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A B S T R A C T   

The electrodeposition of ruthenium from an ethylene glycol based electrolyte containing the metal in its divalent 
state is investigated for the first time. Ascorbic acid is used to reduce a fraction of the Ru(III) ions added to the 
non-aqueous solvent to Ru(II). Its effect is studied by means of UV–visible spectroscopy and cyclic voltammetry, 
demonstrating the presence of divalent ions and the stability of the electrolyte over time. Ruthenium coatings are 
deposited on gold-sputtered silicon wafers under galvanostatic conditions at various current densities and 
deposition times. The characterizations carried out evidence the significant purity of the ruthenium film, while 
the morphological analysis reveals its compact and crack-free morphology. Indeed, thicknesses up to 2.35 µm are 
successfully plated with no sign of delamination or cracking. The good electrical properties observed for the 
deposited layers validate the possible applicability of the Ru(II) containing non-aqueous electrolyte here 
described to the manufacturing of integrated circuits interconnects or contacts for electrical applications.   

1. Introduction 

Metallic ruthenium features a range of compelling properties which 
make it an optimal candidate material for numerous applications. For 
example, in the microelectronics field thin ruthenium coatings have 
been proposed as an alternative to copper in the metallization of in-
terconnects in integrated circuits, where the ubiquitous downscaling is 
being undermined by Cu’s surface scattering, which causes an increase 
in its resistivity at sub-50 nm sizes [1]. In contrast to copper, ruthenium 
exhibits good electrical conductivity and low bulk electron mean free 
path, which makes it less susceptible to size effects [2]. Moreover, 
ruthenium and its alloys have been discussed as an alternative to 
non-metallic barrier layers such as Ta/TaN to prevent copper diffusion 
in interconnects [3–5]. Not only ruthenium serves as an excellent 
adhesion layer for copper, but its conductive nature would enable direct 
Cu electrodeposition without the requirement of a seed layer [6]. Be-
sides good conductivity, metallic ruthenium and its alloys also possess 
remarkable catalytic activity and durability for a variety of important 
reactions such as electrochemical ammonia production [7], ammonia 
decomposition for hydrogen production [8] and hydrocarbon 
electro-oxidation for fuel cells [9,10]. Finally, by capitalizing on 

ruthenium’s electrical conductivity, stability and catalytic activity, the 
successful fabrication of non-enzymatic glucose sensors has been 
demonstrated [11,12]. 

Given its high price, ruthenium is rarely utilized as a standalone 
material, but instead used predominantly as a coating. Indeed, several 
vapor phase deposition methods such as PVD [13–15], CVD [15–17] and 
ALD [15,16,18] can be used to fabricate metallic ruthenium films. 
Overall, vapor phase deposition methods are relatively expensive and 
present their intrinsic disadvantages: PVD is a “line-of-sight” technique, 
where only the substrate regions directly exposed to the flow of atoms 
can be coated, while offering very little control on the thickness distri-
bution. Conversely, CVD and ALD can achieve proper coating of more 
complex geometries, but the precursors required are often toxic and 
volatile. When compared to vapor phase deposition techniques, elec-
troplating presents the best opportunities for process scalability due to 
its relatively low cost and complexity. The main challenge in ruthenium 
electrodeposition stems from its many valence states, leading to a wide 
variety of complexes whose electrochemical behavior is still not fully 
understood. Still, electroplating from aqueous electrolytes is already a 
well affirmed technology even at the industrial level, with sulfamate 
formulations containing the [Ru2(μ-N)(H2O)2Cl8] complex [19,20] also 
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known as μ-nitridobisaquatetrachlororuthenate. When operating at 
70 ◦C with a pH of 2, the bath is capable of producing ruthenium 
coatings with a thickness up to 1.5 µm completely crack-free while 
maintaining a cathodic efficiency of 90% [21]. Other formulations 
explored in literature for ruthenium electrodeposition in aqueous sys-
tems include nitrosyl salts [22,23] or chlorides [23–25], but are not as 
successful. Regardless of the precursor used, deposition of high-purity 
coatings in aqueous environment proves to be a challenging task: 
although the reduction potential of ruthenium presents favorable ther-
modynamics [26], the sluggish kinetics of ruthenium plating result in 
simultaneous hydrogen evolution occurring on the surface [25,27,28]. 
Eventually, this leads to cracking and overall embrittlement of the de-
posit, thus limiting the maximum thickness achievable. Furthermore, 
increasing the pH to suppress hydrogen evolution is not an option in this 
case, as it would lead to the formation of hydrated ruthenium species 
[21,29]. 

