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Introduction

In recent years, kesterite (Cu2ZnSn(S,Se)4, CZTSSe) semiconductors have attracted increasing attention because they own nontoxic and earth-abundant contents, outstanding absorption coefficient (>10 4 cm -1 ), appropriate optical band gap (1.0-1.5 eV), and high theoretical efficiency (32%-34%). [1][2][3][4][5][6] Thus, they have great potential to replace Cu(In,Ga)Se2 (CIGS) and CdTe solar cells. Numerous studies have shown that the fabrication of CZTS absorption layer can be achieved using various vacuum and nonvacuum technologies. The vacuum preparation method has the advantages of accurately controlling the film thickness, less elemental impurities, and feasible largearea production. Currently, the commonly used vacuum methods include sputtering, [7- 10] evaporation, [11][12][13][14] and pulsed laser deposition. [15][16][17] For example, Yan et al. obtained 11.01% efficient Cu2ZnSnS4 solar cells via co-sputtering Cu/ZnS/SnS materials with the heterojunction heat treatment. [18] Li et al. achieved Cu2ZnSnSe4 solar cells with 11.95% efficiency fabricated by sputtering a Cu-Zn-Sn-Se quaternary compound target. [9] Nevertheless, to date, CZTSSe solar cells with the highest power conversion efficiency (12.6%) was performed using a hydrazine-based pure solution approach. [19] Compared with the vacuum preparation method, the solution method has received an increasing interest for the following reasons: (1) low cost, (2) few element volatilization,

(3) simple experimental apparatus, (4) easily adjusted proportion of elements in the film, and (5) uniform mixing of elements in the solution, thereby reducing secondary phases. [2,4] For the solution method, the selection of tin ions (including Sn 2+ and Sn 4+ ) is extremely vital in the precursor solution. Many groups used precursor solutions containing Sn 2+ prepared by SnCl2•2H2O to fabricate CZTS precursor films. [20][21][22][23][24] Generally, the preparation of Sn 2+ solution can be performed in air environment, and the obtained precursor films have good compactness. However, this solution formula is faced with the problem of film cracking, which requires additives, such as monoethanolamine (MEA) and triethanolamine (TEA), to improve the viscosity, stability, and reactivity of solution. [25] Thus, the adhesion between the solution and substrate is enhanced, and the cracking of film is greatly inhibited. Although adding additives provides these benefits, the CZTS precursor films inevitably contain more organic impurities, such as carbon and oxygen, resulting in severe degradation of device performance. Hence, Sn 4+ is introduced. Xin et al. obtained 12.4% efficiency of CZTSSe solar cells via Sn 4+ with a record low Voc-def of 0.297 V. They revealed two different grain growth mechanisms of Sn 2+ and Sn 4+ precursor films; thus, the opencircuit voltage deficit remarkably differs. Compared with Sn 2+ precursor films, Sn 4+ precursor films own direct phase transformation grain growth mechanism in the selenization process, which can avoid SnSe2 secondary phases and greatly suppress the formation of detrimental deep defects. [26,27] However, anhydrous SnCl4 was used as tin source for preparing Sn 4+ precursor films. Precursor solution preparation in the glove box is necessary, to greatly increase the complexity of experimental operation given the volatile nature of anhydrous SnCl4.

We used SnCl4•5H2O powder to replace anhydrous SnCl4 to prepare Sn 4+ precursor solution in air environment, considering all these factors. However, the quality of the obtained absorption layer was not improved, and the devices became inefficient due to many holes. In view of the good compactness of the precursor film fabricated by Sn 2+ , we mixed two different precursor solutions containing Sn 2+ and Sn 4+ as the final precursor solution, and the effects of the ratio of Sn 4+ to Sn 2+ precursor solutions on the performance of CZTSSe thin films and devices were systematically investigated. We have not only simplified the experiments, but also rendered a feasible scheme to obtain denser precursor films and avoid film cracking. Finally, we found that a 1:1 ratio of Sn 4+ to Sn 2+ presented better performance by taking full advantage of Sn 2+ and Sn 4+ , and the best efficiency of 11.1% was obtained.

