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Epitaxial copper layers, 20 nm to 1.5-�m-thick, were grown on MgO�001� by ultrahigh vacuum
magnetron sputter deposition at 80 °C. In situ electrical resistivity measurements indicate partial
specular scattering at the Cu vacuum interface with a Fuchs–Sondheimer scattering parameter p
=0.6�0.1. In situ deposition of 0.3 to 7.0-nm-thick Ta cap layers on the Cu surfaces leads to a
resistivity increase, which is independent of the Ta thickness and is associated with a transition to
completely diffuse surface scattering with p=0.0�0.1. The diffuse scattering is attributed to a
“rough” electron potential at the Cu–Ta interface as well as to scattering into localized interface and
surface states. © 2009 American Institute of Physics. �DOI: 10.1063/1.3157271�

Electron scattering at Cu surfaces causes an increase in
the resistivity � of interconnecting lines in integrated circuits
as the linewidth d decreases to approach the mean free path
� for electron–phonon collisions. This so-called “size effect”
represents a major challenge to Moore’s law for the contin-
ued down scaling of feature sizes1,2 and has been quantified
experimentally by various researchers for both thin films3,4

and wires.5–7 Other contributions to the size effect are scat-
tering at grain boundaries, which typically increase in den-
sity with decreasing d, as well as surface roughness, which
effectively reduces the cross-sectional area.3,8–10 Due to these
convoluted effects, a detailed quantitative understanding of
electron scattering at Cu surfaces is still lacking.

Electron surface scattering events are classically de-
scribed as either specular or diffuse and are quantified by the
phenomenological scattering parameter p.11 Specular scatter-
ing �p=1� refers to an elastic scattering event where the elec-
tron momentum perpendicular to the surface is reversed
while the parallel component is conserved causing no effect
on the resistivity. In contrast, diffuse scattering �p=0� results
in a complete randomization of the electron momentum and
a corresponding increase in the resistivity. Most studies on
electron scattering at Cu surfaces report completely diffuse
�p=0� scattering3,8,12 while some results indicate positive p
values.13–15 We attribute the discrepancy between the differ-
ent researchers to the challenge in correctly accounting for
grain boundary scattering and, to a lesser degree, variations
in surface morphology. Our previous ex situ experiments also
show completely diffuse surface scattering4 but we predict
specular scattering for atomically smooth oxygen-free Cu
surfaces using ab initio calculations.16 We have demonstrated
single crystal Cu layers with 0.35 to 0.60-nm-wide atomi-
cally smooth terraces and root-mean-square �rms� surface
roughness values between 0.4 and 1.8 nm.4 Recent simula-
tions predict that specular scattering should be achievable for
rms roughness below 0.7 nm.17 From these results, together
with the fact that specular scattering has been observed by
various researchers for Au surfaces,18–20 we conclude that the
primary reason for the reported completely diffuse scattering
on Cu surfaces is due to rapid submonolayer oxidation in air.

In this letter, we circumvent all the above challenges in
quantifying electron scattering on Cu surfaces by �i� using
epitaxial single crystal layers to suppress grain boundary

scattering, �ii� measuring resistivity in situ or in liquid N2 to
suppress surface oxidation, and �iii� limiting the rms surface
roughness to �1.8 nm to render the geometric effect of sur-
face roughness negligible. In addition, we deposit Ta cap
layers in situ onto Cu films and measure the change in resis-
tivity and, in turn, the specularity p. These measurements on
the same Cu layer �with and without Ta� have the advantage
that sample-to-sample thickness variations, which cause
large uncertainties in the determination of p, are absent. They
demonstrate that the addition of a few monolayers of Ta on
Cu surfaces with initially partially specular scattering �p
=0.6�0.1� results in Cu–Ta interfaces with completely dif-
fuse scattering �p=0.0�0.1�.

All layers were grown in a three-chamber ultrahigh
vacuum dc magnetron sputtering system with a base pressure
�10−9 Torr. The polished MgO�001� substrates were
cleaned with successive rinses in ultrasonic baths of trichlo-
roethylene, acetone, isopropyl alcohol, and de-ionized water
and thermally degassed at 800 °C in vacuum. The 5-cm-
diameter Cu �99.999%� target was facing the substrate at
12 cm distance and deposition was performed in
2.5�0.2 mTorr Ar �99.999 %� at 80 °C and at a constant
power of 150 W, yielding a deposition rate of 1.3 nm/s. After
deposition, the layers were transported without breaking
vacuum to the analysis chamber for in situ resistivity mea-
surements with a linear four point probe operated at 1–100
mA. The samples were allowed to self-cool to room tempera-
ture and thermal equilibrium was considered to be reached
when the measured resistivity asymptotically approached a
constant value that varied less than 0.1% per 1 h. Some
samples were transferred back to the deposition chamber for
Ta deposition followed again by in situ resistivity measure-
ments. The measured resistivity was independent of the Ar
pressure during Ta deposition, 2.5 to 20 mTorr, suggesting
that residual defect formation due to backscattered Ar neu-
trals during Ta deposition is negligible. Cu layers without Ta
cap were removed from the vacuum system by transfer to a
load lock that was vented with dry N2. The samples were
dropped into liquid N2 within 2 s after removal from the
vacuum system to minimize surface oxidation followed by
ex situ four point probe measurements in liquid N2. The layer
thicknesses were determined from the temperature depen-
dence in the resistivity and were verified using Rutherford
backscattering. Layer roughness was quantified by in situa�Electronic mail:galld@rpi.edu.
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scanning tunneling microscopy as described elsewhere4,21

