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Growth of a Copper-Gold Alloy Phase by Bulk Copper 
Electrodeposition on Gold Investigated by In Situ STM 

Jens E. T. Andersen and Per Meller 
Centre of Advanced ElectropIating, The Technical University of Denmark, DK-2800 Lyngby, Denmark 

ABSTRACT 

Simultaneous in situ scanning tunnel ing microscopy measurements and recordings of voltammograms were used to 
study in real time the initial  cycles of potentiostatic copper electrodeposition and subsequent dissolution on a clean gold 
polycrystalline electrode. The cycles were carried out by sweeping the potential in the double-layer charging region from 
500 to - 100 mV and back to 500 mV at a sweep rate of 1 mV/s in an acidified copper sulfate electrolyte (0.01M H2SO4, 0.01M 
CuSO4, and Millipore water). After completion of the first cycle the gold surface had recrystallized and nuclei of an alloy 
phase were formed. After completion of subsequent cycles the distribution of crystallite dimensions and the shape of the 
crystallites changed and the growth was compared with features of concomitant voltammograms. Relations between 
charge densities and potentials were deduced from data of the voltammograms. A shift in peak potential for the anodic 
current transient from E = 20 mV to E = - 2  mV was observed after completion of four subsequent cycles of copper 
electrodeposition/dissolution. The shift is suggested to be equal to the change in potential of the working electrode owing 
to the formation of the alloy phase. 

Introduction 
In recent investigations of copper electrocrystallization 

the growth on clean noble metal surfaces has been studied 
in detail by in situ scanning tunnel ing microscopy (STM) 
from the formation of underpotential  deposited (UPD) 
monolayers, 1-5 init ial  nucleation and growth of nuclei by 
3-D growth, 7-n technological processes, ~2'~3 and influence of 
additives ~4  to the effect of electrocrystallization by pulse 
plating. ~3 Due to the unique resolution of the microscope 
most of the electrochemical investigations has been di- 
rected toward studies at the atomic level. 

In the present work it was demonstrated that in situ STM 
reveals properties of the copper-gold interface formed by 
potentiestatic copper electrodeposition studied at an inter- 
mediate level of magnification, i.e., in the range of magnifi- 
cations (submicron level) inaccessible to scanning electron 
microscopy (SEM) and below atomic resolution. The mor- 
phology of the clean native polycrystalline gold (pc Au) 
surface roughened by cycles of potentiostatic copper elec- 
trodeposition and subsequent dissolution. A major t rans-  
formation of the pc Au surface was observed after the first 
cycle and minor transformations owing to growth of an 
alloy phase were observed in subsequent cycles. The 
growth was followed by in situ STM in a stepwise manner, 
and the growth of the alloy phase was found to occur both 
during the period of copper electrodeposition and during 
the period of copper electrodissolution. The formation of 
the alloy phase can be explained in terms of existing mod- 
els of gold atom mobility. 15-23 By comparing simultaneous 
recordings of current transients with the amount of alloy 
formed within the frame of the in situ STM image, it is 
suggested that the copper content was less than 10 atom 
percent (a/o). The initial changes observed in voltam- 
mograms during the first cycles of copper electrodeposi- 
tion/dissolution are thus explained as a concomitant 
change of surface morphology. A power law dependence is 
deduced by voltammetry methods which relates the charge 
density to the change in potential of the working electrode. 

Experimental 
The in situ STM measurements were carried out at room 

temperature in an open cell by a commercially available 
system (Rasterscope 3000~/EC, Danish Micro Engineering 
A/S, Denmark) which allows simultaneous image acquisi- 
tion and electrochemical data acquisition. A separate PC 
controls the electrochemistry via a bipotentiostat (EC- 
Rasterscope 3000 TM, Danish Micro Engineering A/S) and 
interface. In  order to minimize noise from the main power 
supply's influence on the tunnel ing current, the bipoten- 
tiostat can be switched to a battery powered mode which 
greatly enhances the quality of the images as well as the 
quality of the voltammograms. With this system special 
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electrochemical experiments such as in si~u studies of gal- 
vanostatic pulse plating and potentiostatic pulse plating 
can be carried out by user-defined routines. 13 The piezo- 
electric scanning unit  and the electrochemical cell were 
sealed off from their surroundings by a glass bell jar, and 
the humidity was kept at a maximum by saturating the 
atmospheric air with water vapor so as to prevent evapora- 
tion of the electrolyte. 

