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Back contact nature effect on the CZTS/ZnS based heterojunction
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This work contributes to the discussion on the influence of the back contact on the electrical properties of Cu2ZnSnS4 (CZTS) based solar cells. Devices with noble metals back contact (Au, Ag and Pt) such as FTO/ZnS/CZTS/Au, FTO/ZnS/CZTS/Pt and FTO/ZnS/CZTS/Ag were investigated by means of the current voltage characteristic in the dark (FTO = fluorine-doped tin oxide). The originality of this work is that all active layers (absorbing and buffer layers) are deposited by the same system using spray pyrolysis technique. The metallic back contacts are sputter deposited. X-ray diffraction (XRD) and UV-visible spectrophotometry were used to investigate the main structural and optical properties of different layers constituting the solar cell. The electrical characterization achieved by I-V characteristic proves that all synthesized heterojunctions exhibit a rectifying behavior. Furthermore, the ideality factors of Au, Pt and Ag back contacts were estimated to 1.6, 2.4 and 2.8, respectively. The lower saturation current and series resistance are measured in the heterojunction using Au as a back contact. From this study, it is shown that Au back contact could be an alternative of Mo in CZTS based solar cell prepared by spray pyrolysis.

Introduction

Cu2ZnSnS4 (CZTS) thin films is considered to be a promising candidate for low cost and high efficiency thin film solar cells with record device efficiencies of about 12 % [1].

The elements of CZTS thin films is abundant in the earth crust, non-toxic and encouraging photovoltaic device performances Contrary to CdTe and CIGS absorbing layer, CZTS is a quaternary compound having p-type semiconductor behaviour with the kesterite crystal structure space group I-42m. It shows a relatively high absorption coefficient higher than 10 4 cm -1 and a direct band gap in the range of 1.4-1.5 eV [2, [START_REF] Ziti | Study of kesterite CZTS thin films deposited by spin coating technique for photovoltaic applications, Philippe Thevenin[END_REF]4]. These features make it a highly suitable material as an absorber thin film for low-cost thin film solar cells.

In addition to its application in conventional thin film solar cells, CZTS is widely used in others application such as gas sensor and photocatalytic [START_REF] Wang | Polyoxometalate electron acceptor incorporated improved properties of Cu2ZnSnS4-based room temperature NO2 gas sensor[END_REF][START_REF] Gurav | Cu2ZnSnS4 (CZTS)-based room temperature liquefied petroleum gas (LPG) sensor[END_REF][START_REF] Sampath | Structural, optical and photocatalytic properties of spray deposited Cu2ZnSnS4 thin films with various S/(Cu+Zn+Sn) ratio[END_REF]. Yuting Wang et al [START_REF] Wang | Polyoxometalate electron acceptor incorporated improved properties of Cu2ZnSnS4-based room temperature NO2 gas sensor[END_REF] have synthesized a Cu2ZnSnS4 (CZTS)-based gas sensor incorporated by polyoxometalate (POMs) electron acceptor by hydrothermal method. They confirm that the incorporation of POMs can form a shallow electronic trap, accelerate the electron transfer and enhance the performance of CZTS. Gurav et al [START_REF] Gurav | Cu2ZnSnS4 (CZTS)-based room temperature liquefied petroleum gas (LPG) sensor[END_REF] have invesigated the sensing liquefied petroleum gas (LPG) properties of p-CZTS/n-ZnO heterojunction.

Sampath et al have [START_REF] Sampath | Structural, optical and photocatalytic properties of spray deposited Cu2ZnSnS4 thin films with various S/(Cu+Zn+Sn) ratio[END_REF] studied the structural, optical and photocatalytic properties of spray deposited Cu2ZnSnS4 thin films with various S/(Cu+Zn+Sn) ratio. They founded that the presence of secondary phase significantly affects the photocatalytic performance of CZTS thin films.

