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We investigated the benzotriazole enabled growth of low Ni content (5-15 at.%) CuNi alloy deposits by characterisation of its
morphology and elemental composition as a function of substrate metal (Cu and Ni), charge density, current density, and potential-
time response measured during electrodeposition. Alloy deposition starts in favor of Cu, forming a Cu-rich layer on a Ni substrate
and Cu-rich islands on a Cu substrate after which aggregates only form on a Cu substrate, due to the ability of benzotriazole
(BTAH) to chemically bond to Cu but not to a Ni surface. Furthermore, Ni deposits preferably on grain boundaries, BTAH gets
incorporated in the deposit and forms a thin layer between the Cu substrate and the alloy deposit. Based on our findings a growth
model for BTAH enabled CuNi growth is proposed which describes that the BTAH working mechanism is twofold. First, the
additive shifts the onset potential of Cu®>" reduction closer to the Ni*" reduction potential by forming a chemisorbed BTAH layer,
thereby enabling Cu and Ni co-deposition and, secondly, during deposition it specifically interacts with Cu, thus inhibiting Cu
dendrite formation.
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The future of stacked integrated circuits (SICs) relies on the
development of improved chip-to-chip solder connections.'™ The
base for these so called “microbumps” is currently Cu but dissolu-
tion of the solder material (Sn) results in the undesired formation of
CuzSn and CugSns intermetallic compounds with voids at the Cu and
CusSn interface,*™® leading to electrical contact failure and physical
degradation of the microbump.’™"* This becomes even more detri-
mental when scaling down microbump dimensions, as voids remain
of the same size. Introduction of 5 to 15 at.% Ni into the Cu base is
expected to prevent Cus;Sn formation in favour of the more stable
(Cu,Ni)eSns, the growth of which is self-limiting and should not
result in voids.

The preferred method for electrodepositing CuNi alloys is
galvanostatic deposition, i.e., using a controlled current. For co-
deposition of metals which have a large difference in standard
potentials (the value for Cu?™ to Cu® reduction is 0.59 V more
positive than for Ni*T to Ni°),'™'7 alloy composition control is
typically achieved by adding a complexant for the most noble metal
(in this case Cu) which shifts the reduction onset closer to the other
metal. However, when Cu reduction is under diffusion control,
dendritic growth occurs (Fig. 1A). Although (sodium) citrate is well
known to function as complexant and suppresses dendritic
growth,'®! it is not compatible with the photoresist used during
SIC manufacturing.

In previous work we developed a method for CuNi co-deposition
on Cu substrates using benzotriazole (BTAH; Fig. 2A),** a well-
studied corrosion inhibitor for Cu.*** The additive shifts the
reduction onset potential of Cu close to that of Ni, and avoids
dendritic growth of Cu. It is well documented that BTAH chemi-
sorbs to metallic Cu as well as its oxides.?*® There has been a lot of
discussion in the literature on the type of interaction, possible chain
forming and the orientation of the BTAH molecule to the Cu
surface.”’° Grillo et al. examined the initial stages of benzotriazole
adsorption on Cu and demonstrated that both perpendicular and
parallel orientations of BTAH (Figs. 2B and 2C) occur on single-
crystalline Cu(111) surfaces in ultra-high vacuum.?*® Compared to
metallic Cu, BTAH chemisorbs faster and forms thicker layers on
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oxidized Cu surfaces.®>'* There is no strong evidence in literature
that BTAH will bond to metallic nor oxidized Ni. Cao et al. stated
that “BTAH may interact with the nickel surface as neutral
molecules in the whole potential range.”> As the interaction of
BTAH with Cu and Ni is so different, a detailed understanding of its
impact on the alloy deposition process, composition, and mor-
phology is crucial. From our previous research we know that BTAH
mediated CuNi deposition on Cu yields hemispherical features
which do not fully coalesce.> Figures 1B and 1C show well
distributed CuNi aggregates which differ in size and number. As
there is no adequate model for the development of such a
morphology, the present work focusses on this. More specifically,
we want to establish a growth model for galvanostatic deposition of
CuNi alloys with a Ni content between 5 and 15 at.%, using an all-
sulphate bath containing BTAH.

A systematic investigation of the number, size, and shape of the
aggregates in the deposit and its elemental composition as a function
of substrate metal (Cu, Ni), current density and charge density is
performed. Finally, the depth resolved composition of the CuNi
layer is examined by evaluating cross-sections of the deposit with
TEM and EDS to determine the different phases during BTAH
mediated CuNi growth.

Experimental

The standard solution composition used in this work (“CuNi
+BTAH bath”) is composed of 500 ppm 1H-benzotriazole (Acros
Organics, 99%), 0.076 M CuSO, (Sigma Aldrich, powder, pentahy-
drate, 99.99%), 1.141 M NiSO, (Alfa Aesar, powder, hexahydrate,
ACS, 98.0%), 50 ppm KCI (Merck, for analysis EMSURE, ACS),
0.485M H;BO; (Alfa Aesar, ACS grade, 99.5%) and pH was
brought to 1.75 using 1.8 x 1072 M H,SO0, (KMG, 96%). Boric acid
was used to prevent passivation of electrodeposited Ni.*¢—
Variations on this bath are the “Cu+BTAH” and “Ni+BTAH”
baths which have identical concentrations as for the CuNi+BTAH
bath, however, NiSO, and CuSO, are, respectively, absent. An
overview of all bath compositions used in this study can be found in
Table I. For experiments where a 75 nm Cu strike was applied, it
was deposited directly from the CuNi+BTAH bath at
—0.125mA cm 2. The sample remained in the bath between
completing the strike and initiating the experiment.
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CuNi deposit w/o BTAH

Cross-section

Figure 1. (A) Cross-section SEM image of CuNi deposited without BTAH. (B) Top down and (C) 45° tilted perspective SEM images of a CuNi layer deposited
using BTAH, showing aggregates, deposited on a Cu substrate using 500 ppm BTAH at —31.2 mA cm 2 (w = 100 RPM).

