LA-UR -83-1732

@(,.Ud; - Y30 7é/ .

Los Alamps Naupna! Laboratory @ opersies by Ine University of Cahitprrus for tha Unned Siates Depanment of Enargy unger comract W-"405.-ENG 3¢

LA-UR~-83-1732
DE83 015239

titLe. PHOTOCONDUCTIVE POWER SWITCHES

AUTHOR(S) W. C. Emally and R. B. Hammond

SUBMITTED TO Proceedings of the Society of Photo-Optical Instrumentation
Engi‘néers Meeting, San Diego, CA, August 1983.

DISCLAIMER

This report was proparod as an acoount of work sponsored by an agency of the United States
Government, Neithor the Unitod Stales Government nor any agency thereof, nor any of their
employecs, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the sccuracy, completoness, or usefulness of any iaformation, apparatus, product, or
proceas disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence horein to any specific commercial product, process, or service by trade name, irademark,
manufacturer, or otherwise does not necessarily constitute or imply its ondorsement, recom-
mendation, or favoring by the United Statea Government or any agency theroof. Tho views
and opinions of authors expressed herein do not neosssarily state or reflect these of the
United States Guvernment or any agency theroof.

By scceniance ! this sriicie. the Publnher recognizes that the U.S Grvernmeni retans 8 nonesClusive royaity-trea keonse to publish of reproduce
e publighed form B Ik EOMINDVION. Of 10 AuDw Others 10 8o B0, for U.S Governmani purposes

The Lot Alamos Natonal Laboratory reaussis that tne publisher wantfy this pricis 88 work periormad UNGe! e avapices of the U 8 Depanmyni of Enetyy

LOS AJSMNOS Losiamos NetionalLasoratry

N S ALY
a7 o R U“HQHER ISTAGUTION UF THIS DUCUNCND 15 DWLM &ﬂé


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


LA-UR-83-1732

Photoconductive Power Switches"
W. C. Nunnally, R. B. Hammond

Electronics Divislion, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abs ct

This paper outlines the advantages and the potential of pnotoconductive switches ap-
plied to high-power systems. The photoconductive effect can be used to switch large
amounts of energy by changing the conductivity of a sgolid-state circult element many
orders of magnitude with a high-power laser. The simplicity of these devices offers many
advantages in high-power applications when combined with high~power pulsed lasers. The
aurge capability, the switched energy gain, and the maximum average power for photocon-
du~tive power switches are discussed. 1In addition, the results of a 100-kV, 100-MW ploto-
condustive awitch experiment transferring 20 J in 200 ns are presented.

Introduction

The preliminary development and demonstration of scalable, photoconductive power
ewitchea (PCPSs) at Los Alamosl-3 {indicate that it is theoretically possible, in a
single golld-state device, to switch high volrtages (meqavolts at 100 kV per centimeter
Yength) and high currents (megamps at 10 kA per centimeter width) with more precision and
higher efficlency than with any other technology. PCPSs operating at 135 kV (65 kV/cm)
and 2 kA (4 kA/cm) have been experimentally demonstrated. Because P(PS58 can be de-
Bigned to cloge faster with less inductance and less relative jitter than any other tech-
nology, power conditioning systems can he simpler, more efficient, and more compact. The
large opecific heat and the excellent thermal conduclivity of photocunduclive materials
make Lhe technology applicable to a large number of high-energy, high-average-power pulse
applications.

Phyoical description

The basic PCPS geometry is 1]llustruted in Fig. 1. FElectruues make contact at the onds
of a photoconductive material such as nilicon, GaAs, or InP. A PCPS does not have PN
junctione because photoconductivity in a bulk phenomena, and thvs, a sinyle device can he
scaled to any vcltage or current requirement. The Jlength ¢ of the photocorductive
material block is determined by the desired operating voltage; the widLh w 18 determined
by the desired operating current or desired inductance; and the effective optical at »rp-
tion depth do is determined by t4he type of photoconductive material and by the optical
control wavelength.

