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Surface topographical variation of single- 
crystalline diamond grown in CO-H2 plasma 
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Microtopographical variations of {1 1 1 } and {1 00} crystal surfaces of single-crystalline dia- 
mond grown by microwave-plasma chemical vapour deposition of the CO-H 2 reactant system 
were examined using scanning electron microscopy. A layer-by-layer epitaxial growth process 
was observed on both crystal surfaces. A number of epitaxial two-dimensional nuclei were 
formed at random on {1 1 1} surfaces, where small triangular growth layers spread with the 
same orientations as the outline of the original {1 1 1} basal plane. These spreading layers 
were found to leave an inverse triangular pit (so-called trigon) pattern as they joined each 
other. On the other hand, square growth layers spread in parallel directions to {1 00} basal 
plane, and they stacked in the (1 00~ directions to form a pyramidal growth hillock. 

1. I n t r o d u c t i o n  
Many reports have been published on morphological 
observations of diamond single crystals prepared by 
chemical vapour deposition (CVD) on diamond seed 
crystals [1-6] or other substrate materials [1, 7-11]. 
However, few reports have been written on the surface 
microtopographs and their variation with CVD treat- 
ment time. This information is very important in order 
to investigate morphological control of vapour-grown 
diamond single crystals and to elucidate the growth 
mechanism. 

The crystal sizes of spontaneously nucleated dia- 
monds are so small in general that it is difficult to 
observe their surface microtopographs by conven- 
tional scanning electron microscopy (SEM). Using 
high-resolution SEM, Hirabayashi et al. [12-14] ob- 
served a detailed microstructure on {1 1 1 } surfaces of 
diamond crystals which were synthesized by the hot- 
filament CVD method. They observed triangular tiles 
and triangular pits on { 1 1 1} surfaces and suggested a 
layer-by-layer crystal growth mechanism of {1 1 1} 
surfaces. However, they did not observe the growth 
process by a direct method as a function of CVD 
treatment time. 

On the other hand, cubo-octahedral diamond single 
crystals can be obtained by treating natural coarse 
diamond grains in a long-term run of CVD [15]. The 
grain sizes of grown diamond single crystals are about 
300 ~tm in diameter, so that the microtopographical 
variation of the same place on one single crystal 
surface can be easily observed by conventional SEM 
as a function of treatment time. In the present work, 
the growth process of {1 1 1} and {1 00} surfaces of 
vapour-grown diamond single crystals is observed in 
detail by SEM and the growth mechanism is dis- 
cussed. 

2. Experimental procedure 
The microwave plasma CVD apparatus and major 
experimental procedure were the same as those de- 
scribed in previous papers [15, 16]. Natural coarse 
diamond crystal grains (particle size about 200 ~tm) 
were used as seed crystals, which were placed on (10 0) 
silicon wafers for the growth experiments. The 
optimum conditions for growth of single crystalline 
diamond [15] were kept constant as follows; micro- 
wave power 550 W, total pressure 45 torr, total flow 
rate 200 mlmin -t  and CO concentration 5 vol %. 
The crystals grown under these conditions were con- 
firmed to be a single phase of diamond by both 
X-ray diffraction and micro-Raman spectroscopy 
[15]. Surface microtopographs were observed by 
SEM. 

The seed crystals were first grown for 20 h, when 
rather smooth crystal surfaces of {111} and {1 00} 
were formed [15]. Then scanning electron micro- 
graphs of the same place of each {1 1 1} and {1 00} 
surface were taken at a CVD reaction time interval of 
2h and the specimen was replaced after photo- 
graphing as it had been in the reactor. No surface 
coating of the as-grown crystals was carried out for 
electrical conduction. 

3. Results and discussion 
3.1. Topographical variation of {1 1 1} 

crystal surface 
Fig. 1 shows the surface topographical variation of the 
same place on the (1 1 1) crystal surface with CVD 
treatment time. A traced pattern of the surface topo- 
graphy corresponding to the treatment time of 20h 
(Fig. la) and 30 h (Fig. lf) is illustrated in Fig. 2, where 
the lateral faces of large growth layers are dotted. The 
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Figure 1 Topographical variation on (1 1 1) plane of diamond single crystal with treatment time: (a) 20 h, (b) 22 h, (c) 24 h, (d) 26 h, (e) 28 h, 
(f) 30 h. 

(111) surface pattern is ~composed of triangular 
growth layers with various heights of about a few 
micrometres whose orientations are the same as the 
outline of the (111) basal plane [15]. Apparently these 
epitaxially growing layers extend in every direction 
parallel to (111) surface with elapse of CVD reaction 
time. The lateral facets of each growth layer are 
assigned as {100} or {111} planes. A model sketch of 

a triangular growth layer with indexed planes is 
shown in Fig. 3. 

It is noted that the growth layers have a tendency to 
spread rapidly in directions so as to complete tri- 
angles. In other words, the growth rates of layers in 
[211], [121] and [112] directions are much higher 
than those in [211], [121] and [112] directions, 
Fig. 4 shows the variation of the spreading length of a 
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Figure 2 Traced pattern of surface topography in Fig. la (thin line; treatment time. 20h) and Fig. If (thick line; treatment time 30h). 
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Figure 3 Sketch of a triangular growth layer with indexed planes on 
the (1 1 1) plane. 

growth layer in two different directions of [1 1 2] and 
[2 1 1], which were measured in the region A in Fig. 2 
as a function of treatment time. It is confirmed that the 
faster growth rate of lateral { 1 1 1 } facets of the growth 
layer resulted in the formation of triangles. This mech- 
anism of layer growth is illustrated in Fig. 5. 

