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Preferred orientations in the Ge/SiO2 interface 
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The study of preferred orientations in the Ge/SiO2 interface was measured by observing the 
development and re-orientation of single crystal Ge spheres on amorphous SiO2 substrates. 
The annealing temperatures ranged from 53 to 98 per cent of the melting temperature of Ge. 
At low annealing temperatures the Ge orientation distribution revealed three cusps in the 
interfacial energy versus misorientation curve corresponding to (1 1 1 ), (220) and (31 1 ) 
planes. For higher annealing temperatures one additional cusp in the interracial energy 
versus misorientation curve for (4 0 0) planes is observed. The results are discussed in terms 
of interfacial entropy, atomic packing and electronic effects. 

1. Introduction 
Previous studies of solid state crystalline/amorphous 
interfaces have mostly been concerned with the cre- 
ation and interpretation of models derived from the 
study of solid/liquid interfaces [,1-6]. To give a few 
examples, in one approach Jackson's nearest neigh- 
bour bond model was used to predict faceting for 
atomically smooth interfaces or non-faceting for 
atomically rough interfaces [-1]. Monte-Carlo simula- 
tions were created to study and predict the atomic 
structure at different distances from the interface 
[-2-4]. Also, Cahn [-5, 6] presented the concept of the 
"diffuse interface" when qualifying interfaces as either 
sharp (smooth) or diffuse (rough) in order to explain 
the gradient in the thermodynamic properties across 
the solid/liquid interface and that the transition from 
liquid to solid takes place over a number of atomic 
layers. 

With respect to the orientation dependence of 
liquid/solid interracial energies, from previous studies, 
it is known that the liquid/solid fcc metal system 
having the (1 1 1) or (1 0 0) planes parallel to the inter- 
face is of somewhat lower energy than interfaces 
having other crystal faces parallel to the interface [-7]. 
In these liquid/solid cubic metal systems, interracial 
anisotropies up to 20% have been reported with the 
interfaces of low energies being the two close packed 
planes parallel to the interface [,8-10]. In other studies 
involving the faceting behaviour of liquid inclusions 
entrained in a solid matrix, anisotropies of up to 100% 
were measured for liquid/solid hexagonal metal sys- 
tems. Unfortunately however, there are few studies 
known which have concentrated on observing the 
orientation dependence of the amorphous/crystalline 
interracial energy in systems for which the amorphous 
phase is a solid. Similarly, little data is available from 
studies in which thin crystalline metal films are depos- 
ited onto glass, where some of the observed preferred 
orientations are due to low interracial energy [11-18]. 
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Furthermore, in order to resolve issues such as, for 
example, preferred orientations in thin film studies 
which can be the result of anisotropy in either the film 
nucleation and growth rates or the interfacial energy 
between the substrate and film, there is a need for 
future work on solid/solid interfaces of this type. 

When comparing the above results for crystal- 
line/amorphous interfaces, structural studies of solid 
state crystalline/crystalline interfaces and epitaxy 
studies, the latter are far more frequently reported in 
the research literature. In general, the majority of 
models concerning structure which are reported in 
these studies address the geometric nature of the cry- 
stalline/crystalline interface and completely ignore, for 
example, electronic effects. The same holds true for 
models of the structure of grain boundaries. Contrary 
to this point of view, however, some experimental 
observations suggest that electronic effects may be 
more important than once thought for controlling 
structure at the boundary [,19-21]. This notion at 
least has a theoretical basis as calculated by Seeger 
and Schottky [22] using methods taken from the 
electron theory of metals. Essentially, Seeger and 
Bross [23] assumed in their study of grain boundaries 
that if the packing density is lower than in perfect 
crystals, this would impose a larger distance between 
atoms along grain boundaries, the obvious effect of 
separating atoms would then displace the positive 
charge of the atom cores, which must be screened by 
a redistribution of the conduction electrons. Further- 
more, it was predicted that because the excess bound- 
ary volume is related to the boundary energy, an 
energy cusp would exist for boundaries of small excess 
volume [24]. However, analysis of the depth, the posi- 
tion and the width of the energy cusp are not possible 
without further knowledge of the boundary volume. 

