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Abstract

Laser diode arrays have been used to trigger GaAs Photoconducting Semiconductor
Switches (PCSS) charged to voltages of up to 60 kV and conducting currents of 586 A.
The driving forces behind the use of laser diode arrays are compactness, elimination of
complicated optics, and thr ability to run at high repetition rates° Laser diode arrays
can trigger GaAs at high fields as the result of a new switciling mode (lock-on) with
very high carrier number gain. We have achieved switching of up to 10 MW in a
60 fl system, with a pulse rise time of 500 ps. At i :, MW we have achieved
repetition rates of 1 kHz with switch rise time of 500 ps for l0 s shots. The laser
diode array used for these experiments delivers a 166 W pulse. In a single shot mode
we have switched 4 kA with a flash lamp pumped laser and 600 A with the 166 W
array.

Introduction

Until recently, laser diode arrays were used to trigger lateral Photoconductive
Semiconductor Switches (PCSS) that switched hm-dreds of volts at most. Voltages as
high as 112 kV have been switched with GaAs but using a large flash lamp pumped
laser. Two applications f')r laser diode triggered PCSS are impulse radar and firing
sets. To assess the applicability to impulse radar we must switch 50 MW in a 50 [1
configuration (50 kV, 1.0 kA), with a rise time of 500 ps, a pulse repetition rate of
10 kHz, and a switch lifetime of 106 shots or more. For firing sets, our goal is to
switch 5 kA in a single shot mode.

At electric fields below 3 kV/cm, GaAs switches are activated by creation of, at
most, only one conduction electron-valence hole pair per photon absorbed in the sa.mpie
[1]. This linear mode demands high laser power, and after the light is extinguished the
carriers live for only a few nanoseconds. At higher electric fields, GaAs behaves as a
"light activated Zenpr diode':. Tile laser light generates carriers as in the linear mode
and the field induces carrier mulltiplllication (gain) such that the amount of light
required to trigger the switch is reduced by a factor of up to 500 I2]. With gain, the
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current rises until the field across the switch drops to a material dependent lock-gn
field. At this point, the switch will carry as much current as the circuit will provide
for as lonl_ as the circuit can maintain the lock-on field. This lock-on mode has been

described in detail in other publications [3, 4]. The gain in the sw_tch, when operated
in the lock-on mode, allows for the use of laser diode arrays that operate at high
repetition rates.

The characteristics of lock-on are" 1) The lock-on field is independent of charge
voltage or switch length (the distance allong the field direction). For GaAs:EL2
switches we have varied the ¢witch length from 0.1 cm to 3.38 cm and found lock-on
fields that range from 3.6 kV/cm to 4.5 kV/cm. 2) The lock-on field is dependent on
many factors. One is the type of deep levels in thc GaAs. For GaAs:Cr wc find a
lock-on field of ~8--3.5 kV/cm. Other fa_.tors are neutron damage and temperature. We
have been able to change the lock-on field of GaAs'Cr to 49 kV/cm by neutron
bombardment and to 6.2 kV/cm by cooling to 77 K. 3) Lock-on switches can handle
the high voltages and powers required by many applications. Using a 3.4 cm long
GaAs.EL2 PCSS, we switched 112 kV to a lock-on voltage of 15.3 kV, with a current
, c 1.56 kA. The effective power into a matched load was 46 MW. Higher voltages
c_.n be switched by cascading PCSS. We found that three lock-on switches that
individually can switch 11 kV can be cascaded to switch 34 kV. 4) The current
through a lock-on switch is determined by the circuit and the lock-on field:

I : (V c - V,o) / R_, (1)

where V¢ is the charge voltage, Vlo is the lock-on voltage, and RC is the circuit's
impedance. It is assumed that V¢ is larger than Vio. If not, the current is determined
t)y linear photoconductivity. 5) Lock-on switches can conduct high currents. We have
switched up to 4.0 kA with a 0.2 cm long by 2.1 cm wide (in the direction
perpendicular to the field, across which the current is spread) switch. The circuit had
0.36 tq impedance (V¢ waz 3.a kV, and Vio waz 1._J kV). The current handling
capability of a switch is determined by its width. Switches 0.15 cm wide have carried
up to 628 A (4187 A/cm). If we assume that this current is spread uniformly, and
that it is due to electrons trav._.!ling at the saturation velocity of 2.0 x107 cre/s, the
electron density would be 2.2 xl0_/cm a. If the mechanism for lock-on depended on
electrons coming from deep levels in the GaAs, the density of these deep levels would
have to be larger than the above density. Since typical dopant and defect densities are
of this order of magnitude, we would observe a saturation of the current for higher
fields. This saturation has not been observed. 6) Another aspect of lock-on is the
ability to trigger with low light levels. Using 1.5 to 3.4 cm long switches, we observed
that the amount of laser power required to trigger lock-on was 500 times lower than
that for comparable linear switching [2]. In particular, the lowest light levels that
trigger lock--)n barely drop the resistance of the same switch operating in the linear
mode. This implies that there is a large gain (more carriers per photon) in lock-on.
The gain is consistent with the voltage drop across the switch since in any switch
,"here there is a short carrier lifetime (as in GaAs) and a field dependent gain, tile.sv
two mechanisms _ ,larme each other to cremate a voltage drop.

