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Abstract 

Single phase Cu2ZnSnS4 (CZTS) is an essential pre-requisite towards high efficiency thin film solar 

cell device. Herein, the selective phase formation of single phase CZTS nanoparticles by ligand 

control is reported. Surface-enhanced Raman scattering (SERS) spectroscopy is demonstrated for the 

first time as a characterization tool for nanoparticles to differentiate the mixed compositional phase 

(e.g CZTS, CTS and ZnS), which cannot be distinguished by x-ray diffraction (XRD). Due to the 

superior selectivity and sensitivity of SERS, the growth mechanism of CZTS nanoparticles formation 

by hot injection is revealed to involve three growth steps. Firstly, it starts with nucleation of Cu2-xS 

nanoparticles, followed by diffusion of Sn
4+

 into Cu2-xS nanoparticles to form Cu3SnS4 (CTS) phase, 

and diffusion of Zn
2+

 in to CTS nanoparticles to form CZTS phase. In addition, it is revealed that 

single phase CZTS nanoparticles can be obtained via balancing the rate of CTS phase formation and 

diffusion of Zn
2+

 into CTS phase. We demonstrate that this balance can be achieved by 1 mL of thiol 

with Cu(OAc)2, Sn(OAc)4 and Zn(acac)2 metal salt to synthesize CZTS phase without presence of 

detectable binary/ternary phase with SERS.  
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Introduction 

Cu2ZnSnS4 (CZTS), a quaternary chalcogenide p-type semiconductor, is actively 

studied as a photovoltaic material due to its high absorption coefficient (~10
4
 cm

-1
), optimal 

direct band energy of (~1.0 - 1.5 eV), as well as being composed of naturally abundant and 

nontoxic elements.
1-3

 The theoretical power conversion efficiency of CZTS solar cell is 

29.4%, however the best reported experimental data to date; achieved by solution-method, is 

only 12.6%.
4,5

 This huge gap between the theoretical and experimental power conversion 

efficiency can be attributed to a number of factors, such as lack of stoichiometric control, 

complicated nature of the bulk and surface defects as well as difficulty in producing single 

phase CZTS without secondary phase.
6
  

Recently, wet-chemical syntheses of CZTS nanoparticles have attracted much 

attention due to their ease of scalability and versatility of such single-phased nanoparticles to 

be used as inks in a wide range of printing techniques, such as roll-to-roll, screen printing and 

spray pyrolysis.
7-13

 One of the challenges in the synthesis of CZTS nanoparticles is the 

tendency to form binary (i.e. copper sulfide, zinc sulfide, tin sulfide) and ternary sulfides 

(copper-tin-sulfide, CTS).
14,15

 Among these secondary phases, conducting phases (CTS & 

Cu2S) are most detrimental to the electrical performance of CZTS as they lead to short-

circuitry of the photovoltaic device and quenching of electron-hole pairs.
16,17

 Consequently, 

the ability to prepare compositionally pure CZTS phase nanoparticles has become the top 

priority in increasing the efficiency of CZTS nanoparticle-based solar cells. The fusing of 

pure phase nanoparticles to form bulk thin film avoids random nucleation faced by other 

solution process method.
18

 It is therefore important to understand the growth mechanism and 

synthetic chemistry of CZTS nanoparticle formation to achieve a reproducible synthetic route 

for single phase CZTS nanoparticles. Investigations on the synthesis of CZTS nanoparticles 

can be collectively classified as studying the influence of capping agents,
19

 thiol source and 



metal salt precursors on the resulting CZTS crystal structure
7,13,20,21

 (e.g kesterite (k), wurtzite 

(w)), morphology)
22-24

 and elemental composition of CZTS nanoparticles.
25

 While the 

influence of metal salt precursors on chalcopyrite compositional phase (e.g CuS, Cu1.8S) 

formation has been reported before,
26

 there is no report on the influence of the metal salt 

precursors on the CZTS compositional phase (e.g CZTS, CTS) formation to date.  

