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ABSTRACT 

In this study, a detailed characterization of Au-Sn eutectic ultra-

thin metal stack (~ 1 μm) bonding has been performed between 

Pyrex and silicon substrates using a commercial flip-chip 

bonder. A thorough recipe characterization and development 

was performed on three different bond sizes of 9, 49 and 100 

mm2 by varying bonding temperature between 320 and 380oC 

with pressure ranging between 2 to 10 MPa. Results indicate that 

better bond quality was observed at higher temperatures but was 

relatively unaffected by the bond pressure magnitude. It was also 

found that flatness of contact is one of the most important 

parameters that determine the bond uniformity and thus the 

quality, which is especially important for ultra-thin metal 

bonding. In addition, this study puts special emphasis on 

observing the bond uniformity and metal overflow through the 

transparent Pyrex top substrate. The mean overflow width 

increased with increasing temperature, reaching as high as 300 

μm at 380oC, but was not significantly affected by the bond 

pressure applied. Simultaneously, the ultra-thin bond layer 

made it possible for us to observe several different types of 

microstructures forming within the bond zone, which provided 

crucial information about sample cool down rate, grain size and 

intermetallic composition in the eutectic alloy. For a specific 

case, Kirkendall voids were observed under the optical 

microscope at the interface between Pyrex and bonded metal 

because of dissimilar rates of migration of Au and Sn during the 

eutectic reaction. We believe that this is the first successful 

observation of voids in bond alloy using non-destructive optical 

imaging techniques. Following successful characterization of 

metal reflow from the bond site, a simple method to control this 

overflow has been demonstrated by precisely controlled 

misalignment of the two complementary chips. This fundamental 

study on eutectic bonding aims to further the understanding of 

eutectic bonding process as well as facilitate development of 

effective ultra-thin layer, high strength bonding recipes between 

chips for versatile applications in the electronic packaging 

industry.  

INTRODUCTION 

Robust and long-lasting packaging is crucial for successful 

functioning and subsequent commercialization of several 

electronic and MEMS devices. Reliability of bonding processes 

between different types of materials is one of the primary 

packaging challenges that is still yet to be perfectly solved. This 

problem has prompted decades of research into chip-level 

bonding processes and several kinds of bonding methods have 

been developed, for e.g., very high temperature direct fusion, 

thermocompression, anodic, polymer adhesive layer and glass 

frit bonds. Among these, very high bonding temperature is 

required for direct fusion (> 800oC), thermocompression (> 

500oC) and anodic bonding (150–500oC). This could worsen 

coefficient of thermal expansion mismatch issues between the 

bond layer and the substrate, leading to failure during cooldown 

or thermal cycling of the device. Bonds requiring lower 

temperature (~ 450oC) include polymer adhesion bonding and 

glass-frit bonding, which can also accommodate wide ranges of 

substrate types, material and roughness but have low to moderate 

mechanical strength and significantly thicker bond layer (> 50 

μm). For the creation of high-performance 3D-manifolded 

micro-cooler cold plates, extremely high strength, hermetic, 

ultra-thin layer bonding is required between the cold plate and 

the 3D-manifold. Thick bonding layer characteristic of glass frit 

bonding has been shown to significantly deteriorate the thermal 

performance of these coolers. Moreover, while integrating these 

coolers with a heat producing power module, most of the thermal 
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resistance comes from the conduction across the bond, which can 

be hugely reduced by decreasing the bond layer thickness. Metal 

intermediate layer based eutectic bonding provides a perfect 

solution to all of these problems – it leverages the diffusion 

between metal layers at temperatures relatively lower (< 400oC 

in most cases) than the melting points of said metals, has high 

bond strength, superior hermeticity and the ability to produce 

ultra-thin (~ 1 μm) bonding with excellent quality. Among 

several choices, Au-Si, Au-Sn and Au-Ge hard alloys with high 

yield strength have been shown to perform much better than 

softer systems like Pb-Sn for die attach processes. Au-Sn binary 

eutectic alloy was chosen for this study, primarily for its 

significantly lower eutectic temperature (~280oC) than Au-Si (> 

380oC) and Au-Ge (> 380oC) systems. Simultaneously, Au-Sn 

bonds provide good creep and fatigue resistance and can 

withstand shear stresses of > 275 MPa. [1] 

