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The relative contributions of various defects to the measured resistivity in nanocrystalline Cu were

investigated, including a quantitative account of twin-boundary scattering. It has been difficult to

quantitatively assess the impact twin boundary scattering has on the classical size effect of electri-

cal resistivity, due to limitations in characterizing twin boundaries in nanocrystalline Cu. In this

study, crystal orientation maps of nanocrystalline Cu films were obtained via precession-assisted

electron diffraction in the transmission electron microscope. These orientation images were used to

characterize grain boundaries and to measure the average grain size of a microstructure, with and

without considering twin boundaries. The results of these studies indicate that the contribution

from grain-boundary scattering is the dominant factor (as compared to surface scattering) leading

to enhanced resistivity. The resistivity data can be well-described by the combined

Fuchs–Sondheimer surface scattering model and Mayadas–Shatzkes grain-boundary scattering

model using Matthiessen’s rule with a surface specularity coefficient of p¼ 0.48 and a grain-

boundary reflection coefficient of R¼ 0.26. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4894453]

I. INTRODUCTION

The resistivity of polycrystalline metallic thin films

increases when film dimensions are of the order of the elec-

tron mean-free path, due to surface and grain-boundary scat-

tering of electrons. This phenomenon, first observed by

Thomson in 1901, is known as the classical resistivity size

effect.1 Determining the relative contributions of surface and

grain-boundary scattering toward this resistivity increase is

an important step toward a quantitative understanding of the

classical size effect.2–19

A commonly used description for the surface scattering

contribution to the resistivity increase is the

Fuchs–Sondheimer (FS) model.18 In this model, the resistiv-

ity increase is a result of diffuse scattering of conduction

electrons at the conductor’s exterior surfaces with a proba-

bility of 1� p, where p (0 � p � 1) is a specular scattering

coefficient that is typically inferred from experimental data.

An electron that scatters diffusely loses the additional mo-

mentum it has gained from the electric field and leaves the

surface in a random direction. An electron that scatters spec-

ularly does not change its momentum in the plane parallel to

the surface, which includes the direction of the electric field.

Thus, specular scattering does not contribute to increased re-

sistivity. The FS expression for the resistivity, qFS, of a thin

film is18

qFS¼qi 1� 3

2k

� �
1�pð Þ

ð1

1

1

t3
� 1

t5

� �
1�exp �ktð Þ

1�pexp �ktð Þdt

2
64

3
75
�1

;

(1)

where k¼ h/k, h is the film thickness, k is the temperature-

dependent electron mean free path, and qi is the bulk resis-

tivity of the metal. Thus, the resistivity increase predicted by

this model is DqFS ¼ qFS � qi.

To describe the contribution of grain-boundary scattering

to the resistivity, the Mayadas–Shatzkes (MS) model is com-

monly employed.19 This model assumes that grain bounda-

ries are all either parallel or perpendicular to the direction of

current flow, and that electrons incident upon the parallela)Electronic mail: kb2612@columbia.edu
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grain boundaries are only specularly reflected, i.e., 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 reflec-

tion that is quantified by a reflection coefficient, R. This

coefficient takes values between zero and one and is com-

monly varied to fit experimental data. The resistivity of the

film, qMS, is given by19

qMS ¼ qi 1� 3

2
aþ 3a2 � 3a3ln 1þ 1

a

� �� ��1

; (2)

where a ¼ ðkgÞ R
ð1�RÞ and g is the average grain size. Using the

MS model, the increase in resistivity due to grain-boundary

scattering is DqMS ¼ qMS � qi.

Recent studies by Sun et al.11–13 on encapsulated poly-

crystalline Cu thin films have revealed grain-boundary scat-

tering to be the dominant factor contributing to resistivity

increases related to the classical size effect. These studies

also show a weaker, but still significant, contribution from

surface scattering. Furthermore, it is also observed that a

simple summing of the FS model for surface scattering with

the MS model for grain-boundary scattering provides the

best quantitative description for the classical resistivity size

effect in polycrystalline Cu films. For this combined

FSþMS model, Sun et al.13 found p¼ 0.52, and R¼ 0.43.

