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An experimental study of leakage current is presented in a semi-insulating (SI) GaAs photoconductive semiconductor
switch (PCSS) with voltages up to 5.8 kV (average field is 19.3 kV/cm). The leakage current increases nonlinearly with
the bias voltage increasing from 1.2x107? A to 3.6x 10~ A. Furthermore, the dark resistance, which is characterized as a
function of electric field, does not monotonically decrease with the field but displays several distinct regimes. By eliminating
the field-dependent drift velocity, the free-electron density 7 is extracted from the current, and then the critical field for each
region of n(E) characteristic of PCSS is obtained. It must be the electric field that provides the free electron with sufficient
energy to activate the carrier in the trapped state via multiple physical mechanisms, such as impurity ionization, field-
dependent EL2 capture, and impact ionization of donor centers EL10 and EL2. The critical fields calculated from the
activation energy of these physical processes accord well with the experimental results. Moreover, agreement between
the fitting curve and experimental data of J(E), further confirms that the dark-state characteristics are related to these
field-dependent processes. The effects of voltage on SI-GaAs PCSS may give us an insight into its physical mechanism.
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1. Introduction

Due to the high dark resistivity and breakdown field,
a semi-insulating (SI) GaAs photoconductive semiconductor
switch (PCSS) is important for pulsed power application.!!=3]
After being charged with voltage, the switch is triggered by
the appropriate optical pulse. The PCSS operates in the linear
mode with no gain when it is biased with a low voltage. While
demonstrating apparent gain with high voltage, the switch runs
in lock-on state. [4-°]

The low leakage current resulting from the high dark re-
sistivity of SI GaAs ensures that high-gain PCSS is capable
of sustaining higher electric field before breaking down.!”"]
Conversely, the increase in leakage current at high voltage
can degrade the high resistivity of PCSS,!”! and then the
lifetime,'”) which is one of the important issues for high-
gain PCSS.[®! Many efforts have been made to study the dark
current-voltage characteristics to emphasize performances of
GaAs PCSS, such as current oscillations of low frequency, ']
the effects of different geometries,!!?! and the response time
of PCSS at high voltage bias.[!?] Always seen as a constant,
the dark resistance has not been taken into account in those
researches. In general, the conduction of PCSS is realized by
lowering the high resistance, which is obviously changed by
the optical energy and voltage.!'*!3] Because the voltage is
charged before the optical illumination to trigger the PCSS,
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the voltage alone is responsible for the change of the high re-
sistance. Furthermore, for high-power application, the switch
voltage does not recover to zero after being irradiated by the
optical pulse, but locks at a rather lower voltage until the com-
pletion of the discharge.?! Because the PCSS is charged with
voltage throughout the dynamical process, the roles of voltage
need to be analyzed completely to find the physical mecha-
nism of PCSS.

In this work, the accurate measurements on the leakage
current of SI-GaAs PCSS are reported with voltages up to
5.8 kV. The dark resistance as a function of electric field shows
that there are diverse mechanisms for the PCSS with increas-
ing field. The characteristic of free-electron density extracted
from current is integrated with the hot-electron effect to ex-
plore the effect of field on the SI-GaAs PCSS in the dark state.

2. Experimental setup

Experimental setup for SI-GaAs PCSS in the dark state
is shown in Fig. 1, where R is a current-limiting resistance,
R is a sample resistance, C is a capacitance used for charging
and discharging, and mA and pA are the ammeters. Because
the current in the PCSS oscillates when the bias voltage in-
creases to a certain value, the resistances R and Ry must be
non-inductive lest the measurement results are affected. A 3-
mm gap lateral PCSS!'6! with opposed-contact arrangement as
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shown in Fig. 2 is formed on a 3-inch diameter, 650-pm thick,
and semi-insulating LEC GaAs wafer. The dimensions of the
SI-GaAs PCSS are 9 mm (length) x6 mm (width) x0.6 mm
(height). The free electron density, the EL2 density, the re-
sistivity, and mobility of the wafer at zero electric field are,
respectively, g = 2.5 x 107 em ™3, Ngrp = 1.43 x 106 cm 3,
p =5x107 Q-cm, and py = 6000 cm?/V -s.

ammeter_2

ammeter_1

Fig. 1. (color online) Experimental setup for dark-state measurement.

(a) (b) (c)

Fig. 2. (color online) (a) Side view, (b) top view, and (c) the photograph
of the lateral PCSS.

