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The time-dependent photoconductive current response of semi-insulating GaAs is probed based on

one-dimensional simulations, with a focus on the lock-on phenomenon. Our results capture most of

the experimental observations. It is shown that trap-to-band impact ionization fuels local field

enhancements, and photon recycling also plays an important role in pushing the device towards

lock-on above a 3.5 kV/cm threshold field. The results compare well with actual data in terms of

the magnitudes, the rise times, and the oscillatory behavior seen at higher currents. Moving multi-

ple domains are predicted, and the response shown depended on the location of the photoexcitation

spot relative to the electrodes. Published by AIP Publishing. https://doi.org/10.1063/1.5013248

I. INTRODUCTION

Photoconductive switching is of interest for various

electronic applications in the pulsed power arena,1–8 includ-

ing microwave and millimeter wave generation, impulse and

ultrawideband radar, particle accelerators, and directed

energy systems. Advantages of optical switches include: (a)

ultrafast response and turn-on times in the picosecond

regime limited only by the characteristics of the optical trig-

ger, (b) jitter-free response, (c) isolation between the electri-

cal and optical systems, (d) superior repetitive rates, (e)

higher-frequency response and controlled wave-shaping

capability, (f) ability to scale to large voltages and currents

in a single device without sacrificing speed, and (g) potential

selectivity between multiple optical trigger signals based on

the wavelength-dependent response of photoconductive

switches. For high power applications, semi-insulating GaAs

(SI-GaAs) including Cu- or Fe-doped GaAs materials com-

pensated with Si-donors9 or low-temperature grown GaAs10

are often used as switch elements.

Experimental observations of GaAs photoconductive

semiconductor switches (PCSS) have shown the presence of

nonuniformities in the electric field,11 filamentary current

flow when operated at fields above �10 kV/cm (Ref. 12) and

a “Lock-On” effect.13 lock-on, which occurs when the switch

is operated above a characteristic average electric field,

results in a continuous flow of current even after the termina-

tion of the external optical pulse. This current endures over

hundreds of nanoseconds. On the other hand, in the absence

of lock-on, the GaAs photoconductive switch would typi-

cally be observed to open (i.e., cease to be in the conducting

mode) very quickly, within the nanosecond timeframe. This

feature seems to be universal in such semi-insulating direct

bandgap photoconductive switches and has been reported in

other materials such as InP, as well.1 In GaAs, electric fields

roughly above �4 kV/cm were seen to be required for the

onset of lock-on, while higher fields around 14 kV/cm were

reportedly needed for InP materials.14 Also, beyond the

lock-on fields, the amount of light required to close the

switch has been universally seen to reduce from the amount

needed at low fields. Lock-on, therefore, has been associated

with some internal gain mechanism.

Numerous theories have attempted to explain the lock-

on mechanism. Band-to-band impact ionization by electrons

is one process that has been explored.15–17 Ionization rates

for electron initiated band-to-band ionization in GaAs were

fit to expressions stemming from the theories originally pro-

posed by Crowell and Sze18 and Shockley.19 However,

detailed calculations of band-to-band impact ionization on

the basis of a realistic wavevector-dependent GaAs band-

structure20,21 have shown that impact ionization at fields

around 4 kV/cm is negligible. A simple curve fit of the field-

dependent ionization coefficient a(F) from the band-to-band

impact ionization calculations20 yields the following expres-

sion: a(F)¼ 1.202� 106 exp(�1.5� 106/F), with F denoting

the electric field in V/cm. So, at electric field values around

10 kV/cm (taking a conservatively higher magnitude in com-

parison to the 4 kV/cm lock-on threshold), the curve-fit

yields an ionization coefficient a(F) of almost zero. This low

value indicates a negligible role for band-to-band ionization

with regard to the lock-on phenomenon.

Another possible mechanism put forward to resolve the

lock-on quandary was based on the negative differential

mobility of electrons in GaAs22–24 which gives rise to Gunn

domains associated with satellite-valley transfers.15,25–27

However, any launch of a Gunn domain requires fluctuations

in either the electric field or carrier density near the cathode,

which could be fashioned by doping non-uniformities that

are either deliberate (for example, a “notch” structure) or

through random imperfections. In semi-insulating materials,

doping is typically avoided, and so the creation of such

domains would not seem easy. Furthermore, for stable

domain formation, the transit time needs to be greater than

the dielectric relaxation time, leading to the Kroemer condi-

tion,28 for which GaAs is: nL> 1012 cm�2, where n is the

electron density and L the device length. It has been argueda)Author to whom correspondence should be addressed: ravi.joshi@ttu.edu
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by some that though the inherent carrier concentration in

SI-GaAs would not be large to satisfy the Kroemer require-

ment, photoexcitation would create a high enough electron

density to support Gunn domains. However, since higher

electron concentrations could be achieved upon photoexcita-

tion, the conventional route of a perturbative field near the

cathode route to initiate a domain might not be very likely.

