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Abstract: A DC to 5GHz series MEMS switch is designed and fabricated for wireless communication applications,
and thermal effect and power handling of the series switch are discussed. T he switch is made on glass substrate, and
gold-platinum contact is used to get a stable and little insert loss. From DC to 5GHz, 0. 6dB insertion loss, 30dB iso-
lation, and 30us delay are demonstrated. T hermal effect of the switch is tested in 85°C and - 55°C atmosphere sepa—
rately. From DC to 4GHz, the insert loss of the switch increases 0. 2dB in 85°C and 0.4dB in - 55C, while the iso-
lation holds the same value as that in room temperature. To measure the power handling capability of the switch,
we applied a continuous RF power increasing from 10dBm to 35. 1dBm with the step of 1. 0dBm across the switch
at 4GHz. The switch keeps working and shows a decrease of the insert loss for 0. 1~ 0. 6dB. The maximum continu-

ous power handling (35. 1dBm, about 3.24W) is higer than the reported value of shunt switch (about 420mW),

which implies series switches have much better power handling capability.
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1 Introduction

MEMS technology provides a new chance to
the fabrication of RF devices for super performance
and low cost. These devices have low loss, broad
band and negligible current consumption'"”, which
have been exploited to fabricate phase shifters with
very low loss'™™. They have also been used to de-
velop a new class of MEMS tuned LC filters which
operate at frequencies up through 3GHZ". The use
( MEMS)

brings several advantages to applications including

of microelectromechanical systems

the design of phased antenna arrays and broadband

receivers at microwave and millimeter-wave fre—
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The switch is arguably the paradigm RF-
MEMS device. The switches can be categorized by
the following three characteristics: (1) RF circuit
configuration: ( 2) mechanical structure; (3) form
of contact. Each type of switch has certain advan-
tages or drawbacks in performance, but two types
stand out because of their continued pursuit by
several different research groups: (1) the can-
tilever— or spring-actuated switch having a metal
beam on the free end of the cantilever that forms
an series-configured metalto-metal contact'” and
(2) the self-actuated bridge switch that forms an
metal-insulator-metal

parallel-configured con—

tac.tl % .
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Significant effort is underway to optimize the
fabrication and packaging processes associated with
the manufacture of MEMS switches. Process ad-
vancements via formation through thick silicon
substrates and wafer level packaging are in
work''"”". Signification effort is also underway to re—
duce manufacturing variability within the fabrica—
tion processes to improve the lifetime of switch—
es'"!. Recent improvements in processing have en—
abled orders of magnitude improvement in switch
lifetime.

In commercial view point, shorter range, mod—
est RF power, and smaller distributed systems are
used widely, especially in cellular wireless network
like individual terminals or nodes of the network.
The popular digital cellular and personal communi-
service ( PCS) 0.9
2.4GHz, and in the nearly future, to 35.06GHz.

Therefore, switches banding around 0.9 to 5. 6GHz

cations bands around to

are possess of the significant market merits.

In these applications, RF power may be ap-
plied to the switch. These RF power levels and
their effect on the switch need to be explored to de-
cide what applications the switch can be used effec—
tively. Pillans et al.'” had measured the power
handling capability of shunt switch at 10GHz. As
the results, the power handing of a continuous
wave applications was 310mW. If the switch was
operated in a pulsed RF power mode, the power
handling was up to 4W. Pillans et al. also found
that the failure mechanism is self-actuation in high
RF power level. Thiel et al.'" presented another
failure mechanism. High RF power to the switch
produces an increase of temperature. which leads to
redistribution of mechanical stress of the switch.
T his redistribution results in a constant increase of
actuated voltage during switch operation. But there
are little research reports about the power handling
of less than 10GHz, series MEMS switch.

It is important to set up the environment’s ef-
fect on the switch in real applications, but there are
little papers about this subject. Because the MEM S

switch depends on mechanical movement to control

the microwave signal, and the mechanical parts dis-
tort with temperature change, the performance of
the switch that we proposed will shift with the sur-
rounding temperature.

We designed, fabricated, and packaged a se-
ries—configured, metalto-metal contact switch
banding around DC to 5GHz and the performance
of the switch was tested. The switch was put into
an oven set in 85°C and - 55°C separately, and the
microwave performance of the switch was tested a-
gain. Following a continuous microwave power was
applied across the switch, the insert loss was mea-
sured in different power level. At last, the switch
was fetched out from its package and observed un-

der micrograph after power testing.

2 Design consideration

A sketch diagram of the switch is shown in
Fig. 1. A transmission line is separated by a gap. a
metal strap is suspended several micron above the
gap and the metal strap is attached to the can-
tilever.

