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Achieving fully transparent electronic devices requires improving
p-type transparent conducting materials (TCMs) to match their n-type
counterparts. This study explores novel p-type TCMs using high-
throughput screening via an automatic spray pyrolysis system. The
performance of conducting wide bandgap chalcogenide based on CuS
can be improved by incorporating various cations, with Mg emerging
as the most promising candidate. The optimized CuS—Mg films exhib-
ited superior transparency and conductivity, comparable to state-of-
the-art p-type TCMs. Density functional theory (DFT) calculations
linked the inverse correlation between transparency and conductivity
to changes in Cu 3d and S 3p orbital coupling with varying Mg content.
The best CuS—Mg composition demonstrated high hole concentration
(5 x 10%* cm™), low sheet resistance (266 Q [172), and high transpar-
ency (~75%). The transmittance increased by ~30% compared with
pristine CusS. The successful application of a p-CuS—Mg/n-CdS hetero-
junction as a semi-transparent photodiode highlights its potential for
smart displays and window-integrated electronics. This study demon-
strates the value of combining experimental and theoretical methods
for accelerated material discovery.

Introduction

Smart electronic devices rely on advanced screen technology,
which has been made possible by the discovery of n-type trans-
parent conductors. While n-type transparent conductors like
indium tin oxide (ITO) are widely used,' the unavailability of
p-type transparent conductors in the market is mainly attributed
to the failure of possessing both superior transparency and p-type
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New concepts

This study presents a high-throughput screening approach using an
automated spray pyrolysis system to discover novel p-type transparent
conducting materials (TCMs) by combining wide bandgap chalcogenides
with CusS. This method not only eliminates the downtime typically associated
with traditional material screening techniques but also significantly reduces
fabrication time while optimizing processing parameters. By integrating
experimental and computational techniques, the approach provides a deep
understanding of the mechanisms governing conductivity and transparency
in the materials. In contrast to conventional methods that achieve high-
performing p-type TCMs through doping of wide bandgap oxides, this
approach starts with a highly conductive p-type material, CuS, and
enhances transparency through the incorporation of Mg, which weakens
p-d coupling and induces amorphization. This process results in a CuS-Mg
candidate with a figure of merit among the highest reported for p-type TCMs.
This strategy not only introduces a novel mechanism to explain the observed
properties but also establishes a versatile framework for accelerating material
discovery and optimization across various fields.

conductivity. The lack of high-quality p-type transparent conduc-
tors limits the development of smart transparent devices that
require selective contacts for efficient charge extractions. These
devices include semi-transparent solar cells,>™ electrochromic
glass windows,”” light-emitting diodes,> and sensors.'®'! The
widely studied transparent conducting materials are oxides due to
their wide band gap; however, these materials are typically
intrinsically resistive or non-conductive. To enhance their con-
ductivity, external doping is commonly used, as observed in the
case of tin-doped indium oxide (ITO). The doping of tin can
increase the carrier concentration to a range of 10'*-10*' cm ™3
and enhance the conductivity to the range of 10°~10* S cm ™" while
maintaining excellent visible light transmission of about 85-
90%."> However, achieving high-performing p-type TCMs through
similar doping strategies with oxide-based materials proves to be
challenging. According to the doping limits rule summarized by
Zunger et al,"> it is challenging to effectively achieve p-type
doping due to the relatively low valence band maximum (VBM)
caused by the deep level of O 2p orbitals in TCO (Transparent
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Conductive Oxides)."> Chemical modulation of the valence band
(CMVB), as proposed by Hosono et al.,'® is an effective strategy for
elevating VBM by introducing a p-d coupling effect. Among the
metal cations with closed shells of d'°s°, Cu is the most promising
candidate for CMVB, as shown by the variously reported CuMO,
(M = Al, Ga, In, Sc, Y, Cr) delafossite structures."” Nonetheless, the
2D dumbbell-shaped O-Cu-O of delafossite structure was not
expected to exhibit high mobility and conductivity. Therefore, the
utilization of materials with alternative anions possessing rela-
tively low electronegativity, such as sulfide, presents a viable
pathway towards achieving higher conductivity in p-type TCMs.
CuS has emerged as a promising candidate for conducting
material and has been employed in various optoelectronic
devices, including solar cells and photodetectors.®° Also
known as the covellite phase, it possesses a hexagonal structure
with CuS, tetrahedral and CuS; triangular coordination. CusS is
an intrinsically p-type material with a bandgap ranging from
1.5-2.3 eV and exhibit high conductivity (~10* S em™").>' In
addition, CusS is non-toxic, abundant, and cost-effective, making
it an ideal material for large-scale production. However, even in
its nanostructured morphology, CuS exhibits a relatively narrow
band gap (~2.4 eV),”>?® resulting in poor transparency, particu-
larly in the visible range. Therefore, it is crucial to develop a
strategy to enhance its transparency and enable it to be an
efficient transparent conductor. One approach to improve the
transparency of Cus is to reduce its thickness to be ultrathin. For
instance, CuS nanowires have demonstrated very high transpar-
ency of up to 80%.>* However, this method presents challenges,
such as the requirement for encapsulation or protection layers
such as polymer layers to prevent the mechanical failure of the
CuS nanowires. Moreover, the fabrication methods for ultrathin
Cus are not easily scalable and reliable for industrial processes.
Another strategy involves the incorporation of CuS with wide
band gap binary sulfide compounds to create composite films
that combine the conductivity of CuS and the higher transpar-
ency of the binary sulfide. ZnS is the most well-known compound
used in combination with CuS to form (CuS),:(ZnS), _, composite
films.>>*>?® However, as the proportion of ZnS increases, the
conductivity decreases significantly, despite the improvement in
transparency. Although other wide band gap chalcogenides may
also serve as suitable combination options, there are currently no
reported literature findings showing comparable performance.
Therefore, in this study, we employed a high-throughput
screening approach utilizing an automated spray pyrolysis
system (schematic of the system is shown in Fig. S1, ESIt) to
explore alternative combinations of cations with CusS to fabri-
cate conducting wide band gap chalcogenides. This method not
only eliminates the downtime associated with traditional spray-
ing techniques but also significantly reduces the fabrication
time by two-thirds. The downtime reduction encompasses pro-
cesses such as the hotplate’s ramping up and down, sample
loading, and precursor loading, streamlining the experimenta-
tion process. In selecting suitable cations, we initially consid-
ered the wide band gap binary chalcogenide compounds, such
as Ba$ (3.8 €V),”” MgS (4.5 eV),?® SrS (4.2 V), or CaS (4.4 eV).*®
Additionally, we conducted screening based on cation oxidation

