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Abstract: Electrodeposition of Cu-Ag films from acidic sulfate bath was conducted at n-5i(001) and
polycrystalline Ru substrates. Significant nucleation overpotential of 0.4 V is observed with the Cu-
Ag bath at n-5i(001) substrate, whereas the electrodeposition of Cu-Ag at Ru substrate is influenced
by Ru oxides at the surface. Incomplete coverage of Si substrate by Cu-Ag deposit was observed from
the deposition systems without Ag(I), or with 0.1 mM Ag(I), comparing with the compact Cu-Ag film
obtained with the deposition bath containing 0.01 mM Ag(I). Layered and faceted Cu-Ag deposit
was observed at small Cu deposition overpotential with the Ru substrate. Phase composition of the
Cu-Ag deposits at n-5i(001) substrate from electrolyte with various Ag(I) concentrations is examined
by XRD. Limited solubility of Ag (0.4 at.%) was observed in fcc-Cu until phase separation occurs. The
classical model for nucleation kinetics in electrodeposition was used to examine the potentiostatic
transients of the Cu-Ag electrodeposition at n-5i(001) substrate.

Keywords: Cu-Ag alloy; electrodeposition; n-Si(001); polycrystalline Ru(0001)

1. Introduction

Characterized by its complete immiscibility at room temperature [1], the Ag-Cu
alloys have been used in fields such as bactericides [2], decorative artifacts (depletion
gilding) [3,4], electrocatalysis (H,O, reduction [5], ammonia oxidation [6], and CO as
well CO, reduction [7-10]), electrical contacts (interconnects [11], flexible electronics [12]
and conductive inks [13]), sensors (electrochemical [14,15] or based on localized surface
plasmon resonance [16-19]), usually in the form of nano-particles or core-shell nanowires.
To the best of our knowledge, the Cu-Ag alloys have been synthesized using electron
beam co-evaporation [1,20], magnetron sputtering [21], co-incipient wetness and co-
impregnation [6,14], direct mixing of nanoparticles, mechanical alloying [22,23], laser
ablation and irradiation [16,17], Cu electrodeposition followed by galvanic replacement
with Ag [5,7,12], and electroless deposition [2,13,15,24].

Since both Ag and Cu could be easily electrodeposited, several works have used
electrochemical codeposition to synthesize Ag-Cu alloys [9-11,18,19,25-29]. Among these
works, ionic liquid [30], cyanide [10,11], alkaline pyrophosphate-iodide [26,28], alkaline
ammonia [29], simple sulfate nitrate [18,19,25,27], or acidic baths with organic ligands [9,27]
were used to electrodeposit Cu-Ag alloy. Morphology of the deposit are usually aiming
for the nanoparticles or dendrites [5,9,10,18,19,25,26], while smooth Cu-Ag thin films were
achieved at low electrodeposition rates [25,29]. It is worth noting that due to complete
immiscibility of Cu-Ag at room temperature, unlike alloy electrodeposition system with
complete miscibility (e.g., Au-Ag [31-33]), underpotential codeposition does not occur in
the Cu-Ag electrodeposition system.

According to Budevski et al., Cu electrodeposits grow in a Frank—Van der Merwe
mode at the Ag substrate under a wide range of overpotential, whereas the underpotential
deposition of Cu at Ag is not well pronounced [34]. Bernasconi et al. showed the formation
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of Ag precipitates in the electrodeposited Cu-rich Cu-Ag alloy using transmission electron
microscope (TEM), evidencing the instability of electrodeposited Cu-Ag alloy (probably
due to internal stresses and spinodal phenomena [26]). Phase separation with Cu islands
on top of Ag-rich phase is observed in the film electrodeposited from a simple acidic bath
on Au substrates [27].

In our previous works, we have estimated the thickness/duration of the initial de-
posits/stage [35] and the appearance of an early Cu(Il)/Cu(0) deposition peak [36]. In
this work, we will investigate the CV profiles of the Cu-Ag deposition baths with Ru
and n-5i(001) substrates, and characterize the phase composition and morphology of the
Cu-Ag deposits.

