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Simulation studies of the electrical response characteristics of 4H-SiC switches containing traps are

reported in the absence of photoexcitation. The focus is on trap-to-band impact ionization and the

role of hole injection from the anode. Simulations show that hole-initiated ionization can be more

important than the electron-initiated process. The results also underscore the role of hole injection

at the high applied voltages. Our one-dimensional, time-dependent model yielded reasonable

agreement with measured current-voltage data spanning over three orders of magnitude, but

only when impact ionization was taken into account. Finally, the simulations predicted undula-

tions in the device conduction current density with respect to time, due to the dynamic interplay

between impact ionization, spatial electric field values, and occupancies of the trap levels.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972968]

I. INTRODUCTION

Since first described by Auston in 1975,1 photoconduc-

tive semiconductor switches (PCSSs) have been investigated

intensively. Their unique advantages over conventional gas

and mechanical switches include high speeds, fast rise times,

optical isolation, compact geometry, and negligible jitter.

Some relevant examples of PCSS pulsed power applications

are: microwave and millimeter wave generation, impulse

and ultrawideband radar, pulsed power systems, particle

accelerators, directed energy systems, and trigger generator

systems.2,3

Much of the PCSS work reported to date has centered

on GaAs or Si, though these materials have limitations for

operation at high fields, elevated temperatures, and high radi-

ation levels.4 SiC polytypes, however, appear better suited as

they have greater resistance to chemicals and radiation, are

stable at high temperatures,5 and have a larger saturation

electron drift velocity, better thermal conductivity, and

higher breakdown fields in the 3–4 MV/cm range.6 Also, for

the same breakdown voltage, the on-state resistance of a SiC

device is expected to be lower by two orders of magnitude

than for Si.7 SiC seems to be the only technology currently

available that can achieve MegaWatt output power and

MegaHertz repetition rates which are of practical interest.8,9

This contribution focusses on an analysis of the pro-

cesses and mechanisms expected to play a role in the opera-

tion of 4 H-SiC photoconductive switches for high pulsed

power applications.10,11 These devices typically have deep

levels and traps (often through deliberate irradiation) aimed

at increasing the hold-off voltage and reducing the OFF-state

leakage currents. The combination of traps in such semi-

insulating material and operation at high applied fields can

be expected to bring the following physics to the forefront:

(a) trap-to-band impact ionization initiated by electrons and/

or holes and (b) possible hole injection with the potential for

instability through filamentation. Negative differential con-

ductivity (NDC) could be associated with increasing device

current as hole densities increase, while the internal polariza-

tion would lower the electric field distribution. (c) Creation

of high electric fields could facilitate hole injection from the

anode contact.

Though band-to-band impact ionization has been stud-

ied, the trap-to-band processes have typically been ignored.

Yet in semi-insulating SiC, the presence of traps, coupled

with the lower threshold field for trap-to-band impact ioniza-

tion (as compared to band-to-band ionization), would

enhance this process. Hence, trap-to-band impact ionization

is studied here. The non-local element of impact ionization

and the role of holes are included in this analysis. The impor-

tance of non-local effects in impact ionization has been long

recognized, particularly in connection with breakdown in

gases, where Crooke’s dark space and glow striations pro-

vide classic examples. Finally, the role of the hole-initiated

processes with respect to electron-driven ionization is exam-

ined. Our results indicate the comparatively strong role of

the former process, given that many traps within the wide

bandgap 4H-SiC would be empty.

II. MODELING DETAILS

The behavior of space-charge-limited current in high

resistivity semiconductors containing discrete trapping levels

was first discussed several decades ago.12,13 Since the early

analytical treatments were inadequate, numerical approaches

become necessary for a more complete and accurate analy-

sis.14 Here, a numerical solution based on a one-dimensional

(1D) rate equation model has been used, which incorporates

self-consistent solutions of the Poisson equation at each time

step. Three traps at energies of 0.8 eV, 1.1 eV, and 1.2 eV

below the conduction band edge were used based on several
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reports,15–17 with total trap density assumed at 1� 1020 m�3.

