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X-ray and electron microscopical studies of thin 
films of (Cdl_xZnx)S solid solution 

A. H. EID, S. M A H M O U D ,  Z. S. EL M A N D O U H  
Laboratory of Electron Microscopy and Thin Films, National Research Centre, Dokki, Cairo, 
Egypt 

A series of (Cdl_xZnx)S powders phosphors and thin layers prepared by thermal evaporation 
of solid solution were studied. The phosphors used were 41% ZnS: 59% CdS with a cobalt 
concentration from 0 to 0.325%. The analysis of the structure of films of different thicknesses 
using X-ray diffraction technique confirms that the calculated relative intensities of the planes 
show considerable differences from the experimental results. For film thicknesses ~ 70 nm the 
a axis is normal to the substrate, while at greater thicknesses (273 nm) the c axis is practically 
normal to the substrate. The effect of the electron beam on the solid solution indicates that 
layers decomposed leaving the grain boundaries decorated by metallic cadmium and zinc 
particles. 

1. Introduction 
Some phosphors have been used as solid state 
dosimeters for personal dosimetry, radiobiology, 
radio therapy and civil defence. Solid solutions of 
(Cdl_xZnx)S are considered as efficient phosphors, 
since by varying the composition it is possible to 
adjust their properties, such as energy gap, crystal type 
and lattice parameters. Early measurements of lattice 
parameters of the (Cd~_xZnx)S system show large 
positive deviations of a and c from Vegard's law [1]. It 
has been suggested [2] that this deviation is attributed 
to the partial ionic character of the bonds which leads 
to an increase in the lattice energy. Domens et al. [3] 
prepared (Cd~_xZnx)S polycrystalline layers by thermal 
evaporation of suitable (CdZn)S solid solutions 
(0 ~< x ~< 0.2) on different substrates. The influ- 
ence of ZnS concentration on the layer physical 
properties is determined by X-ray patterns, by optical 
spectrometry of the band gap and the free carrier 
absorption. When the ZnS concentration increases, 
the crystallization is modified, the energy gap and the 
activation energy of the donor levels increases. The 
prepared layers are homogenous ternary solid sol- 
utions with the lattice parameters c slightly lower 
than the crystal value, decreasing when the ZnS com- 
position x increases. Kane et al. [4] confirmed that thin 
films of (Cd~_~Znx)S prepared by evaporation are 
substitutional solid solutions and solubility existed in 
all proportions. 

When crystal of hexagonal ZnS : CdS : Ag was bom- 
barded with high intensity cathode rays, Leverenz [5] 
observed skeletal striae which were probably mostly 
ZnS left behind by selective volatilization of CdS. In 
addition, daylight produces a blackening of zinc and 
more so of cadmium sulphide, attributed to freeing of 
the metal, this being a photochemical reaction. The 
metal becomes colloidal and the damage is irreversible 
[6]. The effect is marked when the quantum energy hv 
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is greater than the energy band gap. Marlin [7] illus- 
trates the decomposition process as the breaking up 
of the single crystalline material into polycrystalline 
aggregates. At the same time, cavities, or larger aggre- 
gates of vacancies were produced which together with 
the boundaries of the polycrystalline aggregates served 
as nuclei for growing dark platelets which appeared to 
be alkali metal crystals. 

The presence of a transition metal impurity such as 
nickel and cobalt centres in a sulphide lattice reduces 
the luminescent intensity [8]. They form a series 
of closely spaced energy levels in the forbidden band 
so that recombination may occur in steps with the 
emission of phonons or infrared radiation. Cobalt 
levels are located above the Fermi level and usually 
empty. Thus radiationless transitions of excited elec- 
trons from the conduction band to the killer levels can 
take place immediately after excitation. 

