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ARTICLE INFO ABSTRACT

Keywords: MoS2:Nb films deposited by radio-frequency magnetron sputtering are investigated in view of their application in
Molybdenum disulfide infrared (IR)-transparent contacts for tandem photovoltaic devices.
Sputtering

This material is already known to give a good electrical contact with p-type chalcogenide semiconductors,
which are typically grown onto opaque molybdenum metallic contacts and a MoS; layer spontaneously forms at
the back interface during the on-top semiconductor growth. Our study explores a different approach, which

Hole transport layer
Tandem solar cells

Kesterite
Copper zinc tin sulfide involves the direct growth of IR-transparent MoS,:Nb films via sputtering inside complete photovoltaic devices,
Silicon like CupZnSnSy4 (CZTS)-based single junction solar cells and CZTS/Si tandem devices. Films deposited at different

sputtering pressures are compared by analysing their microstructure, morphology, chemical composition, optical
and electrical properties. The effects of post-deposition sulfurization treatments are also investigated. We find
that MoSy:Nb films deposited at around 0.1 Pa exhibit compactness but show a notable sulfur deficit ([S]/[Mo]~
1.4), a significant sub-bandgap optical absorptance and lack of crystallinity. Increasing the Ar pressure to 1 Pa
raises the [S]/[Mo] ratio to 2.2, yielding crystalline films with good IR-transparency, although with a porous
morphology. Despite 0.5 wt% Nb-doping of the sputtering target, the as-deposited films demonstrate n-type
conductivity likely due to uncontrolled impurities and intrinsic defects. Ultraviolet Photoemission Spectroscopy
measurements suggest that films’ work function higher than 5 eV can be obtained with a post-deposition sul-
furization, making these materials suitable as Hole Transport Layer in photovoltaic applications. A similar in-
crease in work function is expected in the CZTS/MoS; junctions, since the sputtered MoS,:Nb films undergo a
sulfurization process needed to obtain the overlying polycrystalline CZTS absorber.

CZTS solar cells produced with sputtered MoS; and Transparent Conductive Oxides contacts on glass sub-
strates, despite plagued by severe adhesion problems, show the potentiality to give efficiencies comparable to
reference devices with standard Mo back contact. Fabrication of CZTS/Si tandem devices on textured silicon
bottom cells yields a maximum efficiency of 4.4 %, primarily hindered by the low quality of the CZTS film on
textured substrates. Nonetheless, optoelectronic characterizations based on both spectrophotometric and quan-
tum efficiency measurements confirm a good IR transparency of the MoS,-based intermediate contacts and the
desired electrical behaviour.

Intermediate contact
Selective contacts

the material make it a good candidate. MoS; has an indirect optical gap
of 1.17-1.23 eV [1,2] while the first direct gap is at 1.85 eV [3]. The
indirect gap gives a rather weak absorption so that films with a thickness

1. Introduction

The development of several kinds of emerging tandem photovoltaic

(PV) devices would greatly benefit from the availability of an infrared
(IR) transparent hole transport layer (HTL) with a high work function.
Low cost, high stability and ease of deposition over a large area would
also be attractive requirements. In this work the use of sputtered MoS; as
hole transport layer is proposed and evaluated, as several properties of
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of a few tens of nanometers are quite transparent for wavelengths
greater than 800 nm. MoS, photothreshold (i.e. the energy difference
between the vacuum level and the valence band maximum) is quite high
being about 5.6 eV [4]. It follows that if p-type doped MoS; could be
obtained it would show a work function larger than 5 eV. However,
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MoS; shows a native propensity toward n-type conductivity, which is
often imputed to sulphur vacancies [5-7] (even though their role as
donors is still controversial [8]), as well as to uncontrolled impurities
[9-11]. It would be therefore advantageous to dope MoS; with a suitable
acceptor impurity [12-15] and, according to the literature, Niobium is a
good choice [16,17].

Non-intentionally doped MoS; was already employed in a monolithic
CupZnSnS4 (CZTS)/Si tandem device where a MoS,/FTO/ZnO multi-
layer structure was used as intermediate contact [18] between the top
and the bottom cells. The MoS; layer used in this stack was obtained by
metallic Mo sulfurization, but this technique is not optimal since an
incomplete Mo sulfurization can take place if a too mild process is used,
while a Transparent Conductive Oxides (TCO) degradation can occur if a
too aggressive process is used.

In this work, a process route which involves a direct radio frequency
(RF) sputtering deposition of MoS2:Nb is investigated using a target with
a MoS,/NbS>,=99.5/0.5 wt% composition. This approach allows a better
control of thickness and transparency of the MoSy:Nb layer and pre-
serves the underlying TCOs from degradation. In addition, Niobium
doping should be able to shift the material conductivity towards p-type,
improving hole transport at the CZTS/MoS,:Nb interface. The Niobium
concentration in the target is chosen following a paper by Suh et al. [16]
where it is reported that doping a single crystal of MoS; with 0.5 % Nb is
enough to produce a degenerate p-type doped material with a hole
concentration of 3 x 10'° cm™. The correlation between sputtering
conditions and MoS2:Nb film properties is investigated by analysing the
films microstructure, morphology, chemical composition, optical and
electrical properties. The influence of post deposition annealing treat-
ments in a sulfur atmosphere (sulfurization) is also investigated. The
study of sulfurized MoS,:Nb films is interesting also in view of their
possible applications in CZTS solar cells, since a sulfurization treatment
is a typical step of the absorber growth process and therefore the MoS,:
Nb layer, if used as back contact, will indirectly undergo a similar
treatment. For this reason, sulfurization conditions similar to those
typically used for the absorber are chosen for this study. Finally, the
properties of sputtered MoS2:Nb films as IR-transparent HTLs are
investigated by producing complete PV devices, like CZTS single junc-
tion solar cells and textured CZTS/Si tandem devices.

2. Experimental section
2.1. MoS2:Nb growth and characterization

MoSy:Nb films were deposited with a Kenosistec magnetron RF
sputtering system using a 0.5 wt% Nb-doped MoS, target of 150 cm?
area and 0.6 cm thick, purchased from Process Materials Inc. (target-to-
substrate distance about 10 c¢cm), with a constant RF power of 150 W
(power density 1 W/cm?), varying the Ar working pressure between
0.11 and 1 Pa. The substrate temperature was set to 180 °C (to align with
the optimized conditions of TCOs deposition, details provided below),
but some experiments were also conducted at room temperature for
comparison. The film thickness ranged from 30 to 200 nm.

In all the deposition runs at least one 2.5 x 7.5 cm? Corning Eagle XG
borosilicate glass (BSG) was inserted, to be used for the microstructural,
chemical and optoelectronic characterization of the bare MoS,:Nb films.
The borosilicate glass was preferred to the standard soda-lime glass to
avoid sodium contamination since it is well known that Na* ions can
easily intercalate in between the MoSy:Nb layers behaving as donors
[19,20].

A Field-Emission Gun Scanning Electron Microscope (FEG-SEM LEO
35, Zeiss) equipped with an Oxford EDX detector for Energy Dispersive
X-ray Spectroscopy (EDX) was used for morphological and chemical
characterization of the materials. The SEM images were collected using
an In-Lens type-I secondary electron (SE1) detector, with an electron
beam energy of 3 keV and a working distance (WD) of 3 mm. For the
EDX spectra, a 20 keV electron beam energy and a WD of 8.5 mm were
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utilized. The film cross-sections were prepared for SEM analysis by
scribing the backside of the substrate and fracturing the sample,
ensuring that the film cross-section intended for observation remained
undamaged. These samples, along with those used for the planar-view
analysis, were then directly mounted on the stubs for the SEM anal-
ysis, without any additional polishing or coating deposition. For each
sample, several regions (with area varying between 200 and 2000 ym?)
were analysed changing the magnification settings and two represen-
tative images (in cross-sectional and planar view) were chosen and re-
ported in this work.

