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Abstract

The dynamics of the gold-silicon eutectic reaction in limited dimensions were studied using in sifu transmission
electron microscopy and scanning transmission electron microscopy heating experiments. The phase transformation,
viewed in both plan-view and cross-section of the film, occurs through a complex combination of dislocation and
grain boundary motion and diffusion of silicon along gold grain boundaries, which results in a dramatic change in
the microstructure of the film. The conversion observed in cross-section shows that the eutectic mixture forms at the
Au-Si interface and proceeds into the Au film at a discontinuous growth rate. This complex process can lead to a
variety of microstructures depending on sample geometry, heating temperature, and the ratio of gold to silicon which
was found to have the largest impact on the eutectic microstructure. The eutectic morphology varied from dendrites

to hollow rectangular structures to Au-Si eutectic agglomerates with increasing silicon to gold ratio.
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1. Introduction

Gold (Au) and silicon (Si) are often used together in integrated circuit (IC) and microelectromechanical (MEMS)
manufacturing and have been a key in creating complicated designs due to their respective properties [1]. In particular,
the Au-Si eutectic reaction is used in the packaging stage of MEMS device fabrication because of the mechanical
strength and hermicity of the eutectic bond [2—4]. However, both of these properties are often degraded by poor
bonding, though the microstructural and environmental factors dictating the bonding behavior have not been well
established. Additionally, the current IC technology node scales down to just a few nanometers [5], which requires
precise understanding and control of the materials being used at such limited length scales. Further study of this
eutectic reaction is necessary to address commercial concerns, develop new applications, and determine the
fundamental physics of the eutectic reaction at limited length scales.

The thermodynamics of the Au-Si eutectic reaction is described by a simple eutectic phase diagram with a eutectic
temperature of 636 K and concentration of 18.6 at% Si [6]. The two elements show negligible solubility in other
phases. However, at least 12 metastable phases ranging from fractional ratios, such as Aug;Si 19, to Au3Si have been
reportedly produced by a wide variety of methods [7—12], with crystal structures including face-centered cubic (FCC)
[13], cubic [7,11,12], hexagonal [10], and orthorhombic [8,9,14].

During the eutectic reaction, it is generally accepted that a liquidous Au-Si mixture forms and, upon solidifying,
creates the eutectic bond. However, there are discrepancies reported in the literature regarding the exact mechanisms
in which the eutectic bond forms. There are reports that Au diffuses into Si during the eutectic reaction [8,15,16], with
some reports suggesting that this occurs even at temperatures below the eutectic point for electron transparent samples
[8,15]. This was recently documented by Terauchi et al. via in situ transmission electron microscope (TEM) heating
experiments that showed Au diffusion into a Si substrate at 533 K [15]. Other reports have shown that the early
diffusion of Au into Si can lead to gold silicide formation prior to the eutectic temperature [8]. This is contrary to
other studies that show the eutectic mixture does not form until the temperature has reached the eutectic point [17]. It
is important to note that the reports of Au diffusion prior to the eutectic temperature occurred in electron transparent
samples. This could indicate that the observed pre-eutectic Au diffusion is a thin-film effect and likely does not occur
in bulk materials. There are also multiple reports that Si diffuses into Au as evident by silicon oxide formation on the
surface of the Au film [18-21].

Several authors have reported on the strong role played by the Au grain boundaries in the fast diffusion of Si



[14,20,22,23]. Specifically, Seibt et al. observed that high angle Au grain boundaries served as preferential nucleation
sites for gold silicide, which exhibited an epitaxial relationship with the neighboring Au grains [23]. This suggests
that forming low-energy interfaces is an important factor during the formation of the eutectic bond.

Complicated final microstructures ranging from nanowires [24,25] to fractals [26] have been reportedly formed
via reactions at the Au-Si interface at elevated temperatures. Dendritic structures, square shaped particles, and
rectangular pores have also been reported [16,27,28]. Philofsky ef al. found that the final microstructure resulting from
the eutectic reaction was a function of cooling rate and Si orientation [29]. This was later confirmed by Kato ef al.
with the observation that Au dendrite size decreased with increasing Au-Si cooling rate and that both the dendrite
texture and squared Si growth were influenced by Si orientation [28].

It remains unclear how the initial microstructure, sample geometry, and bonding conditions may influence the
bonding microstructure and the overall behavior of the eutectic bond. The present study provides a detailed analysis
of the dynamics of the Au-Si eutectic reaction occurring at limited dimensions observed via in sitfu TEM and scanning
transmission electron microscopy (STEM) heating. This includes the observation of relaxation and recrystallization
of the Au film prior to the eutectic reaction, Si diffusion along Au grain boundaries, and a detailed characterization of
eutectic bond microstructure.

