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Abstract

Organo metal halide perovskite is a promising material in photovoltaic (PV) cells. Within
a short time, its performance has increased dramatically to become a real competitor to
silicon solar cells. Here we report on temperature dependence (annealing temperature and
the dependence of the photovoltaic parameters on temperature) of formamidinuim (FA)
lead iodide (FAPbI3), methylammonium (MA) lead iodide (MAPbI3) and their mixture
(MAPbI;:FAPbBI;3) in a hole conductor free perovskite solar cells. These three types of
perovskites function both as a light harvester and as a hole conductor. Surface
photovoltage and optical characterization reveal the p-type behavior and the band gap of
the different perovskites. We observed that the ratio between the MA to FA cations might
change during the annealing process, affecting the band gap and the stability of the
layers. The PV parameters at different temperatures show better stability for the pure
MAPDI; and FAPbI; solar cells compared to their mixture. Using intensity modulated
photovoltage/photocurrent spectroscopy, we found that the diffusion length is weakly
dependent on the light intensity, while the charge collection efficiency drops with light
intensity for the FAPbIz-based cells. However, for the MAPbI; and the mixture, the

charge collection efficiency stays constant for a wide range of light intensities.

Introduction

Finding solutions for alternative energy is perhaps the biggest challenge of our century,
and this encompasses the search for promising photovoltaics (PV) technology. Simple,
inexpensive production methods are the key to developing and producing PV cells as a
widespread technology. Recently, a breakthrough occurred in the photovoltaic field by

using organometal halide perovskite as a light harvester in the solar cell’. Organo metal
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halide perovskite has a large absorption coefficient in the visible region®, high carrier
mobility>*, and a tunable band gap energy (Ey), facilitating its use as a light harvester in a
solar cell’. In addition, organo-metal halide perovskite can be prepared using simple,
low-temperature solution processes.’

In recent years, intensive work has been done on the perovskite structure, the solar cell
structure, and on the deposition techniques of the different active layers’'®, currently
achieving approximately 17.9% efficiency.'” Moreover, due to its distinctive properties,
perovskite solar cells without a hole conductor were demonstrated to achieve power
conversion efficiency (PCE) of 10.8%.'®2! Characterizations of the perovskite-based
solar cells have led to a better understanding of cell architecture, and the mechanisms of
electrical processes and phenomena within the cell.”**°

The general perovskite structure is of the form ABXj. In the case of hybrid organic-
inorganic lead halide perovskites, A is an organic cation, B is lead (Pb) and X is
negatively charged halide. As stated by Shockley and Queisser, the E, of the absorber

17, 1t has been demonstrated that the size of

strongly affects the performance of the cel
organic cation influences the E, of the resulting perovskite by affecting the B-X-B
angle”®. Furthermore, Seok et al. showed that the E, of the perovskite changes by altering
the B-X bond length. Alterations in the B-X bond length can be caused either by
changing the halide, the metal, or the cation size”’. In particular, by changing the cation
from methylammonium (CH3;NH;3*, MA") to a larger formamidinium (NH,CH=NH,",
FA™) cation, the band gap of the perovskite decreases; This was also supported by the
higher Glodschmidt tolerance factor in the case of the FA* cation.”® In a recent study,
perovskite compositions of (MA)x(FA),«Pbls (O<x<1) were used to extend the optical
absorption onset into the red, for the enhancement of the solar light harvesting®'. It was
found that the single-cation perovskite phase has shorter carrier diffusion lengths than the
double-cation perovskite. Band gap tunability between 1.48-2.23eV was demonstrated by
changing the MA" cation with FA™ and Cs. PCE of 14.2% was achieved using FAPbI; as
the absorber in the cell with Spiro-OMeTAD as the hole conductor.”® In addition, the
crystallization of FAPbI;.,Clx (1<x<3) was studied using the two-step deposition at

various annealing temperatures. >
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In this work, we report for the first time about a hole-conductor-free (MA/FA)Pbls-based
solar cells, where the (MA/FA)Pbl; acts both as a light harvester and as a hole
transporter. The two-step deposition was used to fabricate MAPbI;, FAPbl; and
MAPDI;:FAPbI;=1:1 perovskites as the light harvester in the solar cell. The effect of
composition and annealing temperature on the photovoltaic performance (PV) was
studied. Surface photovoltage spectroscopy was used to elucidate the electronic behavior
of these perovskites. Intensity modulated photovoltage spectroscopy (IMVS) and
intensity modulated photocurrent spectroscopy (IMPS) were used to reveal more details
about the diffusion length, charge collection efficiency and recombination lifetime.
Moreover, the PV performance of the cells was measured at various temperatures.
Analyzing the solar cells performance at different temperatures in the range of 22°C-95°C
is highly important: First, the organic part of the hybrid perovskite is mobile at this range
of temperatures3 ? which could affect the PV performance. Second, in practice the solar
cell should be working in this range of temperatures (e.g. on roofs, inside cars, etc.).
Therefore, analyzing the PV performance at different temperatures should provide

essential information on the cell behavior at working conditions.