The conclusion reached by Sun et al.13 that grain-

boundary scattering is the dominant scattering mechanism

when compared with surface scattering was in agreement

with earlier studies of the size effect in Cu films with well-

controlled grain size and different thickness.4,5,9 Brongersma

et al.4 reported a value of R¼ 0.46, which also compares

well with the value of R¼ 0.43 reported by Sun et al.13 It is

also worth noting that the film resistivities reported by Sun

et al.13 were comparable to the lower resistivities of the elec-

troplated Cu films rather than the higher resistivities of the

self-ionized plasma-deposited Cu films reported by

Brongersma et al.4 Additionally, in a later study, Barmak

et al.15 showed that the values of p¼ 0.52 and R¼ 0.43

obtained by Sun et al.13 could be used to satisfactorily

describe the resistivity of Cu wires reported in a representa-

tive set of studies from 2002 to 2010, assuming that the im-

purity content and the grain size/width ratio were varied.

This finding was qualified by the facts that, in several of the

prior studies, the impurity content was not measured and

was viewed as an adjustable variable, and that the grain size,

if actually measured rather than assumed equal to the sample

line width, was not measured for statistically significant pop-

ulations of grains. In addition, prior studies did not make

clear what measure of grain size was used, a point that will

be discussed in more detail in Sec. III. Barmak et al.15 and

Sun et al.13 used the same measures of goodness-of-fit in

their respective studies, namely, the sum squared error (SSE)

and the Bayesian information criterion (BIC) (described in

later section), and in several cases, it was found that the fits

to the reported data using the values of p and R of Sun et al.
provided a better fit to the data than the values of p and R

given in the original reports, even when the authors con-

cluded that surface scattering was dominant.14

One question that was not answered in the Sun et al.11–13

analysis, however, was whether twin boundaries in Cu con-

tribute significantly to the measured resistivity. Due to the

difficulty of characterizing twin boundaries in Cu at the

nanoscale, this contribution was ignored in these earlier stud-

ies. However, given the abundance of twin boundaries in Cu

films and the lack of experimental data as to their role in

electrical conduction, it is essential to determine their rela-

tive importance in electron scattering. Thus, the current

work provides a quantitative assessment of the relative im-

portance of dominant scattering mechanisms including the

role of twin boundaries. Our report will describe the contri-

butions of various extended defects to electron scattering in

Cu, using a statistical analysis of resistivity models that goes

well beyond the earlier work of Sun et al.11–13

Twin boundaries, denoted as R3 boundaries in the coinci-

dent site lattice description of grain boundaries,20 are special

interfaces with a specific orientation relationship between

the grains. In the angle-axis description, this orientation rela-

tionship is a rotation of 60� about the h111i crystallographic

axis. A R3 boundary is classified as a coherent twin bound-

ary if the boundary plane is {111}; otherwise, the boundary

is referred to as an incoherent R3 boundary. (The designa-

tions “R3” and “twin” boundaries are used interchangeably

in the remainder of the paper.)

With recent developments in automated electron diffrac-

tion analysis techniques for the transmission electron micro-

scope (TEM), it is now possible to obtain high-spatial

resolution crystal orientation images of nanocrystalline films

and to identify the twin boundaries.21–23 These high-

resolution maps are used in the present study to characterize

grain boundaries in nanocrystalline Cu films that were previ-

ously reported by Sun et al.11–13 Using these results, the re-

sistivity results of Sun et al.13 are reanalyzed to determine

the relative contribution of surface and grain-boundary scat-

tering, including contributions from R3 boundaries. It is

shown that, in agreement with the work of Sun et al.,11–13

the relative contribution from grain-boundary scattering is

predominant, and that the resistivity data is well described

by the combined FS surface scattering model and MS grain-

boundary scattering model using Matthiessen’s rule.

However, a slightly lower surface specularity coefficient,

p¼ 0.48, and a significantly lower grain boundary reflection

coefficient, R¼ 0.26, results when taking all boundaries,

including twin boundaries, into account.

II. EXPERIMENTAL METHODS

A. Thin film deposition and characterization

Detailed descriptions of the thin-film deposition tech-

nique, and thickness, grain structure, and resistivity charac-

terization methods are available elsewhere.11–13 Briefly, the

Cu films were sputter-deposited on Si (100) substrates with a

150 nm thick layer of thermally grown SiO2 and cooled to

�40 �C by contact with a liquid nitrogen cooled Cu plate.

