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Mechanical strains and stresses are a major concern in the development of copper-based on-chip
metallization. Synchrotron x-ray topography(SXRT), micro-Raman spectroscopy, finite element
modeling(FEM), and atomic force microscopy(AFM) have been used to examine the strain fields
imposed by electroless Cu metallization on the underlying Si. As expected, we have observed
enhanced strain regions close to the metal line edges. These strain fields tend to zero at annealing
temperatures approaching 200 °C, and thereafter the magnitudes of the strain fields at 300 °C and
400 °C are much higher, implying a return to a higher strain regime. Although the strain transition
point is slightly different from the SXRT result, the FEM results confirm the existence of a
zero-strain transition point as a function of thermal anneal. We have also examined the generated
stress in Si as a function of Cu linewidthL. We have found that the stresssXX due to the electroless
copper metallization is empirically related to the Cu linewidth in terms of an exponential
distribution. For Cu linewidths less than 20mm, the stress magnitudes increased with decreasing Cu
linewidth due to the thermal stress in the absence of self-annealing, whereas the stress decreased
with increasing linewidths in the range of 60–100mm due to a relief of the thermal stress possibly
via the self-annealing effect. This self-annealing phenomenon was observed using AFM. It is
observed that the stresses in the Si shifted to a compressive state after annealing at 400 °C. ©2004
American Institute of Physics. [DOI: 10.1063/1.1811780]

I. INTRODUCTION

Copper is the leading on-chip interconnect metal for
many integrated circuit(IC) applications due to the circuit
speed advantage resulting from the higher electrical conduc-
tivity of Cu as compared to Al. The resistance-capacitance
time constant associated with interconnect delays can be re-
duced by using a metal with a low resistivity and an inter-
level dielectric(ILD ) with a low dielectric constant.1 Copper
has the second lowest resistivity of any nonsuperconductor,
r=1.69–1.77310−6 V cm at 18–20 °C.2 However, it has
been found that the appearance of stress and defects/
dislocations in copper metallization increases the resistivity.3

Dislocations tend to invoke electron scattering at the surface,
resulting in an increase of the metal resistivity. Stress induces

a phonon-electron scattering condition in the crystal lattice,
which is different from the unstrained lattice and increases
the resistivity.4

Mechanical strains and stresses are a major concern in
IC processing. They have a large effect on the manufacturing
reliability and the properties of devices. Besser5 compared
the mechanical stress obtained in Al and Cu interconnect
lines of 0.18mm logic technology using the x-ray diffraction
technique. It was found that the mechanical stresses of dual
damascene patterns with ILD layers were much smaller in
the Cus286 MPad than Al s411 MPad because stress-
induced voiding may be less prevalent in Cu lines. This re-
sult is similar to Kasthuriranganet al.6 Sullivan7 noted that
the stresses in Cu metallization with a low-k dielectric ILD
layer were much smaller than those with the higher-k silicon
dioxide dielectric, primarily because of lower thermal con-
ductivity and lower mechanical strength of the aforemen-
tioned low-k material.

a)Author to whom correspondence should be addressed; FAX:1353-1-
7005508; Electronic mail: patrick.mcnally@rince.ie
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The aim of this study is to ascertain the nature of Cu
interconnect strains imposed on the underlying Si substrates
for a typical electroless deposition technology. These strains
were analyzed for varying Cu interconnect linewidths and
were studied using the complementary techniques of micro-
Raman spectroscopysmRSd, synchrotron x-ray topography
(SXRT), finite element modeling(FEM),8,9 and atomic force
microscopy(AFM).

II. EXPERIMENTAL DETAILS

Electroless deposited Cu lines were patterned by a pho-
tolithographic lift-off process. The process steps are illus-
trated in Fig. 1. At the outset, a 100±10 nm thick Ti barrier
layer was deposited using a dc magnetron sputtering method.
An Argon carrier gas pressure of 3.5310−3 mbar with a dc
power of 350 V30.8 A s320 Wd were used for the Ti depo-
sition. Without breaking the vacuum, a 20 nm Cu seed layer
was deposited on the samples. This seed was then used for
subsequent electroless Cu deposition.

