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Perovskite solar cells (PSCs) employing organic—inorganic hybrid
lead perovskite have attracted much attention as promising next
generation solar cells because of their low fabrication cost and
extremely high power conversion efficiency (PCE). Exploring new
perovskite materials and additives is one of the effective strategies
to improve the performance of PSCs. Here, we synthesized forma-
mide iodide (FoAl) and applied it as both a cation material and
additive. Although it was revealed that FoAl is not incorporated in
the A-site of the perovskite structure, we found that the FoAl
additive suppresses 6-FAPbI; formation and improved the perfor-
mance of FAPbI; based PSCs. The PCE was improved from 12.29% to
14.49% by adding 5 mol% of FoAl in the precursor solution. Mean-
while, we found that FoAl additive can also improve the perfor-
mance of triple-cation PSCs. We believe that FoAl is one of the
promising additives to boost the PCE of PSCs without any influence
on the composition of the perovskite materials.

Introduction

Perovskite solar cells (PSCs) employing organic-inorganic hybrid
lead perovskite (APbXj;, A: organic cation, X: halogen) have
recently attracted much attention as promising next generation
solar cells because of their low fabrication cost and extremely
high power conversion efficiency (PCE)."™ A PCE of over 25%
has been achieved because of excellent optoelectronic properties
of the perovskite compounds such as strong absorption, low
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exciton binding energy and long carrier lifetime.*”” Flexible PSCs
can also be achieved owing to low process temperature.®® More-
over, PSCs can work effectively even under low illuminance
conditions such as under indoor lighting; thus, various applica-
tions are expected.***3

Numerous strategies have been demonstrated to achieve
high PCE PSCs such as solvent engineering, additive engineering,
and interface modification."*™'® One of the effective strategies is
modifying the composition of perovskite compounds. In the early
stage of investigations, methylammonium lead iodide (MAPbI;)
was mainly used as the light absorber. A few years later, many
researchers shifted to investigating mixed-cation perovskites such
as FAMAPbX;, or CSFAMAPbX; (where FA is formamidinium).'**°
Mixed-cation perovskites have successfully shown better PCE and
stability than conventional PSCs employing mono-cation perovs-
kites. Currently, mono-cation FAPbI; has been the focus of halide
perovskites again owing to its optimal bandgap for single junction
solar cells. In the early investigations of FAPbI; PSCs, researchers
suffered from poor efficiency and stability due to the forma-
tion of 3-FAPbI;, which is a non-photoactive phase of FAPbI,.*"
Nowadays, phase pure o-FAPbI; films have been achieved by
several strategies such as using pre-synthesized FAPbI; powder
as a precursor’® or adding additives in the precursor solution.>?
To the best of our knowledge, the highest PCE of 25.17% was
achieved with FAPbI; employing a little amount of methylene-
diammonium dichloride and Csl as the additive.®

Cation also affects the structure of perovskite compounds.
Small cations such as MA, FA, Cs and these mixtures form 3D
structured perovskite. Meanwhile, large cations such as phenethy-
lammonium or butylammonium form 2D structured perovskite.
2D structured perovskite compounds show quite different char-
acteristics such as stability and optical properties from 3D struc-
tured ones.*

As mentioned above, cation materials affect the characteristics
of perovskite compounds. Therefore, exploring novel cation mate-
rials is an important work for further development of perovskite
optoelectronics devices. Here, we have synthesized formamide

© 2021 The Author(s). Published by the Royal Society of Chemistry
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iodide (FoAI) and investigated the potential of FoAl as a cation
material for PSCs. It was revealed that FoAl itself has very limited
inclusion in the 3D perovskite and does not change the perovskite
structure from time-of-flight secondary ion mass spectrometry
(ToF-SIMS), X-ray diffraction (XRD) patterns and Fourier trans-
form infrared (FT-IR) spectroscopy. However, we found that FoAI
suppresses the formation of 3-FAPbI; when it is applied as an
additive for FAPbI; perovskite. Moreover, it was revealed that FOAI
improves the photovoltaic performance of PSCs for both pure
FAPDI; and mixed-cation perovskite compounds. Based on experi-
mental results, we believe that FoAl is one of the promising
additives to boost the PCE of PSCs without influence on the
composition of perovskite materials.

