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Improving the Performance of Perovskite Solar Cells using

a Polyphosphazene Interfacing Layer

Bekele Hailegnaw, Vanessa Poscher, Christoph Ulbricht, Hathaichanok Seelajaroen,
lan Teasdale, Yolanda Salinas, Niyazi Serdar Saricifici, and Markus Clark Scharber*

Herein, the impact of thin layer of polyphosphazene derivatives, as a buffer
layer between the electron-transporting layer and the back metal-contact in
mixed-cation mixed-halide perovskite solar cells (PSCs), is explored. PSCs with a
poly[bis(allylamino)phosphazene] (PPz) interlayer exhibit enhanced rectification
in the photo-induced current density—voltage (/-V) curves, which show improved
photovoltaic performance and photostability with reduced hysteresis. The
thickness of the interlayer is optimized and the optimized PSCs with PPz buffer
layer shows an average open-circuit voltage (Voc) of ~1.05V, a short-circuit
current density (Jsc) of around 23.5 mA cm 2, a fill factor of ~72%, and a power
conversion efficiency of about 17.3% for the forward and reverse scans under
simulated AM1.5G illumination. Moreover, the application of PPz as an electron-
transporting interlayer in organic solar cells reveals that PPz interfacial layer
improves the electron extraction at the cathode. The merit of applying PPz
interlayer extends to the possibility of using different metals (such as aluminum,
gold, copper, and silver) as the top contact in the prepared PCSs. In general, these
experiments reveal a very promising approach to tackle the issue of interfacing,

a broad range by changing the composition
of the semiconductor materials.'"™ Due
to their outstanding properties, hybrid
organic—inorganic perovskite materials
form a promising new class of semiconduc-
tors for optoelectronic applications, such
as photovoltaics and photodetectors, light
emission, X-ray imaging, lasers, gam-
ma-ray detection, subwavelength photonic
devices in long-wavelength region, etc.>~'°!

The first perovskite solar cell (PSC) was
reported by Miyasaka et al. in 2009 with a
power conversion efficiency (PCE) of about
3.8%.I'!] Since then the progress in opti-
mizing film growth, interface characteris-
tics, and the composition of absorber
materials has lead to high-performance
photovoltaic devices. For PSCs PCEs
up to 23.3% have been reported.'* ")

and to improve the performance and stability of PSCs.

1. Introduction

Hybrid organic—inorganic perovskite solar cells are a highly
growing field of scientific research. Hybrid organic-inorganic
perovskite materials possess several appealing properties in par-
ticular solution processability, high absorption coefficients, low
exciton binding energy, long carrier diffusion lengths (arising
from high mobilities and long charge lifetimes), high structural
defect tolerance, insensitivity towards intrinsic defects, and
benign grain boundary effects. The bandgap can be tuned within
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Almost all reported high-efficiency records

utilizing a mesoporous TiO, layer depos-

ited between the transparent front contact

and the absorber layer.'®'”! Depending
on the employed layer sequence, planar PSCs can have either
inverted p-i-n or regular n-i-p configuration. Inverted PSCs have
a hole transporting layer (HTL) deposited on the transparent con-
tact, followed by the perovskite absorber, an electron transport
layer (ETL), and a metal electrode contact. In the regular
configuration (n-i-p), the layers are deposited in reverse
sequence, starting with an ETL layer coated on top of the
transparent electrode."®2"

The current PCE record reported for PSCs build in the
inverted p-i-n configuration is about 20%.*27** By suppressing
charge carrier recombination and improving the charge
extraction efficiency at the interfaces, the PCE of p-i-n PSCs could
be further improved. An interface modification of ETL and HTL
is essential to optimize the energy-level alignment for efficient
electron and hole extraction, ensuring good ohmic contact,
and improving the overall performance of the device.*>~*")