Nine Cu lines 100, 60, 40, 20, 10, 8, 6, 4, and 2mm
geometrical width were deposited along the[110] direction
of the Si (001) substrate. The spacing between these lines
was typically 150–200mm. (001) surface orientation
p-doped Si wafers were used in these experiments. The elec-
troless Cu metallization samples were deposited based on the
recipe from Shacham-Diamand.10 Cu deposition is possible
in an alkaline solution; therefore common chemicals such as
sodium hydroxide NaOH and potassium cyanide are often
added to increase thepH of the solution. However, sodium
and potassium ions can accumulate in silicon dioxide, result-
ing in changes to its electrical properties. It is known that the
sodium concentration must be limited to be less than
109 cm−2. Many researchers have found that tetra-methyl-
ammonium-hydroxide(TMAH ) is the best alternative for Cu
metallization in VLSI/ULSI technology. Following Ref. 10,
TMAH was used to adjust thepH level of the solution to
12.3–12.7, and the temperature was adjusted to a range of
75–80 °C. The electroless Cu deposition solution compo-
nents are shown in Table I. The deposition rate was
<40 nm/min and the Cu electroless metal was grown to a
thickness of 500 nm.

The synchrotron x-ray topography measurements were
performed at ANKA, Institut für Synchrotronstrahlung(ISS),
Karlsruhe, Germany, and HASYLAB-DESY, Hamburg, Ger-
many (Hamburger Synchrotronstrahlungslabor am Deut-
schen Elektronen-Synchrotron) utilizing white beam syn-
chrotron radiation. The rings operated at energies of 2.5 GeV

and 4.45 GeV, respectively, and at typical beam currents of
100–200 mA. The standard Laue or Bragg pattern of
topographs11 was recorded on Geola/Slavich holographic
high-resolution(grain size,40 nm) VRP-M films, or lower
(,1 mm grain size) Kodak SR-45 Professional x-ray film.
The distance from the sample to the film was 50 mm for all
samples. The samples were set parallel to the film for the
large area back reflection(LA-BRT) or back reflection sec-
tion (BRST) geometries and the beam was collimated by slits
to a size of ,20 mm31.5 mm for the section
arrangement.8,9 The samples were turned 180° and tilted 18°
to perform the section transmission(ST) experiments.11 All
samples were examined at room temperature. The back re-
flection topographs were generated by the 228 harmonic re-
flection with a penetration depthtp of 65.7mm. The ST im-
ages were generated by the 111 reflection. Magnified images
of the x-ray topographs have been captured from the original
x-ray films using a system comprising of a microscope with
a charge-coupled device(CCD) camera, frame grabber, and
appropriate software.

Geometrical resolution is governed by the synchrotron
beam divergence. It is given byd=HL /D, whereH is the
radiation source dimension,L is the source-sample distance,
and D is the sample-film distance12 and usually lies in the
1–2 mm range at the beamlines used in this study. Since
Tuomi et al. introduced synchrotron x-ray topography with
high-resolution results in 1974,11 many scientists have used
SXRT to investigate crystalline defect structure. Subse-
quently, the theoretical basis for the contrast mechanisms has
been elucidated by e.g. Authieret al.13 Blech and Meieran
have explained the extinction and anomalous contrast phe-
nomena in x-ray topography images for strained Si during
device processing.14–17In a later work, McNallyet al.18 pro-
vided evidence that strain magnitudes as low asu«u=6
310−5 could be easily imaged using SXRT. These strain lev-
els correspond to equivalent Si minimum observable stress
magnitudes ofusumin,10 MPa.

Micro-Raman spectroscopic analysis was performed on
a Jobin-Yvon LabRam800 system, used in backscattering
configuration in which only the longitudinal optical modes
are activated for both the substrate and the epitaxial layers. A
488 nm Ar+ laser with a spot size of 1mm which probes
right through to the Si substrate was used and the different
positions on each sample were scanned for 5 min each.
Longer scans(of 15 min) were also carried out for control
purposes. An automaticX-Y stage with a minimum move-
ment of 0.1mm was used to move the sample during the
measurements. A plasma line at 560 cm−1 was used as an
internal calibration of the measurements to eliminate envi-

FIG. 1. A schematic outline of the electroless Cu deposition process.

