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*Sulphide thin films prepared
by the dip technique



3. INTRODUCTION

Sulphide thin films are extensively used for the fabrication of a number of
solid state devices such as solar cells, photoconductive cells, electroluminescent cells,
Schottky diode, thin film transistors etc. A large variety of deposition techniques
(discussed in chapter 1) have been used for the preparation of these films. Efforts are
under way to develop simple and low-cost methods for the deposition of sulphide films
for use in various device applications, especially in solar cells. |

| Results obtained under various deposition conditions are by no means
unique. Different workers have reported different results even under similar deposition
conditions. |

The dip technique 1s a simple method for the deposition of device-quality
sulphide films. This technique is traditionally used for deposition of oxide films as
described in chapter 2, where a solution of corresponding metal chloride in an organic
solvent is used as the starting solution. In case of sulphide film preparation, it has been
obseﬁed that simple addition of a suitable sulphur containing compound to the starting
solution prepared originally for the oxide film deposition results in a good quality sulphide
film, |

In this chapter, we describe the deposition of a number of binary and

ternary sulphide films by the dip technique and their characterisation.
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*3.1. ZnxCd1-xS THIN FILMS

3.1.1. INTRODUCTION

Ternary sulphide compounds are some of the most promising man-made
materials since-they yield new possibilities for tailoring physical properties. Among them
the wide baﬁd—ga_p II-VI compound semiconductors have Afound applicatioh in-
optoelectronic devices. There have been attempts to introduce Zn,Cd;S alloy
layers instead Qf CdS for obtaining specific band structure and optical properties [1] 'for
use in solar cells. | | |

These films have been wi(iely used as a wide bandgap window material in
heterojunction pho_tovol?aic solar cells [2-7], and in photoconductive“ devices [8]. In solar
ceﬁ systems, where CdS thm films bave been proved to be useful, partial substitution of
Zn for Cd increases the obtical window of the heterojunction and also the diffusion

potential [9]. Moresver, in heterojunction solar cells using CuGaSe,, use of anCdl_xS ’

instead of CdS can lead to an increase in photocurrent by providing a match in the

electron affinities of the two materials. This hexagonal Zn,Cd;.S ternary corﬁpbund is
élsb potentially useful as a window material for fabrication of p-n jﬁhctibns without lattice
mismatch in the devices based on quaternary materials like Culn,Ga; 4Se; [10] or
Culn(S,Sey.), [11] | | |

- Zn xCdy S thin films have been prepared by a variety of techniqueé, -
which include vacuum evapofation [12-13], spray pyrolysis [14-16], tf sputtering [17],‘
solution growth [‘18'-1'9] and sublimation growth [20]. Metal-organic vapour-phase
epifaxy (MOVPE) [21] and molecular-beam epitaxlfy (MBE) [22] have been recently

applied to prepare these films for the fabrication of efficient light-emitting devices.

* Published in the "journal of Thin Solid Films" Vol. 322/1-2 (1998) P. 117-122.
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Ton-beam deposition method makes it possible to fabricate high-quality ZnCdS films at a
low substrate temperature without interdiffusion in multilayers and heterojunction devices
[23, 25]. |

As discussed previously (chapter 2), the dip technique and the related sol-
gel method have been traditionally used for the deposition of oxide thin films [26-27].
Usually these involve the hydrolysis of the corresponding metal -alkoxide, nitrate or
chloride on a heated substrate. Previous workers [28] reported a modification of the dip
technique for deposition of sulphide films. In tlﬁs method the substrate is withdrawn from
an alcoholic solution of the metal nitrate and thiourea, and with the liquid layer adhering
to it, transferred to a furnace maintained at a high temperature. A."i chemical reaction then
takes place on the substrate to yield the solid sulphide films.

As described in ref. [28], attempts to produce Cd( gZng »S films using a -

starting solution containing both cadmium and zinc nitrates resulted in the formation of a

mixed phase material containing partially crystalline CdS and amorphous ZnS when

prepared at a baking temperature of 400° C and baking time (B) five minutes. We have
found that by increasing the baking temperature to 5000 C (Bt = 5 minutes) homogeneous

crystalline Zn,Cd;_,S films within the range 0<x<0.6 could be produced. These films

'show a continuous variation of lattice parameter and bandgap as a function of atomic
fraction x within the range 0<x<0.6. For x>0.6, the films tend to develop an amorphous
character, but the optical properties are not affected and the bandgap varies
monotorically from 2.3eV (CdS) to 2.69 €V (Zng ¢Cdg 4S) over the range 0<x<0.6. In
this chapter, the preparation of these films and their characterization by x-ray
diffractometry, scanning electron microscopy, optical and photoconductivity measurments

have been described.
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3.1.2. EXPERIMENTAL DETAILS

3.1.2.1. SOLUTION PREPARATION

Three separate saturated solutions of cadmium nitrate [Cd(NO3),,

4H,02], zincnitrate [Zn(NO3),, 6H,O] and thiourea with methanol as solvent were

initially prepared. The concentrations are 0.8 kg/litre, 1.0 kg/litre and 0.1 kg/litre
respectively. They were then mixed in requisite amounts to prepare the starting solution
for deposition of sulphide films. It was observed that the mixing was best achieved
without any precipitation taking place if the thiourea solution was initially divided into
two parts which were mixed with the two nitrate solutions separately, and finally one of

the mixfures slowly added to the other.

3.1.2.2. FILM FORMING PROCESS

Microscope glass-slides were usually used as a substrate. These
were cleaned by washing in detergent solution and chromic acid and finally degreased in
acetone and methanol vapour. The film forming process is exactly the same as described
| .'m chapter 2 for oxide films, which involves dipping of the substrate in the starting
_solution, its withdrawal at a controlled speed.and transfer to a furnace for baking for

almost 5 minutes. The chemical reactions for CdS and ZnS films are as follows.

