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e Sandia’s LDRD Program

> LDRD: Laboratory Directed Research and
Development

e Sandia’s sole source of discretionary R&D funds

e Purpose is “to create...the development of a
technical expertise within programs deemed by
Sandia Management as important to the future
of the Laboratories, DOE, and the nation”

e “Grand Challenge” is a special class of LDRD;
typically two new starts per year, ~15 full-time
equivalent staff
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> Introduction and motivation

* Motivation for WBG/UWBGs in power electronics
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e What Are Power Electronics?

POWER ELECTRONICS

* Power electronics: Application of solid-
state electronics for routing, control,
and conversion of electrical power

Passive transformers
(dumb)

=

Power Electronics —

Active switching (smart)

P Power semiconductor devices

drlve

InductorL

SW|tch
Diode CapacitorC —— IEE

DC input

A

Output
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Current power electronics
are limited by the
properties of silicon
semiconductor devices

New system capabilities
are enabled by:

* Higher switching
frequency (enables
better SWaP)

* Lower power loss
* Higher temperature
operation
Motivation for
WBG/UWBG
semiconductors
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Volume and Weight

Magnetics Thermal

Passive elements and ma nagement

thermal management I o
comprise the bulk of MR | A |
the volume and mass "

of a power converter

WBG/UWBG
materials enable
higher switching

frequency and better

thermal management Semiconductor

Capacitors switches
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= Dramatic Reduction in Power Converter ()=
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Volume with Increasing Bandgap

10" g 5
i Volume ~ 1/Frequency
0
3 ; A /—\ WBG
1 [
_1 Gah
g 10 E ..)i ( A 24 )
° L
% 10 N /A-b
\$ic
g v
S .. .3 J
Z 10 AN
M. K. Das et al., ICSCRM 2011 UWBG
SiC is 10% the volume and weight of Si 10%

for equivalent capability (10 kV, 100 A) 10" 0* . ;.05 f 10° " 10’ 10°
witching frequency (Hz

New materials and device architectures are needed to
continue the trend towards higher performance PE
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BRI WBG and UWBG Materials

Fundamental Materials Capabilities  [RCa e N N (- R VN
Property | Si__| GaAs | 4H.SiC | GaN | AN |

Bandgap (eV)

Critical Electric Field (MV/cm)
Saturated electron velocity (107 cm/s)
Thermal conductivity (W/cmK)

i - AIN —200
Grans 6.0~ -V nitrides
4 T=300K
' Abh r (c ~ 1.6 ap)
&= 04982 nm 50 (Bowing parameters neglected)
a=023112 nm z _
g
cla=1.601 o$* 4.0 L —300 =
- =
2 uv =
§ L@ B i D
" 2 30 Violet —(400 35
Tk % C Blue g
=1 B <
E r 500 2
m 20 cllow 600
{3an r 700
C =800
¢ = 05185 nm N 9 R 000
a=03189 nm Lo @ InN
{'.|'a = 1_52.5 PR LA IS NNU TSI (N S S S N WS SR SR S
3.0 3.1 32 33 34 3.5 3.6 37
Lattice constant a, (A)

) Alor Ga atom
1 N atom

Fig. 12.12. Bandgap energy versus lattice constant of I[I-V nitride semiconductors at
room temperature.
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e Strong Functions of Critical Electric Field

Anode Electric field
Ec
Drift o
region 3
Ron Wy
Substrate Critical electric field

Cathode for avalanche breakdown

e Off-state: Integrate electric field to get breakdown voltage: Vg = WyE/2 (1)

e Gauss’ law: gE. = qN,W,; (2)

e On-state: Current transport due to carrier drift, resistance R,, = W/cA
Conductivity c = qu,n = qu,Ny assuming complete dopant ionization
Specific on-resistance R, = R,,A = W,/ —> R,,A =W,/ qu,N; (3)

on,sp

e Combining (1) and (2) gives dependence of Vz on Ny and E.: Vg = €E2/2qN,

e Combining (1), (2), and (3) one obtains the unipolar “figure-of-merit’l\
Ron,sp = 4V32/8MnEc3 — VBZ/ROn,Sp = SMnEC3/4 — Depends on Depends on

