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HPbI;: A New Precursor Compound for Highly Efficient
Solution-Processed Perovskite Solar Cells

Feng Wang, Hui Yu, Haihua Xu, and Ni Zhao*

Recently, there have been extensive research efforts on developing high per-
formance organolead halide based perovskite solar cells. While most studies
focused on optimizing the deposition processes of the perovskite films,

the selection of the precursors has been rather limited to the lead halide/
methylammonium (or formamidium) halide combination. In this work, we
developed a new precursor, HPbl;, to replace lead halide. The new precursor
enables formation of highly uniform formamidium lead iodide (FAPbI;) films
through a one-step spin-coating process. Furthermore, the FAPbI; perovskite
films exhibit a highly crystalline phase with strong (110) preferred orienta-
tion and excellent thermal stability. The planar heterojunction solar cells
based on these perovskite films exhibit an average efficiency of 15.4% and
champion efficiency of 17.5% under AM 1.5 G illumination. By comparing the
morphology and formation process of the perovskite films fabricated from
the formamidium iodide (FAI)/HPbls, FAI/Pbl,, and FAI/Pbl, with HI additive
precursor combinations, it is shown that the superior property of the HPblI;
based perovskite films may originate from 1) a slow crystallization process
involving exchange of H* and FA" ions in the Pblg octahedral framework and

have been developed to produce ABX;
perovskite films for high efficiency solar
cells. Among these methods, the solution-
coating process that involves only the dep-
osition of the AX:BX, precursor mixture is
the simplest process and hence attractive
for future industrialization.”!' However,
the one-step solution-processed perovs-
kite films often encounter the problems
of film non-uniformity and incomplete
coverage.P#8 Accordingly, attempts have
been made to control the crystallization
process of perovskite to improve the film
quality. For example, Snaith et al. found
that the use of methylammonium chloride
(CH3NH;Cl) precursor could slow down
the formation process of CH;NH;PbI;
(also referred as CH;NH;PbI; Cl) and
thus improve the film morphology and
extend the carrier's lifetime.’% Seok et
al. deposited the perovskite films from

1120 wileyonlinelibrary.com

2) elimination of water in the precursor solution state.

1. Introduction

Hybrid organic-inorganic perovskites have recently emerged as
a promising candidate for the next-generation solar cells with
high efficiency, light weight, and low-temperature process-
ability.l] A general chemical formula of the perovskites can be
written as ABX;, where A is an organic cation (e.g., CH3;NH;*
or HC(NH,),"), B is a metal cation (Pb?*" or Sn?*), and X is a
halide anion.l?! The ABX; perovskite materials can be produced
by mixing the AX and BX, precursors in solution or vapor
phase, followed by thermal annealing. The fabrication process
of the ABX; perovskite thin films is of particular concern for
highly efficient solar cells, since it directly determines the uni-
formity and crystallinity of the perovskite layer. Four methods,
including one-step solution-coating,®! vapor-assisted deposi-
tion, sequential deposition,”! and dual-source evaporation,®!
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a mixed solvent of ybutyrolactone and

dimethylsulphoxide (DMSO), followed

by toluene drop-casting.'” This method
produces highly uniform and dense perovskite layers via a
“CH;3;NH;I-PbI,-DMSO intermediate phase” and results in
solar cells with a power-conversion efficiency (PCE) of 16.2%
and no hysteresis.'>!!l Meanwhile, Spiccia et al. demonstrated
that exposure of CH3;NH;PbI; precursor films to chloroben-
zene could be an alternative approach to facilitate the crystal-
lization of perovskites.'” In both methods, the starting time
and duration of introducing the inert solvent (e.g., toluene and
chlorobenzene) to the precursor film is critical to the quality of
the final product, therefore increasing the complexity of device
fabrication.

