1. INTRODUCTION

1.1
Motivation


Electronics are ubiquitous in modern life, permeating into virtually every aspect of the human experience, from medicine, to transportation, to entertainment, to communications.  Many would argue that the lattermost experience, communication, which enables the interaction of humans through barriers, physical, linguistic, cultural, and otherwise, has been the primary motivation for the rapid development of the electronics industry.  Voice and data networks, which enable the operation of both telephone systems and the internet require a complexly choreographed dance between digital and analog circuits, fiber optic cable, and optoelectronic devices such as lasers and detectors.  As issues of scaling and cost dominate, the integration of the world of conventional (analog and digital) electronics with the optical realm appears imminent.  Many would consider the development of the so-called smart pixel (or optoelectronic integrated circuit), a term coined for the integration of conventional circuits and optical devices, to be the ‘Holy Grail’ of electronics research [1].  The accomplishment of such a task would enable several key possibilities, including lower cost manufacturing and optical interconnects.  The motivation of this research in flip-chip bonding is to contribute towards this ultimate goal.    

1.2
Overview

In recent years, the integration of vertical cavity surface emitting lasers (VCSELs) onto integrated circuits has become a topic of intense research.  An important focus of this research has been to develop and adapt methodologies to electrically connect VCSELs to electronic chips, including wire bonding, bridge bonding, and flip-chip bonding [2].  Of these, the lattermost, flip-chip bonding has proven to be the most promising chip level packaging [3] for this application.  The basic concept of flip-chip bonding is illustrated in Figures 1 (a)-(d) below.  Two substrates, both silicon in this case, with bonding pads (Cr-Al-Cr in our example) and solder stacks are brought into alignment in (a) and (b).  The two solder stacks are brought into contact (c) and heated until an electrical and mechanical bond are formed.
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Figure 1: The concept of flip-chip bonding.  Two misaligned substrates (a) are aligned (b), brought into contact (c), and heated to form an electrical and mechanical bond (d).

Flip-chip bonding has certain inherent electrical properties that make its use advantageous over other bonding methods, ranging from electromagnetic interference (EMI) immunity to lower parasitic impedance [3].  Furthermore, the electrical interconnects of flip-chip bonding simultaneously act as mechanical bonds, with high mechanical reliability and efficient heat conduction [3].  Flip-chip bonding, in addition to having advantageous electrical and mechanical properties, also possesses the capability for passive self-alignment.  Surface tension in the solder balls achieves self-alignment during solder reflow [4].  

A great deal of focused and proactive research has been dedicated to flip-chip bonding in the greater context of researching optoelectronic interconnects and OEICs [5].  While some problems exist with the techniques studied thus far, most notably the incompatibility of materials and devices used [6], the potential benefits of effective flip-chip bonding has spurred a great deal of enthusiasm for this technique.

1.3 Review of Flip-Chip bonding and Optoelectronic Integration

As the size of semiconductor devices rapidly scales down with each successive generation, the speed with which a signal travels through metallic interconnects becomes an important bottleneck limiting circuit performance.  Similarly, the push towards higher throughput and lower cost in communications systems has called for higher levels of component integration.  At the heart of both these issues is the full integration of optical and electrical devices, allowing for the creation of optical interconnects and optoelectronic integrated circuits.  Intense research has been present in optoelectronic integration for well over a decade.  Numerous attempts have been made, with significant progress made in all areas of research.  

In the early 1990’s, researchers at the Lockheed Palo Alto Research Laboratory succeeded in the monolithic integration of metal semiconductor field-effect transistors (MESFETs) and vertical cavity surface emitting lasers (VCSELs) [6].  In their design, the epitaxial structures of both the VCSELs and MESFETs were simultaneously grown by molecular beam epitaxy on an n-type gallium arsenide (GaAs) substrate.  Processing was done in parallel, with an undoped epitaxial layer serving both as a mirror for the VCSELs, and as a highly resistive material to prevent leakage currents in the MESFETs and isolate the two devices.  Similarly, the Honeywell Technology Center succeeded in the monolithic integration of VCSELs and metal-semiconductor-metal (MSM) photodetectors on a GaAs substrate [1].  The processing was done sequentially, with VCSEL layers grown first, followed by the photodetector layers.  