It is known that Ge and compound GexSi,-x thin 
films are of interest to SiGe based device technologies 
[25, 26]. For example they have been considered as 
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a prospective buffer layer on silicon substrates for 
optoelectronic integrated circuits. Previous studies 
have addressed certain issues concerning the stability 
of GeSi films o n  S i O  2 and the solid phase epitaxial 
growth of GeSi on insulator layers [27,28], 
but not the preferred orientations of such an inter- 
face system. In this work we present data on the 
preferred orientations in the Ge/SiO2 interface using 
a well established technique which has been used for 
over 20 years to detect interfaces of low interfacial 
energy. 

2. Experimental procedure 
The modified sphere-plate technique was utilized in 
this study to explore the preferred orientations of Ge 
in contact with fused silica. This technique has suc- 
cessfully been used to detect interfaces of low inter- 
facial energy, the details of which are found elsewhere 
[15-17]. The main characteristic of the technique 
is the sintering at sufficiently high temperatures of 
a large number (up to 107 cm -2) of single crystal 
spheres (diameter 0.05-1.5 gin) on a substrate which 
forms the second phase of the interface. During the 
sintering stage if low energy orientations exist between 
the two phases of the sphere and plate material, then 
all of the spheres in originally high energy orientations 
will rotate into orientations of low energy. 

For the preparation of the sphere-plate samples, 
thin amorphous Ge film (100 nm in thickness) were 
grown on clean fused silica (amorphous SiO2) 
substrates at a deposition rate of 0.7 nms-1 using 
e-beam heating. The purity of the germanium was 
99.999 wt % and it was deposited from a graphite boat 
at a vacuum base pressure of 0.1 mPa in a Leybold 
L560 boxcoater. The sintering of these film/plate sam- 
ples was performed at temperatures of 500, 817 and 
921 ~ in a clean quartz glass tube furnace continu- 
ously supplied with a dry argon atmosphere. These 
sintering temperatures correspond to 53, 87 and 98% 
of the melting temperature of germanium and in the 
latter case provided for fully oriented sphere-plate 
arrangements. The annealing treatments were carried 
out in each case for a period of 1 h. 

Sphere-plate samples before and after sintering 
were analysed by X-ray diffraction (XRD). The XRD 
was performed on a Philips PW1700 automated dif- 
fractometer with a monochromator and spinner. The 
diffraction data and patterns were generated on a ver- 
tical goniometer attached to a broad focus X-ray tube 
with a copper target operating at 45 kV and 30 mA. 
This analysis was computer assisted so that the inter- 
planar spacing values can be corrected for the instru- 
ment error function by analysing a silicon standard 
and subsequent quantitative analysis performed by 
matching the X-ray pattern of the sample with a data 
base of reference patterns [29]. 

The average single crystal size of the Ge spheres was 
calculated using the Scherrer formula, which required 
measuring the peak width at half maximum on reflec- 
tions from the line broadening profiles of the 
expanded XRD patterns [30]. 
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3. Results and discussion 
To provide some idea of the microstructure of the 
sphere-plate samples, they were viewed under the 
scanning electron microscope (SEM) after annealing. 
All images showed rounded germanium particles at 
500 ~ and then the development into spheres of var- 
ied size up to about 1 gm in diameter at the higher 
temperatures. Since these images can be found else- 
where in many previous publications, see for example 
references [15-17], it was felt that some new data 
regarding the mean crystallite size should be reported 
on the microstructure instead. From the XRD line 
broadening profiles of the (1 1 1) reflections, the mean 
crystallite size after each annealing treatment is given 
in Table I. These data indicate that a fine grain size 
(22.33 nm) exists during the early stages as the film 
breaks up at an annealing temperature of 500 ~ As 
the spheres begin to form and surface diffusional 
forces increase, the mean crystallite size grows to 
68.20 nm. This mean crystallite size does not change 
very much on final annealing close to the Ge melting 
point since the spheres are mainly crystallographically 
re-orienting into their low-energy orientations. 

