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Abstract

This paper outlines the advantages and the poten—
tial of photoconductive switches applied to pulse
power systems. The photoconductive effect can be
used to switch large amounts of energy by changing
the conductivity of a solid-state circuit element
many orders of magnitude with a high-power laser.
The simplicity of these devices offers many advan—
tages in pulse power applications when combined with
high-power pulsed lasers. The surge capability, the
switched energy gain, and the maximum average power
for photoconductive power switches are discussed. In
addition, the results of a 100-kV, 100-MW photocon—
ductive switch experiment transferring 20 J in 200 ns
are presented.

Introduction

The preliminary development and demonstration of
scalable, photoconductive power switches (PCPSs) at
Los Alamosl™ indicate that it is theoretically
possible, in a single solid-state device, to switch
high voltages (megavolts at 100 kV per cm length) and
high currents (megamps at 10 kA per cm width) with
more precision and higher efficiency than with any
other technology. PCPSs  operating at 135 kV
(65 kV/em) and 2 kA (4 kA/cm) have been experimentally
demonstrated.] Because PCPSs can be designed to
close faster with less inductance and less relative
jitter than any other technology, power conditioning
systems can be simpler, more efficient, and more com-
pact. The large specific heat and the excellent ther-
mal conductivity of photoconductive materials make
the technology applicable to a large number of high-
energy, high-average-power pulse applications.

Photoconductive Power Switch

Physical Description

The basic PCPS geometry is illustrated in Fig. 1.
Electrodes make contact at the ends of a photocon—
ductive material such as silicon, GaAs, or InP. Be-
cause photoconductivity is a bulk phenomena, a single
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Fig. 1. Photoconductive power switch geometry.
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device can be scaled to any wvoltage or current
requirement. The length & of the photoconductive
material block is determined by the desired operating
voltage; the width w is determined by the desired
operating current or desired inductance; and the
effective optical absorption depth do is determined
by the type of photoconductive material and by the
optical control wavelength.

This arrangement differs from the light-activated
silicon switch (LASS)4 in two aspects. First, the
LASS device uses the four—layer, silicon~controlled
rectifier (SCR) structure with three series PN junc-—
tions, one of which must hold off the applied voltage
before switching, while the photoconductive power
switch distributes the applied voltage across the en-—
tire length of the photoconductive material between
the electrodes. Second, the region between the elec—
trodes is uniformly illuminated in the PCPS to change
the conductivity of the entire device simultaneously,
while the LASS device uses the photoconductive effect
to change only the conductivity of the gate region of
the SCR structure.

Operation

1. Optical control, The conductivity of a PCPS
can be controlled with electrons, ions, or photons.
For the purpose of this discussion, only photon
sources will be considered. Optical control has the
inherent advantage of isolation for any high-voltage
switch. For a PCPS, optical control has the further
advantage of very fast closure of the switch due to
the large amount of optical energy that can be deliv-
ered in a very small period of time in a high-power
laser pulse. In addition, the optical energy can be
distributed in space with very precise time resolu-—
tion to control one large switch or many separate
switches either simultaneously or in a precise se—
quence determined by the transit-time differences of
the controlling optical path lengths.

2. Bulk Carrier Generation, A photon with an
energy greater than the photoconductor band gap pro-—
duces an electron—hole pair in the photoconductive
volume. When uniformly illuminated, the conductivity
of the entire switch can be changed in the time in
which the optical energy is delivered. The bulk
generation of electron—hole pairs in the conduction
volume removes the transit-time limitation of device
speed that is present in other switching technologies.
Thus, device speed is decoupled from device size or
power. As illustrated in Fig. 2, a PCPS can be
closed in a time scale not possible with other tech-
nologies. The change in resistance or closure of a
conventional switch is initiated at a single point
between the electrodes. Avalanche processes nust
then generate additional carriers. However, as the
carrier density increases, the electric field in the
switch decreases, reducing the carrier generation
rate. Thus, conventional high-power switches have a
decaying exponential resistance during turn-on. In
contrast, the resistance of the PCPS is determined by
an external optical source with closure time deter—
mined by the optical power.