Besides crystallization, precursor solubility is another pro-
cessing parameter that affects the morphology of perovskite
films. It has been shown that the solubility of PbCl, in DMF is
greatly improved by introducing 1,8-diiodooctane solvent addi-
tive; this approach facilitates homogenous nucleation during
crystallization of CH3;NH;PbI;_Cl, perovskite films and sub-
sequently leads to an increase of solar cell PCE from 9.0% to
11.8%.1131 Apart from methylammonium lead iodide (MAPDI;),
formamidium lead iodide (FAPDbI;) perovskite has recently
received much attention due to its extended absorption range
and excellent charge transport properties.'l In order to pro-
duce uniform and continuous FAPDbI; perovskite films, it is
necessary to add a small amount of hydroiodic (HI) acid to the
precursor solution.['*2] However, the influence of HI and water
(present in the HI acid) on the formation of perovskite remains
unclear.
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Despite the extensive studies on optimizing the deposition
processes of perovskite films, the selection of the precursors is
rather limited to the Pbl, (or PbCl,) based material systems. In
this work, we present a new precursor compound, HPbI,, for
solution-processed fabrication of high-performance perovskite
solar cells. The precursor is synthesized by reacting PbI, with
HI and shows excellent solubility in DMF. It allows formation
of highly uniform, dense, and thick films of FAPDI; perovskite
through one-step spin-coating of HPbI,/formamidine iodide
(FAI) precursor solution in DMF. As compared to the FAPbI;
films fabricated from Pbl, based precursor systems, the HPDbI,/
FAI produced FAPDI; films exhibit much purer crystalline
phase with strong (110) preferred orientation. Such high crys-
tallinity benefits from a slow crystallization process involving
exchange of H" and FA* ions in the Pbl octahedral framework,
as well as elimination of water in the precursor solution state.
The FAPDI; films are integrated in a simple planar solar cell
structure and yield an average efficiency of 15.4% and cham-
pion efficiency of 17.5%, calculated from current—voltage scans
under AM 1.5 illumination.

2. Results and Discussion

2.1. Characterizations of HPbl;

The HPbI, compound was formed through a reaction of Pbl,
and HI in DMF (see “Experimental Section” for the detailed
synthesis procedure) and appears in light yellow in the powder
form (Figure S1, Supporting Information). The atomic ratio of

()

6.0

o o
=) o
! !

Weight (mg)

-~
&
!

o
o

0 100 150 200 250 300 350 400 450

[

PN
=3
-

Intensity (a. u.)

T T T T
800 600 400 200

Binding Energy (eV)

T
1000

www.afm-journal.de

I in the HPDbI, compound was first measured by thermogravi-
metric analyzer (TGA). As shown in Figure 1a, the compound
starts to decompose at 240 °C, accompanied by the release of
HI. Such high temperature implies the formation of chemical
bonds between HI and Pbl, during the reaction. The loss frac-
tion from 240 to 345 °C is =23.7% by weight, indicating the
molar ratio of Pbl, to HI in the compound is =1:1.1. X-ray
photoelectron spectroscopy (XPS) measurement further con-
firms the molar ratio of Pbl, to HI to be around 1:1 (Figure 1b).
These results suggest that the HPbI, compound is likely
to adopt a chemical formula of HPbI;, although we cannot
exclude the possibility of the existence of a very small amount
of other lead iodide phases in the powder. Note that there have
been reports on alkali lead iodides with a chemical structure
of MPbI;, M,Pbl,, or M Pbls and trihalogermanes with a
chemical structure of HGeX;.["" Interestingly, the solubility of
HPbI; in DMF is up to =2.5 M at room temperature. As shown
in Figure 2b, 2.0 M HPbI; could be dissolved in DMF within
5 min under stirring; in contrast, 2.0 M PbI, in DMF remains as
a slurry even after 2 days’ stirring at room temperature.

