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Abstract: The Silicon Interconnect Fabric (SiIF) aims to replace traditional packaging materials. Using silicon 

as the heterogeneous packaging platform allows us to exploit existing lithographical techniques and  achieve 

very high interconnect density at the package level. Silicon has excellent thermal properties compared to 

organic substrates, which also makes it a preferable material for high power applications. By using silicon as 

the packaging material of choice, sub-10 µm die to Si IF pitches have been demonstrated. 

The downside of using silicon as the substrate instead of an organic dielectric is the fact that silicon is a 

semiconductor. This means that an antenna printed over the silicon substrate cannot radiate into the air. 

Instead, due to the material properties of silicon, the majority of the input signal couples into the substrate 

rather than the atmosphere. One seemingly obvious solution is to deposit silicon dioxide (SiO2) over the 

silicon substrate, which then may act as the dielectric substrate, with the top layer serving as the antenna 

and bottom layer serving as the ground plane. However, the required amount of thickness needed for 

deposited silicon dioxide to serve as a dielectric substrate for antennas is impractical for modern CMOS 

process with the minimum thickness being about 300 µm. Hence deposited SiO2 is not a feasible solution. 

A process to integrate a 60GHz patch antenna on the SiIF platform will be presented here. The overall idea is 

to embed a Fused Silica die on to a recess etched on the silicon wafer, which can then be used as the 

substrate for antenna fabrication. The process involves first bonding the Fused Silica die to the etched silicon 

recess using copper to copper thermal compression bonding under vacuum, and filling the micro gap using 

electroplated copper, which would also act as an access to the ground plane for connection to of the shelf 

MMIC dies. This would enable RF communication on the SiIF while maintaining the advantages inherent to 

the Silicon Interconnect Fabric, which is important for the SiIF to communicate to the outside world, an issue 

which hasn’t been addressed yet.  
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Chapter 1: RF Communication on Silicon Interconnect Fabric 

1.1 Introduction to SiIF [1] 

Over the past few decades, the semiconductor industry has seen continuous scaling at the chip level. As 

transistor sizes scale down following Moore’s Law, more functionalities can be added for a given chip area, 

leading to more powerful Integrated Circuits. However, once we go outside the chip level over to package 

level, on which the ICs interact with the outside world as well as other ICs, the scaling trend is not as 

dramatic. When compared to the feature size reduction from 180nm in 2001 to 16nm in recent years at the 

chip level, bump pitches at the package level (Ball Grid Arrays) is still stuck at around the 200um range. 

However, as Moore’s Law is saturating, packaging has slowly begun to pique the interest of both academia and 

industry as there is a better scope for scaling. New interconnection schemes such as Flip-Chip have drastically 

reduced from the previous BGA pitches of 200um to 40um. 

With the introduction of Flip Chip, interconnect pitches can be scaled down to match the pitch of the last 

metal layer on a chip. However the interconnect metal lines is still not scalable to that level at the package 

level. This is because large packaging substrates (FR4 for instance) has some warpage associated with it and 

prevents printing of finer metal lines. Hence metal lines are still pretty long and wide as compared to chip 

level. 

 

Figure 1.1 Silicon Interconnect Fabric 
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At UCLA CHIPS, the idea is to reduce the interconnect pitch such that it is the same as that of the chip. The 

fundamental idea of our approach is to use Silicon wafer as the substrate instead of conventional packaging 

substrates. The advantage of using Silicon as the interconnect platform is many-fold, including but not limited 

to: 

 Limited warpage, and maximum flatness at wafer level 

 Utilization of existing lithographic techniques to print fine pitch interconnects 

 Higher Thermal Conductivity compared to PCB substrates 

The replacement of organic dielectrics with Silicon is foundation of the Silicon Interconnect Fabric (SiIF). 

 

Figure 1.2 Fine Pitch Interconnects between dies 

 

1.2 Why SiIF is not currently suited for wireless applications [2] 

The downside of using Silicon as the substrate instead of an organic dielectric, is the fact that Silicon in itself, is 

a semiconductor. Which means that an antenna printed over the Silicon substrate cannot radiate into the air. 

Instead, due to the material properties of Silicon, the majority of the input signal couples into the substrate 

rather than the atmosphere [2]. 

One could say that why not deposit SiO2 over the Substrate and use that as a dielectric, with the top layer 

serving as the antenna and bottom layer serving as the ground plane. The problem with this approach is that 

•
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one would need a large distance between the antenna and the ground plane in order for it to work.  If the 

ground plane is too close (compared to the wavelength of the signal), capacitive coupling will form an image 

couple signal at the ground plane, which will also radiate. The image radiation destructively interferes with 

the transmitted signal and drastically reduces the efficiency of radiation. Figure 1 charts the dependence of 

radiation efficiency of simple dipole antenna against the antenna to ground distance. As per the figure, for a 

77GHz antenna, the distance needs to be at least 300um for a near 100% efficiency, which is not practically 

feasible to deposit. 

