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(57) ABSTRACT 

An electro-optic Semiconductor package and fabrication 
method provides enhanced performance. An integrated cir 
cuit (IC) having one or more IC contact pads is provided, 
where the IC contact pads are connected to an IC on the IC 
wafer. An intermediate wafer having one or more interme 
diate contact pads is provided, where the intermediate con 
tact pads are connected to an electro-optic arrangement on 
the intermediate wafer. The method further provides for 
direct copper bonding the IC contact pads to adjacent 
intermediate contact pads Such that an electro-optic Semi 
conductor package results. 
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ELECTRICAL/OPTICAL INTEGRATION SCHEME 
USING DIRECT COPPER BONDING 

BACKGROUND OF THE INVENTION 

0001) 1. Technical Field 
0002 The present invention generally relates to semicon 
ductor packages. More particularly, the invention relates to 
a Semiconductor package and fabrication method that uses 
direct copper bonding to enhance performance and provide 
electro-optic connectivity. 

0003 2. Discussion 
0004. In the highly competitive computer industry, the 
trend toward higher processing Speeds and increased func 
tionality is well documented. While this trend is desirable to 
the consumer, it presents significant challenges to circuit 
designers as well as manufacturers. A particular area of 
concern relates to the design of Semiconductor packages. 
0005. In a typical computing environment, an integrated 
circuit (IC) Such as a processor is encapsulated in a dielectric 
material to form a semiconductor die (or IC wafer). The IC 
wafer often has various IC contact pads that connect to the 
components of the IC by way of Vertically extending ViaS 
and horizontally extending wires or traces. In order to 
electrically connect the closely Spaced IC contact pads to the 
various traces of an adjacent printed wiring board (PWB) 
Such as a motherboard, a number of techniques have been 
used. One approach is to connect an intermediate wafer Such 
as a chip interposer or host wafer to the IC wafer in order to 
form a larger and more manageable Semiconductor package. 
The intermediate wafer has one or more intermediate contact 
pads providing through-connection to the board Side of the 
intermediate wafer. Metalized Vias are typically used to 
provide the above-described through-connection. One con 
ventional approach to connecting the two waferS is to use an 
indirect connection approach Such as controlled collapse 
chip connection (C4). If the intermediate wafer has a Sock 
etable interconnection mechanism Such as pins or ball grid 
array (BGA) balls, the Semiconductor package can be 
directly mated with a socket that is hardwired to the PWB. 
Otherwise, a Socketable interface is disposed between the 
Semiconductor package and the Socket. AS processing 
Speeds continue to increase and computing devices continue 
to shrink in size, the effects of packaging designs on Signal 
throughput have drawn more attention. 
0006. One of the more recent developments has been to 
capitalize upon the bandwidth advantages provided by trans 
mitting Signals in the optical domain. Specifically, it has 
been determined that the use of optics to transfer high Speed 
clock signals as well as input/output (I/O) signals can 
Significantly enhance performance. Conventional Semicon 
ductor packages that make use of optics often provide an IC 
wafer and an intermediate wafer that has an optical arrange 
ment. The optical arrangement will typically include a 
waveguide and a coupler Such as a Bragg grating. The 
waveguide and coupler therefore provide a mechanism for 
transporting optical Signals between an optical Source Such 
as a laser or light emitting diode (LED) and the adjacent IC 
wafer. It is important to note, however, that processing of the 
Signal often occurs in the electrical domain. This is particu 
larly true in the case of computer processors widely used in 
the industry. In Such cases, it is common to provide a 
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photodetector on the IC wafer that is aligned with the optical 
coupler during the fabrication process. 
0007 While the above-described conventional approach 
has been Satisfactory in Some circumstances, certain diffi 
culties remain. One particular difficulty relates to the place 
ment of the optical detector on the IC wafer. Specifically, it 
has been determined that C4 bonding results in a 'gap' 
between the wafers, and that the gap can lead to a number 
of problems from an optical Standpoint. For example, align 
ing the optical arrangement with the photodetector requires 
a Significant amount of precision in order to adequately 
couple the optical energy acroSS the interface between the 
two wafers. Furthermore, the indirect bonding approach 
results in gaps on the order of 60 microns that can allow 
optical energy to escape regardless of how well the wafers 
are aligned. While the above-described optical losses could 
be avoided to Some degree by placing the optical detector on 
the intermediate wafer, it has been determined that C4 
bonding can also present problems from an electrical Stand 
point. For example, unwanted interconnect delay, resistance, 
capacitance, and loop inductance can all result from the C4 
balls that are disposed between the IC contact pads and the 
intermediate contact pads. Thus, manufacturers and design 
ers of conventional electro-optic Semiconductor packages 
are faced with the difficult choice between the optical losses 
asSociated with IC wafer placement of the optical detector 
and the electrical losses associated with intermediate wafer 
placement of the optical detector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a sectional view of an example of an 
electro-optic Semiconductor package before direct copper 
bonding in accordance with one embodiment of the present 
invention; 
0009 FIG. 2 is a sectional view of an example of an 
electro-optic Semiconductor package after direct copper 
bonding in accordance with one embodiment of the present 
invention; 
0010 FIG.3 is a flowchart of an example of a method of 
fabricating an electro-optic Semiconductor package in accor 
dance with one embodiment of the present invention; 
0011 FIG. 4 is a flowchart of an example of a process of 
direct copper bonding IC contacts pads to intermediate 
contact pads in accordance with one embodiment of the 
present invention; and is a flowchart of an example of a 
method of fabricating an intermediate wafer in accordance 
with one embodiment of the present invention. 

