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  1. Introduction 

 To achieve cost-effective thin fi lm solar cells for large-scale pro-
duction of solar energy, the absorbing semiconductor material 
used in the device needs to satisfy many requirements. First, 
the constituent elements should be inexpensive, non-toxic, and 
abundant. Second, to obtain high energy conversion effi ciency, 
the material should have appropriate optical and electrical prop-
erties such as a suitable optical band gap, a high optical absorp-
tion coeffi cient, a high quantum yield for the excited carriers, a 
long carrier diffusion length, and a low recombination velocity. 
In this aspect, tin monosulfi de (SnS) satisfi es some of these cri-
teria and thus is a promising candidate as an absorber material 
for solar cell. Its constituent elements (tin and sulfur) are inex-
pensive, environmental friendly, and abundant in nature. This 
feature gives it an advantage over the current best-developed 
thin fi lm photovoltaic (PV) cells made from Cu(In,Ga)(S,Se) 2  
and CdTe, which contain toxic Cd and the rare elements In, Ga, 
Se, and Te. Moreover, the binary compound SnS provides much 
simpler chemistry than multicomponent Cu 2 ZnSn(Se,S) 4 , one 
of the most promising earth-abundant absorber materials, with 
solar conversion effi ciency up to 9.6%. [  1  ]  In addition, SnS has 

proper optical properties for PV applica-
tion; it has an indirect optical band gap 
of 1.0-1.1 eV and a high absorption coef-
fi cient (greater than 10 4  cm  − 1 ) above the 
direct absorption edge at 1.3–1.5 eV. [  2–6  ]  
SnS crystallizes in an orthorhombic unit 
cell, with lattice parameters of  a   =  4.334 Å, 
 b   =  11.200 Å, and  c   =  3.987 Å, [  7  ]  which can 
be viewed as a distorted rocksalt (NaCl) 
structure. It is composed of double SnS 
layers perpendicular to the  b  axis with tin 
and sulfur atoms covalently bonded within 
the layers and weak van der Waals bonds 
between the layers. [  8  ]  The double layer held 
by van der Waals forces in SnS is expected 
to give a chemically inert surface with few 
surface states. [  9  ]  This defect-tolerant sur-
face might reduce the carrier recombina-
tion loss due to defects at p-n junctions 

and at grain boundaries. 
 Despite these promising properties, solar cells based on SnS 

absorbers have not achieved conversion effi ciency higher than 
1.3%, [  3  ]  while theoretically such cells should be able to reach 
24% effi ciency. [  10  ]  This poor performance may be due to defects 
and/or impurities in SnS layers that result from the prepara-
tion methods used to make the fi lms. 

 Tin monosulfi de fi lms have been deposited from various 
techniques, which can be roughly divided into three catego-
ries. The fi rst method involves solution-based techniques such 
as chemical bath deposition (CBD), [  9  ,  11  ]  successive ionic layer 
adsorption and reaction (SILAR), [  12  ,  13  ]  and electrochemical 
deposition (ECD). [  2  ,  5  ,  14  ,  15  ]  A second technique is physical vapor 
deposition from a SnS target such as thermal evaporation, [  16–18  ]  
RF sputtering, [  19  ]  and electron beam evaporation. [  20  ]  The last 
method uses transport by chemical vapors such as chemical 
spray pyrolysis, [  21–23  ]  chemical vapor deposition (CVD), [  6  ,  24–27  ]  
and atomic layer deposition (ALD). [  28  ]  Due to various oxida-
tion states of tin (0,  + 2, and  + 4), traces of other phases (i.e. Sn, 
Sn 2 S 3 , and SnS 2 ) have often been co-deposited into the fi lms as 
reported by several authors. [  2  ,  16  ,  27  ,  29  ]  To prevent the formation of 
Sn 2 S 3  and SnS 2  phases, relatively high deposition temperatures 
are needed in thermal evaporation (above 275  ° C) [  17  ]  and CVD 
(above 500  ° C). [  26  ,  30  ]  Although pure SnS phase can be obtained 
at certain substrate temperatures or growth conditions, the 
chemical composition of the fi lms usually deviates from ideal 
stoichiometric SnS by as much as 10–20%. For vapor-based dep-
osition techniques such as chemical spray pyrolysis and thermal 
evaporation, this effect is attributed to the high vapor pressure 
of sulfur, which evaporates out from the deposited fi lm. [  21  ,  31  ]  
Non-stoichiometric SnS caused by either Sn  + 2  vacancies [  32  ,  33  ]  
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 Thin fi lm solar cells made from earth-abundant, non-toxic materials are 
needed to replace the current technology that uses Cu(In,Ga)(S,Se) 2  and CdTe, 
which contain scarce and toxic elements. One promising candidate absorber 
material is tin monosulfi de (SnS). In this report, pure, stoichiometric, single-
phase SnS fi lms were obtained by atomic layer deposition (ALD) using the 
reaction of bis( N , N′- diisopropylacetamidinato)tin(II) [Sn(MeC(N-  i  Pr) 2 ) 2 ] and 
hydrogen sulfi de (H 2 S) at low temperatures (100 to 200  ° C). The direct optical 
band gap of SnS is around 1.3 eV and strong optical absorption (  α    >  10 4  cm  − 1 ) 
is observed throughout the visible and near-infrared spectral regions. The 
fi lms are p-type semiconductors with carrier concentration on the order of 
10 16  cm  − 3  and hole mobility 0.82–15.3 cm 2 V  − 1 s  − 1  in the plane of the fi lms. The 
electrical properties are anisotropic, with three times higher mobility in the 
direction through the fi lm, compared to the in-plane direction. 
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or excess tin atoms [  6  ,  20  ]  contains deep acceptor states with 
an activation energy ( E a  ) in the range between 0.22 and 
0.45 eV [  6  ,  20  ,  32–36  ]  depending on the deposition technique. The 
deep acceptor states, which could act as carrier recombination 
catalysts, are expected to lower the solar energy conversion effi -
ciency. In addition to other binary compounds and the non-stoi-
chiometry problem, solution-based deposition methods such as 
CBD and ECD give fi lms contaminated by oxygen in the forms 
of SnO 2  or SO 4   − 2 . [  2  ,  5  ]  Chlorine contamination was also reported 
in SnS fi lms grown by CVD using tin(IV) chloride. [  6  ,  24  ]  