From the X-ray diffraction data and patterns 
(Fig. 1) obtained from the sphere-plate samples, the 
normalized intensities of the (1 1 1), (2 2 0), (3 1 1) and 
(4 0 0) Ge reflections are listed in Table II. Comparing 
these intensities for Ge spheres to that for randomly 
oriented Ge powder patterns, all spheres showed 
a [1 1 1] preferred orientation (or texture) at each 
annealing temperature [29]. The samples annealed at 
the lowest temperature (500~ Trap = 53%) initially 
had the strongest preferred orientation with 
1111/1220 = (100/33) = 3.03 or an increase of 72.7% 
above the intensity reported for a random Ge powder 
pattern (see Table III) E31]. However, higher anneal- 
ing temperatures caused a slight reduction in the 
intensity of the (1 1 1) reflection but it is still a strong 
preferred orientation. At 817 ~ (Tap = 87%) the ratio 
(1111/I220) = 2.86 decreases to 61.6% above random 
and at the highest annealing temperature (921 ~ 
Trap = 9 8 % )  it drops to 2.38 or 36.7% above random. 
At the same time the intensity ratios I3a ~/I22o and 
14 o o/I22 o show some increase for increasing anneal- 
ing temperatures. The (3 1 1) and (400) reflections 
have higher intensities than that reported for random 
Ge powder patterns and therefore both reflections 
become preferred orientations at 817 ~ (Tap = 87%) 
and at 921 ~ (Trap = 98%). 

The intensity values indicate that the (1 1 1) reflec- 
tion is strongly preferred at 500~ and the (400) 
reflection is strongly preferred at both 817 and 921 ~ 
This means that as the Ge film breaks up into particles 

TABLE I Crystallite size analysis after annealing 

Annealing temperature of the Ge phase 

500 ~ 817 ~ 921 ~ 

Mean crystallite 22.33 68.20 79.87 
size (ran) 
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Figure 1 CuK~ X-ray diffraction patterns of Ge/silica sphere-plate 
samples annealed at (a) 500 ~ (b) 817 ~ and (c) 921 ~ 

TABLE II X~ray diffraction intensity results for Ge spheres 

Intensity for a given annealing 
temperature 

Intensity Random 
(reflection) Ge powder 500~ 817 ~ 921 ~ 

1111 I00 100 100 100 
I22o 57 33 35 42 
I3~1 39 20 45 48 
I4oo 7 0 16 27 

TABLE III  X-ray diffraction intensity ratios for (t 1 1) Ge reflec- 
tions 

Intensity ratios for a given 
annealing temperature 

Intensity Random 
ratio Ge powder 500 ~ 8 t7 ~ 921 ~ 

1111/12~o 1,75 3.03 ~ 2.86 ~ 2.38 ~ 
I311/Izzo 0.68 0.61 1.29" 1.14" 
I4oo/Iz2o 0.12 - 0.46 ~ 0.64 ~ 

Denotes a preferred orientation for reflections relative to (2 2 0) 
and the intensity of a random Ge powder pattern. 

and spheres more (1 1 1) Ge planes are aligned parallel 
to the substrate surface at 500~ after annealing. 
Upon annealing at 817 ~ the Ge phase further devel- 
ops into spheres and rearranges some of its (3 1 1) and 
(4 0 0) planes parallel to the substrate surface. Further 
annealing up {o 921 ~ rearranges crystaltite planes 
into their lowest-energy configurations with (l 1 1), 
(3 1 1) and (4 0 0) planes being preferred and the (4 0 0) 
plane the most preferred orientation. 

