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Understanding of semiconductor breakdown under high electric fields is an important aspect of
materials’ properties, particularly for the design of power devices. For decades, a power-law has been
used to describe the dependence of material-specific critical electrical field (Eit) at which the material
breaks down and bandgap (E,). The relationship is often used to gauge tradeoffs of emerging materials
whose properties haven't yet been determined. Unfortunately, the reported dependencies of Eqiton E
cover a surprisingly wide range in the literature. Moreover, Eit is a function of material doping. Further,
discrepancies arise in £t values owing to differences between punch-through and non-punch-through
device structures. We report a new normalization procedure that enables comparison of critical electric
field values across materials, doping, and different device types. An extensive examination of numerous
references reveals that the dependence £t Eg1'83 best fits the most reliable and newest data for both

direct and indirect semiconductors.

Avalanche breakdown due to carrier-induced impact ioniza-

This work pays particular attention to the selection of the
material dataset—discussing why the materials were selected or

tion is an important phenomenon as it governs the maximum excluded—and to the assumptions necessary to construct and E
sustainable voltage in semiconductor devices. The maximum validate the power-law fit of £crit vs. By §
electric field at breakdown (also called the critical electric field, The discussion in this work strictly applies to p*-n-n" or g
Earit) is known to increase with the semiconductor bandgap E, nﬁ-p-p : d.iodes.for which the heavily-doped regions and .the :
[1, 2]. This relationship between E, and € s typically fitted to middle drift region are plane-parallel to each other. For vertical 8
a power-law: it o EJ. This dependence is what has ultimately diodes, the doping in the drift layer should be less than approxi- ‘%
driven the adoption of wide bandgap (WBG) and, more recently, mately 10'® cm™ to avoid tunneling and degeneracy effects [3, :E_
ultrawide bandgap (UWBG) semiconductors in power electron- 4]. This is the case for which the vast majority of £crit versus B,
ics. In such applications, system performance dramatically ben- data has been obtained or calculated. However, the identified %
efits from an increase in the breakdown voltage (Vyp) of active dependence of & on E, should approximately hold for other -
devices used, and Vyp, is directly related to critical electric field. geometries and doping profiles as well 5
This paper aims to refine the power-law dependence of the We focus on devices exhibiting avalanche breakdown from é

critical field on bandgap and to provide a physics-based explana-
tion for this dependence. This will give a benchmark for future
first-principles models and enable a more reasonable prediction of
critical electric field for WBG and UWBG semiconductors whose

ionization properties have not yet been directly measured.

© National Technology & Engineering Solutions of Sandia, LLC 2022

impact ionization, where breakdown is uniform throughout
the channel and characterizes bulk material properties. Nar-
row bandgap materials can also break down due to carrier tun-
neling through the junction, which makes it hard to isolate the

tunneling mechanism from impact ionization [4]. A related
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breakdown mechanism exists where carriers tunnel through the
contact—this is of particular concern in Schottky barrier devices,
or WBG or UWBG materials operating under high voltages [4].
Material defects can cause localized elevated electric fields, lead-
ing to early on-set of breakdown. Device design can also be a
source of high electric fields, due to sharp metal lines concentrat-
ing field potentials or inadequate edge termination to control
fields at junction edge [4]. Surface state-assisted breakdown can
create issues in two-dimensional devices. This work limits its
scope to bulk devices and so surface state-assisted breakdown is
not considered. Lastly, devices can break down due to thermal
instability if they operate in a high-temperature regime.
Discussion in this work does not apply to high electron mobil-
ity transistor (HEMT) and other lateral structures. These structures
generally have very different and much more complicated field
profiles compared to vertical diodes [4]. Of note is the spike in
electric field at the gate edge in HEMTs which can lead to local-
ized breakdown. To complicate the physics further, the presence of
surface states affects breakdown in lateral structures, and this effect
is difficult to separate experimentally from avalanche breakdown.
A normalization technique is introduced to establish
equivalency between measurements under different condi-
tions (punch-through vs. non-punch-through, doping level,
and material types) in §2. It is meant as a simple and intuitive
tool for comparing the wide range of structures reported in the
literature. However, this technique does not address underly-
ing errors that arise due to poor field management or material
imperfections. Some of the shortcomings of the data used for
previously derived conclusions on the dependence of Eci¢ on
E, are briefly discussed. This paper then explores the historical
dependency of reported Erir values on E, (§3). The normali-
zation technique is applied to historical experimental data to
derive a revised power-law dependence of Euit on E,. Finally, a
first-order theoretical explanation for why the identified power-

law is the appropriate one is covered in $4.

Impact ionization theory

Impact ionization events inside the depletion region of a reverse
biased diode increase the current inside the device. An expres-
sion for indicating this increase in current is given by the so-
called multiplication factor equation. Following Willardson and
Beer, for a p*n junction as shown in Fig. 1 under reverse bias so
the electric field points left with holes traveling in negative x and
electrons traveling in positive x directions, multiplication factor

for holes is given by [3]:
_ exp [— [ (ctn(x) — tp(x)) dx]
1-— fgpan(x) X exp [—fg(an(x’) — ap(x’))dx/]dx
(1)

M,
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where the variable x is the linear position within the semicon-
ductor, xp is the depletion depth, «,(x) and ocp( x) are the ioniza-
tion coefficients (cm™!) for electrons and holes respectively. For
electrons the multiplication factor is given by a complimentary

expression:

_ exp 5" (an (%) — ap(x))dlx]
C1- fgpap(x) X exp [f;p (an(x’) - Olp(x’))dx/]dx
)

Both expressions approach infinity when the integral in the

My

denominator approaches unity, indicating avalanche breakdown.
For holes, the breakdown condition is given by:

/xp(xn(x) X exp {—/x (an(x') — atp (x’))dx/} dx =1 (3)
Jo 0

For electrons the equivalent expression is:

XD XD , , ,
/0 ap(x) X exp {/x (an(x) —ap(x ))dx]dx =1 (4)

Different, yet equivalent, forms of the multiplication factor
equations exist. Willardson and Beer state alternatives to Egs. 1
and 2 in their textbook [3]. Or, as in Sze and Ng, derivation of
the multiplication factor in a differing coordinate orientation for
the p*n junction yields another variant [4].

Following Selberherr’s impact ionization model [5]:

(C/' ﬂn,p
Qnp = Apopo X EXP [—( ng,pO) } (5)

the impact ionization coefficients, a, and a, area function of

the electric field £ at position x in the depletion region, with
%uop00 Propo and Eno po fitting parameters for the model. This
model is considered accurate for the scope of this study, but
it assumes that the electric field £ is constant along the lateral
dimensions of the device. It thereby ignores more localized
means of breakdown and only considers breakdown that occurs
across the entire device. Generally, «, and a, are different and
their magnitude is a function of the carrier scattering mecha-
nisms of the material in question. Such carrier scattering mecha-
nisms, including momentum scattering processes, also influence
other material properties, such as minority carrier lifetimes and
momentum relaxation times.

The functional dependence of the electric field on position
depends on the device dimensions, the doping level, and on
the permittivity of the semiconductor. Complete description
of avalanche breakdown conditions requires an iterative solu-
tion to the ionization integrals described by (3) and (4), as for
example described by Cooper and Morisette [6]. However unless
full accuracy is needed, 1-dimensional simplified analysis is suf-

ficient to describe well-behaved devices [4].
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Two general profiles are of interest: the so-called punch-
through (PT) and non-punch-through (NPT) configurations,
as shown in Fig. 1. Solving for both (3) and (4) provides a value
for the depletion depth, xp = Wypr or xp = Wp, depending on
the device design. This will correspond to a peak electric field
at x=0. This maximum electric field value is referred to as the
critical electric field (Eyit,npT OF Egrit,pT) Of the device.

