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ESI 1: 

Overview of formulation and size distribution of colloidal CZTS NCs reported by different 

groupsa 

aKS: kesterite, WZ: wurtzite, DDT: dodecanethiol, OAm: oleylamine, OA: oleic acid, TOPO: trioctylphosphine, 

ODE: octadecene.  

 

 

 

 

 

Method Precursors 
Stabilizers 
solvents 

Reaction conditions 
Phase 

Size (nm) 
Authors 

Hot- 
injection 

Cu(acac)2, Zn(OAc)2 
Sn(OAc)4, S 

OAm 
TOPO 

Injection of S, metal 
precursor in OAm 

into TOPO at 300 °C 

KS 
13 

Riha et al.1 

CuCl2·2H2O, ZnCl2 
SnCl4·5H2O, DDT 

OAm 
OA 
DDT 

Injection of metal 
precursor solutions 
into OAm, OA and 

DDT at 240 °C 

WZ 
2-5 

Lu et al.2 

CuCl2, ZnCl2, SnCl4, 
S 

OAm - 
KS 
7-9 

Saha et al.3 

Cu(acac)2, Zn(OAc)2 
Sn(OAc)4, tert-DDT 

DDT 
TOPO 
ODE 

- 
WZ 

35×11 
rods 

Singh et al.4 

Cu(acac)2, Zn(acac)2 
Sn(acac)2Br2 

S 
OAm 

Injection of S in OAm 
into metal precursor 
in OAm at 225 °C 

KS 
15–25 

Guo et al.5 

 
 
 

Heating 
-up 

Cu(acac)2, Zn(OAc)2 
SnCl2·2H2O, S 

OAm 
110 °C for 30 min, 
then 280 °C for 1 h 

KS 
12 

Steinhagen et 
al.6 

CuI, ZnCl2, SnI4, S OAm  
KS 

7-35 
Rath et al.7 

CuI, ZnCl4, 
Sn(EtXn)2 

DDT 

OAm 
DDT 

280 °C for 30 min 
KS 
5-8 

Chesman et 
al.8 

CuI, SnCl4·5H2O 
ZnCl2, CS2 

OAm 
DDT 

 
KS 
2-8 

Chesman et 
al.9 

Cu(OAc)2, Zn(OAc)2 
Sn(OAc)4, S 

OAm 240 °C 
Spherical 

5–6 
Kameyama et 

al.10 

Cu(OAc)2, Zn(OAc)2 
Sn(OAc)4, S, DDT 

OA 
OAm 
ODE 

 
KS 
WZ 

Zou et al.11 

Cu(acac)2, Zn(acac)2 
Sn(acac)4, DDT 

OAm 220 °C for 1-8 h 
WZ 

10-40 
Li et al.12 

CuCl2, ZnCl2, SnCl2 
thiourea 

OAm 235 °C for 30 min KS Wei et al.13 

Cu(acac)2, Zn(OAc)2 
SnCl2, S 

OAm 110 °C for 30 min 
KS 

10.6 ± 1.9 Yang et al.14 

Thermal 
decomposition. 

Cu(dedc)2, Zn(dedc)2 
Sn(dedc)4 

 
Injection of OAm into 
the precursor solution 

KS 
2-7 Khare et al.15 

Solvothermal 
CuCl2·2H2O, ZnCl2 

SnCl4·4H2O,CH4N2S 
 

230 °C for 24 h in 
ethylene glycol 

KS 
100 Zhou et al.16 

Hydrothermal 
Cu(OAc)2, Zn(NO3)2 
SnCl2·2H2O,CH4N2S 

 
180 °C for 4-8 h in 

water 
/ethylenediamine 

KS 
3-10 Liu et al.17 
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ESI 2: 

UV-vis absorption spectra of the samples synthesized using sulfur powder and TAA as sulphur 

sources with the reaction time of 1 hour. 
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ESI 3: 

 

ESI 3a. FT-IR spectra of metal ion precursors mixed with OAm or with OAm plus TAA. (a) 

Cu(acac)2+OAm, (b) Zn(OAc)2·2H2O+OAm, (c) SnCl4+OAm, (d) all the metal ion precursors+ 

OAm, (e) Cu(acac)2+OAm+TAA, (f) Zn(OAc)2·2H2O+OAm+TAA, (g) SnCl4+OAm+TAA, (h) all 

the metal ion precursors+OAm+TAA. 
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ESI 3b. Infrared vibrational assignments for various components in the precursor solutions a 

aνs = symmetric stretching vibration; νas = asymmetric stretching vibration; δ = bending vibration. 