Most prior studies on Au-Sn eutectic bond reported a vastly 

different recipe development data for flux gas aided as well as 

fluxless bonding for applications in laser diodes, LEDs, HEMT 

packages, RF, MEMS devices and a variety of flip-chip bonded 

microelectronics [2–4]. Researchers have achieved Au-Sn 

bonding using various supporting metallization compositions 

involving Ti, W, Pt, Cu, Ni [2–6] stacked in single or multiple 

layers [6–8] deposited via sputtering [9], evaporation [7, 10, 11] 

or electroplating [5, 12, 13]. Broad ranges of process 

temperatures from 290oC to 350oC with widely different heating 

(50–900 oC/min) and cooling (50–450 oC/min) rates were 

reported as ideal [7, 14–16]. Many of these studies characterized 

bonding strength by performing shear or tensile tests [17–19] and 

nano-indentation for creep tests of intermetallics in Au-Sn alloys 

[35, 36]. Simultaneously, common methods for observing the 

bond cross-sections include Scanning Electron Microscopy 

(SEM), Scanning Acoustic Microscopy (SAM), Energy 

Dispersive X-Ray Spectroscopy (EDX) and Transmission 

Electron Microscopy (TEM) [22, 23]. However, hardly any of 

these studies delve into the details of bond uniformity and metal 

squeeze-out from the bonded area – two major issues that plague 

the eutectic bond quality and reliability. Uniform bonding across 

the whole chip is crucial to ensure void free bond layer. Voids 

formed in hard solders like Au-Sn, cause local stress 

concentration during device operation, and have been identified 

as the primary reason for chip cracking and device failure [22]. 

Metal overflow from bonded zone, which is often seen for reflow 

alloys like Au-Sn, can significantly add to this problem by 

weakening the bond, disrupting uniformity, forming voids and 

interfering with or even shorting surrounding components on the 

chip. Thus, precisely predicting and controlling overflow in 

eutectic bonding is necessary for scalable and reliable chip 

bonding. 

In this study, we have characterized the effect of temperature and 

pressure on ultra-thin Au-Sn eutectic bonding performed via a 

flip-chip bonder between Silicon and Pyrex chips. The Pyrex 

chips enable us to view the bond microstructure and uniformity 

via an optical microscope, which is the primary emphasis of our 

study. We have discussed some limitations of the flip-chip 

bonder while performing ultra-thin metal layer bonding and 

described a non-destructive method towards understanding 

pressure profile across the chip during bonding. In some samples 

with non-uniform bonding, different kinds of microstructures 

have been observed, which can provide crucial information 

about local cooling rates by optically observing these 

microstructures alone. Simultaneously, we have made efforts to 

characterize metal overflow amounts and trends with varying 

temperature and pressure. In one sample, we have observed the 

accumulation of voids at the Pyrex-alloy interface. We believe 

this to be the first time that Kirkendall void accumulation at the 

substrate interface has been observed through an optical 

microscope. We have also verified that ultra-thin bonds can be 

formed successfully by taking SEM images of the cross-section. 

Finally, we found, quite serendipitously, that misalignment of 

complementary chips can successfully prevent and control 

overflow – this has led us to develop a unique method to control 

metal overflow of reflow alloys like Au-Sn. The fundamental 

aspects of this study on characterizing bond microstructure and 

uniformity will aid in recipe development and further 

understanding of underlying mechanisms behind formation of 

eutectic bonds. Similarly, information on quantifying and 

preventing metal overflow from bond zones is of immense use 

to academia and industry which will facilitate long-lasting, 

reliable packaging in different kinds of devices. 

EXPERIMENTAL METHODS 

Sample Fabrication and Bonding 

1. Pre-bond Sample Fabrication –

We have used 500 μm thick 4’ dia. polished silicon wafers as our 

bottom substrate and 500 μm thick 4’ dia. Pyrex 7740 

borosilicate wafers as the top substrate to facilitate easy optical 

access to view the bond. Pyrex also has a coefficient of thermal 

expansion (CTE) of 32x10-7 oC-1 which matches closely with that 

of silicon (30 – 38x10-7 oC-1) and helps relieve thermal stresses 

in the bonded chips. The samples with metal stack were 

fabricated via standard photolithography techniques and 

subsequently bonded at the Stanford Nanofabrication Facility 

(SNF). First, the wafers were cleaned in Piranha solution (90% 

H2SO4, 10% H2O2) at 120oC and dried thoroughly. Then, they 

were treated with HMDS (HexaMethylDiSilazane) to improve 

resist adhesion to the wafer, followed by spin-coating of Shipley 

3612 Photoresist at 6000 RPM to get a uniform 1 μm thick 

coating. The KarlSuss Contact Aligner was used to expose the 

wafers with the design using a 200W constant intensity mercury 

lamp emitting wavelength of 405 nm for 0.8 – 1s. Each wafer 
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consisted of smaller chips, with each chip having a square metal 

