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The epitaxial growth of antimony electrodeposits, obtained at 25 and 50 ~ C from a 
chloride bath on single crystal cathodes of gold and silver, oriented along the (1 0 0), 
(1 1 0) and (1 1 1) crystallographic planes, has been studied by electron diffraction. 
Current densities ranging from 10 to 1000A m -2 and thicknesses between 1 and 50/am 
have been investigated. The gold substrate was found to be the more favourable to the 
formation of oriented crystalline deposits. A tendency to form amorphous antimony 
was observed on the silver substrate, especially at 25 ~ C. The monocrystalline deposits 
on (1 00) and (1 1 1) planes of gold and silver were oriented with their (1 00) plane 
parallel to the substrate, and the deposits on the (1 1 0) Iolane of gold and silver with 
their (1 1 0) and (11 0) planes parallel to the substrate. The orientation relationships 
between parallel directions of the deposit and substrate have been determined. The 
results are discussed in terms of the work of formation of variously oriented nuclei on 
amorphous substrates, the symmetry elements in the deposit-substrate interface region 
and the mismatch along the more densely packed parallel directions. 

1. Introduction 
Much research work has recently been done on the 
structure and orientation of thin metal layers 
formed by epitaxy on various oriented single 
crystal surfaces of different materials, due to 
growing interest in possible applications. Much 
research has also been done on the epitaxy of 
relatively thick deposits, which may be investigated 
by high energy electron diffraction (RHEED) and 
X-ray diffraction techniques [1]. The deposits 
were obtained both by condensation from vapour 
(often on non-metallic single crystal surfaces, 
such as mica, alkali halides, etc.) and by electro- 
crystallization. 

In the present work the structure, orientation 
and morphology of deposits obtained on cathodes 
either of the same or different nature have been 
�9 1978 Chapman and Hall Ltd. Printed in Great Britain. 

investigated. Antimony was also taken into 
consideration as its behaviour in this field is not 
well known. Investigations were made both into 
the structural aspects of electrolytic antimony 
deposits on single crystal surfaces of antimony 
[2], and the kinetic-electrochemical aspects 
related to the electrodeposition process [3]. 

The main aim of the present research is to 
extend the previous investigations to antimony 
deposits on extraneous single crystal cathodes with 
respect to the conditions of epitaxial growth and 
the orientation relationships between the deposit 
and the substrate. 

Gold and silver substrates were investigated 
to avoid chemical displacement occurring in the 
absence of applied current. In future research, 
copper will also be considered. These metals 
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possess a f c c  structure (O~) which is different 
from that of antimony (rhombohedral, D3~; 
nevertheless, as angle a approaches 90 ~ to a first 
approximation the lattice of antimony may be 
likened to a pseudo-f c c lattice*. 

Deposits of thicknesses between 1 and 50/am 
were made at current densities between 10 and 
1000Am -2 and at temperatures of 25 and 50 ~ C. 
Most of the deposits were obtained from a chloride 
bath as in previous work; it was also considered 
useful to carry out some experiments with a 
citrate bath as frequently used in galvanic tech- 
niques. There is little literature on this subject, but 
we are aware of a paper discussing antimony 
deposits obtained by high vacuum deposition on 
single crystal potassium chloride substrates, 
orientated along the (1 0 0) plane and examined by 
transmission electron diffraction and microscopy 
[41. 

2. Experimental 
The gold and silver single crystals were prepared 
from 4N pure metals using a modified Bridgman 
technique. The method of cutting the single crystals 
in order to obtain discs of about 20mm in diameter, 
oriented along the (1 00), (1 1 0) and (1 1 1) 
crystallographic planes, is reported in a previous 
paper [5]. Polishing of the various substrates, to 
achieve surfaces free from work-hardened layers, 
is performed under the following conditions: 
gold - electrolytic polishing in 70 gl- 1 KCN 

solution and 15gl - t  Seignette salt sol- 
ution; voltage 15 V, current density 150 A 
dm -2, duration 2min, stainless steel cath- 
ode; rinsing in 1M HC104 solutions; 

silver- chemical polishing in 0.2 M KCN solution 
with the addition of a few drops of 36% 
H2 O2 (by volume), followed by rinsing 
with a 0.2 M KCN solution. 

