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A B S T R A C T

Despite the existence of several highly effective and well-characterized passivating materials for crystalline
silicon surfaces, the topic of surface passivation and the investigation of new passivating materials remain of
considerable interest for silicon photovoltaics research. However, the question of whether and under what
circumstances a particular material will provide effective surface passivation remains difficult to answer. In this
work, we provide an overview of recent insights relating to this question, drawing from our own work on novel
passivation materials including MoOx, Nb2O5, TiOx, ZnO, and POx, and illustrated with experimental results.
Factors that strongly influence the passivation performance include the use of pre-grown interfacial oxides, the
film thickness, the annealing conditions, and the presence of capping layers. The impact of these factors on the
surface passivation can vary widely from material to material. Therefore, all of these factors should be taken into
account when investigating potential new surface passivation materials.

1. Introduction

Effective surface passivation is critical to realizing high-efficiency
crystalline silicon (c-Si) solar cells and is becoming ever more important
as wafer thicknesses are reduced and bulk Si quality improves. At the
same time, new demands on the functionality of passivation layers have
emerged, such as the ability to form passivating contact structures that
in addition to passivation, enable the selective extraction of either po-
sitive or negative charges from the Si bulk [1,2]. These demands have
stimulated significant research efforts aimed at evaluating the passi-
vation properties of novel materials [1–9]. As a result, in the last
decade, the list of materials known to be capable of effectively passi-
vating c-Si surfaces has expanded significantly. The well-established Si-
based passivation layers (SiO2 [10], SiNx [11], a-Si:H [12], and more
recently proven Al2O3 [13–16]) have been joined by a range of new
materials including HfO2 [15,17,18], TiOx [19–23], Ta2O5 [24] and
Ga2O3 [25–27], and new passivation materials continue to be reported,
such as ZnO [28], Nb2O5 [29, 84], POx [30,85], and ZrOx [31]. Table 1
gives a summary of state-of-the-art passivation results for these mate-
rials and a few other notable examples. Note that some of these passi-
vation materials can also serve as passivating contacts, as apart from

preventing minority carrier recombination at the c-Si surface, they also
yield a sufficiently low contact resistance to c-Si for majority carriers. In
Fig. 1, transmission electron microscopy (TEM) images for a selection of
these passivating materials are shown.

The mechanism of surface passivation is generally understood to
involve a reduction in the number of interface states (“chemical” pas-
sivation) and/or suppression of the concentration of either electrons or
holes at the semiconductor surface (historically referred to as “field-
effect” passivation) (in general, effective passivation almost always
involves a combination of these two mechanisms). However, the rea-
sons for when and why a particular material will provide passivation
are still not entirely clear. Some materials that were long believed not
to provide effective surface passivation have now been shown to do so
under the right conditions. For instance, TiOx was replaced by SiNx as
the preferred anti-reflection coating (ARC) for c-Si solar cells in the late
1990s due to the more effective passivation provided by SiNx, but it has
recently been shown that TiOx can in fact also provide excellent pas-
sivation [19–23]. On the other hand, other materials that are poten-
tially relevant to c-Si photovoltaics thus far do not seem to provide
passivation, regardless of their preparation method and post-deposition
treatment. However, the growing number of studies of different

https://doi.org/10.1016/j.solmat.2018.07.003
Received 19 February 2018; Received in revised form 5 June 2018; Accepted 2 July 2018

⁎ Corresponding author.

1 Equally contributing authors.
E-mail addresses: l.e.black@tue.nl (L.E. Black), j.melskens@tue.nl (J. Melskens).

Solar Energy Materials and Solar Cells 188 (2018) 182–189

0927-0248/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2018.07.003
https://doi.org/10.1016/j.solmat.2018.07.003
mailto:l.e.black@tue.nl
mailto:j.melskens@tue.nl
https://doi.org/10.1016/j.solmat.2018.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2018.07.003&domain=pdf


materials means that significantly more data relating to this question
are becoming available.

