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A method is described, by which an SnS thin film can be deposited on a glass 
surface, from aqueous solutions of SnCI 2 and Na2S or (NH,02S. The SnS film is of 
p-type conductivity, with carrier concentration dependent on the alkalinity. An 
annealing of the SnS films for a short time above 280 C changes the conductivity to 
n-type without detectable change in composition. Annealing for a longer time (over 
24 h) changes the composition to SnS2. Oxidation of the films by annealing at higher 
temperatures (300 -400 :~C) in open air, changes the composition to Sn02. 

1. IN'FR()DUCTION 

Up to now, very little attention has been paid to the applications of SnS, 
although it could be of interest for a photovoltaic cell, since its optical energy gap of 
1.08 eV is similar to that of silicon ~ .2. A development of chemical deposition method 
for SnS thin film preparation would be of practical interest, since chemical 
deposition is both simple and economic. 

Tin forms several binary sulphides, such as SnS (orthorhombic) 3'4, SnS 2 
(trigonal) 5, Sn2S 3 (rhombic) ~ and Sn3S 4 (tetragonal) v. All of these are semi- 
conductors. Crystalline SnS is usually a p-type semiconductor, with optical and 
thermal energy band gaps of 1.08 eV and 1.20 eV respectively t'2's. The acceptor 
levels are created by the tin vacancies normally present in the lattice. An excess of tin 
changes the type of conductivity of SnS from p- to n-type. At temperatures above 
265 :C, SnS slowly decomposes (disproportionates) to SnS2 and tin. SnS2 has an 
optical energy band gap of 2.07 eV and shows n-type conductivity °. 

2. FII.M PREPARATION 

For the preparation of the SnS films, we applied a technique already used for 
preparation of CuzO and ZnO thin films 1°'1~. A previously cleaned glass substrate 
is successively immersed in a cold (18-25 'C) solution of Na2S or (NH4)2 S with 
c - - 0 . 0 2 5 m o l d m  -3, and then in a hot (80-90~C) solution with the same 
concentration of SnCI 2. Upon immersion in the hot solution, a chemical reaction 
takes place on the surface of the substrate and a brown precipitate is formed as a thin 

(K)40-6090/89/$3.50 "(." Elsevier Sequoia/Printed in The Netherlands 

XIII_395



54 Yl. I/ISr()` '  ~'t a/ .  

lihn. If the solution's pH < 3, the precipitate does not hold tightly and can casil? be 
rubbed away. At p t t >  3. a transparent brown red film deposits uniforml}, on both 
surfaces of the substrates. The adhesion under these conditions is very good and the 
films cannot be rubbed away casil,~. With successive immersion.,, in thc cold and the 
hot solution the films grow. and their total thickness can he controlled by the 
immersion number. At pH z 7, the growth rate is lower, as part of the dissolved 
Sn('12 hydrolyses and precipitates as Sn(OH )_,. If the solution of SnCl2 is made more 
alkaline, by addition of NaOH, at ,ibout pH :: l0 part of the precipitate forms 
NaeSn(),. which dissolves back. and the growth rate increases again. The 
appearance of interference colours proves the good q u a l i t }  of lhe fihn. It is ,llso 
possible to monitor the film thickness b~ the interference colours. ,At pH ~ 10, a red 
interference colour appears after each 20 immersions. By a weight method, it was 
found that the corresponding film thickness was 0.02 t.tm. It was not possible to 
increase the growth rate by increasing the concentration o[" the Na~S or (NH,deS 
solution, as a dissolving of the already deposited lilm occurred at higher 
concentrations. The furthcr increase of alkalinity to pH - 12 changes the situation 
completely. At this pH. Sn 2 ' is in the form of Na2SnO2. The film deposited at this 
pH is not uniform and it starts to grow up from isolated islands, spreading out to the 
,,,,'hole surface of the substrate, l h e  film appears black and it is not transparent to 
visible light. The interference colours are absent in this case, while the growth rate is 
twice as large as that observed at pH -. 10. The increaseofpH over 12 does not yield 
film deposition. 

t:or the examination of the physical properties of the SnS tilms, we used glass a,,, 
a substrate. The films w.ere deposited from aqueous solutions at pH values of 3, 10 
and 12. A preparation at pH --- 7 was not carried out because of the very small 
growth rate. 

3. S I R L , ( " I I I R I !  ()I. F l l l i  I - I I .MS 

X-ray examination of tile films prepared at different pH values showed the 
diffraction peaks that correspond to SnS (Fig. 1, curves a', a" and a'"). The intensity 
of the [013] peak increases with increasing pH, which shows the increased degree of 
preferred crystallization. In addition to thc characteristic peaks there appears a 
broad band diffuse reflection (backgroundL whose intensity decreases with increas- 
ing pH (Fig. 1, curves a'. a", a'"). 

An examination of the film structure by transmission optical microscopy 
showed that the films prepared at pH values between 3 and 10 contain small crystals 
surrounded by a transparent glassy brown phase, which looks like the amorphous 
phase of SnS {Fig. 2(a)). The films prepared at pH = 12 contain only' larger non- 
transparent crystals (Fig. 2(b)). 

Scanning electron microscopy confirmed the same film structure {Fig. 3 is a 
scanning electron micrograph of the film prepared at pH = 10). 

