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In this article, we show the structural, optical, and electrical characterization of TiOyx deposited by the uncon-
ventional technique of High-Pressure Sputtering (HPS). This technique has the potential to reduce the plasma-
induced damage of the samples. To fabricate the TiOy a 2-step process was used. Firstly, a thin Ti film was
deposited in an Ar atmosphere. Secondly, O3 was introduced into the HPS chamber to create an Ar/O, plasma
that, along with low temperatures (150 °C or 200 °C), induces the oxidation of the deposited Ti film. With this
approach, the Ti film is expected to behave as a capping layer that will reduce the oxidation of the Si substrate.
This study aims to obtain a TiOx layer with low specific contact resistivity (p.) and high minority carrier lifetime.
These are crucial characteristics for obtaining high-quality selective contact. It was found that the 2-step process
can oxidize the Ti layer. These HPS TiOy layers show a resistivity in the order of 0.3-10 Qcm and a ratio Ti/O of
~1.9. Moreover, the SiOyx regrowth is minimal since this is comparable to the native oxide. This was confirmed
by transmission electron microscopy (TEM) and Fourier transform infrared spectroscopy (FTIR). The samples
fabricated with a Ti layer (~4 nm) plus an oxidation temperature of 200 °C (duration of less than 2 h) show a low
pc of 0.02 Qem?, an excellent transmittance (>87 %) in the visible region and an optical bandgap of 2.8 eV. These
TiOx layers are amorphous, although some anatase phase crystalline clusters appear for the 200 °C processes.
However, the minority carrier lifetime results of Si passivated by TiOx were inadequate for fabricating efficient
solar cells. We also found that using the RCA oxide improved lifetime. This indicates that introducing alternative
low-temperature passivating layers can solve this issue.

1. Introduction

Advances in single junction silicon-based photovoltaic technologies
have made it possible to achieve cells with efficiencies close to the
theoretical maximum (~30 % according to Shockley-Queisser limit [1]).
Therefore, the current mainstream efforts lie in researching new mate-
rials and manufacturing technologies to reduce costs and environmental
impact while preserving high efficiencies. In this context, heterojunction
solar cells have much to offer since they allow the exploration of many
materials manufactured by different methods. For instance, the most
widespread silicon heterojunction structure is the well-known HIT solar
cell, which includes a-Si:H(i)/a-Si:H(n/p) as passivating-selective
layers. The outstanding efficiency of more than 26.81 % has been
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obtained with this structure [2]. However, the low bandgap of a-Si:H
causes parasitic blue light absorption, which reduces the solar cell effi-
ciency [3]. A typical 50 nm a-Si thin film only has a transmittance of
~25 % in the blue range (450-500 nm), according to Ref. [4].
Furthermore, a-Si:H(n) deposition by PECVD requires SiH4 and PHj,
which are highly hazardous and extremely inflammable precursor gases.
For that reason, the research on transition metal oxides (TMO) as
alternative electron selective contact (ESC) or hole selective contact
(HSC) has gathered attention due to the wide bandgap (highly trans-
parent) and low contact resistivities when deposited using the right
conditions [5]. Moreover, the temperature for depositing TMO tends to
be low (T < 200 °C). This low deposition temperature would potentially
reduce the thermal budget and hence the energetic cost of the cell
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manufacturing route [6].

In that context, TiOx has been recently studied as ESC in organic solar
cells [7], perovskite [8] and Si/perovskite tandem solar cells [9] since it
has shown excellent selectivity behavior. In fact, TiOx has already been
used in silicon heterojunction solar cells, achieving an efficiency of 20.5
% [10]. The deposition techniques that have been mostly used are
atomic layer deposition (ALD) [11-13], thermal evaporation [14],
e-beam evaporation [15], and spray pyrolysis techniques [8]. In
contrast, sputtering has not been extensively studied since plasma is
usually associated with degradation of the underlying films [16,17]. The
sources of such damage may be several, although some studies have
shown that this damage is actually produced not by radiation but by the
collision of the sputtered species that are expelled with high-energy
[18]. This energy can be reduced if the pressure of the sputtering
chamber is increased. In that sense, if the pressure is increased, the mean
free path of the species in the plasma and, consequently, their kinetic
energy could be reduced. Under this condition, the species in the plasma
would thermalize before reaching the substrate.

Following these ideas, in this work, we study the non-conventional
technique of high-pressure sputtering (HPS) that allows us to work in
the 0.5-5 mbar range. At these pressures, the mean free path is 1072
1073 cm; therefore, the sputtered species will suffer many collisions
before reaching the substrate. In contrast, at typical sputtering pressures
(1072 - 1073 mbar), the mean free path of the species is in the order of
some cm [19]. In this sense, HPS can reduce the permanent damage to
the substrate or any deposited layer on top. In previous works, we have
successfully used HPS for growing high-k dielectrics such as TiOy [20],
HfO, [21], Gd203 [22] and GdyScy.4xO3 [23]. For heterojunction solar
cells, we have obtained promising results by depositing indium tin oxide
(ITO) as a transparent conducting layer [24] and MoOy as HSC [24]. This
article will present the structural, electrical, and optical characterization
of TiOy films deposited on crystalline n-type Si by HPS. To our knowl-
edge this is the first time that TiOx deposited by HPS is studied as ESC for
solar cell applications.

2. Experimental

Polished FZ n-Si <100> 1000-10000 Qcm 500 pm, 1 x 1 cm?
samples were used to measure the TiOy sheet resistance. For the trans-
mittance and reflectance measurements, 1 x 1 cm? 0.7 mm thick fused
quartz was used, and for the rest of the measurements, polished FZ n-Si
<100> 300 pm, 1-5 Qcm samples were employed. The Si samples were
cleaned with 1 min of diluted HF for all structural measurements and
then rinsed with deionized water before entering the HPS chamber. For
the Cox&Strack (C&S) measurements, the samples were cleaned with
the standard RCA process. Before entering the HPS chamber, the native
SiOx was removed by 1 min of diluted HF and rinsed with deionized
water. For the process, the chamber was evacuated before sputtering to a
base pressure of 1.4 x 10~° mbar. In all cases, the samples were heated in
a vacuum at 150 °C for 10 min to eliminate any residual water.

