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Material-related discovery continues to drive advancements in technologically significant fields of interest.
Moreover, an understanding of the thermal properties of materials is essential for any application of interest.
Here we report on the structural, optical and thermal properties of Zn,GeSe,4, which forms in the sphalerite
crystal structure with an indirect 1.85 eV band gap, as obtained from our optical spectroscopy measure-
ments. Analyses and modeling of the temperature-dependent thermal properties reveal a low speed of
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sound and Debye temperature, with ultra-low thermal conductivity over a large temperature range due to
low-frequency soft modes as well as strong lattice anharmonicity. Our findings are presented and discussed
in the context of the current intense interest in metal chalcogenides and will facilitate the development of
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Introduction

Material discoveries are integral in advancing technological
applications of interest, and investigations that relate structure
and stoichiometry with specific physical properties are key to
technological advancements in addition to enhancing our fun-
damental knowledgebase. Multinary chalcogenides encompass
one general class of materials that have recently generated
strong interest. They have diverse physical properties that arise
from varied structural, bonding and chemical features as well
as stoichiometry and lattice disorder. Disorder in particular
can play a key role in governing the physical properties of
materials, and in certain cases can also provide tunability
beyond typical property modifications such as doping and stoi-
chiometric variations."™

Multinary chalcogenides with compositions I-II,-III-VI,,
where I is Cu or Ag, II is Cd, Zn, Co or Fe, III is In, Ga or Al
and VI is S, Se or Te, form in the sphalerite-type crystal struc-
ture and have only recently been investigated.® ™" As compared
to I,-II-IV-VI, quaternary chalcogenides, which have been
studied extensively,">™*® I-II,-III-VI, are much less investi-
gated. The I-II,-III-VI, class of materials is a family of com-
pounds that can be thought of as being derived as a result of
atomic cross substitutions accompanied by lattice mutations,
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these and similar materials for applications where low thermal conductivity is of interest.

in which the atomic valence states are preserved and charge
neutrality of the periodic lattice is maintained."®'” This struc-
ture type can accommodate extreme off-stoichiometric vari-
ations.'® Zn,GeSe, represents a particularly unique example
within this family of compounds, combining a sphalerite-
derived structure with compositional features that introduce
cation-site vacancies. Such structural features provide an inter-
esting pretext for exploring their effects on the thermal pro-
perties. Moreover, only a few ternary compositions with spha-
lerite-like crystal structures have been reported to date.">" To
the best of our knowledge, the thermal properties of Zn,GeSe,
with a sphalerite-like crystal structure have not been previously
investigated. In this work, we investigated and modeled the
thermal properties, including temperature-dependent heat
capacity and thermal conductivity over a large temperature
range, as well as the optical and structural properties in order
to develop an understanding of the effect of the compositional
features on the thermal properties of Zn,GeSe,.

Experimental

Polycrystalline Zn,GeSe, was synthesized via mechanical alloy-
ing and densified by hot pressing. High-purity Zn (99.9%, Alfa
Aesar), Ge (99.9999%, Alfa Aesar) and Se (99.999%, Alfa Aesar)
powders were weighed in a stoichiometric ratio into a stain-
less-steel jar together with stainless steel balls in a ball-to-
powder ratio of 40:1. The jar was evacuated before being
sealed under high-purity argon and subsequently ball milled
at 425 rpm for 2 hours. Employing a TA Instruments Q600,
differential thermal analyses were conducted under a nitrogen
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gas flow revealing thermal stability until 573 K. This infor-
mation was important for densification via hot-pressing
(Thermal Technology model HP20-4560-20) into a dense poly-
crystalline material for physical property measurements. The
powder was loaded into a custom graphite die and molyb-
denum punch assembly and densified at 573 K and 160 MPa
for 2 hours under a nitrogen atmosphere. The resulting pellet
had a density of 4.66 g cm™ (97% of theoretical density) as
determined from its mass and dimensions. The Atomic Force
Microscopy (AFM) microstructure analyses of a cross section of
the densified pellet revealed grain sizes in the range of a few
micrometers.

X-ray diffraction (XRD) data were collected employing a
Bruker AXS D8 FOCUS X-ray diffractometer with Cu Ko radi-
ation. The Rietveld refinement was performed using GSAS II
software.”” Optical spectra were acquired using UV-vis-NIR
spectrophotometry in the wavelength range of 400 nm to
1200 nm using a Shimadzu, Inc. 3600i Plus spectrophotometer
equipped with a 60 mm integrating sphere and PMT/InGaAs
detectors. The optical band gap was determined from the Tauc
plot of the Kubelka-Munk function.