2. Results

a. Initial Microstructure of Au films

The sample fabrication produced well-adhered Au thin films with nanocrystalline grains. An example of the grain
structure for a 200 nm-thick plan-view film and the companion histogram of the grain size distribution are presented
in Fig. 1a and Fig. 1b, respectively. Grain sizes were determined to be the diameter of a circle of equivalent area as
the area of each grain. Grain sizes ranged in diameter from 11 nm to 163 nm with an average grain size of 65 nm
(arrowed). The grain sizes and microstructures for the microfabricated samples were similar to that of the plan-view.
The mean surface roughness of the film was determined using atomic force profilometry to be 2.4 nm. The films had
a generally columnar structure, but imaging of cross-sectional samples revealed that not all the grains extend through
the full thickness. Electron diffraction confirmed the dominant expected <111> texture. The film contained structural

defects including grain boundaries and intragranular lattice dislocations.
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Fig. 1 (a) TEM micrograph of the as-deposited nanocrystalline microstructure of 200 nm-thick
plan-view gold film (insert shows characteristic diffraction rings of <111> film texture), (b)
histogram displaying the grain size distribution of as-deposited microstructure

b. Eutectic reaction dynamics

The dynamics of the Au-Si eutectic reaction at limited dimensions was elucidated through in situ TEM annealing
experiments of a set of plan-view and cross-section samples with the geometry and initial microstructures described
in the Methods section (Fig. 10) and Fig. 1, respectively. The dynamics of the Au-Si eutectic reaction of the thin Au
film on a large Si substrate shows many microstructural changes in the film and minimal changes in the substrate.

As the eutectic temperature is approached, the first stage in the transformation involves the removal of lattice
dislocations and grain growth within the Au film. This can be seen in Fig. 2, which displays a series of images of a
plan-view sample captured during an in situ TEM heating experiment heated to 723 K. The video of this transition
can be seen in Supplementary Video 1. Specifically, Fig. 2a shows that the Au grains are now free of dislocations,
unlike the initial microstructure shown in Fig. 1a. The recovery of the Au film also includes recrystallization observed
in the grain growth seen when comparing the initial microstructure (Fig. 1a) with Fig. 2a. The average grain size has
increased from 65 nm to 313 nm after heating to 723 K. The grain growth continues when comparing Fig. 2a and Fig.
2b as the temperature is held at 723 K. In order to highlight this grain growth during the first 2.37 s, the grain
boundaries have been outlined and superimposed for each successive snapshot. Fig. 2k, Fig. 21, and Fig. 2m are the
overlayed grain structure for Fig. 2a (black) and Fig. 2b (red), Fig. 2b and Fig. 2¢ (blue), and Fig. 2c and Fig. 2d
(green), respectively. For the majority of grains, those of larger sizes proceed to grow at the expense of the smaller
grains. A clear example of this is indicated by an arrow in Fig. 21 where a collection of smaller grains outline in red

(from Fig. 2b) are consumed by a larger grain (blue). Another example of this can be seen by comparing Fig. 2a and



b, where the grain indicated by the arrow marked number 1 is consumed by the larger grain larger grain just above it.
The average grain size increases from 313 to 422 nm during the 2.37 s separating Fig. 2a and Fig. 2d, resulting in an
average grain size increase at a rate of 46 nm s™\. During this process, the eutectic mixture has formed at the Au-Si
interface and proceeded along the grain boundaries. This leads to the initial thickening and darkening of the grain
boundaries and triple junctions as indicated by arrows in Fig. 2e. This process appears to occur for every grain
boundary and continues as the grain boundary widths increase, the triple junctions enlarge, and the grains become

circular. The transformation of the region indicated by a dashed box in Fig. 2g is shown at higher magnification in
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Fig. 2 In situ TEM observation of the eutectic reaction in traditional plan-view sample heated above the eutectic temperature
to 723 K. (a) Au microstructure after significant recovery including dislocation motion and grain growth (b)—(d) same region
after additional grain growth, (e) extensive microstructural changes including widening of the grain boundaries and triple
junctions as well as the growth and rounding of the grains (arrows pointing to an example of a widened grain boundary and
triple junction), (f)—(g) Au-Si mixture continues to dewet the grain boundaries. (h)—(j) Coalescence of islands occurs during
late stages of the eutectic reaction. (h) A small round Au island completely surrounded by liquidous eutectic mixture as
indicated by box in Fig. 2g, (i) the Au island mid-transition, (j) the resulting structure that is formed less 0.067s after Fig. 2h
due to the consumption of the small island and migration of neighboring larger islands. Overlay of the grain boundary outlines
for (k) Fig. 2a-b, (1) Fig. 2b-c, and (m) Fig. 2¢c-d to show large grains consuming smaller grains.