Results and Discussion

Figure 1a shows the X-ray diffraction (XRD) patterns of CZTSSe thin films with different ratios of Sn 4+ to Sn 2+ , corresponding to 1:0, 2:1, 1:1, 1:2, and 0:1. It should be noted that the ratio of Sn 4+ to Sn 2+ indicates the mole ratio of SnCl4•5H2O (Sn 4+ ) to SnCl2•2H2O (Sn 2+ ) in the precursor solution, rather than the ratio of Sn 4+ to Sn 2+ in the solution after reaction. The definition (the ratio of Sn 4+ to Sn 2+ ) strictly followed throughout this work. The diffraction peaks of the characteristic (110) planes of Mo substrate were located at 2θ = 40.4°, whose signals were weak due to thicker CZTSSe absorption layers or MoSe2 layers. Three major diffraction peaks of (112), (204), and (312) of CZTSSe could be easily observed, and especially (112) crystal planes showed strong and sharp characteristics, indicating the high crystalline nature of CZTSSe thin films. [27,28] At the same time, the variation of the full width at half maximum (FWHM) of (112) plane for CZTSSe samples with diverse ratios of Sn 4+ to Sn 2+ is presented in the inset image of Figure 1a. The FWHM of the CZTSSe thin film, whose ratio of Sn 4+ to Sn 2+ was 1:1, was the smallest, suggesting that the thin film has the best crystallinity under this ratio. [22] This finding may be on account of the smallest contact angle of the precursor solution with 1:1 of Sn 4+ to Sn 2+ on the Mo substrate at 7.1°, and the two other contact angles were 7.9° and 8.6°, corresponding to the pure Sn 4+ and Sn 2+ precursor solutions, respectively (Figure S1). The surface free energy can be calculated using the liquid contact angle by the Young-Dupre equation, as follows:

𝑊 = 𝛾(1 + 𝑐𝑜𝑠𝜃) ( 1 
)
where w is the surface free energy (N/m), γ is the surface tension of liquid, and θ is the contact angle. [29] An inverse relationship is found between the value of the liquid contact angle and the surface free energy. If the contact angle θ is smaller, then the surface free energy is larger. The higher surface free energy indicates better wetting of hydrophilic materials; this condition is conducive to the growth of the precursor films and the reduction of stress. [30][31][32] The specific values of the grain size were discussed in detail in AFM characterization. In addition, other CZTSSe peaks were located between the peaks of the standard kesterite Cu2ZnSnSe4 and Cu2ZnSnS4 phases, according to JCPDS standard card CZTSe No. 052-0868 and CZTS No. 026-0575. The XRD patterns showed no additional peaks of secondary phases for CZTSSe thin films with different ratios of Sn 4+ to Sn 2+ .

On the basis of the XRD pattern analysis, Raman spectroscopy measurement was further performed to more accurately identify the secondary phases in the CZTSSe semiconductor, such as Cu2Sn(S,Se)3, Zn(S,Se), Sn(S,Se), and Sn(S,Se)2. As shown in Figure 1b, one significant main peak at approximately 207 cm -1 corresponded to the A1 vibration mode of CZTSe, originating from the vibration of selenium atoms surrounded by other atoms in the lattice. Moreover, the Raman peak of 330 cm -1 can be ascribed to the A vibration mode of CZTS, and the frequency of A mode mainly depends on the sulfur atom vibration. These vibration modes are the bimodal behavior of Cu2ZnSn(S,Se)4 alloy. The minor peaks at approximately 180 and 243 cm -1 can correspond to B and E modes of CZTSSe, respectively. [33] In summary, combining the results of XRD and Raman characterization, no redundant secondary phases could be detected in the CZTSSe thin films prepared by mixing two different precursor solutions with Sn 4+ and Sn 2+ . (with a 1:2 ratio of Sn 4+ to Sn 2+ ) was effective in obtaining more compact selenized film.

