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Recent ULSI and multilevel structure trends in microelectronic devices minimize the
line width down to less than 0.25/m, which results in high current densities in thin
film interconnections, Under high current densities, an EM(electromigration) induced
failure becomes one of the critical problems in a microelectronic device, This study is
to improve thin film interconnection materials by investigating the EM characteristics
in Ag, Cu, Au, and Al thin films, etc.

EM resistance characteristics of Ag, Cu, Au, and Al thin films with high electrical
conductivities were investigated by measuring the activation energies from the TTF
(Time—to—Failure) analysis, Optical microscope and XPS (X-ray photoelectron spectro—
scopy) analysis were used for the failure analysis in thin films,

Cu thin films showed relatively high activation energy for the electromigration,
Thus Cu thin films may be potentially good candidate for the next choice of advanced
thin film interconnection materials where high current density and good EM resitance
are required, Passivated Al thin films showed the increased MTF(Mean—time—to—
Failure) values, that is, the increased EM resistance characteristics due to the dielec—
tric passivation effects at the interface between the dielectric overlayer and the thin
film interconnection materials,
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I . Introduction

due to an electromigration, An appreciable

In a recent microelectronic device, the fail—
ures by the EM induced mass transport are of
considerable interest specially in Al-alloy thin
film interconnections having widths down to
less than 0.25um [1-5], Because of the small
dimensions of microelectronic devices, very high
current densities (of the order of 10° A/cr) are
common in thin film interconnections, as
compared to 10 A/cr in bulk samples, They
cause the gradual formation of voids/hillocks
at high current densities resulting in electrical
opens/shorts in the circuit interconnections,
respectively, The connecting thin film inter—
connections in the integrated circuits failed

after short lifetimes because voids developed
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amount of electromigration can be observed in
thin films already at ambient temperatures,

The electromigration phenomenon was at
first believed to be due to coulombic inter—
actions between the moving ion and the elec—
tric field, However, later on it was observed
that the electromigration induced mass trans—
port occurred in a direction opposite to that
expected from electrostatic ion-—field inter—
actions [6—7]. It was known that electro—
migration is caused by scattering of the mov-—
ing electrons with the ions, ie, by mo-
mentum transfer between electrons and ions.
This electron—ion interaction is sometimes re—
ferred to as "electron wind,"

Many investigations have been conducted
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with the main purpose to increase the life
time of thin film interconnections, Most stud-—
ies were directed towards the determination of
the lifetime of thin film interconnections as a
function of current density, composition, ge-—
ometry and temperature, etc, Various types of
experiments such as measurement of the
MTF(Mean—Time—to—Failure), direct observation
of hole and hillock formation by electron mi-
croscopy, the concentration profile of solute
elements by microprobe analysis, resistometric
techniques, have been developed for electro—
migration studies, Several factors such as ge—
ometry [8—9], current conditions [8—11], line
dimensions [12—13], passivations [14—15], ma-—
terial selection [16—17]

[18~20], etc. are generally known to influence

and microstructures

on the electromigration characteristics in thin
film interconnections of a microelectronic
device, Dielectric passivations have bheen re—
ported to reduce the EM induced mass trans-—
port specially in Al alloy thin film inter—
connections, The general agreement of the re—
sults on the passivation effects is that the
MTF is proportional to the passivation thick—
ness [14],

The purpose of this study is to improve the
thin film interconnection materials by inves—
tigating the electromigration characteristics
including the activation energies for the EM
of Ag, Al, Au, and Cu thin films, etc,

II. Experiment

Ag, Al, Au, and Cu thin films with the
thickness of 0,05 ym, the width of 100 gm, and
the length of 5000 gm were evaporated onto
the thermally grown 500 nm SiO; layer on p-—
type Si(100) substrates, EM resistance charac—
teristics of Ag, Al, Au, and Cu thin films with
high electrical conductivities were investigated
by measuring the activation energies from the

TTF (Time—to—Failure) analysis, MTF was cal—

a0

culated from the TTF values which were taken
at the current stressing time to electrically
open state, Activation energies(Q) were cal—

culated by the following equations [21-22],
MTF = Aj " exp(Q/kT)

