Journal of Alloys and Compounds xxx (2010) xxx-xxx

Contents lists available at ScienceDirect

Jovenal ul

AND WP%UNDS

Journal of Alloys and Compounds

R\

¥

&8l
ELSEVI

ER journal homepage: www.elsevier.com/locate/jallcom

Effect of post-CVD thermal treatments on crystallographic orientation,
microstructure, mechanical and optical properties of ZnS ceramics

P. Biswas, R. Senthil Kumar, P. Ramavath, V. Mahendar, G.V.N. Rao, U.S. Hareesh, R. Johnson*

International Advanced Research Centre for Powder Metallurgy and New Materials, Hyderabad 500005, India

ARTICLE INFO

ABSTRACT

Article history:

Received 14 October 2009

Received in revised form 22 January 2010
Accepted 22 January 2010

Available online xxx

Keywords:
Ceramics

Vapor deposition
Optical properties
X-ray diffraction
Microstructure

Chemical vapor deposited (CVD) zinc sulphide samples were subjected to hot isostatic pressing (HIP)
and heat treatment under pressureless (HT) sintering conditions in argon. The effects of temperature
and pressure on the crystallographic orientation, microstructure, optical and mechanical properties were
studied. The removal of Zn-H absorption band presentin CVD ZnS can be effected by temperature increase
alone as observed for CVD + HT samples. However, a significant decrease in transmission was observed in
mid IR region and is attributed to the creation of residual porosity during this process. During HIPing, on
simultaneous application of temperature and pressure, the Zn-H band together with the residual porosity
generated during the removal of Zn-H was also eliminated. This resulted in an increase of transmission
in the mid wave IR as well as in the visible spectral region due to the considerable reduction in scatter
points. A substantial increase in grain size along with a highly preferred orientation along the (111)
crystallographic plane was observed as evidenced by the increase in the transverse I ratio after HIP as
well as heat treatment under pressureless (HT) conditions. A decrease in the mechanical properties of
the samples was also observed.

© 2010 Published by Elsevier B.V.

1. Introduction

Zinc sulphide, a wide gap semiconductor ceramic, is a mate-
rial of significant potential utilized for a variety of applications
like electroluminescent devices [1-3], flat panel displays [4,5], thin
film photovoltaic cells [6], photocatalysis [7] and infrared windows
[8-10]. In recent years, there has been a great deal of interest in the
fabrication of thin films of zinc sulphide by techniques like chemical
bath deposition [11,12], RF sputtering[13], plasma assisted MOCVD
[14] and dip coating [15]. Chemical vapor deposition (CVD) being
a gas phase reaction provides important advantages over other
methods of materials processing in view of the ease of controlling
accurately the stoichiometry and purity of the product [16-18].
Moreover, the technique is quite attractive when the product
demands high physical and chemical perfection with near net shap-
ing capability. Polycrystalline zinc sulphide (ZnS) is widely used for
infrared optical engineering applications by virtue of its inherent IR
transparency in the spectral band width of 3-10 wm [19-21]. Depo-
sition of complex and large area self-standing monolithic structures
by CVD is a low cost technique successfully achieved through the
chemical reaction of zinc vapor with hydrogen sulphide gas at ele-
vated temperatures and low pressures [22-33]. During CVD, ZnS
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grains grow anisotropically and grains parallel to the substrate
surface grow more rapidly by the normal mechanism leading to
the development of columnar microstructure [24,25]. This mate-
rial exhibits considerable scatter, especially in the visible region of
the spectral band. Studies have shown that hot isostatic pressing
(HIP) results in changes in orientation of grains, size of the grains
and removal of residual porosity [20,24]. Additionally, the unde-
sired zinc hydride (Zn-H) phase commonly observed in CVD ZnS
can also be removed by HIPing resulting in significant increase in
transmission in the visible region.

