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a b s t r a c t
Copper was deposited onto rotating Si substrates by galvanic displacement in 6.0 M NH4 F to determine
the effects of Cu complex formation on deposition rates. Deposition rates decreased with increasing
rotation speed, indicating that Cu(I) intermediates, stabilized by NH3 , diffuse away from the Cu surface
before they reduce to Cu(0). UV–visible spectra of contacting solutions and direct measurements of mass
changes resulting from Cu deposition and Si removal conﬁrmed this proposal. These ﬁndings contrast
those reported previously for deposition from HF solutions, in which Cu(I) species are unstable and reduce
rapidly to Cu(0). These data and mixed-potential theory were used to develop a reaction-transport model
that accurately describes the effects of mass transfer and electrochemical reaction rates on Cu deposition
dynamics and open-circuit potential (OCP) values. The effects of ascorbic acid and tartrate additives on ﬁlm
properties and formation rates were also examined. Cu reduction kinetics decreased signiﬁcantly when
ascorbic acid (0.01 M) was present. Adhesion of Cu ﬁlms was improved when ascorbic acid was used,
but internal stresses caused ﬁlms to distort when their thicknesses exceeded 100 nm. Adding potassium
sodium tartrate to solutions containing ascorbic acid decreased ﬁlm stresses and led to robust ﬁlms with
excellent adhesion.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Galvanic displacement has been used to selectively deposit Cu
and other metals onto Si in many devices, such as integrated circuits,
microelectromechanical systems, and microchannel chemical reactors [1–5]. HF is commonly used to dissolve oxidized Si in these
systems, but NH4 F is an attractive alternative, because the nearneutral pH prevalent in NH4 F solutions allows deposition of less
noble metals, such as Ni. In addition, NH4 F solutions are compatible with additives, such as ascorbic acid, that have been found to
improve ﬁlm adhesion to substrates [6–8]. The effects of NH4 F on
mass transfer and kinetic processes involved in Cu galvanic displacement are examined here to determine appropriate conditions
for the deposition of Cu ﬁlms from NH4 F solutions.
NH3 formed in NH4 F dissociation reacts with both Cu(II) and
Cu(I) cations to form complexes, a process that stabilizes these
species relative to the respective hydrated cations [9,10]. This effect
is especially pronounced for Cu(I) species, which are much less stable than Cu(II) as hydrated cations in aqueous media, but more
stable than Cu(II) as ammine complexes in NH4 F solutions [10]. As
a result, the deposition model developed for galvanic displacement
in HF solutions (Fig. 1a) must be modiﬁed, because Cu(II) reduc-
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tion to Cu(0) cannot be treated as an irreversible single-step. Fig. 1b
depicts the corresponding model for galvanic displacement in NH4 F
solutions. In this case, the stable Cu(I) intermediates formed during
Cu(II) reduction can diffuse away from the Cu surface before reduction to form Cu(0) ﬁlms. The removal of Cu(I) before deposition
has been proposed to account for the low Cu metal yields in electrodeposition from NH3 solutions [11]. Here, we use the processes
depicted in Fig. 1b to determine the inﬂuence of mass transfer and
reaction kinetics on the rate of Cu deposition onto rotating Si substrates in 6 M NH4 F solutions.
Previous studies have shown that additives, such as ascorbic acid, potassium sodium tartrate, and methanol co-solvents
improve the properties of Cu ﬁlms on Si, via processes that remain
incompletely understood [3,7]. Additives can affect deposition via
formation of complexes with metal cations, adsorption onto electrode surfaces, or modiﬁcation of the interfacial tension of the
electrode [12]. Here, interactions between additives and Cu cations
are determined by combining measurements of UV–visible spectra of deposition solutions, open-circuit potential (OCP) values, and
Cu deposition rates. The effects of additives on reaction and mass
transfer rates are used to elucidate their mechanism of action and to
provide insights into deposition conditions that improve ﬁlm properties. Ultimately, the structure of Cu ﬁlms guides their function,
and atomic-force and optical microscopies are used to determine
the inﬂuence of these additives on ﬁlm structure and on its consequences for adhesion and mechanical integrity.
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adding (NH4 )2 MoO7 (10% w/v in H2 O, Alfa Aesar) to each aliquot to
form colored molybdosilicic acid [15]. Si(IV) concentrations were
calibrated using samples with known concentrations of H2 SiF6 2−
(Alfa Aesar, 35% w/w aqueous solution).
The amounts of Cu deposited and Si dissolved were also determined by measuring mass changes in the Si wafers used in
UV–visible experiments. First, the mass of a Si sample was measured (±0.1 mg) using an analytical balance (Model A-250, Denver
Instrument Company). After deposition, the sample was rinsed,
dried, and weighed again. The Cu ﬁlm was then dissolved by contact
with 0.5 M HNO3 for 60 s and the Cu-free Si sample was weighed
again. The amount of Si dissolved during galvanic displacement
was determined from the difference between this ﬁnal mass and its
initial value. The mass of Cu deposited was measured from the difference in mass before and after dissolving the Cu ﬁlm. The amounts
of Cu deposited and of Si dissolved determined from UV–visible
spectra and mass changes agreed to within 20%.
3. Results and discussion
3.1. Copper deposition mechanism in 6.0 M NH4 F
Fig. 1. Reaction-transport model for Cu deposition onto Si by galvanic displacement.
(a) Previously developed model for deposition in HF solutions, where Cu2+ is irreversibly reduced to Cu0 and (b) deposition model for NH4 F solutions, in which Cu+
forms stable complexes with NH3 which can either reduce further to Cu0 or diffuse
away from the Cu surface and into the bulk solution.

