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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,

Dl
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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 the.3(towards)-271.therbe compa3c r366.e8.3(507m4Tm
[(C))-254TTj
0 0 260.24.1 -equilibrium conditions. Compared to the

the.3y result, we observe the opposite trend with increasing
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