The crystal structure of the HPbI; compound was ana-
lyzed using x-ray diffraction (XRD) measurement and com-
pared with the structure of Pbl,. As shown in Figure 1c, the
XRD peak of Pbl, at 12.8° corresponds to a layered structure
with the interlayer spacing of 6.98 A along the z axis. Within
each Pbl, layer, Pb-I octahedrons are connected in an edge-
sharing fashion along both the x and y axes (Figure 2).1%
HPbI; adopts a similar XRD pattern with the low angle peak
shifted to 11.5°, indicating an increased interlayer distance in
HPDbI; as compared to Pbl,. Such expansion of the interlayer
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Figure 1. a) TGA spectrum and b) XPS spectrum of HPbl,. ¢) XRD patterns of HPbl; and Pbl,. * Highlights the XRD peaks corresponding to the (001)

plane of the layered structures.
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Figure 2. a) Schematic illustration of the configurations of Pbl,, HPbls, and FAPbI;. b) Solubility comparison of Pbl, (left) and HPbl; (right) in DMF.

Both solutions have a concentration of 2.0 m and have been stirred for 24 h.

spacing could originate from the intercalation of H* ions.
Similar phenomenon was also observed in the MAI-PbI,—
DMSO complex.!] Note that due to the coordination require-
ment between the iodine and lead ions in HPDbI;, the edge-
sharing configuration of the Pb-I octahedrons should be
changed to corner sharing along the x-axis. The detailed
analysis of the crystal structure of HPbI; can be found in the
Supporting Information.

2.2. Properties of Perovskite Films

We now turn to discuss the formation process of FAPbI; per-
ovskite using different precursor combinations. We compare
the perovskite films formed from FAI/HPDbI; FAI/PbI,, and
FAI/Pbl, with 5 vol% HI (57 wt% in H,0) additive, respec-
tively. (Note that the HI percentage is optimized for solar cells.
See more details in Table S1, Supporting Information.) The
XRD patterns of the films (Figure 3) confirm that all precursor
combinations can be converted to FAPbI; perovskite phase;
however, the FAI/HPbI; formed perovskite film exhibits the
highest crystallinity with strong (110) preferred orientation
(corresponding to the 13.9° peak). To understand the origin of
such difference, we further investigated the perovskite forma-
tion process as a function of annealing time (Figure S2, Sup-
porting Information). The results indicate that the complete
conversion to perovskite from FAI/PbI, and FAI/PbI, with HI
need =20 min and 5 min, respectively. On the other hand, the
FAI/HPbI; combination retards the reaction process to 40 min.
It is proposed that the formation of FAPbI; is driven by the
intercalation of FAI into the interlayer of PbL,.l""] In the case
of FAPDI; formed from the HPbI; network, the intercalation
process may be hindered by the hydrogen bonds between the
H* ions and Pb-I octahedrons. Besides, the release of excess
I” might also affect the crystallization kinetics. Accordingly, the
perovskite formation process is slowed down. It has been shown
previously for MAPDI; perovskites that a slow reaction/crystal-
lization process is beneficial for the formation of dense films

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with high crystallinity.''8] The same principle could be applied
to the FAPDI; system. Furthermore, comparing the DMF solu-
tion of HPbI3/FAI and Pbl,/FAI with HI additive, the former
brings in much higher concentration of H* and I~ with no trace
amount of H,O in the precursor solution state. The elimina-
tion of H,O is beneficial for the film quality as H,0O is unfa-
vorable for the perovskite formation with oriented crystallinity.
We also note that among the three FAPbI; samples formed
from different precursors, the FAI/HPDbI; produced sample
shows the best thermal stability. Upon annealing at 160 °C

(202) from FAI/Pbl»

from FAI/PbIz w1th 5% HI

L,

(110) from FAI/HPbI
J (220)

10 20 30 40 50 60 70
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Figure 3. XRD spectra of FAPbl; films synthesized by mixing FAI with
different Pb-based precursors on glass substrates.
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Figure 4. SEM images of FAPbI; fabricated from a,b) FAI/Pbl,, c,d) FAI/Pbl, with 5% HlI, e,f) FAI/HPbl; on compacted TiO, substrates. The scale

bars are 10 ym.

for 80 min, the sample still exhibits pure perovskite signals in
the XRD measurement (Figure S2, Supporting Information).

