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ABSTRACT..

The structure and growth of nickel elcctrodeposits
from a sulphamate bath on polished polycrystalline and
single-crystal ccpper substrates (Gu (100), (110) and (111)
faces) is investigated using clectron diffraction, This
constitutes the first detailcd and systematic clectron
diffroction study of nickel electrodeposits from the
sulpkamate vath, or indecd from any bath, up to the very high
current dcnsity of 600 mA/cmz. Deposits up to thiclmess

102,000 A werc investigated. Besides studying in detail
tne effect of the bath tenperature and vigorous stvirring of
the bath on the nickel dcposit surface structure, the effoot
of rotation of the cathode during eleitrodcposition has =2lso
heen cxamined.

On thc polyerystalline coppcer suhstrates, the
nicikel deposits show well-defined regions of c.d. and deuogiwe
thickness where “lateral-growth" occurs, lcading to onc-dcgree
(100) oricntation, and of "outward-growth" lcading to {1101
or §?1d} orientation or a mixbture of the two at high c.d,

On the¢ copper single—crystal faces, tiue nickel grcews
in epitaxial orientation., On Cu (100), there is purcly
epitaxial single-crystal growth of nickcl up to 105 mA/cm2
at 20°C and up to 250 mA/cm® at 50°C in the unstirred bath:,
and up to 53%0 mA/cm2 at 50°C in the stirrcd bath. On Cu
(110) at 50°C in thc unstirred bath, the parallel singlec-

crystael growth of the nickel deposits (accompanicd by sore

bl
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twinning and a littlc rendom polycrystalline nickel at c.d.

340 mA/cm2 {ef. 500 mA/c:m2 in the stirred bath) cccurs up o
60,000 A or more., At 200 mA/cmz, there is a 1ittle trace cf
randomn nickel. which gives place in part to one-degrec (100)
orientation. On Cu {111}, the parallcl single-crystal
growth of nickel sﬁows twinning and prcsencc of some randon
polycrystalline nickel even in very thin deposits, Above
about 25,000 A, the single-crystal strueturc {¢oes not occur,
but only one-degrec (100) oricntation is prescnt under
lateral growth conditions, and (1i0) with (210) under

outward growth.

In the region where co-deposition of hydroxide
occurs at very high c.d., the thick deposits acquire
completely random Ni disposition.

The general cffects of stirring the bath or of the
rotation of thc cathode during electrodeposition arc sinmilar
to that of increasing the bath temperaturc, in increasing the

o pe~ cecondl
number of Ni cations per cm® of cathode§(i.c., the c.d.) which
can be attaincd without co-deposition of hydrogen.

The dependence of the deposit structure on the
current elfficicncy is also investigated. It is found that
the "lateral" typc of crystal growth and oricntation is
followed over thc range of c.d, which corresponds to 100w

currcent efficicency.



1. INTRODUCTION.

1.1, General Introduction and Aim of the Present
Investigations.

Electrodeposits play an important role in science
and industry today. Modern industry depends largely on the
use of metals, The final metal product must be suitably
finished and the surface should be protected from corrosion.

Blectrodeposition is one of the most important
techniques enployed for metal finishing. Its importance
has lcd to extensive studies on the theory and practice of
electrodecposition. Investigations of the crystalline
structure of electrodeposited metals have been carried out
since 1905, The two mein aims of these studics are firstly
to understend the underlying mechanisms of the process of
crystal growth in clectrodeposits and the related phenomena,
and secondly to find the cnnditions of deposition which give
suitablc electrodcposits.

For various practical purposes the crystal size,
abit and oricntation in the deposited metal must be
carcfully ccentrolled, in order to control the physical and
the chemical properties of the deposits. For corrosion
protection by elestrodeposit layers it is desircd to deposit
adherent smooth—surfacggjiiyers free from pores and crevices,
and these corrcspond to the lower range of current density

being used for the dcposition. On the other hand, deposits
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at very high current densities are dendritic and metal
powders can be preparcd under such conditions suitable for
use in powder metallurgy.

The present cxperimental study was made on nickel
electrodeposits from a particular concentrated clectrolyte
consisting mainly of nickel sulphamate. This commercially
available electrolyte is recommended for deposition
of smooth and bright leyers of nickel at very high rates of
deposition, the solution being used at 50-60°C.

For the industrial application concerned in the
present ingtance, the substrates were of copper (smooth
surfoeces of drawn wires), and coherent nickel layers were
desired with the aim of minimising the thermal oxidation of
the copper in oxidising atmospheres.

Electron diffraction was the main technique uvsed,
and allowcd very sensitive determination of the crystallinc
structurc in the surfacc region of the substrates and
electrodeposits of various thicknesses. Blectrons
accelerated through a potential of 50-60 KV were used at o
grazing incidence of the order of 0.5 - 1° on the specimen
surfaces, The electron diffraction patterns were rocorded
on photographic plates at about 48 cm from the specimen.
Even with such fast electrons moving at about one third the
speed of light, the electrons only penetratec about 5000 A

without loss of energy in the direction of the incident beanm
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in very light elements such as carbon, silicon, aluminiunj
and much smoller distance, only some hundreds of angstroms,
in heavier elecments such as copper and nickel, At about
onc degree grazing incidcence the clectron beam only

penetrates to a few atoms depthuto atomically smooth surfaca;,

and only 100-200 A depth below the outer tips of rough
surfeaces. The structure of the electrodeposits can thus be
studied almost atom by atom layer as a function of deposit
thickness., The electron diffraction photographs show the
crystal size, lattice type and orientation, presence or
avsence of twinning, and surface smoothness and in some cases
the nature of the crystal faces developed at the surface

of the deposits,

By conparison, X-ray diffraction is much less
intense and can only reveal information about deposits
thicker thon a thousand angstroms in gencral, so that rapid
changes in structure with increasing thickness cannot be
detected and identified.

Optical microscopy was used to study the surfoce
topography of many of the electrodeposits on a coarser scale
to the dimension of the order of the wavelength of light.

The nickel deposits showed increasing roughness with increase
in thickness, as is usually observed, Electron microscopy
was used in a fow cases to show the finc-scalc nature of the

surface roughness,
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Systematic series of experimental results were .
obtained to show the effect of the following variable
factors: (1) crystallographic form of the substrate,

(2) current density, (3) deposit thickuness, (4) bath
temperature, (5) prescnce or absence of stirring, and (6)
rotation of cathode.

Series of electrodeﬁosits were investigated
covering o range of 0 -~ 100,000 A thickness and current
densities 0 - 600 mi/cu® at 50°C and with the clectrolyte
unstirred. Similar series were made also with vigorous
stirring of the electrolyte. In each casc the results were
obtained on copper substrates of the following types:-

(a) mechanically pclished polycrystalline copper;

(b) an electropolished copper single-crystal cube face,
(100);

(¢) an electropolished copper single-crystal (110) facog

(d) an eleetrepolished copper single—crystal (111) facec.

Tor comparison, a series of expcriments were nade
using thc same sulphamate bath at room temperature (':2000)
and again with the bath unstirred and stirred respectively,
Some experiments werc also made with a rotating cathode.

The electron diffraction results obtained define
primarily the nickel crystal orientation in the deposit)
and the crystal surface form, and their systematic

dependence on the current density and the deposit thickness.
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The dependencc of the degree of preferred orientation on the
deporit thickness at various c.d. and on polycrystalline
copper substrates is shown quantitatively. The correlation
of the type of orientation developed with the form of the
crystallographic faces on the growing crystals at the deposit
surface is also established clearly in the region of "lateral
growth" conditions, i.c. at c.d., up to about 270 mA/cm2 at
50°¢C, Results of this type do not appear to have been
obtained previously in this degree of quantitative detail.

The results also make clear quantitatively the
effeet of stirring, and allow this to be defined by the factor
by which the rote of supply of ions to the immediate region
of the cathode is increased by the stirring, No such
quantitative definition of the effect of stirring seems 1o
have been established previously.

The results for the nickel deposits on the
atomically smooth copper single crystal faces show in all
cases the nucleation of the nickel crystals epitaxially on
the copper crystal lattice, in the parallel lattice
orientation. The slightly different size of the copper and
nickel f.c. cubic atomic lattices causes, however, an
appreciable misfit and sitress at the interface, which
evidently is responsible for a considerable degrece of
octahedral twinning cven in nickel deposits of a few hundred

ancstroms thick,



6.

On all the substrates, above a certain current
density, the deposits more and more rapidly show co-—-denosition
of green or dark-coloured hydroxide,?%ge deposits have a very
rough surface. The current density at which such rough
deposition developed is correlated closely with the c.d. at
witich the currcent efficiency falls below one hundred per
cent and evolution of gas occurs. At current densities
higher than this, the degree of roughness and hydroxide
dovelopment on the deposit is very sensitive to the degree
of stirring used.

The effect of temperature is well shown by the
results at room temperature (ca. 20°C) and 50°C, The
current density above which rough deposits ond (at slightly
higher c.d.) codeposition of hydroxide oeccur, shows'a close
correlation with c.d. at which the current effic;ency falls

below one hundred per cent, at both temperatures.



1,2. The Nature and Mechanisn of Electrodeposition.

The clectrodeposition process depends on the
chemical changes brought about by a passage of current
through a solution of an electrolyte. The nature of the
process of conversion of dissociated metal ions to a solid
crystalline dcposit is not yet fully known (Bockris and
Razumney, 1967), though many investigators have attempted to
explain the process in terms of different theories (Hunt,
1932, 19%4 end 19473 Blunm and Hogaboom, 1933 and 1949;
Kortum and Gustav, 1951; Schuldiner, 1952; Bockris, 1952,
1959 and 1643 Hemer, 1952; PFischer, 1954; Potter, 19563
Gerischer and Tischer, 1957; Gerischer, 1958; ILoren-z,
1958 and 1959; Ycager, 1959; Mantell, 1960; Fleischmann
and Thirsk, 1960 and 1963; Vermilyea, 1963; Bockris and
Damjenovic, 1964; PFleoischmann and Harrison, 1966 )e

Bockris and Razumney (1967) havc sumrerised the
present state of knowledge of the nature of electrodeposition
in respect of the experimental observations and theoretical
conclusions.

It has long been rather difficult to picture the
process involved in actual deposition of metal at the cathode.
However, on the basis of the accepted simple theory, it is
expected that in the electrolytic bath the dissociation of
the netallic salt solution gives rise to ilons carrying

charges. On application of a potential between the
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electrodes, positively charged cations migrate towards the
cathode and negatively charged ions to the anode., As the
cathode is negatively charged, it has a high conecentration
of the electrons near the cathode surface. When these
combine with positively charged ions at the cathode surface,
neutral atons arc formed and they are deposited on the
cathode surface., With the discharge of cations, the
electrodcposits grow in thickness and develop a form and
crystal orientation characteristic of the conditions of
deposition,

The rote of deposition is determined by the current
strength,. The uniformity in thickness of the deposit
depends on the shape and disposition of the electrodes, the
concentration of the bath, the temperature, thc degree of
agitation, the ratc of diffusion of the metel ions from the
bulk of the electrolyte to the vieinity of the cathode, cte.
The passagc of the electrically charged ions makes the
conditions of dceposition in this process different from that
in other processes wherce there is no such transfer of
electrical charge - such as crystallisation from solution
or from condensation of a vapour, though the actual growth
of the crystals does not seem to differ nuch in naturc,

The process of electrodeposition is also influenced
by factors like overvoltage and concentration polarisation.

During the evolution of hydrogen and oxygen at the cathode
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and anode respcctively, the potential rcquired is almost
always greater than that corresponding to the equilibrium
potential of a hydrogen or oxygen electrode in that solution.
This difference in the potential, known as the overvoltage,
varies with the composition and the structure of the electrode
surface and it increases with current density. The
phenomenon of concentration polarisation occurs when there
is a deplction of the metal ions near the cathode, *°

and if replenishnent of the metal ions from the bulk
of the solution to the cathode region is slow.

The mechanism of clectrodeposition has been
interprcted by different workers in differcnt ways. Blun
and Rawdon (1923) in their discussion on the form of electro-
deposited metals, concluded that the discharge of positively
charged metal ions at the cathode and their subsequent atomic
fitting on to the lattice is one and the same process, i.c.
netal ions sare discharged singly, but not haphazardly.
According to their views, the metal ions reaching the cathode
by electrostatic force and thermal diffusion were considercd
to be discharged at those places where the lowest discharge
potential is required, with the least expenditure of energy.

The theory put forward by Volmer (1928) suggests
that the metal deposition takes place in such a way that layer
after layer of atoms is built up. Until one layer is

completed, the arriving ions remain in an intermediate state,
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that is, between the states they had in thc original
solution and that they would eventually take up when
positioned in a crystal lattice, The observed polarisation
was attributed to this cause.

The nucleation-based theory of crystal growth
suggested by Kossel (1927) and developed by Stranski (1928)
dominated the concept of crystal growth during the 1930's
and 1940's., The basic idea of this theory is of two-
dinensional nucleation, after which layer growth occurs,

The recently deposited atom travelling over the surface is
considered to move until it reaches the edge of the advancing
layer. It then travels along the edge until it finds the
characteristic position of co-ordination known as "kink
gite®. The following atoms also reveat the same process
until a layer is built up, After bullding up one layer,
nucleation nust again occur and a further layer is thus
commenced., This layer covers the atoms which were
incorporated in the previous layer and hencc these hecone
part cf the metal,

Brdey-Gruz and Volmer (1931) suggested that a metal
ion did not undergo charge transfer at the point at which it
arrived in the double layer {(of + and -~ charg:) which is
believed to occur just outside the cathode, but first
diffused in solution until it was opposite a point where

growth is favoured, presumably on edge or even a 'kink',



Brandes (1929) stressed the Kossel-Stranski model for
electrolytic deposition, i.e. charge transfer from the mectal
to the ion at the point of arrival, and diffusion along the
surface to growth sites, in contrast with Volner's views theat
the transfer of charge was directly at a growth site after
lateral diffusion in the double layer. Brandes also
developed the idca of Volmer, and suggested that the ions
on entering the Helmholtz electrical double layer lose their
water envelope and finally take up positions in the cryvstal
lattice. The double layer is regarded as constituting a
condenser, The potential difference in thc double laycer
would be provortional to the amount of clectricity brought
into the layer by the ions. If the ions find a place of
low potential encrgy easily on the substrate and are
neutralised, there would be less polarisation than if they
tend to remain adsorbed. Both the theorices suggested by
Volmner and Brandes agree that the electrolytic deposition
is almost an instantaneous process, zlthough Brandes assumes
a delay netween the arrival of the cation and its discharge.
Kohlschutter (1927) established much of our early
knowledge of non-morphologiocal phenomena. Kohilschutter
and Torricelli (1932) mecasured the rate of swreading of
layers (many atoms thick) on silver deposited fron AgNO3
soluticn. They also suggested that material did indeed

reach growth points by means of diffusion along the surface,



that is, charge transfer occurs at sites on the plane
surfoces of the growth layers. They also noticed that
layers growing over the metal crystal would remain unchanged
and continue wherc they had left off on switching off, and
then again on, the depositing current, respcetively; but if
the tine intervgl was too great (3.5 seccs) the fresh surface
becanc inactive, They also suggested that there would be
high current dcnsity at edges and corners where a leyer
begins.

Gardam (1947) suggested that metal ions becomec
discharged where they reach the cathode and then migrate 1o
a position of mininum potential energy unless prevented
fron doing so by low temperature or by the presence of
adsorbed material, This mechanism raisecs some controversial
points becausc the mobility of the atoms on the surface of
a solid at temperatures used in electrodeposition is wvery
small, The ions thercfore must get discharged at a stable
place of mininum potential energy.

Ibl and Trumpler (1952 and 1953) =nd Ibl (1954)
investigated the nature of electrodeposition, and found that
deposition occurs only at parts of the cathode where
unchecked growth is possible. The actual currcent density
at these depositing rcgions is thus much larger than the
normally quoted mean c.d, When the deposit surface becones
rough as the growth proceeds, the effective c.d. is further

increased as conpared with the mean c.d.
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Many invesigators have worked on the kinetics of
electrodeposition (Sheludko and Bliznakov, 1951; Sheludko
and Todorova, 1952; TLoren<z, 1954; Kaishew a2nd Mutaftschiev
1954 and 19553 PFleischmann and ILiler, 19585 Vermilyea, 1956
and 1957; 3chl ~nd Bockris, 1959; Despic and Bockris, 1960;
Piontelli, Poli and Serravalle, 1961; Fleischmann, Thirsk
and Torlessillas, 19623 Fleischmann, Harrison and Thirsk,
1965, - Vetter (1967) has discussed the theoretical
aspcets of kinetics of clecctrodeposition.,

In the light of their viéws, in electrodeposition
the growth centres are nuclcated at a rate which can be
specificd in terms of 2 rate constant, during deposition of
8 new phase, The growth centres once nuclcated, will grow
along the cethode either in one dinension (28 an atom row)
or as bundles.of rows (cylinders), sr as more conpact groups
of atoms (e.g. approximately hemispheres) in three dimensions.
These rcactions are in a non-steady statc. At longer tines,
the nueclei have grown until they meet ncighbouring nuclei or
crystals and will interact and the growing surfaces may have
come overlap., A steady state is reached when the substrate
is completely covered.

In the earlier theories of crystal growth suggested
by Volmer (1921 and 1939) and Stranski and Kaischew (1935),

the formation of new lattice planes has been assumed to be
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governed by two-dimensional nucleation. It has been
thought that this would require apprcciable overpotentials.
However, electrodcposition can proceed at very low potentials
and so it has nmore rccently been assumed that edges are
sometincs present, generated by screw dislocations (Burton,
Cabrera and Frank (1951).

The combined effect of diffusion along the surface
and through the solution have been taken into account by

Fleischmann et al. (1965).
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1.3, The Structure and Growth of Electrodeposits.

Many sfudies have been published abouil the
structure and growth of electrodeposits and the literature
is conveniently outlined in a recent review by Tawless(1967).
Sockris and Razumney (1967) have also summarised the present
views on the nature of the growth of a crystal during the
process of electrodeposition, in so far as concerns the
layerwise growth and the development of dendritic forms,

Although the techniques of optical microscopy and
X-ray diffrection have made some useful contributions, the
main detail and systematic understanding of the structure
and growth of electroleposits has been developed from the
more sensitive technique of electron diffraction and to some
extent electron microscopy.

The following are the main aspects which it is
convenient to distinguish, mainly based on the by now

extensive clection diffraction results which are available,

1.3.1. The Nucleation Stage of Growth of an Tlectrodeposit.

Two-dimensional surface nucleation, i.e. formetion
of incipient rows of atoms or sheets of atoms on a plane
surface by aggrecgation of adions, is a kinetic process
(Fischer, 1954, Kortum, 1957). It forms an important basis
of earlier thcories of metal deposition but it is now

regarded as less necessary, sinee it has been realised in
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more recent years that on a real metal crystel surface there
a=c steps having edges, and there may be "edge"- or "screw'"-
dislocation . (which present a perpctuating edge).

Such stepped cdges present growth sites to which adions can
diffuse and where they can be retained prefercntially and be
discharged, thc metal atoms then building up a crystal
lattice.

Nuclei, once formed, provide new sites on which
further growth can occur by deposition of the adsorbed species
While at low growth rates near the reversible potential, the
intrinsic cdefects in the substrate cathode surface can provide
sufficicent growth sites, nucleation is more probable at
higher current densities. At high rate of growth, at high
c.d.,, the surfoce concentration of adions can incrcase if
surfaece diffusion is slow,

A detoiled treatment of nucleation is given by
Fleischmann and Thirsk (1963), Bockris and Damjanovic (1964)
and Vetter (1967). They have also outlincd the previous
literature on nucleation, particularly in the case of
electrodcposition.

According to Damjanovic and Bockris (1963) adion
clusters, or embryos, can be regarded as being in equilibrium
with adions., An embryo may either disintegrate, after
monmentary formation or it may grow. When it rcaches a

critical sizc, it becomes a stable nucleus,
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Tf the radius of the embryo (for simplicity
usually assumed to be circular) exceeds a certein value, the
free energy of the formation of an embryo from adions beccmes
negative, that is thce nucleus continues to grow.

An embryo having the critical radius may become a
stable nucleus aftcr thc lapse of time necessary for e
further adion to join it. The rate of nucleaticn is
strongly dependent on overpotential and, for a given
potential, on the dislocation density (Flcischmann and
Thirsk, 1960).

The probability of nucleation on a stepped surface
is much less than that on an atomiecally flat surface, because
the adion concentration, even at the mid-point of the steps,
is less than that at a step~free surface undcr the samc
conditions, Analysis shows that on a surface with a high

010 cm—a) no nucleation is

density of dislocations (~1
possible unless cathcodic overpotentials are over 150 nV,
After application of a constant overpotential to
an idecally flat surface, net ion flow across the double layer
takes place, but only until the adion concentration has
reached a certain value,
Theoretical calculations show that significant
nucleation may be expected in the case of silver, for

instance, if the overpotential is of the order of 80-100 nV.

Vermilyea (1957) found that copper whiskers which
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were supposed to be bounded by ideally flat surfaces, with

no steps and growth sites on them, therc was no deposition
current unless ove;potentials of the order of 100 nV were
reached., The ¢.d., which would be observed Jjust after the
commencenent of nucleation is governed by surface diffusion
and can now reach significant values as the nucleation has
provided necessary growth steps to which ions can diffuse to -
be retained.

Pinch, Wilman and Yang (1947), in studics of
cathodic crystal growth, found that a Cu eclectrodeposit of
200 A thickness, from an acid sulphate bath at 20°C and 0.5
mA/cmz, geve parallel growth with less smooth surfacc than
the substrate., This indicates that the new surface was
covercd with crystal outgrowths. At 500 & thickness, the
diffraction pattern indicctsd still roughwsurfacce ont' that was
2lmost entirely duc to the transmission of the elecetron L-am
through these projections. The increase in roughness of
vhe surfacc is duc to preferential acposition or nucleation
on the projecting parts of the cathode surface.

Dickson et al,(1965) studied by elcectron microscopy
the nucleation and growth of gold electrodeposits on (i1i)
gsurfaces of silver films, The gold was found to be
initisally in the form of thin isolated plate-like islands.
The surface coverage by these islands was only about 22% for

an average deposit thickness of 20 A. The nuclei had a
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population of~d x 1019/cm®.  Further deposition led %o the
gradual coalescence of these islands é;til an almost
continuous f£ilm was formed at about 80 to 100 A, It was
concluded that the mode of nucleation and growth was largely
independent of the mode of deposition and dcpended mainly
upon surface migration of gold over the silver substrate and
the gold nuclei,

E.R.Thomson (1966) studied by clectron microscopy
the carly stages of the deposition of gold and nickel onto
thin single-crystal films of copper of (110) and (111)
orientations., The results for gold deposits were similar
to those of Dickson et al (1965) in that isolated nuclei
were observed for small amounts of deposits (< 50 L), ana
the £ilm became continuous at about 100 A, It was also
found that nuclei of zold were present at the early stages
of dcposition onto thin films of nickel. Nickel on ccpper,
howcver, showcd a somewhat different behaviour: the deposits
were continuous for the thimmest fiims observable (L 20 &),
T30lated nickel nuclei were observed in only one deposit and
for a thickness of 50 A,

Jesser (1966) using transmission electron
microscopy observed the formation of many small isolated Pt
nuclei onto (111) gola films. There was no obvious
rclationship betwecen the nuclel formed and the dislocations

present in the substratec. The average thickness of the
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deposit was less than 50 A.

With increasing thickness of the platinum deposits,
the films were essentially continuous and showed well-defined,
although somewhat irrcegular moire” fringces. These films
nearly always showecd smalil somewhat circular areas which did
not show moire fringes and, therefore, apparcntly had no
platinum on then., It is likely that these areas werc rcgions
in which impurities were trapped at the surface of the
substrate and for rclatively thin dceposits prevented the
conplete coverage of the surface with platinum. Similar
areas were obscerved by Iawless (1965) in nickel deposits.

If these gold substrates with a Pt dcposit were annealed to
about 70000, it was found that the Pt improved its
orientation and beccame isolated on the gold surface in the
form of triangular nuclei. It was found that contamination
at the interface, as observed by Atkinson (1958), was
removed in the annealing process.

Lawless et al (1962,196%,1365) nade a fairly
extensive clectron microscope study of copper deposits on
singlc crystal films of nickel which had previously been
prepared by electrodeposition onto bulk copper single
crystals, An acid sulphate bath was used and the deposits
of copper werc made at room temperature at a c.d. of 1
mA/cm2}n“ The substrate films were characteriscd by the

presence of numeryous deformation twins and a density of



21.

dislocations somewhat less than the® normal for cevaporated
filns,

The copper deposits, as shown by thc moire” fringes,
were essentially continuous over the nickel substrate, even
for deposits.of thickness ¢ 20 A. The fringes were not
clearly broken up into small clusters such as might be
expected if the film werc formed by individual, well
developed nuclei growing together as has been obscrved in
evaporated deposits., Since the nickel substrate surfaces
were fincly faceted, many kink sites and ecdgcs were available
so thet nuclei of copper could have been initiated
simultaneously at many different points on the surface.

The coalescence of this high density of nuclei on kink sites
present on siall faccets could then lead to the very thin
continuous film observed with the irregularities in thc moird
pattern.

Toschev and Mutaftschiew (1964) studied the
activity of Pt singlc crystal electrodes during the process
of eletrolytic nucleation of Hg deposits. The Pt electrode
was treated periodically with HNO3 prior to the nucleation
process, The results lead to the concept that the nucleil
were formed only at prefcrential sites on the electrode
surface. Those gites most probably were breaks in the oxide
layer, normally covering the Pt electrode under the

experinmental conditions.,
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The distribution of Hg ngflei forrmed in the case of
electrodeposition of Hg on a spheriﬁal Pt single crystal in
the course of a single rectangular pulse was shown in a
mnicrograph. The nuclei were deposited mainly around the
octahedral poles wherc the regions around the 3100} and £1103
poles remained practically unoccupied,

After treatment, the activity of the elcetrode
surfece increased strongly with regard to the process of
electrolytic nucleation, and nuclei were formed everywhere
except on the 11103 surface which épparently was not reduced
under the given conditions, Toschev and Markov (1967)
studied the clectrolytic nucleation of Cd.

The plot of the frequency of formation of one
nucleus on the cathode was plotted against the pulse duration
at different voltages, giving 'S!' shaped curves., This shows
that the transition from non-occurrence to 100% probability
of the event is not abrupt, but more or less continuous.

The size of the critical nucleus was, however, found to be
small, as found by many other workers [Kaischew, 19653
Kaischew et al, 1950; Fleischmann and Thirsk, 1955, Kaischew
and Gutzow, 1964, and Kaischew and Mutaftschiew, 1965] in
the case of three dimensional nucleation.

Ag communicated by Kaischew et al (1964) and (1965),
and Toschev and Mutaftschiew (1964) the nucleation of Hg and

sone other metal dcposits around the crystallographic poles
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of unpretreated Pt electrodes was found to be in the
succession {111y , §100% , {110} .

These results were treated in terms of the concept
of an oxide layer covering the slectrode surface.

In the case of Cd, the polcs are occupicd in the
order {31135 , $113 , {100t , 4110} .

The clectrolytic nucleation of Hg, Ag, b and
other metals cn Pt has been successfully investigated with a
pulse technique by S:zheludko and Todorove (1952), Kaischew
and Mutaftschiew (1954, 1955), Mutaftschiew and Kaischew
(1960), Mutaftschiew and Toschev (1960), Kaischew,

S-heludko and Bliznakov (1950), S heludko and Bliznakov
(1951), Mutaftschiew end Kaigchew (1955), and Kaischew and
Gutzow (1962).

The electrodeposition of a netal on an incrt
electrode hegins with the formation of scparate nuclei which
oy Turther growth coalesce into a continuous deposit. The
initia} stage of the deposition is thus controlled by the
process of heterogeneous nucleation. Various techniques
have been used to study the elcctrolytic nucleation of 2
number of metals on Pt. These methods and the main results
obtained are reviewcd by Kaischew (1965).

The rate of three-dimensional nucleation is given
by:

K

A
J=K1exp[—-—ﬁ] = K, exp [ - ;—SJ
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where A is the activation energy for the nucleus formation,
n is thc overvoltage, and K1 and K2 arc constants, This
equation denoting the kinetics of the nucleation process
has becn successfully tested by Kaischew et al (1950) and
Budewski et al (1966) for the case of three-~ and two-
dimensional nucleation respectively.

Naybour (1968) observed nucleation in the electro-
deposits of zinc from an aqueous solution of KOH saturated
with Zno. The clectrodeposits were prepared on (0001),
(1120), (10T0), (2131) faces of Zn single crystal, and wecre
exanined by scanning-and transmission celecctron microscopy.

On the Zn (0001) plane and at 100 mi/cn®, the eerly
stages of deposition were characterised by growths about 1 .um
diamecter, which did not have clearly-defincd crystallographic
form. After the passage of 6 C/cm2 (a theoretical deposit '
of 2.8 um) the density of these small growths was 106/cr.12 as
shown by the clectron micrograph. The density rcemained
unchanged up to 12 C/cm2 when some of the nuclei had started
to grow into dendrites.

On the Zn (10I0) plane and at 6 C/cm2 and 100 mA/cm2
the number of growth centres or nuclei was about 2 X108/cm2.
Later some of thc nuclel grew into tree-like dzndrites.

On the Zn (1150) plane, nuclei formed at a c.d. of
100 mA/cn® with & density of 10°/cm®. Of these small growths
1 in 1OQ grew into a tree-like dendrite of 25 am in length at

3 ¢/cm?.
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On the Zn (21%1) plene, at a c.d. of 100 mi/cm®,
ruclei formed with a density of 5 x107/cm2 at 6 C/cmz.

The results showed that the major effect of the
substrate orientation was the lower density of the small
growths on the basal plane as compared with the other planes.

Vaughan and Pick (1960) concluded that nucleation
sites in Cu were probably impurity sites and that physical
defcets act as nucleation sites primarily because such
defects arc preferred sites for impurity segregation.

There is good evidence that for Cu (Damjanovic,
Setty and Bockris, 1966) the most closc packed atomic plane,
(111), has a lower exchange c.d. than other plénes. In
zine, the atomic packing in the basal plane is much closer
than that on any other plane, and one would cxpect the basal
plane to be less active and therefore produce fewer nuclei

than any other plane,
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1.3.2, The Structurc and Growth of Electrodeposits on

Polyvecrystalline or Amorphous Substrates.

The detailed structure of electrodeposits has becn
studied by various tcchniques, such as optical nicroscopy,
X~ray diffraction, electron diffraction =..» - _ and
electron nicroscopye. 0f these tcechniques, electron
diffraction is the nost sensitive in showing the nature of
the crystal orientation in the deposit,; especially when
using an clectron bcam at grazing incidence, Mainly from
the extensive clectron diffraction results now available,
the relation of the deposit structure to the deposition
conditions is now more clearly understood in a systematic
way. The clectron diffraction results will therefore be

considered first.

1.3.2.1. Electron Diffraction Studies of the Structure

and Growth of Electrodeposits,

The extensive electron diffraction results can

best be considered under several main headings as follows,
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1.3.2.1(a). 'Lateral' and 'Outward' Types of Growth of
Elecectrodevosits.

With the development of the electron diffraction
technique, it has been possible to derive very detailed
information regarding the nature, growth and orientation of
the clectrodeposited crystals., This is a technique best
suited for this purpose, since it is only the surface region
of the crystal which contributes effectively to the coherent
diffraction pattern.

Systematic investigation of the structure of the
deposited mctals on epitaxially inert polycrystalline or
amorphous substrates were made by Finch and his collaborators
(1936-1953), The fundamental principles which govern the
developnent of preferred crystal orientations of the decposits
have been established by themn. The crystal sigc, habit and
orientation arc mainly influenced by (a) the substrate surface
structure and (b) the bath conditions., These two factors
are sometimes found to have opposing influences.,

Two main types of crystal growth, (i) "Lateral
growth" and (ii) "Outward Growth", were first recognised by
Pinch and his co~workers [Finch and Sun (1936); Finch,

Wilman and Yang (1947); Finch and ILayton (1952)]. In
'lateral' type of growth, the crystals grow more or less
laterally in compact block—~like crystals with the most

closcly-packed atomic plane parallel to the substrate.
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In f.c.cubic crystals this corresponds typically to (111)
orientation, and in b.c.cubic, (110). In this case the
deposition occurs without setting up regions of strong ion
impoverishment locally. The initial crystal nuclei of the
deposit are formed on the substrate by two or three

adjacent deposited atoms, the crystals then tending to grow
at first as a single dcnsely populated atomic sheet varallel
to the substrate. In practice, a2 second atomic shecet bepins
to grow on the first, when the latter rcecaches a certain
extent, and so on -~ leading to the growth of the crystals in
three dimensions.

The 'lateral growth' takes place only if the rate
of supply of ions to the cathode region by diffusion and
migration is not less than, or very much less than, thc rate
of deposition of ions on the cathode. It does not involve
undue impoverishmnent of ionic concentration of the soiution
in the cathode region, and the ions diffuse freely to the
cathodc surface. The chief bath conditions favourable *to
lateral growth are:~ (i) high ion concentration; (ii) low
current density; (iii) high bath temperature and (iv)
stirring of the bath, In the case of deposition on a
random polycrystalline or amorphous substrate-surface, the
deposit crystals grow with the closest-packed atomic plane
parallel to the substrate and then atomic sheets grow

sideways rapidly, but the deposit crystals have randon
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azimuathal orientation.

In 'outward growth' there is prefercntial
deposition on any projecting part of the cathode surface,
leading to prominent outgrowth and even dendritic growth.

The crystals tend to grow with the most densely-populated
aton row as comnon axis of orientation normal to the
substrate. Outward growth results when the formation of

the deposit greatly inpoverishes the ion concentration in the
neighbourhood of thc cathode, and the conditions are such
that ion replenishment is slow. The further growth of the
deposit is prferentially outward towards new ion—rich
regions, that is, in a direction normal to the substrate.

As the atom rows grow out rapidly into rcgions of undiminished
ion concentration, the crystals will also gain slowly in
girth as some ion replenishment occurs in the depleted
regions, This lcads eventually to the formation of needles
cr dendrites in which the longer axis is an aton row of close
atomic packing, usually the closest possible atomic packing,
normal to the substrate. For example, this gives rise to
(110) orientation, typically, in f.c.cubic metals, and to
{111) orientation in b.,c.cubic metals.

This outward growth is favoured by: (i) a low ion
concentration in the bathy (ii) high c.d. leading to rapid
ion depletion; (iii) a low bath temperature(causing only slow

diffusion of the ions); and (iv) lack of stirring. The
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optical micrograph [Finch and Layton (1951)] and later the
electron micrograph [Matthews, Mutucumarana and Wilman(1961) ]
are clear visual examples of outward growth.