2. Experimental
2.1. Substrates

Freshly cut 5i(001) wafer pieces coated with 5 nm Ta adhesion layer and 100 nm (0001)-
textured polycrystalline Ru were used as Ruthenium substrates. For Silicon substrates,
H-terminated heavily doped n-5i(001) with resistivity <0.005 (2/cm were used. Before
use, the n-5i(001) wafer pieces were cleaned by methylene chloride, acetone, and ethanol
for 20 min each, followed by etching in 30% HF solution for 2 min and rinsing in Milli-Q
water. In-Ga solder was used to establish ohmic contact between the back-side of n-Si(001)
substrate and the metallic support. The exposed are of the substrate for all experiments, is
~1 cm?.

2.2. Electrolytes

Two acidic sulfate baths were used: (1) electrolytes of 0.5 M H,SO4 + 0.3 M CuSOy4
+ 0~2 mM AgNOs3 were used for the electrochemical measurement with Ru substrate;
(2) electrolytes of 10 mM CuSOy + 0.5 M HySO4 + 0-0.5 mM AgNO; were used for the
electrochemical measurements with n-Si(001) substrates.

2.3. Electrochemical Setup

A 3-electrode system (self-made) with 300 mL beaker without any stirring is used for
the electrochemical experiments. Working electrode (Ru or Si substrates) and anode (Pt
mesh) are placed vertically with 1 cm apart. Reference electrode (Saturated mercurous
sulfate, Vgyisg, 0.64 V vs. SHE) was separated from the bulk deposition bath by a Luggin
capillary was used as the reference electrode. EG&G PAR 273 potentiostat/galvanostat
was used to control the electrode potential at the cathode during Cyclic-voltammetry (CV)
measurement and potentiostatic electrodeposition. Note that n-5i(001) substrate is exposed
to the background illumination of the surroundings during all electrochemical tests.

2.4. Materials Characterization

Elemental composition of the Cu-Ag films was investigated using an energy dispersion
spectrometer (EDS, Oxford Instruments, Abingdon, UK) attached to a JEOL JSM-6700F
field emission scanning electron microscope (FE-SEM, Field Electron and Ion Company,
Hillsboro, OR, USA). Phase composition is examined with the X-ray diffraction (XRD) data
collected with a Panalytical X'Pert diffractometer (Malvern Panalytical, Malvern, UK) with
filtered Cu K (A = 1.5418 A) as the X-ray source. Bragg-Brentano 6-26 geometry with film
normal (a.k.a. Si(001)) as the direction of the reciprocal vectors for the diffracted planes
was used for all XRD measurements [27].

The XRD profiles were evaluated using the CrystalDiffract (v6.8.2) package of the
CrystalMaker (v10.4.5) suite [37,38] with the Cu K set as the X-ray source, supported
with the crystal structures of Cu (ICSD-43493), Ag (ICSD-44387), and Si (ICSD-51688)
from the ICSD databases [39]. Due to an incomplete filtering of Cu Kg during XRD
measurement, the diffraction pattern of Si was also calculated with the wavelength of Cu
Kp (A = 1.3922 A) [40,41].
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3. Results
3.1. Cu-Ag at Ruthenium Substrates

Cu-Ag electrodeposition was firstly investigated at polycrystalline (0001)-textured Ru
substrates. The CV results (starting at 0.1 Vgysg) are shown in Figure 1a [39]. Considering
that some minor reactions may occur before the bulk reduction of Cu(Il), the current of the
cathodic branch of the CV profiles is plotted in log-scale, shown in Figure 1b.
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Figure 1. (a) Cyclic voltammograms from 0.3 M CuSOy4 + 0.5 M H,;SO4 with and without addition of 2 mM AgNOj3 at
activated or pristine Ru substrates [36]. Note that the Figure 1 (b) shows the current of the cathodic scans in log-scale.