Experimental section

Methods and device fabrication

Precursor synthesis: Methyl ammonium iodide (MAI) was synthesized by reacting 27.8
mL of methylamine (40% in methanol, TCI) with 30 mL of hydroiodic acid (57 wt% in
water, Aldrich) in a 250 mL round bottom flask at 0°C for 2 hr with stirring. The
precipitate was recovered by putting the solution on a rotary evaporator and carefully
removing the solvents at 50 C for 1 hr. The white raw product of MAI was washed with
ethanol by stirring the mixture for 30 minutes. Then the mixture was filtered and washed
with diethylether. The washing step was repeated three times. After filtration, the solid
was collected and dried at 60'C in a vacuum oven for 24 hr.

Formamidinium Iodide (FAI) was synthesized by reacting 0.33gr/ml solution of

Formamidinium Acetate (FAAc, 99%, Aldrich) in methanol absolute (Aldrich) with 6.5
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ml of HI. The reaction’s conditions were similar to those of MAI preparation, apart from

the reaction duration, which was 5 hr. The cleaning procedure was similar to that of MAL

Device fabrication: The substrate of the device was a SNO,:F(FTO) conducting glass
(15Q - cm™1, Pilkington). A blocking layer was deposited on the FTO glass using a
solution of titanium diisopropoxidebis(acetylacetonate) (TiDIP, 75% in isopropanol,
Aldrich) in ethanol. The TiDIP solution was spin coated and then annealed at 450 C for
30 min. The TiO, nano-particles solution was spin coated and annealed at 500'C for 30
min. subsequent to TiCly treatment for 30 min at 70°'C and annealing at 500°C for 30
min. For the perovskite layer, Pbl, was dissolved in DMF, dropped onto the TiO,film and
spin coated followed by annealing at 90'C for 30 min. In the second step, the cell was
dipped into the dipping solution of 10.0 mg/ml MAI in isopropanol, or 10.7 mg/ml FAI in
isopropanol, or 5.0 mg MAI+5.3 mg FAI/ml isopropanol (molar ratio of FA:MAI=1:1).
Following the dipping step, the samples were annealed at two different temperatures,
according to the dip solution that was used for their preparation. For samples that were
dipped in MAI solution, the annealing temperature was 100 C (for 30 minutes), while for
the samples that were dipped in FAI solution or in FAI:MAI=1:1 solution, the annealing
temperature was 175 C (for 15 minutes). During dipping and annealing, the MAPbI; and
FAPDbI; were formed, indicated by the dark brown color of the electrodes. Finally, the
back contact was deposited by evaporating 40 nm of gold under pressure of 5%10° Torr.

The active area was 0.09 cm?>.

X-ray diffraction: X-ray powder diffraction measurements were performed in grazing
incidence X-ray diffraction (GIXRD) mode on the D8 Advance Diffractometer (Bruker
AXS, Karlsruhe, Germany) with a goniometer radius of 217.5 mm, a secondary graphite
monochromator, 2° Soller slits and a 0.2 mm receiving slit. XRD patterns within the
range 5° to 60° 26 were recorded at room temperature using CuKa radiation (1 %4 1.5418
°A) with the following measurement conditions: tube voltage of 40 kV, tube current of 40
mA, step-scan mode with a step size of 0.02°26 and counting time of 1-3 s per step. The

value of the grazing incidence angle was 2.5°.

