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ABSTRACT: A new nearly cubic NH,CH=NH,PbI,
(FAPDbL;) perovskite was synthesized for the mesoscopic
solar cells. The measured band gap of bulk FAPbI; is 1.43 eV
and it is therefore potentially superior than the CH;NH,;PbI;
(MAPDIL;) as the light harvester. A homogeneous FAPbI,
perovskite layer was deposited on the TiO, surface by utilizing
the in situ dipping technology. As a result, a high efficiency of
7.5% was achieved using P3HT as the hole transport material.
The nearly cubic crystal structure and appropriate band gap
render this new FAPDI; perovskite extremely attractive for next
generation high-efficiency low-cost solar cells.

1. INTRODUCTION

It has been recognized that solar energy is one of the promising
resources of renewable energy to power our lives. Compared
with conventional crystalline silicon cell, thin film solar cell
technology promises to reduce the cost of light-to-electricity
conversion by using abundant materials and easy fabrication
procedures."” A variety of promising light absorbing materials
has been explored in both organic and inorganic systems.
Generally, organic materials suffer from short llfetlme for their
degradation when exposed to light for a long time,>* and the
inorganic absorbers (e.g., quantum dots, QD) require a
complicated synthetic procedure to satisfy the solution
processing requirement.s_7

Recently, due to the high processability, large optical
absorption cross section and excellent thermal stability,
organolead halid perovskites (APbX;) have become one of
the most promising light harvesters for mesoscopic solar
cells.*>* More and more new efficiency records of perovskite
based solar cells have been achieved at rather short intervals.
Up to now, a record efficiency of ~15% has been achieved by
solution processed MAPbI; (MA: CH;NH;") containing
perovskite solar cells.”” The optical absorption coefficient of
MAPDI, is about 1.5 X 10* cm™ at 550 nm and thermally stable
up to 300 °C.>'"** In the MAPbI; perovskite structure, the
larger MA cation and the smaller Pb cation are, respectively,
coordinated to twelve and six I anions, and Pblg octahedra are
corner-shared to form a three-dimensional framework. The
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electronic properties of Pb halide perovskites are strongly
dependent on the geometry of the three-dimensional network
of the PbX octahedra.”® The measured band gap of MAPbI, is
1.51 eV at room temperature, which is higher than the
optimized band gap value (1.40 eV) according to the
Shockley—Queisser limit curve for a single band gap solar cell.**
To tune the band gap, one attempt is to substitute I with Br
or Cl anions, resulting in the band gaps changed from 1.51 to
222 or 3.62 eV, respectively.”” Such a modification is
unfavorable for a wide range of light harvesting. Another
strategy is to substitute the A site cations because the band gap
of the perovskite is very sensitive to any modification
(enlargement, tilting, and/or deformation) of the octahedra
network.”® It is known that, at room temperature, MAPbI,
perovskite is a tetragonal rather than a cubic structure due to
the smaller size of methylammonium cation (CH;NH;")
according to the tolerance factor f = (rgy + ry)/V/2(ra +
r¢).>¥* The substitution of A site with a larger cation is thus
expected to yield a higher symmetry of the perosvskite structure
and a decrease of the band gap as well However, the
replacement of CH;NH,;" with a long chain ethylammonium
cation (CH;CH,NH;*) produces a layered perovskite crystal-
line structure with a band gap increased to 2.2 eV.* The failed
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formation of the three-dimensional framework should be owed
to the oversize CH;CH,NH; cation. Therefore, it is logically
teasible to employ an organic amine cation that is smaller than
CH,;CH,NH;" but larger than CH;NH," in size to fill the A
site. A formamidinium cation (HC(NH,),") with three atoms
(excluding hydrogen) is smaller than that of CH;CH,NH;" but
larger than CH;NH;".*>%’