3.. Carrier Removal., The carriers generated with
the input optical energy are removed from the con—
duction process in two ways., First, the carriers
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Fig. 2. Comparison of conventional and photoconduc—

tive switch closures.

recombine within the photoconductive material in a
time determined by the trap doping level. For very
highspeed photoconductive detectors, the recombination
time is chosen to give the fastest possible falltime.
As shown in Fig. 3, heavy doping produces recombina—
tion times less than 100 ps. For a closing switch,
long recombination times are desired so that conduc—
tion will persist after the end of the optical pulse.
Recombination times of 20 s have been measured at
Los Alamos in intrinsic (pure) single-crystal silicon
so that electrical pulses with durations less than
1 us can be switched with a much shorter optical
pulse. The conductivity in the switch can be main-
tained by supplying additional optical energy during
conduction.

Carriers are also removed from the conducting
volume at the contacts. If the junction between the
metal and the conductor forms a Schottky barrier,
only a fraction of the carriers will be reinjected.
To maintain high conductivity, the contacts must be
ohmic in nature without a Schottky barrier.

Limitations

The operating voltage of a PCPS is limited by the
electric breakdown of the photoconductor or its sur-—
face. The bulk electric field stremgth of most semi-
conductors 1s about 100 kV/em, and initial experiments
at Los Alamos have operated at up to 65 kV/cm, and
improvements are being developed.

To avoid thermal runaway in a silicon PCPS,
carrier density must remain below 1018 cm=3, This
translates into a current density of less than
100 kA/cm? or a line current density of 10 kA/em
with an optical absorption depth of 1 mm. Experiments
at Los Alamos have demonstrated a line current den-—
sity of 4 kA/cm.

The electrical pulse length and the pulse repeti-
tion rate are limited by the average power obtainable
with present laser systems. However, many low-pulse
rate applications with electrical pulses less than
1 us are possible with present-day lasers.

the
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Additional Advantages

1. Circuit-Independent Control. The conductivi-
ty of a PCPS is controlled by the external optical
source and not by the circuit to which it is con—
nected. Thus, a PCPS designed to operate at 10 kV
should close in a similar manner at 10 V.

2. Inductance—Resistance Ratio. Because the in-
ductance of a PCPS is proportional to its width and
the resistance is independent of width, the ratio of
the switch inductance to resistance can be designed

for a specific application by wvarying the switch
width.

3. Thermal Management, For fixed total optical
input, the total resistance is independent of width.

Electrical energy dissipated per unit volume in the
switch 1is reduced by increasing the width of the
switch. The area available for heat removal also
scales as the width of the device so that the maximum
average power of operation scales as the width of the
switch. The thermal energy deposited in the switch
must be transported only the effective optical ab~—
sorption length to the large surface area and must be
removed from the conducting medium.

4, Tmplementation of Alternate Circult Concepts.
The fast closure, precise control, optical isolation,
and low inductance possible with PCPSs make the im-—
plementation of standard circuits more efficient and
the application of alternate concepts feasible. For
example, the switching of a Blumlein line? pulse
generator with a high-efficiency, very low-inductance
PCPS is illustrated in Fig. 4. The use of the PCPS
with the Blumlein 1line will provide a faster output
pulse risetime and reduce the percentage of stored
energy deposited in the switch compared with that of
conventional technology, especially in very low—
impedance systems. The control of a single Blumlein
line can be extended to the stacked 1ine® concepts
1llustrated in Fig. 5.
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Analysis

Photoconductive Switch Resistance

The resistance Rg of the photoconductive volume
of Fig. 1 is given byl

R =

. 2 Ey/le WE (1= 1D)] ,

(H
where e is the electron charge, U is the sum of the
carrier mobilities, E; is the optical energy, r is
the material reflectivity, and Ej is the photon
energy. Note that the photoconductive resistance is
independent of width for constant optical energy de-—
posited in the photoconductive volume.

Adiabaric Characteristics (I%t)

The amount of energy that can be absorbed by a
switch is determined by the 12t product. The value
of the I2t product for a photoconductive power
switch when an infinite recombination time is assumed
is given by1

(Izt)c =pwd e O en(l-nE/ED , (2)
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where c¢

is the material specific heat, p is the
materia

density, and AT is the change in device
temperature during conduction. Note that junction
devices are limited to a maximum temperature of 180°C
but PCPSs can operate with mnuch higher values of AT.