Fig. 2h-j. The small circular grain in Fig. 2h is completely consumed in less than 0.067 s during the transformation
and is replaced by a saddle interface structure. During this step (shown in Fig. 2i), the grains on either side of the Au
island progress approximately 220 nm at a rate of 3.3 um s’ to result in the final microstructure shown in Fig. 2. This
rate is significantly faster than any other microstructural changes documented for this reaction. The full area shown in
Fig. 2g was converted into a gold silicide just 0.7 seconds after this event occurred.

Further insight into the kinetics of the grain growth and the eutectic transformation was obtained by conducting
similar in situ TEM heating experiments with cross-sectioned specimens (Fig. 3). The schematic to the left of Fig. 3a
displays the relative position of Au and Si in the cross-section specimen with the black box indicating the specific
location shown by the TEM micrographs. Similar to the plan-view transformation, relaxation is observed in cross-
sectional view beginning with the removal of lattice dislocations and grain growth in the Au film. The arrowheads in
Fig. 3a identify a grain boundary (arrow 1) and intragranular dislocation (arrow 2) present in the initial microstructure.
Lattice dislocations in the as-deposited microstructure are removed upon heating just below the eutectic temperature,
resulting in the microstructure shown in Fig. 3b. This is followed by grain growth in the Au film (Fig. 3c). Once the
eutectic temperature is reached, the Au-Si liquidous mixture forms at the interface between the Au film and Si substrate
(interface indicated by dotted line in Fig. 3c). The arrowheads in Fig. 3d indicate the Au-Si mixture that has formed
at the interface. This mixture progresses along the grain boundaries, converting the boundaries to a Au-Si layer. This
leads to the observed widening of grain boundaries as the Au-Si mixture penetrates into the Au grains and transforms
it. Simultaneously, the eutectic mixture proceeds into the Au film with an interface of a characteristic meniscus as
indicated by arrowheads in Fig. 3e and Fig. 3f. The liquidous layer separates the recrystallized grain first from where
the initial Au-Si interface region was present, Fig. 3¢, and then from neighboring grains, Fig. 3f. In less than 28 s at

636 K, the entire film has reacted to form a large gold silicide grain, resulting in the microstructure shown in Fig. 3h.
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Fig. 3 TEM micrographs of the microstructural evolution observed in cross-section of the Au-Si eutectic reaction. (a) Room
temperature as-deposited microstructure containing grain boundaries (arrow 1), and intragranular dislocations (arrow 2) with
the schematic of cross-section shown to the left, (b) microstructure free of dislocations and after relaxation, (c) significant
grain growth just prior to reaching 636 K (Au-Si interface indicated by the dotted line), (d) initial wetting of interface and
grain boundaries after eutectic temperature is reached (arrows point to eutectic mixture that has penetrated from the Au-Si
interface), (e) the partial transformation via meniscus migration of gold island. Arrowheads indicate boundary between Au
island and liquidous Au-Si mixture, (f)—(g) continued removal of initial microstructure and almost complete transformation
of Au film, (h) the final microstructure of the film showing no resemblance to initial microstructure. Time stamps on the
micrographs indicate the time elapsed after eutectic temperature was met

The decreasing volume of Au and the changing meniscus curvature of the reaction front are modeled using the
projected area to provide a three-dimensional image of the structure, assuming the meniscus is symmetrical with the
central axes. The liquid-solid interface progressed at a global rate of 5.4 nm s!. This rate is significantly slower than
the measured rate of the liquidous Au-Si mixture observed in plan-view. The local rate of change can be seen in Fig.
4, in which the aerial fraction of remaining Au is plotted as a function of time at 0.33 second intervals. The
transformation appears to occur in a discontinuous fashion with periods of rapid conversion followed by periods of
stagnation. For example, the region maked ‘3f” on Fig. 4 indicates a stagnated period where the percent reacted
remains constant for two seconds. This is followed by the region ‘3g’ in which the transformation begins to occur

again. Curve fitting each of the regions of increased conversion indicates that the transformation occurs exponentially.