In fact, the high density of photoexcited carriers would work

to smooth out any perturbative fields arising from imperfec-

tions. Separation of the electron-hole pairs due to carrier drift

in opposite directions though might help create nonuniform

fields internally. This polarization, coupled with the negative

differential mobility, could then give rise to enhanced fields

within the PCSS. Thus, the possibility of having non-

uniform internal electric fields, brought about by charge sep-

aration or perhaps through localized charge creation, does

remain.

Furthermore, it has been observed that the lock-on

behavior is independent of the irradiation intensity as long as

this intensity is sufficient to trigger the PCSS into the lock-

on state.29 This observation suggests a minimum carrier den-

sity requirement. This aspect is consistent with the qualita-

tive notion of polarization-driven field enhancements, or the

need to create a minimum level of carriers to initiate impact

ionization.

Double injection has also been proposed as a possible

mechanism for lock-on.29 However, we take the view that

double-injection occurs in semi-insulating GaAs phototocon-

ductive switches, as an independent outcome arising from

the large trap densities, coupled with high fields under which

such pulsed-power devices operate. Furthermore, though

double-injection can lead to instabilities,30 we propose this

process to be separate from lock-on. Double injection gives

rise to S-shaped current-voltage characteristics that promote

device instabilities. Filamentary conduction for devices

exhibiting S-shaped characteristics was discussed over fifty

years ago by Ridley based on thermodynamic consider-

ations.31 Two factors, lifetime modulation and internal polar-

ization, lie at the heart of the S-shaped behavior in the

context of the SI-GaAs PCSS. The lifetime modulation32,33

can simply be understood as follows. In a semi-insulating

sample having traps below the Fermi level, the trap levels

are mostly occupied by electrons. Hence, the hole lifetime is

very short compared to that of the electrons, and conduction

is dominated by electronic flow. However, with increasing

current (or due to increased photoexcitation), the hole den-

sity increases and so does recombination with the filled traps.

This then begins to empty the occupied traps. An ever

increasing fraction of traps, starting from the cathode side

and gradually moving to the anode, thus becomes unoccu-

pied/empty. These unfilled traps can no longer capture holes,

and hence the hole lifetime dramatically increases.

A similar modulation of electronic lifetime can also

occur if there happens to be empty traps above the Fermi

level, which gradually start filling with increasing current. In

this scenario, the quasi-Fermi level for electrons simply

moves above the trap energy with increasing currents. This

would lead to trap filling, and reductions in electron trapping,

thereby lengthening the electron lifetimes.

Increases in carrier lifetimes not only enhance currents,

but also lead to larger voltage drops across circuit resistan-

ces, thus reducing the device potential. Polarization effects,

due to charge separation between the dual electron-hole pop-

ulations, also lower the internal fields. Thus, increased cur-

rents with the corresponding device voltage decrease, then

leading to an S-shaped characteristic. Since such lifetime

modulation depends on the availability of mobile charge to

fill traps, it can be facilitated either under large photoexcita-

tion, or when the applied voltage is high enough to force

strong carrier injection.

In any event, double-injection is likely to occur in semi-

conductors with a strong presence of traps, aided by field-

dependent processes.34 However, the process of double-

injection does not necessarily require a direct semiconductor

material such as GaAs. In fact, the S-shaped negative differ-

ential current characteristics have been reported in silicon

materials,35 without any lock-on. This underscores that fila-

mentation and lock-on are independent effects, although

they can both arise in the context of semi-insulating material

containing traps.

For completeness, it may be mentioned that strong

carrier-carrier scattering has also been suggested as a poten-

tial cause for filamentation.36 However, carrier-carrier scat-

tering maintains the overall momentum and energy of the

system, and these interactions only smooth-out the carrier

distribution function. So, dramatic shifts in current, or local

heating, or the creation of a large “tail” in the distribution

function beyond the ionization threshold is not likely to

occur on the basis of carrier-carrier processes.

In this contribution, the time-dependent response of semi-

insulating GaAs to laser excitation is studied based on one-

dimensional (1D) simulations. The focus is on lock-on and the

role of the mechanisms that would potentially drive the PCSS

into this persistent conductivity mode. The one-dimensional

model precludes the analysis of filamentation, though this

aspect will be addressed elsewhere. The model solves the con-

tinuity equations based on the continuum drift-diffusion the-

ory, including a Poisson solver for self-consistent electric

fields and an external circuit series resistance. The inherent

physical processes include trap-to-band impact ionization,

time- and space-dependent photoexcitation, negative differen-

tial resistance of GaAs, both electron and hole injection from

the contacts, a trap level with associated emission and capture

dynamics (details on the electric field dependence have

already been reported by our group37) and the mechanism of

photon recycling.38 It is shown that spatially nonuniform elec-

tric fields help boost trap-to-band impact ionization and lead

to an internal gain mechanism. Furthermore, localized and

rapid charge creation due to trap-to-band impact ionization

can push the high field region to a neighboring location much

like the dynamics of streamer propagation. Hence, fast field

movements, multiple domains and charge oscillations, as

observed experimentally, can arise.

