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Photoconductive Power Switches*

w. C. Nunnally, R. B. Hammond

LA-UR-B3-1732

Electtonice Division, Los Alamos National Laboratory
Lor3 Alamos, New Mexico e7545

Abstract

This paper outlines the advantages and the potential of pnotoconductive switche~ np-
plied to high-power systems. The photoconduct.ive effect can be used to switch large
amounts of energy by changing the c~nductlvity of a solid-state circuit element many
orders of magnitude with a high-power laser. The 9iIIIPliCitY of these devices offers many
advantage in high-power applications when combined with high-power pulsed lasers. The
surge capability, the awitcbed energy gain, and the ma~imum average power for photocon-
du?tive power switches are ditrcuaged. In addition, the results of a 100-kV, 1OO-MWplloto-
condu,;tive switch ●lrperiment transferrir,g 20 J in 200 ns are presented.

Intro duction

The preliminary development and demonstration of scalable,
switches (PCPSa)

photoconductive power
at Loe Alamosl-3 indicate that it ia theoretically possible, in a

single solld-state device, to switch high volcagea (rnegavoltn at 100 kV per centimeter
length) and high currents (rnegamps at ll_I kA per cent~mcter width) with more precision and
higher ●fficiency than with any other technology. PCPSa op~rating at 135 kV (65 kV/cm)
and 2 kA (4 kA/cm) have been experimentally remonstrated, Because PCPSS can be de-
sianed to clone faster with lFSS inductance and lens relative jitter than any other tech-
nology, power conditioning systems can be simpler, more efficient, and more compact. The
lnrge upeclfic hcrit and the excellent thermal conducllvlly of phoLocunducLivu muLeri~la
make Lhe technology applicable to a large number of high-energy, hiqh-average-power pulse
applications.

W2ical d~n~tiption

The basic PCPS geometry i~ illuntrtited in Fig, 1, l?lectc~uen make contact at the ondu
Of a photoconductive material such ni: nlllcon, CaAs, or InP, A PCPS does not have PN
junntlonc becauae photoconduc!lvlty iII a hulk pl,enom{:na, and thufl, a single cfevictr can br
scaled to any veltage or current requipemcnt . The length t of the photocor,ductive
material block la determlnerf by tho desired npcraklnq voltagel the widl.h w ia determined
by the desired operating curr~nt. or dc~irerl Inductance; and the effective ol,tlcal at otp-
tlorl depth de is determined by t’>e typv of phutrxondurtiva material and by LhI! optical
control wavelength.

This arrangem~nt rflffera from t.h~ liqbt-met.ivat~d silicon switch (LASS)4 In twu aa-
pmctn. pirat, !.he LASS d?vice uuen the four-layer, Lrllicon-cuntrollef.l rectifier (SCR)
structure with thr@c n@ricn PN junctionn, one of which muot hold-off thm appllwd voltaq~!
bmform nwitc)lirr~, whl]m thm photmronductive pwwer ~wiLch dlstrlbutua RIIU i,ppllod vultaq~,
across the entlrr? lengkb of thn photr)conrluctlv~ matrrial hptwoon th~ •l~ctrodec. ne{”(lrlll ,
the region hetweon the wlpc’ rodt~n in lln]fnrmly illuminalc?d in t.b~ I]L’\’:; 10 changu lhv CIJIl-
duct.ivlky of t,ho ent.lr~ d~vire nlmultfrnoounly, whil~ l.hn I,ASS dcvlcr! IJOPFI the phulocon-
ductivp effect to chtrnqe unly lbr cuIlducliviLY of LhI~ ynl.v r~~Jioll U[ tb~ S~l~ ntlucllllt’.

