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Abstract

The nanotwinned structure has been attracting a great deal of attention due to its excellent mechanical and electrical properties. In
this study, ultra-thin nanotwinned Cu (nt-Cu) films with a thickness of 1.5 um were fabricated by DC magnetron sputtering with moderate
substrate bias. Within these films, an equiaxed-grain transition layer only 100-400 nm thick was formed between the nanotwinned region
and Si substrate and observed by focused ion beam (FIB). The XRD and EBSD analyses indicated that the as-deposited nanotwinned
films had a strong (111) preferred orientation. The surface roughness of the films, as measured with an atomic force microscope (AFM),
was below 10 nm, which was sufficiently smooth for chip bonding at low temperature with minor pressure. Direct bonding of Si chips
sputtered with such ultra-thin nt-Cu films with (111) preferred orientation has been evidenced to yield a sound interface, and this bonding
method can be applied for the manufacturing of 3D-IC packages.
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1. Introduction

Nowadays, the three-dimensional integrated circuit (3D-IC) is a novel structure that plays a key role in advanced
packaging technology, which focuses on downscaling device packages, reducing the thermal budget, and enhancing the
mechanical reliability and electrical properties [1-4]. Through 3D chip stacking, it is possible to extend the number of
functions per 3D chip well beyond the capabilities of traditional scaling. 3D stack interconnections can be achieved either
by copper-to-copper direct bonding or solder bonding. Among these methods, Cu-Cu direct bonding is more promising for
fine-pitch high-density interconnections because of the low melting point of tin (Sn). At a reflow temperature above the
melting point of Sn, the molten solder may spread and join together, which can cause shorting when the pitch is below 20
um [5]. In addition, if Cu—Cu bonding is used in through silicon via (TSV) 3D stacking, the TSV and the bonding joint both
consist of pure copper and thus have the same physical and electrical properties. Cu is also lower in cost than solder. As a
result, Cu—Cu direct bonding is a potential candidate method for bonding and appears to be the most promising solution for
exceeding the physical limit of Moore’s Law.

Traditionally, direct Cu—Cu bonding can be achieved by thermal compression at temperatures of 300 °C for more than
30 min [6-8], but because of the high temperature, reliability issues may arise. Thus, low temperature Cu—Cu bonding (< 250
°C) is gaining interest. Kim et al. reported that Cu—Cu direct bonding at the wafer level was performed at room temperature
by surface activated bonding (SAB) with a low energy Ar ion beam under ultra-high vacuum (UHV) conditions [9]. However,
this process is rather time-consuming and expensive. Nanotwinned copper has been reported to have distinctive properties,
such as high surface diffusivity and good mechanical and electrical properties [10-14]. Chen et al. has reported that low-
temperature (150 °C) and low-pressure (114 psi) Cu—Cu direct bonding can be performed in ordinary vacuum by using (111)-
oriented nt-Cu films obtained by electroplating [15]. The reason is that Cu has a face-centred cubic structure, and (111), the
closest packed plane, possesses the highest diffusivity among all the planes in Cu. The diffusivity on the (111) surface of Cu
is at least 30,000 times greater than that on low-index planes such as (100) and (110) [16-18]. In addition, the oxidation rate
of (111)-oriented nanotwinned Cu is the lowest [19]. Thus, the bonding can be performed rapidly if both Cu pieces are (111)-
oriented and nanotwinned in structure. In addition to Cu—Cu direct bonding, other metal direct bonding methods have also
been reported. It is reported that low temperature Ag-Ag direct bonding was achieved at 150-250 °C in 10-60 min in
ordinary vacuum by using high (111)-preferred orientation films with densely-packed nanotwins fabricated by magnetron
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sputtering [20]. Chang et al. also used highly (111)-oriented nanotwinned Ag films to achieve metal bonding in 3 min in air
atmosphere at 190/200 °C [21]. Wu et al. reported that highly (111)-oriented nanotwinned gold can be fabricated by
periodically-reversed electroplating. Grain growth was observed to eliminate the bonding interface of the two films after
annealing at 250 °C for 1h [22].