In the literature, the structure of the solar cell based CZTS is directly copied from those used in Cu(In,Ga)Se2 (CIGS) technology such as p-type absorber (CZTS) and n-type buffer (ZnS) thin films constituting the heterojunction inserted between two electrodes. CdS thin film is the most buffer layer used in CZTS solar cells [START_REF] Washio | 6% Efficiency Cu2ZnSnS4-based thin film solar cells using oxide precursors by open atmosphere type CVD[END_REF][START_REF] Zhou | Fabrication of Cu2ZnSnS4 screen printed layers for solar cells[END_REF]. However, the toxicity, high cost of cadmium and its relative narrow band gap (around 2.41 eV) [10, 11] are considered obstacles for solar cells application.

For this reason, new semiconductors are studied to replace CdS. Among them, ZnS has attracted great attention as a promising buffer layer for solar cells owing to its tunable and direct band gap (3.65 eV) and earth-abundant elements [START_REF] Wi | Photovoltaic Performance and Interface Behaviors of Cu(In,Ga)Se2 Solar Cells with a SputteredZn(O,S) Buffer Layer by High Temperature Annealing[END_REF][START_REF] Al-Diabat | Growth of ZnS Thin Films using Chemical Spray Pyrolysis Technique[END_REF].

Numerous studies done on the electrical properties of the back contact in solar cells have shown that they strongly influence the solar cell performances. Mo film is the commonly used back contact. However, Mo back contact may be due to the formation of MoS2 at the interface.

Mo/CZTS back contact is associated to a MoS2 layer behaving as a blocking back contact. In this work, the effect of the nature of the metal back contact on the electrical properties of CZTS/ZnS based heterojunction prepared by spray pyrolysis is studied and the originality of this work is that all active layers (absorbing and buffer layers) are deposited by the same system using spray pyrolysis technique. contact layer. FTO coated on glass substrates is used as transparent front contact layer. It admits a sheet resistance in the range of 6-8 Ω square and has a thickness of about 500 nm.

The ZnS buffer layer has been grown on FTO substrates using chemical spray technique at 400°C for 30 min. The solution for ZnS layer was prepared from a solution composed with a mixture of Zinc chloride hexahydrate ZnCl2(6 H2O) (0.1 M) and of thiourea SC(NH2)2 (0.05 M) and has a thickness of 100 nm. The Cu2ZnSnS4 absorbing layer has been synthesized with the chemical spray process using the "Spray Sandwich" technique consisting in the deposition of three successively layers: ZnS/SnS2/Cu2S. The starting solutions were composed of zinc chloride hexahydrate ZnCl2(6 H2O) (0.01 M), tin chloride dihydrate SnCl2(2 H2O) (0.01 M), copper chloride dihydrate CuCl2(2 H2O) (0.04 M), mixed respectively with thiourea SC(NH2)2 (0.01 M) as chemical precursors. The CZTS thin films were obtained by spraying three solutions, starting by the deposition of the solution containing a ZnS, the following solution contains a SnS2 and the last solution contains Cu2S respectively at 420°C, 400°C and 300°C of the substrate temperature. The solutions were sprayed at the rate of 2ml/min. All chemicals were purchased from Sigma-Aldrich. The CZTS thin film has a thickness of 800 nm. The scheme of the heterostructure and cross-sectional micrograph of the solar cell based CZTS are given in Fig. 1.

Three metals are tested as back contact namely gold (Au), platinum (Pt) and silver (Ag).

All back contacts were deposited by direct current magnetron sputtering. Three different contacts (Pt, Ag, and Au) using masks are deposited successively of the top surface of the device (as shown in figure 1) in order to have the same heterojunction. The metallic coatings have been deposited by sputtering of metallic targets in pure argon atmosphere. Pulsed DC supplies powered the platinum (Pt, purity 99.95%), or silver (Ag, purity 99.5%) or gold (Au, purity 9.95%) targets mounted on balanced magnetrons, respectively an Advanced Energy Pinacle+ pulsed at a fix frequency of 100 kHz. The reactor was a 90-litre cylinder pumped down with a turbo molecular pumping system allowing a base vacuum of less than 10 -4 Pa before refilling with argon at the convenient pressure. The argon flow rate introduced in the deposition chamber was controlled by a Brooks flowmeter and his value is fixed at 50 sccm. In this condition, the total pressure was 0.5 Pa and was measured using a MKS Baratron Gauge.

