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Lead-tin perovskite solar cells (Pb-Sn PSCs) are a more environmentally friendly alternative to the mainstream
lead-based PSCs, but their development has been hampered by their instability due to the strong tendency of the
Sn** constituent to oxidize. This study examines the effects of three types of hydrazine com-
pound—phenylhydrazine hydrochloride (PHeHCl), 4-fluorophenylhydrazine hydrochloride (FPHeHCI), and 1-
[2,5-bis(trifluoromethyl)phenyl]hydrazine hydrochloride (BTFMPHeHCl)—as additives to Pb-Sn perovskite
precursor solutions on the stability and performance of Pb-Sn PSC devices, taking advantages of the hydrazine
functional group’s ability to suppress oxidation of Sn®*, and of the hydrophobicity provided by the phenyl
structure and/or fluorine (F) contents of the selected compounds. All of the three additives significantly
improved the stability of the resultant Pb-Sn PSC devices, with the additives containing more F contents
(BTFMPHeHCI > FPHeHCI > PHeHCI) showing slightly greater improvements. The PHeHCl additive markedly
enhanced the power conversion efficiency (PCE) while reducing the hysteresis ratio of the PSC devices thanks to
its multifaceted effects including improving morphology, reducing non-radiative losses, alleviating recombina-
tion defects, and enhancing charge-carrier mobility of the Pb-Sn perovskite layer, as elucidated by a series of
photo-luminescence and electrical characterizations. Both the BTFMPHeHCl and FPHeHCI additives slightly
degraded the device PCE due to their poorer resultant perovskite morphology, which was attributed to their
lower affinity with the perovskite as a result of their F contents. Our results provide useful insights in selecting
and designing hydrazine-based additives for PSC.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) are a prom-
ising type of photovoltaic devices thanks to their advantages including
high power conversion efficiency (PCE), low-cost ingredients, and ease
for scaled-up production [1,2]. One major area of development for PSCs
technologies is to decrease or eliminate the Pb content of the main-
stream Pb-based perovskite photo-absorber materials of PSCs, so as to
minimize the potential environmental impacts of the Pb content. Among
the approaches for Pb reduction of PSCs, partially replacing the Pb
content with Sn—forming so-called Pb-Sn PSCs—has been particularly
attractive, as it is capable of preserving the high PCE of Pb-based PSCs,
which has proven to be a difficult task for other Pb-reduction approaches
[3-5]. Despite the high PCE achievable with Pb-Sn PSCs, however, the
practical viability of Pb-Sn PSCs, and by extension Sn-based PSCs, is still
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severely limited by the strong susceptibility of the Sn content to oxidize
from the desired Sn?" form to the detrimental Sn** form [6]. Prior ef-
forts have identified two main methods for alleviating this issue: (1)
adding reducing or oxidation-suppressing agents into perovskite pre-
cursor solutions—such as Sn powders, SnFs, hypophosphorous acid, and
hydrazine halides [6-11]—to suppress Sn?* oxidation; (2) introducing
additives that provide bulky cations, preferably ones with hydrophobic
substituents, to passivate the crystal grain boundaries in perovskite films
and block moisture incursion. Hydrazine compounds have been shown
to be a particularly advantageous type of additives because they are
capable of providing both of the above-mentioned functions by serving
simultaneously as reducing agents and bulky cations, allowing for
remarkable enhancements in performance of Pb-Sn and Sn-based PSCs
[12-16]. Although impressive PCE and stability have been demon-
strated for hydrazines-modified Pb-Sn and Sn-based PSCs, the variety of
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hydrazine compounds that has been studied is still quite limited, and
therefore the effects of varying the chemical structures of hydrazine
compounds on the performances of hydrazines-modified PSCs have not
been elucidated.

