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Abstract—This paper describes Si-based three-dimensional (3- [ T

D) monolithic microwave integrated circuit (MMIC) technology. Si-MOSFET  Si
This technology greatly improves the operating frequency of Si Si-Bipolar
MMIC’s up to the Kwu band and makes them competitive with s.som MiC

GaAs MMIC’s in the higher frequency band. The characteristics

of the coplanar waveguide formed on a lossy Si substrate and GaAs-MESFET

the TFMS line which is a basic element of the 3-D MMIC : GaAs-HBT

are numerically compared and discussed. AnX -band amplifier, : P-HEMT

mixer, and highly integrated single-chip receiver using Si bipolar Comp. S. C. T nPHEMT
transistors are demonstrated to highlight the advantages of the Si S ——
3-D MMIC technology. The cost reduction effect of the technology b S ‘110 o

is also discussed. In our estimation, cost reduction of about 95%

from conventional GaAs 2-D MMIC's can be achieved. Frequency (GHz)

Index Terms— Bipolar integrated circuits, finite-element Fig- 1. Applicable frequency band of each device.

methods, Masterslice, MMIC's, silicon devices, three-dimensional
structures.

Several approaches have tried to reduce the loss due to
substrate conductivity by using a high-resistivity (several
|. INTRODUCTION ke - cm) Si substrate [5], a thick dielectric filni~10 pm-
HE FORTHCOMING multimedia era will require highly thick) as an i_nsulator or a micrqstrip line substr_ate [61, [71,
integrated multifunctional monolithic microwave inte-Shunted multilevel co_nductors with a large spacing between
grated circuits (MMIC's) for mobile communications, satellitdh€ conductors and Si substrate [8], or coplanar inductors [3].
communications, wireless LAN’s, and so on. These applica- 1 NiS paper describes a three-dimensional (3-D) MMIC tech-
tions will also require us to make the MMIC’s cost effectiveN©109y [9]-[13] employing a Si substrate. The characteristics
Si MMIC’s have great advantages over GaAs MMIC’s, sucfif & coplanar waveguide (CPW) formed on a lossy Si substrate
as a well-established fabrication process, lower process c&§td thin-film microstrip (TFMS) line which is a basic element
and the potential for easy integration with digital large-scafy the 3-D MMIC are rigorously analyzed and compared using
integrated circuits (LSI's). In conventional Si IC designthe finite element method. The TFMS line is far superior
differential pair transistors, Gilbert cells, aRe-Ccoupled con- 0 the CPW in the high-frequency band and the Si 3-D
figurations are widely used. The operating frequency of thedMIC technology allows us to use the reactive matching
circuits is considerably low because the parasitic capacitarfgghniaue for SiMMIC design. By using this reactive matching
of the transistor degrades the high-frequency performanégchnique, the operating frequency of Si MMIC's can be
Recently, several approaches have successfully implemerifggroved to nearlyf,../2 as described in Section Ill. As
Si MMIC’s into microwave applications, such as person& result, the Si 3-D MMIC technology greatly improves the
communication systems and wireless ATM, using on-chip iPerating frequency of Si MMIC's up to th&w« band using
ductors [1]-[4]. However, the operating frequency still remairf¥9h fmax transistors such as SST1C [14] and makes them

at several gigahertz, due to its low substrate conductivifgompetitive with GaAs MMIC’s in the frequency band, as
Shown in Fig. 1. The technology also greatly enhances the

integration levels of MMIC's [12] and offers a Masterslice
MMIC [13] that is a semi-custom MMIC similar to gate-array
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Il. STRUCTURE OF THE3-D MMIC

The basic structure of the Si 3-D MMIC is shown in Fig. 2.
Transistors, resistors, and lower electrodes of MIM capacitors
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Fig. 2. Basic structure of the Si 3-D MMIC.
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Fig. 3.  Small-signal equivalent circuit of intrinsic bipolar transistor. Au—>
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are formed on a Si substrate and passivated. The seco,qg_-4_ Analyzed models of (a) CPW and (b) TEMS line.
level metal (Al) is formed on the passivation film and covers
most of the wafer surface. The devices and the metals are

formed using an ordinary Si IC process. After that, a 3-Qsing equivalent circuit parameters shown in Fig. 3, where
passive structure constructed with four layers of 2b-thick 554 impedancez;, is assumed to be a parallel connection of
polyimide film and four layers of J:m-thick Au metals (top |5a4 resistancét; and input capacitanc8; of the next stage.

