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ABSTRACT: In this work, high-performance inverted indium tin oxide (ITO)-free
semitransparent polymer solar cells are comprehensively investigated using a novel
polymer/metal hybrid transparent electrode. The electrical and optical characteristics
of hybrid electrodes are significantly enhanced by introducing UV/ozone plasma
treatment on the polymer poly[(9,9-bis(3’-(IN,N-dimethylamino)propyl)-2,7-fluo-
rene)-alt-2,7-(9,9-dioctylfluorene)] (PFN), which is functioned as both a seed layer
for ultrathin Ag metal electrode and an optical spacer for transparent devices. The
optimized sheet resistance of PFN/Ag (12 nm) hybrid electrode is only half of the
commercial ITO (9.4 vs 20.0  sq") and the high wavelength-dependent reflectance
of hybrid electrode helps to increase the ITO-free device short-circuit current density.
Furthermore, the interface property between PFN and ultrathin Ag is analyzed in
detail and the optical field distribution is calculated for comparison. A high power
conversion efficiency of 5.02%, which is increased by 35% compared to that of the
ITO-based device, is achieved in the ITO-free semitransparent device in conjunction
with an excellent average visible transmittance above 28% that is higher than the benchmark of 25% for power-generating
window, indicating its great potential in building integrated photovoltaic systems in the future. Furthermore, the strategy is
successfully developed for other polymer systems, suggesting the universal applicability for plastic electronics.
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1. INTRODUCTION

Roll-to-roll compatible polymer solar cells (PSCs) are
considered as potential candidates for the next generation of
clean electricity because they possess unique advantages, such
as solution processing, high throughput, mechanical flexibility,
light weight, low cost, etc.'"™ The sensitivity to low light
intensity and orientation of the sunlight as well as less light
pollution make PSCs well suited for building integrated
photovoltaic (BIPV) systems.” It is well known that the
thickness of the bulk heterojunction (BHJ) active layer in PSCs

ITO urgent.”_22 So far, several alternative electrodes have
been developed, such as carbon-based electrodes (carbon
nanotubes and graphene) and metallic nanostructure electrodes
(nanowires, metal grids, and meshes).”>~>* Carbon-based
electrodes have superior mechanical flexibility but show a
high sheet resistance (carbon nanotubes: 100—1000 Q sq ™" and
graphene: 100—10000 Q sq~') and complex preparation
process.”*">* Metallic nanowires or grids have high trans-
mittance (>80%) with a low sheet resistance (Ry,...) (10—100
Q sq7'), but the inhomogeneous connection, poor thermal

is typically in the range of 100 nm, which permits nearly half of
the sunlight to pass through. Therefore, it is favorable to
employ semitransparent BHJ in power-generating windows for
modulating light transmittance and generating electricity
simultaneously.*”

Generally, the performance of indium tin oxide (ITO)-based
semitransparent PSCs is mainly limited by incomplete photon
absorption due to the weak microcavity effect,” i.e., ITO allows
the unabsorbed photons to easily escape from the device.”” '
Moreover, rising indium price, poor flexibility, and high-
temperature processing make exploring alternative electrodes to
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stability, and rough surface easily cause electrical shorts in
device.®™** In addition, ultrathin metal films have been
reported as better candidates due to their easier processing
and higher conductivity than above electrodes.”® However, the
tradeoff between optical transparency and electrical conductiv-
ity is critical for the usage of ultrathin metal electrodes.
Moreover, metallic nanoclusters or rough metal surface of
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ultrathin metals can result in strong light scattering and intense
surface plasmonic absorption due to excitation of the localized
plasmon resonance, which significantly reduces the film
transmittance and hinders their applications in solar cells.”*
Thus, employing a seed layer such as Ca, Au, and Al was
introduced under the ultrathin metal electrode for achieving
highly conductive and island-free transparent electrode.””
However, the seed layers reported can only reduce strong
metal nanoparticle plasmonic absorption without regulating the
light field. Exceptionally, dielectric/metal/dielectric (D/M/D)
multilayers, such as TeO,/Ag/MoO; and WO;/Ag/WOj;, have
been successfully employed to enhance the transmittance of
thin metal films through adjusting the light field distribu-
tion;>>** however, there are some indispensable drawbacks in
D/M/D electrodes. For example, the dewetting between the
thermally evaporated metal layer and the dielectric layer
increases the percolation threshold of metal layer and thus
greatly increases the sheet resistance (Rye).  Furthermore,
thermally evaporating very thick inorganic dielectric layers
consumes huge energy, so the total manufacturing cost will be
expensive for large-area D/M/D application. Using polymer
instead of the inorganic dielectric materials or metallic materials
can simultaneously solve the above problems.*”™*® The easily
modified physicochemical property of polymers makes the
polymer/metal hybrid electrode exhibit a promising alternative
to ITO with easy processing, high conductivity, and trans-
parency. However, despite these perceivable advantages, so far
these polymers either functioned as the seed layer*”*® or as the
optical spacer” individually, which limited the further
application in transparent conductive electrodes. Actually, the
reported polymers with the low refractive index cannot
effectively regulate the light field distribution because the
optical design requirements of semitransparent PSCs is much
higher than those of opaque ones.'® At present, there have been
very few works on integrating polymer materials in transparent
conductive electrodes of ultrathin metal, especially\utilizing
polymer/metal hybrid electrode in semitransparent PSCs has
never been reported, yet, deserving an in-depth.study.