DETAILED DESCRIPTION 

0012 Embodiments of an electro-optic semiconductor 
package and fabrication method provide enhanced perfor 
mance. In accordance with one embodiment of the fabrica 
tion method, an integrated circuit (IC) wafer having one or 
more IC contact pads is provided, where the IC contact pads 
are connected to an IC on the IC wafer. An intermediate 
wafer having one or more intermediate contact pads is 
provided, where the intermediate contact pads are connected 
to an electro-optic arrangement on the intermediate wafer. 
The method further provides for direct copper bonding the 
IC contact pads to adjacent intermediate contact pads Such 
that an electro-optic Semiconductor package results. 
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0013 In another embodiment, a method of fabricating an 
intermediate wafer provides for disposing a waveguide 
within the intermediate wafer. An optical coupler is posi 
tioned adjacent to the waveguide within the intermediate 
wafer, where the coupler enables transport of an optical 
Signal and one or more intermediate contact pads of the 
intermediate wafer enable transport of an electrical Signal. 
The method further provides for positioning an electro-optic 
converter between the optical coupler and the intermediate 
contact pads Such that the converter enables conversion 
between the optical signal and the electrical Signal. The 
converter may be either an optical detector or an optical 
emitter. 

0.014 Further in accordance with embodiments of the 
present invention, an electro-optic Semiconductor package is 
provided. The Semiconductor package includes an IC wafer 
having one or more IC contact pads, where the IC contact 
pads are connected to an IC on the IC wafer. An intermediate 
wafer has one or more intermediate contact pads, where the 
intermediate contact pads are connected to an electro-optic 
arrangement on the intermediate wafer. The contact pads 
form a plurality of direct copper bonds. 

