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The primary limitation of highly-scaled
sub-100 nm VLSI IC is the large DC and AC
power consumption in high density ICs. The
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DC power consumption can be reduced by 3-4
orders of magnitude by using high-x gate
dielectric MOSFETs, but the dynamic AC
power dissipation (< CV* ) is more difficult
to reduce due. The AC power consumption
from the backend interconnect capacitance is
more severe than from the MOSFETs. The
latter can be reduced by using SOI substrates.
These issues have been discussed in plenary
talks in IEDM 2004 [1]-[2].
important because the trend is to increasing

They are

frequencies (f) and interconnect densities
(thus larger capacitance, C) in modern ICs
such as microprocessors. Recently we
reported three-dimension (3D)

technology to address this

integration
AC power

consumption  issue  [3], by  using
low-temperature-processed
metal-gate/high-i/Ge-  on-Insulator  (GOI)

CMOS [4] above the multi-layer interconnects
on standard 0.18 pm CMOSFETs. Here we
report a study of the AC power consumption
and coupling using the 3D structure. This 3D
shorter
distances, can reduce the AC power loss. So
too can High-Resistivity Si (HRS) substrates,
although using an HRS substrate increases the

structure, with its interconnect

coupling loss. The best choice to reduce both
AC power and coupling losses is to combine
3D integration with HRS, which gives > 1-2



orders of magnitude improvement, up to 20
GHz.

We used
represented in Fig. 1, to mimic the parasitic

two parallel metal lines,

capacitance effects in the complicated
interconnects which limit the circuit speed.
The AC power (1-[Sy[*-[Syi[?) loss and
coupling loss (S,;) of the local or global
interconnects were obtained by measuring the
S-parameters of two parallel lines, with
co-planar waveguide (CPW) or microstrip
transmission line structure. These were made
using a foundry Si technology's M1 or M6
layer, with metal thicknesses of 0.7 or 6 um,
respectively. Because of the distributed nature
of the interconnects, the use of an
Electro-Magnetic (EM) method for the AC
power loss is more efficient and accurate than
of the
equivalent circuit. Here we also used an HRS
substrate (1.5x10* Q-cm) to reduce the AC

power loss.

conventional modeling intricate

Fig. 2 shows the power loss of 1-mm long,
2 um-spaced parallel CPW lines using M6.
The 3D integration [3] is equivalent to folding
the 2D IC to reduce the interconnect length by
~ Y or Y (folding twice). The power loss
increases monotonically with increasing
frequency, following a ~CV* relation, and
decreases with decreasing interconnect length.
The decreased interconnect distance also
reduces the signal coupling, as shown in Fig.
3. Fig. 4 shows the power loss of two parallel
lines having a microstrip line structure. This
has a vertical EM field rather than it being
horizontal as for a CPW line (Fig. 3). Because
the line-spacing is small compared with the
substrate thickness (300um), the horizontal

power loss is more important than the vertical

one. Hence we focused only on the CPW case.
Fig. 5 depicts the power loss of local parallel
lines, using M1, where the loss is more severe
than for the loss of global lines, shown in Fig.
3 using M6. This is due to the smaller
separation from the low resistivity Si substrate,
where more AC power is lost through the
substrate loss network. This is confirmed by
the reduced power loss when using an HRS
substrate. Fig. 6 shows the coupling of
parallel lines using MI1. Using the HRS
substrate increases the unwanted coupling.
This can be understood from the equivalent
circuit model (insert in Fig. 5), where the
reduced loss in the substrate RC network
increases the forward transmission. Figs. 7
and 8 show the coupling and power loss of
with
different gap widths and line lengths. The

local interconnect lines using MI,

HRS gives the worst coupling loss and,

furthermore, decreasing the line spacing
makes it worse. The most effective way to
reduce the coupling loss is to shorten the
interconnecting lines e.g. by 3D integration.
On the other hand the best way to reduce the
power loss is to use an HRS substrate,
although the shorter lines given by 3D
integration help. Hence the best solution is to
combine 3D integration with HRS technology,
to give 1-2 orders of magnitude lower power

and coupling loss (see Figs. 7-8).

More than 10X reduction of both AC
power and coupling loss in ICs can be realized
by 3D technology.

[1] H. Twai, Symp. IEDM Tech. Dig. (2004)
11.