Due to the Ru surface oxide, the open-circuit potential (OCP) of the pristine and
activated Ru substrates are higher than the redox potential of Cu(II)/Cu at —0.35 Vgysg
and Ag(l)/Ag at —0.03 Vgpsp- Therefore, it is unfeasible to use the OCP to evaluate the
onset potential of Cu or Ag deposition. A Cu-only electrolyte (black lines in Figure 1)
shows several cathodic features in the scan (Figure 1b): small features at —0.35 Vgpsg and
—0.15 Vgyisg correspond to the reduction of surface Ru-oxide; the bump at —0.5 Vs is
also attributed to the reduction of surface Ru-oxide, whereas the majority of deposition
current negative to —0.6 Vgyisg corresponds to the bulk Cu(II)/Cu(0) reduction. Cu deposi-
tion and dissolution peaks are discontinuous and very close with each other’s (difference
less than 0.05 V, Figure 1a), indicating that the nucleation overpotential for Cu deposition
at Ru is small. When Ag(I) is added to the Cu deposition bath, an additional peak occurs
at —0.2 Vgpmsg, corresponding to the reduction of Ag(I)/Ag. Comparing with the redox
potential of Ag(I)/Ag at —0.034 V, Ag(I)/ Ag reduction starts at a more negative potential,
indicating the impact of oxide at Ru substrate surface on the nucleation and growth of
Ag nucleus.

The SEM images of the deposits on Ru substrate are shown in Figure 2. A series of
images starting at —0.38 Vgysg down to —0.85 Vgyisg. At —0.38 Vsyisg, the deposit is pure
Ag, with a small grain size. At —0.405 Vgyisg, the Ag content in the deposit is about 72%.
Among these grains there are some elongated crystals. The deposits obtained at —0.42 to
—0.65 Vgpisg are Cu rich with at 90%—-97% and large layered crystals are observed. In this
potential regime, well-grown grains are seen. The grain morphology is faceted at small Cu
depositions overpotentials, which is a characteristic of Cu electrodeposition [42-44]. Below
the redox potential of the Ru surface oxide, the films are compact, with smaller grain sizes
at higher deposition overpotentials. The deposit grown at —0.85 Vgpisg shows a powdery
morphology, seemingly evolving to a dendritic Ag-Cu film.
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Figure 2. The SEM images of the Cu-Ag films deposited at Ru substrate at various potentials. Film thickness is ~170 nm,
estimated from total charge passed during electrodeposition with 70% efficiency. Deposition bath is 0.3 M CuSOy4 + 2 mM
AgNO3 + 0.5 M Hp50;4.

3.2. Cu-Ag at Si(001) Substrates

Electrodeposition of Ag-Cu at n-5i(001) substrate was also examined. Figure 3 presents
a set of CVs profiles of 10 mM CuSOy + 0.5 M HpSO4 + 0~0.5 mM AgNO; electrolytes
with 5i(001) substrates, where both Cu and Ag depositions show sluggish nucleation
rate, evidenced by their large nucleation overpotentials. The CV profile in the Cu-only
electrolyte shows a reduction peak with the largest overpotential, followed in order by
electrolytes added with 0.01 mM, 0.5 mM, 0.1 mM or 0.05 mM Ag*. The large Cu deposition
overpotential (~0.25 V) could be caused by (1) the Cu nucleation overpotential, due to the
poor wettability of Cu nuclei at n-Si(001) substrate, or (2) the flat-band potential of n-5i(001),
probably limiting the electron flow, which is required for the accumulation of electrons at
the surface of n-Si substrate and thus the reduction of the Cu(Il) in the electrolyte, at the
metal /semiconductor interface [45].

The Ag reduction starts at —0.3 Vgpsg, becoming stronger when Ag(I) concentration
is increased. The Cu(II)/Cu(0) reduction is depolarized following the addition of a small
amount of AgNOj3. The degree of depolarization does not show a monotonic trend with
respect to the concentration of Ag(I). Such depolarization is due to the AgNOs3 and is cannot
be predicted by thermodynamics, because Cu-Ag shows a large positive heat of mixing
(AHpix(Cu-Ag) > 0), which would result in a positive shift of the reduction potential,
opposite to the experimental data. We suspect that this behavior is related to the area
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of the deposit/electrolyte interface: high Ag concentration may lead to form large and
dispersed Ag grains due to secondary nucleation (since adatom diffusivity of Ag is very
fast), whereas at low Ag concentration the reduced Cu could stabilize the small Ag nuclei.
In addition, catalytic effect of Ag on the Cu(II)/Cu(l) step of the Cu electrodeposition may
also lead to the depolarized Cu(Il) reduction peak [36].
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Figure 3. Cyclic voltammograms on n-5i(100) with 10 mM CuSOy + 0.5 M HpSO4 + 0~0.5 mM AgNOs.

