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In situ cantilever curvature is used to quantify the growth stress in Co thin films, electrodeposited from an electrolyte consisting
of 0.5 mol/L NaySO4, 0.5 mol/L H3BO3, and 0.1 mol/L CoSOy - 7 H20. The average biaxial steady-state stress is measured as a
function of the deposition potential and is examined as a function of growth rate. Stresses as low as +85 MPa (tensile) are obtained
at small growth rate, increasing to a limiting value of 800 MPa as the growth rate is increased. The data is fit to a kinetic model that
appears in the literature and treats the stress as a dynamic competition between coalescence-induced tensile stress and compressive
stress due to insertion of atoms into the grain boundary. Kinetic parameters for Co indicate that stress development is dominated by
nuclei coalescence and that ad-atom insertion into the grain boundary contributes to the overall stress only at very low growth rates.
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Co-based thin films have attracted much attention over the past sev-
eral decades due in part to their interesting magnetic,'~> mechanical,*®
and catalytic properties.””'® More recently, Co has made inroads in
microelectronics, specifically on-chip metallization, serving as a cap-
ping layer for Cu to suppress electromigration.!! Co is also being
considered as a possible replacement for electrolytic Cu due to the
fact that Co outperforms Cu for line widths less than 15 nm.'>!
Although much focus has been on electroless Co, the deposition of
high purity metal required by industry may be challenging for elec-
troless processes unless appropriate chemical reducing agents can be
developed. Superconformal filling of submicron features has been
demonstrated using electrolytic Co. Void-free filling can be achieved
through the use of organic inhibitors that influence local deposition
rates through competitive adsorption/deactivation without degrading
the desired properties.'*!

Regardless of the deposition method, thin films usually develop
significant stress which can have a major influence on the reliability
and lifetime of the film.'?* In interconnects, stress is usually detri-
mental to device performance and has been associated with electro-
migration, morphology and resistance changes, corrosion, and other
failure mechanisms.?* As a consequence, a good understanding of the
origin and development of stress during film deposition is important.
The evolution of residual stress during thin film growth depends on
several factors including deposit microstructure, growth conditions,
and properties of the material being deposited. Tensile stress generally
dominates the early stages of film growth as discrete nuclei coalesce
into a continuous film.'” However, as films become thicker and more
uniform in height, the stress often reaches a constant steady-state
value. High mobility materials tend to generate compressive stress
when deposited at high temperature or low growth rates, resulting in
the compressive-tensile-compressive (CTC) stress transitions that are
typically observed for high-mobility Volmer-Weber growth. CTC be-
havior is attributed to the nucleation of 3-D islands, their coalescence,
and finally their thickening as a continuous film.!” Alternatively, the
growth of low mobility materials tends to produce films with large
tensile stresses when deposited at low temperature or at high growth
rates. However, for a given material that develops tensile stress under
one set of growth conditions, compressive stress can develop under
a different set of conditions. For example, the influence of growth
rate on steady-state stress has been nicely demonstrated in Ni elec-
trodeposited from surfactant-free sulfamate electrolyte.'® The stress
was shown to vary from —500 MPa to +500 MPa as the growth rate
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(current density) was increased while the grain structure remained the
same. Similar results have also been reported for electrodeposited Cu
from additive-free acidic sulfate electrolyte.”

There is general agreement in the literature that the final steady-
state stress is determined by competing processes that simultaneously
generate both tensile and compressive stress. In the earliest stages
of deposition, tensile stress is generated when individual nuclei coa-
lesce to form a continuous film.?*?>2%28 Because the surface energy
of the nuclei is larger than the free energy of the grain boundary that
is formed, the system energy can be reduced if the individual nuclei
coalesce into a continuous film. The reduction of surface energy is
balanced by an increase of elastic strain energy which gives rise to
tensile stress in the film. This tensile stress is maintained as the film
thickens and the grain boundary length increases. Understanding the
exact mechanisms that generate the compressive stress is still an ac-
tive area of research.?**-32 Chason has proposed a grain boundary
insertion mechanism where compressive stress is generated by the
diffusion of atoms into the grain boundary as the film grows.’® The
driving force is the non-equilibrium conditions on the surface during
deposition that lead to an increase in the chemical potential of adatoms
relative to equilibrium conditions. This mechanism accounts for both
residual compressive stress in the film and the observed relaxation
of compressive stress when deposition is interrupted.’*33 Additional
models based on this grain boundary insertion mechanism have been
developed. 3¢

Chason’s model treats steady-state stress as a dynamic competition
between tensile and compressive stress generation mechanisms that
are largely governed by atomic mobility, microstructure, and depo-
sition rate.’’-*° The resulting rate equations describe the balance be-
tween tensile stress due to grain coalescence and compressive stress
due to insertion of atoms into the grain boundary and mediated by
transport of atoms from the surface. They also capture the experimen-
tally observed dependence of the steady-state stress on the growth rate.
At high growth rate, tensile stress due to coalescence dominates as the
rate of adatom insertion into the grain boundary is small compared
to the overall increase in film thickness. In contrast, at low growth
rate, the grain boundary length increases rather slowly, allowing suffi-
cient time for adatoms to enter the grain boundary, thereby generating
compressive stress. The stress is mediated by the rate at which the
grain boundary grows relative to the rate of insertion of atoms into
the grain boundary. This model has properly captured the growth rate
dependence for both electrodeposited Ni and Cu.*”*° More recent
versions of the model also consider deposit microstructure and grain
growth. 4=