Wilman (1955) suggested that outward growth one-
degree orientation must represent a preferential deposition
on the crystals which grow outward most rapidly to less
ion—-impoverished regions of the solution, The crystals
having two or more dcnsely-populated faces normal to the
substrate and thus the most densely populated atom row (or
a densely populated one?) normal to the substrate. In
particular the often observed (110) orientation appears to
be associated with the preferred growth of crystals heving
two {11i& facets sinultaneously normal to the substrate in
f.c.c, nmectals.,

With respect to one=dimensional oricentation
finally developed in the upper regions of thick electro-
deposits at medium or high c.d., Wilman (1955) pointed out
that the increcased energy transfer to the growing deposit
surface can be expected to result in an even higher degre=
of mobi}ity of the deposited ions or atoms there, than at the
lower c,d., and hence lead to an even more pronounced
development of plane crystal faces., It was nuggested,
therefore, the preferred orientation results from the strong
outward growth at such c.d. favouring growth of crystals

(out of the early random shape) having simultaneously two
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faces normal to the substrate and thus the lattice row along
their common intersect is also normal to the substrate.

Since the Taces developed depend to some extent on the nature
of the adsorption (even if this is transient) of compounds
present in the bath, this could account for both usual
outward growth orientation with the most densely populated
row (and two of the most densely populated atomic planes)
normal to the cathode and also the occasional observation of
the less simple type of oxiembationm.

Matthews, Mutucumarana and Wilman (1961) outlined
the previous literature on electrodeposition under outward
growth conditions and they uscd electron diffraction and
electron nmicroscopy to study this type of growth in Cu
deposits at high c.d. from 0.3 and 0,1 M CuSO4 and Ag from
0,1 M AgNOS. Recently, Naybour (1968) obscrved dendritic
growth in Zn electrodeposits from agueous KOH solution
saturated with Zn0 on (0001), (T01I0), (1120) and (23711)
faces of zinc single-crystal, He examined the deposits by
scanmning and transmission electron microscopy. The deposgits

were dendritic at 100 mA/cmz.



1.3.2,1(b). The Effect of Co-deposited Hydrogen on the
Crystal Growth in Electrodeposits.

In electrodeposition, some hydrogen ions are in
general adsorbed on the cathode surface in a state of dynémic
equilibrium with the hydrogen ions in solution, The
adsorption of hydrogen ions brought to the cathode by the
applied celectric field is stronger than the tendency for
these ions to redissolve, when the cathode potential excecds
the reversible deposition potential of hydrcgen ions in the
corresponding solution. In order that they may cevolve as a
gasg, the cathode must acquire a more negative potential than
the sum of the reversible hydrogen deposition potential of
the solution and the minimum hydrogen overvoltage of the
cathode metal, below which the adsorbed hydrogen, cither in
the form of ions or atons, will be accunulated on the
cathode surface,

A cathode metal having a higher hydrogen over-
voltage leads to a greater difficulty of the transformation
of those adsorbed hydrogen ions or atoms into hydrogen gas.
If these adsorbed hydrogen ions or atoms are removed as
hydrogen gas, it is evident that there would bhe nare free
space on the cathode surface for the growth of the deposit
metal crystals. On the other hand, the accumulation of
adsorbed hydrogen ions or atoms on the cathode in a more

static manner causes more hindrance o the normal crystal

growth.
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Sometimes amorphous deposits are found in the case
of metels with weak cohesive forces; such as antimony,
bisnuth, arsenic, selenium, etec. (Sun, 1935; Finch and 3Sun,
19%6; Iinch, Wilmen and Yang, 1947). In these metals, the
lattice fornation is disturbed due to excessive evolution of
hydrogen or accualation of hydrogen ions on the cathodc.
They are found to be less resistant to the disturbances due
to hydrogen evolution on their growth than the deposits of
harder netals, such as nickel, gold, iron, ctc, The netals
with weelker cohesive forces usually show random structure -
even at a current efficicency of 80 to 90% while under
approxinately the samc current efficiency, the deposit of the
harder nectals may still be highly oricnted.

Metals of higher cohesive forces, such as zinc,
nickcl, cobalt, iron, silver and gold, always give
crystalline deposits. The deposit crystals are randomly
arranged under conditions where there is an excessive
evolution of hydrogen gas, that is the currenv cfficiency is
low, or there is an accunulation of adsorbed hydrogen ions
or atoms on the cathodc surface owing to the hizgh hydrogen
overvoltage of the deposited metal. In such circumstances,
the mobility of the deposited metal atoms over the cathode
surface, and the tendency of the outward growth of the
deposit crystals from the projections of the cathode surface,

are reduced, This leads to & random disposition of the
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deposit crystels (Finch, Wilmen and Yang, 1947). In some
cases, however, by raising the current density and giving
the cathode potential a nore negative wvaluc, the evolution

of hydrogen begins to occur and the deposit is oriented.

1.3.2.1(¢c). The Effect of Rotating the Cathnds during
Blectrodeposition, about an Axis Normal to
its Surface.

It is a general experience that during elecctro-
deposition, usually thce *burning' of the deposit, that is
the dark appearance duc to the inclusion of basic metal
hydroxides, and the dendritic crystal growth tendency at
higher c¢.d., is suppressed by the rotation of the cathode.
Regarding the ceffcets of the speed of rotation on the
crystal orientation of the elcetrodeposits, the information
cvailable is limited.

Burgers and Quanjel (1942) obscrved by X-ray
examnination that nickel deposited fron nickel accectate bath
at 11 mA/cm2 developed (100) orientation when the cathode
was rotated at 100 r.p.n. In the absencec of rotation tho
resulting texturces showed uncontrollable variations,

Wiyllie (1948) found that nickel electrodcposits
from & nickel chloride bath (N1012 205 gns/1.,, KC1 8 gus/1.
and NH,C1 17 gme/1l.) at room temperaturc and 50 mA/cm2 was
randonly oricented on a stationary cathodo, whereas on a

cathode rotated a2t 25 r.p.n., other conditions remaining the



same, (110) orientation was developed.

Yang (1948), in this laboratory, studied the eficct
of rotating the cathode during eclectrodeposition. He
observed bty electron diffraction that a silver dcposit
35,000 A thick from a cyanide bath (AgCN 35 gms/1l,, KCN
37 ans/1., K,C05 38 gns/1.) at 20°C and 30 mi/cn® on a
stationary polished brass cathode had (110) orientation
(characteristic of outward growth), while on a cathode
rotated at 3,000 r.p.n., other conditions being the same,
the ceposit consisted of (111) oriented silver (i.e. typical
of a lateral form of growth). The currcnt efficiency with
and without stirring was found %o be 1005 and 80% o '
respectively,

He also observed that copper deposited (25,000 A
thick) on = stationary cathode from a cyanide bath (CuAcz.
2H,0 25 srs/1., Na,805.H,0 50 gns/1., KON 35 gns/1., Na2003
1) gms/1.) at 80°C and 7.5 mA/cm2 had (110) oricntation and
the current efficicncy 75%, but if the cathodce was rotated
at 3,000 r.p.n. with other conditions unchanged, the current
efficioncy was increcased to 90% and the derosit ecrystals
showed (111) orientation, No change in orientation was
observed, however, when copper was dcposited (30,000 A thick)
fron the same bath at 20°C and 3 mA/cmz, vhether on a .
stationary cathode or on a cathode rotated at 3,000 r.p.n.

In both cases the dcposit crystals had the same (110)



orientation although the current cfficiency was Tound to
inerease from 55% on a stationary cathode to 92% on the
rotated cathode. Trom these results it was concluded taat
current efficiency was not the only factor which prevents

the copper crystals from being arranged into the most densely
nacked (or nearly so) orientation, but both high bath
temperature and high current efficiency are necessary for
achieving the results,

Further, he also observed that nickel electro-
deposited (50,000 A thick) on a‘stationary brass cathode
from a nickel sulphate-boric acid bath (NiSO4.7H2O 240 gns/1.,
4RO, 30 re/L.) b 20°C and 12,5 mA/er” had (110)
oricntaticn, *the current sfficiency being 90%, while if the
cathode was rotated at 3,000 r,p.m., other conditions
repailning unchangsd, the current efficiency dropped to_only
43%, and the depnsit crystals became randomly arranged. At
a bath tomperaturg of 5200, the deposit frecm the sane bath
and at the same c.d. showed (100) orientation on a staticnory

On a rotated cathode with
cathode, with a current efficiency of 95%,/cther conditions
unchanged, at 3,000 r.pe.nt., the current efficicency was only
55% and the deposit crystals were randonly disposed,

The sane phenomenon was observed in the case of
iron electrodeposits as well, Thus, iron deposited (53,000

A) from a sulphate bath (FeSO4(NH4)2SO4.7H2O 350 gris/1.,
H,80, 2.5 gns/1.) at 20°C and 37.5 mi/en® showed (111)



orientation with a current efficiency of S0% on a stat@og&ry
cathode, while if the cathode was rotated at 3,000 r.p.m.
with the other conditions as before, the current.efficiency
decreased to only 25% and the deposit crystals were randomiy
disposed.

Yang(1948)- concluded that the loss of crystal
orientation in thesec cases was thereforac dug to the
disturbances in the lattice formation of the deposited atons
cgused by excessive evolution of hydrcgen during the
deposition on the roteting cathode.

The changes in the electrodeposit structure caused |
by rotating the cathode are evidently closely related to the
changes in the ion-concentration in the sclution close to
the cathode surface. This is a complex nathematical problem
which can be solved in certain ideal cases, Levich (1962).
in his book "Physicochemical Hydrodynanics! has discuszssed
rmathenatically the flow of liquid over a disc rotating about
a normal axis through its centre.

The papers by Albery (1966), Albery and
Bruckec-astein (1966), and Albery, Brucke.nstein and Napp
{1966) describe a nathematical approach which enables
rolutions to be derived from the problem of diffusive and
convective transfer of solution for +the disc to the ring in
the case of a rotating ring-disc electrode, The disc uscd
was 0.5 inch diameter and speed about 200 radians/sec.

~1900 T.p.i. ).
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Albery et al. (1968) using aqueous mizmtures of 10™ %N
NaBr and 6 x10™~ M HC10, at 25°C, found cxperimentally thed
the current distribution in the cage of rotating ring-disc
elcetrodes was wiform. They also concluded the uwnifornity
of current distribution in more concentrated solution.

These results are contrary to Newman's theory
(1966) which predicts & greater c.d. at the edge of the disc

compared to the average c.d,

1.3.2,1(d). The Effecct of Stirring the Blectrolyte during

Eleccrodeposition.

The effect of stirring on the structurc aad
growth of electrodeposits as shown by electron diffraction
has been indicated in a general way in scction 1.3.2.1(2).

The stirring increases the degree of the naintenance of the
supply of ions to the elcectrolyte close to the cathode surface
and thus increacses the lateral growth tcondency and reduces

the outward growth tendency.

Although there appears to have becn no systematic
gtudies, thc present results in section 3 provide an
extensive detailed systematic study of the quantitative
¢.’fect produced by a particular degree of vigorous stirring
(maintained approximately constant) as conmpared with the
observations made in the absence of stirring, In particular,
the effect of the stirring could be expressed directly as

the factor by which the rate of cation supply to the cathode



region was increased as a result of the stirring,

In general, stirring is difficult to standardise
and control closely, but it causes an increased flow of liguid
carrying cations more rapidly to the regions close to the
cathode to replenish cations removed by deposition on the
cathode, The more vigorous is the stirring, the nore eifect
it causes,

A brief discussion of diffusion and convection
(including natural and forced convection) at electrodcs was
given by Agar (1S47). He quoted the general expression in
the case of forced convection, (55 = constant.U™™ as having
teen found by many auvthors to apply in clectrode and other
surface rcactionsg ‘Sé being the thiclmess of the diffusion
layer adjacent to the cathode surface, U being the stirring
velocity and n having a value between 0.5 and 1 dcpending

A 1)
ca the type of apparatus and stirring. 8 is found to bs of

3

the order of 10 ° cn. For a rotating cathode disc clcetrode
A )
(forxr which & is constant over the disc, with laninar flow) he

quoted Levich's theoretical conclusion that with a value of

- 2 e - .
10 5 cri- sec f.r th. "iffusion consgt-ont D' "' a value

P 2 - :
10 2 cri osce 1 for the kinematic viscosity gives

g - 0.022
\lrev. per sec

C.

Vetter (1967), in his recent book "Electrochemical
Kinctics", quotes othcer workers and their views in a

discussion of the effect of stirring the electrolyte end has
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referred to the cases of both laminar and turbulent flow of
liquid.

Even in the abscnce of stirrins, natural convection
occurs in the electrolyte during electrodepésition. The
natural convection includes gravitational motion due to
variationg in density associated with ion conceuntration
changes, evolution of gas at the electrode, temperature
gradient within the cell and adventitious causes such as
vibration.,

Changes in concentration within the diffusion laysr
ncar the cathode surface with natural convection can be
studicd, for ecxanple, by interferometry (Ibl and Muller,1955)
Ibl and liuller (1955) dendénstrated the velocity of flow of
the elevctrolyte parallel to the cathode wnder such conditious.

LAlthough the general effect of stirring on the
elcetroicposit structurce and growth has becn shown by
electron diffraction in section 3, there has been only
gualitative conclusions derived hitherto. The present
results described in scetion 3 include a new detailed
systematic comparison of the structure of nickel electro-
deposits when the solution was stirred with that found in
absence of stirring. These results allow a Airect
quantitative estinate to be made of the factor by which the
gtirring used increased the supply of ions immediately close

to the cathode,
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1.3.2.2, Studies of Electrodeposits by Optical Microscopy.

Optical microgcopy does not provide the details
of the deposit structure on the atomic scale, such as
crystal structure, habit and orientation, but it gives some
useful information in regard to coarser fecatures of surface
topography and norphology, sometimes including the crystal
gize and shape when the crystals are large enough., vne
advantage is that it can be used in situ to observe
progressive changes, e.g. the way in which the crystal form
changes with time during electrodeposition (Damjanovic,
Paunovic and Bockris, 1963).

Many examples of optical nicrographs illustrating
electrodcyhosit struciure are given in books and reviews such
as those of Blum and Hogaboom (1949), Bremner (1963),
Pizscher (1954), Gray (1953) and Iawless (1967).

One of the nore important featurcs of crystalline
structure of eiectrodeposits was shown by Blum and Rawdin
(1923) and Hothersall (1935). They made carefully polished
and etched cross—-sections and found that in certain cases
the elcectrodeposit crystals continued the growth of the
substrate crystals across the interface, and this was
asgociated with good adhesion of the elecfrodeposit with the
substrate,

A morc recent new kind of obscrvation of optical

microscopy was the obscrvation of spiral growths, normally
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of rare occurrence, in electrodeposits of copper on copper
cheets which had been cold-~rolled and annealed (Pick, 1955,
Pick and Wilcock, 1958, Seiter et al, 1960). Detailed
studicecs have also_been nade of the morec nornal stepwise
crystal growth (e.g. Pick, Storey and Vaughan, 1960), and of
the type of crystallographic faces produced on electro~-
deposit crystals under defined cases (e.g. Seiter et al, 1960
Pick, Storey and Vaughan, 1960, Storey and Pick, 1960,
Danjanoviec, Setty and Bockris, 1966). Tuller bibiiography
and discussions of recent work are available in the recent

review by ILawless (1967).

1.3.2.3. Studics of BElectrodeposits by X-ray Diffraction.

The earlier studies of electrodeposits by X-rays
includc those of Glocker and Kaupp (1924), Bozorth (1925),
Frolich and Clark (1925), Wood (1931 and 1935), Hume-Rothery
and Wyllie (1943), Jacquet and Weil (1949), Clark and
Simonson (1951). Usually, the patterns obtained showed the
structure of the regions down to a few thousand angstroms
below the surface, because of the relatively higher
venetration of the X-rays, The patterns did not show the
structurc of the initial thin layers adjacent to the
substrate nor nmuch evidence of the immedidte surface region
of the dcrosit.

A summary of texture studies of elcctrodeposits is



given by Fischer (1954). A more recent extended review on
the studiecs of clectrodeposits by X-ray diffraction has been
given by Iawless (1967). Mention will thcrefore be nede
here only of the dcnonstration by Wood (1931) thet at low
c.d. (but not at high c.d.) copper continued the orientation
of the carefully cleaned polycrystalline substrate;
Leidheiser and Gwathmey's (1951) study of nickel deposits
on copper single-crystal (111) and (110) faces, showing
parallel orientation of the nickel on Cu (110) face; Oren's
(1958) study of the single-crystal growth of Cu on copper
crystal (100), (110) and (111) copper faces, at 30 mA/cmZ;
end Giron and Ogburn's (1961) similar study of copper
deposites on these three Cu faces at 10 mA/cnz.

Recently, X-ray patterns from polycrystalline
electrodeposits have also been used to give information

about the grain size and stresses in clectrodceposits.

1.3:.2.4, Studics of Flectrodeposits by Electron Microscopy.

Electron nmicroscopy is another technique available
for the study of thc electrodeposits. However, there is =z
limitation in that for dircct examination it must be possivle
to detach the very thin films either mechanically or
chemnically, without affecting them in any respect. On the
other hand, replica technigues have been used to the greatest
extent for déharacterisation of the detailed topography of the

deposit at various stages in the growth . The technique of



transnission electron nicroscopy of a thin filn of an
electrodeposit or & deposit plus substrate is relatively
new, being first used by Weil and Read (1950) in the case of
stripped thin nickel depogits from copper and zinc
substcrates. The thickness of the film prepared was

6

approxinately 5 x 10~ cn. For nickel-plated copper, a

aolution of 500 gms/1 CrO, and 50 gns/1 H,80, dissolved the

3
copper, lecaving the nickel, A solution of 5% by volune of
concentrated HC1l in water served for dissolving zinc basic
metals.,

Reiner (1956) also examined Ni films stripped from
polycrystalline copper, and he has discussed the applicaticn
of electron migroscope technique to the study of electro-
de%gg?%g/%?g6g%?kerRecently, Iawless {1967) has reviewed
the studies of electrodeposits by elecctron microscopy.

Ogawa et 2l. (1957) were the first to study nickel
films.(propared at 22—23;&&/cm2) using aqueous solution of
Ni80,.6H,0 300 gns/1l., NaCl 3.1 gn/l, and H.gBO3 6.2 gus/1.,
stripped from elcetropolished single-crystal copper
substratecs, and they observed nmuch twinning in the lanmellar
form.

Steinnann and Hintermann (1960) nade a detailed
¢ sudy of the effccets of substrate structure, and inhibitor

concentration, on the structure of copper electrodcposits

on Cu foils, at 20 nA/cmz, fron an acid bath, Stoebe et al.
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(1964) also studied Cu deposits (at 11-54 mA/cm2) fron
various baths, on aluniniun substrates,

Dickson, Jacobs and Pashley (1965) studied
nucleation and growth of gold electrodeposits on (111)
surfaces of Ag films, At an average thickness of 20 A, the
"iglands" of gold covered only about 22% of the substrate
and werc mainly of the order of 200 A in diancter., At
about 80 to 100 A thickness, the islands had coalesced to
forrr an alnost continuous filn. (111) orientation parallel
to thec silver substrate was observed together with nirroxr
gymnnetrical orientation, They concluded that the kind of
nucleation and growth depended mainly on the surface
nigration of gold atoms over the silver substrate and on tho
gold islands,

Thompson (1966) studied the early stages of the
deposition of gold and nickel on thin single-crystal copper
films of (110) and (111) orientations. He also observed
isolated nuclei in gold deposits lesgs than 50 A thick, while
the filns had becone continuous at about 100 A thickness.,
The nickel devosits, however, were continuous in the
thinnest f£ilms observable (< 20 A), though isolated nickel
ruclei were observed in one deposit (< 50 A thick).

Jesser (1966, cf. lawless, 1967) examinecd the
nucleation stage of Pt on (111) Ay films using transnission

electron microscopy. At the carly stages (£ 50 A), snall
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isolatcd Pt nuclei occurred, but thicker filns were

continuous,

Soric evidence has been obtained (Thompson and
lawless, 1966) suggesting that interfacial dislocations are
prescnt betweon 200 A nickel deposit and the copper

substrate, associated with the lattice misfit.

12.3.3., The Structurc and Growth of Elcctrodcposits ouw

Single—-Crystal Suybstrates.

The naturc of the growth of clectrodcposits on single
crystal substrates depends on the crystallographic form of
the surfece of the substrate erystal, In most studics, thc
surfece is nade highly smooth on the atomic scale by elecctro-
polishing, and parallel to a definite erystellographic planc.
On the other hand, an etched surface in general tends to be
bounded by etch~facets which may be obliguc to the nean
macroscopic surface,

' In cpitaxial crystal growth, it is the oriéntation
of the first very thin deposit (2 few hundrcd engstrons or
less) that is concecrncd, As for the other forms of
deposition, cpitaxy occurs if the deposit and the substrate
lattices arc not too dissimilar in spacings at the interfscec.,
Miese considcrations arc discussed in 1.3.3(a). The nisfit
of the two lattices introduces a corresponding degree of
stress in the region near the interface which is probably

responsiblce for disoricntation effccts such as thosec
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established by clectron diffraction and outlined below in
1.3.3(b). On thc other hand, systematic clecitron
diffraction studies of electrodeposits on single crystals
as o function of *hickness and current density, (see
1.3.3(c)) show that ncew orientations can bc dcveloped at
above a cerlain thickness. This can be duc to twinning,
and sccondary or nultiple twinning, which then lcads soon
to random polyecrystalline structurc and eventually at still

higher thickncsses to preferrcd one-decgree orientation with

axis norcl to the 3ubditrate.



1.3.3.(a) Epitaxial Crystal Growth.

The term 'epitaxy' was introduced by Royer (1923)
to signify the "arrangement on" or "oriented overgrowth" of one
crystalline material on another, in such a way that there are
certain orientation relationships between the deposit and the
substrate lattices.

Much of the extensive literature on epitaxial
crystal growth is reviewed by Van der Merwe (1949), Seifert
(195%), Pashley (1956) and Fleischmann and Thirsk (1963).

Mgre recent discussions of epitaxy are found in the
contributions to certain conferences, e.g. "Single-Crystal
Pilms" edited by Francombe and Sato (1964). Pashley (1965)
has given a brief discussion about epitaxy. TILawless (1967)
has given a recent review of literature on epitaxial crystal
growth of electwodeposits.

In the present case some of the main phenomera and
theoretical considerations will be discussed briefly, followed
by a more detailed account of epitaxy on electrodeposits on
single~cryscal substrates.

The first systematic studies of Barker (1906, 1907,
1908) showed a series of epitaxially related structures in the
growth of alkali halides upon each other. Some alkali helides
grew epitaxially upon each other, while others did not. It
was noticed that oriented growth was favoured if the molecular

volumes of the two alkali halides are nearly equal,
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Royer (1928) repeated much of the work of Barker
and extended it to cover many other examnles of growth from
sciution. On the basis of his results, Royer put forward
three rules of epitaxy:

(i) Oriented growth occurs only when it involves the
parallelism of two lattice planes which have networks of
identical or quasi-identical form and of closely similar
spacings. The difference between the network spacings is
usually expressed in terms of percentage misfit, which is
defined as 100(b-a)/a, 2 and b being the corresponding lattice
spacings in the substrate and overgrowth crystals respectively.
The experimental results suggested that the misfits should
not be more than about 15% for epitaxy to occur.

(ii) 1In the case of ionic crystals, the overgrowth
atoms or ilons should take up positions which corresponding
atoms or ions of the substrote material of the same polarity
would have occupied had the substrate continued to grow.

(iii) A+t about the time when Royer carried out his
experiments, electron diffraction was discovered., It greatly
increased the scope of studies of epitaxy and it soon became
apparcnt that epitaxy occurs with a wide variety of deposits
on crystal faces.

In some cases it was found that very thin
chemically grown layers (Aminoff and Broome, 1936, Wilman,
1940), electrodeposited metal films (Thomson, 1930, Cochrane,

1936, Finch and Sun, 193%6) and metal layers condensed from



the vapour phase (Kirchner and Lassen, 1935, Bruck, 1936)
were oriented. The results of these experiments showed thes
Royer's rule concerning & good numerical fit between the
substrate and the overgrowth is not always obeyed.. A nisfit
of 38% was observed in the case of metals condensed on %o
heated rocksalt surfaces (Bruck, 1936).

Some attempts were made to explain the occurrence
of these large misfits by considering the possibility that
the initial layers, i.e. the small initial nuclei, may have
grown epitaxially with a low nmisfit, and upon these other
orientations may have been formed at a later stage. A
mechanism of this kind, in which the occurrence of twinning
played a vital role, was considered in dectail by Menzer (1938
a,b,c) for the case of silver on rocksalt.

The results of early dirlfraction studies led Finco
and Quarrell (1933, 1934) to the introduction of a further
concept of "basal plane pseudonmorphism”. This involves the
formation of an initial orienced film which has an abnormal
crystal lattice dimension (or even structure). It was
suggested by them that the bulk structure of the deposit
material is constrained so that the lattice plane parallel to
and in contact with the substrate surface is close to that of
tne substrate in sige. This hypothesis is now generally

agreed to be valid.

Trank and Van der Merwe (1949 a,b,c) followed up
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the concept of basal plane pseudomorphism and developed &
theory of epitaxy which involves, as a neccssary condition of
orientation, the Zormation of an initial pseudomorphic layer.

Van der Merwe (1949) emphasised that crystal
orientations are not determined by long-~range forces, but by
forces betwecen one atomic layer and the next. Hence in order
that therc shall be a definite orientation in & crystalline
overgrowth on a2 single crystal substrate, there must be formed,
as the initial stage, an immobile monolayer of regular atomic
pattermn, to be called an "embryo". If the formation of a
monolayer is regarded as a process of adlding atom to atom, it
is possible, if the influence of the substrate is strong, for
these foreign atome to take up similar positions to those which
the atoms of thc substrate material would have occupied in
further growth of the substrate crystal. The resulting
monolayer homogeneously deformed to fit on the substrate, thus
forms an enbryo. "Orientea overgrowth" is then obtained when
the atomic pattern and orientaiion of the embryo are prcserved
throughout the entire lattice of the overgrowth.

The theory developed by PFrank and Van der NMerwe
(1949) led to predictions regarding the necessary conditions
under which an embryo can be formed. The theory of Frank and
Var. der Merwe is based on the propertics of one-dimensional
dislocation model, consisting of a row of identical balls,

connected by identical springs, the balls at the same tine
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being acted upon by a force, which varies periodically
with the position on the substrate. It is found that
with this model,the fit or misfit of the monolayer and
the substrate is naturally described in terms of
dislocations. The embryo in a suitable substrate for
the formation of another embryo on it, provided the
binding between deposit atoms is not weaker than their
binding on the substrate.

If the atonic pattern of the embryo and that of the
deposit do not differ in size by more than a certain
factor (when the two lattices are isomorphic), it is
possible for a stable, macroscopically thick, oriented
film to grow by repetition of this process of embryo
formation., This assumes, of course, that any flat
region of the surface is completely covered by thc firct
mnonolayer before the second is appreciable.

I+ is the pattern of potential troughs, i.e.
positions of nmininum potential energy of the deposit
atons in the substrate force field, rather than the nlonic
- pattern of the substrate surface, which must determine
the atonmic pattern in an initial atom plene of the
deposit structure.

The theoretical ideas of Frank and Van der Merwe
arc in good general agreement with exXperimental

observations. The fact that pseudomorphic overgrowth is
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obscrved scems to show that there are cases in wiaich slip
does not take place during the early stages of growth.
inongst the most striking examples arce the cases of aluminiun
cn platinum and zinc oxide on zine (Finch and Quarrell, 1934)
and cobalt on copper (Menzer, 1938) and in the experinents

of Finch and Sun (1936) wherc the abnormal crystal
oricntations of very thin films were in general such that the
atomic population density in the orientation plane of the
deposit approached that in the substrate surfrce.

Smollet and Blackman (1951) nmade theoretical
calculations in the cage of alkali halide lattices, using the
tnown elastic constants. They came to conclusions similaxr to
those of Frank and Van der Merwe as to the degree of lattice
misfit which can be {tolerated.

Van der Merwe (1964) has further discussed
theoretically the interfacial misfit and binding between
oriented films and their substrates.

Detailed calculations of Menzer (1938), in the case
of silver condensed in vacuum on & heated NaCl cleavage face
(Kirchner and Iassen, 19%5, Bruck, 1936) suggested that the
initial nuclei of the decposits may have consisted of small
crystallites having (221) faces in contact with the
substrates, In the bulk of the further growth, these
crystallites were considered to have twinned on (111) planes

and certain of these twins would have an orientation parallel
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to that of the NaCl substrate. The corresponding misfits
(9% for Ag, 7% for Ni) in the (211) plane of contact with
the substrate would thus also lie within the tolerance 1linit
which is not the case for the misfits (-27% for Ag, ~38% for
Ni) suggested by the parzllel (100) orientation of the bulk
of the overgrowths. It was suggested that the orientations
of the f.c.c. metallic overgrowths on lonic crystals are not
Jikely to Dbe of this type.

The above orientations are thus such that a better
fit can be achieved by other orientations, as was elso
pointed out by Thomson (1948) for some cases, These
considerations together with the fact that deposits on a plane

oviemted with  |(povallel tothe gubstyots,
inext substrate have a tendency to bey) & definite plan%

show that one cannot be certain that the orientation of the
overgrowtlh is the same as that of the initial embryo.

Thomson and Cochrane (1939, pp.174-5), (scc 2lso
Thomson, 1953) suggested that epitaxial growth can often be
determined by a special line of atoms in the substrate
surface, for exanple at the edge of a crack or at the intermal
angle at the bottom of & step on the surface. Although
initial nuclei can often be seen to grow more or less
preferentially at such sites, it is clear that their
epitaxial orientation is unaffected by the presence of such

features (Drabble, 1949),

It is clearly initiated by the dcposit atoms taking
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up positions in the potential troughs at the crystal surface.
The enitaxial oricntation will be initiated by the loecal
atonic fitting of the first small group of deposit atoms on
the substrate, as Ellemen and Wilman (1949) illustrated in
the case of PbCl, on a PbS cube face, and as Seifert (1953)
has also erphasised, The lattice repetition and misfit are
involved only as the nuclei grow larger (cf, Wilman, 1951),

Pashley (1952) has pointed out that care is neceded
in sone cases to define correctly the crystallographic type
of the substrate surface on which the epitaxy occurs in &
given orientation,

Drabble (1949) showed, however, thet considerations
of the atomic co-ordinstion of the Ag+ and C1~ ions in AgCl
indicate that the silver does indeed grow in its initial
nuclci on the NaCl cube faces in a parallel (100)
orientation.

Willems (organic materials on inorganic, 1943,
1944, 1948, 1952) having drawn the general conclusion that,
for oriented overgrowth to take place, there must exist the
pogsibility of a strong chemical bond between the units
(molecules or atoms) of the overgrowth and the corresponding
units of the substrate, confirmed it experimentally.

Willems particularly showed new casces of cpitaxy between
crystals of various organic molecular materials and

substrates such as NaCl cleavage faces.
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From the theoretical considerations of Van der
lMerwe, oue mzy anticipate that a preferred orientation can
exist when one row of the closely packed units in each
lattice is parallel, as concluded by Goche and Wilman (19%6),
Heintze (193%7), and Royer (1928), Seifert (1935) in his
work on oricnted overgrowth of ionic partners, concluded that
one~ldimensional lattice fitting for a row of closely spaccd
ions of alternating sign is sufficient to give rise to
oriented vvergrowth,

In the case of isomorphous natural latticcs of the
deposit and substrate, the pattern of atoms in the first
monolayer of thc deposit is identical with thaot in a plane of
the natural deposit lattice, and hence the next monolayer can
grow ~n to this under the conditions similar to those in
which the first has grown on to the substratc, |

Evidently, this growth process can also take place
for non~isomorphic lattices; provided the lattice of the
deposit contains plenes whose atomic configuration resembples
that of the exposed surface of the substrate. This condition
c'n only be satisfied on specific crystallographic surfaces
of the substrate, The general problenm of oriented over-
growth on various surfaces of a substrate non-isomorphic with
the deposit is exceedingly domplicated, but from similar
theoretical considerations to those above one may anticipate
that a two-degree orientation can exist when thore is a

similarity in spacing in one row of closely packed atoms in



each lattice as remarked by Wilman (1940).

Frank and Van der Merwe (1949) suggested that the
same critical misfit is not to be expected for all sorts of
substances on all sorts of substrates. The large critical
migfit characteristic of the oxides and iodides can be
partly accounted for by the greater deformability of oxiae
and iodide ions respectively. Acharya (1948) in this
laboratory, showed epiﬁaxy of f.c. cubic Sb203 in (111)
orientation on the S%&%%Le , with a lattice nisfit of about
80%. i.c. spacings in the ratio 100:180. Wilnan (1951)
concluded that epitaxy can indeed occur such that x spacings
of the deposit lattice nearly match y spacings of the
substrate in a parallel direction, x cnd y being small
integers in thc same way as occurs in certain crystal
groupings.

Engel (1952, 1953) put forward a theory for the
orientation of metals upon salt substrates, in which she
abtempted to explain both the observed degree of lattice
fitting and the dependence of the orientation upon the
substrate tenperatures. This dependence (Bruck, 1936)
arnounts to there being a ninimum temperature (the epitaxial
tenperature) for the occurrence of complcte or.entation.
She suggested that the first stage in the formation of an
oriented film is that the atoms in the first laycer becone
ionisged, so that a two-dimensional chemnical rcection occurs,

as indeed Drabble (1949) had considered (see above), A4
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nonolayer of the deposit-metal salt then exists at the
interface between the substrate and the overgrowth,

According to Engel's theory, the occurrence of
crientation depends upon the possibility of suitable
ionisation processes and upon the nisfit of the internediate
salt with both the substrate and the deposit.

Pashley (1956) has noted, however, that
experinental results of Kehoe (1957) throw doubt upon Engel's
theory of the effect of substrate temperature on the
orientation of nmetals on salts. Kehoe found that gocd
orientation occurrcd at temperatures appreciably lower then
Bruck's (1936) epitaxial tenmperature. Ellenan (1948), in
this laboratory, had indeed observed cpitaxial oricntation
in silver condensed on a rocksalt cleavage face which had
been heated ait EOOOC and cooled to roon tenperature.
Sinilarly reccent experiments on cleavage of alkali halide
crystals in vacuun, followed imnediately by condensation of
nietals,; have shown that epitaxy then occurs even at room
tenperature (e.g. Ogawa et al, 1966), It is now agreed that
there is no definite critical temperature for epitaxy.

Murr and Inman (1966) in studies of epitaxial growth of Au,
Ag, Ni and Al on NaCl substrate, also showed that factors
such as rate of deposition, pressure of air in the vacuun,
and thc condition of the substrate surface in respect of

adsorbed inpurities affect epitaxy considerably.
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Bpitaxy of Metal Electrodeposits on Metel Crystal Taces.-

With respect to deposits on polyzrystalline
substrates, Wood (1831), by X-ray diffraction, observed thLat
Ni and Cu follow the oricntation of a one-degree orientated
Cu (110) substrate. O0lark, Pish and Weeg (1944) also
observed a definite orientating relationship between Zn and
Ni on Cu and Zn on Fe,

The earlicst reported electron diffraction
exanination of an electrodeposit was that of Thonson (1?31)°
He found thet silver deposited on an etched copper cube face
rigidly followed the orientation of the copper substrate.