TABLE I. Electroless Cu deposition components and functions.

Components Function Quantity(in range)

CuSO4·5H2O Provides Cu(II ) ions s0.05–0.1dM
2,28-dipyridyl Stablizer s0.5–1.0dM
EDTA Complexing agent s0.1dM
HCHO Reducing agent s0.01–0.1dM
Triton® x-100 Surfactant 0.5%–2%
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ronmental and CCD temperature fluctuations during the ex-
periments. The spatial strain distribution in the Si sample can
be examined from the measured frequencies of Raman peaks
compared with those of a strain-free reference Si sample at
521 cm−1. The relationship between Raman shift and linear
strain was derived by De Wolf19 and is given by

sXX sMPad = − 434Dv scm−1d, s1d

wheresXX=the uniaxial stress in MPa andDv=the Raman
shift between the measured Raman peak of strained Sisv jd
compared with that of strain-free Sisv0d, Dv=v j −v0, v j

=the measured frequency of the silicon Raman peak and
v0=the frequency of the silicon Raman in the stress-free
state.

In this study, the experiments were performed by point-
ing the laser along the Si[001] direction with the Cu lines
running along the[110] direction and measuring the strains

along the f1̄10g direction. Using appropriate curve-fitting
software on this high-resolutionmRS system, shifts in the Si
Raman phonon peak position as low as 0.04 cm−1 can be
reliably detected. Using Eq.(1) above, this corresponds to an
uncertainty in measured stress values of,17.5 MPa. This
value of 17.5 MPa is also the lowest detectable magnitude of
stress.

The FEM technique is used to compare the influence of
linewidths on the electroless Cu metallization and to com-
pare with the SXRT andmRS results. For speed and ease of
simulation, two-dimensional(2D) plane strain finite element
models have been employed in these experiments. The ge-
ometry, dimensions, and boundary conditions of the metal-
lized samples are illustrated in Fig. 2. The metallization with
linewidths of 0.1, 0.5, 1.0, 2.0, 5.0, 10, 20, 40, 60, and
100 mm were simulated using FEM; therefore the dimension
X in Fig. 2 is actually the half-width of the line. This ensured
a useful spread of data points across the experimental data
range and in between the experimental data points as well.
Approximately 100 000 nodes were used to achieve the
simulation. The finite element analyses were carried out us-
ing Quickfield® Professional version 4.2.20 The materials
considered in these models are the Si substrate, the Ti barrier
layer, and Cu. These materials are assumed to be isotropic
and linearly elastic. Their physical properties are given in
Table II.

Finally, AFM analysis was performed using a Pacific

Nanotechnology Series 2002 AFM system. A contact mode
with a 2 Hz scan rate and 2.15mm32.15mm sampling area
were employed in this experiment.

III. RESULTS AND DISCUSSION

A. Geometric linewidth dependence of the strain in Si
induced by the electroless Cu metallization
process

The very strong contrast near the metal line edges in the
BRST of Fig. 3 confirms the dependence of the strain fields
with varying electroless Cu linewidths. This topograph
shows the very typical black and white contrast(extinction
contrast) within the highly strained Si substrate near the
edges of the metal lines, which are due to the imposed strain
fields in the diffracting Si(Ref. 15)—see Arrows j . A
rough estimation of the stress/strain imposed on Si for elec-
troless Cu deposition is based on a calculation of the thermal
stress due to the large difference in CTE(coefficient of ther-
mal expansion) since the temperature of the deposition solu-
tion was,80 °C during the Cu deposition. The calculation
of the maximum value of stress for a uniform film when the
behavior is purely elastic is given by

smax= DaEDT/s1 − yd, s2d

where smax=the maximum generated thermal stress,Da
=the difference of CTE between Si and Cu<13.6 ppm/ °C,
E=Young’s modulus<162.3 GPa, andn=Poisson’s ratio
=0.28.21 Using Eq.(2), the estimation of maximum stress is
of the order of 100 MPa. It must be emphasized that this is
only a rough qualitative estimate. A more complete analysis
would have to include the crystallographic anisotropy of Si
together with the interaction of the anisotropic elastic prop-
erties of Cu. To confirm this, the authors performed a number
of x-ray diffraction experiments(XRD) on the electroless Cu
both before and after annealing. The XRD measurements

FIG. 2. Typical FEM geometry and model boundary conditions for the
metallized sample.

