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Versatile plasmonic-effects at the interface of
inverted perovskite solar cellst

Ahmed Esmail Shalan,® Tomoya Oshikiri,® Hiroki Sawayanagi,® Keisuke Nakamura,®
Kosei Ueno,® Quan Sun,® Hui-Ping Wu,? Eric Wei-Guang Diau*® and
Hiroaki Misawa*®°

Plasmonics is a highly promising approach to enhancing the light-harvesting properties of hybrid organic/
inorganic perovskite solar cells. In the present work, our cells have a p—i—n inverted planar structure. An
ultrathin NiO film with two different thicknesses of 5 and 10 nm prepared by a pulsed laser deposition
process on an ITO substrate with a faceted and furrowed surface enabled the formation of a continuous
and compact layer of well-crystallized CH3NHzPbls via an anti-solvent chlorobenzene process. The cov-
erage mechanism of the NiO film on the ITO was clearly demonstrated through the J-V and external
quantum efficiency (EQE) curves. Moreover, the results demonstrated that the gold nanoislands (Au NIs)
increased the power conversion efficiency to 5.1%, almost double that of the samples without Au Nls. This
result is due to the excitation of surface plasmons, which is characterized by strong scattering and
enhancement of the electric field in the vicinity of the Au Nls loaded at the interface between the NiO
and perovskite films. Additionally, we observed an enhancement of the EQE at wavelengths shorter than
the plasmon resonance peak. In the current state, we speculate that the plasmoelectric potential effect is
considered to be a good explanation of the photocurrent enhancement at the off-resonance region. Our
work provides good guidance for the design and fabrication of solar-energy-related devices employing
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Introduction

The beneficial characteristics of perovskite (PSK) materials,
namely, an appropriate direct band gap, a high absorption
coefficient, and propensity to form thin films with excellent
carrier transport properties and an apparent tolerance of
defects,"? have facilitated the rapid increase in power conver-
sion efficiencies (PCEs) of PSK solar cells (PSCs) from 3.8% to
20% within 6 years.>® The reported PSCs can be mainly
divided into two classes based on their geometric structures.
The first class evolves from solid-state dye-sensitized solar cells
that contain a mesoporous film as a support layer of the PSK,
such as TiO, and Al,0; mesoporous films.”” By contrast, the
other class comprises planar heterojunction (PHJ) solar cells,
which have a similar structure as n-i-p or p-i-n silicon solar
cells."®"" In typical PHJ PSCs, a PSK absorption layer is sand-
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NiO electrodes and plasmonic Au Nls.

wiched between a hole transport layer (HTL) and an electron
transport layer (ETL). Poly-(3,4-ethylenedioxythiophene):poly
(styrenesulfonic acid) (PEDOT:PSS) and phenyl-C,,-butyric acid
methylester (PCBM) are frequently employed as the HTL and
ETL, respectively, in p-i-n-type devices.”*™* Such types of
devices are known as inverted PHJ solar cells, and a PCE as
high as 18.1% has recently been reported for such cells."®
Unfortunately, research on organic photovoltaic and light-
emitting diode devices has already demonstrated that PEDOT:
PSS is not good as HTL in terms of the long-term stability of
the device due to its high acidity and hygroscopicity."® Hence,
many inorganic semiconductors, including MoO,, NiOj, V,03,
and WO3,"*"® have been employed to replace PEDOT:PSS. In
particular, NiO is an inexpensive material with superior
thermal and chemical stability and has also been demon-
strated to be a good hole-selective contact for PSCs due to its
suitable work function and high conduction band edge posi-
tion, which can transport holes and block electrons efficien-
tly."® Several approaches have been used to prepare a NiO
(NiO,) film, including sol-gel processes, electro-deposition,
and sputtering, which could be adopted for the fabrication of
organic photovoltaic devices and dye-sensitized solar cells.>**!
Indeed, in this study, we prepared a well-ordered nano-
structured NiO film with different ultrathin thicknesses of
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5 and 10 nm on the ITO substrate, which achieves a good
optical transparency through a pulsed laser deposition (PLD)
method. Furthermore, in this study, we focus on the p-i-n
heterojunction because it could feasibly obtain a charge gene-
ration profile with more effective hole extraction, and the
planar structure simplifies the device fabrication process at
reduced material cost.

