FABRICATION AND CHARACTERIZATION OF TRIPLE-CATION PEROVSKITE SOLAR
CELLS

MTr. Passakorn Phiromruk

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in Physics
Department of Physics
FACULTY OF SCIENCE
Chulalongkorn University
Academic Year 2020

Copyright of Chulalongkorn University



a J (% Jd a a
ﬂTﬁ‘IJ'i3@‘]&]@!!@8ﬂ']'i?ﬂaﬂHﬂl%LﬂW"IgGUfNLGh'aaE:('iﬂ%!ﬁl"lf’]3@Wﬁ1ﬂ@ﬂﬂ@@uﬂ’)ﬂﬁ1u%uﬂ

a o
WYNIANT ATUUITN

a I~ ] ¥ [ a ] a
InentinusiitludiunilnvesansanumurangasiSyaninemaasuiiuge
a ara 4 a ara 4
awnsnand mamnand
AUZAINGIMAAT PNINTAINNIANGSD
= =
1nsANYI 2563

4
asllﬁﬂ‘ﬁsllﬂ\iﬂW”Iﬁ\iﬂiﬂiﬂJﬁ1’31/]81’@8



Thesis Title FABRICATION AND CHARACTERIZATION OF TRIPLE-
CATION PEROVSKITE SOLAR CELLS

By Mr. Passakorn Phiromruk
Field of Study Physics
Thesis Advisor Assistant Professor SOJIPHONG CHATRAPHORN, Ph.D.

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in Partial

Fulfillment of the Requirement for the Master of Science

Dean of the FACULTY OF SCIENCE

(Professor POLKIT SANGVANICH, Ph.D.)

THESIS COMMITTEE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Chairman

(Associate Professor UDOMSILP PINSOOK, Ph.D.)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Thesis Advisor

(Assistant Professor SOJIPHONG CHATRAPHORN, Ph.D.)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Examiner

(Assistant Professor THITI TAYCHATANAPAT, Ph.D.)
External Examiner

(Associate Professor Rachsak Sakdanuphab, Ph.D.)



iii

a

mans Asualsn : msdszAnguazmsmanvazmmnzveusadqgsezmesonalnd leoouuina

¥1@ . (FABRICATION AND CHARACTERIZATION OF TRIPLE-CATION PEROVSKITE SOLAR

= o a J o i3
CELLS) ﬂ.ﬂlﬁﬂ]&ﬂﬁaﬂ - We. A5 JAANSA AAT1AT0

o s a % a & A & TR
ﬂluﬂﬁlﬂquuwaaqa‘fmwasaWﬁ"lﬂﬂVlaaaumnﬁmﬂmmﬂu1/1mﬁu“lmuawmmmiﬂﬂmumq

v A a o A A o s A s o A ao & s a
1/]NﬂTL!‘ﬂi%’d'ﬂ‘ﬁﬂWW!mZﬂ’NNLﬁflﬂﬁmﬂmﬂﬂﬂﬂl“ﬁaﬁZjﬁﬂZLWﬂiﬂ‘l/\'ﬁ‘lﬂﬂﬁ’Jﬂu 9 luauiveil FaagIYe

v
Cs, 0 (FAMA ), ,,Pb(I Br, ), 9291 qnA1835 115U gnuuuaesiune (two-step deposition) Iasfinyinaves

0.97

YnavesleseuuinuazSinaveslosauny 7 1inwanisnaass wudimsiiTus ludr Tsg danaliia

N A ~ E Vo o A 4 2 o w ~ o2
ANMUANANGINTEA (VOC) HATGIVY “INHJL!Wﬁll'lﬁ]'lﬂﬂ']“]fﬁ]\i']'NWﬁ\i\T]uV]!WNqﬁsllu LAZarIvUnIMvauyaan

]
AR

Usgnoudas MAPHL, daulua) 1dalsz@nsamiasuiie Tus ludgnimudh ) uadse@nsnmveuwadn
3 ' ' a a { o A a {
Usznoudas FAPLL iludinlng Hsza@nsamiidiniuilesnnguaimvesildumwesealndnuduazHison
v v
lignnsaildla@dives FAPLL, ades duiunsyurumsdgauuuaesiuaeunuuiimesondlndda (two-

° S o s & ' '
step deposition method with perovskite seeds) 399 n# 1w lFd T usaanlsznoudae FAPL, W udiulng)

L]

g 3

2 9 a gt 9

nszuIUMIiaInnszuIumslgnuuudesiuaeuanites Tasnmsdumwesevd Indagad i luasazare
A o ) P ) VR A AYY A ' =
pbl, Tauiliodunaninninndosganssminianasounuudesnsia wuhiuilldun 1dezigesineszwinman
9 A 9 ' 1l @ A a ] H s & .
Wovauiel¥nszurumailgnuuului vaggredFuilgaiurszniedumesed Indnudu Spiro-MeOTAD
' a a 4 A X a o 4 A I '

Tagmilszansnmmasiuayuangy 5.2% 118 11.9% Wenlasunszurmmsdgmilunszuaums lui msiz
{ a av sda A a s o 3 ¢
wurfldaumesoralnanavunazdarreaiumananan laasu duiu lunsdgnaadiszlsznendae

& 19 a a { o g ) v ' 4 2 ' o % v
FAPbL, Wludulng Intilszantnmngesuiluazdesldruaeudis 4 iwdu wu maiuwesod lnddaunldy

¥
Y 1 2 A

d” |dyw ] Y a a S A = s " v
ut‘)ﬂmﬂuﬂizmumﬂﬂuummﬂﬁﬂiz’d‘n‘ﬁmWﬁummaam"lﬂumﬁwummﬂaﬂuﬂimmﬂaaTiLuumu LFU A

L)

Y Y

a a a I v ' A A 3 a0 A2
’1.]53'(71/]‘ﬁﬂTV‘ILﬂaEJ‘UE]\1!,"lfaﬁVl‘1JQﬂﬂ’]fJﬂiZ‘]J'Juﬂﬁ'1W31L!a$6ﬁﬂi]ﬂ311llmilmulﬂu 14% v/v UAUNNIUIIN 10.8%
& A a a = a A a a s
UJ“L! 14.3%Lll@ﬂiuTﬂ!ﬁJﬂQﬂa@IiLUHGﬁUﬁﬂa\WWﬂ 50 nJu 30 "hﬂm'am uaﬂ%muﬂizﬁwﬁmwmmmaa

o =y o Jd A A A as
V1531 MAPbl3 Qﬂu131le%fJ‘]JL‘ﬂEJ‘]Jﬂ‘]JL‘]fﬁa’q‘iEJSL‘WE]iE)W’dvlﬂ@ﬂﬂEI’E]‘LI‘]J'JﬂﬁWﬂJGBUﬂWQﬂﬂQﬂﬁ}’Jﬂﬁﬂ\ﬂ‘ﬁﬂWE
' W Y v o o ' A a
"’191}1\1(59]}1& VINHANTITNAADI ‘V‘HJ’JT’ULI1ﬂﬂlﬂﬂwaﬂLW636‘V‘lE"fulﬂmﬂllﬁllﬂuﬂﬂ‘ﬂﬂﬁ1ﬂmuiuﬂ1‘§1j\iu@ﬂﬁ\iﬂﬁgﬁﬂ‘ﬁﬂWWﬂlﬂﬂ

' ' a A = o I v 2 '

yaa L‘Wi"l%’/ﬂT]J‘Jg’d‘ﬂ‘ﬁﬂ"l‘wmﬁﬂﬂlﬂﬂﬂ]ﬂW@]iﬁWn!!ﬁSL“}fﬁﬁ‘]JiS’/]JiSﬂ’E)‘]Jﬂ’JfJ FAPbI3 Lﬂuﬁ]uiﬂﬂljﬂﬂﬂi%’/ﬂ’l‘l&ﬂTj

' ' a a { o ' < S o
UgnuuuIna Idalsz@nsnmnlndifesiu wdhwuananues FAPBI, szlvinadnniediaiiu lada

a aa o A A aa
a1 Wﬁﬂﬁ AIUDTOUTR oo

=y = A A =~ o
ﬂﬂ’]iﬁﬂ‘]&l’] 2563 RIRVRE 3] 'E’).‘Vl‘].ﬁﬂ}:l’]“ﬁﬁﬂ ..............................



v

## 6172034023 : MAJOR PHYSICS

KEYWORD:
Passakorn Phiromruk : FABRICATION AND CHARACTERIZATION OF TRIPLE-CATION
PEROVSKITE SOLAR CELLS. Advisor: Asst. Prof. SOJIPHONG CHATRAPHORN, Ph.D.

Presently, triple-cation perovskite solar cells have been appealing due to the outstanding power

conversion efficiency (PCE). In this work, the Cs, ,(FA MA, ) Pb(IyBrl_y)3 triple-cation perovskite solar cells

0.97
fabricated by two-step deposition method were studied by varying the content of halide ions (Br and I) and the cation
ratios of FA and MA. The results showed that the insertion of Br improved open-circuit voltage due to broader band
gap. In case of MAPbI,-based devices, the PCE was also increased with the addition of Br. However, the FAPbI ;-
based devices were inferior to MAPDI,-based devices resulting from poor quality perovskite layer and the non-
photoactive structure of FAPbL. To fabricate the FAPbI-based devices, more procedures were needed to obtain high
performance. Two-step deposition method with perovskite seeds was employed to improve the photovoltaic
performance of FAPbI-based devices. This process was slightly modified from conventional two-step deposition
methods by adding small amount of perovskite seed precursor into Pbl, solution and the concentration of the
perovskite seeds in Pbl, solution was varied in this study. The SEM images indicated that the FAPbI,-based films of
the new method were more compact and denser than that of the conventional method which improved surface
coverage causing the better contact between perovskite layer and hole transport layer. The average PCEs were
enhanced from 5.2% to 11.9% when the fabrication method changed from the conventional method to two-step
deposition method with 7% v/v seeding concentration due to the favorable of perovskite seeds for crystal formation
and improved contact of photoactive layer and hole transport layer. The performance of the seeding method could be
improved by using proper amount of chlorobenzene as an anti-solvent. For instance, the average PCEs of 14% v/v
seeding concentration was risen from 10.8% to 14.3% when the applied anti-solvent was changed from 50 pl to 30
ul. Besides, the photovoltaic performance of triple-cation perovskite solar cells from both methods and the standard
MAPbI; were compared. It was found that the grain size was not an impact factor to determine the performance of
devices because the average PCEs of seeded devices were around 13-14% as much as the standard devices and

MAPbI-based devices, although the grain size of FAPbI,- and MAPbI,-based devices were noticeably different.

