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Abstract: This work presents the implementation of ultrathin TiO, films, deposited at room tempera-
ture by radio-frequency magnetron sputtering, as electron-selective contacts in silicon heterojunction
solar cells. The effect of the working pressure on the properties of the TiO, layers and its subsequent
impact on the main parameters of the device are studied. The material characterization revealed
an amorphous structure regardless of the working pressure; a rougher surface; and a blue shift in
bandgap in the TiO; layer deposited at the highest-pressure value of 0.89 Pa. When incorporated
as part of the passivated full-area electron contact in silicon heterojunction solar cell, the chemical
passivation provided by the intrinsic a-5i:H rapidly deteriorates upon the sputtering of the ultra-thin
TiO; films, although a short anneal is shown to restore much of the passivation lost. The deposi-
tion pressure and film thicknesses proved to be critical for the efficiency of the devices. The film
thicknesses below 2 nm are necessary to reach open-circuit values above 660 mV, regardless of the
deposition pressure. More so, the fill-factor showed a strong dependence on deposition pressure,
with the best values obtained for the highest deposition pressure, which we correlated to the porosity
of the films. Overall, these results show the potential to fabricate silicon solar cells with a simple
implementation of electron-selective TiO, contact deposited by magnetron sputtering. These results
show the potential to fabricate silicon solar cells with a simple implementation of electron-selective
TiO; contact.

Keywords: titanium dioxide; magnetron sputtering; electron transport layer; silicon heterojunction
solar cells

1. Introduction

Titanium dioxide (TiO,) is a low-cost non-toxic n-type semiconductor extensively used
in a wide-range of applications such as optical and anti-reflection coatings [1,2], capacitors
for microelectronic devices [3], photocatalysis [4,5], and solar cells [6,7]. This large variety
of applications is feasible mainly due to its suitable optoelectronic and photocatalytic
properties, its high chemical stability, and its wide band gap (~3.2 eV) [8]. Regarding its
structure, TiO; can exist as an amorphous layer or as one of three crystalline phases: anatase
(tetragonal, a = 0.3785 nm, c = 0.9514 nm), rutile (tetragonal, a = 0.4594 nm, ¢ = 0.2958 nm),
and brookite (orthorhombic, a = 0.9184 nm, b = 0.5447 nm, and ¢ = 0.5145 nm) [9]. It is
well known that the functional properties of the TiO, films are strongly dependent on the
phase in which the material is found. Among them, the most stable phase is rutile, which
results when preparation temperatures are above 800 °C. On the other hand, if deposition
is done at temperatures below 350 °C, the obtained thin-films are generally amorphous,
whereas films deposited at higher temperatures can develop the anatase phase. Finally, the
brookite phase rarely develops. It is possible to exert a certain degree of control over the
oxygen vacancy and the carrier concentration in order to enhance the desirable properties
depending on the application field [8]. For example, doping the material with suitable
metal ion dopants (Al, Nb, Sn, Ge, and Ni, among others) has proven to be an effective

Nanomaterials 2022, 12, 2441. https:/ /doi.org/10.3390 /nano12142441

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano12142441
https://doi.org/10.3390/nano12142441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-4264-9767
https://orcid.org/0000-0002-9971-3988
https://doi.org/10.3390/nano12142441
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12142441?type=check_update&version=1

Nanomaterials 2022, 12, 2441

20f12

method for adjusting the material properties for their application into photovoltaic devices
or photocatalysis and pollution sensors [10-12].

In the photovoltaic sector, TiO; can be used in several applications, such as antire-
flection coating [1]. However, its role as an electron transport layers (ETL) has garnered
most of the attention, with multiple examples of solar cell structures demonstrating TiO,’s
capabilities. The halide perovskite solar cell (PSC) technology in particular has adopted
mesoporous TiO, films as ETL to obtain state-of-the-art solar cells. For example, PSC
champions cells in [13] achieved power conversion efficiencies (PCEs) of 23.4% through
suitable interfacial engineering. Dye-sensitized solar cells [6] and PSC [13,14] are typical
examples were TiO; is used extensively, but there are other photovoltaic technologies that
also use the selective contact concept based on TiO;, such as Cu(In,Ga)Se; (CIGS), with
examples reaching PCEs of 9.9% [15].

