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Over 12% efficient kesterite solar cell via back interface engineering

Introduction

The kesterite Cu2ZnSn(S,Se)4 (CZTSSe) thin film solar cells have attracted considerable interest as potential alternatives for the high-efficiency solar devices such as Cu(In,Ga)Se2 (CIGS) and CdTe thin-film solar cells. This material family enjoys its compelling features of optimal band gap (Eg), remarkable absorption coefficients (>10 4 cm -1 ), abundant and nontoxic elements, and thermodynamically stable structure [1][2][3]. However, the highest CZTSSe solar cell efficiency is only 13.5% up to now, which is stagnated compared to those of CIGS (23.35%) and CdTe (22.1%) [4]. The major bottleneck restricting the development of kesterite-based CZTSSe is the large open-circuit voltage deficit (VOC-def) and the low fill factor (FF), which mainly attributes to the unfavorable absorber and interface quality [5][6][7]. Back interface engineering is one of the important directions to obtain absorber and interface with high quality. This is because the poor back interface leads to decomposition reactions, which form secondary phases and voids that seriously deteriorate the quality of the absorber and interface [8,9]. Thermodynamic calculations show that CZTSSe readily decomposes into secondary phase [such as Zn(S,Se), Sn(S,Se) and Cu2(S,Se)] and forms thick Mo(S,Se)2 layers and voids during the selenization at high temperature [10,11].

Cu2ZnSn(S,Se)4+Mo→Cu2(S,Se)+Zn(S,Se)+Sn(S,Se)+Mo(S,Se)2 (1) Typically, the nucleation process of CZTSSe begins at the surface due to the relatively high selenium partial pressure during selenization. However, relevant studies show that the Mo back electrode plays a vital role in inducing the bottom nucleation of absorber, so crystal growth occurs simultaneously at the surface and back interfaces. This bidirectional grain growth process results in a typical double layer structure with poor crystallinity, resulting in a short diffusion length of minority carrier in CZTSSe devices [12,13]. In addition, the over thick Mo(S,Se)2 at the back interface is another serious problem commonly existing in kesterite devices prepared by spin-coating and selenization process. Too thick Mo(S,Se)2 at the back interface can significantly reduce the thickness of Mo back electrode, worsen the electrical contact between absorber and electrode, and all of this increase the series resistance (Rs) and the contact barrier height (ΦB) at back interface [14][15][16]. One of the effective methods to solve the problem of poor absorber crystallization and thick Mo(S,Se)2 is to introduce an intermediate layer between CZTSSe and Mo to control the harmful back interface reaction. For example, and diluted to half of the original concentration to obtain precursor solution. The detailed fabrication process for precursor solution can be seen in our previous work [15].

Device fabrication

WO3 films with thickness of 10, 15 and 20 nm were evaporated on Mo-coated soda-lime glass substrate by using TEMD500 evaporator. CZTSSe precursor films were prepared by spin-coating. The spin-coating step was repeated ten times with 3000 r min -1 for twenty seconds.

Then the precursor film was preheated at 280 °C for 2 min. The CZTSSe precursor film was put into a square graphite box and selenized at 555 °C for 15 min in Ar gas in arapid thermal processing (RTP) chamber to form CZTSSe absorber film. Afterwards, 50-80 nm CdS buffer layer was deposited on the absorber by chemical bath deposition method. Then ITO window was sputtered on CdS by magnetron sputtering under suitable O2/Ar ratio (O2/Ar ≈ 2%) atmosphere. Finally, the Ag electrode (70 nm) and MgF2 antireflection layer (100 nm) were deposited onto the ITO (The active area of each device is 0.135 cm 2 ).

Characterization

The morphology of CZTSSe films was obtained by SEM (SUPRA 55). Illuminated and dark J-V characterizations were measured by a Keithley 2400 SourceMeter and a Zolix SS150 solar simulator (100 mW cm -2 , 25 °C , AM 1.5 G). Atomic force microscopy (AFM) was carried out by DimensionIcon atomic force microscopy system from BrukerInc. Capacitance-voltage (C-V) and drive-level capacitance profiling (DLCP) were tested by a Keithley 4200A-SCS system with JANIS cryogenic platform. Admittance characterization was obtained by using a Lakeshore 325 temperature controller and the device was cooled with liquid nitrogen. Steady state photoluminescence (PL) and time-resolve photoluminescence (TRPL) were performed using time correlated single photon counting (TCSPC) (FluoTime 300, PicoQuant Gmbh).

