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A B S T R A C T

Despite being widespread all over the manufacturing world, industrial acid copper electroplating exploits the 
same classes of additives since the second half of the 20th century. This work aims to overtake the classical set of 
accelerators, suppressors, levelers and inorganic salts (e.g. sodium chloride) with low-cost and sustainable ad
ditives that can solve multiple roles. A multidisciplinary approach based on spectroscopy, diffractometry, elec
trochemistry and computational chemistry is employed to characterize the effects of L-Cysteine and its action 
mechanism during the electrodeposition. We demonstrate how and why this amino acid can promote both grain 
refinement and roughness reduction without any other additive or inorganic salt. This result is achieved by 
considering and analyzing the findings of multiple experimental techniques and comparing them with compu
tational calculations and simulations. Such an approach can open new pathways for designing industrial elec
troplating procedures, ensuring sustainability.

1. Introduction

The electrodeposition of copper by acid electrolytes represents one of 
the main industrial electroplating processes, along with nickel plating. 
Both electronic [1–4] and decorative [5–8] manufacturing companies 
rely on acid copper (AC) formulations to obtain levelled and compact Cu 
deposits with good mechanical properties. Also, this is accompanied by 
the high shininess of the synthesized material which is much appreci
ated in areas where the aesthetical value is an integral part of the ma
terial’s performance [9]. The capability of obtaining coatings with such 
characteristics is due to the addition to the virgin make-up solution 
(VMS) of organic and inorganic molecules, often called additives, that 
actively interact with the electrodeposition process. The subdivision of 
organic additives is represented by the classical trifecta of brightener, 
leveler and suppressor [10]. Brighteners consist of small molecules, 
containing at least one sulfur atom, who are responsible for the grain 

refinement [11,12]; they are also called accelerators due to their ability 
to enhance the deposition rate by promoting both the deposition rate 
and the suppressor desorption [13]. Levelers give the capability of 
reducing the substrate roughness [14] by adsorbing on high current 
density zones like cusps [15]. Aromatic nitrogen atoms are indicated as 
the functional group that promotes leveling performances, a low-energy 
bandgap and a LUMO localized on the nitrogen atom is found to be 
fundamental as it makes possible the electron acceptor role of the leveler 
[16,17]. Suppressors, instead, are polyethers (e.g., PPG and PEG) which 
adsorb on the cathodic surface, rising the onset potential [18]. The 
suppressor role seems to be to promote the deposition of small ordered 
grains by slowing down the growth (adsorbing on the cathodic surface 
and complexing the copper) and to interact synergistically with the 
brightener [19]. Its mechanism of action is not clear yet, but recent 
studies on polyethers suppressors revealed the key-role of inorganic salts 
like NaCl in explain the behavior of the suppressor during the 
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electrodeposition, focusing on how those polymers, in conjunction with 
inorganic ions, could migrate towards the cathodic surface [20] and how 
they interact with brighteners and metallic ions forming complexes and 
supramolecular structures [19,21]. Other than Cl− , another promising 
inorganic anion studied in literature is Br− [22,23] but it will be not 
considered in this work as it is a wastewater contaminant and then not 
suitable for sustainable industrial applications [24–26]. The most 
important industrial application of AC electroplating is in the layer 
interconnection of printed circuit boards (PCBs) by plated through hole 
process (PTH) [27,28]. Despite the usage of sulfur-containing organic 
molecules to obtain bright and durable deposits is known since the first 
half of the 1900 [29–31], the research of new additives and formulations 
to improve the whole process is still trending today. Understanding the 
mechanism of action of additives during the electrodeposition process is 
fundamental to predict novel high-performance sustainable formula
tions. The interaction of additives with the surface is often threated by a 
phenomenological approach based on a macroscopic view [32], that is 
useful to easily understand and rationalize obtained 
coating-morphology, but it lacks on not bringing quantomechanic into 
the discussion, leaving out interactions on the atomic and supramolec
ular scale. One of the more emblematic cases is the role of NaCl, where in 
the classical mechanism the Cl− is the main active species of this inor
ganic additive, overlooking the importance of Na+. Only recently it was 
observed how Na+ is fundamental to the migration of the suppressor to 
the cathode by forming supramolecular abducts that resemble Na 
crown-ether complexes [19,20]. On the other hand, theoretical works 
[33–35] produced on this topic provide fundamental insights on the 
atomic scale, but they usually focus on single or isolated additives, 
without considering the complexity of the system and macroscopic ef
fects on industrial conditions. To catch the connections between the 
atomic/nanoscale and the macroscopic world, it is important to take a 
multidisciplinary approach that connects diffractometry, different 
spectroscopic probes and electrochemical analyses where the proposed 
theories need to be confirmed and rationalized by computational 
methods and simulation [36,37]. In a previously published paper [21], 
we presented a protocol that involves X-ray diffractometry (XRD) and 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 
cyclic voltammetry stripping (CVS), density functional theory calcula
tions (DFT) and molecular dynamics (MD) simulations to understand the 
roles of additives of a prototypical AC formulation. From the basis of 
those results, we selected L-cysteine (L-Cys, structural formula reported 
in Scheme 1) as a main candidate to a new generation of AC formula
tions, due the presence of an -SH group that allows for a brightener role, 
an -NH2 group (protonated at AC working conditions) which should 
solve the cathode migration problem and diminishing the need of Na+

