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Experimental

Synthesis

The compounds were prepared by the solid state reaction of Cu, Zn, Sn, and S powders in the appropriate ratios
in evacuated, sealed, fused silica tubes. They were heated at 750 °C (ramp 300 °C/h) for 170 h and then cooled
down at 20 °C/h. The obtained powders were then ground and pressed into pellets which were again put into a
sealed tube. The second heating sequence was: ramp 300 °C/h; plateau 750 °C; cooling ramp 50 °C/h. For some
samples, attention was paid to the cooling mode at the end of the heating process. Samples were heated at 350 °C
for 2 days and subsequently ice-quenched (sample A2y). A part of the obtained samples was reheated at 350 °C
for 2 days, slow cooled down to 150°C (2 °C/h), annealed at this temperature for 1 day and finally slow cooled
to room temperature. For example, from sample A2 (see Table 1) we got sample A2, (quenched) and sample
A2 (slow cooled).

X-ray diffraction

The powder X-ray diffraction patterns of the studied samples were measured on a DS8-Bruker advance
diffractometer (A = 1.540596 A), equipped with a LynxEye detector, in the 8-100 ° 20 range with a 0.011 ° 26-
step and a record time of 0.4 s/step. The analysis of the obtained patterns was performed with the use of the
Jana2006 program!'.

For the single crystal analysis, a complete data set of Bragg reflections was collected on a Bruker-nonius Kappa
CCD diffractometer with a crystal to detector distance of 25 mm and an exposure time of 10 s per frame. Lattice
parameters and integrated intensities of the Bragg reflections were extracted from the measured images with the
help of the Nonius program package?. The absorption correction and the crystal structure refinement were done
with JANA2006. Experimental details are given in Table SI1.

Electron-Probe Micro Analyses

These analyses were performed on polished sections of the products imbedded in epoxy. The polishing process is
known to not affect the surface composition of this kind of samples.

The operating conditions were: accelerating voltage 20 kV, current 20 nA. The standards were (element,
emission line, counting time for one spot analysis): Cu metal (Cu Ko, 10 s), ZnS (Zn Ka, 10 s), SnO, (Sn La,
20 s), FeS, (S Ka, 20 s).

NMR spectroscopy

The %Cu and '""Sn NMR spectra were acquired on a Bruker Avance III 300 MHz spectrometer with a 4 mm CP-
MAS probe. In all cases, a full shifted echo acquisition sequence ( 6 — © — 26 — acq) was used to obtain an
absorption mode only line shape. For !'°Sn spectra, 6 was set to n/2 for a radiofrequency (RF) field of 80 kHz
and t to 1.9 ms (slow cooling) or 1.0 ms (ice-quench). For ®Cu spectra, 6 was n/10 for a RF field of 35 kHz and
the t values were 1.2 ms and 0.5 ms for the slow-cooled and ice-quenched samples, respectively. '°Sn spectra
were acquired under MAS (14 kHz) condition with a recycle time of 120 s whereas Cu spectra were obtained
under static condition and a recycle time of 1s. ''"Sn spectra were referenced to Me,Sn using Ph,Sn as a
secondary reference (-121.15 ppm) and ®Cu spectra were referenced at 0 ppm against solid state CuCl. The
spectral decomposition was performed using the “dmfit” freeware package?.

The chemical shift interaction is described by 0;,,=(dxx+0yy+0z2)/3, the isotropic chemical shift, &unise=077-Oiso
the chemical shift anisotropy and mMs=(8yy-0xx)/Oumiso the asymmetry with the |877-8is0l> [Oxx-Oiso/2l0vy-Oisol
convention against the tensor eigenvalues. Similarly, considering that the Electric Field Gradient (EFG) tensor
eigenvalues fulfilled the |Vzz|>|Vxx[>|Vyy| convention, the quadrupolar interaction is described by Co=e.Q.Vzz/h
(the quadrupolar coupling) and by ng=(Vyy-Vxx)/Vzz (the asymmetry). In the Cq expression, e is the electron
charge, h the Planck's constant and Q the quadrupole moment. When both the chemical shift and quadrupolar
interactions must be taken into account together (as for Cu there), the Euler's angles o, B and y define the
orientation of the chemical shift tensor principal axis system in the EFG one.

For the spectral decomposition shown in Figure 1, a and y are undetermined since both chemical shift and EFG
tensors are axial. Error is estimated to 15 ppm on ;s and daiso » 0.1 MHz on Cq and 0.1 on the asymmetry
parameters, 15 and 1q. Error on fis 5 © and 10 ° for line W and N, respectively.

Raman spectroscopy



Raman spectra recorded at 514.5 nm excitation wavelength, were acquired in back scattering configuration on a
Jobin-Yvon T64000 spectrometer coupled to a microscope (spot surface ~ 5 um?). As the laser excitation could
induce modifications of the spectra (thermal effects and/or ordered to disordered phase transition within the
kesterite structure), all measurements were performed with low power density of the incident laser close to
0.02 mW/pum?.

Results

Powder X-ray diffraction

In the case of A2g and A2, samples the full pattern matching refinements lead to very close unit cell parameters
(V(A25) = 367.51(2) A% and V(A2q) = 367.55(4) A%) but the c/a ratio are significantly different: 1.99119(8) and
1.9938(2) for the slow cooled and quenched samples respectively.