Ti films (~4 nm) were deposited by HPS from a 2" Ti target with a
pure Ar atmosphere. The deposition time for the Ti film was 6 min.
Immediately, without breaking the vacuum, O is introduced into the
chamber to create an Ar/O, plasma using the same Ti target. It main-
tained a constant argon-to-oxygen ratio of 95 % Ar and 5 % O, for all the
oxidation processes. This Ar/O» plasma produces the oxidation of the
previously deposited Ti layer. There might be a small deposition of TiOx
in the oxidation step. Therefore, the final layer would comprise a
plasma-oxidized Ti layer plus TiOy on the top. According to ellipsometry
measurements and TEM images, the deposition rate in this step is around
1.6 nm/h. Reduced substrate temperatures of 150 °C or 200 °C were
used to facilitate the oxidation of Ti film. We did not study higher
substrate temperatures to ensure a HIT-compatible route. Moreover,
multiple oxidation times, i.e., when Ar/0O2 plasma was located on top of
the sample, were considered (0.25 h, 0.5 h, 1 h, and 2 h). The working
pressure remained constant for both plasma processes at 0.5 mbar, and
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the net rf power was 45 W (reflected rf power below 5 W). We used a
Hiittinger PFG 300 rf power source that works at 13.65 MHz, which is
attached to a matchbox to minimize the reflected power. For the first
step (Ti deposition), the conditioning time was around 2 h to ensure that
the Ti target was not poisoned by oxygen from the oxidation step of
previous processes. On the other hand, for the second step (Ti oxida-
tion), the conditioning time was reduced to 30 min since we did not
notice any change beyond this time. The plasma composition was
determined by Optical Emission Spectroscopy (OES), which allowed the
characterization of the species’ intensity in the plasma. We use the
spectrometer Blue-Wave from StellarNet for OES with a 200-850 nm
wavelength range. The optical fibers were focused on the plasma core
through a sapphire window to ensure UV transmittance. The following
table summarizes the high-pressure sputtering and in-situ oxidation
processes.

The TiOy films were measured by the four-point probe to confirm
that the Ti film was oxidized. For these measurements it was used high
resistivity Si substrates. An automated GMT-SR2000PV system was
used. The probe separation is 1 mm which is much larger than the TiOy
film thicknesses and smaller than the sample dimension. Therefore, the
ideal correction factor n/In(2) was used. To determine the thickness of
the films, ellipsometry measuring was done with a Gaestner ellipsometer
operating at 632.8 nm with a fixed incident angle of 70°. Thanks to the
mapping capability of the ellipsometer, the thickness was determined
statistically from maps of 169 points along the sample. For the sample
fit, it was considered a simple two-layer structure: a Si substrate with
fixed standard values (at 632.8 nm) of refractive index of 3.86 and
extinction coefficient —0.0016 [25] and a TiOx layer (5 nm) with a
refractive index of 2.41 and extinction coefficient of 0 at 632.8 nm [26].
The fitted parameters were the thickness and refractive index of this
film.

Additional measurements, such as Fourier Transform Infrared
Spectroscopy (FTIR), were done to determine the bond structure of the
samples. We used an FTIR spectrophotometer Nicolet iS50 measuring in
the 400-4000 cm-1 range with an everGlo infrared light source, a KBr
beam-splitter, and a DTGS-KBr detector. The resolution of the mea-
surements was 16 cm ™! and each spectrum was averaged from 70 scans.
The samples were measured in transmission. To obtain the final graphs,
the n-Si reference spectrum was subtracted from the total n-Si/TiOx
spectrum to eliminate the contribution of the Si substrate.

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed to determine the chemical composition. For this, it was used a
Fisons MT500 spectrometer equipped with a hemispherical electron
analyzer (CLAM2) and a non-monochromatic Mg Ka X-Ray source
operated at 300 W. The samples were fixed on small flat discs supported
on an XYZ manipulator placed in the analysis chamber. The residual
pressure in this ion-pumped analysis chamber was maintained below
10~° mbar during data acquisition. The spectra were collected at a pass
energy of 20 eV, which is typical of high-resolution conditions. Spectra
were analyzed using CasaXPS software. The intensities were estimated
by calculating the area under each peak after subtracting the S-shaped
background and fitting the experimental curve to combine Lorentzian
and Gaussian lines of variable proportions. Although specimen charging
was observed, it was possible to determine accurate binding energies
(BEs) by referencing to the adventitious Cls peak at 285.0 eV. The
maximum allowed variation of the binding energy was +0.2 eV relative
to the value specified for the peak center. The atomic ratios were
computed from the peak intensity ratios and the reported atomic
sensitivity factors [27].

Grazing incidence angle X-ray diffraction (GIXRD) was used to
determine the crystallinity nature of the samples. We used a Philips
X’pert PRO MRD. A copper tube with a 45 kV and 40 mA power was
used. In the incident optics, a parabolic mirror was used to obtain a
parallel beam. A parallel plate collimator was used for the grazing
incidence measurements in the diffracted beam optics. A sealed Xenon
point detector was used as the detector. The measurement was
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performed in the 26 range of 20° to 90°, the 20 step was 0.05, and the
measuring time was 3s per step. To mitigate the contribution of the Si
substrate, the incidence angle (w) was kept constant at 0.5° for all the
samples. Since TiOy films fabricated at temperatures below 600 °C are
more likely to grow in an anatase phase than a rutile phase, we
compared the diffractogram with the many references (anatase or rutile
phases) using the High Score Plus software.