X-Ray Diffraction (XRD) measurements were performed with a
SmartLab Rigaku, with Cuka source radiation and a monochromator in
the diffracted beam. The diffractometer was operated at 40 kV and 30
mA. XRD patterns were acquired in the 2theta range from 5 to 90° with a
step size of 0.025 and a time per step of 5-10 s. Different types of
measurements were performed in Bragg/Brentano standard configura-
tion and with the X-Ray source fixed at low incidence angles.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out in a Vacuum Generator ESCA LAB MKII system, using the Al Ka line
as an x-ray source. Ultraviolet Photoelectron Spectroscopy (UPS) mea-
surements were performed in the same system, employing the He I line
radiation for the excitation of photoelectron emission. A bias voltage
was applied to the samples to appreciate the secondary electrons cut-off.
The kinetic energy scale of the spectra was calibrated to the Fermi En-
ergy position of an Au reference.

A depth profiling analysis of the samples was performed by Glow
Discharge Optical Emission Spectroscopy (GDOES) measurements using
a Horiba Jobin Yvon GD Profiler 2 spectrometer with an anode diameter
of 4 mm.

Spectrophotometric measurements were made with a Perkin-Elmer
LAMBDA 950 system equipped with a 150 mm integrating sphere to
investigate the materials optical properties in the range from 250 to
2500 nm.

Weight and geometry measurements were performed to estimate the
material density and porosity. The film weight was obtained as differ-
ence between that of the total sample and of the bare substrate,
measured before deposition. 10 pm-thick Al foils were used as light-
weight substrates for these measurements in order to improve the ac-
curacy of the results. As a further verification, the initial substrate
weight was measured again after the film deposition, removing the
MoS,:Nb layer in Hy02. The thickness and area of each film were ob-
tained using profilometer, calipers, microscope images and SEM cross
sections. It must be noted that a small uncertainty in the sample thick-
ness (due to measurement error or sample inhomogeneity) leads to a
certain error in the final density evaluation, which can be determined
within a reasonable error of + 0.2 g/cm™>. Due to the uncertainty
associated to the measured density, the calculated porosity of the sam-
ples is reasonably affected by an absolute error of about 5+10 %.
However, the porosity values are confirmed by the optical simulations
results obtained by the software KSEMAWc [21], as detailed in the
Appendix A.

Electrical resistivity was obtained by 4-probe measurements on
MoS2:Nb /glass samples with a Napson RT-7 system or (in the case of
samples with sheet resistance > 300 KQ/square) derived from current-
voltage measurements made in planar configuration, with gold contacts
evaporated onto the MoSy:Nb film surface, using a Keithley i236 in-
strument. The electrical behavior of MoS,:Nb films was also indirectly
investigated by measuring the current density-voltage (J-V) curves of
MoS3:Nb /c-Si heterojunctions, produced using both n-type and p-type
Si wafer. For this purpose, in some deposition runs two silicon wafers (p-
type and n-type) were also inserted. The wafers were deoxidized in a
chemical bath of 1 % HF in DIW before the deposition. The electrical
contact on the top MoSy:Nb layer was made by gold dot evaporation
while the back ohmic contact on c-Si wafer was made using an In-Ga
eutectic.
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2.2. Deposition of MoS2:Nb/TCOs contacts for CZTS solar cells and
CZTS/Si tandem devices

Sputtered MoSy:Nb films were tested as back contact in CZTS
photovoltaic devices and as intermediate contact in CZTS/Si tandem
solar cells. To obtain a conductive and semi-transparent contact, MoSs:
Nb/FTO/IWO trilayer structures were produced. Tungsten-doped In-
dium Oxide (IWO) was used to get a reasonable sheet resistance (<20
Q/square) while Fluorine-doped Tin Oxide (FTO) was introduced to
protect the IWO from the reactive atmosphere present during the CZTS
sulfurization thanks to its good chemical stability. The MoS2:Nb/FTO/
IWO trilayer was deposited inside the same sputtering system, without
breaking the vacuum, keeping the substrate at about 180 °C. The sput-
tering conditions of the TCOs (IWO and FTO) were previously optimized
to obtain films with a good transparency, a sufficiently high conductivity
and a good chemical stability. The IWO layer (about 300 nm thick) was
RF-sputtered from an IWO target (InpO3/WO3 = 99/1 wt%) at 300 W
power, a sputtering pressure of 0.5 Pa and with the following gas fluxes:
Ar = 38.4 sccm, Hp = 1.6 scem, O3 = 0.5 scem. The FTO layer (about 350
nm thick) was deposited by DC-sputtering from an FTO target (SnOy/
SnFy = 97/3 wt%) at 300 W at an Ar sputtering pressure of 0.8 Pa with
additional oxygen flow of 2 sccm (Ar/Os flow ratio 60/2). MoS:Nb films
were then deposited onto the FTO using different sputtering conditions
explored in this work.

The CZTS absorber was grown using a two-step process already
detailed in the literature [22]: i) co-sputtering deposition of a 900 nm
thick quaternary precursor layer from three targets of Cu, ZnS and SnS;
ii) thermal treatment at 580 °C for 1 hour in sulfur atmosphere (sulfu-
rization), necessary to introduce the correct amount of sulfur into the
absorber and to promote the grain growth. The sputtering powers
applied to each target were properly settled to keep the precursors
composition close to the well-known optimum range for photovoltaic
applications ([Cul/[Zn+Sn]~0.75 and [Zn]/[Sn]~1.2) ( [23,24]). A7
nm thick NaF layer was evaporated as sodium source on the precursor
surface before the sulfurization treatment; Na doping is indeed known to
promote the CZTS grain growth and to play a beneficial role in defect
passivation [25]. The devices were then completed with the deposition
of a CdS buffer layer by chemical bath and with a sputtered ZnO/IWO
front contact.

CdS buffer layer (about 60 nm) was deposited by chemical bath at
about 60 °C in a 200 ml aqueous solution of NH4OH (Sigma-Aldrich 28
%) (M(NH3) = 1.8 M), CdSO4 1.5 mM and thiourea (1.09 g in 200 ml, M
(CH4N,S) = 71.6 mM). CdS film reaches a thickness of about 60 nm in 9
min, after which sample is removed from the bath and washed in
deionized water. TCOs layers were deposited by RF magnetron-
sputtering (in the same Kenosistec system used for MoS,:Nb) at about
180 °C substrate temperature using the following conditions: (i) ZnO:
RF-Power density = 1.33 W/cm?, Ar working pressure 0.5 Pa, thickness
40 nm; ii) IWO: RF-Power density = 2 W/cm?, target composition
Iny03/WO3 (99/1 wt%), Ar working pressure 0.5 Pa (fluxes: Ar = 38.4
scem, Hy = 1.6 scem, O = 0.5 scem), thickness 250 nm.

The scheme of these fabrication process steps is reported in Fig. 1.
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IWO/FTO/Mo0S2:Nb/CZTS/CdS/IWO/ZnO structures were deposited
both on borosilicate glass for characterization of the semitransparent
CZTS cells and on textured Si bottom cells for tandem devices. Details
about silicon bottom cell fabrication are reported in our previous work
[18].

The devices were characterized by External Quantum Efficiency
(EQE) measurements and current density-voltage measurements under
AML1.5 light conditions using a WACOM WXS 140S-10 class A solar
simulator.

3. Results and discussion
3.1. As-deposited MoS2:Nb thin films: effect of the sputtering pressure

Table 1 reports a list of MoS,:Nb samples produced by sputtering
deposition at three different Ar working pressures, ranging between 0.11
and 1 Pa. The deposition time was set to obtain sufficiently thick samples
(nominal thickness around 200 nm), suitable for chemical, electrical and
spectrophotometric characterization. The film properties and process
conditions are reported in Table 1. The sample properties (such as the
chemical composition, electrical resistivity, morphology and optical
behaviour) were found to be strongly dependent on the sputtering
pressure, as explained in the following.