ions and the carboxylic branch acting as the suppressor by complexing 
the copper ions and slowing down the reaction. The advantages of 
employing one single additive instead of for are multiple, especially on 
the scale of industry, where variables are less controllable in comparison 
to a laboratory. Using a single additive means Significantly streamline 
the quality control of the production process as the only variable is the 
L-Cys concentration, instead of four concentrations (accelerator, sup
pressor, leveler and NaCl) and their relative ratio. More explicitly among 
the benefits we can list an easier analytical process by eliminating matrix 
effects between additives, a more direct resolution of problems directly 

from qualitative analyses such as the Hull cell (just one parameter to 
adjust), a simplification of wastewater treatment and the reduction of 
contaminants among the electroplating production line (e.g. Cl− ions are 
a key parameter in many electrodeposition processes [38,39]). In 
addition, NaCl removal greatly simplifies the troubleshooting of prob
lems caused by excess additives, as only activated carbon filtration is 
needed to restore the bath. L-Cys was already proposed as a promising 
brightener and suppressor [40], but that formulation was not near to 
industrial conditions (high copper concentration, low pH and high 
current densities). Furthermore, L-Cys was also studied as a leveler in a 
classic AC additive system (brightener, leveler, suppressor and NaCl) 
[41]. This work aims to propose a one-additive system capable of 
obtaining uniform, compact and shiny deposits also reducing the sub
strate roughness and rationalize the mechanisms lying under the syn
thesis of such material. Atomic force microscopy (AFM) and angle 
resolved X-ray photoelectron spectroscopy (AR-XPS) were introduced as 
analytical techniques to study the effects of additives on morphology, 
surface roughness and to study the configuration of molecules adsorbed 
on the surface.

2. Materials and methods

2.1. Experimental procedures

The standard electroplating formulation (VMS) was made by a so
lution of 65 g L− 1 (0.66 M) of sulfuric acid (96% Merck), and 210 g L− 1 

(0.84 M) copper sulphate pentahydrate (Merck). L-Cys (Merck) was 
added at different concentrations (0.25 mM, 0.50 mM, 0.75 mM, 1.00 
mM, 1.50 mM, 2.50 mM, 5.00 mM) to the VMS.

The galvanostatic mode (current density of 1.75 A dm− 2) was 
selected for the electrodeposition of samples to better simulate the in
dustrial practice. All the samples were electroplated for 10 min. The 
cathode material was composed by α-β brass plates (exposed surface 
area 0.19 dm2) from Ossian Lagerqvist AB (Jarfalla, Sweden) and the 
anode by phosphorous copper from A.M.P.E.R.E Italia srl (Settimo 
Torinese, Italy). Phosphorous copper was choose instead of oxygen-free 
copper as it is the anode material employed in electroplating companies 
for AC electrodeposition due its corrosion resistant properties that limit 
the anode solubility, avoiding the copper concentration to rise in the 
bath. The deposition system involved a parallel arrangement between 
anode and cathode and air agitation. Prior to electrodeposition the 
substrate was degreased thanks to an industrial cathodic degreasing 
solution, ATMETPLUS from Valmet Plating srl (Calenzano, Italy) and 
rinsed in a pickling solution made of diluted sulfuric acid (5% w/w).

To prove the viability of the proposed formulation on industrial 
applications a test panel of VMS and one with 5 mM of L-Cys were 
electroplated in a Hull cell, setting the current density to 1.75 A dm− 2. 
As substrate we employed α-β brass test panels from Ossian Lagerqvist 
AB (Jarfalla, Sweden) and for Hull cell we used an air agitation tank B- 
54W from Yamamoto-MS, Co., Ltd (Tokyo, Japan).

The morphology characterization of the electrodeposited films was 
done by scanning electron microscopy (SEM); Secondary Electron (SE) 
images were collected with a Hitachi (Tokyo, Japan) SU3800 SEM at 10 
kV of acceleration voltage. Then, SE images were processed with ImageJ 
[42] to obtain the grain dimensions with the linear intercept method 
[43].