Additionally, some samples were chosen to be observed by trans-
mission electron microscopy (TEM). With these images, we sought to
confirm the thicknesses of the layers and to observe the crystallinity of
the samples directly. A JEOL 2100 HT model with a resolution of 0.25
nm and an operation voltage of 200 kV was used. A double-tilt sample
holder was used to orient the lamella, and for X-ray energy dispersive
spectroscopy (XEDS) analysis, we used an Oxford Instruments INCA
microanalysis system.

Moreover, to measure the specific contact resistivity (p.) of the TiOyx/
n-Si junction, we fabricated C&S structures [Fig. 1 (a)]. First, we ensured
an ohmic back contact with very low specific contact resistance on the
rear side of the Si wafer by creating an n' " layer. To that end, we
implanted phosphorus at an energy of 32 keV and a 4x10*® cm ™2 dose.
The implanted phosphorus was activated by rapid thermal annealing
(RTA) at 1000 °C for 120 s in an Ar atmosphere. We measured this layer
with the transfer length method (TLM) and obtained a specific contact
resistivity of ~5x10~* Qem? (see supplementary material). The wafer
was cut into square pieces of 35 x 35 mm? and cleaned with the stan-
dard RCA process. Before entering the HPS chamber, the native SiOx was
removed by immersion on HF (1:50) for 1 min, followed by a rinse in
deionized water. As mentioned above, the TiOx was manufactured using
what we call the 2-step process from which we investigated two different
oxidation temperatures (150 °C and 200 °C) and multiple oxidation
times (0.25 h, 0.5 h, 1 h, and 2 h). Negative photolithography was
carried out to define the circular pattern of C&S. Then, we evaporated
the metal stack on the front, i.e., in the side in contact with TiOy layer (Ti
50 nm followed by Ag 100 nm) and the back contact (Ti 50 nm followed
by Al 100 nm). Finally, we measured the current-voltage (IV) curves of
the C&S structure and fitted the data with the traditional C&S method.
For the C&S analysis, we consider the recommendation of B. van
Wijngaarden et al. [29], i.e., the diameter of the circles must be smaller
than two times the thickness of the substrate. In this study, the contact
diameter was below 400 pm for all the samples. This is important to
ensure that the contribution of the spreading resistance Rs does not hide
the contribution of contact resistance. This issue is often neglected in
other works and leads to a p. underestimation [28]. The resistivity of the
wafers was between 1 and 5 Qcm, which is typical for commercial cells
and is also adequate to measure low specific contact resistivity p.. The IV
curves were measured with a Keithley 2636A source and measure unit

a) Ti/Ag [SOnm/100nm]

100

TiO, [6nm - 9nm]

n-Si

n++

Ti/Al [SOnm/100nm]
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(SMU) connected to the needle probes by triax cables with a four-wire
configuration.

Finally, we fabricated the structure depicted in Fig. 1 (b) to measure
the minority carrier lifetime. To make the final structure compatible
with the manufacturing process of a HIT cell, firstly, we deposited an a-
Si:H stack on the rear side. The a-Si:H(i)/a-Si:H(n) stack has a combined
thickness of ~15 nm. When this a-Si:H stack is deposited on both sides,
we obtained minority lifetimes >1 ms. On the front side, a 2-step process
TiOy film was deposited following the same temperatures and oxidation
times as we did to fabricate the C&S structure. Since the a-Si:H stack
shows a high minority carrier lifetime, the TiOy film will essentially
determine the minority carrier lifetime limit that we could measure.
These samples were measured with a Sinton WCT-120 and the results
were obtained with the quasi-steady state photoconductance (QSS-PC)
mode. For the measurements, the TiOy side was facing the flash lamp of
the Sinton equipment.

3. Results

For all the HPS processes, we analyzed the plasma with OES to ensure
the reproducibility of the TiOy fabrication. Fig. 2 depicts the OES spec-
trum for the Ar plasma, i.e. the Ti deposition step (black curve) and the
Ar/O, plasma oxidation step (red curve). Within the Ar plasma spec-
trum, we can notice the presence of intense emission peaks between 200
and 600 nm that correspond to Ti extraction [29]. Besides, as it was
expected, some peaks that are related to ionized Ar are present in the
700-850 nm range [29]. On the other hand, the peaks of extracted Ti
almost disappeared during the oxidation process. Also, some small peaks
around 394 nm appear related to oxygen presence [30]. This effect has
been commonly observed when O is introduced into the sputtering
chamber, and it is referred to as target poisoning [31]. The reason for
this effect is that ionized oxygen bonds with the Ti target, thus creating a
TiOy layer on the surface. To some extent, this dielectric layer hinders
the extraction of Ti but allows the creation of a plasma that facilitates the
oxidation of the previously deposited Ti layer. From an industrial
standpoint, target poisoning would reduce yield due to the need for
cleaning between steps. However, its impact could be avoided by using
two different chambers (both with a Ti target, the first working in the
regular regime and the second working in a poisoned regime). In our
research system, the poisoned layer must be eliminated before the next
Ti deposition process. In any case, as we can notice from the inset, when
02 is introduced to the chamber, there is still a reduced Ti/TiOx
extraction that may increase the final thickness of the TiOy film.

To verify that the Ar/O2 plasma fully oxidized the deposited Ti film,
we measured the resistivity of the samples. First, some samples with the
as-deposited Ti film (i.e., without intentional oxidation) were measured.

b)

TiO, [6nm - 9nm]

n-Si

a-Si:H (i)
a-Si:H (n)

Fig. 1. a)Cox&Strack structure fabricated to measure the contact resistivity of the n-Si/TiOx interface. b) structure fabricated to measure the passivation behavior of

HPS TiOx deposited on n-Si.
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Fig. 2. Optical Emission Spectroscopy (OES) spectrum for the 2-step process of depositing TiOx thin films. The black curve is the plasma observed when the Ti is
deposited. The red curve is the plasma observed during oxidation (Ar/O, plasma). The red curve inset is a zoom for the peaks observed in the 200-600 nm range.

