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It has recently been reported that the spinel-type sulfide (Zn,Mg)Sc,S,
possesses optoelectronic properties, including both n- and p-type
dopability and strong visible-light emission. Herein, we present a
novel isomorphic selenide, ZnSc,Se,, synthesized using a high-
pressure synthesis technique, which exhibits n-type semiconducting
behavior. Additionally, a solid solution between ZnSc,S,; and ZnSc,Se,
is realized over the entire composition range, enabling continuous
tuning of the direct optical band gap from 2.07 to 1.35 eV (visible to
near-infrared) by adjusting the S/Se ratio, accompanied by a sharp
enhancement in electrical conductivity. These results revealed that
the spinel-type chalcogenide system is a highly promising platform
for photovoltaic absorbers. Furthermore, by substituting isovalent Mg
[(Zn;_,Mg,)Sc(S;_xSex)s], the band gap can be precisely controlled
across nearly the entire visible region (2.86-1.35 eV), providing addi-
tional tunability for high-efficiency light-absorption and emission
applications within the same host lattice.

Introduction

Photovoltaic technologies are essential for resolving current
energy challenges and realizing a low-carbon society. Although
commercial solar cells are predominantly manufactured from
Si, its indirect band gap imposes a low absorption coefficient,
thereby restricting the device structure." Therefore, alternative
materials have been desired. Representative candidates,” such
as chalcogenides (e.g., CdTe® and Cu(In,Ga)Se,*) and pnictide
semiconductors (e.g., GaAs®), exhibit high power conversion
efficiencies exceeding 20% in solar cell devices. Furthermore,
halide perovskite solar cells have recently attracted significant
attention and currently surpass 25% efficiency,® making
them promising candidates for next-generation photovoltaic
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Novel spinel-type selenide semiconductor
ZnSc,Se4 and its solid solution with sulfide
for photovoltaics

2 Ryoga Nagasawa® and Hidenori Hiramatsu*®°

New concepts

This paper offers a novel promising candidate for optoelectronic semi-
conductors possessing a suitable direct band gap for photovoltaic appli-
cations through materials exploration based on an original design
concept. Following this concept, we recently validated that spinel-type
ZnSc,S, has ambipolar (both n- and p-type) conductivity and a direct
band gap essential for optoelectronics. However, its band gap (2.07 eV) is
excessively wide for optimal photovoltaic absorption. This challenge
motivated the pursuit of its selenide counterpart, ZnSc,Se,, which has
remained experimentally unreported. Here, we report the first-ever synth-
esis of ZnSc,Se, using a high-pressure technique, revealing it to be an n-
type semiconductor with a direct near-infrared band gap (1.35 eV).
Furthermore, we demonstrate that a solid solution over the entire
composition range, ZnSc,(S; ,Sey)s, unlocks continuous band gap tun-
ability from the near-infrared to the visible region. This discovery estab-
lishes spinel-type chalcogenides as a new platform offering band gap
engineering; by incorporating Mg, the (Zn,_,Mg,)Sc,(S1—xSex)s System can
span nearly the entire visible spectrum (1.35-2.86 eV), creating a highly
versatile material system for next-generation optoelectronics.

applications such as flexible modules and high-performance
tandem cells with Si. However, halide perovskites face critical
issues related to their long-term stability and the use of Pb,”
which complicate their durability and compliance with
international environmental regulations, such as the Restric-
tion of Hazardous Substances (RoHS). These challenges have
motivated the ongoing exploration of novel optoelectronic
semiconductors.

