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Abstract

Atomic force microscopy has been used to study the topography of the prepared samples. It was noted that the cantilever
design has been improved from time to time so that this technique could be used in different environments. Dye-sensitized solar
cells have been developed due to their cost-efficiency, environmental friendliness, and lightweight nature. In general, this type of
solar cell consists of a few parts, including a sensitizer, photoanode, electrolytes, and counter electrode. Experimental results show
that TiO,, ZnO, Er,0sand indium oxide have been synthesized as photoanodes. The surface roughness, thickness, and grain size of
these samples were strongly dependent on experimental conditions. The designed solar cells demonstrate good photovoltaic

properties as well.
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1. Introduction

Atomic force microscopy was built in 1989 due to
the high demand for micro- and nanotechnologies. It could be
used to study the properties of the prepared samples from
different areas such as biophysics, life science, biological
molecules, electrochemistry, material science, and
nanotechnology at the nanoscale [1]. It was noticed that the
cantilever design has been improved from time to time so that
this technique could be utilized in different environments [2].
Silicon and silicon nitride were used to produce cantilevers.
The length, width, and thickness were found to be 40 um-500
um, 50 um, and 0.5 pum-8 pm, respectively. In general, the
interaction between the surface of the sample and a sharp
probe could be measured through the scanning process [3].
As a result, surface height data, roughness, structural
topography, and mechanical stiffness will be reported via
high-resolution three-dimensional images (Table 1). AFM
images could be captured under different conditions,
including vacuum, air, and aqueous. In terms of sample
preparation, it was relatively simple (compared to the TEM
technique), and little-to-no damage could be observed [4]. In
addition, the freezing process is not required, which is good
for biological systems [5]. Technically speaking, several
types of applied forces (Table 2) have been highlighted in
atomic force microscopy operations. The selection of these
modes chiefly depends on the properties of the prepared
sample, which must be tested [6]. In contact mode (figure 1),
the tip contacted the surface of the sample, and the resultant
force was repulsive [7]. While the tip was found to never
Soonmin et al., 2023

contact the surface of the sample in noncontact mode, and the
resultant force was attractive. On the other hand, attractive or
repulsive force could be seen in the tapping mode due to the
tip being shifted toward or away from the surface of the
samples. The net force is found to be attractive, then becomes
a repulsive force in the force mode because the sample is
moved towards the tip. Several disadvantages could be seen
with this technique. For example, very slow imaging speed
[8], more complicated operation procedures, especially for
biological samples, and light color cannot be scanned
properly. In many cases, the AFM technique has been utilized
for nanoscale characterization in polymer sciences [9].
Optical microscopy and Fourier transform infrared
spectroscopy were considered popular techniques to
investigate the behaviors of polymer; they showed some
disadvantages, such as a diffraction limit and very low
resolution, respectively. The AFM technique offered
important information such as lamellar reorganizations,
crystal growth, spherulites, and crystal melting [10]. On the
other hand, the AFM technique could be used to study single
biomolecules [11] because it can scan the surface of samples
in liquid conditions (nanometer resolution conditions).
Water-soluble properties and membrane proteins can be
measured easily due to their excellent signal-to-noise ratio
and high-resolution [12]. This technique provided some
results, such as elasticity, height of proteins, 3-dimensional
structure formation [13], molecular volumes of proteins,
ligand-receptor interaction, and proteomics. It was noted that
AFM technology has been employed in regenerative
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medicine and tissue engineering [14] as well. In this work, the
topography of the obtained photoanode was studied using
atomic force microscopy technique. Thickness, surface
roughness and the grain size could be investigated using this
technique. Photovoltaic properties of the prepared materials
have been highlighted also.