Currently, X-ray diffraction (XRD) and Raman spectroscopy are the two primary 

techniques used to characterize the crystal structure and compositional purity of CZTS 

nanoparticles. However, there are inherent complexities related to the use of these techniques 

in characterizing the compositional purity of CZTS nanoparticles.
24

 XRD is unable to 

accurately distinguish the presence of CTS (stannite/orthorhombic) and CZTS 

(wurtzite/kesterite) phases due to overlapping diffraction peaks.
12

 On the other hand in 

Raman spectroscopy, the characteristic vibrational modes of bulk CZTS (338 cm
-1

), Cu3SnS4 

(318 cm
-1

), Cu2SnS3 (298 cm
-1

), and Cu2-xS (269, 301 and 470 cm
-1

) can be resolved 

reasonably well and co-existing phases can be differentiated from each other.
12,27,28

 However, 

the sensitivity of Raman spectroscopy is poor as a result of the small Raman scattering cross-

sections of these nanoparticles.
29 This small Raman scattering cross-section however can be 

increased by using surface-enhanced Raman scattering (SERS) spectroscopy.
30

 In SERS, 

noble metal nanoparticles (Au and Ag) are used because of the ability of the localized surface 

plamons of these metal nanoparticles to concentrate incident light into sub-wavelength 

volumes.
31,32

 As a result, local electromagnetic fields in the vicinity of the nanoparticles are 

strongly enhanced.
33,34

 These intensified fields in turn produce hot spots around the metal 

nanoparticles which lead to large SERS enhancement factors. 

Herein, we demonstrate the use of surface-enhanced Raman scattering (SERS) 

spectroscopy as a sensitive characterization technique to fully identify and differentiate the 

Raman peaks of various compositional phases present in the synthesized CZTS nanoparticles. 



The use of SERS overcomes the problem of small Raman scattering cross sections for CZTS 

nanoparticles. With this capability, we aim to understand the formation mechanism of CZTS 

nanoparticles by controlling the coordinating strengths of the chelating ligands of metal 

precursors. We employ two organic ligands, i.e. acetylacetonate (acac) and acetate (OAc) of 

different binding strengths. The effect of having a stronger ligand on individual element 

(Cu
2+

, Zn
2+

 and Sn
4+

) on the CZTS nanoparticles formation is examined, and the vital 

reaction steps to achieve pure CZTS phase nanoparticles is identified. Based on our findings, 

we establish an optimal set of parameters to synthesize compositionally pure wurtzite-phase 

nanoplate-like CZTS nanoparticles in high monodispersity.  The synthetic pathway revealed 

in this work may also be extended to produce single phase Cu2(M)SnS4 (where M= 

Ni,Co,Fe,Mn) which has recently been reported with possible applications in optoelectronic, 

magnetic and electronic devices.
35

 

Results and Discussion 

As shown in Figure 1a, nanoplates are obtained in high monodispersity, with an 

average size of 10 ± 3 nm. The as-synthesized CZTS nanoparticles are drop-casted on a 

Si/SiOx substrate to form a thick film for XRD (Figure 1b) and normal Raman measurements  

(Figure 1g). The XRD patterns of ZnS (w), CTS (k), CZTS (k) and CZTS (w) (Figure 1c-f) 

reveal that due to the overlapping diffraction peaks of the possible phases, we are unable to 

determine the purity and identity of the compositional phases present using XRD. In addition, 

the normal Raman scattering spectrum of the as-synthesized CZTS nanoparticles is shown in 

Figure 1g, where only an ambiguous peak at 326 cm
-1

 is detected, possibly arising from a 

mixture of phases (CZTS, CTS). On the other hand, when SERS measurements (Figure 1h) 

are carried out on a thin film (~10 ± 5 nm) of the same CZTS nanoparticles drop-casted on a 

50-nm thick gold film (Figure S1), five distinct peaks could be observed, which can be 

unambiguously assigned to CZTS (293, 335 and 372 cm
-1

), CTS (320 cm
-1

) and ZnS phases  



 

Figure 1. a) TEM images of as-synthesized CZTS nanoparticles. Powder X-ray diffraction 

patterns of b) as-synthesized CZTS nanoparticles, c) simulated CZTS, d) kuramite CTS, e) 

kesterite CZTS and f) wurtzite ZnS. g) Raman and h) surface-enhanced Raman Scattering 

spectra of as-synthesized CZTS nanoparticles containing multiple phases. The inset shows 

the nanoparticle obtained from Sn-acac 1 mL DDT used for the Raman and SERS 

spectroscopy. 

 



(351 cm
-1

).
12,28,36

 The preliminary characterization of the as-synthesized CZTS nanoparticles 

highlights the superiority of SERS over conventional Raman spectroscopy and XRD in 

detecting the presence of both CZTS and other binary/ternary phases in the CZTS 

nanoparticles. From here onwards, SERS will be used as the main characterization tool to 

identify the phases in the synthesized CZTS nanoparticles in the subsequent experiments. 

XRD coupled with Rietveld refinements will be used to determine crystal structure of the 

nanoparticles based on the phases identified from SERS. 

 

Establishing the growth mechanism of CZTS nanoparticles. 