At room temperature, the leakage currents of three PCSS
samples were measured in darkness. The measurements were
made when the voltage varied from 20 V to 5800 V, and a
milli-ammeter (ammeter_1) and two micro-ammeters (amme-
ter_2 and ammeter_3) were used to record the currents. Here,
the leakage current I of PCSS was recorded by the ammeter_3.
Meanwhile, it was checked by subtracting the current of sam-
ple resistance I from the total current /;. In order to investigate
the current at low voltage closely, a nano-ammeter was used to
replace the micro-ammeter in the branch of PCSS to record the
leakage current / when the voltage varied from 0.5 V to 60 V.
The parameters of the current meters are shown in Table 1.
The dark resistance is the bias voltage divided by the current
1, where the resistances of the ammeters are small enough to
be neglected.

Table 1. Parameters of current meters.

Current meter Measurement range Resolution
micro-ammeter 0-199.99 pA 0.01 pA
milli-ammeter 0-19.999 mA 0.001 mA
nano-ammeter 0-19.9 nA 0.1 nA

3. Results and discussion
3.1. Experimental results

Experimental results for three samples are shown in
Fig. 3. The currents show almost the same characteristics

when the voltage is below about 2000 V, after which they keep
the similar trend despite small divergences. In addition, the
current-voltage characteristic of sample 1 with detailed low-
voltage data is depicted in Fig. 4 with the log—log coordi-
nate. It can be seen that the current of sample 1 increases
from 1.2x 107 A to 3.6x 107> A when the voltage is charged
from 0.5 V to 5800 V. All of the current-voltage characteristics
in Figs. 3 and 4 consist of four regions. As shown in Fig. 4,
they are basically ohmic below about 300 V, while sublinear,
accompanied by periodical oscillating current between 300 V
and 900 V, then nonlinear respectively above 900 V and above
2000 V.
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Fig. 3. (color online) Current—voltage characteristic curves of three
PCSS samples. The inset shows the current of sample 1 biased with
low voltage.
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Fig. 4. Current—voltage characteristic curve of sample 1 consisting of
four different regions.

The resistances obtained from current data are taken as
the dark resistance, because ohmic-contact resistance is neg-
ligible in contrast to the dark resistance. Dividing the bias
voltage V by the space gap, we obtain the average field E. The
dark resistance Rj, of sample 1, which is characterized as a
function of field £ in Fig. 5, does not decrease monotonically
with the biased field. On the contrary, the resistance even in-
creases with increasing field. It can be found that the dark
resistance-average field characteristic shown in Fig. 5 displays
five distinct subsequent regimes. After a constant regime be-
low about 0.5 kV/cm (the inset in Fig. 5), a small decrease
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appears in the dark resistance, which has not been detected
in current-voltage curves. Above a critical field near 1 kV/cm,
the resistance instead increases and then saturates till 3 kV/cm.
After that the dark resistance decreases rapidly with an obvi-
ous turning point about 7 kV/cm, which is also the divergence
point for three samples in Fig. 3. Consequently, the dark re-
sistance is reduced from 335 MQ at 0.5 kV/cm to 157 MQ at
19.3 kV/cm.
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Fig. 5. Dark resistance of sample 1 as a function of electric field. The
inset shows the constant resistance at low field.

3.2. Discussion

In the test, SI-GaAs PCSS is biased with the increasing
voltage. Gaining energy from the electric field, free electrons
in GaAs interact with impurities and donor centers, which
causes the free-carrier density to vary with the electric field.
The energy of the free electron obtained from the low field
can be written as

E =EqgA, (1

where ¢ is the unit elementary charge and A is the mean free
path. Under high field the free electron is heated up dramati-
cally, and hence the mobility of GaAs does not keep constant
anymore. The gained energy from the high field is expressed
as

3
Ey = SKT., @)

where k is the Boltzmann constant and T is the hot-electron
temperature, which is higher than lattice temperature 7.
Hot-electron temperature 7, can be achieved through the

energy-relaxation time 7. in the relation!!”!

