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ARTICLE INFO ABSTRACT

Keywords: This work is dedicated to the study of electronic-beam (e-beam) evaporated titanium oxide (TiOy) contact for
Carrier selective contacts polycrystalline silicon hetero-junction solar cells. A TiOx material obtained by e-beam evaporation method is
S‘?lar cells suggested as a possible alternative to the atomic layer deposition (ALD) process. The purpose is to achieve
leza - corresponding passivation efficiency between e-beam evaporation of TiOx and the ALD method. However, the
Passivation TiOx in question achieved a relatively low passivation performance of Seg = 113 cm™! in comparison to the

reported ALD results. Nonetheless, as e-beam evaporation is well-established and an environmentally friendly
deposition technology, e-beam evaporated TiOy passivation layer has potential for improvement. What is clearly
demonstrated in our work is how such an improvement in contact resistance dropped from >55 Q/cm? to 2.29
Q/cm?. Indeed, our study established a correlation between the main process parameters of e-beam evaporation
and their influence on the quality of electron selective TiOx layer. Moreover, we reveal a possible scenario for the
implementation of e-beam evaporated Titanium oxide as electron selective contact for asymmetrical hetero-

junction solar cells.

1. Introduction

In the upcoming decade, it is likely there will be a noticeable
switching period in the Si solar cell industry from homo-junction cells to
hetero-junction technology. The Auger recombination and optical loss in
heavily doped emitters in homo-junction cells remain unresolved.
Therefore, the silicon hetero-junction (SHJ) structure or carrier selective
contacts (CSC) structure that can structurally avoid these problems is
attracting attention as a next-generation solar cells technology [1]. The
SHJ solar cells with implemented doped amorphous silicon (a-Si) and
intrinsic a-Si layers show the highest efficiency indexes on the photo-
voltaics (PV) market (Kaneka corp. — 26.7%) among the c-Si solar cells
[2]. At the same time, the industry has drawbacks of a-Si application:
Firstly, process cost of the a-Si material fabrication is relatively high, and
secondly this material has low thermal stability and hole-carrier
mobility in addition to the high resistance of undoped a-Si layers.
Even though the market is deluged with Si-based materials, a-Si still
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shows the high quality of passivation and has wider bandgap than c-Si
(Fig. 1(b)), which makes it preferable for the solar cell fabrication [3].
However, doped a-Si layer is limited by the doping process due to high
fabrication costs and absorption losses in the doped material. Mean-
while, the PV research industry shows new approaches and materials to
evade previously mentioned issues. One of such innovations in the solar
cell developing is dopant free cells. The working principle of such
photovoltaics is based on the formation of the p-n junction by applica-
tion of materials with high range difference in the work functions (WF).
Further carrier separation is based on the sharp contrast in the energy
level of materials and silicon with the complete absence of emitter or
back surface field — highly doped Si layers for the same application
(Fig. 1(a)).

Consequently, such an approach gives the possibility to avoid the use
of a-Si layers and introduce new materials in solar cell processing.
Among alternative materials, metal oxides showed the most tunable and
suitable properties for dopant free solar cells. The metal oxides were
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Fig. 1. Schematic of electronic band diagram in dark at equilibrium for (a)
homo-junction solar cell, (b) hetero-junction solar cell with a-Si:H, (c) dopant
free asymmetrical heterojunction solar cell (not to scale).

used in the industry previously [4] and in tandem with highly doped Si
layers achieved considerable results: VOx as hole selective contact for
hetero-junction cell — 15.8% efficiency and Vo = 606 mV [5]; hybrid
hetero-junction cell with a-Si layers and TiOy — electron selective layer
and MoOx — hole selective layer and for additional passivation showed
PCE - 20.7% and V,. = 706 mV [6]; NiO — hole selective contact in
perovskite cell — 14.9% [7].

As a result, the widespread concept of using such materials for
passivation and carrier separation brings us to the concept of carrier
selective contacts (CSC) for c-Si solar cells. These materials have an
electron selective or hole selective properties depending on their work
function. This concept of CSC is also referred to as a dopant-free
asymmetric heterojunction (DASH) solar cells as shown in Fig. 1(c).
The photovoltaic industry is paying keen attention to the dopant-free
cell capable of solving an emitter doping process (Auger recombina-
tion), which is one of the main limiting factors of conventional solar
cells. The next step is to select materials for this approach to find the
most reliable and repeatable conditions for implementation for the latest
technologies and industries.

