increase in charge collection may contribute
to an increase in Jsc. To determine whether using a BCP:Cyg,
buffer layer can increase the charge collection efficiency, the
internal quantum efficiency (IQE) was determined by dividing
the EQE by the absorption. As shown in Figure 2b, for the
thickness of 8 nm, the IQE of the device with the BCP:Cq,
buffer layer increased over the entire spectrum. In addition,
when the thickness of the BCP:Cy, buffer layer was increased to
24 nm, the IQE was highly superior to the IQEs of other
devices with different buffer layers, especially in the wavelength
range of approximately 500—600 nm. These results indicate
that the charge collection efficiency can be considerably
improved by either using the mixed buffer layer or optimizing
the thickness. Therefore, using the optimal buffer layer
improves not only the optical properties but also the charge
collection efficiency and hence Jsc. With an improved IQE,
typically an improved FF may be expected. However, in the
studied devices there is a slight dependence of FF under the
influence of buffer layers. In bilayer OPV devices, the FF can
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reach its highest value if the device structure was optimized.”*>*

In the current study, the device structure was almost optimized
through the control of the SubPc and Cg, thicknesses.
Therefore, the improved IQE primarily contributed to the
increase in Jgc while maintaining the high FF.

To determine the improvement in the charge collection
efficiency, temperature-dependent measurement of electron-
only devices was conducted to estimate the interfacial barrier at
the Cgo/buffer layer interface. The electron-only devices had
the structure Al (100 nm)/BCP or BCP:Cg, (8 nm)/Cg, (150
nm)/LiF (1 nm)/Al (100 nm). LiF/Al has been shown to
provide an effective quasiohmic contact with Cg.>> When a
positive bias and a negative bias are applied to Al near the
buffer layer and Al near LiF electrodes, respectively, holes are
blocked at the Al/BCP interface because of the large interfacial
barrier; however, electrons can enter the device across the
quasiohmic contact. Because of the high electron mobility of
Cgo electrons were rapidly transported through the Cg, layer
and encountered a barrier at the C,/BCP interface before their
collection at the Al electrode. The interfacial barrier was
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estimated on the basis of the framework of the Schottky
emission current density, and it can be expressed as follows:*®

J = AST? exp(—q{A, — [q(V — W) /4me,epkd]/*}/kT)
(1)

Here, A* is the effective Richardson constant, which depends
on the effective mass; T is the temperature; g is the elementary
charge; Ay is the interfacial barrier; Vis the applied voltage; Vi;
is the built-in potential; &, and ¢, are the relative dielectric
constant and permittivity of free space, respectively; k is the
Boltzmann constant; and d is the thickness of the Cg, layer. In
the plot of In(J/A*T?) versus (V — V)% a linear relation
indicates that the current injection is dominated by the
Schottky energy barrier. In the current study, a wide
temperature range of 260—330 K was considered to ensure
the applicability of eq 1. The parameter Vj; of the electron
devices was assumed to be zero because the same Al electrode
was used. Parts a and b of Figure 4 show the experimental
results for the electron-only devices with BCP and BCP:Cg,
buffer layers, respectively. At low temperatures, electrons
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cannot cross the Cg,/BCP and Cg4)/BCP:C, interfaces, and
therefore, the device with both types of buffer layers exhibited
similar low currents (Supporting Information Figure S4a,b).
The currents increased appreciably in the temperature range of
280—290 K in both the BCP and BCP:Cy, devices. However,
the increase in the BCP device was larger, indicating the
presence of a larger interfacial barrier in this device. Although
the electron transport in the buffer layers generally occurs
through carrier hopping between defects, the linear relation in
the In(J/A*T?) versus (V — V;;)"/? plots strongly suggests the
dominance of Schottky emission. Therefore, the current
densities in both devices are analogous to the Schottky
emission current density, thus implying the applicability of eq
1 to the electron-only devices. The interfacial barrier can be
estimated from the field-free current density, J;,, which can be
obtained from the following expression:

Jy = A*T* exp(—qAy/kT) @)
Jo was obtained by extrapolating a straight line that fits the
linear region to the zero field (ie, (V — V;;))"/? = 0) and
calculating the exponent of the intercept, as shown in Figure
4¢,d. The term In(Jo/A*T?) can be plotted as a function of
(1000/T), and Ay, can be obtained from the slope of the curve.
Despite the dominance of Schottky emission, the fits of
estimates of Ay did not agree with the predictions in the low
temperature range (Supporting Information Figure S4c). A
possible reason for this disagreement is the perturbation of
defect-induced electron transport. Nevertheless, the fitting
results presented an approximation for estimating the effective
Ag, as shown in Figure 4e. For the devices with BCP and
BCP:Cq, bufter layers, the Ag values were approximately 0.37
and 0.11 eV, respectively. A decrease in Ay enables electrons to
cross the Cgo/buffer layer interface more efliciently, leading to
higher charge collection efficiency, as observed in the IQE
spectra.

