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SnS is a potential earth-abundant photovoltaic (PV) material. Employing both theory and

experiment to assess the PV relevant properties of SnS, we clarify on whether SnS has an indirect

or direct band gap and what is the minority carrier effective mass as a function of the film

orientation. SnS has a 1.07 eV indirect band gap with an effective absorption onset located 0.4 eV

higher. The effective mass of minority carrier ranges from 0.5 m0 perpendicular to the van der

Waals layers to 0.2 m0 into the van der Waals layers. The positive characteristics of SnS feature a

desirable p-type carrier concentration due to the easy formation of acceptor-like intrinsic Sn

vacancy defects. Potentially detrimental deep levels due to SnS antisite or S vacancy defects can be

suppressed by suitable adjustment of the growth condition towards S-rich. VC 2012 American

Institute of Physics. [doi:10.1063/1.3675880]

Earth abundancy is considered to be a major criterion

for a photovoltaic (PV) absorber that has a potential not only

to reach the terawatt energy production goal but also sustain

it.1 The achievement of such a goal in the case of two of the

most promising thin-film technologies (i.e., CdTe (Ref. 2)

and Cu(In,Ga)Se2 (Ref. 3)) is under question due to cost and

supply issues of In, Ga, and Te,4 as well as the toxicity and

associated disposal requirements for Cd. Attempts have been

made to replace scarce and expensive indium in Cu(In,Ga)

Se2 (CIGS) by zinc and tin and forming Cu2(ZnSn)(SSe)4
(CZTS),5 in some cases quite successfully.6 However, theo-

retical investigations have revealed several important issues

with CZTS,7 most of which originate from multi-valence of

Sn and narrow stability range of this multicomponent mate-

rial.8,9 Therefore, simpler binary Earth-abundant absorbers

such as SnS,10–13 FeS2,
14 and Cu2�xS (Ref. 15) have recently

experienced a renewed interest in the PV community.

SnS is a potential photovoltaic absorber because of its

high optical absorption above the photon energy threshold of

1.3 eV,10,16 which is close to the optimal band gap.17 SnS

shows further an intrinsic p-type conductivity with carrier

concentrations in the range 1015-1018 cm�3,10,16,18 which is

suitable for PV absorbers. However, SnS-based heterojunc-

tion solar cells have so far achieved rather low efficiency of

below 2%,10 which could be due to an intrinsic material limi-

tation or due to the lack or proper device optimization, e.g.,

the band alignement at the heterojunction between SnS and

the buffer/contact.19 In this letter, we studied the basic PV

relevant properties of SnS both theoretically and experimen-

tally, so as to assess its potential for future PV thin-film tech-

nologies. Our band structure calculation predicts that SnS

has an indirect band gap of 1.07 eV and an effective absorp-

tion threshold for a SnS thin film at 1.4-1.5 eV. While the

carrier effective masses are rather anisotropic due to the lay-

ered structure (see Fig. 1), small calculated electron masses

m\
e¼ 0.1-0.2 m0 should allow good minority carrier trans-

port properties within the layer planes. The defect calcula-

tions suggest that the intrinsic p-type conductivity is due to

the easy formation of Sn vacancies which act as shallow

acceptors. The Sn-on-S antisite defect is a donor and has

potentially detrimental deep defect levels, but can be avoided

under S-rich growth conditions. In light of these findings, we

conclude that there is still considerable potential to improve

SnS-based PV devices.

In order to assess the defect physics of SnS, we per-

formed total-energy defect calculations and effective mass

calculations, all employing projector augmented wave imple-

mentation of the VASP code (Ref. 20) within density functional

theory (DFT) using 72 atom supercells. We tested both local

density approximation (LDA) and the generalized gradient

Approximation (GGA) for the exchange-correlation functional

of DFT, finding that LDA describes the structural and elastic

parameters considerably better than GGA, which is typical for

van der Waals-bonded layered crystal structure.21 The calcu-

lated a-axis lattice constant and the bulk moduli are

(a¼ 11.01 Å and B¼ 41.1GPa) and (a¼ 11.55 Å and

B¼ 20.1GPa) in LDA and GGA, respectively, compared to

experimental values (a¼ 11.2 Å and B¼ 36.6GPa).22 Thus,

we are using here the LDA for all total-energy calculations.

Since some defect formation energies show a considerable de-

pendence on the interlayer distance, we further constrain

a-axis lattice constant to the experimental value. The usual

corrections for finite supercell size effects have been

applied,23 and the defect and carrier concentration have been

determined by solving numerically the self-consistency condi-

tion for defect concentrations and the Fermi level under the

requirement of overall charge neutrality.24 In order to improve

the Sn and S chemical potentials which enter the evaluation of

the defect formation energy, we used the fitted elemental ref-

erence energy method of Ref. 25, considering Sn-S phases
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SnS, SnS2, Sn2S3. The latter phases are considered to define

the growth condition together with the calculated heat of for-

mation of SnS DHf¼DlSnþDlS: S-rich (DlS¼�0.27 eV,

DlSn¼�0.93 eV) and Sn-rich (DlS¼�1.2 eV, DlSn¼ 0 eV).