Regarding the p-i-n planar structure, the incident light is
irradiated from the NiO side to the PSK layer. The light with
shorter wavelengths is absorbed around the interface between
the NiO and the PSK. Subsequently, the holes generated at the
interface easily transfer to the NiO layer. Simultaneously, the
electrons move inside the PSK and then reach the ETL.
However, longer wavelengths of light penetrate deeper into the
PSK layer and are absorbed at deeper positions because the
absorption cross section of the PSK is small at longer wave-
lengths. In such cases, excited holes have to move longer dis-
tances to inject NiO. Therefore, recombination will occur easily
because the mobility of a hole in the PSK is substantially
smaller than that of an electron.”*?* As a result, photocurrent
and external quantum efficiency (EQE) will be small at longer
wavelengths compared with the shorter wavelength region.
Very recently, Ito and co-workers reported the effects of the
crystal grain size of the PSK on the EQE.>* They noted that the
EQE signals were almost saturated at more than 80% over the
wavelength range from 350 to 750 nm for the device with the
largest grain of approximately 500 nm. Their results also
showed that the EQE decreased at wavelengths longer than
500 nm for devices with smaller grain sizes of approximately
100 nm.

To address this problem, it is necessary to find a new
approach to increasing the EQE at longer wavelengths for small-
grain-size PSK cells. Gold nanoislands (Au NIs) are considered
to be a good candidate for operating as optical antennas, in
which Au NIs strongly interact with the incident light and
induce electric field enhancement and/or light scattering
through localized surface plasmon resonance (LSPR).>>° We
attempt to develop Au NIs in the interface between the NiO and
the PSK. The longer wavelength light can be localized near the
NiO/PSK interface, and light is absorbed by the PSK near the
interface via LSPR. As a characteristic point of this study, we de-
posited a NiO layer as the HTL with two different thicknesses
on the ITO substrate by PLD. It is emphasizing, furthermore,
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Fig. 1 Schematics of the speculated mechanism of the free carrier
(electrons and holes) pathway in the shorter and longer wavelengths in
the absence (a) and presence (b) of Au Nis.
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that Au NIs are used for the enhancement of photocurrent
generation. We speculate on the mechanism how the free carriers
(electron and hole) move through the p-i-n planar PSCs in the
absence and presence of Au NIs for the shorter and longer
wavelengths, as shown in the schematic diagrams of Fig. 1,
and we discuss about the plasmoelectric potential effect®® in
addition to the near-field enhancement effect based on LSPR
induced by Au NIs in the NiO/PSK interface.

Results and discussion

To investigate the efficacy of Au NIs on inverted PHJ PSCs with
NiO as the HTL, the solar cell devices were fabricated in the
presence of Au NIs. The detailed fabrication procedures for the
devices in the presence and absence of Au NIs are described in
the Experimental section. Fig. 2 presents a schematic of the
preparation processes for PSCs with Au NIs layer by layer, illus-
trating the configuration of glass/ITO/NiO/Au NIs/PSK/PCBM/
Ag. As shown in Fig. 2, it can be considered that the locations
of the Au NIs loaded at the interface between the NiO and PSK
layer may play an important role for the PCE by facilitating
scattering of the light through LSPR.

To optimize the conditions of the NiO ultrathin film, we
first evaluate the PCEs using two different thicknesses. We
choose NiO with a thickness of 5 and 10 nm for comparison
because it is expected that the thinner NiO as the HTL short-
ens the path of the holes and prevents recombination between
holes and electrons. However, the results show that when the
NiO film is thicker, i.e., 10 nm, the cell obtained better photo-
voltaic performances, as shown in Fig. 3.