In the returning anodic scan of Cu-Ag bath at n-Si(001) substrate, the integral of
the Cu dissolution peak is much less than the forward one (tabulated in the insert table
of Figure 3). With a Cu-only deposition bath at n-5i(001), based on the CV profile, the
anodic scan show only 8.2% deposited Cu (estimated by the thicknesses in Figure 3) is
oxidized and dissolved. Adding Ag(I) into Cu deposition bath significantly weakens the
Cu dissolution peak: with 0.5 mM Ag(I) in the 10 mM CuSO4 deposition bath, only 0.68%
Cu is retrieved in the anodic scan of the CV test.

The onset of hydrogen evolution reaction (HER) occurs around —1.07 Vgysg, indicat-
ing a significant overpotential (~0.35 V) for HER. This might be due to the sluggish HER at
Cu deposits [46-49].

Figure 4 shows the SEM images of the films. The film does not fully cover the Si
substrate, indicating poor wettability of the metallic deposit at the Si substrate. The
decrement in grain size with higher [Ag*] is clearly observed: Without Ag(I), the films
show apparent crystal size of the order of 0.5 um, while the addition of Ag(I) decreases the
apparent grain size down to 0.2-0.3 um. This could imply an increased nucleus density at
the initial stage of the deposition when Ag(l) is present. However, it is also possible that Ag
precipitates act as barrier for growth of Cu grains, resulting in a smaller grain size [25,50].

The XRD patterns of the films are shown in Figure 5. It is found that Ag solubility
is about 1 at.% using Vegard’s law, higher than 0.08 at.% in the Cu-Ag phase diagram at
room temperature [1], showing that Cu-Ag deposit forms a super-saturated solid solution.
Ag precipitates out when the concentration of AgNOj3 is 0.1 mM or higher. The alloy
Bragg peaks consistently shift in 20 as the Ag content increased, indicating that the lattice
parameter increases with higher Ag content, as shown indeed in Figure 5.
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Figure 4. The morphology of thick films deposited from 0.5 M H,SO4 + 10 mM CuSOy solutions with addition of 0~0.1 mM
AgNOs at n-Si(001) substrate, nominal thickness of films is about 170 nm.
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Figure 5. XRD patterns of films with various compositions (deposited at —0.85 V in the solution 0.5 M H,SO4 + 10 mM
CuSO;4 with various concentration of AgNO3).

With single crystal Si(001) substrates, some forbidden diffractions will occur due to
the usually negligible phenomenon of multi-diffraction [51]. The reciprocal vector of the
multi-diffracted plane is the sum of these allowed diffractions. The Si(002) peak at 26 = 33°
reflects this phenomenon. The unexplained peak at 260 = 62° from the substrate, stated in
our previous works, is actually Si(004), but with the Cu Kg X-ray as the X-ray source, a
small portion of Cu Kg will leak through the X-ray filter in the diffractometer with Cu Ky
source. Combining with extremely high structural factor of single crystal Si(004) diffraction,
the Cu K peak of 5i(004) is visible alongside its Cu Ky peak [40,41].

Two unknown, small XRD peaks are located at 260 = 36.6° and 41.4°. We attempted
to fit these two peaks with simple crystal structures, but without success. The peak at 37°
overlaps with the (111) peak of CuyO (purple vertical lines). However, as a derivative of
an fcc structure, the (200) peak of CuyO misses the observed peak at 41°. Another notable
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candidate for the two peaks is textured Ag,O3 (green vertical lines), as the peaks increase
with increasing Ag fraction in the film. Both Cu,O and Ag,O3; phases show noticeable
deviation from the observed profile.

