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HIGHLIGHTS GRAPHICAL ABSTRACT

e Incorporating SrSnO3 in Ag-doped
Rutile TiO2 Nano Flower boosts photo-
anode surface area.

o Ag-doped rT-NF/SrSnO3 with varying
Ag dopant shows optical bandgap shift.

o Ag-doped rT-NF/SrSnO3 creates rough
surface for effective light scattering.

¢ SrSnO3 in Ag-doped rT-NF enhances
electron mobility, suppresses charge

recombination.
e Ag-doped  rT-NF/SrSnO3  exhibits S
remarkable photoresponse under visible .
spectrum.
ARTICLE INFO ABSTRACT
Keywords: Optoelectronic nanomaterials could be improved through bandgap engineering and surface area enhancement,
TiO nanoflower which involves depositing nanoparticles on their photoactive layer surfaces. The present study investigated

Perosvskite material

RF Magnetron sputtering
Optical properties
Optoelectronic

silver-doped rutile nanoflower TiO, with an additional surface layer of perovskite SrSnO3 nanoparticles (rT-NF)
using a combination of hydrothermal pre-processing followed by radio frequency (RF) magnetron sputtering. The
new structure exhibited expanded visible spectrum light absorption. Increasing SrSnO3 deposition time lowered
the energy bandgap from 3.0 eV to 2.89 eV. Furthermore, the electrical impedance approach and current-voltage
measurement revealed the material’s electrical properties, subsequently supported by structural and surface
characterization via XRD, FESEM, AFM, and Raman Spectroscopy. The post-deposition of SrSnOs perovskite on
Ag-doped rT-NF raised rutile crystallinity, enhanced its photo response, and lowered its bandgap and bulk re-
sistivity. The outcomes of this work provided a new route to enhancing standard TiO, nanoflower photoelectric
response via perovskite post-deposition on nanoflower surfaces.

1. Introduction optoelectronics. Dye-sensitized solar cells (DSSC) are a novel variant
consisting of a semiconductor photoanode, dye-sensitizer, electrolyte,
Solar cells used for electricity generation are one application of and counter electrode. During the lighting stage, photons in the dye
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Fig. 1. Surface modification of photoanode layer. (a) Incorporating ion-doping
in photoanode structure for optical properties enhancement. (b) Tailoring
nanostructured morphology for light-scattering enhancement. (c) Create plas-
monic effect to induce photocurrent. (d) Fabricate additional layer of MOS to
suppress charge recombination.

molecules are stimulated to form electrons. The electrons are then
injected into the photoanode’s semiconductor conduction band (CB) and
transmitted via an external circuit to the counter electrode with the help
of an electrolyte. This mechanism repeats itself as long as the cell is
illuminated. Titanium dioxide (TiO3) is an excellent photoanode mate-
rial due to its physicochemical properties [1,2]. It has good thermal
stability [3], photochemical strength [4], relatively low toxicity [5], and
a different bandgap for each of its crystallographic phases, namely
anatase (3.2 eV) [1], rutile (3.0 eV) [6], and brookite (3.4 eV) [7,8].
Anatase TiOy has the highest photocatalytic activity and electron
mobility, is metastable, and easily transforms into rutile at high tem-
peratures [9,10]. Rutile TiO, is more workable due to its chemical sta-
bility and remarkable light-scattering capabilities for effective light
absorption [11]. TiOy does present a hurdle, given that its absorption
band is in the ultraviolet region and its low electrical conductivity due to
an abundance of interparticle interfaces [12-14]. Previous studies
determined that a good photoanode should have a large surface area for
dye trapping, high surface roughness to absorb or scatter light, and good
electron acceptance [12,13]. Therefore, strategies such as ion doping
[15,16], morphology modification [17], decoration with noble metals
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for plasmonic effect and additional layer with metal oxide materials [18,
19] have been investigated to enhance the electronic and structural
properties of TiO5 as illustrated in Fig. 1.

