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Transparent Ultrathin Oxygen-Doped Silver Electrodes for

Flexible Organic Solar Cells

Wei Wang, Myungkwan Song,* Tae-Sung Bae, Yeon Hyun Park, Yong-Cheol Kang,
Sang-Geul Lee, Sei-Yong Kim, Dong Ho Kim, Sunghun Lee, Guanghui Min, Gun-Hwan Lee,

Jae-Wook Kang,* and Jungheum Yun*

An effective method for depositing highly transparent and conductive
ultrathin silver (Ag) electrodes using minimal oxidation is reported. The

minimal oxidation of Ag layers significantly improves the intrinsic optical and

structural properties of Ag without any degradation of its electrical conduc-
tivity. Oxygen-doped Ag (AgO,) layers of thicknesses as low as 6 nm exhibit
completely 2D and continuous morphologies on ZnO films, smaller optical
reflections and absorbances, and smaller sheet resistances compared with
those of discontinuous and granular-type Ag layers of the same thickness.
A ZnO/AgO,/Zn0O (ZAOZ) electrode using an AgO, (O/Ag = 3.4 at%) layer
deposited on polyethylene terephthalate substrates at room temperature
shows an average transmittance of 91%, with a maximum transmittance of
95%, over spectral range 400-1000 nm and a sheet resistance of 20 Q sq~".
The average transmittance value is increased by about 18% on replacing a
conventional ZnO/Ag/ZnO (ZAZ) electrode with the ZAOZ electrode. The
ZAOZ electrode is a promising bottom transparent conducting electrode for
highly flexible inverted organic solar cells (I0SCs), and it achieves a power
conversion efficiency (PCE) of 6.34%, whereas an 10SC using the ZAZ elec-

development of highly flexible transparent
conducting electrodes (TCEs). Nanostruc-
tured conducting materials such as Ag
nanowires (AgNWs),1-¢ carbon nano-
tubes,”?! and graphenes, 121 which are
fabricated using the latest state-of-the-
art technologies, have been emerging as
flexible TCEs to overcome the material
limitations, predominantly brittleness and
poor conductivity, of conventional single-
film-type transparent conducting oxides.
Among these, AgNWs are considered
to be the best flexible TCE candidates as
they have relatively high transmittances
of ~90% at 550 nm and low sheet resist-
ances of 10-20 Q sq~1,1 whereas carbon-
based electrodes exhibit sheet resistances
that are usually several times higher
than those of AgNWs at the same optical
transmittance. The TCE performances
of AgNWs are the result of their unique

trode exhibits a much lower PCE of 5.65%.

1. Introduction

In recent years, advances in technologies for flexible opto-
electronic devices, including various display and photovoltaic
devices fabricated on polymer substrates, have required the

nanoscopic structures, with diameters
of 40-200 nm and lengths of 1-20 um.
However, paradoxically, the performances
of devices using AgNWs as TCEs are also seriously restricted
by the structural characteristics.'> The high surface rough-
nesses of AgNW sheets, consisting of multiple AgNWs stacked
in irregular mesh structures, frequently cause short-circuit fail-
ures of thin active layers coated on the sheets. Non-negligible
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interferences of AgNWs with incident light cause light scat-
tering known as haze. The high corrosion rates of AgNWs,
promoted by their large surface areas and small diameters, seri-
ously degrade the long-term stabilities of the electrical conduc-
tivities of AgNWs. These undesirable factors generate a host of
technical problems in producing AgNWs with applications in
various optoelectronic devices.

However, although thin-film-type Ag layers are not currently
considered as favorable alternative to TCEs because of their
poor optical transmittances compared with those of AgNWs,
Ag layers with two-dimensional morphologies are not restricted
by the aforementioned technical problems caused by the geo-
metrical features of AgNWs. Furthermore, the insertion of
Ag layers between transparent thin oxide films in an oxide—
metal-oxide (OMO) configuration!’>?! ensures the long-term
electrical stabilities of the Ag layers by preventing Ag oxidiza-
tion. Their fabrication via current well-matured vacuum coating
methods, such as sputtering and evaporation, is another advan-
tage in terms of cost-effectiveness and high-throughput pro-
duction. However, the efficiencies of OMO electrodes using
Ag layers are seriously constrained by a deleterious trade-off
between the optical transmittances and electrical conductivi-
ties of the Ag layers. An improvement in the electrical con-
ductivity requires an increase in the thickness of the Ag layer,
but the thickness increase seriously reduces the transmittance.
The conductivity and transmittance of a thin Ag layer are nor-
mally optimized at a percolation threshold thickness that is
the minimum possible thickness for forming a continuous
layer providing sufficient electrical paths.?!l Unfortunately,
Ag layers deposited using vacuum coating techniques exhibit
a three-dimensional growth as a result of the poor wettability
of Ag on heterogeneous substrate materials.?2*l The three-
dimensional island growth mode causes a significant delay in
the formation of continuous Ag layers, even at increased thick-
nesses. A thick Ag layer exhibits strong reflection of incident
light, because of its extremely low refractive index, which is
an inherent property of Ag itself and cannot be suppressed by
merely changing the fabrication conditions of the OMO elec-
trodes or optically matching Ag and oxides. Also, the rough and
granular morphology causes non-negligible scattering of car-
riers.[?125-27] Numerous investigations have reported the reduc-
tion in the percolation threshold thickness of Ag by controlling
the substrate material, 2122832 seed layer,?-33-3°1 deposition
rate,?*#4 and substrate temperature.341 OMO electrodes
employing ultrathin Ag layers have been successfully applied
to OSCs as TCEs.213% However, further improvements in the
transparency and conductivity of Ag layers in OMO electrodes
are still needed in spite of the aforementioned efforts. OMO
electrodes using semitransparent Ag layers have been reported
to have poor average transmittances of normally less than 80%
over the visible spectral range, although a maximum transmit-
tance of about 90% can be obtained, but only over a narrow
bandwidth.*!]