In this paper, we have, for the first time, employed
HC(NH,)," to substitute CH;NH;" to synthesize the pure
FAPDI; perovskite and subsequently study its photoelectro-
chemical properties as sensitizer in mesoscopic solar cells. It is
demonstrated that the synthesized FAPbI; possesses a band gap
of 1.43 eV and its corresponding absorption edge reaches 870
nm, which is superior to MAPbI; (820 nm) to serve as a light
harvester."" It is noteworthy that the in situ dipping technology
is more adoptable to synthesize the high-quality FAPDbI; crystals
upon a mesoporous TiO, scaffold at a lower processing
temperature compared with a one-step spin-coating method.
With poly(3-hexylthiophene) (P3HT) as the hole transport
material (HTM) and a gold back contact, a power conversion
efficiency of 7.5% with an open circuit voltage of 0.84 V and
short circuit current of 18.3 mA/cm? was obtained. Considering
its nearly cubic crystal structure and appropriate band gap,
there still remains big room for further improvement of the
FAPDI, solar cells through optimizing the FAPbI; thickness and
crystallinity and also employing new hole transport materials.

2. EXPERIMENTAL SECTION

2.1. Synthesis of FAI. FAI was first prepared by directly mixing 3 g
of formamidine acetate and 8.2 g of HI (45 wt % in water) at 0 °C for
2 h. The precipitate was collected by rotary drying at 65 °C for 30 min,
which was followed by washing with a mixture of ethanol and diethyl
ether by air pump filtration. The white solid was finally dried at 60 °C
under vacuum for 2 days.

2.2. Synthesis of Bulk FAPbI; Peroviskite. FAPbI; perovskite
powder sample was prepared by a solution method. The mixture of
Pbl, and FAI with a mole ratio of 1:1 was first dissolved in y-
butyrolactone (GBL) to form a 40 wt % solution. FAPbI; perovskite
powder sample was prepared via evaporating the GBL solvent at 180
°C for 10 min on a glass substrate.

2.3. Electronic Structure Calculations. The electronic structure
calculations were performed using the first-principles pseudopotential
based density functional theory as implemented in the SIESTA
package.”®*® This software employs a localized orbital basis in the
representation of wave functions. The double-{ polarized numerical
atomic orbital basis set is adopted to provide sufficient accuracy, and
the core electrons are represented by norm-conserving pseudopoten-
tials and the Perdew—Berke—Emzerhof exchan§e correlation energy
within the generalized gradient approximation.”® In the calculation,
HC(NH,)," was ignored and a uniform background charge density
was added to neutralize the charge.

2.4. Synthesis of TiO, Gel. The TiO, dense layer was prepared
using a sol—gel procedure.”’ 10 mL of titanium(IV) isopropoxide was
mixed with 50 mL of 2-methoxyethanol and 5 mL of ethanolamine in a
three-necked flask each connected with a condenser, thermometer,
and argon gas inlet/outlet. Then, the mixed solution was heated to 80
°C for 2 h under magnetic stirring, followed by heating to 120 °C for 1
h. The two-step heating was then repeated for two times to prepare a
viscous solution.

2.5. Solar Cell Fabrication and Characterization. Fluorine-
doped tin oxide (FTO) coated glass was patterned by etching with Zn
powder and 1 M HCI diluted in Milli-Q water. The etched substrate
was then cleaned with ethanol, saturated KOH solution in isopropanol,
and water and then dried with clean dry air. Subsequently, a 30 nm
thick dense TiO, layer was fabricated from TiO, gel as described
above. After a treatment with heat at 500 °C for 30 min, a 500 nm
thick TiO, porous layer was fabricated on the TiO, dense layer from a
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dilute commercial TiO, paste (1:2.5 with ethanol by weight) at 3000
rpm. The layers were then sintered in air at 550 °C for 30 min. For the
one-step solution processed solar cells, a thin FAPbI; perovskite layer
was formed by spin-coating of 40 wt % PbI,:FAI mixture in N,N-
dimethylformamide (DMF). To get a pure FAPbI; perovskite phase,
the mole ratio of Pbl, to FAI was modified to 1:1.5. For the solar cells
fabricated using the in situ dipping technology, Pbl, powder was first
dissolved in DMF solution to form a 0.8 M solution and then spin-
coated (3000 rpm) on the mesoporous TiO, film to prepare a FTO/
TiO,/Pbl, structure.”> The in situ reaction was carried out by directly
dipping the FTO/TiO,/Pbl, substrate into an isopropanol solution
containing 5 M FAI until the Pbl, film became dark brown, followed
by a heating treatment at 100 °C for 10 min. The HTM (1,2
dichlorobenzene solution containing 10 mg/mL P3HT) was cast onto
the perovskite coated substrate and spun at a rate of 1500 rpm for 60 s.
Finally, a 60 nm Au electrode was thermally evaporated to complete
the solar cells. J-V characteristics were measured (2400 Series Source
Meter, Keithley Instruments) under simulated AM 1.5G sunlight at
100 mW/cm? The area of the perovskite solar cells were typically 0.15
cm? External quantum efficiency (EQE) measurements were carried
out on a Newport setup comprising a Xe lamp, a monochromator, a
current—voltage preamplifier, and a lock-in amplifier. It is worth noting
that all the device fabrication and measurement is under ambient
conditions at a relative humidity of 30—40%. The characterization of
the materials was summarized in the Supporting Information.

