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ARTICLE INFO ABSTRACT

Keywords: Interface passivation is an effective means to decrease detrimental defects and realize highly efficient and stable
MAPDI3 perovskite solar cells (PSCs). Nevertheless, most of the interfacial passivators currently used are easily formed
Phthalocyanine

mismatched energy levels and impede the extraction of photogenerated charge carriers. Herein, a metal-free Hy-
phthalocyanine (HyPc) is reported to passivate the interface defects and improve the crystallinity and energy
level alignment. Contrasting metal Zn-phthalocyanine, the pyrrolic nitrogen and N—H bond in the structure of
the HyPc molecule exhibit a higher capability to interact with unsaturated Pb and I site. It is found that the
defects passivation and improved crystallinity in HoPc molecule treatment are achieved by the formation of
coordination bonding between N atoms and uncoordinated Pb?* ions and hydrogen bonding between N—H bond
and I (iodine). Simultaneously, the HoPc treatment can also improve energy level alignment and promote the
charge extraction from perovskite to the hole transport material layer. As a result, a champion power conversion
efficiency (PCE) of 20.59 % is achieved for the HoPc PSCs, which is higher than that of 18.54 % for the ZnPc PSCs
and 16.50 % for the pristine PSCs. Meanwhile, the HyPc device shows significantly improved moisture, thermal,
and illumination stability and with retaining over 90 % of its initial PCE after aging for 1000 h at about 20 %
relative humidity in ambient conditions. The present work provides a practical and efficient method of simul-
taneous defect passivation and energy level modulation and toward the purpose of attaining superior perfor-
mance PSCs and other perovskite-based electronics.
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1. Introduction

Organic-inorganic hybrid perovskite materials have acquired a
premier reputation in next-generation photovoltaics due to their
outstanding optical and electronic characteristics, such as tunable
bandgap, low exciton binding energy, high extinction coefficient, and
excellent ambipolar carrier transport property [1-4]. Over the past
decade, the power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has rapidly increased from 3.8 % to 25.7 %, which approaches
the record PCE of traditional crystalline silicon solar cells [5-7]. Despite
substantial advances, there is also a certain gap between the present PCE

and Shockley — Queisser limit, and the long-term stability of PSCs is still
an obstacle to the entry into the commercial photovoltaic market. The
stability issues arising from extrinsic factors such as moisture and oxy-
gen can be overcome by encapsulation methods, while the encapsulating
technique is unable to solve that resulting from intrinsic defects and
thermal degradation. It has been widely demonstrated that most of the
perovskite degradations are initialized from the interfaces and grain
boundaries owing to the high defect density [8-10]. And both defects at
the bulk and surface can induce ion migration and charge accumulation
under the work condition with light illumination and an electric field
which severely accelerate the degradation of perovskite [11,12].
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Moreover, these defects (including dangling bonds [8], uncoordinated
ions [13], lead clusters [14], etc.) also trap free charge carriers and
subsequently annihilated with oppositely charged carriers by acting as
nonradiative recombination centers, which dramatically impair the ef-
ficiency of PSCs. Therefore, the passivation of defects in perovskite
materials is the most important prerequisite for obtaining highly effi-
cient and stable PSCs.

Up to now, multifarious defect passivation methods have been
employed to improve the performance of PSCs, including inorganic
compounds [15-17], small organic molecules [18-21], polymers
[22-24], and low-dimensional perovskites [25-27]. In 2019, Huang
et al. converted the surfaces of lead halide perovskite to wide-bandgap
lead oxysalt layers by post-treating with sulfate or phosphate ions,
which passivated the undercoordinated Pb clusters and stabilized the
operation of PSCs [8]. In 2021, Wu et al introduced a cross-linked
polysilane between the perovskite and hole transport layer, and the
formation of the discontinuous dielectric interlayer remarkably reduced
the charge recombination loss and significantly improved the perfor-
mance of PSCs [28]. Moreover, the formation of 2D perovskites on top of
3D counterparts is also an effective approach to passivate the defects.
The large organic ammonium cations such as n-butylammonium (BA™)
[29,30], phenethylammonium (PEAM) [31], and cyclo-
hexylethylammonium (CEA™) [32] have been applied to convert the
perovskite structure from 3D to 2D, which effectively enhance the sta-
bility of the corresponding PSCs. However, most of the defect passiv-
ation methods introduce electrically insulating layers and mismatch
band alignments which leads to an unfavorable charge transport and
brings an impeditive effect on the further performance enhancement of
PSCs. Thereby, it is highly urgent to explore a multifunctional passiv-
ation material with high charge transport ability, appropriate energy
levels, and high stability.