This arrangement differs from the liqht-activated silicon awitch (LASS)4 in twu as-
pectA. First, the LASS device umsen the four-layer, pilicon-controlled rectitier (SCR)
structure with threc meries PN junctionn, one of which must hold-off the appllied voltage
before nwitching, while the photaconductive power switch dlsatributea the upplied yoltays
across the entire length of the photoconductive material betweoen the electrodes. Second,
the region between the elec' roden fo uniformly flluminated in the pCPS to change Lhe con-
ductivity of the entire device Ajmultaneocunly, while the LASS device uoer the pholucon-
ductive effect to change only the conductivity of the gate region of the SCHR ntructupe.

Qperation
optical control

The conductivity of a PCPS can bn controlled with electronn, ions, ot photuna. For the
purpone of this dincunsion, only photon sudrcen will he considerod. Optical contiol han
the lahereprt advantage of fmolation for any high-voltage awitceh, For a pCPS, optical
control has the turther advantage of very fant closure of the nwilch becaune of the larqge
amount of optical enerqy that can Fe dellvered in a very gmall period ol time {n a
high-power lamser pulne., 1In addition, 'he optical eneray can be dintributed in npace with
very precire time renolution to control one large switch ov many geparate nwitchoo ofther
simuitanrounly or n a precine nequence determined by the tranalt ~Lime MMfferepcen of the
conti1olling optical path lengtha.

* "Th1a "work I1a sponnored by the Lon Alamon Naliohal Laboratory Engineoring scfencens
Directorate and the Departnent. of Enerqgy.



Bulk carrier deneration

A photon with an energy greater than the photoconductor band gap produces an electron-
hole pair in the photoconductive 'olume. When uniforwly 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 dJdevice
sp~ed transit-time limitation present in other switching technolugies. Thus, device speed
1a decoupled from device size or powe:. As illustrated in Fig. 2, a PCP3 can be closed in
a time scale not posaible with other technelogicas. The change in resiastance or closure of
a converntional switch is initiated at a single point between Lhe electrodes. Avalanche
processes must then generate additional carriers. However, as the carrier density in-
creases, the elect: ic field in the switch decreases, reducing the carrier generation rate.
Thus, conventional high-power Bwitches have a decaying er ential reesistance during turn-
ocn. In contrast, the reaistance of the PCPS is determin by an external optical source
with closnre time determined by the optical power.

Carrier removal

The carriers generated with the input optical energy are removed from the conduction
process in two ways. First, the carriers recombine within the photoconductive material in
a time vsually detesmined by the trap doping level. For very high-sp=ed photoconductive
detecktora, the recombination time is chcsen to give the fasteslt possible falltime. As
shown in Fig. 3, heavy doping produces recombination times less than )00 ps. For a clos-
ing awitch, long recombination times are desired so that cunduction will persist after the
end of the optical pulse. Recombination times of 20 us have been measured at Los Alamos
ir intrinsic (pure) single-crystal silicon ao that electrical puises with durations ]ess
than 1 us can be switched with a much mhorter optical pulse. The conductivity in the
switch can be meintained by supplying additional optical energy during conduction.

Carriers area also removed frem the conducting voelume at the contacts. If the junction
between the metal and the conductor forma a Schottky barrier, only a fraction of the car-
riers will be reinlected. To maintain high conductivity, the contacts must be ohmic in
nature without a Schottky barrier.

Linitations

The operatiny voltage of a PCPS I8 limited by the electric hreakdown strength of the
photvuconductor or of its surface. The bulk electric [leld strenyth of most aecmiconductors
is abhout 100 kV/cm, and initia) experiments at Lcas Alamos have uperated at up to 65 kV/cm,
and improvementa are belng developcd.

To avold thermal runaway in a silicon PCPS, the carrier denaity muat remaln below 1018
em-3. This tranolates into 1 current dencity of leas than 100 kA/emZ or a line
current Jenaity of !0 kA/cr with an optical absovption depth of 1 mm. Experiments at Lou
Hlamon have demonstrated a line current densfty of 4 kA/um.

The clectrical pulse length and the pulpe repetition rate are limited by the average
power ohtainable with prenent Jlaner nystemn. However, many low-pulse-rate applications
with 2.nctrlcal puloes lens than 1 .8 Jare Dosmaible with presnnt-rlay laners.

Additional advantaged

Circuit-independent control

The coaductivity of a PCPS {a controlled by the external optical npource and nol by the
circuit to which (L {8 connected. Thun, a PCPS desligned to operatn at 10 kV ghould clone
‘n a nimilar manner at 10 V. Thin advantage roducen the effectn of voltays variationn and
tranaieptn.

