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Effects of Potassium Doping on the Active Layer of
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SUMMARY In this report, solar cell characteristics were evaluated by
doping the active layer CH3NH3Pblz (MAPbI3) with 3.0 vol% and 6.0
vol% of potassium ion (KI) in an inverse-structured perovskite solar cells
(PSCs). The Tauc plots of the absorbance characteristics and the ionization
potential characteristics show that the top end of the valence band shifted
by 0.21 eV in the shallow direction from —5.34 eV to —5.13 eV, and the en-
ergy band gap decreased from 1.530eV to 1.525eV. Also, the XRD mea-
surements show that the lattice constant decreased from 8.96 A to 8.93 A
when KI was doped. The decrease in the lattice constant indicates that a
part of the A site is replaced from methylammonium ion (MAI) to KI. In
the J-V characteristics of the solar cell, the mean value of Ji. improved
from 7.0mA/cm? without KI to 8.8 mA/cm? with 3.0 vol% of KI doped
and to 10.2 mA/cm2 with 6.0 vol% of KI doped. As a result, the mean
value of power-conversion efficiency (PCE) without KI was 3.5%, but the
mean value of PCE improved to 5.2% with 3.0 vol% of KI doped and to
4.5% with 6.0 vol% of KI doped. Thus, it has shown that it is effective to
dope KI to MAIPBI3, which serves as the active layer, even in the inverse-
structured PSCs.

key words: perovskite solar cells (PSCs), inverse-structure, potassium ion,
dope

1. Introduction

PSCs are flexible and light weighted with PCE compara-
ble to silicon-based solar cells and are the most promising
solar cells in recent years [1]-[10]. According to the Best
Research-Cell Efficiency Chart published by the National
Renewable Energy Laboratory, the maximum PCE of PSCs
has reached 25.7% as of 2022 [11].

The structure of the perovskite crystal that serves as the
active layer can be represented by the composition of ABXs.
This is a crystal structure containing a monovalent organic
cation at each vertex of the cubic lattice, a monovalent halo-
gen anion at each vertex of the internal regular octahedron,
and a divalent metal cation at its center. The material com-
position of perovskite is important for improving PCE. Pang
et al. improved the conversion efficiency by converting some
of the monovalent cations at the A site of the perovskite
crystal structure from methylammonium ion (MAI) to for-
mamidinium ion (FAI)[12]. However, this method has a
problem that when FAPDI; is fabricated, a fragile perovskite
crystal called a ¢ layer, which absorbs weakly in the visi-
ble light region, is formed because FAI has a large ionic ra-
dius. The perovskite crystal with more a-phases, which has
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higher light absorption efficiency in the visible light region,
has better PCE.