The targets, 50 mm in diameter and 3 mm in thickness, are parallel to the substrate-holder and are spaced by 120 mm from each other. Their distance from the substrate holder (DT-S) has been fixed at 60 mm. During the deposition stage, the different substrates have been regularly rotated (20 RPM). The Pt, Au discharge current has been fixed at 0.2 A and 0.1A for Ag target.

The deposition time was 2 minutes for all coatings.

Characterization methods

The thickness of the layers has been determined by modelling the transmittance spectra of the translucent metallic coatings deposited on glass substrate (Scout software) [START_REF]WTheiss Hardware and software for optical spectroscopy[END_REF]. The total transmittance was measured by spectrophotometry with a Shimadzu UV-3600 spectrometer equipped with ISR-3100 integrating sphere (220-2600 nm), standard white board was used for the baseline. It has to be noticed that no effective medium approximations were necessary to obtain a satisfying model (deviation less than 4 10 -4 ) meaning that the metallic coatings were relatively smooth with a good surface coverage. The thicknesses of the Ag, Au and Pt layers are estimated at 50  2 nm, 35  1 nm and 50  1 nm, respectively.

In order to characterize the physical properties of the prepared layers, the layers were also sprayed on the glass substrates. The structure of the films was examined by high-resolution Xray diffraction (XRD, X'pert PRO, Philips) with monochromatic CuKα radiation (λ = 1.541874 Å) at 40 kV and 30 mA in -2 configuration from 10 to 70° with a step of 0.05°. UV-Vis spectrophotometer (Shimadzu UV 3100S) were studied to ascertain the transmittance and reflectance measurements for determining the optical parameters such as the absorption coefficient and the optical band gap energy. The optical absorption coefficient (α) is evaluated from the transmittance (T) and reflectance (R) measurements using the following relation:

𝛼 = ( 1 𝑑 ) × ln( (1 -𝑅) 2 𝑇 )
The optical band gaps are estimated from the extrapolation of linear region of the plots of (αhν)2 versus hν curves. the optical band gap energy (Eg) is obtained according to the Tauc's relation

αhv = A(hv -Eg) n
where α is the absorption in semiconductor, hυ is photon energy, Eg offered the bandgap energy, n depends on the transition probability, it takes the value of ½ or 2 correspondings to indirect and direct bandgaps, respectively

The electrical properties were studied using current voltage (I-V) characteristic in the dark with a sourcemeter Keithley 2400. and (220) planes of the cubic phase, respectively (JCPDS Card no. 05-0566) with a space group F-43m. Furthermore, in addition to the ZnS phases, the presence of ZnO phase is noticed. As shown in Fig. 4, the plane (101) of hexagonal wurtzite ZnO structure is clearly visible. This is related to the fact that the preparation of the layers by spray is done in air and in aqueous solution which do not sufficiently prevent from the oxidation of the as-grown layer [21].

ZnS buffer layer properties

The ZnS film exhibits a medium transmittance value in the visible (~ 30-35 %) and a relatively high transparency (> 80 %) in the near infrared region for wavelength higher than 1400 nm (figure 5a). From the transmittance spectrum, the optical band gap energy of the ZnS thin film has been estimated using the Tauc plot method. The band gap energy value is 3.3 eV (Figure 5b).