Zn(NO3), + (NH,),CS =ZnS + CO; + 2H50 + 2Ny O ————-mmmmmmm- G.D
Cd(NO3), + (NH;),CS = CdS + CO, + 2HyO + ZN7O ---m-ememmm e B.2)

The minimum baking temperature required for the deposition of a solid
films was found to be 3000 C. It was observed that single phase crystalline films of a very

high quality were obtained when prepared at a baking temperature of 5000 C for five
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minutes baking time. Thickness of the films could be increased by repeating the whole
cycle (dip-withdrawal-bake) a number of times. All the films reported here were baked for

a fixed baking time of five minutes within the furnace under atmospheric conditions.

3.1.3. RESULTS AND DISCUSSION

Zn,Cd; S films were deposited at 500° C for various concentrations of

Zn from x = 0 to x = 1. The value of x was changed by changing the relative
concentrations of Zn - nitrate and Cd - nitrate in the starting solution. The anCdl_XS
thin films were smooth, highly uniform, reflecting and strongly adherent to the substrate.
Colour of the films was observed to change from yellow-orange to pale yellow with
increase in zinc atomic fraction x. Zinc sulphide films (x=1) were white in colour while
cadmium sulphide films (x=0) were orange-yellow in colour. Characterization of the films
was carried out by optical absorption, X-ray diffractometry, scanning microscopy and
spectral response of photo conductivity measurements. Results reported in this chapter
were obtained by measurements on films prepared by 10 dippings (dip-withdrawal-bake
cycle) from a starting solution containing total 0.93 (Cd + Zn) moles per litre and
withdrawn at a speed of 1.33 mm/sec and baked at 5000 C for five minutes.

~ The Zn/Cd ratio in the solid films was determined by Atomic Absorption
Spectroscopy. The value of x was found to be essentially the same as the relative

proportion of Zn atoms [Zn:(Zn+Cd)] in the starting solution.
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3.1.3.1. FILM THICKNESS

Films of different thickness were obtained by changing the
lifting speed as well as increasing the number of dippings (dip-withdrawal-bake cycle),
keeping the concentration of the solution fixed. Smooth and uniform films could be
obtained upto a maximum withdrawal speed of 1.33 mm / sec. For higher speeds, the -
films tended to be non-uniform. As discussed in chapter 2, at high withdrawal speeds the
liquid layer adhering to the substrate, as it is pulled out is quite thick, and turbulence in
this layer is also higher. Film thickness was measured by stylus method using o step as
described in chapter 2.

Figure 3.1 shows the variation of the thickness of the films for different
values of x, when the total number of (Cd + Zn) moles were kept constant in a given
volume of the starting solution. It shows that the thickness of the films decreased

linearly with fhe increase in zinc proportion.
3.1.3.2. X-RAY DIFFRACTOMETRIC STUDY

X-ray diffractometry studies were carried out by PHILIPS
diffractometer (model PW 1390) with CuK,, radiation (Ni-filter) at 1.54 A. Figure 3.2

shows the XRD patterns of the Zn,Cd;_S films (x=0.2) deposited at three baking
temperatures Tg = 4000 C, 5000 C and 600° C. 1t is clear from the diffractograms that the

Zn,Cdy_,S films deposited at a baking temperature of 500°C is hexagonal in structure

where as that deposited at 4000 C is a mixed phase, containing crystalline CdS (cubic) and
amorphous ZnS, with a prominent peak at 20 = 26.870 (d-value 3.32 A) coresponding to
(111) plane of CdS. No prominent peaks were observed in the film deposited at a baking

temperature of 600° C.
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Figure 3.1. Variation of thickness on zinc atomic fraétion x of
ZnyCd|_S thin films (Tg = 5000 C).
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As films with best crystalline properties were obtained for a baking
temperature 5000 C and a baking time of five minutes, these films were chosen for
further detailed study of their properties as a function of atomic fraction x.

Inthe compositional range O0<x<1, the crystal structure of the

ZnyCd; S films have been determined from x-ray diffraction patterns. The analysis

established the presence of hexagonal structure of the polycrystalline Zn,Cd;_S films in

the range 0<x<0.6. Films with composition corresponding to x>0.6 was found to be
nearly amorphous in nature.

A typical XRD pattern for Zn,Cd; .S (for x=0.4) films is shown in figure

3.3. Comparison of the prominent peak position (20—value) of the XRD spectra with the
JCPDS data file for CdS [29] suggests that the Zn,Cd;_,S film deposited at a baking
temperature of 500° C is hexagonal (wurtzite) in structure with the_ prominent x-ray
diffraction peaks corresponding to (100), (002), (101), (110) and (103) planes.

It i§ observed that the diffraction angle (20) shifts to higher angles with
increasing zinc atomic fraction x. The peaks, which are quite sharp upto x = 0.4, become
weaker beyond this and no prominent peaks appeélr for x>0.6, which means that in fhis
range fhe films are mostly amorphous. .v

The diffraction angle shifts towards higher angles with an increase in the
composition parameter X, which means that the lattice constant decreases with x. The
relationship between the lattilce.parameter and the zinc atomic fraction x over the range
0< x < 0.6 is shown in figure 3.4. It was observed that the lattice constant decreases with
increase in the proportion of Zn. This is consistent with the smaller size of the Zn atoms
and alsé reflected in the decrease in thickness of the films with increasing x as described in
section 3.3.1. Similar results were obtained by Yamaquchi et al. [30]. The values of @ and
¢ for thin film prepared at x = 0 (pure CdS) are 4.13 A and 6.73 A respectively. These
values are in good agreement with the data for hexagonal CdS films from the JCPDS card

[29].
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X-ray diffraction of a typical Zn,CdyS film ( x= 0.4) deposited at a
baking temperature of 500° C upon a dip-deposited polycrystalline CdS film with
hexagonal structure is shown in figure 3.5. The underlying CdS thin film of thickness ~
03 u was deposited initially by the dip technique on cfystalline tin-dioxide transparent
conducting substrate at a temperature of 5000 C. The top layer of Zn,Cd; S film (x=0.4)
of thickness 0.9 u was deposited on the CdS. The deposited film is also has a much and
more pronounced peak, indicating a higher order of crystallinity and is also hexagonal in

structure with preffered orientation along (002) plane.