2. Experimental methods
Experimental methods were similar to those reported previously for deposition of Cu onto Si from HF solutions
[13,14]. CuSO4 ·5H2 O (99.3%, Fisher) was used as the Cu source
(0.0010–0.020 M); NH4 F (Sigma–Aldrich, 40% w/w) was used as
a 6.0-M aqueous solution to dissolve oxidized Si. The role of
additives was studied by adding compounds previously reported
to improve the adhesion of Cu ﬁlms onto Si(7). These moieties
were methanol (CH3 OH, Fisher, 99.8%), potassium sodium tartrate
(KNaC4 H4 O6 ·4H2 O, Alfa Aesar, 99%), and ascorbic acid (C8 H8 O6 ,
Alfa Aesar, 99%). Deposition was carried out on ∼1 cm2 Si(1 0 0)
substrates ( = 10–20  cm; Wafernet, Inc.) attached to the end of
a rotating shaft (Model A5R2, Pine Instruments). Rotation speeds
were varied between 0 and 260 rad s−1 (2500 rpm). Open-circuit
potential (OCP) values were measured using a high-impedance
voltmeter (Keithley 2400 SourceMeter), and Hg/Hg2 SO4 (REF621,
Radiometer Analytical; 0.64 V vs. NHE) was used as the reference
electrode.
The structures of Cu surfaces and of the underlying Si were
assessed by atomic-force microscopy (Digital Instruments MultiMode III) in tapping mode. For these, experiments, Si surfaces were
exposed by dissolving the Cu ﬁlms in 0.5 M HNO3 (69.5%, Fisher).
AFM was also used to measure the thickness of Cu ﬁlms, using the
following method. Cu ﬁlms were scratched with Teﬂon tweezers to
expose the Si underneath, and the height difference at the Cu–Si
interface was determined by AFM. Film thicknesses were used to
calculate Cu deposition rates, assuming Cu void fractions of 0.15, as
found previously [13]. Optical images were obtained with a Mitutoyo Finescope at 20× magniﬁcation; images were recorded using
a CCD camera (Sony SSC-C370).
Solution compositions were determined from UV–visible spectra of solutions at wavelengths of 450–850 nm (Cary 400
Spectrometer). Cu(II) concentrations were found by removing 1cm3 aliquots from solution during deposition and measuring the
absorbance at 690 nm. Polystyrene semi-micro cuvettes (International Crystal Laboratories) with 1 cm path length were used.
Concentrations of Si(IV) in solution were then determined by