Temperature-dependent dark J-V (J-V-T) measurement was carried out using a Lakeshore 325 temperature controller and Keithley 4200A-SCS system. External quantum efficiency (EQE)

was carried out by a Zolix solar cell QE/IPCE measurement system (Solar Cell Scan 100). The reflection spectrum data were analyzed by UV-3600Plus UV-VIS-NIR (SHIMADZU) spectrophotometer.

Results and Discussions

The thickness of WO3 films was set as 10, 15 and 20 nm, respectively. For clarity, CZTSSe absorbers with 0, 10, 15 and 20 nm WO3 intermediate layer were defined as W0, W10, W15

and W20, respectively. The morphology was observed by SEM of the absorbers with different WO3 intermediate layer thickness. For W0 absorber, the microstructures of CZTSSe films exhibited a large amount of voids (Fig. 1a). The introduction of WO3 intermediate layer in

CZTSSe/Mo substantially facilitated the grain growth and the film densification. The SEM measurement shows that the selenized CZTSSe absorber has a typical double-layer structure, in which the upper layer is large grain layer and the lower layer is fine grain layer (Fig. 1e-h).

Fine grain layers were usually due to unwanted impurity residue of organic solvents and inadequate selenization, and it will degrade cell efficiency [20]. A thick Mo(S,Se)2 is presented between absorber and back electrode, which has been observed in previous studies [21,22]. With the increase of WO3 layer thickness, the thickness of large grain layer of CZTSSe absorber increased gradually and fine grain layer decreased. In addition, compared with W0 sample, the to form good back interface contact. The ideality factor (A) and reverse saturation current density (J0) values of W15 device were the lowest, indicating the lower recombination of depletion region and absorber, and the improved heterojunction quality [5,26]. Besides, compared with the W0, the W15 showed lager shunt resistance (Rsh) and small series resistance (Rs) (Table 1), which contributed to the increased FF [27,28]. In this work, the only difference for W0 and with W15 device was the existence of WO3 intermediate layer, while other film preparation and device fabrication process were the same. Therefore, the improvement must be due to the optimization of the back interface. (Fig. 3a W00, Fig. 3b W150). When the W0 film selenized at 555 °C for 300 s, larger grains appear at both the surface of the film and back interface and grow bilaterally (identified as blue crystal of W0300 in Fig. 3c). Fig. 3(a) shows the presence of crystals on the film surface accompanied by numerous voids when the W0 film selenized at 555 °C for 300 s. As the selenization time is prolonged, the grain size gradually increases and crystal grows from both the top and bottom of CZTSSe film simultaneously (W0600 in Fig. 3a). SEM images show that the thin film has a typical double-layer structure. Once the two layers come into contact, the competition for maturity begins. It is obvious that the fine grain layer at the bottom can be merged by the top large grain layer, but with the extension of selenization time, this merging behavior cannot continue indefinitely [12]. The direct result of compositive competition between the top and bottom layers is that the absorber has large voids with low surface coverage rate, because compositive competition greatly restricts the lateral growth of the top layer crystals (Fig. 3a W0900). It can be seen from Fig. 3(c) (W0900) that the thickness of the upper large grains of W0 is about 650 nm and there are lots of voids on the surface and in the middle of the absorber. In the case of W15, when the selenization time was 300s, grains appeared on the upper surface of W15 film only (Fig. 3b,W15300). The SEM image of the cross section proved that no nucleation reaction occurred at the back interface at this time (blue crystal of W15300 in Fig. 3d). This indicates that the presence of WO3 intermediate layer inhibits the grain growth at the back interface at the initial selenization stage. The crystal size increases with the extension of selenization time, and the large grain layer of W15 absorber is about 1.1 micron, and the crystals are closely bonded without obvious voids (Fig. 2d W15900). Besides, as shown in the orange part of Fig. 3(c, andd), the Mo(S,Se)2 thickness at back interface gradually increases with the extension of selenization time, while the Mo(S,Se)2 thickness of W15 sample at each stage is significantly thinner than that of W0. We hypothesized that the significant improvement in the absorber crystallization and the decrease in Mo(S,Se)2 were due to the presence of WO3 intermediate layer, which inhibited the reaction between the absorber and Mo at the back interface during selenization, as shown in Fig. 3(e). The nucleation process starts from the CZTSSe surface due to the relatively high partial pressure of selenium on the surface.