3.1.3.3. OPTICAL PROPERTIES
3.1.3.3.1. Optical absorption

Optical properties were studied by SHIMADZU UV-240 double-
beam spectrophotometer. Optical absorption spectra of ZnyCd; 4S (0<x<1) thin films
deposited on glass substrates were obtained in the range 350 nm - 600 nm. (Fig.3.6).. The
spectra were taken with respect to the bare substrate placed in the reference beam. The
absorption edges are quite sharp, indicating that the films are uniform and homogeneous,

“and these move towards shorter wavelength with increasing Zn atomic fraction x

corresponding to increasing bandgap of the material. The optical energy gap (Eg) of the
Zn,Cd; S thin film was estimated by measuring optical density (O.D) of the films as a
function of wavelength in the range 2.2 ¢V to 3.5 eV, from which absorption co-efficient
(o) was obtained. Plots of (ahv)2 and (ahv)l/ 2 against hv wére made (Figure 3.7).
(cthv)2 versus hv plots yielded straight line over the range 0<x<0.6. In contrast, for x>0.6
straight lines were obtained when (cthv)!/2 was plotted against hv. This is indicative of

. the fact that the film are crystalline for 0<x<0.6 and amorphoxis beyond this range. The

bandgap of hexagonal Zn,Cd; S films obtained for the range 0<x<0.6, using the curve
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(athv)2 versus hv are in good agreement with other bandgap data obtained from the films
deposited by spray pyrolysis [31] or Electron Beam Epitaxy [32].

In the above o was estimated by the following relation.

Y, (2.303)0)[((0. D 53

* where 'd'is the film thickness and O.D. is the optical density, which was converted

into transmittance according to the relation given below.

I
0.D logm(T"j ——————— 34)

and

1

If=—-——-———- : e
7 (35)
Where 1, is the intensity of light incident on the film and I is that transmitted

beam.

3.1.3.3.2. Spectral response of photoconductivity

To determine the photoconductive (PC) spectral response, a PC
cell was fabricated by depositing Ag-electrodes in the usual interdigitated (comb-like)

pattern, which was suBsequently placed at the detector position of a SPECTROMOM

202 spectrophotometer, and the photocurrent was measured as function of wavelength.
The area of the cell was about one square cm. It is known that deposition of Ag after
. ionic bombardment at high vacuum as was done in this case, produces an ohmic contact
with the underlying surface. The pattern of the cell as well as the circuit used -for

measurement of photocurrent is shown in figure 3.8.
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Spectral response of photoconductivity curves are shown in figure 3.9.
The photocurrent values are normalized with the peak response for pure CdS taken as 1.
No correction was made for the variation of intensity with wavelength of the tungsten
filament source used in the spectrophotometer. With increasing x, position of the
maximum moves from 540 nm for CdS to 360 nm for ZnS, corresponding to a shift in
bandgap from 2.3 eV to 3.4 eV. This continuous change in bandgap with increasing
proportion of zinc again confirms the formation of a solid solution.

Figure 3.10 shows the variation with x of (1) bandgap for 0<x<0.6, (ii)
optical gap for x>0.6, and (iii) the photon energy 0<x<1 at which peak response in
photoconductivity is obtained. Curves (i) and (iii) agree quite closely in the range
0<x<0.6, where crystalline films were obtained. The optical bandgap for x>0.6 are much
less than that obtained from photoconductive measurements, which may be due to the
amorphous nature of the films in the region.

According to H. Hill [33], the optical bandgap E, of Zn,Cd; S which is a

ternary alloy film, can be expressed as

Ey=Ecg +(Ez;s — Egis —b)x +bx* ———(36)

where b is the bowing parameter and x 15 the Zn atomic fraction. The vaiue
of b for films is about 0.22 eV, estimated from curve fitting with the values of optical
bandgap in the range 0<x<0.6. This value is very close agreement with theory as obtained
by Hill [33]. For x>0.6 the value of b changes sharply to 0.07, again indicating a transition

from crystalline to amorohous films.
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3.1.3.4. SURFACE MORPHOLOGY

Surface morphology studies were carried out by HITACHI S-530
scanning electron microscope. Figure 3.11 shows the SEM micrographs of Zn,Cd;_ .S
thin films for different values of zinc atomic fraction x. It is evident from the micrographs
that the average grain size of the film increases upto x = 0.4, beyond which a tendency of
reduction in crystallinity is observed. This is also evidenced in the XRD pattern, where
sharp peaks are observed only over the range 0<x<0.4. The average grain size changes
from 0.5 pm (x = 0) to 0.9 um (x = 0.4), beyond which (x > 0.6) the grains are not

properly defined.

&
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Figure 3.11. Scanning electron micrographs of ZnyCd{.xS thin films,

(a) X=0, (b) x=0.1, (c) x=0.3.
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Figure 3.11. Scanning electron micrographs of ZnyCd{_4S thin films,

(d)) X=0.4, (€)x=0.5. (f)x=0.6.
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*3.2. TIN SULPHIDE (SnS & SnS2) THIN
SOLID FILMS

3.2.1. INTRODUCTION

Efforts have been made currently in finding new materials for energy
conversion. Two important factors that should be considered in production of these
materials are the band gap energy matching the solar spectrum and the competitiveness of
prodﬁctioh cost. The first criterion is met by several materials such as Si and GaAs which
are being used currently. However, the costs are extremely high for large scale production
and can be brought down only by simplifying the manufacturing process.

