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Planar perovskite solar cells (PSCs) that use nickel oxide (NiO,) as a hole transport layer have recently
attracted tremendous attention because of their excellent photovoltaic efficiencies and simple fabrication.
However, the electrical conductivity of NiO, and the interface contact properties of the NiO,/perovskite
layer are always limited for the NiO, layer fabricated at a relatively low annealing temperature.
Ferrocenedicarboxylic acid (FDA) was firstly introduced to modify a p-type NiO, hole transport layer in
PSCs, which obviously improves the crystallization of the perovskite layer and hole transport and collec-
tion abilities and reduces carrier recombination. PSCs with a FDA modified NiO, layer reached a PCE of
18.20%, which is much higher than the PCE (15.13%) of reference PSCs. Furthermore, PSCs with a FDA
interfacial modification layer show better UV durability and a hysteresis-free effect and still maintain the
original PCE value of 49.8%after being exposed to UV for 24 h. The enhanced performance of the PSCs is
attributed to better crystallization of the perovskite layer, the passivation effect of FDA, superior interface
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contact at the NiO,/perovskite layers and enhancement of the electrical conductivity of the FDA modified
NiO, layer. In addition, PSCs with FDA inserted at the interface of the perovskite/PCBM layers can also
improve the PCE to 16.62%, indicating that FDA have dual functions to modify p-type and n-type carrier

rsc.li/nanoscale transporting layers.

1. Introduction

Perovskite solar cells (PSCs) have attracted growing attention
because of their promising advantages of low-cost and high
efficiency. Although the power conversion efficiency of the
mesoporous PSCs is already more than 22.7%," high tempera-
ture processing at 500 °C is still required for the most efficient
mesoporous PSCs. Planar structured perovskite solar cells
compared to the mesoporous PSCs are expected to be popular
due to their simple fabrication. The emergent inverted (p-i-n)
planar PSCs consist of a methyl ammonium lead halide perov-
skite which is usually sandwiched between the electron/hole
selective layers to facilitate charge extraction. Poly(3,4-ethylene-
dioxythiophene)-polystyrene sulfonate (PEDOT:PSS) as a hole
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buffer layer has been widely applied in inverted PSCs.>
However, PEDOT:PSS strongly limits the lifetime and perform-
ance of cells due to its hydroscopic and acidic nature along
with its inability to block electrons.>?

Inorganic p-type semiconductors, such as CuSCN,* Cul®
and CoO, ° as a hole transport layer (HTL) instead of PEDOT:
PSS have better stability for PSCs. The typical nickel oxide
(NiO,) as an HTL has shown great potential due to its large
band gap and deep valence band.”® Jen et al.® used a solution-
processed copper-doped nickel oxide as an HTL to improve
electrical conductivity, which greatly enhanced the PCE of
PSCs from 8.94% to 15.40%. Recently, the Li"/Mg*" co-doped
NiO, as an HTL has been developed by Chen et al,'® where
PSCs obtained a PCE of 16.2% with a square centimeter area.
However, high temperature processing at 400 °C is still
required to obtain high conductivity of NiO, and thus superior
performance of PSCs."* NiO, as a hole transport layer using
low temperature treatment is one of the most interesting
aspects. But NiO, with low temperature processing usually
suffers from a series of deficiencies such as reduced carrier
transport and extraction abilities, enhanced carrier recombi-
nation and a hysteresis effect due to its increasing defects and
inferior crystallinity."* The preformed nano-crystals of NiO, as
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the HTL with a low-temperature process were reported to be an
efficient way to improve efficiency and inhibit the hysteresis
effect of the PSCs."® The sol-gel fabricated NiO, films with a
relatively low temperature treatment usually need to use a
surface modification method to improve the contact properties
between the perovskite and hole transport layers.'* Yang
et al.** employed diethanolamine to modify the NiO, surface,
which obviously improves the efficiency and reduce the hyster-
esis effect due to the superior NiO,/perovskite contact and
perovskite crystallization. Although the origin of the hysteresis
effect in PSCs still needs to be investigated, some factors such
as slow trapping or detrapping of charges in electronic inter-
face states,"® contact conductivity,'® ferroelectricity'” and ion
migration,'® can all result in the hysteresis effect of the PSCs.