Interfacial modifications can also help in improving the device
stability and reduce the hysteresis, often found when recording
current density-voltage (J-V) curves.?*3% [6,6]-Phenyl-Cg;
butyric acid methyl ester (PCBM) is one of the most commonly
used ETL in PSCs with p-i-n configuration. It fulfills a vital role by
passivating charge trap states and by protecting the metal elec-
trode from direct contact with the corrosive perovskite material.
When additional layers need to be deposited, the PCBM also
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protects the perovskite absorber from direct exposure to the proc-
essing solvents.**3132

However, forming an ohmic contact between PCBM and
metals deposited by thermal evaporation can be quite challeng-
ing.?*>*! To overcome this issue and to improve the charge
carrier extraction across the interface between PCBM and
the metal contact, many efforts have been undertaken.
Introducing an additional buffer layer between the ETL and
the back metal-contact has proven to improve the performance
and stability of devices. Different buffer layer materials have
been reported including inorganic compounds, such as TiOy,
ZnO, LiF, MgF,, Cr/Cr,0s, etc., and organic materials, such
as poly(2-ethyl-2-oxazoline) (PEOz) and 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) as well as fullerene Cgo
derivatives.>~#

Applying a TiOy interlayer between the PCBM ETL and the Al
contact electrode has proven to improve the photovoltaic perfor-
mance and stability of PSCs by facilitating electron injection,
and blocking ion migration from the photoactive material to
the Al electrode.??*) Chen et al. showed the enhancement
of charge carrier extraction kinetics, and improvement in open
circuit voltage, fill factor (FF), and other photovoltaic para-
meters by applying PEOz between PCBM and Ag contact
electrode.*)

Polyphosphazenes are a family of inorganic—organic molecu-
lar hybrid polymers with a covalently linked phosphorus—nitro-
gen backbone, functionalized with two (commonly organic)
substituents on the phosphorus atoms to give poly(organo)phos-
phazenes.*!] Poly(organo)phosphazenes represent a versatile
family of polymers and possess disperse array of properties
and thus applications ranging from biodegradable materials
for tissue engineering™? and drug delivery through to polymer
electrolyte membranes,**** flame-retardant composites, or as
stimuli-responsive materials.[****%)

In this study, a thin layer of a polyphosphazene derivative is
used in the fabrication of PSCs and organic solar cells. It is
used as a thin interfacing layer between PCBM ETL and differ-
ent metal contacts (Cu or Al). We reveal that mixed-cation
mixed-halide perovskite (Csos(FAgsMA17)0.9sPbl5_,Br,) solar
cells with poly[bis(allylamino)phosphazene] (PPz) as an ETL
interlayer show improved rectification in the J-V) curve and
reduced hysteresis, resulting in higher FF, PCEs, and device
stabilities. Atomic force microscopy (AFM) topographic
imaging shows that the deposition of a PPz thin film on top
of PCBM leads to smoother surfaces. Electrochemical imped-
ance spectroscopy (EIS), intensity-modulated photo-voltage
spectroscopy (IMVS), photoluminescence (PL), and PL-decay
spectroscopy investigations show the improvement of
charge carrier dynamics in the bulk and across interfaces,
and the reduction of recombination when PPz is used as buffer
layer. Furthermore, to verify the charge-transporting prefer-
ence, PPz was tested as buffer layer as a hole- and electron-
transporting interlayer in bulk-heterojunction solar cells
(BHJSCs) based on a blend solution of poly(3-hexylthio-
phene-2,5-diyl) (P3HT) and PCBM. The results indicate that
the used PPz compound plays a vital role in the electron extrac-
tion process.
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2. Results and Discussion

Figure 1a shows the molecular structure of PPz (n~5), called
“PPz5” here after. The polymer was prepared by phosphine-
mediated living polymerization and the details of synthesis for
different derivatives are shown in the supporting information
(SI).*”) PPz5 was used as an interlayer between the ETL,
PCBM, and the back metal-contact as shown in Figure 2a, which
shows the schematic architecture of an inverted (p-i-n) PSCs. PPz
(n~50) and hexa(allylamino)cyclotriphosphazene were also
applied similarly and compared with PPz5 in SI and in Figure
SI-4, Supporting Information.