and was �1.8 nm for all Cu surfaces.
The resistivity measurements are discussed within the

theoretical framework by Fuchs and Sondheimer �FS�,11,22

who derived the following expression that integrates over all
classical electron paths to predict the effect of surface scat-
tering on the resistivity � for a thin film of thickness d

� = �bulk�1 −
3

2�
�1 − p��

1

� � 1

t3 −
1
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where �=d /�. � is calculated using the Fermi free electron
model and the experimental bulk resistivity �bulk. The values
for room-temperature �298 K� Cu are �bulk=1.712 �� cm
�Ref. 23� and �=39 nm. FS also derived a more convenient
approximation for Eq. �1�
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which is accurate to within 2% for �	0.5 at p=0.5.24 Eqs.
�1� and �2� assume that scattering at the top or the bottom
surfaces exhibit the same specularity. However, our layers, as
well as typical metal interconnect structures, exhibit dis-
tinctly different top and bottom surfaces with correspond-
ingly different specularity parameters p1 and p2, respectively.
We use a similar approach as FS to derive
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and the approximate form
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which is accurate to within 6 % for �	0.5 at paverage= �p1

+ p2� /2=0.5.
Figure 1 shows exemplary x-ray diffraction �XRD� re-

sults from a 40-nm-thick Cu/MgO�001� layer obtained using
a Bruker D8 system with a Cu K
 source and a Goebel mir-
ror that provides a parallel incident beam. The only observ-
able peaks in a �-2� scan from 40 to 90° 2� are the MgO
002 and the Cu 002 reflections at 42.91° and 50.50°, shown
in Fig. 1�a�, corresponding to measured lattice constants of
aMgO=0.4211 nm and aCu=0.3612 nm, respectively. The
latter value is 0.08 % below the reported lattice constant for
bulk Cu, 0.3615 nm, indicating a slight biaxial tensile stress
causing an in-plane strain of 
2=0.1% determined using a
Poisson ratio �Cu=0.33. The tensile stress is attributed to the
misfit of Cu on MgO, �aMgO−aCu� /aMgO=14.22%. The Cu
002 peak in Fig. 1�a� is relatively broad, with a full-width-
at-half-maximum �FWHM� of 0.73°, corresponding to a
x-ray coherence length of 14 nm, which is below the layer
thickness of 40 nm, indicating residual strain variations
and/or crystalline defects within the Cu layer. Figure 1�b�
shows the corresponding � rocking curve of the Cu 002 peak
at a constant 2�=50.50°. The FWHM of 3.3° indicates
strong alignment of the Cu along 001 but is large enough that
the Cu may be slightly tilted to relieve misfit strain as pre-
viously reported.25 XRD pole figure measurements with con-
stant 2� values corresponding to Cu 002 and Cu 111 reflec-
tions at 50.42° and 43.32°, respectively, show only a single
peak for Cu 002 at the origin �not shown� and four peaks at
a tilt angle �=54.7° for Cu 111, presented in Fig. 1�c� as �
scan. The peaks are at fourfold symmetric polar angles �
=45°, 135°, 225°, and 315° and exhibit an average FWHM
of 3.5°. The pole figure analyses confirm a cube-on-cube
epitaxial relationship of the Cu layer with the MgO substrate:
Cu�001� 
MgO�001� and Cu�100� 
MgO�100�, in agreement
with previous reports, which also state that the large misfit
strain is relieved by 7�7 Cu unit cells fitting on 6�6 MgO
cells.25

Figure 2 is a plot of the resistivity � of Cu layers with
bare Cu�001� surfaces versus layer thickness d, measured
both in vacuum at 298 K and in liquid nitrogen at 77 K. The
thickest layer with d=1.40�0.03 �m exhibits � values of
1.70�0.06 and 0.196�0.004 �� cm at 298 and 77 K, re-
spectively. These values are close to the expected Cu bulk
resistivity at the respective temperatures, �bulk

298 K

=1.712 �� cm and �bulk
77 K=0.213 �� cm. As d decreases,

the resistivity increases up to 2.65�0.09 and
0.96�0.03 �� cm for d=20.0�0.4 nm at 298 and 77 K,
respectively. This increase is attributed to electron scattering

FIG. 1. �a� XRD �-2� scan, �b� � rocking curve from the Cu 002 reflection,
and �c� Cu-111 � scan at a tilt angle �=54.7°, from a 40-nm-thick Cu layer
on MgO�001�.