Experimental
Materials

Methylammonium bromide and FAI were purchased from
Dyesol. Pbl,, PbBr,, and CsI were purchased from TCI. SnO,
colloidal dispersion liquid (15% in H,0O) was purchased from
Alfa aesar. All other chemicals and solvents were received from
Sigma Aldrich and used without purification.

FoAI synthesis

Formamide (Sigma, >99%) was mixed with 2x molar excess of
57% w/w hydroiodic acid and stirred at 50 °C for 10 min. After
drying at 100 °C overnight, a white-yellow powder was formed. The
formed powder was washed with diethyl ether and recrystallized
with ethanol at least five times and dried in an oven overnight.

Device fabrication

Glass substrates (10 Ohm sq ', Pilkington TEC10) coated with
fluorine-doped tin oxide (FTO) were etched using zinc powder
and HCI and then rinsed with pure water, ethanol, and acetone.
To prepare the electron transport layer, titanium diisopropoxide
bis(acetylacetonate) (75 wt% in isopropanol, Sigma-Aldrich) diluted
in ethanol (1:39, volume ratio) was sprayed on the FTO-coated
substrates at 475 °C. Next, the substrates were annealed at 475 °C
for 30 min. After cooling the substrate to room temperature, SnO,
colloidal solution diluted in pure water (1 : 2 weight ratio) was spin-
coated on the TiO, layer at 5000 rpm for 30 s and annealed at
150 °C for 30 min. To form FA; ,FoA,Pbl; films, 1 M precursor
solution in a 8:1 volume ratio of DMF/DMSO solution was spin-
coated on the SnO, layer and annealed at 170 °C for 10 min. The
precursor solution was prepared by mixing 1 M FAPbI; solution
and a solution including 1 M Pbl, and 1 M FoAI with a
preferred volume ratio. To form triple-cation perovskite films,
1.3 M FA, g:MAg 10CSg.09PbI, 70Bry.30 solution in 7:3 volume
ratio of DMF/DMSO solution was spin-coated on a SnO, layer
and annealed at 100 °C for 1 h. The precursor solution was
prepared by mixing 1.3 M FA, ¢Cs, ;Pbl; solution and 1.3 M
MAPDBTr; solution (9:1, volume ratio). Both spin-coating pro-
cesses were as follows: first, the substrates were accelerated to
2000 rpm for 10 s (200 rpm s~ ') and then spun at 5000 rpm for
20 s (2000 rpm s~ '), and second, chlorobenzene (150 pL) was

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

dropped onto the rotating substrate for 10 s before the end of
the spin-coating process. In the case of utilizing FoAl as an
additive, a moderate amount of FoAI was diluted in perovskite
precursor solution and processed with the above protocol. To
form a hole transport layer, a solution of 2,2,7,7'-tetrakis(N,N'-di-
p-methoxyphenylamine)-9,9’-spirobifluorene (17 mg) with 4-tert-
butylpyridine (6.9 pL) and lithium bis(trifluoromethanesulfonyl)-
imide (4.2 pL, 520 mg mL™" in acetonitrile) in chlorobenzene
(240 pL) was spin-coated on the perovskite layer at 4000 rpm for
30 s to deposit a hole transport layer (HTL). Finally, an Ag electrode
was deposited by thermal evaporation on the hole transport layer.

