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Abstract-In order to reduce the circuit area required by 
bias-tees in active circuits, an approach using a microma- 
chined suspended inductor is presented in this paper. The 
inductor is fabricated using a commercial silicon microma- 
chining process and then integrated with a microwave circuit 
using flip-chip assembly. Suspending the inductor above the 
substrate greatly reduces the parasitic capacitances associ- 
ated with the substrate. The inductor has a measured self- 
resonant frequency of 18 GHz. A tethered approach allows 
“pre-releasing” of the structure, which makes integration 
possible on any substrate. 4-mm2 bias-tees on both alumina 
and TMM6 substrates are presented in this work with 
comparable performance tu commercially available bias- 
tees, hut with a significant reduction in circuit area. 

I .  INTRODUCTION 

Bias-tees are an essential component in active mi- 
crowave circuits, providing both DC power to transistors 
and control signals to switches and MEMS devices. In 
RF applications, bias-tees must provide high isolation and 
low return loss in order to supply DC with little effect on 
high-frequency performance. The impedance of the DC 
line must be high to prevent loading, usually requiring an 
inductor as an RF choke. 

Currently, RF front-end circuitry is heavily dependent 
on large, off-chip, discrete passive components. Conven- 
tional integrated planar inductors are severely limited by 
parasitic effects due to the substrate. These parasitics 
may be reduced through bulk substrate removal below the 
inductor [1]-[2], surface micromachining of a suspended 
electroplated inductor [3]-[4], or self-assembly of induc- 
tors oriented at larges angles with respect to the substrate 
surface [SI-[7]. 

An alternative approach presented here is to fabricate 
a micromachined inductor on a Si02 sacrificial layer and 
silicon host wafer using a standard commercially avail- 
able surface micromachining process. A flip-chip process 
transfers the inductor to gold bumps on any receiving 
microwave substrate. The resulting inductor structure is 
suspended on gold humps 6 0 p n  above the substrate, 
greatly reducing parasitic losses. 

MEMS releasing processes require strong acids, usually 
containing hydrofluoric acid (HF), which damage most 
microwave substrates i d  integrated devices. To allow 
integration on any substrate, possibly already contain- 
ing RF circuitry and devices, these inductors are “pre- 
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Fig. 1. A photograph of a broadband micro-bias-tee. A 18 nH microma- 
chined inductor, flip-chip integrated on TMM6, and suspended 60pm 
above the substrate provides the RF choke. A commencal 8.2pF chip 
capacitor is the DC block. The RF input and output microstnp lines 
have a charactenstic impedance of 5OR, and the DC input line has a 
charactenstic impedance of llOR. This bias-tee q u i r e s  only 4mmz 
of circuit m a .  

released before integration with the microwave substrate. 
Pre-releasing is accomplished using “tethers” to anchor 
the structure to’the silicon host wafer, allowing etching 
of the sacrificial layer before integration. In the flip-chip 
process, the tethers break at designed points during the 
bonding, resulting in a micromachined structure bonded 
to the receiving substrate, free of the low resistivity silicon 
host wafer. 

The bias-tees developed in this work use silicon- 
gold micromachined inductors integrated on both alumina 
(A1203, = 9.8, t = 25 mil) and Rogers TMM6 (E,. = 6, 
t = 25mil, shown in Fig. I).  The circuit area required 
for these hias-tees is only 4mm2, significantly smaller 
than commercial bias-tees. Micro-bias-tees enable dense 
integration of high microwave frequency circuits. 
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11. INDUCTOR DESIGN AND FABRICATION 
The inductor is fabricated using surface microma- 

chining in the MEMSCAP Multi-User MEMS Process 
(MUMPS). Poly-silicon and trapped oxide layers are used 
for structural support, with a gold metalization layer as 
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TCthCIS 
a low-loss conductive uath. Unfortunately, limitations in / \ 
ths mstal ihicknrsb nwihble in procsss used ( 0 . 5 p m )  
prohihir the design of 3 guld layer greater than the skin 
depth (0.79fim at IOGHz). This limitation can result in 
reduction of the Q-factor. Electroplating can reduce series 
resistance due to the thin conductive poly-silicon. 