In the present study an attempt has been made to elucidate the
effect of HIPing and thermal treatment under pressureless con-
ditions on the physical, microstructural, mechanical and optical
properties of CVD ZnS. X-ray diffraction and scanning electron
microscopy were employed to observe the effects on crystallo-
graphic orientation and microstructure, respectively. Correlation
of results with transmission properties was also attempted.

2. Experimental details

Monolithic ZnS has been grown by the CVD reaction between zinc and hydro-
gen sulphide at elevated temperatures of 650-750°C and low pressures of around
50 mbar. The zinc to HS molar ratio was adjusted close to 1.0 and the deposi-
tion rate of 80-100 wm/h was achieved by controlling the reactant fluxes. The
samples were grown on graphite substrates in the form of flat plates of dimen-
sions 50 mm x 50 mm x 5-6 mm thickness and were machined to the specimens of
20mm x 20 mm x 5 mm thickness.
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Fig. 1. XRD pattern recorded for ZnS perpendicular to the coating. (A) CVD, (B)
CVD +HIP and (C) CVD +HT.

The CVD specimens were hot isostatically pressed at 950<C at 135 MPa under
argon for the duration of 2 h. Alternatively, the CVD specimens were also heat treated
at 950°C under pressureless conditions in flowing argon. All samples were opti-
cally polished using standard ceramographic procedures. The CVD, CVD +HIP and
CVD + heat treated samples were subjected to density measurements using helium
pycnometric technique (AccuPyc 1330, Micromeritics, USA). X-ray diffraction stud-
ies (D8 Advanced, Bruker, Germany) were carried out using Cu Ko radiation, for
phase analysis and crystallographic orientations. X-ray diffraction patterns were
recorded parallel and perpendicular to the coating direction and the transverse |
ratios were calculated using the equation Iy 11)/(Ji111) + Ii220)) where I1 1) and Iz
are the net area of the peaks corresponding to reflections from (111) and (220)
planes.

The samples were resin mounted and polished using standard metallographic
polishing procedures and were subjected to microstructural characterization by
SEM (Hitachi 2400, Japan) after chemical etching for CVD samples and thermal etch-
ing at 900" C for CVD +HIP and CVD + HT samples. The samples were also subjected
to mechanical testing such as Knoop hardness (Leica, Germany) and three point
bending strength measurements (Instron, UK). Transmission measurements were
also carried out on samples of parallel and perpendicular orientation to the direc-
tion of deposition using FTIR (Spectrum GX, PerkinElmer, Singapore) and UV-visible
(Lambda PerkinElmer, Singapore) spectroscopic techniques.

3. Results and discussion

Allsamples on XRD analysis have shown sphalerite phase except
in case of CVD cross-section which show the evidence of (100)
reflection at 26 (26.937) corresponding to hexagonal wurtzite phase
in traces. XRD pattern of ZnS CVD, CVD +HIP and CVD +HT samples
recorded on the surface that is perpendicular to the direction of
deposition is shown in Fig. 1A-C, respectively. It is evident from
the XRD patterns that CVD ZnS (Fig. 1A) is isotropic in compari-
son to the CVD+HIP and CVD +HT samples (Fig. 1B and C). In the
case of CVD+HIP and CVD +HT samples all diffraction peaks dis-
appeared or minimized except the (11 1) diffraction peaks where
an increase in intensity was observed indicating anisotropy. The
extent of anisotropy is further evident from transverse I ratio val-
ues of 0.6489 for CVD ZnS in comparison to 0.9172 and 0.9434
for CVD+HIP and CVD+HT samples, respectively (Table 1). XRD
studies also confirmed that the loss of isotropy is imparted by the
exposure to temperature rather than the pressure.

Table 1
Transverse | ratio calculated from XRD data.

Sample Transverse [ ratio

Perpendicular Parallel
cvD 0.6489 03724
CVD +HIP 09172 0.5662
CVD+HT 0.9434 0.5574

Fig. 2. XRD pattern recorded for CVD. (A) Perpendicular to direction of coating and
(B) parallel to direction of coating.