pattern in the center surrounded by alignment marks. The square 

bond metal pattern in chips were of three different sizes, 9 

(small), 49 (medium) and 100 (large) mm2. 24 chips, 8 of each 

size, were randomly arranged on each wafer. Following 

exposure of these patterns, the wafers were then developed via 

double puddle dispensation of MF-26A developer for 60s. After 

30s of descumming in O2 plasma, the wafers were ready for 

metallization. The Innotec ES26C E-beam evaporator was used 

for evaporating the multi-layered sandwiched metal stack 

without breaking vacuum as shown in the schematic in fig. 1. 

The Pyrex chip had 500 nm of Au evaporated on top of a 100 nm 

thick Titanium adhesion layer, Ti being commonly used to 

improve adhesion of evaporated Au on phobic surfaces. On the 

Silicon chip, the Titanium serves the function of a native silicon 

oxide getter as well as an adhesion layer. 400 nm of Sn is laid on 

the Ti, followed by another 100 nm of Au. The 100 nm of Au 

layer on top of Sn, restricts direct contact of Sn with air, thus 

preventing oxidation of the Sn. Moreover, this Au-Sn 

sandwiched layer improves interdiffusion of the metal species 

giving rise to better bond quality and uniformity. The 600 nm of 

Au and 400 nm of Sn in the total stack (fig. 1 d) makes the 

composition 80:20 by weight, which also marks the eutectic 

point in the Au-Sn phase diagram [22]. To obtain an ultra-thin 

final bond layer, the combined stack thickness on the Si and 

Pyrex wafers is kept small to around 1.1–1.2 μm. Following 

metallization, the wafers are sonicated in an acetone bath to lift-

off the photoresist layer, leaving the wafers with a metal pattern 

as seen in fig. 1 e, f. Then each of the wafers are diced into 24 

individual chips using the DISCO WaferSaw. The pre-bond 

fabrication process schematic is shown in fig. 1 a, b, c.  

2. Bonding -

Sample cleanliness is crucial for obtaining good quality of 

bonds, which is even more important for thin metal bonds ~ 1 

μm. Any stray contaminant particle of size ~ 500nm or more, if 

trapped between the chips during bonding is sufficient to cause 

device failure. Thus, thorough cleaning of the chips is required 

immediately before the bonding process. The chips are cleaned 

in PRS1000 at 40oC to get rid of any organic contaminant. 

Finally, bonding is performed using the Fintech Lambda Flip-

Chip Bonder System which consists of two modules – i) Heater 

stage module attached to a precision z-knob for vertical 

adjustments of the bottom substrate. ii) Chip heating module 

with a pivoted arm that picks up the top Pyrex substrate. First the 

chips are attached to the stage and the chip heating module via 

respective vacuum ports, after which they are aligned by x- and 

y-knobs on the heater stage and tilt control on the chip module. 

Afterwards, the chip module arm is brought down on the bottom 

substrate and a side view camera that captures the chip interface 

is used to ensure uniform, flat contact between them before 

bonding. 

Fig. 1: (a, b, c) Fabrication steps before bonding; a) 

(Lithography) Defining square bond windows of varying sizes 

on 1 μm thick Shipley 3612 Photoresist using the Karl Suss 

Contact aligner; b) Evaporation of metal stack using Innotec 

Evaporator; c) Lift-off process using Acetone; d) Metal stack 

details deposited via Innotec with total thickness ~ 1.1 μm; e) 

Silicon wafer showing 24 chips containing 8 chips of each size 

(9, 49, 100 mm2), f) Pyrex wafer showing the same pattern along 

with dicing lines. 

3. Post-Bond Characterization-
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The bonded samples are first viewed under the optical 

microscope to observe the bond uniformity and microstructure. 

The images for metal overflow from the bond edges are 

recorded, which are then processed in MATLAB to determine 

the amount of metal overflow and patterns, if any. Since shear or 

tensile tests could not be performed because of chip 

configuration; bonding success was determined by dicing the 

chips at multiple locations using the DISCO WaferSaw. Finally, 

SEM images were taken for some of the successfully bonded 

samples to determine the final bond thickness. 