To overcome the limitations of deposition from an aqueous envi-
ronment, several alternative electrolytes have been proposed in litera-
ture, such as ionic liquids [30–32], molten salts [33] or concentrated 
“water-in-salt” electrolytes [34]. Despite the extremely different chem-
ical nature of these electrolytes, they all have the common objective of 
suppressing or completely eliminating water secondary reactions. In 
addition to these examples, the successful ruthenium electrodeposition 
from a deep eutectic solvent based on choline chloride and ethylene 
glycol mixed in a 1:2 ratio [35] has been previously demonstrated. In the 
same study it was also observed that deposition attempts from Ru(III) 
precursors would lead to inadequate results and, for this reason, the 
possibility of introducing sulfamic acid to form the more active Ru(IV) 
specie was explored. 

In this work, we demonstrate the use of ethylene glycol as a possible 
non-aqueous solvent for ruthenium electrodeposition. While ethylene 
glycol offers a much lower conductivity than its deep eutectic solvent 
counterpart, its low cost, low toxicity, and non-flammable nature make 
it a valuable option for the deposition of a wide variety of metals and 
alloys [36–40]. In order to circumvent the issues related to the plating 
from a (III) oxidation state, we propose a diametrically opposite 
approach with respect to the existing literature [35]: in place of 
oxidizing Ru(III) to Ru(IV), we reduce Ru(III) to Ru(II). To this extent, 
ascorbic acid is added to the electrolyte, leading to the formation of 
highly active Ru(II) species. The resulting bath yields, under galvano-
static deposition, compact and crack free metallic layers with thick-
nesses in excess of 2 μm. 

2. Experimental section 

2.1. Electrolyte characterization 

Ethylene glycol (EG), RuCl3 • xH2O and ascorbic acid were pur-
chased from Sigma-Aldrich and used without further purification. The 
hydration of RuCl3 • xH2O was estimated to be around 2.87 through ICP- 
OES (Perkin Elmer Optima 8300). Unless otherwise specified, the elec-
trolytes were prepared by adding RuCl3 • xH2O and ascorbic acid to EG 
and stirred for 24 h at 80 ◦C in order to ensure proper dissolution of the 
precursors and completion of the reaction between them. UV-visible 
spectrophotometry was performed employing a JASCO V360. Electro-
lyte conductivity was measured as a function of temperature using a 
AMEL model 2131 conductivity probe. Karl Fischer titration was per-
formed with a Metrohm 870 KF Titrino Plus. Finally, electrochemical 
characterization of the solutions was carried out by cyclic voltammetry 
using a Biologic VSP-300 potentiostat. The measurements were 
collected in a three-electrode cell, where the electrolyte was maintained 
at 70 ◦C. Glassy carbon was used as working electrode, while a platinum 
wire and a platinum mesh were used respectively as pseudo-reference 
electrode and counter electrode. 

2.2. Electrodeposition of Ru coatings 

Electrodeposition of ruthenium on gold-sputtered silicon wafer was 
carried out in galvanostatic conditions in a two-electrode cell with 
platinum mesh as counter electrode. Prior to the deposition, the sub-
strates were ultrasonically cleaned in acetone for 10 min. During the 
deposition, the electrolyte was gently stirred and maintained at a tem-
perature of 70 ◦C. Different samples were prepared by varying the cur-
rent density (5 – 20 mA cm− 2) and deposition time (500 – 4000 s). 
Finally, the samples were dried under ultrapure N2 flow, to prevent 
oxidation of the freshly deposited ruthenium. 