Fig. 2A and B, Fig. 3A and B and Fig. 4A and B show the XRD
pattern of the surface (perpendicular to the direction of coating)
and cross-section (parallel to the direction of coating) for CVD,
CVD +HIP and CVD +HT samples, respectively. A transverse | ratio
of 0 6489 for CVD surface, in comparison to a value of 0.3724 for
CVD cross-section is indicative of a preferred orientation of crys-
tals perpendicular to the direction of coating. A similar trend is
observed even after CVD +HIPing and CVD + HT. A transverse | ratio
0f 0.9172 and 0.9434 for HIP surface and HT surface in comparison
to the values of 0.56621 and 0.5574 for HIP cross-section and HT
cross-section, respectively indicated highly preferred orientation
perpendicular to the direction of coating. The preferential orien-
tation effect is more in case of HIPed and heat treated samples as
inferred from the higher transverse I ratio difference of 0.3509 and
0.3860 compared to 0.2765 for CVD sample.

Fig. 5(A-C) shows the microstructure of the CVD ZnS, CVD +HIP
and CVD+HT samples. The microstructure of CVD ZnS sample
reveals a linear array of columnar grain structure oriented parallel
to the direction of coating with maximum grain size distribution
in the range of 5-10 wm. In addition, it is also observed that there
are lamellar types of structures within the grain with elongated
layers along the grain boundaries. Finer pores due to the plausible
adsorption of hydrogen produced as a result of H,S decomposition
during the CVD reaction are also observed [20]. Most significant
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Fig. 3. XRD pattern recorded for CVD +HIP ZnS. (A) Perpendicular to direction of
coating and (B) parallel to direction of coating.
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Fig. 4. XRD pattern recorded for CVD+HT ZnS (A) Perpendicular to direction of
coating and (B) parallel to direction of coating.

manifestation of HIPing and heat treatment under pressureless
condition on microstructure of the samples is the grain growth
induced on the material leading to a substantial increase in the
grain sizes (Fig. 5B). In the case of HIPing larger grains in the range of
50-100 pm with increased twin fractions were observed. Further,
ZnS recrystallization also results in disappearance of conventional
grain boundaries and lamellar structures from the microstruc-
tures in both the cases of HIPing and heat treatment (Fig. 5C). The
microstructure of CVD +HT ZnS samples exhibited a fine distribu-
tion of residual pores and can be attributed to the decomposition
of Zn-H during thermal treatment.

Fig. 6 presents the IR transmission in the spectral band of
3-10 wm for CVD, CVD +HIP and CVD + heat treated ZnS samples.
The strong absorption band at 6.2 pwm, typical of CVD ZnS, appeared
due to the presence of zinc hydride (Zn-H) contamination formed
as a result of the reaction between zinc vapor and hydrogen (by
product of the CVD reaction). The average transmission is greater
than 70% in the 7-10 pm region and was lowered to around 60%
in the lower regions of 3-6 wm. The samples after heat treatment
under pressureless conditions were free of the absorption band at
6.2 wm with a color change from yellow to white. The IR transmis-
sion reduced drastically in the region of 3-6 pm while a marginal
reduction was observed in 7-10 pm region. The CVD +HIPed sam-
plesindicated a clear improvement in the transmission in 3-10 wm
region and is uniformly >70%.

There are basically two reasons which may be responsible for
the scattering observed at 3-6 pm regions for CVD and CVD + heat
treated samples. The microporosity generated due to the adsorp-
tion of hydrogen produced during the decomposition of H;S in CVD
reactor could be a major cause of scatter and reduced transmission
in 3-6 pmregion for CVD samples. A closer look at the XRD patterns
in Fig. 7 recorded on CVD samples perpendicular to the direction
of deposition show the evidence of (100) reflection at 26 value
of 26.931° corresponding to hexagonal wurtzite phase which may
also contribute to lowering of transmissions in 3-6 wm. Under pres-
sureless heat treatment conditions, though the wurtzite phase is
eliminated, the elimination of Zn-H can lead to the creation of very
fine pores as is evident from the microstructure depicted in Fig. 5B.
These pores in combination with the microporosity existed with
CVD samples resulted in enhanced scattering leading to reduction
of transmission values.