To confirm the J-V characteristics and EQE results and to
illustrate the effect of the thickness of the NiO film on the
PCE, the roughness of the films was studied by atomic force
microscopy (AFM). The root-mean-square roughness factor
R.ms of the bare ITO and that of the 5- and 10 nm-thick NiO
films on the ITOs are 3.2, 2.2, and 3.0 nm, respectively, as
shown in Fig. 4(a-c). It is speculated that the photovoltaic pro-
perties of the samples with 5- and 10 nm-thick NiO can be
affected by the roughness and morphological structures of the
substrates.’’ " We can estimate the relationship between the
roughness of the NiO surface and the coverage of the NiO film
on the ITO. Previous studies confirmed the relationship
between the R.,s and the coverage; that is, as the roughness of
the film increases, the coverage of that film on the surface
increases.* ™’

The AFM results demonstrate that the roughness of the
10 nm-thick NiO film is closer to that of bare ITO, whereas it is
decreased in the case of the 5 nm-thick NiO film. From these
results, we can suppose that the decrease in the roughness in
the case of the 5 nm-thick NiO film is derived from the hetero-
geneous coverage, as represented in Fig. 4(d and e). For planar
thin-film solar cells with the 5 nm-thick NiO film, the incom-
plete coverage of the NiO film in some areas of the substrates
may result in low-resistance shunting paths, which affect the
fill factor (FF).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 A schematic of the layer-by-layer fabrication process for the full-structure PSC with Au NlIs with the configuration of glass/ITO/NiO/Au

NIs/PSK/PCBM/Ag.
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Fig. 3 (a) EQE action spectra and (b) device performance for NiO ultra-
thin films with thicknesses of 5 and 10 nm with Au Nls based on the
device structure of ITO/NiO/PSK/PCBM/Ag.

Fig. 5a shows the EQE action spectra of the devices. The
EQE of the device with the 10 nm-thick NiO with Au NIs stea-
dily increases compared with that without Au NIs over the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 AFM images of (a) bare ITO substrate, (b) 5 nm-thick NiO/ITO,
and (c) 10 nm-thick NiO/ITO. The magnification is x12500, and the scale
bar is 1 pm for all AFM figures. Schematic of the two different thick-
nesses of NiO PLD thin films, (d) 5 nm and (e) 10 nm, showing their
coverage and roughness on the ITO surface.

entire visible wavelength range. Moreover, it is clearly demon-
strated that FF and the short-circuit current density (Js)
increased after the Au NIs were incorporated into the devices,
thereby leading to an increase in PCE, as shown in Fig. 5c.
Compared with the maximum PCE of 2.6% for the devices
without Au NIs, the maximum PCE for the devices with NIs
reaches 5.1%, which represents an almost doubled enhance-
ment measured under AM 1.5G (100 mW cm™>). The enhance-
ment of Ji. and FF by loading Au NIs into the cells could be
due to the improved utilization of visible light by electric field
enhancement (near-field effect) or by scattering effects (far-
field effects) via Au NIs embedded in the NiO/PSK interface.
The J,. shows an obvious increase, which is a result of the
LSPR enhanced optical absorption of the PSK. Moreover, the
increased absorption will contribute to the increased number
of free carriers, which results in the corresponding FF and
Jsc increases. Also, there is a possibility that an electron is
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Fig. 5 (a) EQE spectra of ITO/NiO/PSK/PCBM/Ag in the absence and presence of Au Nls. (b) Comparison of the AEQE action spectrum of the PSCs

and the Aextinction between samples with and without Au Nis. (c) Device performances of ITO/NiO/PSK/PCBM/Ag in the absence and presence of
Au Nils. (d) Energy level diagram of each layer in the presence of Au Nlis based on the device structure of ITO/NiO/PSK/PCBM/Ag. The plots in black
in (a) and (c) are the same data shown in Fig. 3. The thickness of the NiO was 10 nm in all cases.

