Advances in Nano Research, Vol. 5 No. 3 (2017) 203-214
DOI: https://doi.org/10.12989/anr.2017.5.3.203 203
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Abstract. In this study we present the reaction mechanism of Cu,ZnSnSe, (CZTSe) nanoparticles synthesized by
microwave-assisted chemical synthesis. WWe performed reactions every 10 minutes in order to identify different
phases during quaternary CZT Se formation. The powder samples were analyzed by x-ray diffraction (XRD), Raman
spectroscopy, energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM). The results showed that in the first minutes copper phases are predominant, then copper
and tin secondary phases react to form ternary phase. The quaternary phase is formed at 50 minutes while ternary and
secondary phases are consumed. At 60 minutes pure quaternary CZTSe phase is present. After 60 minutes the
quaternary phase decomposes in the previous ternary and secondary phases, which indicates that 60 minutes is ideal
reaction time. The EDS analysis of pure quaternary nanocrystals (CZTSe) showed stoichiometric relations similar to
the reported research in the literature, which falls in the range of Cu/(Zn+Sn): 0.8-1.0, Zn/Sn: 1.0-1.20. In conclusion,
the evolution pathway of CZTSe synthesized by this novel method is similar to other synthesis methods reported
before. Nanoparticles synthesized in this study present desirable properties in order to use them in solar cell and
photoelectrochemical cell applications.
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1. Introduction

Chalcopyrites are considered as one of the most promising absorber materials for thin film solar
cells (Bhattacharya et al. 1998). Cu(InGa)(S,Se), (CIGS) based solar cells have achieved a record
efficiency of 22.6% (Jackson et al. 2016). However, the scarcity and high cost of In and Ga are
limitations for large scale production (Mitzi et al. 2011). Cu,ZnSnS,Se(1x4 (CZTSSe) are materials
that avoid these limitations, which make them a potential candidate for large scale production of
thin film solar cells. CZTSSe materials present outstanding optical and electrical properties; p-type
conductivity, large absorption coefficient (> 10* cm™) and a tunable band gap of 0.85 to 1.65 eV
(Zhou et al. 2013), which is close to the optimal value for single-junction solar cells as predicted
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theoretically (Shockley and Queisser 1961).

In this study we propose the microwave assisted chemical synthesis (MACS) because of its
advantages over the conventional solvothermal process. These are simplicity, fastness and energy
efficiency, these advantages are due to the direct excitation of intramolecular and intermolecular
chemical bonds. MACS has proved to be able to synthesize inorganic photovoltaic materials, such
as CZTS, CulnSe,, CulnTe,, CulnS,, ZnSe, Cu,S, CdS, CdSe, ZnS, ZnSe and CdTe (Flynn et al.
2012, Grisaru et al. 2003, Gardner et al. 2008, Qian et al. 2006, Wang et al. 2012, Panda et al.
2006, Washington and Strouse 2008).

CZTSSe-based thin film solar cells have reached maximum efficiency of 12.6% (Wang et al.
2014). These materials have been synthesized by techniques like evaporation (Shao et al. 2012),
sputtering (Zoppi et al. 2009), mechanosynthesis (Shyju et al. 2015), solvothermal synthesis (Du
et al. 2012), spin coating (Todorov et al. 2010), chemical bath deposition (Wangperawong et al.
2011), doctor blade (Qin-Miao et al. 2012), electrodeposition (Jeon et al. 2011), and solid-state
reaction (Wibowo et al. 2010). The champion CZTSSe based solar cell has been deposited by spin
coating, using hydrazine based precursor solution followed by selenization process (Wang et al.
2014). However, hydrazine is an explosive, hepatotoxic and carcinogenic solvent (Roe et al. 1967).