The cross-sectional morphologies of CZTSSe devices with different ratios of Sn 4+ to Sn 2+ were presented in Figures 2(a3-e3). All devices presented a three-layer sandwich structure that the middle fine-grained layer was sandwiched between the top and bottom large grains. Regardless of the CZTSSe crystalline structure, fine grains were inevitable in most cases and may be derived from high carbon residual. [21] In these three demonstrated the benefits of direct phase transformation grain growth mechanism of Sn 4+ film, that is, this growth mechanism can avoid SnSe2 secondary phases and greatly suppress the formation of detrimental deep defects. [27] For device C with 1:1 of Sn 4+ to Sn 2+ , the two ions were "neck and neck" in the mixed precursor solution. Hence, device C took full advantage of Sn 2+ and Sn 4+ and formed preferable thin film by analyzing the cross section. Meanwhile, the back contact layer of MoSe2 could be observed in all devices whose thickness varied from approximately 300-500 nm. In CZTSSe solar cells, the MoSe2 layer with appropriate thickness is beneficial to enhancing the adhesion between the layers, forming ohmic back contact. Otherwise, layer separation of thin films and an increase in series resistance would be induced by too thick MoSe2. nm. When the ratios of Sn 4+ to Sn 2+ was 1:0 and 0:1, the average roughness was 91.46 and 99.26 nm. According to the literature, [30,[33][34][35][36][37] the rough CZTSSe films have a comparatively high number of defects in the heterojunction region, which acts as an interfacial recombination center. The smaller roughness indicates the better film surface quality of absorption layer, which is beneficial for the growth of the much better and more uniform CdS film with the same chemical bath deposition (CBD) process,

showing superior heterojunction quality. [30,38,39] The interfacial defect concentration decreases, and the interface recombination has been effectively suppressed. Furthermore, high concentration defects could produce undesirable band tail effect and limit the lifetime of minority carriers. [6,19,26,40,41] Short-circuit current density of solar cells with five ratios, apart from 0:1, was comparable. Apparently, the devices with pure Sn 2+ had unsatisfactory performance in all photovoltaic parameters owing to the film cracking. The external quantum efficiency (EQE) was also measured to obtain the optical response of CZTSSe devices, as shown in Figure 5c with corresponding integrated JSC.

Device C clearly exhibited a higher optical response over the entire wavelength range (from 300 nm to 1200 nm), indicating that device C had better carrier collection efficiency than devices A and E, and a lower recombination of photon-generated carriers was in the CZTSSe bulk and at the interface between the absorption layer and Mo substrate. [22,23] EQE was over 90% in the wavelength range from 525 nm to 690 nm for device C. Furthermore, the band gap of CZTSSe absorber in these devices was of the devices from the inverse of the slope for the linear portion below the bandgap; [23] the values were 28.49, 26.14, and 28.94 meV for devices A, C, and E, respectively.

Minimal Eu was obtained for device C, demonstrating a reduction in band tail effect. current density (J0) were calculated according to the general single exponential diode equation, [42,43] as follows:

𝐽 = 𝐽 0 exp [ 𝑞 𝐴𝑘𝑇 (𝑉 -𝑅𝐽)] + 𝐺𝑉 -𝐽 𝐿 ( 2 
)
where JL is light current density. The shunt conductance G values, 1.2 and 0.5 mS/cm 2 , were obtained by making a tangent to the flat region under reverse bias, where it intersects the Y-axis in Figure 6b. The series resistance R is the intercept of Y-axis, and the diode ideality factor A, which is the most important sign to measure the quality of p-n junction, could be calculated from the slope of AkT/q in the plot of dV/dJ against (J+JSC) -1 (Figure 6c). The R and A of device A were 1.86 Ω cm 2 and 2.59, respectively.

High A (A>2) value reveals serious Shockley-Read-Hall recombination (depletion region) of device A, which may be from the high defect concentrations on/near the absorber surface. [27] On the contrary, the values decreased to 0.84 Ω cm 2 and 1.88 for device C, suggesting better p-n junction quality and improved interface recombination.