injected from the photoexcited Au NIs to the conduction band
of the PSK layer like Au-deposited TiO, films.*®*° In this case,
the photocurrent generation is induced according that the
generated hole at the Au NIs is transferred to the valence band
of Ni0.*°

To determine the reproducibility and efficacy of the per-
formance of the simple p-i-n planner PSCs, we fabricated and
measured 24 separate devices with and without Au NIs using
NiO ultrathin films with thicknesses of 5 nm and 10 nm. The
devices’ average performances are shown in Table 1. The histo-
grams of the photovoltaic parameter results are presented in
Fig. S1.T These data indicate that the reproducibility of the
device is very good and the performance enhancement by
LSPR is significant. Furthermore, we measured the XRD of the
PSK and estimated series resistances (R;) of the devices with
and without Au NIs to check the effect of the Au not involving
LSPR. The XRD pattern of the PSK on the NiO film with Au NIs
did not show remarkable difference compared with that
without Au NIs as shown in Fig. S2.1 Also, we estimated Ry of

1232 | Nanoscale, 2017, 9, 1229-1236

Table 1 Device average parameters for the PSCs using the NiO films
with NiO thicknesses of 5 and 10 nm?

JSC
Sample (MAcm™) Ve (V) FF (%) PCE (%)
NiO 10 nm with 15.1+£0.8 0.73+£0.02 48501 4.8+04
Au NIs
NiO 10 nm without 9.5+0.5 0.79+0.08 35.8+0.8 22+04
Au NIs
NiO 5 nm with NIs 15.3£0.7 0.70+0.01 37201 3.9+0.3
NiO 5 nm without 6.1+0.9 0.75+0.03 33.8+0.3 1.6+04

Au NIs

“The data which are classified in the table are averaged from 24
devices.

devices by the numerical fitting of j-V curves using the
reported equations.”’ The R of the devices with and without
Au NIs were estimated as 11.5 and 9.2 Q cm?®, respectively.
Although this result indicates that the Au NIs slightly increase

This journal is © The Royal Society of Chemistry 2017
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(ca. 25%) the conductivity from the cathode to the anode, the
increment cannot explain the significant improvement of the
device performances.

Then, the enhancement ratio of the EQE (AEQE) of the
10 nm-thick NiO devices was calculated and compared with
their Aextinction spectrum, as shown in Fig. 5b. The
Aextinction spectrum was extracted from the extinction
spectra of samples of 10 nm-thick NiO with and without Au
NIs, as shown in Fig. S3.1 It is clear that the EQE of the plas-
monic device increases sharply around the band edge of the
PSK. The extinction spectrum wavelength of the NiO/PSK cells
with a thickness of 10 nm correlate to overlapping with the
AEQE band in the region of wavelengths greater than 650 nm,
which is due to electric field enhancement or the scattering
effects of the Au NIs.

Furthermore, from Fig. 5b, we note two peaks for AEQE.
One peak is at longer wavelengths, which may be due to LSPR,
localizing the light near the NiO/PSK interface, where light is
absorbed by the PSK near the interface. This explanation was
confirmed by the correlation between the Aextinction spec-
trum and AEQE in the region of longer wavelengths. The other
peak for AEQE appears at shorter wavelengths, which is not in
agreement with LSPR and forces us to consider another mech-
anism to explain this phenomenon.

Recently, the tuning of the plasmon resonance frequency of
a nanostructure has been demonstrated by modulating the
electron density.***® When a static electric potential was
applied to inject or remove electrons from resonant structures,
the plasmonic resonance was shifted to higher or lower fre-
quencies, respectively. The electrical state of the conductor is
coupled with the frequency of the plasmonic resonance.
Atwater et al. demonstrated the reverse effect—the optical
generation of an electrostatic potential due to an optically
driven change in the carrier density in a plasmonic nano-
structure.”® They observed that irradiation at wavelengths
shorter and longer than the plasmon resonance peak created
negative and positive surface potentials as a result of electron
injection and ejection, respectively.

