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Phase and Amplitude Characteristics of InP: Fe
Modified Interdigitated Gap Photoconductive
Microwave Switches

INGMAR L. ANDERSSON, STUDENT MEMBER, IEEE, AND SVERRE T. ENG, MEMBER, IEEE

Abstract —The transmission amplitude and phase characteristics of
InP:Fe modified interdigitated gap (MIG) photoconductive microwave
switches are reported. Measurements in the 0.1-1 GHz frequency range
show that the phase is shifted ~ 90° and that the corresponding change in
amplitude ranges from 43 dB at 0.1 GHz to 23 dB at 1 GHz when the
illumination-induced conductance is switched from a low OFF-state value
(~4+107% S) to a high ON-state value (5 mS). The observed characteris-
tics can be described by a phase-shifting region and an amplitude modula-
tion region. In the phase-shifting region the phase strongly depends on the
conductance, and the amplitude is almost constant. In the amplitude
modulation region both the amplitude and the phase depend on the
conductance but the effect on the amplitude is much more pronounced. A
lumped-element model describing the device performance is presented. It
is concluded that these optoelectronic microwave switching devices are
suitable for high-speed amplitude modulation but are not too promising as
high-speed phase shifters.

I. INTRODUCTION

HE USE OF laser-controlled solid-state devices in

high-speed signal processing is a subject of continuing
interest. One of the devices that has received the most
attention is the picosecond photoconductive switch, first
demonstrated in Si [1] and later in GaAs [2] and InP [3].
These types of switches have been proposed and success-
fully used for the high-speed switching of electrical signals
ranging from dc [1]-[3] up to the GHz range [4]-[7]. Other
applications include high-voltage short pulse generation
[8]1-[9], high-speed sampling [10]-[12], and the generation
of high-frequency waveforms [13]-[15]. In comparison with
conventional electronic switching devices, these optoelec-
tronic devices are relatively simple to fabricate and offer
significant improvements in both switching speed and
power handling. Optical fibers can be used for distributing
the control signal, and an inherently high isolation will be
obtained. Thus, the introduction of these devices into
microwave systems may lead to new applications and
designs where high speed, low weight, and low cost are of
the utmost importance (e.g. future airborne radars).
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Fig. 1. Schematic illustration of a modified interdigitated gap (MIG)

photoconductive microwave switch.

The most widely used device structures have active
regions formed by a single gap discontinuity (SG) in a
microstrip transmission line deposited onto a high-resistiv-
ity semiconductor material. Modulation or switching is
achieved by focusing the controlling laser beam onto the
active region. Because of the intrinsic capacitances associ-
ated with the gap discontinuity, the illumination will switch
the transmission from a capacitive OFF state to a conduc-
tive ON state. As a result, the transmitted signal will
change in both amplitude and phase during the switching
operation. Since both amplitude and phase control are
important building blocks in today’s microwave systems
and those proposed for the future, knowledge of the ampli-
tude and the phase of the transmitted signal is of vital
importance.

In this paper we report an investigation of the transmis-
sion amplitude and phase characteristics in the 0.1-1 GHz
frequency range for an InP:Fe based modified interdigi-
tated gap (MIG) photoconductive microwave switch. This
device structure, which is schematically illustrated in Fig.
1, has been presented elsewhere and has been shown to
reduce the effective gap capacitances and thereby improve
the amplitude modulation performance [6]. Because of the
interdigitated active region the device is also more efficient
than the commonly used SG devices when using optical
fibers for illumination. The. measurements show that both
the amplitude and the phase of the transmitted signal
strongly depend on the illumination-induced conductance.
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Fig. 2. Equivalent lumped circuit model for a MIG device.

The observed characteristics can be described by two re-
gions. Up to a certain frequency-dependent threshold value,
the phase depends strongly on the conductance while the
transmitted amplitude is almost constant and low. As a
result, this region can be called the phase-shifting region.
For conductances above this threshold value both the
amplitude and the phase depend on the conductance but
the effect on the amplitude is much more pronounced.
Consequently, this region can be called the amplitude
modulation region. A lumped-element model for describ-
ing the device performance is also presented. From the
results, it is concluded that these optoelectronic microwave
devices are suitable for high-speed amplitude modulation
but are not promising as high-speed phase shifters. To our
knowledge this is the first reported investigation of the
phase and amplitude characteristics of these types of de-
vices.