[2] M. Brillouét, IEDM Tech. Dig. (2004) 17.

[3] C. H. Huang et al, Symp. on VLS Tech.
Dig. (2003) 119.



[4] D. S. Yu et al, IEDM Tech. Dig. (2004)
181.

[5] K. T. Chan €t al, MTT-S Int’l Microwave
Symp (2003), 963.

[6] A. Chin et al, IEDM Tech. Dig. (2003)
375.

1. H. L. Kao, Albert Chin, B. F. Hung, J. M.
Lai, C. F. Lee, M.-F. Li, G. S. Samudra,
C. Zhu, Z. L. Xia, X.Y. Liu, and J. F.
Kang “Strain-Induced Very Low Noise
RF MOSFETs on Flexible Plastic
Substrate,” Symp. on VLS| Technology,
pp. 160-161, Japan, June 2005.

2. H. L. Kao, Albert Chin, C. C. Huang, B. F.
Hung, K. C. Chiang, Z. M. Lai, S. P.
McAlister and C. C. Chi, “Low Noise
and High Gain RF MOSFETs on Plastic

Substrates,” IEEE  MTT-S Int'l
Microwave Symp. Dig., pp. , June 12-17,
2005.

3. K. C. Chiang, C. H. Lai, Albert Chin, H.
L. Kao and S. P. McAlister, and C. C.
Chi, “Very High Density RF MIM
Capacitor Compatible with VLSL,” |IEEE
MTT-SInt'l Microwave Symp. Dig., pp. ,
June 12-17, 2005.

4. H. L. Kao, Albert Chin, J. M. Lai, C. F.
Lee, K. C. Chiang, and S. P. McAlister,
“Modeling RF  MOSFETs  After
Electrical ~Stress Using Low-Noise
Microstrip Line Layout,” in |[EEE RF-IC
Symp. Dig., pp., June 2005.

5. M. C. King, M. T. Yang, C. W. Kuo, Y.
Chang, and A. Chin, “RF Noise Scaling
Trend of MOSFETs from 0.5 um to 0.13
um Technology Nodes,” in IEEE MTT-S
Int'l Microwave Symp. Dig., vol. 1, pp.
9-12, June 6-11, 2004.

6.D. S. Yu, K. T. Chan, A. Chin, S. P.
McAlister, C. Zhu, M. F. Li, and
Dim-Lee Kwong, “Narrow-Band
Band-pass Filters on Silicon Substrates
at 30 GHz,” in IEEE MTT-S Int'l

Microwave Symp. Dig., vol.
1467-1470, June 6-11, 2004.

7. C. H. Lai, C. F. Lee, A. Chin, C. H. Wu, C.
Zhu, M. F. Li, S. P. McAlister, and D. L.
Kwong, “A Tunable and
Program-Erasable Capacitor on Si with
Long Tuning Memory,” in |IEEE RF-IC
Symp. Dig., pp. 259-262, June, 2004.

8. M.C. King, Z. M. Lai, C. H. Huang, C. F.
Lee, D. S. Yu, C. M. Huang, Y. Chang
and Albert Chin, “Modeling Finger
Number Dependence on RF Noise to 10
GHz  in 0.13um Node MOSFETs with
80nm Gate Length,” in IEEE RF-IC
Symp. Dig., pp. 171-174, June, 2004.

9. A. Chin, C. H. Lai, Z. M. Lai, C. F. Lee, C.
Zhu, M. F. Li, B. J. Cho and D.-L.
Kwong, “High  Performance RF
MOSFETs and Passive Devices on Si”
Asia-Pacific Microwave Conf. (APMC),
Delhi, India, Dec. 15-18, 2004. (I nvited)

10. C. C. Chen, J. T. Kuo, C. Y. Tsai and
Albert Chin, “A high-performance ring
resonator filter on pcb with a large
bandwidth and low insertion loss,”
Asia-Pacific Microwave Conf. (APMC),
Delhi, India, Dec. 15-18, 2004.

