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Abstract

The structure and morphology of nano-sized Cu islands grown by sputter deposition
on SiO, substrates without and with a 5-nm Ti underlayer are investigated using
transmission electron microscopy. On SiO,, spherical Cu islands with a random
crystalline orientation are formed, whereas on Ti/Si0,, semi-spherical islands with a
preferred <111> crystalline orientation are formed. Moreover, the Cu islands on Ti/Si0O,
have a larger size, longer inter-island distance, and higher number density than those on

Si0,. These structural and morphological changes at the nanoscale are discussed from
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the viewpoint of interfacial interactions. Our study suggests that by using an appropriate
metal underlayer, it is possible to fabricate nano-sized islands with the desired

wettability, crystalline orientation, as well as morphology of island ensembles.
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[.INTRODUCTION

With the continuous scaledown of ultra-large-scale integrations (ULSI), and the
rapid development of quantum devices with enhanced optic, electronic, and magnetic
performances, the structural and morphological control of nano-sized three-dimensional
(3D) islands formed during the initial stages of thin film growth is becoming
increasingly significant. The wettability'> and crystallographic structure™” of
nano-sized islands are determined by thermodynamic factors represented as
surface/interface energies. On the other hand, the time-dependent morphology of island
ensembles, such as island size, inter-island distance, and island number density,g'11 is
determined by kinetic factors represented as adatom/island mobility. Because both
thermodynamic and kinetic factors are related to island/substrate interfacial interactions,
nano-sized islands with the desired structure and morphology should be formed under
controlled interfacial interactions. However, little has been reported about the attempt at

the structural and morphological control of nano-sized islands, and its effects on the

structure of continuous thin films.

The purpose of this study is to systematically investigate how the island wettability,
crystalline orientation, and the morphology of island ensembles can be controlled using
surface modification technologies. Cu/SiO,, widely used in ULSI and catalysis, is
selected as the study subject. We use Ti as an underlayer between Cu and SiO; to adjust
the interfacial interactions, because on Ti substrates, Cu thin films have excellent

12,13

adhesion, and grow with an <111> texture.'*" In this paper, the initial growth of

sputter deposited Cu on bare SiO; and SiO; with a Ti underlayer is investigated. The
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differences in the wettability and crystalline orientation of nano-sized Cu islands, as
well as their morphological evolution, are compared and discussed from the viewpoint

of interfacial interactions.

1. EXPERIMENTAL

Si(100) wafers with a thermally oxidized, 10- to 15-nm SiO, layer were washed
using an H,SO4/H,0; solution. A radio-frequency magnetron sputter system equipped
with Cu, Ti, and SiO,; targets was used to deposit thin films onto substrates in a pure Ar
atmosphere. The base pressure prior to deposition and the working pressure during the
deposition were 4.0x107 and 0.8 Pa, respectively. Cu was deposited on SiO, substrates
without and with a 5-6 nm Ti underlayer pre-grown in the same sputter chamber. To
avoid structural variations during TEM specimen preparation and observation, a 10-nm
Si0; cap layer was further deposited onto the Cu thin films. All of the depositions were
conducted continuously without breaking the chamber vacuum. The deposition rate, Ry,
of Cu and Ti was 0.11 nm/s, which was estimated by plotting the film thickness, /4y,
versus the deposition time, ¢, after the formation of the continuous films. For Cu, this Ry
equals approximately 0.5 monolayers/s or 9.1x10" atoms/s'm? according to the lattice
constant (0.21 nm) and the packing density (1.77x10" Cu atoms/m?) of the (111) planes

of face-centered cubic (fcc) Cu.

Transmission electron microscopy (TEM) images and selected area electron
diffraction (SAED) patterns were taken using a JEOL JEM2010F operating at 200 kV.

The specimens for TEM observation were prepared using conventional mechanical
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grinding, polishing, and dimpling, followed by Ar ion milling at an acceleration voltage
of 4 keV and an incidence angle of 6°. X-ray diffraction (XRD) was used to investigate
the texture of continuous Cu thin films. XRD patterns were recorded using Cu-Ka

radiation in a RINT2400 (RIGAKU) operating at 40 kV and 200 mA.