Cu was deposited onto rotating Si substrates in 6.0 M NH4 F to
determine the effect of mass transfer on Cu deposition rates. Deposition rates decreased with increasing rotation speeds in 0.010 M
CuSO4 solutions (Fig. 2). These results are in marked contrast with
the higher reaction rates typically observed because of thinning of
boundary layers as shear rates increase with increasing rotation
speed [13]. The reaction transport-model proposed previously to
describe galvanic displacement rates in HF solutions [13] (Fig. 1a)
cannot account for these trends in deposition rates with increasing rotation speed for NH4 F solutions. The model is extended here
to NH4 F solutions by accounting for the diffusion of Cu(I) cations
away from the electrode surface and into the bulk solution (Fig. 1b)
before they reduce to form Cu(0) ﬁlms. Cu(I) complexes with NH3
are more stable than either hydrated Cu(I) or Cu(II)–NH3 complexes (Table 1). Previously reported calculations of equilibrium
in Cu–NH3 –H2 O systems showed that a Cu(I) species, Cu(NH3 )2 + ,
is the predominant ionic species in equilibrium with Cu(0) dur-

Fig. 2. Effect of mass transfer rates on Cu deposition rates. [NH4 F] = 6.0 M;
[CuSO4 ] = 0.010 M (), 0.0025 M (), and 0.0010 M (); deposition time = 180 s.
Deposition rates decrease with increasing mass transfer rates in high CuSO4 concentrations, but increase in more dilute CuSO4 . Solid lines indicate deposition
rates predicted from deposition model depicted in Fig. 1b and the associated Eqs.
(11)–(14). This model captures the trends of decreasing deposition rates at high rotation speeds in 0.01 M CuSO4 and increasing deposition rates with increasing rotation
speeds in 0.001 M CuSO4 .
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Table 1
Standard Gibbs free energies of formation (Gf◦ ), stability constants (K), and reduc-

tion potentials (E◦ ) of Cu ions in NH3 solutions.
−1

Cationic species

Gf◦ (kJ mol

Cu2+
Cu(NH3 )2+
Cu(NH3 )2 2+
Cu(NH3 )3 2+
Cu(NH3 )4 2+
Cu+
Cu(NH3 )+
Cu(NH3 )2 +

65.0
13.9
−33.5
−77.3
−116.7
50.3
−10.1
−64.7

+

K=

)

[Cu(NH3 )m ]
[Cu+ ][NH3 ]

–
2.0 × 104
9.5 × 107
1.05 × 1011
2.09 × 1013
–
8.5 × 105
7.2 × 1010

m

E◦ (V) vs. NHE

(1)

where  is the solution kinematic viscosity (in cm2 s−1 ), D is the diffusivity of a given species (in cm2 s−1 ), and ω is the angular velocity
of rotation (in rad s−1 ). Thus, Cu(II) diffusion rates from solutions to
Cu or Si solid surfaces are given by





(2)

where [Cu(II)]bulk and [Cu(II)]surface denote the Cu(II) activities in
the bulk solution and at the solid surface, respectively. Cu(II) is then
reduced to Cu(I) by electrons formed by oxidation of Si [20]:
Cu(II)(surface) + e− ↔ Cu(I)(surface)
r2 = k20
exp



(3)

 ˛F 

[Cu(II)]surface exp −

 (1 − ˛)F 
RT

E − E20



RT

E − E20



− [Cu(I)]surface
(4)

In Eq. (4), k20 is the standard rate constant (the rate constant
for the forward and reverse reactions at the standard potential and
unit activities of Cu(II) and Cu(I)), E20 is the standard potential of r2
(0.16 V), ˛ is the transfer coefﬁcient (reﬂecting the symmetry of the
electron transfer energy barrier), F is Faraday’s constant (96,485 C
(mol e− )−1 ), R is the gas constant (8.314 J mol−1 K−1 ), T is the temperature in K, and E is the electrode open-circuit potential (OCP).
The parameter  denotes the extent to which Cu(I) formation rates
are limited by boundary-layer mass transfer:
 =


ω1/2
kCu(II)

k20

exp −(˛F/RT )(E

− E20 )

≈

r1
r2



(6)

 ˛F 

[Cu(I)]surface exp −

 (1 − ˛)F 
RT

RT

E − E30

E − E30





(7)