Ferrocene derivatives have been widely used in the fields of
catalysts,'® electrochemistry,”® and organic solar cells>* due to
their unique chemical structure, high thermal stability and
chemical stability. The ferrocenedicarboxylic acid is inserted
between ITO and n-type ZnO as a modified layer, which
successfully improves the PCE of organic solar cells due to
enhanced exciton dissociation and charge collection efficien-
cies.”® In this paper, we firstly introduced ferrocenedi-
carboxylic acid (FDA) as a p-type NiO, interfacial modified
layer, which can overcome the inferior contact properties and
high density defects of the NiO, interface. The PCE of PSCs
modified with FDA is significantly increased to 18.20% from
15.13% with reference cells, and its hysteresis is eliminated.
Furthermore, PSCs with FDA show better UV-resistance. The
enhanced performance of PSCs with FDA is attributed to
better crystallization of the perovskite, superior interface
contact at the NiO,/perovskite layers, the passivation effect of
FDA and enhancement of the electrical conductivity of the
FDA modified NiO, layer.

2. Experimental section

FDA (purchased from Sinopharm Chemical Reagent) powders
were dispersed in chlorobenzene, and stirred at room tempera-
ture for 12 h. The chemical structure of FDA is shown in
Fig. S1.1 A perovskite precursor solution was prepared by dis-
solving 1 M methyl ammonium iodide (MAI, purchased from
1-Material Inc.) and 1 M lead(u) iodide (Pbl,, 99.9%, Aladdin
Reagents) in a mixture of dimethyl sulphoxide (DMSO, AR
99% GC, Aladdin Reagents) and y-butyrolactone (GBL, AR 99%
GC, Aladdin Reagents) (7:3 v/v). The pre-cleaned ITO coated
glass with a sheet resistance of 10 Q O™" was treated with ultra-
violet ozone for 20 minutes. NiO, solutions were spin-coated at
4500 rpm for 1 min to form a 20 nm thick film, followed by
annealing at 235 °C for 45 min. The NiO, solution was pre-
pared by dissolving 25 mg nickel acetate tetrahydrate in 1 ml
2-methoxyethanol and 6 pl monoethanolamine. Then the FDA
solution was spin-coated onto the surface of the NiO, layer at
4000 rpm for 1 min in a N,-filled glove box. Next, the samples
were retained for 30 min before spin-coating the perovskite
layer further. The CH3;NH;PbI; film was spin-coated on NiO,

5618 | Nanoscale, 2018, 10, 5617-5625

Nanoscale

or the FDA modified NiO, layer by a consecutive two-step spin-
coating process at 2000 rpm and 4000 rpm for 20 s and 60 s,
respectively. During the second spin-coating step, chloroben-
zene drop-casting was employed to replace DMSO solvent. The
samples were dried at 100 °C for 10 minutes. After being
cooled down, a 40 nm thick PCBM ([6,6]-phenyl-C 61-butyric
acid methyl ester) layer was formed onto the CH;NH;PbI; film
by spin-coating the PCBM solution dissolved in chlorobenzene
(10 mg mlI™") at 1200 rpm for 60 s. Finally, a 100 nm thick AgAl
alloy electrode was thermally evaporated onto the PCBM layer
under a base pressure of 5 x 10™* Pa. The weight ratio (wt%) of
Al to Ag in the AgAl alloy, purchased from Trillion Metals Co.,
Ltd (Beijing, China), is 3 wt%. The fabrication process of
polymer solar cells is as follows. PTB7-Th (99%) was purchased
from 1-Material Inc. and PC71BM (99.5%) was purchased from
Solenne BV. A blend solution containing PTB7-Th:PC71BM
(7 mg mL™":10.5 mg mL™") dissolved in chlorobenzene/1,8-
diiodooctane (97 : 3, v/v) at 1000 rpm for 15 s was spin-coated
onto an AZO surface to form an 80 nm photoactive layer. A
7 nm thick MoO; interlayer and a 100 nm AgAl alloy electrode
were then thermally evaporated onto the active layer.