The chemical composition of as-deposited (as-dep) films derived
from EDX measurements is shown in Fig. 2a, reporting the [S]/[Mo]
ratio as a function of the sputtering pressure. The large error on EDX
data may suggest a certain composition inhomogeneity but could also
derive form the measurement error due to the partial superposition of
the L,_Mo and K,-S EDX signals. Despite the uncertainty in the
compositional results, measurements repeated on different samples
grown in the same conditions reveal a clear increasing trend of the sulfur
incorporation as the sputtering pressure increases: [S]/[Mo] values
much lower than 2 are indeed found for the lowest pressure (0.11 Pa)
whereas more stoichiometric samples, with [S]/[Mo] close or slightly
larger than 2, are obtained for deposition at 1 Pa. These results are also
in accordance with XPS measurements which confirmed the presence of
metallic Mo in samples deposited at pressures lower than 1 Pa (a com-
parison between as-dep films produced at 0.5 and 1 Pa is shown in
Fig. B1).

For decreasing sputtering pressure, a reduction of the electrical re-
sistivity was also found. This trend, shown in Fig. 2b for samples
deposited at both 180 °C and room temperature, likely results from the
increase of the metallic content in low-pressure samples and maybe, as a
minor effect, from the reduction of the film porosity (discussed below) as
the sputtering pressure is decreased. The average resistivity values for
each pressure are reported in Table 1.

In addition to the changes in samples stoichiometry and electrical
properties, microstructural and morphological differences were also
found in samples produced at different pressures.

XRD patterns are shown in Fig. 3. For the two samples produced at 1
and 0.5 Pa a crystalline MoS, phase is detected, whereas at lower
pressure (0.11 Pa) an amorphous material is obtained. The (002)

ZnO/IWO
n-CdS
NaF
@580°Cx 1h
+5SnS + _— czTS CZTS
s} Sulfur
£ [ Mos, Mos,
8 FTO FTO FTO FTO
% IWO IWO WO IWO
= substrate substrate substrate substrate
Step #1 Step #2 Step #3 Step #4

Fig. 1. Scheme of the fabrication process of the CZTS top cell onto MoS,:Nb/FTO/IWO trilayer contact.
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Table 1
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Sputtering deposition conditions of MoS,:Nb thin films: pressure (P), RF Power, nominal/actual deposition temperature (Tdep); thickness (d), average resistivity,
material density (pPmeasured) and porosity (derived from weight measurements (exp) and from optical simulations (sim)).

MoS, sample P(Ar) RF-Power Tdep d resistivity Pmeasured porosity (exp) porosity (sim)
type (Pa) w) [§9) (nm) (Q cm) (g/cm®) (%) (%)
MoS2-P1 0.11 150 180 170 0.002 52+0.2 <0 ~0
MoS2-P2 0.5 150 180 180 0.1 4.3 +£0.2 10-20 ~ 10
MoS2-P3 1.0 150 180 220 0.3 3.8+0.2 20-30 ~ 20
(a) (b)
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Fig. 2. (a) Chemical composition ([S]/[Mo] ratio) derived from EDX measurements

substrates at room temperature and at 180 °C.
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Fig. 3. XRD pattern of three MoSx:Nb films deposited on BSG substrate at
different sputtering pressure.

diffraction peak is shifted toward lower degree compared to the (002)
peak position of 2H-MoS; bulk sample (14.38° — JCPDS file number:
37-1492), revealing an increase of the inter-layer distance (5, Table 2)
along the c-axis as the deposition pressure decreases from 1 to 0.5 Pa.
A similar shift of the (002) peak was often reported by other authors
in the literature [26-28] for both thin films and nanoparticles [29] and it
was typically ascribed to the intercalation of ions and molecules be-
tween MoS; layers, as well as to crystal defects or strain owing to cur-
vature of the layers [29]. Sodium intercalation could likely account for
the lattice expansion observed in our film since a Na signal (coming from

and (b) electrical resistivity of as-deposited MoS2:Nb films on borosilicate glass

Table 2

Interlayer distance (8) along the c-axis derived from the shift of the XRD (002)
peak in MoS,:Nb samples produced at different pressures. The inter-layer
spacing & was calculated using the Bragg’s Law ni = 2dsind, where n is the
diffraction order, 1 is the wavelength of the radiation source and 6 is the glancing
angle.

sample type press (Pa) 5 (A)
MoS2 - P1 0.11 Amorphous
MoS2 - P2 0.5 7.104
MoS2 - P3 1.0 6.860
bulk-ref. [26] — 6.148

undesired target contamination) was detected by GDOES depth profile
analysis of our materials (an example of element distribution is shown in
Fig. 10b, revealing a clear signal from both Nb and Na). Nonetheless,
Argon ions could also play a role in the observed lattice expansion, since
Ar could be more easily incorporated into the growing films as the
working pressure decreases, in accordance with the increasing value of
the interlayer-spacing .

It must be noted that a contribution to the shift of the (002) peak
could be also given by the presence of different MoSy polymorphs like
the metastable 1T-MoS; phase [28,30,31], which could not be excluded
on the base of XRD only. The coexistence of different polymorphs was
for example observed by in-situ STEM analysis in ref [32]. However, the
XPS analyses discussed below, despite limited to a narrow surface re-
gion, seems to suggest the 2H-MoS; as the main phase present in our
samples.

It is worth noticing that, compared to a MoS; bulk crystal, the lattice
expansion in thin films should imply a decrease in material density. This
correlation is reported, for example, in the work by Kaindl et al. [27],
where sputtered films with expanded lattice are also found to exhibit
density values between 3 and 4.3 gecm™, significantly lower than the
value expected for the MoS; bulk reference (4.99-5.06 g-cm’3 [27,33]).

Density (pmeasured) Measurements of the films revealed a monotonous
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decrease of such parameter with increasing pressure (from 5.2 + 0.2
gocm'3@0.11 Pato 3.8 + 0.2 gocm’3@l Pa; Table 1), which cannot be
ascribed to the lattice expansion (which in contrast would predict an
opposite trend). This density variation can be more likely explained with
the increase of the material porosity expected for increasing sputtering
pressure, as a result of the reduced energy of the incident ions [34].

An estimation of the films porosity was obtained from the measured
density (Pmeasured) and the theoretical value for the molybdenum disul-
fide (ptheo=5.06 g/cm3 [33]) using the expression: Porosity = 1 -
Pmeasured/ Ptheo (Table 1). A porosity in the range of 2030 % was found
for the film deposited at 1 Pa, whereas lower values are progressively
found as the pressure is decreased to 0.5 Pa — with porosity around
1020 % - and to 0.11 Pa, when very compact films with completely
suppressed porosity are obtained. In this case, the calculated porosity
value is indeed close or slightly lower than zero, suggesting a
compressive stress in MoS2:NDb films deposited at the lowest pressure.
This result, in accordance with the literature [35], is also compatible
with delamination problems often observed in these last samples,
showing poor adhesion on glass and silicon substrates, where formation
of blisters is often observed after different thermal treatments.

Despite a reasonable error of about 5+10 % associated to the pro-
vided porosity values (see Experimental), a reliable trend with the
sputtering pressure is obtained, as also confirmed by the optical simu-
lations results (Table 1) obtained by the software KSEMAWc [36] (de-
tails in the Appendix A).

Furthermore, planar and cross-sectional SEM views, reported in
Fig. 4, seem to confirm the increase of the material porosity estimated
for increasing sputtering pressure. In particular, a clear porous structure
is observed for the highest-pressure sample, exhibiting a “lamellar-type
morphology” similar to that reported in the literature for MoS, samples
produced with similar sputtering conditions (see sample T3 in ref. [37]).