Photovoltaic characterization: Photovoltaic measurements were made on a New Port

system, composed of an Oriel I-V test station using an Oriel Sol3A simulator. The solar
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simulator was class AAA for spectral performance, uniformity of irradiance, and
temporal stability. The solar simulator was equipped with a 450 W xenon lamp. The
output power was adjusted to match AM1.5 global sunlight (100 mWcm™2). The spectral
match classifications were IEC60904-9 2007, JIC C 8912, and ASTM E927-05. I-V
curves were obtained by applying an external bias to the cell and measuring the generated
photocurrent with a Keithley model 2400 digital source meter. The voltage step and delay
time of the photocurrent were 10 mV and 40 ms, respectively. Oriel IQE-200 was used to
determine the monochromatic incident photon-to-electric current conversion efficiency.
Under full computer control, light from a 150 W xenon arc lamp was focused through a
monochromator in the 300-1800 nm wavelength range onto the photovoltaic cell under
test. The monochromator was incremented through the visible spectrum to generate the
IPCE (1) as defined by IPCE (1) = 12,400 (Jsc/l ¢), where 1 is the wavelength, Jsc is the
short-circuit photocurrent density (mA cm™2), and ¢ is the incident radiative flux
(mWcm™2). Photovoltaic performance was measured by using a metal mask with an

aperture area of 0.09 cm®.

Absorption measurements: the UV-vis absorption spectra were performed using a Jasco

V-670 spctrophotometer.

Ultra High Resolution Scanning Electron Microscopy (UHR-SEM): the images were
obtained using Sirion UHR SEM of FEI (Field Emission Instruments), The Netherlands.
The measurement conditions were 5 kV at various magnifications, as seen on the data bar

of the images.

Surface photovoltage spectroscopy (SPS): SPS measurements were performed using
the SKP5050-SPS040 system. The contact potential difference (CPD), between the
sample and vibrating tip (gold tip) was measured by the Kelvin probe method. Samples
were measured inside a dark Faraday cage. For SPS measurements, the samples were
illuminated by a 150W quartz tungsten halogen lamp. The wavelength resolution was 2
nm. Before measurement, samples were stabilized with a tip for about an hour. The scan
direction was from long to short wavelength. All values were preformed with an average

of 30 single measurements that were repeated three times (30x3=90).
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Nuclear Magnetic Resonance (NMR): NMR spectra were accepted using Spectrometer
Bruker DRX 400.

Intensity Modulated Photovoltage Spectroscopy (IMVS) and Intensity Modulated
Photocurrent Spectroscopy (IMPS): The photocarrier recombination (transfer) times at
open circuit (short circuit) were measured by IMVS (IMPS). The IMVS (IMPS)
measurements were performed using Autolab FRA32M LED driver equipped with a red
light source (627nm), illuminating from the substrate side. The photovoltaic cells were
illuminated with a bias light intensity with a sinusoidal wave modulation. The amplitude
of the modulated photo voltage (photocurrent) density was kept at 10% or lower
compared to the steady-state photovoltage (photocurrent) density, with frequencies

ranging from 1 Hz to 20 kHz.

Results and discussion

This work describes two different perovskite cations, FA and MA, in a hole-conductor-
free perovskite based solar cell. NMR and X-ray diffraction (XRD) confirm the structure
of the cations (Figure 1D and 1S). The two different perovskites functioned both as a
light harvesters and a hole conductors. The structure of the hole-conductor-free
perovskite solar cell is composed of FTO glass/TiO, compact layer/Mesoporous TiO,/
Perovskite/gold, as presented in figure 1A. The perovsksites were deposited by two-step
deposition where MAPbI;, FAPbI;, and a mixture of (MA:FA)PbI; with a ratio of 1:1
were studied. During illumination, the electrons are injected to the mesoporous TiO, from
the light harvester material (i.e. the perovskites, which could be MAPbI;, FAPDI;, or their
mixture), and the holes are transported to the gold contact 7 Electron injection and hole
transport is possible for the three perovskite compositions. The experiments in this work
are based on 15 cells for each characterization technique and for each type of perovskite.
It was previously reported that changing the cation from FA to MA could tune the band
gap of the material”. To determine the band gap, optical measurements and Surface
Photovoltage Spectroscopy (SPS) was used.**”” The SPV/SPS experiment is based on the
classical Kelvin probe technique, which measures the difference in work functions (also
known as the contact potential difference (CPD)) between a metallic reference probe and

the semiconductor surface. The distance between the reference electrode and
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semiconductor is a few millimeters while a capacitor arrangement is formed. Once the
metallic probe vibrates, an AC capacitance is formed between the probe and the
semiconductor results in an AC current in the external circuit. This AC current is zero if
and only if there is no charge on the capacitor. In this case, the CPD must be zero. When
a DC bias is applied it nullifies the AC current. Thus, the applied DC bias is equal and
opposite to the CPD.