Palomares et al. reported that adding metal oxide layers improved
photon-generated carrier injection and collection at the TiO,-dye
interface [20]. The metal oxide layers are conventionally composed of
binary oxides such as Zinc oxide (ZnO) [21,22], tin oxide (SnO2) [23,
24], ceria (CeO2) [20,25] and niobium pentoxide (NbyOs) [14,26].
Recently, ternary oxides have gained popularity since they provide a
larger scope for tweaking physical-chemical properties than binary ox-
ides. Aravinthkumar et al. revealed that a SrTiOs ternary oxide layer
produced a higher photovoltage with its more numerous photocatalytic
active sites [27]. Saadat et al. found that Zn,SnO4 has high electron
mobility and electrical conductivity [28], while Purushotham Reddy
et al. concluded that BaSnOs facilitates the electron transport layer in
DSSC [29]. Strontium Stannate, SrSnOs, has an orthorhombic perovskite
structure and demonstrated excellent electrical conductivity with
respect to the FTO and better absorption of incident light [30-32].

Ion doping and additional metal oxide layer can boost DSSC photo-
anode electrical performance and optical bandgap. By these strategies,
the unabsorbed photon-electron in the structure of TiO, photoanode can
be scattered and reflected to prevent electron loss. Moreover, applying
3D nanoflower morphology can be advantageous for surface area
enhancement. This is because nanoparticle can only scatter small
amount of visible light due to the smaller grain size. Hence, light irra-
diation is easily passing through the photoanode layer without inter-
acting with dyes molecule and less photo-current is generated [33]. In
addition, nanoflower morphology with additional metal oxide layer also
can hurdle the light to pass through due to opaque cell. Thus, adding up
with ion doping of noble metal may create surface plasmon resonance
inside the cell.

The present study explored the effect of doping and additional metal
oxide layer on the structure of rutile TiO2 nanoflower (rT-NF). The rT-NF
was doped with different concentrations of silver (Ag) via the hydro-
thermal method. SrSnO3; was plasma deposited on the surface. This
unique combination aimed to overcome the TiO; photoanode’s limited
surface area, narrow visible photoresponse bandwidth, and low electron
mobility. The combination of the rutile phase and perovskite should
widen the absorption band and enhance the photoresponse significantly.
RF sputtering was employed to decorate the rT-NF surface with thin
perovskite nanoparticles. The SrSnOs-enhanced Ag-doped rT-NF and
non-SrSnOs-enhanced rT-NF were compared in terms of their structural,
morphological, topological, optical, and electrical properties to high-
light the potential of this new approach in improving the material’s
photoanode optoelectronic performance.

2. Experimental method
2.1. Materials

Hydrochloric acid (HCl, 36%-38% purity, J. T. Baker, Thailand),
titanium (IV) butoxide (Ti(OBu)s, 97% purity, Sigma Aldrich, China),
silver nitrate (AgNO3) (QREC, New Zealand), and DI water was used as
the hydrothermal precursors. The 99.9% pure SrSnOs target (Plasma-
terials Inc, California) was used as the coating, while 99.99% pure Ag
target (iTASCO, Korea) was used for metal contact. Fluorine-doped tin
oxide (FTO) on glass substrates with resistivity ~8 Q/cm and sample
dimensions 2.0 cm x 1.5 cm; (Solaronix, Switzerland) was used as a
transparent conductive substrate.

2.2. Preparation of Ag-doped rT-NF using hydrothermal method

Ag-doped rT-NF was prepared via the hydrothermal method [34].
The 2.0 cm x 1.5 cm FTO-glass substrate was cleaned with acetone,
ethanol, and DI water in an ultrasonic bath for 10 min each. In a clean
beaker, 80 mL of HCl and 80 mL of DI water were combined and stirred
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Fig. 2. Preparation method.

Table 1
Sample labelling.

Sample Name Ag dopant concentration Time Deposition SrSnO3

S1Ag 10 min 1% 10 min
S1Ag 30 min 1% 30 min
S2Ag 10 min 2% 10 min
S2Ag 30 min 2% 30 min

for 5 min at a constant speed (Fig. 2, Step 1). AgNO3 was added at
different weight percentages (1% and 2% of AgNOs), and the mixture
was stirred for 30 min (Fig. 2, Step 2). Then, 0.10 M of Ti(OBu)4 was
added dropwise using a micropipette, stirring the solution until it turned
transparent (Fig. 2, Step 3). The solution was carefully transferred to
300 mL autoclaves that contained FTO-glass substrates, with the FTO
layer facing up. The autoclaves were sealed, then baked for 10 h at a
constant temperature of 150 °C for rT-NF growth. After the growth was
complete, the samples were rinsed with DI water several times and dried
at room temperature. The samples of rT-NF doped with 1% Ag and 2%
Ag were designated as S1Ag and S2Ag, respectively.