Similar discontinuous behavior has been reported for grain boundary motion in Ni during annealing and has been
attributed both to the accumulation of impurity elements at the grain boundaries [30] and the supersaturation of
vacancies within grain interiors that halt further boundary progression [31]. In this study, the observed discontinuous
behavior is related to the conversion of the Au film during the eutectic reaction, rather than just grain boundary motion.
Studies have shown that the growth velocity of the eutectic front depends on the amount of undercooling, with
maximum velocity occurring at the maximum undercooling [32,33]. One study also found that varied growth rate of
the eutectic front can be attributed to the conversion from anomalous eutectic to slowed growth of ‘regular’ lamellar
eutectic [32]. Considering that this experiment was conducted at a contstant temperature and there was no change in
the eutectic morphology, the discontinuous behavior in Fig. 4 could indicate that diffusion pathways play an important

role in the eutectic conversion and that the exhaustion of such pathways lead to stagnation of the conversion.
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Fig. 4 Graphical representation of the transformation seen in Fig. 3. The x
axis is time corresponding to that reported in Fig. 3 and y axis is the aerial
percent conversion of the Au island highlighted region in Fig. 3d-g. Note
that the growth rate is not uniform.

The diffusion mechanisms operating during the eutectic reaction are shown in greater detail during the in situ
STEM heating experiment performed under high angle annular dark field (HAADF) STEM imaging conditions, Fig.
5. The intensity of HAADF STEM images is roughly proportional to the atomic number squared which creates a stark
contrast between the Au and Si [34]. Fig. 5a shows the initial microstructure of the cross-sectional sample prior to
heating. As the temperature rises to 593 K, observable amounts of Si proceed to diffuse into the grain boundary

structures. This leads to the darkening of the grain boundaries in the HAADF STEM images, highlighted in Fig. 5b,



as the lighter element Si diffuses into the Au film. Two grain boundaries that show the most extreme darkening and
thickening due to Si diffusion are arrowed in Fig. Sb. In Fig. 5c, complete conversion of the Au film has occurred

after the eutectic temperature is met.

Fig. 5 In situ HAADF STEM heating experiment on a cross-sectional Au film on a Si substrate. (a) Room temperature
structure of Au film on Si substrate with the location of each indicated and arrow is pointing to a grain boundary. (b) The
darkening and widening of the grain boundaries (arrowed) in the Au film as a result of Si diffusion at T = 593 K, (c) the
diffusion of Au rich mixtures along the free surface and away from the original filmat T = 633 K

c. Post-mortem eutectic structure

Fig. 6 shows analysis of the Au-Si reaction-induced structures after heating a sample to 723 K in the TEM. This
experiment was done on a traditional plan-view sample since the wedge shape provided an increasing ratio of substrate
(Si) to film (Au) with distance from the edge of the sample (Fig. 10a). The Au-Si eutectic reaction at limited length
scales resulted in three distinct microstructures that can be correlated to the ratio of Au to Si present in the local regions
(labeled A, B, and C in the TEM migrograph Fig. 6a). The plan-view experiments reveal that the eutectic mixture
eventually completely consumes the Au film and agglomerates on a thin amorphous brittle substrate of
very low atomic weight, assumed to be the silicon oxide layer formed on top of the Au thin film due to Si diffusion
through the Au film.

Region A, that of the lowest Si concentration, has a structure consisting of coarsened ‘fractal-like’ dendrites
on a silicon oxide layer. Region B contains an intermediate concentration of Si to Au and resulted in the formation of
roughly rectangular structures of a few micrometers in width. Fig. 6b shows the details of one such structure in which
debris is observed within the rectangle and a dark rim is found along the perimeter. Stereomicroscopy performed on
this region (specifically on the region shown in Fig. 6¢) indicated that the Si substrate is banked to form the rectangular

structures and that the Au-Si mixture resided on the same side as banked Si faces. This is strong evidence that the Au-
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Si debris is residing ‘underneath’ a thin non-native silicon oxide layer that formed on top of the Au due to Si diffusion
through the film. A schematic of the rectangular structure is shown in Fig. 6¢c with each material (Au-Si, Si, and SiO,)
labeled. HAADF imaging, shown in Fig. 6d-f, was also performed on the rectangular structures to provide information
on the relative locations of Au and Si. This indicated that the debris and rim around the rectangles are a Au-Si mixture,
while the region outside of the structure is only Si, which can both be seen in Fig. 6¢ and f, respectively. In the region
with the highest Si to Au ratio, Region C, gold silicide was observed to agglomerate into poorly connected islands on
the Si surface. It appears, due to the thickness of the Si support, that the silicon oxide film plays a less significant role

in the development of these microstructures.