0.015. It is to be understood that both the foregoing 
general description and the following detailed description 
are merely exemplary of the invention, and are intended to 
provide an overview or framework for understanding the 
nature and character of the invention as it is claimed. The 
accompanying drawings are included to provide a further 
understanding of the invention, and are incorporated in and 
constitute part of this specification. The drawings illustrate 
various features and embodiments of the invention, and 
together with the description Serve to explain the principles 
and operation of the invention. 
0016 Turning now to FIGS. 1 and 2, an electro-optic 
Semiconductor package is shown before and after the bond 
ing process, respectively. Generally, the completed Semicon 
ductor package 10 includes an IC wafer 12 having one or 
more IC contact pads 14. The IC contact pads 14 are 
connected to an IC (not shown) on the IC wafer 12 by way 
of Vertically extending Vias 16 and horizontally extending 
wires or traces 18. It will be appreciated that only two levels 
of interconnection are shown in the IC wafer 12, whereas 
typically as many as Six or more levels may be used. The 
package further includes an intermediate wafer 20 having 
one or more intermediate contact pads 22. The intermediate 
contact pads 22 are connected to an electro-optic arrange 
ment 24 on the intermediate wafer 20. AS will be discussed 
in greater detail below, after fabrication is complete, the 
contact pads 14, 22 form a plurality of direct copper bonds 
such that the gap between the two wafers 12, 20 is elimi 
nated. By eliminating the gap between the two wafers 12, 
20, a number of performance difficulties can be obviated. 

0017 Specifically, the illustrated embodiment of the elec 
tro-optic arrangement includes a first arrangement 24a and 
a Second arrangement 24b. The first arrangement 24a has a 
waveguide 26 disposed within the intermediate wafer 20. An 
optical coupler 28 is positioned adjacent to the waveguide 
26 within the intermediate wafer 20 such that the coupler 28 
enables receipt of an optical Signal from the waveguide 26. 
The optical Signal can be obtained from any Source Such as 
a laser, light emitting diode (LED) or another waveguide. It 
will be appreciated that the Source of the optical Signal may 
also originate from within the intermediate wafer 20 or from 
an external Source. An electro-optic converter Such as optical 
detector 30 is positioned between the optical coupler 28 and 

Jun. 19, 2003 

one or more of the intermediate contact pads 22 Such that the 
optical detector 30 enables transfer of an electrical Signal to 
the intermediate contact pads based on the optical signal. 
Optical detectors are well documented in the Semiconductor 
industry and any number of commercially available detec 
tors can be used. In the illustrated embodiment, the optical 
detector 30 enables transfer of the electrical signal to inter 
mediate contact pads 22b and 22c. The resulting electrical 
Signal may be a clock signal, input/output (I/O) signal, or 
any other type of Signal Suitable for transmission in the 
optical domain. It should be noted, however, that clock and 
I/O Signals typically contain higher frequencies and there 
fore lend themselves to optical transmission due to band 
width concerns. 

0018. It will further be appreciated that the number, 
orientation and positioning of the intermediate contact pads 
22 depends upon the architecture of the electro-optic 
arrangement 24 and the particular application in which the 
Semiconductor package 10 is used. It can further be seen that 
the Second arrangement 24b Similarly includes a waveguide 
32 disposed within the intermediate wafer 20, and an optical 
coupler 34. The optical coupler 34 is positioned adjacent to 
the waveguide 32 within the intermediate wafer 20 and 
enables transmission of an optical Signal to the waveguide 
32. An electro-optic converter Such as optical emitter 36 is 
positioned between the optical coupler 34 and intermediate 
contact pads 22e and 22f such that the optical emitter 36 
enables transfer of an optical signal to the waveguide 32 
based on the electrical Signal transported by the intermediate 
contact pads 22e and 22f. It can be seen that the waveguide 
32 extends to an external Surface of the intermediate wafer 
20 in order to demonstrate the possibility of sending optical 
Signals to external components. Waveguide 26, on the other 
hand, is shown as extending in a direction that is perpen 
dicular to the waveguide 32 and illustrates the possibility of 
using other internal light Sources. Thus, the electro-optic 
arrangement 24 can include optical detectors 30, optical 
emitters 36, or any combination thereof without parting 
from the Spirit and Scope of the invention. 
0019. It can further be seen that the illustrated interme 
diate wafer 20 further includes vias 38, 40 that extend 
through the intermediate wafer 20 to intermediate contact 
pads 22a and 22d. The vias 38, 40 provide a mechanism for 
testing certain locations or interconnecting the Semiconduc 
tor package 10 with other Structures Such as pin grid arrayS 
(PGAS), ball grid arrays , (BGAs), etc. Additionally, the 
Semiconductor package 10 provides a mechanism for facili 
tating manipulation of the package 10 by perSonnel, fabri 
cation machinery and other external elements. Specifically, 
the intermediate wafer 20 may be built upon or attached to 
a handle wafer 44, by means of a release layer 42. The 
handle 44 is removable by etching away the release layer 42 
after the direct copper bonding proceSS as best shown in 
FG, 2. 

