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CHAPTER |
INTRODUCTION

Recently, 80% of the energy consumption in the world is from fossil fuels, which
generates a ton of CO> and leads to an average temperature increase on the earth, or
global warming. To decrease CO2 emissions and prevent global warming, solar
energy is the new generation of green energy of all other alternatives. Accordingly,
solar photovoltaic (PV), which is the conversion of sunlight into electricity using
semiconducting materials, is attracting huge interest and being studied to improve
solar PV. Figure 1 demonstrates the evolution of PV published since 1980, and the
number of related scientific articles is shown in the vertical axis. Many articles are
still continuously published to develop solar technologies.
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Figure 1. Publication year for PV devices [1].

In the 1990s, organic halide solar cells based on metal-halide (ABX3)
perovskites were introduced as a new application in transistor technology and light-
emitting diodes. Perovskite has a crystal structure of ABXz as shown in figure 2,
where A is an organic cation (ethylammonium, methylammonium, or CHsNHs, or
NH2CH3NH>), B is a divalent metal cation (Pb?*, Sn?*, Sr?* and other rare metals),
and X is a monovalent halide anion (CI, I, and Br"). Perovskite has been known as
an absorber layer for solar cells and it is called perovskite solar cells (PSCs), which
have exhibited great performance in the past decade. The power conversion efficiency
(PCE) of PSCs has remarkably jumped from a modest 2.2% in 2006 to over 20.1% in
2014 [2]. Recently, scientists have been developing perovskite materials that are
environmentally friendly and stable over time.
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Figure 2. Crystal structure of perovskite ABXz [3].

The absorbing material depends on the bandgap energy (Eg). Specifically, the
range of suitable E4 for using solar cells is 1.1 eV to 1.74 eV. CH3NH3Pbls (MAPbDI3)
perovskite films can absorb photons with wavelengths up to 600 nm (Eq of MAPDI3 is
about 1.6 eV), which is advantageous for solar cell applications.

Tandem solar cells are made up of different subcells, each of which can absorb
a different wavelength of light. Tandem solar cells are commonly comprised of two
different devices; one is a top solar cell with a relatively large band gap absorber and
the other is a bottom solar cell with a relatively small band gap. In this study, the top
device for tandem solar cells is PSCs and the bottom cell is copper indium gallium
selenide (CulnixGaxSez or CIGS) as illustrated in figure 3 (a).

Moreover, a double-junction tandem solar cell architecture allows the top
subcells to absorb photons at higher energies (shorter wavelengths) while lower
energies (longer wavelengths) enter deeper into the solar device and are harvested by
the bottom subcells. On the contrary, a single-junction device can only harvest light
energy that is lower than Eg, as seen in figure 3 (b). As a result, the PCE of tandem
solar cells is superior to that of a single-junction device, as presented in figure 4.
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Figure 3.(a) Schematic illustration of a perovskite/silicon tandem artifact (b) Photons
emitted through the perovskite cell first can be mostly absorbed in the visible region
of the solar spectrum. The near-infrared light (NIR) part is harvested via the silicon
solar cells [1].
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As said earlier, tandem solar cells configurations consist of two or more cells
and are expected to absorb all of the solar light range from the subsequent cells.
Tandem solar cells can be classified into two types: two-terminal (2T) and four-
terminal (4T) tandem solar cells. Figure 5(a) shows a two-terminal (2T) tandem solar
device, each subcell requires a combination layer or a suitable band gap energy to
achieve reasonable line alignment for appropriate charge transfer. Nevertheless, this
structure must have the same current in both top and bottom subcells due to the fact
that subcells produce lower photocurrents, which is limited. Whereas a four-terminal
(4T) tandem solar cell (figure 5(b)) is introduced to achieve a higher photocurrent
with an external connection, which different junctions inside a 4T tandem cell device
are used to increase 2T tandem solar cells.

Typically, two-terminal tandem solar cells are more of interest due to
improved optical loss, parasitic absorption, as well as a relatively lower cost. But the
transparent conductive materials are required for two-terminal tandem solar cells. The
pros and cons of two-terminal (2T) tandem cells and four-terminal (4T) tandem cells
are shown in Table 1.

The fabricated tandem device architectures were studied with several
structures in 2009 [5]. For instance, stacking perovskite solar cells on top of silicon
ones was selected, and it was found that this structure could increase the absorption of
sunlight. A 111-V semiconductor or organic solar cell as a bottom cell and a perovskite
solar cell as a top cell were studied, and the performance of tandem cells can also be
improved. Therefore, a perovskite device can be integrated inside tandem cells and act
as the front subcells while the bottom subcells are various, such as silicon, CIGS, or
perovskite devices.

(a) (b)

Figure 5. (a) two-terminals (2T) tandem model, (b) four-terminals (4T) tandem model

[1].



Table 1. Disadvantages and advantages of 2T and 4T tandem solar cells[6, 7].

Disadvantage

Advantage

bottom cells

2T tandem | < Current loss from current | « Easier fabrication because of
solar cells matching of the two layers fewer contacts
* The solvent penetration during

the fabrication of the top subcell

can affect chemical properties of

bottom subcell
4T tandem | < Optical loss due to reflection at | < Top and bottom subcells are
solar cells the air gap between top and fabricated separately

* Subcells work independently
and as a result, the sum
efficiency is just the total of
every subcell

From all of the above, a tandem solar cell has shown great promise to be an excellent
device in the near future because it can harvest sunlight at a broader wavelength and
achieve higher PCE compared to a single-junction solar cell. In this study, the tandem
solar cell with PSCs as the top cells and CIGS as the bottom cells was chosen. Both
two-terminal and four-terminal tandem solar cells were studied in this research.

1.1 Objectives of the research
1. To design and fabricate perovskite solar cells (PSCs) as part of tandem
structures with CulnixGaxSez (CIGS) or Silicon (Si)

2. To find appropriate transparent conducting materials to connect perovskite
solar cells with CIGS or Si

3. To characterize physical properties of the perovskite tandem solar cells

1.2 Scope of the research

1. Tandem solar cells that utilize perovskite as a top cell

2. Transparent conducting materials that can connect perovskite solar cells with
CIGS or Si

3. Factors that affect physical properties of tandem solar cells with perovskite as
a top cell




CHAPTER Il
LITERATURE REVIEWS

2.1 ABXs perovskite materials group for Single-junction solar cells

Methyl-ammonium lead iodide (MAPDI3) is one of the advanced organic-inorganic
hybrid perovskite materials used for perovskite solar cells (PSCs) that is considered a
new low-cost photovoltaic (PV) technology when compared with silicon solar cells.
In 1839, the crystal structure of perovskite was discovered and designated by Gustav
Rose, who is a German mineralogist, and the Russian mineralogist, Lev Perovskite
[8]. In general, the crystal structure ABX3 is the formula of organic-inorganic hybrid
halide-based perovskites, where A is an organic cation (e.g., CHsNHs" or
CH(NH>)2"), B is a divalent metal cation (e.g., Pb?* or Sr?*), and X is a monovalent
halide anion (I, Br~ or CI"). Firstly, dye-sensitized solar cells (DSSCs) as organic-
inorganic hybrid halide-based perovskites have obtained a power conversion
efficiency (PCE) of 3.8% since their advent in 2009 [8].

In 2012, a PCE of 9% was received when using spiro-OMeTAD as the hole
transporting layer (HTL) due to enhanced hole mobility on PSCs [9]. After that,
PSCs that were widely studied achieved a PCE of 22.1% in 2016. The best PCE from
each year is presented in figure 6. The trend in this graph shows that the PCE of PSCs
has been developing.
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Figure 6. The best research efficiency trend, which is described with developing
device lists [10].



Figure 7 shows the highest efficiency chart of solar cells for photovoltaic (PV)
technologies from 1976 to present. In particular, the experimental efficiency of
perovskite solar cells has been rapidly improved PCE more than other solar cells,
from 3.8% to 25.5% [11, 12]. Thus, the PSC is one of the promising next generations
of PV technologies.

When methyl-ammonium lead triiodide (MAPDbI3) was investigated at room
temperature, it formed a tetragonal structure (space group 14cm) (figure 8(b)), and at
160 K, it formed an orthorhombic structure (space group Pnma), as shown in figure
8(c), and figure 8(a) displays a cubic structure that occurred at 327 K [13]. The
perovskite materials begin to absorb light at wavelength at 780 nm and their band gap
can be estimated to be 1.6 eV, which is demonstrated in figure 9. It also has a high
absorption coefficient, which can generate enough current when photon energy from
sunlight is equal or lower than its E.
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Figure 7. The highest efficiency chart of solar cells for photovoltaic (PV)
technologies is plotted from 1976 to the present and the associated timeline of each
solar cell [14].
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Figure 8. Perovskite compounds with (a) cubic, (b) tetragonal, and (c) orthorhombic
structure [14].
Since a perovskite structure is ABXz, many cations and anions can be used to

form perovskite materials with different properties. For instance, the band gap can be
tuned by changing halide ions (I or Br), organic cations (FA or MA), and divalent
cations (Sn, Pb). Thus, the optical absorption edges of perovskites vary from 350 to
1,200 nm.
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Figure 9. Effective absorption coefficient of a CHsNHzPblz (MAPDbI3) absorber thin
film compared with other typical photovoltaic materials [15] (left) and band gap
energy (right) of several perovskite materials [1].

2.1.1 Halide anions for X-Site replacing

Seok et al. suggested changing from bromine (Br) to iodine (I) for MAPbX3 (or
perovskite film) where MA is methyl-ammonium and Xs is triiodide that can be
rewritten to MAPbIs. At present, both MAPbBryls.x and MAPbCIxBrs.x perovskite
films can cover all the visible regions of the spectrum that can be studied from many
articles [13].



On the periodic table, I is the biggest halide anion and is followed by Br-anion
size, and the smallest one is CI" (I" > Br > CI"). In addition, the absorption edge is
shifted to the blue wavelength region, which changes Eq4 from 1.6 eV of MAPbIs to
2.3eV and 3.1 eV of MAPbBr3; and MAPDOCI3[16, 17], respectively.

2.1.2 Metal cation for B-Site replacement

The B site in ABX;3 of the perovskite structure replaced Pb?* [18] with Ge?* [19]or
Sn?* [13] cation, which may have obtained an Eq of 1.17 eV due to NIR absorption.

2.1.3 Organic or inorganic cation for A-Site replacement

The A-site cation must be the largest when compared with the B-site cation and X-site
anion. At the A-site, the organic cation of the perovskite structure remained. The
MAPbI3 perovskite contains MA, Pb, and 1. Furthermore, the MA is substituted with
formamidinium (CH(NH-)2*, FA) or Cs ions, both of which can be replaced by the
organic cation. After the FA is replaced with the MA organic cation, bandgap energy
(Eg) can change from 1.6 eV to 1.45 eV [20, 21], which rewrote the formula as
FAPDIs. Similarly, when a Cs cation is added, the perovskite structure changes to
CsPblz or CsSnls, and its Eq appears at a shorter wavelength [22]. As a result, these
implements corresponded to changing Eg.

Furthermore, metal mixtures have been studied, including FAyMA1yPblxBrsx
[23], FAyCs1.yPbIxBrax [24], and FAyCsi1.yPbSnlz [17]. Also, triple Cs/IMA/FA for
perovskite is fabricated to improve stability and resist humidity[25].

2.2  Conventional PSCs and Inverted PSCs
The PSCs are categorized into 4 types as illustrated in figure 10;

1) n-i-p mesoscopic structure is a conventional PSCs (figure 10a),
2) n-i-p planar structure is a conventional PSCs (figure 10b),

3) p-i-n planar structure is an inverted PSCs (figure 10c),

4) p-i-n mesoscopic structure is an inverted PSCs (figure 10d),

where n is an N-type semiconductor (electron transport materials), i is an intrinsic
semiconductor (perovskites), and p is a P-type semiconductor (hole transport
materials). A mesoporous scaffold is employed for a mesoscopic structure. For
example, a mesoporous titanium dioxide (Mp-TiO2) layer is used for an n-i-p
mesoscopic structure which is deposited onto compact titanium dioxide (Cp-TiO2).
Thus, perovskite film is sandwiched between ETM and HTM. Silvia et al. is one of
several research groups reached PCE of >10% from PSCs in n-i-p planar device
structure (see figure 18(b)) when device is fabricated with fullerene as electron
transporting layer (ETL)[26]. Furthermore, PCE of 13.6% is achieved when
fabricated with n-i-p mesoscopic [27] because it has low carrier recombination
compared to Mp-TiOz and Cp-TiO2 based perovskite devices.
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Figure 10. Schematic representation of PSCs structure: (a) n-i-p mesoscpic, (b) n-i-p
planar, (c) p-i-n planar, and (d) p-i-n mesosopic. ETL, electron transport layer; HTL,
hole transport layer.

2.3 CulnGasSez(CIGS) solar cells

Cu(In, Ga)Se> (or CIGS) solar cell is the most efficient thin film solar cell technology
available today. Many researchers developed this thin film solar cell with a long
history. In 1953, CulnSe, was developed for the first time [28]. The CIGS solar cells
were widely produced around the world such as in the US, Europe, Japan, etc. The
alloyed CIGS consisted of CulnSe; and CuGaSe2 materials, which were proposed as
the I-111-VI> semiconducting materials. [29]. The CIGS acts as the absorber layer of
the thin film solar cells to generate charges from photons. The CIGS film is fabricated
with elements of Cu, In, Ga, and Se via a time-dependent profile. The ratio of
[Cu}/[In]+[Ga] is used to calculate the phase chemistry during deposition.
Furthermore, the CIGS band gap profile is determined by the moderate Ga content on
Cu(In, Ga)Se, with [Ga]/[Ga] + [In] ratio. The suitable band gap energy (Eg) of a
Cu(In, Ga)Se: solar cell ranged from 1.15 eV to 1.4 eV [30]. At the moment, the
Cu(In, Ga)Se: solar cells have a power conversion efficiency (PCE) of 23.35%. [31].
Figure 11 depicts a Cu(In, Ga)Sez solar cell constructed layer by layer of 1 um
molybdenum (Mo) layer, 2 um CIGS layer, 50 nm Cadmium sunfile (CdS) layer, 200
nm Zinc Oxide (ZnO) layer, and 1 um aluminum (Al). Several methods were used to
grow these layers on the Cu(In, Ga)Se> solar cells. The production method for Mo and
ZnO layers was the sputtering technique, whereas CIGS and CdS thin films were
deposited with the co-evaporation technique of the elements (see figure 12) and
chemical bath deposition (CBD) process from a mixing solution of cadmium (Cd) and
thiourea, respectively. Furthermore, all these layers generate charges which flow
through each layer from the back contact (Mo layer) to the front contact (Al metal
electrode). The Al electrode is fabricated with an evaporation technique.
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Figure 11. Architecture of CIGS solar cells.
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2.4 Tandem cell
2.4.1 Perovskite-Based Double-Junction Solar Cells

To converse efficiency from solar devices, the simplest solar cells usually use one
active junction, which is called a single junction, but it is limited that the best case
presents a power conversion efficiency of no more than 30% [32].To improve the
experimental efficiency of solar cells, the active part of the solar spectrum is
expanded to increase the absorption of incoming sunlight that has different
wavelengths, i.e., generally the near infrared (NIR) and the near ultraviolet-visible
(UV-visible). Thus, using several subcells on a device for absorbing different
frequencies of sunlight is referred to as multi-junction solar cells (MJSC) or tandem
solar cells (figure 13) to get more efficient at converting sunlight into electricity than
single-junction cells. In terms of photovoltaic effect, the strategies of tandem solar
cells mention mechanisms between chemical and mechanical procedures with three
main steps.