Low-cost and low-temperature solar cells require new device architectures that enable
the use of easily available and cost-effective materials for making devices more competitive.
In this sense, silicon heterojunction (SHJ) technology is compelling because its fabrication
already avoids high-temperature steps while reaching record performance [16]. The devel-
opment of SHJ solar cells with novel selective contacts other than the doped hydrogenated
amorphous silicon (a-Si:H) layer is a current innovative concept [17]. The main advan-
tages of this concept stem from avoiding (i) dopants, (ii) high-temperature processing, and
(iii) hazardous gas precursors. Recently, ultrathin TiO, layers were successfully incorpo-
rated into SHJ solar cells as a hole-blocking interface acting as ETL [18-21]. Relative to
n-type c-5i, TiO; has a small conduction band offset (AE. ~ 0.05 eV), which allows electrons
to pass through it, and a large valence-band offset (AE, = 2.0 eV), which results in holes be-
ing blocked [22]. Such ETL implementation into the heterostructures offers a path towards
photovoltaic technologies that use relatively simple and near-room fabrication techniques.

TiO, thin films can be deposited by different techniques such as chemical vapor
deposition (CVD), atomic layer deposition (ALD), dip coating, spin coating, spray pyrolysis,
e-beam evaporation, and magnetron sputtering [23-26]. Among them, the method that
reports the best results in the aforementioned application is ALD [24,27]. This is because it
provides a uniform deposition with controllable stoichiometry and thickness, but at the
expense of a very low deposition rate. Thus, regarding this last parameter, the sputtering
technique can be considered a good alternative because of its potential for upscaling over
large areas at considerably higher deposition rates [27-29]. This method has garnered
great interest since it can yield either highly porous or dense films at a relatively low
temperature. However, the main drawback of this technique is the damage caused at the
interface during the sputtering process due to ion bombardment. This effect negatively
affect the performance in the final device, and it should be minimized.

In this work, we validate the use of magnetron sputtering, a non-conventional deposi-
tion technique for the fabrication of ultrathin TiO,, and its application as ETL in the SHJ
technology. TheTiO; thin films are fabricated at room temperature (RT), varying the Argon
(Ar) working pressure that aims to control the damage caused by the ion bombardment, as
well as the deposition time. In this way, we successfully fabricated a collection of different
solar cells and studied the effect of Ar pressure and deposition time on the main parameters,
mainly the open-circuit voltage (V) and the fill factor (FF). The results successfully show
the implementation of the full-area electron-selective TiO; contacts into the SHJ solar device.
Moreover, these results highlight the potential of the magnetron sputtering deposition
technique to fabricate this kind of selective contacts for SHJ technology, opening up a new
possibility to implement its large-area scale manufacturing.

2. Materials and Methods

We deposited the TiO, thin films in a commercial UNIVEX 450B sputtering system
from Leybold (Leybold GmbH, Cologne, Germany). This system is equipped with four
magnetron sources, two operated by direct current (DC) and two by radio-frequency (RF).
They are placed in a confocal geometry with respect to the substrate holder in order to
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ensure good film homogeneity. For TiO, deposition, we used a 4-inch diameter TiO,
ceramic target provided by Neyco (Vanves, France) with a purity of 99.99% that is placed
on the RF gun. The sputtering process of TiO, was carried out at RT, with a base pressure
of 107° Pa and in an oxygen-free environment. During the deposition, the substrate rotated
at 20 r.p.m., and 9N5 Ar was used as inert gas. Its flux was controlled by an MKS mass
flow controller (MKS Instruments, Andover, MA, USA) and was set to either 5 or 25 sccm,
corresponding to working pressures of 0.17 Pa and 0.89 Pa, respectively. Finally, the RF
power (RFP) value was set to 50 W to minimize the damage caused by ion bombardment,
and the deposition time varied from 1 to 14 min.

