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Electrochemical deposition mechanism of copper-zinc-tin alloy and structural characterization
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The electrodeposition of Cu-Sn-Zn coating (CZT) was investigated. The bath consisted of aqueous solution of Cu, Sn and Zn sulphate in the presence of sodium citrate (NaC6H5Na3O7) as complexing agent. The pH was set between 4 and 5.5 to stabilize the bath. Cyclic voltammetry exhibited four peaks during cathodic scan corresponding to the reductions of metal ions and adsorbed hydrogen. Impedance measurements were made at each potential peak. The effect of the metal salts concentration and the potential scan rate were studied. The deposit mechanism is controlled by mass transfer in parallel with a faradaic reaction. For the deposition of Cu-Sn and Cu-Sn-Zn alloys, the average diffusion coefficients of Cu 2+ and Sn 2+ ions and Cu 2+ , Sn 2+ and Zn 2+ ions were calculated. At E = -1.5 V, a Cu-Sn-Zn deposit is obtained with 55 at% copper, 25 at% tin and 20 at% zinc. The X-ray diffraction pattern shows the characteristic peaks of Cu, Cu6Sn5 and Cu3Zn2 phases. The deposit morphology was characterized by SEM.

Introduction

Thin-film solar cells have attracted the attention of numerous researchers in the last ten years. Initially, interest was focused on CuIn(Ga)Se2 (CIGS) due to their high energy conversion efficiency (21%) [1][2]. However, their development was slackened by the toxicity and the rarity of certain elements, namely indium and gallium [3][4]. Thus, kesterite structure alternatives, Cu2ZnSn (SxSe1-x)4 were proposed: Cu2ZnSnS4 (CZTS) [4][5][6][7][START_REF] Araki | Preparation of Cu2ZnSnS4[END_REF][9][10][11][12][13][14][15][16], Cu2ZnSnSe4 (CZTSe) [3,[17][18][19][20][21] and Cu2ZnSn(S,Se)4 (CZTSSe) [22][23][24][25][26][27]. These devices have high optical absorption coefficient (10 4 cm -1 ) and band-gap ranging between 0.9 and 1.5 eV, attractive for photovoltaic applications. Synthesis of CZTSe(S) layers, often used in these days, involves two steps: the formation of metallic precursor (CZT) and then the subsequent annealing under Se or S atmosphere at temperature between 450 and 600 °C. Different methods were used to develop the CZT metal precursor: spincoating [11,27], co-sputtering [24], pulse laser deposition [28], electrodeposition [21,25,[29][30], thermal evaporation [31][32], electroless plating [33], sol-gel method [34] and combustion [4]. The combustion method, based on the theory of propellant, is an extremely powerful tool to obtain metallic composite using corresponding metal salts-fuel mixtures. In some cases, it is necessary to combine two methods: galvanostatic deposition to fabricate a composition-spread film of binary Sn-Zn alloys, and then a second step involving a water gun with weak copper sulphate solution to achieve a thin film of ternary Cu-Sn-Zn alloys [35].

In this study, the formation of CZT film by electrochemical process is reported because this method is likely the most cost efficient, easiest to apply, and environmentally friendly. We noted that very few studies are devoted to the reduction mechanism of CZT alloy [26].

The simultaneous presence of Cu(II) and Sn(II) may make the electrolyte unstable because of a disproportionation reaction due to a high reducing power of stannous ions:

sol s sol sol Sn(IV) Cu Sn(II) Cu(II)    (1) 
In order to obtain CZT alloy by electrodeposition, it is therefore necessary to add complexation agents in metal salts bath. Different agents were reported in the literature: citrate [10,12,26], tartrate [26],

or pyrophosphate [36]. In this study, we opted for citrate because it forms various electroactive aqueous complexes with Cu(II), Sn(II) and Zn(II) [26]. The starting bath composition was determined fromour previous work on the electrodeposition of nano-structured Sn-Zn alloy [37]. The concentration of copper sulphate and pH were fixed on the basis of the thermodynamic model proposed by Slupska and Ozga [38].