To thoroughly identify the individual growth steps involved in CZTS nanoparticles 

formation that could not be achieved with XRD, we carry out the reaction reported by Liao et 

al.
37

 with modifications, and monitor the reaction progress during the formation of CZTS 

nanoparticles by SERS. Aliquots are withdrawn from the reaction mixture at regular intervals, 

and the corresponding morphology and compositional phase are examined by TEM and 

SERS, respectively. After 2 minutes of reaction, a broad peak at ~290 cm
-1

 corresponding to 

Cu2-xS phase (Figure 2b) is observed when the solution turns black.
32

 As shown in the TEM 

image (Figure 2a), the formation of CZTS nanoparticles is observed to begin with the 

formation of Cu2-xS nuclei (~4 nm). After 8 minutes of reaction, three Raman peaks are 

observed at 260, 289 cm
-1

 corresponding to Cu2-xS phase and 320 cm
-1

 corresponding to CTS 

phase (Figure 2d) is observed.
38,39

 The presence of CTS phase indicates the diffusion of Sn
4+

 

into Cu2-xS nanoparticles which also results in the growth of Cu2-xS/CTS nanoparticles to ~8 

nm (Figure 2c). After 12 minutes of reaction, three Raman peaks (Figure 2f) are observed at 

298 cm
-1

 (CTS phase) and 334, 372 cm
-1

 (CZTS phase). The presence of CZTS phase 

indicates the diffusion of Zn
2+

 into CTS phase. From the TEM images (Figure 2e), smaller  



 

Figure 2. CZTS nanoparticles extracted at different reaction times at 240 °C. a) TEM images 

and b) SERS spectra at 2 mins, c) TEM images and d) SERS spectra at 8 mins, e) TEM 

images and f) SERS spectra at 12 mins, g) TEM images and h) SERS spectra at 90 mins. i) 

Pictorial representation of the three step growth process for the formation of CZTS 

nanoparticles. 

 

nanoparticles of ~2-4 nm is observed along with larger nanoparticles of ~10 nm. Finally after 

90 minutes of reaction, three Raman peaks (Figure 2h) at 292, 335 and 372 cm
-1

 

corresponding to CZTS phase is observed along with an increased in nanoparticles to ~14 nm 

(Figure 2g) is obtained. This finding of CZTS nanoparticles proceeding from Cu2-xS nuclei 

complements the experimental observation reported by recent studies.
23,37,40

 In addition, we 

have demonstrated the growth of CZTS phase is originated via CTS phase, which has not 

been identified until now.
40

 

From this growth study, three growth steps have been proposed. The first step 

involved the nucleation of Cu2-xS nanoparticles, followed by the diffusion of Sn
4+

 into Cu2-xS 



nanoparticles to form CTS nanoparticles. Lastly, the diffusion of Zn
2+

 into CTS nanoparticles 

to form CZTS nanoparticles. The sequence of phase transformation starting from diffusion of 

Sn
4+

 rather than Zn
2+

 cations into Cu2-xS nanoparticles is agreeable to reports on the 

unfavorable formation of Cu-Zn-S ternary system but as heterogeneous Cu2-xS-ZnS 

nanoparticles instead.
41,42

 In addition, the observations of smaller nanoparticles along with 

larger nanoparticles (Figure 2e) during the growth of CZTS nanoparticle suggest the growth 

to proceed via Ostwald ripening.  These finding highlights the specificity of CZTS 

nanoparticles formation thus realizing the need to identify the purity-determining growth step. 

To study the importance of growth rate at each step, a stronger binding ligand will be used to 

reduce the reactivity of the cations at each growth step (Figure 2i). OAc-metal complex is 

less stable than acac-metal complex because the former forms a less stable four-membered 

ring with the metal cation as compared to a more stable six-membered ring formed by metal- 

acac complex.
43

. 

 

Understanding ligand effect on CZTS nanoparticles formation. 

Systematic study on the effect of stronger binding metal-ligand complex on CZTS 

nanoparticle synthesis is carried out (Table 1). OAc reaction (no acac ligand used) serves as a 

control experiment, while Cu-acac reaction (Cu(acac)2 as Cu
2+

 metal salt) demonstrates the 

effect of reducing Cu
2+

 reactivity in Cu2-xS phase growth, Sn-acac reaction (Sn(acac)2Cl2 as 

Sn
4+

 metal salt) shows the effects of reducing Sn
4+

 reactivity during the diffusion of Sn
4+

 into 

Cu2-xS to form CTS phase and lastly, Zn-acac reaction (Zn(acac)2 as Zn
2+

 metal salt) shows 

the effect of reducing Zn
2+

 reactivity during Zn
2+

 diffusion into CTS phase to form CZTS 

phase. SERS is use to characterize the synthesized nanoparticles from the different metal salt 

combination with the amount of DDT kept constant at 1 mL to fix the amount of sulfur 

source available in all the reactions. Firstly, the control experiment with all acetate-metal  