In this work, water/alcohol-soluble conjugated poly[(9,9-
bis(3’-(N,N-dimethylamino)propyl)-2,7-fluoréne ) -alt-2,7-(9,9-
dioctylfluorene)] (PFN), which has dual functions of both an
optical spacer and a seed layer, is chosen to be used in a novel
polymer/metal hybrid transparent electrode (PFN/Ag). To
enhance the wettability of the polymer film, UV/ozone plasma
treatment is introduced into the polymer surface, prior to the
deposition of Ag film. The improvements of optical and
electrical properties in a UV/ozone plasma-treated PFN/Ag
(10 nm) electrode make the average visible transmittance
(AVT) increase from 39 to 58% and Ry, decrease from 483
kQ sq_1 to 29.4 Q sq_l. Furthermore, the inverted ITO-free
semitransparent PSCs are fabricated based on the PFN/Ag
electrode with a ternary solute system of donor thieno[3,4-
b]thiophene/benzo-dithiophene (PTB7) and acceptors of
[6,6]-phenyl-C,;-butyric acid methyl ester (PCBM[70]) and
indene-C60 bisadduct (ICBA), followed by a solution-
processed PEDOT:PSS electrode. A promising power con-
version efficiency (PCE) of 5.02% with an AVT of 28%
exceeding the transmittance benchmark of 25% for solar
window is achieved, which is one of the highest PCEs among
ITO-free semitransparent PSCs ever reported with fairly good
transparency.

2. RESULTS AND DISCUSSION

2.1. Optical and Electrical Properties of PFN/Ag
Electrode. Considering the maximum transmittance of
whole devices, it is necessary to take into account not only
the electrode transmittance but also the whole device
transmittance involving the strong optical interference. Figure
la exhibits the schematic structure of inverted ITO-free
semitransparent PSCs used in this work with multilayers:

PCBM[70]

—
[g]
S

Device transmittance

PFN thickness (nm)

d 0.29
8.0 9.0 10.0 11.0 12.0 13.0 14.0

Ag thickness (nm)

Figure 1. (a) Device architecture of semitransparent PSCs with
incident and transmitted light. The right image shows the interaction
of Ag atoms and PFN molecules. (b) Molecular structures of PFN,
PTB7, PCBM[70], and ICBA. (c) Two-dimensional contour AVT
image of semitransparent PSCs with the thickness change of x and y in
glass/PEN (y nm)/Ag (x nm) hybrid electrodes at a wavelength of
550 nm. The approximate horizontal dash line shows the trans-
mittance peak trend.
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PEN/Ag/PEN/active layer/PEDOT:PSS, where the first PEN
layer is used as both a polymeric metal nucleation inducer and
an optical spacer and the second PEN layer is used as an
electron extraction layer. The chemical structures of PEN,
PTB7, PCBM[70], and ICBA are shown in Figure 1b. To
optimize the thickness of the PFN/Ag electrode in devices,
optical calculation is employed without considering the
nanoparticle plasmonic effect.'”'>*® As depicted in Figure Ic,
the transmittance of the whole device is decreased with
increasing the thicknesses of PEN and Ag layers at a human eye
sensitive wavelength of 550 nm. It is interesting that the device
exhibits relatively high transmittance when PEN thickness is in
the range of 44—46 nm regardless of the Ag thickness due to
the reasonable optical field modulation effect of PFN.
Therefore, the impact of Ag thickness on the optical properties
of electrodes and devices is studied at a fixed 45 nm thickness
of PEN. It should be pointed out that the optimal thickness of
PEN should be lowered to about 35 nm for the PEN/Ag bilayer
transparent electrode if other layers of devices are not taken
into account (Figure S1), which is generally ignored in many
reported works.”>**