Within the bulk region, occupied trap densities before the

start of the simulation were calculated from the following

standard equation which provided the initial conditions:

N�Ti ¼
NTi

1þ 1

2
e

ETi�Efð Þ
KT

� � ; (1)

with N�Ti and NTi denoting the occupied and total trap densi-

ties for the ith trap level, respectively, ETi the trap level

below the conduction band edge for the ith trap, kB the

Boltzmann constant, and Ef the Fermi level. The rate equa-

tions for the analysis were taken as

dni=dt ¼ en0ðFÞNTi
� � cnðFÞnðNTi � NTi

�Þ
þ nNTi

� exp½�KelectronðEc � ETiÞ=jFj�bnjvnj; (2a)

dpi=dt ¼ ep0ðFÞðNTi � NTi
�Þ � cpðFÞpNTi

�

þ pðNTi � NTi
�Þ exp½�KholeðETi–EvÞ=jFj�bpjvpj;

(2b)

dnðtÞ=dt ¼
X3

i¼1

dni

dt

� �
; (2c)

dpðtÞ=dt ¼
X3

i¼1

dpi

dt

� �
; (2d)

dNTi
�=dt ¼ � dni

dt
� dpi

dt

� �
: (2e)

In the above, F is the local electric field, en0 and ep0 are the

emission rates for electrons and holes, respectively, dni/dt
and dpi/dt symbolically represent the rate of mobile electron

and hole density changes associated with the ith level, NTi

and NTi
� are the total and occupied trap densities for the ith

level, vn,p are the field-dependent drift velocities, Kelectron

and Khole are constants for ionization from occupied traps

due to electrons and holes, while bn,p are equivalent cross-

sections for the electron and hole rates. The last factor in

Eqs. (2a) and (2b) represents the rate of electron- and hole-

assisted trap-to-band impact ionization.

Several authors have suggested an exponential depen-

dence of the impact ionization coefficient on the local

electric field F. This originates from the classic papers by

Chynoweth,18 Shockley,19 Wolff,20 and later Baraff,21 which

rest on deriving the probability for a carrier to gain energy

from the electrical field exceeding the threshold energy. For

a local model to be valid, two conditions must be fulfilled:

(i) Every individual carrier has to sample a large energy

space within the distribution, over a distance that is small

compared to the mean distance between ionizing encounters.

This is easy to satisfy at low to moderate electric fields, but

could fail as ionization rates increase nonlinearly with field.

(ii) The mean free paths have to be small compared to the

spatial lengths over which electrical field changes take

place.22 If one of the above conditions is not satisfied, the

“history” of the particle should be taken into account for cal-

culating the ionization probability at any location. This is

especially important over regions of rapidly changing elec-

tric fields and/or in small devices. In such situations, the

energy gained by mobile carriers over a narrow spatial dis-

tance would likely be insufficient to cross the ionization

threshold, resulting in the classical “dark space.”23 In this

contribution, the non-local nature of the processes has been

taken into account based on the “lucky-drift theory.”24,25

The central idea behind the “lucky-drift theory” is that a

drifting electron could be “lucky” to reach an energy above

the ionization threshold, as it undergoes both elastic and

inelastic collisions. The field dependence for the electron-

and hole-ionization rates, as given in the last terms of Eqs.