11. A. Chin, H. L. Kao, D. S. Yu, C. C.
Liao, C. Zhu, M.-F. Li, S. Zhu and
Dim-Lee Kwong, “High Performance
Metal-Gate/High-kx MOSFETs and GaAs
Compatible RF Passive Devices on
Ge-On-Insulator Technology” 7" Int'|
Conf. on Solid-Sate and Integrated-
Circuit Technology (ICSCT), October
18-21, 2004. (Invited)

12. A. Chin, K. T. Chan, H. C. Huang, C.
Chen, V. Liang, J. K. Chen, S. C. Chien,
S. W. Sun, D. S. Duh, W. J. Lin, C. Zhu,
M.-F. Li, S. P. McAlister and D. L.
Kwong, “RF Passive Devices on Si with
Excellent Performance Close to Ideal
Devices Designed by Electro-Magnetic
Simulation,” International  Electron
Devices Meeting (IEDM) Tech. Dig., pp.
375-378, Washington DC, Dec. 2003.
(Invited)

3, pp-



13.

14.

15.

16.

17.

18.

19.

K. T. Chan, A. Chin, M. F. Li, D. L.
Kwong S. P. McAlister, D. S. Duh, and
W. J. Lin, “RF Passive Devices on Si
Substrates with close to ideal EM
performance,” |EEE 61" Device
Research Conference (DRC), pp. 95-96,
Salt Lake City, Utah, June 2003.

K. T. Chan, A. Chin, J. T. Kuo, C. Y.
Chang, D. S. Duh, W. J. Lin, C. X. Zhu,
M. F. Li, and D. L. Kwong, “Microwave
Coplanar Filters on Si Substrates,” in
IEEE MTT-S Int'l Microwave Symp.
Dig., vol. 3, pp. 1909-1912, June 8-13,
2003.

K. T. Chan, A. Chin, S. P. McAlister, C.
Y. Chang, V. Liang, J. K. Chen, S. C.
Chien, D. S. Duh, and W. J. Lin, “Low
RF loss and noise of transmission lines
on Si substrates using an improved ion
implantation process,” in |IEEE MTT-S
Int'l Microwave Symp. Dig., vol. 2, pp.
963-966, June 8-13, 2003.

C. H. Huang, MY. Yang, A. Chin, C. X.
Zhu, M. F. Li, and D. L. Kwong, “High
Density RF MIM Capacitors Using
High-x AITaOy Dielectrics,” |EEE
MTT-S Int’| Microwave Symp. Dig., vol.
1, pp. 507-510, June 8-13, 2003.

C. H. Huang, K. T. Chan, C. Y. Chen, A.
Chin, G. W. Huang, C. Tseng, V. Liang,
J. K. Chen, and S. C. Chien, “The
minimum noise figure and mechanism as
scaling RF MOSFETs from 0.18 to 0.13
pm technology nodes,” in IEEE RF-IC
Symp., pp. 373-376, June 8-10, 2003.

S. B. Chen, C. H. Lai, A. Chin, J. C.
Hsieh, and J. Liu, “RF MIM Capacitors
Using High-K Al,O; and AITiO,
Dielectrics,” IEEE  MTT-S Int'l
Microwave Symp. Dig., vol. 1, pp.
201-204, June 2002.

K. T. Chan, C. Y. Chen, A. Chin, J. C.
Hsieh, and J. Liu, T. S. Duh, and W. J.
Lin, “High Performance 40-GHz
Bandpass Filters on Si Using Proton
Implantation,” |EEE 60"  Device
Research Conference (DRC), pp. 69-70,
Santa Barbara, CA, June 2002.

20.

21.

22.

23.

24.

25.

26

27

C. H. Huang, C. H. Lai, J. C. Hsieh, and
J. Liu, and A. Chin, “RF noise in deep
sub-um MOSFETs and proposed
solution,” |EEE 60" Device Research
Conference (DRC), pp. 71-72, Santa
Barbara, CA, June 2002.

K. T. Chan, A. Chin, Y. B. Chen, Y.-D.
Lin, D. T. S. Duh, and W. J. Lin,
“Integrated Antennas on Si,
Proton-Implanted Si and Si-on-Quartz,”
International Electron Devices Meeting
(IEDM) Tech. Dig., pp. 903-906,
Washington DC, Dec. 2001.

K. T. Chan, A. Chin, C. M. Kwei, D. T.
Shien, and W. J. Lin “Transmission Line
Noise from Standard and
Proton-Implanted Si,” IEEE MTT-S Int’|
Microwave Symp. Dig., vol. 2, pp.
763-766, June 2001.