In the present decade, semiconducting~ chalcogenide thin films have
received much attention because of their world-wide application in the various field of
science and technology [34]. In addition, a drastic cut in the cost of production of
semiconductor devices is also possible by the use of semiconducting thin ﬁhn§ in place of
single crystal. Among other materials of recent interest are metal chalcogenides such as
CdS and CdSe which fall in the group of II-VI compounds. Among the chalcogenide
thin films, tin sulphides show promise because of their possible application in solid state
devices, such as photovoltaic [35-38], photoelectrochemical cells (PEC) [39],
photoconductive cells [40] and intercalati.on battery systems [41]. However, compounds
of tin sulphide have not been extensively studied.

Tin forms several binary sulphides, such as SnS (orthorhombic) [42-43],

SnS, (trigonal) [44], SnyS3 (thombic) [45], and SnzSy \(tetragonal) [46]. All these are

semiconducting materials.

4

* Communicated to the " Thin Solid Films" July 1998.
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Polycrystalline SnS which is usually a p-type semiconductor, with optical
and thermal baﬁdgaps of 1.08 eV and 1.20 eV respectively [35-36, 47], may be very
interesting for the photovoltaic coversion of solar energy into electrical energy, since its
bandgap is comparable to that of silicon [40].

Tin disulphide (SnS,) is also a very interesting material, both for its
layered structure and for the antisotropy of its properties, which makes it a good
candidate for utilisation in photochemical solar cells. This compound crystallizes in the

CdI, type structure with layers of atoms in a close packed arrangement. Within each layer

the bonding is mainly covalent, while the layers interact with each other through van der
Waals forces. The bandgap of SnS, films is about 2.2 eV which is more suitable for
photoconductive and photoelectrochemical cells [39-40].

However, comparatively few reports are available for preparation, study
and application on these films.

A number of deposition techniques, which include chemical deposition
[40,48], evaporation tecﬁnique [34], chemical vapour transport [49] and electrodeposition
[50] have been used for the preparation of these films.

Development of the dip technique for the deposition of SnS and SnS, thin
films would of practical interest, since dip techﬁique is both simple and economic. An
attempt Was therefore made to deposit mono and di-sulphides of tin by simple variation of
- stoichiometry.

These tin sulphide films could be converted easily to tin dioxide by simple
‘annealing in air, thus providing another route for the preparation of transparent
conducting tin oxide films.

In this section, we describe in detail the preparation of SnS and SnS, films
by the dip technique and their characterization by Scanning Electron Microscopy (SEM),

X-ray diffractometry (XRD), studies of optical and photoconductive properties, and their

conversion to SnO, films by air annealing in atmospheric condition.
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3.2.2. EXPERIMENTAL DETAILS

Two separate saturated solutions of SnCl,.2H,O and thiourea with
methanol as solvent were initially prepared. Then they were mixed in requisite amounts
together slowly to yield the starting solution for the preparation of SnS and SnS, thin
films. As a rough guide, 15 gms SnCl, . 2H,0 in 30 cc methanol and 5 gms thiourea in 50

cc methanol was taken for preparation of SnS films whereas for SnS, films, 5 gms of

more thiourea with 50 cc methanol was added in the above solution .

The films were prepared using the same setup and technique as mentioned
in Chapter 2, where speed of withdrawal was 1.33 mm/sec and freshly prepared solutions
were used. The films were prepared on soda-glass substrate at different baking
temperature in the range 2000 C - 3600 C for 5 minutes baking time. The formation of

SnS and SnS, films on the surface of the substrate takes place according to the

following reactions.

SnCl, +(NH,),CS +2H,0 —> SnS +2NH,CI + CO, — — - —(3.7)

To prepare SnS, films, a starting solution having SnCl, and thiourea in
1:2 molar ratio was used and the corresponding equation is given below.

SnCl, +2(NH,),CS +2H,0 — SnS, +2NH,CI+CO, —— ——(38)

It may be mentioned that the various intermediate chemical reactions and
products in the above reactions are quite complex and not known in detail.

SnS and SnS, films were deposited at baking temperatures of 2000 C,
3000 C & 3600 C and for a baking time of 5 minutes. Optical absorbtion, photoconductive
(PC) spectral response and microstructural studies were carried out using SHIMADZU

UV-240 double-beam spectrophotometer, SPECTROMOM 202 spectrophotometer,
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PHILIPS ‘diﬂ‘ractometer' (model PW 1396) with CuKo radiation (Ni-filter) at 1.54 A,
HITAC__HI S-530 scanning electron microscope  respectively  as mentidned earlier
 (section 4.2). As described eﬁrlier, the thickness of the films was measured by stylus
method using o step. "

SnS and SnS, films were baked in a furnace in atmospheric condition at

4000 C for different times ( \10_:- 120 minutes) to convert them to transparent conducting

tin dioxide film. The SnO, films were characterized by XRD, SEM, optical transmission

measurements, and variation of their sheet resistance were recorded, using standard

four probe ‘method. Optical absorption and doping effects were studied using SnS, films

only.
3.2.3. RESULTS AND DISCUSSION

Tin mono and di-sulphide films were smooth, shiny and strongly adherent

to the substrate. The films were also highly uniform except for the trouble zone at the
bottom and sides as described in Chapter 2. The colour of SnS and SnS, films was black

and golden yellov;z respectivély.'
3.2.3.1. THICKNESS

| Films of different thickness were obtainégl by changing multiple dippings.
Figure 3.12 shows the thicl;ness variation with number of dippings of SnS, films at a
baking temperature @f 3600 C. It is seen that the thickness per dipping is lower for first
dip compared with the subsequent dippings. This may be due to the fact that first
deposition is on émorphods glass Substrafe‘whereas the subsequent depositions are on °

crystalline SnS, layer itself. Similar results were obtained by Karanjai et al. for CdS films

| [28 ]. Thickness variation of SnS films with number of dippings follows same nature as
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that of SnS, films. But the thickness in case of SnS films is less than that for SnS, films
for a particular dipping.