2.3. Coatings characterization 

SEM images were collected with a Zeiss EVO 50 EP and used to 
investigate coatings morphology and to estimate their thickness. Addi-
tionally, morphology results were corroborated with AFM measure-
ments performed with a NT-MDT SOLVER PRO. XRD measurements 
were performed with a Philips PW1830 diffractometer using a Cu source 
(Kα1Cu = 1.54058 Å). XPS measurements were carried out with a Sur-
face Science M-Probe ESCA/XPS equipped with an Al source. Finally, 
coatings surface and bulk resistivity was measured with a Jandel AM7 4- 
points probe. 

3. Results and discussion 

3.1. Physical and chemical characterization of the electrolytes 

The addition of ascorbic acid in the 100 mM RuCl3 in EG electrolyte 
triggered a chemical reaction, as highlighted by the change in color of 
the solution (Fig. 1a and b). The color shift could be observed at room 
temperature after days, whereas an increase in temperature led to the 
same change in a matter of hours instead. Consequently, all the elec-
trolytes used in this work were stirred at 80 ◦C for 24 h in order to 
complete the reaction between ascorbic acid and RuCl3. 

After the reaction proceeded to completion, the water content of the 
electrolytes was measured by Karl Fischer titration. Considering that the 
main appeal of non-aqueous systems is the elimination of the undesired 
effects of water, ensuring that the water content is kept to a minimum is 
of paramount importance. The content of water was measured for the 
100 mM RuCl3 in EG solution with the addition of 0 mM, 200 mM, and 
400 mM of ascorbic acid. The weight percentage of water for the three 
electrolytes was respectively 0.29 ± 0.03%, 0.52 ± 0.02% and 0.75 ±
0.02%, with a fraction of this water deriving from RuCl3 hydration. 

The evolution of the reaction with ascorbic acid was monitored by 
maintaining the solution at 50 ◦C and collecting UV–vis spectra as a 
function of time. To prevent saturation of the absorbance signal, all the 
tests were performed with a 1:250 dilution ratio. The results in Fig. 1c 
show that the base electrolyte of RuCl3 in EG has a sharp absorption peak 
(A) at 344 nm and virtually no absorption above 500 nm. Other works 
based on ruthenium(III) in EG also report a similar absorption spectrum 
[41–43], although the actual complex associated to absorption in this 
region has not been properly identified yet. After the addition of 200 
mM ascorbic acid in solution, the intensity of peak A decreases over 
time, while a second peak (B) that was previously absent, appears at 694 
nm. This shift in the absorption spectra might be associated to a 
reduction in ruthenium’s oxidation state from +3 to +2 deriving from a 
reaction with ascorbic acid. Indeed, it has been reported in literature 
that Ru(II) or mixed Ru(II)/Ru(III) solutions exhibit a blue color [44,45], 
a description that agrees with the solutions shown in Fig. 1a and b. 
Accordingly, if RuCl3 is dissolved in water in presence of ascorbic acid, 
the result is a blue colored solution presenting a clear UV–vis absorption 
maximum around 812 nm (Fig. S1). 

In acidic aqueous systems, it has been observed that ruthenium(III) 
most stable chloro complex [46], that is [RuIIICl2(H2O)4]+, can oxidize 
L-ascorbic acid while forming a Ru(II) complex according to the overall 
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reaction [47]: 

2
[
RuIIICl2(H2O)4

]+
+ H2Asc → 2

[
RuIICl2(H2O)4

]
+ Asc + 2H+ (1) 

Although the reaction mechanism in EG has not been explored, it’s 
possible that a similar process could also occur in solvents different than 
water. In addition to this, the decrease in the main peak absorption is 
typically used to monitor the reduction of the Ru(III) precursors in the 
synthesis of Ru(0) nanoparticles in EG through the polyol reduction 
method [41–43]. Keeping in mind these observations, it’s extremely 
likely that the change in color of the solution is due to the formation of a 
stable Ru(II) specie. By considering a simple one-step process, it’s 
possible to fit the time-dependent absorbance with a decreasing 
exponential: 

A(t) = aexp(− kt) + C (2)  