Table 1. Four different reaction setups are carried out to study the effect of cations reactivity  

on CZTS phase formation: I) Oac; all cations are binded to acetate ligands, II) Cu-acac; 

acetate ligands on Cu cations are substituted with acetylacetonate ligands, II) Sn-acac; 

acetate ligands on Sn cations are substituted with acetylacetonate ligands and IV) Zn-acac; 

acetate ligands on Zn cations are substituted with acetylacetonate ligands. 

 
 

complexes (OAc reaction) is carried out. SERS spectrum (Figure 3b) of nanoparticles 

obtained from OAc reaction shows three peaks at ~292, 336 and 372 cm
-1

, indicating 

compositionally pure CZTS phase. In addition, morphology of CZTS nanoparticles obtained 

(Figure 3a) show brick-like morphology with a size distribution of 9 ± 3 nm and pure 

wurtzite (CZTS) crystal structure (Figure S2). Next, a stronger binding ligand-copper 

complex (Cu(acac)2) is used. SERS spectrum (Figure 3d) of nanoparticles obtained from Cu-

acac reaction shows three peaks at ~290, 334 and 371 cm
-1

 indicating compositionally pure 

CZTS phase. The nanoparticles obtained from Cu-acac (Figure 3c) shows random oval-like 

morphology with a size distribution of 9 ± 4 nm and pure wurtzite (CZTS) crystal structure 

(Figure S3). The lack of consistent morphology as compared to OAc (Figure 3a) suggests 

non-homogenous growth of CZTS nanoparticles. This implies that reduction of Cu
2+

 

reactivity inhibits homogenous growth of nanoparticles but does not affect the phase 

transformation during CZTS nanoparticle formation. There is no difference in compositional 

phase purity between the OAc reaction (Figure 3b) and the Cu-acac reaction (Figure 3d) 

because of the much higher affinity of Cu
2+

 over Sn
4+

 and Zn
2+

 to the sulfur source (DDT)  



 

(Figure 3e is swapped with 3g. Figure 3f is swapped with 3h) 

Figure 3. TEM images (left column) and SERS spectra (right column) of CZTS nanoparticles 

synthesized using different reaction setup at 1 mL dodecanethiol amount: a and b) Setup I – 

Oac, c and d ) Setup II - Cu-acac, e and f)  Setup III - Sn-acac, g and h) setup IV - Zn-acac. 

 

despite having acac as the chelating ligand.
44

 This leads to the rapid formation of Cu2-xS 

phase, which has been shown earlier to be essential for the formation of CZTS nanoparticles. 

During the reaction, Cu
2+

 is readily reduced to Cu
+
 by DDT due to its low reduction potential 

of +0.159 V vs. NHE.
45-47

 The higher affinity of Cu
+
 to DDT arises from the better soft-soft 

compatibility between these two ionic species as compared to Sn
4+

 and Zn
2+

 with DDT.
48,49

 

The ranking of the cations can be ranked as Cu
+ 

> Cu
2+

, Zn
2+ 

> Sn
4+

.
35,36

 Consequently, the 



influence of acac on Cu
2+

 reactivity shows little effect on the formation of CZTS 

nanoparticles due to the high affinity of Cu
2+

 for thiol. 

Next, a stronger binding ligand-tin complex (Sn(acac)2Cl2)  is used. SERS (Figure 3f) 

of nanoparticles obtained from Sn-acac reaction shows five peaks and are assigned to CZTS 

(290, 335 and 371 cm
-1

), CTS (320 cm
-1

) and ZnS (shoulder @ 354 cm
-1

). The nanoparticles 

obtained from Sn-acac reaction gives uniform square-like nanoparticles (Figure 3e) with a 

narrower size distribution of 10 ± 3 nm and a mixture of wurtzite (CZTS) and stannite (CTS) 

crystal structure (Figure S5). The decrease in the reactivity of Sn
4+

 slows the diffusion of Sn
4+

 

into Cu2-xS nanoparticle thus affecting the rate of CTS nanoparticles formation. As 

established earlier, the growth route of CZTS phase is highly specific. Since the formation of 

CTS phase is an intermediate phase before the diffusion of Zn
2+

 occurs for formation of 

CZTS nanoparticles, the diffusion of Zn
2+

 ions into the CTS phase is slowed down too. A 

possible explanation for the presence of CZTS, CTS and ZnS phase is the result of slowing 

down of Zn
2+

 ions consumption, leading to the reaction of thiol with excessive Zn
2+

 to form 

ZnS, possibly as a hetero-phase on Cu2-xS/CTS nanoparticles.
41,42

 The formation of ZnS 

deprives the reaction system with Zn
2+ 

for the phase transformation from CTS phase to CZTS 

phase hence giving rise to CTS, CZTS and ZnS phase. 