Field of Study: Physics Student's Signature ..........cocoeeveeeveenne

Academic Year: 2020 Advisor's Signature ...........cccoeceveennene.
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Chapter 1

Introduction

1.1 Overview

Nowadays, population growth and economic expansion lead to more demand of
electricity causing the excessive use of oil, natural gas, etc. Accordingly, these resources will
soon be running out and the alternative sources are needed. Sunlight is a renewable energy source
and can be used to generate electricity through a solar cell in which a device that converts light
energy into electricity by means of photovoltaic effect. Many kinds of solar cells have been
invented and one of the fastest developing innovations is a perovskite solar cell where its power
conversion efficiency (PCE) continues to grow dramatically, especially during the past decade. At

present, the PCE of perovskite solar cells reaches 25.5% as shown in figure 1.
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Figure 1 The PCEs from each kind of solar cells in each year [1]

Figure 2 shows that a perovskite solar cell can be categorized into two groups — normal
structure (n-i-p structure) and inverted structure (p-i-n structure), the only difference of these
structures is the alternating positions of electron transport layer and hole transport layer. In this
work, the solar cell structure is the normal structure which typically consists of 5 layers:

® Front contact — fluorine-doped tin oxide-coated (FTO) glass — is used to collect electrons.
® Electron transport layers (ETLs) or blocking layers — compact-TiO, and mesoporous-

TiO, — are used to block holes from an absorber layer to recombine with electrons.



® Absorber layer (photoactive layer) — perovskite materials — is the most important layer
because it generates carriers, electrons and holes, to produce the current in solar cells.
® Hole transport layer (HTL) — Spiro-MeOTAD — is used to improved hole transport into
back contact.
® Back contact — gold or silver — is used to collect holes from absorber layer.
The layers of perovskite solar cells are mostly prepared by spin-coating (details are described in

chapter III).
Normal Structure Inverted Structure

Au or Ag (+) / AuorAg (-)

«— Interface 4 —> -

HTL
«— Interface 3 —
Perovskite Perovskite
«— Interface 2 —
HTL
«— Interface 1 —>
FTO or ITO (-) FTO or ITO (+)

Figure 2 Schematics of the normal and inverted structures of a perovskite solar cell [2].

1.2 A brief history of perovskite

Perovskite was originally named after a Russian mineralogis — Perovski from the
discovery of metal oxide CaTiO,. Correspondingly, perovskite or perovskite structure has been
interchangeable to describe crystal structure with chemical formula ABX, where A is a cation
sitting at the corners of the unit cell, B is a cation at the center of the unit cell, and X is an anion at
the face-centered positions of the unit cell as depicted in figure 3. The basic structure of
perovskite is a cubic structure with BX, octahedral structure. The perovskite materials for an
photoactive layer in solar cells are commonly inorganic-organic cation halide where A is a
monovalent cation such as CH,NH, (methylammonium or MA), CH,(NH,)," (formamidinium or
FA), and Cs’, B is typically Pb>" and X is an halide ion, e.g., I, Cl, and Br. The first peer-
reviewed paper of perovskite materials for perovskite-based device was MAPbI, and MAPbBr,,
and the PCE achieved 3.8 % in 2009 [3]. At times, MAPbl,, MAPbBr, and FAPbI, can be
regarded as single-cation perovskite materials since there is only one cation which is “MA” or

“FA”.
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Figure 3 The structure of a unit cell of perovskite

Earlier, MAPDI, has been thoroughly studied and the PCE has succeeded over 20% but
the disadvantages of MAPbI, are that it is sensitive to heat and humidity [4-6] whereas MAPbBE,
has too broad band gap (>2 eV) [7]. Another single-cation perovskite that should be mentioned is
FAPbI, because the band gap of FAPbI, is slightly smaller than that of MAPbI, including
improved charge transport [8], hence the PCE could be enhanced. However, FAPbI, lacks
structural stability, i.e., two different crystal structures could be attained. One is photo-inactive
hexagonal structure or yellow phase and the other one is photo-active perovskite structure or
black phase; the names of yellow and black are basically from the color of perovskite samples
with such structures. Moreover, the black phase of FAPDI, is only stable at 180 °C [9]. As a
result, these single-cation perovskite materials seem to have problems especially with the
instability. The compositional engineering of perovskite materials is of interest to surpass these
problems.

For example, the incorporation of bromide in perovskite material MAPb(I,_Br,), (0.06 <
x < 0.3) showed the improvement of the devices, the PCE remained the same after exposed to
55% relative humidity for a day while the drop of PCE from MAPbI, device was seemingly
observed and the color change of MAPbI, film from dark brown to yellow was noticed after such
condition [5]. Double-cation (and mixed halides) perovskite solar cells using
MA, ,,FA, 4 Pb(I,4;Br, ,); reached the PCE of over 18%. It is because a small amount of MA is
sufficient to promote the black phase of FAPbI,. In other words, MA acts as a stabilizer of the
photo-active structure of FAPbI, [10]. The yellow phase yet exists even the device with high
PCE. Another double-cation perovskite that was studied is Cs-doped FAPbI; and the result

showed that the FAPbI, device with Cs-doped had better photovoltaic performance than FAPbI,



device without Cs as shown in figure 4 [11]. It is worth noting that Cs should not be used more

than 15 mol.% because of the phase segregation [12].
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Figure 4 The J-V curves of FAPbI, (black), FA,4Cs, ,sPbl; (red), FA,,,Cs, ;,Pbl; (green), and
FA,55Cs, ;sPbl; (orange) [11].

1.3 Triple-cation perovskite solar cells

The mixture of MA, FA, and Cs appears to be a perfect fit to enhance PCE and this kind
of perovskite is known as triple-cation perovskite. Triple-cation perovskite solar cells, especially
FAPbI,-based solar cells, has shown excellent performance and stability. For example,
Cs, (FA,¢;MA, |3),Pb(I,¢,Br, 3); and FA ,MA, ,Pb(I,,Br, ), samples were heated at 130 °C
for 3 hours to observe the film color and the results showed that the triple-cation perovskite color
retained noticeably dark while the double-cation perovskite color was evidently bleached. Triple-
cation perovskite materials demonstrated not only better thermal stability but also structural
stability of FAPbI,. The XRD data showed that there was a small trace of yellow phase of FAPbI,
left from double-cation perovskite sample while there was none for triple-cation perovskite
sample. In addition, the PCE of 20% was obtained from triple-cation perovskite devices and
slightly decreased to 18% which remained stable over 250 hours at room temperature and full

maximum power point tracking under full illumination as shown in figure 5 [10].
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Figure 5 The PCEs of triple-cation perovskite solar cell (red circles) and double-cation
perovskite solar cell (black squares) at room temperature under full illumination and maximum
power point tracking [10].

From all of the above, triple-cation perovskite solar cells look promising to examine. In
this work, the triple-cation perovskite solar cells were fabricated by two-step deposition method
since FAPbI,-based triple-cation perovskite devices of two-step deposition method are latterly
superior to that of one-step deposition method [13]. The other approach was two-step deposition
method with perovskite seeds. The perovskite films were characterized by scanning electron
microscopy and optical transmission to obtain the surface morphology and the band gap,
respectively. The photovoltaic performance of perovskite solar cells was investigated through J-V
characteristics.

1.4 Objectives
® To find appropriate fabrication process and conditions for triple-cation perovskite solar
cells.
® To characterize physical and photovoltaic properties of triple-cation perovskite solar
cells.
® To compare the performance of triple-cation perovskite solar cells with single-cation

perovskite solar cells.



1.5 Thesis outlines

In this thesis, it comprises five chapters. Chapter II will mainly be the theory of
perovskite structure, band gap of a semiconductor, P-N junction, and solar cell parameters. The
experimental procedures and characterization of triple-cation perovskite solar cells will be
described in chapter III. The results of the experiments will be demonstrated in chapter IV and the

conclusions of the thesis will be in chapter V.



Chapter 11

Basics of semiconductor, solar cells, and perovskite solar cells

In this chapter, the perovskite structure in terms of Goldschmidt tolerance factor and the
concept of perovskite fabrication will be briefly described. Then, the band gap of a semiconductor
and P-N junction will be explained. Afterwards, materials of each layer for perovskite solar cells
and photovoltaic parameters for the performance of devices will be described.
2.1 Perovskite structure

Goldschmidt tolerance factor generally is an empirical index used to predict the structure
of oxide perovskite. Though perovskite materials for solar cells are organic-inorganic halide, the
tendency of the structure is still practical [11]. Goldschmidt tolerance factor (#) can be expressed

as following

Tat+ryx
V2(rpp+1x)
where 74 is the radius of A cation, 7'pj, is the radius of Pb’" and Ty is the radius of halide ion. The

t = 2.1

perovskite materials tend to form a hexagonal structure when ¢ > 1, cubic structure when 0.8 < ¢ <
1, and orthorhombic structure when ¢ < 0.8. A perovskite material may be observed with more
than one structure depending on the temperature, for instance, the tolerance factor of CsPbl; is
lying between cubic and orthorhombic structures. Hence, the structures could be arranged for a

cubic structure (black phase) or an orthorhombic structure (yellow phase).
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Figure 6 The calculated Goldschmidt tolerance factor of different cations (A) in APbI, structure [14].