Finch and Sun (1936) found by electron diffraction
that the first thin layers of electrodepcsits growing on
randon poliycrystalline substrates in general also showed
polycrystalline structure, For +thin deposits on substrates
rrepared by electrodcnosition, parallel growth was observad
when the deposit and the subsitrates nearly had the sane
lattice dirension. Tn some cases such as Cu and Ni on {111)
Au, some deposit crystals grew in (100) orientation as well as
sone (111) oricntation., This (100) orientation did not
appear to give a close fit.

In some cases, no parallel lattice orientation
occurred, but the orientation gave approxinate fitting in
positions of atoms of the substrate and the deposit along one

or nore lattice rows in their contact planes, such as (110)



Ni and Cu deposits on €111) Pe; (100) Fe on 110) Au, (110)
Fe on (111) Au and (110) Sn on (111) Au.

They also found direct evidence of parallel
epitaxial growth for Cu, Ni and Co on (110) platinun foil;
Cu on (100) Pt-foil; Co on (100) Au-foil; but not with i on
(100) Au-foil.,

Cochrane (1936) made an clectron diffraction study
of thc electrodeposits of Cu, Ni, Ag, Cr, 7n and Cd on
etched (110) and (111) copper single-crystal faces. The
copper was found to continue the orientation of the coppeor
substrate up to a thickness of at least 40,000 4, if the
c.d., was no grcater than a few mA/cmz.

The deposits of Zn of various thicknesses were
obtained with c,d; fronm 8,nA/cm2 to 1 mA/cnz. In all the
cases the diffraction  patteyn showed  polycrystalline
zine. Cd deposits also gave patterns of rings duc to
rulyerystalline metal, cven at low c.d. (30,m4/0n° ),

Silver deposited for 18 hours at 15/uA/cm2 on
etched Cu (111) and (110) feces of Cu single-crystal showed
diffraction spots both due to Cu and Ag. There were also
faint rings duc to Ag and these passed through Ag spots.

The Ag was deposited for periods of 34, 51 and 72 hours, at
the above c.d. Sonce features were obtained as before, the
copper spots becoming very faint with increasing thickness
and the rings, due to polycrystalline Ag observed previously,

also becane fainter, When Ag had been deposited for 100
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hours at 15 mA, the pattern of spots were entirely due %o
Ag and the rings werc very faint.

A thick leyer of Cr (deposited for 20 min. at 0.2
A/cmz) exnibits ro orientation and has the ordinary structure
cf Cr, In the csse of thin layers (ec.g. deposited from
1/3 sec to 20 sec at 0.06 A/cmz), the patterns showed that
therc was oricntation with (110) planes of Cr parallel to
the (111) Cu face, on which the deposit was mede. The M)
spacing in (110) Cr faces only differs by 2% fronm the “l.zjn?in
Cu (111) faces,

For nickel on the coprer, it was claimed that at
current densities of 0.3 mA/ém2 or greater, the diffraction
rings duc to polycrystalline nickel passed through the spots
from the substrate copper, indicating thati the nickel
lattice spacing was increased to conform to that of copper.
This experinent was repeated by Newman (1956) who found no
change in spacing of nickel from its normal parameter,
Pashley (1956) has interpreted Cochrane's results as being
in fact due to the presence of both oriented and disoriented
adickel so that diffraction rings from nickel passed thro.gn
nickel spots, not copper spois. Such pattcrns were
compnonly observed by Lawless (1965) for nickeli deposits on
the (111) face of a'copper single-crystal,

Cochrane found that electron diffrrction patterns
from deosits of nigkel and cobalt of about 60 ‘A thickness

at very low c,d., (0.025 mA/omz) showed only spots in
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positions corresponding to the copper substrate. This was
also interpreted in terms of pseudomorphic growth, but this
interpretation has been put in doubt by Newman (1956).

in many»of the diffraction patterns, strong
additional spots occurred, Which)Cochrane showed, was due to
proninent octahedral twinming of the nain crystal
oricntation parallel to that of the subgtrate. Groups
of "irrational spots" wecre also observed analogous to those
found by Kirchner and ILassen from silver condensed on NaCl
cleavage faces,

Thirsk (193%9) observed by electron diffraction
the epitaxial growth of Au and Ag on a Pe (110) face, with
(001) parallel to FPe (110) and a <010) row parallel to a
[001] row of the Fe, when the deposition was carried out ai
low c.d. He also observed parallel growtkh of Ag, Ni and Co
on approxinately (110) and (100) surfaces of Cu.

Finch, Wilnan and Tang (1947) showed by electron
diffraction that in the first stage of the cathodic crystal
growth the deposit structure and orientation were grecatly
influenced by the substrate. They found that Cu deposit
of 200 A on (100) face of Cu at 20°C and 0.5 nA/cn> fron
an acid sulphate bath continued closely the scructure of the
substrate both in crystal orientation and in lattice
perfection, As the thiclkness of the deposit increased to
an average valuc of 500 A, the electron diffraction showed

the same form as before but with fainter Kikuchi lines and
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a large number of spots, indicating a rougher deposit surfacc
than the initial substrate had. They also rccorded many
cases of epitaxial growth of various metals on single crysihal
faces of Cu and Fe.

Goswami (1950) studied the orientation of Fe, Cd
2ad Zn on clectropolished Cu (110) and (100) faccs., He
found that Fe developed with a (211) plane parallel to the
cu (110) surface and with a [01T] row along the Cu [001]
directions and on the Cu cube face the (110) Fe plane was
parallel to the cube face, with a cube diagonal parallel to
one or other of the Cu cube face diagonals in the surface.
These oricntations gave a close fitting of the deposit
lattice with that of the substrate in at least one direction
of the substrate surface, Cd and Zn grew with a (103) and
(205) plane respectively parallel to the Cu (110) and with
(203) and (101) orientation respectively on the Cu (100)
face, in all those cases with a [100] row along a cube-face
diagonal of the Cu surfacc,

TLeidheiser and Gwathmey (1951), using X-ray
diffraction, studied Ni electrodeposits over a wide range of
conditions on Cu (111) and (100) facecs. The electrolyte
used was a Watts bath containing NiSO4.6H20 - 240 g/1, NiClL,.
6H,0 ~ 45 g/1, HBO3z - 30 g/1. No experiment was conducted
above 80 mA/cm2. In experiments above 8 mA/cm2 the

electrolyte was stirred vigorously. The deposit on the (100)
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face was nonocrystalline and in parallcl orientation to
great thicknesses, whereas the deposit on Cu (111) becane
randon polyecrystalline at a very low thickness,

Setty and Wilman (1955) studied by elcctron
ciffraction the electrodeposits of Ag on Ag single-crystal
electropolished (110), (100) and (111) faces. They found
that the deposits continued the subsgtrate orientation to a
twickness 100,000 A if the c.d. did not exceed certain
linits,. They showed clearly that the thickness at which
octahedral twinning was first noticeable, decreased
systenatically with increase in c¢.d,, and that rondom
polyecrystalline structure had developed 2bout & similar
{thickness, c.d.) locus,

Kunar (1955) found by electron diffraction that in
copper deposits of low thicknesses (£ 2000 A) on electro-
polished (100) and (110) silver faces, thc copper crystals
grew in parallel orientation to the substrate, though
showing somc additional octahedral twinning. A "directed"
disorientation was observed in sone cases (sce 1,3.3(b) .below).
As in the results of Setty and Wilman (1955) for Ag on ag,
strong additional twinning occurred at lower thicknesses
the higher the c.d., although a small anount of twinning was
present at low thicknesses even at low c.d., probably
agsociated with the lattice misfit and the rcsultant

interface stresscs. The epitaxy of Ag deposits on Cu (100)
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faces was observed and no cases of directed disorientation
occurrcd,

Oren (1958) studied by X--ray diffraction the
epitaxy of Cu electrodeposits a2t 30 mA/cm2 with the duration
of plating extending even up to 18 hours on electropolished
Ju (100), (110) and (111) faces. The general conclusions
were (1) that the deposit on Cu (110) was monocrystalline
with ths sanc orientation as the substrate; (2) that the
deposit on the (100) face consisted of crystallites having
the same orientation as the substrate and its four twin
orientations; and (3) that the deposit on the (111) face
consisted of crystallites having the sane oricntation as the
substrate and an orientation which was twin related to the
Cu (111) face.

Reddy and Wilman (1958) examined by clectron
diffroetion the growth of Fe and Cr on (110), (100) and (111
faces of copper single crystal. Within a certaein rangec of
c.d. and decposit thickness on &1l the faces of the copper
single crystals used, the growth of Fe was cpitaxially
related +to the substrate. On Cu (110), the Te deposits
grew epitaxially, having a EZII} type lattice plane paralliel
to the copper (110) surface. In this planc the most densely
populated type of atom row, i.e. of {1117 type (cube diagonal)
was parallel to the nost densely populated tyne of lattice row

i.e. of <110 type of the copper lattice.



66 .

On Cu (100) the Pe deposits were strongly
epitaxially oriented. A ﬁlld} plance of the Fe crystals
was parallel to the substrate, with again the nost densely
populated atom row of the Fe, {111y , parallel to that of the
Cu, that is, one or other of the two {110 directions of
the Cu cube-face surface, One sided "directed"'
disorientation was observed prominently in meny of these
deposits (sece below, 1.3.3(b)).

On Cu (111), the Fe deposits were strongly
epitaxial with a {110} plane of the Fe in contact with the
(111} Cu substrate, and {111y of Fe parallel to {110y in the
copper substrate,

At 45°C on all the three faces of the copper single
crystal, chromium also developed the same epitaxial
oricntation as that of Fe.

Giron and Ogburn (1961) investigated by X-ray
diffraction the structure of copper electrodeposits from an
acid sulphatc bath at 10 mA/em® on Cu (100), (110) and (111)
faces. There was evidence of ftwinning, although for thick
deposits some polycrystallinity was prescnt. This was in
agrecment with Barnes's (1961) results for Cu on Zu {(100),
(110) and (111) faces up to 15 mA/cmz.

Reddy and Wilman (1963) showed clearly the effect
of deviation of the substrate surface away from & sinple main
atomic planec, It was found that on a curved Cu surface, Fe

grew with equal preference in each of the two equivalent
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epitaxial (211) orientations on the part of the surface
approximating closely to the Cu (110) plane. Where the
surface curved away from this plane, the Fe (211)
orientation (of the above two equivalent one ) having a
cube~-face diagonal nost nearly normal to this element of the
cathode surface was developed preferentially.,

The only other epitaxial study in which deposits
on faces other than the three low-index faces were exanined
appears to be that of Lawless and Garmon (1963: see Lawless
1967). In this study nickel was plated fron a Watts bath at
60°¢ onto electrepolished surfaces of large  spherical single
crystals at current densities from 1 to 10 mA/cmg. It was
found by electron diffraction that the nickel deposits grew
accurately parallel to the substrate copper surface for all
orientations. The parallel single crystal orientation
extenied to 100,000 A thickness or more on all faccs except
the (111) which showed double positioning for extrenecly
thin (100 A) deposits and developed additionally some randon
polycrystalline structure at about 1000 A thickness.,

Reddy and Wilman (1965) found predoninantly
parallcl growth of thin (=500 A) nickel on Cu (110) and
(111) faces, but with additional twinning becoming -
increasingly strong with increasing deposit thickness.

Cusninsky (1965) and Sundaram (1966) found "auto"
epitaxial growth of Cu (from M/2 CusS0, + M/2 Hy80, bath) on
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copper [(100) and (110)] and Ag (fronm M/2 AglOy bath) on Ag
[(100) and (110)] respectively, but octahedral twinning beinsg
detected above a (thickness, c.d.) locus similavr in form to
that obsecrved by Setty and Wilman (1955) for Ag on Ag from a
cyanide bath,

Bicelli and Poli (1966),by X-ray diffraction,
studied Pb and Cd elcectrodeposits onto single crystal
gubstrates over a range of current densities for several
different compositions of bath, and for a range of
thicknesscs. TLead devnosits on Pb (100) and (110) showed
parallel cpitaxy at thicknesses of 10,000 to 80,000 A, and
c.d. fron 5 to 50 mA/cm2. Tead on the (111) surface
exhibited twinning for 50,000 A films formed at c.d. of 30
mA/cm2 or nore, the anount of twinning increasing with the
deposit thickness,

Cd deposits on Cd (1120) copied the substrate
orientation for all conditions studied, whcreas deposits on
Cd (1010) were parallel oriented only for low thicknesses
(10,000 A) and low c.d. (2 mA/cn®), becoming twinned on +the
(101I2) plane at 40,000 A thickness and 5 ﬁA/cm2.
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1.3.3(b)Directed Disoricntation in Epitaxial Crystal Growth.

The phenomenon of a “directed disorientation® of
epitaxially oriented crystals consisting of a range of
rotation cbout a definite axis was first observed by Lvans
and Wilnan (1950).

They observed in the oxidation of a fresh cleavage
face of a zine blende crystagl at 52000? a rotational
digorientation of the resulting (103)-oriented Zn0 cryrtals
about an axis parallel to the cube~face diagonal of the (110)
ZnS substrate face. This was shown by 2 pronounced arcing
(60) of the spots in the electron diffraction with the beam
along ZnS [1T70], but no appreciable arcing of the spots with
the bean along [001i].

They concluded that this rotation of the growing
crystals or parts of thenm must be due to the deformation
caused by the cepitazxial stress between the substrate and
overgrowth crystal lattice, due to the difference of their
lattice constants a2t the interface, They pointed out thot
though the diffroction pattern did not 2llow the type of
deformation to be established with certainty, 1t could wmcst
gimply be explained as indicating a lamellar rotetional slip
{a process of deformation first defined and conclusively
proved to ocecur by Wilman (1950, 1951)), on planes normal

‘to the rotation axis.
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Goswami (1950), in this laboratory, observed a
similar.rgnge of disorientation, also about & [110] row of
the f.c.c., Cu substrate surface, in a Cd electrodeposit on
the (110) face of the copper single crystal, again apperently
caused by deformetion associated with relief of epitaxial
stregscs caused by the misfit of the two lattices at the
interface,

Gharpurey (1950), also in this laboratory, obscrved
a similar case in Ag condensed from thc vapour in vacuum upon
an NaCl (001) cleavage face at 450°C,  The mean sharply
defined main orientation being also presecant was centred on
oricntations attained from the above by a rotation of #+ 10°
and 20° respectively, about [001] Ag row.

Pashley (1951) suggested thet electron diffrection
patterns from AgBr formed by reaction of a2 Ag (110) face with
bromine vapour also showed such & directed disorientation,
but this was not conclusively established., The photogroph
obtained with the electron beam normal to the suggested axis
of orientation, however, showed no diffractions other than
the spots corresponding to the undisoricntesd crystals.

Kumer (1955) also observed the interesting result
that in the iritial parallel growth of silver cn copper (100),
there was no disorientation, but in the electrodeposits of
copper on silver (100) and (110) faces, there was oftca a

disorientation range of several degrees about a densely
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populated lattice row of the substrate surface. This kind
of rotation was termed a2 "directed-disorientation'. In the
case of Cu on Ag, the deposit of Cu is presuwnably under
tension becouse its lattice spacing (3.608 kX) is lcss than
that of silver (4.078 kX).

Even in the thinnest Cu deposits on Ag (100) and
(110) faces, the diffroction patterns showed an arcing of
the spots of up to about + 6° to 12°, showing =
disorientation of the deposit crystals fron the initial
parallel epitaxial oricentation relative to the substrate
lattice., The Cu deposits on the Ag (100) face yielded
patterns of arcs at all azimuths, but those oﬁ the Ag (110)
foce showed little arcing when the electron becam was along
the cube edge,; but long arcs when it was along the cubc-foce
dicgonal, showing that the disorientation consisted of a
range of rotation about the oube face diagonal. SubLeyueni
growth of the Aeposits to thicker layers also showed
similar disoricntation in general.

The resulta of Reddy (1958), and Reddy and Wilnan
(1956-9) contributed further examples of directed
disrrientation, here of cpitaxial Fe electrodcposits on thke
Cu (110) and (100) faces, and is strongly suspgcested in the
case of Fe on Cu (111) as shown by the arcing in the
diffraction patterns,

In the %21i§ ~oriented iron on Cu {110}, the exis
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of rotation is the iron 110> direction parallel to the
surfacc, the 110} plancs perpendicular to this axis are the
most densely populated with atoms, and thus likely to undergo
rotational slip on cach other most easily. On the other
hand, the rotational range might be due to flexural
translational slip about this 110> axis, since this is
perpendicular to a 111> row of the Fe, which is the normel
translational-glip dircction in b.,c.c. iron, and the <éli>
plane (porallel to the Cu substrate) is the normel slip plene.

In the 110> oriented iron on Cu (100), the
rotation axis was concluded to be a <111y iron row parallel
to a Cu 110> surfoce row.

Prom the diffraction pattern of Fe on the Cu (111)
face, showing "asymmetrical directed disoricntation, the
rotation axis of disorientation could not be determined,
because of the complexity involved in taking into account
six geometrically equivelent orientations,

The elcetrodeposits of Fe on Cu (110), (100) and
(111) faces showed, however, a distinctly differcnt type of
"directed-disorientation" from that observed so far. The
disorientation observed not only consisted of a rotation of
the Pe deposit crystals about a definite rotation axis (i.e.
directed—disorientation), but that rotational disorientation
weas asymmctricel, and directed in a specific scnse of

rotation away from the main epitaxial orientation. The
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results (Reddy, 1958, Reddy and Wilman, 1953-9), therefore
indicate a type of disorientation of the deposit crystals,
wirich appears to be & new phenomenon, They termed it an
agymmetrical or "onej;sided" directed disorientation.

The same kind of epitaxial orientation and one=
8ided rotational disorientation as for Fe werc also observed
in Cr elcctrodcposits on copper crystal. This similarity
of the results for Pe end Cr is evidently due to these nctals
having close similarity of the lattice dimension of their
b.c.cubic structure.
1.3.3(c)Systematic Studies of the Structure and Growth of

Blectrodeposits on a Single Crystal as a Funcetion of
Currcent Density ond Thickness.

Setty and
Setty (1953), Wilman (1955), and/#ilman (1955, 1566

did the first systematic and detailed investigation of the
surface structurc growth and orientation of electrofeposite
of a metal, in this case silver, on single-crystal faces of
the same metal, zs a function of current density, deposit
thickness, bath temperaturc and concentration, and presence
of addition agents, Smooth electrpolished (110), (100) and
(111) silver single-crystal faces were uscd as substrates,
and the electrolyte contained 35 g AgCN, 30 g KCN and 38 g
K2003 per litre.

These important experimental results provided more

precisc information on cathodic crystal growth and defincd
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in detail for the £igt time the conditions giving rise to the
three stages of cathodic_crystal growth as suggested by Finch,
Wilmen and Yeng (1947),i.e. an initial epitaxial oricntation,
then random polycrystalline structure,and finally in still
thicker deposits, preferred one--degrece orientation. An
additional further stage in which the twinning of the deposit
crystals occurred was also clearly rccogniscd,

The results shown dicgrammatically in fig. 1 suggoest
that there is always an initially auto-cpitaxial orientatiom,
that is, continuing thce substrate lattice, The further
growth developed twinning, followed by growth of randomly
oriented polycrystalline metal, Eventually, further
deposition results in the development of preferred
oricntation characteristic of the bath conditions. Below &
certain critical current density, the silver clectrodeposits
grow parcllel to the substrate (in single crvstal orientatior)
even up to deposit thicknesses of scveral hundred thousand
angstromns, Above thisg "critical current density', often an
initial stage of parallecl growth, consisting of a continuation
of thc substrate lattice, there was a region in wiiich the
twinning of the dcecposit crystals on the octahedral plaones
appeared, The proportion of the twin crygtals at the deposit
surface increased unitil in the third region, the crystals were
conpletely randomly disposed relative to the substrate.

Finally, there gradually developed a preferred one-degrec
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orientation in which the deposit crystals have a particuler
densely populated row normal to the substrate.

Thus, the results showed a distinct region of
twinning intermediate between the regions of parallel ond
random oricentation. Setty and Wilman also found that in
cathodic crystal growth, beyond the critical current density
the upper limit of the deposit thickness corresponding to
different regions, e.g. parallel, twinning and random,
decrcased with increasc in current density. In cther words,
as the current density increased, the electrodeposit followed
the orientation initiated by the substrate up to smaller and
smallexr thickness. The substrate crystel faces [e.g. (110)
and (100)] with lower atomic density than for the (111)
substrate, werc found to have lower "eritical current density?V

The oricentation of the crystals of the clectro-
deposit was found to depend also on the tcmperature and
concentration of the bath. The incrcasce in temperaturc or
concentration led to an incrcase of the "eritical current
density" up to which parallel growth was possible.

Setty (1953) and Setty and Wilman (1966), see also
Wilman (1955), also studied the effects of addition agents,
such &8s carbon disulphide, thio semi-carbaszidc, thio-urea,
potassium thiocyanate, and urea, on the growth of silver
elecctrodeposits on the crystal of silver.c They found that

the addition agents such as these, used for promoting brighter
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silver deposits, had widely varying effects on the mode of
growth in respect of orientation, size and habit of
deposit crystals, cespecially in deposits on the silver (110)
face. At 20°C in deposits up to 10,000 A thick, on the
silver (110) face, the presence of carbon disulphide led to
morc pronounced twinning probably associated with sonme
co-dcpogition of AgQS. Thio senmi-carbazide caused outgrowth
of extensive thin lamellae parallel to the allig planes of
the substrote crystal but without twinning, Thio~-urca
caused extensive ﬂ;li& facets in addition to the (110) tivs
of the ridges olong [1I0]. Urea caused very stroﬁg 3}11}
twinning at 10 mA/cm2 and alone gave development of ridges
parallel to [1T0] at 60°C and 20 mA/em®, Pinally, KCNS
causcd little chonge except in the shape and size of the
ridges obscrved ot low current density. It was concluded
tiat the moin oction of the addition cgents appeared to be
chiefly to modify the crystal habit and growth as a result
of adsorption on the growing crystal surfoce.

Kumar (1955), also in this laborctory, used o
complex cyanide bath (CuCN + KCN + KOH) for the study of the
crystol growth of copper clectrodcposits on smooth electrnu
polished silver single=crystal (110) and (100) faces. He
.80 studicd the crystal growth of silver deposits from a

complex cyanide bath (AgCN + KCN + K2CO3) cn on electro-
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polished silver single-crystal (100) focce and o copper single-
crystal (100) face. In this case clectrodcposits and the
substratc both have the some crystal structure (f.c.cubic)
but they arc dissihilar metols, unlike the casc studied by
Setty and Wilman (1955).

Kuner found ncarly the samc gencral form of
dependence of deposit structure on thiclmess, current dcnsity,
bath composition and temperature, as was found by Setty
(1953) and Setty end Wilnan (1955). Some nuw featurcs were
also brought to light. The twinning was observed cven at
earlicer stages of thickncess, probably due to lattice misfit
between silver and coprer. Setty and Wilmen did not
observe any twinning below a ccrtain c.d., ond deposit
thickness,'when the dcposit and the substratce were of the
same netal, so that the effect of lattice nisfit did not come
into ylay.

It was observed in one case, that though copper
starts growing in single crystal oricntation parallel to thc
gilver (100) foce usced as substrate, it was later deposited
in a different oricntation, thet is, two-degree orientation
of copper (110) parallel to silver (100) with copper [110]
parallel to silver [011] or [011]. Deposit crystels in
single-crystal cricatation have all three crystallographic
axes parallel to the threc cube axes of the substrate lattice,

whereas, in "two-degree orientation", two lattice dircctions
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arce parallel to two directions of the substratc surface and
other latticc rows not coplanar with thesc cam take up one
of several possible positions relative to that of the
substrate lattice. The development of this particular case
of a two-degree oricntation was suggested as arising fron
twinning of the initial parallel growth and to a rotational
disorientation of the deposit - : lattice. Kunar
(1955) also showed that in some cases Cu elecctrodeposits on
Ag showed "directed-disorientation" (see 1.3.4 above).

Reddy end Wilman (1958), and Reddy ond Tilmen (
1963) investigated the structure and growth of iwon elcctro~
deposits on copper single-crystal (110), (100) and (111)
faces, This was the first extensive systenntic study of the
cathodic crystal growth of a body-centred cubic metol on a
single-crystal substrate of a f.c.c. mctal crystal, over a
wide range of thickness and current density.

TPour main stages of growth of the iron clectro-
dcposits were distinguished, characteriscd by a predominant
type of oricntation: (1) cpitaxial (two-degree) orientation
with a <111> Pe atom row along a Cu <{110> row in all cascs,
ard with a {211§, {11@5 and 3110} plane rcspecetively parallel
to the copper %110} , %100} and i;llg surfaces; (2) as (1),
but with 5211} twinning; (3) either a wide range of
orientations or random-polycrystalline structure; (4)
developnent of one-degree <11l> orientation (strongly "outward

growth"). The twinning was devcloped, in dcposits of e
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thickness, above a critical current density which appeared
to be lower on copper glll} than on {100} and 21103. This
seens to be in reverse order to what was observed in silver
deposits on silver by Setty and Wilman (1955). Under
cerbtain conditions, a new phenomenon, "one-sided” rotational
displaccnents from the above epitaxial orientations were
observed (scc above sub-section 1,3.4),

Reddy ond Wilman (1958, 1964), also identificd
Fe(OH)2 inclusions in sone of the Pe electrocdeposits.
They also studied the structure of chromium clectradeposits
at 50°C on copper singlc crystal substrates and found the
gsame epitaxial oricntations and rotational disorientations
as for the iron. Reddy (1958) and Reddy and Wilman (1965)
rriefly studied nickel clcctrodeposits on copper (110) and
(111) faces, and obtaincd orientations similar in form to
thosc obtained by Kunar (1955) for silver on copper and
copper on silver, cxcept that the misfit of nickel on copper
is small, thus no "directed" disorientation was noted,

Cusninsky (1965) studied systenatically the crystcl
growth of copper elcctrodeposits on to the smooth electro-
polished (110) and (100) faces of copper single crystals,
from a bath containing single Cu ions, namely{N/Z CuSO4 +
N/2 H2804}e1ectrolyte as a function of c.d. and dcposit
thiclkness. Though the deposits grew with the same lattice

orientation as the substrate only up to a liniting thiclmess
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before octahedral twinning began to be developed, at any
determined c¢.d.,, a new surfrce habit appeared, with oblique
plane faces, at an earlier stage well before the onset of
twinning was obscrved. This deposit thickness at which
oblique faret developnent occurred was shown for the first
time to be systematically related to the current density.
The current density-+hicknegs loci for the stage of oblique
facet developnent were of similar form to that for the
Aovelopment of twinning. The obliquc facets observed were
nostly at less than 35° 4o the mean substrate surface, and
were different in the deposits on the two substrate faces,
It was also found that the stoge of initiation of
ond of
twinning,, the growth with oblique facets occurred at a much
lower thickness, at any given current density, in the electro
-dcposits on the copper (110) face than on the (100) face.
This high degrec of dependence cf the structure of the
deposits on the density of atomic packing in the substrate
surface is analogous‘to that of the findings of Setty and
Wilmen (1955) in the case of silver on silver, Cusminsky's
results also showed strongly layer-wise growth of Cu on the
(100) face of Cu at 17 mh/cm® and 50,000 i thiclmess.
Sundaram (1966) studied the habit and orientation
cf silver electrodeposits on electropolished gingle crystal
(110) and'(;oo) faces using a bath containing simple ions of

gilver, i.e. N/2 AgNO3. The results showed systematic
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changes in the structure of the electrodeposit crystal
orientetion. At 2ll c.d. investigated for both the faces,
the deposits grow initially(gp to a limiting thickness)
parallel to the substrate, but with incrcasc in the thickness
of the Ceposit, octehedral twinning began to be developed at
a deposit thickness depending on the c¢.d. for the electro-
deposition. Like Cusninsky's results, cblique facet
developnent occurred in scme cases at an earlicr stage prior
to the onset of twinning, and in others along with twinning.

The occurrcnce of twinning and also the oblique-
facet developnent was at a lower thickness for any given
c.d. in the deposits on the Ag (110) foce than on the Ag
(100) face, Thus the structure of the deposit seens to be
highly dependent on the density of the atomic packing in the
substratc surfacc.,

The close sinilarity in the curves for Cu on Cu
(Cusninsky, 1965), and Ag on Ag (Sundaran, 1966), deposited
from their simple salt baths, was established by Sundaran
in terms of the number of atoms deposited per site per second
and the Tthiclkness of the deposits. However, the initiaﬁion
of twinning occurs at @ higher thickness for a given c¢c.d. in
the cose of copper than for silver ; mainly hecause copper is
doubly charged and silver singly. Mprcover, the ionic
mobility of silver is greater then that of copper. This
causes further minor differences in the condition at which

twinning starts.



The results of the present work (sce Results
section below) provide a further detailed systematic study
of the above type, in the case of nickel deposits on copper

substrates.
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SECTION 2.

EXPECRIMENTAL DETAILS.

2.1. Preparaticn of Polished Polycrystalline Copper
Subgtrates.

In order to prepare smooth flat polyerystalline
copper substrates, high conductivity copper rod was used.
Small pieces each of nearly 2.5 cms in length and 1.2 cms in
diameter cut from a commercial copper rod were used as
substrates after careful mechanical polishing and final
cleaning.,

The flat surface at one end of the covper piece was
ground in one direction on emery paper down to 4/0 (5
particle size) with isopropyl alcohol as lubrvricant. Affter

shing with water, the surface was further polished with
“Seivyt’ cloth wet with "Bluebell" metal polish, motmted on the
rotating dic of a polishing machine. While polishing, the
surface of the copprer piece was kept wet with isopropyl
alcohol, and the édirection of abrasion was kept the same as it
was at the time of abrading with emery paper. In addition,
the surface to be polished was kept moving radially, slowly,
to avoid deep scratches on the surface.

After about twenty minutes of metal polishing, the

surface looked very shiny and reflecting. Then it was

washed thoroughly with water, followed by dchydration in
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isopropyl alcohol and acetone. Since copper is very
sugceptible to oxidation, the oxide formed on the polished
surface was removed by keeping it in concentrated hydrochloric
acid for about half z minute, at room temperature.

After eitching away the oxide, the whole surface of
the copper specimen was washed thoroughly with distilled
water, avoiding unduec delay leading to reoxidation. The
surfacc of polycrystalline copper thus prepared and polisaed
was used as substrate on which nickel was electrodcposited
in the systematic studies described below. The eleciron
diffraction photograph from smooth polished polycrystallinec
copper is shown in Fig.2a. In the electron diffraction
photograph there are scrme faint rings due to silica embedded
in the polished substrate. The optical micrograph in pig.2b

shows the smoothness of the polished surface.

2.2, Preparation and Surfacing of OFHC (Oxvgen-—free, High-
Conductivity) Copper Sirgle-Crvstal.

Single crystals are usually prepared either from
the vapour, from a solution, from solidification of a melt
or from a rearrangement of atoms in the solid state (strein
and annceal). Different methods for preparing single
crystals have been described in the literature by Bridgman
(1925), Gwathmey (1948), Lacombe (1951), Chalmers (1953),
Setty (1953),



Y (o} Cl
] ' 1-DEGREE 60 S
OR s
sonod /] ~ ORIENTATION P lFO(( ) 5
I | < i - :
J | | 'p AR R
v)
< 60,00 | | R 2
o ooooprrAR R R 19%% Z ‘\
0 / 3
z 4 T
S [=
= 15000
r =
50004p 5000 o
5 g
v i T
g P R F a) P T-III\\
a I b TPM
o N —— s ;
o 5 o 200 {0 20 30 40 50 6cC = 1O 20 30 40
C.D.  (mA./em?) €D, ('mA./('m.z) CURRENT DENSITY (W\A./sz)
(a) 20°c. () 40° AND_(RINGED) 60°C.

Ag DEPOSITS ON Ag (110 A DEPOSITS ON Ag (111): 20°
[ SR & ONE POINT AT 60°C.

re of Ag elcctrodeposits on
Mgl Surface structure of Ag electrodeposits
> é;_.g ’ R A

Lg (110) and (111) faces
(Setty and Wilman, 1955).

P - paexalled 91‘\’01'5“’\ C g,\au f(xnts\—qi . T= §l,ll}TLsmevea+ ? =T
>K-‘ ‘;qn&vm oxta. Tp = '".lwtmmv\a on suxdaw (M) plane cnlq

() (b) x 300

i yr na e ) e, p’l
n) Typical clectron diffraciion patterns an
)
P

- o o o nh Ay ."P;‘ ’L,
Optical micrograph from smooth (mechanically

124

IS .

- | T = 1 e
polished) polycrystalline copper substrate.
polished



35 .

The copper single crystals used in the present
experiments were prepared by Drigig%e in the Departmcent of
Blectrical Engineering, Imperial College. The method
followed was by the solidification of the molten netal.

In the present experiments, OFHC ccpper of very
high purity was supplied by British Insulated Callender's
Cables Ltd. The copper supplied in the form of a block
wos sawn into small pieces and put inside a pyrex glass tube
of diameter about 1.3 cms, one end of which was closed and
drawing it into a narrow drawn—-out curving tip. Nearly six
inches of the tube was filled with copper picces, The
other end was also sealed after pumping the air out of the
tube,

The copper thus scealed under vacuum was melted in
a furnacc in the Electrical Engineering Department. Then
the molten copper was allowed to undergo slow controlled
cooling by lowering it through a temperature gradient.

When it had attained room temperature, the glass tubeiwas
broken and the solidificed rod of copper was taken out.

The surface of the copper rod so made was etched
with concentrated nitric acid for 10 to 15 seconds and then
washed with tap water. When observed carefu'lly, the etched
surface showed somc reflecting plane facets, without any
grain boundary, giving an indication that the copper rod

was a single crystal.,
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The copper rod thus prepared was cut into three
pieces each about 3 cms in length. Bach of the pieces was
examined by electron diffraction in the following way to be
sure that it was a single crystal. A flat face was ground
on the crystal down to grade 4/0 emery paper; then metal
polished and washed in the same way as the polycrystalline
substrate after polishing (see above). The polished face of
the copper single crystal was etched with 40%dilute HNOé 111
the disoriented metal was completely removed, The crystal
was washed with distilled water followed by acetone and
finally in isopropyl alcohol in the usual way. The whole
of the etched surface after polishing was cexamineéd in the
electron diffraction camera in order to be sure that it was
a single crystal. The uniform spot pattern obtained
throughcut thc surface confirmed that the epecimen was a
highly perfect single crystal.

With the help of electron diffraction patterns thec
orientation of the crystal lattice relative to the surface
was found. The desired faces were then cut with a fine saw,
L.3ing isopropyl alcohol as a lubricant and svoiding undue
pressure on the crystal in clamping and sawing. The faces
thus prepared were (100), (110) and (111). The surfecces were
ground to grade 4/0 emery paper, metal polished, washed
thoroughly and then electropolished as described below.
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2.3. The Elcctropolishing of the Copper Single Crystal Taces.

