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We report a quantitative analysis of both surface and grain-boundary scattering in Cu thin films with
independent variation in film thickness �27 to 158 nm� and grain size �35 to 425 nm� in samples prepared by
subambient temperature film deposition followed by annealing. Film resistivities of carefully characterized
samples were measured at both room temperature and at 4.2 K and were compared with physical models that
include the effects of surface and grain-boundary scattering. Grain-boundary scattering is found to provide the
strongest contribution to the resistivity increase. However, a weaker, but significant, role is observed for
surface scattering. We find that the data are best fit when the Mayadas and Shatzkes’ model of grain-boundary
scattering and the Fuchs and Sondheimer’s model of surface scattering resistivity contributions are combined
using Matthiessen’s rule �simple addition of resistivities�. This finding implies that grain-boundary scattering
preserves the component of electron momentum parallel to the grain-boundary plane. Using Matthiessen’s rule,
we find our data are well described by a grain-boundary reflection coefficient of 0.43 and a surface specularity
coefficient of 0.52. This analysis finds a significantly lower contribution from surface scattering than has been
reported in previous works and we attribute this difference to the careful quantitative microstructural charac-
terization performed on our samples. The effects of surface roughness, impurities, voids, and interactions
between surface and grain-boundary scattering are also examined and their importance is evaluated.
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I. INTRODUCTION

The classical resistivity size effect, wherein conductors
with dimensions on the order of the mean free path of elec-
trons �39 nm for Cu at room temperature� exhibit higher
resistivity than bulk conductors, was noted by Thompson1 in
1901. There are a number of scattering mechanisms that can
lead to this resistivity increase. The two mechanisms of
greatest scientific and technological interest are surface scat-
tering �evidenced by the thickness dependence of the resis-
tivity increase� and grain-boundary scattering �evidenced by
the grain size dependence of the resistivity increase�. To
quantify the relative contributions of grain-boundary and sur-
face scattering to the classical size effect, the following ex-
perimental conditions must be met.2

�i� The scattering interfaces �for films, the top and bottom
surfaces� of the conductor must be identical.

�ii� The sample set must include independent variation in
the conductor’s average grain size and of the spacing be-
tween exterior surfaces �thickness for films�.

�iv� The structure �e.g., continuity/voiding, thickness,
roughness, grain size� of the conductor must be characterized
in detail. For grain size, statistically significant populations
�typically 103 grains per sample� must be measured.

A detailed review of the literature on the size effect over
the past 100 years �combining the review of the first 80 years
1901–1983, by Sambles2 and our own review from 1983–
2003, when we undertook our studies in Cu films3� showed
that no prior experimental study had satisfied these three
essential requirements. As a result, there has been much con-

fusion regarding the relative contributions of surface scatter-
ing and grain-boundary scattering to the classical resistivity
size effect. In this work, we present a definitive quantifica-
tion of these two contributions to the classical size effect for
the technologically important example of copper.

In previous work,3,4 we investigated separately the room
temperature resistivity of SiO2 /Cu /SiO2 samples and the liq-
uid He temperature resistivities of SiO2 /Cu /SiO2 and
SiO2 /Ta /Cu /Ta /SiO2 samples. The grain size and thickness
of the Cu layer were both varied, and the resistivity data
were found to be consistent with grain-boundary scattering
as the dominant mechanism. The presence of a surface scat-
tering contribution to the size effect could not be conclu-
sively demonstrated. In this work, we combine the room
temperature �296 K, the typical temperature in the labora-
tory� and low-temperature �4.2 K� resistivity data for both
sample types. The combined data allows us to confirm the
presence of a weak surface scattering contribution to the re-
sistivity size effect. Unexpectedly, we find that there is no
apparent interaction between the surface and grain-boundary
scattering �i.e., they add independently�. We also examine
surface scattering in greater detail by considering different
resistivity contributions of surface scattering for the two
types of interfaces studied, i.e., Cu /SiO2 and Cu/Ta. Further,
we evaluate the impact of the roughnesses of the upper and
lower Cu film surfaces on film resistivity. Because of these
measures, this work is the most complete quantitative mea-
surement of surface scattering in polycrystalline metals in
which the resistivity contribution from grain-boundary scat-
tering has been accurately determined.
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II. RESISTIVITY MODELING

We begin with a summary of the various physical models
of the classical size effect to which the experimental results
will be compared. Two important aspects of this summary
are the examination of the temperature dependence of the
resistivity for the various models, and the manner in which
the various resistivity contributions are combined.

A. Surface scattering in thin films

The classical size effect was first modeled by Fuchs and
Sondheimer �FS�.5,6 The FS model is based on the Boltz-
mann transport theory and attributes resistivity increases in
thin films and narrow lines to diffuse scattering of conduc-
tion electrons at the conductor’s exterior surfaces with a
probability of 1-p, where p is a specular scattering coeffi-
cient. An electron that scatters diffusely loses the additional
momentum it has gained from the electric field and leaves
the surface in a random direction. An electron that is specu-
larly scattered does not change its momentum in the direc-
tions parallel to the surface, which include the direction of
the electric field. Thus, specular scattering does not contrib-
ute to increased resistivity and the specular scattering coef-
ficient is the model’s most important parameter. It takes val-
ues between zero and one, and it is commonly varied to fit
experimental data. The important length scales in this model
are the conductor’s dimension�s� perpendicular to the current
flow �i.e., for a thin film, the thickness, h� and the mean free
path of the conduction electrons due to phonon and impurity
scattering, �. The FS model describes the resistivity ��FS� of
a thin film as6

�FS = �i�1 − � 3

2k
��1 − p��

1

� � 1

t3 −
1

t5� 1 − exp�− kt�
1 − p exp�− kt�

dt�−1

,

�1a�

where k=h /� and �i is the bulk resistivity of the metal. At
room temperature, the bulk resistivity is primarily deter-

mined by phonon scattering, while at low temperatures �4.2
K�, it is primarily determined by residual crystalline defects.
In the limits of small k, Eq. �1a� is simplified into6

�FS = �i�1 + �3

8
��

h
�1 − p�� . �1b�

It is convenient to consider the resistivity increase predicted
by this model as ��FS, which is given by ��FS=�FS−�i.

