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In Situ Stress Measurements during Copper Electrodeposition
on „111…-Textured Au
O. E. Kongstein, U. Bertocci,* and G. R. Stafford* ,z

Materials Science and Engineering Laboratory, National Institute of Standards and Technology,
Gaithersburg, Maryland 20899, USA

In situ stress measurements were made during copper electrodeposition onto~111!-textured Au from acidic sulfate electrolyte
using the wafer curvature method. In the Cu underpotential deposition region, the intermediate (A3 3 A3)R30° Cu-sulfate
honeycomb structure creates a surface stress that is tensile when compared to that of the sulfate-adsorbed electrode at positive
potentials or the complete (13 1) Cu monolayer at more negative potentials. This behavior is consistent with surface-induced
charge redistribution models that appear in the literature. During the bulk deposition of Cu, there is a rapid increase in tensile stress
during the first 20 nm of growth that we attribute to nuclei coalescence and grain boundary formation. The magnitude of the tensile
stress as well as the film thickness at which the maximum stress occurs are both dependent upon the electrode potential due to its
influence on the nucleation density. When the films are continuous, the total stress is the superposition of the coalescence-induced
tensile stress and a compressive stress which we attribute to the incorporation of mobile adatoms on the surface into the grain
boundaries. The tensile stress component dominates thin films deposited at high overpotential, whereas thick films deposited at
low overpotential have a net compressive stress. When deposition is interrupted both tensile and compressive components of the
stress relax somewhat but are quickly reestablished when deposition is resumed. The development of the growth stress that we
describe here is very similar to that which has been reported for Cu deposition from the vapor phase.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1854093# All rights reserved.
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Electrodeposition is used by the microelectronics communi
produce solderable surface finishes, magnetic recording medi
copper interconnections in printed circuit boards and integrate
cuits. These films tend to develop sizable mechanical stresse
result of the nucleation and growth process or from the use of
tion additives and alloying elements needed to achieve desired
sition rates and mechanical properties. Often, these stresses c
proach or exceed the yield stress of the bulk material and can
to loss of adhesion and the generation of bulk and surface de
As the feature sizes in microelectronic components continu
shrink, the stresses associated with the earliest stages of film g
raise serious concerns in the industry about device performanc
reliability.

The stress observed at room temperature on a coated sur
typically the result of two different phenomena. The first, ther
stress, is present when the film is deposited at a temperature
ent from the service temperature and the film and substrate
different thermal expansion coefficients. The second, intrinsic s
is caused by the manner in which the film grows and can arise
lattice-mismatched epitaxial growth, nuclei coalescence and
growth during deposition, incorporation of impurities or si
reaction products, and phase transformations accompanied b
ume changes. Although similar growth morphologies and stres
velopment are inherent to both electrodeposited films1 and those
grown from the gas phase, the latter community has placed
effort in understanding the microstructural contributions to
stress.

The growth stresses associated with Volmer-Weber growth
the gas-phase have been divided into three distinct modes;2-6 low-
mobility columnar growth, epitaxial growth, and high-mobility
land growth. The low-mobility columnar films develop tens
stresses, epitaxial Volmer-Weber films are completely compres
while high-mobility films are initially tensile but become compr
sive as the film thickens. The general observation in the latter c
that the stress progresses from compressive to tensile and the
to compressive. This has been referred to as CTC behavior
initial compressive stress occurs in the discrete-nuclei stag
growth and is due to the surface stress of these small particles
rapid development of tensile stress is associated with nuclei co
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cence and grain boundary formation while the final compre
stage occurs during thickening of the continuous film.

The electrodeposition community has been keenly interest
residual stress and its measurement. Several techniques hav
developed, most of which are outlined in a series of review pa
by Weil.1,7,8The simplest and most widely used methods involve
measurement of the deflection of a flexible cathode, typically
direction that is perpendicular to the in-plane stress generated
film. Fairly sophisticated methods for tracking this deflection h
been developed in the last 15 years, the more popular mak
of interferometry,9,10capacitance measurements,11 laser beam refle
tion,12-16 and scanning tunneling microscopy~STM! and atomic
force microscopy~AFM!.17-19 These in situ stress measureme
have been used to examine adsorbate-induced su
stress,10,11,16,18,20-23 underpotential deposition,17,19,24-26 electro-
chemical insertion and intercalation reactions,12,13,15,27 and bulk
film deposition.9,28,29