Using boundary condition £= 0 at xp= Wy for a simplified
1D analysis, the breakdown voltage in NPT diodes is related to
critical electric field by [7]:

2

VBD, NPT = Eqit NPT (6)

€
2gNp
where g is the fundamental charge, € is the dielectric permittiv-
ity, and N, the doping of the drift layer. The breakdown voltage
in a punch-through diode is [7]:

qND

Vep,pT = Ecrit,prT WeT — e

Wir 7)

Assuming abrupt junction profiles the extension of the
depletion layer into the p* and n* layers can be neglected. For
devices where drift layer doping is on the same order of magni-
tude as the p* or n* layers or for extremely thin drift layer thick-
nesses, the field penetration into these layers must be considered
as part of the drift region.

Due to the relation between the critical field and breakdown
shown in Egs. (6) and (7), the critical electric field is considered
an important material parameter of interest. An ideal approach
to derive this value is to use the impact ionization coefficients
of a material and solve Egs. (1) and (2). Unfortunately, these
coefficients are often unknown, so a more common approach
is to fabricate a device, measure a breakdown voltage, and use
either Eq. (6) or (7) to predict the critical field of the material.
As will be shown in the next section, this can lead to incorrect
or misleading values for the critical electric fields of semicon-

ductor materials.

Normalization theory

There are two normalizations that typically need to be made to
fairly compare Eqi; data from the literature: (1) for doping and
(2) for electric field profile. Researchers often assume that it
is invariant with doping due to the relatively weak dependence
of the critical field on doping (described theoretically by Baliga
and Ozbek as i & Np®) [7, 8]. This assumption can skew the
accuracy of power-law fits to Ecrit vs. Eg data if it is not accounted
for. The effect of this correction will be shown in the next sec-
tion. If the reported critical electric field is extracted directly
from measured impact ionization coefficients for a given mate-
rial, then one must simply compare the results of Egs. (3) and
(4) using the same value of the drift layer doping N,

© National Technology & Engineering Solutions of Sandia, LLC 2022

The second necessary correction accounts for the differing
electric field profiles of non-punch-through (NPT) and punch-
through (PT) cases. As Fig. 1 illustrates, the field profiles of the
two structures are not directly comparable. For equal doping
levels, the critical field in a PT device will always be greater than
that of an NPT device. This subtle increase can be seen by solv-
ing (3) and (4) using xp, = Wy for a PT design and xp = Wypr
for an NPT design. Additionally, Eq. (5) must be used with the
appropriate electric field profile,

Np Np
E(x) = EqitNpT — qTX = qT(WNPT —X) (8)
for NPT and
N|
EG) = Eapr — Txlx < Wer ©)

for PT. Essentially the reduction in the drift region thickness
suppresses impact ionization events and leads to an increase in
the critical electric field needed for (3) and (4) to remain true.
The magnitude of E.it pr/ Ecrit, NpT abOVe unity increases as Wpy/
Wypr decreases or Ep9,po from Eq. (5) decreases. The extent of
the change in £y pr can be negligible in some cases, but never-
theless must be calculated before it is ignored.

For these reasons, £t data reported in literature may need
to be corrected to account for structure (PT vs. NPT) as well as
doping. The basic principle used to correct for both cases is to
equate the one-dimensional ionization integrals, Egs. (1) and
(2), for the case of different doping levels and PT or NPT. This
correction only considers the lower-doped device drift region.
As the doping of the adjacent layers is typically much higher
than the drift region, depletion into those regions is negligible
and the analysis does not account for it.

We consider first the correction for doping in an NPT con-
figuration, where two materials with doping levels N,; and N,
are compared. In order to proceed, a critical assumption that
the electron and hole ionization coefficients are equal (a, =0a,)
must be made. For the vast majority of materials this is not the
case. Nevertheless, it has often been used as a starting point in
previous analyses, allows an intuitive understanding of general
trends, and enables us to develop a simple analytical solution.
Furthermore, it can be shown that this assumption gives the
lower bound for the critical electric field in a material. Using
this assumption makes Eq. (3) equal to Eq. (4), allowing for the

following relation:

XD1 XD2
/ a(x)dx = / a(x)dx =1
0 0

where xp; and xp; are the depletion depths at breakdown for

(10)

doping levels N, and N, respectively and « is assumed to be

invariant with doping. For the non-punch-through case, Eq. (8)
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can be used to translate the integration variable from position
to electric field, and one obtains:

I I
— a(E)dE = —/ a(E)dE 11
NDI ‘/gcritl NDZ Scritz ) ( )

where Eqrit1 and Ecrirz are the critical electric fields for doping lev-
els N, and Np, in the non-punch-through case. At this point, a
second critical assumption is made, which is that the ionization

rate « follows a power-law in electric field [9]:

o = apE’ (12)

This work sets § = 7 which has been shown to be consist-
ent with ionization data for a wide range of semiconductors,
including SiC [7]. However, the specific value of § used, and
indeed whether Eq. (12) is truly valid for all semiconductors, is
open to debate. A comparison of Fulop’s expression and ioniza-
tion rates derived directly from impact ionization parameters
is the subject of future work. Nevertheless, as was the case with
the assumption a, = a,,, this is necessary to obtain an analytic
expression by which to equate critical electric field, which is the
goal of the derivation. The validity of both assumptions, exam-
ined using numerical evaluation of the ionization integral, is
currently underway in our group. Inserting this into the integral

and performing the integration, one obtains:

Eerit1 < Np1 ) 1/@+D
Np»

Euia (13)

Next, we account for the second correction, i.e., NPT com-
pared to PT. For the purposes of this derivation, it is assumed
that the doping in both cases is equal (the doping correction
will be brought in at the end). The equality of the ionization
integral for the two cases, Eq. (10), is again the starting point,
with equal electron and hole ionization rates assumed. This may

be written as:

XNPT XPT
/ a(x)d_x = / oe(x)dx (14)
0

0

where xypr and xpr are the depletion widths for the non-punch-
through and punch-through cases, respectively. In the latter
case, this is approximately equal to the physical thickness of the
drift layer. In both cases, the electric field profile is a linear func-
tion of position, although for the PT case the field does not go to
zero, so the field distribution is trapezoidal rather than triangu-
lar. If the critical fields for the NPT and PT cases are denoted as
EcritNpT and Eqig pr, respectively, transforming the integration

variable from space to electric field yields:

0 EaritpT— qNTD Wpr
/ a(E)dE = / a(E)dE (15)
Eerit NPT EritpT

© National Technology & Engineering Solutions of Sandia, LLC 2022

which is the analog of Eq. (11) for the PT-to-NPT transforma-
tion. Again, assuming the Fulop power-law dependence holds
[8], and performing the integration, one obtains:

1/(841)
(@) e (1 _ qNDWPT)M (16)
EeritpT € Laitpr

The expressions for the two corrections may be multiplied
together to obtain the expression where both corrections are
considered:

s 5417 1/GHD
EaritNPT _ <ND,NPT>1/( v - (1 _ 9Nppr Wer ) i
EeritpT Nppr € Eaitpr

(17)
In this general expression, the critical field is normalized
to an NPT condition with doping Np, ypp, from a PT condition
with doping Ny pr. For the calculations described below, § = 7
was used, consistent with the value used by Fulop.
The same derivation for normalization between NPT and
PT devices, but with integration over x rather than the electric
field £, is covered in Appendix A.