The Cu layer was DC-sputtered from a 99.9999% pure Cu

061503-2 Barmak et al.: Surface and grain boundary scattering in nanometric Cu thin films 061503-2
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target, and was encapsulated between an underlayer and an

overlayer of SiO2 or Ta/SiO2. The SiO2 layer was 20 nm

thick, whereas the Ta layer was 2 nm thick. The films encap-

sulated in SiO2 were annealed in Arþ 3% H2 at ambient

pressure at 150 or 600 �C for 30 min, or at 400 �C for 6 s

using a halogen lamp (rapid thermal annealing). The films

encapsulated in Ta/SiO2 were annealed in Arþ 3% H2 at

600 �C. The different annealing treatments were intended to

obtain a range of grain sizes for a given film thickness.

However, heavy voiding or agglomeration for the thinnest

films, and the presence of multiple grains through thickness

(rather than the columnar grain structure required for the re-

sistivity analysis) for the thicker films limited the range of

usable grain sizes for a given film thickness. Nevertheless,

though the grain size and layer thickness could not be fully

decoupled, the range of grain sizes achieved for a given film

thickness and the measurement of grain size for statistically

significant populations of grains (412–1518) for each

film allowed quantitative assessment of the separate contri-

butions of surface scattering and grain-boundary scattering

to the observed resistivity increase. It is this capability

that distinguishes the current work and the prior studies of

Sun et al.11–13 from other reports of the resistivity size effect

in Cu.

The thickness of the films and the roughness of the Cu/

SiO2 interfaces were measured using x-ray reflectivity

experiments at the Stanford Synchrotron Radiation

Lightsource.13 The sheet resistance was measured at room

temperature and 4.2 K using a dipping van der Pauw geome-

try four-point probe.13

Plan-view TEM samples were prepared using a back-

etching technique, by thinning initially with a HFþHNO3

solution, and subsequently with a diluted HF solution.24

Crystal orientation was mapped for two of the SiO2-encap-

sulated Cu thin films with thicknesses of 36.9 and 46.4 nm

in a JEOL 2010F transmission electron microscope operat-

ing at 200 kV. ASTARTM was employed for automated ori-

entation imaging in the TEM.25 Details of the orientation

mapping are given elsewhere.23 Briefly, in ASTAR, the

electron optical system of the microscope is set up so that a

small electron probe (here, approximately 5 nm in diameter)

illuminates the specimen. As the nanosized beam is scanned

over the specimen, the diffraction pattern is acquired from

each point over a square scan area. The scanned area for the

current studies was 1440� 1440 nm2 in size. Orientation

images from 20 and 14 such scan areas were acquired for

the 46.4- and 36.9-nm thick Cu films, respectively, to ensure

adequate statistical sampling of the microstructure. The

electron beam was processed with a semiangle of 0.4� about

the optical axis as it was scanned over the specimen to

reduce strong dynamical effects in the electron diffraction

data that were collected.26,27 The acquired diffraction pat-

terns were indexed to determine the crystal orientation in an

automated manner using a cross-correlation technique to

find the best matching solution from a set of precalculated

templates. Figure 1 shows a representative color-coded

inverse pole figure map in the film normal direction from

the Cu films.

B. Microstructural analysis

Further analysis of the orientation maps was carried out

using the TSLTM OIM data analysis software to identify

grains and the types of boundaries separating adjoining

grains.28 In particular, grains were identified using a group-

ing algorithm in which two neighboring points are consid-

ered to be part of the same grain if the disorientation angle

(i.e., the minimum misorientation angle) between the two is

less than 10�.28 Boundary segments, generally referred to as

reconstructed boundaries, separating adjoining grains were

obtained by joining the triple junctions. Since grain bounda-

ries are curved, multiple line segments were used to fit the

grain boundary when the distance between the grain bound-

ary and the line segment joining the triple junction was more

than 4 pixels. The reconstructed boundary map correspond-

ing to Fig. 1 is displayed in Fig. 2, which shows coherent

and incoherent R3 boundaries, as well as non-R3 boundaries.

