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Abstract: Photoconductive semiconductor switching (PCSS) devices have unique character-
istics to address the growing need for electrically isolated, optically gated, picosecond-scale
jitter devices capable of operating at high voltage, current, and frequency. The state of
the art in material selection, doping, triggering, and system integration in PCSSs is pre-
sented. The material properties and doping considerations of GaN, GaAs, SiC, diamond,
and 3-GayOj in the fabrication of PCSS devices are discussed. A review of the current
understanding of the physics of the high-gain mode known as lock-on is presented.

Keywords: GaN; photoconductive switch; high-voltage switching

1. Introduction

Photoconductive semiconductor switches (PCSSs) are optically-gated switches that
rely on photogenerated carriers to conduct current through a semiconducting medium
between two contacts. While any semiconductor can operate as a PCSS, research has dispro-
portionately focused on GaAs, SiC, and GaN due to their electrical properties (enumerated
in Table 1) and technological maturity. PCSSs offer several advantages over conventional
high-power switches like spark gaps or insulated-gate bipolar transistors (IGBTs): they can
be >10x more compact than a comparable conventional switch, they can be triggered re-
motely (making them potentially immune to electromagnetic interference), exhibit ps-scale
jitter, and avoid the high-pressure gas requirements of spark gaps. Fabrication typically
involves a few steps on a substrate doped to be semi-insulating: a single metalization
step to form an m-i-m structure, and optionally, a dielectric deposition step to suppress
surface flashover. Devices can be fabricated in vertical or lateral geometries, with the
latter being typically either linear or radial. An overview of switch design and fabrication
considerations is available elsewhere and is not the primary focus of this work [1].

The commercial application of devices has been limited due to very short shot lifetimes,
being typically not greater than 107 for Si, 10* for GaAs, and substantially less than this for
other materials [2,3]. Future commercialization requires fundamental efforts to understand
the impacts of doping and electrode geometry on efficiency and electrical damage.

PCSSs operate in one of two modes. The most common and conceptually straightfor-
ward is the linear mode, wherein switch conductivity persists only as long as the optical
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gate signal is applied; more exotic and potentially more technologically useful is the nonlin-
ear high-gain mode, to-date observed only in direct bandgap materials [4,5]. PCSS devices
fabricated from Si, SiC, GapOs3, and diamond are ubiquitously operated only in linear
mode. PCSS devices fabricated with direct-bandgap materials including GaAs, InP, and
GaN, in addition to linear mode operation, exhibit a high-gain mode, known as lock-on,
wherein a switch closed above a threshold field remains closed after the end of an optical
gate signal so long as a critical field (corresponding to the “lock-on field”) persists across
the switch leads [5,6]. Under appropriate doping and triggering conditions, whether the
voltage applied to switches fabricated from the latter group of materials results in a field
above (below) a material-specific threshold value determines whether the switch operates
in lock-on (linear) mode.

Table 1. Comparison of electrical and thermal properties of semiconducting materials most commonly
used in PCSS applications, with a comparison to Si as a baseline material.

Property Si GaAs  4H-SiC GaN AIN B-GA;0O3  Diamond
Bandgap (eV),
Direct or 1.11,i 143,d 3.26,i 339,d 6.1,d 45,1 547,dori

Indirect (d, 1)
Breakdown Electric Field

(MV/cm) 03 04 20 33 11.7 7 10
Electron Mobility 1400 8500 700 900 1100 200 4500
(cm*V~'s™)

Saturation Drift

Velocity (x107 cm/s) 1.0 1.0 2.0 25 18 17 2.0
Relative Permittivity 11.8 12.9 9.7 9.5 8.7 10 5.7
Thermal Conductivity

W /em K) 15 05 45 13 25 02 22
Maximum Operable 300 300 1600 500 1000 1700 700

Junction Temperature (°C)

Though high gain operation is commonly referred to as lock-on in different material
systems, the underlying mechanisms differ by material, as will be discussed in the next
section. In this work, we use the term lock-on with the significant caveat that it may require
differentiation in the future as an understanding of the fundamental physics of the mode
in each material improves. At the circuit-level, high gain operation is material-agnostic;
however, the optically-closed switch conductivity remains constant, permitting constant-
impedance discharging of the primary until the field dips below the critical value and the
switch opens. The origins of this phenomenon have variously been attributed to negative
differential conductivity (NDC), avalanche multiplication, and dismissed altogether as
surface flashover. It is likely that the bandstructure of each material, provided its bandgap
is direct, furnish a material-dependent set of physical mechanisms whereby lock-on occurs;
trap-to-band ionization, negative differential mobility (NDM), avalanche injection, and
as-yet unidentified surface effects appear most plausible [6-8]. This review paper offers an
overview of the current state-of-the-art in materials and applications of PCSS devices, an
interrogation of the physics of lock-on, and a detailed example of an implementation of a
GaN PCSS operated in high-gain mode in a medium-voltage circuit breaker.

2. Theory of PCSS Operation

The most common mechanism of photoconductive switch operation is the linear
mode. In this mechanism, the optically injected electrons and holes produce a photocurrent
driven by the electric field. This photocurrent | is proportional to the electric field E, the
injected electron (hole) densities, n (p) densities, and their respective mobilities iy () as
] = e(npn + ppp)E, where e is the fundamental charge. In this conventional case, the
electron and hole densities reach a steady-state density that requires continuous optical
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generation and is typically controlled by the density and levels of electronic traps in
the material.

In some cases, the optical injection stimulates the generation of electrons and holes in
a non-linear way by means of one or a combination of physical mechanisms. For example,
above a material-dependent threshold field, an avalanche process generates electrons
and holes (“avalanche gain”). Once this process initiates, a sustained optical source is
not necessary. Semiconductors in which these non-linear conduction mechanisms can be
optically triggered can be used either as linear-mode or high-gain PCSS devices, depending
on the field applied. Such switches can be very efficient in principle because the optical
trigger is only necessary during the initiation process.

Such switches have been made using the direct bandgap semiconductors GaAs and
GaN. The proposed mechanisms are very different. The GaAs mechanism involves a
non-linear avalanche mechanism that is determined by unique features of the GaAs band-
structure. The GaN switches do not have a bandstructure consistent with this mechanism.
Instead, the proposed mechanism involves avalanche injection.

a.  Theoretical Foundation for Nonlinear Mode in Direct Bandgap PCSS Devices

To distinguish the origins of lock-on behavior in different materials, a computational
comparison of GaN and GaAs is presented. Both sets of calculations are implemented in a
structure consisting of a 1D high-resistivity (semi-insulating) region terminated on both ends
with identical Ohmic contacts. The semiconductor region is insulating due to a large density
of traps caused by impurities. This high resistivity provides the non-conductive off-state
that persists in the absence of optical illumination. The steady-state carrier densities during
illumination are assumed to be governed by trap capture. The primary common feature to
both materials is the physics of the off-state. This state is caused by the defects that trap
electrons. These trapped electrons cause an electric field that inhibits the flow of current.

b Computational Approach

Two methods are used: a conventional ensemble Monte Carlo (EMC), and a propri-
etary solver for coupled transient reactive transport equations called Radiation Effects in
Oxides and Semiconductors (REOS) [9]. In both methods, the calculations include the
effects of large electrical fields and large carrier densities. Both of these methods enable
the interrogation of ab initio physical principles to derive a statistical model of device
operation [10]. By simulating particle-level interactions, carrier transport dynamics outside
of standard excitation conditions can be self-consistently modelled. These methods each
have this advantage over more conventional technology computer aided design (TCAD)
software packages.

REOS is used to analyze photocurrent and breakdown by solving the continuum
equations. This code computes the temporal electrical response to stimuli applied to a
material such as a semiconductor, insulator, or a metal [11,12]. The main external stimulus
considered is an electrical current governed by an external circuit. During the simulation
session, the sample can be subjected to ionizing radiation, thermal energy, and ion beams.
These calculations include defect chemistry, interface effects, tunneling reactions, hot
carriers, and lattice heating. These effects are governed by reactive transport equations
that have specific terms corresponding to the species flow and the species reactions. The
response involves flow and chemical reactions of electrons, holes, and chemical species such
as impurities and lattice defects. The species flow is governed by drift-diffusion equations.
The reactions are governed by the chemical potentials of the constituents. Additional terms
include the effects of the external stimuli. The energy changes are captured in a lattice
temperature as well as electron and hole temperatures. The calculations are governed by
input information that defines the physical quantities, the initial conditions, the injected
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quantities, the reactions, and the electrical circuit. The main computed quantities are the
species densities as a function of time and position and the electrical currents as a function
of time.