Y. H. Wu, A. Chin, K. H. Shih, C. C.
Wu, S. C. Pai, C. C. Chi, and C. P. Liao,
“RF loss and cross talk on extremely
high resistivity (10K-1MQ-cm) Si
fabricated by ion implantation,” |IEEE
MTT-S Inter national Microwave
Symp.Dig., vol. 1, pp. 221-224, June
2000.

Y. H. Wu, A. Chin, C. S. Liang, and C.
C. Wu, “The performance limiting
factors as RF MOSFETs scaling down,”
IEEE RF-IC Symp., pp. 151-155, June
2000.

Albert Chinand S. P. McAlister, “The
Power of Functional Scaling: Beyond the
Power Consumption Challenge and the
Scaling Roadmap” |IEEE Circuit & Devices
Magazine, vol. 21, no. 1, pp. 27-35,
Jan/Feb. 2005.

. H. L. Kao, Albert Chin, B. F. Hung, C.
F. Lee, J. M. Lai, S. P. McAlister, G. S.
Samudra, Won Jong Yoo, and C. C. Chi,
“Low Noise RF MOSFETs on Flexible
Plastic Substrates,” |EEE Electron Device
Lett. 26, no. 7, pp. 489-491, 2005.

. K. T. Chan, C. H. Huang, A. Chin, M.
F. Li, D. L. Kwong, S. P. McAlister, D. S.
Duh, and W. J. Lin, “Large Q-factor



Improvement for Spiral Inductors on
Silicon using Proton Implantation,” IEEE
Microwave & Wireless Components Lett.
13, no. 11, pp. 460-462 (2003).

28. M.Y. Yang, C.H. Huang, A. Chin, C.
Zhu, B.J. Cho, M.F. Li, and Dim-Lee
Kwong, “Very high density RF MIM
capacitors (17fF/pm2) using high-k Al,O3
doped Ta,Os dielectrics,” |IEEE Microwave
& Wireless Components Lett. 13, no. 10,
pp. 431-433 (2003).

29. K. T. Chan, A. Chin, M. F. Li, D. L.
Kwong, S. P. McAlister, D. S. Duh, W. J.
Lin, and C. Y. Chang, “High Performance
Microwave Coplanar Band-Pass and
Band-Stop Filters on Si Substrates,” IEEE
Trans. Microwave Theory Tech., vol. 51,
no. 9, pp. 2036-2040 (2003).

30. K. T. Chan, A. Chin, Y. D. Lin, C. Y.
Chang, C. X. Zhu, M. F. Li, D. L. Kwong,
S. McAlister, D. S. Duh, and W. J. Lin,
“Integrated antennas on Si with over 100

GHz performance, fabricated using an
optimized proton implantation process,”
IEEE Microwave & Wireless Components
Lett. 13, no. 11, pp. 487 -489 (2003).

31. K.T.Chan, A. Chin, S. P. McAlister, C.
Y. Chang, J. Liu, S. C. Chien, D. S. Duh,
and W. J. Lin, “Low RF noise and power
loss for ion implanted Si having an
improved implantation process,” |EEE
Electron Device Lett. 24, pp. 28-30, Jan.
(2003).

32. K. T. Chan, C. Y. Chen, A. Chin, J. C.
Hsieh, J. Liu, T. S. Duh, and W. J. Lin,
“40-GHz Coplanar Waveguide Bandpass
Filters on Silicon Substrate,” |EEE
Microwave & Wireless Components Lett.
12, no. 11, pp. 429-431 (2002).

33. C. H. Huang, C. H. Lai, J. C. Hsieh and
J. Liu and A. Chin, “RF noise in 0.18um
and 0.13um MOSFETs,” |IEEE Microwave
& Wreless Components Lett. 12, no. 12,
pp. 464-466 (2002).



F

S,y (dB)

Si substratg

ig.

]
_____________________________ -
3dB e
-10} g
/-;Ejﬂéﬂ
O
20 + —m o YV
20 - B v/"';ZﬂZ/ XA
o eSS
B0 e e
- e
&S
-40 |/ X
Z
Backend Dielectric
-50
=— M6 1Imm-long measurement Si Substrate
.60 ,—o— M6 1mm-long simulation
—&— M6 1/4mm-long measurement
—w— M6 1/4mm-long simulation
) L L L

Fig. 3. Coupling loss of 1-mm long 2um-spaced

1. Schematic diagram of VLSI backend
interconnects with parallel lines. 3D integration with
GOI MOSFETs can reduce the power and coupling loss.