1. RESULTS

A. Wettability of nano-sized Cu islands

The cross-sectional TEM (XTEM) images of Cu thin films on SiO; and Ti/SiO, at
deposition times of z; = 5 and 10 s are shown in Figs. 1 and 2, respectively. Although
Cu grows in 3D mode on both of the substrates, these islands have different outer
shapes. On SiO,, the Cu islands appear completely spherical, and do not wet at all,
whereas on Ti/SiO,, the Cu islands appear semi-spherical, and partially wet. The
high-resolution cross-sectional TEM (HRXTEM) images in Figs. 3 and 4 show more
clearly the difference in wettability of the Cu islands on SiO; and Ti/SiO;. In contrast to
the wetting angle () of 180° for the Cu islands on SiO,, most of the Cu islands wet on

T1/S10, with 6 = 50+20°.

Most studies on metal wettability on substrates are focused either on the liquid
phase at high temperatures or at the submicron scale. Our experiment indicates that the
nano-sized Cu islands show different wettabilities on different substrates. The
wettability of these islands on SiO; can be controlled from non-wetting to wetting using

Ti as an underlayer.
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B. Crystalline orientation of nano-sized Cu islands

The HRXTEM images shown in Figs. 3 and 4 show the crystalline orientation of Cu
islands on Si0, and Ti/Si0O; at #; = 5 and 10 s, respectively. As shown in Fig. 3, for the
Cu islands on SiO,, the Cu (111) planes have a vertical angle of 9.8°, 45.6°, 39.8°, and
85.0°, respectively. The difference between any two of them has a large deviation
(>15°) from the standard dihedral angle of two (111) planes of Cu fcc structure (70.5°).
Therefore, the Cu islands on SiO, appear randomly orientated. In contrast, for the Cu
islands on Ti/Si0; [Fig. 4], Cu (111) planes are almost horizontal, and this orientation
appears more precise at #; = 10 s than at 7, = 5 s. Therefore, the Cu islands on Ti/S10;

are <111> orientated, and tend to develop with deposition time.

The plan-view TEM images and SAED patterns as shown in Fig. 5 support the
above results from the HRXTEM images. For the Cu islands on SiO,, the SAED
patterns in Figs. 5(a) and 5(b) exhibit diffraction rings with the sequence of (111) >
(200) > (220) in strength. Their strength from the Cu powder pattern is 100%, 46%, and
20%, respectively [Ref. JCPDS 4-0836]. The qualitative coincidence indicates that these
Cu islands have a random crystalline orientation. However, for the Cu islands on
Ti/Si0,, the SAED patterns in Figs. 5(c) and 5(d) exhibit two facts. One is the absence
of the (200) diffraction ring at z; = 5 and 10 s. Another is the decreased strength for the
(111) diffraction ring and the increased strength for the (220) diffraction ring at z; = 10 s.
These results also demonstrate that the Cu islands on Ti/SiO, are <111> orientated, and

this preferential orientation develops with deposition time.
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The crystallographic relation between the Cu islands and the Ti underlayer is
analyzed as follows. As shown in the HRXTEM images in Fig. 4, the (0002) planes of
the Ti hexagonal closest packing (hcp) structure are almost perpendicular to the thin
film growth direction. Moreover, as shown in the plan-view SAED patterns in Figs. 5(c)
and 5(d), only the (khl0) diffraction rings of the Ti hcp structure appear, and the (hkl1)
diffraction ring is absent, which agrees with the presence of (0 IIO) lattice structure of
hcp Ti shown in the plan-view high-resolution TEM (HRTEM) image [Fig. 6(a)].
Therefore, an identical conclusion is drawn from all of these results that the Ti
underlayer on SiO, is polycrystalline with a preferred <0001> crystalline orientation,
which is consistent with other published results.'®'” The plan-view TEM image of Cu
islands on Ti/Si10; at t; = 10 s in Fig. 6(b) mainly shows the (110) lattice structure of fcc
Cu. Although about 20% of these Cu islands show moiré fringes with periodicities of

8.7-13.5 nm, corresponding to a horizontal disorientation angle of 10-20° between the

Cu[110] and Ti [2110] directions, most of them have an epitaxial relationship of (111)

[110] fee-Cu || (0001) [2110] hep-Ti.'