To examine the energetics of PPz5, the electrochemical
properties of the compound were probed by means of cyclic vol-
tammetry. Acetonitrile containing 0.1 M tetrabutylammonium
hexafluorophosphate was applied as a supporting electrolyte
and experiments were performed under N,-saturated condition.
The three-electrode setup was equipped with an indium tin oxide
(ITO)-coated glass as a working electrode, a Pt plate counter
electrode, and a Ag/AgCl quasi-reference electrode.

Cyclic voltammograms (CVs) of PPz5 were recorded at poten-
tials between 0 and —1.0V in the cathodic range, and from 0 to
2.0V in the anodic range with a scan rate of 10 mV s~ *, as shown
in Figure 1Db,c. The onset potentials were calibrated with a ferro-
cene/ferrocenium couple using 0.69 V versus normal hydrogen
electrode (NHE),[*®! and the Equation (1) and (2) were used to
estimate the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy levels
(Emomo and ELUMO).[49’5°] The results suggest Egomo at around
—6.5+0.1eV, and E; ypmo in the range of —4.2 £0.1 eV, which
are in a reasonable agreement with the optical bandgap derived
from the absorption spectrum (Figure 1d). The LUMO position
suggests that PPz5 is a suitable interfacial material to be applied
between the PCBM and the top contact. In Figure 2b, the band
diagram of the investigated device structure is shown.

7(E[ox,onset—vs—NHE] + 475) eV (1)
7(E[red,onset—vstHE] + 475) eV (2)

EHOMO =

ELUMO =

3. Current Density-vs-Voltage Response

Figure 2a displays the schematic structure of the investigated
p-i-n PSCs. Figure 2c shows the J-V characteristics of mixed-
halide mixed-cation PSCs with and without PPz5 buffer layer
under 100 mW cm™? light-intensity illumination (AM1.5 global
spectrum) and Figure 2d shows the J-V characteristics under
dark conditions in a semi-log plot. The PPz5 interlayer was proc-
essed from a 0.5 mgmL~" solution in IPA. The photovoltaic
parameters calculated from the J-V curves are shown in
Table 1. Devices with PPz5 interlayer show improved FF and
PCE compared with devices without PPz5 interlayer. PSCs with
PPz5 interlayer exhibit improved rectification, and reduced
series resistance and less leakage current (Figure 2d).

To optimize and investigate the impact of PPz5 layer thickness
on the performance of PSCs, different concentrations of PPz5
(ie., 0.25, 0.5, 1, 2, and 5mgmL™" in IPA) were used in the
device fabrication. The thickness of the resulting thin films
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Figure 1. a) Chemical structure of linear poly|bis(allylamino)phosphazene] (PPz5). b) Reductive and c) oxidative cyclic voltammogram of PPz5 in
acetonitrile (4 mgmL™") containing tetrabutylammonium hexafluorophosphate (0.1 M) as a supporting electrolyte using ITO as working electrode,
Ag/AgCl reference electrode and Pt counter electrode. d) UV-Vis absorption spectrum of PPz5 solution in IPA.

was measured using a profilometer (Bruker Dektak XT) which
show thicknesses in the range of 5 to 30 nm. Figure 2e shows
the J-V curves of perovskite devices with PPz5 interlayer of dif-
ferent thickness. The open-circuit voltage (Voc) of the devices
decreases as the concentration of employed PPz5 increases.
Devices with buffer layers fabricated from 1 and 2mgmL™"
PPz5 solution exhibit the highest short-circuit current density
(Jsc), an FF, and the best PCE. The external quantum efficiency
spectra in Figure 2f also confirm that devices with 1 and
2mgmL~" PPz5 show the highest EQE and integrated Jsc.
However, already after one night stored within a nitrogen glove
box, devices prepared with 2mgmL™" PPz5 solution showed
substantial loss in Jsc, FF, and overall efficiency. In contrast,
devices based on 1 mgmL~" PPz5 solution, which has a PPz5
layer thickness of about 10 to 15nm, remained stable
(Figure SI-5, Supporting Information). Consequently, we used
1mgmL~" PPz5 solution as the optimum concentration for fur-
ther characterization. Devices with 5mgmL~" PPz show the
least photovoltaic properties and the EQE spectrum was not
measured.