3. RESULTS AND DISCUSSION

To synthesize FAPbL;, the formamidine iodide (HC(NH,),l,
FAI) was first prepared by directly mixing formamidine acetate
and hydroiodic acid (HI) at 0 °C. The elemental analysis shows
the weight ratio of C:N:H:I in the as-prepared FAI is
7.00:16.33:2.99:73.68, which is in very good agreement with
theoretical atomic ratio of 1:2:5:1(C:N:H:I).The 'H and *C
nuclear magnetic resonance (NMR) of the white powder were
further characterized to verify the purity of the FAI (see
Supporting Information, Figure S1—2). The FAI is very pure
with no presence of any impurity. Subsequently, the black
FAPDI; powder sample was prepared by the solution method. It
was found that the mixture of Pbl, and FAI with a mole ratio of
1:1 was soluble in DMF and GBL. In this paper, bulk FAPbI;
sample was prepared via drying GBL solution at 180 °C on
glass or quartz substrates. For the construction of the FAPDI;
solar cells, thin FAPbI; perovskite layers were formed by one-
step solution processing and two-step dipping technology,
respectively, which will be described in details later.

The FAPbI; powder on the glass substrate was characterized
by powder X-ray diffraction (XRD) on a Bruker-AXS
Microdiffractometer with Cu Ka radiation at room temper-
ature, as shown in Figure 1. The sharp diffraction peaks indicate
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Figure 1. Typical XRD pattern of the FAPbI, film on a glass substrate.
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Figure 2. (a) Primitive unit cell of the trigonal crystal structure of FAPbIL;. (b) The cubic structure with a slight distortion when ignoring the
displacement and orientation of HC(NH,)," cations. (c) The schematic brillouin zone, calculated band structure and electronic density of states for
the FAPDI;, respectively. The Fermi level is chosen as the energy reference at 0 eV.
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Figure 3. Optical, electronic and thermal properties of the FAPbL,. (a, b) UV—vis/NIR absorption spectrum and transformed Kubelka—Munk
spectrum of FAPDI, film that was formed by drop casting on a quartz substrate of the GBL solution containing PbI, and FAI with a mole ratio of 1:1

and then annealled at 180 °C for 10 min, respectively. (c) Photo electron spectroscopy in air (PESA) of FAPbI, film on glass substrate. (d) Weight
loss as a function of temperature.

the high crystallinity of the as-synthesized FAPbI; compound.
Rietveld refinement analysis of the X-ray powder diffraction
pattern indicates that the synthesized FAPbI; is a pure phase
with the space group of P3m1 (Supporting Information, Figure
$3),> which was in good agreement with the very recent
report.>® A point worth emphasizing is, under our experimental
condition (section 2), that no decomposition of the

formamidine was found. The high quality of the FAPbI; yields
the possibility to exactly study its photoelectric properties in
mesoscopic solar cells.