In order to follow the green chemistry principles, it is necessary to develop a complete
environmentally friendly process, involving the use of non-toxic solvents and reactants, which do
not decompose during the synthesis process producing toxic or dangerous gases. Some solvents or
mixture of solvents used for CZTSe synthesis are: isophorondiamine (Lee et al. 2013), triethylene
glycol (Li et al. 2011), triethylenetramine (Zhou et al. 2013), ethylenediamine and polyvinyl-
pyrrolidone (Du et al. 2012), oleylamine (Rath et al. 2012), isophorondiamine and trioctylpho-
sphine (Shei and Lee 2013) and triethanolamine (Liu et al. 2011). From these solvents only
triethylene glycol and triethanolamine can be considered as non-toxic. Because of this,
triethanolamine was used in this study as solvent.

2. Experimental details

We performed a systematic study on the synthesis of CZTSe by MACS, analyzing the effect of
reaction time on the crystalline structure and chemical composition of CZTSe nanocrystals, in
order to identify the reaction mechanism. In previous study we described the optimum conditions
for reactant concentration and proportion of water and TEA as solvent (Vallejo et al. 2016). The
precursor solution was prepared by adding 1.0 mmol of copper (1) chloride dihydrate
(CuCl,-2H,0), 0.5 mmol of tin (I1) chloride dihydrate (SnCl,-2H,0), 0.5 mmol of zinc nitrate
hexahydrate (ZnNO3-6H,0) and 2.0 mmol of elemental selenium powder (Se) into 6.8 ml of
triethanolamine (TEA) and 3.2 ml of deionized water. The solution was stirred at 100°C for 30
minutes in order to dissolve the reactants. Reactions were performed in a microwave oven (Anton
Paar Synthos 3000 operating at 2.45 GHz), which was programmed at 240°C for different reaction
times, from 0 to 90 minutes, using a 5 min heating ramp at 600W, besides a security limit of
maximum pressure of 60 psi was set. At the end of the reaction a black precipitate was obtained
which was separated by centrifugation and washed several times with deionized water and ethanol.
Then the product was dried in an oven for 3 to 5 h at 60°C to obtain the dry powder, which was
used for further characterization.

The crystal structure of the nanoparticles obtained was characterized by powder X-ray
difraction (XRD), using a Rigaku diffractometer, with Cu-Ka radiation, 2 = 1.5406 A, in the 260
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range of 10-100°. Raman spectroscopy was used in order to confirm the formation of the
quaternary CZTSe phase and discard the presence of other secondary phases. Raman spectra of the
samples were recorded with a JobinYvon RAM HR800 Raman spectrometer equipped with an
Olympus BX41 microscope and a charge-coupled device detector. The 632.8 nm emission of a
He-Ne laser was used as the excitation source. Elemental composition was analyzed by X-ray
energy dispersive spectroscopy (Oxford Instruments) attached to a Hitachi SU1510 scanning
electron microscope (SEM). X-ray photoelectron spectroscopy (XPS) was performed using a
SPECS system equipped with an Al anode XR50 source operating at 150 mW and a Phoibos 150
MCD-9 detector. The pass energy of the hemispherical analyzer was set at 25 eV and the energy
step was set at 0.1 eV. The binding energy (BE) values were referred to the C 1s peak at 284.8 eV.
High-resolution transmission electron microscopy (HRTEM) was accomplished with a JEOL
J2010F instrument equipped with a field emission electron source and operated at 200 kV.
Samples were dispersed in alcohol and a drop of the suspension was placed over a grid with holey-
carbon film.