However, in determining the impact of twin boundaries on

resistivity, no distinction was made between coherent and

incoherent R3 boundaries, and boundary segments were sim-

ply categorized as either R3 or non-R3.29–34 Reconstructed

grain-boundary maps from the two samples without twin

boundaries were also extracted by excluding all boundaries

within a tolerance of 5� of the R3 misorientation. These

FIG. 1. (Color online) (a) Representative color-coded inverse pole figure

map along the film normal direction from the 46.4nm thick Cu film, and (b)

color-code for the inverse pole figure map. Reprinted with permission from

A. D. Darbal et al., “Grain boundary character distribution of nanocrystal-

line Cu thin films using stereological analysis of transmission electron

microscope orientation maps,” Micros. Microanal. 19, 111–119 (2013).

Copyright 2013 Microscopy Society of America.
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maps were used to obtain the grain size using Image J.35 The

edge grains were excluded in determining grain size.

For a collection of grains N grains, Sun et al.11–13 used the

equivalent circle diameter, D�A, of mean area, �A ¼
P

Ai=N,

D�A ¼
ffiffiffiffiffiffiffi
4 �A

p

r
(3)

as the measure of grain size.11–13 In the current study, the

mean intercept length is described as

�L ¼ p

P
AiP
Ci
; (4)

where Ai (Ci) is the area (perimeter) of each of the grains in the

aggregate.36,37 �L was used because grain shapes are no longer

equiaxed when twin boundaries are present and because twin

boundaries do not always meet at triple junctions.36,38 (Note

that the total circumference of grains is twice the boundary

length since each boundary is measured separately for each of

the two adjoining grains when using Image J.) Equation (2)

was used to determine the mean intercept length for the Cu

films reported by Sun et al.13 This allowed a simple relation-

ship to be derived between the two grain-size parameters,

namely, �L
HCDF ¼ r1DHCDF

�A
, where r1¼ 0.76 6 0.02 and HCDF

denotes the hollow-cone dark-field method of imaging in the

scanning transmission electron microscope.

To assess the different methodologies for determining

mean grain size, the equivalent circle diameters DR3x
�A

(where

R3x denotes the exclusion of twin boundaries) obtained from

the orientation maps are given in Table I for the two films

studied along with DHCDF
�A

, the latter as reported by Sun

et al.13 It was found that, within the allowed variation on the

mean grain size based on the population, the grain size val-

ues from the orientation maps, DR3x
�A

, were equal to the mean

grain sizes, DHCDF
�A

, from Sun et al.13 for the two films, i.e.,

DR3x
�A
¼ DHCDF

�A
, and therefore the two methods for obtaining

the mean grain size can be considered as equivalent. This

result then also implies that �L
R3x ¼ �L

HCDF
.

It remains to obtain a measure of the average grain size

(i.e., mean intercept length) that includes twin boundaries,
�L

all
(Fig. 3). Given that �L

R3x ¼ �L
HCDF

, an estimate of r2 ¼
�L

all
=�L

R3x
is therefore required. The relevant quantities,

obtained from the reconstructed grain-boundary maps, are

given in Table I for the mapped Cu films. Also given in

Table I is the relevant ratio, r2 , for the two samples meas-

ured. For the purposes of this work we calculate r2 ¼ 0:63,

which is an average of the values for the two microstruc-

tures. The result is

�L
all ¼ r2

�L
R3x ¼ r2

�L
HCDF ¼ r2r1DHCDF

�A ¼ 0:48DHCDF
�A :

(5)

Finally, Eq. (3) was used to obtain the average grain size as

mean intercept length that includes twin boundaries, �L
all

,

from the equivalent circle diameters of mean area DHCDF
�A

for

the 22 Cu films reported by Sun et al.13 �L
all

is plotted as a

function of film thickness in Fig. 3.