The surface morphologies of the samples were investigated
by field-emission scanning electron microscopy (SEM, Hitachi
S-4800) and Atomic Force Microscopy (AFM, JPK Nano Wizard II),
respectively. The X-ray diffraction (XRD) patterns of the perov-
skite films were recorded with an PW3040/60 instrument
(Holland Panalytical PRO) using a Cu Ka radiation source (V =
30 kv, I = 25 mA). Photoluminescence (PL) spectra were
recorded using a fluorescence spectrophotometer (HORIBA
Jobin Yvon Fluoromax-4). The transmission and absorption
spectra of the samples were recorded using a UV-Vis spectro-
photometer (Hitachi U-3900). The current density-voltage
(J-V) characteristics were measured using a Keithley model
2440 source meter in a Newport solar simulator system with
an AM1.5G filter and 100 mW cm™? illumination calibrated by
using a standard silicon reference cell (Newport Oriel
Instruments 91150V). The incident photon to current conver-
sion efficiency (IPCE) spectra were recorded using a Newport
Optical Power Meter 2936-R by illuminating the device with
monochromatic light supplied from a xenon arc lamp in com-
bination with a dual-grating monochromator. The reference
numbers of photons incident on the sample were calibrated
for each wavelength using a silicon photodiode (Newport Oriel
Instruments 71675-71580). EIS measurements were recorded
in the dark in the frequency range from 0.1 to 1 x 10° Hz using
an Autolab PGSTAT 302N electrochemical workstation. The
thickness of the NiO, film was measured by using the DEKTAK
XT stylus profiler.

3. Results and discussion

Similar SEM images of NiO, modified without and with FDA
were observed, as shown in Fig. 1(a and b). The surface root-
mean-square roughness (RMS) of NiO,/FDA and NiO, is
respectively 5.57 nm and 8.01 nm, as shown in Fig. 1(c and d),

This journal is © The Royal Society of Chemistry 2018



Nanoscale

(O} *imo | M g
s (111) . 220 g ®
=) NiO,/FDA * 5 70
< g %@ ——NiOx
= £ 50 —— NiOX/FDA
2 * £ 40
£ (111 5 20| § 30
) s
= NiO, * F 20
10
35 40 5 300 400 500 600 700 800

45 50 55
26 (degree) Wavelength (nm)

Fig. 1 SEM images of the NiO, surface modified without (a) and with
(b) an FDA interfacial layer; AFM images of the NiO, surface modified
without (c) and with (d) the FDA layer; (e) XRD patterns of NiO,/FDA and
NiO, films onto ITO-coated glass; (f) transmittance spectra of NiO,/FDA
and NiO, films onto a glass substrate. The FDA concentration of the
modified NiO, surface is 0.1 mg ml™.

indicating that the surface NiO, modified with FDA becomes
smoother. Meanwhile, the contact angle of the NiO, surface
modified with FDA compared to the pristine NiO, surface was
increased to 57.5° from 12.5°. The reduced surface roughness
and the improved contact angle of the NiO,/FDA surface are
beneficial to reduce the perovskite nuclei density,”>>* helping
to form larger sized perovskite grains.>* The X-ray diffraction
(XRD) patterns of the corresponding NiO, films are shown in
Fig. 1e. The diffraction peaks at 37.24° and 62.86° are assigned
to the typical diffractions of the (111) and (220) planes of the
NiO,.?® The XRD curves of the NiO, modified with and without
FDA are almost similar, indicating that FDA modification did
not obviously change the structure of the NiO, layer. The
similar transmittance spectra of the NiO, films modified with
and without FDA were observed, as shown in Fig. 1f, which is
consistent with the previous report,”®*” indicating that the
enhanced PCE and UV-resistance of PSCs are not related to the
acceptance dose of UV-visible light.

Fig. 2a and b show the surface morphologies of the perov-
skite films on NiO, modified without and with the FDA layer.
The grain sizes of the perovskite layer onto NiO,/FDA com-
pared to the pristine NiO, substrate become obviously larger,
which can be further demonstrated from X-ray diffraction

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of the perovskite layer on (a) NiO, and (b) NiO,/FDA
films; (c) XRD patterns and (d) UV-Vis absorption spectra of perovskite
(PVK) films on the NiO, and NiO,/FDA layer, respectively. The FDA con-
centration of the spin-coated NiO, surface is 0.1 mg ml™.

(XRD) patterns, as shown in Fig. 2c. The strong peaks at
14.12°, 28.48° and 31.86° correspond to the (110), (220) and
(310) planes of the perovskite films. The intensities of these
three peaks are obviously increased for the perovskite layer
grown on the FDA modified NiO, layer. In the meantime, the
absorbance of the perovskite layer onto the NiO,/FDA substrate
is slightly increased due to the better crystallinity of the perov-
skite,”® as shown in Fig. 2d. These results suggested that the
FDA modified NiO, surface can improve the crystallization of
the perovskite layer, which helps to reduce carrier recombina-
tion and improve the photocurrent of the PSCs.