Tremendous efforts have been devoted to exploring alter-
native candidate materials,® including oxides (e.g., Cu,0°),
nitrides (e.g., ZnSnN,,"® CaZn,N,,""™** and Cuz;N'*), pnictides
(e.g.,, ZnsSnP," ), and chalcogenides (e.g., Cu,ZnSnS,_,Se,,"
SnS,"” and BaZrS;'®>'). Nevertheless, stringent requirements
for these candidates, which must at least possess superior
optical properties with a direct transition-type band gap suita-
ble for photoabsorption, as well as outstanding electronic
transport characteristics on n- and p-type conduction for the
construction of homo-pn junctions, have impeded efficient
novel materials exploration. To accelerate this exploration,
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robust materials design concepts are necessary. To date, we
have proposed concepts for designing optoelectronic semicon-
ductors with direct band gaps suitable for optoelectronics and
appropriate energy levels for both n- and p-type carrier doping.
For example, in perovskite-type sulfides, we established a
concept based on nonbonding states that yield a deep conduc-
tion band minimum (CBM) and a shallow valence band max-
imum (VBM) relative to the vacuum level and band folding that
produces a direct band gap.>* Experimentally, it was demon-
strated that SrHfS;*>> and BaZrS;'®?® exhibit superior carrier
controllability for both n- and p-type conduction and high
optical responses, including intense emission and extraordina-
rily high absorption coefficients (>10°> cm™") at band gaps
suitable for use in Si-tandem solar cells. Furthermore, a novel
concept was recently developed based on chemical bonding
and atomic orbital symmetry for the spinel-type chalcogenides
AB,Ch, (Ch =S, Se, and Te),>* which were engineered to enable
both n- and p-type doping by designing a CBM derived from the
deep s° orbitals of a heavy A-site cation and a VBM arising from
shallow nonbonding Ch p orbitals. In addition, even though
AB,Ch, with an s° cation at the B site has an indirect band gap,
by adopting a d° cation that contributes to strong interactions
with the p orbitals of Ch in this system compared with the s°
one, energy bands near the VBM are pushed down around
specific zone boundaries, resulting in a direct-band gap struc-
ture. These factors contribute to the simultaneous realization
of direct optical transitions and dopability. Following this
concept, a spinel-type sulfide, ZnSc,S,, was experimentally
demonstrated to exhibit intense visible emission widely tun-
able from 2.07 to 2.86 eV via isovalent Mg substitution at the Zn
site as well as both n- and p-type carrier controllability over
nine orders of magnitude in conductivity from the intrinsic
level (10" S em™ ") to the semiconducting one (107> S cm™*)
through chemical doping and intentional introduction of
defects.>* These results indicate that spinel-type chalcogenides
possessing the abovementioned electronic structures hold high
potential for optoelectronics. However, a challenge arises in
extending spinel-type sulfides as photoabsorber materials in
solar cells: they have wider band gaps than the optimum gaps
predicted using the Shockley-Queisser limit>® for achieving
efficient photovoltaics. Our electronic structure calculations
for the spinel-type sulfides revealed that there are potential
candidates, such as ZnY,S, (calculated band gap = 1.45 eV>*),
with a band gap slightly narrower than that of ZnSc,S,
(1.50 ev**); however, the deviation is as low as 0.05 eV. This
indicates that no spinel-type sulfides offer direct band gaps that
match the limit. Hence, we considered that the substitution of
Se at the S site in ZnSc,S, is essential to effectively reduce the
gap, where the hybridization of the shallower Se 4p orbitals
should raise the VBM level. However, the corresponding coun-
terpart, ZnSc,Se4, has not yet been reported experimentally,
even though the electronic structures have been investigated
using first-principles density functional theory calculations.?®
In this study, we synthesize a novel spinel-type selenide,
ZnSc,Se,, using a high-pressure synthesis technique and exam-
ine its optoelectronic properties through the formation of a
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solid solution between ZnSc,S, and ZnSc,Se,. Consequently, we
demonstrate that spinel-type ZnSc,Se, is an intrinsic n-type
semiconductor with a widely tunable band gap from 1.35 eV to
2.07 eV by anion substitution. This result widely expands the
potential for optoelectronic applications via a combination of
isovalent Mg substitution, because the band gap can be tuned
over the entire visible wavelength region from 2.86 to 1.35 eV in
(Zn,Mg)Sc,(S,Se)s,.

