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ABSTRACT

The electrodeposition of Cu-Sn-Zn coating on Cu substrate at ambient temperature was investigated. The bath
consists of metal salts CuSO,,5H,0, ShSO,, Zn0,,7H,0 and sodium citrate (NaCegHsNazO; 2H,0) as complexing
agent. To prevent precipitation, we varied the pH between 4 and 5.5. The voltammetric curves show four waves
clearly defined corresponding to copper, tin and zinc reducing through Cu,HCit,*, Sncit® and ZnHcit complex
respectively, the fourth peak being the reduction of protons. The influence of the concentration of the various bath
congtituents and the potential scan rate on the voltammetric curves was studied. We have shown that the deposition
process of copper and tin is controlled by species mass transfer. For zinc deposition, the mechanism would be
controlled by a mixed process. charge transfer and mass transport.
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INTRODUCTION

The thin-film solar cells have attracted the aitanbf numerous researchers the last ten yeatgllpj the devices
based Culn(Ga)$S€CIGS) had experienced significant growth duehiirthigh conversion efficiency (21%) [1-2].
However, their development has been hampered byottieity and the rarity of certain elements, mgiimidium
and gallium [3-4].

Thus, kesterite structural alternatives, ,ZnSn(§Sea.), , have been proposed: £ZnSng (CZTS) [4-16],
CwZnSnSg (CZTSe) [3,17-21] and CuyZnSn(S,Se) ,(CZTSSe) [22-27].These devices have high optical
absorption coefficient (focm) and bandgap ranging from 0.9 eV to 1.5 eV, vengresting for photovoltaic
applications.

Synthesis of CZTSe(S) layers includes two steps: férmation of metallic precursor and the subsetjaanealing
under Se or S atmosphere at temperatures fromatb0a °C.Different methods have been used to develop the
metal precursor CZTSpin-coating [11, 27], co-sputtering [25], elecepdsition [21, 26, 29-30], pulse laser
deposition [28], thermatvaporation [31-32], electroless plating [33], smHmethod [34] and combustion [4]. The
combustion method, based on the theory of propeliaran extremely powerful tool to obtain metaiemposite
using corresponding metal salts—fuel mixtures.dmea cases, it has been necessary to use a corahirmdittwo
methods: Galvanostatic deposition to fabricate mpmsition-spread film of binary Sn—-Zn alloys andeaond step
involving a water gun and weak copper sulfate sautised to achieve a composition spread film ofary Cu—
Sn—Zn alloys [35].

In developing the film CTZ, we opted for the electnemical process which we thought was the legstresive,
easiest to implement and most environmentally #ignWe noted that very few studies have examined the
reduction mechanism of Cu-Zn-Sn alloy [26]. The imai this work is to conduct a voltammetric studitiee Cu-
Zn-Sn alloy deposition.
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MATERIALSAND METHODS

The electrolysis cell is a borrosilcate glass (R@ecylinder closed by cap with five apertures. @dof them were
used for the electrodes. The other two allow dewmeraf the solution by bubbling nitrogen and temgtere control.

We used a copper with surface area of 2amworking electrode, Pt plate as the countertrelde while SCE,as

the reference electrode to which all potentiald beél referred in the followingPrior to immersion test, the substrate
was abraded using emery paper up to 2000 gradsmedewith ethanol, etched in 10 % dilute sulfuddawashed
with distilled water and dried finallyThe baths contained copper sulfate (CyIBLO), tin sulfate (SnSg), zinc
sulfate (ZnS@ 7H,0) and trisodium citrate (NaBsNaO-,, 2H,0) as complexing agent. The temperature was kept
at 25 + 1°C. The electrochemical measurements w&mied out using Potentiostat/Galvanostat/Valtd?GZ 100
monitored by a personal computer. The voltammetgéasurements were performed in the potential raegeeen

0.6 V to -1.8 V with different scan rate.

RESULTSAND DISCUSSION

Electrolyte stability

In order to achieve alloy deposits Cu-Zn-Sn by teteteposition, it is imperative to add complexirgeats in the
metal salts bath. Different complexing agents wesed: Citrate [10, 12, 26], tartaric acid [26], gyhosphate [36].
In this study, we opted for citrate agent becautsate ions form various electroactive aqueous dexgs with Cu
(1N, Sn (1) and Zn (Il) [26]. The basic bath camdrations of tin sulfate, zinc sulfate and citraere deduced from
previous work on the Sn-Zn alloy electrodepositidii]. The concentration of copper sulfate and pHewkxed
relative to the thermodynamic model built by M. [@ka and P. Ozga [38]. The baths compositionvisrgin table
1, the solutions were clear and no precipitategwbiserved. Figure 1 presents the diagram of plambdominant
species of copper, tin and zinc depending on tlBuso citrate concentration and the relationshipaveen the
potential and pH [38].