Where A(t) is the absorbance, k is the time constant for the reaction, t is 
the time, while a and C are constants. The results shown in figures S2 
and S3 agree fairly well with the experimental data, resulting in time 
constants of k = 1.062 • 10− 4 s− 1 for peak A and k = 1.147 • 10− 4 s− 1 for 
peak B. Interestingly, the intensities of both peak A and B stabilize for 
ascorbic acid contents above 200 mM (Fig. 1e), although peak A does 
not fully disappear. This indicates the formation of a dynamic equilib-
rium between ascorbic acid and ruthenium species, with the final elec-
trolyte being a mixture of Ru(III) and Ru(II). Indeed, by exploiting the 
Lamber-Beer law, it’s possible to estimate the fraction of Ru(II) in the 
system. In a dilute solution the concentration of a specie is correlated to 
its absorbance peak according to: 

A = ελ l M (3)  

Where ελ is the molar extinction coefficient, l is the optical path and M is 
the molarity of the solution. The molar extinction coefficient for Ru(III) 
was estimated to be 1999.13 ± 15.73 M− 1 cm− 1 from a three-point 

calibration by considering the absorbance of peak A of RuCl3 solutions 
in EG at different concentrations. Furthermore, the concentration of Ru 
(II) species can be calculated by considering that all the Ru(III) reacting 
with ascorbic acid is converted to Ru(II): 

[Ru(II)] = [Rutotal] − [Ru(III)] (4) 

By coupling Eqs. (3) and (4) it’s possible to quantify the amount of 
Ru(II)/Ru(III) in solution as a function of time and ascorbic acid con-
centration (Figs. S4 and S5). From this analysis, the concentration of Ru 
(II) in the 100 mM RuCl3 and 200 mM ascorbic acid electrolyte was 
estimated to be 21.59 mM. 

It is worth mentioning that the one-reaction hypothesis might also be 
too simplistic. For example, in the case of the reduction of cis-dichlor-
idobispicolinatoruthenate(III) ion by ascorbic acid in aqueous environ-
ment, the reversible electron transfer in the proposed reaction 
mechanism interferes with the progress of the reaction itself, with the 
data being more correctly interpreted by a three-exponential function 
[48]. Nevertheless, the complete characterization of the reduction 
mechanism in EG goes beyond the scope of this work. Finally, it’s known 
that both EG and ascorbic acid are capable of reducing Ru(III) by 
themselves; however, ruthenium reduction in EG requires extremely 
high temperatures and proceeds until the metallic state, while Ru(II) 
species formed by reactions with ascorbic acid in aqueous environments 
are short lived, as they tend to be oxidized back to Ru(III) when exposed 
to molecular oxygen [49,50]. In the case of the 100 mM RuCl3 + 200 
mM ascorbic acid electrolyte, no significant changes in the absorption 
spectra were observed even after 6 months (Fig. S6), thus it’s plausible 
that while ascorbic acid is directly responsible for the Ru(III) reduction, 
EG is also creating a sufficiently protective environment that prevents 
the backward reaction from occurring. 

Fig. 1f shows the dependence of the electrolyte conductivity from 
temperature. Being a non-dissociated diol, pure EG exhibits extremely 
low conductivity at any given temperature, highlighting one of the main 

Fig. 1. (a) 100 mM RuCl3 in EG after 1:25 dilution. (b) 100 mM RuCl3 + 200 mM ascorbic acid in EG after 1:25 dilution. (c) Evolution of UV–vis absorption spectra of 
100 mM RuCl3 + 200 mM ascorbic acid in EG while heating at 50 ◦C. (d) UV–vis absorption spectra of 100 mM RuCl3 in EG with different ascorbic acid concen-
trations. (e) Absorbance of the two main absorption peaks as a function of ascorbic acid concentration. (f) Conductivity of the electrolytes as a function of 
temperature. 
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drawbacks of this system when compared to aqueous electrolytes or 
ionic liquids. In general, it can be expected that the major contribution 
to the conductivity of EG-based electrolytes derives from the dissolution 
and dissociation of metal salts which introduce ions in the solution [36]. 
With the addition of RuCl3 in solution, the conductivity does indeed 
increase to values between 4.27 and 6.16 mS cm− 1, which are suitable 
for electrodeposition applications. Interestingly, the addition of ascorbic 
acid does not provide a significant contribution to the ionic conductiv-
ity, suggesting that the molecule is hardly dissociating in EG. 