Figure 2. (A) Sketch representation of the BTAH structure, (B) perpendicular and (C) parallel orientation of BTAH on a Cu substrate.

Cu blanket thin films were produced on 300 mm diameter,
775 pm thick Si wafers. A stack of 150 nm Cu | 30 nm TiW was
deposited by physical vapor deposition (PVD) on 50 nm SiN. Native
oxide on Cu was removed by exposing the samples for 120s to
glacial acetic acid (Merck, anhydrous for analysis EMSURE, ACS)
after which the samples were rinsed with water (18.2 MQ-cm). Ni
substrates were produced by depositing 150 nm Ni directly on the Cu
substrate, using electrochemical deposition (ECD). The native oxide
on Ni, in standard ambient temperature and pressure (SATP),
typically has a self-limiting thickness of only 0.8nm (2 to 3
monolayers of NiO),40414 whereas a native Cu oxide at room
temperature has a thickness between 2 and 4 nm after an hour and
between 4 and 8 nm after a month of air exposure.*>*¢ Several

cleaning routines were investigated to remove the small amount of
Ni oxide, but no differences were registered in morphology, rough-
ness or U(f)-transients. To limit the number of sample handling
steps, only a water rinse was used for cleaning the Ni substrates.

Figure 3 shows the experimental setup. Experiments were
performed at 45°C to prevent boric acid from crystallizing.
Blanket coupons (18 x 18 mm) were placed inside a rotating sample
holder. Cu tape around the corners of the coupons provided electrical
contact from the conductor in the sample holder to the front side of
the coupon. To minimize the formation and movement of H, bubbles
over the active surface during deposition, a circular hole (@ 4 mm) in
PTFE tape, created using a medical biopsy punch, defined the
exposed area.
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Table I. Electrolytes used in this work. In the coded names (A to G) Cu corresponds to the presence of CuSQy, Ni to NiSO4, BA to Boric Acid and

BTAH to 1H-Benzotriazole.

Bath compositions with component concentrations in mol L™

[CuSO,] [NiSO4] [KCI] [H,SO4]Y [H;BO;] [BTAH]”

A. CuS0y, only 0.076 1.0 x 1073 1.8 x 1072

B. Cu + H;BO; 0.076 1.0 x 1073 1.8 x 1072 0.728

C. Cu+BTAH 0.076 1.0 x 1073 1.8 x 1072 0.728 0.0042
D. Ni+BTAH 1.141 1.0 x 1073 1.8 x 1072 0.728 0.0042
E. CuNi 0.076 1.141 1.0 x 1073 1.8 x 1072

F. CuNi+H;B0; 0.076 1.141 1.0 x 1073 1.8 x 1072 0.728

G. CuNi+BTAH 0.076 1.141 1.0 x 1073 1.8 x 1072 0.728 0.0042

a) The H,SO, concentration of 1.8 x 1072 mol L™*

corresponds to a pH of 1.75 in the described baths. b) 0.0042 mol L~! BTAH corresponds to 500 ppm.
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Figure 3. Schematic cross-section view of the RDE setup. The inset shows the bottom view of the rotating sample holder with the exposed surface of the

removable Cu substrate.

A rotor (Radiometer) was used to control hydrodynamics (w =
100 RPM). It was connected to a potentiostat (Parstat 4000,
Princeton Applied Research), controlling the electrochemical mea-
surements. Potentials were measured vs Ag/AgCl reference elec-
trode (BASi MF-2052) and converted to relate to the standard
hydrogen electrode (SHE; Uspg = Uag/agcr — 0.205 V). Correction
for iR-drop was performed by the built-in software function. The
counter electrode was a 25 mm? Pt plate (Radiometer Analytical
M241Pt Metal Electrode).

The morphology and elemental composition of the deposits were
examined using scanning electron microscopy (SEM; Fei Nova
NanoSEM) and energy-dispersive X-ray spectroscopy (EDS; Oxford
Instruments INCA Pentafet x3 mounted on the Nova NanoSEM).
SEM images were taken using a 15kV accelerating voltage and
SEM-EDS measurements were performed top-down and averaged
over a 2500 nm? surface area. When using SEM—EDS to determine
alloy composition, one must consider that the method has a
substantial interaction volume which reaches typically a depth of
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0.5 pm in Cu at an acceleration voltage of 15 kV. Limited Monte
Carlo simulations were performed (not shown) which showed that
less than 0.1% of electron trajectories penetrated deeper than 0.5 pm
into the metal.*’~* As all considered deposits form a closed layer of
at least 0.5 pm thick an overestimation of the Cu content due to
probing of both the CuNi deposit and the Cu or Ni seed layer is not
expected.

