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Resistivity dominated by surface scattering in sub-50 nm Cu wires
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Electron scattering mechanisms in copper lines were investigated to understand the extendibility of
copper interconnects when linewidth or thickness is less than the mean free path. Electron-beam
lithography and a dual hard mask were used to produce interconnects with linewidths between 25
and 45 nm. Electron backscatter diffraction characterized grain structure. Temperature dependence
of the line resistance determined resistivity, which was consistent with existing models for
completely diffused surface scattering and line-edge roughness, with little contribution from grain
boundary scattering. A simple analytical model was developed that describes resistivity from diffuse

surface scattering and line-edge roughness. © 2010 American Institute of Physics.

[doi:10.1063/1.3292022]

Extending copper interconnect technology will be of
critical importance for achieving continued increases in den-
sity for both memory and logic circuits. As feature size
shrinks, surface scattering and smaller grain size can lead to
increased resistivity.l’2 The mean free path N\ (MFP) of elec-
trons in coppelr3 is 39 nm; this letter reports on copper lines
of approximately this size.

Resistivity in metal is due to electron scattering, where
the total scattering rate is a sum of the rates due to different
scattering sources. Electrons scatter when they absorb or
emit phonons,4 reach the line surface,5 reflect at the bound-
ary of a grain,6 or encounter impurities in metal and metal
alloys.7 Copper resistivity due to electron-phonon interaction
depends linearly on temperature between 100 and 400 K,
while the resistivities due to other mechanisms (scattering at
line surfaces, grain boundaries, and impurities) do not vary
with temperature,2 have similar geometry—dependence,5’6 and
can be difficult to separate from each other.

The Fuchs model’ for surface scattering relates the con-
ductivity o of a narrow line to the bulk conductivity oy, for
the cases of completely inelastic and partially elastic scatter-
ing at the surfaces. Chambers® found the conductivity of thin
metal films and wires to differ only by the effective cross-
section, which simplifies to the result that Fuchs found for a
thin film.

Copper interconnects can be considered to have a rect-
angular cross-section and an essentially infinite length. Using
the angles defined by Josell er al.’ Zhang et al’ applied
conductivity relationships derived by Fuchs and Chambers to
rectangular geometry. By following the same procedure as
Zhang et al., the diffuse surface scattering contribution to
conductivity o/oy for a rectangular wire of width w and
height & can be written as
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The conductivity in this form can be integrated numerically
for particular values of height and width.

A simple model is proposed that supposes that the
inverse-height dependence of thin-film resistivity10 can be
modified for narrow lines by including an inverse-width de-
pendence. The ratio of resistivity p to bulk resistivity p, can
be approximated as

p DN
(2)=rexlieh) @

where K is a fitting constant. The unity term corresponds to
the bulk resistivity dominated by phonon scattering. We find
that Eq. (2) can be fit within 5% to the numerical solution of
Eq. (1) for K=0.46. Figure 1 shows this fit for heights rang-
ing from 10 to 100 nm and aspect ratio (defined as height
divided by width) between 0.25 and 4 (appropriate for stan-
dard semiconductor fabrication). The simple model calcu-
lates resistivity due to surface scattering and bulk metal
quickly and without the need for numerical integration.

The Mayadas and Shatzkes (MSJ) model’ estimates the
effects of grain surfaces on electron scattering and the result-
ing change in metallic conductivity. By equating the average
grain diameter D with the distance d between grain bound-
aries, MSJ derive a simple expression for the ratio of con-

© 2010 American Institute of Physics
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FIG. 1. (Color online) Comparison of resistivity in narrow lines, as calcu-
lated from both the surface scattering model [lines, Eq. (1)] and the simple
model [points, Eq. (2)] for line thicknesses between 10 and 100 nm and
aspect ratios between 0.25 and 4.

ductivity due to grain surfaces o, to bulk conductivity oy.
Studies of thin metal films show that grain boundary scatter-
ing dominates the increase in resistivity in two-dimensional
systems.''?

An additional source of geometry-dependent resistance
is cross-sectional area fluctuations due partiall;/ to line edge
roughness (LER) as discussed by Ercius ef al."” The simplest
model for resistance increase from LER is a purely geometri-
cal reduction in cross-sectional area by narrow portions of
the line. This does not impact the intrinsic resistivity, but
narrow portions of the line will preferentially increase resis-
tance when summed together. Area variations from LER
have a Gaussian distribution,14 and this can be accounted for
with a multiplicative factor in Eq. (2) that averages over all
width variations along the line, such that

Po w  h S\“/ZT e A
(AN
Xexp{mz—?»]dA, (3)

A

where A=hw is the cross-sectional area, (A) is the mean area,
s is the standard deviation in area, and 0 <& <<1. This model
assumes that scattering is completely diffused and that the
electron scatters with a random angle relative to the
sidewalls."

Conventional 300 mm fabrication and metallization tools
were used to form single-damascene copper lines and vias. A
dielectric stack of 100 nm tetracthyl orthosilicate
(TEOS-Si0,), 100 nm ashable hard mask (AHM), 35 nm
SiN hard mask, and 100 nm poly-methyl methacrylate
(PMMA) resist was deposited on a silicon wafer with
plasma-enhanced chemical vapor deposition. Electron-beam
lithography was used to pattern the PMMA with 20 to 60 nm
features. Reactive ion etching was used to transfer this pat-
tern to the SiN hard mask, remove the resist, and then trans-
fer the SiN pattern into the AHM. The use of a dual hard
mask reduced LER after the final etching into TEOS-SiO,.
The Ta barrier and Cu seed layers were deposited by physical
vapor deposition, and Cu plating was done by electrochemi-
cal deposition (ECD) followed by an anneal at 150 °C for 60
min. Chemical-mechanical polishing was performed to re-
move the Cu overburden, and some final manual polishing
produced electrically testable lines less than 50 nm wide.
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FIG. 2. (Color online) EBSD data of large grains and correlated grain ori-
entation in three adjacent Cu lines with widths (from left) 45, 40, 35, 30, and
25 nm and with a Ta barrier. Line colors correspond to the orientation
normal to the sample surface, according to the triangle.

