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Structural and optical analysis of amorphous TiO, films obtained by sol-gel
process and deposited by spin coating on PET/ITO at room temperature

C. Montero-Tavera, M. Loeza-Poct, M. Oviedo-Mendoz J. Moreno-Palmén®, W. B. Rojas-Salinds
F. Caballero-Brione&s M. Zapata-Torrels and E. N. Herandez-RodgueZ-*

2Universidad de Guanajuato,
carretera Salamanca-Valle de Santiago Km. 3.5+1.8, Comunidad de Palo Blanco, Salamanca, Guan&uaio, M
bUniversidad Poliecnica de Guanajuato,

Av. Universidad Sur 1001, P.C. 38496, Cortazar, Guanajuatexib.
“Departamento de Minas, Metalurgia y GeolagUniversidad de Guanajuato,
Ex Hacienda de San Mias S/N, P.C. 36020, Guanajuato, Guanajuat@xido.

dInstituto Poli€cnico Nacional, GESMAT,
CICATA Altamira, 89600, Tamaulipas,&¥ico.
¢Instituto Poli€cnico Nacional, CICATA-Legaria,
Ciudad de Mxico, Mexico.
*e-mail: noe.hernandez@ugto.mx.

Received 16 May 2025; accepted 11 November 2025

In this work, we proposed a methodology based on the spin coating technique for the deposition of amorphtayeis@btained by the

sol-gel method onto flexible PET/ITO substrates intended for application in flexible organic solar cells (FOSCs). Spin-cealgeisO

were used to investigate the influence of their optical and structural properties on the light absorption behavior of the P3HT:PCBM active
layer, to integrate the photovoltaic system PET/ITOA/RBHT:PCBM. Raman spectroscopy confirmed the amorphous nature of Th@

average particle size was 86 nm, according to SEM results. UV-Vis measurements.ofayéPs showed a transmittance greater than

65% and a bandgap of 3.77 eV, which corresponds to the bandgap of amorpheusn@iking them a novel material for electromagnetic
radiation to reach the P3HT:PCBM absorber layer and generate excitons within it. Regions of high light absorbance (300-550 nm) and
weak light absorbance (650-900 nm) were identified. FT-IR spectra revealed the characteristic absorbance bands of Ti-O &tzB@B cm
Ti-O-Ti at 434 cn'. AFM images revealed a uniform distribution of Ti©nto PET/ITO and the typical P3HT:PCBM microstructure This
methodology enables the deposition of Tilayers at room temperature without the use of any additional chemical bonding agents, which is

a key factor for low-temperature fabrication of FOSCs.
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1. Introduction 12]. Polymer-based organic solar cells (OSCs) have attracted
great interest due to several advantages such as low cost, flex-

Titanium dioxide TiQ is one of the most widely used mate- ibility, lightweight, and easy fabrication [13-15] compared to

rials due to its physicochemical properties [1]. The synthesidnorganic solar cells. However, OSCs exhibit low energy con-
and research of Tithin films have been studied for more Version efficiency and reduced stability [16].

than half a century. . Ti® presents. three crystallographic In general, a flexible organic solar cell (FOSC) uses a
phases: anatase, rutile, and brookite [2]. Among them, thgpsirate transparent to visible electromagnetic radiation, a
anatase phase is of great interest because of its structural s{gsnsparent conductive layer, a light-absorbing layer based
bility below 800°C [3,4]. The high percentage of transmit- o semiconducting polymers where the conversion of so-
tance of visible electromagnetic radiation and electron transg;, energy into electric current takes place, a hole trans-
port makes it suitable for use as part of photovoltaic sysyot [ayer, and a metallic conductive layer. The most com-
tems for the generation of clean energy. However, other rémonly used polymers to form the absorber layer are P3HT
searchers have focused on understanding the structural aﬂdoly(s-hexylthiophene-Z,5—diy|)) and PCBM (6,6-phenyl-
optical properties of amorphous Tiecause itis away 10 ¢, _putyric acid methyl ester), acting as donor and acceptor
obtain a less processed and cheaper material [S]. components, respectively, to form the P3HT:PCBM absorber
The generation of clean energy [6-9] has been the focus dayer. This polymer-fullerene system, in the form of a bulk
extensive research in recent decades because it does not hénterojunction, is widely used in organic solar cells due to
a negative impact on the environment. Since the mechanisiits compatibility and well-known physicochemical behavior
of converting solar energy into electric current was under{17,18]. Other photovoltaic cell configurations have been re-
stood, a wide variety of solar cells began to be developed [10ported in which the P3HT:PCBM system incorporates semi-
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conducting nanoparticles of various kinds to improve lightthe pH reached a value between 8 and 9, forming Ti(OH)
absorption properties [19-21]. (white gel). The resulting Ti(OH)was washed for several