B. Roughness induced surface scattering in thin films

The FS model uses the specular reflection probability, p,
as a variable fitting parameter, but does not explicitly include
the roughness of the scattering surface. Soffer7 introduced a
surface scattering model that uses the roughness of the scat-
tering surface to calculate an angle-dependent specular re-
flection probability. This model allows for comparison to ex-
perimental data with no fitting parameters when the
roughness of the scattering surfaces is known. For a thin film
with the top surface �1� and the bottom surface �2� having
separate root mean square roughness, r1 and r2, the Soffer
specular reflection probability for each surface is given by8

p1�cos �� = exp�− �4�r1

�F
�2

cos2���� ,

p2�cos �� = exp�− �4�r2

�F
�2

cos2���� ,

where � is the angle of incidence of the electrons to the
conductor’s surface and �F is the electron wavelength at the
Fermi surface, about 0.5 nm9 for Cu. The average specularity
parameter for the top and bottom surfaces in the Soffer
model is given as

p�cos �� =
1

2
�p1�cos �� + p2�cos ��	

and Soffer’s resistivity size effect model is then8

�Soffer = �i
1 − � 3

2k
��

0

1
�u − u3��1 − exp�−

k

u
���1 − p̄�u� + �p̄�u� − p1�u�p2�u�	exp�−

k

u
��

�1 − p1�u�p2�u�exp�−
2k

u
�� du

−1

. �2�

Using this model, the increase in resistivity due to
surface roughness induced scattering is ��Soffer=�bulk
−�Soffer.

More recently, Rossnagel and Kuan10 �RK� proposed a
semiempirical extension of the FS model to include surface
roughness explicitly. Based on Monte Carlo simulations of
electron trajectories near a rough surface, their resistivity
model is given by

�RK = �i + ��FS�1 +
r1

nRK
� , �3�

where nRK incorporates the conductor thickness and Fermi
wavelength and is determined by Monte Carlo simulations of
electron trajectories. This model continues to use the specu-
larity coefficient of the FS model as a single fitting parameter
and allows for larger resistivity increases than the FS model.
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C. Grain-boundary scattering in thin films

Mayadas and Shatzkes11 �MS� developed an extension of
the Boltzmann transport theory to include reflection and
transmission of conduction electrons at the grain boundaries
of a polycrystalline metal. Their model assumes that grain
boundaries are all either parallel or perpendicular to the di-
rection of current flow and that electrons incident upon the
parallel grain boundaries are only specularly reflected, i.e.,
the parallel grain boundaries have no role in the resistivity
size effect. Each perpendicular grain boundary is treated as
an internal surface, and when a conduction electron collides
with the grain boundary, it has a probability of transmission
or reflection that is quantified by a reflection coefficient, R.
This coefficient is allowed to take values between zero and
one and is commonly varied to fit experimental data. The
important length scales for this model are the average grain
size, g, and the electron mean free path, �. The parameters R,
g, and � are conveniently combined as �= �� /g�R / �1−R�
and the MS model describes the resistivity ��MS� of a film
as11

�MS = �i�1 −
3

2
� + 3�2 − 3�3 ln�1 +

1

�
��−1

. �4a�

In the limits of small �, Eq. �4a� is reduced to11

�MS = �i�1 + �3

2
���

g
�� R

1 − R
�� . �4b�

Using the MS model, the increase in resistivity due to grain
boundary scattering is ��MS=�MS−�i.

Equations �1b� and �4b� can be seen to have a fundamen-
tally similar form, namely, ��x�=�i+A /x, where x is the ex-
perimentally varied size parameter �grain size or film thick-
ness� and A is a constant, typically determined by fitting to
the experimental data. Given the tendency in polycrystalline
thin films for the grain size and the film thickness to be
nearly equal or at least proportional �i.e., g	h�, the resis-
tance increase associated with the classical size effect can be
attributed to either mechanism when both effects are present.
When the resistivity data comes from samples lacking inde-
pendent variation in grain size and thickness, different com-
binations of p and R can provide the same value for the
fitting constant, A, and thus fit the experimental data equally
well. For example, Steinhögl et al.12 concluded that p=0.6
and R=0.5 best fitted their room temperature resistivity data
of 230 nm high copper wires with widths ranging from 40 to
800 nm, while assuming that the grain size equaled the
smallest dimension of the wires. A later analysis by Marom
and Eizenberg20 showed that specularity and reflection pa-
rameter pairs of �p=0, R=0.42� and �p=1, R=0.53� would
fit Steinhögl et al.’s data as well.

D. Matthiessen’s rule and temperature dependence
of the resistivity size effect

An additional issue to consider is the applicability of Mat-
thiessen’s rule—the simple addition of the resistivities asso-
ciated with different mechanisms.13 Impurity scattering and
phonon scattering, as well as grain boundary and surface

scattering, are often included in the modeling of resistivity
size effects by the use of Matthiessen’s rule. Landauer14 has
pointed out that planar scattering defects �i.e., surfaces and
grain boundaries� may not follow this rule, even though iso-
tropic point scattering centers �impurities, phonons� do. Ex-
perimentally, significant deviations from Matthiessen’s rule
have been reported in studies of the classical resistivity size
effect.15 In Fig. 1, ��FS, ��MS, ��Soffer, and �i are plotted as
a function of temperature for a hypothetical film sample hav-
ing a 30 nm grain size and a 30 nm thickness to illustrate the
different temperature dependencies of the various models. As
can be seen in the figure, ��MS increases �5% over the
temperature range of 10 K to room temperature, and ��FS
and ��Soffer increase by more than 60%, even though both
grain size and thickness are held constant. A number of ex-
perimental works have attempted to separate the contribu-
tions of grain boundary scattering and surface scattering to
the resistivity increase by comparing the experimental resis-
tivity data over a range of temperatures to the different de-
pendencies predicted by the models.16,17