2. Experimental technique 
Studies were made on a series of ZnS: CdS: Co powder 
phosphors and thin layers in which the concentration 
of cobalt dopant varied from 0 to 0.0325%. The phos- 
phors investigated had a host matrix ZnS: CdS ratio 
of 41 : 59. The layers were prepared by thermal evap- 
oration in a vacuum of ~ 10 4pa using a tungsten 
boat and we have obtained Z n S : C d S : C o  layers 
which were solid solutions with a composition very 
similar to that of the evaporated powder. The film 
thickness varied from 70 to 273 nm and the deposition 
rate at 7 nmsec -1. The layers was measured by the 
Tolansky interference method [9]. Different substrates 
were used as glass slides and carbon films. The layers 
prepared on glass slides were examined using a 
Siemens D 500 X-ray diffractometer. The deposited 
ZnS : CdS : Co on thin carbon films were ready for the 
examination by transmission electron microscopy and 
diffraction using (Zeiss EM 10) electron microscope. 
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3. Results and discussion 
The analysis of  the structure of ZnS:CdS films of 
different thicknesses evaporated onto an amorphous 
substrate was carried out using X-ray diffraction 
technique in order to clarify the structure and the 
crystallite size of the deposited layers. X-ray diffrac- 
tion patterns of considerably thick films on glass slides 
confirm this suggestion. As shown by Figs lb and lc 
X-ray diffraction patterns (18 ~< 20 ~ 42) reveal 
only the (0 0 2) orientation implying that c axis of the 
crystallites a r e  practically normal to the substrate. 
Our results are particularly similar to the Domen et al. 
[3] result. For  film thickness (70 rim) the predominant 
(hkl)  plane is (1 00) indicating that the a axis is 
practically normal to the substrate (Fig la). The crys- 
tallite size and orientation depend weakly on substrate 
and ZnS concentration [10]. From Fig. 1, the crystal- 
lite size S can be calculated by [1 l] 

K,~ 
S - B cos 0 (1) 

where 2 is the wavelength of the X-rays and 0 the 
Bragg angle. K is known as the Scherrer constant and 
B the broadening of the diffraction line measured 
at half its maximum intensity. The crystallite sizes 
increase with film thickness. 

The sputtering technique [12] for preparation of 
(Cdl_ ~Znx)S thin film solid solutions has revealed that 
for x ~> 0.85, the films have cubic structure, and for 
x < 0.7 the films have hexagonal structure. Fig. 2b 
shows the X-ray diffraction pattern for a powder 
sample of (Cd~ ~,.Zn~)S with x = 0.41. The pattern 
was indexed in terms of a hexagonal unit cell of  a = 
0.402 nm and c - 0.653 nm. These calculated param- 
eters indicate small deviation from Vegard's law for 
such solid solutions. This deviation was previously 
confirmed by Vitrikhovskii et al [1, 3]. 

There are six factors affecting the relative intensity 
of the diffraction lines on a powder pattern: polar- 
ization, structure, multiplicity, Lorentz polarization, 
absorption and temperature. Then the relative inten- 
sity of the powder pattern lines was calculated from 
the equation 

I = ,F,2p( 1 + c~ 
sin 2 0 cos 0 (2) 

where P is the multiplicity factor which is the number 
of planes having the same spacing and (1 + cos 2 20)/ 
sin 2 0 cos 0 is the Lorentz polarization factor which 
decreases the intensity of reflection at intermediate 
angles compared to those in forward or backward 
directions. The intensity of a diffraction line is directly 
proportional to the irradiated volume of the specimen 
and inversely proportional to the camera radius, but 
these factors are again constant for all diffraction lines 
and may be neglected. Omission of the temperature 
and absorption factors means that Equation 2 is valid 
only for lines fairly close together on the pattern. If  an 
exact expression is required, the absorption factor 
A(O) and the temperature factor e 2M must be inserted 
in Equation 2 

( 1 -~ COS220~ 
I = IFI~P \ si~:dT~os-O J A(O)e-2M (3) 
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Figure 1 X-ray diffractogram of a freshly deposited (Cd~_~Znx)S 
film of (a) 273 nm thickness, (b) 200nm thickness, with cobalt 
0.00325%. (c) 70 nm thickness, with cobalt 0.0325%. 

The effect of the thermal vibration on the scattering 
mechanism is ignored in the present calculation 
because it is very tedious to calculate it for such a solid 
solution. The absorption factor is also neglected in our 
calculation because it is independent of  0 and so does 
not enter into the calculation of the relative intensities. 

The structure factor Fis related to the atomic scatter- 
ing factor by the relation 

N 

Fhk, = ~ fn exp [2~i(hu~ + k% + lw,,)] (4) 
n = l  

where the summation extends over all the N atoms of  
the unit cell. The atomic scattering factor of the solid 
solution (Cd~ .~Zn~)S atom is given by [13] 

Lv. = fCd -}-fzn 

fay. = 0"59fed q'- 0.41fZn 

wherefcd andfzn are the atomic fractions of cadmium 
and zinc respectively. 