2912 | Mater. Horiz., 2025, 12, 2911-2921

View Article Online

Materials Horizons

states, prioritizing cations with an oxidation state of +2, akin to
ZnS. Further refinement involved exploring cations recognized as
dopants known to enhance the conductivity of certain p-type
Transparent Conductive Materials (TCMs). For example, Mg is a
well-known dopants in Cu,0,>' LaCuOSe,** Cr,03,>* and CuCrO,;**
Sr acts as dopant in La-based TCMs such as LaCuOS,* LaCrO;;>°
while Ca is also a dopant for SrCu,0,.>” Incorporating such cations
into the CuS lattice was anticipated to modify the electronic
structure, thereby enhancing transparency without compromising
conductivity significantly. Ultimately, we selected seven cations—Ba,
Cd, Mg, Mn, Sr, Ca, and Zn for our investigation. Among these, Mg
emerged as a promising candidate, prompting further investigation
into optimal process fabrication parameters using the high-
throughput technique. Subsequently, we evaluated the potential of
CuS-Mg films as a p-type TCM, employing a normal spray pyrolysis
setup with precise control. To elucidate the optoelectronic changes,
a combination of computational studies through DFT and char-
acterizations such as X-ray Photoelectron Spectroscopy (XPS) and AC
Hall measurements were performed. The CuS-Mg film demon-
strated performance comparable to highly effective p-type TCMs
reported in the literature. This comprehensive approach not only
presents a novel methodology but also establishes Mg-doped CusS as
a promising transparent conductor.

Results and discussions
Screening for optimized wide band gap chalcogenides

Table 1 summarizes the different types of cations used to
enhance the transparency of CuS. In this screening study, we
replaced 50% of Cu with the respective substituent cations in the
precursor solution. The fabrication parameters were kept consis-
tent for all the cations. The addition of Cd did not alter the band
gap, as the band gap of CdS*® is comparable to that of CuS. All
cations, except for Ba and Sr, led to an increase in band gap, with
Mg and Zn showing the highest increase. The incorporation of all
cations in CuS resulted in higher average visible transmittance
(%), however for Ba, it exhibited lower transmittance at 550 nm
compared to pristine CuS. The increase in transparency inadver-
tently led to an increase in sheet resistance, although the extent
of the decrease varied among the cations. Overall, only Mn and
Mg demonstrated as low resistance as Zn. To holistically assess
their performance in terms of both transparency and conductiv-
ity, the figure of merit (FOM) values introduced by Haacke®
(FOM™) and Gordon*® (FOM®) are used as benchmarks. FOM®
emphasizes the conductivity, whereas FOM™ places more impor-
tance on transparency as key aspects of TCMs. We obtained
FOM™ ranging from 10" to 10* x 10~ ® Q' for CuS-Mg, CuS-Mn
and CuS-Zn, which are comparable to those of high-performing
ptype TCMs, such as LaCuOSe, Lage;Sro33V0;, CuCrO,,
Cul.'?*%*! Meanwhile, based on FOM®, CuS-Mg and CuS-Mn
outperformed CuS-Zn, but both compounds were behind CuS
due to their very low resistance. Based on this analysis, it is
concluded that CuS-Mg exhibited the highest FOM™ and FOM®
values among the cation-modified samples. Furthermore, Mg is
also an abundant element and can serve as a dopant to improve

This journal is © The Royal Society of Chemistry 2025
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Tablel Summary of optical and electrical properties of CuS with addition of various cations. The Cu and cation concentrations are kept at 0.005 M with

50% of Cu substituted. The optical properties are derived from Fig. S2 (ESI)

Band Average Average visible Transmittance FOM" (T"°/Rgp) FOM® 1/(Rg,-In T)
gap (eV) Ry (QO7H transmittance (AVT) (%) at 550 nm (%) (x107°Q™ (x 107 Q™