3. Results and discussion

Fig. 1 presents the x-ray diffraction patterns of nanocrystals obtained at different reaction times,
from 0 to 90 minutes. The 0 minute case includes the 30 minutes dissolving time at 100°C and the
5 minutes of ramp heating at 600 W. We can observe that 0 minute case predominates secondary
phases, the peaks diffracted at 2 theta values of 26.6 and 31.1° correspond to (111) and (200)
planes of CuygSe (PDF 01-071-4324), the peaks diffracted at 2 theta values of 28.0, 29.7, 33.1,
34.0, 38.7, 41.9, 46.0, 48.6, 52.9, 53.9 and 60.7° correspond to (011), (101), (111), (120), (210),
(121), (211), (002), (002), (221), (131) and (122) planes of CuSe, (PDF 01-071-0046), the peak
diffracted at 2 theta value of 50.0° corresponds to (110) plane of CuSe (PDF 01-070-8589) and the
peaks diffracted at 2 theta values of 41.9, 48.6 and 56.0° correspond to (410), (122) and (600)
planes of Se (PDF 00-051-1389), the peaks around 27.2, 45.3 and 53.8° are really hard to associate
to a particular phase due to diffraction of secondary, ternary and quaternary phases. We can
conclude that at the beginning of the reaction mechanism there is a tendency to form copper
selenide secondary phases, this tendency to form copper selenide phases is explained considering
the Pearson classification of ions as hard or soft acids/bases depending on their polarizability,
oxidation state and electronegativity (Ahmadi et al. 2012). Based on this classification Cu ions are
classified as soft acids, while Sn and Zn ions are between soft and hard acids, Sn ions being softer
than Zn. Se ions are classified as soft bases. This theory says that, soft acids react faster and form
stronger bonds with soft bases than hard acids with soft bases, which explains the tendency to
form copper selenide phases at first, then tin selenide and at the end zinc selenide phase (Lee et al.
2013). Moreover, the higher reactivity and relatively high mobility of copper ions with respect to
zinc and tin ions help the reaction between copper and selenium ions (Zhou et al. 2015). At 10
minutes one can observe that many of the secondary peaks have gone, and the few present
diffracted at 2 theta values of 28.1, 31.1 and 50.0° that correspond to CuSe;, Cu;gSe and CuSe
phases respectively identified at 0 minutes, the peak at 45.3° tends to split into two peaks which
can be related to the presence of secondary phases. The peaks at 27.2 and 53.8° become well
defined, however one cannot associate them to a particular phase because of the diffraction of
secondary, ternary and quaternary phases and due to the width of the peaks. At 20 minutes one can
observe a better definition of the principal peaks at 27.2, 45.1 and 53.8°, besides the peak at 10
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Fig. 1 XRD of nanocrystal obtained at different reaction times, from 0 to 90 minutes

minutes around 45.3° has moved to 45.1° at 20 minutes, which is characteristic of ternary and
guaternary phases, besides there are still small peaks associated with the presence of Cu;gSe and
CuSe phases. At this time we can infer that secondary phases are almost consumed and the
presence of ternary and quaternary phase becomes higher. At 30, 40 and 50 minutes apparently we
can observe that there is no presence of peaks associated with secondary phases, because the peaks
at 27.2, 45.1 and 53.8° indicate the presence of the ternary and quaternary phase, however it is not
possible to determine clearly the phases because of the overlap of the peak patterns, moreover
these peaks are wide which indicate the possibility of presence of Cu;gSe and Se. On the other
hand we can observe that the peak at 45.1° is higher than the peak at 27.2°, relation that changes at
60 minutes. At 60 minutes the peaks at 27.2, 45.1 and 53.8° are narrower than those at smaller
times, this indicates that the quaternary phase is formed and there is no presence of secondary
phases, the peaks diffracted at 2 theta values of 27.1, 45.1, 53.5, 65.5, 65.8, 72.5 and 83.4°
correspond to (112), (204), (312), (400/008), (316) and (228) planes of Cu,ZnSnSe, (PDF 00-052-
0868). The observed doublet peak (400/008) indicates that the CZTSe adopts the stannite structure
(space group 142 m) (Li et al. 2011), the ternary phase cannot be discarded by XRD because of the
overlap but Raman analysis confirms the pure quaternary phase (Fig. 2). After 60 minutes we can
observe that the peaks at 27.1, 45.1 and 53.5° become wider, mainly the one at 45.1° which is
close to the most intense pattern peak of CuygSe at 44.5° (PDF 01-071-4324), this suggests the
tendency to decompose the pure quaternary phase achieved at 60 minutes into Cu;gSe, Se and
Cu,SnSe; observed at shorter times. This quaternary decomposition is confirmed in Raman
spectroscopy analysis (Fig. 2).