The EMC is a particle-based method that can solve the Boltzmann transport equa-
tions governing electrons and holes in a semiconductor [13]. This software differs from
conventional particle-based calculations because it includes high-density effects. The code
self-consistently implements Fermi exclusion and carrier—carrier scattering. The solution of
the Boltzmann equation using a particle method seeks the electron distribution function
f(r, k, t) as a function of position r, wavevector k, and time . The method obtains the
solution by following the evolution of the distribution function as electrons respond to an
electric field. In addition, these particles scatter by interactions with phonons and other
electrons. The accurate simulation of electron—electron scattering is critical for computing
breakdown dynamics. At the high carrier densities involved in breakdown, Fermi exclusion
must be implemented. Impact ionization rates are computed using both electron—electron
scattering and two-electron impact ionization.

c The GaAs mechanism

The initiating optical pulse in the presence of an electric field causes an initial high
photoconductivity. These initial carriers, under appropriate conditions, lead to an in-
creased density of charge carriers in continuous regions spanning the contacts [13], termed
“filaments”. The growth mechanism exhibits avalanche-like behavior. The conductive
on-state is maintained by a so-called minimum lock-on electric field E;p = 5 kV/cm.
This is quite small compared with the values 100—250 kV/cm reported for the threshold
field that must be exceeded to initiate avalanche breakdown in GaAs. The threshold field
E1 =10-30 kV/cm required to initiate lock-on is also small compared with the fields needed
to initiate avalanche breakdown in the absence of an optical trigger.

Early studies attributed the self-sustaining current to collective impact ioniza-
tion [14,15], which involves conventional impact ionization and models the carrier energy
distribution function by considering carrier—carrier interactions. This theory leads to quali-
tative agreement with the lock-on phenomenon. For a given electric field, this mechanism
leads to two stable states: a non-conductive off-state and a conductive on-state. These
two states correspond to the conductive region of an optically initiated current filament
and the non-conductive external region. It fails to predict the magnitude of E; o, however,
suggesting a value of E;p = 50 kV/cm that is much lower than the bulk avalanche field.
However, this predicted field is 10 times larger than the observed lock-on field [16]. A
similar situation has been found for other materials.

This shortcoming of collective impact ionization theory led to a refined version of this
theory called two-electron impact ionization [17]. In the mechanism, two electrons in the
conduction band share their energy during a collision. A process of this type is responsible
for the broadening of the distribution function if the carrier density is sufficiently high.
However, in the two-electron mechanism, the more energetic electron undergoes a virtual
transition to an excited virtual state. Its final state is a low energy state in the conduction
band just as in conventional impact ionization. Instead of impact ionization caused by
a single electron, in this theory, the energy of two electrons is combined in an impact
ionization event. More precisely, two electrons at nearly the same elevated energies interact
with each other. This scattering event causes one to go down in energy and the other one
to go up in energy. The state reached by the more energetic electron is a virtual state. The
electrons in these virtual states initiate the impact ionization that produces new electron—
hole pairs. The end result is impact ionization by two electrons whose shared energy is
sufficient to create the electron-hole pair.
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The REOS and EMC calculations also include carrier—carrier scattering, which arises
from the competing effects of two-electron impact ionization and Auger recombination.
These results are consistent with the prediction of the collective impact ionization theory
that E;p < Et and predict the formation of the ubiquitously observed current filaments.
Despite over 35 years of repeatable observations of lock-on in GaAs, the combination of
mechanisms involved is not fully understood. Additional testing and new calculations will
be necessary to assess whether the computed sustaining field approaches the lock-on field.

d The GaN mechanism

The primary mechanism suggested for lock-on in a GaN optically triggered switch
involves defects that enhance the field at anode contact. This model relies on acceptor
defects that cause both the off-state and the on-state [18]. In the on-state, these defects
undergo impact ionization to enable the avalanche injection. They also cause a large field
enhancement that causes conventional band-to-band impact ionization.

Early theoretical work that explored the effects of defects showed that impact ioniza-
tion of the acceptors produced a mechanism for optical initiation of lock-on. However, the
simulated current flow during self-sustaining conduction was not appreciably larger than
the photocurrent that was used to trigger the lock-on state, indicating that this mechanism
in isolation is insufficient. Those earlier calculations led to a revised mechanism. In this
mechanism, the primary effect of deep defects is to cause a field enhancement of sufficient
magnitude to enable conventional band-to-band impact ionization [7,8,19].

The mechanism has been validated by using it for avalanche breakdown calculations of
a reverse biased GaN diode. This model is then used in calculations applied to an n-i-n GaN
structure. These calculations predict a dramatic switching event from a non-conductive
off-state to a highly conductive on-state involving lock-on. The calculations discussed
here involve a generalized n-i-n structure illustrated in Figure 1. For these calculations, a
positive electrical potential is applied to the right-hand contact. This figure shows an n-i-n
structure that has donor-doped contacts and also heavily doped acceptor regions denoted
by p*. The donor densities in the n-regions are 10!° cm =3, and the Mn-doped acceptor-like
doping is 5 x 10" cm~3. The total thickness is 2 pm.

n|pt n prin
vy a
L

Figure 1. Schematic of doping in a simulated n-i-n switch structure.

A series of calculations explored the effects of Mn acceptor-like defects [20]. The first
role of the acceptors is to trap the injected electrons. The resultant electric field halts the
injection of additional electrons. The trapped charge produces a space charge barrier that
stops the current flow. This mechanism provides the off-state of the switch. The band-to-
band impact ionization mechanism supplies electrons from the right-hand-side contact [21].
In this mechanism, the optical pulse initiates the triggering by injecting electrons that are
trapped and holes that reduce the barrier at the left-hand side. The reduced barrier allows
the flow of current that starts injection at the right-hand side.

Figure 2 shows the temporal evolution of the current. During the initial stage, transient
current flows after the application of a large electrical potential of 110 V (550 kV/cm). The
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contribution of injected electrons leads to a slight rise in the current. However, the field
from the acceptor traps at the left-hand side halts this current flow. At time t = 1078 s, the
optical pulse is applied. The photoconductivity causes a steady increase in the current. In

this calculation, the electron and hole densities reach unphysical values because the growth
has no Auger mechanism.

10°

—— 10V bias, 1x108 s optical pulse, wait
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Figure 2. Time-evolution calculation of n-i-n device current in the dark (¢t < 108 s) and after an
instantaneous light pulse (¢ > 108 s).

Figure 3 shows the spatial variation in the conduction and valence bands caused by the
applied potential. This figure reveals that the band bending is very abrupt at the right-hand
side. The band bending at the timestep immediately prior to the growth of current is shown
in Figure 2. This figure shows that the voltage has a large variation at the right-hand side.
In other words, the electric field is modest except at the right-hand side. The change in
potential at the right-hand side is enabled by the applied electric potential. However, the
field is provided by the electron charged defects. This result suggests that the average field
will be modest outside of a few hundred nm near the biased switch electrode.

e

7 | i

=
© |
s @
[ il
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Soem—
conduction band, time step 700 —+—
50 valence band, time step 700
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Figure 3. Computed band diagram of GaN n-i-n structure at the last computed time increment before
the optical pulse (shown in Figure 2), varying from the left-hand contact (0) and right-hand contact

(0.0002 cm). The i region is noted at the top center in green and the n region at the top sides in purple
(color online).

