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Epitaxial growth and structure of CdS 
films evaporated onto Ge 
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CdS evaporated in vacuum grew epitaxially at all substrate temperatures from 300 to 500~ 
on (100), (110) and (111) surfaces of germanium. On (100) substrates the CdS grew with 
the sphalerite structure in parallel orientation to the substrate. Films grown throughout the 
epitaxial range of temperature gave diffraction patterns that contained no satellite spots. 
They all contained (111) streaking, however. The films were therefore free of three- 
dimensional defects but contained a high density of {111 } planar defects. On the (11 0) 
substrates the CdS grew with the sphalerite structure in parallel orientation for substrate 
temperatures below about 370~ and the diffraction patterns of these films were free of 
satellite spots but contained (111) streaks of low intensity. In the diffraction patterns of the 
films grown above about 370~ doubling of the spots appeared and a domain structure 
was observed in the micrographs. This was due to the occurrence of a domain-form phase 
transformation of the sphalerite structure. On the (111) substrates the CdS grew with the 
wurtzite structure in (0001) orientation. No satellite spots or streaks appeared in the 
diffraction patterns of these films. Moir6 fringes were seen in the micrographs of both 
(1 00) and (111) substrate specimens. 

1. Introduct ion 
The epitaxial growth and structure of a number 
of II-VI compounds electron-beam evaporated 
in vacuum have been studied in this laboratory. 
Initially the films were deposited on ionic crystal 
substrates for ease of removal for transmission 
electron microscope study. More recently work 
has concentrated on the growth of II-VI com- 
pounds on semiconducting substrates, especially 
germanium. One of the compounds that was 
studied was CdS [1, 2]. It was found that CdS 
could be grown with a high degree of structural 
perfection as compared with the other II-VI 
compounds investigated namely ZnTe [3, 4] 
and ZnS [5, 6], over wide ranges of substrate 
temperatures on several ionic materials. More- 
over it was shown that on NaC1, CdS grew with 
the cubic sphalerite structure on (100) and (1 10) 
substrate surfaces but with the hexagonal 
wurtzite structure on (1 1 1) substrate surfaces 
[1, 2]. Preliminary studies also showed that CdS 
could be epitaxially grown on (1 1 1) oriented 
surfaces of germanium by vacuum evaporation. 

This paper presents the results of a study of the 
growth and structure of films of CdS evaporated 
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onto (100), (110) and (i 11) surfaces of german- 
ium in vacuum. 

2. Experimental methods 
The CdS was evaporated from an Unvala 
focused electron beam furnace [7] in an oil- 
pumped vacuum system at pressures in the low 
10 -a Torr  range. The substrates were held in a 
resistance-heated furnace above the evaporator. 
Two thermocouples were used to check the 
uniformity of the substrate temperature. 

The substrates were 3 mm diameter discs. This 
size was chosen to fit the transmission electron 
microscope specimen holders. The discs were 
ultrasonically cut from slices and chemically 
polished in a solution of 30 cc of 40 ~ hydro- 
fluoric acid, 50 cc of 70 ~ nitric acid and 30 cc of 
glacial acetic acid. It was used at about 60 ~ C with 
gentle stirring. 

To clean them, the substrates were heated up 
to 600~ in vacuum and immediately allowed to 
cool to the selected deposition temperature. This 
procedure had been found to give optimum 
results in previous work [2, 8]. It was observed 
that if the germanium was heated to above 
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600 ~ C, pitting of the substrate surface occurred. 
The vapour pressure of germanium is many 
orders of magnitude too low at this temperature, 
however, for this effect to be due to thermal 
etching by sublimation, and surface diffusion 
was also thought to be an unlikely explanation. 
It was established that when the substrate-heater 
furnace assembly was cleaned between successive 
depositions by heating in vacuum to about 
1000~ the effect disappeared. That is, under 
these conditions, no pitting of the substrates 
occurred even when the substrates were heated 
to 700~ before cooling to the deposition 
temperature. It appears that the pitting was due 
to chemical attack by material that deposited on 
the substrate heater assembly during the previous 
evaporation and then re-evaporated when the 
substrates were heated to 600~ or more. A 
likely possibility would appear to be a sulphur 
attack on germanium. Deposition was started 
and stopped by removing and replacing a 
shutter between the evaporatorand the substrate. 
The films were grown to thicknesses of about 
2000A at a deposition rate of about 10A sec -1. 