In Table 1) one can observe the texture coefficients of nanocrystals synthesized at reaction
times from 30 to 90 minutes, which was calculated using Eq. (1), where T¢nay is the texture
coefficient of the plane (hkl), liny is the intensity of the i-th peak corresponding to the (hkl) plane,
Loty is the relative intensity of the plane (hkl) reported in the PDF pattern and n is the number of
peaks considered for calculations. We can observe that (204) plane presents preferential orientation
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Table 1 Texture coefficients of nanocrystals obtained at reaction times from 30 to 90 minutes

Time (min) Tc (112) Tc (204) Tc (312)
30 0.47 1.29 1.24
40 0.45 1.31 1.24
50 0.41 1.26 1.32
60 0.59 1.22 1.19
70 0.42 1.29 1.30
80 0.56 1.21 1.23
90 0.53 1.20 1.28

in all the cases, the highest value for (112) plane is observed at 60 minutes while at the same time
(204) and (312) planes presents their lowest values which is related with crystallinity observed in
XRD. At longer times than 60 minutes the values tend to be similar compared to times shorter than
60 minutes. This indicates that times longer than 60 minutes change the crystallinity obtained at 60
minutes, indicating a possible decomposition of crystals achieved at 60 minutes.

Li(hkl)

AT
Te(hkl)= % (1)

—\n

n %i=1T0(hkl)

Lattice parameters of the sample synthesized in 60 minutes were calculated using the relation
dha = AM(2 sind) (Bragg’s law) and Eq. (2) from the data obtained by XRD. Here h, k and | are
Miller indices; a, b and c are the lattice parameters (in a tetragonal system a = b # ¢) and dy IS
the interplanar spacing between the crystal planes (hkl). The estimated lattice parameters are found
to be a = 5.692 and ¢ = 11.312 A. The estimated values are in good agreement with the standard
values (a =5.693 and ¢ = 11.333 A) reported in PDF# 052-0868.
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In order to confirm the phases detected in XRD analysis, we performed Raman spectroscopy. In
Fig. 2 it can be observed the phases detected at reaction times from 0 to 90 minutes. At 0 minutes,
we can observe the presence of the secondary phases Cu;gSe, CuSe; and CuSe at 192, 238 and 264
cm™ respectively (Quiroz et al. 2014, Liu et al. 2013, Ganchev et al. 2011). Moreover, selenium
was detected at 234 cm™ (Holubova et al. 2009). These phases have been previously reported in
other studies and are in agreement with XRD analysis (Fig. 1). At 10 minutes it can be observed
the growth of the peak for Cu,¢Se phase at 192 cm™, while peaks of CuSe, CuSe, and Se have
been reduced, besides the peak at 192 cm™has been extended to the left indicating the presence of
ternary phase at 182 cm™. This condition is confirmed in XRD analysis because of the splitting of
the peak at 45.3°. At 20 minutes, it is clearer the appearance of the peak at 182 cm™, indicating the
presence of ternary phase Cu,SnSe; (Lee et al. 2013) and there is a small presence of Cuy gSe phase.
At 30 and 40 minutes we can observe that the peak at 182 cm™has extended sideways indicating
the formation of quaternary phase at 172 and 196 cm™, however ternary phases are predominant
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Fig. 2 Raman spectra of nanocrystal obtained at different reaction times, from 0 to 90 minutes