TABLE II. Materials properties for finite element analysis(Refs. 1, 5, 6, 8,
9, and 22).

Materials
Young’s modulus
sE3109d N/m2

Poisson’s ratio
snd

Coefficient of thermal
expansionsa , 310−6d / °C

Si 112.4 0.28 2.5
Ti 116.0 0.34 8.9
Cu 123.0 0.33 17.0

FIG. 3. 228 BRST of wafer with 500 nm thick electroless Cu metallization,
20 nm Cu seed, 100 nm Ti on Si using lift-off pattern. The positions of the
Cu lines of widths 100, 60, 40, 20, 10, 8, 6, and 4mm, left to right, respec-
tively, are indicated. The projection of the diffraction vectorg on the record-
ing film is also shown.
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were performed using a Philips X’Pert PRO XRD system
with a model PW3040(mppc) x-ray generator and a model
PW3050/65 goniometer. The XRD patterns were compared
with standard patterns from the Powder Diffraction File Re-
lease 2000, Data Sets 1-50 plus 70-88, International Centers
for Diffraction data. The data confirmed that the Cu electro-
less plating technique created Cu predominantly orientated
alongk111l andk220l planes in almost equal quantities. Due
to this multiple texturing, it was felt that a simplistic first-
order estimation of induced stresses, based on an isotropic
model was justified.

In addition to the extinction contrast, the severely
strained Si near the edge of Cu lines also appears via the
orientational contrast mechanism in the228 BRST of Fig. 3.
The orientational contrast is observed as a lifting of the im-
age of highly strained Si near the line edges above the image
of the rest of the Si(Arrow k). The orientational contrast can
be observed if this misorientation exceeds the x-ray beam
divergenceDf, which is equal to 0.238 mrad for beamline
F-1 in HASYLAB, and represents the worst case limit in
these experiments. The height of the orientational contrast
shift is DS=2sDuBdL, whereDu is the effective misorienta-
tion, L is the distance between sample and film(50 mm in
this case). This can yield quantitative estimates for the mag-
nitude of strain in the underlying silicon as described, in that
DuB>gxy.

8 In the case of the 100mm wide Cu line,DS
<0.05 mm, therefore,DuB>gxy>5310−4 or 0.05%. This
implies that the magnitudes of shear stresses are given by
utxyu=Gugxyu, whereG=shear modulus=162 GPa.21 Thus, the
limit on the stress magnitudes is of the order ofutxyu
<81 MPa. In the case of the 20mm wide Cu line, DS
<0.08 mm, DuB>gxy>8310−4 or 0.08%. Thus, utxyu
<130 MPa. These are both of the same order of magnitude
as the stresses estimated using Eq.(2).

From both the calculation and experiments, the orienta-
tional contrast shows that the stress near the Cu line edge
increases with decreasing Cu linewidth. The relationship be-
tween the Cu linewidth and the stresses near the line edge
can be clarified using FEM, which will be described in a
later section. A ST image of the same region of the sample
(Fig. 4) illustrates severe destruction of the Pendellösung
fringes, which implies high strain fields in the Si crystal.
Some orientational contrast is visible in this image. How-
ever, the misorientation is too difficult to measure reliably in
this case. The strain fields may fall in magnitude with in-
creasing Cu linewidth, but interestingly, the spatial extent of

the strain fields, as observed via the extinction contrast anni-
hilation of the Pendellösung fringes, lies deeper into the sub-
strate with increasing linewidth.

The micro-Raman spectroscopysmRSd measurements
were also carried out on these 500 nm thick electroless Cu
metallization samples. In thepreannealedcase the normal
stressessXX measured usingmRS for 2, 4, 6, 8, 10, 20, and
100 mm Cu linewidths and are illustrated in Fig. 5. It is clear
that the stresses imposed in the Si substrate due to the Cu
metallization are dependent on the Cu linewidth. ThemRS
results indicate that the stresses build up near the edge of the
metal line. For a comparative analysis, the behavior of the
strains in the underlying Si were observed in a,0.5 mm
wide region just outside the edge of the metal lines. This
region was selected in order to eliminate the possibility of
any interaction of the probe laser with the overlying metal-
lization (e.g., through absorption, etc.). The induced strains
tend to be at their greatest magnitude at the material discon-
tinuity represented by the metal edge. If the induced strain in
the Si at the outside of the metal line is tensile, then the
region just inside the metal line tends to be under compres-
sive stress, or vice versa. This strain sign reversal was ob-
served for all observed and simulated linewidths in this
study.