The morphology of the perovskite films synthesized from
the three different precursor combinations were investigated by
scanning electron microscopy (SEM). Figure 4a,b show incom-
plete coverage of the perovskite film formed from the FAI/PbI,
precursor solution. In contrast, FAI/PbI, with 5 vol% HI addi-
tive produces uniform perovskite film that can fully cover the
substrate with =0.4 pm grains (Figure 4c,d). The FAPbI; film
formed by FAI/HPDI; is also highly uniform and compact
(Figure 4e). The high-magnification SEM image of the film
reveals closely packed microrods with a diameter of =0.3 pm
and length of =1.5 pm (Figure 4f). It can also be seen that the
voids in the FAI/HPDI; formed film are much less than those
in other films. The rod-like and dense morphology in the
FAPDI; film could be beneficial to the performance of photovol-
taic devices.['18]

2.3. Device Performance

Planar solar cells consisting of a FTO/compact TiO,/perovskite/
spiro-MeOTAD/Ag structurel®!’l were used to evaluate the photo-
voltaic performance of the FAPDI; perovskite films. The detailed
fabrication information is described in Supporting Information.
To optimize the device performance, the thickness of the FAPbI;
films were tuned by varying the concentration of the precursor
solution while keeping the molar ratio of FAI to HPbI; (or Pbl,)
at 1:1. Table 1 summarizes the extracted short-circuit current
density (J), open-circuit voltage (V,,), and fill factor (FF) of the
optimized devices. Figure 5a shows the effect of film thickness
on the J, values for all three types of FAPbI; devices made from
different precursor combinations. The optimized thickness for
the FAI/HPDI; produced FAPbI; is around 330 nm, while the
value is reduced to 300 nm and 260 nm for the FAPDI; films

Adv. Funct. Mater. 2015, 25,1120-1126
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made from the FAI/Pbl, with 5% HI and FAI/PbI, combina-
tions, respectively. Interestingly, the FAI/HPbI; based perovskite
solar cells exhibit an average J,. of 23.8 mA cm™2, surpassing the
performance of the FAPDI; solar cells fabricated from FAI/PbI,
(15.2 mA cm™) and FAI/PbI, with 5% HI (20.2 mA cm™2). The
wavelength-dependent external quantum efficiency (EQE) spectra
shown in Figure 5b further confirm the current-voltage measure-
ment results, demonstrating an improved photoresponse of the
FAI/HPbI; produced perovskite solar cells over a broad spectral
range (450-840 nm). The J. estimated from the EQE spectrum
is =18.5 mA cm2, lower than the average J, obtained from the
I-V scans of the solar cells. The J,. difference can be explained
by two factors: First, the onset of our EQE measurement is
400 nm, therefore the contribution from the UV portion
(<400 nm) of solar radiation is not considered when estimating
the J,. value. Second, we note that the J,. measured from an -V
scan is 10% higher than the one measured by directly biasing the
device at 0 V. This is probably the consequence of the anoma-
lous hysteresis and bias effect of the solar cells, which will be
discussed later on.

Besides the effect of film thickness, the variation in the solar
cell performance can be readily explained by the different film
morphologies and crystal structures. The low J. and V, values of

Table 1. Solar cell performance of FAPbI; films produced from different
precursor combinations.?)

Cell Jse Vi FF PCE
[mAcm? V] (%)

FAPbI; (FAI/Pbl,)
FAPbI; (FAI/Pbl, with 5% HI) 202409 0.88%0.06 0.62+0.08 109+15
FAPbI; (FAI/HPbI3)

152+£0.7 065+£0.05 045+0.10 4.6%1.5

23.8+1.1 095+0.08 0.65+£0.10 15.4+£1.7

AData for FAPbI;(FAI/HPbI;) is averaged from 80 devices and 16 devices for
others.
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Figure 5. a) /. values of FAPbI; solar cell devices as a function of film thickness. b) External quantum efficiency (EQE) spectra of representative FAPbl;

solar cell devices. The spectra are measured by biasing the device at 0 V.

