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1 Introduction

AlCu lines stacked with refractory metals have a
sufficient margin in their electromigration (EM) lifetime
for 0.8 um design rule LSI devices, The margin is
steeply decreased, however, as shrinkage of the design
rule proceeds because of the inverse square dependence
of the lifetime on the current density. Although new
metallization systems such as copper interconnects” and
single crystal aluminum interconnects? are attracting
increasing interest, history tells us that extending the
applicability of an existing technology to finer design
rules is usually more economical in both development
and production than introducing a new technology. This
work aims at improving EM lifetime and, as a result,
extending to the sub-half-micron era, the applicability of
today’s most popular metallization system, TiN/AICu/
TiN/T1 multilayered lines and tungsten (W)-plug con-
tact/via.

The reliability of this popular metallization system
should be improved by controlling the microstructural
features of the AICu layer of the metal lines listed in
Fig. 1. Two features of the microstructure, namely, crys-
talline orientation and Cu distribution, were individually
conirolled in this study: the former, by surface treat-
ment of the TiN/Ti laver,™" and the latter, by aging
treatment.” These two techniques will be discussed in
this order.

* Originally published in Kawasaki Steel Gitio, 26(1994)2, 65-70
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Synopsis:

Two techniques for improving electromigration (EM)
resistance of AICu/TiN lines were developed by controlling
the microstructure of aluminum alfoys. One is control of
Cu atom distribution in AlCu films by aging at 250°C for
{0 h after the wafer process. Cu atom segregation to grain
boundaries after aging was observed indicating importance
aof segregated Cu for EM resistance. The other is controf of
crystalline orientation of Al in AICu/TiN lines. Deteriora-
tion of crystalline orientation was found in metallization
process to form tungsten-plug contact/via. Removal of sul-

Jurifluorine atoms from the TiN surface on which AiCu
Jims are to be deposited privented the deterioration.
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Fig. 1 Factors inlluencing EM resistance

2 Controlling Crystalline Orientation of AlCu
Layers

2.1 Background

It is well known that the reliability of Al lines
sirongly correlates with their crysialline orientation and
grain size.” Al films strongly aligned to the (111) Crys-
talline orientation and consisting of large grains show
superioc  EM resistance. In a meodern metallization
process using W-plugs to fill contact/via holes, blanket-
W {ilms deposited by CVD are etched back to form
W-plugs in the holes. During etching back, a TiN film is
left beneath the W f{ilm. That is, the etching back is
stopped on the TiN film with some over-etching period.
The remaining TiN film is then used as a part of the



TIN/AICw/TIN/Ti metal line, 1t was supposed that dur-
ing this over-etching period, the surface of the TiN film
would suffer some etching damage. On the other hand,
it has been reported that AlCu films sputlered on the
TiN/Ti film show excellent crystaltine alignment.® This
is due to epitaxial growth of the AICu film to the
underlying TiN film, which occurs owing to a small dif-
ference in latlice constant between Al and TiN (less
than 1%). Taking this epitaxial phenomenon into
account, it was supposed that AlCu films sputtered onto
the damaged TiN surface would grow non-epitaxially
and, as a result, show poor crystalline alignment. In this
study, the effects of the over-etching damage on the
crystalline alignment and EM resistance of the lines
were cxamined. After the observation of the damage
effects, processes to remove the damage were investigat-
ed.

2.2 Experimental Procedure
2.2.1 Sample preparation

Three kinds of TiN/Ti layers were prepared for
AlCu film deposition. TiN(100 nm)/Ti(50 nm} stacked
films were deposited by DC magnetron sputtering on
BPSG films on Si substrates, The first kind of TiN/Ti
layers, called the sp-TiN/Ti layer, is an as-sputtered lay-
er. The second of the TiN/Ti layers, called the eb-TiN/
Ti layer, is damaged by W-etching-back process. The
process flow for preparing this kind of sample is shown
in Fig. 2. In this process, 1000 nm thick blanket-W
films were deposited by CVD on the TiN/Ti films and
were plasma etched using a mixed gas of SF6 and Ar.
The etching was stopped on the surface of the TiN with
some over-etching period. The third TiN/Ti layer is
called the treated layer. Samples with eb-TiN/Ti surfaces
were subjected to one of three kinds of surface treal-
ment: (a) Ar ion sputlering, (b) wet cleaning using an
ammonium hydrogen peroxide mixture (APM), and (c)
wet cleaning using an organic solution.