In this work, the scanned surfaces were MAPbI;, FAPbI;, and a mixture of both which
owned a 1:1 molar ratio. Figure 2C shows the ACPD vs. the energy in eV of the studied
samples. The first observation that arises from the SPS spectra in figure 1C is that
MAPDI; and FAPbI; (and their mixture) are p-type semiconductors. This is because of
the fact that in the case of p-type semiconductors there is a downward band-bending of
the conduction band towards the surface at the junction between the metal and the
semiconductor (whereas in the case of n-type semiconductors, an upwards band-bending
occurs). Once the applied energy is higher than the band gap, the bending is decreased,
meaning that there is a positive ACPD in p-type semiconductors (and negative ACPD in
the case of n-type semiconductors)®®. This can be seen by the sign of the knee associated
with surface photovoltage onset.

In addition to the electronic behavior of the different perovskites, the band gap energy of
each material can be extracted using the SPS spectra. The SPS method is immune to
reflection or scattering losses; only photons that are absorbed in the sample contribute to
the SPS signal. In this case, the signal onset starts at photon energies close to the band
gap of the perovskite samples (FAPbl; MAPDI; and the mixture). As a result, it can be
concluded that the perovskite samples have fewer sub-band gap states (relative to TiO,,
see ref. 33). The band gaps (E,) of MAPbI3;, FAPbI; and the mixture are estimated to be
1.57eV, 1.45eV and 1.53eV, respectively (error of £0.01eV). It is important to note that
the SPS measurements were performed under high level of accuracy, as detailed in the
experimental section.

The band gaps of the perovskites were also estimated using Tauc plots by manipulating
transparency measurements of the perovskite films (The Tauc plots are represented in
figure S2 in the supplementary information). The E, values of MAPblz;, FAPbI; and the
mixture obtained by the Tauc plot analysis are 1.56eV, 1.46eV and 1.54eV, respectively
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(error of £0.01eV, resulted by the linear fitting). There is good agreement between the
results of the two methods, and this fact supports the validity of each one of the methods.

Moreover, the results are in good agreement with theory, which predicts that the larger
the cation, the smaller the E,. » The XRD spectra of the three perovskites are presented in
figure 1D. The fact that the mixture shows peaks from both samples (MAPbI; and
FAPDI;) indicates that a mixture of the two samples was formed. In addition the E, of the

mixture is between the band gap energies of MAPbI; and FAPbI; which further support

this claim.
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Figure 1: (A) The structure of the cell: FTO glass/blocking layer (compact TiO,)/ mesoporous TiO,/
hybrid organic-inorganic Perovskite/gold. The layer of perovskite contains MAPbI;, FAPbI;, or a mixture
of both. The colors in the crystalline structures represent Pb (light blue), iodide (brown), carbon (blue)
nitrogen (orange) and hydrogen (white). (B) Energy levels of the different layers of the cell’ (C) SPS
measurement of the different perovskites. (D) XRD of the different samples: MAPbI;, MAPbI;:
FAPbI;=1:1, FAPbI;, and MAPDI; after 15 min at 230°C.

Figure 2 shows XHR-SEM images of the perovskites at various annealing temperatures.
Figures 2A, 2D and 2G show the MAPbI; at various annealing temperatures. According
to the images, the best coverage was achieved at 100°C which support previous report.3 2
While at 175°C the coverage was not as good as at 100 C. At 230'C, the MAPbI;
decomposes to Pbl, as can be seen by the XRD analysis shown in figure 1D (purple line)

which was performed to the sample after annealing for 15 minutes at 230 °C *°. The
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mixture (figures 2B, 2E and 2H) shows good coverage for all annealing temperatures.
The presence of the two perovskite crystals, MAPbI; and the FAPbI3, are observed in the
inset of figure 2E, corresponding to 175 C annealing temperature which further support
the XRD spectra of the mixture as shown in figure 1D. For the FAPbI; (figures 2C, 2F
and 2I), the crystals are hardly recognizable at 100°C while at 175°C and 230°C the
FAPDI; crystals are observed clearly, supporting the required high annealing temperature
of the FAPbI; perovskite.