Stress development in electrodeposited Co has only been superfi-
cially examined. Cammarata* has reported that Co galvanostatically
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electrodeposited onto amorphous NiTi shows CTC stress transitions
that are typically observed for high-mobility Volmer-Weber growth.!”
However, only a single current density was examined. Stress measure-
ments during the initial stages of Co deposition onto (111)-textured
Au from very dilute Co?" solutions have also been reported.* Due to
the low current efficiency and co-generation of hydrogen, these films
developed the face-centered cubic structure rather than the hexagonal
close-packed structure of pure Co. To the best of our knowledge, no
in-depth analysis of stress development during Co electrodeposition
from more concentrated Co?* electrolytes appears in the literature. In
this paper, we use in situ wafer curvature to measure the stress that
develops in 50 nm thick Co films electrodeposited from Na,SO4 —
based electrolyte. We have measured the biaxial steady-state stress as
a function of overpotential and observe a significant increase in ten-
sile stress at more negative deposition potential. When examined as a
function of growth rate, the steady-state stress increase is consistent
with Chason’s kinetic model. Kinetic parameters obtained from the
model are compared to literature values for electrodeposited Cu and
Ni, and the significance of their differences is discussed.

Experimental

In situ stress measurements were made on a vibration-isolating
optical bench using the cantilever bending method. The cantilever
was a borosilicate glass (Schott North America, Inc.?) strip measuring
60 mm x 3 mm x 0.108 mm. The Young’s modulus and Poisson ratio
of the glass cantilever were 72.9 x 10° N/m? and 0.208, respectively.
A 5 nm thick adhesion layer of titanium (Ti) and a subsequent 250 nm
film of gold (Au) were vapor-deposited onto one side of the cantilever
by electron-beam evaporation. The Au electrode had a (111) crystal-
lographic orientation. The curvature of the substrate was monitored
while in the electrolyte and under potential control by reflecting a
HeNe laser off of the glass/metal interface onto a position-sensitive
detector (PSD). A more detailed description of the optical bench is
published elsewhere.?>*

The relationship between the force per cantilever beam width,
F,,, exerted by processes occurring on the electrode surface and the
curvature induced in the cantilever (k) is given by Stoney’s equation?’

Eh?

Fw:_h = ——
T (=)

(11
where E, v, and h; are the Young’s modulus, Poisson ratio, and thick-
ness of the glass substrate respectively. For metal deposition, F,, is
equal to the stress-thickness product, i, the average biaxial film
stress (5) multiplied by the thickness of the film (k). A single station-
ary laser measures only the change in curvature, rather than absolute
curvature, by measuring the deflection of the cantilever. A small angle
approximation was used to estimate the curvature of the glass can-
tilever directly from the reflected laser position on the PSD.? The
initial value of Gk is arbitrarily set to zero at the beginning of the
measurement. Because the stress in polycrystalline films is generally
not uniform through its thickness, Gh ; can be calculated by integrat-
ing the thickness-dependent in-plane stress distribution (¢ (z,f)) over
the thickness of the film:

hy
Ghy =/ o(z, 1) dz [2]
0

Throughout this paper, we will refer to 6h; as the stress-thickness.
It is measured in real-time by monitoring the cantilever deflection
during Co deposition and stripping.

The electrolyte was 0.5 mol/L Na,SO, (Mallinckrodt, AR) +
0.5 mol/L H3;BO3; (Mallinckrodt, AR) 4+ 0.1 mol/LL CoSOy, -7 H,0
(Aldrich) and was prepared using 18.3 MSQ-cm ultrapure water
(Barnstead). The pH of the solution was 4.5. The electrochemical
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cell was a single-compartment borosilicate cell covered by a polyte-
trafluoroethylene cap. A glass disk was joined to the back of the cell
to allow it to be held and positioned by a standard mirror mount on the
optical bench. The electrode holder that clamped the top of the can-
tilever electrode was positioned so that the entire length of cantilever
contributing to the curvature was electrochemically active. A typical
immersion length was 22 mm, leading to an exposed area of 0.66 cm?.
The counter electrode was a spiraled Co wire placed parallel to and in
the same solution as the working electrode. The reference electrode
was a saturated mercury-mercurous sulfate electrode (SSE) that was
separated from the working compartment by a Vycor-tipped bridge
filled with 0.5 mol/L Na,SO4. All potentials are referenced to the SSE.
The electrolyte was initially purged with ultra-pure argon, and gas flow
was maintained in the headspace throughout the experiment. Potential
control was maintained using an EG&G Princeton Applied Research
Corp. (PARC) model 273 potentiostat-galvanostat controlled by a Dell
Pentium 4 computer and LabView software. All measurements were
made at room temperature.