The “equivalent thicknesses” mentioned in this study refer to the
calculated theoretical thickness of a cylindrical deposit in a circular
open area based on the total charge consumed during deposition,
assuming 100% current efficiency, a density of 8.96 gcm ™' for Cu
and CuNi, 8.90 gcm™" for Ni, and atomic weights of 63.55 g mol ™"
for Cu and 58.69 g mol ™" for Ni.>® The total amount of charge used
is constantly monitored by the potentiostat during the experiment.
No measured thicknesses are reported because the morphology of
the deposits are not smooth enough to determine a single definite
value and we found that the calculated equivalent thicknesses
approach the mean thickness of a deposit, determined from cross-
section SEM, well.

The evaluation of large aggregates is based on top-down and 45°
angle view SEM images. Due to the irregular shape of these
aggregates, automated evaluation was unreliable and, therefore,
assessment was performed by hand. For cross-section analysis, a
focused ion beam (FIB; Helios450HP dual beam SEM/FIB using a
30keV Ga' ion beam) was used to cut 50 nm thick slices from the
samples. The top surface of the samples was protected from possible
FIB preparation damage by a spin-on-carbon (SOC) capping layer,
which required a short 150 °C bake. The sections were then
examined using high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM; FEI Tecnai F30 at 300 kV)
and TEM-EDS (EDAX mounted on FEI Tecnai F30).

Results and Discussion

First, the composition of CuNi deposits on Cu and Ni substrates
was evaluated as function of current density and charge density. The
Cu:Ni ratio was quantified using SEM-EDS, having the advantage of
a fast feedback which is beneficial during process optimization. This
showed the target current density necessary for depositing CuNi in a
9:1 ratio from our electrolyte and it demonstrated the stability of this
composition for variations in current density or charge density. Next,
the difference in morphology between CuNi deposits on Cu and on
Ni substrates was investigated. Per substrate the morphology was
evaluated as a function of charge- and current density. Cross-
sections of deposits on Cu and Ni substrates were studied using
TEM-EDS, from which both the local alloy composition and
morphology were investigated. The changes in elemental composi-
tion as a function of depth were correlated to the U(f)-transients
measured during deposition. These transients were then used to
compose the steady-state voltammograms. Finally, all observations
were related to formulate a growth model.

Deposit composition as a function current density and charge
density.—Films with a target thickness of 1pum (equivalent film
thickness using —2.72 C cm ™2, assuming 100% current efficiency)
were deposited on blanket copper and nickel seed layers from the
CuNi+BTAH bath (pH = 1.75) for varying current densities
between —10mA cm ™2 and —55mA cm™ at a rotation rate of
100 RPM.

Figure 4A shows the Ni content of the deposits as a function of
current density analyzed by SEM-EDS. No significant difference
was observed between films deposited on Cu and Ni substrates. At
current densities of —20 mA cm™2 and lower, the measured Ni
content is below 1at.% or the detection limit. From —25.5 to
—48.0 mA cm ™2, the Ni content increases gradually from 8 to 23 at.
%. For the largest current density used (—53.0 mA cm™2), the Ni
content shows a sudden increase to 43 at.%. The results show that it
is possible to control the Ni content between 5 and 15 at.%, when
using a current density ranging from —25.5 to —36.0 mA cm 2.

To study the variation of Ni content throughout film growth,
deposits were made at charge densities between —0.27 and
—4.08 C cm ™ (corresponding to equivalent film thicknesses of 0.1
and 1.5 pm). Figure 4B shows the Ni content as a function of charge
density for three current densities (—20, —31 and —42 mA cm?). At
—20.0mA cm ™2 no Ni was detected for charge densities below
—4.08 C cm™2 (Ni content is 3.2 at.% for the highest charge density).
For —31.2 and —42.2 mA cm ™2 the Ni content increases from 4.4 to
153 at.% and from 5.3 to 18.8 at.%, respectively, for charge
densities going from —0.27 to —4.08 Ccm™ “. All depositions start
with a low Ni content which gradually increases over time, but the
rate decreases with time.

Effect of BTAH-substrate interaction on the alloy mor-
phology.—Next, we compared the morphological difference be-
tween BTAH mediated CuNi growth on Cu and Ni substrates.
Figure 5 shows SEM images of CuNi deposits on (A) Cu and (B) Ni
substrates (—31.2mA cm 2, 1 pm thick at —2.72C cm?). The
difference between the two cases is apparent; for the Cu substrate,
a large density of vertical or pillar-like “aggregates” appear with
much smaller rounded particles or “granules” in-between whereas
the Ni substrate was uniformly covered with these granules with
only occasionally an isolated aggregate (see inset). This demon-
strates that the morphology of a CuNi deposit from a BTAH-
containing bath strongly depends on the substrate metal and thus the
initial stages of nucleation and growth.

The number, height and shape of the CuNi aggregates were
investigated as a function of charge density (i.e., deposition time/
thickness) and current density to probe the interaction of BTAH with
the substrate. Figure 6 shows the quantification of the aggregates in
terms of number and height as a function of charge density. For these
experiments, a CuNi deposit of 1 pm in thickness (—2.72 C cm™2)
with a ~15 at.% Ni content obtained at —31.2 mA cm™2 was chosen
(Fig. 4).

Figure 6A shows that on a Cu substrate, aggregates are present in
large numbers (around 10° cm™2), regardless of the charge density
used. On a Ni substrate the number of aggregates always stays below
100 cm 2. This indicates that they form in the nucleation phase and
no new aggregates form afterwards.