Results and discussion

Prior to substituting Se into ZnSc,S,, we investigated whether
the other end-member, spinel-type ZnSc,Se,, was thermodyna-
mically stable and could be synthesized, because it was experi-
mentally unreported. We first attempted to synthesize ZnSc,Se,
via a conventional solid-state reaction at ambient pressure (AP),
analogous to ZnSc,S, synthesis.>* The bottom of Fig. 1a shows
the powder X-ray diffraction (XRD) pattern of the obtained
sample. The major diffraction peaks were indexed to diffraction
from spinel-type ZnSc,Se, by using an initial crystal structure
model of ZnSc,S, with the space group Fd3m; impurity phases
assigned to the ZnSe and Sc,Se; precursors were also detected,
suggesting that spinel-type ZnSc,Se, thermodynamically com-
petes with these precursors under AP growth conditions. To
suppress impurity segregation, we adopted a high-pressure
synthesis because it was expected that external pressure would
lower the activation barriers and promote kinetically hindered
reactions. The middle and top of Fig. 1a show the XRD patterns
of samples synthesized at high pressures (P) of 1.5 and 5.0 GPa,
respectively. With increasing P, the diffraction intensity of the
Sc,Se; phase decreases. Fig. 1b summarizes the relationship
between P and the mole fractions of the observed phases.
Although the mole fraction of ZnSc,Se, was as low as 48%
under AP, it increased with P and reached 67% at 5.0 GPa,
which was accompanied by a significant decrease in the Sc,Se;
fraction to zero. This indicates that the external pressure
effectively stabilized the ZnSc,Se, phase. In contrast, the frac-
tion of ZnSe was nearly independent of P, and excess ZnSe
remained in the sample irrespective of the stoichiometric
mixture of the starting precursors. Therefore, we tuned the
nominal starting precursor ratio, y = ZnSe/Sc,Ses, to suppress
ZnSe segregation. Fig. 1c shows the variations in the mole
fractions of ZnSc,Se, and ZnSe as a function of y for the
samples synthesized at 5.0 GPa. As expected, the ZnSe fraction
decreased continuously with decreasing y, and correspond-
ingly, the ZnSc,Se, fraction increased. Consequently, at y =
0.5, single-phase ZnSc,Se, was successfully obtained. The
chemical composition was evaluated using an electron probe
micro analyzer (EPMA). Fig. S1 shows the electron micrograph
obtained using the EPMA, confirming that no impurity phases
exist. However, it was also clarified that the ZnSc,Se, grain has
an Sc- and Se-rich chemical composition, which may suggest
that excess Sc,Se; in the nominal precursors forms nano-sized
amorphous phases that cannot be detected by XRD. The XRD
pattern of single-phase ZnSc,Se, is shown in Fig. 1d. Because
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Fig. 1 Structural analyses of the samples synthesized by solid-state reactions between ZnSe and Sc,Ses precursors. (a) Powder XRD patterns of the
samples synthesized at ambient pressure (AP) and under external pressures (P) of 1.5 and 5.0 GPa. Vertical black bars at the bottom in (a) indicate the
diffraction angles of spinel-type ZnSc,Se,, calculated using the crystal structure of ZnSc,S4 as an initial model. Solid triangles and open squares denote
diffractions from the impurity phases ZnSe and Sc,Ses, respectively. (b) Mole fraction of the obtained phases in (a) as a function of P. (c) Nominal
precursor ratio y (= ZnSe/Sc,Ses) dependence of the mole fraction on the samples synthesized at P = 5.0 GPa. (d) Powder XRD pattern of the obtained
single-phase ZnSc,Se, (top) with a simulated diffraction pattern (bottom).

the observed pattern was well reproduced by the simulated We then calculated the electronic structure of spinel-type
profile based on the spinel-type structure model, it was con- ZnSc,Se,. The band structure and the corresponding partial
cluded that ZnSc,Se, was a novel spinel-type compound. and total densities of states (DOS) are shown in Fig. 2a and b,

T | T

0 3 6
DOS (eV-1fu.” 1

Fig. 2 Electronic structure of spinel-type ZnSc,Se4. (a) Band structure with contributions of Zn-s (solid pink circles), Sc-d (open orange), and S-p (open
light blue) orbitals. (b) Partial density of states (DOS) for Zn-s (pink), Sc-d (orange), and Se-p (light blue) orbitals and total DOS (green).
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respectively. Similar to ZnSc,S,, in which the CBM and VBM are
mainly composed of Zn-s and S-p orbitals at the I" point, ZnSc,Se,
also has a direct band gap formed by Zn-s for the CBM and Se-p for
the VBM. This result is consistent with our design concept for
realizing direct-gap spinel-type semiconductors.>* The calculated
band gap (E,) is 0.83 eV, which is narrower than that of ZnSc,S,**
owing to the shallower energy level of Se 4p orbitals relative to that
of S 3p. Because both ZnSc,S, and ZnSc,Se, possess the same
spinel-type crystal structure and direct band gaps, E, should be
tunable from the near-infrared to the visible region across a
suitable wavelength range for an absorber layer in photovoltaic
applications by forming a solid solution between them.