While monolithic integration shows promise, the high cost of III-V semiconductors such as GaAs, as well as the lack of design flexibility with monolithic techniques restricts its the widespread application [1].  In lieu of this, hybrid integration of optoelectronic devices and circuitry has grown in popularity.  A paper written by Krishnamoorthy, et al. demonstrated a technique where VCSELs were bonded to the top layer metal of a CMOS chip [7].  Their design allowed integration of lasers without interfering with the operation or layout underlying circuitry.  The flip-chip bonding required a layer of Ti-Ni-Au to improve adhesion on the Al bonding pad and utilized PbSn solder.  A joint effort between Colorado State University and Sandia National Laboratories, similarly, succeeded in bonding VCSELs to an electronic chip manufactured by Vitesse Semiconductor [2].  Before bonding, they patterned Ti-Au onto the pads and used InSn as a solder.  In their paper, they reported high mechanical bonding yield and 30 to 50% of the VCSELs showing good laser characteristics.

More recently, Chen, et al. succeeded in the bonding of GaAs/AlGaAs optoelectronic smart pixels to 1 μm CMOS circuitry, with an operation frequency of 300 Mhz [8].  As with previous attempts, aluminum pads were first covered with a solder wettable surface, in this case a Ti/Au layer.  Indium was deposited as their solder.  The researchers reported nearly the same reflection spectrum of the devices both before and after flip-chip bonding and good optoelectronic uniformity.    

Similarly, a European effort by Vanwassenhove, et al. yielded no difference in the performance of optical devices such as detectors and VCSELs when flip-chip bonded [5].  Their research concentrated on creating optical interconnects between CMOS chips.  They fabricated a functional CMOS chip with analog driver/receiver circuits as well as digital logic in addition to both VCSELs and light emitting diodes (LEDs) as emitters for their experiments.  Although they present little detail on their flip-chip bonding, they point out a critical consideration in hybrid optoelectronic integration, that of propagating alignment error, with positioning errors possible in solder bump creation, chip alignment, etc.  In the paper, they argue that passive self-alignment would lead to intolerable cross talk, as well as unfavorable optical power characteristics.  Instead of passive alignment, they use a technique based on index alignment, reducing misalignment to approximately 20 μm.  On the other hand, a presentation by researchers from Taiwan showed an average misalignment of 3 μm when integrating laser arrays with fiber optic line in V-grooves by passive self-alignment [9].  They used a 37% Pb and 63% Sn solder, with a melting temperature of 183 (C.

In one of the best papers of its kind, researchers from NTT Telecommunications Energy Laboratories in Japan investigated flip-chip bonding through transferred solder bumps [10].  Solder bumps were fabricated onto a carrier substrate in the necessary array.  Devices are aligned to the pattern and pressed together with slight pressure, transferring the solder to the device.  The device can then be flip-chip bonded in a conventional fashion to a different host substrate.  In the paper, the authors list several key advantages to this technique.  Problems with thermal stress that may occur because of solder deposition can be avoided since the solder bumps are formed separately from the devices.  Furthermore, solder bumps of different materials and sizes may be formed simultaneously on a single wafer before solder transfer to device.  Finally, if solder transfer proves unsuccessful in one pass, it could be removed and repeated.  For their flip-chip bonding, they used bond pad metal consisting of Ti/Pt/Au and Au-Sn (80%/20%) and Sn-Pb (60%/40%) solders.  They achieved uniform 40 μm spheres with good mechanical reliability.  In addition, they provide discussion on tuning solder bump heights to sub-micron accuracy. 

Researchers at the University of Maryland, in conjunction with Uniphase Corporation, studied the remetallization of bonding pads for the flip-chip bonding of VCSELs with CMOS chips [3].  They point out that aluminum-based alloys such as Al/Si/Cu (98%/1%/1%) remain the most common metal for interconnects for various performance, reliability, and cost factors.  However, since aluminum is not solder-wettable and oxidizes easily, they concede that it is not typically suitable for flip-chip bonding.  Using this fact, their research aimed to remetallize aluminum bonding pads to allow for flip-chip applications.  They began with a thin 0.25 μm zinc adhesion layer on top of the aluminum to act as a seed layer, followed by 3.0 μm of electroless nickel plating.  Finally, 1.2 μm of gold are added by immersion and autocatalysis.  The immersion layer of Au protects the Ni from oxidation, while the final gold layer allows for wire bonding in addition to flip-chip bonding, giving further design flexibility.  Using a Pb/Sn alloy (50%/50%), they achieved average resistance per solder joint of 0.39( with good yield and mechanical stability.   