In our group, we have investigated a large number of materials
prepared by atomic layer deposition (ALD) for surface passivation of c-
Si. ALD provides distinct advantages for surface passivation studies,
such as large-area uniformity, precise thickness control, and damage-
free (‘soft’) deposition [7]. Materials that have recently been examined
include Nb2O5, POx, ZnO, TiOx, and MoOx. In this work, we will
highlight several trends and exemplary cases taken from these and
other datasets which provide insight into the factors that are important
to surface passivation, with a particular emphasis on results that de-
viate from or go beyond conventional wisdom. While such examples do
not yet permit us to outline a step-by-step procedure for reliably
achieving surface passivation with new materials, they do highlight
some important factors that ought to be taken into account when in-
vestigating novel materials for surface passivation properties. In parti-
cular we will highlight the role of pre-grown interfacial oxides (pre-
pared by e.g. a standard Radio Corporation of America (RCA) clean or a
low-temperature oxidation), the existence of different optima for film
thickness, variation in optimum annealing temperature between dif-
ferent materials, and the potential role of capping layers in providing
hydrogen for interface passivation. Since there are already a number of
recent works which review passivating materials and/or passivating
contacts [1–9], this work is not intended as a fully exhaustive review
paper, but is instead primarily focused on providing the latest insights
taken from a variety of relatively new passivation materials.

2. Experimental

As substrates for the ALD films discussed in this study we used
double-side-polished (100) 1–5 Ωcm n-type floatzone (FZ) Si wafers.
Films were deposited by ALD in Oxford Instruments FlexAL (in case of
Nb2O5 [29], TiOx [43], and Al2O3 [44]) or OpAL (in case of MoOx

[42,45] and H, Al or B doped ZnO [46-48]) reactors. Annealing was
performed using a Jipelec rapid thermal annealing system. The passi-
vation quality was assessed by transient and quasi-steady-state photo-
conductance (QSSPC) measurements using a Sinton WCT-120TS life-
time tester. Film thickness was evaluated using a J.A. Woollam M2000U
variable angle spectroscopic ellipsometer.

3. Results

3.1. Surface preparation and the role of pre-grown interfacial oxides

The conventional silicon surface preparation procedure prior to
surface passivation involves one or several wet-chemical cleaning steps
(e.g. a Radio Corporation of America (RCA) standard clean [49]) which
typically results in the growth of a thin (1–2 nm) surface oxide. Im-
mediately before the deposition of a passivating film, this oxide is re-
moved by etching in dilute hydrofluoric acid (HF) to leave a hydro-
phobic, hydrogen-terminated surface. The latter is generally considered
the ideal starting surface for passivation, as such low-temperature wet
chemical oxides are generally regarded as being of low-quality —
usually they provide negligible passivation on their own — and their
removal enables the formation of a new high-quality interface. This is
well-established for example for thermal SiO2 [50], PECVD SiNx [51]
and PECVD a-Si:H [34]. Note that, at least in the case of oxide mate-
rials, the formation of this new interface generally involves the growth
of a new interfacial SiOx layer either during deposition or upon sub-
sequent annealing, (as visible in the TEM images shown in Fig. 1 of
Al2O3, TiOx, and Nb2O5 deposited on HF-treated Si), where the thick-
ness and other properties of this layer will depend on the specific
processing conditions and interfacial chemistry.

Contrary to this picture, we have found that in some cases retaining
the oxide grown during surface cleaning, or intentionally growing a
thin chemical oxide, can be beneficial for surface passivation by metal

Table 1
Selection of state-of-the-art passivation results reported for various passivation materials on n-type substrates with a bulk resistivity in the range of 1–7Ω cm (unless
otherwise specified). Seff,max values are calculated from the original lifetime data assuming an infinite bulk lifetime. In general we have selected the references with
the lowest reported Seff,max in this resistivity range, giving preference to reports on more highly doped substrates in case of similar values. Representative values for
the bandgap are given (additional references for these bandgap values have been included in cases where these are not mentioned in the reference for Seff,max). The
typical polarity (n or p) of the induced silicon space-charge region is specified. n+ or p+ indicate particularly strong band bending in the silicon, while p/n indicates
that band bending is tunable through doping. We also specify the passivation layer thickness and whether a pre-grown SiOx interlayer (either thermally or chemically
grown) was present. Materials that are capable of forming passivating contacts for electron or holes are indicated.