2. Dye-sensitized solar cells

Solar energy has been developed in many countries.
Several advantages have been highlighted, such as renewable
energy sources [15], low maintenance costs [16], clean
energy [17] and the ability to reduce electricity bills [18].
Solar energy can replace fossil fuels to generate electricity
without releasing greenhouse gases into the environment
[19]. In general, solar panels can be installed on buildings to
heat water and power homes as well [20]. Dye-sensitized
solar cells were developed in 1991 for several reasons, such
as cost-efficiency [21], environmental friendliness [22],
lightweight [23], and simple fabrication behaviors [24]. In
general, this type of solar cell consisted of a few parts,
including a sensitizer, photoanode, electrolytes, and counter
electrode [25]. At present, researchers have reported that the
most popular conditions were TiO; (as phot anode electrode),
N719 ruthenium-based dyes, platinum (counter electrode),
and I57/1” (as redox electrolyte). During the experiment, the
photoanode, counter electrode, and redox electrolyte were
responsible for light absorption, the redox pair reduction
process, and dye reduction, respectively [26]. In terms of
mechanism, the light moved via electrode, was absorbed by
dye [27], and finally reached the excited state. Following that,
these electrons will be transferred to the conduction band
(semiconductor materials), and eventually shifted to the
external circuit [28]. At the end of the process, oxidized dye
will be reduced (counter electrode) to complete the circle.
The main challenges in the DSSC were the corrosive
electrolyte [29] and the expensive counter electrode
(platinum). However, these issues have been solved, such as
using conducting polymers as counter electrode and
polyelectrolyte to replace liquid electrolyte [30]. Lai and co-
workers [31] have reported that higher conversion efficiency
(Table 3) in DSSC with TiO- strip compared to without TiO»
strip, due to the one-dimensional protrusive structure,
successfully enhanced surface area in the solar cells. During
the experiment, TiO; strips (height=90 nm, length=5 mm,
linewidth=15 um, period=60 pum) were synthesized via the
physical vapor deposition method and the photolithography
technique. Following that, a TiO- strip was deposited on the
TiO, compact layer (thickness=22 nm, substrates= fluorine
doped tin oxide glass) as shown in AFM images (figure 2).
Rs, Rct and Rec were defined as series resistances related to
electron transport at the FTO/photoelectrode interface,
electrolyte/Pt layer interface, and photoelectrode/electrolyte
interface, respectively. It was noted that the Rs value was
smaller in TiO, strip samples because electrons were
successfully transported from the solar cell to the external
circuit. When the electron injection was more efficient from
the dye solution to the conduction band (photoelectrode),
larger Rrec values could be observed in TiO; strip cells.
When a smaller probability occurred in the recombination
process (holes and electrons), it caused higher average electron
lifetimes in these samples.
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Titanium dioxide has been used in dye-sensitized
solar cells (DSSC) due to its low-cost, non-toxicity, and
unique properties. The obtained band gap was 3.2 eV,
electrons can jump to the conduction band under ultraviolet
conditions. Following that, electron-hole pairs will be
generated. Photoanode and photocathode fabrication have
been demonstrated by Leonardo and co-workers [32] and co-
workers. Deposition of TiO2 onto FTO glass through a spin
coater (speed=1000 rpm, time=10 s). While platinum has
been selected as a counter electrode due to its efficiency. The
drop casting technique was employed to produce
photocathode by using a hexachloroplatinic acid solution.
The topography of the obtained samples was studied using
the AFM technique. A smaller surface roughness value
(figure 3) could be seen in the TiO, photoelectrode (65 pm)
if compared to platinum (23 nm). Also, a completely
homogeneous surface was detected (TiO, photoelectrode) to
reach higher efficiency in DSSC devices. Based on the
obtained results, it was proven that the highest efficiency was
observed (Table 4) when the natural dye was Alstroemeria
flower dyes (1.74%) because of the presence of cyanidin-3-
glycosides. The compact titanium dioxide has been deposited
onto FTO substrates [43] using the radio frequency reactive
magnetron sputtering method (sputtering pressure=10 mtorr,
substrate temperature=300 °C, rf power=100W, distance
between target and substrate=80 mm). The prepared samples
showed good adherence and no cracking. It was noticed that
the deposition rate decreased when the oxygen partial
pressure was increased. In addition, sputtering voltage drops
as the oxygen flow rate increases during the deposition
process. AFM images (figure 4) highlighted columnar
structures in the prepared samples. However, a rougher
surface could be seen in number 8 samples (1.21 nm) than
number 2 sample (0.33 nm), indicating a larger surface area
and greater photocatalytic activity. The number 2 sample was
synthesized in an oxygen and argon atmosphere, while the
number 8 was produced in the presence of nitrogen gas. In
terms of photovoltaic properties, TiO./FTO with carbon
electrode has lower power conversion efficiency (1.51%),
open circuit voltage (Voc) (0.522 V) and short circuit current
density (Jsc) (4.33 mA/cm?) than platinum counter electrode
(4.98 % to 7.65%, 0.622 V 10 0.762 V, 12.38 mA/cm?to 13.95
mA/cm?). Indium oxide films showed weak photo electro
activity, causing very poor power conversion efficiency in
DSSC devices. Many experiments have been conducted [44]
and low current densities such as 0.75 mA/cm? and 3.83
mA/cm? have been reported. The influence of annealing
temperature on the properties of spin-coated thin films was
studied [45]. The physical and electrical properties of the
prepared films have been investigated (table 5). RMS surface
roughness (2 nm, 11 nm, and 29 nm) and thickness (346.1
nm, 591.7 nm, 1.4 um) increased when the annealing
temperature was increased from 350°C, 450 °C and 550 °C,
respectively. It was noted that a more homogeneous structure
could be seen at higher temperatures (figure 5). It was noticed
that the best temperature was 450 °C, because it offered a low
recombination effect, a larger diffusion rate, a longer electron
lifetime, and the highest power conversion efficiency value.
Based on the literature review (table 6), there are many types
of photoanodes that have been used as photoanodes in dye
sensitized solar cells.
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Table 1: Comparison of different types of microscopy methods