Lastly, a stronger binding ligand-zinc complex (Zn(acac)2)  is used. SERS (Figure 3h) 

of nanoparticles obtained from Zn-acac reaction shows three peaks at 292, 334 and 370 cm
-1

 

indicating compositionally pure CZTS phase. CZTS nanoparticles obtained from Zn-acac 

(Figure 3g) show brick-like morphology with a size distribution of 9 ± 3 nm and pure 

wurtzite (CZTS) crystal structure (Figure S4). The size distribution is much narrower as 

compared to OAc reaction (Figure 3a), suggesting a more homogenous nanoparticle growth 

with reduced Zn cation reactivity, while at the same time producing compositional pure 

CZTS phase. The observation of compositionally pure CZTS is unexpected from the Zn-acac 



reaction. The reduced Zn
2+

 reactivity is supposed to hinder the rate of Zn
2+

 diffusion into 

CTS to form CZTS phase and formation of CTS should be observed. The absence of CTS 

phase is likely due to the affinity of Zn
2+

 for DDT and small ionic radius of Zn
2+

 (74 pm).
50

 

Due to the small ionic radius, diffusion of Zn
2+

 into the growing CTS lattice is still highly 

favorable despite using a more stable chelating ligand, hence resulting in the formation of 

compositionally pure CZTS. It is shown here that the rate of formation of CTS phase is 

crucial in ensuring pure CZTS phase formation and the need to balance the rate of all three 

growth steps to achieve pure CZTS phase is critical. These findings further prompt the need 

to establish possible effect of thiol concentration on CZTS nanoparticles formation as the 

amount of sulfur (DDT) can influence the rate of phase formation. 

 

Understanding the influence of thiol concentration on CZTS nanoparticles formation. 

In addition to the metal precursor reactivity, the influence of the amount of DDT 

present as sulfur source in the reaction is studied. The amount of DDT is increased from 1 

mL (used in all previous reactions above) to 5 mL and fixed for all the reactions. SERS 

spectrum (Figure 4b) of nanoparticles obtained from OAc reaction shows five peaks, which 

can be assigned to CZTS (290, 336 and 371 cm
-1

), CTS (320 cm
-1

) and ZnS (shoulder @ 355 

cm
-1

). In addition, nanorods (Figure 4a) are observed with a size distribution of 21 ± 5 nm 

with a mixture of wurtzite (CZTS) and stannite (CTS) crystal structure (Figure S2). In 

comparison to 1 mL DDT used previously (Figure 3b) which gives pure CZTS phase, using 5 

mL DDT gives mixed phases. The same observation is noted for Cu-acac and Zn-acac 

reactions, where both SERS spectra of Cu-acac (Figure 4d) and Zn-acac (Figure 4h) reactions 

show five peaks and are assigned to CZTS (~290, 335 and 371 cm
-1

), CTS (~320 cm
-1

) and 

ZnS (shoulder @ ~355 cm
-1

).  Nanorods (Figure 4c and g) with a mixture of wurtzite (CZTS) 

and stannite (CTS) crystal structure are obtained as well (Figure S3 and 4). The observation 



of mixed compositional phase can be ascribed to mismatched reactivities leading to 

sequential phase segregation and non-uniform elemental distribution.
51

 

 

(Figure 4e is swapped with 4g. Figure 4f is swapped with 4h) 

Figure 4. TEM images (left column) and SERS spectra (right column) of CZTS nanoparticles 

synthesized using different reaction setup at 5 mL dodecanethiol amount: a and b) Setup I – 

Oac, c and d ) Setup II - Cu-acac, e and f)  Setup III - Sn-acac, g and h) setup IV - Zn-acac.  