Example of normalization correction

Our normalization procedure requires the device to be a sin-
gle region of uniform doping, which is not always the case for
reported devices. The device may need to be reduced to an
equivalent drift region as illustrated by normalization of the
devices fabricated by Ohta et al. [10, 11] and Volpe et al. [12]

Ohta et al. reported GaN devices with multiple regions of
different doping levels, with the most advanced device using
three drift layers [10, 11]. Numerical simulation to replicate the
results and detailed comparison of the two reports strongly sug-
gests that the doping profile in Fig. 1 of the 2015 paper [10] is
non-compensated. Figure 1 of the 2019 papers shows lower, pre-
sumably compensated, doping of the three drift layers: 5.5 pum
at Np=5x10" cm™, 22 pm at Ny =4x10"° cm ™, and 5.5 pm
at Np=1.5x 10" cm™, To obtain an equivalent drift region, we
calculate layer charge multiplying each drift layer thickness by
its doping: 2.75x 10" cm™, 8.8 x 10" cm™, 8.25x 10'2 cm ™.
These are added for a total charge of 1.73 x 10'* cm™ over a
33 pm thick region. Assuming uniform doping over this thick-
ness results in N, =5.25x 10'* cm™, With a 4.9 kV breakdown
in such a region, Eq. (6) predicts a depletion depth of ~31 pm
making this a non-punch-through device.

In some instances, grown epitaxial layers are highly non-
uniformly doped as Volpe et al. [12] reported for their growth
of C (diamond). As shown in their Fig. 1, C-V measurements
were used to obtain the compensated doping profile. Using

numerical integration on the sampled data gives a total charge
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(a)
Non-punch-through

Ecrit,NPT

slope= —ﬂ
P €

/

Wier

(b)
Punch-through

[
WNPT' extrapolated

Figure 1: Schematic drawings of electric field profiles vs. distance for p*-n~-n" diodes. (a) a non-punch-through diode, where the depletion region
width (Wyer) in the n™ drift layer does not extend to the n* layer, and (b) a punch-through diode, where depletion width (Wp;) is mostly confined
between closely spaced p* and n* layers. Note that Eit, pr > Ecrit, NpT as explained in the text.

of ~2.2x 10" cm™* over the 13.6 pum thick region. Dividing
the total charge by the drift layer thickness gives a uniform
Np~1.65% 106 cm™ for a 13.6 um drift layer. With a 9.8 kV
breakdown in such a region, Eq. (6) predicts depletion of
19.6 um for a NPT device, indicating that this device is well
into the punch-through regime.

Together these examples illustrate the necessity of report-
ing complete compensated doping profiles, as these values affect
many extracted devices parameters including Ei.

Without proper normalization correction, reported critical
field values can be unrealistic. In 2006 and 2007, researchers
published data on sets of nearly identical p*-n-n* Al Ga, N
diodes were grown wherein the Al composition of the middle
layer was varied from 0 to 57% across multiple wafers, with E, of
3.4-4.6 eV, as measured by photoluminescence [13-15]. These
diodes were strongly punch-through as the middle layer of each
was only 225 nm thin with a nominal background doping level
of 2x 10'® cm™>. The measured £, values reported in Nishikawa
et al. [15] did not correct for the PT case, resulting in overesti-
mations of the critical field values in Al, ;,Ga, ,;N by as much as
2.5 MV/cm. Using these corrected values, the dependence of the
critical field on bandgap is closer to Eyit & Egzo with an R? value
of 0.46. This indicates a need to consider all reported dependen-
cies by first normalizing the data to the same drift region doping
level and accounting for PT vs. NPT conditions.

Table 1 compares calculated &i; values using the normaliza-
tion procedure outlined above for the work by Nishikawa et al.,
a few other GaN and Al Ga,_,N devices, a 3-Ga,O5 Schottky
diode by Yang et al., and the C (diamond) Schottky diode by
Volpe et al. [10, 12, 15-19] Drift layer width, doping (com-
pensated if so stated in the paper), and breakdown voltage are
used to calculate & pr. The corrected Eqi npr Was found for

© National Technology & Engineering Solutions of Sandia, LLC 2022

the same junction along with the extrapolated depletion depth
Wypps and then normalized to Nj,= 106 cm™ to allow compari-
son between devices with different drift layer width and doping
values. In some devices the NPT correction is indeed minor-
only noticeable after several digits past the decimal point, but
it is not the case for all and is in fact quite dramatic in several
devices with extremely thin drift layers. Further, note that for the
work by Armstrong et al. [17] the value of the GaN critical field
listed here was extracted directly from the reported breakdown
voltage and then normalized, while the value reported in the
paper was determined from the Baliga Figure of Merit, which
involves both breakdown voltage and specific on-resistance. The
latter approach requires knowledge of quantities such as carrier
mobility and effective device area, while the former does not,
so these two approaches may not necessarily lead to the same

critical field value even after normalization.

Historical fitting of &t vs. E; dependencies

This work carefully examined numerous relevant publications
in the avalanche breakdown literature. Historically, several
power-law fits were used to describe the relationship between
critical electric field and semiconductor bandgap: Ecrit & Ej .
The relationship arose from initial characterization of material
impact ionization coeflicients, in a way simplifying interplay of
those parameters and device breakdown to a single value: critical
electric field. This kind of fitting has been successful, but that
does not mean it can be applied limitlessly, nor that it indicates
a physical basis for the power-law relationship between critical
electric field and bandgap [20].
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TABLE1: Normalized parameters for select WBG and UWBG diodes.

Ecrit,NpT- COT- Wpr -

Np-Ny Ecrit pT-Meas- rected (MV/ extrapo-  Egitnper- Normalized to
Reference: Drift-Layer Material (cm™) Wor (um) Vg (V) ured (MV/cm) cm) lated (um) Np=10"® cm=3 (MV/cm)
Armstrong et al GaN 3x10" 30 3930 22 22 379 2.5
Ohtaetal GaN 9x10" 33 4900 3.1 3.1 313 34
Huetal GaN 1.8x10"” 8 1406 1.9 1.8 53.0 2.3
Nishikawa et al GaN 2x10'° 0.225 52375 24 2.0 5.25 18
Nishikawa et al Aly29Gag; N 2x10'° 0.225 83.75 3.8 3.0 7.70 2.8
Allerman et al Aly3Gag, N 5x10'° 43 1627 5.9 5.9 6.00 48
Nishikawa et al Aly34Gages N 2x10'° 0.225 91.125 4.1 33 8.25 3.0
Nishikawa et al Alg46Gagss N 2x10' 0.225 1125 5.1 3.9 9.81 3.6
Nishikawa et al Als,Gagas N 2x10' 0.225 138.75 6.2 47 1.7 43
Nishikawa et al Alys;Gagas N 2x10' 0.225 181.5 8.1 6.0 14.7 5.5
Yang et al B-Ga,04 6.12x10"” 8 1900 2.8 2.8 253 3.0
Volpe et al C (diamond) 1.65x10' 136 9800 11.0 11.0 19.8 10

The first established the power-law fit is traceable to a 1966
paper by Sze and Gibbons [21]. The authors used the measured
ionization rates for electrons and holes in Ge, Si, GaAs, and GaP
to calculate the breakdown voltage as a function of doping N,
Their use of the relation Vi & Eg1'5 x N, implied that i
Eg3/ * 'This equation has been presented unaltered in all editions
of Sz€’s textbooks [4].

