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ZnS thin films were grown on soda lime glass substrates by RF Magnetron sputtering
technique at room temperature. Deposited films were annealed at 300°C, 400°C & 500°C
for 40 minutes, respectively. A comparative study of the structural, optical and electrical
properties of the as-deposited and annealed samples was executed through XRD, AFM,
UV-VIS spectrometry and Hall Effect measurement. From XRD, it has been found that the
as-deposited films are amorphous in nature, whereas the significant peaks of the annealed
samples reflects better crystallinity with (111) preferential orientation around 26=28.88".
The surface roughness of the films is also highly affected by the annealing temperature as
observed from the AFM images. The optical properties of the films were ascertained for
the photon wavelength ranging from 300 to 900 nm. The bandgaps of the films were found
in the range of 3.19 eV to 3.29 eV. From the electrical characterization, bulk carrier
density is found to be in the range of 10'%cm’. The values of resistivity, mobility, Hall
coefficient of the films are found to change significantly for different annealing
temperatures.
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1. Introduction

To date, in thin film solar cells, CdS has been the most common II-VI compound n-type
semiconductor used as a buffer/window layer deposited on top of Cu(lll-IV), absorbers [1].
However the toxic hazards related with the use of Cd has triggered the need to look for a Cd-free
buffer layer in recent times [2]. Among various alternative candidates, ZnS is considered as one of
the most promising materials [3]. ZnS is non-toxic, abundant and cheap. It is a direct wide
bandgap n-type compound semiconductor having a bandgap of 3.2 - 3.9e¢V at room temperature
which is higher in comparison with CdS having a bandgap of 2.45¢V. The wider bandgap of ZnS
enables high energy incident photons to reach the window-absorber junction, enhancing the blue
response of the photovoltaic cells and thus contributes to a better cell performance [4]. The
efficiency of heterojunction solar cells depend largely on the interfacial properties between
absorber and buffer layers. ZnS has the ability to provide better lattice matching with Cu(IlI-IV),
absorbers [1,5].
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Several growth techniques for preparing ZnS thin films have been reported in the
literature. These are Chemical Bath Deposition (CBD) [6], Metal Organic Chemical Vapour
Deposition (MOCVD) [7], Molecular Beam Epitaxy (MBE) [8], RF Magnetron Sputtering [4],
Thermal Evaporation [9] etc.

Magnetron sputtering technique has some advantages compared to the other methods such
as easier controllability of the deposition parameters, high film growth rate, relatively cost-
effective and specially for the compatibility with the sputtering depositions of Cu(III-IV),
absorbers and window layers, leading to a development of a full in-line sputtering technique [1,3].

In this work, we have deposited ZnS thin films by RF magnetron sputtering. The
deposition was done at room temperature. Post deposition annealing treatment of the grown films
was carried out to investigate the effect of different annealing temperatures on the structural,
topographical, optical and electrical properties of the films in order to optimize the growth.

2. Experimental

Soda lime glass substrates were cleaned in ultra-sonic bath, degreased by methanol-
acetone-methanol and deionised water for 5 minutes, respectively. Then, the cleaned glasses were
dried by dry N,. The samples were immediately loaded into the RF-sputtering chamber after
cleaning. Before the start of sputtering, the chamber pressure was pumped down to a base pressure
of 5.8 x 107 Torr. Pre-sputtering for 5 minutes was carried out in order to remove the target
surface contamination. Then, the main deposition of ZnS was performed with a pure argon gas
flow rate of 5 SCCM, RF power of 80W, and a working pressure of 4.0 x 107 Torr. The substrate
temperature was maintained at room temperature during the deposition for 90 minutes. To study
the effect of different annealing temperatures, the as-deposited films were annealed in a vacuum
furnace at 300°C, 400°C & 500°C, respectively. The annealing treatment was carried out for 40
minutes. The chamber pressure was maintained in the range of 80-100 mTorr, by a continuous
evacuation through a mechanical roughing pump. Upon completion of annealing, the samples were
left in the annealing chamber for natural cooling until the temperature reached the room
temperature.

The structural and crystallographic properties of the films were observed from the X-ray
diffraction (XRD) data taken by 'BRUKER aXS-D8 Advance Cu-Ka' diffractometer. The XRD
patterns were obtained in the 20 ranging from 20° to 60° using Cu-Ka radiation of wavelength, A =
1.5408 A. The surface topography and roughness of the films were found by 'NANOSURF
EASYSCAN 2' AFM (Atomic Force Microscopy). The optical properties like transmission,
absorption and optical energy band gap of the films were studied by the 'Lambda 900 UV/Vis/NIR'
spectrometer. The electrical properties such as, carrier concentration, mobility, resistivity and Hall
coefficients were measured by Hall Effect measurement tool 'ECOPIA 3000'.