These results appear consistent with recent findings 
from electron microscopy studies of thin Ge films 
[32, 33]. In these studies fi'inges associated with (1 1 1), 
(3 1 1) and (4 0 0) planes were observed by high resolu- 
tion electron microscopy for (t 1 1) and (2 2 0) oriented 
crystalline Ge islands embedded in amorphous Ge 
thin films. The fringes are the result of microtwins 
formed during growth. In the sphere-plate samples 
these planes would be undetected at the film growth 
stage and possibly at low temperature thermal treat- 
ments because the X-ray technique is insensitive to 
defects of such limited size and quantity. However, 
upon annealing at higher temperatures they are free to 
form annealing twins which can play a role in prefer- 
red orientation development during sphere formation. 
In a separate study, the crystallization of amorphous 
Ge fihns was observed by in situ transmission electron 
microscopy after annealing between 150 and 500 ~ 
Dendritic structures of Ge were observed in the bright 
field images and from the selected area diffraction 
patterns (1 1 1), (2 2 0) and (3 1 1) orientations had de- 
veloped from the Ge microcrystallites [27]. 

What this means in terms of the science behind 
Ge SiO2 interfaces of the solid-solid, crystalline 
(cubic)-amorphous type is that there are several cusps 
in the interfacial energy versus misorientation curve 
after annealing at 500 ~ which correspond to (1 1 I), 
(2 2 0) and (3 1 1) planes and at higher temperatures an 
additional cusp for (400) planes. This result is not 
surprising since it has been previously shown that 
different annealing temperatures lead to different 
orientation relationships due to interracial entropy 
[34, 35]. For face centred cubic (fcc) systems of Ag 
and Cu on SiO2 it was found that the number of cusps 
in the free energy versus misorientation curve for grain 
boundaries decreases from two ((1 1 1) and (1 00)), to 
one (1 1 1) with increasing temperature [17]. It is also 
possible that the appearance of (400) planes in Ge 
sphere-plate samples at higher temperatures (817 and 
921 ~ may have gone undetected at a lower temper- 
ature (500 ~ if it was due to the development of 
microtwins during film growth but we were unable to 
prove it. Other results have shown that fcc Ni re- 
corded a strong (100) and weak (1 1 1) orientation 
for Ni/SiOz sphere-plate samples annealed at  Tmp = 

68% [17]. An observation which is opposite of the 
behaviour of fcc Ag, Au and Cu on the same substrate 
material where (1 1 1) has been found to be the orienta- 
tion of lowest energy. This causes some concern for the 
geometric arguments which try to explain cubic sys- 
tem results in terms of atomic packing factors playing 
a role in crystal grain boundary orientation and 
growth. What appears obvious is that geometric cri- 
teria alone cannot explain these results and that other 
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factors such as the boundary free volume and elec- 
tronic effects across boundaries may provide an an- 
swer if it were practical to measure boundary volumes 
and boundary electronic properties. 

For the case of metal/non-metal interphase bound- 
aries, the electronic contribution involves a non-metal 
phase in contact with a metal which contains localized 
electrons. Therefore any charge in the metal phase or 
on the surface of the non-metal will be opposed by 
a subsurface space charge within the non-metal phase. 
Also, the density of states across the boundary is likely 
to be quite different to that for either bulk crystal phase, 
a condition which would be general to semicon- 
ductor/amorphous non-metal interfaces like Ge/SiO2. 
At least for certain materials, such as silver halides 
and silver bromides, the existence of space charges has 
been confirmed experimentally [36-38]. What seems 
to be lacking is a more detailed description of the 
interface to allow for calculation and measurement of 
interracial energies which up to now have remained 
a largely unsolved problem. This detailed description 
requires a larger body of applied research data such 
as from crystalline/amorphous interfaces in which the 
crystalline solid may be a metal or non-metal. 

4. Conclusions 
1. A strong preferred orientation exists for (1 1 1) 

Ge planes parallel to the silica substrate surface at 
intermediate annealing temperatures of about one half 
of the Ge melting point (Tmp = 53%), while (3 1 1) and 
(4 0 0) planes become strongly preferred at higher an- 
nealing temperatures approaching the melting point 
of Ge (Trap = 87 to 97%). 

2. The effect of temperature is seen here to contrib- 
ute one additional cusp in the interfacial energy curve 
for (4 0 0) planes at temperatures between 87 and 98% 
of the Ge melting point. 

3. Effects other than the closeness of packing are 
involved in controlling the behaviour of low-energy 
orientations in Ge/SiO2 interfaces. 
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