In 1989 Kyuregyan et al. updated the ionization coeflicients
for a number of materials by compiling and aggregating earlier
published results [22]. As Maes et al. discussed in their defini-
tive 1990 paper on impact ionization in Si [23], this approach
is better than utilizing multiple reports each relying on a single
device, since it allows for exclusion of outliers and covers a wider
range of electric fields. Kyuregyan et al. also reported R* values
of their fitting. For a number of materials, these ionization coef-
ficients were the most recent we could identify and are the basis
of many of the & values utilized here.

In 1994 Chow and Tyagi showed that while the Eqi¢ & Eg3/ 4
dependence approximately fits older data for these semiconduc-
tors plus InP, it does not fit newer data with SiC included [24].
Chow and& Tyagi performed a two-point fit through Si and SiC
data [25] which yielded Eqir & Egz. Unfortunately, the SiC data
point was referenced from Kyuregyan et al. [22], who in turn cite
SiC devices fabricated in the late 1950s of highly questionable
quality. This is supported by the poor R* reported for those fits.

In 2003 Hudgins et al. further examined the issues by
including a wider range of semiconductors and bandgaps [2].
From their fits to the plotted values they concluded that £y &
Eg2'0 for indirect-gap semiconductors and Ecrit & EgZ‘S for direct-
gap semiconductors. A close examination of the values used for
their fit indicates that they used only the rough estimates for
Erit found at the beginning of each chapter in Semiconduc-
tor Parameters Vols. 1 and 2 and Advanced Semiconductor

© National Technology & Engineering Solutions of Sandia, LLC 2022

Parameters by Levinshtein et al. [26-28] As will be shown, by
not normalizing the critical field values to a particular dop-
ing level, the fit proposed by Hudgins et al. overestimates the
dependence of the critical field on the bandgap.

Later in 2006 Wang [29] published an &t & Eg3 fit over
a wide range of bandgaps. Unfortunately, some of the critical
electric field values for high-bandgap materials used cannot be
traced as the key cited reference is no longer available. Overlap
in some values with those used by Hudgins et al. suggests Lev-
inshtein et al. was a part of the missing reference.

A summary of many semiconductor parameters, includ-
ing critical field as noted above, impact ionization coefficients,
bandgaps, and dielectric constants can be found in Levinshtein
et al. [26-28], though WBGs and especially UWBGs are still
being actively investigated. We have surveyed the literature to
update and provide the best critical electric field values for a
range of materials. The materials included here will be discussed
in order of ascending bandgap. A comparison of the normalized
critical fields verses the values used by Sze et al. [21], Hudgins
et al. [2], and Wang [29] are shown in Table 2. It should be noted
that Table 2 lists normalized critical field values that are now felt
to be more accurate than those published by some of the present
authors in 2018 [30].

Updated & values

Demonstrated avalanche breakdown due to impact ionization
is necessary for consideration of a semiconductor material to be
used in the power-law fit of gt vs. Eg. For many materials these
parameters have been measured and can be used to make & vs.
doping plots. Where ionization coefficients were not available,
we looked for a positive correlation between breakdown voltage
and temperature. This is a reliable indicator that breakdown is

caused by avalanche from impact ionization events, rather than
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TABLE2: Comparison of critical electric field values (v/cm) for various semiconductors from different analyses.

This work
Ridley’s

Semiconduc- Hudgins et al. Np=10'® Np=10" Np=5%10"  model simu-
tor Bandgap (eV) Type Sze et al. [21] [2] Wang [29] (cm™) (cm™) (cm™) lation
InSb 0.17 Direct 1x10° 1x10° 2 2 2 3.41x10*
InAs 0.354 Direct 4x10* 4x10* 2 2 2 8.70x10*
Ge 0.661 Indirect  2.5x10° 1x10° 1x10° 1.98x10° 1.43x10° 1.33x10° 1.88x10°
GaSb 0.726 Direct 5x10* 5x10* b b b 220x10°
INg.s3Gag 47As 0.74 Direct 2.96x10° 224x10° 2.12x10° 2.35x10°
Si 1.12 Indirect ~ 4.37x10° 3x10° 3x10° 3.69x10° 2.69%10° 2.42x10° 483%10°
InP 1.344 Direct 5x10° 5x10° 4.98x10° 3.72x10° 3.48x10° 6.65x10°
GaAs 1.424 Direct 498x10° 4x10° 6x10° 5.49x10° 3.92x10° 3.65x10° 7.36x10°
GaP 2.26 Indirect  7.59x10° 1x10° 1x10° b b b 1.73x10°
3C-SiC 2.36 Indirect 1.3x10° 1x10° c ¢ c 1.89x10°
6H-SiC 3.0 Indirect 24x108 5x10° 2.9x10° 2.10x 108 1.93x10° 2.94%10°
4H-SiC 3.23 Indirect 3.18x 108 3.18x 108 233x10° 2.05x10° 3.36x10°
GaN 3.45 Direct 3x10° 5x10° 3.4x10° 2.55%10° 2.33x10° 3.80x10°
-Ga,0, 4.8¢ Direct e e e 6.71x10°
C (diamond) 5.5 Indirect 5.7x10° 1.01x107 7.58x10° 6.95x10° 9.27x10°

#Tunneling cannot be decisively excluded as a contributing factor in carrier multiplication.

bNo reliable data in the literature was found.

“Insufficient device data to perform normalization.

dDirect- and indirect-bandgap values of B-Ga,0; are within 0.1 eV of each other and the preferable, slightly, higher direct bandgap is given here.

¢No experimental data confirming behavior indicative of true avalanche breakdown.

some other mechanism. Materials that have not yet shown this
behavior will be noted and are excluded. In the end, the majority
of the data is from established materials.

Unless otherwise mentioned, normalized data were obtained
by analyzing the more descriptive it vs. doping plots found at
the end of chapters in Semiconductor Parameters Vols. 1 and 2,
or from Vg vs. doping data in the same volumes [26, 27]. In
many cases, the original data are no longer available, and only
figures can be found. In such cases, Eit values were obtained by
line-tracing the digitized plots.

We surveyed the literature for reports on WBG and UWBG
devices and materials. For many of these, only individual
devices are reported and we used our normalization correction
to extract and compare Erit. Due to incomplete understanding
of impact ionization in GaN and C (diamond), critical electric
field values for these materials were obtained from individually
reported devices [10, 12].

Since the 1980’ newer techniques have been developed to
grow cleaner semiconductor materials and to more accurately
measure breakdown parameters and ionization coeflicients.
Availability of these new methods is especially important for
materials that may still contain significant levels of defects,
like SiC, GaN and emerging UWBG semiconductors [7, 8, 31,
32]. One of the newer techniques is electron-beam-induced-
current (EBIC) wherein a scanning-electron microscope (SEM)

is used both to apply electron pulses to stimulate direct carrier

© National Technology & Engineering Solutions of Sandia, LLC 2022

generation as well as to image test diodes. EBIC has become a
key tool for characterizing materials with potentially high defec-
tivity. It is used to reject diodes with ‘hotspots’ that result in pre-
mature breakdown [33], and it may be used to obtain ionization
coefficients. Though valuable, these data are not necessary for
building our dataset. In addition, although some devices may be
engineered to manipulate material properties such as minority
carrier lifetimes to artificially increase the critical field, these
data would only create outliers in our data set and have there-
fore been excluded wherever possible. Although it is recognized
that such material properties as minority carrier lifetime and
momentum scattering have some relationship with device break-
down, these properties are not directly relevant to our normali-
zation procedure and are therefore left for further consideration.

