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As the semiconductor industry continues to scale feature sizes, scattering from phonons, surfaces,

and grain boundaries results in a significant increase in metal interconnect resistivity. In this work, a

thin Ag capping layer is used to modify electron–phonon scattering in 20 nm Cu films to reduce the

total resistivity of the bilayer system. To investigate the effect of Ag layer thickness on the electrical

properties of the underlying Cu film, the thermal coefficient of resistivity (TCR) is calculated for Cu

films that are capped with ultrathin Ag layers of various thicknesses. The TCR exhibited a

dependence on the thickness of the ultrathin Ag films deposited on Cu. The slope of the resistance

versus temperature is lower for Ag-capped Cu films when compared to bare Cu films. A reduced

thermal coefficient of resistivity combined with a lower room temperature resistivity for Ag/Cu films

is consistent with a decreased contribution of the temperature dependent portion of the resistivity to

the total resistivity, which may prove critical for the viability of future metal-based interconnect

architectures. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4868718]

I. INTRODUCTION

Multilayered planar metallic films that exhibit variations

in various physical properties relative to the thickness of the

metal overlayer have been heavily investigated over the past

decade. Some of the properties studied include oscillations

in the work function of the Ag-on-Fe system,1 the critical

temperature for superconductivity of Pb on Si,2 and the

electron–phonon scattering parameter of the Ag-on-Cu

system.3 A consequence of the observed dependence of

electron–phonon scattering on film thickness in the Ag/Cu

bilayer system is the possibility of tuning the levels of

electron–phonon scattering in the material by finely control-

ling the thickness of the ultrathin capping layer. Previous

studies have shown reductions in the phonon scattering

parameter of up to 30%.3 The goal of this work is to observe

if this same reduction can be observed in the case of diffuse

electron–phonon scattering in Cu, which contributes signifi-

cantly to the total resistivity in the metal film at room tem-

perature. The electrical properties of ultrathin Ag capping

layers on Cu were studied by measuring their resistive prop-

erties with respect to temperature. The thermal coefficient

of resistivity (TCR) and the slope of the resistance with

respect to temperature were both used as a measure of dif-

fuse electron–phonon scattering. A reduction of the temper-

ature dependent portion of the Cu resistivity is certainly of

interest in the semiconductor industry due to the fact that

the increase in resistivity in Cu interconnects due to size

effects is a persistent challenge to chip manufacturers’ pro-

gress toward future technology nodes.

II. EXPERIMENTAL CONDITIONS

The substrate was cleaved from a 200 mm, thermally oxi-

dized Si wafer that was cleaned in a solution of 3:1

H2SO4:H2O2 for 5 min. The wafer was rinsed in deionized

(D.I.) water and spin-dried in an N2 ambient. The films were

grown in an ultrahigh vacuum (UHV) system equipped with

Ag and Cu Knudsen cells. This allowed the growth of both

the Cu and the Ag under UHV conditions. All depositions

were done in situ at pressures of 10�10 Torr. The target

thickness of the Cu was 20 nm. The Ag thickness was varied

between 5.5 nm and 10 nm.

Film thickness was determined by Rutherford backscat-

tering (RBS). The RBS technique provides an area concen-

tration of atoms in units of atoms per cm2. This area

concentration can be converted to a physical thickness by

assuming a mass density (grams per cm3) of the deposited

film.4,5 For mixed alloys or materials of unknown density,

this can cause large errors in thickness between 25% and

100%.5,6 For homogeneous films of a known material, the

bulk elemental density can be used to obtain an accurate

thickness if the material is not exceedingly rough or porous.7

The thickness of thin metal multilayers examined by RBS

have shown excellent agreement when compared to TEM

cross sectional imaging. Agreement within 1.2 nm has been

shown for 5 nm metal multilayer films.8 The thickness varia-

tion was determined by RMS roughness measurements taken

by atomic force microscopy.7,9 Electrical properties of the

films were obtained using a four-point sheet resistance mea-

surement. The measurements were done using a Versalab

cryostation from Quantum Designs Inc.10

For thin films having a thickness equal to or less than half

the spacing of the four probes, and for films with an area

greater than the probe spacing by ten times or more, it is

valid to equate the sheet resistance to

Rs ¼
p

In 2

V

I
; (1)

where V is the voltage measured between the two inner

probes and I is the current applied to the two outer probes.11a)Electronic mail: etatem@albany.edu
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From the sheet resistance, the resistivity can be calculated

within the error of the thickness measurement by

q ¼ Rst; (2)

where t is the thickness of the film. To account for variations

in the thickness, the RMS roughness values in Table I were

taken as the thickness maxima and used to calculate an aver-

age thickness error of about 10%. The thickness error is

included in the resistivity calculations. When calculating the

total resistance of a bilayer metal film, the following is valid

for the system:

1

RsAg=Cu

¼ 1

RsAg

þ 1

RsCu

; (3)

where RsAg/Cu is the total sheet resistance of the Ag/Cu film,

RsAg is the sheet resistance of the Ag layer, and RsCu is the

sheet resistance of the pure Cu layer. Equations (1) and (3)

can be combined to find the effective resistivity of the indi-

vidual films. To measure the resistance, I–V sweeps were

performed. The applied current was swept from �10 to

10 lA. To ensure that significant joule heating was not tak-

ing place, I–V sweeps were done prior with currents up to 5

milliamps, and no change in resistive characteristics were

observed. The electrical data were recorded for each of the

Ag/Cu films at several temperatures between 50 K and

300 K. With this data, the TCR could be calculated by

TCR ¼ 1

RSð300KÞ

dR

dT
; (4)

where Rs(300 K) is the resistance of the film measured at

300 K. dR/dT is the slope of the measured resistance versus

temperature.

