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1 | INTRODUCTION

Silicon-based solar cells dominate the market of photovoltaics, which hold
the highest potential for green electricity production.*? A front/back-
contacted architecture combined with silicon heterojunction (SHJ)

Ligi Cao and Paul Procel contribute equally to this work.

Thin films of transition metal oxides such as molybdenum oxide (MoQ,) are attractive
for application in silicon heterojunction solar cells for their potential to yield large
short-circuit current density. However, full control of electrical properties of thin
MoO, layers must be mastered to obtain an efficient hole collector. Here, we show
that the key to control the MoO, layer quality is the interface between the MoO,
and the hydrogenated intrinsic amorphous silicon passivation layer underneath. By
means of ab initio modelling, we demonstrate a dipole at such interface and study its
minimization in terms of work function variation to enable high performance hole
transport. We apply this knowledge to experimentally tailor the oxygen content in
MoO, by plasma treatments (PTs). PTs act as a barrier to oxygen diffusion/reaction
and result in optimal electrical properties of the MoO, hole collector. With this
approach, we can thin down the MoO, thickness to 1.7 nm and demonstrate short-
circuit current density well above 40 mA/cm? and a champion device exhibiting

23.83% conversion efficiency.

KEYWORDS
dipole, fundamental study, industrial approach, numerical modelling, plasma treatment, silicon
heterojunction solar cells, tailoring MoO,,, ultra-thin MoO,

concept realized a world record efficiency of 26.5%.5 However, conven-
tional silicon-based doped layers, which work as carrier-selective trans-
port layers, are not ideally transparent.* Furthermore, misalignment of the
band structure at doped a-Si/c-Si interface and doped a-Si/transparent
conductive oxide (TCO) interface translates into fill factor losses.>®
Transition metal oxide (TMO) materials have been investigated to
circumvent this fundamental limitation.” 2 The interest in TMO thin
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films stems mainly from their wide-range tunable work function (WF),
electronic properties, and good transparency, all of which are impor-
tant for application in SHJ solar cells.*>* Molybdenum oxide (MoO,)
as one of the most promising hole transport layers (HTL) has been
well examined.*>~*? In this respect, different processing methods have
been investigated to exploit the potential of MoO, layers. For
instance, MoO, films have been produced by a solution process using

t’ZO

organic precursors followed by thermal treatmen atomic layer

21-23 and thermal evaporation.m’z4 Furthermore, SHJ solar

16,19

deposition,
cells using MoO, have achieved above 22% efficiency and, so far,
a record performance of 23.5% with the potential for further
improvements.?’

However, several issues occurring at a-Si:H/MoO, interface have
been reported.2%2” Most prominently, the formation of a thin SiOy
layer during the deposition of MoO, has been shown in.1618:2528
Some research reported that the electronic properties of MoO, are
regulated by its oxygen content?’~3! and by the interfacial condition
with its growth substrate. Controlling these aspects is thus crucial for
the effective application of MoO, in high-efficiency solar cells. In par-
ticular, several works attempted to limit the reaction between the
MoO, and the intrinsic hydrogenated amorphous silicon, (i)a-Si:H,
underneath by annealing?® and by pre-growth of a SiO, layer.’%33
Specifically, a surface treatment on the ())a-Si:H layer before MoO,
deposition improves solar cell performance.'” Nevertheless, the fun-
damental knowledge of the phenomena occurring at the (i)a-Si:H/
MoO, interface and its application for achieving efficient solar cells
devices is not well understood yet.

This work presents a complete study of SHJ solar cells based on
MoO, hole collector from fundamental theory up to device-level inte-

gration. We first present a theoretical framework of MoO,, properties

depending on silicon-based substrates (i.e., (i)a-Si:H). Accordingly, we
investigate an industry-appealing plasma treatment method to control
the growth of high quality MoO, thin films by achieving an optimal
oxygen content. Then, we evaluate the transport properties of the
whole hole contact stack by measuring its contact resistivity. Finally,
we showcase high-efficiency heterojunction solar cells with ultra-thin
MoO, films, achieving short-circuit current density equal to
40.2 mA/cm? and, in the same device, a champion conversion effi-
ciency of 23.83%.