Figure 6B shows the height of the aggregates, as determined from
side-view SEM images, as a function of charge density. On a Cu
substrate, their height increases linearly from 1 pm at —0.27 C cm ™2
(i.e., about 10 times the equivalent film thickness) to 10 pm at
—4.08 Ccm ™2 (i.e., about 7 times the equivalent film thickness).
Hence, on a Cu substrate the majority of the current goes to the
growth of the aggregates (more details will follow when discussing
Fig. 9). On a Ni seed, the few existing aggregates do not seem to
grow significantly over time and thus the current goes to the growth
of the granules.

Figure 6C shows the four major aggregate shapes: nodular,
elongated, branched and dendritic. These types are related to the
height of the aggregates in Fig. 6B. The largest aggregates on the Ni
substrates are of the nodular type. For deposition on Cu blankets, the
shape of the a§gregates develops with charge density from nodular at
—027Ccm ™~ to elongated and branched at —1.36 and
—2.72 C cm ™ to dendritic at —4.08 C cm ™2,

On Cu, a large density of copper nodules is formed. These
nodules grow about 10 times faster than the film in the field area. We
suspect that the nodular growth starts at defects in the adsorbed
BTAH layer on the pristine Cu substrate, where adsorption and
diffusion of BTAH to the fresh copper is too slow, resulting in
continued fast uninhibited growth of the nodule vs slower growth in
the inhibited field. A similar mechanism was observed by Moffat
et al.>! where Cu deposition through a polyether layer resulted in Cu
deposition at the defects in the polymer layer which led to a positive
feedback mechanism that enabled localized growth of Cu. On Ni,
few nodules are observed which do not grow faster than its
surrounding field. Here, the effect is less pronounced as fresh copper
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Figure 5. Top-down SEM images of 1 um thick (—2.72 C cm™2) CuNi deposited at —31.2 mA cm 2 on (A) Cu and (B) Ni substrates. The insets show 45° SEM
views of the deposits. The Ni content for these samples is 14.2 at.% on Cu and 13.7 at.% on Ni. (w = 100 RPM).

surface in the field needs to be inhibited by BTAH and initial
inhomogeneities which form these nodules are quickly reduced.

The impact of current density on the aggregates was studied in
more detail for an equivalent film thickness of 1pum (assuming
—2.72 C cm™ for 1 pm). The number of aggregates on Cu (Fig. 7A)
stays in the 10° cm™? range and their height varies between 5 and
6.5 pm (Fig. 7B). The shape of the aggregates transitions from
elongated to branched when current densities over —25.5 mA cm™>
are applied (Fig. 7B). The number density of aggregates on Cu does
not change significantly with current density—and their average
height or thus the relative growth rate of nodule to film is similar for
current densities between —20 and —50 mA cm ™2,

From all results shown in Figs. 6 and 7 it is concluded that
aggregates form right from the start of deposition on a Cu substrate,
they continuously grow, and their shape evolves as a function of
time and is impacted by current density. The fact that the number of
aggregates on a Ni substrate is substantially lower than on a Cu
substrate (Fig. 6A) suggests that the strong interaction of BTAH
with Cu is a key factor for aggregate growth. BTAH affects the CuNi
deposition process in three ways: shift of the Cu®" reduction onset
potential,* the formation of a BTAH layer on the substrate (only on
Cu; Fig. 6), and alleviate dendritical growth on Cu (Fig. 1).

While the elemental composition is not impacted by the substrate
(Fig. 4), the morphologies differ on Cu and Ni (Fig. 5). When we
compare the aggregate growth (Figs. 6 and 7) to the alloy
composition (Fig. 4) there is no obvious relation with their number,
height nor shape.

To determine the effect of the substrate and the differential
BTAH inhibition on deposit morphology, three cases with different
affinities for BTAH adsorption were investigated. In the first case,
where little to no BTAH could adsorb to the substrate prior to the
CuNi deposition (column 1 of Fig. 8), we studied morphologies on
ECD Ni (Fig. 8A) and PVD Cu on which a Cu strike was
electrodeposited (directly from the CuNi+BTAH bath at a potential
for Cu deposition only and immediately followed by the CuNi alloy
deposition; Fig. 8B). This way, BTAH does not have enough time to
form a thicker adsorption layer on Cu as compared to when a Cu
substrate is at rest in the solution prior to the initiation of CuNi
electrodeposition. No aggregates were observed in this case. The
deposit on the Cu strike resembles the deposit on Ni, confirming that
a short Cu strike, without a time delay before depositing CuNi, is
effective enough to prevent efficient BTAH adsorption to the
substrate and thus results in an aggregate-free deposit.

The morphology from the first case was compared to deposits
from the second case for which we know that BTAH will have a
moderate interaction with the substrate (column 2 of Fig. 8). We
used ECD Cu samples where the oxide was chemically removed
(Fig. 8C) and ECD Cu with a Cu strike but this time with a 30s
delay between the strike and the start of CuNi deposition (Fig. 8D).
The presence of aggregates in this second case is evident. The
morphology of the deposit on the Cu strike with a 30 s delay before
the CuNi deposition contains even more aggregates compared to the
deposit on oxide free Cu (here the deposition started about 10 s after
inserting the substrate in the electrolyte solution). The roughness of
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the deposit is, therefore, function of the time of interaction between
BTAH and the substrate.