The stable nature of Cu(I)–NH3 species decreases their reduction rates and allows them to diffuse into the bulk solution before
reaction at a rate given by

ing deposition in 6 M NH4 F [16,17]. The low reactivity of Cu(I)–NH3
species allows their diffusion into bulk solutions before reduction
and deposition as Cu(0). Similar effects were previously proposed
to explain the decrease in deposition rates with increasing rotation
speed for Zn(OH)2 ﬁlm growth on Zn [18]. In contrast to the results
for 0.010 M CuSO4 , deposition rates increased with increasing rotation speeds in more dilute 0.0010 M CuSO4 . This suggests that Cu(I)
species reduce before they can diffuse into the bulk solution at these
lower CuSO4 concentrations.
Steady-state model equations for the processes depicted in
Fig. 1b were used to describe the effects of mass transfer and
reaction kinetics on Cu deposition rates and OCP values. In the discussion that follows, ionic species are denoted as Cu(II) and Cu(I),
irrespective of the solvating species (H2 O or NH3 ) or number of
NH3 ligands. The effects of rotation speed on boundary layer mass
transfer coefﬁcients (km ) are given by [19]


ω1/2 [Cu(II)]bulk − [Cu(II)]surface
r1 = kCu(II)

Cu(I)(surface) + e− ↔ Cu(0)

− exp

Data are taken from [10].

km = 0.62−1/6 D2/3 ω1/2 = k ω1/2

The Cu(I) species formed by reduction of Cu(II) can be reduced
further to Cu(0), which then deposits onto the growing ﬁlm [20]:

r3 = k30

0.337
0.21
0.10
0.01
−0.06
0.521
0.17
−0.12

3

(5)

Cu(II) mass transfer limits rates as  → 0, while Cu(II) reduction
limits rates as  → ∞.


r4 = kCu
+



[Cu(I)]surface − [Cu(I)]bulk



(8)

If bulk Cu(I) concentrations are much lower than those at the
solid surface, the ratio of the Cu(I) diffusion rate (r4 in Fig. 1b, Eq.
(8)) to the rate for Cu(I) reduction to Cu(0) (r3 in Fig. 1b, Eq. (7)) is
given by the parameter ˚:
˚=


ω1/2
kCu(I)

k30

exp −(˛F/RT )(E

− E30 )

≈

r4
r3

(9)

This parameter reﬂects the selectivity of Cu(I) reduction to Cu(0):
Cu+ is selectively reduced to Cu(0) as ˚ → 0, while Cu+ cations
diffuse into the bulk solution essentially unreacted for ˚ → ∞.
Mixed-potential theory was used to estimate deposition rates
and OCP values by equating the oxidation and reduction currents,
a requirement of steady-state [21]. Current densities (i, in A cm−2 )
are related to reaction rates (r, in mol cm−2 s−1 ) by Faraday’s law:
i = nFr

(10)

where n is the number of electrons transferred in the electrochemical half-reaction. It was shown previously that during galvanic
displacement, Si is oxidized in a two-electron process, with subsequent oxidation to the stable SiF6 2− product occurring in solution
via H+ reduction to H2 [13]. The rate for Si oxidation followed by
dissolution at the electrode surface is given by [22,23]
0 exp (F/RT )(E − E 0 )
2kHF2 [HF2− ]kSi
iSi
Si
= 2rSi =
−
0 exp (F/RT )(E − E 0 )
F
kHF2 [HF2 ] + kSi
Si

(11)

where [HF2 − ] values were calculated from solution thermodynamics and found to be 0.015 M [24,25].
Cu reduction rates were determined from Eqs. (2) to (9) by
assuming pseudo steady-state for Cu(II) and Cu(I) thermodynamic
activities at Cu surfaces. At the potentials prevalent during deposition, the rate of the reverse (oxidation) reaction in Eq. (4) is much
lower than the rate of reduction, and thus Cu(II) reduction to Cu(I)
(Eqs. (3) and (4)) was assumed to be irreversible. The rates of Cu(II)
diffusion and reduction (Eqs. (2) and (4)) can then be combined to
ﬁnd the current density for reduction of Cu(II) to Cu(I):
iCu(II)→Cu(I)
F

=

=


kCu(II)
ω1/2 k20 exp −(˛F/RT )(E − E20 ) [Cu(II)]b

kCu(II)
ω1/2 + k20 exp −(˛F/RT )(E − E20 )

kCu(II)
ω1/2 [Cu(II)]b

(12)

1+

Similarly, the net current density for Cu(I) reduction to Cu(0)
(Eqs. (6) and (7)) is
iCu(I)→Cu(0)
F

=


kCu(II)
ω1/2 [Cu(II)]b

(1 +  )(1 + ˚)
−

˚
1+˚

k30 exp

 (1 − ˛)F
RT



(E − E30 )

(13)
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Fig. 3. Comparison of OCP values measured during deposition and values calculated from Eqs. (11)–(14). [NH4 F] = 6.0 M, [CuSO4 ] = 0.010 M (), 0.0025 M (), and
0.0010 M ().