The simultaneous application of temperature and pressure
through HIPing resulted in removal of microporosity as indicated
by the microstructure in Fig. 5B. A homogenization to sphalerite
cubic phase was also observed as supplemented by XRD patterns

100pum

Fig. 5. Microstructure recorded for (A) CVD ZnS, (B) CVD + HIP and (C) CVD + HT.

in Fig. 7. The FTIR pattern also indicated enhanced transmission in
3-6 wm in case of HIPed samples (Fig. 6). This can also be attributed
to the growth of grains from 10 wm to around 50 p.m for CVD +HIP
ZnS as a result of HIPing leading to reduced grain boundary scat-
tering. The visible transmission pattern provided in Fig. 8 indicated
an increased transmission in the visible region to around 68%.
The transmission in the visible region was found to be less than
1% in case of CVD and CVD+heat treated samples. Though the
grain growth and homogenization to sphalerite cubic phase was
observed with CVD +heat treated samples, microporosity is the
major cause of scatter and low transmission value.

Helium pycnometric measurements on CVD samples have
exhibited a density value of 4.0850g/cm?® in comparison to a
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Fig. 6. FTIR transmission patterns recorded for CVD, CVD+ heat treated, CVD+HIP
samples.
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Fig.7. XRD patterns recorded for CVD ZnS. (A) Perpendicular to direction of coating
and (B) parallel to direction of coating.

marginal decrease in the density of 4.0831g/cm? for CVD+HT
samples and a marginal increase in density value to 4.0860 glcm?
for CVD+HIP samples. During HIPing process, high temperature
recrystallization occurs which bring the structure of material close
to equilibrium by virtue of the elimination of disordered struc-
tures due to non-equilibrium boundaries generated during CVD
processing [24). Further the residual porosity, generated due to the
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Fig. 8. Transmission patterns recorded for CVD, CVD +heat treated, CVD + HIP sam-

ples in the 400-800nm region (CVD+HT and CVD patterns are merged at the
bottom).

Table 2
Strength and hardness data of CVD ZnS samples before and after HIPing.

Properties CVD samples CVD +HIP samples
Knoop hardness (kg/mm?) 210 180
Strength (three point bend) (MPa) 79 50

removal of Zn-H, was also eliminated during HIPing as evidenced
by a marginal increase in density.

There have been considerable changes in the mechanical behav-
ior of the samples on HIPing and the effects are summarized in
Table 2. A decrease in the Knoop hardness from 210 kg/mm? (aver-
age of 5 samples) to 180 kg/mm? (average of 5 samples) and a
decrease of bend strength from 79 to 50 MPa (average of 5 sam-
ples) was observed as a result of HIPing. This can be attributed to
the increase in grain sizes from 5 to 10 wm in case of CVD samples
to larger grains of ~50 wm sizes in CVD + HIP and CVD + HT samples.

4. Conclusions

Hot isostatic pressing and pressureless heat treatment in argon
of ZnS samples imparted a preferred crystallographic orientation
along the (111) plane as evident from the XRD transverse | ratio
calculations. The removal of Zn-H absorption band most commonly
observed in CVD ZnS samples can be effected by a post-CVD heat
treatment at temperatures around 950 "C. However, in the absence
of pressure microporosity is generated leading to the lowering of
transmission values in the near IR and visible spectral regions.
Simultaneous application of temperature and pressure during HIP-
ing results in a uniform transmission >70% in the near IR regime
and around 68% in the visible (400-700 nm) region.
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