The change in the crystalline orientation of nano-sized islands affects the structure
of continuous thin films. The XRD patterns of 50 and 200 nm Cu thin films on SiO, and
Ti/Si0; are shown in Fig. 7. Cu thin films on SiO, mainly show the <111> and <200>
peaks, whereas those on Ti/Si0, only show the <111> and <222> peaks. The increased
intensity and the decreased full width half maximum (FWHM) (from 0.35° for the 200

nm film on SiO; to 0.16° for that on Ti/Si0,) of the Cu <111> peaks indicate the
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enhanced <111> texture and the increased grain size for Cu thin films on Ti/SiO;

compared with those on Si0,.
C. Morphological evolution of Cu island ensembles

The island size, D, and the island number density, N, at deposition times of z; = 5
and 10 s are measured from the plan-view TEM images in Fig. 5, and summarized in
Table 1. Cu growth on both SiO; on Ti/SiO, shows the decrease in island number
density, indicative of the island coalescence either from static growth or dynamic
migration. It is noteworthy that the Cu islands on Ti/SiO; have a higher number density
and smaller size than those on SiO,, which can be understood from the difference in

island evolution mechanisms on two substrates, as shown in the following.

We assume that Cu islands are uniformly distributed in a cell network with the unit

)
length of W = (%\7 ) 2. If an island grows statically only by absorbing the incident
d

flux to its residence unit cell, the island size, D, and inter-island distance, L, after a
period of deposition can be estimated. As shown in Table 1, when ¢, increases from 5 to
10 s, the diameters of Cu islands on SiO, and Ti/SiO, are estimated to increase from 3.8
to 4.1 nm, and from 2.4 to 3.2 nm, respectively. The estimated increase in island
diameter by 0.3 nm for Cu islands on SiO; is too small compared with the inter-island
distance of L = 5.0 nm at #; = 5 s. This means that an island cannot contact and coalesce
with one another if it does not migrate. In contrast, the estimated increase in island size

by 0.8 nm for Cu islands on Ti/SiO, from #; = 5 to 10 s is comparable with the
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inter-island distance of L = 1.9 nm at #; = 5 s. This means that island coalesce can occur

even if Cu islands stay where they are formed without migration.

Therefore, the Ti underlayer changes the morphological evolution of Cu island
ensembles. The lower mobility of Cu islands on Ti/SiO, accounts for the formation of
island ensembles with a higher number density, a smaller size and inter-island distance

than those on Si0s».

V. DISCUSSION

The 5-nm Ti underlayer changes the nano-sized Cu islands during the initial growth
of Cu thin films in three aspects: the outer shape and inner structure of island
individuals, and the time-dependent morphology of island ensembles. Cu islands on
Si0; are spherical with random crystalline orientation, whereas those on Ti/SiO, are
semi-spherical with a preferred <111> crystalline orientation. Moreover, Cu islands on
Ti1/S10, grow with a smaller island size and inter-island distance, and a higher island
number density, compared with those on SiO,. These changes can be understood from

interfacial interactions characterized by element affinity and crystallographic similarity.

The wetting angle, 6, of nano-sized Cu islands on substrates is given by the Young’s

equat10n7 COSH = (ySub _yCu/Sub)/?/Cu 4 Where ?/Cu > 7Sub ’ and yCu/Sub are the Surface

energies of Cu and substrates, and the interfacial energies between Cu and substrates,

respectively. Cu, Ti and SiO, have surface energies of 1.81, 2.05, and 0.62 J/mz,

18-20

respectively. In addition, Cu show the better affinity to Ti than to SiO; since various
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Cu-Ti alloys are formed at temperatures as low as 800 °C. Therefore, the strong Cu-Ti
interfacial interactions and the strong Cu-Cu lateral interactions dominate the formation
of spherical Cu islands on SiO, and semi-spherical Cu islands on Ti/Si0O,, respectively.

Here, 7., can be estimated as 0.95 + 0.48 J/m® from 6 = 50+20°.

The crystalline orientation is related to the island wettability. The non-wetting Cu
islands on SiO, have random crystalline orientation because the stability of a spherical
island only depends on surface and volume factors, whichever the crystalline orientation
of the island will be. However, the stability of a semi-spherical island is related to the

interfacial areas and interactions. The misfit between (111) [110] fcc-Cu and (0001)
[2ﬁO] hep-Ti of as small as 0.04% leads to the formation of most stable <111>

orientated Cu islands on the 5-nm <0001> oriented Ti underlayer on SiO,. Although Cu
islands minimize their total energy on both SiO, and Ti/SiO,, the difference in the
contribution of interfacial interactions leads to the formation of either random or <111>

orientated crystalline Cu islands.