fE
cube of E. square o £
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ULTRAWIDE BANDGAP

on Bandgap

F T " -+ s 1
- J. L. Hudgins et al., IEEE Trans. on Elect. Dev. 18(3), 907 (2003)
10’ 3 -
. “
GaN
E 1OB n ] . - = P —
S | Indirect gap NP g e _
2 Ec~Eg® T Gaas I
£10° T L
g b InAs » o % GaSb
510k - Direct gap .
- ~ E 25 ]
Ec~Eg
Y Direc! Gap (Hudg@ns)
10°L # InSb -« Original (Sze & Gibbons) .
102 he e i i i i P A " i 2 " 3 PO .
10" 10° 10
Bandgap Energy (eV)
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LIWES&E 2 3 o
AR Generation of Materials for Power Electronics
Unipolar Figure-of-Merit for Varid Si - Today’s standard
? : GaN
~ g —si Lateral devices fairly mature
§ 10* _g;;u&c Vertical devices emerging
g E | ——AN
g 10k ;
§ f 5
B 10% AIN
(] E 3
N ] Unexplored space
§ 10 Unprecedented performance
=400k Numerous challenges!
8 £ SiC
w 10" ; //
10'21(;2 ) /10 — /10 ——s ", Unique opportunity for SNL and

partners to make a
foundational contribution to a
strategically important field

Breakdown voltage (V)

SiC
Many commercial devices
now available




TN

Sandia
National
Laboratories

el Two Target Classes of Power Devices

e Vertical device (15 kV target)

p+

n- drift region

Ohmic metal

Source @ Drain

Current flow and voltage drop perpendicular
to surface

Architecture is better-suited to high voltage
devices

But native substrates and low doping are
challenges

Lateral device (5 kV target)

Barrier

h 2DEG channel

Current / electric field

Channel / buffer

Current flow and voltage drop parallel to
surface

Availability of heterostructures and 2DEG
is an advantage

Electric field management is challenging
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i Outline

» Vertical devices
* GaN PiN diode design and fabrication
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Ideal
diode

Basics of Power Diodes

Real
diode

4 ’l 1/RON

VB v

Avalanche
breakdown

due to impact
ionization

r\/ :

-
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Incident electron
O ————>

Generated
electron

—

&
Generated

hole
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Number N(x) of generated

E=E
: ek =

C GaU;S\:I C electron-hole pairs obeys
o q D" D VB - SECZIZqND dN

Q
S ﬁ ax = (@ — @V
§ b
o anp = an peXp [_ (%)]

" . - ~ expl [y (ap — an)d]

N(X) — W b /
Y 1-— fO anexp[fo (Clp _ an)dx ]dx

x=0 x=W, /

Avalanche occurs when denominator approaches infinity

The critical field is defined as the maximum electric field that leads
to avalanche breakdown in a 1D analytical model
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Through Design

Non-Punch-Through Punch-Through
Wp 2 Wj Wp<Wp

Electric Field
=
O
S
O

We : /

p+ n- n+ pt+ n- n+
eE 2 gN W 2
V, = = A s
br 2 qND Vb?‘ ECWP 28

In both cases, low doping is required for high breakdown voltage
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PO

Layer Thickness

Breakdown Voltage [kV

WP>WD

‘“ (non-punch-through)
L‘

At ND=5e1 S}

‘ = and W,=32.2

30 l VB=4.8 kV
WP = WD
/ 4
2
O 1 1 1

1014 5e+14 115 5e+15 116 5e+16 1o

N, [em™] .
J. Dickerson et al., EMC 2015 Assuming E (GaN) = 3.0 MV/cm

WP [microns]

S W,, < W, (punch-through)
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RS Reduces V; in a Real Device

j
Vg = 21% of

1-D limit

High
electric

field

Vg = 34% of
1-D limit

Micrans

GES R

SphEgpeie
118118885

TR0 &

:

Solution: Implanted guard rings
* N implantation to “deaden” :
portions of the p* epilayer c::'::‘ej:a(';’t'ii':‘e
* Large design space: # of rings, width jv
and spacing of rings, implant dose
and depth
J. Dickerson et al., EMC 2015 : i

:

Electric field

!