Titanium oxide is a well-known material in the semiconductor in-
dustry as TCO [8]. What makes titanium oxide attractive for the solar
cell industry is the optical properties of this material, as it has a variety
of positive qualities such as high refractive index, tunable work function
from 3.0 eV up to 3.5 depending on the crystal phase of material [9] and
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chemical stability. Furthermore, the titanium oxide thin film layer was
previously used as antireflection coating (ARC) [10] for c-Si solar cells
and was also incorporated as an electron transport layer in the next
generation solar cells such as perovskite solar cells [11]. The current
semiconductor industry provides a vast choice of the titanium oxide
material synthesis processes: atomic layer deposition (ALD) [12],
magnetron sputtering [13], sol-gel method [14] or cathodic arc plasma
deposition (CAPD) [15]. In order to obtain different material properties
for various applications of titanium oxide material (TiOy), all of these
processes have been reported. TiOyx has become well known as transition
metal oxide in the same line with other materials such as NiO [16],
MoOy [171, VO [18], WOy [19] with the ability of carrier selection.

E-beam evaporated titanium oxide for passivation in Si solar cells has
not been widely reported yet, as the ALD method seems to be well
established and allows improved control of the deposition process. On
the other hand, the ALD process needs precursor chemicals which are
hazardous to the environment or human health: Tily [20], [Ti(OPri)4]
[21], Titanium isopropoxide (TTIP) [5]. Moreover, fabrication of such
materials consists of complicated and expensive processing. Thus, there
continues to be a need to identify more cost-effective and
environment-friendly processes for TiOyx deposition.

E-beam evaporation is also a well-known technique for thin-film
deposition [22]. High vacuum use and high throughput isolated from
the outer environment set apart e-beam evaporation as a necessary
technique in semiconductor processing. In the case of TiOy, such an
evaporation process makes it possible to avoid toxic and hazardous
chemical consumption. Hence, this process provides deposition of thin
titanium oxide films by evaporation of titanium oxide from the bulk
material source by a melting of the source. In our work, we performed all
deposition processing in high vacuum e-beam evaporation.

Our work approach is dedicated to the developing carrier selective
contact based on the e-beam evaporated TiOy thin film for the DASH
cell. Based on this, under study TiOx film needs to obtain excellent
passivation and low resistivity for carrier transport through a specific
layer to the metal contact. Base physical parameters which might be
extracted from the material analysis is surface saturation current density
Jo [3] as passivation quality parameter. On the other hand, the
description of conductivity via CSC contact layer can be treated as
specific contact resistivity — Pspc [3].

2. Experimental methods

Experiments were performed on CZ c-Si n-type wafers, (100) crystal
orientation, one-side polished with resistivity 1-5 Q cm and thickness
520 + 25 pm. Before cleaning, the wafers were laser sliced into square
pieces by 1.5 cm x 1.5 cm. The next step involved etching in HF:HNOs:
Acetic acid (HNA) solution for the removal of the damaged silicon layer.
After the etching samples were cleaned in RCA1 and RCA2 solutions and
dried by Ny blowers, they were placed on the holder for deposition.
Following deposition, the samples proceeded to quality analysis of the
deposited TiOy.

The main research interest of our work is to find the feasibility of e-
beam evaporated TiOy as a promising alternative to the ALD deposited
one, for achieving high passivation performance for the c-Si surface.
Optimization of the e-beam evaporation equipment in our case has been
achieved through the control of TiOx deposition rate and base pressure
during deposition. The evaporation process of TiOx was performed at 5
x 107-8 x 107> Torr and as evaporation source TiO, pallets of 1-5 mm
size were used. During deposition, the thickness of the TiOx thin films
were controlled and an e-beam gun current was set at a range of 18-45A.
Annealing of deposited TiOy thin films was performed in the tube
furnace at a temperature range of 100-550 °C.