The aim of this study is to realize a noble OMO configura-
tion with transmittance surpassing the best transmittance
values ever reported for AgNWs and conventional OMO elec-
trodes, in a manner that does not deteriorate the electrical con-
ductivity. We report here that this goal was readily achieved by
oxygen-doping of ultrathin Ag layers with a minimal oxygen
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concentration (O/Ag = 3.4 at%). The oxygen-doped Ag (AgO,)
layer exhibited (i) a completely continuous and much smoother
morphology, starting at a smaller thickness as low as 6 nm,
with excellent wettability on ZnO films and (ii) an increased
transmittance over the entire visible spectral range without any
degradation in electrical conductivity when compared to those
of pure Ag layers. A ZnO/AgO,/Zn0O (ZAOZ) electrode with an
8-nm-thick AgO, (O/Ag = 3.4 at%) layer exhibited an average
transmittance of 91% in the 400-1000 nm range of incident
light and a low sheet resistance of 20 Q sq7!, well exceeding
the performance of the conventional ZnO/Ag/ZnO (ZAZ) elec-
trode that only exhibited an average transmittance of 77% at
the same sheet resistance. The increase in the transmittance
of the ZAOZ electrode resulted directly in an improvement in
the power conversion efficiency (PCE) of inverted organic solar
cells (IOSCs) fabricated using the electrode. The PCE value of
6.34% of the IOSC with the ZAOZ electrode coated on a highly
flexible polyethylene terephthalate (PET) substrate was about
12% higher than that of the IOSC with the conventional ZAZ
electrode.

2. Results and Discussion

Schematic diagrams of simplified configurations of Ag and
AgO, layers sandwiched between ZnO films in ZnO/Ag/
ZnO (ZAZ) and ZAOZ electrodes, respectively, are shown in
Scheme 1. Conventional OMO electrodes use a continuous, but
rough, Ag layer with a thickness normally greater than 10 nm
(Scheme 1a). The Ag layer exhibits low optical transmittance
at this large thickness, which is required to form a continuous
layer from the three-dimensional and granular growth mode,
because of its strong absorbance and reflection. However, the
oxygen doping of Ag layers during deposition plays a vital role
in improving the final structure of the Ag layers by changing
their growth mode. The proposed AgO, layer exhibits a com-
pletely continuous and smooth morphology at a thickness as
low as 6 nm (Scheme 1c), whereas a pure Ag layer exhibits a

Scheme 1. Schematic diagrams representing the different morphologies
of Ag and AgO, layers in the OMO configuration. (a) Conventional ZAZ
electrode structure using a continuous Ag layer with a thickness of more
than 10 nm. (b) ZAZ electrode using a 6-nm-thick granular-type Ag layer.
(c) Proposed ZAOZ electrode using a continuous 6-nm-thick AgO, layer.

Adv. Funct. Mater. 2014, 24, 1551-1561
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Figure 1. FE-SEM images showing morphological differences between (a-c) Ag and (d-f) AgO, (O/Ag = 3.4 at%) layers deposited on 50-nm-thick
ZnO films with different thicknesses: 6, 8, and 10 nm. (g) AFM results showing the root-mean-square surface roughnesses of the Ag and AgO, layers.
Cross-sectional FE-SEM images of (h) ZAZ and (i) ZAOZ electrodes using 8-nm-thick Ag and AgO, layers, respectively.

discontinuous, irregular granular morphology at the same
thickness (Scheme 1b). The two-dimensional growth of an
ultrathin AgO, layer provides an excellent opportunity for
simultaneous improvements in the optical transmittance and
electrical conductivity of the AgO, layer by minimizing the
absorption of incident light and the scattering of carriers, which
are unrealizable with pure Ag layers.

Large differences between the morphological characteris-
tics of the Ag and AgO, layers embedded between the 50-nm-
thick ZnO films were verified experimentally using ultrahigh-
resolution (UHR) field-emission scanning electron microscopy
(FE-SEM) and atomic force microscopy (AFM) measurements
(Figure 1). Ag and AgO, layers with different thicknesses were
deposited on ZnO films by identical direct current (dc) mag-
netron sputtering processes using a pure Ag target, except
that the AgO, layers were reactively sputtered by introducing
a mixture of Ar and O, gases during the sputtering process. A
comparison of the FE-SEM images showed a sudden transition
from the three-dimensional granular morphologies for the Ag
layers (Figures la—c) to two-dimensional smooth morphologies
for the AgO, (O/Ag = 3.4 at%) layers (Figures 1d—f). A com-
pletely continuous AgO, layer was formed with an exception-
ally small thickness of 6 nm (Figure 1d), but no such ultrathin
continuous layer was observed for the Ag layer. The forma-
tion of a continuous morphology was delayed for over 10 nm
in the Ag layer (Figure 1c). Large Ag grains with high contact
angles on the ZnO films are responsible for the delay in con-
tinuous layer formation, by promoting a three-dimensional
granular morphology. This morphological difference was con-
firmed by a quantitative comparison of the root-mean-square
(RMS) surface roughnesses of the Ag and AgO, (O/Ag = 3.4
at%) layers (Figure 1g). It was also found that the growth mode
strongly depended on the substrate material. The ZnO films

Adv. Funct. Mater. 2014, 24, 1551-1561
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provided more favorable surface energy conditions for the two-
dimensional growth of AgO, layers compared with indium tin
oxide (ITO) films as substrates (Figure S1). The cross-sectional
FE-SEM images of 8-nm-thick Ag and AgO, layers embedded
between ZnO films showed that, although a significant number
of discontinuities developed in the Ag layers (Figure 1h), no
such defects developed in the AgO, layers (Figure 1i). The
distinct morphological differences between the Ag and AgO,
layers resulted in clear differences between the electrical prop-
erties of the ZAZ and ZAOZ electrodes.