The relationship between the Cu linewidth and normal
stresssXX in the Si 0.5mm away from the outer edge of the
Cu line is shown in Fig. 6. The normal stresses imposed in
the Si wafer due to the electroless Cu metallization are com-

FIG. 4. 111 ST image of same sample as per Fig. 3. The position of the Cu
lines of widths 100, 60, 40, 20, 10, and 4mm, right to left, respectively, are
indicated. The projection of the diffraction vectorg on the recording film is
also shown. FIG. 5. The normal stress(indicated bySXX) in the Si substrate just below

the Si/metal interface due to the 500 nm thick electroless Cu metallization
as a function of Cu linewidths, as measured usingmRS. Pre annealed
sample. The locations of the Cu lines are indicated, whose linewidths are 2,
4, 6, 8, 10, 20, and 100mm, respectively, left to right. Positive and negative
signs represent tensile and compressive stresses, respectively.

FIG. 6. A comparison of the normal stress in theX direction ssXXd from
experimentalmRS data, the FEM simulation, and the empirical estimations
of Eqs. (3) and (4). The stress was measured 0.5mm away from the outer
edge of the Cu line. Preannealed sample. Positive and negative signs repre-
sent tensile and compressive stresses, respectively.
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pressive near the outer edge of the Cu lines when the Cu
linewidth is less than,10 mm. The normal stress in Si
changes to tensile stress when the Cu linewidth is larger than
,10 mm. In addition, when the Cu linewidth is larger than
,20 mm, the magnitude of the tensile stress seems to be
almost independent of the Cu linewidth up to a linewidthL
,60 mm. An empirical estimate of the imposed stress as a
function of Cu linewidth indicates that the stresssXX due to
the electroless Cu metallization is related to the Cu linewidth
in terms of an exponential distribution:

sXX = 139.5 − 195.5 exps− Cu linewidth/2.3d MPa, s3d

where Cu linewidth is given in microns. This result corre-
lates with the FEM simulation, wheresXX is given by the
qualitatively similar

sXX = 115.6 − 281.4 exps− Cu linewidth/5.5d MPa. s4d

A comparison of the normal stresssXX from the experi-
mental mRS data, the calculated FEM distribution and the
empirical estimates of Eqs.(3) and(4) is also shown in Fig.
6. This data clearly indicate that the generated stress versus
linewidth L tendency is a function of the geometrical ar-
rangement. ThemRS data for 60,L,100 mm does clearly
indicate that the stress imposed on the Si due to the Cu
metallization decreases more rapidly than predicted as a
function of linewidth. This phenomenon could be explained
in terms of a self-annealing effect in the Cu line.22 Grahamet
al.23 found that the copper self-annealing is a function of the
copper linewidths in that the smaller Cu linewidths require a
higher activation energy to achieve full recrystallization than
the wider ones. In addition, Lagrangeet al.24 investigated the
Cu self-annealing phenomenon as a function of the Cu thick-
ness, and found that the self-annealing is slowed down for a
thinner Cu layer due to physical restrictions, while the
thicker layer approached the grain size of recrystallized cop-
per, forcing growth to proceed in two dimensions(2D).
Therefore, the stress relief tends to be lower when the layer
is thinner due to the physical limitation. Brongersmaet al.25

agrees with Lagrangeet al. Nevertheless, Brongersmaet al.
also mentioned that a very rapid primary crystallization oc-
curred from the top surface down just after deposition, which
was then followed by a slower lateral recrystallization pro-
ducing large secondary grains. The physical limitation of the
Cu lines could explain the self-annealing phenomenon as a
function of the Cu volume in that the recrystallization pro-
cess could not occur when the Cu linewidth becomes very
small since the density of grains per volume is not large
enough for the recrystallization process to occur. Therefore,
the stress in Si due to the small Cu linewidths is still frozen
within, whereas the stress in the Si due to the wider Cu
metallization is relieved by the self-annealing process. From
the mRS and FEM results in Fig. 6, it can be argued that the
stress generated in the Si is mainly due to the geometrical
effect without self-annealing atL,20 mm, whereas the self-
annealing may influence the stress imposed on Si for
60,L,100 mm.