Gold films (thickness, 0.2 ~m; area, 0.5 cm 2) vacuum 
evaporated onto glass (Berliner Glass) were utilized as 
working electrodes. The electrochemical cell consisted of a 
Teflon-coated Viton O-ring which was mechanically 
pressed against the gold film producing a cell volume of 
150 ~1. The counterelectrode was a 1 mm Pt wire and the 
(pseudo)reference electrode was a 0.2 mm Cu wire. Prior to 
the experiment the gold films were flushed in 0.5M sulfuric 
acid and in Millipore water. All chemicals used were of the 
highest purity available. The electrolyte was 0.01M sulfuric 
acid with 0.01M copper sulfate in Millipore water which 
was kept at room temperature. The potential sweeps were 
carried out from E = +500 mV to E = -100 mV and back to 
E = +500 mV at a sweep rate of 1 mV/s. 

The STM tips were coated by the electropaint method 
developed by Bach et al. 24 which readily yielded coatings 
producing tip-faradaic currents of 1 pA or less measured at 
a fixed potential in the bipotentiostat battery-powered 
mode. The faradaic current was kept in the picoampere 
range and the images were acquired at a tunnel ing current 
of i to 2 nA. 

Results and Discussion 
The recently developed methods of in situ STM/atomic 

force microscopy (AFM) and related scanning methods 
(generally referred to a s in situ SPM) 1~ offer unique possi- 
bilities for imaging electrochemistry in real time. M1'25 Any 
alterations of the electrode morphology down to the atomic 
level can be imaged by these techniques. 1-6 Metal surface 
working electrodes are frequently subjected to pretreat- 
ments of cyclic voltammetry which ensure reproducibility 
of subsequent measurements. In the following paragraphs 
the morphology of the native pc Au surface is examined by 
imaging at the submicron level of magnification and the 
image features are correlated with voltammetry. 

RecrystalIization of the native gold surface due to cycles 
of copper electrodeposition and subsequent dissolut ion.-  
As the structure of gold surfaces are sensitive to potential 
changes both with 2G and without 1~-17 metal ions in the elec- 
trolyte the potential was fixed initially at E = 500 mV. At 
this potential no reconstruction or oxidation of the surface 
are expected, and the copper ions do not deposit. Thus, 
images of the clean gold surface resemble corresponding 
images acquired in air or vacuum. The pc Au surface con- 
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Fig. 1. In situ STM images of the clean gold surface obtained in an acidified copper sulfate electrolyte (O.01M H2S04, O.01M CuS04, Millipere 
water) at E = 500 mV and Et = 542 mV. (a) Clean pc Au surface which had never been exposed to copper electrodepasition (z = 45 nm). (b) 
The same surface as imaged in (a) but recorded after it had been recrystallized due to the first cycle of bulk copper electrodeposition and 
subsequent dissolution (z = 34 nm). 

sisted of hemispherical clusters with characteristic diame- 
ters varying from i0 to i00 nm (Fig. la-b) as confirmed by 
AFM measurements. 27 If the gold clusters of Fig. la and b 
are considered to be approximately hemispherical in shape, 
the effective area of the working electrode is estimated to 
be twice the size of the geometrical area. In order to demon- 
strate the effect of copper deposition on the morphology of 
the clean gold surface one cycle of copper electrodeposition 
and subsequent dissolution was carried out. After the dis- 
solution of copper, the morphology changed from the one 
shown in Fig. la to the morphology shown in Fig. lb. Some 
of the gold clusters of Fig. la have decreased in size and 
some have increased in size so as to form a surface of gold 
crystallites with a more uniform distribution of dimensions 
(Fig. ib). The change in morphology from Fig. la to Fig. ib 
is characterized by spherical clusters crystallizing into 
crystallites of a rectangular shape and the surface becom- 
ing more planar (z = 45 nm in Fig. la and z = 34 nm in 
Fig. lb. Crystalline gold surfaces are known to deteriorate 
after some weeks of use in experiments with bulk copper 
electrodeposition. 7 Thus, possibly the transformation ob- 
served after the first cycle of copper deposition (Fig. la and 
b) is due to the formation of an alloy. All the images of 
Fig. la and b and 2a-d are acquired at E = 500 mV. At a 
higher magnification more details in surface morphology 
are revealed after the first cycle of bulk copper electrodep- 
osition/dissolution as shown in Fig. 2a and b. The small 
gold clusters in Fig. 2a merge and form large areas of the 
alloy ~ phase (Fig. 2b). The hemispherical structure of the 
gold clusters in Fig. 2a was succeeded by a more planar 
structure with steps and terraces (Fig. 2b). On the top sites 
of the surface topography small nuclei of the alloy phase 
had crystallized and separated by up to hundreds of 
nanometers (Fig. 2b). Most of the alloy nuclei are cubic in 
shape but some of the large nuclei have developed into a 
triangular shape (Fig. 2b). In order to obtain reproducible 
voltammetry the gold electrode is subjected to repetitive 
potential sweeps. The potential sweep methods are com- 
monly applied to experiments of copper electrodeposition 
on various surfaces 18-2~ which may be ascribed to a sur- 
face cleansing. In view of the present work the pretreat- 
ment results in a change of morphology rather than a clean- 
ing of the surface. 