To study the surface modification induced by PPz5 interlayers,
AFM topographic images were recorded for different samples.
The surface topographies of a mixed-cation mixed-halide
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perovskite (PVS) film, a PVS coated with PCBM, and a mixed-
cation mixed-halide perovskite film/PCBM stack covered with
PPz5 are compared (Figure 3). All samples were deposited on
ITO-coated substrates coated with NiO, thin-films to mimic
the interfaces in the PSCs. Films covered with PCBM
(Figure 3b) show improved surface smoothness when compared
with pristine perovskite films (Figure 3a). The root-mean-square
(RMS) roughness value is reduced from about 57 nm for a pris-
tine perovskite film to &7 nm when coated with PCBM. This sug-
gests good surface coverage of the perovskite film with PCBM.
A subsequent deposition of PPz5 on top of PCBM increases the
surface smoothness further (Figure 3c), and the RMS roughness
is reduced to around 6.6 nm. This indicates that PPz5 layer forms
a homogenous overcoat over the ETL which could heal defects in
PCBM film, and reduces the probability of direct contact between
the photoactive layer and the back electrode.

Room temperature PL characterization of the perovskite films
and films with and without PPz5 interlayer was conducted.
Figure 4a shows the PL spectra of mixed-cation mixed-halide
perovskite (PVS) films, PVS coated with PCBM (PVS/PCBM),
and PVS/PCBM films covered with PPz5 (ie., PVS/PCBM/
PPz5). The PL of films with PPz5 on top of PCBM (PVS/
PCBM/PPz5) shows more quenching when compared with films

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematic structure of PSCs with polyphosphazene interlayer and b) corresponding energy diagram of the respective layers in the cells.
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Characteristic current density-voltage (J-V) response of PSCs with (red) and without (blue) PPz5 interlayer ) under 1 sun light (AM1.5 solar spectrum)
illumination and (d) in the dark(semi-log plot). e) Current density-voltage (/-V) characteristic of PSCs prepared with 0.25, 0.5, 1, 2, and 5 mg mL™" PPz5
solutions under 1 sun light illumination, and f) external quantum efficiency and integrated Jsc calculated from the EQE data.

without PPz5 layer. This could indicate the improvement of
charge-carrier-transfer dynamics from the photoactive film to
the ETL. Similarly in the PL-decay spectra (Figure 4b), films with
PPz5 interlayer show faster PL decay as compared with films

Phys. Status Solidi A 2019, 1900436

without PPz5 interlayer. This might indicate the reduction of
charge trapping states at the ETL interface.
To gain insight on the compatibility of PPz5 buffer layer with
different back metal-contact, PSCs with Al, Au, and Cu back
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Table 1. Summarized photovoltaic parameters (i.e., Voc, Jsc, FF, and PCE)
of PSCs given in Figure 2b,c for forward (Fwd) and reverse scans (Rvs)
under 100 mW cm™? light-intensity illumination.

Type of PSCs Scan Voc [V] Jsc [mAcm™?) FF [%] PCE [%]

PCBM/AI Fwd 1.01 19.8 67.6 13.6
Rvs 1.01 20.2 70.5 14.4

PCBM/PPz5/Al Fwd 1.02 20.4 75.8 15.7
Rvs 1.02 20.5 78.7 16.4

metal-contact were fabricated and characterized. The J-V charac-
teristics of selected solar cells show highly similar photovoltaic
behavior with only slight deviations (Figure SI-6, Supporting
Information). This verifies that PPz5 forms a suitable cathodic
interface with these metals electrodes.