The defect mechanism provides a field that is somewhat independent of the external
circuit. Instead, it is a field created by the optically injected electrons. Once the threshold is
exceeded, the carrier growth is not controlled by the circuit. However, the field provided
by the circuit causes a modest carrier drift contribution to the current.

e Discussion: GaN PCSS
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Additional calculations using a capacitive source (an important circuit element for
applications as described in Sections 7 and 8) lead to new insights about these calculations.
In both the calculation and measurement of a fabricated PCSS pulse-charged by a capacitive
circuit, both the current and the switch voltage decrease as the capacitor discharges. After
approximately 4 x 1077 s, the current becomes very small, but the voltage remains constant.
That voltage is defined as the lock-on voltage. This use of the term lock-on differs from the
previous usage for GaAs switches. In experiments on those switches, the voltage during
the on-state remained approximately constant. This constant voltage corresponds to a field
of approximately 4 kV/cm, the lock-on field.

New calculations using a capacitive current source were performed to obtain insight
into the ways in which behavior may diverge. Incorporating a capacitive source of charge
rather than a constant one results in the current—voltage behavior shown in Figure 4. This
figure shows current and voltage after optical triggering.

GaN Switch Current x10 ———
1.0x 102 g Voltage —<—
8.0x101 |

—_ / X
< 6ox10! | o
= 7
[ / /
= / £
5 # Z./
© ao0x10t | / 7
/ /
)
20x101 /
»"/
F 2
.x"l/
0.0x 10° ke . .
1x 1012 1x1011 1x 1010 1x10° 1x10°8
Time (s)

Figure 4. Calculated current-voltage of the n-i-n switch during and after optical triggering while the
switch is charged by a capacitor.

The new theoretical results in Figure 4 are in qualitative agreement with the measured
data of a comparable measured configuration shown in Section 7 below. In both figures, the
current rises after optical triggering and then it decreases. In Figure 4, the current ceases
when the capacitive current source is not able to maintain the on-state. The figure shows
that the threshold voltage is approximately 40 V for this switch and capacitor combination.

The switch voltage remains large because the electrons trapped at the acceptors cause
a large internal field that maintains the switch voltage at lock-on. This field enhancement
has a primary role in the avalanche injection mechanism. Lock-on-like behavior in GaN
has only recently been observed, and its mechanisms are accordingly less well-understood
than those giving rise to the phenomenon in GaAs. Additional physical experimental
and simulation work is required to understand, and therefore to engineer, the enormous
potential for high-gain operation in these direct bandgap devices.

f  Comparison of lock-on mechanism: GaN and GaAs

The two breakdown mechanisms thus differ substantially. The process in GaAs relies
on the fact that the increase in carrier—carrier scattering upon triggering generates the
high carrier density needed for filamentation. The increasing current reduces the field and
this stabilizes the avalanche mechanism. The high-current-density region exists inside a
filament. Outside the filament, the carriers achieve a low carrier density steady state. Both
the high- and low-density regions are locally stable and co-exist for the lock-on field.
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The GaN mechanism relies on a large density of charged defects at the anode that
create a high field region under bias. These initially neutral defects capture electrons during
the optical triggering process.

The two mechanisms result in different characteristic fields. In GaAs, the electric field
is almost uniform throughout the device. However, in the GaN mechanism, the electric
field is large near the anode and comparatively low elsewhere. The two mechanisms cause
very different behaviors in a circuit. In both cases, the device is assumed to be a simple
one-dimensional device with length L. The effects can be understood by considering a
switch in a simple circuit consisting of a voltage source V (the capacitor), a load resistor
Ry, and the switch under bias voltage V5. During a quasi-static switch process, the relation
between the slowly varying voltage contributions can be expressed as V¢ = IRy + Vs.

In this equation, the voltage source is a large capacitor that discharges during the
operation of the switch. This simple circuit can be used to discuss the differences in the
temporal evolution of GaN and GaAs. In the GaAs mechanism, the electric field E;o
during lock-on is approximately constant. Because the field is constant, the lock-on voltage
Vio = ErolL is also constant, i.e., the lock-on voltage is the switch voltage. Initially, the
capacitor voltage V- exceeds the lock-on voltage. However, at the end, when the capacitor
discharges to approximately V; ¢, the current collapses and the switch opens at V- = V.

In the case of the GaN switch, the circuit is identical. However, in this case, the field
varies within the switch. It must have a large value at the right-hand side (of Figure 1) to
induce avalanche injection. In that region, of thickness A, the voltage will be Vi o = E;pA.
The field E in the remainder of the device of thickness L — A will be much smaller, such
that Vy = Eo(L — A). The switch voltage is thus Vs = Vy + V. The voltage contribution
can also be expressed in terms of the current and the resistance R of the thicker region
within the switch: Vy = IR. Thus, Ve = I(Rp + Rg) + Vip. Given that the load resistance
will usually be small, V¢ ~ Vg = IRg + Vi . This expression states that the switch voltage
will be approximately equal to the source voltage. Furthermore, as the current approaches
zero, Vo — Vip.

Comparing the GaAs and GaN cases reveals that the result is the same in both cases.
The distinction is that the switch voltage is always the lock-on voltage for GaAs switches,
but it is initially the capacitor voltage for the GaN devices.

3. SiC PCSS Devices

SiC has been widely utilized as a fundamental material for high-power, high-
temperature, and high-frequency applications, owing to its outstanding electronic and ther-
mal properties, as well as its commercial availability. When compared to first-generation
semiconductor materials such as silicon (Si) and second-generation materials like gallium
arsenide (GaAs), SiC demonstrates several advantages. These include a wide bandgap
energy (3.0 eV for 6H-SiC and 3.2 eV for 4H-SiC), a high critical breakdown field, and
superior thermal conductivity (4.9 W/cm-K for 6H-SiC and 3.7 W/cm-K for 4H-SiC). Ad-
ditionally, SiC exhibits high electron saturation velocities (1.5-10” cm/s for 6H-SiC and
1.9-107 cm/s for 4H-SiC), a low dielectric constant, and exceptional thermal stability, with
breakdown fields ranging from 3 to 5 MV /cm [4,22-24]. SiC is available in numerous
polytypes, including 3C, 2H, 4H, and 6H, each defined by the specific stacking order of
Si-C bilayers along the c-axis of its crystal lattice. Among these, 3C-SiC is the only polytype
that possesses a cubic crystal structure, while 4H-SiC and 6H-SiC both exhibit hexagonal
crystal structures [25].

Numerous studies have focused on engineering the material characteristics of SiC to
meet the primary requirements for high-power photoconductive semiconductor switches
(PCSSs). Various growth techniques, such as undoped Lely [26,27], physical vapor transport
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(PVT) [28], and ion-implanted epitaxial material (12 epi) [29], have been employed to
produce high-quality SiC substrates [30]. However, during the growth process, defects such
as ScC precipitates, nanopipes, micropipes, and cavities can arise, particularly when growth
conditions are suboptimal. These defects can significantly degrade both the performance
and stability of the resulting devices. Additionally, primary impurities, including N and
B, are often unintentionally introduced into the material. N acts as a shallow donor,
while B serves as a shallow acceptor, enabling N and B doping to create n-type or p-type
semiconductor materials with enhanced conductivity [24,31].

a.  Doping considerations

Two primary approaches are available for obtaining high-quality semi-insulating
(HPSI) SiC. The first approach involves refining the SiC growth process to minimize the
unintentional incorporation of N and B impurities, thereby achieving high purity SiC.
Alternatively, a compensating third dopant, such as V or Ti, may be introduced to balance
the excess N donors or B acceptors [29,30]. For example, when SiC is doped with V to form
V-compensated semi-insulating (VCSI) SiC, the dopant acts similarly to the Z; /Z, defect
centers found in HPSI SiC. V has three charge states and forms two energy levels within the
bandgap as an amphoteric dopant. Neutral V (V) can capture an electron (or emit a hole)
to become an acceptor (V,), or emit an electron (or capture a hole) to become a donor (VB).
The acceptor level corresponds to the transition between Vi and V 5, often referred to as the
shallow donor deep acceptor (SDDA), while the donor level corresponds to the transition
between Vy and V5, known as the deep donor shallow acceptor (DDSA). V effectively
compensates n- or p-type doping and pins the Fermi level near the mid-gap, leading to
a high dark resistivity (>10° Q-cm). Furthermore, V acts as a recombination center and
has been demonstrated to influence the control of carrier lifetime, further enhancing the
performance of SiC-based devices [24,30-32].