First step, absorbing sunlight on tandem solar cells can improve electrons generation
in the semiconducting device to knock loose.

Second step, creating an electrical current occurred with electron flowing inside
circuit of semiconductor device.

Third step, wires are transferred and captured with current.

Antireflective (AR)
coating

V4 Contact

o1—

Top cell
Middle cell
Wide-bandgap

Tunnel junction

Buffer region

Contact

Substrate
Bottom cell

Buffer region

Figure 13. The architecture of tandem solar cells.
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Nowadays, the best performance efficiency for very small devices is promoted
by PCE of up to 45% [33]. Some tandem devices have two terminals (2T) and four
terminals (4T), which are contacts for individual subcells to lead electrical
connections to individual component subcells as shown in figure 14. 2T tandem solar
cells have two contacts, while 4T tandem solar cells have four contacts. Recently, the
experimental demonstration of tandem devices used perovskite solar cells as top
subcells, which were combined with bottom subcells such as silicon (Si), copper
indium gallium diselenize (CIGS), and other perovskite, which have narrower
bandgap energy (Eg) (see figure 15) to harvest light spectrum at higher wavelengths
than the E4 of top subcells, as shown in figure 16. Moreover, many of these articles
are widely studied by researchers who suggest and discuss procedures that affect the
power conversion efficiency of devices. In this study, we focus on how to design and
fabricate perovskite cells for a type 2T tandem solar cell to achieve PCE that displays
the high-performance device. The J-V curve for measuring PCE by using commercial
solar simulators is very complicated when there is a spectrum mismatch. Thus, the
architecture and fabrication methodology of the solar module are used as a strategy to
solve this problem.

(a) ] Bottom subcell
_‘\
Small Bandgap
Y Top subcell
Buffer layer
Large Bandgap
— Glass Substrate

(b) / :I Bottom subcell
L /

Small Bandgap

Oy Glass Substrate

:I Top subcell

I
N

Large Bandgap

| Glass Substrate

Figure 14. The architecture of (a) two-terminal (2T) and (b) four-terminal (4T)
tandem solar cells.
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2.4.2 Perovskite/Chalcogenide Cells

The combination of a perovskite device on a CIGS device is published as the best
experimental PCE of 10.9% [35] with the 2T tandem configuration, which can
improve material usage and parasitic losses. This action is called hysteresis [36].
However, a single circuit of a 2T tandem device needed to be current matched to the
flowing current of each subcell [37]. Also, the bottom subcells needed a stable
support combination with the top subcells by adjusting the deposition process. The
CIGS device is used as a bottom subcell that replaces silicon solar cells for PV
technology. Recently, this evolution of PV technology has reached a PCE of over
23.35% in CIGS devices [38]. The bandgap energy (Eg) of CIGS and perovskite
materials is between 1.1 and 1.24 eV and 1.17 and 3.1 eV, respectively [34, 39].
Those Eg are considered and tuned to combine for tandem devices that present
performance efficiency with an optimized Eq4. All processes for CIGS-perovskite
tandem solar cells need to be fabricated below 200°C to prevent degradation of the p-
n junction in CIGS.

In 2015, Todorov et al. suggested a two-terminal CIGS-based tandem device,
which is the first report [40]. Researchers studied the use of 1.04 eV E4 of CIGS
material that acted as an absorber layer in bottom subcells that have an architecture of
CdS/CIGS/Mo/SisNa4/glass. Normally, the intrinsic ZnO layer is added in CIGS solar
cells but reacts with perovskite. A fluoride-doped tin oxide (FTO) and an iodide-
doped tin oxide (ITO) are coated on the glass by the sputtering method, in which the
FTO or ITO film on the glass substrate is used as a transparent recombination layer or
anode contact (rare contact). In fabrication, perovskite subcells are deposited on CIGS
subcells at under 120°C. The MAPDbI«Brsx film acted as a perovskite absorber layer
with Eq of 1.72 eV to fabricate a perovskite/CIGS tandem device, which got a PCE of
10.98% [40].

For the objective of third-generation PV technology, using all-perovskite
tandem solar cells has been introduced to increase current generation for higher PCE,
which is approximately the PCE of Si solar cells. The PSCs typically have high
voltage and can collect sunlight power, which is in the range of 400 to 820 nm when
fabricated by the Pb-based perovskites. These are reported in several articles [35, 36].
Moreover, a solvent engineering or anti-solvent method was studied in 2016 [41-43]
to improve the uniformity of perovskite. Thus, the 4T tandem cell features a PCE of
21.0% with the FA03MAo.7Pbls/FA0sMA0.4Pbo.4Snosls device, which is reported by
Zhao et al. [44]. While 2T tandem cells is fabricated with perovskite-based tandem
devices by reviewing of Rajagopa et al. [45] they display a PCE of 18.5% by using a
combination of compositional, interfacial, optical, and semiconductor engineering
such that the PCE of the 2T tandem device demonstrated photovoltage is less than the
theoretical limit of 20% [46].

Many researchers who are focused on new alternatives to receiving high-
performance solar devices in the near future expect the development of all-perovskite
tandem cells. In addition, the motivation for this improvement is the enhanced
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potential of the working device, which is the stability of the perovskite device with
suitable band alignment of electron transport layer (ETL) and hole transport layer
(HTL). This method can promote PCE of 30% with the perovskite-on-perovskite
tandem structure represented by by Forgacs et al. [45]. All tandem devices have the
advantage that they obtain high conductivity or low resistance by considering suitable
band alignment and also minimize current losses to enhance PCE by fabrication of
suitable optical layers at the FTO or ITO substrate, anode contact, cathode contact,
ETLs, and HTLs. The motivation of a monolithic tandem device needs to connect
between bottom and top subcells with the same current density to transfer current
between both two subcells in this series. It is called current-matching for 2T tandem
devices. In addition, the aim of a buffer or an intermediate layer is used to separate
electrons and holes.

In this work, with the glass/FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au and
glass/IFTO/PTAA/MAPDI3/PCs:BM/BCP/Ag architecture, which is a single junction
with n-i-p and p-i-n structure, we obtained a maximum PCE of 16% and 15.4%,
respectively. Hence, individual layers must be of appropriate thickness and
photocurrent matching in order to harvest photons from sunlight, where the perovskite
layer or absorber layer is limited to being thinner than 300 nm in order to generate
charge at a wavelength ranging from 300 to 800 nm. In this device formation, we
picked FTO as the anode (front) contact with a thickness of 300 nm, and the thickness
of Au is 120 nm as a cathode or a metal back contact. Also, both Mp-TiO2 and Cp-
TiO, are used as ETLs with a thickness of 50 and 200 nm, respectively. The Spiro-
OMeTAD layer acted as an HTL since it was deposited on top of the MAPDIz layer
with a thickness of 150 nm. For tandem solar cells, the perovskite model needed to
change structure from n-i-p (conventional structure) to p-i-n structure (inverted
structure) to support current matching with other subcells. Moreover, we selected a
2T-based tandem model to reduce the refractive indices of the different subcells,
which is an issue that occurred in a 4T tandem model. However, using the ABX3
structure for perovskite devices, the optical transparent model must be the perovskite
device employed as a top subcell for generally 2T tandem solar cells [47, 48].

Also, the inverted tandem structure can increase the transport of charge
carriers. In particular, the front contact of a top subcells must be transparent to lead
light to the next subcells that transparent contact aims to reduce optical losses. Even,
the best fabrication of perovskite-based tandem solar cells (see Tables 2) used ITO as
transparent contact. Many articles suggested several contacts to replace 1TO, such as
FTO, 1ZO, SiNWs, AgNWSs, Ag or Au [46, 49-52]. In contrast, the differential
thickness of each material affects the PCE of the device as well. However, the buffer
layer is added on the HTL to prevent reaction between transparent contacts and the
HTL when a buffer layer such as MoOy, ZnO, or BCP [8, 53, 54] is deposited with
their very thin coating to defend the effect of optical transmittance from the front
contact.



Table 2. Responding between thickness and current of several materials.

Layer Thickness (nm) Current (mA/cm?)
Glass 1.00 x 10 0.2
ITO 50 0.77
ITO 100 3.56
ITO 150 3.68
TiO2 10 0.03
TiO2 40 0.03
TiO2 60 0.00
Spiro-OMeTAD 200 0.68
Spiro-OMeTAD 150 0.26
Perovskite Top subcells 400 14.16
Perovskite Bottom subcells 600 14.16
Gold 10 3.78
Gold 100 0.08
1ZO 100 0.72
FTO 400 0.89
AgNWs 100 2.75
Sn0O; 10 0.00
Ce1 10 2.56

PEDOT: PSS 50 1.68
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The most widely used materials are TiO2 and Spiro-OMeTAD as ETL and HTL in
single-junction solar cells. Also, Spiro-OMeTAD acted as HTL is suggested to
increase stability for work function in device. Recently, NiOx, PEDOT: PSS and
PTAA are introduced to invent as HTL for tandem cells [55]. However, Spiro-
OMEeTAD used as HTL to preserve good electrical qualification for a single-junction
device while a double-junction device used the PEDOT as HTL that has optical
transmittance properties better than the Spiro-OMeTAD. Finally, the next promising
generation for the fabrication of ETL is using PCe1BM organic semiconductors when
it can adjust optical properties in terms of solvent doping.

Regarding the 2T and 4T tandem solar cell models, several materials are
invented in this work that is focused on the transparent contacts, ETL, buffer layer,
and HTL sections, which are recombined together for the device. Hence, optical
properties and electrical properties of each layer are considered to directly apply to
tandem architectures.

In this thesis, perovskite-based tandem devices are pushed to achieve high
PCE using a variety of approaches such as: spinning process, annealing, amount of
solution, anti-solvent, and so on.
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CHAPTER Il
THEORY

3.1 Band gap energy (Eg)

A semiconductor is a material that has an electrical conductivity between that
of a conductor and an insulator. Figure 17 shows the band diagram of metal,
semiconductor, and insulator. It consists of the conduction band (Cg), the valence
band (Vg), and the fermi level (EF). Fermi level is demonstrated between the valence
band and conduction band. The fermi level at absolute zero temperature is the highest
energy level. The band gap of materials (Eg) is the difference between the conduction
band and the valence band. When a semiconductor obtains an external energy, e.g.,
sunlight that is equal or greater than the band gap, the electron will be excited from
the valence band to the conduction band and become a free electron in the conduction
band and a hole in the valence band. Since the band gap of an insulator is clearly
broader than that of the semiconductor, the valence electron in an insulator cannot be
excited to the conduction band and becomes a free electron.

A semiconductor can be divided into three types, which are i-type, N-type, and P-
type. An N-type semiconductor is an intrinsic semiconductor (i-type) doped to
increase the negative charge carriers, and the majority of the carriers of an N-type
semiconductor are electrons. The P-type semiconductor is an intrinsic semiconductor
(i-type) doped to increase the positive charge carriers, and the majority of the carriers
of a P-type semiconductor are holes.
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17. Working principles for metals, semiconductors, and insulators,
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3.2 P-N junction

A semiconductor crystal has the n and p-regions when they are combined as the
metallurgical boundary. It is called a "P-N junction.” The p-n junction can be used as
an isolated structure, a voltage-dependent capacitor, or a solar cell. Figure 18 depicts a
P-N junction, which is a sandwich of N-type and P-type semiconductors. The P-type
is on the right region, whereas on the left region is the N-type.

The junction is biased via a voltage (V). The junction forward bias occurs
when applying a positive voltage to the p-type region. When a negative voltage is
applied to the p-doped region, this junction is called reversed-biased. The contact for
the p-type region is called the anode, while the contact for the other region is called
the cathode. Thus, in each of these regions, we have anions and cations.

N-type P-type

Cathode
apouy

Figure 18. Schematic diagrams for circuit of a p-n junction.

The principle of PN-junction can be explained by a Gedanken experiment.
After both semiconductor regions are brought together, the Fermi level of both
regions should be equal (figure 19). Therefore, electrons in the N-type region flow to
P-type and holes in P-type flow to N-type. The ionized donor in the N-type will act as
a positive charge and the ionized acceptor will act as a negative charge, resulting in
the electric field from N-type to p-type. This zone is called the depletion zone.
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Figure 19. Energy band (E) diagram of a P-N junction (a) before and (b) after
merging the N-type and P-type regions.
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In both semiconductor regions, as shown in figure 20, a space charge is
created with a region of ionized donors and acceptors. Its name is the depletion zone.

Depletion region (fixed charge)

N-type _Efieldg  P-type

OO+ ++++++++
OO OO+ +++++++
OO OO+ +++++++
OO O+ +++++++
OO OO+ +++++++
Electron drift
electron € = acceptor
hol > d
o G Hole drift Doy
Figure 20. Schematic of the depletion zone.
3.31-V curve

The basics of the solar cell are that, from a basic science perspective, a solar cell is a
combination of P-type and N-type semiconductors. Electrons (¢) are excited from the
valence band to the conduction band after being activated by photon energy. Then
electrons move from the P-type to the N-type zone resulting from an electrical field
into the circuit. Finally, electrons will be collected at metal contact (see figure 21).
Hence, when the P-N junction is biased, the photovoltaic parameters of the device,
such as PCE, can be calculated by a computer program which shows the I-V curve.
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contact
nv
contact

Figure 21. The electric field at the P-N junction drives the collection of
photogenerated electrons and holes into N-type and P-type semiconductor regions,
respectively.

3.3.1 Parameters for evaluating solar cells

Evaluation of solar cells consists of various parameters to examine the performance of
a cell. The energy spectrum of the incident radiation intrinsically generates the
amount of photocurrent. Since photovoltaic parameters are relative to the light source,
the devices are measured under standard test conditions (STC). The STC for solar
cells consists of the Air Mass 1.5 (1.5 AM) spectrum and is fixed with an incident
power density of 1000 W/m? and a temperature of 25 “C [56].

