This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in SAND2022-11378C
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government. \v/

i \ - [ -vuttfm
Resilient, Smart &y . i) 0N

Electricity Grid

Ultrawide Bandgap Semiconductors: Influence of
Material Properties on Power Device Performance

Stephen Goodnick, Jonah Shoemaker, Robert Nemanich
Arizona State University, Tempe, AZ, USA

Robert Kaplar, Jack D. Flicker and Andrew Binder
Sandia National Labs, Albuguerque NM, USA

August 24, 2022

This work was supported as part of ULTRA, an Energy Frontier Research Center funded by the U.S. Department of Energy, Office of
Science, Basic Energy Sciences. Sandia National Laboratories is a multi-mission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-NAO0O03525.




. AlN C EI-A|203
ULTRA Semiconductors 6 rGaN BN Ga,0; Al

Vacuum
level

2
|

Diamond Cubic

2+ el

= B

o — —

@ S Charge

O i neutrality

T level
« Eg=55eV 6.2 '6_- 4.8 | ’
» sp? bonded carbon -4 . P |

Augsburg Univ. - C-Ge 6 | exaTech

« Diamond Cubic 8.8

a=357A i 10.8







ULTRA EFRC £ =
Mission: To achieve extreme electrical properties and phenomena AR
through fundamental understanding of ultra wide bandgap materials, R
which will enable a resilient, smart electricity grid. A ;
e Methodology e,
» Close integration of theory and computational methods
throughout

» Materials synthesis, defect and impurity physics
> Interfaces, atomic scale and electronic states characterization
» High field electronic transport and breakdown characterization
» Thermal transport theory and measurement
* Future Grid Co-Design Ecosystem
» Provides a knowledge base enabling communication across all
levels of the technology
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Impact on Power Electronics: Baliga® Figure of Merit

There are two main parameters of importance for power electronics, the breakdown voltage
(related to the critical field, E, for impact ionization), and the specific on-resistance
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Impact on Power Electronics: Baliga® Figure of Merit

The unipolar FOM is widely used to compare materials of power electronic applications, based on two important

quantities: the reverse breakdown voltage, Vg, and the forward specific on-resistance, R, sp:

Vi

FOM =
Ran,sp

For Ohmic conduction, R, 55, is connected to the semiconductor material through the electron
(hole) density, n(p), the carrier mobility, u, ,,, and the drift region width, W;:

R Wa
TSP Qi (M, D)
The breakdown voltage depends on the breakdown (critical) field, Vz = n€..-W,, which varies as the square of the
bandgap . .
Narrow W|de ULTRAs — New class of materials

Bandgap (eV) 3.26 3.4 5.5 6.2

Breakdown Field (MV/cm) 0.3 2.5 3.8 10 16 12

Baliga’s figure of merit (FOM) 1 183 535 9000 9797 1678

Traditional New Emerging Technology

From M. Kuball, EFRC highlight 2020




Breakdown in Diamond SPIN Diodes
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Forward Characteristics of Diamond SPIN Diodes

Record forward current (116 kA/cm?) measured in Schottky PIN diodes. o Y e e ot oS

Strong evidence of Mott-Gurney space charge limited current regime in
forward bias including trap effects.
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Shortcomings of Simple FOM Equation

[J [ [ ] ‘l [ [ [ ”
» There is no such thing as a single “Critical Field” for a J. A Cooper and D. T. Morisette,

semiconductor material EDL 41(6), 892 (2020)
* Breakdown field depends on doping and temperature 10 T EE AT
* Also depends on drift region geometry, i.e. punch- L[ Catvem) | a | Ret
2.48 0.232 (1]
through vs non-punch-through € | el
» Treatment is inherently one-dimensional = oy 11 ;
. . . ) = Sic [9 2
* Vertical drift region only (lateral FOM can be derived) 3 of — m'a’“ 2] |y, Debd A
. . . . . . L | | ez
* Impact ionization is anisotropic 5 Y .
. . = 2 === \ SiC[12] — - 111
* Misrepresents real devices where 2- and 3-D effects S
. . . . ; sic (6]
typically dominate (e.g. edge terminations) Sic [11] ’SC‘S]
> Transport is over-simplified {Ed 1EA5 | 1Este 1Est7 1Ee1s
* Assumes complete dopant ionization, which is Doping (cm)
universally untrue for UWBGs [1] L. Cao et al., Appl. Phys. Lett. 112, 262103 (2018)

[2] D. Ji et al., Appl. Phys. Lett. 115, 073503 (2019)

¢ Assumes Simple |OW'fie|d drlft transport Only [3] T. Maeda et al., J. Appl. Phys. 129, 185702 (2021)




Optimal Drift Region Design

» For a given drift region thickness W,:

* Select a doping level N, , . Ca:dhave eq:xivalent i
. . . . t it
 Evaluate the ionization integral to 2| different peak fields
determine the breakdown voltage for - ~
that (W,, N, , pair): 4§
Xd Xd w
f a(E(x)) exp [ f (BE(x")) — a(E(x")))dx'|dx -1 .
0 X
* Determine the specific on-resistance p* n- n*
for that (Wd' ND'A palr). Does not necessarily 'T‘
W, / equal N, or N, to be 0 W
R = discussed later X= X=Wy
omsp Qﬂn,pn(ﬂr p)

* Iterate the doping N, , to generate a curve of (R, ., V) points for that W,

Based on method in J. A Cooper and D. T. Morisette, EDL 41(6), 892 (2020)