The inductor coil is 20 fim wide, with outer dimensions 
of 650x650fim2, and supported by two 100xlOOpmZ 
bond pads. 

Several terms are essential to understanding the assem- 
bly of this inductor: . host substrate: low-resistivity silicon used for de- 

vice fabrication, not suitable for microwave circuits 
(hence, it is necessary to remove it) . receiving substrate: any substrate with good RF 
performance characteristics, however typically not 
compatible with micromachining and MEMS fabri- 
cation processes . gold bumps: used to connect the flip-chip device to 
the receiving substrate . flip-chip: a method of bonding a “flipped” device to 
a receiving substrate . pre-releasing: etching of the sacrificial layer before 
integration with the circuit, requiring tethers to com- 
plete the transfer from host to receiving substrate . tether: integrated assembly structure fabricated si- 
multaneously with the device on the host substrate 
and designed to break during the flip-chip assembly, 
transferring a pre-released device from the host sub- 
strate to the receiving substrate without using any 
etchants 

To facilitate transfer to a wide variety of substrates, in- 
cluding those with pre-existing RF circuitry and semicon- 
ductor devices, a tethering technique allows pre-releasing 
of an anchored inductor. The tether is a poly-silicon 
structure connected initially to the device and anchoring it 

A) Mcromached lnductorwth tethers 

_ - - - -  
e 
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and breaking oftethers 

I I 
D) Released device 

Fig. 3. A cross-sectional illustration of the pre-release and flip-chip 
transfer process of the tethered inductor. The sacrificial oxide layer 
of the host wafer with micromachined inductor features (a) is etched, 
leaving the inductor stmcfllre anchored to the host substrate by the 
tethen. The inductor-hart substrate combination i s  then flipped and 
aligned (b) with the gold bumps on the receiving subsnare. Thhemo- 
compression bonding (c) joins the inductor bond-pads to the gold bumps 
and simultaneously breaks the tethers at designed points. The inset in 
(c) shows an interlocking Stmctm to hold the inductor in place during 
the bonding process. Atleer flip-chip transfer, the resulting st~cNre is a 
released device (d). 

to the host substrate. It is used solely for device assembly. 
These tethers are designed to break at specific points 
during the flip-chip process [PI, Previous related work in 
flip-chip transfer and tethering specifically designed for 
mounting on quartz substrates is presented in [9]-[IZ]. 

The tethers are located around the bond-pads, which are 
the locations of maximum pressure during the thermo- 
compression bonding process. Each tether is designed 
with a notch, which is a stress concentration point and 
the breaking point during bonding. Fig. 2 illustrates top _.  - - -  
and cross sectional views of the tethers surrounding the - 
bond-pad of the inductor. The pre-release and tethered 
flip-chip assembly process is illustrated and described in 
Fig. 3, and shown photographically in Fig. 4. 

Fig. 2. Tethers surrounding a bond-pad (a) and an enlarged top and 
CTOSS sectional view of a single tether (b). The notch is located at a 
predetermined brealung point. 
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1 
(h) Broken tethers remaining on the host substrate after flip-chip 

assembly 

(c) Final integrated inductor assembly 

Fig. 4. The micromachined inductor on the host silicon wafer after p m  
release (a). The gold layer is visible on the surface of the inductor. AAer 
flip-chip bonding, the tethers break away from the inductor strucNre and 
remain attached to the host wafer (b). The final stmchtre is a suspended 
indictor (c). The cop layer visible on the inductor in (c) is polysilicon. 
The gold layer is now underneath the stmcfllre. 