Inductance-rea,stance ratio
Decause the nductance of a PCPS I8 proportional to lta widlh and the renfutance |n
irdepandent of width, the ratio of awitvh lpductance 1o resintance can be designoed for a

njecific applicatlion by varying the awitch width,

Thormal management.

'or [lxed total optical input, the total resintance {n indep went of width.  Rlect)i-
cal) enargy disaipated per anit volume in the pwitch 0 reduced by increasing the pwitch
witth, The area available for heat jemoval alno scalen an the device width no that he
maximum average power of onperalion nacales asn the pawitch width. The thermal enerqgy
deponited in the nwitceh munt be Lranaported only Lhe sffective gptical abrorption Jeayth

to the large nurface arva and must. bhe removed from the conduct ing medium,

Implementation ol alternate circnlt cenceptn
The fast clonure, ptecise control, opilcal tnolation, and low {pductance ponnible with
PCPSn make the Implementation of atandard circults more efficienlt and the application of



alternate concepts feasible. For example, the switching of a Blumlein line3 PuUls€ gen-
erator with a high-efficiency, very low-inductance PCPS is illustrated in Fig. 4. The
uge of the PCPS with the Blumlein line w!ll provide a faster output puls¢ risetime and
reduce the percentage of stored energy deposited in the switch compared with that of con-
ventional technology, especially in very low-impedance systems. The control of a single
Blumlein line can be extended to the stacked line® concepts illustrated in Fig. 5.

Analysis

Photoconductive switch resistance
The resistance Rg of the photoconductive volume of Fiq, 1 is glven by’

- 22 - t
Ry = 27 E,/[evE (1 = )] , 1)
where e ia the electron charge, u is the sum of the carrier mobilities, E;, i3 the
optical energy, r la the materjal reflectivity, and E), is the photon enargy. llote
that the photoconductive resistance is independent of width for constant optical eneryy
deposited in tlie photoconductive volume.

Adiabatic characteristics (12)

The amount of energy that can be ahsorbed by a switch is determined by the 12t pro-
duct. The value of the I2t product for a photoconductive |'>wer switch when an infinite
recombination time

2
(I L)C = pwdecp AT en(l r)EL/(BAI) ’ (2)
where c¢ 18 the material upeciflc heat, p 1is the material denrity, and AT 18 the
change Fh device temperature during conduction. Note that junction devices are limited
to a maximum temperaturc of 180°C, hut PCPSe can operate with much higher AT values,
Ay an rxample, for Ep - 10 J, w = 1 m, &= 0.1 m, AT = 1000°C. r = 0.3, cp= 0.7 X i03d
J/kg-°C, p = 2.33 x 103 kg/md, u = _0.13m2/5, and Ey = 1.2 x 10-19 J .or Y.Oﬁ-um wave-
length Lllumination, 12t = 1.5 x 1067 AZs, Thus, this switch will conduct a current of
16 MA for time typ = 150 na with an optical trigger energy of 10 J.

Switched eneryy gain

The switchad energy gain of a photoconductive switch is best described as the ratio of
the enerqy Ejg,q tranaferred to the Jjoad to the laner enerqy Ej, incident on the sur-
face. If a matched system is conmldered where the nource impedance {n equa’ to the load
Impedance and the switch resiantance (A much lower Lhen the load 1mpedance, then the
ennrgy delivered to the Had (assuming that the electrical pulae rilaetime {8 much less
than Lthe pulse lenqgth) in

Hl(md/HI- = pw(lp'l."E AT onll - r)/(VnHA) ' (3)

max“p
where the nwitch lenqth is the ratio of the nouice voltaye Vy to the maximum e)ectric
fleld Epax and %41, {o the load jmpedance. The nwitched energy qgain (s limited by the
amount. of heat that the awltch can absorb before damage ovoura.