The morphology was also evaluated AFM using a Molecular Imaging 
PicoSPM (10 μm × 10 μm, 512 px × 512 px, 0.5 lines/s speed) equipped 
with a non-conductive Veeco NP-S10 silicon nitride triangle-shaped 
cantilever (spring constant of 0.12 nN m− 1). The measurements were 
done in contact mode with a force setpoint of 0.5 V.

The influence of L-Cys on the crystalline properties of the deposit was 
investigated by XRD with a Brucker (Billerica, MA, USA) New D8 Da 
Vinci Diffractometer employing a Cu Kα radiation (λ = 1.54056 Å), 
operating at 40 kV and 40 mA. The X-ray diffractometer had a ϑ-2ϑ 
geometry equipped with a Eulerian cradle and a Brucker LYNXEYEXE Scheme 1. Structural formula of L-cysteine.
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detector. Acquisitions were made in the range 2θ = 40◦-100◦, using the 
step size of 0.03◦ and 0.4 s as integration time a step. The PDF-4+ 2021 
database of the International Centre for Diffraction Data (ICDD) [44] 
was implemented for phases identification on XRD data. The samples 
were placed parallel to the Eulerian cradle, perpendicular to the normal 
of incidence, in order to match an eventual preferential direction of 
growth with the preferential orientation of the crystallites. Hence, the 
preferential growth orientation was quantified thanks to the relative 
texture coefficients (RTC) [45,46]. The peak intensities of bulk Cu 
powder (spacegroup Fm-3m and lattice parameter=3.61 Å) included in 
the RTC calculation were evaluated thanks to VESTA [47]. RTCs were 
calculated following Eq. (S2) reported in the Supporting Information.

AR-XPS was used to evaluate the superficial composition of the 
samples and the configuration of L-Cys adsorbed on top of the surface. 
The instrument is equipped with a non-monochromatic X-ray source 
(VSW Scientific Instrument Limited model TA10, Al Kα radiation, 
1486.6 eV) set to work at 120 W (12 kV and 10 mA) and a hemispherical 
analyzer (VSW Scientific Instrument Limited model HA100, Manchester, 
UK). The analyzer was equipped with a 16-channel detector and a 
dedicated differential pumping system maintaining the pressure in the 
chamber to the 10-8 mbar range. The pass energy was set to 44 eV. The 
measured spectra were analyzed using CasaXPS software. The inelastic 
background was subtracted using Shirley’s method [48] and mixed 
Gaussian and Lorentzian contributions were used for each component. 
Calibration of the spectra was obtained by shifting to 284.8 eV, the 
lowest component relative to the 1s transition of carbon for adventitious 
carbon [49]. Normalization of the areas subtended by the peaks was 
carried out using the ASFs (atomic sensitivity factors) by Wagner [50]. 
Spectra on sample electroplated with L-Cys were taken with the surface 
tilted at two different angle respect to the normal of incidence: 90◦

(normal incidence) and 30◦ (grazing incidence).
A Metrohm (Herisau, Switzerland) µAutolab PGSTAT204 potentio

stat/galvanostat, coupled to NOVA 2.1.4 software was employed for 
Cyclic Voltammetry Stripping experiments (CVS). A three-electrode set- 
up concerning a gold rod counter electrode (CE) an Ag/AgCl saturated 
KCl (model HI-5312 by Hanna Instruments Woonsocket, RI, USA) 
reference electrode (RE) and a platinum rotating disk electrode (3 mm of 
diameter) as a working electrode (WE). The CVSs were performed from 
+1.5 to − 0.25 V, and again back to +1.5 V (versus the reference elec
trode), with 100 mV/s scan rate, and 2000 rpm rotation speed of the WE, 
following typical CVS parameters employed for study copper electro
plating additives [51,52]. Starting the CVS at a positive potential is 
needed to desorb any organic molecule on the WE and to ensure the 
cleaning of it. Then, shifting to more negative potentials (-0.25 V) the 
copper is electroplated onto the WE. Finally, by coming back to +1.5 V 
the electrodeposited copper is stripped from the WE, giving an anodic 
stripping peak from which the charge density is calculated. The charge 
density, being directly proportional to the electrodeposited mass, as 
stated by the Faraday’s law, is exploited to discuss how additives affect 
the copper deposition rate. For each experiment three potential cycles 
have been performed, leading to no significant changes between cycles, 
thus only the last cycle has been reported in this work. Control experi
ments on the solution containing 5 mM of L-Cys were done. Specifically 
one under static conditions (no RDE rotation), one after degassing the 
cell for 30 min under nitrogen and one without copper sulfate, the re
sults are reported in Fig. S3.