(T —T)

Equ(E) = e
€

; 3)
where V(E) is the velocity-field characteristics in GaAs and
the energy relaxation time 7. is assumed to be on the order of
1012 5. The average electron drift velocity is a function of the
electric field for GaAs, which exhibits bulk negative differen-
tial resistance!'®! because of the high-field transferred electron

effect (TTE). The drift velocity of the electron is related to the
applied electric field E by

4
o(E) = p(E)E = T

where U is the electron mobility at zero field, vy is the satura-

“

tion value of electron drift velocity, and E; is the critical field
of TTE. The threshold field E; defining the onset of TTE in
GaAs should supply the conduction electrons with sufficient
energy, 0.35 eV, to be transferred from a high-mobility energy
valley to low-mobility satellite valley. According to Eqs. (2)—
(4), the threshold field E; can be expressed as a function of 7.
Because the critical field of TTE is always near 3.5 kV/cm, E;
is selected to be 3.57 kV/cm with 7. =4 X 1072 s in Eq. (3)
to obtain the temperature of the hot electron.

3.2.1. Free-electron density

In darkness, the current can be written as
I(E) =J(E)s =n(E)qv(E)s, ®)

where s = 0.6 mm x 6 mm is the area of cross section, through
which the current flows. For PCSS biased with the field, the
increase of current in Eq. (5) can be attributed to the field-
dependent free-electron density n(E) and drift velocity v (E).
Here the contribution of the diffusion to the current is ignored
because of the small free-electron density. In addition, the re-
sistance

REy=PEL_ ! ©)

s n(E)qu(E)s
is inversely proportional to the field-dependent mobility p(E)

and free-electron density n(E). Both the current and resis-
tance are related to free-electron density n(E), therefore the
free-electron density n(E) should be extracted from the cur-
rent by eliminating the drift velocity v(E) of the electron to
conduct the research on the dark characteristics of the PCSS.

The densities of the free carrier for three measured PCSS
samples are shown in Fig. 6. After an initial constant, the den-
sities increase slightly, decrease, and then increase again. Al-
though the change of free-electron density with electric field
is completely opposite to the change of the dark resistance, the
critical field for the increase or decrease of the free-carrier den-
sity is the same as that of the dark resistance. Moreover, the
increase in free-electron density is faster than the decrease in
the dark resistance for the electric field higher than 3 kV/cm.
It can be found that the free-electron density of sample 1 at
19.3 kV/cm is increased about 12 times in comparison with
the initial density, while the dark resistance is reduced only
twice.

It is suggested that the fluctuations of the free-carrier den-
sity in Fig. 6 arise from different physical processes with dif-
ferent activation energies. The critical field which supplies the
free electron with given activation energy to interact with im-
purities or defects is calculated with the equation of the hot
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electron energy. The experimental critical field for each re-
gion of n(E) characteristic of sample 1 in Fig. 6 is compared
with the calculated result to verify the physical mechanism for
the change of free-electron density.
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Fig. 6. (color online) Variations of free-electron density with electric
field for three measured PCSSs. The inset shows the free-electron den-
sity of sample 2 at low field.

3.2.2. Critical field

At room temperature, the activation energy for the com-
mon impurity in GaAs is about 0.006 eV. Based on the free-
electron energy at low field, the critical field which makes
the impurities ionized in SI-GaAs should be greater than
500 V/cm. In Fig. 6 the initial field for the increase of free-
carrier concentration is about 494 V/cm, which accords well
with the calculated result.

When the energy of the hot electron is about 60 meV,
which is gained from the field about 1 kV/cm, an additional
density of states is introduced into the conduction band. Sub-
sequently, the hot electron can be transferred from the con-
duction band to the trapped states of EL2, which leads to the
field-enhanced capture of EL2 level.l'”! The trapping coeffi-
cient of EL2 increases to the maximum of about 3 kV/cm, af-
ter which it decreases slowly.?>-?!l Keeping in step with the
field-dependent capture of EL2, the free-carrier concentration
begins to reduce about 0.94 kV/cm and arrives at a minimum
at 3 kV/cm (see Fig. 6).

Reaching its minimum at 3 kV/cm, the density of free car-
rier in Fig. 6 begins to increase subsequently. This may result
from the competition between two effects, i.e., field-dependent
trapping of EL2 and impact ionization of hot electrons with
donor centers EL10 in SI-GaAs.[??! The activation energy of
EL10 centers with concentration 105 ¢cm™3 is 0.16 eV. Thus,
the hot electron needs to gain enough energy from the field
greater than 2.16 kV/cm to collide with the donor centers to
release the carrier. However, the free-carrier density does not
increase until 3 kV/cm, because the enhanced capture of EL2
dominates the density of the free carrier before 3 kV/cm. Af-
ter that, the ionization of EL10 centers and the reduction of

the capture coefficient together lead to the increase of the free-
carrier concentration with field increasing. It is interesting to
note that the dark resistance in Fig. 5 does not start to decrease
at 3 kV/cm but stays saturated till 3.14 kV/cm. This saturation
is due to the compromise between the increase of the free car-
rier concentration and the decrease of electron mobility, which
is confirmed by the constant result of the electron-density mul-
tiplied by the mobility in this region.

