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Abstract

Among the present limitations on the peak voltage of
traditional Si-MOSFET switches are fundamental
materials properties that are related both to intrinsic
properties (such as bandgap), and to defects. Switches
fabricated from semiconductors such as GaAs, SiC and
GaN hold promise if hold-off voltages of several kilovolts
and fast rise rates are needed. High power and short pulse
(< 1 ps) applications require both fast switching speed
and great current handling capability. The question arises
whether any single material has all of these desired
properties or whether there are intrinsic limitations. In
order to investigate this, we have performed simulations
of the electrical properties of FET-type switches
fabricated from each of these materials. Both perfect
material properties and the effects of defects have been
included. The simulation results show that deep level
defects degrade the device performance. Based on our
simulations and on the available data, in the near term,
4H-SiC is the most attractive of the four materials for
pulsed power applications.

I. INTRODUCTION

With increasing demands on the switching and on-
state performance of semiconductor switches in fast
pulsed power applications, wider band gap materials have
been developed as possible replacements for Si. For
example, GaAs Field-Effect Transistors (FET’s) have
been considered for such applications. Although GaAs
has a direct bandgap and high electron mobility, its lack
of a suitable oxide and its degraded electronic properties
under high electric fields (> 4 kV/cm) limit its
applications in FET’s. Recently, SiC and GaN FET’s have
attracted interest for reasons that include their wide band
gaps (> 2eV). Two figures of merit, JM (Evy/n)° and
BM (suE,’) are usually used to evaluate power device
performance [1]. For GaN, the JM and BM values are
comparable to those for SiC, and much higher than for Si
and GaAs [2].

In addition to promising materials properties, the
effect of defects must be considered when evaluating

materials for pulsed power applications because they are
responsible for device limitations that are not apparent
based on analysis of only intrinsic properties. In this
paper, we present the results of simulations of the
electrical properties of a Si MOSFET and of FET’s based
on GaAs, 4H-SiC and Wurtzite GaN. We also compare
these four materials for pulsed power applications. Major
defects in these materials are included in the simulations.
By this means, the influence of defects on the electrical
properties can be studied.

II. SIMULATION SET UP

A. Physical Models for the Simulations

A two-dimensional simulator, ATLAS® was utilized
[3]. To obtain realistic results, one must use proper
microscopic models as input into the simulations. Because
of the lack of parameter values in ATLAS® for some
materials, it was necessary to first generate a set of such
parameters by fitting experimental data available in the
literature [4][S]. In our simulations, we have used
physical models for the mobility, impact ionization,
Shockley-Read-Hall (SRH) recombination and Auger
recombination.

Effects of lattice temperature were included by adding
a heat-flow equation in the simulations and by including
the thermoelectric factor in the current density equations.
In the simulations, the electrode drain was defined as a
thermal contact with constant temperature 300K.

B. Device Structure and Defect Parameters

Because of its high current handling capability and
large hold-off voltage, a buried gate Junction Field-Effect
Transistor (JFET) was chosen as the basic structure for
the simulations [6]. The device dimensions are given in
reference [18] and optimizing of device dimensions will
be discussed in a separate paper. This is shown
schematically in Figure 1. The Si MOSFET doping
concentrations and device dimensions used are listed in
Ref. [7], except that our drift region is 20um thick. For
the other materials, we assumed that the n+ and p+ layers
have the same doping concentration, 5x10'® cm™. The
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Table 1. Trap parameters

N .
EL2 implanted[11] i center[12] DLNI[13] DLN3[13]
Trap type Acceptor Donor Donor Acceptor Acceptor
AE (eV) 0.688 [8] 0.51 0.53 0.25 0.59
Density (cm™) 1x10"9] 3x10" 1x10" 1.7x10" 3.3x10"
o, (cm?) 8x107[8] - - 5%x107"° 1x10™
o, (cm?) 2x107[8] 6.4x107" 2x107"° - -
g 0.84[10] 1 1 1 1
uniform doping of the n- layer is chosen 5x10" c¢m™ for
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Figure 1. Cross section of vertical JFET structure.

Deep level defects can introduce energy levels near
mid-gap, and can act as carrier traps and scattering
centers. In GaAs, EL2 was assumed to be uniformly
distributed in the n- drift region. For SiC, micropipes of
wafers may have a large impact on device properties, but
will not affect the results of the single cell simulations
discussed here. For the SiC-based JFET, our simulations
include deep levels introduced by N implantation and by
i-centers from Al implantation along the junction
interfaces. In unintentionally doped GaN with carrier
concentration of 5x10'® cm™, DLN1 and DLN3 are the
major deep level defects. The parameters associated with
each of these defects are listed in Table 1. In the Si
MOSFET simulation, a perfect Si material was assumed.