Fig. 5 reports the transmittance (T) and reflectance (R) spectra of
samples deposited at different sputtering pressures. The absorption co-
efficient (o), derived as a= 1/d In [(1-R)/T] (where d is the sample
thickness), is also reported in Fig. 5c. The measurements show an in-
crease of the transmittance as the Ar pressure increases, while the
reflectance decreases. The reduction of R at low wavelengths for
increasing pressure points to a reduction of the refractive index, in
accordance with the decrease of the material density discussed before.
The reduction of the film transparency with decreasing pressure is
instead mainly due to an increase of the absorption coefficient with
decreasing sputtering pressure, as a direct consequence of decrease of
sulfur incorporation and material porosity. The corresponding Tauc’s
plots, calculated considering the expression for direct bandgap semi-
conductors (a(E) ~ /(E — Eg)/E, where Eg is the optical bandgap), are
reported in Fig. 5d. The indirect gap at about 1.2 eV [1,2] gives a weak
absorption and can be neglected in this analysis. As-deposited samples
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produced at pressures equal or higher than 0.5 Pa show bandgap values
(Eg) increasing from 1.70 to 1.74 eV, in fairly good agreement with the
literature [3]. The Tauc’s plot of the film produced at the lowest pressure
is also reported for comparison, but the curve is not used to extract the
optical bandgap since both the high « values (a>10° cm! for E < 1 eV)
and the low transmittance (T < 15 %) point to a semi-metallic behavior,
in accordance with its Mo-rich composition revealed by EDX analysis
(Fig. 2a) and with the possible presence of minor inclusions of the
metallic 1T phases.

3.2. Effect of sulfurization treatments on MoS2:Nb films

MoS,:Nb samples were subjected to a reactive annealing in sulphur
atmosphere (sulfurization) to investigate the effect of the sulphur
incorporation on the material properties after this post-deposition
treatment (PDT). Obviously, different PDT conditions can be chosen
and properly optimized depending on the future applications and/or
experimental requirements. In this work, experiments were conducted
in view of MoSy:Nb applications as back contact in CZTS solar cells,
where the absorber growth process typically requires sulfurization
treatments at temperatures higher than 550-560 °C. If used as back-
contact, the MoS2:Nb layer will indirectly undergo a similar treatment.
Therefore, two different sulfurization processes, similar to those used for
CZTS, were used for the MoS,:Nb films.

Both treatments were performed in a custom-made system (by
IONVAC PROCESS s.r.1.) equipped with a vacuum chamber containing a
graphite furnace (of 1000 cm®vol) and a sulphur source of 15 cm3vol,
which is a separate cylindrical graphite chamber where sulfur pellets are
placed and can be heated at a chosen temperature (270 °C was set in this
work). The samples are placed inside the graphite furnace, where sulfur
vapors are introduced by a Ny carrier gas (pulsed flux 0.8 1/min with
cycle on/off = 3 s/7 s) through a 6 cm long graphite tube (5 mm
diameter) connecting the furnace with the sulfur source. The graphite
furnace outlet can be kept either closed or connected to the external
atmosphere through an outlet valve, allowing processes under contin-
uous gas flux.

Both processes used in this work start with an initial annealing step
of the samples of 15 min at 300 °C (heating rate of 20 K/min), followed
by a second step of 60 min at 580 °C (same heating rate of 20 K/min).
They differ in the amount of sulfur introduced into the furnace and in the
permanence time, as illustrated in Fig. 6. The first process is a “softer”
treatment, labelled as “soft-sulf’, performed keeping the exit valve
closed. The sulfur vapors are introduced into the chamber for a limited
duration (approximately 15 min), beginning when the sample reaches
250 °C, to avoid undesired condensation over the “colder” samples, and
stopping at the end of the plateau at 300 °C (see Fig. 6— orange profile).
Then the sulfur heater is turned off, the carrier gas is stopped, and the

Fig. 4. Planar view and cross-sectional SEM images of as-deposited MoS,:Nb films grown at different sputtering pressures with RF-power 150 W.



C. Malerba et al.

(a)

80 1 1 1 1
——1.0 Pa (220 nm)
70——0.5 Pa (180 nm)
J——0.11 Pa (170 nm)
g0 1.0 Pa
50 -
Sy
. 0.5Pa
20
] 0.11 Pa
104
0 T T T T 1
500 1000 1500 2000 2500
wavelength (nm)
. . . . (9
- e@N®
se™
1x10°4

Thin Solid Films 806 (2024) 140527

(b)

60

——1.0 Pa (220 nm)

50_'—0.5 Pa (180 nm)
——0.11 Pa (170 nm)

40

304

R (%)

204

101

1000 1500 2000

wavelength (nm

2500

(d)

)
w & (4] (]
L I 1

N
1

(@E)? (x 10" cm? eV?

+———Eg=1.70eV|

Eg=1.74¢V|

optical abs. coefficient (cm'1)

—1.0 Pa
1X1O4 —20.5 Pa
—0.11 Pa
05 10 15 20 25 3.0
energy (eV)

0
0.4

1 06 08 10 12 14 16 18 20 22 24
energy (eV)

Fig. 5. Transmittance (a), Reflectance (b), absorption coefficient spectra (¢) and Tauc’s Plot (d) of as-deposited MoSy:Nb film grown at different Ar-
sputtering pressures.

for 108 min, until the end of the plateau at 580 °C (Fig. 6- dark red
profile). To allow a continuous flux in the chamber avoiding over-
pressure problems, the outlet valve of the system is kept open and the
total working pressure is kept constant at 10° Pa during all the process.

Chemical, electrical, optical and microstructural characterizations of
all the samples were performed after both sulfurization processes.

The results of EDX measurements are shown in Fig. 7. The softer
treatment (soft-sulf — green squares in the plots) was found to lead only to
a small increase of the [S]/[Mo] ratio compared to the as-deposited
values and it was unable to produce a complete sulfurization of the
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Fig. 6. Heating ramp of sample and sulfur source set during the sulfurization
treatments (soft-sulf and strong-sulf) used in this work.

rest of the process continues in an almost static No/S atmosphere as the
sulfurization chamber is kept closed during the entire treatment. The
system pressure is set to 7 x 10* Pa at the beginning of the process (pure
Ny gas at RT), then raises to about 9.5 x 10* Pa at the end of the first
plateau at 300 °C (N3 + Syapor) and reaches a constant value around 1.1
x 10° Pa during the final step at 580 °C. The second sulfurization
treatment is a “stronger” process, labelled as “strong-sulf”, which differs
from the former in the higher sulphur supply. The carrier gas is fluxed
inside the furnace from the moment when the samples reach 250 °C and

[S)/[Mo] ratio from EDX
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Fig. 7. [S]1/[Mo] ratio measured in MoS,:Nb films, as-deposited and after the
two soft-sulf and strong-sulf PDTs.
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(heavily or lightly) Mo-rich films produced at the lowest or intermediate
pressures. A complete sulfur incorporation is instead found in all the
samples after the stronger treatment (strong-sulf — orange triangles in the
plot), leading to [S]/[Mo] ratios even higher than 2. For a deposition
pressure of 1 Pa only a moderate increase of the sulfur content is
detected after the treatments since the as-deposited films already show a
[S1/[Mo] ratio close to or slightly larger than 2.

Even if the observed [S]/[Mo] ratios may be overestimated, values
exceeding 2 could indicate the presence of elemental sulfur or the for-
mation of S-rich phases [38]. Such phases cannot be identified using
XRD, as no crystalline phases have been reported in the literature for
molybdenum sulfides with [S]/[Mo]>2, (such as MoS3 [39-41], M03S13
[42]) and any potential sulfur cluster would likely be amorphous.

In order to clarify the nature of these samples, XPS measurements
were performed. As an example, Fig. 8 reports the XPS spectra of Mo3d
and S2p levels measured in a MoS2:Nb film deposited at 1 Pa and sub-
jected to the soft-sulfurization treatment. Almost identical spectra are
obtained on the same sample after the strong sulfurization process,
whereas slightly larger peaks are observed in the as-dep sample, as
shown in Fig. B2.

The Mo3d spectrum (Fig. 8a) is dominated by two bands at binding
energy (BE) of 229.05 eV and 232.22 eV (blue curves), corresponding to
the doublet (Mo 3ds/5 and Mo 3d3,5) of the Mo™* in the 2H-MoS, lattice
[28,43,41,44]. The other two small contributions observed at 230.0 and
233.22 eV (magenta curves) could indicate an amorphous Mo,Ss phase
[43,45,46] (around 5 % from semiquantitative analysis) whereas the
band at 226.32 eV (orange curve) can be assigned to S% (S 2s orbital) in
the MoS; phase [45,46]. We note that the Mo,Ss phase can be detected
only looking at the Mo3d spectrum because its S2p bands cannot be
assigned due to lack of relevant XPS data in the literature [43,45,46].