In addition to the relatively standard flip-chip bonding techniques, researchers have investigated the uses of adhesives as an aid to solder.  Researchers at the Helsinki University of Technology experimented with bismuth (Bi) filled anisotropically conductive adhesive (ACA) in Sn-based solder areas [11].  They managed low bonding temperatures (~160 (C) and pressures for Sn/Pb solder, with no intermetallics formed in the system.  This leads to good metallurgical compatibility between in the system, as well as good electrical connections. 

Asides from the literature available about self-aligned flip-chip bonding, many papers have appeared outlining other aspects of this technology.  As an example, Yamauchi wrote about the elongation of flip-chip bonder heaters and heads, as well as the chip and substrate materials [12].  Taking these effects into account and correcting for them using high precision image processing, alignment accuracies within 0.1 μm were achieved, improving greatly on the typical 5 μm misalignment expected.       

A joint effort between Colorado State University and Sandia National Laboratories studied the thermal resistance of flip-chip bonding VCSELs to integrated circuits [13].  They note that thermal effects limit laser output optical power, as well as scalability and density of integration.  Their research found that thermal resistance is a strong function of the solder bond size, increasing rapidly when the solder size is less than 10 μm.  However, they showed that if done correctly, the thermal resistance of bonded VCSELs could be approximately the same as for un-bonded VCSELs.  On a different topic, researchers at the University of Colorado studied the modeling of thermocompression flip-chip bonding using gold solder bumps on a gold or aluminum metallized surface [14].  They primarily studied joint forming theory and stress and strain in the bonds, topics pertinent to but beyond the scope of this paper.

Judging on the wealth of literature available on the topic, flip-chip bonding is becoming an increasingly important research area.  Desire and need for high integration of circuits and optics, as well as the push towards lower cost manufacturing have all motivated further development.  With opto-electronic integrated circuits and optical interconnects as an ultimate goal, the need for flip-chip bonding and its related research will be certain to increase at an even more rapid pace in the coming years.
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Figure 2: VCSEL bonded to a driver chip (drawing not to scale).

1.4 Goal of Senior Thesis Research

The goal of this senior research is to study the choice of metals used for solder in the flip-chip bonding of vertical cavity surface emitting lasers (VCSELs) and other optoelectronic devices onto a foreign substrate.  An example of a VCSEL bonded to a driver chip is illustrated in Figure 2 on the previous page, showing a specific application of flip-chip bonding.  Our work is part of the greater research goal of creating an integrated VLSI Photonic system, as shown below in Figure 3.  VCSELs as emitters and optical detectors are integrated onto a driver chip.  This gives an optical communications transceiver on a single chip, with two of these chips able to communicate when connected with fiber optic cable.  The primary objective in this thesis is a small portion of the larger picture, developing an effective flip-chip bonding technique that may be used to bond optical devices to metal semiconductor field effect transistor (MESFET) and heterojunction bipolar transistor (HBT) logic circuits.    
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Figure 3: Conceptual diagram of single chip optical transceiver.

With this greater goal in mind, several primary objectives were instituted.  Most importantly, the flip chip bonding technique developed must be viable at temperatures below 450(C, ensuring the protection of sensitive optical devices.  Furthermore, it was important to consider an important trade-off, aiming to minimize the resistance of bonds, while maintaining reasonable process area.  The process designed would need to be reliable and low-cost, enhancing the value and usefulness of our techniques.  Finally, it was desirable to use environmentally friendly materials, shunning the use of lead and cadmium in favor of less toxic metals.  This is a departure from many early techniques, which favored lead based solders.  These goals serve to create a practical and widely applicable technique of flip chip bonding.

2. SOLDER CHOICE FOR FLIP-CHIP BONDING

2.1 Overview 

Flip-chip bonding is a bonding technique where a device and separate host substrate are electrically connected together through a physical bond of solder.  With our arrangement, both device and substrate have wires with solder placed on them.  These two are optically aligned, brought into contact, and allowed to bond together at a temperature well below the melting point of the wires (this process is shown in Chapter 1, Figure 1).  In previous investigations of flip-chip bonding by our research group, it was determined that a 5 μm alignment resolution was optically achievable in our flip-chip bonder [4].  This alignment pitch, necessary for the type of integration desired, is achieved most precisely by re-flowing solder, whereby the solder, able to adhere to the metal wires, but repelled by surrounding dielectric material, forms a semi-spherical ball.  The surface tension of this process passively aligns the device.  This process is shown in Figures 4 (a) and (b).  As easily can be seen, the choice of metals and their relative concentrations is thus critical in the success of the bonding.  
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Figure 4: Passive self-alignment of samples showing (a) alignment of semi-spherical solder bumps with surface tension acting to bring to (b) final alignment