0020 Turning now to FIG. 3, a method of fabricating an 
electro-optic Semiconductor package is shown at 50 in 
accordance with one embodiment of the present invention. 
Generally, an IC wafer having one or more IC contact pads 
is provided at processing block 52. AS already discussed, the 
IC contact pads are connected to an IC on the IC wafer. An 
intermediate wafer having one or more intermediate contact 
pads is provided at block 54, where the intermediate contact 
pads are connected to an electro-optic arrangement on the 
intermediate wafer. Processing block 56 provides for direct 
copper bonding the IC contact pads to adjacent intermediate 
contact pads Such that the electro-optic Semiconductor pack 
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age results. In the preferred embodiment, the release layer is 
removed at block 58 in order to facilitate connection to any 
Vias that may be present. 
0021 FIG. 4 illustrates the preferred approach to direct 
copper bonding the contact pads in greater detail at block 56. 
Specifically, the IC contact pads and the intermediate contact 
pads are cleaned at block 60. One approach to the cleaning 
proceSS is to use an acid bath followed by a water rinse and 
spin-dry. Applicable cleaning processes are discussed in 
greater detail in “Copper Wafer Bonding”, A. Fan et al., 
Electrochemical and Solid State Letters, 2 (10), pp. 534 
36(1999). Although the purpose of the acid bath is to remove 
any native oxide that exists on the metal Surface of the 
contact pads, it has been determined that wafer bonding 
without Surface preparation can also be achieved with repro 
ducible results. Notwithstanding, processing block 62 pro 
vides for disposing the IC contact pads adjacent to the 
intermediate contact pads in an oxidation-resistant environ 
ment (Such as nitrogen) having a predetermined ambient 
temperature. While the appropriate ambient temperature 
varies based on a number of factors, temperatures on the 
order of 390 C. have been demonstrated as being sufficient 
to Support the bonding process. The IC contact pads are 
forced into direct contact with the adjacent intermediate 
contact pads at a predetermined preSSure for a predetermined 
period of time at processing block 64 Such that a direct 
copper bond results. It should be noted that as a result of the 
above-described process, adjacent contact pads become a 
Single, continuous layer of copper as opposed to the copper 
Solder-copper interface obtained from C4 bonding and other 
conventional approaches. It should also be noted that the use 
of Such a bond to reduce both optical and electrical losses 
represents a significant improvement over traditional 
approaches. Key performance metrics associated with direct 
copper bonding are discussed in “Comparison of Key Per 
formance Metrics in Two- and Three-Dimensional Inte 
grated Circuits', A. Rahman et al., MicroSystems Technol 
ogy, MIT, Cambridge, Mass. 
0022 Indeed, FIG. 5 demonstrates that the direct copper 
bond enables a unique approach to fabricating the interme 
diate wafer. For example, fabrication method 66 includes the 
processing block 68 of disposing a waveguide within the 
intermediate wafer. An optical coupler is positioned adjacent 
to the waveguide within the intermediate wafer at block 70 
Such that the coupler enables receipt of an optical Signal 
from the waveguide. Processing block 72 provides for 
positioning an optical detector between the optical coupler 
and one or more intermediate contact pads of the interme 
diate wafer Such that optical detector enables transfer of an 
electrical signal to the intermediate contact pads based on 
the optical signal. Thus, the optical detector can be placed on 
the intermediate wafer as opposed to the conventional 
approach of placing the detector on the IC wafer. By So 
doing, a number of advantages can be achieved. For 
example, the optical losses that normally occur as a result of 
the C4 gap between the wafers are minimized. Furthermore, 
the electrical losses associated with transmitting electrical 
Signals acroSS the C4 bond are significantly reduced. Such 
losses include unwanted interconnect delay, resistance, 
capacitance, and loop inductance. It can further be seen that 
Vias are extended through the intermediate wafer to one or 
more of the intermediate contact pads at block 74. 
0023. It should be noted that the order in which many of 
the processes described herein are preformed may vary 
depending on the circumstances. For example, manufactur 
ing concerns may dictate that the Vias be created before 
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disposition of the waveguide, or that the optical detector be 
positioned before placement of the waveguide and optical 
coupler. It is also possible that the release layer is deposited 
on the handle wafer and the intermediate wafer 20 is built up 
over the handle wafer. In this approach, a base cladding layer 
would first be deposited, followed by deposition and defi 
nition of the waveguide material. The optical coupler 34 is 
defined, followed by the deposition and definition of the 
optical detector, and finally through via 40 definition and 
intermediate contact pad 22 definition. 
0024. Those skilled in the art can now appreciate from 
the foregoing description that the broad teachings of the 
present invention can be implemented in a variety of forms. 
Therefore, while this invention has been described in con 
nection with particular examples thereof, the true Scope of 
the invention should not be so limited since other modifi 
cation will become apparent to the skilled practitioner upon 
a study of the drawings, specification, and following claims. 
It is claimed that: 