2.3. Radio-frequency magnetron sputtering

SrSnO3; was deposited onto the Ag-doped rT-NF samples using
magnetron sputtering in the radio frequency (RF) mode at 100 W
discharge powers (Fig. 2, Step 5). The main chamber was evacuated to a
base pressure of 7.7x10~° Torr. Pre-sputtering cleaning was performed
for 30 min in pure argon gas to remove contaminants from the SrSnO3
target. The SrSnOj3 target was positioned at the top of the chamber while
the samples were placed on sample holders 14 cm away from the target.
Argon flow rate was set to 100 sccm to achieve the working pressure of 5
mTorr during the deposition process. The sample holder was rotated at
5 rpm for better uniformity. The 1% and 2% Ag-doped rT-NF samples
were coated with SrSnOs for 10 min and 30 min in two separate pro-
cesses to evaluate the effect of different coating thicknesses on light
scattering performance. After that, silver was sputtered onto the samples

for 60 min to form the metal contact for electrical impedance spec-
troscopy (EIS) measurement (Fig. 2). The sample labelling for identifi-
cation is tabulated in Table 1.

2.4. Characterization tools

The structure and crystallinity of the prepared Ag-doped rT-NF and
Ag-doped rT-NF/SrSnO3; samples were analyzed using X'Pert PAN-
alytical X-ray diffraction (XRD) with Cu k, radiation, A = 1.54 A at 20
angle from 20° to 80°. Crystallite size was calculated using the Debye-
Scherrer method based on the X-ray diffraction spectra [35,36].

K

D:ﬂcosﬁ M
__Pcosd
b=t (2)
1
EZE 3

D is crystallite size, A is wavelength, § is the full width at half
maximum (FWHM) of each peak, and 6 is Bragg’s diffraction angle.
Additionally, particle interconnectivity, dislocation density (§) and
microstrain (¢) were calculated to evaluate sample quality.

Sample surface morphology was observed using a field-emission
scanning electron microscopy (FESEM) (JSM-7600F, JEOL, Japan) at
x 50k magnification and was operated at an accelerating voltage of 5
kV. Absorbance spectra were recorded on the prepared samples using
Ultraviolet-visible spectroscopy (UV-Vis) (UV-1800, Shimadzu Corpo-
ration, Japan). The prepared samples’ spectral responses were analyzed
with a Spectrum Measurement System (PEC-S20, Peccal, Japan) with
wavelength between 300 and 1200 nm, DC, and a 300 W xenon arc lamp
as the light source. The IPCE was derived from EQE tested under
ambient atmosphere. Surface topology and roughness of sample were
analyzed using Atomic Force Microscopy, AFM (XE-100, Park System,
Korea), in the non-contact mode. A microRaman spectroscope (Horiba
Xplora Plus, USA) equipped with a 532 nm laser source and an
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Fig. 4. EDS (a) rT-NF, (b) S1AG 10 min, (c) SIAG 30 min, (d) S2AG 10 min (e)
S2AG 30 min.

electrically refrigerated charged-coupled device (CCD) camera was used
to investigate the sample’s structure. The Lakeshore Model CPX Cryo-
genic Probe Station and Keysight Agilent BI500A semiconductor device
parameter analyzer (USA) was used to sweep the sample dark current-
voltage (I-V) measurement between 2 and —2 V to identify I-V char-
acteristic.Electrical characterization was performed using an
impedance/gain-phase analyzer (Solartron 1260, Keysight Technolo-
gies, USA), wielding an AC signal 10 mV in amplitude and 1 kHz to 1.5
MHz in frequency.

3. Results and discussions
3.1. Morphology

Fig. 3 shows the FESEM images of rT-NF, SIAG 10 min, S1AG 30 min,
S2AG 10 min and S2AG 30 min. Hamed et al. stated that the rod-petal
structure typical in nanoflowers provides a direct path for electrons
that reduces electron-hole recombination on the surface of TiO, [34].
Nanoflowers also have a large active surface area that improves photon
absorption, as demonstrated by prior work by N. Desai et al. [35].
FESEM images revealed that the sides of the TiO5 nanoflower petal were
coated with a dispersion of nanoparticles, presumably SrSnOs particles.
Fig. 3(b-d) show that the nanoflower sides are rougher than bare TiO,.
Fig. 3(e) displays that S2AG 30 min, the most Ag-doped TiO sample,
exhibited a distinct surface morphology where the sides are smoother
than any other sample and are inferred to be coated with a hetero
TiO2-SrSnOj3 structure due to lengthy deposition.