The thickness of the Ti film was approximately 4 nm. We obtained a
resistivity of ~3.7x10~% Qcm that is within the range of Ti thin films
deposited by sputtering [32]. Subsequently, we measured the sheet re-
sistances of the samples with the 2-step process TiOx. As depicted in
Fig. 3, we notice that the resistivity for these samples increases by more

1—m—Ti (~4 nm) + 150 °C
10° 1—®— Ti(~4 nm) + 200 °C
/'//. e A
.//""/ T ==
///I
— 10°5 - "
E | |
O
G
210"
=
@
‘®
& 102 5
10 5
as-deposited Ti (~4 nm)
104 T T T T
0.25h 0.5h 1h 2h

Oxidation time [h]

Fig. 3. Resistivity of TiOy thin films deposited by HPS with the 2-step process
oxidation. Two different oxidation temperatures are considered (150 °C and
200 °C). The reference line is the resistivity we found for the Ti film deposited
during 6 min (~4 nm).

than 3 orders of magnitude. This confirms that the original Ti film has
been oxidized. The resistivity of stoichiometric TiOy is extremely high,
typically above 10® Qcm. Nevertheless, it has been found that
sub-oxidized TiOx has a much lower resistivity in the range of 0.26 Qcm
to 10 Qcm [33,34], which is congruent with our results.

To measure the chemical composition of these samples, we per-
formed XPS analysis. No surface cleaning by sputtering was performed
during the measurement, so the results came solely from the top surface
of the films. Fig. 4 depicts the preliminary scan data of the samples. It is
noticeable that the intensity of the O-1s peak increases when plasma
oxidation processes take place. Furthermore, as it is commonly
observed, emission from C-1s is present due to the handling of the
samples and air exposure [35]. The samples had to be removed from the
HPS chamber and transported to another laboratory for XPS
measurement.

In Table 2, we show the concentrations of the main atomic species
present in the surface obtained by peak fitting (see Table 1). We measured a
high amount of organic contamination, which is almost inevitable when
the samples are measured ex-site by XPS. If we obtain the O/Ti ratio
directly from the integrated areas of Ti and O, as shown in Table 2, the
values are overestimated since they are higher than 2.5 in all samples. This
indicates that a huge part of the oxygen signal comes from surface
contamination. To remove this contamination, an in-situ sputter clean
could be used. The system used for the measurements did not have this tool
available. Also, with this sputtering cleaning process, the chemical bond
structure of the Ti-O bonds could be influenced seriously, reducing the
oxidation state of Ti. Thus, to estimate the O/Ti ratio x, we have calculated
this parameter assuming that titanium is bonded only to oxygen, and the
amount of bonded oxygens is given by the Ti oxidation states.
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Fig. 4. XPS scan spectra for the as-deposited Ti and Ti oxidized with the O,
plasma at 150 °C and 200 °C.

Table 1
Summary of the 2-step process to fabricate TiOy layer by HPS with an in-situ
plasma oxidation process.

Process step Details

RCA1 + RCA2 + HF (5 %) + deionized water
Time: 10 min

Temp.: 150 °C

Initial pressure: ~10~° mbar
0.5 mbar, 50 W

Time: <2 h

Temp.: RT

0.5 mbar, 45 W

Time: 6 min

Temp.: RT

0.5 mbar, 45 W, 5 % O,

Time: <30min

Temp.: RT

Time: 0.25h,0.5h,1h,or2h
Temp.: 150 °C or 200 °C

Si sample pre-cleaning

Pre-heating of the substrate
holder

Target conditioning 1 (Ar)

Ti deposition (~4 nm)

Target conditioning 2 (Ar + O5)

Oxidation process

In Fig. 5 we depict the deconvoluted XPS peaks for the Ti-2p and O-1s
emissions. These results show that the Ti film was effectively oxidized by
the plasma treatment sample, but they are sub-stoichiometric, as the
presence of titanium suboxides (Ti*? and Ti™®) indicates. Concerning the
O-1s peak, a shoulder is present. This is commonly referred to as oxygen
vacancies (Oy) and suggests the formation of oxygen vacancies in the
lattice [36]. Nevertheless, the lattice oxygen (Op) in the O-1s peak is
predominant in these samples. For the 150 °C 2 h sample, the Oy, rep-
resents 72.5 % of the total O-1s peak while Oy is 27.5 %. Meanwhile, for
the 200 °C 2H samples, Oy, is 78.4 %, and Oy is 21.5 % of the total O-1s
peak. We can conclude that the percentage of O, will increase with a
higher temperature for the oxidation process. This means that the oxy-
gen vacancies bond with other atoms in the lattice, thus stimulating the
formation of Ti-O bonds. The x value of TiOx was calculated considering
the relative height of the Tit4 peak with respect to the rest of the
oxidation states (i.e., Ti*® and Ti*?). As it can be seen in Table 2 The

Table 2
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ratio O/Ti for the 150 °C 2 h sample is 1.96, and for the 200 °C 2 h
sample is 1.93. The main conclusion is that the two-step HPS process
yields sub-stoichiometric TiOy films.