2 | METHODOLOGY

21 | Experimental

Figure 1 shows the flow chart for the manufacturing of MoO,-based
SHJ solar cells. The samples were prepared using 4-in. double-side
polished n-type FZ wafers with <100> orientation. The resistivity and
thickness of the wafers are 3 = 2 Q cm and 280 * 20 pm, respectively.
Wafer texturing process was conducted in a TMAH solution with
ALKA-TEX as an additive.®* Next, the wafers were cleaned using wet-
chemical cleaning and dipping them in 0.55% hydrogen fluoride
(HF) for 5 min.3* Afterwards, the wafers were loaded into a multi-
chamber PECVD equipment for thin-film silicon layers deposition.
Rear side layers consist of (i)/(n)a-Si:H layers stack deposited accord-

35-87 and same deposition conditions were

ing to previous studies,
used for all the samples within this work. Subsequently, (i)a-Si:H layer
was deposited on the front side of the samples. In order to control the
growth of high quality MoO, thin films by achieving an optimal oxy-

gen content, different (i)a-Si:H/MoO, interface treatments were
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employed to investigate their effect on MoO, properties. Accordingly,
two different conditions were adopted after depositing (i)a-Si:H: using
a highly hydrogen diluted (~170 sccm) gas mixture of (1) SiHg4, H, and
CO,, namely, PT (Plasma Treatment), or (2) SiH4, Hy, CO, and B,He,
namely, PTB (Plasma Treatment with Boron radicals).*” The inclusion
of boron is optimal for deposition MoO, as successfully demonstrated
in our previous work.!? As it will be shown in Section 3.3, these
plasma treatments introduce two layers on top of porous (i)a-Si:H
consisting of a-SiO,:H/a-Si:H. PT and PTB processes used the same
pressure (2.2 mbar) but different power density (76 and 90 mW/cm?,
respectively). Note that we also fabricated a sample without
plasma treatment (noPT). Then, MoO, layers were thermally evap-
orated at a base pressure of 5 x 10~¢ mbar from a stoichiometric
MoOj; powder source at a deposition rate of about 0.1 nm/s. We
used a reference front-junction SHJ sample for comparison pur-
poses featuring 21-nm-thick p-layer as reported elsewhere.3® After
that, optimized 50- and 150-nm-thick tungsten-doped indium
oxide (IWQ) layers were sputtered through a hard mask at front
and rear side, respectively, defining six 2 x 2 cm? solar cells per
wafer.? The front metal electrode consists of electroplated Cu fin-
gers at room temperature on top of 200-nm-thick thermally evapo-
rated Ag seed layer.*%*! The rear metal electrode was formed by
500-nm-thick thermally evaporated Ag. Finally, 100-nm-thick
MgF, was e-beam evaporated on the front side as an additional
antireflection coating layer. All abovementioned layer thickness
were calculated from the nominal thickness applying the geometri-
cal factor of 1.7 for a textured surface.*?

Effective minority carrier lifetimes were measured at different
steps of the fabrication by Sinton-120 equipment. Current-voltage
characteristics of solar cells were determined using an AAA-rated
Wacom WXS-90S-L2 solar simulator under standard test conditions.
In-house external quantum efficiency (EQE) equipment, operated with
photodiode calibrated at Fraunhofer ISE, was employed to obtain the
Jsceqe. Measuring the spectral response was performed on a dedi-
cated cell without metal grid. Compositional investigation of MoO,
layers was carried out with a ThermoFisher K-Alpha X-ray photoelec-
tron spectrometer (XPS).*3** The XPS uses an Al Ka X-ray source
with an energy of 1486.68 eV. The base pressure of the processing
chamber is 2 x 107 mbar. The measurement was carried out at room
temperature after the high vacuum was obtained. Note that samples
for XPS analysis were prepared using 280 * 20 pm flat <111> n-type
float-zone (FZ) wafers with the identical processes as reported in
Figure 1 to mimic the same surface orientation available at the pyra-
mid facets in solar cells and adapting the deposition time to achieve
the same thicknesses as in textured samples. High-resolution trans-
mission electron microscope (HR-TEM) combined with energy disper-
sive X-Ray spectroscopy (EDX) was employed to evaluate the
structure and composition of the contact stack on lamellas taken from
solar cells with higher performance (i.e., cells endowed with 1.7-nm-
thick MoO, layers). Finally, contact resistivity (p.) of the contact stack
was measured in samples using double textured p-type <100> FZ
wafers (260 + 20-pm-thick after texturing).® The schematic structure

of these stacks of layers can be found in Figure S1.