Single crystal investigation

Stannite (ST) and kesterite (KS) structures belong to different point group, namely -42m and -4. Then, Bragg
reflections are not averaged in the same way in /-4m2 and /-4 space groups leading to a large difference in the
numbers of unique reflections in both space groups. It is then very difficult to directly compare the residual
factors obtained in refining the stannite and kesterite structural models. On the other hand, there is evidence that,
as in the case of the pure sulfide CZTS compound, Cu/Zn disorder can occur within the cationic plane located at
7z=0.25 of the kesterite structure. If Cu and Zn atoms are randomly distributed within this layer then the whole
structure becomes more symmetric and the so-called disordered kesterite (dis-KS) has to be described in the /-
4m?2 space group. It is then possible to compare the quality of the refinements using the ST and the dis-KS
structures. Table SI2 gives the main results of the structure refinements of Cu,ZnSnSe, in ST and the dis-KS
structures. As previously mentioned, these two structures are close but the lowest residual factors for the
disordered-kesterite structure and the homogeneity of the atomic displacement factors indicate that the structure
of Cu,ZnSnSe, is likely not stannite. In addition, the cation-anion bond distances are very close to those
expected: Cu(2a)-Se = 2.4312(8) A, Cu/Zn(4d)-Se = 2.4392(7) A and Sn(2b)-Se = 2.5453(7) A.

This result is in agreement with that Nateprov et al.,* but is more accurately described here. On one hand the
previous structural investigations were performed on 2 samples whose compositions were determined by EDX
measurements. One of the given compositions indicates a large excess of cations while refinement was done
considering a stoichiometric sample. This structure cannot accommodate more than 4 cations taking into account
the charge balance. On the other hand some inconsistencies in the comparison of the residual parameters are
noted, for crystal I, the R value are 2.63% and 2.91 % for ST and dis-KS respectively while the corresponding
wR values are 6.59% and 5.56%. Thus it is hard to conclude which is the best refinement. Our measured residual
factors R(obs)/wR(obs) are less ambiguous (3.06/10.97 and 2.75/9.94 for stannite and kesterite respectively).
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Tables

Table SI1: Single crystal data collection details

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, c(A)

v (A3%)

Z

F(000)

D, (Mg m?)

Radiation type

0 range (°) for cell measurement
u (mm)

Crystal shape

Colour

Crystal size (mm)

Data collection
Diffractometer
Monochromator
Scan method
Absorption correction
T, min» T, max
No. of measured, independent and
observed [/ > 2o(])] reflections
Rint
(S 6/0)max (A)
Range of 4, k, [

Refinement

Refinement on
R[F?>20(F?)], wR(F?), S
No. of reflections

No. of parameters
Weighting scheme

Apmaxa Apmin (C.A'3)

CuZSe4SnZn
627.02

Tetragonal, I-42m
293

5.69647(5), 11.3394 (2)
367.965(6)

2

548

5.658

Mo Ka.

6.48-34.91

31.95

Block (pyramid)
Black

0.03 x 0.03 x 0.015

Nonius CCD diffractometer
Graphite

phi,® scans

Gaussian - Jana2006
0.1892, 0.3767

3282,447, 411

0.056
0.807

h=-9-9,k=-7-9,1=-13>18

F‘Z

0.027, 0.099, 1.77

411

14

w = 1/(c*(I) + 0.001936 )
1.31,-1.24

Table SI2: Comparison of results for the single crystal structure investigation of Cu,ZnSnSe, in ST and dis-KS
structural models.

Structural model stannite disordered kesterite
2a Zn Cu

4d Cu Cu/Zn (50/50)
Ueq(2a) 0.0211(4) 0.0182(3)

Ueq(4d) 0.0127(3) 0.0141(3)
R/WR(obs) 3.06/10.97 2.75/9.94
Fourier-difference map (e-/A3) 0.93/-0.69 1.31/-1.24

# hkl I/o(1)>2.0 411 411

# refined parameters 14 14




Table SI3: Average compositions of the studied compounds and the corresponding coordinates in the
Cu,Se/ZnSe/SnSe, ternary diagram

Label Average composition Cu,S at% ZnS at% SnS, at%
S1 CUIVQQQZHIVOIOSHOVQQSSCAQ 333 33.6 33.1
S2 CU, 936210964510 0305€4 32.6 32.4 35.0
S3 Cuy 9112001150 0365€4 31.8 33.7 34.5
Al Cu, 8370y 128SNg 9735€4 30.3 37.4 324
A2 Cuy 75170, 196SN0 0575€4 28.9 39.5 31.6
A3 Cu, 640721 290SNg 9455€4 26.8 42.2 30.9
A4 Cuy 60371 239SNg 051 S€4 27.9 40.8 31.3
B1 Cu1,925Zn1,O<,ISn0,9ﬁsse4 32.2 35.5 32.3

ABI1-1 Cu, 984710 065500 9875€4 32.6 35.0 324

ABI1-2 Cuy.936Z01 147500 9725€4 314 37.2 31.5

AElL Cu, 7652104 195SNg 9875€4 29.7 37.1 33.2

AE2 Cu, 58070 16350 000S€4 26.7 39.3 34.0
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Figure SI1: Cu static NMR spectra for A2 (slow cooled) and A2q (quenched) samples. The spectrum for the
slow cooled sample (non stoichiometric) is very close to that of the stoichiometric Cu,ZnSnSe, compound (in
dot line).
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Figure SI12: Representation of the cationic (Cu and Zn) distribution in the z = 1/4 plane for the disordered
kesterite (I-42m space group) and the ordered kesterite (/-4 space group).
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Figure SI3: Raman spectra of slightly non-stoichiometric quenched (A2q) and slow cooled samples (A2g) with
formula of Cu, 17,Zn, 19¢Sng 957Se4. The inset gives the spectral decomposition for A2g.
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Figure SI4: Comparison of ''°Sn MAS spectra for pure sulphide CZTS and pure selenide CTZSe. The overall
shift is of -470 ppm for CZTSe with respect to CZTS.