It has been shown by Nichols et al. i~ that rearrangements 
of surface atoms by surface diffusion owing to potential 
changes occur even in the double-layer charging region on 
the gold surface in sulfuric acid electrolytes. The growth of 
gold islands is related to a transition from a less dense to a 
more dense surface structure which forces the atoms up- 
wards, and they subsequently coalesce into islands by sur- 
face diffusion. Reconstruction of the gold surface can occur 

due to specific adsorption of anions as shown by Kolb and 
Schneider -~8 and an overall adsorption strength of anions 
has been suggested by Borkowska and Stimming29: CI- > 
HSO~ > OH- > CIO~. In the presence of underpotentially 
deposited copper adatoms Shi and Lipkowski showed that 
the adsorption of sulfate anions is enhanced? ~ The role of 
the adsorbing anions in the surface atoms mobility is not 
fully elucidated, but it has been suggested that the anion 
donation of electrons destabilizes the interatomic bonds of 
surface atoms with a concomitant surface relaxation and 
increase of atomic mobility. 6'2~ In electrolytes free of copper 
ions the change of surface roughness in eleetrodispersed 
metal electrodes has been studied by ex situ methods. 18-2~ 
Potential sweep methods allow the determination of sur- 
face diffusion coefficients at fixed potentials, Is'19 and it has 
been proposed that the gold-water interactions are con- 
trolling factors of surface atom mobility, e~ 

Growth of the copper-gold alloy phase.--By carrying out 
a second cycle of copper deposit ion/dissolution the nuclei 
of Fig. 2b increased in size and developed into characteris-  
tic t r iangular  shaped crystallites (Fig. 2c). Underneath  the 
t r iangular  shaped crystallites a base also grew out from the 
surface (Fig. 2c). This base developed further after a third 
cycle of copper deposit ion/dissolution and after  the fourth 
cycle characterist ic  "butterf ly-l ike" shaped crystallites 
were formed (Fig. 2d). In Fig. 3 is i l lustrated schematically 
how the shape of the crystallites change after completion of 
four cycles. The "butterfly" crystals did not dissolve even 
after 1 h at E = 700 mV, i.e., they cannot consist of a pure 
copper phase. 

In order to elucidate in detail the mechanism of crystal- 
lite growth the copper deposition was imaged as a function 
of (low) cathodic overpotentials as shown in Fig. 4a-d. The 
images of Fig. 2b and 4a are from the same area on the 
surface, but E = 500 and E = 0 mV for the two images, 
respectively. The effect of sweeping the potential from E = 
500 to E = 0 mV was observed as a slight increase of dimen- 
sions of the crystallites already formed on the surface 
(Fig. 4a). Upon a sweep in potential to E = -30 mV many of 
the crystallites grew in size, and a few new crystallites were 
identified as shown in Fig. 4b. At E = -40 mV all the crys- 
tallites had more than doubled their dimensions as com- 
pared to Fig. 4a and many new crystallites were formed 
(Fig. 4c). After about 5 rain at E = -40 mV the surface was 
completely covered with copper crystallites whose dimen- 
sions are 30 nm which is characteristic of crystallites grown 
at low cathodic overpotentialsY 6 Although the gold sur- 
face was covered with copper crystallites, it was still possi- 
ble to recognize the crystallites of Fig. 4a in the image of 
Fig. 4d. From an analysis of all the images acquired in the 
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Fig. 2. Development in morphology of the gold surface due to cycles of bulk copper electrodissolution imaged by in situ STM. Electrol[te: 
O.01M H2S04, O.01M CuS04, Millipore water. The images were recorded at E = 500 mV and Et = 542 mV. (a) The clean gold polycrystalline 
surface before any copper electrodeposition was carried out (z= 48 nm). (b) Recrystallized gold surface with alloy nuclei (light spots) obtained 
after completion of the first cycle (z = 37 nm). (c) Recrystallized gold surface with alloy crystallites observed after completion of the second cycle 
(z = 35 nm). (d) Recrystallized gold surface with alloy crystallites observed after completion of the fourth cycle (z = 35 nm). 