The more significant dependency of ��FS and ��Soffer on
temperature is due to the interaction between the surface
scattering and phonon scattering �and to a lesser extent, grain
boundary scattering and phonon scattering� that is inconsis-
tent with Matthiessen’s rule. Matthiessen’s rule would re-
quire the simple addition of a constant surface or constant
grain boundary resistivity contribution with the phonon con-
tribution to provide the total resistivity. It should also be
noted that the temperature dependence predicted for the
FS ���FS� and Soffer ���Soffer� models differ significantly
��40%�, even though a common physical mechanism is in-
voked. Surface scattering clearly shows a stronger interaction

FIG. 1. A comparison of the temperature dependence of the
resistivity increases predicted by the ��FS �using Eq. �1a�	, ��Soffer

�using Eq. �2�	, ��MS �using Eq. �4a�	, and �i are plotted as a
function of temperature for a hypothetical polycrystalline Cu thin
film having a 30 nm grain size and a 30 nm thickness to illustrate
their different temperature dependencies. The temperature depen-
dence of the experimentally measured bulk resistivity, �i, of Cu
from Ref. 18 is also shown in the figure.
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with phonon scattering �temperature dependence� than does
grain boundary scattering and this is readily understood as
the increased phonon scattering allows the fraction of elec-
trons with momentum parallel to the external surfaces to be
more frequently redirected toward the surfaces. For grain
boundary scattering, the electrons cannot avoid impinging on
grain boundaries, and, therefore phonon scattering, and thus
temperature, have a small effect on the resistivity. In devel-
oping their model, Mayadas and Shatzkes assumed that the
grain boundaries parallel to the current flow provided purely
specular scattering of electrons. If these parallel boundaries
were alternatively assumed to have a partially diffuse scat-
tering character, they would provide a resistivity contribution
that would be increased by phonon scattering and have simi-
lar temperature dependence as that of surface scattering.
Such a resistivity contribution would scale with average
grain size, rather than with sample thickness. This hypothesis
is readily tested by consideration of a MS-type scattering
model having different reflection coefficients at different
temperatures. We will refer to this approach as the MST
model when separate reflection coefficients for our RT and
4.2 K data are considered.

E. Interactions between surface and grain boundary scattering

As discussed before, Matthiessen’s rule is not valid for
combining surface and phonon scattering. The next question
is whether surface and grain boundary scattering would also
violate Matthiessen’s rule. An interaction between surface
and grain boundary scattering may be expected at low tem-
peratures, where grain boundary scattering might serve in-
stead of phonon scattering to allow the electrons with mo-
mentum parallel to the external surfaces to be more
frequently redirected toward the surfaces. In addition to pro-
viding their model for grain boundary and phonon scattering,
Mayadas and Shatzkes11 derived a more complex model that
combines the scattering effects of grain boundaries, external
surfaces, and phonons in polycrystalline metallic films incor-
porating the interactions between these mechanisms. The to-
tal film resistivity of the Mayadas Shatzkes Surface model
�MSS� is computed as11

�MSS = � 1

�MS
− � 6

�k�i
��1 − p��

0

�/2

d
�
1

�

dt
cos2 


H2�t,
�

�� 1

t3 −
1

t5� 1 − exp�− ktH�t,
�	
�1 − p exp − ktH�t,
�	

dt�−1

, �5�

where

H�t,
� = 1 +
�

cos 
�1 − 1 � t2
.

For a single crystal film ��=0�, and Eq. �5� reduces to Eq.
�1a�. For polycrystalline thin films, Eq. �5� includes the re-
sistivity increase due to grain boundary scattering redirecting
some of the electrons toward the surfaces.

The more commonly used approach for considering com-
bined surface and grain boundary scattering mechanisms is
to assume that surface and grain boundary mechanisms are

independent, and so Matthiessen’s rule can apply. A com-
bined model �FS+MS� for the FS surface, grain boundary,
and phonon scattering using this approach can be written as

�FS+MS = �i + ��FS + ��MS. �6a�

This equation includes the interaction between phonon scat-
tering and surface scattering and the interaction between
phonon scattering and grain boundary scattering but neglects
the interaction between grain boundary and surface scatter-
ing. In a similar fashion, a combined model �Soffer+MS� for
roughness induced surface, grain boundary, and phonon scat-
tering using Matthiessen’s rule can be written as

�Soffer+MS = �i + ��Soffer + ��MS, �6b�

and similarly for a combined RK roughness and grain bound-
ary scattering,

�RK+MS = �RK + ��MS. �6c�

Figure 2 is a comparison between the combined FS and MS
models using Matthiessen’s rule �Eq. �6�	 and the MSS
model described by Eq. �5� for the hypothetical case of a
30-nm-thick film with 30 nm grain size. The interaction be-
tween grain boundary and surface scattering is evident in the
higher low-temperature resistivity �0.4 � cm, about 40%,
at 10 K� of the MSS model, wherein the scattering of elec-
trons with momentum parallel to the external surfaces by
grain boundaries results in additional surface scattering. This
higher order interaction is absent in the FS+MS model. At
higher temperatures, the scattering of the electrons with mo-
mentum parallel to the surfaces is primarily due to phonons

FIG. 2. Temperature dependence of the total resistivity of two
combined surface and grain boundary scattering models for a Cu
thin film with a thickness, h, and a grain size, g, of 30 nm. The MSS
model refers to the model described in Eq. �5� in which higher order
interactions between the two additional scattering mechanisms are
considered. The FS+MS model refers to the simple Matthiessen’s
rule combination �Eq. �6a�	 of these two scattering effects. For both
models, the surface specularity parameter, p, and the grain bound-
ary reflection coefficient, R, are set equal to 0.15.
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in both models and thus negligible resistivity differences are
predicted.