The analysis of the Mo3d spectra helps to identify the 2H-MoS; as the
main phase present in our samples, excluding the formation of the 1T-
phase (at least in the 2-10 nm thick top region probed by XPS) which
could be postulated based on the XRD data discussed before. Indeed,
according to the literature, the binding energies of the Mo3d doublet in
the 1T-MoS; phase would be shifted of about 0.9 eV to lower values
compared to 2H-MoS; [28,44,47]: for example in the work by Cheng
et al. the reported BE of Mo 3ds,» and Mo 3ds/ are 228.25 and 231.35
eV for the 1T phase and 229.15 and 232.25 eV for the 2H phase [44];
Similarly, Liu et al. [48] reported the two Mo 3ds,» and Mo 3ds/»
characteristic peaks at ~228.1 and ~231.1 eV for the 1T-MoS;, much
lower than those of 2H-MoS, at ~229.5 and 232 eV.

The S2p spectrum shown in Fig. 8b can be modelled with two main
bands (blue curves) at BE around 161.9 eV and 163.1 eV, corresponding
to the S2p doublet (52-) in 2H-MoS,, in accordance with the literature
[46,44,28,43,45]. These data allow excluding the presence of the
1T-MoS; phase which would instead exhibit a downshift of about 0.9 eV
in the BE values with respect to the 2H-MoS; phase (for example the
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S2ps,2/S2p1 2 characteristic peaks are reported at about 161.05/162.2
eV for the 1T-MoS; and at 161.9/163.1 eV for the 2H-MoS, [44]).

To improve the fit quality, in addition to the main S2p bands in MoS,,
other contributions at higher BE have to be considered, related to
Mos3S13 or MoSs, [41,42]. The Mo3S;3 phase was considered as a first
option because, compared to other compounds, it would help to better
explain the sulphur excess revealed by EDX. The S2p spectrum decom-
position in Fig. 8b includes the two Mo3S;3 S2p doublets at 162.3/163.5
(S%’ terminal — green curve) and at 163.6/164.8 (S%’ bridging or s
apical — green dashed curve) [42]), even though the contribution of the
latter doublet is negligible. This analysis would predict an amount of
Mo3S;3 around 15 % which (together with 5 % of Mo,Ss) would allow
explaining the sulphur excess in the sample. However, this analysis is
not the only possible one, as a similar fit quality for the S2p spectrum can
be also obtained considering the MoSs, with doublets at 162.9/164.1
(S% bridging o S* apical) and 161.6/162.8 (S3” terminal 0 $¥) [41], even
though its estimated amount would not be enough to explain the sulphur
excess.

It is worth noticing that the analysis of the Mo3d spectrum is not
helpful to distinguish neither Mo3S;3 nor MoSs from MoS as the Mo is in
the same oxidation state (4+) in all compounds [42,40,41]. Due to the
arbitrariness of the XPS data fits, it is impossible to obtain a reliable
identification of the amorphous phases present in the samples and a
quantitative estimation of their amount. Anyway, for both models the
calculated semiquantitative S/Mo ratio is around 2.2, in reasonable
agreement with the EDX data. The presence of elemental sulphur can be
neglected as signals at higher energies (164.1/165.2) should be
observed. Finally, we can exclude the presence of both SO;, which
would give a signal at 167/168 eV [49] and NaySO4, which would give a
contribution from SG+species at about 168.6 eV [50].

Although the XPS analysis is only sensitive to the first 2-10 nm of the
surface of the sample, the general deductions about the presence of
sulfur-rich phases can most likely be applied to the bulk of the sample, as
suggested by the EDX data revealing a large sulfur excess.

The XRD technique was used to characterize the crystalline MoS;
phase present in our samples and its evolution after the thermal treat-
ments. Fig. 9 reports the diffractograms measured for a film deposited at
0.5 Pa and subjected to different thermal treatments. Similar results are
obtained for samples deposited at 1 Pa. Compared to the as-dep film, a
progressive shift of the (002) peak toward higher 26 values is observed
(Table 3), suggesting a reduction of the interlayer distance which be-
comes more similar to the nominal value of the bulk samples (6.147 A
[26,27]). A similar shift is also observed in samples deposited at 1 Pa,
whereas the samples deposited at 0.11 Pa remain amorphous even after
the sulfurization treatments.

Based on our previous hypothesis, which suggests that impurity
intercalation is responsible for the increase of the interplanar distance,
the observed shift of the (002) peak towards higher angles after the
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Fig. 8. XPS spectra of Mo3d (a) and S2p (b) measured in a MoS,:Nb thin films deposited at 1 Pa and subjected to soft sulfurization.
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Fig. 9. XRD pattern of a MoS, sample deposited at 0.5 Pa on borosilicate glass
and measured after different treatments.

Table 3

Interlayer distance (8) along the c-axes derived from
the XRD patterns of a MoS,:Nb film deposited at 0.5
Pa on BSG and subjected to the soft- and the strong-
sulfurization treatments.

sample treatment 6(;\)

As-dep 7.129
soft-sulf 6.392
strong-sulf 6.331
bulk-ref [27] 6.147

thermal treatments may indicate an impurity out-diffusion.

This hypothesis seems to be confirmed by GDOES measurements, as
those reported as an example in Fig. 10a and referring to films deposited
on borosilicate glass substrates. Sodium contaminations were indeed
detected by GDOES in as-deposited materials, where a clear Na signal
can be observed inside the MoS2:Nb films, with a higher accumulation at
the MoS,:Nb/Si interface. The Na content was found to progressively
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decrease after the two sulfurization processes, thus confirming its out-
diffusion. Additional experiments proved that this Na contamination
doesn’t arise from substrates or system contaminations, but from the
sputtering target itself. Concerning the elements profiles in Fig. 10a, it
has to be noted that the signals recorded during the initial seconds of the
measurement (sputtering time from O to 1-1.5 s) may be affected by
preferential sputtering effects or related to the typical initial instability
of the GDOES plasma. Therefore, the apparent enhanced S content
detected at the surface (peak between 0 and 1 s), as well as the low Mo
signal in the same region, might not indicate a truly sulfur-rich surface
but could simply be due to measurement artefacts.

Furthermore, we note that the Nb signal in samples deposited on BSG
substrates was typically found very weak and noisy because of the low
GDOES sputtering rate, combined with low Nb content and detector
sensitivity. Therefore, Nb profile is not shown in Fig. 10a. Anyway, an
evidence of the Nb incorporation inside the MoS,:Nb films was obtained
from GDOES measurements on samples grown on Silicon wafer
(Fig. 10b), where the Nb signal is better detected thanks to the higher
GDOES sputtering rate (allowed by the conductive nature of the Silicon
substrate).

In Fig. 11, the transmittance and reflectance spectra measured after
the two sulfurization treatments are compared with those of the as-
deposited film for each sputtering pressure. In the same figure, the
derived absorption coefficient spectra and Tauc’s plots are also reported.

The sample deposited at the lowest pressure (0.11 Pa) shows only a
slight increase of the transmittance (from about 10 to 25 %) after the
soft-sulfurization treatment, as expected from the EDX results indicating
a large sulfur deficit still present in the film. For the sample produced at
intermediate pressure (0.5 Pa), a similar optical behavior is found after
both soft-sulf and strong-sulf treatments, since after the soft-sulf the
chemical composition is already close to the stoichiometric one and only
a slight transparency improvement is expected after the stronger treat-
ment. For the sample grown at 1 Pa the improved transparency has to be
only imputed to a reduction of sub-bandgap defect absorption since the
chemical composition remain almost unchanged. The reflectance
spectra of all the samples do not show any change at low wavelengths,
thus implying no change in refractive index and porosity after
sulfurization.