The CdS was Optran powder obtained from 
BDH Ltd and the germanium was p-type in the 
(1 10) and (1 1 1) cases and n-type in the (100) 
case in the earlier work and p-type in the later 
work. The change in conductivity type in the 
(100) case did not alter the observed structures 
of the epitaxial CdS films. 

After deposition of the CdS the substrates were 
thinned from the back by jet electropolishing [9] 
using a solution of 35 g of KOH and 3 g of 
NH4C1 dissolved in 2000 cc of deionized water. 
The specimens were then examined by trans- 
mission in an AEI EM6G electron microscope. 

The rate of evaporation that results when 
employing the Unvala focused electron beam 
evaporator is determined by the power supplied, 
i.e., the beam current times the accelerating 
voltage and by the focusing of the furnace. The 
power supplied was continuously monitored and 
could be made the same in all depositions. The 
focusing was adjusted visually to give the same 
apparent size of heated area. A preliminary 
series of experiments was carried out using an 
Edwards High Vacuum Quartz Crystal Monitor 
to measure the rates of evaporation in order to 
determine how great the variations of evapora- 
tion rate were with time, due to changing shape 
of the charge, in one evaporation and also how 
great were the variations from one evaporation 
to another. It was found that the rate of evapora- 

tion could be held constant to within 2 to 3 
for up to 4 rain during any one run, without 
readjusting the focusing. This considerably 
exceeded the evaporation times actually used to 
grow the films in this and in previous work in this 
laboratory. It was also found that when the same 
power input was used with visually optimized 
focusing on a number of separate runs, the rate 
of evaporation was the same to within about 
~: o/ 4/o. 

3. Results 
3.1. Epitaxial ranges of growth temperature 
It is convenient to represent the structural 
information in the transmission electron diffrac- 
tion patterns obtained from the films by means of 
the parameter R introduced by Ino et al [10]. 
This represents roughly the ratio of the relative 
intensities of the single-orientation, epitaxial 
spot diffraction pattern to the randomly-oriented 
polycrystalline ring diffraction pattern. It is 
given the value R = 100 for epitaxial films giving 
only the spot pattern, R = 0 for unoriented poly- 
crystalline films and intermediate values for 
transitional film structures giving both ring and 
spot patterns. 

The plot of R versus T for all substrates in 
Fig. 1 shows that the epitaxial range of growth 
temperatures was approximately 300 to 500 ~ 
An epitaxial film was obtained at 550~ on one 
occasion. However, on a number of subsequent 
attempts no film deposited when CdS was 
evaporated on to (1 1 l) Ge substrates at 550 and 
600 ~ Instead the substrates were found to be 
etched. Thus the maximum temperature at 
which CdS could be made to deposit was about 
550~ (:~ 5 or 10~ and above this temperature 
pitting attack occurred. This observation confirms 
the evidence quoted earlier and interpreted as 
showing that, unless the substrate heater was 
adequately cleaned, a chemical attack of Ge 
occurred above about 600 ~ C by a constituent of 
the CdS vapour which re-evaporated from the 
heater during predeposition heating to clean the 
substrates. 

No decrease in the degree of orientation, R, 
occurred below this maximum-deposition 
temperature. Such a loss of epitaxy was 
previously observed to take place just below the 
maximum-deposition temperature in the case of 
the epitaxial growth of ZnTe on Ge (8]. 

The epitaxial ranges of growth temperature for 
CdS on (1 10) and (100) surfaces of germanium, 
as shown in Fig. 1, were the same as in the case of 

591 



M. I. A B D A L L A ,  D.  B. H O L T ,  D. M. W I L C O X  

lO0 

75 [ ]  Cds/Ge(lO0) 

R V a l u e  0 CdslGe(110) 

Cds/Ge(t11) 

50 

25 

. . . .  ~ . ~  _J~ 
]00 ~ u ~ ~-~250 300 350 400 450 500 550 150 200 

S u b s t r a t e  t e m p e r a t u r e  in d e g r e e s  C e n t i g r a d e .  

Figure 1 The degree of orientation parameter, R, versus substrate temperature for CdS films grown on Ge 
surfaces of three orientations. R = 100 indicates epitaxial growth. 

(! 00) surfaces. Thus substrate orientation had no 
effect on the range of epitaxial growth tempera- 
tures although as will be shown below, the 
structures of the epitaxial films changed radically 
with substrate orientation. 