&
IIIIII|||\|III||IIIIIIIIIIlI

:

2
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sweel  Optimized Guard Ring Designs

086 __|
ey 2500 |-

2250 -

w
w o w (=)
o o o (=)

Breakdown Voltage [V]

|||||||||||||||||||||||||||||||||||

HHHHHHH

7 ]
# of Gaurd Rings

V; saturates at 1-D limit for 15 optimized guard rings

J. Dickerson et al., EMC 2015
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s GaN PiN Diode Fabrication

Ohmic p-contact process (Pd/Au)

High breakdown SiN (PECVD, 350°C)

~15 um n- GaN (drift region,
mid-10%°> cm3)

A4
Ohmic metal (Ti/Al/Ti/Au)
Plated metal (Au)

Implantation of guard ring gaps

J. Dickerson et al., EMC 2015

Homoepitaxial GaN growth
on GaN substrates!
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Lyme GaN PiN Diode Performance

POWER ELECTRONICS

Light emission Unipolar Figure-of-Merit for Various Materials
6
at breakdown 10? e ae Loy =y '
10° £ —si /
: ——4H-siC :
10* % GaN //;

——AIN E

10° ;Commercial ////
F GaN power . / .
102 L HEMTs NLGaN}N o /
. / / / 5

LERRRLLI B
=
o
Q.
D

Specific on-resistance (mQcm?)

Array 12.9 for 0 rings M2 VB(1e-5 A) =-2600.206 ¥ / /
50 . . : . ; ﬁ / / /
a0} 10° /
30
/ / /

ol 2.6 kV . 10" / 7 P
10} 1 10.2 ; ../ i ../

5 o7 10° 10° 10* 10° 10°
S o] In combination with _ Breakdown voltage (V)
200 measured R, , = 2 ' Outstanding results, but dependence of V, on # of
jz mQ cm? is world-class | guard rings does not follow theory!
* We have an explanation, is now being verified

50 . . . L . A
-3000 -2500 -2000 -1500 -1000 -500 4

Voltage [V] J. Dickerson et al., EMC 2015
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Characterization of GaN PiN Diodes

Switching test

& X characterization

Commercial and custom in-
house device packaging

o i — |

cec |

... l—"
.
(=
-
o
o
<
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> Vertical devices

* Doping and defect physics in GaN drift regions
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Low Doping in GaN Drift Regions

LIWB&E

TRAWIDE BANDGAP
POWER ELECTRONICS

— 1x10"° : : : . _
@ 9x10°F —pak I
10" & sx10°f Vep “N,
2 710ty e ]
= 6X10°F v .
5x10° F .
T 10" L ol SOA low doping ]
= |. Kizilyalli, IEEE TED, 62(2), 2015. o 300" measured on Avogy 1
— Electronics Z 2x10" GaN PiN diode ]
_5 17 R lx]013).5 10 15 20
g FC
£ = Background carbon Xq (Lm)
ud / concentration ) )
§ 10" For GaN drift regions, the
background acceptor
S concentration may be the
1E-3 0.01 0.1 1 1o Same order of magnitude

as the intentional dopant

SiH4 dopant flow (sccm, 100ppm) i
concentration!

M. P. King et al., EMC 2015
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GaN Drift Region

Al E~32e ]

E=288¢V . » DLOS studies show three
=i prominent defect levels at:
i’ * E.-2.14eV

L e |+ E.-2.88eV
< | / g * E.-3.20eV
=" Avogy GaN PiN diode > States at E.-2.14 eV and E,
- - 2.88 eV are broad,
hw (V) indicating strong lattice
-_—> relaxation following carrier
Direction of increasing energy emission

below conduction band

M. P. King et al., EMC 2015
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el Steady-State Photocapacitance

Provides defect density information States at E, - 2.14 eV

and E. - 2.88 eV are

gfg; | | 2_8'8 Ry ~ 7 3.20 evi10° again broad
0.16 F 102 * Defect level at E.-2.14
UO g‘i; - eV shows small impact
5 ool 2.14 eV _4 on response
< o.08} %+ Levels at E.-2.88 eV and
0.06 10° E.- 3.20 eV are observed
0.04F \ 10° to be large in magnitude
0.021 o | / 107 and are likely primary
1.0 15 20 25 30 35 40 compensating centers

ho (eV)
M. P. King et al., EMC 2015
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Determine Compensating Defect Density