Phthalocyanine (Pc) is an organic p-type small molecule semi-
conductor, which has been widely applied in dye-sensitized solar cells as
a sensitizer and organic photovoltaic cells as a donor material, because
of its unique properties such as broad light absorption, high hole
mobility, and high moisture, thermal, and chemical stability [33-35].
Most recently, the Pc derivatives have also been used as hole trans-
porting materials and interfacial modifying materials in PSCs. Xu et al.
reported methylthiotriphenylamine-substituted copper phthalocyanine
(SMe-TPACuPc) as a dopant-free hole transporting material, which not
only improves the thermal stability of PSCs but also passivates the un-
coordinated Pb?" ion defects on the surface of perovskite [36]. Cao et al.
employed tetra-ammonium zinc phthalocyanine to post-treat MAPbI3
film to construct (2D) (ZnPc)g sMA,_1Pbyls, 1 perovskite phase, which
gives the function of grain boundary suture [34]. Moreover, the tetra-
tert-butyl copper phthalocyanine and nickel phthalocyanine were also
introduced as modified agents to improve the performance of PSCs
[37,38]. However, the complex function of the Pc molecule on device
performance improvement is still vague, and the lack of in-depth un-
derstanding on modulation mechanisms prevents their applications in
PSCs.

In this study, both metal-free Pc and metal Pc were presented to
improve the performance of PSCs. It found that the pyrrole unit inner
rings in the structure of metal-free tetra(tert-butyl) Hy-phthalocyanine
(H2Pc) molecule exhibit higher interaction capability with unsaturated
Pb and I site than that of metal tetra(tert-butyl) Zinc phthalocyanine
(ZnPc) molecule. Equally importantly, the HyPc-treated perovskite also
shows improved energy level alignment with adjacent SpiroOMeTAD
layers, and exceptional hydrophobicity and charge transport ability. As
a result, the HoPc device shows a champion PCE of 20.59 %, which is
higher than that of ZnPc and pristine device. And benefited from the
hydrophobicity property and thermal stability of Pc molecule, the sta-
bility against moisture and thermal were significantly improved by the
HsPc treatment.
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2. Results and discussion