 ALD SnS was reported by Kim  et al.  using the reaction of tin 
2,4-pentanedionate (Sn(acac) 2 ) and hydrogen sulfi de (H 2 S). [  28  ]  
However, the growth rate was relatively low (0.24 Å cycle  − 1 ), 
which might be partly because Sn-O bonds (532 kJ mol  − 1 ) are 
stronger than Sn-S bonds (464 kJ mol  − 1 ), [  37  ]  resulting in an 
unfavorable thermodynamic enthalpy change. Optical proper-
ties were measured only on a very thin fi lm (23 nm) and crystal 
structure and electrical properties of the fi lm were not studied. 

 In this report, we present ALD of pure, stoichiometric, 
single-phase SnS fi lms from the reaction of bis( N , N′-
 diisopropylacetamidinato)tin(II) [Sn(MeC(N-  i  Pr) 2 ) 2 ], referred to as 
Sn(amd) 2  in this work, and H 2 S at substrate temperatures between 
100 and 200  ° C. The utilization of a Sn(II), rather than a Sn(IV) 
precursor used in previously reported CVD processes, [  6  ,  26  ,  29  ,  30  ]  
mitigates possible contamination by Sn 2 S 3  and SnS 2  phases. 
Moreover, the deposition temperature is relatively low, thus over-
coming the problem of sulfur-defi ciency due to sulfur re-evapora-
tion. Low temperature growth of SnS also enables the formation 
of solar cells on thermally sensitive substrates such as fl exible 
polymers. The deposited SnS fi lms were thoroughly character-
ized by their elemental composition, surface morphology, crystal 
structure, optical, and electrical properties. These SnS fi lms pos-
sess high potential for use in photovoltaic devices.   

 2. Results and Discussion  

 2.1. ALD Growth Behavior   

 Figure 1  (a) and 1(b) show the effect of Sn(amd) 2  and H 2 S expo-
sures on the growth per cycle of SnS fi lms deposited for 1000 

cycles at a substrate temperature of 120  ° C. To saturate the sur-
face reactions, minimum exposures of 1.5 and 1.1 Torr · s of 
Sn(amd) 2  and H 2 S are required for each ALD cycle, respectively. 
The thicknesses of SnS fi lms are uniform across the deposi-
tion zone (30 cm in length) within the XRF measurement error 
( ∼ 3%). With lower exposure to either precursor, the fi lm thick-
ness at the outlet is roughly 10–15% thinner than that at the 
inlet. Unless mentioned otherwise, exposures of 1.5 Torr · s of 
Sn(amd) 2  and 1.1 Torr · s of H 2 S were employed in subsequent 
experiments. Figure  1 (c) shows the linear relationship between 
the fi lm thickness and the number of cycles, which is the char-
acteristic of ideal layer-by-layer ALD growth. From the slope, 
the deposition rate of SnS at 120  ° C on a thermal oxide (SiO 2 ) 
substrate is 0.90  ±  0.02 Å cycle  − 1 . A small positive y-intercept 
within the measurement error indicates that ALD SnS initi-
ates growth immediately without any incubation delay on SiO 2  
surfaces.    

 Figure 2   reveals that the growth rates of SnS fi lms remain 
roughly constant over the deposition temperature range of 
100–250  ° C with slightly decreasing values toward higher tem-
peratures. The growth rates at the inlet and the outlet of the 
deposition zone are the same between 100 and 200  ° C, indi-
cating uniform fi lm deposition across 30 cm length within this 
temperature range. The growth rate difference between the 

    Figure  1 .     The growth rate of SnS fi lms at a deposition temperature of 120  ° C for different exposures of  (a)  Sn precursor at fi xed H 2 S exposure of 
2.2 Torr · s and of  (b)  H 2 S at fi xed Sn precursor exposure of 1.5 Torr · s.  (c)  The thickness of SnS fi lms on SiO 2  substrates using 1.5 Torr · s of Sn precursor 
and 1.1 Torr · s of H 2 S exposure as a function of the number of ALD growth cycles at 120  ° C.  
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    Figure  2 .     The growth rates of SnS fi lms deposited between 100 and 300  ° C 
at the inlet and the outlet of the deposition zone (30 cm in length).  