Microscopy Resolution (nm) Image size Frame rate Main modality
(p_m) (FPS)
Optical microscopy 200 1000 100 2-dimensional image
Scanning electron microscopy 10 1000 20 3-dimensional image
(SEM)
Transmission electron 0.2 100 20 2-dimensional projection
microscopy (TEM)
Atomic force microscopy 3 100 0.1 3-dimensional topography
(AFM)
Scanning Tunneling 0.1 0.5 0.1 3-dimensional density of
Microscopy (STM) states
Table 2: Several types of applied forces in the AFM technique.
Contact mode | Tapping mode | Phase imaging Nanoindentation Peak force KPFM
QNM
Information Roughness, Roughness, Qualitative Elastic modulus, Elastic Contact
provided topography topography differentiation hardness modulus, potential of
between adhesion a surface
materials +
clearer edges
within single
material
Static/dynamic Static mode Dynamic mode | Dynamic mode Dynamic/static Dynamic Dynamic
mode /quasistatic mode mode
Special Cantilever for | Cantilever for Cantilever for Tip harder if broad tips | Conductive
requirements static mode dynamic mode | dynamic mode | compared to sample are tip, single or
supportive dual pass
setup

Sample

| =
cesesesesed

horizontal sample motion

flexible vibrating cantilever

surface

(b)

Piezo oscillator

(c)

Figure 1: Several types of scanning modes in atomic force microscopy (a) contact mode (b) non-contact mode (c) tapping mode

Soonmin et al., 2023

[10]
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Table 3: Photovoltaic, resistance, and physical properties of DSSC in different conditions

Voc Isc (mA) Fill Efficiency (%) Average Average peak Rs (©2) | Rct () | Rec (Q)
(mV) factor electron frequencies (Hz)
(%) lifetime (ms)
With TiOg strip 788 2.26 0.74 4.38 10 15.9 12.3 21 20.1
Without the 775 1.78 0.7 3.2 7.9 20 17.5 2.6 171
TiOzstrip
(b) 112.1 nm
5.9 nm
S um 50 um
I {
10 20 30 40 50 um
Figure 2: AFM images of TiOz strip deposited onto TiO2 compact layer (a) top view (b) side view [31].
Soonmin et al., 2023 329
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1.6 ym
0.9 ym
(b)
L 0.86 ym
0.22um

% 50
Figure 3: AFM images of (a) TiO2 and (b) platinum electrode [32]

Number 2
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Figure 4: AFM images for number 2 and numbr 8 sample. [43]
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Table 4: Photovoltaic properties of DSSC with different natural dyes

Dye Jsc (mA/cm?) Voc (V) Power conversion Researchers
efficiency (%)
Jabuticaba [33] 0.38 0.41 0.13 Sampaio and co-workers, 2019
Thubergia Erecta [34] 0.27 0.54 0.38 Ferreira and co-workers, 2018
Achiote seeds [35] 1.1 0.57 0.37 GOmez-Ortiz and co-workers, 2010
Henna [36] 0.42 0.54 0.09 Sowmya and co-workers, 2020
Sorghum Stem [37] 1.69 0.34 0.18 Sanda and co-workers, 2021.
Leucanthemum [38] 0.42 0.54 0.88 Ferreira and co-workers, 2020.
Prickly Pear [39] 1.17 0.56 0.56 Purushothamreddy and co-workers,
2020.
Carica Papaya [40] 1.77 0.4 0.29 Ossai and co-workers, 2021.
Chrysanthemum [41] 0.85 0.58 1.35 Leite and co-worker, 2023.
Tropaeolum majus [42] 0.72 0.55 0.28 Singh and co-workers, 2021.

Table 5: Physical, compositional, and electrical properties of the prepared films.

