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Samples synthesis method:

The raw powders were synthesized by mixing 5 g of the stoichiometric ratio of the
elemental Copper (> 99.9%, powder, 75 um pass, Alfa Aesar), Zinc (99.9%, Powder, 75
— 150 um, Alfa Aesar), Tin (99.8%, powder, <45 pum, Alfa Aesar) and Sulfur (> 99.99%,
Flake, Alfa Aesar) in a stainless-steel grinding vial containing two 10 mm@ and four
5 mm@ stainless steel balls for 3 h in a SPEX 8000D mixer/mill (Cole-Parmer, USA).
The resulting powder was sintered by Spark Plasma Sintering (SPS-1080 — SPS Syntex
Inc., Japan) in a 10 mm diameter graphite die under a partial vacuum atmosphere at 773 K
for 15 min with a heating/cooling rate of 50 K/min and a constant uniaxial load of
50 MPa.

Detail of the Cp measurement:

The temperature-dependent heat capacity C, studied from 315 to 773 K, was determined
by Differential Scanning Calorimetry (DSC 404 Netzsch, Germany) measurement system
using the ratio method and a sapphire standard reference (.. = 40.9 mg) in Al crucibles
(Merucivle = 40 mg). Two square plate samples of x = 0 (m;., = 64 and 94 mg) and two
plates samples of x = 0.125 (m3;., = 57 and 76 mg) has been measured knowing that the
highest mass correspond to the experimental limitation. A pre-isothermal segment of
50 min has been observed before the dynamic segment between 315 K and 773 K realized
with a heating rate of 5 K/min.

For the low temperature range from 2 to 305 K, C, measurements were performed using
a physical property measurement system (PPMS; Quantum Design, USA) employing a
relaxation method. Apiezon N high vacuum grease was applied to provide sufficient
thermal contact between the sample and the platform in the high-vacuum environment
during the measurement. A two quasi-square plate samples of x = 0 (m5 = 28.02 mg) and
x = 0.125 (ms = 30.31 mg) have been measured in the above-mentioned temperature
range.

Computational method:

The DFT calculations were performed using Quantum ESPRESSO (QE)'? package
with projector augmented wave pseudopotentials.’ The generalized gradient
approximation functional with Perdew-Burke-Ernzerhof parametrization (GGA-PBE)*
was chosen for the exchange and correlation potentials. We applied the Hubbard U
correction to the strongly correlated Cu 3d, Zn 3d, and Sn 4d orbitals. We chose U (=
U— V) values as 5.2 eV, 6.5 eV, and 6.5 eV for Cu, Zn, and Sn, respectively. Spin-orbit
coupling was not considered in the present study. The conventional unit cell with
tetragonal lattice containing 16 atoms was fully relaxed until the residual forces became
less than 1076eV A~!. The cutoff energy of 130 Ry for the plane wave basis and 8 x § x 4
k-grid were used for the structure relaxation.

To extract the second order interatomic force constants (IFCs), we used finite difference
method with a 4 x 4 x 2 supercell based on the fully relaxed conventional cell to create
displacement-force datasets. The magnitude of atomic displacements was set at 0.01 A
for calculating the second order IFCs. The IFCs were obtained using Phonopy.>~7 The
atom-projected vibration density of states (DOS) was calculated from the second order
IFC. Dielectric constant and Born effective charge were calculated in the perturbation



framework implemented in the QE package for correcting phonon frequencies
considering long-range interaction. The specific heat at constant volume, C,, was
calculated from the full spectrum of phonon DOS. Volume dependence of phonon
frequencies were calculated at seven volume points around the equilibrium volume ¥}
(0.97V,, 0.98V,, 0.99V,, Vo, 1.01V4, 1.02V,, 1.03V4), and thermodynamic functions were
calculated based on quasi-harmonic approximation implemented in Phonopy. Then, the
temperature dependence of C, was calculated from the C, and Gibbs free energy.
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Figure S1. Room-temperature Rietveld refinement of the XRD patterns of the kesterite-

CupZn;  SnS, for x = 0; 0.125



Table S2. Rietveld refinement parameter of the X-ray powder diffraction (XRPD)
patterns of the CZTS SPSed samples.

Cu,+,Zn;_SnSy; 1k,Cu = 1.5406 A

a(A) c(A) V(A3 X2 Rpragg (%) Rp (%)

x=0 5.432(1) 10.840(1) 319.77(5) 1.38 3.75 3.05
x=0.125 5429(1) 10.841(1) 319.50(5) 151 428 3.58
Space group /4 (n° 82)

Atom X Y Z Occ.  Bj, (A% Mult.
Cul 0.5 1 0.75 1 ~0.6 2c
Cu2 0.5 0.5 0.5 1 ~0.8 2a
Znl 0 0.5 0.75 1 ~0.8 2d
Snl 0 1 0.5 1 ~0.5 2b

S1 0.256 0.742 0.629 1 ~0.5 8g
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Figure S3. Temperature dependence of lattice parameters for the kesterite-Cuy,.Zn;.
SIS, with x = 0 and 0.125 obtained by pattern matching refinement of the HT-XRD.
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Figure §4. The heat capacity C, of Cuz+.Zn; SnSy (a) x = 0, (b) x = 0.125) plotted as
C,/T function of T. Experimental data presented as gray and black empty symbols, while
red lines, blue ticks, and grey area represent the background fit, the range limit and

integral area.
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Figure S5. The heat capacity C, of CusZn; .SnSy (x = 0, 0.125) plotted as C,/T° versus
InT. Experimental data presented as gray and black empty symbols, while solid lines
represent the Debye T3 law with linear yT contribution: C,(T) = fT° + yT.
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Figure S6. Atom-projected vibrational density of states (DOS) of kesterite proto
structure Cu,ZnSnS,.
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Figure S7. The heat capacity C, of Cus+.Zn;_SnSy for (a)x = 0 and (b) x = 0.125 as a
Sfunction of T from 2 to 300 K. Experimental data presented as gray and black empty
symbols, while green dashed, blue dotted, and yellow dashed dotted lines represent
Debye, Einstein, and linear contributions.
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Figure §8. The heat capacity C, of (a) Cu,ZnSnSy and (b) Cu; ;25Zn.5755nS plotted as
C,/T? versus InT, (c) CuZnSnSy and (b) Cu; 125Zn.5755nS4 plotted as C, versus T
Experimental data presented as gray and black empty symbols, while green dashed,
blue dotted, and yellow dashed dotted lines represent Debye, Einstein, and linear-
Schottky contributions.
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