2.2. Computational details

All DFT calculations concerning isolated molecules were performed 
within the Gaussian 16 framework [53] employing, if not specified 
otherwise, the Becke three parameter hybrid functional (B3LYP) [54] in 
conjunction with the D3(BJ) empirical dispersion [55] and the 6-31++G 
(d,p) split-valence basis set [56–58]. The electronic structure of the 
molecules was evaluated after a geometry optimization and for the 
N-protonated L-Cys the chosen conformer was in according to the study 

of Nacsa and Czako [59].
To verify if the structure hypothesized by AR-XPS could be stable (i. 

e., a local minimum), a frequency calculation (within the harmonic 
approximation) after a geometry optimization, performed keeping fixed 
a Cu (220) surface, was done employing the long-range corrected hybrid 
functional by Handy (CAM-B3LYP) [60] coupled with the D3(BJ) 
empirical dispersion. According to literature [61,62], mixed basis-set 
was selected, concerning the LANL2DZ [63] for Cu atoms and 
6-31++G(d,p) for the others.

The tendency of atoms of L-Cys, 1H-Benzotriazole (BTA), thiourea 
(TU) and Mercaptopropylsulfonic acid (MPS) on donating or drawing 
electrons was evaluated with the condensed Fukui’s indices (calculated 
following eq(S2) reported in the Supporting Information), employing 
CM5 charges and 6-31++G(d,p) basis set. The functional influence on 
Fukui’s indices was evaluated benchmarking the N-protonated L-Cys 
system with the PBE0(D3BJ) [64] local hybrid functional, CAM-B3LYP 
(D3BJ) and ωB97XD [65] long-range corrected functionals and with 
the B2PLYP(D3BJ) [66] double hybrid functional.

MD simulations were performed with GROMACS [67] in a 10 nm x 
15 nm x 10 nm box with periodic boundary conditions, with a Cu surface 
oriented towards the (220) phase placed at the bottom of the 10 nm x 10 
nm side, filled with 49686 water molecules (TIP3P water model [68,
69]), 100 Cu2+ ions, 50 N-protonated L-Cys and 125 sulphate ions. The 
solid phase was formed by 7 layers of copper for a total of 7840 atoms. 
The molecular structure of N-protonated L-Cys as already mentioned 
before and all the topology and force field parameters files [70,71] were 
generated by the PrimaDORAC web interface [72]. After an energy 
minimization step, a first equilibration on the NVT ensemble (setting 
T=300.0 K) was performed incorporating a Nosé-Hoover thermostat 
[73]. Then, after a previous equilibration step in the NPT ensemble 
(setting the pressure at 1 atm with a Parrinello-Rahaman barostat [74]), 
a production run of a total of 10 ns, with a time step of 2 fs was done. 
During every step an electric field of -0.32 V nm− 1 was applied in the 
direction perpendicular to the cathode in order to simulate electrode
position conditions [21,75].

3. Results and discussion

3.1. Morphological analysis

3.1.1. Scanning electron microscopy
The morphology of electroplated samples obtained with different L- 

Cys concentration in the formulation (0 mM, 0.25 mM, 0.50 mM, 0.75 
mM, 1.00 mM, 1.50 mM, 2.50 mM, 5.00 mM) has been analyzed by 
secondary electron (SE) imaging. The results reported in Fig. 1 display 
clearly that L-Cys acts as a grain refiner, reducing both the mean grain 
size and the size distribution. The grain refinement action follows an 
exponential dependence as shown in Fig. 1A. This effect is accompanied 
by a drastic change in the crystal habitus, changing from a hexagonal 
shape predicted by the Bravais-Friedel-Donnay-Harker (BFDH) and 
other models that do not consider explicitly the growth environment 
[76]. By the first addition of L-Cys, it is observable how the grains 
become smaller, and their morphology changes drastically, resembling 
an elongated prism, notifying a strong interaction between the organic 
molecule and the surface. Subsequent additions of L-Cys reduce 
furthermore the grain dimensions while maintaining the same 
prism-like habitus. This confirms L-Cys as an effective brightener 
capable of effectively grain refining the deposit.