I l l .  BIAS-TEE DESIGN CHARACTERIZATION 

A higher microwave frequencies, lack of quality in- 
ductors imposes narrowband, relatively large transmission 
line stubs in bias-line design. A high resonant frequency 
miniature inductor with an inductance greater than 5 nH 
would provide a 300a impedance at RF frequencies 
larger than IOGHz. As a demonstration of the l8nH 
inductor and the versatility of the tether transfer, bias-tees 
on alumina and TMM6 standard microwave substrates are 
developed. A bias-tee consists of a DC blocking capacitor 

(a short for RF) and an inductor (a high impedance for 
RF). In the design presented here, the inductor is used in 
a tee configuration with an 8.2pF ATC chip capacitor. 

Using a coplanar waveguide (CPW) prohe station and 
an HP8510C network analyzer with TRL calibration, the 
self-resonant frequency of the inductor was measured to 
be 18 GHz. The bias-tees were fabricated including CPW 
to microstrip transistions from JMicroTechnology in order 
to use the same calibration standards. The insertion loss 
(&I) and the return loss (%I) were measured. The retum 
loss was less than 7 dB for frequencies below 25 GHz on 
both substrates. 

s,, of Bias Tea 

Frequency (0,Hz) 

Fig. 5. Insertion loss (Sz,) of the bias-tee for both alumina and TMM6 
substrates, compared with simulated ~alucs. 

The measured insertion loss is shown in Fig. 5. It is 
heavily dependent on the parasitic inductance associated 
with the DC blocking capacitor, which is 0.4nH for 
the commercial device used here. Reducing this para- 
sitic inductance to 0.2nH gains 1 dB of improvement at 
10 GHz and 3 dB of improvement at 30 GHz, according 
to simulations. 

One undesired feature of these hias-tees are the res- 
onances at 12, 17, and 24GHz in the TMM6 circuit. 
These resonances also occur in the simulation, though at 
different frequencies. Although the inductor has greatly 
reduced parasitic capacitances by suspending it above the 
substrate, it is not an ideal inductor. At these frequen- 
cies, the impedance of the inductor drops significantly, 
reducing the overall impedance of the DC bias line. 
Improvements in the inductor's equivalent circuit model 
will better predict these points of low impedance and aid 
in reducing their effects. 

The DC current handling ability of these micro- 
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Bandwidth (-3 dB) 
Capacitance 
Inductance 

Insertion Loss 

Rerum Loss 

>IOdB, f<24GHz >12dB, f ~ 1 4 G H z  
DC Current 50 In4 5 0 0 d  

Micro-Bias-Tee Picoswoad 5545 
20 GHz 20 GHz 
8.2pF 0.03 fiF 

2”” . .U - 
“ . I  YL1 Lyr’cal 

<ldB,f<lOGHz <tdB,f<SGHz 
<I .SdB,  f<lSGHz <1.5dB, f<IZGHz 

23dB, f=IOOMHr 
>15dB, f<lOGHz >20dB, f<6GHz 

Dimensions 
Area 

Iv. CONCLUSION AND DISCUSSION 
The micro-bias-tee presented in this work has compa- 

rable electrical performance to commerical hias-tees, with 
a significant reduction in circuit area, but lower current 
handling capability. The area is reduced by a factor of 
100, while the current is reduced by a factor of 10. The 
small size of the inductors allows topologies with multiple 
inductors in series and parallel combinations to double 
the current delivered to the circuit without changing the 
inductance. 

The measured inductance is 18 nH, and the measured 
self-resonant frequency of these micromachined inductors 
is 18 GHz. These inductors are capable of handling 50 mA 
before being damaged by current heating. The metal layer 
available in the MUMPs process is thinner than the skin 
depth, which increases the series resistance of the inductor 

Z.25x1.8x0.2mm3 2.54xZ.54x1.6cm3 
4mm2 6.45cm2 

and lowers the Q (although the inductor Q-factor is not 
critical for this particular application). Based on measured 
series resistance the Q-factor is estimated to be around 
40. Electroplating techniques will provide a higher Q and 
larger current handling capabilities. 

ACKNOWLEDGMENTS 
The authors would like to thank Dr. K. Harsh, K. 

Ishikawa, A. Laws, F. Faheem, and Dr. H. Zhang at 
the University of Colorado Department of Mechanical 
Engineering for the tether and interlocking bonding pad 
design [8]. 