The switch in the state of isolation is shown in
Fig. 1. When actuation voltage is applied between
the upper and bottom electrodes, the cantilever is
bended down by electrostatic force and the metal
strip contacts with the two parts of the transmis-

. . . . . (11 »
sion line. Here the switch is in the on’ state.

Fig. 1 Sketch diagram of the structure of the

switch

[nsert loss, isolation, actuation voltage, and
switching delay are four important characteristics
of the switch. In the design of the switch, we need
to derive the relations between these characteristics

from the structural parameters. Generally, the res—
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onance theory is used to treat the mechanical fea— -15
. . ()
ture of the switch, and the microwave performance
of the switch accords to Maxwell equation. We use 25}
finite element analysis (FEA) in the design of the o
Tz

switch because the physical parameters are not uni- E al
form in the whole structure.

The actuation voltage and switching speed of st
the switch can be simulated by mechanical simula—
tion. We would not introduce the methods in de— . ! : i

B T re e
tails since it had been discussed thoroughly in pre- il
vious paper' . Correspondingly, the microwave
: : . s 0

performance of this kind of switch is never pro- )
posed, here we would give a detailed description on 02}
the methods and results of the microwave simula-
: ? -4}
tion.

We use HFSS, a kind of electromagnetic field E 06}
analysis software, to simulate the S parameters in
on” and Off” states. The model is shown in Fig. 08
2. The results of the electromagnetic field simula- i . e ™ 1
tion is shown in Fig. 3. From 1GHz to 5GHz, the 9 3 i Sg B M

JIGH

insert loss of the switch is lower than 0. 6dB, and

the isolation is higher than 30dB.

Fig. 3 Simulation results of the switch (a) Isola—

tion: (b) Insert loss

p" layer Photo resist

WS Sputtering Au (%) Clase

g e
(b) 0]
s p— ]
electrode
© ®
Fig. 2 Model of the switch for electromagnetic field ﬂ
simulation @
3 Fabrication )
=i
The switch was fabricated on the dissolved sil- @

icon process. The flow chart of the process is illus— ) ) )
Fig. 4 Silicon dissolved process flow for the fabri—

trated as Fig. 4. The switch was fabricated first by cation of the switch The adaptive contact is pre—
heavy boron diffusion to induce a self-stop layer in pared by aluminum sacrificial layer process.
silicon wafer (Fig. 4(a)). Lithograph and dry etch-

ing was used to prepare the anchor (Fig. 4(b)). patterned (Fig. 4(¢)). The armature and the can-

Silicon dioxide was then deposited. Following, alu- tilever of the switch were formed by another litho-

minum sacrificial layer and gold were deposited and graph and the following ICP etching (Fig.4(d)).
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Titanium, platinum, and gold electrode were
deposited on Pyrex 7740# glass and patterned by
Tift-off 7 process. It should be mentioned that
trench in glass is etched out by BHF before sput-
tering to make sure the electrode surface is higher
than glass surface for only about 50nm, the trans—
mission line was then thicken by electroplating.
(Figs.4(e), (1), (g))-

The silicon wafer and glass wafer were anodic
bonded together (Fig. 4(h) ). The pair of wafer was
put into EPW solution until the undopped silicon
was removed (Fig. 4(i)). Aluminum sacrificial lay-
er process is used to realize the adaptive contact in
the fact that the aluminum can be removed in the
EPW at the last step of the process. Thus, the spe-

cial sacrificial layer etching process is needless.

4 Testing and performance

4.1 Dynamic performance

The diagram of the dynamic testing circuit of
the switch is shown in Fig. 5. A square wave signal
was applied to the driving electrode of the switch
(across electrodes D and G in Fig. 5): a serial resis—
tor and a DC voltage source were connected across

the contact electrodes of the switch’s signal line

(electrodes S1 and S2):an Agilent 54622A oscillo-

D Driving signal
‘ L
=
e e R~ | B0
I e |
MEMS switch _I_ /
i
12V .
Switching signal

Fig. 5 Sketch diagram of MEMS switch and the

testing circuit  S1 and S2 are the two terminals of
switch, D is the driving electrode, G is the ground of
driving circuit. A driving signal is applied on the D
electrode of the switch, and the voltage drop across a

series resistor is monitored by an oscilloscope.

scope was used to observe both the driving signal
and the voltage drop on the resistor.

The dynamic performance of the switch is
shown in Fig. 6. The driving voltage is about 22V
the turn-on time delay is about 15us and the turn-—

off time delay is less than 10us.