5 10 15 20
Frequency (GHz)

parallel lines. The loss decreasing with line length.

—

£

Power Loss (dB)

0

- —

----- T o E - - S L TAT AT AT XL AL A A= ™
o

N
T

—&— L=1mm meas on HRS P
—v— L=1/4mm meas. on HRS ./Ejﬂ/ﬂﬂu‘
—m— L=1mm meas. e
—B8—L=1mm sim.
—A— | =1/4mm meas. ./'/D/n/
—A—L=V4mm sim, a—"" o
./ o

— o
3dB f/ o~

-5

e A

/ HZA/‘ OOl Bl BB A A A A
Ay e st

gt o LT T
Rs

0

Fig. 5. Power loss of 1-mm long 2um-spaced parallel
lines. Reducing the line length or using an HRS

@ S e
5

e e e e T e aa s et
5 10 1 20

Frequency (GHz)

substrate reduces the power loss. Metal: M1

0

-10 +

=20 +

o—C97,

o
______________________ ;cr/— - v/_vf

—O— 2um-gap & 1mm-length on HRS _o v/v/
—v— 5um-gap & 1mm-length on HRS O/O v __e—%—
- et v

o/;/ /a/v/v
'y

9 v o

/./0/
/o/‘707 2um-gap & 1mm-length
—v¥— 5um-gap & 1mm-length
—®— 2um-gap & 1/2mm-length
) —&— 2um-gap % 1/4mm-length

Fig. 7. Coupling loss of two parallel interconnect

10 20
Frequency (GHz)

lines, with different lengths, widths substrates.

-
~ —
om 2L -
Z f g D/D/
1% 0
8 " __A—
- e AT
- — — A — L e
(] o éA/A;%*A
$1f T SN
ch DfA/li‘/A —m— L=1mm meas.
f/l/‘ —o— L=1mm sim.
Metal: M6 —a— | =1/4mm meas.
—A—L=1/4mm sim.
O 1 1 1
0 5 10 15 20
Frequency (GHz)

Fig. 2. Power loss of 1-mm long 2um-spaced parallel
lines. 3D integration can reduce the line length by 2
(1 GOI) or % (2 GOI layers) and reduce the power loss.

4

—&— M1L=1mm
[—4— M1L=1/2 mm
—eo— M1 L=1/4 mm
—0— M6 L=1 mm
—— M6 L=1/2 mm
—O0— M6 L=1/4 mm

w

Power Loss (dB)
N

[y

0 10 20
Frequency (GHz)

Fig. 4. Power loss of 1-mm long 2um-spaced parallel

lines. Metal: M6. Vertical field in microstrip structure

is different from the horizontal field in the CPW case.

0 -
Fsag™ """ '”jn:g;_g:
10k /Eﬁzuﬁgénﬁn/
=t
lﬂ‘:ﬁzgnggg; —a=R=E=]
/ﬂ,gféé

Sy (dB)

—A—L=1/4mm meas.
—A—L=1/4mm sim.
—+e—L=1mm meas. on HRS
—v—L=1/4mm meas. on HRS

10 20
Frequency (GHz)

Fig. 6. Coupling loss of 1-mm long 2um-spaced
parallel lines. HRS substrate increases the unwanted
coupling but reduces the power loss. Metal: M1

6

—e— 2um gap & Imm-length ‘J/'
—v— 5um gap & Imm-length /‘é
—m— 2um gap & 1/2mm-length x?x/
—&— 2um gap & 1/4mm-length x;l’;
% 4ar '/;fl'? Decreasing with decreasing line length
8
T/J/ = e tEEE R w
;4 D =g
-
= v,
oL
g 2
o —O— 2um gap & Imm-length on HRS
—V— 2um gap & 1/2mm-length on HRS
O/O/o/o~
0 a0
0 5 10 15 20

Frequency (GHz)

Fig. 8. Power loss of two parallel interconnect lines,
with different lengths, widths and substrates.