(2a) and (2b), was reported in the literature.24,25 In theory,

other ways of treating the non-local element of ionization, in

terms of the local carrier temperature,26–28 or Monte Carlo

based distribution functions29,30 could be used. However,

these techniques are numerically intensive and so were not

implemented here for simplicity. Besides, expressions from

the lucky-drift theory have been compared with more rigor-

ous Monte Carlo simulations and found to yield good

agreement.31

The capture and emission rates were taken to be field-

dependent as discussed in detail elsewhere.32 Very briefly,

for an electric field F, the capture (or emission) rate coeffi-

cient cn (or en) can symbolically be written as cn(F) [¼cn

Rcn(F)] or en(F) [¼en Ren(F)], where Rcn(F) and Ren(F) rep-

resent field-dependent factors as given in Table I. The field-

dependence for the capture coefficient arises since an applied

field increases the average kinetic energy of electrons, mak-

ing it easier for them to surmount a repulsive potential bar-

rier. Alternatively, on the basis of the Lucovsky model,33

increased quantum mechanical tunneling of electrons

through the potential barrier would increase the capture coef-

ficients. Such electric field dependence of electron trapping

was supported by the work of Sacks and Milnes,34 and the

behavior of EL2 traps in GaAs.35 However, in the high elec-

tric field regime, carrier heating would cause the capture rate

to decrease, since a long sequence of phonon emissions

would then be required for the eventual and successful trap-

ping of mobile carriers into the potential wells.36–38

For the present calculations, all concentrations (for both

mobile carriers and traps) were taken to be spatially depen-

dent, within a 0.454 mm 4H-SiC device. A one-dimensional

(1D) grid spacing (Dx) of 14.64 lm was used. This choice

TABLE I. Parameters used in the simulations.

Fitting parameters Value

Hole injection ratio, Rinj 0.05

Emission co-efficient for electrons

and holes, ev(F)¼ ev0*Re(F),

v for electron or hole

ev0 ¼ 1:167� 10�16

ReðFÞ ¼ eF V
m
Þ10�8ð m3=s

Capture co-efficient for electrons

and holes, cv(F)¼ cv0*Rc(F),
v for electron or hole

cv0 ¼ 1:167� 10�16

RcðFÞ ¼ eF V
m
Þ10�11ð m3=s

Electron ionization factor, Kelectron 0.65 � 1027 (C m)�1

Hole ionization factor, Kholes 0.62 � 1026 (C m)�1

Equivalent cross section for electrons, bn 8.07 � 10�5 m2

Equivalent cross section for holes, bp 4.81 � 10�17 m2
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for the grid spacing satisfies the Courant–Friedrichs–Lewy

(CFL) stability criteria.39 Two electrodes, the cathode (set at

zero potential) and anode (subjected to the applied voltage),

were taken to be on the left and right sides of the sample,

respectively. For the 4H-SiC material, the field-dependent

details for electron40 and hole41 drift velocities [vn(F) and

vp(F), respectively] were taken from the literature. The ana-

lytical expression for electron velocity versus electric field

(from Ref. 40) is given as

vnðFÞ ¼ ½ln1jFj þ ln0jFjðjFj=F0Þh

þ vsatðjFj=F1Þg�=½1þ ðjFj=F0Þh þ ðjFj=F1Þg�; (3)

where F1¼ 2.8� 107 V/m, F0¼ 3.05� 106 V/m, ln0¼ 4

� 10�3 m2/V s, ln1¼ 0.68 � 10�3 m2/V s, g¼ 3, vsat¼ 2.413

� 107 m/s, and h¼�1.95. The hole drift velocity (in units of

m/s), on the other hand, was approximated through a curve

fit to a recent report for SiC41 and expressed in terms of the

electric field F (in units of V/m) as

vpðFÞ ¼ ð1:2� 103 � Z4 � 4:1� 103 � Z3 þ 5:2

� 103 � Z2 � 1:6� 104 � Z � 4:7� 104Þ; (4)

where Z ¼ ðF�8:2�106Þ
5:9�106 .

The possibility of hole injection from the anode follow-

ing thermalization of the highly energetic electrons collected

at the contact was also included. Figure 1 shows a schematic

for the process of hole injection from the anode. Basically,

electrons exiting the SiC sample and incident on the anode

contact have a distribution of energies and thermalize

through momentum and energy exchange within the metal.