Note that in a few instances even reference plots are not
up-to-date. For Si, most recent coefficients are from Maes et al.
in 1990 [23], but Levinshtein et al. references plots from Kyur-
egyan et al. which was published in 1989 [22, 26]. And Sze and
Ng still report the original 1966 values as far as authors can
tell [4]. 4H/6H-SiC Erir values were taken from Raghunathan
etal. [32] There are noted issues with that experiment, and more
recent measurements of impact ionization coefficients are found
in literature [34]. This necessarily introduces error in fitting the
exponent y, no more than 0.1 in authors’ estimate. However, a
thorough review and update spanning all materials would con-

stitute its own work and is left for the future.
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Finally, keeping outlook toward development in WBG &
UWBG materials, critical electric field values are discussed
assuming doping of 10'® cm™. Such doping is fairly typical for
these semiconductors as lower levels can be hard to achieve.

Each of the semiconductors is discussed in order of ascend-

ing bandgap below.

InSb (0.17 eV) and InAs (0.354 eV)

In narrow-bandgap semiconductors, injection of carriers from
tunneling cannot be decisively excluded as a contributing factor
in carrier multiplication under high reverse bias [35, 36]. Due to
this, we believe that extremely narrow-bandgap materials, such
as InSb and InAs, cannot be fairly compared to other semicon-
ductors. Therefore, while these are included in Hudgins et al.

analysis [2], we excluded them in this work.

Ge (0.661 eV)
The data in Sze & Gibbons [21] for Ge were obtained from

devices made in the mid-1950s. The value used in this study for
Ge was obtained from the impact ionization parameters utilized

by Kyuregyan et al. [22]

GaSb (0.726 eV)

GaSb impact ionization coeflicients have been measured, but it
seems Erit vs. doping not calculated from them and was shown in
Semiconductor Parameters Vol. 1 [26]. As no other reliable data in

the literature was found, this material is also excluded from analysis.

Ing 53Gag 47As (0.74 eV)

Semiconductor Parameters Vol. 2 reports both ionization coef-
ficients and measurement of breakdown voltage vs. doping
for Ing 53Gag 4;As [27]. Eqit for Ing 53Ga, 4,As was found using
Eq. (6) from the breakdown voltage in Vol. 2 [27].

Si(1.12eV)

As can be expected, many researchers have made measurements
to determine ionization coeflicients in Si over the decades; an
excellent review of this work is provided in Maes et al. [23] As it
stands as common reference, the &;; vs doping plot of Sze and

Ng [4] was used in this work.

InP (1.344 eV)

The value for InP was obtained from the impact ionization param-
eters utilized by Kyuregyan et al. [22] These data were based on
the results of four device papers published from 1979 to 1982.

GaAs (1.424 eV)

The data in Sze & Gibbons [21] for GaAs were for devices fabri-
cated in the mid-1960s and as such the defect density was likely

© National Technology & Engineering Solutions of Sandia, LLC 2022

high. The value for GaAs was obtained from the impact ioniza-

tion parameters utilized by Kyuregyan et al. [22]

GaP (2.26 eV)

The reported values for the critical field of GaP published in
Vol. 1 [26] are from work by Sze and Gibbons in 1966 [21]. In
turn, Sze and Gibbons relied on Logan and White [37], which
was the sole source for Kyuregyan et al. as well [22]. No other
power devices with reported values for the critical electric field
or impact ionization parameters were found in the literature.
Normalized Erit of 0.69 MV/cm looks like a large outlier com-
pared to rest of the data. For these reasons GaP was excluded

from our analysis.

3C-SiC (2.36 eV) 6H-SiC (3 eV) 4H-SiC (3.23 eV)

SiC is a WBG semiconductor that exists in several polytypes,
but the primary focus has been on 3C, 4H, and 6H. The criti-
cal field values used by Hudgins et al. [2] for SiC appear trace-
able to Baliga [24]. Neudeck et al. published data for 3C-SiC
p*-n-n* diodes at different drift layer doping levels and listed
derived £ values [38]. We were unable to determine the width
of the depletion region of this device and thus cannot conclude
whether it is PT or NPT. Without this information, £ cannot
be accurately determined, and only an estimate can be made, up
to ~0.98 MV/cm. Without further information the 3C polytype
of SiC is excluded from the dataset. However, Raghunathan et al.
performed extensive studies of impact ionization in 4H- and
6H-SiC devices using pulsed EBIC and corrected for PT struc-
ture [32]. Several characterizations of impact ionization coef-
ficients of 4H-SiC using photomultiplication [5], most recently
in 2014 by Niwa et al. are also reported [34]. As other studies
do not report the derived Ej; values the results of Raghunathan
et al. are used here.

GaN (3.45eV)

GaN epitaxial growth and device fabrication have undergone
significant development in recent years. Positive dependence
of breakdown voltage on temperature was reported by a few
groups [11, 39], and impact ionization coefficients for GaN
were recently obtained by Ji et al. [40] Still, uncertainty remains
regarding the critical electric field of GaN. Hudgins et al. cites 3
MV/cm, and 3.3 MV/cm is often quoted in the literature. Work
by Avogy indicates that i is higher than this, at least 3.5 MV/
cm [39]. Surveying the literature, the highest £ found is 3.4
MV/cm, after PT correction and normalization, as reported in
a device by Ohta et al. [11] It must be noted that critical electric
field predicted by Ji et al. is lower, <3 MV/cm [40], than this
champion device. As most of literature suggests Eqit> 3 MV/
cm, we kept the higher value. Further work needs to be done to

reconcile these results, but this is beyond the scope of this paper.
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Al,Ga,_,N (3.45-6.1 eV)

The authors have not been able to find reports of impact ioniza-
tion measurements on the Al,Ga,_ N system, including AIN,
although a variety of breakdown measurements have been
reported for different structures and doping profiles [13-15,
41, 42]. Unfortunately, none of these works show breakdown
vs. temperature data to indicate true avalanche behavior so we

exclude this material system from our analysis.

B-Ga,0; (4.9¢€V)

B-Ga,0; is an emerging UWBG material with significant poten-
tial. Impact ionization measurements on the B-Ga,O; system are
unavailable, nor could we locate any publications experimen-
tally confirming temperature-dependent behavior indicative of
true avalanche breakdown in $-Ga,O5. Its critical electric field
value is reported to be 8 MV/cm, but this is only an estimate
[43], most likely using predictions by Hudgins et al. Reports
of Schottky barrier diodes [19, 44-46] yield much lower Erit
values, suggesting that defects limit performance. The best value
reported in the literature from Yang et al. [19] is 3.0 MV/cm
after normalization, and is likewise below theoretical value.

Thus, we excluded this material from our analysis.

C (diamond) (5.5 eV)

The high bandgap and path to dopability of C (diamond) make
this UWBG semiconductor an attractive candidate for future
use in power electronics [30]. There is evidence of breakdown by
impact ionization via a positive trend of breakdown voltage with
increasing temperature in diamond diodes reported by Suzuki
et al. [47]. While shallow acceptor/donor doping hasn’t yet been
achieved, 2DHG looks a viable approach to doping the material.