Although more physicochemical features must be resolved
in order to reveal the exact mechanism responsible for the
abrupt morphological transition from a three-dimensional
Ag layer to a two-dimensional AgO, layer on ZnO films, it is
readily understood that the highly improved wettability of the
AgO, layer on the ZnO surface was caused by the reduction in
the surface diffusion of AgO, molecules, or unstable nuclei, on
the oxide films compared to the surface diffusion of Ag.1?1:3940]
Such reduction in the surface diffusion resulted in an increased
density of AgO, nuclei and a two-dimensional AgO, layer with
a larger grain density, smaller grain size, smooth surface, and
lower percolation threshold thickness when compared with
those of a three-dimensional Ag layer. There is general agree-
ment that the surface diffusion of Ag is strongly affected by the
nature and composition of the substrate surface.l?"?427-3% Fur-
thermore, elevated deposition rates and lower substrate temper-
atures have been considered as effective methods for reducing
the surface diffusion of Ag and thus improving the film mor-
phology.?>*% However, a substantial debate can arise over the
details of the nucleation and growth mode of AgO, layers as
well as the exact role of oxygen impurities in altering the nucle-
ation process of Ag. In contrast with Ag, the task of uncovering
the characteristics of AgO, nucleation on ZnO films may prove
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strains in Ag lattices. However, there was
no indication for macrostresses because
no noticeable shift in the Ag(111) peak was
observed. The lattice microstrain € was cal-
culated from the FWHM of the Ag(111) peak
using the following relationship:*°!

p
€= 4tan O )

Binding Energy (eV)

where B is the additional broadening of
an observed diffraction peak. The oxygen
inclusion in Ag layers, even at a small O/Ag
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ratio of 3.4 at%, caused a noticeable increase
in the lattice strain from that of pure Ag,
whereas the lattice strain increased monoton-
ically with further increases in the O/Ag ratio
from 3.4 at% (Table 1). The average crystallite
size, which was estimated using the Scherrer
equation for the FWHM of the Ag (111) peak,

—m— Ag+AgO,
—o—Ag,0

/._

0 5 10

Relative Concentration (%)

Figure 2. Chemical and structural characteristics of Ag and AgO, layers: (a) XRD patterns, (b)
XPS Ag 3d spectra, and (c) corresponding relative concentrations of distinct chemical phases

determined by curve deconvolution of Ag 3ds, spectra.

to be difficult because very little is known regarding the surface
dynamics of AgO, on the oxide surface. A possible explanation
is that oxygen inclusion in Ag can generate internal stresses in
Ag lattices and can thus hinder the surface migration of Ag,
which is essential for the building of large Ag grains, on the
ZnO surface. It is also possible that the lateral expansion of
Ag grains along the ZnO surface is promoted with high wetta-
bility when the strong cohesion between Ag molecules is weak-
ened and the adhesion of Ag to the ZnO surface is improved
by oxygen inclusion in Ag grains. The lateral AgO, growth can
be further enhanced when an increased density of nucleation
sites is created by oxidization-induced rearrangements of the
Ag seed layer that develops on the ZnO surface during the early
nucleation stages. The formation of an ultrathin seed layer
prior to transitioning to the 3D island growth, i.e., the Stranski—
Krastanov (SK) growth mode, has been observed in kinetically
limited Ag nucleation at a surface of relatively high adhe-
sion.3242-%] Oxidization-induced rearrangements of the seed
layers, which cause a high degree of surface disorders leading
to the formation of surface defects,?%3844 are readily expected
from the highly strained AgO, seed layer. As a result, the AgO,,
seed layer with a high density of surface defects provides pre-
ferred nucleation sites to enhance the two-dimensional growth
for subsequently deposited AgO, grains.

Here, the stress build-up in Ag lattices owing to oxygen
inclusion was quantified by determining the broadening and
shifting in the Ag(111) peak obtained by grazing incidence
X-ray diffraction (GI-XRD) (Figure 2a and Table 1). It is gen-
erally accepted that peak shifting is due to uniform macros-
tresses, whereas peak broadening is due to nonuniform micro-
strains.[*®l As the AgO, layers were deposited at increasingly
higher O/Ag atomic ratios, peak broadening, represented by
the full width at half maximum (FWHM) of the Ag(111) peak
in Table 1, provided a clear evidence of the build-up of micro-

O/Ag (%)
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2203 of AgO, at an OfAg ratio of 3.4 at% reduced
to nearly half of that of pure Ag. These vari-
ations in lattice strains and crystallite sizes
are well consistent with the aforementioned
explanation of the improvement in wetta-
bility of AgO, layers on ZnO films.
Simultaneous improvements in the optical transmittance
and electrical conductivity via minimal oxidation of Ag layers
were not previously reported. Instead, it has been widely
accepted that a noticeable improvement in the optical trans-
mittance of an Ag layer is only possible when the phase tran-
sition of Ag to dielectric Ag,0 and/or AgO occurs as a result
of high levels of oxidation.*’-52] However, chemical and struc-
tural investigations of AgO, layers in this study reveal that
such simultaneous improvements can occur even when no
dielectric oxide phase develops in the AgO, layer, at an O/Ag
ratio of 3.4 at%. XRD results show that the crystallographic
phases of the metal Ag layers—Ag (111) at 38°, Ag (200) at
44°, and Ag (220) at 64.5°—reduced monotonously and the
Ag,0 peak, previously reported to appear in the range 32.5°
< 20 < 34.5°,P%% intensified continuously as the O/Ag ratio
increased (Figure 2a). When the O/Ag ratio increased to 36.2
at%, the predominant Ag,O (111) phase was observed at 32.4°,
and mixed crystallographic phases of Ag,0 and AgO were also
observed at 35.7°, with a much broader peak shape. However,
such Ag,0 and AgO crystallographic phases were not observed
for the AgO,, (O/Ag = 3.4 at%) layer. Instead, oxide components
were present as amorphous phases in the AgO, layer, without

Table 1. Lattice strains and crystallite sizes determined from the peak
broadening of Ag(111) owing to oxygen inclusion.