experiment of Fig. 4a-d, it was found that the z-scale, i.e., 
essentially the average thickness of the crystallites perpen- 
dicular to the surface, increased linearly with time. It was 
deduced that the z-scale of the images increased with a rate 
of 0.020 _+ 0.005 nm/s. Because the surface was covered 
with copper and some of the alloy features were still visible 
the total amount of copper on the surface may be estimated. 
From Fig. 4a-d and 5a-d and the change of the z-scale with 
time, it was found that the average thickness of the copper 
layer was 15 _+ 2 nm which corresponds to 7% of the copper 
from the electrolyte residing on the surface (assuming bulk 
density). Accordingly, the potential of the Cu/Cu ~§ refer- 
ence electrode remained constant. By dissolving the copper 
it was observed how the growth of the alloy crystallites 
proceeded (Fig. 5a-d). The nuclei in Fig. 4a had grown in 
size during the period of deposition due to copper adatoms 
adsorbing predominantly to nuclei (Fig. 4b-d and 5a). Dur- 
ing the period of dissolution the dimensions of the nuclei 
further increased, and at E = 30 mV they displayed their 
final shape (Fig. 5c). When all the copper was dissolved, the 
nuclei of Fig. 4a had grown into tr iangular  crystallites as 
shown in Fig. 5d. About double the number  of crystallites 
are identified in the image of Fig. 5d as compared to the 
number  of nuclei in Fig. 4a. This is probably due to smaller 
nuclei of Fig. 4a growing in size, so as to become visible in 
Fig. 5a. 

The number  of nuclei in Fig. 2b is approximately 80 
which yields a surface density of 10 TM nuclei/cm ~. This sur- 
face density of nuclei is thus two- to three-orders of magni- 
tude greater than the total Gibbs excess of sulfate ions 
determined in perchloric solution s~ with, however, lower 
concentrations of sulfate and copper ions. Although 
strictly not comparable, but  taking into account differ- 

ences in concentrations, the number of nuclei in Fig. 2b 
might be associated with the presence of adsorbed sulfate 
anions. Very high diffusion constants of gold surface diffu- 
sion (Ds = 10 -12 cm2/s) have been determined both by ex  si tu 
methods ~I'22 and by in si tu STM -~3 during the dealloying of 
copper/gold alloys with a low amount of gold content. 
Clustering of gold atoms occur on these surfaces near sites 
of copper dissolution at low overpotentials as monitored in 
real time experiments. 2~ As a protective layer of gold forms 
further dissolution of copper is inhibited in the corrosion 
process. 21 These are the basic mechanisms controlling the 
formation of a surface alloy on the pc Au surface (Fig. 2b-d) 
because they explain that diffusion gold atoms actually 
may prevent copper from dissolving. 

Vol tammetry . - -Because  the process of electrodeposition 
and dissolution was carried out at a low potential sweep 
rate and because the tip was well coated, it was possible to 
simultaneously acquire images and voltammograms. Ac- 
cordingly, all peaks in the voltammogram may be directly 
compared with features of the images which facilitates the 
interpretation of the electrode process. 31'32 

Characteristic voltammograms recorded consecutively 
at a potential sweep rate of i mV/s for bulk copper deposi- 
tion and dissolution are shown in Fig. 6. All four voltam- 
mograms of Fig. 6 show different current transients which 
reveal an irreversible behavior of the system. The voltam- 
mograms may be characterized by the following three 
features. 

1. The onset of copper electrodeposition shifts toward 
higher potentials as a function of cycle number. When the 
potential (E) reaches E - -60 mV (sweeping from positive 
potentials), the cathodic current starts to rise at the onset of 
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copper  e lectrodeposi t ion.  In the i n  s i t u  STM image  the  sur- 
face was covered wi th  copper  at the  poin t  where  the  cur- 
rent  s tarts  to r i seJ  6 By depic t ing  the  onset  (Eo) of rise in 
ca thodic  current  as a funct ion  cycle n u m b e r  (N) a l inear  
dependence  is found as shown in Fig. 7. F i t t ing  a s t ra ight  
l ine by least  squares  to the da ta  of Fig. 7 yields 

Eo = -3 .3  �9 N -  62 mV [1] 