!2e.w.Um
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Bulk carrier generation
A photon with an energy greater than the photoconduutor band gap produces an electron-

hole pair ia the photoconductive ‘olume. When uniformly illuminated, the conductivity of
the entire switch can be changed in the time in which the optical energy is delivered.
The bulk generatloil of electron-hole paire in the conduction volume removes the device
speed transit-time limitation present in other switching technologies. Thus, device speed
is decoupled from device size or powe;. Aa illustrated in Fig. 2, a PCPS can be closed in
a time scale not possible with other technological. The Change in rf2PiStanCC! or C108Ure of
a conver?tional switch ia initiated at a single point between Lne electrodes. Avalanche
processes mut+t then generate additional carriera. However, as the carrier density in-
creasee, the elect’:ic field in the switch decreaaes, reducing the carrier generation rate.
Thue, conventional high-power Bwitchee have a decaying er aential resistance duriny turn-
6n. In contrast, the resistance of the PCPS ia determin by an external optical source
with closure time determined by the optical power.

Carrier removal
~~ifi generated with the input optical ●nergy are removed from the conduction
proceee in two ways. First, ths carri~rs recombine within the photoconductive material in
a time usually detetmlned by the trap dopiny level. For very high-ap~ed photoconductive
deteckors, the recombination time ia chGrren to give the fastesk poaaible falltime. As
shown in Fig. 3, heavy doping produces recombination Limes less than 100 ps. FOr a clua-
ing nwitch, long recombination limes are desired ao that conduction will persist after th~
end of the optical pulse. Recombination times of 20 IIS have been meaflured at LOB Alamos
ir intrinsic (pure) single-crystal silicon no that electrical pulses with durations leaa
than 1 pe can be switched with a much nhorter optical pulee. The conductivity in the
switch can be maintained by supplying additional opt~cal wnergy during conduction.

Carriers ara alao removed frem the conducting volun,e at the contacts. If the junction
between the rental and the cond~ctor form~ a Schottky barrier, only a friaction of the car-
riers wil 1 be reinjecterl. To maintain high conductivity, Lhe contactri must be ohmic jtl
nhture without a Schottky barrier.

L!hlttrttim.tl

The operating voltaqc of J PCPS la Ilmlti*d by t.h(! ●lectric breakdown strength of the
photoconrluctor or of its surface. The hulk r?lrctrlc field ntrenqtll of moct ncmiconducl.oru
la about 100 kV/cm, and init.lal nxpprimentu at LLS Alamos havo operatr!a at up to 65 kV/crn,
and improvements are helng developed.

To avoid thermal runaway in n eilicon PCPS, the carrier d~nnlty munt remain below 10IB
~m-3. This tr~nolatee Irlto I current. donclty of lceg t,han 100 kA/cm2 or n linv
crirrorrt Jennity of !0 kA/crn with nn optical abnorl)tlon depth of 1 mm. Exporirncntu aL Lou
.’,lamon have demollntrnted a line curr~nt dennlty of 4 kA/,rn.

Thr alectrlcml Ijulne lrngtll and the puloe repetition rate are limll.ed by thu av(!~age
puwu r ohtalnahlr! wiLh prennnt lan~r nynt-mn. Ilowovpr, mnny low-pulne-raLe app]ication~l
with ‘!.~ctrlr,al pulaeo lene than 1 j.rr ~rw :~r)Msil~le wll.h preu~nt-’iay Ianeru.

Sdditiona] advantafiell—.—..—— .-.. .,—... ---

circult,cin~lepend~pt corlho.1
‘rhe ccmductlvlty or a Pcwi iII con!.rollo’l Ijy th~! oxtcrnal opLlcal

,:lrcuit to which 1! In cnnnpcterl. ThurI, m PCPS d-nl(,;nmd 10 r]peralm
‘.n a nirr~.lnr mannur at 10 V. I’hin advaniaq~ , ,,(l\,c,,n $1,,, ,!ff,.,.{~, ~[
I ranat-ntm.



alternate concepts feasible. For exsrnple, the switching of a Blumlein line5 pulse gen-
erator with a high-efficiency, very low-inductance PCPS is illustrated in Fig. 4. The
use 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 line6 concepts illustrated in Fig. 5.

Analysis

Photoconductive owitch reaiatance
The resistance Rs of the photoconductive volume of FiII. 1 is given by]

Rs = 22 E1/[ebEL(l - r)] I fl)

where e is the electron charge, D is the sum of the cdrrier mobil~.ties, EL 19 the
optical energy, r is the material reflectivity, and El is the photon enargy. :lcJt e
that the photoconductive resistance is independent of width for constant optical energy
deposited in tl,e photoconductive volume.