The decrease in the series resistance may contribute to the increased FF. The reverse saturation current density J0 was deduced from the Y-intercept ln 𝐽 0 by plotting ln(J+Jsc-GV) against V-RJ (Figure 6d), which was 4.25×10 -2 and 9.13×10 In addition, the charge densities in the CZTSSe absorption layers of devices A and C

were probed by the capacitance-voltage (C-V) and drive level capacitance profiling (DLCP) measurements, and the relevant results are shown in Figure 7a and Table 1.

According to literature, [7,24,44] NCV includes bulk defects, interfacial defects, and free carriers, and NDL comprises bulk defects and free carriers. Therefore, the difference between NCV and NDLCP (NCV-NDL) at zero bias reflects the defect states at the CZTSSe/CdS interface, i.e., the interfacial defect density. The plots of NCV and NDL against x present two phenomena, as follows: (1) the NCV and NDL of device C were less than those of device A; (2) the depletion width of device C was wider than that of device A. These findings are valid because the CZTSSe devices with high charge density generally correspond to narrow depletion width, which is consistent with previous reports. [24] Specifically, the values of NDL for devices A and C were 1.22 × 10 16 and 6.36 × 10 15 cm -3 , respectively, and the free carrier concentrations should be similar because their absorption layers own similar chemical compositions with the same stoichiometric ratio of the solution. [27] Hence, more deep-level defects were in device A, which was analyzed in the subsequent DLTS results. Furthermore, the interfacial defect densities of devices A and C were 3.57 × 10 15 and 1.39 × 10 15 , respectively, in virtue of NCV-NDL (NIT). The reduction of NIT (at zero bias) indicated the decrease in interface traps. Thus, the interface recombination and device performance degradation induced by surface states were suppressed. This finding also dovetailed effectively with SEM images (Figure 2); device C presented better film quality in the surface or cross section of CZTSSe absorber. The depletion region is equivalent to an insulating layer, where the mobile charge carriers have diffused away, and it is beneficial to separate electron-hole pairs with the wider depletion layer, which is closely related to the conductivity of charge carriers. [24,45,46] Table 1. Summary of the results derived from C-V and DLCP measurements. 2. The defect activation energy extracted from the Arrhenius plot is the energy difference between the valence band edge and the defect level. [47] Generally, the acceptor defect with Ea in the range of 0.1-0.2 eV can be ascribed to CuZn antisite defects and that of 0.25-0.42 eV can be assigned to the CuSn antisite defect on the basis of theoretical calculation with respect to the defects of kesterite CZTSSe solar cells. [48][49][50] Therefore, the defects with Ea of 0.108 and 0.168 eV corresponded to CuZn antisite defect, and those with Ea of 0.318 and 0.393 eV corresponded to CuSn antisite defect via analyzing the defect activation energy and the defect formation energy. On the contrary, device C had lower trap activation energy, indicating that device C has shallower defect level. Figure 7d demonstrates that the positions of the defect that Ea1 and Ea2 in devices A and C are relative to the valence band maximum (VBM). [51][52][53] In addition, device C obtained a relatively faster emission rate, according to the following formula of the emission rate of carrier:

𝑅 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝜎𝜐𝑁𝑒𝑥𝑝(- 𝐸 𝑎 𝑘𝑇 ) (3) 
where σ is the carrier capture cross section, υ is the mean thermal velocity, and N is the effective density of state; thus, carrier recombination could be alleviated. [54] Table 2 The concentration of CuZn and CuSn antisite defects has been effectively inhibited in device C. In particular, the NT of CuZn defect in device C was one order of magnitude lower than that in device A, which was 2.64×10 13 and 6.05×10 Therefore, the open-circuit voltage and fill factor are limited. [47,51] Meanwhile, one point that should not be neglected is that the acceptor defect CuZn can unite donor defects, such as ZnCu and SnZn, to form CuZn+ZnCu, CuZn+SnZn, and 2CuZn+SnZn defect clusters. [55] Accordingly, the reduction of CuZn defects could inhibit the formation of these defect clusters, which may alleviate band tail effect, band gap and electrostatic potential fluctuations. As a result, VOC increases due to the few recombination of carriers. [52,53] Therefore, device A performed worse than device C under the condition of the comparable short-circuit current density. In addition, the very deep defect with Ea3 of 0.691 eV may be Vsn, whose concentration is in the order of 10 11 , which is far below the usual defects to be negligible. 