One of the main reasons for performing the 2-step deposition process
is to control the oxidation of the Si substrate. For that, the Ti thin film
deposited on the first step acts as a capping layer. Other works showed
that the direct deposition of TiOy on Si can trigger the growth of thick
interfacial SiOy [20]. If the SiOy film is thicker than 2-3 nm, this could
severely affect its use as ESC due to increased cell series resistance. FTIR
measurements were performed to understand better the chemical bonds
and the possible growth of SiOy in our samples. The results are shown in
Fig. 6. This figure shows 3 different FTIR spectra for 150 °C oxidations
and 3 spectra for 200 °C. We also fabricated samples using only the
oxidation process, i.e., the Ar/O2 (1-step process), to compare with the
samples using the Ti as a capping layer (see supplementary material).
The Si-O bond (stretching) is normally found in the 932-1082 cm !
range. The stoichiometric SiO, vibration is located at 1082 em 1 [37]. 1t
is noticeable that with the samples fabricated with the 2-step process,
there is not an appreciable growth of SiOy. This means that the SiOy
thickness after the process is comparable with the native SiOy of the
reference substrates, which are also HF cleaned before measurements.
On the other hand, for the 1-step process samples (orange curve), a
broad peak centered in 1050 cm ! is found, which confirms that the Si
substrate has been oxidized to some extent. This indicates that the Ti
film (~4 nm) efficiently acts as a capping layer. Concerning Ti-O bonds,
in the samples oxidized at 200 °C, we can observe peaks at 420 cm ™! and
470 cm™!. These can be attributed to Ti-O bending in anatase structure
[38] and Ti-O stretching [39], respectively. However, the samples
oxidized with 1 h and 0.5 h appear to have a broader peak around 435
cm-1, which is normally referred to as anatase TiOx [40]. This can be
explained by the lower process temperature and a shorter oxidation time
which does not allow the complete formation of anatase structure, thus
showing broader FTIR peaks.

To determine whether the samples presented a certain crystallinity,
we measured the samples by GIXRD. Fig. 7 shows the diffractograms for
the samples oxidized at 200 °C (0.5 h, 1 h, and 2 h), the as-deposited Ti
(~4 nm), and the Si substrate. The patterns best fitting our diffractogram
were ICSD 01-070-6826 and ICSD 01-086-4330 (anatase TiOy). We can
observe the presence of a broad peak around 20 = 55° for all the sam-
ples. This has been frequently observed when Si (100) substrates are
measured with GIXRD. At certain azimuth angles of the samples with
respect to the detector, it can be observed the (113) Si plane, which
corresponds to 20 = 56.4 [30,41]. This broad peak is also present in the
diffractogram of the bare Si sample, so we can confirm that it is partly
due to the Si substrate and will not be discussed further. Moreover, the
(211) plane of the TiOy in the anatase phase is also usually found at 56°.
The GIXRD results show an increase of the intensity in the 54-56° region
with oxidation duration, so we are likely observing the diffraction of
both the Si substrate and the TiOy film in this range. Also, as was ex-
pected, the as-deposited Ti sample is practically the same as the Si
substrate. This shows the amorphous nature of the sputtered Ti layer.

On the one hand, for the case of the 150 °C samples, no appreciable
difference was observed as we increased the plasma oxidation time. On
the other hand, the samples that were oxidized at 200 °C are depicted in
Fig. 7. The plane (113) of Si is again observed for all the oxidation times.
However, as oxidation time increases, a peak at 20 = 56° becomes more
relevant. This can again be related to the formation of the (211) plane of

The atomic percentages of O, C, Ti, and Ti oxidation states found in the samples by XPS. The Ti/O ratio is calculated by the areas of the Ti and O.

Oxidation process % of total x (O/Ti) Oxidation states of Ti x (Ox. states)
o) C Ti Tit Ti*? Ti*2

150 °C 2h 54.8 24.1 21.1 2.60 19.39 1.46 0.65 1.96

200 °C 2h 56.9 18.5 24.6 2.51 22.19 1.57 0.86 1.93
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Fig. 5. XPS spectra for the Ti-2p (a) and O-1s (b) emission peaks for Ti as-deposited and for Ti oxidized with the O, plasma at 150 °C and 200 °C.

TiOy in the anatase phase [42]. Finally, in the case of the sample
oxidized at 200 °C for 2 h, a small peak at 81° is observed, which might
indicate (008) anatase TiOy planes. This information shows that the
samples oxidized at 150 °C do not present a high degree of crystallinity.
Nevertheless, the 200 °C samples show anatase phase planes which
become more noticeable as the oxidation time increases. This is in
accordance with the minimum temperature (~200 °C) necessary to
observe the anatase phase of TiOx [26].

One of the most important parameters to determine whether a ma-
terial can be used as ESC is the specific contact resistivity p.. Therefore,
we fabricated C&S structures (Fig. 1 (a)) to measure the p. of the Ag/Ti/
TiOy/c-Si stack. Due to the relevance of these measurements and
following the guidance of the physical characterization previously pre-
sented, we have varied the deposition time (6, 4, and 2 min) of the Ti
capping layer for this set of devices. Again, 150 °C and 200 °C were the
oxidation temperatures we used. The oxidation process durations were
0.25h, 0.5 h, 1 h and 2 h. The IV curves were measured between —1 V
and 1 V. However, to determine the total resistance, we analyzed the
result in the —0.05 V-0.05 V range to ensure a lineal behavior to use the
traditional C&S method. We used the following expression to analyze
the results:

1)

Ry —Rs =25 +Ro

nd?

Where p. is the specific contact resistivity, d is the contact diameter, Rp

is the rear contact resistance, Rt is the total resistance measured, and Rg
is the spreading resistance of the substrate. The following expression
expresses this

arctan A
d

Where p,, is the resistivity of the wafer and t is the thickness of the wafer.
Finally, the value of p. was obtained by fitting the RT-RS vs 1/area curve
with a linear regression. This expression is the most used when C&S
measurements are performed. Other expressions have been proposed to
match the spreading resistance better [43]. However, for the sake of
simplicity, the previous expression is still considered valid if the con-
dition of having a contact diameter of less than 2 times de thickness of
the wafer is fulfilled. We used contacts in the 90-400 pm range for this
work. Furthermore, we have ensured minimal lateral conduction as we
have obtained high sheet resistance on the TiOy layer. This is extremely
important since the C&S method relies on the three-resistor approach,
where only transversal conduction is expected.