4. ( ( ) N I ) t C F I V I I Y  (IF 1"111.i FILMS 

The conductivity of non-annealed SnS films measured at 20 C and under 
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Fig. I. X-ray diffraction spectra of SnS and SnS2: curve a', pH = 3" curve a", pH = 10; curve a'", pH 
12, curve b, annealed at 285 C for 24h. 

day l igh t  i l l u m i n a t i o n  was found  to d e p e n d  on  the a lka l in i ty  of the SnCI 2 so lu t ion .  
The  increase  o f p H  from 3 to 12 led to an  increase  in c o n d u c t i v i t y  by four  orders  of 
magn i tude .  Fo r  example ,  the films p repared  at pH = 3, 10 a n d  12 with a th ickness  of 
0.1 lam had conduc t iv i t i e s  of I × 10-  ; ,  5 × 10-  5 a n d  6 × 10 3 f~- 1 cm - 1 respectively.  
It was also possible  to increase  the conduc t iv i ty  of the films by d o p i n g  with Cu  2 ~ 
which was achieved by a d d i n g  C u S O 4  to the so lu t ion  of  SnCI2. X-ray  dif f ract ion 
spect ra  of doped  SnS films showed the charac ter i s t ic  peaks  of Cu2SnS3.  The  film 
c o n d u c t i v i t y  increased with increas ing  c o n c e n t r a t i o n  of Cu  2 ÷. 

The  the rmal  b e h a v i o u r  of  the c o n d u c t i v i t y  of SnS films p repared  at pH = 10 is 
p resen ted  in Fig. 4, which  shows In R vs. 1/T. The  first s t ra ight  par t  of  the l ine 
c o r r e s p o n d s  to the ac t iva t ion  o f accep to r  levels (E, = 0.3 eV) and  the second  s t ra ight  
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pair( of the line co r responds  to an ac t iva t ion  t rough forbidden gap  11-, = I.I eV). 
Acccp tor  lcvcls arc created b.', [he Sn 2 " vacancies formed dur ing  the p repa ra t ion  of 
the lilms. 

5.  A N N F A I . I N ( i  ()1" 1"111! I - I I .MS 

Anneal ing  o f thc  films at 285 (" for 4 h changcd the compos i t ion  to a mixture  of 
S n S a n d S n S  2. Shor t - t ime anneal ing  (for 3(l min) at 285 C in open air changed thc 
type of conduc t iv i ty  from p- type to n-type, as was found by thermoelect r ic  p robe  
measurements .  The conduct iv i ty  of the film was found to increase by one order  of 
magni tude .  X-ray difl 'raction spectra  of these shor t - t ime-annea led  tilms did not 
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t"ig. 4. Temperature dependence of l he resisti~ ily of SnS and SnS 2 thin lilms: R m resistance of p-t~,pe SnS: 
R., resistance of n-type SnS 2. 

indicate any change in the film structure. The reason for the change of the type of 
conductivity is probably an undetectable excess of tin, released by the partial 
decomposition of SnS to tin and SnSz, which shows n-type conductivity. 

Annealing of the films at 285 C for 24 h, changed the composition mainly to 
SnS2, with small quantity remains of SnS, as seen in Fig. 1. curve b. The absence of 
peaks other than the [001] peak of SnS2 shows that preferred recrystallization 
occurred during annealing. A fraction of the tin produced by thermal decomposition 
of SnS reacted with the excess of sulphur, some of tin serving as a donor. The 
remaining fraction of tin probably oxidized to SnO and SnO2 in quantities too small 
to be detected. 

The thermal behaviour of the conductivity of the annealed films is presented in 
Fig. 4. The type of the conductivity found by the thermoelectric probe measurement 
remained n-type in the temperature range from 0 to 300 :'C. The donor activation 
energy E d = 0.1 eV and thermal band gap energy Eg2 = 2.1 eV were determined 
graphically. The optical transmission spectrum of this film was typical for SnSz with 
an absorption edge at 2.04 cV (Fig. 5, curve I bl. 

Annealing the films at 400 'C in open air changed their colour from brown to 
white. Chemical analysis showed that the films had bccn changed to SnO and SnO2. 
The conductivities of these films were not as high as those reported for SnO2 tilms 
obtained by the spray pyrolysis method 12 

6. I)IS('USSION 

SnS thin films chemically deposited on a glass substrate, were found to be 
mixtures of crystalline and glassy brown amorphous-like phases. It was possible to 
vary the degree of crystallinity by a pH variation of the acqueous solution. These 
conclusions were drawn from X-ray spectra, optical microscopy, resistance 
measurements and optical transmission spectra. It was possible to vary the optical 
band gap from 2.04 eV to 1.08 eV by variation of degree of crystallinity. Short-time 
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annealing aI 285 C l e d t o a c h a n g c i n l h c t y p c o f c o n d u c t i v i t v f r o m p l ' ~ p e l o n l y p c .  
at the same lime increasing the conduclivily by an order of magnitude. SnS fihns 
could also be doped by ( ' u :  " up to degeneracy. 

Long-l ime annealing of the lihns at 285 (" made most of the SnS dis- 
propor t ionate  to SnS,. By short-l ime annealing a fihn followed by anolher  chemical 
deposil ion over the annealed tilm it was possible to prepare an n p Immojunction.  
In at similar way. by long-lime annealing, il was possible to make an n p 
helcrojunction of n-SI'IS 2 p-SflS, By chemical deposition, it was ;.list) easy tO prepare 
a heterojunction n - C d O  p-SfiS, which was superior in pholovollaic  respect. A ( ' d ( )  
th in  film served as a IransparenI window electrode ~3 

Long-t ime annealing of  SnS films at temperatures above 400 (" transformed 
SIIS It) SnO and Sn()2. Such lilms are very' resislant Io acids and could serve as 
protective coatings. 
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