Onto these threc kinds of TiN/Ti layers, 800 nm
AICu(0.5wt %) films were sputtered. For an EM test
structure, 25 nm thick TiN films were sputtered onlo
the AICu/TiN/Ti layers, resulting in a TiN/AICu/TiN/

Ti multifayered structure, These multilayered films were
patterned to metal lines with a width ol 1.2 gm and
length of 6 mm through conventional photolithography
and dry-etching processes. These metal lines were pas-
sivated with SIN/PSG films. After annealed at 4060°C for
30 min in an N, gas, the Si wafers were diced and the
chips were assembled in a 24 DIP ceramic package.

2.2.2 Analysis

The crystalline alignament of the Al films was
analyzed by X-ray diffraction (XRD). Impurities at the
surface of the TiN were detected by Auger electron
spectroscopy (AES). The roughness of the TiN surfaces
was measured by alomic force microscopy (AFM).

2.23 EM test

These test structures were stressed under a current
density of 4 x 10° A/em? at 170°C. Time to failure
(TTF) was defined as the time for a line Lo open com-
pletely, and was Weibull-plotted.

2.2 Results and Discussion

Figures 3 (a) and (b) show the rocking curve profiles
of Al {111) as observed by XRD for AlCu films sput-
tered onto the sp-TiN/Ti and eb-TiN/Ti layers, respec-
tively. The Al (111) intensity of the AlCu film sputtered
on eb-TiN/Ti laver was one third of that for the film
sputtered on sp-TiN/Ti, whereas the half width of the
rocking curves for the AlCu on the eb-TiN/Ti layers
was three {imes that with the sp-TiN/Ti layers. Both
results clearly indicate a much worse (111) crystalline
alignment of the AICu {ilm formed on the eb-TiN/Ti
lavers. Figure 4 shows the Weibull plot of TTFs for
metal lines of the TiN/AICu/sp-TiN/Ti and the TiN/
AlCu/eb-TiN/Tt multilayers, The mean time to failure
{MTF) for the lines of the eb-TiN/Ti layers was one
order of magnitude smaller than that for lines of the sp-
TiN/Ti layers in this figure, The fact that EM lifetime
for the lines of the eb-TiN/Ti layers was about one
tenth that with sp-TiN/Ti layers is in good accordance
with the inferior Al (111) crystalline orientation of the
AlCu on the eb-TIN/Ti laver in Fig. 3 (b).

Figure 5 (a) and (b) show AES spectra for the sp-

{a) TiN/Ti sputering

(b) w-CvD
Fig. 2 Process flow preparing AICu/TiN lines with W-CVD filling contact

(C) W etch-back (d) AICu sputtering
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Fig. 5 AES profiles of TiN surface

TiN/Ti and eb-TiN/Ti layers, respectively. Phato 1 (a)
and (b) show AFM images for the TiN surfaces of the
sp-TiN/Ti and the eb-TiN/Ti layers, respectively. In Fig.
5 {b), sulfur {S) and fluorine (F} signals were detected.
In Photo 1 (b), an increase of about three times in
surface roughness was observed with the eb-TiN sur-
face. The inferior Al (111) alighment in Fig. 3 (b) is
attributed to surface properties of the TiN/Ti, such as
the presence of S and F atoms in Fig. 5 (b) and the
increased surface roughness in Phoio 1 (b).