The crystal structure of TiO could be anatase, rutile (as reported this
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Fig. 5. Raman spectral data.

work), or brookite phases. Each of these structures has a distinct crystal
lattice, which determines the physical and chemical properties of the
sample. In this study, the TiO rutile nanoflower sample appears larger
needle crystals which is more than 500 nm in length is attributed to the
monocrystalline structure. The crystal lattice of the needle crystals
nanoflower morphology could grow during the hydrothermal reaction,
which is depending on temperature reaction or time reaction. In this
study, the 150 °C constant temperature for 10 h led to preferentially
nucleation growth of larger needle crystals nanoflower in orientations of
(101) and (111) plane. The confirmation presence of TiO, and SrSnO3
also is evaluated by EDS analysis in Fig. 4. Although the atomic level of
element Sr and Sn is significantly lower than the desired stoichiometry,
the corresponding pattern shows the presence of SrSnOj3 on the surface
TiOs. The highest Sn (0.88 wt%) found in the S1Ag 30 min sample. This
EDS analysis confirmed the Ti and O atomic element exist in all sample
and Sr, Sn and O element in sample S1Ag (10 min and 30 min) and S2Ag
(10 min and 30 min). Owing to the high sensitivity and limited detection
capability of EDS, detecting Ag dopant in low concentrations can be
challenging. The confirmation of the presence of Ag dopant is ascer-
tained through XPS analysis in our previous work [34].

3.2. Raman Spectroscopy

Raman spectroscopy analysis revealed the sample’s local structural
disorder and crystal quality (Fig. 5). rT-NF has a tetragonal structure
with a P42/mnm space group, giving it four Raman active vibrational



N.N. Ishak et al.

Table 2
Raman spectral data of rT-NF and SrSnOscompared to previous works.
M.M.I. Megat H.L.Maetal. M.C.F. Alves This
Hasnan et al. [6] [37]1 et al. [38] Research
rT-NF 105 cm™! 140 cm™! - 120 cm™!
236 cm ™! 235 em ™! - 242 em ™
445 cm™! 445 cm™! - 453 cm™!
609 cm ™! 609 cm ™! - 617 cm™?
SrSn0; - - 151 em ™ 152 cm™*
- - 703 cm ™! 702 cm ™!

modes: Byg, Eg, Ajg, and Byg. Raw and Ag-doped SrSnOs-coated rT-NF
exhibited dominant peaks at 120 cm™ Y, 242 em™!, and 617 em™Y, cor-
responding to the Byg, Eg, and A;g4 rutile phase modes, respectively. The
results agreed with previous works (Table 2), confirming the formation
of the TiO rutile phase. The post-deposition of SrSnOs particles on Ag-
doped rT-NF through RF sputtering had increased the material’s Raman
intensity, which correlates with thickness of sample accordance depo-

sition time of SrSnOs.

3.3. Topology

Atomic force microscopy (AFM) images of the prepared samples
(Fig. 6) were used to determine the surface roughness by root-mean-
square (RMS) with a scan size of 10 pm x 10 pm. The surface rough-
ness of photoanode electrodes reportedly has a crucial role in electron
transport because it influences the contact area between the photoanode
and the dye molecules [39]. The surface roughness of the photoanode
has been found to significantly affect the interfacial properties between
the dye and the semiconductor photoanode, as it increases the surface
area available for dye adsorption and improves the contact between the
dye and the semiconductor photoanode. This results in an increase in the
efficiency of electron injection from the dye to the semiconductor pho-
toanode and a reduction in the recombination rate of photo-generated
electron-hole pairs. A rougher surface leads to a higher specific area,
thereby enhancing light-scattering and facilitating the trapping of more
dye [40]. While Gnida et al. claimed that the thickness of the additional
layer did not affect the roughness of the TiO; [41], it does affect the light
absorption intensity, which we will study using UV-Vis spectroscopy.