Though the low-energy electrons would not produce

electron-hole pairs or plasmons within the metal, the more

energetic electrons could contribute to hole generation as a

result of the energy exchanges. The holes so produced would

have a distribution of energies. Of these, some would suc-

cessfully tunnel back into the SiC valence band and contrib-

ute to device current. Hence, quite simply, the injected hole

flux can be expected to be some fraction of the incoming

electron flow, i.e., Jp¼ Jn Rinj(F), where Jp and Jn denote the

hole and electron current densities, and Rinj(F) is a field-

dependent factor that folds in the probability of hole creation

and their subsequent injection into the valence band. An

accurate determination for Rinj(F) requires the energy distri-

bution for the electron swarm, as possible from Monte Carlo

simulations.42 However, for simplicity, Rinj(F) was taken to

be a field-dependent adjustable parameter.

III. SIMULATION RESULTS AND DISCUSSION

The above one-dimensional, time-dependent model was

used to evaluate the response of a 0.454 mm thick 4 H-SiC

sample containing traps to a 6 kV voltage step in the absence

of any external photoexcitation. Three trap levels at 0.8,

1.1, and 1.2 eV below the conduction band edge were simul-

taneously assumed. Relevant parameters used have been

summarized in Table I. Results for trap-to-band impact ioni-

zation are discussed first. Figure 2 for the field-dependent

impact ionization coefficients shows the stronger role of the

hole-initiated process as compared to electron-initiated ioni-

zation. This implies that even without any photoexcitation to

create electron-hole pairs, holes could be generated in the

wide bandgap material containing defects at moderately high

fields. The dominance of the hole-initiated ionization can be

understood from the last terms of Eqs. (2a) and (2b). The

occupancy of traps is typically low in the wide bandgap

material. With most levels unoccupied, the process of plac-

ing electrons in the conduction band from the traps is weak.

Hot or energetic holes moving in the valence band can

lead to Auger processes, wherein they release their energy

enabling electron transitions from the valence band into

unoccupied traps to leave behind holes. In Figure 2, with

increasing electric field, the band-to-trap ionization rates are

seen to increase monotonically, while the disparity between

the hole- and electron-initiated processes decreases. The

field-dependent increases result from the exponential factors

in Eq. (2). In addition, increases in the current (hence particle

densities) work to boost the ionization rates. Higher carrier

densities within the SiC with increasing current help enhance

the trap occupancy as the sample gets progressively flooded

with mobile charge at higher fields.

The role of hole injection is examined in the next set of

results, which were again obtained without any photoexcita-

tion. In the absence of Monte Carlo simulations for

FIG. 1. Schematic of hole injection at the anode following thermalization of

the incident distribution of high energy electrons collected at the contact.

FIG. 2. Trap-to-band impact ionization coefficients as a function of electric

field. The hole process is predicted to dominate over the electron route.

245705-3 Chowdhury et al. J. Appl. Phys. 120, 245705 (2016)



consistency, the hole injection was taken to be a parameter,

based on the Rinj term of Sec. II. Snapshots of the simulation

results obtained for the electron density within the SiC, 30 ns

after applying the voltage step at the anode, with and without

the inclusion of anode hole injection, are shown in Figs. 3(a)

and 3(b), respectively. The parameter Rinj was assigned a

low value of 0.05 as it would lead to reasonable comparisons

with experimental data, as discussed later. The impact ioni-

zation processes were operative for both cases. Results

reveal that without hole injection, the profile is relatively flat

and much lower as compared to the case shown in Fig. 3(b).

Hole injection alters the overall situation in the following

two ways. Hole-initiated impact ionization is enhanced. This

in turn keeps supplying electrons to the trap levels (by rais-

ing the trap occupancy densities NTi
�). This sequentially

fuels electron occupancy in the conduction band via the

electron-initiated trap-to-band impact ionization and trap

emission processes. The rates increase with electron density,

making it more dominant towards the anode on the right.