II. MobEL

A rigorous analysis of the MIG device performance is
difficult to make. However, because of the small device
dimensions compared with the operating frequency mi-
crostrip wavelength, the microwave performance can be
modeled by the equivalent lumped circuit [4], [16]. The
model used for the MIG device is shown in Fig. 2. C,, C,,
G, and C,, represent the gap and shunt capacitances
associated with the active region and the outer gap, respec-
tively. G, and G, are the gap and shunt conductances,
which depend on both the illumination intensity and the
wavelength. By using high-resistivity materials and proper
illumination wavelengths, yielding a very thin photoexcited
surface layer, G, can be neglected [16]. L and Ly corre-
spond to the inductances of the narrow microstrip lines
and the bonding wires (if used), respectively.

Based on the S-parameter concept, the microwave trans-
mission can be calculated from the transmission coefficient
S,- The general analytic expression for a MIG device,
which is presented in the Appendix, is fairly complicated.
However, if the influence of L is small, it is possible to
describe the MIG device by a modified SG device model
through the introduction of effective gap and shunt capaci-
tances (see the Appendix). In this case, the transmission
coefficient for a MIG device can be expressed as (G, = 0)

300 um

Fig. 3. Top view presentation of the experimentally tested MIG device

structure.

where « is the angular frequency of the microwave
signal, Z,, is the characteristic impedance, C, . = C, + C,,,
and C 4 =C +C,.

The shunt capacitances, which will degrade the perfor-
mance, can be minimized by careful design of the device
[17]. The gap conductance under constant illumination can
be calculated from (assuming uniform electron-dominated
current flow and no contact resistance)

e I4,
Gg=n(1-R)MTeE = (2)

where 7 is the quantum efficiency, R is the surface reflec-
tivity, p is the electron mobility, 7, is the effective excess
carrier lifetime, e is the electronic charge, h» is the photon
energy, s is the interdigital electrode spacing (gap), 4, is
the effectively illuminated area of the active region, and I
is the optical intensity.

From (1) it is possible to calculate both the amplitude
and the phase of the transmitted signal. In the OFF state,
where the gap conductance is low (generally <1077 S), the
transmission is controlled by the effective gap capaci-
tances, and the phase is almost 90°, with reference to the
incident signal. As the illumination intensity is increased,
the gap conductance increases and the transmission will
gradually switch to a conductance-controlled state (G, >
wC, .g) where the phase approaches 0°. Thus, the phase of
the transmitted signal will change by approximately 90°
when switching the illumination from a low to a high
conductance state.

III. EXPERIMENTS

Fig. 3 is a top view illustration of the MIG device
structure used in this work. Following conventional clean-
ing and etching procedures, the MIG electrode structures

2ZO(Gg + ijg,eff)

S21

T [14(Zo+ joLy) joC, ] [1+(Zy+ joLp) (26, + je(2C, e + C,exe) )]

1)
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Fig. 4. Block diagram of the experimental setup.

of Au:Ge/Ni/Au were patterned onto ~ 400-pm-thick
slices of semi-insulating Fe-doped InP (p>10" Q-cm)
using vacuum evaporation and lift-off techniques. The
width of the microstrip electrodes was designed to main-
tain the 50 Q geometry ( ~ 300 pm). The electrode spacing
(gap) was 4 pm, and the interdigital electrode lines were

4 um wide and 6 pm long. The overall active region

measured 10 pm X 44 um and the outer gap was 100 pm
long. The slices were alloyed for ohmic contacts and cleaved
into individual devices (1 mm X1 mm). Theindividual
devices were cemented to aluminum blocks and wire
bonded to microstrip lines for evaluation. '