The ﬁrst term on the right-hand side of Eq. (13) represents the rate of
Cu(I) reduction to Cu(0), and the second term represents the reverse
reaction. The step-wise reduction currents in Eqs. (12) and (13) can
then be added to yield the total Cu reduction current:
k 2+ ω1/2 [Cu(II)]b
iCu,total
= Cu
F
1+
−

˚
1+˚

k30 exp

1
1+
1+˚

 (1 − ˛)F
RT



(E − E30 )

(14)

The mixed potential, E, was calculated by setting the total Cu reduction current (Eq. (14)) equal to the Si oxidation current (Eq. (11)).
Because electrons cannot be generated or destroyed, the rate
at which electrons are liberated in the Si oxidation reaction (Eq.
(11)) must equal the rate at which they are consumed in the Cu
reduction reactions (Eq. (14)). OCP values were predicted by solving iteratively for the potential E that satisﬁed the condition that
the currents given by Eqs. (11) and (14) (iSi and iCu respectively)
are equal to each other for each CuSO4 concentration and rotation
speed considered. This potential was then substituted into Eq. (13)
to ﬁnd the predicted rate of Cu deposition. These results agree qualitatively with measured rates as functions of CuSO4 concentration
and rotation speed (Fig. 2). The model correctly predicts a decrease
in deposition rate with increasing rotation speed in 0.010 M CuSO4
solutions; measured rates, however, are slightly lower than predictions. This model also accurately predicts that deposition rates
increase with increasing rotation speed at lower CuSO4 concentrations (0.0010 M).
OCP values predicted by the deposition model also agree with
measurements, namely OCP values increase with increasing rotation speed or CuSO4 concentration (Fig. 3). Higher OCP values reﬂect
a higher driving force for reduction [26], suggesting that the driving
force for reduction increases with increasing rotation speed, in spite
of lower measured deposition rates from 0.01 M CuSO4 solutions.
This is consistent with the expressions for Cu reduction rates given
in Eqs. (13) and (14). The sum of the reduction rates of Cu(II) to Cu(I)
and Cu(I) to Cu(0) (Eq. (14)) increases monotonically as rotation
speed increases, but the rate of Cu(I) reduction and of concomitant
Cu(0) deposition (Eq. (13)) decreases at high rotation speeds. The
rate of Si oxidation and dissolution (Eq. (11)) must equal the total
rate of Cu reduction (Eq. (14)) at steady state. Thus, the amount of
Si dissolved must also increase with increasing rotation speed, a
hypothesis that is conﬁrmed below by measuring the mass change
of Si substrates following deposition.
Cu deposition rates in 0.01 M CuSO4 solutions decrease with
increasing rotation speed because Cu(I) species diffuse away from

Fig. 4. Schematic depiction of the effect of rotation speed on the rate of processes
depicted in Fig. 1b. r1 is the rate of Cu(II) diffusion to the electrode surface. r2 is the
rate of Cu(II) reduction to Cu(I). r1 and r2 are equal at steady state. r3 is the rate of Cu(I)
reduction to Cu(0), and r4 is the rate of Cu(I) diffusion from the electrode surface to
the bulk solution. At steady state, Cu(I) is generated at the electrode surface at the
same rate as it is removed by either reaction or diffusion: r2 = r3 + r4 .