The device configuration adopted in this work is illustrated in
Fig. 1a. To improve the performance of PSCs, the defect passivation is
conducted by premixing appropriate amounts of HoPc or ZnPc molecules
into the chlorobenzene antisolvent and dropping it on samples during
the one-step deposition process. The molecular structures of ZnPc and
HoPc molecules are exhibited in Fig. S1. The bottom of Fig. 1a presents
the cross-sectional SEM image of a full device based on HyPc treated
perovskite, where we can observe that a well-defined multilayer struc-
ture without any gaps is fitted tightly on the FTO substrate, and the
thickness of the perovskite layer is estimated to be 350 nm. The surface
electrostatic potential (ESP) maps and energy levels of Pc molecules are
investigated by density functional theory (DFT) calculations. As shown
in Fig. 1b and 1c, the HoPc molecule exhibits a higher negative charge
density on nitrogen atoms of pyrrole rings compared with the ZnPc
molecule, which provides more favorable conditions for coordination
with uncoordinated Pb?* ion. The possible passivation mechanism is
schematically depicted in Fig. 1c. Both the pyrrolic nitrogen and linked
nitrogen (pyrrole rings are linked by nitrogen atoms) spontaneously
donate their lone pair electrons to the empty 6p orbital of unsaturated
Pb via coordination interactions, eliminating iodine vacancy defects and
relaxing the distortions of octahedral structure according to the classical
Jahn-Teller effect. And the hydrogen bonding can be formed between
N—H bonds in HyPc molecule and I (iodine) in perovskite which may
assist the primary nitrogen atoms binding with the Pb defects [39,40].
The detailed interaction modes and passivation mechanism will be
analyzed and proved in the characterization section. Besides the mini-
mization of trap states, optimizing the energy level alignment at the
perovskite/HTM interface is equally important to reduce trap-assisted
interfacial recombination by ensuring charge extraction efficiency.
The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are calculated to be —4.77 and —2.64 eV for
the ZnPc molecule and —4.81 and —2.69 eV for the HyPc molecule,
respectively, as presented in Fig. S2. It is worth noting that the HOMO
levels of both Pc molecules are higher than the valence band of perov-
skite and the HOMO level of the HoPc molecule is deeper than that of the
ZnPc molecule which is beneficial for better energy level alignment to
reduce V. loss [41,42]. To evaluate the effect of HoPc treatment on the
surface band structures, ultraviolet photoelectron spectrometry (UPS)
and UV-vis absorption spectrum measurements were conducted. As
shown in Fig. 1d, the secondary electron cutoff edges (E.ytoff) of pristine
and HgPc-treated perovskite are 16.91 eV and 17.30 eV, respectively.
According to the formula — Ep = 21.22 — E yoff, the Fermi level (Ep)
values are calculated to be —4.31 eV and —3.92 eV, respectively. As
shown in valence band region of UPS spectra (Fig. 1e), the values of Eg —
Evgm (maximum of valence band) are determined to be 1.43 eV and
1.37 eV, respectively. Therefore, the Eygy for pristine and HyPc perov-
skite are calculated as — 5.74 eV and — 5.29 eV, respectively. Combi-
nation with the Tauc plots derived from UV-vis absorption spectra as
shown in Fig. 3f and Fig. S3a, b, the conduction band minimum (Ecg)
values are calculated to be —4.12 eV and —3.67 eV for the pristine and
HyPc perovskite, respectively, and the detailed energy level diagrams
are shown in Fig. S3c. And Fig. 1f presents the energy level diagram of
the PSCs and the energy level diagram of HyPc and ZnPc molecules,
wherein the energy level of TiO, and SpiroOMeTAD is referred to pre-
vious reports [43,44]. It is worth noting that the HyoPc-treated perovskite
shows a better valence band alignment to SpiroOMeTAD, which is
conducive to hole extraction and transport, and reducing the energy loss
at the HTL/perovskite interface. Furthermore, the Pc treatments are
mainly targeting the surface of perovskite and may not participate into
the bottom of the perovskite crystal due to the steric hindrance effect of
the large molecules [41,45]. Thus, the energy level of the underlying
perovskite is not changed, which results in a stepwise energy level
structure as exhibited in Fig. 1f.

To confirm the interaction between the perovskites and Pc
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Fig. 1. (a) Schematic device structure adopted in this work and cross-sectional SEM image of a full device employing H,Pc treated perovskite as photoactive layer.
(b) Calculated ESP maps of HoPc and ZnPc molecules. (c¢) Schematic illustration of defect passivation by HoPc molecule. (d)-(e) The secondary electron cutoff region
and valence band region of UPS spectra of pristine and HyPc perovskite. (f) The energy level diagram in PSCs and energy level diagram of HyoPc and ZnPc molecules.

molecules, the Fourier transform infrared (FTIR) spectra were carried C=N bond and the aromatic ring skeleton [13,39]. These two peaks are
out. As shown in Fig. 2a, the ZnPc sample shows two peaks at 1664 em? shifted to lower wavenumbers of 1622 cm ' and 1470 cm ™! in ZnPc-
and 1527 cm™!, which are assigned to the stretching vibration of the Pbl, sample, which demonstrates the formation of coordination
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Fig. 2. FTIR spectra of (a) ZnPc and ZnPc/Pbl, films, (b)-(c) HoPc and H,Pc/Pbl, films. XPS core-level spectra of (d) Pb 4f, (e) I 3d, and (f) C 1 s for pristine, ZnPc-
treated and HyPc-treated perovskite films.
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interaction between pyrrole nitrogen and uncoordinated Pb?*. The shift
of the aromatic ring skeleton stretching vibration peak is attributed to
the electron transfer between nitrogen atoms and the aromatic ring
skeleton, which is resulted from the formation of coordination interac-
tion between pyrrole nitrogen and uncoordinated Pb?*. Similar varia-
tion shifts can also be observed in HoPc-Pbl, film as shown in Fig. 2b, the
peak at 1698 em~! in HyPc molecule shifts to a lower wavenumber of
1663 cm™! in HyPc-Pbl, film, which is also attributed to the coordina-
tion interaction between C=N in H,Pc molecule and uncoordinated
Pb%* in the perovskite. Moreover, the pure HyPc shows a higher wave-
number of N—H bond at 3343 cm ™! than that of HyPc-Pbl, mixture films
at 3278 cm ™! as shown in Fig. 2c. This is may be ascribed to the for-
mation of hydrogen bond between the N—H bond and I, which leads to
the electron delocalization of HoPc molecules and reduces the corre-
sponding vibration frequency [16,39,46].