Characterization

The scanning electron microscope (SEM) (SU8000, Hitachi) was
performed to examine the top-view film morphology. The optical
property was measured by a UV-vis spectrometer (U-4100, Hitachi).
The J-V characteristic measurements were conducted under AM
1.5G illumination (100 mW c¢m™?) using a solar simulation system
(SS-F5-3A, Enlitech) and the device was connected to a source
meter (Keithley 2401) for tracing the J-V data. The light intensity
was calibrated by certified standard silicon solar cells (SRC-2020-
KG3, Enlitech) to be 100 mW cm ™ 2. The active area of the solar cell
was masked by 0.15 cm”. A 300 W intensity xenon lamp (Newport),
monochromatic (Newport Cornerstone 260), and source meter
(Keithley 2401) were integrated to measure the device IPCE
response. The XRD measurements were measured with a D8
ADVANCE ECO (Bruker). The photoluminescence (PL) measure-
ments (ProtrustTech MRI) were carried out by using a diode laser
with a 532 nm light source (intensity: 127 mW). The FT-IR spectra
were measured with a VERTEX 70 (Bruker). The band position of
the perovskite films was evaluated with a Kelvin probe system
and ambient pressure photoemission spectroscopy (APS) system
(KP Technology Ltd.). ToF-SIMS was performed with PHI TRIFT
V nanoTOF (ULVAC-PHI) at Academis Sinica. Details of the
ToF-SIMS measurement for perovskite materials are described
elsewhere.”

Results and discussion

The molecular structure of FoAI is shown in Fig. 1(a). FoAI has a
similar structure to FAI, which is a well-known cation shown in
Fig. 1(b). The powder XRD patterns of both compounds are
shown in Fig. S1 (ESIY). Fig. 1(c) shows the FT-IR spectra of FOAI
and FALI A characteristic C=N stretching peak was observed in
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Fig.1 Molecular structure of (a) formamide iodide (FOAI) and (b) forma-
midinium iodide (FAI). (c) FT-IR spectra of FOAl and FAI.
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the spectrum of FAI at around 1700 cm™". On the other hand,
the C=O stretching bond from amide compounds, which
usually appears around 1650-1515 cm™* was not observed in
the spectrum of FoAl. It is known that formamide has several
resonance structures as shown in Fig. S2 (ESIt).”® Therefore,
there is a possibility that the state which has C—=0 bonding is
unstable and the signal from C—O became weak. We are
assuming that the signal of FoAI at around 1400 cm™ " is C-N
stretching or C-OH bending. The position of the FT-IR signals
and related bonding are summarized in Tables S1 and S2
(ESIY). Fig. S3 (ESIT) shows an XRD pattern of a film obtained
by spin-coating a solution including PbBr, and FoAl with a
molar ratio of 1:1. The resulting film showed XRD patterns of
PbI, and PbBr,. This result indicates that FoAI powder includes
iodide in the structure. Also, a diffraction peak that cannot be
assigned to Pbl, or PbBr, film was observed at around 12° in
the XRD patterns of FOAI-PbBr, mixed film. It is reported that
PbBr, also has a diffraction peak at around 12°.%” Therefore, it
is considered that the possible origin of the peak is from an
intermediate mixed halide compound between Pbl, and PbBr,
such as PbI,Br,_,. Actually, it is calculated that PbIBr shows a
diffraction pattern around 12°.°® This compound is also con-
sidered as one of the possible origins of the diffraction peak.

Then, we investigated whether FoA could be inserted in the
A-site of perovskite compounds with a system of FA; ,FoA,Pbl;.
Fig. 2(a) shows photographs of FA; ,FoA,Pbl; films prepared
under various stoichiometries. The x = 0, FAPbI; film showed
black color and it was confirmed that the film mainly consists of
o-FAPbI; with the presence of & phase from XRD patterns as
shown in Fig. 2(b). By contrast, the x = 1, FOAPDI; film showed
bright yellow color which is similar to PbI, films. The XRD
patterns of FoAPbI; films revealed that the film is mainly
composed of Pbl,. FT-IR spectroscopy was carried out to confirm
whether FoA is present in the resulting films or not. Fig. 2(c)
shows FT-IR spectra of each composition film. Films containing
less FoA showed clear signals arising from N-H stretching and
C=N stretching in the spectra. By contrast, films containing a
large amount of FoA did not show any signals in their spectra.
Results from XRD and FT-IR measurements indicate that FoA
does not form perovskite.
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Fig. 2 (a) Photographs of FA;_,FoA,Pbls films, where FA and FoA are forma-
midinium and formamide, respectively. (b) XRD patterns of x = 0 (FAPbls) and
x = 1 (FOAPbI3) films. (c) FT-IR spectra of FA;_,FOAPbls films.
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We found that a solution including FoAI and PbI, does not
form a precipitate even if chlorobenzene, which is an anti-
solvent, is added in the solution. On the other hand, the pure
PbI, solution immediately forms a precipitate as shown in
Fig. S4 (ESIt). This phenomenon indicates that there is a
possibility that FoAI forms an adduct or complex with Pbl,
and thus, improves the solubility of Pbl,. Then, we applied FoAI
as an additive for PSCs employing FAPbI; and mixed-cation
perovskite as the light absorber.