MAPbI, MAPbI,:FAPbI,=1:1 FAPbI,

100°C

175°C

230°C

Temperature | 100°C| 150°C|180°C|200°C|230°C|260°C| 290°C

B
Figure 2: UHR-SEM images of the Perovskite compositions at various annealing temperatures (100°C,
175°C and 230°C). The white scale bar is Sum and the orange scale bar (inset) is lum. (A) MAPbI;
annealed at 100°C.(B) MAPbI;: FAPbI;=1:1 annealed at 100°C. (C) FAPbI; annealed at 100°C. (D) MAPDI;
annealed at 175°C.(E) MAPbI;: FAPbI;=1:1 annealed at 175°C. (F) FAPbI; annealed at 175°C. (G) MAPbI;

annealed at 230°C.(H)MAPDI;: FAPbI;=1:1 annealed at 230°C. (I) FAPbI; annealed at 230°C. (J) Pictures
of the samples of MAPbI; or FAPbI; on glass after annealing at various temperatures.

FAPDI,

MAPDbI,

.
—

Further investigation of the dependence of FAPbl; and MAPbI; films at various

temperatures can be seen in figure 2J. Seven different temperatures (100°C, 150°C,
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180°C, 200°C, 230°C, 260°C and 290°C) were tested. Early reports showed that in the
two-step deposition method, an annealing temperature of ~170°C 2 is used for the
FAPDI; perovskite, while for MAPbI;, the annealing temperature is 70°C—100°C. 29

As indicated in figure 2J, the MAPbI; perovskite has a dark color until 200°C, while at
~230°C, the MAPDIj; started to decompose. On the other hand, the FAPbI; perovskite has
a dark color till 260°C, while at 290°C, it decomposes. According to these results, an
annealing temperature of~175°C is suitable for a mixture of FAPbl; with MAPbI;. This
observation is in good agreement with the XHR-SEM images. Consequently, it is
reasonable that the side reactions (such as sublimation, evaporation and decomposition of
MAPDI; and FAPbI3) could take place in the mixture samples. The direct observation of
these reactions is that despite the fact that the original molar ratio of MAPbI;:FAPbI; in
the dipping solution was 1:1, it can be that the actual molar ratio between MAPbI; and
FAPbI; after the annealing process is not 1:1. According to the stability test we
performed, it is reasonable to estimate that the portion of FAPDI; is a bit larger than that
of MAPbI;. MAPbI;, which owns the smaller cation, is more likely to be affected by the
high temperature. In other words, the side reaction could be expected to diminish the
MAPDI; content more dramatically than the FAPbI; content.

Figure 3A and 3B present the current-voltage curves and the external quantum efficiency
(EQE) spectra of the hole conductor free cells, respectively. The highest current density
was observed for the MAPbI3-based cells while the lowest current density was observed
for the FAPbIs-based cells. A reason for the difference in current density might be due to
the difference between the MAPDI; conduction band (CBM) and the TiO, CBM which is
bigger than the difference between the FAPbl; CBM and the TiO, CBM. On the other
hand, the open circuit voltage (V) of the cells is similar. The EQE spectra show longer

wavelength response when perovskites contain the FA cation.

Table 1: Photovoltaic parameters of the cells with the perovskites, and the band gap energy that was
extracted from SPS and Tauc plot.

. Voc Jsc FF | Efficienc Eg sps | Eg, Tauc plot
Active layer W | mdemd | (%) | () | @ | eV
MAPDI; 0.77 16.84 60 7.7 1.57 1.56
MAPbBI;:FAPbI;=1:1 0.77 9.58 54 4.0 1.53 1.54
FAPDI; 0.78 8.96 56 3.9 1.45 1.46
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Figure 3: (A) The current voltage curves of the different perovskite solar cells under 1 sun illumination.
(B) External Quantum Efficiency (EQE) for the different perovskite solar cells.

Figures 4A and 4B present the photovoltaic parameters of the complete hole-conductor-
free MAPDI;, FAPbI; and the mixture (MAPDbI;:FAPbI;) solar cells were measured at
eight different temperatures: (22°C, 35°C, 45°C, 55°C, 65°C, 75°C, 85°C, 95°C).