To achieve this goal, we considered five tin-based, binary alloy solders; Sn/In, Sn/Au, Sn/Zn, Sn/Cd, and Sn/Pb.  As mentioned earlier, the latter two, though initially promising, were eliminated from our experiments due to environmental concerns.  The three remaining alloys trade off on properties desirable for our project, melting temperature and electrical conductivity.  The Sn/In solder has the lowest melting temperature, with a eutectic temperature of 117(C at 48%/52%, while Sn/Au has several melting points slightly below 400(C.  Conversely, Sn/Au should give the highest electrical conductance because of the high conductance of gold, while Sn/In should be the poorest of the three.  In regards to conductance, the quality of Sn/Zn should lie in-between those of its two counterparts, with a melting temperature near that of Sn/Au.  Our research studies the trade-offs and the relative advantages and disadvantages of each binary alloy solder.

2.2 Design of Flip-Chip bonding structure 

Since our segment of the project focused on the metal choices for flip-chip bonding, the choice of substrate was not important in the design, as neither optical devices, nor conventional circuitry would be fabricated into a substrate.  The three considerations made for a substrate were silicon (Si), gallium arsenide (GaAs), and glass.  Of these three, GaAs was the most expensive material and glass the cheapest.  In addition to the cost benefit, glass slides also have the side benefit of being clear, allowing for easier alignment during the final bonding process.  As such, the fabrication of the flip-chip structure began on 1cm x 1cm glass slides.  An overhead view of the top and bottom structures is shown in Figure 5.  
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Figure 5: Overhead view of flip-chip structure showing the layout of (left) the top slide and (right) the bottom slide.


The structures in Figure 5 show the patterns that define the wires in the flip-chip structure.  On the bottom structure, the square figures are the measurement pads, which are electrically probed in the testing stages.  Similarly, the circles on both structures act as the bonding pads, where solders are deposited for the flip chip bonding.  When the top structure is bonded to the bottom, paths are created through two, four, six, and eight bonds respectively, as shown on the next page in Figures 6 (a)-(d).  Note that the top and bottom are purposely misaligned to show the paths more clearly.  The resistance can be measured and thus the conductivities of the solders compared.  Probing the bottom wire in the bottom sample acts as a standard, which allows for testing of process variations between different runs.  For example, if the wires of different runs end up at a different thickness due to variation in sputtering or evaporation rates, this can be quantified by comparing the difference in resistance of the bottom wire.  
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Figure 6: Top view of bonded structure, showing paths through (a) two,  (b) four, (c) six, and (d) eight bonds.


Resistance can be calculated using Equation 1,



R = ((*l)/(w*t),






(1)

where ( is resistivity of the wire material, while l, w, and t are the length, width, and thickness of the wire, respectively.  The square pads are 250 μm on each side, while the round pads are 200 μm in diameter.  While all the horizontal traces are 50 μm wide, the diagonal segments of the wires are approximately 35 μm wide.  The length of the traces varies throughout the bottom sample.


The choice of metal for the wires depended primarily on available sources.  Initially, the wires were created with alternating layers of titanium (Ti) and nickel (Ni), with Ti/Ni/Ti evaporated in a Cooke evaporation system with thickness of 50 Å, 900 Å, and 100 Å, respectively.  Testing in initial trials, however, showed that nickel was too resistive for our purposes.  Two decisions based on initial results were made concerning the wires, with the thickness of the wires being increased and the change to a chromium (Cr) and aluminum (Al) system implemented.  In addition to this, one other major design change was put into place, with the glass substrate being replaced with silicon.  The transparency of the glass slides proved to be a double-edged sword.  While beneficial for alignment purposes in flip-chip bonding, clear glass made processing difficult if a sample was accidentally dropped or otherwise flipped over.  Without photoresist or metal on the sample, it is virtually impossible to tell which side is top or bottom on a given sample.  More importantly, glass is often brittle and more prone to cracking than other substrate choices.  The use of silicon is advantageous in both regards, as it possesses greater mechanical strength, and it is simple to tell the top from bottom.  These design changes would prove beneficial in the processing of our samples.   

