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Abstract — A new design for a CW-mode optically
controlled microwave switch (CW-mode OMS) on a
semiconductor coplanar waveguide (CPW)} is investigated,
which is based on a silicon (Si) substrate etching for both top
and bottom to confine the optically generated free-carriers.
We fabricate the CW-mode OMS with and without carrier-
confinement structures using a micro-fabrication technique,
and the insertion loss is measured and compared. With the
new carrier-confined CW-mode OMS, we are able to obtain
less than 2 dB of insertion loss which is an improvement of
more than 5 dB from without the carrier-confinement
structure. Also, more than 20 dB of the ON/OFF difference
is obtained up to 20 GHz,

[, INTRODUCTION

There has been an increasing interest in the photo-
conductivity effect to control microwave solid-state
devices which offers several advantages, such as fast
response, immunity from electromagnetic interference,
high power handling, good isolation between controlling
and controlled devices, and possibilities for monolithic
integration [1]. One of the basic applications for the
photoconductivity effect as a switch is a direct excitation
of the gap on a semiconductor transmission line using a
laser light source. Thus, the transmission characteristics
can be controlled by the amount of optically generated
free-carriers, which can be used for a switching device or
an attenuator.

Initial studies on OMS employed pulse-mode
microwave devices using picosecond laser sources [2].
Later, CW-mode optically centrolled microwave devices
were developed for switches and attenuators. With the CW
illuminations, the loss of optically generated free-carriers
due to recombination and carrier diffusion cannot be
ignored. Although the CW-mode microwave switching
devices have been investigated analytically and
experimentally [3]-[5], the best-case insertion loss in the
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mode photoconductivity devices, there are limitations in
improving the insertion loss of the CW-mode OMS only
with an increase of the incident optical power. Based on
our experiments, it was very difficuit to obtain less than 7
dB of insertion loss with a standard CPW structure having
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a 25 wm gap at a frequency range 0.5 to 20 GHz [6]. This
may suggest that the CW-mode OMS requires a proper
carrier-confinement technique to obtain better insertion
loss.

In pulse-mode OMS, the recombination rate is not an
important factor. Thus, a direct bandgap material such as
GaAs can be effectively used to reduce the switching
speed. However, in the CW-mode operation, the number
of optically generated free-carriers is directly related to the
recombination rate of the substrate material. In the steady
state, the number of optically gcnerated free-carriers is
given by {7]

An= aI(co)

— —(1-R)St 1
where o is the absorption coefficient, f{w) is light
intensity, Awis the photon energy to excite electrons, R is
the surface reflectivity, § is the relative spectral response
of the semiconductor material exhibiting a peak response
at Ay and 7is the recombination rate or a carrier life time.
Although (1) neglects some phenomena such as carrier
diffusion and surface recombination, it provides a critical
point for the selection of 2 substrate material. In general, a
substrate with a longer lifetime can maintain a higher free-
carrier density at the expense of switching speed. This will
restrict the choice of the substrate material to an indirect
bandgap material such as a Si wafer for the CW-mode
operation, and the diffusion length of the optically
generated free-carriers will be getting longer with a longer
life time. Thus, it is expected that the physical
confinement of the free-carriers will be important to
improve the insertion loss, which can be done by Si
substrate etching.

II. DESIGN AND FABRICATION

The basic confining idea is to make grooves around the
gap area, which can be implemented by Si substrate
etchmg Fig. 1 shows a proposed groove design. The
groove patterns are two separated regions. One pattern is
located between the ground plane and the signal line
around the gap area (dark gray) and the other pattern is on
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Fig. 1. A new camrier-confined OMS with etching patterns.

the signal line (bright gray)., The most effective way to
confine the carriers is an encapsulation of the exciting arca
with the air gap by the substrate etching, but it may not be
a possible process without the disconnection of the signal
line. Thus, we can make etching patterns only partially on
the signal line for further confinement. If we make a
narrower signal line, we can confine more carriers, but
there will be more reflections at the narrower signal line
due to impedance change especially at the high frequency
range. However, numerical simulation results showed that
the loss due to the narrower signal ling was less than 0.5
dB, which may not be significant. Another way to confine
the carriers is to minimize the substrate thickness. The
thickness of the Si wafers we use is approximately 380
um. Although we confine the carriers horizontally, there is
large space to diffuse out to the bottem. Thus, it is
expected that a thinner substrate can confine the carriers
more effectively, The thinner substrate can be made with
the backside etching of the substrate after the final process
step. However, less than 50 pm will be too thin to handle
the next step based on our experience. Fig. 2 shows a
picture of the fabricated sampie. The actual etching areas
are larger than the designed areas. We use a dry etching
technique with a Trion RIE, which has under cutting
problems due to the isotropic Si etching. Therefore, this
under cutting problem should be considered in the etching
pattern design.