O/Ag Peak Position FWHM Lattice Strain  Crystallite Size
[at%] 126] 26] (%] A
0 38.227 0.5484 0.683 179
3.4 38.292 1.0786 1.352 84
6.8 38.243 11271 1.415 80
10.2 38.219 1.1883 1.493 76

Adv. Funct. Mater. 2014, 24, 1551-1561
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any crystallographic oxide phase. The oxidation states of Ag in
the AgO, layers were further investigated using X-ray photo-
electron spectroscopy (XPS) (Figure 2b). The Ag 3ds), core level
spectra of the AgO, layer shifted continuously to lower binding
energies with increasing O/Ag atomic ratio. The results are
consistent with previous results indicating a negative shift in
the binding energy of the Ag 3ds,, peak with increasing oxida-
tion state.[*>153-57] However, a marginal shift (0.05 eV) in the
binding energy, indicating no full-scale formation of Ag,0 and
AgO phases, was observed for the AgO, (O/Ag = 3.4 at%) layer.
This agreed well with the results of the deconvolution of Ag
3d;/5 spectra, showing that the amount of Ag,0 (367.6 eV) com-
ponent was only 2.3% at an O/Ag ratio of 3.4 at% (Figure 2c).
An abrupt increase in the amount of the Ag,0 component was
not observed until the O/Ag ratio increased to 18.2 at%.

The inclusion of a small amount of oxygen in the AgO,
layers, even without the presence of noticeable amounts of
Ag,0 and AgO phases, readily caused great changes in the
refractive indices and extinction coefficients of the layers
(Figure 3). The refractive indices of the AgO, layers increased
compared with that of Ag, whereas the extinction coefficients
of the AgO, layers greatly decreased. The significance of this is
that the refractive index and extinction coefficient can be readily
adjusted by changing the oxygen concentrations in the AgO,
layers. The AgO, (O/Ag = 3.4 at%) layer leads to a decrease in

< 201 7m0
o)

< 154

<

(0] i

> 1.0

d

A AgO, (10.2%) |
= 0.5\~ v«../mA»‘wf.,sa-\ﬂfu,,,wm.\,,_,uﬂvw\.ww--f-Af-gn/“”"’”;
o g0, (3.4%)
m 00— 1 1 1 1 .Ag
Xx 54

1<

o 4

QO

[

T 3

8 -
- 21 ,,,_-;f--g""”‘)Agox (10.2%)
i)

S M

= T ZnO
S 04 .. ................... s ———
w 400 500 600 700 800

Wavelength (nm)

Figure 3. Effects of variations in oxygen atomic percentage of 10-nm-
thick AgO, layers on refractive indices and extinction coefficients of layers.
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the reflection of incident light by improving optical impedance
matching of the AgO, layers with ZnO films in the ZAOZ con-
figuration. The minimal inclusion of oxygen also suppressed
the absorption of incident light by reducing the extinction coef-
ficients of the AgO,, layers.

The two-dimensional and smooth morphologies of ultrathin
AgO, layers and the tuning of their refractive indices and
extinction coefficients significantly improved the optical trans-
mittances of ZAOZ electrodes over wide bandwidths, i.e.,
400-1000 nm, compared with ZAZ electrodes using Ag layers
(Figure 4). The specular transmittance and reflection spectra of
the ZAOZ electrodes deposited on PET substrates were opti-
mized at the minimal O/Ag ratio of 3.4 at% (Figure 4a). The
transmittances of the AgO, layers with higher O/Ag ratios were
lower than that of the AgO, (O/Ag = 3.4 at%) layer, although
the former layers exhibited higher refractive indices and lower
absorption coefficients than those of the latter layer. A ZAOZ
electrode with an 8-nm-thick AgO, (O/Ag = 3.4 at%) layer
exhibited a maximum transmittance of over 94% in the spec-
tral range 650-800 nm, whereas the transmittance of the ZAZ
electrode with an 8-nm-thick Ag layer reached its maximum
(85%) in the spectral range 430-480 nm, and decreased contin-
uously with increasing wavelength. The average transmittances
of the optimal ZAOZ electrode were 92% and 91% for the
ranges 400-800 nm and 400-1000 nm, respectively. The high
transmittance of the optimal ZAOZ electrode was a result of
effective suppression of the reflection and absorbance of inci-
dent light. The optimal ZAOZ electrode retained its specular
reflection values of normally less than 10% over the measured
wavelengths, except at narrow bandwidths of 400-550 nm, and
exhibited a minimum of about 5% at longer wavelengths. The
decrease in the reflection contributed directly to the improve-
ment in the transmittance for the ZAOZ electrode. However,
there was no direct correlation between the transmittance and
reflection spectra of the ZAZ electrode because of the signifi-
cant levels of light absorption in the Ag layer over the entire
spectra concerned. Improvements in the transmittance of the
ZAZ electrode were clearly observed with increasing Ag thick-
ness from 6 nm to 10 nm (Figure 4b). This indicates that the
transmittances of Ag layers thinner than 10 nm might be
restricted by strong absorption and scattering of incident light,
which were highly activated by the discontinuous and granular
morphologies of the Ag layers. Superior transmittance of the
optimal ZAOZ electrode using the AgO,, (O/Ag = 3.4 at%) layer
was clearly seen compared with that of the ZAZ electrode and
other ZAOZ electrodes using AgO, layers with higher oxygen
concentrations (Figure 4c). A noticeable improvement of the
transmittance of the ZAZ electrode was observed over the vis-
ible spectral range by increasing the thicknesses of the ZnO
films from 30 nm to 60 nm, whereas the thickness increase
in the ZnO films contributed to increases in the transmittance
of the ZAOZ electrode in limited bandwidths of 400-500 nm
and 700-800 nm (Figure S2). The difference between the trans-
mittances of the ZAZ and ZAOZ electrodes was still great for
thicker ZnO films.