Thus, the electron density profile of Fig. 3(b) is seen to have

higher concentrations than that of Fig. 3(a). The monotonic

increase in electron density towards the anode arises from

the movement of ever-increasing numbers of electrons drift-

ing to the anode. In any event, the results highlight the

important role of hole injection in influencing the sample

conductivity in semi-insulating SiC. With photoexcitation,

this process can be expected to play an even more significant

role than probed here.

The electron profile shown in Fig. 3(b) shapes the spatial

trap occupancy distribution. This is evident in Fig. 4 which

is a snapshot obtained 30 ns after applying the device

voltage. The curve shows the occupancy of the 0.8 eV trap

(though all three trap levels were included in the simula-

tions), as a function of position for the case with hole injec-

tion. With the electron density increasing towards the right

(as in Fig. 3(b)), the electron initiated impact ionization is

enhanced, leading to a progressively stronger depletion of

electrons from the trap states towards the anode end on the

right.

Next, the time-dependent device current density

response to a 6 kV voltage step was probed. The simulation

results obtained are shown in Fig. 5. The three curves corre-

spond to calculations with: (a) both impact ionization and

hole injection included, (b) with impact ionization but no

hole injection, and (c) no impact ionization but with hole

injection. The negative current values in Fig. 5 are simply

due to the chosen polarity. The cathode was at the left side

and the anode on the right, yielding a current flow from

right-to-left. The curves with impact ionization exhibited a

sharper rise, as compared to the simulation result without

impact ionization, to a magnitude of around 1 A/m2. In Fig.

5, the current is the lowest in the absence of impact ioniza-

tion, thus underscoring the importance of the trap-to-band

impact ionization process. The general trend seen in the fig-

ure is for a very rapid initial increase in current as the voltage

is turned on, followed by a drop as mobile charge is swept-

out of the device and the displacement current falls. With

impact ionization included, the currents are higher and the

largest value occurs for the case when anode hole injection is

also included. The hole-initiated trap-to-band process is

triggered by the injected holes. The current fluctuations pre-

dicted in Fig. 5 with inclusion of hole injection from the

anode contact deserve some explanation. A simple qualita-

tive scenario is as follows. Hole injection (with hole-initiated

impact ionization) leads to a free-carrier density increase,

but this enhancement then reduces the electric field due to

the higher conductivity. This field correction weakens impact

ionization and thus the source term for current generation.

Carrier loss through sweep-out continues however and works

to lower the local free-carrier density. Over time, the carrier

loss leads to increased local electric fields from their

FIG. 3. A snapshot 30-ns after applying a voltage step showing the electron

density profile with inclusion of impact ionization. (a) Without hole injec-

tion from the anode and (b) with inclusion of hole injection from the anode.

FIG. 4. A snapshot of the occupied trap profile for the 0.8 eV level below

the conduction band after 30-ns from the start of the voltage.

245705-4 Chowdhury et al. J. Appl. Phys. 120, 245705 (2016)



depressed values and strengthens impact ionization since this

process is non-linearly dependent on the field magnitude. In

addition, the presence of hole-injection contributes to filling

the unoccupied traps as a result of hole initiated impact ioni-

zation. This also helps increase the electron initiated impact

ionization, collectively leading to current increases.

However with continued sweep-out over longer times, the

charge densities continue to decrease and so any fluctuation

is predicted to cease within about 13 ns as the current pro-

gresses towards a steady-state.

The above reasoning in the context of time-dependent

variations is further validated from an assessment of changes

in the electron ionization co-efficient for the three different

trap levels over time. Figure 6 shows oscillation in the ioni-

zation rates at the mid-point of the device as a result of

dynamical changes in both the trap occupancies and local

carrier densities that initiate ionization. The dielectric relaxa-

tion, trapping-detrapping dynamics, and ionization rates

collectively govern the temporal evolution.