 

 

 

Figure 1.3: Dipole radiation resistance and efficiency against antenna-ground distance [2] 

 

1.3 The current plan: Scope and Challenges 

It was decided to make the antenna part of the SiIF platform itself (Antenna on IF). The idea is to make a 

recess into the silicon substrate, and embed Fused Silica pieces into the said. The Fused Silica part will act as 

a dielectric substrate to the printed antenna, and the ground plane will be at the bottom of the Fused Silica. 

Figure 2 illustrates the proposed structure. As seen from the figure, 
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Figure 1.4: Antenna on IF structure 

 

the ground plane and the antenna is isolated from each other in this structure. However, there are many 

challenges that are needed to be addressed: 

The SiIF process requires that the wafers are extremely planar at the top and the bottom side, integrating a 

new element, which is in the order of millimeter size into the recesses while making sure that the top (and 

bottom) stays flat is challenging 

There has to be a lot of tolerance in the dimensions between the Fused Silica and the Silicon recess. Dicing of 

Fused Silica is not one of the most accurate of processes. The above factors mean that the Fused Silica die has 

to be 30-70um smaller than the Silicon recess in order to make sure that the die fits inside 

In relation to the previous point, the final problem combines the above two issues. Making the Fused Silica 

smaller than the recess means that there will be a micro-gap between the Fused Silica sidewall and the 

Silicon sidewall. The micro-gap will ruin the planarity at the top and so it needs to be filled. And since SiIF is a 

relatively high temperature process (it goes to around 300 C during the oxide deposition step), the filling 

material will also need to have high temperature resistance, ruling out most, if not all organic materials. 

The final problem is the CTE mismatch problem, of which there is no apparent solution; embedding one 

material into another material will inevitably incur a lot of CTE related stress.  

1.4 To tackle such a complex problem, three main design aspects are needed to be addressed. These three 
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aspects are 

 The design of the Antenna itself 

 CTE considerations and simulations 

 Fabrication of the proposed design 

The following chapters tackle each of the aforementioned aspects of the problem. The primary aim of this 

work is to develop a feasible process flow that can enable RF Communication on the SiIF by integrating an 

insulating bulk dielectric die on the Interconnect Fabric so that an efficient antenna can be fabricated on top 

of it. 
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Chapter 2: Design of the Patch Antenna 

2.1 Introduction to Antennas 

An antenna is defined usually as a piece of open ended metallic strip which is used to transmit or receive 

electromagnetic waves. Antennas are often modeled by a one port device, where the input is an RF signal, 

often interfaced using a transmission line. The antenna then couples the guided RF signal into free space, 

through which wireless transmission takes place, which is then received by a receiving antenna.  

 

Figure 2.1 Antenna transmission [3] 

Figure 2.2 shows the transmission line model of an Antenna, where a transmission line is interfacing with an 

antenna.  
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Figure 2.2 Transmission Line model [3] 

The resistance RL denotes the load resistance due to conduction losses of the antenna, whereas Rr denotes 

radiation resistance losses due to dielectric losses. If the source impedances and the antenna impedances 

are not matched, part of the signal gets reflected back leading to standing waves, which leads to additional 

losses. Losses due to conductivity and standing waves are undesirable. To reduce standing wave losses, the 

transmission line interfacing with the antenna has to be conjugately matched to the antenna impedance. 

Normally, all transmission lines are matched to a characteristic impedance of 50 Ω. Hence, the antenna has 

to be designed such that the impedance seen by the transmission line is 50 Ω. 

2.2 Microstrip Patch Antennas 

Microstrip antennas (or Patch Antennas) are simply a metallic patch with a ground plane. Such antennas are 

gaining popularity due to their ease of fabrication and compatibility of MMIC designs. A patch antenna 

consists of metallic patch printed on top a dielectric substrate. A metallic ground plane is printed on the 

bottom of the substrate to reflect waves coupled to the substrate. To ensure good efficiency of radiation, 

the dielectric substrate should have a dielectric constant somewhere between 2.2 and 5. Higher dielectric 

constants have the advantage of lowering the physical dimensions of the antenna but at the cost of radiation 

efficiency.   
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Figure 2.3 Microstrip Antenna[3] 

The dielectric substrate chosen for this project is Fused Silica, which has a dielectric constant of 3.9 and loss 

tangent of 0.0002 at 60 GHz. The choice to use Fused Silica is due its excellent RF properties (which being 

low loss) and excellent mechanical properties which will be described in Chapter 3. The metal used for the 

metallic patch and the ground plane is Copper, which is chosen simply due to its abundance in existing CMOS 

technologies. 

2.3 Equations governing a patch antenna design 

Although there are many types of patch antennas and different ways of feeding them, the focus of this 

project is on a rectangular patch antenna with a microstrip line feed. Figure 2.4 lays down the symbols for 

each of the physical dimensions relevant to a patch antenna. Taking into consideration various effects such 

as fringing fields and free space impedance, the following design guidelines are used to determine the 

preliminary design parameters of the patch antenna [3]. 
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Figure 2.4 Physical Dimensions notation of rectangular patch antenna[3] 

 

 Decide on three parameters of your choice namely the substrate dielectric constant ∊r, the desired 

resonant frequency fr, and the substrate height h. 