Prior to their implementation as ETL in solar cells, 30-40 nm TiO, thin films were
co-deposited on resistive Corning glass (Corning Inc., New York, NY, USA) and polished
n-type float zone c-Si wafers <100> to evaluate their topography and structural and optical
properties. The structure of the thin films was determined with a PANalytical X'Pert Pro
X-ray diffraction system (XRD), configured with a vertical Theta wide angle goniometer
that uses the CuK« radiation (45 kV /40 mA). The goniometer operates in grazing incidence
(GI) configuration with a Goebel-type parallel beam mirror on the incident beam side and a
linear X'Celerator detector in receiving slit mode attached to a parallel plate collimator on
the diffracted beam side. The patterns were obtained at a fixed incident angle of w = 2.5° in
parallel beam geometry and in an angular range of 20° < 20 < 80°. The topography was
evaluated using a multimode (SPM, Veeco-Digital Instruments) atomic force microscopy
(AFM) in tapping mode using silicon nitride AFM tips (OTRS, Veeco). The layer roughness
was quantified by the root-mean-square (RMS), determined in 5 x 5 um? 2-dimensional
(2D) AFM micrographs. The chemical composition of the TiO, thin films deposited onto Si
substrates was determined using a JEOL JSM 7600F Schottky field emission scanning elec-
tron microscope (SEM) equipped with an “in-lens” electron detector for energy dispersive
X-ray (EDX) analysis, which can be operated up to a 30 kV acceleration voltage.

The optical transmittance (T) spectra of the TiO, films were measured at RT and normal
incidence in the wavelength range 300-2500 nm with a UV /Visible/NIR PerkinElmer
Lambda 1050 spectrophotometer. These spectra were used to determine the bandgap of the
TiO; thin films. According to the Beer-Lambert law, T values and the absorption coefficient
(«) are related by the following expression (1) [30,31]:

o :é In % 1
where d is the film thickness, obtained by profilometry in previous material optimization
processes. In TiO; thin films, according to previously reported results, the absorption has
an indirect transition (n = 2) [30,31]. The optical band gap energy Eg from the indirect
transition can be estimated through the extrapolation of the linear part of the curve (hva)!/?
vs hv given by Equation (2), to zero

(hva)'2= A(hv — Eq) @)

where « is estimated from (1) and A is a constant.

Finally, the SH]J solar cells were fabricated using 280 um-thick double-side polished
n-type float zone c-Si wafers <100> with a resistivity of 1-5 Q3-cm. The silicon wafer was
dipped for 1 min in 2% HF to remove the native oxide just before loading it into a two-
chamber plasma-enhanced chemical vapor deposition (PECVD) commercial reactor from
Electtrorava s.p.a. (Venaria, Italy). To ensure an excellent surface passivation, 5 nm-thick
intrinsic a-Si:H layers were deposited on both sides. As a hole-selective contact, 10 nm
p-type a-5i:H layer was deposited on the front side of the wafer, whereas the back electron-
selective-contact was performed with different thicknesses of a TiO, thin film. A back full-
area Al metal electrode was evaporated in a commercial UNIVEX 300 thermal evaporation
system from Leybold (Leybold GmbH, Cologne, Germany), while on the front side, an
80 nm-thick indium tin oxide (ITO) transparent front contact was sputtered at RT from
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a InpO3:5n0; (90/10 wt.%) ceramic target placed on the DC gun. To complete the solar
cells, a Ti/ Ag metal grid was evaporated on top of the ITO layer. The current-voltage (IV)
characteristics of the devices were measured under illumination, calibrated at AM1.5G
conditions and 100 mW /cm?, using a class A solar simulator (Steuernagel SC575). Transient
photoconductance decay measurements were performed by using the Sinton Instrument
WCT-120 (Sinton Instruments Inc., Boulder, CO, USA) to evaluate the effect of the TiO,
layer on the passivation layer.

3. Results

In the following Section 3.1, we first detail the structural, chemical, and optical charac-
teristics of the TiO, thin films deposited at two different working pressure regimes before
reporting, in Section 3.2, the results on solar cells with ultra-thin TiO, layer acting as ETL.

3.1. Characterization of TiO, Layer Fabricated by Magnetron Sputtering

To characterize the structural, morphological, and optical properties of the TiO, layers,
30-40 nm nominal thick thin films were deposited by RF magnetron sputtering onto glass
substrates. Table 1 summarizes the sputtering deposition parameters of the TiO, thin films
that are considered as a reference in this work. The layers were grown without external
substrate heating, and no post-process heat treatment was used.