The changes in the evolution mechanism of Cu islands due to their mobility can be
understood from interfacial interactions as well. The strong interfacial interactions
between Cu and Ti/Si0; lead to the low mobility of wetting islands. An island stays
where it is formed, and grows by absorbing incident atoms and surface diffusing
adatoms. In contrast, the weak interfacial interactions between Cu and SiO, lead to the
high mobility of non-wetting Cu islands. Therefore, not only adatoms diffuse but also

islands migrate and coalesce with other islands on SiO; substrates, which results in the
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formation of Cu islands with a larger sizes and inter-distances, and a lower number

density.

It is reasonable that the decrease in melting points for small particles’’ might
kinetically permit the wettability variation of nano-sized Cu islands. The crystalline
orientation evolution of Cu islands on Ti/SiO; between #; = 10 s and 5 s might be
explained from the crystallographic reconstruction with small barriers for nano-sized
islands.” Finally, the energy needed for structure reconstruction and migration of Cu
islands might be obtained from the energy released from incorporation of adatoms and

from island coalescence.®

Our results about the increased wettability and enhanced <111> orientation of Cu
islands provide an approach for fabricating Cu-based interconnections with good
adhesion and strong electromigration resistance. Cu thin films with an <111> preferred
orientation have been reported to be crucial for increasing the electromigration
resistance.” Besides, our study suggests that by controlling interfacial interactions and
other factors, it is possible to fabricate islands with the desired size/distance distribution

and well-defined density.

V. CONCLUSIONS

Using a 5-nm Ti underlayer, the wettability and crystalline orientation of Cu islands,
as well as their size, distance and density, can be controlled from non-wetting to wetting,

from random to <111> crystalline orientation, and from the adatom-diffusion-dominated
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to the island-migration-dominated growth mechanism. The enhanced interfacial
interactions between the Cu islands and the <0001> textured Ti underlayer, compared
with those on SiO,, lead to a change in the wettability and crystalline orientation, and
adatom/island mobility. Our studies suggest that by using surface modification
technologies, we should be able to fabricate nano-sized islands or continuous thin films
with the desired structures and properties, because of the large contribution of interface

effects on nano structures formed during the initial growth of thin films.
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Table 1. Change of island number density (V,), diameter (D), and inter-island distance

(L) with deposition time (z;). W is the cell length of the lattice structure, assuming Cu

b
islands are uniformly distributed. Then, W = (%V ) ’ ,and L=W -D.
d

14 () Ny(m®)  D(m) L(nm) W (nm)
5 1.3 x 10" 3.8 5.0 8.8
On SiO, 10 5.4x10" 7.3 6.3 13.6
Calc. - 4.1 4.7 -
5 53 %10 2.4 1.9 4.3
On Ti/SiO;, 10 1.9x10'" 49 2.4 7.3
Calc. - 3.2 1.1 -
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

XTEM images of Cu islands on SiO, at deposition times of #; = (a) 5 and (b) 10
S.

XTEM images of Cu islands on Ti/SiO; at deposition times of #; = (a) 5 and (b)
10 s.

HRXTEM images of Cu islands on Si0O, at deposition times of 7; = (a) 5 and (b)
10 s.

HRXTEM images of Cu islands on Ti/SiO, at deposition times of z; = (a) 5 and
(b) 10ss.

Plan-view TEM images of Cu islands on SiO; at deposition times of #; = (a) 5
and (b) 10 s, and on Ti/S10; at deposition times of z; = (¢) 5 and (d) 10 s, as well
as the corresponding SAED patterns.

Plan-view HRTEM image of (a) a 5-nm Ti underlayer on SiO; and (b) Cu
islands on Ti/Si0; at #; = 10 s, as well as the correspondign SAED pattern of Ti
underlayer.

XRD patterns of 50- and 200-nm Cu thin films on (a) SiO, and (b) Ti/SiO,, and
(c) illustration of Cu powder pattern indicating peak intensity and position [Ref.

JCPDS 4-0836]. Two peaks at 34.6° and 69.2° originate from Si substrates.
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Fig. 2
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Fig. 5
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Fig. 6
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Fig. 7
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