The above studies all used highly (111)-oriented nanotwinned films to achieve direct bonding of metals. Thus, the
fabrication of high-quality, thin nanotwinned films has become an important issue. The nanotwinned film can be divided
into two regions between the bottom substrate and the top surface. A columnar crystal region containing high density
nanotwins grows near the surface. A randomly oriented equiaxed-grain region called the transition layer forms between the
substrate and the nanotwinned region. The existence of the transition layer is caused by the lattice mismatch of the
nanotwinned region and the substrate. For the electrodeposition of (111)-oriented Cu nanotwinned films, a strong (111)-
oriented Cu seed layer formed by sputtering is needed. The seed layer can effectively reduce the thickness of the transition
layer, which consists of randomly-oriented fine grains that grow from the substrate, and this layer plays a crucial role in the
regularity of (111)-oriented nanotwinned Cu [23]. Chen et al. reported that applying a reverse current can significantly
suppress the formation of the transition layer, indicating that the reverse current may remove or retard the growth of these
grains [24]. Kim et al. also reported that the reverse current has a selective dissolution behavior that causes non-(111)-
oriented grains to be dissolved earlier due to their higher surface energy than that of (111)-oriented grains, which facilitates
the formation of the columnar nanotwinned Cu microstructure [25]. Chuang et al. reported that the (002) Ti adhesive layer
not only enhances the bonding strength between a metallic film and Si substrate but also alleviates the lattice mismatch,
allowing the epitaxial growth of nanotwinned Ag films on Si substrates, which in turn decreases the thickness of the transition
layer [26]. Lai also reported that a thicker transition layer tends to have poorer thermal stability due to the tendency of grain
growth of the random grains to replace the Ag nanotwinned structure, especially at high temperatures [27]. The above studies
aimed to decrease the thickness of the transition layer and optimize high-density nanotwinned films with a strong (111)
surface orientation, but few studies have considered the optimization of nanotwinned films in the sputtering process. In this
study, substrate bias was applied to reduce the thickness of the transition layer with the Ar* ion bombardment effect. With
moderate substrate bias, ultra-thin Cu nanotwinned films with a strong (111) surface orientation can be fabricated for metal-
to-metal direct bonding applications such as 3D-IC advance packages. The effect of bias-induced ion bombardment on the
deposition of ultra-thin nanotwinned films is discussed.

2. Experimental

For the experiments, Cu nanotwinned thin films with a thickness of 1.5 um were deposited on Si chips in a DC
magnetron sputtering system (JUBSUN TECH, SGS-500) with a base pressure of < 5x 10~°Torr (6x 10~* Pa). Prior to the
deposition process, the Si substrates were properly cleaned with acetone, ethanol and deionized water to promote adhesion
of the films, and the substrate was pre-sputtered by argon discharge at a bias of -500 V for 30 min to remove the surface
oxide layer. For the sputtering process, argon gas was used as a working gas, with the pressure maintained at 5 mTorr (0.67
Pa), and the rotation speed of the holder was 10 rpm. The sputtering powers of Ti and Cu were all 150 W, and the deposition
rates were 0.1 nm/s and 0.35 nm/s, respectively. Ti was pre-coated on the Si substrate as an adhesive layer to promote
adhesion between the thin film and the substrate. Various negative substrate biases were applied to induce Ar ion
bombardment of the film surface during deposition. After the deposition, the samples were left in the chamber to cool to
room temperature.

For metallographic observations, a focused ion beam (FIB, Hitachi NX2000) was employed to analyse the
microstructure of the thin films and to prepare specimens for transmission electron microscopy (TEM, FEI Tecnai G2 F20).
Film thickness was determined by FIB examination of cross-section images. The crystal orientations of the thin films were
identified by X-ray diffraction (XRD, Rigaku TTRAX). The EBSD measurements were performed with a JEOL JSM-7800F
and Orientation Imaging Microscopy (OIM) software (TSL, USA) to analyse the orientation maps, crystallographic textures
and grain boundaries according to Kikuchi patterns. The surface roughness (Ra) values of the thin film surfaces were
determined with an atomic force microscope (AFM, Burker Dimension Edge). Transmission electron microscopy (TEM,
FEI Tecnai G2 F20) was used to analyse the arrangement of the nanotwins in columnar grains.
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3. Results and Discussions

The cross-sectional FIB ion image in Fig. 1 shows that the grain structure of the sputtered Cu thin film grew to 1.5 um
with -150 V substrate bias. It can be seen that densely-packed nanotwins grew perpendicular to the substrate. The transition
layer, where the equiaxed Cu grains had random orientations, was calculated to be 300 nm, indicating that the negative
substrate bias voltage suppressed the bottom random grain structures and promoted the formation of a nanotwinned columnar
grain structure. A plane view SEM image of the copper film surface is shown in Fig. 2. The top view projection of the
columnar grains showed numerous cone- shaped gralns on the Cu film surface.