2.2 | Simulations

We investigated the atomistic phenomena at the Si/MoO, interface
by means of first-principle density functional theory (DFT) calculations
via Vienna Ab initio Simulation Package (VASP). We analyzed the ther-
modynamically stable orthorhombic a-phase of molybdenum trioxide.
a-MoOs crystallizes with four formula units of MoO3 in an ortho-
rhombic cell with symmetry Pbnm.*> This makes the unit cell to be
composed of 4 Mo atoms and 12 O atoms, with lattice constants
a=396 A b=1385A and c =3.70 A. The structure of molybde-
num oxide is based on bilayers oriented perpendicular to the y axis
fastened across that axis by weak van der Waals forces. Each bilayer
consists of two sublayers of distorted MoOg octahedra that form edge-
sharing zigzag rows along the z direction and corner sharing rows along
the x direction.*® These internal interactions are held by strong covalent
and ionic bonds. For silicon, we considered crystals in a cubic diamond
structure with a lattice constant of 5.43 A*” corresponding to the
Fd3m space group.®® Its structure can be seen as two interpenetrating
face centered cubic sublattices with one sublattice displaced from the
other by one-quarter of the distance along the body diagonal of the
cube*® All Si atoms are bonded to four equidistant neighbors to form a
tetrahedron. Accordingly, Si is simulated in combination with a-MoO3
to mimic the interface between the two materials, based on the
Perdew-Burke-Ernzerhof (PBE) functional. We then calculated the WF
of MoOy structures as the difference between the vacuum potential
and the Fermi energy.”° For the calculation of the dipole formed at
Si/MoQ, interface, we used the lattice coincidence method.”*

Electrical simulations of SHJ solar cells were carried out using
TCAD Sentaurus.>? The input optical generation profile was obtained
by raytracing simulations executed in GenPro4.>® Therefore, a two-
dimensional domain of the solar cell (Figure 1) is considered for the
solution of drift-diffusion equations consistently coupled with charge
transport models at heterointerfaces. We accounted models and
parameters reported in other works®*>> for c-Si and thin-film silicon.
Note that in TCAD we took into consideration a virtual layer to mimic
the interface phenomena resulted from DFT simulations (i.e., dipole

formation).1?>%

3 | RESULTS AND DISCUSSION

3.1 | Significance of Si/MoO, interface

Electronic properties of MoO, strongly depend on the oxidation
states.?? Moreover, by controlling the oxidation-reduction reaction
between a substrate and MoO,, it is possible to adjust the WF of
Mo0,?? Accordingly, we theoretically evaluate the Si/MoOy inter-
face.®® Figure 2A reports the differential charge as function of the
position after the formation of such interface for different oxygen
content in MoOy (x in MoO,) from 3 to 2.875. The curves indicate the
charge variation due to the interaction between the two adjacent
materials. We observe that there is an interface region, which does

not accomplish the lattice conditions for Si or MoO, materials. Such a
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sectional view of the Si/MoO interface and the arrow indicates the 2.5-A-thick interface in which the dipole forms (silicon is represented by light
blue atoms while MoQ, is represented by gray atoms for Mo and red atoms for oxygen). (B) Calculated work functions of MoO, as a function of x
in MoO, for different oxygen deficiencies: O3 and O2 removal. The inset depicts the unit cell of MoO3 as modelled in DFT simulations. (C) Work
function profile used to emulate different (i)a-Si:H/MoO, interfaces: reactive (blue squares) and less reactive (black circles). (D) Simulated
conversion efficiency (1) of SHJ with MoO, hole collector using WF profiles taken from (C) as input. Simulated Js, Vo, and FF are shown in

Figure S2. [Colour figure can be viewed at wileyonlinelibrary.com]

region exhibits differential charge variation due to interaction
between Si and O atoms forming the Si-O bonds at the interface
between Si and MoO,. Interestingly, we observe that the largest
peaks are at the edge of Si lattice (6 A) and MoOy lattice (8.5 A). Such
peaks exhibit similar magnitudes but opposite charge fulfilling the
conditions to form a dipole.’” Eventually, the dipole implies potential
drops across the interface attenuating the WF of MoO,. The magni-
tude of such dipole decreases for lower oxygen content in MoO, as
shown in the Table S1. We then calculate the WF of MoO, for differ-
ent x by simulating different oxygen deficiencies, that is removing O3
or O2 states. Figure 2B shows that the WF strongly increases as x in
MoO, gets closer to 3. In fact, we observe a 2 eV rise in WF when x
in MoO,, changes from 2.85 to 3. Looking at experimental evidence in
literature, it is worth noting that the oxygen state of MoO, depends
on oxidation potential of the adjacent layer®® and deposition condi-
tions.>® In addition, although the thickness of MoO, does not directly
denote its oxidation state, there is a clear correlation between layer
thickness and x in MoQ,, for which the thicker the MoO, layer is, the

more stoichiometric the resulting material is. This was experimentally
observed in MoO, deposited on different substrates as reported.?’