the FAI/PbI, based solar cells are mainly due to the incomplete
film coverage and large surface roughness (around 80 nm).['>20]
High leakage current and low shunt resistance are also observed
for this device (Figure S4 and Table S2, Supporting Informa-
tion). For FAI/PbI, with 5% HI and FAI/ HPbI; produced films,
the size and orientation of the crystal domains may be the main
factors that cause their different photoresponse. In the perovs-
kite films formed from FAI/HPDbI;, the large crystal domains
and (110) texture are beneficial for transport of photogenerated
charge carries, leading to increased photocurrent. We also note
that the average V. of the FAI/HPbI;-based solar cells is slightly
higher than the FAI/ Pbl, with 5% HI based devices. From the
transient photovoltage response (Figure S5, Supporting Infor-
mation), we do not observe any significant difference between
the two devices, which indicates that the charge recombination
dynamics in the two perovskite films are similar. Therefore, we
suspect that the V, difference might originate from the different
Fermi-level positions in the two films.

Recently, anomalous hysteresis has been observed in the
J-V curves of perovskite solar cells, especially in the planar-
structured configuration.”!! We also recorded the J-V curves
of the devices with different scanning directions, as well as
the stabilized power output of the cells held at the maximum
power point (Figure 6). The results show that the PCE estimated
from the stabilized power output measurement is between the
PCE values obtained from the forward bias (FB) to short-circuit
(SC) and SC-to-FB J-V scans. Although such power output
variation is more severe in the FAI/HPbI; produced solar cells,
the devices still yield higher PCEs than the other two types of
solar cells in every measurement method. A comparison of
the average PCEs (estimated from FB-to-SC scans) of the three
types of solar cells is provided in Table 1. The J-V scan of the
champion FAI/HPDI; based device is shown in Figure 6c. A
PCE of 17.5% is achieved at the FB-to-SC scan direction. Recent
studies show that the [~V hysteresis could be reduced by intro-
ducing the meso-TiO, structures in perovskite solar cells.[%1¢d]

3. Conclusion

In summary, we have developed a new precursor compound,
HPbI;, for fabrication of high efficiency perovskite solar cells
via solution process. The compound shows excellent solubility

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(up to =2.5 m) in DMF at room temperature, and can react with
FAI to produce FAPbI; perovskite films with high uniformity
and excellent thermal stability. As compared to the previously
reported FAPDI; films produced from the PbI, based pre-
cursor combinations, the HPbI; based FAPDI; films exhibit
much purer crystalline phase with strong (110) preferred ori-
entation. Such high crystallinity benefits from a slow crystalli-
zation process involving exchange of H* and FA* ions in the
Pbl, framework. The high quality FAPDI; films are integrated
in a simple planar solar cell structure and yield an average effi-
ciency of 15.4% and champion efficiency of 17.5% (estimated
from FB-to-SC scans) under AM 1.5 illumination. The simple
preparation of HPbI;, together with the facial solution deposi-
tion technique, is expected to improve the reproducibility and
scalability of perovskite solar cells. The versatility of the new
precursor compound can be further demonstrated by the suc-
cess of using (1) FAI/ HPDbI; to fabricate FAPbI; perovskite on
meso-porous TiO, substrates (Figure S6, Supporting Informa-
tion), and (2) MAI/HPbI; to synthesize MAPDI; (Figure S7,
Supporting Information). We therefore believe that the engi-
neering of such precursor systems may open new possibilities
to fabricate perovskite with new functionalities.

4. Experimental Section

Perovskite ~ Precursor Synthesis: FAl powders were synthesized
according to a previously reported method.l'*?l Briefly, formamidinium
acetate (Sigma-Aldrich, 298.0%) was dissolved in 57%w/w hydroiodic
acid in a molar ratio of 1:2. The precipitate was recovered upon
evaporating the solvent at 60 °C under reduced pressure. After washing
with diethyl ether and recrystallized with ethanol, formamidinium iodide
powders were obtained. HPbl; powders were prepared by mixing Pbl,
(Sigma-Aldrich, 99%) and 57%w/w hydroiodic acid (molar ratio is 1:1.5)
in DMF with stirring for 1 h. The excess HI was used to ensure complete
conversion of Pbl, into HPbls. Parts of the excess HI could be removed
during solvent evaporation at 80 °C under reduced pressure. The residue
HI is washed by copious diethyl ether until supernatant turned to
colorless. The collected powders are stored in an oven at 40 °C.