100 150 200 250 300
0.00

0.25

0.50

0.75

1.00

1.25

1.50

G
ro

w
th

 R
at

e 
/ Å

 c
yc

le
-1

Substrate Temperature / oC

 inlet
 outlet



1118 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FU
LL

 P
A
P
ER

wileyonlinelibrary.com

www.MaterialsViews.com
www.advenergymat.de

Adv. Energy Mater. 2011, 1, 1116–1125

inlet and the outlet becomes noticeable at 250  ° C and dramati-
cally increases at 300  ° C. This thickness non-uniformity above 
250  ° C is the result of tin precursor decomposition at high tem-
perature, indicated by carbon detection in these fi lms by X-ray 
photoelectron spectroscopy (XPS), which will be discussed later. 
Based on this result, the ALD temperature window for SnS 
fi lm is between 100 and 200  ° C. The growth rate of 0.86–0.90 
Å cycle  − 1  presented here is about 4 times higher than the value 
(0.22–0.24 Å cycle  − 1 ) obtained from a  β -diketonate precursor. [  28  ]     

 2.2. Surface Morphology and Topography   

 Figure 3   shows the surface morphologies of  ∼ 90 nm-thick SnS 
fi lms (1000 cycles) deposited at 120, 200, 250, and 300  ° C, as 
taken by scanning electron microscopy (SEM). At 120  ° C, the 
SnS fi lm is composed of small grains with rectangular-plate 
shape coalescing together. From the cross-sectional view, the 
lateral grain size of the fi lm at 200  ° C is noticeably larger than 
that at 120  ° C. At 250 and 300  ° C, sharp crystal facets can be 

observed on each SnS grain which indicates improved crystal-
linity of the fi lms. In general, the grain size and crystallinity 
of SnS increases with increasing growth temperature. Nonethe-
less, the fi lm surface becomes much rougher above 250  ° C. The 
effect of crystallinity and surface roughness can be observed 
by eye; below 200  ° C, the SnS fi lms appear smooth, shiny, uni-
form, and pin-hole free. In contrast, the fi lms deposited above 
250  ° C look rough and have several pin-holes.  

 Due to high surface roughness, pin-hole problems, and pre-
cursor decomposition at high growth temperatures, thicker 
SnS fi lms were deposited for further optical and electrical char-
acterization only at substrate temperatures of 200  ° C or below. 
The SEMs of SnS fi lms deposited for 4000 cycles at 120  ° C 
( ∼ 370 nm) and 200  ° C ( ∼ 330 nm) are shown in  Figure    4  . From 
the plan-view, the grain shapes of thicker SnS fi lms are elon-
gated platelets oriented perpendicular to the substrate surface. 
From the cross-sectional view, the fi lms have columnar struc-
ture with grain boundaries perpendicular to the substrate. The 
grain size in the elongated direction is about the same size as 
the fi lm thickness.    

    Figure  3 .     Plan-view and cross-sectional (12 o  tilt) SEM images of SnS fi lms deposited on thermal oxide (SiO 2 ) for 1000 ALD cycles at  (a)  120  ° C, 
 (b)  200  ° C,  (c)  250  ° C, and  (d)  300  ° C. The scale bars are 200 nm.  

    Figure  4 .     Plan-view and cross-sectional (12 o  tilt) SEM images of SnS fi lms deposited on thermal oxide (SiO 2 ) for 4000 ALD cycles at  (a)  120  ° C and 
 (b)  200  ° C. The boxes in the cross-sectional SEM of  (a)  indicate the smaller grains formed during the initial fi lm growth. The scale bars are 500 nm.  
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 2.3. Crystal Structure   

 Figure 5   shows the X-ray diffraction (XRD) patterns of SnS 
fi lms deposited at 120 and 200  ° C and at two different fi lm 
thicknesses for each substrate temperature. These XRD 
spectra correspond to the known orthorhombic structure of 
SnS with the average lattice parameters of  a   =  4.30 Å,  b   =  11.20 
Å, and  c   =  3.99 Å, calculated from least square fi tting to the 
Bragg peaks. The crystal lattice parameters of the SnS fi lms 
match well with Herzenbergite SnS (JCPDS No. 39-0354,  a   =  
4.3291 Å,  b   =  11.1923 Å,  c   =  3.9838 Å).  Table    1  (a) summa-
rizes the main Bragg peaks of SnS and the average grain size 
calculated from Scherrer formula. [  38  ]  The Bragg angle   θ   and 

full width at half maximum (FWHM) of each XRD peak were 
determined by fi tting a Gaussian distribution to the experi-
mental values. The shape factor used for the calculation is 0.9 
(spherical grain shape). Since the grain shape is not exactly 
spherical, the calculated values only present rough estimation 
for comparison.   

 From the intensity ratios shown in Table  1 (b), the change in 
preferred crystal orientation from the (040) plane to the (111) 
plane is observed as the fi lm thickness increases. Moreover, the 
intensities of the (101) and (002) planes signifi cantly increase, 
while that of the (040) plane noticeably decreases. This result 
indicates that when the fi lms grow thicker, the {010} layer 
planes switch from parallel to perpendicular to the substrate 

    Figure  5 .     XRD spectra of SnS fi lms deposited at 120 and 200  ° C and at two different fi lm thicknesses for each substrate temperature.  (b)  is the expan-
sion of  (a)  to clearly show (111) and (040) peaks.  
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   Table  1.     Properties of SnS fi lms deposited at two different temperatures and thicknesses, compared to JCPDS No. 039-0354;  (a)  Bragg angle   θ   and 
calculated grain size   τ   for each { hkl } plane;  (b)  the ratio of intensities of (111), (101), and (002) peaks normalized by (040) peak;  (c)  optical energy 
gap;  (d)  lateral resistivity   ρ  , hole density, and hole mobility   μ   p . 