As shown in Figures 2a and S2, the AVT of the bare Ag from
380 to 780 nm is first increased in the range of Ag thickness
from 8 to 10 nm (30.4 vs 37.6%) then decreased from 10 to 12
nm (37.6 vs 33.8%) due to the plasmonic absorption by Ag
nanoparticles. For the PFN (45 nm)/Ag electrode without
surface treatments, the AVT is further increased, especially for 8
nm thick Ag (36.0 vs 30.4%) due to the strong inhibition of Ag
nanoparticles plasmonic absorption. Because the light field is
modulated by PEN with a high refractive index,”” the
transmission spectrum is shifted to the visible light wavelength
(Figure 2a), which is advantageous to controlling and tuning
optical absorption of active layers for semitransparent PSCs.
Furthermore, it is worth noting that the UV/ozone plasma=
treated PFN/Ag electrode exhibits a much higher "AVT
compared to that of bare Ag and untreated PFN/Ag eléctrodes.
For example, the plasma-treated PFN/Ag (10 nm) ‘électrode
shows the best optical property with the highest AVT of 58.1%,
which is improved by 54.5% compared to that of the bare Ag
(10 nm) (58.1 vs 37.6%). In addition, the 'AVT difference
between simulated and experimental results isymuch smaller in
plasma-treated PFN/Ag electrodes than that in bare Ag or
untreated PFN/Ag electrodes. Thus, it is obvious that UV/
ozone plasma treatment on PFN prior to ultrathin Ag
evaporation is very useful to improve the optical property of
PEN/Ag hybrid electrodes.

To find out the tendency of electrical performance of PFN/
Ag electrodes, the Ry, is measured using a four-point probe
with the modulations of Ag thickness or UV/ozone plasma
power. As presented in Figure 2b, Ry, of the bare Ag,
untreated PFN/Ag, and UV/ozone plasma-treated PFN/Ag is
decreased with increasing Ag thickness. Compared to the 10
nm thick bare Ag electrode with Ry, up to 483 kQ sq~’, the
PFN/Ag (10 nm) electrode without plasma treatment exhibits
a lower Ry to 147.5 Q sq~', revealing that the interaction
between Ag atoms and PFN molecules can greatly affect the
electrical property of ultrathin Ag. Furthermore, the Ry, of the
plasma-treated PFN/Ag (10 nm) electrode is sharply decreased
and eventually saturated to a value of 29.4 Q sq~', with a high
AVT of 58.1%. The dependence of Ry, on UV/ozone plasma
powers is also investigated, as shown in Figure 2c. The Ry, of
PFN/Ag (10 nm) electrodes is decreased from 147.5 to 63.8 Q
sq~! with UV/ozone plasma power of 50 W performing on the
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Figure 2. (a) Experimental and theoretical transmittance spectra of
bare Ag (10 nm), untreated PFN/Ag (10 nm), and plasma-treated
PFN/Ag (10 nm) electrodes. (b) Ry, of bare Ag, PEN/Ag, and
plasma-treated PFN/Ag electrodes as a function of Ag thickness (8,
10, 11, and 12 nm). The UV/ozone plasma power is 350 W. (c) Rycet
of PEN/Ag (8, 10, and 12 nm) electrodes as a function of UV/ozone
plasma power.

PEN film, confirming that UV/ozone plasma treatment has a
pronounced positive effect on reducing Ry, Particular
attention is paid to the fact that the Ry, of the plasma-
treated PFN/Ag (12 nm) electrode at 350 W is much lower
than that of the 165 nm thick ITO (9.4 vs 20 Q sq™') with a
fairly high AVT of 54.3%. Thereby, it is concluded that UV/
ozone plasma-treated PEN allows the ultrathin Ag to own a
reduced resistance and an elevated optical transmittance
simultaneously.