Co-doping interacts with the intrinsic behavior of V defects, making the quantification
of optical transitions in SiC particularly challenging. V functions as an amphoteric dopant
in SiC, with two energy levels emerging within the bandgap as it transitions between three
distinct charge states. The acceptor level (0/— transition) arises when the neutral V accepts
an additional electron, for instance, from an ionized donor, becoming negatively charged.
Conversely, the donor level (0/+ transition) is observed when the neutral vanadium
state donates an electron, becoming positively charged. The acceptor level is consistently
positioned higher in energy relative to the valence band. Figure 5 illustrates the band
diagram for SiC, where the two transition levels are represented by horizontal black lines,
and the three charge states are shown as discrete vertical columns. Additionally, the figure
depicts scenarios involving co-doping with either donors or acceptors. The photogeneration
pathways in Figure 5 are represented by diagonal arrows indicating transitions between
different energy levels [24,32]. When V is the sole dopant in SiC (left diagram), it resides in
its neutral charge state, allowing photogeneration transitions to both negative and positive
charge states, as indicated by the green arrows. The transition to the negative charge state
is accompanied by a dashed arrow, representing the generation of a hole in the valence
band, while an electron is promoted from the valence band to the acceptor level.

In the case where V is compensated by shallow donors such as N (Figure 5b), it resides
in the negative charge state due to an electron transition to a lower energy state (red arrow)
and can return to its neutral state only through electron emission (green arrow). When V is
compensated by shallow acceptors such as Al or B (Figure 5c), it remains in the positive
charge state due to electron transition to a lower energy state (red arrow) and can only
return to its neutral state by emitting a hole (green arrow). The processes of hole generation
and annihilation are again denoted by dashed arrows. This behavior is further complicated
by the fact that V, like most transition metals, retains some of its atomistic properties in the
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form of excited atomic states, even when embedded in a host lattice. During illumination,
these states create additional transition pathways, as indicated by the orange arrows. These
pathways can be detected in the absorption spectrum but are not believed to generate a
photocurrent [29,30,32-35].
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Figure 5. Band diagrams of SiC:V showing the occupancy of the different V states depending on
the presence of other co-dopants and the energy levels needed to transit between these states. The
provided energy values are for the 4H polytype whereas their equivalences for the 6H polytype are
shown in parentheses. Carrier generating transitions are shown in green, noncarrier generating (or
parasitic) transitions are shown in yellow, and transitions of carriers from co-dopants to V levels are
shown in red. (a) is the case of SiC:V without co-dopants where carriers can be generated only from
the neutral Vy state. (b) is the extreme case of N > V, where all V is converted into the acceptor V5
state allowing only electron generation from this state into the conduction band. (c) is the opposite
case, where Al or B > V and all V is converted into the donor state allowing only hole generation
from this state into the valence band (re-generated from Ref. [32]).

b Switch geometries

Various SiC PCSS structures [36] have been proposed to address challenges related
to breakdown voltage thresholds, on-state resistance, and conversion efficiency. Typically,
these devices are categorized into two structural types: lateral, where both electrodes are
positioned on the same plane, and vertical, where the electrodes are located on opposite
planes [33]. Table 2 compares the most important characteristics of 4H and 6H SiC PCSS
designs. Lateral devices, which often use low-impurity SiC polytypes, generally rely on
above-bandgap wavelengths to trigger the switches, as this enables maximum carrier
collection through intrinsic absorption near the surface, where a strong electric field is
present. Conductivity modulation in this surface region shows promises for achieving a
substantial on/off resistance ratio, leading to high output currents [34].

However, when the switch is triggered by a high-power laser pulse, gas ionization
may occur at the surface, generating positively and negatively charged ions. These ions
are subsequently accelerated by the electric field, initiating an avalanche multiplication
effect that forms a discharge channel, eventually resulting in a surface flashover (in SiC,
as in GaN, this has been confused with lock-on). To mitigate surface breakdown issues,
rear-illuminated devices with radial structures (as shown in Figure 6b) have been devel-
oped. These structures have been shown to increase blocking voltages by up to five times
by reducing point peak currents at the metal/SiC interfaces, thereby enhancing device
reliability [4,35].

SiC PCSSs with vertical structures have been developed with side illumination (as
shown in Figure 6c) that exploit the bulk material’s extrinsic absorption of below-bandgap
wavelengths. Innovative illumination techniques such as silver back contact mirrors [37]
and twisters [38] have been developed to enhance photon absorption uniformity in thick
bulk substrates. Transparent conductive oxide (TCO) electrodes, such as aluminum-doped
zinc oxide (AZO) [39] and indium tin oxide (ITO), have enabled front and backside exci-
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tation (Figure 6d). Vertical structures provide practical solutions for mitigating surface
flashover and handling high current densities [40]. However, achieving high-quality
transparent electrodes with low resistance and minimal absorption has posed significant
challenges due to their complex composition and intricate fabrication processes. Sur-
face roughness and internal defects in TCO materials can negatively impact reflection,
absorption, and transmission, ultimately diminishing the device’s overall performance.

(a) (b) (c) (d)
TR P
) o
] N @ = N . | AN |
| [— ’\
P | N

7z N < % N
= ™ Optical Excitation

I:l Semi-insulating SiC substrate . Electrode (Metal) ansparent Conductive Oxide

Figure 6. Common designs for PCSS devices used in high-power microwave (HPM) applications
(top view (top) and cross-section (bottom)): (a) lateral in-line contact, (b) lateral radial, (c) vertical
PCSS design with top—bottom metal contacts with side illumination, and (d) vertical structure with
top-bottom transparent conductive oxide (TCO) with front-rear excitation.

More critically, TCO degradation originating from defects may be a primary cause of
PCSS breakdown during high-fluence laser experiments. The pulsed laser used to illuminate
the surface interacts with the transparent electrode, resulting in the formation of numerous
bubbles at the side of the electrode that directly contact the air under bias voltage. As Joule
heating and laser heating accumulate, the transparent electrode absorbs heat up to a critical
threshold, leading to gradual melting and vaporization. This process forms localized hot
spots at the SiC/TCO-air interface. When the laser directly impacts the substrate, damage
within the substrate accumulates over time, eventually creating breakdown channels. As this
damage worsens, the device ultimately fails. A vertical structured 6H-5iC:V could accumulate
~200 pulses at charge voltages ranging from 15 to 17 kV and 300 to 400 pulses with currents in
excess of 1 kA without any discernable damage, or degradation in performance [39,40]. These
approximate field and current density values compare unfavorably with GaAs switches, but
favorably with GaN switches in comparable geometries.

Table 2. Survey of state-of-the-art values for SiC:V PCSS device electrical properties observed in
the literature.

Ref. Material Structure Wavelength Piaser Vbiocking Vop. Tout Ron Rog
[40] 6H-SiC:V Vertical 532 nm 530 kW >150 kV/cm 20kV 50 A 244 Q)

[37] 4H-SiC:V Vertical 532 nm 18.2 MW /cm? 260 kV/cm 12 kV 840 A 750

[41] 6H-SiC:V Vertical 532 nm 31.2mJ, 17 ns 225kV/cm 20 kV 500 A 5.6 Q 101 O
[4] 4H-SiC:V Lateral 355 nm 1m],7ns 370 kV/cm 26 kV 450 A 20

[36] 6H-SiC:V Vertical 532 nm 4 MW 17 kV 1500A <1Q 2 x101° 0
[39] 4H-SiC:V Vertical 532 nm 100 kW 200 kV/cm 20 kV 100 A 1012 O
[34] 4H:SiC:V Lateral 355 nm 0.5mJ, 7 ns 231 kV/cm 124 kV 182 A 120 4 %1012 Q)
[34] 4H:SiC:V Radial 355 nm 0.5mJ, 7 ns 178 kV/cm 322 kV 938 A 80 12 x 1012 Q)
[24] 6H:SIC:V Vertical 532 nm 13 mJ 27.4MV/m 11 kV 150 A 20 1012 O
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SiC PCSSs have been able to achieve either high-voltage operation or high-current
operation but have had difficulty achieving both simultaneously with long device life-
times. In addition, PCSSs operated at high electric fields (>100 kV/cm) have required pulse
charging circuits due to high power dissipation in the off-state. Although intrinsic PCSSs
are more efficient than extrinsic PCSSs, both devices when operated in the linear mode
currently require large amounts of laser energy to achieve low on-state resistances. This
subsequently requires large high-power lasers be used to trigger the PCSSs. Therefore, ul-
trawide bandgap (UWBG) materials with higher thermal conductivity and critical strength
field characteristics continue to be investigated.