3.3.1.1 Current-voltage (1V) curve

The biased voltage on the device sweeps from forward bias (V > 0) or reserve bias (V
< 0) and the IV curve will be attained. The IV curve demonstrates the current as a
function of voltage and is used to determine the typical parameters, e.g., short-circuit
current density and fill factor, and the behavior of devices within an electrical circuit.
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3.3.1.2 Short circuit current density (Jsc)

Open circuit voltage (Voc) can occur under illumination and terminals are isolated. It
occurs when the terminals are connected together. The output voltage (V) is the range
of 0 to Voc, and the output current (1) is the ratio of V to load resistance (RL). In the
part of Jsc that can be determined as a formula as

Jsc = bes(E)QE(E)dE (1)

Where q is the electronic charge
bs(E) is incident spectral photon flux density
QE(E) is the cell’s quantum efficiency.

Which device can produce that QEs corresponded to Jsc, the range E to E + dE on
unit area in unit time is limited by the amount of photon energy.

3.3.1.3 Open circuit voltage (Voc)

A load is connected between the terminals of a device and the terminals of which a
potential difference exists. Then, additive voltage or bias in the dark can occur, which
is dark current (I dark), which is an ideal diode. A form of

qv/
]dark(V) = Jo(e kBT) (2)
For Equation (2), Jdark(V) is an ideal diode of dark current density

ks IS Boltzmann’s constant
T is temperature in degrees Kelvin
and Jo is saturation current density [57].

Equation (3) is used to determine the Voc for an ideal diode.

kT

3.3.1.4 Power conversion efficiency (PCE) and fill factor (FF)

The maximum power density (Pm) is the maximum product of the corresponding
voltage (Vm) and current density (Jm) of a device. A higher potential difference and a
lower current result from RL. Thus, both Voc and Jsc values decreased, and they are
now called Vim and Jm. The power conversion efficiency, or PCE, of a device is
defined as the quotient of Pr and incident light power density (Pin) as

PCE = 2™ x 100 ()

m
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The fill factor (FF) is one of the important parameters because it tells the squareness
of the J-V curve. The fill factor is defined as an equation (5). If the FF of a device is
closed to 100%, the J-V curve is more square and close to an ideal device compared
to FF that is closed to 0%.

FF = 22/ 5 100 (5)

JscVoc

The maximum power point for an ideal cell (the product of Jsc and Voc) is
presented in the 1-V curve and the Pm as shown in figure 22.

Figure 22. The I-V curve and PV curve of an ideal cell presentation of P, at a bias of
Vmax. The FF value equals 1 when the I-V curve is in the area of the outer rectangle.

3.3.1.5 Parasitic resistances

An equivalent circuit to model a solar cell is added with series resistance (Rs)
and shunt resistance (Rsh) as shown in figure 23. The resistance of the contact and
leakage currents reduces the generated power by lowering the net current density.
Both Rs and Rsh are two parasitic resistances in series and in parallel, respectively
[57]. Rsoriginates from the resistance of a cell material and resistive contacts, and Rsh,
or parallel resistance, is caused by leakage currents at the edges, through the cell, and
between contacts of different polarity.

The effect of resistance within a device is a reduction of the maximum power
density. The device performs well, in which Jsc, Voc, and fill factor (FF) are
improved when Rs is the lowest and Rsh is the highest. In theory, a perfect device
should have Rs = 0 and Rsh = infinity.
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The present model does not take into account capacitance elements such as
charge traps that occur in charge trapping and detrapping processes between delayed
photocurrent responses, seen as hysteresis in J-V curves.

R

S

+ N

Figure 23. Schematic circuit of solar cell.

3.4 Hysteresis and charge recombination

The J-V curve is also dependent on the scan direction and rate. For example, figure
24 illustrates the J-V curves of the device with various directions and rates of
scanning from the equipment. The direction of the scan is represented as backward or
reverse scan, when scanning direction via sweeping from positive (open circuit
voltage; Voc) to negative (short circuit voltage; Vsc), while the opposite direction of
scanning is called forward scan. This difference shows the J-V curve from reverse
scan (red line) and forward scan (black line), as shown in figure 13a. This
phenomenon is called current-voltage (I-V) hysteresis. The hysteresis behavior can
indicate a problem or reveal an abnormal work function of a device. However, the
effect of hysteresis behavior cannot be clearly understood. To find information about
problems with this behavior, one must use numerous mechanisms that can analyze the
causes. For perovskite solar cells, the hysteresis phenomenon is determined by
mechanisms caused by

(1) ferroelectric polarization [58]
(2) ion migration [59]

(3) charge trapping [60]

(4) capacitive effects [61].
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The requirements to accurately determine the problem are

(1) fabrication of the solar cell appropriately and measurement of the solar
device area

(2) calibration of the illumination light source

(3) determination of the steady state Voc, Jsc and monitoring on computer

(4) Measurement of the J-V graph in reverse and forward directions using
varying scan rates

(5) Measurement of steady-state photocurrent at various sweeping voltages.
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Figure 24. The J-V curve of varying directions and rates of scanning from planar
PSCs [62].
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CHAPTER IV
FILM FABRICATION AND CHARACTERIZATION

In this chapter, the fabrication of all films on PSCs including a spin-coating and
evaporation process will be described. Moreover, the etching process, cleaning
substrate, and materials for preparing the fabrication of PSCs are described in this
chapter as well. In addition, the characterizations are also described, that is UV-VIS
spectrophotometer, scanning electron microscope (SEM), atomic force microscopy
(AFM), current-voltage (I-V) measurements, contact angle, and external quantum
efficiency (EQE) were used to investigate the properties of all thin films and the
PSCs.

4.1 Main deposition technologies of thin-film
4.1.1 Solution deposition methods for perovskite device fabrication

A simple perovskite device is deposited with scalable solution deposition methods
such as blade coating, slot die coating, spray coating, or spin coating.

The blading coating method is to spread solution on substrates with a blade to
obtain wet thin films as shown in figure 25. This technique can be controlled by
keeping a distance between the blade and the substrate, then the blade moves across
the substrate at a set speed. This method reduced perovskite ink waste more than the
spin coating method. PSCs from this method have achieved a PCE > 19% [63, 64].

The second method, slot-die coating, is suggested to use a perovskite ink
similar to the blade coating process [65, 66] as revealed in figure 26. The ink solution
is applied above the substrate so that it can be controlled with slot-die coating [65].
The perovskite device fabricated by using this method still has a lower PCE than
blade coating processing. Even so, the advantages of this method are yielded, and
reproducibility is better than blade coating.

For spray coating, tiny liquid droplets are dispersed onto substrates with a
nozzle, which is one part of spraying coating tools to generate droplets, such as
flowing fast gas for pneumatic spraying and vibrating ultrasonic for ultrasonic
spraying, as shown in figure 27 [67, 68]. Usually, both two sprays are commonly used
as deposition processes and form a dense oxide layer on perovskite devices. However,
those spraying fabrications show random droplet size and placement. Therefore, the
substrate and solvent temperatures must be maintained as the rate of spraying
increases. The spraying rate is controlled by the voltage that is applied between the
spray nozzle and substrate.

On a laboratory scale, for the generation of thin films, the simplest preparation
for applying a uniform film fabrication on a substrate is the spin coating method
(Prasad et al. (2005), Tongpool and Yoriya (2005) [69, 70]). Finally, the material is
diluted with a suitable solvent. A uniform liquid film covers the surface because of
the centrifugal force from that spreading liquid. Then, the substrate coating is
deposited with solution at various spinning speeds to determine the thickness of the
film. The solvent of each solution is removed by the spinning process and annealing
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process, which depends mainly on each solvent. The solvent evaporation rate depends
mainly on the solvent.

Movement

%

Coating solution

Blade

Thin film

Figure 25. Blade coating method.
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Figure 26. Slot-die coating method.
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Figure 27. Spray coating method.
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Using spin coating for thin films is widely studied. A schematic of the spinning
coating is shown in figure 28. This method has three steps.
1. The solution is dropped on the substrate. Then, the dispensing solution
covered the substrate.

2. The solution is adjusted to a thinner film with a high spinning speed.

3. The solvent is removed during the spinning process.

~

<
.
>~

Figure 28. Spin-coating method.

In this thesis, the spin coating method was selected to fabricate all layers on
PSCs. Because spin coating is widely used in micro-deposition and obtains a higher
PCE than other methods, as shown in Table 3. It is used to apply thin films with a
thickness < 10 nm and fabricate uniform thin films onto flat substrates by centrifugal
force, and the apparatus used for this technique is called a spin coater. Moreover, the
spin-coating can control the thickness of the thin film by the speed of spinning, as
shown in figure 29. A solution of material is dispensed onto the center of a wafer,
which is then rotated at high speed. However, the concentration of solution and the
solvent are another factor for film thickness.

Table 3. Comparison of scalable solution processing for perovskite device.

Processing Roll toroll | Pattern | Power conversion efficiency (PCE) (%)
Blade coating Yes No 19.7 [64]
Slot-die coating Yes Yes 17.7 [66]
Spray coating Yes Yes 19.4 [67]
Spin coating No Yes 25.0 [71]
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Figure 29. Thickness of spin-coated thin films for different spin speed with spin time
fixed at 30 s [72].

4.1.2 Thermal Evaporation

The thermal evaporation deposition method is the simplest technique that is shown in
figure 30. The source material inside a vacuum chamber is baked with an electrical
current passing through a metal plate where the source material is deposited.
Afterward, surface atoms of material obtain sufficient energy that they can leave the
surface to condense and coat the substrate, which is above the evaporating source
material. In general, a boat in an evaporation vacuum chamber is used as a deposition

position for materials.

Vacuum
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Crystal Monitor
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Pressure Monitor ——

B Material

Voltage Supply

Figure 30. llustration of a thermal evaporation system.
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4.2 Materials for PSCs fabrication

The conventional cell structure of FTO/Cp-TiO2/Mp-TiO2/perovskite/Spiro-
OMeTAD/Au is applied in this thesis. Meanwhile, the inverted perovskite solar cell
structures of FTO/NiOx/perovskite/PCe1BM/BCP/Au, FTO/PEDOT: PSS/perovskite/
PCe1BM/BCP/Au, FTO/PTAA/perovskite/PCe:BM/BCP/Au or Ag are studied as
well. A device consists of four cells with an active area of 0.06 and 0.2 cm? for each.
All samples were made with a 3 cm x 3 cm FTO glass substrate whose sheet
resistance is 15 Q/sq. All used substances are displayed in Table 4.

Table 4. Materials used in the experiment of the conventional and inverted structure.

Material Attribute Vendor
Cp-TiO2 2009 greatcellsolar
Mp-TiO:z (Ti-Nanoxide T600/SC) 100 g Solaronix
Mp-TiO2 (Ti-Nanoxide T300/SC) 100 g Solaronix
Mp-TiO2 (30NR-D Titania Paste) 509 Greatcellsolar
NiOx (Nickel oxide) > 99% Sigma-Aldrich
Spiro-OMeTAD >99.5% Xi’an polymer light
technology corp.
(Xi’an. China)
PEDOT: PSS (Al 4083) M121-100 ml Ossila
PEDOT: PSS (HTL Solar 3) M125-25 ml Ossila
CAS# 155090-83-8
PEDOT: PSS (PH 1000) M122-100 ml Ossila

Pbl,

CHsNHsl (MAI)

CAS# 155090-83-8

99.99%

CAS RN: 14965-
49-2

Xi’an polymer light
technology corp.
(Xi’an. China)
Dyesol

PTAA MW = 6000 Xi’an polymer light
technology corp.
(Xi’an. China))
PCe1BM (phenyl-C61-butyric acid > 99% Xi’an polymer light
methy| ester) technology corp
(Xi’an. China)
BCP (Bis(trifluoromethane) >99.0% Sigma-Aldrich

sulfonamide lithium salt)
F4-TCNQ (2,3,5,6-Tetrafluoro-

19, No.:.LT-E208

Luminescence

7,7,8,8-tetracyanoquino dimethane) Technology
Li-TFSI (lithium >99.0% Sigma-Aldrich
bistrifluoromethanesulfonimidate )

t-BP (4-tert-butylpyridine) 96% Sigma-Aldrich
DMF (N,N-Dimethylformamide) > 99.8% Sigma-Aldrich
DMSO (N,N-Dimethylsulfoxide) >99.9% Sigma-Aldrich
CB (chlorobenzene) > 99.8% Sigma-Aldrich
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Material Attribute Vendor
Acetonitrile 99.8% Sigma-Aldrich
TO (toluene) >99.9% Merck

IPA (2-Propanol) > 99.5% Sigma-Aldrich
Ethylene glycol 99.8% Sigma-Aldrich
Ethylenediamine >99.5% Sigma-Aldrich
Ethanol >99.9% Merck

ZINC POWDER 99.8% Ajax Finechem

4.3  Characterization techniques
4.3.1 Device characterization

Applying an external potential bias to the cell while recording the generated
photocurrent with a digital source meter (Keithley model 238) can be used to
determine the current density-voltage (J-V) characteristics. A solar cell is measured
by a solar simulator (Yamashita Denso; model YSS-80) with an active area of 0.06
and 0.2 cm?. The voltage sweep was in the range of -0.1 to 1.2 V. J-V measurements
were taken at 25 °C.

4.3.2 Absorption and transmission measurements

A UV-VIS spectrophotometer (Shimadzu; model UV-1601PC) is used to measure the
optical properties of each sample. Materials can absorb photon energy (Epn) in a range
of different wavelengths. The absorption Epn depends on material concentration.

Transmission is determined by exposing the original light beam (or incident
light; lo) to the sample, and measuring transmission light (I7). A detector is used to
charge Epn transfer to electricity, such as a silicon photodiode and a photomultiplier
tube detector.

The relation of transmission (T), absorption (A), and reflectance (R) are
shown in the below equation.

R=Ir/lo and T+R+A=1,

which I IS intensity of transparent of light

Ir is intensity of reflection of light

lo is intensity of incident light
and d is film thickness.

From graph (31), it can show that Iy = Ipe™*@
and  percent transmission (%T) of light %T = j—T X 100
o

S0, absorption coefficient is related to new equation a= _71 In [%T].

100
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Figure 31. A diagram depicting the relationship between the intensity of film and the
thickness of film.

4.3.3 Atomic force microscope (AFM)

The atomic force microscope (AFM) (Veeco; model Dimension 3100) shown in
figure 32 was used to measure properties at a nanometer scale such as magnetism,
height, and friction. A probe of the AFM is touched to the surface of the sample to
measure and collect data. After the scanning AFM probe microscope raster-scans are
finished, an image is formed and shown on the computers’ screen.