As an example, for Ej, = 10 J, w = 1 m, 2 = 0.1 m,
AT = 1000°C, r = 0.3, c, = 0.7 x 103 J/kg-°c,
p= 2.33 x 103 kg/m3, uy = 0.13 mn2/s, and
Ey, = 1.2 x 10719 3 for 1.06-um wavelength
illumination, 1%t = 1,5 x 107 A2, Thus, this

switch will conduct a current of 10 MA for time tep =
150 ns with an optical trigger energy of 10 J.

Switched Energy Gain

The switched energy gain of a photoconductive
switch is best described as the ratio of the energy
transferred to the load to the laser energy incident
on the surface. If a matched system is considered
where the source impedance is equal to the load impe-
dance and the switch resistance is much lower than
the load impedance, then energy delivered to the load
(assuming that the electrical pulse risetime is much
less than the pulse length) isl!

Eload/EL = p w de Zf, Epax Cp AT ep(l - r)/VgEy), (3)
where the switch length is the ratio of the source
voltage Vg to the maximum electric field Ej,, and Zr,
is the load impedance. The switched energy gain is

limited by the amount of heat that the switch can
absorb before damage occurs.

Maximum Average Power

The maximum average power delivered to a load
through the switch is related to the maximum average
power that can be removed from the switch volume at a
temperature consistent with switch operation. The
average power delivered to the load in a repetitively
pulsed system is

Pavg = 12 Ry, tep PRR = h(Tedge - Tfluid)Y w /8 s (€))

where I is the current through the switch, Rj is
the load resistance, tgp, is the electrical pulse
length, PRR is the pulse repetition rate, h is the
heat transfer coefficient between the switch and the
cooling fluid, 7y is some multiple of the switch
frontal area available for cooling, w is the switch
width, 2 is the switch length, § is the ratio of
the switch resistance to the load resistance, and
Tedee and Tfiyid are the temperatures of the switch
body and the cooling fluid, respectively. If h =
1000 J/s Rg = 0.01 Ry, & = 0.01, (Tedge = TEluid) =
100°C, £ = O1m, w = 1lm, v=10, tg, =m“°C, I =
50 kA, 100 ns, and PRR = 10 kHz, then the peak power
delivered to the load is 10 GW, and the average power
delivered to the load is 10 MW. The average power
that must be removed from the switch in this example
is equal to YPyyg or 100 KW.

Experimental Results

Initial high-power evaluations of the PCPS were
conducted at Los Alamos using the experimental ar-
rangement shown in Fig. 6. Two 60-ft coaxial cables
were pulse charged to voltages between 50 and 225 kV
with a Marx bank and switched into a matched resis-—
tive load with a PCPS. The PCPS was a 2.2-cm-long by
0.5~cm~square single-crystal, intrinsic silicon bar
with aluminum deposited on the ends for electrodes.
The PCPS was switched with a Q-switched Nd:iglass
laser with a 20-ns FWHM pulse, a risetime of approxi-
mately 5 ns, and optical energies between 0.03 and
3 J.
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Fig. 7. Photoconductive pulse power switch experimen—
tal results.

The coaxial cable or source voltage and the

switch current shown in Fig. 7 indicate that the

switch, in this instance, held off about 100 kV or an
electric field of 45 kV/em and conducted a peak cur-
rent of about 1.7 kA for 200 ns. Note that the opti-
cal control pulse terminated after 20 ns and the cur-—
rent continued to flow through the switch. The decay
in the switch current observed in Fig., 7 with a char-
acteristic decay time of about 200 ns is a result of

contacts that did not reinject the carriers swept
from the conducting region during the calculated
250-ns transit time.
Conclusions
Photoconductive pulse power switches have the

potential to close faster (and thus more efficiently)
with more precision, less relative jitter, and with
less inductance than any other technology. They also
offer the standard advantages of optical control iso-
lation. The bulk nature of the photoconductive phe—
nomena will permit the design of a single, solid-state
switch for any voltage or current or of multiple
photoconductive switches to be closed in a precise
sequence, The thermal characteristics of photo-
conductive materials and a geometry that promotes
heat removal permit very large surge capabilities and
large average power operation.
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