For hexagonal (Cd Zn)S, there are two molecules 
per unit cell, each molecule contains either a zinc or a 
cadmium atom joined to a sulphur atom located in the 
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Equation 2 will be illustrated by the calculation of the 
position and relative intensities of the diffraction lines 
on a Debye-Scherrer pattern of (Cd~_xZnx)S made 
with CuKe radiation. The calculations are mostly 
shown in Fig. 2a. 
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Figure 2 X-ray diffractogram of (Cdt_.~Zn,.)S 
powder. (a) The theoretical calculation of the 
relative intensity. (h) (Cd~_~Zn.,.)S which 
x = 0.41. (c) The effect of cobalt  as a dopant  in 
the matrix of (Cd~_..,.Zn~)S. 

A comparison of the calculated relative intensity of 
the planes with our experimental results shows a con- 
siderable difference. This could be attributed to the 
inhomogeneity of the distribution of cadmium and 
zinc atoms with the ratio of their atomic fraction in the 
solid solution. The planes of higher intensity may be 
enriched by cadmium atoms at the expense of zinc 
atoms as shown from the theoretical calculation 
because the atomic scattering factor of  cadmium is 
about twice that of zinc. Accordingly the planes with 
lower relative intensity may be enriched by zinc atoms 
at the expense of  cadmium atoms. 



Figure 3 Transmission and diffraction electron micrographs for a freshly deposited (Cd~_,.Zn~)S film before and after decomposition. 
(a) Film before decomposition (27 000 x ). (b) The agglomeration of the layers under electron irradiation before decomposition (27 000 • ). 
(c) Film after decomposition at high electron beam intensities (27 000 • ). 

Fig. 2c shows the effect of cobalt as a dopant in the 
matrix (CG xZnx)S. The change in the relative inten- 
sity is clear for (1 00), (0 0 2), (1 02), (1 1 0) and (1 03) 
planes. This change which increases for some planes 
and decreases for others indicates that the cobalt 
atoms replace either zinc or cadmium atoms in their 
regular sites in the lattice and do not fit in interstitial 
sites. Most probably, the cobalt ion (r = 0.072nm) 
replaces either the zinc ion (r = 0.074nm) or the 
cadmium ion (r = 0.097 nm). Since the atomic scat- 
tering factor of cobalt is approximately equal to that 
of zinc i.e. the replacement of a zinc ion by a cobalt ion 
does not practically affect the intensity of the planes. 

When a solid is subjected to an investigation by 
electron microscope, it will certainly be affected by the 
electron beam. The produced effect differs from one 
substance to another depending on the type and 
nature of the specimen, its thermal conductivity, melt- 
ing point, heat production and the environment. The 
effect also depends on the electron beam intensity 
which is very much influenced by the operating 
voltage and the vacuum conditions. 

The electron beam has both ionizing and heating 
effects on the bombardment specimen. To explain the 
decomposition of (Cd Zn)S solid solution we should 
expect that both mechanisms participate. It may be 
suggested that a cadmium ion or zinc ion captures an 
electron from the electron beam forming a zinc or a 
cadmium atom and a sulphur ion becomes a sulphur 
atom with the secondary emission of an electron. The 
sulphur atoms react with each other to form sulphur 
molecules, which migrate through the specimen to the 
surface as sulphur gas. The decomposition of (Cd Zn)S 

may be represented according to the following 
reaction 

2(Cd Zn)S electron , 2Cd + 2Zn + $2 
beam 

S-2-----~ S + 2e 

Zn +2 + 2e ~ Zn 

Either of the two metal or sulphur atoms formed is 
unstable and when the conditions are satisfied an 
atom leaves its original occupied lattice site and 
wanders through the lattice by jumping to an interstitial 
position. However, the wandering atom may have its 
fate outside the original lattice and escape to the 
surface. 

A sequence of the transmission electron micro- 
graphs, (Fig. 3) shows the various stages of (Cd Zn)S 
films deposited on amorphous substrate before and 
after decomposition. Fig. 3a shows that the thin film 
must be undertaken at low beam intensity to avoid 
decomposition by the electron beam. However, at 
high beam intensities (Cd Zn)S layers decompose 
leaving the grain boundaries decorated by metallic 
cadmium and zinc particles (Fig. 3c). Fig. 3b shows 
the agglomeration of the layers for the starting 
decomposition and the thermal effect of the electron 
beam. 

The corresponding electron diffraction patterns for 
the specimen before and after exposure to bombard- 
ment by 80 KV electrons is shown in Fig. 3a, c. Analy- 
sis of the final diffraction patterns indicates the 
existence of both cadmium and zinc metal. Fig. 3c is 
taken as an indication that partial decomposition has 
occurred under electron bombardment. 
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