The use of C4 to form the mixed buffer layer has been
shown to be effective in reducing the interfacial barrier, thereby
increasing the electron collection efficiency at the electrode. As
shown in Figure 3b, the IQE of the device with a 24 nm
BCP:Cq, buffer layer was considerably higher compared with
that of the device with an 8 nm BCP:C, buffer layer. To
determine the extent of improvement, the barrier height at the
SubPc/Cy, interface was investigated in the OPV devices by
using the BCP:Cy, buffer layer with different thicknesses. The
J—V characteristics of OPV devices can be described by the
following generalized diode equation:>’
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In eq 3, Ry and Rgy are the series and shunt resistances (in
ohms), J; is the reverse dark saturation current density, A is the
active area of the device, n is the diode ideality factor, and Jpy is
the photocurrent. Because of the trap-rich nature of organic
materials, the fits of the experimental dark ]—V curves to eq 3
usually yield inconsistent results in the range of either high
reverse or small forward biases.'”*”~>® Therefore, we propose a
modified model by replacing Rgy; with a bias-dependent term,
Rgio + BVRgyo, where f3 represents the trap dependence and
the operation (addition or subtraction) depends on the polarity
of the applied bias.’® The proposed modified model can
precisely predict the J—V curves under reverse biases
(Supporting Information Figure SS). Although the modified
model cannot fit the experimental results for small forward
biases, as shown in the insets of Supporting Information Figure
SS, the fits were consistent with the J—V curves for higher
biases. The parameter Jg in eq 3 can be expressed by the
thermally activated injection expression:

]5 = ]s() eXP(_(DB/kT) (4)

Here, Jy, is a prefactor depending on material properties and
@y, is the barrier height. The barrier height can be determined
from the slope in the plot of In(Js) versus (1000/T). Figure Sa
shows the calculated J; as a function of the temperature. Figure
5b shows the fitting results for eq 4. The values of @y estimated
from Figure Sb are 0.83 and 0.93 eV for the OPV devices with 8
and 24 nm BCP:Cy, buffer layers, respectively. The device with
a 24 nm BCP:Cy, buffer layer showed a higher @y, indicating
larger band bending at the SubPc/Cy, interface. The larger
band bending is associated with more efficient exciton
dissociation at the SubPc/Cy, interface. In addition, in Figure
3b, the devices with a 24 nm BCP:Cy, buffer layer showed the
improvement in IQE over the spectrum which SubPc absorbs.
This may indicate the energetic change in the device; the
LUMO-LUMO (LUMO = lowest unoccupied molecular
orbital) offset between SubPc and Cg, in the device with a
24 nm BCP:C, buffer layer was larger than the device with an
8 nm BCP:Cg, buffer layer. Therefore, excitons in SubPc can
overcome the exciton binding energy more easily and allows for
more carrier generation and, hence, the Jsc. This phenomenon
is probably due to the reduction in electron accumulation in
Cgo because of the reduced exciton—polaron quenching at the
Cgo/BCP:Cy, interface.® Combined with the results presented
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Figure 6. Variation of photovoltaic parameters with time under continuous AM 1.5G solar illumination at 100 mW cm™ for the OPV devices with
various buffer layers: (a) Vo, (b) FF, (c) Jsc, (d) PCE, (e) Rgyy, and (f) Rg. All data were normalized to the initial values. Comparison of the OPV
device performance before and after continuous AM 1.5G solar illumination at 100 mW cm™ for 50 h: (g) for an 8 nm BCP buffer layer and (h) for

a 24 nm BCP:Cq, buffer layer.

in the preceding paragraph, an optimal buffer layer (in this
study, the 24 nm BCP:Cy) leads to a reduced interfacial barrier
at the Cqy/buffer layer interface and an increased barrier height
at the SubPc/Cy, interface. In both of these cases, the charge
collection efficiency, and hence the device performance,
improves considerably. To further quantify the contribution
of the improved collection efficiency, charge extraction analysis
should be considered.>! Nevertheless, the observation of the
different trend of the improved IQE indicated that excitons in
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SubPc dissociate more efficiently in devices with a BCP:Cq,
buffer layer than in devices with a neat BCP buffer layer. The
analysis of charge extraction may be beyond the scope of the
current study.

