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A Flip-Chip MMIC Design with Coplanar
Waveguide Transmission Line
In the W-Band
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Abstract—This paper describes a design method for flip-chip technology, such complicated processes as wafer thinning,
monolithic millimeter-wave integrated circuits (MMIC's) with via hole etching, and backside processing of wafers have
a_coplanar waveguide (CPW) transmission line forW-band  eyented decreases in manufacturing costs. In addition, the

applications. We proposed a test structure for obtaining accurate X . . .
flip-chip CPW line models. We examined the transmission line electrical performance of conventional wire bonding (WB)

characteristics of the CPW line using the test structure in the interconnections suffer from electrical discontinuities such as
millimeter-wave range and modeled them. Using the CPW line mismatch losses at the interconnections. The necessity for
models, we designed and fabricated both two- and three-stage gdditional chip areas for matching circuits to compensate for
amplifiers using 0.15pm InGaP/InGaAs high electron-mobility e electrical discontinuities also contributes to the cost. For

transistor technology. The maximum power gain of the two-stage he followi binati f | id
amplifier is 12 dB at 79 GHz. The three-stage amplifier has a € following reasons, a combination of coplanar waveguide

maximum power gain of 16 dB at 77 GHz. The agreement of (CPW) transmission lines and flip-chip bonding technology
measuredS-parameters with calculated results demonstrates that (FCB) is one of the best ways to reduce the fabrication and
the proposed test structure is suitable for characterizing flip-chip  assembly costs of MMIC's [6].

CPW li d id f dels. - . .
NES and provides very accurate models 1) The wafer thinning process, via hole etching, and back-

Index Terms—Amplifier, CPW, flip-chip, HEMT, T -band. side processing of the wafer is eliminated.
2) The electrical performance of shorter interconnection
I. INTRODUCTION lengths is improved over wire bonding.

3) Fully automatic bonding is provided.

A great deal of research has been done on millimeter-wave
eBplications based on FCB [6], [7]. An FCB technology using
old (Au) and gold—tin (AuSn) micropillars that are 20n

LONG with the recent rapid increase in the demand
for further improvements in automobile driving safety
systems are undergoing a transition from passive to acti
safety. Automotive radar systems working in the miIIimetef

wave range are one of candidates to provide the active saf l, andllélO/ELm mhdla_melter dh?r? aIref;ldyI_bE?r: (iclevel(_)IFed,t and
and interest is growing for the system’s use in coIIisioH excetient mechanical and thermay refiabiity Tor mifimeter-

avoidance systems since it performs well in conditions X\fave_apphcatlons has beer_1 reported [8]. In ?dd_'“"“'_ the
poor visibility. Several prototypes of¥’-band automotive electrical performance Qf fllp_ped CPW transm|55|or_1_ lines
radar systems based on the frequency-modulated Continﬂy_e been thoroughly _mvestlgated, and_ _the capability for
ous wave (FMCW) method, which consists of microstri[;-)"'"'meter_'wa_ve appllcat|o_ns has been verified [9], [10].Thus,
line (MSL) monolithic millimeter-wave integrated circuits he combination of CPW lines and FCB technology applied 1o

(MMIC’s), have been developed and the capability of thewe developme_nt an(_j a_ssembly of flip-chip MMICS is very
performance has been investigated [1]-[5]. advantageous in achieving low-cd$t-band automotive radar

These technologies are truly applicable to the develoﬁygem$' h d . binina CPW and FCB
ment of millimeter-wave automotive radar systems. One of espite the great advantages in combining an

the most important issues in the utilization of miIIimeterEQChr;:_)lOg);\f/(\)/r mzmljiactgnn_g Mlecl? S: ;herl\(jml/lslgo :flrchqur_ate
wave automotive radar systems is to reduce manufacturigJ ~chip model for designing Tip-chip S. TS 1S

costs. In general, manufacturing costs are still too high f§Fcause the signal transition parts such as pillars or bumps
f an actual flip-chip CPW line are an electrical discontinuity

installation of such radar systems into ordinary automobiles. . )
This is primarily caused by the high costs invoived in Mmicthat prevents the de-embedding of the external feed lines. The

fabrication. In conventional MMIC fabrication that uses MSLPUrPOSe of this paper is to present a technique to obtain an
accurate flip-chip CPW model for designifig-band MMIC'’s