3. Results and discussions
3.1 Structural Analysis by XRD:

X-ray diffraction patterns were analysed in order to determine the structural and
crystallographic properties. Fig. 1 shows the XRD patterns found for the as deposited and annealed
ZnS thin films. The effect of annealing is vividly visible from the obtained XRD spectra as no
significant peaks were observed for the as-grown films depicting an amorphous nature. However,
for the different temperature annealed films, only one significant peak at 20 = 28.88° were
observed to appear corresponding to the (111)**" reflection plane and exhibited a cubic or zinc
blende (JCPDS Card: 01-080-0020) structure. Only one significant peak for the annealed films
indicated that the films are of a single crystalline structure and the planes are parallel to the
substrate surface [2]. The 500°C and 300°C annealed films possessed higher intensity indicating
the best preferential oriented structures.
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Fig. 1. XRD Spectra of as-deposited and annealed ZnS thin films.

The lattice constant 'a' for cubic phase structure [hkl] for the films has been calculated
from the Brag's law and Vegard's law [10, 11].

dpa= (A/2) cosecH (D)
cubic = Ayt (WHH?)!? (2)

where, d is the interspacing between the planes in the atomic lattice, A is the X-ray wavelength
(0.15406 nm), @ is the angle between the incident ray and scattering planes and a is the lattice
constant.

For obtaining more structural information, the mean crystallite sizes (D) of the films are
calculated using Scherrer equation [12]:

D= 0.94/(Bcos®) 3)

where, 1 is the X-ray wavelength (0.15406 nm), @ is the Bragg diffraction angle and f is the full
width at half maximum [FWHM] of the film diffraction peak at 26. Crystallinity is highly related
to FWHM values. The higher FWHM values of the films indicate the deterioration of the
crystallinity, whereas the larger crystallite sizes signify the improved crystallinity of the films
[3,4]. The calculated values for different structural parameters of the as grown and annealed ZnS
thin films are shown in Table 1. The FWHM values for 300°C, 400°C and 500°C annealed films
are found as 0.32, 0.36 and 0.24, respectively along the (111) phase and the mean crystallite sizes
of the films were about 25.57, 22.74 and 34.08 nm, respectively. This indicates better crystallinity
for the highest temperature annealed films and also satisfies with the highest peak intensity clearly
seen from the XRD spectra. Valenzuela and Russer reported that, the FWHM of an XRD peak is
reliant on the crystallite size and the lattice strain caused by the defect and/or dislocations [13].
The development of lattice strain is caused by varying displacement of the atoms with respect to
their reference-lattice positions. In other words, the origin of microstarin is related to lattice
'misfit', which actually depends upon the deposition condition of the films. The developed
microstrain (€) is calculated from the relation [14,15].

€= (p/4) tand 4
where, f and 6 has their usual significances. The lower value of € indicates single crystalline

nature of the films. Highly polycrystalline films will show a larger value of ¢ indicating more
strain on the lattice. The derived values for the microstrain is smaller compared to other
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microstrain values for polycrystalline nature films found in the literature [4], confirming the single
crystalline nature of the films.

Finding the dislocation density of thin films is crucial for studying the crystallographic
properties of thin films. Dislocation is basically imperfection in a crystal caused by the miss
registry of the lattice in one part of the crystal with respect to another part. It is not an equilibrium
imperfection, as it may occur randomly. The dislocation density of thin films is calculated by the
Williamson and Smallman's relation [16].

§=n/D? (5)
where, n is a factor, which is considered almost equal to unity for minimum dislocation density
and D is the crystallite size or grain size. The calculated microstrain and dislocation density values

are given in Table 1.

Table I. Calculated Values of the structural parameters of ZnS thin films.

Sample | hkl | dpg | a B |Dma| € 0
Type (nm) | (A) |(deg) |(nm) |(107)| (10"
cm™)

As-grown| - - - - - -
300°C [(111)]0.309(3.09] 0.32 |25.57| 0.36 | 1.53
annealed| C
400°C |[(111)]0.307{5.30| 0.36 |22.74| 0.41 | 1.93
annealed| C
500°C |(111)]0.309|5.40| 0.24 {34.08| 0.27 | 0.86
annealed| C

3.2 Surface topography analysis by AFM:

The surface topographical studies of the as-deposited and annealed thin films were
examined with the help of Atomic Force Microscopy (AFM) and are shown in Fig. 2. The
calculated average roughness (s,) and RMS roughness (sy) values are recorded and the roughness
trend is plotted in Fig. 3 for all the films. The effect of annealing can be observed from the
roughness values as both s, and sy has decreased after annealing. Since the sputtering deposition
was carried out in room temperature, there was no additional thermal energy to facilitate the
crystallization. But after the post deposition annealing treatment, the applied thermal energy has
played a role in the crystallization of the films and resulting more smoother surface. From the
image of the as-deposited film it is observed that, the grains are smaller in size with an uneven
distribution and random orientation along the surface. Whereas, from the image of the annealed
film it is clearly visible that, the grains have become more closely packed, evenly distributed hence
reducing the roughness of the films. An increase in the overall grain size can also be observed in
this case. The results agreed well with the XRD patterns.
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Fig. 2. 2D and 3D AFM images for the as-deposited and annealed ZnS thin films.
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Fig. 3. Average roughness and RMS roughness for the as-deposited and annealed ZnS thin films.
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3.3 Optical Properties from Spectroscopy:

The optical properties such as transmission, absorption and optical bandgap are usually
examined by UV-Vis spectrometry. During the scanning process, a commercially used blank soda
lime glass slide was placed in one of the beam directions and another glass containing the
deposited layer of ZnS was placed in the second beam direction. The data for transmission and
absorption spectra ranging from 300 to 900 nm were obtained in this fashion. The transmittance
spectra for the grown and annealed films are shown in Fig. 4. The films exhibit an average

transmittance of 85% along the range, confirming the suitability of the films to be used as a buffer
layer in photovoltaic applications.
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Fig. 4. Transmittance vs. wavelength spectra of as-deposited and annealed ZnS thin films.

The bandgaps of the as-deposited and annealed films were calculated from the following
relationship [17].

o= A(hv - Ep)"*/ ho (6)

where, a is the absorption coefficient; 4 is a constant; 4v is the energy of incident photon and E, is
the bandgap. The plot of (ahv)® versus hv for the films are shown in Fig. 5. The bandgap energy is
obtained by extrapolating the straight line portion of the graph to zero absorption coefficients. The
intercept on the energy axis indicates the value of band gap energy [18]. From Fig. 5, the bandgap
of the as-deposited films are found to be 3.24 eV. After annealing at 300°C the band gap red
shifted to 3.29 eV. However further annealing caused a blue shift in the band gap from 3.29 eV to

3.19 eV. These results indicate that annealing to a certain limit can increase the bandgap, and it
starts to decrease then.
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Fig. 5. Plot of (ahv)’ vs. photon energy (hv) for as-deposited and annealed ZnS thin films.

3.4 Electrical Characterization

The electrical properties of the as-deposited and annealed ZnS thin films were analysed at
room temperature by resistivity and Hall Effect measurements with an integrated resisitivity / Hall
measurement system (ECOPIA 3000).

All samples exhibit n-type conductivity regardless of heat treatment. The bulk carrier
density, mobility, resistivity and Hall coefficients found from the Hall Effect measurements are
represented in Table 2. Each bulk carrier density is in the order of 10'> cm™. The maximum value
of carrier concentration and mobility is observed with the value of 8.56 x 10'> cm™ and 23.5 x 10"
cm?/Vs, respectively resulting an improvement of conductivity for the highest temperature (500°C)
annealed films. This improvement of conductivity can be attributed to the increase in the carrier
concentration and mobility. Fig. 6 shows the change of bulk carrier density and resistivity of the
as-deposited and annealed ZnS thin films. The maximum resistivity of 2.98 x 10* Q cm is noted
for the films annealed at 300°C and the resistivity values has shown a decreasing trend with the
increment of annealing temperature, indicating the semiconducting nature of the films [19]. This
decrement of resistivity can be correlated with the XRD results, as it is evident from the literature
that, higher degree of crystallinity can lead to lower resistivity of the films [20]. In this study, the
highest XRD peak was recorded for the 500°C temperature annealed films, and they are showing
minimum resistivity values of 3.1 x 10° Q cm.

Table II. Electrical Properties of as-deposited and annealed ZnS thin films.

Sample Bulk Conductivity Mobility Resistivity Hall Co-
Concentration [x 107] [x 10"] [x 10%] efficient
[x 10"] Q@' em™) (cm?*/Vs) (Q cm) [x 10°]

(cm™) (cm’/C)
As-deposited 5.54 5.77 6.51 1.73 11.3
Annealed at 300°C 7.26 3.35 2.88 2.98 8.60
Annealed at 400°C 4.20 5.92 8.80 1.69 14.9
Annealed at 500°C 8.56 323 23.5 0.31 7.28
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Fig. 6. Variation of Resistivity and Bulk Concentration of the as-deposited and annealed ZnS thin films.

4. Conclusion

The structural, optical and electrical properties of the as-deposited and annealed ZnS thin
films have been studied through XRD, AFM, UV-Vis spectrometry and Hall Effect measurement.
The effects of annealing has been significant as the sputtered as-grown films in room temperature
exhibit an amorphous nature, whereas the annealed films have shown crystalline nature of the
zinc-blende structure with a (111) preferential orientation. For the maximum temperature annealed
films, crystallite size was found to be the highest along with lowest microstrain and dislocation
density values ensuring the better crystallinity as compared to others. The surface roughness
gradually decreased with the increase of annealing temperature. The overall average transmittance
of 85 % is found for all the films. The bandgap has been found to be 3.24 eV for the as-deposited
films, whereas after annealing it increased to 3.29 eV, proving the potential to be used as a buffer
layer in thin film solar cells. The minimum resistivity is found for the 500°C temperature annealed
films with the highest bulk carrier concentration of the order of 10" ecm™, which is in good
agreement with the XRD results.
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