RESULTS AND DISCUSSIONS 

1. Finetech Lambda flip-chip bonder limitations for chip

bonding 

Before discussing the results of the bonding processes, it is 

important to understand some of the limitations of the Finetech 

Lambda flip-chip tool especially in the context of achieving 

ultra-thin bonding. In this study, it has been found that the 

flatness or uniformity of contact is one of the most important 

aspects that determine the bond quality, uniformity, and overall 

successful, long-lasting bonds, and this becomes increasingly 

important for ultra-thin bonds. The Finetech Lambda has a 

pivoted top arm that radially descends on top of the bottom 

substrate and this increases the chance of non-parallel contact 

between the chips, upon even a slight angular misalignment as 

low as 0.5o. Correction for this tilt misalignment is done 

manually by adjusting the z-knob on the bottom heater stage 

while viewing the chip interface using a side camera to ensure 

that both the chips perfectly parallel or flat against each other 

prior to bonding. This manual adjustment process introduces a 

human error component to the bonding process – although this 

does not pose significant problems for solder reflow or thick 

eutectic bonding processes where perfectly parallel chips are not 

required to ensure good bond, it is highly detrimental for ultra-

thin metal layer bonds. Because of this non-uniformity of contact 

issue, studies on bond quality, uniformity, and metal squeeze-out 

become very challenging. (fig. 2) The use of Pyrex as top 

substrate also helps us determine whether the conformal, flat 

contact was maintained during the bonding. Non-uniform 

contact leads to only partial bonding of the chips which leads to 

a variation in bond gap across the entire chip. This non-uniform 

ultra-thin bond gap (~ 1 μm) between the transparent Pyrex and 

the bottom silicon is filled with air and leads to formation of 

interference fringes as shown in the schematic in fig. 2 e, f. The 

distance between the fringe lines, which is proportional to the 

wavelength of visible light, corresponds to the change in gap 

thickness between Pyrex and silicon – closely packed, thin fringe 

lines in a given zone indicate relatively large variation of bond 

gap within that zone, thus pointing towards highly non-flat 

contact during bonding (fig. 2 e). On the other hand, as seen in 

fig. 2 f, broader fringe lines which are also far spaced indicate 

extremely flat contact during bonding. This is further confirmed 

by observing that chips that show closely packed fringe lines are 

only partially bonded (fig. 2 e) while chips with wider and far 

spaced fringes show complete, successful bonds (fig. 2 f) 

Fig. 2: a) Tilted (Bad) contact of the top arm on the Heater stage, 

this is one of the primary hurdles while performing reliable ultra-

thin metal layer bonding using the Finetech Lambda; b) 

Schematic of perfectly flat (good) contact; c) Manual adjustment 

assisted by the side view camera showing the imperfect contact 

between top and bottom chips; d) Side view camera view of flat 

contact; e) 50% or less bond percentage observed because of 

non-uniform contact between chips. Interference fringes because 
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of air gap between the Silicon and Pyrex, also provides 

information about contact, wider fringes close to the bonded 

region indicates very good flat contact, these interference fringes 

become very narrow and tightly packed indicating tilted contact 

as we move away from bonded zone; f) Sample showing 

successful bonding (100% area bonded), also indicated by wide 

fringes which are far spaced all throughout the chip; g) 

Temperature and Pressure profile applied during the bonding 

process. 

2. Effect of Temperature and Pressure on bonding success-

The WaferSaw is used to dice the bonded zones in multiple 

location to test for localized structural integrity. For some chips 

with non-uniform bonding across the wafers, some of the diced 

chiplets fell apart after the dicing process – we identify the 

samples as successfully bonded if they have > 50% of the 

chiplets holding together after the shear intensive dicing process. 

The bond cross-section of the diced chiplets were imaged with a 

Scanning Electron Microscope (SEM) to confirm that the final 

bond layer thickness is 1.1 μm (fig. 3 b). Fig. 3a plots the entire 

matrix of our experiments along with the peak temperatures and 

pressures used during bonding. It also identifies the samples as 

successfully bonded, partially bonded and unbonded. This figure 

indicates that successful bonds are formed at temperatures much 

higher than the eutectic temperature of 280oC in the range of 320 

to 380oC, a finding that has been validated by numerous previous 

studies. This might be attributed to the good reflow of Au-Sn 

alloy at higher temperatures, leading to easy alloy flow to all 

parts of the chip and thus, achieving good contact. This also 

mitigates some of the non-uniform contact issues inherent to the 

Finetech Lambda bonder. There seems to be no discernible trend 

with the amount of pressure application with successful bonds 

being formed at all different pressure levels. This observation is 

explained by noting that high pressure is only important when 

the Sn in the metal stack gets oxidized to form a tin oxide barrier 

between the Sn and the Au. The sandwiching configuration of 

Au over Sn prevents this oxidation and deals away with high 

pressure requirement. 