In the ideal cubic Pm3m structure of ABX; perovskites, the
single A atom (such as Cs) could occupy the position in the
center of the cube of the perovskite structure. In the case of
HC(NH,),", this is not possible in this space group because the
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HC(NH,)," cations tend to be disordered in the cuboctahedral
cages formed by 12 nearest-neighbor iodine atoms from the
Pbls*~ octahedra.”® As a result, the synthesized FAPbI; adopts
the P3m1 trigonal space group with lattice parameter of a =
9.0008(8) A, b =9.0008(8) A, ¢ = 11.012(2) A, and a = 90°,
90°, y = 120° (Figure 2a), according to the Rietveld
refinement. When the effect of HC(NH,)," on the symmetry of
crystal lattice was ignored, the FAPDI; could then be regarded
as a nearly cubic structure, as shown in Figure 2b. The tiny
change of Pb—I bonds length (3.169—3.181 A) in Pbl,
octahedra also supports its close relationship with the cubic
structure, whereas in the tetragonal distortion of cubic MAPDI;,
the Pb—I bonds length varies from 3.156 to 3.213 A 1t has
been reported that the electronic properties of such compounds
are strongly dependent on the inorganic framework.”*** At this
point, the band gap of FAPbI; should be close to that of their
ideal cubic MAPDI;. On the basis of the data obtained by the
Rietveld refinement, band structure and density of states
(DOS) were theoretically calculated for FAPbIL; perovskite as
shown in Figure 2¢.>*** The electronic band structure along
the high-symmetry k lines and the projected density of states
show that FAPDI; has a well-defined direct band gap of 1.50 eV
at A (0, 0, 1/2).

In Figure 3a, the transmittance spectrum shows the strong
absorption of the light with the wavelength shorter than 870
nm. The diffuse reflectance spectrum (SSI) and the trans-
formed Kubelka—Munk spectrum for the FAPbI; powder were
presented in Figure 3b. The optical absorption coefficient (a) is
calculated using reflectance data according to the Kubelka—
Munk equation, F(R) = a = (1 — R)?/2R, where R is the
percentage of reflected light.>® The incident photon energy
(hv) and the optical band gap (Eg) are related to the
transformed Kubelka—Munk function, F(R)ht? = A(hv — Eg),
where A is the constant and p is the power index that is related
to the optical absorption. Similar to MAPDIL;, there is a obvious
“cut-off” feature in the UV—vis/NIR absorption spectrum,
indicating the FAPbI, is also a direct band gap semiconductor.
The measured band gap is ~1.43 eV from the extrapolation of
the liner part of F(R)ht* plot, coinciding well with the
theoretical calculation. The absorption edge reaches 870 nm,
which is about 30 nm wider than that of the MAPbI; measured
under the same condition. The extended absorption edge could
bring ~6% more light absorption according to the standard
solar spectrum. The measured valence band (VB) of FAPbI,
film on a glass substrate by Photo Electron Spectroscopy in air
(PESA)*® was —5.38 eV and from the observed optical band
gap, the conduction band (CB) of FAPbI, is calculated to be
—3.95 eV. The thermogravimetric analysis result under an
argon atomosphere in Figure 3d shows that the bulk sample
was thermally stable up to 300 °C and he 26% weight loss was
consistent with the complete decomposition to Pbl, at 430 °C.

Similar to the previous reports about the MAPDI; solar cells,
FAPDI,; thin layer absorber was first fabricated by spin-coating a
40 wt % DMF solution of FAI and Pbl, with a modified mole
ratio (see section 2). Unlike the MAPbI, perovskite, the one-
step spin-coated Pbl,:FAI film could not change to very dark
under a 100 °C thermal annealing treatment, as shown in
Figure S4 (Supporting Information). With the increase of the
annealing temperature from 100 to 160 °C, the color of the
FAIL:PbI, changes to dark and then fade. The corresponding
XRD patterns of these samples are shown in Figure 4c—f. For
comparison, the XRD patterns of calculated FAPbI; perovskite
and FTO/TiO, substrate are also presented in Figure 4a,b,
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Figure 4. (a) Calculated XRD pattern of FAPbI,. (b) The XRD
pattern of the FTO/TiO, substrate. (c—f) The XRD patterns of the
spin coated FALPbI, solution on the mesoporsous TiO, films and
annealed at 100, 120, 140 and 160 °C for 30 min, respectively.

respectively. As shown in Figure 4¢, with a 100 °C thermal
treatment, only a low content of the FAPDI; perovskite was
formed. Besides the peaks from the FTO/TiO, substrate and
the FAPDI; perovskite, there are some additional diffraction
peaks, as marked with “#”, which attributes to the presence of a
new yellow P63mc FAPDI; phase with layered crystal structure
(Supporting Information, Figure $5).** With the annealing
temperature increased to 120 °C, there is a little increase of the
content of the FAPbI; perovskite according to the diffraction
intensity. When the annealing temperature increased to 140 °C,
almost all the diffraction peaks could be indexed to the FAPbI,
perovskite (Figure 4e). With the temperature increased to 160
°C, there is some Pbl, (*) appeared in the FAPbI; film.