In order to achieve competitive photoconversion effi-hours. Eight grams were then dispersed in 800 mL of dis-
ciency, the buffer layers between the electrodes and the aliled water containing 11.2 mL of §D,, and a cloudy yel-
sorber layer play an important role in OSCs. Ti@nd ZnO  low solution was observed. This mixture was stirred at room
have been the subject of many experimental studies as intetemperature until it turned transparent. Subsequently, it was
layers between ITO and P3HT:PCBM in OSCs with invertedheated at 98-10@ until the desired volume of TiDwas
configuration [22,23], and Ti©has shown good results due formed [28]. This mixture (TiQ synthesized by sol-gel) was
to properties such as high electron mobility, chemical stadeposited by spin coating onto flexible transparent PET/ITO
bility under environmental conditions, and high transparencysubstrates with a 1 tharea previously washed in an ultra-
[24]. However, in flexible OSCs, buffer layer fabrication sonic bath using soap, methyl alcohol, and distilled water (8
becomes a challenge because in FOSCs the polymeric sutminutes in each stage). A volume of 60Q of TiO, (ob-
strate (PET) imposes restrictions on the processing tempertained by sol-gel) was deposited onto the flexible substrates,
ture during TiQ layer fabrication [25]. Therefore, conven- and then a rotation speed of 100 rpm was applied for 10 s; af-
tional and well-established techniques for thin-film fabrica-terward, the speed was increased to 600 rpm for 20 s. Finally,
tion cannot be employed. New methodologies for producthe obtained layers were annealed at°X2r 20 minutes to
ing TiO, layers at low temperatures (near room temperaturegvaporate residual water.
must be developed, ensuring that the optical and electrical The P3HT:PCBM absorbent layer was synthesized by
properties of the obtained Tiayers are suitable for FOSC mixing P3HT:PCBM and CB in a ratio of 3:1, stirring and
performance. heating at 53C for 18 hours in a water bath. Finally, the mix-

Therefore, in this research, we proposed a methodologture was spin-coated onto PET/ITO/TiGtructures at room
to deposit amorphous TiOthin films at room temperature temperature as reported in Ref. [29].
onto a flexible, organic, and transparent PET/ITO (Polyethy-
lene Terephthalate/Indium Tin Oxide) substrate. The spin2.3. Materials characterization

coating technique was developed to increase light absorp- vsi ‘ d usi
tion in the P3HT:PCBM active layer. It is highlighted that Raman spectroscopy analysis was performed using a Gem-

no chemical bonding agents were used to deposit Tilhs Ram BW Tek (300 mW, 785 nm), scanning from 100 to

1 ; .
onto PET/ITO because such agents could act as scatterif;_?o e Scanr_ur:jg Elect_r(;n Microscopy (SEM) measure-
centers for electromagnetic radiation, which is undesirabl ents were carried out with a JEOL JSM-6010 PLUS/LA.

for photovoltaic devices. Other methods to deposit crystalline(,) ptical characterization was conducted using an Ocean Op-

TiO, have been reported [26,27], but these involve hightem:[ICS UV-Vis spectrophotometer (US 4000-XR1-ES), scan-

peratures and complex synthesis conditions that are not suit’n9 from 300 to 900 nm to obtain the transmission spec-

able for the PET/ITO substrate employed in this investiga-tra' The FT'lR analysis was performed with a GX spectrom-
ter (Perkin Elmer), using specular reflectance with & 30

tion, mainly because PET cannot withstand high processingrlgle a 3/8 in diameter aperture mask, and 4 tmeso

temperatures. ; o . .
lution. TT-AFM Workshop in intermittent tapping mode was
_ used to obtain Atomic Force Microscopy (AFM) images of a