Figure 2 Transmission electron diffraction pattern of a 
film of CdS deposited on (100) Ge at 400 ~ C. This pattern 
was recorded with the electron beam incident in the exact 
[100] direction. 

3.2. Structure of the epitaxial films grown on 
(100) substrates 

The epitaxial fiilms of  CdS grown on (100) 
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germanium surfaces gave transmission electron 
diffraction patterns like that in Fig. 2. Indexing 
this and similar patterns showed that the films 
had the cubic sphalerite structure and were (100) 
oriented. Bytranslatingfrom thin regions consist- 
ing of CdS only to thick regions consisting mainly 
of Ge, it was confirmed that the diffraction spots 
of Ge coincided with the spots of the CdS 
diffraction patterns. Thus the CdS grew in 
parallel orientation on the germanium, that is 
with (100) CdS parallel to (100) Ge and [011] 
CdS parallel to [011] Ge. 

No satellite spots were observed in the diffrac- 
tion patterns of CdS films grown in this orienta- 
tion for any temperature in the epitaxial growth 
range. Irrational or satellite diffraction spots 
arise from twins or included grains of material 
with the wurtzite structure [4, 11, 12]. The 
absence of these spots shows, therefore, that 
such three-dimensional defects were not present 
in any of the epitaxial films of CdS grown on 
(100) oriented germanium. However, the diffrac- 
tion patterns of all the (100) epitaxial films were 
streaked in the <111) directions. This indicates 
the presence in the films of high densities of 
{11 l} planar defects [2, 6]. The <11 l )  streaks 
manifested themselves in the presence of satellite 
pseudospots in diffraction patterns reorded with 
the film tilted off the exact [100] beam direction 
as shown in Fig. 3a. That the groups of four 
intensity maxima consisted of pseudospots and 
not real satellite spots is shown by two facts. 



E P I T A X I A L  G R O W T H  A N D  S T R U C T U R E  O F  CdS  F I L M S  E V A P O R A T E D  O N T O  G e  

Figure 3 (a) Transmission electron diffraction pattern and 
(b) micrograph of a film of CdS deposited on (100) Ge 
at 420~ C. The electron beam in this case was incident in a 
direction slightly off [100]. 

Firstly these spots are not circular but elliptical 
due to the fact that these beams correspond to 
positions where the sphere of reflection cuts 
through <l l l> streaks which are of  circular 
cylindrical form. Secondly the distance of the 
pseudospots from the matrix spots (reciprocal 
lattice points) at the centres of  the arrays was 

not constant as can be seen in Fig. 3a. The 
separations of  the pseudospots could be seen to 
vary continuously when the specimen was tilted 
so that the sphere of  reflection cut the streaks at 
varying distances from the reciprocal lattice 
points. These pseudospots have been previously 
observed and their interpretation investigated 
and explained in detail in work on ZnS [6] and 

.CdS [2] films grown on (100) surfaces of  NaCI. 
The interference of the beams corresponding to 
the satellite pseudospots gives rise to character- 
istic contrast effects. In the area covered by one 
{1 1 1 } planar defect, which might be a stacking 
fault, one of the satellite pseudospot beams might 
be strongly excited. In such an area on the bright- 
field micrographinterference between the pseudo- 
spot beam and the direct, transmitted beam 
would give rise to a set of  fringes. Examples of  
these fringes are shown in Fig. 3b. In the cases of  
ZnS [6] and CdS [2] films grown on (100) faces 
of NaC1 these fringes were shown to occur with 
variable spacings corresponding to the variable 
positions of the pseudospots, and in varying 
contrast on a very fine scale and with a very high 
density corresponding to the presence of an 
estimated density of  l01~ to 1013 planar defects 
cm -2. This fine-scale fringe contrast was the 
dominant and characteristic feature of  the bright- 
field micrographs of these films. The same fine- 
scale fringe contrast was again the characteristic 
feature of  the bright-field micrographs of the 
CdS films grown on (100) Ge in the present work. 