Besides, the small holes and cracks in the amorphous precursor film can facilitate Se penetrating the film. In the W0 case, where the precursor film is in direct contact with the Mo back electrode, reactions (1) can occur due to its negative Gibbs Energy at high temperature and high pressure during the selenization process [29]. This reaction can lead precursor film decomposes into some secondary phases [Cu2(S,Se), Zn(S,Se), Sn(S,Se)] and the formation of MoSe2 [10,13,30].

Then the Cu2(S,Se) compound reacts with Sn(S,Se) to form Cu2Sn(S,Se)3; and Cu2Sn(S,Se)3 reacts with Zn(S, Se) to form Cu2ZnSn(S,Se)4. Liquid-phase Cu-SSe can lead to liquidassisted grain growth, so the formation of Cu2(S,Se) at the back interface could induce and promote back interface crystallization [31,32]. The reactions of the above two steps are shown below [29,33].

Cu2(S,Se)+Sn(S,Se)→Cu2Sn(S,Se)3

Cu2Sn(S,Se)3+Zn(S,Se)→Cu2ZnSn(S,Se)4

Hence, the W0 film initial nucleation occurs at the surface and the back interface of the absorber. With prolonged selenization time, the top and bottom crystal nucleus grow together and generate compositional competition. Compositive competition between multilayers will inevitably lead to compositional non-uniformity during grain growth. For the W15 film, nucleation starts from the CZTSSe surface in the initial stage of selenization. The Se vapor diffuses to the back interface through the small holes and cracks in the precursor film, but the WO3 intermediate layer blocks the contact between precursor and Mo, inhibiting the progress of reaction (1). The existence of WO3 inhibits the formation of the Cu2(S,Se), Zn(S,Se) and Sn(S,Se) at the back interface. The absence of these secondary phases, especially Cu2(S,Se), prevents reactions ( 2) and (3) from proceeding. The existence of WO3 intermediate layer inhibits the grain growth at the CZTSSe/Mo interface of W15 film, the CZTSSe is formed from the top of W15 and its formation mechanism can be described as a top-to-down course.

Therefore, the composition competition of double-layer grains is eased. The thickness of the upper large grain layer increases as the upper large grain layer merges with the bottom fine grain layer. With the extension of selenization time, the unidirectional crystal growth eventually forms the crystal structure with good crystallinity and compact grain arrangement. Besides, the form of Mo(S,Se)2 was mainly limited by Se vapor diffusion in the absorber, which is the ratedetermining step of Mo(S,Se)2 layer formation [11]. The grain boundary (GB) of the absorber provides a pathway for the diffusion of selenium vapor, since GB diffusion of selenium vapor is more dominant than bulk diffusion. It is obvious that the crystallinity of W0 film is worse than that of W15 film, with more grain boundaries and holes. These grain boundaries and holes provide more favorable pathways for se vapor diffusion to the back interface, resulting in over thick Mo(S,Se)2 of W0 sample. The topography was further studied by AFM (Fig. S2). The surface of W15 film is smoother and has a smaller root-mean-square (RMS) roughness (40.2 nm) than that of the W0 film (53.0 nm). The same results were obtained by linear scanning of the surface roughness of the two films (Fig. S2c). The grain size and height distribution of W15 films were more uniform.

Larger surface roughness results in incomplete coverage of CdS on the absorption, thus increasing the shunt path between window layer and absorber [6,34]. The smooth surface of W15 film is beneficial to improving the quality of heterojunction and reducing the carriers recombination at heterojunction interface so that decrease both the dark current and interface states [35].

