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Introduction/Motivation

e Surface and grain boundary scattering
contribute significantly to the increase in
resistivity as dimensions of polycrystalline
conductors are reduced to and below the
electron mean free path (39 nm for Cu at
room temperature)

— Classical Resistivity Size Effect, first noted by
J. J. Thompson in 1901

— ldentified as an issue for interconnects In the
late 1990’s and as a “Grand Challenge
Problem” by the ITRS in 2007




Introduction/Motivation

e Challenges in determining the relative
contributions of the various
scattering mechanisms

— Preparation of suitably small conductors with:
e Low impurity content
e lIdentical scattering surfaces
e Low void fraction
e Independent variation of film thickness and grain size

— Experimental quantification of:
e Film thickness
e Surface roughness
= Void fraction

e Film grain size (for a statistically significant
population)
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Film Preparation
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Film Characterization

Film thickness: x-ray reflectivity

— 27-158 nm

Film roughness: x-ray reflectivity

— 0.2-2 nm

Void fraction: high angle annular dark field
Imaging in the STEM

— 0-2.4%

Grain Size: hollow cone dark-field imaging in the
TEM

— 35-425 nm

Film resistivity: four point van der Pauw
geometry at room temperature and at 4.2 K




Void Fraction

As-acquired HAADF Processed image

TEM image
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Hollow Cone Dark Field TEM

Objective aperture

View screen

Rotational trace of

diffraction pattern Inner hole of

objective aperture
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Grain Size

-2 degree tilt O degree tilt +2 degree tilt

The Cu 111, 200, 220, 311, and 222 reflections were
used to form high contrast HCDF TEM images.
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Grain Size

Twin boundaries ignored

Result is average grain size and grain size distribution. Reported
data includes 22 samples and more than 18,000 grains.
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Grain Structure

600°C-annealed, Ta/SiO,-capped, 40 nm-thick Cu film.
Single grain through thickness.
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Grain Structure

50 nm

150°C-annealed, Ta/SiO,-capped, 40 nm-thick Cu film.
Multiple grains through thickness make tracing difficult.
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TABLE 1. Annealing temperature, thickness, root mean square roughnesses (upper, 1y, and lower, ry. of
the Cu/encapsulant layer interfaces), 296 and 4.2 K resistivity, and grain size data for: S5i0,-encapsulated Cu
thin films (Table Ia), and the Ta/Si0,-encapsulated Cu thin film (Table [b)*#*

Table 1a Si0,/Cu/Si0,
Anneal Thickness 1, I; pat29% K pat42 K Grain dia. Grains
(°C) (nm) (nm) (nm) (uecm) (1Qcm) (nm) Measured
150 27.0 1.2 0.8 3.99 2.04 40.5+2.5 483
150 3l6 1.4 0.8 3.63 1.62 47 72 8 525
150 353 1.1 1.0 3.20 1.30 54321 1363
150 371 09 038 3.08 1.14 64.83£2.5 1362
150 451 1.0 0.8 2.75 0.90 101.1£4.6 919 16
150 71.8 0.6 1.5 2.30 0.52 171.7£7.9 872
150 136.7 1.2 2.0 2.06 027 342.2420.1 525 SiOZ/ (_ju/SiO2
150 1439 09 1.3 201 0.25 248.0£17.2 412
400 41.7 1.0 07 3.05 095 87.7£32 1563
400 836 0.6 11 225 0.36 2215107 785
400 1579 0.5 2.0 1.92 0.19 4193+£21 8 662
600 336 0.2 0.7 2.94 092 68 4+4 4 452
600 369 0.5 1.0 2.70 0.78 81 4+45 576
600 46.4 0.4 09 2.54 0.58 112.6£7.7 419
600 745 03 1.0 2.25 0.34 220.0£9.5 1045
600 149.7 03 1.2 1.94 0.16 42524157 1518
Table 1b SiOy/Ta/Cu/Ta/Si0O,
Anneal Thickness 1, I; pat29 K pat42 K Grain dia. Grains
(°C) (nm) (nm) (nm) (nQcm) (uQcm) (nm) Measured
600 283 0.8 1.1 408 1.52 34615 960 6
600 342 1.1 12 3.73 1.76 394x17 1020
600 38.7 1.3 13 3.60 1.68 443422 743 SiO,/Ta/ Cu/Ta/Sio,
600 484 1.0 1.0 2.95 0.99 69.6+3 4 776
600 779 1.4 1.2 2.55 0.68 110.1£4.6 1129
600 1531 09 1.5 2.08 0.32 345115 1033




Resistivity of Cu Films
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Mayadas-Shatzkes: Grain
boundary scattering
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Models:
Boundary Scattering