Another complication in comparisons between experi-
mental data and the various models is the choice of an
appropriate value for the bulk resistivity of Cu, �i.
Ideally, sufficiently high purity Cu samples are used, where
impurity scattering is negligible, and the bulk room tempera-
ture �293 K� value due to phonon scattering can be used,
�i=1.67 � cm. However, this value is rarely used and �i,
is more often considered an additional free fitting parameter.
For example, Marom and Eizenberg used �i=2.3 � cm to
fit resistivities of copper wires with widths between 100 to
200 nm and heights of 150 to 300 nm. They then concluded
that surface scattering is fully diffuse �p=0.0�. In the work
presented here, the experimentally measured18 resistivity of
bulk Cu, �i, as a function of temperature is used throughout
to calculate the temperature dependent mean free path �aris-
ing from phonon scattering� for the conduction electrons us-
ing the relationship: �i�=6.6�10−14 �m2.11,16 A plot of the
resistivity of bulk Cu as a function of temperature is included
in Fig. 1.

F. Scattering from impurities and voids

The presence of impurities and voids can increase the
resistance of polycrystalline conductors over and above that
from surface and grain boundary scattering. Higher concen-
trations of impurities, such as Al, O, and C, have been ob-
served in thin films and a modest resistivity increase of
�0.01 � cm has been attributed to impurity scattering in
high purity ��99.99%� Cu thin films.19 Other studies of the
classical size effect have reported very substantial contribu-
tions to resistivity from impurity scattering, but only rarely
have the sample impurities been separately measured.20,21

Voids are also often found in thin films as a by-product
of processing, and while typically not of the length scale
to affect resistivity directly, voids can result in substantial
errors in the measurement of sheet resistance that is used
to experimentally calculate resistivity. Characterization of
sample void volumes is, unfortunately, also rarely included
in experimental reports. While extreme voiding �void area
fraction �50%� can often be observed by visual inspection,
intermediate levels of voiding that are not evident without
electron microscopies can be a significant part of the resis-
tance increase observed. An example of this is Hensel’s ex-
perimental data22 of an apparently increased resistivity for
thinner epitaxial CoSi2 films, which he attributed to a re-
duced quality �pinhole voids� of these films and not to a
resistivity size effect. Extreme voiding results in a cata-
strophic increase in film resistance as the film morphology
approaches a percolation limit and this regime has been mod-
eled by several workers.23,24 However, the resistivity error
expected from low levels of voiding has not been previously
considered and a brief description of a simple model of this
case is provided in the Appendix.

III. EXPERIMENTS

SiO2 encapsulated Cu thin films, with and without Ta
barriers, were prepared on Si �100� substrates having a

150-nm-thick layer of thermally grown SiO2. Prior to film
deposition, the substrates were rf sputter-cleaned and cooled
to −40 °C by contact with a liquid nitrogen cooled Cu plate.
An underlayer of 20 nm of SiO2 was rf sputter deposited
prior to the Cu film deposition and a 20 nm SiO2 overlayer
was subsequently sputter deposited to form a SiO2 /Cu /SiO2

structure. The Cu layers were deposited by dc sputter depo-
sition from high purity �99.9999%� Cu targets and had thick-
nesses in the range of 28 to 158 nm. For films having the
SiO2 /Ta /Cu /Ta /SiO2 structure, a 2 nm Ta layer was dc
sputter deposited immediately prior to, and again after, the
Cu layer deposition. These structures were used to meet the
requirement of having identical scattering interfaces for the
top and bottom surfaces of the film. Samples were subjected
to various annealing temperatures under a reducing gas en-
vironment of Ar+3%H2 to obtain different grain sizes at
each thickness to meet the requirement of having indepen-
dent grain size and film thickness variation in the sample set.
It should be noted that the encapsulation also served to in-
crease the extent of grain growth that could be induced by
annealing without significant void formation.25 Samples
were annealed at 150 °C and 600 °C for 30 min in a tube
furnace, and at 400 °C for 6 s by halogen lamp heating
�rapid thermal annealing�. Table I contains a summary of
samples fabricated, along with their respective annealing
temperature, thickness, root mean square roughness of the
top �r1� and bottom �r2� Cu/encapsulant interfaces, resistivity,
and average grain size. The sheet resistance of the samples at
4.2 K was measured by dipping a Van der Pauw geometry
four point probe26 into liquid helium while using a Keithley
2400 Source meter and 2182 nanovoltmeter for data collec-
tion. As will be described below, the low-temperature resis-
tivity of the Cu films was consistent with high purity films,
i.e., no significant resistivity contribution from impurity scat-
tering was observed. Compositional profiling with secondary
ion mass spectrometry was also used to examine Cu film
purity. The major impurity observed in the Cu layer was
oxygen, which was found to have an upper bound of 30 ppm,
but a lower limit could not be established because of the
presence of residual oxygen from the encapsulation layer.

The experimental requirement for thorough structural
characterization of the sample film was also met. Details of
preparation and examination of electron transparent samples
for microstructural characterization are given elsewhere.4 For
the measurement of void fraction, the samples were exam-
ined by high angle annular dark field �HAADF� imaging in
scanning transmission electron microscopy �TEM� mode at
relatively low magnifications. This void area quantification
technique was also used to guide the development of the
deposition and processing techniques described above. The
void fractions were found to be between 0 and 2.4%. The
resistivity errors that these void area fractions can give rise to
are described in the Appendix and correspond to negligibly
small error �i.e., a 0.4% resistance error for the case of a
2.4% void area fraction�.

For grain size measurement, the samples were examined
by hollow cone dark field �HCDF� imaging in TEM mode to
provide the highest diffraction contrast,25 as shown in Fig. 3.
By imaging the given field of view at three different sample
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TABLE I. Annealing temperature, thickness, root mean square roughnesses �upper, r1, and lower, r2, of
the Cu/encapsulant layer interfaces�, 296 and 4.2 K resistivity, and grain size data for: SiO2-encapsulated Cu
thin films �a�, and the Ta /SiO2-encapsulated Cu thin films �b� �Refs. 3, 4, and 35�.