CuS 2.54 90.18 32.08 42.13 0.13 9751.97

CuS-Ba 2.37 2295.20 34.42 37.65 0.01 408.51

CuS-Cd 2.54 9552.5 48.26 54.08 0.07 143.69

CuS-Mg 2.87 205.45 56.38 63.03 15.79 8492.83

CuS-Zn 2.91 476.99 56.97 61.55 7.55 3726.44

CuS-Mn 2.75 187.08 53.17 63.22 9.65 8461.22

CuS-Sr 2.52 5507.50 45.74 52.37 0.07 232.12

CuS-Ca 2.57 5.00 x 10~° 57.54 67.70 7.95 x 10°° 3.62 x 10°°

the conductivity of certain p-type materials, such as Cr,0;,"
LaCuOSe,*® Ga,0;,** CuCro,.*

High throughput optimization of fabrication parameter

To find the most optimized solution molarity and Mg/(Mg + Cu)
precursor ratio a high throughput fabrication and characteriza-
tion were conducted. The samples were fabricated with Mg/(Mg
+ Cu) ratio from 0 to 0.6, while the molarity was varied from
2.5 to 12.5 mM. The sheet resistance and transmittance of the
samples were measured and their respective FOM values were
plotted in a 3D Map, as shown in Fig. 1 Darker green colors
indicate better properties as TCMs, such as higher transparency
and lower sheet resistance, while darker red regions indicate
otherwise. In CuS-Mg thin films, an increase in Mg content and
a reduction in molarity causes both transmittance and sheet
resistance to increase. Notably, a sudden and significant
increase in resistance is observed at an Mg content of approxi-
mately 0.4 to 0.5, as well as at molarities lower than 4 mM, even
for small amounts of Mg. The molarity affects the thickness
and film quality. At low molarity (2.5 mM), the thickness is
approximately 100 nm, while at higher molarity (12.5 mM), the
thickness can increase by 3-fold to around 300 nm (see Fig. S3,
ESIt). Fig. 1(c) shows that the optimal FOM™ is achieved at
around 5 mM molarity and Mg/(Mg + Cu) = 0.4 while for FOM®
(Fig. 1(d)) the optimal position is shown by pure CusS at a higher
concentration. Interestingly, at the optimal FOM™ position, the
dark green region also prevails in the FOM® contour map.
Therefore, the focus of this study will be on this region.

Evolution of CuS properties upon Mg incorporation

To further understand the effect Mg incorporation on the proper-
ties of CusS, a series of samples ranging from pure CuS, Mg-doped
CusS to pure MgS were fabricated using the optimal concentration
of 5 mM, but with a more precise spray fabrication method. In
this series, all samples were given the same amount of heat
exposure, including the time for the samples on the hotplate pre-
and post-spraying pyrolysis. Fig. 2(a) shows the photograph of
CusS with different amounts of Mg (Mg/(Mg + Cu) = 0, 0.2, 0.4, 0.5,
0.6, 0.8, and 1). The effect of Mg on the transparency of the films
is significant. The samples have different colors, from yellowish
green to transparent, as the Mg amount increases. Quantitatively,
the transparency of these films increases by 10-20% with every
20% increase in Mg content, which corresponds to the increase
in band gap, as shown in Table S1 and Fig. S4 (ESIt). The data

This journal is © The Royal Society of Chemistry 2025

and trend are consistent throughout three different batches of
sample as shown through the statistical value in Table S1 (ESIT).
On the other hand, the conductivity, as measured by the average
sheet resistance, decreases significantly after reaching a Mg
content of 0.4. Pure CusS crystallizes in the covellite phase with
a hexagonal P6;/mmc space group. Upon adding Mg into Cus, we
observed a gradual reduction of the CuS peak, as depicted in
Fig. 2(b), indicating that the film contains less CuS and becomes
less crystalline This reduction becomes significant when the Mg
content (x) exceeds 0.4. Across different solution molarity, similar
patterns are observed, as depicted in Fig. S5 (ESIT). The reduction
in the CuS peak, coupled with the appearance of an amorphous
broad hump around 22°, is seen as the Mg content increases.
Additionally, a Cu,S peak emerges around 15.9°, becoming more
pronounced at higher solution concentrations (>7.5 mM). The
reduction in CuS peak might be due to both the reduction in Cu
content as Mg increases and the decrease in crystallinity; the
latter suggests that Mg destabilizes the CusS lattice, leading to the
formation of an amorphous phase rather than substituting Cu in
the CuS structure. In addition, the plan-view SEM and AFM
images of the samples (see Fig. S6 and S7, ESIt) show the
decreasing grains size of the film with increasing amount of
Mg. The root-mean-square (RMS) roughness of the film decreases
from around 25 nm for CuS to 2 nm for Mg-S which suggests the
decrease in crystallinity and amorphous phase formation. This
finding is further confirmed by transmission electron microscopy
(TEM) analysis of the CuS-Mg 0.4 (Fig. S8, ESIt), which reveals a
lack of long-range structural order and a TEM diffraction pattern
indicating reduced crystallinity. Amorphous materials are also
viable options for transparent conducting materials (TCMs) along-
side crystalline materials. Utilizing amorphous materials in TCMs
presents numerous advantages. They exhibit fewer inherent
defects due to the absence of periodicity found in crystalline
materials, resulting in smoother surfaces and interfaces.*® More-
over, they generally require lower processing temperatures, mak-
ing them conducive to cost-effective large-scale production. High-
performing amorphous TCMs, such as n-type a-IGZO (In-Ga-Zn-
0), have been used commercially as thin film transistors (TFT) for
liquid crystal displays and large organic light-emitting diode
panels.”” For the p-type counterpart, only a few materials have
been studied. Cu-Sn-I has emerged as a candidate, but its
conductivity is lacking due to low carrier concentration (<10'®
cm?).***° The extra Sn cations introduced into the Cul thin film
were found to inhibit the crystallization process, leading to the