The J-V curves of the PSCs based on NiO, modified with
different FDA concentrations are shown in Fig. S2.7 The photo-
voltaic parameters of the PSCs are summarized in Table S1.f
The optimized FDA concentration spin-coated onto the NiO,
surface is 0.1 mg ml~". The J-V characteristics of typical PSCs
based on NiO, with and without the FDA modified layer are
shown in Fig. 3a. The improved PCE of the PSCs modified
with FDA is primarily attributable to the higher J;. and FF.
PSCs without FDA modification achieved a PCE = 14.77% with
aJse = 20.2 mA cm ™2, Voo = 1.02 V, FF = 71.7% under a forward
scan, and a PCE of 14.46% with a Js. of 20.2 mA cm™2, a V. of
1.02 V and an FF of 70.2% under a reverse scan. The hysteresis
effect of the reference PSCs was obviously observed. However,
PSCs with FDA modification showed a PCE of 17.87% with
Jse = 22.55 mA ecm ™2, V. = 1.04 V, and FF = 76.2% at a forward
scan and a PCE of 17.59% with J. = 22.53 mA cm™2, V. = 1.04
V and FF = 75.8% at a reverse scan, indicating a negligible hys-
teresis effect. The PCE distributions for 40 devices with and
without FDA modification are shown in Fig. 3b. The highest
PCEs of PSCs with and without FDA are 18.20% and 15.13%,
respectively. The obviously higher PCE and more narrow distri-
butions of PSCs with FDA modification indicate that PSCs
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Fig. 3 (a) J-V characteristics of PSCs with and without FDA modifi-

cation under forward and reverse scans with a 100 mV s™' rate;
(b) statistical PCEs of 40 devices with NiO,/PVK and NiO,/FDA/PVK;
(c) IPCE curves and (d) dark J-V curves of PSCs with and without FDA
modification. The FDA concentration of the spin-coated NiO, surface is
0.1mgml™

with FDA modification have better performance and reproduci-
bility. The incident photon to current conversion efficiency
(IPCE) curves in the wavelength range from 350 nm to 750 nm
of PSCs with FDA modification are obviously higher than
those of the reference PSCs, as shown in Fig. 3c, which is
partly attributed to the better crystallinity of the perovskite
grown on FDA modified NiO,. The improved carrier transport
and extraction abilities can also improve the IPCE values,
especially in the red wavelength portion because a higher number
of photons are distributed in the wavelength range from 600 to
800 nm.”® The integrated J,. values from the IPCE spectra of
PSCs with and without FDA are respectively 20.9 mA cm™> and
18.2 mA cm™2, which are somewhat lower than J,. values from
the J-V curves. This is probably attributed to the defects of
cells and part deviation of the IPCE measurement.’**" The
dark J-V curves of PSCs with and without FDA modification
are shown in Fig. 3d. The reverse saturation current is
obviously decreased and the rectifying property is improved
for cells with FDA. This means that the carrier recombination
is reduced and the charge accumulation phenomenon is weak-
ened at the NiO,/perovskite interface due to the modification
of FDA, which is helpful to improve the FF and J,. of PSCs.>**?

The steady-state photoluminescence (PL) spectra were
wildly investigated to gain insight into the photo-physical pro-
perties of the perovskite. The PL intensity of the perovskite
film is related to carrier recombination and carrier transfer
transport and extraction abilities at the interface between the
perovskite and carrier transport layers.>® Fig. 4a shows the
steady-state photoluminescence (PL) spectra of the perovskite
layer spin-coated onto the NiO, and NiO,/FDA surface. The PL
intensity of the perovskite onto NiO,/FDA compared to pure
NiO, was greatly quenched, suggesting that carriers can be
quickly transferred from the perovskite to the NiO, layer using
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Fig. 4 (a) Photoluminescence of perovskite films on top of NiO, and

NiO,/FDA; |-V curves of NiO, and NiO,/FDA films from parallel (b) and
vertical (c) directions and the insets are the schematic diagram of the
testing structure; transient (d) Jsc and (e) V. response curves of PSCs
with and without FDA modification; (f) plots of Jy versus Ve for cells
based on NiO, modified with and without FDA.