The FAPDbI; based solar cell was fabricated with P3HT as the
HTM. The VB of FAPbI; is —5.38 eV below vacuum level,
which is lower than that of P3HT (Figure Sa). For the device
fabrication, the spin-coated FAI:Pbl, was thermally annealed at
120, 130, 140 and 150 °C for 30 min, to serve as the light
harvester, and P3HT was spin-coated on top of the perovskite
layer. It was found that the solar cell annealed at around 140 °C
delivered the highest efficiency as shown in Figure S(b). An
open-circuit voltage of 0.55 V and a short-circuit current
density of 16.6 mA/ cm? were achieved. The overall conversion
efficiency is 3.7%, which is comparable to the MAPbI; CI,
solar cell (3.8%) and lower than MAPDI, solar cell (6.7%) also
using P3HT as the HTM.'”*” There are many reasons
responsible for the relatively poor performance, such as the
unoptimized film thickness and spin-coating condition. Another
very important reason is proposed to the relatively high
annealing temperature, which may result in a poor crystal
quality for the formation of more defects in the perovskite
layer. The same result was also found in the literature.”

In previous reports concerning the lead iodide perovskite
solar cells, the perovskite quantum-dots were crystallized out
from the solvents such as GBL and DMF, resulting in low
coverage on the TiO, surface. The two-step solid-solution
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Figure S. (a) Schematic energy level diagram of TiO,, FAPbL; and P3HT. (b) The photocurrent density—voltage (J—V) curve of the spin coated

FAPbI; solar cells with an efficiency of 3.7%.

process for the MAPbI; as shown in Fi§ure 6 could obviously
enhance the solar cell performance.””** Another advantage is

(2) (b)

In situ
dipping reaction

RV (o

\ 5 Pbl,

i

Figure 6. (a) Schematic illustration of in situ formation of FAPbI; by
in situ dipping reaction of Pbl, and FAI on the TiO, surface.

that such an in situ dipping technique could also decrease the
reaction temperature. This is especially important for the
FAPDI; based solar cells. In a typical procedure, a Pbl, solution
was first spin-coated on a mesoporous TiO, film to produce a
FTO/TiO,/Pbl, structure with a bright yellow color. Then the
FTO/TiO,/Pbl, substrate was dipped in a dilute FAI solution.
The reaction of solid Pbl, and FAI solution was very fast.
During the reaction, the color gradually changed from yellow to
dark red. The complete reaction time highly depends on the
thickness of the Pbl, film and the concentration of the FAL In
our experimental conditions, a 1 min dipping time could get the
pure phase as a nearly cubic FAPbI; perovskite film, as shown
in the optical images in Figure S6 (Supporting Information)
and its corresponding XRD patterns in Figure S7 (Supporting
Information). With increased dipping times, the color of the
film changed from yellow (Pbl,) to dark (FAPbI, perovskite)
and then faded. This phenomenon is in agreement with the
published results.*® Therefore, the control of the dipping time
is of great importance for the FAPbI; based mesoscopic solar
cells.

As above-mentioned, such a two-step dipping reaction could
directly form a dark red layer even without additional thermal
treatment as shown in Figure 7a. The transmission electron
microscopy (TEM) image (Figure 7b) of the TiO,/FAPbI,
sample scratched from the mesoporous film reveals the
formation of the FAPbI; perovskite thin film on the TiO,
surface, which is much different from the MAPbI; quantum
dots structure prepared from the one-step spin-coating
technique from the GBL solution. After the in situ dipping
reaction, as shown in Figure 7c,d, there are still many FAPDI;
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(a)

Figure 7. (a) Schematic illustration of in situ formation of FAPbI; by
in situ dipping reaction of Pbl, and FAI on the TiO, surface. (b)
HRTEM image of the FAPbI; continuously covered on the
mesoporous TiO, film. (c, d) Surface and cross-section SEM images
of FAPbL,/TiO, film.

domains on the mesoporous TiO, surface. The large FAPbI,
particles are of polyhedron structure with the size of ~0.5—1
um. The cross-section scanning electron microscopy (SEM)
image in Figure 7d and the EDS mapping for titanium, lead,
and iodine in Figure S8a—d (Supporting Information) further
indicate that the homogeneous reaction of Pbl, and FAI
throughout the whole mesoporous TiO, layer and the FAPDI,
are both located in the mesopores and top-surface of the
mesoporous TiO, layer.