Mater. Horiz., 2025, 12, 2911-2921 | 2913
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(x 107 Q7Y with respect to Mg/(Mg + Cu) and molarity variation.

formation of amorphous p-type TCMs. His observation suggests
that Mg in CuS might serve a similar role as Sn in Cul, potentially
offering another candidate for high-performing amorphous
p-type TCMs.

The reduction of crystalline CuS can also be explained through
DFT calculations, which show an increase in the formation energy
of Cu;_,Mg,S as the Mg content increases (Fig. 2(c)) in the covellite
phase. The calculations reveal that at high Mg content, the
covellite phase is far from the ground state, indicating its instabil-
ity. The incorporated Mg did not form crystalline phase which
might be due to the instability of MgS upon exposure to moisture
as the fabrication method in this study was performed in air.>

To further verify the effect of Mg incorporation onto the
phase formation, X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted on CuS and CuS-Mg at Mg/(Mg +
Cu) = 0.4 where transformation to amorphous phase starts to
occur. The XPS results provide further insights into the
chemical states of each element (tabulated at Table S2, ESI¥).
The wide spectrum (see Fig. S9a, ESIt) of CuS is dominated by
Cu and S signals, along with a small amount of C, N and O.
These are possibly due to organic contamination. In contrast,

2914 | Mater. Horiz., 2025, 12, 2911-2921

CuS-Mg shows significant Mg, O, and Cl signals, suggesting the
possible deposition of unreacted metal chloride precursors or
formation of oxides. To further analyze this, the XPS spectra of
the main elements are fitted and evaluated. Fig. 3 shows that both
samples exhibit similar Cu 2p spectra, which can be deconvoluted
into two sets of Cu' peaks corresponding to the covellite (CuS) and
chalcocite (Cu,S) phases.”* In addition, the absence of satellite
features in both Cu 2p spectra suggests the lack of Cu®* com-
pounds, which has been previously reported for covellite CuS.>*
Furthermore, the S 2p spectra in Fig. 3 also verify the presence of
S,”~ (CuS) and $>~ (Cu,S) species alongside organic thiol com-
pound from residual thiourea. In fact, the peak fitting of Cu 2p
and S 2p spectra reveals that more Cu,S phase could be detected in
the Mg-modified Cus, indicating the influence of Mg in destabiliz-
ing the formation of CusS. This result suggests that Mg affects the
formation of CuS by inducing amorphization and indirectly
promoting more Cu,S formation in the system, as also observed
in the XRD analysis. The additional peaks at 168.8 eV in the S 2p
spectrum of CuS-Mg can be ascribed to the sulfonated (-SO;H)
group. Fig. S9 (ESIt) presents the Mg 2p and Cl 2p spectra of CuS-
Mg. The main peak Mg 2p around 50.7 eV is likely to be attributed

This journal is © The Royal Society of Chemistry 2025
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(a) Photograph of Mg-modified CusS films with varying amounts of Mg, ranging from pure CuS (leftmost) to pure MgS (rightmost). (b) X-ray

diffraction spectra of CuS—Mg films with varying Mg concentrations, from pure Cus (black) to pure Mg-S (dark green). (c) Formation energy of Cu;_,Mg,S

(0 < x < 1) starting from pure CuS in covellite.
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Fig. 3 XPS spectra of Cu 2p and S 2p for (a and c¢) CuS and (b and d)

CuS—Mg.

to the MgCl, or MgO, while the minor peak at 49.8 eV can be
assigned to metallic Mg.**"* As for Cl 2p, the peaks around 199 eV
match with metal chloride.>

In addition, the observed XPS also indicate the elemental
composition of the film as calculated in Table S3 (ESIf). The
chemical composition was quantitatively determined from the
background-subtracted peak area for the core levels of interest

This journal is © The Royal Society of Chemistry 2025

and the corresponding relative sensitivity factor (RSF). The XPS
results reveal a significantly higher amount of Mg, as well as a Cu-
poor composition, in Mg-modified CuS. However, the S/Cu ratio
of 0.98 was obtained when the contribution of the sulfonate
species was disregarded in the quantitative analysis. Beside XPS,
SEM-EDS was also conducted (tabulated in Table S3, ESIt) to
understand the bulk composition on the film since XPS is more
surface-sensitive. The films were deposited on Si wafer for this
analysis to eliminate elemental contributions from various
cations, including Mg present in soda-lime glass.>® The ratio
between S and Cu is close to 1 for both samples. However, in the
CuS-Mg samples, there is a notable increase in the Mg/(Mg + Cu)
ratio, which changes from 0.4 in the precursor to 0.6 after
deposition. This increase in Mg content is in line with XPS result
where more Mg are being deposited. The discrepancy in the
composition of the film based on SEM-EDS and XPS compared
with the precursor composition suggests that there are different
deposition rates of Mg and Cu during the spray process, even
though the Mg and Cu precursors are mixed and sprayed
together. Furthermore, it is probable that the deposited Mg is
not in the form of a binary sulfide, as the sulfur content
maintains its ratio with Cu. The higher amount of Mg and sulfur
from XPS compared with SEM-EDS suggests that there is a
segregation of Mgrich regions and an excess sulfur on the
surface of Mg-modified CuS. To investigate this, STEM-EDS was
performed on the CuS-Mg sample as shown in Fig. S10 (ESI}). It
confirms the formation of Mg-rich regions on the top layer and
CuS-rich region on the bottom layer of the film.