An excessively thick photoanode layer may absorb less light since it
acts as a physical barrier that hinders light from reaching the dye mol-
ecules. The thicknesses of the prepared samples, rT-NF, S1Ag 10 min,
S1Ag 30 min, S2Ag 10 min, and S2Ag 30 min, were 19.72 pm, 28.39 pm,

¥ RMS:29.73 nm

(b) S1Ag 10 mins
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30.61 pm, 41.99 pm, and 42.90 pm, respectively. rT-NF had an RMS
roughness of 24.95 nm (Fig. 6(a)). After being deposited with 10 min of
SrSnO3 on S1Ag, its RMS roughness increased to 28.39 nm (Fig. 6(b)),
while a 30-min deposition of SrSnOs on S1Ag resulted in an RMS
roughness of 31.19 nm (Fig. 6(c)). For S2Ag 10 min, the RMS roughness
was 29.73 nm (Fig. 6(d)), and the RMS roughness for S2Ag with 30 min
deposition of SrSnO3 was 32.32 nm (Fig. 6(e)).

Surface roughness is also influenced by the RF power used in the
sputtering [42,43]. The RF source utilized capable of generating plasma
in between electrodes and inducing produces Ar* ions which can result a
rougher surface if the deposition rate is not adequately controlled. An
elevated RF power in the deposition process may result increased sample
surface compaction, induce compressive stress, and cause significant
modifications on the sample surface [44]. The energy of the ions may
also be enhanced, resulting in an increase in the ion bombardment on
the sample surface. This process can lead to the roughening of the sur-
face. Furthermore, high-energy ions may cause re-sputtering, which
involves the ejection of previously deposited material from the surface,
leading to a rougher surface. Therefore, the use of higher RF power
during the sputtering process resulted in a roughened surface and an
increased surface area allowing for a greater quantity of dye-sensitizer to
adhere to the sample surface. From this observation, it is critical to
research the optimum roughness and thickness of photoanode electrodes
for light absorption.

3.4. Structural and elemental analysis

XRD is an important technique in material science used to investigate
the sample crystallinity structure, phase transition, and material purity
[4]. Fig. 7(a) shows the XRD diffraction pattern of intrinsic rT-NF and Ag
doped rT-NF with SrSnO3 (S1Ag 10 min, S1Ag 30 min, S2Ag 10 min, and
S2Ag 30 min).

All observed peaks agreed with ICDD card No. 98-003-9167, which
confirmed the tetragonal rutile phase of rT-NF, and ICDD card No. 98-
026-1491, which confirmed the orthorhombic structure of strontium
stannate (IV) (O3SniSrq). The peaks of both rutile phases for the un-
coated and coated samples (rT-NF and Ag doped-rT-NF with SrSnOs,
respectively) agreed well with previous works [6,32,34]. The incorpo-
ration Ag dopant with perovskite SrSnOs in rutile TiO, lattice by
de-convolution technique shows shifting in diffraction peaks in Fig. 7(b
and c). The broadening of diffraction peaks in Fig. 7(b and c) indicates
the incorporation of Ag, Sr, and Sn atoms in the TiO lattice, a conse-
quence of the resulting strain effects from different crystal structures.

(c) S1Ag 30 mins

¥ RMS:32.32nm

Fig. 6. AFM Topology of (a) rT-NF (b) S1Ag 10 min (c) S1Ag 30 min (d) S1Ag 30 min and (e) S2Ag 30 min.
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Furthermore, the intensity values of the diffraction peaks of (021) and
(311) planes were lower than that of (101) and (111) planes. This
phenomenon can be attributed to the aggregation of metal ions in the
sample lattice, resulting in the low-intensity value of the diffraction
peaks of (021) and (3111). Previous work suggests that the aggregation
of metal ions with a larger radius and a smaller ionic radius will cause a
shift in the diffraction peak to the higher angle [45].