Characterization results reported in this chapter are for films prepared by 5
dippings corresponding to a thickness of 0.50 pm for SnS and 0.55 um for SnS, films.

3.2.3.2. X-RAY DIFFRACTOMETRIC STUDY

Figure 4.13 shows the X-ray diffraction patterns for SnS thin films at
three different baking temperatures (200¢ C, 3000 C and 360°¢ C)} and 5 minutes baking
time. Only one peak was observed at 31.950 which was found to be strongest for films
prepared at a baking temperature of 3000 C. The corresponding 'd’ value was found to be
2.8 A9, which is identical to the (040) spacings of SnS.

The X-ray diffraction pattern for a typical SnS, thin films prepared at a
baking temperature of 3600 C, is shown in figure 3.14. It was observed from the XRD

pattern that there is only one peak at 20 = 15°. The 'd' value calculated from the 20 value
and was 5.9 A9, corresponding to spacing of (001) plane of SnS,. Peak position and

corresponding 'd' values of both SnS and SnS, films were compared with the standard
JCPDS data file ( No. 14-620 for SnS and No.23-677 for SnS,), which confirmed the
successful deposition of SnS and SnS, films. Prominent peaks and their corresponding d-

values for SnS and SnS, films deposited on soda-glass substrate are listed and compared

with d-values from JCPDS data file in table -3.1



Chapter - 3

2000 C

| {

1

3000 C

-] |
40 35 30 25

20 (degrees)
Figure 3.13. X-ray diffractograms of SnS thin films at various baking
temperatures (Tg = 2000 C, 300° C, 360° C).

106

Intensity (Counts/sec) x102




—~ 10

] 0

10 )

20 (degrees)
Figure 3.14. X-ray diffractograms of SnS; thin films (Tg = 3600 C).

Intensity CCOunts/sec)xw2

£ - 21doy)

201



Chapter -3 108

Table - 3.1. Prominent peak position (20 values) of x-ray diffraction
peaks,corresponding d-values and their identification for SnS and SnS, films

deposited on glass substrate.

OBSERVATION COMPARISON WITH JCPDS FILE hkl

Peak position Observed  Intensity Peak position Comparable Intensity

(20) d- values (A9) (I/I,) (26) d- values (A%) (I/1,)
SnS Film ( JCPDS data file No. 14-620)
31.95 2.80 100 32.00 2.79 100, 040

SnS, Film ( JCPDS data file No.23-677).

15.02 5.89 100 15.02 5.89 100 001

In each case, appearance of only one sharp peak appears to indicate a

preferred orientation, along the (040) planes for SnS and (001) planes for SnS,

respectively.
SnS, films prepared at 200° C and 300° C showed no sharp peaks and
only a broad hump indicating that they were possibly amorphous.

Thus, baking for 5 minutes in 300° C and 360° C resulted in oxide-free

SnS and SnS, films by the dip technique. It may be mentioned that no evidence of any

oxide (SnO,) peak was found over a 2 0 range 10° to 80°.
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3.2.3.3. SURFACE MORPHOLOGY

SEM micrographs of SnS thin Films deposited at three different baking
temperatures (2000 C, 3000 C and 360° C) are shown in figure 3.15. It is clear from the
micrographs that grain size of the films deposited at 3000 C is the largest compared to

others. As already mentioned, these films also show the strongest XRD peaks.
Figure 3.16 shows the SEM micrographs of an SnS, thin film prepared at

a baking temperature of 3600 C. Average grain size for both SnS and SnS, films as

observed from the micrograph is about 1 pm.

3.2.3.4. PHOTOCONDUCTIVE PROPERTIES

. The spectral response of photoconductivity curves for SnS and SnS, thin

films are shown in figure 3.17. In figure 3.17 the photocurrent values are normalised with

the peak response for SnS, film taken as 1. The maximum photocurrent for SnS film is

seen to occur at 840 nm, corresponding to a band gap of 1.4 eV which is comparable to

values reported in the literature [39]. In case of SnS, films, the maximum photocurrent

was observed at 500 nm which corresponds to a band gap of 2.4 eV, and compares quite

well with values reported by other workers [39-40].

'3.2.3.5. OPTICAL ABSORPTION PROPERTIES

In the following, the optical absorption of undoped and Sb-doped SnS,

films are discussed. It was not possible to carry out optical absorption measurements on
SnS films as the absorption edge lies in the infrared and the soda-glass substrate sirongly

absorbs in this range.-
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Figure 3.15. Scanning electron micrographs of SnS thin films at three different

baking temperatures, (a) 200° C, (b) 300° C, (c) 360° C.
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Figure 3.16. Scanning electron micrograph of SnS, thin films deposited on glass

substrate at 360° C.
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Figure 3.17. Spectral response of photoconductivity curves of SnS and

SnS, thin films at baking temperature 3000 C and 3600 C
respectively (a) SnS thin film and (b) SuS; thin film.
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3.2.3.5.1. Undoped SnS, films
Optical absorption spectra of SnSZ' films is shown in figure 3.18.