3.3. Structure of the epitaxial films grown on 
(11 O) substrates 

It is essential in reporting these results to divide 
the epitaxial growth range of substrate tempera- 
tures into two regions, that below and that above 
about 370 ~ C. We consider first those films grown 
between 300 and about 370~ 

Indexing the transmission electron diffraction 
patterns of these epitaxial films, an example of  
which is given in Fig. 4a, showed that the 
structure was sphalerite in the (I 10) orientation. 
Investigation of both thin areas of the specimens 
consisting of CdS alone and thicker areas consist- 
ing of CdS and Ge showed that the films grew in 
parallel orientation. That is the epitaxial 
orientation relationship was (1 10) CdS parallel 
to (1 10) Ge and [001 ] CdS parallel to [001 ] Ge. 
The diffraction patterns of these films were all 
free of satellite spots but very faintly streaked in 
the <11 1> directions as in Fig. 4a, This means 
that the density of  {1 1 1 } planar defects in these 
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Fig. 5a, in general the spots were doubled. Tilting 
again established that  this was due to the pres- 
ence of  (1 1 1) streaks normal  to the two {1 1 1 } 
planes that  are inclined 35.3 ~ to the [1 10] 
direction normal  to the plane of  the film as 
il lustratedinFig. 6. A domain  structure consisting 
o f  interlocking, jig-saw-puzzle shaped areas was 
observed in the micrographs  o f  these higher- 

Figure 4 (a) Transmission electron diffraction pattern and 
(b) micrograph of a film of CdS deposited on a (1 10) 
surface of Ge at 300~ 

films while high was considerably less than in the 
epitaxial films grown on (100) oriented Ge 
substrates. The characteristic appearance of  a 
bend extinction contour  is shown in Fig. 4b. 

The films grown on (1 10) surfaces of  Ge sub- 
strates at temperatures f rom about  370 to 500~ 
were quite different f rom those just  described. 
The fo rm of  the transmission electron diffraction 
patterns o f  these films was still basically that  for 
the (1 10) plane of  the reciprocal lattice of  
sphalerite but, as can be seen in the example in 
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Figure 5 (a) Transmission electron diffraction pattern and 
(b) micrograph of a film of CdS deposited on a (1 10) 
surface of Ge at 420~ 
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Figure 6 (a) The orientation of the two {111 } planes which were found to be faulted in the two types of domains in 
the films of CdS grown on (110) surfaces of Ge at substrate temperatures above about 370~ (b)A diagram 
of reciprocal space illustrating the way that the two (111) streaks normal to the {111 } faulted planes shown 
in (a) give rise to the doubled spots when the (nearly planar) sphere of reflection is tilted slightly off the exact 
(110) orientation to cut the streaks at separate points. 

temperature epitaxial (110) films. By dark-field 
transmission electron microscopy it was estab- 
lished that one type of domain was faulted on the 
one {111} plane and reflecting into the one 
pseudospot while the other type of domain was 
faulted on the other {111 } plane and reflecting 
into the other pseudospot. This effect was of 
course responsible for the contrast in intensity 
between the two types of domain in micrographs 
like Fig. 5b. taken under conditions in which one 
pseudospot beam was more strongly excited than 
the other. 

3.4. St ruc ture  of the epitaxial f i lms grown on 
(1 1 1) subst ra tes 

By indexing the diffraction patterns like that of 
Fig. 7a of  epitaxial films of CdS grown on (111) 
surfaces of  germanium it was established that the 
films had the wurtzite structure in the (0001) 
orientation. Having indexed the diffraction 
patterns of the CdS obtained from the thinnest 
areas of the specimens, it was possible to estab- 
lish the epitaxial orientation relationship by 
comparison with the diffraction pattern for the 
germanium obtained from thicker areas of the 
specimens. This relation was found to be 
(0001) CdS parallel to (111) Ge with [1120] 
CdS parallel to [1 i 0 ]  Ge as reported previously 
[2]. No satellite spots or streaks appeared in the 

diffraction patterns of films grown at any temper- 
ature in the epitaxial growth range. 

Films grown at temperatures near the top end 
of the range contained large numbers of loops as 
shown in Fig. 7b. 

3.5. Moir6 fringe observations 
Moir~ fringes were the clearest and simplest 
form of contrast in the CdS on Ge hetero- 
junctions. In the case of (l 11) heterojunctions 
the fringes occurred as sets of parallel lines over 
areas that were only 0.1 ~tm or less across as can 
be seen in Fig. 8b. 

'"Parallel" Moir~ fringes are those that result 
f rom the interference of beams diffracted in two 
crystals one on top of the other, which are in 
parallel alignment but differ in lattice parameter. 
The spacing DM of such parallel Moir~ fringes is 
given by 

dld~ 
D~I - (1) 

dx - d2 

where d 1 and d 2 are the spacings of the planes 
giving rise to the Bragg reflections in the two 
crystals [13]. 