Material Bandgap (eV) Seff,max

(cm/s)
Induced surface
charge

Preparation
Method

Pre-grown
SiOx

Thickness (nm) Remarks Ref.

SiO2 9a 2.4 n Thermal oxidation – ~110 [32]
SiNx 1.8–5.3a 3.5 n+ PECVD – > 50 Common ARC/passivation for n+ Si in

homojunction cells
[33]

a-Si:H 1.6–1.8 0.7 p/n PECVD – 280 p- or n-doping possible [34]
Can form e- or h-contact

poly-Si ~ 1.1a 0.4 p/n LPCVD therm. 150 p- or n-doping possible [35]
Can form e- or h- contact

Al2O3 6.4a 1.3 p+ ALD – 30 Common passivation for p+ Si in PERC
cells

[36]

POx > 5 2.7 n+ ALD – 6 [30]
HfO2 5.3–5.7 3.3 n ALD – 15 [18]
Ta2O5 4.4a 6.1 p ALD – 12 [24]
TiOx 3.5 3.7 p ALD – 15 Former use as ARC. [21]

Can form e-contact
Ga2O3 4.2–5.2 6.4 p+ ALD – 4.5 [25]
MoOx 2.8 29 p+ ALD chem. 10 Can form h-contact with a-Si:H This

work
Nb2O5 3.6 6.8 p+ ALD chem. 5 Can form e-contact [29]
AlN 6.2 12b p Sputtering chem. 50 [37]
ZnO > 3 8.5 n ALD chem. 73 Common TCO, n-doping possible [28]
ZrOx 5–6 9.1 p ALD – 20 [31]

(ARC = Anti-reflection coating; TCO = Transparent conductive oxide).
a Values taken from Ref. [1] for SiO2, poly-Si, and Ta2O5, Ref. [38] for SiNx, and Ref. [16] for Al2O3.
b Obtained on 1Ω cm p-type Si.
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oxides. In fact, using a starting surface with an existing thin oxide layer
can sometimes even result in passivation in cases where the same
procedure applied to a HF-treated surface would not. For instance,
MoOx, which is being explored as hole-selective contact [52, 56, 57], is
a material which typically yields very poor surface passivation when
directly applied to the Si surface [54-57]. For this reason, it is either
used as partial rear contact [56] or combined with a dedicated amor-
phous silicon passivation layer [52,53] as shown in Fig. 1(c). However,
we recently found that MoOx prepared by ALD [42,45] can yield surface
passivation when it is deposited on an RCA oxide and subsequently
subjected to a forming gas anneal (FGA) treatment. This is shown in
Fig. 2. These results suggest that the interfacial oxide between MoOx

and HF-treated silicon — that naturally forms during processing — is of
poor quality and that this interfacial oxide cannot be made to passivate
by an FGA treatment. Conversely, the well-defined RCA oxide can be
used to achieve passivation by MoOx, with the best results being ob-
tained after a one hour FGA treatment at 300 °C.

The beneficial effects of an RCA oxide are also observed for ALD
ZnO:B/Al2O3 stacks. Such stacks yield only moderate levels of passi-
vation on HF-treated Si surfaces, whereas excellent passivation is
achieved on an RCA oxide (see Fig. 1(f)). Therefore, also in the case of
ALD ZnO it seems that the oxide that forms during deposition on HF-
treated Si is not of high quality. Conversely, for ALD Nb2O5 good pas-
sivation is achieved on both HF-treated Si and Si with an RCA SiOx

layer. This shows that for this process a SiOx layer is formed during
deposition and post-deposition annealing that enables good surface
passivation [29]. This interfacial SiOx layer is also visible in Fig. 1(e).