Figure 5a,b shows the photovoltaic properties of a PSC with
PPz5 buffer layer obtained after subsequent optimization of
the devices processing conditions. The photovoltaic parameters
of the best-performing solar cell are shown in Figure 5a. The
device exhibits a considerably low hysteresis and a PCE of about
16% under 1 sun light (AM1.5 solar spectrum) illumination. The
EQE spectrum in Figure 5b shows an EQE of around 88%
with integrated short-circuit current density (Jsc) of about

(@)

-217.1 nm

Height

1.0 um

Www.pss-a.com

21.2mAcm % The statistical distribution of PCE for 129
PSCs with PPz interlayer and 97 PSCs without PPz interlayer
shows that the average PCE of sample devices is about 15%
higher than the control devices (Figure SI-7, Supporting
Information).

To examine the steady-state output of a PSC with PPz5 buffer
layer, a maximum power point (MPP) tracking measurement was
conducted under 100 mW cm ™2 simulated AM1.5 solar spec-
trum illumination. Figure SI-8a, Supporting Information shows
the normalized steady state PCE and maximum current-density
output (Jimay) of the same PSCs under 1 sun light illumination for
8h in a N, glove box. The normalized MPP voltage (Vi,.x), pho-
tocurrent density (Jimax), and the delivered electrical power output
(Pmax) of the device are shown in Figure SI-8b, Supporting
Information. All recorded solar cell parameters are fairly stable
over the entire recording period.

4. Impedance Spectroscopy

To investigate the impact of the PPz5 buffer layer on the electron
dynamics across the bulk and interfaces of PSCs, EIS and intensity-
modulated photovoltage spectroscopy (IMVS) were applied. The
EIS characteristics of optimized PSC with 1mgmL™' PPz
interlayer and PSC without PPz interlayer (control device) were

Figure 3. Atomic force microscope images of a) mixed-cation mixed-halide perovskite films, b) mixed-cation mixed-halide perovskite covered with PCBM,
and c) mixed-cation mixed-halide perovskite/PCBM coated with PPz5. The films are deposited on ITO coated glass substrate covered with NiO,

nanoparticles.
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Figure 4. a) Photoluminescence (PL) and b) PL-decay spectra of mixed-cation mixed-halide perovskite (PVS) film, PVS covered with PCBM (PVS/PCBM),

and PVS/PCBM coated with PPz5 (PVS/PCBM/PPz5).
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Figure 5. a) J-V curves of optimized PSC with, glass/ITO/NiO,/Csg o5 (FA¢ 83MAg.17)0.95Pbl3,Br,/PCBM/PPz5 /Al structure under AM1.5 solar spectrum
(100 mW cm™ light intensity) illumination. (b) EQE spectrum and the integrated Jsc of the optimized PSC.

measured at short-circuit condition with 10 mV AC-voltage in the
frequency sweep between 1 MHz and 0.02 Hz under LED light
(A =590 nm) illumination. The IMVS response of the same PSCs
used in EIS was measured at open-circuit voltage in the fre-
quency range between 1 MHz and 0.02 Hz under 8 mW cm™>
LED irradiation (A=590nm) with light-intensity perturbation
(10% modulation amplitude). Figure 6a shows the Nyquist plots
of the EIS response. The corresponding Bode plots are shown in
Figure 6b. Solar cells with buffer layer and PPz5 without buffer
layer display two characteristic peaks in their EIS responses. The
high-frequency (1 MHz-10kHz) response is related to charge
carrier transport resistance (R2), and the low-frequency
(10 Hz-20 mHz) features are associated to impedance of ionic
diffusion and trap states (charge recombination) within the

Phys. Status Solidi A 2019, 1900436 190043

perovskite film and at the interface of the charge transport
layers.>*=>!