I f  the two crystals are rotated relative to one 
another through an angle 0, the Moir~ fringes 
will be rotated through an angle co, so that 
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Figm'e 7 Epitaxial film of CdS grown on a (111) surface 
of Ge at 450~ (a) Transmission electron diffraction 
pattern and (b) micrograph. 

d 1 
M O  = co - dl  - G O  (2) 

where M is known as the Moir6 magnification. 
The spacing of such rotated parallel Moir4 
fringes becomes 
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a14 
DM - d l _  d2 cos oJ. (3) 

That is, the fringe spacing is reduced by a factor 
of cos oJ. 

The Moir6 fringes in Fig. 8b arose through the 
interference of the 1120 CdS and the 220 Ge 
reflections. For these reflections [14] 

dl = 2.068A 
and 

G = 2.000A. 
The angle of  rotation o~ between the Moir6 
fringes in neighbouring areas of  micrographs like 
that of Fig. 8b were measured and found to be 
from 23 to 28 ~ . Substituting these values into 
Equation 3 gives values of D ~  = 56 to 53,5A. 
While the "unrotated parallel Moir6 fringe" 
spacing obtained by substituting into Equation 1 
is DM = 60.8A. The measured fringe spacings in 
Fig. 8b ranged from 53 to 59A in good agree- 
ment with the theoretical values. Substituting the 
experimental values of the fringe rotations into 
Equation 2 gave the misalignment of the small 
areas of  CdS on the Ge as 0.8 to 0.9 ~ This value 
is only slightly larger than the value of about 
0.5 ~ misorientation found between the areas of  
constant orientation in films of ZnTe on (1 1 1) 
Ge [8]. 

The dislocations appearing as extra half 
planes in the Moir6 fringes, some of which are 
marked by circles in Fig. 8b, were counted. This 
gave a value for the dislocation density of  about  
2 x 1011 cm -2. 

Only a few observations of  the Moir6 fringes 
in CdS on (100) Ge heterojunctions were 
recorded. However, these were similar to those 
in the (1 1 1) case as can be seen in Fig. 9. Again 
the areas of  constant fringe direction were 0.1 
pm or less across. The angles ~o between fringes 
in neighbouring areas were measured as lying in 
the range from 16 to 22 ~ The Moir6 fringes in 
this case arose from interference between the 
{2 2 0 } beams reflected in the CdS and in the Ge. 
The calculated spacings for parallel Moir4 
fringes using Equation I and values for dl and d2 
from [14] was 70.9A. For  "parallel" Moir6s 
with a rotation of ~o from 16 to 22 ~ Equation 3 
gave spacings of 68 to 66A. The measured fringe 
spacings were 66 to 67A, in good agreement with 
the calculated values. 

4. D i s c u s s i o n  
4.1. Epitaxial growth range of substrate 

te m perat u res 
The minimum temperature for epitaxial growth 
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Figure 8 Moir6 fringes in a heterojunction produced by 
epitaxial growth of CdS on a (111) surface ofGe. (a) Plot 
of the diffraction pattern of a CdS/(111) Ge hetero- 
junction. Open circles are diffraction spots from Ge and 
solid circles are CdS diffraction spots. (b) Dark-field 
micrograph taken using the Ge 220 and CdS 1120 spot. 
The circle marks the position of a dislocation. 

o f  CdS on Ge was 300 ~ C for  all the three singular 
low-index faces. This was also found  to be the 
min imum temperature for the epitaxial growth of  
ZnTe on the (1 1 1) and (100) faces o f  Ge under  
similar conditions [8]. What  determines the 

Figure 9 Moir6 fringes in a CdS on (100) Ge hetero- 
junction. The interference is between the 220 CdS and Ge 
beams. 

minimum epitaxial growth temperature is not  at 
present known, but it is independent of  whether 
the film structure is sphalerite or wurtzite. 

The evidence quoted in Sections 2 and 3.1 
indicated that  the maximum substrate tempera- 
ture at which CdS could be deposited on Ge by 
evaporat ion in vacuum (550 to 6O0~ was 
determined by the onset of  a chemical vapour-  
phase at tack on germanium. In the case of  ZnTe 
evaporated on to germanium it was also found 
that the maximum-deposi t ion temperature was 
apparently limited by a chemical reaction 
between the ZnTe vapour  and the Ge substrates. 
The maximum deposition temperature for CdS 
evaporated in vacuum on to Si substrates also 
appeared to be limited by vapour-phase chemical 
at tack [15 ]. 