Haisset al.have examined the stress evolution during the firs
monolayers of copper electrodeposition onto Au~111!.29 Using an
STM to monitor wafer deflection, they were able to observe
surface stresses associated with sulfate ion desorption as w
copper underpotential deposition~upd!, three-dimensional nucl
ation, and growth. Bulk copper films developed tensile stresse
magnitude of which was dependent on the deposition pote
Their observations were consistent with stress development
result of nuclei coalescence and grain boundary formation. Qu
tively, the growth behavior of Cu on Au~111! was similar to low
mobility Volmer-Weber growth observed in gas-phase depositio2,3

Although this growth mode is generally seen in high melting p
metals, it was postulated that sulfate adsorption may reduce ad
surface mobility sufficiently so that a low-mobility growth mode
operative.

In situ stress measurements during the vapor deposition of
per show that the growth stress follows CTC behavior with the
tensile-compressive transition occurring when the film thicknes
ceeds 10 nm.4 Because the stress data of Haisset al.29 on electrode
posited Cu is limited to films less than 7 nm thick, the mis
tensile-compressive transition may be due to insufficient film th
ness rather than limited ad-atom surface mobility. The purpo
this paper is to examine the stresses associated with the e
stages of copper deposition from sulfate electrolyte and to e
the work of Haiss by examining films up to 400 nm in thicknes
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Experimental

A schematic of the components of thein situ stress measur
ment apparatus is shown in Fig. 1. The light source was a 1 mW
Helium-Neon laser~JDSa Uniphase, model 1108P!. A beam splitte
was placed in the path of the beam so that the incident and refl
beams were coincident. Two mirrors were placed in the pa
the reflected laser beam in order to increase the optical
A duo-lateral position sensitive detector~PSD! with dimensions
20 3 20 mm ~DLS-20 from UTD Sensors Inc.! was used to mea
sure the position of the reflected beam. The four voltages from
PSD were amplified, measured by a National Instrument A/D
and then transferred to a Macintosh Power PC computer. They
then converted into vertical and horizontal positions on the P
The stress calculation utilized only the vertical position of the la

The cantilever was a borosilicate glass slide~D 263, Schott!
measuring 603 3 3 0.108 mm. The glass had a Young’s Modu
of 72.9• 109 N m22 and a Poisson ratio of 0.208, as specified
the vendor. To one side of this substrate a 4 nmthick adhesion laye
of titanium and a 250 nm film of gold were vapor-deposited. T
glass-metal interface provided the reflective surface for the
beam. Prior to use, the electrodes were boiled in distilled wate
then held in a hydrogen flame for;1 s. These Au electrodes had
strong~111! crystallographic orientation. The 200 reflection was
apparent inu-2u X-ray scans and rocking curves of the 111 refl
tion generally yielded a full-width half-maximum~FWHM! on the
order of 2°.

The electrochemical cell was a single compartment Pyrex c
glass disc was joined to the back of the cell to allow the cell t

a Certain trade names are mentioned for experimental information only, in no
does it imply a recommendation or endorsement by NIST.

Figure 1. ~a! The laser path: 1-mirror, 2-beam splitter, 3-electrochem
cell, 4-position sensing detector, 5-laser;~b! the electrochemical cell, 6-ta
and copper foil, 7-capillary for the reference electrode, 8-nitrogen
9-counter electrode, 10-cantilever working electrode.
d

.

held and positioned by a standard mirror mount on the op
bench. A glass plate was vertically joined to the top of the
to support the top of the cantilever working electrode. A piec
0.025 mm thick copper foil was placed over the cantilever in o
to make electrical contact to the gold prior to taping the cantil
to the glass plate support. The electrolyte used in this study
0.1 mol L21 H2SO4 ~Environmental Grade Plus, Alfa Aes!
110 mmol L21 CuSO4 ~Mallinckrodt!. The distilled water was fu
ther purified using an EASY pure UV ultrapure water system~Barn-
stead!. Prior to making a measurement, the electrolyte was pu
with nitrogen. A nitrogen purge above the electrolyte was conti
during a measurement. The reference electrode was a sat
calomel electrode~SCE!. To avoid contamination of potassiu
chloride from the SCE and minimize the IR-drop between the
erence and working electrode a salt bridge and capillary were
Potential control was maintained using an EG&G Princeton Ap
Research Corp.~PARC! model 273 potentiostat/galvanostat t
was controlled by a Macintosh Power PC computer and Lab
software.