The electropolishing of metals has been extensively
studied by many workers such as Jacquet (1936, 1938, 1947,
1948 and 1949), Pullisier, Markus and Mehl (1940), Von Hamos
(1942), Honeycombe (1944), Courtel (1947), Agar and Hoar

(1947), Wein (1948), Epelboin (1949 and 1952), Kawaski(i950),
Nagai and Mano (1951), Rowland (1953%), Hencher (1954), Sykes,
Haeddrell, Haines and Mott (1954-55). Wernick (1948)
and Tegart (1956) have summarised the results of many
investigations in monographs.

Although electrolytic polishing is widely used the
exact mechanism has not been fully established in any~specific
cise. Only a general explanation has been developecd,

The metal to be electropolished forms the anode in
an electrolytic cell, and continued sclution of the metal
occurs in such a way that irregularities on the suriace
become smooth and bright. Such behaviour is clearly a
special case of nore general anodic phenonena, for it is found
that, depending on the conditions of operation and the
solution uscd, a nmctal anode can be either cectched, polished,
partially passivated, or completely passivated (cf. Evens
(1948), Kortum and Bockris (1951)).

In the prescent experiments, the electropolishing of
the copper single crystal faces was carried out as suggested

by Steiner (1953) and used by Kumar (1955), Reddy (1958) and
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Cusminsky (1965) in their experiments. The result was founl
to be very satisfactory, giving a nearly atomically smooth
surface.

In the experimental arrangement for electropolishing
a 250 nl pyrex beaker of diameter 7 cms was used as an
eleétrolytic cell with nearly 140 c.c. of 50% orthophosphoric
ecid as the electrolyte. The cathode was a copper plate
of about 12 sq cms in area with several holes drilled through
it in order to facilitate the escape of gas bubbles formed
there. The crystal was kept wholly inside the electrolyte
and formed the anode, The surface of the crystal to be
clectropolished was made to face upward. It was adjusted
L2low ond parallel to the cathode plate. The surfaces being
parallel and horizontal wcre kept about 2 cms apart. The
cathode plate was alsq dippeﬂ ingide thc electrolyte. The
current density was 0.07 to 0.08 amp/cmz, and the voltage
1.9 to 2.0 volts. The clectrical circuit is shown in PRig.3.

It has been observed that best polishing occurs
when the solution becomes blue due to its high Cu'™
concentration, Before working with the single crystal a
high cu’™™ concentration was obtained by dissolving
polycrystalline copper sheet in place of copper single
crystal as the anode.

When the electrolyte turned fairly deep blue, the

gingle crystal was electropolished. Keeping the electroliyte
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at room temperature (::2000), the time for adequate polishing
was found by trial to be 20 to 30 minutes. Before arriving
at the right conditions of electropolishing the specimen was
electropolished and examined in the electron diffraction
camera a few times until an atomically highly smooth surface
was obtained.

In all cases of electropolishing, the switch in the
circuit was switched on, keeping the cathode plate out cf the
electrolyte. Then the cathode plate was dipped into the
electrolyte and electropolished. The crystal was taken out
after polishing it for the requisite time, without switching
off the current. It was washed in tap water for 30 scconds,
then in 10% orthophcsphoric acid (to avoid any precipitate of
basic phosphate) and finally in a large amount of distilled
water, followed by acetone to remove thec water from the
surface. After this washing procedure, the surface was
etched with concentrated HC1 for 30 seconds to remove the
cuprousg oxide from the surface if +there was any. In later
experiments, the etching chemically in conc. HC1l was replaced
by 10% potassium cyanide solution.

After removing the oxide, the specimen was washed
quickly with distilled water followed by acetoue, and lastly
the surface was covered with a less volatile liquid, isopropyl
alcohol, so as to avoid exposing the clean surface to air

during its transfcrence to the electron diffraction camera
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and evacuation of thec apparatus.

Though the copper single crystal faces thus
electropolished were very bright and smooth, still for the
confirmation that they were atomically highly smooth they were
examined in the electron diffraction camera. The electro-
polished (100), (110) and (111) faces of the copper single
crystal were uscd as substratcs on which nickel was
deposited. The diffraction patterns pigs. 5 to 10
obtained from these electropolished crystal faces, all
showing well~defined Kikuchi bands and vertically elongated
spots, indicate that the crystals had an atomically highly
smooth surface,

2.4, Electrodepositiorn of Nickel from the Standard Nickel
Sulphamate Solution.

Ni(805.0H, ), 4H,0 350 gm/litre
NiCl,.6H,0 5 gn/litre
B (OH)3 35 gm/litre.

The standard nickel sulphamate solution of the
above cecmposition, supplied by British Insulated Callender's
Cables Ltd., was used as electrolyte for nickel electro-
deposition. The sgolution was of 'Analar'! grade. The
electrical circuit used'for electrodepocition is shown
diagrammatically in Pig. 4 . It is almost of the sane type
as that used for electropolishing, with the difference that

the crystal has now been made the cathode. Since the
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electrodeposition involved mostly higher current density, the
current was taken from the D.C. mains.

4 carefully cleaned 100 ml. pyrex hcaker of diameter
5 cms with nearly 60 c.c. of the electrolyte was used as the
electrolytic cell, It was surrounded by a water jacket,

A nickel sheet of diameter about 4 cms with its plane
horizontal was made the anode.

Before using the polished substrate as cathode for
electrodceposition at 5000, it was kept immersed in nickel
sulphamate solution at 5000 for 5 mins, so that the substrate
may acquire the bath temperature. The polished copper
substrate surface, facing downward, was immersed two mmnm,
in the electrolyte, holding the crystal (by ite other end in
the air) with 2 crocodile clip. The surfaces of the anode
(nickel sheet) and cathode (polished crystal) were made
horizontal to each other. They were kept nearly 3 cns apart.
Tiie temrerature of the bath was maintained as desired.

. After making the adjustments as described above,
the current already calculated and adjusted for a particular
current density, was switehed on. The electrodeposition was
carricd out at a particular temperature for a known time +to
give a desired deposit thickness at the desired current density.

Then the specimen was taken out of the electrolyte
without switching the current off. It was immediately given

a thorough wash with distilled water followed with acetone.
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Finally it was covered with isopropyl alcohol and then
transferred to the electron diffraction cemera without any
avoidable delay, and this was evacuated.

Ag for the variation of the temperature of the bath,
there was hardly any change observed morc than 19G¢ at the
lower current densities ( <3CO mA/cmz) and for short periods
of dcposition (< 30 secconds). However, at higher current
densities (> 300 mA/cmz) and for lcnger times of deposition,
tlie change observed was found to be round about 800. Still,
the temperaturc at which the electrodeposition started was
that nominally associated with the deposit for practical
purposes,

After transferring the specimen into the elcctron
diffraction camera, the whole surface of the specimen was
exanined to see whether the same diffrnction pattern was seen
from all parts of the surface or not. The diffrection
photographs were taken from different parts of the specimen
at different azinuths, Sﬁbsequently, some of the specinens
were also examined in the opticel nmicroscope under vertical
and obligque illumination of the surface,

The thickness of the electrodeposit was calaulated
from Paraday's law, but taking into account the estimated

current efficiency, B ¢~

Deposit thickness =-§E~
Eheoxekical A

where w =)\wecight of the electr%deposit in gms, A = area in

sq.cns. and £ = density of the metal in g/cm3.'
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This method gives the average thickness of the deposit.

' Deviation from 100% current efficiency only
occurred above a certain current density. The experiments
and rcsults on current efficiency are discussed further in
section 3, below.

In the present work, using electropolished (100),
(110) and (111) faces of the copper single crystal as
substrates; in addition to the mechanically polished
polycrystalline copper, the structure of nickel electro-
deposits has been studied systematically by varying the
current density, temperature, deposit thiclmess and the degrse
of stirring.

For stirring, a glass stirrer with a flat and
glightly twisted part at its end was used. Its other end
was rotated by a motor at nearly 1200 revolutions/minute.
The speed of rotation was also controlled by & rheostat in
series with the motor.

After performing the necessary electron diffraction
examination of the surface of the nickel electrodeposit,
nickel was removed from the copper substrate by boiling in
orthophosphoric acid. The surface was repolished in the

usual way and used as substrate again,
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2,5. Special Precautions Necessary for Preparing Substrates
and Tlectrodeposits for Electron Diffraction

Exanination.

(1) . Por sawing, the crystal should be clamped
lightly in between two wooden pieces inside the vice to avoid
undue pressure on the crystal. I+ should bc kept wet by
isopropyl alcohol which serves as lubricant, and at the same A
time 1t does not allow the temperature to rise much due to
the frictional heat developed in sawing.

(ii) The electron diffraction pattern from the
facc of a single crystal should be carefully studied in order
to bring the desired plane on the surface. One should
ascertain correctly from which side and end how much of the
crystal has to be renoved off before getting the required
plane, At the same time the azimuth should be chosen so
that there is minimum wagte of the single crystal, For
adequate accuracy thec surface of the crystal should be marked
with a line where the desired plane meetg the surface, after
studying the initial diffraction pattern,

(iii) After sawing the crystal judiciously, the
following operations were followed in succession., (1) The
surface was made smooth with emery paper, starting at grade 2
and ending up to 4/0 (54 particle size), followed by washing
with tap water. (2) It was then polished with "Bluebell®

metal polish, keeping the surface wet with isopropyl alcohol
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to avoid heating, then thoroughly washed with tap water.

(3) This surface was etched in 40% HNO3 solution, washing
with tap water was followed by acetone and then the surfcoce
was covered with isopropyl alcohol. If etching is not
sufficient to remove all the disoriented and deformed metal,
rings or arcs will also be seen in the electron diffraction
pattern, In that casc, further metal should be removed by
further etching until a clear and well-defined spot pattern
is obtained, which proves that the specimen is & single
crystal,

{(iv) Better electropolishing is attained when the
electrolyte has become blue due to dnigh cu’™
concentration. After electroépolishing,_thc surface should
on no account be either touched or rubbed.

(v) The part of the crystal surface other than
the polished face over which nickel hes been deposited should
also be token into comsideration for calculating the currcent
density and the corresponding deposit thickness.

(vi) The specimen of the clectrodeposit preparecd
should not be touched or rubbed during washing; otherwise
there might be deformation and disorientation of the crystal

structure,

RS R Ny e [N -
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2.6, The BElectron Diffraction Techniquc.

The clectron diffraction technigue has been evolved
since its discovery in 1927, Thomson (1928) designed and
built the first apparatus for the photographic recording of
diffraction patiterns, using fast electrons (accelerating
potential of the order of a few tens of kilovolts).

The electron diffraction camera used in the present
work (Fig.1l1l) is of thc type designed and used by Finch and
Wilnan (1937) except that the mercury diffusion pump was
replaced by oil diffusion pumps.

For high tension supply a typical half-wave
rectification circuit and saturated-diode constant-current
output is described by Finch and Wilman (1937) and Finch,
Quarrell and Wilman (1935), PFig. 12, It is intended for
cold—-cathode discharge generation of an electron beam and
the saturated diode supplies constant current to the
discharge tube. If the gas pressure does not alter, this
means that the voltage is steady across the discharge tubec,
The gspark-gap method of measuring the electron accelerating
voltage has been followed, using 10 cm diameter brass
spheres. The voltage at which the clectron diffraction
studies of the specimens were carried out was in the range
of 50-60 XV,

The source of clectrons is the cold cathode

discharge. The anode block is provided with a diaphragm in
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the form of a pin-hole of about 0,1 mm dismeter in thin
nickel sheet. A fine and nearly monochromatic beam of high
energy clectrons is obtained by allowing the electrons to
pass through the anode diaphragn.

The focussing of the electron beam on the
fluorescent screen is done by the coaxial focussing coil.
The current iﬁ&ugh the focussing coil is adjusted until the
electron image of the anode pin-hole is formed on the

luorescent screen at a distance of 47-50 cms.from the
gpecimen, Vhen a current is passed through the focussing
coil a magnetic field is produccd perpendicular to the
direction of the electron beam, and the coil serves as a
converging magnetic lens, The focal length of such a

magnetic lens is given by

8P

.2 5*"“ 2
i“m (H )% adz
- o) Z°0

il =

where i is the current in the coil, (HZ)O is the value of the
magnetic field H on the axis of the coil when unit current
flows, M= c¢/m and P is the accelerating voltage in c.m.w.
The z—axis is taken along the axis of the coil with origin
at the centre, The ordinary lens formula % = % + %
applies, where u is the distance from anode aperture to the
ccil and v is the distance from coil to screen.

I+t may be noted that rays initially lying in one

axial planc also lie in one axial plane after passing through
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the lens, but the plane is turned through an angle @ about
the axis, where
ﬁ i \\S I (+°D

) 2P J_oe (Hz)o dz

By altering the tilt of the coil a well focussed
electron beam is allowed to fall on the specimen at a
grazing incidence of the order of 4 - 1° in order to obtain
the diffraction pattern from the specimen, The electron
diffraction pattern is recorded on & photographic plate by
lifting the fluorcescent screen, which is hinged at one side.
The lif%ing operation is carried out from outside the camcra
with & rctatable knob. After exposing the plate, the inside
of the camera is brought to atmospheric pressure by letting

in air, and ithc plate is removed and developed.

2.7. Hethods of Interpretation of Electron Diffraction
Patterns.

Reviewg of electron diffraction techniques have
been given by Thomson (1970), Mark and Wierl (1931), Finch,
Quarrell ond Wilmen (1935), Becching (1936), Finch and
Wilman (1937), Thomson a&~d Cochrane (193%9), Icue (1944), and
Pinsker (1949, 1953).

“he mecthod of interpre%ing elecectron diffraction
patterns from rotating crysituls or one-degree-—oriented
polycrystalline spccimens developed by Filman (1952) in this

laboratory has been found to te very useful and convenient.
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In addition to this, methods of interpreting the Kikuchi line
patterns from singlc crystals (Wilman, 1948 a,b) and spot
patterns from single crystal groupings (Wilman, 1950, 1951)
have a8lso been developed by him in this laboratory. The
electron diffraction patterns of diffuse maxima from
molecular crystals were discovered and interpreted in this
laboratory by Charlesby, Pinch and Wilman (1939) and maxima
of a less diffuse nature of the type recognized in X~ray
diffraction as due to thermal oscillations in the lattice
were recognized by Charlesby and Wilman (1942).

A further special type of electron diffraction
rattern is that associated with a continucus or discrete
"directed—disorientation" which appears to be related with
gstresses in epitaxial layers on single crystal substretes
due to lattice misfits (Evans and Wilman, 1950; Goswami,
19503 Gharpurey, 1950; Kumar, 1955; Reddy and Wilman, 19597,

In the present work the reflection clectron
diffraction technique was used to study elcctrodeposits av
polished copper (polycrystalline, single crystal) substrates.
The diffracticn patterns obtained were in the form of cither
continuous rings from randomly oriented crystals, or spot
pattecrns or arc patterns on the ring positions due to
preferentially oriented crystals. The methods of
interpreting the ébove patterns have been discussed below

in detail.
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(i). The Method of Interpreting a Ring Pattern.

In the case of diffraction from & polyecrystalline
specimen asg in fig. 13, AB represents a plane of a given
crystal, The electron beam is incident on that at the
Bragg angle of grazing incidence 9. The incident waves
strike the crystals oriented at all possible angles and the
beams reflected from all lattice planes which arc at the
Bragg anglc 8 to the primary beam reach the screen S. Due
to the presence of crystals oriented at all angles, the
diffracted electron beams form cores of various radili due
to various parallcl sets of planes. This leads to the
formation of a ring pattern on the screen, A particular set
of planes (hkl) represented by AB in the dizgram, gives rise

to a ring of radius R on the screen -

R = L tan 2 © (1)
where L is the distance between the specimen and the screen
("canera length").

Again, the Bragg's condition of reflection from net
planes with spacing 'd!' gives

2 4 gin 8 =M\ (2)
where X is the wavelength of the electrons and n is the order
of reflection.

From equations (1) and (2),

d= NI AL/R] (3)
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when 6 is very small.

0 )
A multiplying factor [1 + % E§ + v.s ] is uscad

to give a still closer approximation. b

For any crystal, the net plance spacings are related
to the Miller indices h,k,l; the axial lengths a,b,c, of the
unit eell, and the angles « ,/3,Y between the axes.

The mathematical formulae for the net plane

spacings of some of the symmetrical crystal systcems arce as

follows:s
2 2 2
Cubic 2:.2. - h” + k2 + 1
d a
2 2 2
1 h™ + & 1
Tetragonal 52 = ___:;?E_ + ;?_
2 2 2
Orthorhonbic 32 = EE + Eﬁ + lgu
d a b c
4 2 2 12
Hexagonal S N (h + ¥° + hk) + =5 (4)
d %a c

Prom equation (3), the net plane spacings 'd' of a
crystal can easily be calculeted by measuring the ring radii
'Rt of the diffraction pattern.

The Miller indices hkl can also be worked out
either mathematically from the above equations or graphically

after calculating the net plane spacing *'d!.

The Determination of A\

De Broglie gave a relation that the wavelength of

the electrons is given by
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h

A= st

mv ’
where h is Planck's constant, m and e the mass and charge of
the electrons respectively, v their velocity and V the
accelerating potential for the electrons,
The cenergy of the electrons is expressed by

eV = % vl .

Substituting the approximate values of h, n and e,

h _ Tis0
\2mev v

Applying relativistic correction, the electron

Angstroms.

!

energy formula changes to

Mo 02 2
eV = ——— - "M c
2 (2
Vi~ vz/c
where ¢ is the veloeity of light, Hence,
N\ = he
~ 2

VeV (eV + 2m  c)
Thus, knowing all the terms in the right hand side

of the above expression A can be calculated.

(1i) Method of Interpreting a Spot Pattern.

The electron diffraction gpot pattern from a single
crystal can be interpreted in three ways:~ in terms of (a)
Bragg reflection of the primary beam from the net planes in
the crystal; (b) Laue zones of reinforccment of the spherical

wavelets scattered from successive lattice points along any
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iattice row; and (c) Ewald's reciprocal-lattice construction
for the directions of the diffracted beams.

Bragg's law gives the condition of appearance of
diffroction moxima a2s a specular reflection of the primaxy
electron beam in any net plane of the crystal, Hathematically
it is expressed as nA = 2 4 sin O, where 'd' is the
distance between the net planes, 8 is the angle of grazing
incidence A, the wavelength and n is an integer,

In the conception of Laue (1912), the primary beanm
is considered as equivalent to a plane wave, and when this
is diffracted from a three dimensional lattice, spherical
difiracted woavelets are sent out by the atoms, and the nutual
interference of these from the atoms in three sets of non-
coplanar atom rows is considered. A reguiar network of
diffraction spots is obtained on the fluoresent screen or
photogrovhic plate from the two-dimensionol lattice which is
normal to the incident becam or ncarly so. A third cton row
which is parallel to the beam or nearly so, gives a sct of
concentric circular reinforcement zonecs callcd "Leue zones'
with thelr common axis on this lattice row. The spots of
the two-diniensional pattern are then supcrimposed on these
circular Lauve zones of reinforcement. The spots become
brighter when they lic on one of the circular zones as

shown in fig. 14.
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The third method of interpretation is the Ewald
reciprocal lattice method, The reciprocal lattice is based
on three vectors a*, b*, c*, as axes, such that a* is
perpendicular to b and ¢ and of length (be sine )/V, b¥* is
perpendicular to ¢ and a and of length (ca sinp )/V, and c¢*

-

is perpendicular to g and b and of length (ab sinYy )/V, where
V is the volume of the unit cell having axes g, b, c.
Ewald showed that if a distance 1/, is marked out from the
origin in a direction opposite to the primary electron beam
and if a sphere of radius 1/) is drawn round that point,
then the strong diffracted beames occur in directions joining
the sphere centre to any reciprocal lattice point which lies
on the sphere.

Tor fast electrons, 50-60 KV, A is of the order cf
0,05 A, The radius, 1/}, , of the 'sphere of reflection' is
small compared with the distances apart of the reciprocal-
lattice points. Thus, the spot pattern on the photographic
plate, which is distant L from the specimen, approximates to
the array of reciprocal-lattice points in the plane which is
perpendicular to the primary beam, but enlarged in scale by
ratio AL : 1. Vhen this sphere surface deviates away from
the tangent plane at the origin, it will intexsect
consecu#ive parallel reciprocal lattice planes in circular
regions., This corrcsponds to circular zones of increasing

radii on which diffracted beams occur as observed on the plate.
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Finch and Wilman used the term "one-degree
orientation" when the crystals in a polycrystalline specimen
have a certain type of lattice row [ovw] in common, butb
otherwise randomly disposed azimuthally about this common
axis,. The electron diffraction pattern obtained from such
gpeciment © is analogous to that which is formed by
rotating a single crystal round the [UVW7] lattice row placed
parallel to the orientation axis. Usually, the one-degree
orientation pattern is in the form of arcs due to some
spread of orientation away from the mean orientation axis,
This leads to the formation of arcs instead of spots.

In order to analyse a reflection electron

aboulr ibs Suxjac movmel
diffraction pattern of this type, the specimen is rotated )
and the pattern is checkegisﬁether it is the same at all
agimuths. If so, the orientation axis must be normal to the
specimen surface and the Leue indices HKL of the arc which is
centred on the plane of incidence are next determined fron
the rclative radii of the set of diffractions observed.
This strong arc corresponds to a Bragg reflection from the
(HKL) crystal planes which are parallel to the mean substrate
surfacec,

For the construction of theoretical pattern for an
orientation with an(HKL) plane parallel to the substrate, the
xnowledge of U:V:W, of the  lattice direction

perpendicular to the (HKL) planes,is necessary. Wilman(1952)

2
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derived an expression for the ratio U:V:W for the general
triclinic case. The ratio for crystals of higher symmetry

are expressed as follows:

Hexagonal UsVeW = (2H+K): (H42K) 23 —mmm,
) (e/a)

Tetragonal UsVeW = H:K: L/(c/a)

Orthorhombic U:VeW = H/a2: K/bzzL/c2

Cubic UsVeW = H:K:L.

One can ecasily draw the scale diagram showing the
ring positions and the layer lines or Laue zones associated
with the [UVW] lattice row. The layer lines are practically
straight and normel to the projcctions of the [UVW] axis on
the plote. The spacing between two consecutive layer lines
being the same is given by kL/T[UVW]’ where A\ is the wave~
length of the electron beam, L the camera length and T[va]
the lattice translation vector along the [UVW] direction.
Diffraction maxima of any given type with indices HKL occur
at the interscction of HKL ring ané layer line of ﬁth order

where
h' = RU + XV + 1.

While drawing the theoretical pattern, the points
satisfying thie above conditions are marked. It is also
supposed that all the symmetrically equivalent planes of the
type {BKL} lead to the formation of diffractions on the ring
position concerned. The theoretical pattgrn thus drawn is

sompared with ' the experimental one.
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The present work involves the study of orientation
and haebit of electrodeposited crystals by eleciron
diffraction technigques. The effective depth of penetration
of elcctrons without loss of energy and thus losing their
power for interference decpends mostly on the condition of
the surface. The depth of penetration of electrons in the
cage of a flat surface at grazing incidence is very small,
whereas for rough surfaces, the depth of penetration below
the tips of the projected part is larger, Finch and Wilman
(1937) showed that the depth of penetration of electrons at
~1° grazing incidence in atomically smooth surfaces is of
the order of 40 A for crystals of light clements, such as
si, 0, C, etc, This 1s equi%alent to a penetration of about
5000 A in the beam dircction before much inelastic
scattering occurs,

The horizontal Laue zones on which the spots lie
arc considerably broadencd as a result of sma}l depth of
penctration of the beam normal o the surface, But the
vertical Laue zones due 1o the atom rows parallel to the
surface axe, on the obhexhand , relatively very norrow
Laue zoncs, The elongation of spots from an
atomically smooth surface is greater the nearsr the spots
are to the shadow edge, as in Figid.

Sometimes the refraction of the diffracted beans

at the smooth surface causeg the displacement of the centres
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of the spots towards the shadow edge. An atomicelly rough
surface without foces gives rise to & tronsmission type of
pattern whereas those with projecting facets form arrow head
shaped spots if inclined faces are mnearly parallel to the
clectron becn, In the case of smooth but corrugated surfaces
tiie number of spots in a diffraction pattern is 1arger when

the electron beam is incident along the corrugation.

(iii) TIdentification of a Material.

The identificction of the material by electron
diffraction technique is based on the formula d = AL/R,
From our experimental observations of N\, L and R, the values
of 4 axe calculated. Then a set of values is comparced with
the net plene spacings of known materials and the unknown
material is identified when there is ocgreement betwecen the two.
But this is subject to some error in the measurement of
R and )NI. in order to avoid the error involved in
determining AL, the diffraction pattern from the unknown
material is obtained in the presence of a material of known
lattice dimension, from which, with its R values, AL can be
colculated., Then the lattice dimension of the unknown

material is calculated with accuracy.
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RESULTS .

The electrolyte used throughout these experincnts
consisted of Ni(SOB.NHE)éHQO - 350 g/1, NiCl,.6H;0 - 5 e/1,
B(OH)3 - 35 g/1L. It was supplied by British Insulated
Gallender's Cables Ltd., who obtained it commercially from
liessrs. Albright and Wilson itd. Iy all cases the nickel

elcectrodeposits had the face—-cenired cubic structurc.

J¢1. Gurrent Efficiency Measurements.

The current efficiency of a reoction is the ratio
of the actual amount of naverial deposited to that cupected
thecorcvically on the basis of Faraday's laws of elecbtrolysis.
In the following experinments the measured rate and the
theoretical rate of deposition are plotted ageinst the c.d.,
and the current efficiency i1s thus the ratio of the
ordinates of these loci.,

Por the study of the variation of currcnt
efficiency with respect to current density, the clecctrolysis
was carried cut in a pyrex crystallising dish of diamecter
S ¢en., sce Fig. 15. The depth of the electrolyte was 4.2
oI, The cathode was a polished polycrystalline copper disc
of diamneter 4.7 cn. and thickners 3 nn, A nickel shcet
nearly 0.5 =, thick and 5.2 cm in dianmcter forming the anode
was adjustcd horizontal with itvs plane almost in the botton
of thc hath. The cathode plate with its polished lower

face inside the bath faced downward Hsowards the anode.
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Their faces were adjusted parallel or nearly so, to each
other. The cylindrical sides of the cathode were alsc in
contact with the electrolyte to 3 mn height, and deposition
of the metal occurred on that also.

The electrolysis was carried out for onc ninute,
nickel being deposited om the weighed cathode. Tron the
iilcrease in the weight of the cathode, thc thickness of
nickel deposited in angstrons per second wos calculated.
This experinment was done at various c.d. and thc
corresponding rates of deposition werc dcetermined,

Results werc obtained at 20° and 50°C with the
unstirred bath,and 50° and 60°C with thc stirred bath,
While stirring the elcctrolyte, the axis of the spirally
tristed glass stirrer was adjusted vertically at ahout 1.8 ca
fron the side of the bath (sec Pig.14), The stirrer rotated
a% about 1,200 r.p.n. The four sets of rcsults arc showm in
Fig.l6(a). Thc variation of current cfficiency with c.d.
at tcuaseratures 20°¢ (hath unstirred), 50°¢ (bath stirred
and unstirred) and 60°C (vath stirred) is shown in FPig.16(b).

In all these sets of results the fall in current
cfficiency below 100¢ was acconpanied by cvolution of oxygen
at the anode and hydrogen at the cathode, and ‘Lormation of a

greenish hydroxide layer on the cathodc.
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Z.1(a). GCurrent Efficiency with the Nickel Sulphamate Bath

2t Room Tcmperature (220°%¢) and Unstirred.

Observed ratcs of deposition are shown by curve 1
in Pig.16(a), It is seen tha’t there is 100% current
cfficiency up to nearly 49 mA/cm2 crda At higher c.d. the
cxperinental curve starts to branch off below the
theorctical straight line, with a gradual rise to its maxinum
peak round about 45 mA/cmZ, Then it falls to its lowest

vaeluc at about 300 mA/cmZa With further incrcase in c.d.

the curve again rises,

3.1(b). Current Efficiency with the Nickel Sulphamate Balh

at 50°C an< Unstirred.

_The obgerved rates of deposition ore shown by curve
2 in Pig.l16(a), In general nature, curve 2 resenbles curve
. with the difference that the current efficicney is found
to be 100% up to about 270 mA/cmz. After that it ssarts 4o
branch off below the theoretical straight line, i.e, there
is lcss than 100% efficiency.,

The neasured rate of deposition becorics a maxinunm

&t around 375 mA/cmz and then starts to deccrease. The wrend
in decrcase continucs up %o abovt 480 m.»‘a/cmzo after thatv,

the curve shows an abrups rise.
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3.1(c). Qurrent Efficicncy with the Nickel Sulphamate Both

at _50°C and Stirred.

Curves 3 and 4 in Pig.16(a) were obtained in two
sets of experinents, and show a variation, The upper curve
4 is ncar to thc straight line graph of the theoretical rate
of dcposition. This disagreenent between the two curves 3
and 4 is attributed to o difference in the degrec of stirring’
presunably associated with an apprecicble difference in the
posgition of the stirrer. In the case of curve 3, above
about %60 mﬁ/cmg, an extensive greenish deposit (miclkel
hydroxidle) was secn on the cathode, increasing in amount witha
incrcasc in c.d. Por curve 4, much less of this hydrori-le
was observed at similar c.d., thus it scems ¢lear that the
large fall in efficiency is assoziated with nuch of the
cathode bedoning covered with ozxide and the cffccetive c.d.
reing very much increased.

The branching of beth the curves 3 and 4 fron thae
theorctical linc starts at about 360 mﬁ/cvz. The noxiiun of
curve % is at about 380 mA/cmg c.d. and the curve then fulis
to its lowest possible position at around 500 nft/cn2 and theon
risce rapidly. The uppcr curve 4 aftcr seporating from the
theoretical linc does not show any markcd peak =nd trough
like curves 1, 2 and 3, It simply riscs continuously below

the thcoretical line.
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3.1(d). Qurrent Efficicency with the Nickel Sulphemate Bath

at 60°C and Stirread.

Curve 5 was obtained with the stirred bath at 60°C,
The deviation of the cxperineantal curve 5 fron that of the
theoretical linc starts at about 400 mA/cnz. The curve
rises always below thce theoretical straight line without

forming any crest and trough unlike the curves 1, 2 and 3.

2.2, Ilectrodcposition of Nickel on a Rjtating Cathode,

The substrate used as cathode was a solid
cylindrical piccc of polyecrystalline copper of 1.2 ¢n in
dianeter and nearly 2,5 cms long. The lower end of +the axis
of the driving notor was attached to & small hollow netallic
cyliader of length nearly 2 cn and inner disneter 1.4 cn.
One of the flat surfaces of the copper substrate was
nechanically polished, cleaned snd nade oxide frece, in +he
usual way {see 2.1). I+ was kept in nickel sulphanate
solution at 50°C for 5 niautes.

The copper picce was then fixed by screws to the
lower end of the vertical axis of the driving motor, so that
the polished copper surface faced downward parallel to the
horizontal anode, The distance between the electrodes wasg
kept aboui %2 c¢n. The height of the catholde was adjusted in
such a way that only 2 mnm of its léngth was inside the
elcctrolyte in addition-to the horizontal surface facing the

anode. During the experiment the cloctrical conncetion to
O
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the rotating cathode (at about 1200 r.p.m.) was made through
a slip ring. The results on the ssationary cathode on
uvnstirred end stirred baths were also obtained undex
ginilar conditicrns,

mhe experimental results are shown in Tabkle 1, and
also, for comparison, the results under sinmilar conditions
on a stationary cathode in the unstirred and stirred baths
at 50°C, Typical clcectron diffraction photographs are
shown in PFig.17.

I+ is seen that both the stirring ancd cathode
rotation have similar type of effect in pronoting the
sateral growth type of orientation, with (100) planc

sarallel to the cathode,



Current Deposit

Density Thickacss

mA/cm2 A
300 10,200
300 15,300
300 61,600
490 22,000

Table 1.

Nickel Oricntation *

Cathode Rotated Bath Stirred DBath -

Soluiion
Tnstirred

s(iooft
+ tr (210)

S(100)7T
+ tr'ill twin.
or (111)

5(100)
+ M1} twin.
or (111)

s(100)F
P(110) +

F{210)

§(100)F

+ F(110)

+ P(210)

Unstirrecd
Cathode Cathode
Stationary Stationary

s(100)¥ s(1005F

S(100) 5(110)

+ 1(210)

+ tr. {i11]

twinning

or (111)

S(100) 5(110)

+ M1

twinning

or (111)

S(lOOf# Randon
+*

M(2100) s(110) +

+ 11(210) (210)F

+ F(110)

*
S=gtrong, ¥ = nediun, P = faint, tr = trece.

»:‘-;_:

Strong refraction of the electron beams by snooth planc
surface of this itype.

* = Chserved aftecr etching away the oxidc on the rough
deposit, with 5% 52304 for 10-15 sces.



12L

. bt ars - . e e 3 didie - " 24
Yig.17. Ni clectrodeposits 15,300 4 thick at 300 ni/con
on polycrystalline copper, 2t 50°C,
(a) using the unstirred bata and a stvationary Cu caihode
(b) wusing the unstirred vath and a rotated Cu cathode

(¢) wusing the stirred batrh and a staticnary Cu catholc



5.3+ The Degree ¢f Unifornity of Current Density Over

the Cathode Surface.

In all the present experiments, the electron pean
vas used at graszing incidence of about & to 1° to deternine
*tae deposit surface struciure. The bean thus inpiages on a
length of about 2 to 1 cm respectively, from the bottom efge
of the egpecinen upwardss as conparced with the diamcter of
the specinens used of the order of 1 em, The diffroction
pattern is thus contributed to by both the coentral region
and the outer edge region of the cathode, which may in soue
cases have different crystal orientations. The experivents

(P. 127)
belowkwere nade to test this possibility in scoveral cases.
In the prescnt case, it appcars that the ¢.d, is appreciadbly
higher near the edge than in the nain central area, o8
indicated hy visual appearance- (roughness and in certain
cases greenish hydroxide deposits).

Such considerations have becn noted by Tinch ond
Tayton (1951). They indicased that the conplexity in their
zlectron diffraction results of copper deposit was duc to *the
inequelity of the c.d, distribution.

The degree of lack of unifornmity depends upon c.d.,
e.g. Tagner (1951) showed that greater unifornity of c.d, at
different parts'of the cathode is to be expected at low c.d.
As the nean c.d, is increased, a larger proportion of the

current ig carried by the edges and corners of the catholdes

since th~ current lines pass in part outaide the space
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vetween the electrodes. Iikewise, non-uniform current
distribution results if the electrodes are not plane.

In addition, the current distribution depends on
the composition of the bath. As first pointed out by
Pfannhauser (1901), the higher the polarisation, i.e. the
slope of the potential-c.d. curve for the cathodie process,
the more uniform is the current distribution.