In addition to the low PCE, the short device lifetime is
another factor that has impeded the commercialization of OPV
devices. The aforementioned results show that using a 24 nm
BCP:Cy4, buffer layer improves the performance, enabling
manipulation of the optical properties and increasing the charge
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Figure 7. AFM images of 10 nm BCP (left column) and BCP:Cq (right column) thin films taken over an area of 20 ym X 20 ym. Both as-deposited
and annealed films are shown. The surface roughness of each thin film is indicated in the bottom-right corner. The panels shown at the bottom are

the corresponding three-dimensional images.

collection efficiency. In previous studies, inserting anodic buffer
layers at the anode/organic interface has increased stabil-
ity.>>%°~%> Without the anodic buffer layers, oxygen in the ITO
may diffuse into the organic layer and penetrate the fullerene,
which easily reacts with oxygen.®° The reduced conductivity
caused by the reaction of oxygen and fullerene primarily
contributes to a short device lifetime.®> The formation of defect
sites may also occur and enhance carrier recombination,
reducing both the PCE and lifetime.** In the current study, a
thin anodic buffer MoO; anodic buffer layer with a thickness of
15 nm was used, this buffer layer reduced the diffusion of
oxygen, thereby preventing the device lifetime from decreasing.
Previous studies have reported an increase in the device lifetime
when the MoO; anodic buffer layer is used. However, the
device lifetime continuously decreased with the operating
time.>>%"%* A possible reason for the decrease in the lifetime is
the use of the BCP buffer layer, which easily crystallizes at an
ambient temperature even when the device is stored in a
vacuum without being exposed to the atmosphere.'®*>™%
Although mixed buffer layers have been proposed in the
literature, the device lifetime has yet to be investigated.”®*
Here, we compared the variation of the OPV device
performance as a function of time for various buffer layers.
Figure 6 shows the degradation of the photovoltaic character-
istics as a function of time. As shown in Figure 6a,b, the OPV
device with a BCP buffer layer showed a monotonic decrease in
Voc and the FF, whereas using the BCP:Cg, buffer layer yielded
an almost identical V¢ and a small reduction in the FF. The
reduction in Jgc of these devices was comparable, except for the
device with a 24 nm BCP buffer layer, as shown in Figure 6c.
However, the OPV device with a BCP:Cy, buffer layer was
stable after an initial rapid decay, unlike the 8 nm BCP device.
Therefore, the PCE of the OPV device with a BCP:Cg, buffer
layer showed slow degradation, as shown in Figure 6d. The
initial rapid decay observed for both devices could have resulted
from several factors such as the fabrication process environ-
ment, substrate cleanness, and intrinsic degradation of the
materials.>*>% After aging-like degradation, the decay in device
performance may be determined by the type of buffer layer
used (anodic or cathodic buffer layer). In the current study,
MoOj; was used as an anodic buffer to prevent oxygen diffusion
from the ITO electrode. Therefore, the use of a BCP:Cg, mixed
buffer layer may contribute to an increase in the device lifetime.
Parts e and f of Figure 6 show the variation of Rgy and Rg
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during the testing time, respectively. The Rgyy decreased for all
devices, and therefore, it is irrelevant with regard to the device
performance. However, Rg exhibited an opposite trend for the
devices with different types of buffer layers. For the device with
a BCP buffer layer, it increased monotonically, whereas for the
BCP:Cy, device, it showed an initial exponential decrease and
then stabilized over the testing interval. The increase in Rg was
consistent with the continuously decreasing trend observed in
the FF, and therefore, it resulted in appreciable degradation of
the PCE. The most striking observation is the degradation of
the device with a 24 nm BCP buffer layer, which showed a
substantial decay for all parameters, thus leading to the poorest
device lifetime compared with other devices. This phenomenon
will be discussed in detail in the following paragraph. The
photo J—V characteristics of the devices with 8 nm BCP and 24
nm BCP:Cy, buffer layers before and after a 50 h photo-
degradation process are presented in Figure 6g,h. Although the
degradation seems different between the two devices (ie., the
short-circuit current affected more in the mixed buffer than
open-circuit voltage), the reduction in percentage for Joc was
similar (see Figure 6c). Therefore, the primary degradation of
the devices resulted from the change in FF, or Rq.