&diabatic c~aracteristica (12L)
The amount of energy that can be ahsorbed by a switch ia determined by the 12t pro-

duct. The value of the 12t product for a photoconductive I’xier switch when an infinite
recombination time

(12t)c - e ~ AT ell(l - r)EL/(EAiI) ,pwd C (2)

is the material tipeciflc heat, P ib the material d@n~itY, and AT :s the
~~~~~e Cf’n device temperature during conduction. Note tl,at junction devices are limited
to a maximum temperature of 18(l”C, hut PCPSa can operate with much higher AT values.
is an rxample, for El, w 10 , w - 1 m,

i
K- fJ.lm, AT - 1000”C, r - 0.3, C

iJ/kg-”C, o = 2.33 x 103 kg/m , m 0.13 m2/G, and Ei = 1.2 X ]0-19 J Lor w;; w:
lentJth illUITtinatiOn# 12t ■ 1.5 ; lf.17 A29. Thus, this sultch will conduct n current of
lG MA for time tt~p = 150 nn with trn optical triqger energy of ?0 J.

svttct,edene-~.~.~ti..———..
The nwitched en~rqy gain of a phrJtor!rJnducLlve twitch In bent rfescribcd as the ratio of

tho enprrjy Eload trannferrcd to Ihc lna~l to tho Inner enerqy E], lncirJent on the MLIr-
filce , If n matched syat~m in ronwldere{l where t.ho
lmporranco and

nourcr? imp~dnnco In equa? to the load
k,hn switch renlntance In much lnwwr lh~ll t.h~ load Impedance, tllerl the

Pnmrgy deliVered to thp )ad (nnsumlnq thnt the eleutr!cal iiulac rln~t!mc 1S much leas
than lhe puloo lonqt.h] ill

‘load’~lj - Pwdpx,,EmaM(!,, AT i!li(l - r)/(VnEA) , (3)

lvvly

(4)

llmc-
rtnllt

mrom
rat iO



length (1 mm) and a larb . ●xcess in pulse energy.
from 1000 fl-cm, n-type sjl icon.

The silicon devices were fabricated
Samples were cut

samples were lapped on al’
2.5- x 0.5- x 0.5-cm3. The saw-cut

surfaces to 5-pm grit-size alumina. The ‘four longitudinal
corners were smoothed to prevent local electric fiel”d ●nhancement; following this~ the
samples were etched in CP4 at O“C. At this point, some samplea were oxidized in an 02
ambient at llOO°C for 4 hours. For the oxidized samples, the oxide on the ends of the
pa:a~lelepipedwas ramoved with HFI sometimes these ends were lapped. Finally, evaporated
aluminum contacta were deposited on the sample endm, which were then sintered at 50COC for
2 minutes.

Experimental arrangement
The teat circuit Eor high-voltage, high-current photoconductive switch experiments is

shown in Fig. 6, The silicon bar used for switch evaluation was placed between two brass
electrode, 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 wan connected to two parallel 50-fl RG-lg coaxial cablea 18.5 m in length
through a ioad resistor tube filled with copper sulfate. The conductivity of the load
resistor solution was selected to ma~ch the impedance (25 0) of the two coaxial cnbles.
The two parailel cables were pulse-chargea to between 100 anti 300 kV in approximately
1.5 us upon triggering the Mdrx circuit. The entire big},-voltage test assembly at the
end of the coaxial cablea was immersed in several dielectric fluids, including water and
●thylene glycol, to prevent high-voltage area between points in khe circuit. The water
dielectric waa circulated through an ion exchange column and filtered to increase the
resistivity, and air bubbles were removed to prevent inadvertent discharge.

The light source that cauaed conduction in the silicon sample consisted of a Q-switcheu
14d:glaae laser that could deliver Up to 3 J of optical energy in a 20-na full-width n~
half maximum (FWHFI) laser pulse. The laser energy in the 20-116 pulse was varied Ero,n
0.03 to 2 J, and two cylindric,ll lenses were uned to provide a rectangular beam pattern
that distributed the optical energy in a relatively uniform manner over Lhe riurface area
of one #ide of tho ❑illcon har trom electrode to electrode. In addltion~ a dielectric
tube terminated with a quarkz flat wae inserted into the liquid-insulated, high-vultaye
region to tranaport the optical energy moat of the distance through the liquid without
