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Abstract : A self-consistent, two-dimensional, time-
dependent, drifi-diffusion model is developed to
simulate the response of high power photoconductive
switches. Effects of spatial inhomogeneities associated
with the contact barrier potential are shown to foster
filamentation. Results of the dark current match
available experiments. Persistent photoconductivity is
shown to arise at high bias even under conditions of
spatial uniformity. Filamentary currents require an
inherent spatial inhomogeneity, and are more likely to
occur for low optical excitation. Finally, it is shown
that the switch response can be varied by changing the
spatial position of the optical excitation pulse.

L INTRODUCTION

Photoconductive, semiconductor switches
(PCSS) based on semi-insulating (SI) GaAs material
have been developed in the recent past for pulsed power
technology [1-3]. In the non-linear mode at high values
of the applied bias, the following features are observed :
(A) Photocurrent that scales non-linearly with the
incident optical power, making it possible to obtain
large circuit currents at relatively low optical costs.
This implies that an internal mechanism must be at
work to create a large supply of mobile charge in the
device. (B) The conduction capacity is not limited by
the photon flux, and a persistent photoconductivity
effect is observed. This indicates an internal mechanism
must be maintaining a continuous supply of charge.
(C) Finally, the formation of current filaments within
the PCSS which lead to overall device failure.
Mechanisms such as avalanche ionization [4], field-
dependent trap filling [5], double injection [6],
recombination radiation [7], and streamer formation {8]
have been proposed. Unfortunately, many of the above
reports have either analyzed only the steady state
conduction characteristics or have used a one
dimensional (1D) numerical model. However, such 1D
approaches are inadequate for modeling filamentation
which inherently is a two-dimensional phenomena. In
addition, effects such as current crowding, localized
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enhancements of carrier impact ionizations, and
evaluations of different device geometries would all be
completely overlooked in any 1D study.

The only two-dimensional, time-dependent
numerical study on high power PCSS was reported by
Stout and Kushner [7]. Recombination radiation and
subsequent non-uniform absorption were shown to play
an important part in PCSS activated by spatially
localized optical excitations. However, an important
point worth noting is that filamentary currents and
spatially non-uniform carmrier densities have been
observed in PCSS structures subjected to unmiform
carrier generation [9]. The basic questions regarding
the origin, mechanism and dynamics of filament
formation under conditions of umiform generation
remain unresolved.

In this contribution, we include effects of
spatial inhomogeneities on the contact characteristics,
and simulate the transient response of PCSS devices at
high voltages based on a 2D, time-dependent, self-
consistent numerical model. The treatment includes
barrier height fluctuations, thermionic emission and
electron tunneling at the contacts, image barrier
lowering (IBL), bulk impact ionization, and
trapping/detrapping processes.

I1. BIPOLAR TRANSPORT MODEL

Treatment of bulk semiconductor transport was based
on the Drift Diffusion approach. Material parameters for
GaAs were taken from the published literature [6], and
a list of the values used can be found elsewhere [10]. A
sketch of the actual three dimensional (3D) device
structure, and its two-dimensional simulation
representation is shown in Fig. 1. This structure was
based on actual devices grown and tested at the NSWC
(Naval Surface Warfare Center) facility.

Salient features of the model include : (i) A
Poisson solver. (ii) Time dependent photogeneration
with a spatial profile. (iii) Rate equations for transient
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Fig. 1 Sketch of the switch geometry and its assumed
for the two dimensional equivalent.

dynamics of the free-camier generation, trapping and
recombination. (iv) A simple external circuit with a
50 Ohm series resistance. (v) Carrier generation
through emission from partially filled energy states
within the bandgap. (vi) Bulk impact ionization, and
contact electron injection by thermionic emission and
tunneling. (vii) Barrier height fluctuations leading to
spatially non-uniform injection at the contacts. (viii)
Uniform discretization into a 10 im square mesh. (ix)
The semiconductor and metal work functions of 4.1 eV
and 4.3 eV. (x) The SI-GaAs material was assumed to
have an unintentional donor densxty of 5x10" cm?
and a trap concentration of 5 x 10" cm™, The trap level
(assumed to be a donor site) was taken to be 0.3487 eV
below the conduction band with electron and hole
capture cross sections of 10" cm® and 10 7 cm’
respectively. (xi) An anode barmrier height of 0.91eV.
At the cathode, a two-step barrier with values of 0.91
+ 0.2 eV was used to include fluctuations. (xii)

Electron injection was considered only at the cathode.

IIL. RESULTS AND DISCUSSIONS

Model predictions were first compared against
the experimental current-voltage (I-V) measurements
conducted at NSWC. The calculated, steady state I-V
curves are shown in Fig. 2. The experimental data is
also shown, and seen to match the predictions quite
well. This validates the present model. In the low to
moderate voltage range, the response is nearly linear
and displays Ohmic behavior. With increasing bias, a
supralinear characteristics is predicted as a result of the
negative differential mobility of electrons in GaAs. The
overall conduction, therefore, does not change with bias
quite as much. Finally, a dramatic increase in the
current is predicted near 55 kV. This corresponds to

the on-set of internal impact ionization and

the

transition to a virtual double injection mode.
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Fig. 2 Comparisons between experimental data and
simulation results of the dark current characteristics.