Determination of passivation quality for TiOy film was conducted
through minority carrier lifetime (MCLT) measurements by photo
conductance decay technique using an p-PCD instrument (MDPspot by
Freinberg Instruments). Following equipment measurements, MCLT
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Fig. 2. The dependency of obtained MCLT and titanium oxide deposition rate
performed during experiments and example of a fabricated sample in our work
for MCLT measurements (top corner).

data can be converted to the surface recombination velocity (SRV) by
the following equations (1)-(3).

=t - [1]

Te_/f Tp Ty

1 28 1w,

=, (= 2

Ty W+ D(ﬂ') (2]
w ¢

s=2 4 (Tb +T_ff [3]
2 Teff Th

Where 1e¢ — effective lifetime, a value obtained from the u-PCD mea-
surement, Ty, — bulk lifetime, collected from the measuring bare n-type
silicon wafer in iodine passivation of the bare wafer without TiOx
deposited layer, ts — surface minority carrier lifetime and W — overall
thickness of sample. As both surfaces are passivated by the same mate-
rial and same thickness, consequently S = S; + S, S, S1, Sg — are surface
recombination velocities (SRV). Regarding the given equations (1) and
(2) are valid for our case when c-Si wafers are coated with TiOx on the
front and rear side. A detailed sketch of the sample prepared for MCLT
measurements is shown in Fig. 2.

For the contact resistance measurements of the TiOy/n-Si contact, an
Al layer with 200 pm thickness was deposited onto the samples. The
transmission line method (TLM) [23] was applied to calculate specific
contact resistance (pspc), to achieve this an Al layer was deposited in a
different line pattern (Fig. S1). Where Z represents the width of a
particular Al pad, L corresponds to the length between each of them. R,
or contact resistance for the conducting material, TiOy layer in our case.

Specific contact resistance (pspc) of the layer was extracted by TLM
and transferred to a slope, where sheet resistance of the layer (Rg) is the
function of so-called "transfer length" Lt (the average distance that
charge carriers travel underneath the contact pad). A detailed method-
ology of TLM and graph plotting for f(Rg,) = LT is represented in the
schematic Fig. S1 in the supplementary materials.

It is important to note that for the case under question, the following
equations (4)-(6) are valid only when transfer length Ly is shorter than
Ly. Hence, it is possible to estimate an approximate sheet resistance for
the TiOy thin film by the slopes obtained. In addition, Ry}, is converted
into specific contact resistance (psp.) by the equations given below:

_ p.x‘pL’ _ Rsh

R.="7" =
Lz LiZ

[4]
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LiR.
Poe= 7 (5]
p.xpc
L= /—/—
T Ry, (6l

Further detailed crystallinity analysis of the deposited TiOx passiv-
ation carrier-selective layer was conducted by Transmission Electron
Microscopy (TEM, Titan 80-300 by FEI). The TEM analysis was per-
formed on the three types of samples: i) an as-deposited 5 nm thin film of
TiOy, ii) an annealed TiOy thin film (5 nm) at 450 °C, iii) a TiOx 5 nm thin
film with Al layer on top annealed at 400 °C.

Following the measurements of MCLT, specific data were trans-
formed to the saturation current density parameter - Jo by extracting it
from equations (3) and (8). Jg plays a crucial role in the determination of
Voc as described by equations (7) and (8), where Sef is an effective
surface recombination velocity attributed to the Shockley Read Hall
(SRH) recombination, bandgap narrowing recombination, and front/
back surface recombination. However, it does not include Auger
recombination as we do not have a heavily doped emitter layer ac-
cording to the DASH cell concept. In accordance with the further
equations Ng — donor carrier concentration, An — excess carrier con-
centration, Jg. — short circuit current, q — elementary charge, T - tem-
perature (K), k — Boltzmann constant, p — bulk minority carrier
concentration, for the n-type Si. Regarding Jy, it can be extracted from
the emitter saturation velocity (Sefr) which describes recombination
losses for dopant free case Ng> An.

nkT = J
Voe =— In(=*+1 [71
oc==, (J0 )
Jo (N +4n
5= Dot an) (8]
piq

XRD (X-ray diffraction, D8-GADDS by Bruker) measurements were
conducted in our study of TiO thin film composition analysis of as-
deposited and annealed films. Furthermore, to unveil the origin of the
contact resistance phenomena, conductive mode AFM (Atomic Force
Microscopy, XE-70 by Parks Systems) was carried out on the samples.