surfaces before they react. Cu(0) deposition rates as given by Eq. (13)
do not change monotonically with rotation speed because both ˚
and  are proportional to ω1/2 . A schematic depiction of the effects
of ω1/2 on Cu deposition rates is shown in Fig. 4. At low rotation
speeds, mass transfer rates are low, and both ˚ and  1. Thus,
Cu(II) reduction is limited by the rate of mass transfer to the electrode, and Cu(I) intermediates are reduced to Cu(0) before they can
diffuse back to the bulk solution. At these low rotation speeds, Cu
deposition rates are proportional to ω1/2 . In contrast, at high rotation speeds, mass transfer rates are high and both ˚ and  1. As
a result, the ﬁrst term in Eq. (13) is proportional to ω−1/2 , and deposition rates decrease with increasing rotation speed. In this case,
Cu(II) reduction to Cu(I) is limited by reaction kinetics, not transport
of Cu(II) to the electrode surface, so increasing ω does not increase
the rate of Cu(I) generation. In contrast, the rate of Cu(I) diffusion to
the bulk solution (r4 ) is proportional to ω1/2 , which decreases the
rate of Cu(I) reduction to Cu(0) (r3 ). This trend can be seen in Fig. 4,
where r3 decreases at high rotation speeds as r4 increases.
The amounts of Cu deposited and of Si dissolved (determined
by mass changes following deposition) were used to conﬁrm that
Si dissolution rates increase monotonically with increasing ω, as
predicted above. The amount of Cu deposited decreased with
increasing ω in 6.0 M NH4 F and 0.010 M CuSO4 (Fig. 5), as also
measured by AFM. Deposition rates were proportional to 1/ω1/2 ,
indicating that rates were limited by Cu(I) diffusion from ﬁlm surfaces, as predicted by Eq. (13) for large ˚ and  values. The amount
of Si dissolved, however, increased monotonically with increasing
ω (Fig. 5), indicating a higher rate of reduction and oxidation. Since
Si oxidation rates must balance the total rate of Cu reduction, the
rate of Cu(II) reduction must also increase with increasing rotation speeds. Since the amount of Cu(0) deposited decreases with
increasing rotation speeds, this demonstrates that Cu(II) species are
reduced but not deposited as Cu(0) with increasing frequency as ω
increases. This is consistent with the proposed deposition model,
which indicates partially reduced Cu(I) species diffuse away from
the electrode before further reduction can occur at high rotation
speeds.
UV–visible spectra were also used to conﬁrm the conclusion
that Cu(II) is reduced more selectively to Cu(I) at high rotation
speeds. Following deposition at ω = 100 s−1 in a solution initially
containing 0.01 M CuSO4 , the Cu(II) concentration was found to be
0.0070 M. This Cu(II) depletion would correspond to a Cu ﬁlm thick-
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Fig. 5. Effect of rotation speed on amounts of Cu deposited () and Si dissolved (),
determined from mass measurements. The solid lines are proportional to ω1/2 for
Si and ω−1/2 for Cu, indicating the limiting cases for reaction limited by diffusion
of reactants to the electrode and reaction limited by diffusion of an intermediate
away from the electrode, respectively. [NH4 F] = 6.0 M, [CuSO4 ] = 0.010 M, deposition
time = 300 s.

ness of 1.3 m (areal Cu density of 1.4 × 10−5 mol Cu cm−2 ) if it were
all incorporated into the ﬁlm. Direct measurement by AFM, however, indicated a ﬁlm thickness of only 250 nm. Thus, we conclude
that Cu(II) forms species (e.g., Cu(I)) undetectable by UV–visible
spectroscopy, but not Cu(0) solids. Aliquots of deposition solutions
were exposed to ambient air for 4 h to oxidize any Cu(I) species
present to Cu(II). The Cu(II) concentration measured after this interval was 0.0093 M. This degree of Cu(II) depletion corresponds to a
ﬁlm thickness of 275 nm (3.1 × 10−6 mol Cu cm−2 ), in good agreement with the thickness measured by AFM. These data indicate
that a signiﬁcant fraction of Cu(II) was reduced only to Cu(I) without subsequent reduction to Cu(0). Further evidence that Cu(II) was
partially reduced to Cu(I) without subsequent Cu deposition is seen
in the SiF6 2− concentration determined from UV–visible spectra.
These results indicate that the areal density of Si removed from the
electrode surface was 2.0 × 10−5 mol Si cm−2 . This is nearly an order
of magnitude greater than the amount of Cu deposited and indicates
that most of the Si that was oxidized and dissolved during the galvanic displacement process did not result in Cu deposition. These
results are consistent with the ﬁndings from direct measurements
of mass changes discussed above.