In this work, we are specifically interested in the (i)a-Si:H/MoO,
interface. ldeally, given the abovementioned dependencies, a MoO,
film should straightaway exhibit a certain WF value (anywhere
between 5.8 and 7 eV)®°~¢% as long as the dipole is formed between
the MoO, film and its substrate. That is, a step-like function for WF as
function of MoO, thickness should be ideally established (WF = O for
thickness ~0 nm and WF = constant for thickness >0 nm). However,
this is not what happens as the MoO, material grows on a substrate.
The approach reported in'? links the dependence of MoO, WF on its
thickness to the (i)a-Si:H WF, the built-in potential at the (i)a-Si:H/
MoQ, interface and the attenuation of MoO, WF due to the presence
of the abovementioned dipole. Based on that approach, we expect
that the dependency of MoO, WF on its thickness reaches a satura-
tion value which depends on (i) the deposition process, (ii) the growth
condition of MoO, and (jii) the reactivity of the substrate with oxygen

states. In case of silicon substrate, silicon indeed reacts with the oxygen
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gap states caused by O vacancies (the inset zooms out these spectra in a wider binding energy range); (B) the Mo and O content as a function of
MoO, thickness under different treatment calculated from XPS spectra (see Figures S3 and S4); (C) EDX images of noPT sample (top), PT sample
(middle), and PTB sample (bottom) [Colour figure can be viewed at wileyonlinelibrary.com]

diffused from MoOQ,, leading to the formation of a thin SiO, layer film
at Si/MoOy interface.>® We illustrate this concept in Figure 2C, where a
less reactive interface prior to the MoO, deposition would saturate the
WF within a 3-nm-thick MoO films,>® while a reactive interface would
achieve similar WF only for 9-nm-thick MoO, films.}? The reported
trend of the less reactive interface is one of the several possibilities that
could be experimentally feasible between the reactive interface case on
the one hand and the previously mentioned ideal WF step function on
the other hand. We chose that specific trend with its saturated WF
value at 6.2 eV because, once used in our TCAD-based simulation cam-
paign to validate our simulation framework, it could explain well both
our experimental trends as well as those in other works.*?2°

So, to evaluate the effect of different (i)a-Si:H interface conditions
on SHJ solar cell performance, we performed TCAD simulations account-
ing for these two different WF profiles. After considering the interface
dipole and SiO, formation as*’ we obtained the conversion efficiency ()
trends reported in Figure 2D as function of the MoO, thickness. The
simulated FF, Ji. and V. trends are provided in Figure S2. We observe a
bell-shaped 1, which is dominated by the FF trend as shown in Figure S2
and discussed.’” The trend of i demonstrates a maximum value of
24.2% and 24.9% at around 4 and 2 nm MoOQ,, for reactive and less reac-

tive WF profiles, respectively. Maximum values in each curve result

indeed from the trade-off between WF and interfacial dipole.? The
interfacial dipole leads to an attenuation of MoO, WF. Accordingly,
increasing MoO, thickness amplifies WF but also the WF attenuation.
Note that WF attenuation has a negative impact on the c-Si band bend-
ing and energy alignment within c-Si/(i)a-Si:H/TCO and thus affects the
FF of solar cells as discussed.'? It is possible to achieve the best trade-off
between WF and WF attenuation with thinner MoO, in case of a less
reactive surface. We observe that the highest n of 24.9% is achieved by
means of a less reactive interface and for 2-nm-thick MoO,. Indeed,
interfaces that are less reactive with oxygen have the potential to
improve 1 and minimize the MoO, layer thickness. To mitigate such
oxygen reactivity with silicon molecules and therefore to control MoO,
WF and dipole formation at Si/MoQy interface, we then proposed'?
the approach to modify the interface before MoO, deposition by apply-
ing a PECVD plasma treatment on top of (i)a-Si:H layer.