Fig. 1 presents the phase diagrams of dominant species of copper, tin and zinc in the presence of citrate (Cit) as complexation agent with respect to potential and pH. This figure was extracted from Fig. 4 of above quoted article [38]. In this figure, it can be remarked that at very cathodic potential (light green area), Cu-Sn-Zn alloy will be deposited. In the zone in cyan, Cu-Sn alloy is expected to form whereas in the brown area the metallic copper will deposit on the electrode surface. SnCit 2-will be stable in the white zone, but in this range Cu deposition will also take place. In the yellow zones (E ≥ ca. 0 V vs. SCE), hydroxide or hydroxyl-sulphate will precipitate rapidly, thus the bath composition in this area is not stable. Finally, in the light yellow zone, just above the stable SnCit 2-zone (more acidic medium), the solution is not entirely stable and precipitates may form slowly. Though not illustrated in this figure, for electrolytes, having a pH of more than 6.5, Sn(OH)2 will precipitate, thus the bath is not stable, neither.

Consequently, the electrode should be polarized in the zones where the metallic species, Cu or Cu containing alloys are stable [38], typically a solution with a pH between 3.5 and 6.5 and a potential less than 0 V vs. SCE.

Experimental conditions

.Materials and Preparation

The electrolysis cell was a borosilicate glass cylinder closed by a cap with five apertures. Three of them were used for the electrodes. The other two allow purging of the dissolved oxygen by nitrogen bubbling and temperature control. A copper with surface area of 1cm 

Electrochemical methods

The electrochemical measurements were carried out using Voltalab PGZ 100® (Potentiostat/Galvanostat) monitored by Voltamaster 4.

Cyclic voltammetry

The voltammetric measurements were performed in the potential range between 0.6V and-1.8 V with a scan rate of 25 mV.s -1 .

Electrochemical impedance spectroscopy (EIS)

The impedance measurements were performed in a frequency range of 100 kHz to 10 mHz with 10 points per decade and with the AC amplitude of 10 mVrms. The EIS diagrams were presented as Nyquist plots. The results were then analyzed in terms of an equivalent electrical circuit.

XRD analysis

XRD spectra were collected with PANalytical X'Pert3 ® powder diffractometer with Cu Kα1 radiation. The semi quantitative deposit composition was determined by the Rietveld method using X'Pert high score ® plus software and CIF files from the American Mineralogist Crystal Structure Data base. The coatings morphology was examined with a FEI Quanta 200 ® scanning electron microscope.

Scanning Electron Microscopy (SEM)

The SEM images were carried using a (JOEL JSM-5500). The energy of the acceleration beam employed was 20 kV. Then, a steep current increase in absolute value occurs at -1.15 V due to the hydrogen evolution reaction.

Results and discussion

2H + + 2 e - H2 (3) 
The citrate is thus electroactive species which will be reduced in the potential domain where the metal electrodeposition will take place. In presence of metallic cations (e.g. electrolyte 2), in the sodium citrate solution, four peaks can be observed during cathodic scan as illustrated in Fig. 3. This voltammogram is reported by various authors [26,[38][39]. 

XRD analyses

The species formed for each current peak were identified by XRD analyses.

The first peak at -0.30 V (a1) corresponds to Cu (II) reduction and is in agreement with the E-pH diagram of Fig. 1. Indeed, as can be seen in Fig. 4, the XRD pattern of the electrode surface confirms the presence of Cu in face centred cubic structure on the electrode surface [40][41][42]. Then, tin deposition starts around -0.70V and this wave reaches the maximum at -0.88 V (Fig 3, peak b1). Fig. 5 shows the diffraction pattern of the coating formed at this potential. We note the presence of cubic Cu, tetragonal tin and Cu6-Sn5 phases [18,34]. The third wave (c1) is attributed to reduction of adsorbed hydrogen (-1.1 V) and the fourth one (d1) to co-deposition of zinc together with Cu and Sn (-1.5V) confirmed by the presence of Cu3Zn2 phase diffraction peaks (Fig. 6) [43][44]. The deposition processes for Cu, Sn and Zn are in agreement with Fig. 1 [38] and also with the classification by Brenner [START_REF] Brenner | Electrodeposition of Alloys[END_REF]. 