It has been reported that by substituting a part of MAI
and FAI with cesium cations or rubidium cations, which
are alkali metals with smaller ionic radii, the formation of
the ¢ layer is prevented and the conversion efficiency im-
proved [13]. However, rare metals such as cesium and ru-
bidium are in low supply and are expensive materials, mak-
ing the price of PSCs high. Therefore, Segawa et al. fabri-
cated PSCs of (FApgsMAy.15sPb(IpgsBrg 15)) by substituting
potassium ion (KI), which is also an alkali metal and inex-
pensive because it is abundant on earth, achieving a PCE of
20% [14]. Nam et al. fabricated PSCs having a sequential
structure of FTO / bl-TiO, / Perovskite / Spiro-OMeTAD /
Au, and aimed for high PCE and stability by using the per-
ovskite layer as the Csg.925K 075 Pbl,Br structure. The mean
value of PCE without KI was 8.2%, and the mean value
of PCE with KI was 9.1%. Furthermore, they showed that
the normalized PCE of the CsPbl,Br device gradually de-
creased, reaching half of the initial value in 72 hours, while
the Csg.925Kg.075Pbl, Br device maintained 80% of the initial
value up to 120 hours [15]. Zhanga et al. fabricated PSCs
with FTO / Compact TiO, / Mesoporous TiO, / Perovskite /
Spiro-OMeTAD / Au structure and introduced potassium
iodide complex (KI3) as a new additive to the perovskite
precursor solution by gas quenching method. The results
showed broad spectral sensitivity, strong luminescence, and
extended carrier lifetime due to halide exchange and defect
passivation with I,. Champion devices made from a mixture
of KI and KI; precursors achieve a PCE of 21.2%, ignor-
ing hysteresis due to the presence of potassium salts [16].
Kandori et al. fabricated PSCs with FTO / Compact TiO, /
Mesoporous TiO, / Perovskite / Spiro-OMeTAD / Au struc-
ture using KI and FAI-doped perovskite solution, and
showed that the device doped with KI 5% and FAI 31% had
a maximum conversion efficiency of 13.53%. It has also
been confirmed that by using the air blow method during
the process, a highly symmetric (002) orientation is formed
in the tetragonal perovskite crystal, and the unit cell vol-
ume increases according to the amount of FAI doped [17].
However, in these reports [14]-[17], all attempts to improve
performance by doping the perovskite layer with KI are only
evaluations using sequential structured PVCs. In this study,
the properties of potassium iodide doped with MAI were
evaluated. MAIs are perovskite layer precursors in inverse-
structured PSCs and can be fabricated at low temperatures.
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2. Experimental

Figure 1 shows the structure of the prototype PVCs. Film
was formed in a simple glove box in a nitrogen atmosphere
at temperatures from 18°C to 40°C and humidity from 25%
to 30%. A glass substrate with a sheet resistance of 15Q
and an ITO film (manufactured by Luminescence Technol-
ogy) (size 30 mm X 15 mm X 0.7 mm) is cleaned as follows:
Immersed in an ultrasonic bath containing ultrapure water
for 10 minutes, immersed in an ultrasonic bath containing
Semicoclean 23 (Furuuchi chemical) for 10 minutes, im-
mersed in an ultrasonic bath containing ultrapure water for
5 minutes, immersed in an ultrasonic bath containing ace-
tone for 10 minutes, and then immersed in an ultrasonic bath
containing 2-propanol for 10 minutes. After that, the sub-
strate was dried on a hot plate (As-one, REXIM RSH-1DN)
at 100°C for 10 minutes, followed by UV ozone treatment
(Nippon Laser & Electronics Lab, UV-03 Clean) for 15 min-
utes. Next, poly (3, 4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) (Clevious Al4083), which is the
hole transport layer, was spin-coated at 5,000 rpm for 30
seconds, and then annealing was performed at 130°C for 20
minutes in an electric furnace (Yamato, DX401).
Perovskite crystals with the structure of CH;NH3PBI,
form a film by the reaction of MAI and lead iodide (Pbl,).
We used a solvent engineering method [18]-[21] to form
a perovskite layer that serves as a power generation layer.
The solution of the precursor to form the perovskite layer
was prepared by doping 691.5 mg of Pbl, (Tokyo Chem-
ical Industry) and 238.5 mg of MAI (Tokyo Chemical In-
dustry) into the mixed solution of 945 uL. of DMF (Sigma-
Aldrich) and 106 uL. of Dimethyl sulfoxide (DMSO) (Fu-
jifilm Wako Pure Chemical) and stirring it for 30 min-
utes by an ultrasonic cleaner until there was no undis-
solved residue remained. After that, keep the solution
warm on a hot plate at 70°C. 249 mg of potassium io-
dide KI (Fujifilm Wako Pure Chemical) and 1 mL of N, N-
dimethylformamide (DMF)0.64 were mixed and kept warm
overnight on a hot plate at 30°C. Three types of precursor
solutions were prepared by doping O mL, 33 mL, and 67 mL

Metal electrode: Ag
Buffer Layer: BCP

ETL: PCBM

Active Layer:

MAPbI, KI doped

HTL: PEDOT:PSS

Transparent electrode:
ITO

Sun light ﬁ

Fig.1  Fabricated inversed-structured PSCs
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of potassium iodide solution so that KI concentrations be-
come 0 vol%, 3 vol%, and 6 vol%, respectively. The pre-
pared precursor solution was dropped onto PEDOT: PSS
and spin-coated at 4,500 rpm for 30 seconds. To create uni-
form and dense perovskite crystals, 150 uL of toluene (Fuji-
film Wako Pure Chemical) was doped dropwise 10 seconds
after the start of spin coating when KI is not doped. When
KI is doped, 150 uL of toluene was doped dropwise 13 sec-
onds after the start of spin coating. After that, annealing was
performed on a hot plate at 100°C for 10 minutes.

[6,6]-Phenyl-C61-Butyric Acid Methyl [6,6]-Phenyl-
C61-Butyric Acid Methyl Ester (PCg;BM) is used as the
material of the electron transport layer. 20mg of PCBM
was dissolved in 1 mL of chlorobenzene (Fujifilm Wako
Pure Chemical); after performing nitrogen substitution for
10 minutes in the glove box, it was stirred on a hot plate
at 70°C for 12 hours with a stirrer at a rotation speed of
400 rpm. Before forming a film, filter through a filter with
a filtration accuracy of 0.45 um (Cytiva, 6872). Spin coat
the filtered PCBM solution at 1,000 rpm for 30 seconds.
Bathocuproine (BCP) (Kankohsya) was used as the material
for the buffer layer. 0.5 mg of BCP was dissolved in 1 mL
of ethanol (Fujifilm Wako Pure Chemical); after performing
nitrogen substitution for 10 minutes in the glove box, it was
stirred on a hot plate at 70°C for 12 hours with a stirrer at a
rotation speed of 400 rpm. Then, the BCP solution is spin-
coated at 3,000rpm for 30 seconds. The metal electrode
was produced by using a tungsten board (Plansee, SV07100)
as the vapor deposition source for depositing silver using a
thin-film deposition system (ULVAC, VTR-350/ERM). In
film formation, silver is vaporized and deposited on the sur-
face of the PCVs substrate by passing an electric current
through the tungsten board and increasing the temperature.
The deposition speed is controlled by the controller (ULVAC
CRTM-9000G) to 0.2 nm/min.

The following measurements were used to measure the
PVCs produced. A Simazu UV-2450 was used to measure
the absorbance of the device, and a needle contact film thick-
ness meter (Kosaka Laboratory Surfcorder ET200) was used
to measure perovskite film thickness. The ionization po-
tential was measured using an atmospheric photoelectron
yield spectroscope (Riken Keiki AC-2) with a start energy
4.0eV, end energy 6.5¢V, interval 0.05¢eV, and light inten-
sity 10nW. The surface of the active layer was observed
using an AFM (Keyence VN-8000). Rigaku RINT-2500
was used for X-ray analysis of the perovskite film surface,
and the measurement was performed with Cu as a target,
a voltage of 40kV, a current of 100 mA, and a scan range
of 5° to 60°. Current density—voltage (J—V) measurements
were recorded by applying potential external biases to the
cells and recording the output photocurrent with a digi-
tal source meter (Agilent B2901A). A 150-W xenon lamp
(Bunkoukeiki Otento-SUN3Xe-S150) was used as the light
source, and the output irradiation intensity was adjusted to
the AM 1.5 G condition (100 mW/cm?).
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3. Results and Discussions

