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Abstract: The quenched domain mode of the photo-activated charge domain (PACD) in semi-insulating (SI) GaAs photo-
conductive semiconductor switches (PCSSs) is observed. We find that the quenched domain is induced by the instantaneous
electric field across the PCSS being lower than the sustaining electric field of the domain during the transit of the domain.
The extinction of the domain before reaching the anode can lead to a current oscillation frequency larger than the transit-
time frequency when the bias electric field is lower than the threshold electric field of the nonlinear PCSS. According to
the operation circuit and the physical properties of a high-field domain,an equivalent circuit of the quenched domain is

presented. The equivalent circuit parameters including capacitance, resonant frequency,and inductance are calculated and

measured. Our calculations agree well with the experimental results. This research provides theoretical and experimental

criteria for heightening the oscillation frequency and efficiency of PACD devices.
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1 Introduction

Due to many advantages of operating characteris-
tics, such as high off-state blocking voltage (over
100k V), high on-state peak current (tens amperes
to kiloamperes)™?, and fast switching (less than
1ns )", photoconductive semiconductor switches
(PCSSs) are important for high-power, pulsed switc-

(677 As a PCSS material ,semi-insula-

hing applications
ting (SI) GaAs exhibits excellent electrical proprie-
ties, making it preferred over other photoconductive
material in most pulse-power generation circuitry. Of
practical importance is the ability of SI GaAs PCSSs
to operate in nonlinear mode (high gain mode or
lock-on effect) at high values of the applied bias. This
nonlinear mode was first observed by Williamson
et al ."* and is highly energy efficient. Despite prom-
ising trends to date, the mechanism of the nonlinear
mode is not well understood'® and a number of unre-
solved problems remain. For example,during the “on”
state of nonlinear PCSS, the average electric field
across the PCSS is fixed on a constant value independ-
ent of the initial bias,the geometry of the PCSS,or an
external trigger. The formation of current filaments
within the PCSS leading to overall device failure has
also been reported. Since this is highly detrimental to
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device reliability and overall system stability, it is nec-
essary to understand the underlying physics for con-
trol and suppression of the internal instabilities. Sev-
eral models have been proposed to explain the nonlin-
ear mode, such as avalanche ionization"", field-de-
pendent trap filling""', and double injection mod-
el . In our previous research. considering that the
level of the lock-on field is in a range just above the
region of the Gunn effect and the photo-generated
carriers can fulfill the n « [ product criterion for
forming a stable Gunn domain,a model of photo-acti-
vated charge domain (PACD) was presented ™. One
oscillation mode of PACD,namely the delayed-dipole
domain has been described*'.

In this paper,another mode of PACD,namely the
quenched domain mode, is proposed. Compared with
the delay-dipole domain, the quenched domain mode
can be as high as possible to increase the oscillation
frequency and efficiency of PACD devices, and it is
widely circuit tunable and suitable for local oscillator
applications'"®’ . A detailed knowledge of the transport
properties of PACD in a complex external circuit is
necessary for proper circuit design. For this purpose,
it is most convenient to describe the physical proces-
ses by means of an equivalent circuit. In this letter,an
equivalent circuit of the PACD is given for the first
time based on the physical property of the charge do-
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main and characteristic of the external circuit. Moreo-
ver.due to the existence of the space charge domain
in the nonlinear mode of the PCSS, the research of
the equivalent circuit provides an effective method
for the control of the nonlinear PCSS.

2 Experiment

The GaAs switches used in this experiment were
lateral switches made from SI GaAs of high resistivity
>10" Q » cm. The mobility was larger than 5500cm?*/
(V + s) and the carrier density was 1.5 X 107cm™°.
The bulk GaAs was cut into 1. Zcm bars with 0. 8cm X
0. 06cm cross sections. The two electrodes were fabri-
cated from Au/Ge/Ni alloy and ohmic contacts were
made with the GaAs wafer. The dimensions of the
electrodes are 6mm-wide X 3mm-long and the length
of the two electrodes was 4mm. The product of the e-
lectrode gap [ and the intrinsic carrier density n was
about 6 X 10°cm™?,which is much less than the criteri-
on (nl>1X10"%cm™?) required for the nucleation of

the stable domain%

. The trigger source used was a
neodymium-doped yttrium aluminum garnet nanose-
cond laser. The laser operated at a wavelength of
1. 06pm with a pulse width of 5ns. The storage oscillo-
scope used was Lecory-8500A. A 60dB coaxial attenu-
ator with a bandwidth of 0~18GHz was used between
the PCSS and the oscilloscope. The testing circuit is
shown in Fig. 1.

When the PCSS was triggered by the laser with
the pulse energy of 0. 5mJ under a bias of 2. 5kV,the
current wave form shown in Fig. 2 was observed. The

switch output wave form exhibits a series linear

Voltage/10°'mV

11 1 1 1 11 11 1 11 1 11 11 11
0 0.5 1.0 1.5 2.0
Time/10%ns

Fig.2 Oscillation current wave form of the PCSS

periodicity and attenuation surge with a cycle of ~12
ns and maximum amplitude as high as ~1000 V. Com-
pared to the Gunn domain, the oscillation is typically
one type of transferred-electron effect.