Table 1. Deposition parameters used for the sputtering of the TiO, layers.

Sample Ar Flux (sccm) Pressure (Pa) RFP (W) Deposition Time (min) Rate (nm/min)
S1 0.17 50 60 0.70
52 0.89 50 60 0.55

The deposition rate varied with the Ar gas flux, decreasing when the pressure in-
creased, as expected. The mean free path of the sputtered species (d,,) and the sputtering
pressure (P) are related to the following formula [32]:

T
dp =233x10720 —— 3)

(Py?)

where T is the temperature and < is the molecular diameter. According to Equation (3),
as the pressure increases, the mean free path decreases and the sputtered atoms undergo
a large number of collisions, losing part of their kinetic energy. This has a several effects
on the growing film. On one hand, the deposition rate decreases as seen in Table 1, due
to a reduction in the rate at which the atoms reach the substrate. Furthermore, since the
atoms reaching the surface also have a lower energy and thus mobility, the high deposition
pressure can also influence the nucleation and growth mode of the layer, causing porosity
in the microstructure [33]. On the other hand, the lower energy of the particles reaching the
substrate also mean that reduced damage to the structure underneath is expected [32].

Figure 1 depicts the GI-XRD scans of the samples S1 and S2. Regardless of the Ar gas
flux, no characteristic peaks due to a crystalline phase appeared in the scans, indicative of
films with an amorphous structure. The broad shoulder observed in the patterns around
25° corresponded to the amorphous glass. This amorphous structure is attributed to the
low surface mobility that the adatoms have on the surface regardless of the sputtering
conditions used because the deposition was carried out at RT.

Figure 2 shows the AFM data used to evaluate the topography of the surfaces of
samples S1 and S2. The 3-dimensional (3D) and 2D AFM micrographs shown in Figure 2
were taken in a scan area of 0.5 x 0.5 um?. This figure also includes the profiles extracted
along two different arbitrary lines on the surface. Table 2 summarizes the quantitative
analysis of the roughness deduced from AFM images. The values of the average roughness
(Ra), root-mean-square (RMS), and image surface area difference, defined as the difference
between the image’s 3D surface area and 2D projected surface area, are included. The
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image surface area difference is a very useful parameter since it gives an idea about the
sharpness of the surface. These parameters were obtained by processing the images with
the Nanoscope analysis software 2.0. In both cases, the RMS values were in the order of
A, attributed to their amorphous nature. Both samples showed a granular morphology,
although slight differences were observed depending on the working pressure: the surface
of sample S1 was slightly smoother and more compact, with a very homogeneous profile
across the surface, while the surface of sample S2 was rougher and more granular, with
the presence of protrusions of 2-3 nm in height. The protrusions present in sample S2 are
responsible for the higher image surface area difference obtained for sample S2, and its
formation can be attributed to the higher probability of atom agglomeration due to the loss
of mobility on the surface at higher pressures. Ultimately, the observed changes in surface
morphology when the sputtering pressure was increased are indicative of a reduction in
film density [33,34].

Ar flux:
—=—5sccm
— 25 sccm

Intensity (arb. units)

| Halo-glass

20 30 40 50 60 70
20 (degree)

Figure 1. GI-XRD scans of the TiO; thin films deposited on glass at different Ar gas fluxes.

(@) s1

33 nm
4 0.0 nm

Figure 2. 3D and 2D surface topography images of the TiO, thin films deposited on glass, and profiles
extracted along two different arbitrary lines on the surface at (a) 5 sccm (sample S1) and (b) 25 sccm
(sample S2) Ar fluxes.
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Table 2. Average roughness Ra, root-mean-square RMS, and image surface area difference of the
sputtered TiO, layers.