FDA modification. The I-V curves of the NiO, and NiO,/FDA
layers from parallel and vertical directions were further
measured, as shown in Fig. 4b and c. The enhanced current of
the NiO,/FDA layer from the vertical direction indicates that
FDA modification helps carrier extraction, which is consistent
with the stronger PL quenching of the perovskite deposited
onto the NiO,/FDA layer. Furthermore, the current difference
of the NiO,/FDA film compared to pure NiO, can be further
enlarged in the parallel direction, indicating that FDA modifi-
cation helps to improve the conductivity of the NiO, layer.
Fig. 4(d and e) show the transient J;. and V,. profiles of PSCs,
respectively. The quickly increasing Js. and a slower decay of
Voe for PSCs with FDA modification indicate reduced trap
states at the interface of the perovskite/NiO, layers.>**> Fig. 4f
reveals the effect of FDA modification on the photocurrent
density (/o) versus effective voltage (Veg). Jpn is determined as
Joh = Jiight — Jaark, where Jiighe and Jyark are the current density
under illumination and in the dark, respectively. V. is deter-
mined as Ve = Vo — V,, where V, is the voltage at which Jpn = 0
and V, is the applied bias voltage. J,, increases linearly at a
low V¢ and saturates at a high Ve In general, the saturated
photocurrent (J,) is correlated to the maximum exciton gene-
ration rate (Gmay), €xciton dissociation probability, and carrier
transport and collecting probability in a high V.g region.”*?®

This journal is © The Royal Society of Chemistry 2018
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Gmax could be obtained as Jpn = gGmaxl, Where g is the elec-
tronic charge and L is the thickness of the perovskite film
(140 nm). The values of Gy, for devices with and without FDA
modification are 9.92 x 10> m™> s (Jya = 222.6 A m~?) and
9.62 x 10 m™ s7' (Jour = 215.7 A m?), respectively. The
enhanced G,y reveals the reduced charge recombination at
the interface between the perovskite and NiO, layers after FDA
modification. The carrier transport and collection probabilities
at any effective voltage can be directly obtained from the ratio
of Jon/Jsar- The carrier transport and collection probability of
cells with FDA modification was increased to 98.4% from
88.2% in control cells, indicating that FDA modification can
efficiently improve hole transport and collection abilities of
the cells.>**”

To further investigate the mechanism of the FDA modified
NiO, layer, electrochemical impedance spectra of cells with
and without FDA modification were measured. Nyquist plots
of the cells without FDA modification exhibit an arc in the
fourth quadrant in the low frequency range, as shown in
Fig. 5a, indicating that negative capacitance exists in PSCs
with a pure NiO, layer. However, the —Z" values are always
positive at any voltages and frequencies after modification
with FDA, as shown in Fig. 5b. The negative capacitive behav-
ior is related to the massive accumulation of carriers at the
interfaces due to the Schottky contact.*® The negative capaci-
tive behavior of the cells can be controlled through reducing
the interface barrier or forming ohmic contacts using an inter-
face modification material.**??*® Therefore, the controlled
negative capacitive behavior in PSCs with the FDA modified
NiO, layer is attributed to the reduced carrier accumulation at
the interface of the NiO,/perovskite due to the superior contact
properties. The Bode-phase plots of PSCs with and without
FDA modification at a bias voltage of 0.9 V are shown in
Fig. 5c. The frequency response peak of PSCs with pristine
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Fig. 5 Nyquist plots of PSCs based on NiO, with (a) and without
(b) FDA modification at the forward bias voltage of 0.9 V and 0.1 V in the
dark; (c) Bode-phase plots of PSCs with NiO, and NiO,/FDA HTLs at the
bias voltage of 0.9 V; (d) capacitance—voltage characteristics of cells
with and without FDA modification.
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NiO, becomes obvious when compared to PSCs with NiO,/
FDA, which may be divided into two peaks by curve fitting.
The characteristic frequencies of low-frequency and high-
frequency sides are related to carrier recombination and
carrier diffusion, respectively. The peak frequency of the low-
frequency side is shifted to a lower region with the FDA modi-
fied NiO, layer, indicating a reduced carrier recombination
due to the passivation effect of FDA and the better crystalliza-
tion of the perovskite layer."* The capacitance-voltage charac-
teristics at 1 kHz are shown in Fig. 5d. The capacitance effect
was gradually increased with increasing bias voltage, which is
indicative of charge accumulation at the interface.**** With
FDA modification, the capacitance of the cells is significantly
reduced, further confirming the passivation effect of FDA and
improved contact properties.*>** The lower accumulation of
charge carriers helps obtaining higher photocurrent and less
J-V hysteresis.*®