3.1.2. Atomic force microscopy
AFM analyses were conducted on the same samples observed at SEM 

(VMS, 0.25 mM, 0.50 mM, 0.75 mM, 1.00 mM, 1.50 mM, 2.50 mM, 5.00 
mM) and on the brass substrate. The results of those experiments are 
summarized in Fig. 2. The same morphology pattern observed in the 
previous chapter is also noticeable by the AFM imaging, with elongated 
grains appearing at the first addition of L-Cys. Additional information 
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Fig. 1. (A) Correlation between the grain size and L-Cys concentration; (B) non functionalized brass substrate; SEM-SE images obtained on samples electroplated by 
varying the L-Cys concentration and keeping all other components fixed (VMS formulation: 65 g L− 1 of sulfuric acid, and 210 g L− 1 copper sulphate pentahydrate) (C) 
VMS, (D) 0.25 mM, (E) 0.50 mM, (F) 0.75 mM, (G) 1.00 mM, (H) 1.50 mM, 1.75 (I) 2.50 mM, (J) 5.00 mM. All the electrodepositions were carried out in galva
nostatic mode (1.75 A dm− 2), under air agitation, for ten minutes as specified in the materials and methods section.
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Fig. 2. (A) Correlation between roughness and L-Cys concentration; AFM images obtained (B) on the brass substrate and samples electroplated by varying the L-Cys 
concentration (C) VMS, (D) 0.25 mM, (E) 0.50 mM, (F) 0.75 mM, (G) 1.00 mM, (H) 1.50 mM, (I) 2.50 mM, (J) 5.00 mM.
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can be found observing Fig. 2E-G where the grains tend to align to each 
other in a preferential direction (i.e., coupling along the lateral side of 
the prism) forming aggregates. The effect on the roughness of the de
posit is displayed in Fig. 2A: the trend of root mean square height (Sq) 
follows an exponential law like the grain size. Moreover, higher con
centration of L-Cys (starting from 1.5 mM) resulted in a levelling effect, 
lowering the roughness of the brass substrate and underlining how the 
growth inside the brass “valleys”, that are made by mechanical polish
ing, is faster than in comparison to the cusps.

3.2. Influence of L-Cys over crystallinity

XRD experiments were performed on the same electrodeposited 
samples analyzed with SEM and AFM to investigate the influence of L- 
Cys over crystallinity. From the obtained diffractograms, reported in 
Fig. S1, it is appreciable how peak positions remain unaltered compared 
to the calculated Cu powder diffraction pattern. Instead, a major dif
ference is present regarding the relative intensities of the peaks show a 
deviation from the bulk powder Cu intensity pattern, indicating the 
presence of preferential orientations. This was quantified by the means 
of the relative texture coefficient (RTC) and the results are reported in 
Table 1. A preferential orientation perpendicular to the (220) phase is 
observed for all samples, VMS included. This is in line with previously 
reported studies [21,77] as a 2D structure with exposed (220) phase is 
found to be thermodynamically more stable than others [78].

The first addition of L-Cys enhances the (220) RTC as we would 
expect from the results of our previous work [21]. Further additions of 
L-Cys brought a decrease in this estimator, with a minimum of 48.39% 
for 1.00 mM, and then rises drastically up to 88.08% for the 5.00 mM 
sample. Linking the XRD results with microscopy, it is possible to 
speculate how this behavior is related to the presence of aggregates as 
the rise of (220) RTC corresponds to the disappearance of them (1.50 
mM sample).

3.3. Surface composition

The surface composition was characterized thanks to XPS, perform
ing measurements at normal incidence (90◦) on a sample obtained from 
the VMS and one obtained with 5.00 mM of L-Cys. Investigated regions 
were Cu 2p, N 1s, S 2p, and Cu LMM Auger emission; the chemical state 
and other spectral features of Cu were processed following the work of 
Biesinger [79]. For other elements, the Handbook of X-ray Photoelec
tron Spectroscopy [80] was followed. Fitting parameters and quantifi
cation results are reported in Section S2.1 of Supporting Information 
while the results of the quantitative analysis are in Section S2.2 and 
Section S2.3 (AR-XPS results). High resolution spectra of Cu 2p region 
and Cu LMM Auger emission are displayed in Fig. S2 and their angle 
resolved counterparts in Fig. S3. From the high-resolution spectra of N 
1s (Fig. 3A) it is confirmed that the L-Cys adsorbs on the cathodic surface 
as the nitrogen signal is only present in the L-Cys sample. Furthermore, 
the effect of the brightener is also observable in Fig. 3B where the 
addition of L-Cys resulted in an inversion of the S2− /SO4

2− ratio as it 
shifts from 0.36 (VMS) to 3.16 (L-Cys), hinting again the occurred 
adsorption. It is also important to underline that the S2− component 
refers both to organic and inorganic sulfur at that oxidation state (i.e. the 
sulfur present in L-Cys and the inorganic sulphides).