From figure 6, the estimated ionic radii of FA, MA, and Cs are 2.53, 2.17, and 1.67 A,
respectively. Then, the calculated Goldschmidt tolerance factor of FAPDI, is almost 1.0 which
means that the predicted structure would be either cubic or hexagonal structure since the value of
t is in-between two structures. The smaller cation, such as MA and Cs, could reduce the
Goldschmidt factor of FAPbI, and gain the cubic structure. This concurs what mentioned earlier
in chapter I that the black phase (or cubic structure) of FAPbI, could be stabilized by MA and Cs.
Nonetheless, these Goldschmidt factors are not totally the answer to determine the exact
structures of perovskite materials particularly organic-inorganic halide because it is difficult to
calculate the exact radius of organic ion [8]. According to figure 6, the ¢ value of MAPDI, is 0.9
and the structure should be cubic. Instead, the structure of MAPbI, is experimentally tetragonal
with a tilting of Pbl; octahedra where the ¢ value is 0.9 and the structure of the black phase
FAPbI, is trigonal (some would call this structure pseudo-cubic structure because it is closed to a
cubic structure). At this point, it was found that the perovskite structure is accounted to the
interplay of the cation size and the hydrogen bonds between FA/MA cations and the inorganic
matrix of I [8] because a higher probability of FA to form hydrogen bonds comparing to MA
induces the stabilization of the pseudo-cubic structure. Additionally, the difference of crystal
structures could affect the electronic and optical properties of perovskite materials. For example,
the pseudo-cubic structure of FAPbI, enhances spin-orbit coupling effect due to the increased
ionic character of Pb. This causes the red shift of the onset absorption of perovskite materials and
improved charge transport [8] compared to the tetragonal structure of MAPDI,.

2.2 Perovskite fabrication

The approaches to fabricate triple-cation perovskite films are roughly classified into two
major categories: solution-based deposition methods and vapor-based deposition methods. In this
work, the first method will be employed since the latter requires costly tools. The solution-based
deposition method is related to spin-coating. It is a technique in which the solution is firstly
dropped onto the substrate and then the substrate is rotated at some speed to spread out the
solution covering the surface by the centrifugal force. Generally, there are roughly two kinds of
spin-coating to deposit perovskite layers which are one-step deposition method and two-step (or
sequential) deposition method. Figure 7 demonstrates one-step deposition method, which is a

process that all perovskite materials are mixed in the solvent, then spin-coated on the substrate



and the substrate is annealed to eliminate excessive solvent and assist the forming of perovskite
crystallite, while two-step deposition process is a process in which lead-halide precursor is firstly
spin-coated then organic cation solution is deposited onto lead-halide layer as illustrated in figure

8. In this research, the two-step deposition method was chosen to fabricate the layer.
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Figure 7 One-step deposition method.
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Figure 9 Diagram of optical transmission in a semiconductor.

2.3 Band gap energy
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When the light of which intensity is I, perpendicularly falls onto a semiconductor (figure
9), the intensity of light decreases as light travels through a semiconductor due to the absorption
of a semiconductor. For convenience, the absorption can be used as absorption coefficient which

can be written as following
1 di(x)

I(x) dx’ (2.2)

a= —
where I(x) is the intensity of light at the distance x in a semiconductor,

x is the distance of light through a semiconductor,

« is the absorption coefficient.
The minus sign in equation (2.2) suggests the intensity of light decreases as the light gets through
the substance. From equation (2.2), if the incident light is I0 at x = 0, thus the intensity at any
given distance in a semiconductor is

I[(x) = e~ (2.3)

Transmittance (7) and reflectance (R) can be written in terms of incident light (7,), transmitted

light (Z,), and reflected light (1,) as following

T="1, (2.4)
Iy

R=R (2.5)
Iy

Typically, the transmittance could be used as percent transmission (%7)
1
%T = =% 100. (2.6)
0
And from equation (2.3) and (2.6), if the thickness of a semiconductor is d, the absorption

coefficient can be calculated from this equation

%T

). 2.7)

1
a= — Ell’l (

where « is the absorption coefficient,

%/ is percent transmission,

d is the thickness of a semiconductor.

For absorption process in semiconductors, a photon can be absorbed by a semiconductor
when the energy of photon is equal or greater than the band gap, an electron from valence band
will be excited to conduction band and becomes free electron in the conduction band and hole in
the valence band, it is called an electron-hole pair. When an electron in the conduction band falls

back to the valence band it is called a recombination. If the momentum of the process is

conserved, this semiconductor has a direct band gap. On the other hand, if the momentum of the
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process is not conserved, the semiconductor has an indirect band gap. The direct and indirect
band gap can be evaluated from the absorption coefficient by using the relation
® Direct band gap
ahv = A(hv — E,)'/2, (2.8)
® Indirect band gap
ahv = A(hv — Eg)?, (2.9)
where « is the absorption coefficient,

h is Planck’s constant = 6.62 x 10" mzkg/s,

VU is a frequency of photon,

A is a constant,

E, is the band gap.

Since most materials have direct band gap including perovskite, the equation (2.8) is
applied by using Tauc plot of (ahv)? vs. hv and the band gap can be estimated from the intercept
of the extrapolation of a straight line on hv axis [15].

2.4 P-N junction

Consider p-doped and n-doped semiconductors. A p-doped semiconductor contains
positively charged holes while an n-doped semiconductor has negatively charged electron. Both
semiconductors are neutrally charged because the charges of the carriers (electrons and holes) are
compensated by charged ions. Fermi level of p-doped semiconductors is closed to the bottom of
the valence band and fermi level of n-doped semiconductors is closed to the top of the conduction

band as illustrated in figure 10.
P-doped N-doped
s00ess00s0000000000000000 sssessssssscsssssssscsscees \acuum level

e e e e e e Conduction band

3 Fermi level
B
]
]
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h* h* h* h* h* h*
Negativeions - - - - - - - - - + + + + + + + + +  Positive ions

Figure 10 The band energy of p-doped (left) and n-doped (right) semiconductors.
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When n-doped and p-doped semiconductor are made in contact, electrons from n-doped
semiconductor (higher Fermi level) will flow into the side of p-doped semiconductor (lower
Fermi level) and holes from p-doped semiconductor will flow into the side of n-doped
semiconductor. This will result in the depleted of electrons in n-doped semiconductor and the
depleted of holes in p-doped semiconductor at the interface, this region is called the depletion
region. At the depletion region, the net charge of fixed ions in the n-doped semiconductor is
positive whereas the net charge of fixed ions in the p-doped semiconductor is negative. Those
fixed charged ions from both semiconductors produce the electric field as illustrated in figure 11

and a built-in potential is created.

Electric field P-doped N-doped

................................................. Vacuum level

Conduction band

P-doped Fermi level

Depletion region

Valence band

- - h* h* h* h*
f ga ions - - - - - - - T_’;:;(_f_‘j;l—f-i—_})+ + + + + + Positive ions
Negative ions Positive ions Net negative charge Net positive charge

Depletion region
Figure 11 The p-n junction (left) and the band diagram p-n junction (right).

However, the band diagram of p-n junction from figure 11 on the right-hand side is not
completely correct. When electrons flow to p-doped semiconductor and holes flow to n-doped
semiconductor until the electric field is large enough, the Fermi levels of both sides should be
equal. Figure 12 shows the shifted fermi level of the semiconductors and both semiconductors
share the same fermi level. When exposing P-N junction to light, photons are absorbed and
electron-hole pairs are created at the depletion region, the electrons will go to the right or lower
conduction band and the holes will flow to the left or higher valence band due to electric field at
the depletion region. Thus, a net current occurs [16]. Such principle can be applied to perovskite
solar cell structure because a solar cell is as well a p-n junction device. Figure 13 exhibits the
example of band gap of all layers for perovskite solar cells which should be aligned and
conformed the principle. Once photons are absorbed by perovskite layer and electron-hole pairs
are created, electrons at the conduction band will flow into the lower conduction band (to the left)
and be collected at FTO layer whereas holes at the valence band will flow into the higher valence

band (to the right) and be collected at metal contact.
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Figure 12 The band diagram of p-n junction with shifted Fermi levels.
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Figure 13 Energy diagram of perovskite solar cells representing the energy level of each layer
[17].

2.5 Perovskite solar cell structure
From the notion of the last section, band gap of each layer should be aligned as in figure

13 but the desire for each layer is more than that. In this part, the details of each layer will be

revealed.
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2.5.1 Front contact
Front contact for perovskite solar cells is used to collect electrons from a photoactive
layer. The requirement properties of this layer must be transparent and have excellent
conductivity as well as thermal resistance because the fabrication of some following layers might
need very high temperature. Fluorine-doped tin oxide (FTO)-coated glasses were selected due to
the transparency, relatively stable under atmospheric condition, chemically inert, and high-
temperature resistance. ITO or indium tin oxide-glasses could be used as well. However, it is
actually more expensive than FTO-glasses.
2.5.2 Electron transport layer or blocking layer
This layer must be transparent conducting film and n-type semiconductor because the
light must get through to an absorber layer and another function of the layer is to prevent holes to
recombine with electrons. Normal structure of perovskite solar cells can be categorized by
electron transport layer as demonstrated in figure 14. First is a planar type in which there is only
one electron transport layer, e.g., compact-TiO, or SnO,. The other is mesoscopic type where
there is an additional layer which is scaffold mesoporous-TiO,, such layer can reduce the

hysteresis of devices [18]. Compact-TiO, and mesoporous-TiO, materials were chosen for this
research.