For instance, Fig. 8 shows this fit for a device where ~4 nm Ti was
deposited (i.e., 6 min HPS deposition) and oxidized during 1 h with 200
°C. From the slope, we obtain the p. (0.014 + 6.9x10-4 Q cm?, in this
example), and from the y-intercept, we extract the rear contact resis-
tance (8 + 2 Q).

In Fig. 9, we show the summary of the C&S results for all the

_Pw

nd 2

Rs
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Fig. 6. FTIR spectra without the Si substrate. a) Samples fabricated with an oxidation process of 150 °C). b) samples fabricated with an oxidation process of 200 °C.
For both cases, the orange curve shows the FTIR for the 1-step deposition of TiOx at 150 °C 2 h or 200 °C 2 h.

measured samples. Several clear tendencies are noticeable. The samples
with the thinner Ti capping layer (~1 nm) have a p. really high, in the
10%-10* @ cm? range. This could be explained by the fact that the Ti film
is so thin that it allows the interaction of the oxygen with the substrate,
thus forming a thick SiOy interfacial layer. On the other hand, samples
with ~2.5 nm Ti have values in the range between 102 and 100 Q cm?.
For this case, the samples oxidized at 200 °C present higher values, most
probably because the temperature facilitates a greater oxygen diffusion

to the substrate, thus forming a thicker interfacial SiOy. Finally, the best
results were obtained with samples with a Ti capping layer of ~4 nm. No
significant differences were observed between the samples oxidized at
150 °C and those at 200 °C. On average, the specific contact resistivity p.
values were 0.03 + 0.02 Q cm? This is within the same order of
magnitude as the lowest values found for the TiOx(ALD)/c-Si interface.
For instance, Ref. [44] shows a p, value of 0.06 Q cm? after a 500 °C 1
min annealing for the TiOx (ALD)/SiOx/c-Si structure, and ref [45]

* (105)
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¢ (211) ¢+ TiO, anatase
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|
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Fig. 7. Diffractograms of the Si substrate, the as-deposited 4 nm Ti, and the 200 °C oxidized samples. The ICSD 01-070-6826 and 01-086-4330 pattern of TiOy

anatase is included as a reference.
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shows 0.04 Q c¢m? for the TiOx (ALD)/c-Si heterojunction. The only
exception is the sample that was oxidized at 200 °C for 2 h, where we
observed that the contact resistance increased again to 18 + 1.6 Q cm?.

In summary, a direct relationship has been found between the
thickness of the Ti capping layer, the oxidation process, and the contact
resistivity we obtained. The crystallinity of the TiOx does not have a
strong impact on the contact resistivity. The lowest p, was obtained for
the ~4 nm Ti capping layer with moderate oxidation between 150 °C
and 200 °C for less than 2 h. Thicker TiOy films were not investigated
since a higher series resistance was expected.

Once the best conditions to minimize contact resistivity from C&S
measurements were determined, we performed TEM characterization to
gain insights into the physical mechanisms that impact resistivity. We
fabricated lamellas of samples deposited with some representative
conditions of the 2-step process. Fig. 10 (a) shows one sample with a
150 °C 0.5 h oxidation process (minimal contact resistivity). In contrast,
Fig. 10 (b) shows the sample with a 200 °C 2 h oxidation process
(increased resistivity).

After the diluted HF cleaning process, a small SiOy layer still appears
for both samples. For the 150 °C 0.5 h sample, approximately 1.5 nm
SiOy is observed. Whereas, for the 200 °C 2 h samples, a slightly thicker
SiOy of 2 nm is observed. Two possible causes can explain the increase.
First, the cleaning hood is a few meters away from the sputtering
chamber, thus a few nanometers can regrow in contact with the atmo-
sphere. Second, since both samples had the same starting Ti thickness,
and the oxidation state is similar for both temperatures (as XPS showed),
this thickness difference’s origin must be the oxidation step’s duration.
OES shows that after O, introduction, there was some reduced Ti
extraction, but reduced as compared to the pure Ar plasma. Thus, the
second process oxidizes and deposits TiOx at the same time. An esti-
mation of the TiOyx deposition rate can be obtained from these TEM
images. Since the TiOy thickness difference is 2.4 nm and the oxidation
duration difference is 1.5 h, thus the deposition rate can be estimated as
1.6 nm/h. This estimation assumes that the only difference between
samples is the oxidation time. This is not completely true since the
oxidation temperature is slightly different (150 °C and 200 °C). How-
ever, we do not expect this small temperature difference to impact the
TiOy deposition rate strongly. In any case, this rate estimation shows
that the deposition rate is very low during the oxidation process.

From Figs. 9 and 10, we can deduce that this increase of the TiOy
thickness does not strongly impact contact resistivity, as Fig. 9 shows
when comparing the results for 4 nm and the different oxidation times
for 150 °C and 200 °C. The increase in oxidation time produces a thicker

120
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109, =0.014 (+ 6.9x10% Q-cm?)
100{Ro=8(x2Q)
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Fig. 8. Typical RT-RS vs 1/area fitting curve to obtain the specific contact
resistivity using the traditional Cox&Strack method.
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Fig. 9. Specific contact resistivity of TiOy as a function of oxidation time. The
black squares are the samples oxidized at 150 °C and the red triangles at 200 °C.
Three different Ti (capping layer) thicknesses were analyzed (1 nm, 2,5 nm, and
4 nm).