Maximum _average power

The ma¥ Imum averagye power delivered to a load through the awitch in re'msted 10 the
maximum averaqge power that can be removed from the nwitch volume at a tempearature consin-
Lent. with nwitch operation. The ave,anqe power deliveyed to the Joad (n a repetitaively

pulaed pyntom in
Pavg " l""‘“l."—ﬂp"““ = hiTedye = Trigid)wi/s (4)

whare J {r the current through the nwitch, Ry {ir the toad renalntanen, tu, 1o the rclec-
trical pulne length, PRR in the pulne repetition rate, h {n Lhe heat trnnn’vl cooffiniont
hot woen the rsitceh and the cooling fluid, y {n nome maltiple of the nwitch frantal arca
avatlable for cooling, w in the nawiteh width, ¢ in the nwitcek lenyth, V fo the ratio
of the pditch reaintance to the Joad renintance, ancd lodge and  Tylyid are the temper-
aturen of the nwitch hody and the cooling fluld, renpectively. 1f h e 1000 d/n, R, =
0,01 Ry, & = 0,01, (Tagge =~ Triuga) = 100°C, ¢ = 0.1 m, wo=1m, y = 10 m2¢, 1 = 50 kA,
|"p = 100 na, and PR = 10 k2, thon the peak power delivered to the load (n 10 W, aml
the average pownr delivered to the load in 10 MW, The averaqe power that munt be remnoved
from the awiteh tn thin example {0 sgqual 10 Py or 100 kW,

Preliminary hiygl voltage sxpepimeptal renultn

Device dentgn and fabrjcatijon
A amiien of aXpepimentn were  porformed on bulk alltcon photoconductors uning a Q-
nvit ched Nd:glann laner an the sxcitation nouree,. Thin aoirce provided a lony abgorption



length (1 mm) and a lary - excess in pulse energy. The gilicon devices were fabricated
from 1000 Q-cm, n-type s,licon. Samples were cut 2.5- X 0.5- x 0.5-cm3. The saw-cut
samples were lapped on al’' surfaces to 5-um grit-size alumina. The four longitudinal
cornera were smoothed to prevent local electric field enhancement; following this, the
samples were etched in CP4 at 0°C. At this point, some samples were oxidized in an O3
ambient at 1100°C for 4 hours. For the oxidized samples, the oxide on thc¢ ends of the
parallelepiped was rzmoved with HF; sometimes these ends were lapped. Finally, evaporated
aluqlnum contacts were deposited on the sample ends, which were then sintered at 50C°C for
2 minutes,

Experimental arrangement
The test circult for high-voltage, high-current photoconductive switch experiments is

shown in Fig. 6. The silicon bar used for switch evaluation was placed between two prass
electrodes, and electrical contact was made with a spring arrangement that compressed the
sample with approximately 10-kg force. One of the electrodes was grounded through a very
low-inductance current-viewing resistor with a bandwidth of approximately 2 GHz. The other
electrode was connected to two parallel 50-0 RG-19 coaxjal cables 16.5 ® in length
through a ioad resistor tube filled with copper sulfate. The conductivity of the load
resistor solution was selected to match the impedance (25 Q) of the two coaxlal cables.
The two paralilel cables were pulse-chargea to between 100 and 300 kV in approximately
1.5 us upon triggering the Marx circuit. The entire high-voltage test assembly at the
end of the coaxlal cables was immersed in several dielectric fluids, including water and
ethylene glycol, to prevent high-voltage arcs hetween points In the circuit. The water
dielectric was circulated through an {on exchange column and filtered to increase the
resinstivity, and air bubbles were removed to prevent inadvertent discharge.

The light source that caused conduction in the silicon sample consisted of a Q-switcheu
Nd:glass laser that could deliver up to 3 J of optical energy in a 20-ns full-width ot
half maximum (FWHM) laser pulse. The laser energy in the 20-ns pulse was varled fron
0.0) to 3 J, and two cylindrical lenses were uped to provide a rectangular beam pattern
t hat distributed the optical energy in a relatively uniform manner over Lhe surface area
of one gide of the silicon bhar from electrode to electrode. In addition, a dlelectricn
tube terminated with a quartz flat was inserted into the liquid-insulated, high-voltaye
region to transport the optical energy most of the distance through the liquid without
attenuation or dintortion. The high-voltage or high electric flield gtress on the ganple
required that the ends of the ailicon bar samples be recessed in brass electrodes so that
the simple contacts discussed would not produce freec electrons at surface jrreqularities.
Both electrodes were grooved to permit optical energy to cover the entire sample, even
into the recessed region on one side, 80 that the entire devive could be activated but
utill have the sample coatacts in the Jow-field region. Contact between the
aluminum-coated silicon and the brass elec- trodes waa aided by a heavy coating ot indium
solder on the electrodes.