HSi WAu-Si “SiO,

Fig. 6 TEM micrographs of the resulting microstructure of the reaction in plan-view observed in Fig.
2 where the sample was heated to 732 K for less than 120 s. (a) Three distinct regions (labeled A, B,
or C) depending on Au to Si ratio. Region A, corresponding to the region with the smallest amount
of Si, produces dendrite structures. Region B, corresponding to the region with intermediate Si
concentration, shows rectangular structures. Region C, corresponding to the region with the highest
Si concentration, shows the agglomeration of Au-Si mixture on the Si surface. (b) Rectangular
structures in Region B shown at higher resolution. (c) TEM image of the edge of a rectangular
structure in which stereomicroscopy was done to inform the schematic shown. (d)-(f) HAADF
STEM images of a rectangle structure. Z-contrast imaging used to map locations of (¢) Au and (f) Si
showing that the region outside the rectangle is dominantly Si whereas Au primarily lies on the edge
of the rectangle as well as the dark features within the rectangle

The resulting microstructure of low Si concentrations (Region A) was further investigated using the unique

sample geometry of the microfabricated sample, a SEM image of which is shown in Fig. 7a. The resulting structures,

shown in the TEM micrographs in Fig. 7b-d and Fig. 8, varied depending on temperature. Fig. 7b [35] illustrates the
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microstructure of the microfabricated device heated just to the eutectic temperature and then immediately cooled. The
microstructure consists mostly of Au-Si dendritic structures with ‘fractal-like’ structures that appear near the edge of
the free-standing Au portion of the microfabricated samples. Presumably, these dendrite structures nucleated from Si
islands not completely removed from these regions during the Bosch etching process. The region within the dotted
box in Fig. 7b is shown in more detail in Fig. 7c. Here, it is clear to see the Au-Si dendrites as well as the unreacted
Au film directly ahead of the reaction front. At this temperature, the dendrite branches do not reconnect and form
islands larger than Au grains. The white regions are the non-native SiO; layer in which the dark Au-Si mixture formed
upon. The microstructure shown in further detail in Fig. 7d clearly shows the regions where the Au-Si mixture formed,
the remaining unreacted Au film, and the silicon oxide base layer (each labeled). With this sample configuration
(limited Si available), only a portion of the Au film reacts with Si, which leaves Au and Au-Si remaining on the SiO,

layer after cooling.

Fig. 7 Resulting microstructure of microfabricated devices after heating to the eutectic temperature
and immediately cooled. (a) SEM micrograph of microfabricated TEM sample that provides a 1 mm
diameter free-standing Au film supported by 3mm outer diameter silicon washer. TEM micrographs
of (b) - (d) the dendrite structure resulting from heating just to the eutectic temperature shown at
different magnifications

Alternatively, when samples were heated to temperatures significantly above the eutectic temperature, the free-
standing Au film completely reacts to form a complex gold silicide structure on a silicon oxide film. This is shown in
Fig. 8 for a microfabricated sample heated to 873 K. The black region is the gold silicide while the white region is
once again a silicon oxide film on top of which the Au-Si mixture (gold silicide) forms. The additional heating led to
dendrite coarsening and complex closed-loop ‘fractal-like’ formations (reconnected branches), which is better seen in

Fig. 8b. These structures connect to the larger gold silicide in the center of the sample and presumably, the dendrite
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structures formed first before the full Au film was convereted at these elevated temperatures.
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Fig. 8 TEM micrographs of microfabricated sample heated
above the eutectic temperature to 873K. This resulted in (a)
full conversion of the Au film and a complex ‘fractal-like’
structure, (b) detailed structure of the coarsening ‘fractal-like’
dendrites

The post-mortem structure of the eutectic reaction was further investigated by analyzing the cross-section
microstructure. Analysis of the resulting microstructure from the in sifu heating experiment detailed in Fig. 3 can be
seen at lower magnification in Fig. 9. The microstructure consists of a completely reacted large grained gold silicide
layer (Area 1) on top of an unreacted silicon film. There is also a surface diffusion path along the Si in which the
mixture has progressed 6.5 um from the initial Au film (Area 2). Diffraction analysis of the converted film reveals the

structure is closest to AusSi,, which has been suggested as one of the many metastable gold silicide forms [10].