The experimentally observed optical improvement of the
ZAOZ electrode must be a result of competition between the
effects of refractive index and extinction coefficient changes due
to Ag oxidation. To determine which of these optical constants
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layer caused by oxidation. The sheet resist-
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ances of the ZAOZ electrodes remained
below 20 Q sq7!, which was equal to or
even lower than that of the ZAZ electrode,
for O/Ag ratios up to 3.4 at% (Figure 5a).
The low sheet resistances were ascribable to
the high carrier mobilities of the ZAOZ elec-
trodes, which outperformed that of the ZAZ
electrode, although the carrier concentrations
of the ZAOZ electrodes were clearly less
than that of the ZAZ electrode (Figure S4a).

The low carrier mobility of the ZAZ elec-

Reflection (%)
Reflection (%)

trode with the 8-nm-thick Ag layer could be
primarily explained by significant carrier
scattering at the rough surface and grain
boundaries of the Ag layer as a result of its
discontinuous and granular morphology,

T T T T T T T T T
400 500 600 700 800 900 1000 400 500 600
Wavelength (nm)

(¢)  znomgzno ZnOIAgO,/Zn0

O/Ag=3.4% 6.8%

Figure 4. Specular transmittances and reflections of ZAZ and ZAOZ electrodes with (a)
different O/Ag ratios in 8-nm-thick AgO, layers and (b) different thicknesses of Ag and AgO,
(O/Ag = 3.4 at%) layers between 50-nm-thick ZnO films deposited on PET substrates. The inset
of (a) shows the optically optimized ZAOZ electrode deposited on a flexible PET substrate with
an 8-nm-thick AgO, (O/Ag = 3.4 at%) layer. The transmittances of the electrodes were meas-
ured by excluding those of the PET substrates. (c) Visual comparisons of the ZAZ and ZAOZ

electrodes corresponding to (a).

has more impact than the other on the optical improvement,
the transmittance and reflection spectra were predicted theo-
retically for ZAZ and ZAOZ electrodes using 12-nm-thick Ag
and AgO, (O/Ag = 3.4 at%) layers sandwiched between 50-nm-
thick ZnO films coated on glass substrates (Figure S3). Com-
putational simulations were carried out by applying a well
known transfer matrix formalismP®>% using experimentally
determined refractive indices and extinction coefficients for Ag
and AgO, layers as well as ZnO films. The optical constants
of the glass substrate were referred from the literature.[l The
prediction of a highly transparent ZAOZ electrode, especially
at longer wavelengths of incident light, well agreed with the
experimental observation. The improved transmittance of the
ZAOZ electrode was a result of effective absorbance suppres-
sion in the AgO, layer when compared with the Ag layer. It
indicated that the change in the extinction coefficient rather
than the change in the refractive index was dominantly influ-
ence on the optical improvement of the ZAOZ electrode.

A comparison of the electrical properties of the ZAZ and
ZAOZ electrodes verified the excellent conductivity of the
optimal ZAOZ electrode (Figure 5). The continuous and
smooth morphology of the 8-nm-thick AgO, (O/Ag = 3.4 at%)
layer compensated well for any electrical degradation of the

700 800 900 1000
Wavelength (nm)
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whereas such carrier scattering mechanisms
were far less likely to occur in the continuous
and relatively smooth AgO,, layer at the same
thickness. However, the inferior conductivity
of the ZAZ electrode due to the reduction
in carrier mobility in the thin Ag layer was
largely eliminated by forming a completely
continuous thicker Ag layer. As the carrier
concentration and mobility of a continuous
20-nm-thick Ag single layer were higher than
those of AgO, layers at the same thickness
(Figure 5b), the corresponding resistivity
of the Ag layer reached to the lowest value
when compared to those of AgO, layers
(Figure 5c). For O/Ag ratios greater than 3.4
at%, the increase in the sheet resistances
of the ZAOZ electrodes might be directly
associated with the abrupt decreases in car-
rier mobility in the AgO, layers as a result
of the development of polycrystalline AgO, phases within the
degraded Ag bulk.

The dependences of the electrical properties of the ZAZ
and ZAOZ electrodes on the thicknesses of the Ag and AgO,
layers further verified the superiority of the optimal AgO, (O/
Ag = 3.4 at%) layer (Figure 5d). The ultrathin AgO, (O/Ag =
3.4 at%) layer exhibited a sheet resistance value lower than that
of the Ag layer at thicknesses less than or equal to 8 nm. Fur-
thermore, the sheet resistance of 26.5 Q sq~! for the 6-nm-thick
AgO, layer, exhibiting an average transmittance of 92% in the
range 400-1000 nm, was an astonishing value, which could not
be expected from a discontinuous and granular Ag layer con-
taining high densities of carrier-scattering sources. Significant
scattering levels of carriers in thinner Ag layers were confirmed
by the reduction in carrier mobility in the ZAZ electrodes using
the Ag layers, whereas such reductions were not observed for
the ZAOZ electrodes using the AgO, layers with their contin-
uous morphologies (Figure S4b). The carrier mobility of the
ZAZ electrode reduced rapidly from 12.38 to 1.43 cm? V! 7!
as the thickness of Ag layer decreased from 10 to 6 nm. How-
ever, the decrease in the thickness of the AgO, layer caused a
much weaker influence on the carrier mobility of the ZAOZ
electrode. The carrier mobility of the ZAOZ electrode reduced