To investigate how the doped KI affects the perovskite layer,
we measured the spectrum of perovskite crystals by ultravi-
olet visible photometer, measured the surface shape of per-
ovskite by AFM, and analyzed the crystal structure by X-
ray analysis. Figure 2 shows the spectrum from 650 nm to
900 nm wavelength when without KI dope, 3.0 vol%, and
6.0 vol% of Kl is doped to the perovskite layer, respectively.
In all wavelength regions, the absorbance increased in the
order of 3.0 vol% of KI doped, 6.0 vol% of KI doped, and
without KI. The film thickness was calculated from the ab-
sorbance at a wavelength of 700 nm; it was 0.604, 0.701,
and 0.638, respectively, when KI was not doped, 3.0 vol%
of KI doped, and 6.0 vol% of KI doped, respectively. The
absorption ratio was 1 : 1.16 : 1.06, when it is 1 without KI.
The perovskite film thickness measured by the needle con-
tact film thickness meter was 396 nm, 365 nm, and 373 nm,
respectively. The film thickness ratio was 1 : 0.922 : 0.942,
when it is 1 without KI. Comparing the absorption ratio and
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Fig.2  Spectrum from 650 nm to 900 nm wavelength without KI, with
3.0 vol% KI, and with 6.0 vol% KI in the perovskite layer
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film thickness ratio, it was 1.16 and 0.92 when 3 vol% of
KI doped, and 1.06 and 0.942 when 6 vol% of KI doped,
both of which had higher absorbance values with the dope
of potassium. It is considered to be due to the increase in
crystallinity and the amount of light absorbed by doping KI
to the perovskite layer. Figure 3 shows the band gap cal-
culated from Fig.2 using the Tauc plot method [12]. The
band gaps were 1.530eV, 1.525¢eV, and 1.525eV when no
KI doped, 3.0 vol% of KI doped, and 6.0 vol% of KI doped,
respectively. As a result, it was confirmed that the band gap
was narrowed by doping KI. Next, the ionization potentials
of the perovskite solar cells without KI doped, with 3.0 vol%
of KI doped, and with 6.0 vol% of KI doped were measured
using an atmospheric photoelectron yield spectroscope. The
results were —5.34 eV, —5.13 eV, and —5.13 eV, respectively.
It was confirmed that the dope of KI shifts the top end of the
valence band by 0.21 eV in the shallow direction. Figure 4
shows the energy band diagram obtained from the measure-
ment results of the band gap and ionization potential cal-
culated by the Tauc plot method in Fig.3. By doping KI,
the potential energy of the valence and conduction bands in-
creased, as well as the band gap. In addition, the ionization
potential of PEDOT: PSS as the hole transport layer and the
absorption spectrum and ionization potential of PCBM as
the electron transport layer were measured. Figure 5 shows
the energy diagram of the PSCs to be fabricated. PSCs re-
quire a slight difference in the “energy positions of the top
end valence band and the bottom end conduction band” of

-3.605 eV -3.605eV
-3.81eV
1.525eV 1.525eV
1.530 eV
—_ " 513eV 5.13eV
534ev  02leV
(a) W/O KI (b) KI 3.0 vol% and 6.0 vol%

Fig.4  Energy band diagram of perovskite layer obtained from band gap
and ionization potential measurements calculated by Tauc plot method
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Fig.6  AFM images of perovskite layer without KI, with 3.0 vol% KI, and with 6.0 vol% KI in the

perovskite layer

the “carrier transport layer and the perovskite layer” to effi-
ciently diffuse the generated carriers. It is also important to
prevent backflow of carriers to improve the carrier transport
efficiency. In the energy diagram without KI from Fig. 5,
the difference in energy position at the top end of the va-
lence band between PEDOT: PSS and the perovskite layer
is 0.04 eV, and the difference between the perovskite layer
and PCBM is 0.64eV. The difference between the energy
position at the bottom end of the conduction band between
PCBM and the perovskite layer is 0.37 eV. In the energy di-
agrams when of the case with 3.0 vol% KI doped and 6.0
vol% of KI is doped, the difference in energy positions at
the top end of the valence band between PEDOT: PSS and
the perovskite layer is —0.25 eV, and the difference between
the perovskite layer and PCBM is 0.85. The difference in the
energy positions at the bottom end of the conduction band
between PCBM and the perovskite layer is 0.58 eV. The en-
ergy positions at the top end of the valence band for KI3.0
vol% and KI6.0 vol% are shallower than the energy posi-
tions at the top end of the valence band for PEDOT: PSS,
suggesting that hole transport is more difficult. In addition,
the difference in the energy position at the bottom end of the
conduction band between PCBM and the perovskite layer
has increased from 0.25eV to 0.58 eV, suggesting that the
smoothness of electron transport has improved.