Fig. 1. Cross-sectional bright-field transmission electron microscopy images of various surface passivation materials on n-type c-Si (100). (a) ALD Al2O3 prepared at
200 °C on HF-treated Si after a 450 °C forming gas anneal (FGA) [13]. (b) p-type poly-Si on SiOx prepared by low-temperature oxidation [39]. (c) ALD MoOx on a-Si:H
prepared by chemical vapor deposition [40] and capped with ALD In2O3:H [41], after annealing at 200 °C in N2 [42]. (d) ALD TiOx prepared at 200 °C on HF-treated
Si (e) ALD Nb2O5 prepared at 150 °C on HF-treated Si and subjected to a 300 °C FGA [29] (f) ALD boron-doped ZnO prepared at 200 °C on c-Si with an RCA oxide and
subjected to a 450 °C FGA.

Fig. 2. Effective excess carrier lifetime for 10 nm ALD MoOx films, 5 nm ALD
Nb2O5 films, or 75/30 nm boron-doped ZnO/Al2O3 stacks prepared at 200 °C on
n-type Si (3.3Ω cm), either HF-treated or with an RCA oxide. The Nb2O5 sample
was prepared at 150 °C, whereas the MoOx and the boron-doped ZnO/Al2O3

samples were prepared at 200 °C. The MoOx and Nb2O5 films were subjected to
1 h optimized post-deposition FGA treatments of 1 and 2 h at 300 °C, respec-
tively. The ZnO:B/Al2O3 stacks received a 30min FGA at 450 °C.
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The use of a chemical oxide can also strongly alter the passivation
behavior of materials that do provide passivation to HF-treated Si. This
is clearly illustrated by the case of ALD Nb2O5 [29]. On HF-treated Si,
the surface passivation quality improves when using thicker Nb2O5

films and lower deposition temperatures, as shown in Fig. 3. However,
the use of an RCA oxide not only yields a better passivation quality, but
in addition it renders the passivation level much less dependent on the
experimental conditions. Strikingly, this even enables excellent passi-
vation of the surface using only 1 nm of ALD Nb2O5. The sensitivity of
the passivation quality on HF-treated Si surfaces to the experimental
conditions is thought to originate from differences in the formation of
the interfacial oxide during deposition [29]. It is known that SiOx in-
terfaces formed by different chemical processes [58] and by the same
process at different temperatures (e.g. thermal oxidation [59]) can
exhibit significant differences in interface state and fixed charge den-
sities, which determine passivation quality. Conversely, the fact that the
interfacial oxide is formed prior to Nb2O5 deposition in the case of RCA-
treated surfaces renders such surfaces much less sensitive to the exact
process conditions.

The nature of the pre-grown oxide is also important. Ultrathin
oxides may be prepared by a wide variety of methods, including growth
in air (native), wet-chemical (e.g. nitric acid oxidation (NAOS), RCA,
boiling water), UV/ozone, O2 plasma, and thermal oxidation, and these
can yield significantly different levels of surface passivation [60–67].
An example of this can be seen from the comparison of lifetimes for
TiOx-passivated samples with RCA and NAOS oxides in Fig. 4, where
the RCA oxide results in significantly better passivation than the NAOS.
Note that, based on our own data and that of others, it does not so far
appear possible to establish a simple generally applicable correlation
between the readily observable macroscopic properties (thickness,
stoichiometry/oxidation state) of a given SiOx layer (whether pre-
grown or formed during processing) and its suitability for passivation,
so that this needs to be tested directly in each case.

Note that beneficial effects from pre-grown interfacial oxides have
been reported before. For example, Mihailetchi et al. reported that the
use of a 1.5 nm oxide grown by NAOS enabled effective passivation of
p+ Si surfaces by PECVD SiNx [68]. Ultrathin oxides are also routinely
employed as interlayers in polycrystalline silicon (poly-Si) passivating
contacts [69–72].

While the use of a pre-grown oxide can enable passivation in some
cases, in other cases an HF-treated starting surface results in better
passivation, as seen for example for the TiOx films deposited at 50 °C in
Fig. 4. This is also generally the case for ALD Al2O3 which provides a
better surface passivation quality on HF-treated silicon in comparison
to chemically pre-oxidized silicon [73]. Generally, it appears that some

materials and some deposition processes are capable of forming their
own high-quality interfaces, while others benefit from the presence of a
pre-formed oxide interface. Therefore, the influence of the starting
surface needs to be investigated for different materials and processes on
an individual basis.