III. EFFECTS OF DEFECTS

As shown in Figures 2 and 3, our simulation results
show that the presence of defects results in lower hold-off
voltages for GaAs, GaN and 4H-SiC JFET’s, as well as
smaller conduction current densities in GaAs, GaN
JFET’s. In the following we detail these results.
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Figure 2. Predicted hold-off voltage for the 4H-SiC
JFET.
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Figure 3. Predicted I - V curves for the GaN JFET. The
dark curves are results for perfect GaN. The gray curves
are for GaN with defects.
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Figure 4. Predicted electron density in the GaAs vertical
JFET at Vds = 300 V with and without the EL2 defect.
The x-axis is the distance from the source toward the
drain.

A. GaAs

EL2 is the most widely studied deep defect in GaAs,
primarily because semi-insulating GaAs can be obtained
by compensating EL2 with carbon or chromium. It
remains thermally stable up to 1200 °C and its density is
difficult to reduce [14]. In pulsed power applications,
semiconductor switches are required to operate under high
fields and to handle large current densities. McGregor et
al. have shown that electron capture by EL2 centers is
enhanced as electric field increases [15]. Figure 4 shows
our results for a profile of the electron mobility in the
device when it is in the off state under a drain source
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voltage of 300V. The results with and without the EL2
defect are shown for comparison. Near the interface
between the n+ drain and the n- drift region, most EL2
traps have been filled by electrons diffused from the
highly doped drain region.

B. Wurtzite GaN

In Wurtzite GaN, the defects DLN1 and DLN3 are
electron traps mostly found in thick (>10 um) layers [12].
The formation mechanism is presently unknown. Figure 5
shows our simulation results for the electron mobility
profile in the GaN device with and without these defects.
Clearly, the mobility is reduced due to defect trapping and
scattering. Dislocations are also a major defect in GaN.
However, there is evidence that dislocations lines are
parallel to the crystalline c-axis of Wurtzite GaN [16].
Thus, for the vertical device considered here, dislocations
were not included in the simulations.
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Figure 5. Predicted electron mobility in the GaN vertical
JFET. The x-axis is the distance from the source toward

the drain.
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Figure 6. Predicted I-V curve for the 4H-SiC vertical
JFET. The dark curves are results for the perfect material.
The gray curves include the effects of defects.

C. 4H-SiC

In 4H-SiC, N and Al implantation are commonly used
because these atoms have fairly high solubility and the
lowest ionization energies of all impurities [11]. Since
these defects are donor-like hole traps, they cause the
recombination rate to decrease, so that, as a majority
carrier device, the conduction current density in a 4H-SiC

JFET increases. This is in agreement with our
simulations. Our results are shown in Figure 6, which
plots the I-V characteristics of this device. On the other
hand, i-centers along the p-n junction cause the depletion
region to shrink and lower the hold-off voltage, as is
shown in Figure 2.

IV. COMPARISON OF MATERIALS

Switches based on advanced materials have promising
performance which is superior to Si-based switches. In the
previous section, it was shown that the presence of defects
has an effect on the electrical characteristics of devices.
Thus, the effects of defects must be included when
making comparisons between materials for pulsed power

applications.
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Figure 7. Comparison of predicted hold-off voltages for
the Si, GaAs, SiC, and GaN devices. The plot for the GaN
JFET was obtained at Vgs=-25V.
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Figure 8. Comparison of predicted switching

performances of the Si, SiC, GaN and GaAs devices.

Figures 7 and 8 show our simulation results for the
hold-off voltages and switching performances of JFET’s
based on the four materials. No material has the best
results for both characteristics. The 4H-SiC JFET has the
best breakdown voltage, while the GaAs and GaN JFET’s
have faster switching speeds. As mentioned above, GaN
has the highest theoretical figures of merit. Our
simulations have shown that, unlike the other materials,
the GaN JFET is a normally on device. A negative gate
bias is needed to obtain a hold-off voltage for this device.
Figure 9 shows the predicted influence of gate bias on the
hold-off voltage of the GaN JFET. The reasons for this
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effect are unknown. The lowest carrier concentration in
the drift region is of the order of 10" em™. In Ref. [17],
Bunea et al. have pointed out that this is due to self-
heating effects.

In addition, as can be seen in Figure 10, the high
thermal conductivity of SiC causes it to have the lowest
temperature increase at conduction, which is favorable for
high power applications.
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Figure 9. Predicted effect of gate bias on the hold-off
voltage of the GaN JFET.
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Figure 10. Ratio between temperature rising and current
density for GaAs, GaN and SiC JFET’s.

V. SUMMARY

We have performed a 2-dimensional device simulation
study of a JFET structure using Si, SiC, GaAs, and GaN
as the materials used in the device. Deep level defects as
well as perfect Si, GaAs, 4H-SiC and Wurtzite GaN have
been included in the study. The effect of defects on
electrical properties was discussed. Our results show that,
of the materials we have considered, 4H-SiC is the most
promising for pulsed power applications based on our
simulations and on the available data.
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