However, no diffraction peak for Ag and its oxides was detected in
Ag-doped rT-NF with SrSnOs, confirming that the doping did not
interfere with the rutile phase. This result also indicated that the samples
were in good rutile phase crystallinity and were inferred to contain
SrSnOg3 particles dispersed on the surface of the TiO, nanoflower
structure [4,34]. Furthermore, it should be noted the small amount of Ag
dopant cannot be defined by the accuracy of X-ray diffraction. Noble
metal included Ag able to enhance light-scattering which is crucial for
light harvesting [46].The Ag dopant also introduces an oxidation state
into the rT-NF catalyst, which acts as an electron trap, reducing the
recombination between the electron-hole pair and broaden light ab-
sorption area. Studies have shown that plane (111) and plane (110)
contain high-energy facets where oxidative and reductive sites trap
photoholes and electrons [47,48]. Electron is highly mobile in the rutile
phase, which means they can move to the surface and react with the
dye-sensitizer at planes (111) and (110). The effect of sample after
incorporating Ag dopant and coated with SrSnOs was further analyzed
under the influences of the strain and crystal imperfections of full width
at half maximum (FWHM) by using Williamsons-Hall (W-H) method
after de-convolution diffraction peak as following equation (4):

pcos 9,l esin @

i D 2 @

where p is FWHM, 0 is the diffraction angle, A is the x-ray wavelength, D
is the average crystallite size and ¢ is the effective strain or stress. The
strain was determined through calculating the slope (m), while the
average crystallite size was determined by taking the inverse of the
intercept of the linear fit as shown in Fig. 8.

Dislocations can occur in a crystal lattice due to defects in the lattice
planes, leading to areas of tensile strain. In the case of the rT-NF sample,
the W-H plot indicates a lattice with an ¢ value of 1.95 x 10~° and an
average D value of 11.84 nm. However, after coating the rT-NF with
SrSn0Os, the W-H plot shows a compressed lattice, with ¢ values of 5.78 x
10’4, 6.58 x 10’4, 6.58 x 10’5, and a negative slope of —1.39 x 10~*
(S1Ag 10 min, S1Ag 30 min, S2Ag 10 min, and S2Ag 30 min, respec-
tively), along with D values of 17.40 nm, 17.64 nm, 15.27 nm, and
15.02 nm, respectively. The W-H plot suggests that the high strain
observed in the intrinsic rT-NF sample may be due to defects that
occurred during the nucleation and growth of the nanoflower in the
hydrothermal reaction. However, the substitution of Ag dopant and
Sr-Sn-O bond appears to reduce the tensile strain in the rT-NF sample.
This is because these processes distort the crystal structure and cause
implications on its unit cell structure to diverge from its ideal stoichi-
ometry. As shown in Table 3, the high dislocation density observed in
the rT-NF sample is attributed to this distortion, as compared to the
coated SrSnOj3 sample.

3.5. Optical properties

The samples were analyzed via UV-Visible spectroscopy in the
400-700 nm wavelength range. The absorption edge in the 424-445 nm
range (Fig. 9(a)) indicated visible light absorption, in agreement with
previous work [49]. Visible light absorption is a desirable trait required
for the dye-sensitizer molecules to stimulate the photon on the photo-
anode surface and drive the DSSC mechanism. The optical bandgap
energy (E;) was estimated via the Tauc method by plotting the
straight-line portion of (ahv)? against the photon energy (hv) by using
absorbance value [14,50]. Accordingly, the Eg relationship with the
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Values for crystallite size (D), dislocation density (8) and microstrain (¢) from XRD analysis.