To evaluate the defect density of CZTSSe absorbers and recombination properties of the devices, C-V and DLCP measurements were conducted. The profiles obtained by C-V and DLCP were shown in Fig. 4(a) and Table 2. For the devices without and with WO3 intermediate layers, the charge densities (NDL, including free carriers and defects) calculated by DLCP measurement were 1.61×10 16 cm -3 and 8.70×10 15 cm -3 respectively. In CZTSSe, the free carriers are usually provided by shallowaccepter defects, such as VCu, which is determined mostly by the composition of CZTSSe. Therefore, the decrease in charge densities (NDL) may be due to a reduction in defects with deep level, such as CuZn, which will be discussed in detail later [36]. In addition, the profiles show that the measured depletion width of W15 device (0.192 μm) is significantly higher than that of W0 device (0.111 μm). The larger depletion width is beneficial to the collection and separation of photogenerated carriers [28]. Compared with W0 device (340 mV), the built-in potential (Vbi) of W15 device is increased to 561 mV (Fig. S3).

Larger Vbi can form an enhanced built-in electric field, which reduces charge accumulation at the heterojunction and thus increases VOC [37,38]. In general, C-V is more sensitive to interface defects than DLCP, CV response (NCV) includes the contribution of free carriers, bulk defects and interface defects, while DLCP results (NDL) only reflect the correspond of free carriers and bulk defects, thus the difference between them is the interface defect density of the device [3,39].

The interface defects density for W15 CZTSSe device (1.38×10 15 cm -3 ) was lower than that of W0 device (5.56×10 15 cm -3 ), confirming much less defective surface of W15 absorber. This may be attributed to the fact that the absorber of W15 with improved crystallinity proved by AFM has a smoother surface, which can obtain better heterojunction quality and reduce the interface defect density. The decrease of interface defects density means that the recombination and performance degradation caused by the surface state has been suppressed. To further determine the defect character of CZTSSe absorber with and without WO3 layer, AS measurements were performed on the W0 and W15 devices. The capacitance-frequency (C-f) spectra from 10 2 to 10 6 Hz in the temperature range of 300-120 K are shown in Fig. 4(b andc). The high-frequency capacitance response obtained by admittance mainly caused by free carrier density, while the low-frequency capacitance represents the response caused by free carrier and deep traps [40,41]. The capacitance of W0 showed a larger variation in the low frequency region compared with W15 device (Fig. 4b andc). The capacitance of W0 device changes more obviously in the low-frequency region than that of W15 device. This significant frequency dependence of capacitance in W0 indicates higher defect density in the absorber [39] The angular frequency corresponding to the maximum of the peak in the -fdC/df plot yields the inflection point ω0 [42]. We constructed an Arrhenius plot of ln(ω0/T 2 ) vs. 1000/T for W0 and W15 device, shown in Fig. 4(d). The Arrhenius plot was constructed using the following equation:

𝜔 0 = 2𝜋𝑣 0 𝑇 2 𝑒 -𝐸 𝑎 𝑘𝑇 ( 4 
)
where Ea is the electronic state level of defect, 𝑣 0 is the emission factor [39,40]. The trap energy levels of W0 and W15 were calculated to be 119 meV and 94 meV, respectively. Firstprinciple calculations suggest that the activation energies of the deep acceptor level of CuZn are 100-120 meV [42,43]. The W0 defects with Ea of 119 meV and the W15 defects with Ea of 94 meV can be assigned as CuZn. The W15 device has a lower Ea value, which means a higher hole emissivity and a lower effective recombination center concentration [28]. Therefore, the WO3 intermediate layer between Mo and CZTSSe could suppress carrier recombination effectively.

The defect spectra are shown in Fig. 4(e andf). The calculation formula was as follows:

𝐸 (𝜔) = 𝑘𝑇𝑙𝑛( 2𝜋𝑣 0 𝑇 2 𝜔 ) (5) 
𝑁 𝑡 (𝐸 (𝜔) ) = - 𝑉 𝑏𝑖 𝑊 𝑑 • 𝑑𝐶 𝑑𝜔 • 𝜔 𝑘𝑇 (6) 
The line composed of pentagons is a Gaussian fit of the corresponding defect energy levels [40]. Notably, the Nt of CuZn (Nt =7.43×10 15 cm -3 ) in W15 is lower than the Nt of CuZn (Nt=1.07 ×10 16 cm -3 ) defects in W0, which contributes to the low free carrier density. This is consistent with the decreased charge density from C-V and DLCP measurement. Lower and shallower acceptor defects could effectively reduce the non-radiative recombination of the interface by reducing the carrier density of the absorber and increasing the interface hole lifetime [44,45].