Triggering Lo_____ck-onSwitches
with Laser Diode Arrays

The gain in lo_k-on allows the use of very compact light sources such ms laser
diode arrays. We have triggered different types of GaAs into lock-on with la.ser diode
arrays. We used a 850 W laser pulse to trigger a 1.5 cm h)ng switch, that in turn
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discharged a 50 fl transmission line that was pulse charged to 55 kV. The laser diode
array was developed by the David Sarnoff Research Center [5, 6]. Figure 1 shows that
the switch delivered 470 A to a 38.3 fl load. The power was 8.5 MW. This result
shows the ability of the switch to operate at high voltages with a laser diode array
trigger.
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Figure i. The voltage and current for a GaAs switch (1.5 cm long) triggered with a
850 W opticM pulse from a laser diode array. The voltage across the switch drops
from 55 kV to 12 kV upon triggering. The lock-on current is 470 A. The power
delivered to the 38 fl load was 8.5 MW.

Using a commercially available laser diode array (rated for 265 W) that produced
pulses from 55 W to 166 W we have triggered many different types of switches with
lengths that vary from 0.1 cm to 1.5 cm. The array is made from 40 individual GaAs

diodes and emits at 904 nm (1.37 eV, slightly below :he band gap of GaAs). The
array is iri a TO5 package about one centimeter iii diameter and 0.7 cm long. The
driver for the laser diode produces a 75 A pulse with a fast rise time at repetition
rates :Ls high as 1.0 kHz. We obtain a 50 /_J optical pulse with 600 ps rise time and
300 r.s duration. The output of the laser diodc array is shown in Figure 2. Since the
o_vitch is triggered into lock-on in less than a nanosecond, most of the optical energy is
wasted. It is likely that a shorter light puNe with considerable less energy would
trigger these switches.

The highest switch current and power that has been triggered with a laser diode
array are 800 A and 10 MW. In that case, a three foot long antenna, whose
impedance was roughly 60 ft, was p_tlse charged to about 55 kV and discharged through
a 1.5 cm long undoped GaAs lock-on switch with a lock-on voltage of about 6 kV.
The laser used in this experiment was the small 166 W laser diode array. The current
through the switch was measured with a 0.25 fl current viewing resistor and is shown
in Figure 3. The duration of the pulse is determined by the length of the antenna
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Figure 3. Tile current through a lock-
I switch charged to 55 kV, triggeredFigure 2. The optical pulse generated on

by our fast laser diode array. The time by a 166 W laser diode array. The
scale is 1 ns/div. The rise time is scales are 200 A/div. and 20 ns/div.

'The peak current is 800 A. The power
600 ps. delivered to an ideal 60 fl load would be

10 MW. J

that acts as a three foot long transmission line. The peak current in the switch is
800 A. When the switch is triggered, a positive 49/2 kV voltage pulse moves through
the switch away from the antenna. TMs pulse reaches the CVR which acts as a
short at the end of the transmission line, thus doubling the current. The power
delivered to an ideal 60 li load would be 10 MW. The measured current rise time is

600 ps but since the risetimes add in quadrature and the CVR has a bandwidth that
corresponds to 300 ps, the switch rise time is 520 ps.

The highest current density that has been triggered with the 166 W laser diode
array was 4.2 kA/cm (628 A). The GaAs switch was charged to 3.0 kV DC across
2.0 mm, and used to discharge a 2.1 nF capacitor through a load of 0.1 _l and a stray
inductance of about 30 nil. The lock-on field for the switch was about 4 kV/cm,
satisfying equation 1. The current of 628 A was spread out across 1.5 mm,
corresponding to a current density of 4.2 kA/cm, the highest that we have achieved.