II. MODEL DETAILS

A simple one-dimensional (1D) model, as sketched in

Fig. 1, was used for the purposes of modeling the current
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through a biased photoconductive device subject to external

illumination. In Fig. 1, the PCSS is in series with a load

resistance (RL) and subject to a voltage supply (V0). The cur-

rent flow direction is shown in Fig. 1, and leads to a time-

dependent device voltage due to the potential drop across the

resistor. Calculations of the current were based on the drift-

diffusion theory involving the continuity and transport equa-

tions given as

dn=dt ¼ d n xð Þ vn Fð Þ þ Dndn xð Þ=dx
� �

=dx

þ en0 Fð ÞNTi
� � cn Fð Þ n NTi � NTi

�ð Þ
þnNTi

� exp Kelectron Ec � ETið Þ=F
� �

bnvn

þ K1 sec h2 t� 17ð Þ=2:5
� �

� exp ajz� z0j½ �
þK2NT

� sec h2 t� 17ð Þ=2:5
� �

� exp ajz� z0j½ �;
(1a)

and

dp=dt¼ d �p xð Þvp Fð ÞþDpdp xð Þ=dx
� �

=dx

þ ep0 Fð Þ NTi�NTi
�ð Þ� cp Fð Þp NTi

�

þp NTi�NTi
�ð Þexp Khole ETi� Evð Þ=F

� �
bpvp

þK1 sec h2 t� 17ð Þ=2:5
� �

� exp ajz� z0j½ �
þK2 NT �NT

�ð Þsec h2 t� 17ð Þ=2:5
� �

� exp ajz� z0j½ �;
(1b)

where F is the local electric field, en,p0 are the emission rates

for electrons and holes, n,p are the electron and hole densi-

ties, vn(F), vp(F) are the field-dependent electron and hole

drift velocities, NTi and NTi
� are the total and occupied trap

densities at the ith level, Kelectron and Khole are constants for

ionization due to electrons and holes, and bn,p are equivalent

cross-sections for the electron and hole rates. The fourth fac-

tor on the right side of Eqs. (1a) and (1b) represents the rate

of electron- and hole-assisted trap-to-band impact ionization.

The exponential dependence of the trap-to-band ionization

coefficients on the electric field was taken to have the same

form as derived by Baraff.39 Although numerous trap levels

could have been used, a level 0.75 eV below the conduction

band roughly representing the EL2 state was assumed here.

The electric field distribution was updated at every time

step from the charge densities based on the Poisson equation

as:

dE x; tð Þ=dx¼ q p x; tð ÞþNd xð Þ � n x; tð Þ�
X

i
NTi
� x; tð Þ

h i
=e;

(1c)

where Nd represents the background donor density (assumed

at a constant value of 7.3� 1022 m�3) and e denotes the

GaAs permittivity. The boundary conditions for the Poisson

solution were taken to be V0 and I(t)RL at the two ends,

respectively. Here, a nominal 5 X series resistance to mimic

the external circuit was used. The device current I(t) was cal-

culated at each time step as: I(t)¼ (A/N)
P

j¼1
j¼N [Jn

j(t)
þ Jp

j(t)]þ (Ae/L)d[DV(t)]/dt, where N denotes the number of

grid points along the longitudinal direction, DV(t) is the

potential difference across the device, Jn,p
j(t) represents the

calculated electron and hole current densities, respectively, A
is the device area, and L denotes the device length. The sum-

mation is over the grid points.

The capture rate cn in Eq. (1a) was taken to have a field

independent value of 5.1387� 103 m3 s�1 based on a report

by Bonilla et al.40 The last two factors in (1a) and (1b) rep-

resent carrier generation arising from the optical laser pulse

due to band-to-band and band-to-trap transitions, respec-

tively. The optical laser pulse was assumed to follow the

usual secant-hyperbolic temporal profile. The value of the

band-to-band transition parameter was: K1¼ 1.125� 1029

m�3 s�1; while the trap-to-band process parameter was

taken to be K2¼ 2.25� 107 s�1. Also, in the hyperbolic

secant terms of Eq. (1), t represents the time in nanosec-

onds, z the position in meters and a¼ 300 m�1. This yielded

a full-width at half maxima of �2.2 ns, with the peak exci-

tation set to occur at 17 ns from the start of the simulations,

in keeping with the pulse parameters used by Shi et al.41

The photon excitation was taken to create mobile conduc-

tion electrons from both the valence band and the filled

traps. In addition, holes were generated due to the valence-

to-conduction band transitions and from excitations

between the valence band and unfilled traps. In our model,

all concentrations (for both mobile carriers and traps) were

taken to be spatially dependent, in a 14 mm long device

with a 140 lm grid spacing. The device length was selected

in keeping with device sizes used in PCSS experiments

reported by Shi et al.,41 and is typical for high power

switching applications.42 A cross-sectional area of 2 cm2

was similarly chosen. The time step was 1 ps, and satisfied

the Courant–Friedrichs–Lewy (CFL) stability criteria.43

For GaAs materials, the electron44 and hole45 drift

velocities [vn(F) and vp(F), respectively] were taken from

the literature. Thus, for the field-dependent electron drift

velocity vn(F)

vn F � 0ð Þ ¼ l0Fþ vsat F=Fthð Þ4
h i

= 1þ F=Fthð Þ4
h i

; (2a)

and vn F < 0ð Þ ¼ �vn F > 0ð Þ; (2b)