ZnS film deposited has a band gap equal to 3.34eV, which is narrower than ZnS pure. This gap value has been found by several authors [START_REF] Deepa | Highly transparent ZnS buffer layer prepared by ultrasonic spray pyrolysis for photovoltaic applications[END_REF][START_REF] Ke | Effect of temperature on structural and optical properties of ZnS thin films by chemical bath deposition without stirring the reaction bath[END_REF] and who have shown that: more the temperature of the substrate increase, more the gap energy is lower than of pure ZnS [START_REF] Ke | Effect of temperature on structural and optical properties of ZnS thin films by chemical bath deposition without stirring the reaction bath[END_REF]. ZnO thin film has a gap energy of around 3.2eV [START_REF] Mondal | Effect of Al doping on microstructure and optical band gap of ZnO thin film synthesized by successive ion layer adsorption and reaction[END_REF]. Thus, more the layer interacts with oxygen, there is a formation of the ZnO phase and the energy of the gap is lower than of pure ZnS. This may explain the presence of the ZnO phase in the X-ray diffraction spectrum obtained. The optical band gap of CZTS film was calculated from the linear extrapolation plot of (h) 2 vs h with the h-axis (Fig. 7). The value is closed to 1.48 eV, which seems consistent with the ideal CZTS thin film for solar cells application. 

CZTS absorbing layer properties

Operating electronical characteristics of the solar cell devices

The metal/semiconductor heterojunctions prepared with different back contacts were investigated using the current-voltage (I-V) characteristic in the dark. The current-voltage (I-V) characteristics device yields to important information about junction parameters such as series resistance (Rs), diode ideality factor (n) and saturation current (Is).

Fig. 8 shows the current-voltage curves of the FTO/ZnS/CZTS/M, with M = Au, Ag or Pt, solar cells in the dark. It is clear that no noticeable difference between the three characteristics can be observed. All heterostructures exhibit a rectifying behavior meaning that the barrier potential formed by the contact of the metal and semiconductor is high enough to not conduct the current in both directions. Theory of thermionic emission was used to express this behaviour. According to this theory, the current is expressed by the following equation:

𝐼 = 𝐼 0 [exp ( 𝑞𝑉 𝑛𝑘𝑇 ) -1] (Eq. 1)
Where I is the measured current intensity in A, V is the applied voltage in V, I0 is the saturation current (A), k is the Boltzmann constant (J. K -1 ), q is the elementary electric charge (C), n is the ideality factor and T is the absolute temperature in K. The ideality factor n is given by the following equation:

𝑛 = 𝑞 𝑘𝑇 ( 𝑑𝑉 𝑑(𝑙𝑛𝐼) ) (Eq. 2)
The factor is determined from slope of the linear part of forward bias ln(I)-V plot. The plots of forward bias ln(I)-V characteristics of different heterojunction structure are shown in Fig. 9.

According to Sah-Noyce-Shockley theory [28], the ideality factor is closed to 1 if the forward current is dominated by the recombination in the quasi-neutral regions of the p-n junction (far from the p-n contact region), while it would be about 2 for a forward bias current dominated by the recombination in the space charge region (p-n contact region). In table 1 The origin of the large value of n may be due to the metal/CZTS contact. Indeed, when the contact is not ohmic, the heterojunction can be modeled as a series of diodes and resistors in series. According to Shah-Li-Schubert, the ideality factor is the sum of ideality factor of each diode. Al and Ag back contacts can be used to form Schottky contact with CZTS, contrary to Au, which can have ohmic contact with CZTS.

The series resistance Rs is very important parameter in the performance of the solar cell. Indeed, a too high series resistance considerably reduces the form factor and consequently decreases the efficiency of the cell. The series resistances were calculated from I-V curve at high bias, their values are in the order of Ω, as reported in 

Conclusion

In this study, CZTS/ZnS based heterojunctions were produced by thermal spray pyrolysis technique. Three different back metal contact (Pt, Au and Ag) were deposited on the absorbing layer by magnetron sputtering. Three different solar cells according to the metal nature of the back contact were tested to investigate its influence on the device electronic properties in order to find an alternative of the commonly used Molybdenum.

The devices electronical characterization exhibits a rectifying behavior. The electrical parameters prove that the Au metal can be efficiently used as back contact for CZTS based heterojunction solar cells as an alternative to Mo.