The band structure, effective masses, and optical spectrum

were determined for the experimental lattice parameters on a

4 � 15 � 14k-point grid using the GW method derived from

many body perturbation theory and implemented as of

Ref. 26, and the method of Ref. 27 for the calculation of the

dielectric function including electron-hole interaction (exci-

tonic effects). For the GW calculations, we employ a scheme

that consistently predicts accurate band gaps over a wider

range of II-VI and III-V semiconductors.28 The GW quasipar-

ticle energy shifts relative to the underlying GGA calculations

are approximately uniform throughout the Brillouin zone and

increase the band gap by 0.32 eV without changing the loca-

tion of the band edges in reciprocal space. For the excitonic

effects, we used a constant screening factor 1/e1 for the

electron-hole exchange, where e1¼ 13 is the calculated

dielectric constant.

SnS thin films of 200-400 nm thickness were prepared

by pulsed laser deposition (PLD) from a sulfur-rich Sn-S tar-

get (S/Sn¼ 1.5-2.0) using 1 J/cm2 laser beam (248 nm) oper-

ating at 3-10Hz. The temperature of fused silica (a-SiO2)

substrates positioned in an ultra-high vacuum chamber

(10�9Torr base pressure–10�3Torr of Ar) at 5 cm distance

from the target was varied between 300 �C and 500 �C. The

composition, structure, optical, and transport properties of

the films were studied by electron-probe microanalysis

(EPMA), x-ray diffraction (XRD), optical absorption spec-

troscopy, and Van der Pauw Hall effect measurements,

respectively. We also note that the depositions results were

reproducible over the time scale of more than 1 yr and over

different PLD system operators.

The SnS thin films grown on a-SiO2 have preferential

(100) orientations indicated by dominance of (H00) XRD

peaks in the h-scan and confirmed by the results of v-scan

through the (131) peak. Thus, the van der Waals bonded SnS

layers are stacked parallel to the substrate, which can be con-

sidered either beneficial (chemically inactive surface) or det-

rimental (mechanical instability) to PV applications of this

material. The Sn/S ratio of the thin films was determined to

be close to unity within measurement error of EPMA.

According to our GW calculation, SnS has an indirect

band gap of 1.07 eV, in agreement with early characteriza-

tions,18 but contrasting common perceptions that SnS is a

direct gap semiconductor.10,16,19 Fig. 1 shows the band struc-

ture along different high symmetry directions. The effective

masses of holes along a,b, and c axes (mh
a¼ 1.5 m0,

mh
b¼ 0.21 m0, and mh

c¼ 0.33 m0) are anisotropic, with the

largest effective mass perpendicular to van der Waals planes,

as observed experimentally.18 Our predicted electron masses

(me
a¼ 0.5 m0, m

e
b¼ 0.13 m0, and me

c¼ 0.2 m0) are smaller

and less anisotropic than the holes masses. While the

in-plane masses m\
e¼ 0.1-0.2 m0 are slightly larger but

comparable with other PV absorbers like GaAs, CdTe, or

Cu(In,Ga)Se2, the out-of-plane mass mjj
e¼ 0.5 m0 is signifi-

cantly larger, suggesting that minority carrier transport in

SnS is hindered by the preferential (100) growth direction of

polycrystalline thin-films.

In indirect semiconductors, the weak phonon assisted

absorption requires a considerable thickness of the material

for complete absorption (for example, the typical absorber

thickness of c-Si solar cells is �200 lm). In the present SnS

thin-films of less than 1lm thickness, the absorption is

dominated by direct allowed optical transitions, which were

considered for calculation of the theoretical absorption spec-

trum. As shown in Fig. 2, the calculated absorption reprodu-

ces the measured spectrum very well when excitonic effects

are included. For solar cell applications with a typical film

thickness of 1lm, the absorption coefficient needs to be

about 2-3 � 104 cm�1 for complete photon absorption, which

is achieved at photon energy above about 1.5 eV. Thus, there

is an offset of about 0.4 eV between the effective absorption

FIG. 1. (Color online) Calculated band

structure of SnS along C-X (along a-axis),

C-Y (along b-axis), and C-Z (along c-axis).

Large red dots represent valence band maxi-

mum and conduction band minimum. Crys-

tal structure of SnS: small yellow spheres

represent S atoms, while large grey spheres

represent Sn atoms.