This study examined three hydrazine compounds with related
structures as additives for Pb-Sn PSCs, which included phenylhydrazine
hydrochloride (PHeHCI), 4-fluorophenylhydrazine hydrochloride
(FPHeHCl), and 1-[2,5-bis(trifluoromethyl)phenyl]hydrazine hydro-
chloride (BTFMPHeHCI). The selected hydrazine compounds are de-
rivatives of phenylhydrazine (PH) with various numbers of fluorine
substituents including zero (PHeHCl), one (FPHeHCl), and six
(BTFMPHeHCI), whose chemical structures are shown in Fig. 1. (a-c)
along with a schematic drawing of the Pb-Sn PSC device architecture
used herein. Of the three selected compounds, PHeHCIl has been re-
ported to significantly improve the stability and PCE of Sn-based PSCs,
thanks to its phenyl moiety’s hydrophobicity and bulkiness in addition
to the reducing ability of the hydrazine functional group [13]. Building
upon this concept, this study explored the effects of PHeHCl additive on
the device characteristics of Pb-Sn PSCs as well as the effects of having
different numbers of fluorine substituents on the PHeHCI base structure,
where the fluorine substituents were expected to contribute additional
hydrophobicity for potential further enhancement of device stability
against environment-induced degradations. The additive concentration
of each of the hydrazine compounds was optimized in terms of Pb-Sn
PSC device metrics, which were then compared to examine the differ-
ences in additive performance among the three tested compounds. The
morphologies, surface properties, and charge-carrier generation and
transport characteristics of the hydrazine-modified Pb-Sn PSCs were
analysed to determine the mechanisms through which the hydrazine
additives imparted their effects.

2. Experimental section
2.1. Materials

Fluorine-doped tin oxide (FTO, 5-7Q, SKU: RL39) was purchased
from Rui Long Optoelectronics Inc. Formamidinium iodide (FAI,
99.99 % purity, SKU: MS150000) was purchased from Greatcell Solar
Materials Inc. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) aqueous solution (Clevious PVP AI 4083) was purchased
from Heraeus Inc. and filtered through a 0.45 pm PTFE hydrophilic filter
(Dinhaw Enterprise Inc., SKU: SLCR033) before use. Cesium iodide (CslI,
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99.999 % purity, SKU: 429384), tin (II) iodide (Snly, 99.99 % purity,
SKU: 409308), tin fluoride (SnFs, 99 % purity, SKU: 334626), dimethyl
sulfoxide (DMSO, 299.9% purity, SKU: 276855), N,N-
dimethylformamide (DMF, 99.8 % purity, SKU: 227056), chloroben-
zene (CB, 99.8 % purity, SKU: 284513), phenylhydrazine hydrochloride
(PHeHCl, 299 % purity, SKU: 114715), 4-fluorophenylhydrazine hy-
drochloride (FPHeHCI, 97 % purity, SKU: F14203) and 1-[2,5-bis(tri-
fluoromethyl)phenyl]hydrazine hydrochloride (BTFMPHeHC], SKU:
PHO018984) were purchased from Sigma-Aldrich Inc. Lead iodide (Pbly,
99.99 % purity, SKU: L0279) was purchased from Tokyo Chemical In-
dustry Inc. Fullerene (Cgp, >99.9 % purity, SKU: LT-S903), 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, >99.5% purity,
SKU: LT-E304H) and [6,6]-Phenyl Cg; butyric acid methyl ester
(PC61BM, >99 % purity, SKU: LT-S905) were purchased from Lumi-
nescence Technology Inc.

2.2. Preparations of perovskite precursor solutions

The perovskite precursor solutions were prepared in a nitrogen-filled
glovebox (< 0.5 ppm O3 and < 0.5 ppm H30). The precursor solutions
contained 1.6 M of Csg 25FAq.75Pbg sSng sIs, which was made up of a
stoichiometric ratio of 103.9 mg CsI, 206.4 mg FAIL 369.6 mg Pbl,,
298 mg Snly in a 1 ml solvent mixture consisting of DMF and DMSO in a
3:1 vol ratio (DMF: DMSO=3:1 v/v), with added SnF; (10 mol% relative
to Snly). The solution was stirred at room temperature for 1 h and then
filtered through a 0.45 pm PTFE filter before use. To prepare additive-
added perovskite samples, a given amount of each of the three addi-
tives, PHeHCI, FPHeHCIl, and BTFMPHeHCI, was added to the 1.6 M
Csp.25FAg.75Pbg 5Sn¢ 513 precursor solution to reach the desired additive
concentration, which was in percentage molar ratio against the
Csg.25FAg.75Pbg 5Sng sIs host. For example, to prepare a 2 mol%
additive-added perovskite sample with one of the hydrazine additives,
4.6 mg of PHeHCI, 5.0 mg of FPHeHCl, or 9.0 mg of BTFMPHeHCI was
added to 1 ml of the 1.6 M Csg.25FAq.75Pbg.5Sng 513 precursor solution.