Furthermore, we also conducted a systematic computation
of band gaps across a spectrum of compositions within the

Mater. Horiz., 2025,12, 2911-2921 | 2915
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crystalline region (0 < x < 0.4) of Cu;_,Mg,S to elucidate the
progressive enhancement in transmittance upon introducing Mg
(see Fig. 4). Due to the significant underestimation of semicon-
ductor band gaps by DFT using local density or generalized
gradient approximation (LDA/GGA), we have considered band
gaps based on the Heyd-Scuseria-Ernzerhof functional (HSE-
band gaps) for evaluating the band gaps of Cu,_,Mg,S. We
observed that the distribution of Cu and Mg within the covellite
structures plays a pivotal role in shaping the band gap behavior.
When small quantities of Mg are introduced, a random distribu-
tion can lead to a slight reduction in the band gap due to the
bowing effect. The bowing effect describes the non-linear devia-
tion of the band gap in mixed materials (A; _,B,) compared to the
linear interpolation between the band gaps of the pure compo-
nents (A and B). This deviation arises due to the bowing para-
meter, which accounts for factors such as lattice mismatch,
strain, and electronic interactions. However, it is the specific
ordered configurations that result in a band gap increase. For
instance, in the case of x = 0.17 (Cugg3Mgo17S), an ordered
configuration involving the replacement of Cu by Mg at the Cu,
site within the covellite structure may prevail, resulting in a
noteworthy band gap increase to 1.58 eV compared to pure CuS
(1.0 eV). Additionally, for x = 0.33 (Cug ;Mg 33S), wherein two
Mg atoms substitute for Cu atoms, the configuration featuring
one Mg atom at the Cu; site and another at the Cu, site may also
prevail, leading to a substantial band gap increase to 1.82 eV.

18] — ,: ©CuOMgOs Cugs7Mdo.35S t
> .
S1e % CligssMgosrS \é
% * r ’l,“‘_cu, site
S14 - 19y
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Fig. 4 (a) The DFT-calculated band gaps of pure CuS, Cugg3sMgg17S and

Cup67Mgo33S in covellite phase. In the covellite unit, there exist two
equivalent Cu sites: Cu,, located within the tetrahedral site, and Cu,,
situated in the triangular site. In Cug gsMgo 1S, a single Mg atom substitutes
for a Cu atom at the Cuj, site, while in Cug 67Mgo 33S, two Mg atoms replace
two Cu atoms within the covellite unit—specifically, one Mg atom at the
Cu; site and the other at the Cu, site. The band structures of CuS (b),
Cug.67Mgg 33S (c) and Mgs (d) in covellite phase. The orbital contribution to
the top valence band and bottom conduction band is presented, in which
Cu 3d, Cu 4s, Mg 3s, and S 3p orbitals are depicted in blue, red, wine and
olive bubbles, respectively. The top valence bands at the I' point are
unoccupied for CuS andCuggzMgp17S, while fully occupied for Mgs,
marked with a brown box.
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These distinct compositions (x = 0.17 and x = 0.33 ratios) as well
as pure CuS are visually presented in Fig. 4(a) for comparative
analysis. The unoccupied states of the top valence band and the
neighbouring valence bands, highlighted in the orange dashed
frame region as shown in Fig. 4(b), facilitate inter-band transi-
tions. As a result, our calculated band gap of CuS exhibits some
discrepancy with experimental values (~ 2.5 eV). This observation
aligns with findings from other DFT calculations on CuS.”” In
addition, although STEM-EDS and XPS results indicate that
excess Mg is present, the DFT calculations successfully explained
the increase trend in transparency and band gap with higher Mg
content. This suggests that ordered substitution is the pre-
dominant structure in CuS-Mg films with excess of Mg exist
as Mg-rich layer on top of film. In terms of performance as
TCMs, CuS-Mg with a precursor ratio of 0.4 exhibits the best
performance among these films and is superior to pure CuS in
terms of FOM"™, which is comparable to those of high-performing
p-type TCMs.>® As for the FOMS, this ratio gives the closest FOM®
value to CuS. This shows that the addition of Mg at this ratio can
improve the transparency of CuS without significantly degrading
the conductivity.