Critical electric field for diamond is not yet settled with a
range of values reported. Unfortunately, the second diamond
Eerit value of 7 MV/cm used by Hudgins et al. [2] appears incor-
rectly referenced as we cannot find any experimental basis in Ref.
[17] to get this value. Landstrass et al. [48] refers in passing to a
breakdown field of 20 MV/cm in diamond diodes, but we have
not been able to confirm a critical field this high via the informa-
tion given, so these data are excluded from further considera-
tion as well. Similarly, Liu et al. [49] report a breakdown field in
diamond of 21.5 MV/cm, but this is from a laser measurement
where breakdown was detected via a flash of light observed by the
naked eye. As undetected avalanching could have been occurring
at lower fields, this result is also excluded. In 2010 Volpe et al.
published a diamond Schottky barrier diode with a breakdown
voltage of 9.8 kV [12]. PT correction of this device is discussed
in §2.C. Correcting for PT and normalizing gives an Eit= 10
MV/cm. This is the best value we could confirm, and as such use
it in our power-law fit. In 2014 Traore et al. published results on

diamond Schottky barrier devices with even better characteristics

© National Technology & Engineering Solutions of Sandia, LLC 2022

Normalized data
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Figure2: Experimental critical electric field (€ ;) vs. bandgap (Eg) for
normalized semiconductor data along with fits to the data.

[42]. Unfortunately, they do not report a breakdown voltage, due
to power supply limitations. PT correction and normalization

gives only a lower bound of Erit= 7 MV/cm.

Power-law fitting of updated &,;; values

Data points in Table 2 were fit by first taking the logarithm of
the data, and then performing a linear least-squares fit to the
resulting log, o(Ecrit) versus logm(Eg) data points. Assuming the
postulated relationship Erit & Eg , the slope of this fit yields the
exponent y. The bulk of the data (7 of 9 materials) are well-
established and from reference tables. As shown in Fig. 2 the full
corrected dataset is reproduced by a power-law fit with exponent
of ~ 1.83. The fit limited to only reference data Ge through SiC
gives y~1.74.

Appendix Fig. B1 shows comparison of normalized data
and fitting to doping level 10'%, 10'® and 5 x 10'* cm™ covering
a range more typical of non-WBG semiconductor devices. No
doping dependence is seen in experimental data.

As can be seen in Fig. 2, the updated exponent y provides
a better fit to the normalized data than the previous literature
estimates. Appendix Fig. B2 shows the separated direct- and
indirect-gap data, along with their respective fits. Exponents are
1.66 with R*=0.954 and 1.89 R*=0.992. However with reduced
sample sizes and small difference between the direct- and indi-
rect-gap cases, a single fit works best to explain the Eyi; vs. E,
relationship for all semiconductors.

Based on the physics of impact ionization, the direct vs.
indirect nature of the bandgap is not expected to affect criti-
cal electric field values for a semiconductor material. Carriers
undergo impact ionization at energies much higher than the
bandgap energy (E> 1.5Eg) [23] where the direct vs. indirect
nature of the bandgap is no longer decisive. Hudgins et al. con-
cluded on using different fits for the direct vs. indirect cases
solely from R? values of their fits. Our updated fitting shows that

this is no longer warranted.
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The critical electric field of GaN is still debated, and many
UWBG materials are not near their predicted potential [30], so
it is realistic to expect that further clarification on the relation-
ship between bandgap and critical electric field will be obtained
in the future. Furthermore, the power-law fit is not expected to
hold indefinitely for arbitrarily high bandgaps.

To our knowledge a theoretical explanation of the observed
power-law dependence of the critical electric field with bandgap
has not been reported in the literature. In the following section,
a theory of avalanche ionization first presented by Ridley [50] is
generalized to a dependence on semiconductor bandgap and is
used to calculate the normalized critical electric fields as shown
in Table 2. These data are shown in Fig. 3, with a slightly lower
power-law fit of 1.82 with R?=0.999.

To determine the theoretical dependence of Ei; on E,, it is nec-
essary to explore the avalanche breakdown phenomenon and to
parameterize the expression as a function of bandgap. Avalanche
is assumed to occur when the multiplication factor for either
holes or electrons approaches infinity as discussed in Sect. 2 and
described by Egs. (1) and (2).

Specifically, for the NPT case of a p*-n~ one-sided step
junction, the electric field can be approximated by a linear field
profile described by Eq. (8) in Sect. 2. Using this to transform
Eq. (3) from an integration over position x into an integration

over electric field £, one obtains:

” ® Simulated Indirect Bandgap
10”3 A simulated Direct Bandgap

'g ------ Simulated 1.82 Power Fit
(@] —— Empirical 1.83 Power Fit

s ]

2

i

@ 10°4

i

[®]

-

s}

O

L,

w

'S 1054

Y]

B

f

O

104 4+—Z . - et
0.1 0.3 0.7 1.0 20 3.040 6.0 10.0

Bandgap (eV)

Figure 3: Fit of theoretically derived critical field values for materials of
various bandgaps using Ridley’s lucky-drift theory versus fit to empirical
data (see Sect. 4).

given device, the critical field can be found by evaluating the
integral in Eq. (18) until the expression approaches unity.

In developing the theoretical model, as with the derivation
of normalization in §2.2, the ionization rates of electrons and
holes are assumed to be equal. This assumption gives a mini-
mum Eqit value for the material in question. For moderate-to-
wide bandgap semiconductors, the value of £ can increase
slightly (< 10% for up to a magnitude of difference between
a, and a,) if a, # o, The effects of this a, =, assumption on
critical electric field is an ongoing area of research. In the case of

o, =y, the avalanche breakdown condition simplifies to:

;;Z /08 ay(£) X exp {—ZSZ /z (ot,, (8/) —Olp(c‘:/))dé'/] A — 1 (18)

A complimentary equation describes the case for the ava-
lanche multiplication of electrons. Equation (18) is simply the
generalization of Eq. (1), without the assumption that o, =a,,
and for a single material only. Also, the permittivity € has been
explicitly written as the product of the relative permittivity
of the semiconductor ¢, and the permittivity of free space €.
Equation (18) indicates that the ionization multiplication in a
p*-n~ junction is dependent only on the dielectric constant of
the material (¢,), doping (Np), the ionization rate («,, ocp), and
the electric field (which depends on the applied voltage). For a

1 e—erz _ X
al=—-qe*+| — | +Pr
X 1—2rx

€r€Q
AND J Epnax

a(E)dE - 1 (19)

Of these parameters, all but the ionization rates are well
characterized for many materials. In order to model the elec-
tron and hole ionization rates &, and , for different materials,
we utilize the lucky-drift model of the electron as reported by
Ridley [50]. This is seen as a more accurate representation than
either the lucky electron theory of Shockley [51] or the thermal-
ized electron model of Wolff [52]. In fact, both the Shockley and
Wolff theories can be recreated by limiting approximations of
the lucky-drift theory.