over quaternary phase, this condition is also observed in XRD analysis because of the width of the
peak at 45.1°. Small peaks of ZnSe phase are detected at 206 and 250 cm™ (Salomé et al. 2014). At
50 minutes, we can observe that the peak at 182 cm™ has been splitted into two peaks at 173 and
196 cm™, which is clearly related to Cu,ZnSnSe, formation and consumption of Cu,SnSe; and
ZnSe phases. At 60 minutes it can be observed clearly the presence of the three characteristic
peaks of CZTSe phase at 173, 196 and 232 cm™ (Shei and Lee 2013) with no evidence of other
phases. This confirms the observed condition in XRD analysis when the peaks at 27.1, 45.1 and
53.5° are narrower than those at shorter synthesis times. After 60 minutes, we can observe that
principal peak at 196 cm™ becomes wider with more time, which clearly indicates the tendency for
decomposition of quaternary phase into ternary and secondary phases detected at shorter synthesis
times (Cu,SnSesand Cu,gSe). This condition is related with the widening of the peak 45.1° in
XRD analysis. So we can infer that 60 minutes is the ideal time to synthesize pure CZTSe phase
and that longer reaction times tends to decompose it.

4.1 Reaction mechanism

Triethanolamine plays a key role in CZTSe formation; TEA not only works as solvent but also
works as reducing agent for elemental selenium (Reaction 1), activating Se to take part in reactions.
Amines have probed their ability to reduce selenium when temperature increases (Lu et al. 2002).
Besides, TEA works as a chelation agent for metallic ions (reactions 2, 3 and 4) and as a place for
metallic ions and reduced selenium to meet (reactions 6, 7 and 8), reacting and forming the first
secondary phases. Based on XRD and Raman spectroscopy analyses we can establish that at the
beginning secondary phases CuSe and CuSe; are predominant, which is due to reaction between
copper and selenium ion (reaction 5, and 8), then theses two phases tend to form the stoichiometric
phase CuygSe as can be seen in reaction 9 (where x is equal to 0.2). Then this secondary phase
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reacts with SnSe to promote the formation of the ternary phase (reaction 10). Finally the ternary
phase reacts with ZnSe to form the quaternary phase CZTSe. The copper deficiency (x = 0.2) is
well fitted with EDS analysis reported in Table 2.

Se + TEA - [Se”(TEA™)] (1)
Cu** + TEA - [Cu(TEA)]* (2)
Sn** + TEA - [Sn(TEA)]* (3)
Zn* + TEA > [Zn(TEA)* (4)
Cu* +Se” - CuSe (5)

Sn®* +Se” - SnSe (6)

Zn** +Se* - ZnSe 7)

CuSe + Se & CuSe; (8)
(2-x)CuSe  — CupxSe + (1-x)Se 9)
Cu(-xSe +SnSe + Se = CupSnSe; (10)
CupxSnSe; +ZnSe — Cup,ZnSnSe, (11)

Previous results indicate that the CZTSe-based best efficient solar cells have slight Cu-deficient
and Zn-rich composition with Cu/(Zn+Sn) ratio oscillating between 0.8 and 1.0 and Zn/Sn from
1.0 to 1.2 (Brammertz et al. 2013). The EDS analysis was carried out in order to analyze the
chemical composition of the samples. Table 2 shows the results obtained from nanocrystals
synthesized at reaction times from 0 to 90 minutes. In these results, we can observe that
Cu/(Zn+Sn) and Zn/Sn ratios decreases with the reaction time being inside the proposed ranges of

Table 2 EDS analysis of nanocrystals obtained at different reaction times from 0 to 90 minutes

Time (min) Cu (%) Zn (%) Sn (%) Se (%) Cu/(Zn+Sn) Zn/Sn
0 27.28 17.23 14.83 40.66 0.85 1.16
10 29.77 17.74 9.72 42.77 1.08 1.83
20 29.35 16.3 11.38 42.97 1.06 1.43
30 29.26 17.27 12.43 41.04 0.99 1.39
40 29.14 16.71 10.37 43.78 1.08 1.61
50 28.83 16.65 12.4 42.12 0.99 1.34
60 26.75 16.37 15.17 41.71 0.85 1.08
70 29.07 15.01 15.83 40.09 0.94 0.95
80 27.86 15.01 14.76 42.37 0.94 1.02

90 27.13 15.39 16.02 41.46 0.86 0.96
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60 minutes, which is in agreement with XRD and Raman analyses previously reported. Besides,
copper deficiency is in agreement with the value of x = 0.2 proposed during the reaction
mechanism. Selenium content is less than the expected (50%), this might be due to a strong
bonding between selenium and TEA during the chelation process, which is quite similar when
oleylamine is used.