By applying this discovery to our results in the current
work, we can speculate on the possible mechanism of EQE
enhancement via plasmoelectric potential effects in the
shorter wavelength region of LSPR. There may be two scenarios
to explain the mechanism: the electron is transferred from the
NiO or from the PSK to the Au NIs under irradiation at wave-
lengths shorter than the plasmon resonance peak. In the
former scenario, the valence band (VB) of the NiO shifts to
positive values, and the open-circuit voltage (V,.) values
decrease. Simultaneously, the photocurrent increases as a
result of efficient hole transport. In the latter scenario, the
local electric field generated at the interface between the Au
NIs and the PSK separates the electron and hole spatially.

To confirm the speculated mechanism, we measured -V
characteristics for the 10 nm-thick NiO sample at different
wavelengths in the range of 400-800 nm in the presence of
band-pass filters to check V,. at each wavelength and observe
the difference in both shorter and longer wavelength regions

This journal is © The Royal Society of Chemistry 2017
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(Fig. S4t). Additionally, we plotted the relationship between
the V,. values and LSPR represented by the AEQE spectra, as
shown in Fig. S5.7 In the presence of Au NIs, the V,. decreases
from the longer wavelengths to the shorter wavelengths and
crosses the peak of LSPR. V,. decreases from the peak of LSPR
to the shorter wavelengths, corresponding to the increase in
Jse, which is shown in Fig. 5b. It is considered that the small
Voe in the range from 700 to 800 nm may be due to the small
photocurrent. When the Au NIs are absent, there is no notable
change in the V,. values, as shown in Fig. S5a.f These results
indicate that the plasmoelectric potential could efficiently
enhance the EQE in the shorter wavelength region compared
to the LSPR peak.

To explain the experimental observations, we performed a
numerical simulation using a finite-difference time-domain
(FDTD) method. Fig. 6a and b show the SEM image of the Au
NIs on the 10 nm-thick NiO film and their corresponding
model for FDTD numerical simulations. Fig. 6¢ shows the
1-T-R spectrum and the action spectrum of near-field intensity
monitored at the interface between the Au-NIs and the NiO
film calculated by the FDTD numerical simulations based on
Fig. 6b, where T and R indicate transmittance and reflectance
of the Au NI loaded substrate, respectively. The simulated
1-T-R spectrum is strongly correlated with the Aextinction
spectrum shown in Fig. 5b. The action spectrum of near-field
intensity shows two main peaks. One peak is at 830 nm, which
is off-resonance from the absorption of PSK. The other peak is
at around 675 nm, which may contribute to the enhancement
of EQE. However, the enhancement of EQE at shorter wave-

05
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Fig. 6 The SEM image of Au Nlis on the 10 nm-thick NiO film (a) and its
corresponding model for FDTD numerical simulations (b). The scale bar
in the SEM image is 100 nm. The inset color region of (b) is a simulation
area on the x—y plane. (c) The 1-T-R spectrum and the action spectrum
of near-field intensity monitored at the interface between Au NlIs and
the NiO film calculated by the FDTD numerical simulations.
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lengths in the range from 400 to 600 nm is not in agreement
with the near-field spectrum. These results support that the
enhancement of AEQE at the shorter wavelength region is
derived from the plasmoelectric potential effect rather than
the simple near-field enhancement effect.

Fig. 5d presents a diagram of the energy level of each layer
in the case of cells with Au NIs. As shown in Fig. 5d, both the
edge level of the conduction band (CB, —3.9 eV) and the VB
(=5.4 eV) in the PSK exhibit a suitable distance from the
LUMO level of the PCBM (—4.2 eV) and are in good agreement
with the work function of NiO (-5.4 eV). Accordingly, it is
anticipated that the minimum energy loss for the transfer or
mobility of free carriers (electrons and holes) toward the ETL
and HTL in the PSK/PCBM and NiO/PSK heterojunction inter-
faces enhances the photo-voltage output of the hybrid solar
cells. On the other hand, NiO is a wide band-gap material with
a CB edge level at approximately —1.8 eV, which is much
higher than that of the PSK of approximately —3.9 eV; thus,
injection of an electron into the NiO is not energetically favor-
able. In other words, NiO works as an electron-blocking layer.