III. RESULTS

The resistivity of the bare 20 nm Cu film as-deposited at

room temperature was 8.3 lX cm. This is significantly

higher than the typical bulk values reported to be about

1.7–1.8 lX cm. This is expected due to dimensional con-

straints. As the dimensions of the Cu film decrease, there are

increased contributions from surface and grain boundary

scattering at dimensions less than 100 nm.12 Commonly in

microelectronics, as-deposited Cu films are annealed at

about one-third the melting temperature of Cu, which is

known to cause recrystallization in the film and increase the

size of the Cu grains, leading to a decrease in the resistivity

of the films.13

The resistivity of the as-deposited Cu film is comparable

to nonannealed, as-deposited films of similar dimensions

reported elsewhere.14 The resistivities of the Ag/Cu samples

are displayed in Table II. The resistivities of the as-deposited

Ag/Cu films were consistently lower than the as-deposited

Cu films. The resistivities of the Ag/Cu films were 2.9, 3.4,

3.8, and 4.5 lX cm for, respectively, 5.5, 6.5, 8.0, and

10 nm-thick Ag films. It has been previously reported that

as-deposited Ag/Cu films exhibit larger grains than as-

deposited Cu films.15 The Ag/Cu films show increasing re-

sistivity as the Ag thickness increases. RMS roughness

acquired by atomic force microscopy shows that roughness

is increasing as the film thickness increases (Table II).

The equation for the TCR in Eq. (4) is comprised of the

linear slope of the resistance with respect to temperature,

dR/dT, and the resistance at 300 K, Rs(300 K). The slopes of

the resistance versus temperature curves in Fig. 1 were used

to obtain dR/dT. Using the dR/dT values along with Rs

(300 K) values in Table III and after applying Eq. (4), values

for TCR were obtained. As shown in Fig. 2, the TCRs of

the films were 1.7 � 10�3 K�1 for 20 nm bare Cu films, and

1.93 � 10�3 K�1, 1.42 � 10�3 K�1, 1.47 � 10�3 K�1,

and 1.73 � 10�3 K�1 for, respectively, 5.5, 6.5, 8.0, and

10 nm-thick Ag layer.

There was a 30% difference in the TCR between the sam-

ples with a 5.5 nm and 6.5 nm-thick Ag layer. The TCRs of

TABLE I. Calculated room temperature resistivity of Ag/Cu films. Ag/Cu

films exhibit lower resistivity than pure Cu films.

Ag thickness

Resistivity300 K

(lX cm)

Resistivity60 K

(lX cm)

Error

(þ/� nm)

0 nm Ag (pure Cu) 8.3þ/�0.05 4.9 0.05

5.5 nm 2.9þ/�0.5 1.5 0.5

6.5 nm 3.4þ/�0.5 2.4 0.5

8.0 nm 3.8þ/�0.5 2.5 0.5

10 nm 4.5þ/�0.6 2.8 0.6

TABLE II. RMS roughness values are shown for Ag/Cu films.

Ag thickness RMS (nm)

0 nm Ag (pure Cu) 1.0

5.5 nm 1.6

6.5 nm 1.9

8.0 nm 1.9

10 nm 2.5

FIG. 1. (Color online) Resistivity vs temperature calculated from thickness

and sheet resistance measurements for Ag/Cu films.
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the films with the added Ag capping layers oscillate around

the baseline value of the bare Cu film as a function of thick-

ness. The normalized TCR values are plotted with respect to

the Ag layer thickness in Fig. 3. The data show that there was

a decline in the TCR at about 6.5 nm of Ag followed by a

gradual increase and eventual overshoot above the TCR of the

underlying Cu film for a 10 nm-thick Ag layer. The correlation

is similar to what has been observed for the electron–phonon

scattering parameter for thin films of Ag deposited on Cu. In

the literature, these oscillations were attributed to quantum

well state transitions that occur at critical Ag thicknesses and

a minimum in the electron-phonon scattering parameter was

observed at about 23 ML of Ag deposited on Cu.3 The thick-

ness in Ref. 3 is comparable to the thickness at which a mini-

mum was seen in the films’ TCR in this study.