Optimal Drift Region Design

> Iterate the drift region thickness W,

GaNVgvsR
e Repeat the procedure from the msl e ek 5
: : id .10-8 242
previous slide for each W, to generate 10 {Ronsp(Vp) — (1.51 10 mQcmiVy |, .
additional curves of R, . vs V, E w0 L L L 2 >
* For each such curve, determine the Q! 107 - _
. . . e = - : - W,;=100um
optimal point based on maximizing S 10 nas Z Wi =50 um
) =7 oot 1o ;
the unipolar FOM: S iz
5 ~
FOM = 107
ROH,SP 20-2
: R = ~ J. Shoemaker
* Draw aline through each of these PP 7N 3 1 S 811 i S
. . 102 103 104 10%
optimal points to generate a curve of Blocking Voltage (V)

constant FOM — this is the limit for the

mate ria l be | ng €va I u ated Based on method in J. A Cooper and D. T. Morisette, EDL 41(6), 892 (2020)




Impact lonization Coefficients

Impact ionization rate from screened Coulomb interaction:
1 2n V3

= X || ddkedk
Integration across the hot amazzs 2
carrier final state k,, and X IM(n:I,'! kl'!nZ'J kzl‘; ny, kil ny, k2)|
cool carrier initial and final ¢ S(E(kﬂ) + E(kz,) - E(kl) - E(kg))

states k, and k,

IM|? = [Mp|? + |Mg|? — (MpMg + MpM3)/2
Sum across all
four states’
reciprocal
lattice vectors MD = Z a:lihku (G]!)a:l.‘btzr (Gzr)
ires full
kr::x:;zsgeuof G1,62,G,1,G2/
the band

ez
structure and y an‘-l't’- (Gi) anz,kg (GZ) m(ﬂn;ﬂn)qlz:
wave- X S(klp + Gl; + kz; + sz - k‘l - Gl - kz - GZ)

functions

J. Shoemaker

Energy (eV)
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Impact lonization Coefficients

Use first principles
calculations to determine
electronic bandstructure

Full band impact
ionization rates are
calculated from Fermi’s
Golden Rule

Used to calculate the
impact ionization
coefficients using full band

Scattering Rate 1/7 (s7!)

Scattering rate power law fits:

1/Tf1 (E) = 3.67 - 1010(5 - E”l)‘lﬁil-
1/7,(e) = 2.44 - 10'° (e — &) *"°

=== Hole energy averaged rate

- = Hole power law fit

| === Electron energy averaged rate
- = Electron power law fit
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Values for other materials from literature also used* — calculations ongoing
Comparison between theory and experiment is lacking for UWBGs (and even GaN)

* E. Bellotti and F. Bertazzi, J. Appl. Phys. 111, 103711 (2012)




Low-Field Transport and Mobility

The mobility of non-alloy materials is computed
according to the Caughy-Thomas fit:

i(Npa) = tiin + EEmin
1+ ( D,A)

Nref
The parameters t,in, Bmax» Nref, and a are
provided by empirical fits to experimental data
and have been obtained from literature for all the
materials used.
For Al,Ga, ,N, the alloy mobility is computed and
added to a linear interpolation of the GaN and
AIN mobilities using Mathieson’s Rule:

32qh*

Hatioy (X) = 3 = 1
N2m20x(1 — x)(AE)2(m*)2(kT)2
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M. E. Coltrin and R. J. Kaplar, J. Appl. Phys. 121, 055706 (2017)




Power Electronic Figure of Merit (FOM) Revisited
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Comparison Between Materials and to Experimental

10 TR
- 3 | Vertical Devices
o 10%3Si - | ¥ SiC MOSFET
£ _ ® GaN diode
c.} 101 - B GaN MOSFET
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Data points taken from A. J. Green, J. Speck, G. Xing, et al., “B-Gallium Oxide Power Electronics,” APL Mater. 10, 029201
(2022), and various other references




Other FOMs Under Investigation
Presently being evaluated
/_ Yy g
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Based on analysis in R. J. Kaplar, J. C. Neely, et al., IEEE Power Electronics Magazine (March 2017) and A. Q. Huang, IEEE Electron Device Letters vol. 25 (May 2004)



PIN and SBD Diode Power Loss Optimization

For a given set of operating parameters, the doping level and
drift thickness are optimized to minimize power loss:

Piotar = P forward + Preverse + P dynamic + P displacement
The temperature- and doping-dependent mobilities are

1 3
calculated theoretically or with empirical models fit to l'
The temperature-, doping-, and drift thickness-dependent

critical fields are calculated from the ionization integral” iterate

UWBG-specific effects such as incomplete ionization and
space-charge limited current are included




PIN and SBD Diode Power Loss Optimization

The UWBG material and diode type (PIN or Schottky) that produces the lowest power loss for

each reverse bias and frequency is plotted in a color-map
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Summary

» Ultra-materials (E; > 5 eV) hold promise for achieving high Figure of Merit (FOM) for
power electronics applications
» The Baliga FOM relates semiconductor material properties to device performance

Conventional approach to calculating FOM has been over-simplified, and this work
attempts to correct some of the shortcomings of particular importance for UWBGs
Evaluate breakdown and optimal drift region design by evaluating ionization integral,
utilizing the impact ionization coefficients for the material

Calculate impact ionization coefficients using full-band Monte-Carlo simulation
Incorporate doping-dependent mobility model, as well as non-ohmic transport
Evaluate incomplete dopant ionization

Other FOMs consider effects of frequency and power dissipation relevant to actual
power electronic applications
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