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GaAs PIN Diodes for X-Band Low Loss and High Isolation Switches”
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Abstract: GaAs PIN diodes optimized for X-band low loss and high isolation switch application are presented. The impact
of diode physical characteristics and electrical parameters on switch performance is discussed. A new structure for GaAs
PIN diodes is proposed and the fabrication process is described. GaAs PIN diodes with an on-state resistance of <{2. 2Q) and
off-state capacitance <C20fF in the range of 100MHz to 12. 1GHz are obtained.
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1 Introduction

Monolithic microwave circuit
(MMIC) switches are widely used in millimeter-wave
communication systems as a result of recent progress
in MMIC technology''**'. For such applications, swit-

ches need low insertion loss and high isolation. GaAs

integrated

PIN diodes are generally considered as candidates for
such MMIC switches because of their high power-
handling capability,low on-state resistance,and high
switching cutoff frequencies. A vertical epitaxial
structure is commonly used in GaAs PIN diodes™
since they can provide lower RF impedance under
forward bias than planar ion-implanted PIN struc-
tures'*'. The disadvantage is the generation of parasit-
ic MIM capacitors.

In this paper,the characteristics of the GaAs PIN
diodes are analyzed and the impact of diode parame-
ters on switch performance is discussed. Based on
physical analysis,a new GaAs PIN diode structure is
proposed and the fabrication process is presented. The
measurement showed C, < 20fF at — 10V reverse bi-
as and R,,<<2.2Q at +10mA forward bias.

2 Design of GaAs PIN diodes

To obtain insight into the influence of the PIN
diode parameters on the switch performance,a SPST
switch with a single GaAs PIN diode in a shunt con-
figuration is investigated. The shunt configuration
minimizes the through insertion loss and maximizes
the isolation. Figure 1 shows the schematic of SPST

switches with a bias network.
The maximum-achievable isolation and the mini-
mum-achievable insertion loss of the investigated

switch are given in Egs. (2) and (3",

Isolation(SPST — 1diode) = ZOlg[l + 2%30 ] 2)
Insertion(SPST — 1diode) = 10lg[1 + (nfCoZ,)*]

(3)
where Z, is the characteristic impedance of the trans-
mission line, R,, is the diode on-state resistance, and
C. is the diode off-state capacitance. Equation (2)
indicates the isolation of the SPST switch will im-
prove by reducing the diode on-state resistance. A
small R,, is crucial for minimizing the voltage drop
across the PIN diode, thus improving the signal isola-
tion of the switch. Equation (3) shows that the inser-
tion loss depends primarily on the off-state capaci-
tance. A small Cy can effectively reduce the signal
leakage through the reversely biased diode.

A commonly used device structure, proposed by
Takasu™ ,is shown in Fig. 2. When the diode is for-
ward biased.the diode impedance is small because the
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Fig.1 Topology of single pole single throw switch
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Fig.2 GaAs PIN diode structure proposed by Takasu

i-layer is filled with carriers and the depletion capaci-
tance is very large. When reversely biased, the i-layer
is depleted of carriers and the impedance is very
high. The depletion capacitance becomes smaller as
the depletion width increases. Differences in high-
frequency impedance of the diode between the on- and
off-states lead to its application in MMIC switches.

To maximize switch isolation,a small R, is pre-
ferred. The total small-signal on-state resistance R,
of the diode is composed of the resistance of the i-lay-
er,resistance of the n*- and p” - layers,and parasitic
contact resistance. The resistance of the i-layer is neg-
ligible due to conductivity modulation effect” . R,, is
dominated by the resistance of the n” - and p” -layers.
To minimize the value of R,,. p" - and n"-layer
should be highly doped. Meanwhile, proper contact
metal should be chosen to minimize contact resist-
ance.

To minimize switch insertion loss, diodes with
small C, are necessary to prevent signal leakage
through the off-state diode. The total small-signal off-
state capacitance C,; is composed of the depletion ca-
pacitance and parasitic capacitance. When i-layer
thickness increases,the depletion width increases and
off-state capacitance decreases, which results in sig-
nificant improvement in insertion loss. However, un-
intentional doping of the i-layer limits the maximum
depletion width to about 1pm for given off-state bias
and prevents further improvement of the insertion
loss for thicker i-layers.

Therefore,in order to obtain a low-loss and high-
isolation switch,GaAs PIN diodes should be designed
with small size,a thick i-layer,and highly doped n" -
and p" -layers.