3.2. Electrochemical characterization of the electrolytes 

Cyclic voltammetry was performed to assess the electrochemical 
behavior of the EG electrolytes as well as to investigate the effect of 
ascorbic acid concentration. 

Platinum wire was chosen as a pseudo-reference electrode for the 
tests since the temperature of the electrolyte (70 ◦C), along with the non- 
aqueous nature of EG, restricts the use of traditional reference electrodes 
[51,52]. Figs. 2a and b show the differences in cyclic voltammograms of 
the EG + 100 mM RuCl3 electrolyte in absence or presence of 200 mM 
ascorbic acid. The cyclic voltammograms clearly evidence the wide 
electrochemical window of EG-based electrolytes which is around 2 V 
for this study, similar to what is reported in literature [53]. In both 
curves a reduction current appears as the potential is shifted towards 
cathodic values (Rured). The potential at which this feature appears 
shifts from around − 0.50 V vs Pt to − 0.35 V vs Pt when 200 mM of 
ascorbic acid are introduced in the electrolyte. Considering that this 
feature is also present in the curve without ascorbic acid, it’s highly 

unlikely that it could be associated to a reduction to a metallic state. 
Instead, a possible explanation could be the formation of Ru complexes 
with valence states higher than 0 [35], with the shift being caused by the 
change in the solvation shell of ruthenium ions in presence of ascorbic 
acid. Additionally, a new reduction peak (Ru(IV)red) appears in the sec-
ond cathodic scan that was previously absent. This feature could instead 
be attributed to reduction of ruthenium species with higher valence 
states formed during the anodic scan [27]. The effect of the concentra-
tion of ascorbic acid is further highlighted in Fig. 2c and d, showing 
respectively the changes in the cathodic and anodic branch of the cyclic 
voltammetry. As anticipated, the main reduction peak shifts towards 
more positive values as the concentration of ascorbic acid is increased, 
eventually stabilizing above 100 mM. Perhaps the most striking differ-
ence between the two curves is the appearance of an oxidation peak 
(Ascox) with an onset around +0.2 V vs Pt in presence of ascorbic acid. 
To better understand the origin of this peak, two additional cyclic vol-
tammetries were performed on the EG and EG + 200 mM ascorbic acid 
electrolytes. In this case the 100 mM RuCl3 was replaced with 1 M NaCl 
to provide enough conductivity. The cyclic voltammetries in Fig. S7 
show a clear oxidation peak starting at +0.6 V vs Pt when ascorbic acid 
is added to EG. Considering the absence of ruthenium in solution, this 
feature probably belongs to ascorbic acid oxidation. Ultimately, we 
believe that Ascox and the peak shown in Fig. S7 are fundamentally the 
same reaction despite the large difference in the onset potential. In fact, 
the reduced overpotential for ascorbic acid oxidation in Fig. 2d could be 
explained by considering the deposition of metallic Ru during the 
cathodic scan which would dramatically increase the activity of the 
glassy carbon substrate. 

Fig. 2. Cyclic voltammetries obtained at 10 mV s − 1 of the EG + RuCl3 solutions. (a) Cyclic voltammogram of EG + 100 mM RuCl3 without ascorbic acid. (b) Cyclic 
voltammogram of EG + 100 mM RuCl3 + 200 mM ascorbic acid. (c) Zoom-in of the cathodic branch of cyclic voltammetries at various ascorbic acid concentrations. 
(d) Zoom-in of the Ascox peaks of cyclic voltammetries at various ascorbic acid concentrations. 
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3.3. Ruthenium galvanostatic electrodeposition 