Consequently, as explained by nunerous authors,
notably by Foerster (1923), Barth (1923), Haring and Blum
(1923), Gardan (1937) and Agar and Hoar (1947), the current
distribution in an electrolytic cell is determined by (a)
the polarisation curve (electrode potential plotted versus
c.d.); (b) specific electrical conductivity; and (e¢) linear
dimensiong, such as breadth of electrodes, distance between
anode and cathode and distance between crests and troughs of
profiled electrodes, Moreover, Kasper (1940, 1942) showed
how the current distribution can be calculated quantitatively
if a lincar relation between electrode potential and current
density is assuned,

Using an unstirred bath at 50°¢ the nickel deposits
on polyecrystalline copper substrates always show lateral

o, (See Fig 18)
growth of (100) type at c.d. up to 220 ni/cn4  Beyond that,
very ninute traces of outward growth type of orientations,
such as (210) or (110) start appearing with the nain (100)

oricntation in some cases. Evidently at this stage the
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outer edge rogion of the cathode (of higher c.d.) begins to
show traces of a nore outward growth type of oricntation.

In the stirred bath, the other conditions remaining thec sauie,
this staze occurs at about 300 nﬂ/omz, agein giving tracces

of (210) with the main (100) owvientation as is evident fron
the diagran, Fig.38.

In the above transition regions, the outer part
of the deposit surfaece roughly within 2 nrr fron the edges
of the 1.2 cm dinncter cathode looks rougher than the
central part. Sonc blackish rough deposits are also
observed ncar the edges. The electron diffr-ction patterns
from the central and cdge regions of the deposit surface
show indeed apprcciably different orientations (seec Table 2).
The orientation of thoe nickel in the central region is of
the type which would have been expected towards the lower
side 0f the besnoiilon Cl.d., wleLoads 1 bthe edge roglion fnc
nickel crystal orientation is the sane as on the higher side
of *rcz traneition c.d. Thie agreea with the suggested
increcase in c.d. fron the central to the edge region of the
cathode surfacc,

When the celectron beam was incident across the
niddle region of the deposit it gives nmainly the diffraction
pattern fron the nain central region of ncarly wniforn c.d,,
together with a ninor conmponent fron the narrow outer part

of the deposit surface where the c.d. is higher. If the
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sare deposit surfrce is examined by aliowing the beanm to
graze the surface near the edge, it gives patterns
predoninantly showing the orientations which were comnon
towards tlic higher c,d, side of the transition regiom.

some of the typical experimental results arc showm
in Table 2.

Sortie typical clectron diffraction photographs
corresponding to the central and the edge region of the sare

deposit surfaces arce shown in Fig.l9.



Temp, Substrate

50 Polycryst

Cu
50 n
50 n
20 n
50 Cu{110)
50 cu(110)

Tenp Substrate

50 Polycryst

Cu
50 i
20 i
50 Cu(1ii)

I.D-L'LBIO:E: 2 .

UNSTIRRED BATH,

c.do,

?ﬂﬁy/OZIQ

270

270
300

30
320
260

Denosit

thickness
A

10,000

30,000
45,000
30,000
60,000
61,000

STIRRED BATH

Cellyp

ﬂA/om2 thickness

440

400
50
+60

Deposit

A
30,000

30,000
10,000
47,000

129,

Orizntation of the nickel
deposit,

Central Cuter part
part

(100) .(100)+(110) +
(210)

(100) (100)+(11C)+@10)
(110) R*

(100) (110)+(210)
P4T* R*

(100) (110)+(21.0)

Oricntation cof the nickel
Aevosit

Central Quitexr nart
Lart

E1103+ R*
210

(100) (110) + (210)

(100) (110) + (210)

(100) (100) + (110) +
(210)

s

¥ P+T = parallel growth with strong twinning.

I

* R

the surface hydroxide,

randon polycrystalline nickel after ctching awey
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Symbols Used in Figs.18, 38, 54, 64, 68, 79, 87, 102,
108, 116, 122, 126 and 131,

i+l = Parallel (100) single-crystal orientation on the
cu (100) face,

= Parallel (110) single-crystal orientation on the
Ccu (110) face.

/A = Parallel (111) single-crystal orientation on the
Cu (111) face.
R = Random polycrystalline surface structure.

Surface hydroxlde layer; the structure observed after

>

etching away the hydroxide is denoted by the
symbol inside the circle.

r-<> Small amount or much random polycrystalline Ni.
<> One-degree (111) orientation.

[}

+ -3» One-degree (100) orientation.

+
1
4
1)
]

T or R %’t or T - - - Little or much {111‘] twinning.

‘i L» One-degree (110) orientation.

[
t

; -- Zpne-degree (210) orientation.

~--.# Close-packed hexagonal structure (only observed

in one deposit).
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3.4, The Structure and Growth of Nickel Tlectrodeposits

on Mechanically Polished Polycrystalline Copper

Substrates, from the Standard Nicxel Sulpharate

Solution at 50°G.

Ain electron diffraction study was nmade of the
gtructure, growth and orientation of nickel electrodeposits
on snoctn nechanically polished polycrystalline copper
substrates, with a wide range of current densities fronm 1
to 600 ri/cn®, and dcposit thickness from 200 %o 102,000 A,
The rcesults at roon temperature (32000) arc described later
in scetion 3.8.

Fig.2(2,b) shows the typical elcctron diffraction
prttern with its optical nicrograph from the snmooth
nechenstcally polished polyerystalline copper used as
substratec.

3.4.1.001ickel deposits on_potyerystallineg copner, using the
sviphanate bath ot BOOQL_gnd unstirred.

Mig,.18 shows diagrammatically thoe orientation of the
niclol ervstrls in the surface region (tc o depth of the
order of 100 A) of the elechtrodeposits at the various c¢.4.
ard thicknesses studied. This makes clear the nature of the
depsncenece of the structure of the nickel clectrodeposite on
the current density =~nd thickness,

On the besis of the results obtained, the whole

diagrann has been divided into four nain regions rarked in

Py
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¥ig.18 as I, II, III and IV. In each region the nickel has

a particular type of crystal orientation. The lines
indicate the positions of the relatively narrow zones of
transition of the deposit structure fronm that of one region
to that of the neighbouring region, The region II has been
further divided into the two sub-regions II(A), II(B); and
region IIT into ITII(A), ITI(B); and region IV into IV(A),
IV(B).

The sprcad of the electrodeposit crystal
orientation from the nean, as shown by the angular spread of
the arcs Tron their mean positions in the electron
diffraction pattern,; has been found to dccrease with
increasing deposit thickness, for the typcs of orientations
observed, The shortening of the arcs, as the deposit
thickness incrcased, is more rapid below 40,000 A thickness,
<2yond that, it gradually tends to becoue constant, Pig.20
(a to £ ) show . the variation? of thec angular spread of the
arcs for the orientations (100)5&2& (110), in relation to
depcsiv thickness, at various current densgitics, Fig.21

shows the angular spread of thc ares (i.e. of (100)
orientation~ ) in relation to current density, at constant
thickness,

The deposit thicknesses plotted in Fig.18 werc
estinated taking into account the current cfficicncy, at each

c,d., as estimated in section 3.1.
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Region I3 Nickel in o mixture of (111) and (100) orientations

This is a very small region extending from 1 to 75
mA/cmg, and dcposit thickness up to about 5,000 4 at 1 nk cm2
and decreasing as the c.d. increases, to zero at about
75 mA/cmE(S@LFiﬂig)-

The diffraction patterns such as Figs, 22 and 23
show an arc centrecd on the plane of incidence, on both the
111 and 200 ring positions. This indicates that some of
the nickel crystals were oriented with a (111) and sone with
a (100) plane parallel or nearly so to the substrate surfédce.
The other arcs in these photographs correspond to one-degree
(111) and (100) orientations respectively, that is, with
random azinuthal crystal orientation. at 1 mA/cm2 and
500 4 thickness (or presumably less), the (111) orientation
‘3 more pronounccd than the (100), see Fig.22. At higher
thickness or c¢.d. the converse is found, e.g. Fig.23. Fig.
24 (a and b) shows thc thecoretical diffroction positions for
onc—-degree (111) and (100) orientations.

In the diffraction patterns, the arcs centred on the
plane of incidcenece have an angular spread fron the mean
positions which decrcases with increasing thickness, The
deposit is very bright up to about 3,000 A thickness at
1 mA/cmg. Thicker deposits are less bright, due to their

rougher surface.
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Region II(4); Nickel in (100) orientation without twinning.

Pigs. 25, 26 and 27 show typical diffracticn
( see Fiqi8)
patterns. This region,was studied up to 102,000 4 deposit
thickness and occurs above region I. Here, the results show
very strong onc-degrec (100) orientation of the nickel
crystals, without any other orientation being also prescnt.
in deposits_thicker thon 5,000 A, it occurs in a narrow
region of c.d, up to 30 mA/cm2c
Ag Dbefore, the spread of the arcs corresponding
to (100) orientotion becomes shorter with increasing
deposit-thickness, as shown in Pig.20. The surfoce becones
rougher with increasing thickness and so less bright,. Un
the other hand, deposits of the order of 30,000 A or nore
in thickness show diffraction arcz strongly drawn out
vertically towords the shadow edge, indicating relatively
snooth cube faces on the ‘100) oriented crystals (see Fig.27)

fegion II(B); Nickel in {100) orientation with different
anount_of §111% twinning.

Ilicpresentative photographs of deposits in this
(see By 19)
region are shown in Tigs, 28 to 32. This is a wider rogiony
lying betwcen c.d, 30 and 270 mA/cmz. ‘The thicknesses
studied extend up to 102,000 A, it is a region
predoninantly of onc~degree (100) oricatation.  The (100)

oricntation is accompanied by 5111} twianing, as shown by

the two arcs on vhe 111 ring position below the 200
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arc on either sidc of the plane of incidencc.

Fig.24(e) shows the theorctical patitern to be
sxpected fron the twins which combine to form one-dcgree
{221) orientation. Besides the 111 arcs referred to, the
expectcd arcs on the 200 and 220 ring positions are seen in
Fig.28(a), The Elliﬁ twinning occurs somctines in small
anount and in other cases in a larger anount.

¥ig.28(b) shows an optical nicrograph from the
depqsit which yielded the diffraction photograph shown in
Pig.28(a), This shows an appreciably rough surface with
projcctions of the order of 2 microns in diancter, The
surface of thc deposits is very smooth and bright up to
«bout 30,000 A, Thicker deposits becone duller and less
bright, due to increasing degree of roughness, but the
diffraction patterns then show arcs strongly drawn out
vertically towards the shadow edge, indicating snooth (100)
faces on the (100) oriented nickel crystals (see Fig.27), -

Figs. 29 (2,b) and 30 (a, b) show typical clectron
nicrographs from carbon rep.icas of Ni deposits at 200
mA/cm2 and thickness 10,200 A and 61,200 4 rcspectively.

The deposit surface is seen to be uneven and no well defined
crystals faces can be rccognised, Pig. 30(b) secns 1o

show crystal grains of about 400 A, dlametex.
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Region III(4A); Nickel neinly or partly in (210) orientation
with small amount of (100) and (110).

Fig.33(a) is typical of thec deposits in this
5 (see Fiq 18)
narrow region bebtween c¢.d. 270 and 600 mA/cmAC The
diffraction pattecrns obtained from deposits show a mixture
nf (100), (110) and (210) oricntations (see Figs. 18 and 24).
The deposit surface, even at a few thousand angstrons
thickness, is less bright above 300 mA/cn®.  The optical

—icrograph corresponding to the diffraction pattern in

Fig.33(a) is showm in Fig.33(b).

Region III(B); Nickel mainly 3n (110) orientation.

Pig.34 shows the (110) orientation of anickel
clectrodeposits in this region (cf. Figs. 18 and 24). In
the lower part of it cxbtending betwwecen c.d. 270 and 600
mA/cmz, and above sub-region III(L), mainly onc-degree (110)
orientetion occurs with a trace of (210) at lower thicknessecs.
The deposit surface becornies rougher above 300 mﬂ/cmz.

The upper part of this sub-region is a i1egion
waerc one-degrec (110) orientation occurs exclusively, lying
at the higher thicknesses, mainly between 270 and 320 mﬁ/omz,

but dcereasing in width with increase in deposit thickncss,

Region IV; Hickel deposits showing a surface bydroxide laver.

In this region which lies on the right hand gide
of thc broken line curve in FPig.l18, there was evolution of

gas during clectrodecposition of nickel, The surface of the
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deposits was covered with a greenish rough coating, probably
nickel hydroxide. Sometimes, around the edges, black
deposits were also ovserved. The diffraction patterns
obtaincd from these rough surfaces were diffuse haloes, €.8.
Pig.35. The pattern does not correspond to Ni0 (f.c.cubic,
a = 4,17 A), but indicates the presence of nickel hydroxide.,
The two strongest rings have radii of 0,88 and 1.50

cn, corresponding to spacings of 2.80 and 1.65 4 (both +a
fow %) The ratio of these is close to 1.73, thus these
rings could be the 100 and 110 diffractions of Ni(OH)2
agreeing well also with the spacings calculated from a =
3.117 A for Ni(OH)z. Two very faint additional diffusc
rings occur at radii about 1.0 and 1.3 cn, presumably
correspond to 10& and 110 type of diffractions. Gerner
(1938) found indecd by electron diffraction that Ni(OH)2 is
forned when German silver (a nickel alloy) is inmersed in
wa.ter,

After the deposits had been etched in 5% 4il. Hy80,
for 15-20 sec., the undcrlying metal surface was exposed
and yieclded electron diffraction patterns characteristic of
f.c.cubic netal,

This region sets in roughly at 320 mA/cn2 around
24,000 A doposit thickness and extends to 600 md/cn® or more.
The orientation of the netallic electrodeposits is different
in the two sub-regions IV(A) ((110)-oriented nickel with
(210)) and IV(B) (random nickel), which are discussed below

separately.
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Region IV(A); Nickel in mainly {110) orientation below

the surface hydroxide.

(see Fiq 18)
In the lower part of this region>jhe derosits

were rough surfeced and showed strong (110) orientation, with
either a snall proportion or much of the nickel in {(210)
orientation as in Fig.36. Above about 11,000 A and 500
mA/cmZ, there is only very little (210) orientation., This
region extends from necarly 320 to 600 mA/cn2 and deposit

thicknesses of about 6,000 to 30,000 4.

Region IV(B); Nickel in randon orientation below the

This sub-region occurs at higher deposit
thiclmesses than sub-region IV{A) and continues up to large
thicknesges (=~ 70,000 A or more) with the same structure,

The deposit surface was rough and the diffraction photograpi
from it is shown in Fig.37 Here, the metal crystals in the
surface recgion of the deposit are randouly oriented, giving a
cing pattern. Thus it is evident that the nickel crystuls,
though oriented in the lower part of the deposit, are no
longer deposited preferentially in any definite orientation
at deposit thicknesses like thosc defined by the lower 1linit
of region IV(B) (joining the points roughly at 300 mA/cm?,
46,000 A and 600 mA/cm29 24,000 A). The deposit thickness
above which the nickel crystals grow in randon orientations

decrecses with incrcasing c.d.
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(a)
(b)
(c)
(a)
(e)

One-dcgree
One—-degree
One-degrec
One-degree
One~degree

(e)

Pig.24., Theoretical patterns of diffraction.

(111)
(100)
(110)
(210)
(221)

orientation,
orientation.
orientation.
orientation,
orientation equivalent to

illl’} twinning . of +he (100) ovienked. cras{ol..
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REGION II(A) OF FIG. 18.

: . g0l
olycrystalline Cu, wnstirred bath, 50 Co)e

Bl .25 .
680 L Ni at 100 nA/cmZ on polished polycrystallinc Cu,

P 0
wetirred bath, 50°C.

Pig.26., Pip.27 «

o B had
10,200 4 Ni at 1 ni/en” on 61,200 A Ni at 10 ni/cn
polished poliycrystalline Cu, on polishcd
unstirred bath, 50°C, polycrystalline Cu,

ungtirred bath, 50°%
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3.4+.2, Nickel deposits on polycrystallinc copper, using the

sulphanate bajghat.BOOC and svirred.vigorously.

Using the stirred bath, the surfoce orientation of
the deposits was studied systematically from 1 to 600 nA/cm2
and up to 102,000 A deposit thickness, and the resvlts arc
shown in Fig.38. It is found that the variation in
structurc, growth and oricntation of nickel clectrodeposits
on polycrystalline copper substrates at 50°C is a function
of c.d. and deposit thickness, as in the casc where the
unstirred bath is used. The nature of the deposit surfoce
crientation is different in the four divisions of the entire
«lagran marked as rcgions I, II, IITI and IV. Bach regicn
is discussed separately beclow.

The angular spread of orientation away from the
nean oricntation is found to decrease with inercase in
thickness at any particul=r c.d. This variation is shown
in Fig.20(a to £ ). Tig.2l . shows the variation .
of oricntation-spread with increase in c.d. at any
particular decposit thickness.

The dcposit thicknesses plotted in I'ig.38 were
ecstinated, taeking into account the current efficiency, at

each c.d., as cstinated in section 3.1.



Region I; Nickel in a mixture of (111) =nd (100)
orientations.

Pigs. 39 and 40 arc characteristic diffraction
(see Fig38)

patterns fron doeposits in this regioe& This region occurs
ohly at low c.d. and deposit thickness., Here the one-degree
(111) oricntation is developed together with the cube-face
cricentation. At low deposit thickness (from about 1,000 A
at 50 mA/cn® o 4,000 4 at 1 mA/en>) the (111) snd (100)
orientations are about equally represented (see Fig.39).

With incrcasing thickness and/or c.d. the cnount
of (111) orientation is reduced (sec Fig.40) and ultinately
disappears (giving place to region II). Roughly, rcgion T
extends fron 0 to 140 mA/cm2. The deposit thickness
exhibiting the characteristic structure of the region gocs
on decrecasing with increasing c.d. It cxtends up to 4,000 A

ot 1 mA/cr.12 and tends to zero thickness ncar 140 nA/cmz.

kegion IT; Nickel mainly in (100) oricntation, but sometircs
with traces of (111} twinning and/or one-dcgres

210) orientation.

Pigs. 41, 42, 43(a), 44(a) and 45 are the tyrical
clectron diffraction photographs. TFigs. 43(b) and 44(b)
arc the optical nicrographs corresponding to Figs. 43(2) and
44{(a)., Pigs. 46, 47 and 48 are the scanning electron
nicrographs of the deposit surfaces.
Thege electron diffraction photograyhs and

nicrographs defince the surface crystalline structure and -the
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degree of surface roughness respectively. Thc opticeal
nicrograyhs (sce Fig. 43(b) and 44(b)) evidently ccnsist of
projections .about 4 nicrons in diameter in the case of
dezosits about 50,000 to 102,000 A thick. In this region
I, the crystals developed mainly cube~face orientation,
i.e. the nickel crystals tend to grow prefcerentially with
(100) piones parallel to the nean substrate surface or
nearly so.

The refractive drawing out of the arcs vertically
in the cese of thick deposits (40,000 A) incicatcs that
the crystals have dcvcloped smooth cube faces (sec Pigs.
13(a), 44(a) and 45). The specinens are bright even up to
25,000 A and 400 ni/cn®, unlike those fron the wastirred
bath, where the roughening sets in earlier. This reg%pn
covers a wife range of c.d. (410 mA/cmz) an® thickness
(102,000 A). At the carliest stage ~400 to 1,000 A
thickness, thc diffraction patterns were closcly similar to
Pig.41 up to 350 mh/en® in region II. Though the (100)
oricntation is the nost proanounced, sone snall traces of
other oricntations accompany it in nany casces at c.d.
between 300 and 410 mA/cmz.

Below 286 nA/cm2 snall traces of {;113 twinning
of the nein cube-face oriented crystals nay be indicated by
several foint additional arcs in sone cescs. Above 280

mA/omz, traces of one~-degree (210) oricntation occur in
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varying anount, with or without the snall traces of {;11}
twirning of the main (100) orientation (see Figs. 44(2) and
45).

Conparing the diagrams Figs, 18 and 38, it appears
vtnat stirring the bath has had an appreciable effcect in‘
extending the region of (100) orientation to higher c.d,.
as well as reducing the degree of roughness of the deposit.
Using the unstirred bath, the region IT extends mainly up to
270 mA/cmz, whereas in a stirred bath it goes up to 410
mA/cmz. This shift of 140 mA/cm2 is due to the stirring
causing the naintenance of the supply of cations to the
solution near the cathode surface. This favours the
Mlateral trype of growth, in cube-facc orientation, up to
higher c.d,

Region III; Nickel in (110) and (210) oricntations
without surface hydroxidc.

Figs. 49, 50 and 51 sbow the typical surfnce
(see Fiq.38)

structurcs in different parts of this regiogc In this
vegion thc cube-face orientation no longer occurs., Some of
the nickel crystals tend to grow with one-degree (110) and
with (210) orientations. In the narrow part of this region
ahove 20,000 L dcposit thickness and within the c.d, range
410 %o 445 mA/cmz, the one-degreé}ig)less pronounced than
the (210). Delow 20,000 A, and betwecn 410 and 580 mA/cn?,

{210) and (110) orientctions are nearly equal in anount.
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Region IVy; ©Nickel dcposits showing surfacc hydroxide layer.

This region 1ies on the right nand side of the
broken line curve in Fig.38. At c.d, withir this region,
therc was cvolutiorn of gas during electrodeposition of nickel.
The surface of the deposit was covered with a greenish rough
coating, prcbably nickel hydroxide, as cxplained in the case
of the unstirred bath, The electron diffraction pattern
fron the nickel hydroxide coated surface was sinilar to
Fig.35.

This region scts in roughly at 450 mA/cm2 and
above 30,000 A thickness and extends to 600 mA/cm2 Oor nore.
The oricntation of the metallic electrodeposits after
etching away the nickel hydroxide layer with 5% sto4 for
15 seecs. is different in the two sub=-recgions IV(4) ((110)
oriented nickel with (210)) and IV(B) (randon nickcl), which
are discusscd below.

Eegion 1V(A); Nickel in (110) and (210) oricntaticns
below the surface hydroride,

This sub-region lies betwecn the lower part
of region III and sub-region IV(B). The underlying netal
surface aficr ctching away the nickel hydroxide layer shows
that some of the nickel crysztals grow with one-degree (110)
and soric with (210) oricntations as shown by the diffraction
photogravh in Fig,52. Below 5,000 A Jdeposit thickness the
oricntations (110) and (210) are nearly equal in anount, but

above 5.000 A, the (210) is more pronounced than (110),
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Region IV(B); Nickel in random orientation below thec

surface hydroxide.

This sub-region occurs at higher devosit
thickness than the sub-region IV(A) and continues to large
thicknesses (60,000 A or more), The diffraction photograph
fron the deposit surfaces in this regior is as shown in
I'ige53. In this sub--rcgion, the nickel crystals in the
surfnce region of the dcposit (after etching away the
hydroxide) arc rondonly oriented and give a ring paftern.
Thus it is evident that the nickel crystals, though oricnted
in the lower part of the deposis, arc no longer deposited
prelferentially in any definite orientation at dcposit
thizknesses defined by the lower linit of sub-region IV(B)
(joining the points roughly at 450 mA/cmg, 50,000 A and
€00 mA/cmg, 11,000 4A). The deposit thickness above which
the nickel erystels grow in randon orientation deccrcases

with incrcasing c.d.
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REGION III OF FIG. 38.

(Polished polycrystalline Cu, stirred bath, 509C) .

N
Fig.43. 1500 A Ni at 500 mA/cem“ on polished
volyerystalline Cu, stirred bath, 50°C.

Fig.5C. 19,500 4 Wi at Pig.51. 27,000 A Ni at
440 nA/cn® on polished 440 mh/cn? on polished
polycrystalline Cu, polycrystalline Cu,
stirred bath, 50°0, stirred bath, 50°C.
REGION TV(L4i) OF IG. 38 REGION IV(B) OF IPIG., 3¢

Fig.b2 17,000 A i at Fig.53. 27,000 A Ni at
600 mA/cr* on 1olished 460 nA/cr® on polished
polycrystariline Gu, polycrysteolline Cu,

stirred bath, 50°C. stirred bath, 50°C.
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3.5. The Structure, Growth and Orientation of Nicksl

Electrodeposits on an Atomically Smooth Electro-
polished (100) Face of a Copper Crystal from the

et e g 1 e

The electron diffraction study of the structure,
growth and orientation of nickel electrodeposits on an
atonically smooth clectropolished (100) face of a copper
single crystal was nade over a wide range of c.d. and
thickness, i.e. 0-600 nA and 0~-61,000 A respectively.

Figs. 5 and 5 show typical electron diffroction patterns
illustrating the atomically smooth nature of the clectro-
polished copper (100) face used as substrate. Two sets of
results obtained with unstirred and stirrcd baths are shown
in Figs. 54 and 61, and are discussed scparately.

FeHo L Nickel electrodeposits on tne copper (100) face,

fron the sulphamate bath at 50°C, when tho bath
is unstirrcd.

Fig, 54 shows diagramnetically the cxperinental
results., It shows the surface structurc, growth and
orientation of the nickel electrodeposits at various stages
of thickness and c.d,. The change of the structurc abteve
a certain c.d., divides the whole diagran into’two main

rcgions as (Jdescribed below,
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Region I3 Nickcl only in a single crystal oricntation, with
axcs parasllcl to those of the copper single crystal.

Figs. 55 to 59 show typical clectron diffraction
photographs. Pig.59 also shows the optical micrograph
corresponding to its nickel 609001t diffraction pattern.

(s=e Fi

This region Iknxteggb mainly up to 250 ﬂA/cm
(bOG Pig.51). Beyond 250 mA/cm , 1ts upper linit of deposit
thickness decreases with further increase in c.d. and
finally is practically nil beyond 390 mA/cmz. At all
thicknesses investigated from 100 to 61,000 A, the nickel
deposits show single-—crystal structure with the cube--axes
parallel to those of the copper single crystal uscd as
substrate.

The squarc arrangenent of spots when the clectron
bean is parallel to thc cube ecdge is obtained in Figs.55(a)
t5 59(a)., The "contred W2-recactangle" spot patterns with

Nz -side horizontal, when the elcctron beam is salong the cube-
face dicgonal, are shown in Figs. 55(b) to 59(b). The
diffraction spots 1ying in the planc of incidence have Laue
indices 200, 400, ... showing that the cube facc is paraliel
10 the surfrce or nearly so, i.e. parallel to the Cu(100)
face.

The diffraction pattern at 300 mA/cn® and 500 i is
similar to that at 200 mA/cm® and 340 4 (cf. Fig.57). The
diffraction pattern at 100 mA/cm2 and 200 A {cf. Fig.55) is
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nearly similar to those at lower c.d. (2:20 mA/cmE) up to
30,000 A,

The deposits at very low thickness, of the order
of a thousand angstrons, gave patterns in which spots are
vertically nuch elongated normal to the shadow edge. This
elonzation is due to refraction at, and low penetration into,
the atomically highly sncoth crystal surface, which is
evidently parellel to the copper (100) face of the substrate.
At thicknesses of a few thousand angstroms; un to 30,000 A
or nore, thc electron diffraction spots are still nmainiy of
this form, but show increasingly sonc degree of fanning out
radially fron their upper ends which correspond to the
wnrefracted spot positions (as in transnission). This
indicates an increasine waviness (roughening) of the surfacc
forn., The slopes of thc nore or less undulations tend to
be near to (311) (or (411)?) and (310) plancs, though no
extensive Tacet developnent is indicated until nuch higher
thickness of the order of 60,000 A,

Pig.59(c) is the optical micrograph of thc 61,000
A deposit surfoce. Though there are noticcable projectione,
the surface is not very rough. In appearance, the dcposit
surfaces in this region I were very bright cand shiny
throughout. A4t 61,000 A, the "arrow-hcad" shape of the
Ciffraction spots is evidence of the devclopnent of
extensive oblique faces parallel to the particular types of

planes, i.c. (511) ond (310).
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Region II; Nickel deposits showing the surface hydroxide
layer.

This region lies on the right of the broken line
i.e. nainly above 250 mA/cm® in the viecinity of 30,000 A in
Pig,54. In this region, the electrodeposition is
acconpanicd by evolution of gas, this being more vigorous
with incrcasing c.d. The deposit surfrce was coated with 2
rough grcecenish dcposit, probably nickel hydroxide. The
diffraction patterns from the hydroxide-coated surfaces were
diffuse (cf. Fig.35). The underlying netal surfaces aftcr
etching away the hydroxide layer in 5% dil. H,80, for 15-20
seconds gave clcar f.c.cubic nickel patterns. On the basis
of the structure results, this region has been further sub-
divided into sub-regions II(A) and II(B), whichk are Adiscussed

below,

Sub-rezion II(A); The nicrel just below the hydroxide layer

in parallel sgingle-crystal growth to the

copper crystal substrate.

I'ig.60 shows typical diffraction results in this
sub~region, which is cnclosed between the broken and
continuous lines in Fig.54. At low thicknesses, up to=
500 A, this sub-region lies between 390 and 490 ni/cn®.
Here thce nickel deposits after etching away the surface
hydroxide layer, show very snooth single—crystal surface in
parallel growth to the substrate crystal, without any other

additional structure. The diffraction pattern fron a thin
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deposit of the order of 700 A at 400 nA/cm2 was sinilar to

that in 2ig.60.

Sub-region II(B); The nickel just below the hydroxide layor

nainly in parallel growth to the copper crystal, with

a 1little §1211% twinring, in sone_cases a little onc-

degree (110) oricntation, »ilus an increasing proportion

of rendonly oriented crystal.

Typical diffraction photographs arc shown in Figs.,
61 to 63. Within the c.d. range investigated, thie sub--
region cxtends naihly between 250 and 600 mA/cnz oI niore
(cf. Fige54). The underlying metal surfesce after ctching
away the hydroxide layer in 5% dil, Hy50, for 15-20 seconds,
show singlec-crystal structure in parallel growth to the
copper crystal substratc. However, there are additional
21113 twinning and rancdon orientatvion both in snall anowmt,
at below 30,000 A (cf. Fig.61). The anount of randon
nickel and %111} twinning incrcases with increase in deposit
thickness and c.d., with conseguent dccrease in amount of
single-cryvstal growth (cf. Fig.63). Above 30,000 4,
betwecen 250 and 320 mA/onz, the parallcl growth together with
snall anounts of 3111} twinning and randonm nickel, is
acconpanied by sone onc-—degree (110) orientetion also (cf,
Fig.62). In sonc cases around 10,000 A, the extension of
the diffraction spots in part, obliquely towards the shadow
edge, indicates thc nore or less smooth but undulating form

of thc nickel crystal surface.
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In Fig.61(a), the squarc arrangenent of spots is
obtained when the clectron beam is along the cube-cdge
direction, whereas Pig.61(b) shows the "centred wW2-
rectangle” pattcrn., the ¥2-side horizontal, when the bean is
incident along the cube-face diagonal, The diffraction
spots 200, 400, ..., liec on the plane of incidence, showing
that the cube-face was parallel to the surfacc or nearly so,
i.e. parallel to the Cu (100) surface,

In Fig.61(b), the {111} twinning is concluded by
the prcesence of additional spots, e.g. two on the 111 ring
position, onc on cach sidc of, and closc to the planc of.
incidence, i.e, ncar the 11 ofclock and 1 o'clock positions,
The sane is true for Fig.62, but there is presence of sone
one-dcgrece (110) oricnted nickel crystals

3.5:2. Nickel electrode:.osits on the copper (100) face, fron
the sulphanatc bath at 50°C, whon the bath is stirred

vigorously.

I'iz.6% shows diagramnmatically thce experimental
results on the surface structure of the nickel electro-
deposits, up to deposit thicknesses of 52,000 A and c.d. up
to 600 mA/cm2. The change in the structure of the nickel
electrodcposits above a certain c.,d. results .n the division

of the wholc disgranm into regions I and II, discussed bhelow,
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REGION I OF FIG. 54.

e

(cu (100), unstirred bath, 50°¢ ).

(a) (b)
: ; — 2 e
Fig.b5b. 170 A Ni at 100 nA/cn” on clectropolished Cu (*Ou
. e 0
unstirred bath, 50°C.
(a) Bean along cube edge

(b) Bean along cube-face diagonal.

. p - 2 - : \
Fig.56. 61,000 A N1 at 100 nhd/cn” on Cu (100), unstirrec
T o0
hath, 50°C.
(a) Becan along cube edge.

(b) Bean along cube-face diagonal.



REGION T OF PIG. 54.
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o o s
u (100), unstirred bath, 50°C.)

(a) (b)

Fi: ° : i °

N

i . - 2 : -

0 A Wi at 200 nA/en” on Cu (100), unstirr~d
; 0

bath, 507°C.

. s - ad o
a) Becan alorng cubc cdge.
\

/N N
)

) Beam along cube-facce diagonal.

>

ig.58., 20,600 A Ni at 200 mA/cz::2 on Cu (100), unstirred

e Y S o gt . 2k g
(s,) Bean along cube ecge

{(x) Bean along cube face diagon
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REGION II (B) OF PIG. 5%.

(Cu (100), unstirred bath, 50°0),

(a) (b)
Fig.61. 850 &4 Ni at 500 mA/on® on Cu (100), unstirred
vath, 50°C,
(a) Bean along cube edge.
(b) Bean along cube-face diagonal.

Pig.62 Pig.63,
2] 2
30,600 4 ¥i at 300 nh/en® 51,000 A Ni at 500 nA/cn”
on Cu (LCJD), unstirred bath on Cu (100), unstirred bvath

50°¢, 50°¢.
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Region I; Very smooth nickel deposits having a single
crystal structure with arcs parallel to those_ of

the copper crystal used as substrate.

Piz.65 shows a typical electron diffraction
vhotograpk I{rom dcposits corresponding to this region (ef.
Fig.64)., Pig.65(a) showing sguare arrangcnent of spots is
the diffraction pattern when the electron bean is incident
alon: a cube-edge direction. Tig.65(b), showing a centred
w2-resctangle pattern with ¥2-gide horizontal, is obtained
when thc cleetron beam is along a cube~face diagonal, In
both the patterns, thce diffraction spots lying on the planc
of incidence show that the cube face is parallel to the
surface or necarly so, and therefore parallel to the Cu (1C0)
face.

The single crystal growth of nickel parallel to
the copper substrate crystal even up to 52,000 A has a fairly
snooth surfsce. The elongation of the clectron diffraction
spots also sliows a highly smooth surface on the atonmic scale,
the surface being a cube face parallel to the substrate
surface. None of thc deposits show any othcr adiitional
orientation, The diffraction vatterns from all the deposits
in this rcgion are nearly the sene. This region extends
nearly up to 550 mA/cmZ. At 600 mA/cmz, howcver, this
region lies below 15,000 A.

Using the unstirred bath at SOOC, region I,

showing parallel growth with the substrate; gocs up to
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250 mA/cm2 (c£. Fig.54). 'The stirrin; increases the upper
limit of c.d. for region I from 250 to 550 mA/cn2 (ef, Pig.4)

Region IT; Hickel in decreasing proportion of single
crystal structure with ninute traces of $1113
twinning and increasing proportion of randen

oricnted nicxel.