C. Statistical analysis

Sun et al.13 evaluated nine resistivity models to account

for various combinations of roughness, and surface and

grain-boundary scattering in analyzing the resistivity data of

their 22 Cu films measured both at room temperature and at

liquid helium temperature. Their models had between zero

and three adjustable parameters. As increasing the number

of adjustable parameters leads to lower errors and to

improved goodness-of-fit, Sun et al.13 used the BIC39 in

addition to SSE to compare the models and to select the

model that best described the room-temperature and liquid

helium temperature resistivities of their Cu films. The BIC

incorporates a penalty term for an increased number of ad-

justable parameters, and is therefore a suitable criterion for

comparing models with different numbers of adjustable pa-

rameters. The BIC they employed, with the assumption of

normally distributed errors, was39

BIC ¼ �2� ln Lð Þ þ a ln nð Þ

¼ n ln
SSE

n

� �
þ n ln 2pð Þ þ nþ a ln nð Þ; (6)

FIG. 2. (Color online) Reconstructed boundary network corresponding to the

orientation image shown in Fig. 1 with thick black lines showing coherent

twin boundaries and thick red lines showing incoherent twin boundaries.

TABLE I. Cu layer thickness, the number of grains measured, and the equivalent circle diameter of mean area, DHCDF
�A

, reported by Sun et al. (Ref. 13) are given,

in addition to the number of grains measured, the equivalent circle diameters of mean area and mean intercept lengths excluding and including twin bounda-

ries, (DR3x
�A

, Dall
�A

, �L
R3x

, and �L
all

, respectively) calculated from the crystal orientation maps. The ratio of �L
all
=�L

R3x
is also given. See text for more details.

Thickness (nm) Grains measured DHCDF
�A

(nm) Grains measured DR3x
�A

(nm) �L
R3x

(nm) Grains measured Dall
�A

(nm) �L
all

(nm) r2 ¼ �L
all

�L
R3x

36.9 576 81 6 5 3841 78 6 3 65 6 2 7197 57 6 1 43 6 1 0.66 6 0.03

46.4 419 113 6 8 1941 112 6 6 93 6 5 5577 77 6 2 57 6 1 0.61 6 0.03

061503-4 Barmak et al.: Surface and grain boundary scattering in nanometric Cu thin films 061503-4
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where L is the overall likelihood (i.e., the product of the like-

lihoods for each of the measurements), a is the number of

adjustable or fitting parameters, n is the number of experi-

mental measurements (n¼ 44, 22 measurements at each of

two temperatures for the work of Sun et al.13), and

SSE

n
¼ r2 ¼

Pn
i¼1

qexperiment
i � qmodel

i

� �2

n
:

For this formulation of the BIC, “good” models have neg-

ative BIC’s and, the lower the BIC, the better the model. The

magnitude of the difference between the BIC values of two

models must be greater than two for one model to be consid-

ered a better predictor of the experimental behavior than

another; otherwise, the distinction between the two models

is not significant.

In the current work, in order to determine the optimal val-

ues of the adjustable parameter p, a forward modeling

approach was employed to arrive at the global minimum of

SSE that provided a more accurate result for the shallow

minima in SSE than the fitting approach used by Sun et al.13

As a result, the optimal values of the parameters differed in

some cases from the values given by Sun et al.13 These dif-

ferences were, however, small, and do not affect the conclu-

sions reached in Sun et al.13

For the forward modeling approach, the values of p and R
were varied in steps of 0.01 from 0.01 to 0.99 and the errors,

E ¼ qexperiment
i � qmodel

i , were calculated for each of the 44

experimental resistivity results over the full grid of p and R.

The error values for the minimum SSE were used to deter-

mine the BIC using Eq. (4). As was the case in Sun et al.,13

the experimentally measured40 resistivity of bulk Cu, qi, as a

function of temperature was used throughout to calculate the

temperature-dependent mean-free path (arising from phonon

scattering) for the conduction electrons using the relation-

ship: qik¼6.6� 10�16 Xm2.

The independent and coupled errors in p and R in the

FSþMS model were determined via the bootstrap resam-

pling method of statistical analysis using 10 000 resamplings

on the 44 squared error values to obtain the SSE at the 95%

confidence level.41 Briefly, in one resampling step employ-

ing this method, a new set of 44 squared error values is

selected randomly, one at a time, from the original set and a

new SSE is calculated using this new set. The resampling

was repeated 10 000 times and the distribution of SSEs was

plotted and the SSE at the 95th percentile was employed to

determine the errors on p and R.