1. A method of fabricating an electro-optic Semiconductor 
package, the method comprising: 
providing an integrated circuit (IC) wafer having one or 

more IC contact pads, the IC contact pads being con 
nected to an IC on the IC wafer; 

providing an intermediate wafer having one or more 
intermediate contact pads, the intermediate contact 
pads being connected to an electro-optic arrangement 
on the intermediate wafer; and 

direct copper bonding the IC contact pads to adjacent 
intermediate contact pads, the electro-optic Semicon 
ductor package resulting. 
2. The method of claim 1 further including: 

cleaning the contact pads; 
disposing the IC contact pads adjacent to the intermediate 

contact pads in an oxidation-resistant environment hav 
ing a predetermined ambient temperature, and 

forcing the IC contact pads into direct contact with the 
adjacent intermediate contact pads at a predetermined 
preSSure, a direct copper bond resulting. 
3. The method of claim 2 further including cleaning the 
contact pads in an acid bath. 
4. The method of claim 2 further including disposing 
the IC contact pads adjacent to the intermediate contact 
pads in a nitrogen environment. 
5. The method of claim 1 further including: 

disposing a waveguide within the intermediate wafer; 
positioning an optical coupler adjacent to the waveguide 

within the intermediate wafer, the coupler enabling 
transport of an optical Signal and the intermediate 
contact pads enabling transport of an electrical Signal; 
and 

positioning an electro-optic converter between the optical 
coupler and one or more of the intermediate pads, the 
converter enabling conversion between the optical Sig 
nal and the electrical Signal. 
6. The method of claim 5 further including positioning 
an optical detector between the optical coupler and one 
or more of the intermediate pads, the detector enabling 
conversion of the optical Signal into the electrical 
Signal. 
7. The method of claim 5 further including positioning 
an optical emitter between the optical coupler and one 
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or more of the intermediate pads, the emitter enabling 
conversion of the electrical Signal into the optical 
Signal. 
8. The method of claim 5 further including extending a 
via through the intermediate wafer to one or more of the 
intermediate contact pads. 
9. The method of claim 5 further including: 

coupling a release layer to a Surface of the intermediate 
wafer; and 

coupling a handle to the release layer. 
10. The method of claim 9 further including removing 
the release layer after direct copper bonding the IC 
contact pads to the intermediate contact pads. 
11. The method of claim 10 further includes etching 
away the release layer. 
12. The method of claim 5 further including enabling 
conversion between the optical Signal and a clock 
Signal. 
13. The method of claim 5 further including enabling 
conversion between the optical Signal and an input/ 
output (I/O) signal. 
14. The method of claim 1 further including providing 
a computer processor wafer having one or more IC 
contact pads. 
15. The method of claim 1 further including providing 
a chip interposer as the intermediate wafer. 
16. The method of claim 1 further including providing 
a host wafer as the intermediate wafer. 
17. A method of fabricating an intermediate wafer, the 
method comprising: 