An electrochemical quartz crystal microbalance (EQCM, Maxtek
Inc.) was employed to measure mass changes during Co deposition
and stripping in order to quantify the current efficiency. The quartz
crystals were polished 2.54 cm AT cut disks with a 5 MHz resonant
frequency. Titanium and Au were vapor deposited onto the quartz
crystals by the manufacturer. The glass cell for the EQCM measure-
ments had separate compartments for the working, counter, and SSE
reference electrodes. Before introduction into the cell, the solution
was thoroughly de-aerated by bubbling high purity Ar, and flow was
maintained in the headspace of the cell during measurements. The
EQCM measures both the resonant frequency and the resistance R; of
the equivalent resonant circuit. The value of R; in all measurements
changed very little, confirming that no significant roughening of the
electrode surface occurred during deposition.

In order to characterize the post-deposition structure and surface
morphology, Co was electrodeposited onto (111) Si wafers with 5 nm
of Ti and 250 nm of Au deposited by electron-beam evaporation. The
Au surface was masked to expose an area of 0.13 cm?. These deposits
were examined by X-ray diffraction using a Siemens D-500 diffrac-
tometer with Cu-Ka radiation and by scanning electron microscopy
(SEM) using a JEOL JSM-7100 FE-SEM with an accelerating voltage
of 5 kV and a working distance of 8—10 mm. We report an average
grain size (and standard deviation) based on at least 75 measurements
taken from plane-view micrographs.

Results and Discussion

Potentiodynamic behavior—Figure 1 shows the voltammetric
(red) and stress-thickness (blue) response of a Au cantilever elec-
trode in 0.5 mol/L Na,SO4 + 0.5 mol/L H3;BOj; containing 0.1 mol/L
CoSO, at a pH of 4.5. The black curve is the voltammetric response in
the absence of CoSO4. The onset of Co deposition is clearly observed
near —1.2 V. The increase in cathodic current on the return sweep
is an indication that a nucleation overpotential is required to elec-
trodeposit Co onto Au. The return sweep also shows the electrochem-
ical dissolution of Co from the Au surface at potentials positive of
—1.0 V. This stripping wave is featureless; the additional stripping
wave(s) typically associated with hydrogen incorporation into Fe-
group metals is absent.*s

The stress moves in the tensile (positive) direction from a value ar-
bitrarily chosen as 0 as the potential is swept in the cathodic direction.
Prior to Co deposition, the overall stress change is about 0.4 N/m.
This tensile response reflects the change in the surface charge den-
sity caused by the change in potential or by the desorption of SO4>~
from the Au surface. This stress change is consistent with Ibach’s
adsorbate-induced stress model in which electron acceptors such as
adsorbed anions (e.g., SO427) cause compressive stress because they
reduce the electron density in the surface.** As a consequence, their
desorption from the surface results in net tensile stress. At the onset
of Co deposition, the tensile stress increases sharply and continues
to increase even during the return sweep, as Co continues to deposit,
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Figure 1. Potentiodynamic scan (red) and stress-thickness response (blue)
of (111)-textured Au cantilever electrode in 0.1 mol/L CoSO4 + 0.5 mol/L
H3BO3 + 0.5 mol/L Na;SO4 and sweep rate of 100 mV/s. The black line is
the voltammetric response in the absence of CoSOy4. The solution pH was 4.5.

before reaching a nearly constant value. The stress begins to decrease
at the onset of Co dissolution. After the film is completely stripped,
the stress returns to its initial zero value.

Although not readily apparent from the voltammetry in Fig. 1,
the faradaic efficiency for Co deposition is less than 100%. In pH
4.5 solution, hydronium ion reduction occurs at about —1.0 V (not
visible), followed by H,O reduction at about —1.3 V, as seen in the
Co”*-free voltammetry in Fig. 1. The consequence of these side reac-
tions is the possible precipitation of Co(OH), due to a local increase
in pH at the electrode surface. The reported K, of Co(OH); is 1.09 x
107153 We estimate that a pH of 7 is required to precipitate Co(OH),
from a solution containing 0.1 mol/L. Co*" (see Supplemental In-
formation for derivation). This pH value can clearly be achieved at
potentials negative of H,O reduction where OH™ is generated during
H, evolution,”'~> although H;BO; may serve as a buffer or its reduc-
tion may compete with that of H,O as a side reaction that does not
influence the pH.>* Co(OH), may also be precipitated at more positive
potentials (=%—1.2 V) in which hydronium is reduced but the surface
concentration of Co?t remains close to the bulk value, as discussed in
more detail in a later section of the paper.