Characterization of the high performances CuS and CuS-Mg

To gain a deeper understanding of the enhanced FOM attrib-
uted to Mg, we specifically analyzed the optoelectronic proper-
ties of the sample with the highest FOM, namely Mg-modified
CuS at a precursor ratio of 0.4 Mg/(Mg + Cu) with a cation
concentration of 0.005 M. This analysis will be juxtaposed with
that of the control sample, CuS. The optoelectronic properties
of both films are shown in Table 2. The thickness is measured
through cross-section SEM as shown in Fig. S11 (ESIt). The
conductivity is calculated based on ¢ = 1/(Rg,t), where Ry, is the
average sheet resistance and t is the thickness. Thus, despite
the higher sheet resistance of CuS-Mg compared to CusS, its
conductivity is still comparable with CuS due to its lower
thickness. Similarly, the absorption coefficient is calculated
based on o = 1/¢-In(1/AVT), where ¢ is the thickness and AVT is
the average visible transmittance. The lower absorption coeffi-
cient value for CuS-Mg ensures that its improved transparency
is not solely due to its smaller thickness. Moreover, the bene-
ficial impact of adding Mg to the film‘s transparency becomes
even more apparent when measurements are conducted after
eliminating the substrate’s (glass slide) absorption contribu-
tion. The conductivity of the films remained stable over a one-
month period, as demonstrated in Fig. S12a (ESIf). This
stability test was conducted by storing the samples at room
temperature under atmospheric conditions with high humidity
(>80%). Regarding thermal stability, both CuS and CuS-Mg
films were subjected to annealing at 500 °C for 30 minutes in
vacuum and air environments. In vacuum, both films showed
an increase in sheet resistance, likely due to sulfur loss during
annealing. However, the CuS-Mg film exhibited a significantly
smaller increase (~1.2x) compared to CuS (~9.2x), as sum-
marized in Table S4 (ESIT), indicating that the addition of Mg
enhances thermal stability. In contrast, exposure to elevated
temperatures in an air or oxygen-rich environment resulted in

This journal is © The Royal Society of Chemistry 2025
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Table2 The optoelectronic properties of the most transparent CuS vs. Mg-modified CusS. The values in brackets exclude the contribution from the glass

Substrates
Absorption FOM" FOM®© 1/
AVT (%) coefficient (em™")  (T"%/Rqy) (RsnIn T) Hall measurement
Thickness Average Conductivity (x107°Q") (x107°Q™ Hole density Hole mobllltly
(nm) Ry (@O (Sem™) (w/o glass)  (w/o glass) (w/o glass) (w/o glass) (em™) (cm®>Vv's
CuS 260 153.36 250.79 52.42 (57.59) 17521.10 (14692.03) 10.22 (26.17) 10095.66 (11816.52) 6.72 x 10°° 3.89
CuS-Mg 164 266.29 228.98 68.43 (75.65) 16967.07 (11251.46) 84.55 (230.534) 9899.08 (13457.33) 5.19 x 10*' 0.49

the transformation of both films into CuO, as shown in
Fig. S12b (ESIT). The addition of Mg did not significantly alter
this transformation.

Following that, the carrier concentration and mobility of the
films were also investigated by AC Hall-effect measurements. Both
materials exhibited p-type characteristics with a large hole concen-
tration in the range of 10"°-10>' cm™> which is comparable with
n-type TCO like ITO. A slight decrease in the mobility value can be
observed in the CuS-Mg film, but it is still comparable to those
from the high performing p-type TCMs, such as CuAlO,,*
Li:Cr,Mn0,,* and Mg:Cr,0;,"* NiO,*' LaCr0;,*® CuS-ZnS.>*>>%
The p-type conductivity of CuS-Mg originates from CuS, which
has unoccupied valence bands above the Fermi level.”> When Mg
is incorporated into CusS, substituting for Cu, it fills some of these
unoccupied valence bands. However, it still retains a partially
occupied VBM (Fig. S13, ESIt), which exhibits natural p-type
conductivity. As more Mg is incorporated into the lattice, it will
fill more unoccupied valence bands, resulting in a reduction in
hole concentration. Moreover, increased Mg incorporation in the
lattice leads to a larger hole effective mass (Fig. S13e, ESIT), thus
lowering hole mobility. The introduction of Mg in Cu,_,Mg,S is
shown to weaken the p-d coupling, leading to flatter valence
bands. For example, Cuge,;Mgo33S has a flatter valence band
compared to CuS, as depicted in Fig. 4(b) and (c). However, at
smaller amount of Mg (x < 0.67), the increase in hole effective
mass is not significant, which aligns with slight mobility reduction
and the comparable conductivity of our best-performing CuS and
CuS-Mg samples. As the Mg content increases, the increase in the
hole effective mass becomes more pronounced, which is detri-
mental to conductivity. When x reaches 1 (i.e., MgS), as shown in
Fig. 4(d), only the nonbonding state S 3p contributes to the valence
band maximum (VBM), resulting in a significantly flat valence
band. Consequently, as more Mg is incorporated into the lattice,
the conductivity of deteriorates. The segregation of Mg might play
a role to this as less Mg being incorporated into the lattice in the
covellite phase and the reduction of Mg incorporation in the lattice
will lead to more unoccupied valence bands and can generate
more holes.