2. Materials and methods P3HT:PCBM blend deposited on the Tiayer.

2.1. Materials . .
3. Results and discussion

The materials used in this investigation wer i-
tanium (IV) chloride (TiC}, Sigma?AIdrich 99?9?/2;,])/3;?_'“? tIThe hydrolysis of TiC| produces Tig, resulting in an acidic
(poly(3-hexylthiophene-2,5-diyl), Sigma-Aldrich, 99.9950), MXture due to the presence of HCI:

PCBM (6,6-phenyl-G; -butyric acid m_ethyl ester, Sigma- TiCly + HyO <= TiO, + 4HCI, 1)
Aldrich, 99%), chlorobenzene (CB) (Sigma-Aldrich 98.9%),

96% (v/v) ethanol (EQUIBA), ammonium hydroxide Ti*" ions are converted to Ti(OH)gel with the addition of
(NH,OH, Karal, 30%), HO, (Golden Bell, 50%), distilled NH,OH until the pH increases to 8-9 (basic mixture). The
water, and commercial PET/ITO (6®sq) with thicknesses gel is dispersed in distilled water and hydrogen peroxide is
of 0.127 mm and 130 nm, respectively (Sigma-Aldrich). added, producing two reactions:

Ti(OH), <= TiOJ + 20H™ + 2H,0, 2)

2.2. Synthesis of materials

To synthesize TiQ using the sol-gel technique, 2 mL of

TiCl4 was mixed with 200 mL of distilled water aPQ and As indicated in reaction (2), the addition of distilled water
stirred for 30 min. After this period, the sample was allowedto Ti(OH), gel causes a hydrolysis reaction that shifts to the
to reach room temperature. Then, NBH was added until right-hand side, and Ti(OH)gradually dissolves into TiQ)

Rev. Mex. Fis72041001
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hydroxyl radicals, and water [30]. In reaction (3), it is ob- basic pH & 8) of the Ti(OH), gel, which promotes the for-
served that hydrogen peroxide exhibits strong coordinatiomation of large particle sizes, as reported in Ref. [28]. More-
with TiO3 . The decomposition of 5D, allowed the equilib-  over, the annealing temperature of 12D is insufficient to
rium of reaction (3) to shift to the right side, forming the per- form crystalline grains, as documented in Ref. [32].

titanate ion [TiIO(HO,)]?*; because the decomposition rate  The AEM images for the Ti@film deposited at room

of the ion was very slow, the TiCparticles formed by the de-  temperature are presented in Figs 2a) and 2b). Figure 2a) re-
composition of [TIO(HO,)]** were very small and uniform. - yeals smooth and homogeneous Ji€urfaces. A uniform

As a result, a stable TiOsolution was formed. Therefore, it gistribution of TiO, across the surface is observed, consis-
can be used as a coating solution on a PET/ITO substratgant with the SEM image, without any visible cracks or dis-
TiO, obtained by sol-gel was used to fabricate thin layers bytontinuities that could affect the subsequent deposition of
the spin-coating technique. PET/ITO commercial substrateghe P3HT:PCBM active layer for solar cell fabrication. Fig-
were used, because they can be integrated into OSC devicegre 2p) illustrates the composition of Ti@pin-coated on the
substrate. It can be seen that the same, TG@mposition is
present throughout the sample, demonstrating that the spin

Figure 1a) presents a top-view SEM image of a representaF—oating technique is adequate to obtain the PET/ITO/TIO

tive amorphous Ti@ layer, showing a uniform surface, free Structures.

of cracks and holes, and therefore suitable for use in solar XRD spectra from TiQ films did not show any diffrac-
cell devices. The Ti@ structure is granular, as reported in tion peaks, suggesting that Tis amorphous [33]. It was
previous investigations [31], with an average particle size ofonfirmed by Raman spectroscopy of i€pin-coated onto
0.086.m (86 nm). [See Fig. 1a)]. This value was calculatedPET/ITO presented in Fig. 3, where no vibrational modes
from image analysis using the Fiji software from ImageJ. Fig-corresponding to crystalline TiOwere detected (measure-
ure 1b) displays a histogram of the particle size distributionments were conducted at many different zones of the sample
determined from SEM micrographs. The data indicate a varisurface) [34], but PET/ITO substrate vibrational modes can
ation in particle size, with a greater presence of 8 nm andbe seen at 128 cn, 633 cni*, 703 cm!, and 860 cm'!