4.2 Pure CZTSe phase confirmation

In order to prove that 60 minutes was the ideal time for pure CZTSe synthesis, XPS and TEM
analyses were performed. XPS analysis was carried out for CZTSe nanoparticles synthesized for
60 minutes, in order to investigate the oxidation states of the constituent elements. Figs. 3(a)-(d)
show the binding energies obtained from the high-resolution core level spectra. The separation
measured of 19.8 eV between the peaks of Cu 2p detected at 931.8 eV (2psz) and 951.4 eV (2p1s)
is characteristic of the presence of Cu as Cu® (Fig. 3(a)). The separation measured of 23 eV
between the peaks of Zn 2p detected at 1021.6 eV (2ps2) and 1044.6 eV (2p1y) is related to the
presence of Zn as Zn** (Fig. 3(b)). Sn is detected as Sn*™* due to the presence of Sn 3d peaks at
486.1 eV (3ds) and 494.5 eV (3dsy,). 8.4 eV is the separation measured in Fig. 3(c). Se as Se can
be attributed due to the presence of two peaks located at 53.51 eV (3ds,) and 54.57 eV (3dzp,) as
can be observed in Fig. 3(d). The oxidation states detected are characteristic of these elements in
CZTSe (Lee et al. 2014).

Cu2p 3/2 Zn2p 3/2
2 Cu2p 1/2 3
> pes Zn2p 112
- g
g g
= =
’ s : -~ ‘\5\ e e 5
925 930 935 940 945 950 955 960 1 0'20 1 0'30 1 0'40 1 0'50
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(a) XPS spectra of Cu2p (b) XPS spectra of Zn2p
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U ©
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Fig. 3 XPS spectra of CZTSe nanocrystals obtained at reaction time of 60 minutes
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(@) (b)

Fig. 4 (a) Low magnification TEM image; (b) and (c) high magnification TEM images of CZTSe
nanocrystals obtained at reaction time of 60 minutes

Nanoparticles of 6 and 8 nm were detected in low-magnification TEM image (Fig. 4(a)), which
are quite similar to that synthesized in oleylamine (Rath et al. 2012), but smaller than that in other
solvents (Du et al. 2012, Lee et al. 2013). The small particle size is related to the strong boding
between selenium and amine during chelation and reduction process. Inset of Fig. 4(a) it can be
observed the electron diffraction pattern in which diffraction rings are localized at 5.1, 3.3, 2.9, 2.5
and 2.0 A, which nicely match the (101), (112), (200), (211) and (204) crystallographic planes of
Cu,ZnSnSe,. The crystallinity of the nanoparticles and the homogeneity of their size are nicely
seen in high-resolution TEM image shown in Fig. 4(b). Fig. 4(c) HRTEM shows a good size
distribution and suitable crystallinity, the lattice fringes at 3.28, 2.48 and 1.71 A are indicated in
the figure, which correspond to the (112), (211) and (312) crystallographic planes respectively of
stannite-type Cu,ZnSnSe, detected in XRD analysis (Li et al. 2011).

4. Conclusions

We have observed and proposed a reaction mechanism for CZTSe synthesis by MACS trough
XRD and Raman spectroscopy. The process begins with the reduction of elemental selenium and
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chelation of metallic ions, which after 10 minutes produces the selenide secondary phases.
Between 20 to 40 minutes ternary phase Cu,SnSe; is predominant. Quaternary phase Cu,ZnSnSe,
appears clearly at 50 minutes but pure quaternary phase is achieved at 60 minutes, besides EDS
analysis probes the appropriate composition. After 60 minutes the quaternary phase tends to
decompose to secondary and ternary phases.
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