The bandgap energy of the analysed samples can be obtained from
the Tauc’s plots calculated with the same expression used before for
direct bandgap semiconductors. For the samples at the lowest pressure a
semiconductive behavior is expected only after strong-sulf, so the curves
for the as-deposited and soft-sulf films (with Mo-rich composition and
semi-metallic behavior) cannot be used to define an optical bandgap.
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Fig. 10. Elements profiles from GDOES measurements of MoS»:Nb films sputtered at 0.5 Pa on (a) borosilicate glass (BSG) in the as-deposited state and after different

sulfurization treatments, and (b) as-deposited on Silicon wafer.
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Nevertheless, the latter curves are reported to show the variation of the
optical absorption induced by the progressive sulfur incorporation. As
shown in the plots, the Eg values found in all the samples with the
correct stoichiometry are in the range 1.7-1.8 eV, in fairly good agree-
ment with the literature value for the monocrystalline samples [3].

3.3. Electrical properties of as-deposited and sulfurized MoS2:Nb films

Samples resistivity measured by four-points probe after different
treatments are reported in Fig. 12. The change of the electrical resistivity
with the deposition pressure observed in the as-dep materials (dark-red
circles) was discussed previously (Fig. 2b) and correlated to the different
film microstructure and composition. Independently from the deposi-
tion pressure, the resistivity shows a progressive increase after the soft-
(green-squares) and the strong- (orange triangles) sulfurization treat-
ments, with a clear correlation to the increase of the sulfur incorporation
revealed by EDX data in Fig. 7. In particular, after the soft-sulfurization
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treatment, the resistivity of samples produced at 0.11 Pa shows a
negligible increase compared to the as-dep films, with values lower than
0.01 Qecm, pointing to a semi-metallic behavior, as expected from the
still large sulfur deficit (Fig. 7) and also from the optical characterization
previously discussed (Fig. 11). Resistivities higher than 10? Qecm are
instead measured in these samples after the strong-sulf, when the films
are completely (and even over-) sulfurized, showing semiconductive
properties.

Unlike the samples grown at the lowest pressure, the samples pro-
duced at both 0.5 and 1 Pa show a first significant increase of their re-
sistivity already after the soft-sulf, with average values around 100-200
Qecm (about three orders of magnitude higher compared to the as-dep
films), and a further increase is observed after the stronger treatment,
leading to resistivity values between 400 and 500 Qecm.

Assuming that the materials are n-type, the observed increase of
resistivity with the increase of sulfur incorporation could be ascribed to
areduction of the concentration of sulfur vacancies (V) as they are often
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Fig. 13. J-V curves of MoS2:Nb/c-Si heterojunctions based on p-type (top panel) and n-type (bottom panel) silicon wafers. The dotted lines refer to measurements on
the junctions between Au and p- or n-silicon. The polarity of the applied voltage is depicted in the upper scheme.
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reported to be donor defects [5-7], despite some controversies are found
in the literature [8]. A similar dependence of the conductivity on the
sulfur content was also reported by other authors in the literature [6,7].
On the other hand, the effect of possible extrinsic defects cannot be
excluded. Na was indeed reported to behave like a donor defect pro-
ducing an n-type doping [19,20]. Therefore, the sodium out-diffusion
could also play a role in the resistivity increase after thermal treatments.

On the contrary, assuming a p-type conduction of the materials, the
resistivity changes could be explained only assuming that the sulfur
vacancy is an acceptor, and the effect of sodium is of minor importance.

Hall measurements would be obviously needed to clarify the con-
ductivity type and the role of possible mobility changes. However, Hall
measurements performed with our system (0.5 Tesla) gave no mean-
ingful results due to a negligible Hall voltage. This could be likely
imputed to the presence of an amorphous fraction as well as to sample
inhomogeneity. Indeed, in the paper by Mc Donnell [51] it was reported
that it is possible to detect regions with different conductivity type in a
single sample.

Due to these difficulties, the electrical behavior of MoS,:Nb films was
indirectly investigated by measuring the J-V curves of MoSy:Nb/c-Si
heterojunctions, produced using both n-type and p-type Si wafer. The
wafers were deoxidized in HF 1 % chemical bath before the MoS5:Nb
sputtering deposition. The top and the rear electric contacts were then
respectively formed by evaporating gold dots (Au dot diameter 1 mm)
on the MoS,:Nb surface and by using an In-Ga eutectic solution on the
back side of the Si wafer. The devices were characterized soon after the
MoS2:Nb deposition (as-deposited) and after the sulfurization treat-
ments (soft-sulf, strong-sulf).

Fig. 13 shows the J-V curves of all devices obtained on p-type (upper
panel) and n-type (bottom panel) Si wafers, using a MoS,:Nb top-layer
deposited at different sputtering pressures. The dotted lines refer to an
Au/Si junctions, made on both p- and n-type wafers, and are shown to
clarify that the MoS,:Nb /Si JV curves are not affected by possible shunts
effects between the Au electric contact and silicon. The interpretation of
these results is quite complex since interface dipoles or defects can
strongly affect the band alignment and the junction properties. Anyway,
it is apparent that as-deposited MoS,:Nb films form a barrier on p-type
silicon and give rise to a nearly ohmic contact on n-type silicon. More-
over, the increase of sulfur incorporation leads to the formation of a
barrier on n-type silicon and to a decrease of the J-V curve asymmetry on
p-type. These trends suggest, despite the doping with Niobium, an n-
type conductivity of the as-deposited MoS,:Nb films and an increase of
the work function upon sulfurization. The same trend supports also the
donor character of sulfur vacancies (Vg) and the possible relevance of
sodium as extrinsic donor dopant.

Other experiments in the literature showed a similar trend of the
conductivity with the stoichiometry: for example Mc Donnell et al. [51]
showed that n-type and p-type regions can coexist in the same sample
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and used localized XPS to show that [S]/[Mo]=1.8 in the n-type region
while [S]/[Mo]=2.3 in the p-type region, pointing to a donor-like
behavior of the Vg [5-7]. It must be noted that ab-initio calculations
[8] suggest instead that Vg behaves like a deep acceptor.

To get further information on the Fermi level position, a MoS,:Nb
film deposited at 1 Pa was selected for UPS measurements due to the
nearly correct stoichiometry in the as-deposited state and the good
adhesion even after the sulfurization treatments.

The UPS results are shown in Fig. 14. The low kinetic energy portion
of the UPS spectrum can be used to extract the work function value while
the high kinetic energy portion provides an estimation of the distance
between the Fermi level and the top of the valence band (Eg-VBM). It can
be seen that the WF increases from 4.9 to 5.1 eV with increasing sulfur
incorporation. However, the three spectra are coincident for energies
above 19.5 eV and therefore the Ez-VBM value remains unchanged at
about 0.8 eV, pointing to n-type or nearly intrinsic materials.

The simplest hypothesis to explain these results could be that the
sulfur incorporation changes only the electron affinity of the MoS,:Nb
without changing the Fermi level position (Ez-VBM). However, with this
picture the changes in the electrical resistivity (Fig. 12) would be hard to
explain.

Another possible explanation is based on the hypothesis of the
coexistence, within the same sample, of regions with different doping
levels as suggested by other authors in the literature [51]. In this picture,
in the low kinetic energy region, the spectrum would be dominated by
the photoemission from the regions with the lower WF (n" regions),
which mask the contribution from the less (n) doped regions with
higher WF. On the contrary, in the high kinetic energy region (around 20
eV), the UPS spectrum would be dominated by the photoemission from
the regions with lower Eg-VBM value (less n-type doped). Under this
hypothesis, the results in Fig. 14b (showing a very similar onset for both
as-dep and sulfurized films) indicate that the Eg position in the n’-regions
remains almost unchanged after the sulfurization treatments, which in
contrast affect the Ez-VBM distance only in the n™-regions (Fig. 14a) by
reducing the donor defects concentration. This picture would explain
the increase in both the film resistivity and the barrier at the MoS,:Nb
/nSi interface leading to a rectifying behavior of the contact (in agree-
ment with the results in Figs. 12 and 13).

The sulfurization would therefore produce a material with a lower
and more homogeneous conductivity. It is interesting to note that this
picture would be in accordance with XPS data in Fig. B2, showing
broader Mo3d peaks in the as-deposited sample.