Tablel: Baths composition

CuSQy, 5H ,O SnSO, ZnS0,, 7H .0 NaCGHsNa;;O[ 2H,0

Electrolytes | ™" 0y | (moi) | (moliL) (mol/L) pH
1 - - - 0.4 4
2 0.16 0.14 0.22 0.4 4
3 0.16 0.14 0.22 0.5 4
4 0.16 0.14 0.22 0.6 4
5 0.16 0.14 0.22 0.4 5
6 0.16 0.14 0.22 0.4 5.6
7 0.20 0.14 0.22 0.4 4
8 0.24 0.14 0.22 0.4 4
9 0.16 0.22 0.22 0.4 4
10 0.16 0.26 0.22 0.4 4
11 0.16 0.14 0.30 0.4 4
12 0.16 0.14 0.34 0.4 4
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Figure 1: Predominance area diagram : a- for Cu(l1) species, b- for Sn(l1) species, c- for Zn(l1) species, d- Potential (E)-pH diagram [38]

Voltammetric study

Sodium citrate concentration effect

Fig. 2 shows the voltammogram realized in the edége (1) containing only sodium citrate at pH =T4e increase
in the cathodic current density from — 0.8 V ikia to protonated form of citrate ion accordingeaction:

2HgCit "+ 2 6 —p H + 2Hcit? (1)

Then, a sharp increase occurs at -1.15 V due thyttieogen evolution.

2H'+26 —» b )

Substrate de Cu + citrate

-10
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Figure.2: Cyclic voltamogramm on a Cu substrat in citrate solution at pH = 4 (electrolyte 1), scan ratev = 25 mV/s

After addition of metal salts (electrolyte 2) tethodium citrate solution, we observe in cathod@adour waves
clearly defined as has been reported by variousoasif 26, 38] (fig.3). The first wave with peak-81.30 V (a)
corresponds to Cu (Il) reduction. Then, tin depositstarts around -0.70 V, the wave reaches themar at —
0.88 V (h). The third wave (9 is attributed to hydrogen evolution (-1.1 V) atige fourth one (g to zinc
deposition (-1.5V)The deposition processes for tin, zinc and coppeiniaccordance with the order of their
equilibrium reduction potentials (Cu(ll)/Cu, Sn(8n, Zn(ll)/Zn; therefore, this type of co-depasitiis normal,
according to the Brenner classifications [39]. Dgrthe reverse scan, three peaks appeared cordasgdn zinc
(dy), tin (by) and copper @ oxidation (fig.3).
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Figure 3: Cyclic voltamogramm on a Cu substrat in 0.16 mol/L CuSO,, 0.14 mol/L SnSO4, 0.22 mol/L ZnSO, and 0.4 mol/L citrate at
pH =4 (electrolyte 2), scanratev=25mV/s

An increase in the concentration of citrate (etdgte 2-4) induces, as expected, a displaceme@uofll), Sn (I1)

and Zn (Il) reduction potentials towards more cdtbovalues, the stannous ion being most sensitivehis
complexing agent (fig.4).
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Figure 4: Cyclic voltamogramm on a Cu substrat in 0.16 mol/L CuSO,, 0.14 mol/L SnSO4, 0.22 mol/L ZnSO,4 and 0.4; 0.5 and 0.6 mol/L
citrate at pH =4 (electrolyte 2-4), scan ratev =25 mV/s.

Indeed, the complexation of a metallic ion by atid, L, occurs according to
1

M™ + a Lb — > (MLa)n+ab
2 ®)

With the complexation constant:

Ke=[(MLY™™/ [M™][L"]? @)

The deposition of the metal M occurs according to:
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n+ab
(ML)"™® +ne —p M +dL (5)
With an equilibrium potential given by Nernst eqaat
E =E + (RT/nF) Ln [(ML)™™ / [L"]* (M) = E + (RT/nF) Ln K [M™] (6)

where E° is the standard potential of the QM*IM couple, n the number of exchanged electrongéndeposition
reaction, F the Faraday’s constant (96487 C ol the temperature (Kelvin), R the molar gas tamis(8.31 J.

mol™. K and [M"] metal ion concentration, flLligand concentration, [(M)™*] complex concentration and (M)
metal activity (= 1 by convention).

When the ligand concentration increases (citrate) equilibrium (3) is moved in the direction 1d@® to a higher
consumption of the metal ion and consequently aiagaoh of its concentration. So the equilibrium qatal,
according to the equation (6) will decreaserthermore, we noticed an increase in the cathagient density with
the citrate concentration due to greater staldlitthe bath.

pH effect

When the pH is adjusted to 3, we see instabilitthefbath over the long term. By cons, when thamrease (4 to
5.5), the bath still stable. The shape of the IeMves is practically unchanged however we are gegidecrease in
the reduction current and a shift of peak potestialslightly more cathodic values (Fig. 5). Intfabe predominant
forms of metal-citrate complexes are,8Cit,*, Sncit’, ZnHcit [38] so the reactions occurring would be:

CWwHCit,®> + 5H* + 4e- « 2Cu + 2HCit’ 7
Sncit + 3H" + 2e- < Sn + Hcit 8
ZnHcit + 2H + 26 < Zn + Hgit” 9

With equilibriums potentials
Ee = Es + (RT/nF) Ln ([CyHCit,*] [H "°/ [HsCit]?)
= K- 0.075 pH + 0.015 log ([GHICit,>] /[H4Cit]?) 10

E; = E;/ + (RT/nF) Ln ([Sncit] [H "3/ [HsCit])
=E-0.09 pH + 0.03 log ([Snéit /[HCit]) 11

Eg = Es + (RT/nF) Ln ([ZnHcif] [H *]?/ [H4Cit])
= K- 0.06 pH + 0.06 log ([ZnHCcit/ [H4Cit]) 12

E°: Standard potential of (metal-citrate complefmstal) couple, n: number of exchanged electrors, 96487 C
mol™?, T =298°K, R =8.31 J. mdl K*, Ln = 2.3 log

Current density (mA/cm?)