HTM (Spiro-MeOTAD) HTM (Spiro-MeOTAD)

ETM (TiO,) ETM (TiO,)

Glass Glass

Figure 14 Diagram of (left) planar (right) mesoscopic of normal structure of perovskite solar

cells [19].
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2.5.3 Photoactive layer
This layer is the most important layer because it generates carriers, electrons and holes,
to produce the current from solar cells. The triple-cation perovskite material for an absorber layer
will be focused. The triple-cation perovskite films typically has its form of (Cs/FA/MA)Pb(I/Br),
where the amount of FA, and MA were varied in this work.
2.5.4 Hole transport layer
Hole transport layer is deposited prior to back contact to avoid the recombination of
electrons and holes resulting in increasing fill factor [20]. Many types of hole transport layer have
been employed for normal structure of perovskite solar cells, such as, spiro-MeOTAD, CuSCN,
and PCBM. Spiro-MeOTAD was selected for the research because of great photovoltaic
performance in perovskite devices. Nevertheless, spiro-MeOTAD needs dopant like Li-TFSI so
as to improve conductivity and accelerate oxidization [21].
2.5.5 Back contact
Gold or silver are commonly used for this layer. Although silver is relatively low-cost
compared to gold, silver after exposing to air was corroded and silver iodide was formed when
MAI migrated through the small pinholes in spiro-MeOTAD causing poor performance of solar
cells [22]. Thus, gold was selected as back contact and fabricated by means of thermal
evaporation.
2.6 Solar cell parameters
Fundamental photovoltaic parameters of solar cell are power conversion efficiency
(PCE), fill factor (FF), short-circuit current density (Jg.), open-circuit voltage (V,.), shunt
). Figure 15 shows a J-V curve of a solar cell when it

resistance (R, ), and series resistance (R

shunt series

is exposed to light.
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Figure 15 The J-V curve of solar cells.

Short-circuit current density is the maximum current density generated by solar cells or
the current density when the voltage across the device is zero. The current density is rather used
than just the current to avoid the influence of active area because the current firmly depends on
the active area of solar cells. Open-circuit voltage is the maximum voltage produced by solar cells
or the voltage when the current is zero.

Fill factor is a parameter used to describe how close the ideal of such a solar cell is. Fill
factor is defined as the ratio of the maximum product of current density and voltage (the yellow
area) to the product of Jy. and V. (the orange area) as shown in figure 16 and equation 2.14. Fill
factor can be considered a measure of squareness of the J-V curve. If the curve is squarer, the
curve takes more area. The values of FF are in between 0 and 1, when the value closed to 1, it
means the solar cell is impeccable (closed to ideal) while the value closed to 0 means the solar
cell is poor. Fill factor relies on the shunt resistance and series resistance. Shunt resistance
originates from the leakage paths in devices which allows the current to flow other paths. The
leakage path in perovskite devices in general arises from the pinholes in photoactive layer and
recombination losses. Series resistance is responsible to internal resistance, e.g., perovskite layer,
charge-collecting interlayer, and metal electrode [23, 24]. As a matter of fact, shunt resistance

should be very large whereas series resistance should be very low to acquire the decent fill factor.
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Moreover, short-circuit current density is also affected by both resistances while open-circuit

voltage is dependent to only shunt resistance, according to generalized Shockley’s equations [25].

V—JR V—JR
IJsc =Jen —Jo [exp (% - 1)] - Tns’ (2.10)
_ nkT ]P;h _ VOC
Voc = q In Jo [1 ]PhRSh])’ @10

where Jp, is photocurrent density,
J, is reverse bias saturation current density,
q is elementary charge,
R is series resistance,
R, is shunt resistance,

n is the diode ideality factor,

T is the room temperature.
25
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Figure 16 The J-V curve of solar cell where the light orange box represents the maximum

product of current density and voltage and dark orange represents the product of J¢. and V.

Power conversion efficiency (PCE) is defined as the fraction of the maximum power

from solar cell to the input power from the light as following equation

PCE = Zoutput o 100 (2.12)

input

And it can be rewritten as
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PCE = LX0max 409, (2.13)
where  (J X V) is the maximum product of current density and voltage,
1 is the irradiance (the unit is W/area) and set at 100 mW/cm® which is the sunlight under
1.5 AM condition.
Since FF is the ratio of the maximum product of current density and voltage to the

product of J,- and V-
(xV)max

FF = . (2.14)
JscXVoc
Thus equation (2.13) can be rewritten as
PCE = YoeJseX o 100. (2.15)

Power conversion efficiency reflects the performance of devices. Form the equation
(2.15), the PCE of devices strongly depends on open-circuit voltage, short-circuit current density,
and fill factor. However, the limitation is that if V. is high, it means that the band gap is large.

As aresult, J. will be reduced due to the broaden absorption range.
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Chapter 111

Fabrication and Characterization
In this chapter, the preparation of the substrates and materials will be briefly described.

Then the fabrication processes of triple-cation perovskite solar cells from electron transport layer
to back contact will be fully explained, especially the fabrication of triple-cation perovskite layer.
And the last section is the characterization of perovskite solar cells.
3.1 Preparation of substrates and materials for perovskite solar cells

3.1.1 Front contact

A 3 mm thick of FTO-coated glass is cut into 3 x 3 cm’ and etched to prevent the short
circuit. FTO-coated glass is covered by polyimide tape with 2 cm % 3 cm as illustrated in figure
17, then zinc-powder is spread on the top of uncovered area and a couple drops of hydrochloric
acid are applied at zinc-powder area to take out or etch the FTO film. After that, the FTO-etched
glass is cleaned by using an ultrasonic bath with detergent, DI water, acetone, and 2-propanol,

sequentially for 30 minutes each.

‘ HCI

(b) (c)

Etched-FTO

Figure 17 Schematic showing top view of (a) FTO-coated glass covered by polyimide tape (b)
zinc-powder on the uncovered area and applied hydrochloric acid (HCI) (c) finished etched-FTO
glass.

3.1.2 Electron transport layer(s)

Commercially available compact-TiO, liquid is mixed with ethanol in the volume ratio of
1:2, then stirred overnight at 70 °C. Commercially available mesoporous-TiO, liquid is mixed
with ethanol in the volume ratio of 1:7, then stirred overnight at room temperature. Before

fabrication, the cleaned substrate is taped at the opposite of the etching-side of the glass using
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polyimide tape as depicted in figure 18 to avoid short circuit. However, before annealing process,

the tape must be removed because the tape can be melted at high temperature.

—> polyimide tape

Figure 18 Diagram of etched-FTO glass with polyimide tape before compact- and mesoporous-
TiO,.
3.1.3 Absorber layer
3.1.3.1 Two-step deposition method

As previously mentioned in chapter II, two-step deposition method is chosen to study. The
content of Cs is fixed at 3% of cations (Cs,,(FAMA,),,,) and the content of FA and MA
cations of atomic percent were varied for the ratio of FA:MA = 90%:10%, 85%: 15%, 70%: 30%,
30%: 70%, 15%: 85%, and 10%: 90%. Moreover, the effect of Br in triple-cation perovskite solar
cells is further studied by varying the content of bromide for 0 and 10% of halide ions (I and Br).
Therefore, the triple-cation perovskite with 10% Br-contained could be written as Cs, ,(FA MA .
DosrPb(IysBr, ),

In case of triple-cation perovskite layer without bromide, 1 M of Pbl, is dissolved in DMF:
DMSO = 4:1 volume ratio and stirred overnight at 70 °C. In case of triple-cation perovskite layer
with 10% of bromide, 1 M of Pbl, and 0.14 M of PbBr, is dissolved in DMF: DMSO = 4:1
volume ratio and stirred overnight at 70 °C. The total concentration of FAI and MAI is 10 mg/ml
by preparing FAI and MALI salts with the ratio 90%:10%, 85%: 15%, 70%: 30%, 30%: 70%, 15%:
85%, and 10%: 90%, then dissolved in IPA (2-propanol) and stirred overnight at room
temperature. However, Csl has a low solubility and IPA is a relatively weaker solvent compared
to DMF. As a result, Csl cannot dissolve with the organic cation salts in [PA solvent. Thus, 1.5 M
of Csl is dissolved in DMF: DMSO = 4:1 volume ratio and stirred overnight at room temperature.
Before lead halide fabrication, Csl solution is added into lead halide precursor and kept stirring

for 10 minutes.
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3.1.3.2 Two-step deposition method with perovskite seeds

This method is a modified of two-step deposition method where perovskite seeds is
separately prepared and added into lead halide solution. For this method, the concentrations of
perovskite seeding precursor in Pbl, solution of 7, 14, and 20 %v/v are studied in the work.

1.4 M of Pbl, is dissolved in 1 ml DMF and 160 pl DMSO and stirred overnight at 70 °C.
The seeding precursor is prepared by 1.2 M of Pbl,, 0.21 M of PbBr,, 1.08 M of FAI 0.18 M of
MABT, and 0.14 M of CsI dissolved in DMF: DMSO = 4:1 volume ratio and stirred at 60 °C for
10 minutes to form Cs,,FA,,,MA,,,Pb(I,sBr, s); as perovskite seeds, and then the seeding
precursor is mixed into Pbl, solution and kept stirring at 70°c for 15 minutes. 8.3 mg of FAI 0.83
g of MABr, and 0.87 mg of MACI are dissolved in 10 ml of IPA and stirred overnight at room
temperature.