Conclusion

In summary, we prepared highly transparent, nanostructured
NiO films with two different thicknesses through PLD. The
photovoltaic performance was explored using PLD-prepared
NiO ultrathin films from a p-i-n-type device of a NiO/PSK/
PCBM/Ag configuration. The ultrathin nature of the NiO film
helps in reducing the material consumption and manufacture
cost in the large-scale production of PSCs. Furthermore, the
PCE enhancement in PSCs was achieved by incorporating plas-
monic Au NIs at the interface of the NiO and PSK. This
enhancement could be attributed to the LSPR excitation in the
range of 650-800 nm via strong scattering and enhancement
of the electric field in the vicinity of the metal nanoparticle.
Furthermore, a plasmoelectric potential effect is proposed as a
possible mechanism of EQE enhancement in the shorter wave-
length region of the LSPR peak. These results demonstrate
that the location of NIs plays an important role in improving
the charge extraction properties, and the PCEs of the samples
with Au NIs were 5.1%, which is almost double those values
obtained with samples without Au NIs.

Experimental
NiO film preparation (with or without Au NIs)

The glass substrates, with a coated ITO layer of 15 Ohm per
square, were purchased from Pilkington Inc. ITO was partially
removed from the substrate via etching with zinc powder and
2 mol dm ™ HCI to produce the desired pattern. The patterned
ITO substrates were cleaned using ultra-sonication for 30 min
in a (1:1:1) mixture of acetone, soap water and iso-propyl
alcohol (IPA) and then washed with de-ionized water. Then,
the glass was dried with a N, blow gun. The NiO films were

1234 | Nanoscale, 2017, 9, 1229-1236

View Article Online

Nanoscale

deposited onto patterned glass/ITO substrates using a Pulsed
Laser Deposition (PAC-LMBE, PASCAL CO.) method.
This process was conducted at 200 °C at an oxygen pressure of
1.0 x 107> mTorr using a KrF excimer laser (4 = 248 nm) with a
pulse energy density of 40 mJ cm™> and a repetition rate of
10 Hz. The NiO (non-dope) ceramic target was prepared using
high-purity NiO powder (99.99%, High Purity Chemicals,
Japan). The film thickness was controlled by deposition time.
In this study, films with thicknesses of 5 and 10 nm were
used. Then, a 3 nm-thick gold film was deposited on the
surface of NiO (5 or 10 nm) by helicon sputtering (ULVAC,
MPS-4000) with a deposition rate of 1 A s™* and annealed at
300 °C for 1 h in a nitrogen atmosphere. Then, the sample was
annealed at 450 °C for 1 h under an air atmosphere. After
annealing, the Au-NIs formed on the surface of the NiO. The
averages and standard deviations of the size of Au NIs on
5 nm-thick and 10 nm-thick NiO were estimated as 53.0 + 35.8
and 40.1 + 28.8 nm, respectively (Fig. S67). All the substrates,
both with and without Au, were annealed under the same con-
ditions to facilitate their comparison.