Fig. 3(a) shows J-V curves of PSCs employing FAPbI; with
and without FoAI as an additive in the precursor solution. The
FoAI added sample showed higher PCE particularly with
improved short-circuit current density (Jsc) compared to the
control devices. Fig. 3(b) and (c¢) show external quantum
efficiency (EQE) spectra of PSCs and absorbance spectra of
perovskite films, respectively. The FoAl added device showed an
entirely higher EQE value than the control device even though
there is almost no change in the absorbance spectra of perovs-
kite films. The band positions of FAPbI; films with and without
FoAl additive were evaluated with the Kelvin probe method and
APS measurements. Fig. S5(a) (ESIT) shows the difference of the
surface potential of both films against a reference tip. Fig. S5(b)
(ESIt) shows photoemission spectra of both films obtained by
APS measurement. There were no obvious changes in surface
potential and photoemission spectra, indicating that both perovs-
kite films have same work function and ionization potential. Also,
both films showed the same absorption edge as shown in Fig. 3(c).
From these results, we assume that the FoAl additive does not
affect the band position of FAPbI; films. Fig. 3(d) shows the XRD
patterns of the FAPbI; films with and without FoAI additive.
The FAPDI; film which does not include FoAI additive showed
a diffraction peak originated from &8-FAPbI;, which is not a
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Fig. 3 (a) J-V curves of FAPbIs perovskite solar cells with and without
FoAl additive. The dashed and solid lines represent J-V curves obtained at
forward (Jsc to Vo) and reverse (Voc to Jsc) scan, respectively. (b) External
quantum efficiency (EQE) curves of FAPblz perovskite solar cells with and
without FoAl additive. (c) Absorbance spectra of FAPbls perovskite films
with and without FoAl additive. (d) XRD patterns of FAPbls perovskite films
with and without FoAl additive. The peaks marked with * and § are
originated from Pbl, and -FAPbIs, respectively.
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photoactive phase for solar cells. On the other hand, FoAI added
films did not show diffraction peaks from 3-FAPbI;. This result
indicates that the FoAI additive suppresses the formation of
5-FAPDI;.

Fig. S6 (ESIf) shows PL spectra of pure FAPbI; and FoAl
added FAPDI; films. Both films show a PL peak at around
800 nm, which is consistent with the absorption edge of the
films. Fig. S7 (ESIt) shows SEM images of pure FAPbI; and FoAI
added FAPDI; films. There was almost no change in the
morphology of FAPbI; films by adding FoAI

Fig. S8 (ESI{) shows dark I-V curves of electron only devices
employing pure and FoAl added FAPbI; films. The device
structure is FTO/TiO,/SnO,/perovskite/PCBM/Ag. The current
versus bias behavior can be divided into three different regions,
ohmic region, trap filling region, and space charge limited
current region. The voltage where the behavior changes from
ohmic to trap filling is called the trap-filled limit voltage (Vrgy).
The relationship between Vg, and trap density (N;) can be
described as follows; N, = 2¢&Vigr/eL?, where ¢, is the vacuum
permittivity, ¢ is the relative dielectric constant of perovskite
film, e is the electron charge, and L is the film thickness.>
Comparing the dark I~V curves, we found that the FoAI added
sample showed slightly lower Vg, indicating that FoAI added
films have less defects than pure FAPbI; films.