5

Fig. 6. Effect of rotation speed on deposition rates in solutions containing additives.
Each solution contains 6.0 M NH4 F, 0.010 M CuSO4 , and the following additives: no
additives (); 7.4 M CH3 OH (); 0.01 M potassium sodium tartrate (); 0.01 M ascorbic acid (䊉); 7.4 M CH3 OH, 0.01 M potassium sodium tartrate, and 0.01 M ascorbic
acid (♦). Deposition time = 180 s.

The presence of potassium sodium tartrate led to lower deposition rates with increasing rotation speed in 0.01 M CuSO4 , as also
found with additive-free solutions (Fig. 6), suggesting similar reaction mechanisms apply in the two cases. Deposition rates were
similar with and without tartrate at high rotation speeds, but tartrate led to lower deposition rates than additive-free solutions at
low rotation speeds. This is apparently not due to the formation
of Cu complexes with tartrate, because thermodynamic calculations indicate very little Cu(II) is present in tartrate complexes in
the presence of NH3 . Thus, it is more likely that tartrate adsorption on Cu surfaces inhibits the reaction, as proposed previously
[28].
Deposition behavior changes signiﬁcantly in the presence of
ascorbic acid. Deposition solutions changed from blue to colorless
when ascorbic acid was added, indicating that Cu(II) species were
reduced to Cu(I) by ascorbic acid. Solution pH remained virtually
unchanged at 7 after 0.01 M ascorbic acid was added because of the
much higher concentration of NH4 F (6 M), which acts as a buffer
and suppresses changes in pH. The prevalence of Cu(I) cations in
the bulk solution led to a monotonic increase in Cu deposition rates

3.2. Effect of additives on Cu deposition behavior
The effects of solution additives on Cu deposition rates and
OCP values are shown in Figs. 6 and 7, respectively. Deposition rates decreased with increasing rotation speed when CH3 OH
was present, but these trends were much weaker than without
CH3 OH. CH3 OH also decreased OCP values (Fig. 7), consistent with a
higher reduction rate. This effect is strongest for reduction of Cu(I),
because this step is closer to equilibrium than Cu(II) reduction. The
absorbance of the deposition solution in the UV–visible range is
higher and features move to lower wavelengths when CH3 OH is
present, suggesting that Cu(II)–NH3 complexes are more stable, as
reported previously [27]. As a result, a lower potential is needed
to reduce Cu2+ species, and the relative rate of Cu(I) reduction is
then increased due to the lower potential. Therefore, less Cu(I)
is able to diffuse away from near-surface regions, and Cu deposition rates do not decrease as sharply with increasing rotation
speeds.

Fig. 7. Effect of rotation speed on OCP values in solutions containing additives. Each
solution contains 6.0 M NH4 F, 0.010 M CuSO4 , and the following additives: no additives (); 7.4 M CH3 OH (); 0.01 M potassium sodium tartrate (); 0.01 M ascorbic
acid (䊉); 7.4 M CH3 OH, 0.01 M potassium sodium tartrate, and 0.01 M ascorbic acid
(♦).
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Fig. 8. AFM micrographs of surfaces of Cu ﬁlms and Si substrates following deposition. [NH4 F] = 6 M, [CuSO4 ] = 0.01 M, ﬁlm thickness = 60 nm. (a) Cu surface following
deposition with no additives. (b) Cu surface following deposition in solution containing 0.01 M ascorbic acid. (c) Underlying Si surface following deposition with no additives.
(d) Underlying Si surface following deposition in solution containing 0.01 M ascorbic acid. Scan size is 2 m × 2 m, and the vertical scale is 50 nm in all images.

with increasing rotation speed (Fig. 6), because the rate of Cu(I)
transport to the surface (r4 in Fig. 1b) increased with rotation speed.
Diffusion coefﬁcients were estimated using the Koutecky–Levich
Equation for mass transfer and chemical reaction in series [20]:
1
1
1/6
=
+
r
ksurface C
0.62D2/3 Cω1/2