Sample (A) (B) (C) (D) 039–0354

T sub  
[ ° C]

120 200 120 200 –

Film Thickness 
[nm]

102 97 370 330 –

 (a)  hkl 2  θ ,  τ   (nm)

120 26.08, 31 26.11, 29 - 26.09, 46 26.0094

021 27.46, 29 27.42, 29 27.27, 40 27.40, 46 27.4719

101 - - 30.53, 41 30.53, 49 30.4731

111 31.57, 32 31.65, 28 31.59, 41 31.58, 50 31.5313

040 31.94, 17 31.98, 29 31.90, 17 31.90, 50 31.9711

131 39.07, 32 39.08, 30 39.08, 37 39.06, 47 39.3292

002 - - 45.52, 40 45.46, 43 45.4946

 (b)  I (111)/ I (040) 0.38 0.28 2.83 12.5 2.00

 I (101)/ I (040) 0.15 0.06 1.19 6.25 1.40

 I (002)/ I (040)  ∼ 0  ∼ 0 0.97 3.44 1.00

 (c)  E g   [eV] 1.42 1.42 1.30 1.30 –

 (d)  ρ  [Ω · cm] 692 62 172 59 –

Hole density [cm  − 3 ] 1.1  ×  10 16 7.3  ×  10 15 1.5  ×  10 16 6.9  ×  10 15 –

 μ    p  [cm 2 V  − 1 s  − 1 ] 0.82 13.8 2.4 15.3 –
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surface. This switching of crystal orientation with increasing 
fi lm thickness agrees well with the observed grain size vari-
ations in the fi lms deposited at 120  ° C shown in Table  1 (a); 
the average grain size determined from (040) peaks is much 
smaller than those from other peaks since only during the ini-
tial growth does this crystallographic plane lie parallel to the 
substrate surface. The smaller grains in the initial fi lm growth 
at 120  ° C can be seen visually from the cross-sectional SEM of 
Figure  4 (a), as indicated in the boxes. At 200  ° C, the thermal 
energy is high enough to merge these initially nucleated grains 
with the grains grown later, so that all the Bragg peaks show 
the same FWHM. 

 The observed switching of crystal orientation can be explained 
by considering the surface energies of SnS crystal planes. Since 
SnS is a layered compound with the layer plane perpendicular 
to the  b  crystallographic axis, the {010} planes have much lower 
surface energy than {100} and {001} planes at the surface 
boundary. When SnS starts to nucleate on the substrate surface, 
{010} planes would be preferred to align parallel to the substrate 
to minimize the surface energy. Once the fi lm grows thicker, the 
surface areas (plane defects) are mainly from the grain bounda-
ries within the fi lm rather than from the top surface. Thus, the 
minimum surface energy is to have {010} planes parallel to the 
grain boundaries, which is perpendicular to the substrate surface 
due to the nature of columnar structure in this case. In single 
crystals, the hole mobility along the layer direction is about 10 
times higher than that in the perpendicular direction. [  39  ]  There-
fore, this preferred orientation of having layer planes perpen-
dicular to the substrate is desirable in solar cells since the car-
rier transport occurs within the layer plane which has higher 
mobility and is also along the defect tolerant surfaces.   

 2.4. Film Composition and Purity  

 2.4.1. Phase Purity 

 Mathew  et al.  reported traces of Sn 2 S 3  and SnS 2  in the SnS 
fi lms grown by pulsed electrodeposition that cannot be detected 
by XRD but can be observed by Raman spectroscopy. [  2  ]  To con-
fi rm the phase purity, Raman spectra were taken of the ALD 
SnS fi lms grown at between 120 and 300  ° C.  Figure    6   shows 

the Raman peaks of ALD SnS detected at 68, 94, 162, 191, 219, 
and 288 cm  − 1 , all of which match well with those from single 
crystal SnS observed at 40, 49, 70, 85, 95, 164, 192, 218, and 
290 cm  − 1 . [  40  ]  This result confi rms that the fi lms grown at 
120-300  ° C are pure SnS without any contamination by SnS 2  and 
Sn 2 S 3 , which have their strongest Raman peaks at around 312 and 
307 cm  − 1 , respectively.  

 Due to the insensitivity of XRD and Raman spectroscopy to 
amorphous phases, transmission electron microscopy (TEM) 
was used to look for amorphous phase between crystallite 
grains.  Figure    7   shows TEM micrograph and selected area elec-
tron diffraction (SAED) of a 25 nm-thick SnS fi lm deposited at 
120  ° C. These results show that ALD SnS fi lms do not contain 
signifi cant amounts of amorphous phase despite being depos-
ited at relatively low temperature. The utilization of a Sn(II) 
precursor rather than a Sn(IV) precursor [  6  ,  26  ,  29  ,  30  ]  broadens the 
narrow substrate temperature window reported previously and 
provides only pure SnS over a wider range of temperature.    