 

 

 Vibrational modesa Frequency (cm-1) 

OAm 18-20 

(
NH2

) 

ν (NH2) 3375, 3303 

δ (=C-H) 3004 

νas (C-H) and νs (C-H) 2920, 2850 

δ (-C=C) 1641, 795 

δ (NH2) 1581 

δ (CH3) 1465 

δ (C-N) 1070 

δ (C-C) 721 

TAA 21 

S

H3C NH2

 

ν (NH2) 3302, 3085 

νas (CH3) 2943 

ν (C-N) 1691, 1479 

δ (N-H) 1649 

ν (C=S) 1028, 973, 712 

Cu(acac)2 22, 23 

H3C

O

CH3

O-

2

Cu2+

 

ν (C-H) and ν (CH3) 2929 

ν ( CC ) coupled with ν ( OC ) 1577, 931 

ν ( OC ) coupled with ν ( CC ) 1529 

δd (CH3) 1415 

δs (CH3) 1353 

ν (C-CH3) + ν ( CC ) 1274 

ρr (CH3) 1020 

π (CH) 783 

ν (C-CH3) + ring def. 684 

ν (Cu-O) 651 

H3C C

C

O

π

 

640 

ν (C-CH3) + ν (Cu-O) 455 

Zn(OAc)2·2H2O 24, 25 

H3C O-

O

2

Zn2+·2H2O

 

ν (H-OH) 

νas (C-H) and νs (C-H) 

νas (COO-) and νs (COO-) 

ν (Zn-O) 

3452 

3016, 2931 

1546, 1452 

692 - 516 

SnCl4 ν (Sn-Cl) 1614, 769 
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ESI 3c.  

Analysis of ESI 3a and ESI 3b. 

 In order to detect the interactions of OAm with the metal ions, including Cu2+, Zn2+, and 

Sn4+, the FT-IR spectra of the mixture solutions of OAm with each metal ion precursor, i.e. 

Cu(acac)2, Zn(OAc)2·2H2O, SnCl4, and with all of the metal ion precursors have been analyzed 

respectively as shown in the ESI 3a. The assignments of the characteristic FTIR absorption bands 

for each component were summarized in ESI 3b.18-25 In the case of mixture of OAm with 

Cu(acac)2 (ESI 3a(a)), or that with Zn(OAc)2·2H2O (ESI 3a(b)), the IR peaks at 3375 cm-1 and 

3303 cm-1 attributed to the stretching vibration of –NH2 group moved to 3321 cm-1, and for the 

mixture of OAm with SnCl4 (ESI 3a(c)), these peaks shifted to 3361 cm-1 and 3280 cm-1 

respectively, indicating the coordination of –NH2 group with the metal ions. It is noteworthy to 

emphasize that this peak-shift phenomenon can also be observed for the mixture solution of OAm 

with all of the metal ion precursor (ESI 3a(d)). In addition, a new peak at around 1524 cm-1 and 

1566 cm-1 appeared in ESI 3a(a) and ESI 3a(c) respectively, which can be assigned to the 

stretching vibration of Cu-N and Sn-N bonds. As for the mixture of OAm with Zn(OAc)2·2H2O, 

the difference in the wavenumbers, i.e. Δνa-s = νa(COO-) – νs(COO-), increased, suggesting that the 

bonding force of COO- with Zn2+ cation decreased, which also shows evidence for the 

coordination between Zn2+ and OAm. 

As sulfur source, TAA may also coordinate with metal ions with -NH2 and C=S groups to form 

metal-TAA complexes.26 FT-IR spectra of mixture solution of TAA with metal ion precursors with 

exist of OAm were measured as well (ESI 3a(e), 3a(f), 3a(g), and 3a(h)). For the mixture solutions 

of OAm, TAA with Cu(acac)2 (ESI 2a(e)), Zn(OAc)2·2H2O (ESI 2a(f)) or SnCl4 (ESI 2a(g)), the 

absorption peak at 1028 cm-1 assigned to the stretching vibration of C=S group for TAA shifted to 

1017 cm-1, 1012cm-1, and 1014 cm-1 respectively, which suggested that C=S group have been 

coordinated with the metal ions. On the other hand, the absorption peak at 1649 cm-1 assigned to 

the bending vibration of NH2 group for TAA shifted to 1651 cm-1 for the mixture of 

Cu(acac)2+OAm+TAA as well as that of Zn(OAc)2+OAm+TAA, and to 1658 cm-1 for the mixture 

of SnCl4+OAm+TAA, which can be attributed to the coordination of NH2 group in TAA with the 

metal ions. However, it can be observed during the synthesis process that at a temperature around 

80 °C, TAA was decomposed, and H2S was released at the meantime. 
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ESI 4: 

Schematic diagram of the stable chemical-potential region for -0.55<Cu<0, and the gray area is 

the stable region of CZTS.27 
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