4. Diamond PCSS Devices

Diamond’s exceptional physical properties make it an ideal semiconductor material for
PCSSs, particularly for high-voltage and high-power switching applications due to its very
high thermal conductivity [42]. As a UWBG semiconductor, diamond possesses a bandgap
of 5.5 eV. Intrinsic diamond demonstrates a high critical electric field (1020 MV /cm), high
carrier mobility (up to 2100 cm?/ Vs for holes and 1060 cm?/ Vs for electrons), and excellent
thermal conductivity (22-24 W/cm-K) [35-38]. Both intrinsic [43] and extrinsic [44] diamond
PCSSs have been studied, utilizing excitation wavelengths either above or below the diamond
bandgap, respectively. Previous research has observed photoconductivity in intrinsic diamond
using UV-band excimer lasers under high electric fields of up to 0.7 MV/cm [45,46]. In
contrast to intrinsic diamond PCSS devices, which rely on photon energies above the bandgap
(band-to-band excitation), typically requiring UV wavelengths below 226 nm, extrinsic PCSSs
operate with sub-bandgap photon energies, where carriers are excited from dopant or defect
levels. This allows diamond devices to function using more accessible visible or infrared
wavelengths, while retaining the advantageous properties of diamond. N-doped diamond
has been identified as a promising candidate for extrinsic PCSS applications, particularly
in vertical structures, due to its high photoresponsivity to sub-bandgap excitation (a direct
parallel with SiC:V and GaN:Mn).

The implementation of diamond PCSSs requires precise control over carrier gener-
ation, which dictates the wavelength and power of the input optical source, and carrier
recombination, which determines the achievable switching frequency. This, in turn, re-
quires the precise control of material quality and doping profiles. The manufacturing of
high-quality synthetic diamond with controlled defect concentrations, however, remains
a complex process. Furthermore, the available substrates tend to be relatively small and
challenging to process. High-purity single-crystal diamond is generally unsuitable for PCSS
applications due to its ps-scale carrier lifetimes [47]. To overcome this limitation, extrinsic
photoconductivity, where defects or impurities modulate generation and recombination, is
utilized to reduce carrier lifetimes [48,49]. Polycrystalline diamond PCSSs with picosecond
response times have been demonstrated, but the exact nature of deep traps remains unclear,
complicating the development of practical devices. Furthermore, switching impedance
achieved to-date has been higher than many commercial loads, being generally not less
than hundreds of () [45]. The technological immaturity of diamond as a semiconducting
medium, very low gain, and high switching impedance, make it unsuitable at present for
integration into commercially relevant loads. While promising based on intrinsic material
properties, it requires advances in the knowledge of impurity levels and carrier dynamics
to be commercially viable.

Impurities enable the use of extrinsic photoconductivity, as demonstrated with SiC:V.
In diamond, N typically acts as a single-substitutional impurity, creating a deep donor
level approximately 1.7 eV below the conduction band, which can be accessed through
sub-bandgap excitation [50]. This deep donor level, along with a large carrier capture cross-
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section, allows N-doped diamond to exhibit sub-nanosecond carrier lifetimes. Natural
diamond PCSS devices have demonstrated lifetimes in the range of 0.5 to 1 ns [43,51];
however, the N concentrations in these natural diamonds were limited (Figure 7a) [52-54].
As a result, synthetic diamond, with higher levels of incorporated N, has emerged as an
attractive alternative for PCSS applications.
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Figure 7. A simplified electronic energy level diagram (not to scale) represents (a) the energy
states in HPHT diamond and (b—e) the V{ center at room temperature. In (b), the absorption of a
first photon excites an electron from the 3A, ground state to the 3g excited state of the VN center.
In (c), 3E electrons can either radiatively decay back to the 3A; ground state or be further excited into
the diamond conduction band (CB) by absorbing a second photon. The spin-selective non-radiative
decay of electrons to the singlet state LA; (transition 3), followed by a transition to the metastable IE
state, enables photo-detected magnetic resonance (PDMR) and optically detected magnetic resonance
(ODMR). In (d), the two-photon ionization of the Vy center results in the formation of an VI% center
and a free electron in the CB. Through a subsequent two-photon process, in which the V3 center is first
excited and then an electron from the valence band (VB) is promoted into the vacated orbital of the
VI% center, (e) the Vy center can be converted back to its negatively charged state (Vy) (re-generated
from Ref. [54]).

The mechanism underlying the photoelectrical detection of Vi centers can be ex-
plained by a two-photon ionization process, as depicted in Figure 7b. Initially, an electron
in the triplet ground state of >A; in the V) center is excited to the triplet excited state >E
by absorbing the first photon. Subsequently, a second photon ionizes the electron into the
conduction band, causing a charge state conversion from negatively charged Vy centers
(V) to neutral Vy centers (Vlgl). In the third step, an electron in the V1% state is excited
from the 2E to the 2A; level, and finally, an electron is excited from the valence band to the
vacant state of VJJ, reverting the charge state back to Vy as described in Refs. [28,52,54].
The free electrons and holes generated during the photoionization process contribute to
the photocurrent, enabling continuous photocurrent detection. Interestingly, under higher
illumination, the increase in photocurrent exhibited a linear trend rather than a quadratic
one. This behavior could be attributed to two potential factors: the saturation of the transi-
tion from 3A, to °E, and background signals arising from other defects, such as isolated
substitutional N atoms, also known as P1 centers.

An investigation into three grades of synthetic diamond [52]—high-pressure high-
temperature (HPHT) belt-press, HPHT split-sphere, and chemical vapor deposition (CVD)
general—revealed that N impurities can act as efficient recombination centers, leading to
sub-ns response times. The HPHT Belt-Press diamond PCSS demonstrated responsivity
at 532 nm in the range of 2-7 x 10> A/W under a moderate electric field of 2 kV/cm. In
comparison, Schottky diode diamond photoconductive detectors exhibited a responsivity
of only 10~® A/W at a few volts of reverse bias, with response times no faster than 100 ns.
Non-epitaxial single-crystal diamond detectors, biased at 50 V, were unable to achieve
responsivity greater than 10~7 A/W in the visible spectrum without the use of defect
passivation treatments. Natural diamond PCSS devices, biased at 7 kV/cm, achieved a
responsivity of 5 x 10”4 A/W at an above-bandgap wavelength of 222 nm. For comparison,
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a GaN PCSS biased at 24.5 kV/cm demonstrated a responsivity of 3.5 x 107> A/W at
532 nm with 2 mJ/pulse, while a SiC PCSS, biased at 18.7 kV/cm, achieved a responsivity
of 2.5 x 107> A/W at 532 nm with 4 mJ/pulse.

To gain a deeper understanding of the characteristics of synthesized diamond for high-
power optoelectrical applications, various diamond structures for extrinsic PCSSs were
explored [45]. These structures included an insulating high-pressure high-temperature
(HPHT) type Ib substrate (highly N-doped), a chemical vapor deposited (CVD) type Ila
substrate (unintentionally doped), and a CVD-grown semiconducting B-doped epilayer on
a type Ila substrate, as well as B-implanted type Ib and Ila substrates. Significant extrinsic
photoconductivity, characterized by a large on/off current ratio, was demonstrated in both
highly N-doped type Ib diamond and unintentionally doped type Ila single-crystalline
diamond using below-bandgap visible excitation at 532 nm. In contrast, photoconductivity
in response to lower-energy 1064 nm excitation was only observed in B-doped diamond.
The photoresponse in insulating Ib and Ila diamond substrates was believed to be facilitated
by carrier photogeneration at the contact edges, combined with the photoionization of
substitutional nitrogen, which reduced the resistivity of the diamond. The on/off current
ratio of the type Ib device reached values on the order of 10'1. Furthermore, the effects of
dopant compensation between B and N in diamond were observed in three distinct ways:
(1) reduced dark currents in devices on B-implanted Ib versus Ila substrates, (2) diminished
photoresponses in devices on B-implanted versus unimplanted Ib substrates, and (3) the
presence of a photoresponse to 1064 nm in devices on B-implanted Ila substrates, which
was absent in those on B-implanted Ib substrates.