3. Results and discussion

As previously mentioned, our approach is based on the e-beam
deposition of carrier selective and passivation thin film of TiOx by the e-
beam evaporation. The deposition process effect on the quality of TiOx
thin film by deposition parameters was studied for the e-beam evapo-
rator system environment. During the deposition, the e-beam gun cur-
rent and deposition rate of TiOy was controlled. It was discovered that
current amplification increases the deposition rate of TiOx. Furthermore,
it was found that e-beam current affects the base pressure in the
chamber, this can be interpreted as an example of evidence for possible
change in the oxygen composition ratio in TiOx thin film. This
assumption is made from the results of the TiOy deposition rate control
experiment, where passivation quality of the deposited films with a
different rate and post-annealing were studied, as shown in Fig. 2. Ac-
cording to the results obtained, we estimated a precise correlation be-
tween e-beam deposition rate control and the passivation quality of
received TiOy thin films (Fig. 2). Further, the change in base pressure
during deposition depending on the e-beam gun current was investi-
gated. Consequently, from the presented data in Fig. S2, we can
comment that a possible reason for passivation quality suppression for
films deposited at higher deposition rate is due to oxygen deficiency in
TiOy thin film. For a clearer understanding of such phenomena, a study
of composition and stoichiometry analysis should be conducted for
different deposition conditions. As our study is largely based on the post-
deposition processing for passivation property improvement of titanium
oxide thin films, closer investigation of such behavior in further works
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Fig. 3. The dependency of measured MCLT and post-deposition annealing
temperature for 4 nm layer of TiOy.

dedicated to the e-beam deposition process of TiOx thin films needs
investigation. Correspondingly with deposition rate analysis, the co-
relation between the change of process parameters such as gun cur-
rent and chamber base pressure was discovered. As this was partly
revealed during deposition experiments, an increasing of e-beam gun
current entails base chamber pressure changes which affect the depo-
sition rate of TiOx. Furthermore, a straight correlation between e-beam
current with deposition rate and the growth of deposition rate as a
function of gun current on the whole graph (Fig. S2) are observed.
The annealing procedure for deposited TiOx thin film showed an
explicit reliability on surface passivation improvement after the process
dependent on the temperature. Such an experiment for the thermal in-
fluence control on the passivation quality of TiOy thin films was carried
out due to low minority carrier lifetime of as-deposited samples. What’s
more, such phenomena were reported previously during the work on the
Ti oxidation where minority carrier lifetime was increased by the
annealing [19]. According to this information, it was decided to expose
samples with deposited TiOy thin films to the annealing at different
temperatures. At this juncture, a dramatic increase in the lifetime

Current Applied Physics 32 (2021) 98-105

measurements after low-temperature annealing of deposited TiOy thin
films was witnessed. Furthermore, for our case critical temperature for
improvement of passivation the TiOy layer was found, as shown in Fig. 3,
additionally at 450 °C lifetime of the samples decreases. Certain phe-
nomena might be caused by the crystal phase formation in the TiOy film,
as titanium oxide has three different phases [24] and TiOx material
crystallization might be induced by the thermal annealing [25,26].
Additionally, secondary TEM analysis was performed to prove this
theory or to reveal other reasons for such behavior of the TiOy thin film.
A phase change in TiOx layer during the annealing in between
400-500 °C was observed by the TEM, it is indicated in Fig. 4. According
with TEM and annealing experiment data, it is determined that for
samples annealed at low temperatures (100, 200, 300, 400 °C) and
without annealing, no phase change was observed. However, is it
possible that phase-changes in material at 500 °C degrees became crit-
ical for the passivation quality of the TiOy thin film. The evidence of
phase transformation areas from amorphous to crystalline TiOy are
represented in Figs. 4 and 6