Morphology and elemental distribution

Fig. 7 shows SEM images of deposits obtained at different potentials. We observe a granular, adherent and uniform coating at E = -0.3V (fig. 7a). It consists essentially of copper (Fig. 8). The granular structure is indicative of electrocrystallization under diffusion control conditions. At E= -0.88V, the deposits present some pores and irregularities due to the tin incorporation (Fig. 7b). The ternary coating Cu-Sn-Zn carried at -1.15 V is much more irregular and rougher (Fig. 7c). The EDX analysis confirmed that the composition of the deposit is related to the imposed potential. At E = -0.3 V, it is practically covered with copper alone whereas at E = -1.5 V, a Cu-Sn-Zn ternary deposit is obtained with 55at% copper, 25at% tin and 20at% zinc (Fig. 8).

Effect of bath compositions on the deposition kinetics

Effect of citrate concentration

Let us examine now the effect of bath compositions. Fig. 9 presents the effect of complexation agent concentration (Electrolytes 2, 3 and 4). In all cases, there are three current peaks for both cathodic and anodic potential scan, but the d peak at the highest citrate concentration was not observed because this peak is likely located outside the potential scanned domain. Fig. 10a shows that the potential of these peaks shift towards more negative values when the citrate concentration increases. It can be remarked also that the peak b is the most sensitive to the citrate concentration. The peak current increases as well as can be seen in Fig. 10b, when the citrate concentration increases. It should be recalled that the citrate reduction will take place at significant rate for a potential more negative than -0.7 V, i.e. in potential domain where peaks (a) to (d) were observed. The complexation of a metallic ion by a ligand, L occurs according to:

M n+ + L (ML) n+ (4) 
With the complexation constant Kc, one gets:

(5)

The deposition of the metal M occurs according to:

(ML) n+ + ne- M + L (6) 
With an equilibrium potential given by Nernst equation:

      L ML ln 0       n F n T R E E (7)
where E 0 is the standard potential of the (ML) n+ /M couple, n the number of exchanged electrons in the deposition reaction, F the Faraday constant (96487 C. mol -1 ), T the temperature (K), R the gas constant (8.31 J mol -1 K -1 ), [M n+ ] metal ion concentration, [L] ligand concentration and [(ML) n+ ] is complex concentration When the ligand concentration increases (citrate), the equilibrium (4) shifts to the forward direction leading to a decrease of M n+ concentration. Consequently, the equilibrium potential, according to Eq. 7 will decrease. Furthermore, we noticed an increase in the cathodic current density with the citrate concentration.

Effect of pH

As predicted by thermodynamic analyses by Slupska and Ozga [38], the bath is not stable when the bath pH was adjusted to 3. In contrast, it is stable between pH 4 and 5.5. Though not illustrated here, the shape of voltammograms obtained in this pH range is nearly unchanged. Fig. 11 summarizes the peak potential (Fig 11a) and the peak current density (Fig. 11b) with respect to the bath pH. The peak potentials, a, b and d decrease slightly when the solution pH becomes greater whereas the peak current densities increase when the bath becomes more alkaline.

The predominant forms of metal-citrate complexes are Cu2HCit2 3-, SnCit 2-, ZnHCit - [38], therefore the reactions taking place will likely be:

Cu 2 HCit 2 3-+ 3H + + 4e -2Cu + 2H 2 Cit 2-(8) SnCit 2-+ H + SnHCit - (9a) SnHCit -+ H + + 2e- Sn + H 2 Cit 2- (9b) ZnHCit -+ H + + 2e -Zn+H 2 Cit 2- ( 10 
)
With equilibriums potentials for these three peaks:

(11)

(12) (13) 
An increase in pH, i.e. a decrease in H + concentration induces the shift of the equilibriums processes (8 to 10) towards the left, then Eqs 11-13 confirm that pH increase shifts the peak potentials towards more negative direction. Eqs 8-10 may indicate that the increase of H + concentration increases the cathodic current, in contradiction with the experimental results. More detailed study is therefore necessary. Nonetheless, such behavior can be seen for pH 5 and 6.

Effect of the metal salts concentration

Figs 12 to 14 show the peak potentials and the peak current densities determined from the voltammograms at different concentrations of copper, tin and zinc sulphates respectively. The corresponding electrolyte is indicated in each caption. For these three metal ions, the concentration has little effect of the peak potential Ep. Nevertheless, the increase of metal salt concentration induces an increase of the cathodic current density. 