Figure 33 shows the function of an Atomic Force Microscope (AFM). It has
three major working principles that include surface sensing, detection, and imaging.
The laser source of AFM transports its beam to the probe tip, which is the end of the
cantilever. After that, the detector detects the reflection of the beam from the
cantilever.

The flat surface of the sample is measured by scanning the cantilever above a
surface area of interest. The deflection beam is produced by the position-sensitive
photodiode (PSPD). Its imaging map of the surface depends on how raised or how
low the sample surface is.
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Figure 32. An atomic force microscope (AFM) on the right with controlling computer
on the left.
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Figure 33. Schematic illustration of in situ atomic force microscopy (AFM).

4.3.4 Contact angle

The surface properties of materials can be characterized by contact angles, 0 (theta).
Contact angle data depends on the quality of the substrate surface, such as roughness
and heterogeneity of the substrate surface. Normally, the contact angles are accurately
determined between the tangent of the drop surface at the contact line (which is a
section of the interaction between the solid and the liquid) and the surface (see figure
34).
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Figure 34. An example of an FTO surface with a contact angle.

If the contact angle is close to 0°, the liquid is very strongly attracted to the
hydrophilic solid surface. For hydrophobic solid surfaces, the surface will have a
contact angle of up to 90°. If the contact angle is equal or larger than 90°, the solid
surface is called super-hydrophobic, as shown in figure 35 below.

0 <30 0>120

S " . S’ ;
Hydrophilic ©  Hydrophobic .
solid surface solid surface solid surface

Figure 35. (a) a low contact angle (e < 30°) with good wettability, known as
hydrophilic; (b) a higher contact angle, known as hydrophobic (e > 90°); and (C) a
high contact angle with poor wettability (e > 120°), known as super-hydrophobic.

4.3.5 External quantum efficiency (EQE) measurement

An external quantum efficiency (EQE) measurement is used to observe solar cells’
behavior in a specific range of wavelengths. The EQE technique was used in this
study to investigate the photoinduced degradation of tandem solar cells with Cu (In,
Ga)Se2 (CIGS) acting as bottom cells and PSCs acting as top cells. Normally, an
electron-hole pair on the solar device is produced from each photon for an ideal solar
cell. Afterward, they will go toward the depletion region and then be separated and
collected. If all these photons did not have more energy than bandgap energy (Eg),
they could not be photocarriers. The quantum efficiency (QE) is determined first
before calculating the EQE value. The QE is the ratio of the number of all carriers
collected by the solar device to the number of all photons of a given energy incident
on the solar cells. Nevertheless, all these photons of absorbing wavelength and
collecting the resulting minority carriers occurred, and then the QE at that particular
wavelength is unity. A function of wavelength or of energy may be determined by the
QE. If photon energy is lower than the Eg, the QE value is zero. This value can be
calculated with current density (J) from current-voltage measurement.
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Figure 36 shows a QE curve for an ideal solar device by the tan/gold square
line. The recombination effects from electron and hole pairs are defected on the
device, reducing the QE for most solar cells. Meanwhile, the collection effects may
also be the QE, such as carriers generated at wavelengths of 350 nm (blue light),
which is very close to the device surface. In addition, at wavelength ~800 nm (green
light) demonstrated reducing the QE that may be effects of an absorption in the bulk
of a solar. Thus, the QE can be measured as the collection probability of the
generation profile of a single wavelength and normalized to the incident number of all
photons at that wavelength.

The effect of optical losses from transmission and reflection is used to achieve
the external quantum efficiency (EQE) curve. If both transmission and reflection are
not lost, which means the solar device can generate collectable carriers that are the

internal quantum efficiency (IQE).
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surface recombination,

Blue response is reduced reduced absorption at
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/ low diffusion lengths.
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Figure 36. External quantum efficiency (EQE) of solar cell [73].

4.3.6 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is the common method for imaging the
microstructure and morphology of materials. The SEM is used in the semiconductor
industry and typically provides two-dimensional images by generating contrast of
features on a surface by differential charging. SEMs generally have a resolution of
tens of nanometers, with the best field emission SEMs approaching a resolution of 1.5
nm. An electron beam in SEM has low energy, which is radiated to the material. It
scans the sample surface. In 2003, Sampath Kumar et al. reported that muti-
interactions occur as the beam reaches and enters the material, which leads to the
emission of photons and electrons from or near the sample surface. An image is
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formed by receiving signals produced by the electron—sample interactions that are
detected with different types of detectors depending on the mode of SEM being used.
A SEM is composed of several components (see figure 37), including:

e The electron gun is set on top of the column and emits electrons. Typically,
electron energy levels accelerated to 0.1-30 keV are then measured.

e Forming high-resolution images was made with a high-diameter electron beam
from a hairpin tungsten gun.

e Forming a small concentrated electron spot on the sample is touched by the
electron beam, which controls focus and shape with electromagnetic lenses
and apertures.

e A high-vacuum environment is allowed to reduce the number of scattered or
absorbed electrons in the air.

electron gun

— electron beam
anode

7 magnetic lens

backscattered
electron detector

o - second
- é electron detector
T~ stage

sample

Figure 37. Schematic drawing of the typical Scanning Electron Microscope (SEM)
column.



39

4.4 Cleaning the surface of FTO glass substrate

Fluoride doped tin oxide (FTO) coated glasses were used as the substrates on PSCs.
The substrate’s surface needs to be cleaned with solvents because the FTO surface has
contaminants such as oil, dust, etc. Suitable solvents such as water and water-alcohol
mixtures can remove contaminants. They are used to remove polar contaminants,
which are polar solvents. Non-polar solvents can be used to remove non-polar
contaminants. Both polar and non-polar can be cleansed from the substrate by
detergents containing wetting agents. The interfacial energy between different
materials is reduced by wetting agents, which lower the surface energy of liquids and
surfactants, such as oil and water. Various methods of mechanical disturbance and
suitable addition of cleaning fluids are used to remove particulate contaminants, such
as spraying, ultrasonic and mega sonic cleaning methods. In this work, the ultrasonic
cleaner is used to immerse the substrate in alcohol and adjacent collapsing cavitation
bubbles, which remove dust from the surface while operating at 18-120 kHz.

In cleaning processes as shown in figure 38, FTO glass was cleaned by
dipping in detergent solution with the ratio of typically deionized water (DI water) to
the detergent solution being 1 : 30 (30 ml of detergent solution in 1,500 ml of DI
water) for 30 min. Afterward, FTO glass was washed with DI water to remove
bubbles of detergent solution. After washing, the substrate was dipped in DI water for
30 min. And then, the FTO glass substrate was cleaned with acetone and isopropanol
(IPA) by dipping the substrate in each solution for 20 min, respectively. To prevent
particles from sticking firmly on the wet surface during drying, the substrate can be
blown off with nitrogen gas (N2) as fast as possible to remove absorbed fluids.

Detergent

Isopropanal Acetone

Figure 38. Cleaning FTO surface method.
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4.5 Etching FTO

A FTO (fluorine-doped tin oxide) conductive thin film, which is coated on a glass
substrate, is a transparent conductive metal oxide that can be used as transparent
electrodes for perovskite solar cells. But some parts of FTO must be removed to
prevent short-circuit. Etching-FTO is chosen to mask the area. This can be done with
photoresists, resistant masks, or kapton tape that is resistant to the etching solution.
The FTO surface without kapton tape is coated with zinc powder, and then
hydrochloric acid is added to the zinc powder. Once the reaction is finished, remove
the kapton tape as seen in figure 39.

Etched with HCI

| and zinc powder Etched
Kapton Tape , — /
_—
\_Y_} \ )
|
23 cm 23 cm

Figure 39. Etching FTO surface method.

4.6 UV-Ozone cleaner

A UV-0zone cleaning procedure is used to not only ensure that the surface is non-
acidic, dry, and non-destructive atomic surface. But also remove contaminants such as
dust and salts which cannot be changed to volatile products by oxidizing action. This
process is inexpensive to set up and operate at room temperature, as shown in figure
40.

Low pressure mercury lamp

Lamp field |:9 Lamp
/ field

[cooo0o0o0 |

— €0,
~ I
T \\41
| Substrate

Table

Figure 40. The UV Ozone cleaner (left) and the inside of the UV Ozone cleaner
(right).
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Intense wavelengths of 185.9 nm and 253.7 nm of ultraviolet light are
generated within the UV-Ozone mechanism. The 184.9 nm wavelength produces O3
and excites organic molecules on the surface, as shown in figure 41.

(a)
O*: Atomic Oxygen
184.9 nm 253.7 nm
02 02 2 H;_O
0,0, 0, OH - C 99 co,
0,0, 0,
1: Ozone generation 2:0zonolysis 3: Decomposition of organic matter
(Cleaning, surface modification)

(b)

0

Low pressure
Mercury lamp

hv; =184.7 nm

Absorbed layer
H,0 Hydrocarbons

Substrate

Figure 41. (a) Chemical reaction, (b) Principle of UV ozone treatment.
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CHAPTER V
EXPERIMENTS, RESULTS AND DISCUSSION

In this chapter, the results of all layers on PSCs and the development of multi-junction
(tandem) devices, in which PSCs act as top subcells, are discussed. All layers are
fabricated by spin coating and their properties are discussed in terms of optical
absorption, optical transmission, surface morphology, crystal structure, rough mean
square (RMS) roughness, contact angle, external quantum efficiency (EQE), and I-V
characteristics.

5.1 Normal structure PSCS
5.1.1 Finding suitable Mp-TiO2 on normal PSCs

Titanium dioxide (TiO2) is chemically inert, stable under sunlight, whose band gap
(Eg) values is ~3.0 eV and very opaque [74], which has led to promising photovoltaic
applications. Naturally, TiO2 absorbs only UV ray. The compact and uniform TiO:
electron transport layer (ETL) is prepared from a high temperature processing to
improve the crystallinity of TiO, material, which leads to the aggregation of small
particles. In this work, the normal perovskite solar cells (PSCs) structure is based on
methylamonium lead iodide (MAPDI3) via a two-step spin coating method. The
mesoporous TiO2 (Mp-TiOy) is varied in thickness from 300 nm to 500 nm, where
Mp-TiO- is directly coated on a compact TiO2 (Cp-TiO2)/FTO substrate by varying
the type of Mp-TiO; solution, and spin speed. The Mp-TiO, ETL thickness can
improve photovoltaic properties of PSC performance such as open circuit voltage
(Voc), fill factor (FF), and current density (Jsc) because of the Mp-TiO. constitution,
enhancing the contact area for electron injection at the interface between ETL and
perovskite film and decreasing the distance of carrier transport [75, 76].

In this study, a Cp-TiO: layer was coated on the FTO surface substrate at a
spin speed of 3000 rpm for 30 s and then heated on the hotplate at 500 °C for 30 min,
as shown in figure 42(a). The Mp-TiOz is then deposited on the Cp-TiO- surface with
different types of Mp-TiO2 between Ti-Nanoxide T600/SC material and Ti-Nanoxide
T300/SC material under a spin speed of 5000 rpm for 30 s and then baked at 500 °C
for 30 min, as shown in figure 45(b). As shown in figure 42(c)-(d), the 400 nm thick
perovskite films were made by combining Pbl, film (0.461 g Pblo/1 ml DMF (N,N-
Dimethylformamide)) and methyamonium iodide (MAI) solution (0.010 g MAI/1 ml
IPA). The Pbl; solution is stirred on a hot plate at 70 °C for 12 hours while the MAI
solution is stirred at room temperature. They are kept in the glovebox at a relative
humidity (RH) of less than 30%. The Pbl2 solution plays as the first precursor is
covered above the electron transport layer (ETL) at a spin speed of 3000 rpm for 30 s
and then residual solvent is removed on a hot plate at 70 °C for 20 min. The second
precursor solution is the MAI solution that is deposited over the Pbl, surface twice at
a spin speed of 2000 rpm for 20 s, and each spin MAI solution is loaded on the Pbl;
film for 30 s (called loading time for 30 s). Then it is annealed at 120 °C for 15 min.
spiro-OMeTAD as hole transport layer (HTL) is spin-coated above the top of the
perovskite film at 3000 rpm for 30 seconds. All samples are kept in the dry box for 12
hours before the 80-100 nm thick Au metal contact is thermally evaporated on HTL.
0.0723 g of spiro-OMeTAD powder is mixed in 1 ml of CB and 28.8 pl of 4-tert-
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butylpyridine (t-BP), and then 0.520 g of lithium bistrifluoromethanesulfonimidate

(Li-TFSI) salt is mixed in 1 ml of acetonitrile.
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Figure 42. Fabrication of inverted perovskite device processes; (a) Cp-TiO2 film, (b)
Mp-TiOz film, (c) Pbl> film, (d) MAI film, and (e) spiro-OMeTAD film.

Results and discussions of finding suitable Mp-TiO2 on normal PSCs

The smooth surface, in other words, no particles residual on the surface of samples,
has been studied via controlling the type of TiO> ETL solution, the concentration of
TiO2 ETL solution, and spin speed. For the first time, the Ti-Nanoxide T600/SC
material for deposition of Mp-TiO> is better than the Ti-Nanoxide T300/SC material
because it can decrease particles on the surface of the sample as shown in figure
43(above) The thickness of using Ti-Nanoxide T600/SC material as Mp-TiO2 is 396
nm, which is thicker than using Ti-Nanoxide T300/SC material (188 nm) as shown in
figure 43(below). The J-V curves of both materials are shown in figure 44.
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Figure 43. Surface (above) and cross-section (below) image of Ti-Nanoxide T600/SC
and Ti-Nanoxide T300/SC under spin speed 5000 rpm for 30s.
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Figure 44.J-V characteristics of normal perovskite device with Ti-Nanoxide T600/SC
(red line) and Ti-Nanoxide T300/SC (blue line).

However, the particle’s residuals still occurred on the surface of the samples,
and the J-V measurement results showed low fill factor (FF) and low open-circuit
voltage (Voc). The 30NR-D Titania Paste, as another type of Mp-TiO: solution, is
chosen to increase high density and completely cover the surface of samples without
particles. To control thickness, different precursor solutions of Mp-TiO2: Ethanol are
varied to 1:4 (is M4), 1:5 (is M5), and 1:7 (is M7) v/v. The solutions are deposited on
Cp-TiO2/FTO at a spin speed of 5000 rpm for 30 s. The thickness of Mp-TiO, from
each condition is demonstrated with the SEM technique in figure 45. The thickness of
Mp-TiO2 decreases as the control of ethanol increases, which can be great for PSCs
because thinner ETL might better facilitate carrier to the contact (FTO). This is
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consistent with the J-V measurements. Figure 46 shows the PSCs with different Mp-
TiO2 precursor ratios. The best PCE of 9.5% is obtained from 1:7 v/v.