Solar Cell Fabrication: The TiO, compact film precursor solution
in ethanol consists of 0.3 M titanium isopropoxide (Sigma-Aldrich,
99.999%) and 0.01 m HCl. An =40 nm dense TiO, film was coated
onto F-doped SnO, (FTO) substrate by spinning titanium precursor at
5000 rpm, followed by annealing at 500 °C for 1 h. The synthesized FAI
and HPbl; powders were mixed with a molar ratio of 1:1 in DMF and
stirred for 10 min, and then filtered with a PTFE filter with 0.45 pm pore

Adv. Funct. Mater. 2015, 25, 1120-1126
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Figure 6. a) Comparison of the FB-to-SC and SC-to-FB J-V curves of different FAPbI; devices measured under AM 1.5 simulated sunlight. b) Stabilized
power output as a function of time for the same FAPbI; devices measured in a). The cells were placed in dark for >1 min prior to the start of the illu-
mination. See “Experimental Section” for the details of the measurement procedure. c) J-V curves measured under AM 1.5 simulated sunlight for the

best FAPbI; device made from the FAI/HPbl; combination.

size. The precursor solution was deposited onto TiO,/FTO substrate by
spin-coating at 3000 rpm for 60 s. After drying the film on a hotplate
at 130 °C for 0.5 h and 160 °C for 1.0 h, the color of the film turned
from yellow to black, indicating the formation of FAPbI;. The thickness
of FAPbI; perovskite was controlled by varying the concentration of the
precursor solution from 0.8 m—1.1 m. The highest PCE value of FAPbI;
(from FAI/HPbI;) was achieved from 1.0 m perovskite solution. The
spiro-OMeTAD based hole-transfer layer was prepared by dissolving
60 mg spiro-OMeTAD, 30 pL lithium-bis(trifluoromethanesulfonyl)
imide (Li-TFSI) solution (520 mg Li-TFSI in 1 mL acetonitrile), and
40 pL 4-tert-butylpyridine in 1 ml chlorobenzene. The devices were
put into a dry cabinet for 15 h for oxidization of Spiro-OMeTAD. The
hole-transfer layer was deposited by spin-coating at 5000 rpm for 30 s.
Finally, a 100 nm silver layer was deposited by thermal evaporation at a
pressure of 1 x 10~ mbar. All device fabrication steps were carried out in
a N,-purged glovebox.

Measurement and Characterization: The XRD patterns of the products
were recorded with a Rigaku ru-300 diffractometer using Cu Koy
irradiation (A = 1.5406 A). The general morphologies of the films were
characterized by SEM (Quanta 400). The percentages of HI in HPbl;
were determined by a thermogravimeteric analyzer (TGA6, Perkin-Elmer)
under N, flow (20 mL min™') with a heating rate of 10 °C min~'. Sample
thicknesses were measured using an Alpha step 500 Surface profiler.
The current density-voltage (J-V) curves were measured (Keithley
Instruments, 2612 Series SourceMeter) under simulated AM 1.5 sunlight
generated by a 94011A-ES Sol series Solar Simulator. The effective area
of the cell was defined as 0.05 cm?. EQE were measured with a Keithley
2400 Source Meter under monochromatic illumination generated by
passing the light beam from a 250 W quartz tungsten halogen lamp
into a Newport 74215 Oriel Cornerstone 260 1/4 m monochromator.
A calibrated silicon diode with a known spectral response was used as
a reference. The J. values were extracted from J-V curves under short-
circuit conditions and by directly biasing the device at 0 V, respectively.
For the transient photovoltage decay measurements, a white light bias
was generated from a halogen lamp. A Newport LQD635-03C laser

Adv. Funct. Mater. 2015, 25,1120-1126
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diode was used to generate transient light illumination in the devices.
The anode and cathode of the device were connected across a 1T MQ
load resistor and connected to a Tektronix TDS 3014C Oscilloscope,
allowing the modulated changes in the photovoltage under open circuit
condition to be recorded.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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