The general trend that is reflected from this analysis is similar for all the cells. The J. of
all samples is increased as temperature increases. Increasing the temperature of a
semiconductor results with a decreasing of the E, which could influence the J. It can be
seen that the J increases by more than 30% in the case of FAPbI;. This is expected due
to the better stability of FAI at high temperatures. The MAPbI; has an initial increase of
20% in J,. while the FAPbI; stays stable for the rest of the temperature range. An
interesting point is that the cells which used a mixture of MAPbI; and FAPbI; showed the
most severe degradation of the PV parameters with the increase in temperature. A
possible explanation for this phenomenon is that the increase in temperature harmed the
crystals from the inside. The active layer included a combination of MA™ and FA" in the
crystal voids. The two cations are affected differently by the temperature increase, and
this difference could lead to the formation of strain inside the crystalline structure. Such a
strain could be harmful when measuring the photovoltaic performance of the cell at
varying temperatures. In contrast to the temperature dependence on J., the efficiency
decreased as the temperature was increased (figure 4B). This behavior is due to the
decrease in the FF and the V... When increasing the temperature, the recombination
increases, resulting in a decrease of the V.. Additional contribution to the decrease of

the Vo can be related to the increase of the intrinsic carrier when the temperature
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increases. The intrinsic carrier concentration depends on the band gap, lowering the band
gap giving higher intrinsic concentration which can result of lower Voc.
Also in this case, the mixture showed the lowest results regarding temperature

dependence. The increase in J;. does not compensate for the decrease in the FF and the

. 38,39
Vo, and as a result, the efficiency decreases.
N’E‘1.5- —— MAPDI, A S B
S, 4] |——MAPbIFAPbI=1:1 < 10- '\‘--\_
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Figure 4:(A) The normalized short circuit current density (Jsc) of the three different photovoltaic cells at
various temperatures. (B) The normalized efficiency of the photovoltaic cells at various temperatures.

Intensity modulated photocurrent/photovoltage spectroscopies were used to measure the
transport and recombination times (t and r, respectively) of the solar cells studied. The
electron diffusion length L4 in the perovskite solar cell can be determined using the
<=,xpression40’41’42L01=(1:rD)1/2 where D 1is the diffusion coefficient and 1, is the
recombination lifetime. The electron diffusion length represents the average distance
which electron travels before it recombines by holes in the perovskite or at the back
contact. Figure 5A shows the diffusion length calculated using IMVS and IMPS as a
function of the light intensity. At low light intensity, all cells have higher diffusion
length, although the FAPbI; and the mixture have longer initial diffusion length. When
increasing the light intensity, all cells decreased to the same diffusion length of around
0.8-1um (this result is in good agreement with literature). There is weak light intensity
dependence of the diffusion length. The diffusion length varies by less than a factor of 1
over more than seven decades of light intensity, similar to the dependence of diffusion

length by the light intensity in dye sensitized solar cells.*’
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The charge collection efficiency and the recombination lifetime are presented in figure
5B. The charge collection efficiency can be calculated using44 Nee = 1- /1. The FAPDI;
cell starts with high . at low light intensity and drops to 0.5 at higher intensities. On the
other hand, the MAPDbI; and the mixture have low 1. at low intensities, which increases
to 0.7-0.8 at higher light intensities. These results explain well the PV performance of
these cells at 1 sun illumination (see table 1). Moreover the recombination lifetime
(presented as dashed lines in figure 5B) decreases when increasing the light intensity as
expected. However, for the MAPDI; cell, the recombination lifetime remains constant for
most of the intensity ranges which supports the high efficiency observed for the MAPbIs-

based cells.

102 —B- MAPbI; A
_ ~6— MAPbl;: FAPbl; = 1:1
E : —A— FAPDI;
T

10 20 30 40 50 60 704107
. ) 2
Light Intensity (W/cm )

Charge collection efficiency

10 20 30 40 50 60 70107
2
Light Intensity (W/cm")

Figure 5: (A) Diffusion length (Lg) as a function of light intensity for the cells studied. (B) Charge
collection efficiency and recombination lifetime (t,) as a function of light intensity. The dashed lines
correspond to the recombination lifetime.
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Conclusions

FAPbI;, MAPDbI; and their mixture were studied in hole-conductor-free solar cells, where
all the perovskites studied function as light harvester and hole conductors. SPS
measurements determined the electronic behavior and the energy gaps of the
perovsksites. Temperature dependence measurements show that the initial ratio between
the MA and the FA cations is not necessarily defined the final material composition. The
change in the J. and the efficiency at various temperatures show superior stability for the
FAPDI; based cells. Diffusion length of 0.8-1um was observed for all perovskites at a
wide range of light intensities measured by IMVS and IMPS techniques. This work
provides useful information for the design and understanding of stable, high efficiency

perovskite-based solar cells.
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