2.3. Device fabrication

The device fabrication steps used in this work were as follows: (1)
ultrasonically cleaning a FTO glass substrate for 10 min in turn in a
soap/water solution, acetone, methanol, and isopropanol, followed by
blow-drying with N3 and a 10 min UV-ozone pre-treatment; (2) spin-
coating a PEDOT:PSS hole-transporting layer (HTL) from 140 pL of the
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Fig. 1. (a-c) Chemical structures of the selected hydrazine compounds; (d) illustration of the architecture of the Pb-Sn PSC devices used herein.
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PEDOT:PSS solution at 4000 r.p.m. for 30 s followed by baking first at
150 °C for 10 min in ambient air and then at 150 °C for 5 min in a
nitrogen-filled glovebox; (3) with the sample remaining in the glovebox,
spin-coating a perovskite layer from 140 pL of one of the perovskite
solutions at 1000 r.p.m. for 10 s and then 4000 r.p.m. for 40 s, during
the latter of which 500 pL of chlorobenzene was dripped onto the
spinning substrate starting at the 21st second and continuing through
the end of the spin-coating step, followed by baking on a hotplate at
100 °C for 10 min; (4) thermally evaporating in turn a 30 nm-thick Ceo,
a 7 nm-thick BCP, and a 100 nm-thick Ag layer through a shadow mask
in a thermal evaporator housed in the glovebox. The device architecture
is illustrated in Fig. 1(d).

2.4. Materials and device characterizations

Photovoltaic characteristics of the PSC devices were measured with a
Keithley 2410 voltage source meter and a Yamashita Denso YSS-50A-
400A solar simulator providing an illumination of AM 1.5 G solar
spectrum at a light intensity of 100 mW/cm?. Instruments used for
various materials characterization are listed as follows: contact angle
measurements: Sindatek Model 100SB; scanning electron microscopy
(SEM): Hitachi S4800; atomic force microscopy (AFM): Bruker OMV-
NTSC; UV/visible spectroscopy: JASCO V-770; external quantum effi-
ciency (EQE): PV Measurements QEX10; X-ray diffraction (XRD): Bruker
D2 PHASER XE-T with Cu-Ka radiation of =1.54 A; photoluminescence
(PL) and time-resolved PL (TRPL): Edinburgh Instruments FLS1000;
electrochemical impedance spectroscopy (EIS): FLUXiM Paios; film-
thickness measurements: KLA D-300. Space charge limited current
(SCLC) measurements were performed on hole- and electron-only de-
vices using a Keysight Agilent B1500A measurement system, where the
hole- and electron-only devices had the following structures, respec-
tively: FTO/PEDOT:PSS/PVKs/Ag and FTO/PCe1BM/PVKs/Cgo/BCP/
Ag.

3. Results and discussions
3.1. Reducing strength and hydrophobicity of the hydrazine additives

The ability of the three types of hydrazine additives to reduce
oxidized Sn** in Pb-Sn perovskite precursor solutions was evaluated by
observing the change in color of the precursor solutions exposed to the
ambient air, following the methodology reported in previous works [6,7,
17]; and the results are shown in Fig. 2(a-c). The pristine Pb-Sn perov-
skite precursor solutions exhibited the characteristic yellow color, which
darkened into a reddish color upon exposure to the ambient air due to
oxidation of the Sn" in the solutions to Sn**. Upon addition of each of
the three hydrazine additives, the solutions immediately recovered their
original yellow color, which indicated that all of the three hydrazine
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compounds readily reduced the air-exposure-generated Sn*'back to
Sn?*. The reaction scheme of the reduction reaction has been shown to
be as follows [12]:

R-NHNH; + 2Sn** — R-N=N" + 28n%* + 3 H' 1.1)

During the subsequent continuous air-exposure for up to 1 week,
however, the rate at which the solutions’ color darkened again—as a
result of re-oxidation of Sn** to Sn*"— was different with the three
hydrazine compounds. All of the three hydrazine-added solutions
exhibited a much slower darkening than did the pristine solution, which
again evidenced the reducing effects of the three hydrazine additives.
Among the three hydrazine-added solutions, the solutions with the F-
containing hydrazines, namely FPHeHCl and BTFMPHeHCI, showed
faster darkening (i.e. more rapid re-oxidation) than did the solution with
the F-free PHeHCl. The faster re-oxidation of the FPHeHCl- and
BTFMPHeHCl-added solutions was attributed to the strong electron-
withdrawing tendency of the F substituents of the two hydrazines,
which lowered the reducing strength of their neighboring hydrazine
functional group. The reducing ability of the hydrazine additives was
verified with XPS analysis on perovskite films with or without the
addition of the additives, as shown in Fig. S1, where the hydrazine-
added perovskite films showed significantly lower Sn** content than
the pristine film.