 2.4.2. Stoichiometry 

 All the as-deposited fi lms grown between 100 and 200  ° C were 
measured to be stoichiometric SnS to within  ± 1%, which is 
the sensitivity limit of Rutherford backscattering spectroscopy 
(RBS) analysis shown in  Figure    8  . The atomic ratio of tin to 

    Figure  6 .     Raman spectra of ALD SnS fi lms deposited between 120 and 
300  ° C, indicating pure Herzenbergite SnS phase.  
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    Figure  7 .     Plan-view TEM micrograph of a 25 nm-thick SnS fi lm deposited 
at 120  ° C. The inset is a SAED pattern indicating a polyscrstalline struc-
ture of the fi lm. The scale bar is 50 nm.  

    Figure  8 .     A typical RBS spectrum of ALD fi lms deposited at between 100 
and 200  ° C, indicating stoichiometric SnS to within  ± 1%.  
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sulfur deviates from 1.00 to 1.04 and 1.09 at the deposition tem-
perature of 250 and 300  ° C, respectively. This change in atomic 
ratio happens in the same temperature range as the decompo-
sition of the tin precursor, above 250  ° C. Reddy  et al.  reported 
a stoichiometric SnS obtained from thermal evaporation tech-
nique at the substrate temperature of 300  ° C. [  4  ]  However, using 
the same deposition condition, stoichiometric SnS can be 
obtained only for fi lms thicker than 1  μ m; the atomic ratio of 
Sn to S increases almost linearly from 1.0 at 1.2  μ m-thick to 1.1 
at 100 nm-thick. [  31  ]  Such a thickness effect on fi lm composition 
has not been observed in our ALD SnS fi lms; all ALD SnS fi lms 
deposited below 200  ° C in the thickness range of 50-370 nm are 
stoichiometric SnS with tin to sulfur atomic ratio of 1.00  ±  0.01. 
This stoichimetric SnS is expected to provide a low density of 
native point defects and Sn 2 +   vacancies in the material. The 
density of the ALD fi lm, calculated from atomic area density 
(by RBS) and fi lm thickness (by SEM), is about 4.6 g cm  − 3 . This 
value is 88% of the bulk density of SnS (5.2 g cm  − 3 ), which is 
relatively high for thin polycrystalline fi lms.    

 2.4.3. Elemental Purity 

 The incorporation of carbon is sometimes found in fi lms 
deposited from a metal organic precursor due to incomplete 
dissociation of organic ligands from the metal center at low 
growth temperature or precursor decomposition at high growth 
temperature.  Figure    9  (a) shows a representative XPS spectrum 
of ALD SnS fi lms deposited at 100–200  ° C. Oxygen and carbon 
 1s  peaks were observed only at the surface of the SnS fi lm due 
to ambient contamination. After Ar sputtering for 5 min, O 1s , 
N 1s , and C 1s  peaks were not detected. Time-of-fl ight secondary 
ion mass spectroscopy (TOF-SIMS) analyses of fi lms deposited 
at 120 and 200  ° C also did not detect any oxygen, nitrogen, or 
carbon within the fi lms. These results indicate that ALD SnS 
has high purity due to the clean reaction between Sn(amd) 2  and 
H 2 S. However, for depositions above 250  ° C,  ∼ 1–2% of carbon 
can be observed in the fi lms. Figure  9 (b) shows XPS depth pro-
fi ling of  ∼ 94 nm-thick SnS fi lm deposited at 250  ° C detecting 

at the fi lm surface, inside the SnS fi lm (10 min Ar sputtering), 
and at the interface between the fi lm and a SiO 2  substrate 
(25 min Ar sputtering). Upon Ar sputtering, the O 1s  peak disap-
pears inside the SnS fi lm and reappears again at the fi lm-sub-
strate interface. In contrast, the C 1s  peak remains throughout 
the fi lm up to the interface. The peak positions of C 1s  and O 1s  
after Ar sputtering are shifted from those at the surface, which 
reveals that both carbon and oxygen detected after sputtering 
are not from the atmospheric contamination. Consequently, 
SnS fi lm grown above 250  ° C is free of oxygen and nitrogen but 
has  ∼ 1–2% carbon incorporation into the fi lm. This carbon con-
tamination results from the decomposition of the tin precursor 
which is also indicated by the increase of the growth rate and 
non-stoichiometry of SnS fi lm as mentioned earlier. In con-
clusion, ALD SnS fi lms can be deposited at relatively low tem-
perature in the range of 100–200  ° C with precisely controlled 
thickness and the obtained fi lms are phase-pure, stoichiometric 
SnS without any other elemental impurity.     

 2.5. Optical Properties 

 The absorption coeffi cient (  α  ) and the optical band gap ( E g  ) 
of the fi lm were determined from the transmittance ( T ) and 
refl ectance ( R ) measurements. The absorption coeffi cient was 
determined based on the following formula to minimize the 
interference effects in the absorption of the fi lm; [  41  ]

  

" = 1

d
ln

(
1

2

{
(1 − R′)

(
1 − R

T

)

+

√√√√[
(1 − R′)2

(
1 − R

T

)2

+ 4R′
]})

 

 (1)   

where  d  is fi lm thickness,  T  is total transmittance,  R  is total 
refl ectance, and  R’  is a single refl ectance from the fi lm-sub-
strate interface. Due to an unknown refractive index of SnS fi lm 
in the absorbing region,  R’  cannot be determined. However, 

    Figure  9 .     XPS depth-profi ling of a typical ALD SnS fi lm deposited between  (a)  100–200  ° C and  (b)  250–300  ° C.  
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a good estimation of   α   can be obtained from the following 
approximation;