Fig. 4 shows a block diagram of the experimental setup./

A high-power GaAlAs/GaAs semiconductor laser (Spec-
tra Diode Labs SDL-2410-H2) emitting at 805 nm, with a
fiber pigtail (100 pm core) and a maximum CW output of
50 mW, was used for illumination. The fiber output was
imaged on the active region in a 1:1 scale by lenses, which
corresponds to a fiber-to-device butt-coupling situation.
Both the amplitude and the phase of the transmitted signal
were measured at different illumination-induced conduc-
tance values and for different frequencies. The amplitude
was measured with a microwave power detector (Philips
PM 7520). A double amplifier stage was used because of
initially low transmission levels. At high transmission lev-
els, the variable attenuator prior to the amplifier stage was
used in order to prevent the amplifiers from reaching
saturation. For comparison purposes, the signal power
could also be measured using a spectrum analyzer. The
phase was obtained by measuring the relative phase differ-
ence of the transmitted signal and a reference signal. The
conductance values corresponding to each illumination
intensity were calculated from measurements of the volt-
age appearing at an output load resistance when a dc
voltage was applied to the input of the device. These values
have also been confirmed by I/} measurements.

IV. RESULTS AND DISCUSSIONS

Figs. 5 and 6 show measured amplitude (|S,,) and phase

(£S,,) of the transmitted signal with respect to the input
signal as a function of conductance for four frequencies
(0.1, 0.25, 0.5, and 1 GHz). Since L is about 50 pH, the
maximum gap conductance is 5 mS, and the gap capaci-
tances are of the order of 50 fF or less [17] for our device,
the use of (1) for modeling the MIG device is justified (see
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Fig. 5. Measured and calculated (solid lines) amplitude transmission
versus conductance.
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Fig. 6. Measured and calculated (solid lines) phase of the transmitted
signal versus conductance.

(A4) and (A5) in the Appendix). Based on the assumptions
that wLy < Z, and G,, wC, ¢ < (2Z,)7", one can see

- that the amplitude transmission will increase by 3 dB when

G,=wC, . (amplitude modulation threshold). . Fig. 5
shows that the latter assumptions are justified, and since
Ly is calculated to be less than 150 pH it is possible to
estimate the effective gap capacitance from the frequency-
dependent threshold values. The theoretical curves (solid
lines) have been calculated from (1) using Z;=50 ©,
C, ets = 30 fF, and C, o, Ly = 0. The value for the effective
gap capacitance has been estimated from the measured
amplitude modulation threshold values. This value has also
been confirmed by OFF state transmission measurements in
the 0.01-1 GHz frequency range. The good agreement
between measured and calculated values implies that the
model describes the performance well. It is, however, nec-

essary to point out that the modified SG model representa-
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tion of the MIG device can only be applied if L is
negligibly small.

As mentioned above, Fig. 5 shows that the conductance
has to overcome a threshold value, set by the effective gap
capacitance and the operating frequency, before the trans-
mitted amplitude starts to increase. As the conductance is
increased further, the amplitude will continue to increase
and if the threshold value is sufficiently low, it will pass
through a linear region (|S,|~G,) and then gradually
approach the maximum transmission level (0 dB). A maxi-
mum ON-state conductance of 5 mS and a corresponding
transmission of —10 dB were measured. These values were
obtained with an illumination intensity of 700 W /cm? (50
mW from the fiber), and the measured conductance value
is about a factor of 2 lower than one would calculate from
the first-order model (2) for this optical intensity (using
n =100 percent, hv=1.54 eV, R =28 percent, p= 2000
cm?/Vs, 7,=1 ns, and 4,= 3-107° cm?). The dynamic
switching range (illumination on/off modulation) can also
be seen. It varies from 43 dB at 0.1 GHz to 23 dB at 1
GHz. The illumination efficiency (A4,/Ape core) 15 ~ 4
percent, which corresponds to an effective optical power of
~ 2 mW. More efficient illumination, i.e., higher effective
optical power, will improve the ON-state transmission and
thereby the dynamic switching range. The transmission at
low conductance values, which corresponds to the OFF-state
signal leakage, indicates that the ultimate dynamic switch-
ing range is about 10 dB higher than the values measured
here. However, since the transmitted amplitude character-
istics begin to deviate from the linear behavior at about
—20 dB (see Fig. 5), the increase in the ON-state transmis-
sion from —10 dB to —4 dB, i.e., by a factor of 2, will
require an effective optical power about four times higher
(~8 mW). Although these numbers may not seem too
promising, it would be possible to obtain an onN-state
transmission of about 93 percent (—0.6 dB) for the present
device if the total output power from the fiber were
focused on the active region. Further improvements of the
dynamic switching range can be obtained by reducing the
effective gap capacitances, which will decrease the residual
OFF state transmission and shift the amplitude modulation

1
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and the incident signals are in phase. This is expected since
at high conductance values the gap is virtually short-cir-
cuited.