2.3 Processing of Flip-Chip bonding structures

The processing of flip-chip bonding structures entails similar techniques as used in the processing of semiconductor integrated circuits.  Included in the process are oxide growth, photolithography, metallization, and etching.  Since electrical devices are not fabricated, complex steps such as ion-implantation and diffusion are not included.  As such, flip-chip bonding is a relatively simple process that may be integrated into a larger manufacturing process.  Most likely, bonding would be implemented in the final steps of a process.  The design used for the flip-chip bonding structures involves two oxidation steps, two photolithography steps, and two metallization steps, in addition to the flip-chip bonding process.  

Processing begins on a 1cm x 1cm silicon samples with the cleaning of the surface.  Dust is blown off and a process know as degreasing is done, spraying the samples with acetone, methanol, isopropyl alcohol (IPA), water, and then again IPA, before drying with nitrogen.  Once clean, 1000 Å of silicon dioxide (SiO2) are deposited by plasma enhanced chemical vapor deposition (PECVD) as shown in Figure 7 (a).  Please note that all figures are not drawn to scale.
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Figure 7: Cross-section diagrams showing (a) growth of oxide onto silicon, (b) sample with photoresist, and (c) sample after exposure and development.

After oxide deposition, the first photolithography step is done.  Photoresist (PR) is spun onto the surface and baked in preparation for exposure.  This is shown above in Figure 7 (b). Contact lithography is performed, where the patterns shown in Figure 5 are transferred onto the PR.  The patterns are developed, opening areas for creation of pads and wires.  Figure 7 (c) above shows a cross-sectional view of this.  A thin photoresist, PR 5214 was used in this step, as it is a manageable, easy to use resist.
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         (c)

Figure 8: Cross section of sample (a) after sputtering of metal onto surface, (b) after PR strip and (c) after second oxide growth.

With photoresist pattern developed, metal is sputtered onto the surface of the samples.  Cr/Al/Cr is sputtered for a total thickness of between 5500 Å and 8000 Å (depending on process variation), as diagramed above in Figure 8 (a).  The first thin layer of chromium helps aluminum adhere to the oxide, while the top Cr layer acts to protect Al from oxidizing into Al2O3.  Al is the primary wire material, possessing both superior electrical and thermal conductivity, as well as low cost and other benefits [3].  Figure 8 (b) above shows the sample after removal of photoresist from the surface using either acetone or a PR remover.  This step, more importantly, removes excess metal from the sample. 

After the creation of wires, 1000 Å of oxide is deposited by PECVD.  This protects certain areas of the sample, those not involved in the flip-chip bonding, from further processing, as shown above in Figure 8 (c).  Following this, openings in the oxide need to be made to allow for evaporation of solder onto the bonding pads.  This is accomplished first by spinning PR onto the sample.  The photoresist chose, PR 4620 is thicker, as the thickness of the solder is in the μm range.  Figure 9 (a) shows the presence of this thicker PR on the sample.  It is important to note that for a photoresist to be effective, it needs to be thicker than the metal subsequently evaporated onto the surface.
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Figure 9: Cross section of sample with (a) PR 4620 spun on, (b) openings made after exposure and development, and (c) following etch.


Figure 9 (b) above shows the sample after the second photoresist step is finished, creating an opening to allow access to the bonding pad.  However, with oxide covering the pad, an etch must be performed to expose the metal.  This can be done with a reactive ion etch (RIE) or with a wet etchant such as buffered oxide etch (BOE), a mixture which includes hydrofluoric acid (HF).  PR acts as a barrier against etching, protecting the parts covered.  The cross section of the sample after etching is shown above in Figure 9 (c). 

Subsequently, a thick layer of solder metals is evaporated onto the sample surface by thermal evaporation.  The solder metals are each tin-based binary alloys (Sn/In, Sn/Au, and Sn/Zn) with a total thickness of 2.2 μm (earlier runs) or 1.1 μm (later runs).  This step is shown in Figure 10 (a) on the next page.  In the final pre-bonding step, the photoresist is stripped off as described earlier.  The final flip chip structure is shown on the next page in Figure 10 (b).
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Figure 10: Sample (a) after evaporation of solder and (b) the final flip-chip structure, showing (from bottom to top), silicon, SiO2, metal bonding pad, and solder.   