Man_uscript receiv_ed March 30, 1998; rev_ised Septemper 2, 1998. that avoids the problems described above.
T. Hirose, K. Makiyama, K. Ono, T. M. Shimura, S. Aoki and Y. Watanabe In the beginni f thi inted t the d
are with Fujitsu Laboratories, Ltd., Atsugi-shi, Kanagawa 243-0197, Japan. n e €ginning o IS Paper' we .PO'” e ou € .e'
Y. Ohashi is with Fujitsu Laboratories, Ltd., Kawasaki-shi 211-858&2mbedding problem at the signal transition pillar of the flip-

Kanagawa, Japan. } _ _ chip CPW line using a three-dimensional (3-D) field simulator.
S. Yokokawa is with Fujitsu Quantum Devices, Ltd., Koufu-shi 409_380% h . he fli hio C

Yamanashi, Japan. Ne propose a test structure to characterize the flip-chip PW
Publisher Item Identifier S 0018-9480(98)09207-2. lines accurately. The structure provides the same environment

0018-9480/98$10.001 1998 IEEE



HIROSE et al. A FLIP-CHIP MMIC DESIGN WITH COPLANAR WAVEGUIDE TRANSMISSION LINE 2277

R

Lid chip

Metal

Pillar

600
| AR

GaAs

Fig. 2. Schematic diagram of the test structure. The metal surface of the lid
chip faces the CPW line.

wave electromagnetic field simulator (Ansoft Eminence). In
this simulation, an electromagnetic wave was excited from
port 1 with dominant mode excitation. As seen in Fig. 1(b),
the electric field expands under the CPW line on the GaAs
chip and the patterns are anomalous. This causes an interaction
between the signal transition pillar and the CPW line.
Generally, de-embedding can be used for lines if the geom-
etry along the line is maintained. If the de-embedding process
is used for lines that have discontinuities or a tapered line,
physically incorrect results will occur. Correct results require
) a homogeneous electromagnetic field distribution along the
line. Therefore, it is difficult to determine the reference plane

Fig. 1. Electromagnetic field simulation for an actual flip-chip CPW transr r de-embedding lines that include signal transition pillars
mission line. (a) Side view of the analyzed structure. (b) Top view oP ’

the structure and calculated electromagnetic field distribution around signalln order to characterize flip-chip CPW lines accurately, we
transition pillar at 76 GHz. propose a test structure that provides the same environment as

an actual flip-chip CPW line without signal transition pillars.
with an actual flip-chip CPW line without a signal transition
pillar. We applied the CPW line models with the test structure [ll. THE TEST STRUCTURE

to the design and fabrication df’-band flip-chip MMIC 1,0 tast structure consists of two parts. One part is a CPW
two- and three-stage amplifiers using 0% INGaP/INGaAs  |ine fapricated on a 60@m thick GaAs substrate. Here, 2.0-

high ele_ctron—mobilitytrgnsistor (HEMT) technology. Througmm—thick gold (Au) is used for the CPW line. The other
fabrication and evaluation, we demonstrate the validity of & js a |id chip whose entire surface is coated with Au.
flip-chip MMIC design with CPW transmission line. This chip is used as a ground lid of the CPW line and is
positioned above it (Fig. 2). The lid chip is mounted by a
Il. ELECTROMAGNETIC FIELD ANALYSIS flip-chip bonding tool that guarantees precise positioning on
OF FLIP-CHIP STRUCTURE micropillars fabricated on the CPW line’s ground so that the
Fig. 1(a) and (b) show a portion of an analyzed flip-chimetallized surface faces the CPW line [8]. The pillar height,
structure that includes a signal transition pillar. Fig. 1(a) is @iameter, and the minimum distance between pillars are 20, 40,
side view of the structure. A 600m GaAs chip containing and 125.m, respectively. Although this test structure differs
a CPW line is placed on a 20@m-thick alumina ceramic from the actual flip-chip structure, the electrical characteristics
substrate. A 2.Qsm-thick gold (Au) layer was coated on bothof the CPW lines are almost the same because a sufficiently
the ground planes of the alumina ceramic substrate and thiek GaAs substrate is employed, meaning that there is no
CPW line. The pillar height is 2@m. Fig. 1(b) is a top view surface leakage [10]. Fig. 3(a) and (b) shows the structure and
of the structure. The ground-to-ground spacing and the sigralresponding CPW line. As seen in Fig. 3(b), there are three
line width of the CPW line on the GaAs chip were 60 and 2parts for the CPW line structure: the face-up feed line, the line
M, respectively. For the CPW line on the alumina ceramtbat lies underneath the lid chip, and the line under the metal.
substrate, the ground-to-ground spacing and the signal lifike line width was tuned to minimize electrical discontinuity
width were 140 and 6@m, respectively. Here, the ground-to-at the interface between the face-up part and the ground-face
ground spacing of the CPW line on the GaAs around the pillpart. The most important feature of this structure is to be able
was changed to minimize electrical discontinuity. Fig. 1(lfp measure the electrical performances of the flip-chip CPW
also shows the simulated results of a magnitude contour mape without signal transition pillars. In addition, as seen in
of the time-averaged electric field distribution at a distandgig. 3(a), this structure enables on-wafer measurements.
of 10 ym from the alumina ceramic substrate at 76 GHz. To characterize the transmission line characteristics of
The simulation was performed using a three-dimensional futhe CPW line using the test structure, we measured the