Influence of the potential scan rate

To get information about the electrode kinetics, the voltammograms were obtained at different potential scan rates as displayed in Fig. 15.The X-axis is here the square root of the scan rate, v 0.5 . As can be seen in Fig. 15a, the peak potentials shift linearly with respect to v 0.5 towards more negative direction when the scan rate increases.

The peak current (Fig. 15b) varies also linearly. For the peak a, the line crosses the origin, therefore, the reaction rate is entirely controlled by the diffusion [37,[START_REF] Bard | Electrochemical methods; Fundamentals and Applications[END_REF]. In contrast, for the peaks b and d, the extrapolation to v = 0 give bias currents equal to -9 and -14 mA cm -2 respectively. The bias current at the peak d is probably due to the hydrogen evolution process as can be seen in Fig. 2, in parallel with the Cu and Zn reductions. The nature of the bias current of the peak b is the reduction of Cu controlled by the concentration gradient. Indeed, we deposit at E = -0.88V the Cu-Sn alloy and at E = -1.5V the Cu-Sn-Zn alloy.

The peak current density Ip corrected for the bias current for semi-infinite diffusion can be expressed as [START_REF] Bard | Electrochemical methods; Fundamentals and Applications[END_REF]: Where n represents the number of electron exchanged, D, diffusion coefficient (cm 2 s -1 ) v, potential scan rate (V s -1 ), and C, concentration of reacting species (mol cm -3 ).

  2 / 1 2 / 1 3 / 2 5 10 69 . 2 v C D n I p       (14) 
Diffusion coefficient of copper (DCu 2+ ) is calculated from the line "a" of figure 15b. DCu 2+ = 1.45 10 -6 cm 2 s -1 , with ncu= 2, For the deposition of Cu-Sn and Cu-Sn-Zn alloys, it would be more appropriate to take into account the average diffusion coefficients of Cu 2+ and Sn 2+ ions and Cu 2+ , Sn 2+ and Zn 2+ ions calculated from the line "b" and "c" of figure 15brespectively. DCuSn = 1.29 10 -6 cm 2 s -1 , with ncu= nsn= 2, DCuSnZn = 1.41 10 -6 cm 2 s -1 , with ncu= nsn= nZn= 2 These values of diffusion coefficients are in agreement with some data reported in the literature when the deposition baths contain citrate [26,[START_REF] Ying | [END_REF]. In aqueous solution of infinite dilution, a value of 7.1 10 -6 cm 2 s -1 is reported for Cu and 3.8 10 -6 cm 2 s -1 for Sn [48][START_REF] Vanisek | CRC Handbook of chemistry and physics 91[END_REF].

Electrochemical Impedance Spectroscopy (EIS)

In Fig. 16, the red curve (-○-) shows the experimental impedance spectrum collected at -0.30 V corresponding to the reduction of Cu(II). The impedance spectrum exhibits a loop at high frequency attributed to the double layer capacitance in parallel with the charge transfer resistance Rt followed by the Warburg impedance in agreement with Fig. 15b. Indeed, the latter showed clearly that the electrochemical process is controlled by the mass transfer. 

  Cd a Cd d t s Q Z R R Z        j 1 1
where

  W a d C D n Z         j 1 F T R 2 2 (15)
Where Rs, Rt, Zd, QCd, aCd, aW, and  represent respectively solution resistance ( cm²), charge transfer resistance ( cm²), diffusion impedance ( cm²), CPE parameter (F cm -2 s -1 ), CPE coefficient, and coefficient allowing a smaller slope of the Warburg impedance Zd ( cm²). The divergence from the unit slope for the Warburg impedance may be explained by a rough surface of electrodeposited copper. The result of parameter regression calculation carried out with house-made software (Simad, LISE) is presented with bleu curve (-+-). The agreement between the two curves is fairly good.