Hysteresis index, defined as (PCE;everse =~ PCEforward)/PCEreverses
of FAPbI; PSCs was calculated and summarized in Table S3
(ESIT).*® There was no significant difference in hysteresis index
of FAPDbI; PSCs with and without FoAI additive.

We have also investigated the effect of FoAI on the stability
of FAPbI; PSCs. Fig. S9 (ESIf) shows the normalized PCE of
FAPDI; PSCs kept at a maximum power point under continuous
1 sun irradiation without encapsulation. After 90 min irradia-
tion, the PCE of pure FAPbI; PSCs decreased to 42.7% of the
initial value. By contrast, FoAI added PSCs kept a slightly higher
value of 49.3%. This result indicates that FoAI might also
improve the stability of FAPbI; PSCs under working conditions.

The J-V characteristics of PSCs are summarized in Table 1.
The PCE of our control sample (12.29%) seems to be low
considering the record efficiency (>25%) of PSCs. However, it
is comparable to the baseline of pure FAPbI; devices whose PCE
is around 13-17%.%'"* We believe that our method offers an
alternative strategy to stabilize and improve the performance of
pure FAPDI; based devices.

Then, we applied FoAI additive in multi-cation PSCs, which
are the baseline of high performing perovskite cells in general.
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Fig. 4 (a) J-V curves of FoAl added triple-cation perovskite solar cells. (b)
Photoluminescence (PL) spectra of triple-cation perovskite films with and
without FoAl additives. The black, red, blue, green, and orange lines
represent 0, 0.625, 1.25, 2.5 and 5 mol% FoAl added samples, respectively.

Fig. 4(a) shows J-V curves of triple-cation PSCs with and without
FoAI additives. EQE spectra of each sample are shown in Fig.
S10 (ESIT). The Vo was slightly improved by adding FoAl in the
precursor solution. Fig. 4(b) shows PL spectra of triple-cation
perovskite films with and without FoAI additives. Perovskite
films containing 0.625 and 1.25 mol% of FoAl showed stronger
PL intensity than the control films, indicating that FoAI helps
the formation of less defect perovskite films and resulted in
improved Voc. There were no obvious changes in absorbance
spectra, XRD patterns, and morphology as shown in Fig. S11
and S12 (ESIt). Dark I-V characteristics of the electron only
device employing triple-cation perovskite films are shown in
Fig. S13 (ESIf). In contrast to FAPbI; films, there was no
significant difference in Vrg, of both triple-cation perovskite
films. The J-V characteristics of triple-cation PSCs with and
without FoAI additives are summarized in Table 2. The hyster-
esis index of triple-cation PSCs was calculated and summarized
in Table S4 (ESIf). There was no significant difference in
hysteresis index by FoAI concentration.

Fig. S14 (ESIt) shows FT-IR spectra of FoAl added triple-
cation perovskite films. Although signals originated from N-H,
C-N, and C=N bonding of MAI and FAI were observed, there
was no clear signal at around 1400 cm ™', where characteristic
peaks were observed in the spectrum of FoAI (Fig. 1). This result
also indicates that FoA is not included as an A-site cation of a
perovskite structure.

We further investigated whether FoAl is included in the final
perovskite films with ToF-SIMS which has a higher detection
limit than FT-IR measurements. Fig. S15 (ESIt) shows the ToF-
SIMS profile (positive ion) of pure FAPbI; and FoAI added films.