The parameter Rg is generally related to the contact
resistance at the metal/organic layer interface and carrier
transportation in organic materials. The discussed devices were
fabricated with a SubPc/Cy, bilayer structure by using various
buffer layers. Therefore, the large variation in Rg and the
increased lifetime may have resulted from the influence of the
BCP:Cq, buffer layer. Because of its low glass transition
temperature, a neat BCP layer is easily crystallized in an
ambient environment.’*” The crystallization of BCP may
delaminate the organic layer and electrode, resulting in poor
contact and hence high Rg. Possible evidence of this
phenomenon is the observation of a rapid decay for the device
with a 24 nm BCP buffer layer. When the thickness of BCP
increased from 8 to 24 nm, the crystallization may have been
more pronounced, thus leading to the substantial degradation.
This inference is consistent with the increasing trend of Rg
mentioned in the previous paragraph. By contrast, the device
with a BCP:Cy, buffer layer showed a lower Rg after being
illuminated for over S0 h. In addition, an increased lifetime was
observed. These results may imply that the blend of BCP and
Ceo suppressed the crystallization of BCP. To confirm this
suppression, the morphological changes in the neat BCP and
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BCP:Cy, mixed layers were investigated using atomic force
microscopy (AFM) measurements. An aging process involving
thermal annealing at S0 °C was conducted to accelerate the
morphological changes in the buffer layers with time. Figure 7
shows AFM images of 10 nm BCP and BCP:Cy, thin films
under various conditions. AFM images of a smaller area (S ym
X § um), where features can be observed in detail are presented
in the Supporting Information (Figure S6). Immediately after
BCP deposition, the surface showed a pinhole-like feature. The
pinhole-like feature can be attributed to an aggregation of BCP
molecules’® and may indicate the ease of crystallization. After
the thin film was annealed for 1 h, the pinholes increased in size
and were distributed over the entire area. After the thin film
annealed for 3 h, the morphology was completely different from
that of the as-deposited and 1-h-annealed thin films. The BCP
molecules strongly aggregated and formed an island-like
morphology. The surface roughness increased from 0.92 and
2.54 to 7.55 nm when the annealing processes were performed.
These results suggest that the neat BCP thin film was
crystallized and could have degraded the cathodic interface,
as indicated by the increasing trend of Rg. By contrast, an as-
deposited BCP:C¢, thin film showed a smoother surface.
Except for the as-deposited BCP:Cg, which showed few
protuberances that are likely to have been formed by Cg,
molecules, the surface morphology was independent of the
annealing process. In addition, when the BCP:Cy, thin film was
annealed, the protuberances disappeared. All of the BCP:Cq,
thin films exhibited similar surface roughness of approximately
0.8 nm. The AFM images of the BCP:Cy, thin film suggests
that blending C4 into BCP effectively suppressed BCP
crystallization, thereby stabilizing the device performance over
time and increasing the device lifetime.

Bl CONCLUSION

In summary, we demonstrated the effect of using a BCP:Cy,
cathodic buffer layer on the device performance of small-
molecule OPV devices with the bilayer structure SubPc/Cg,. An
optical field simulation suggested that the optical properties can
be optimized using a transparent and thick BCP layer.
However, when the thickness of the BCP layer was increased,
the electrical properties deteriorated considerably, thus
impeding optical manipulation. Replacing the conventional
BCP with BCP:Cg, enabled achieving optimal optical proper-
ties and improved the PCE from 2.5% to 3.2%. IQE
measurements revealed that using the BCP:Cy, buffer layer
enhanced the charge collection efficiency. In addition,
increasing the BCP:Cy, thickness considerably improved the
IQE over the entire spectrum. An effective estimation of the
interfacial barrier suggested that using Cg4, along with BCP can
effectively reduce the injection barrier at the Cg,/BCP interface,
thereby increasing charge collection at the cathode. Temper-
ature-dependent measurement of the OPV devices was
performed to calculate the barrier height at the SubPc/Cg,
interface. The results showed that using an optimal buffer layer,
24 nm BCP:Cy, increased the barrier height, increasing the
possibility of exciton dissociation and Jsc. The time-dependent
variation of the device performance indicated that using the
conventional BCP buffer layer deteriorated the device perform-
ance considerably. By contrast, the BCP:Cg4, buffer layer
contributed to an increase in the device lifetime. AFM images
of both BCP and BCP:Cg, thin films under various conditions
showed a considerable change in the morphology of the neat
BCP when it was annealed. By contrast, the morphology of the
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BCP:Cyy thin film was almost unchanged because of the
suppression of BCP crystallization. Thus, the optimal BCP:Cy,
buffer layer not only improved the device performance but also
increased the device lifetime.