Single pulse deposition.—Figure 2 shows the current (a) and
stress-thickness (b) response for potential steps into the Co depo-
sition region, followed by a 2 mV/s potentiodynamic scan to strip
the Co deposit from the Au surface. The electrode was equilibrated
at the open circuit potential (= —1.05 V) for 10 s prior to initiating
the potentiodynamic scan. The inset in (a) shows an example of how
the applied potential varied with time. The duration of each deposi-
tion pulse was sufficient to deposit a 50 nm Co film, assuming 100%
current efficiency. Following double layer charging (Fig. 2a), the de-
position current increases, reaches a maximum, and then decreases for
E < —1.275 V or remains constant for E > —1.25 V. The maximum
current increases while the time to reach the peak current decreases
at more negative deposition potentials. Both of these features of the
current response suggest an increase in nucleation density and are con-
sistent with nucleation and diffusion-controlled growth models that
appear in the literature.>> The stripping current shape and magnitude
are similar to those in the Fig. 1 voltammetric measurement. The peak
currents are about the same for deposits formed at the more negative
potentials, indicating that the deposit thicknesses are similar. For de-
position potentials more positive than —1.25 V, the stripping current
decreases, suggesting a decrease in faradaic efficiency. In addition, the
dissolution current for the film deposited at the most positive poten-
tial (—1.190 V) shows a second peak following the primary stripping
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Figure 2. (a) Chronoamperometry and (b) stress-thickness response for Co
electrodeposition onto a Au cantilever electrode in 0.1 mol/L CoSO4 + 0.5
mol/L H3BO3 + 0.5 mol/L Na;SO4 (pH 4.5). The potential was stepped from
—0.6 V to the deposition potential of interest for a nominal deposit thickness
of 50 nm while the cantilever deflection was monitored by the PSD. Following
deposition, the electrode was allowed to equilibrate at the open circuit potential
(=~ —1.05 V) for 10 s prior to initiating an anodic voltammetric sweep at2 mV/s
until the deposit was completely removed. The stripping potential was limited
to —0.5V. The inset in (a) shows an example of how the applied potential varied
with time.

peak, suggesting that Co dissolution is hindered, perhaps by the pre-
cipitation of Co(OH),. The fact that none of the other deposits show
this additional stripping peak allows us to conclude that any possible
Co(OH), precipitation occurs during Co deposition, not dissolution.
We show a similar series of deposition-stripping experiments us-
ing the EQCM in Fig. S1 of the Supporting Information. The deposit
thicknesses vary from 40 to 130 nm. The lag time for Co deposition
is quite evident at the more positive deposition potentials, whereas
for the more negative potentials, deposition begins quite rapidly. Fol-
lowing stripping, the mass returns to zero, indicating that all of the
Co is removed. There is also no evidence for a Co(OH), precipitate
remaining on the surface following Co stripping. Fig. S1(b) is a plot
of the mass converted to thickness for the first 50 nm of deposition.
The EQCM data indicate that the Co deposition rate is at steady-state
by the time the deposit thickness reaches 50 nm. Interestingly, neither
the EQCM deposition currents (not shown) nor the deposition currents
shown in Fig. 2a from the stress bench have reached steady-state for
the more negative deposition potentials, suggesting that the decrease
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Figure 3. Evolution of stress-thickness product vs. nominal deposit thickness
associated with the chronoamperometry curves shown in Figure 2. The deposit
thickness was determined from the cathodic charge density assuming a Co
current efficiency of 100%.

in current may have contributions from parasitic reactions rather than
simply Co deposition.

The Fig. 2b stress-thickness response is tensile for all deposition
potentials. The magnitude of the stress as well as its time derivative
increase significantly as the deposition potential is made more neg-
ative. The stress plateau following deposition and prior to stripping
indicates that stress relaxation is not significant under these deposi-
tion conditions. The stable growth stress also suggests that the deposit
structure, particularly the grain size, does not change significantly
over this time period. The stress-thickness response shows the same
reversibility as the chronoamperometry, decreasing during stripping
and returning to its initial zero value. It should be noted that the fi-
nal stress-thickness value for deposits formed at small overpotential
(—1.190 V) is slightly compressive. Although this might suggest that
Co(OH), remains on the surface as a precipitate, such a conclusion is
not supported by EQCM measurements at the same potential.

We now examine the stress-thickness changes observed during Co
deposition in more detail. The rate of change of the stress-thickness
can be expressed as

d(Ghy) dhy " 9o (2, 1)
dt _G(hf)ﬁ—i—/o TR 131

The two terms on the right side of the equation capture the dif-
ferent ways in which the stress-thickness can change. The first term
corresponds to changes in the film thickness, adding new layers to the
surface of the film (at z = hy) with a biaxial stress of o (k). We refer
to this as the incremental stress since it corresponds to the deposition
of new layers under stress. The second term on the right side captures
any relaxation processes that might occur in material that has already
been deposited. The stress term in the integral expression of Eq. 3 has
a dependence on both thickness and time. If the stress in the film does
not change once it has been deposited, then the second term in Eq. 3
is zero and the incremental stress can be obtained from the slope of
the stress-thickness plotted as a function of the deposit thickness:*’

o(h) = d (Ghy) /dt _ d (5hy) (4]