In an effort to obtain reproducible current and stress trans
an electrochemical pretreatment was performed. Prior to exam
the upd of Cu on~111!-textured Au, the electrode potential w
swept approximately 10 times between 1.5 and 0.015 V at a s
rate of 0.050 V s21. Prior to each bulk deposition experiment
electrode potential was sequentially stepped to20.70 V for 2 s, to
10.065 V for 10 s, and to11.4 V for 10 s. This procedure w
repeated four times before adjusting the potential to10.30 V for 1
min. The potential was then stepped to the desired deposition p
tial for a pre-determined film thickness while the cantilever de
tion was monitored by the PSD. Following deposition, the Cu
electrochemically stripped from the cantilever. In all cases rep
here, the electrochemical charge measured during Cu depositio
dissolution was equal and the cantilever returned to its origina
sition indicating that alloying with the Au substrate was minima

The in-plane stress developed in the electrodeposited film c
curvature in the cantilever. Since the electrodeposit is on the
away from the laser, compressive stress in the film displace
cantilever towards the laser while a tensile stress displaces th
tilever away from the laser. Figure 2 shows the geometric rela
ships between the deflected cantilever and the reflected laser
The radius of curvature of the cantilever is given by

R 5
L

Q
@1#

where L is the length of electrode submerged into the electro
down to where the laser strikes the electrode andQ is the angle o
deflection. When no electrolyte is present in the cell, the angle o
reflected beamameasis simply equal to 2Q. However, when the ce
is filled with electrolyte, a correction must be made to accoun
the difference in the refractive index between the electrolyte in
the cell and the air outside the cell. According to Snell’s Law14

Figure 2. The laser beam path through the electrochemical cell.
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nairameas5 nH2O2Q @2#

wherenair is the refractive index of air (nair 5 1.0) andnH2O is the

refractive index of the electrolyte (nH2O 5 1.33). The radius of cu
vature of the cantilever in terms of the measured angle of refle
of the laser becomes

R 5
2LnH2O

nairameas
@3#

Figure 3. ~a! Linear sweep voltammetry and EQCM response assoc
with the underpotential deposition of Cu onto~111!-textured Au;~b! linear
sweep voltammetry and surface stress associated with the underpo
deposition of Cu onto~111!-textured Au;~c! linear sweep voltammetry an
surface stress when CuSO4 is not present.
The relationship between the force (F) per cantilever beam wid
(w) exerted by the electrodeposit and the radius of curvature o
cantilever is given by Stoney’s equation30

F~ t f!/w 5
Es • ts

2

6~1 2 ns!R
5 E

0

t f
s~ t !dt @4#

whereEs, ns, and ts are the Young’s modulus, Poisson ratio,
thickness of the glass substrate respectively, andR is the radius o
curvature of the cantilever. The force on the cantilever,F/w, is the
integral of the film stress,s(t), and is a function of the film thick
ness,t f , at any given time. This simplified version of Stoney’s eq
tion requires only the elastic properties of the substrate. The
erties of the electrodeposit can be ignored if the deposit thickn
less than 5% of the substrate thickness.31 We have thus limited ou
experiments to deposit thicknesses less than 5mm. Combining Eq. 3
and 4 yields Stoney’s equation in terms of the laser reflection a
and assuming that tan(ameas) ' ameas5 dpsd/Dpsd, in terms of the
PSD output

F/w 5
Es • ts

2nairameas

6~1 2 ns!2LnH2O
5

Es • ts
2nairdpsd

6~1 2 ns!2LnH2ODpsd
@5#

wheredpsd is the vertical coordinate of the reflected laser beam
the PSD andDpsd is the distance of the PSD from the electrode.
a given substrate, the sensitivity of the measurement is limite
the resolution of the PSD but can be improved by using long
trodes (L) and by increasing the distance between the PSD an
electrode (Dpsd). Dpsd was accurately measured by tilting the
through a series of known angles using a micrometer and wa
termined from the slope of thedpsd vs.Qmeasplot. A typical value o
Dpsd was 2.075 m. Because the maximum cantilever deflection
the order of a fewmm, we ignore its influence onDpsd. The param
eterL was also determined by adjusting the height of the cell u
a z-stage micrometer while monitoring changes in the PSD s
intensity. Based on a PSD resolution of 4mm and a typical optica
bench geometry, a theoretical limit to theF/w resolution is
0.004 N m21. Experimentally we have determined the resolutio
be about 0.03 N m21 with the electrode in solution.