Fig. 2(d-g) present the water contact angles of Pb-Sn perovskite films
before and after the addition of either one of the three hydrazines. All of
the three hydrazine additives noticeably increased the water contact
angle, with the effect more pronounced for the hydrazines with higher
amounts of F, i.e. BTFMPHeHCI > FPHeHCI > PHeHCI. The increases in
water contact angle reflected the hydrophobicity of the phenyl structure
and the F substituents of the hydrazines, while the trend in the water
contact angles indicated the effects of the number of F substituents, i.e.
the more the F substituents, the higher the water contact angles of the
Pb-Sn perovskite films.

3.2. Effects of the hydrazine additives on Pb-Sn PSC devices
characteristics

The optimal concentration for each of the three hydrazine additives
in the perovskite precursor solutions was determined in terms of PCE of
the Pb-Sn PSC devices, as shown in Fig. 3. The optimal concentration
was found to be 2, 2, and 0.25 mol% for PHeHCl, FPHeHCIl, and
BTFMPHeHCI, respectively. The lower optimal concentration of
BTFMPHeHCI was attributed to BTFMPHeHCI’s high F content and large
molecular size, which would lower its solubility and compatibility in
perovskites.

The Pb-Sn PSC device characteristics resulting from each of the three
hydrazine additives at their respective optimal concentration are
compared in Fig. 4(a-e) and Table 1. The Jg¢ values measured with the
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Fig. 2. (a-c) Photographs of Csg.25FAg 75Pbg 5810 513 precursor solutions during exposure to ambient air before and after the addition of the hydrazine additives; (d-g)
photo-images of water contact angle measurements on Pb-Sn perovskite films with and without the addition of hydrazine additives.
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Fig. 3. Normalized Pb-Sn PSC device PCE resulting from different added con-
centrations of PHeHCl, FPHeHCI, or BTFMPHeHCI; normalization was against
the PCE of the control devices, which were free of the hydrazine additives.

solar simulator were verified with EQE measurements, as shown in Fig. 4
(f). It can be seen from the presented results that of the three hydrazine
additives, only PHeHCI noticeably improved the PSC device character-
istics, with the other two additives either slightly degraded or main-
tained similar device characteristics. The hysteresis behaviors of the PSC
devices were quantified in terms of the hysteresis ratio, which was the
difference between a device’s reverse-scanning and forward-scanning
PCE’s as a fraction of the reverse-scanning PCE, and the calculated
hysteresis ratios are included in Table 1. Of the three hydrazine addi-
tives, both PHeHCl and FPHeHClI significantly lowered the hysteresis
ratio, while BTFMPHeHCI sizably raised the hysteresis ratio.

The effects of each of the hydrazine additives on the stability of Pb-Sn
PSC devices were examined by measuring the device PCE as a function of
storage time in humid air (~25 °C and ~70 % RH), and the results are
presented in Fig. 5. Owing to the Pb-Sn PSC’s inherent susceptibility to
moisture and oxygen, the PSC devices degraded rapidly in the humid-air
testing condition; however, all of the three hydrazine additives effec-
tively slowed the rate of the air-induced degradation, with the effects
slightly stronger for the additives with higher F content, i.e.
BTFMPHeHCI] > FPHeHCI] > PHeHCI. This trend indicated that between
the opposing effects of F content, i.e. lowering the reducing strength but
increasing the hydrophobicity of a hydrazine, the latter was more
dominant in determining the stability of a hydrazine-added device. The
long-term storage stability of the devices was also tested in a Nj-filled
glove box, as shown in Fig. S2. The control device (without additive)
showed a similar degradation profile to those reported previously for Pb-
Sn PSCs [18], while the additive-containing devices exhibited much
slower decay after 4 months of storage.

3.3. Mechanisms of the effects of the hydrazine additives

The results presented above confirmed that the three hydrazine ad-
ditives served their expected function of improving device stability,
through acting both as reducing agents against environment-induced
oxidation and as hydrophobic components against moisture-induced
degradations. The F-content had opposing effects on the reducing
strength and hydrophobicity, i.e. diminishing reducing strength while
enhancing hydrophobicity, and as a result the three additives showed
only slight differences in their resultant device stability.