Tigs. 66 ond 67 show the typical nickel
structurc in this rcgion, which starts at about 550 mA/cmz
and cxtcends towards higher c.d. (cf. Fig.64).

Fig. 66 was obtained when the electron beam was
incident along the cube-face diagonal of the deposit surince.
The spot pettern is of the centred #2-rectangle form with the
f2-gide horizontal choracteristic of parallel growth. In
addition a little %1113 twinning and nuch randenly oriented
nickel is prescnt. The %111} twinning is showm by the
prescnce of additional spots, e.g. the two on the 111 ring
positicn, onc on cach side of, and closc to, the planc of
incidence, i.c. necar the 11 d'clock and 1 o'fclock positions,.

The single crystal growth of the nickel parallel to
the copper substrate crystal decreascs in anount with doposit
shickness, whereas thce proportion of randon nickcl incrcases.
A very minute trace of $111} twinning is also prcsent beforc
:ne structure is completely randon,

Therc is etill a tendency for the (100) oricnted
nickel crystals to bc bounded by a cube face parallel to the

substrate surfece, as is shown by the noticeable elongation
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REGION I OF PIG. 64.

(cu (100), stirred bath, 50°C.

(a) (b)

[}
Fig.65. 51,000 A Ni at 500 mi/en® on Cu (100), stirred

REGION IT OF FIG, 64.

_ ¥ig.67.
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20,400 4 Ni at 600 1 /en 40,800 Ni at 600 mi/cn
on Cu (100), stirred bath on Cu (100), stirrcd bath
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of the diffraction spots towards the shadow cdge. Tne
1randorly oriented nickel has a mean crystal size larger than
50 A (as shown by thc ring widths) and not nore than about
500 A diarcter (2s shown by the absence of spotbttiness of

the rings;.

.6, The Structurc, Growth and Orientation of Nickel

A

Electrodcposits on an Atomically Sinocoth Eleetropolished

(110) Bacs 0P s Copper Singlie Crystal Substrate, fron

the Standard Nickel Sulphamate Solution ot 50°C.

In the practical application of plating nickel on to
drawn Cu wirc for protection against oxidation, thc Cu
crystals at the surfacc of the drawn wirc are likely to have
a (110) planc parallel to the surface or inclined at a small
anglc to it (ef, the elcetron diflraction results such as
those of Goddaord, Harker and Wilman, 1962). The rcesults
tor depositisn on Cu (110 face described bhelow arc thus nost
r.carly analogous to this casc.

Tigs., 7 and 8 show typical elcctron diffraction
patterns illustrating the atonically snooth nature of the
clectropolished copper (110) face used as substratc.

A widc range of current density was invcetigated,
i.¢, fron 10 %2 600 mA/cmz, and decposit thicknesses from 200
to 52,000 4. The investigation was carriet out with both.

an uwngtirred and stirrecd bath.
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3.6.1, Nickcl Electrodeposits on the Copper (110) Face,
fron the Sulphanate Bath at 509G, when the bath
ig Unstirred.

Fig.68 shows diagrammatically the experinental
results on the (110) face of the copper single crystal
substratec in thc unstirred batn. The wholc diagran has
been divided into two main regions I and II on the basis of
the results obtainecd, The lines indicate the positions of
relatively narrow zones of transition of the deposit
structure from one rcegion to that of the ncighbouring onec,.

The resvlts within different regions are described below.

Region I; Nickel meinly in a singie crystel orientation,

with axes parallel to those of the copper crystal,

with varying anount of 5111} twinning and onc-—
degrec {100) orientatiou.

The region extends up to about 340 mA/cn2 for
dcposit thiclknesses studicd up to 61,000 4 (ef. Fig.68),
Beyond 740 mA/cmz, it becomes linitzd to lower and lower
thickness (to the broken line in PFig.68), being only 2000 A
at 600 mA/cm2,

In region I, the nickel crystals grow nainly
parallel to the substratc copper crystal lattice. In rost
cascs, the parallel growth of the nickel is acconpenicd by
varying amnount of {111k twinning and in region I(A) at
10,000 A ond over, with also some nickel in one-degree (100)

oricntation and sore in two--degree orientrtion, Above
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250 mA/cmz, the growth of nickel is only perallel to the
substrate lattice ond with very smooth surface without any
additional twinning or other orientations. This vert of
the region is marked. sub-region I(B). The diffraction
results corresponding to these sub-regions are discussed
below in cdetail,

Sub-region I(A); HNickel nainly in a single—crystal

oricntation with axes parallel to those ol the copper

substrate with o little or much §117 twinning and

increasing enount of one~degree (100) orientation after

a_ few thousand angstroms deposit thickness.

Tigs. 69 to 73 show typical electron diffraction
photographs corrssponding to this region in PFig.68. Fron
10 to 150 mA/cr:2 very strong 1111} twinning is developed
together with parollel growth even at a few hundreds
angstrons of nickcl dcposit thickness (sec Fig.69).

The diffraction pattern in Fig.69 was obtained
when the clectron beanm was incident along the 71100 direction
of the (110) facc of the crystal subsirate, This gives a
centred #2-. rectengle spot arrangement with the #2-sidc
verticeal, The diffraction spots lying on the plane of
incidence have Tauc indices of type 220, 440, 660, and so on,
showing that the (110) foce is parallel to the copper
substrate (110) surface or ncarly so. The {}1@} twinning
is concluded by the prescnce of additional spots, e.g. on
the 200 ring position one on each sidc of, end cl2se to, the

11 ot'clozk and 1 o'clock positions.
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Between 10 and 150 mA/cm2 and at above 1,000 4,

a tracc of randomly oricated nickel together with the nain
narallcl single-crystal growth and strong i;lg twinning is
clso observed (sec Pig.T70). Around 10,000 A, an ad’itional
one-derrec (100) oricntation and a particvlarly sharply
defined two-degree (100) orientation set in (cf. Fiz.71)

and they becomc stronger with increasing thickness up to

! (see FA%-"IZ) 5

61,000 A or morefs Fron about 150 to 250 mi/en”, the
parallcel growth of the nickel is acconpanied by a little
$113f twinning up to about 20,000 A.

The ?111} twinning becomes stronger (as in TFiz.70)
with increasc in dcposit thickness. The diffroction
patterns from deposits at similar thicknesses up to 150
mA/cm2 are ncarly the same. At 100 and 200 mA/cmZ, the
depositsg\%hiolmess of 61,000 A yield identical diffraction
patterns as shown in Pigz.73(a,b,c).

The piominent, sharply defincd, two-degree (100)
crientation is indicated by a very short arc or spot lying
ca the 200 and 400 diffraction arcs (of the one-degrec (109)
arc pavtern) where they cross the plane of incidence at
heights of 1.4 and 2.8 cnm above the undeflected bean spot
{cf, Pigs. 71 and 73(a)).

Pigs. 73(b) and 73(c) were obtained at an aziruth
near to the {211, type of direction of the electron bean
rel>tive to the Cu (110) surfacec. They show that at this

- azinuth a squarc pattern of hkO short arcs or spots with
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square gides horizontal and vertical is prescent, associated
with thesc¢ nickel 200 and 400 diffractions,

In Fig.73(b), the main strong spots are in a N8/3i1
rectangle pattern {with the N8/3~-sides verticel), as is
cxpected at this azinuth from the single—crystal nickel, whichn
is parallel to the copper substrate lattice; and the above
squarc patltcrn is faint. In Fig.73(c) fron another part of
the speceinen, the square pattern is relatively iuch stronger,

This particular two-degree (100) orientetion is
difficult to account for and it appears not to correspond to
twinning and repeated twinning of the nain parasllel growth
nickel orientaticn. Presunably, therc mwust be two of these
(200) singlc crystal oricntations associrted with the two
azinuths of (?11) type relative to the substroate and the
parallel nickel,

it 300mA/cn®, a 51,000 A deposit yields sharp ond
very elongated diffraction spots — the single crystal spots
and the twin spots (see Fig.72). This indicates thet the
snrface is very smooth and parallel to the Cu (110)
cubstrate surface even at 51,000 A thickness.

Sub-resion I(B); Nickel only in a single crvstal orientotion

with axcs parallel to those of thec copper single
crystal,

Pig.74(a,b) shows typical diffroction photographs

- . 2 ; .
of this sub-region. Above 250 miA/cn”, the nickel secns o
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grovw only parcllel to the copper single crystal lattice and
without any twinning or other orientations. The elongation
of the diffraction spots normal to the shadow cdge is a clear
indiecaticn of tho deposit surface being very snooth and
parallel to the (110) substrate surface.

The diffracticn pattern in Fig.T4(2) shows spots
in a ccrtred ¥2-rectangle arrangement, the :f2-side vertical
when the elecetron bean is incident along the [170] Aircction
of the (110) foco; whercas Fig.T4(d) is & NB/3-rectangle
snot arrangenent wicn the bean is along a <?11> direction of
tne (110) facc,

Starting at about 250 mA/cnz, this sub-region
beeones limited to lower and lower thiclmesses with incrcasing
¢ yposit thickness, cf. Fig.68. Tts epex lies at about

50,000 A corresponding to 340 mA/cm2.

Region II; The deposit surface coated ~ith o nickel

- . e

hydroxide layer, showing the nickel structure
efter etching.

This region lies on the right of the broken line
in Fig,68 above a few thousand angstrons deposit thickness,
Here, cvolution of gas was observed during electrodcposition.
The surface of the deposit was covered wivh greenish rough
deposit, probably nickel hydroxide. The typical diffuse
diffraction pattcrn is shown in Fig.35. £fter etching away
the hydroxide in 5% 2il, H,80, for 15-20 seconds, thc

underlying surface gaove the f.c.cubic nickel pattern. This
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region can be further sub-divided into sub-regions IT(A)

and TII(B).

Region II(A)s; After elching away the hydroxide layer, the

deposit surface showing growth of nickel only in =

gingle crystal orientation with axes parallcl to those

of thc copper single—crystal substratc.

This region is & very narrow strip represcnting
only a few thousand angstrons deposit thickness at 600 mA/cm%
with graduval narrowing down to the left, as it curves up to
its apex 2t about 20,000 &, and in between the broken and
continuous linc as shown in Fig.68, The {cposit surfacc
within this rcgion was covered with nickel hydroxide as
sircady descrinced,. The hydroxide--coated surface gave a
diffuse pettern as shown in Fig.35. Aftcr ctching away the
hydroxidc layer, the underlying surfacc showed very smcoth
surfaced parallcl single~crystal orientation of the niclel,
without any tracce of twinning or any other orientation, as
shown in Fiz,.75. The psttern is oY centred ¥2-rectangle
tvpe with the ¥2-side vertieal. The elongation of the
diffraction spots and the presence of strong Kikuchi bands
indicate the hish dcgree of smoothness of the deposit

surface on thc atonmic scale.
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Sub-region II(B); After etching away the hydroxide layer

the deposit surfrce showing single crystal nickel

warsllel to the copper single-crystel substrate, with

{111y twinning and increasing ancunt of randonly

oriented crystals.

Typical diffraction photographs corresponding to
this region are shown in Figs. 76, 77 and 78. After
etching awcy the hydroxide layer, the metal surface showecd
parallel single—-crystal growth with strong {111} twinning
and some randon nickel at above 10,000 4 (seec Fig. 77).
With increasc in deposit thickness, the amount of randonly-
oriented nickel crystals increases with conscquent decrease
in parallel growth and {111} twinning. At avout 30,000 A
and from 310 mA/cm2 or nore, the randorly-oricented nickel
crystals predominate, with a 1itile single-crystal
oricntation and $111 twinning (see Fig.76). Beyond
30,000 4, the remaining ».nall traces of parallel growth and
&111& twinning gradually decrease. <t about 61,000 A and
beyond 310 mA/cm2 the nickel crystals are only randonly
oriented (sec Fig.78). This sub-rczion II(B) lies on the
right side of the broken line in Fig.68. Starting at about
340 mA/cmZ, it extends to 600 mA/cm2 or beyond.

3.6.2. Nickel Electrodeposits on the Copper (110) facc,

fron the sulphanate bath at 5000_J when the bath
was stirred vigorously.

Fig.79 shows diagrammatically the cxperinental
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(ou (110), unstirred bath, 50°C ).

Fig.69. Fig.70.
200 A Wi at 100 mi/cﬁg 1000 A Ni at 100 mA/cm2
on Cu (11C), unstirred on Cu (1190), unstirred
bath, 50°C. bath, 50°C.

Figorflo Figo72~
2
10,200 A ¥i at 100 ni/cn” 51,000 & Ni at 300 mﬁ/cmz
on Cu (110), unstirrcd on Cu (110), unstirrcd

bath. 50°C. bath, 50°C.
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REGION I(A) OF FPIG. 68.

(cu (110), unstirred bath, 50°C).

|
(b ) Beam &Le"r\% (211)
|

(c) Ream O..LOY\% <Q.ll7

Pig.75. 61,000 A Ni at 100 mA/cr:;2 on Cu (110), unstirred
bath, 50°C.
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REGION II(B) OF FIG. 68.

(Cu (110), unstirred bath, 50°C).

t 500 mA/cm2 on Cu (110), unstirred

F—l:; ° 72_,)' L]
61,000 & Ti et 600 ri/cu’
on Cu (110), unstirred

Pig.T77
10,200 Wi at 600 mi/cn®
on Cu {110), unstirred
path, 50°C. vath, 50°C,
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results., The chenge of the main orientation in the
neighbourhood of a ccrtain c.d, divides the whole disgran

into two recions I and ITI as described below.

Region I; XNickel in 2 singie crystal orientation with axes

perallecl to those cf the copper single crystal
substrate, with varying anount of 2;11] twinuing

and ounc-degrec (100) orientation.

Figs, 80 to 84 are representative diffraction
patterns corresponding to the region I (cf., Fig.79).
Between 150 and 500 mA/cm2 the nickel grows in single-
crystal oricntation parallel to the copper single crystal
substrate with little %}11} twinning. The deposit surface
was very suooth, giving rise to nuch elongation of the
diftraction spots at up to about 50,000 A ond within the
renge of 200 to 500 ni/cn®.  Above about 45,000 A,
zdditional onc-degrece (100) orientation also sets in (sce
Yigs. 79 and 83). This (100) orieatotion beeones stronger
with increase in deposit thiclkmess, where the parallel growhh
dininishes in anount (see Fig.84). The %111} twinning is
very faint at around 34,000 A (see Fig.82), but becones
clearcr with somc increase in ite amount at higher depesit
thicknesses (cf. Fig. £€3),

Ay 100 nA/cme, cven at 30,600 A deposit thicimess,
the one—-desree (100) oricntation component is very
pronounced (vwith additionolly a trace of its octahedral

twins present as shown by faint arcs ncar by the 111 riag)



and the parallel singlc crystal growth is rcduced
apprecizbly, and is accompanied by its octahdcral twins (see
F.2.80(2)). Fig.80(b) shows the optical m.crograph of the
specinen which yiclded the diffraction pattern in Fig.SO(a)o
The optical nicrograph shows that the Jdepesit surface was
fairly rough.

The conmparison of Figs. 68 and 79 shows that the
stirring has extcended the upper linmit of c.d. for rezgion I,
from 340 to 520 mA/cmz, which is equivalent to about 53%
increase in the supply of nickel ions to the sclution
innmedistely adjaccnt to the cathodce.

Region II; Nickel deposit surface nostly covered with
hydroxide, and showing increasing proportion of

ancdon polycrystaliine nickel structure.

Figs. 85 and 86 show typical diffr-ction
photographs for the region, which starts at about 520 mA/cn2
a1l exteads towards higher c.d. (see Fig.79). The covolution
of gas obscrved at c¢.d. higher than 530 mA/cp2 resulted in
co—-deposition of a hydroxide layer on the electrodeposited
nickel in almost all the cases.

The doposit at 600 mA/cm® and 20,400 & thick with
a little hydroxide on it, shows a large proportion of randon
polycrystalline nickel with less single crystal structure and
a trace of 31113 twinning of the latter (sece Fig.85).

Fig.85 shows the centred ¥2-reetangle diffroction pattern,

the N2-side being vertical, when the elcctron bean was
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REGION I OF FIG. 79.

(cu (110), stirred bath, 50°C).
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incident along the [1T0] direction of the copper (110)
surfoes.  The electrodeposit 30,000 A thick at 600 na/en®
e.fter ctchiny away the hydroxide shows only randomn
polycrystalline nickel, with ths dissnnes.cance of the
rem~ining single-crystal structure which was scen &t Q0,000A.
The sanc polyerystallince structure occurs :iso above 30,000

A, ot 600 .T:A/cm2 (sec Fig.86).

3.7 The Structure, Growth and Orientation of Nickel

Tlecetrodepogits on an Atonically Smooth Tlectro-

rolished (111) Pace of a Copper Single Crystal

gubstrate, fron the Standaird Nickel Sulphanate

Solution at 50°C.

Figs., 2 and 10 show typical electron diffroetion
patterns illustrating the atomically smooth naturc of the
elcetropolished copuer (111) face used as substrate.

The detailed eleciron diffraction investigation
of the structure, growth and orientation of nickel clectro-
deposits was studied at thicknesses varying fron a few
hundred angstrons to 61,000 A, over a widc range of c.d.
froa 10 to 600 mA/an. Two sets of rcsults obtained ou
the unstirred and stirrcd baths are described below

separatecly.



3.7.1. Nickel elcetrodeposits on the coLper (111) face
fron the sul hannte bath at ’ 50° ul_'hup the bath

was unsvirred.

Fig.87 shows diagrannatically the results of the
clectron diffroction study. The single-crystal growth of
nickcel Ceposits parallel to the copper singlce-crystal
subsbtrots does neot occur above 25,000 A cven at the lower
c.d., unlike the preceding experimental results on the (100).
Above 25,000 4, the cxperinental results arc rnicre analojsons
to thrse on the pclished polycrystalline copper substr-tes.
The systemctic change in the nickel corientation at & certeiln
c.d, divides the diacran (Pig.87) into differcnt rcgions as

discusscd bLelow.

Sub-region I(L)s Nickcel nmainly in a single crystal

oricntation, with aoxes paralliel to thosc of tho copper,
with adlitional i;ii\ twinning, & 1littlc randonly

oricatotcd nickel, and in somc_ceages gone onc-~dcgrec
(3.00) orienvation.

The elecuvron diffraction photegrophs in Fige. 50
to 94 arc tyrical of the nickel elecctrodepyosits on the {11+
faoce of copper in this region (cf. Fig.87). This rcgion
extends up to about 600 mA/cm2 or norc, but hcyond 280 /c~
extending uy to less and less thickness, 2000 L, 600 mj/vh

At 10 mﬁ/cuz, 200 A deposits show very smooth
surfaced growth of nickel in single crystnl orientotions

parallzl to the cepper crystal used as substrate.
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The parallcl zrowth is there accompanied by strong %111}
twinning on the surfece (111) planc.

Pig. 90(a) obitained with the bess aloag the cube-
fzce diagonal dirxrccetion of the Cu (111) face corresponds to
the contred ¥2-rectansglc spot arrangencent ginmilar to those
in Pig, § fron the cube-fece, but with the rectangle diagonal
nerrel to the shadow cdge, together with the nirror
syrmnetrical pattern duc to the twin on the surface (111)
planc only. Pir. 90(b) was obtained with tho beeon clong
a (?11} direction, giving a J8/3-rectangzle spot pattern,
with the N8/3-gide parallecl to sne shadow edge.

it 10,200 &, the parallel growth shows strong {1113
iwinning (all four twins) throughout the dcposit, a little
rondorily oriented nickel and somc closc-packcd hexagonal
nickel (thc only depesit throughout this work to show any,
cf. Pig.91).

it above 10 mﬁ/cmz, up to about 250 mA/ch, the
perallel growth of the nickel, with a 1ittlce rondom
oricntation, is accompanied by very strong 5111} twinning
(on 21l four cectohedral planes) even at a few hundred
angstrons dcposit thickness (see Pig.92). Below 200 mA/ch,
the strong {111} twinning persists even up to 10,000 4 or
IOTG. At 200 mA/cuz, the {111§twinning ig snall in anount
at around 10,000 A. Roughly below 280 nA/cm2, an
additional onec-dcsree (100) crientation scts in around 1,0004
and beecrnies stronger with increasing deposit thickness (see

Fig.93).



The nickel deposits follow single-crystal
structurc to a maximw: .thickness of about 25,000 A and
20,000 A at 10 mA/cm2 and 28)) mA/cm2 respeetively.  Beyond
280 mA/cmz, the parallel growth of nickel, with some
additional random orientation, has a littlc $111r twinning
(secc Pig.94). Here, the upper limit of thc deposit
thickness showing single—crystal structurc decrcases with
increcasc in c.d., and is rcduced to about 1,500 A at 600
mA/cmz. The diffraction patterns from thc deposits (of
the crder of a2 few thousand angstroms thick) between about
250 and 600 mA/cm2 are similar to those in Fig. 94.

Sub-region I(B); Nickel mainly in one—degree (100)
oricntation with varying amount of 111y twinning.

An electron diffraction photograph corresponding tc
this region is shown in Fig. S5. The onc-degree (100)
orientation of nickel already developed in thc region iy4A) ic
here no longer accompanied by any parcllel growth single-
crystal orientation. Beyond 25,000 A only strong cne—~degecee
(100) oricntation is sccn, with varying amount of {111
twinning, cr (111) orientation, depecnding on the c.d. at
around 30,000 A, The arcs indicating cither one-dcgree
(111) orientation or most probably {111} twinning are morc
pronounced towards thc lower c.d. side. With further
incrcasc in depesit thickness, only very strong (100)
orientation cxists, together with a tracc of its octahedral

twins (see Pig.95).
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In Fig, 05, which is z diffraction pattern from a
thicker dcyposit (61,000 4), the two arcs ca the 111 ring
position., onc on cach side »f, and closc to, the¢ plane of
incidconec, arc seen clearly resoived, whercos at 30,000 A
thosc arcs are not rcssived, which gives an impression of
-me-degree (111) ~ricntation due to coalcscing of the two

arcs.,

Sub-region II(A); Nickecl in a single-crystal orientation

with axes parallel to those of thc copper substratc

crystal, with snzll traces of nickel in onc-degree

(110) oricntation and increasing proportion of randon
and a little §111% twinning.

FPig, 96 is typical of nickel clectrodeposit in
this rcgion, which lics helow about 19,000 A and above 280
mi/erm® on the loft of the broken line in Tig. 87.  The
singlce=-cryetal growth of nickel parallcl to the copper
crystnl latctice is occompanied by a s .all nount of %111}
twinning, ninute traces of one~degrec (110) orientation, and
much ranion orientation (sec Fig.96). With increase in
deposit thiclmess tho amount of single—crystal structure
decrcascs, whereas that of randon nickel incréascs. This
raogion sterts at about 280 mA/cmg. After 450 mA/cmz, there
is a sharp decreasc in the upper limit of the dcposit
thickncss in this region as shown by the brokern line in

Fig,.87.
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Sub-region II(B)s; Nickel crystals in onc-dcgrce (110) and
(210) orientatiions.

Figs. 97 and 98 are typiecal of this rcgion, which
starts above 19,000 A and extends betwcen 290 and 410 mA/cmz.
Here only two oricntations, that is one-degree (110) cnd
(210) arc devcloped, The (110) orientation is morec
pronounced in almost all the cases (see Figs. 97 and 98)

except onc at 20,000 A and 300 m!\./cmge

Fegion IIT; Nickel deposit surface covercd with hydroxide.

The region III lying on the rignht hand side of
the broken line in Fig.87 is a region whers evolution of gas
Auring clectrodeposition resulted in co—dcpesition of
hydroxide on thc deposit surface. The hydroxidc-ccatced
gurfece showed a diffuse ring pattern (cf, Pig.35). The
gsurfoce hydroxide was cotched away in dil, 5% H,80, for 15-20
scconds, The underlying meval surfacc then showed the
f.c.cubic nickel structure on examianation by clcctron
niffraction. Herc, thc amount of single-crystal growth of
aickel decreases with increase in deposit thickness, but the
amount of randomly oricnted nickel incrcases, Thc compicte
randon polycrystalline stete is reached at carlicr thicknesses
=% higher c,d, than at lower c.d. Thc gracual transition
of +the structurce from onc form to the other leads to th:
thrce suh--divisions of this region, which arc described

below scparatcly.
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Sub-region III(L); After chtching away the hydroxide, nickel

in a snall anount of single crystal structure showing

ninutc treces of one-degree {110) and {210)

oricntations but with increasing proportion of random.

Fig., 99 shows & typical pattcrn from the niclkel
depogits afbter etching away the hydroxide laycer. In this
region (Fig.87) the nickel has partly a singlc crystal
structurc up to a wmaximum of about 16,000 A, gradually
decreasing in amcunt, This is accomupanicd with increasing
proportion »f randon nickel plus some onc-degree (110) and
(210) oricntations, os the deposit thickness is inecreascd.

Sub~-region III(B); Nickel showing onc-degrec (110) and
f210) oricntations after etching away the hydroxide

layer.

This is a very narrow sub-region aliost
triangular in shapc between sub-regions IITI(4) and ITI(C)
(see Fig.37). In this sub-region, thc underlying nickel
surface after reroving the hydroxide laycr sheows onc~-dcgree
(110) and (210) oricntations, as shown in Fig.100. The

(110) nricntation is present in larger proportion than (210).

sub-rcgion III(C); Nickel showing only random oricntetion

efter ctching away the surface hydrowide layer.

This sub--rcgion starts at about 420 mA/cm2 at a
thickness of 30,000 A, and extends to hizhcr thickncesscs
(cf. Pigo8T). At higher c.d. the lower linit of thickncss

slopes down. In this rcgion the electrodeposits
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REGION II(A) OF FIG. 87.

(cu (111), unstirred bath, 50°C).

” " = A 2 e ~ EEER
Fig.96. 1%,600 A Ni at 400 niA/cn” on Cu (111),
Dl
unstirred bath, 50°C.

REGION I1(B) OF FIG. 87.

“ 4 S S % T

Piz.97. Fig.o8.

)

: PR ¥ R FOR wode It
21,300 A Ni at 400 mJ/CNQ 51,000 A Ni at 300 mdi/cm
on Cu (111), unmstirred on Cu (111), unstirre”

- - ~0
bath, 50°C, path, 50°C.
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investigated up to 61,000 A all show randonmly oricnted

nickel (sec TFigl.10l1)

3.7¢2. Nickcl devosits on Culilir from the sulphamais hath

at 50%¢-whes the bath-was stizred wisorously.

Fig.102 shows disgrammatically thc c¢leetron
diffraction rcsults on growth and structure of nickcl
electroduposits on the (111) face of the copper single
crystal substrate. The results clearly divide the whole
diagren into two rcgions I and II as discussed below

separatcly.

Region I; Wickcl showing parallel single-crystal growth

in dcercasing proportion with increasce in

thickness, and changing to strong onc--degree
(100) oricntation.

Fig.104 shows the typical diffrgction photogravhs
of nickecl dcposits in this region (see FPig.l102), which gocs
up to about 480 mA/cmz, whereas in th. unstirrcd bath it wac
linitcd to up to 230 mA/cm2 only. The trend of the rosults
shows that the varallel growth of the nickel probably cannot
go beyond 30,000 A cven at a few mA/cmz. The onc-degrec
(100) oricntation wmust have started already, though
there is no rcsult aveilable below 30,000 A in this region.
At 30,600 A, the onc-degree (100) orientation occurs alone
without any additional orientation, exccpt traces of $111j

twinning, The arcs on the 200 ring position, from the
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(100)—~oricnted nickel, shows incrcasing rcefraction towards
the shadow cdge with increasing deposit tiaickncss (sec Pig.
104),

Sub-region II(i); Nickel in parallel growtn to the

substrate with sw~11 amounts of 3111% twinning, random,
and one-decgree (110) end (210) rospectively.

Pig.105 shows the pattern from a deposit in this
rcgion, which is a very small region lying in betwcen 480
and 600 rJA/cm2 or mnorc, and rcpresents a rcgion of thickness
of nearly 5,070 A (ef. Fig.102)., PFig.105 shows that the
single~crystal growth of nickel parallel to thc substrate
crystal is accounpanicd by sone illﬁ- twinning, onc—degrec

{110) and (220) oricntations and randomnly oriented nickcl.

Sub~regicn II(B); Nickel mainly in onc-degree (210) and

(110) oricntations, with additioral small anount of

onc-desree (100) in some cases.

Figs, 106 and 107 show the <sypical patterns fron
deposits in this region (cf, Fig.102).  Though the prescnt
investigation goes up te the 600 mA/c:2 and 61,000 4, this
sub-rcgion starts from 480 mA/cm2 and presumably.extonds to
c.d, and thickness higher than 600 mA/cm2 and 61,000 A.

At 500 mA/cmz, the nickel deposits 30,600 and
61,000 A thick yield diffraction pattcrns consisting of
one~degree (100), (110) and (210) oricntotions as shown in
f£ig.106, Similar patterns were obtained at 600 mA/cm2
and 10,100 and 20,000 A,
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REGION I OF PIG. 102. REGION IT(4) 0f PIG. 102,

L L

(Cu(111) stirred bath, 50°¢) (Cu(111) stirred bath, 507C.

:‘ S5 ' ° j_ O 41' T" i \: B} 1 O IS

>} )
61,200 A Wi =2t 400 ni/cen” 10,200 4 Ni at 500 1../cn”
on CGu (111), stirred bath, on Cu (ii1] bipy }

50°¢. 50°¢,

REGION II (B) OF FIG,. 102,

Tir.106 Fig.107.,

D
20,400 A Ni at 600 ni/cen” 61.200 A Ni at 6§00 1L /en’
on Cu (111), stirred bath on Cu (111), stirred 1ath

s Bl )
H0~C, 507C.




216,

At 600 mi/cin® and above about 30,000 &, the nickel
deposit cryetals show onc~degree (110) on?d (210)
oricntations, the (210) being stronger than the (110), as in
Mfig.107. Thesc results indicate that roughly above 550
mi/cr? and 30,000 ., only two orientations, onc~degree (110)

and (210) occur instcad of three ((100), (110) anad (210)).

3.8. Thc structure, growth and orientation of nickel

clectrodeposits on mechanically polished poiycrystalline

copper substrates from the standsrd nickel sulphanate

solution at roon tenperature (=20°C).

7,8(1)., Nickcl clectrodcposits from the sulphamatc bath at

roon temperature (:20°C) when the bath is unstirred.

Pig,108 shows the electron diffraction rcsults on
the wtructure, growth and orientation of nickecl clectro-
deposits under these conditions., On the basis of the
results obtained, the whole diagran has becn divided into
+three rcgions. Bach of them is discussed in the subseguent
paragraphs. Fig.109 shows the variation of thc spread cof
arcs of onc-—degree (100) and (210) oricntations with deposit
vhickness., The nature of the curves obtaincd is anslogous

-0 those of th: curves at 50°C. (cf. Fig.20).



Region I; Nickel mainly in (100) oricntation with_and

without twinning, or ocinc-degree (111)

oricntation.

Figs. 120 and 111 are typiqal photographs showing
the results in region I (cf. Pig.108). Extending from 1
50 40 m\/cmzs there is mainly one-degrec (100) oricntation
with a tracc of 111} twinning, or of onc-dcgree (11l1), up
to 60,000 & dcposit thickness studied. The trocc of one-
degrce (210) oricntation is present in a few cascs near the
soundary of the transition from region I tc regiom II,
The small trace of (210) night be attributed to the cdge
effcet wherc the current density is considered to be higher
than the inner part of the deposit surfacc.,

4% 10 mA/om2 and 500 A, thc dcposit surface regions
shows onc—dcg;ee (100) oriocntation of thc nickel cryetal
(sec Fig.110), With increase in the deposit thickness,
the angular spr2ad of the arc showing (100) orientation
decrcases (cf. Pig.109). At 34,000 A, the (100)oricntation

is very strong with some {111} +twinning (sci Fig.111).

Region IT; Nickel in (110) and (210) orientationg.

Figs. 112 and 113 show the cheractcristic
diffraction photographs from the deposit in region II (sece
Pig.108). This rcgion lies mainly between 40 mA/c:n2 and
90 nA/ch, with some narrowing of the rcgion with

incrcasing thickness, Up to a few thousand angstrons of
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deposit thickress, cnc-degree (110) and (210) oricntatlons
are prescnt in aliost cqual but small amoynt, in addition

to much randonly oriented nickel (seec Pig.il2). Reyond 2
deposit thiclmess of a fow thousand angstroms both the
orientations bLecome nore and more pronounced (sce Fig. 108)
tntil at 10,000 & practicalliy all the nickel is so oriented
with a spread of + 25° from the mean for the (110) and + 12°
for the (210) oricntation. Above 25,000 4, the one-degree
(110) oricntation is ncarly equal to, or slightly stronger
than thce (219), (see Fig.11%)s but above 40,000 L, the (210)
oricntation is very ouch stronger than (110), cven towards
the lower c.d., sidey, i.e. around 50 uA/ch. Starting fron
about 10,000 A thiclkmess. the patterns from the (210)- or
(110)~ oricnted nickel show nore nnd nore refraction fron
sumooth crystel faces parailel to the substrate, with

increasing thickucss.

Region III; MNickcl deposits showing a surface hydroxide

layer.

This is a region (cf Fig.1l08) where evolution
of gases (hydrogen and oxygen) was obscrved, and thce surface
nf the deposgits was coated with a rough greenish deposit,
probably nickel hylroxidc. This region starts around sbhout
90 nA/c:2 and extends to higher c.d's., It occurs on the
right hand side of the broken line in PFig.108, The

iydroxidc=-coatcd surface gave a diffuse pattern unlike nirkel.
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But whor the hycroxidc was etched in 5% dilute H2804~ for
15-20 seconds, the underlying netallic surface zave a

fsCecubic nickecl nattern as discussed below.

Sub-region III(4); Niclel in (110) and (Z10) oricntations

below the surfaee kydroxide.

Fig.,114 shows an electron difficction photograph
typical of the nickel clectrodeposits in this rcgion (cf.
Pig.108)., Here, the two orientations (210) and (110) are
either equal in aaount or probably (110) orientation is

slightly more in proportioa than (210) (sec Fig.lli4). This

region cxtends roughly up to 30,000 & at 100 I:A/om2°

Sub-recgion ITI(B); Nickcl showing randon orientation

beioy _the hydroxide layex.

Iig.115, showing only a ring pattern, indicated
that tiic nickcl crystals are raadomly oriented, At 100

mh/cn?, this region starts above 30,000 4 (scc Pig.108).

“,8(ii), Nickel clectroCeposits from sulyphanate bath at

roon tonperaturce (=20°C), whon thc bath is

stirred vigorously.

Tig.116 shows diagrammaticslly the structure,
zrowth and oricntation of nickei electrodeposits uader thesc
conditions. The results arce grouped into three main
regions, s for the unstirred bath. The stirring hes
increased the upper linits of c.d. for both regions I and

II by ncarly 50% and 20% respectively,
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REGION I OF FIG. 108.

(Polished polycrystalline Cu, unstirred bath, 20°0¢).