90 nm grains. We associate this granular structure with thén agreement with the literature [35]. Additionally, FT-IR

3.1. Structural characterization
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FIGURE 1. a) SEM surface image of amorphous Ti@eposited on a PET/ITO substrate, b) histogram of the particle size distribution.
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FIGURE 2. AFM images of TiQ. a) Topography image revealing a smooth layer, b) Phase image indicating the same composition in the
layer.
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FIGURE 3. Raman spectrum shows only the vibrational modes of Wavelength (nm)

PETITO substrates. No characteristic Ti@brational modes are  gigurE 5. Comparison of the transmittance spectra of bare glass
observed. and TiQ, deposited on glass. The inset illustrates the band gap cal-
culation of TiG, using Tauc’s method, along with the three charac-
teristic absorption regions.

lyze its optical properties. It can be observed that the glass
does not transmit light below 310 nm but from 365 nm the
transmittance remains above 80%, while the transmittance
spectrum of the Ti@ sample deposited on glass does not
transmit below 320 nm, but from 465 nm the transmittance
increases above 80% absorbing only 20% of the radiation.
This low absorbance is due to the bonds 7* of the TiO,,
which cause energy absorption, because of the hybridization
of 2p orbitals of oxygen and 3d orbitals of titanium that gen-
erate these bonds [38]. The high transmittance exhibited by
the TiO, layer makes it suitable for application in OSCs, as
4000 3600 3200 2800 2400 2000 1600 1200 800 400 UV light (320-400 nm), the entire visible spectrum, and IR
Wavenumber (cm™) light (> 750 nm), are allowed to reach the absorber layer to
generate electron-hole pairs. The inset in Fig. 5 describes the
graph obtained using the Tauc method [39] to calculate the
bandgap energy, of the TiO, layers. The bandgap energy

measurements were performed to confirm the presence #fas determined using the following equation

amorphous Ti@. Figure 4 shows the FT-IR spectrum of a

TiO layer. It can be observed that the vibrational mode at (ahv)™ = B(hv — Ey), (4)

900 cnT!, corresponding to the first order stretching of the

peroxo group (O-O) [28], is absent. Therefore, the thermaWherehv is the photon energyy is the absorption coeffi-
annealing at 120after spin-coating deposition is sufficientto cient, B is a constant related to the electronic properties of
decompose and evaporate the peroxo group, resu|ting i T|dhe material and: is a value that depends on the nature of
that exhibits only the Ti-O-Ti stretching mode at 434cim  the material transition [39]. Because the amorphous, T8O
Ti-O stretching mode at 523 cm. In addition, the band ob- Obtained by the sol-gel technique, we can see that the inset in
served at 1577 cmt is attributed to H-O-H bending related Fig. 5 presents the characteristic curve for amorphous semi-
to physisorbed water [36,37], which is commonly observedconductor materials with three regions: weak absorption zone
in amorphous Ti@ due to surface hydroxylation and hydro- (A), exponential zone (B), and high absorption zone (C) [40].
gen bonding, with no evidence of other impurities that couldln the last zone, Tauc’s method allows the determination of
reduce the transmittance of TiQayers in the visible region the E, value by drawing a line from the zone C to the hori-

Reflectance (a.u.)

FIGURE 4. FT-IR spectrum of TiQ. The Ti-O-Ti stretching vibra-
tion suggests the formation of TiO2.

evaluated in this research. zontal axis (inset of Fig. 5). The bandgap energy of the,TiO
films was 3.77 eV, consistent with the amorphous nature of
3.2. Optical characterization TiO, as confirmed by XRD and Raman spectroscopy results.