The solutions used for deposition were as 
follows: (a) 0.5MSbC13 + 3MHC1; (b) 52.4gl -a 
SbzO3, 149.8 gl- 1 potassium citrate, 179.7 gl-1 
citric acid. The solutions were prepared from 
analytical reagents and doubly distilled water and 
were further treated with activated carbon. Solution 
(b) was only used to prepare deposits on the silver 

substrate at 50 ~ C. 
The electrolytic cell and apparatus were the same 

as those described previously [5]. The measure- 
ments were carried out using the galvanostatic tech- 

*The lattice parameters of the substrates and deposit are: Au, 
42'. 
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nique. In order to avoid displacement reactions in 
the absence of applied current, the electrodes 
were polarized cathodically as soon as they were 
dipped in the solution. After each deposition, the 
samples were rinsed in a solution HC1 and doubly 
distilled water in the ratio l : l .  The structure of 
the deposits, the orientation and epitaxial re- 
lationships with the substrate were investigated 
by the RHEED technique (Trtib T~uber apparatus, 
voltage 50 kV, camera length 50 cm). 

3. Results 
The results for the deposits obtained on the 
various single crystal surfaces, under different 
conditions of temperature, current density and 
thickness, are reported in Table I. In Table II the 
orientation relationships between parallel directions 
of the deposit and substrate, interatomic distances 
and relative per cent mismatch are given. It should 
be noticed that after parallelism has been assigned 
to a pair of directions, there is not always paral- 
lelism for the other pairs of directions owing to 
the pseudo-cubic structure of antimony. In Table 
II the pairs of directions showing a deviation 
from parallelism are marked by an asterisk. 

3.1. Deposits on gold 
The monocrystalline antimony deposits were 
oriented with their (1 0 0) planes parallel to the 
substrate (1 00)  and (1 1 1) planes, and with their 
(1 1 0) and ( i  1 0) planes parallel to the substrate 
(1 1 O) plane. The relationship to the (1 0 O) plane 
is always found to be that indicated by a in 
Table II (Figs. 1 a and b). In one case, namely for 
deposits obtained at 50 ~ C, lOOAm -z and thick- 
nesses of 50/am, a second relationship (indicated 
by /3), was noticed alongside the first orientation 
relationship. This second relationship corresponds 
to the iso-orientation between deposit and 
substrate. 

In all the diffraction patterns obtained with the 
electron bean] parallel to the [0 0 1 ] direction of 
the antimony, the diffraction spots were double 
and symmetrically arranged with respect to the 
[1 00] direction of the substrate (see Fig. lb). 
This result is a consequence ofantimony's rhombo- 
hedral structure, as may be deduced from Fig. 2; 
the two pseudo-cubic crystallites have a face in 
common, and therefore two crystallographic axes 
in common, one of which is the [0 0 1 ] axis. The 

a = 4.0704 A; Ag, a = 4.0778 A; Sb, a = 6.221 A; a = 87 ~ 



TABLE I Orientation of antimony deposits from a chloride bath on the (1 0 0), (1 1 0) and (1 1 1) faces of gold and 
silver single crystals. 

Substrate Tempera- Current Thickness Growth faces 
ture (~ C) density (#m) (1 0 0) 

(A m-2 ) 
(1 1 0) (1 1 1) 

Au 25 100 1 (1 00)* (11 0), (i 1 0) (1 0 0) 
50 100 1 (100) (110), (i 10) (100) 

10 (100) (110) , ( i  10), [i 12] t  (100) 
20 (1 00) [i 12] 
50 (1 o 0) - 

lOOO 1 (lOO) (1 lO),(~ 1 o) (lOO) 
lO (1 o o) (1 1 o), (1 1 0) (1 0 0), 
5O (1 0 0) (1 1 0), (i 1 0) (1 0 0) 

Ag 25 25 2 amorphous amorphous (1 0 0) 
5 - amorphous - 

100 1 - - amorphous, (1 0 0) 
50 10 1 (1 0 0) (1 1 0), (i 1 0) (1 0 0) 

25 2 (1 0 0) (1 1 0), (i 1 0) (1 0 0) 
100 1 - - (1 00) 

*Plane of the deposit parallel to the substrate surface 
tTexture axis of the deposit. 