Surface and Grain
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Models: Roughness Induced
Surface Scattering

mgrﬁ Model Description
Soffer 1(%J g )
Rgilé rface | po =p; J (u- us){l ] exp(—ﬁ)}{l o)+ fplu)- pl(u)pz(u)]ap(_ Ej}d u
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Soffer Model — Cont.

e The specular reflection probability for top and
bottom surfaces with root mean square

roughnesses r, and r, are:

2
p,(cos@)= exp{— (471]/1 j coszﬁ}
ﬂ“F

F

p,(cos@)= exp{ (47%

2
] 00326}
A

Average:

> plcosd)= %[p1 cos@ + p, cos 6|

A =Wavelength at the

Fermi surface = 0.5nm for Cu

e Once surface roughness has been measured, the
Soffer model has no adjustable parameters




Models: Temperature

Dependence
Surface scattering: 2T o
— Fuchs-Sondheimer (FS) 1 —--s0,.,.: r=tm, rztm =
4 - - -ap, :R=0.15 g=30nm Pi p

e Grain boundary
scattering:
— Mayadas-Shatzkes (MS)
— MST (Temperature

dependent R)

e Scattering from a rough
surface:
— Soffer

e Intrinsic resistivity of Cu
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Calculated for the three models for a

hypothetical film with h= 30 nm, g=30 nm
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Models: Interactions vs.
Mathiessen’s Additivity Rule

Model Name Model Description
1 6 t .t cosg 1 1
Mayadas Shatzkes o = | P _(ﬂkpi )(1—p)£ d¢! dt Hz(tﬁ;)(t?_t_s)x
Surfac?e (MSS) 1 — exp[—ktH(t, 4]
(Interaction betw_een ] 1—pexp —ktH(t, 4)]
surface and grain .
boundary scattering) H(t,¢) =1+

cos@, |1 ——

Mathiessen’s rule
summations
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Resistivity of Cu Films
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Mayadas-Shatzkes: Grain
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Bayesian Information Criterion

e Used for model comparison and selection

e Incorporates a penalty term for increased number of fitting
parameters

e For the formulation given below
— Errors are assumed to be normally distributed
— Good models have negative BICs
— The lower the BIC, the better the model

— The magnitude of the difference between the BIC values of two models
must be =2 for one model to be a better predictor of experimental
behavior than the other

BIC =-2xIn(L)+aln(n)=n ln(SS—E) +nIn(2z)+n+aln(n)
n

L = overall likelihood, i.e., product of likelihoods

) - exp erimen mode
of all experimental data SSE Z(Pi Pt — p, ')’
_ ~2 _ =l
n = number of data points, 44 (22 measurements n o= ”
at each of two temperatures)
a = number of adjustable parameters G. E. Schwarz, Annals of Statistics 6,
SSE = sum squared error ROl




Models Considered

Model Number of
Model Name Parameters Parameters SSE 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=0.82 2 0.85 -41.4
R.-=0.49
MST RT 2 0.59 -57.4
R, ,x=0.45
FS+MS p=0.52 R=0.43 2 0.48 -66.1
Psio2=0.51
FS+MS (Caps) P;,=0.55 3 0.48 -62.2
R=0.43
RK+MS p=0.68 R=0.43 3 0.43 -67.5
Ng=18.2




Summary and Conclusions

- Encapsulated Cu films with low impurity content, identical
scattering surfaces, low void fraction, low surface roughness
and (adequate) independent variation of film thickness and
grain size were prepared and extensively characterized

- Clear dominance of grain boundary scattering over surface
scattering is seen even in cases where grain size is larger than
film thickness

- A weaker, but significant, role is observed for surface scattering

- Surface and Grain boundary scattering should be combined
using Matthiessen’s rule (simple addition of resistivities)

— grain boundary scattering preserves the component of
electron momentum parallel to the grain boundary plane.

T. Sun et al. PRB 19, 041402(R), (2009) and PRB, in press, T. Sun et al. JVST A26, 605 (2008)







Application to Lines

Resistivity (uQ-cm)
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e The solid line represents a 34

nm wide interconnects with
aspect ratio varying from 1 to 5
and grain size fixed at 34nm.
Only a 7% reduction of
resistivity occurs as a
consequence of increasing
aspect ratio. The dashed line
represents a 34 nm line-width
iInterconnect having a fixed 1 to
1 aspect ratio and increasing
grain size. The increase of the
grain size to line width ratio
results in 33% decrease in
resistivity. Clearly, producing
interconnects with larger grain
size i1s needed to mitigate the
resistivity size effect.
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