Sample Ra (A) RMS (A) Image Surface Area Difference (%)
S1 94.7 119 0.088
S2 195 257 0.332

Chemical analysis of the as-deposited TiO, layers on silicon substrate was carried out
by EDX to confirm the presence of the binary oxide. Figure 3 pictures the EDX spectra
acquired for the samples S1 (a) and S2 (b). The most intense peak observed at 1.74 keV
came from the silicon substrate. The identified titanium (Ti) peaks were clearly observed
at 4.50 and 4.93 keV, belonging to Ti K and Ti K, respectively. An additional very weak
Ti peak appeared at 0.39 keV, corresponding to Ti L. Finally, the oxygen (O) peak was
also observed at an energy of 0.52 keV (O K) [35]. A very low percentage of Ti was
calculated from these measurements, together with a non-stoichiometric O concentration,
as is summarized in Table 3.

(@)

Figure 3. EDX spectra of TiO, thin films deposited at pressures of (a) 0.17 Pa and (b) 0.8 Pa.

Table 3. Chemical analysis from EDX.

Sample Ti (%at) O (%at) Ti:O Ratio
S1 0.33 4.82 0.07
S2 0.37 6.10 0.06

The large O content obtained could be in part due to [36]: (i) the extremely thin TiO,
layer, demonstrated by the intensity of the Si peak that dominated the spectra with respect
to the peaks related to the thin film, and/or (ii) the absorption of O species such as OH and
H,O. In this sense, the greater O content found in sample S2 suggests a higher presence
of these absorbed species, mainly attributed to their higher roughness and less compact
structure (see Figure 2 and Table 2), which is expected to favor the absorption of such
foreign species.

The transmittance spectra of samples S1 and S2 are pictured in Figure 4a. The nor-
malized average transmittance values at the visible wavelength range of 400-800 nm were
close to 98% in both cases. This means that the slightly higher surface roughness of sample
52 did not contribute meaningfully to the light scattering. The indirect optical band gap
(Eg) of the TiO; films was determined using the relation of Tauc’s, depicted in Figure 4b.

The Eg values obtained were 3.54 eV (sample S1) and 3.64 eV (sample S2) [9]. This
blue-shift of 0.10 eV observed in sample S2 can be attributed to a combination of two
effects: (i) the scattering losses because of its rougher surface, and (ii) the possible higher
number of oxygen defects/vacancies created during the growth as consequence of the
slower deposition rates [37]. While in the proof-of-concept cells fabricated in this work
the TiO, layers were deposited on the back contact, this tuning of band gap could be very
beneficial for the design of rear-emitter solar cells.
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Figure 4. (a) Transmittance spectra and (b) Tauc’s plot for the TiO, films deposited at 0.17 (red dash
line) and 0.89 Pa (blue line).

3.2. SH] Devices

SH]J devices with TiO, films as electron-selective contacts were fabricated using the
exact same conditions as those described in Section 3.1 but with different deposition times.
Table 4 compiles the deposition times used, as well as the estimated thicknesses (as deduced
from the deposition rates measured in thicker films) of the TiO; films.

Table 4. Deposition times and estimated thicknesses of the TiO, films used as electron selective con-
tacts in silicon heterojunction solar cells. The deposition rates used for estimating the thicknesses were
0.73 nm/min and 0.55 nm/min for the low-pressure and for the high-pressure regime, respectively.

Regime Deposition Time (min) Estimated Thickness (nm)
1 0.7
Low-pressure 3 29
(0.17 Pa) 6 "
1 0.6
High-pressure 3 1.7
(0.89 Pa) 7 3.8
14 7.7

Sputtering can cause damage to the underlying films not only due to ion bombardment
but also due to high-energy plasma luminescence [38,39]. In the particular case of SHJ cells,
UV plasma radiation contributes to a reduction of the electronic passivation provided by
the a-Si:H films due to the creation of dangling bonds upon the rupture of 5i-Si and Si-H
bonds. Fortunately, in the case of ITO sputtering, the passivation quality can be almost
fully recovered after short hot-plate annealing at temperatures compatible with the SHJ
technology (i.e. 190-200 °C). To study the effect of TiO, sputtering on passivation quality,
the effective minority carrier lifetime (T.¢) of each sample was monitored at an excess
carrier density of 10’ cm~3 before and after TiO, deposition. Figure 5 shows the relative
changes in T with respect to the value Ty measured before TiO, deposition (but after front
ITO deposition and a subsequent anneal to recover de damage due to ITO sputtering) in
the as-deposited stage and after a 10 min anneal in a hot-plate at 200 °C.