The energy band alignment for the champion films is also
investigated through ultraviolet photoelectron spectroscopy
(UPS) measurements (Fig. 5(a)). The UPS spectra reveal that
both the secondary energy cut-off (Esgco) and the position of
the highest occupied molecular orbital (Egomo) are shifted to
higher binding energies. Taking the band gaps into account
(see Fig. S14, ESIY), the band gaps increase with Mg incorpora-
tion which is ascribed to a downward shift for valence and

This journal is © The Royal Society of Chemistry 2025

conduction bands. The VBM and CBM shifts are in agreement
with the theoretical calculation of band structure evolution from
pure CusS to Cuy ;Mg 33S to MgS in Fig. 4. In pure Cus, the VBM is
contributed by the antibonding state of Cu 3d and S 3p, exhibiting
a strong p-d coupling at the I'" point, while the CBM is contributed
by the antibonding state of Cu 4s and S 3p. This strong p-d
coupling is primarily responsible for its narrow band gap and
small hole effective mass in CuS. Upon incorporating Mg, a
significant downward shift of the VBM and a slight downward
shift of the CBM are observed, leading to an increased band gap in
Cug 67Mgo 33S. The substantial downward shift of the VBM can be
attributed to the weakening of S p and Cu d coupling.** When it
comes to Mgs, the absence of p—d coupling results in a VBM with a
low energy level, primarily composed of the nonbonding S 3p
orbital. Consequently, the band gap and hole effective mass reach
their maximum values. We depicted the schematic diagram of the
orbital interaction evolution from CuS and MgS to Cu,_,Mg,S in
Fig. S15 (ESIf). In the Cu; ,Mg,S system, VBM exhibits a sub-
stantial significant downward shift compared to CuS, primarily
due to the presence of non-bonding S 3p states, similar to those
found in MgsS. This alignment is in line with the experimental
measurement of band alignment for CuS and CuS-Mg, as shown
in Fig. 5(b). The Fermi level of CusS is closer to the valence band,
which is the characteristic of a p-type material. On the other hand,
CuS-Mg is observed to have a smaller work function and a
shallower Fermi level compared to CuS, which can be related with
lower p-type conductivity. This finding suggests that even though
the carrier concentration increases with the addition of Mg, the
increase comes from the metallic Mg in the film which inadver-
tently reduces the proportion of holes concentrations which
prompts the Fermi level to shift upward closer to the midgap.

Furthermore, we also compared the performance of our
champion CuS-Mg with the p-type TCMs in the literature.
Fig. 5(c) shows the relationship between inverse of absorption
coefficient and conductivity of various TCMs. The grey lines
depicted the FOMC. In addition, Fig. S16 (ESIf) shows the
comparison of CuS-Mg with other TCMs based on its transmit-
tance at 550 nm and average sheet resistance with the grey lines
depicting the FOM™. The full list is shown in Table S5 (ESI?).
Our CuS-Mg shows a comparable high FOM® with the best
reported TCMs and therefore highlights the great potential of
this materials as a high performing p-type TCM.

Device characteristics using CuS and CuS-Mg

To demonstrate the benefit of Mg-modified CuS in opto-
electronic application, a p-n heterojunction diode was fabricated

Mater. Horiz., 2025, 12, 2911-2921 | 2917
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(a) UPS spectra at the secondary electron cut off and valence band region. (b) Schematic band alignment of CuS and CuS—Mag. (c) List of different

p-type transparent conducting materials as a function of inverse absorption coefficient at 550 nm and conductivity. The yellow area indicates the region
of reported n-type transparent conducting oxides. The grey line indicates FOME values.

by depositing CdS on top of the p-type CuS film. Ag electrode
contacts (~100 nm) were deposited on both CuS and CdS,
resulting in an Ag/CuS/CdS/Ag configuration. Fig. 6(a) shows a
comparison of the I-V characteristics of CuS/CdS and CuS-Mg/CdS
diodes, with a bias ranging from —3 V to +3 V in logarithmic
current. The CuS devices exhibit an ohmic contact behavior, with
forward and reverse currents of approximately 1 mA at +3 V
without any rectification behavior. On the other hand, the Mg-
modified CuS devices demonstrate rectification with a high recti-
fication ratio of 1.08 x 10° at 3 V biasing condition with a forward
turn-on voltage of 0.4 V based on the I-V curve in linear coordi-
nates (see Fig. S17, ESIf). The low turn-on voltage and larger
leakage current indicate the characteristic of a Schottky barrier
diode, which is shown in a metal-semiconductor junction.®*®
This suggest that the CuS-Mg exhibits metallic/conductor beha-
vior when paired with n-type CdS. On the other hand, although
the ohmic behavior in CuS/CdS suggests plausible metallic

2918 | Mater. Horiz., 2025, 12, 2911-2921

characteristics of Cus, the absence of semiconducting behavior
in CdS indicates the formation of metal-semiconductor junction
with poor quality. The shunting problem could have been caused
by the rough surfaces of the CusS film. Fig. 6(c), (d) and Fig. S11
(ESIf) show the SEM images of both the plane-view and cross-
section view of CuS and CuS-Mg. It can be observed that CuS
exhibits a plate-like structure, resulting in a rougher surface
compared to CuS-Mg. The CuS-Mg film, on the other hand,
appears smoother and more compact due to the amorphization
effect of Mg addition. This improved morphology is beneficial for
CuS-Mg as it enables uniform growth of subsequent layers and
helps avoid the formation of shunting pathways through pin-
holes. Smaller grains are also observed in the CuS-Mg sample in
comparison with the CuS sample. A similar phenomenon was
observed in amorphous Cu-Sn-1,%” where a better rectification
behavior was observed due to the smoother surface compared to
Cul with rougher surface. From the semi-natural logarithm plot

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Current-voltage measurements for CuS/CdS and CuS—Mg/CdS
with (a) Ag as the electrode and (b) FTO as the electrode. Schematics of the
diode structures are included as insets. Dotted lines represent illumination
conditions during the measurements. Plane-view SEM of (c) CuS and (d)
CuS—-Mg.

of I'vs. V, diode ideality factor of 1.6 is extracted from the slope of
the linear region. The ideality factor is within 1 to 2 range of
typical diode.