3.2. Influence of film thickness

The thickness of a passivation layer is another known parameter
affecting passivation quality. It is conventionally expected that very
thin films will provide worse passivation than thicker films. More
specifically, the passivation quality is usually observed to improve with
film thickness up to a certain point (typically ~ 10 nm) and then to
saturate. This is well-established for example for thermal SiO2 [50],
PECVD SiNx [51], and ALD Al2O3 [74–76]. At least in case of Al2O3,
which owes its excellent passivation partly to a strong field-effect
passivation, it is the chemical passivation which deteriorates when
moving to very thin films [77]; this may also apply to other passivating
materials. Note that for a-Si:H, saturation in fact appears not to occur
even for thicknesses up to several hundred nm, but the passivation
quality is still observed to improve monotonically with thickness [34].

In contrast to this simple picture, we have found that for some
materials passivation is not a monotonic function of film thickness. In
certain cases there is a clear optimum at a relatively low thickness
value, as is illustrated in Fig. 5 for TiOx after an FGA treatment. A si-
milar optimum thickness behavior was also observed for TiOx by Yang
et al. who also used an FGA treatment [22,23]. Consequently, if only
relatively thick films had been investigated in these cases, as is often the
case, passivation would have appeared considerably worse.

Our results and those of Yang et al. [22,23] are in contrast to those
of Cui et al., who used an N2 annealing treatment and observed sa-
turation of passivation for TiOx thicknesses between ~ 8 and 63 nm,
which resembles the classical case where the passivation quality satu-
rates above a certain layer thickness [21]. Therefore, the thickness
dependence of passivation appears not to be an intrinsic property of
TiOx, but depends on the processing history of the films. Since each of
these studies employed different ALD precursors, deposition tempera-
tures, and annealing treatments, these may account for the difference in
passivation behavior.

Alternatively, for some materials saturation may occur, but much
more rapidly than for SiO2 or Al2O3. Indeed saturation of passivation

Fig. 3. Effective excess carrier lifetime at an excess carrier concentration of
1015 cm−3 for n-type Si (3 Ωcm) after 2 h of FGA at 300 °C (a) as a function of
Nb2O5 film thickness using a deposition temperature of 150 °C and (b) as a
function of deposition temperature for 5 nm thick films.

Fig. 4. Effective excess carrier lifetime at an excess carrier concentration of
1015 cm−3 versus deposition temperature for n-type Si (3Ω cm), either HF-
treated, or with an RCA or NAOS oxide, and passivated by 5 nm of TiOx.
Samples were annealed at 300 °C in forming gas. The lifetime reported for each
sample is the value obtained following stepwise annealing. The annealing times
(13–180min) are optimized for each sample.
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can occur after only a few monolayers for some materials. An example
of this was shown in Fig. 3, where passivation by Nb2O5 apparently
saturates already after 1 nm on RCA oxide surfaces. Film thickness can
therefore influence passivation in unexpected ways and the influence of
film thickness on passivation should be carefully considered especially
when investigating new materials.

3.3. Post-deposition annealing: Temperature optima and the role of capping
layers

It is well-known that a post-deposition annealing treatment, either
in N2 or in a hydrogen-containing gas mixture (FGA), can improve the
surface passivation quality. This is for instance the case for materials
such as SiO2, a-Si:H, SiNx, and Al2O3 [16]. The general aim of such an
annealing treatment is to effectively hydrogenate and passivate the
dangling bonds present at the silicon surface, i.e. to improve the che-
mical passivation. Generally, a sufficiently high temperature has to be
applied to enable the diffusion of hydrogen from either the passivating
film itself or from a hydrogen-containing ambient (e.g. forming gas)
towards the silicon interface, while at the same time avoiding excessive
hydrogen loss from the film via effusion. In the case of both SiO2 and
Al2O3, the optimal annealing temperature is known to be close to 400 °C
[16], while much lower temperatures around 180 °C appear optimal for
a-Si:H [78]. This already indicates that the optimal annealing tem-
perature may vary from material to material.