FIG. 1. Schematic of the simulated PCSS showing a constant biasing volt-

age in series with a load resistor RL and the associated current flow. The illu-

mination incident on the device was assumed to have a hyperbolic secant

temporal profile.
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where l0¼ 5800 cm2/(Vs), vsat¼ 7.5� 10 6 cm/s, Fth ¼ 4 kV/

cm, and F denotes the electric field. For the field-dependent

hole drift velocity vp(F), the following relation was used:45

vp F � 0ð Þ ¼ 5:9� 103zh
7 � 3:1� 104zh

6 þ 5:6

� 104zh
5 � 3:5� 104zh

4 � 6� 103zh
3

þ 1:3� 104zh
2 � 2:8� 103zh þ 7� 104;

(3a)

with zh ¼ jFj � 2:3� 107
� �

= 2:5� 107ð Þ; and

vp F < 0ð Þ ¼ �vpðF > 0Þ: (3b)

The possibility of hole injection from the anode due to

electrons collected at the contact was also included. Electrons

exiting the GaAs sample and incident on the anode contact

could form holes by transferring energy to other electrons in

the anode and raising their energy above the Fermi level. This

would leave holes below the Fermi sea leading to their injec-

tion into GaAs. Here, for simplicity, the injected hole flux was

assigned to be some fraction (Rinj(F)) of the electron inflow.

Thus, Jp¼ Jn Rinj(F), with Jp and Jn denoting the hole and

electron current densities and Rinj(F) the hole-injection proba-

bility factor taken to be an adjustable parameter.

Finally, photon re-cycling aspects were included and are

briefly discussed for completeness, with details given in the

Appendix. Consider first transitions involving traps and the

occupied conduction band. Photons generated due to radia-

tive recombination at any position z0 can move to a different

location z, while being attenuated during their traversal, and

then be re-absorbed. This re-absorption due to the recycled

photons reaching location z will induce transitions from

filled traps to the conduction band. Thus, the electron density

at location z would increase, while the density of occupied

traps NT
–(z) would reduce, leading to

nnew zð Þ ¼ n zð ÞþGph zð ÞNT
� zð Þdt; (4a)

and

NT
�

new zð Þ ¼ NT
� zð Þ � Gph zð ÞNT

� zð Þ dt: (4b)

In the above, Gph(z) represents the photon generation

rate at location z as given in the Appendix, while nnew(z) and

NT
–

new(z) denote the updated electron and occupied trap den-

sities. Similarly, one needs to account for changes in densi-

ties at initial locations z0 that are responsible for photon

creation in the first place. The photon creation processes

reduce the density n(z0) and increase NT
–(z0). Taking these

processes into account, one gets (as shown in the Appendix)

nnew z0ð Þ ¼ n z0ð Þ � C� n z0ð Þ=Nc

� �

� NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o
dt; (5a)

and

NT
�

new z0ð Þ ¼ NT
� z0ð Þ þ C� n z0ð Þ=Nc

� �

� NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o
dt: (5b)

Similar considerations apply for transitions involving

occupied traps and holes in the valence band at location z0

and lead to the following time-dependent changes in the

holes and occupied trap levels:

pnew z0ð Þ¼ p z0ð Þ�C� p z0ð Þ=Nv

� �
NT
� z0ð Þ=NT

� �
dt; (6a)

and;NT
�

new z0ð Þ ¼ NT
� z0ð Þ � C� p z0ð Þ=Nv

� �
� NT

� z0ð Þ=NT

� �
dt: (6b)

Finally, for the transitions between empty traps and

valence electrons at location z involving re-absorbed pho-

tons, the relations are

pnew zð Þ ¼ p zð Þ þ Gph zð Þ NT � NT
� zð Þ½ � dt; (6c)

and

NT
�

new zð Þ ¼ NT
� zð Þ þ Gph zð Þ NT � NT

� zð Þ½ � dt: (6d)

III. RESULTS AND DISCUSSION

A. Time dependent currents

One-dimensional, time-dependent simulations for the

GaAs PCSS, based on the model described above, were per-

formed. The parameters used are given in Table I. Although

many simulations under a variety of different cases were car-

ried out, only the important results have been shown and are

discussed here. The role of the average electric field across

the 14 mm PCSS device was probed first. For these simula-

tions, the laser pulse was centered at the 17 ns instant (as

already described), and was taken to have a spatially sym-

metric profile with peak intensity located at the midway

point. Time dependent PCSS current results at two different

average electric fields of 3 kV/cm and 7.14 kV/cm are shown

in Fig. 2. As evident from the curves, current decay is pre-

dicted at the lower field, while a persistent current with fluc-

tuations is seen at the higher field. In fact, from the various

simulations performed (but not shown for brevity), an aver-

age field value of at least 3.5 kV/cm was seen to be necessary

TABLE I. Parameters used for the time dependent GaAs simulations.