Fig. 9 TEM micrograph of the resulting microstructure from the Au-Si eutectic reaction investigated in cross-section
in Fig.3. Complete conversion of the Au film occurred (Area 1). The eutectic mixture diffused over 6.5 pm along the
free surface (Area 2). The single crystal diffraction pattern is that from the transformed film in Area 2

3. Discussion
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a. Dynamics of the Au-Si eutectic reaction at limited dimensions

This study has shown that the Au-Si eutectic reaction is a complex process and that the final bond structures are
a result of an intricate evolution of the microstructure. This evolution first involves the motion of lattice dislocations
and grain boundaries within the Au film as the annealing begins which can be seen by comparing initial microstructure
(Fig. 1a) and the microstructure after sufficient heating (Fig. 2a). This is shortly followed by diffusional processes,
including Si diffusion along the grain boundaries (seen in Fig. 5). Once the eutectic temperature is reached, the Au-Si
mixture forms at the Au-Si interface (Fig. 3) and penetrates the Au grain boundaries and triple junctions. Far surface
diffusion of the liquid Au-Si mixture simultaneously occurrs as seen in cross-section Fig. 9. The resulting
microstructure has been found to be a function of Au to Si ratio, sample dimensions, and annealing temperature.

The complexity of the eutectic reaction of a Au thin film on a Si substrate differs from classical expectations of
eutectic reactions due to the limited dimensions. The observations differ in that the limited geometry introduces an
increased number of free surfaces, grain boundaries, and other structural defects to alter the transformation.

Prior to the eutectic reaction, apparent grain growth in the Au films is observed both in plan-view and cross-
section. This grain boundary migration occurs after the film has relaxed and lattice dislocations have been removed.
Grain growth is commonly observed during annealing and has been previously reported to occur in similar Au thin
films heated to 573 K [36], but has not been reported to occur coupled with the eutectic reaction. It is possible that the
observed grain boundary migration is driven by both the Si diffusion and thermal activation, as it was found that the
Au grain boundaries facilitate diffusion of Si into the Au films prior to the eutectic temperature (seen during in situ
STEM heating of cross-section in Fig. 5). Diffusion-induced grain boundary migration (DIGM) has been previously
reported for a wide variety of material systems [37-39], including instances leading to grain growth [40,41]. There
are a variety of explanations for DIGM, including boundary migration via self-sustained climb of grain boundary
dislocations due to the diffusion of solute species out of the boundary [42], or an overall increase in driving force for
boundary migration due to discontinuity in chemical composition across the boundary [43]. Additionally, diffusion of
species along grain boundaries have been reported to ‘soften’ the boundaries [44] which could facilitate easier
migration.

Once the eutectic temperature is met, the Au-Si mixture penetrates the grain boundaries and converts the
boundarties into an interface between the solid Au grains and the liquidous Au-Si mixture. This indicates that the

observed grain growth seen in Fig. 2a-Fig. 2d is likely a result of the eutectic transformation of the Au film rather
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than thermally activated grain growth or DIGM. During this process, the grain size increased at an average rate of 46
nm s”! prior to complete conversion of the Au film at temperatures above the eutectic point (Fig. 2a-Fig. 2d). This rate
is higher than prevous reports of annealing similar Au films at 573 K which resulted in an average grain size increase
at a rate of 9.6 nm s! [36]. This further indicates that the observed grain growth specifically seen in Fig. 2 is likely
controlled by the penetration of the grain boundaries with the Au-Si liquidous mixture.

Si diffusion into Au during the eutectic bonding process is consistent with previous reports of the diffusion
occurring well below the eutectic point [18-21,45]. However, these reports found that the amount of Si diffusion
depends on annealing atmosphere, with an air environment promoting increased diffusion. The result presented here
based on in situ STEM heating (Fig. 5) show that Si diffuses into Au readily at low temperatures (593 K) even in a
vacuum environment. The initial nanocrystalline nature of these films allow many low energy pathways for Si
diffusion to occur at this limited length scale.

Once the eutectic temperature is met, the in  sifu cross-sectional TEM demonstrates the
microstructural relaxation of the Au-Si interface that has been evaluated by other methods [27]. This leads to the
formation of Au-Si liquidous mixture at the interface, which then penetrates the Au grain boundaries. This is consistent
with previous reports of gold silicide formation viewed along Au grain boundaries on the surface of the film [46]. This
continues until the last remnants of the Au thin film are rounded islands of Au that are surrounded by the liquidous
Au-Si mixture that has thickened grain boundaries and widened triple junctions. The conversion of the Au film was
found to occur in a discontinuous fashion with periods of exponential consumption followed by stagnation. The
transformation plateaus are likely associated with the exhaustion of diffusion pathways along grain boundaries that
limit the transformation. This is also consistent with classic eutectic theory that states that the overall interface velocity
will depend on the short-range diffusion of the solute (Si) in the liquid close to the inferface [47].