The J-V curves of PSCs with and without FDA modification
as a function of light intensity are shown in Fig. S3.1 The line-
arly fitting curves of the photovoltaic parameters versus light
intensity are shown in Fig. 6. The slopes of 1.58kzT/q and
1.66kpT/q (where kg is the Boltzmann constant, T is the absol-
ute temperature, and g is the elementary charge) were simu-
lated for FDA modified cells and the control cells, which are
obviously larger than kg7/q, indicating that the recombination
mechanisms of trap-assisted recombination and bimolecular
recombination both play an important role in PSCs with and
without FDA modification.”®*” However, the relative lower
deviation slope for FDA modified PSCs suggested the reduced
trap-assisted recombination due to FDA passivation. The FF of
both kinds of PSCs almost remain constant at a low light
density, but the FF values of PSCs without FDA are more
obviously decreased at a higher light density, which is evi-
dence of a heavy influence of trap-assisted recombination.®’
The slightly linear deviation of J,j, of cells with light intensity
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Fig. 6 V. FF and Ji. as a function of light density for PSCs with NiO,

and NiO,/FDA. The FDA concentration of the modified spin-coated NiO,
surface is 0.1 mg ml™%.
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also supported a certain role of trap-assisted recombination,
which is partly responsible for lower integrated Js. than J.
from J-V curves.>>*’

Solar cells containing organic materials or groups, for
example organic solar cells and perovskite solar cells, can be
quickly deteriorated under UV irradiation.*® The present light
durability tests of perovskite solar cells are usually filtered
ultraviolet light to avoid UV damage.'" However, the enhanced
UV durability of perovskite solar cells is still an important aim
to improve the lifetime of cells. UV irradiation can cause fast
release of O, on the TiO, and ZnO surface, and induces a large
amount of deep trap states leading to charge recombina-
tion,"** which accelerates the degradation of the TiO,/perov-
skite interface’® and the ZnO/organic photoactive layer.*®
Therefore, PSCs using NiO, as the HTL with and without FDA
modification were investigated for comparison. A UV-assisted
acceleration aging test of eight devices of each type of PSC
without encapsulation under a relative humidity (RH) of 40%
in air was carried out to evaluate UV durability. The photo-
voltaic parameters of PSCs with and without FDA modification
at different exposure times of UV irradiation are shown in
Fig. 7. The original PCEs of selected PSCs with and without
FDA modification are close to the average PCEs of each type.
The parameters including the PCE, FF, Jsc, and V,. for PSCs
without FDA modification were more quickly deteriorated in
the UV-assisted acceleration aging test. The normalized PCE of
the reference PSCs was quickly decreased to 3.8% the original
PCE value and the cells almost disappeared after UV exposure
for 24 hours. However, PSCs with FDA modification still main-
tained the original PCE value of 49.8%, showing superior UV
durability. Considering the similar transmittance of spectra for
NiO, films modified with and without FDA, the enhanced UV
durability of PSCs is not attributed to the enhanced UV absorp-
tion of FDA, although the effect of improved UV-resistance of
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without encapsulation at different UV exposure times with an RH of 40%
in air. The exposed wavelength of UV tubes is 365 nm and UV light

density is 13 mW cm™2.
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PSCs cannot be excluded completely due to the strong UV
absorption properties of FDA. The improved UV-resistance of
PSCs is primarily attributed to the passivation effect of FDA
and the better crystallization of the perovskite, which is con-
sistent with the previous report that the passivation of TiO,
surfaces can improve the stability of perovskite solar cells,
including better UV-resistance.*