Grain structure depends largely on preparation condi-
tions, especiall;/ during the metallization steps of barrier and
Cu deposition. 19 The resistivity due to Cu grain surfaces,
according to the MSJ model, depends on the ratio of the
MFP to the average grain size. The grain size d and wire
diameter D are regularly equated when data are fitted to ex-
isting resistivity models,*'® which is not always a valid as-
sumption. Grain size and crystal orientation were character-
ized by electron backscatter diffraction (EBSD). By use of a
20 kV incident electron beam with penetration depth of 20 to
30 nm, EBSD was used to map the orientations of the grains
in the individual lines. Each EBSD scan mapped 0.026
X 1.0 um? in 10 nm steps. Grains with dimensions ranging
from 30 to 800 nm along the lines were observed for line-
widths between 25 and 45 nm.

The lines predominantly had a bamboo structure, with
observed copper grains filling the width and height of the
lines and with grain boundaries perpendicular to the line
axis. The EBSD data in Fig. 2 show areas of well-defined
crystal structure (areas with only one color) spanning the
entire width of the line. The EBSD results also show that
grains in adjacent lines often have the same orientation,
which suggests that grain structures in the lines are remnants
of larger grain structure in the overplating after ECD and
annealing1 and contradicts the theory that grain growth is
limited by the geometry of the wire.!” According to the MSJ
model, if grain size is much larger than the MFP, then grain
size is not important for scattering. For 35 nm width lines,
the average 2glrain size was 100 nm, with a standard deviation
of 120 nm."® All of the line images in Fig. 2 show very large
grains that are much larger than either the width or the height
of the Cu wires and that suggest that the assumption d=D is
not valid for these wires.

The total resistivity p can be written as a sum of the
resistivities due to the temperature-dependent scattering
mechanism  (phonon scattering p,) and the residual,
nontemperature-dependent mechanisms.'” In that case, the
partial derivative of resistance with respect to temperature
can be used to separate the resistivity and cross-sectional
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FIG. 3. Resistivities of 100 nm thick Cu lines determined by resistance
measurements (points) at 30 °C compared with the resistivity models for
phonon and surface scattering [dotted, Eq. (2)], the added impact of area
variations [solid, Eq. (3)], and the resistivity of bulk Cu (dashed).

area from resistance versus temperature measurements. The
results for resistivity are plotted in Fig. 3 along with the
values calculated with Eq. (2), assuming contributions from
only phonons and surface scattering for 7=30 °C and p,
=1.7 pQcm.

For widths above 40 nm, the magnitude of the measured
resistivities is consistent with completely diffused surface
scattering. Diffused scattering has been reported for Cu/Ta
interfaces because of the mismatch of the Fermi surfaces at
the surface of the wire'® and for Cu films that were annealed
as thick films and subsequently thinned by CMP."*® The
resistivity at the smallest dimension, and the increase in re-
sistivity for decreasing width, is inconsistent with phonon
and surface scattering alone, given by Eq. (2).

Area fluctuations in a fully processed damascene line
come from many sources including lithography, etch, Ta bar-
rier roughness, and surface roughness. Scanning electron mi-
croscopy and atomic force microscopy analysis on these 35
nm lines yielded an estimated variation of 6 nm in width
(600 nm? in area), primarily from PMMA erosion during
etch, and 3 nm of surface roughness (105 nm? in area). The
amount of area variation dA required to account for the mea-
sured excess effective resistivity in equation Eq. (3) is
900 nm” and is shown in Fig. 3. Ercius et al."} measured
500 nm? area fluctuations in 80 nm wide copper damascene
lines, due in part to fluctuations in the two-dimensional pro-
file of the trench and the Cu/Ta interface, not just the LER.
LER and profile variations are expected to be larger with
PMMA than with deep ultraviolet resists, due to greater ero-
sion, making 900 nm? plausible. The horizontal error bars in
Fig. 3 represent uncertainties in measuring the mean line
width of =2 nm. The vertical error bars in Fig. 3 represent an
average of resistance measurements over several days. Due
to the test structure layout, four-point resistance measure-
ments were not available for the 25 and 50 nm wires.

Resistivity in small metal wires is due primarily to elec-
tron scattering within the metal and at its surfaces. In the
experiment, wires with widths from 35 to 45 nm were fabri-
cated, their crystal structures were analyzed, and their resis-
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tances were measured at different temperatures. The grain
size along the length of the Cu line was generally much
larger than the dimension of the line cross-section, suggest-
ing that grain boundary scattering did not contribute signifi-
cantly to increased resistivity in these wires. Measurements
of line resistance at different temperatures were used to cal-
culate resistivities, which were compared to the existing
model for surface scattering. For line widths above 40 nm,
the magnitude of measured resistivities is consistent with
completely diffuse surface scattering and phonon scattering.
Below 40 nm, the impact of LER was included assuming a
Gaussian variation in area along the length of the line. This
experimental work has extended the understanding of copper
damascene grain growth to sub-50 nm lines. Conventional
300 mm metallization methods were shown to be extendible
to sub-30 nm feature sizes.

Portions of this work were performed at the Molecular
Foundry, Lawrence Berkeley National Laboratory, which is
supported by the Office of Science, Office of Basic Energy
Sciences, of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. Portions of this work were sup-
ported by the NIST Office of Microelectronics Programs un-
der Project No. 2004-012.
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