Thus, every  cycle results  in a -3 .3  mV shift  in po ten t ia l  for  
the  onset  of e lectrodeposi t ion.  If the system was ideal ly  
reversible,  the slope of the s t ra ight  l ine of Fig. 7 wou ld  be 
zero. The in tercept  of the l ine is - 6 2  _+ 1 mV which  m a y  be 
in te rpre ted  as the po ten t ia l  of the  onset  of copper  elec- 

First cycle 

Second cycle 

Fourth cycle 

Fig. 3. Schematic diagram of the development of crystallites shape 
(see Fig. 2b-d) after four subsequent cycles of potentiostatic bulk 
copper electrodeposition/dissolution at a sweep rate of 1 mV/s. The 
initially grown nuclei (first cycle) were square or triangular in shape 
with nobasis. After completion of the second cycle the basis of the 
crystallite was recognized, and after the fourth cycle the crystallites 
exhibited a characteristic "butterfly-like" shape. 

t rodeposi t ion  for an ideal  revers ible  system. F rom Eq. 1 it  
can be seen tha t  the po ten t ia l  of onset shif ted by - 1 3  mV 
after  comple t ion  of four  cycles. 

2. The anodic  par t  of the  current  t rans ien t  show a shift  
in peak  posi t ion f rom E = 20 to E = - 2  mV. The posi t ion of 
the peak  po ten t ia l  (Ep) of the anodic  current  is shown in 
Fig. 8 as a function of N. With Ealloy being the peak potential 
of the alloy-covered surface it is assumed that the change of 
Ep with respect to the change in cycle number N is propor- 
tional to the peak potential, i.e: 

dEp 
d N  = cp �9 Ep [2] 

where  ce is a constant .  With  the  l imits  Egold -- E~lloy and E - 
E~l~oy, where  Ego~d is the peak  potent ia l  of the c lean gold 
surface,  in tegra t ion  of Eq. 2 yields 

Ep = Ealloy + (Egold -- E~lloy) �9 exp (cp �9 N) [3] 

Thus, E (N = 0) = Egold and E (N--~ ~) = E,2to~ w h e n  ce -< 0. The 
l ine wh ich  connects  the  points  in Fig. 8 is a f i t  of the  da ta  
to the func t ion  of Eq.  3. The values  of the constants  of Eq. 
3 are thus: ce = -1 .2  • 0.1 cycles -1, E~x~oy = - 2 . 6  • 0.3 mV, 
and Ego~a = 69 -+ 8 inV. Accordingly,  the  po ten t ia l  of anodic  
dissolut ion of copper  changes by  72 • 8 mV dur ing  the  f irs t  
four  cycles. 

3. The areas change as a func t ion  of N under  the curves 
of the current  t ransients .  The most  dis t inct  change occurs 
be tween  the  first  and  the  second cycle; all  areas under  the 
curve of the first  cycle, ca thodic  as wel l  as anodic,  are large 
as compared  to areas of vol~ammograms recorded subse-  
quently. In Fig. 6 three areas are considered which  are pro-  
por t ional  to the charge densi ty  (Q). The first  area is s i tu-  
a ted  under  the  curve when  E is swept  be tween  E = 100 mV 
to E = - 1 0 0  mV (Fig. 6 and 9a), the second is the  area  f rom 
E = - 1 0 0  mV to the po ten t ia l  where  the  current  densi ty  is 
zero [Fig. 6 and 9 (A)] and the th i rd  area is the area  of the  
anodic  peak  [Fig. 6 and 9 (.)]. It  is assumed tha t  the  change 
in charge densi ty  0 Q 0  requ i red  to deposi t  and subse-  
quen t ly  dissolve the  copper  w i th  respect  to the  change in 
n u m b e r  of cycles is p ropor t iona l  to the charge  density, 
hence  

d I Q I  
d N  - Cq " lQI [4] 

wi th  CQ being a constant .  In tegra t ion  of Eq.  4 wi th  the l im-  
its f rom Qgold - Q a l l o y  to Q - Qalloy (with the  same no ta t ion  as 
in Eq. 2 and 3) yields 

IQI = Qalloy + (Qgold - Q~lloy) " exp (CQ �9 N) [5] 

