
Characteristics of an optically activated pulsed power GaAs(Si:Cu) 
switch obtained by two-dimensional modeling 

Phillip J. Stouta) and Mark J. Kushnee) 
University of Illinois, Department of Electrical and Computer Engineering, 1406 West Green Street, 
Urbana, Illinois 61801 

(Received 24 June 1994; accepted for publication 5 December 1994) 

Photoconductive semiconductor switches (PCSS) have high-voltage hold-off (many to tens of 
kilovolts) and fast current rise times (< 1 ns). However, lock-on, nonuniformities in the electric field, 
and filamentary current flow across the device when switching at high fields (-10 kV/cm) have 
been reported. These observations raise concerns about the scaling of PCSS to high currents (tens 
of kiloamperes). To investigate these issues a two-dimensional time dependent computer model of 
a GaAs PCSS with Si and Cu doping has been developed. The model solves the continuity 
equations, the bulk energy equation, Poisson’s equation for the electric field, and a circuit equation 
for external currents. Physical effects in the model include band-to-band impact ionization, trap 
impact ionization, photoionization, and negative differential resistance. Computed characteristics of 
GaAs(Si:Cu) switches will be reported. Experimentally observed electric-field distributions are 
explained. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Pulsed power switches (tens of kilovolts, hundreds of 
amperes to tens of kiloamperes) have traditionally been gas 
discharges such as thyratrons and spark gaps.’ Photoconduc- 
tive semiconductor switches (PCSS) are being investigated 
as alternatives to gas phase switches. PCSS have high- 
voltage hold-off (many to tens of kilovolts) and circuit lim- 
ited rise times of less than a nanosecond. The switches are 
essentially jitter-free. Their jitter is typically limited only by 
the jitter of the trigger source, a pulsed laser. Photoconduc- 
tive switches have been used to obtain picosecond switching 
in a low power setting.’ The goal of current investigations is 
to utilize the rapid photoconductivity of semiconductors at 
higher powers. PCSS have found many potential applications 
including the generation of ultrawide band pulses for radar 
applications.3’4 

Experimental observations of GaAs PCSS have shown 
the presence of nonuniformities in the electric field,sb7 fila- 
mentation of current flow across the device when switching 
at high fields (-10 kV/cm),sT9 and a “lock-on” effect.“-” 
Filamentation has caused concern about the scaling of PCSS 
to large currents. Filamentation can result in higher carrier 
densities by constricting currents to smaller cross-sectional 
areas. Local heating by filaments and point attachment to 
contacts can result in damage to the device. Lock-on, which 
occurs when the switch is operated above a characteristic 
electric field, results in current continuing to flow after the 
termination of the activating optical pulse. In the absence of 
lock-on bulk GaAs PCSS would open in nanoseconds or 
less. Also, at these high fields the amount of light required to 
close the switch is reduced from the amount needed at low 
fields. Lock-on, though associated with optical trigger gain, 
is generally not desirable since the ability to control the cur- 
rent using the incident laser flux is compromised. 
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PCSS operate by modulating the conductivity of a semi- 
conductor by photoabsorption through the creation of 
electron-hole pairs. Shining band-gap radiation from a laser 
on the sample generates an electron-hole plasma which con- 
ducts the switch current and closes the switch. When the 
laser pulse is terminated, and in the absence of lock-on, the 
conductivity rapidly decreases due to electron-hole recom- 
bination. If a fast opening switch is desired, a short electron- 
hole pair (EHP) lifetime is required. Direct-gap semiconduc- 
tors are therefore candidates for fast opening switches. These 
semiconductors have radiative lifetimes of a few nanosec- 
onds and in specially prepared semi-insulating GaAs the 
EHP lifetime can be il ns.3 To maintain conductivity for 
times longer than the EHP lifetimes, the device must be con- 
tinuously illuminated or a process such as carrier multiplica- 
tion (e.g., avalanche) or possibly double injectionL3 must oc- 
cur. One would therefore like- a means to extend the closed 
phase of the switching cycle for a semiconductor having a 
short EHP lifetime without increasing the laser power. The 
GaAs(Si:Cu) bulk optical semiconductor switch (BOSS) de- 
veloped by Schoenbach addresses this issue.14 