The cantilever deflection data is presented in three ways; theF/w
is determined fromdpsd ~Eq. 5!, the average film stress,savg, is the
F/w divided by the film thickness, and the incremental film str
s(t), is the slope of theF/w-thickness curve. The latter two a
defined as

savg 5
F/w

t f
, s~ t ! 5

d~F/w!

dt
@6#

In determining the incremental stress, eachF/w-thickness curve wa
fit to a sixth order polynomial and then differentiated with respe
the thickness. The deposit thickness was calculated from the
sition charge, assuming a bulk density for Cu and a 100% cu
efficiency for the copper deposition reaction.

The electrochemical quartz microbalance~EQMB! measure
ments of Cu upd on Au were made on 5 MHz polished qu
crystals, on which Au was vapor deposited onto a Ti bonding l
Prior to use, the Au vapor deposit was examined by X-ray dif
tion ~XRD! and crystals with strong~111! texture were selected f
the measurements. The measuring instrument recorded the re
frequency as well as the resistance of the quartz crystal equi
circuit. This value is related to the mechanical losses in the res
circuit, mainly due to the roughness of the metal-electrolyte i
face. In surface adsorption or upd, surface roughness is not aff
The resistance measurements served only to ensure that unex
surface changes did not occur. The EQMB data were acquir
intervals of the order of 1 s, while a potentiostat, under comp
control, applied preselected programs to the Au electrode. As

l
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ence electrode, either Cu or a saturated Hg sulfate electrode~SSE!
was used; however, all electrode potential values are given
respect to SCE.

Results

Cu UPD.—The underpotential deposition of copper o
Au~111! in the presence of sulfate has been extensively examin
ex situUHV techniques,32-34 as well asin situ techniques such a
surface extended X-ray absorption fine structure~EXAFS!,35-37

STM,38,39 AFM,40 infrared spectroscopy,41 X-ray scattering,42,43

quartz crystal microgravimetry,44-46 and a variety of electrochemic
techniques.47-50 At potentials approaching 1.0 Vvs. SCE, adsorbe
sulfate ions form an ordered (A3 3 A7) structure~0.218 coverag
of the Au~111! surface!.51,52 As the potential is decreased towa
the potential of zero charge~pzc! for Au~111! in sulfate~0.35 V!, the
coverage of the adsorbed sulfate decreases to near zero. The
Cu in the presence of sulfate occurs in two distinct electrochem
steps, see Fig. 3a voltammetry. The first Cu adsorption step a
V can be ascribed to a (A3 3 A3)R30° honeycomb superstructu
where sulfate occupies one of the three-fold sites and copper
pies the two remaining three-fold sites. Copper adsorption prom
the adsorption of sulfate which in turn stabilizes the sub-mono
copper structure. The second Cu upd wave occurs at10.06 V and
represents the formation of a complete Cu monolayer which
registry with the substrate (13 1 structure!. Because Cu has
more negative pzc than Au, the sulfate re-adsorbs onto the C
face with similar coverage~about 20%!.

Our results in the Cu upd region are shown in Fig. 3. The
charge recorded for the two upd steps is 475mC cm22 which is
close to the 445mC cm22 expected for a 2e2 reduction of Cu21 per
Au atom on the Au~111! surface. When the upd layer was elec
chemically removed, the Au was exactly the same as before the
suggesting that the upd is completely reversible and that no all
occurs. Figure 3a also shows the quartz crystal microbalanc
sponse in the Cu upd region. In the SO4

22 desorption region betwee
0.8 and 0.35 V, a weight loss of 50 to 60 ng cm22 is measured. Th
is very close to the theoretical value of 48.3 ng cm22 for the com-
plete desorption of (A3 3 A7) sulfate from Au~111!. An increase o
about 200 ng cm22 is measured for the first Cu upd step which
slightly higher than the expected 171.6 ng cm22 for the formation o
the Cu-sulfate honeycomb structure. Finally, a gain of 39.5 ng c22

is expected for completion of the Cu monolayer and readsorpti
the sulfate onto the copper surface, very similar to what is obse

