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ABSTRACT

Effects of substrate and annealing temperature on the microstructure, morphology, and optical properties of ZnS films
were investigated. ZnS films were deposited on glass substrates by an electron beam evaporation system at different
substrate temperatures and annealed at different temperatures in air. The structure and morphology of the film were
studied by X-ray diffraction and atomic force microscopy. Transmittances of film were measured by spectrophotometer.
Refractive indices and extinction coefficients were calculated from all transmittance data. Experimental results show that
the as-deposited ZnS film exhibiting cubic structure, and the crystallinity is apparently improved with the increase of
substrate temperature or annealing temperature. It is aso found that film surface changes to ZnO after the film is
annealed at 500 °C. The average surface grain size and root mean square surface roughness increase with the increase of
annealing and substrate temperatures. Additionally, the increase of substrate temperature or annealing temperature will
increase the pores in films, which results in the decrease of refractive indices and increase of extinction coefficients of
the film.
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1. INTRODUCTION

Zinc sulfide (ZnS) film has unique physical properties, such as high refractive index, low optical absorptionin the visible
and infrared light range, and wide optical gap, such film is widely used in many optical and electronic areas. In the area
of optics, ZnS can be used as reflectors and dielectric filters because of its high refractive index and high transmittance in
visible range. ZnS can be used for fabrication of optoelectronic devices such as blue light-emitting diodes,
electroluminescent devices, electrooptic modulator, optical coating, heterojunction solar cells, and photoconductor.
Many growth techniques have been reported to prepare ZnS thin films, such as sputtering [1], pul sed-laser deposition [2],
metal organic chemical vapor deposition [3-6], electron beam evaporation [ 7], photochemical deposition [8] and chemical
bath deposition [9]. Among these methods, electron beam evaporation is the most interesting because the advantages of
electron beam evaporation are stability, reproducibility, high deposition rate and the compositions of the films are
controllable.

The structure and properties of ZnS films are different with different deposited technique. For example, Zhang et al. [4]
fabricated single cubic phase ZnS films by plasma-assisted metal organic chemical vapor deposition. Subbaiah et al. [10]
investigated the structural, electrical and optical properties of ZnS films deposited at different temperatures using close-
spaced evaporation for photovoltaic applications. In the previous reports, it has been confirmed that the substrate
temperature and annealing will strongly affect the structure and optical properties of the sputtered Nb,Os films [11]. Roy
et a. [9] had reported the effect of annealing on structure and optical properties of ZnS films fabricated by chemical bath
deposition technique. The substrate temperature and annealing will also affect the structure and optical properties of ZnS
film deposited by electron beam evaporation. Therefore, the effects of substrate temperature and annealing on the
properties ZnS films should be well understood from a fundamental as well as from an applied point view. In this paper,
the effects of substrate and annealing temperature on the structure and optical properties of ZnS films deposited by
electron beam evaporation were investigated.
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2. EXPERIMENT

ZnS films were deposited by electron beam evaporation by a DMDE-450 vacuum deposition system. The BK7 glass
substrates (@=25mm) were cleaned in acetone and ethanol before deposition. The base vacuum level was 3.0x10° Pa,
and the deposition pressure was about 5.0x10° Pa. The average deposition electric current was about 25 mA. The
nominal film thickness was controlled by a MKY optica thickness monitor. Five samples with different substrate
temperatures of 20, 50, 100, 150, and 200 °C were fabricated. Moreover, four films deposited at 200 °C substrate
temperature were annealed at temperatures of 200, 300, 400, 500 °C for 1 hin air.

The crystal structure of the films was examined by X-ray diffraction (XRD). XRD study was carried out on an X-ray
diffractometer (RIGAKU D/MAX2500) with high-intensity Cu K, radiation (A\=1.5418 A). The morphology of films was
observed by an atomic force microscopy (AFM) (CSPM 400) under ambient conditions. Scans were taken under the
contact mode and over areas of 2 x 2 um® for root mean square (RMS) surface roughness calculation. The normal
incidence transmittances of the films were recorded by a Perkin Elmer Lambda 950 UV/VIS/NIR spectrophotometer in
the wavelength range 300-1500 nm. Refractive index (n), extinction coefficient (k) and film thickness (d) of the films
were determined from all the normal incidence transmittance data[12].