3.1.4 Hole transport layer

0.0723 g of Spiro-MeOTAD powder is dissolved in 1 ml of chlorobenzene and stirred
overnight at room temperature. 28.8 ul of 4-tert-butylpyridine (t-BP) and 17.5 ul of Lithium-
bistrifluoromethanesul formamide (Li-TFSI) of which 0.52 g dissolved in 1 ml of acetonitrile are
mixed in 1 ml of Spiro-MeOTAD and kept stirring for 3 hours before use.
3.2 Deposition processes of each layer for perovskite solar cells

Before fabrication, FTO-coated glasses are cleaned with UV-O, for 10 minutes. Then
400 pl of compact-TiO, is dropped onto the substrate and spin-coated at 3000 rpm for 30s. After
that, the substrate is placed on the hot plate at 500 °C for 30 minutes. Next, 400 pl of
mesoporous-TiO, is dropped onto the substrate and spin-coated at 3000 rpm for 30s. After that,
the substrate is annealed at 500 °C for 30 minutes. The substrates then are cleaned with UV-O,
for 10 minutes and preheated at 70 °C to refrain from the temperature difference between
substrates and lead halide solution.

For conventional two-step deposition method, 200 pl of lead-halide precursor is spin-
coated onto the substrates at 3000 rpm for 30s then annealed at 70 °C for 20 minutes and cool
down. After that, 400 pl of organic cation precursor is spin-coated at the rate of 2000 rpm for 20s,
and repeated again, then followed by 50 pl of chlorobenzene as anti-solvent after the substrate is

spinning for 5s. After this, the substrate is heated at 140 °C for 10 minutes.
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For two-step deposition method with perovskite seeds, 150 ul of Pbl, solution with seeds
is spin-coated onto the substrate at the rate of 3000 rpm for 30s then annealed at 70 °C for 20
minutes and cool it down. Next, 400 pul of organic cation precursor is deposited at the rate of 2000
rpm for 20s, and repeated again, then followed by 50 pul of chlorobenzene as anti-solvent after the
substrate is spinning for 5s. After this, the substrate is heated at 140 °C for 10 minutes.

150 pl of spiro-MeOTAD is deposited onto perovskite layer by spin-coating at the rate of
3000 rpm for 30s. The sample is left overnight for oxidization of spiro-MeOTAD [21]. All
processes are conducted in nitrogen-filled glove box with water content 0.1 ppm and oxygen
content lower than 1 ppm. Finally, 120 nm thick of Au is thermally evaporated on the top of
spiro-MeOTAD layer.

It is worth noting that the color of perovskite films for solar cells after fabrication process
should be dark brown or black at room temperature because the perovskite films naturally absorb
the light over visible spectrum and the figure 19 shows the examples of the completed triple-

cation perovskite solar cells after thermal evaporation of gold.

Figure 19 A complete perovskite solar cells.
3.3 Characterization of perovskite solar cells
The perovskite layer is deposited onto the FTO/compact-TiO,/mesoporous-TiO, to
investigate the optical transmission and morphology of perovskite films. The optical property and
morphology of perovskite films are investigated by optical transmission and scanning electron
microscopy, respectively. The photovoltaic performance of perovskite solar cells is characterized

via J-V characteristics, under AM1.5 condition.
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3.3.1 Percent transmission

The optical transmission (%T) of perovskite films was examined by a UV/VIS
spectrophotometer (Shimadzu: Model UV-1610PC) in the range of 350 — 1100 nm and used to
estimate the optical band gap of triple-cation perovskite films.

3.3.2 The calculation of optical band gap

The band gap of a perovskite layer can be obtained from transmission data and the
thickness of the perovskite film, according to equation 2.8. For perovskite film, however, it is a
bit more complex than usual. Figure 20 demonstrates plots of percent transmission of intrinsic-
ZnO layer (on the left) and perovskite MAPDI, layer (on the right). The optical transmission of
intrinsic-ZnO film completely drops to zero which means the photons are fully absorbed and the
equation 2.7 can be simply calculated. While the optical transmission of perovskite film quickly
drops at the region 1 and is supposed to drop to zero, but another slope of transmission occurs at
the region 2 because of the uncomplete transformation of Pbl, into MAPbI, or FAPbI, perovskite.
So, in this case, the only data at the region 1 should be selected to estimate the band gap. To

determine the band gap, the absorption coefficient should be calculated first.
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Figure 20 The optical transmission of i-ZnO film (left) and triple-cation perovskite films (right).
The thickness of perovskite layer should be firstly obtained which could be obtained
from cross-section SEM image. Secondly, the optical transmission and the thickness of perovskite
film are applied in equation 2.7 to attain the absorption coefficient. Next, the calculated
absorption coefficient is used by plotting (ahv)’ as y-axis and Av as x-axis. Figure 21 shows a
graph plotted between (ahv)’ and hv. From equation 2.8, the band gap could be acquired from

linear relation. Thus, the data in the region 1 is selected to plot and construct linear equation as
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shown in figure 22. From the linear equation y = mx + c, the band gap can be estimated by -b/m.

Therefore, the band gap of the MAPbDI, perovskite is 11.55/7.211 = 1.60 eV.

T
1.50 1.55 1.60 1.65 1.70
Energy (eV)

Figure 21 The plot of (ahv)z and hv of perovskite films.
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Figure 22 The linear line of (ahv)z vs energy from the selected data with the linear equation.
3.3.3 Scanning electron microscopy
Surface morphology and cross-section of triple-cation perovskite solar cells are
characterized by a field-emission scanning electron microscope (FESEM; JEOL Model JSM-

7001F) and the images are at x30,000 magnification.
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3.3.4 J-V characteristics
The parameters of perovskite solar cells, i.e., power conversion efficiency (PCE), fill

factor (FF), short-circuit current (Js.), open-circuit voltage (V,.), shunt resistance (Rg,,), and

shunt

series resistance (R, ) are investigated from J-V characteristics. The devices are performed

under AM1.5 illumination with the light intensity of 100 mW/cm’ by using Xe-lamp solar
simulator and Keithley 238 source meter-unit at room temperature and the active area of devices

is 0.06 cm’.
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Chapter IV

Results and Discussion

The results of the experiment will be presented in this chapter. The optical transmission
and morphology of triple-cation perovskite films fabricated by both methods will be described
first. Next, the photovoltaic parameters of triple-cation perovskite solar cells from the
conventional two-step deposition method with varied cation ratio will be shown as well as the
effect of Br. Then, the performance of FAPbI;-based perovskite devices from two-step deposition
method with perovskite seeds will be compared to the conventional two-step deposition method.
Lastly, the performance from both methods will be in comparison with the standard single-cation
perovskite solar cells, MAPDI,.
4.1 The optical transmission of perovskite films

The perovskite films are fabricated on the FTO/compact-TiO,/mesoporous-TiO, by two-
step deposition method and two-step deposition method with perovskite seeds. For the
conventional method, Cs,,,(FAMA,,),sPbl; and Cs,,,(FAMA ), Pb(I;4,Br,,,); are studied
and the cation ratio of FA: MA is varied for 90%: 10%, 85%:15%, 70%:30%, 30:70%, 15%:85%,
and 10%: 90%. Note that in case of perovskite without halide ions, the band gap of MAPbI, is
included.

4.1.1 two-step deposition method

Figure 23 shows the optical transmission of different cation ratio perovskite films (a)
Csys(FAMA ), 4,PbL;and (b) Csos(FAMA ), o,Pb(I;4Br, )5 Figure 24 illustrates the relation
between (ahv)’ and hv which could be calculated for optical band gap as shown in the table 1 and
2 in which the tables display band gap from each condition of perovskite films without and with
10% bromide, respectively. From the table 1 and 2, band gap is apparently more broaden with the
insertion of Br compared to non-Br samples with the same cation ratio. Take one example, the
band gap of perovskite sample with cation ratio of FA: MA = 90%: 10% is extended from 1.54
eV to 1.57 eV with the Br-incorporation for only 10%. The altered band gap can be observed with
only small amount of Br because perovskite is immensely dominated by the orbitals of the halide
ions and Pb°" [26]. The conduction band is primarily associated with Pb p orbitals and the valence

band is characterized by an antibonding combination of halide ion and Pb orbitals, that is, Pb-6p
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and I-5p or Br-4p which mostly influenced by halide ion orbitals. For the insertion of Br into I,
the valence band is shifted downward resulting in the wider band gap [27].

Though the band gap is not directly accounted to cations, the band gap slightly lowers as
the amount of FA increases, according to table 1 and 2. For instance, the band gap of 1.61 eV
reduces to 1.54 eV when FA-content increases from 0% to 90%, corresponding to table 1. This is
because the interplay of cation size and hydrogen bonds between organic cation and I ion affect
the crystal structure of perovskite materials and the perovskite structure accounts for spin-orbit
coupling, namely, the pseudo-cubic of FAPbI, enhances the effect of spin-orbit coupling
compared to tetragonal with octahedrally tilted of MAPbI,. It was found that the band gap of
different structure of MAPbI, and FAPbI, would be the same without spin-orbit coupling effect,
and vice versa [8]. According to [8, 28], the increasing band gap was noticed in MAPDI; in
comparison with FAPbI, due to both factors. The change in band gap is compatible with [29]
where MAPbI; with the introduction of FA and Br was studied. It was found that the band gap
was reduced with the incorporation of FA and the band gap was increased with the insertion of
Br. Additionally, the band gap trends including the XRD data indicated that FA and Br were
homogeneously incorporated into MAPDI; lattice and did not observed other segregation

perovskite phases except the yellow phase of FAPbI, in case of FAPbl;-based samples.
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Figure 23 The optical transmission of triple-cation perovskite films (a) Cs,,,(FAMA, ), ,Pbl;
and (b) Cs,,,(FAMA, ), .,Pb(1,4,Br,,,); with different cation ratio.
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Figure 24 The relation between (ahv)z and hv where the intercept of x-axis is the optical band

gap of perovskite films (a) Csy(FAMA, ), o,PbI; and (b) Csps(FAMA, ) o;Pb(1;40Br s 1)

Table 1 The band gap of Cs, \;(FAMA, ), ,,Pbl; per

The cation ratio of FA: MA Band gap (eV)
90%: 10% 1.54 £ 0.01
85%: 15% 1.54 +£0.01
70%: 30% 1.55+0.00
30%: 70% 1.58 £ 0.00
15%: 85% 1.59+0.01
10%: 90% 1.60 £0.01
0%: 100% (MAPbI,) 1.60 +0.01

The cation ratio of FA: MA Band gap (eV)
90%: 10% 1.57 £0.00
85%: 15% 1.57+0.01
70%: 30% 1.58 £ 0.01
30%: 70% 1.60 +0.01
15%: 85% 1.62 £0.01
10%: 90% 1.62 +0.00

ovskite films with varied cation ratio.