TiOy, but the specific contact resistivity remains low. Only the sample
oxidized at 200 °C during 2 h shows increased contact resistivity. These
conditions (higher oxidation temperature and duration) increase inter-
facial SiOx thickness up to 2.2 nm. We can interpret these results as
follows, for low interfacial SiOy thickness, transport is limited by elec-
tron tunneling through this layer. Once electrons cross this layer, they
are injected into the TiOx conduction band, and the transport is only
limited by their mobility in TiOx. On the other hand, when the oxidation
is performed at conditions that produce an interfacial SiOx thickness
above ~2 nm (such as Ti 4 nm, 200 °C, and 2 h oxidation), the tunneling
probability decreases exponentially, and thus, specific contact resistivity
increases. Fig. 9 indeed shows an increase in specific contact resistivity
for the 200 °C 2 h oxidized sample with a Ti capping layer of 4 nm.
However, for samples that underwent less extreme oxidations, it is not as
clear that the TiOy thicknesses have changed significantly since we do
not have the TEM images. We believe that once electrons enter the
conduction band of TiOy, thickness is not as crucial. Still, the thickness of
the SiOy, which the electrons must tunnel through, is far more important
and could explain increases in specific resistivity with the variations in
thickness.

Although the Ti layer acts as a capping layer for the SiOy regrowth,
our results show that an extended oxidation process can oxidize the Si
substrate further and thus thicken the SiOy. This can be seen indirectly in
Fig. 9, where a thinner Ti capping layer was used with the same
oxidation processes. As this capping layer gets thinner, more oxygen is
diffused into the Si, forming a thicker SiOy and thus increasing the
contact resistivity. On the other hand, given the good conduction band
alignment of TiOx and n-Si [ref], the increase in the TiOy thickness
should not affect the total resistance much, so the increase in 2.4 nm
should not have a strong impact.

Finally, it is noticeable in the 200 °C samples that some crystalline
structure appears on the surface. This can be observed with the
diffraction pattern in the inset of Fig. 10 (b). From this, we obtained an
interplanar distance of 0.19 nm. This agrees well with the interplanar
distance obtained by GIXRD of the 211 TiOyx anatase plane, which is
0.16 nm. The presumably low rate of Ti/TiOx deposition in conjunction
with the temperature of 200 °C could have led to the formation of this
crystalline arrangement.

Regarding the XEDS analysis (supplementary material), the TiOy
layer shows Ti emission lines at 4.5 and 4.9 keV in both samples. These
belong to Ti Ky and Ti Kp, respectively. A weak Ti peak appears at ~0.4
keV, corresponding to Ti L,. As expected, the O peak is also presented at
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Fig. 10. a) Cross-TEM images for TiOx samples fabricated with 150 °C 0.5 h, b)
cross-TEM images for TiOx samples fabricated with 200 °C 2 h, the inset is the
diffraction pattern of the surface of the TiOy.

0.5 keV, which is related to O K, [46]. The presence of the Si peak is due
to the spot dimension (~1 nm), which is in the same order as the TiOy
thickness. Therefore, when the spot was placed on the TiOy layer, part of
it excites on the SiOy or even in the Si. Thus, the Si peak appears. In
summary, the most important conclusion that these results show is that
to obtain a low specific contact resistivity, it is necessary to avoid the
regrowth of the SiOy above 2 nm. Thus a 2-step TiOyx deposition process
with an oxidation of 150 °C or 200 °C for 1 h are both good options.

Another important characteristic to consider for solar cell applica-
tions is the optical properties of the thin film. To that end, we measured
the transmittance and reflectance of TiOy films deposited on a quartz
substrate. The absorptance was calculated with the A(1) = 1— T(1)—
R(4) expression. The results are shown in Fig. 11 (a).

For the samples oxidized at 150 °C, it is noticeable that as the
oxidation time increases, the transmittance in the visible range
(380-700 nm) increases from 83 % to 90 %. The reflectance remains
constant at 8 % for the three oxidation times, and thus absorptance is
reduced from 8 % to 2 %. For the samples oxidized at 200 °C, a similar
behavior is observed. The transmittance varies from 87 % to 90 %, the
reflectance remains at 9 %, and thus, the absorptance is maintained at
around 2 %. The increase in transmittance with longer oxidation times
and higher oxidation temperature may be related to the oxidation of
residual Ti clusters that are not fully oxidized with a softer process. In
other words, the oxygen content in the film enhances transparency.
Moreover, the optical band gap was calculated through the Tauc plot
[47]. To calculate the absorption coefficient a, we used the expression
for the Beer-Lambert law which is normally used for thin films [16].

1 1
a(hv) :?ln (T(hv)) 3)

Where t is the film thickness, T(hv) is the transmittance data measured
from the spectrophotometer and a(hv) is the absorption coefficient. With
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o we calculated the optical band gap with the relationship
a(hv)*hvec(ho — Egqp) 2, which is commonly used to determine the band
gap of amorphous/polycrystalline semiconductors with indirect inter-
band transitions [48]. Fig. 12 (b) depicts the Tauc plot for the 150 °C and
200 °C samples. The samples oxidized at 150 °C show an increase in the
band gap from 2.67 eV for the shortest oxidation time to 2.88 eV for the
longest, consistent with the absorptance trend. Meanwhile, the 200 °C
samples do not show an important bandgap change (2.88 eV for 0.5 h
and 2.89 eV for 2h). The optical bandgap of stoichiometric TiOq
(calculated by Tauc’s plot) is reported to be around 3.2 eV [47].
Nevertheless, other works have shown that O, vacancies inside the TiO5
can reduce the bandgap between 2.7 eV and 3.2 eV [49]. We have
measured an optical bandgap that is below the stoichiometric value for
all samples, and the bandgap increases with extended plasma duration
or higher plasma temperature. Thus, these trends suggest that the
samples have fewer oxygen vacancies as the oxidation process is more
aggressive. The reduction of the TiOyx bandgap has been proven to occur
when O5 vacancies are presented in the film [50,51]. O3 vacancies create
donor levels, while Ti vacancies create acceptor levels. These donor and
acceptor levels within the bandgap are de origin of the reduction of the
bandgap [52]. Higher oxidation temperatures can produce stoichio-
metric films (with an increase in the band gap) but at the cost of
affecting the Si substrate and producing a thicker interfacial SiOy. As our
results show, this would be detrimental to the obtention of low specific
contact resistivity.