It is interesting to note that in the cross-section specimens, there is no indication that Au diffuses into the bulk Si
directly adjacent to the film, which is contrary to what has been reported in literature both in bulk materials [16] and
TEM samples [8,15]. Instead, significant surface diffusion of the Au-Si mixture occurred along the free surface,
possibly indicating that this is the preferred mechanisms of Au diffusion at these limited dimensions and free surface
availability. Uncontrolled surface diffusion, or overflow, is a common issue reported during MEMS wafer bonding
[6]. It is important to control overflow as it can cause failure via electrical shorts and uncontrolled bonding. Lin et al.

found that decreasing bonding temperature and/or pressure decreased the tendency for overflow [6]. In this study,
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surface diffusion was only observed in specimens with an available free surface at the eutectic temperature, which
indicates that sample geometry plays an important role. In fact, the Au-Si mixture was found to agglomerate in samples
without free-surface availability but similar small Au to Si ratio (Region C in Fig. 6a). This indicates that the sample
geometry has a large impact on the resulting Au-Si eutectic bond microstructure.

b. Influence of Au to Si ratio on eutectic structure

The resulting structure from the complex dynamics of the transformation is determined by a variety of controlling
factors. In this study, the most important factor was found to be the relative ratio of Au to Si. The agglomerated Au-
Si mixtures observed on the Si substrate at high Si to Au concentration (Region C in Fig. 6a) are expected based on
classical eutectic theory. Under this condition, it is likely that the eutectic phase nucleates at the Au-Si interface and
grows towards the Au surface. The agglomerates could lead to an inhomogeneous bonding interface and incomplete
bonding. This is consistent with previous reports that the Au-Si bond yield decreases with increasing Si concentration
[6]. Philofsky et al. have reported that these structures can be controlled and manipulated by altering the cooling rate
[29]. Attempts were made to determine the effect of quenching rate but were unsuccessful due to brittleness of the
supporting oxide layer.

The unique microstructure found in the intermediate Si to Au ratio regime (Region B) is similar to previous reports
of square-shaped microstructures. However, in those reports, the square-shape is a result of the epitaxial growth of
gold silicide on a (100) Si substrate [16,27-29]. In this study, the rectangular shapes were found to be composed of
Au-Si islands supported by a membrane, with a Au-Si ring outlining the rectangle. The remaining portion of the region
outside the rectangles is dominantly Si. Based on the stereographic analysis, the membrane is believed to be a thicker
silicon oxide layer grown on top of the Au film. This is additional evidence of Si diffusion through the Au film as
silicon oxide is formed on the Au film surface. These rectangle structures are possibly a result of both agglomeration
and thermal Si etching from heating above the eutectic temperature. This would suggest that Au or Au-Si mixture
promotes thermal etching of Si at temperatures below that which it typically occurs [48]. Alternatively, the rectangular
features could be Kirkendall voids that form due to unequal interdiffusion between Au and Si [49]. These would be
caused by Si diffusion out of these regions into the Au film and can also indicate different diffusion ratios along
various Si directions and that there is likely a preferred diffusion direction. Once again, the inhomogeneous nature of
this microstructure could lead to inefficient eutectic bonding.

The structure in the area of minimal Si concentration (Region A) varies greatly from the previous two regions,
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but is similar to that of other eutectic reactions as discussed by Elliott in that typical dendritic structures are formed
during the eutectic transformation [47]. There are also many other reports of dendritic structures forming specifically
from the Au-Si eutectic reaction [2,27,28]. The dendritic structure was further investigated with the microfabricated
specimens and was found to depend heavily on the heating condition. When heated only to 636 K and immediately
cooled, the sample exhibited simple dendritic structures and incomplete transformation of the Au film. If the sample
was heated above the eutectic point, a complex dendritic pattern emerged along with complete conversion of the Au
film. The patterns coarsened when annealed at temperatures above the eutectic temperture, resulting in those seen in
Fig. 8b. Similar results obtained by Sekar et al. were classified as fractals with an average dimension of 1.69 [26].
There are multiple studies that claim stronger bonding is achieved as the bonding temperature increases past the
eutectic temperature [2,4]. The dendrite coarsening and complete conversion of Au film in this study can explain the
observed increase in bond strength as the bonding temperature increases. However, it is important to note that
increasing the temperature may damage temperature-sensitive devices and is not always a viable option to improve
bonding strength.

The unique ‘fractal-like’ dendrite patterns observed in the microfabricated specimens is due to the Au-Si mixture
flowing on top of the thin silicon oxide layer. The contours of this layer may play a substantial role in the directionality
and velocity of the Au-Si liquid flow. No substantial change in the dendrite pattern was observed as the heating and
cooling rate varied.