The current through the switch waas measured with a low-inducLance current-viewing re-
dlstor in the ground electrode. The voltage on the aource cables duringy pulse charge and
photocunductive discharge was measured with a capacitance-compensated vyoitaye divider
(Fig. 6). The optical pulze nhape was determined upsing a small photoconductive detector,
and the pulse enerqy was determined with a thermocouple.

The silicon mamples were placed between the electrodea, and thme pulac¢ voltage was ap=-
plied several timeo before applying the optical pulae. Without the optical pulse, the de-
vices remained an upen circult unlesa the applied voltage oxceeded the pnurface flashover
electric fleld. When the oplical pulse wan applied to the allicon purface, the awitch
cloaed and current was observed |n the load realator and Lhrough the awitch.

Experimental results

In these I[nltlal experiments, several namples were pevaluated {n the high-voltage
circuit. The nource voltage and the pwitch current for a ningqle-pulae operation at
approximately 100 kV Ls shown in Flqg. 7. The electrical pulse lenyth {n determined by the
the two-way tranait time (200 nr) of the coaxial cablep and the peak current {8 Jeler-
mined by the ratio of the nource voltage to the aum ol the cable impedance and the load
resintance, or approximately 1.8 kA. Tha prak electrical power {n the load ot the renult
in Fly. 7 ia approximately 80 MW, with a total energy tran#ter of about 1% J. The peak

current of 1.0 kA for a 0.% cm width pcalea to about Yol kA/m, and the electric=f{eld
nt.ress on Lhe nample {n approximately 40 kV/eme The electrie tlold ntrean wan JimiLed to
40 kV/em by naurface flanhover in the water environment {n mach lsnn than the 100 kv/em
odpected in o dry environment.

Several important ohservationn can be made fiom the experimental poenulta, The cutrent
decay after the laner pulne terminated (Fiq, 7) probably renults from the contact injec-

tion inefficiency of the aample or from space charqo, The Lyansft time of the Jdevice o



approximately 200 ns so tha: an appreciable number of the carriers generated by the 20-ns
laser pulse are swept out of the switch region during the electrical pu “n. The ineffi-
cient contacts are probably not injecting new carriers. The switch resi..ance increases
tc a level comparable with the load and source resistances, thus, decreasing the circuit
current. This also causes a mismatch of the transmission line source and leads to reflec-
tions. The current risetime is 5 rns, which may be determined by the laser pulse power.
The circuit-limited risetime is 0.5 ns, and the current probe risetime is < 1 ns.

The current excellent capavility of the swiiteh was obvious when one observed the
extensive damage that occurred when the sample surface tracked. The surface flashover
when the cables vere charged resulted in a very high-curren:-density arc channel along the
sample surface that melted a 0.5-mm-deep groove in the sgurface. The discharge of the
energy stored in the cables in a surface flashover also resulted in a lazrqge shock wave
transient that fractured the ailicon sample. However, the photoconductive device was very
rugyged when operated properly. Conducting the large current did not affect subseguent
operation of the sample. Current in the sample was evidently uniformly distributed across
the sample width so that the current density was much lower than in the surface arc casge.
One sample that was fractured perpendicular to the current path by a surface discharge
remained between the electrodes and continued to function as a switch without voltage and
current rc.sponse degradation. The current flowing in the gsilicon was owuserved to arc
acrocs the fracture in a uniform current sheet.

Conclusions

Phutoconductive power switches have the pctential to close faeter (and, thus, more
efficientl,/) with more precision, less relative jitter, and with less inductance than any
other technolngy. They also offer the standard advantages of optical countrol isolat‘ 'n.
The bulk nature of thie phntoconductive phenomena will permit the design of a single solid-
otate 3witch for any voltage or current or of multiple photuconduciive gwitches to be
closed in a p.ecise gequence. The thermal churacteristics of photoconductive materials
and a geometry that promotes heat removal permit very laryge surge capabllities ar4 high
average-power operation. Theae characteristica and initial experiments {indicate ipat
phntoconductive switch technoloyy has the potential to he the control technolejy For
future hiah-pcwer appllcations.
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