X-ray photoelectron spectra (XPS) were further performed to provide
more evidence of the chemical interaction between the Pc molecules and
perovskite. As exhibited in Fig. 2d and 2e, the ZnPc and HyPc treated
perovskite films display the binding energies of Pb (Pb 4f7/2, Pb 4{5/2)
and I (I 3d5/2, I 3d3/2) are shifted to lower positions than those in
control film (0.22 and 0.22 eV for Pb 4f and I 3d in ZnPc-treated sample,
and 0.72 and 0.58 eV for Pb 4f and I 3d in HyPc-treated sample).
Considering that simple physical mixing could not induce the chemical
state changes, the binding energy shifts could be attributed to the co-
ordination interaction between Pc molecules and unsaturated Pb on
perovskite films, as we expected. The HyPc passivated sample shows the
larger binding energy shift which is ascribed to the higher negative
charge density on pyrrolic nitrogen in HyPc molecules, and the larger
shift suggests the stronger chemical interaction between the HyPc mol-
ecules and uncoordinated Pb?>" ions than that of ZnPc-treated sample
[13,47]. These results are in good accordance with the passivation
mechanism we proposed. The XPS core energy level spectra of N 1 s and
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O 1 s were also provided in Fig. S4. As shown in Fig. S4a, the N 1 s
spectrum of the HyPc-treated perovskite shows a peak of pyrrole N at
402.5 eV which is attributed to the HoPc molecule [48]. And the ZnPc-
treated perovskite shows the peaks of pyrrole N and Zn-N at 402.5 eV
and 400.2 eV, respectively, corresponding to the characteristic signal of
ZnPc molecule [49,50]. The N 1 s spectra give strong evidence that the
ZnPc and HyPc exist on the surface of perovskite film. And the O 1 s
peaks around 532.8 eV shown in Fig. S4b are associated with adsorbed
oxygen and moisture [51]. The decreased peak intensity indicates that
the Pc treatments can reduce the invasion of moisture and oxygen. As
illustrated by the C 1 s spectra in Fig. 2f, all the perovskite samples show
two peaks at 286.0 eV and 284.8 eV, which are assigned to C—N and
C—C [52], respectively. Note that the C—C is assigned to adventitious
carbon or other contamination. And the spectra of the modified sample
show a noticeably increased area of the C—N peaks, which can be
assigned to the C atoms from Pc molecules. Meanwhile, an evident C—=0O
peak around 288.6 eV is detected in the pristine sample but not present
in the modified sample, further demonstrating that that the Pc treat-
ments can effectively protect the perovskite from oxygen and moisture
and slow the degradation in ambient air. Raman spectrum is also used to
analyze the chemical interaction. As shown in Fig. S4c, the peaks at 68
em™! correspond to Pb-O stretching [53], and the peaks at 92 cm ! are
attributed to the N-C=N structure in Pc molecules [54]. The peaks at
107 ecm 1-113 em ™! are assigned to the coupling mode of the Pblg oc-
tahedron and cation vibration [50]. The blueshifts from 107 ¢cm™! to
111 ecm ™! or 113 em ™! reflect the changes in lattice vibrations, which
are induced by the chemical interaction. Moreover, two new peaks
appear at 137 em ™! and 130 em ™, providing direct evidence of the
formed coordination bonding between N atoms and uncoordinated Pb
ions [55].