2.2. Origin of Optical and Electrical Enhancements in
PFN/Ag Electrode. To understand the mechanism of the
optical and electrical enhancements in PFN/Ag electrodes, the
change of chemical composition at PFN/Ag interface is
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intensively studied by high-resolution X-ray photoelectron
spectroscopy (XPS) measurements. Figure 3a,b presents XPS
spectra of bare Ag (2.5 nm), untreated PEN, untreated PFN/
Ag (2.5 nm), and plasma-treated PFN/Ag (2.5 nm) films. A
negative chemical shift is found at the Ag 3d core level,
indicating that Ag atoms provide the empty orbit to other
atoms. Furthermore, the emergence of N—Ag groups reveals N
atoms grovide the electrons to the empty orbit of the Ag
atoms.*® %" Thus, it can be concluded that the functional amine
groups of the water/alcohol-soluble conjugated PFN polymer
offer unshared electron pairs to Ag atoms in the form of
coordinate bonds (as seen in the right image of Figure 1a).>!
When UV/ozone plasma treatment is performed on the PFN
film, the C 1s and O 1s core level spectra of UV/ozone plasma-
treated PFN/Ag are also changed compared to that of
untreated PEN or PFN/Ag (2.5 nm) without plasma treatment.
As shown in Figure 3c,d, the C 1s spectrum of the untreated
PEN is composed of two components: the C—H at a binding
energy of 284.7 eV and the C—O groups at 286.1 eV. The O 1s
spectrum of the untreated PFN is separated into two
components: O=C groups at a binding energy of 531.6 eV
and the O—C groups at a binding energy of 532.5 eV. With
UV/ozone plasma treatment, the spectrum intensity of C 1s is
decreased but broadened to the high-energy side, known as the
attribution of hydroxyl, carbonyl, and carboxyl group
formation.”** The O 1s spectrum intensity is increased and
the ratio of C=0/C—O bonds is also enhanced with UV/
ozone plasma treatment due to the generation of oxygen free
radicals. It can be predicted that more oxygen polar groups
(C=0 and C—0) would be produced on the PFN surface if
UV/ozone plasma power is increased. In particular, because the
polarity of the C=0 bond is stronger than that of the C—O
bond, the surface wettability of PEN layer is significantly
changed from hydrophobic to hydrophilic after the UV/ozone
plasma treatment, which is consistent with the findings of‘the
water contact angles of PFN layers with increasing the power of
the UV/ozone plasma treatment (Figure $3).>

To explore the microscopic topography, three “different
electrodes are imaged with atomic force microscopy (AFM),
surface scanning electron microscopy (SEM),‘and conductive
AFM (C-AFM). As shown in Figure 4a=c,, the root mean
square’s (RMS’s) roughness values are 2.62, 2.00, and 1.30 nm
for bare Ag (10 nm), untreated PFN/Ag (10 nm), and plasma-
treated PFN/Ag (10 nm) electrodes, respectively. Compared to
the bare Ag, the reduced RMS value of the untreated PFN/Ag
indicates that the insertion of a thin layer of PEN can improve
the uniformity of the ultrathin Ag film. The lowest RMS value
of the plasma-treated PFN/Ag film demonstrates a better
contact between the PFN surface and Ag film. To confirm the
observations with AFM, a more clearly distinguishable
morphology is recorded by SEM. As shown in Figure 4d—f,
when Ag atoms are directly deposited on substrates, a large
number of Ag nanoaggregates are formed with very clear gullies
between each other, which can produce strong plasmon
resonance, leading to the decrease of light transmittance
(Figure 2a). The aggregated Ag nanoclusters are suppressed
when the PEN layer is introduced as a seed layer because the
functional amine groups endow the stronger interaction
between PFN and Ag atoms than Ag—Ag atoms. Remarkably,
the gullies are connected and a continuous Ag network is
formed by UV/ozone plasma treatment originating from more
generation of polar groups (Figure S3). Furthermore, the
corresponding perpendicular current distribution of different
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Figure 3. High-resolution XPS spectra of (a) Ag 3d, (b) N 1s, (c) C
Is, and (d) O 1s core level of bare Ag, PFN, untreated PFN/Ag, and
plasma-treated PFN/Ag films. For analyzing the chemical bonding
states, the spectra are fitted using a combination of Gaussian and
Lorentzian functions.
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Figure 4. AFM, SEM, and C-AFM images of (a, d, g) bare Ag (10 nm);,(b,"e, h) untreated PEN/Ag (10 nm), and (¢, f, i) plasma-treated PEN/Ag
(10 nm) electrodes, respectively (AFM image size: 1 ym X 1 ym,(SEM bar = 100 nm, C-AFM image size: S ym X S um).

electrodes is obtained with C-AFM (Figure 4g—i). For thebare
Ag electrode, low current is produced in the wholé, region
except a few isolated islands with the high current. For the
untreated PFN/Ag electrode, because Ag islands “are"partially
connected, the conductive area is enlarged compared'to that in
the bare Ag electrode. The current intensity further becomes
stronger, and the current distribution is more, uniform for the
UV/ozone plasma-treated PFN/Ag electrode due to favorable
connections among Ag nanoparticles. It can be seen that the
changes in C-AFM images are perfectly reflected in the sheet
resistance values of three films (Figure 2b), verifying UV/ozone
plasma treatment is an effective method for enhancing electrical
performances of polymer/metal hybrid electrodes.

2.3. Performance of Semitransparent PSCs Based on
PFN/Ag Electrodes. To evaluate whether the optical and
electrical properties of hybrid PFN/Ag electrodes are good
enough for organic electronics, three different types of inverted
ITO-free semitransparent PSCs are fabricated in comparison to
the controlled sample of ITO-based semitransparent PSCs with
the structure of ITO/PFN/BHJ/PEDOT:PSS.