The large band gap value of amorphous Ji® due to the
Figure 5 displays the transmittance spectra of glass and a refpw annealing temperature (120) which allows neither the
resentative Ti@ layer deposited on a glass substrate to anaformation of large grains [40] nor the crystallization of TiO

Rev. Mex. Fis72041001
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b m—r film deposited onto PET/ITO substrate (PET/ITO/F)@nd,
- Se— bare PET/ITO. PET/ITO spectrum shows approximately
80 - —— PETITO/P3HT:PCBM me 75% transmittance, in the 450-900 nm range, while the
= WWNMWW ‘ W* “”"'“ PET/ITO/TIO, spectrum exhibits a decrease in light trans-
= i IR T mittance. It can be observed that when the PSHT:PCBM is
§ B0 WWWW spin-coated onto the PET/ITO/TiGstructure, the transmit-
E e tance drops to 0% in the 300-570 nm range (in contrast to
E 404 PET/ITO/P3HT:PCBM), as an effect of the presence of the
= TiO, interlayer [42].
f This result is significant, because it indicates a full ab-
201 / M / / sorption in the 400-570 nm wavelength range of visible elec-
» \,;M# tromagnetic radiation, which can lead to the generation of
g W s H' . Jfll . . excitons and their dissociation into electrons and holes in the
300 400 500 600 700 800 900 P3HT:PCBM based photovoltaic solar cells. Figure 6 also
Wavelength (nm) demonstrates that in the 660-900 nm range, a transmittance of

FIGURE 6. The transmittance spectrum of PET/ITO/Bi®3HT: 6?%|(4%0/t0 ?Esorbanc? 'S rr;alntgtlned,:elngdg zotne :Eat ca_n

PCBM displays two absorption zones to improve the optical prop-as0 eadtlo the generation orexcrions. c_cor_ Ing to otherre

erties of OSC. searchers [29], the observed absorbance is higher than the re-
sults in this research. Some reflection losses in the interfaces
of the different layers may occur [43,44], but we consider

v o | 212 nm them negligible compared to those in silicon solar cells [43].
- AFM images of the P3HT:PCBM blend spin-coated on a
TiO,, layer are presented in Fig. 7. Figure 7a) shows tha TiO
150 promotes the growth of smooth P3HT:PCBM layers without
any cracks or holes. Figure 7b) displays the phase distribution
of the two components of P3HT:PCBM, showing a uniform
100 accommodation [45], thus demonstrating the effectiveness of
the developed methodology for the fabrication of Tifdms
through the spin-coating technique.
50
a) TWE 0 4. Conclusions
P : 9.2 Degree Amorphous TiQ was obtained by the sol-gel method and
. N ' 2 8.0 successfully deposited by the spin-coating technique at room
5 ' temperature onto a flexible PET/ITO substrate to form the
7.0 PET/ITO/TIO, structure. Raman spectroscopy results con-
6.0 firmed that TiQ was amorphous with an average particle size
50 of 0.086m according to SEM analysis. The FT-IR spectrum
of the TiO, layers exhibited only characteristic TiQibra-
4.0 tional modes Ti-O (523 cm') and Ti-O-Ti (434 cnr1), con-
3.0 firming the chemical quality of the process. The energy value
20 of the TiO, band gap was 3.77 eV, corresponding to amor-
phous TiQ. The PET/ITO/TiQ system exhibited a transmit-
0.0 tance of approximately 70% at 500 nm, making it a promising

FIGURE 7. AFM images of P3HT:PCBM spin-coated onto material for application ?n organic solar Cel_ls (OS(,:S)'
TiO,. a) Topography image showing a uniform distribution of ~ P3HT:PCBM deposited on PET/ITO/TiCexhibited al-
P3HT:PCBM blend on Ti@, b) Phase image showing typical mor- Most 100% absorbance at 300-570 nm, but at 660-900 nm
phology of the P3HT:PCBM blend on TiO it showed a weak absorbance zone of about 40%. AFM
images revealed a uniform distribution of TiQleposited
It has been reported that the formation of Ti€ystals begins onto the PET/ITO, demonstrating a successful deposition
at 225C, and it is fully crystallized into the anatase phase atof TiO, onto the PET/ITO substrate. Moreover, the typi-
300°C [41]. cal P3HT:PCBM blend morphology was visible throughout
Figure 6 shows the transmittance spectra of P3BHT:PCBMhe sample, demonstrating the formation of well-structured
deposited onto PET/ITO (labeled as PET/ITO/P3HT:PCBM),P3HT:PCBM layers capable of generating excitons in the ab-
P3HT:PCBM deposited onto PET/ITO/TJO(noted as sorber layer, thus contributing to the functionality of a flexi-
PET/ITO/TIO,/P3HT:PCBM), in comparison with a Ti®  ble organic solar cell.
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