Conclusion

Anhydrous SnCl4 was substituted with SnCl4•5H2O powder to prepare Sn 4+ precursor solution in air environment for the first time. Then, the proportion of Sn 4+ and Sn 2+ in the solution was controlled by mixing two different precursor solutions containing Sn 2+ and Sn 4+ as the final precursor solution. In addition, the influence of different ratios of Sn 4+ to Sn 2+ on the morphology of the films was further systematically studied. We not only simplified the experiments, but also rendered a feasible scheme to obtain denser precursor film and avoid film cracking. Combining XRD, surface SEM images of the CZTSSe thin films, and cross-sectional images of corresponding devices, we found that a more uniformly compact and noncracking CZTSSe thin film could be obtained by taking full advantage of Sn 2+ and Sn 4+ when the ratio of Sn 4+ to Sn 2+ was 1:1. The interface recombination of the devices with 1:1 of Sn 4+ to Sn 2+ was effectively suppressed according to C-V and DLCP analyses because of the better quality of absorbers. The DLTS results show that the concentrations of deep-level defects were also reduced. Especially, the concentration of CuZn antisite defects was decreased by an order of magnitude, and thus the carrier recombination and band tail effect were improved, thereby significantly elevating the open-circuit voltage and the filling factor.

Hence, the photoelectric conversion efficiency of 11.1% for kesterite CZTSSe thin film solar cells was obtained. Although the film morphology made by 1:1 is the best among the five ratios, it is still not the most ideal absorption layer morphology, namely, single-layer CZTSSe crystals. Thus, the interface defects and deep-level defects have been insufficiently decreased. The ideal CZTSSe absorption layer can be obtained by exploring a better precursor solution formula or improving other processes to achieve higher device efficiency.

Experimental Section

Preparation of CZTS Precursor Solution

The Sn 4+ in the solution were obtained by uniformly mixing the precursor solutions containing Sn 4+ and Sn 2+ in different proportions.

Fabrication of CZTSSe Thin Film

The CZTSSe precursor films were deposited on molybdenum (Mo)-coated soda-lime glass (Mo-SLG) substrates via spin coating method, and spin coating was repeated 10 times with 3000 rpm for 20 s followed by preheating at 280 °C for 2 min on a hot plate in air. Subsequently, the annealing process was adopted for precursor thin films under selenium atmosphere to obtain CZTSSe thin films. The CZTS precursor films together with selenium granules were placed into a sealed graphite box, annealed at 555 °C for 15 min in pure Argon flow with different heating-up process in a rapid thermal processing furnace, and then cooled down naturally with the furnace. The quartz tube containing the sample and selenium granules was purged three times by Argon prior to selenization.

Device Fabrication

Cadmium sulfide buffer layer with approximately 60 nm thickness was deposited on The scanning temperature was from 90 K to 330 K. The reverse bias (VR), pulse voltage (Vp), and pulse width were set to -0.3 V, 0.2 V, and 10 ms, respectively.

Figure 1 .

 1 Figure 1. XRD patterns (a) and Raman spectra (b) of the CZTSSe thin films obtained

Figure 2

 2 Figure2shows the surface scanning electron microscope (SEM) images of the

  -layer structures, grain size and density varied considerably. With the increase of Sn 2+ concentration, the top grain size increased significantly. Compared with devices C, D and E, the CZTSSe crystals of devices A and B showed a more loosely stacked structure with many holes due to more Sn 4+ in the precursor solution. The performance of solar cells would be poor because more grain boundaries and voids lead to severe recombination of photon-generated carriers. The larger top grains and denser middle fine-grained and bottom large grain layers of device E with pure Sn 2+ precursor solution were obtained contrary to the loose and porous structure of device A with pure Sn 4+ solution. This finding indicates the positive effects of Sn 2+ on forming more compact thin films after selenization. However, device E had a large hole in the absorber. Few large holes may form in some cracked areas during selenization due to the initial precursor film cracking. The cross-sectional image of the champion device C exhibited the densest absorption layer with the least voids. The grain size of fine crystallized layer was larger than those of other devices; it was vital to the device performance. Sn 2+ plays an important role in influencing the compactness of the selenized films. Xin et al.