Temperatures from a room temperature to
240C were utilized for an accelerated EM
test, Current densities of 2x10° A/cri — 6x10°
A/cr were applied for the EM test, Optical
and XPS

spectroscopy) analysis were used for the fail-

microscope (X-ray photoelectron

ure analysis in thin films,

ITI., Results and Discussion

Fig. 1 shows the typical resistance change
ratio(%) versus direct current stressing time of
Cu thin film interconnections, In this study,
the TTF values were determined at the current
stressing time to electrically open state, Si—
milar resistance changes were also observed in
Al, Ag, Au thin film interconnections, etc,
Fig, 2a and 2b show the typical resistance
change ratio(%) versus direct current stressing
time of nonpassivated— and SiO; passivated
Al—1%Si thin film interconnections with 400 zm
length, respectively, The SiOy passivated Al-
1%Si interconnections shows longer TTF value

than the nonpassivated interconnection,
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Fig, 1. Resistance Change Ratio(%) vs, Current
Stressing Time(min.) of Cu at j=2x10° A/crt
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Fig. 2. Resistance Change Ratio(%) vs., Current
Stressing Time(min.) of (a) nonpassivated—
and (b) SiO: passivated Al-1%Si inter—
connections with 400 pm length at j=4.5
x10° A/c

Fig. 38 shows the TTF versus cumulative
failure percent of Ag, Cu (at a current density
of 2x10° A/crf), and Au, Al (at a current den-—
sity of 6x10° A/crf) thin film interconnections,
Compared with Ag and Cu thin films, Au and
Al thin films showed much longer TTF values
at the same current density of 2x10° Alct,
Thus a higher current density of 6x10° A/cm
was utilized for an accelerated EM test in Au
and Al thin films,
atures were also applied for an accelerated EM
test in Au and Al thin films than in Ag and
Cu thin films, It is expected that Al and Au
thin films will show much longer MTF values
than Ag and Cu thin films under the same EM
Mean-Time—to—Failure (MTF,
tso) values of Ag, Cu, Au, and Al thin film

interconnections are shown in table 1, Fig., 4

Similarly, higher temper-—

test conditions,

shows the TTF versus cumulative failure per-—

cent of nonpassivated—~, and SiO; passivated—,
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400um long Al-1%Si thin film interconnections
at a current density of 4.5x10° A/cri, At tem-—
peratures of 180 C, 210 T, and 240 T, the
MTFs of nonpassivation were decreased 60 s(0
= 0.42), 26 s(o= 0.45), 16 s(o= 0.,54), the
MTFs of SiO; passivation were decreased 1753
s(o= 0,29), 902 s(o= 1.16), 241 s(o= 0.78). The
SiO; passivated Al-1%Si thin film

connections showed the longer MTF value,

inter—

that is, the better characteristics on electro—
The increase
of the MTF by SiO; passivation in Al alloy in-—

migration than nonpassivation,

terconnections has been reported in the liter—
ature[8—9]. In comparision with nonpassivated
films, passivated thin films showed the in-—
creased MTF values, that is, the decreased EM
induced mass transport due to the dielectric
passivation effects at the interface between
Al-1%Si

interconnection, Fig, & also shows the TTF

the dielectric overlayer and the
versus cumulative failure percent of 800/m long
Al—1%Si thin film interconnections stressed at
a current density of 4.5x10° A/cr’., At tem—
peratures of 180 T, 210 T, and 240 T, the
MTFs of nonpassivation were again decreased
49 s(o= 0.35), 32 s(o= 0.53), 15 s(o= 0.32),
the MTFs of SiO; passivation were decreased
1058 s(o= 0.52), 550 s(o= 0.55), 205 s(o=
1.04). The same passivation effects on the
MTF are also observed in case of 800um long
Al-1%Si thin film interconnections as des—
cribed, As in 400um long Al-1%5i
connections, SiO; passivated Al-1%Si thin film

inter—

interconnections showed the longer MTF value,
that is, the better electromigration resistance
characteristics than nonpassivation,

