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Abstract

Compact SPST switches using an InGaAs PIN diode have been developed for broadband MMIC applications.
The cut-off frequency which is a figure of merit of the InGaAs PIN diode is obtained to be 5.1 THz. Three
different circuit schematics were designed to compare the switch performances. For high-performance of the
InGaAs PIN switches, the bias networks and DC blocking capacitors are monolithically integrated. The InGaAs
PIN switches were successfully fabricated by using a developed benzocyclobutene(BCB)-based multi-layer
MMIC technology. The multi-layer structure and meandered microstrip line configuration effectively reduce the
chip area of the SPST series-shunt-shunt type PIN switch to 0.92 x 0.70 mm2. The good microwave
performance and broadband characteristics have been achieved from the fabricated MMIC switches.

I. Introduction
Millimeter-wave switches are key components in p+ Material Thickness Doping Level

communication systems with the increasing demands for lnGaAs 500 A 8 x 1019 (C)
high-frequency front-end transmitter-receiver modules [1]. To n+ lnGaAs 13,000A 5 x 1014 (Si)
realize monolithic microwave integrated circuit (MMIC) n+sub-collector InGaAs 3,000 A 3 x 1019 (Si)
switches with low-insertion loss, high isolation and high Buffer InP 7,000 A 3 x 1019 (Si)

Substrate
power handling capability, a PIN diode is widely used as a __Substrate_l
high-speed switching device [2-3]. Especially, an InP-based Fig. 1. Schematic cross-sectional view and epi-structure of the
InGaAs PIN diode offers several advantages of lower turn-on InP-based PIN diode.
voltage, higher cutoff frequency, higher electron mobility and
compatibility with InP-based HBTs. The other important issue
in MMIC design is the chip size which is directly related to II. Characteristics of the InGaAs PIN Diode
the chip cost. Hence, a 3-D MMIC technology is particularly The schematic cross-sectional view and epi-structure of the
attractive for realizing the embedded components. Several InP-based PIN diode are shown in Fig. 1. The epi-structure of
different techniques of compact MMIC designs have been the InGaAs PIN diode for high frequency MMIC applications
developed and reported recently [4-5]. was designed by the theoretical study and silvaco simulation

In this work, we present the design and fabrication of result. The InGaAs PIN diode has a homojunction structure of
broadband InGaAs SPST PIN switches based on a developed a 1.3 pim thick InGaAs intrinsic layer and InGaAs p+/n+
benzocyclobutene (BCB)-based multi-layer technology. The ohmic layers. The p- and n-ohmic contacts were formed using
intrinsic circuit area of the fabricated InGaAs SPST PIN the metal evaporation (Pt/Ti/Pt/Au and Ti/Pt/Au) and lift-off
switch is significantly reduced compared to that of the processes. The mesa isolation process was performed using
conventional GaAs PIN MMIC switches by using a 3-D selective wet chemical etching. InGaAs PIN diodes with a
MMIC technology. The basic characteristics of the InGaAs mesa area of 12 ptm x 12 ptm and spacing between p-and n-

PIN diode are described in Section II. The circuit ohmic contacts of 2 ptm were characterized using an on wafer
measurement setup. The fabricated PIN diodes showed a lowconflauration and oDerating, DrinciDle of the Droposed switch 2---.I1turn-on voltage of 0.40 V (@ 10 A/cm2) and a high reverseare dscriedinSecton II. InSecton IV a poces breakdown voltage of 34 V (@S 100 A/cm2). In addition, the

technology that integrates PIN diode and passive elements obaie onsaerssac. Rn) f13~ n f-tt
monolthiclly sintoducd. Te mesuredresuts o thecapacitance (C0ff) of 24 fF were found to be lower than those

proposed switches are discussed in Section V.
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Input I --|output Fig. 3. Schematic cross-sectional view of the monolithically

integrated InGaAs PIN switch.