A recent study demonstrated a 130 mA /W intrinsic responsivity (for wavelengths
below 226 nm) using a buried, metallic heavily doped (p*) current channel within an HPSI
diamond as the active absorption layer. The lateral PCSS devices exhibited high on/off
ratios (>10'1), fast rise and fall times (~2 ns), and impressive current densities of up to
44 A /cm?. Additionally, these devices showed linear current—voltage characteristics up
to a DC bias of £60 V, suggesting that even higher current densities could be achieved
before reaching carrier velocity saturation [42]. Future studies could focus on optimizing
the switch design to enhance photon absorption. The development of transparent or buried
contacts could provide solutions to reduce both contact resistance and diamond resistivity
under photoexcitation, without contributing to an increase in dark current.

5. B-GayO3 PCSS Devices

B-GayO; (gallium oxide), like diamond, is an emerging UWBG material with great
promise in PCSS applications. In addition to a bandgap and critical field of 4.8 eV and
critical field strength of ~6 MV /cm, it has the additional advantage of its potential for cost-
effective, large-scale production through methods such as edge-defined film-fed growth
(EFG) [55-58].

In 3-Gay0Os3, the Fe acceptor is positioned about 0.7-0.8 eV below the conduction
band (CB). This acceptor can emit electrons to the CB under sub-bandgap illumination,
functioning similarly to V in SiC and N in diamond. The primary defects in 3-Ga,Os are
Si (shallow donor) and Ir (deep donor), both of which unintentionally dope the material
during the growth phase. Fe is commonly used in higher concentrations, often by an order
of magnitude greater than Si, in order to achieve semi-insulating characteristics in the
material [56-59].

The primary optical absorption pathways are illustrated in the band diagram presented
in Figure 8. It is assumed that the shallow Si donor is fully compensated by the Fe dopant,
resulting in the coexistence of both Fe?* and Fe®* species within the sample at equilibrium.
The lowest energy absorption process involves the release of an electron to the CB, thereby
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converting Fe?* to Fe3* (Path Iin Figure 8) [58,60]. Although the Fe?* level is positioned
approximately 0.7-0.8 eV below the CB, experimental observations have indicated that
absorption levels can extend to 1.2-1.5 eV below the CB for this trap. This extension is
attributed to the relaxation energy within the lattice, with similar energetic behaviors
predicted for Fe residing in both the tetrahedral and octahedral Ga sites. Consequently, the
1.17 eV optical energy associated with 1064 nm light results in only minimal transmission to
the CB. Higher-energy optical sources, tested at 2.3 eV and above, have been found capable
of activating absorption in the deep Ir®* state, as well as other deep donors and acceptors
that may be present [61]. Since Ir** functions as a deep donor, its absorption of photons
with energies of 2.3 eV or higher leads to two possible pathways: direct electron emission
to the CB (Path II in Figure 8) or a charge-transfer transition to Fe3* or potentially another
defect (Path III in Figure 8) [62,63].
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Figure 8. 3-GayO3:Fe trap model with active impurities in the sample. Green arrows correspond to
carrier generation and orange arrows correspond to internal transitions (re-generated from Ref. [61]).

Additionally, optical absorption peaks related to Fe in 3-Ga;O3 have been observed
around 2.2 eV, with the absorption decreasing at higher energy levels. This suggests that
FeZ* emission is more pronounced in the 2.3-2.7 eV range (corresponding to green and
blue light) compared to higher-energy excitation sources [64]. The first demonstration of
Fe-doped 3-GaO3 [61] as a PCSS has confirmed its ultra-high breakdown field of greater
than 2 MV/cm and a free carrier recombination lifetime of less than 100 ps; however, its
room-temperature gain is 100-1000 x poorer than state-of-the-art devices fabricated from
diamond, GaN, and SiC. With an understanding of the trapping and carrier transport
of deep states in 3-GayOs still at an early stage [63], the material is not yet competitive
with more mature material systems as a switching medium. These characteristics strongly
position it as a promising candidate for next-generation high-power and ultra-fast switches,
particularly in extreme environments [59,60,62,65].

6. GaAs PCSS Devices

GaAs is among the earliest materials to be investigated as a PCSS substrate due to its
early technological maturity, with research into GaAs switches commencing in the early
1980s, shortly after the first Si PCSS in 1975 [66]. It continues to justify research due to its
very high crystalline quality, ability to be grown from a melt (by vertical gradient freeze and
modified Czochralski techniques), high dielectric strength, and direct bandgap [67-69]. These
properties enable devices with picosecond rise times and high breakdown fields despite its
narrow (1.4 eV) bandgap (due to the ability to grow very thick films economically). Its direct
bandgap makes it a much more efficient optical absorbing medium than Si or SiC, alleviating
triggering requirements. It is also one of only three materials to have exhibited a high-gain
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mode (separate effects referred to collectively as lock-on). Early work to extend switching
lifespan to >10* shots increased both the optical power and trigger system complexity [70],
primarily by seeding large numbers of current filaments in vertical devices, as pictured in
Figure 9 [5,71,72].

Figure 9. Camera images of filamentary conduction through the bulk of GaAs switches taken during
lock-on events (reproduced from Ref. [73]).

Lock-on in a GaAs PCSS device was observed first by Zutavern and coworkers at
Sandia National Laboratories in 1987 [74,75]. It was the first optically triggered latching
behavior observed in a semiconductor switch (functionally comparable to latching in
silicon-controlled rectifiers), generating ~10° electron-hole pairs per trigger photon [5].
The observation of optical emission from current filaments propagating from the location
of the laser trigger between the two electrodes is ubiquitous in lock-on mode, and is not
observed during linear-mode operation, leading to the basis for claims of lock-on (distinct
from surface flashover or breakdown) in other materials.

GaAs has the drawback of poor durability due to low electrical and optical dam-
age thresholds. Accordingly, the careful design of the optical trigger, including line-
emitting lasers, optical beam splitters, and electrode design for large numbers of filaments,
is required to achieve high power without damaging the device [71,72]. These factors
have limited production to specialized research applications, including pulse and kHz
amplifiers [76,77].

7. (A1)GaN PCSS Devices

GaN is a semiconductor now entering technological maturity that is well-suited
to realize the promise of ultra-low jitter PCSS devices due to its high saturation drift
velocity, large and direct bandgap, radiation hardness, high-temperature operability, and
high field strength [78]. Triggering in linear mode has been demonstrated with intrinsic
and extrinsic light sources [79], and nonlinear operation has been recently observed [6].
While early reports of GaN PCSS devices, especially vertical designs, suffered from low
breakdown fields, reports utilizing recently available free-standing material achieve near-
ideal breakdown values up to 1.6 MV /cm [80,81].

The related binary and ternary UWBG compounds AIN and Al,Ga;.xN offer similar
promise to GaN as a PCSS medium. Photoconductive switching has not been demonstrated
to date in either material, in large part because bulk (freestanding), low-dislocation density
material has only recently become available. PVT or hydride vapor-phase epitaxy (HVPE)
is used to develop freestanding, high-quality AIN; however, the same technique cannot
readily be used to grow freestanding AlGaN due to the added complexity of achieving a
uniform composition of the ternary [82,83].