This point is made even more obvious when looking at the wide
range of novel passivating materials, as is shown in Fig. 6. It is striking
to see that the optimal annealing temperatures for MoOx, Nb2O5, Al2O3,
ZnO:Al, and POx are all different, indicating different annealing kinetics
for each of these materials. It should be noted that since the annealing
step time was not equal for all of the materials, a one-to-one comparison
cannot be made for all the materials in this graph. Nonetheless, the
observed trends should still be dominated by the temperature rather
than by the anneal step time, since the rate of thermally-activated
processes depends much more strongly on temperature. This is for ex-
ample seen in the case of SiO2/Al2O3 stacks, where the apparent satu-
rated level of passivation differs for different annealing temperatures
[79].

When comparing the three samples on the RCA oxide, i.e. MoOx,
Nb2O5, and ZnO:Al/Al2O3, it can be seen that the ZnO:Al/Al2O3 sample
has a much higher onset and optimum temperature. This is striking if
one assumes that the annealing kinetics depend on the hydrogenation
reaction at the interface, as it is the same RCA SiOx interface that needs

to be passivated during the anneal treatment. These differences are
therefore likely linked to differences in the kinetics of hydrogen diffu-
sion through the material and toward the interface and effusion of
hydrogen from the material. Conceivably, the transport of hydrogen
takes place more readily and at lower temperatures in the amorphous
MoOx and Nb2O5 films as compared to the polycrystalline ZnO/Al2O3

stack. Since diffusion plays a role, film thickness is also likely to play a
role in the exact annealing trend. Also material stability and possible
crystallization during annealing can play an important role in de-
gradation at higher temperatures and thus the location of the optimum.
For the case of MoOx, macroscopically visible formation of etch pits as
well as a reduction of the material from near-stoichiometric MoO3 to
MoO2 was observed by XPS when performing FGA treatments ex-
ceeding 300 °C, explaining the strong reduction in lifetime observed.

Capping of passivation layers prior to annealing by other materials,
most notably Al2O3 and SiNx, has proven to be a highly successful ap-
proach to improve or enable passivation. As illustrated in Fig. 7, it has
for example been demonstrated that applying an Al2O3 capping layer
can greatly enhance the passivation provided by ALD SiO2, SiOx/poly-
Si, and SiOx/ALD ZnO. For SiO2 and poly-Si, it has been shown that the
Al2O3 layer serves both as a hydrogen source and a hydrogen effusion
barrier [78,80,81]. Note that hydrogen effusion barriers can also be
formed by other materials, such as SiNx [82]. Conversely, in the case of
ALD ZnO, ample hydrogen for passivation is already present at the SiOx

interface and in the ZnO layer after the ALD process. In this case, the
Al2O3 capping layer merely serves as a hydrogen effusion barrier that
prevents a significant effusion of hydrogen at 400 °C [28].

However, the success of such Al2O3 capping layers does not ne-
cessarily translate to other passivation materials, as Fig. 7 shows for the
cases of Nb2O5, MoOx and TiOx. For these three materials, the addition
of the Al2O3 capping layer leads to a strong reduction in passivation. In
the case of MoOx capped with Al2O3, the deterioration is likely related
to the visible formation of blisters when annealing at 300 °C. Such
blistering was not observed for Nb2O5 and TiOx capped by Al2O3, and
the precise reasons for the detrimental effect of capping by Al2O3 are so
far not known. Conceivably, the photocatalytic nature of both TiOx and
Nb2O5 plays a role. Both TiOx and Nb2O5 yield improved passivation
upon light soaking, which is thought to originate from an enhanced

Fig. 5. Effective excess carrier lifetime at an excess carrier concentration of
1015 cm−3 versus TiOx film thickness on HF-treated n-type Si (3Ω cm). The
TiOx films were deposited at 200 °C. Annealing was performed at 300 °C in
forming gas in a stepwise fashion. The optimum value attained in this way is
reported for each thickness.