For this design the values are ∊r = 3.9, fr = 60 GHz and h = 300µm 

 Calculate the width W which leads to an efficient radiator as  

 

 where υ0 is the free-space velocity of light. 

 Calculate a so-called “effective dielectric constant” which takes fringing fields into account as 

 

 Calculate ΔL using the calculated W as  

 

 Finally Calculate L using  
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Plugging in the equations into MATLAB, the values for L and W are:     

L = 1.118 mm 

W = 1.597 mm 

2.4 Matching Antenna input impedance 

The rectangular patch in section 2.3 is designed so that the output impedance of the Patch Antenna is 

matched to the free space impedance of air, which is 377 Ω. However, the input impedance is not yet 

matched to 50 Ω, which is required to minimize losses due to reflections. It has been found that the input 

impedance can be modified by using a recessed inset feed where y0 is the recessed length. 

 

Figure 2.5 Recessed Inset in Patch Antenna [3] 

The input impedance as a result of the inset is given by  

 

Where Rin is the input impedance for a given recess length. The recess length y0 along with the width of the 

Microstrip line W0 is found out using simulation on ADS. 
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2.5 Design using Keysight ADS Momentum 

Momentum is functionality provided by Keysight ADS that performs electromagnetic simulations to generate 

S parameters for various planar circuits, including microstrip lines, coplanar waveguides, slotlines and oother 

RF components. This simulation is based on the Method of Moments and can also be used to characterize 

antenna parameters such as radiation pattern, gain and directivity. Momentum also has an optimization 

functionality which allows design automation of various components including Patch Antennas. 

 

The first step in designing a Patch Antenna is to specify the substrate topology of out design. This is done 

using the substrate editor as shown below. 

 

Figure 2.6 Substrate Setup 

Once the substrate is setup, we move on to designing the Microstrip line that will interface the antenna. 

Assuming the input impedance of Antenna is 50 Ω, a simple simulation setup is executed in ADS schematic to 

determine the optimum width of the microstrip line that is resonant at 60 GHz as below. 
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Figure 2.7 Microstrip line design 

 

Figure 2.8 S11 of designed Microstrip Line 

The optimum width W0 using this setup is found to be 680 µm or 0.68 mm. This value is used in the layout 

stage of the Patch Antenna. Using W0, the final design parameter, the recess length was found to be 410 µm. 

Now that all the design parameters are known the Antenna was designed using Momentum Layout. The 

Length and Width was further optimized to 1.169 mm (from 1.118 mm) and 1.65 mm (from 1.597 mm) in 
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the final design. 

 

Figure 2.9 Final Patch Antenna Design

The S11 parameters of the final antenna was simulated as was veri

has a relatively low bandwidth, which is one of the drawbacks of Patch Antennas in general.

  

 

Figure 

The antenna was also simulated to provide various figures of merit 

 

Figure 2.9 Final Patch Antenna Design 

The S11 parameters of the final antenna was simulated as was verified to be resonant at 60 GHz. Currently it 

has a relatively low bandwidth, which is one of the drawbacks of Patch Antennas in general.

 2.10 S11 of the Designed Patch Antenna 

The antenna was also simulated to provide various figures of merit as provided in the next page

fied to be resonant at 60 GHz. Currently it 

has a relatively low bandwidth, which is one of the drawbacks of Patch Antennas in general. 

  

as provided in the next page 
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Figure 2.11 Far Field and Electric Field Patterns of Designed Antenna 
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Figure 2.12 Far Field Radiation Patterns and Figures of Merit

 

 

Figure 2.12 Far Field Radiation Patterns and Figures of Merit  
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Chapter 3: CTE Considerations 

Since the proposed structure involves heterogeneously integrating different materials namely, fused silica, 

copper and silicon, it would be worthwhile to investigate the stresses introduced within the structure die to 

Coefficient of Thermal Expansion (CTE) mismatches. As noted earlier, there are three main components to 

look into i.e. 

 Copper 

 Fused Silica 

 Silicon 

The material properties of each of the three materials are listed in the table below. 

Material CTE (ppm) Compressive Strength (GPa) 
Young’s Modulus 

(GPa) 

Silicon 3-5 3.2 140 

Copper 16.6 0.20 121 

Fused Silica 0.55 1.1 71.2 

Table 3.1 Material Properties  

As listed above, between Copper and Fused Silica there is a 32X difference in CTE. Which would mean that 

CTE stresses would be expected to be enormous in the Fused Silica – Copper interface. 

To analyze this issue, analytical and ANSYS simulations have been performed to verify if the stresses 

introduced during further processing due to CTE mismatches is enough to damage the structure. 