Table 2 The band gap of Cs, ,s(FAMA, ), .,Pb(1, ,B7, ,,); erovskite films with varied cation

ratio.
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4.1.2 two-step deposition method with perovskite seeds
Figure 25 exhibits the optical transmission of perovskite films deposited by two-step
deposition method with the seeding concentration of 7, 14, and 20 %v/v. The band gap could be
estimated for 1.56 + 0.01 eV for all seeding concentration which closed to the FAPbI;-based
samples fabricated by the conventional method. The band gap is not altered as the seeding
concentration increases because only the small amount of seeding precursor is concluded

compared to the content of primary cations and halide ions.
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Figure 25 The optical transmission (left) and the plot of (Ahv)2 and hv of perovskite films
deposited by two-step deposition method with different seeding concentration (vight).
4.2 The morphology of perovskite films
The perovskite films are fabricated onto FTO/compact-TiO,/mesoporous-TiO, by two-
step deposition method and two-step deposition method with perovskite seeds. For conventional
method, Cs,,,(FAMA )., Pbl; and Cs,(FAMA,_),,Pb(I,4,Br, o), are studied and the cation
ratio of FA: MA is varied for 90%: 10%, 85%:15%, 70%:30%, 30:70%, 15%:85%, and 10%:
90%. The effect of Br is studied as well.
4.2.1 two-step deposition method
® Triple-cation perovskite films without bromide (Cs,,(FA,MA,_),,,Pbl,)
The surfaces of the perovskite films with different cation ratio are shown in figure 26. The
grain size of FA-based triple-cation perovskite films is only at 100-150 nm and the spacing

between perovskite grains can be clearly observed as shown in figure 26 (a) and (b). As MA-
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content increases, the grain orientation is more compact and grain size becomes quite larger as
can be seen in figure 26 (e) and (f), though the small-sized grain still takes place.

® Triple-cation perovskite films with 10% bromide (Cs, o;,(FA,MA 40.)0.07PP(I5.60BT; 10)3)

The results are similar for triple-cation perovskite films with bromide as illustrated in
figure 27. The grain size of the perovskite samples with the majority of FA ions is at about 100-
150 nm and the spacing still occurs. Additionally, in the case of FA:MA = 15%: 85%, and 10%:
90%, the grain size of 300 nm can be easily spotted and the small-sized grain is barely noticed
compared to samples with the absence of bromide from the same cation ratio. So, the inserted
bromide might improve the crystallization of perovskite which causes the prominent larger grain
size for MA-based perovskite samples. The larger-sized grains observed in MA-based perovskite
films after adding Br are in agreement with [29], which was found that the grain size of MAPbI,
with the insertion of FA and Br is larger compared to pure MAPbI,. It was surmised that the
activation energy for boundary mobility was decreased from the introduction of FA and Br
causing the larger grain size and less defected films. The inclusion of Br in FA-based perovskite

films does not evidently have effect on the perovsklte layer.
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Figure 26 The SEM images of Cs0,03(FAX]l/[A 1.7007Pb1; perovskite films with FA: MA cation ratio

(a) 90%: 10%, (b) 85%:15%, (c) 70%:30%, (d) 30:70%, (e) 15%:85%, and (f) 10%: 90%

deposited by two-step deposition method.
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Figure 27 The SEM images of Cs,,;(FAMA, ), b, 4,Br, ,,); perovskite films with the FA:

MA cation ratio (a) 90%: 10%, (b) 85%:15%, (c) 70%:30%, (d) 30:70%, (e) 15%:85%, and (f)
10%: 90% deposited by two-step deposition method.
4.2.2 two-step deposition method with perovskite seeds
Since the triple-cation perovskite films deposited from this method are FAPbI;-based
which is similar to the FAPbI;-based perovskite films from the previous method, the grain size
and shape are almost the same as shown in figure 28. But the obvious difference is that the
resulting films from this method is more compact and denser than the samples fabricated by the
conventional method and results in improving the surface coverage for better contact between
photoactive layer and hole transport layer. The grain size does not change when the seeding

concentration increases because only the small amount of seeds is added as discussed in section

4.1.2.

Figure 28 SEM images of perovskite films fabricated by two-step deposition method with seeding
concentration (a) 7% v/v, (b) 14% v/v, and (c) 20% v/v.
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4.3 The performance of triple-cation perovskite solar cells

In this part, the photovoltaic parameters of devices from the conventional two-step
deposition method will be investigated first. Then the performance of devices from the two-step
deposition method with perovskite seeds will be compared to the FAPbl,-based devices from the
old method and the last part is the PCEs from all processes compared to the MAPbI, devices.

4.3.1 Two-step deposition method

The table 3 and 4 show the best PCEs of Cs,,(FAMA, ),,Pbl; and Cs,,(FA,

MA,_ )4, Pb(I,4,Br, o), devices fabricated by the conventional two-step deposition method,

respectively. Figure 29 illustrates the plots of JV curves of best PCEs devices.

The cation ratio of : Vo (V) R e Rieries
PCE (%) FF Jsc (mA/ecm’) , ,

FA: MA (Q-cm”) (Q:em)
90%: 10% 6.68 0.46 14.93 0.97 253.32 3.39
85%: 15% 5.93 0.55 11.74 0.92 238.77 7.96
70%: 30% 4.56 0.54 8.32 1.01 483.19 6.13
30%: 70% 11.84 0.76 15.12 1.03 261.18 3.34
15%: 85% 10.73 0.73 13.74 0.87 597.50 2.99
10%: 90% 16.15 0.67 22.39 1.07 359.67 2.22

Table 3 The best PCEs of Cs, ,;(FAMA, ), ,Pbl; perovskite devices with different cation ratio.

The cation ratio of Ry Riries
PCE (%) | FF | Ji(mA/em’) | Vg (V) , .

FA: MA (Q-cm”) (Q-cm’)
90%: 10% 5.93 0.54 11.07 0.99 240.96 6.18
85%: 15% 6.39 0.52 12.8 0.96 228.52 9.84
70%: 30% 10.54 0.68 15.10 1.03 682.52 2.66
30%: 70% 13.73 0.60 21.42 1.06 730.08 2.96
15%: 85% 14.65 0.71 18.81 1.09 549.5 2.88
10%: 90% 19.06 0.72 24.16 1.1 397.35 2.87

Table 4 The best PCEs of Cs,, ,;(FAMA, ), -Pb(1, 4,87, ,,); perovskite devices with different

cation ratio.
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Figure 29 J-V curves of (a) Cs,\(FAMA, ), .,Pbland (b) Cs,,;(FAMA, ), :Pb(1,00B7y 10);
devices. The amount of anti-solvent is 50 ul and the active area is 0.06 e’

The Cs, ,(FAMA,.),,,Pbl; devices will be firstly focused. The photovoltaic parameters
of the MA-based devices are overall greater than that of the FA-based devices, according to the
table 3. Open-circuit voltage of the FA-based devices is slightly lower than that of the MA-based
devices due to the red-shifted absorption range. However, the short-circuit current density of FA-
based devices is also lower than that of the MA-based devices. It might be because the poor
quality of perovskite layer and non-photoactive structure of FAPbI, in which its property is not
perovskite structure and cannot produce the current. Shunt resistance of FA-based devices is
apparently smaller because the spacing of the surface of perovskite films causing defective
contact between photoactive layer and HTL, according to SEM images. Series resistance of FA-
based devices is quite large because FAPbI, might form the yellow phase of FAPbI, which is an
insulator [15, 30]. Thus, decreased shunt resistance and increased series resistance of FA-based
devices lower fill factor.

As a result, the PCEs of the MA-based devices is clearly greater, mostly resulting from
low-quality perovskite films, the existence of the yellow phase of FAPbI,, and the uneven surface
coverage. Note that in the case of Cs, ;(FA ;,MA, ;,),+,Pb; (green line), although the PCE is quite
high, but the characteristic of J-V curve is unusual due to the swollen region which is not a
perfect diode characteristic for solar cells.

From the table 4 of Cs,,,(FAMA, ),,Pb(I,,Br,,,); devices, the photovoltaic

parameters tendency for different cation ratio of the Br-containing triple-cation perovskite devices
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are very alike to the resulting non-Br devices. The PCEs of FA-based samples are still inferior to
that of MA-based devices due to lower short-circuit current density, open-circuit voltage, and
series resistance as previously discussed. Interestingly, open-circuit voltage of samples with Br is
blatantly better than that of samples without Br since the band gap increases as bromide is
introduced. However, short-circuit current density of MAPbI;-based devices is also risen
comparing to non-Br devices because Br might assist the formation of perovskite films resulting
in larger-sized and better-quality grain for MAPbI,-based devices. The PCEs from Cs, ,,(FAMA .
DoorPb(I,4,B1, ), devices are superior to the Cs,n,(FAMA,,),,,Pbl; devices particularly for
MAPbI;-based devices. Thus, Br might play an important role for photovoltaic performance of
MAPbI;-based devices due to the improvement of both short-circuit current density and open-
circuit voltage. For FAPbI;-based with Br-content devices, although the increased open-circuit
voltage due to broaden band gap is observed, the other photovoltaic parameters did not clearly
improve after the addition of Br. This could be from the poor surface coverage and the yellow
phase of FAPbIL,. From now on, the FAPbI;-based triple-cation perovskite solar cells with Br-
content will be only addressed and called FAPbI,-based perovskite solar cells in short.