 

On the other hand, when 5 mL of DDT is used in Sn-acac reaction, the SERS 

spectrum (Figure 4f) shows a decrease in CTS peak intensity (shoulder @ 320 cm
-1

) with 

respect to CZTS peak (~335 cm
-1

). A small shoulder at ~354 cm
-1

 indicates the presence of a 

small amount of ZnS phase. These two observations imply that less CTS and ZnS phases are 

present than in the OAc, Cu-acac, Zn-acac reactions. In addition bullet-like nanoparticles 

(Figure 4e) with mixed wurtzite (CZTS) and stannite (CTS) crystal structure (Figure S5) are 



obtained with a size distribution of ~20 ± 5 nm. This phenomenon is again in contrast with 

the Sn-acac reaction at 1 mL of DDT added, where the formation of CTS and ZnS are 

prominently observed. This opposing trend of phase formation with varying DDT 

concentrations (Figure S6) suggests non-zero reaction order with respect to sulfur (d ≠ 0) in 

the formation of CZTS nanoparticles (Figure 5a).  

 

Figure 5. a) Proposed equations for rate of reaction of CTS and CZTS phase and b) proposed 

relative rates of reaction for CTS formation and Zn
2+

 doping. 

 

Two observations made suggest the purity of CZTS nanoparticles to be controlled by 

the relative rates of formation of CTS phase formation, and the rate of formation is highly 

dependent on the amount of DDT used. Firstly, the observation of purer CZTS phase 

nanoparticles obtained from Sn-acac reaction with 5 mL DDT as compared to 1 mL DDT 

confirm that the rate of ZnS formation is not accelerated by increasing thiol source amount. 

This observation ruled out the formation of ZnS phase observed in OAc, Cu-acac and Zn-

acac reaction at 5 mL DDT to be due to the increase in rate of ZnS phase formation, which in 

turn deprives the reaction system with free Zn
2+

 cations to convert CTS to CZTS phase.  

Secondly, the observation of purer CZTS phase nanoparticles obtained from Sn-acac reaction 

compared to the nanoparticles obtained from OAc, Cu-acac and Zn-acac reaction at 5 mL 

DDT and 5 mL Oam confirm that there is no ligand hindering effect arising from the high 

amount of DDT and Oam added. Therefore we proposed that the purity of CZTS 



nanoparticles is controlled by the relative rates of formation of CTS, and Zn
2+

 doping into 

CTS. The rate of CTS formation is accelerated in the presence of large excess of sulfur 

source when the DDT volume is increased from 1 mL to 5 mL (Figure 3 and 4). As the rate 

of CTS formation increases, the diffusion rate of Zn
2+

 into CTS matrix has to be comparable 

with the rate of CTS phase formation to completely transform CTS phase into CZTS phase. 

The fact that both CTS and ZnS phase are observed (Figure b,d&h) suggest that the diffusion 

rate of Zn
2+

 is slower than the rate of CTS phase formation, leaving the unreacted Zn
2+

 to 

react with DDT to form ZnS phase for the OAc, Cu-acac, and Zn-acac reaction. On the other 

hand, when 5 mL of DDT is used in Sn-acac reaction, the SERS spectra (Figure 4f) show a 

decrease in CTS peak intensity (shoulder @ 320 cm
-1

) with respect to CZTS peak (~336 cm
-

1
). A small shoulder at ~354 cm

-1
 indicates the presence of a small amount of ZnS phase. This 

phenomenon at 5mL DDT can be ascribed to the increased rate of CTS phase formation to a 

level comparable to Zn
2+

 doping leading to the formation of CZTS phase. The presence of a 

shoulder at 320 cm
-1

 (CTS phase) indicates that even at 5 mL DDT, the rate of CTS phase 

formation is still slower than the Zn
2+

 diffusion process and the formation of ZnS phase 

(shoulder @ 354cm
-1

) inhibits the complete conversion of CTS to CZTS. 

To summarize the mechanism of CZTS nanoparticle formation, the proposed relative 

reaction rates are shown in Figure 5b. For OAc, Cu-acac and Zn-acac reaction at 1 mL DDT, 

the relative rates of CTS phase formation and Zn
2+

 doping are almost comparable and result 

in the formation of pure phase CZTS. At 5 mL DDT, the relative rate of CTS phase formation 

is much higher than Zn
2+

 doping resulting in incomplete CTS phase conversion and ZnS 

phase formation. On the other hand, due to the decrease in reactivity of Sn
4+

 in Sn-acac 

reaction, at 1 mL DDT the relative rate of CTS phase formation is much lower than OAc, Cu-

acac and Zn-acac reaction. Assuming the reactivity of Zn
2+

 doping remains unchanged and 

there are less CTS nanoparticles to react with, the excess Zn
2+

 ions reacting with DDT to 



form ZnS phase. By increasing the DDT volume to 5 mL, the rate of CTS phase formation 

increases hence providing more CTS phase for Zn
2+

 doping to take place. This phenomenon 

results in purer CZTS phase nanoparticles which is seen from Figure 4h and 5h for Sn-acac 

reaction. Therefore based on the observation of Sn-acac reaction, the preferential formation 

of CZTS phase over CTS phase is highly dependent on the rate of CTS phase formation for 

comparable rate of Zn
2+

 doping into the crystal lattice. 