XRD analysis results provided in Fig. S3 showed that the diffraction
patterns of the Pb-Sn perovskite layers did not noticeably change with
the addition of either of the three additives, indicating that the additives
were not incorporated into the perovskite crystals but instead were
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located at the grain boundaries, consistent with previously reported
observations on additives-modified perovskites [19]. XPS analysis
(Fig. S1) indicated that the additives likely formed complexes with Sn>*
in the grain boundaries, as the addition of the additives caused the Sn*
peaks in XPS to blue-shift slightly [18]. Similarly, addition of the three
additives did not noticeably alter the UV-vis absorption spectra (Fig. S4)
of the perovskite films, resulting in similar optical band gaps and
absorbance. FTIR analysis (Fig. S5) also present consistent findings,
where the additives did not cause detectable change in FTIR spectrum.
SEM analysis results presented in Fig. 6(a-1) (cross-sectional SEM images
are presented in Fig. S6), on the other hand, revealed that the additives
changed the average grain size on the surface of the Pb-Sn perovskite
films. Specifically, addition of PHeHCl increased the average grain size,
while addition of either FPHeHCIl or BTFMPHeHCI reduced it, with the
former only slightly and the Ilatter more significantly. The
grain-size-reducing effects of FPHeHCl and BTFMPHeHCI were attrib-
uted to their lower solubility in the Pb-Sn perovskite stemming from
their F substituents, which would increase the rate of nucleation during
the film-forming process; the effects were more pronounced for
BTFMPHeHCI as a result of its greater F content. It should be noted that
the grain sizes in these additive-modified perovskite films were also
determined with XRD (Fig. S3), which, however, showed that grain sizes
were similar among the without-additive and with-additive perovskite
films. The apparent contradiction between the XRD and SEM results
indicated that the grain-size difference was likely confined to the surface
layer of the PVSK films, which was also suggested by the SEM
cross-sectional images presented in Fig. S6.

In light of these observed morphological differences, it may be
inferred that the enhanced PCE of the PHeHCl-added devices were
owing to the increased average grain size and reduced grain boundaries
at the top surface of the perovskite layer, where the additive would serve
to passivate charge-recombination defects (to be verified in further
analysis discussed below) [20-22]. Likewise, the negative effects of
FPHeHCI] and BTFMPHeHCI on the device PCE were attributed to their
lowered compatibility with the Pb-Sn perovskite due to their F contents,
which reduced the average grain size in the surface layers of their
resultant Pb-Sn perovskite films.

The mechanisms through which the addition of PHeHCI brought
about the enhancements in PSC device performance were further
investigated with PL spectroscopy and electrical characterizations [23,
24]. PL spectra of the Pb-Sn perovskite films (Fig. 7) reveal that the PL
intensity of the PHeHCl-added perovskite film was higher than that of
the pristine film, indicating that the additive effectively reduced
non-radiative losses [24]. Additionally, the PL peak of the PHeHCl-ad-
ded perovskite film was at slightly longer wavelengths than that of the
pristine film, which was attributed to suppressed Sn?* oxidation in the
PHeHCl-added perovskite film. Sn?* oxidation in Pb-Sn perovskite films
can cause blue-shifts on PL due to its induced formation of Pb-only
phases [25], and its suppression has been shown to prevent such
blue-shifts, resulting in PL at longer wavelengths [26]. TRPL results
shown in Fig. 7(b) and Table S1. revealed similar findings, where the PL
of the PHeHCl-added perovskite film decayed distinctly more slowly,
with the fitted PL lifetimes significantly longer, than did that of the
pristine film. The longer PL lifetimes of the PHeHCl-added perovskite
film provided further evidence to the film’s reduced nonradiative
recombination [24]. Conversely, PL and TRPL results on the
FPHeHCl-added perovskite film (Figure S7) showed an opposite trend to
that of the PHeHCl-added perovskite film; i.e. the PL intensity and
lifetime were reduced upon the addition of FPHeHCl, which was
attributed to the reduced grain size in the FPHeHCl-added perovskite
film as discussed above.

Electrical characterizations, including EIS and SCLC measurements,
of Pb-Sn PSC devices fabricated with or without the addition of PHeHCl
yielded consistent observations with those from the PL results. Fig. 8(a)
presents Nyquist plots obtained with EIS measurements for the with- and
without-PHeHCI Pb-Sn PSC devices, with the recombination resistance
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Fig. 4. Pb-Sn PSC device characteristics with or without the addition of PHeHCI, FPHeHCI, or BTFMPHeHCI at their respective optimal concentration: (a) Voc, (b)
Jsc, (¢) FF, (d) PCE, (e) J-V curves, and (f) external quantum efficiency (EQE) spectra.