Then, I Q I ( N  = O) = Qgold and IQ I(N--~ ~) = Qauoy for CQ --< 0. By 
f i t t ing the  da ta  of Fig. 9a to Eq. 5 the values  of Q,noy, Qgo~d, 
and CQ are ob ta ined  as presented  in Table I. F r o m  the con-  
s tants  of Table I i t  was found tha t  Qgold/Qalloy = 2.7 • 0.3, i.e., 
w h e n  copper  was e lec t rodepos i ted /d isso lved  on the  c lean 
gold surface  a lmost  three  t imes the charge f low as com-  
pared  wi th  the charge f low to the ~ a l loy-covered  surface.  
The da ta  f i t  very wel l  the funct ion  of Eq. 5, and it  may  
therefore  be suggested tha t  three different  fa rada ic  pro-  
cesses are involved  in the copper  e lec t rodepos i t ion/d isso lu-  
tion. The difference in charge densi ty  of e lec t rodepos i t ion  
and dissolut ion is i l lus t ra ted  in. Fig. 9b. For  N < 1 the differ- 
ence in charge densi ty  is posi t ive  which  suggests tha t  no 
copper  was deposited.  In Fig. 9a there  is a small  bu t  s ignif-  
icant  difference be tween  the first  and second (cathodic) 
areas. For  N > 0.9 it is seen in Fig. 9a tha t  the charges IQ~I 
and IQ21 which  correspond to areas No. 1 and 2, respec-  
tively, in Fig. 6 obeys IQ~I > IQ~I. Similarly, IQll > IQ31 f o r N >  
1 (Fig. 9b). Clearly, the charge densit ies of Fig. 9a do not  
balance,  i.e., the  anodic charge is different  f rom the ca- 
thodic  charge.  In  these exper iments  there  is an excess of 
ca thodic  charge  which  can  be es t imated  f rom Fig. 9b. The 
to ta l  amount  of excess charge  dens i ty  ( A Q )  for 1 -< N -< 4 is 
(Fig. 9b): AQ = ~=~ (IQ31 - IQll)N = - 4 4 0 0  m C / c m  2, wh ich  is 
ca lcula ted  using the geomet r ica l  area. By using the est i-  
ma ted  effective area of the  work ing  e lect rode (see sections 
above) the excess charge densi ty  is A Q  = - 2 2 0 0  m C / c m  2. 
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Fig. 4. Growth of alloy nuclei and of copper electrodeposit imaged by in situ STM. Electrolyte: 0.01M H2SO4, 0.01M CuSO4, Millipere water. 
(a} Recrystallized gold surface with alloy nuclei observed at E = 0 mV during the beginning of the second cycle of copper electrodepesition/dis- 
solution (z = 37 nm). (b) Increase in dimensions of alloy nuclei owing to copper nucleation, E = - 3 0  mV (z = 39 nm). (c) Growth of alloy nuclei 
and of copper clusters, E = - 4 0  mV (z = 46 nm). (d) Copper clusters and alloy crystallites covering the surface, E = -45  mV (z = 52 nm). 

The effective area is expected to be underestimated by this 
method because pits and cracks in the surface are unac- 
counted for. However, it may be comparable to effective 
areas determined by Au oxidation voltammetry which are 
also underestimated as shown by Vitus and Davenport} 3 

By comparing Eq. 3 and 5 it is found that the charge 
density (Q) depends on the peak potential  (P) as 

E - Ea~loy 
q = Qalloy + (Qgold ~ q a l l o y )  " Egold - E~iloy [6] 

for Ealloy --< E --< Egold. 

Image analysis.-- From the images of Fig. 2 the exact 
dimensions of alloy crystallites and the distribution of di- 
mensions can be evaluated. Because the entire basis of the 
gold surface was recrystallized during the first cycle of 
copper etectrodeposilion (Fig. 2b) and because it did not 
change during subsequent cycles only the dimensions of 
nuclei and crystallites are considered in the following anal- 
ysis. By measuring the surface areas of the crystallites the 
area distribution of nuclei of Fig. 2b was evaluated as 
shown in Fig. 10a. Alloy nuclei and crystallites with areas 
below 500 nm 2 were prevailing on the surface after the first 
cycle (Fig. 10a). After the second cycle the small nuclei 
were not prevailing on the surface. Their areas had grown 
in size and a wide distribution of crystal]ite sizes peaking 
at 1500 nm 2 was formed (Fig. 2c and 10b). After completion 
of the fourth cycle (Fig. 2d) the distribution of areas peaked 
at 5000 nm 2, and there was a large number of crystallites 
with areas less than 1000 nm 2 as shown in Fig. 10c. The 
total volume of the alloy phase including all nuclei and 
crystallites grown from Fig..2b to Fig. 2d is 2.9 �9 106 nm 3 as 
deduced by a height and area analysis of crystallites ob- 
served in Fig. 10a to c. If it is assumed that the crystallites 
in Fig. 2b-d were grown of pure copper of bulk density the 