2.4
Solder considerations and flip-chip bonding


The three binary tin-based solders chosen for the project were Sn/In, Sn/Zn, and Sn/Au.  With these choices, it is necessary to weigh the tradeoffs between the three in issues of bonding temperature, conductivity, cost, and process reliability.  For indium, zinc, and gold, there appears to be an inverse relationship between melting temperature and conductivity.  While indium melts at a lower temperature, zinc and gold require higher temperature evaporation and bonding.  Conversely, alloys with gold are more conductive, while indium-tin tends to be a poorer conducting solder.  With these considerations in mind, relative concentrations were chosen for the three alloys.  Sn/In was chosen at its eutectic temperature of 117(C, where the concentrations were 48% Sn and 52% In by weight.  Since Sn and In have approximately the same density, this translates into a 1 μm layer of tin and 1.2 μm layer of indium.  The Sn/Zn solder was composed of a mixture of 72% tin and 28% zinc, with a melting point of approximately 325 (C.  Of the 2.2 μm solder layer, there is 1.565 μm Sn and 0.6348 μm Zn.  This mixture is not at the eutectic temperature, which is at 198 (C for Sn/Zn of 89.5%/10.5%.  The reason the eutectic temperature is not chosen is to achieve a higher conductivity with more Zinc.  Similarly, a non-eutectic concentration of 60%/40% by weight of Sn/Au gives a higher conductivity than a mixture with less gold and a melting temperature of 310 (C.

2.5
Technique for Flip-chip bonding 
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Figure 11: Optical alignment of two chips in a flip-chip bonder.  The square represents the beam splitter

The process of flip-chip bonding entails two major steps: 1) alignment and contact, and 2) heating of solder.  The set-up for alignment in the flip-chip bonder is shown above in Figure 11.  Essentially, the two images of the samples are projected into a lens, allowing the superimposing of the images for alignment.  Both image 1 and 2 represent samples, the top and bottom respectively.  Each is lit with the help of a light emitting diode.  The image of sample one is reflected off the beam splitter in the middle, with 50% of the light intensity reflecting in the lens, and 50% loss through transmission in the splitter.  Image two does likewise, with the reflecting beam bouncing off a mirror and then transmitting through the beam splitter into the lens.  Thus, one image is shown at 50% intensity and the other of 25%.  The alignment is accurate within approximately 5 μm.  Once alignment has been completed, the samples are pressed together with light pressure, bonding the samples together.

Following the bonding, the sample is carefully moved to an alloying station.  Under nitrogen atmosphere, the sample is heated, melting solder together, mixing it, and ensuring good electrical and mechanical contacts.  The temperature must be higher than the melting temperature of the solder to ensure bonding and bonding lasts several minutes depending on the specific trial.  Nitrogen ensures that the metals do not oxidize at high temperatures.

2.6
Conclusions of solder choices

Solder choice in the flip-chip bonding of optical devices to a driver chip has several primary concerns, including conductivity of bonds, bonding temperature, reliability, and ease of processing.  We determine the conductivity of the bonds by measuring resistance through various paths.  Shown previously in Figure 6 (a)-(d) are paths through two, four, six, and eight bonds.  In our samples, we have two each of two, four, and six-bond paths, and one eight-bond paths.  The bottommost wire contains no bonds and can be used to find the resistivity of the wire.  Using Equation 1, we provide a numerical example as follows.  Knowing the width w = 50 μm, length l = 6.78mm a thickness of 7500 Å, and a measurement of 18.55 Ω between the test pads, we can calculate as follows in Example 1

18.55 Ω = (Ρ*6.78E-3 m)/(50E-6 m * 750E-9 m)

(Example 1)

This gives us a Ρ of 1.026E-7 Ω-m.

Using the resistivity of the wire, calculated in Example 1, you could determine the theoretical resistance of any wire length on the samples.  To calculate average resistance of each bond, you use Equations 2.1 and 2.2:

Average Bond Resistance = (Measured Resistance – Wire Resistance) / #bonds
(2.1)




= (Measured Resistance - ((*l)/(w*t)) / # bonds

(2.2)


While Sn-In adhered to bonding pads consistently and bonded well, there were some problems that occurred with both Sn-Zn and Sn-Au.  To help solve this problem, we added an adhesion layer of 250 Å to cover the Cr-Al-Cr wires, allowing solder to stick more effectively to bonding pads.  This is shown below in Figure 12.  While this technique immediately solved the adhesion issues with Sn-Zn, more work was required to allow Sn-Au to stick to the bonding pads.  The focus of the problem was the evaporation rate of gold, which progressed an order of magnitude slower than the other metals.  This allowed indirect sample heating, making photoresist difficult to remove and the lift-off of Sn-Au bonding pads, an unwanted phenomenon.    
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Figure 12: Final flip-chip structure with adhesion layer