3.2 | Modification of (i)a-Si:H to control the
properties of MoO,

We used two different plasma treatments (PT and PTB) to modify (i)a-
Si:H before MoO, deposition as described in Section 2.1. Accordingly,
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we evaluate the oxygen (O) vacancies in MoO, films for three differ-
ent interface conditions: noPT, PT, and PTB. Among these interface
conditions, we also evaluate oxygen vacancies in samples with differ-
ent MoO, thickness: 1, 1.7, 2, 2.9, and 4.1 nm. Additionally, we
included a 20-nm-thick MoO, sample as reference. Then, we con-
ducted XPS to evaluate the elemental composition of these samples.
Figure 3A shows the valence band photoemission spectra of MoO,.
We relate this parameter with the gap states between the Fermi level
and valence band,?? and they are indicated as d1 and d2. The idle oxi-
dation state of Mo is +6, corresponding to MoQj3 (Figure S2). Instead,
the gap states are the dominant defect resulting in degradation of Mo
cation state from +6 to +53%% In general, we observe that
(i) samples with noPT show the highest gap states concentration and
(i) the gap states signal decreases for samples with thicker MoOy
layer. Note that the 20-nm-thick MoO, sample exhibits almost no sig-
nal of gap states. This is consistent with observation from Mo core-
level spectra as shown in Figure S2. In fact, according to the Mo core-
level spectra, we confirm the presence of different Mo oxidation
states (Mo™® and Mo™*®) in different MoO,-thickness films. These
results are in agreement with observations reported in** by evaluating
Mo oxidation states in MoO, layers grown onto different reactive
substrates.”® As the Mo™> decreases when the thickness of MoO, film
increases, we can correlate such a reduction to an increase in MoOy
WF. Thus, we expect a rise in the WF for thicker MoO, samples.*>*®
We notice that all three interface conditions (noPT, PT, and PTB)
show a similar trend. Also, we see that gap states signal is lower for
PT than PTB and noPT in case of samples with MoO, layer thinner
than 2.9 nm. Figure 3B shows the O and Mo content calculated from
XPS as a function of the thickness of MoO, samples. In particular, the
atomic concentrations of O and Mo under three conditions and for 1-
and 1.7-nm-thick MoO, are provided in Table S2. In general, we
observe that molybdenum content remains the same independently
of the interface condition. However, the O content increases with the
layer thickness for the three different treatments. We noted that O
content is the lowest for noPT samples, which indicates that MoO,
layers are less stoichiometric compared with PTB and PT cases. MoO,
samples treated with PT exhibit higher oxygen content. This trend is
observed systematically up to 2.9 nm; after this value, the effect of PT
or PTB is not detectable. This suggests that noPT samples exhibit
interface features allowing oxygen to diffuse from MoQO,. Instead,
PTB and PT processes modify the interface preventing the oxygen dif-
fusion from the MoO, layer. Moreover, looking at the oxygen content
of MoO, films and its relation to the WF reported in®> we expect that
samples with PT provide the highest WF followed by those with PTB
and noPT.

3.3 |
interface

The role of oxygen at (i)a-Si:H/MoO,

To evaluate the element composition and the morphology of the (i)a-
Si:H/MoO, interface, we conducted HR-TEM and EDX measurements
for solar cells fabricated under different interface conditions

(i.e., noPT, PT and PTB) with nominal 1.7-nm-thick MoO, layer and
including the IWO as TCO layer. As this thickness yields the best per-
forming solar cells (see Section 3.4), it was chosen for this evaluation.
Figure 3C shows the EDX map and the element composition profile of
Si, O, Mo, In and W. The origin of depth profiling analysis was set at
the interface between c-Si bulk and the (i)a-Si:H layer (see detailed
cross-sectional TEM images in Figure S3 and EDX raw data in
Figure S7). Note also that we evaluate the thickness of each (sub)layer
in Figure S3.