The thick densified 12.8 mm diameter pellet was cut into a
parallelepiped of dimensions 2 x 2 x 5 mm?® for low-tempera-
ture thermal conductivity, x, measurements, and a 1 mm thick
disk for high temperature thermal diffusivity measurements.
Thermal diffusivity, a.,, was measured in a temperature range
of 300 K to 573 K using a NETZSCH LFA457 system employing
the laser flash method in a flowing argon environment, with
an estimated uncertainty of +5%. Temperature-dependent x
was determined using the formula « = Day,C,. Here D denotes
the measured density of the specimen and C,, the isochoric
specific heat capacity, was estimated from the Dulong-Petit
limit, C, = 3n,R, where n, is the number of atoms per formula
unit and R is the gas constant.>® For the low-temperature x
measurements, the thermal transport option (TTO) module of
a Quantum Design Physical Property Measurement System
(PPMS) was used. The specimen was mounted onto the TTO
module using Au coated manganin leads for x measurements
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Fig. 1
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where Ag epoxy (H20E) was used to establish electrical and
thermal contact between the specimen and the leads. A
maximum experimental uncertainty of +3% was calculated for
the x measurements. Low-temperature x measurements of
standards employing a custom designed instrument>*>* are
used to calibrate PPMS data. Isobaric heat capacity, Cj,
measurements were performed using the heat capacity (HC)
module of PPMS in a temperature range from 1.8 K to 303 K
accompanied by an appropriate addendum measurement. The
specimen was attached to the mounting stage using thermal
N-grease. The measurements were conducted employing a two-
tau model with a maximum 2% sample temperature rise. A
maximum experimental uncertainty of +1% was calculated for
the C, measurements.

Results and discussion

Fig. 1(a) shows the experimental powder XRD data, the profile
fit and the profile difference from Rietveld refinement. The
results from the Rietveld refinement are given in Tables 1 and
2. The crystal structure can be described as a derivative of the
zinc blende structure, where the cation site partially occupied
by Zn and Ge atoms forms tetrahedral coordinated environ-
ments with the Se atoms (see Fig. 1(b)). The UV-vis-NIR reflec-

Table 1 Summary of Rietveld refinement results

Compound Zn,GeSe,
Space group F43m (#216)
a(A) 5.6710(21)
V(A% 182.38(20)
deate. (g em ™) 4.7271
Zn/Ge-Se (A) 2.4556(3)
Se-Zn/Ge-S (°) 109.47(1)

Radiation Graphite monochromated
Cu Ka (1.5406 A)
20-100

0.06535, 0.04998

26 range (°)
WRp, Ry

b)

(a) Experimental powder XRD pattern for Zn,GeSe, including profile fit and profile difference from Rietveld refinement. The inset shows the

AFM image of the densified pellet. The scale bar corresponds to 5 pm. (b) The crystal structure of Zn,GeSe, where Zn (grey) and Ge (purple) partially

occupy the 4a cation site with the solid lines representing the unit cell.
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Table 2 Atomic coordinates and fractional occupancies

Atom Site x y z Occ.
Zn 4a 0 0 0 0.5
Ge 4a 0 0 0 0.25
Se 4c 1/4 1/4 1/4 1
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Fig. 2 UV-vis—NIR reflectance spectrum, with the corresponding Tauc
plot of the Kubelka—Munk function indicating an indirect optical band
gap of 1.85 eV.

tance spectra are shown in Fig. 2. Zn,GeSe, exhibits a broad
absorption onset, and an indirect optical band gap of 1.85 eV
was obtained from a linear fit to the steepest gradient of a
Tauc plot of the Kubelka-Munk function®®?” constructed by
plotting (afv)"? as a function of photon energy hv.

Fig. 3 shows temperature-dependent x data revealing very
low values across the entire measured temperature range. The
excellent agreement between the high and low x data is an
indication of the quality and homogeneity of the polycrystal-

0.0 : ‘ : : :
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Fig. 3 Temperature-dependent « data.
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line specimens used in this study. Above 100 K, the relatively
flat temperature dependence of the data implies deviation
from the standard phonon gas model. Such behavior has been
reported in other materials, and can stem from a large atomic
mass difference, such as partial vacancies, and lattice
anharmonicity,”®® prompting low-T temperature depen-
dences that are atypical of crystalline materials. Moreover, as
compared to structurally similar chalcogenides such as
Cu;SbSe,,* CulnSe,,*® CulnSnSe,*' and Cu,ZnSnSe,,** as
well as sphalerite CuZn,InS,” (see Table 3), the k values for
Zn,GeSe, are significantly lower. In order to evaluate the
measured values for x, we calculated the minimum thermal
conductivity, kmin, for Zn,GeSe, employing the modified Cahill
relation?