Anneal
�°C�

Thickness
�nm�

r1

�nm�
r2

�nm�
� at 296 K
�� cm�

� at 4.2 K
�� cm�

Grain dia.
�nm� Grains measured

�a� SiO2 /Cu /SiO2

150 27.0 1.2 0.8 3.99 2.04 40.5�2.5 483

150 31.6 1.4 0.8 3.63 1.62 47.7�2.8 525

150 35.3 1.1 1.0 3.20 1.30 54.3�2.1 1363

150 37.1 0.9 0.8 3.08 1.14 64.8�2.5 1362

150 45.1 1.0 0.8 2.75 0.90 101.1�4.6 919

150 71.8 0.6 1.5 2.30 0.52 171.7�7.9 872

150 136.7 1.2 2.0 2.06 0.27 342.2�20.1 525

150 143.9 0.9 1.3 2.01 0.25 248.0�17.2 412

400 41.7 1.0 0.7 3.05 0.95 87.7�3.2 1563

400 83.6 0.6 1.1 2.25 0.36 221.5�10.7 785

400 157.9 0.5 2.0 1.92 0.19 419.3�21.8 662

600 33.6 0.2 0.7 2.94 0.92 68.4�4.4 452

600 36.9 0.5 1.0 2.70 0.78 81.4�4.5 576

600 46.4 0.4 0.9 2.54 0.58 112.6�7.7 419

600 74.5 0.3 1.0 2.25 0.34 220.0�9.5 1045

600 149.7 0.3 1.2 1.94 0.16 425.2�15.7 1518

�b� SiO2 /Ta /Cu /Ta /SiO2

600 28.3 0.8 1.1 4.08 1.82 34.6�1.5 960

600 34.2 1.1 1.2 3.73 1.76 39.4�1.7 1020

600 38.7 1.3 1.3 3.69 1.68 44.3�2.2 743

600 48.4 1.0 1.0 2.95 0.99 69.6�3.4 776

600 77.9 1.4 1.2 2.55 0.68 110.1�4.6 1129

600 153.1 0.9 1.5 2.08 0.32 345.1�15 1033

(a) -2 degree tilt (b) 0 degree tilt (c) 2 degree tilt

FIG. 3. Hollow cone dark field �HCDF� transmission electron micrographs of a 33.6-nm-thick Cu film encapsulated in 20 nm SiO2 and
annealed at 600 °C, imaged at three different sample tilts of the same field of view. The three tilts allow the grain boundaries to be identified
for hand tracing. The hand-traced boundary network is used for automated measurement of grain size.
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tilts �Fig. 3� and thereby varying the diffraction contrast, it
was possible to visually identify the grains. Twin boundaries
within grains were excluded in the traced boundary network,
since this type of grain boundary has been reported to have
a minimal contribution to sample resistivity.27 The reported
average grain size for each sample is the diameter of the
equivalent circle with area equal to the average of the grain
areas. The errors on this mean are quoted as 2� values at a
95% confidence level for the given grain population.28

To quantify the roughnesses of the buried Cu /SiO2 and
Cu/Ta interfaces x-ray reflectivity experiments were per-
formed at the Stanford Synchrotron Radiation Lightsource
�SSRL�. The Cu film thickness and the roughness of the
upper and lower Cu/encapsulant layer interfaces were deter-
mined by fitting of the reflectivity data to established
models.29,30 The reflectivity data were collected on the thin
film diffraction beam line 2–1. This beam line is equipped
with a Huber 2-circle goniometer, a pair of 1 mm slits as
the analyzer,31 and a He filled sample stage which was used
to decrease the air scattering background. The 1.549 Å
wavelength x-rays were monochromated with double
bounce Si�111� crystals. Two types of scans were per-
formed: specular, where �=2� /2=�, and off-specular where
�=2� /2�0.15°. The off-specular scans were used to sub-
tract the contribution of diffusely scattered x-rays to the
specular reflection resulting in a purely specular reflectivity
pattern. Data were collected from 2�=0.2° to 12°, with a
step size of 0.02°, 0.01°, or 0.005° depending on film thick-
ness.

IV. RESULTS AND DISCUSSION

In order to separate the effect of grain boundary scattering
from that of surface scattering, the grain size of the Cu
samples should ideally be varied independent of film thick-

ness, an example of which was shown in our previous
work.3,4 As can be seen in Table I, we have produced a wide
range of grain sizes for films at each thickness �from �1.2
� thickness to �3.1� thickness�, although a fully indepen-
dent variation was not achieved. Nevertheless, with the care-
ful quantification of grain size exercised in this work �error
less than �7%�, this degree of independent variation is suf-
ficient for the separate quantification of grain boundary and
surface scattering effects.

In Fig. 4�a�, the resistivities of the SiO2 /Cu /SiO2 and
SiO2 /Ta /Cu /Ta /SiO2 samples are plotted as a function of
thickness at both room temperature �RT�, typically 296 K in
our laboratory, and at 4.2 K. The FS model �using Eq. �1a�	
is shown by the lines in the figure and fails to describe the
experiment even with the most extreme value for the specu-
larity coefficient �p=0�. Within the SiO2 /Cu /SiO2 samples,
it can be seen that for samples of similar thickness the resis-
tivity decreases with increasing annealing temperature. Fur-
ther, the Cu samples with Ta interlayers are found to have
consistently higher resistivities than those without Ta. The
presence of samples with different resistivities at each thick-
ness indicates that surface scattering alone cannot explain the
resistivity size effect in these Cu thin films.