3.1 A simple 1D analysis 

During PECVD Oxide deposition, the chamber temperature rises up to 300o C. This would be the highest 
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temperature that the proposed structure would ever face. Note that compared to the CTE of Copper, Silicon 

and Fused Silica have really low CTE. For a simplified calculation, it is assumed that under temperature rise, 

both Silicon and Fused Silica will not expand (i.e. they have a CTE of 0 ppm). This simplifies the problem to a 

simple Copper rod fixed at its two ends.

We are interested in the Compressive Strength exerted by Copper on the Fused Silica die. Knowing CTE 

value, Young’s Modulus of Copper and the change in Temperature, we are able to find the Compressive 

Strength exerted by Copper as 

σ = CTE of Copper X Young’s Modulus X Change in Temperature

Which is well below the Compressive Limit of Fused Silica, which is 1.1 GPa

3.2 Simplified ANSYS simulation 

The simplified 1D solution makes the assum

dimensional nature of the problem is also ignored. To remove these assumptions and simplifications

simulation is needed. ANSYS Mechanical is used to simulate the CTE induced stresses

model used ANSYS simulations. The model is a quarter symmetric model with 2 side faces on the left being 

fixed and the other two sides free to move. The bottom plane is also fixed, whereas the top face is free to 

move. The temperature is raised up to 300

  

Fused Silica 

temperature that the proposed structure would ever face. Note that compared to the CTE of Copper, Silicon 

E. For a simplified calculation, it is assumed that under temperature rise, 

both Silicon and Fused Silica will not expand (i.e. they have a CTE of 0 ppm). This simplifies the problem to a 

simple Copper rod fixed at its two ends. 

 

Figure 3.1 Simplified CTE Model 

We are interested in the Compressive Strength exerted by Copper on the Fused Silica die. Knowing CTE 

value, Young’s Modulus of Copper and the change in Temperature, we are able to find the Compressive 

= CTE of Copper X Young’s Modulus X Change in Temperature

= 16.6e-6 X 121e9 X 300 

= 602.38 MPa 

Which is well below the Compressive Limit of Fused Silica, which is 1.1 GPa 

The simplified 1D solution makes the assumption that Fused Silica and Silicon does not expand. Also the 3 

dimensional nature of the problem is also ignored. To remove these assumptions and simplifications

simulation is needed. ANSYS Mechanical is used to simulate the CTE induced stresses

model used ANSYS simulations. The model is a quarter symmetric model with 2 side faces on the left being 

fixed and the other two sides free to move. The bottom plane is also fixed, whereas the top face is free to 

s raised up to 300o C to analyze the stress. 

 Silicon 

temperature that the proposed structure would ever face. Note that compared to the CTE of Copper, Silicon 

E. For a simplified calculation, it is assumed that under temperature rise, 

both Silicon and Fused Silica will not expand (i.e. they have a CTE of 0 ppm). This simplifies the problem to a 

We are interested in the Compressive Strength exerted by Copper on the Fused Silica die. Knowing CTE 

value, Young’s Modulus of Copper and the change in Temperature, we are able to find the Compressive 

= CTE of Copper X Young’s Modulus X Change in Temperature 

ption that Fused Silica and Silicon does not expand. Also the 3 

dimensional nature of the problem is also ignored. To remove these assumptions and simplifications, ANSYS 

simulation is needed. ANSYS Mechanical is used to simulate the CTE induced stresses. Figure 3.2 shows the 

model used ANSYS simulations. The model is a quarter symmetric model with 2 side faces on the left being 

fixed and the other two sides free to move. The bottom plane is also fixed, whereas the top face is free to 
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Figure

 

Figure 3.3 showcases the result of the simplified ANSYS simulation. It shows that the interface stress 

introduced by the copper on the fused silica is around 650 MPa, which

in section 3.1 

Figure 3.3 Simplified ANSYS Simulation Result

 

Figure 3.2 ANSYS simulation model 

3.3 showcases the result of the simplified ANSYS simulation. It shows that the interface stress 

introduced by the copper on the fused silica is around 650 MPa, which is pretty close to the calculated value 

 

Figure 3.3 Simplified ANSYS Simulation Result 

 

3.3 showcases the result of the simplified ANSYS simulation. It shows that the interface stress 

is pretty close to the calculated value 
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3.3 Final ANSYS Simulation: Introducing Plastic Deformation of Copper

Throughout both sections 3.1 and 3.2, it has been assumed that Copper would 

the stress on copper reaches in excess of 200 MPa, which 

aforementioned assumption is invalid. To paint a more realistic picture of CTE induced stresses, the plastic 

deformation of copper has to be taken into account. To do that, in the engineering data for copper, 

multilinear isotropic hardening has to be included in the copper model which includes the stress strain 

parameters of electroplated copper. The values have been noted from liter

Through Silicon Vias (TSV) [4]. 

Figure 3.4: Stress –

After including the plastic deformation of Copper, the simulation was exec

plastic deformation of copper substantially reduced the amount of stress generated at the Fused Silica 

Copper interface to 350 MPa. 

