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FILMS 

ver the past two decades, the lure of three-dimensional 
circuits has attracted the attention of the research 
community. A number of groups began producing 3 D  
devices, and in Japan development of 3 D  microelec- 

tronics became a national goal [ 11. The advantages of 3 D  include 
reduced die size, increased functionality, and increased speed. 

Several different approaches to developing these circuits 
have been taken. Some investigators have tried thinning and 
stacking silicon die [2].  In this approach, interconnections be- 
tween levels are accomplished at the perimeter of the stack. Aki- 
yama et al. used laser recrystallization to create layers of single 
crystalline silicon above completely fabricated circuits [3]. Each 
subsequent layer would be processed to create an additional cir- 
cuit function. In this type of circuit, interconnection between 
layers is not limited to the perimeter of the die. In the 1980s, Fan 
et al. began to commercially develop thin-film transfer pro- 
cesses. These techniques were applied to the development of de- 
vices with mixed technologies (GaAs and Si) and were proposed 
as the basis for creating a 3 D  circuit [4,5]. Initial results on stack 
inverters were promising [6]. 

During the past several years we have been developing tech- 
nology for the creation of 3D microelectronics. Our 3 D  circuits 
are fabricated using standard bulk CMOS processing and are 
then transferred from one wafer to another. The transfer process 
allows alignment of the layers. The resulting structure consists 
of lower substrate and associated circuitry, with one or more 
thin-film circuit layers stacked on top, separated by bonding lay- 

ers. We have developed an interconnection technology that al- 
lows layers to be electrically connected to one another. These in- 
terconnections are small and can be placed anywhere on the die 
[ 71. This unrestricted placement of interconnections gives our 
technology a unique advantage over other existing 3 D  intercon- 

1 nect techniques [8, 91. We report our approach in this article. 

I 

I 

I Transfer procass tuking the device luyer from the SO1 wufer und 
bonding it to the top o f  u procesed bulk rilicon wufer 
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2. A simplified cross-sectional view o f  a 30 circuit created using Kop- 
ink circuit transfer technology. 

3D Processing 
Our current work utilizes a two-level process. In this case, a bulk 
silicon wafer is processed with half of the circuit. A second 
silicon-on-insulator (SOI) wafer is processed using standard 
CMOS fabrication techniques, creating the second half of the 
circuit. An SO1 wafer consists of a bulk silicon substrate with a 
thin layer of single crystalline silicon on top, separated from the 
substrate by a silicon dioxide layer (buried oxide). The SO1 wafer 
is used because the buried oxide layer acts as an etch-stop during 
a subsequent back-etch step. The SO1 circuit is transferred face 
down onto the top of the bulk wafer as shown in Fig. 1. An adhe- 
sive is used to bond the transferred circuit to the bulk silicon wa- 
fer. The result is the two-layer 3D circuit shown in Fig. 2. 
Electrical connections need to be made between the two active 
device layers after the transfer. 

Interconnect Processing 
The objective of the 3D interconnection process is to make elec- 
trical connections between bulk devices on the lower layer of the 
3D structure and SO1 devices on the upper layer. Our intercon- 
nection scheme is illustrated in Fig. 3. An extra metal layer 
(metal-3), positioned on the very top of the 3D circuit. is intro- 
duced. Bulk metal-2 (the top-most metal layer on the bulk 
CMOS circuit) and SO1 metal-2 (the top-most metal layer on the 

4. An optical micrograph o f  an interconnection test structure 
for measuring contact resistance. The large pads to the 

extreme right are 100 p m  square. 

Metal 3 
I 

3. Schematic cross-section of an ideal deposited 
metal interconnection. 

SO1 CMOS circuit) are connected to the metal-3 through sepa 
rate vias. Via etching is accomplished using an inductively cou 
pled plasma (ICP) to anisotropically etch both oxide and 
adhesive layers. Via filling is performed using a conventional 
magnetron sputtering source with a high bias. Fig. 4 shows the 
results of a via test structure with chained interconnections 
made between metal-3 and bulk metal-2. 

In Fig. 3, it can be seen that the vertical dimension of the 3D 
interconnection via is much larger than the via in conventional 
semiconductor processes. In our 3D interconnection there are 
approximately 5 pm of bonding adhesive and 2 pm of silicon di- 
oxide in between the bulk silicon devices and SO1 devices. In a 
conventional semiconductor process, the depth of via holes is in 
the range of 1 pm. Conventional via filling processes, such as the 
use of tungsten plugs, require high temperatures and may not be 
suitable for a 3D interconnection. 