Sample 1 (S1): Ag/PFN/BHJ/PEDOT:PSS (illuminated
from PEDOT:PSS)

Sample 2 (S2): Untreated PEN/Ag/PEN/BH]/PEDOT:PSS
(illuminated from PEDOT:PSS)

Sample 3 (S3): Plasma-treated PFN/Ag/PFN/BH]/PE-
DOT:PSS (illuminated from PEDOT:PSS)

Figure Sa presents the current density versus voltage (J—V)
of semitransparent PSCs under simulated AM 1.5G illumina-
tion. The deduced photovoltaic parameters of all devices

including the short-circuit current (Jsc), open circuit voltage
(Voe), fill factor (FF), and PCE are summarized in Table 1. S1
shows a low Jsc of 6.17 mA cm™ and a low PCE of 1.87% due
to the unnecessary optical loss and high Ry, which also
influence Voc to a value of 0.71 V.” It is noticed that
incorporating PFN to Ag electrode makes S2 own a higher J
0f 9.61 mA cm™2, Vo of 0.76 V, and PCE of 3.34% than that of
S1. Furthermore, UV/ozone plasma treatment makes S3
present the highest Voc of 0.77 V, Jc of 12.02 mA cm ™2,
and PCE of 5.02%. For the controlled semitransparent device
with ITO, a low Jsc of 8.87 mA cm™2 and a moderate PCE of
3.72% are obtained, revealing that the low-cost UV/ozone
plasma-treated PFN/Ag electrode is most effective for
semitransparent PSCs. Moreover, a similar trend is observed
in J—V characteristics of solar cells illuminated from Ag side (as
shown in Figure S4). Figure Sb presents the external quantum
efficiency (EQE) curves of the corresponding semitransparent
PSCs. All of the devices show a broad photo response ranging
from 300 to 800 nm and S3 shows the highest EQE value.
Particularly, the lower EQE of the controlled ITO-based
semitransparent PSC than that of S2 and S3 is attributed to the
lower light reflection of ITO in the long wavelength region,
which leads to less absorption of the active layer (Figure SS).
The reflectance spectrum of PFN/Ag shows a noticeably better
match to the absorption spectrum of the active layer. Thus, the
improved photocurrent response in S3 is attributed to a
microcavity-induced light trapping effect originating from the
effective internal light reflection between PFN/Ag and
PEDOT:PSS in conjunction with good electrode conductivity.
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Figure S. (a) J-V and (b) EQE curves of S1—-S3 (Ag = 12 nm) and
ITO-based device illuminated from PEDOT:PSS.

Table 1. V¢, Jsc, FF, PCE, and AVT of Devices with
Different Electrodes under Illumination of AM 1.5G (100
mW cm2)*?

Voc PCE,,[PCE,..] AVT
type (V) FF  Jsc (mAcm™) (%) (%)
S1° 0.71 42.5 6.17 1.87[1.67] 212
$2° 076 457 9.61 3.34[321] 237
S3° 0.77 53.9 12.02 5.02[4.92] 27.8
ITO 0.77 54.5 8.87 3.72[3.61] 382
“Over 20 devices are tested for each average ‘value. bPCE,,:

maximum power conversion efficiency; PCE,u average power
conversion efficiency. “Ag = 12 nm.

Furthermore, to illustrate the performance dependence on the
Ag thickness, different PSCs with 8, 10, and 14 nm thick Ag are
also investigated. The J—V curves and concrete device
performances are shown in Figure S6 and Table S2. It is
noteworthy that device S1 with the bare Ag (8 nm) electrode
and device S2 with the untreated PFN/Ag (8 nm) electrode do
not work because the Ry, values of these electrodes are

extremely big. In comparison, device S3 with the plasma-treated
PFN/Ag (8 nm) electrode exhibits a V¢ of 0.75 V and a PCE
of 2.75% due to the efficient Ry, decrease of the hybrid
electrode (about 70.2 © sq™"), proving the effectiveness of UV/
ozone plasma treatment. It is found that the tendency under
different Ag thicknesses is the same, that is, the plasma-treated
PEN/Ag electrode can greatly maximize the semitransparent
device efficiency. Although increasing Ag thickness from 8 to 14
nm can notably improve Jsc and PCE values, the corresponding
device transparency is first increased and then decreased with a
maximal transmittance at the Ag thickness of 10 nm, which will
be discussed in Section 2.5. This phenomenon can also be
found when semitransparent PSCs are illuminated from the Ag
side (Figure S4 and Table S1). For exploring the superiority of
the PEN/Ag hybrid electrode, the control device with the
opaque Ag was also investigated. As depicted in Figure S7, a
high Jc of 15.96 mA cm™ is achieved based on the opaque Ag
cathode, resulting in a high PCE of 7.59%. It can be seen that
the PCE ratio of plasma-treated PFN/Ag-based PSCs and
opaque one is varied from 36 to 73% when changing Ag
thickness from 8 to 14 nm. Taking into account the good
transmittance values, of PFN/Ag-based semitransparent PSCs
(see Section 275),"the efficiency loss should be very less when
Ag thickness is.bigger than 10 nm.