SiC is generally the best-understood and most widely studied of the PCSS media. It
has high thermal conductivity and its bandgap makes it well-suited to intrinsic trigger-
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ing by conventional lasers, and doping with V can enable extrinsic triggering at visible
wavelengths [24]. SiC, however, typically has higher leakage current than GaAs and
lower saturation drift velocity than GaN [69]. No regime of negative differential resistance
has been identified in SiC, suggesting a regime of nonlinear conduction may also not
exist. If this is the case, triggering requirements must scale in power linearly with switch
current-handling requirements. The direct, narrow bandgap and high dielectric strength of
GaAs make it efficiently triggerable with very high slew rate [69] in linear and nonlinear
regimes [5]. Its shot life, however, is typically limited to hundreds of shots and its relatively
low optical damage threshold limits trigger intensity [71,84,85].

Recent collaborative efforts between Sandia National Laboratories and the University of
New Mexico have advanced the state-of-the-art in PCSS implementation for both material de-
velopment and circuit integration through the ARPA-E BREAKERS program [86-88], among
others. A medium-voltage (6 kV) DC circuit breaker was chosen as a PCSS demonstration
vehicle composed of a normally-on leg assembled from cascaded SiC junction field-effect
transistors (JFETs) and a normally-off leg based on a GaN PCSS [88]. This implementation
has the advantage of providing (1) a grid-integrable power handling capability utilizing the
GaN PCSS, and (2) an example of clear complementarity between SiC and GaN.

a. PCSS fabrication

Two considerations primarily motivate the selection of dopant: the need for high
resistivity, and the desirable characteristic of efficient sub-bandgap optical absorption.
The former is necessary for suppressing leakage current in the off-state, and the latter for
enabling triggering with compact visible or IR light sources. Mn and Fe are the two most
technologically mature GaN doping species known to have very deep ionization states near
the mid-gap [20,89], making them favorable candidates for extrinsically triggered PCSS
fabrication. The dopants reported to have been used to produce SI-GaN for PCSSs (Mn and
Fe) are shown in the context of other potential, but untested, dopants in Figure 10. The deep
traps introduced by V (VB + 1.39/2.07 eV), Cr (VB + 2.44/3.07 V), Mn (VB + 1.46/1.61 eV),
Fe (VB + 0.71/2.80 eV), and Co (VB + 0.88/1.54 eV) have the potential to facilitate the
trap-assisted avalanche multiplication believed to be required for lock-on in GaN. High-

0 em~3) sub-

quality free-standing GaN:Fe and GaN:Mn (dopant concentration near 1
strates are grown either ammonothermally or by HVPE to a thickness of ~300 um by
commercial vendors.

Switches are fabricated in both lateral and vertical geometries. Lateral switches are
fabricated using rectangular Ti/Al/Ni/Au contacts separated by between 0.6 and 3 mm.
Vertical switches are fabricated using identical metallization on the front and back (Ga-
and N-face) of the material coaxially. Circular grid anodes were designed for linear mode
operation (to maximize the uniformity of illumination during triggering) or a very-low-fill
factor hole grid was designed for nonlinear mode operation (to enable optical seeding of
current filaments during triggering). Optical micrographs of these geometries are shown
in Figure 11.

The GaN PCSS devices were constructed as unipolar two-contact devices with a
lateral geometry and doped uniformly with either Mn or Fe to achieve a resistivity of
10°-10' Q-cm. This doping scheme has the benefit of allowing extrinsic triggering by
the creation of a large number of deep traps [24] which, in turn, allows triggering from
the backside as well as the front. The switches were biased up to 40 kV/cm (2 kV) and
triggered by a 5 ns pulsed laser focused on the GaN surface between the contacts. The laser
wavelength was varied from 650 to 1050 nm in 100 nm increments to better understand the
reliability of switching and photoresponsivity. To interrogate nonlinear switching behavior,
luminescence associated with switching events was monitored with separate cameras
monitoring visible and infrared wavelengths to distinguish laser light reflected from the
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sample surface, light emitted from surface filaments, and current filamentation within the
GaN bulk.

CB
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Figure 10. Predicted electronic structure and deep defect levels for magnetic 3D dopants in cubic GaN.
All of the 3D dopants are energetically favored to substitute in the Ga sublattice. The first two transitions
for V (VB + 1.39/2.07 eV), Cr (VB + 2.44/3.07 V), Mn (VB + 1.46/1.61 eV), Fe (VB + 0.71/2.80 eV),
and Co (VB + 0.88/1.54 eV) are illustrated schematically within the room-temperature GaN bandgap
(re-generated from Ref. [20]).
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Figure 11. Optical micrographs of fabricated GaN:Mn PCSS devices in (a) lateral geometry,
(b) vertical geometry with coaxial heat-sink, and (c) plan view of high-hole-density anode {cen-
ter} and circular backside cathode {outer circle}.

b  PCSS performance

Switching jitter is found to be inversely proportional to field, as illustrated in Figure 12. To
achieve the promise of ps-scale jitter in Mn-doped GaN switches, field strengths of >40 kV/cm
are needed. The doping species is also found to play a significant role in switching perfor-
mance, as shown in Table 3. While a delay between laser triggering and closing of the switch
exists for all devices, this is both larger and more variable in Fe-doped samples. Delay during
the successful triggering of GalN:Fe switches was significantly longer than for the GaN:Mn
devices, suggesting lower photo-carrier generation rates in Mn-doped devices compared with
Fe-doped devices at this trigger wavelength of 800 nm.

Below 25 kV/cm and 22.5 ] of laser pulse energy at A = 800 nm, the switch operates in
the linear mode; however, when the field and pulse energy exceed these values, a nonlinear
switching mode is observed (see Figures 13 and 14a). These switching events are confirmed
both in air (where surface flashover occasionally occurs) and in an atmosphere of insulating
SFg. The location and near-bandgap emission wavelength of the flashover, and the cur-
rent filamentation typical of high-gain switching, are confirmed by wavelength-resolved
camera images as shown in Figure 13. The energy requirement to initiate nonlinear con-
duction, holding field constant, also depends superlinearly on the laser trigger wavelength
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(Figure 14b). While the physical mechanisms must be elucidated by further study, this

result confirms a high-gain switching mode in GaN is achievable.
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Figure 12. Switching (a) delay and (b) jitter for lateral Mn-doped GaN PCSS with 600 um gap for
varying charging voltages when triggered using 20 pJ of laser energy at 800 nm.

Table 3. Laser-triggering delay for Mn- and Fe-doped GaN PCSS devices at 40 kV/cm.

Dopant Min. Trigger Energy [u]] Mean Delay [ns] Jitter [ns] Reliability [%]
Mn 225 27.8 2.1 100
Fe 1500 58 12.4 35
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Figure 13. Optical images (black and white image taken using CCD; color image taken using a digital
camera) of lateral PCSS triggered with A = 800 nm laser.
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Figure 14. (a) Current—voltage trace of non-linear triggering event of Mn-doped PCSS biased to

25kV/cm and (b) laser energy required to trigger GaN PCSS into a non-linear mode as a function of
laser wavelength (fit serves as a guide to the eye).
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8. Application Case Study: A Medium-Voltage PCSS Breaker

Medium-voltage direct-current (MVDC) electric power, ranging from 5 kV to 65 kV,
provides several advantages over alternating current (AC) systems, including reduced
power losses and lighter cables [90]. Additionally, MVDC systems offer superior control and
efficiency in converting electrical energy for various applications, including energy storage,
renewable energy generation, and electric vehicle (EV) charging stations [91]. However, the
adoption of DC systems is constrained by the need for affordable, reliable, and rapid fault
detection and protection mechanisms. Unlike AC systems, which naturally experience zero
current crossing, aiding fault protection, DC complicates the implementation of effective
fault protection strategies [92].

Traditional mechanical circuit breakers (CBs) are hindered by slow response times,
diminished reliability after repeated switching, low efficiency, and substantial size. These
drawbacks can be addressed by solid-state circuit breakers (SSCBs), which leverage semicon-
ductor devices for switching, offering significantly faster response times than mechanical
CBs and minimizing energy dissipation during faults [93]. Advances in wide-bandgap
(WBG) semiconductors, like silicon carbide (SiC) and gallium nitride (GaN), have out-
performed silicon (Si)-based systems in efficiency and performance [88]. However, the
limitation of commercially available SiC devices to 3.3 kV necessitates connecting mul-
tiple semiconductors in series for MVDC circuit breakers to enhance voltage tolerance
beyond individual elements. This series operation demands precise synchronization to
avoid transistor overvoltage during transitions and to maintain leakage current balance in
steady state.