In this figure (a) shows the absorption spectra of pure SnS, film. The spectra is taken

with respect to the bare substrate placed in the reference beam. The rise in absorption is
quite steep, indicating that the films are homogeneous and the optical band gap was
measured from the extrapolation of the linear portion of the (ahv)2 versus hv curve

shown in figure 3.19. The optical band gap. of SnS, films is 2.4 eV (from figure 3.19),

which is the same as obtained from photoconductive response data.

3.2.3.5.2. Sb-doped Sn$S, films
SnS, thin films of thickness about 0.55 um deposited at a baking

temperature of 360° C for 5 minuits baking time were doped with antimony (Sb) for
different at%. It was observed from the optical absorption data in figure 3.18, that the
absorption edges of these spectra are shifted towards shorter wavelength as a result of
increasing Sb concentration corresponding to an increase in band gap from 2.4 eV to 3.0
eV (for 3 at%doping), which was calculated from the curve (athv)2 versus hv shown in

figure 3.19.

X-ray diffractometric studies were carried out for doped SnS, films. It is
observed that introduction of antimony (Sb) as a dopant in the SnS, film reduces the peak
height. In the X-ray diffractogram shown in figure 3.20, thus at 0.12 at% Sb doped SnS,
film the peak height is reduced and for 0.3 at% Sb doping the peak has disappeared. Tflus
it can be concluded that Sb-doping has a strong effect on the crystallinity of SnS,, and a
very small concentration (0.3 at%) of Sb being sufficient to make it completély
amorphdus. A similar result was observed by Banerjee et al. [51], who found that the
introduction of Sb as dopant in CdS reduces its crystallinity and, at 3 at% doping, the

structure becomes completely amorphous.
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3.2.3.6. EFFECT OF ANNEALING

Effect of annealing was studied by baking SnS and SnS, films, prepared at a

baking temperature of 3000 C and 360° C for 5 minutes to a higher temperature of 4000

C in the furnace at atmospheric condition for various baking times.

We found that when SnS and SnS, films are annealed in a furnace at 4000 C for

more than 10 minutes, these are converted into SnO, transparent conducting films in the

presence of atmospheric oxygen, according to one of the following reactions.

SnS + 20, = Sn0y + SOy ——memee- (3.9)
SnS, + 30, = Sn0, + 280, ——--(3.10)

Figure 3.21 shows the effect of annealing in atmospheric condition at 400° C for

different baking times on the sheet resistance of SnS and SnS, films. It was observed that
good quality SnO, films in terms of crystallinity as well as optical transmission could be

obtained by air annealing of tin disulphide films prepared by dip technique for about 50

minutes. The electrical conductivity SnO, films obtained by this method are quite

reasonable, the sheet resistance being 2 X 103 /0 with an optical transmission of 90%.
It was observed that for prolonged annealing (>120 min.) of SnS and SnS, films
- the sheet resistance become very high and of the order of 106 /00 with no change in
optical transmission. This is probably due to the filling of the oxygen vacancies resulting
in a near-stoichiometric materials. These high-sheet-resistance SnO, films may be useful
as an insulator layer [52] as well as a protective layer [48] in semiconductor device

structures. It was observed that due to increase in annealing time the optical transmission

of the films is increase (fig. 3.22). XRD and SEM of a typical SnO, films obtained by this

method by annealing of SnS, is shown in figures 3.23 and 3.24. The XRD pattern of the
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transformed films matches well with the XRD powder pattern simulated from the data for
Sn0O, [53] as well as with JCPDS file 21-1250 data for SnO, mineral sample. Prominent
peaks, corresponding d-values and their intensity for these SnO, films are listed and

compared with JCPDS data file in table -3.2

Table - 3.2. Prominent peak position (20 values) of x-ray diffraction peaks,
corresponding d-values and their identification for SnO, film obtained from SnS,

film (annealing time = 50 minutes).

OBSERVATION , COMPARISON WITH hkl
JCPDS DATA FILE NO. 21-1250
Peak position Observed  Intensity =~ Comparable Intensity
(20) d- vglues (A°) (I11) d- values (A9) (I/1,)
26.65 3.34 100 3.35 100 110
38.00 2.36 40 2.37 25 200
51.85 1.76 22 1.76 65 211

54.80 1.67 15 1.67 18 220
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Figure 3.24. Scanning electron micrograph of SnOj thin film obtained from SnS,

film by atmospheric annealing at 400° C.
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3.3. A FEW MORE SULPHIDE FILMS

A few more sulphide films were also deposited using dip technique. In the
following section deposition and characterisation of Mo-sulphide and Cu-sulphide films

have been discussed in brief,

*3.3.1. MOLYBDENUM DISULPHIDE (Mo$S2)
THIN FILM

3.3.1.1. INTRODUCTION

Molybdenum dichalcogenides appear to be very promising semiconductor |
materials for various applicz;tions such as solar cells [54-55], rechargeable batteries [56]
and solid lubricants for metallic and ceramic surface in environments where hydrocarbon
or -other fluid-based lubricants are unsuitable, such as in high \;acuum or high temperature
applications [57-58]. It has been also widely used in space-technology where its low co-
efﬁcieﬁt of friction in vacuum is of particular value [59]. These applications arise from the
optical, electrochemical and mechanical properties of these compounds. They exhibit a
layer-type structure in which monolayers of Mo are sandwiéhed between monolayers of
sulphur, which are held together by relatively weak van der Waals forces. These materials
have band gaps (1.78 eV) well-matched to the solar spectrum [601. A number of methods
exist for the production of MoS; thin films, including sputtering [61-63], electrochemical
deposition [60,64], and pulsed laser deposition [65-68].‘ |

In this section, the preparétion of M0S2 thin films by dip technique and to

study their.stmétural and optical properties have been described.