In addition to low contact resistivity and high transparency, an
optimal ESC should also present a low recombination current. To assess
such property, we have measured and analyzed the excess lifetime of the
minority carrier. Fig. 1 (b) presents a schematic of the structure used to
measure photoconductance by the quasi-steady state mode. The back
side is passivated by depositing an a-Si:H stack (~15 nm), while on the
front side, TiOx was deposited.

The first strategy was to deposit the TiOy film just as we did for the
C&S structure, i.e., a previous HF cleaning was done to eliminate the
native oxide. The results are depicted in Fig. 12 (a) for the 150 °C
oxidation. As a reference, another sample without TiOy (i.e., a-Si:H/c-Si
(n)/SiOx(native) structure) was measured, and we obtained a carrier
lifetime of 39.7 ps and iVoc of 0.583 V. Once the TiOx was deposited a
low minority carrier lifetime of only 7.8 ps was measured. We performed
some consecutive annealing processes on a hot plate to passivate the
defects without controlling the process atmosphere. The temperatures
used were kept below 300 °C to reduce the degradation of the a-Si:H
layer on the rear side. At higher temperatures, hydrogen inside the a-Si:
H could effuse, and thus, the passivation could be compromised. Besides,
in the literature, some of the best passivation ALD TiOy results were
obtained within the 250 °C — 320 °C annealing range [53,54]. The
lifetime showed a marginal improvement of 11 ps for an injection level
of 10'% cm ™2 with a 300 °C 5 min annealing. We also tested forming gas
annealing (FGA) at 300 °C 5 min. This process aimed to introduce H to
the film, which can diffuse to the interface and passivate the dangling
bonds. However, we could not increase this lifetime value for this
sample over 20.4 ps and an iVoc of 0.556V (at 10'° cm™3). The results
obtained for the 200 °C oxidation process were very similar.

Another approach that has been performed with TiOyx and MoOy is
the growth of a passivating chemical SiOy [53,55] as a capping layer,
this chemically grown SiOx has been considered of better quality than
the oxide that spontaneously grows during sputtering. We decided to
test the chemical SiOx growth by RCA clean, which produces a SiOx
thickness comparable to the one obtained by direct sputtering of TiO,
~2 nm. Thus, no HF cleaning was performed on these samples before
introducing them into the HPS chamber to preserve the chemically
grown SiOx. The lifetime results of this approach are depicted in Fig. 12
(b). Again, as a reference, we consider the sample without TiOy that was
described in the previous paragraph. After depositing the TiOy film, we
obtained values of 9.5 ps and 0.547 V. This reduction shows that the
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Fig. 12. Carrier lifetime measurements obtained by QSS-PC for a) a-Si:H/c-Si/TiOy structure and b) a-Si:H/c-Si/SiOx (RCA)/TiOy. For both samples, the TiOy layer
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quality of the TiOy as deposited is not good yet. However, after some
annealing processes, the lifetime is recovered with a value of 40.49 ps
and iVoc of 0.582 V. As previously mentioned, each annealing process
was done in a subsequent manner. We used annealing processes below
300 °C to mitigate hydrogen effusion within the a-Si:H layer. This result
suggests that the low lifetime issue can be improved by using better
passivation layers.

4. Conclusions

This study presents the structural, optical, and electrical properties of
TiOy thin films deposited by HPS. A novel approach involving Ti depo-
sition followed by low-temperature plasma oxidation (150 °C - 200 °C)
was explored for ESC layers. XPS, FTIR, and TEM confirmed the suc-
cessful oxidation of Ti layers with sub-stoichiometric TiOyx (Ti/O ~1.9).
GIXRD showed that films oxidized at 150 °C were amorphous, while
those at 200 °C displayed anatase TiOy peaks. The 2-step oxidation
process minimized Si oxidation, reducing contact resistivity (pc), with
values of 40 + 27 mQ cm? for 150 °C and 20 + 29 mQ cm? for 200 °C
oxidation. The films exhibited high transmittance (>87 %) and optical
band gaps of 2.67-2.88 eV for the 150 °C oxidized samples and 2.8 eV
for the 200 °C oxidized samples. However, even after annealing, carrier
lifetime measurements in a-Si:H/c-Si/TiOy structures were insufficient
for high-efficiency solar cells. The growth of a chemical SiOx by the RCA
process shows an improvement compared to native oxide. But still, FGA
at 300 °C 5 min is necessary for achieving the best results for this process
(40 ps at 10' cm ™). This indicates that the use of passivation capping
layers improves minority carrier lifetime. Thus, we can conclude that the
main limitation was carrier recombination at the TiOy/Si interface.

The results show that HPS is a promising technique for obtaining ESC
with low contact resistivity. The 2-step oxidation process presents a
novel approach to fabricating TiOx that allows the modification of the
properties of the film as the oxidation parameters are modified (i.e., the
time and temperature). Future work will focus on enhancing lifetime by
incorporating alternative low-temperature passivation layers, such as
evaporated SiOx or PECVD a-Si:H, while maintaining low pc and high
transparency. The reduced sputtering damage due to high pressure is
expected to minimize the degradation of passivating layers. This
concern is what typically discourages the use of sputtering for selective
contact deposition.
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