To investigate the effects of Pc molecules treatments on the surface
morphology of perovskite thin films, scanning electron microscopy
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Fig. 3. Top-view SEM images of (a) pristine perovskite, (b) ZnPc treated perovskite and (c) HoPc treated perovskite. (d) Color evolution of perovskite precursor films
without annealing. (e) XRD patterns and (f) UV-vis absorption spectra of perovskite samples.
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(SEM) images were collected. As presented in Fig. 3a—c, the qualities and
grain sizes of the perovskite films are significantly improved by ZnPc
and HyPc treatments and the HyPc treated perovskite film exhibits the
best film quality and the largest grain size. The abundant grain boundary
resulted by the small grain size is harmful to charge transfer, and induces
non-radiative recombination, leading to a reduction of photovoltaic
performance. To quantitatively analyze the grain size, the enlarged SEM
images are obtained as shown in Fig. S5a—c, and the corresponding grain
size statistical distribution is shown in Fig. S5d-f. It is worth noting that
the HoPc-treated perovskite exhibits a more uniform and dense film with
an enlarged grain size mainly in the ranges of 300-600 nm. The cross-
sectional SEM images of the samples shown in Fig. S5g-i further
demonstrate the enlarged grain size by ZnPc and HyPc treatments. The
improved film quality is attributed that the Pc molecules as Lewis base
can slow down the crystallization process by the formation of chemical
interaction with undercoordinated Pb%". To visually unveil the crystal-
lization process, the substrates after spin-coating perovskite precursor
(precursor films without annealing) were kept in ambient air at room
temperature for 50 min. The color evolution of as-prepared precursor
films is recorded as shown in Fig. 3d. We observed that it takes a longer
time for precursor films turning from transparent to dark brown after the
introduction of Pc molecules and the HoPc treated perovskite sample
shows the slowest crystallization process. These results suggest that the
introduction of Pc molecules slows down the solvent volatilization rate
and prolongs the crystallization time. It has been reported that the
crystallinity is mainly governed by nucleation and crystal growth, and
the slowed crystal growth is conducive to improving the crystallinity of
the perovskite films [56,57]. X-ray diffraction (XRD) measurements
were conducted to investigate the crystal structure of perovskite films.
As presented in Fig. 3e, all the samples show the typical diffraction peaks
of MAPDI; perovskite films and the dominant peak at 14.23° is assigned
to the characteristic (110) lattice planes [58]. Compared with the
pristine sample, the ZnPc and HyPc treated perovskite samples show the
increased (110) diffraction peak intensities and decreased full width at
half maximum (FWHM, Fig. S6), and the Pbl, peak at 12.76° is
completely eliminated in HyPc treated sample. These results verify that
the introduction of HyPc molecules effectively enhances the crystallinity
of perovskite. Subsequently, the ultraviolet-visible (UV — vis)
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absorption spectra were also measured to investigate the impact of
passivation molecules on light harvesting ability. As shown in Fig. 3f,
both the samples without and with organic molecule treatments show a
similar absorption profile and edge, suggesting that the organic mole-
cule treatments give a negligible contribution to the band gap of
perovskite. And the significantly improved absorption intensity in HoPc
treated sample is attributed to the improved morphology and crystal-
linity of perovskite film.

Steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) measurements were performed to evaluate the
carrier recombination dynamics of perovskite films. To avoid the in-
fluence of charge injection from the light absorption layer to the trans-
parent conducting oxide substrate, the perovskite films were prepared
on the blank glass substrates. As shown in Fig. 4a, the PL intensities of
passivated samples are significantly increased compared with the pris-
tine perovskite, implying that the nonradiative recombination defects
are effectively suppressed. In particular, the HyPc perovskite exhibits the
highest radiative capacity, indicating that the HoPc molecules give the
best passivation effect. Accompanying with the PL intensity increase-
ment, blue shifts are observed in passivated samples, whereas the ab-
sorption edges remain unchanged, implying the suppressed band-tail
state of perovskite by effective passivation [39]. The TRPL spectra
reflect the similar results with steady-state PL spectra as presented in
Fig. 4b. The decay curves are fitted by a biexponential model with Eq.
(1) and the average decay times (T4ye) are calculated according to Eq.
(2):

y :Ale(*t/ﬂ) +Aze(*1/fz) [¢))

Tave = (A]T% +AzT§)/(A1T1 + A1) (2)
where A; and A, are decay amplitudes, T; and T, correspond to fast
decay lifetimes and slow decay lifetimes, respectively, and the related
fitting parameters are listed in Table S1. As expected, the ZnPc and HyPc
perovskite shows higher T4y, values than that of the pristine perovskite
sample, which further demonstrates that the Pc treatments effectively
suppress the defect-assisted recombination. Meanwhile, the PL and
TRPL measurements were also used to investigate the interfacial charge
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Fig. 4. (a) PL and (b) TRPL spectra of glass/perovskite samples. (c) PL and (d) TRPL spectra of glass/perovskite/SpiroOMeTAD samples.
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carrier transfer by introducing hole transport layers. As seen from
Fig. 4c, d, the HyPc perovskite exhibits the strongest fluorescence
quenching and shortest decay lifetimes, suggesting that the hole
extraction efficiency is remarkably improved. The significantly accel-
erated charge carrier transfer in the HoPc perovskite sample is attributed
to the simultaneous defect passivation and improved energy level
alignment, in agreement with the results discussed before.