. T
1.2x10%¢
oL
P )
% 1.0x10%¢}
= ~
QD 1 Als =
> 8.0x10%} g
- N
1z ‘O oL
Z 6.0x10°" F _’____,_L—-——"d OO ]
| = E/=2.14¢eV g
—_ o
Z‘-' 4.0x10"} S L ]
2.0x10 } . e
0.5 1.0 1.5 2.0
X, (“m) hiw (V)

M. P. King et al., EMC 2015
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Determine Compensating Defect Density

1.2x10%
oL
~~ ”
e 1.0x10°° F
= ~ Ll
< 1nls =
O 8.0x10 f g
N
; 1% 5 2
Z 6.0x10°" F -’M OD 2k
| > E =214¢eV
N — 50
Z"’ 4.0X107 | | iy = 2.55 &V — 4
2.0x10}
0.5 1.0 1.5 2.0 . . oe YR TR—Y
Xs (Hm) o

* Small response from E. — 2.14 eV level, N;~ 3x1013 cm™

M. P. King et al., EMC 2015
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Determine Compensating Defect Density

1.2x10*¢
o~ .
e 1.0x10°" F
= -
Q 1nls =
O s.0x10%} 5
] . —
Z 6.0x10°" F M Ob
N
'__ .| [—Dark o0
> 4.0x107 | fetir = 2.55 eV —<o
Z e iy = 3.15 &V
2.0x10}
0.5 1.0 1.5 2.0 _ , ,
ho (eV
Xq (Um) (V)

* Small response from E. — 2.14 eV level, N;~ 3x1013 cm™
* E.-2.88 eV level is the primary compensating defect, N; = 2x10%> cm-3

M. P. King et al., EMC 2015
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Determine Compensating Defect Density

1.2x10° : : : : .
~ .
< 1.0x107F
; N
Q anlsL =
O 8.0x10 5
] . —
Z 6.0x10°" ’-_____,—l-—""_‘ .
| A
_ . Dark 2
y 4.0x107 [ e iin =255 eV —
Z e ficy = 3.15 eV
2.0X10:5 | e Fi) = 3.25 €V
05 10 15 2.0 T
how (eV)
X4 (Lm)

* Small response from E. — 2.14 eV level, N;~ 3x1013 cm™
* E.-2.88 eV level is the primary compensating defect, N; = 2x10%> cm-3
* E.—3.20 eV level is on order of free carrier concentration, N; = 2.5x10%> cm-3

M. P. King et al., EMC 2015
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> Vertical devices

* Al,;Ga, ;N PiN diodes




Problem: No Lattice-Matched @) &,
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iR Conducting Substrate!

- AIN —200
6.0~ | | | -V nitrides
- T=300K
i (¢ ~ 1.6 ay)
50 | (Bowing parameters neglected)
> I
L —_
i g
& 4.0[Alp3Gag ;N —{300 £
B =
2 i uv =
9 i D
=
L 301 Violet —400 35
o - o
% L 500 S
. 5
m 20 600
B 700
’ 800
el gl % 1000
R' S e v ~
i | 1 L 1 | | L Ivl I L L L i I L L L L I L i 1 L | L L 1 L 1
3.0 3.1 3.2 3.3 34 3.5 ; 3.7

Lattice constant ag (A)

Fig. 12.12. Bandgap energy versus lattice constant of III-V nitride semiconductors at
room temperature.

www. Ligh tting org
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AlGaN Overgrowth of Patterned () i
LIUWBS&E . .
MR Templates on Thick Sapphire