®) |

Fig. 6

Turn-on: (b) Turn-off

Performance of the MEMS switch (a)

The below waveform is the
driving signal while the upper waveform is the

switching signal.
4.2 S parameters

The fabricated switch is mounted on a mi-
crowave carrier, and we use a HP 8510A Vector
Network Analyzer to measure the microwave S pa-
rameters of the switch. The bias of the switch is
provided by a tunable DC source. The isolation of
the switch is shown in Fig. 7, the insert loss at ac-
tuation voltage of 32V is given in Fig. 8.

The tested isolation of the switch agrees with
HFSS simulation well, but the insert loss is worse
than simulated result. There appears a peak at
about 2. 3GHz. We propose a part of microwave en-
tering the drive circuit through the dielectric be-
tween the electroplated gold membrane and the
heavily diffused silicon. As next work, we would

try to etch a shallow isolating trench in the arma-

ture to block the leaked microwave signal.
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Fig. 7 Isolation of the switch
Fig. 10 Change of isolation of the switch after high
025 and low temperature storage
-03st

Insent loas/dB
s
=L

-0.55
-0.65
o i TR R e S T
Frequency/GHz
Fig. 8 Insert loss of the switch

4.3 Thermal effect

The switch was packaged and kept in 85C for
24h, we fetched the switch out and tested with HP
8510A Vector Network Analyzer immediately. Af-
ter almost 24h storage in room temperature, the
switch was put in = 55°C for 4h, we also tested the
S parameters with HP 8510A at once. The change
of insert loss and isolation of the switch after high
and low temperature storage is shown separately in

Fig. 9 and Fig. 10.
i After =55 4h
1.5 starage

Fig. 9 Change of insert loss of the switch after high

and low temperature storage

There are two interesting phenomenons in

Figs. 9 and 10. First, the isolation of the switch

shows little change and the insert loss increases for
0.2dB at 85C and about 0.4dB at = 55C from 1
to 4GHz. Next, the performance of the switch
varies severely with temperature from 4 to 7GHz
and the locations of these peaks are similar. For ex—
ample. there are two peaks at 4. 8GHz and 6. 0GHz
in both Figs. 9 and 10.

4.4 Power handling capability

We used a microwave source (SMPO04) and a
linear power amplifier to adjust the power across
the switch and measure the insert loss by a mi-
crowave power meter ( HP438B). T he diagram of
testing circuit is shown in Fig. 11 while the relation
of the insert loss increment to the power level are

shown in Fig. 12.

Fig. 11

Diagram of measuring circuit for power ca—

pability of the switch

The insert loss decreases with the power lev—
el, which agrees with the contact resistance of the
switch, which decreases with the DC current load.
The switch can operate till the power lever increas—
es to 35. 1dB but the turn off delay of the switch
increases with power level. 24h after the test, S pa-

rameters of the switch were measured again, but
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Fig. 12 Relation of the insert loss increment to

power level of the switch

the switch was in  6ff " stage.

We opened the package of the switch and
found one of the contact regions of the switch was
burned out, even the silicon was melt. The photo-
graph of the melted point is shown in Fig. 13.
There exists a melted circle whose radius is about
40pm around one of the contact points of the
switch. Half the melted circle locates on the silicon
and the other part is on transmission line. T he
straight consideration of the formation of the melt—
ed circle is that there exists a heal source at this

contact point.

Fig. 13 Photograph of the switch after the testing

of power handling capability

5 Discussion

The continuous wave power handling of the
switch is tested up to 35. 1dBm, and the insert loss
decreases with the increasing power level. We pro-
pose that the contact material softens with the in-
creasing power and the contact region increases,
which leads to the decrease of contact resistance
and lowers the insert loss.

From DC to 4GHz, the isolation keeps con-—
stant after 85°C or — 55°C storage, while the insert

loss increases. Since two different layers make the
cantilever, we propose it distorting with tempera—
ture. If the cantilever bends higher up the glass
substrate. the isolation shows a slight increase. But
the contact force decreases by the same actuate
voltage, which leads to the increasing contact resis—
tance, and the insert loss increases, too. From 4 to
7GHz, the series switch posses some resonant
peaks, the thermal shock alters the shape of can-
tilever, and shifts the position of these peaks.
T herefore, both of the insert loss and isolation of

the switch change a lot with temperature.