It must be noted that a work function as large as 4.9 eV would not be
compatible with the ohmic behavior of the MoS:Nb /n-Si junctions if
the simple Electron Affinity Rule is supposed to be valid: a substantial
interface dipole has to be hypothesized.
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Fig. 14. Low (a) and high (b) kinetic energy portion of the UPS spectrum of a MoS,:Nb film deposited at 1 Pa.

11



C. Malerba et al.

3.4. Application of MoS2:Nb thin films in CZTS solar cells and CZTS/Si
tandem devices

The sputtered MoS2:Nb films were tested as hole transport layers in
CZTS/c-Si tandem solar cells. A similar attempt was already made by our
group using a MoS;, layer obtained through the sulfurization of a
metallic Mo layer. That work produced the first working monolithic
CZTS/Si tandem cell [18] and a MoS, /FTO/ZnO trilayer was employed
as an intermediate contact between the CZTS and a silicon cell fabri-
cated using a wafer with flat front surface. The Fluorine-doped Tin Oxide
(FTO) was introduced, thanks to its good chemical stability, to protect
the bottom stack from the reactive atmosphere during the CZTS sulfu-
rization. The ZnO layer was instead used to get a good ohmic contact
with the underlying n-type silicon. This process produced working
tandem devices on flat c-Si wafers, but it failed on textured c-Si wafers,
due to the formation of SnS platelets on the trilayer surface during the
Mo layer sulfurization. These platelets extend for several microns out of
the trilayer and cause a fatal shunting of the top cell. The use of a much
softer sulfurization process is not a viable solution since this cannot
guarantee the complete transformation of Mo into MoS,.

The deposition of the MoS2:Nb layer directly on TCOs by RF sput-
tering gives the double advantage of ensuring a better control of both the
thickness and transparency of this layer and of preserving the TCO from
degradation, avoiding also the formation of SnSx platelets on textured
wafers. This is an important advantage since it could allow to fabricate
tandem devices using silicon bottom cells with textured front side. This
type of silicon cells is the standard in the PV industry, having higher
currents due to the reduced front reflectance and enhanced light
trapping.

A further improvement of the MoS,:Nb/FTO/IWO contact trilayer
structure used in this work is the replacement of the ZnO layer with a
Tungsten-doped Indium Oxide (IWO) which plays an analogous role
from an electrical point of view but, due to its higher transparency, al-
lows the deposition of thicker layers (around 300 nm) helping the
blocking action against elements diffusion (in particular Copper, as re-
ported in [52,53]).

As a first test, CZTS absorbers were grown in parallel onto different
MoS2:Nb/FTO/IWO trilayer contacts on BSG for the optical and elec-
trical characterizations. Since the CZTS growth process includes a sul-
furization treatment at 580 ° C it was quite likely that the final MoS,:Nb
layers located under the CZTS could show optical properties similar to
those reported in the previous sections for the sulfurized films.

MoS,:Nb layers of about 30 nm were chosen in view of the device
fabrication in order to reduce the undesired absorption in the region of
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interest for tandem application (750-1200 nm). The optical analysis
indeed revealed that with such a MoS;:Nb thickness the absorptance (1-
R-T) expected for the bare trilayer stack in the device is as low as 5 % in
this wavelength range (Fig. C1) and a quite good transparency (with
absorptance around 20 % in the same region) is maintained even after
the CZTS deposition, as revealed by the absorptance spectra in Fig. 15.

It must be pointed out that similar absorptances are obtained inde-
pendently on the MoS,:Nb deposition pressure, meaning that the sul-
furization of the CZTS precursor is able to compensate the sulfur deficit
in as-deposited MoS:Nb films, even in the case of the lowest deposition
pressure (0.11 Pa), which instead gave films with low transmittance and
high Mo content in the as-deposited state.

The electrical characterization of the CZTS/Mo0S,:Nb/FTO/IWO/
BSG samples was performed measuring the J-V curves between IWO and
gold dots evaporated on CZTS. The J-V curve (not reported here) shows
a nearly ohmic behavior with a contact resistance of about 0.4 Qecm?,
which correspond to a voltage loss lower than 10 mV in a typical tandem
device with a 20 mA/cm? photocurrent. The ohmic behavior excludes
the presence of a significant potential barrier at the CZTS/MoS,:Nb
interface. Note that this result could have also been promoted by
possible impurity or metal interdiffusion.

These samples on glass were also completed as solar cells depositing
a CdS/ZnO/IWO front contact and, even if plagued by severe adhesion
problems, they showed the potentiality to give cells with efficiency
comparable to reference devices grown on standard Mo back contact
(about 5 % efficiency).

To show the potential application of sputtered MoSo:Nb in CZTS/c-Si
tandem devices fabricated on textured wafers we chose to use a MoS,:Nb
layer deposited at a sputtering pressure of 0.5 Pa with a thickness of
about 30 nm since these parameters allow to obtain good electrical and
mechanical contact with the top cell absorber and to maximize the ra-
diation transmitted to the bottom Si cell. The SEM picture in Fig. 16
shows that in this way a good conformal coverage of the textured silicon
device can be obtained.

Two different CZTS thicknesses of about 0.5 and 1 um were tested for
the complete tandem device, and the corresponding J-V characteristic
and EQE are reported in Fig. 17. The highest efficiency (4.4 %) was
obtained using a CZTS thickness of about 1 pm (Tandeml) and the
quantum efficiency measurements show that the Jsc in this cell is limited
by the current of the bottom silicon cell.

The CZTS thickness reduction to 0.5 um (Tandem?2) leads to a sig-
nificant increase of the photocurrent of the Si bottom-cell to 9.6 mA/cm?
but this improvement is not transferred to the tandem performances due
to the decrease of the QY of the top cell. These findings are clearly due to

0.9-
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0.71
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Fig. 15. Absorptance (1-R-T) of three CZTS/MoS,:Nb /FTO/IWO stacks on BSG substrate, all with MoS»:Nb thickness of about 30 nm but differing for the deposition

pressure of the MoS,:Nb layer.
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Fig. 16. Structure of the tandem device fabricated for this work. The SEM cross section shows the good conformal growth of the top layers. The photos on the right
show the final device with the grid and the mask: the illuminated area is 0.25 cm?.

0 T T T T
Eff=3.3%
Voc=975 mV
Jsc=5.7 mAlcm’
"2 FF=50%
. |A=0.25cm’
[3Y)
§ 4
<
IS Tandem?2
= Eff=4.4%
-6 Voc=993 mV
Jsc=6.3 mAlcm’
Tandem1 FF=70 %
8 A=0.25 cm’
0.0 0.2 04 0.6 0.8 1.0 1.2
V (V)

Fig. 17. J-V characteristic and Quantum Efficiency of two tandem solar cells with a

0.5 pm in cell Tandem2.

the lower quality of the CZTS film grown on textured substrates. If a Jsc
greater than 9 mA/cm? could be restored optimizing the sulfurization
process, efficiencies well in excess of 6 % would be achievable with the
same optical performances of the different layers. On the other hand, a
more significant efficiency increase necessarily requires an improve-
ment of the top-cell Voc.

4. Conclusions

In this work we investigated the properties of MoSy:Nb films
deposited via magnetron RF sputtering in view of their application as IR-
transparent contacts in tandem photovoltaic devices. We identified the
Argon sputtering pressure as a crucial deposition parameter. Films
grown at about 0.1 Pa exhibited compactness but lack of crystallinity,
showing a significant sulfur deficit ([S]/[Mo]~1.4) and a notable sub-
bandgap optical absorptance. Materials with a stoichiometry ratio up
to [S]/[Mo]~2.2 were produced by increasing the Ar pressure to 1 Pa,
yielding more transparent films, although with a rather porous
morphology. Even if the XRD patterns of the samples deposited at 1 Pa
showed a clear crystalline fraction, the XPS analysis revealed the pres-
ence of S-rich amorphous phases, compatible with stoichiometry ratios
larger than 2. The UPS measurements showed a work function exceeding
4.9 eV and a value of EF-VBM~0.8 eV, indicating that the 0.5 %
Niobium doping of the target is not sufficiently high to produce p-type
samples and that the combined effects of uncontrolled impurities and
intrinsic defects lead instead to an n-type conductivity.