The 0.25 cm long samples have been run at up to 1 khz, at a peak power of
1.28 MW. Figure 4 shows the current pulse from such a switch. The waveform
represents switching 160 A through a 50 fl load for a peak power of 1.28 MW. The
reproducibility of the waveform is good: <5% variation in the peak current and
<200 ps jitter. This type of switching was carried out at 1.0 MW level, at 1 kHz for
10s shots. The damage to the switch is at or near the metallized contact that serw_s
as the anode. Repeated switching ablates the metallized contact and some of the GaAs.
This vaporization of material eventually leads to switch failure. The cathode and at_ode
electrodes are made using a Ni- Au- Ge metallization scheme commonly used for GaAs
[7]. This type of contact l_as a very low specific contact resistance (100 fl /_mZ), but is
known to have a Schottky barrier height of, at most, 0.27 V to 0.35 V, with a trxnsfe:
length of 0.2 /_m to 0.6 /_m. A current of only 500 A passinz throuzh a 0.25 cm wide
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Figure 4. The current through a 50 iIresistorswitched by a 2.5 mm long switch that
was triggered w;th a 166 W h, ser diode array. The scales are 20 A and 500 ps per
division. Thus the power is 1.28 MW, and the rise time is 600 ps.
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Figure 5. A comparison of the current waveforms of linear and lock-on switching.
Both waveforms were produced by the same laser and switch but when the switch was

charged to 30 kV the current pulse follows the laser intensity, and when charged to
55 kV GaAs went into lock-on. Note the differences in rise time, on time, and peak
currents.

contact for 20 ns and such a voltage drop results in a-temperature rise in the transfer
region of 4000 C consistent with the observed damage. Further switching can cause
thermal migration and reduce the effectiveness of the contact. Since this damage occurs
mainly to the positive contact, we believe that using our present n-type contact for the
cathode together with a good p-type contact at the anode will improve the lifetime.
Another way to try to improve the lifetime is to use ion implantatic.n _o reduce the
voltage drop and to increase the transfer length.



The ability to produce fast rise times in the lock-or, mode is being investigated
presently. Figure 5 shows the current waveforms for the switch discussed in Fig. 1 to
compare the linear and lock-on modes. At 30 kV, the field is below the lock-on
threshold and the current pulse (left scale) waveform follows the optical pulse. The rise
time of the pulse is 20 ns. At 55 kV, the switch is triggered in tile lock-on mode and
tile rise time is faster than the laser pulse ("4 ns). This shows that the gain of lock-
on can result in a faster rise time than that of the triggering laser pulse. Presently
the best rise times that we have observed correspond to abollt 500 ps,, ms shown in
figures 3 and 4.

hnpulse Radar

There is considerable interest in the generation of subnanosecond rise time impulses
to evaluate the feasibility of impulse radar. Ii1 this section we will use typical
parameters to obtain the required switch parameters such as switctl voltage, current, and
length, laser input, power loss, and cooling necessary to assess tile feasibility of impulse
radar. Our calculations are for a switch that controls pulses of 50 MW peak power,
with a rise time of 500 ps, a pulse duration of 1.0 ns, and a pulse repetition rate of
10 kHz. If we assume that tile switches discharge a 50 fl transmission line into a
matched antenna, the switch must deliver 50 kV, and 1.0 kA. The highest field that
we have switched for large samples is 42.7 kV/cm. Given a lock-on field of 4 kV/cm,
the voltage delivered to a matched load is 0.5(42-4)L where L is tile gap length. For a
load voltage of 50 kV, L=2.6 cm. In practice we would use two 1.5 cm gap switches
for a length of 3,0 cre. This requires two of the 166 W laser diode arrays. Note that
the switch length implies a lock-on voltage drop of 12 kV. This voltage times the
current times the duty cycle gives the power loss in the GaAs; 120 W. This loss
would result in an unacceptable heating rate if it is not removed. Calculations indicate
that cooling can be achieved by flowing the insulating dielectric liquid over tile surface
of the switch.

Physics of I.ock-on

Several mechanisms for lock-on have been proposed. Because of the low average
(and local) lock-on fields that we ":aeasure, tile mechanism probably is not avalanche
across the band gap. A simple model of current injection predicts that the lock-on field
would vary linearly with the length of the switch and thus such a model would be
inconsistent with the data [8]. A more complicated model that includes velocity
saturation may reconcile this difference [9]. Regardless, any contact initiated mechanism
has to contend with the very fast rise times and short delays observed. The rise times
of 600 ps over distances of 1.5 cm would correspond to speeds of 2.5 x 109 cm/s that
are even faster than the electron saturation velocity. A simple nlodel where m_pa, ct
ionization from deep levels is the sole cause of lock-on is not sufficient since SOnm of
our switches have withstood high DC fields without going into lock-on. In particular,
the undoped GaAs and the Cr doped GaAs switches (0.25 cm long by 0.25 cln wide)
have withstood DC fields of 16 kV/cm for 60 minutes. Tills was done with the
switches in tile dark (current _hrough the switches did not exceed 1.4 #A) and under
room lightu (with a current of 5.2 #A). A model of avalanche GaAs switches has been
proposed by Falk [10] that seems to also explain some of the characteristics of lock-on.
In this model the rate of growth of the free carrier number, density (n) is given by:

dn/dt =-an + pn 2, (2)



where an is the normal recombination term and fl is an ueknown, field dependent,
carrier growth mechanism. This formula explains the requirement for a minimum light
trigger level and the delays observed in lock-on. The physical reason for a term that
produces carriers with the square of their density is typically a scattering mechanism.
The scattering mechanism that is common to GaAs, InP, and most indirect band gap
semiconductors is the excitation of electrons from the high mobility valley to tile love
mobility L valley in the conduction band. This gives rise to negative differential
c()nductivity and to the Gunn effect. It is interesting to note that lock-on average
fields are similar to tile Gunn fields, although their teInperature dependances are not the
same [11]. Also, the transfer of electrons to the low mobili_,y valley does not chang(.'
the numb(:r of electrons and thus woulld not ilt(tuce gaiil.

Conclusions !

We have shown that PCSS can be triggered with lapser diode arrays.
Accomplishments to date are: high powers (10 MW), high voltages (60 kV), l_igh
currents (600 A), frost rise times (600 ps), and high pulse repetition rates (1 kHz).
Iss_ms under investigation are lifetime (presently at 10° pulses), rise time (<600 ps,
circuit and diagnostic limited), and peak po',_,'er capability. Our goal is to switch up to
5 kA in a single shot mode and up to 50 I_.iW repetitively at up to 10 kHz.

I_.efer(?nces

[1] For an excellent review of linear photoconductivity see: C. Lee, cd. Picosecond
_Optoelectronic Devices (Academic Press, New York, 1984).

[2] G. M. Loubriel, M. W. O'Malley, and F..J. Zutavern, "Toward Pulsed Pow('.r uses
for Photoconductive Semiconductor Switches," Proc. 6th IEEE Pulsed Power C(mference,
Arlington, VA, p. 577, 1987.

[3] F. J. Zutavern, G. M. Loubriel, M. W. O'Malley, L. P. Schanwald, and D. L.
McLaughlin, "Photoconductive Semiconductor Switches for Pulsed Power Applications,"
to be I)ublished in IEEE Trans. Elect. Devices, Nov., 1990.

[4] G. M. Loubriel, W. D. Helgeson, D. L. McLaughlin, M. W. O'Malley, F. J.
Zutavern, A. Rosen, and P. J. Stabile, "Triggering GaAs Lock-on Switches with Lmser
Diode Arrays," to be published in IEEE Trans. Elect. Devices.

[5] A. Rosen, P. J. Stabile, F. J. Zutavern, G. M. Loubriel, W. D. Hclgeson, M. W.
O'Malley, and D. L. McLaugtllin, "8.5 MW GaAs Pulse Biased Switch Optically
Controlled by 2-D La.ser Diode Arrays", to be publistmd in IEEE Plmton. Technol.
Lett., July, 1990.

[6] A. Rosen, P..J. Stabile, W. Janton, J. C. McShea, A. Rosenberi,, J. C. Petheram,
H. C,. Miller, J. W. Sprague, and J. M. Gilman, "1 kW Peak Pow('.r 808 Ilm 2-D La.s_.'r
Diode Array", IEEE Photon Te(:hnol. L('.tt., Feb., p. 4a, 1989.

[7] G. M. Loubriel, M. W. O'Malley, F. J. Zutavern, B. B. McKenzie, and W. R.
Conley, "Surface Flashover Threshold and Switched Fields of Photoconductive
SeIniconductor Switches", 1988 Ann. Rep. Conf. Electrical Insulation and Dielectric
Phenomeila, Ottawa, Canada, p. 430, 1988.



II
i i I L

4,

[8] M. A. Lampert and P. Mark, Current Injection in Solids, Academic Press, New
York, 1970.

[9] K. H. Schoenbach, D. C. Stoudt, R. P. Brinkmann, V. K. Ladkawala, F. Loke, and
G. A. Gerdin, "The Lock-on Effect in Electron-Beam Controllled Gallium Arsenide

Switches," in Proc. 19th IEEE Power Modulator Symposium, San Diego, CA, 1990.

[10] R. A. Falk and ,1. C. Adams, "Temporal Model of Optically Initiated GaAs
Avalanche Switches," in Proc. SPIE OE/BOSTON90 (Boston, MA 199(/).

11] G.M. Loubriel, F. J. Zutavern, B. B. McKenzie, ami M. W. O'Malley, "Closing
PhotocoIlductive Serlliconductor Switches," Proc. 7th IEEE Pulsed Power (_onference.,
Moilterrey, (IA, 1989.

DISCLAIMER

This re_)rt was prepared as an accoun! of work sponsored by an agency of the United Stales
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or impLi_, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States'. Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

=

' ql