6 Conclusion

In this paper, thermal effect and power han-
dling capability of the series RF MEMS switch are
reported at the first time. From DC to 4GHz, com-
pared with the value at room temperature, the in-
sert loss of the switch increases 0. 2dB in 85°C and
0.4dB in - 55°C, while the isolation holds con-
stant. In 4~ 7GHz, the performance of the switch
varies acutely, which is proposed to due to the shift
of resonant peaks. The continuous wave power
handling of the switch is demonstrated up to
35. 1dBm, which is higher than the corresponding
value of shunt switches. Next, we will try to find
the principle of thermal effects, and the failure

mechanism of the switch in high power level.
References

[ 1] BrownE R.RF-MEMS switches for reconfigurable integrated
circuits. IEEE MTT -5, 1998, 46( 11): 1868
Zhang Zhengyuan . Wen Zhiyu . Xu Shiliu ., etal . RFMEMS

switch on poly=silicon substrate. Chinese Journal of Semicon—

ductors, 2003, 24( 8) : 798

[3] Kim M, Hacker JB. A DC -to =40 GHz four —=bit RF MEMS
truetime delay network. IEEE Microwave and Wireless
Components Letters, 2001, 11(2): 56

[ 4] Malezewski A . Eshelman S, Pillans B, et al . X —band RF
MEMS phase shifters for phased array applications. 1EEE
Microwave Guided Wave Lett, 1999, 9: 517

[ 5] Schaffner J H, Loo R Y, Qian J Y, et al. RF MEMS switches

for tunable filters and antennas. MOEMS, 1999: 237



7

[6]

[7]

[8]

[9]

[10]

| Liu Miao et al.: Thermal Effects and RF Power Handling of DC~ 5GHz MEMS - 755
Brown E R. On the gain of a reconfigurable-aperture antenna. [11]  Goldsmith C, Ehmke J. Kleber J. et al. Lifetime characteriza—
IEEE Trans Antennas and Propagation, 2001, 49( 10): 1357 tion of capacitive RF MEMS switches. IEEE MTT -5 Interna—
Katehi L. P B, Rebeiz G M. Nguyen CT C. MEMS and Si-mi- tional Microwave Symposium Digest, 2001, 1: 227
cromachined components for low power, high<frequency com- [12] Pillans B, Kleber J. Goldsmith C. RF power handling of
munications systems. IEEE MTT -5 Digest, 1998: 331 capacitive RF MEMS devices. IEEE MTT =5 Digest, 2002: 329
Yao ] J , Chang M F . A surface micromachined miniture [13]  Thiel W, Tornquist K, Reano R, et al. A study of thermal ef-
switch for telecommunications with signal frequencies from fects in RF-MEM S-switches using a time domain approach.
DC up to 4GHz. In: 8th Int Conf Solid-State Sens Actuators IEEE MTT-S Digest, 2002: 235
Stockholm, 1995: 384 [14]  Flaviis F D . Coccioli R . Combined mechanical and electrical
Goldsmith C L, Yao Zhimin, Pillans B, et al. Performance of analysis of microelectromechanical switech for RF applica—
low loss RF MEMS capacitive switches. IEEE Microwave and tions. European Microwave Conference EUMC 1999, 1999:
Guided Wave Letters, 1998, 8: 269 121
Park Y K, Park H W, Mardin L. et al. A novel low loss wafer— [15] LtMiao, ZhaoZ P, HuX D, et al . Adaptive contact for im =
level packaging of the RF-MEMS devices. The Fifteenth proving the behaviors of MEMS switch. Journal of Microma—
IEEE Inter Conf on Micro Electro M echanical Systems, 2002: chining and M icroengineering. 2002, 12: 696
681

—fDC~ 5GHz SRELRUKE FF < HYRE FF IR I R AL 12 RE
BN 5 4 47

Bt OBRIER R midke? AR FE O
(1 Pl PROCERDL 22 WEE T, P 710071)
(2 b dep A TR, (R 071002)
(3T LR A, bl 100084)
(4 )b 2 S ARIE S T il Bl A R e e b B [ B R T S S, AU EE 050051)

W WA TR R MEMS TF G Be T i i L, ¢ W A RS A I b, SR G ik sl fE DC~ SGHz, #fi
/T 0. 6dB, Wi 2 BE KT 30dB, TF RS 1) 2N T 30us. 18 Fl Gl i T G 10 380 8 A 1 0 ol 2 4k BE i ) B 4T T 03, A6
DC~ 4GHz, 85°C F 4G5S N T 0. 2dB, = 55°C NS I T 0. 4dB, 1 B 25 FERE AREE AR, 76 7 & rprifi ik i1
WL 10dBm  ETF £ 35, 1dBm, JFCM4d6E T T 0. 1~ 0. 6dB, I HAE35. 1dBm( 3. 24W) FIF ik fie T1E.
BT AR 1 E T 56 J5e KA FE T 8 420m W ) A LL, % &5 3 i W) s 006 O 5 FL AT R i Bh R b i ik

XBiA: RF MEMS JF2&; SR Sh3 b fE h

EEACC: 2575; 1320
hESES: TN40S CERFRIRAS: A XERS: 0253-4177(2004) 07-0749-07

2003-10-07 Yi 31, 2003-12-27 5 K ©2004 i [E oLy