In the BOSS, a deep acceptor (Cu) is compensated by a 
shallow donor (Si). To close the switch the photon energy of 
the switching laser is selected to be large enough to cause 
emission of electrons from the acceptor level and the valence 
band via the acceptor level. This “on” light increases the 
number of free electrons and holes, thereby increasing the 
conductivity and closing the switch. When the on illumina- 
tion of the sample is terminated, the switch can remain con- 
ductive by selecting an acceptor that is an inefficient electron 
trap and an efficient hole trap. The BOSS can remain closed 
for hundreds of nanoseconds to a few microseconds. The 
switch is opened by photoquenching the free~electrons by 
selective photoexcitation of holes from the deep acceptor 
level. This is possible by selecting an “off” photon energy 
that is large enough to stimulate hole emission from the ac- 
ceptor but small enough to prevent electron emission. The 
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holes so created quickly recombine with free electrons which 
were previously maintaining the conductivity, thereby open- 
ing the switch. 

To investigate scaling issues of the BOSS a two- 
dimensional time dependent computer model has been devel- 
oped. The model solves the continuity equations for elec- 
trons and holes, Poisson’s equation for the electric potential, 
a global energy equation, and circuit equations. Using results 
from the model, processes leading to experimentally ob- 
served nonuniformities in electric field and current flow are 
discussed. 

II. DESCRIPTION OF THE MODEL 

The model is a two-dimensional time dependent simula- 
tion of electron and hole currents, and densities of traps. The 
general flow of the model is as follows. The continuity equa- 
tions for electrons, holes, and impurities and the energy 
equation for the lattice are solved on a rectilinear mesh hav- 
ing variable spacing using finite differencing. Flux conserva- 
tive donor cell techniques are used to represent the drift and 
diffusion terms. The electron and hole fluxes crossing into 
the contacts are integrated to obtain the current through the 
device. A circuit equation is included to provide the voltage 
across the device. In practice, the current is generally induc- 
tively limited flowing into a 50 fi load. Poisson’s equation is 
solved for the electric potential using an implicit successive- 
overrelaxation technique.t5 

The acceptors used in the model are Cu, (0.14 eV rela- 
tive to the valence-band edge) and CuB (0.44 eV). The do- 
nors are Si (0.0058 eV relative to the conduction-band edge), 
EL2 (0.83 eV), and EL5 (0.41 eV). In practice, the rate 
equations do not include Si. Since Si is a shallow donor, it is 
assumed to be completely ionized at all times at room tem- 
perature. Photoionization resulting from the on and off laser 
pulses (1.1 and 0.7 eV photon energy, respectively) is in- 
cluded in the model. The energies of the traps relative to the 
GaAs band edges determine which traps are photoionized. 
The on laser induces electron and hole emission from all 
traps. The off laser flux induces hole emission from CuA and 
CuB, electron and hole emission from EL2 and RC, and 
electron emission from EL5. Trapping and photoionization 
cross sections are noted in Ref. 16. The recombination rate 
coefficient used in the model, however, is .7X 10T6 cm3/s 
which is four orders of magnitude greater than used by Ko.‘~ 
Stoudtr7 has shown that engineering the recombination’ cen- 
ter density plays an important role in rapid opening times 
(subnanosecond). By using neutron irradiated material which 
introduces recombination centers, Stoudt was able to reduce 
opening times in GaAs from tens of nanoseconds to sub- 
nanosecond. The intent of this work is to investigate sub- 
nanosecond switching time scales as demonstrated by 
Stoudt. The recombination rate coefficient we have used is 
therefore an effective recombination rate, which reflects the 
recombination rates due to processes such as introduced re- 
combination centers as well as the intrinsic recombination 
rate cited in Ref. 16. 

An energy conservation equation including thermal con- 
duction and joule heating was used to obtain the lattice tem- 
perature. Given the fast energy relaxation times of electrons 
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FIG. 1. Lateral switch geometry used in the model. The device has a depth 
of 4 mm. The right and bottom borders of the device may be grounded in a 
stripline configuration. 

and holes (~-~=r~wlO-‘~ s) compared to the simulation times 
of interest (tens of nanoseconds), the electron and hole tem- 
peratures will differ little from that of the lattice. The thermal 
conductivity is assumed to be spatially uniform at 0.46 
J/cm s K. The specific heat is 0.35 J/g K. The temperature of 
all boundaries was set to 300 K. 