conductor is 2:m thick) is formed on the second-level metalqyap, the gainG)-bandwidth(B) product of the amplifier is
The fabrication process of the 3-D structure is almost the Sa@i@en by

as that of GaAs 3-D MMIC's [11]. The use of polyimide films

offers good flatness even if the wafer has a rugged surface. The Im

low-temperature process allows us to form 3-D passive circuits G-B= m

on many kinds of devices. Then the fabrication process can

be used universally regardless of the kind of wafer. Contagtis well known that the GB product of a negative feedback
resistance between Au and Al layers is better than{Di@er gmpjifier is the same as that of a simpleCcoupled amplifier.

contact. - _ Sincefr is also expressed in

This structure also offers highly integrated multifunctional
MMIC’s and Masterslice MMIC’s which are the same as N Im
those we demonstrated using a GaAs substrate in [12] and fr= 21(Cy + C;)

[13]. The high integration technology effectively enhances the

integration to a level three to five times that of conventionghe bandwidth of the simpldR—C coupled amplifiers and
2-D MMIC’s. The 3-D Masterslice MMIC technology reducesiegative feedback amplifiers cannot be extended above the
development turn-around-time (TAT) and fabrication cost. fine ¢/ . B = fr/V/2, where G’ is the gain decreased by 3
alsq eliminates the high-level design skill necessary for MMIGB from the flat gainG. As a result, the operating frequency
design. of the amplifier is aroundfr/5—fr/3. On the other hand,
reactive matching circuits are usually used to achieve the
maximum available gain (MAG) limited by, at the upper
band edge in the microwave and millimeter-wave bands. Then,
The unit-stage voltage gain of &-C coupled amplifier is the operating frequency of the reactive matching amplifier

I1l. OPERATING FREQUENCY

expressed in achieves a level fromf,,../3—fmax/2. In the conventional
Si MMIC design, the reactive matching technique cannot be
G, —gm — —gm Bl effectively used because of the lack of highinductors and

T 1/Zp +jwCy 14 jwRL(Cy +Ci) transmission lines due to nonnegligible substrate conductivity.
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TABLE |
-[OO T llllllll T T T T 177717
THICKNESS AND PROPERTY OF EACH LAYER
Coplanar waveguide (CPW) 80 — -
SiN layer 0.7 pm & =19 S o~ ]
Si0, layer 0.5 pm & =39 = L mememmmmTITTIIITITEE |
5 40F N
2nd Al layer | 1.0 pm | o0 = 3.08 x 10”S/m &
Si0, layer 0.7 ym & =39 20 -
Ist Al layer | 0.5pum | o = 3.08 x 107S/m 0 ] L
. 2 4 6 8 4 6 8
Si0, layer 1.7 pm e =3.9 1 10 100
Si substrate | 625 um e = 11.7 Frequency (GHz)
p=308 cm (@)
TFMS line
Top Au layer 20pm | o=4.10 x10"S/m 2.0 L
Polyimide layer |4 pm/9pm er =3.3
Ground Au layer 00 o =4.10 x 107S/m e
£
o
)
This is the reason why Si MMIC'’s are not available in the N
higher frequency band.
00 é L Aléléll é L [I‘léle]
IV. CHARACTERISTICS OF TRANSMISSION LINES 1 10 100
o Frequency (GHz)
A. Finite Element Method ©)
In order to examine the characteristics of metal-insulator—
semiconductor structure CPW’'s and TFMS lines, conductor 40 T T T T T
loss and substrate loss must be accurately evaluated. Moreover,
the thickness of the conductors must be considered because 30 - -
the thickness is not much thicker than skin depth in the lower )
frequency region. Thus we adopted the full wave vector finite o 20 7
element method (FEM) [15]. The finite element formulation is 7
derived from the four components of transverse electromag- 10
netic field using the Galerkin method, and discretized with e
guadratic vector shape functions. Dielectric loss and conductor 0 wz»»——-:“gﬁ"é, R
loss are rigorously taken into account by using a complex 1 10 100

permittivity. The thickness of the conductors, i.e., the skin
effect, is also accurately considered.

Analyzed models for the CPW and TFMS line are ©
illustrated in Fig. 4. The thickness and property of each layEg. 5. Calculated characteristics of the CPW's (s = 10 pum, g
are shown in Table I. The center conductor and slot widths #mmfgt'léL,f;n'v;i{ﬁ AL2: 20 i, wzzlgo”?m‘j’v;lﬁlbll’”'ﬁ with AL2),
the CPW arew andg, respectively. The conductors are mades) Characteristic impedance, (b) attenuation constant, an@ actor.
of aluminum (Al) which is ordinarily used in conventional

Si IC process. A SiQ layer is sandwiched by the conductor, L .
layer and the Si substrate, and a si@yer and SiN layer are its structural symmetry. The region is surrounded by magnetic

. .o lls (the ground plane of the TFMS line is an impedance
overlaid on the conductor layer. The TFMS line is constructe§ L )
with stacked polyimide films, strip conductor, and groun all), and divided into about 200 and 100 elements for the

metal. Gold (Au) is used as a conductor in the 3-D proces !?I'Vr\lleacnzfllcz:;';/é?j Irlgsijl'zsesopfetﬁizegéthod were compared with