To experimentally validate E, tunability, we synthesized
continuously Se-substituted ZnSc,S,, that is, ZnSc,(S;_Sey)s
(x = 0-1), via a solid-state reaction between both end members.
Fig. 3a shows the XRD patterns of ZnSc,(S; ,Se,), as a function
of x, where the main phase of all the samples was identified to
be the spinel-type structure. Since some samples contained
impurity phases, which may originate from crystallization of
the nano-sized Sc-Se amorphous phase during thermal anneal-
ing and/or partial decomposition of ZnSc,(S; _,Se,)s, their pre-
cise chemical compositions could not be directly determined by
chemical analysis. Therefore, x was defined based on the
Rietveld refinement results (see Fig. S2 and Tables S1, S2 for
the fitting results). The continuous peak shift in Fig. 3a with
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increasing x indicates that the a-axis lattice parameter (a)
expands linearly, as shown in Fig. 3b. Because this expansion
originated from the substitution of S by Se with a larger ionic
radius, it was concluded that the S sites in ZnSc,S, could be
replaced by Se over the entire x range, that is, successful
fabrication of the solid solution. Along with the lattice expan-
sion, the Sc-Ch and Zn-Ch bond lengths increase from 2.569
(x = 0) t0 2.695 A (x = 1) and from 2.366 to 2.440 A, respectively
(Fig. 3c). By comparing these with ionic bond lengths, which
are estimated by summing the ionic radii of the cations [Sc
(0.87 A) or Zn (0.64 A)] and anions [S (1.70 A) or Se (1.84 A)]
while accounting for a degree of covalency,”’ it was revealed
that the observed Sc-Ch distances are nearly identical to the
ideal ones, where the differences are approximately 0.02 A. In
contrast, clear deviations were observed for the Zn-Ch bonds.
The observed Zn-S length (2.366 A) differs from the estimated
one (2.34 A) by 0.026 A, and the deviation further increases to
0.04 A in ZnSc,Se,. This suggests that the Zn site incorporates a
deficiency and/or static disorder (e.g., anti-site defects such as Sc
on the Zn site), and these effects are enhanced with increasing
fitted x. This speculation is supported by the refined isotropic
displacement parameters (B) in Table S1, where B values at the Zn
site are unusually large and increase with increasing fitted x,
because B is strongly correlated with site occupancy and static
disorder. Fig. 3d shows the relationship between x and the Ch-Sc-Ch
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Fig. 3 Structural analyses of spinel-type ZnSc,(S;_,Se,)4. (a) Powder XRD patterns of the x = 0—1 samples. Vertical black bars at the bottom indicate the
diffraction angles of ZnSc,S4. Squares, diamonds, and solid circles represent diffraction peaks from the impurity phases Sc,Ses, ZnS, and Sc,0,S,
respectively. (b) x dependence of the a-axis lattice parameter (a). (c) Variation of bond lengths between Sc and Ch (Ch = S and/or Se, green), and Zn and
Ch (purple) with increasing x. (d) Relationship between x and the bond angle () of Ch—Sc—-Ch in ScChg octahedra, which is shown in the inset.
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bond angle () in ScChg octahedra; the Ch-Zn-Ch angle in ZnCh,
tetrahedra remains constant at 109.47° (the angle of an isotropic
tetrahedron) for all x. With increasing x, o slightly increases
toward 90°, which is associated with a change in the tolerance
factor [v/3(Rp + Rx)/2((Ra + Rx)),where Rg + Ryand R, + Ry are
the Sc-Ch and Zn-Ch bond lengths, and the ideal numerical value
is around 1]*® from 0.94 (x = 0) to 0.96 (x = 1).