As with other materials with satellite valleys in their 
conduction bands, GaAs exhibits negative differential con- 
ductivity, making the carrier velocities a nonlinear function 
of the electric field. This negative differential conductivity 
can lead to electric-field instabilities due to the Gunn effect. 
In GaAs, the steady-state drift velocity reaches a maximum 
at a field of ~3 kV/cm and then decreases, eventually satu- 
rating at high fields. pue to saturation of the drift velocity, 
substantially lower mobilities are obtained at high electric 
fields. The electron drift velocity u, in the model is a fit of 
experimental data’s having a saturation velocity of 
u,=7X lo6 cm s-t. The hole velocity is a linear function of 
the electric field until the saturation velocity is reached 
(u,=8.OX 10” cm s-l for EL2.0X lo4 V cm-‘). The intrinsic 
carrier density IZ~ and the thermal velocity uth are functions 
of the lattice temperature. The band-to-band impact ioniza- 
tion coefficient pi is approximated as being a function of the 
local electric field. pli and LZ~ in the model are functional fits 
of data from Sze.” For our conditions, avalanche will pro- 
duce lln;&,l& = lo7 s-t when E= 1.38X10* V cm-‘. Trap 
impact ionization in the model produces only electrons. The 
trap impact ionization cross section c+ has an exponential 
dependence on the electric field with the characteristic field 
Et, o;=o;, qd--E,lIEll cm2. The value of E, was approxi- 
mated by the relative position of the trap energy level. The 
maximum cross section crrto was chosen for effect. 

III. COMPUTED SWITCHING CHARACTERISTICS 

The lateral switch geometry used in the model is pat- 
terned after the work of Schoenbach et aL7 and is shown in 
Fig. 1. The right side and bottom of the switch are treated as 
being either floating (isolated) or grounded. The embedded 
anode and cathode are both current injecting. The electric 
fields normal to floating surface are set to zero. In our simu- 
lations the PCSS is doped 10” cmW3 n type with 
N .-N SI cu ~10’~ cme3 . The on laser pulse has a Gaussian 
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FIG. 2. Current -vo l tage character ist ics for the abrupt  (Ia , V A )  a n d  g r a d e d  
(Ic, V ,) contact  cases.  T h e  o n  laser  pu lse  peaks  at 6  ns. T h e  off laser  pu lse  
peaks  at 1 6  ns. T h e  g r a d e d  contact  case  c loses to a  lower  vo l tage g iven  less 
severe  veloci ty overshoot  for e lect rons nea r  the anode.  

tempora l  s h a p e  cen tered  at 6  ns  ( b W H M = 2  ns)  wi th a  maxi -  
m u m  intensity of -3  M W  cm-‘. T h e  off laser  is cen te red  at 
1 6  ns  a n d  has  a  m a x i m u m  intensity of 4  M W  cm-‘. T h e  
laser  pu lses  a re  spatial ly Gauss ian  with a  F W H M  of 1  m m  
centered  be tween  the a n o d e  a n d  cathode.  

Cur rent  a n d  vo l tage dur ing  a  swi tching cycle us ing  the 
g r o u n d e d  lateral  g e o m e try with abrup t  contacts a re  s h o w n  in 
Fig. 2. U p o n  appl icat ion of the o n  laser  pulse,  photodetach- .  
m e n t of the ion ized C u  acceptors  in t roduces e lect rons into 
the conduct ion  band .  T h e  app l ied  vo l tage across the switch 
decreases  f rom 3  k V  to ~ 2 5 0  V . T h e  current  is swi tched 
f rom mi l l iamperes  to a  circuit l imi ted va lue  of -55  A . U p o n  
appl icat ion of the off laser  pulse,  the C u  acceptors  a re  re ion-  
ized. This act ion p roduces  ho les  in  the va lence  band ,  wh ich  
prov ides  recombina t ion  par tners  for the conduct ion  e lec-  
trons. Note  that in  the examp le  in  Fig. 2  the A u e n c e  of the off 
laser  was  purpose ly  chosen  to p roduce  fewer  than  the re-  
qu i red  n u m b e r  of ho les  to complete ly  dep le te  e lect rons in  the 
conduct ion  b a n d  by  recombinat ion.  T h e  e n d  result  is that the 
switch o p e n s  to on ly  2  kV. T h e  switch wil l  o p e n  to the l ine 
vo l tage slowly as  the C u  acceptors  a re  thermal ly  ionized,  
genera t ing  ho les  in  the va lence  band .  T h e  current  densi ty  is 
m a x i m u m  at ~ 5  kA/cm’ though  it is spat ial ly nonun i fo rm.  
In genera l ,  exper imenta l  dev ices h a v e  spatial ly a v e r a g e d  cur-  
rent  densi t ies of = 2  kA/cm’.3’7  