Based on this approach, an equivalent circuit which describes
these EIS responses is suggested in Figure 6¢. The fitting param-
eters for each circuit element are calculated as shown in Table 2.
Both plots, Nyquist and Bode, and Table 2, show that PSCs with
PPz5 interlayer exhibit reduced charge transport resistance
(R2=44.1Q) when compared with the control devices
(187.5 Q). The low-frequency resistance (R3), which is associated
with impedance of trap state charge carrier recombination, and
ion diffusion at the interface and within bulk, appears reduced
for devices with a PPz5 interlayer. Furthermore, in both fre-
quency regions, the capacitive element increases for the sample
devices.

6 (6 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Nyquist plots and b) Bode plots of the electrochemical impedance spectroscopy (EIS) response of a PSC with PPz5 buffer layer (PCBM/PPz5/
Al, red) and control device (PCBM/AI, blue), scanned in the frequency range of 1 MHz to 20 mHz with 0V DC voltage and 10 mV AC-voltage under
8 mW cm 2 LED light intensity. ) Equivalent circuit model for the solar cells.

Table 2. Equivalent circuit fitting parameters; series resistance (R;), geometric resistance (Ry), constant-phase element (CPE2) corresponding to the bulk,
resistance related to interface (Rs), and interface related constant-phase element (CPET), extracted from the fitting of EIS response of PSCs with and

without PPz5 interlayer.

CPE1 CPE2
Ry [ R, [€] TIA P Rs [ TIA P
PVS/PCBM/AI 212 187.5 0.02897 0.9 236 2.48e-8 0.93
PVS/PCBM/PPz5/Al 212 44.1 0.235 0.47 214 1.05e-7 0.88

The IMVS response of PSCs with and without PPz5 inter-
layer are shown as Nyquist plots in Figure SI-9a, Supporting
Information, and the complex-transfer function versus fre-
quency response is shown in Figure SI-9b, Supporting
Information. Analogous to the EIS characteristics, the high-
frequency IMVS response, which is associated with recombina-
tion resistance,® is higher for PSCs with PPz5 buffer layer.
This indicates a reduction of recombination pathways and an
improvement of charge carrier extraction processes. The charge
carrier life time (z), as a function of Vo¢, was calculated from
the complex-transfer function versus frequency responses of
the devices at different LED light intensities (Figure SI-9c,
Supporting Information).

The critical frequency, corresponding to the maximum of
complex-transfer function versus frequency plot at high
frequency, is related to critical time by, f, = ;- .7

2wt "
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PSCs with PPz5 buffer layer show longer charge carrier
life times when compared with solar cells without a buffer
layer. The EIS together with IMVS results suggest that a PPz5
buffer layer reduces the charge carrier transport resistance
and improves the recombination resistance leading to
longer charge carrier lifetimes and improved photovoltaic
behaviors.

5. Organic Solar Cells

Moreover, to investigate the charge carrier selectivity of PPz5, we
applied PPz5 buffer layers in P3HT:PCBM-based BHJSCs. We
fabricated devices with inverted (n-i-p) configuration as schemat-
ically shown in Figure 7a. The impact of PPz5 and/ or polyethy-
lenimine (PEI) is compared. Figure 7b shows the J-V curves of
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Figure 7. a) Schematic representation of n-i-p bulk-heterojunction solar cells (BH)SCs) with PPz5 and/ or PEI as an electron-transporting layer (ETL) and
b) J-V characteristics of P3HT:PCBM-based BH)SCs using PPz5, PEl, or PEI/PPz5 interlayers under 1 sun light illumination.

P3HT:PCBM-based BHJSCs with PPz5, PEI, or PEI/PPz5
as cathodic interlayer. All devices show reasonable J-V
characteristics suggesting that PPz5 works as a interfacial
layer between the organic semiconductor absorber and the

cathode.

