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Polycrystalline /&zinc sulfide thin films were pre- 
pared by solution pyrolysis of an ethylzinc iso- 
propylthiolate-zinc bis(dibuty1dithiocarbamate) 
combined precursor (EtZnSiPr-Zn(S,CNnBu,),) 
in chloroform solution on glass or silicon(ll1) 
substrates at 300 "C. Homogeneous but amor- 
phous indium sulfide thin films were obtained 
from butylindium bis(isopropy1thiolate) 
(nBuInSiPr,) in p-xylene on these substrates at 
300°C similarly. The sulfide thin films obtained 
were characterized by means of X-ray photoelec- 
tron spectroscopy (XPS), X-ray fluorescence 
microanalysis, scanning electron microscopy 
(SEM) and optical band gap measurements. 
Keywords: Organozinc thiolates, organoindium 
thiolates, zinc dithiocarbamates, zinc sulfide thin 
films, indium sulfide thin films, solution pyrolysis 

INTRODUCTION 

Thin films of metal sulfides are arousing much 
interest as promising optoelectronic device mat- 
erials and various processes for their production 
have been developcd.' Among these thin-film 
techniques, chemical processes such as printing 
are essentially most suitable for preparation of 
large areas and cornplcx-patterned films.' It is 
pointed out, however, that introduction of more 
sophisticated precursors for such chemical thin- 
film processes so as to prepare high-qualtiy sulfide 
thin films is still needed. In two recent 
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we have reported limited success in the prep- 
aration of indium(I1) sulfide (Ins) thin films via 
the solution pyrolysis of dibutylindium thiolates. 
That finding opened a new approach for the 
preparation of sulfide thin films using a single 
organometallic precursor by a printing process. In 
this paper, we describe the preliminary results of 
the preparation of more important and useful thin 
sulfide films siich as zinc sulfide (ZnS) and 
indiurn(II1) sulfide (In2S3) from the corresponding 
organometallic thiolates. 

EXPERIMENTAL 

General 

'H NMR and UV-vis spectra were recorded on a 
Hitachi R90H FT spectrometer and a Shimadzu 
UV-200s spectrophotometer, respectively. 
Thermal analysis was performed with a Seiko 
TG/DTA 30 model. Scanning electron micro- 
scopy (SEM) and X-ray diffraction (XRD) scans 
were obtained by a Hitachi S-800-type rnicro- 
scope and a Rigaku Rota-flex diffractometer (Cu 
Ka, 40 kV), respectively. Surface composition 
was observed by using a Shimadzu ESCA 650B 
(XPS) and a Rigaku 0600-type ultratrace X-ray 
fluorescence microanalyzer. Tributylindium was 
prepared from indium trichloride and butylmag- 
riesium chloride as reported earlier.5 Diethylzinc 
was purchased from Aldrich Japan Inc., Tokyo. 
All the preparative handling was carried out care- 
fully under a dry nitrogen atmosphere using 
syringe techniques. 
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Table 1 Preparation of zinc sulfide and indium sulfide thin films 

Precursor 
Temperature 
("C) Composition" (E,),,, (eV) 

~ ~ ~ ~~ 

nBuInSiPr,h 300 2.25 
350 In,S,' 2.12 
400 In,S,' 2.22 

EtZnSiPr 3 0  ZnSo 9c 3.45 
400 ZnSo 7 e  3.22 
500 ZnO 3.20 

EtZnSiPr-Zn(S2CNnBu2)2' 3 0  ZnSe 3.55 

* Determined by XPS and X-ray fluorescence microanalysis. Coating solu- 
tion: 12 wt % in p-xylene. Amorphous indium sulfide films were obtained; 
observed by XRD. Coating solution: 10 wt YO in chloroform. Typical XRD 
patterns for P-ZnS were observed (JCPDS no. 5-566). 'Typical XRD patterns 
for hexagonal ZnO were observed (JCPDS (Joint Committee on Powder 
Diffraction Standards) no. 5-664). Coating solution: total concn 10 wt YO in 
chloroform, EtZnSiPr/Zn(S2CNnBuz)z = 1: 0.5 (molar ratio). 

Preparation of organometallic 
precursors 

Butylindium bis(isopropylthio1ate) (BuIn(SiPr),) 
was prepared by the reaction of tributylindium 
with two molar equivalents of 2-propanethiol and 
was purified by vacuum di~til lation.~ In a similar 
fashion, ethylzinc isopropylthiolate (EtZnSiPr) 
was prepared from diethylzinc and 2-propanethiol 
in hexane6 or in chloroform and was isolated as a 
colorless oil. 

EtZnSiPr: 'H NMR (CDC13, 90MHz): 6 3.35 
(septet, IH, J7.4Hz,  C H  in iPr), 1.35 (d, 6H, 
CH, in iPr), 1.2-1.6 (bd, 5H, EL). Analysis: 
Found: C, 36.28; H, 7.44. Calc. for C,H,,SZn: C, 

The zinc thiolate possessed a higher lability 
than the indium analog and gradually solidified 
into an insoluble solid on standing for several 
days in bulk even under an inert atmosphere. 
Thus, we employed EtZnSiPr as freshly prepared 
in chloroform after checking purity by 'H NMR in 
our further study. 