Table 1 J-V characteristics of FAPbls perovskite solar cells. Values in brackets are from the best performing device under each condition

Jsc (mA cm™?) Voc (V) FF PCE (%)
Control 16.86 £ 0.53 0.964 % 0.023 0.649 & 0.036 10.71 £ 1.10
(Forward) (17.31) (0.979) (0.668) (11.47)
Control 17.17 & 0.48 0.977 + 0.007 0.687 £ 0.016 11.67 + 0.63
(Reverse) (17.55) (0.983) (0.704) (12.29)
With FoAl 18.98 £ 0.92 1.000 £ 0.005 0.685 & 0.010 13.16 + 0.84
(Forward) (19.63) (1.007) (0.696) (13.93)
With FoAI 19.05 £ 0.75 1.005 £ 0.008 0.717 & 0.010 13.90 £ 0.54
(Reverse) (19.59) (1.014) (0.721) (14.49)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 J-V characteristics of triple-cation perovskite solar cells
obtained by reverse scan (Voc to Jsc)

FoAI (mol%) Jsc (mA ecm™2) Voc (V) FF PCE (%)

0 21.30 £ 0.17 1.065 % 0.004 0.765 £ 0.008 17.36 £ 0.22

0.625 21.28 £ 0.09 1.077 £ 0.006 0.767 % 0.005 17.58 £ 0.10
1.25 21.28 & 0.02 1.082 £ 0.006 0.757 £ 0.005 17.41 £ 0.12
2.5 21.30 = 0.08 1.077 £+ 0.003 0.754 £ 0.005 17.30 & 0.18
5 21.25 £ 0.16 1.073 £ 0.010 0.756 & 0.006 17.24 £ 0.17

It is difficult to conclude whether the FoA ion is included in the
final films from positive ion mode because the FA ion and FoA
ion have a similar m/z value (FA: m/z = 45, FoA: m/z = 46).
Actually, the pure FAPDI; film showed a signal of m/z = 46, which
might result from isotopic atoms contained in FA ions. Then, we
checked negative ions included in FoAl added FAPbI; films.
Fig. S16 (ESIf) shows I and O ion distribution in FoAI added
films. O ions were not detected in the perovskite films, indicating
that FoAI is not included in the final films. We also could not
detect the O ion in FoAI added triple cation perovskite films as
shown in Fig. S17 (ESIt).

From inhibited 3-FAPbI; formation (Fig. 3(d)) and enhanced
PL intensity of perovskite films (Fig. 4(b)), there is a possibility
that FoAI affects the crystal growth of perovskite films. It is also
observed in the XRD patterns of the perovskite films (Fig. 3(d)
and Fig. S11(b), ESIf) that the FoAl added films showed
stronger intensity than the pure perovskite films. This result
also indicates that FoAI affects the crystal growth of perovskite
films. One of the possible mechanisms is that FoAl forms
adduct with Pbl, as mentioned above. It is known that adduct
formation leads to highly efficient PSCs.**** Furthermore, it is
reported that idodide defects in perovskite films affect the
device performance of PSCs.>® There is a possibility that iodide
from FoAI reduces the defects and improves the efficiency of
PSCs. Although further investigation is necessary to clarify the
detailed role of FoAl, we believe that FoAlI is one of the
promising materials to boost the PCE of PSCs.

Conclusions

In summary, we synthesized FoAI and applied it as a material for
PSCs. Through the fabrication and evaluation of FA; ,FoA,Pbl;
films, it was confirmed that FoAl is not incorporated in the
perovskite structure. However, it was confirmed that FoAI
improves the solubility of Pbl, probably due to the formation
of an adduct or complex. When FoAl was applied as an additive
for FAPbI; based solar cells, it was confirmed that §-FAPbI;
formation was suppressed and the photovoltaic performance of
FAPbI; PSCs was improved. The PCE of FAPbI; PSCs was
improved from 12.29% to 14.49% by adding 5 mol% of FoAl
in the precursor solution. We found that FoAI additive also
improves the photovoltaic performance of triple-cation (FA, MA,
and Cs mixed-cation) PSCs. FoAl added triple-cation perovskite
films showed higher PL intensity than control films and FoAIl
added PSCs showed slightly improved V. From the above results,
we assume that FoAI affects the crystal growth of perovskite films.
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We believe that FoAI will be one of the promising materials to
boost the performance of PSCs.
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