 

Understanding the influence of TOPO ligand on elemental composition 

In addition to the ability to control the formation of single phase CZTS nanoparticles, 

the elemental composition of CZTS nanoparticles has to be optimize as it has been shown to 

influence the efficiency of device performance significantly.
8
 Using EDX characterization, it 

is observed that all as-synthesized nanoparticles (Figure S7) show a common trend of having 

compositionally Zn poor ( 
  

  
        ) at low DDT amount and higher Zn content  

( 
  

  
        ) at higher DDT amount for all reaction setups (Figure S8). It is noted that Zn-

acac reaction setup that gives purest CZTS phase at 1 mL DDT (Figure 6a) is Zn poor which 

is not ideal for thin film fabrication. Further study to optimize the elemental composition is 

carried out by adjusting the concentration of tri-octylphosphine oxide (TOPO) amount based 

on the molar ratio of TOPO to the cations (Figure 6a). Initially, following Singh et al work,
22

 

1.5× TOPO is used for all reaction setups. It is observed that by lowering TOPO amount we 

are able to get higher Zn content (Figure 6a) while maintaining CZTS phase purity as shown 

in Figure 6b. It is found that at 0.75× TOPO, we are able to get the highest consistency and 

lowest error margin <±5% from SERS and EDS characterization. It can be understood that 

TOPO is essential for achieving high reproducibility and at the same time affecting the 

amount of Zn incorporating into the nanoparticles. Elemental composition (Figure 6a) of  

nanoparticles obtained from Zn-acac reaction with 1 mL DDT is optimized to near 



stoichiometry ratio of copper poor  
  

     
     ± 0.1 and zinc rich 

  

  
     ± 0.1 which was 

reported to yield high CZTS device efficiency.
8
 From the high resolution TEM image (Figure 

6c) of optimized CZTS nanoparticles, a lattice constant of 6.4Å is indexed to (0001) plane  

 
 

Figure 6. a) Zn-acac with varying TOPO mole ratio at 1 mL DDT. b) SERS of CZTS 

nanoparticles (Zn-acac) at varying TOPO mole ratio. c) HRTEM image of a CZTS 

nanoparticle (Zn-acac) at 0.75× TOPO. 

 

and a lattice constant of 3.5Å is indexed to (1010) plane 90° to (0001) plane. The growth 

along (002) plane is in agreement with previous report on selective growth of wurtzite crystal 

along c-axis.
22,52

 In addition, XPS measurement (Figure S9) of CZTS nanoparticles showed 



distinctive peaks at 931.22 and 951.06 eV corresponding to Cu
+
, 1047.52 and 1043.2 eV 

corresponding to Zn
2+

, 485.6 and 489.12 eV corresponding to Sn
4+

 and 161.76 and 162.60 eV 

corresponding to S
2-

. This XPS data confirms that the oxidation numbers of the elements (i.e. 

Cu
+ 

- Zn
2+ 

- Sn
4+ 

- S
2-

) of the final product agrees with the expected values corresponding to 

CZTS quaternary system.  

 

Conclusions 

SERS is used for the first time as a sensitive tool for material phase characterization, 

allowing us to monitor the growth mechanism of CZTS nanoparticles to proceed via three 

growth steps. It is found that the formation of CZTS proceeds via nucleation of Cu2-xS 

nanoparticles followed by diffusion of Sn
4+

 into Cu2-xS nanoparticles to form kinetically 

driven CTS nanoparticles than lastly is the diffusion of Zn
2+

 into CTS nanoparticles to form 

CZTS nanoparticles. The most crucial growth step to ensure pure CZTS phase has been 

revealed to be the growth of intermediate CTS phase. The selective CZTS phase formation 

over CTS phase has been shown by carefully maintaining the rate of CTS phase formation to 

be similar with the rate of Zn
2+

 ions diffusion via controlling the coordinating strengths of the 

chelating ligands of metal precursors. It is also found that CTS formation is very sensitive to 

the reactivity of Sn precursor and the amount of sulfur source. After a systematic study, the 

most optimized reaction condition to form pure CZTS nanoparticle is found to be at low DDT 

volume of 1mL and using Cu(oac)2, Zn(acac)2 and Sn(oac)4 as the metal precursors. Not only 

can this study serves as a platform to explain the formation of other CMTS (i.e M= Co
2+

, Ni
2
, 

Mn
2+

, Fe
2+

) nanoparticles, this ability of producing pure phase CZTS nanoparticles holds the 

potential to achieve higher solar cell efficiency and even enabling large-scale production of 

devices. 