Figure 45. Cross-section images of different precursor solutions, Mp-TiO2: Ethanol,
(@) 1: 4 (M4), (b) 1: 5 (M5), and (c) 1: 7 (M7) v/v.
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Figure 46. J-V curve of different precursor solutions, Mp-TiO2: Ethanol, (a) 1: 4
(M4), (b) 1: 5 (M5), and (c) 1: 7 (M7) V/v.

Table 5. All photovoltaic parameters of different precursor solutions, Mp-TiO2:
Ethanol, 1: 4 (M4), 1: 5 (M5), and 1: 7 (M7) v/v, on the inverted device.

Condition Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
M4 5000 rpm for 30 s

/Cp-TiOs 16.11 0.95 61.29 9.38
M5 5000 rpm for 30 s

/Cp-TiOs 16.11 1.03 57.48 9.53
M7 5000 rpm for 30 s

/Cp-TiOs 12.78 0.94 49.65 5.97

Moreover, increasing PCE via using a suitable uniform and dense Mp-TiO;
layer as ETL on PSCs is analyzed. The Mp-TiO> layer has been varied at spin speeds
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of 3000, 4000, and 5000 rpm to vary the thickness. The J-V curve of different spin
speeds of different Mp-TiO2 solutions is revealed in figure 50.
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Figure 47. J-V curve of various spin speeds at (a) 5000, (b) 4000, (c) 3000 rpm for
30 s with M4, M5 and M7, respectively.
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As a result, deposition of the Mp-TiO; layer at 3000 rpm with M7 results is
advantageous for a higher FF and a higher PCE. All photovoltaic parameters are
summarized in Table 6.

Table 6. Photovoltaic parameters of different Mp-TiO> dilutions, such as M4, M5,
and M7, with spin speeds of 5000, 4000, and 3000 rpm for 30 sec.

Condition Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
}\él;;_Sr(l)g(z rpm for 30 s 16.11 0.95 61.29 9.38
%l:?)?r?gg rpm for 30 s 16.11 1.03 57.48 9.53
}\él:gf')r?g(;) rpm for 30 s 1278 0.94 4965 5.97
}\él:?)flr(l)g(z rpm for 30 s 17.62 0.92 4967 8.05
}\él:&r'))flr(l)g(z rpm for 30 s 16.79 0.98 54.86 9.02
/hé{?)_#?gg 'pmfor30s 5363 0.90 48.75 10.39
}\(/Izé_i?gg pmfor30s 4340 0.88 50.42 5.95
}\(/':g_i?gcz’ pmfor30s 1548 0.90 50.22 6.99
}\(/I:;_i?gg rpm for 30 s 16.07 1.02 60.26 10.88

5.1.2 Dissolved Pbl, with different solvents

In this step, the perovskite layer is formed with two precursors between Pbl; as the
first precursor, and the second precursor is methylammonium iodide (MAI or
CHsNHzl), which are coated on the TiO- layer, respectively. The Pbl, with different
solvent in MAPDI3(CH3sNHz3Pbls), the different solvents to dissolve Pbl, are studied;
pure dimethylformamide (DMF), and mixtures of DMF and DMSO (N, N-
Dimethylsulfoxide) with the ratios of (4:1) and (1:4).

In this work, both a 50 nm thick Cp-TiO> layer and a 300 nm thick Mp-TiO>
are deposited on the FTO surface substrate with spin coating at 3000 rpm for 30 s and
then baked at 500 °C for 30 min. The 400 nm thick perovskite films were formed with
a combination of Pbl film (0.461 g of Pbl2/1 ml of DMF (N,N-Dimethylformamide)
and DMSO (N,N-Dimethylsulfoxide) with three different solvents of pure
dimethylformamide (DMF), and mixtures of DMF: DMSO with the ratios of (4:1) and
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(1:4) and methyamonium iodide (MAI) solution (0.010 g MAI/1 ml IPA). The Pbl;
solution is stirred on a hot plate at 70 °C for 12 hours while the MAI solution is stirred
at room temperature. They are kept in the glovebox at a humidity (RH) of less than
30%. Pbl; as the first precursor, which is coated above the electron transport layer
(ETL) at spin speed of 3000 rpm for 30 s, and then residual solvent in Pbl; is removed
on a hot plate at 70 °C for 20 min. The second precursor solution is the MAI solution
that is deposited over the Pbl, surface twice at spin speed of 2000 rpm for 20 s, and
each spin MAI solution is holed on the Pbl film for 30 s (called loading time for 30
s). During the second spin off of MAI, anti-solvent is applied and then it is annealed
at 120 °C for 15 min. The top of the perovskite film is coated with a 150 nm thick
spiro-OMeTAD hole transport layer (HTL) by spin-coating at 3000 rpm for 30 s. All
samples are kept in the dry box for 12 hours before the 80-100 nm thick Au contact is
thermally evaporated on HTL. Spiro-OMeTAD solution is mixed from 0.0723 g of
spiro-OMeTAD powder in 1 ml CB and 28.8 pl of 4-tert-butylpyridine (t-BP) and
then added with 0.520 g of lithium bistrifluoromethanesulfonimidate (Li-TFSI) salt in
1 ml of acetonitrile.

Results and discussions of dissolved Pbl» with different solvents

The current density-voltage characterization of all samples is indicated in figure 48,
and all photovoltaic parameters are summarized in Table 7.
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Figure 48. The J-V characteristics under illumination of the perovskite solar cells are
indicated in the legend.



50

Table 7. Summary of the photovoltaic parameters derived from J-V measurements
along with activation energy for using pure DMF, DMF and DMSO in a 1:4 ratio,
and DMF and DMSO in a 4:1 ratio (showing the best performance).

Parameters Pure DMF DMF:DMSO=1:4 DMF.:DMSO =4:1
Voc (V) 1.0 0.9 1.0

Jsc (MA/sg.cm.) 16.1 23.3 20.6

Fill Factor (%) 60.3 451 63.0

PCE (%) 10.9 9.3 13.12

The results indicate that the suitable solvent for Pbl; is a ratio of DMSO and
DMF of 4:1, which leads to an improved performance of the perovskite device. The
maximum PCE of 11.9% was achieved for the cell prepared by using the solvent in a
4:1 ratio for DMF:DMSO.

5.1.3 An anti-solvent

An anti-solvent is a solvent in which the compound is less soluble and used to wash
another solvent [77]. Both chlorobenzene (CB) and toluene (TO) are used as the anti-
solvents during the growth of the perovskite films. The anti-solvent is applied to
improve the morphology, grain size of the perovskite films and efficiency of the solar
devices.

In this section, a 50 nm thick Cp-TiO; layer and a 300 nm thick Mp-TiO> layer
are deposited on the FTO surface substrate using spin coating at 3000 rpm for 30 s
and then baked at 500 °C for 30 minutes. Pbl, film (0.461 g of Pbl2/1 ml of DMF
(N,N-Dimethylformamide) and DMSO (N,N-Dimethylsulfoxide) in a 4:1 ratio) and
methyamonium iodide (MAI) solution (0.010 g MAI/1 ml IPA) were used to create
the 400 nm thick perovskite films. The Pbl: solution is stirred on a hot plate at 70 °C
for 12 hours while the MAI solution is stirred at room temperature. They are kept in
the glovebox at a relative humidity (RH) of less than 30%. The Pbl, solution plays as
the first precursor is covered above the electron transport layer (ETL) at a spin speed
of 3000 rpm for 30 s and then residual solvent is removed on a hot plate at 70 °C for
20 min. The second precursor solution is the MAI solution that is deposited over the
Pbl. surface twice at a spin speed of 2000 rpm for 20 s, and each spin MAI solution is
holded on the Pbl> film for 30 s (called loading time for 30 s). During the second spin
off of MAI, anti-solvent is applied and then it is annealed at 120 °C for 15 min. The
top of the perovskite film is coated with a 150 nm thick spiro-OMeTAD hole
transport layer (HTL) by spin-coating at 3000 rpm for 30 s. All samples are kept in
the dry box for 12 hours before the 80-100 nm thick Au contact is thermally
evaporated on HTL. Then 0.0723 g of spiro-OMeTAD powder is mixed in 1 ml of CB
and 28.8 | of 4-tert-butylpyridine (t-BP), and then 0.520 g of lithium
bistrifluoromethanesulfonimidate (Li-TFSI) salt is mixed in 1 ml of acetonitrile. In
this work, researcher studied the types, the amounts, and the beginning times of
cholobenzene (CB) or toluene (TO) anti-solvents under investigation. After spinning
the MAI solution, the amount of anti-solvents is varied from 25 to 150 pul, and the
elapsed time is varied from 5 to 15 seconds.
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Results and discussions of an anti-solvent

Figure 49 shows the cross-section images and surface morphology of different
perovskite layers (without anti-solvent, with the addition of CB, and with the addition
of TO) by using a field-mission scanning electron microscope (FESEM; JEOL Model
JSM-7001F). The surface morphology shows the addition of an anti-solvent can
improve the grain growth of perovskite film compared to one without an anti-solvent.
In addition, no pin-hole on perovskite films with anti-solvent is observed. So, the anti-
solvents aid in increasing the growth of the perovskite thin films and improving the
morphology of the surface. The cross-section images show no significant difference
between the applications of CB and TO anti-solvents.

Figure 50 shows the morphologies of perovskite films (a)-(c) for CB at 5, 10,
and 15 s after spinning MAI solution, and (d)-(f) for TO at 5, 10, and 15 s after
spinning MAI solution, respectively. Figure 50 (a) depicts the grain size of perovskite
films with CB anti-solvent applied at 5 s after the application of MAI solution, which
is larger than for both CB and TO anti-solvents under other conditions.

A spectrophotometer (Shimadzu Model UVPC1600) is used to investigate the
absorbance of the perovskite layer, which is in the range of 400-1000 nm. In figure
51, both CB and TO anti-solvents are independent of the type or amount of anti-
solvent applied due to all of them showing the similar photon absorption threshold
around 770-780 nm.

Photovoltaic parameters such as open-circuit voltage (Voc), short-circuit
current density (Jsc), fill factor (FF), and PCE were measured under AM1.5. Both
forward (f) and reverse (r) directions between-0.1 and 1.2 V of bias voltage are
determined by using the J-V measurements in the section of the active cell areas of
the device under investigation, which are 0.06 and 0.2 cm? with the box chart. Both
forward (f) and reverse (r) directions of PSCs with small active cell areas of 0.06 cm?
are presented in figure 52(a) - (c) for PSCs with different amounts of CB anti-solvent
at 5, 10, and 15 s after spinning the MAI solution, respectively, whereas (d) - (f) for
PSCs with different amounts of TO anti-solvent at 5, 10, and 15 s after spinning the
MAI solution. The best set PCE of 16.8% is obtained from 50 ul of CB applied at 5 s
elapsed time after spinning the MAI solution. Table 8 shows all average solar cell
parameters from using CB anti-solvents on PSCs are better than those using TO anti-
solvent for both active cell areas [78].

Figure 49. Cross-section SEM (scale bar = 100 nm) images of perovskite film (P);
for (a) without anti-solvent, (b) with addition of CB and (c) with addition of TO, as
the anti-solvents.
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Figure 50. Top-view SEM images of perovskite film with the application of CB anti-
solvent at (a) 55, (b) 10 s and (c) 15 s; TO anti-solvent at (d) 5's, (e) 10 sand (f) 15 s

after spinning the 2" layer of MAI solution.
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volume of (a) CB and (b) TO.

Table 8. Device performances of the inverted perovskite cells using different anti-

solvents.
with CB anti-solvent with TO anti-solvent
Solar cell
parameters  cell area= cell area = cell area = cell area =
0.06 cm? 0.2 cm? 0.06 cm? 0.2 cm?
Voc (V) 1.07 £0.01 0.98 + 0.03 1.04 £0.02 1.0+0.1
Jc (MA/Ccm?) 2270+ 0.8 1649+1.1 20.27 +£0.9 17.8+0.6
FF (%) 69.90+ 1.3 65.00 £ 0.9 61.29+ 2.3 51.60+7.3
PCE (%) 159+0.7 1047 +1.3 13.02+ 0.9 9.09+2.0
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small active area of 0.06 cm? which forward and reverse direction of J-V
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5.2 Inverted structure PSCs
5.2.1 HTM options

The hole transport materials (HTMs) are one of the key compounds in perovskite
solar cells (PSCs) for the p-i-n structured perovskite solar cells (PSCs). Nickel oxide
(NiOx), PEDOT: PSS, PTAA are chosen as HTM [79]. They can affect the
performance of PSCs. In addition, the morphology of the underlying hole transport
layer (HTL) in PSCs plays a crucial role in determining the optoelectronic quality of
the active perovskite absorber layer [80].

5.2.1.1 Concentration and thickness of NiOy

Nickel oxide (NiOx), as a p-type metal oxide, is used as a hole transporting layer
(HTL). It is widely studied for the inverted perovskite device. In this work, NiOx
HTLs in PSCs will be discussed to get probable solutions to enhance development in
power conversion efficiency (PCE) as well as stable NiOx-based PSCs. The
advantages of NiOy are that it can promote charge transport, separation of electron-
hole pairs and decrease the charge recombination [81].

A NiOx HTLs is spin coated on the FTO surface substrate with different
concentration between 0.5 M (0.145 g of NiOx powder in 0.933 ul of ethylene glycol
and 0.067 ul ethylendiamine) and 1 M (0.290 g of NiOx powder in 0.933 ul of
ethylene glycol and 0.067 ul ethylendiamine) and varied spin speed from 4000, 5000,
6000, 7000 and 8000 rpm for 30 s and then baked at high temperature sinter 300 °C
for 60 min. The 400 nm thick perovskite film was formed with combination of Pbl>
film (0.461 g of Pbly/1 ml of DMF (N,N-Dimethylformamide) and DMSO (N,N-
Dimethylsulfoxide) with 4:1 ratio) and methyamonium iodide (MAI) solution (0.010
g MAI/1Iml IPA). The Pbl solution is stirred on a hot plate at 70 °C for 12 hours
while the MAI solution is stirred at room temperature. They are kept in the glovebox
under relative humidity (RH) of less than 30%. The Pbl. solution plays as the first
precursor is covered above the electron transport layer (ETL) at spin speed of 3000
rpm for 30 s and then residual solvent is removed on a hot plate at 70 °C for 20 min.
The second precursor solution is the MAI solution that is deposited over the Pbl>
surface twice at spin speed of 2000 rpm for 20 s and each spin MAI solution is holded
on the Pbl. film for 30 s (called loading time for 30 s). During the second spin-off of
MAI, 50 ul of CB is applied at 5 s elapsed time after spinning the MAI solution and
then is annealed at 120 °C for 15 min. The above perovskite film is coated with a 150
nm thick phenyl-C61-butyric acid methyl ester (PCe1BM) as an electron transport
layer (ETL) by spin-coating at 3000 rpm for 30 s. All samples are deposited with 80-
100 nm thick Au contact by thermal evaporation on HTLs. The PCs1BM solution is
mixed with 0.02 g of PCe:BM powder in 1 ml of chlorobenzene (CB).