A simple micro-fabrication technique is applied to
make the CPW line patterns and groove patterns on a
high-R (~ 5000 Q.cm) Si wafer. Cr and Au are deposited
for 200 A° and 5000 A°, respectively, using an E-beam
evaporator. A metal wet-eiching technique is used for
obtaining the CPW line patterns. Then, the second
photolithography for the etching pattern and the RIE Si
etching is conducted. A thin silicon dioxide layer on a Si
wafer reduces the surface recombinatien rate, which may
increase the number of generated free-carriers, However,

Fig.2. A picture of the fabricated sample with a carrier-
confinement structure.
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Fig.3. Measurement setup.

there may be a heat dissipation problem with a thick
silicon dioxide layer. Thus, the silicon dioxide layer is
thermally deposited before the device fabrication to
observe the effect of the silicon dioxide thickness.

Fig. 3 shows the measurement setup. An Ar laser (A=
488 nm) is used for an incident optical power, and the
light is guided through the multi-mode optical fiber. The
maximum optical power at the tip of the fiber is
approximately 30 mW. The transmission characteristics
are measured with a vector network analyzer (HP8720D)
and a 3D microwave probe station at a frequency range
from 500 MHz to 20 GHz.

IIE. MEASUREMENT RESULTS

Several samples are fabricated and tested to observe the
carrier-confinement effect with the new design and the
silicon dioxide thickness effect. All the measurements are
‘Thru' calibrated with a reference line having no gap, and
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Fig. 4. Insertion loss measurements for a different silicon
dioxide thickness at 6 mW,

the insertion loss can be read directly from the plot. Fig. 4
shows the measured insertion loss for a different silicon
dioxide thickness as a function of frequency at 6 mW
incident optical power, As shown in Fig. 4, a thin oxide
layer improves the insertion loss, but the improvements
depend on the layer thickness. With the measurements, the
silicon dioxide thickness is optimized around 100 A”,

Fig. 5 shows both insertion loss (a) and ON/OFF
difference (b) with and without carrier-confinement
structure as a function of frequency at 20 mW incident
optical power. As shown in Fig. 5, both insertion loss and
ON/OFF ratio are significantly improved with the carrier-
confinement structure and a thin silicon dioxide layer.
Each groove pattern on top of the substrate improves the
insertion loss less than 1 dB because the improvements
include the effect due to the thin silicon dioxide layer.
Rather, substrate etching reduces the insertion loss more
substantially. Fig. 6 shows the insertion loss as a function
of incident optical power at 6 GHz. The insertion loss is
decreased linearly with the higher optical power up to 5
mW, and it is saturated at approximately 20 mW. Finally,
less than 2dB of insertion loss and better than 20 dB of the
ON/QFF difference are obtained with the new carrier-
confinement structure and a thin silicon dioxide layer.

IV. NUMERICAL SIMULATIONS

To analyze the experimental results, the transmission
characteristics of the CW-mode OMS are simulated in
terms of the effective photoconductivity and the effective
plasma depth of the gap region {3] with the finite element
code HFSS (High Frequency Structure Simulater). The
maximum number of optically generated free-carriers on
the surface in the steady state can be obtained from (1),
which does not consider the carrier diffusion, and the
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Fig. 7. HFSS simulation results for insertion loss compared

with the measured data.

photoconductivity due to the optically generated free-
carriers is expressed by

G, = qhnljt, +itp) @)

where ¢ is the electrical charge, An is the number of
optically generated free-carriers, and 4, and p,are the
mobilities of electrons and holes, respectively. We
suppose that the effective photoconductivity of the gap
region (Ao, ) is the same as 4o, for /e from the
surface. Then, the Ao,y becomes 5 x 10° S/m with 88
Wiem® of the incident optical power density which
corresponds 10 mW with 120 pm beam diameter, and the
effective plasma depth is 1 pm. This shows that the gap
becomes a good conductor if the carrier diffusion can be
ignored, Other quantities used for the calculation are;
a=1x10*cm™, £=10"* sec, 5=0.5, R=0.3. As expected,
close to 0 dB of the insertion loss is obtained from the
HFS8 simutations with Ag 4 =5 x 10® S/m.

Although a carrier diffusion is considered, and the
plasma depth is getting longer, the photoconductivity
around the surface area is still an important factor for the
insertion loss. Thus, the effective photoconductivity for
the 3 um from the surface as an effective plasma depth is
obtained from the measured insertion loss and the HFSS
simulations. Both HFSS simulation results and the
measured insertion loss are shown in Fig. 7. From the
comparison, it is estimated that the effective conductivities

are 6200 S/m and 640 $/m for with and without carrier
confinement structure, respectively, at 20 mW. Therefore,
approximately 10 times higher effective photoconductivity
is obtained with the new carrier- confinement technique.

V. CONCLUSION

The best-case insertion loss has been measured for the
CW-mode OMS with a new carrier-confinement structure,
which is implemented by the Si substrate etching around
the gap area. Without a carrier-confinement structure, it
has been very difficult to obtain less than 7 dB of the best-
case insertion loss with maximized optical power.
However, the new carrier confinement structure improves
the insertion loss more than 5 dB. Finally, we have
obtained less than 2 dB of insertion loss and better than 20
dB of the ON/OFF difference with the new design, Also,
approximately 10 times higher effective photoconductivity
has been achieved for the effective plasma depth with the
HFSS simulations.
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