amount of charge density to grow 2.9 �9 10 6 nm 3 corresponds 
to approximately 2.2 �9 10 4 mC/cm 2 (assuming a copper va- 
lence of 2) which is an order of magnitude larger than the 
actual charge passed as deduced by the voltammetry 
(above). Thus, the crystallites of Fig. 2 did not consist of 
pure copper but possibly of a copper-deficient gold alloy 
with a copper-to-gold ratio of less than 1:10 which is con- 
sistent with the findings of Fritz and PickeringY They sug- 
gest- that  the copper content in a protective gold layer 
formed by de-alloying of a copper-gold alloy surface is 5 to 
15 atom percent (a/o). Because other faradaic processes are 
involved according to Fig. 9a the copper content may be 
even less. This is supported by the observation that  the 
crystallites did not grow exclusively during the sweep from 
anodic potentials toward cathodic potentials (Fig. 4a-d) 
but also when the copper was dissolved as shown in 
Fig. 5a-d (see the previous section for an explanation of 
mechanism). 

The irreversible change of surface morphology by the 
cycles of copper electrodeposition associated with shifts in 
peak potential (see above) and in charge densities shows 
that copper electrodeposition is a more subtle process 
as compared to what have been understood previ- 
ously. ~'11'13"26'28'34 By the description of the change in peak 
potential (Ep) (above and Fig. 8) it may be suggested that 
the potential of the gold changed irreversibly owing to the 
surface recrystallization and growth of crystallites. Thus, 
the shift in peak potential may be interpreted as a shift in 
working electrode potential, i.e., AEp = AE w. 

Potentiostatic bulk copper electrodeposition onto crys- 
talline gold surfaces results in an instantaneous nucleation 
around surface defects (including step, kinks, etc.). 7-9 The 
number of nuclei depends on the size of the overpotential 
and the copper grows into islands 7-9 and crystallites 11 dur- 
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8 5 0  n m  

8 5 0  n m  

Fig. 5. Potentiostatic dissolution of bulk copper electrodeposited on gold imaged by in silu STM. Electrolyte: 0.01M H2SO4, 0.01M CuSO4, 
Millipore water. (a) Copper clusters and alloy crystallites covering the gold surface at E = -55  mV (z = 49 rim). (b) Dissolving copper clusters 
and growing alloy crystallites on the gold surface at E = 25 mV (z = 43 nm). (c) Alloy crystallites and remaining copper clusters at E = 30 mV 
(z = 42 nm). (d) Alloy crystallites with triangular shape formed on top of the recrystallized gold surface, E = 500 mV (z = 35 nm). 
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Fig. 6. Change of voltommogroms during the first four cycles of bulk copper electrodeposition and subsequent dissolution on gold recorded 

at o potential sweep rote of 1 mV/s simultaneously with in situ STM image acquisition. The measurements were carried out in an acidified 
copper sulfate electrolyte (0.01M H2S04, 0.01M CuS04, Millipore water). (The arrows indicates the direction of potential sweep). 

ing further growth at a fixed overpotential. Under the in- 
fluence of organic additives the copper growth also occurs 
by an initial nucleation at surface defects followed by a 
coalescence of islands owing to a preferential lateral 
growth. 7'12 Bulk copper electrodeposition on crystalline Pt 
shows a similar initial nucleation process with the number 
of crystallites being dependent on the size of the overpoten- 
tial. 31'34 On the Pt substrate the additives induce a decrease 
in particle size which is comparable to the process of cop- 

per pulse plating onto gold by applying 20 ms periods of 
cycling time. 13 It has been suggested recently that coad- 
sorption of hydrogen occurs in combination with the cop- 
per electrodeposition 26 which adds to the complexity of 
copper electrodeposition/dissolution. Therefore, the fara- 
daic processes extracted above (Fig. 9a and b) possibly in- 
volves copper oxidation/reduction, hydrogen adsorption/ 
desorption and alloy formation. Tentatively, if hydrogen 
adsorbs right from the initial stages of copper electrodepo- 
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Fig. 7. Pote, tial of onset of copper electrodeposition on gold 
(Fig. 6) depicted as a function of cycles. The straight line was  tiffed to 
the data by lea:;t squares. 
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Fig. 8. Shift in peak potential for the anodic current transient 
(Fig. 6) as a func~lian of cycles of bulk copper electrodepasition/disso- 
lution on gold. An exponential function was fitted to the data (full line) 
(see text far dek]ils). 

sition this may explain why copper forms islands and does 
not merge at low-cathodic overpotentials (Fig. 4b-d), viz. 
hydrogen adsorbed on the surface of copper nuclei forms 
a barr ier  between the nuclei which prevents surface 
diffusion. 