REFERENCES 
[ I ]  H. Lakdawala, X. Z. Zhu, H. Lua, S. Santhanam, L. R. Carley, 

and G. K. Fedder, “Micromachined High-Q lnducton in a 0.18- 
mm Copper Intemnnect Low-K Dielectric CMOS Process:‘ IEEE 
Journal of Solid-State Circuits, vol. 37, pp. 3 9 U 0 3 ,  Mar. 2002. 

[21 C.-H. Chen, Y.-K. Fang, C.-W. Yang, and C. S. Tang, “A Deep 
Submicron CMOS Process Compatible Suspending High-Q Induc- 
tor,” IEEE Elecmn Device Letters, vol. 22, pp. 522-523, Nov. 
2001. 

[3] J. Park and M. Allen, “Packagmg-Compatible High-Q Micmin- 
ducton and Microfilten for Wireless Applications:’ IEEE Trans- 
actions on AdvancedPackaging, vol. 22, pp. 207-213, May 1999. 

[4] I.-B. Yoon, K. B.4, Y.4. Choi, and E. Yoon, “3-D Construction 
of Monolithic Passive Components for RF and Micmwave ICs 
Using Thick-Metal Surface Micromachining Technology:’ IEEE 
Transactions on Microwave 7 k m y  ond Techniques, vol. 51, pp. 
279-288, Jan. 2003. 

[SI V. M. Lubecke, E. P. Barber, and L. A. Fetter, ”High-Q MEMS 
far Wireless Integrated Circuits,” in 5th I~tmotionnl  Conference 
on TELSIKS 2001, vol. 1, Yugoslavia, Sept. 2001, pp. 203-209. 

[6] L. Fan, R. T. Chen, A. Nespola, and M. C. Wu, “Universal MEMS 
Platforms for Passive RF Components: Suspended Inductors and 
Variable Capacitors,” in Proceedings of the Eleventh Annual 
Inrernationnl Workshop on Micm Elecm Mechaniccl Systems, 
Heidelberg, Germany, Jan. 1998, pp. 29-32. 

[7] G. W. DahlmaM, E. M. Yeamnn,  P. R. Young, 1. D. Robenson, 
and S. Lucyszun, “MEMS High-Q Micmwave Inductors Using 
Solder Surface Tension Self-Assembly:’ in IEEE lnternotionol 
Microwove Symposium Digest, vol. I, Phoenix, AZ, 2001, pp. 329- 
332. 

[XI A. Laws, F. Faheem, H. Zhang, and Y. C. Lee, “Design Rules 
for MUMPs Tether Flip-Chip Bonded MEMS:’ Symposium on 
M E M S m M S  Packaging, 2003, to be published 

191 A. Singh, D. Honley, M. Chon, A. Pisano, and R. Howe, “Batch. 
Transfer of Micmsmctures Using Flip-Chip Solder Banding:’ 
IEEE Joumol of Micme[ectmmechanical Systems, vol. 8, pp. 27- 
33, Mar. 1999. 

[IO] V. MilanoviC, M. Marharbiz, and K. Pister, ”Batch Transfer 
Integration of RF Micmrelays,” IEEE Micmwove and Guided 
Wave Letters, vol. IO, pp. 313-315, Aug. 2000. 

[ I l l  M. Maharbiz, M. Cohn, R. Howe, R. Homwitz, and A. Pisano, 
“Batch Micropackaging by Compression-Bonded Wafer-Wafer 
Transfer,” in IEEE Conference on Micm Elecm Mechonicol 
systems, 1999, pp. 4 8 2 4 8 %  

1121 K. Harsh, W. Zhang, V Bright, and Y. Lee, “Flip-Chip Assembly 
for Si-Based RF MEMS:’ in Proceedings of the Twerfth IEEE 
lntmotionol Conterence on Micmelectmmechonicnl Systons, Or- 
lando, FL, Ian. 1999, pp. 273-278. 

[I31 “Model 5545 Bias Tee:’ Picosecond Pulse Labs, May 2001. 

494 