To evaluate the effects of Pc treatments on photovoltaic perfor-
mances, the current density-voltage (J-V) performance of the devices
was assessed under AM 1.5G simulated solar light (100 mW cm ™ ?)
condition. To maximize the passivation effects, the concentration of Pc
molecules in antisolvent was optimized. The J-V curves depending on
the concentration of ZnPc and HyPc are presented in Fig. S7 and the
relevant photovoltaic parameters are shown in Table S3 and S4. It is
obviously observed that both ZnPc and HyPc devices show optimal
performance at a concentration of 5 x 10~ M. Hereafter, the data for
both ZnPc and HyPc devices are based on this optimal concentration.
The statistical distributions of photovoltaic parameters from 30 indi-
vidual devices for each case are listed in Fig. 5a-d. The HyPc devices
exhibit significantly increased PCE as a consequence of improved short-
circuit current density (Js.), open-circuit voltage (Vo), and fill factor
(FF) compared with the pristine and ZnPc devices. And all the devices
exhibit a highly concentrated parameter distribution, which validates
the reproducibility and reliability of the device performance. Fig. 5e
presents J-V curves of the champion devices modified with ZnPc and
HoPc, along with the pristine device, measured in reverse scan directions
and the corresponding photovoltaic parameters are listed in Table S5. As
displayed in Table S5, the devices for pristine and ZnPc give a PCE of

Chemical Engineering Journal 459 (2023) 141573

16.50 % with a Voc of 1.06 V, Jg of 21.37 mA cm ™2, and FF of 72.82 %
and a PCE of 18.54 %, with a Vo 0f 1.10 V, Jyc of 22.44 mA cm 2, and FF
of 75.12 %, respectively. For comparison, the HoPc device shows a
significantly enhanced PCE of 20.59 % with a V. of 1.13 V, a J of
23.26 mA cm 2, and FF of 78.34 %. The improved J is ascribed to the
improved quality of perovskite films and the enhancement of light
absorbance ability. And the enhanced Voc and FF are ascribed to the
inhibited nonradiative recombination resulted from effective interface
defect passivation and reduced interface energy barrier induced by
improved energy level alignment. Moreover, the horizontally aligned Pc
molecules on the perovskite layer may also give a positive effect on the
photovoltaic performance since the Pc molecules can serve as an inter-
facial linker between perovskite and HTL. The link to the perovskite is
achieved by coordination interaction and the link to the HTL is achieved
through n-n conjugation interactions [22,59]. The external quantum
efficiency (EQE) spectra and the integrated Jg. curves are presented in
Fig. 5f. The calculated integrated Js. values from the EQE spectra are
close to the J-V curves, which demonstrates the reliability of the
photovoltaic measurements. As exhibited in Fig. 5g and 5 h, the noto-
rious J-V hysteresis phenomena are significantly alleviated by HsPc
treatment, which originates from the reduced trap densities and sup-
pressed ion migration and inner capacitive effects [60-62]. The steady-
state power outputs at the maximum power point are recorded as 15.93
%, 18.07 % and 20.09 % for the pristine, ZnPc and HyPc devices,
respectively (Fig. 5i), which match well with J-V results.