The phase purity of the FAPbI; formed via the two-step
dipping reaction was studied by XRD, as shown in Figure 8,
which is in very good agreement with the calculated XRD
powder pattern of FAPbI;. The two-step dipping reaction
followed by a 100 °C thermal annealing treatment could
efficiently form a pure phase nearly cubic FAPbI; perovskite
crystal structure. The lower temperature processing feasibility is
one of the huge advantages of the two-step dipping technique
over the one-step spin-coating method.

After the in situ dipping reaction and thermal annealing
treatment of FAPDI; layer at 100 °C for 10 min, 10 mg/mL of
P3HT in 1,2-dichlorobenzene was spin-coated on the FAPbI;
film at 1500 rpm. Then a 60 nm thick Au electrode was
evaporated on the top of P3HT through a shadow mask. Before
spin-coating P3HT layer, the absorption spectra of FTO/TiO,/

dx.doi.org/10.1021/cm404006p | Chem. Mater. 2014, 26, 1485—1491



Chemistry of Materials

FTO/TiO,/FAPbI,
& FTOITIO,
:E. N
£ |(b)
2 L A
FAPDI,
@) ‘
SN N I !|,|lll, Lol
10 20 30 40 50 60 70

2 Theta (deg.)

Figure 8. (a) Calculated XRD pattern of FAPbL,. (b) The XRD
pattern of the FTO/TiO, substrate. (c) The XRD pattern of the
FAPDI; on the mesoporsous TiO, film synthesized by the in situ
dipping technology and subsequently heated at 100 °C for 30 min.

FAPbI; and FTO/TiO, films were measured, as shown in
Figure 9a. The FAPbI; perovskite in the mesoporous TiO, film
shows an absorption edge at ~820 nm. The blue shift of
absorption edges of the FAPbI; perovskite in mesoporous TiO,
(820 nm) than that on the glass substrate (870 nm, Figure 2a)
is ascribed to the quantum size effect. Figure 9b presents the J—
V curve for FAPDI; based solar cell. The power conversion
efficiency of FAPbI; based solar cell reaches 7.5%, with an
open-circuit voltage of 0.84 V and a short-circuit current
density of 18.3 mA/cm”. It is proposed that there are two
reasons responsible for the improvement of the power
conversion efficiency based on the in situ dipping reaction
over the one-step spin-coating technique. One is an improved
loading of the FAPbI, in the holes of meso-porous layer.”*
Another reason is the relatively low annealing temperature of
the FAPbI; film. Additionally, compared with the traditional
MAPDI; based solar cell, the FAPbI; solar cell exhibits a very
high current density.”” Such improvement is due to its wider
absorption range than the MAPbI; as shown in Figure S9. The
FAPDI; will provide new opportunities for improving the
efficiency of the perovskite solar cells.

4. CONCLUSIONS

In summary, a new FAPbI; adopts the P3m1l trigonal space
group was synthesized and studied. The lattice parameters of
the FAPbI, are of a = 9.0008(8) A, b = 9.0008(8) A, ¢ =
11.012(2) A, and @ = 90°, # = 90°, y = 120°. Therefore, the
new compound could be considered as a nearly cubic
perovskite structure with a slight distortion when ignoring the
displacement and orientation of HC(NH,)," cations. The
FAPDI; based solar cells were subsequently fabricated by one-
step solution processing and two-step dipping technology,
respectively. It was found that the two-step dipping technology
was more favorable to achieve a relatively high efficiency due to
feasibility of forming a phase-pure FAPDbI; perovskite at
relatively low temperaure (100 °C). The nearly cubic crystal
structure and extended light absorbance render this new
FAPDI; perovskite extremely attractive for the high efficient
perovskite solar cells.
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