Results and discussions of concentration and thickness of NiOy

Figures 53 and 54 illustrate the surface morphology and optical transparency of
NiOx/FTO with different spin speeds repeatedly. The surface and the transmission of
the samples are quite similar. Their energy band gap (Eg) of NiOx is 3.5 eV, which is
calculated from the knee of transmission graphs at 354 nm.
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In addition, figure 55 displays the J-V curve of all conditions of both 0.5 M
and 1 M of NiOy, with the spin speed of 5000, 6000, 7000, and 8000 rpm for 30 s,
respectively.

Figure 53. Surface SEM images of 1 M NiOy-covered FTO glass at spin speeds of (a)
5000, (b) 6000, (c) 7000, and (d) 8000 rpm.
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Figure 54. Optical transmission of 1 M NiOy covered FTO glass at spin speeds of
5000 (blue line), 6000 (red line), 7000 (violet line) and 8000 (orange line).
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Figure 55. J-V characteristics of the inverted perovskite device with a concentration

of 0.5 M (left) and 1 M NiOx (right) by using different spin speed between 5000, 6000,
7000, and 8000 rpm for 30 s, respectively.

Table 9. All photovoltaic parameters result by the J-V measurement.

Shotovoltaic 0.5 M NiOx 1 M NiOx
parameters
(active area 5000 6000 7000 8000 5000 6000 7000 8000
0.06 cm2) rom rpm rpm  rpm rom rpm rpm rpm
Voc (V) 09 09 09 009 0.9 09 08 09
Jsc (MA/ecm?) 157 156 151 127 197 109 179 150
FF (%) 417 386 47.0 446 338 560 488 61.2
PCE (%) 55 56 66 6.4 6.1 59 75 88

According to the table 9, Voc increase, as the spin speed of both
concentrations increase, resulting in a higher PCE of the device. In addition, as the
spin speed decrease, which deteriorates the performance of the device. Therefore, an
optimal PCE of 8.8% and FF of 61.2% were obtained on the device by using the
concentration of 1 M NiOx on the device at spin speed at 8000 rpm for 30 s.

5.2.1.2 Different products of PEDOT: PSS

Poly (3,4-ethylene dioxythiophene): poly (styrenesulfonate) (PEDOT: PSS) as the
hole transport layer (HTL) in polymer p-i-n structured perovskiter solar cells (PSCs).
In this work, PEDOT: PSS was chosen to improve fill factor (FF) and increase higher
power conversion efficiency (PCE), because it has better conductivity than using
NIOx as HTL[82]. Also, PEDOT:PSS has good film forming ability, high
transparency, and good stability in air [83, 84]. Three products of PEDOT:PSS, which
are Al 4083, PH 1000, and HTL solar 3 [85, 86], have been used as an alternative hole
selective contact on the inverted devices.

A PEDOT:PSS HTL is coated on the FTO substrate by spin-coating at 5000
and 6000 rpm for 30 s with all types of PEDOT:PSS, and then heated on a hotplate at
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180 °C for 15 min. The 400 nm thick perovskite film was formed with a combination
of Pbl> film (0.461 g of Pbl2/1 ml of DMF (N,N-Dimethylformamide) and DMSO
(N,N-Dimethylsulfoxide) with a 4:1 ratio) and methyamonium iodide (MAI) solution
(0.010 g MAI/AmI IPA). The Pbl> solution is stirred on a hot plate at 70 °C for 12
hours while the MAI solution is stirred at room temperature. They are kept in the
glovebox at a relative humidity (RH) of less than 30%. The Pbl solution plays as the
first precursor is covered above the electron transport layer (ETL) at a spin speed of
3000 rpm for 30 s and then residual solvent is removed on a hot plate at 70 °C for 20
min. The second precursor solution is the MAI solution that is deposited over the Pbl.
surface twice at a spin speed of 2000 rpm for 20 s, and each spin MAI solution is
holed on the Pbl> film for 30 s (called loading time for 30 s). During the second spin-
off of MAI, 50 pl of CB is applied at 5 s elapsed time after spinning the MAI solution
and then is annealed at 120 °C for 10 min. The above perovskite film is coated with a
150 nm thick phenyl-C61-butyric acid methyl ester (PCs1BM) as an electron transport
layer (ETL) by spin-coating at 1500 rpm for 40 s and then followed by BCP (0.0005
g/ml in IPA, stirred overnight) at 4000 rpm for 30 s. All samples are deposited with
80-100 nm thick Au contact by thermal evaporation on HTLs. The PCs1BM solution
is mixed with 0.02 g of PCe1BM powder in 1 ml of chlorobenzene (CB). Above, all
the steps are shown in figure 56.
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Figure 56. Fabrication of inverted perovskite device processes; (a) PEDOT:PSS film,
(b) Pbl2film, (c) MAI film, (d) PCs1BM film, and (e¢) BCP film.
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Results and discussions of different products of PEDOT: PSS

Table 10, which displays all the photovoltaic parameters of each condition. The best
PCE of 12% is obtained when using HTL solar 3 at spin speed of 6000 rpm for 30 s as
seen in the violet line in figure 57.

30
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— Al 4083, 6000 rpm
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S
=
e
? 15 A
=
10 A
5 .
0 L T T T L T L T L L]
0 0.2 0.4 0.6 0.8 1

vY)

Figure 57. The J-V curve of all types of PEDOT:PSS such as Al 4083, PH 1000, and
HTL solar 3 with different spin speeds between 5000 and 6000 rpm for 30 s.

Table 10. All photovoltaic parameters result by the J-V measurement.

Photovoltaic Al 4083 PH 1000 HTL solar 3
parameters
(activearea 5000 6000 5000 6000 5000 6000
0.06 cm?) rpm rpm rpm rpm rpm rpm
Voc (V) 0.9 0.7 0.8 0.8 0.9 0.9
Jsc (mA/cmZ) 12.3 11.2 104 10.4 12.3 18.1
FF (%) 61.9 71.7 79.5 78.9 72.8 71.3

PCE (%) 6.9 5.9 6.4 6.3 79 120
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5.2.1.3 Suitable condition for PTAA

Due to the low conductivity of NiOx and PEDOT: PSS, charge transport is limited and
inefficient [87]. To solve this problem, the PTAA was also used for the HTL, which
could be used to enhance potential up to 1.1 V, improve the carrier mobility, and
increase the higher performance of the PSCs [88]. PTAA can be annealed at a low
temperature and dissolved in the solvent as well as be stable in ambient conditions
[89].

A PTAA is deposited on the FTO surface substrate by spin-coating at 2000
and 3000 rpm for 30 s and then baked on a hotplate at 105 °C for 10 min. PTAA
solution is prepared by mixing 0.007 g of PTAA powder in 1 ml of CB and 0.1 pl of
4-tert-butylpyridine  (t-BP) and then adding 0.170 g of lithium
bistrifluoromethanesulfonimidate (Li-TFSI) salt in 1 ml of acetonitrile. Pbl, film
(0.461 g of Pbl2/1 ml of DMF (N,N-Dimethylformamide) and DMSO (N,N-
Dimethylsulfoxide) with a 4:1 ratio) and methyamonium iodide (MAI) solution
(0.010 g MAI/1 ml IPA) were used to form the 400 nm thick perovskite films. The
Pbl2 solution is stirred on a hot plate at 70 °C for 12 hours while the MAI solution is
stirred at room temperature. They are kept in the glovebox at a relative humidity (RH)
of less than 30%. The Pbl, solution plays as the first precursor is covered above the
electron transport layer (ETL) at spin speed of 3000 rpm for 30 s and then residual
solvent is removed on a hot plate at 70 °C for 20 min. The second precursor solution
is the MAI solution that is deposited over the Pbl, surface twice at spin speed of 2000
rpm for 20 s, and each spin MAI solution is holded on the Pbl; film for 30 s (called
loading time for 30 s). During the second spin-off of MAI, 50 pl of CB is applied at 5
s elapsed time after spinning the MAI solution and then is annealed at 120 °C for 10
min. The above perovskite film is coated with a 150 nm thick phenyl-C61-butyric
acid methyl ester (PCs:BM) as an electron transport layer (ETL) by spin-coating at
1500 rpm for 40 s. Then BCP is coated onto the PCe1BM surface at a spin speed of
4000 rpm for 30 s. All samples are deposited with a 120 nm thick Au contact by
thermal evaporation on HTLs. The PCs:BM solution is mixed with 0.02 g of PCs:BM
powder in 1 ml of chlorobenzene (CB).

Results and discussions of suitable condition for PTAA

Figure 58 shows that the PCE of 13% and 15% are obtained by using PTAA as the
HTL. The spin speed is 2000 and 3000 rpm, respectively. Additionally, the high
improvement of PCE was observed. The PCE of PTAA-based devices is significantly
better than that of NiOx and PEDOT:PSS base devices. A summary of all photovoltaic
parameters is shown in Table 11.
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Figure 58. J-V curve of PTAA at spin speed 2000 (blue) and 3000 (red line) rpm for
30s.

Table 11. Device performance of the inverted perovskite cells using PTAA HTL with
different spin speeds between 2000 and 3000 rpm for 30 s.

Photovoltaic parameters PTAA
(active area 0.06 cm?) 2000 rpm 3000 rpm
Voc (V) 0.9 1.0
Jsc (MA/cm?) 15.3 24.9
FF (%) 65.3 61.7
PCE (%) 13.0 15.1

PTAA as HTL can improve the carrier mobility and enhance the efficiency of
15% when using spin speed at 3000 rpm for 30 s, which has a higher PCE than NiOx
and PEDOT: PSS as HTL, as shown in figure 59.
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Figure 59. Current-voltage characteristics measured under standard 1 sun condition
(AM 1.5 G, 100 mW/cm?) of 1 M NiOx covered FTO glass at spin speed 5000 rpm
(greenline), PEDOT:PSS (HTL solar 3) covered FTO glass at spin speed 6000 rpm
(red line), and PTAA covered FTO glass at spin speed 3000 rpm (blue line). The inset
shows the solar parameters of different HTMs.

5.2.2 Metal contact

The metal contact has a major impact on the electrical properties of the inverted
perovskite solar cells (PSCs). The contact is part of the junction of the PSC and must
provide lateral charge transport to the terminals, where the metal contact was
fabricated by the thermal evaporation technique. It will be investigated the effect of
contact on short-circuit current (Jsc) and power conversion efficiency (PCE). In this
part, an experimental study was conducted for various metal contacts, such as
aluminum (Al), gold (Au) and silver (Ag).

Results and discussions of metal contact

The results of contact as between Au and Ag came out to be a bit different. Al reacts
with the underling layer as shown in figure 60.
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Figure 60. Device fabricated using different contact materials: (a) Al, (b) Au, and (c)
Ag.

As shown in Table 12, Au and Ag have a higher work function than Al metal
contact, resulting in enhanced PCE. Since Au metal is too expensive, alternative metal
contact materials are needed to improve the potential voltage (V) and short-circuit
current density of the PSCs. Finally, Ag shows higher performance as contact in the
perovskite device architecture. It will be shown in figure 61 and Table 13. By
selecting an optimal front contact design, the Jsc and PCE can be increased.

Table 12. Conductivity value for Al, Au and Ag metal [90].

Al Au Ag
conductivity, 35107 4.1 x 107 6.3 X 107
c (S/cm)
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Figure 61. J-V characteristics of the inverted perovskite devices with different metal
contacts such as Au (blue line), Ag (red line), and Al (green line).
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Table 13. Device performance of the inverted perovskite cells using different metal
contacts.

Photovoltaic parameters Metal contact
(active area 0.06 cm?) Al Au Ag
Voc (V) 0.3 1.0 1.0
Jsc (MA/cm?) 0.5 24.9 21.16
FF (%) 30.0 61.7 72.9
PCE (%) 0.035 15.1 154

5.2.3 Washing surface of PTAA

From 5.2.2, the maximum PCE of 15.4% was obtained, but the larger distributions of
the solar cell parameters of the PSCs were observed due to the viscous liquid of the
PTAA solution after being spin-coated on the FTO substrates (see figure 62). Thus,
the next work will be focused on improving the non-wetting conductive PTAA
surface for the deposition of perovskite absorber film.
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Figure 62. Box chart plots of using PTAA as hole transport material on an inverted
structure for 0.06 cm2 active cell area.

To improve the surface properties of the PTAA films, the surface treatment
with dimethylformamide (DMF) and adding some solvents (toluene (TO) and
chlorobenzene (CB)) were introduced [92]. But PTAA solution is prepared by mixing
0.007 g of PTAA powder in 1 ml of CB and 0.1 ul of 4-tert-butylpyridine (t-BP) and
then adding 0.170 g of lithium bistrifluoromethanesulfonimidate (Li-TFSI) salt in 1
ml of acetonitrile, which cannot be used after surface treatment with
dimethylformamide (DMF) and adding some solvents. Because the PTAA surface
might be damaged by the washing process with DMF, or in other words, a reaction
might occur on the PTAA surface and perovskite film as shown in figure 63.
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A

Figure 63. Defection on the PTAA surface from the washing process.

The PTAA solution (0.0025 g/ml in CB, stirred overnight) was used as a new
PTAA solution, which did not react with the washing process. The new PTAA
solution was deposited onto the FTO substrates with the spin coating process at a
speed of 2000 rpm for 30 s and then heated at 105 °C for 10 min on a hotplate. The
wettability of the PTAA films could be improved by washing the PTAA surface with
200 pl of DMF and spinning at 4000 rpm for 30 s. In addition, 50 pl or 75 pl of TO or
CB were dropped onto the center of samples at 5 s after the spin-coating of DMF
started. The MAPDI3 perovskite layer was coated on the PTAA layer by a sequential
two-step spin-coating process. The first step, Pbl> solution (0.461 g/ml in volume
ratio DMF:DMSO = 4:1, stirred at 70°C overnight), was spin-coated on the PTAA
layer at 3000 rpm for 30 s and then baked on a hotplate at 70°C for 20 min. The MAI
as second precursor (0.01 g/ml in IPA, stirred overnight) was dropped onto the Pbl;
layer with a 30 s loading time followed by spin-coating at 2000 rpm for 20 s, and
repeated again two times for the MAI precursor. Moreover, during the second spin-
coating of MAI start, 50 pl of CB as anti-solvent was added onto the MAI surface at 5
s. The perovskite layer was baked at 120°C for 10 min on a hotplate. The PCs:BM as
an ETL (0.02 g/ml in CB, stirred overnight) was spin-coated on the perovskite layer at
1500 rpm for 40 s and then followed by BCP (0.0005 g/ml in IPA, stirred overnight)
at 4000 rpm for 30 s. The samples were taken out of the glovebox and transferred to
the thermal evaporator for the deposition of 120 nm of silver (Ag) counter electrodes.
The samples were mechanically scribed into a small active area of 0.06 cm?. All
layers of PSCs were fabricated in the glovebox, which oxygen and water levels inside
below 10 ppm.