Figure 4. Chronoamperograms for Cu deposition onto~111!-
textured Au in 0.1 mol L21 H2SO41 10 mmol L21 CuSO4 . The potentia
was stepped from10.3 V to a deposition potential ranging from20.05 to
20.25 V in 0.025 V increments.
of

6

-

-

,

-

experimentally. Our EQCM response is very similar to that repo
by Borgeset al.45

Figure 3b shows the surface stress associated with the Cu-s
upd process which is very similar to that reported by Haiss for
system.17,24 As the potential of the Au electrode is swept cath
cally from 10.8 V, the surface stress increases approxim
1.8 N m21 and reaches a maximum following the first upd wa
This change in the surface stress in the tensile direction is asso
with the removal of the sulfate adlayer from the Au surface.
formation of the (A3 3 A3)R30° sulfate-copper honeycomb str
ture has little impact on the surface stress as the surface stre
mains at 1.8 N m21 ~as shown in Fig. 3c! whether Cu21 is present in
the electrolyte or not. The completion of the Cu monolayer, w
includes the readsorption of sulfate onto the Cu surface, cau
1 N m21 compressive shift in the surface stress. The surface
essentially re-traces itself, taking into account the irreversibilit
the more cathodic upd wave, when the potential sweep is rev
and the Cu upd layer is anodically stripped from the Au surfac

A simple surface-induced charge redistribution model has
used to explain the stress behavior in the upd region. Ibach11,21 has
suggested that the loss of bonds at a clean metal surface cau
increased charge density between the remaining surface a
thereby increasing their attractive interaction and resulting in a
sile stress at the surface. This tensile stress, which has bee
mated to be 2.7 N m21 for Au~111!,53 has been observed in m
free-electron metals and is a likely driving force for surf
reconstruction.23 The adsorption of species on the surface can
be expected to alter the surface stress because the local inte
of each adsorbate will alter the bond strength between neighb
atoms on the surface. Electron donors would be expected to
tensile stress as they increase the bond charge density betwe
underlying metal atoms whereas electron acceptors such as ad
anions cause compressive stress because they reduce the e
density in the surface. In the present case, the coadsorption
and sulfate in the (A3 3 A3)R30° honeycomb configuration a
pears to have little interaction with the increased charge dens
the Au surface. The adsorption of sulfate at more positive pote
causes a decrease in the tensile stress which is consistent w
charge-induced surface stress model described above. On t
thodic side of the honeycomb structure the monolayer of Cu i
expected to generate a misfit stress since Cu is 11.4% smalle
Au and easily fits into the threefold site. However, because th
for Cu in sulfate is about 0.8 V negative of the Au pzc,54 the Cu
overlayer results in the accumulation of positive charge on the
surface and a relaxation in the charge-induced tensile stress
surface. Another way of looking at this is that the negative shi
the pzc with the completion of the Cu monolayer leads to su
adsorption on the Cu surface and a relaxation of the tensile s
similar to that observed for sulfate on Au at anodic potentials
have measured the sulfate desorption from Cu~111! to occur at abou
20.5 V in this electrolyte.

Bulk Cu deposition.—The bulk deposition of Cu was examin
by pulsing the potential of the Au cantilever electrode from an in
potential of 10.3 V to a variety of deposition potentials, rang
from 20.050 to20.250 V. The chronoamperograms are show
Fig. 4. These transients are consistent with a three-dimen
nucleation process and at deposition potentials more negative
20.1 V, the growth is diffusion controlled;i.e., the current transie
follows the diffusion-limited Cottrell current. Normalization of the
current transients in the traditional way55 indicates that the nucl
ation is instantaneous although the nucleation behavior can be
enced by electrode pre-treatment.