Methods 

Chemicals and materials. Copper(II) acetate monohydrate (Cu(OAc)2.H2O, Aldrich, >98%), 

copper(II) acetylacetonate (Cu(acac)2, Aldrich, 97%), zinc acetate dihydrate (Zn(OAc)2.2H2O, 

Aldrich, >98%), zinc acetylacetonate (Zn(acac)2, Aldrich, 97%), tin(IV) bis(acetylacetonate) 

dichloride (Sn(acac)2Cl2, Adrich, 98%), tin(IV) acetate (Sn(OAc)4, Aldrich), 

trioctylphosphine oxide (TOPO, Aldrich, 90%), 1-octadecene (ODE, Aldrich, 90%), 1-

dodecanethiol (DDT, Aldrich, 98%) and oleylamine (OAm, Acros, 97%) were used without 

further purification. 

Synthesis of CZTS nanoparticles. In a typical reaction, stoichiometric amounts of 0.442 

mmol Cu(OAc)2, 0.234 mmol Zn(OAc)2 and  0.221 mmol Sn(OAc)4  were added into a 

50mL three-neck round bottom flask containing 10 mL of ODE and TOPO (1.37mmol). 1-

5mL of DDT and 1-5mL of Oam (DDT:Oam, 1:1) were injected at 150
o
C and heated to 

240
o
C. During the heating process, reaction mixtures were allowed to react for 90 minutes 

once the temperature exceeded 200°C. After 90 minutes, the solution was cooled naturally to 

room temperature by removing the reaction flask from the heating mantle. 2 mL of toluene 

was added to quench the reaction at 80°C as discussed by Singh et al.
22

 CZTS nanoparticles 

were then washed with 1% v/v dodecanethiol/hexane and ethanol in a ratio of 1:5 and 

centrifuged twice at 7500 rpm for 3 minutes to separate the excess ligands from CZTS 

nanoparticles. The nanoparticles were collected and dried in a N2 box before storage. Dried 

nanoparticles can be dispersed in either hexane/chloroform or toluene. 

Characterization. For scanning electron microscopy–energy dispersive spectroscopy (SEM-

EDS), concentrated CZTS nanoparticles solution in hexane was drop-cast (1 mL, 40 mg/mL) 

onto a Si/SiOx substrate (10  10 mm) and allowed to dry into a flat film in an enclosed petri 

dish. The film was ensured to be thick enough so that no Si signal was picked up. The film 



was analyzed within the day after drying at ambient condition using a JEOL-JSM-7600F 

scanning electron microscope at 30 keV/8 mA for 10 mins/spot at 5K magnification. The 

final elemental composition was calculated by averaging a total of 9 spots (50×50 µm/spot). 

When the error margin is above 20%, the samples were prepared again and reanalyzed. 

Transmission electron microscopy (TEM) images were obtained using a JEOL-JEM-1400 

electron microscope at an accelerating voltage of 100 kV. High resolution Transmission 

electron microscopy (HRTEM) images were obtained using a JEOL-JEM-2010 electron 

microscope at an accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns were 

obtained using a Bruker D8 Advance with Cu Kα radiation(1.5406 Å) at 0.02°/s scan rate, 2 s 

accumulation time, and in 2θ ranging from 20° to 70° and analyzed using Topas.Surface-

enhanced Raman scattering (SERS) spectroscopy. A 50 nm thick Au film on Si was prepared 

using thermal evaporation to serve as a substrate for SERS measurements. The thickness of 

the Au film was monitored by quartz crystal microbalance, and the deposition rate was 0.5 

Å/s. Diluted CZTS nanoparticles solution in hexane was then drop-casted (20 µL, 4 mg/mL) 

onto Au coated Si wafer (5  5 mm) to form a thin film (~10 ± 5nm) for SERS measurements. 

Both Raman Spectroscopy and SERS were performed using a Horiba JY LabRAM HR 

Raman system with an excitation wavelengths of 632.5 nm (power = 0.31 mW) supplied by 

an NeHe laser. All mapping experiments were performed using a 100× objective lens (NA = 

0.9) with 30 s accumulation time between 200 and 1000 cm
−1

 and stage movement of 5 μm 

steps. 
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