DC Bias1 DC Bias 2 The design of thin-film microstrip lines of the quarter

wavelength was performed by simulating the meandered
structure using a commercial full-wave 3-D EM simulator

- - - - (Ansoft HFSS). As a result, the circuit area of the designed
(c) InGaAs PIN switch in this work has been reduced by about

Fig. 2. Circuit topology of the InGaAs SPST PIN diode 4000 with comparable microwave performances. The voltage
switches (a) shunt type (b) shunt-shunt type and (c) series- of DC bias networks for switching operation is controlled
shunt-shunt type. relatively. When the signal line path is on state, a negative

bias on the DC bias 2 or 3 draws the current through the
of a GaAs PIN diode of similar dimension [6]. The cut-off series PIN diode, which is dc-grounded at the DC bias 1, with
frequency (f7=l/21cR0,C0ff) which is an important figure of the shunt diodes reverse biased. On the contrary, a negative
merit of PIN diodes is obtained to be 5.1 THz. This result bias reverse-biases the series PIN diode for the off state,
indicates that the InGaAs PIN diode is very promising for RF while forward-biasing the shunt diodes for the on state. The
and millimeter-wave MMIC applications. lkQ resistance value in each arm of the bias network was

designed to provide the current flow of 3 mA in on and off

III. Circuit Configuration and Operating states. Operation at a higher forward/reverse bias voltage
would lower the insertion loss, but lead to an increase of the

Principle current and power consumption.
Fig. 2 shows the simplified circuit schematics for single-

pole single-throw (SPST) switches with the integrated bias
networks. Three different circuit schematics were designed to IV. BCB-based 3-D MMIC Technology
compare the switch performances. In this work, the compact The InGaAs PIN switch was fabricated by using the
broadband SPST switches have been developed using the developed benzocyclobutene(BCB)-based multi-layer MMIC
optimized InGaAs PIN diode structure, where the MIM technology [7]. In this work, BCB was used for the dielectric
capacitors, thin film resistors(TFR) and thin film microstrip layer of multi-layer structure due to the advantages of low
lines(TFMS) are monolithically integrated. DC blocking MIM values of dielectric constant (6r=2.65), loss tangent (0.0008),
capacitors at input/output ports were connected in series with curing temperature (210°C) and good planarization by low
the signal line for performing independent biasing and DC viscosity (52 cSt). The schematic cross-sectional view of the
isolation. The thin-film resistor of 1 kQ in each arm of the monolithically integrated InGaAs PIN switch is shown in Fig.
bias network was used to control the bias current and prevent 3. As stated above, the InGaAs PIN diode was fabricated
an additional loss. The shunt capacitors at bias networks based on the fabrication technology, in which selective wet
improved the noise immunity and stability. Shunt/shunt- chemical etching and nonalloyed metallization were used. A
shunt/series-shunt-shunt switch topologies were chosen to 300 A NiCr layer was evaporated to form thin-film resistors
compare the overall RIF performance. The transmission lines with a sheet resistance of 25 Q./w at the target frequency band.
between the shunt diodes improve isolation characteristics. The bottom ground plane, and the 1st and 2nd poles were
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Fig. 4. Microphotograph of the fabricated InGaAs SPST PIN 25 _____. ___. _____________ 25
-2 -25switch of series-shunt-shunt type. 5 10 15 20 25 30 35

Frequency (GHz)
evaporated by using a thermal evaporation process (Ti/Au). (a)
The 1st BCB layer was spin-coated and cured at 210°C for 0 0
device passivation. Following the etch-back process with low
RF power for good surface uniformity, a 3000 A SiNx 5 -- -- -5
dielectric layer for forming MIM capacitors with a
capacitance per unit area of 160 pF/mm2 was deposited by o
PECVD. After the 3rd pole was formed by an electro-plating X -15 -15
process, the 2nd BCB layer was spin-coated, cured and etched. 0
Finally, an Au evaporation process was used for the device 0
interconnection. A microphotograph of the fabricated InGaAs -25 1 -25 WU)~ ~~~~~~~~~~~~~C