Finally, the time-dependent simulations were extended

to long times until steady-state at different applied voltages

having magnitudes ranging from 454 V to 7200 V. This

yielded steady-state characteristics of the current density

versus spatially averaged device field (J-E) for the chosen

4H-SiC model. The results are shown in Fig. 7, along with

experimental data obtained from our laboratory. For the

simulations, hole injection was always implemented, though

in one case trap-to-band ionization processes were turned

off. The curves show that an absence of impact ionization is

inadequate and does not lead to a good match with the exper-

imental results. Inclusion of impact ionization and hole

injection certainly yields much better results and compares

well with the data. Results with impact ionization but

without hole injection were similar to those without impact

ionization but with hole injection and are not been shown.

IV. CONCLUSIONS

Application of high voltages is necessary and germane

to pulsed power systems. Hence, semiconductor devices that

are used for electronic control and switching are routinely

subjected to high electric fields. Their operation in this

regime needs to be understood for performance optimization

and to avoid deleterious effects. Here, we have reported our

simulation studies of high field conduction in 4H-SiC con-

taining traps for switching applications. For simplicity, the

response has been analyzed in the absence of external photo-

excitation, though the model can easily be extended to

include carrier generation. The motivation for the present

study arises from the need to probe the influence of trap-to-

band impact ionization since semi-insulating SiC typically

contains traps. Most previous studies have focused on band-

to-band impact ionization, which requires much higher

threshold fields and may not be as important. Besides ioniza-

tion, the role of hole injection from the anode was also

explicitly included.

Our simulation results show that hole-initiated processes

can be important given that the trap levels would be unoccu-

pied. Our results yielded reasonable agreement with mea-

sured current-voltage data, but only when impact ionization

was taken into account. The defects in such devices would

limit leakage currents and enhance hold-off voltages, while

affording the possibility for high device conductance in the

on-state from trap-initiated impact ionization processes. The

agreement between the model and experiments obtained was

quite reasonable and extended over three orders of magni-

tude. Arguably, a slightly different set of material parameters

could also have yielded similar results. So while we do not

FIG. 5. Simulation result for the time-dependent current response to a 6 kV

voltage step applied to the semi-insulating 4H-SiC sample.

FIG. 6. Calculated changes in the electron initiated impact ionization co-

efficient for three different trap levels (0.8 eV, 1.1 eV, and 1.2 eV below the

conduction band edge) over time.

FIG. 7. Steady state J-E curves obtained from time-dependent simulations

under two different conditions carried out over long times in response to

voltage steps of different amplitudes. The experimental data points obtained

by our group are also shown for comparison.
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claim uniqueness, the basic physical mechanisms and trends

shown here would be expected to hold. A possible SiC-based

PCSS for the present pulsed power applications would prob-

ably incorporate a deep trap at around 1.2 eV below the con-

duction band to minimize the dark currents, while

contributing to trap-to-band impact ionization during the

turn-on phase of the switch. Neutron irradiation would likely

be useful from the standpoint of spatial uniformity of the

traps. Furthermore, a nickel anode contact would serve to

provide for hole injection, given the relatively higher elec-

tron barrier height for nickel. Finally, our time-dependent

simulations have predicted undulations in the device conduc-

tion current and suggest that the behavior likely arises from a

dynamic interplay between impact ionization, electric field

values, and occupancies of the trap levels controlled by trap-

ping-detrapping.

For completeness, it may be noted that Monte Carlo

simulation could be performed as a next step to obtain pre-

cise hole injection currents and their energy-dependent prob-

abilities from knowledge of the electron distribution arriving

at the anode. However, an accurate analysis would require

an in-depth evaluation of the various trap levels, especially

in the vicinity of the anode contact in order to fold in the

tunneling of holes into the valence band. Similarly, adding

heating and temperature-dependent variations in the trans-

port parameters to the model would be an important step

towards a more complete analysis. Finally, extending the

analysis to two dimensions with inclusion of temperature

dependent parameters and local trap density fluctuations

could help probe stability issues.
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