(15)

where ksurface is the surface reaction rate constant, and the other
terms are as deﬁned above. Based on this expression, plots of r−1
vs. ω−1/2 will be straight lines, with slopes proportional to D−2/3
−1
and y-intercepts proportional to ksurface
. Using the data for ascorbic
acid solutions in Fig. 6, the Cu(I) diffusion coefﬁcient calculated in
this manner is (4.6 ± 2.0) × 10−6 cm2 s−1 , which agrees well with
previous values (3.3 × 10−6 cm2 s−1 ) for Cu(I) complexes in NH3
solutions [29]. Deposition rates were only ∼10% of the maximum
mass transfer rates estimated from these diffusion coefﬁcients,
which indicates deposition rates were not limited by mass transfer, but by Cu(I) reduction at the electrode surface. The surface
reaction rate constant was estimated to be 3 × 10−4 cm s−1 . This
values is ∼10 times smaller than in the absence of ascorbic acid
(3.8 × 10−3 cm s−1 ), indicating that ascorbic acid strongly inhibits
Cu(I) reduction to Cu(0).

3.3. Effect of additives on ﬁlm properties
The effect of additives on Cu ﬁlm properties was examined by
AFM and optical microscopy. A typical AFM image of Cu ﬁlm 60 nm
in thickness deposited in 6.0 M NH4 F without additives is depicted
in Fig. 8a. No surface features are apparent and height ﬂuctuations vary randomly across the ﬁlm surface. In contrast, Cu ﬁlms
deposited in 6.0 M NH4 F and 0.01 M ascorbic acid show large isolated features (∼250 nm in diameter) that rise well above vicinal
ﬁlm surfaces (up to 40 nm) (Fig. 8b). Local galvanic displacement
rates much higher at these asperities than mean values give rise
to such inhomogeneities. AFM images of the underlying Si surface (exposed by Cu dissolution with HNO3 ) are consistent with
this hypothesis. Pits, occasionally >100 nm in depth, are evident
on exposed Si surfaces after deposition from Cu solutions containing ascorbic acid (Fig. 8d). Deposition from additive-free solutions
led instead to weaker ﬂuctuations in the height of Si surfaces after
deposition (Fig. 8c). Thus, Si dissolution rates appear to be locally
enhanced by ascorbic acid, providing the electrons required to form
the large features observed on the Cu surface. In addition, localized
Si dissolution may contribute to the improved adhesion observed
for Cu ﬁlms deposited with ascorbic acid by maintaining intimate
Cu–Si contact over a larger area of the Si substrate.
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tartrate is to relieve stresses in the Cu ﬁlms, as proposed
previously [28].
4. Conclusions
Copper ﬁlms were deposited onto Si by galvanic displacement using 6.0 M NH4 F as the Si etchant and the effects of
additives and Cu–NH3 equilibrium on Cu deposition rates and
ﬁlm properties were examined. In the absence of additives, Cu
deposition rates decreased with increasing rotation speed in
0.010 M CuSO4 , but increased with increasing rotation speed in
0.0010 M CuSO4 . A reaction-transport model was used to characterize the system. It was found that diffusion of the stable, partially
reduced Cu(NH3 )2 + intermediate away from the Cu surface caused
deposition rates to decrease as mass transfer rates increased in
0.01 M CuSO4 . Deposition rates and OCP values predicted from
this mechanism agree qualitatively with the experimentally measured results. The proposed mechanism was also supported by
mass measurements of Cu deposited and of Si dissolved. The
mass of Cu deposited decreased with increasing rotation speed
in 0.01 M CuSO4 while the amount of Si dissolved increased,
indicating additional Cu(II) reduction occurred without Cu0
deposition.
The effects of the additives ascorbic acid and potassium sodium
tartrate on Cu deposition behavior were also studied to determine their role in the deposition process and in improving the
adhesion of Cu ﬁlms to Si substrates. Ascorbic acid reduces Cu(II)
species to Cu(I) in the bulk solution, as evidenced by the change
in solution color from blue to clear. Deposition rates decreased
signiﬁcantly when ascorbic acid was present. This change was
found to be caused by a decrease in reaction kinetics, and not
diffusion rates. Cu ﬁlms formed with ascorbic acid present demonstrated good adhesion to the Si substrate, but exhibited signiﬁcant
compressive stress. Adding potassium sodium tartrate to these
solutions led to ﬁlms with good adhesion and low internal
stress.
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