*Presented at the "Fifth West Bengal State Sc. Cong." Proceedings, University of
North Bengal, 21-23 March, 1998, Page 140.
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3.3.1.2. EXPERIMENTAL DETAILS

Film deposition procedure exactly follows the éame technique as discussed
earlier, where lifting speed were 1.33 mm/sec and the starting solution was taken by
mixing of methanolic solution of ammonium molybdate (5 gms ammonium molybdate in
50 cc methanol) and ammonium thiocyanate (3.88 gm ammonium thiocyéﬁate in 40 cc
methanol). The deposition was performed on soda-glass substrate at different baking
temperature from 3000 C to 450° C for 5 minutes baking time. The substrate was cleaned
as discussed before in detergent solution, water and chromic acid and finally degreased in
acetone and methanol vapour.

Characterization of the films -were carried out by X-ray
diffractometry, Scanning electron microscopy and optical absorption using PHILIPS
diffractometer (model PW 1390) with CuK, radiation (Ni-filter) at 1.54 A, HITACHI
S-530  scanning electron microscope and SHIMADZU UV-240 double-beam

spectrophotometer respectively.

3.3.1.3. RESULTS AND DISCUSSION

MoS, thin films are smooth, uniform and strongly adherent to the

substrate. The films are gray in colour. The thickness of the films prepared for
characterization is estimated to be one micrometer.

| Figure 3.25 shows the XRD spectra of MoS, thin films prepared at three
different baking temperature 300° C, 360° C and 450° C. From the XRD spectra we
observed that the films prepared at 3000 Cis completely amorphous in nature but films
prepared at 3600 C and 450° C are crystalline. Comparison of the prominent peak
positions (20 - values) of the XRD spectra with the ASTM data file for MoS, (File No.

24-515) suggests that the films deposited at baking temperature 360° C and 450° C are
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f‘_igure 3.25. X-ray diffractogr_ani of MoS; thin films deposited on
| _ ’gl_ass‘ substrate at three different baking temperature
[(a), 3000 C; (b), 3600 C; (c), 4500 CJ.
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hexagonal in structure. The planes of MoS, are indi'catedA in the XRD spé'ctra. These
planes are (002), (012), (104), (107) and (113). The peaks which are unmarked do not
- correspond to MoS;;_‘ films. These unfnarked peaks correspond to MoOs which were-
confirmed ‘from the ASTM data file no. 5-0508. Prominent peaks, corresponding d-values .
_ and their intensities for MoS, films prepared at 4500 ‘C are listed and comi)ared with

~ JCPDS data file (24-515) in table -3.3

~ Table - 3.3. Prominent pedk position (20 values)’ of x-ray diffraction peaks,
- corresponding d-values and their identification for MoS, films.

' OBSERVATION " COMPARISONWITH  hki
‘ JCPDS DATA FILE NO. 24-515
Peak position Observed ~ Intensity Comparable 'Intensity‘
(26) d- values (A%) (15 d-values (A9 (VL)
1325 630 - 100 620 100 002
33.75 265 33 263 21 012
 39.00 2.30 88 2.35 27 104
4640 195 28 190 14 107
59.00 156 . .25 1.53 g 113

Figure 3.26 shows the scanning electron micrographs of MoS, films

- deposited on glass substrates at three different baking temperatures. These miérographs
shows that the grain size of MoS, films when deposited at 360° C and 400° C are larger

* .. than the that size of films depos1ted at 3000 C.

Flgure 3.27 shows the optical absoptlon of M082 ﬁlms deposited on glass
;‘ suBstrate. From rthe‘ ste‘epness of the absorption edge we conclude that the films are
‘ homogeneoﬁs.' T_he optical bandgap is calculated from the plot of (athv)?2 versus hv (Fig.
3.28) and is "t"durid.to be 1.80 eV. This is corhparable with- the \_/alue 1.78 €V obtained by

: Ponomareyv et al.[60].
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Figure 3.26. Scanning electron micrograph of MoS; thin film obtained from

deposited on glass substrate at three different baking temperatures

[(a), 3000 C, (b) 360° C, (c) 4500 C.]
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Figure 3.27. Optical absorption spectra of MoS; thin films deposited

on glass substrate.
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3 3.2. COPPER SULPHIDE (CuZS) THIN FILM

3.3. 2 1. INTRODUCTION
" The copper-sulphlde Cu, S (1<x<2) system forms a number of phases,

which are well known for their application as optoelectronic materials, and continue to be
_interesting semiconductor materials due to the variation in properties depending on the
value of x [69-72]. At least four stable phases are known [73] to exist at room

temperature for which their mineralogical names are often used. On the 'copper rich' side

of the copper sulphide phase diagram are the orthohorhombic chalcocite (Cu,S), djurlite
(Cuy.955) and anilite (Ci11_75S), while in the 'sulphur rich' side is covellite (CuS). Mixed
phases are also known in the intermediate compositién [74]. The structure of the copper

sulphide compounds is quite complicated [75]. Even the structures of CuyS and CusS,

which appear to be stoichiometric, are not consistent wifh their formulation as Cu(I) and
VCAu(II) sulphides.- Chalcocite (Cu,S) can come in its low-temperature from with a rather
complex structure or in its high-temperatufe from of disordered'rearrangements éf Cu
atoms in a close-packed array of S atoms [76]. Likewise, the compound CuS, which
occurs as the mineral covellite, has one -third of its metal ions surrounded by three
neighbouring S atoms at the cofners of a tringle and the remainder have four S neighbours
arranged tetrahedrally.

Copper sulphides exhibit a range of electrical properties, from metallic to
semi-metallic an(ll' semiconductor-like. Due to thése characteristics, by suitably. adjusting
their composition cépper sulphides are exploitable in the fabrication of eleétronic devices
[76-77].