GND metal
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o T h o Fig. 4. Simulated and extracted transmission line parameters of the CPW
. - s line using the test structure. The line width and gaps argm@Qrespectively.
o face up :r"l.;nder lid CPW line under under Iid\i face up\ I
i chip metal chip ! : . . ) . . .
{W=25pum | W=20pum W=20pm W=20m | W=25um | dominant.f, is a simulation frequency, ang is the velocity
[G=17.50m |G =20m G=20um  {G=20um G178 um | of light. De-embedding was carried out with an ABCD matrix
(b) manipulation. From the measured data for the line width of 20
Fig. 3. Test structure. (a) SEM micrograph. (b) CPW lines corresponding g1 & ground—to-ground spacing of @@n, and a pillar height
the test structure. of 20 um, we obtainedZy = 49.0 2, F.g = 5.41, Ay,, = 300

dB/m andtan § = 1.4 x 10~3. For a line without the lid chip,

S-parameters using a vector network analyzer (VNA) wit’€ &lso obtainedz, = 55'9_397 Eer = 633, Au, = 241
coplanar ground—signal—ground microprobes in the frequerfd§/M: @ndtané = 1.6 x 107 with the same line width and
range of 0.45-110 GHz. The transmission line paramet&f@und-to ground spacing. An interaction between the CPW
were extracted from the measuretiparameters. Fig. 4 is line and ground on the substrate was observed [9], [10]. These

a plot of the extracted and calculated transmission lijgsults closely agree with the simulation results and indicate

parameters of the CPW through-line after de-embedding tigt '-band flip-chip MMIC’s that use a CPW line can be

feed lines and the lines beneath the lid chip. The calculatig§Signed using a quasi-TEM mode approximation. Using the

was performed with the moment method using the GelerkifiSt Structure, we measured various types of CPW lines such
technique [11]. In theW-band, the attenuation constant irftS T-junctlc_)ns_, CI’QSSjunCtIOI’lS, bends, and so on, and extracted
the propagation constant of the actual transmission lin¥ transmission line parameters. We also added the model to
expression(Z = \/(R+ jwL)/(G + jwC)) can be smaller the HP-EEsof Libra circuit simulator.

than the phase constant, i.®G < w?LC. Therefore, we

used the following equations (see the Appendix): IV. DESIGN AND FABRICATION OF FLIP-CHIP MMIC’ s
Zo = é () 1) A. 0.15um InGaP/InGaAs HEMT Technology
5 To verify the accuracy of the CPW line model with the
Eex=L-C-c © test structure, we designed and fabricated two- and three-stage
R Fe amplifiers for théld-band. For the circuit design, we employed
Attn T 2. Zo-0115129 '\ Fo dB/m () an InGaP/InGaAs HEMT on a semi-insulated GaAs sub-
a strate with a 0.15:m-long mushroom-shaped gate electrode
tan & :m (4) drawn by electron-beam lithography (EB). Epitaxial layers