Fabrication of inverted thin-film (p-i-n) perovskite solar cells

The NiO (with and without Au NIs)/ITO substrates were sub-
sequently exposed to ozone for 18 min via excimer lamp
(PC-01-H, N-Cobo Co.) irradiation under an O, atmosphere to
remove the organic residues. Methylammonium iodide
(CH;3;NH;I) was synthesized from 30 mL hydroiodic acid (57%
in water, Aldrich) by reacting 27.86 mL methylamine (40% in
methanol, Aldrich) in a 250 mL round-bottomed flask at 0 °C
for 5 h by stirring. The precipitates were recovered by evapor-
ation at 60 °C for 1 h. The product, CH;NH;I (MAI), was dis-
solved in ethanol, recrystallized from diethyl ether, and dried
at 60 °C in a dryer oven for 24 h. MAI was synthesized accord-
ing to a previous study in the literature.*®*° In brief, the 1 mol
dm™ perovskite (PSK)-CH;NH;PbI; solution was prepared by
reacting the synthesized MAI (198 mg mL™") powder and Pbl,
(574.3 mg mL™") (99.99%, Aldrich) [1:1 molecular ratio] in di-
methylformamide (1000 pl) (DMF, 99.9%, Aldrich) at 70 °C for
3 h. The solution was filtered with 0.45 um PTFE filters before
spin-coating. After the substrates were transferred into a Nj-
filled glovebox, the perovskite precursor solution was de-
posited onto an ultrathin NiO (with and without Au NIs)/ITO
substrate via a spin-coating process at 5000 rpm for 15 s, and a
few drops of chlorobenzene (CBZ) as an anti-solvent were
dripped onto the substrate during spin coating (at a certain
time, i.e., the 5th second for 45 wt% perovskite in DMF solu-
tion) in the second spin stage. Then, the perovskite-precursor--
coated substrates were dried on a hot plate at 100 °C for
10 min. Subsequently, the phenyl-C,,-butyric acid methyl ester
(PCBM) layer (UniRegion Bio-Tech, Taiwan) was deposited by
spin-coating (18 mg ml~" in CBZ as solvent) at 1000 rpm for 30 s.
Finally, the device was completed via thermal evaporation of
100 nm Ag contact electrodes in a high vacuum through a
shadow mask. The active area of the Ag electrodes in the fabri-
cated device was 0.05 cm”.

This journal is © The Royal Society of Chemistry 2017
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Structure characterization and other measurement

The crystallite phases were identified by X-ray diffraction
(XRD) (RINT-2000/PC RIGAKU) using Cu Ka radiation and a
scanning speed of 2° (26) min~" within the 26 range of 5 to
60°. The particle morphologies were obtained using a field
emission scanning electron microscope (FE-SEM, JSM-6700FT,
JEOL), whose maximum resolution at an electron acceleration
voltage of 15 kV was 1 nm. Atomic force microscopy (AFM) was
performed using a VN-8010 nanoscale hybrid microscope
(Keyence microscope, Japan) instrument. The UV-vis absorp-
tion spectra and the extinction spectrum of the Au-NIs were
monitored using a UV/vis spectrometer (UV-3100, Shimadzu
Co.). An X-ray photoemission spectrometer (JPS-9200, JEOL)
was used to obtain the X-ray photoemission spectrum (XPS) to
analyze the chemical composition of the surfaces. The Al Ko
line was used as the X-ray source. The C 1s signal was used as
an internal reference (284.6 eV). The detailed characterization
of the cells, XRD patterns, XPS spectra and the cross sectional
SEM image are shown in the ESI and Fig. S7.}

Photovoltaic performance measurement

Fabricated photovoltaic cells were characterized by their J-V
characteristics and EQE. The J-V characteristic curve measure-
ments were performed using the solar simulation (SAN-EL
ELECTRIC, XES-40S1, 450 W Xe lamp, AM 1.5 global filter)
equipped with an electrochemical workstation and a Keithley
2601 multimeter. The action spectra of the EQE were recorded
with a system consisting of a Xe lamp (A-1010, PTi, 150 W),
monochromator (PTi, 1200 grooves per mm blazed at 500 nm)
and source meter (Keithley 2400, computer-controlled).

Numerical simulations

The FDTD Solutions software package (Lumerical, Inc.) was
used to numerically simulate the absorption spectrum and the
near-field spectrum monitored at the interface between the Au
NIs and the NiO film. The ITO covered glass substrate and the
NiO film were assumed to behave as a dielectric with an
average refractive index of n = 1.6 and 2.3, respectively. The
thickness of Au NIs was assumed to be 20 nm. The FDTD
simulations were performed on a discrete mesh with a
maximum resolution of 1 nm.
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