To determine whether the PFN/Ag electrode can provide
the uniform and pinhole-free photocurrent distribution over the
devige,surface, the high-resolution laser beam induced current
(LBIC) images of three types of semitransparent PSCs are
recotded.’*™° As shown in Figure 6, the microscopic
photocurrent images are well in accordance with the macro-
scopic Jsc values. Compared to S1 and S2, S3 exhibits the
highest photocurrent intensity due to the finest ultrathin Ag
conducting network, as discussed in Ry, and morphology
analysis. Thus, it can be concluded that UV/ozone plasma-
treated PFN/Ag electrode is a very promising alternative to
ITO for semitransparent solar cells.

2.4. Optical Field Modulation Ability of PFN/Ag
Electrodes in Semitransparent PSCs. To further illustrate
the optical field modulation ability of PFN/Ag electrodes, the
photon absorption rate profiles (300—800 nm) of the
semitransparent PSCs based on ITO or PFN/Ag (12 nm)
electrodes are calculated and compared. As shown in Figure
7a,b, the photon absorption rate profile of PFN/Ag-based
semitransparent PSCs with the biggest value located at the
middle of the active layer is entirely different from that of ITO-
based semitransparent PSCs at the PEDOT:PSS/active layer
interface, which endows PFN/Ag-based PSCs with more carrier
generation due to the decrease of exciton quenching by
electrodes.”” The integrated photon flux density in PFN/Ag-
based semitransparent PSCs with a favorable photon

illuminated from PEDOT:PSS

Figure 6. LBIC images of S1—S3 (Ag =12 nm) (image dimensions: 6 mm X 6 mm).
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Figure 7. Simulations of (a, b) photon absorption rate profiles and (¢,
d) exciton generation rate with the wavelength range from 300 to 800
nm in semitransparent PSCs using PFN/Ag (12 nm) and ITO
electrodes illuminated from PEDOT:PSS.

distribution profile is 8.03 X 10*® m™ s™', increased by 27.3%
compared to that of the weaker microcavity ITO-based
semitransparent PSCs (6.31 X 10*° m™ s7'). It can be seen

that the experimental Jsc of S3 is increased by 35.6% compared
to that of the ITO-based device (Table 1), which is bigger than
27.3% from the integrated photon flux density. The reason
should be attributed to the fine photon distribution in PFN/
Ag-based devices, leading to the fact that the increase of Jsc is
larger than that expected from the integrated photon flux
density. To analyze the absorption distribution of photons at
different wavelengths within the device, the corresponding
exciton generation rate (G(A)) is investigated. Figure 7c,d
shows the equal-scale contour plot of G(A) in devices on the
basis of the assumption that excitons are generated over the
entire layers. Compared with the ITO electrode, more excitons
at different wavelengths are efficiently generated in the PFN/
Ag-based device, leading to the enhancement of the photo-
current. It should be pointed out that ITO decreases the optical
interference in a device due to its high transmittance and low
reflectance.’® The wavelength-dependent strong interference in
the PFN/Ag-based device implies that the nonabsorbed
photons in the first path can be reflected and reabsorbed in
the second and subsequent paths. Moreover, it can be seen that
the power dissipation in the wavelength range from 340 to 400
nm appears for,thex4S nm thick PEN layer, which should be
eliminated as/far ‘as possible by selecting the higher bandgap
polymer as the/ optical spacer in the future. Overall, the
simulationsresults confirm that hybrid PEN/Ag electrode has a
favorable‘effect on regulating light field distribution to take full
advantage of the incident light.