Activation energies for electromigration of
pure Ag, Cu, Au, and Al thin films are shown
in Fig, 6. Activation energies were calculated
by taking Arrhenius plot of the Black equation
MTF = Aj" exp(Q/kT) from the measured MTF
values and temperatures, The calculated acti—
vation energies were 0,30 eV, 0,71 eV, 101
eV, and 1,33 eV for the case of Ag,. Al, Au,
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(a) Time—to Failure(TTF) vs, cumulative failure percent(%) of Ag at R.T., 80 C, and 130 T,
(j=2x10° A/cr), (b) Time— to Failure(TTF) vs. cumulative failure percent(%) of Cu at 100 C,
130 C, and 160 T, (j= 2x10° A/cr), (¢) Time— to Failure(TTF) vs. cumulative failure percent(%)

of Au at 180 T, 210 T, and 240 TC,

failure percent(%) of Al at 180 T, ‘210 C, and 240 T, (j= 6x10° A/cr)
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Fig. 4. Time—to Failure(TTF) vs, cumulative failure percent(%) of (a) nonpassivated— and (b) SiO2 passi—
vated Al-1%Si interconnections with 400 gm length at j=4.5x106 A/cf
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Fig, 5, Time—to Failure(TTF) vs, cumulative failure percent(%) of (a) non-—
passivated— and (b) 6SiOz passivated Al—1%Si interconnections with 800 /m
length at j=4,5x10° A/cr
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Fig, 6. (a) Activation Energy, Q, of Ag and Cu Calculated from MTF = Aj "exp(-Q/kT) (b) Activation
Energy, Q, of Au and Al Calculated from MTF = Aj "exp(—Q/kT)
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Fig. 7. (a) Optical micrograph and (b) XPS spectrum taken from the Cu thin films after electromigration
induced cracks(voids) formed,
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and Cu, respectively, In this study, pure met—
al films without dielectric passivation over-—
layers were used for comparison, Thus there
may be other factors such as surface oxida-
tion, etc, For example, the copper oxide was
really observed on the surface of Cu thin
films after an EM test,

Fig., 7a and 7b show an optical micrograph
and an XPS spectrum, respectively, taken
from the Cu thin films after EM induced fail—
ures(voids) formed, Cu 2Pz at 933.6 eV and
the energy separation of 20,0 eV between Cu
2P3;2 and 2Py2 peak show the CuQ formed on
top of the Cu films. Neglecting these environ—
mental factors, however, the activation en-—
ergies of pure Cu, Au films for EM were ap-—
peared to be relatively high as 1,33 eV and
1,01 eV, respectively, The activation energies
of pure Al and Ag films were measured at
relatively low values of 0,71 eV and 0,30 eV,
respectively, Au and Cu films seem to have
relatively higher resistance for EM than Al
and Ag films, Thus Au and Cu films may po-—
tentially good candidate for the next choice of
advanced interconnection materials where high
current density and good EM resistance are

required,
IV. Summary

The experimental data on the electromigra-—
tion characteristics in Ag, Cu, Au, Al thin
films with high electrical conductivities lead
to the following conclusions: (1) Au and Cu
films show relatively high activation energy
for electromigration. (2) The calculated acti—
vation energies for electromigration were 1,33
eV, 101 eV, 0,71 eV, and 0,30 eV for the Cu,
Au
Passivation influences on the electromigration

characteristics, Al—1%Si thin films with SiOg

Al, and Ag thin films, respectively, (3)

’

passivation show better EM resistance char-—

acteristics than nonpassivation. (4) Pure Cu

94

thin films form CuO on top during operation,
Acknowledgements

The present research has been conducted by
the sabbatical research year of Kwangwoon
University in 2005,

References

[1] J. K, Jung, N, M. Hwang, Y. C. Joo, and
Y, J, Park, J, Korean Phys., Soc, 40, 90
(2002),

[2] T. Usui, T, Watanabe, S, Ito, M., Hasu—
numa, M, Kawai, and H, Kaneko, (1999),
p.221

(3] C. K. Hu, K. P. Rodbell, T. D. Sullivan,
K. Y. Lee, and D. P, Bouldin, IBM J,
Res. Develop, 39, 465 (1995).

[4] C. L. Gan, C. V., Thompson, K, L, Pey,
and W, K, Choi, J, Appl, Phys, 89, 1222
(2003).

[5] V. Sukharev and E. Zschech, J, Appl.
Phys, 96, 6337 (2004),

[6] W. Seith and H, Etzold, Z, Elektrochem,
40, 829 (1934).