Final ANSYS Simulation: Introducing Plastic Deformation of Copper 

Throughout both sections 3.1 and 3.2, it has been assumed that Copper would elasticall

the stress on copper reaches in excess of 200 MPa, which yield strength of copper. This makes the 

assumption is invalid. To paint a more realistic picture of CTE induced stresses, the plastic 

has to be taken into account. To do that, in the engineering data for copper, 

multilinear isotropic hardening has to be included in the copper model which includes the stress strain 

parameters of electroplated copper. The values have been noted from literature that reports the data for 

– Strain values used for Plastic Deformation Modeling

r including the plastic deformation of Copper, the simulation was executed again. It is found that the 

deformation of copper substantially reduced the amount of stress generated at the Fused Silica 

elastically deform. However 

This makes the 

assumption is invalid. To paint a more realistic picture of CTE induced stresses, the plastic 

has to be taken into account. To do that, in the engineering data for copper, 

multilinear isotropic hardening has to be included in the copper model which includes the stress strain 

ature that reports the data for 

 

Strain values used for Plastic Deformation Modeling 

uted again. It is found that the 

deformation of copper substantially reduced the amount of stress generated at the Fused Silica – 
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Figure 3.5 Final Stress profile at 300

Fused Silica has an excellent compressive strength of 1.1 GPa.

is concluded that the die won’t crack under CTE induced stress by Copper. However the Copper would 

plastically deform and squeeze out at the top creating planarity issues. This problem is pretty common in 

Through Silicon Via (TSV) fabrication and is resolved by annealing the Copper at high temperatures and 

polishing off the overburden. 

Figure 3.5 Final Stress profile at 300o C 

Fused Silica has an excellent compressive strength of 1.1 GPa. Through both ANSYS and 

is concluded that the die won’t crack under CTE induced stress by Copper. However the Copper would 

plastically deform and squeeze out at the top creating planarity issues. This problem is pretty common in 

abrication and is resolved by annealing the Copper at high temperatures and 

 

 

 

 

 

 

 

 

 

 

 

 

Through both ANSYS and analytical analysis, it 

is concluded that the die won’t crack under CTE induced stress by Copper. However the Copper would 

plastically deform and squeeze out at the top creating planarity issues. This problem is pretty common in 

abrication and is resolved by annealing the Copper at high temperatures and 
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Chapter 4: The Process Plan 

4.1 Overview of Process Plan 

The first part of the process is etching down the silicon upto the required depth. The process to do so has 

already been developed and as follows 

 

 Thermally grow Oxide over the Silicon substrate. This Oxide layer will act as a hard mask for the 

Silicon etch 

 Spin Coat photoresist over the substrate. Expose and Develop according to mask pattern 

 Etch down the Oxide hard mask 

 Use the patterned hard mask to etch down the silicon using the Bosch etch process. 

 

 

Figure 4.1: Obtain the Silicon recess for the Fused Silica dies 

 The next step is to clean the wafer with Acetone and then HF to clean the Photoresist and the Oxide 

layer.  

 After that, the Silicon wafer is coated with Nitride which is to be used as a polish stop for later 
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processing . 

 Sputter both Silicon Wafer and the Fused Silica die is sputtered with Titanium/Copper 

 The die is then bonded to the Silicon wafer using Copper-Copper Vacuum TCB 

 

Figure 4.2: Process Steps for Vacuum TCB 

 Fill the microgap between the die and the wafer with Electroplated Copper 

 Polish off the Overburden to get the platform for Antenna Fabrication 

 

 

Figure 4.3: Process Steps for Antenna Platform 
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 The Antenna can now be designed and fabricated on top of this platform using the Damascene 

Process. 

4.2 Process Flow Details 

4.2.1 Thermal Growth of Oxide 

Before the wafer is sent inside a furnace for thermal oxidation, it is necessary to do a Pre-Furnace Clean 

(PFC) to get rid of potential contaminants. The Pre Furnace Clean consists of a Piranha Clean and an HF 

Clean. The Piranha gets rid of all organic and metallic contaminants whereas the HF clean gets rid of the 

native oxide. 

4.2.1.1 Piranha Clean: Nanolab has a PFC Sink bench where there is a Piranha tank. Wear full Personal 

Protection Equiment (PPE) before use. Turn on the tank controls and wait for the bath temperature to go up 

to a 100o C. Once the bath reaches that temperature bubbles will be seen in the tank. Start the PFC tank 

timer for 10 mins. Grab an acid resistant PFC wafer box and put the wafers in that box. Dip the wafer box in 

the piranha tank for 10 mins. Do not lose hold of the wafer box while doing it. Bring it out of the tank after 

10 minutes. Move the wafer box in the Dump Rinser in front of the Piranha tank and hit START on the 

appropriate Dump Rinser Controller. Lastly replenish the Piranha bath with 250 ml of Hydrogen Peroxide. 