B EXPERIMENTAL SECTION

Materials and Device Fabrication. All materials—MoO;, SubPc,
Cgo BCP, and Al—were purchased from Sigma-Aldrich. The materials
were used as received without further purification. ITO glasses that
were used as substrates were purchased from Luminescence
Technology Corp. The sheet resistance of ITO was approximately
15 €/sq. A standard ultrasonic bath in solutions (detergent, deionized
water, acetone, and isopropanol) was used to clean the ITO surface.
The ITO was subjected to no additional treatment before thin-film
deposition. OPV devices were fabricated in a high vacaum chamber
with a pressure lower than 8 X 107 Torr. A custom-made in situ four-
shutter system in which each shutter could be controlled individually
enabled fabricating at most four cell parameters in one process to
prevent run-to-run deviation. A custom-designed layout enabled the
fabrication of five devices on one substrate, preventing substrate-to-
substrate and device-to-device variations. The thicknesses and
deposition rates of thin films were monitored during the thin-film
deposition by using a deposition controller (STM-2XM, Sycon
Instruments) with a quartz crystal microbalance. The thickness of
each layer was measured using a surface profiler (Veeco Dektak 3) and
ellipsometry (Raditech SE-950). The deposition rate of each thin film,
except for the BCP:Cg, layer, was approximately 0.1 nm/s. The
BCP:Cy, thin film was formed with a volume ratio of 1:1, and the
deposition rates of both materials were approximately 0.05 nm/s. The
active area (0.04 cm?) of devices was defined through the deposition of
Al through a shadow mask. After the fabrication process, the devices
were transferred into a nitrogen-filled glovebox. All devices were
appropriately encapsulated using a UV-curable epoxy resin (EXC345,
Everwide Chemical Co. Ltd.) and a getter-attached glass that fitted the
area of epoxy resin. The encapsulation process was completed by
exposing the devices to UV illumination.

Device Characterization. All characterizations were performed in
an ambient environment. The J—V characteristics in the dark and
under AM 1.5G solar illumination provided by a solar simulator (New
port 91160A) were measured using a source meter (Keithley 2636A).
A monochromator (Newport 74100) and lock-in amplifier (Stanford
Research Systems SR830) chopped at 250 Hz were used to measure
the EQE spectra. A UV—visible spectrophotometer (Thermo Scientific
Evolution 220) equipped with an integrating sphere was used in the
reflection mode to measure the total absorption of the OPV devices.
The IQE spectra were calculated by dividing the EQE by the
absorption. Temperature-dependent measurements were performed in
a cooled cryostat (Janis VPF-100) connected to a cryogenic
temperature controller (Lake Shore 335).

Thin-Film Characterization. Optical constants, refractive indices,
and extinction coeflicients were obtained using ellipsometry. The
highest occupied molecular orbital (HOMO) levels of organic
materials and work functions were estimated using a low energy
photoelectron spectrometer (Riken Keiki AC-2). Optical band gaps
were estimated using the UV—visible spectrophotometer used for
determining the absorption. The LUMO levels were calculated by
subtracting the HOMO levels from the optical bad gaps. AFM images
were obtained using the Park Systems XE-70 in the noncontact mode.
An NCHR type noncontact cantilever with a frequency of 320 kHz,
thickness of 4 ym, length of 125 um, width of 30 ym, and typical tip
radius less than 10 nm was used. Thermal annealing processes were
performed at SO °C on a hot plate (M&R Nanotechnology Co. Ltd.
AGHP2S).

B ASSOCIATED CONTENT

© Supporting Information

Optical constants of organic materials, thickness-dependent J—
V characteristics of devices using BCP:Cy, buffer layer, method
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of estimating total absorption, IQE, interfacial barrier, barrier
height, and AFM images with a smaller area. This material is
available free of charge via the Internet at http://pubs.acs.org.
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