Table t shows the Al {111) intensity of AlCu films
sputtered onto the surfaces treated by methods (A) to
(C), and the AES and AFM results for the treated TiN/
Ti. As is shown in this table, the Al (111) crystalline
alignment of the AlCu films sputtered on the (A) Ar
ion-sputtering treated TiN/Ti and (B) APM-cleaning
treated TiN/Ti was as good as that for the AICu on the
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Table 1
orientation

TiN surface treatments and their effects on the TiN surface conditions and the crystalline

Sample

Ar ion sputtering

Al {111) crystalline orientation 5, F on TiN surface

110 Keps

Roughuess

non rough

Ammonium hydegen peroxide wet treatment

Organic wet treatment

125 Keps

15 Keps

smonth

non

present

rough

W-etchback damaged TiN

——— e

sp-TIN/Ti layers in Fig. 2 {a). A cause for delerioration
in Al (111} alignment on the eb-TiN surface can thus be
removed by the two treatments, (A) and (B). Neither S
and F was observed on the (A) treated and (B) treated
TiN surface, while both were observed on the (C) treat-
ed TiN surface. On the hand, while the (B) or (C) treat-
ed TiN surfaces have almost the same roughness as the
eb-TiN surface, the (A) treated TiN surface has a larger
roughness than the others.

The cause to be removed by the two kinds of surface
treatments, (A} and (B) in Table 1, appears to be
strongly related to the presence of S and F atoms rather
than increased surface roughness, because the epitaxial
growth of (111) oriented Al films on the (111} oriented
TiN films is thought to be disturbed by the presence of
compounds such as TiFy and TiS; on the TiN surface.

3 Controlling Cu Atom Distribution
3.1 Background

It is well known that Al lines containing Cu have a
high EM resistance and these are now widely used. The
most popularly used Al line is alloyed with 0.5wt.%
Cu.” 1t is not clear whether higher contents of Cu than
0.5wt.% would bring about further improvement of EM
resistance. However, it should be noted that Al alloys
are susceptible to corrosion when Cu is added. A rather
low content of Cu, 0.5wi.%, has been used taking corro-
sion into account, and a trial to extend today’s metal
system to an era of reduced design rules using AlCu
films with higher Cu contents is not recommended.
Rather, it is important to optimize the Cu atom distri-
bution in Al alloys by understanding how the Cu aloms
improve EM resistance.

In this study, low-temperature annealing at 250°C for
10 to 100 h was applied to the AICu/TiN multilavered
lines after all wafer processes were complete in order to
. redistribute the Cu atoms. Here the term “aging treat-
ment” is used to describe such low-temperature anneal-
ing.

3.2 Aging Treatment and Expected Effect

The normal temperature range of wafer processing
after AICu sputtering (CVD, 350-400°C) is indicated by
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Fig. 6 Al-Cu phase diagram'”

| on the Al-Cu phase diagram'” in Fig. 6. This figure

shows that, during wafer processing, little CuAl, will
precipitate in the Al films.

It can also be predicted from this figure that sulli-
ciently slow cooling from the process temperature to
room temperature (indicated by 2 in Fig. 6) will pro-
mote CuAl, precipitation. However, the diffusion lengih
of Cu during cooling, calculated using the diffusion
coefficient of Cu in Al'Y was only 0.2-0.5 gm, which is
far smaller than the 2.0 yum average grain size observed
by TEM. Therefore, Cu atoms will not diffuse in grains
during cooling in adequate numbers to form precipi-
tates at the grain boundaries, due to the low diffusivity
of Cu. In other words, the Cu atoms in AlCu(0.5wt.%)
lines just after processing are supersaturated.

Additional heating for & long period after processing
will promote Cu diffusion and precipitation at grain
boundaries. The time necessary for Cu to diffuse for
1 ym at 250°C (indicated by 3 in Fig. 6) was estimated
to be 10h using the diffusivity values.'”

F'rom the estimated diffusion length and solid solubil-
ity of Cu, we devised and performed aging treatments

17



of 10, 30 and 100 h at 250°C, assuming that, in addition
to Cu redistribution, such EM factors as Al grain size
and Al {111) crystal orientation may also be affected by
aging treatment. Therefore, measurements of these
quantities were made.