Figure 6 shows the AFM image of the perovskite layer
without KI, with 3.0 vol% of KI doped, and with 6.0 vol%
of KI doped, respectively in the perovskite layer. The scan-
ning range of the AFM is 5um. The RMS values of root
mean square surface roughness without KI, with 3.0 vol%
of KI doped, and with 6.0 vol% of KI doped were 13.0 nm,
27.0nm, and 48.4nm, respectively. The Kl-doped per-
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Fig.7 XRD patterns of perovskite layer without KI, with 3.0 vol% KI,
and with 6.0 vol% KI doped to the perovskite layer

ovskite layer had pinholes. Pinholes cause an increase in
leakage current due to increased parallel resistance in the
equivalent circuit of the solar cell, and also hinder the trans-
port of carriers. We believe that the main cause of the pin-
holes is the amount and timing of dropping toluene, the poor
solvent, in addition to the difference in solvent engineering
at the time of creation.

Figure 7 shows the XRD pattern of the perovskite layer
prepared with different KI dopes. In addition, the high-
est intensity was obtained from the 26 = 14° (110) plane
containing lead ions present in the body center of the per-
ovskite crystal structure. A comparison was made between
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Fig.8 Crystallinity calculated from XRD patterns without KI, with 3.0
vol% KI, and with 6.0 vol% KI doped to the perovskite layer

the peaks near 260 = 14° and the film thickness of the per-
ovskite layer. From Fig. 7, the peak in the (001) plane in-
dicating Pbl, is shown in the case of no KI doped, and this
peak disappears in the case of 3.0 vol% of KI doped and 6.0
vol% of KI doped. It is probable that the peak of Pbl, (001)
appeared due to the presence of unreacted Pbl, because the
amount of MAI was insufficient when the precursor solu-
tion was prepared. It is a crystal size calculated from XRD
pattern of the perovskite layer prepared with KI dopes using
Scherrer’s formula [23]. It was calculated from the XRD
peak intensity of 110 planes with the highest peak intensity.
The crystal size without doping KI was 4.33 A, the crystal
size with 3.0 vol% K1 was 5.13 A, and the crystal size with
6.0 vol% KI was 5.17 A.

Next, the crystallinity is calculated from the XRD pat-
terns of the perovskite layers prepared with different KI
dopes. The ratio of the peak area indicating the perovskite
layer to the total peak area from § = 5° to 60° is the crys-
tallinity defined by Eq. (1).

Ape
C=—x100 (1)
Ar

Where C is Crystallinity, A is total peak area of per-
ovskite crystals, and Ar is total peak area. From Eq. (1), the
crystallinity without KI doped was 35.8%, the crystallinity
with 3.0 vol% of KI doped was 41.5%, and the crystallinity
with 6.0 vol% of KI doped was 42.4%. As described above,
the crystallinity increases as the KI dope increases. Figure 8
shows a comparison of the lattice constants calculated from
the 110 planes with the highest peaks from the XRD patterns
of the perovskite layers prepared with different KI dopes.
From Fig. 8, it can be confirmed that the lattice constant is
reduced by the dope of KI. The lattice constant is affected
by the ionic radius of the materials that make up the crys-
tal. The perovskite structure produced this time has a cubic
structure, and MAI is contained in the A site of the per-
ovskite crystal. MAI is the same monovalent cation as KI.
The ionic radius of MAI is 2.70 A, while the ionic radius of
Kl is 1.52 A. The ionic radius of KI is smaller than the ionic
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Fig.10  J-V characteristics of perovskite solar cells fabricated with KI
dopes at the highest PCE for each condition

radius of MAI. Therefore, it is considered that the lattice
constant decreased as KI entered in place of MAI. Figure 9
is a schematic diagram of the effect of KI dope on the crystal
structure. The decrease in the lattice constant indicates that
a part of the A site is replaced from MAI to KI. Moreover, it
is considered that stable and high-quality perovskite crystals
are produced because the peak intensity and the crystallinity
are improved.