Electr ic f ields in  B O S S  dev ices h a v e  b e e n  m e a s u r e d  by  
S c h o e n b a c h  et al. us ing  a  pho toabsorp t ion  techn ique  b a s e d  
o n  the Franz-Ke ldysh  effect.7 Transient  nonuni formi t ies  in  
the electr ic f ield w e r e  observed  for vo l tage pu lses  a b o v e  a  
threshold  (above  -3  k V  in  the lateral  g e o m e try) wi th m o r e  
severe  nonuni formi ty  as  the vo l tage was  increased.  Electr ic- 
f ield e n h a n c e m e n t  be fo re  laser  act ivat ion is observed  n e a r  
the cathode.  A s  the hold-of f  vo l tage is increased,  e n h a n c e -  
m e n t is a lso s e e n  n e a r  the anode .  A t laser  act ivat ion in-  
c reased  photoabsorp t ion  is observed  n e a r  the a n o d e  ( indicat-  
ing  a n  inc reased electr ic f ield there).  

A  tim e  evolu t ion of the electr ic he ld  for the g r o u n d e d  
abrup t  contact  case  is s h o w n  in Fig. 3  for the s a m e  condi -  

[ 3ns  
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‘0  

k 
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FIG. 3. T i m e  evolu t ion of electr ic f ield ( k V  c m - ‘) for the g r o u n d e d  abrupt  
contact  case  for the condi t ions of Fig. 2. A t t= O , electr ic- f ield enhancemen t  
at the a n o d e  is geometr ica l .  Dur ing  the o n  laser  pulse,  the electr ic- f ield 
enhancemen t  swi tches to the ca thode as  a  dep le t ion  reg ion  is fo rmed there. 
Dur ing  the off laser  pulse,  the reg ion  of electr ic- f ield enhancemen t  migra tes  
to the a n o d e  as  res idua l  carr iers  a re  swept  out  of the bulk.  

t ions as  in  Fig. 2. T h e  electr ic f ield is init ially e n h a n c e d  at 
the sharp  e d g e  of the e m b e d d e d  anode .  The re  is less en -  
hancemen t  at the g r o u n d e d  ca thode  d u e  to proximity of the 
g r o u n d e d  base.  A s  the o n  laser  is app l ied  (t= 3  ns)  the intro- 
duct ion of mob i le  carr iers be tween  the contacts increases the 
conduct ivi ty in  the reg ion,  thereby reduc ing  the vo l tage drop.  
T h e  result  is a  compress ion  of the electr ic f ield to the con-  
tacts a d d i n g  to the g e o m e trical e n h a n c e m e n t  at the anode .  
T h e  intr insic ava lanche  wh ich  occurs  at the contacts d u e  to 
the e n h a n c e d  electr ic f ield actual ly acts to l imit the p e a k  
electr ic f ield. This is fo l lowed by  a  co l lapse of the electr ic 
f ield to the ca thode  dur ing  the c losed or  o n  state of the 
switch ( t=6 ns)  as  the e lect rons a re  swept  into the anode ,  
thereby modera t ing  the space-charge  var iat ion there.  This 
electr ic-f ield conf igurat ion rema ins  fairly s table du r ing  the 
c losed p h a s e  with the electr ic-f ield e n h a n c e m e n t  as  the cath-  
o d e  be ing  d u e  in  la rge  par t  to the h igh  level  of e lect ron 
in ject ion occur r ing as  the switch conducts  la rge  currents.  
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During the off Iaser pulse holes are introduced between the 
contacts, reducing the conductivity in the region by recom- 
bination. The electric field at the cathode begins to increase 
due to the resulting increase in hold-off voltage. However, as 
the switch opens It=15 ns), the region of electric-field en- 
hancement begins to move toward the anode, progressing at 
the electron saturation velocity. The motion of the high elec- 
tric field toward the anode results from negative differential 
conductivity and a traveling gradient in electron density. This 
gradient is produced by a reduction of electron injection at 
the cathode as the switch opens, and the introduction of holes 
between the contacts which reduce the electron density 
through recombination. A Gunn domain results from this 
electron-density variation. These trends concur well with the 
experimental observations.5-7 

High electric-field regions with high carrier concentra- 
tion can cause substantial joule heating. Severe local heating 
can damage the device, particularly at the contacts. A conse- 
quence of a moderate local increase in temperature is a de- 
crease in the band gap. The decreasing band gap causes the 
intrinsic carrier concentration to increase, and increases the 
rate that electrons and holes are emitted from the traps. This 
results in larger local rates of joule heating, leading to higher 
temperatures. Highly nonuniform heating rates of 2X106 
K/A s near the anode and cathode have been simulated. A 
short voltage pulse (20 ns duration) produces only nominal 
increases in local temperature. However, long current pulses 
(hundreds of nanoseconds to a few microseconds) coupled 
with high-frequency repetitive switching will result in large 
temperature excursions. For example, a 2 w current pulse 
with the abrupt contact device will produce local temperature 
increases of 200 K over ambient. 