Parameter Value

Hole injection ratio, Rinj 0.02

Parameter C1 for electrons due to photon

recycled absorption

2.596 s�1

Parameter C1 for holes due to photon

recycled absorption

2.36 s�1

Parameter C* for electrons due

to photon generation

1.2876� 10�5 s�1

Parameter C* for holes due to photon

generation

1.4164� 10�5 s�1

Photon absorption co-efficient 7� 105 m�1

Electric field and energy gap dependence

factor for electrons, Kelectron

72 kV/(eV cm)

Electric field and energy gap dependence

factor for holes, Kholes

64 kV/(eV cm)

Equivalent cross-section for electrons, bn 8.07� 10�16 m2

Equivalent cross-section for holes, bp 4.81� 10�16 m2
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to avoid current decays. This aspect is roughly in keeping

with the experimental observations of a minimum threshold

around 4 kV/cm for lock-on in semi-insulating GaAs photo-

conductive switches.

Next, comparisons between the simulation results for

the PCSS current response at the 7.14 kV/cm average field

with actual data obtained by Shi et al.41 were made. The

results are shown in Fig. 3. The current magnitudes are simi-

lar, and fluctuations are seen to occur for both curves. This is

an important point and indicative of fast internal dynamic

changes that will be discussed in detail later. The general

trend and the current magnitudes obtained here lend validity

to the model developed.

From the standpoint of probing the inherent physics and

the relative role of the underlying processes, simulation runs

were carried out for a set of different conditions. The time

dependent PCSS currents at the 7.14 kV/cm average field

were obtained for three cases: (i) inclusion of both trap-to-

band impact ionization and photon recycling, (ii) presence of

only the impact ionization without any photon recycling, and

(iii) a simple version with neither impact ionization, nor pho-

ton recycling, taken into account. The results are shown in

Fig. 4, and in these simulations, the peak values of the

generation rates for band-to-trap and band-to-band were cho-

sen to be 2.25� 107 s�1 and 1.125� 1029 m�3 s�1, respec-

tively. The largest current with a clear persistent pattern is

seen to occur only when both impact ionization and photon

recycling were included. The values in the 450–500 A range

are predicted, with some fluctuations occurring once the cur-

rent becomes fairly large. When neither of the two processes

was taken into account, the photo-current was short-lived,

stayed below 50 A, and was predicted to decay rapidly while

roughly following the optical waveform. With photon recy-

cling included, but without impact ionization, the current in

Fig. 4 is also seen to decay, though it lasts for a longer time of

about 30 ns.

The collective picture that then emerges from these

results is the dominant role played by trap-to-band impact

ionization in helping to sustain the photocurrent and bringing

the PCSS into the lock-on mode. Furthermore, though pho-

ton recycling appears to have a positive role in enhancing

the current, it does not by itself take the PCSS into a lock-on

state. It does, however, point to the benefits of better photon

confinement within the photoconductor. Finally, under lock-

on conditions, the results are indicative of fairly rapid fluctu-

ations. These, as explained subsequently, arise from the

repeated initiation of internal charge generation at different

sites within the PCSS due to the presence of high local

fields.

In addition, a lower level of laser generation was found

inadequate to support lock-on via our simulations. This can

be seen from the simulation result of Fig. 5. The curves in

this plot were obtained for two different laser generation val-

ues. At a reduced generation level, the peak current value is

predicted to be lower (�400 A) as compared to the �600 A

with a higher generation rate. Also, for the lower generation

rate, the current gradually decreases over time. Though not

specifically shown here for brevity, with lower degrees of

photon recycling, a higher applied voltage was required to

drive the PCSS into lock-on, in keeping with experimental

reports in the literature.

B. Spatial profiles

Having probed the external current and its time-

dependent behavior, the spatio-temporal evolution of the

FIG. 2. Simulation results for the time dependent current response of the

PCSS at two different average electric fields of 3 kV/cm and 7.14 kV/cm.

Current decay is predicted at the lower field, while a persistent current with

fluctuations is seen at the higher field.

FIG. 3. Comparison between simulation results for the time dependent

PCSS current response at the 7.14 kV/cm average field with data obtained

by Shi et al.41 The magnitudes are comparable and fluctuations are seen to

occur in both cases.

FIG. 4. Results obtained for the time dependent PCSS current at the

7.14 kV/cm average field for three different simulation cases.
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internal electric fields and charge distributions that produce

the current, was analyzed next. Figure 6 shows the 10 ns, 11

ns, and 12 ns snapshots of the electric field and electron den-

sity profiles within the PCSS. The laser was spatially focused

at the center of the device with an exponential fall-off from

the central position. The results were obtained for the

7.14 kV/cm average field case with inclusion of both impact

ionization and photon recycling. The electron density [as

shown in Fig. 6(b)] has the highest values at the device cen-

ter. This supports a strong conduction current component,

but works to reduce the displacement currents, to satisfy total

current continuity. Consequently, electric fields reduce over

the region of enhanced carrier densities. Figure 6(a) reflects

this, with electric fields falling over time and also spreading

out from the center spot. The relatively high field regions

then develop over the two end regions. This also implies that

conditions for initiation of impact ionization would be cre-

ated at the two end zones.