Metallic ruthenium deposits were obtained on gold-sputtered silicon 
wafers under galvanostatic conditions. The electrolyte used for the 
deposition contained 100 mM RuCl3 + 200 mM ascorbic acid and was 
maintained at 70 ◦C during the whole process. Fig. 3a–h show SEM 
images and AFM measurements on selected areas of samples obtained at 
5 mA cm− 2 for various deposition times (500 s, 1000s and 2000s) to 
observe the evolution of the coating morphology. Additionally, a fourth 
sample was deposited at 10 mA cm− 2 for 4000 s in order to assess the 
possibility of achieving thicker coatings (Fig. g–h). As it can be observed, 
the deposit obtained at 5 mA cm− 2 for 500 s presents a mostly smooth 
surface, along with some nodular particles with diameters in the order of 
the hundreds of nanometers. AFM measurements in Fig. 3b accentuate 
the topography of the surface, revealing the height of the nodules which 
never exceeds 400 nm. Increasing the deposition time from 500 s to 
1000s and 2000s (Fig. 3c–f) does not significantly alter the morphology 
as the only notable change is a broadening of the nodular particles. At 

the same time, section images in Fig. 4a and b for selected samples show 
an extremely homogeneous thickness distribution. It is worth noticing 
that all the deposits does not reveal any cracks, suggesting that EG-based 
electrolytes could be promising candidates for high quality thick 
ruthenium electrodeposition. Indeed, even in the case of deposition at 
10 mA cm− 2 for 4000 s, no cracks could be observed either from the top 
view (Fig. 3g) or along the section (Fig. 4b). This result is quite 
remarkable, especially when considering the thickness of the film which 
is estimated to be 2.35 µm from the section image (Fig. 4b), which is 
extremely similar to the results obtained by Reddy and Taimsalu [21] 
with the [Ru2(μ-N)(H2O)2Cl8] aqueous formulation. 

An additional set of samples was deposited at current densities of 5, 
10 and 20 mA cm− 2 to observe the changes in the coating thickness as 
well as provide an estimate of the cathodic efficiency. In this case the 
total charge density was kept at a constant 5 C cm− 2 resulting in 
deposition times of 1000 s, 500 s and 250 s. The thickness of these 
samples was evaluated from SEM images and the results are shown in 
Fig. 4c. The ruthenium layer thickness decreases from 317 nm at 5 mA 

Fig. 3. SEM images and AFM measurements of Ru coatings on Au-sputtered Si wafer at different current density and deposition time. (a) and (b) 5 mA cm− 2/500 s, 
(c) and (d) 5 mA cm− 2/1000s, (e) and (f) 5 mA cm− 2/2000s, (g) and (h) 10 mA cm− 2/4000 s. 
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Fig. 4. (a) SEM section of electrodeposited Ru on Au-coated Si wafer obtained at 5 mA cm− 2 for 1000s (marker size: 500 nm). (b) SEM section of electrodeposited Ru 
on Au-coated Si wafer obtained at 10 mA cm− 2 for 4000 s (marker size: 1 µm). (c) Cathodic efficiency and resulting thickness for Ru electrodeposition in EG as a 
function of the applied current density. (d) XRD of electrodeposited Ru on Au-coated Si wafer obtained at 10 mA cm− 2 for 4000 s. 

Fig. 5. (a) XPS survey spectra of electrodeposited Ru on Au-coated Si wafer. (b) High resolution scan of Ru 3d peak. (c) High resolution scan of O 1 s peak. (d) Surface 
resistivity vs. thickness of the Ru on Au-coated Si wafer electrodeposited at different deposition times. 
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cm− 2 to 271 nm at 10 mA cm− 2 and 207 nm at 20 mA cm− 2. These 
results imply a higher deposition rate at lower current density. Indeed, 
by considering the bulk density of Ru as 12.4 g cm− 3, it’s possible to 
estimate the cathodic efficiency of the deposition, which ranges between 
9.6% and 14.8%. This low efficiency suggests that ruthenium reduction 
to the metallic state is accompanied by a secondary reaction, possibly EG 
deprotonation. 

Aside from the peaks from the Au substrate, the XRD spectra of the 
sample obtained at 10 mA cm− 2 for 4000 s (Fig. 4d) shows several peaks 
associated to metallic ruthenium. In particular, the diffractogram 
matches an hcp lattice, belonging to the P63/mmc spatial group [54] 
(ICSD #54,236). The relatively broad peaks indicate that the coating 
could be nanocrystalline. Interestingly, the XRD analysis does not show 
any trace of oxides or hydroxides, which could sometimes be encoun-
tered in Ru electrodeposition from aqueous solvents [24]. 