In the third case we investigated the morphologies of substrates
with an elevated interaction with BTAH (column 3 of Fig. 8). The
first Cu substrate was covered with native oxide. Where the previous
Cu surfaces were all treated with glacial acetic acid to remove oxides
and protect the surface from reoxidizing during transfer from the
solution to the deposition bath, the current substrate was only
rinsed with water after being exposed to open air for three months
(Fig. 8E).**?® The second substrate is again an oxide free ECD Cu
substrate but for this experiment we used a significantly higher

BTAH concentration (+250 ppm or +50%; Fig. 8F). Looking at the
oxidized Cu substrate in Fig. 8E, there is no longer any deposition in
the field and only aggregates (height > 8 pm) are present. When the
BTAH concentration is increased from 500 to 750 ppm, the deposit
only consists out of a low number of very complex aggregates
between 25 and 40 pm in height (Fig. 8F). Note that for all results
shown in Fig. 8 the same amount of deposition charge was used.
For comparison, pure Cu and Ni were deposited from Cu+BTAH
and Ni+BTAH baths, respectively, at —31.2 mA cm_z, on both Cu
and Ni substrates (not shown). Only the Cu deposit on Cu has large
granules and aggregates. In contrast, the Ni deposit on Cu is smooth
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Case I: Case 2: Case 3
No BTAH bound BTAH bound Extra BTAH
to substrate to substrate bound to substrate
Cu seed Cu oxide

Ni seed

Cu seed + additional
250 ppm BTAH

Figure 8. 45° SEM views of CuNi deposits when deposited on (A) Ni substrate, (B) 75 nm Cu strike without delay, (C) Cu substrate, (D) 75 nm Cu strike with
30 s delay, (E) Cu oxide, and (F) Cu substrate where an additional 250 ppm BTAH was added to the bath. All depositions were performed at —31.2 mA cm™>

and are 1 pm thick (—2.72 C em™>).

even though BTAH was present in the solution. Both Cu and Ni
BTAH mediated depositions are smooth on Ni. From these
observations we derive that no aggregates grow when BTAH is
not bound to the substrate and the degree to which BTAH interacts
with the surface determines how many and how large the aggregates
grow. When BTAH is given no opportunity to form a substrate-
bound layer (on Ni or directly after a Cu strike), no aggregates are
formed. Confirmation can be found in the opposite extreme cases
where BTAH bonds so well to the surface that deposition in the field
is inhibited and only extreme aggregates occur. We suspect that the
existing BTAH-substrate layer on the Cu substrate is disrupted by
the Cu and Ni deposition reactions which results in the formation of
aggregates at specific points on the surface where the current density
is now significantly higher than intended.

Figure 9 shows TEM-EDS line scans (first column) and HAADF-
STEM images (second column) of the FIB-cut cross-sections of the
deposits on both Cu and Ni substrates. For the Cu substrate samples
EDS color intensity mappings are shown in overlay with the
HAADF-STEM images. The Cu seed sample used in the first two
rows of Fig. 9 is the same as those shown in Fig. 5A. The Ni sample
used here is the same as the one used in Fig. 5SB. The HAADF-
STEM image of Fig. 9B shows that CuNi grows in closely packed
columns on the Cu seed. The EDX line scans of the deposits on Cu
(Figs. 9A and 9C) show that the bottom of the deposit is significantly
more Cu rich than the rest of the deposit. This Cu-rich area is also
clearly visible as contrast difference at the bottom of the deposits in
the HAADF-STEM images (Figs. 9B and 9D). On the Ni seed
(Fig. 9F), the first 200 nm of the deposit forms a flat, yet somewhat
porous layer, followed by alternating layers with different Cu:Ni
ratios (indicated by the black/white bar). Up to + 400 nm, the deposit
remains flat whereafter the deposit becomes granular with spherical
CuNi morphology.

EDS line scans and mappings show that, for the CuNi columns
on Cu (Figs. 9A and 9B), two distinct zones with slightly increased
Ni content (~5 at.% compared to 3.5at.% Ni) exist within the
deposit. On Ni (Figs. 9E and 9F), above the Cu-rich porous layer, the

Cu:Ni ratio alternates between 5 and 17 at.% in a 200 nm thick
layered part of the deposit. In the granular top layer, the Cu:Ni ratio
remains between 5 and 7 at.%. The EDS line scans also confirm that
on Ni too the initial stages of the CuNi deposition are Cu rich. The
observations show that CuNi deposition starts in favor of Cu,
forming a Cu-rich layer on an ECD Ni substrate and Cu-rich islands
on a PVD Cu substrate. The Ni content is not constant throughout
the deposit, especially in the 200 to 400 nm range on Ni.

When we compare the TEM-EDS line scans and the elemental
mappings of the columnar growth and the aggregate we determine
that the analysed part of the aggregate (1.0 pm) relates well to the
bottom 400 nm of the deposition in the field in terms of spatial
elemental composition. Throughout the whole deposit the Ni content
increases in two horizontally distinct zones within the deposit, both
in the aggregate as well as in the columnar deposits. Both aggregates
and columns share the same features and undergo the same
variations during deposition which is a result of the former
observation that the only difference between a column and an
aggregate is the increased growth rate of the latter.

On the grain boundaries between neighboring granules (Fig. 9B),
or at the point where a granule and an aggregate coalesce (Fig. 9D
EDS), there is an increase in Ni content. It appears that Ni preferably
deposits at the grain boundaries. The previously discussed Ni-rich
zones within the deposit could be related to perturbances in the
growth kinetics of the layer where a temporary reduced growth rate
of the layer allows for an increased exposure time of the fresh grain
boundary to Ni deposition.