When triangular spreading layers with {100} 
lateral facets intersect, an inverse triangular pit is 
formed. The formation process of such triangular pits, 
whose orientations are reversed relative to the outline 
of the (111) basal plane [15], can be observed in Fig. 1 
(typically in the region B in Fig. 2). These pits are 
analogous to the so-called "trigons" which have been 
observed in high-pressure synthesis of diamond [17]. 
A schematic model for the formation of a trigon is 
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Figure 4 Spreading lefigth of a growth layer on (11 1) plane as a 
function of treatment time: i�9 in [1 12] direction, ( � 9  in [21T] 
direction. 
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Figure5 Topographical variation of spreading growth layer on 
(111) plane. 
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Figure 6 Formation model of a trigon on {111} surface. 

shown in Fig. 6. Such trigons became smaller and 
shallower with CVD treatment time, and finally disap- 
peared when the triangular pits were filled up. These 
results suggest that trigons are formed not by being 
etched in the microwave plasma of CO-H E mixed gas, 
but by the joining of triangular growth layers under 
the present CVD conditions. Spreading layers joined 
as their steps touched each other and then formed 
larger growth layers. When growth layers with differ- 
ent thicknesses joined, the thicker layer was found to 
accommodate the thinner layer and continue to grow 
over it. 
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3.2. Topographical variation of {1 00} 
crystal surface 

The growth process of the (100) crystal surface is 
shown in Fig. 7. The (100) surface pattern is com- 
posed of square growth layers piled up in the [100] 
direction to form a pyramidal growth hillock. Square 
growth layers spread in four [001] directions with 
treatment time. No screw pattern of the growth step 
was seen on lateral facets of the growth hillock [18]. 
Epitaxial two-dimensional nuclei tended to be formed 
at the same position. This was often the centre of the 
square growth layer, where supersaturation of the 
carbon source might be higher than in peripheral 
growing portions. Therefore, pyramidal steps would 
be formed by the repetition of two-dimensional nucle- 
ation at the same place and the subsequent progress- 
ive extension of the square layer. 

When a two-dimensional nucleus ceased to gener- 
ate, the hilltop of the pyramidal growth step changed 
into a terraced growth step with elapse of treatment 
time as shown in Fig. 7. When new epitaxial nuclei 
were formed at places other than the hilltop, a second 
pyramidal hillock began to be formed from the new 
nucleation point. The new hillock overlapped with the 
pyramidal hillock that had grown earlier. Fig. 8 shows 
the two overlapped pyramidal hillocks formed as a 
consequence of this process. 

3.3. Discussion on the growth process of 
CVD diamond 

It has been often pointed out that {111} surfaces of 
spontaneously nucleated CVD diamond crystals are 
rough, whereas {100} surfaces are smooth [7, 9]. 
Nevertheless the difference of growth mechanism of 
each crystal surface has not been clarified so far. The 
growth process observed in this work can give a 
reasonable explanation for such a different appear- 
ance between {111} and {100} surfaces. On {111} 
surfaces, a large number of epitaxial nuclei are formed 
at random, which may induce the surface roughness. 
On the other hand, epitaxial nuclei on { 100} surfaces 
are formed repeatedly on the same position, which 
may result in the surface smoothness. The different 
appearance between {111} and {100} surfaces is 
attributed to the difference in growth mode. 

As described above, epitaxial two-dimensional 
nuclei were formed more frequently on {111} sur- 
faces, although a layer-by-layer growth process was 
observed on both {111} and {100} surfaces. More 
frequent nucleation on {111} surfaces can be ex- 
plained by the fact that the {111} planes are close- 
packed planes. Carbon atoms which adsorbed from 
the vapour phase on to smooth {111} surfaces are 
bonded by the three nearest surface carbons, while 
those adsorbed on smooth { 100} surfaces are bonded 
by the two nearest surface carbons. Therefore, carbon 
atoms which adsorbed on {111} surface are more 
strongly bound to given positions of the surface. They 
have a lower probability of desorption into the vapour 
phase and migration to the edge of growth layers than 
those adsorbed on {100} surface. Consequently, the 
{111} surface grows by a multiple nucleation mode, 



Figure 7 Topographical variation on (1 0 0) face of diamond single crystal with treatment time: (a) 20 h, (b) 22 h, (c) 24 h, (d) 26 h, (e) 28 h, 
(f) 30 h. 

and the {1 00} surface grows by a single nucleation 
mode. 

Microtopographs on {1 1 1} surfaces observed in 
our experiment are almost consistent with those of 
spontaneously nucleated diamond crystals [12-14]. A 
topography similar to the pyramidal growth hillock is 
also seen on { 1 0 0} surfaces of diamond that spontan- 
eously nucleated on a silicon substrate [16]. There- 

fore, it is considered that the growth process observed 
here can be applied to that of spontaneously nucleated 
diamond. 

4. Conclusions 
Surface topographical variations of diamond single 
crystals grown in the microwave plasma of the 
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Figure 8 Two pyramidal growth hillocks overlapping each other. 

CO-H 2 reactant gas system were observed by scan- 
ning electron microscopy. A layer-by-layer growth 
process was observed on both {111} and {100} 
crystal surfaces. The {1 1 1} planes are formed by 
multiple nucleation at random places and subsequent 
spreading of epitaxial triangular growth layers. When 
the triangular layers joined, a trigon which remained 
as an inverse triangular pit was observed. The {1 00} 
planes are formed by the repetition of two-dimen- 
sional nucleation at the same position and the spread- 
ing of square growth layers. These growth modes can 
be applied to interpret the roughness of {1 1 1} planes 
and the smoothness of { 1 0 0} planes that are observed 
on spontaneously nucleated CVD diamond crystals. 
The dependence of the growth process on the growth 
conditions will be discussed in another paper [19]. 
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