3 Equivalent-circuit

Due to the same effect as the intrinsic carriers in
forming the space charge domain"'"!, the carriers gen-
erated by laser pulse are a dominating mechanism for
formation of the domain in case of intrinsic carrier
shortage. For SI-GaAs with the absorption depth of
1mm,the energy of the trigger optical pulse with en-
ergy of 0.5mJ absorbed by the PCSS is about 226..J.
Therefore,the photo-generated carries must fulfill the
criterion required for the nucleation of the stable do-
main. Since the bias field of 6.25kV/cm is higher
than the Gunn threshold electric field (~ 4kV/cm),
the Gunn domain must be nucleated in the bulk of the
device.

Figure 3 shows that the cycle of current oscilla-
tion is about 12 ns, which is much shorter than the
time r for the domain moving at the saturated drift
velocity v, (about 1 X 107 cm/s) to cross the switch (¢
=1/v, = 40ns). So this oscillation is not the transit-
time oscillation of the Gunn domain. Such type of be-
havior can partially be explained by the interaction of
the transit oscillation of the domain and the oscilla-
tion excited in the external resonant circuit as a re-
sponse to the force of the transit microwave oscilla-
tion. Namely, the bias electric field (larger than the
Gunn threshold electric field E;) is modulated by the
AC electric field in the external resonant circuit,
when the instantancous electric field E across the
switch swings below the sustaining electric field E;
(the minimum electric field required to support the
domain) ,the domain will be extinguished somewhere
away from the anode. The premature extinction of the
domain can lead to an oscillation cycle T less than the z.

The equivalent circuits of the external resonant
circuit,the domain,and the device outside the domain
are shown in Fig. 3. The symbols in Fig. 3 have the
following significance: R, and C, correspond to the
“on” resistance and the capacitance of the device out-
side the domain, respectively, Ry, and C, denote the
resistance and the capacitance of high electric field
domain, respectively, R, is the resistance of the load
which has the fixed value of 500, L is the total in-
ductance of the circuit and the typical value of L is 1
nH,which can be obtained experimentally,and C. is
the capacitance of an external circuit which has a
quantity of 0. 01pF. Due to the carrier density within
the domain being much greater than the carrier densi-
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Fig.3 Equivalent circuit of the oscillation mode of PCSS (a)
Bulk equivalent circuit of PCSS; (b) Domain equivalent circuit;
(¢) Inductance and load lumped circuit

ty outside the domain,the total resistance of the PCSS

is approximately equal to R,,and it can be given as
I* hy
E.qu

where hy is the photon energy, E, is the total energy

R, = (D

absorbed from the optical pulse, g is the unit of elec-
tric charge,and  is the mobility (g, + 4,). Based on
the experiment data used above, R, can be calculated
to be approximately 0.2Q. The capacitance of the
Gunn domain can be expressed as

c, =4 (2)

Wy

in which A is the device area,e is the diclectric con-
stant of GaAs,and wy is the domain width. Since the
length of the device is much larger than the domain
width wy.,C, << Cy,the device used in our experiment
has an area of 0.8cm X 0. 06cm,e = 1.17 X 10 ! C?/
(N + m?),and a logical value for domain width wy is
lpym,so we obtain C, =53 pF.Compared with C.,the
influence on the output characteristic of the device
caused by C, is negligible, and the AC current I (t)
through the load R, can be given by

ICt) = I e *'sinwt (3

where
a=(R.R,C.+ L)/[2LC.(R. + Ry ] 1)
w=+R./[LC.(R.+ R)]-d (5

From Eqgs. (1) ~ (5),the cycle of oscillation caused
by the resonant circuit is calculated to be T = 2x/w =
20ns, which is very close to the cycle of oscillation (~
12ns) observed experimentally (see Fig. 3).

4 Extinction of the domain

Figure 4 shows the schematic diagram of the ex-
tinction of the charge domain. From Figs. 4 (a) and
(b).at time ¢, E rises above E,electrons scatter in-
to the satellite L valley,and then the space charge do-
main begins to nucleate. At the time ¢, (before the do-
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Fig.4 Schematic of domain extinction

teristic curve of drift velocity v versus electric field E for GaAs
devices and the dashed line to one cycle of domain extinction

main formed has reached the anode) ., E drops below
E., whereupon the domain will be extinguished. At
time t5, E rises above E; and a new domain will be
formed. Accordingly,the output current generates the
periodical oscillation. The dashed line shown in Fig. 4
(b) is the track of one cycle of the v-E characteristic
curve. The frequency of oscillation is fixed by the res-
onance of the external circuit,as loaded by the admit-
tance of the PCSS, and is less or much greater than
the transit-time frequency. The requirement that the
domain be extinguished before reaching the anode
means that the transit time cannot be much less than a
half cycle of the AC electric field of the resonator.

5 Conclusion

In summary, the quenched domain mode of
PACD in SI-GaAs PCSSs has been observed. Based on
the properties of a charge domain and resonant char-
acteristic of the external circuit,the equivalent circuit
for the current oscillations of SI-GaAs PCSS has been
presented. We show that the current oscillation fre-
quency larger than the transit-time frequency is at-
tributed to the extinction of the domain before the
domain reaches the anode. The calculations agree well
with the experimental result. The observation of the
quenched domain mode provides theoretical and ex-
perimental criteria for increasing the oscillation fre-
quency and efficiency of PACD devices. Further-
more,the extinction of the domain by self-oscillation
of an external resonant circuit provides a method for
the control of the lock-on effect of nonlinear PCSSs,
which requires further study for nonlinear PCSSs.
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