10.2%
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(a) (b) electron acceptor. The PEDOT:PSS acted as
———— the hole-transport material because its high
hole mobility and work function matched
that of PTB7-F20 well, as illustrated in
Figure 6b.°Y All the TCEs used exhibited
appropriate work-function levels for effi-
ciently extracting electrons in the I[OSCs.
The work functions of the ZAOZ, ZAZ, and
ZITO electrodes were determined to be 4.43,
4.35, and 4.38 eV, respectively, by ultraviolet

| ]
@ [ (UV) photoelectron spectroscopy analyses.
o 5 1 15 M 2 @ B These work-function values matched pre-
O/Ag (%) OIAg (%) vious data for ZnO-based electrodes well.l%
) For performing detailed comparisons, the
e — , , , , , current density—voltage (/-V) characteris-
120+ —4A—ZnO/AgO, (O/Ag = 3.4%)/ZnO - tics and external quantum efficiency (EQE)
—¥-Zuo/AgiZno spectra of the IOSC using the ZAOZ elec-
trode were compared with those of I0SCs
using ZAZ and ZITO electrodes (Figures 6¢
, and d). Furthermore, the device perfor-
mances-including the short-circuit cur-
rent density (Jy), open-circuit voltage (V,),
E fill factor (FF), and PCE-were determined
wl . . . . from the J-V characteristics (Table 2). The
0 5 10 15 20 25 3 3 6 7 8 9 10 I0SC using the ZAOZ electrode exhibited
O/Ag (%) Thickness (nm) the highest average PCE, i.e., 6.34 + 0.12%,

Figure 5. Electrical properties of ZAZ and ZAOZ electrodes deposited on PET substrates. whereas the IQS_CS using the ZAZ and ZITO
Changes in (a) sheet resistances of the electrodes as a result of different O/Ag ratios in 8-nm- electrodes exhibited PCEs of 5.65 + 0.10%
thick AgO, layers and (d) sheet resistances of the electrodes as a result of different thicknesses ~ and 5.76 + 0.10%, respectively. Obviously,
of Ag and AgO, (O/Ag = 3.4 at%) layers. Changes in (b) carrier concentrations and mobilities  the PCE enhancement for the I0SC using

and (c) corresponding resistivities of 20-nm-thick Ag and AgO, single layers with different O/  the ZAOZ electrode was mainly the result of
Ag ratios.
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rior morphology of thin AgO, layers as the
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trode in the visible and short-wavelength g0 ev

NIR spectra assured high photocurrent (d) -
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(Figure 6a). The performances of the ZAOZ
and ZAZ electrodes as TCEs were compared
with that of a conventional ZnO/ITO (ZITO) S—
electrode consisting of a 50-nm-thick ZnO } . . . 0 i Wavelength (nm) O,
film over-coated on a 160-nm-thick ITO film. 6o o2 o4 08 08 %00 400 S0 800 700 &0 %00
The sheet resistance of the ZITO electrode Voltage (V) Wavelength (nm)
was found to be about 40 Q sq!, twice the Figure 6. (a) Devif:e architec.ture of flexible 10SC fabricated on a PET substrate used in this
sheet resistances of the ZAOZ and ZAZ study. (b) Schematic energy dla‘gr'am of the electronic structure gfthe 10SC. (Q) lezrrent density
. versus voltage (J-V) characteristics under AM 1.5 G illumination (100 mW cm™?) for I0SCs
electrodes. The photoactive layer was a bulk i 5 95 nm-thick photoactive layer using different TCEs: ZAZ, ZAOZ, and ZITO electrodes.
heterojunction blend consisting of PTB7- (d) EQE spectra of IOSCs using TCEs corresponding to (c). The inset represents the specular
F20 as an electron donor and PC;;BM as an  transmittances of the TCEs.
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Table 2. Photovoltaic performance parameters of IOSCs, averaged for 15 specimens.

Electrode Active layer Jse Ve FF Rsh R PCE
[nm] [mA cm? I\ [%] [Q cm?] [Q cm?] [%]
85+5 15.22 +0.05 0.68 +0.01 55.67 £0.01 3.51 x 10* 5.29 5.76 £0.10
ITO/ZnO 95+5 14.80+£0.50 0.67 £0.01 55.76 £0.01 3.07 x 10* 5.56 5.57+£0.09
115+5 14.06 £ 0.22 0.65 £ 0.01 55.40£0.01 2.56 x 10* 7.12 5.06 £0.10
85+5 14.61+£0.28 0.66 = 0.01 58.26 £0.01 3.33x10* 5.51 5.65+0.10
ZnO/Ag/ZnO 95+5 13.29+0.02 0.68 +£0.01 57.70 £0.01 2.56 x 10* 6.51 5.22+0.09
115£5 12.54+0.16 0.65 £0.01 57.26 £0.02 1.88 x 10* 7.62 4.70+0.13
85+5 16.39+0.21 0.68 +£0.01 57.93 £0.01 6.12 x 10* 2.76 6.34+£0.12
ZnO/AgO,/ZnO 95+5 15.48 +£0.13 0.67 £0.02 58.13 £0.01 4.62 x 10* 3.21 6.02 £0.06
115£5 14.38 +0.06 0.67 £0.01 56.63 £0.01 3.20x 10* 6.03 5.52+£0.08

the high J, which was caused by the excellent optical trans-
mittance of the electrode. In contrast, the PCE of the I0SC
using the ZAZ electrode was even lower than that of the ZITO
electrode, as a result of its poor optical transmittance, although
the FF of the IOSC using the ZAZ electrode was clearly higher
than that of the ZITO, as a result of its better electrical con-
ductivity. It is also noteworthy that a significant improvement
in PCE with the reduction in the thickness of the photoactive
layer was detected especially for ZAZ and ZAOZ electrodes.
The optimization of PCE at a relatively small thickness, about
85 nm in this study, of the photoactive layer is consistent with
the results of previous studiesB3*%34 and is ascribed to an
optical resonant cavity that is indicated by an enhancement in
light absorbance in photoactive layers owing to multiple light
reflections between the metallic anode and cathode. Here, the
optical resonant cavity occurred as a result of the multiple
round trips of incident light between Ag anode and ZAZ or
ZAOZ electrode, which enhanced the light absorbance in the
photoactive layer, and thus, improved the PCE values of the
OSCs even with the reduced thickness of the photoactive layer.
The EQE spectra of the IOSCs exhibited quite good photocon-
version efficiencies in the range 400-700 nm, with EQE values
of 50-64% (Figure 6d). The ZAOZ electrode provided an EQE
value of 64% at 620 nm, which, to the best of our knowledge,

is the highest value achieved by any flexible IOSC fabricated
on polymer substrates.