In Table 2 are summarized the relative concentrations of chemical 
species on the copper surface. The addition of L-Cys caused the rise of S2- 

and Cu+ this was associated both with the formation of a chemical bond 
between the sulfur atom of L-Cys and the formation of Cu2S (investi
gated with Cu LMM Auger emission) as a product of the L-Cys degra
dation; the sulfides formation will be discussed more in depth in Section 
3.5. The presence of a low concentration of S2− in the VMS sample is due 
the sulphate reduction that can occurs on top of the Cu surface [21,81].

Angle resolved (AR-XPS) spectra were collected both at normal 
incidence (90◦) and at grazing incidence (30◦) on the L-Cys sample. The 
high-resolution spectra of N 1s and S 2p are reported in Fig. 4 and the 
relative concentrations of all investigated regions are in Table 3. As no 
noticeable differences were found, especially considering the measure
ment uncertainty (Table 3), L-Cys probably adsorbs in a planar config
uration, with both sulfur and nitrogen atoms lying on the surface. This 
opens the possibility of not only the chemical bonding between the S 
atom and the Cu but also some weak interaction between the surface and 
N or O which will be discussed in the next section.

3.4. Theoretical results

3.4.1. First principle calculations
The possibility of a stable planar protonated L-Cys adsorbed on the 

copper surface was confirmed by a geometry optimization and subse
quent vibrational frequency calculation which resulted in no imaginary 
frequencies found, stating the existence of an energetic minimum 
composed by the molecule planarly adsorbed on a Cu (220) surface; both 
the geometry and the vibrational frequencies are reported in Section 
S3.1 of Supporting Information. A comparison between L-Cys and 
typical additives was done based on analysis of frontier orbitals and 
atomic Fukui indices [82]; fa+ represents the electrophilicity and fa− the 
nucleophilicity of the atom a. Mercaptopropylsulfonic acid (MPS) and 
thiourea (TU) were selected as standard and well known brighteners 
while 1H-benzotriazole (BTA) as leveler. To validate the correctness of 
employing the B3LYP as exchange and correlation functional a bench
mark runt over other classes was done due the liability of population 
analyses over the level of theory [83]. This test confirmed the trend of 
the Becke three parameters functional (see Section S3.2.1 of Supporting 
Information). All the data concerning the calculation of Fukui 
condensed indices, including geometries used and CM5 charges are re
ported in Section S3.2. In Fig. 5 is reported the frontier orbitals diagram 
of the considered additives. As stated in the introduction, the bandgap is 
a good indicator of the adsorption capability of the organic molecule on 
the metallic surface: smaller the bandgap, higher is the affinity to the 
surface. The L-Cys bandgap is larger than the one of MPS and TU, two 
typical brighteners. This is reflected in a higher concentration needed 
compared to them to obtain a similar grain refinement effect, as typical 
concentrations for TU and MPS are unlikely to exceed 1 ppm. This fact 
could be linked to the effectiveness of L-Cys of working without the 
suppressor, that from our previous study, have also the role of regulating 
the TU adsorption kinetic. The levelling power of L-Cys, observed by 
AFM, is confirmed by an LUMO energy comparable to the BTA: a lower 
LUMO is an important parameter to rationalize the electron acceptor 
capability that is correlated with the adsorption on higher current 
density zones, which limits the growth of Cu on cusps.

The condensed Fukui indices are reported in Table 4, from the 

Table 1 
Influence of the L-Cys concentration on preferential orientation estimated with the RTC.

RTC (%) at varying the L-Cys concentration

Cu Phases VMS 0.25 mM 0.50 mM 0.75 mM 1.00 mM 1.50 mM 2.50 mM 5.00 mM

111 7.23 10.98 9.41 11.20 10.37 10.52 3.23 1.28
200 13.20 1.60 5.97 4.59 11.59 3.64 0.72 0.06
220 56.94 67.64 65.47 60.81 48.39 73.90 83.67 88.08
311 22.62 19.78 19.14 23.40 29.65 11.93 12.38 10.57
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comparison between the various additives it is clear how brighteners 
have a strong nucleophilic region corresponding to sulfur atoms; the 
atoms’ numeration employed is referred to the geometries reported in 
Section S3.2. This, connected to the localized HOMO in that region is 
reflected in the capability of accelerators in giving chemisorption with 
the Cu surface as it is already reported in literature. About nucleophi
licity, it seems that the levelling power of BTA is correlated to that of 
nitrogen atoms in which the LUMO is mostly localized. Observing the L- 
Cys results, both from the frontier orbitals diagram and the condensed 
Fukui indices, the levelling power of this molecule could be associated 
not to the nitrogen atom but with the carboxylic group as the LUMO is 
localized on it and the oxygens have a higher fa− compared to the ni
trogen. The L-Cys adsorption on Cu and Cu-group metals concerning 
both the carboxylic group and the sulfur atom was also reported in 
literature [62,84,85], confirming our findings.