In brief, the reduced Nt and Ea of acceptor defects induced by the introduction of WO3 intermediate layer at CZTSSe/Mo interface may significantly improve the carrier collection efficiency and may also greatly contribute to the increase of VOC by reducing non-radiative interface recombination. The decrease of both defect activation energy and defect density revealing the great advantage of the transition from double layer to single layer formation mechanism in fabricating high quality kesterite-based material.

To further clarify the low FF associated with the high Rs we measured the J-V-T. J-V-T plots were measured in 180-300 K in dark condition for devices without and with WO3 intermediate layer. The devices Rs and back contact diode barrier heights can be estimated from the J-V-T [46,47]. In Fig. 5(c), from 300 to 180 K, Rs of W0 increased as much as 4 times, while Rs of W15 increased only 2 times. The existence of the blocking contact barrier ΦB at the back interface may be one of the reasons for the divergent behavior of series resistance at low temperature. This barrier may occurr at the CZTSSe and Mo interfaces and suppress the transport of majority carrier holes. At lower temperature, the back contact diode term will dominate, by replotting the data as ln(RsT) versus 1/T (Fig. 5d), compared with W0 (265 meV), W15 has a lower ΦB (94 meV), suggesting a small barrier in W15 device, which may be related to the thin Mo(S,Se)2. Obviously, W0 device showed a higher barrier and therefore had larger series resistance compared to W15 device. The exist of this Schottky barrier results in the crossover behavior of the light and dark J-V curves besides double diode performance (Fig. 5e) [48]. This crossover behavior occurs at lower current of the W0 device, corresponding to the higher barrier height in the device. In conclusion, the WO3 intermediate layer significantly reduces Mo(S,Se)2 thickness and the height of contact barrier in the back contact region, and ultimately improves the transport of holes in CZTSSe devices. In addition, J-V-T measurement is one of the most useful methods to determine the main composite paths in CZTSSe devices by plotting the relationship between Aln(J0) and 1/kT, as shown in Fig. 5(f) [47]. The Aln(J0) versus 1/kT data yield a straight line and extrapolate to activation energy of interface recombination (EA) at the temperature of 0 K. The estimated EA for the W0 device is 0.86 eV while that for the W15 device is 1.04 eV. The Eg of CZTSSe films is 1.15 eV for both W0 and W15 cases which determined by the EQE analysis (Fig. S4).

The EA value of W0 was significantly lower than Eg, indicating that the recombination mechanism of W0 was greatly affected by interface recombination, which also limited VOC at room temperature. The EA value of W15 was close to Eg, indicating that the introduction of WO3 intermediate layer could passivate the interface recombination significantly, which is attributed to better P-N junction quality and lower back contact barrier.

Further, to investigate the charge carrier recombination behavior and charge carrier dynamics in CZTSSe films, PL and TRPL were conducted in Fig. S5(a) and (b), respectively.

The PL signal of W15 device is significantly increased due to the decrease of non-radiative recombination, which further promotes the increase of VOC of W15 device [49]. The decay time measured by TRPL of W15 device (2.05 ns) is much larger than that of W0 device (0.71 ns).

The prolongation of carrier lifetime also indicates that WO3 layer can significantly inhibit the non-radiative recombination of CZTSSe films, which may be related to improved crystallinity and decreased trap density of CZTSSe films [42].

The EQE and reflection (R) spectra of W0 and W15 sample are shown in Fig. 6(a andb).