The results are similar to [29] in which the double-cation perovskite MA FA, Pbl, and
MA FA, Pb(IBr, ), devices were investigated. From this study, they showed that the average
PCE of the MAPDI,-based devices (16.4%) was superior to that of FAPbI,-based devices (11.0%)
and the PCE of MAPbI,-based devices slightly increased after the introduction of 10% Br from
16.4% to 17.3%. It was because the substitution of Br and FA in MAPbI, improved the
crystallinity of the perovskite films and carrier lifetime.

As described in chapter I, the successful triple-cation perovskite solar cells are mostly
FAPbI,-based devices but in this study the performance of the FAPbI;-based devices are lower
than expected especially when compared to [29] where the PCE of double-cation FAPDI;-based
devices was 11.0%. In addition, the performance of FAPbI,-based devices should be higher
because of the red-shifted absorption and enhancement of electronic property [14]. To enhance
the photovoltaic performance of the FAPbI;-based devices, the new approach known as two-step

deposition method with perovskite seeds is introduced.
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4.3.2 Two-step deposition method with perovskite seeds

This method is focused on improving the PCEs of FAPbI;-based perovskite solar cells. In
this part, the FAPbI;-based device’s performance of two-step deposition method with perovskite
seeds will be compared to that of the conventional two-step deposition method. The box chart
plots of all parameters are shown in figure 31 and the J-V curves of best PCEs of FAPbI,-based
devices from each condition are plotted in figure 30. The box chart indicates the average of data
(the small square box in box plot), the median (the line in box chart), and the distribution of data.

The average short-circuit current density from two-step deposition method with 7% v/v
seeding concentration is 18.0 mA/cm’ and evidently higher than that of the conventional method
which is only 13.1 mA/em’ for the cation ratio FA:MA = 85%: 15% as shown in figure 31 (c).
With almost identical band gap of FAPbI;-based perovskite from both methods, the open-circuit
voltage is very different, the average open-circuit voltage reaches around 1.05 V for the seeding
method. Conversely, the average open-circuit voltage of the conventional method is only 0.92 V.
The open-circuit voltage exceeding 1 V indicates that the resulting FAPbI;-based perovskite layer
is good-quality because the small amount of perovskite seed in Pbl, could assist the nucleation of
perovskite crystals and thus improve the crystal formation of the perovskite layer compared to Csl
alone from the conventional method. This also results in the improved short-circuit current
density. The reducing of average series resistance from over 19.2 Q-cm’ (red box) to only 3.6
Q-cm’ (blue box) when changing method from the conventional method to the new one because
the non-photoactive phase of FAPbI; might be lessened by the seeding technique. In addition, the
average shunt resistance of 403 Q-cm’ from two-step deposition method with 7%v/v seeding
concentration is obtained whereas the average shunt resistance from the conventional method is
just 200 Q-cm’ resulting from the improved interlayer between perovskite layer and hole transport
layer. The decreasing in series resistance and the increasing in shunt resistance translate into the
improved average fill factor from about 0.52 of the traditional method to 0.63 of the two-step
deposition method with perovskite seeding concentration 7% v/v. Thus, the average PCE of
11.9% obtained from two-step deposition method with 7% v/v seeding concentration is
significantly higher than 5.2% of from the conventional method owing to mainly the dense

perovskite films and the favor of seeds in helping the crystallization of the black phase of FAPbI,.
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Figure 30 The J-V curves of FAPbl-based devices from the conventional method where the
cation ratio of FA: MA = 90%: 10% (black line) and 85%: 15% (red line) and the two-step
deposition method with perovskite seeding concentration of 7 (blue line), 14 (green line), and 20

(purple line) % v/v. The amount of anti-solvent is 50 ul and the active area is 0.06 cm’
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Figure 31 Box chart plots of solar cell parameters: (a) PCE, (b) FF, (c) Js (d) Voo, (€) Ry, and
(H) R.,... of FAPbI;-based perovskite solar cells fabricated by two-step deposition method with Br-
content where cation ratio of FA: MA = 90%: 10% and 85%: 15% and two-step deposition
method with perovskite seeds with different seeding concentration. The amount of anti-solvent is

50 pl and the active area is 0.06 cm’
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The effect of the amount of anti-solvent is further studied by using 30, 50, and 100 pl of
chlorobenzene as anti-solvent. Figure 32 illustrates the box chart of devices with the amount of

anti-solvent.
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of devices fabricated from two-step deposition with seeding concentration of 7 (blue), 14 (green),
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chlorobenzene (CB). The active area is 0.06 em’.
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The average open-circuit voltages from all conditions are similar which is 1.05 eV.
Short-circuit current density of devices from 30 pl of chlorobenzene (regardless of seeding
concentration) is slightly higher than devices with the amount of anti-solvent 50 ul and 100 pl.
For example, the average short-circuit current density is changed from 18.1 mA/em’ to 20.9
mA/cm’ for seeding concentration of 14% v/v. Series resistance slightly decreases when anti-
solvent of 30 pl is used as well. For instance, the average series resistance of 14% v/v seeding
concentration is decreased from 4.2 Q-em’ to 2.8 -cm” as the content of applied chlorobenzene
reduced from 50 pl to 30 pl. However, shunt resistance decreases as the amount of anti-solvent
reduced from 50 pl to 30 pl. For instance, the average shunt resistance of 20%v/v seeding
concentration is reduced from 438 Q-cm” to 218 Q-cm’.

Fill factor of devices from seeding concentration 7 and 20% v/v is significantly unaltered
except the fill factor of seeding concentration 14% v/v from 0.57 to 0.65 when reducing the
applied chlorobenzene anti-solvent from 50 to 30 pl. The PCEs of devices from this method with
any given seeding concentration are enhanced by using 30 ul of anti-solvent. The average PCE of
14% v/v seeding concentration is changed from 10.8% to 14.3% when using 50 and 30 pl of anti-
solvent, respectively. The highest PCEs of 18.4% is attained from two-step deposition method
with perovskite seeding concentration 7% v/v using 30 pl of anti-solvent. Figure 33 represents a

cross-section image of triple-cation perovskite solar cells deposited by such condition.

Figure 33 Cross-section image of a device fabricated by two-step deposition method with seeding

concentration 7% v/v and chlorobenzene anti-solvent of 30 ul.
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4.3.3 The comparison of devices from all method
Only the Cs,n,(FAMA,.),4,Pb(I;4Br,,,); devices fabricated by two-step deposition
method and the cation ratio of 90%: 10%, 85%: 15%, 15%: 85%, and 90%: 10% using 50 pl of
anti-solvent including the MAPbI, devices as standard devices will be compared to the FAPbI,-
based devices fabricated by two-step deposition method with perovskite seeding concentration 7,
14, and 20%v/v with 30 pl of chlorobenzene anti-solvent. The purpose of this part is to compare
the photovoltaic performance of the single-cation perovskite standard devices to the triple-cation
perovskite devices from both processes. Figure 34 shows the J-V curves of the best efficiencies
from each condition and figure 35 displays the box chart plots of solar cell parameters.
® The average  open-circuit voltage is  approximately 1.08 V  for
Csg.03(FA, 1)MA 60)0 7P 0BTy 1); deposited by two-step deposition method, following
by 1.05 V of standard devices and FAPbI,-based devices from the two-step deposition
method with 14% v/v seeding concentration. The lower open-circuit voltage compensates
the higher average short-circuit current density of 18.4 and 19.1 mA/cm’ from standard
devices and seeded devices with 14% v/v concentration, respectively, compared to that of
17.6 mA/em’ from Cs,5(FA, ;eMAq00)09/Pb(I, 0BT, 1o); deposited by the conventional
method.
® For FAPbI,-based devices from the conventional method, the average open-circuit
voltage and short-circuit current density are clearly lower than 0.92 V and 13.11 mA/em’,
respectively, due to lower quality perovskite films.
® The average series resistance of MAPI,-based devices, the standard devices, and the
seeded devices is only 3 Q-cm’ whereas the average series resistance is almost 20 Q-em’
in case of Cs;,;(FA, ;sMA ¢5),.0,Pb(I; ooBr 1o);- The large series resistance may arise from
the yellow phase of FAPbI,.
® The highest average shunt resistance of 409 Q-em’ is from MAPI;-based devices,
following by 364 Q-cm’ of the standard devices, then 310 Q-cm’ of seeded devices. The
lowest average shunt resistance of FAPbI;-based devices from the conventional method
is below 202 Q-cm’. It implies that the spacing of the perovskite surface observed in
SEM images causes the poor contact between the photoactive layer and hole transport

layer.
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The highest average fill factor of 0.71 is obtained from the standard devices and almost
equal to the MAPbI,-based devices and the fill factor is reduced to 0.65 for seeded
devices from the new method. The fill factor of FAPI;-based devices from the
conventional method is only about 0.48 - 0.52 due to the lower shunt resistance and the
larger series resistance.