Following the TEM analysis data, a possible phase state of trans-
formed areas was determined. Gatan Microscopy Suite Software was
used to estimate the lattice parameter of c- TiOx (dA) from the obtained
data (Figs. 4 and 6). It is possible by the extraction of the length between
lattice spacing peaks from the high-resolution TEM images (Fig. S3).
Lattice parameter (dA) was estimated for different areas with a phase
change indication. The obtained ratios of dA (3.421 10\, 3.16 ;\, 2.841 ;\)
were compared to the literature results for deposited TiOy films. The
closest reported value is dA ~3.499-3.533 A of the anatase phase A
(101) of TiO, was deposited by pulsed laser deposition following
annealing at 500 °C [27]. Furthermore, under question theory for the
origin of passivation improvement for e-beam deposited TiOy thin film
and annealing affect might be related to chemical passivation. Chemical
passivation theory represents an oxide growth in between the TiOx and
c-Si bulk, it forms the passivation of so-called "dangling bonds" on the Si
surface [28].

In addition to the particular theory of chemical passivation of
annealed thin TiOy film, ellipsometry thickness measurements of SiOx
layer in between TiOy and Si bulk were carried out for samples with the
as-deposited and annealed TiOy thin film. Certain thicknesses were
deposited to observe if such parameter effects a passivation quality. It is
widely reported that passivation or carrier selective layer TiOy layers
have high resistance [29-31]. Furthermore, composition of TiOy layer

Fig. 4. High-resolution TEM images and diffraction peaks for detected c-TiOx phase on the annealed at 550 °C TiOy layer.
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can vary with a thickness (oxygen-deficient structure) [32]. Hence, it is
crucial to find a critical thickness at which optimal passivation and
resistance parameter might be achieved.

To estimate co-relation between annealing temperature and TiOy
layer thickness, different TiOy layer thicknesses were deposited.
Following with the samples post-annealing at optimal temperature
450 °C and MCLT measure as presented in Fig. 3. A previously reported
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dependency of passivation performance on TiOy thin films thickness was
observed [33], according to Fig. 5 a trend-off between the passivation
and the TiOy film thickness is represented. Moreover, Fig. 6(c) repre-
sents increase in the thickness of SiOy layer (a layer in-between titanium
oxide and Si bulk) for all samples with TiOx post-annealing process.
According to under question theory, growth of SiOy layer is produced by
an oxygen withdrawn from the TiOy layer, it results in improved
chemical passivation of Si surface by SiOx. Simultaneously an oxygen
ratio in the TiOy layer is decreased. Enhanced oxygen vacancies amount
in the TiOx might play the role of additional conductive centers [33,34].
On the other hand, an actual decrease of TiOy thickness layers before
and after the annealing process was not observed.

The thickness increase of SiOy layer when compared to not annealed
samples, was indicated by the EDS TEM image analysis and it is repre-
sented in Fig. 6(a), (b). Furthermore, conducted analysis revealed, an
SiOy layer increase after the annealing procedure, simultaneously TiOy
layer has remained constant thickness. Additionally, changes in oxygen
composition of TiOy layers are not drastic and only interface in between
TiO4/SiOy is affected. Moreover, to notice oxygen withdrawn from the
TiOy layer an improved analysis and equipment are needed. It is equally
important to admit that annealing procedure was conducted in a vac-
uum tube furnace with the forming gas flow (Hy 5% mixed in Ny gas).
Hence, SiOx growth could not be affected by the external environment
during the annealing process. As consequence, specific reaction mech-
anism is proposed and shown in Fig. 6(d).

According to the previously mentioned possible chemical origin for
TiOy thin films passivation, a coherent to our study theory is further
introduced. Among possible chemical passivation origins, so-called
field-effect passivation [35] is equally important for this study. It is

O
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Fig. 6. a) b) TEM in-situ energy-dispersive X-ray spectroscopy (EDX) analysis of 4 nm TiOx film. a) as-deposited, b) after post-deposition annealing at 400 °C. c)
Ellipsometry measurements result of the precise silicon oxide layer to TiOy for different thickness, before and after the post-annealing process. d) Schematic of
thermal reaction resulting in formation of additional silicon oxide (SiOy) layer. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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annealing affecting resistivity of TiOyx layer described in our work.

based on the band bending effect between TiOyx and c-Si. A band bending
effect is coherent to the selective carrier properties of TiOy, due to
analysis of WF range for the deposited titanium oxide material. Thus,
carrier selective materials have a variety of WF, this fact indicates them
suitable for both hole and electron selective contacts. Consequently, a
field-effect is caused by the carrier selective materials with a different
WF, which are represented in Fig. 1(c).