It can be seen that in the long wavelength range, the EQE response of W15 device reflects better carrier collection efficiency than that of W0 device, confirming higher JSC [50]. This improvement can be related to better crystal quality, longer carrier lifetime and decreased Mo(S,Se)2 thickness, which also contribute to FF improvement. WO3 intermediate layer reduces Mo(S,Se)2 thickness and voids in W15 absorber, thus the recombination of back interface is reduced and the carrier collection ability is improved. The Eg was determined by plotting d(-ln(1-EQE)) vs. dE (Fig. S3) [51,52]. Eg of W0 and W15 sample was 1.15 eV, and the presence of WO3 layer does not change the band gap. In addition, the calculated JSC from EQE were 35.04 and 36.14 mA cm -2 , which was in good agreement with the J-V results. We have performed minority carrier diffusion length (Ld) measurement by the biasdependent EQE (Fig. S6), C-V (Fig. S7), and reflectance measurements [53,54]. The calculation formula was as follows:

IQE(λ, V) = EQE(λ,V) 1-R(λ) (7) 
where EQE(λ,V) is measured as function of wavelength (λ) and voltage bias (V), R(λ) is determined by the reflectivity as function of wavelength, Wd(V) (the voltage dependence of the Wd) is deduced from the separate C-V measurement (Fig. S8). Then using the Wd(V), the Wd dependence of IQE at each λ is obtained [IQE(λ,V)→IQE(λ,Wd)]. The array of IQE(λ,Wd) data fits into the analytical expression given by Eq.( 8) to extract the Ld and the absorption coefficient (α) at each λ: Wd is most obvious, as shown in Fig. 6(c andd) for both samples. The minority carrier diffusion length of absorber estimated from the Fig. 6(c and d) were 0.8 µm for W0 and 1.2 µm for W15, and this may be one of the reasons for the increase of VOC. The fine grain layer obstructs charge transport in the absorber, and defects provide various pathways of charge recombination at GB, on the surfaces and/or in the interface between these layers. Therefore, the thinning of fine grain layer is beneficial to the increase of carrier diffusion length. Besides, the calculation results

IQE(𝜆, 𝑊 d ) = 1 - exp (-𝛼(𝜆)𝑊 d ) 1+𝛼(𝜆)𝐿 d (8) 
show that the exist of WO3 intermediate layer increases the minority carrier diffusion length from 0.8 to 1.2 μm, which is consistent with the SEM measurement showing that the thickness of large grain layer increases from 650 to 1100 nm. The results show that the W15 device has better carrier collection efficiency. Moreover, the back interface recombination is highly dependent on the carrier diffusion length, the increase of minority carrier diffusion length is beneficial to reducing back interface recombination [55]. 

  large voids in the middle of CZTSSe film with WO3 layer are almost invisible. Besides, it can be clearly seen from Fig. 1(h) that the Mo(S,Se)2 thickness decreases radically from 690 to 400 nm after the insertion of 20 nm WO3 at the back interface. These results confirm that the WO3 intermediate layer does increase the crystal size, improve the crystallization of CZTSSe and reduce the Mo(S,Se)2 formation.
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 7 Fig. 7. The band diagrams of (a) W0 and (b) W15 CZTSSe devices.

  Cui et al. deposited 20 nm Ag on Mo electrode to improve CZTS/Mo contact and achieved a device efficiency of 4.42% [17]; Shin et al. used the TiN diffusion barrier and demonstrated 8.9% efficiency CZTSe solar cells with a improved carriers lifetime [18]; Meng et al. obtained 11.68% efficiency in preparing high quality CZTSSe single-layer crystals by introducing MoO3isolating layer[12]. By introducing WO3 intermediate layer at back interface, Yao et al. contact of CZTSSe with back electrode. Hence, the decomposition of CZTSSe and the formation of Mo(S,Se)2 were inhibited, which was beneficial to obtaining good absorber crystallinity and better back contact, significantly increased the minority carriers diffusion length and reduced the back interface contact barrier height. Besides, due to the improvement of crystal growth process, the dense absorber with good crystallization has a smoother surface, which makes better contact quality of CZTSSe/CdS interface and lower interface defect density. This method not only improves interface and bulk carrier transportation, but also reduces the deep accepter defect density, resulting in suppressed non-radiative

	2. Experimental Section
	2.1. Formation of Precursor Solutions
	For Sn 4+ precursor solution, CuCl, Zn(CH3COO)2• 2H2O, SnCl4• 5H2O and SC(NH2)2 were
	dissolved in 2-methoxyethanol, and for Sn 2+ precursor solution, Cu(CH3COO)2•H 2O, ZnCl2,
	SnCl2• 2H2O and SC(NH2)2 were dissolved in 2-methoxyethanol. The precursor solutions were
	stirred at 60 °C for one hour to get a deep yellow solution. The ratio of Cu/(Zn+Sn) was 0.775
	and the ratio of Zn/Sn was 1.2. Then Sn 4+ and Sn 2+ precursor solutions were evenly mixed 1:1

obtained CZTSSe devices with thin Mo(S,Se)2 and good absorber crystallinity, demonstrating the potential of WO3 intermediate layer to obtain high performance CZTSSe device

[19]

.