At room temperature, the activation energy of EL2 donor
is about 0.688 eV,[23] 5o the defect of EL2 can be involved
in the impact ionization with field about 6.97 kV/cm, accord-
ing to the equation of hot-electron energy. Note that there are
differences among three samples in Fig. 6 at the field about
7 kV/cm, and the concentrations of free carrier begin to in-
crease rapidly with the field increasing from 7 kV/cm. All of
the fitting curves of n(E) characteristics in the region above
7 kV/cm are exponential curves, as shown by the fitting curve
of sample 1 in Fig. 7, which implies that the free carrier den-
sity will start to increase more rapidly from the field above
19.3 kV/cm. Under higher field, the electron mobility almost
no longer decreases, so the rapid increase in leakage current
always comes with the fast increase in free-carrier density. In
pulsed-power applications, the field biased to the PCSS before
triggering is always higher than the largest field of 19.3 kV/cm
in this test. The lifetime of PCSS is inevitably degraded by
the high leakage current. For this reason, the pulsed voltage
source is always used for a high-power application of PCSS.
Our measurement has not yet been carried out with a higher
voltage on account of the lifetime of PCSS.
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Fig. 7. Fitting curve for the last region of n(E) characteristic for sample 1.

The experimental J(E) characteristic is obtained by the
present data from Eq. (5). Furthermore, the fitting curve
of J(E) can be achieved from the analytical expression in
Ref. [24] by considering all of the five critical fields mentioned
above. Here the current density J is expressed as a function of

electric field E

—Ec
J(E) = E| noqllo +aexp Z
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—E, —FE,
—bexp <EC2> +cexp (EC3>
—E, —FE,
+dexp (EC4> —i—eexp( ECS))’ (7)

where E.; = 049 kV/cm, E, = 0.94 kV/ecm, Egj =
2.16 kV/cm, E;4 = 3.00kV/cm, and E.5 = 6.97 kV/cm are ex-
perimental critical fields from the physical mechanisms men-

tioned above, the parameters of a, b, ¢, d, and e are the fit-
ting coefficients. Only the field-enhanced trapping with criti-
cal field E., reduces the current. The agreement between the
fitting curve and experimental result in Fig. 8 shows that the
leakage current is associated with these field-dependent phys-
ical processes.

—
V)

oo
1
1

'S
1
1

o sample 1
—— fitting curve
T T T

0 5 10 15 20
Electric field/kV-cm™!

Current density/10~* A-cm—2

(en)
!

Fig. 8. (color online) Measured J(E) characteristics and its fitting curve
for sample 1.

For the SI-GaAs PCSS, the change shape of the free-
carrier density in linear mode almost duplicates the shape in
the dark state.!>>! The findings indicate that biased voltage has
an effect on the PCSS no matter whether it is subject to op-
tical illumination. The dark resistance even grows under the
low voltage, so it is impossible to realize high gain when the
charged PCSS is triggered by optical pulse into linear mode.
The concentration of free-carriers increases with the increase
of field which is higher than 3 kV/cm, especially 7 kV/cm,
which is nearly the threshold field for the lock-on mode of the
PCSS used. Additionally, as is well known, the optical energy
needed to trigger PCSS into lock-on mode is inversely related
to the increased field. It can be suggested that, first, PCSS is
charged with high voltage to gain carrier multiplication, and
then high gain is exhibited by optical excitation with the high

field domain.[20]

4. Conclusions

In this work, the effects of the voltage on the dark-state
current and resistance of SI-GaAs PCSS are embodied in the
variation of free-electron density. It can be found that the in-
crease in the free-electron density is more rapid than the de-

crease in the dark resistance. The free-electron density in-
creases exponentially with the field above 7 kV/cm, which will
lead to the rapid increase in the leakage current with the higher
field, and then the rapid degradation in lifetime. For each turn-
ing point of the n(E) characteristic, the experimental critical
fields keep in good agreement with the calculated results from
the suggested physical processes. Furthermore, those physi-
cal processes are confirmed again by the agreement between
the fitting curve and experimental data of J(E) characteristics.
These field-dependent physical processes in the dark states
may give us an insight into the physical mechanism of PCSS.
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