As can be seen from the as-deposited results, the passivation quality drops drastically
even after 1 min plasma. Further increasing the deposition causes further degradation
of the passivation, but at a much lower pace. For all the data gathered, the degradation
is slightly lower in the high-pressure regime. Since both ion bombardment and plasma
luminescence are responsible to the degradation caused by sputtering processes, it appears
that the higher pressure does indeed limit ion bombardment to an extent.

By annealing the samples for 10 min at 200 °C, T increases from the as-deposited
state, as occurs after ITO deposition. The relative recovery is higher for the films deposited
in the high-pressure regime, which we attributed to the lower damage produced by the
passivation when using the high-pressure regime. For the higher deposition times, the
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short anneal does not fully recover the passivation regardless of the pressure regime,
implying that the sputtering damage is not entirely reverted. However, for deposition
times lower than 3 min, in the case of the high-pressure regime, and 1 min, in the case
of the low-pressure regime, the measured 7.t shows an improvement of up to 20% over
the samples with only a-Si:H and ITO. This improvements at the lowest deposition times
hints at a field-effect passivation on top of the chemical passivation provided by the a-Si:H
films [40]. Nevertheless, since the effect is not sustained over thicker films, it is clear that it
is not strong enough to counteract the damage generated but for the thinnest films. As an
example, Figure 6 shows T measured for the 1 min TiO, films deposited in both pressure
regimes as well as for a standard SHJ device with n-doped a-Si:H film at the electron contact.
The better field effect passivation provided by the n-doped a-Si:H layer is apparent in these
results since T is slightly better for the standard SHJ structure.

1 ® A | A Low Pressure TiO, (as-deposited / annealed)
20 O / @ High Pressure TiO, (as-deposited / annealed)
A ([
tQ 0
’T?: ]
~
< -204 A
x
S ] Ao
Il
& 404 ®
hvg
<
-60 4
o
-804 A e}
A
-100 —————F——+—7—>—F——7——7——1——
0 2 4 6 8 10 12 14 16

TiO, deposition time (min)

Figure 5. Relative change in effective minority carrier lifetime, T.¢, with respect to the value 7y
measured before TiO, deposition, obtained in SHJ precursors with different TiO, film thickness
deposited at low pressure (red triangles) and high pressure (blue circles). Open symbols correspond
to the data measured in as-deposited films, while closed symbols represent the data obtained after
annealing the samples in a hot plate at 200 °C for 10 min.

107 5

A Low Pressure TiO, (1 min)
@ High Pressure TiO, (1 min)
€ Standard SHJ

10*

o — ....1.(314 — "”1'615 — ....1.016

Minority carrier density (cm™)

Figure 6. Injection-level-dependent effective lifetimes of the SHJ precursors with the electron selective
contact consisting of a thin intrinsic a-Si:H layer capped with a TiO, film deposited in the low-pressure
regime or high-pressure regime. For comparison, data for a standard SHJ cell precursor (with n-doped
a-Si:H as the electron selective layer) are also included.
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Following the TiO; deposition, the devices were completed by evaporating a full area
aluminum back contact and a silver grid onto the front ITO. Additionally, a control cell
with the aluminum back contact directly evaporated onto the a-Si:H(i) layer was fabricated
for comparison. The solar cells were then measured under calibrated illumination and the
solar cells parameters (FF, Vo, Jsc) extracted. Figure 7 displays the values of FF and V.
as a function of TiO; deposition time for the solar cells studied. We did not observe any
meaningful variations with TiO; in Jsc and have thus omitted the data from Figure 7.

(@) (b)
700 60

650 +
w0l A 2] @ °

484

v, mv)

5504 !

500 !

450 -]

400

B aSiH()Al
A Low Pressure TiO,
@ High Pressure TiO,

T T T T T T

4 6 8 10 12 14

TiO, deposition time (min)

Fill Factor (%)

444

40

W a-SiH(i)+Al
A Low Pressure TiO,
@ High Pressure TiO,

A

T T T T T T

4 6 8 10 12 14

TiO, deposition time (min)

Figure 7. (a) Voc and (b) FF values of the solar cells fabricated with TiO, layers with different
thicknesses (deposition time) deposited in the two pressure regimes studied. Data for the control
cell with the aluminum back contact directly evaporated onto the a-Si:H(i) layer is also shown for
comparison (lines are included as a guide to the eye).