From the previously performed TLM analysis a resistivity values of
our material were obtained. A critical parameter for the TiOy layer, as
carrier selective contact is a specific contact resistivity (pspc) was
extracted. Correspondingly, a non-ohmic behavior for the I-V curves of
the samples was observed in Fig. 7. A similar phenomenon of decreasing
of TiOy layer resistivity after the annealing process was reported other
study [36]. Moreover, in analogy to the certain work, annealing pro-
cedure for our TiOy thin films (5 nm) at different temperatures was
conducted. Following the annealing experiment, I-V curves from the
TLM analysis were obtained. Thus, resistivity slopes for different
thicknesses of TiOy thin films were plotted. An example of such slope is
presented in Fig. S4 (additionally a graph of resistivity of TiOy thin film
as a function of transfer length is plotted. The I-V curves in Fig. 7
demonstrate an obvious difference between the sample’s resistivity
depending on the annealing temperature. Furthermore, I-V curves ob-
tained for 300 °C annealed samples (Fig. 7(b)) indicated changes from
non-Ohmic to Ohmic contact.

The specific contact resistivity was extracted for all cases, according
to Eq. (4), values obtained from the calculation are indicated in Fig. S4.
An approximate linear increase of contact resistivity with the thickness
of TiOy thin films is demonstrated. This resistivity trend demonstrates
the ineffectiveness of depositing thicker layers of TiOx for passivation
improvement in under question case. Hence, the resistivity increases
linearly and a thicker layer of TiOyx can result in a dramatic resistivity
increase in compare to the passivation performance. As a result, thicker
TiOy layers are not applicable as high efficiency carrier selective con-
tacts. Thus, there is no further possibility to utilize e-beam deposited
thicker TiOy as passivation layers for c-Si solar cells.

A particular attention was dedicated to the annealing process of Al
capping on TiOy layers. This indicated dramatical conductivity
improvement on samples annealed with TLM pad. Hence, it was
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discovered that annealing at 400 °C causes changes in the conductivity
of the TiOy thin film. Moreover, it is accepted in the semiconductor in-
dustry that a temperature of 400 °C and above is applied for the for-
mation of ohmic contact between silicone and aluminum [37]. At this
point, there is a need to produce reliable evidence of heat treatment does
not cause Al penetration into the TiOx layer, or the conductivity
improvement is the result of another effect.

The work carried out demonstrates the possibility of potential
improvement and further implementation of e-beam deposited titanium
oxide thin layers as carrier selective contacts for c-Si solar cells. How-
ever, the thin layers of e-beam evaporated TiOx in question have
revealed serious drawbacks in comparison to the novel methods of
deposition. Nonetheless, there are a few key points in achieving high
passivation by E-deposited TiOy, which is post-processing, such as heat
treatment. A further crucial aspect is in deposition process conditions
such as deposition rate, base or oxygen pressure. The thickness of the
passivation TiOy layer itself, in our case, plays an essential role in the
subsequent solar cell fabrication, due to the tradeoff discovered between
TiOy layer thickness/passivation quality and resistivity. Hence, future
fabrication of solar cell devices based on e-beam evaporated TiOy as an
alternative to ALD needs i) determination of optimal layer thickness ii)
an improvement on the resistivity of such layers. As both parameters will
affect a V. of the dopant free solar cell based on the TiOy in question.

Annealing procedures of TiOy are crucial, yet have drawbacks, such
as crystal phase formation that caused at a specific temperature range.
The passivation quality of annealed TiOy layer is decreased at 550 °C
degree in accordance with TEM analysis. Simultaneously, high-
temperature treatment in inert atmosphere dramatically enhances
passivation performance (Fig. 3). Another positive aspect of heat treat-
ment is in the improvement of TiOy layer conductivity in combination
with a deposited Al layer.

