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Abstract 

SnS is a promising Earth-abundant material for photovoltaic 

applications. Heterojuction solar cells were made by vapor deposition of p–

type tin(II) sulfide, SnS, and n-type zinc oxysulfide, Zn(O,S), using a device 

structure of soda-lime glass/Mo/SnS/Zn(O,S)/ZnO/ITO. A record efficiency 

was achieved for SnS-based thin-film solar cells by varying the oxygen-to-

sulfur ratio in Zn(O,S). Increasing the sulfur content in Zn(O,S) raises the 

conduction band offset between Zn(O,S) and SnS to an optimum slightly 

positive value. A record SnS/Zn(O,S) solar cell with a S/Zn ratio of 0.37 

exhibits short circuit current density (Jsc), open circuit voltage (Voc) and fill 

factor (FF) of 19.4 mA/cm2, 0.244 V and 42.97%, respectively, as well as an 

NREL-certified total-area power-conversion efficiency of 2.04% and an 

uncertified active-area efficiency of 2.46%. 
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The toxicity of Cd and the scarcity of Te, In, and Ga used in CdTe and Cu(In,Ga)S2 

(CIGS) thin-film solar cells have motivated a search for alternative non-toxic, Earth-abundant, 

and inexpensive materials.1 Tin(II) sulfide (SnS) is among the ongoing investigated materials 

such as Cu2O,2 Cu2S,3 FeS2,
4,5 Cu2ZnSn(SxSe1-x)4,

6 and ZnSnP2.
7 SnS has a suitable bandgap (Eg 

~ 1.1 - 1.5 eV),8,9  strong optical absorption (α > 104 cm-1),10 and proper carrier concentration 

([p] ~ 1014 - 1017 cm-3).11 Recently, a record efficiency SnS solar cell of 1.95% (active area) was 

fabricated from p-n homojunction nanowires using boron and phosphorus as dopants.12 In 

addition, SnS-based solar cells have been reported using different n-type partners such as ZnO,13 

CdS,14,15 Cd1−xZnxS,16 SnS2,
17 TiO2,

18 and a-Si.19 So far, the best SnS planar heterojunction 

device was fabricated with SnS/CdS, achieving a power conversion efficiency (η) of 1.3%.14 The 

efficiencies achieved using heterojunctions of SnS with n-type materials other than CdS are 

extremely low (< 0.1%), mainly limited by low short-circuit current density (Jsc < 1.5 mA/cm2). 

This poor Jsc is likely a result of bulk recombination in SnS because of defects, e.g., grain 

boundaries, intrinsic point defects such as sulfur vacancies,11 and/or impurities that arise from 

the preparation methods used to make the films. 

In addition to the quality of SnS, other main contributors to this poor efficiency are 

believed to be an unfavorable conduction-band offset (CBO) and rapid carrier recombination at 

trap states near the interface between SnS and the n-type buffer layer. SnS/CdS forms a type-II 

heterojunction with the CBO (ΔEc = χSnS - χCdS, where χ is electron affinity) of −0.4 eV, which is 

an unfavorable band alignment for making efficient solar cells.20 According to device 

simulations, a large negative CBO gives rise to an increase in the interface recombination, while 

a large positive CBO greater than +0.5 eV creates a barrier in the conduction band that impedes 

the collection of photo-generated electron.21,22  Thus, a small positive CBO is desirable to reduce 
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interface recombination without any loss in photo-current collection.21,22 One of the approaches 

to adjust the CBO is to vary the constituent elements in the semiconductor-alloy buffer layer. For 

example, (Zn,Cd)S,23 (Zn,Mg)O,24 (Zn,Sn)Ox,
25

 and Zn(O,S)26 were used in an attempt to replace 

CdS in CIGS solar cells. In this letter, we present a SnS device with a record power conversion 

efficiency of 2.04% (total area) using Zn(O,S) as an n-type buffer layer, and evaluate the effect 

of CBO on device performance.  

A device structure of soda-lime glass/Mo/SnS/Zn(O,S)/ZnO/ITO was used in this study. 