Such dynamic changes continue and snapshots of the

electric field and electron density profiles obtained at the 27

ns, 28 ns and 29 ns time instants are shown in Fig. 7. Two

important aspects seen in these results are: (i) the appearance

of high electric field regions towards the cathode (on the left)

and anode (on right) sides of the PCSS and (ii) the movement

of these high field regions towards each other is at a speed of

�9� 105 m/s. These speeds are much higher than the highest

electron drift velocity in GaAs. This can be understood as

follows: (a) there are initial electron density increases due to

photoexcitation. (b) The ensuing local electric fields then

decrease over these regions of high carrier density, followed

by a progression of the electric field to an adjacent region

much like the movement of a streamer. (c) With a shift in the

electric field to an adjacent location, strong enhancements in

electron density through trap-to-band impact ionization then

develop, and a positive feedback cycle with a moving charge

domain is initiated.

The electric field movement can be seen from the results

of Fig. 7(a). Consider the electric field peak on the left at the

27 ns instant. The electron density just to the left, as seen in

Fig. 7(b), is higher than the value to the right of the peak

field. Consequently, over time, the peak field advances to the

right (where the conduction currents were low and required a

higher displacement component) from about 2.75 mm to the

3.65 mm location, during the 27 ns to 28 ns time interval.

Similarly, for the electric field peak on the right located at

about 12 mm, the movement is to the left since the electron

density exhibits higher values to the right of the 12 mm

location.

The progressive movement of the localized electric field

peaks on the left and right sides towards each other is even

more apparent in Figs. 8(a) and 8(b), which are the electric

field and electron density snapshots, respectively, at the 29

ns, 37 ns, and 45 ns instants. An important development, that

of multiple-domain formation, is predicted at longer times in

Figs. 8(a) and 8(b). The 29 ns snapshot reveals only two pri-

mary high field regions on the left and right sides in Fig.

8(a). However, at 37 ns, these two primary field zones are

seen to have merged roughly at the 7.7 mm location, with the

creation of two more high-field side zones at about the

1.7 mm and 12.8 mm positions. Very crudely, the combina-

tion of the two primary high-field zones redistributes the

potential. The voltage reduction upon coalescence is com-

pensated through the emergence of two new high-field

regions. The net multi-domain structure provides for a dis-

tributed, but enhanced source of charge creation via trap-to-

band ionization. The cumulative charge density throughout

FIG. 5. Results of the time dependent PCSS current at the 7.14 kV/cm aver-

age field obtained with impact ionization and two different generation rates.

FIG. 6. Snapshots at 10 ns, 11 ns and 12 ns for the 7.14 kV/cm average field

case with inclusion of both impact ionization and photon recycling. The

laser was spatially focused at the center of the device. (a) Temporal evolu-

tion of the electric field profile and (b) the electron density profile.

FIG. 7. Snapshots at 27 ns, 28 ns and 29 ns for the 7.14 kV/cm average field

case with inclusion of both impact ionization and photon recycling. The

laser was spatially focused at the center of the device. (a) Temporal evolu-

tion of the electric field profile and (b) the electron density profile.
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the device is also higher at 45 ns. Though this aspect may not

easily be seen in Fig. 8(b), the tangible increase in external

current at 45 ns as compared to the 37 ns instant is obvious in

Fig. 2.

Incidentally, the possibility of multiple domains that

would help sustain high device currents has not been dis-

cussed much in the literature. The first report of multiple

domains with potential for oscillatory instability by

Kroemer46 was in the context of a steep voltage front (large

dV/dt) applied to a semiconductor. A similar scenario of

multiple domains was discussed in the context of bipolar

GaAs transistors by Vainshtein et al.25 In our case, fluctua-

tions in carrier density collectively caused by the spatial var-

iation in photogeneration, the consequent creation of

nonuniform fields, the field-dependent velocities, and nonlin-

ear dependency of carrier impact generation on both the den-

sity and the electric field are responsible for producing

multiple domains. The possibility of multiple domains due to

fluctuations in doping density was already suggested by

Thim.22 Furthermore, the build-up of fields within the device

followed by their quenching should produce two effects: (i)

continuous localized sources for current growth at different

sites and (ii) fluctuations in current due to the spontaneous

formation followed by quenching of the high electric fields.

C. Location of laser excitation

For completeness, the aspect of position dependent trig-

gering of a PCSS is also discussed. Some studies seem to

suggest that laser triggering at locations nearer the cathode

would create larger on-state switch conductances and greater

currents, or require smaller applied voltages for a given cur-

rent level.47,48 To probe these aspects further, the present

model was applied to simulate three different cases with the

laser profile centered at 25%, 50% and 75% of the device

length. This corresponds to distances of 3.5 mm, 7.5 mm and

10.5 mm from the left (cathode) end. Both impact ionization

and photon recycling were included. The results obtained are

shown in Fig. 9. Of the three cases, the highest currents are

predicted with the laser nearer the cathode at 25% of the

device length. The symmetrically centered profile (with the

peak at 50% of the device length) had the smallest current,

while the profile near the anode is at three-fourths the dis-

tance having an intermediate response.

