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Abstract: The electron Transport layer (ETL) plays a crucial role in solar cell technology, particularly
in perovskite solar cells (PSCs), where nanostructured TiO: films have been investigated as superior
ETL’s compared to compact TiOz. In this study we explore the nanocolumnal growth of TiO: in the
anatase phase, for bilayer thin films by magnetron sputtering (MS) technique and glancing angle
deposition (GLAD). By optimizing the growth parameters, we achieved the formation of TiO:
nanocolumns with a cross-sectional diameter ranging from 50 to 75 nm. The average thickness of
the films exceeded 12.71 + 0.5um, while the filaments exhibited an inclination angle close to 70°,
corresponding to the deposition angle. Furthermore, we observed a correlation between the quality
of the initial layer and enhanced growth of the TiO2 nanocolumns.

Keywords: high performance ETL TiOz; nanocolumns; glancing angle deposition (GLAD); mag-
netron sputtering (MS)

1. Introduction

The importance of research on perovskite solar cells is strongly influenced by the notable
improvement in their energy conversion efficiency (PCE), given that reports indicate that in just over
10 years they have had an increase in their PCE of 3.8% to 25.7%[1—4], however, the Shockley-
Queisser limit for single-junction perovskite solar cells is =33%, it also presents an extension to
multijunction, depends on the junction it could be from 44% to 65%[5,6]; the typical structure of a
perovskite solar cell consists of an electron transport layer (ET L), a perovskite layer, which is the
active material, and a hole transport layer (HTL); each of the layers are very important, but in
concrete, the loss of efficiency is highly related to the ability of the ETL to transport the
photogenerated electrons.

Within the structure of solar cells, the electron transport layer plays a vital role, since depending
on its morphology, the type of material from which it is built and its physical properties, it will be
used to provide better stability, increase the lifetime, and offer higher PCE, some of the most widely
used materials are metal oxides, such as TiO2[7-9], ZnO[10,11,38], SnO2[13-15], SiO[16], ZrO2[17,18],
each material provides specific advantages[19].

Recent studies indicate that nanostructured TiOz2 offers greater stability, a longer useful life, and
a higher percentage of energy conversion. An electron transport layer must comply with some
requirements: 1)well-matched energy alignment to trigger electron transfer while blocking holes; 2)
high transparency to allow efficient light harvesting; 3) excellent electron mobility to minimize charge
accumulation; and 4) easy access to starting materials with high chemical resistance to perovskite
solvents[20-23], and TiOz2 offers high performance as an ETL in PSC'S due to their fitting of the TiO2

conduction band alignment with the perovskite layer[24,25].
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The TiO: is an n-type semiconductor[26], is chemically very stable, absorbs electro- smagnetic
radiation near the UV region, and its band gap is around 3 eV[27]. Titanium oxide has four crystalline
phases anatase, rutile, brookite, and a high pressure type ff-PbOz, The rutile phase is the only one to
be thermodynamically stable[28], while the other two, anatase and brookite, are metastable and
transform into rutile when heated[29].

The implementation of TiO2 nanocolumns as ETL presents great advantages com- pared to flat
and mesoporous layers when structuring a PSC[30], since it provides greater stability and efficiency,
by way of some adventages: i) enhance the contact zone between perovskite and ETL, and increase
exciton generation, ii) the 1D morphology offered a directive path for electron transport to the TCO
substrate and minimize resistance to charge transport, iii) Larger nanorods improve the light
scattering and absorption properties of the PSCs[32]. It has been found that the presence of
semiconductor metal oxides optimize the ETL/perovskite interface, as well as enhances perovskite
layer growth[33]. The ETL geome- try plays an important role in the PSC’s to maximize device
performance [34], furthermore, the range transparency of TiOzis greater than 85%[35]. The study of
the implementation of TiO2 nanocolumns is not biased towards its properties as a photocatalyst, and
the importance of continuing to study it lies, especially with this structured morphology that can
provide improvements to current technology. There exist a variety of methods to deposit compact
and nanostructured TiO: from chemical (CVD) and physical (PVD) techniques; however, the
deposition of transparent oxide thin films by sputtering offers excellent quality properties in these
materials, near the low coast. There is a huge research gap around the preparation of nanomaterials
through the sputtering technique, in fact, there are very few reports of thin film growth using GLAD
in sputtering, this work offers an accurate report of nanocolumnal growth of TiOzin the anatase phase
using DC sputtering, where such nanocolumns offer the essential characteristics that a high-quality
ETL requires.