The PCE from standard devices, MAPbI;-based devices, and seeded devices are able to
reach 18%. However, the highest average PCE of 14.3% is obtained from FAPbI;-based
devices of the seeding method with 14% v/v, following by 14.1% and 13.6% of the
MAPbI,-based devices from the old method and standard devices, respectively. The
average PCE from FAPbI,-based devices from the conventional method is only 5.2%.
Consider the triple-cation perovskite devices fabricated by two-step deposition method. It
concurs to the double-cation perovskite devices from [29] where the average PCE of
MAPbI;-based devices is higher than that of FAPbI,-based devices, although the average
PCE of MAPbI,-based devices of 14.1% from the thesis is slightly lower than that of
17.3% from [29].

With the assist of seeding method to improve FAPbI;-based triple-cation perovskite
devices, the average PCE of 14.3% is obtained which is higher than FAPbI;-based
double-cation perovskite devices [29]. However, it is still inferior to other triple-cation
perovskite works. For examples, the average PCEs of FAPbI,-based devices fabricated
by one-step and two-step deposition method achieved 19.2% [10] and 19.4% [13],

respectively.
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Figure 34 The J-V curves of MAPDI, devices (purple), Cs, ,;(FAMA, ), -Pb(1,4,B7, ) ;s0lar cells
fabricated by two-step deposition method with the FA: MA ratio = 90%: 10% (dark green),
85%:15% (light green), 15%: 85% (dark blue), and 10%: 90% (light blue) using 50 ul of
chlorobenzene and two-step deposition method with seeding concentration 7% (red), 14%

(orange), and 20% (yellow) v/v and using 30 pl of chlorobenzene. The active area is 0.06 cm’.
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using 30 ul of chlorobenzene. The active area is 0.06 cm'.



44

Chapter V

The conclusions

This work shows the properties of triple-cation perovskite solar cells deposited by two
methods. One is the two-step deposition method in which the amount of cation is varied for the
ratio of FA: MA = 90%:10%, 85%: 15%, 70%: 30%, 30%: 70%, 15%: 85%, and 10%: 90% and
Cs is at 3% of atomic cation. The content of Br is varied as well for 0 and 10% of halide ions. The
other method is two-step deposition method with perovskite seeds which is used for FAPbI;-
based triple-cation perovskite solar cells. The seeding concentration in Pbl, solution is varied for
7, 14, and 20% v/v, and the amount of chlorobenzene as anti-solvent is also studied.

Firstly, consider the properties of perovskite solar cells fabricated by two-step deposition
method. The grain size of perovskite films is increased as the amount of MA and/or Br increases.
The optical band gap is evidently wider even the content of Br only increases 10% due to the
domination of halide ions and Pb”" on the band gap of perovskite materials. Besides, the change
of band gap partly reflects on the open-circuit voltage. The open-circuit voltage of Br-contained
perovskite devices is higher than that of non-Br perovskite devices. Moreover, the grain size of
Br-contained perovskite films is larger particularly MAPbI,-based devices. The improved open-
circuit voltage and the enlarged grain size could enhance the PCEs. The very small decrease of
band gap is observed when the cations are changed from MA to FA because the band gap is not
directly subject to the cation. As a result, the open-circuit voltage of FAPbI;-based devices is
slightly lower than that of MAPbI;-based devices.

The short-circuit current density of MAPbI,-based devices is higher than that of FAPbI;-
devices which contradicts the results of open-circuit voltage. This could be from the appearance
of the yellow phase of FAPbI; of which the property is an insulator. Moreover, it could be
interpreted that the perovskite grains of FAPbI, do not have a fine quality since the lower of open-
circuit voltage and short-circuit current density are observed. Shunt resistance of FAPbI,-devices
is lower than that of MAPbI,-based devices because of the poor contact of perovskite layer and
hole transport layer. Series resistance is still high owing to the yellow phase for FAPbI;-based
devices. From the increased series resistance and low shunt resistance, fill factor is low for

FAPbl,-based devices. Thus, the PCEs of FAPbl;-based devices are obviously substandard
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because (1) the spacing of the perovskite surface and (2) Cs may not facilitate the crystallization
of the black phase of FAPbI,.

The photovoltaic performance of FAPbl;-based triple-cation perovskite devices was not
what anticipated. Then, the focus was shifted to improve the quality of FAPbI,-based devices.
Another approach to fabricate FAPbI;-based triple-cation perovskite solar cells was presented,
and it was two-step deposition method with perovskite seeds. The optical band gap of seeded
samples is similar to that of samples fabricated by the conventional method but the open-circuit
voltage of devices from the new method is apparently higher and exceeded 1 V which is almost
the same as open-circuit voltage from MAPbI;-based devices. Moreover, the short-circuit current
density of seeded devices is improved as well. The increase of both open-circuit current density
and short-circuit current density indicate that the perovskite films from the new method have
better quality compared to the conventional method due to the helping of perovskite seeds to the
crystal formation of perovskite films.

According to SEM images, the grain size of FAPbI,-based materials from both methods
is almost identical but the compactness of perovskite grain is slightly different, the perovskite
grain of the new method is denser and more compact than that of the traditional method leading to
the improved surface coverage and better contact between perovskite layer and hole transport
layer.

In case of two-step deposition method with perovskite seeds, series resistance is very
small which is advantageous for fill factor, but the series resistance of the FAPbl;-based devices
fabricated by the conventional method is still too high due to the yellow phase of FAPbI,. Shunt
resistance of FAPbl;-based devices is increased when using the new method because of the better
surface coverage. The amount of anti-solvent was further studied, and it showed that the PCEs
slightly improved when using 30 pl of chlorobenzene as anti-solvent. However, the effect of
chlorobenzene on the optical transmission and SEM images was not observed.

Next, the performance of all conditions and the standard devices is compared. Although,
the grain size between FAPbI,- and MAPbI,-based films is noticeably different, the PCEs from
MAPbI,-based and standard devices are decent as well as the FAPbI,-based devices from the new
method. Therefore, the grain size does not crucially play an important role but as to how dense

perovskite grain is since the PCEs of FAPbI;-based devices actually improve when changing the
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approach to seeding method. The films are more compact resulting in greater photovoltaic
parameters. Open-circuit voltage and short-circuit current density of FAPbI;-based devices are
improved by using two-step deposition method with perovskite seeds as well as the lower series
resistance. It indicates that seeding precursor is in favor of the subtle forming of crystal
perovskite.

Even though FAPbI,-based triple-cation perovskite solar cells are more beneficial due to
the broaden absorption, this type of perovskite materials is difficult to fabricate and needs more
processes to fabricate since it requires the incorporation of perovskite seeds. The PCEs from this
seeding method are still similar to the traditional one. In this work, the hysteresis between
forward scan and reverse scan is still a huge problem among all perovskite materials even though
using mesoscopic structure devices. The mechanism of anti-solvent in two-step deposition
method is still unclear. For future work, to improve the performance of PCEs of FAPbI;-based
triple-cation perovskite solar cells, the concentration of organic cation solution might be one of
the big factors that affect the properties of perovskite devices. Moreover, the larger active area for

perovskite solar cells is still challenging because the active area for this work is only 0.06 cm’.
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Figure 37 The plot of (ahv)’ vs energy of Cs,03(FA, sMA, |5), o,PbL with linear equation.
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Figure 38 The plot of (ahv)’ vs energy of Cs, ,;(FA,,MA, ), .,PbI; with linear equation.
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Figure 39 The plot of (ahv)’ vs energy of Csyp5(FA, sMA, 5),0-PbI; with linear equation.
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Figure 40 The plot of(a'hv)2 vs energy of Cs,3(FA, ;sMA, s5),0,PbI; with linear equation.
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Figure 41 The plot of (ahv)’ vs energy of Cs, ,;(FA, ;MA, ), .,PbI; with linear equation.
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Figure 42 The plot of (ahv)’ vs energy of Cs,yp3(FA,,MA, )y 0,Pb(1,,Br, ) s with linear equation.
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Figure 43 The plot 0f(ahv)2 vs energy of Cs, os(FA,sMA, 15)00,Pb(L,4Br, ); with linear equation.
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Figure 44 The plot of (ahv)’ vs energy of Cs,(FA,,MA, ), ,Pb(, ,Br, )3 with linear equation.
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Figure 45 The plot of (ahv)’ vs energy of Cspp5(FA,sMA, 5),0-Pb(, By, ) swith linear equation.
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Figure 46 The plot of (ahv)’ vs energy of Cs,p(FA, s MA, 45), o,Pb(1, ,Br, ) ; with linear equation.
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Figure 47 The plot of (ahv)’ vs energy of Cs,0(FA, ,MA, ), 4,Pb(, ,Br, ) ;with linear equation.
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Figure 48 The plot of (O{hV)2 vs energy of the perovskite sample fabricated by two-step deposition

method with 7% v/v perovskite seeding concentration.
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Figure 49 The plot of (O{hv)2 vs energy of the perovskite sample fabricated by two-step deposition

method with 14% v/v perovskite seeding concentration.
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Figure 50 The plot of (ahv)z vs energy of the perovskite sample fabricated by two-step deposition

method with 20% v/v perovskite seeding concentration.
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Figure 51 The optical transmission of triple-cation perovskite films fabricated by two-step

deposition method with perovskite seeds. The amount of chlorobenzene is (a) 30 (b) 50 (c) 100 pl.

Figure 52 SEM images of perovskite films fabricated by two-step deposition method with seeding

concentration 7% v/v. The amount of chlorobenzene is (a) 30 (b) 50 (c) 100 ul.
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Figure 53 SEM images of perovskite films fabricated by two-step deposition method with seeding
concentration 14% v/v. The amount of chlorobenzene is (a) 30 (b) 50 (c) 100 ul.

Figure 54 SEM images of perovskite films fabricated by two-step deposition method with seeding

concentration 20% v/v. The amount of chlorobenzene is (a) 30 (b) 50 (c) 100 ul.
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