Figures 10(a) and 10(b) show snapshots of the electric

field and electron density profiles obtained at 18 ns, 19 ns, 20

ns, and 22 ns for the 7.14 kV/cm average field case, with

laser centered 3.5 mm from the cathode on the left. As might

be expected, since the carrier creation predominantly occurs

on the left, the high field regions are formed on the right

side. Multiple field domains are predicted to develop in Fig.

10(a) at the longest 22 ns time. Furthermore, both the high

electric field region and the carrier density peaks move to the

cathode on the left. Also, the fluctuations in Fig. 9 roughly

start at 22 ns time, when the multiple domains appear to be

initiated in Fig. 10(a). Finally, Figs. 11(a) and 11(b) show

the temporal evolution of the spatial profiles for the case of

the laser centered at the 10.5 mm location from the left at

75% of the device length. The behavior is almost a mirror

reflection of Figs. 10(a) and 10(b). The highest peak field in

Fig. 11(a) is not quite as large as that in Fig. 10(a). This is

probably the result of electron injection from the cathode.

FIG. 8. Snapshots at 29 ns, 37 ns and 45 ns for the 7.14 kV/cm average field

case with inclusion of both impact ionization and photon recycling. The

laser was spatially focused at the center of the device. (a) Temporal evolu-

tion of the electric field profile and (b) the electron density profile.

FIG. 9. Results of the time dependent PCSS current at the 7.14 kV/cm aver-

age field obtained for three different locations of the laser focal point. 25%,

50% and 75% of the device length represent the laser centered at distances

of 3.5 mm, 7.5 mm and 10.5 mm from the left (cathode) end. Both impact

ionization and photon recycling were included.

FIG. 10. Snapshots at 18 ns, 19 ns, 20 ns, and 22 ns for the 7.14 kV/cm aver-

age field case, with laser centered at a spot a distance of 3.5 mm away from

the cathode on the left. Both impact ionization and photon recycling were

included. (a) Temporal evolution of the electric field profile and (b) the elec-

tron density profile.
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IV. SUMMARIZING CONCLUSIONS

The time-dependent response of semi-insulating GaAs

to laser excitation was studied based on one-dimensional,

time-dependent simulations. The focus was to model the

lock-on phenomenon, with quantitative evaluations into

the role of various mechanisms that could potentially drive

the PCSS into this persistent conductivity mode. The

model solved the continuity equations based on the contin-

uum drift-diffusion theory, including a Poisson solver

for self-consistent electric fields and a circuit resistor

for external effects. Our treatment also included trap-to-

band impact ionization, time- and space-dependent photo-

excitation, negative differential resistance of GaAs,

injection from the contacts, and the mechanism of photon

recycling.

The numerical results show that spatially nonuniform

electric fields can be created by the spatially nonuniform

laser excitation, space-charge separation, and the intervalley

transfers in GaAs. The local field enhancements help boost

trap-to-band impact ionization, which then furnishes a sup-

ply of mobile charge to help sustain currents. Our results

also suggest that photon recycling is a contributing factor in

GaAs. Predictions were indicative of a persistent current

above an average field of 3.5 kV/cm. This result is in keeping

with experimental observations of a threshold lock-on value

of around 4 kV/cm.13 In addition, the simulation results

obtained compared well with actual data obtained by Shi

et al.41 These values obtained were also in the same range as

reported by the Sandia group.13

The temporal photocurrent response was seen to depend

on the illumination intensity. Persistent current for an ade-

quately large electric field only resulted when the photo-

generation rate was strong. Such a dependence on illumina-

tion intensity is also in keeping with observations. Finally,

our simulations showed the possibility of moving multiple

domains with potential for oscillatory instability at high vol-

tages. The possibility of filamentation can then arise.

However, such an analysis will require two-dimensional sim-

ulations, and will be reported elsewhere.
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APPENDIX: DERIVATION OF PHOTON RECYCLING
EQUATIONS FOR ELECTRONS AND HOLES

Considering a one-dimensional structure of length Lz

along the z-direction, photons generated at any position z0

can reach a different location z and be re-absorbed, while

being attenuated during the traversal process. The genera-

tion rate of such photons at the point of origination z0 is

proportional to n(z0,t)/s, with s being the radiative recombi-

nation time constant and n(z0,t) the electron density at z0.
Assuming a 50-50 split between the forward and backward

propagation of the emitted photons, and an attenuation fac-

tor of exp(-ajz0-z0j), implies that the photon intensity at the

re-absorption point would then scale as: 0.5 [n(z0,t)/s]
exp(-ajz0-z0j). Taking into account that the actual absorption

of the photon flux is proportional to the absorption coeffi-

cient a(h�), the electron generation rate per unit volume at

the location is

Gph�
ðLz

0

ð1
0

a h�ð Þ n z0ð Þ=s
� �

!sp=2
� �

exp �ajz�z0j
� �

dz0d h�ð Þ;

(A1)

where !sp is the spontaneous generation rate of photons, and

the factor 1=2 takes account of the 50-50 isotropic split of the

radiated photons.