2. Materials and Methods

2.1. Preparation of TiO: bi layer films

For the growth of the TiO: bilayer films, developed by the reactive DC magnetron sputtering
technique, a pure 2" diameter titanium target was used, in a reactive atmosphere of Argon and
Oxygen with the following proportions: 5/40, 10/40, 15/40 sccm respectively of Oz/Ar, the power used
for the different deposits was 120 W and 140 W, on two different substrates, namely glass and silicon
(100), the deposits were made at a vacuum pressure of the order of 10 Torr, for 60 min, with a
presputtering of between 5-20 min, depending of the time it took's for the plasma to reach stability, the
deposition temperature was maintained around 22°C; the deposit of the first layer was carried out in
anormal configuration under the mentioned specifications, while the growth of the second layer was
carried out in a configuration of GLAD at an angle of inclination of 70°, during 90 min, maintaining
the vacuum pressure at ~10- Torr, and the concentration of gases in the atmosphere (O2/Ar) was 5/40
and 10/40 sccm, and the power of deposition was 120W and 140W, they kept the same power for both
the first and second thin film. In Table 1, all of this can be observed.

Table 1. Varied experimental parameters in the formation of the nanostructured film of TiO2by MS

on GLAD.
Planar thin film Nanocolumnar thin film
Atmosphere Thermal Atmosphere
1 P P
Sample O2/Arx(sccm) ower (W) treatment °C O2/Arx(sccm) ower (W)

M3 15/40 140 500 10/40 120
M4 5/40 140 500 5/40 120
Mé6 15/40 120 400 10/40 120

2.2. Characterization
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For the characterization of the samples obtained, the following techniques were used: X-ray
diffraction, this characterization was carried out in a Rigaku Dmax2100 brand equipment. The
diffractometer is equipped with a vertical goniometer (185mm), a Ni filter, and a scintillation counter.
The radiation generator tube is made of copper (Ka=1.5406 A), the maximum power is 2 kW (50 kV
and 40 mA); however, the measurements in the materials use 30 kV and 20 mA (600 W). The
irradiation zone in the sample was controlled by the divergence grating (DS), there are dispersion
slits (SS) and reception slits (RS). The step size resolution of the goniometer is 0.005° [36]. A second
analysis was performed with a PerkinElmer Spectrum GX Fourier Transform Infrared (FTIR)
Spectrophotometer with AutoIMAGE Coupled Microscope. The FTIR operates in the Mid and Near
Infrared (MIR and NIR) and has four accessories. The one used to measure the samples was the Total
Attenuated Reflectance (ATR) with Diamond tip and Zinc Selenide (ZnSe). The ATR with ZnSe has
a controlled heating system from room temperature to 120 °C [30]. Another optical characterization
from which we measure the transmission of light corresponds to the transmission percentage (%T)
that was obtained from a PerkinElmer UV-Vis ellipsometer, precisely model Lambda 35, which
operates at wavelengths from 200 to 1100 nm. The last characterization was carried out to know the
morphological characteristics; the morphology was analyzed by field emission scanning electron
microscopy (FE-SEM-TESCAN MIRA 3 model).