were grown with metal-organic vapor-phase-epitaxial growth
where 7, is the lossless characteristic impedankgy is the (MOVPE). A schematic cross section of the InGaP/InGaAs
effective dielectric constantd,,,, is the conductor loss of the HEMT is shown in Fig. 5. Fig. 6 plots the small-signal fre-
line, andtané is a dielectric loss tangeni,C, R, and G quency characteristics of an on-wide HEMT with a bias
are the inductance, capacitance, resistance, and conductaoecelition ofVps = 3V andVgs = —0.4 V. It shows a cutoff
per unit length of the transmission line, respectiveR  frequency(fr) of 90 GHz, a maximum oscillation frequency
is a reference frequency where the conductor attenuation(fs...) of 170 GHz, and a maximum stable gain (MSG)
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Fig. 5. Schematic cross section of a 0% InGaP/InGaAs HEMT.
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Fig. 7. SEM micrograph of the flip-chip-mounted MMIC.
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Fig. 6. Frequency characteristics of a 0/ InGaP/InGaAs HEMT. The
gate width is 80um.

of 9 dB at 76 GHz. Heref,... was determined from the
maximum available gain characteristics instead of H{tedB
extrapolation of the unilateral power gain characteristics. We
also measured the RF characteristics of an88wide HEMT
with the test structure having a pillar height of 260 and CPW
lines. Several of the parameters exhibited small changes, but

these deviations are almost negligible for the MMIC desiggmall-signalS-parameters were on-wafer measurements. Open
The source inductance also did not change. The result indicagé#guited stubs were used for the input, output, and inter-
that face-up HEMT equivalent circuit parameters can be usé@ge matching circuits. The characteristic impedance and

Fig. 8. Schematic diagram of a two-stage amplifier.

in MMIC design. effective dielectric constant of the signal transition pillars
were estimated via a 3-D electromagnetic field simulator
B. Flip-Chip-Mounted MMIC Structure [14]. The estimated characteristic impedance of the pillar

) ] . was 207, and the dielectric constant was 1. Schematic
To examine the performance of a flip-chip-mounted MMICyia4rams of the equivalent circuit for the two- and three-stage
we used an alumina ceramic substrate with patterned dc 3 jiiers are shown in Figs. 8 and 9. In this case, the effect
T]F ;Ie_ed rl1|_nes on |tsdsurface. Fig. 7 IIS an SEM mlbcr(r)]graph Bff the additional signal transition pillar model on the total
the flip-chip-mounted MMIC. Several capacitor Subchips wetg, ;-5 cteristics of the MMIC performance was negligible [9].
also mounted to eliminate unexpected oscillation in the |0VY:“|g 10 is a micrograph of the two-stage MMIC amplifier chip
frequency range. The substrate size was 8 mr@ mm. Al The chip size was 1.9 mm 1.25 mm. Fig. 11 is a micrograph

MMIC’s had Au pillars 20m tall and 40um in diameter. _ e . o
Flip-chip bonding was performed with a pulse-heated bondir?f the three-stage MMIC amplifier chip whose size is 1.9 mm

tool, which teed te positioning [8 %25 mm.
ool, which guaranteed accurate positioning [8]. The amplifier was tested using a VNA from 75 to 110 GHz.

Fig. 12 plots the measuretiparameters of the biased flip-chip
C. Two- and Three-Stage Amplifiers two-stage amplifier withVp = 3 V and Vi = —0.6 V. The
For design of the two-stage and three-stage amplifier, i@ward gain(.S,,) and isolationS;2) at 79 GHz were 12 and
employed an 8Q:m-wide gate HEMT. The design was based-27 dB, respectively. The inpif; ) and output return losses
on the small-signal design. As mentioned above, since thg») were —20 and —10 dB, respectively. Fig. 13 shows
small-signal equivalent circuit parameters of the HEMT undéne measureds-parameters of the three-stage amplifier with
the test structure were the same as the face-up one, we wBédd = 3 V and Vi = —0.4 V for the gate. The obtained
face-up data for the design. The measurements of the HENbrward gain at 77 GHZS»;) and isolation(S:2) were 16
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Fig. 12. Measured and calculated-parameters of the flip-chip In-
GaP/InGaAs HEMT MMIC two-stage amplifier.
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Fig. 13. Measured and calculated-parameters of the flip-chip In-
GaP/InGaAs HEMT MMIC three-stage amplifier.