We can use the EDS N signal as a “probe” for the presence of
BTAH in the deposit as it is the only compound used containing
nitrogen (3 atoms per molecule; see Fig. 2A). For the Cu seed
(Figs. 9A and 9C), the line scans show a narrow BTAH-rich region
above the PVD Cu film, which is present due to the strong
interaction of BTAH with a Cu surface. This is not the case for
the Ni seed (Fig. 9E) where the BTAH adsorption is non-existing
(Fig. 9F). Therefore, at least part of the Cu substrate-bound BTAH
layer remains intact while the CuNi deposit grows on top of it.
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Figure 9. (A, C, E) TEM-EDS line scans of Cu (dashed blue), Ni (green), and N/3, as a single BTAH molecule contains 3 nitrogen atoms, to represent the
incorporated amount of BTAH (orange) paired with the (B, D, F) HAADF-STEM cross-section images. For the cross-sections on Cu, EDS mappings are
overlayed on the right side of the HAADF images. The results are ordered in the following rows: (A, B) CuNi columnar growth in the field on Cu, (C, D) detail of
a CuNi aggregate on Cu and (E, F) CuNi deposit on Ni. The line scans for Cu are on a compressed scale (top axis) so that the features of the other line scans
(bottom axis) remain legible. Depositions were performed at —31.2 mA cm 2 and are 1 pm thick (—2.72 C cm™2). Exceptionally the Ni substrate is PVD Ni on

Si rather than ECD Ni on Cu.

Although BTAH is incorporated throughout the whole deposit for
both substrates, the amount of incorporation is significantly lower in
the Cu-rich base of the deposit on Cu whereas on Ni the BTAH
incorporation is uniform over the whole deposit. Just above the Cu-
rich base of the aggregate (Fig. 9D), the TEM-EDS line scan shows
increased BTAH incorporation. We argue that this is part of the
initial BTAH layer which gets dislodged by a Cu is land that

initiated at a defect in the layer, partially grows underneath it and
subsequently gets encapsulated by the fast-growing aggregate.
Note that SEM-EDS measurements (Fig. 4) only take Cu and Ni
into account, the scan is taken from above and is scanned over a
wide area of 20 x 20 um. TEM-EDS measurements, on the other
hand, also include C and N, lowering both the Cu and Ni at.% and
these measurements are very localized. When we discard the latter
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two elements, we get a mean Ni content of only 4.3 at.% in the
deposit on a Cu substrate (with a further decreased 2.3 at.% at the
base of the aggregate) and 9.2 at.% on Ni. Because of the limited
SEM-EDS penetration depth (~0.5 pm), the zone with significant
increased Ni content on the Ni substrate, as measured with cross-
section TEM-EDS (Fig. 9E), would not contribute that much to the
SEM-EDS measured Ni content (Fig. 4). For our purpose, we are
interested in the Cu:Ni ratio at the top of the deposit where the self-
limiting (Cu,Ni)¢Sns intermetallic phase will form. Complementary,
TEM-EDS has the advantage that it can give insight into the local
alloy composition and detect all 4 relevant elements (Cu, Ni, C, and
N; detection limits are on the order of 1 at.%).

U(t)-responses of BTAH mediated CuNi depositions and
steady-state voltammograms.—Next, we investigate the steady-state
voltammograms and U(f)-transients of CuNi depositions on Cu and
Ni to see if any previous observations can be correlated to changes in
potential during deposition.

Steady-state voltammograms (SSV) for alloy deposition on Cu
and Ni substrates were constructed from the steady-state potentials
of all measured U(f)-responses (the complete set of corresponding U
(H)-responses are collected in the supplementary material (supple-
mentary Figure 1 available online at stacks.iop.org/JES/169/052502/
mmedia) and a select overview is shown in Fig. 11). Figures 10A
and 10B show SSVs of the CuNi+BTAH bath (M) for alloy
deposition on Cu and Ni substrates, respectively. Additionally,
SSVs were constructed for Cu+BTAH (@) and Ni+BTAH (A)
baths. For a Cu substrate in a Cu+BTAH bath, Cu®>" reduction has
an onset potential of —0.36 V. The hydrogen evolution reaction
(HER) starts at —0.56 V (onset marked with a blue diamond, ¢)
where the current exceeds the copper diffusion limit of
—18.0mA cm™? at 100 RPM as determined from an LSV without
BTAH (see supplementary Figure 2). This way the onsets of HER
and Cu®" reduction are enough apart so that the limiting current
density of the latter can be observed. It was demonstrated before that
the addition of BTAH does not affect the limiting current of Cu**
reduction.”” For the CuNi+BTAH bath, the Cu®" reduction onset is
found to be —0.28 V and HER starts at —0.55 V. The copper
deposition diffusion-limited current density is —12.5 mA cm™~ for
CuNi+BTAH bath i.e., lower than for Cu+BTAH bath. From Fig. 4,
we know that Ni deposition starts for i < —20 mA cm ™2 or thus U <
—0.7 V. Note that the exponential current increase after onset of
HER is slower for the CuNi+BTAH bath than the Cu+-BTAH bath.
This difference is quantified by fitting the Butler-Volmer equation
(kinetic limitation, see supplementary Fig. 2) to the data points
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where HER occurs, up to the point where Ni deposition starts, and
using the resulting charge transfer coefficient, o, as a measure for the
rate of current increase as function of overpotential. The limiting
current for Cu deposition was set as the baseline for HER (i, partial
current is 0 mA cm 2 ) For the Cu+BTAH bath o was 0.25 and 0.28
for the Cu and Ni substrates, respectively. Interestingly, for the baths
containing NiSO4 (CuNi+BTAH and Ni+BTAH baths) a was
between 0.1 and 0.13. This demonstrates that the reduced HER
kinetics is not related to the electrode material but to the presence of
NiSOy in the solution.