 
" ≈ 1

d
ln

{
(1 − R′)

(
1 − R

T

)}
≈ 1

d
ln

{(
1 − R

T

)}
 
 (2)   

  This approximation is valid and converges to the correct value 
in the high absorption region, where (1- R )/ T   >  >  1.  Figure    10  (a) 
shows that the absorption coeffi cients of SnS fi lms remain over 
10 4  cm  − 1  in the infrared region above the band edge and over 
10 5  cm  − 1  in the visible region. The absorption coeffi cients of 
the 330 nm-thick sample (diamonds) above 2.25 eV cannot be 
determined accurately since the transmittance in this energy 
range becomes close to 0. With   α    =  5  ×  10 4  cm  − 1 , just above the 
band gap, the thickness of the fi lm required to absorb  ∼ 90% of 
the photons is only 0.5  μ m.  

 The optical band gap of the fi lm is determined from the 
absorption coeffi cient using  (" · hv)n = A(hv − Eg ± E ph)   ,
where  A  is a constant,  n  is the transition probability,  E g   is the 
optical band gap, and  E ph   is the phonon energy. For direct tran-
sitions ( E ph    =  0),  n   =  2 for allowed and  n   =  2/3 for forbidden 
transitions. For indirect transitions,  n   =  1/2 for allowed and 
 n   =  1/3 for forbidden transitions.   α ( λ )  near the band edge is 
best fi tted to  n   =  2, which indicates a direct allowed transition 
for all the samples as illustrated in Figure  10 (b). The band gap 
of the fi lms are determined from the plot of (  α   · h ν ) 2  versus 
photon energy by extrapolating to   α   · h ν   =  0. It is worthwhile 
to note that without taking the interference effect into account, 
the determined band gap in these particular samples can be 
shifted as far as  ± 0.3 eV. 

 The band gap of SnS deposited at 200  ° C decreases from 
1.42 to 1.30 eV when the fi lm thickness increases from 97 to 
330 nm. Based on these results, the optical band gap of SnS 
fi lms appears to decrease with increasing fi lm thickness. The 
dependence of the optical band gap of SnS on fi lm thickness 
has been previously reported by Devika and Ristov and this 
phenomenon has been assigned to the effect of the degree of 
the fi lm crystallinity. [  31  ,  32  ,  42  ]  In addition to the degree of crystal-
linity, the band gap shift can also stem from the change in the 
crystal orientation. In principle, layered structure compounds 
are highly anisotropic and thus can have different optical 
properties in different crystallographic orientations. HgI 2  fi lm 

has been shown to switch its preferred crystal plane parallel 
to the substrate from (102) to (002) when the fi lm thickness 
reaches  ∼ 1.45  μ m while its optical band gap shifts from 1.94 to 
2.25 eV for the directions perpendicular to the (102) and (002) 
planes, respectively. [  43  ]  

 In single crystal SnS, the lowest allowed optical energy gaps 
along the  a  and  c  crystallographic axes are 1.60 and 1.34 eV 
respectively, as determined by electrorefl ectance and optical 
transmission. [  44  ]  The smallest energy gap is, however, reported 
to be an indirect transition at 1.07 eV. [  45  ]  Makinistian and 
Albanesi employed an  ab initio  density-functional theory with a 
FP-LAPW method to calculate the electronic band structure and 
the optical spectra of SnS. They reported that although SnS has 
an isotropic indirect energy band gap at 1.16 eV, the absorption 
coeffi cients along three principal crystallographic axes are highly 
anisotropic; [  46  ]  the absorption coeffi cient along the  c  axis has a 
sharp increase from 10 1  to 10 4  cm  − 1  at 1.21 eV. In contrast, the 
absorption coeffi cient along the  a  and  b  axes are quite similar 
and they have one sharp increase from 10 1  to 10 3  cm  − 1  at 1.20 eV 
and another sudden rise from 10 3  to 10 5  cm  − 1  at 1.54 eV. 

 The smallest absorption coeffi cient that  T  and  R  measure-
ments can detect from the fi lms with thickness less than 500 nm 
is around 10 2  cm  − 1 . Below this   α   value, the absorption for 
a fi lm with thickness below 500 nm is less than  ∼ 0.005 
( 1 − e−1E2×500E−7  ) and therefore reliable measurement is dif-
fi cult to achieve. Since the absorption coeffi cient close to the 
optical band gap ( E g  ) at 1.1–1.2 eV is below 10 2  cm  − 1 , [  45  ,  46  ]  it 
may not be detected from our samples with  T  and  R  measure-
ments. Also, interference effects must be included to analyze 
optical data for these nearly transparent regions of the spec-
trum. The optical band gaps that were detected at absorption 
coeffi cients above 10 3  cm  − 1  are probably from other inter-band 
transitions, which are not the lowest energy transition. They are 
different depending on sample thickness, since these transi-
tions at higher energy gaps depend on the direction of the crys-
tallographic orientation which changes when the fi lm grows 
thicker. The change in preferred crystal orientation from {010} 
to {111} planes can be correlated to the change in the optical 
energy gap of the fi lm; the detected optical band gap of SnS 
fi lm changes from 1.42 to 1.30 eV when most of the crystallite 
grains change (040) plane orientation from parallel to perpen-
dicular to the substrate surface with increasing fi lm thickness.   