However, although the experimental study has proved the positive effect of the WO3 intermediate layer on effectively inhibiting the interface decomposition reaction, the essence of the interaction between the WO3 intermediate layer and the fundamental mechanism of efficiency improvement has not been fully revealed and needs further study. More importantly, the effect of the WO3 intermediate layer on the grain growth mechanism of the absorber, the formation of Mo(S,Se)2, the minority carriers diffusion length and the contact barrier at the back interface have not been fully studied. Hence, the effect of WO3 intermediate layer on CZTSSe absorber needs to be re-investigated to provide guidance to improve the grain growth mechanism of CZTSSe absorber, suppress the carrier recombination of CZTSSe absorber and enhance CZTSSe device performance.

Herein, a WO3 intermediate layer was introduced to solve the problem of poor crystallinity quality of CZTSSe absorber and the unfavorable front and back interface contact, thus the diffusion length of minority carrier is improved, and the contact barrier height is reduced. We systematically investigated the effects of WO3 intermediate layer on the microstructure, electrical and defects property of CZTSSe for the first time. The WO3 intermediate layer initially prevents direct recombination. Our handy and convenient strategy achieved a CZTSSe device efficiency of 12.66% (the total-area efficiency is 12.1%) with significant reduction in VOC-def. We claim that this back interface engineering provides a straightforward and economical method for manufacturing highly efficient CZTSSe devices. At the same time, this study is helpful to further understand the deep reasons for CZTSSe device efficiency improvement.

Table 1

 1 

[23][24][25]

.

The W0 device without WO3 achieved PCE of 10.87% with VOC of 483 mV, JSC of 36.2 mA cm -2 and FF of 62.75%. The best CZTSSe solar cell was obtained with optimized WO3 thickness of 15 nm (W15), demonstrating a PCE of 12.66%, with VOC of 524 mV, JSC of 37.46 mA cm -2 , and FF of 65.12%. When WO3 layer (W20) was too thick, the average performance was decreased (11.54%), which is probably because the WO3 intermediate layer was too thick

Table 1 .

 1 Devices parameters of W0-W20.

		JSC	VOC	FF	PCE	J0	Rs	Rsh
						A		VOC-def
		(mA cm -2 )	(mV)	(%)	(%)	(mA cm -2 )	(Ω•cm 2 )	(Ω•cm 2 )
	W0	36.20	0.483	62.75	10.87	6.58×10 -3 2.96 1.13	638 0.422
		(35.85±1.31)	(0.488±0.08)	(63.12±2.32)	(10.82±0.04)		
	W10	36.49	0.502	64.44	11.73	2.22×10 -4 1.83 1.02	862 0.403
		(37.19±1.49)	(0.506±0.09)	(63.60±1.86)	(11.69±0.03)		
	W15	37.46	0.524	65.12	12.66	7.23×10 -5 1.72 0.70	1030 0.381

t indicates the selenization holding time. For example, W15300 stands for W15 film underwent selenization for 300 s. The precursor films of W0 and W15 show similar amorphous structures

Table 2 .

 2 Summary of relevant parameters of AFM, C-V, DLCP and TRPL measurements.

RMS (nm) NCV (

cm -3 ) NDL (cm -3 ) Interface state response (relative values) Vbi (mV) Wd (µm ) τ (ns) Ld (µm )

  

	W0	53.0	2.16×10 16	1.61×10 16	5.56×10 15	340	0.111	0.71	0.8
	W15	40.2	1.00×10 16	8.70×10 15	1.38×10 15	561	0.192	2.05	1.2
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Graphical abstract

The effects of WO3 intermediate layer on the microstructure, electrical and defects properties of CZTSSe films is revealed for the first time, high quality CZTSSe crystal and low back interface contact barrier is obtained.