WD mode | det | tilt —— 500 nm ————

2 SE |TLD |0° NTU MSE
Fig. 2 Top view SEM characterlzatlon of nanotwinned Cu film

EBSD was employed to verify the grain orientations of the Cu films deposited with -150 V substrate bias. As shown in
Fig. 3, the EBSD orientation map of the Cu films indicated that the Cu grains were highly oriented in the (111) direction,
and the proportions of the (111)-oriented grains were calculated to be 91.3%. In Fig. 3c, the conventional grain boundaries
are indicated by black lines, and the 3 coincident twin boundaries are marked with red lines. The proportion of £3 coincident
twin boundaries to the total grain boundaries was 27.9%. Fig.3d shows the corresponding X-ray diffraction pattern with a
strong (111) peak, indicating that these nanotwinned Cu films had (111) preferred orientation. Fig. 4a clearly shows the
contrast of the nanotwinned structure, and Fig. 4b presents a rolling-direction (RD) orientation image map of the sputtered
Cu film. Grains at the bottom of the film appeared to be randomly oriented, and the grains above the transition layer were
(111)-oriented. The surface topography was analysed by AFM, and the surface roughness (Ra) value was measured to be 8.5
nm.
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The microstructures of the Cu films were further analysed by transmission electron microscopy (TEM). A cross-
sectional TEM bright field image of a nanotwinned Cu film deposited with -150 V substrate bias is shown in Fig. 6a. The
distribution of nanotwins and matrix in columnar grains was clearly observable in the bright-field TEM image of an integral
nanotwinned columnar grain, and the growth direction of the Cu nanotwins was perpendicular to the substrate, as illustrated
by the white arrow in Fig. 6a. Figure 6b presents a the selected area diffraction (SAD) pattern taken along the [110] zone
axis, showing two sets of distinguished diffraction spots of matrix (M) and twins (T), which were symmetrical along the
(117)/(111) co-plane, demonstrating the characteristic of a twin structure.

Direct metal bonding is promising because it has the potential to replace solder joints in packaging technology. Fig 7
show cross-sectional FIB electron beam and ion beam images on the bonding results of two (111)-oriented nt-Cu films at

200°C for 60 min under 20 Mpa in a regular vacuum of 1x 10-%torr. The results showed that the bonding interface had only

few small voids and no obvious grain growth was observed. The primary capability of the low-temperature bonding behavior
is attributed to the presence of the (111)-oriented FCC metal surface, such as those of Ag and Cu, which possesses the highest
surface diffusivity values among all the crystallographic planes. In addition, the oxidation rate of the Cu (111) surface is the
slowest relative to those of the other planes. Therefore, 3D-IC bonding can be performed rapidly if both bonding metals are
(111) oriented and nanotwinned in structure.
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Fig. 3. Characterization of sputtered Cu film (a) Plane-view EBSD orientation image map of the Cu surface. (b) Plane-view EBSD
orientation image map showing only the (111) Cu grains in Fig. 7(a). (c) Plane-view EBSD orientation image map showing the grain
boundaries and =3 coincident twin boundaries. (d) XRD analysis of the Cu film
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Fig. 4. Microstructure and grain orientation of Cu film (a Cross-sectional EBSD image quality (1Q) map of nanotwinned Cu film (b)
Cross-sectional EBSD orientation image map of nanotwinned Cu film
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Fig. 5. AFM surface roughness of Cu film
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Fig. 7. Cross-sectional FIB (a) electron beam and (b) ion beam images of sample bonded at 200 °C with applied bonding pressure of 20
Mpa

Conclusions

In summary, ultra-thin Cu nanotwinned films with a thickness near the submicron scale with strong (111) orientation
were successfully fabricated by using DC magnetron sputtering with moderate substrate bias. According to the
characterization of the cross-sectional microstructure, an equiaxed-grain transition layer only 100400 nm thick was
observed between the nanotwinned region and Si substrate. The results showed that the thickness of the transition layer can
be effectively reduced by the Ar* ion bombardment effect, indicating that high-quality nanotwinned films can be fabricated
at a thinner thickness. The nanotwinned films in our work were shown to have a strong (111) preferred orientation, and the
surface roughness was sufficiently smooth to achieve metal-to-metal direct bonding. These ultra-thin nt-Cu films with (111)
preferred orientation are potentially applicable to the direct bonding of advanced chip-on-wafer (CoW) or wafer-on-wafer
(WoW) 3D-IC packages.
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