4.2.1.2 HF Clean: Nanolab also has an HF-BOE tank which is used to get rid of the native oxide. Simply dip the 

PFC Wafer box in the HF-BOE tank for 1 minute. After that move the wafer box into the cascade bubbler in 

front of the HF tank. Turn on the appropriate controls. 

4.2.1.3 Spin Dryer: After the HF-BOE clean, move the wafer box into the spin dryer on the left of the PFC 

bench. Simply press start on the tool and wait for 200 seconds for the tool to completely dry the wafers. 

Now the wafers are ready for thermal oxidation 

Contact ISNC staff for 3 µm thermal oxidation growth only if all 25 wafers are to be oxidized. The thermal 

oxidation occurs at 1100o C in a wet environment for about 30 hours. 
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Figure 4.4 Thermal Oxidation 

4.2.2 Photoresist Coating 

4.2.2.1 Pre Spin Coating Clean: Before the wafer is used in a spin coater, it’s needed to be prepared. Take a 

thermally oxidized Silicon wafer, and rinse it with Acetone, Methanol, IPA and DI water in that order. 

Acetone gets rid of small organic particles, Methanol and IPA removes the acetone, and DI water is a final 

rinse to clean all chemicals. Then, the wafer is put on a hot plate at 150o C to dehydrate the wafer. The wafer 

is kept on the hot plate for about 2 minutes. Once the wafer is dehydrated, it is kept inside the HMDS tank 

for another 2 minutes. HMDS is an adhesion promoter and helps the Photoresist to stick to the wafer 

properly. The wafer is now ready to be spin-coated. 

4.2.2.2 Spin Coating: Prepare the spin coater as described in Nanolab document. The recipe to be used for 

the spin coater is as follows: 

 Step 1: Speed = 500 rpm, Ramp = 100 rpm, Time = 5 seconds 

 Step 2: Speed = 2000 rpm, Ramp = 1000 rpm, Time = 30 seconds 

 Step 3: Speed = 0 rpm, Ramp = 1000 rpm, Time = 0 seconds 

Put the wafer on the vacuum chuck and press vacuum on. Use AZ5214E Photoresist and pour it on the wafer. 

Start the spin coater. After 35 seconds, the spin coater evenly coats the wafer with Photoresist 

4.2.2.3 Soft Baking: After the spin coating step is done, the wafer is kept on a hot plate at 110o C to soft bake 

the Photoresist.  

 

Figure 4.5 Spin Coat Photoresist 

4.2.3 Expose and Develop Photoresist 
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4.2.3.1 Expose: Use the Karl Suss Lithography tool to do this step. Prepare the mask holder and the wafer 

holder as described in Nanolab document. The recipe for using the tool is as follows 

 Program: Hard Contact (HC) 

 Alignment Gap: 30 µm 

 Expose time: 10 seconds 

Hit EXPOSE on the tool, wait for 10 seconds and take out the wafer. The wafer is ready to be developed 

4.2.3.2 Develop: Prepare a beaker and pour AZ300MIF Developer into the beaker. Take the exposed wafer 

and dip it into the solution for exactly 1 minute. Immediately rinse the wafer with DI water after taking it out 

of the solution. 

4.2.3.3 Hard Bake: Put the wafer on a hot plate at 120o C. This step links the Photoresist polymers preventing 

them from degassing in future steps. 

 

Figure 4.6 Expose and Develop Photoresist 

4.2.4 Oxide Etch 

The STS AOE tool is used for this step. Simply put the wafer into the load-lock. The recipe to be used in 

OXIDAPIC and the time duration is 9 minutes. Hit RUN on the Sequence Editor and once the wafer is 

processed, check in Nanospec to verify that the oxide is etched away. 
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Figure 4.7 Etch Oxide 

4.2.5 Silicon Etch 

The UNAXIS Fast DRIE (FDRIE) tool is used to the Bosch etch process. The Bosch is a cyclic process where one 

cycle etches down the silicon and the other cycle passivates the sidewall. Such a scheme enables high aspect 

ratio etching in silicon. The recipe used in this process is UCLA FAST NANO – DY. The etching time is a two 

step run with the first run being approximately 26 minutes for the first run and addition 4 minutes and 15 

seconds for the second step. This combination achieves the most consistent depth across different samples. 

 

Figure 4.8 Silicon Etch 

4.2.6 Strip off Photo resist and Oxide Hard Mask 

4.2.6.1 Ashing: The Matrix Asher is used to strip the Photoresist using an Oxygen Plasma. The 3 minute strip 

recipe is used to get rid of the Photoresist 

4.2.6.2 Hard Mask removal: Wear full PPE for this step. Prepare a plastic beaker and pour 49% HF on it. Glass 

beakers are not recommended for this step. Dip the processed wafer into the solution and wait for the Oxide 

hard mask to be stripped away. Thoroughly rinse with DI water and dry using the Nitrogen gun. 
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Figure 4.9 Stripping off the Hard Mask 

4.2.7 Nitride Deposition 

4.2.7.1 Thermal Oxidation: It is not recommended to deposit Nitride directly on top of Silicon due stress 

issues. Repeat step 4.2.1 but instead of oxidizing to 3 µm, it is just oxidized to 500nm 

4.2.7.2 Nitride Deposition: STS PECVD is the preferred tool for this step. The recipe to be used is 4-LSSN and 

time duration is approximately 30 minutes. This deposits a Nitride layer on top the oxidized wafer. 