Figure 2 .

 2 Figure 2. The surface SEM images of CZTSSe thin films (a1-e1, a2-e2) obtained from

Figure 3 .

 3 Figure 3. a-c) AFM topography images of CZTSSe thin films corresponding to 1:0, 1:1,

Figure 4 .

 4 Figure 4. The statistical distribution of the device photovoltaic parameters including a)

  determined by plotting d(-ln(1-EQE)) versus dE. According to Figure 5d, the band-gap value of devices A and C was approximately 1.2 eV and approximately 1.25 eV for device E. Figures 5e and 5f show the Urbach tail model to characterize the variation in the band tail states. The ln(-ln(1-EQE)) versus energy plot extracted the Urbanch energy

Figure 5 .

 5 Figure 5. a) J-V curves of the champion CZTSSe solar cell (device C) measured in the

  -4 mA/cm 2 for devices A and C, respectively. A smaller reverse saturation current density indicates better unilateral conductivity of the diode and closer to the ideal transistor. In summary, device C had superior diode performance parameters to device A, indicating improved heterojunction quality of CdS/CZTSSe.

Figure 6 .

 6 Figure 6. Electrical behaviors of the representative devices A and C with 1:0 and 1:1

Device NCV [cm - 3 ]

 3 Figure 7b. The two peaks in one curve (device C) and three peaks in another curve

Figure 7 .

 7 Figure 7. a) The C-V and DLCP profiles of devices A and C; b) C-DLTS signals of

selenized

  CZTSSe thin films by using chemical bath deposition (CBD). The CBD solution contained CdSO4 (0.015 M, 20 mL), thiourea (0.75 M, 20 mL), ammonia (14.8 M, 20 mL), and deionized water (140 mL). The CBD process was maintained for 9 min at 80 °C. Then, the ITO thin films were directly sputtered on CdS/CZTSSe/Mo/glass by RF magnetron sputtering under suitable O2/Ar ratio atmosphere (O2/Ar ≈ 2%) at 100 W working power and 0.4 Pa working pressure for 25 min. Subsequently, the top contact Ag electrodes were deposited on the ITO by thermal evaporation. Finally, the CZTSSe thin film solar cells (Ag/ITO/CdS/CZTSSe/Mo/glass) were fabricated, the area of which was 0.16 cm 2 by mechanical scribing.

Figure 8 .

 8 Figure 8. Schematic illustration of the fabrication process of CZTSSe thin film solar

  . Defect properties of devices A and C measured by C-DLTS.

	Device	Peak	Temperature	Activation energy	trap conc.	Possible
			[K]	Ea [eV]	NT [cm -3 ]	defect
	Device-A	Peak 1	193	0.168	6.05×10 14	CuZn
		Peak 2	243	0.393	2.86×10 12	CuSn
		Peak 3	298	0.691	4.10×10 11	VSn
	Device-C	Peak 1	116	0.108	2.64×10 13	CuZn
		Peak 2	297	0.318	1.68×10 12	CuSn

  and Sn 2+ precursor solutions were prepared by dissolving CuCl,

	Zn(CH3COO)2•2H2O, SnCl4•5H2O, and SC(NH2)2 and Cu(CH3COO)2•H2O, ZnCl2,
	SnCl2•2H2O, and SC(NH2)2 into 2-Methoxyethanol, respectively, then stirring them at
	60 °C for approximately 1 hour to obtain a dark yellow solution. The ratios of
	Cu/(Zn+Sn) and Zn/Sn in the solution were 0.775 and 1.2, respectively. The precursor
	solution was diluted to half of its original concentration, and the ratios of Sn 4+ and Sn 2+
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