    Figure  10 .     Optical properties of SnS fi lms deposited at 200  ° C at two different thicknesses.  (a)  Absorption coeffi cient   α   and  (b)  a plot of (  α   · h  ν  ) 2  as a 
function of photon energy, indicating direct transition with the optical band gap  E g   at x-intercept.  
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 2.6. Electrical Properties 

 Electrical properties of SnS fi lms were determined by Hall 
measurement using the Van der Pauw method and are sum-
marized in Table  1 (d). Resistivity of the fi lms deposited below 
200  ° C is roughly in the range of 60–700 Ω · cm and correlates 
strongly with the grain size, crystallinity, and morphology of 
the fi lms. Compared to the samples of the same average fi lm 
thickness ( ∼ 90-100 nm), SnS fi lms show lower resistivity as the 
growth temperature increases. Interestingly, the resistivity of 
the fi lms deposited at 200  ° C does not change as the fi lm thick-
ness increases from 97 (sample (B)) to 330 nm (sample (D)). 
Normally, the resistivity decreases as the fi lm gets thicker, due 
to less carrier scattering at the grain boundaries as the grain 
size increases. However, SnS is a highly anisotropic material. As 
mentioned earlier, the hole mobility along the layer direction is 
about 10 times higher than that in the perpendicular direction in 
single crystals. [  39  ]  Thus, in addition to grain boundary scattering, 
the crystal orientation is also an important factor that contrib-
utes to the electrical properties of the fi lms. From XRD, most of 
the (040) plane crystallite grains change orientation from par-
allel to perpendicular to the substrate surface with increasing 
fi lm thickness. As a result of this crystal orientation change, 
the resistivity and mobility of the fi lms deposited at 200  ° C 
does not change signifi cantly as the fi lm thickness increases 
from 97 to 330 nm. In the case of the fi lm deposited at 120  ° C, 
the grain boundary scattering is expected to dominate the 
crystal orientation effect since the nucleation layer which favors 
(040) preferred orientation is also observed in the thicker fi lm. 

 Hall measurement revealed that SnS fi lms have p-type con-
ductivity with hole concentrations between 6.9  ×  10  15  and 
1.5  ×  10 16  cm  − 3  and hole mobilities in the range of 0.82–15.3 
cm 2 V  − 1 s  − 1 . These low carrier concentrations may arise from 
slight deviations from stoichiometry leading to native point 
defects such as Sn  + 2  vacancies. A low carrier concentration facil-
itates charge separation at the p-n junction in solar cells since 
the depletion width, covered by built-in electric fi eld, extends 
through most of the absorber layer. 

 Interestingly, in a Au/SnS/Au structure, the resistivity of a 
370 nm-thick SnS fi lm deposited at 120  ° C (sample (C) in Table  1 ) 
measured in vertical direction through the fi lm was 60 Ω · cm, 
which is roughly three times lower than that in lateral direction 
(172 Ω · cm). This anisotropic resistivity of ALD SnS mainly arises 
from the combination of columnar structure (grain boundaries) 
and preferred crystal orientation discussed earlier. At 200  ° C, the 
Au substrate has a signifi cant effect on the 
growth of SnS, yielding grain sizes enlarged as 
much as 10 times compared to fi lms grown on 
SiO 2  substrates. Therefore, SnS fi lms depos-
ited at 200  ° C on Au substrates cannot be used 
for a similar estimate of the anisotropy of the 
mobility in different directions in the fi lm.    

 3. Conclusions 

 Tin monosulfi de thin fi lms were deposited by 
ALD using the reaction of bis( N , N’- diisopro-
pylacetamidinato)tin(II) and hydrogen sulfi de 

at substrate temperatures between 100 and 200  ° C. Minimum 
exposures of 1.5 Torr · s of tin precursor and 1.1 Torr · s of H 2 S 
were required to saturate the surface reactions and obtain 
growth at 0.86-0.90 Å cycle  − 1 . The fi lms are polycrystalline and 
crystallized in a pure single orthorhombic phase of SnS with  a   =  
4.30 Å,  b   =  11.20 Å, and  c   =  3.99 Å. Neither SnS 2  nor Sn 2 S 3  was 
detected by Raman spectroscopy or XRD. TEM analysis showed 
that the fi lm contains negligible amorphous phase despite the 
relatively low temperature deposition. All the fi lms deposited 
below 200  ° C were measured to be stoichiometric SnS to within 
 ± 1%. No C, N, or O impurities were detected by XPS or TOF-
SIMS. The fi lms have a dense, polycrystalline columnar struc-
ture. The optical band gap of the fi lms decreased from 1.42 to 
1.30 eV when the preferred crystal orientation changed from 
(040) to (111) as the thickness of the fi lms increased from 100 
to 330 nm. Their optical absorption coeffi cients are over 10 4  
cm  − 1  in the infrared above the band edge, and over 10 5  cm  − 1  in 
the visible region. The lateral resistivity of the fi lms is between 
60 and 700 Ω · cm depending on fi lm thickness and growth 
temperature. Hall measurements showed that the SnS fi lms 
have p-type conductivity with hole concentrations between 
6.9  ×  10  15  and 1.5  ×  10 16  cm  − 3  and hole mobility in the range 
of 0.82-15.3 cm 2 V  − 1 s  − 1  in the plane of the fi lms. In the direc-
tion through the fi lm, the mobility and conductivity are roughly 
three times higher, because of the preferred orientation of the 
(040) layer planes perpendicular to the surface of thicker fi lms 
and the columar structure of the fi lms. These suitable optical 
and electrical properties of ALD SnS fi lms, coupled with inex-
pensive, non-toxic, and earth-abundant constituent elements, 
make this material a promising candidate for an absorber layer 
in thin fi lm solar cells.   