dhy/dt dh
Figure 3 shows the stress-thickness response for a range of deposi-
tion potentials plotted as a function of the nominal deposit thickness,
assuming 100% current efficiency for Co deposition. All of the stress-
thickness vs. thickness curves eventually become linear with slopes
that increase as the deposition potential is made more negative. If we
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assume that no stress relaxation occurs in the underlying layers, then
the slope of these curves represents the stress in the layer being added
to the deposit at thickness hy (Eq. 4). We define the steady-state re-
gion, in which o (hy) reaches a constant value, as the steady-state stress
(04s). The assumption that no stress relaxation occurs in the underly-
ing layers is likely a valid assumption, based on the nearly constant
stress values observed at open circuit following deposition in Fig. 2b.
To examine this further, we refer to Fig. S2 of the Supporting Infor-
mation. Figure S2(a) shows the stress-thickness plotted as a function
of the nominal deposit thickness for Co deposits approximately 300
nm in thickness. The curves are reasonably similar to those shown in
Fig. 3. Figure S2(b) shows the stress-thickness for the same deposits
in S2(a) plotted as a function of the nominal deposit thickness but
measured during the electrochemical dissolution of the Co deposits.
The curves obtained during deposition and dissolution are nearly
identical, a clear indication that the stress throughout the deposits is
quite stable. This validates our use of Eq. 4 to obtain the steady-state
stress.

Quartz crystal nanobalance.—The stress-thickness curves shown
in Fig. 3 are plotted with respect the nominal deposit thickness. In
order to obtain an accurate value for the steady-state stress, the stress-
thickness needs to be plotted with respect to the actual deposit thick-
ness by considering the deposition current efficiency. Although strip-
ping voltammetry like that shown in Fig. 2a can provide the average
current efficiency for the entire deposit, this number may not accu-
rately depict the efficiency in the latter stages of deposition where
the stress reaches steady state. The EQCM allows us to measure both
the mass change and the total charge during Co deposition onto a
Au-coated quartz crystal. The figure of merit is the mass-charge coef-
ficient (dm/dq) which has units of mg/C. The expected value of dm/dq
for Co deposition, assuming 100% current efficiency, is —0.30 mg/C.
Figure 4a is a plot of the measured dm/dq as a function of deposition
time for the mass data shown in Fig. S1. At small overpotentials, Co
deposition is inhibited in the early stages. For deposition at —1.190 V,
no mass increase is observed for the first 300 s. This inhibition time
decreases significantly as the deposition potential is made more neg-
ative. For potentials negative of —1.225 V, the steady-state dm/dq
converges to a value of about —0.26 mg/C, or about an 87% cur-
rent efficiency. In addition to the previously mentioned inhibition,
deposition at —1.190 V has a dm/dq that exceeds the —0.30 mg/C
theoretical value. The expected value of dm/dq for Co(OH), precipi-
tation is —0.48 mg/C, in which it is assumed that the charge associated
with Co(OH), precipitation is the reduction of 2H*. A dm/dq that ex-
ceeds —0.30 mg/C is a clear indication that Co(OH), is precipitated
along with Co deposition.’® Because Co deposition is inhibited in the
early stages of deposition, the surface concentration of Co’* remains
near the bulk value of 0.1 mol/L. At these potentials and pH, H;O" is
reduced at the mass transport limit, resulting in a local pH increase,
sufficient to precipitate Co(OH), on the surface and possibly interfere
with the Co?* aquo-complex reduction.

It is also interesting to note the difference between the steady-
state current efficiency and the average current efficiency obtained by
stripping voltammetry. These are plotted in Fig. 4b. The steady-state
current efficiency is greater than 83% and slightly increases at more
negative potentials. In contrast, the average current efficiency is above
80% only at potentials more negative than —1.25 V. The additional
time required to nucleate and grow Co at the more positive deposition
potentials results in very low current efficiencies. This deposition
delay may in part be due to the precipitation of Co(OH),, although
our data do not directly show that this is the case. The lower current
efficiencies could simply reflect the large nucleation overpotential
required to deposit Co onto the Au surface.

Steady-state stress.—Because the current efficiency for Co depo-
sition is a function of both time and potential, accurately correcting the
thickness values in Fig. 3 to obtain stress-thickness curves based on
the actual deposit thickness is not possible. However, the steady-state
stress can be quantitatively obtained from the slopes in the steady-state
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Figure 4. (a) EQCM mass-charge ratios (mg/C) plotted as a function of de-
position time for the deposition potentials shown in the figure. (b) Co current
efficiency plotted as a function of deposition potential. The data in blue is the
steady-state current efficiency determined from the final dm/dg values shown
in (a) and normalized to the theoretical value of —0.3 mg/C. The data in red
is the average current efficiency calculated by dividing the stripping charge
by the total deposition charge that was obtained from the chronoamperometry
curves in Fig. 2a.