The width of the strip conductor and the thickness of polyimidt%e measured and calculated results shown in [16]p and aood

film arew andh, respectively. In the analysis, the polyimide is ) ' 9

assumed to be lossless, and the ground metal is assumed tggggement has been obtained.

infinitely thick for simplicity. However, the difference between

the characteristics of the TFMS lines withyda-thick ground B. CPW

plane and infinitely thick ground plane was less than 1%. Fig. 5 shows the calculated characteristics of the four types
The dashed line rectangles in Fig. 4 show the analyzefl CPW’s. The solid line shows the results of the CPW made

region of each transmission line. The analyzed region isofithe first Al layer (AL1) whose widths are = 10 um, g =

half plane of each transmission line cross section becausesgim. The dashed line shows the results of the CPW made of

Frequency (GHz)
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0 A 6 ‘ém ;A6 s Fig. 7 Circuit scheme of the fabricated-band amplifier using cascode Si
1 10 100 bipolar transistors.
Frequency (GHz)
(@)
() factor of each CPW is less than 5 in the frequency range
2.0 RN AR between 1-20 GHz. These results show that it is difficult to
obtain reasonable reactive matching circuits using CPW's in
2 1.5 . the frequency range.
£
g 1.0 . C. TFMS Line
3 Fig. 6 shows the calculated characteristics of the TFMS
lines. The solid and dashed lines show the results of the TFMS
line with w = 10 pum, h = 4 pm andw = 20 pm, h = 9 um,
respectively. Fig. 6(a)—(c) shows the corresponding results to
Fig. 5(a)—(c). The characteristic impedance of each TFMS line
Frequency (GHz) is also around 5@). The attenuation constants are less than
(b) 0.3 dB/mm around 10 GHz and much less than those of the
CPW’s. The@ factors of 10um- and 20um-wide TFMS
40 N o lines are about 7 and 12 around 10 GHz, respectively. The
! () factors are high enough to achieve the reactive matching
30 N circuits in this frequency. There are three reasons why the
TFMS line has low loss characteristics. The first is that the
o

Fig. 6. Calculated characteristics of the TFMS lines (w—= 10um, h =
4pm; and - - -iw = 20 pm, h = 9 pm). () Characteristic impedance, (b)

|
2 4

Frequency (GHz)
()

attenuation constant, and (€) factor.

ground plane of the TFMS line effectively isolates the wafer
property, such as conduction, to the line characteristics. The
second is that the strip conductor is made of Au which has
a higher conductivity than Al. The last is that the thickness
of the strip conductor is twice as thick as that of AL2 CPW.
However, the(? factor of TFMS line still remains better than

7 whenw = 20 um even if the strip conductor is made of Al
and its thickness is 1m.

V. CIRcUIT DESIGN AND PERFORMANCE

By using the second-level metal shown in Fig. 2 as a
ground plane (GNDZ1), the conductive property of the wafer is
effectively isolated from passive structures created on GND1,

AL1 whose widths ares = 20 um, g = 10 um. The dotted and high () passive circuits are available as shown in the

line shows the results of the CPW made of the second pievious section. This allows the use of a reactive matching
layer (AL2) whose widths arev = 10 um, g = 5 um. The technique for Si MMIC design and greatly improves the
chained line shows the results of the CPW made of AL2 whoseerating frequency of the Si MMIC's.

widths arew = 20 um, g = 10 um. Fig. 5(a)—(c) shows the

real part of the characteristic impedance, attenuation constant Amplifier

a, and @ factor defined ag) = 7/A;ar, where A, is the g first examined theX-band amplifier shown in Fig. 7.
wavelength of the guided wave. The characteristic impedantge ground plane of the second-level metal (GND1), which
of each CPW is around 5@. The attenuation constants ofseparates the wafer and the 3-D passive circuits, enables Si
the CPW's using the first Al layer are much higher than tho3gMIC’s to be designed in the same way as GaAs MMIC's.
of the CPW'’s using the second Al layer. The difference she amplifier is constructed with cascode Si bipolar transistors
due to the difference in the thickness of both the Al laygSST1C [14]), TFMS lines, and triplate thin-film striplines for
and the insulator layer between Al and the Si substrate. Treactive matching. The TFMS lines and striplines are stacked
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Fig. 10. Circuit scheme of the fabricate¥i-band mixer using Si bipolar
transistor.
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Fig. 8. Microphotograph of the fabricated-band amplifier. 0 | I |
0 5 10 15 20
LO frequency (GHz)
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10 Ve=6V Fig. 11. Measured performance of the fabricaféeband mixer.
» 728 I /4\/ ]
= 5 f — L . .
&) g 2V application (40 GHz for digital). The operating frequency
= o /. NS nearly achievesf,ax/3.
(O] 5 v, ':' S11 822_ e - ]
10 =N \““\_x, ,/,———--\\\ Y B. Mixer
qeldi NV Fig. 10 shows a circuit scheme of tdé-band mixer. The
6 9 12 15 mixer employs a common-emitter transistor and a collector LO