3. RESULTSAND DISCUSSION
3.1 Crystal structure

Fig. 1 shows the XRD patterns of ZnS films deposited at different substrate temperatures (Ts). As can be seen in Fig. 1,
all the films grown at different substrate temperatures have only one peak at 20=28.6° with (111) plane, which indicates
that the films are distinctly single crystalline with a preferential orientation, and the planes are parallel to the substrate
surface [13]. Moreover, as the substrate temperature increases from 20 to 200 °C, the intensity of the diffraction peak
increases monotonously. Thisis the result of the improvement of the crystallinity. Fig. 2 represents the XRD patterns of
ZnS films annealed at different temperatures (T,) which were deposited at 200 °C substrate temperature. Comparing Fig.
1 with Fig. 2, it is found that the position and the intensity of diffraction peak of the film annealed at 200 °C are similar
to those of the as-deposited film with 200 °C substrate temperature. As shown in Fig. 2(a), the intensity of diffraction
peak of the film annealed at 300 °C is clearly stronger than that of the film annealed at 200 °C. The intensity of
diffraction peak of the film, however, reduces slightly as the annealing temperature is more than 300 °C. Increasing the
annealing temperatures further to 500 °C, a new peak appears at 20=34.5° as shown in Fig. 2(b). The new peak is due to
(002) plane of ZnO according to the standard X RD-card. The main reason is that the surface of ZnS film was oxidized
when it was annealed at 500 °C in air. This behavior is similar to that ZnS film changes to ZnO film when ZnS film was
annealed at 900 °C in an oxygen ambient, whichisreported by Zhang et a. [6].
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Fig.1: X-ray diffraction patterns for ZnS films deposited at different substrate temperatures
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Fig.2: X-ray diffraction patterns for ZnS films annealed (a) at 200, 300 and 400 °C, (b) at 500 °C, which were deposited at
200°C
3.2 Surface mor phology

The evolution of surface morphology of ZnS films annealed at temperatures between 200 and 500 °C, via AFM
measurements, are presented in Fig. 3, and these films were deposited at 200 °C substrate temperature. As indicated in
Fig. 3, the average surface grain size increases from 24 nm to 30 nm as the annealing temperature increases from 200 to
500 °C. Accordingly, RMS surface roughness increases sowly from 2.8 to 3.3 nm when the annealing temperature
increases from 200 to 500 °C. Obviously, the average surface grain size and RMS surface roughness of the films
increases with increasing annealing temperature, which is result of the movement of the atoms or molecules on film
surface as the films annealed at high temperature.

Additionally, the variation of surface morphology of the films deposited at different substrate temperatures (between 20
and 200 °C) has also been investigated by AFM measurements. It is found that the average surface grains size and RMS
surface roughness increase with the increase of the substrate temperatures.

Fig. 3: Surface morphology of the ZnS film annealed at 200,300,400,500 °C respectively
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3.3 Optical properties

Fig. 4 shows the normal incidence transmittances of ZnS films annealed at temperatures between 200 and 500 °C with
wavelength from 300 to 1500 nm. As shown in Fig. 4, the interference peaks shift to shorter wavelengths and amplitude
of the spectra decreases with increasing annealing temperature, which is due to the variations of the structure,
morphology and composition of the films after the films were annealed at high temperature.
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Fig.4: Transmittances of the ZnS films annealed at different temperatures at the wavelength from 300 to 1500 nm