disposing a waveguide within the intermediate wafer; 
positioning an optical coupler adjacent to the waveguide 

within the intermediate wafer, the coupler enabling 
transport of an optical Signal and one or more interme 
diate contact pads of the intermediate wafer enabling 
transport of an electrical Signal; and 

positioning an electro-optic converter between the optical 
coupler and the intermediate contact pads, the con 
verter enabling conversion between the optical Signal 
and the electrical signal. 
18. The method of claim 17 further including position 
ing an optical detector between the optical coupler and 
one or more of the intermediate pads, the detector 
enabling conversion of the optical Signal into the elec 
trical Signal. 
19. The method of claim 17 further including position 
ing an optical emitter between the optical coupler and 
one or more of the intermediate pads, the emitter 
enabling conversion of the electrical Signal into the 
optical Signal. 
20. The method of claim 17 further including: 

coupling a release layer to a Surface of the intermediate 
wafer; and 

coupling a handle to the release layer. 
21. The method of claim 20 further including removing 
the release layer after direct copper bonding one or 
more IC contact pads to the intermediate contact pads. 
22. The method of claim 21 further including etching 
away the release layer. 
23. A method of fabricating an electro-optic Semicon 
ductor package, the method comprising: 

providing a processor wafer having one or more IC 
contact pads, the IC contact pads being connected to a 
computer processor on the processor wafer; 
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coupling a release layer to a Surface of an intermediate 
wafer; 

coupling a handle to the release layer; 
disposing a waveguide within the intermediate wafer; 
positioning an optical coupler adjacent to the waveguide 

within the intermediate wafer, the coupler enabling 
receipt of an optical Signal from the waveguide; 

positioning optical detector between the optical coupler 
and one or more intermediate contact pads, the optical 
detector enabling transfer of an electrical Signal to the 
intermediate contact pads based on the optical Signal; 

cleaning the contact pads in an acid bath; 
disposing the IC contact pads adjacent to the intermediate 

contact pads in an oxidation-resistant environment hav 
ing a predetermined ambient temperature, and 

forcing the IC contact pads into direct contact with the 
intermediate contact pads at a predetermined pressure, 
a direct copper bond resulting. 
24. The method of claim 23 further including removing 
the release layer after direct copper bonding the IC 
contact pads to the intermediate contact pads. 
25. The method of claim 24 further including etching 
away the release layer. 
26. An electro-optic Semiconductor package compris 
Ing: 

an integrated circuit (IC) wafer having one or more IC 
contact pads, the IC contact pads being connected to an 
IC on the IC wafer; 

an intermediate wafer having one or more intermediate 
contact pads, the intermediate contact pads being con 
nected to an electro-optic arrangement on the interme 
diate wafer; and 

Said contact pads forming a plurality of direct copper 
bonds. 
27. The package of claim 26 wherein the electro-optic 
arrangement of the intermediate wafer includes: 

a waveguide disposed within the intermediate wafer; 
an optical coupler positioned adjacent to the waveguide 

within the intermediate wafer, the coupler enabling 
receipt of an optical Signal from the waveguide; and 

an optical detector positioned between the optical coupler 
and one or more of the intermediate contact pads, the 
optical detector enabling transfer of an electrical Signal 
to the intermediate contact pads based on the optical 
Signal. 
28. The package of claim 27 wherein the intermediate 
wafer further includes a via extending through the 
intermediate wafer to one or more of the intermediate 
contact pads. 
29. The package of claim 26 further including: 

a release layer coupled to a Surface of the intermediate 
wafer; and 

a handle coupled to the release layer. 
30. The package of claim 29 wherein the handle is 
removable by etching away the release layer. 