Figure 4�b� is a plot of the room and low temperature
resistivity as a function of grain size. It is immediately evi-
dent from the figure that the additional variations in resistiv-
ity associated with the annealing temperature or the presence
of Ta are no longer present, but are instead accounted for by
sample grain size. Figure 4�b� compares both the room tem-
perature and low temperature experimental data with the pre-
dictions of the MS model of Eq. �4a� with a reflection coef-
ficient of R=0.47 and no other variable parameters. The MS
model fits the data well. However, it can be observed that
experimental resistivities at room temperature tend to be
generally higher than the MS model prediction while the

(b)(a)

FIG. 4. The total resistivity of SiO2 /Cu /SiO2 and SiO2 /Ta /Cu /Ta /SiO2 thin films �a� as a function of Cu layer thickness, h, and �b� as
a function of Cu layer grain size, g. The filled symbols are resistivities measured at room temperature, and the open symbols are resistivities
measured at 4.2 K. The data points correspond to the samples listed in Table I. The solid curve corresponds to the FS model �Eq. �1a�	 in
�a� and MS �Eq. �4a�	 model in �b�.
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resistivities at 4.2 K are lower, i.e., the temperature depen-
dence of the resistivity is not well described. This may reflect
limitations inherent in the MS model �e.g., assumption of
purely specular scattering from parallel grain boundaries or
the use of a temperature independent reflection coefficient�
or this may indicate the presence of a surface scattering
contribution to the resistivity, such as that given by the
FS model, which has significant temperature dependence
�Fig. 1�.

To assess the limits of our experimental data in under-
standing the resistivity size effect, the data at both tempera-
tures were compared to the models described in Sec. II. The
models were: the Soffer model �Eq. �2�	, the FS model �Eq.
�1a�	, the MS model �Eq. �4a�	, the Soffer+MS model �Eq.
�6b�	, the MSS model �Eq. �5�	, the MST model �Eq. �4a�	
with separate reflection coefficients at room temperature and
4.2 K	, the FS+MS model �Eq. �6a�	, the FS+MS model
with “Caps” �Eq. �6a� but with different specularity coeffi-
cients for Cu /SiO2 and Cu /Ta /SiO2 interfaces	 and the
RK+MS model �Eq. �6c�	.

In the fitting of FS+MS models, two different assump-
tions regarding the surface scattering were considered. In one
case, identical scattering from the Cu /SiO2 and the Cu/Ta
interfaces was assumed and a single specularity parameter
was used for the combined data. In the second case, two
separate specularity parameters were used for the Cu /SiO2
and for the Cu/Ta interfaces and this model variation is iden-
tified as “Caps.”

The model parameters were obtained by minimizing
the sum squared error �SSE�. At RT, a fixed bulk resistivity
value of 1.7 � cm and an electron mean free path of 39
nm were used for all models. At 4.2 K, a fixed resistivity of
0.002 � cm and an electron mean free path of 33 m
were used.18 As noted in Sec. II E, these �i values were those
experimentally determined from high purity bulk Cu18 and
were not a varied fitting parameter. The minimum SSE for

each of these resistivity models is listed in Table II along
with the optimum values of the model parameters used to
obtain this global minimum within the physical limits al-
lowed by each model, e.g., 0� p�1. Since the SSE can be
reduced and the goodness-of-fit improved by introducing ad-
ditional fitting parameters, we use the Bayesian information
criterion �BIC� �Refs. 32–34� for model comparison and se-
lection. The BIC incorporates a penalty term for an increased
number of fitting parameters, and, thus, is a suitable criterion
for comparing models with different numbers of adjustable
parameters. The formulation of the BIC used, assuming the
errors to be normally distributed, is:

BIC = − 2 � ln�L� + a ln�n�

= n ln�SSE

n
� + n ln�2�� + n + a ln�n� , �7�

where L is the overall likelihood �i.e., the product of the
likelihoods for each of the measurements�, a is the number of
adjustable or fitting parameters, and n is the number of ex-
perimental measurements �n=44,22 measurements at each
of two temperatures�, and

SSE

n
= �2 =

�
i=1

n

��i
experiment − �i

model�2

n
.

For this formulation of the BIC, good models have negative
BIC’s, and, the lower the BIC, the better the model. The
difference between the BIC values of two models must be
greater than two for one model to be considered a better
predictor of the experimental behavior than another. When
the magnitude of the difference between the values of the
BIC for two models is less than two, it is not possible to
distinguish between the two models. The BIC values for the
nine models that were considered are given in Table II.

TABLE II. For a series of classical size effect models, the model fitting parameters with their optimized
values, the number of fitting parameters, a, the sum of the residual squared errors �SSE� and the calculated
value of the Bayesian information criterion �BIC� are given. The BIC is calculated using Eq. �7�. The models
examined are the Soffer Model �Eq. �2�	, the FS model �Eq. �1a�	, the MS model �Eq. �4a�	, the Soffer
+MS combined model �Eq. �6b�	, MSS combined model �Eq. �5�	, the MST model �Eq. �4a� with separate
reflection coefficients at room temperature and 4.2 K	, the FS+MS combined model using Matthiessen’s rule
�Eq. �6a�	, the FS+MS combined model �Eq. �6a� but with different specularity coefficients for Cu /SiO2 and
Cu /Ta /SiO2 caps	, and the RK+MS model �Eq. �6c�	. See the text for more detail.

Model name Model parameters Number of parameters, a
SSE

��2 cm2� BIC

Soffer none 0 30.5 108.8

FS p=0 1 22.9 99.8

MS R=0.47 1 0.96 −39.4

Soffer+MS R=0.38 1 2.39 0.4

MSS p=0.61 R=0.42 2 0.85 −41.4

MST RRT=0.49 R4.2K=0.45 2 0.59 −57.4

FS+MS p=0.52 R=0.43 2 0.48 −66.1

FS+MS �Caps� pSiO2
=0.51 pTa=0.55 R=0.43 3 0.48 −62.2

RK+MS p=0.68 R=0.43 nRK=18.2 3 0.43 −67.5
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The residual error from fitting experimental data to any
physical model is not only a result of experimental error, but
it is also the result of the limitations of the physical model.
The large summed squared error of 22.9 �2 cm2 and the
large positive BIC of 99.8 for the FS model indicate that it
clearly fails to describe the experiment, even with the most
extreme value allowed for the specularity coefficient �p=0�.
This conclusion could also be drawn from inspection of Fig.
4�a�. The Soffer model for surface scattering also fails to
describe the data. It has a larger summed squared error of
30.5 �2 cm2 and a large BIC of 108.8. As is also seen in
Fig. 4, the MS grain boundary scattering model �Fig. 4�b�	 is
a dramatic improvement over the FS surface scattering
model �Fig. 4�a�	. Table II gives a BIC of −39.4 for the MS
model, which indicates that it is a good model for the ob-
served resistivity behavior. However, a considerable SSE of
0.96 �2 cm2 remains due, in part, to the inability of the
MS model to account for the experimental drop in �� with
temperature.