Figure 10 shows the current density-voltage (J-V) char-
acteristics at the highest PCE for each condition of per-
ovskite solar cells fabricated with different KI dopes. Fig-
ure 11 shows a scatter plot of each parameter for 14 sheets
of perovskite solar cells measured to confirm the variation.
The mean value of J,. was 7.29 mA/cm? without KI and the
standard deviation was 1.850 mA/cm?, the mean value of J
with 3.0 vol% of KI doped was 9.09 mA/cm? and the stan-
dard deviation was 1.277 mA/cm?, and the mean value of
Jsc with 6.0 vol% of KI doped was 11.36 mA/cm? and the
standard deviation was 3.038 mA/cm?. Statistical ANOVA
confirmed that the difference between the population means
of each J. was different 99% of the time. The mean value of
Voc without KI was 0.89 V and the standard deviation was
0.020V, the mean value of V¢ with 3.0 vol% of KI doped
was 0.92 V and the standard deviation was 0.067 V, and the
mean value of Voc with 6.0 vol% of KI doped was 0.90 V
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and the standard deviation was 0.000 V. As a result of analy-
sis of variance, it was confirmed that there was no difference
between the population means of Vgcs 95% of the time. The
mean value of FF without KI was 0.57 and the standard de-
viation was 0.001, the mean value of FF with 3.0 vol% of KI
doped was 0.63 and the standard deviation was 0.005, and
the mean value of FF with 6.0 vol% of KI doped was 0.52
and the standard deviation was 0.001. As a result of analysis
of variance, it was confirmed that there is a 99% probability
of difference in the population means of FF. The mean value
of PCE without KI was 3.79% and the standard deviation
was 1.091%, the mean value of PCE with 3.0 vol% of KI
doped was 5.20% and the standard deviation was 0.673%,
and the mean value of PCE with 6.0 vol% of KI doped was
5.20% and the standard deviation was 0.673%. As a result of
analysis of variance, it was confirmed that there was a 99%
probability of difference with and without KI, but there was
no difference in 95% between KI 3.0 vol% and 6.0 vol%.
From this result, it can be said that the dopes of KI increase
Jsc and PCE. This is the same result as the perovskite so-
lar cell with the sequential structure shown in the previous
study [14]-[17].

4. Conclusion

In this report, the solar cell characteristics were evaluated by
doping the power generation layer MAPbI; with 3.0 vol%
and 6.0 vol% of KI in an inverse-structured perovskite so-
lar cell. The Tauc plots of the absorbance characteristics
and the ionization potential characteristics show that the top
end of the valence band shifted by 0.21 eV in the shallow
direction from —5.34eV to —5.13 eV, and the energy band
gap decreased from 1.530eV to 1.525eV. Also, the XRD
measurements show that the lattice constant decreased from
8.96 A to 8.93 A when KI was doped. The decrease in the
lattice constant indicates that a part of the A site is replaced
from MAI to KI.

In the J-V characteristics of the solar cell, the mean
value of Ji. improved from 7.0 mA/cm? without KI to
8.8 mA/cm? with 3.0 vol% of KI doped and to 10.2 mA/cm?
with 6.0 vol% of KI doped. As a result, the mean value of
PCE without KI was 3.5%, but the mean value of PCE im-
proved to 5.2% with 3.0 vol% of KI doped and to 4.5% with
6.0 vol% of KI doped. Thus, it has shown that it is effective
to dope KI to MAIPBI;, which serves as the active layer,
even in the inverse-structured PSCs.
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