Starting from a copper substrate, the onset of HER is around
—0.55 V for all three baths. For a Ni substrate, the HER onset starts
earlier at —0.50 V for the Ni+-BTAH bath. This is in line with the
lower hydrogen chemisorption energy per atom for Ni (—0.51 eV)
than for Cu (—0.05 eV), resulting in easier formation of H, at the Ni
electrode.’® For the baths containing CuSO,, HER on Ni starts at
—0.57 V on Cu and —0.55 V on Ni after a small amount of Cu was
already deposited. On both substrates, the onset potentials for Cu®"
(marked with a red circle, @) in the CuNi+BTAH bath are lower
(~0.6 V) than in the Cu+BTAH bath. This is due to a reduction in
BTAH mediated Cu®* onset shift when large quantities of NiSO, are
present in the electrolyte.22 NiSO, also reduces the (absolute)
limiting current density of Cu®" reduction for the CuNi+BTAH
bath compared to the Cu+BTAH bath.??

For the Ni+BTAH bath, the whole LSV is shifted 0.06 V more
negative on Cu than on Ni which can be attributed to the difference
in substrate material (discussed above). The onsets of HER and Ni*"
reduction (onset marked with a green triangle, W) are —0.56 V and
—0.83 V, respectively, on Cu and —0.50 and —0.77 V, respectively,
on Ni. Note that the Ni*" reduction reaction in all cases will be
under kinetic control due to the high concentration of NiSO4
(1.14M). The Ni>" onset in the CuNi+BTAH bath occurs at
—0.73 V on both substrates where some Cu was deposited before
Ni deposition started.

Figure 11 shows the first 10 s of the potential-time responses for
depositions from CuNi+BTAH (A and B), Cu+BTAH (C and D)
and Ni+BTAH (E and F) baths at current densities varying between
—6.0 and —62.5mA cm 2 on Cu and Ni substrates, respectively.
The complete U(?)-responses are summarized in the supplementary
Fig. 1.

In all Cu substrate cases, the electrode potential in the CuNi
+BTAH bath (Fig. 11A) goes first to the copper deposition potential
around —0.4 to —0.5V (orange transient). When incrementally
increasing the current density above that of the limiting current
density for copper deposition, the potential subsequently goes first to
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Figure 10. (A) Steady-state voltammograms for 1 pm thick deposits (—2.72 C c¢cm™2) on Cu and (B) Ni rotating substrates (w = 100 RPM) in a (M) CuNi
+BTAH bath, (.) Cu+BTAH bath and (A) Ni+BTAH bath. The onsets of Cu** reduction, HER and Ni2* reduction are indicated as . ¢, and V,
respectively. The Butler-Volmer equation was fitted (—) to each SSV so that the change in current density as function of overpotential for H, reduction could be
quantified by the charge transfer coefficient (a). The limiting currents for Cu>" reduction are labeled with “i; ” and were determined in LSVs (see supplementary

material).
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Figure 11. First 10 s of potential-time responses of depositions from (A, B) CuNi+BTAH, (C, D) Cu+BTAH and (E, F) Ni+BTAH baths on Cu and Ni

substrates at different current densities. Orange parts of the transient indicate Cu

> reduction, blue for HER and green for Ni*" reduction. The potential

differences between the three reduction reactions are well defined in the three indicated potential windows. The inset in figure C shows the full-time scale

transient for Cu deposition on Cu from a Cu+BTAH bath at —10.5 mA cm

that for additional HER (blue transient) and then to that for
additional Ni deposition (green transient) partial currents. The onset
time of each additional partial current decreases with increasing
cathodic current density (and the potential step increases). The
steady-state potentials (reached > 7 s) form the SSVs of Fig. 10. The
different reaction contributions were confirmed above by SEM-EDS.

On a Ni substrate, the electrode potential in the CuNi+BTAH
bath (Fig. 11B) follows a similar stepwise potential transient
behavior, except for an additional initial potential step (< 1s) for
the nucleation and growth of copper on the Ni substrate. As in this
case BTAH can adsorb only affer Cu is formed, the transients appear
more sluggish. Indeed, as discussed above, the BTAH surface layer

-2

strongly affects the electrode kinetics of the different partial
currents. The effect of BTAH becomes very evident for the
transients in the Cu+BTAH bath (Figs. 11C and 11D). For the Cu
substrate, the potential goes immediately to the HER (+ simulta-
neous Cu deposition), even for applied current densities below the
Cu deposition diffusion limit. Because of the dense BTAH surface
layer on a Cu substrate, the Cu®" reduction onset is shifted outside
the potential window of water, causing HER to occur from the initial
stages of the deposition. On a longer timescale (inset in Fig. 11C),
the BTAH surface layer becomes diluted as more fresh copper is
deposited, and eventually disappears. As such, the copper deposition
potential shifts again more positive than the HER onset potential. In
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Figure 12. Schematic representation of the proposed growth model of BTAH mediated CuNi growth on (left) Cu and (right) Ni substrates.