Fig. 3: a) Plot showing bond quality as a function of temperature and pressure. It indicates that peak temperatures should be > 330oC is 

for good quality of bonds, whereas we observe no discernible trend with pressure. The length of overflow along the chip edges are very 

comparable for small (12 mm perimeter) and medium (28 mm) chips whereas no overflow was observed in large chips because of 

misalignment (more details in next section d); b) SEM sections of two different, successfully bonded samples confirmed the ultra-thin 

bond layer of 1.1 μm that was our target. 
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3. Effect of Temperature and Pressure on metal overflow-

Fig. 4 shows the mean overflow observed in different sizes of 

samples as a function of peak temperature and pressure. These 

plots indicate that the mean overflow width increases slowly 

with the increase in peak bonding temperature. Overflow width 

as low as 50 μm at 320oC increased steadily to around 70 μm at 

350oC and finally to 120–150 μm at 380oC. The maximum 

overflow was around 300 μm observed at 380oC. Additionally, 

the standard deviation of overflow widths increases from 40 μm 

at 320oC to as high as 75 μm at 380oC, which indicates large 

variations in overflow widths along the chip perimeter. This is 

detrimental to safe design because of high maximum overflow 

values associated with large standard deviations. These findings 

can be explained by considering the easy reflow of Au-Sn 

systems at higher temperatures. Thus, relatively high peak 

temperatures coupled with moderate to high pressure application 

leads to higher mean widths of overflow. Simultaneously, we 

could not discern any obvious trend of mean overflow with 

pressure up to 10 MPa. An average overflow of 100–120 μm was 

observed at all levels of pressure for all sizes of chips. The 

sample that showed the best result based on bond strength and 

overflow had a low pressure of 1 MPa, but the pressure was 

applied very uniformly, which was gauged from observing 

interference patterns through the top Pyrex. This further 

confirms that the absolute magnitude of pressure is not 

important, but the uniform application of said pressure becomes 

very crucial for thin layer eutectic bonding. In samples which 

had non-uniform contact or pressure application during bonding, 

localized metal splattering was observed (fig. 5), which is highly 

undesirable. 

Fig. 4: a) Plot showing an overall increase in overflow with increasing peak temperature, which can be attributed to easy reflow of Au-

Sn alloy at higher temperatures. Easy reflow also leads to increase in standard deviation of overflow with temperature which indicates 

more variations of overflow width along the chip perimeter – this is highly undesirable. b) Mean Overflow is seen to have no clear trend 

with absolute magnitude of pressure, although it is highly sensitive to uniformity of pressure application.   
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Fig. 5: (a, b) Typical overflows observed in our bond samples; (c, d) Localized metal splatters observed in samples with high temperature 

and severely non-uniform contact during bonding. 

Fig. 6: (a, b, c) Three different samples showing that 

misalignment of bond chips by 50 – 100 μm can reduce overflow 

and in many cases completely restrict overflow. This can be 

attributed to the formation of a barrier layer of tin oxide in the 

misaligned portions of the edge, indicated by dark brown zones 

at the edge. This layer stops metal squeeze out from the bonded 

zone. 

4. Prevention of Metal Overflow - It is equally important to

prevent this overflow to reduce the detrimental effects of 

weakening the bond itself and interfering with other nearby 

components. After bonding, one of the larger bond-area (100 

mm2) chips was found to be slightly misaligned to a width of 50–

100 μm. Surprisingly, it was found that the misaligned chips 

formed a strong bond and showed almost no overflow. Careful 

observation also revealed that the misaligned part of the edges 

appeared dark reddish brown under the microscope. It was 

postulated that the Sn in the misaligned part of the edge, where 

air supply is ample, can easily get oxidized to form reddish 

brown tin oxide. This tin oxide formed at the edges act as a 

sealing barrier to the alloy squeeze out from the center of the 

bonded zone. To test this theory, 7 more samples of all three 

sizes (9, 49, 100 mm2) were deliberately misaligned by 50–100 

μm and bonding was performed. All these 8 samples were 

successfully bonded with > 50% bond area and survived the 

dicing test. Simultaneously, 7 of these 8 samples showed little to 

no overflow (fig. 6). This finding gives rise to the possibility of 

developing a unique method for prevention and control of metal 

overflow from eutectic zones, which requires no additional 

fabrication steps, thus making it extremely fast and affordable. 