35.41; H, 7, 7.13%. 

Preparation of sulfide thin films 

Substrates (10 mm X 10 mm) such as glass or sili- 
con(ll1) were coated by a small portion (ca 
50,uL) of the precursor solution in p-xylene or 
chloroform by using a spin-coater (1500 rpm); 
then the specimens were heated in a quartz tube 
under an argon atmosphere at prescribed temper- 
atures for 1 h (Table 1). The detailed pyrolysis 
technique was described in the earlier  paper^.^.^ 

RESULTS AND DISCUSSION 

As reported previously,' BuIn(SiPr), decomposed 
at around 250°C with an exotherm to give In& 
up to 330°C. EtZnSiPr stepwise lost ethyl and 
isopropyl groups at 104 and 270 "C, respectively, 
and finally gave ZnS up to 358°C as shown in 
Fig. 1. Consequently we attempted to prepare the 
corresponding metal sulfide thin films on glass or 
Si(111) substrates via solution pyrolysis of the 
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Figure 1 Thermogram of EtZnSiPr. Conditions: sample 
weight 10 mg, start temperature 20 "C, limit temperature 
600°C,  program rate 10"Cmin I ,  under N, flow. 
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Figure 2 Photomicrographs of (a) indium sulfide and (b, c) zinc sulfide thin films obtained from BuIn(SiPr),, EtZnSiPr and 
EtZnSiPr-Zn(S,CNnBu,), at 300 "C, respectively. 

above-mentioned organometallic precursors and 
the results obtained are summarized in Table 1. 

Amorphous /?-In& thin films 1000-2000 
(100-200 nm) thick were obtained at pyrolysis 
temperatures of 300 and 400°C. Values of the 
optical band gap energy of these indium sulfide 
thin films were estimated at 2.1-2.2 eV, which 
coincided with those of P-In2S3 single crystals 
(1.98 eV)' and thin films prepared by spray pyro- 
lysis (2.20 eV).9 Their surface morphology was 
observed by SEM and a typical photomicrograph 
is shown in Fig. 2(a). It was found that these films 
possessed a smooth surface and consisted of small 
crystallites, ca 250 A (25 nm) in diameter. 

In contrast, XRD, patterns shown in Fig. 3 
indicate that the pyrolysate from EtZnSiPr is 
polycrystalline P-ZnS; however, these ZnS films 
were contaminated by significant amounts of zinc 
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Figure3 Typical XRD patterns of ZnS thin films obtained 
from the pyrolysis of (a) EtZnSiPr and (b) EtZniPr- 
Zn(S2CNnBu2), (2:  1 molar ratio) in chloroform on Si(ll1) at 
300°C for 1 h. All Miller indices wcre cited from JCPDS no. 
5-566 for ZnS and no. 5-664 for ZnO. 0, Peaks resulting 
from ZnO. 

oxide (ZnO). Thus the partial oxidation of ZnS 
layers deposited initially in part resulted in a 
lower band gap energy value of 3.2-3.4 eV, which 
was significantly lower than that of P-ZnS 
(3.6 eV)'" and slightly higher than that of ZnO 
(3.2 eV).'" Especially, a transparent and conduct- 
ing ZnO film was obtained at 500°C; average 
resistivity was 3 x 10-l L2 cm, and average visible 
transmittance was about 90%. Similar sulfide- 
oxide conversion was reported for solution pyro- 
lysis of sulfur-deficient systems such as Bu,InSiPr, 
which proceeded by trace amounts of oxygen 
contained in argon (purity 99.99%).3 In contrast, 
pyrolysis carried out below 300 "C gave ZnS films 
without oxidation but with significant contamina- 
tion by organic moieties. 

To avoid the undesirable oxidation, precursors 
having larger sulfur contents such as zinc dithio- 
carbamate complexes were examined but the 
solution pyrolysis of sole zinc dithiocarbamates 
gave only powders deposited over the substrates. 
Eventually, it was found that the combination of 
EtZnSiPr and Zn(S2CNnBu2), (2 :1 molar ratio) 
gave polycrystalline P-ZnS films without oxi- 
dation even at 300°C. The ZnS films thus 
obtained showed a larger band gap energy of 
3.55 eV and the average particle size was 500 
(50 nm). The effective formation of ZnS layers by 
the addition of the dithiocarbamate complex 
resulted from the formation of bridged binuclear 
complexes as in the butylindium alkylthiolate and 
copper dithiocarbamate system for deposition of 
CuInS2.2C.11 

In conclusion, it is found that thin films of In& 
and ZnS which were valuable for electro- 
luminescence (EL) devices, terrestrial solar cell 
windows and photocatalysts12 could be easily pre- 
pared by solution pyrolysis of the corresponding 
organometallic thiolates. 
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