Furthermore, the semi-transparent junctions were also pre-
pared by using FTO (fluorine-doped tin oxide) instead of Ag
electrodes, resulting in the configuration of FTO/CuS-Mg/CdS/
FTO. The transmittance spectra and schematic of band align-
ment of these films are shown in Fig. S18 (ESIT). As expected,
the p-n junction for CuS-Mg exhibits higher transparency
compared to CuS, with an average visible transmittance of
approximately 66.59% compared to 52.42% for CuS/CdS. The
introduction of FTO leads to a decrease in the overall transmit-
tance by approximately 13% for both CuS-Mg/CdS and CuS/
CdS stack, resulting in transmittance values of 53.07% and
38.49%, respectively. The band alignment shows that both CuS
and CuS-Mg are suitable to form a type II (staggered type) p-n
junction.®® From the band diagram, the turn-on voltage can be
estimated as the difference between the Fermi levels.®*”°
Assuming the Fermi level of CdS is close to its conduction
band, the turn-on voltage can be approximated to be 0.4-0.5 eV,
which aligns with our experimental observations. In this semi-
transparent junction, similar rectifying diode behavior is also
observed for CuS-Mg/CdS, albeit with a lower rectification ratio
of approximately 8 at 5 V bias, and thus a poorer diode
performance, as shown in Fig. 6(b). The devices demonstrate
higher current compared to the Ag-electrode devices, which
might be attributed to the reduction in the contact resistance
between the film and FTO electrode as the FTO cover the film
whereas Ag electrode is just a point contact. Additionally, the
deposition techniques for the films are different, which affects
the junction properties. Another notable observation is that
the CuS-Mg device exhibits photodiode behavior, while the

This journal is © The Royal Society of Chemistry 2025
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CuS/CdS device maintains similar ohmic behavior. When a photo-
diode with p-n junction is illuminated, the I-V characteristic
should be shifted according to the photocurrent and reverse
current. By measuring the reverse current response under illumi-
nation, it can be deduced that it originates from p-n junction
rather than the individual layer of CdS or CuS-Mg. Witha —5 V
applied bias, the dark reverse leakage current of the diode is only
around 3.7 x 10~ A. However, the reverse leakage current rapidly
increases to 4.5 x 10”2 A upon illumination. The reasonably high
photo-to-dark-current contrast ratio suggests that the CuS-Mg/CdS
junction in this study has the potential as photodetector for UV
pressure sensor in soft robotics or smart window applications.

Additionally, we have fabricated photovoltaic devices using
our p-type TCMs as one of the electrodes. The full configuration
of the device is glass/p-type TCMs/PEDOT:PSS/perovskite/PCBM-
BCP/Ag, with the perovskite composition being triple cation
perovskite Csg.o5(MAg 17FA0.83)0.05Pb(Lo.83Bro.17)3. Both CuS and
CuS-Mg show photovoltaic response with average power conver-
sion efficiencies of 1.8% and 3.7%, respectively. The detailed
performance parameters, including open-circuit voltage (Vo),
short-circuit current ( J,.), and fill factor, are shown in Fig. S19
(ESIt). The CuS-Mg device shows improved performance com-
pared to the CuS device. Optimization in morphology, device
structure and uniformity could be done to further improve the
performance. Nevertheless, this proof-of-concept device demon-
strates that our p-type material can function as electrode in
optoelectronic devices.

Conclusion

In conclusion, this study highlights the promising impact of Mg in
enhancing the transparency of Cus films, achieved through a high-
throughput screening approach using spray pyrolysis. Through the
optimization of fabrication parameters for CuS-Mg films, we suc-
cessfully obtained a figure of merit (FOM) comparable to the high-
performing p-type TCMs reported in the literature. The addition of
Mg not only increased the transparency of CuS but also induced
a more amorphous structure, leading to a smoother surface and
demonstrating its potential as an amorphous p-type TCM. The
electronic band structure analysis reveals a downward shift of
the VBM, leading to an increased band gap and, consequently,
enhanced transparency. Importantly, the incorporation of Mg
resulted in only a slight reduction in carrier mobility while
maintaining a high carrier concentration, ensuring an overall
high conductivity. These changes can be primarily attributed to
the weakening of p-d coupling at the VBM caused by the
incorporation of Mg.

Furthermore, our investigation extends beyond CuS films
alone. The photodiode utilizing n-type CdS in combination
with CuS-Mg demonstrated superior performance than pure
CusS. This observation suggests that, with further optimization,
the CuS-Mg technology has the potential to serve as a novel
p-type TCM with broad applications in transparent electronics
and optoelectronic devices such as photodetectors for smart
displays, window-integrated electronic circuits and sensors in
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soft robotics. In conclusion, our study not only presents a
valuable contribution to the field but also opens new avenues
for advancements in transparent electronics through the seam-
less integration of high-throughput screening and theoretical
validation methodologies.
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