SnS thin films were deposited on Mo-coated (450 nm) soda-lime glass substrates using a pulsed 

chemical vapor deposition (pulsed-CVD) process from the reaction of bis(N,N’-

diisopropylacetamidinato)tin(II) (Sn(MeC(N-iPr)2)2) and hydrogen sulfide (H2S).27 The sequence 

of one cycle of a pulsed-CVD is composed of (i) injection of tin precursor vapor using N2 

assistance, (ii) injection of H2S gas to mix and react with the tin precursor vapor trapped inside 

the deposition zone for 1 s, and (iii) evacuation of the gas mixture and by-products for 2 s. 

Compared to a conventional atomic layer deposition (ALD) of SnS,27 the pulsed-CVD process 

omits some purge steps, thereby increasing the deposition rate by more than an order of 

magnitude at the cost of some non-uniformity in the film thickness along the length of the reactor. 

The purity and optoelectrical properties of the obtained SnS films are the same as those grown 

from the ALD process reported elsewhere.27 The substrate temperature was set to 200oC. The tin 

precursor source was kept at 95°C. A gas mixture of 4% H2S in N2 (Airgas Inc.) was used as the 

source of sulfur. H2S is a toxic, corrosive, and flammable gas (lower flammable limit of 4%).28 

Thus, it should be handled with caution. An appropriate reactor design for H2S compatibility can 

be found elsewhere.29 The partial pressures of tin precursor and H2S after injecting into the 

deposition zone for each cycle are approximately 100 and 240 mTorr, respectively. Zn(O,S) (25-
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30 nm) and ZnO (10 nm) were prepared by ALD at 120°C from the reaction of diethylzinc 

(Zn(C2H5)2) (Sigma-Aldrich) with deionized water (H2O) and hydrogen sulfide (H2S). To ensure 

the quality of the interface, Zn(O,S) and ZnO layers were deposited immediately after the growth 

of SnS absorber layers without breaking vacuum. Indium tin oxide (ITO) (200 nm) was 

deposited at room temperature by RF magnetron sputtering through a shadow mask to define the 

cell area (0.031 or 0.71 cm2). Additional electron-beam evaporated Al (500 nm) metal grids were 

used for the 0.71 cm2 devices to further reduce the series resistance. 

Device morphology was characterized using field-emission scanning electron microscopy 

(FESEM, Zeiss, Ultra-55). Rutherford backscattering spectrometry (RBS, Ionex 1.7 MV 

Tandetron) was performed to determine the elemental composition of Zn(O,S). The grain 

orientations of SnS films on Mo substrates were examined by X-ray diffraction (XRD, 

PANalytical X’Pert Pro) with Cu Kα radiation (λ = 1.542 Å) using θ-2θ scan. External quantum 

efficiency (EQE) measurements were made at room temperature, using a PV Measurements 

Model QEX7 tool. Transmittance (T) and reflectance (R) measurements were taken on a Hitachi 

U-4100 UV-Vis-NIR Spectrophotometer. Internal quantum efficiency (IQE) was calculated from 

IQE = EQE/(1−R). J-V measurements were made using a Keithley 2400 sourcemeter. The 

standard 1000 W/m2 illumination was generated by a Newport Oriel 91194 solar simulator with a 

1300 W Xe-lamp, an AM1.5G filter, and a Newport Oriel 68951 flux controller calibrated by an 

NREL-certified Si reference cell equipped with a BK-7 window. SunsVoc measurements were 

made using a Suns-Voc-150 Illumination Voltage Tester from Sinton Consulting Inc.30 

To determine the optimum composition of the Zn(O,S) buffer layer for SnS, small 

devices with an active area of 0.031 cm2 were fabricated using 500 nm-thick SnS with Zn(O,S) 

of different oxygen-to-sulfur ratios. By varying the cycle ratio of ZnO to ZnS during the ALD 
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process, the elemental composition of Zn(O,S) can be adjusted.31 ZnO:ZnS cycle ratios of 4:1, 

5.5:1 (which alternates 5:1 and 6:1), 6:1, and 7:1, which correspond to Zn(O,S) of O:S:Zn ratios 

= 0.42:0.73:1, 0.56:0.58:1, 0.64:0.50:1, and 0.72:0.37:1, respectively, were used to fabricate the 

devices. Figure 1 shows current density-voltage (J-V) characteristics under dark and illumination 