The MST model �an SSE of 0.59 �2 cm2 and BIC of
−57.4� allows the temperature dependence of the resistivity
data to be better fitted by using separate �thus temperature
dependent� grain boundary reflection coefficients at 4.2 K
and at RT. This does provide a significantly better model for
the data than the MS model, and establishes that the MS
model alone does not provide the correct temperature depen-
dence. However, there are other physical models that give
the correct temperature dependence. The FS+MS model �us-
ing a simple Matthiessen’s rule addition of surface and grain
boundary scattering effects� with a SSE of 0.48 �2 cm2

and a BIC of −66.1 provides a significantly improved fit over
both the MS and MST models. Based on this improved fit,
we conclude that thickness dependence is present in the ex-
perimental data. Given this thickness dependence, there is no
need to invoke additional temperature dependence to the MS
model with the MST model. The presence of both tempera-
ture dependence and residual thickness dependence in our
experimental data confirms the presence of a weak surface
scattering contribution �over and above that from grain
boundary scattering� to the size effect in Cu.

Table II gives the grain boundary scattering reflection co-
efficient of 0.43 and surface scattering specularity coefficient
of 0.52 for the combined FS+MS model. This intermediate
value for the specularity coefficient is in contrast to the many
previous works, wherein a surface specularity coefficient of
zero was assumed, which simply maximized the surface scat-
tering contribution to the resistivity increase.20,16 For our
samples, the partition into surface and grain boundary con-
tributions to the resistivity size effect provides averages of
27% from surface scattering and 73% from grain boundary
scattering for room temperature. At 4.2 K, the contribution
from surface scattering is 14%, while that from grain bound-
ary scattering is 86%.

To further explore the role of the interface properties on
surface scattering, the FS+MS model was extended to in-
clude two specularity coefficients for the two interfaces we
used �pSiO2

and pTa, for Cu /SiO2 and Cu/Ta interfaces, re-
spectively�. Surprisingly, this did not improve the SSE, nor
did it change the grain boundary reflection coefficient from
0.43 �2 cm2. It did, however, degrade the BIC to −62.2

from −66.1 for the FS+MS model �due to more fitting pa-
rameters�. The lack of improvement in the SSE and the in-
crease in the BIC confirm that, in spite of the higher resis-
tivities observed for the SiO2 /Ta /Cu /Ta /SiO2 samples, little
of the resistivity increase can be attributed to differences in
the surface scattering of conduction electrons at the Cu/Ta
and Cu /SiO2 interfaces. Rather, the resistivity increase is a
simple consequence of the smaller grain size present in the
SiO2 /Ta /Cu /Ta /SiO2 samples �Table I�.

The role of interfacial roughness was further explored by
comparing our data to the Soffer+MS and RK+MS models.
The Soffer+MS model is a poorer description of the
observed resistivity behavior �SSE of 2.39 �2 cm2, BIC
of 0.4� than the MS model by itself �0.96 �2 cm2, BIC
−39.4� due, in part, to its temperature dependence. From this,
we conclude that the Soffer model fails to correctly describe
the physics of the resistivity size effect. However, the RK
+MS model does reduce the summed squared residual error
from that of the FS+MS �0.48 �2 cm2� to 0.43 �2 cm2.
This fitting was performed with the thickness parameter, nRK,
of 18.2 nm, where nRK was determined by minimization of
the residual error instead of by a Monte Carlo simulation.
While this reduction in error justifies additional efforts to
relate surface roughness to resistivity, it is worth noting that
the improvement observed was not statistically significant.
This point is underscored by the fact that the BIC of −67.5
for the �3 parameter� RK+MS model is not significantly
lower than the BIC of −66.1 for the �2 parameter� FS+MS
model �i.e., the magnitude of the difference in the BIC’s is
less than two�.

The MSS model differs from the FS+MS model in that it
includes the interaction between grain boundary and surface
scattering. The optimum parameters for the MSS model to
describe our data are p=0.61 and R=0.42. However, with a
SSE of 0.85 �2 cm2, the MSS model is a significantly
worse description of our data than the FS+MS model, pri-
marily as it overestimates resistivities at low temperature �as
shown in Fig. 2�. Additionally, the BIC of −41.4 for the MSS
model is significantly worse than that for the FS+MS model.
Thus, we conclude that the interaction of surface and grain
boundary scattering postulated by Mayadas and Shatzkes and
expected to be evident at low temperatures �in the absence of
phonon scattering� does not occur.

The microstructure of our samples is columnar: the grains
extend from the top to the bottom external surfaces and all of
the grain boundaries are primarily perpendicular to the exter-
nal surfaces. The observed absence of increased surface scat-
tering due to the presence of grain boundaries �a lack of
interaction� indicates that while the grain boundary scattering
in our samples necessarily changes the in-film-plane compo-
nent of electron momentum, it does not significantly increase
the out-of-film-plane component, normal to the external sur-
faces. This means that electrons that are in initial states hav-
ing momentum parallel to the external surfaces are scattered
into final states having momentum parallel to the external
surfaces. In other words, if the electron was not traveling
toward the surface when it encountered the grain boundary, it
will not be sent toward the surface after scattering from the
grain boundary. By contrast, Mayadas and Shatzkes assumed
that the electrons that scattered at the grain boundaries did so
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into all possible momentum states, similar to a “diffuse” sur-
face scattering event. While we do not hypothesize that grain
boundary scattering is “specular,” it does appear that the
components of electron momentum that are parallel to the
grain boundary planes are largely conserved. Note that this is
different from the case of a diffuse scattering event at the
conductor’s external surface which does not preserve the mo-
mentum components parallel to the surface. This lack of the
expected interactions explains the observed simple summa-
tion of surface and grain boundary resistivities and suggests
a fundamental difference between surface and grain bound-
ary scattering.