To investigate the grain size/density in the copper as a
function of the Cu linewidths due to the self-annealing effect,
AFM was performed. A representative selection of AFM re-

sults for Cu linewidths of 2, 4, 60, and 100mm are illus-
trated in Figs. 7(a)–7(d), respectively. The AFM images for
the other lines withL=20 mm are similar to Fig. 7(a) or 7(b).
The AFM results show that the grains within the Cu lines
exhibit (111) faceting (hence the triangular symmetry) and
have sizes of about 0.3–0.5mm for linewidths of
2 mm–20mm. Thereafter one observes the formation of
copper clusters when the Cu linewidth gets bigger, i.e.,
L.60 mm. This implies that the cluster formation is related
to at least a partial relief of stress in the Cu lines and thus
also in the underlying Si. This result correlates with the sug-
gestion that the self-annealing phenomenon influences the
stress in Si only when 60,L,100 mm.

B. Temperature dependence of the strain fields in Si
substrate induced by the electroless Cu
metallization process

To study the temperature dependence of the stress distri-
butions in the Si wafers induced by the Cu metallization
process, the samples were mounted on a heating stage. The
x-ray topographs were then recorded at room temperature
100, 200, 300, and 400 °C. The faster Kodak film used in
this instance, as any imaging in the presence of small thermal
variations in the heating stage, would lead to blurred topo-
graphic images on the,60 times slower VRP-M film. Large
area back reflection topographs are shown in Fig. 8. The
strain fields imposed by the metallization in the underlying
Si are observed as the parallel(mostly) black lines, corre-
sponding to enhanced strain regions close to the metal line
edges. Although initially weak at room temperatures(i.e., in
the as-deposited condition), the images of the strain fields
become even more difficult to discern at temperatures ap-
proaching 200 °C[Fig. 2(c)]. This is most likely due to the
fact that the strains go through a minimum near this tempera-
ture. Thereafter the images of the strain fields for 300 °C and
400 °C are much stronger, implying a return to a higher
strain regime. Riedelet al.26 investigated this phenomenon in
500 nm thick Cu film deposited by chemical vapor deposi-

FIG. 7. AFM results for the Preannealed electroless Cu as a function of the
Cu line widths of(a) 2 mm, (b) 4 mm, (c) 60 mm, and(d) 100 mm.
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tion. Although the Cu was deposited by a different technique,
a similar phenomenon was observed wherein the strain pro-
ceeded through a zero point as the strain due to the deposited
Cu changed from tensile to compressive during heating. This
annealing temperature vs stress transformation phenomenon
has been simulated using FEM.

By way of example, we now illustrate the FEM carried
out for the 20mm linewidth Cu metallization, which was
annealed at 100, 200, 300 and 400 °C. A comparison of the
stresses in the Si wafer for the Cu metallization before and
after annealing along the Si/metal interface is shown in Fig.
9. The normal stresssXX is only shown here, but the FEM
results indicate that the stress distributions in the Si wafer at
the outer edge of the Cu line are compressive forsXX and
sYY, and tensile fortXY at room temperature. After the
sample was heated at elevated temperature from
100 to 400 °C, the stress transformed into the opposite state
(i.e., tensile became compressive, and compressive became
tensile). This strain-reversal effect was observed in all simu-
lated Cu linewidths. Although the strain transition point is
slightly different, this FEM simulation confirms the correla-
tion of the strain transition phenomenon with the SXRT re-
sults of Fig. 8.