Figure 5 shows the force per cantilever beam width,F/w, the
average film stress,savg, and the incremental film stress,s(t), plot-
ted as a function of deposit thickness. Because the initial elec
potential is10.3 V, the sulfate is desorbed prior to initiating
deposition. After applying the appropriate deposition potential
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initial deflection ~see Fig. 5a! is tensile ~from 0 N m21 to abou
0.2 N m21) and then compressive~to about20.5 N m21) which re-
flects the two steps of the Cu upd process. The cantilever

Figure 5. ~a! Force per cantilever beam width,F/w, ~b! the average film
stress,savg, and~c! the incremental film stress,s(t), plotted as a function o
deposit thickness~up to 50 nm! for copper deposited onto~111!-textured Au
in 0.1 mol L21 H2SO4 1 10 mmol L21 CuSO4 , as a function of depositio
potential. The potential was stepped from10.3 V to a deposition potenti
ranging from20.05 to20.25 V in 0.025 V increments.
moves in the tensile direction, the rate of which is a function o
deposition potential. Figure 5b shows the average in-plane
associated with the bulk deposition of copper for a thickness
50 nm. For all deposition potentials examined, the average
stress is tensile and reaches a maximum value in the first 10
the more cathodic overpotentials. The magnitude of the maxi
average tensile stress as well as the film thickness at whic
maximum occurs are both dependent upon the electrode pot
This rapid tensile rise and its dependence on deposition potent
consistent with nuclei coalescence and grain boundary form
Similar results have been reported by Haiss29 for the earliest stage
of copper deposition~25 monolayers!. Figure 5c shows the incr
mental stress which is simply the slope of theF/w-thickness curve
in Fig. 5a. These curves have the same general shape as the a
film stress but clearly indicate that the growth processes respo
for the tensile stress are only active during the earliest stag
deposition. The maximum incremental stresses are observed
first 2 to 3 nm of deposition but there does not appear to be a
relationship between the thickness at which the maximum incre
tal stress occurs and the potential. This may be an indication th
polynomials used to fit the beam deflection data in Fig. 5a ma
have properly captured the inflection point. However, the incre
tal stress data does indicate that although the films still hav
average tensile stress when they reach a thickness of 30 nm,
that is deposited beyond that point is nearly stress-free.

A summary of the maximum average and incremental str
and their dependence on deposition potential is shown in Fig.
addition to the film stress, an estimate of the nucleation dens
each potential was calculated from the current maxima in F
using the appropriate expression for instantaneous three-dimen
nucleation followed by diffusion controlled growth55

No 5 0.065S 1

8pCoVm
D 1/2S nFCo

i maxtmax
D 2

@7#

whereNo is the nucleation density,Co is the bulk concentration
Cu21 in the electrolyte,Vm is the molar volume for copper,i max and
tmax are the magnitude and time of the current maximum, res
tively, and the remaining symbols have their usual meaning. F
6 indicates that as the deposition potential is made more neg
the nucleation density increases while both the maximum av
and incremental film stress increases. This is a clear indicatio
the tensile stress developed in the early stages of copper dep
is linked to the grain boundary density of the deposit.

Tensile stress generated during film growth is an indication
the density of the film is increasing while the film is constrained
the substrate. The formation of small-angle grain boundaries a
result of nuclei coalescence and recrystallization~or the genera
elimination of defects in the film! are two processes that can acco
for this. It is clear from Fig. 5 that the tensile contribution to
stress occurs when the charge-equivalent of a few monolayers
has been deposited. This is somewhat faster than one would
from coalescence of a random distribution of nuclei. Haiss als
served this early tensile transition and attributed it to prefe
nucleation at step edges and surface defect sites.29 Nichols has
shown byin situ STM that Cu nano-crystallites, nucleated at st
start to coalesce after just one or two monolayers of bulk Cu
been deposited.56

Estimates of the maximum tensile stress associated with n
coalescence for high-mobility Volmer-Weber growth can be foun
the physical vapor deposition~pvd! literature3,57,58

smax 5
2Dg

RI
@8#

whereDg is the energy recovered by converting two free surf
into a grain boundary ('2 J m22) and RI is the nuclei radius a
impingement. Based on Eq. 8 and the maximum stress leve
served in Fig. 5b, the nuclei should have radii on the order of 1
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250 nm to produce these stresses by coalescence alone. This
nificantly smaller than the 2 to 7mm grain size that one can calc
late from the nucleation densities shown in Fig. 6, assuming
nuclei have a hemispherical shape. This may be evidence th
nucleation densities obtained from treating the interacting diffu
fields of the nuclei may be significantly underestimating the a
nucleation density. Grujicic has shown using atomic force mic
copy that the measured nucleation densities for copper depo
from sulfate-based electrolytes are typically an order of magn
higher than those calculated from the current transients.59