To attain results which may be related to basic 
thermodynamic  properties of  the materials con- 
cerned of  course it is necessary to employ growth 
techniques that  are sufficiently clean to ensure in 
so far as is possible that the observed behaviour  
is not  dominated by the effects of  uncontrol led 
contaminants  [2, 16]. The observation of  similar 
patterns of  behaviour in several different but 
related cases as noted above, suggests that  the 
growth techniques developed here are not entirely 
contaminant-dominated.  
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4.2. The role of substrate surface orientation 
in determining the structure of the 
epitaxial films 

The fact that CdS can be grown with either the 
sphalerite or the wurtzite structure at will by 
altering the substrate surface orientation in the 
cases of  both NaC1 and Ge substrates may prove 
technologically useful, as the properties of the 
material with the two structures are significantly 
different: The ability to produce it in a variety of 
orientations too could be useful for example in 
acoustoelectric device applications. 

The fact that the cubic phase (sphalerite) was 
obtained on the (10 0) and (1 10) substrate surfaces 
at low temperatures while the hexagonal phase 
(wurtzite) was obtained on the (1 11) substrate 
surface for both NaCI and Ge substrates 
suggested that this may be an example of a 
general pattern of behaviour. 

This idea led to a review of the literature on 
the structures of epitaxial films of II-VI com- 
pounds [16]. Papers were found that reported 
the structures of films of CdS grown on eight 
different substrate materials in a total of seven- 
teen different orientations. Information was also 
reviewed on epitaxial films of CdSe, CdTe, ZnS 
and ZnTe. The evidence in these reports as well 
as in all of our work [16] led to the generalization 
that II-VI compounds when grown at the low 
temperatures that are characteristic of epitaxial 
deposition by evaporation in vacuum, on (100) 
and (110) surfaces always had the cubic sphaler- 
ite structure. This can be understood in terms of 
the idea of symmetry matching. The symmetry of 
the (100) and (1 10) surfaces of cubic structure 
substrates cannot be matched by any planes in 
the hexagonal wurtzite structure. Hence if the 
wurtzite structure grows on (100) or (1 10) 
surfaces, there must be a large fraction of non- 
coincident lattice sites in the interface and the 
interface must be of relatively high energy. The 
number of non-coincidence sites can be reduced 
if the compounds grow with the cubic structure 
in parallel alignment with the substrate. In all 
cases recorded in the literature as well as in all the 
work carried out in this laboratory the cubic 
structure in parallel alignment was found to 
result from the epitaxial growth by vacuum 
evaporation on the (100) and (1 10) surfaces of 
ionic and covalent substrates [16]. 

In the case of (1 11) surfaces of substrate 
materials with cubic crystal structures, the II-VI 
compounds can deposit in either the (0001) 
orientation of the hexagonal (wurtzite) structure 
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or the (1 1 1) orientation of the cubic (sphalerite) 
structure and match the rotational symmetry of 
the substrate surface. The structure which was 
found in cases of this kind depended on a number 
of things. One influential factor was the polarity 
of the substrate surface in the case of semi- 
conducting compound substrates, i.e., whether 
the substrate surface was of the A(1 1 1) type or 
the B(11 l) type [17-19]. In a number of cases the 
crystal structure with which the films deposited 
was found to vary with the growth temperature. 

It is to be expected that the growth tempera- 
ture will also help to determine which structure 
will grow on (100) and (110) oriented substrate 
surfaces. Symmetry matching considerations 
affect the interface energy as indicated above, but 
not the volume energy. The stable structure of 
CdS has been reported as cubic below 20~ and 
hexagonal above this temperature [20, 21 ]. How- 
ever, it has also been found that the hexagonal or 
cubic phases can be obtained depending on the 
chemistry of the solution from which CdS was 
precipitated [22]. The evidence reported above 
showed that under the growth conditions used 
in this work, the films grew with the sphalerite 
structure on (1 10) surfaces of Ge at temperatures 
of about 370 ~ C and less. Above that temperature 
the films grew with domain-form transformed 
structures. This is in broad agreement with the 
above mentioned evidence that CdS tends to take 
up the sphalerite structure at lower temperatures 
and the wurtzite structure at higher temperatures. 
It is also in agreement with the results of 
Igarashi who grew CdS by a vapour-phase 
technique at temperatures of 620 to 740~ on 
several crystallographic faces, including (110) 
and (100), of GaP, GaAs, InAs and CdTe and 
obtained films with the wurtzite structure in all 
cases [231. 