2.5. )Enhanced AVT with Eliminated Plasmonic
Absorption of Ag Nanoparticles. For power-generating
window applications, an AVT of 25% is required so a certain
photon loss is unavoidable, leading to the tradeoff between
device efficiency and transparency.”” Figure 8 shows the total

45
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Figure 8. Experimental transmittance spectra of S1—S3 with the 12
nm thick Ag in comparison to simulated transmittance spectra with/
without PFN (45 nm).

experimental and simulated transmittance spectra of three types
of ITO-free semitransparent PSCs with the 12 nm thick Ag.
Compared with S1, the AVT of S2 increases in the wavelength
range from 380 to 780 nm (21.2 vs 23.7%). Especially, the AVT
of S3 is as high as 27.8%, increased by 31.1% compared to that
of S1, which exceeds the commercial benchmark of 25% for
window applications. The device transmittance can also be
predicted by means of optical simulations (Figure 8), which
ignore the plasmonic absorption of photons by Ag nano-
particles. It can be seen that there exists a big difference
between the experimental and simulated transmittance spectra
for S1; however, the deviation between experimental and
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simulated transmittance spectra for S2 becomes smaller due to
the effective interaction of Ag atoms and PFN molecules.
Surprisingly, this offset nearly disappears for S3, indicating that
a uniform, continuous, and high-transmittance ultrathin Ag
electrode is formed with a vanished plasmonic absorption of Ag
nanoaggregates. The measured device transmittance spectra
using 8, 10, and 14 nm thick Ag are presented in Figure S8. The
corresponding AVT values of 22.5, 26.4, and 31.1% for three
types of semitransparent devices with 10 nm Ag are highest
compared to that of other semitransparent PSCs with 8, 12, and
14 nm Ag (Table S2), indicating the percolation threshold
thickness of Ag is 10 nm. It is observed that by increasing the
Ag thickness from 8 to 14 nm, the difference of AVT between
S1 and S3 is reduced due to the suppression of Ag plasmonic
absorption. The results show that S3 with the plasma-treated
PFN/Ag (12 nm) electrode exhibits the best device perform-
ance, with an AVT higher than 25% in the wavelength range
from 380 to 780 nm.

2.6. Universality of UV/Ozone Plasma Treatment. For
verifying the universality of the UV/ozone plasma treatment
technique, a hole transport conjugated polymer poly-
(vinylcarbazole) (PVK) is also introduced as the seed layer
for Ag electrodes (Figure S9). Guo et al. found that PVK/Ag/
PVK multilayer electrodes without treatment have excellent
optoelectrical properties.”” However, in this work, compared
with the bare Ag with the Ry, of 483 kQ sq~', the Ry, of the
untreated PVK/Ag (10 nm) is still very high (19.3 kQ sq'),
which is much bigger than that of the untreated PFN/Ag
(147.5 Q sq7'), indicating PVK has a weaker seed layer
function than that of PFN with the functional amine groups.
Moreover, the optical AVT values of bare Ag and untreated
PVK/Ag electrodes are nearly the same (37.6 vs 37.8%), which
is slightly lower than those of PFN/Ag (37.6 vs 38.9%). (It
should be mentioned that there does not exist optimum
thickness of the PVK layer based on the calculated device
transmittance, viz.,, PVK cannot effectively adjust the light field,
resulting from the low refractive index of PVK (Figute-89b).%!
When UV/ozone plasma treatment is performed ‘on“the PVK
surface, the Ry, of PVK/Ag (10 nm) is significantly reduced
from 19.3 kQ sq~' to 45.3 Q sq~' and the ‘trahsmittance is
improved from 37.8 to 50.1%. Furthermiore, the best
semitransparent PSC based on the plasma-treated PVK/Ag
(12 nm) hybrid electrode shows a PCE of 4.25% and an AVT
of 29.7% (Figure S10). The simulated transmittance is
consistent with the experimentally measured transmittance for
the plasma-treated PVK/Ag (12 nm) semitransparent device,
illuminating the validity of the calculation method (Figure
$10c). In short, it can be concluded that UV/ozone plasma
treatment on the surface of different polymers has a promoting
influence on enhancing semitransparent device performances,
especially for the water/alcohol-soluble polymer with functional
amine groups, demonstrating the effectiveness and universality
of polymer/metal hybrid electrodes.

3. CONCLUSIONS

In summary, a novel high-quality plasma-treated water/alcohol-
soluble conjugated PFN/Ag hybrid electrode is developed as an
alternative to expensive ITO. The superior optical and electrical
properties of the PFN/Ag electrode are achieved due to the
dual functions of a seed layer and an optical spacer of PEN
assisted by UV/ozone plasma treatment. The atom interaction
between PFN and Ag is analyzed by XPS, and the morphology
is investigated by AFM, SEM, C-AFM, and LBIC. A high

efficiency of 5.02% is successfully obtained in ITO-free
semitransparent PSCs with an AVT of 28% based on
PTB7:PCBM[70]:ICBA, satisfying the hybrid electrode well
suited to BIPV systems. The PCE is greatly increased by 35%
compared to that of ITO-based semitransparent PSC mainly
due to a more reasonable optical field distribution originating
from the high wavelength-dependent reflectance of the hybrid
electrode, which is theoretically simulated by means of the
photon absorption rate profile, exciton generation rate, and
transmittance. Promisingly, other polymers like PVK with UV/
ozone plasma treatment is also successfully explored in hybrid
polymer/metal electrodes, illustrating the universality and
effectiveness of the method. This work not only demonstrates
a superior polymer/metal electrode than with ITO but also
provides insights into a novel electrode design for optimizing
semitransparent PSCs.