As a result, a formation of additional SiOy layer during the post-
deposition processing improves passivation quality of e-beam depos-
ited TiOy layer. Moreover, a heat-treatment process of TiOy has positive
affect on conductivity increase or passivation improvement
(300-450 °C). Hence, it is a valuable operation for further studies on
CSC TiOy, despite its drawbacks.

Equally important, this study achieved optimal conditions for the e-
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Fig. 8. TiOx passivation layer thickness as a function of specific contact
resistance (pspc) obtained as a result of TLM analysis.

beam deposition of TiOy thin films for carrier selective and passivation
properties. Fig. 8 represents a trade-off between the thickness of the TiOx
layer, Jo and specific contact resistance. Furthermore, this work presents
interesting findings for the processing of TiOx e-beam deposition. Firstly
— lower base pressure and a deposition rate provide higher passivation
quality for TiOy thin films. Secondly — enhanced passivation perfor-
mance as a result of the annealing process on the TiOx/Si stack with a
thin SiOx layer formed in between. According to the TEM analysis, the
crystallization of TiOy is initiated at 500 °C, at which point increased
grain boundary is formed, thus negatively affecting passivation perfor-
mance. Considering the trade-off between SRV and specific contact
resistance (Fig. 8) which is dependent on the TiOy thickness, we can
estimate that a 4-9 nm thickness range has improved passivation
quality. However, pspc is almost gradually increased in contrast to SRV.
In this case, 4 nm film of TiOy is the optimal condition for further work
with e-beam deposited TiOy as CSC. Additionally, it is postulated that
atmospheric process conditions such as base pressure and deposition
rate are crucial for passivation performances of e-beam evaporated TiOy.
Secondly, the interfacial layer of SiOx in between TiOy and c-Si substrate
plays one of the leading roles for enhanced passivation performance.
Finally, the crystallization of the TiOx layer is detrimental to passivation
performance.

4. Conclusions

This study has presented work on the process of optimization for e-
beam evaporated TiOy thin films for selective electron contacts, despite
the relatively low performance achieved by the TiOy functional layers in
question. However, the formation TiOy based contacts by e-beam
deposition is novel and has not been widely reported on. Our target was
to achieve equal or higher values of Jo and psp. in comparison to ALD
deposited TiOy carrier selective layers (Jo < 102 fA/cm?, Pspe < 1072Q
cm?). Regarding the values obtained in the literature, for the ALD
deposited 6 nm of TiOy in Al/TiOx/n-Si stack has achieved ps,c ~0.6 mQ
cm? [1 2], another ALD deposited case of the TiOx with 3 nm thickness
onto the previously thermally grown tunneling SiO3 ~ 1.2 nm layer for
additional passivation in the Al/TiOy/SiO2/n-Si stack has showed high
performance SRV ~ 15 cm/s and Pspe ~ 26 mQ cm? [38]. In our case
e-beam deposited TiOx on top of the native oxide (was formed during
cleaning <1 nm) in Al/TiOx/n-Si stack showed pspc ~ 2.29 Q/cm? which
is 2 orders magnitude higher from the expected value and Jy ~ 1016.64
fA/cm? — one order magnitude higher for the optimal thickness 4 nm.
Whenever other techniques of TiOy deposition such as CVD, PLD or
sputtering showed poorer performance in comparison to our case. For
example, CVD deposited TiOy with 3 nm thickness showed SRV ~400
cm/s and JO ~ 3247.29 fA/cm?> [39]. Pulsed laser sputtered TiOx
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demonstrated pspc ~6 Q cm? [40].

Under study, titanium oxide e-beam deposited selective carrier
contacts have less potential in the c-Si solar cells industry in comparison
to the newer deposition techniques (ALD, PECVD). However, this study
reveals consistent findings for the improvement of e-beam deposited
TiOx CSC. E-beam evaporated TiOx passivation layer has potential as a
cost effective CSC for the dopant free c-Si cells, however needs further
improvement to become competitive with ALD deposited TiOx. More-
over, further combinations of TiOy and deposited SiOx thin layers with
additional postprocessing as demonstrated in our work, might be a key
solution for higher performance achievement.
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