By designing one side of the bond region to be a few microns 

wider than its complementary side, one can effectively restrict 

metal overflow to this additional few microns, and thus bypass 

expensive, time-consuming overflow control strategies like 

etching trenches or dams around the bond zone.
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5. Bond Microstructure-

Optically viewing the bond microstructure without destroying 

the sample had not been possible before because of the relatively 

thick layers of metal stack used for bonding. Most of the eutectic 

alloy microstructure formed during bonding is confined to the 

interface between the diffusing Au and Sn layer and they do not 

migrate towards the substrates. Thus, when thick metal stacks (> 

4-5 μm) are used, only a layer of uniform Ti-Au can be seen 

through the Pyrex. Since we have used an ultra-thin (~1 μm) 

metal stack, the eutectic alloy gets dispersed uniformly, even 

migrating to the Pyrex-alloy interface – this enables viewing of 

the bonding microstructure directly through the Pyrex using an 

optical microscope. We have observed several kinds of bond 

microstructure in different samples (fig. 7). Alloy melts usually 

solidify via formation and growth of dendritic arms, especially 

under the large cooling rates of 20oC/min that were employed in 

our studies. It is also common for the chips to experience 

appreciable local variations in cooling rate, especially when the 

bonding takes place in air and non-uniform pressure is applied 

by the bonder tool. In such scenarios, the higher-pressure zones 

cool at a much slower rate and remain in the transient liquid 

phase for much longer than its surrounding areas.  

Fig. 7: a) Variation in microstructure in the bonded zone of one 

chip because of local variations of cooling rates in zones X, Y 

and Z – aX) Interacting and merging dendrites of approx. arm 

length of 125 μm because of slow cooling rate (7oC/min), aY) 

Relatively sparsely spaced dendrites with arm length 75 μm 

because of average experimentally observed cooling rate of 

20oC/min, aZ) Needles of size 25 μm, which marks very early 

stage of dendrite formation as a result of very high cooling rate 

(70oC/min);  

A slow cooling rate leads to those dendrites forming longer arms, 

often interacting and merging with surrounding dendrites (fig. 7 

aX) – low cooling rate is, thus, also characteristic of large grains 

and fewer grain boundaries which has a direct impact on the 

thermal and mechanical properties of the alloy. On the contrary, 

higher cooling rates are characterized by smaller dendrites and 

large dendritic arm spacing. (fig. 7 aY) In extreme cases of high 

cooling rates, needle like protrusions are seen to form (fig. 7 aZ), 

which mark very early stages of dendrite formation. Prior studies 

have reported a correlation between dendrite length and cooling 

rate of the form, 𝐿 = 𝛼𝑅−0.55, where L is the dendrite arm

length, R is the cooling rate and 𝛼 is a constant of proportionality 

that is fit from experimental values [24]. Since we could not 

perform localized measurement of temperature in our samples, it 

was difficult to estimate 𝛼 accurately, but we can provide some 

rough estimate based on a simplified assumption. If we make a 

naïve assumption that moderate dendrite length of 75 μm (fig. 7 

d2) corresponds to the experimentally applied cooling rate of 

20oC/min, then we can estimate the cooling rates for formation 

of small dendrites (70oC/min) and merging dendrites (7oC/min), 

although further experimental confirmation is needed. Apart 

from dendritic growth, unusual dark patterns were observed in 

parts of one sample (fig. 8 a, b) which could correspond to Sn 

rich intermetallics (IMC) formed during eutectic bonding. 

Matijasevic et al. [25] reported the formation of wide varieties 

of Sn rich IMCs like AuSn4, AuSn2 and Au4Sn during later stages 

of interdiffusion while performing bonding for prolonged times, 

which can lead to dark brown patches in parts of the bonded 

zone, although further investigation is required to identify the 

exact composition of these parts in our samples. 