Sample HKL 2Theta (Degree) FWHM (Degree) Crystallite Size, D, (nm) Dislocation density, 5,(nm?) Micro strain, €
rT-NF (110) 27.39 1.065 8.01 15.57 8.97
(101) 36.03 0.756 11.53 7.51 4.53
(200) 39.00 0.532 16.54 3.65 2.86
(111) 41.17 0.751 11.79 7.19 3.74
(211) 54.27 1.053 8.84 12.77 3.30
(220) 56.35 1.613 5.83 29.38 4.68
(200) 62.82 0.575 16.88 3.50 1.28
(301) 68.96 1.227 8.20 14.86 2.05
S1Ag 10 min (110) 27.38 0.573 14.90 4.50 4.82
4021) 36.04 0.545 15.99 3.90 3.27
(220) 39.10 0.415 21.17 2.23 2.23
“311) 41.19 0.513 17.25 3.35 2.56
4(231) 56.58 0.642 14.66 4.64 1.84
(331) 62.78 0.551 17.63 3.21 1.23
“014) 68.95 0.704 14.28 4.90 1.18
S1Ag 30 min (110) 27.38 0.581 14.69 4.63 4.89
4(021) 36.03 0.524 16.63 3.61 3.14
%(220) 39.12 0.434 20.24 2.44 2.33
“311) 41.19 0.515 17.20 3.37 2.56
4(231) 56.57 0.587 16.03 3.89 1.69
%(331) 62.78 0.616 15.77 4.02 1.38
“014) 68.95 0.698 14.40 4.81 1.17
S2Ag 10 min (110) 27.39 0.584 14.62 4.67 4.91
“(210) 36.04 0.552 15.80 4.00 3.31
(220) 39.11 0.520 16.91 3.49 2.79
4311) 41.19 0.529 16.72 3.57 2.64
“(231) 56.57 0.626 15.05 4.41 1.80
%(331) 62.79 0.563 17.26 3.35 1.26
“(014) 68.97 0.696 14.45 4.78 1.16
S2Ag 30 min (110) 27.39 0.594 14.37 4.84 5.00
“(210) 36.04 0.532 16.37 3.72 3.19
(220) 39.11 0.510 17.23 3.36 2.74
“311) 41.19 0.537 16.50 3.67 2.67
4(231) 56.57 0.557 16.90 3.49 1.60
4(331) 62.79 0.562 17.27 3.35 1.26
“014) 68.97 0.695 14.46 4.78 1.16

@ Strontium stannate (IV) (O3Sn;Sr;).

absorption coefficient, a, is given by the equation:

A (hv — E,)"
hy

()

Here, a = (2.303 x Absorbance x Energy)?, is the incident photon en-
ergy where hv = 1240/wavelength, A is an energy-independent constant,

and for direct bandgap energy, n = 2. In other words, light is weakly
absorbed in materials with a low absorption coefficient.

Adding SrSnOj3 coating and Ag ion doping to the rT-NF resulted in an
infinitesimal change in the optical bandgap for all samples (Fig. 9(b)).
The rT-NF gained 3.0 eV of bandgap, which agreed with another work
on rutile TiO, [35]. Bandgap energy calculation revealed an overall
reduction for the Ag-doped and SrSnOs-coated samples. This was due to
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Fig. 9. UV-vis spectroscopy of (a) absorbance (b) optical bandgap.
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the surface plasmon resonance (SPR) of the particles caused by elec-
tromagnetic field interference with the conduction electrons of Ag and
SrSn0Oj3 distributed in the TiOy matrix [51]. The phenomenon of SPR
arises when the oscillating electrons of noble metal Ag absorb energy
from the incident light, leading to a shift towards the visible region. This
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Fig. 12. Bulk resistance and bulk capacitance of the samples extracted from
Nyquist plot fitting.

increase in absorbance and reduction in the optical bandgap of S1Ag and
S2Ag samples, each with different deposition times of 10 and 30 min,
can be attributed to SPR. This effect allows Ag to absorb high-energy
photons and convert them into lower-energy photons, thereby
reducing the energy bandgap. In this study, the optical bandgap values
were observed to decrease to 2.96 €V, 2.94 eV, 2.91 eV, and 2.89 eV for
S1Ag (10 min and 30 min) and S2Ag (10 min and 30 min), respectively
as shown in Fig. 9(b).

3.6. Electrical properties

To evaluate the effect of Ag dopant and perovskite SrSnOs coating,
current-voltage (I-V) analysis was conducted using Semiconductor De-
vice Parameter Analyzer with applied voltage between —2 V and 2 V.
Fig. 10 shows the I-V characteristic of the samples rT-NF, S1Ag (10 min
and 30 min), and S2Ag (10 min and 30 min). The current, I, at O bias was
approximately below the magnitude of 1077, and the curve was shifted
to reverse bias leakage current for most of the samples except for S2Ag
30 min This deviated slightly from the leakage current characteristic
with a symmetrical curve at 0 V resembling a p-n junction.

EIS was used to further evaluate the electrical properties of the
photoanode electrode interfaces, as shown in the Nyquist plot (Fig. 11).
EIS was performed for all prepared samples at Vo bias in dark condition
at room temperature. Measurements were taken in the 1 kHz to 1.5 MHz
frequency range with 1 V peak-to-peak AC applied. The results were
fitted using Gamry software with an equivalent circuit shown in Fig. 11.
The series resistance (Rs) describes the resistance of the bulk sample,
while the contact resistance (R¢t) represents the contact resistance of Ag.
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Fig. 13. Photoresponse (a) responsivity (b) EQE (%).