Fig. 6. Effective excess carrier lifetime at an excess carrier concentration of
1015 cm−3 versus annealing temperature for various passivating layers or layer
stacks on n-type Si (either HF-treated or with an RCA oxide). Annealing was
performed in forming gas (N2/H2) or N2 in a stepwise fashion. For ZnO, the
annealing was done in steps of 5 min in forming gas, while 1 h annealing steps
were used in case of MoOx and Nb2O5; the Al2O3 and POx/Al2O3 samples were
annealed in N2 in steps of 10min. The MoOx, Nb2O5 and Al2O3 films were 10, 5,
and 14 nm thick, respectively. The ZnO:Al/Al2O3 and POx/Al2O3 stacks had
film thicknesses of 75/30 and 6/14 nm, respectively.
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field-effect passivation arising from more net negative fixed charge in
the dielectric [20,29,83]. In the case of TiOx, it has been argued that
this enhancement of the negative charge upon light soaking originates
from a photocatalytic reaction between the TiOx surface and molecules
from the ambient [83]. When an Al2O3 capping layer is applied, the
photocatalytic surface of TiOx or Nb2O5 is no longer exposed to the
ambient. Therefore, such light-induced charging would be hindered,
resulting in a lower field-effect passivation.

4. Discussion

We have shown how the choice of starting surface, the film thick-
ness, and the use of capping layers can all be critical for achieving
surface passivation by deposited layers. While we have considered these
factors separately, we should stress that in reality different factors can
be intertwined. The use of a pre-grown tunnel oxide can be very ben-
eficial for TiOx passivation at one deposition temperature for example,
but for another deposition temperature it can give poor results. The
point is that all of these factors need to be considered when in-
vestigating new materials for surface passivating properties.

The corollary to this point is that it is much harder to say with
confidence that a material does not passivate — the negative case —
than to confirm the positive case that it does. It may simply be that one
has not yet found the necessary combination of surface pretreatments,
process settings, and post-deposition treatments to achieve passivation.
There is more than one example of a material known now to be effective
for passivation that was written off in initial investigations.

Of course additional factors not discussed in this work, but well-
known to affect passivation, including the substrate dopant density and
orientation, the details of the deposition process (temperature, pres-
sure, chemistry, etc.) and the presence of extrinsic doping in the pas-
sivating film, will also be highly important. In this work we have
confined ourselves to aspects that appeared to us to be not so widely
appreciated or documented in the literature, and which we could il-
lustrate with our own data.

It should also be noted that, while we have talked broadly in terms
of achieving or not achieving passivation, optimized passivation quality
varies significantly between different materials and processes, as can be
seen from an examination of the lifetime values reported throughout
this work. Passivation quality is of course also not the only criterion
that needs to be considered for device applications; optical properties,

process compatibility, and environmental stability, among other fac-
tors, are all important. A low contact resistivity is an additional cri-
terion important for materials intended for passivating contact appli-
cations [1]. However, the relevance of these latter aspects depends in
the first place on effective surface passivation, underlining this as a key
design criterion for all layers in direct contact with the silicon surface in
c-Si solar cells.

5. Conclusions

Silicon surface passivation remains a highly important research
topic, which has lately also been illustrated by the surging interest in
passivating contact materials. This emerging field has prompted the
investigation of numerous novel materials for silicon surface passiva-
tion. For many of these materials, it seems that considerations relevant
to passivation such as starting surface, film thickness, annealing treat-
ment, and the role of capping layers come into play in ways that
sometimes run counter to conventional assumptions. In this work, we
have explored these considerations both for more conventional and for
recently-discovered passivation materials including MoOx, ZnO, TiOx,
POx, and Nb2O5.

The main conclusion that can be drawn from this exploration is the
fact that all these considerations strongly influence the passivation
performance of most passivation materials. In addition, the optimal
choice of one experimental parameter is also often found to depend on
the choice of another. Therefore, the interdependence of all these fac-
tors needs to be carefully considered when investigating new materials
for surface passivating properties. These lessons can prove useful in the
design and optimization of future passivation schemes and passivating
contacts for c-Si solar cells.
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