In order to gain further insights on the film chemical composition, 
XPS analysis was carried out. The results of the initial survey are shown 
in Fig. 5a, where it’s possible to distinguish peaks associated to Ru, O 
and Cl. The high resolution scan of the Ru 3d peak shown in Fig. 5b 
reveals a doublet due to spin orbit splitting with the two peaks at 279.9 
eV and 284.0 eV being respectively associated to the Ru 3d5/2 and Ru 
3d3/2 [55]. Due to overlapping of the Ru 3d3/2 and C 1 s peaks, identi-
fication of the nature of ruthenium phases is based purely on Ru 3d5/2 
peak [25]. Moreover, this also makes estimation of carbon impurities in 
the deposit through peak integration rather unreliable. Deconvolution of 
the Ru 3d5/2 peak shows that a wide portion of the signal derives from 
Ru(0), thus confirming the possibility of producing high quality coatings 
with very few oxide impurities from EG electrolytes. The other peak at 
higher binding energy is most likely associated to RuO2 [56,57], which 
could be formed either during the deposition process or by oxidation 
through exposure to the atmosphere. 

Indeed, the high resolution scan of the O 1 s peak at 530.6 eV in 
Fig. 5c shows that the majority of oxygen present in the coating is bound 
to ruthenium and only a small fraction derives from O–C bonds, which 
could be due to incorporation of EG in the deposit. Integration of the O 1 
s peak results in an oxygen content of 9.054% at. Similarly, the Cl 
content obtained from the integration of the Cl 2p peak (not shown in 
the figure) is only 0.582% at. Overall, these findings suggest that elec-
trodeposition from EG may serve as a feasible approach to obtain high 
purity ruthenium coatings. 

3.4. Electrical properties of the ruthenium layers 

Considering its possible use in a large number of electrical and 
electronic applications, it is worth characterizing the layers obtained 
from the electrical point of view. To do this, 4-point probe measure-
ments were carried out on the gold sputtered substrate and on ruthe-
nium layers presenting the following thickness values: 271, 350, 556 
and 823 nm. Fig. 5d reports the results obtained in terms of surface 
resistivity, with only the thickness of the ruthenium layer indicated. 
Since the ruthenium layers were deposited on the gold sputtered sub-
strate, the final measured value of surface resistivity resulted from the 
combination of a 100 nm gold layer with layers of ruthenium having the 
values visible in the figure. 

As expected, the values of sheet resistance progressively decreased 
when the thickness of the ruthenium layer increased. The values of 
surface resistivity observed are comparable with the values typically 
measured in the case of Ta barrier layers [58], suggesting that the 
ruthenium layers plated in the non-aqueous electrolyte hereby described 
may be potentially suitable as barrier layers for the realization of Cu 
interconnects [3]. In addition, ruthenium can be employed also to 
manufacture the interconnect itself. Cu replacement with a high melting 
metal like Ru can result advantageous in the case of ultra-small in-
terconnects [3]. 

4. Conclusions 

In this work we demonstrated the possibility of using ethylene glycol 
as electrolyte for the electrodeposition of high purity metallic ruthenium 
coatings. The presence of ascorbic acid as a reducing agent was 
demonstrated to be fundamental in enabling the deposition. From UV- 
visible spectroscopy and cyclic voltammetries, we speculate that the 
presence of ascorbic acid might lead to a change in ruthenium solvation 
shell and oxidation state, from +3 to +2. The resulting electrolyte 
contained a fraction of Ru(II), which resulted stable over time. The 
coatings obtained with the EG-based electrolyte appeared compact, 
homogeneous and did not show any cracking up to thicknesses of 2.35 
µm, a result that stands out when compared to existing literature on 
aqueous electrolytes. Furthermore, as a consequence of using a 
completely water-free electrolyte, the obtained ruthenium films pre-
sented a reduced content of oxygen impurities (as demonstrated by XRD 
and XPS analysis). These results, corroborated by the intrinsic low 
toxicity and price of the electrolyte, render ethylene glycol an ideal 
candidate to replace aqueous systems for ruthenium electroplating. This 
opportunity may possibly enhance the applicability of ruthenium elec-
trodeposition to advanced processes like barrier layers deposition or 
electronic interconnects microfabrication. 
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