(Rrec) values extracted from the Nyquist plots presented in Table S2. The
EIS results revealed that the PHeHCl-added devices had a significantly
higher Ry, than did the control (without-PHeHCI) device, again point-
ing to reduced recombination defects in the PHeHCl-added devices [27].
Fig. 8(b) and Fig. 8(c) present J-V curves of hole- and electron-only
Pb-Sn PSC devices with- or without the addition of PHeHCI,

respectively, obtained from SCLC measurements. The trap-filled limit
voltages (Vg, trr. and Vy, tpr, for electrons and holes, respectively), trap
densities (N, pole and Ny, glectron fOr electrons and holes, respectively),
and carrier mobility (py and pe for electrons and holes, respectively)
extracted from the SCLC measurement results are summarized in
Table S3. The PHeHCl-added devices showed smaller Vg, g, and Vi, 11,
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Table 1
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Pb-Sn PSC device characteristics with or without the addition of PHeHCIl, FPHeHCI, or BTFMPHeHCI at their respective optimal concentration.

Pb-Sn PSCs Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Hysteresis Ratio (%) Champion PCE (%)
Without additive 0.70 + 0.01 28.19 + 0.62 66.26 + 2.33 13.16 + 0.58 4.68 +2.97 14.17
With 2 mol% PHeHCl 0.73 + 0.01 28.86 + 0.25 67.37 + 0.94 14.26 + 0.27 1.63 + 1.28 14.74
With 2 mol% FPHeHCL 0.68 + 0.01 27.89 + 0.39 66.09 + 1.24 1245 +0.18 1.49 +1.79 12.79
With 0.25 mol% BTFMPHeHCI 0.69 + 0.01 28.63 £ 0.79 65.95 £ 2.50 13.05 £ 0.74 9.00 + 3.18 14.11
than that of the control devices, with lower N, pole and N, glectron but
higher py, and p,, all indications of decreased defect concentration in the
1.0 PHeHCl-added devices.
0.8 4. Conclusions
§ Three phenyl-substituted hydrazine compounds with different
2 0.6 numbers of fluorine substituents—i.e. PHeHCl (no F substituent),
% FPHeHCI (1 F substituent), and BTFMPHeHCI (6 F substituents)—were
§. tested as additives to Pb-Sn perovskite precursor solutions to examine
Z 0.4+ their effects on the resultant Pb-Sn PSC devices’ characteristics and
stability. All of the three additives significantly improved the stability of
0.2 4 —m—wio additive Pb-Sn PSC devices, with the additives containing more F contents
—@— with 2 mol% PHeHCI showing slightly greater improvements. The PHeHCl additive resulted in
i vl enhanced device power conversion efficiency (PCE) and reduced hys-
0.0 . : . . . r r teresis ratio thanks to its multifaceted effects including improving
0 5 10 15 20 25 30 morphology, reducing non-radiative losses, alleviating recombination
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Fig. 5. PCE as a function of storage time in ambient air (~25 °C and ~70 %
RH) for Pb-Sn PSC devices with or without the addition of PHeHCI, FPHeHCl, or
BTFMPHeHCI at their respective optimal concentration.
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characterizations. Both the BTFMPHeHCl and FPHeHCl additives
slightly degraded the device PCE due to their poorer resultant perovskite
morphology, which was attributed to their lower affinity with the
perovskite as a result of their F contents. Our results provide useful in-
sights in selecting and designing hydrazine-based additives for PSC.
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Fig. 6. (a) - (h) SEM images, and (i) - (1) grain size distribution and average grain size determined from (a) - (h), of Pb-Sn perovskite films with or without the
addition of the three hydrazine compounds at their respective optimal concentrations.
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Fig. 7. (a) Photoluminescence (PL) spectra; (b) time-resolved PL (TRPL) spectra of Pb-Sn perovskite films with or without the addition of 2 mol% of PHeHCI.
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Fig. 8. (a) Nyquist plots obtained with electrochemical impedance spectroscopy (EIS) of Pb-Sn PSC devices with or without the addition of 2 mol% of PHeHCI; the
inset depicts an equivalent circuit; (b) space-charge-limited current (SCLC) measurement results of hole-only devices (FTO/PEDOT:PSS/Csg 25FA¢ 75Pbo.5Sng sI3/Ag)
with or without the addition of 2 mol% of PHeHCI; (c) SCLC results of electron-only devices (FTO/PCg1BM/Csg 25FA¢.75Pbg.5Sng 513/Ce0/BCP/Ag) with or without the

addition of 2 mol% of PHeHCI.
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