The diode structure is another important design
consideration. In the structure proposed by Takasu,
the n* -layer is circular. An air-bridge is important to
eliminate the parasitic MIM capacitor. Since the p” -

Fig.3  Cross-section and platform of new structure of GaAs
PIN diodes

and i-layer step can be as high as 10pm (for high
power-handling capability applications),it is difficult
to fabricate an air-bridge to cover the step. To over-
come this issue,a new structure for GaAs PIN diodes
is proposed, as shown in Fig. 3. Here, the n" -layer is
designed to be semicircular instead of circular. Thus,
no parasitic MIM capacitor will be generated.

3 Fabrication of GaAs PIN diodes

The cross section and platform of the GaAs PIN
diode are shown in Fig. 3. The diodes were manufac-
tured on a molecular beam epitaxy (MBE) grown ma-
terial. The p' - and n" -layer were highly doped with a
concentration of 1X 10" ~5 X 10" ¢cm™* (gradually in-

creasing) and 3 X 10® cm™°

to minimize the on-state
resistance. To maximize the off-state capacitance, di-
odes with different n +-layer radii and i-layer widths
were implemented and the optimum values were
found to be 12um and 3pm, respectively. The diodes
were fabricated on circular mesas using wet etching
with H, PO, : H,O, : H,O=2 : 3 : 30 solution. P-type
metal contacts made of Pt/Ti/Au were deposited on
the p"-layer. Ni/Ge/Au/Ge/Ni/Au contacts were
then deposited on the n”-layer. Both contacts were
annealed at 375C for 1lmin. Diodes were passivated
with 0. 5pum Siz;N, . Electroplating was used to imple-
ment the electrode down-leads instead of evaporation
since the evaporation is anisotropic and cannot cover
p" - and i-layer steps tightly, whereas the clectropla-
ting is isotropic.

4 Results

The de-embedded ABCD-parameter of the on-
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Fig.4 Small signal parameter of GaAs PIN diodes (a) On-

state ABCD-parameter;(b) Off-state S-parameter

state and the S-parameter of the off-state are shown
in Fig. 4. From the on-state ABCD-parameter,the on-
state resistance R,,, which is frequency dependent,
has a maximum value of 2. 2Q) at + 10mA forward bi-
as from 0.1 to 12. 1GHz. R, could be further reduced
by improving the p* - and n" -layer doping concentra-
tion. To calculate the off-state capacitance, the S-
parameter is transformed to an ABCD-parameter and
Eq. (3) is then applied. C,; is found to be less than
20fF at — 10V reverse bias from 100MHz to
12. 1GHz,as shown in Fig. 5. DC characterization of
the diodes demonstrated turn-on voltage V,, = 1.1V
and reverse breakdown voltage V, = — 78V, respec-
tively. The diode cut-off frequency, which is a com-
monly used figure of merit, is about 3.6THz by
Eq. (4).The low on-state resistance and low off-state
capacitance together with the high cut-off frequency
of the GaAs PIN diode validates its feasibility on high
frequency high performance MMIC switch applica-
tions. The comparison between this work and previous
resecarch in terms of on-state resistance, off-state ca-
pacitance, bias condition, p*-layer area, and i-layer
width is summarized in Table 1.

fIGHz

Fig.5 Off-state capacitance versus frequency

Table 1 Comparison of the diode performance between this
work and previous research
Ron Cost Ion Vott Area i-layer
/Q /fF /mA /V /pm? | width/pm
This work 2.2 20 10 - 10 452 3
Ref.[7] 1.5 65 30 -5 1962 3
Ref.[8] 1.6 32 10 0 615 NA
Ref.[9] 2.2 30 10 0 2122
Ref.[10] 3.7 27 5 - 10 113
Ref.[11] 5 35 30 0 NA 1.2
Ref.[12] 5 20 NA NA 36 1
Cog = ——— 1 (3)
w X imag(ABCD(1,2))
1
I = 2RuC W

5 Conclusion

A new structure for GaAs PIN diodes was pro-
posed for X-band low-loss and high-isolation MMIC
switches. The fabrication process was then described.
The low on-state resistance.,low off-state capacitance,
and high cut-off frequency of the GaAs PIN diode
validates its feasibility on high frequency high per-
formance MMIC switch applications.

GaAs PIN diode material was of-
fered by the Institute of Physics,Chinese Academy of
Sciences. Device measurement was
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