6. Conclusion

We fabricated mixed-cation mixed-halide PSCs using polyphos-
phazene for the first time as a buffer layer between PCBM and
back metal-contact. PSCs with PPz5 interlayer show an improved
rectification in the J-V characteristics with reduced hysteresis,
enhanced photovoltaic properties, and photostability. AFM topo-
graphic imaging shows that the addition of PPz5 thin film on the
top of PCBM induces morphological modifications. The thick-
ness of the PPz5 interlayer was optimized, and the best PSCs
show an average Voc of ~1.05V, a Jsc of ~21.2mA cm 2 an
FF of ~71.5%, and a PCE of ~16% for the forward and reverse
scans under AM1.5 solar spectrum (100 mW cm ™ ?). EIS, PL, and
PL-decay spectroscopy investigations reveal improvement of
charge carrier dynamics in the bulk and across interfaces, and
reduction of recombination. Moreover, IMVS measurements
at different LED-light intensities show that devices with PPz5
exhibit about threefold longer charge carrier life time when com-
pared with the devices without buffer layer. The application of
PPz5 in organic solar cells proves that it can be used as interfacial
layer for the electron extracting process. Furthermore, the merit
of interfacing PPz5 has extended to the possibility of using dif-
ferent metal contacts besides Al such as Au, Cu, and Ag. It shows
good photovoltaic behavior with substantially the same PV char-
acteristics for different metal contacts. This very first investiga-
tion on the application of a polyphosphazene derivative as
interlayer material in perovskite and in organic BHJSCs provided
highly promising results. Also the vast structural variability
inherent within the polyphosphazene family strongly encourages
further studies.
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7. Experimental Section

Device Fabrication: Glass substrates coated with ITO were sequentially son-
icated in acetone, detergent, deionized water, and isopropanol (IPA).
A thin layer of nickel oxide (NiO,) nanoparticles was used as a HTL.
NiO, nanoparticles were synthesized following the procedure reported
by X. Yin et al.’® About 20 mgmL™" of NiO, particles in water were
cracked using an ultrasound sonicator (UP50H, 50W, frequency
30 kHz), followed by filtration through 0.45 pm pore-size polytetrafluoro-
ethylene (PTFE) syringe filter. Then the dispersion was deposited by spin
coating (4000 rpm for 15 s and 5000 rpm for 15 s) on the ITO-coated sub-
strate. Subsequently, the film was annealed at 140°C for 20 min, which
resulted in about 40 to 50 nm thick NiO, thin film. For the deposition
of perovskite films and further processing, the substrates were transferred
into a glove box.

Mixed-cation  mixed-halide  perovskite  (Csg.0s5(FA0.83MAg.17)0.95
Pbl;_,Br,) solutions were prepared by dissolving Pbl, (1.6 mmol),
CH(NH,),! (1.45 mmol), PbBr, (0.3 mmol), and CH3NH;Br (0.29 mmol)
in a mixture of dry N, N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) solvent (4:1 (v/v) ratio, 1.5 mL), followed by stirring at 45 °C.
Then, 5% (v/v) of Csl from a stock solution (1.5 M in DMSO) was added
into the mixture and stirred for about 3 h. The organic salts (CH;NH;Br
and CH(NH,),l) were synthesized following the same synthesis procedure
mentioned in our earlier article.*® The perovskite solution was deposited
on top of NiO, films inside a nitrogen glove box. Spin coating was con-
ducted in two steps at 1500 rpm for 10's with ramp: 150 rpms™' and at
6000 rpm for 30's with ramp: 3000 rpms™', with in-situ anti-solvent
quenching by dropping about 0.2 mL of chlorobenzene starting at the last
23" s for about 3 s. Then films were annealed at 100 °C for 1 h. After the
samples were cooled down to room temperature; PCBM dissolved in a
mixture of chlorobenzene and chloroform (50:50 volume ratio, 2 wt%)
was spin-coated on top of the perovskite film. For some devices, PPz5
dissolved in IPA (0.25, 0.5, 1, 2, and 5mg mL’1) was spin-coated at
5000 rpm for 30s followed by annealing at 102 °C for about 3 min in
the glove box. Devices were finalized by depositing (Al or Cu) through
a shadow mask by thermal evaporation at a pressure of ~10~® mbar.