Based on the light emission produced by electronic tran-

sitions from the conduction band to traps, one has

!sp h�ð Þ � K1cspon h�ð Þ NT z0ð Þ � NT
� z0ð Þ

� �
; (A2a)

where;

ð
cspon h�ð Þd h�ð Þ ¼ 1; (A2b)

and cspon(h�) denotes the normalized emission spectrum.

However, for completeness, one has to recognize that emis-

sions arise from the transition into trap states and a distribu-

tion of energies exists in the conduction band.

Consequently: n(z) � K Ec

Ð1 (E-Ec)
1=2 exp[(EFn-E)/(kT)]

dE¼Nc exp[(EFn – EC)/(kT)], where EFn is the electron

quasi-Fermi level and h�¼ (E-ET) with the lowest fre-

quency �low being: �low ¼ (EC-ET)/h. One obtains from Eqs.

(A1), (A2a), and (A2b)

Gph � K�
ðLz

0

�low

ð1
a h�ð Þ cspon h�ð Þ=s

n o

� NT z0ð Þ � NT
� z0ð Þ

� �
h� þ ET � Ecð Þ1=2

� exp EFn � h� � ETð Þ= kTð Þ
� �

� exp �ajz� z0j
� �

dz0 d h�ð Þ: (A3)

Using: exp[(EFn – h� – ET)/(kT)]¼ exp[(EFn – EC)/(kT)]
�exp[(EC – h� – ET)/(kT)]¼ [n/Nc] exp[(EC – h� – ET)/
(kT)], some straight-forward algebra yields

FIG. 11. Snapshots at 18 ns, 20 ns, and 22 ns for the 7.14 kV/cm average

field case, with laser centered at a spot a distance of 3.5 mm away from the

anode on the right. Both impact ionization and photon recycling were

included. (a) Temporal evolution of the electric field profile and (b) the elec-

tron density profile.
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Gph � K0

ðLz

�low

ð1
a h�ð Þ cspon h�ð Þ=s

n o

� NT z0ð Þ � NT
� z0ð Þ

� �
h� þ ET � Ecð Þ1=2

� n z0ð Þ=Nc

� �
exp EC � h� � ETð Þ= kTð Þ
� �

� exp �ajz� z0j
� �

dz0 d h�ð Þ; (A4a)

i:e:; Gph � K�NT=Ncð Þ
ðLz

0

�low

ð1
a h�ð Þ

� cspon h�ð Þ=s
n o

NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o

� h� þ ET � Ecð Þ1=2 n z0ð Þ½ �
� exp EC � h� � ETð Þ= kTð Þ

� �
� exp �ajz� z0j

� �
dz0 d h�ð Þ: (A4b)

This can finally be expressed as

Gph � C1

ðLz

0

NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o
n z0ð Þ½ � dz0: (A4c)

The absorption of recycled photons reaching location z
will increase the electron density at location z, while reduc-

ing the density of occupied traps NT
–(z) as

nnew zð Þ ¼ n zð ÞþGph zð ÞNT
� zð Þdt; (A5a)

and

NT
�

new zð Þ ¼ NT
� zð Þ � Gph zð ÞNT

� zð Þ dt: (A5b)

The above expression (A5a) yields the additional elec-

tron density created in the conduction band due to photon

recycling.

One also needs to account for changes in the density at

the initial locations z0 responsible for the creation of photons

in the first place. These processes reduce the density n(z0)
and increase NT

–(z0), yielding

nnew z0ð Þ ¼ n z0ð Þ � K�n z0ð Þ NT z0ð Þ � NT
� z0ð Þ

� �
EC�ETð Þ=h

�
ð1

a h�ð Þ �2 h� þ ET � Ecð Þ1=2

� exp EC � h� � ETð Þ= kTð Þ
� �

d h�ð Þ dt:

(A6a)

The above can then be reworked and expressed in the

following form, along with a corresponding expression for

NT
–

new(z0) as

nnew z0ð Þ ¼ n z0ð Þ � C� n z0ð Þ=Nc

� �

� NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o
dt; (A6b)

and

NT
�

new z0ð Þ ¼ NT
� z0ð Þ þ C� n z0ð Þ=Nc

� �

� NT z0ð Þ � NT
� z0ð Þ

� �
=NT

n o
dt: (A6c)

Similarly, transitions involving traps and valence bands

lead to time-dependent changes in the holes and occupied

trap levels. The results are as follows:

pnew z0ð Þ ¼ p z0ð Þ � C� p z0ð Þ=Nv

� �
NT
� z0ð Þ=NT

� �
dt; (A7a)

NT
�

new z0ð Þ ¼ NT
� z0ð Þ � C� p z0ð Þ=Nv

� �
NT
� z0ð Þ=NT

� �
dt;

(A7b)

pnew zð Þ ¼ p zð Þ þ Gph zð Þ� NT � NT
� zð Þ½ � dt; (A7c)

and

NT
�

new zð Þ ¼ NT
� zð Þ þ Gph zð Þ� NT � NT

� zð Þ½ � dt: (A7d)
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