8.1. SSCB Topology

The system showcased in Figure 15 is the solid-state circuit breaker (SSCB) that has
been proposed, designed, and demonstrated by Sandia National Laboratories [88]. This
system is characterized by a high-voltage switch (HV switch), which is assembled using
a series of low-voltage, normally-on SiC junction field-effect transistors (JFETs). It also
incorporates an absorbing branch, composed of a capacitor (C) in series with the GaN PCSS
devices described in Section 7 (forming the normally-off branch), and a metal oxide varistor
(MOV) for overvoltage protection. During standard operation, the HV switch acts as the
main pathway for conducting the load current (the normally-on branch). When a fault
occurs, the PCSS is triggered, effectively rerouting a portion of the fault current away from
the HV Switch. This strategic diversion facilitates a safe transition of the HV switch to an
off-state, significantly mitigating the potential thermal stress associated with disrupting the
full fault current.

Figure 16 conceptually illustrates the operational behavior of the SSCB during a fault
event. At the initial moment of the fault (ty), there is an increase in the current flowing
through both the normally-on branch and the load. Upon fault detection at t;, the cascaded
JFET circuit is deactivated. This results in a rise in the voltage across the cascaded JFETs
and the PCSS, while the voltage across the capacitor remains at 0 V, due to the absence of
current flow through the normally-off branch. Once the voltage across the PCSS escalates
beyond its threshold voltage level (Vy,), the laser is triggered at t,, causing the PCSS to
enter a high-gain mode and conduct the fault current. The interval from ¢, to t3 is marked
by a simultaneous increase in both the capacitor voltage and the HV switch voltage, until
the PCSS reaches a cut-off threshold. The PCSS ceases to conduct current, effectively
concluding the turn-off transient phase.
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Figure 16. Idealized voltage and current timing diagram for different elements of the circuit breaker.
(Colors serve to visually differentiate the elements of the schematic).

8.2. Cascaded SiC JFET Switch Topology

Figure 17a presents the circuit design of a 6 kV high-voltage (HV) switch, assem-
bled through a series arrangement of eight 1.2 kV SiC JFET switches from UnitedSiC,
UJ3N1200035K35 [94]. Seven avalanche diodes, D; to Dy, are strategically placed between
the gates of consecutive JFETs to safeguard the transistors against overvoltage incidents.
Furthermore, capacitors C; to Cg are integrated between the gates of adjacent transistors,
aimed at ensuring dynamic voltage balance across the drain and source terminals of the
transistors. The circuit also includes two resistor branches connected between the gates
of two JFETs that are sequentially separated by another JFET, with an offset of one JFET
position between the two branches. These resistors are crucial for maintaining static voltage
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balance across the drain and source terminals of each JFET device, enhancing the overall
stability and reliability of the HV switch. Comprehensive details on the design process for
each component of the proposed SSCB are documented in references [88,95].
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Figure 17. (a) HV switch is a 6 kV, normally-on device composed of a series connection of 1.2 kV SiC
JFETs. (b) Static voltage balancing of the HV switch. (¢) Dynamic voltage balancing of the HV switch
during the turn-off transition [95].

The steady-state voltage balancing of the cascaded JFETs, across a broad spectrum of
blocking voltages ranging from 500 V to 6 kV, has been assessed by measuring the drain-to-
source voltage (V) on each device. This evaluation involved comparing the experimental
outcomes with the ideal scenario, which is depicted by a dashed line in Figure 17b. The
comparison reveals that there is a uniform distribution of the bus voltage across the JFETs,
with only slight deviations observed. Figure 17c illustrates the dynamic voltage balancing of
the proposed cascaded switch during the turn-off transition at 6 kV, with a resistive load of
400 ) connected in series. The waveforms showcased indicate uniform voltage distributions
across the drain-to-source terminals of the JFETs throughout the switching transitions.

8.3. Testing of the Integrated SSCB

To verify the circuit breaker design, experiments were conducted with a 6 kV prototype,
as shown in Figure 15. The setup places the breaker between a DC power supply and a
resistive load, starting with the breaker in the on-state. During a turn-off transient, the
breaker transitions to a high-impedance state, interrupting the DC current. The focus is on
the coordinated behavior of the normally-on and normally-off sub-circuits, controlled by
timing signals to the PCSS’s optical driver (Nd:YAG laser) and the JFET gate driver.

The goal is to confirm the behavior depicted in Figure 16. Successful operation requires
the precise timing of the PCSS activation for lock-on and current redirection from the JFET
circuit. The critical parameter is the delay between the JFET trigger (t; in Figure 16) and
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the PCSS firing (; in Figure 16). The PCSS needs a minimum voltage at activation; if it fires
too early, it will not lock on, and if too late, the JFET circuit bears full fault current, risking
thermal stress.

The experiments differ from Figure 16 by initiating the turn-off transient from a
constant current, allowing control over current magnitude by varying load impedance.
Results for a successful turn-off at 6 kV are shown in Figures 18 and 19, with a line current
of 5 A and the optical driver delivering 1.35 m] of laser energy. Voltages across the breaker,
shunt capacitor, and load were measured, along with currents through the circuit legs using
Hall-effect probes. Figure 18 shows that the turn-off duration is dominated by the shunt
capacitor’s charging time.

101 . J
| Full Breaker Load C apan:1t0|'|

i :
-
5 6 e
an I
=
= 2 \;

=200 -100 0 100 200 300 400 500 600 F00 800
Time (ji5)
1 t) T I T T T T T

s . Normally On | {
g oL Normally Off| |
e e m— Full Breaker
5 4 — i
2 ot ]
St L_.. -

0 r e p—

] 1 | I I I

3200 -100 0 100 200 300 400 500 600 F00 RO
Time (15)

Figure 18. Longer duration turn-off transient voltage and current behavior for 6 kV hardware
demonstration [96].
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Figure 19. Shorter duration turn-off transient voltage and current behavior for the 6 kV hardware
demonstration [88].

Figure 19 illustrates the coordinated behavior of the circuit legs. As the transient
begins, the voltage across the JFETs rises, and once it reaches a critical threshold, the optical
driver fires the PCSS. These results confirm the breaker’s functionality: lock-on is achieved,
diverting current into the shunt capacitor, and reducing thermal stress on the JFETs. In
contrast, Figure 20 shows a 5 kV test where premature PCSS firing fails to achieve lock-on,
leading to energy dissipation in the JFETs.
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Figure 20. Shorter duration turn-off transient voltage and current behavior occurs when the PCSS optical
trigger event is prematurely activated, resulting in the switch’s failure to achieve lock-on behavior.

Key implications for practical implementation include the need for a precise optical
driver with consistent delay for timely PCSS activation and the importance of the voltage
threshold for lock-on. A larger threshold relative to the system’s rated line voltage narrows
the window for achieving lock-on and limits JFET stress reduction, while higher line
voltages improve the chances of successful lock-on.

9. Conclusions and Outlook

While PCSS devices have been investigated since 1975, the breakthrough discovery of
a nonlinear mode in GaAs only occurred in 1987. Since then, the number of materials and
applications has proliferated for both direct and indirect bandgap substrates. The properties
that enable tradeoffs of shot lifetime, critical field, gain, and manufacturability are presented
in this work. A critical review of the physics of lock-on show it to be a potentially over-
simplifying term encompassing multiple and different processes in different materials. The
two qualities of unipolarity and simplicity of construction make PCSS devices an ideal
vehicle for fundamental advances in the knowledge of trapping and impact ionization
dynamics in the current and next-generation WBG and UWBG materials GaN, AlGaN,
AIN, diamond, and 3-GayOs3. Despite the need for additional fundamental research into
its physics, it is shown that the effect can be leveraged for highly demanding electrical
utility applications. The implementation of a commercializeable circuit breaker with a
normally-off GaN PCSS leg is described, opening a pathway for PCSS applications outside
of the conventional domains of pulsed power.
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