The ZAOZ electrode showed excellent flexibility, much better
than that of the ZITO electrode and equivalent to that of the
ZAZ electrode (Figure 7). The changes in the sheet resistances
of the electrodes were measured as a function of the bending
radius when the electrodes were exposed to high compressive
stresses induced by mechanical bending of the PET substrates
(Figure 7a). The percentage change in the electrode resistance
was expressed as AQ/Q, where AQ is the actual change in the
sheet resistance after bending and €2 is the initial sheet resist-
ance. The ZAZ and ZAOZ electrodes exhibited small resist-
ance changes, 1.52% and 1.33%, respectively, even after being
bent with a bending radius of 2.8 mm (Figure 7b). The bending
radius value was approximated to a bending strain () of 1.4%,
from € = hy/(2R), where h is the thickness of the PET substrate
and R is the bending radius./® The percentage change in the
resistance of the ZITO electrode dramatically increased to 35%
at the same bending radius, as a result of the formation and
propagation of microscopic cracks in a direction perpendicular
to that of the compressive load. The higher flexibilities of the
ZAZ and ZAOZ electrodes ensured superior structural durabil-
ities of IOSCs using these electrodes compared with that of the
I0SC using the ZITO electrode. The J, and, thus, PCE of the

(b)

80 T T T
—0—ITO/ZnO
§ —0O—ZnO/Ag/ZnO
o 60
o
=
©
o
O 40
[0
o
c
L)
o 20
[
[0)
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0 1 23 4 5 6 7 8 9 10
Bending radius (mm)

Figure 7. (a) Photographs of irreversible bending tests of flexible TCEs coated on PET substrates. (b) The percentage change in the resistance of the
TCEs as a function of the bending radius. Insets represent the optical images of the TCEs after being bent with a bending radius of 2.8 mm.
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I10SCs fabricated on PET substrates exhib-

ited a high cell efficiency of 6.34%, which
can compete with the best values so far
reported for flexible IOSCs on polymer sub-
1 strates. This ZAOZ electrode can facilitate
cost-effective fabrication on polymer sub-
strates of large-area transparent conducting
1 electrodes for flexible organic solar cells with
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4. Experimental Section

Electrode  Fabrication —and  Characterization:
1 ZAZ and ZAOZ electrodes were deposited on
75-um-thick PET polymer substrates (Panac Co.
Ltd.), which were over-coated with an 8-um-thick
{ acrylate layer composed of thermally cross-linked
poly(acrylic acid) species, by magnetron multi-gun

10 9 8 7 6 5 4 3 2 1 10 9 8 7
Bending radius (mm)

Figure 8. (a) J., (b) Vio, (c) PCE, and (d) FF values measured for flexible IOSCs as a function
of bending radius during compressive bending, normalized to the initial value. The inset shows

a fabricated flexible I0SC using the ZAOZ electrode on a PET substrate.

latter IOSC greatly decreased as the bending radius decreased,
although such severe reductions were not observed for these
parameters for the former IOSCs until the bending radius was
reduced to 1.1 mm (Figure 8). The IOSCs fabricated in the pre-
sent study exhibited excellent long-term stabilities; these were
measured in the dark under ambient conditions and tested
according to the ISOS-D-1 (shelf).l! All of the IOSCs retained
over 85% of their initial efficiency after 30 days, whereas the
performances of conventional OSCs were lost after 5 days
(Figure S5).

3. Conclusion

The minimal oxidation of Ag on ZnO films facilitated the
formation of continuous and smooth AgO, (O/Ag = 3.4 at%)
layers, starting at a thickness of 6 nm, which was approxi-
mately half the thickness normally reported for continuous
Ag layers, by improving the wettability of AgO,, on ZnO. The
oxygen doping of the ultrathin Ag layer significantly improved
the transmittance of the layer by suppressing the absorbance
and scattering of incident light, without any noticeable deg-
radation in the electrical conductivity. As a result, the ZAOZ
electrode using an 8-nm-thick AgO, layer exhibited an average
transmittance of 91% over extended visible and short-wave-
length NIR spectral range 400-1000 nm, with a maximum
transmittance of 95%, at a low sheet resistance of 20 Q sq7!,
whereas the ZAZ electrode using an 8-nm-thick Ag layer
exhibited an average transmittance of 77% and a sheet resist-
ance of 21 Q sq~!. The transmittance and conductivity of the
ZAOZ electrode provided an excellent opportunity to improve
the power conversion efficiencies of I0SCs using the elec-
trode, by improving the light absorption of photoactive poly-
mers at longer wavelengths of incident light. Highly flexible

Adv. Funct. Mater. 2014, 24, 1551-1561
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5 4 5 32 1 sputtering (A-Tech System Co., Ltd., Flexlab system

100) at room temperature. The bottom and top
50-nm-thick ZnO films were deposited using a 4 in.
ZnO target (Williams Advanced Materials Inc.) of
99.999% purity. The chamber was evacuated to a
base pressure of 4.5 x 107 Torr before sputtering,
and the working pressure was kept at 3 mTorr by
introducing Ar gas (99.9999%) at a flow rate of
60 sccm. The ZnO sputtering process was carried out at a radio
frequency power of 200 W (0.53 W cm™2) without any intentional heating
during and/or after sputtering. The distance between the ZnO target
and the PET substrate was 15 cm. Ag and AgO, layers of different
thicknesses (4-14 nm) were deposited on the bottom ZnO films in the
same system via a dc reactive sputtering process at a dc power of 50 W
(0.13 W cm™) using a 4 in. Ag target (Williams Advanced Materials Inc.).
The deposition of Ag layers was performed at 3 mTorr by introducing
pure Ar gas at a flow rate of 45 sccm. The deposition of AgO, layers was
performed at the same working pressure by introducing a gas mixture at
a fixed Ar flow rate of 45 sccm; the flow rate of O, was varied between
2 sccm and 24 sccm. The fabrication of the ZAZ and ZAOZ electrodes
was carried out without breaking the vacuum conditions. The fabrication
of the ZITO electrode used as the reference bottom electrode in the
I0SCs was carried out in the same sputtering system. A 160-nm-thick
ITO film was deposited on the PET surface using an In,O; target
(Williams Advanced Materials Inc.) with 10 wt% Sn. A 50-nm-thick ZnO
film was subsequently deposited on the ITO film at room temperature
without breaking the vacuum conditions. The sputtering processes for
ITO and ZnO were identical to those used for the fabrication of the ZAZ
and ZAOZ electrodes.