Electric-field enhancement at the contacts can result in 
nonuniform carrier injection and possibly provide end points 
for filaments to strike and degrade the contacts. One source 
of electric-field enhancement is simply the sharp edges of the 
contacts. Grading the contacts by producing a smooth tran- 
sition in permittivity (by, for example, ion implantation) will 
reduce the field enhancement at the cathode and displace the 
maximum in the electric field into the bulk semiconductor. 
Since injection at the contacts is generally a function of elec- 
tric field, providing a more uniform electric field at the con- 
tacts will promote more uniform injection at the contacts, 
thereby reducing the likelihood of filament formation. 

To simulate graded contacts in the model, the eiectrical 
permittivity was exponentially varied from the edge of the 
contacts from deo=83.2 to the bulk value (13.2) over a dis- 
tance of 0.1 mm. The time evolution of the electric field for 
the graded contact case is shown in Fig. 4. At t=O the peak 
of the electric field in the abrupt contact case occurs at the 
corner of the anode. However, the peak in the electric field is 
displaced into the bulk semiconductor with the graded con- 
tacts. As the switch cycle progresses the switch with the 
graded contacts also has a region of electric-field enhance- 
ment which collapses to the cathode (t=3 and 6 ns) and 
shifts to the anode as the switch opens (t-= 15 ns). However, 
the graded contact case has lower field enhancement 
throughout the switch cycle as compared to the abrupt con- 
tact case. The graded contact switch aiso closes to a lower 

J. Appl. Phys., Vol. 77, No. 7, 1 April 1995 

80 

15ns 

FIG. 4. Time evolution of electric field (kV cm-‘) for the graded contact 
case. At t=O, the electric-field peak is displaced into the bulk of the switch, 
thereby allowing higher electron velocities in the vicinity of the anode. The 
electric field, as in the abrupt contact case, collapses to the cathode and 
shifts to the anode during the switching cycle. However, field enhancement 
at the contacts and under the anode is lower throughout the switching cycle 
as compared to the abrupt case. 

voltage of ~150 V compared to the abrupt contact case 
(-250 V), as shown in Fig. 2, while using the same amount 
of optical energy in the switching laser. Since the number of 
carriers produced is the same in each case, the higher con- 
ductivity of the graded contact case results from a higher 
drift velocity. The higher drift velocity is a consequence of 
the lower average electric field under the anode compared to 
the abrupt contact case, as shown in Figs. 4 and 3, respec- 
tively (t=6 ns). Due to velocity overshoot, the mobility of 
electrons (and hence the collected current) is larger with the 
lower field provided the fields exceed the velocity maximum 
at approximately 3 kV cm-‘. 

IV. CONCLUDING REMARKS 

A model has been developed to investigate the effects of 
nonuniformities in a GaAs(Si:Cu) photoconductive switch. 
Results from the model have shown that for a grounded base, 
electric-field enhancement occurs at the anode during com- 
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mutation near the peak of the on laser pulse. The electric- 
field enhancement shifts to the cathode during the closed 
phase, and then begins to migrate back towards the anode 
while opening. The high electric field in the opening phase 
bounds regions of high and low conductivity as electrons are 
swept into the anode. For the ungrounded abrupt contact, 
field enhancement occurs near the cathode as well as the 
anode during the peak of the on laser pulse. These patterns of 
electric-field enhancement qualitatively agree with experi- 
mental observations.7 This electric-field enhancement allows 
gain mechanisms with field thresholds higher than the aver- 
age field across the switch to become important. Grading 
near the contacts causes the peak in the electric field to occur 
in the bulk of the switch rather than at the contacts, resulting 
in more uniform injection of carriers at the contacts. The 
reduction in electric field near the contacts allows more cur- 
rent to be collected, as a consequence of velocity overshoot 
at high electric fields. 
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