region of Fig. 3 after dividing by the appropriate steady-state current
efficiency from Fig. 4b. Figure 5a is a plot of the steady-state stress as
a function of the deposition potential for two independent data sets.
The dashed black line is simply a guide for the eye. The deposits were
limited to a nominal thickness of 50 nm. The growth stress is tensile
over the entire range of potentials examined, varying from 100 MPa
at more positive potential to a maximum of 800 MPa at more cathodic
potentials. The agreement between the two data sets is fairly good.
Figure 5b is a plot of the steady-state stress as a function of the
growth rate. Included in this plot are the two data sets plotted in Fig.
5a (red and blue points) as well as an additional data set (green) from
a dual-pulse measurement which will be discussed later. The growth
rate was obtained from the following expression:
viM
R=—— [5]
Fnp
where R is the growth rate, v is the steady-state current efficiency
obtained from Fig. 4b, F is the Faraday constant, n, M and p are the
valency, atomic weight, and density, respectively, of Co, and i is the
average current density measured over the last 5 nm of deposition.
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Figure 5. Steady-state stress of electrodeposited Co thin films plotted as a
function of (a) deposition potential and (b) growth rate. The growth rate was
determined from Eq. 5, using the average current density measured over the
last 5 nm of deposition. The data in (a) consists of two independent data
sets, each using a single pulse at each deposition potential. The thickness was
limited to 50 nm. The dashed line is simply a guide for the eye. The data in
(b) consists of the two data sets in (a) plus data from 100 nm thick deposits
that were grown using a dual pulse; a nucleation pulse to —1.30 V for 15 nm,
followed by a growth pulse to the desired deposition potential. The solid lines
are a least-squares fit to Eq. 6.

The growth rate dependence in Fig. 5b is very similar to that reported
for electrodeposited Cu and Ni.*’-* The stress tends toward compres-
sive at low growth rate and becomes more tensile as the growth rate
increases. The tensile stress appears to saturate at a maximum value
in the range of 700-800 MPa at the highest growth rate. As mentioned
in the introduction, Chason has developed a model that captures the
rate dependence of the steady-state stress as a balance between tensile
stress due to grain coalescence and compressive stress due to insertion
of atoms into the grain boundary. This balance depends on the specific

growth parameters:3’-

D
Osys = 0c + (o7 — o¢) exp (‘5&) [6]

where o ¢ is the compressive stress associated with adatom insertion
into the grain boundary in response to the elevated surface chemical
potential during deposition, o7 is the tensile stress due to grain coa-
lescence (inversely proportional to L'”?), B is a dimensionless material
dependent parameter, D is an effective diffusivity between adatoms on
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Table I. Average grain size of Co electrodeposits as determined
from SEM micrographs of the as-deposited surface, based on at
least 75 measurements. The thickness was calculated from the
charge, corrected by the Co current efficiency. The growth rate
was calculated using Eq. 5.

Potential) Current Growth Deposit Grain
V) Density (mA/cm?) Rate (nm/s) Thickness (nm) Size (nm)
—1.190 —0.50 0.13 58 241 £ 55
—1.200 —1.23 0.35 148 241 £52
—1.225 —-1.90 0.57 183 222 +49
—1.300 —4.29 1.36 267 185 £ 40

the free surface and the grain boundary, R is the growth rate and L is
the grain size. Eq. 6 predicts that the steady-state stress depends expo-
nentially on the dimensionless factor D/RL. The stress is expected to
be compressive when D/RL > 1, i.e., under conditions where atoms
are able to diffuse into the grain boundary. Alternatively, the stress is
tensile when D/RL < 1, i.e., when the deposition rate is large relative
to the rate of diffusion of atoms into the grain boundary. The solid
lines in Fig. 5b represent the least squares fit of the two data sets to
Eq. 6 with parameters 6¢ = —15 MPa, 67 = 915 MPa, and BD/L =
0.2 nm/s.

As seen in Eq. 6, the microstructure of the deposit has a direct im-
pact on the stress evolution through the grain size and shape. Low mo-
bility materials such as the Fe-group metals tend to develop columnar
grain structures that do not increase significantly in size with thickness
when deposited at low temperatures. In the present Co case, the sta-
bility of the stress-thickness at open circuit (Fig. 2b) and the fact that
the stress-thickness vs. thickness curves generated during deposition
and subsequent dissolution are nearly identical (Fig. S2) suggests that
the grain size is stable and does not change with time during depo-
sition. However, the chronoamperometry in Fig. 2a suggests that the
initial density of Co nuclei, or more accurately their diffusion zones,
increases with more negative deposition potential, suggesting that the
grain size may have a dependence on potential.

In order to address these microstructural issues, selected Co elec-
trodeposits were examined by X-ray diffraction. Figure S3(a) of the
Supporting Information shows X-ray diffraction patterns for the evap-
orated Au substrate and three Co films electrodeposited over a range
of potentials. As mentioned previously, the Au has a strong (111)
crystallographic texture. The Co electrodeposits have the expected
hexagonal close-packed (hcp) structure with a preferred basal plane
orientation as evidenced by the strong 002 reflection. A strong basal
plane orientation might suggest the possibility of large misfit stress
in the Co; however, scanning tunneling microscopy studies show that
Co electrodeposited onto Au (111) single crystals tends to adopt a
lattice spacing that is closer to that of bulk Co rather than Au, clearly
indicating a lack of registry with the substrate.”’>° Although the Au
substrate could induce some positive strain in the initial Co layers, the
strain would be progressively reduced as the film thickens and make
little contribution to the steady state stress observed in our Co films.