The fabrication processes of inverted PSCs are graphically summarized in
figure 64. The optical transmission, contact angle, rms surface roughness, and solar
cell parameters of perovskite devices are studied to investigate the effects of the
treatment on the PTAA surface.
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Figure 64. Fabrication procedures of inverted perovskite device.

Results and discussions of washing surface of PTAA

The optical transmissions of maximum transmission ~75% of the pristine and post-
treated PTAA samples were investigated in the range of 300-1100 nm as shown in
figure 65(left). Furthermore, figure 65(right) shows the transmittance cut-off
threshold near 750 nm in all samples, which corresponds to the energy gap (Eg) of
MAPDI3 of 1.59 eV. This result confirms that washing with 200 ul DMF and
additions of CB or TO on the PTAA surfaces does not affect the optical properties of
the PTAA and MAPbDI;s perovskite layers.

Moreover, the contact angles of the pristine and post-treated PTAA surfaces
were measured to investigate the wettability of all PTAA surfaces (see figure 66). The
46° contact angle of pristine PTAA surfaces was achieved, which is larger than the
post-treated PTAA surfaces. The contact angles of the post-treated PTAA surfaces by
washing with 200 pl of DMF and an additional 50 pl of TO significantly decreased to
the lowest contact angle of 25°. As a result, applying Pbl> solution in the two-step
spin-coating process for MAPDbI3 perovskite layer gave better coverage on the PTAA
surface. Figure 67 displays the morphologies and the surface rms roughness of the
pristine and post-treated PTAA surfaces as measured by the AFM. The lowest value
of rms roughness for 10 nm of the PTAA surface washed with 200 pl of DMF and an
additional 50 ul of TO that responded to the lowest contact angle of 25°, which led to
relatively better wettability.
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Figure 65. Comparisons of optical transmission spectra of pristine and post-treated
PTAA layers (left) and MAPDbIs - perovskite on pristine and post-treated PTAA
layers(right).
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Figure 66. Contact angles of the PTAA films; (a) pristine, and post-treated PTAA by
washing with 200 pl of DMF and followed by (b) 50 4 TO, (c) 75 4 TO, (d) 50 ¢l CB
and (e) 75 4l CB.
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Figure 67. AFM surface morphologies of the PTAA films; (a) pristine, and post-
treated PTAA by washing with 200 pl of DMF and followed by (b) 50 ¢ TO, (c) 75 4
TO, (d) 50 ¢ CB and (e) 75 ul CB.

The use of this solvent-engineered treatment for the fabrication of inverted
PSCs greatly increased the PCE of the device compared to that of the pristine PTAA,
contributing to the improved PCE due to the increases in the open-current voltage
(Voc) and fill factor (FF), as well as leading to small distributions of the solar cell
parameters. Figure 68(a) - (e) also included J-V curves and box-chart plots, with data
collected from at least 25 cells for each condition. The maximum PCE of 15.4% and
the smallest distribution were obtained from washing with 200 pl of DMF and an
additional 50 pl of TO onto the PTAA surface. Thus, the post-treated PTAA surface
was confirmed from all the data above; it can be reproduced. Table 14 displays the
statistical values for the solar cell parameters.
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Figure 68. (a) J-V curves of PSCs for both pristine and post-treated PTAA. Solar cell
parameters of PSCs; (b) Voc, () Jsc, (d) Fill Factor and (e) PCE of PSCs comparing
between pristine PTAA and post-treated PTAA.
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Table 14. Statistical values of solar cell photovoltaic parameters displaying the
average values and standard deviations and the maximum values (in the parentheses)
of the inverted PSCs fabricated from pristine and post-treated PTAA (batch of 25
devices each).

Photovoltaic Post-treatment PTAA
arameters .. . A . .
?active area  ristine adding adding adding adding
0.06 cm?) PTAA " 50pulof TO 75pulof TO 50plof CB 75 plof CB
Voc (V) 09+02 1.0+0.1 0.9+0.1 0.9+0.1 0.9+0.1
oc (1.1) (1.1) (1.0) (1.0) (1.0)
Jsc (MAVem?) 140+9.1 215+26 172+44 17.3+58 146+25
(23.1) (24.1) (21.6) (23.1) (17.5)
- 06+01 06£01 05£0.1 05+0.1 0.5+0.1
(0.7) 0.7) (0.6) (0.6) (0.6)
93+44 136+13 8.1+2.4 83+17 73+13
0,
PCE (%) (15.1) (15.) (12.5) (11.0) (9.6)

5.2.4 Large active area (0.2 cm?) preparation of inverted PSCs for tandem solar
cells fabrication

Tandem solar cells was prepared using a combination of Cu(Iln, Ga)Sez (CIGS) solar
cells and peroskite solar cells (PSCs), which is the most commonly used in four-
terminal (4T) and two-terminal (2T) tandem solar cells. In the previous experiments,
the highest PCE of conventional and inverted PSCs were 17.2% and 15.4% for small
active area of 0.06 cm?. Meanwhile, CIGS bottom cell was obtained PCE of 16.8% in
larger active area of 0.515 cm?. PSCs need to enhance PCE in larger active area of 0.2
cm? close to 16.8% same as CIGS cells to easier electron transport between both solar
cells.

Here, using 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquino dimethane (F4-
TCNQ) doped PTAA as the HTL was applied to reduce the series resistance of
device, which improve the performance of inverted perovskite structure [91, 92], The
ratio of F4-TCNQ and PTAA was 0.01wt% [93], they was mixed together in toluene
(TO) and heated on hot plate at 70°C overnight. F4-TCNQ doped PTAA solution was
spin coated on FTO surface under a spin speed of 4000 rpm for 30 s and then heated
at 105°C for 10 min on a hotplate to obtain suitable condition for 0.2 cm? large active
area of device.

The non-wettability of the PTAA films was reduced by washing with 200 pl
of DMF by spinning at 4000 rpm for 30 s. In addition, 50 ul TO was dropped onto the
center of doped PTAA surface at 5 s after the spin-coating of DMF started. Pbl;
(0.461 g/ml in volume ratio DMF:DMSO = 4:1, stirred at 70°C overnight) and MAI
(0.01 g/ml in IPA) were sequentially spun on the substrate to make perovskite films at
spin speed 3000 rpm for 30 s and 2000 rpm for 20 s, respectively, which MAI was
dropped and holded on Pbl, for 30 s two times, and then they baked on the hotplate at
70°C for 20 s and 120°C for 10 s. In addition, the MAI was spin off of the second
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spin-coating at 5 s, 50 ul of CB as anti-solvent was added onto the MAI surface at 5 s.
The PCe1BM as an ETL (0.02 g/ml in CB, stirred overnight) was spin-coated on the
perovskite layer at 1500 rpm for 40 s and then followed by BCP (0.0005 g/ml in IPA,
stirred overnight) at 4000 rpm for 30 s. The samples were taken out of the glovebox
and transferred to the thermal evaporator for the deposition of 120 nm of silver (Ag)
electrodes. The samples were mechanically scribed into a large active area of 0.2 cm?.
All layers of PSCs were fabricated in the glovebox, which oxygen and water levels
inside below 10 ppm.

Results and discussions of large active area (0.2 cm?) preparation of inverted PSCs

for tandem solar cells fabrication

The maximum PCE of inverted structure for larger active area of 0.2 cm? was 16.8%.
The J-V curve and all solar cells parameter were displayed in figure 69 and Table 15.
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Figure 69. Box chart plots of using F4-TCNQ doped PTAA as hole transport
material on inverted structure (above) and the J-V characteristics of F4-TCNQ doped
PTAA on inverted PSCs for 0.2 cm? active cell area (below).
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Table 15. Statistical values of solar cell photovoltaic parameters displaying the
average values and standard deviations and the maximum values (in the parentheses)
of the inverted PSCs fabricated from pristine and post-treated PTAA (batch of 15
devices each).

Photovoltaic parameters (active area 0.2 cm?)

Voc (V) Jsc (MA/cm?) FF(%) PCE (%)
1.0+0.1 20.2+2.9 615+4.5 13.4+2.2
(1.0) (25.6) (63.0) (16.8)

5.3 Four-terminal (4T) PSCs-CIGS tandem solar cells

Among the various photovoltaic (PV) technologies, the tandem solar cells (TSCs) in
this work were fabricated using a combination of Cu (In, Ga) Sez (CIGS) solar cells
and perovskite solar cells (PSCs). The most commonly used TSCs are the four-
terminal (4T) and two-terminal (2T) tandem cells (figure 70). A tandem cell, it
consists of a narrow-bandgap (NBG; Eg~1.2 eV) of CIGS as bottom cells and a wide-
bandgap (WBG; E4~1.6 eV) of perovskite as top cells. ABX3 perovskite materials are
candidates for the development of multi-junction devices aiming to surpass limits
associated with stand-alone technologies.

In this thesis, a 4T and 2T PSCs-CIGS tandem solar cells were studied, which
is the use of 1.2 eV E4 of CIGS material that acted as an absorber layer in bottom
subcells that has an architecture of Al/ZnO(Al)/i-ZnO/CdS/CIGS/Mol/glass. In
fabrication, a perovskite subcells is deposited on CIGS subcells at under 120°C. The
MAPbDIs film acted as a perovskite absorber layer with Eg of 1.59 eV to fabricate a 4T
and 2T perovskite/CIGS tandem.

The substrates for the fabrication of the CIGS solar cells as bottom cells are 3
cm x 3cm. The 600 nm thick Molybdenum (Mo) film coated soda-lime glass (SLG)
substrates by sputtering technique. The total thickness of CIGS absorber layer is
around 1.8 um, which is deposited on Mo film by co-evaporation technique. For a 50
nm thick CdS buffered layer is coated on the CIGS surface by chemical bath
deposition (CBD), followed by sputtering of i-ZnO and ZnO(Al) (AZO) window
layers of 100 nm and 200 nm thick, respectively. The CIGS devices are completed by
the evaporation of Al-grid through the shadow mask and divided into cells of 0.515

cm2.

For the inverted perovskite top cells fabrication on 2T and 4T tandem solar
cells, F4-TCNQ doped PTAA solution with the ratio of F4-TCNQ and PTAA was
0.01wt% in toluene (TO), which was spin coated on the FTO surface under a spin
speed of 4000 for 30 s for a 0.2 cm? large active area of device and then heated at
105°C for 10 min on a hotplate. The PTAA surface was treated by washing with 200
pl of DMF at a spin speed of 4000 rpm for 30 s. In addition, 50 pul TO was dropped
onto the center of the doped PTAA surface at 5 s after the spin-coating of DMF
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started. Pbl> (0.461 g/ml in volume ratio DMF:.DMSO = 4:1, stirred at 70°C
overnight) and MAI (0.01 g/ml in IPA) were sequentially spun on the substrate to
make perovskite films at spin speed 3000 rpm for 30 s, and 2000 rpm for 20 s,
respectively, which MAI was dropped and holded on Pbl> for 30 s two times, and then
they baked on the hotplate at 70°C for 20 s and 120°C for 10 s. In addition, the MAI
was spun off of the second spin-coating at 5 s, 50 pl of CB as anti-solvent was added
onto the MAI surface. The PCe1BM as an ETL (0.02 g/ml in CB, stirred overnight)
was spin-coated on the perovskite layer at 1500 rpm for 40 s and then followed by
BCP (0.0005 g/ml in IPA, stirred overnight) at 4000 rpm for 30 s. The samples were
taken out of the glovebox and transferred to the thermal evaporator for the deposition
of 120 nm of silver (Ag) electrodes. The samples were mechanically scribed into a
large active area of 0.2 cm?. All layers of PSCs were fabricated in the glovebox,
which oxygen and water levels inside below 10 ppm.

Another top subcell on the 4T tandem device is a normal PSCs. Its ETL is a 50
nm thick Cp-TiO- layer and a 300 nm thick Mp-TiO. layer, which are deposited on
the FTO surface substrate using spin coating at 3000 rpm for 30 s and then baked at
500 °C for 30 minutes. Pbl; film (0.461 g of Pbl/1 ml of DMF (N,N-
Dimethylformamide) and DMSO (N,N-Dimethylsulfoxide) in a 4:1 ratio) and
methyamonium iodide (MAI) solution (0.010 g MAI/1 ml IPA) were used to create
the 400 nm thick perovskite films. The Pbl solution is stirred on a hot plate at 70 °C
for 12 hours while the MAI solution is stirred at room temperature. They are kept in
the glovebox at a relative humidity (RH) of less than 30%. The Pbl solution plays as
the first precursor is covered above the electron transport layer (ETL) at a spin speed
of 3000 rpm for 30 s and then residual solvent is removed on a hot plate at 70 °C for
20 min. The second precursor solution is the MAI solution that is deposited over the
Pbl. surface twice at a spin speed of 2000 rpm for 20 s, and each spin MAI solution is
holded on the Pbl> film for 30 s (called loading time for 30 s). During the second spin
off of MAI, anti-solvent is applied and then it is annealed at 120 °C for 15 min. The
top of the perovskite film is coated with a 150 nm thick spiro-OMeTAD hole
transport layer (HTL) by spin-coating at 3000 rpm for 30 s. All samples are kept in
the dry box for 12 hours before the 80-100 nm thick Au contact is thermally
evaporated on HTL. Then 0.0723 g of spiro-OMeTAD powder is mixed in 1 ml of CB
and 28.8 | of 4-tert-butylpyridine (t-BP), and then 0.520 g of lithium
bistrifluoromethanesulfonimidate (Li-TFSI) salt is mixed in 1 ml of acetonitrile. In
this work, researcher studied the types, the amounts, and the beginning times of
toluene (TO) anti-solvents under investigation. After spinning the MAI solution, the
amount of anti-solvents is 50 pl, and the elapsed time is 5 seconds.