3.4.2. Molecular dynamics calculations
MD simulations were conducted under an electric field perpendic

ular to the Cu surface to simulate the conditions of the electrodeposition 
process. The main phenomena investigated were the interaction be
tween L-Cys, Cu2+ and sulphate ions in the bulk solution and the 
physisorption of species on the cathodic surface. This task was accom
plished by exploiting both radial and axial distribution functions, the 
results are reported in Fig. 6.

From Fig. 6A it is observable how L-Cys forms with the sulphate ions 
a strong first coordination sphere, being both charged. Moreover, L-Cys 
seems to have three other external coordination spheres, were copper 
and sulphate ions alternating with each other. This peculiar organiza
tion can answer how L-Cys is working without any suppressor as the L- 
Cys uptake by the surface is regulated by the interactions described 
before with the sulphate ions, reducing the needs of a kinetic regulator. 

Fig. 3. High resolution XPS spectra of the copper deposit obtained with VMS and L-Cys at normal incidence (90◦): (A) nitrogen 1s and (B) sulfur 2p.

Table 2 
Relative concentrations of chemical species evaluated from the fitting of high 
resolution XPS spectra.

Sample Cu0 Cu+ Cu tot N S2− SO4
2− S tot

VMS 54.6 ±
0.5%

40.9 ±
0.4%

95.5 ±
0.9%

- 1.2 ±
0.1%

3.3 ±
0.2%

4.5 ±
0.3%

L-Cys 42.2 ±
0.6%

37.7 ±
0.5%

79.9 ±
1.1%

7.2 ±
0.5%

9.8 ±
0.5%

3.1 ±
0.2%

14.2 ±
0.7%

Fig. 4. High resolution AR-XPS spectra of the copper deposit obtained at normal incidence (90◦) and grazing incidence (30◦) on the L-Cys sample: (A) nitrogen 1s and 
(B) sulfur 2p.

Table 3 
Relative concentrations of chemical species evaluated from the fitting of AR-XPS 
spectra.

Angle Cu0 Cu+ Cu tot N S2− SO4
2− S tot

0◦ 42.2 ±
0.6%

37.7 ±
0.5%

79.9 ±
1.1%

7.2 ±
0.5%

9.8 ±
0.5%

3.1 ±
0.2%

12.9 ±
0.7%

30◦ 44.2 ±
0.5%

35.2 ±
0.5%

79.4 ±
1.1%

6.3 ±
0.5%

10.7 ±
0.5%

3.5 ±
0.2%

14.2 ±
0.7%
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The suppressor role of Cu complexing agent is also carried by the su
pramolecular abducts generated by a positively charged molecule like L- 
Cys in VMS. Giving a look to Fig. 6B the competition between L-Cys and 
sulphate ions at the cathode (which resembles the competition between 
a classic brightener and the suppressor) is underlined: the addition of L- 
Cys causes the desorption of the sulphate ion, as it is replaced by the 
brightener. In addition, Fig. 6B confirms the physisorption of L-Cys on 

the copper surface.

3.5. Electrochemical investigation

The electrochemical behavior of the formulation under different L- 
Cys concentrations was investigated by CVS and the results are reported 
in Fig. 7. In Fig. S3 control experiments are reported showing how L-Cys 
do not contribute to the stripping peak current and how both degassing 
the cell with nitrogen or performing the experiments without WE rota
tion only affects the electrodeposited copper quantity by reducing it 
(smaller stripping peaks in comparison to standard CVS). In Fig. 7 it can 
be observed as the first two addition of L-Cys (0.25 mM and 0.50 mM) 
enhance the stripping charge density, promoting the copper deposition 
rate. This “accelerating” behavior in the classical view of copper elec
trodeposition mechanism is attributed to the competition between the 
brightener (or accelerator) and the suppressor. In this case, where no 
suppressor has been used, the rationalization of the phenomenon is 
given by MD simulations as the suppressor role is taken by the sulphate 

Fig. 5. Frontier orbitals diagram of different copper additives (L-Cys, TU, MPS 
and BTA); BTA and L-Cys were considered in their protonated form and all the 
electronic structures were evaluated at B3LYP(D3BJ)/6-31++G(d,p) level.

Table 4 
Condensed Fukui indices evaluated thanks to the CM5 population analysis 
calculated at B3LYP(D3BJ)/6-31++G(d,p) level.