T T
-2,0 -1,5 -1,0 -0,5 0,0 05
Potential (V, vs SCE)

Figure5: Cyclic voltamogramm on a Cu substrat in 0.16 mol/L CuSO,, 0.14 mol/L SnSO,, 0.22 mol/L ZnSO, and 0.4mol/L citrate at pH
4topH 5.5 (dectrolytes 2; 5-6), scan rate v = 25 mV/s

450



B. El Bahi et al Der Pharma Chemica, 2016,8 (18):446-454

An increase in pH and therefore the decrease dbpr(H") concentration causes the equilibriums (6, 7 and 8
displacement to the left thus inhibits the depoaitiThis involves a decrease of the cathodic ctirRelations 10-
12 confirm that pH elevation shifts the peak patdsttowards more cathodic values.

Effect of the metal salts concentration

Figures 6 and 7 show the voltammograms carriecabdifferent concentrations of copper sulphate @mdulfate
(electrolytes 2, 7-10). As expected, Cu (II) amd(B) peaks reduction increase respectively witf5Q, and SnSQ
concentrations. By against, the increase of Zn&@hcentration (electrolytes 2, 11-12) induced afiew of the

three reduction peaks (fig. 8yhese observations indicate that no interactioruiacduring the CZT deposition
between copper and tin.
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Figure 6: Cyclic voltamogramm on a Cu substratein 0.16 mol/L, 0.20 Mol/L and 0.24 mol/L CuSQO,, 0.14 mol/L SnSO,4, 0.22 mol/L
ZnS0,4 ,0.4mol/L citrate at pH =4 ,(electrolytes 2; 7-8), scanratev =25mV/s
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Figure 7: Cyclic voltamogramm on a Cu substratein 0.16 mol/L CuSQO,, 0.14 mol/L, 0.22 Mol/L and 0.26 mol/L SnSO,, 0.22 mol/L
ZnS04, 0.4mol/L citrateat pH =4 (electrolytes 2; 9-10), scan ratev =25 mV/s
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Figure 8: Cyclic voltamogramm on a Cu substratein 0.16 mol/L CuSQO,, 0.14 mol/L SnSO,, 0.22 mol/L, 0.30mol/L and 0.34 mol/L
ZnS0,, 0.4mol/L citrateat pH =4 (electrolytes2; 11-12), scan ratev =25mV

Influence of the potential scanning rate

Figure 9 shows the voltammograms carried out aibuarpotentials scanning rate. All reduction wairesease
with the potential scan speed. Cu(ll) and Sn @guction peaks vary linearly according to the sguaot of the
potential scan rate with an intercept close zedicating a deposition process of the two metalstrotied by
species mass transfer (fig. 10a and 10b) [37].

Indeed, in the case of a linear and semi-infinitusion, the peak current Ip is equal to [40]:

Ip (A) = 2.69.16 n2 A DY2\12 ¢ .

n: electron exchanged, A : electrode area’(cm D : Diffusion coefficient (cfas?), v: potential scan rate (V'
C : Specie concentration (mol.&jn

For the zinc deposition, the peak is not propogida /2. The mechanism would be controlled by a mixed @ssc
charge transfer and mass transport [26].
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Figure9: Cyclic voltamogramm on a Cu substrat in 0.16 mol/L CuSO,, 0.14 mol/L SnSO4, 0.22 mol/L ZnSO,4, 0.4mol/L citrateat pH =4
(electrolytes 2), scan ratev = 10to 100 mV/s
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Figure 10: Peak current density asa function of the squareroot of scanning speed potential (electrolyte 2), a- Copper peak, b- Tin peak
CONCLUSION

The voltammetric study of the alloy Cu-Zn-Sn depshibwed that the deposition process of tin, zimt @opper is
the normal type in accordance with the order oifrtteluction potentials. At pH=5, Cu(ll), tin(IDnd zinc(Il) were
reduced via complex Cu-citrate (EICit,”), Sn-citrate (Sncii) and Zn-citrate (ZnHcit) respectively. An increase
in the concentration of citrate and the pH shié geak potentials towards more cathodic valuesll)Carfd Sn(ll)
reduction peaks vary linearly according to theasguoot of the potential scan rate with an intetradose zero
indicating a deposition process controlled by speenass transfer. For zinc, deposition would bearothed by a
mixed process: charge transfer and mass transport
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