4. Discussion
4.1. Cu Dissolution Peak at n-Si(001)

Initially, the decreasing of the Cu dissolution peak in the anodic branch of CV scan
(Figure 3) with n-Si(001) substrate was interpreted in terms of the passivation of Cu
deposits by cementing of nobler residual Ag. However, the CV profile of similar Cu-
Ag bath at Ru or Au substrate [36] shows a significant amount of charge passed during
deposition and dissolution of Cu peaks (Figure 1). Furthermore, the CV profile of the
Cu-only electrolyte at n-Si(001) substrate (without any Ag in the deposition system) also
shows a strong decreasing of Cu dissolution peak at the returning anodic scan. Therefore,
the Ag cementation is not the dominant cause for the decreasing of Cu dissolution peak in
Figure 3.

Hindrances during Cu dissolution may also be caused by the positive Schottky barrier
between deposited Cu and the n-5i(001) [52,53]. Complete suppression of Cu dissolution
peak in the anodic scan was observed by Oskam et al. and Krumm et al. with lightly doped
n-Si substrates (1-10 2/cm) tested in the dark [45,54]. However, rather than a completely
disappeared Cu dissolution current, our result (Figure 3) shows a weak Cu dissolution
peak in the anodic scan with n-5i(001) substrate, similar to several other works [55,56]. This
behavior is caused by the illumination on the n-5i(001) substrate during deposition [54]:
Murioz et al. observed that illuminating the lightly doped n-5i(001) substrate may lead to
the appearance of Cu dissolution peak in the anodic scan [49]. The doping level and surface
chemistry (impacted by n-Si substrate preparation method) [57,58] might also impact the
structure of Schottky barrier.

Thus, we consider that this decrease of the Cu dissolution peak would be originated
by Cu deposits detachment from the Si substrate, related to the poor wettability of Cu
grains at 5i(001) substrate [59]. The Cu-electrolyte interface energy (~73 mJ/ m? [60] or
<90° wetting angle [61]) has smaller surface energy than the Cu-Si substrate (>1 J/m?
with Si(111) [62]). Therefore, Cu atoms at higher energy region close to Cu-Si interface
(bottom of the Cu particles) would dissociate faster than the rest of the Cu particle. When
the contact between Cu and Si substrate is lost, the remaining particles will drop to the
electrolyte, which causes lost in the amount of Cu that is electrochemically dissolved in the
anodic scan. Furthermore, when Ag is presented, due to the immiscibility of Ag in Cu, the
energy of Cu at the Cu-5i interface will be furtherly increased, and thus more Cu particles
detach the substrate during the reverse anodic scan.

4.2. Nucleation Kinetics at Initial Stage of CuAg at n-Si(001)

The classical model for nucleation (quasi-steady state hemispherical diffusion field
around each nucleus + a nucleation kinetics) is suitable for the potentiostatic transient be-
fore the significant overlapping of diffusion zones from different nuclei [63-65]. According
to the classical model, we assume a hemispherical growth for individual nucleus, where
the slope of these linear regions could indicate the nucleation rate I(t) of the electrodeposi-
tion system:

3/2
T =3n(20Q) TV (e @

For the scenarios of constant nucleation rate (progressive nucleation, I(t) = A;N%),
and constant nucleation density (instantaneous nucleation, I(t) = N*6(t)), we have the
potentiostatic transient from the classical models:

3/2
Progressivenucleation : < = 2mA;N% (ZDiCQ (V) V28372 o £3/2

@

3/2
Instantaneousnucleation : ¢ = 7N® (2DiCQ) -(th)l/ 2 t1/2
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Note that z is the average charge transferred for depositing one atom of Ag-Cu
alloy, Vp, is the molar volume of the deposit, N® is a constant related to nucleation
density, and A,, is a constant related to the statistical frequency for nucleating at one given
nucleation site.