4. EXPERIMENTAL SECTION

4.1. Materials. PTB7 and PCBM[70] were purchased from 1-
Material Inc. and Solenne Inc., respectively. PEDOT:PSS (Clevios
PH1000) solution was mixed with 5% dimethyl sulfoxide (Alfa Aesar
99.9%) to improyve the conductivity and 0.5% surfactant (FS-30) to
improve wettability:>>*> PFN was purchased from 1-Material Inc.
ICBA was synthesized in our laboratory.”> The ternary solute system
of PTB7:PCBM[70]:ICBA was dissolved in the ternary solvent system
of chlorobenzene/1,8-diiodooctane/1-chloronaphthalene (94:3:3 by
volume) for, maximizing the active layer photon-to-electron gen-
erationty, The energy level of ICBA matches energy alignment of
PTB7:PCBM][70] blends, providing a new pathway for charge transfer
from{PTB7 to the PCBM[70]:ICBA alloy.62 The blending ratio of
PTB7:PCBM[70]:ICBA was 1:1.5:0.25, with a concentration of 25
mg/mL. All reagents and metals were purchased from Alfa, Dupont,
GCREF and used without further purification.

4.2. Device Fabrication. The inverted ITO-free semitransparent
PSCs were fabricated on glass substrates which were ultrasonically
cleaned with acetone, alkaline lotion, deionized water, and
isopropanol, respectively. A 45 nm thick PFN layer was spin-coated
onto the glass substrate and then treated by UV/ozone plasma at
different powers for 60 s. To verify the effect of PFN/Ag hybrid
electrodes with UV/ozone plasma treatments, the bare Ag and PFN/
Ag without surface treatments were also analyzed. Ag was thermally
evaporated under the vacuum degree of 4 X 107™* Pa. Then, a thin 10
nm thick electron transport layer of PFN was spin-coated onto the
surface of Ag. The 90—100 nm PTB7:PCBM[70]:ICBA active layer
was spin-coated on the surface of the PFN layer. The PEDOT:PSS
solution was spin-coated on the surface of the active layer with a
thickness of 100 nm in air, followed by annealing at 60 °C for 60 s to
remove any residual water. Finally, the devices were encapsulated
using a UV-curing adhesive and clean glass lid. The effective active area
was 4 mm?, determined by a patterned mask.

4.3. Measurements and Characterization. Transmittance and
reflectance were performed with different illumination directions
recorded using a Shimadzu UV-2550 UV—visible spectrophotometer.
The sheet resistances were measured using a custom-built four-point
probe system with a Keithley 2400 source measure unit. The film
thickness was measured by a surface profiler (XP-2, Ambios). The
high-resolution XPS spectra were measured by a photoelectron
spectrometer (AXIS ULTR DLD, Kratos, England). Contact angles
using water as the testing liquid were determined on top of the solid
active films by a drop shape analyzer DSA100 instrument. The film
topography was investigated by AFM (Bioscope Catalyst Nanoscope-
V), SEM (ULTRASS, Zeiss), and C-AFM (CSPMS500). The J—V
characteristics were measured using a Keithley 2400 source meter
under an illumination of AM 1.5G solar simulator, with an intensity of
100 mW cm™ (Sun 2000 Solar Simulator, Abet Technologies, Inc.).
The EQE data were obtained by a QE-R test system from Enli
Technology Company (Taiwan). The light intensity of the solar
simulator was calibrated by a standard silicon photodiode
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(NIMMS1101, National Institute of Metrology, China), which was
also used as the reference solar cell in the EQE measurement for
obtaining a transformation coefficient compared to that in the J-V
curve. The thickness of Ag films was monitored by a quartz crystal
thickness/ratio monitor (model: STM-100/MF, Sycon). The LBIC
was imaged using a pulsed laser diode beam at 405 nm that scanned
the cell’s surface with an image resolution of S0 ym (LSD4, Enli).
Optical constants (n and k) were measured using a Horiba Jobin Yvon
AUTO SE ellipsometer. Optical calculations are based on transfer
matrix modeling compiled with MATLAB, which is widely used in
optics to analyze the Propagation of electromagnetic waves through a
stratified medium.*>*
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