SPST MMIC PIN switch of series-shunt-shunt type is shown
in Fig. 4. The multi-layer structure and meandered microstrip - 30 30
line configuration effectively reduce the chip area of the 35 -

'III35
SPST switch to 0.92 x 0.70 mm2. 5 10 15 20 25 30 35

Frequency (GHz)
V. Measurement Results (b)

On-wafer S-parameter measurements of the fabricated PIN 0 0
switches were performed using a network analyzer (HP 5...-. -5
85 1OC). The diode in the on state arm was biased at 3 mA (8
V DC) while the diode in the off state arm was biased at 3mA tn

0(-5 V DC). First, insertion loss of the InGaAs SPST PIN -15 -15 °-
switch of shunt type is measured to be less than 0.9 dB @20 20 -20 0
GHz and is less than 2.2 dB from 2 to 38 GHz. In addition,
isolation is larger than 18 dB @ 20 GHz and is greater than . 25 _ .-2 5 X
14 dB from 2 to 38 GHz, as shown in Fig. 5 (a). As can be a -30 --*30
seen in Fig. 5 (b), insertion loss is less than 1.2 dB @20 GHz
and 2.8 dB at the band of interest. Moreover, isolation is -
found to be higher than 28 dB @ 20 GHz and 16 dB from 2 to -40 5 1 1 2 -40

5 10 15 20 25 30 35
38 GHz. Higher isolation properties in spite of some
additional loss is due to the presence of the second shunt Frequency (GHz)
diode in the signal path. To enhance the isolation (c)

Fig. 5. Measured RF performance of the InGaAs PIN diode
TABLE I switches (a) shunt type (b) shunt-shunt type and (c) series-

Summary of performance comparison for the fabricated shunt-shunt type.
InGaAs SPST PIN switches.

Switch IL Isolation T characteristic at lower frequency band, a series PIN diode is
type (@20 GHz) (@20 GHz) Area added. Insertion loss of the PIN switch of series-shunt-shunt

lM2l type is less than 1.4 dB @ 20 GHz and it is lower than 3 dB
Shunt 0.9 dB 18 dB 0.93XO.66 mm2 from 2 to 38 GHz. In addition, isolation is higher than 30 dB
Shunt- | 1.2 dB 28 dB 1.00x0.71 mm2 @ 20 GHz and 35 dB from 2 to 38 GHz, as shown in Fig. 5
shunt ________._. (c). The InGaAs PIN switch of the series-shunt-shunt type has

Shunt-shunt 1.4 dB | 30 dB 0.92XO.70 mm2 been demonstrated good broadband characteristics. Theshunt-shunt_ 1______ 1____ _ _________ overall performance comparison of the fabricated switches is
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summarized in Table. I. The measured losses from the frequency divider using an InP-based monolithic
fabricated IC were due to the slightly varied component RTD/HBT technology," IEE Electronics Letters, vol. 42,
values of the DC blocking capacitor and thin film microstrip no. 1, pp. 36-37, Jan. 2006.
line in the IC process. Return loss of the overall InGaAs
SPST switches at the input and output ports is better than 10
dB from 2 to 38 GHz. The good overall RF performances and
broadband characteristics have been achieved from the
fabricated 3-D InGaAs SPST PIN switches.

VI. Conclusion
In summary, broadband compact InGaAs SPST MMIC

PIN switches have been fabricated and characterized using a
3-D MMIC technology. These SPST switch ICs show
compact chip sizes of 0.93 x 0.66 m2, 1.00 x 0.71 m2 and 0.92
x 0.70 m2 which are about 60 00 of the chip size of the
conventional PIN Switch ICs. In addition, the fabricated
MMIC switches showed good overall RF performances.
These results indicate that the proposed InGaAs SPST PIN
switches are very promising for high density and wideband
MMIC applications.
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