Subsequent to a cycle of copper electrodeposit ion/disso- 
lution the original area of the crystall ine gold surface was 
recovered and at the atomic level v-~ or the near  atomic level 
the gold surface seemed to be unaffected by  the process. ~ 
Cycles of copper electrodeposit ion/dissolution by underpo-  
tential  deposit ion seem to affect the crystall ine surface only 
during weeks of experiments,  v This was obviously not true 
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Fig. 9. Chan~e in charge density during the first four cycles of bulk 
copper electrodeposition and subsequent dissolution (Fig. 6); (a, top) 
(Ill-Charge of cathodic current transient of Fig. 6 when the potential 
was swept from E = 100 mV to E = - 100 mV. (~) Charge of cathodic 
current transient when the potential was swept from E = -100  mV 
and to the cathodic potential of zero current. (el Charge of the anedic 
part of the current transient (Fig. 6); (b, boltom) Difference in charge 
density between the anadic current transients (el and the cathodic 
transients (11) (IQ~I - IQ~ I) as a function of number of cycles. 
Exponential relationships were fitted to the data (full lines, see text 
and Table I for details). 
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Table I. Values of charge densities (Q) and exponential decay 
constants (cQ) obtainecl by fitting the function of Eq. 5 to the 
data of Fig. 9. (See text for the definition of areas in Fig. 6.) 

Area no. Q,~o~ (z~C~cm ~ ) Q~o~(-+2%) (mC/cm~) CQ (-+10%) (cycles-~) 

1 -6,800 -16,000 -0.26 
2 -9,000 -27,800 -1.46 
3 -7,900 -19,400 -0.66 

for the pc Au surface as evidenced by Fig. 2a-d. As the 
charge (Q) and peak potent ial  (Ep) experience large 
changes owing to a decrease in surface effective area and a 
subsequent growth of a surface phase, it  is suggested that  
the recrystat l izat ion of the polycrystal l ine surface is indeed 
a faradaic  process. Accordingly, in general  theories of 
nucleation and electrocrystal l izat ion at low overpoten- 
tials 3~-~ a term of surface recrystal l izat ion in the case of a 
polycrystal l ine surface according to Eq. 6 shou ld  be 
included. 

Conclusions 
Imaging of electrochemical electrode processes in real 

time by in s i tu STM imaging combined with simultaneous 
electrochemical data  acquisit ion have been appl ied to 
show the changes in surface morphology of a gold working 
electrode during ini t ial  cycles of potent iostat ic  bulk copper 
electrodeposit ion and subsequent dissolution. 

1. After  completion of the first cycle of bulk  copper elec- 
trodeposit ion and dissolution the surface of the gold poly- 
crystall ine electrode exhibi ted a major transformation.  It 
recrystal l ized and nuclei of a copper-gold alloy phase were 
formed on the top sites. The number  density of alloy nuclei 
was i0 ~~ cm -2. 

2. Completion of subsequent cycles of bulk  copper elec- 
trodeposit ion/dissolution resulted in minor  t ransforma-  
tions, such as a growth of nuclei into crystallites, an 
increase of crystall i te dimensions, and a change of crystal-  
]ires shape but  left the basis of the recrystal l ized gold sur- 
face unaltered. 
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Fig. 10. Distribution of surface areas of nuclei and crystallites as 
deduced by in situ STM images: (a, top) Fig. 2b; (b, middle) Fig. 2c; 
(c, bottom) Fig. 2d. 
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3. The growth of dimensions of the crystalli tes increased 
both during the period of potentiostat ic copper electrodep- 
osition and during the period of potent iostat ic  dissolution. 
The alloy nuclei which were formed after completion of the 
first cycle were nucleation centers of copper growth in sub- 
sequent electrodepositions. 

4. It is suggested that  the growth of crystall i tes during 
the period of copper dissolution was due to a high surface 
mobil i ty  of gold atoms and that  the gold layers t rap copper 
atoms or copper ions, so as to form a copper deficient cop- 
per-gold alloy. The copper content of the alloy was esti-  
mated by voltammetry to be less than 10%. 

5. The current transients of the first four cycles of poten-  
t ia l  sweep exhibit  different behaviors. A shift of 22 mV was 
observed for the anodic peak of current t ransient  which 
was ascribed to a change in potent ia l  of the working elec- 
t rode due to alloy formation. The init ial  shift in peak po- 
tent ial  and the concomitant ini t ial  change of charge den- 
sity of copper electrodeposition and dissolution were found 
to be related by a power law relationship. 
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