Even though the TiO; films deposited in the high-pressure regime showed improved
surface passivation, the V. in the final devices did not depend on the deposition regime.
Instead, V. depended solely on the TiO, thickness/deposition time, as shown in Figure 7.
Voc reached a maximum of 660-665 mV after 1-2 nm of TiO, (1-3 min depositing time)
covered the a-Si:H(i) layer and then declined progressively for thicker films. V. follows a
similar trend to that of T for thicker films and hence we can apply the same arguments.
As the deposition time increases, the damage due to the sputtering process generates
recombination centers that do not revert upon annealing and degrades the passivation and
the measured V.. On the other hand, the measured V. values when TiO, is used are all
considerably higher than when Al is directly deposited onto the a-Si:H(i) layer. We can
thus hypothesize that, even though the AFM analysis of thicker films indicated a decrease
in film density with increasing deposition pressure, both deposition regimes yield TiO,
films sufficiently dense as to block the majority of the incoming Al atoms from reaching the
a-Si:H(i) layer and the c-Si surface. Otherwise, the passivation would drastically deteriorate,
which does not seems to be the case from the V. values obtained [41]. Finally, is worth
pointing out that although the measured V. is lower than what is typically obtained in
standard SH]J solar cells (>700 mV), this is in line with the results obtained for passivated
TiO, contacts deposited by ALD [42].

The deposition pressure has a clear effect on the FF though. TiO, films deposited
at 0.89 Pa yield solar cells with consistently higher FF than cells with TiO;, deposited at
0.17 Pa. Furthermore, cells with TiO, deposited in the high-pressure regime also present a
higher FF than the control cell (as long as the TiO, thickness is below ~7 nm, i.e., below
14 min deposition time), while cells with TiO, deposited in the low-pressure regime show
FF values systematically lower than the control cell. Interestingly, the IV curves of the
cells with low-pressure-deposited TiO, all display a marked S-shaped curve. On the
other hand, the IV curves obtained for the cells with high-pressure-deposited TiO, behave
normally or have a much less pronounced S-shape. As an example, Figure 8 pictures the IV
characteristics of the best solar cells obtained with TiO, as the electron-selective contact, as
well as the characteristics of the control cell and a standard SHJ cell fabricated with similar
a-5i:H layers.
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Figure 8. Current-voltage characteristics of the best solar cells fabricated with TiO, films deposited
in the two pressure regimes studied. For comparison, characteristics of the control solar cell with
the aluminum back contact directly evaporated onto the a-Si:H (i) layer and a standard SHJ cell are
also included.

The large influence of deposition pressure on the IV characteristics must be related
to the differences in TiO, thin films properties. The data obtained from the material
characterization showed that TiO; films deposited in the high-pressure regime had a higher
porosity. In addition, the modest FF values measured in the fabricated solar cells suggest
very high resistivity for these films. Higher porosity would facilitate the incorporation
of Al atoms inside the film during the contact formation, creating parallel low-resistivity
paths, reducing the overall film resistivity and explaining the trend in FF with deposition
pressure and film thickness.

4. Conclusions

This works aims to validate magnetron sputtering as a deposition technique to fabri-
cate ultrathin TiO, layers as selective contacts for silicon heterojunction solar cell technology.
Prior to the incorporation of the thin films as full-area ETL into the solar cell, the main
properties of 3040 nm-thick TiO, films, fabricated at room temperature and at different
working pressures, were determined. The results show amorphous TiO; thin films, with a
morphology clearly determined by the effect of pressure. When implementing the TiO, into
a device, good control of both the pressure and the deposition time is essential to minimize
the damage caused to it. A very thin TiO, layer is essential to maintain the passivation
quality provided by the intrinsic a-Si:H film, and high deposition pressure is found to be
decisive in order to reach the best FF. These results validate the potential of such deposition
techniques to fabricate full-area selective contacts in silicon solar cell technology, thanks
to the proper optimization of the pressure and the deposition time. Thus, it could be very
profitable to incorporate them into large-area scale manufacture.
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