Our transfer technique has the following advantages over 
other 3D methods: 

4 The procedure is simple (the process uses conventional 

4 Transfer is done at wafer scale, leading to potentially high 
VLSI processes) 

production rates 

" I I I I 
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5. Contact resistance datu for deposited aluminum-lined vias. 
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+ The process is conducted at low temperatures, therefore 
devices will not be damaged during the transfer process 

+ The capability of fabricating circuits with more than two 
layers is possible using multiple transfer steps 

We use similar processes for fabricating our devices in bulk-Si 
and SO1 technologies. Both processes employ standard CMOS 
processing techniques and are compatible with commercial sili- 
con foundries. The,SOI and the buried oxide thicknesses are 1 pm 
each. As a consequence of the thick single crystalline silicon layer, 
the fabricated SO1 MOSFETs are not fully depleted. Therefore, 
body contacts on the n-channel devices are required to collect the 
holes that are generated by impact ionization near the drain. 

5 '  

Results 
Initial tests have been completed on interconnection structures 
using the test mask designed for obtaining contact-resistance 
measurements. Contact-resistance measurements were made 
on contact chains, similar to those shown in Fig. 4. The chain 
consists of 12 interconnections between metal-2 bulk and 
metal-2 SOL Structures of this type were fabricated with contact 
vias sizes ranging from 36 pm down to 6 pm. Figure 5 shows a 
plot of the contact resistance plotted versus the inverse contact 
area. The slope of the line is proportional to the contact resistiv- 
ity (76 CUpm2), and the intercept represents the resistance of the 
leads and interconnection metal. 

In Fig. 6 an optical micrograph of a portion of our 3D ring os- 
cillator is shown. The pairs of large and small vias (dark areas) 
constitute a single interconnection between the bulk and SO1 
metal-2 layers. The ring oscillator threads up and down between 
the two circuit levels connecting together SO1 and Bulk inverters. 

Functional 31-stage ring oscillators were fabricated in bulk, 
SOI, and 3D technology using a 3 pm process at Northeastern 
University. The bulk and SO1 devices were operated at 5.5 volts 
and showed stage delays ofabout 2.98 ns for the bulk devices and 
3.43 ns for the SO1 devices. These results are close to simulated 
values. The 3D ring oscillator was constructed with one inter- 
connection per stage. Our intent was to demonstrate the feasi- 
bility of a 3D circuit and not to  demonstrate a speed 
improvement. Measurements of the 3D ring oscillator resulted 
in stage delays of about 4.0 ns. Figure 7 shows a plot of the ring- 
oscillator frequency versus supply voltage. The significance of 
this development is that it demonstrates that a large number of 
interconnections (31) can be incorporated into a circuit success- 
fully. Figure 8 presents a cross-sectional view of our two-layer 
3D circuit. 

Conclusions 
We have presented results, including functional devices, fabri- 
cated using our 3D technology based on transferred circuits. 
Our results indicate that it is feasible to fabricate 3D circuits 
with virtually unrestricted placement of interconnections be- 
tween circuit layers. This 3D technology is also being used to 
drive a number of other projects at Northeastern, including the 
design of 1) a 32-bit pipelined microprocessor [lo],  2 )  a vision- 
sensing array, and 3) a 3D FPGA design [ 11, 12). 

6. Completed 30 ring oscillator currently under test. 
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8. Cross-section o f  u two-luyer 30 circuit. 

One issue not addressed in this article is the need for VLSI 
tools in order to fully exploit this technology. To date, our 3D de- 
sign has been implemented using hand placement [ 131. To enjoy 
the benefits of unrestricted via placement, and multilayered de- 
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vice technology, new VLSI algorithms are needed for 3D parti- 
tioning, placement, and routing. 3D partitioning tools, based on 
Ratio-Cut and Kernighan-Lin partitioning algorithms, have 
been proposed [ 141. Laying out portions of our 3D microproces- 
sor using a new 3D bounding-box placement algorithm has re- 
sulted in area savings of over 54% (compared to a 2D layout 
produced using the Cadence toolset). Work on 3D routing is also 
underway. 
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