Pig. 110 Fig,111
= E E e ; 2 i i 2
570 L Ni at 10 ni/en 34,000 A Ni at 10 ni/en
on polished polycrystalline on polished polycrystalline
Cu, unstirred bath, 20°¢. Cu, unstirrcd bath, 20°¢,

BGION IT OF FIG. 108.

Fig.l112 Fig.113
675 A Ni at 75 mh/cnm® on 32,000 A Ti at 50 ni/cnon
polishcd polycrystallinc polished polycrystalliine

. 0 . S
Cu, unstirred bath, 20°C. Cu, unstirred bath, 20D
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Region I: Nickel mainly in (100) orientation with smell or

ruch  $111% twinning,

Pig.117 is an clectron diffraction pattern of the
characteristic structure of nickel clccirodeposits in region
T (cf, Fig.116), The approximate denarcation separating
region I from IT is around 60 mA/cnz. In region I, the
deposit surfnce is very bright in most cascs., It shows
one-degree (100) orientation witkh trace of j1il} twianing.,
However, near th. boundary region of rcgion ITIptrace of some
onc—degrce (210) is also observed, together with the mein
(100) oriécntation., That the trace of (210) orientation
along with the strong (100), arises due to the higher c.d,
near the edges of tﬁo svecimen is supported by the prescence

of strong (210) oriecntation in the adjoining region II.

Rcgion II; DNickel in (1310) and (210) orientations.

Figs, 118 and 119 show how the nickel crystals
arc oricnted in the clectrodeposite within this region.
One-degreec (210) orientation always accompani.s (110) (cf,
Pigs. 118 and 119), With increasing deposit thicknesses,
(210) orientation bccoumcs nore prominent, and the diffraction
arcs show sone rcfraction normal to the shadow edge,
indicating relatively smooth faces parallel to the substrate,
&% about 51,0C0 A, the {110) orientation becoines almost
negligible in amount_oompared to the stromng (210)

orientation (scec T'ig.119).
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Region III; Nickel dcposits showing a surfacc hydroxide

dayer.

The broken line in PFig.116 separaices region

II from III at abvout 110 mA/cm2o During clectrodeposition

%]

N

above 110 1nl/cm”, there was evolution of gases lcading to
zo~-dceposition of nickel hydroxide with the nickel, The
nydroxide was rcmoved by ctching it away in 5% dilute H,80,
for 15-20 seconds, The underlying metallic surface showed
the characteristic nickel diffraction pattecrn, as described
in the¢ following wvwo sub--regions.

Suh~rogion ITI(A); Nickel in (110) and (210) oricntations
below the surface hydroxidc.

Fig,120 shows the typiecal structure of nickel
clectrodeposits in this rcgion (cf., Fig.116), Though the
pattern shows clear rings, due to nickel deposit wmostly
polycrystalline, still thire are very faint traces of onc-
degrec (110) and (210) oricniations (sce Fig.120), Thesc
fairt traces are less proninent with incrcasing deposit

thickness.

sub-region ITII(B): Nickel in randon oricentation below bhc

surface hydroxidoc.

Mg.121 shows the typical electron diffractiqn
pattern of the clectrodeposit in sub-rcgion ITII(B) (cf. Fig.
116)., At 120 mA/cmz this region starts beyond 17,000 A.
The ring pattern obtained from all the deposits in this

region suows that thc nickel crystals are randomly oriented,
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5.9, The Strunturc, Growth and Orientation of Nickel

BElectrodeposits on an Atomically Smcoth BElectropoliashcd

(100) Facc of Copper Single Crystal Substrate, from

Standard Nickel Sulphamate Selution at Roon

Tenperaturec (E;ZOOC)i_with the Bath Unstirred.

Fig.122 shows diagrammatically thc experincental
results. The present electren diffracticon study of nickel
clectrodeposits on the (100) face of thc copper single
crystal at roon tenperature cxtends up to 140 mA/cmz. The
results ar, comnparable to those at 5000, but it appears that
the upper limit of c.d. giving smooth parallel single-

2

crystal growth has been reduced to around 105 mA/om” instead

2 observed at 50°C. Above 105 mA/cm2 the

of the 250 ni/en
2eposit surfaces are coverad with greenish rough deposits
- L hydroxide and with the underlying nickel showing an
increasing anount cof randoem orientation with increcasing

thickness or c.d. The whole diagran has been divided into

Ltwo regions,

Ttegion I3 DNickel in parallel single crysval growth to the

copper singlc crystal substratc.

Fig.123 shows & typical clcectron diffraction
rcesult corrcsponding to this region, which extends nainly up
to 105 mA/cnz. Beyond 105 mA/cm2 the upper linit of doposit
thickngss giving only single crystal structure decreases

with c.d. The nickel deposits up to 105 mA/cmz always show



231,

pargllel.singlo crystal growth without anything additional
(see Pig.123), The other deposits in this region yield
diffraction patterns similar to Pig.123. fhe elongation of
vhe diffraction spots indicates that the surface is highly
smooth on thc atomic scale. The deposits appear unifor:,
bright and shiny.

The gencral nature of the differcnt regions is
slnost thc sanc as observed at 5000° But the boundary
gseparating this region of parallel growth fron that giving
surface hydroxide has shifted roughly to 105 mA/cm2 at roon
tenperature (212000) instecad of the 250 mA/cm2 observed at

£0°¢.

Region IT; Nickcl deposit showing a surface hvéroxide laycer,

This rcgion roughly starts at 105 nA/cmz and
extends towards hizher c.d. During elcctrodeposition,
evolution of gascs and formation of bubbles werc observed
near and on thc cathode surface, Yherc vas 8 greenish
~ough deposit of nickel hydroxide on most of the deposit
surfeace. Wear thc edge region some black deposit was alsc
Observecd., The hydroxide layer covering the metal surface
was renoved by etching in 5% 4dil, HZSO4 for 10 sces. The
underlying uetal surfecc showed f.c.cubic nickel. The
results are discusscd below with reference to the typical

diffraction photographs,
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Region IT ; Below the hydroxide layer, the nickel in
parallecl growth and with varying amount of §¢£}
twinning and random orientation.

Figs, 124 and 125 show typical clectron
diffraction photugraphs. At 140 mA/01 , the deposits of
thickunese of 2,000 A, show nainiy parallcl single crystal
growth with very ninute traces of 111} twinning and randon
nickel (sce Pig.124). On further increasc in deposit
thickness the random nickel becones more pronounced, whereas
the parallel growth is less represented. At about 9,500 4,
the central part of thc deposit surface is mainly randomly
oriented with small traccs of parallel growth and 21111
~rinning, The other part of the samec surface shows only
ranconily oricnted nickel. At 120 mA/cmz, 30,000 4 deposits
also show nearly thce same structure as obtained at 140 mA/cm2
and 9,500 & thickness, but the anount of randon nickel is

r-ther nore (sce PFig.125),

3.10. The Structurc, Growth and Orientation of Nickel

Elcctrodeposits on an Atomically Smooth Flectropolisihed

(110) Pacc of a Copper Single--Crystal Substrate, from

the Standard Nickel Sulphamate Solution at Roon

Terpecature (~20°C) with the Bath Unstirred.

Fig.126 shows diagrammatically the experimental
results. The elcectron diffraction study was linited to

between 1 mA/om2 and 140 mA/cm2, and without stirring the
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bath. The gencral trend of the results is similar to that
on the (110) facc of copper at SOOC, with the differcnce
that the rcgion of snmooth parallel single-—-crystal growth
without the formaticn of a nickel hydroxide layer on the
deposit surfoce is linmiied to below about 120 mA/cm2 instcad
of up to 340 mA/cm2 zt 50°C, The wholc diagran (Fig.126)
has beean divided into two main regions taking into
consideration the change of struccure across a narrow

transition region,

“egion I; [Wickel mainly in parallel singlc—crystal growth

to the copper single--crystal substrate with

varying amount of 3111t twinning and one-~dcgree

(120) oricentotion.

Figs. 127 and 128 show typical clectron
diffraction photographs from the nickgl deposits
corresponding to this region (cf. Pig.126). This region
extcads from O to 120 ni/cm?.

The nickel grows mainly parallel to the substrato
crystal, However, the parallel growth is accompanicd Ly
varying anount of octahedral twinning at different stages of
c.d. end deposit thickness. A% 1 nA/en® cnd at 450 4, the
aickel deposit shows some random oricentation in addition to
single~crystal structure and flli} twinning., At about
5,400 A, ounc—-degrec (100) orientation is developed and there
is a decrcase in the anount of parallcl growth. At 30
ﬁﬂ/cm2, the parallel growth with strong ${111f fwinning

continues fron 400 4 to 30,000 A deposit thickness.,
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At 100 mA/cn?, the deposits show very smooth
epitaxially parallel growth up to 30,000 ‘. Only a 1little
31114 twinning is obgerved at 500 and 30,000 A deposit
thicknesses (scc Fig.l127), whereas at 10,000 A there is no
311% twinning (sce Fig.128). The clongation of the
diffraction spots shows the degree of smoothness of the

deposit surface.

Region IT; Nickel deposit showing surface hydroxide layer.

This region lies above 120 ni/en®.  The
electrodeposition is accompanied by evolution of gas and
fornation of bubblcs around the cathode, The evolution
of #a&s . increases with incrcase in current density. The
deposit surfacc was coated with a grecenish rough deposit
mainly, but near thc edges black deposits were also
obscrved., The hydroxide layer was etchcd away in 5% dil.
HZSO4. The underlying metal surface showed the nickel
pattern as discussed bhelow.

Region II ;3 Below the hydroxide layer, niclel in parallel
single—-crystel growth with varyings amount of

211} twinning and randon orientation.

Figs, 129 and 130 show typical elcctron

diffraction results on nickel deposits above 120 mA/cmz.

This rcgion starts around 120 mA/cm2 but no upper lini%t has

been deturmined,

The nickel electrodeposits grow parallel to
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the substrate copper lattice, together with random

orientation and j111; twinning. The 3111} twinning is strong
even up o 10,000 A (sce Fig.129) at 140 at/cn®.  Tho

random oricntation gradually increases with dcposit thickness
with decrease in parallel growth. At 22,500 A the nickel
deposit becones complctely random polyerystalline, with a

small trace of onc--degree (110) orientation (see Fig.130).

Z2.11. The Structure, Growth and Orientation of Mickel

Electvodceposits on an Atomically-~Smooth Electropolished

(111) Face of a Copper Single~Crystal substratc, from

the Stondard Nickcl Suylphamate Solution a2t Roon

Temperature { :20°C), with the Bath Uastirred.

Fig,.131 shows diagrammatically thc rcsults of the
glectron diffraction gstudy of the surface structure of the
nickel clectrodeposits at various thicknesses (0 to 30,000 L)
and c.d. (0 to 140 mA/cm2). The general nature of the
diagram is similar to that of Fig,.87, which shows the surface
ssructure of the nickel clecirodeposits om a Cu (111) face
e 50°C. In the present case (i.e. at 20°¢), the upper
linits of thickness and c.d., defining a region wherc there
is a particular type of the deposit surface structure, are
rcduecd to lower values, The systenmatic transition of
results from onc type of structure to the other at about a
certain c.d, divides the whole diagram into rcgions as

discussed below.
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Sub-region I{A); Nickecl mainly in a single-crystal

crientation with axes parallel to thosc of the copper

substrote, and with 51110 twinning, a Jittlc random

and in sone cases one~degree (100) oricntation.

Fig.132 shows a typical clecctron dirfraction
photograph from the deposits in this region (cf. Fig.131).

This rcgion extends up te about 140 mA/cm2 or 10rc.
Beyond about 40 mA/cmz, this region is confined to lower and
lower thicknesses and lics between 0 and 1,000 4L at 140
mA/cmg. At 10 mA/cmz, the upper linit of this region is
about 6,000 L; but decreases with incrcease in c.d.

In this region; the crystals in the nickel electro-
deposits zrow epitaxially parailel to the substrate surface,
with other oricntations zalso present; c.g. twinning and sone
rendon nickel, At 10 mA/cmg, a deposit thickness of 500 i
is mainly a single-crystal orientation with gtrong

1111} twinning and randomly oriented nickel.,  Between
30 and 140 nﬂ/cn2, the dcposits of thickness of the order
of 600 A show single-crystal orientation in parallel growth
to thc substrate, together with a little illi& twinning and
snall randon (see Fig.13%2).

At 211 c¢.d. (0 to 140 mA/cmz), the anount of single
crystal oricntation decreascs with increase in thickness,
whereas the twinnirg and random orientation becone stronger.
The single-crystal growth persists to a higher deposit

thicknecse at lower c.d. than that at hicher ec.,d.
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Bolow 50 mA/cm®, the deposits thicker than 4,000 &
show some one-dcgree (100) orientation at their surfsce, in
addition to parallel growth, with some §111! twinning and

~

random orientation.

Sub-rcgicn I(B); Nickel mainly in onc-degree (100)

oricntation with varying smount of one-degree
(111) orientationor $iu} tusimming.

A typical clcecbron diffraction nhotograph from
the dcposit surface in this region (ef. Fig.l131) is shown in
Fig.133. Thc nickel dcposits do not show any single-
crystal structure in epitaxial grewth on the substratec.
Acound 8,000 A aad up to 40 mA/cm2, the dcposit surface shows
one-fcgree (100) with a little $111} twirning or (111)
orientcd nickel crystols. The amount of (111) orientation
or illl} twinning dccreascs with increase in dcposit
thickness ihereas that of (100) increcases. Finally, only
strong (100) oriecntation romains (see Fig.l1l33), causing a
drawing out of thc diffrasction arcs towards thce shadow cdge
duc to strcong refraction at atomically highly smooth faccs
parallel to thc substrate surface, This rcglon extcnds

from O to 40 mA/cm2 above about 6,000 A.
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Sub-region II(A); Nickel in single—crystal oricntation with

axcs in parallel growth to thosc of the copper

single--cryvstal, with small traccs of one-degree

(110), incrcasing proporiion of raniom and §111%

Iwinning.

A tyvical elcectron diffraction photograph
corresponding to this region in PFig.l34 chows that the nickel
crystals in the dcposit surface are oricented paraliecl to the
substratc lattice with some i}ll} twinning and random nickecl
in addition to & little one-degrece (110) oricntation. This
region starts at about a peint (80 mA/cm2 and 6,500 A) where
the rcegions I(A), I{B) and II(B) meet, and extends up to
140 mA/cm2 or more., At 140 mA/cm2 it represcnts about

800 A thickaess in between I(A) and II(B).

Sub-region IT(B); WNickel crystals in one-degrec (110)

and (210) oricntations.

Pig.135 shows the typical surface structure
related to this rcgion (ef. Pig.131). In this region the
singlec-~crystal oricntation of the nickel in the dejosit:
surface region no longer exists. Only one—-degree (110) and
{210) oricntations occur. At -about 10,000 4, the (210) and
(110) oricntations are nearly equal, but in thicker deposits
(e.g. 30,000 4) (110) orientation 1s more pronounced than
(210) towards lowecr c.d. (80 mA/cmZ), whercas (210) is very
much stronger than (110) near the higher c.d (100 mA/cmZ).
Above 9,000 4 this region lies between 40 ond 120 mﬂ/omz.

. : . 2
Below 9,000 A, it beconmes narrower and exticnds to 140 md/cn
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Region III; Nickcl deposit surface covered with nickel
hydroxide.

This region, lying on the right hend side of
the broken curve in Fig.131 (above about 120 mA/cmz) is a
region where cvolution of gas during electrodeposition
resulted in co-—-dcposition of nickel hydroxide on the
deposit surface, The hydroxide—-coated surface showed
diffusc haloes (sec Figs 35 ). The surfacc hycroxide was
etched away in 5% dilute sto4 for 15-20 scconds, The
underlying nctal surfacc had f.c.cubic nickel structure on
eXenination by clec.tron diffraction as discusscd beclow,.
Sub-region ITII(A); Nickel showing onc—degree (110) and

(210) oricntations after ctching away the
hydroxide layer.

This sub-region sets in at about 120 mA/cm2 (at
above 6,000 A) and contirmes up to 140 mA/cm2 OTr MOrC,
The typical cliectron diffraction pattern frorn the deposit
surface in this sub-region after etching away the hylroxicce
layer is shown in FPig.136. Here both one-degree (110) and
(210) orientations occur simultaneously in almost equal
proportions, Their prominence decreascs with increase in
the deposit thickness, The upper linit of this rcgion

extends up to about 15,000 A at 40 mh/en®.
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Sub-region III(B): Nickel showing only rancdom orientation

after ctching away the hydroxide.

This region starts above 120 mﬁ./cm2

, out at higher
deposit thicknesses than sub-region III(A). The lower
1imit of the deposit thicxness above which this rcgion sets
in, decreases with increasing c.,d., e.g. at 120 mA/cm2 and
140 mA/cmz, the minimum deposit thicknesses giving rise to
the occurrcnce of this region are about 20,000 and 15,000 4
respcetively. The electron diffraction pattern from the
deposit surface in this region is shown in Fig.137, and
indicates that the nickel in the deposit surface is

randonly oriented polycrystalline.
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SUB-REGION II(B) OF FIG,. 131.

Fig.135,
10,400 A Wi at 100 mA/cm?,
on Cu (111), unstirred bath,
50°¢.

SUB-REGION III(A) OF PIG, 131,

Pig.,136.
9,500 A Vi at 110 mi/cn?,
on Cu (111), unstirred bath,
50°C,

SUB«REGION III(B) OF FIG. 131.

Fig.137.,
20,400 A Ni ot 140 ri/en?,
on Cu (111), unstirred bath,
50°¢, |
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4, DISCUSSION.

4.1, The Epitaxial Orientation of the Initial Thin
Deposits (< 1,000 4).
The nickel deposits in the present case arc always

__‘.o-x- o. ‘t:xa.kk
face=-contred—-cubic (excepthin one deposit for some recason).

The initial thin nickel decposits (<« 1,000 A) arc mainly
epitaxially oriented (single-crystal on copper single-
crystal substrates) both at 20°C and 50°C.

On the Cu (100), (110) and (111) substrates
(cf. Figs. 54, 68, 87, 122, 126, 131), the cube-axcs of the
nickel arc parallel to those of the single-crystal substrate.
However, at low c.d. (in a range of c.d. depending on thc
bath temperature), on Cu (110), in some cases varying anmouncs
of {111}( twinning occurred, and on the Cu (111) face,

twinning with also a small amount of randor polyecrystalline

. nickel was obscrved,

On polycrystalline copper (cf. Figs. 18 and 108),
the thin nickel deposits show a corresponding wide range cof
oricntation of thc substrate, that is, the growth of the
nickel is also epitaxial on the polycrystalline copper.

Nickel and copper are both face-centred-cubic
metals, =nd have closely similar lattice spacings. The
lattice misfit of N1 (a = 3,528 A) on Cu (a = 3.6153 A) is
small, only - 2,59%., Bccause of the smallness of the lattice

misfit, the parallel single-crystal lattice oricntation is
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the one which gives thc closest atomic fitting and therefore
occurs.,

Although the nickel lattice is smaller than that
of copper and therefore under tension, no rotational
"directed" disorientation was observed like that which Kumar
(1955) found in copper on Ag (100) and (110) faces (see
Section 1). On the other hand, as noted above, twinning
oceurred apparently attributable to the misfit stresses, and
a small proportion of randon nickel occurrcd, perhaps
nucleated in the misfitting regions of thc nickel niclei as
they grew larger and contacted neighbouring nuclei,

The results using the stirred bath (cf. Pigs. 38,
64, 79, 102 and 116) show that the stirring does not affect
the developnent of cpitaxy of the nickel on copper.

The parallel epitaxial orientation of nickel on
copper in thc present experiments is the sane as that found
(using other nickcl baths) by other investigators at a few
limited conditions of c.d. and thickness, e.g. Wood (19%1),
Finch and Sun (193%6), Cochrane (193%6), Thirsk (1939):ﬁ§éegmkqxd
(1944), Pinch, Wilmen and Yang(1947), ILeidheiser and
Gwathmey (1951), Finch and Layton (1951), ILawless and Garnon
(1963), Reddy and Wilman (1965), Lawlcss (1967).

On the Cu (100) face, in epitaxial thin nickel
deposits, the twinning is surprisingly absent exccpt at very

high current densities (cf. Pigs. 54 and 122), unlike on the
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cu (110) and (111) froces. At present it is not clear why
there is absence of twinning on this fagce. It is not
apparently connected with any special differcence in the

degree of perfcction in the 1ayefwise growth because the
elcetron diffraction pattern shows highly smooth surface on the
atomic scalc. The interesting observation was made in the
present experiments that on the Cu (110) face (cf. Fig.68),
although in thin deposits the epitaxial nickel was accompanied
by twinning, the twinning decreased as the c.d. increased,

and finally becamc abscnt above 250 mA/cm2 (with unstirred
bath at 50°C). This suggests that an annealing process is
csecurring at the higher c.d.; when the rate of arrival of
encrgy at the cathode surface, in the Adcposit formation,
becones larger, It was observed in some cases that the
tomperature of thc cathode and the solution rose by 10°C or
more during 1 minute of deposition.

Regarding the rise in temperature of the cathode
in thc golution during elcctrolysis Wilman (19559 supported
by other observations, (Murbach and Wilman, 1953, Hunter and
Fowle, 1954, and Wilman, 1955bSconcluded thet a very thin
surface region of the cathode may attain an effective
temperature of several hundred %¢ dque to the net cnergy set
free when the ions arc neutralised therec.

On the Cu (111) face (ef. Fig.87), cpitaxially

oriented thin nickel deposits at 50°¢ and above 25 mA/cm2



251 .

arc alwsys accompanied by cither a large or small amount of
{}11& twinning ané a small amount of randem polycrystalline
nickel, In this casc, also, the degree of twinning
decrcasces with increase in c.d., like that on the Cu (110)
face, with the differcence that the twinning is present at all
c.d. up to 600 mA/cm2 or more (decreasing as the c.d.
increascs). It is no%cworthy that at 10 mA/cm2 a nickel
deposit about 200 A thick (cf. Fig. 91) shows twinning only
on the surfacc (111) plane. This is as found by Sctty and
Wilnmen (1955) Ffor Ag on Ag (111), and corresponds to the two
alternative nearly cquivalent epitaxial oricntations on the

copper (111) facc.
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4.2, The Effect of Current Density and Deposit Thickness on

the Degree of Twinning in the Nickel Deposits.

Nickel on the Copper (100Q) face.

The present experimental results on the nickel
electrodevosits on the Cu (100) face (cf. Fig.54) are
noteworthy, in that they show no initial twinning associated
with the epitaxial misfit. The relation of the later
twinnming to the c,d. and the deposit thickness therefore
corresponds to the growth of nickel on the Ni (100) face and
is analogous to that of Ag on the Ag (100) face (cf. Setty
and Wilman, 19553 Sundaram, 1966); and Cu on the Cu (100)
face (cf, Cusminsky, 1965). In all these cases, at any c.d.
the twinning occurs 2bove a certain critical thickness which
decreases with increase in the c.d., under particular bath
conditions, The twinning occurring at a particular c.d,.
increases in amnount with the increase in the deposit thickness
until the deposit structure becomes random polycrystalline.

At 20°C with an unstirred bath (cf. Fig.122) the
pure single-crystal epitaxial parallel growth of the nickel
deposits on Cu (100) without any other orientation, is found
to be accompanied by a varying amount of twinning above about
105 mA/cm2 (or more in the case of thinner deposits <10,0004).
Thae relation of this c.d. to that found by Cusminsky (1965)

for Cu on Cu (100) is discussed in section 4.7.
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In the present experiments, the development of
twinning at 50°C with an unstirred bath (cf. Fig.54) is
sinilar to that at 2000, except that the c.d. above which the
twinning for deposits of 30,000 A or more takes place is
higher than at 20°¢. The effect of using the stirred bath
at 50°C (cf. Pig.64) is to increase still further this
critical c.d.

Wilman (1955), Setty and Wilmen (1955), Matthews,
Mutucumarana and Wilman (1960) concluded that if twinning is
nucleated during thc growth process (with a certain
probabillity) its growth is likely to be promoted as a result
of the "outward growth" tendency which increases with increase
in c.d. The twin growth, once initiated, becomes finally
strongly represented; because of being favourable to more
rapid outward growth receiving more deposited ions by
diffusion.

Concerning the initiation of twinning, the faster
the cations are deposited (the higher the c.d.) the higher
the probability of some atoms not reaching the minimum
potential energy sites of the growing deposit erystal nuelei,
before being overlaid and hemmed in by further depogited atoms.
Thus, an alternative set of potential troughs can be ad%&ed
for growth. The sites in the twin lattice constitute such an
alternative set, and thus the deposit grows partly in twin

orientation relative to the initial growth.
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Perhaps, above a certain rate of deposition there
would result such twinning and stacking faults in the sequenre
of the {111& sheets of atoms in the lattice which initiate
twinned growth (Setty and Wilman, 1955), At low c.d. the
atoms being deposited will be most free from disturbances
caused by deposition of other atoms in neighbouring positions,
and they reach the positions of the lowest potcntial energy,
continuing the atomic lattice of the substrate crystal,

When the rate of deposition of atoms reaches a high enough
value, however, many atoms are being deposited at any instant
in any given locality and a proportion of them evidently do
not reach the positions of lowest potential energy before
being overlaid and built-in in positions which correspond to
the formztion of a %111} twin.

When several neighbouring atoms have formed such
a twin nucleus, there is 1%ttle probability of the atoms in
this becoming rearranged into the lowest encrgy positions,
thus the twin nuclei grows further, and must themselves tend
to be further twinned as growth proceeds. The higher the
c.de or the deposit thickness the more also is the outward
growth of projecting parts favoured, leading to a rougher
surface, as was indeed observed from the decreasing
elongation of the diffraction spots, and by the optical
micrographs. This factor may then favour repeated twinning

of the twins, leading to random polycrystalline structure
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at higher c.d. or thicker deposits in conjunction with the
disorientating effects associated with stresses at the
junctions of the twins as they grow together in contact wita
each other.

In the present experiments (cf., Fig.122) at 20°¢
with an unstirred bath, the c.d. above which twinning is
observed in relatively thick deposits on the Cu (100) face,

. 5 with decvease Jw

is about 105 mA/cn“( - increasing jdeposit thickness below
10,000 4A). Although this value of the critical c.d. is much
higher than the 13 and 28 mA/cm2 found by Setty and Wilman,
1955 and Sundaram, 1966 for Ag on Ag (100), and the 15 mA/cm®
found by Cusnminsky, 1965 for Cu on Cu (100), the rate of
deposition of Ni atoms/site/sec. is comparable (see section
4.7).

The c,d. above which the twinning mainly occurs is
the same as that above which the codeposition of hydroxide is
observed on the nickel deposit surface, with vigorous
evolution of gas during electrodeposition (not observed by
previous workers). This suggests a further possible origin
of twinning, probably the excessive accunulation or evolution
of hydrogen ions or atoms on the cathode disturbs the lattice
formation (ef. Finch, Wilman and Yang, 1947) leading to
twinning. With further increase in deposit thickness (which
increases the c.d. at the projecting parts) or c¢.d., there is
increase in gas evolution and so in the degree of twinning

which further gives place to random polycrystalline struciure.
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The co-deposition of hydroxide also may increase the
effective c.d., and thereby decrease the substrate influence
and the mobility of the dcposited ions or atoms on the
substrate. These effects might also be responsible for the
occurrence of the twinning in the region where hydroxide is

co~deposited,

Nickel on the Copper (11Q) face.

In the present experiments, the development of
twinning occurs even in the first thin epitaxicl nickel
layers and continues in the further deposition. There is
tiius no similarity with the results of Setty and Wilman,1955,
Sundaram, 1966 (Ag on Ag (110)), and Cuswminsky, 1965 (Cu on
Cu (110)).

At 20°C with unstirred bath (cf Fig.126), the
nickel deposits on Cu (110) show epitaxial parallel growth
together with a varying amount of twinning at nearly all c.d.
(from 10 to 140 mA/cm®) and thickness 500 to 30,000 A).

There is no region of pure single-crystal epitaxial growth of
nickel on Cu (110) even at lower c.d. and dcposit thickness.
This is unlike the results on nickel deposits on Cu (100).

At 100 mA/cr® the twinning is only a little in thin deposits
( <500 4). It is completely absent at 10,000 A and then
appears at 30,000 A, On the other hand, the twinning is
strongly present at nearly all thicknesses at c.d., on either

swde of 100 mA/cm2 (i.e. <or> 100 nA/cmz).
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The presence of twinning at all c.d. even in thin
deposite can be attributed to the lattice misfit between Ni
and Cu (cf. Section 4.1). It is in agrecment with the
observations of Kumar (1955) of twinning in Cu on Ag (110).

At 50°C with an unstirred bath, the twinning in the
nickel deposit on Cu (110) is present at all thicknesses
from 200 to 60,000 A in region I(A) (ecf. Pig.68). At
220 mA/cmz, though the twinning is small in amount up to
13,000 A or more, it becomes strong above 20,000 A. This
is probably duc to the outward growth tendency leading to
roughening of the deposit surface and hence rise in effective
c.d, loceally, The abscence of twinning in the regions I(3B)
acd II(A) can be attributed to the annealing effect due to
the nijher rate of liberation of energy during deposition at
the higher c.d. (see Section 4.1).

In region ITI(B) (cf. Fig.68), the occurrence of
twinning around 10,000 A and more, in spite of the probable
annealing effect during electrodeposition at higher c.d.,
can be srgued to be due to two reasons. Firstly, vigorous
evolution of gans during clectrolysis and consequent ‘
depositicn of hydroxide nay lead to disturbance in the lattice
formation, and to the mobility of atons or ions on the
cathode surface, Besides this, there would bc more rapid
roughening of the cathode due to preferential deposition on

the projections of the cathode surface with increasing
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thickness.,. This results in outward growth, and hence

growth on twins may be promoted. Though the
electrodeposition is occurring at higher c.d., the release

of energy might be insufficient to cause adequate annealing
effect to make the twinning completely absent. Around
30,000 A (£rom 340 to 600 mA/cm2 or nore), the single-crystal
and twin spots are comparable in intensity but less
proninent; the randomly-oriented nickel being developed to

a larze extent.

Nickel on the Copper (111) face.

At 20°C with an unstirred bath {cf. Fig.131), the
epitaxial parallel single-crystal growth occurs and the %111&
twinnirg is present in verying amount together with some
randon polycrystallinc nickel in the nickcl deposits on Cu
(111), up to about 8,000 A at 10 mA/cmg. The upper linit of
deposit thickness, np to which epitaxial parallel single-
crystal growth together with twinnirg occurs, but is then
followed by random or one-degree orientation, decreases with
increase in c.d. and tends to about 2,000 A at 140 mA/cn®.

At 50°C with an unstirred bath (cf, Fig.87) at
10 mA/cr®, the 200 A nickel deposits show twinning on the
surface (111) plane only. But thicker deposits (about
10,000 A) have strong twinning on all the (111) planes.
The presence of strong twinning in betwecn 30 and 250 mA/cmg,

and its presence in small amount between 250 and 600 mA/cm2



in the initizl +thin deposits, have already been explained in

section 4.1,

The twinning is present with the epitaxial single
crystal growth up to a2 naximum thickness 25,000 A at 10 mA/cm%
Tine upper linit of thc deposit thickness up to which the
twinning occurs together with parallel single-crystal growth
decreases approxinately linearly with increasing c.d. At
600 mA/cmZ, it reduces to about 14,000 A, At higher c.d.

(> 280 mA/cmZ) in thicker Ni deposits, though the anount of
twinning is comparable to that of the single-crystal
orientation, both of them gradually becone less proninent
than the increasing proportion of the random polycrystalline,

The small amount of twinning persists (at both
20%¢ ana 50°C) in regions I(B) (cf. Pigs.131 and 87) wherc the
epitaxial single-crystal growth of nickel has disappeared,
giving place to the one-degree (100) orientation. The
presence of this type of twinning with onc--degree (100)
orientation is similar to that observed in the nickel

«.2posits on the polished polycrystalline copper.

Nickel on the polyerystalline copper.

The {111} twinning is also observed in small smount
i1 the ¢eposits on polyerystalline copper, especially when
the bath is unstirred. Both at 20 and 50°C with unstirred
bath, (cf. Pigs. 108 and 18) it is found +to occur slightly

above about 6,000 A in the region of cube-face orientatior
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(at 20°C between 0 and 40 mA/cn®; and at 50°C between 30 anad
270 mh/cn®),  Initially, the arcs (mainly on the 111 ring
position) characteristic of §111§ twinning are not clearly

rzsolved, But at 30,000 4L or above, the arcs are more clear.y

resolved (cf, Figs,z8)141,117)
With the stirred »ath, both at 20 and 50°C, (cf,

Figs. 116 and 38) the twinning is seen only in a few cases.

Thus it can be concluded that stirring reduces the growth

of ‘twinning.
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1e3. The Effect Of Current Dengity and Deposit Thickness

on the Developnent of the Preferred One-Degree

Orientations »f "Lateral" and "Outward" Growth Types.

1.3.,1, Nickel deposits on polished polvcrystalline copver.

The mechanically polished copper surfaces used in
the present experiments were composed of small crystals of
copyper in nearly rancon orientations anl had relatively
smooth though usuvally slightly undulating surfaces with
some shallow abrasion grooves, The crystal surfaces werec
thus irregular in forn and the atomic groupings would
corfespond to small crystal nuclei, adsorbing strongly the
atoms of the first laycrs of the deposit,. These thin
deposits, apparently consisted of epitaxially oriented
rickel crystals in orientations parallel to those of the
individual copper substrate crystals and thereforec likewise
in nearly randonm disposition. As the deposit thickness
increascs, howcver, thc bath conditions promote the nore
rapicd growth of those crystals having ccrtain definite
oricntations charactcristic of these conditions (Finch and
Sun, 19363 Finch end Leyton, 1651; Finch, Wilnen and Yang,
1947).
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1.3.1.(a). Developnent of one-degrec (100) orientation

in Ni on polycrystalline copper.

Therc will be a tendency for thosc crystal
nuclci having the most densely-populated planes of atoms
rparallel to thc substrate to grow side-ways nore rapidly
than others if deposition conditions favouring lateral
growth are used. The lateral extension of thesc planes
enables then to reccive more incident netal ions than the
¢ ther lattice plancs, and in the further dcposition, the
deposit crystals will soon be oriented for the most part
with these nmost densely packed lattice planes parallel to
the cathode surface. Nickel is an unusual case in which
the lateral typc of growth results in the fornation of a
plane of slightly less than nmaxinun possible atonmic packing
(i.e. 31003 instead of §111§ ) parallel to the substrate
(ef, Finch and Layton, 19%1).

In the present experiments, there is a very close
relationship between the current efficiecncy and the
developrient of the (100) orientation. at 20 and 50°G, the
current cfficiency is 1004 up *to about 40 and 270 mi en?
respectively on the polished polycrystalline copper with
the unstirred bath, The cube-face oricentation also at
20 2nd 50°C is devcloped on polycrystalline copper only up
to 40 a2nd 270 mA/cm2 respectively. Thus it is evident that

100% current efficicncy or nearly so is essential for the
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developnent of smcoth and bright nickel deposits with
cube-face crientation in the conditions stated above.