To solve Sn-Au adhesion issues, we replaced the “boat” that holds gold in the Edwards evaporator with one that was thinner and less wide.  Since evaporation rate is a function of boat dimension, one with a smaller cross sectional area will evaporate at a lower current.  With this boat, we could evaporate at a rate equivalent to the other metals.  Furthermore, we altered the total thickness to be 1.1 μm of solder.  These changes allowed the Sn-Au adhesion to the bonding pad to succeed, as shown below in Figure 13 (a). 
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(a) (b)

Figure 13: Scanning electron microscope pictures of (a) Sn-Au on bonding pad and (b) a top sample bonded to a bottom sample.


Bonding of sample with Sn-In solder bumps was done at 200 (C for two minutes, while Sn-Zn and Sn-Au were each done at 400 (C for two minutes.  A successful bonding sample is shown above in Figure 13 (b).  Even with successful adhesion of Sn-Zn and Sn-Au to bonding pads, these samples failed to bond together.  The temperature and/or the time will need to be increased in futures trials involving these solders.


As a first order approximation, the resistivity of a binary alloy is given as a weighted average individual resistivity, as shown in Equation 3.

Ρtotal = x * Ρmetal 1 + (1-x) * Ρmetal 2





(3)

X is the percentage of the first metal and (1-x) is the percentage of the other.  Based on these calculations, Sn-Zn in our ratios has 2.7% higher resistivity than Sn-In, while Sn-Au has 18.6% lower resistivity.


At this point, most problems that occurred in our project, especially those concerning processing of flip-chip structures, have been solved.  The issues that remain lie in the bonding process, which will require further refining in determining bonding pressure, temperature, and time.  Despite some shortfalls, the results are promising.  In Figure 14, the top line shows the bonded samples with Sn-In bonds.  Using Equations 2.1 and 2.2, our calculated average bond resistance is 0.877 Ω per bond.  Considering Sn-In is a relatively poor conducting solder, the resistances of Sn-Au should only be better.  Sn-Zn and Sn-Au lines in Figure 14 are theoretical, based on predictions in Equation 3.  
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Figure 14: Graph of resistance versus number of bonds for Sn-In (measured), Sn-Zn (theoretical), Sn-Au (theoretical), and just wires (calculated).


Based on the results and experience gained throughout this research, certain recommendations are made.  Sn-In, as a low temperature melting and easily processed solder is ideal for cheap or low performance opto-electronic circuits.  The resistance is very reasonable, leading to little loss.  For higher performance with lower loss, Sn-Au is a better solder, though it melts at a higher temperature and is, qualitatively speaking, more difficult to process.  Further work is warranted with this solder.  Because of its worst resistivity and highest melting temperature characteristics, Sn-Zn in the ratios we tried is unlikely to prove useful.  The results are summarized below in Figure 15.

	
	Sn-In
	Sn-Zn
	Sn-Au

	Melting Temperature
	117 (C
	325 (C
	310 (C

	Bonding Temperature
	200 (C
	> 400 (C
	> 400 (C

	Resistivity
	9.68E-8 Ω-m
	9.94E-8
	7.88E-8

	Process Ease
	Easy
	Hard
	Hard


Figure 15: Comparison of three solders used in the research project.

2.7
Conclusions and Suggestion for Further Work

As technology requires higher integration in coming years, the importance of flip-chip bonding will continue to increase.  Optoelectronic integrated circuits and optical interconnects will no longer be science fiction, as flip-chip bonding will help bring these ideas to practical fruition.  In the immediate future, the Sn-Au binary system can be studied in more depth to discover its full potential.  As successful manufacturing of vertical cavity surface emitting lasers is achieved, bonding of these devices to a substrate may be done and electrical data measured to indicate any performance degradation that may occur.  Driver chips with analog circuitry and digital logic may be designed to control optoelectronic devices flip-chip bonded to them.  The size and depths of the bonds can be studied to find optimal sizing, and steps can be taken to create more uniformity in processing.  Self-alignment characteristics can also be utilized in designs or better alignment procedures discovered.  In this age of rapid technological development, the beauty is that even with all that has been achieved in this year of senior research, there will always so much more potential on the horizon.
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