Using the transmission coefficient given by (1), it is
possible to show that for operating frequencies causing
OFF-state transmissions of less than —20 dB, the initial
phase is more than 80°. This situation corresponds to
about 5 GHz for our operating conditions. Consequently,
a device where the amplitude is switched more than 20 dB
(on/off) will have a corresponding phase shift of 80° or
more.

V. CONCLUSIONS

The transmission characteristics for InP : Fe based modi-
fied interdigitated gap (MIG) photoconductive microwave
switches have been investigated in the 0.1-1 GHz fre-
quency range. Both the amplitude and the phase have been
measured as a function of illumination-induced conduc-
tance. The good agreement between measured and calcu-
lated values indicates that the proposed model describes
the performance of the MIG device well. The experimental
data show that the phase will shift almost 90° when the
amplitude is switched more than 20 dB (on/off). For
conductance values up to the threshold value, the phase
will change to a value corresponding to approximately half
its initial value, and the amplitude is virtually constant.
This region may be referred to as the phase-shifting region.
However, the amplitude is low and it is doubtful if the
phase shifting properties can be used. When the conduc-
tance is increased further, the amplitude increases rapidly
until it begins to saturate. Consequently, this region may
be called the amplitude modulation region. The results
show that devices of this type are suitable for high-speed
amplitude switching or modulation but are not too promis-
ing as high-speed phase shifters. Although the measure-
ments have been carried out for a InP: Fe based device,
the results are applicable to similar devices based on other
high-resistivity materials.

APPENDIX

The general complex transmission S,; coefficient for a
MIG device, described by the model in Fig. 2, is given by

S,, =
1 P+(Zy+ joLp)(G,+ jo(C,+C

P))
27,P|G, + jo(Cy+C,,PQ)]

PO +(Zy+ joLy)[2G,+ G0+ jo[2(C, + CuPQ) +(C, + C,,P)Q]]

threshold to lower conductance values. However, no effect
on the ON-state transmission will be obtained by doing so.

Fig. 6 shows that the initial phase of the transmitted
signal is close to 90°. As the conductance is increased, the
phase starts to change, beginning at conductance values
about an order of magnitude lower than the threshold
values for amplitude modulation. At the amplitude modu-
lation threshold it has a value corresponding to approxi-
mately half its initial value and it gradually approaches 0°
for high conductance values. In this case the transmitted

(A1)
where
P=1-&’LC, + joLG, (A2)
and
Q=1-w’L(2C,+C,) + jwL(2G,+G,). (A3)

It is possible to show that both the P and the Q parame-
ters will degrade the high-frequency performance and that
minimum degradation will be obtained if P and Q are
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close to unity. Since G, > G, for efficient switching [16]
and C, > C for small size active region design [17], the Q
parameter will have a stronger influence on the character-
istics. Consequently, the degradation effect will be negligi-
bly small if

oL<[w(2¢,+C)] (A4)

and

wL<[26,+G,] " (A5)

If these conditions are satisfied, (A1) reduces to the simpli-
fied expression

1
1+ (ZO + ijB)[Gs + jw(Cs + Cso)]

Sy =

27,(G,+ ju(C,+C,,))
"4 (Zy+jwLy) [2G,+ G, [2(C+ C) +CA G|

(A6)

By putting Lp=C,,=C,,=0, (A6) reduces to the Sy
coefficient for a single gap discontinuity (SG) device as
given by Platte [16]. Thus if the inductance of the narrow
microstrip lines is sufficiently small (see (A4) and (A5)), it
is possible to describe the MIG device by a modified SG
device model.
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