TABLE II Orientation relationships, interatomic distances and corresponding mismatches between parallel directions. 

Substrate Antimony 
orientation deposit 

orientation 

Orientation relationship 
between parallel directions 

Interatomic distances along Mismatch 
the considered directions (A) (%) 

Deposit Substrate 

(1 0 0) (1 0 0) [0 1 1] Sb* I[ [0 1 1] Au, Ag 6.22 2.88 x 2 8.0 
[0 1 1] Sb* II [0 1 0] Au, Ag 4.49 4.07 10.2 

o~ [001] Sbll [01 1] Au, Ag 6.22 2.88 x 2 8.0 
[0 i  1] Sb*ll [001] Au, mg 4.31 4.07 5.8 

[0] i] Sbll [0 1 I] Au 4.31 2.88 X 2 25.2 
[0 1 0] Sb* 11 [0 1 0l Au 622 4.07 ~9 8 

/3 [0 i  1] Sbll [0 1 1] Au 4.49 2.88 x 2 22 
[00 1] Sb* II [00 1] Au 6.22 4.07 52.8 

(110) (110) [111] Sb*ll[1 12] Au, Ag 10.63 4.99X 2 6.5 
[001] Sbll[001] Au, Ag 6.22 2.88•  8.0 
[1 i 1] Sb*ll [1 12] Au, Ag 10.63 4.99 X 2 6.5 
[ l i 0 ]  Sbll [001] Au, Ag 4.31 4.07 5.8 

( i l 0 )  [111] Sb*11[[12] Au, Ag 11.20 4.99X2 12.2 
1_0_0 1] Sbll [i 101Au, Ag 6.22 2.88 x 2 8.0 
[111] Sb* f l [ l l 2 ]  Au, Ag 10.63 4.99X2 6.5 
[i 1 0] Sb* II [0 0 1] Au, Ag 4.49 4.07 10.2 

(1 1 1) (1 00) [0 1 1] Sbll [1 1 0] Au, Ag 4.31 2.88 X 2 25.2 
c~ 

[0 1 i] Sb 1T [I 1 2] Au, Ag 4.49 4.99 10.0 

# [010] Sb*ll_[l_10l Au, Ag 6.22 2.88X2 8.0 
[0 0 1] Sb II [1 1 2] Au, Ag 6.22 4.99 25.2 

*Directions not strictly parallel to each other. 

other pairs of  corresponding faces are not  parallel 
with respect to one another and therefore not  
strictly parallel, nor perpendicular to the substrate 
surface. The deviations are very small; they have 
been purposely exaggerated in Fig. 2. 

Figs. 1 c, d, and e show the RHEED patterns of  
epitaxial ant imony deposits on the (1 1 0) plane. 

The double positioning due to the presence of  
the two crystallographic planes (1 1 0) and ( i  1 0) 
parallel to the substrate having very close inter- 
planar distances (equal to 4.485 )k and 4.309 A, 
respectively), may be clearly seen. 