 

Figure 4.10 Nitride Deposition 

4.2.8 Copper Deposition 

The Denton Discovery Sputterer is used for this step. Contact Nanolab staff to setup two targets, Titanium 

and Copper. Titanium is required both as an adhesive inter layer and as a diffusion barrier. About 40nm of 

Titanium is deposited along with 2 µm of Copper. For thick copper deposit, break it up into two runs of 1808 

seconds each. This step is used to deposit copper on both the recessed silicon wafer and the diced fused 

silica. 

 



35  

Figure 4.11 Titanium/Copper Deposition 

4.2.9 Vacuum Bonding 

An in-house vacuum bonder was this step. The tool goes up to a 280o C and a pressure of 10-4 torr. Figure 

4.12 demonstrates the vacuum bonder 

 

Figure 4.12 Vacuum Bonding Setup 

Before the samples are loaded into the chamber, the wafer as well as the fused silica are required to be 

treated with acetic acid and dried out. The acetic acid removes the Copper Oxide formed during handling. 

After the samples are loaded, a pressure of 20 kg by weight is applied on top the sample. The sample is kept 

inside the chamber for 20 minutes while the temperature is raised up to 280o C. 

 

Figure 4.13 Vacuum Bonding between Fused Silica and Silicon Wafer 
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4.2.10 Copper Electroplating 

4.2.10.1 Photoresist patterning: Spin Coat AZ4620 resist on the wafer. The recipe is as follows 

 Step 1: Speed = 500 rpm, Ramp = 100 rpm, Time = 5 seconds 

 Step 2: Speed = 3000 rpm, Ramp = 1000 rpm, Time = 30 seconds 

 Step 3: Speed = 0 rpm, Ramp = 1000 rpm, Time = 0 seconds 

Bake the resist at 110o C. Expose the resist using the same mask as used in step 4.2.2. The recipe for this step 

is as follows 

 Program: Hard Contact (HC) 

 Alignment Gap: 30 µm 

 Expose time: 220 seconds 

Develop using AZ300MIF Developer for 10 minutes. This will expose the copper on the side-gaps only. 

4.2.10.2 Electroplating: This step is yet to be optimized. A pulsed plating current profile is being worked on. 

A working run has an effective current of 50mA and time duration of 18 hours. Details of optimizing this 

process will be discussed in a future section. 

 

Figure 4.14 Copper electroplating 

4.3 Process Evaluation: Challenges and Opportunities 

All steps till 4.2.4 have been found to be stable. The Bosch etch process (step 4.2.5) also produces excellent 

trench profiles with a total thickness variation of 2.5 µm. Figure 4.15 shows the cross sectional view of the 
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Bosch etch process 

A retrograde profile is observed in the profile with an average tapering of 2.42 degrees. However, the etch 

depth is not uniform throughout the wafer with the average depth being 

4.17 shows a histogram of measured tapering values and etch depths.

Figure 4.15 Bosch etch profile 

A retrograde profile is observed in the profile with an average tapering of 2.42 degrees. However, the etch 

depth is not uniform throughout the wafer with the average depth being 292.35 ± 5.98 µm. Figures 4.16 and 

tapering values and etch depths. 

 

 

A retrograde profile is observed in the profile with an average tapering of 2.42 degrees. However, the etch 

292.35 ± 5.98 µm. Figures 4.16 and 
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Figure 4.16 Measured Tapering Values 

 

Figure 4.17 Measured etch depths across a wafer 

The vacuum bonding process has also been producing consistent results with the only drawback being the 

fact that the varying etch depths have made bonding multiple dies together impossible. Figure 4.18 shows a 

cross sectional view of the vacuum bonded interface 
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Figure 4.18 Cross 

The fabrication process till step 4.2.10 has been established wit

discusses how to go about developing the process to realize the structure. The chapter also discusses the 

steps beyond antenna fabrication. 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Cross – Section of the Vacuum Bonding Interface

The fabrication process till step 4.2.10 has been established with reproducible results. The next chapter 

discusses how to go about developing the process to realize the structure. The chapter also discusses the 

 

Section of the Vacuum Bonding Interface 

h reproducible results. The next chapter 

discusses how to go about developing the process to realize the structure. The chapter also discusses the 
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5.1 Electroplating 

To electroplate a deep trench of 300 µm depth, a process is being developed to ensure proper filling of the 

sidewalls. With the existing SiIF process for Damascene process, what is currently seen is that the sidewall 

plating rate is higher than the bottom

preventing complete filling of the side wall.