Early stress models have suggested that coalescence-induc
sile stresses are produced only when the initial coalescence o
However, a more recent model by Rajamaniet al.60 suggests tha
stress evolution is an inherent part of the growth process whe
neighboring surfaces grow together to form a grain boundary.
stress increases to its maximum value,smax, as the ratio of the gra
boundary length,b, and the height of the grain,h, approaches unit
It seems realistic to imagineb/h increasing due to preferential dep
sition into the grain boundary, either as the result of direct de
tion or the movement of ad-atoms on the surface, as the materi
is added to the boundary reduces the elastic strain associate
bringing the surfaces together. An important distinction of

Figure 6. Maximum average and incremental film stresses and tran
derived nucleation density as a function of deposition potential for Cu d
sition onto ~111!-textured Au in 0.1 mol L21 H2SO4 1 10 mmol L21

CuSO4 .

Figure 7. Maximum average film stress as a function of reciprocal nu
size for Cu deposition onto~111!-textured Au in 0.1 mol L21 H2SO4
1 10 mmol L CuSO4 .
g-

e

n-
s.

t
h

model is that the maximum tensile stress does nor occur at c
cence but when the grain boundary is fully formed, approachin
thickness of the film. Based on this assumption, we can estima
average radius of the impinging nuclei from the nominal dep
thickness at the tensile maximum, plotsmax vs. RI

21, and compar
to Eq. 8. Figure 7 shows two plots using the average stress-thic
data of Fig. 5b. One plot assumes that the nuclei at the po
coalescence have a hemispherical shape so thatRI is the nomina
deposit thickness. The second assumes that the nuclei are la
extended so thatRI is twice the deposit thickness. This second c
has some experimental justification where the lateral growth ra
Cu on Au~111! in the absence of additives is reported to be abou
times that of the vertical growth rate.56 Both smax vs. RI

21 plots
show linear behavior with slopes of 2.2 N m21 and 4.4 N m21 for
the two cases. These values are very close to that predicted fro
8 where 2Dg 5 4.0 N m21 (J m22) which strongly supports th
conclusion that the tensile stress generated in the first 30 n
deposition is primarily due to the formation of grain boundarie
the film.

To examine the stress development in thicker films, theF/w, the
average film stress and the incremental film stress were record
deposits up to 400 nm thick, Fig. 8. As in the previous set of cu
the average film stress~Fig. 8b! reaches a maximum tensile value
the first 20 nm. As the deposit thickens, the average film s
decreases rather quickly and becomes compressive in de
formed at small deposition overpotentials. Figure 8c shows tha
incremental stress becomes compressive at a thickness of 75
all deposits except the two formed at potentials more negative
20.20 V. It is clear that the growth process that follows nu
coalescence produces a compressive stress that competes w
initial tensile transient. This tensile-to-compressive transition is
cally associated with high-mobility island growth and has been
served in copper deposited from the vapor phase.4 In the pvd litera
ture, this post-tensile compressive stress has been attributed
nonequilibrium concentration of mobile ad-atoms on the su
which are driven into the grain boundaries.3,61 Grain boundarie
have been shown to play an important role in the generatio
compressive stress because it has been observed that films de
on polycrystalline substrates become compressive while those
films deposited onto single crystal substrates remain tensile61,62

More recently, Friesen has attributed the post-tensile compre
stress to the concentration of atomic scale defects on the surf
the film.63

If the deposition flux is interrupted during this final compres
stage, a rapid relaxation of the stress occurs. When the flux
sumed, the compressive stress is re-established as if the interr
had not occurred.4,61,63An example of this is shown in Fig. 9 whe
deposition at two different potentials was periodically interrupte
open circuit~OC! for 15 min. The overall shape of both transient
very similar to those for uninterrupted deposition shown in Fig
In the case of deposition at20.075 V there is little relaxation in th
early stages of deposition, less than 50 nm. As the deposit thic
the subsequent interruptions to open circuit result in a stress
ation in the tensile direction. The inset in Fig. 9 shows the relax
transient when the20.075 V deposit is interrupted at a thicknes
200 nm~OC#4!. During the 15 min interruption, the stress rela
from a value of220 MPa to essentially zero. Chason has mod
the compressive relaxation and has confirmed experimentally f
gas-phase deposition of Ag that the stress relaxes exponentially
its steady-state value. The relaxation time constant was depe
on the film thickness and grain size as well as other paramete61