(~ 10 mW/cm2) from a microscope halogen lamp (color temperature = 3300 K). This 

illumination condition, although different from the AM1.5 solar spectrum, is sufficient to test for 

junction character. Measured J-V characteristics suggest that for S/Zn > ~0.6, the SnS/Zn(O,S) 

junction exhibits type-I behavior with ΔEc > +0.5 eV, i.e., an energy barrier impedes photo-

generated electron flow, resulting in a very low Jsc. For S/Zn ≤ ~0.5, the devices do not exhibit 

such a carrier collection problem and are thus believed to have ΔEc < +0.5 eV. This trend 

corresponds well with the reported conduction band position of Zn(O,S), which is raised (lower 

χ) when the sulfur concentration in the film increases.32 

After the optimum oxygen-to-sulfur ratios were determined for the Zn(O,S) buffer layer, 

larger-area devices (total area of 0.71 cm2) were fabricated using 1.5 µm-thick SnS absorber 

layers with Zn(O,S) of S/Zn = 0.37 and 0.50. Figure 2 shows cross-sectional and plan-view SEM 

images of a device after Zn(O,S)/ZnO deposition. The SnS surface was covered uniformly by the 

buffer layer even at 25-30 nm thickness because of the conformal coating by ALD. The SnS film 

is columnar and composed of platelet-shaped grains. The observed cross-sectional grain size of 

SnS can be different (arrows in Fig. 2(a)) depending on the cleaving direction with respect to 

these platelet grains. Figure 3(a) displays J-V characteristics of these devices under dark and 

AM1.5 illumination. For S/Zn = 0.50, the device shows Jsc = 9.1 mA/cm2, Voc = 0.28 V, FF = 

29.9%, and η = 0.74%. Surprisingly, unlike the 500 nm-SnS device (Fig. 1), the junction in this 

thicker SnS solar cell shows some signs of a large positive CBO including a dark/light J-V cross-
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over, higher diode voltage (i.e. Voc), small FF, and low Jsc.
33 This CBO discrepancy may be 

because of a variation of the SnS surface condition for different film thicknesses. Figure 3(b) 

shows the XRD spectra of SnS films grown on Mo layers as a function of SnS film thickness. 

The preferred crystal orientation of SnS film clearly shifts from (111) to (101) when the film 

thickness increases from 0.3 to 1.5 µm. Because of the anisotropic nature of the layered SnS 

compound,11,34 such a change in crystallographic orientation can strongly affect the surface 

conduction-band position of SnS, and consequently its CBO with Zn(O,S).  

The internal quantum efficiency (IQE) (Fig. 3(c), solid line) of the 1.5 µm-thick SnS 

devices with Zn(O,S) of S/Zn = 0.37 and 0.50 shows three distinct regions of carrier collection. 

Above 800 nm, the IQE is relatively low and limited by the low absorption coefficient and bulk 

recombination in SnS. The peaks of the IQE derivative (d(IQE)/dE) at 800 and 940 nm (1.55 and 

1.32 eV, respectively) correspond well to the sharp rise in absorption coefficient of SnS27 at 

these two wavelengths. Between 500 and 800 nm, compared to the S/Zn = 0.37 device, a 

significant drop in IQE of the S/Zn = 0.50 device is observed because of the large positive CBO. 

Below 500 nm, the S/Zn = 0.50 composition provides a better carrier collection despite having 

the large conduction-band energy barrier. This improved IQE at smaller wavelength can happen 

from photo-doping in the buffer layer, which results in a downward shift in the conduction band 

and thus reduces the CBO barrier.35 In addition, Zn(O,S) of S/Zn = 0.50 also has a lower 

absorption tail as shown in Fig. 3(d) and thus exhibits a better blue response.  

The S/Zn = 0.37 device (Fig. 3(a)) exhibits the best performance with Jsc = 16.8 mA/cm2, 

Voc = 0.22 V, FF = 47.7%, and η = 1.8%. The same device was characterized independently at 

the National Renewable Energy Laboratory (NREL), exhibiting an improved cell performance of 

Jsc = 19.4 mA/cm2, Voc = 0.244 V, FF = 42.97%, and η = 2.04%, as shown in Fig. 4. We suspect 
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that the discrepancy between NREL and our in-house measurements arises from lower 

illumination of our solar simulator. This device shows the highest recorded and independently 

verified efficiency of a planar SnS-based solar cell to date. This result demonstrates the 

flexibility of Zn(O,S) as an adjustable-CBO buffer layer for different surfaces or materials, 

which cannot be achieved in binary compounds (e.g., CdS, ZnO, ZnS, TiO2, or In2S3). The short-

circuit current density of 19.4 mA/cm2 is significantly higher than all previously reported SnS 

solar cells (9.6 mA/cm2). This result is probably because of a better interface junction with 