Results of the current transient for a 70 kV
bias and a relatwely low optical generation function of
2 x 10* m? s having a uniform spatial distribution
are shown in Fig. 3, with and without barrier height
fluctuations. The uniform illumination represents the
most ideal situation since any non-uniformity can only
add to the potential for instability and filamentation. A
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Fig. 3 Simulation results for the PCSS current with
and without the barrier height fluctuations.

large displacement current occurs during the first 1 ns
due to the voltage ramp. Three features are evident :
(A) The dark current is controlled by barrier height
fluctuations, and strong current enhancements are
predicted with contact inhomogeneity. (B) After



photoexcitation, differences between the two cases
become negligible. (C) The photocurrent is predicted
to be relatively long lived. This “lock-on” is
relatively independent of the contact injection process
or details of the barrier height.

A simulation snapshot of the electron density
obtained at 100 ns with barrier height fluctuations is
shown in Fig. 4. A filamentary structure is clearly
evident. The strongest electron conduction occurs
between the anode and cathode tips which present the
highest electric fields and lowest traversal distance.
However, a profile without barrier inhomogeneity in
Fig. 5, reveals a total absence of filamentary structures.
The values of electron density are also much smaller.
The results clearly demonstrate that the presence of
non-uniform electric fields alone is insufficient to
produce filamentary structure in spite of the impact
ionization process. It is thus shown that lock-on does
not always imply the existence of filamentary currents.
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Fig. 4 Results of the internal electron density profile
within the PCSS at 100 ns with barrier fluctuations.

Plots of Fig. 6 for a generation of 2 x 10> m™
s' demonstrate the role of impact ionization more
clearly, Without ionization, the current exhibits a
monotonic decrease towards the dark current value, as
the initial population of photogenerated carriers is
gradually swept out of the device. With inclusion of
the ionization process, the current is seen to be locked-
on to a fixed value. Thus it is shown that current lock-
on can result following photoexcitation, in keeping
with the observed trends in SI GaAs switches. Second,
it is localized impact ionization that is potentially
responsible. Also, cathode electron injection alone is
insufficient to maintain a self-sustaining process.
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Fig. 5 Snapshot of the electron density distribution
at 100 ns in the absence of barrier inhomogeneity.
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Fig. 6 Device currents with and without bulk impact
ionization. Lock-on is predicted only with ionization.

Next, PCSS current results at high optical

intensity of 2 x 10® m?" with and without barrier
fluctuations are shown in Fig. 7. A 5 ns pulse width
was chosen, and impact ionization was included. As
before, the dark current values are significantly affected
by differences in carrier injection at the contacts.
However, following photoexcitation, almost identical
values are predicted for the two cases. Lock-on into a
persistent conductive state is also evident in Fig. 7.
Higher carrier generation leads to stronger internal
polarization, and electric field enhancements at the
contacts. Large electric fields at the contacts serve as
localized sources of carrier generation through impact
ionization. Hence, the role of carrier injection becomes
less important. Second, a virtual injector of electrons
at the cathode and holes at the anode is naturally
established. This leads to a virtual double injection,
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Fig. 7 PCSS currents at higher optical excitation

intensities with and without barrier inhomogeneities.

and continued carrier supply for lock-on conductivity.
The electric field distributions E, at 50 ns are
shown in Fig. 8. The stronger build up at the contacts
is evident. Unlike the low optical excitation case, a
filamentary mode connecting the two opposed contacts
is not predicted here. This suggests that though higher
optical excitation would degrade the overall conversion
efficiency, it might provide a more stable option.
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Fig. 8 E at 50 ns for high intensity photoexcitation.

Simulations of Figs. 9(a)-(b) show the profiles
of the electron and E, variables at 20 ns following
cathode-side photoexcitation. Electrons created near the
cathode drift away, giving rise to a “propagating wave”
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Fig. 9 Profiles at 20 ns for cathode-side laser
excitation. (a) Electron density, and (b) the E, field.

The electric fields are dramatically suppressed over the
cathode region due to strong internal polarization. The
time dependent current shown in Fig. 10, exhibits no
signs of “lock-on”. For anode side photogeneration, a
long-lived photocurrent is predicted in Fig. 11. This
is due to strong electron injection from the cathode
where the electric fields tend to be quite high.

IV. SUMMARIZING CONCLUSIONS
A self-consistent, 2D, time-dependent, PCSS model
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Fig. 10 Current response for cathode-side generation.
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Fig. 11 Time dependent current response for anode-
side photogeneration.

has been developed. Results of the dark curmrent
matched available experiments. Simulation results
demonstrated that lock-on photoconductivity will arise
at high applied voltages. It is probably the result of
internal impact ionization, and can even exist under

spatially uniform conditions. It was also shown that
lock-on and filamentary conduction are distinct
phenomena. Filamentary currents require inherent
spatial inhomogeneity. Filaments are more likely to
occur under conditions of low optical excitation as the
internal polarization is insufficient to quench the
electric fields. Finally, it was shown that changes in
spatial location of the laser pulse can alter the PCSS
characteristics. This  suggests that high optical
excitation or spatial tailoring of the incident pulse
profile might provide a simple means of controlling
filamentation in high power switches.
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