3.3 Experimental Procedure
3.3.1 Sample preparation

Films of Al-0.5wt%Cu 800 nm thick were DC-
magnetron-sputtered in Ar gas on 1.0 ym thick BPSG
films coating the (100) Si substrates, with the substrate
at 180°C. Annealing was performed at 400°C for
30 min, The wafers were then subjected to aging treat-
ment at 230°C for 10-100 h. These samples were pre-
pared for analysis of the film properties.

The TiN(25 nm}/ AICu(800 nm)/ TiN(100 nm)/ Ti(50
nm) multitayer was sputtered on BPSG coated Si sub-
strates to form EM test structures. These hilms were
patterned to 1.2 um-wide and 2.5 mm-long lines by
standard photolithography and plasma dry etching. After
being passivated with a SIN/PSG film, each test struc-
ture was annealed at 400°C for 30 min before aging to
initialize the distribution of Cu atoms to be same as
that of the films for analysis of the film properties.
Then, after the structures were assembled in a ceramic
package, the aging treaiments were carried out under
the aforementioned conditions.

3.3.2 EM test

The AICu multilayered lines were stressed at a DC
constant current of 7 x 10° A/em® at an ambient tem-
perature of 25°C. The temperature of the Joule-heated
lines during testing was estimated from the line resistiv-
ity to be 250°C.

3.3.3 AICu film characterization

The properties of AlCu films before and after aging
treaitmentl were characterized using the following toois:
{1} TEM to observe the microstructure of the films and

the configuration of precipitates, and to measure

grain size, using a Hitachi HF-2000 equipped with a

field emission (FE) electron source,

{2) EDX to detect Cu atoms inside grain, at grain
boundaries and in the precipitates, focusing an elec-
tron probe to 1 nm in diameter, which was enabled
by FE-TEM,

(3} ED (clectron diffraction) to analyze the lattice struc-
ture of precipitates, and

(4) XRD to analyze Al crystalline orientation.

3.4 Results

Figure 7 shows the Weibull distribution of EM failure
times for the aged and non-aged AICu multilayered
lines, As is shown in this figure, EM failure time was
increased by aging treatment and varied with aging
time, The MTFs in Fig. 7 are normalized by those for
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the non-aged lings and are plotted as a function of aging
time {1,}, in Fig. 8. Failure time showed a maximum
(10x) at 10 h and decreased with increasing aging time.

Photo 2 (a), {(b) and (¢} show TEM photos of the
non-aged, 10-h-aged and 100-h-aged AICu films, respec-
tively. Precipitates at grain boundaries, which were
rarely observed in the non-aged film, were frequently
observed for the aged films. These precipitates were
determined o be CuAl, by ED analysis of their lattice
constant.

Photo 3 shows an example of a TEM map of an AlCu
film with detection points for EDX. The signals were
detected al siles inside a grain (indicated as 1, 2, 3 in
Photo 3}, at grain boundaries (4, 5, 6, 7, 10) and at gramn
boundary triple points (8, 9, 11) for each sample with
different aging times. Strong EDX intensities of Cu
were detected from CuAl, precipitates visible by TEM
(10, 11 in Photo 3) at 10 000 x magnification. Cu inten-
sities significantly larger than those from sites inside a
grain {1, 2, 3) were also detecled at grain boundaries (4,
5, 6, 7) where no precipitate was observed. The inten-
sity varied depending on the angle of the grain boun-
dary to the electron probe. The more perpendicular the
grain boundary was to the TEM sample surface, the
stronger the signal intensity was. Figure 9 shows plots of
Cu intensity ratio r, as a function of aging time, where

KAWASAKI STEEL TECHNICAL REPORT
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Phote 3 An example of EDX measuring points
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H/(G.B.) is an average Cu intensity from grain bounda-
ries where there is no visible precipitate and K[.G\) is
an average Cu intensity from sites inside grains., As is
shown in Fig. 9, r increases with aging time to a maxi-
mum at 10 h and then decreases with longer times (50-
100 h).