When the thickness was increased, the deposits 
tended towards disorientation with a [ i  1 2] 
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Figure 1 RHEED patterns of antimony deposits on gold substrates: (a) and (b) (1 0 0) face; (c), (d) and (e) (1 1 0) face; 
(f) (1 1 1) face (50 ~ C). (a) 100 Am -z , 1 #m; beam along [0 1 0] Au. (b) 1000 A m -2 , 10urn; beam along [0 1 1] Au. 
(c) 100 A m -2 , 1 #m; beam along [i 1 0] Au. (d) 1000 A m- 2, 1/~m; beam along [i 1 2] Au. (e) 1000 A m- 2, 1 ~m; 
beam along [001] Au. (f) 100Am -~, 30#m; beam along [i 1 2] Au. 

texture axis. Fur thermore,  i t  was no t  possible to  
obtain diffraction patterns for some samples at 
higher current densities with thicknesses of  10 
and 50/1m. This would be in agreement with 
the tendency,  which increases with current 
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density, to form amorphous ant imony,  which 
can hide the diffraction pattern of  the crystalline 
metal.  

The monocrystal l ine deposits obtained on the 
(1 1 1) plane were always oriented with the (1 0 0) 
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Figure 2 Double positioned rhombohedral crystallites of 
antimony on a (1 0 O) gold face. The deviation from 90 ~ 
of the pseudo-cube angles is strongly exaggerated. 
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Figure 3 Interpretation of the diffraction pattern shown 
in Fig. lf.  o beam along [011 ]  Sb II [ i i  2] Au, �9 beam 
along [ 0 0 1 ]  Sb II [ 1 1 2 ]  An. 

plane parallel to the substrate, and usually gave 
two different orientation relationships at the 
same time, such relationships being indicated by 
a and /3 in Table II. Fig. If  shows a typical dif- 
fraction pattern whose interpretation is given 
in Fig. 3. Fig. I f  also shows the double positioning 
of the diffraction spots for the deposits on the 
(1 1 1) plane, which is due to orientation /3, in 
which the electron beam is approximately parallel 
to the [0 01 ] direction of antimony. 

On increasing the thickness of the deposit, the 
diffraction spots become arcs, indicating a gradual 
disorientation of the deposits. When the thickness 
of the deposits is increased at the highest current 
density, the second orientation relationship tended 
to disappear so that diffraction patterns for 
thicknesses equal to or greater than 10/~m revealed 
the presence of the a relationship only. As already 
observed for deposits on the(1 1 0) plane, dif- 
fraction patterns were weak for certain samples of 
greater thicknesses obtained at 1000Am-2, 
indicating the presence of amorphous antimony 
in this case as well. 

The deposits on the three planes were generally 
uniform, compact and adherent; when examined 
by metallographic microscopy, they were revealed 
as granular structures (Fig. 4a) with geometric 
forms, especially those obtained at the higher 
current densities (Fig. 4b). This is in agreement 
with the shape of the diffraction spots. 

3.2. Deposits  on silver 
The deposits obtained at 25 ~ C on the (1 0 0) plane 

Figure 4 Micrographs of antimony deposits on a (1 0 0) gold face (50 ~ C). (a) 100 A m- 2, 1 um; (b) 1000 A m- 2, 10 #m. 
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did not give diffraction patterns, due to the 
presence of amorphous metal, while the deposits 
obtained at 50~ on the same substrate were 
always monocrystalline with the (1 00) plane 
oriented parallel to the substrate and with the 
orientation relationship indicated in Table II. 
This relationship was identical to that observed in 
all cases for gold (Figs. 5a and b). 

The same considerations made for deposits 
on the (1 0 0) plane are valid for deposits on the 
(1 1 0) plane. At 25 ~ C the deposit was amorphous, 
while at 50~ it was monocrystalline, with the 
(1 1 0) plane, and also, less frequently, the (1 1 0) 
plane parallel to the substrate, the orientation' 
relationships being identical to those observed for 
gold (Fig. 5c). 

The deposits on the (1 1 1) plane were also 
monocrystalline at 25 ~ C. As in the case of gold, 
the (1 0 0) plane was parallel to the substrate with 
two different orientation relationships which were 
always observed simultaneously. When the current 

density was increased, a tendency towards 
amorphous antimony formation was observed. 
At 50 ~ C, the tendency to give monocrystalline 
deposits even at 100Am -2 was noticed. The 
plane parallel to the substrate was still the (1 0 0) 
plane with the previously mentioned orientation 
relationships (Fig. 5d). 