Results and discussions of four-terminal (4T) PSCs-CIGS tandem solar cells

The optical property of the normal and inverted perovskite devices are shown in
figure 71 where the transmittance cut-off threshold of both devices near 750 nm (Eq of
MAPDI3 is 1.59 eV) and the percent transmission is around 70% and 50% for normal
and inverted perovskite devices, respectively. In this thesis, the best PCE of 17.2%
and 13.3% of normal and inverted perovskite devices were obtained, respectively.
Moreover, comparison of the cross-section images of the devices: (a) normal, (b)
inverted perovskite device, and (c) tandem solar cells are depicted in figure 72. The
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thickness of normal perovskite as top subcells for a 4T tandem device is 491 nm,
which is thinner than the 516 nm inverted perovskite, which corresponds to the above
transmission results.

Perovskite cell
Perovskite cell

(Top subcell)

(Top subcell) ~1.59 eV
~1.59 eV
interlayer
|
Culn,,Ga,Se, (CIGS) cell Culn, ,Ga,Se, (CIGS) cell
(Bottom subcell) (Bottom subcell)
~1.2eV ~1.2 eV
SLG SLG
(a) (b)

Figure 70. Device schematics of the fabricated (a) two-terminal (2T), (b) four-
terminal (4T) perovskite/CIGS tandem solar cells.
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Figure 71.J-V characteristics under illumination of the normal and the inverted
perovskite solar cell as indicated in the legend.
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Figure 72. Cross-section images of (a) normal PSCs, (b) inverted PSCs, and (c) two-
terminals (2T) inverted perovskite-CIGS tandem solar cells (AZO is ZnO(Al)/i-ZnO).

For the 2T tandem device in this thesis, electrons cannot be transported
between the two subcells, which obtained a relatively low PCE of 6.9%. This 2T
tandem device has a lower PCE than the PCE of the top and bottom cells, as shown by
the J-V curve in figure 73. The obtained Voc values of 0.67 V are not equal to the
sum of the Voc values of the stand-alone CIGS (0.69 V) and the perovskite top cell
(around 1.0 V) (see Table 16), indicating that the two sub-cells are not successfully
connected in series in a lossless manner in terms of the photovoltage. The deposition
of an interconnecting layer (ICL) is the key to solve this problem, sustain the
photocurrent and increasing PCE, consign reduced voltage losses and low resistance
[94].

One of the main reasons for this experiment's improvement derives from the
fabrication of the 4T tandem device, in which the normal or inverted perovskite
structures act as top cells, and the CIGS solar cells act as bottom cells. The 4T tandem
device can solve the problem without the ICL on the tandem structure, and J-V
measurement can be conducted separately by using 4T. Hence, in the thesis, the 4T
tandem structure is also selected to study. Figure 74 demonstrates the external
quantum efficiency (EQE) graph of the 4T tandem device with reference to the
overall currents by the 4T inverted perovskite-CIGS tandem, 4T normal perovskite-
CIGS tandem, CIGS stand alone, and perovskite stand alone. The EQE curve shows
the sum of the incident photons for each device. The knee of the EQE graph of
filtered with normal PSCs, filtered with inverted PSCs, and PSCs stand-alone devices
is demonstrated with the maximum photon absorption at a wavelength of around 750
nm. PSCs could absorb and harvest energy photons in the range of 330 to 800 nm,
which is the range of visible light. Whereas the CIGS could generate current from
photons in the range of 500 to 1100 nm, where the maximum photon absorption is at a
wavelength of about 1100 nm.

Furthermore, figure 75 shows the J-V curve of 4T tandem solar cells. Its PCE
is up to 22.6% and 17.6%, when uses normal PSCs and inverted PSCs are employed
as top cells, respectively. In this thesis, the PCE of CIGS device, normal PSCs,
inverted PSCs, 4T filtered with normal PSCs, and filtered inverted PSCs were
obtained 16.8%, 17.2%, 13.3%, 5.4%, and 4.3%, respectively. The photovoltaic
parameters of each solar cell are summarized in Table 16.
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Figure 73. The J-V curve of two-terminal (2T) tandem device. The inset shows the
photovoltaic parameters of 2T tandem cells.
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Figure 74. J-V curves of the best-performing tandem device together with CIGS
stand-alone (blue line), normal perovskite stand-alone (red line), inverted perovskite
stand-alone (light blue line), 4T CIGS filtered with normal perovskite (brown line),
and 4T CIGS filtered with inverted perovskite (violent line).
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Figure 75. EQE spectra of the perovskite, CIGS subcells and the four-terminal (4T)
perovskite-CIGS tandem device.

In 2017, Guchhait et al. suggested a 4T CIGS filtered with normal PSCs
tandem solar cells, which the top subcell is PSCs and the bottom subcell is CIGS [95].
Researchers  studied the wuse of an architecture of Al/ZnO(Al)/i-
ZnO/CdS/CIGS/Molglass. The MAPDIs film acted as a perovskite absorber layer with
Eq of 1.59 eV to fabricate a perovskite/CIGS tandem device, which got a PCE of
20.7%. Table 16 shows a comparison between the performance of the 4T tandem
device in this thesis and that of Guchhait et al.’s report. Thus, in this thesis, 4T
perovskite-based tandem devices can achieve higher PCE than this research group by
using a variety of approaches such as the spinning process, annealing, amount of
solution, anti-solvent, and washing process. From the knowledge in this research, one
can select an alternative way to design a new generation of 4T tandem solar cells in
the near future.



Table 16. Device performances of single-junction and 4T tandem solar cells.

Photovoltaic parameters

Voc (V)

Jsc (MA/cm?)

FF (%)

PCE (%)

CIGS stand alone
(this thesis)

CIGS stand alone
(Guchhait et al., 2017)[95]

Normal perovskite
stand alone
(this thesis)

Normal perovskite
stand alone
(Guchhait et al., 2017)[95]

Inverted perovskite
stand alone
(this thesis)

CIGS filtered
with normal PSCs
(this thesis)

CIGS filtered
with normal PSCs
(Guchhait et al., 2017)[95]

CIGS filtered
with inverted PSCs
(this thesis)

4T normal PSCs-CIGS
tandem device
(this thesis)

4T inverted PSCs-CIGS
tandem device
(Guchhait et al., 2017)[95]

4T inverted PSCs-CIGS
tandem device
(this thesis)

0.69

0.51

0.98

0.98

1.01

0.66

0.47

0.65

31.9

38.0

25.8

20.1

20.8

14.0

15.2

8.7

75.9

63.8

67.9

78.1

64.8

58.5

64.6

77.1

16.8

12.3

17.2

16.0

13.3

5.4

4.7

4.3

22.6

20.7

17.6
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CHAPTER VI
CONCLUSIONS

There are many factors such as fabrication processes and materials to increase
the performance of normal and inverted PSCs for tandem devices.

In this thesis, the 30NR-D Titania Paste type of Mp-TiO> solution is used to
fabricate ETL on normal PSCs with different Mp-TiO> precursor ratios. The best PCE
of 9.5% is obtained, which is proposed from 1:7 v/v. The Mp-TiO, ETL was
fabricated by the spin coating process in order to achieve a suitable thickness of 189
nm, which can be great for PSCs because a thinner ETL might better facilitate carrier
transport to the contact. Moreover, when using 1:7 v/v of Mp-TiOz: Ethanol precursor
ratio with spin speed at 3000 rpm for 30 s, the highest PCE of 10.88% was obtained.

In addition, the most important layer for normal PSCs is MAPbI3z absorber
layer on normal PSCs, which can absorb light and generate electrons. MAPbI3 can be
proposed from two precursor; Pbly as the first precursor and MAI as the second
precursor. Pbl; with a different solvent in MAPbI; is selected to increase PCE on
PSCs. The suitable solvent for Pbl is using a DMF:DMSO ratio of 4:1, which leads
to an increased PCE of 11.9%.

Furthermore, the anti-solvent is one of several techniques chosen to improve
the performance of PSCs, which affect the morphology and grain size of the
perovskite films. The maximum PCE of 17.2% is achieved from 50 pl of CB anti-
solvent applied at 5 s elapsed time after spinning the MAI solution.

Next, the exploration of HTL for inverted PSCs is studied. In the presence of
NiOx as HTL can improve PCE and FF when using a concentration of 1 M NiOx on
the inverted perovskite device, the spin speed at 8000 rpm for 30 s. The PCE of 8.8%
and the FF of 61.2% are obtained.

Additionally, the performance of PSCs with another HTL, PEDOT:PSS was
studied. The use of PEDOT:PSS (HTL solar 3) at a spin speed of 6000 rpm for 30 s
received the best PCE of 12%.

But the potential of a PEDOT:PSS-based device is only 0.9 V, which is less
than PTAA as HTL. To enhance potential up to 1.1 V, PTAA played as HTL on
inverted PSCs and can be baked at a low temperature. The high PCE of 15.1% was
obtained in inverted PSCs using PTAA, which is significantly better than that of NiOx
and PEDOT:PSS-based devices.

From the above results, the metal contact of PSCs is Au contact, but it is too
expensive. For an alternative choice of metal contact, Ag contact has been introduced
because Ag is cheaper and can increase the photovoltaic parameters of the PSCs. Ag
is able to show an optimal front contact design due to a high PCE of 15.4% and a high
FF of 72.9%.
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For inverted PSCs, the larger distributions of the solar cell parameters were
observed because of the viscous liquid of the PTAA solution. To solve non-wetting of
the PTAA surface, washing the PTAA surface with 200 pl DMF and adding 50 pul of
CB solvents was used. This indicates that the maximum PCE of 15.4% and the
smallest distribution were obtained, indicating that the washing method can improve
the non-wetting surface. Although, the completely covered small active area of 0.06
cm? is successfully achieved with the washing process. But tandem solar cells was
prepared using a combination of Cu(In, Ga)Se> (CIGS) solar cells and PSCs, which is
large active area of 0.515 cm?. In this part, the large active area of 0.2 cm? on inverted
PSCs was improved with F4-TCNQ doped PTAA as the HTL, which required an
average PCE of 13.3%.

Finally, the J-V curves of a four-terminal (4T) perovskite/CIGS tandem device
together with stand-alone perovskite and CIGS sub-cells were investigated. The
maximum tandem device PCE was 22.6%. The detailed spectral response of the
tandem cell was characterized by an EQE measurement of each sub cell while
keeping the other sub cell current saturated using bias light sources with appropriate
spectral in a range of 330 to 1200 nm. The EQE spectra show that the perovskite as
top cell and the CIGS as bottom cell generated photocurrents of 25.8 and 31.9
mA/cm?, respectively.
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APPENDICES
APPENDIX A

List of Symbols and Abbreviations

AFM

Al

Ag

AM 15 AMO
Ar

Au

bs(E)

BCP

Br

Cs

Cp

CB

CBD
CGS
CHsNH:
CH3NHsCI
CHsNHGsl
CHsNH3Pbls
CH3NH3Pbls«Clx
CIGS
CIS

Cl

Cu

CvD

DC

DMF
DMSO

E

Ec

Er

Ern

EFp

Eq

Ev

EDS
ETL
ETM
EQE

F4-TCNQ
FF
FTO

Atomic force microscopy
Aluminum

Silver

Air mass 1.5, air mass 0

Argon

Gold

Incident spectral photon flux density

Bis(trifluoromethane) sulfonamide lithium salt
Bromine

The conduction band

Compact

Chlorobenzene

Chemical bath deposition

Copper gallium diselenide
Methylamine

Methylammonium chloride
Methylammonium iodide
Methylammonium lead iodide
Methylammonium lead mixed iodide-chloride
Copper indium gallium diselenide
Copper indium diselenide

Chlorine

Copper

Chemical vapor deposition

Direct current

N, N-Dimethylformamide

Dimethyl sulfoxide

Energy band

Conduction band energy

Fermi energy

Fermi energy of N-type semiconductor
Fermi energy of P-type semiconductor
Energy band gap

Valance band energy

Energy dispersive X-ray spectroscopy
Electron transporting layer

Electron transporting material
External quantum efficiency

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquino dimethane
Fill factor
Fluorine doped tin oxide



HCI
HOMO
HTM
HTM

I

|

i

|dark(V )
IPA
ITO

-V

IQE

J

Jo
\]dark(V )
Je

Jn

Jm

Jsc

ks
Li-TFSI
MAI
MAPDI3
MAPbX3
MBD
min

Mp
NBG
NiOx
NIR
NREL
02

P

Pb
PbCl,
Pbl-
PbX2
PCs1BM
PCE
PEDOT: PSS
PH 1000

Pm
Ps
PVD

q
QE

Hydrochloric acid

Highest occupied molecular orbital

Hole transporting layer

Hole transporting material

Current

lodine

Intrinsic

Dark current

Isopropyl alcohol

Indium tin oxide

Current-Voltage

Internal quantum efficiency

Current density

Saturation current density

Dark current density

Electron flux

Hole flux

Maximum current density

Short circuit current density

Bolzmann’s constant

Lithium bistrifluoromethanesulfonimidate
Methylammonium iodide
Methylammonium lead iodide
Methylammonium lead halide

Molecular beam deposition

Minute

Mesoporous

Narrow-bandgap

Nickel (I1) oxide

Near infrared

National Renewable Energy Laboratory
Dioxygen

Power density

Lead

Lead (I1) chloride

Lead (1) iodide

Lead halide

[6,6]-Phenyl-C61-butyric acid methyl ester
Power conversion efficiency
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
product with PEDOT to PSS weight ratio of 1:2.5
Maximum power

Incident light power density

Physical vapor deposition

Electronic charge

Quantum efficiency
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RF Radio frequency

RL Load resistance

Rs Series resistance

Rsh Shunt resistance

%R Optical refraction

STC Standard test conditions

SEM Scanning electron microscope
SLG Soda-lime glass

Spiro-OMeTAD 2,2°,7,7’-Tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’-spirobifluorene

STC Standard Test Condition

T Temperature

Tsub Substrate temperature

Toyro Pyrometer temperature

t-BP 4-tert-butylpyridine

TCO Transparent conducting oxide
Ti Titanium

TiO> Titanium dioxide

TO Toluene

%T Optical transmission

uv Ultraviolet

\Y Voltage

VIS Visible

Vm Maximum voltage

Voc Open circuit voltage

0 Contact angle

pum Micrometer

C Degree Celsius

cm? Square centimeter

mA/cm? Milliampere per square centimeter
W/m? Watt per square meter

Q/sq Ohm per square, unit of sheet resistance
cm Centimeter

eV Electron volt

h Hour

kHz Kilohertz

mA Milliampere

mg/ml Milligram per milliliter

mol/Il Mole per liter

mol% Molar percentage

nm Nanometer

ppm Parts per million

rpm Revolutions per minute

rpm/s Revolutions per minute per second
S Second

V% Percentage by volume

VB The valence band



viv
WBG
wit%

volume per volume
wide-bandgap
Percentage by weight
Contact angle
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