III. RESULTS AND DISCUSSION

The model parameters, the SSE, and the BIC values for the

FSþMS model are given in Table II for two cases: the first in

which twin boundaries are excluded and the measure of grain

size is the equivalent circle diameter of mean area (DHCDF
�A

);

and the other in which twin boundaries are included and the

measure of grain size is the mean intercept length ( �L
all

). Table

II shows that a SSE value of 0.48 is obtained for the FSþMS

model, whether twin boundaries are excluded8 or not. The

BIC values obtained for these cases are �66.2 and �66.5,

respectively. These values are also essentially identical, irre-

spective of twin boundary inclusion. Using the forward mod-

eling approach, the optimal values of p and R are,

respectively, 0.55 and 0.43, excluding twin boundaries, and

0.48 and 0.26, including twin boundaries.

The independent and coupled ranges of error at 95% con-

fidence on the SSE using the bootstrap method are given for

p and R in Table III and plotted in Fig. 4. As can be seen

from the table and the figure, the error range for p is signifi-

cantly larger than that for R. For the independent errors, the

error range for p is 60.13, whereas for R it is 60.01 (60.02)

when excluding (including) twin boundaries. When the

coupled error is considered, the error ranges for both p and R
increase up to as great as 0.32 for p and 0.04 for R. These

error ranges and an examination of Fig. 4 indicate a shallow

minimum along p, but a sharp minimum along R.

FIG. 3. Average grain size as mean intercept length including twin bounda-

ries, �L
all

, obtained using Eq. (3) and the equivalent circle diameters of mean

area, DHCDF
�A

, reported in Sun et al. (Ref. 13), are plotted as a function of Cu

layer thickness.

TABLE II. Model, the number of adjustable parameters, optimized model parameters of p, surface specularity, and R, grain boundary reflection coefficient,

SSE, and the BIC calculated using Eq. (4). Model parameters and the associated SSE and BIC are given for two measures of grain size. DHCDF
�A

is grain size as

equivalent circle diameter of mean area excluding twin boundaries reported by Sun et al. (Ref. 13). �L
all

is grain size as mean intercept length including twin

boundaries, obtained using crystal orientation mapping. See text for more details.

Grain size as DHCDF
�A

(Ref. 13) Grain size as �L
all

(this work)

Model Number of parameters, a Model parameter(s) SSE (lX2 cm2) BIC Model parameter(s) SSE (lX2 cm2) BIC

FSþMS 2 p¼ 0.55 0.48 �66.2 p¼ 0.48 0.48 �66.5

R¼ 0.43 R¼ 0.26
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We can now compare quantitatively the surface scattering

coefficients for the two cases, excluding and including twin

boundaries, using an average coupled error bar for p of 0.27

(see Table III). Given the scattering coefficients 0.55 6 0.27

and 0.48 6 0.27 for the cases excluding and including twin

boundaries, respectively, a t-test allows us to conclude that

these two values are essentially the same at a level of signifi-

cance of 0.05. This, in turn, implies that the surface scattering

contribution to the resistivity increase is approximately the

same for both cases. With regard to the grain-boundary scatter-

ing, using R¼ 0.26, the contribution to the overall resistivity of

the films is found to be 88%, on average. Therefore, we can

conclude that, in agreement with Sun et al.,13 grain-boundary

scattering is the dominant scattering mechanism affecting the

resistivity of nanocrystalline Cu films with grain sizes and

thicknesses that are approximately equal to or greater than the

electron mean free path of Cu at room temperature.

The values R¼ 0.26, including twin boundaries, and

R¼ 0.43, excluding twin boundaries, compare well with the

range of calculated values obtained by Feldman et al.34 based

on a Green’s function formalism for twin and nonboundaries

in Cu. The values of p¼ 0.48 and R¼ 0.26 obtained in the

current study also compare well with the values reported in

Josell et al.10 of p¼ 0.55 and R¼ 0.20 based on a chi-squared

fit of model predictions to the resistivity data of Cu lines.

However, despite these favorable comparisons, there is one

issue that is worth addressing, as noted in the Introduction. In

most, if not all studies, except this work and that of Sun

et al.,13 the grain size is either not measured and assumed

equal to a sample structural dimension (e.g., film thickness or

line width) or is not measured for statistically significant pop-

ulations. Moreover, in cases where grain size is measured, it

is unclear which measure of grain size is used. Beyond the

measures indicated above, namely, D�A and �L, a third measure

is the mean equivalent circle diameter, �D, wherein the equiva-

lent circle diameter is found for each grain, from which the

mean diameter for the population of grains is obtained. Using

these different measures, different values for R will be found.