We observe that samples with PT and PTB exhibit a thicker Si-
rich layer than the sample with noPT. This suggests that PT and PTB
form on the original (i)a-Si:H layer, an interlayer with different inter-
face conditions with respect to the sample with noPT. In case of PT,
as observed in®® too, we speculate that oxygen radicals do not incor-
porate in film incubation phase (~2 nm) under the aforementioned
plasma processing conditions. In case of PTB, the presence of boron
radicals in the plasma leads to faster reaction®” with oxygen atoms
that are incorporated in the film nucleation phase. In this scenario,
boron atoms act no longer as a dopant®® but as oxidation agent. This
is consistent with XPS and TEM measurements in which boron cannot
be detected (see Figures S6 and S7). For the noPT sample, we note in
both Figures 3C and S4 that oxygen is extended inside (i)a-Si:H form-
ing an oxygen-rich interlayer at (i)a-Si:H/MoOj interface. We ascribe
the origin of such a sub-layer to the O diffusion from MoO, to the
interface resulting in 2.2 nm SiO, interlayer. The MoO, thickness
mentioned later was calculated from the Mo and In atomic profiles,
because these two atomic distributions have clear boundaries as
shown in Figure 3C. The overlap area in the Mo and In atomic profile
are ascribed to the intermixing layer®® formed during IWO-sputtering
process. In this sample, we observe the formation of ~2-nm-thick
MoQOy layer. In the sample with PT, we note instead the formation of
2-nm-thick SiO, interlayer and a ~2-nm-thick MoO, film. The sample
with PTB exhibits the formation of a thinner SiO, interlayer (1 nm) at
()a-Si:H/MoO, interface and ~2.2-nm-thick MoO, film. However,
there is an additional 1.5-nm-thick a-Si:H and 1.8-nm a-SiO,:H layer
above (i)a-Si:H formed during PTB. The atomic fraction of O, Si, and
Mo of such interlayers is shown in Figure 3C. As mentioned earlier,
we note that Mo diffuses also inside IWO (W-rich) layer for all sam-
ples, for which the element profiles of Mo, O, and In (see Figure 3C)
reveal the formation of a transition interlayer at the MoO,/IWO inter-
face. We suppose the mixing layer is formed during the IWO deposi-
tion process due to the sputtering process. These observations are
consistent with findings reported in Geissbiihler et al.® Ultimately,
our elemental process indicates that the MoO, layer is affected by
two main interfaces—(i)-a-Si:H/MoO, and MoO,/IWO—that concur-

rently affect the electronic properties of MoO,.

3.4 | Solar cells' performance

Finally, we evaluate the solar cell parameters using the nominal
1.7-nm-thick MoO, layer with different interface treatments (noPT,
PT and PTB). The external parameters are reported in Figure 4A. We
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FIGURE 4 (A) The parameters extracted from J-V curve of solar cells with various interface treatments at 1.7-nm-thick MoOj (the error bar is

calculated from 12 solar cells on 4 wafers for noPT, 9 solar cells on 3 wafers for PT and 18 solar cells on 6 wafers for PTB); (B) contact resistivity
of different treatments applied before depositing 1.7-nm-thick MoO, (six samples for each condition); (C) the parameters extracted from J-V
curve of solar cells with PTB and various MoO,-thickness (the error bar is calculated from 6 solar cells on 2 wafers for Ref., 1 nm and 2 nm cases;
from 3 solar cells on 1 wafer for 2.9 and 4.1 nm cases; from 18 solar cells on 6 wafers for 1.7 nm case); (D) contact resistivity of different MoO,
thickness with PTB, including a p-type layer as reference (6 samples for each condition). (The empty symbols stand for the standard average value
and the standard error bar is calculated from multiple samples; the red star symbol represents the external parameters of the champion cell);

(E) EQE spectra of the reference SHJ solar cell and champion MoO, solar cell. [Colour figure can be viewed at wileyonlinelibrary.com]

observe that Voc and FF exhibit the highest (719 mV, 80.66%) and
lowest (715 mV, 79.16%) for samples with PTB and noPT, respec-
tively. This result is consistent with p. values reported in Figure 4B
and with findings in Tong et al.®® In fact, we observe the lowest p.
value of 177 mQ cm? for sample with PTB. NoPT and PT result in p.
in the range of 600 to 1400 mQ cm?. We can relate that a-Si:H and a-
SiO,:H interlayer formation during PTB process, together with higher
oxygen content in MoO, layer, leads to transport improvement in the
contact stack with PTB. We infer that samples with PT MoO, could
exhibit higher WF than samples using PTB due to the higher oxygen
content (Figure 3B). However, we suspect that PTB samples result in
the lowest p. due to the best trade-off between WF and interfacial
dipole.*” Samples with noPT exhibit high p. due to high oxygen reac-
tion at (i)a-Si:H/MoO, interface together with lower oxygen content

in MoO, (relatively low MoO, WF) as discussed in the previous
section.