FIG. 2. �Color online� Resistivity � of epitaxial Cu�001� layers vs layer
thickness d at 298 and 77 K. The solid lines represent the expected � values
from Eq. �3� for p1=0, 0.5, and 1 at 298 and 77 K, as indicated.
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at the top and bottom surfaces, which correspond to bare
Cu�001� and to the Cu–MgO interface. The solid lines in Fig.
2 are the expected resistivity obtained by numerically inte-
grating Eq. �3� for top-surface specularity values of p1=0,
0.5, 1, and using � values of 39 and 333 nm for 298 and 77
K, respectively. The Cu–MgO interface is expected to yield
completely diffuse �p2=0� electron scattering since, based on
our previous results,4 � for air-exposed Cu layers follows the
FS prediction for completely diffuse scattering on both sur-
faces �p1+ p2=0�. All measured data points are below the
p1=0 line, indicating that the top surface exhibits partially
specular scattering. The average p1 value for all samples is
0.6�0.1 at room temperature and 0.7�0.1 at 77 K. The
slightly lower value in liquid nitrogen is within the uncer-
tainty of the room temperature value but may also indicate
enhanced specular scattering due to flattening of the electro-
static surface potential associated with polarized physisorbed
nitrogen on the Cu surface. The data also suggests a ten-
dency toward lower p1 values for increasing d, which may be
attributed to the surface roughness, which is expected to in-
crease with increasing d, leading to a decrease in the average
width of atomically smooth terraces and, in turn, a decrease
in specular surface scattering.

Figure 3 is a plot of the resistivity of two 27-nm-thick
and one 39-nm-thick Cu�001� layers that were capped in situ
with Ta overlayers of variable nominal thickness tTa. The
resistivity increases with the addition of Ta, for example,
from 2.26�0.05 �� cm for a pristine Cu�001� surface to
2.59�0.07 �� cm after deposition of 1–2 Ta monolayers
�tTa=0.3 nm� onto a d=27 nm Cu layer. Further Ta deposi-
tion results in negligible ��2%� changes in �. The 39 nm
sample shows a comparable but smaller resistivity increase
from 2.28�0.05 to 2.40�0.05 �� cm. The smaller change
is associated with the decreasing importance of surface scat-
tering with increasing d. We attribute the change in � with
the addition of Ta to a transition from a partially specular to
completely diffuse electron surface scattering. This is quan-
tified by independently calculating p1 values using Eq. �4�
for all data points, as labeled in Fig. 3.

It is evident from the data in Fig. 3 that already the
smallest amount of Ta deposited in these experiments corre-
sponding to a nominal thickness of 0.3 nm results in an in-
crease in � that is consistent with a transition to completely
diffuse scattering. In order to illustrate that, we have also
plotted lines that represent the expected resistivity assuming

an exponential decay of p1 with increasing Ta thickness, us-
ing a constant decay length of 0.15 nm, corresponding to the
interplanar spacing of bcc Ta along �001�, which we also
define as the nominal thickness of one Ta monolayer. There-
fore, a single Ta monolayer is sufficient to cause diffuse sur-
face scattering. This value �0.15 nm� represents an upper
bound, since any decay length �0.15 nm would result in a
steeper change in � and would equally well describe the
observed change in the measured resistivity.

In conclusion, in situ resistivity measurements on single
crystal Cu�001� layers suggest that atomically smooth
oxygen-free surfaces result in a flat periodic potential that
causes conduction electrons that approach the Cu vacuum
interface to specularly scatter back into the Cu layer. In con-
trast, the addition of Ta on the Cu surface causes a perturba-
tion to the smooth interface potential, which effectively re-
sults in scattering centers that are displaced from the original
Cu vacuum interface and cause destructive interference of
the scattered electron wave and, in turn, a transition to com-
pletely diffuse surface scattering. The resistivity increase
upon addition of Ta is particularly strong evidence for the
initially specular scattering at Cu�001� surfaces and therefore
resolves the longstanding question if specular surface scat-
tering is possible for Cu.
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FIG. 3. �Color online� Measured Cu resistivity � vs the thickness tTa of a Ta
cap layer deposited in situ on a Cu�001� layer. The solid lines are the ex-
pected values when assuming an exponential decay in specularity.
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