Zn(O,S) and/or fewer defects in our SnS films, compared to other previously reported deposition 

techniques. The minority-carrier collection length (defined as depletion width + minority-carrier 

diffusion length) is roughly estimated from the IQE data of S/Zn = 0.37 device fitted with a 

combined space-charge and minority-carrier diffusion length collection model (IQE ≅  1 − 

[exp(−α×W)]/[α×L + 1]), where  is the optical absorption coefficient, L is the minority-carrier 

diffusion length and W is the width of the depletion region), primarily used for absorbers such as 

CIGS and CdTe.36 The fit suggests a minority-carrier collection length range of 0.2-0.4 μm. For 

further improvement, a heat treatment of SnS may be required to increase the grain size and 

reduce defects in the material.  

It is worthwhile to note that additional improvements of FF can be made on current 

devices by optimizing the device structure alone; the Al metal grid used in these devices was too 

thin (500 nm), and the series resistance (estimated to be 6.0 Ω·cm2 from fitted J-V curves) 

notably reduced the FF of the device. Using SunsVoc
30,37 (data not shown), the FF without the 

effect of series resistance is estimated to be 60%. This improvement in FF alone would yield a 

device with a pseudo-efficiency of 2.9%. In addition, the metal contact grid also covered 17% of 

the total cell area and created a significant shadowing loss. Adjusting the NREL-certified 
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efficiency for this shadowing loss, the active-area efficiency is estimated to be 2.46%. The 

addition of an antireflection coating should help reduce the reflectance loss (~15% from 

reflectance measurements). Lastly, lock-in thermography images (not shown) indicate a 

noticeable leakage current around the perimeter of the device, a likely consequence of the lack of 

edge isolation. 

In conclusion, a SnS-based device (total area of 0.71 cm2) comprising a Zn(O,S) buffer 

layer achieved an NREL-certified full-area solar cell efficiency of 2.04%, and an uncertified 

active-area efficiency of 2.46%. The SnS absorber layer was deposited via pulsed-CVD, 

followed by ALD of the buffer layer without breaking vacuum. The optimum oxygen-to-sulfur 

ratio was found to vary depending on the absorber layer thickness (i.e., SnS preferred grain 

orientation), between S/Zn = 0.50 and 0.37 for 500 nm and 1.5 µm, respectively. The versatility 

of Zn(O,S) for CBO tuning was demonstrated, which could be utilized for a systematic study in 

other absorber materials as well. We expect that efficiencies can be further improved by 

optimizing contact geometry (shading losses, series resistance), adding an antireflection coating, 

improving bulk minority carrier diffusion length, reducing absorber thickness, and eliminating 

edge shunting; efficiencies can be improved by an order of magnitude or more, considering the 

Shockley-Queisser efficiency limit for SnS of 32%. 
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FIG. 1. Current density-voltage characteristics of Mo/500 nm-SnS/Zn(O,S)/ZnO/ITO devices at 

different Zn(O,S) compositions (0.35 < S/Zn < 0.75) under dark (dotted line) and ~10 mW/cm2 

illumination (solid line). 
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FIG. 2. SEM images of (a) cross-sectional and (b) plan-view of Mo/SnS/Zn(O,S)/ZnO before top 

contact fabrication, showing a dense and conformal coverage of the Zn(O,S) and ZnO layers 

grown via ALD. 
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FIG. 3. (a) J-V characteristic of 1.5 µm-thick SnS devices with Zn(O,S) of S/Zn = 0.37 and 0.50 

under dark (dotted line) and approximately 1 sun illumination (solid line). (b) XRD spectra of 

SnS at the film thicknesses of 0.3, 0.5, 1.0, and 1.5 µm. The intensity was normalized by the 

(111) peak. (c) IQE (solid line) and EQE (dotted line) of the same devices. The peaks of the IQE 

derivatives in the S/Zn = 0.37 device correspond to the strong absorption edges of SnS at 1.32 

and 1.55 eV. (d) Effective absorption (1−T−R) of 60 nm-thick Zn(O,S) of S/Zn = 0.37 and 0.50.  
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FIG. 4. A champion SnS/Zn(O,S) solar cell with a record efficiency of 2.04% (total area), as 

certified by NREL.  
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