To further elucidate the photovoltaic characteristics, the J — V curves
of pristine and HyPc devices are further analyzed based on the single
heterojunction solar cell theory [63-65] and the detailed processes are
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presented in Supporting Information. The values of series resistance (Rg)
and reverse saturated current density (Jo) can be extracted from the
intercepts of linear fitting of the — dV/dJ vs (J, — N land In(Jgc — J) vs
(V+ RyJ) plots, respectively. As shown in Fig. 6a and 6b, the values of Rg
are 1.75 and 0.35 Q cm? for the pristine and HyPc devices, respectively,
while the corresponding Jo is determined to be 1.10 x 107> and 5.29 x
107% mA/cm?. A lower R; represents less energy loss and better charge
transport. Jy represents the thermal emission rate of electrons from the
valence band to the conduction band, which is closely related to carrier
recombination. The reduced Jy indicates lower carrier recombination,
leading to the increasement of V. and FF. As depicted in Fig. S9, the
HyPc device exhibits the lowest dark current density, which indicates
the suppressed carrier recombination and improved charge extraction.
To quantitatively evaluate the effects of Pc molecules on trap density,
space charge limited current (SCLC) measurements were carried out.
The dark J-V curves of the electron-only devices with a structure of
glass/FTO/TiOy/perovskite/PCBM/Ag are shown in Fig. 6¢. The linear
region at low bias voltage directly relates to the applied electric field,
corresponding to the ohmic response. As the voltage increases, the
current density shows a nonlinear increase, which is defined as the trap-
filled limit (TFL) region. The kink point of the bias voltage between the
ohmic region and TFL region is defined as the trap-filled limit voltage
(Vrpr)- And the trap density (Ny) can be calculated according to the
following equation:

2¢e0€V;
No== 5 ©)
where L is the thickness of the perovskite film, ¢, is the vacuum
permittivity, and ¢ is the relative dielectric constant of the perovskite
film. The N; values for pristine, ZnPc and HyPc samples calculated to be
1.32 x 10*%cm 3, 8.69 x 10%cm ™ and 7.91 x 10'°cm 3, respectively.
The extremely reduced trap density is attributed to the reduced inter-
facial charge recombination and improved film quality by Pc molecules
modification. To further analyze the influence of Pc molecules treat-
ments on the interfacial carrier recombination and charge transfer,
electrochemical impedance spectroscopy (EIS) measurements were
conducted. The impedance spectra were measured at different applied
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voltages in the dark condition, and the corresponding equivalent circuit
model is presented in the inset of Fig. S10. As shown in Fig. 6d, the
recombination resistance (Ry.) Wwas much increased after the H,oPc
treatment for all the investigated applied voltages, which suggests the
effectively suppressed charge recombination, thus resulting in the
improvement in V.. The Nyquist plots of the samples obtained at a bias
of 0.9 V are presented in Fig. S10. The HyPc device exhibits a reduced
charge transfer resistance (R.y), which suggests the enhanced charge
transfer ability, leading to an improvement of Js.. These EIS results are in
extraordinary accordance with the above PL and TRPL analysis,
demonstrating that HoPc treatment can effectively reduce interfacial
non-radiative recombination losses by effective defect passivation. The
frequency-dependent capacitance (Fig. 6e) represents ion accumulation
at the interfaces of the devices, the decreased capacitance of HyPc device
suggests the suppressed ion accumulation, which is originated from
lower trap density and related to the reduction of hysteresis effect [66].
The Mott — Schottky analysis is also conducted to evaluate the built-in
voltage (Vpi) of the devices by capacitance-voltage (C-V) measure-
ments using the following equation:

c?= 2(Vei = V) @

A2qegeN,
where A represents the active area, Nj represents the charge density and
V represents the applied bias. As shown in Fig. 6f, it is observed that the
HyPc device exhibits higher slope and higher Vy; value than that of
pristine and ZnPc samples, implying the reduced carrier accumulation
and enhanced driving force of carrier transfer and accounts for the
obviously improved V.

As a crucial part of PSCs technology, stability is an important indi-
cator for the evaluations of practical applications. The stability of the
perovskite films and corresponding devices is systematically investi-
gated. As shown in Fig. 7a, the HoPc device retains over 90 % of its initial
PCE after storage for 1000 h at dark in the ambient atmosphere about 20
% relative humidity (RH) and room temperature, while the pristine and
ZnPc drops to 65 % and 76 % of their initial PCE, respectively. In gen-
eral, the formation of PbI, is one of the key signs of MAPbI3 perovskite
decomposition. Thus, XRD measurements of the corresponding
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electron-only devices of SCLC measurements. (d) Recombination resistances by fitting Nyquist plots dependence of bias voltages. (e) The capacitance-frequency

response curves. (f) The Mott — Schottky plots.
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Fig. 7. The evolution of (a) PCE of the unencapsulated devices, (b) XRD patterns and (c) UV-vis absorption spectra of the perovskite films samples after storage for
1000 h at dark in the ambient atmosphere about 20 % RH and room temperature. The evolution of (d) PCE of the unencapsulated devices, (e) XRD patterns and (f)
UV-vis absorption spectra of the perovskite films samples after storage for 700 h under 55 + 5 % RH environment. The evolution of (g) PCE of the unencapsulated
devices, (h) XRD patterns and (i) UV-vis absorption spectra of the perovskite films samples after storage for 500 h at 65 °C.