[7] W. Seith and H. Wever, Z. Elektrochem,
57, 891 (1953).

(8] D, W, Malone and R, E, Hummel, J,
Appl. Phys. 83, 5750 (1998).

[9] H. S. Rathore, R. G. Filippi, R. A.
Wachnik, J, J, Estabil, and T, Kowk,
Second International Stress Workshop on
Stress Induced Phenomena in Metalliza—
tion, (American Institute of Physics, New
York, 1994) p.165,

[10] H, Kawasaki, C, Lee, and T, K. Yu, Thin
Solid Films 253, 508 (1994).

(11} L, M, Ting, J. S, May, W, R, Hunter, and
J. W. McPherson, Proceedings of the 3lst
[EEE  International
Symposium (1993), p.311,

M, L. Dreyer,

Reliability  Physics

[12] G. Rajagopalan, N. D,

Journal of the Korean Vacuum Society 15(1), 2006



A Study on the Electromigration Characteristics in Ag, Cu, Au, Al Thin Films

Theodore, and T, S, Cale, Thin Solid
Films 270, 439 (1995),

[13] B, N. Agarwala, M, J, Attardo, and A, P,
Ingraham, J, Appl, Phys, 41, 3954 (1970).

[14] L. E, Felton, J. A, Schwarz, R, W. Pasco,
and D, H, Norbury, J. Appl. Phys, 58,
723 (1985),

[15] L. Yau, C. Hong, and D, Crook, Procee—

of the 23rd IEEE International
Reliability Physics Symposium (1985), p.115,

[16] K, L. Lee, C. K, Hu, and K, N, Tu, J,
Appl, Phys, 78, 4228 (1995),

[17] A, G. Dirks, R, A, Augur, and A, E, M,
De Veirman, Thin Solid Films 246, 164

dings

o2 X2 YR 15(1), 2006

(1994),

[18] S. Kondo, O, Deguchi, and K, Hinode, J,
Appl, Phys. 78, 6534 (1995),

[19] J. A. Nucci, Y. S, Diamond, and J, E,
Sanchez Jr,, Appl. Phys, Lett. 66, 3585
(1995),

[20] T. Muppidi, D, P, Field, J. E. Sanchez,
Jr., and C, Woo, Thin Solid Films 471, 63
(2005).

[21] J. R. Black, IEEE Trans, Electron Devices
E 16, 338 (1969),

[22] Annual Book of ASTM Standards, 10,04,
671 (1989).

95



96

LYUF=E D> st=Xzsg Xl M153 15, 20069 12, pp.89~96

Ag, Cu, Au, Al HHIA A Ez o]y el 540 A3 A+

Ber)stm AR, e 139-701

(20054 9% 21 €r2)

A A 2ol A 2ngA, HE5T2 Al AF] 0.25m ols kA &
s gle Aigolrh ola g viAge Wb el e AREEE 2 %
. Ee AFEE sddre ddEZvtolaglolddl ol dghdao] wlaHEA £at
dldel ArAQl FAgel shtE TR vk B AFE Ag, Cu, Au, 123
Al et ol oldExuto)adeld 54 Ao R Ml ARE sl
71 f1@ Aeith

WANHERS 280 9l Ag, Cu, Au, Z2jm Al Mol deegnlela
dlojdell ek A% 542 AIY At FHoRNY g uA s g
A Atk FEvd aelan XPS Aol dbubella o] AgEA e AREE AT

Cu gdlo| deHE Znfe| ado]Ade] el APAoz =& A qUAES HY
o mepd Cu Webe] 2 WHFUE ShoM ddERvtolayo)de e Ee A
ol 87H e AAY AR ool A Age webuld Qg zAe steAde zt

)
Ao Hebelty Bovh AHzl® Al 9uhe ey S ddEznlo] 2ol A
H gk ?ﬂ?ﬂ 54 g JepY ol Exw Fab gtuhd A& AlHoA Y &
a8k g3bof] 7IQ1EHE Ao g AlgFEc}

o

(ol

I
1

FaAlol - AgERviolaY o, wepul e, B, 48 oA

* [AA$4H] jykim@kw ac kr

Journal of the Korean Vacuum Society 15(1), 2006