Table 4
Photoresponse area under curve and max photo response.
Sample Optical Electrical Photoresponse
Thickness, T (pm) Roughness, (nm) Bandgap, (eV) R (Q/cm?) C® Area under curve (cm?) Max Photo response (A/W)
rT-NF 19.72 24.95 3.00 52.11 1.96 x10°8 0.08 1.0x1073
S1Ag 10 min 28.39 28.39 2.96 52.25 1.66 X108 3.08 4.2x1073
S1Ag 30 min 30.61 31.19 2.94 7.51 5.64 x1077 3.40 6.0x1073
S2Ag 10 min 41.99 29.73 2.91 43.90 8.33x10°* 2.62 4.5x1073
S2Ag 30 min 42.90 32.32 2.89 32.39 7.59 x10~* 3.11 5.5x107°

The EIS study measured a sample’s bulk resistance and bulk capacitance
to elucidate the effect of post-deposition time on electrical properties.

S1Ag 30 min attained the smallest semicircle of bulk Ry < R¢¢ (7.51 Q
< 69.52 Q) followed by S2Ag 30 min, Ry < R¢t (32.39 Q < 72.68 Q) and
S2Ag 10 min, Rs < Ret (43.90 Q < 61.66 Q). For the rT-NF and S1Ag 10
min samples, R was bigger than Rg with (63.52 Q > 52.11 Q) and
(67.52 Q > 52.25 Q), respectively. The result indicated that the Ag
dopant and SrSnO3 coating accelerated electron transport in the inter-
facial TiO2. The modelled capacitance (C) calculated by the circuit in the
Nyquist plot of Z,/Z; resulted from charge accumulation on the electrode
surface. Fig. 12 shows the capacitances for rT-NF, SIAg 10 min, S1Ag 30
min, S2Ag 10 min, and S2Ag 30 min being 1.96 x 10 8 F, 1.66 x 10~ F,
5.64 x 1077 F, 8.33 x 107 F, and 7.59 x 10~ F, respectively. In this
context, a higher C implies a higher effective surface area for the pho-
toanode electrode.

3.7. Photoresponse

The responsivity magnitudes between 300 and 1000 nm were
investigated (Fig. 13) to derive the absorbance results. In Fig. 13(a), rT-
NF exhibited response under illumination within 300-350 nm, whereas
Ag-doped and SrSnOs -coated rT-NF continued to absorb to at least
1000 nm, contributing to the broad spectral light harvesting, which was
in good agreement with its UV-vis spectrum. The high photoresponse
was attributed to the charge carriers generated upon photoexcitation,
leading to the generation of free electrons in the semiconducting layer.
In the photovoltaic mechanism, visible light photons have energy be-
tween 3.2 eV (violet region, A = 380 nm) and 1.6 eV (red region, A = 740
nm) (Fig. 13(b)). Thus, the material’s bandgap energy should be higher
than the visible photon energy for electrons to migrate from the valence
band to the conduction band. External quantum efficiency (EQE) in-
dicates the amount of photon that can be absorbed for electron excita-
tion. S1Ag 30 min exhibited the highest photoresponse at 740 nm with
an active area under the curve of 3.40 cm?. The findings are tabulated in

Table 4, wherein the SrSnO3 post-deposition on Ag-doped TiO, nano-
flower can optimize the optoelectronic performance of rT-NF.

4. Conclusion

The present work utilized the hydrothermal (wet chemical) method
to synthesize TiO3 NF, doping for bandgap reduction, and RF sputtering
to deposit additional SrSnOs layers on the rT-NF for DSSC photoanode
enhancement. The Ag doping and the embedded SrSnOs layer in the
S1Ag (10 min and 30 min) and S2Ag (10 min and 30 min) samples
successfully reduced the energy bandgap to below 3.0 eV, while also
tuning the wavelength to the visible spectrum as validated by the
responsive spectra above 400 nm under illumination. The smallest circle
Nyquist plot representing the bulk resistance for S1Ag 30 min indicated
that embedded SrSnO3 could improve the properties of bare TiO, by
facilitating photon absorption under illumination.
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