In Fig. 17, the red curve (-○-) is the impedance spectrum obtained at -0.88 V where the co-deposition of Cu and Sn is taking place. Below 0.1 Hz, a marked decrease of the impedance modulus can be noticed. This unusual feature was checked by a Kramers-Kronig transform. This transformation was carried out to determine the imaginary part from the real part in the admittance [START_REF] Gabrielli | Kramers-Kronig transformation in relation to the interface regulating device in « Electrochemical impedance: Analysis and interpretation[END_REF][START_REF] Barsoukov | Impedance Spectroscopy; Theory, Experiment, and Applications[END_REF]. The spectrum obtained from the Kramers-Kronig transform is presented by blue curve (-+-). A significant divergence was observed for the frequency below 1 Hz. A sharp decrease of impedance modulus is thus not validated and is due to the fact that the impedance spectrum was collected before reaching the steady-state conditions. The green curve (-x-) in Fig. 17 illustrates the impedance spectrum obtained by a non-linear regression calculation (between 1 kHz and 0.1 Hz) according to Eq. 14. No diffusion impedance can be seen clearly in the experimental spectrum (red curve), but Fig. 15b shows that the reaction rate is controlled by mass transfer with a bias faradaic reaction taking place in parallel.

The red curve (-○-) in Fig. 18 shows the experimental impedance spectrums collected at -1.50 V. As this was the case above, a marked decrease of the impedance modulus is noticed below 0.16 Hz. This feature was checked by the Kramers-Kronig transform as can be seen with blue curve with (-+-) symbol. The decrease of the impedance modulus is not validated, and then the impedance obtained was fitted with Eq. 15. The fitting was carried out between 3.16 kHz and 0.316 Hz, i.e. two extremities of the impedance spectrum were discarded.

The result of regression calculation is displayed by green curve with (-x-) symbol. In spite of poor experimental data, the fitted curve reproduces rather well the experimental spectrum between 1 kHz and 0.1 Hz. 

R R R R Q C              1 1
The value of weighted with the impedance modulus both for the real and the imaginary part of the impedance, is rather small attesting suitable fitting quality.

The solution resistance Rs decreases when the applied DC potential becomes more cathodic. This variation is rather unusual and its origin is unclear. More detailed investigation in the electrolyte composition near the electrode surface will be necessary.

One of the tentative explanations is as follows: the water reduction taking place at the electrode surface makes the solution pH at the vicinity of the electrode surface smaller, i.e. [H + ] higher, thus the electrolyte conductivity may increase [53].

The charge transfer resistance Rt decreases when the DC current increases in the absolute value, except for the peak d. Cd is rather high, around 1 mF cm -2 , which can be explained by granular rough surface of electrodeposited alloys as can be seen in Fig. 7.

The value of aW is close to unity, that is, in spite of rough surface feature of the electrode, the distance between the top and the bottom of the surface might be small compared with the thickness of the diffusion layer. Note that the Warburg impedance was applied for fitting procedure, that is, the thickness of the diffusion layer is postulated to be much greater than that of ac concentration profile in the frequency range used.

The calculated concentration C  is also small compared with the concentration of metal cations added in the electrolyte. This might be explained by the complexation of diffusion species by citrate. 

Conclusion

Cu-Sn-Zn coatings from citrate bath were successfully obtained. At -1.5 V vs. SCE, the deposited is composed of 55 at% of copper, 25 at% of tin and 20 at% of zinc. The X-ray diffraction pattern shows the characteristic peaks of copper, Cu6Sn5 and Cu3Zn2 phases. The voltammetric study showed that the deposition kinetics of Cu-Sn-Zn alloy is not controlled by pure diffusion unlike that of copper. Electrochemical impedance measurements confirm these results. For the copper deposit at E = -0.30 V vs. SCE, the impedance spectrum exhibits a loop at high frequency followed by the Warburg impedance showing that the process is controlled by the mass transfer. The experimental and fitted diagrams are in good agreement. At the deposition potential of the Cu-Sn-Zn alloy, the reaction rate is controlled by mass transfer with a bias faradaic reaction taking place in parallel. The fitted curve reproduces rather well the experimental spectrum between 1 kHz and 0.1 Hz. 
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Figure 1 :

 1 Figure 1: E-pH diagram of 0.01 M CuSO 4 , 0.1 M SnSO 4 , 0.25 M, ZnSO 4 , 0.65 M, Na 3 HCit [38]

3. 1 .Figure2:

 1 Fig. 2 displays the voltammogram obtained in electrolyte (1) containing sodium citrate only at pH = 4. The increase in the cathodic current density from -0.8 V is attributed to the reduction of protonated form of citrate ion according to the reaction: 2H3Cit -+ 2 e -H2 + 2H2Cit 2-(2)

Figure 3 :