To give a concrete example, Chen et al.30 reported the re-

sistivity of a series of ultrafine-grained and twinned Cu sam-

ples obtained by pulse electroplating. They found lower

resistivity with increasing twin boundary content, and argued

that the nature of grain boundaries (excluding twin bounda-

ries) changed as the twin content increased. They reported

values of R excluding twin boundaries of 0.23, 0.53, and 0.66

for three different samples having twin widths of 15, 35, and

90 nm, respectively. However, they did not note which mea-

sure of grain size was used. Sun et al.13 reported a value of

R¼ 0.43, excluding twin boundaries, using an equivalent

circle diameter of mean area. By contrast, if �L is used, the

result is R¼ 0.36, whereas using �D results in R¼ 0.41

(excluding grain boundaries). It is noted that, irrespective of

measure of grain size, the values obtained for R for the films

of Sun et al.13 are well within the range of 0.23–0.66 reported

by Chen et al.30 This discussion, however, underlines the

need for explicit mention of the “measure of grain size” and

the need to measure grain size for statistically significant pop-

ulations in future studies of the resistivity size effect.

The last point warranting discussion is that Sun et al.,13

and therefore by extension the work reported here, found no

difference in the surface specularity, p, between the Cu/SiO2

and Cu/Ta interfaces. Other reports indicate that there should

be a difference, an excellent example of which is the work of

Rossnagel and Kuan.6 In their work, deposition of Ta on

pseudoepitaxial Cu deposited on (110) Si resulted in an

increase in resistivity. However, once Ta was allowed to oxi-

dize in air, the film resistivity reduced back to the value for

an uncoated film. It is therefore entirely plausible that in the

work of Sun et al.13 the encapsulating Ta layers oxidized

during film annealing, despite the use of a reducing Ar-H2

ambient, resulting in indistinguishably different specularity

parameters for Cu/SiO2 and Cu/Ta interfaces.

IV. SUMMARY AND CONCLUSIONS

Crystal orientation maps in the transmission electron

microscope were used to characterize grain boundaries in

TABLE III. Model parameters, p and R, and independent and coupled errors in these parameters for the FSþMS model. The errors are determined via the boot-

strap resampling method. See text for more detail.

Grain size as DHCDF
�A

Grain size as �L
all

Independent Coupled Independent Coupled

p¼ 0.55 6 0.13 p¼ 0.55(þ0.24/�0.30), p¼ 0.48 6 0.13 p¼ 0.48(þ0.32/�0.23),

R¼ 0.43 6 0.01 R¼ 0.43(þ0.02/�0.04) R¼ 0.26 6 0.02 R¼ 0.26(þ0.03/�0.02)

FIG. 4. (Color online) Reflection coefficient, R, is plotted vs the surface

specularity, p, to show the error range on p and R at 95% confidence on the

SSE obtained using the bootstrap method of resampling. The values of p and

R that give the minimum SSE are marked with open and closed red circles,

respectively. The ovals are drawn to guide the eye.
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nanocrystalline Cu films. Using the crystal orientation maps,

grain size was obtained as the mean intercept length, includ-

ing twin boundaries. These grain size values were used to

determine the relative contributions of surface scattering and

grain-boundary scattering to the resistivity size effect

observed in the films. It was shown that the contribution

from grain-boundary scattering is the dominant factor (as

compared to surface scattering) toward the resistivity

increase. The resistivity data were well-described by the

combined Fuchs–Sondheimer surface scattering model and

Mayadas–Shatzkes grain-boundary scattering model using

the Matthiessen’s rule (FSþMS) with a surface specularity

coefficient p¼ 0.48(þ0.32/�0.23) and a grain-boundary

reflection coefficient R¼ 0.26(þ0.03/�0.02) obtained by

minimization of sum squared errors. The error ranges for p
and R were obtained using the bootstrap resampling method.

It was observed that the error range for p is significantly

larger than that for R.
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