The surface and cross-sectional morphologies of the Ag and
AgO, layers in the ZAZ and ZAOZ electrodes were analyzed using
UHR FE-SEM (Hitachi, S-5500) at the Korea Basic Science Institute
(Jeonju, South Korea). The RMS surface roughnesses of Ag and AgO,
(O/Ag = 3.4 at%) layers of different thicknesses were evaluated from
the average values of at least three different 3 pm x 3 um surface
domains for each layer by tapping mode AFM (Digital Instruments,
Nanoscope-llla). The oxidation levels and relative atomic ratios O/
Ag in the AgO, layers were determined by XPS (VG Scientific, Escalab
200R) measurements at the Electronics and Telecommunications
Research Institute (Daejeon, South Korea). The measurements were
carried out using an Al K, (1486.6 eV) X-ray source at 250 W (12.5 kV
and 20 mA) and a concentric hemispherical analyzer operated at a
scan pass energy of 100 eV. The crystal structures of 80-nm-thick Ag
and AgO, layers were examined in the 26 range 20-70° by GI-XRD
(PANalytical, Empyrean), using Cu K, radiation (1.54 A), at the
Korea Basic Science Institute (Daegu, South Korea). The refractive
indices and extinction coefficients of 10-nm-thick Ag and AgO, layers

wileyonlinelibrary.com

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

1560 wileyonlinelibrary.com

<
m

ww.afm-journal.de

on Si wafers were determined over the energy range between 1.2
and 5.2 eV by spectroscopic ellipsometry (Ellipso Technology, Elli-
SEU-am12), using the Lorentz oscillator dispersion model. The layer
thickness was measured using either spectroscopic ellipsometry or a
surface profiler (KLA-Tencor, P-11). The specular transmittance and
reflectance spectra were measured over the wavelengths between 300
and 1000 nm by UV-visible spectrophotometry (Varian, Cary 5000)
using normally incident radiation. The sheet resistances of the ZAZ
and ZAOZ electrodes, which were deposited on PET substrates, were
measured using a four-point probe system (Mitsubishi Chemical
Co., MCP-T600). The sheet resistance was averaged for at least three
different 2.5 cm x 2.5 cm domains of each electrode sample. The
carrier concentrations and mobilities were determined from 1 cm x 1
cm samples of the ZAZ and ZAOZ electrodes as well as 20-nm-thick
Ag and AgO, single layers using a Hall effect measurement system
(Ecopia, HMS-3000) through the van der Pauw method. The work
functions of the ZAZ, ZAOZ, and ZITO electrodes were measured
using UV photoelectron spectroscopy (VG Scientific), using a helium
discharge lamp with UV source of 21.22 eV, at Pukyong National
University (Busan, South Korea).

IOSC Fabrication and Characterization: An electron donor material
(PTB7-F20) and an electron acceptor material (PC;;BM) were purchased
from 1-Material Chemscitech and Solemme BV, respectively, and used as
received. A mixture of PTB7-F20:PC;;BM (8 mg:12 mg) was dissolved in
chlorobenzene (1 mL). The mixed solution was stirred at 50 °C for 12 h.
1,8-Diiodooctane (Sigma Aldrich) was then added in a volume ratio of
3% to the solution. The active layer was subsequently deposited on the
ITO/ZnO, ZAZ, and ZAOZ electrodes by spin-coating at 600-1200 rpm
for 40 s once the solution had passed through a 0.20-um
poly(tetrafluoroethylene) syringe filter. The corresponding thickness of
the active layer was ca. 85-115 nm. PEDOT-PSS (Clevios P VP Al 4083)
diluted in isopropyl alcohol (IPA), at a PEDOT-PSS:IPA ratio of 1:10,
was deposited on the active layer by spin-coating at 5000 rpm for 40 s
in a glove box. These substrates were baked in a glove box at 80 °C
for 5 min. Finally, Ag metal was deposited as the top metal through a
shadow mask by thermal evaporation in a vacuum of about 3 x 107
Torr. The device area, defined through a shadow mask, was 0.38 cm?.

The performances of the IOSCs were measured using a calibrated
AM 1.5G solar simulator (Oriel 300 W) at an intensity of 100 mW cm™
light intensity, adjusted with a standard PV reference cell (2 cm x 2 cm
monocrystalline Si solar cell, calibrated at NREL, CO, USA). The J-V
curves were measured using a Keithley 2400 SourceMeter source
measurement unit. The series resistance (R;) and shunt resistance (Ry},)
were determined from the slope of the dark current curves. A quantum
efficiency measurement system, which was equipped with a 250-W quartz
tungsten halogen lamp as the light source, and had a monochromator,
an optical chopper, a lock-in amplifier, and a calibrated Si photodetector,
was used to determine the IPCE spectra (Oriel IQE-200). The changes in
the electrical resistances of the TCEs and the performance parameters
of the 10SCs were measured with five specimens for each TCE as a
function of the bending radius by an irreversible bending test using a
two-point bending technique. The system had the two contact points:
one of the points was fixed and the other could be moved laterally.
The specimens were exposed to high compressive stresses induced by
mechanical bending of the PET substrates.
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