There was little difference in grain size and its varia-
tion ¢ observed by TEM and Al {111} crystal orienta-
tion observed by XRI) between the non-aged and the
aged AlCu films,

3.5 Discussion

The temporal variation of EM failure time (IFig. 8)
shows the same pattern as the variation in segregated

Grain-boundary

Cu atoms

LCuAl, precipitates

(a) As-processed {h) Aging

Cudl,
precipitates

L6
R .
£
2 Mp .
Sk .
7 12f .
2 .
£l ]
~ oy

120

Aging time (h)
Fig. 9 EDX intensity ratio of Cu atoms al grain
bourdaries to inside grain as a function of the
aging time

Cu at grain boundaries detected by EDX (Fig. 9.
Therelore, it was concluded that the improvement in
EM resistance after aging treatment is due to the segre-
gation of Cu at grain boundaries.

Figure 9 shows that grains after the 10 h aging treat-
ment are coated most effectively by segregated Cu.
Under these conditions, the EM lifetime is also maxi-
mum. Therefore, the microstructure in which grains are
coated with Cu is the most effective for improving EM
resistance. This observation is in good agreement with
the results predicted by Frear et al'?

Further aging treatment reduces the content of segre-
gated Cu. Cu atoms diffuse toward CuAl, precipitates
and grow into them during over-aging. A model for Cu
atom redistribution during aging treatment is illustrated
in Fig. 10.

Seyregated Cu atoms

Diftusion of Cu atoms
along grain-boundaries
tioward Cudl,

CuAl,

precipitates

(¢} Over-aging

Fig. 10 Schematic of the aging mechanism
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A model which explains our resufts has been pro-
posed by Rosenberg et al'® According to this model,
grain boundaries with Cu-Al bonds are more resistive to
Al atom diffusion along the boundaries than those
without Cu-Al bonds, because the number of vacancies
in the grain boundaries is reduced by the presence of
Cu atoms. The model shows how the segregated Cu
atoms at grain boundaries arrested the EM of Al atoms
in this work,

4 Summary

Two techniques for controi of the microstructure of
AlCu layers in TIN/AICW/TiN/Ti multilayered lines
have been proposed. The results are as follows:

{1} AICu/TiN multilayered lines formed through a W-
CVD and etching back process for W-plug forma-
tion showed one order of magnitude shorter EM
lifetime than those without the W-plug process.
This poorer EM resistance was attributed to the
inferior Al (111) crystalline alignment of AlCu films
sputtered on the overetching damaged TiN/Ti lay-
ers. The presence of sullfur and fluorine were
observed on the damaged TiN surface by AES.

(2) Removal of these S and F atoms were observed
with TiN surface which were sputtered by Ar ions
or cleaned using the APM. AICu films sputtered on
the TiN films which were treated by one of these
two treatments showed Al (111) alignment as good
as that of the non-damaged TiN/Tti layer. Therefore,
a cause of deterioration in Al (111} alignment is
strongly related to the presence of § and F atoms
on the overetching damaged TiN surface. Specifi-
cally, epitaxial growth of (111} oriented Al films on
(111) oriented TiN films was thought to be dis-
turbed by the presence of compounds of S and F
with Ti on the TiN surface.

(3) Aging treatment at 250°C for 10 h increased the
EM lifetime of TiN/AWCo{0.5wt.%)/TiN/Ti multi-
layered lines by a factor of ten.

{4) Segregation of Cu atoms al grain boundaries, which
ts invisible in standard TEM images, was detected

20

by EDX aller aging treatment. The amount of
segregated Cu reached its maximum at the aging
time where EM lifetime was its maximum, There-
fore, it was concluded that segregated Cu atoms
invisible by TEM play an important role in improv-
ing EM resistance.
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