 3 Figure 3: Cyclic voltamogram on a Cu electrode in 0.16 mol.L -1 CuSO 4 + 0.14 mol.L -1 SnSO 4 + 0.22 mol.L -1 ZnSO 4 and 0.4 mol.L -1 citrate at pH = 4 (electrolyte 2), scan rate v = 25 mVs -1

Figure 4 :

 4 Figure 4: XRD pattern of electrodeposited species in Electrolyte 2 at -0.30 V corresponding to Cu in cubic structure

Figure 6 :

 6 Figure 6: X-Ray diffraction pattern of electrodeposited coatings at -1.5V (electrolyte 2)

Figure 7 :

 7 Figure 7: SEM micrographs of deposits performed at : (a) E= -0.3V/SCE, (b) E = -0.88 V/SCE, (c) E= -1.5V/SCE.

Figure 8 :

 8 Figure 8: Deposit composition at three current peaks The peak position and the peak current density with respect to citrate concentration are illustrated respectively in Figs 10a and 10b. No correction for ohmic drop term was made.

Figure 9 :

 9 Figure 9: Cyclic voltammogramwith Cu substrate in electrolytes 2, 3, and 4, scan rate v = 25 mVs -1 .

Figure 10 :

 10 Figure 10: Effect of citrate concentration on (a) the peak potential E p, without ohmic-drop correction and (b) the peak current density I p.

Figure11:

  Figure11: Effect of bath pH on (a) the peak potential E p and (b) the peak current density I p (Electrolytes 2, 5, 6). Scan rate v = 25 mV s -1

Figure 12 :Figure 13 :Figure 14 :

 121314 Figure 12: Effect of CuSO 4 concentration on (a) the peak potential E p and (b) the peak current density I p (Electrolytes 2, 7, 8). Scan rate v = 25 mV s -1

Figure 15 :

 15 Figure 15: Effect of square root of scanning speed potential on (a) the peak potential E p and (b) the peak current density I p (electrolyte 2)

Figure 16 :

 16 Figure 16: Nyquist plot of EIS at -0.30 V (peak a) corresponding to the Cu depositionThis impedance spectrum was fitted with the following equation:

 cm 2 Cu+SnFigure 17 :

 217 Figure 17:Impedance spectrum collected at -0.85 V corresponding to CuSn deposition

 cm 2 Cu+Sn+ZnFigure 18 :

 218 Figure 18: Impedance spectrum collected at -1.50 V corresponding CuSnZn deposition

Table 1 :

 1 2 was used as working electrode; Pt plate as the counter electrode and a SCE as the reference electrode. Baths composition

	The commercial copper used in this study
	had the following chemical composition
	(by weight %): 0.019 P, <0.001 Fe, <0.001
	As, <0.001 Mn, <0.002Sb, <0.001 Al,
	0.009 Sn, 0.003 Ni, 0.015 Pb, <0.005 Ag,
	<0.001 Bi, <0.001 S, <0.005 C, the balance
	being Cu.
	The bath compositions examined are
	presented in Table 1, these solutions were
	blue, clear, and no precipitates were
	observed. The electrodeposition baths were
	made of copper sulphate (CuSO4•5H2O),
	tin sulphate (SnSO4), zinc sulphate
	(ZnSO4•7H2O), and trisodium citrate

.u. 2  / degree (c) E = -1.50 V vs. SCE

  

	5000				
	2000 3000 4000 Intensity / aCu 6 Sn 5 (004) Cu 6 Sn 5 (012); SnO(012); Cu (111) CuSn(110); Cu 3 Zn 2 (033) SnO (132) SnO(111); Cu(0202) SnO(011) Cu 6 Sn 5 (006);	
	1000	(00-3) Cu 6 Sn 5	Cu 3 Zn 2 (022)		
	20 0	40	60	80	100

Table 2

 2 

		summarizes the parameters
	obtained by regression calculations. In this
	calculation, the diffusion coefficient was
	fixed because the calculation cannot be
	separate D and C .				
	In this table, instead of QCd and aCd, the
	effective capacitance according to Brug et
	al. was used [52].					
						a	Cd
	d	Cd	Cd a	s	t	aC	d
				s	t		

Table 2 :

 2 Kinetics parameters determined by the fitting calculation (Eq. 14).
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