Thus the orientation of the substrate surface 
can determine the structure of epitaxial films of 
CdS only if these are grown at temperatures 
below some critical value. The critical tempera- 
ture under our growth conditions for (1 10) Ge 
surfaces was about 370~ 

4.3. The defect content of the films 
The most perfect of the films were those grown 
on (1 1 1) oriented substrates in the epitaxial range 
of growth temperatures. This was shown both 
by the diffraction pattern and by the micro- 
graphic observations. The films grown on (1 1 1) 
substrates alone gave diffraction patterns that 
were free of both satellite spots and of streaks. 
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They  were therefore  free of  th ree -d imens iona l  
defects such as twins and  inc luded grains  o f  
second-phase  mater ia l .  Their  conten t  of  p l ana r  
defects was be low the densi ty  l imit  requi red  to 
give visible s t reaks  on  the di f f ract ion pat terns .  
This in te rp re ta t ion  was conf i rmed by  micro-  
graphic  observa t ions  like tha t  o f  Fig. 7b which 
showed relat ively low densities o f  defects tha t  
were therefore  readi ly  resolvable.  

The  films grown on (110) subs t ra te  surfaces at  
subs t ra te  t empera tu res  be low 370~ were less 
perfect.  These  films con ta ined  higher  concent ra -  
t ions o f  p l ana r  defects giving rise to s t reaks in the 
dif f ract ion pa t te rns  as shown in Fig. 4. The  films 
grown on (100) surfaces were s imilar  bu t  had  still 
h igher  densit ies o f  p l ana r  defects giving rise to 
more  intense s treaks which showed up  as satell i te 
pseudospo t s  as shown in Fig. 3. 

This  observa t ion  is unde r s t andab le  as the 
lowest  energy, t he rmodynamica l ly  s table fo rm of  
CdS above  some cri t ical  t empera tu re  near  r o o m  
tempera tu re  [20-21] is the wurtzi te  structure.  
This  is the s t ructure  o f  the (0001)  films which 
were found  to be the mos t  perfect.  W h e n  grown 
on (100) and  (110) surfaces the films had  the less 
s table s t ructure :  sphaleri te.  In  this case the films 
had  a cons iderab ly  higher  defect  content .  W h e n  
grown on (110)  surfaces above  370~ indeed,  
the films a l though  they had  still had  basical ly  the 
sphaler i te  s t ructure,  were so heavi ly faul ted  on 
two pa r t i cu la r  {111 } planes  as to be par t i a l ly  
t r ans fo rmed  as shown in Figs.  5 and  6. A more  
comple te  analysis  of  the d o m a i n  fo rm of  t rans-  
f o r m a t i o n  in (1 1 0) sphaler i te  s tructure films will 
be given in a la ter  pape r  [24]. 

The  Moir6  fringe observat ions  show tha t  the 
films consist  o f  small  areas  0. i lam or  less across 
which are misor ien ted  by  less than  1 ~ This is 
s imilar  to the result  of  Moir6  fr inge observat ions  
made  previous ly  on ZnTe  on Ge films. Presum- 
ab ly  these small  areas  arise f rom separa te  nuclei  
tha t  were ini t ial ly slightly misor ien ted  on the 
substrate.  These small  misor ien ta t ions  be tween 
nuclei  tha t  coalesce dur ing  g rowth  may  well be a 
ma jo r  source for  the 2 x 10 ~ d is locat ions  per  
cm 2 tha t  were observed.  This  defect  densi ty  while 
i t  is h igh by  the s t andards  o f  well deve loped  bu lk  
semiconduc tors  l ike Ge  and  Si is compa rab l e  
with mos t  r epo r t ed  values for  o ther  hetero-  
epi taxia l  films [2, 8, 25-27]. To decrease  this 
defect  densi ty  will however  cont inue  to be one 
object ive o f  the work  in this l abora to ry .  The 
electr ical  p roper t ies  of  films g rown under  the 
condi t ions  used in this work  are  more  l ikely to be 

domina t ed  by  their  po in t  defect  than  by their  
d i s loca t ion  content .  Large  densit ies of  po in t  
defects are  l ikely to  arise f rom small  devia t ions  
f rom s to ichiometr ic  compos i t i on  and  by the 
en t r a inmen t  of  impuri t ies .  
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