To study the effect of annealing on electroless Cu met-
allization as a function of the linewidth, a set of metallized
500 nm thick electroless Cu samples were annealed at
400 °C and measured usingmRS. The relationship between
the Cu linewidth and normal stresssXX in the Si 0.5mm
outside the outer edge of each Cu line is shown in Fig. 10. In
this case, the normal stresses in the Si near the outer edge of
the Cu lines are shifted to the compressive state for the entire
range of the Cu linewidths after annealing. The only excep-
tion to this is for theL=8 mm line—the data as shown on
Fig. 10 for that point are real and do not represent noise.
However, the overall shape of the curve for the relationship
of the Annealedsample stress and Cu linewidth is similar to
that for the Preannealed sample(Fig. 6) in that the stresses
become more compressive with decreasing Cu linewidths for
linewidths below ,10 mm. Subsequently, the tendency
changes as the normal stresses decrease with increasing Cu
linewidth in the 20–100mm range.

Again, the AFM measurement was performed using the
same system and the same settings as previously used to
investigate the grain size/density of the Cu as a function of
the annealed Cu linewidths after annealing at 400 °C. These
AFM results show that the grain sizes of the Cu lines are of
a similar tendency to the AFM results of the preannealed
case[Figs. 7(a)–7(d)]. In this case, the Cu grains also show
(111) faceting with grain sizes of 0.3–0.35mm for line-
widths less than 10mm and thereafter start forming copper
clusters with an average grain size of about 0.2mm when the
Cu linewidth gets bigger, i.e.,L.60 mm. This suggests the
stress imposed on the Si substrate, as a function of the Cu
linewidths, should be about the same if the stress were cor-
related to Cu grain size. However, this result does not appear
to explain the shift of the stress in the Si due to the Cu lines
to a compressive state. The shift of the stress imposed on the
Si due to the annealing step is possibly due to the thermal
mismatch between the Si, the metal layers, and the possibly
new intermetallic compounds created in the metal layers at
the interface between the barrier film and the Cu layer.

IV. CONCLUSIONS

Synchrotron x-ray topography, micro-Raman spectros-
copy, finite element modeling, and atomic force microscopy

FIG. 8. 228 LA-BRT images for the electroless Cu samples, which have
been taken at the following temperatures:(a) room temperature,(b) 100 °C,
(c) 200 °C,(d) 300 °C,(e) 400 °C. The projection of the diffraction vector
g on the recording film is also shown.

FIG. 9. The FEM simulation of the induced normal strainSXX for the Pre-
annealed and Annealed 20mm wide copper line along thex-direction from
the middle of the metal linesX=0 mmd to the edge of the metalsX
=10 mmd at the Si/metal interfacesX=150mmd. Due to symmetry, only half
of the linewidth is simulated.

FIG. 10. The measured normal stresssXX in Si imposed due to the Cu
metallization near the edge of the metal line after annealing at 400 °C as a
function of Cu linewidth measured 0.5mm outside the outer edge of each
Cu line.
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have been used to examine the stress regimes imposed in the
underlying Si substrate as a result of electroless Cu deposi-
tion. The SXRT technique showed that the stresses in Si
induced by the electroless Cu metallization were intense at
the edge of the metal lines and were of the order of 100 MPa
near the outer edge of the interface between Si and the Cu
metal layers. This result agrees with the FEM simulations.
The SXRT topographs indicated that this stress was mostly
relieved by annealing at 200 °C. Although the strain transi-
tion point is slightly different from the SXRT result the FEM
results confirmed the existence of a zero-strain transition
point as a function of thermal anneal.

The stress distributions in Si as a function of the Cu
linewidth for 2øLø100 mm electroless Cu lines were in-
vestigated. The FEM result is in accordance with themRS
results. For Cu linewidths less than 20mm, the stress in-
creased with a decrease of the Cu linewidth due to the ther-
mal stress in the absence of self-annealing, whereas the stress
decreased with increasing linewidths in the range of
60–100mm due to a relief of the thermal stress possibly via
the self-annealing effect. This self-annealing phenomenon
was observed using AFM.

The effect of the annealing process on the Cu metalliza-
tion was investigated using themRS and AFM techniques. It
was observed that the stresses in the Si shifted to a compres-
sive state after annealing at 400 °C. In addition, the relation-
ship between the stress and the Cu linewidth of the prean-
nealed sample displays the same tendency as that of the
annealed sample.
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