The lucky-drift theory describes the ionization rate as [50]:

—2r*(1=¢) _ ,—x(1-¢)
P L ¢ (20)
1—2rx
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— _ P _ -2 -3
where x = 2, ¢ = 5L, Pr = 1 — ¢ 20 )}x23’ where Ey,

op
is the threshold energzgfrequired for ionization, A is the mean
relaxation length for the carrier, and r is the ratio of average
energy loss per collision to the threshold energy, E,;. Therefore,
Eq. (20) depends only on the applied electric field (£ and three
material parameters: the threshold energy required for ioniza-
tion (Ey,), the mean carrier relaxation length (1), and the ratio
of average energy loss per collision to the threshold energy (r)).
In order to understand the relationship of the ionization rate to
material bandgap, we transformed E, A, and r into functions
that depend on bandgap.

The threshold energy E,;, is the energy that a hot carrier must
possess to create an electron-hole pair. While the assumption
by many is that ionization can be initiated by any electron with
energy > E,, carrier energy must actually generally be 1.5E, or
more as explained in Maes et al. [23] This relationship is derived
from conservation of energy and momentum, and assumes that
the effective masses of electrons and holes are equal (relaxing
the latter assumption results in a constant factor between 1.0
and 2.0 multiplying E,, rather than 1.5). While it generally holds
for many materials, it is not always true, but is nevertheless the
best starting point for a general, intuitive theory. Fully relaxing
this relationship requires more complicated treatment of band
structure and is beyond this paper.

The ratio of average energy loss per collision to the threshold
energy (r) is described by:

hw

"= Tan@) + 1B @)

where £ is the reduced Planck constant, w is phonon angular
frequency, and n(w) is the quantization number.

Of the variables in Eq. (20), only Ey, is a direct function of
E,. Since E, is proportional to E, Eq. (21) reduces to:

rocEg ! (22)

The parameter A describes the mean free path length of a
carrier before thermal relaxation, as a hot carrier must interact
with an electron-hole pair before it is thermalized to an energy
below E; . The mean free path is actually energy dependent [53]
and is equal to the product of the group velocity of the carrier
(vg) and the scattering time (7).

A=V XT (23)

In general, scattering time (7) depends on the particular
scattering mechanism with several competing mechanisms
(ionized impurity, dislocation, acoustic phonon, optical pho-
non, etc.) occurring simultaneously [54]. The intervalley and
interband scattering processes, which result in the absorption
or emission of optical phonons, are the dominant mechanisms
at high temperatures and electric fields [55]. For non-polar

optical phonon scattering, which is important for the majority

© National Technology & Engineering Solutions of Sandia, LLC 2022

of semiconductor materials, the scattering time is energy inde-

pendent and depends inversely on the effective mass (m") [55]:

3 (24)

The group velocity of carriers away from the band edge is

dependent on energy (E) and is given by [56]:

2E

- (25)
m

ve(E) =
If we consider a carrier at the threshold energy, then Eq. (23)
becomes:

1 ZEth
X

m*% m*

A

(26)

The mean free path (A) is then a function of E,; (which has
already been shown to be proportional to bandgap) and effec-
tive mass (m"). To assess the approximate dependence of effec-
tive mass on energy gap for a wide range of materials, we have
surveyed the reported effective masses for the primary bands
for electrons, light holes, and split-off holes for the materials
shown in Table 3 and have computed the exponent k using the

ms _ (Ep\*
my Eg)

for each material pair, where m} represents the effective mass

equation:

(27)

and the subscript 2’ denotes the wider bandgap material. The
data for this survey comes from Refs. [21, 22, 50], and it should
be noted that fitted results for heavy holes were excluded from
Table 3 as that trend is quite sublinear; note that heavy holes are
not expected to participate as strongly in avalanche ionization
due to higher mass, lower group velocity, and higher scatter-
ing rate. Striking in Table 4 is that the dependence of effective
mass for both electrons and the lighter holes from InSb through
the mid- and wide bandgap materials is nearly linear, with the
numerical average for k for all cases shown being k=0.93. A
linear relationship between m " and E, can also be derived via
Bloch Theory for a periodic potential, although this treatment
is not shown here [57].

With E,, and m” both being linearly related to E,, Eq. (26)
can be directly related to E:

1
Eg

Ogﬂ
T

1
1 Ethi 1
3 a&
m*2 Eg

(08

(28)

olw

ogﬂ
T
lw

With E,;, r, and A all related to Eg, it is possible to solve
Ridley’s avalanche equation for a variety of material systems.
Toward this end, to determine the predicted Er; for a variety of

materials, a computation program using Python was developed
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TABLE 3: Fitted dependencies of effective masses of primary bands in
direct-gap semiconductors from INSB to indicated materials.

High E; material ~ Carrier type/band  Fitted k factor

Low E, material

InP Electron 0.88
(Eg= 1.34¢eV) Light hole 0.86
Split-off hole 1.2
GaAs Electron 0.74
(E;=1.424eV) Light hole 0.80
Split-off hole 1.1
InSb Wurtzitic-GaN Electron 0.91
(E;=0.17 &V) (E;=3.45€V) light hole 1.1
split-off hole 1.1
Zn0 electron 0.86
(Eg:3.4 eV) light hole 1.0
split-off hole
AlP electron 0.90
(E;=3.91%eV) light hole
split-off hole
AIN electron 0.89
(Eg:G.O eV) light hole
split-off hole
Numerical Average 0.93

2AIP is an indirect material, but its smallest direct-gap is used here per
Siddiqua et al.[54].

TABLE 4: Lucky-drift parameters used in determination of critical electric
field for materials of varying bandgaps.

Parameter Value Reference
Threshold Energy, E,, 15 x Eqg Maes et al
Ratio of average energy loss per colli- 0-,‘_3& Ridley
sion to the E,, energy, r i
Mean relaxation length, A 12x1077 Several
£,3/2
g (see refs.
[56-60])

that incorporates the equations presented here and iterates volt-
age to find critical field. A brief flow diagram for the program
is shown in Fig. 4.

Although the three parameters of the lucky-drift model (E,,
r, and A) are functions of material parameters, for simplicity
these parameters were taken to be values having a dependency
on bandgap with proportionality constants based on those meas-
ured for Si (as shown in Table 4). The threshold energy E,;, was
assumed to be proportional to bandgap with a proportionality
constant of 1.5 [23]. The ratio of average energy loss per collision
to the threshold energy r was taken to be proportional to Eg’l.
Ridley lists room temperature values of r for Si ranging from
0.049 to 0.063 [53]. Assuming a middle value of r=0.056 and
correcting for the Si bandgap (E,=1.12), we assume a propor-
tionality constant of 0.063. Last, the mean relaxation length A is

assumed to vary as Eg_3/ 2. For Si (Eg: 1.12), the carrier mean free
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Figure4: Flow diagram for determination of Critical Field, Ecit.

path has been calculated by multiple authors and been found to
be in the range of 7.1 to 11.94 nm [58-62]. We assume that the
mean free path is approximately 10 nm, which would give a pro-
portionality constant of 12 x 1077 cm. We assume this mean free
path holds for materials of other bandgaps. Deviation from the
assumption that materials constants scale directly with bandgap
due to particular materials properties will lead to deviations off
the trend and data scatter dependent on the particular material
of interest.

Results from the simulation algorithm are shown in
Table 2. These results are plotted (Fig. 3, solid trace) against the
experimental results and best fit (dashed trace) as described
in §3. The simulated results give excellent agreement with the
experimental data for materials with E;>0.5 eV. The simulated
critical field varies as a power-law in bandgap with a slope of
1.67. This shows reasonable agreement with the slope of 1.83
derived in Sect. 3.3.