perovskite films were conducted under the same conditions aging for
1000 h. It is observed that obvious PbI, peaks appear in pristine and
ZnPc-treated perovskite film but are hardly identified in HoPc perovskite
film (Fig. 7b). The UV-vis absorption spectra are also utilized to assess
the stability performance. As shown in Fig. 7c, the HyPc perovskite film
exhibits a less light absorption decay than that of pristine and ZnPc
samples. These results prove that the HyPc treatment can effectively
improve the storage stability of perovskite films and the corresponding
device. The significantly enhanced long-term stability encourages us to
continue to explore the humidity stability and thermal stability. For
moisture stability and thermal stability measurements, the perfor-
mances of PSCs were tracked under the condition of 55 + 5 % RH and
65 °C environments, respectively. As shown in Fig. 7d, the HyPc and
ZnPc devices still preserve over 80 % and 70 % of their original PCE
under moisture stress for 700 h, yet the pristine device lost most of its
performance. The obviously improved moisture stability is benefited
from the hydrophobicity property of Pc molecules, which is also proved
by the water contact angle measurements, as shown in Fig. S11.
Meanwhile, the improved moisture stability is also reflected by the XRD
(Fig. 7e) and UV-vis absorption spectra (Fig. 7f). After aging for 500 h at
65 °C, the HoPc device maintains 86 % of the initial PCE, while the
pristine and ZnPc devices drop to 47 % and 67 % of their original PCE,
respectively (Fig. 7g). The thermal stability of the perovskite films was

also investigated by XRD (Fig. 7h) and UV-vis absorption spectra
(Fig. 7i), which shows the identical variation trend with the evolution of
PCE. The significantly improved thermal stability of perovskite is
attributed to the superior thermal stability of the Pc passivator and the
reduction of defect density. The illumination stability measurements
were also conducted under continuous AM 1.5 G illumination in
ambient air. As shown in Fig. S12, the illumination stability of the de-
vices is significantly improved by ZnPc and HyPc treatments and the
HyPc device shows the best illumination stability. The HyPc device
preserves over 80 % of their original PCE after 100 h continuous illu-
mination. The improved illumination stability of perovskite films is also
demonstrated by XRD and UV-vis absorption spectra measurements. It
is worth noting that the HoPc device exhibited better performance than
the ZnPc device, which is largely related to the formation of hydrogen
bond, anchoring volatile iodine ions. Finally, the reasons for the excel-
lent long-term stability of the HoPc device can be summarized as the
following points: (1) The decreased defect densities, improved film
quality, and suppressed ion migration derived from the passivation ef-
fect which slow down the decomposition rate. (2) The improved hy-
drophobic of perovskite films confirmed by the water contact angle
measurements. (3) The superior thermal stability of the Pc passivator
and the formed hydrogen bond between N—H and iodine ions which act
as an iodine ion locker to stabilize perovskite.
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3. Conclusions

In summary, we have demonstrated that the multifunctional metal-
free HoPc molecule can simultaneously realize defect passivation, crys-
tallinity optimization, energy level modulation, and improved stability
of perovskite films. Compared with the metal ZnPc molecule, the HoPc
molecule exhibits higher capability to passivate defect due to the
structure of pyrrolic nitrogen and N—H bond. And the HyPc-treated
perovskite exhibits a better valence band alignment to SpiroOMeTAD
hole transport layer. The defect passivation is achieved by the simulta-
neous formation of coordination bonding and hydrogen bonding be-
tween HyPc molecule and perovskite. And the crystallinity optimization
is achieved by the slowed crystal growth velocity via HoPc molecule
treatment. Furthermore, the hydrophobic and thermally stable proper-
ties of the phthalocyanine materials brings a significant increasement in
the stability of PSCs against moisture and thermal degradation. As a
result, the HyPc device exhibits a strikingly improved PCE of 20.59 %
along with excellent long-term stability. Consequently, the present work
provides a practical and efficient method to simultaneously passivate
defects, modulate energy level, and improve crystallinity and stability of
perovskite materials, and toward the purpose of realizing efficient and
stable PSCs.
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