3. Results

Figure 1 shows the profile for the complete structure of one of the grown bilayer samples. In this
image it is possible to observe three regions, the lower part corresponds to the substrate, which in
this case is Si (100), and the intermediate region corresponds to the compact crystalline TiOzlayer that
was deposited under normal sputtering conditions. Finally, the upper region corresponds to the
columnar TiOzlayer that was grown under sputtering conditions of the glazing angle. In general, the
compact layer has a thickness (~ 2 y m) while the columnar layer has an average thickness of several
micrometers and presents a strong dependence with the deposition conditions such as the
composition of the sputtering atmosphere and the sputtering power used, in addition to the fact that
the surface on which the bilayer samples were structured is different depending on the deposition

conditions of the first layer.

Nanocolumnar TiO:

Compact TiO: Anatase

Substrate Si

SEM HV: 20.0 kV ‘WD: 11.65 mm
View field: 19.1 pm 5 pm
SEM MAG: 10.0 kx |Date(m/dly): 04/07/22 UNIV. DE GUADALAJARA / CUCEI

Figure 1. Profile SEM images for the complete structure of bilayer TiO:z thin films.
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3.1. Compact TiO2 layer

The diffractograms in figure 2 shows a typical TiO2 X-ray diffraction pattern corre- sponding to
the anatase! crystalline phase. The three thin layers were deposited under the same sputtering
atmosphere conditions (10 O2/40Ar) in normal sputtering condition, varying only the deposit power
to 100W, 120Wand 140W, a diffraction peak is identified at an angle 20 = 25.4 as principal maximum,
this peak corresponds to the signal of the plane (101) of the structure tetragonal anatase typical of
TiOz2. Film deposited at 140 W shows better definition of the crystallographic planes, and in it, in
addition to this maximum, it is possible to identify the peaks associated with the (004), (200) and (105)
planes at 20 equal to 37.8°, 48.08° and 53.89° respectively. Regarding the effect of the deposit power
in the structure 2 X-ray diffraction analysis performed on samples can be observed from the
diffraction patterns that with the increase in power results in a better crystalline quality, this is
reflected in obtaining sharper and higher diffraction peaks.

The results of ATR spectroscopy are shown in figure 3. In this characterization, two absorp- tion
bands can be identified that correspond to Ti-O-Ti bond when there is an incidence of light with a
wave number of 734 cm— and a bond of N— TiO2 for a wavenumber of 1106 cm1[31].
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Figure 2. X ray difraction pattern of compact thin film made by TiO: at the same atmospheric
conditions 10 O/ 40 Ar sccm.
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Figure 3. ATR spectroscopy of compact thin film made by TiO: at the same atmospheric conditions
10 O/ 40 Ar sccm.

3.2. Nanocolumnar TiO: layer

! The diffraction planes of the samples were identified from the XRD patterns and a correspondence was

found with the #21 - 1272 file reported in the JADE ®program.
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The diffractogram obtained from the XRD characterization for the samples whose film was
thermally treated at 500°C and 400°C are shown in Figure 4, these films present a crystalline structure
that we identify as anatase, a phase identified by the crystallographic planes (101), (004), (200). More
specifically, sample M4 presents crystallographic planes (101), (004), (200), and (105) at 20 = 25.35°,
37.9°, 48.0°,53.9°. respectively; likewise, M3 clearly presents the (101) and (200) planes at 26 = 25.58°,
25,21°, 47.96°, 47.99°, respectively. Sample M6 presents a single intensity peak at 20 = 25.61 which
corresponds to the crystallographic plane (101).

T T T T T
101 NC 120W 10 0,40 Ar - CL 140W 15 O,/40Ar
( ) NC 120W 50, /40 Ar - CL 140W 5 O,/40Ar |

NC 120W 10 0,40 Ar - CL 120W 15 O,/40Ar

Intensity (a.u.)

4 : : 5 3 A
20 25 30 35 40 45 50 55
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Figure 4. X ray difraction pattern of bilayer samples made of TiO2 thermal treated at 500°C for red
and blue samples, while sample black treated at 400°C.

Table 2. Crystallographic data corresponding to the films with nanocolumnar growth.