Next, we evaluated the optical properties of the x = 0-1
samples. Fig. 4a shows Tauc plots as functions of x. The E,
value of the x = 1 sample (ZnSc,Se;) was determined to be
1.35 eV. Moreover, it was unveiled that E; is continuously
tunable from 2.07 eV at x = 0 to 1.35 €V at x = 1 by varying x,
owing to the combination of S and Se p orbitals. This wide
tuning range of E, confirms that ZnSc,(S;_,Se,), is suitable as
an absorber for both single-junction and tandem solar cells
according to the Shockley-Queisser limit.>® Fig. 4c shows
normalized photoluminescence (PL) spectra measured at room
temperature (RT) for x = 0, 0.3, and 1. The PL peak energies
shift from 2.07 eV at x = 0 to 1.83 eV at x = 0.3 and 1.33 eV at
x = 1. Because these peak energies closely match the E, values
in Fig. 4b, and the PL lifetimes in Figure S3 were shorter than
10 ns, the origin of the PL was concluded to be band-to-band
recombination owing to direct band gaps. For other x values,
clear PL was not detected at RT, likely because of defect-related
nonradiative recombination arising from internal strain and/or
relatively low phase purity (~70%).

To clarify the electronic transport properties, the electrical
conductivity (o) of the x = 0-1 samples was evaluated at RT.
Fig. 5 plots the x dependence of ¢, where x = 0 exhibits
insulating behavior with a quite low ¢ of 2.5 x 10°'* S em ™.
However, ¢ increases considerably to the 10™° S em ™ range at
x =0.3-0.7 and reaches 1.8 x 10> S cm™* at x = 1, which is a six-
order-of-magnitude enhancement. Because these ¢ values can be
affected by scattering at impurity phases in grain boundaries and/
or the nano-sized amorphous phases as speculated above, the
preparation of high-quality samples such as epitaxial thin films is
expected to result in much superior electronic transport proper-
ties. Carrier polarity was investigated by a thermoelectromotive
force measurement, where reliable voltage signals were obtained
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Fig. 5 Electrical conductivities (6) of ZnSc,(S1_,Seyx)s (x = 0-1) bulks at
room temperature. (inset) Thermoelectromotive force measurement for a
ZnSc,Se, bulk. The solid line in the inset represents the linear least-squares
fitting results.

only for x = 1, likely due to the low ¢ of the other x samples. The
inset of Fig. 5 presents the plot of AVversus AT for x = 1, yielding a
clear negative slope with a Seebeck coefficient of —2600 puv K ™.
Hence, it can be concluded that undoped ZnSc,Se, is an n-type
semiconductor. Although the origin of the supply of n-type
carriers has been unidentified, we speculate that it may be
associated with Zn site-related point defects, such as the anti-
site defects of Sc on the Zn site, as discussed in the above
structural analysis, because of the Sc,Se;-rich high-pressure
synthesis conditions (y = 0.5). These results highlight the potential
of the solid solution ZnSc,(S;_,Se,); for optoelectronic
semiconductors.

Conclusions

In summary, we have demonstrated the optoelectronic proper-
ties of the spinel-type chalcogenide solid solution
ZnSc,(S1_xSey)s (x = 0-1). Although ZnSc,Se, had not been
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Fig. 4 Optical properties of ZnSc,(S;_,Sey)4 (x = 0-1). (a) Tauc plots of diffuse reflectance spectra, where solid lines represent the results of least-
squares fittings to estimate optical band gaps (Eg). (b) Relationship between x and E4 estimated from (a). (c) Normalized PL spectra measured at room