Annealing temperature 350 450 550
Oxygen element (%) 19.37 22.37 27.67
Voc (V) 0.35 0.42 0.36

Particle size (nm) FESEM 52 121 410

Particle size (nm) TEM 62 169 478
Fill factor 0.32 0.43 0.35

Power conversion efficiency 0.28 1.54 0.73

(%)

Jsc (mA/cm?) 25 9.2 5.8
crystallite size (nm) 8.381 17.188 19.101

transport resistance (Q) 215 3.21 198
charge transfer resistance (Q) 26.2 641 32.12

chemical capacitance (uF) 0.16 6.01 0.52

z-axis (nm)
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z-axis (nm)

z-axis (nm)

(0
Figure 5: AFM images of In,Os thin films annealed different temperatures such as (a) 350 °C, (b) 450 °C, and (c) 550 °C [45]
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Table 6: Various types of materials have been used as photoanode in dye sensitized solar cells.

Materials

Highlighted results

Graphene-TiO;

Graphene TiO, was prepared using spin coating technique [46].

Surface roughness (10.3 nm to 21.1 nm), open circuit voltage (0.699 V to 0.704
V), short circuit current density (19.87 mA/cm?to 19.92 mA/cm?), and power
conversion efficiency (6.32 % to 6.86 %) increased when the graphene content was
increased from 0.01% to 1%.

The biggest grain size was 38.13 nm when the graphene content was 0.01%.

TiO2

The sol-gel method has been used to prepare TiO; particles using titanium
isopropoxide [47].
Particles of different sizes and shapes are uniformly distributed on the surface of
the substrates. Obviously, clear porosity could be seen.

Higher power conversion efficiency (5.12%), short circuit current density (13.16
mA/cm?) and open circuit voltage (0.74 V) for N-719 dye (thickness=8.6 um).
Lower power conversion efficiency (4.08 %), short circuit current density (12.18
mA/cm?) and open circuit voltage (0.675 V) for RK-1 dye (thickness=5.4 um).

TiO,

The doctor blade method has been used to prepare TiO; particles.
AFM images showed a heterogeneous surface with well-ordered morphology [48].

Zn0O

ZnO films [49] have been prepared using a hydrothermal process (substrate= FTO,
temperature=90 °C)
Grain like morphology with a surface roughness of 47 nm.
Open circuit voltage and short circuit current were 360 mV and 80 mA,
respectively, in the DSSC (Gulmohar flower natural dyes).

ZnO

ZnO-coated TiO2 (mesoporous structure) was prepared via the spin coating process
[50] and successfully enhanced surface roughness.
Sharper zinc oxide nanosoars could be observed in AFM images.
The highest power conversion efficiency was 7.51%, with an open circuit voltage
of 0.66 V, and a short circuit current density of 17.93 mA/cm?,

ZnO

Undoped zinc oxide films indicated the smallest roughness value with mountain
structure [51].
Average particle height increases from 13.9 nm (undoped ZnO layer) to 24.79 nm-
28.78nm (aluminium doped ZnO) as reported.

Er,0O3

Erbium oxide [52] was mixed with TiO», deposited onto FTO glass, then heated for
20 minutes at a temperature of 450 °C.
Root mean square roughness and average roughness were 68.5 nm and 55.3 nm,
respectively.
The highest power conversion was 6.39% in 1% Er,O3-TiO- if compared to 3%
Er03-TiO; (5.38%) and 5% Er203-TiO2 (5.24%)

NiO

DSSC (rhodamine 6G dye) achieved a power conversion efficiency of 0.973%.
The AFM image showed strong vertical order [53] with an average grain size of
16.87 nm.

ZnO

Zn0O-Cu-0 films have been synthesized using the photo-irradiation method [54]
The average grain size was 36.1 nm, and they reached power conversion efficiency
of 10.62%.

TiO,-CuO

TiO,-CuO composites have been prepared through the photochemical deposition
method [55].
There were different roughness values when the ultraviolet passed hrough
titanium dioxide (20.6 nm) and substrate (15.4 nm), when the scanning area was
lpum X lum.

Ni-ZnO

Nickel doped zinc oxide has been prepared onto glass using the hydrothermal
method [56].
A pillar-like structure could be seen.
The growth rate increased when the nickel content was increased.

NiO

There are different results [57] could be seen at lower and higher deposition
pressures, such as 0.2 Pa (uniform granular) and 0.4 Pa (needle-like structure).

Soonmin et al., 2023
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6. Conclusions

In this work, the atomic force microscopy technique

has been used to study the topography of the prepared
photoanodes such as titanium oxide, indium oxide, zinc
oxide, and erbium oxide. Experimental results confirmed that
surface roughness, thickness, and grain size were strongly
dependent on the experimental conditions. On the other hand,
the power conversion efficacy could be improved when the
best conditions have been met.
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