Sample 20(° B D (A) d101(A) a(Ad) b(A) C(A)
M3 25.21 1.1595 70.7 3.52 3.8 3.8 9.34
M4 25.35 0.9769 83.2 3.51 3.8 3.8 9.45
M6 25.61 0.4650 169 3.47 3.8 3.8 8.51

The XRD measurements made it possible to determine the crystallite size (D) and the lattice
parameters. The value of (D) was calculated from the Scherrer equation, while the lattice parameters
were calculated using Bragg’s law. To calculate the crystalline parameters a and b, the interplanar
distance corresponding to the signal identified by the crystallographic plane (200) was used, while
the parameter ¢ was calculated from the peak (101), the said signal being the one with the highest
intensity and the most important. To identify the anatase phase of TiOz.

The vibrational properties of the deposited TiO: films were analyzed by Fourier transform
infrared (FTIR) spectroscopy. The results obtained are shown in Figure 5. Figure 5 shows the
appearance of an absorption band at a wave number of 667 cm~, which corresponds to the O-Ti-O
bond of TiO2[37].
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Figure 5. IR spectra of the TiO: bilayer films de-posited on Si(100).

Figure 6 shows the UV-vis spectrum of TiO: bilayer films. From the transmission spectra it can
be seen that most of the samples present a maximum of light transmission in a range of A of 350 — 600
nm, the maximum transmission percentage oscillates between 90% and 95%. Figure 7 was made
using the Tauc’s method, it is possible to determine the optical band gap. The growth of Tauc’s curve
becomes linear when the photon energy coincides with the value of the band gap.
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Figure 6. Visible UV spectroscopy for nanostructured anatase phase TiO: bilayer films. Figure shows
a relationship between wavelength and percentage transmission.
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Figure 7. Tauc approximation to determine the value of the band gap of the bilayer films of TiOz.
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To observe the nanocolumns structure of the TiO2 films, a morphological characterization was
carried out using the scanning electron microscopy technique, both on the surface and on the profile
of some of the deposited samples.

In Figure 8, there are presented three different micrographs of the same sample with the best
morphology of all our samples; in the upper right micrograph an SEM image of the profile is observed
(cross section) where the three regions of the sample are identified: substrate, TiO-film crystalline
with anatase phase and TiO:film with nanocolumnal growth also with an anatase crystalline phase.
The upper left image corresponds to the same profile image, but with contrast enhancement to better
identify the aforementioned areas; additionally, a graduated ruler is added to the image to facilitate
the approximation of the thicknesses and the angle of inclination of the nanocolumns. The lower
micrograph shows a SEM image of the sample surface in which a distribution of uniform islands
formed from the nanocolumnar growth of the second layer is observed.

SEM HV: 20.0 kV WD: 10.05 mm MIRA3 TESCAP

View field: 1.59 pm Det: SE 500 nm

Figure 8. Three different microhraphs of the same sample. This SEM analysis show us profile and
superficial mprphology of the sample M4

Figure 9 shows the SEM profile of the TiO2 nanocolumnal layer. In the three samples, there is
possible to observe a well-defined filaments which correspond to the height of the nanocolumns. It
can be observed that there is a relationship between the deposition angle of the nanocolumns and the
inclination they exhibit. Considering a deposition angle of 70 degrees, nanocolumns inclined at
values close to this angle are being observed. The measured angles in the inclination of the
nanocolumns range from 68 to 80 degrees. This image is of great value as it provides evidence of the
existence of the columns, which are closely related to the crystalline quality of the substrate.
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15/40-140W-400°C//10/40-120W

15/40-140W-500°C//10/40-120W

5/40-140W-500°C // 5/40-120W

Figure 9. SEM image of the morphology of the bilayer films seen in profile.

Figure 10 correspond to the surface SEM imagenes of the bilayer TiO: films. The three
micrographics shows small circles with an approximate diameter of 70 nanometers. This image,
together with the SEM profile image 8, allows us to confirm the existence of nanocolumns grown
using the magnetron sputtering technique with the oblique angle technique.