temperature.
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experimentally reported, it was successfully synthesized using a
high-pressure method. Two key factors are essential for obtain-
ing the single phase: applying a high pressure of 5 GPa and
sufficiently reducing the nominal ZnSe content. The direct
transition type E, of the solid solution was continuously tuned
from 2.07 to 1.35 eV by controlling x, and band-to-band emis-
sion at RT was observed at the corresponding E,. The ¢ value at
RT significantly increased with increasing x, from 2.5 x
107" S em™! for ZnSc,S; (x = 0) to 1.8 x 107> S ecm™ " for
n-type ZnSc,Se, (x = 1). Furthermore, additional substitution of
isovalent Mg into the Zn site, [(Zn;_,Mg,)Sc,(S1_xSey)s], would
enable further band-gap engineering across nearly the entire
visible region (2.86-1.35 eV) within the same host spinel-type
lattice, paving the way for next-generation high-efficiency
photovoltaic absorber layers and light-emitting materials; how-
ever, the development of thin film growth processes is essen-
tial, because the high-pressure synthesis process is not
preferred for practical photovoltaic devices. In addition, solar
cells with nano-sized quantum dots as the absorption layer are
considered one of the key candidates for third-generation
photovoltaics, offering higher efficiency and stronger absorp-
tion, with recent intensive research on quantum dots such as
Pbs,* CdsSe,*® and Pb-based perovskite,>* which have already
demonstrated high performance. By employing the spinel-type
chalcogenide as an alternative, new toxic-element-free nano-
scale quantum dot solar cells with precise band-gap engineer-
ing over a wide spectral range may be developed, owing to
continuous and wide band-gap tunability via solid solutions as
well as the quantum size effect.

Experimental

Calculations

The band structure and density of states (DOS) of ZnSc,Se, were
characterized using first-principles density functional theory
calculations. In the calculations, the HSE06 hybrid
functional,® implemented in the Vienna Ab Initio Simulation
Package (VASP),**** was employed. The cutoff energy was set to
650 eV for all calculations, and the Brillouin zone was sampled
using an 8 x 8 x 8 k-point mesh for self-consistent field and
DOS calculations.

Synthesis

To synthesize polycrystalline ZnSc,Se, bulks, conventional
solid-state reactions and high-pressure synthesis methods were
employed. In the solid-state reaction, the precursor powders of
ZnSe and Sc,Ses;, prepared by a chemical reaction between Sc
metal and Se at 800 °C, were stoichiometrically wet-mixed and
then sintered at 1000 °C in evacuated silica glass ampules. The
procedure was similar to that of ZnSc,S,;, which has been
reported in ref. 24. For the high-pressure synthesis, a belt-
type anvil was employed, where the same precursors were
pressed at 1.5 or 5.0 GPa during heating at 1000 °C for 0.5 h.
The precursor ratio (y = ZnSe/Sc,Se;) was tuned to decrease the
impurity ZnSe phase fraction at 5.0 GPa. A solid solution of
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ZnSc,(S1_xSey)s (x = 0-1) was fabricated over the entire x range
via a solid-state reaction between ZnSc,Se, and ZnSc,S, at
1000 °C in evacuated silica glass ampules.

Characterization

Characterizations were performed in air owing to the sample
stability, except for the photoluminescence (PL) and Seebeck
effect measurements, and at room temperature. The crystal
structures and phases were characterized by powder X-ray
diffraction (XRD) with Cu Ko radiation, and the structural
parameters as well as the amounts of impurity phases were
evaluated by Rietveld refinement using RIGAKU SmartLab
Studio II software. In all Rietveld refinements, the ZnSc,S,
structure (Inorganic Crystal Structure Database (ICSD) code
no. 101174) was used as an initial structure model, and as for
the atomic position and site occupancy, only the S and Se sites
were refined. The pattern simulation in Fig. 1d was performed
using the RIETAN-FP code.*® Electron probe microanalysis
(EPMA) with wavelength-dispersive X-ray spectroscopy was
employed to evaluate the chemical composition. The optical
band gaps (E,) were estimated via the Kubelka-Munk transfor-
mation of the diffuse reflectance spectra in the ultraviolet-
visible wavelength region. PL of ZnSc,S, and ZnSc,Se, bulks
was measured with an excitation source of the third-harmonic
generation of a Nd:YAG laser (wavelength, 1 = 355 nm) in a
vacuum, while that of ZnSc,(S,.,Seo3)s was recorded with its
second-harmonic generation (532 nm). The PL lifetime was
determined using time-resolved PL measurements. The elec-
trical conductivities (o) of the bulk samples were examined by
the four-probe method using approximately 100 nm thick Au
contact electrodes. The carrier polarity of ZnScSe, was deter-
mined via thermoelectromotive force (Seebeck effect) measure-
ments with a two-probe configuration established using the Au
electrode in an Ar atmosphere.
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