The variety of microstructures and instability of the Au/Si interface has posed many challenges to the Si based
electronics and MEMS industries. The highly depressed eutectic temperature (636 K) relative to the Au (1063 K) and
Si (1412 K) melting temperature limits the operation temperature range for many electronic devices without a
diffusion barrier. ~ This  temperature range is  further depressed due to the instabilities
of metastable gold silicide formation. This study suggests that factors such as grain size could play an important role
in the eutectic bonding process by providing additional diffusion pathways as the grain size decreases. This paper
provides some insight into the fundamental dynamics of these instabilities, which may aide in the design and
processing of diffusion barrier and other methods to improve devices dependent on these interfaces.

4. Conclusion

This study offers an in-depth view of the mechanisms and resulting microstructure of the Au-Si eutectic reaction

documented using in situ TEM and STEM heating experiments for samples of different geometries. Below the eutectic
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temperature, significant relaxation of the Au film occurs, including the removal intragranular dislocations. This is
followed by a short recrystallization period leading to grain growth of Au film. At the eutectic temperature, a liquidous
mixture of Au-Si forms and penetrates the Au grain boundaries. Significant surface diffusion of the Au-Si liquidous
mixture occurs for sample geometries with available free surface. The resulting eutectic microstructure was largely
found to be a function of Si concentration and heating temperature. As the ratio of Au to Si decreased, the resulting
microstructure varied from Au-Si dendrites to rectangular structures and finally to Au-Si agglomerates for the largest
Si concentration. Samples heated above the eutectic temperature showed complete conversion and coarsened
dendrites.

5. Materials and Methods

The evolution of the microstructure during the Au-Si eutectic reaction was investigated through in situ TEM
heating of electron transparent Au thin films supported on a Si substrate using both diffraction contrast and STEM
imaging modes. Three different sample geometries (traditional plan-view, traditional cross-sectional,
and microfabricated plan-view samples) were used in this study, with the geometry of each shown in Fig. 10. For each

of the geometries, Au films were sputter deposited on a 350 um-thick prime grade double-side-polished

Si

Fig. 10 Schematic of the three different sample geometries. (a) Traditional plan-view, (b)
traditional cross-sectional sample (the dashed lines represent cross-section cut), (c)
microfabricated sample with Si etched from the backside. All samples were fabricate starting
with Au sputter deposited on Si substrate.
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Si wafer with a <100> orientation from a 99.99% pure target at 80 W and at a base pressure of 10 Torr. The film
thicknesses were either 100 or 200 nm. The natural oxide layer on the wafer was reduced by immersing the wafer in
buffered hydrofluoric acid and cleaned with deionized water prior to Au deposition.

Traditional plan-view samples (Fig. 10a) were prepared at room temperature using a backside etching preparation
technique utilizing a Dimpler and Gatan Precision Ion Polisher System (PIPS), which resulted
in an unknown variation of Au to Si ratio in the electron transparent region. Traditional cross-sectional samples (Fig.
10b) were prepared using a common TEM sample preparation technique that included dicing the Au coated wafer,
adhering the two Au faces using M-bond and then creating an electron transparent region via dimpling and PIPS
milling [34]. The maximum temperature was 293 K for this process. A microfabrication method was used to produce
a uniformly thick, electron transparent, free-standing Au window supported and anchored to a 350 um-thick Si washer
(Fig. 10c and Fig. 7a) for large area plan-view observation. This structure was produced by patterning and etching the
backside of the Au coated Si wafer. A single etch of the Si was performed using the Bosch process in an inductively
coupled plasma deep reactive-ion etching (ICP-DRIE) chamber [50]. The microfabrication process required
temperatures up to 363 K for less than ten minutes. The combination of these three sample geometries allowed
for an in-depth analysis of the complex Au-Si eutectic reaction.

The in situ TEM heating experiments were performed ona JEOL 4000 TEM operating at either 300 or
350 kV depending on sample thickness. The in situ STEM heating experiments were preformed using high angle
annular dark field (HAADF) imaging on a JEOL 2010EF STEM microscope operating at 200 kV. In situ heating was
done using a Gatan heating stage with an accuracy of 2 K as determined by the eutectic reaction. The samples were
heated at various rates ranging from 1 K/min to 20 K/min. The extent of the eutectic reaction can be controlled and
studied in depth by bringing the global temperature of the sample to slightly below the eutectic and using local electron
beam heating to induce the reaction. Post-mortem chemical mapping of the resultant structures via energy dispersive
X-ray spectroscopy (EDX) analysis was performed in either a VG 501 dedicated STEM or on a Philips CM12 TEM.
Stereomicroscopy was also performed on a JEOL 4000 TEM.
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