As in the case of deposits on gold, the double 
positioning of the diffraction spots was observed. 
There were no special features in the morphology 
of the deposits. They were generally uniform, 
compact, with no growth forms, and sometimes 
shiny, especially on the (1 1 0) plane in the presence 
of the amorphous metal. 

For the deposits obtained from the citrate bath 
(at a temperature of 50~ current density 
25 Am -2 and thickness 0.5 pm), only in few cases, 
and only on the (1 1 0) plane, was it possible to 
reveal an oriented crystalline deposit. Here the 
(1 1 0) plane, which was slightly disoriented, was 
parallel to the substrate and the orientation 

Figure 5 RHEED patterns of antimony deposits on silver substrates: (a) and (b) (1 0 0) face; (c) (1 1 0) face; (d) (1 1 1) 
face (50 ~ C). (a) 10 A m- z, 1/~m; beam along [0 1 1 ] Ag. (b) 25 A m- 2, 2 t~m; beam along [ 01 0] Ag. (c) 10 A m- ~, 
1 #m; beam along [i  1 0] Ag. (d) 1 0 0 A m  -2 , 1 t~m; beam along [ i  i 2] Ag. 

744  



relationships were identical to those observed for 
deposits from the chloride bath. The (110)  plane 
was not observed. The deposits were of a shiny 
and uniform appearance. 

4. Discussion of the results 
The type of growth observed in electrodeposited 
metals on single crystal substrates is govezned by 
the influence of the orientation of the substrate, 
and by the influence of the deposition conditions 
(current density, temperature, type of bath, etc.). 
The first influence favours the epitaxial growth, 
while when the second prevails, nuclei tend to 
form oriented along the crystallographic plane 
having the lower work of formation; this can also 
bring about the formation of polycrystalline 
deposits with preferred orientations. Whether 
one influence or the other dominates depends 
on energetic, dimensional and valency factors 
[6]. The influence of the substrate tends to 
dominate when the forces of interaction between 
two different types of metal atoms are of the same 
magnitude, or even greater than the forces existing 
between atoms of the same type, when the relative 
difference between atomic radii of the metals 
forming the deposit and the substrate is small, 
and lastly, when, according to Hume-Rothery, a 
high valency metal is deposited on a low valency 
metal (as occurs in the cases considered in this 
paper). 

Another condition which favours epitaxial 
growth occurs when the substrate is already 
oriented along the plane for which the work of 
formation of nuclei is small. The calculation of the 
work of formation on an amorphous cathode of 
two-dimensional nuclei oriented along various 
crystallographic planes of fc  c metals [7, 8] and 
h cp metals [8, 9] has been performed by 
Pangarov, who also showed that such work depends 
on the overvoltage of the electrodeposition 
process. Hence different results are predicted for 
metals having the same structure, but which, for 
example, are normal or inert in the kinetic- 
electrochemical sense*. 

In the electrodeposition on extraneous cathodes, 
as the values of overvoltage are rarely known, 

reference is generally made to the overvoltage of 
the metal deposited on a cathode of the same 
metal. If antimony is likened to a metal of pseudo- 
f c c  crystal structure, owing to its property of 
being an intermediate metal [3], the plane for 
which the work of nucleation is the least is the 
(100)  plane, and the work of formation of 
nuclei along (110)  is not appreciably different 
from work of formation of nuclei along (100) .  

The results obtained on gold and silver agree, 
therefore, with predictions. In fact, on substrates 
(10 O) and (110)  planes, the orientation of the 
substrate is the decisive factor in the formation 
of one or other of the two types of nuclei, both 
being favoured by the conditions of deposition. 
Owing to the considerable difference in the atomic 
radii of the deposit and of the substrates, iso- 
oriented growth is rarely observed. On the 
contrary, the influence of the conditions of 
deposition seems to dominate on the substrate 
( 1 1 1 )  planes, hence nuclei are formed which are 
oriented along the plane having the least work of 
nucleation. Furthermore, as antimony has a 
rhombohedral structure, and unlike nuclei oriented 
along the (100)  plane, nuclei oriented along the 
(110)  and (T 10) planes have a different structure, 
the latter are both always observed even when the 
former seems, at times, to be favoured. 