BH)SCs based on a P3HT:PCBM photoactive blend were fabricated in
an n-i-p configuration. A thin layer of PPz5 (1 mgmL™" in IPA) or polye-
thyleneimine (PEI, 0.2wt% in n-butanol) were spin-coated on top of
cleaned ITO (5000 rpm for 30s with ramp: 1000 rpms™'). To check
the combined effect of PEI and PPz5, PPz5 was spin-coated on top of
PEl (5000 rpm for 30s with ramp: 2500 rpms~"'). All the films were
annealed at 105 °C for 5 min. The photoactive blend solution was prepared
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by dissolving P3HT:PCBM (1:1 weight ratio) in chlorobenzene
(20mgmL™") and stirred at 60°C. The solution was spin-coated on
top of the buffer layers (1500 rpm for 20's with ramp: 750 rpms™' and
at 2000 rpm for 30's with ramp: 1000 rpm s™") and annealed at 110°C
for 5 min. In a last step, 10 nm of MoO, and 100 nm of Ag were thermally
deposited through a shadow mask by thermal evaporation at a pressure of
~107° mbar.

P-i-n BH)SCs were also fabricated using poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) or a thin PPz5 film as a
HTL. PPz5 was spin-coated and thermally treated as mentioned earlier.
PEDOT:PSS was spin-coated (1000 rpm for 3 s with ramp: 500 rpm s~
and at 4000 rpm with ramp: 2000 rpms™' for 30s) and annealed at
120°C for 15 min. P3HT:PCBM solution was spin-coated and thermally
treated the same way as in the case of n-i-p. Solar cells were finished
via thermal deposition of a thin anode interlayer (0.8 nm) of LiF, followed
by 110 nm of aluminum.

Characterization: The surface morphology of the films was characterized
using atomic force microscope (AFM, Bruker Innova). The characteristic
photocurrent J-V response of the cells was measured with a Keithley-2400-
LV source meter. A LOT-QD solar simulator with a 1000 W xenon lamp
providing AM1.5 global spectrum was used for irradiation. The intensity
of the solar simulator was adjusted using a calibrated silicon reference
diode. The external-quantum efficiency (EQE) was measured using an opti-
cal setup consisting of a lock-in amplifier (SR830, Stanford Research
Systems) and a Jaissle 1002 potentiostat functioning as a preamplifier.
Devices were illuminated with light from a xenon lamp passing through
a monochromator (Oriel Cornerstone). A filter wheel holding long-pass
filters and a mechanical chopper were mounted between the xenon lamp
and the monochromator. Chopping frequencies in the range of 10-200 Hz
were chosen. A calibrated silicon diode (Hamamatsu $2281) was used as a
reference for the light intensity at each wavelength.

EIS characterization was performed under light perturbation in the fre-
quency range of 1 MHz to 0.01 Hz using a SolarLab XM-Potentiostat/
Galvanostat (AMETEK). Absorbance, PL-decay, and PL measurements
were conducted on various thin film samples. A Perking EImer 1050 spec-
trometer was used to measure absorbance. To determine the PL, samples
were excited with a COHERENT OBIS 532-150 LS laser (532 nm). The PL
emitted from the sample was reflected inside an integrating sphere
(HAMAMATSU PHOTONICS, A9924-06). The reflected PL was focused,
and transferred by fiber optics to a Shamrock SR-303i monochromator and
an Andor™ iDus Si-CCD detector. PL-decay measurements were per-
formed using a Shamrock SR-303i-A monochromator equipped with an
intensified charge-coupled device camera (Andor iStar DH320T-18U-73;
gate step, 2.5ns; gate width, 2.5ns). A Nd:YAG laser (Spit light
Compact 100) provided ~10ns, ~0.1 m) pulses with a photon energy
of 2.33 eV (532 nm).
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