Plotting potentiostatic transients in log-log fashion (Figure 6), we can directly observe
the nucleation kinetics by checking the slopes of the linear regions. The fitting results
with the potentiostatic transient of Cu-only electrolyte show that the system follows a time
dependence of t*7, which implies a nucleation rate I(t)ot*”>. On the contrary, the linear
region of the potentiostatic transient with Cu-Ag bath shows a time dependence (t*),
which implies a nucleation rate I(t)oct =12,
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Figure 6. Potentiostatic transients and the fitting of transients from 10 mM CuSO; + 0.5 M H;SOy (a,c) without or (b,d) with
the addition of 0.1 mM AgNOs based on classical model [35]. The peak time is roughly 4s and the peak current is roughly

—0.003 A/cm?.

4.3. Impact of Nucleation Kinetics on the Cu-Ag Morphology

Electrodeposition of Cu-Ag at both Ru (passivated by surface oxides) and Si (with
weak interaction between Si and metals) substrates. At lower deposition overpotential,
a compact Ag-rich film is achieved. This phenomenon could be caused by the dense Ag
nuclei in the initial stage of electrodeposition, since the Ag(I)/Ag(0) reduction is under
a very large deposition overpotential (>0.3 V) which could lead to rapid Ag nucleation
kinetics. However, the film deposited at more negative applied potential (—0.42 Vgmsg)
shows a layered structure. Considering the complete immiscibility of Cu and Ag in the
phase diagram, nucleation of Cu-rich phase at the Ag-rich initial deposit can be difficult.
The difficulty of nucleation of the Cu-rich phase, combining with the low deposition
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kinetics of Cu due to small deposition overpotential of 0.1 V, could cause difficulty in the
Cu(II) reduction and shorten the life-time of Cu(0) adatoms at the exposed fraction of the
Ag-rich phase, especially when Cu(Il) could be easily reduced and incorporated at the as-
formed Cu deposits. The faceted grains also imply the limited nucleation density of Cu-rich
deposit at Ag-rich initial deposit, since the earlier Cu(111) deposits are able to expand with
great advantage and incorporated the newly formed small nuclei via secondary nucleation.
At higher deposition overpotentials, the nucleation density of Cu-rich phase at the Ag-
rich initial deposit is high, so that these Cu nuclei is able to expand and cover the entire
substrate in their lateral growth.

On the other hand, incomplete coverage of the n-5i(001) substrate is still observable
at a deposition overpotential of 0.4 V. Despite the very negative deposition overpotential
the system is capable to accumulate more electrons in the conduction band of the n-Si(001)
substrate. The hindrance in the interaction between Si and Cu adatom leads to sluggish
nucleation kinetics of Cu and slower growth rate of each Cu grain along the Si substrate.
From Figure 4, adding 0.01 mM Ag(I) leads to a fully covered Si substrate with Cu deposits.
This phenomenon could be caused by the enhancement of Cu nucleation with rapidly
formed Ag nuclei at the n-5i(001) substrate during the initial stage of electrodeposition
(see Figure 6). However, when Ag(I) concentration in the deposition bath is higher, the Ag
adatoms might contaminate the edges of the Cu deposit, and thus lead to an incomplete
coverage of the Si substrate with less-faceted Cu grains.

5. Conclusions

Based on the CV profiles with Cu-Ag electrodeposition baths, significant nucleation
overpotentials were observed at Ru (passivated by the surface Ru oxide) and Si (with poor
wettability of metal deposits) substrates. Different from CV profiles with n-Si(001) in the
dark by Oskam et al., we did not observe the disappearance of Cu dissolution peak in the
reverse anodic scan with n-5i(001) under illumination. Significant loss of deposits was
observed in the reverse anodic CV scan, which is explained by the detachment of Cu-Ag
grains due to their weak bonding to the Si(001) substrate. XRD shows that the Cu-Ag
deposit is a mechanical mixture of Cu-fcc and Ag-fcc phases. Supersaturated Cu-fcc with
1 at.% Ag was found by comparing observed lattice parameter with the pure Cu-fcc phase
using Vegard’s law. Layered structure of the deposits was observed under SEM. Such
morphology might be caused by sluggish nucleation kinetics of Cu at n-Si(001) substrate or
Ag-rich initial phase at Ru substrate.
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