Friesen has examined the reversible stress changes tha
been observed at all stages of Volmer-Weber film growth in ev
rated copper.63 Of particular note was the asymmetry in the re
ation and growth stress-time curves;i.e., the initial rate of stres
change during a growth interruption was slower than the initial
of stress change when growth was resumed. If the reversible
tion of mobile ad-atoms into the grain boundaries is rate-limite

grain boundary diffusion, one would expect the formation and relax-
21
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ation of the compressive stress to have similar time constan
addition, Friesen has observed that the magnitude of the reve
stress change is dependent on deposition rate and not deposit
ness. Consequently, their post-tensile compressive stress is

Figure 8. ~a! Force per cantilever beam width,F/w, ~b! the average film
stress,savg, and~c! the incremental film stress,s(t), plotted as a function o
deposit thickness~up to 400 nm! for copper deposited onto~111!-textured Au
in 0.1 mol L21 H2SO4 1 10 mmol L21 CuSO4 , as a function of depositio
potential. The potential was stepped from10.3 V to a deposition potenti
ranging from20.05 to20.25 V in 0.025 V increments.
e
k-
-

uted to the concentration of atomic scale defects on the surfac
formation and removal of which are not kinetically symmetri63

Although we have not fully characterized the relaxation behavi
our electrodeposited copper films, we see a clear dependen
stress relaxation on deposit thickness which suggests that the
boundaries may in fact have a role in the generation of compre
stresses in the thickening stage of film growth.

Figure 9 also shows that there is significant relaxation of
tensile stress in the early stages of deposition. Similar behavio
been reported for Al deposition from the gas phase.64 Severa
mechanisms can account for the tensile stress relaxation inc
plastic deformation at the interface, intra-granular shear,
surface-Coble creep where surface adatoms diffuse into
boundaries to relieve the tensile stress created by grain bou
zipping. Because the pzc of Cu is negative of these depositio
tentials, sulfate remains~floats! on the Cu surface during depositio
As a consequence, we rule out sulfate adsorption as a mechan
decreasing the surface stress at open circuit. Interestingly,
deposition is resumed, a smaller, secondary tensile peak ap
This is presumably due to the creation of the final grain bound
from the original nuclei or perhaps the result of secondary n
ation on the Cu surface brought about by the new potential p
Both the tensile relaxation and the subsequent tensile peak dim
as the deposit thickens. This relaxation behavior will be address
more detail in subsequent papers.

Conclusions

In situ stress measurements were made on a HeNe optical
during copper electrodeposition using the wafer curvature me
As the potential of the Au electrode is swept cathodically f
1800 mV, the surface stress increases approximately 1.8 N m21 as
the sulfate adlayer is removed from the Au surface and replac
a sulfate-copper honeycomb structure. The completion of th
monolayer, which includes the readsorption of sulfate onto th
surface, causes a 1 N m21 compressive shift in the surface stre
Within the first 20 nm of bulk Cu deposition, there is a rapid
crease in tensile stress that we attribute to nuclei coalescenc
grain boundary formation. When the films are continuous, the
come compressive. This is consistent with models in the liter
describing a non-equilibrium concentration of mobile adatom
the surface which are driven into the grain boundaries. In the
tinuous film, the total stress is the superposition of both s

Figure 9. Average film stress in copper deposited onto~111!-
textured Au in 0.1 mol L21 H2SO41 10 mmol L21 CuSO4 , as a function
of deposit thickness up to 400 nm at deposition potentials of20.075 and
20.25 V. Deposition was interrupted to open circuit for 15 min at a de
thickness of 25, 50, 100, and 200 nm. Inset shows stress relaxati
20.25 V, OC#1 and20.075 V, OC#4.
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mechanisms and each has a potential dependence. When dep
is interrupted, both tensile and compressive components of the
relax but are quickly reestablished when deposition is resumed
development of the growth stress that we describe here is very
lar to that which has been reported for Cu deposition from the v
phase.

The National Institute of Standards and Technology assisted in me
the publication costs of this article.
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