Asymmetries in electron-hole ionization coefficients

In the 1st order approximation of the theoretical model, as with
the derivation of normalization in §2.2, the ionization rates of
electrons and holes are assumed to be equal: a, =a,,. In reality,
for almost all materials studied, there is an asymmetry in the
ionization coefficients between electrons and holes. In some
instances, this asymmetry can be many orders of magnitude. In
this section, we consider relaxation of this assumption with a
preliminary evaluation of the effect of carrier ionization asym-
metry on dependence Erit Eg . A full treatment of other cases

of electron-hole ionization coeflicient asymmetry (including
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Figure 5: Critical Electric Field vs. Bandgap for different linear relationship
between a, and a,.

asymmetries that are non-constant with electric field) will be
fully described in future work.
To evaluate the case of ionization coefficient asymmetry, we

consider a,, to be linearly related to a, by a constant C.

ap=C-ay (29)

This linear relationship can be used to explore the effect of
ionization asymmetries and the previous assumption can be
reduced to a sub-case where C is unity. For these simulations,
a, was calculated as described previously in Eq. (20). a, was then
derived using Eq. (23) utilizing values of C ranging from 10~ to
10* The results of these simulations are shown in Fig. 5. Ridley
states that the lucky-drift model loses accuracy in low-bandgap
materials, though omits the precise cutoff [50]. Thus, as with the
experimental data analysis in §3, we chose to only include mate-
rials with bandgaps equal or greater than Ge (E,=0.661 eV).
Appendix Fig. B3 includes materials below Ge and shows these
being far off trend, validating their exclusion.

In the chosen bandgap span, 0.661 to 5.5 eV, all fits to
simulated data points are excellent with R*>0.999. We take the
agreeableness of R” to mean that physics are well-behaved, and
the impact ionization described by Ridley’s lucky-drift model is
self-consistent. As can be seen in supplementary Fig. B3, data
points below 0.661 begin to deviate from the fit, supporting the
loss in accuracy of Ridley’s model at low bandgaps.

Over the range of C=10"*to 10% the power exponent y goes
from 1.66 to 1.99. While there is a dependence of y on C, that
it only varies 0.33 over a range of 10® shows remarkable capa-
bility of Ridley’s luck-drift model of describing impact ioniza-
tion physics and avalanche breakdown. Moreover, as in actual
semiconductors C is material-dependent and does not follow a
neat relationship with bandgap—instead varying all over; the
close match of normalized empirical data with simulated data

is strong support for the validity of both approaches.

© National Technology & Engineering Solutions of Sandia, LLC 2022

This work has carefully examined the relevant literature on ava-
lanche breakdown. The analysis has shown that many of the
previous reports of the behavior of Eqit vs. Eg have been influ-
enced by non-optimal experimental data, or non-optimal fits, or
uneven comparisons between different fabricated devices. In this
work, we have introduced a normalization technique that can
be used to correct for differences in doping and device design to
develop a fair comparison between breakdown measurements.

By normalizing the available data, the best relationship
between Egpit & Eg was found to be a power-law with y=1.83.
Contrary to long-standing projections by Hudgins et al., we see
no need for separate power-law fits for direct- and indirect-
bandgap semiconductors. Further, the dependence of critical
electric field on bandgap is slightly weaker that reported by
Hudgins et al., with y <2.0.

The relationship between &t and Eg was then derived via
a first-principles calculation of the avalanche mechanism using
the expression for the ionization coeflicient derived by Ridley
and applied to materials with different bandgaps. Simulations of
Earit v8. E, using these equations can re-create the relationship
shown by the normalized experimental data.

This new relationship has implications for the usage of WBG
devices for power electronics as well as RF applications. For
example, based on the Eqjp & Eg1‘83 dependence, the relation-
ship between specific on-resistance (Ryy,,), breakdown voltage
(Vgp), and E, for power switches over this bandgap range is best
described by Ry, & Vi E, > for both direct and indirect sem-
iconductors. A literature review of the latest data shows that the
historical relationship (Ryy,, & Vap? Eg'7 ) for direct semicon-
ductors may be overly optimistic [2], placing too much emphasis
on the breakdown performance of devices. This new analysis and
theory also has application for emerging ultrawide bandgap semi-
conductors, for which accurate measurements of the impact ioni-
zation coeflicients and critical electric field have yet to be made.

Finally, as best as possible we stated our assumptions and
reasoning for building the power-law dataset, deriving the nor-
malization procedure, and simulating the semiconductor critical
electric field from first-principles. These assumptions are meant
to be relaxed and challenged in subsequent work. We hope this
initial analysis enables discussion and opens avenues of future

research, driving further scientific progress.

Mark Hollis would like to thank William Loh and Erik
Duerr at MIT Lincoln Laboratory for their helpful discus-
sions on this work. Oleksiy Slobodyan, Jack Flicker, Jeramy
Dickerson, Andrew Binder, Trevor Smith, and Robert Kaplar
would like to thank Albert Baca and Mary Crawford of Sandia

www.mrs.org/jmr

February 2022

Issue 4

Volume 37

Journal of Materials Research

861



Journal of
MATERIALS RESEARCH

%m

National Laboratories for their review and input on this work.
Sandia National Laboratories is a multi-mission laboratory
managed and operated by National Technology and Engineer-
ing Solutions of Sandia (NTESS) LLC, a wholly owned subsidi-
ary of Honeywell International Inc., for the U.S. Department
of Energy’s National Nuclear Security Administration under
contract DE-NA0003525. The opinions expressed in this paper
are solely those of the authors and do not represent the views
or recommendations of NTESS. Approved for public release:
distribution unlimited. This material is based upon work sup-
ported by the Under Secretary of Defense for Research and
Engineering under Air Force Contract No. FA8702-15-D-0001.
Any opinions, findings, conclusions or recommendations
expressed in this material are those of the author(s) and do not
necessarily reflect the views of the Under Secretary of Defense
for Research and Engineering. This work was supported by
the DOE Office of Electricity’s Energy Storage Program man-
aged by Dr. Imre Gyuk during the draft and literature research
phases of writing. The Energy Frontier Research Center on
Ultrawide Bandgap Materials (EFRC-UWBG) funded by
the U.S. Department of Energy (DOE), Office of Science,
Basic Energy Sciences (BES) division under award number
DE-SC0021230 supported this work during the revision phase.

National Nuclear Security Administration (US),
DE-NA0003525, Under Secretary of Defense for Research and
Engineering, FA8702-15-D-0001, Mark Hollis, Basic Energy Sci-
ences, DE-SC0021230

Data that support findings of this study are available from
the corresponding author upon reasonable request. These data
come from published work, including materials handbooks,
which are referenced herein. The parameters and equations nec-
essary to reproduce the findings of this study can too be found
or derived from published work or textbooks. However, no sin-
gle source exists for all the material, and the authors kept their
own aggregate record during writing of this article.

Conflict of interest On behalf of all authors, the corresponding au-
thor states that there is no conflict of interest.

© National Technology & Engineering Solutions of Sandia, LLC 2022

Derivation of Theory of Normalization over position x, with the
variable § equal to the exponent in the Fulop approximation:

1. Beginning from: aq [/*" [€pr(x)1Pdx = ap [ T [Enpr ()]’ dx
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a. Using Eq. 8/9: £(x) = Eqrit — @x (8)
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Additional figures comparing fitting of normalized literature and
simulation data as support of the fitting conclusions (Figs. 6, 7,
8).
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