by means of a 3-D electromagnetic field simulation, we
have shown the difficulties of the de-embedding process in
modeling flip-chip CPW transmission lines. We proposed
a test structure to model flip-chip CPW transmission lines
in order to design flip-chip-mounted MMIC’s fol/ -band
automotive radar systems. The test structure provides the same
environment of an actual flip-chip CPW line without the signal
transition pillar. We applied the model to the design of 0.15-
ouT #m InGaP/InGaAs HEMT flip-chip-mounted MMIC two- and
three-stage amplifiers. We obtained maximum power gains
of 12 dB at 79 GHz for the two-stage amplifier and 16 dB
at 77 GHz for the three-stage amplifier. These amplifiers
exhibit sufficient performance for commercial applications
of 76 GHz automotive radar systems. In addition, the level
of agreement between the calculat8eparameters and the
measured data suggests that the flip-chip CPW line modeling
Fig. 11. Three-stage amplifier. The chip size is 1.9 mn2.5 mm. technique demonstrated here is valid for designing flip-chip
MMIC's.
This flip-chip CPW modeling technique is essential for de-
a/eloping low-cost flip-chip MMIC'’s forWW-band applications
as well as for millimeter-wave automotive radar systems.

VG

VD

and —34 dB, respectively. The inpuytS;;) and output return
losseqS22) were—11 and—2 dB, respectively. The measure
data closely matches the simulated results.

V. CONCLUSION APPENDIX

Through an analysis of electromagnetic field distribution To derive (3), assuming tha®G < w?LC for low-loss
around the signal transition pillars of a flip-chip CPW structurénes, a propagation constant of an actual transmission line
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was given by [12]
y=a+3j8=+/(RB - w?L0O) + jw(LG + RC)

[7] H. Sakai, Y. Ota, K. Inoue, T. Yoshida, K. Takahashi, S. Fujita, and M.
Sagawa, “A novel millimeter-wave IC on Si substrate using flip-chip
bonding technology,” iHEEE MTT-S Dig, 1994, pp. 1763-1766.

[8] S. Aoki, H. Someta, S. Yokokawa, K. Ono, T. Hirose, and Y. Ohashi,
“A flip chip bonding technology using gold pillars for millimeter-wave

. applications,” inlEEE MTT-S Dig, 1997, pp. 731-734.
~ jwy | LC - Jw(LG+ RC) (A1) [9] T. Krems, W. Haydl, H. Massler, and J. Rudiger, “Millimeter-wave
—W2LC performance of chip interconnections using wire bonding and flip chip,”
in IEEE MTT-S Dig. 1996, pp. 247-250.
Using the binomial expansion theorem [10] T. Krems, W. Haydl, H. Massler, and J. Rudiger, “Advantages of flip
chip technology in millimeter-wave packaging,” IEEE MTT-S Dig.
1/2 1 1, 1997, pp. 987-990. _
(1+x) ~lt—r— -4 (A2) [11] M. B. Bazdar, A. R. Djordjevic, R. F. Harrington, and T. K. Sarkar,
2 8 “Evaluation of quasistatic matrix parameters for multiconductor trans-
gives mission lines using Galerkin’s methodBEE Trans. Microwave Theory
Tech, vol. 42, pp. 1223-1228, July 1994.
LG+ RC [12] G. D. Vendelin, A. M. Pavio, and U. L. Rohd&icrowave Circuit
a+ jf8 ~ jwvLC+ # (A3) Design Using Linear and Nonlinear TechniquedNew York: Wiley,

2V LC

In (A3), the attenuation constant can be separated by
conductor loss pard. and dielectric loss paft,;. The value
of «. is expressed as follows:

1990.

R. Sturdivant, “Reducing the effects of the mounting substrate on the

performance of GaAs MMIC flip chips,” inREEE MTT-S Dig, 1995,

pp. 1591-1594.

[14] Y. Arai, M. Sato, H. T. Yamada, T. Hamada, K. Nagai, and H. |
Fujishiro, “60 GHz flip-chip assembled MIC design considering chip-
substrate effect,” iIHEEE MTT-S Dig, 1997, pp. 447-450.

[13]

\/Wu
ZzwV Jo (Ad)
2Z0
where fj is frequency W is the transmission line widthy is
permeability, andp is the resistivity of the conductor. Here,[

the conductor loss at frequendy. is given by
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(A5)

Substituting (A5) into (A4), we obtain the following expres-.’r
sions for A;, in decibels per unit length:

R F,

Appy = ———————— .| =<
9 70+ 0115129\ fo

dB/m.  (A6)
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