FIG. 2. (Color online) Measured (light red) and calculated (dark blue) absorp-

tion spectra of SnS, with (solid) and without (dashed) excitonic effects.
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threshold and the band gap, which is considerably larger

than in direct-gap absorbers, typically �0.1 eV in GaAs,

CdTe, or CuInSe2.
29 This offset is undesirable because the

energy difference is lost to thermalization of electrons and

holes.

As shown in Fig. 3, out of the 6 basic intrinsic defects in

SnS (2 vacancies, 2 antisites, and 2 interstitials), 3 have a

sufficiently small formation enthalpy to significantly affect

the electrical properties. The tin vacancy (VSn) acts as a shal-

low acceptor and is mainly responsible for the p-type con-

ductivity of SnS. In the Sn-rich limit, the sulfur vacancy (VS)

has lower formation enthalpy than VSn, but it does not signif-

icantly compensate the p-type conductivity due to VSn,

because the ultra-deep transition level (2þ/0) of VS lies very

close to the valence band maximum and, therefore, does not

compensate the holes produced by VSn. In the 2þ state of VS,

there occurs an interesting atomic relaxation effect, where

one Sn atom undergoes a relaxation long the a-axis into the

interlayer space. Such relaxation effects are the main reason

for the above mentioned sensitivity to interlayer spacing.

The increased nearest neighbor distance and depleted s-like

partial charge of the relaxing Sn atom can be attributed to a

change into the þIV oxidation state, similar to observations

made for Cu2ZnSnS4.
7 Similarly to Cu(In,Ga)Se2,

30 the S va-

cancy in SnS has negatively charged states inside the band

gap which could act as electron traps. Moreover, (2þ/0) tran-

sition of VS is significantly less deep than in Cu(In,Ga)Se2
and could potentially act as detrimental deep gap states such

as Sn-on-S antisite (SnS) which has a low formation energy

and deep transition levels. Those defects can, however, be

avoided by using S-rich conditions defined by the phase

coexistence between SnS and Sn2S3, under which its forma-

tion energy is considerably increased (see Fig. 3). Since, in

practice, it will be desirable to avoid the coexistence of sec-

ondary S-rich phases like Sn2S3 or SnS2, it is advisable to

adjust the growth not too much towards S-rich conditions, so

that these phases remain suppressed.

Fig. 4 shows the calculated and measured hole concen-

trations at room temperature as a function of the growth tem-

perature. The theoretical carrier density is maximal under the

S-rich condition and minimal under the Sn-rich condition,

and increases with increasing growth temperature. The meas-

ured carrier density spans about the same range p

� 1014–1017 cm�3. The lowest achieved experimental hole

concentration (3� 1014 cm�3 at 500 �C deposition tempera-

ture) is somewhat smaller than the values typically reported

in literature (1015–1018 cm�3).10,16,18 Reported hole concen-

tration values and corresponding error bars were determined

from measurements performed on many samples deposited

under varying Ar pressure, repetition rate, target-substrate

distance, and cooling rate deposition parameters that deter-

mine kinetics of the growth. Small error bars for the deposi-

tions above 300 �C substrate temperature suggest that the

film growth in this temperature region is governed by ther-

modynamics rather than kinetics, and thus, resulting carrier

concentrations can be compared to theoretical predictions for

the thermodynamic equilibrium conditions. Compared to the

theory result, we observe the opposite trend with increasing

growth temperature, which can be attributed to the fact that

higher temperatures lead to increasingly sulfur poor growth

conditions due to high volatility of sulfur. Loss of sulfur in

pulsed laser deposition is a quite common phenomenon

observed for sulfides31 and sulfur-based mixed-anion com-

pounds.32 We further measured reasonably large Hall mobili-

ties (between 4 and 16 cm2/Vs) for the motion of holes

within the plane of SnS layers. Due to the large predicted

effective mass in the perpendicular direction (see above),

however, the hole mobility must be expected to be smaller in

this direction by about a factor of three, assuming constant

scattering time.

Based on the present theoretical and experimental study,

we suggest that SnS has some potential as an inexpensive,

earth-abundant absorber material. Disadvantages are the

indirect nature of the band gap and the relatively large carrier

effective masses due to the layered crystal structure. On the

positive side are the intrinsic p-type doping at desirable con-

centrations due to VSn defects and the absence of detrimental

deep centers when grown under suitable conditions.
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FIG. 3. (Color online) Calculated defect formation enthalpies for intrinsic

defects in S-rich (left panel) and Sn-rich (right panel) limits in SnS.
FIG. 4. (Color online) Measured (blue squares) and calculated (red lines)

hole concentrations between the limiting Sn-rich and S-rich growth

conditions.
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