injection configuration. An RF signal is fed into the transistor

from the base electrode, and an IF signal is emitted from

Fig. 9. Measured performance of the fabricaféeband amplifier. Measured the collector electrode. Matching circuits are constructed with

performance (—) and predicted performance (- - -) when= 2 V. TFMS lines and triplate thin-film striplines and are optimized
for the RF and LO frequencies, respectively. The RF and LO
matching circuits are stacked above and below the ground

to reduce the circuit area. The widths of the TFMS lines anfletal located in the middle of the polyimide layer.

triplate striplines are 1@m and 11xm with the characteristic ~ Fig. 11 shows the measured performance of the fabricated

impedance of 5@ and 20%2, respectively. mixer. Conversion loss of better than 10 dB is obtained over

Fig. 8 shows a microphotograph of the amplifier fabricatesl wideband frequency range from 5 to 10 GHz, where the

using 3-D masterslice MMIC technology. Three transistorEO and RF power are 0 and20 dBm, respectively. The IF

resistors, and lower electrodes of MIM capacitors are forméquency is 140 MHz, and. = 0.6 V.

on a wafer in advance, and two transistors are used. The

single-stage amplifier occupies only a 0.73 mum0.77 mm C. Single-Chip Receiver

area. Fig. 9 shows the measured and predicted performancgig 12 shows a block diagram and a microphotograph of the
of the fabricated amplifier. The solid line shows the measureghicatedx -band highly integrated single-chip receiver which
performance and the dashed line shows the simulated valyRyydes a three-stage front-end amplifier, an LO amplifier,
Although this is the first trial and we did not have anynd an image-rejection mixer in a 2:3 2.3 mm chip. The
good device models for the high-frequency region, reasonafgage-rejection mixer is constructed with two unit mixers, a
agreement between them has been obtained. A gain of 8 WRlkinson divider employing TFMS lines, and a quadrature
is obtained over 7-10 GHz at a collector voltage= 4 V  hybrid employing a multilayer broad-side coupler [9]. The am-
(2 V for each transistor) and the operating frequency achievlifiers and unit mixers are described in the previous sections.
12 GHz atV, = 6 V. Each transistor has nine 0:313.4um By using meander-like configurations, a compact layout has
emitters and the measurégg..x is around 30 GHz aV.. =1 been achieved. Fig. 13 shows the measured performance of
V because the transistor is a multi-emitter transistor for analtige fabricated single-chip receiver. A 15-20-dB gain and better

Frequency (GHz)
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x 2.3 mm chip. (a) Block diagram. (b) Microphotograph.
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Fig. 13. Measured performance of the fabricated single-chip receiver.

than 20-dB image-rejection ratio are obtained in fieband,
where the LO and RF power are 0 an80 dBm, respectively.
The IF frequency is 140 MHz.

VI. CoST REDUCTION

Cost estimation of the Si 3-D MMIC is shown in Fig. 14 [6
compared with conventional 2-D GaAs MMIC'’s. The 3-D and
Masterslice MMIC technologies reduce cost by more tha
50% due to its high integration level even if an additional

2529

100%

Normalized Fab. Cost

Conv. GaAs GaAs Si
GaAs2-D  3-D  Masterslice 3-D
MMIC MMIC MMIC MMIC

Fig. 14. Estimated cost-reduction effect of Si 3-D MMIC.

3-D process is necessary. The Masterslice technology further
reduces the fabrication cost because the masterslice substrate
can be mass produced (and the TAT is much shorter) while still
maintaining a high integration level. Finally, Si 3-D MMIC's
effectively have a lower cost due to their lower process costs
and larger wafers. The result is a cost reduction of about 95%
from conventional GaAs 2-D MMIC's.

VII. CONCLUSION

The 3-D MMIC technology greatly improves the operating
frequency of Si MMIC'’s up to theKw band and makes them
competitive with GaAs MMIC's in the frequency band. The
Si 3-D MMIC’s using BJT's, CMOS's, and BiCMOS's also
have the potential to be easily integrated with digital LSI's as
well as having a low cost. This technology promises to achieve
cost-effective intelligent wireless communication systems and
will take us into the forthcoming multimedia era.

FabricatedX -band single-chip receiver including a three-stage
front-end amplifier, an LO amplifier, and an image-rejection mixer in a 2.3
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