We note that the trend is opposite for short circuit current (Jg.) as
Figure 4A illustrates. The samples without any treatment (noPT) yield
the highest J. This is ascribed to the fact that interface modification
(i.e., PT and PTB) leads to the growth of ~3-nm-thick interlayer (see
Section 3.3), which increases the parasitic absorption in samples with
PT and PTB. Such interlayer causes Jo losses of 0.2-0.4 mA/cm?
compared to samples with noPT. Note that XPS and EDX measure-
ments show that PTB does not result in boron incorporation. In gen-
eral, 1) follows the trend of Voc and FF with highest value of 23.83%
for samples with PTB.

As PTB solar cells exhibit the highest efficiency in our study
(Figure 4A), we evaluate the effect of MoO, thickness for such
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champion cell based on 1.7-nm-thick MoO, and PTB [Colour figure
can be viewed at wileyonlinelibrary.com]

treatment. Solar cell performance of devices fabricated with noPT
for variable MoO, thickness was investigated in the early develop-
ment of this method. Related results reported in our previous work?
were not encouraging. To do so, we variate the MoO, layer from 1 to
4 nm. The results are reported in Figure 4C. Voc of the devices
increases as the thickness of MoO, reaches 1.7 nm and remains
constant at around 719 mV for samples with MoO, thicker than
1.7 nm. FF exhibits a bell-shape trend with a maximum average value
of around 81.5% for 2-nm-thick MoO,. This trend is consistent with
theoretical findings in Section 3.1 and p. measurements reported in
Figure 4D.

As anticipated, increasing MoO, thickness, Js. slightly decreases
from 40.2 to 39.8 mA/cm? due to parasitic absorption. Furthermore,
the EQE of the best MoO, cell compared to the SHJ counterpart is
shown in Figure 4E. We observe that the EQE spectrum exhibits an
improvement in light response at wavelength range from 300 to
800 nm corresponding to a gain of 2.77 mA/cm?. We observe that
the n trend is dominated by the FF. Indeed, the best trade-off
between optics and electrical behavior (Jsc vs FF*V,.) results in an
optimal solar cell with 1.7 nm MoO,. Figure 5 shows the certified J-V

curve of our best performing solar cell.

4 | CONCLUSION

In this work, we identified the fundamental mechanisms for tailoring
properties of MoO, and for its integration in high-efficiency SHJ solar
cells. Our simulation results revealed that the oxygen content inside
MoO, strongly affects the WF and additionally leads to the formation
of a strong dipole at the interface with silicon. Therefore, thickness
dependent WF profile depends on the diffusion of oxygen from MoO,
through (i)a-Si:H. Then, by controlling the oxygen content in MoQO,,
we calculated that optimal solar cells are possible for ~2-nm-thick
ultra-thin MoOy films because of the trade-off between dipole and

MoO, WEF. With this observation, we investigated the effect of PT
and PTB on MoO, film oxygen content. By evaluating XPS measure-
ments, we observed that oxygen content in MoO, layers deposited
after PT and PTB conditions is higher than that in MoO, layers depos-
ited in noPT condition. This finding suggests adjustable WF for PT
and PTB samples as WF increases with oxygen content in MoO,. HR-
TEM and EDX images confirmed the formation of a SiO, interlayer at
()a-Si:H/MoO, interface. We noted that samples with PT and PTB
exhibited thinner SiO, interlayer compared with samples with noPT,
thus confirming that PT and PTB indeed reduce the reaction of the (i)
a-Si:H/MoQy interface with oxygen from MoO,. We evaluated the
transport of the contact stack in terms of p. of samples with noPT, PT
and PTB. Our measurements revealed a minimal p. = 177 mQ cm? for
a contact stack with PTB and 1.7 nm MoO,. Then, we studied the
impact of the interface treatment and MoO,-thickness on the perfor-
mance of MoO,-based SHJ solar cells. Overall, we applied optimal
PTB at ())a-Si:H/MoQ, interface and realized a champion cell with
1.7-nm (2.2-nm measured by TEM) thick MoO, as a hole transport
layer. With 23.83% conversion efficiency and a FF equal to 82.18%,
we push further the performance of TMO materials integrated in c-Si
solar cell architectures. Furthermore, plasma processes applied here
(PT and PTB) for reaching high performance solar cells are compatible

with industry SHJ production lines.
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