the absence of BTAH this is obviously not the case (see supple-
mentary Fig. 2). Interestingly, this polarization effect is also not
present in the CuNi+BTAH bath (Figs. 11A and 11B) as the
presence of large amounts of NiSO, reduce the effectiveness of
BTAH to shift the Cu®* reduction.?? For the Ni substrate (Fig. 11D),
the transient first goes to the copper deposition potential as first some
copper needs to be deposited before BTAH adsorption can occur.
However, the depositions at —6.0 and —15.5 mA cm_z, i.e., below
and close to the diffusion-limited current, both result in Cu only
deposition. Hence, this steady-state situation corresponds more to
the longer time transient where the initial dense BTAH surface layer
got diluted (¢ > 200's for i = —10.5 mA cm ™).

Finally, for the Ni+BTAH bath the transient profiles are
comparable for both substrates: on the Cu substrate the potentials
are on average 0.1 V lower than on Ni which again can be attributed
to the polarization effect of the BTAH surface layer on the Cu
substrate. In the Ni+BTAH bath Ni starts depositing on both
substrates at current densities above —10.5 mA cm ™2 Note that in
all cases, the transients with HER showed some noise due to
bubbles. The potential fluctuations became quite drastic after 25 s
(see supplementary Fig. 1) as the H, bubbles got trapped on the
sample surface in the downward-facing sample holder (see setup in
Fig. 3).

Conclusions

We investigated the benzotriazole enabled growth of low Ni
content (5-15 at.%) CuNi alloy deposits by characterisation of its
morphology and elemental composition as a function of substrate
metal (Cu and Ni), charge density, current density, and potential-
time response measured during electrodeposition. Alloy deposition
starts in favor of Cu, forming a Cu-rich layer on a ECD Ni substrate
and Cu-rich islands on a PVD Cu substrate after which aggregates
only form on a Cu substrate, due the ability of BTAH to chemically
bond to Cu but not to a Ni surface.

For a controlled growth of binary metal alloys, such as CuNi, the
redox potentials of both metal ions should be brought close together.
In this and our previous work,** we have shown that BTAH is able
to both shift the Cu®" reduction potential towards Ni*" reduction
onset in the mixed CuSO,4 and NiSO, bath. On Cu substrates and for
CuSO, only bath, the polarization of the BTAH surface layer was
such that the potential was shifted even into the HER region. Next to
polarization, bond strength of BTAH to the substrate determines the
resulting alloy morphology. On a Cu substrate, at which BTAH
strongly chemisorbs, CuNi growth initiates at a limited number of
hemispherical nuclei which develop into large granules (Fig. 12A).
A slightly higher Ni content was detected at the grain boundaries
(Fig. 9B). The strong BTAH—Cu bond makes that growth of freshly
formed copper nuclei (i.e., initially BTAH-free copper formed
during the first potential regime in the transient of Fig. 11A and
confirmed with TEM-EDS, Fig. 9) is preferred over further nuclea-
tion in the BTAH-surface layer. If the BTAH concentration is high
enough, or when BTAH is strongly bonded to the surface (e.g., on

Cu oxides), the BTAH-substrate layer will be so effective as a
physical barrier layer that deposition only occurs at sites where the
metal ions can “break through” the BTAH barrier and a kind of
through layer deposition occurs, resulting in islands or dendrites. On
a Ni substrate, BTAH adsorption does not play a significant role,
resulting in a flatter, somewhat porous, deposit (Fig. 12B). It was
further shown that the dynamic adsorption/desorption of BTAH to
reach a steady-state coverage on Cu (and CuNi alloys) is slow.
Whereas the BTAH surface layer formed on copper substrates under
equilibrium is strongly inhibiting kinetics, the adsorption during
copper deposition on fresh copper surfaces is slow, explaining the
morphological effects. Vice versa, desorption or dilution of already
adsorbed BTAH is slow as well. The transient for Cu deposition on
BTAH-copper in a BTAH solution took more than 200 s to reach a
new steady-state with diluted BTAH coverage (inset in Fig. 11C).
This slow BTAH surface interaction led to smooth Cu deposits on a
Ni substrate due to differential inhibition of already nucleated copper
thus promoting further nucleation, an effect similar to that of
suppressor additives in direct plating.>>> Vice versa, the opposite
differential inhibition effect is observed for Cu (and CuNi) on
BTAH-Cu substrates, where growth of fresh copper surface is
preferred over further nucleation on the inhibited BTAH—Cu surface.
An interesting effect resulting from dynamic BTAH adsorption/
dilution effects was observed on a Ni substrate where in the initial
stages of deposition a transition was seen from porous alloy with
slow surface adsorption of BTAH to a multilayer with alternating
Cu:Ni ratio (Fig. 12B) where the BTAH seems to near its steady-
state coverage. On top of these layers there is a transition to granular
growth by subsequent nucleation and growth similar to that on
copper, albeit with much higher nuclei density and thus less
granularity as for Cu deposition on a BTAH-saturated Cu surface.
We achieved an acceptable morphology for use in SIC applications,
and even though the deposit is not very homogeneous in composi-
tion, the Ni content fluctuates between 5 and 10 at.% at the deposit
surface which is on target for SIC applications.
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