Fig. 8: a) Different brownish patterns in several parts of one chip 

which might be attributed Sn-rich intermetallics that form during 

prolonged eutectic bonding, as observed and reported by 

Mtijasevic et al.; b) Kirkendall voids optically observed in one 

sample, characterized by the interference fringes observed 

around the accumulated voids;  

6. Kirkendall Voids-

Prior studies have revealed that voids serve as locations for high 

stress concentration in hard solder systems like Au-Sn, 

ultimately leading to bond failure and chip cracking [Chuang] – 

this makes the study of voids in Au-Sn eutectics of utmost 

importance. In one of our samples, where peak temperature was 
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320oC, we observed interference fringes around several spots 

when viewed from the Pyrex side. (fig. 7 e) These patterns are 

distinctive of voids forming right at the Pyrex alloy interface. In 

eutectic bonding, Kirkendall voids often form near the interface 

between the diffusing metals because of different rates of 

interdiffusion of these metals. In Au-Sn systems, Au diffuses 

four times faster in Sn as compared to Sn in Au, this imbalanced 

rate of Au migration to the Sn side causes a net flux of voids 

from the Sn to the Au side. In ultra-thin bond layers, these voids 

can easily migrate to the Pyrex surface and nucleate around 

imperfections, thereby acting as additional void sinks. These 

fringe patterns around the void provide a lot of useful 

information like average void volumes, void number fraction 

over chip area as well as total void volume fraction in the overall 

bond. Unfortunately, we could not calculate these parameters for 

our sample because the sample fell apart quite easily upon 

handling – this further bolsters the previous finding that voids in 

samples lead to inferior quality of the bonds and are one of the 

major reasons for failure. 

CONCLUSIONS 

Ultra-thin Au-Sn eutectic bonding has been demonstrated 

between silicon and Pyrex chiplets using a sandwiched metal 

stack with total pre-bond thickness of 1.1 μm, which was verified 

after imaging using an SEM after the bonding process. A detailed 

analysis of bond strength and percentage was carried out by 

varying temperature and pressure over three bond chip areas of 

9, 49 and 100 mm2. It was found that peak temperature over 

330oC was necessary for good reflow of alloy and better quality 

of bonding. It was found that the bonding quality was 

independent of the absolute value of pressure applied but is quite 

sensitive to the uniformity and flatness of contact between the 

chips before bonding, this becomes increasingly important for 

ultra-thin bonding. Because of the limitations of the Finetech 

Lambda flip-chip tool, we have to manually try and ensure this 

flat contact between the chips. This introduces a human error 

component in the bonding process, making ultra-thin chip 

bonding using the flip-chip tool, unreliable and unrepeatable. 

Simultaneously, we characterized the bond metal overflow while 

varying temperature and pressure. We found an increase in metal 

squeeze-out width with increasing peak temperature because of 

easier flow of the alloy at higher temperatures, with 120 μm of 

overflow observed at 380oC peak temperature. We did not find 

any discernible trend of metal overflow with pressure variation, 

although non-uniformity of contact before bonding lead to 

localized splatters of metal. We have reported a simple, yet 

unique method for controlling this overflow by slight 

misalignment of the complementary bond patterns – this finding 

can help develop very easy and cheap strategies for control and 

prevention of overflow. This method of overflow control worked 

to eliminate overflow for 88% (7 out of 8) of the samples that 

were deliberately misaligned by ~50 μm. Moreover, the ultra-

thin bond layer enabled us to optically visualize the bond 

microstructure through top Pyrex which has never been done 

before – we observed varying lengths of dendrites in different 

parts of the chip, which is the result of local variations in cooling 

rates. We tried to roughly estimate these cooling rates based on 

some simplified assumption and previously reported correlations 

between dendrite length and cooling rate. Simultaneously, we 

observed some interesting dark brown patches in the bond zone 

in one of our samples, which could be because of local formation 

of Sn rich intermetallics. In another sample, Kirkendall voids 

were observed to have accumulated at the Pyrex-alloy interface 

and were imaged optically for the first time. The sample fell 

apart soon after, indicating that void formation was one of the 

main reasons of bond failure and this finding has also been 

verified by previous studies. This study on ultra-thin Au-Sn 

bonding discusses several fundamental findings on bonding 

microstructure and how they aid us in determining grain size, 

mechanical properties, cooling rates etc. – this helps further our 

understanding of eutectic bonding. Furthermore, information 

provided on the characterization and prevention of metal 

overflow would be immensely valuable for the packaging 

industry. 
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