IV. DISCUSSION

Table I shows the values of the resistivity measured at

60 K and the resistivity measured at 300 K. The resistivity of

the pure Cu film increased from 4.94 to 8.27 lX cm, corre-

sponding to a net rise of 3.3 lX cm. The Cu films with a thin

Ag capping layers exhibited a resistivity increase only

between 1.0 and 1.7 lX cm. This evidence suggests that the

temperature dependent scattering processes in the Ag/Cu films

are fewer than those in the bare Cu film. This is consistent

with prior reports in the literature, and which suggested that

quantum oscillations in the phonon scattering parameter occur

at critical Ag thicknesses on Cu. The oscillatory behavior was

attributed to the quantum well resonances between the Ag

overlayer and the underlying Cu film transitioning to quantum

well states at specific Ag thicknesses.3,16,17 The oscillation of

the thermal coefficient resistivity of the Ag/Cu films is con-

sistent with what has been reported.

V. CONCLUSIONS

Oscillations in the thermal coefficient of resistivity were

observed for Ag films of various thicknesses deposited on

Cu. Films were deposited by molecular beam epitaxy. A

drop in the thermal coefficient of resistivity could be

observed just above a Ag thickness of 5.5 nm followed by a

gradual increase as the Ag thickness increased. The apparent

reduction in the TCR for the Ag/Cu samples at certain Ag

thicknesses indicates that it is indeed possible to manipulate

the temperature dependent component of this system’s total

resistivity using ultra-thin planar metallic capping layers on

Cu. In the future, it will be beneficial to study the electrical

behavior of lithographically patterned Ag-capped Cu lines

representative of common interconnect structures that are

typically found in a microelectronic system.

ACKNOWLEDGMENTS

The authors would like to thank Robert Balsano and

Vincent LaBella for their help with the UHV metals deposi-

tion. The authors acknowledge the support of the IFC Focus

Center, one of six research centers funded under the Focus

Center Research Program, a Semiconductor Research

Corporation program.

1J. Paggel, C. Wei, M. Chou, D. Luh, T. Miller, and T. Chiang, Brief Rep.

Phys. Rev. B 66, 233403 (2002).
2Y. Zhang, J. Jia, T. Han, Z. Tang, Q. Shen, Y. Guo, Z. Qiu, and Q. Xue,

Phys. Rev. Lett. 95, 096802 (2005).

FIG. 2. (Color online) TCR of Ag/Cu films. TCRs were calculated to be 1.7

� 10�3 K�1 for 20 nm bare Cu films, and 1.93 � 10�3 K�1, 1.42 �
10�3 K�1, 1.47 � 10�3 K�1, and 1.73 � 10�3 K�1 for 5.5, 6.5, 8.0, and

10 nm thick Ag layers, respectively.

TABLE III. Room temperature resistance measurement, R0(300 K), sheet resist-

ance, Rs(300 K), slope of resistance vs temperature, dR/dT, and thermal coeffi-

cient of resistivity of Ag films grown on Cu.

Sample RS (300 K) (X) dR/dT (X*K�1) TCR (K�1)

Pure Cu (20 nm) 4.13272 6.93 � 10�3 1.68 � 10�3

5.5 Ag overlayer 1.15089 2.22 � 10�3 1.93 � 10�3

6.5 nm Ag overlayer 1.28607 1.83 � 10�3 1.42 � 10�3

8.0 nm Ag overlayer 1.37282 2.01 � 10�3 1.47 � 10�3

10 nm Ag overlayer 1.49037 2.58 � 10�3 1.73 � 10�3

FIG. 3. (Color online) TCR of Ag/Cu films normalized to the TCR values of

the pure Cu samples (labeled “0 nm Ag”). The data show that there is a

decrease in the TCR with a minimum at 6.5 nm followed by a gradual

increase and eventual overshoot above the TCR of the underlying Cu film at

a Ag thickness of 10 nm.

031801-3 Tatem, Kaloyeros, and Eisenbraun: Thermal coefficient of resistivity of ultrathin Ag films 031801-3

JVST B - Microelectronics and Nanometer Structures



3S. Mathias, M. Wiesenmayer, M. Aeschlimann, and M. Bauer, Phys. Rev.

Lett. 97, 236809 (2006).
4R. Brundle, C. Evans, and S. Wilson, Encyclopedia of Materials
Characterization: Surfaces, Interfaces, Thin Films (Manning, Greenwich,

1992), pp. 476–487.
5H. Nalwa, Characterization and Spectroscopy of Thin Films in Handbook
of Thin Film Materials (Academic, London, 2002), Vol. 2, pp. 231–274.

6H. Choi, S. Choi, O. Anderson, and K. Bange, Thin Solid Films 358, 202

(2000).
7S. Haque, A. Biswas, D. Bhattacharya, R. Tokas, D. Bhattacharyya, and

N. Sahoo, J. Appl. Phys. 114, 103508 (2013).
8R. Escobar Galindo, R. Gago, A. Lousa, and J. M. Albella, Trends Anal.

Chem. 28, 494 (2009).
9S. Chun and A. Chayahara, Surf. Coat. Technol. 127, 281 (2000).

10Quantum design Inc. (San Diego, CA). See: http://www.qdusa.com/prod-

ucts/versalab.html
11S. F. Smits, Bell Syst. Tech. J 37, 711 (1958).
12A. Yarimbiyik, H. Schafft, R. Allen, M. Vaudin, and M. Zaghloul,

Microelectron. Reliab. 49, 127 (2009).
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