TU 2S 3N - -

fa+(q) 0.629 0.062 - -
fa− (q) 0.116 0.050 - -
BTA 11N 12N 14N -
fa+(q) 0.069 0.055 0.079 -
fa− (q) 0.087 0.111 0.153 -
L-Cys 13S 3N 8O 9O
fa+(q) 0.492 0.025 0.081 0.027
fa− (q) 0.089 0.055 0.087 0.051
MPS 1S 13S - -
fa+(q) 0.493 0.029 - -
fa− (q) 0.107 0.042 - -

Fig. 6. (A) Radial distribution functions (g(r)) of L-Cys with Cu and sulphate ions; (B) axial distribution function of L-Cys and sulphate ions with and without L-Cys 
(VMS); to evaluate the distances, the center of mass of the species was considered.

Fig. 7. CVS obtained for the VMS (without additives) and after the addition of 
different concentration of L-Cys (0.25, 0.50, 0.75, 1.00, 1.50, 2.50, 5.00 mM); a 
platinum rotating disk electrode (3 mm of diameter) was employed as a WE. 
The CVSs were performed from +1.5 to − 0.25 V, and again back to +1.5 V 
(versus the reference electrode), with 100 mV/s scan rate, and 2000 rpm 
rotation speed of the WE. The tested electrolytes are the same employed for 
galvanostatic depositions and are reported in the materials and 
methods section.
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ions and the rising of the anodic peak current can be attributed to the 
formation of L-Cys first coordination sphere and the diminishing pres
ence of sulphate ions on the cathodic surface that are replaced by the L- 
Cys, as also observed by XPS with the decreasing of SO4

2− in favor of S2− . 
Further additions of the additive cause an inversion of the trend, 
decreasing the stripping charge density and diminishing the copper 
deposition rate that is proportional to the L-Cys concentration.

At higher L-Cys concentrations (starting from 1.5 mM) a shoulder is 
observable after the copper stripping peak. This can be ascribed to the 
stripping of Cu2S, which presence was confirmed by Auger emission 
characterization reported in Section S2. The co-crystallization of copper 
sulfides, especially in grain borders, was already reported in literature 
[40] and the peak position at higher potential compared to the copper 
stripping peak is related to a major thermodynamic stability of copper 
sulfides respect to metallic copper [86,87]. Hence, starting from 1.50 
mM of L-Cys added in the formulation, the presence of sulfides in grain 
border seems to play a key role as it can explain the loss of aggregation 
formation observed with AFM and the discontinuity in RTC observed in 
the XRD, due the loss of the second preferential growth direction (see 
Section 3.1.2).

3.6. Hull cell plating test

To prove the versatility and macroscopic aspect of the proposed 
formulation a Hull cell panel test was performed both with the VMS and 
with the formulation containing 5 mM of L-Cys (the one with smaller 
grains and lower roughness); the results are shown in Fig. 8.

It can be appreciated how the L-Cys addition was capable of giving a 
homogeneous shiny and reflective deposit all along the Hull panel. This 
ensures the possible implementation of this bath in industrial facilities as 
it is capable of giving good deposits in a wide range of current densities, 
a characteristic that is fundamental in factories, such as the decorative 
industry, where substrate geometries are mostly irregular and com
plexes, with many cusps and valleys representing zones with different 
local current densities. This property is also helpful in the electronic 
industry as the electric field changes drastically within holes.

4. Conclusion

A novel electroplating formulation for acid copper electroplating was 
proposed and investigated. L-Cys was selected to replace the classic 
suppressor-accelerator-sodium chloride trifecta due to its peculiar 
structure and properties. We obtained an electrodeposition solution 
capable of plating polycrystalline copper with compact and small grains 
on brass, also reducing the substrate roughness which can be helpful 
both for electronic and decorative industry, especially considering the 
total amount of organic content and variables in electroplating baths. 
Limiting the number of additives is not only helpful in simplifying the 
treatment of wastewater, but it also makes maintenance and quality 
control easier for the operator, going to lessen the amount of non
conforming production workpieces. The morphology was analyzed both 
by SEM and AFM, underlying how the L-Cys works as a grain refiner. 
Both the grain dimension and the surface roughness followed an expo
nential law. L-Cys promotes the growth of small needle-like grains 
promoting a preferential growth direction perpendicular to the (220) 
phase, at low L-Cys concentration those structures tend to form aggre
gates toward the direction normal to the long side of them. The rise of 
brightener concentration favors the co-deposition of copper sulfides in 
grain borders, limiting the growth and preventing the aggregation. 
About the mechanism of action, the amino acid is prone to arrange itself 
planar to the surface, by interacting both with the thiol and the car
boxylic group. The suppressor role of competing with the brightener 
adsorption and copper complexation is held by the supramolecular 
arrangement dominated by coulombic interactions within the formula
tion, composed by the protonated L-Cys which coordinates a double 
layer formed by sulphate and copper ions alternating.
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