attenuation ~r dl!ltortlon. The high-voltage or high electric Field ntresn on the sample
required that thu ends of the silicon har samplen be recenrred In braGs electrodes ~o that
the simple contacts diacusaed would not produce free electrons at Gurface Irreyulatities.
Doth electrode were grooved to permit optical energy to cover the! entire sample, even
Into the recessed region on one aide, so that the @ntlre drvl~:r? cuuld he activated but
l]till have the sample co;ltacte in the low-field region. ContacL between the
aluminum-coated silicon and the braas elec- trodes won ai.lcd I)y a h{!avy roating of iridium
solder on the electrodes,

The current through the switch wan meaaured with a low-in(lucLanc’e current-viewing re-
~lstor In the ground electrode. The voltage on Lhe source cableu dUrttIIJ pulne charge and
photocunductivc diachargm was measured with a ca[~ncit.ante-cuml’cnnat~[l
(Fiq. 6).

voltnue dlvidl!r
The optical puls@ nhmpe was determined Ilr.ring a small ;~l]ol.nl:(tll{lllrtlve d~tector~

and the pulse energy wan determlnod with n thermocouple.

The nillcon samplee v~re plac~d b?tween the electrodes, and Lhw l)uln(! volt~]llo wa~l 4p-,
plied swveral timen befor~ applyinq tho optical pulnm. Without. thu O[ltlcdl PU1~c, thrr dc-
Viceo remained an upen circuit unleaa the applled vnltaqc I!xc@@rlr?d t.ht! nurface f]nahovor
electric flPlrl. When the upt.lcal pulse wan appl~~tl 10 tho nllicun nurlacv, thv owilch
rlosorl and current waa oba~rv~rl In tll~ load r?nlntor rinll I.hrou(ll) I h!! nwlt.ch
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approximately 200 ns so that an appreciable number of the carriers generated by the 20-ns
laser pulse are swept out of the switch region during the electrical pu I?. The ineEEi-
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-
t ions. The current risetime is %5 Es, which may be determined by the laser pulse power.
The circuit-limited risetime is %0.5 na, and the current probe risetime is < 1 ns.

The current excellent capa~i]ity of the svi~ch was obvious when one observed the
extenetve damage that occurred when the snmple surface tracked. The surface fla$rhov-r
when the cables were charged resulted In a very high-curren:-density arc channel along the
samplm surface that melted a 0.5-mm-deep groove in the surface. The discharge of the
energy stored in the cablea in a surface flashover also resulted in a lrirge shock wave
transient that fractured F.he silicon sample. However, the photoconductive device waa very
rugged when operated properly. Conducting the large current did not affect subsequent
operation of the sample. Current in the sample was evidently uniformly distributed across
the sample width ao that the current density was much lower than in the surface arc caae.
One aamplc 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
cur?ent rcsPonse degradation. The current flowing in the silicon was otiaerved to arc
acrocs the fracture in a uniform current sheet.

Conclusion-q

Photoconductive power switches have the potential to close faeter (and, thus, more
efficlentlf~ with more precision, less relative jitter, and with less inductance than anY
other technology, They also offer the standard advantages of optical control iaolat’ n.
The bulk nature of tile photoconductive phenomena will permit the rleslgn of a cinqle solid-
ntat.e ]witch for any voltage or current or of multiple phoLuconductiVe switches to be
clotied In a p(eclse sequence. The thermal churacterlstics of photoconductive materials
and a geometry that promutea heat removal permit very largo surge capabilities al’1 high
average-power operation. Thone charactcrlstlcn and initial experiments Indicate Lllat
photoconductive switch teChnOIOIJy hao the potuntlal t,() be t.hc coIILrIJl technulcgy “or
futurn hiqh-pcwer applications.
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