In an effort to quantify the grain size, the as-deposited surfaces of
several Co electrodeposits were examined by SEM. An example of
a typical deposit surface is shown in Figure S3(b) of the Supporting
Information. All of the deposits examined were quite dense and had
a nodular appearance. The results of the SEM analysis are shown in
Table I along with selected deposition parameters. The deposit thick-
nesses vary somewhat but all are less than 300 nm which makes them
relevant for this stress discussion. The fact that two films deposited
at similar potential (—1.19 V and —1.20 V) have identical grain size
even though the thicknesses vary by nearly a factor of 3 suggests
that the grains are indeed columnar and have uniform size through-
out the thickness. However, as the deposition potential is made more
negative, the grain size decreases by about 20% over the range of po-
tentials examined, ranging from 240 nm at the more positive potentials
down to 185 nm at the more negative potentials. Inserting the average
value for the grain size into BD/L = 0.2 nm/s from the least square
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fit above, the result is BD = 44 & 6 nm?/s where the uncertainty in
BD considers the variation of grain size with overpotential. Alterna-
tively, if the data are fit to the model using the measured values of the
grain size for L and interpolating when necessary, the quality of the
fit is equally good, and the parameters are similar. The significance
of BD and the value obtained from the model fit will be discussed
later.

Dual-pulse deposition.—The expression in Eq. 6 applies to the
steady-state region of the stress-thickness vs. thickness curves. Al-
though the linear curves in Fig. 3 as well as the EQCM data, suggest
steady-state growth, the deposition current in Fig. 2a does not. In
order to address this discrepancy, as well as the apparent sluggish
deposition at the more positive potentials, a nucleation step is inserted
into the process. The cantilever was first equilibrated at a potential of
—0.6 V. The potential was then stepped to —1.30 V to form a con-
sistent 15 nm thick starting layer. The potential was then stepped to
the desired growth potential for a total thickness of about 100 nm.
Following deposition, the electrode was equilibrated at open circuit
and the deposit was stripped as before. Figure 6a shows the current
response for selected deposition potentials. The inset highlights the
early stage of deposition. The current is identical for all of the deposits
during the nucleation step. The current then responds in a manner that
reflects the chosen growth potential. All of the deposition currents
reach steady state. The stripping current magnitude and shape are
similar to the single pulse transients shown in Fig. 2a except that the
peak heights (and charge) are fairly uniform for all potentials. As a
consequence, the average current efficiency calculated from the ratio
of the anodic dissolution charge to the total cathodic charge is very
similar to the steady-state EQCM values shown in Fig 4b. The nu-
cleation step eliminates the sluggish behavior observed at the more
positive potentials where the parasitic reaction is the primary reaction
and possibly suppresses any pH increase at the electrode surface, thus
preventing Co(OH), precipitation. Interestingly, the stripping peak
for the —1.19 V deposit in Fig. 6a does not show the second peak
attributed to Co(OH),.

The stress-thickness vs. nominal thickness plots obtained from
this dual pulse deposition is shown in Figure 6b. As expected, all of
the deposits have an identical stress response for the nucleation step.
When the potential is stepped to the corresponding growth potential,
the stress-thickness reaches a new steady state rather quickly. As in
the single pulse experiment, the curves become linear with slopes that
increase as the deposition potential is made more negative. The steady-
state stress was calculated from the slope of the stress-thickness vs.
thickness curve over the final 10 nm of deposition, again considering
the current efficiency that was determined from the stripping voltam-
metry. These steady-state stress values are also plotted as a function
of growth rate in Fig. 5b along with the two sets of 50 nm thick single
pulse data. The solid line represents a least square fit to Eq. 6 with
parameters o7 = 775 MPa, and BD/L = 0.2 nm/s. The nucleation
pulse eliminates the sluggish deposition behavior observed at positive
deposition potential for the single pulse deposits. As a consequence,
the dual pulse data set lacks points in the low growth rate region. For
this reason, o¢ was fixed at —15 MPa, the same value of o ¢ that was
obtained from the fit of the 50 nm data.

Discussion.—The shape of the stress curve and the fitting param-
eters for the 100 nm thick dual pulse data are consistent with those
of the 50 nm single pulse. Although the smaller value of ¢ for the
dual pulse data may suggest that the dual-pulse 100 nm films have
a larger grain size than the single 50 nm films, the smaller steady-
state stress may simply be a consequence of growing thicker films,
particularly those grown at high growth rate as illustrated in the stress-
thickness vs. thickness curves in Fig. 6b. The curves are fairly linear
for deposition potentials more positive than —1.30 V; however, the
curve at —1.325 V clearly shows a slope that decreases with deposit
thickness. This downward trend is more dramatic at more negative
potentials (not shown) which results in a decreased steady-state stress
at higher growth rates. For this reason, the dual pulse data was limited
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Figure 6. (a) Chronoamperometry and (b) stress-thickness response for Co
electrodeposition onto an Au cantilever electrode in 0.1 mol/L CoSO4 +
0.5 mol/L H3BO3 + 0.5 mol/L Na;SO4 (pH 4.5). The potential was stepped
from —0.6 V to —1.3 V to nucleate a 15 nm thick layer, then stepped to the
deposition potential of interest for a nominal deposit thickness of 100 nm while
the cantilever deflection was monitored by the PSD. Following deposition, the
electrode was allowed to equilibrate at the open circuit potential (~ —1.05 V)
for 10 s, prior to initiating an anodic voltammetric sweep at 2 mV/s until the
deposit was completely removed. The stripping potential was limited to —0.4V.
The inset in (a) highlights the early stage of deposition.