For applications of nanoscale conductors, these results are
significant. The quantification of grain boundary and surface
scattering provides a basis for accurate estimation of the re-
sistivity increases to be expected as conductor dimensions
are further reduced with semiconductor device scaling. Sur-
face scattering has been found to be largely independent of
the chemistry of the external surface �Cu /SiO2 and Cu/Ta
providing similar results�, but it is possibly sensitive to the
topography of the surface. The lack of interaction between
grain boundary scattering and surface scattering suggests that
these interactions may also be absent for narrow lines, where
the scattering from surfaces that define the sides of the line
�sidewalls� gives rise to an additional complication. If the
sidewall scattering of lines is assumed to be similar to that of
the top and bottom surfaces of our films, and is an additive
resistivity effect �no interaction�, then grain boundary scat-
tering is expected to be the dominant resistivity size effect
for lines having equal height, width, and grain size. This is
not unexpected, as all conduction electrons must cross grain
boundaries to contribute to the current in the line. This sug-
gests that practical efforts to reduce the resistivity of narrow
lines should be directed toward processing changes to in-
crease the conductor grain size rather than efforts to change
the conductor external surface and interface chemistries. Ar-
eas for further study include the effect of surface roughness,
and geometrical studies to quantify the extent of interaction
between sidewalls and top and bottom external surfaces.

V. SUMMARY AND CONCLUSIONS

In summary, we have carefully studied the contributions
of surface scattering and grain boundary scattering to the
resistivity increase observed with reduction in conductor
thickness in polycrystalline Cu thin films through quantita-
tive measurement of the primary experimental variables and
comparison of the data to a number of accepted models. The
samples studied were relatively large grained, having an av-
erage grain size greater than the film thickness. We extended
our previous result that grain boundary scattering was the
dominant scattering mechanism and provided an unambigu-
ous experimental verification of the grain boundary scatter-
ing model of Mayadas and Shatzkes.11 We were additionally
able to provide a measurement of the surface scattering for
our samples and found it to be well described by the Fuchs-
Sondheimer model with an intermediate value, p=0.52, for
the surface specularity coefficient. This value is in contrast to
prior reports where fully diffuse scattering surfaces �coeffi-

cient of zero� were claimed. We also found that the increase
in surface scattering at low temperatures modeled by Maya-
das and Shatzkes and resulting from grain boundary scatter-
ing was not evident. The surface scattering from Cu /SiO2
and Cu/Ta interfaces was found to be indistinguishable. Our
data does suggest roughness dependence to the surface scat-
tering, but this was not conclusively demonstrated. Voids and
impurities were found to have negligible impact on the mea-
sured resistivities.
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APPENDIX

While resistivity models for highly voided �near percola-
tion threshold� thin films can be found in the literature,23,24

there is no published model suitable to describe the case of a
low density of isolated voids, as we observe. This may be
due to the relative simplicity of the calculation, which is
presented below to show the small contribution of the voids
to the resistivity increase observed in our work.

We can consider the resistance of a thin film of resistivity
�, to consist of many identical area elements, each of length,
L, width, W, and thickness, h. The resistance, R0, of each
element is then just

R0 = �
L

W � h
,

where we have assumed the direction of current flow to be
parallel to the dimension L. We can model the formation of
voids in a film consisting of many such elements by adding a
square hole �of equal width and length, �, � in one corner of
each area element. This geometry is shown in Fig. 5 for
clarity. The additional scattering from the walls of the void
are neglected, since this is a small fraction of the total con-
ductor surface area ���L ,W�. The voided area fraction is

%Voided Area =
�2

L � W
� 100

The resistance of the area element with the void can be cal-
culated by considering the element to consist of two resis-
tances in series �see Fig. 5�. The first resistance is the region
indicated by “3” in the figure, which has a resistance, R3,
parallel to the L dimension, given by
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R3 = �
�

�W − �� � hR
.

Please note that in this equation hR is the increased thickness
of all three regions resulting from the redistribution of the Cu
atoms. We will require the total volume of each area element
to remain constant, independent of void area, to conserve the
amount of Cu present in the film, and we will use this con-
dition later to calculate hR.

The second resistance in series consists of regions 1 and 2
combined, R1,2, and this has a resistance parallel to the L
dimension of

R1,2 = �
�L − ��
W � hR

.

The relative increase in resistance of each area element �and
hence of the film� is given by

Resistance Fraction Increase =
R1,2 + R3 − R0

R0
,

from which hR is determined by conserving the volume of
our area element. The volume of the unvoided area element
is just L�W�h and the volume of the area element with a
void is given by ��L�W�−�2	�hR. Equating these gives

hR

h
=

L � W

�L � W� − �2 .

A plot of fraction of Resistance Increase as a function of %
Voided Area calculated using the above equations is shown
in Fig. 6.

These equations can be simplified further by taking
L=W and by setting �

L =x. After algebraic manipulation, this
gives a very simple result,

Resistance Fraction Increase = x3.

As the Fraction Voided Area=x2, this gives the simple geo-
metrical result:

Fraction Resistivity Increase = �Fraction Voided Area�1.5.

This model is clearly limited to a low density of isolated
�noninteracting� voids, and requires ��L in order for the
current crowding near the edges of a void area to be ne-
glected. For films with low void fractions �less than 5%�, the
resistivity error is less than 1% and negligible.
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