Refractive indices, extinction coefficients and thicknesses of the films were determined from all the normal incidence
transmittance data [12]. Refractive indices and extinction coefficients as a function of wavelength of the films annealed
at temperatures between 200 and 500 °C are shown in Fig. 5 and 6, respectively. Table 1 lists the optical constants at 550
nm wavelength and thicknesses of the films annealed at different temperature. Film thickness decreases with increasing
annealing temperature as shown in Table 1. As can be seeniin Fig. 5 and Table 1, refractive indices of the films decrease
slowly as the annealing temperature increases from 200 to 400 °C. Accordingly, extinction coefficients increase slowly
with increasing annealing temperature. Refractive indices decrease and extinction coefficient increase as the increase of
the annealing temperature are due to the increase of pores and surface roughness (as discussed in surface morphology)
when films were annealed at high temperature. However, there is a sharp decrease in refractive index when the annealing
temperature increases to 500 °C as indicated in Fig. 5. This sharp decrease in refractive index is attributed to the surface
of ZnS film begins to be oxidized when film is annealed at 500 °C in air. Generally, refractive index of ZnS film [14] and
ZnO film [15] is about 2.3 and 2.0 at 550 nm wavelength respectively. Therefore, the surface of the film annealed at 500
°CisZn0O, as can be seen in XRD result, which decreases the refractive index when film is annealed at 500 °C.
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Fig.5: Refractive indices as afunction of wavelength of ZnS films annealed at different temperatures
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Fig.6: Extinction coefficients as a function of wavelength of ZnS films annealed at different temperatures

Table 1:Optical constants at 550 nm wavelength and thicknesses of ZnS films deposited at 200 °C substrate temperature and
annealed at different temperatures

Temperature as-deposited annealed annealed annealed annealed

(°C) at200°C  at3800°C at 400 °C at 500 °C

n 2.306 2.300 2.296 2.292 2.206

k 4.11x10* 6.84x10”*  1.028x10°  1.291x10°  15.13x10°
d (nm) 273 266 263 259 257

Optical constants of ZnS films deposited at substrate temperature between 20 and 200 °C were also calculated from al of
their normal incidence transmittance data. Optical constants at 550 nm wavelength are presented in Table 2. Refractive
indices decrease and extinction coefficients increase with the increase of substrate temperature as shown in Table 2,
which is because of the increase of the surface roughness and pores in the films as measurement by AFM.

Table 2:Optical constants at 550 nm wavel ength of ZnS films deposited at different substrate temperatures

Temperature 20°C 50°C 100 °C 150 °C 200 °C
n 2.330 2.317 2.312 2.308 2.306
k 9.5x10° 1.37x10* 3.56x10* 3.92x10* 4.11x10*

4. CONCLUSION

Single crystalline ZnS films were deposited on glass substrates by an electron beam evaporation system. The structure
and optical properties of the films deposited at different substrate and annealing temperatures were investigated. From
the experimental results, it is found that the crystallinity is apparently improved as the increase of the substrate
temperatures or annealing temperatures. The films grown at these temperatures exhibited cubic structure. The average
surface grains size and root mean square surface roughness increase with increasing annealing temperatures. Refractive
indices decrease dowly with increasing annealing temperature from 200 to 400 °C. Refractive index has a sharp decrease
after the film was annealed at 500 °C, which is due to the film surface begins to be oxidized at this temperature.
Additionally, the increase of the substrate temperatures or annealing temperatures increase the pores in the films, which
result in the decrease of refractive index and increase of extinction coefficient of the films.

Proc. of SPIE Vol. 6722 67222L-5



ACKNOWLEDGMENTS

This work is supported by Natural Science Foundation of Fujian Province of China under the grant number of E032002
and Science Foundation of Educational Department of Fujian Province of China under the grant number of JB06104.