Post-deposition sulfurization treatments led to a work function in-
crease beyond 5 eV, accompanied by an expected rise of the electrical
resistivity, but not by a parallel decrease of EF-VBM values. A possible
explanation was proposed supposing that the films are not-
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different thickness of the top cell CZTS absorber: d = 1 ym in Tandem1 and d =

homogeneous but are rather composed by distinct regions with
different levels of n-type doping and that only the most doped ones (n+
regions, with larger concentration of sulfur vacancies and/or Na impu-
rities) are affected by the sulfurization process.

A similar increase in work function was expected in the CZTS/MoS;:
Nb junctions, when the sputtered MoS:Nb films are overcoated with the
CZTS precursor and undergo the sulfurization step needed to obtain the
polycrystalline CZTS absorber. The CZTS/MoSy:Nb contacts demon-
strated the desired ohmic characteristic and showed the potentiality to
form complete CZTS solar cells with efficiency comparable with stan-
dard devices based on Mo contact.

Furthermore, employing MoS:Nb films deposited at an intermediate
pressure (0.5 Pa), we fabricated CZTS/c-Si tandem devices on textured
silicon solar cells. Despite achieving a modest maximum efficiency of 4.4
%, limited by CZTS film quality on textured substrates, the MoS2:Nb/
TCOs structure as intermediate contacts exhibited good optical trans-
parency and electrical behavior.
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Appendix

Appendix A: Optical simulations of sputtered MoS2 films with the software kSEMAWc

Optical simulations of sputtered MoS; films were performed using the software kSEMAWc [21], an open-source software for the analysis of
Spectrophotometric (SP), Ellipsometric (ELI) and Photothermal Deflection Spectroscopy (PDS) measurements. The software can be used both to (1)
simulate SP, ELI and PDS measurements of a multilayer structure, being known the thicknesses and the complex refractive indexes of each material
composing the different layers, and to (2) calculate the complex refractive index and the thickness of a given layer from experimental measurements
(SP, ELI, PDS), being known the thicknesses and the complex refractive indexes of all the other layers composing the structure. KSEMAWc uses a
mathematical approach based on transfer matrices, particularly suitable for the case of multilayers: in addition to being able to treat coherent
propagation and interference (for arbitrary incidence angles), it also allows to simulate the effects due to different types of non-ideal material
properties, such as optical constants gradients along the film thickness, thickness inhomogeneity and roughness. The material porosity can be also
taken into account by using the Effective Medium Approximation (EMA). The software indeed allows describing each layer as composed of a mixture
of two different materials with optical constants calculated on the basis of EMA method. The porosity can be therefore modelled by considering the
layer as composed by a mixture of material and voids (air) in a given percentage.

To simulate the optical behaviour of MoS; samples (Fig. 11) we considered an optical model with a single MoS; layer on a borosilicate glass
substrate, which was previously characterized (as a bare bulk substrate) in order to get its optical constants, whereas for the MoS; we used the complex
refractive indexes already derived in a previous study ([21], case study #5).

Because of the high defect concentration and the high sulphur deficit detected in the as-deposited MoS.films, for these studies it was found more
reasonable to consider the transmittance and reflectance spectra of the samples after the sulfurization treatments (orange curve in Fig. 11), which
(based on optical, XRD and XPS analysis) were found to exhibit physical properties more similar to those expected for a MoSythin film.

All the simulation attempts made considering compact MoSofilms (with the measured thickness) were not able to reproduce the experimental
spectra, since the predicted transmittance curve was always significantly lower compared to the measured one. Quite good simulations were only
obtained by introducing a film porosity, by considering the films as a mixture of MoS; and air, whose fraction (f) was refined with the fit.

Table Al reports the model used for each MoS; film (thickness and roughness) and the air fraction (i.e. the porosity) found in each material,
revealing an increasing trend of the porosity with the increase of the deposition pressure, in accordance with the results of weight measurements
described in the paper.

The experimental spectra and the curves predicted by the used model are shown in Fig. Al as black dots and blue lines, respectively.

Table Al
Film model (thickness and roughness) and simulated air fraction of MoS,:Nb films deposited at
different pressures.

sample / deposition pressure film model air fraction
MoS; @ 1 Pa 260 nm rough 15 nm f=20%
MoS; @ 0.5 Pa 190 nm rough 0 nm f=10%
MoS; @ 0.11 Pa 190 nm rough 0 nm f=0%
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Fig. Al. Optical simulations of Transmittance (Tn) and reflectance (Rn) spectra of three MoS; films deposited at different sputtering pressure with the software
KSEMAW, including the film porosity (f) in the model.

Appendix B. Additional XPS results

Fig. B1 shows a comparison of Mo3d XPS spectra measured in two as-deposited MoS:Nb films, grown with a sputtering pressure of 1 and 0.5 Pa,
respectively. The results confirm the presence of metallic Mo (peaked at lower binding energies — doublet at 228-231 eV) in samples produced at the
lower pressure of 0.5 Pa. The metallic Mo peak is not detected in films deposited at 1 Pa, which present only the doublet of Mo bonded to sulfur in MoS,

(228.9-232 eV).

T T T T T T T T T T T T
8000 L MoS,-P3 (1.0 Pa) — asdep |
MoS,-P2 (0.5 Pa) — asdep
7000 | Mo in MoS, Mo in MoS,
1 ! metallic Mo
1 metallic Mo 1 1
1
» 6000 - . i
3 '
= ]
3 5000 | i
(&}
4000 i
3000 i
1 1 1 1 1 1 1 1
235 234 233 232 231 230 229 228 227 226

Binding energy (eV)

Fig. B1. Mo3d XPS spectra of as-dep MoS,:Nb films deposited at 1 Pa (light-red plot) and 0.5 Pa (light-blue plot). The bands from metallic Mo and Mo bonded in
MoS, are represented as thin lines. The dark-red and dark-blue curves are the cumulative fitting of the experimental data.
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Fig. B2 reports the normalized XPS spectra of a MoS, sample measured as-deposited and after the soft and the strong sulfurization treatments.
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Fig. B2. Normalized XPS spectra of a MoS,:Nb film measured as deposited and after the soft and the strong sulfurization treatments.

Appendix C. Optical characterization of the trilayer contacts and of the CZTS/trilayer stack

Fig. C1 reports the absorptance spectra of three MoS,/FTO/IWO/glass trilayer stacks, with different thicknesses of the MoS; film (300 nm, 100 nm,
30 nm) deposited at 1 Pa. Since the CZTS growth process includes a sulfurization treatment at 580 °C, it was quite likely that the final MoS; layers
located under the CZTS could show properties similar to those of the sulfurized sample. Therefore, each sample was subjected to a soft-sulf treatment.
The absorptance of both as-deposited and sulfurized samples are shown in the figure. An absorptance as low as 5 % in the 750-1200 nm range can be
seen for the thinner (30 nm) sample after the sulfurization (picture in the inset), which was chosen for the device fabrication.
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Fig. C1. Absorptance of three MoS2:Nb/FTO/IWO stacks on BSG, all with MoS,:Nb deposited at 1 Pa with different thicknesses: 300 nm, 100 nm, 30 nm. For each
sample, the as-dep spectrum is compared with the one measured after the soft-sulfurization treatment.

Fig. C2 reports an example of the optical analysis made after the CZTS growth. The graph reports the transmittance T, the reflectance R and the sum
of the two spectra for a CZTS/MoS2:Nb(30 nm)/FTO/IWO/BSG stack in the case of a MoS2:Nb film deposited at 0.5 Pa. Similar results were obtained
using a 30 nm-thick MoS2:Nb layer deposited at 1 Pa and 0.11 Pa.
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Fig. C2. Transmittance, Reflectance and their sum (T + R) spectra of a CZTS/MoS,:Nb/FTO/IWO/BSG stack, with a 30 nm-thick MoS,:Nb layer deposited at 0.5 Pa.
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