As regards the orientation of the deposit on 
the substrate, it has been found [10] that it 
generally is such as to provide a plane at the 
deposit-substrate interfacet having the maximum 
possible symmetry (i.e. with the highest number of 
elements of symmetry), independent of the 
mismatch along parallel directions. Usually, how- 
ever, for a particular symmetry of this plane, the 
orientation relationship which implies only a 
small mismatch along the directions of high atomic 
density has been observed [6]. This has also been 
found for the deposits considered in this research. 

In order to illustrate the orientation relationships 
and the elements of symmetry of the various super- 
imposed planes, representations were made as in 
Figs. 6 to 8. For reasons of clarity, the double pos- 
itioning of the antimony crystallites on the (1 0 0) 
and (1 1 1) planes was omitted from the figures. 

*The so-called normal, intermediate or inert metals are characterized in electrodeposition by an exchange of ions which 
is fast, intermediate or slow respectively, and therefore by small, intermediate or high overvoltage, for the same value 
of current density. 

tThis plane is formed by the projection of the atoms of the two superimposed planes. 
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Figure 6 Positions of the antimony atoms of the (100) plane superimposed on the atoms of the (100) plane of 
substrate, oSb ;eAa ,  Ag.(a) [001] Sbtl [011] Au, Ag.(b) [011] Sbll [011] Au. 
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Figure 7 Positions of the antimony atoms of the (11 O) plane (a) and (11 O) plane (b) superimposed on the atoms of 
the (11 O) plane of the substrate, o Sb; �9 Au, Ag. 
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Figs. 6a and b represent the distribution of the 
atoms of the antimony deposit on the (1 0 0) plane 
of gold and silver where the orientation relation- 
ships, indicated by a and /3 in Table II, occur. 
Assuming antimony to have a f c c  structure, the 
two types of relative orientation involve the 
maximum possible symmetry of the interphase 
plane ( p 4 m m  two-dimensional space group); 
furthermore the first of the two orientations 
shows a particularly low mismatch (5.8%) between 
the most densely packed direction [ 0 i  1] of 
antimony and the [00 1] direction of the 
substrate. 

Analogous considerations are applicable for the 
deposits on the (1 1 0) plane of gold and silver. 
The corresponding orientations which are re- 
presented in Figs. 7a and b, when the (1 1 0) or 
( i  1 0) plane is parallel to the substrate respect- 
ively, involve a very low mismatch (6 to 10%) 
between the most densely packed directions. This 
mismatch is certainly much less than in the case 
of iso-orientation, but, although this iso-orientation 
gives rise an interphase plane with the same 
maximum symmetry (p2mm two-dimensional 
space group), it has never been observed. Further- 
more, from the figures it may be seen how the 
more frequently observed (1 1 0) nucleus, at least 
in the case of silver, adapts itself better to the 
substrate structure as it has angles of 90 ~ and 
a lower mismatch. 

On the (1 1 1) planes, however, the two orien- 
tation relationships presented in Figs. 8a and b, 
usually occur simultaneously; this is in agreement 
with the fact that they involve the same maximum 
symmetry of the interphase plane (c2mm two- 

dimensional space group) and do not show 
significant differences in mismatching between the 
parallel directions. Only under conditions of high 
current density and thickness, at which only the 
gold deposits are still crystalline, is the preferred 
orientation the one which implies parallelism 
between the most densely packed directions. This 
is a condition which has often been found [6]. 

It can therefore be concluded that the results 
obtained are in agreement with predictions based 
upon; (a) the work of nucleation, (b) the sym- 
metry of  the interphase plane, and (c) the 
mismatch along parallel directions. 
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