 4. Experimental Section 
 The tin precursor, bis( N , N’- diisopropylacetamidinato)tin(II) was 
prepared according to the synthetic route depicted in  Figure    11  , which 
was adopted from the work by Lim  et al.  [  47  ]  A solution of methyllithium 
(1.6 M in Et 2 O, 20 mL, 0.032 mol) was added dropwise to a solution of 
1,3-diisopropylcarbodiimide (4.0 g, 0.032 mol) in Et 2 O (75 mL) at  − 78  ° C. 
The solution was allowed to warm up to room temperature and stirred 
for additional two hours. This colorless solution was then slowly added 
to a solution of tin(II) chloride (Reagent grade 98%, 3.0 g, 0.016 mol) 
in Et 2 O (50 mL). This reaction mixture was stirred for 15 hours. Then, 
the solvent was removed under vacuum. The resulting white solid 
was extracted with pentane (150 mL) and fi ltered through Celite on a 
glass frit to remove LiCl salt. The resulting colorless fi ltrate was placed 

    Figure  11 .     Synthetic route of bis( N , N′ -diisopropylacetamidinato)tin(II).  
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under vacuum to remove pentane, giving a white powder. Subsequent 
sublimation at 90  ° C and 30 mTorr for three hours yielded pure white 
crystals (5.2 g, 81%).  

 SnS thin fi lms were deposited in a custom-built hot-wall ALD 
reactor [  48  ]  from the reaction of Sn(amd) 2  and H 2 S. The tin precursor 
was kept at a constant temperature of 95  ° C which gives vapor pressure 
of 0.64 Torr, as measured by a capacitance manometer. A gas mixture 
of 4% H 2 S in N 2  was used as the source of sulfur. Purifi ed N 2  gas was 
used for assisting the delivery of Sn(amd) 2  vapor from the precursor 
container to the deposition zone and also for purging between each 
precursor pulse. The Sn precursor and H 2 S injection was done by using 
stop-fl ow ALD mode. Detailed explanation of the stop-fl ow ALD mode 
and the valve operation procedure can be found elsewhere. [  49  ,  50  ]  The 
exposures from each single dose of Sn(amd) 2  and H 2 S were estimated 
to be 0.50 and 0.36 Torr · s, respectively. By changing the number of 
tin precursor and H 2 S doses, reproducible variations in the total 
precursor exposure were achieved. The N 2  purge time between each 
precursor pulse was set to be 10s, which is suffi cient to remove the 
excess precursor and reaction by-products. The cycles of sequential 
alternation between Sn(amd) 2  and H 2 S were repeated until the desired 
fi lm thickness was reached. 

 Surface morphology and topology of the fi lms were examined by 
using fi eld-emission scanning electron microscopy (FESEM, Zeiss, 
Ultra-55). The fi lm thickness was determined using a combination of 
cross-sectional SEM and X-ray fl uorescence spectroscopy (XRF, Spectro, 
Xepos-III); the average thickness of rough fi lms was determined by 
XRF utilizing a calibration curve of Sn L  α 1  line intensity (count min  − 1 ) 
versus the fi lm thickness of smooth fi lms measured by cross-sectional 
SEM. The crystal structure of the SnS fi lms was characterized by X-ray 
diffraction (XRD, PANalytical X’Pert Pro) with Cu K  α   radiation ( λ   =  
1.542 Å) using   θ  -2  θ   scan. Raman spectroscopy (Renishaw, inVia Raman 
microscope) with an exciting wavelength of 633 nm and transmission 
electron microscopy (TEM, JEOL 2100) were employed to check for 
the presence of any additional phases of tin sulfi de. The elemental 
composition and the purity of the fi lms were determined by Rutherford 
backscattering spectroscopy (RBS, Charles Evans RBS and Ionex 1.7 MV 
Tandetron), X-ray photoelectron spectroscopy (XPS, Surface Science, 
SSX-100), and time-of-fl ight secondary ion mass spectroscopy (TOF-
SIMS). The optical transmittance ( T ) and refl ectance ( R ) were recorded 
at normal incidence using a UV-Vis-near IR spectrophotometer with 
an integrating sphere (Hitachi U-4100) in the wavelength range of 
400 to 2500 nm. The absorption coeffi cient (  α  ) and the optical band 
gap ( E g  ) were calculated from the measured optical transmittance 
and refl ectance. The lateral resistivity, carrier concentration, and 
carrier mobility of the fi lms were determined from Hall measurement 
(MMR technologies K2500) according to the Van der Pauw method at 
300 K. Indium pads were deposited by soldering to provide an ohmic 
contact to the SnS fi lms. [  51  ,  52  ]  The vertical resistivity of SnS fi lm was 
determined by I-V measurement from the slope of a plot of resistance 
through Au/SnS/Au stacks versus 1/area. The top Au electrodes were 
squares with sides 100, 200, 300, or 500  μ m long, evaporated through 
a shadow mask. SnS fi lms outside the area of the top Au electrode were 
removed by reactive ion etching (RIE, Nexx Systems, Cirrus 150) using 
Cl 2  plasma.  
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