. Deposition of these films can be made by different techniques, such és )
vacuum evaporation [78], activated reactive evaporation [79] and chemical bath

deposition [80-84].
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In thls section, the preparatlon structural and optical propertles of dip .
depos1ted Cu2S thm films have been descrlbed shortly. | |

3.3.2.2. EXPERIMENTAL DETAILS |

| .Film .‘preparation and other parameters was the 'same’as discussed earlier,
- the only diﬂ'erence being the startin‘g material‘ and the baking temperature F‘or depositon |
of Cu,$ films, methanohc solutlon of copper nitrate (10 gms of copper nitrate in 40 cc
' ‘methanol) and ammomum thlocyanate . 6 gms ammomum thlocyanate in 20 cc

methanol) were mixed together slowly to yield the.startmg solution. Films were depos1ted

on soda-glass substrates at three dlfferent bakmg temperature 3600 C 4000 C and 5000 C =

for. ﬁve minutes baking tlme Multlcoatmg & drp) ﬁlms havmg thlckness of about lum
was taken for the charactenzatlon of the ﬂlms The colour of the ﬁlms are brown |

| For structural properties x-ray drffractometry and surface morphology |
studles were camed out- by PH]L]PS dlﬁ'ractometer (model PW 1390) w1th CuK(x ,
‘radlatlon (Nl-ﬁlter) at 1. 54 'A% and HITACHI S- 530 scanmng electron mlcroscope -b
respectlvely whereas opt1ca1 absorption data were taken by SHIMADZU UV-2407

double-beam spectrophotometer for measurement of opt1ca1 band gap.
3.‘3._ 2.3. RESULTS AND DISCUSSION |

563&3 29- shows " the XRD patterns of Cu2$ thin - films at baking
14000-C-
temperature of,500° C. CuZS peaks are 1dent1ﬁed from the ASTM data file and shown n

table 3.4. A few peaks of CuO al»soarrse in this spectra. Probably some of thevcopper is
-~ oxidised to CuO at this high temperaturef The films prepared at»the other two baking'r

temperature (3600 C& 400o C) are amorphous in nature A typlcal scanmng electron_ "
' mlcrographs of Cu,S film at 5000 C 1s ‘shown in figure 3 30,
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Figure 3.30. A typical scanning electron micrograph of Cu,S thin film deposited on

glass substrate at 5000 C
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Table - 3.4. Prominent peak position (20 values) of x-ray diffraction peaks,

corresponding d-values and their identification for Cu,S film.

OBSERVATION COMPARISON WITH hid
‘ -JCPDS DATA FILE NO. 23-961
Peak position Observed >Intensity Comparable  Intensity
(20) d- values (A%) (V) d- values (A%) (/1)
24.80 3.59 16 3.59 16 162, 203
27.00 3.30 | 57 . 3.31 25 322
35.70 2.51 19 2.52 40 0102+
3880 232 17 232 40 2102, 471+

Figure 3.31 shows the optical absoption of Cu,S films deposited on glass

substrtate. The value of the band gap, Eg was determined in the usual way from the
_ intercept of the (cthv)? versus hv plots (fig.3.32) which was a straight line on the hv axis.
The optical band gap obtained from this curve is about 1.4 eV. This value is good

agreement with the value obtained by other workers [79].
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Figure 3.31. Optical absorption spectra of Cu;S thin films deposited

on glass substrate at 4000 C.
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3.4. CONCLUSION

Dip technique is a simple and suitable method of obtaining adherent,
specular, homogeneous and stoichiometric sulphide thin solid films. In this present
chapter, we have prepared successfully a number of sulphide films which may be used in
solid state devices. All these films are smooth, uniform and have the usual crystal
structure for these materials.

Zn,Cdj S (0<x<0.6) films were hexagonal in structure, whose lattice
parameter ¢ and & were found to decrease with increase in X. An increase in x also
produces a similar drop in the thickness of the film, the total number of (Cd + Zn) moles
in the starting solution remaining constant. This agrees well with the fact that the Zn
atoms have a relatively smaller size compared to Cd atoms. The bandgaps obtained from
optical absorption and spectral response of photoconductivity measurements are in good
agreement with each other and vary from 2.30 eV (CdS) to 2.69 eV (Zng ¢Cdg 4S),
beyond which the bandgaps obtained from optical absorption measurements (optical
bandgap) are much less than that obtained from photoconductive measurements owing to
the films becoming amorphous over this range. Surface morphology study by SEM as
well as XRD data show that good crystallinity is obtained upt(; a zinc atomic fraction of

0.4.
SnS ans Sn$S, thin film shows good crystalline structure when prepareq!it a

baking temperature of 300° C for SnS and 3600 C for SnS, films. Bandgaps obtained
from photoconductivity measurements are 1.4 eV and 2.4 eV for SnS and SnS, films
respectively. Optical absorption measurements on SnS, films also yield a value of 2.4 eV.
Antimony-doping of SnS, films produces an increase in bandgap along with a sharp

reduction in crystallinity. _
Annealing in air at 4009 C both SnS and SnS, films convert them to

transparent conducting tin dioxide, thus providing an alternative route for its preparation.



Chapter - 3 | ) ‘ 139

MoS, thin films show a crystalline structure for a baking temperature of
3600 C and 4500 C, whereas at 300° C these are amorphous in nature. Optical
absorption data shows the films are uniform and homogeneous. The optical bandgap,
which was calculated from the absorption dafa, is 1.80 eV and is comparable with the

literature value.
Cu,S thin films have crystalline structure when the baking temperature

was 5000 C but has some CuO present because of the oxidation at this high femperature.
Optical bandgap, calculated from optical absorption data is 1.4 eV, which is again in

agreement with that obtained by other workers.
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