B ™ 1/3 23 T 2 ¢0p/T xSex
Kmin = 3 (g) ]CBl’l Ug % JO 7(33( — 1)2 d

where kg denotes the Boltzmann constant and n = 3.78 x 10*?
em™® is the number density of atoms. The average speed of
sound, v, and the Debye temperature, 0y, were obtained from
analyses of heat capacity data, as described below. From this
analysis kmi, was estimated to be 0.4 W m™' K '. The
measured k values approach xn;, above room temperature, as
shown in Fig. 3. The origin of the low magnitude and anoma-
lous temperature dependence of x can be attributed to mul-
tiple factors, some of which are outlined above. Moreover, dis-
order can induce asymmetric bonding, as observed in other
materials,”*™*” that can also introduce lattice anharmonicity
and enhance phonon scattering. The phonon mean-free-path 4
= 6 A, estimated using the relationship = 1/3(Cyvs1),*® is rela-
tively short and confirms strong phonon scattering. Therefore,
to gain further insight into the thermal properties and the
inherently low x values described above, C, measurements
were performed. Fig. 4 shows temperature-dependent C,, data.
As seen in the figure, the data approach the Dulong-Petit limit
at higher measured temperatures, suggesting excitation of all
acoustic and optic phonon modes at these temperatures. The
low-temperature data (inset of Fig. 4) include a fit of the form
Cp = aT + aT’, where a and f correspond to the Sommerfeld
and lattice contribution to Cp, respectively, and allows for an

127'Rn\ /°
54

and v, = Op(kg/h)(67°n)"", where R is the molar gas constant, n

x (1)

estimation of 6y and v, using the relations 6p = (

Table 3 Band gap and « for Zn,GeSe, and related chalcogenides

Structure/space Band gap k(Wm™ K™,
Compound group (eV), T=300K T=300K
Cu;SbSe, V% Tetragonal, [42m  0.20 1.32
CulnSe, "% Chalcopyrite, 142d  0.96 1.70
CulnSnSe, *! Defect chalcopyrite, 0.75 1.50

142d
Cu,ZnSnSe, *>** Stannite, 142m 1.20 1.25
CuZn,InS, ’ Sphalerite, Fi3m — 2.75
Zn,GeSe, Sphalerite, F43m 1.85 0.57
(this work)

Dalton Trans., 2025, 54, 6233-6238 | 6235
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Fig. 4 C,/3nR versus T data, where a value of unity represents the
Dulong—Petit limit. The inset shows C,/T versus T2 data at low tempera-
tures with the solid line representing a fit of the data of the form C,/T =
a+ pT2.

is the number of atoms per formula unit and 7 is the reduced
Planck constant. The values for 6, and vs are 141 K and
1412 m s~ %, respectively. These 0 and v values are low, sig-
nificantly lower than those of analogous chalcogenides,*"***°
and support the ultralow « for Zn,GeSe, described above.
Using these results we can also estimate the Griineisen para-

meter, y, employing the relation x = BMV%@D3 /np%sz, where B
=2.43 x 107%/(1-0.514/y + 0.228/y%), M is the average mass of
an atom in the crystal (amu), V is the volume per atom and n,
is the number of atoms per primitive cell.*® The Griineisen
parameter (y = 2) thus obtained indicates relatively large lattice
anharmonicity further supporting the fact that Zn,GeSe, pos-
sesses intrinsically very low «.

The thermal properties revealed by our data and analyses
warrant additional analysis of the C,, data. Fig. 5 shows C,/T°

50 ‘ .
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g
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E
9. 30°
e
O
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T (K)
Fig. 5 Cp/T3 versus T data illustrating deviations from the Debye behav-

ior. The solid line represents a fit of the phenomenological model
described in the text.
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versus T and indicates a relatively large deviation from Debye-
like behavior that can be associated with low-frequency optic
modes, which have been shown to directly affect x in other
materials.?"?1>%237%% Wwe therefore employed a phenomenolo-
gical model that includes both Debye-like contributions and
Einstein contributions to analyze the data. The solid line in
Fig. 5 is a fit of the experimental data of the form*®

T 3 (0p/T
c (T):aT—I—AR(—) J X i
P Oo) Jo (ex—1)

on %) .

where the terms represent the electronic contribution, Debye
contribution and Einstein contribution to Cp, respectively, and
A and B are fitting parameters. From the data fit, a = 2.0 m]
mol™ K2, 0, = 141 K, 6 = 21 K, A = 0.075 and B = 34.3 were
obtained. The value of 6, is in agreement with that obtained
from the low-temperature data fit as shown in the inset of
Fig. 4. Furthermore, the very low value of 6; indicates the exist-
ence of low frequency modes. These low-frequency modes con-
tribute to the measured ultra-low « value for Zn,GeSe,.

xte*

Conclusions

In this work we synthesized phase-pure polycrystalline Zn,GeSe,
in order to investigate the previously unexplored thermal pro-
perties of this material. UV-vis-NIR measurements revealed an
indirect optical band gap of 1.85 eV, and analyses of the tempera-
ture-dependent x and C, data revealed very low x over a large
temperature range, as well as low 8, and v, attributable to the
lattice anharmonicity resulting from structural disorder and low-
frequency optic modes. These findings advance our understand-
ing of the structure and physical properties of multinary chalco-
genides and should facilitate further research and exploration on
this and similar chalcogenides for applications of interest where
low « values are desirable.
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