Considering the success of organic solar cells with FDA
inserted between ITO and the n-type ZnO layer,>" we also inves-
tigated the performance of PSCs with FDA inserted at the
interface of the perovskite/PCBM layers, as shown in Fig. S4.f
The photovoltaic parameters of PSCs are summarized in
Table S2.1 The PCE of PSCs with a FDA/PCBM layer can reach
16.62%, which is obviously higher than the PCE of reference
cells. The reverse saturation dark current density of PSCs with
FDA/PCBM was inhibited and their rectifying property was
improved. Furthermore, the disappeared negative capacitance
of cells with FDA/PCBM at any voltages and frequencies was
observed, as shown in Fig. S5b,T indicating that the carrier
recombination and accumulation phenomena at the perov-
skite/PCBM interface can be obviously inhibited due to the
interfacial modification of FDA, which results in the improve-
ment of the FF and J,. of PSCs. The characteristic frequency of
the low-frequency side for PSCs with the FDA/PCBM electron
transport layer is also shifted to a lower region compared to
the reference cells, as shown in Fig. S5¢,T which is attributed
to the reduced carrier recombination.*" This result indicates
that FDA also has the passivation function of the perovskite
layer, which can reduce the surface defects of the perovskite
layer. The carboxyl groups (-COOH) of FDA usually exhibit
stronger interactions with Pb ions or I ions of the perovskite
compared with PCBM due to the interactions of hydrogen
bonds, which can passivate the surface of the perovskite
layer.’® Meanwhile, the enhanced conductivity of PCBM modi-
fied with FDA compared to pure PCBM can further improve
electron carrier transport and collection abilities. Therefore,
these comprehensive functions are expected to be responsible
for the reduced electron carrier recombination and accumu-
lation at the interface of the perovskite/PCBM.

To directly demonstrate enhanced transport and collection
abilities of the FDA modified n-type layer, the FDA solution
with 0.1 mg ml™" was spin-coated onto the AZO surface. The
J-V curves and Jn-Veg curves of PTB7-Th:PC71BM based
polymer solar cells with AZO modified with and without FDA
are shown in Fig. 8. The PCE of the polymer solar cells with
AZO/FDA were greatly increased to 9.86% from 8.27% of the
control cells. The carrier transport and collecting probabilities
of the polymer solar cells with the FDA modified layer were
increased to 90.9% from 88.4% in control cells, and the corres-
ponding reduced reverse dark current of the polymer solar
cells with FDA modification can be observed, indicating that
FDA as an n-type AZO modification layer can also efficiently
improve electron transport and collection abilities and inhibit
the carrier recombination.?® Therefore, these results indicate
that the FDA modified layer has dual functions in modifying
hole and electron transport layers.

This journal is © The Royal Society of Chemistry 2018
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To further explain the reason that the FDA modified layer
has dual functions in improving hole and electron transport
abilities, the band alignment diagrams of related layers are
summarized in Fig. 9. The Fermi energy level (Eg), valence
band (V},) and conduction band (V.) for NiO, and AZO with
and without the FDA modified layer were calibrated through
UPS measurements and its optical band gap, as shown in
Fig. S6.7 The energy band gaps of NiO, and AZO films are
respectively 3.7 eV and 3.3 eV, calibrated from their absorption
spectra. The Er value of NiO, modified with the FDA layer is
increased to —4.0 eV from —4.2 eV of pristine NiO,, which
boosts hole transport from the perovskite layer to the NiO,
layer due to the reduced contact barrier. Similarly, the Er value
of AZO modified with the FDA layer is reduced to —3.6 eV from
—3.5 eV of pristine AZO, which can lead to the reduced contact
barrier and boost electron transport from PC,;BM to the AZO
layer. Therefore, the varied trend of the Fermi energy levels of
NiO, and AZO after FDA modification further supports the
dual functions of FDA modification to increase hole and elec-
tron transport and exaction abilities.

4. Conclusions

In summary, the champion PCEs of PSCs with FDA modified
NiO, and PCBM transport layers can respectively reach 18.20%
and 16.62%, which is obviously higher than the PCE (15.13%)
of PSCs with pure NiO,, indicating that using FDA as the hole
and electron transport modified layer is a good strategy to

This journal is © The Royal Society of Chemistry 2018
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efficiently improve the performance of PSCs. The integrated
effects of better crystallization of the perovskite layer, the pas-
sivation effect of FDA, and the improved electrical conductivity
of FDA modified NiO, and superior interface contact
properties at the interface of NiO,/perovskite layers after FDA
modification are primarily responsible for high PCEs, the
hysteresis-free effect and UV durability of PSCs. Therefore,
ferrocence derivatives as a NiO, modified layer are a class
material with great potential to improve the PCEs and UV-
resistance of PSCs.
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