REFERENCES
1. A.Nitta, K. Tanakab, Y. Maekawab, M. Kusahirakib, and Masao Aozasa, “Effects of gas impuritiesin the

sputtering environment on the stoichiometry and crystallinity of ZnS:Mn electroluminescent-device active layers’,
Thin Solid Films, 384, 261-268, 2001

2. S.Yano, R.Schroeder, B.Ullrich, and H.Sakai, “ Absorption and photocurrent properties of thin ZnS films formed by
pulsed-laser deposition on quartz”, Thin Solid Films, 423, 273-276, 2003

3. Q.. Feng, D.Z. Shen, J.Y. Zhang, H.W. Liang, D.X. Zhao, Y.M. Lua, and X.W. Fan, “Highly aligned ZnS nanorods
grown by plasma-assisted metal organic chemical vapor deposition”, J. Crystal Growth, 285, 561-565, 2005

4. Z.Z.Zhang, D.Z. Shen, J.Y. Zhang, C.X. Shan, Y.M. Lu, Y.C. Liu, B.H. Li, D.X. Zhao, B. Y a0, and X.W. Fan,
“The growth of single cubic phase ZnS thin films on silica glass by plasma-assisted metalorganic chemical vapor
deposition”, Thin Solid Films, 513, 114-117, 2006

5. M. Gunasekaran, R. Gopalakrishnan, and P. Ramasamy, “ Deposition of ZnSthin films by photochemical deposition
technique”, Mater. Lett., 58, 67-70, 2003

6. X.T.Zhang, Y.C.Liu, L.G.Zhang, J.Y. Zhang, Y .M. Lu, D.Z. Shen, W. Xu, G.Z. Zhong, X.W. Fan, and Z.G. Kong,
“Photoluminescence and optically pumped ultraviolet lasing from nanocrystalline ZnO thin films prepared by
thermal oxidation of high-quality ZnSyhin films’, Chin. Phys. Lett., 19, 127-130, 2002

7. S.Wang, X. Fu, G. Xia,J. Wang, J. Shao, and Z. Fan, “ Structure and optical properties of ZnS thin films grown by
glancing angle deposition”, Appl. Surf. Sci., 252, 8734-8737, 2006

8. N. Fathy, R. Kobayashi, and M. Ichimura, “ Preparation of ZnS thin films by the pulsed electrochemical deposition”,
Mater. Sci. Eng. B, 107, 271-276, 2004

9. P.Roy, JR. Ota, and SK. Srivastava, “Crystalline ZnS thin films by chemical bath deposition method and its
characterization”, Thin Solid Films, 515, 1912-1917, 2006

10. Y.P.V. Subbaiah, P. Prathap, and K.T.R. Reddy, “ Structural, electrical and optical properties of ZnS films deposited
by close-spaced evaporation”, Appl. Surf. Sci., 253, 2409-2415, 2006

11. F. La, M. Li, K. Chen, H. Wang, Y. Song, and Y. Jiang, “ Substrate temperature effect on the refractive index and a
two-step film method to detect small inhomogeneitiesin optical films’, Appl. Opt., 44, 6181-6185, 2005

12. L.Lin, F. Lai, Z. Huang, Y. Qu, and R. Gai, “Determination of optical constants and thickness of Nb,Os optical
films from normal incidence transmission spectra’ 2nd International Symposium on Advanced Optical
Manufacturing and Testing Technologies, Proc. of SPIE, 6149, 614920, 2005

13. L.X. Shao, K.H. Chang, and H.L. Hwang, “ Zinc sulfide thin films deposited by RF reactive sputtering for
photovoltaic applications’, Appl. Surf. Sci., 212, 305-310, 2003

14. T.U. Ryu, SH. Hahn, SW. Kim, and E.J. Kim, “Optical, mechanical and thermal properties of MgF,-ZnS and
MgF,-Ta,0s composite thin films deposited by coevaporation”, Opt. Eng., 39, 3207-3213, 2000

15. N. Mehan, V. Gupta, K. Sreenivas, and A. Mansingh, “Effect of annealing on refractive indices of radio-frequency
magnetron sputtered waveguiding zinc oxide films on glass’, J. Appl. Phys., 96, 3134-3139, 2004

Proc. of SPIE Vol. 6722 67222L-6