Indeed

  Scragg et al. [14] recommended reexamining the choice of molybdenum at CZTSSe|Mo. Patel and Ray [15] numerically simulated the current-voltage (I-V) characteristics of a Al:ZnO/i-ZnO/CdS/CZTSSe/BC solar cell trying to find the optimum BC (back contact) which would give the best cell performances. In this context, three different metals (Au, Pt and Ag) are tested as back contact instead of commonly used Mo.
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 123 Fig.1 Heterostructure and cross-sectional of the solar cell based CZTS
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 4 Fig.4shows the X-ray diffractogram of the ZnS thin film deposited on glass substrate. The ZnS film crystallizes in both cubic and hexagonal structures. The hexagonal structure is marked by the presence of diffraction lines at 11.31° and 46.48°, which are assigned to (0007) and (1023) planes according to the JCPDS file (83-2336) with a space group P3m1. The cubic phase is observed by the presence of diffraction lines at 28.46° and 47.55° corresponding to the (111)
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 45 Fig.4 X-ray diffractogram of ZnS thin film synthesized by spray pyrolysis

Fig. 6

 6 Fig.6 shows the X-ray diffractogram of Cu2ZnSnS4 (CZTS) thin films deposited by spray sandwich technique on glass substrate. It can be seen three diffraction peaks at 2= 28.52°, 47.53° and 56.38° which are attributed to the kesterite Cu2ZnSnS4 thin films (JCPDS00-026-0575), space group I-42m. The three peaks correspond to the (112), (220) and (312) planes of Cu2ZnSnS4 structure, respectively, with the direction [112] as preferential orientation. It is noteworthy that no other peak related to any secondary phase are observed, despite rather oxidizing spray conditions, which is in agreement with the previously published structural results [25].
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 6 Fig.6 X-ray diffractogram of CZTS thin film by spray pyrolysis
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 7 Fig. 7 Plot of (αhν) 2 versus photon energy (hν) of CZTS thin film

Fig. 8 I

 8 Fig.8 I-V characteristics of different CZTS/ZnS heterojunctions prepared with different back contact metals.

  are reported the calculated values of the ideality factor, in addition to the series resistance and to the saturation current. As it can be seen, the ideality factors calculated in the realized heterojunctions are depending on the nature of the used metal contact. They are respectively equal to 1.6, 2.4 and 2.8 for Au, Pt and Ag contact, probably meaning that the forward bias current would be mainly controlled by the charge carrier recombination in the space charge region formed by the p-n contact which exhibits an electric field. It can be observed that the lowest value of ideality factor is obtained using Au as metal contact. This result is in agreement with that found by Boutebakh et al[START_REF] Boutebakh | Electrical properties and back contact study of CZTS/ZnS heterojunction[END_REF]. They observed a similar low value of n obtained with Au back contact, as well as large value of n for the Ag and Al back contacts.

table 1 .

 1 These values can explain the obtained large ideality factor as mentioned above. The resistance series is lower when using Au as back contact. This can be due to the high work function of Au by comparison to other metals. These results are in good agreement with those found by Boutebakh et al[START_REF] Boutebakh | Electrical properties and back contact study of CZTS/ZnS heterojunction[END_REF], where they showed that the Au can be used as an alternative to Mo in CZTS-based heterojunctions.The saturation current is obtained by extrapolating the linear part of the logarithmic plot of equation (Eq.1) to V = 0. The saturation current values for heterojunctions (Au, Pt or Ag back contact) are shown in Table1. It is clear that the heterojunction prepared with Au as back contact has the lowest value. Several authors report that the open circuit voltage in a solar cell is better with a low saturation current.

Table . 1

 . Electrical parameters of heterojunctions prepared with different metal back contact measured in dark: n ideality factor, I0 saturation current and Rs series resistance.

	Heterojunction	Ideality factor n	Series resistance Rs (Ω)	Saturation current
	structure			I0˟(10 -5 A)
	Ag/CZTS/ZnS/FTO	2.8	39	11
	Pt/CZTS/ZnS/FTO	2.4	29	9.5
	Au/CZTS/ZnS/FTO	1.6	25	6.5