to growth rates less than 1.15 nm/s. A slight negative curvature in the
stress-thickness is also apparent at —1.40 V for the single pulse 50 nm
film (Fig. 3). Because this negative curvature in the stress data is only
observed at the more negative potentials (high growth rate), our cur-
rent speculation is that this behavior is due to surface roughness and
not an increase in grain size. It has been demonstrated that roughness
has a direct influence on the cantilever sensitivity and that corrections
to Stoney’s equation are often necessary.®® Although there are indica-
tions that roughness can also impact the coalescence-induced tensile
stress during Volmer-Weber growth,®"%? no clear picture has emerged
that describes the impact of roughness on the overall steady-state
stress of the film.

The range of steady-state stress observed in these Co electrode-
posits is approximately 100 to 800 MPa and is observed over a rela-
tively small range of growth rates, less than 2.5 nm/s. In contrast, the
range of steady-state stress for electrodeposited Cu and Ni is reported
to be —60 to +60 MPa* and —600 to +400 MPa!®37 respectively, for
aconsiderably larger range of growth rates. The disparity in the growth
rates simply reflects the concentration of the electroactive metal ions
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in solution, 0.7 mol/L and 1.36 mol/L for Cu and Ni respectively, com-
pared to 0.1 mol/L for Co. Larger growth rates for Co deposition are
clearly accessible from more concentrated Co>* electrolytes, but the
complications associated with Co(OH), precipitation are more likely
at the higher concentration, particularly when examining the lower
growth rates. The large tensile stresses associated with Co deposition
are also consistent with the kinetic parameters obtained from fitting
the experimental data to Eq. 6. Our 44 nm?/s value for D is consid-
erably less than the reported values of 1600 nm?/s and 800 nm?/s for
Cu and Ni. The larger values of BD for Cu and Ni indicate that the
ad-atom insertion mechanism is quite active and that the transition
from compressive stress to tensile stress extends out to larger growth
rates. This stress transition occurs at about 2 nm/s for Cu and 1 nm/s
for Ni. No compressive to tensile transition was observed for Co at the
growth rates and film thicknesses examined here. Extrapolation of the
available data places the transition at about 0.05 nm/s. The fact that
the steady-state stress for Co varies from 100 to 800 MPa with growth
rate certainly indicates that ad-atom insertion into the grain boundary
is an active stress generating mechanism. However, the extremely low
value for BD, at least for the deposition conditions examined here,
further indicates that it only relieves the coalescence-induced tensile
stress at extremely low growth rates.

Growth rate is only one of several processing variables that can be
used to control the steady-state stress of an electrodeposit. Because de-
posit microstructure is critical to the growth rate dependence, any num-
ber of potential pulsing schemes (direct pulse, reverse pulse) can be
expected to influence the final stress state through control of the grain
size. Pulsed deposition also allows for stress relaxation during the
off-pulse, if such relaxation mechanisms are operative*>, although
little structural relaxation was seen in the electrodeposited Co exam-
ined here. The most direct approach for stress mitigation is through
the use of chemical additives. The addition of saccharine is known to
significantly reduce the tensile stress in Ni electrodeposits. Although
additives can influence the stress due to grain refinement, evidence
suggests that saccharine addition might alter the energetics of nu-
clei coalescence.®*% Thus, the influence of chemical additives on the
growth stress of electrodeposited Co will be the focus of future work.

Conclusions

In situ cantilever curvature is used to quantify the growth stress
in Co thin films electrodeposited from an electrolyte consisting of
0.5 mol/L Na,SOy, 0.5 mol/L H3BO3, and 0.1 mol/L. CoSOy, - 7 H,0.
Stress-thickness (the average biaxial film stress multiplied by the
thickness of the film) vs. thickness curves are measured as a function
of the deposition potential, and the steady-state stress is obtained from
their slopes, which in turn, is examined as a function of growth rate.
Stresses as low as +85 MPa (tensile) are obtained at small growth rate,
increasing to a limiting value of 800 MPa as the growth rate increases.
The data is fit to Chason’s kinetic model*? that treats the stress as a
dynamic competition between coalescence-induced tensile stress and
compressive stress due to insertion of atoms into the grain boundary.
Kinetic parameters for Co indicate that stress development is domi-
nated by nuclei coalescence and that ad-atom insertion into the grain
boundary contributes to the overall stress only at very low growth rates.
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