The angular spread of the arcs from their mecan
positions corresponding to the (100) orientation decreases
with thc increase in the deposit thickness at a particular
c.d. The variaction of the angular spread of the arc, on
the 200 ring in thc plane of incidence with the increase in
deposit thickness, is shown in Figs.20 and 109. As regards
the nazgnitude of the angular spread of the arc, grcat
accuracy was not attenptcd and thus it is arbitrarily
defined, The intensity of the arc is maxinum in the niddle
and falls off repidly along the arc, on either side of the
plane of incidencc. Though the angular sprecad of the arc
is arbitrarily definecd as extending to the point where the
intensity is negligible reclative to the naxinun, there is
a general trend of dccrceare in the angular spread of the
arc with the incrcasc in deposit thickness, in all the
cases.

The angular spread of the arc decreases up to a
certain deposit thickncss and then acquires nearly a
constant value, The dccrease is seen to be more repid at
lower c.d., (c.g. at 1 and 10 mA/cnz) than at higher c.d.
(e.g. at 50, 100 and 240 mA/cn®).  The flattened off part
of the curve (for the thicker deposits) is at a level which

rises with increasc in c.,d. (cf, Figs.20 & to ¢ ). The
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decrease in the angular spread 'is clearly associated with
ths layerwise growth and development of crystel faces, as

in thec case of vapour deposition (cf. BEvens and Wilman, 1952;
Dutte and Wilmen, 1970). It appears that the ions arrive
at the crystal surface and evidently nigrate to the edges
and arc¢ retained there, so extending the face, The feaces
having the ions incident normally thus reccive a larger
nunber of ions per unit area of the face, and grow laterally
nost rapidly, so that these crystals soon prepondcrate,

At higher c.d, the nucleation of a new layer on the

existing surfacc layer has a higher probability than at low
c.d., thus fewer atons arrive at the edge and hence the
lateral growth of a crystal face is less rapid, and the
preferrcd oricntation is less rapidly developed.

In the present experinments, under conditions of
lateral growth, atonically smooth cube faces were indicated
by the clectron diffraction study (ef. Fig. 28), althoug
optical nicroscopy and clectron nicroscopy had not given
any clear indication,

The angular sprcad of the 200 arc, corresponding
to (100) orientation obtained with the stirred bath, is
conmparatively less than that with the unstirred bath, other
conditions remneining unchanged. (cf, Figs. 20 (a to e)).
Though the stirring does not alter very nuch the magnitude

of the angular spread, it does alter a little,
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At 20°C (ef. Fig . 109 ), thc nature of the
curve is sinilar to thet at 50°C (cf. Pigs. 20 a-e), but
at 2000, the nininun value of the angular spread shown by
vhe flattened off part, at 10 and 50 mA/en®, is higher than
at 50°C,

The effects of both the stirring and the rise in
bath tenperature arc in the sense expected, that is, they
reduce the tendency of deposition on projections, There
is also sornic indication that for a constant dcposit
thickness thc angular spread increases with increase in
csde, up to a cerztsin c.d. and then bcconcs alnost constant
(see Fig.LD).

4.,3,1.(b) Develoonent of one-degree (110) and (210)
oricntations in Ni on polyexrystalline copper.

The development of one-degree (110) and (210)
oricntations on polished polyerystalline copper is
characteristic of outward growth, that is of the region
where the currcnt efficiency is less than 100%, The
conditions which tend to promote outward growth are stated
in scetion 1.3.2.1(a). Under these conditions, the
deposition on randon—-crystalline substrates will take place
to a greater extent on the projecting parts of the cathode
surface. The initial randomly disposed crystal nuclel of
the deposit will grow outward more rapidly if they have the

rnost denscly populated lattice row perpendicuiar to the
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substrate, and this will lead to preferential deposition,
and growth of, crystals in such an orientation.

The onc-degree (110) and (210) orientations occur
at relatively high c.d. They occur in a narrow region
between the regions of cuve-face orientation and random
oricntation (cf. Figs. 18, 38, 108, and 116),

The form of the locl separating the lateral
growth region from that of outward growth is roughly similar
to the curve of Dd against the c.d., plotted by Matthcws,
Mutucumarana and Wilman (1961) from the data of Ibl and
Trumpler (1952) in thc case of Cu clectrodeposits from 0.1 M
CuSO4. Dd is thec dcposit thickness at the arbitrary stage
of deposit roughness cgrresponding to the first visible
dimming of thc cathodc,

In the present experiments, like the (100)
oricntation, thc angular spread of the arcs from the mcan
positions showing (110) and (210) orientations also decreascs
with increcasing deposit thickness (at any particular c.d.)
and finelly acquires almost a constant value, In thicker
deposits, the arc on the 220 ring in the planc of incidcnce
shows more refraction towards the shadow cdge. This
indicates that very smooth (110) faces wevedeveloped parallel
to the substrate. The decrease in the angular spread in thc
case of (110) and (210) orientations is less rapid than that

of (100) (cf. Figs. 20(f), 89, 103, 109(b)).
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The angular spread of the arcs shown is smaller
with the stirred bath then with the unstirrec, in the cose of
the (100) X.o.ivral ﬂ'rowtk {-.&,?Q, ok oxientotien (See F‘:‘K %) > bul: s

development of the (110) or (210) oubwsaxd gwowth oxiemdatdom
latexal Q¥ ous k(o o)oxi.z—;.-{pt. .

where
At relatively high c.d. (cf. Figs.18,38,108 & 116)/

is ('J‘\o:n%ed ‘de u{cdmro-us Sfixn’m.% *o

the co-dcposition of hydroxide occurs, the underlying metal
denosit surface shaows (110) and (210) orientations in nearly
equcl proportions,-but in thicker deposits only randon
polyerystalline structure is seen. The appearance of (210)
orientation is ruch more pronounced when the deposition is
carried out at 2 high c.d. and especially at room
temperaturc as Benerjce and Goswani (1955)also —tound .

£.3.2. Developnent of preferred oile-~degrce orientations in
nickel deposits on the Cu (100) face.

At 50°C with the unstirred bath (cf. Fig. 54)
there 1s an indication of the presence of a narrow outward-
growth region (between 250 and 320 mA/cm2 at about 30,000 A
or nore) where snall traces of one-degree (110) orientation
are obtained. The position of this region is comparablce o
some exsent with that found on polycrystalline copper

substratcs,



268 .

4.3.3. Decvelopment of one--degree orientations in nickel

denosits on the du {110) race,

It is particularly interesting to notc that one-
degree (100) orientation is developed in nickel dcposits on
the Cu (116) facc {cf. Fig. 68 ). At 50°C with the unstirred
bath, th. nickel deposits above 8,000 4 andl below 200 mA/cm2
show the beginning of the development of one-degree (100)
orientation, This bcconmes stronger with increase in deposit
thickness. Even at 200 mA/cm2 in thick dcposits (~60,000 4)
one-degree (100) oricntation is strongly developed together
with the single--crystal structure (ef. Fig. 68 ). The
onc—-degrec (100) orientation appears to have developed fron
the small anount of randomn nickel which is seen to occur{duc
to nisfit offectsﬂtogcther with the epitaxial single crystal
nickel deposits ecven a few thousand Angstrons thick, Once
this onc-degrce (100) oricntatiorn scts in, therc is
preferential depousition and so it becones stronger with
incrcasing thickness,

4.3.4. Developnent of onc—-degree oricnted nickecl in
denosits on the Cu (111) face.

The developrient of the prefcrred one-fecgree
orientztions of lateral and outward growth types at 20 ani 5000
(ef. Filgs.87,102 & 131) are noteworthy. There are
rogions of lateral ( §100y ) and outward ( §110f and § 210% )

growths analogous to those with the polished polycrystalline
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copper substrate (cf. Fig. 18 ). In this casc also, it cen
be concluded that & snall anount of randenly-cricnted nickeu,
prcsent with the cpitaxial single-crystal nickcel deposit,
gives rise to the developnent of one-degree {100} , $110%
and j210%} orisntations, depending on tho bath conditions.
These oricntations become stronger(with the shortening of the

arcs) with the increase in deposit thickness.
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4.4. The Co-deposition of Nickel Hydroxide at the Higher

Current Densitics and its Relation to Current

Efficicncy.

At certain current densities higher than a certein
velue (8t a given temperature and deposit thickness) vigorous
evolution of ges was observed during elcctrcdceposition of the
nickel, and the nickel deposit surface was covered with a
greenish rough deposit whose lattice constant corresponded
approximately to that of Ni(OH)2

The appearance of hydroxide, at 20°C with an
unstirred bath, on nickel deposits on polycrystalline copper
and on Cu (100), (110) and (i11) substratcs occurs at about
80, 1M5, 120 and 115 mA/cm2 respectively, corresponding to
30,000 A of the nickel deposit (ef., Figs. 108, 122, 126 and
171). At 50°C, the omsct of hydroxide co-deposition shifts
t~ higher c.d., i-e. 315, 250, 340 and 410, corrcsponding to
the same 4:posit thickness and for the sare sequence of the
substrate naturc as above (cf. Figs. 18, 54, 68 ~nd 87).

With the stirrcd bath at SOOC, the co~deposition
of the nickel hydroxide on polycrystalline copper substrates
starts at about 450 mA/cm2, corresponding to deposit thickness
of 30,000 4 (cf., Fig.38). However, under the sane bath
conditions, on Cu (100) and (111) substratecs, no hydroxide
co—dcposition is obscrved even up to 600 mA/cm2 anc 60,000 A

deposit thickness (e¢f. Fige. 64 and 102), whcrecas on Cu (1°.0)
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facc the Ni(_OH)2 co-deposition begins to appear above 540
mA/cm2 under sinilar conditions (cf. Fig.79).

It is considered (e.g. Macnaughton, Gardam and
Han;é‘na_, 193%; Glasstone, 1942; Finch, Wilnen and Yang, 1947;
Gray, 1953) that the co-deposition of hydroxidc at high c.d,
is due to the renoval of haydrogen ions by deposition at the
cathodc (and cvolution of hydrogen) naking the electrolyte
near the cathodc region impoverished in hyédrogen ions
(increasc in pH), i.c. nore alkaline, leading to the
precipitation of Ni(OH)2 on the nickel fceposit. A similar
case of hydroxide co-deposition was observed by Reddy (1958),
Reddy and Wilman (1959 and 1963), i.e. deposition of Ee(OH)Z
along with Fe, (cf. Bancrjee and Goswani, 1955),

The co-deposition of a substance along with the
mebtal beins clectrodeposited causes (1) a decrease of the
substrate area available Tor elcectrodeposition, i.c. an
increasc in effective ccd.; (2) a decreasc of the nobiliiy
of thce deposit atoms or lons on the subatrate surface beforc
thiey beconc incorporated in the lattice; and (3) a
diminution of the substrate influence which tcnds to initiots
epitaxial growth, i.e. a decrease of the value of the critical
thickness up to which the deposit grows cpitaxially.

Though the c¢.d. at which the Ni(OH)2 co-deposition
sets in is found to vary with the coppcer substrate nature,
it does nobt appecar to follow any regnlar sequcence, e.g. in

relation to the atomic density or the surfacc plane.
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Comparing Pigs. 18, 108 and 16, it is clear that
the hydroxide co-deposition starts in the c.d. region where
the current efficiency falls a little below 100%. This
co-decposition of nickel hydroxide causes an instability in the
naturc of the clectrodeposition, because by reducing the
surfacc area on which the netal can be dceposited, it causss
the c.d. effectively to be increased, which further incrceases
the co-deposition,

Co-ceposition of hydroxide at high c¢.d. can be
avoided by incrcasing the bath temperaturc and/or the degrees

of agitation,
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4.5. The Effcct of Bath Tcmperature.

The qualitative aspects of the present results
are in agrccment with the observations and thc conclusious
of thc previous workers, c.g. Glasstone (1942), Finch and
Layton (1951), Finch, Wilman and Yang (1947), Setty and
Wilman (1955), Kumar (1955), and Reddy (1958). The results
now, however, proviie ncw quantvitative iuformation.

They also obscrved that the structurc of an
elcectrodceyposit prepared a2t a2 high bhath tenperaturc and at a
particular c.d. is the structure that is obscrved to occur
gt a lower c.d. when the clectrodeposition is cariicd out at
room temperaturc. Incrcasc in temperaturce, therefore, has
the sane cficect on electrodeposit: structurc as a decreasc
in c.d. In other words the maximum critical c.d. for
epitaxiel growth to continue or for the co-deposition of
hydroxidc to occu¥ to any given thickness increascs with an
increasc in bath temperature.

An increase in tenperature is known to affect not
only the diffusion of cations to the solution ncear the
cathode, but also the mobility of the dcposit atoms on the
substrate surface. The effect of temperature on elcctro-
deposit structure is, however, mainly explained in terms of
the influcncc of temperature on the ratc of cation cupply to
the cathode (Finch and Layton, 1951). At room tenperaturc,

above a certain c.d., thc rate of diffusion fails to keep
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pacc withk the rate of dcposition, resulting in a dcpletion
of cations in the rczions near the cathodc. which leads to
an outward growth tendency and/or co-dcposition of hydrcxiic,

Incrcasce in bath temperaturc incrcases the
diffusion of thc cations to the cathode surface and thercby
reducces the outward growth tendency at any given c.d.
Studics of the clcetrodcposit structure have not been linked
with measurcments on the diffusion rates. The latter may
not, thereforc, bc solely responsible for thce offcct of
tomperature on thce structure. It is 1likely that other
consegquences of toemperaturc increase also play sonc part in
affecting thc structure and growth of clecctrodecposits. AS
an examplc, the mobility of the deposit atoms or ions on the
surface of the growing dcposit, which is also a function of
1. mperaturc, night affcet the deposit structure, but this is
likely to bc only a ninor effect.

At first sight the deposit svructure appears to
correspond to an incrcasc of the nmobility of the ions or
ccposited atoms at the surface of the growing crystals at
incrcased tcmperature, so that practically all the dcpozit-d
atoms rceach sites of the lowest potential energy and on a
single-crystal subgtrate the crystal growth is followed
without twinning to higher c.d. (Setty and Wilnman, 1955).

A rise of bath tenmperaturc, however, increased the rate of
¢.ffusion and dissociation of the ions, Possibly al=zo thcre

nmay bc a rcduction of the number of water melecules
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surrounding the cations and carrisd by then (Bockris and
Razunncy, 1967).

Due to thc rise in temperaturc, the adsorbed
molcculcs, colloidal material an” foreign ions present on
the cathole surfoce nay a2cguire a more rapidly varying
dynanic naturc, allowing more opportunity of the access of
tlic netal ions to the cathode surface and also assist their
greatcr mobility over it. This will tend to promote lateral
growth of thc deposit crystals up to higher c.d. A low
temperaturce or the cvolution of hydrogcea causcs the deposit
ve be oriented with a less dense>y-packed lattice wnlane
parallecl to the substrate.

Comparing Figs. 108 and 18, it is found that
region I in Fig.108, wherc nickel deposits on polycrystallin
copper are nainly in cubce-face orientation, cxtcnds only up
to 40 mA/cm2 when the clectrodeposition is carricad out at
2000, wiacreas an analogous region IT in IF'jig.l1l8 extends 1o
270 mA/cmZ when the clectrodeposition is carricd out at 50VG.
The increasc in the upper limit of c.d. giving nainly (100)
crientation, (lateral growth) caused by incrcasc in
tempercture, is due to the increase in the rate of arrival of
metal ions at thc cathodec. This is duc to inercasc in ‘oth
the spced of the ions and that of the undissociated moleculcos
diffusing towards the cathode region, when thc ion

concentration tends to be impoverishied by dcposition,
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The rise in tenmperature from 20°¢ to 50°C causes
an extension of the upper limit of c.d. by 19% por °C if a
linear rclation holds. This is concluled 1o correspond 7o
a 19% increase in thc supply of cations near the cathode
surface per °C risc in tenperature.

Identical quantitative dincrcascs in the supply of
cations per desrec Centigrade rise in tenperature werc also
found for thc lateral growth region when the elceectrodepositioan
was carricd out in the stirred electrolytc, the other
conditions rcmaining the same (cef. Figs. 116 and 38),

A1 Jower bath temperaturss and at high c.d. the
ion concentretion ncar the cathode nay be rcduced to such an
extent that deposition of hydrogen and other cations occur-,
or netallic hydroxides or basic comnounds arc precipitated
(Macnaughton, Gordan and Hemgnd, 1933), and interfore with
the mobility of the nctal ions on o1 near the cathode surfcoes.,

The increasc in temnerature fron 20°¢ to 5G°C
also pushes up to higher c.d. the stoge of the cnzset of
vigorous ges cevolution and nickel hydroxide dcposition cn +he
nickecl “eposit surfacce., In the case of nickel on
polycrystalline copper surstrates, both with unstirred and
stirrcd baths,; thc c.d. at the onset of vigorous gas
evolution (for 30,000 A dcposits), and the consequent
deposition of nickel aydroxide, is pushed to higher c.d., by

about 10% por Adczree Centigrade rise in tenperature fron the



’2'{7'

value at 20°C. Under sinilar conditions, om Cu (100), (110)
and (111) faces, thc c.d. at which the vigorous evolution cf
gas occurs with co~dcposition of nickel hydlroxidc, is Ffounc
to incrcasc by 5, § and € per cent per °¢g rosnectively; above
th: valuoc at 20°¢, fThat i=, the supply of cations in the
cathole regiom is increased by 5, 6 and 8 per cent per degree

centigzradc risc in tempcraturc.



278 .

4.6, he Effect of Vizorous Stirring of the Bath

or of the Rotation of the Cathede.

At bath tenperature 5003, comparing the rcsulis on
polycrystaliine copper subsirates (cf. Figs. i8 and 38) it
is found that the upper limit of c.,d., for deposits thickes
than 10,000 4 in region II of mainly strong (100)
orientaticn (lateral type of growth) is raised from 270 to
410 mA/om2 Auce to vigorous siirring of the batnh. This
extension is by about 52¢. The curreni density at wkich
hydrexide Aoposition occurs (the lower limit of region iV,
Figs. 18 and 33) is also pushed up, froem 310 to about 450
mA/cmz, that is by about 45% when the clectrolyte is
vigorously stirred during electrodeposition.

Lt 20°C bath temperatsure, the other conditions
remaining the same, thc upper limit of thc rcegion of
Tlateral type of growth and the c¢.¢, for hyliroxide dcoposiivion
zre sinilarly raiscd by ahout 50 ard 40 per ceut respeetivory
due to vigorous stirring of the baith (ef. Figs. 108 and 116).

These cxtensions are in agreencnt with the
conclusions of Finch end Sun (1938), Fineh and Leyton (1951},
and Finch, Wilman and Yang (1949). They concluded whai in
vrder to promote lateral type of crystal growth, there snould
not be undue impoverishment of jonic ccanceniration of tho
electrclyte in the cathode region, that is the rate of suniliy

of ions to the cathode region by diffusion and nigrasion
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is not less than or very much less than the rate of
deposition of ions cn the cathode. They also concluded
that the stirring of the bath during electrodeposition is
one of thc mnoin Tactors which tend to favour the lateral
type of growth and prcferred orientation.

In the prescnt results the effect of vigorous
stirring is very marked and is defined quantitaztively.
The extension of the upper limits of the c¢,d. for the
lateral-growth regions both at 50° and 20°C¢ (ef. Figs. 18,
38, 108, 116) by stirring the electrolyte during clectro-~
deposition can be cxplained in the light of the conclusiongs
cf Fincn and his co-workers nentioned above. Since
giirring favours lateral growth, this indicatcs that the
stirring incircascs the degrec of naintcnance of the supply
of ions to the cleetrolyte in the viecinity of the cathode
surfece and thus pronotes lateral growth up to higher c.d.

The supply of ions hear the cathodce rcgion can
take pilace in two ways, c.g. by diffusion and convcetion.
Glasstone (1942) suggested that if the clectrolyte is
agitated in any nanner, the effective thickness of the
diffusion laycr is diminished. The decrcase in the
thickncss of the diffusion layer depends not only on the
vate of agitation, but also on the type of deviece enployed
for stirring the solution. Agar (1947) quoted Levichis
mathematical reclation between the thickness of the diliusion

layer and the speed c¢f stirring, indicating that the
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thickness of the diffusion layer decreascs with the increases
of the spceld of stirring the electrolyte.

The gencral conclusion of Glasstone (1942),
Levicn (1642, 1544), Lgar (1947) and Vetter (1967) that
stirring thce elcetrolyte decreases the thickness of the
diffusion layer around ivunc cathode surface implics a
consequent incrcase in the rate of supply of cetions necar
the cathodce surface, While it would be difficult to
calculatc the rate of increase in the cation supply, the
above obscervations in the presznt results provide a direct
estimate that the incrcase in rate of cation supply was of
the order of 50%. Sinilarly the c.d, for hydroxide
deposition alsc rcpresents a definite degrec of depletion of
the catiorn supply, and is pushed sSoward higa c.d. by about
40 = 45%,

Also, in the cese of nickel deposition on copuer
7100), (110) and (111) faces used as substrate at 50°C, the
stirring cextends the upper 1inits of all the regions 1o
higher c.d. (cf. FPigs. 54, 68 and 87)., The upper limit of
c.d, giving epitaxial parallel growth of nickel without
co-degsosition of nickel hydroxide on Cu (100), (110) ana
v 111) faces is cxtendcd by > 140, 60, ani> 13 per cent
rcspeetively., The pcrecentage increasc in c.d. at which
hydroxidc is deposited is thus on (100) face norc than twice

az large as that on the (110) face.



If thc results on the polycrystalline substrates
arc compered with thc current efficiency rosults, it is found
that the unickcl crystals grow with (100 oricntation so long
ns the eurrent efficiency is 100%., In the stirred bath,
1009, cfficicney is maintained up to higher c.d., thus
extending the region of cube face oricntation up to higher
c.do Thercfore, to obtain smooth, bright and non-porous
deposits, (i.c. at 1009 current efficiency) up to the
highest c.d. possible, the maintenance of an efficicent

circulation of the clecctrolyte is of critical importance.

The Fffect of the kotation of the Cathole.

The prescnt results (see (1.3.2.1{(c)) suggest that
tae oricntations of the electroderosited crystals on the
rotated cathode (bath unstirred or on statiorary cathode with
bath stirred) fall into tvo categories according to whetier
(i) the crystal oricentation changed to tho rost densely
packed type, or (ii) the crystal orientation wan unaffected.

The nickel clectrodeposits from thce sulphamatc
vath at 5000 on polycrystalline copper shown in Table 1
Liave been obtained under three conditions, that is, with tone
stationary and rotating cathode in the unstirred bath, and
with thc stationary cathode in the stirrcd bath. If thc
rotation of thc cathodc causes a marked incrcasc in the
current efficiency of the metal deposition, then the depesit

crystals may change trom the type of oricntation
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bath
characteristic of the prevailing/conditions on a stationary

cathode to the most densely packed planc s oricntation
plane, trovidced that the non-appearance of the latter in the
deposit crystals or a stetiornary cathode is entirely due to
a lower current cfficicncy.

From Yable 1, comparing the structure of the
nickel clcectrodepogites on the staticnary cathode wich thosc
on a cathodc rotated at 1200 r.p,-ri., it is Tound that the
rotation of the catholc promoites lateral growih up to higher
c.d., which dcpends on an increase in thc cetion
concentration ncar the cathode, leading to an incrcesce in
current cefficicney of dcposizion. The crystal oricntatiom
doecs not show any change cither by stirring the clccetrolyte
or by rotating thc cathode if the c.d. is lying within that
range where currcent efficiency is 100%., As an exanple,
the deposit at 240 mA/cm2 always shows ornc-dcgiree (100)
oricr.tation witbhout being affected by rotation of the
cathode or stirring oi the bath,

With the unstirved bath at higher c.d. (> 270
mA/cmz) at 5000, thc nickel crysvals show outward growth
oricniation, i,c. mainly (110) orientation with or withous
{210). This orientation at high c.d. agrces with the
prcvious observed conditions for outward growth (Finch an?
Sun, 19363 Finch and Layton, 1951; Finch, Wilman and Yang,

1947; WMatthews, Mulucumarana and Wilmaa. 1961: Naybour; 1568:
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Digglec, Despic and Bockris, 1969).

At 300 mA/cn® and 10,000 and 15,000 4 {sec Table
i) the change of oricntation of the nickel deposit from (110)
with the bath unstirred - outwsrd growth "~y to (100) ———

. = lateral growth - when rotating the wathode,

is in agreement wiih the conclusions oI Burgers and Quanjel
(i342), Finch, Wilmen and Yang (1947), Wyllie (1948), and
Pinch and Ieyton (i951). The rotation of the cathede (liks
stirring) ircreoses the supply of cations in the rcgion ncar
the cathodec, This rcduccs the degree of impoverishrient of
caiion concentration of the solutiosn in the cathode rcegion
and thus favours latcral growth,

Sinilarly, in the present work, at 400 mA/cm2 on =
stationary cathodc (bath unstirred) vigorous gas cvolution
and co-dcposition of nickcel hydroxide on the surface of
nickel dcposits 22,000 A thick was obscrved., Cr the othsr haud,
"no co-deposited nickel hydrrzide was obscrved and the
deposit showed lateral growth orientation If the cathode was
rotatcd or thc bath was stirred during cicctrodcposition,
ovher conditions remaininz the sane (see Tablc 1),

In somc cascs (see Table 1), the prosence of a snall
amount of somc additional orientations, c.g. (210), (110), ese.
with the main oricntation, might be due to bthe non—uniformity
of the c,d. all over the cathode surface (ef. 3.3), i.c.

hiser c.d., ncar the cdge of ilie cathodc.
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Nernst (1904) first postulated g reclation between
the current efficicney and the rotation of the cathods.
In terms of the thcory of the diffusion layer (see scction T)
the actual concenirations of the depositved cations at the

cathode surface are controlled by two factors, that is, the

rate of removing them by depcsition (thus the c.d.) and thc
ratc of replenishrment through this diffusion laycr. Under
ousward growth conditions repienishment is inferior to the
rate of rcmoval, at the beginning of the dcposition, and these
two rates do not become equal until the cation concenbration
falls ncar the cathode to a value at which equilibrium is
reached. Thc concentrations of the various dcposited

cations at this cathode surface are thercefore wore or less
desrcascd, and this is called the vhenonenon of

"(‘s»necentration polmxisation".

Glasstone (1942, conciuded that the thickness of
the diffusion layer (& ) is reduced if the clecirolyte is
agitated. Tevieh (1942, 1944) concluded (sec 1.3.2.1(d)
that approxinately, for a circular disc rotating ebout its
axis:

§ = 2022
\/ R
whoere R is the number of revcluticas per second.

Thus at 1200 r.p.n., R = 20 rovo/secc., and § is
about onc—-focurth of its value on a stationary caihode.
~orrespondingly, the cation concentration at +he cathode iz

much inccreased,



The obscrved changes in the crystal oricntation,
due to cither the rotation of the cathede oxr stirring, arc
thus agsociated with an increase in the supply of cations
near the cathodc surfacé, This reduces thc outward growth
tendency and increases the lateral growth tendency. At
stili higher c.dé. it may increase the current efficicncy of
deposition, if this is less than 100%, and mey causc

gvoidance of oxide or hydroxide co-depozition,
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4.,7. TIhne Dependence of the Nickel ¥legtrodeposit Structure

on the Crystallographic Form of the Substrate.

In the present experiments. 21lthough there is
parallsl single-crystel giowth of the nickel on the Cu {100)
face, up to large thickness and c.d., there is no purcly
single-crystal growth of the nickel on thc Cu (110) and (111)
faces 2t low c.,d. and deposit thickness, like the one
observed by Setty aa” Wilman (195%) (Ag on Ag (100), (110;
and (111)); Cusninsky (1965) (Cu on Cu (100}, (110), ard
Sundaran (1966) (Ag on Ag (100), (119) using nitrate batih},
The reason for the absence of initial twinning of nickel on
Cu (100) is at present not kaown, though the strong
prefcrence for cube faces to be developed on the nickel nay
suggest a greater stability of lateral growth of the initial
nuclei in this case.

The epitaxial .iisfit of ~2.597in the casc of
nickel on copper secng to be resvonsible for thc cecurrerce
of the appreciable anount of twinning in the nickel on the
Cu (110) and (111) faces tog=ther with the single-cryshatl
structure cven at low c¢,d. (=10 mA/caZ) am? deposit
taickuess {2200 A) both at 20 and 50°C, Xumar (1655) also
obscrved twinning at low c.d. and deposit thickress in tie
electrodeposits of Ag on Cu single~crystal =nd Cu on 4Ag
single-crystal. He concluded that the presence of twinains

was duc to the epitaxial nisiit between (u =nd Ag. Other
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investigzetors quoted above in this section used the same
metal as substrate end deposit, so no epitaxial nisfit cane
into play, and they obscrved no initial twinning of the
continued sinﬂle—cr~5ﬁa3 growth.

On the other hand, it is interesting vo note thah
no twinning or trace of ary other orentation except parallsl
single--erystal growth is ohserved in the nickel deposits on
the Cu (100) face up to o certain c¢.d. and the deposit
thickness (depending on the bath conditiocns) in spite of the
scme epitaxial nisfit being present between Ni and Cu on Ca
(100) as it is on the Cu {110) ard (111) frces. That is,

there is 2 region of purc single-cxrystal epitaxial growth av

©

low c.?, and dcposit thickness below the twinning sets in.

The c.2. at 20° and 50°C above whish the twianing, in the
surfaces of depecgits 20,000 A thick or more, occurs is 2abtouw
105 mﬂ/cm2 and 250 mA_./cm2 Cfegpectively. The change Troer: “ho
singlc—-crystal epitexial growth above this c¢,d, into & region
where twinning accompanied the epitaxial growth is similar &o
what was observed by Setty aad Wilman, 21955, Cusninsky, 19069,
and Sundaram, 1966, This c.d. at 20°C for the (100) face,
according %o their observations was about 13, 25 (Ag on ig
(100)) 2nd 1% mA/cm2 (Cu on Ga (100)) respeciively, which axre
very nuch lower vhan the present value of 105 mA/cm2 at 20°C,
Tt.2 currexnt efficienzy, howsver, is about 282? i.e. only about

29.4 mA/cm2 was carricd by the nickel ions.
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The nunber of atoms per site per second deposited
at the above c.d. values is thus calculated to be about &0;
140 and 90 respectively in the above cases, But in the
prescut experiments, it comes to about 70 only. This
comparison shows that the number of atoms/site/scc. above
which twinning occurs is less in the present case than for
Ag on Ag (100) from AgNO3 solution. The deposition of the
gaseous ions at the cathode probably contributes in the
present case to cauge twinning of the Ni at a lower number
of atoms/site/scec. than would have been the casc in the

absence of gas evolution,



5. GENERAL CONCLUSIONS.

Pronm thc present detailed and systematic studies
o. the structure, growth and orientation of the nickel
elcetrodepnesits in rcelation to current density, deposit
thickness, substrate nature, tenperabture, svirring of the

bath, and rotation of the cathode; the main conclusions

srrived at arc as follows.-

1. The prescnt work appears to bhe the first
systenatic study by elecetron diffraction of the nickel
deposit structure from the sulphanate bath, The niclkel
deposits are consistently face--centred cubic, nough
Sathyanarayana and Raua Char (1957) and Saleen, Brook and
Cuthbertson (1967) studied bLriefly the structure of uickel
elccirodcyposits fron the sulphanate bavh, their studics were

confined {to morpnoliogical aspecis only.

2. Thec iaitial thin deposits arc mainly
epitaxiclly criented o the copper substrates
(polycrystalline and single crystal). On the other hani,
the prescncc of 1;11} twinning even in thin nickel depersive
¢n Gu {110), and twinning with some rando: nickcl on Cu {111)

is evidently due bo the cpitaxial nisfit of nickel (-2,59%

P

ONn COLPCT, In spitve of this epitaxial nisiit, the absence

of twinning on Cu (1i00) up to relatively higher c.d.

-~
—_

(depending on the bath conditions) is particulerly
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interesting. The developnent of twinning and its amount at
different stages of c.d. and deposit thickness depends on the
crystallogranphic forn of the substratc, other conditions

renaining unchanged,

3., At relatively high c.d. (up to a certain
thicknesé) the nickel deposits show an absence of twinning
on Cu (110), and the decreasing amount of twinning on Cu (111)
ag the c¢.d, is increased. This suggests that there is an

annealing cffect during clectrodeposition at high c.d.

G The anount of twinning increases with
inereasc in the nickel deposit thickness, and sonctines aiso
with the increase in c.d. in the case of thicker deposits

(> 30,000 4).

5e The evolution of gas and co-deposition of
hydroxide play an important role in the growth of nickel
deposits as they lead tc more random disposition of the
deposit structure, The larger the evolution of gas, the
quicker is thce change to randon orientation as the deposit
thickness increascs,

~

6o The corrclation between 100¢: current
efficiency and the development of cube--face orientation
(lateral growth) is of nuch importance from the practical
point of view. In order toc have bright, smnooth and non--

porous nickel deposits with cube~face coricniation (lateral
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growth), 100¢% current cfficiency nust be neintoined, The
(110) and (210) orientations {(outward growth) occur in the
region whcre the current cfficiency is appreciably below 1009%,
The conditicons of outward growth with certain nodifications
can be utilised in order Ho vrepare netal powder for use in
powder nctallurgy.

L]

{e Tho obscrved improvenent broughtl about by
vigorous stirring of the bath, in pronoting lateral growth
up to high e.d, on poiyerystalline copper, and cpitaxially
perallel growth on Cu single-crystals is also of much
practical use. The vigorous stirring increcases the supply
of catioas in the cathode region. It also reduces the
degree of twinning at alnost all c.d, and deposit thickness,
and mekcs the deposit surface snmoovher, The stage of the
onset of gas cvolution and hydroxide co~deposition also

shifts to higher c.d.

S, The rosation of the cathode during cleetro-
deposition has a sinilar effect on the depcsit structure o

that of stirring the bwath.

9. Mn increcase in hath tenperature nlso incrcuzses
tl.e supply of cations in the vicinity of the cethede. The
lateral cr singic—crysta’ growbh ie followed up to higher
c.d, and desosit thickncss, and the onset ¢f gos cvolution,
co—~dcposition of hydroxide, and the develiopnent of randon

nickel arcv delayed to higher c¢.d.
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10, Even with the stirred bath and high
tenperaturc, undue incrcase in c.d., beyond a certain valuc
is not desirablc. As soon as co-deposition of hydroxide
occurs, an unstable condition is set up, becouse the c.d,
rises and the co--dcposit thus increases. The rate of
deposition of nickel is thus decreased rather than increased
further.

11. The neture of the crystal growth involves
prominent developnient of particular crystellographic faces,
mainly cube faces in the lateral growth region. The
deposition is thus by layerwise duild up of the atons or
ions, and presunably involves some surface mobilities of the
adsorbed cations. The crystal growth process accounts for
the observed developnent of preferred crystal orientation

as the dcposits grow thicker.
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