Figure 5.1 Premature closing of sidewall

Figure 5.2 Top view showing incomplete copper filling

To rectify this issue, the pulsed plating parameter has to be adjusted to accommodate a reverse current 

step. Currently, the plating current is a pulsed waveform using a forward current and the off state with a 

60% duty cycle. To achieve a bottom up 

source is needed to be utilized. The periodic pulse plate reverse (PPR) approach does increase plating time, 

Chapter 5: Future Direction 

deep trench of 300 µm depth, a process is being developed to ensure proper filling of the 

sidewalls. With the existing SiIF process for Damascene process, what is currently seen is that the sidewall 

plating rate is higher than the bottom-up plating rate. This leads to a premature closing of the sidewall 

preventing complete filling of the side wall. 

Figure 5.1 Premature closing of sidewall 

Figure 5.2 Top view showing incomplete copper filling 

To rectify this issue, the pulsed plating parameter has to be adjusted to accommodate a reverse current 

step. Currently, the plating current is a pulsed waveform using a forward current and the off state with a 

60% duty cycle. To achieve a bottom up favoring plating rate, the reverse current capability of the current 

The periodic pulse plate reverse (PPR) approach does increase plating time, 

deep trench of 300 µm depth, a process is being developed to ensure proper filling of the 

sidewalls. With the existing SiIF process for Damascene process, what is currently seen is that the sidewall 

his leads to a premature closing of the sidewall 

 

 

To rectify this issue, the pulsed plating parameter has to be adjusted to accommodate a reverse current 

step. Currently, the plating current is a pulsed waveform using a forward current and the off state with a 

plating rate, the reverse current capability of the current 

The periodic pulse plate reverse (PPR) approach does increase plating time, 
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but the advantages outweigh the negatives. 

 

 

Figure 5.3 Periodic Pulse Reverse to attain proper filling [5] 

5.2 Lapping and Polishing 

Once the electroplating step is successfully executed, the overburden due to the sidewall fill has to be 

polished off.  

 

Figure 5.4 Lapping and Polishing to remove overburden 

5.3 Semi-Additive Process to fabricate designed Antenna 

The semi additive process is a well established process at UCLA CHIPS. However, some considerations have 

to be made as far as where does this step lie in the context of the Si-IF process. RF components require thick 



42  

metal depositions in order to minimize conductivity losses. The Si-IF process currently has two levels of 

metallization, one for the interconnect layer and one for the bonding pads. The two layers correspond to a 

total oxide thickness of 8 µm. To enable maximum thickness for the antenna, the metallization has to be 

done during the second stage of metallization. Also, during design, no wiring level can be fabricated at the 

first layer where the antenna is meant to be fabricated. Figure 5.5 illustrates the positioning of the antenna 

in the context of Si-IF. 

 

Figure 5.5: Antenna integrated on the Si-IF 

5.4 Bonding RFIC chip to drive the antenna 

The antenna needs a driver chip which converts digital signal into appropriate RF signals. The RFIC chip 

therefore has to modulate and amplify the signal before transmitting through the antenna. Most RFIC chips 

are III-V based and are capped in gold. So after printing the antenna, it has to be capped in gold in order to 

be able to thermally bond with the die. 

 

Figure 5.6 RFIC Chip bonded to the Antenna while being connected to the rest of the IF 
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Chapter 6: Final Results 

The fabricated antennas were tested for return loss. To test the S11 performance of the antenna, a 

microstrip to co-planar waveguide transition was designed to enable ground-signal-ground probing. Fig. 6.2 

demonstrates the fabricated probe pads for the two substrates. 

 

The simulated and measured antenna characteristics are demonstrated in figure 6.3. The disparity between 

the simulated and measured resonant frequencies is 450 MHz for Fused Silica. This can be attributed to a 

finite ground plane, and copper thickness which is 1 µm for the current prototype. The embedded fused 

silica antenna is shown to resonate at 20.77 GHz with an S11 of -9.23 dB. 

 

Figure 6.1 Embedded Fused Silica on SiIF 
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Figure 6.2 Microstrip to Co-Planar Waveguide transition

 

Figure 6.3 Measured and Simulated S11 of antenna 
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Conclusion 

RF communication on Silicon Interconnect Fabric is an ongoing project. Out of this project, two viable ways 

of implementing has been shown. Even though both processes have made progress, the fused silica project 

having shown the most progress, there is still room to progress before RF communication is enabled. On the 

Fused Silica substrate side, the process till the vacuum bonding step has been well established. However, 

copper electroplating step needs to be optimized to be able to move forward. On the organic substrate side, 

unique challenges emerge such as unwanted residue and potentially lossy behavior.    

Once the antenna has been fabricated, extensive testing is also required to analyze the integrity of signal 

transmission, which would draw on a vastly different discipline of RF testing. At that point the project would 

reach its conclusion enabling wafer to wafer communication and also communication within a wafer scale 

architecture. 
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