15/40-140W-500°C//10/40-120W | 15/40-140W-400°C//10/40-120W | 5/40-140W-500°C//5/40-120W

MIRA3 TESCAI | _|MIRA3 TESCAI

Figure 10. SEM images of surface morphology.

The histogram to compare the diameters of the nanocolumns, for each of the samples, are
showed in Figure 11. It can be observed that the average diameter in each of the bi-layer films shows
a significant variation. This variation can be explained in the discussion of the study, where factors
such as film composition, deposition parameters, thermal treatment, among others, will be
considered. These factors can influence the formation and growth of the nanocolumns, which in turn
affects their average size.
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Figure 11. Histogram comparing the average diameter measured for 100 nanocolumns in each of the
samples.

4. Discussion

In this research, it was found that the sample with the best crystalline quality is sample M4. Was
associated the high crystallinity with the low presence of oxygen during the growth of the compact
layer. Within the scientific literature, it is becoming increasingly clear that epitaxial growth in
multilayer films[38] is favored by the crystalline quality of the first layer. In addition to the above, in
the deposition using the oblique angle technique was chosen to grow the nanocolumns under the
same atmospheric conditions, which also proved to be suitable, especially in terms of crystalline
quality. Evidence of this is seen in the XRD patterns and IR analysis, where the absorption band
corresponding to the O-Ti-O bond is better defined for this sample, and the XRD peak associated
with the (101) direction presents a higher intensity compared whit the other two samples.

As for samples M3 and M6, their nanocolumnar layer was deposited under identical parameters.
However, there were a couple of differences in the compact layer that influenced the results. Both
were grown under the same atmospheric conditions but with a variation in the deposition power
(140W and 120W, respectively). Additionally, they underwent thermal treatment at 500 °C and 400 °C,
respectively. In this case, we believe that the 400°C thermal treatment improved the crystalline
quality of sample M6, resulting in a nanocolumnar layer with better crystallinity compared to M3.
Regarding the intensity of the band associated with TiOz, M3 exhibits higher intensity.
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All three layers are highly transparent, allowing light to pass through up to 90%. However, in
this case, samples M4 and M6 are more transparent in the range of 350 to 600 nm, while M3 is more
transparent in the range of 600 to 1000 nm, and presents a band gap with values between 3.7 and 3.8
eV, therefore, it fully complies with the optical condition to be used as ETL.

The morphology of the films is evident through superficial and profile SEM analyses. In the
profile SEM image, sample M4 shows a better definition of the filaments, and in general, a strong
relationship was found between the deposition angle in the GLAD configuration and the inclination
of the nanocolumns. The superficial SEM images for samples M3 and M6 exhibit homogeneity in
terms of the distribution and diameter of the nanocolumns. For M3, the nanocolumns have an
average diameter of 43.9 nm, while for M6, the average diameter is 73.8 nm.

The homogeneity observed can be attributed to the optimal oxygen concentration during the
deposition of the nanocolumnar layer. As for sample M4, despite having better physical properties,
it exhibits inhomogeneity in the distribution and size of the nanocolumns. Nevertheless, the average
diameter of the nanocolumns is 66.8 nm.

5. Conclusions

It is concluded that It was possible to obtain a columnar growth in bilayer films of TiO: deposited
through the reactive DC magnetron sputtering technique in grazing angle configuration (GLAD). The
optimal parameters to achieve a columnar layer of TiO: are related to high deposition powers, low
oxygen concentrations, and ideal thermal treatment. In addition to the influence of the crystalline
quality of the first layer of TiO achieving columnar growth in the deposit in the grazing
configuration is of the utmost importance to obtain the desired morphology, because, from this, an
epitaxial growth in the islands that give rise to the columns is anticipated or not. The best results for
columnar growth in the second layer are obtained from films whose layer one was thermally
annealed at 500 °C.
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