(K. Cross) WEEEREREEIuEIRCTl

AlGaN Growth on Patterned Templates

Trenches formed by etching

AlGaN with reduced dislocations

@ i AlGaN
@ ' ~ AIGaN

1.3 mm thick sapphire

=10y
=iy

Trench
Alignment

Cathodoluminescence (. Afessi) uniform reduction of dislocations

[li Sub-micron features are key innovation for ]

N . - b
A. Allerman et. al., JCG 2014 10-20x reduction 10-15x reduction
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e Al, ;Ga, ;N PiN Diode Processing

Host substrate (GaAs)

Bond metal (InPd)

[Mg]* Bond metal (InPd)

p*-A

03Gag ;N
n - Al, ;Ga, ;N (drift region)

AlGaN template

safptack-free regions have been
demonstrated using laser lift-off of
ila_ ;Ga, N efitaxial layers from

IN/sapphire templates
imer Iasér (Igl?l J/cm%) P

J. Wierer
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> Lateral devices
* Al-Rich Al Ga; ,N/Al Ga, N heterostructures




: Target Metrics for 5 kV (M) &,

(o]

LJ\AIEC

o UWBG HEMT

Ron sp qun, (Lsd + 2\/(][,lnspc)2 Vp = E . ilga

V,p = ¢p AE. ngd
R, = 1/qun, v 1 ‘

> AIN/Alyg5Gag ;N HEMT with L, =12.5 um, L, =1 um, L, = 1 um
> R,, s, =5 mQ.cm?

* u =250cm?/V.s

* n,=10"%cm?

* p.=10°Q.cm?
> V,=5000V

* E_,;=4MV/cm (effective value)
> V;>+3V

* (¢g=4eV

A. Armstrong et al., ICMAT 2015
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800
700
600
500
400

C (pF)

300

200
100

Al, ¢sGa, ,;N/Al, ,Ga, ;N MODFET

Aly gsGag 15N / Alg 70Gag 30N

Heterostructures

20
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Al, 4<Ga, ;sN/Al, ,Ga, ;N MODFET

A. Allerman

n,=1x 103 cm

u =175 cm?/V.s

l'l L L I ) L] L] I L] L L] ' L L] L] l L] L L] l L L] 10 T T
- R, =3600Q/sqr. y 10
[ | &
1 E 10™
N ] 2
— - - 2 10"
400A 85% AlGaN:Si k)
UID-68% AlGaN | ] S 10"
UID-70% AlGaN | — &
AIN 1 O 40"
Sapphire =
11 I 1 1 1 [ i1 1 l L1 101‘
-10 8 -6 -4 -2 0 0
V (V)

200 400 600

Depth (nm)

» First demonstration of 2DEG in Al,Ga, N channel for x > 0.6
» Achieved n, =1 x 10" cm?, u =175 cm?/V.sin Al,,Ga, ;N channel

A. Armstrong et al., ICMAT 2015
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AIN / A|0_35Gao_15N @'L“aaﬁﬁ';?énes

Ao
AIN/Al, ;-Ga, ,-N MODFET AIN/Al, gsGa, ,sN MODFET
100 1019 1 L] ] l L] ] | I 1] I ]
L L I LI L I L L L I L L L L I L L L
" R, ~ 10,000 QQ/sqr. 10" n,=2.4 x10'? cm?
80 - — ~
A. Allerman e u~ 250 cm?/V.s
- S 1017
e | 1 2z
'-é i ] g 10"
© 40 200 A AIN:Si _ °
> 10"
UID-85%AlGaN =4
20 AIN 4 & 10™
Sapphire A. Allerman
0 PRI R T R R R A TR R AT R R T 1013 1 1 1 l 1 1 1 |
-2.0 -1.5 -1.0 -0.5 0.0 0.5 0 200 400 600
VV) depth (nm)

» Achieved n, = 2.4 x 102.cm2, u~ 250 cm?/V.sin Al, ¢sGa, ;N channel
» Largest Al mole fraction exhibiting 2DEG

A. Armstrong et al., ICMAT 2015
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e and Sheet Resistance

2oooL.,.,,,.l. 10,000

After Bajaj et al. APL 105 263503 (2014) +85/70% HEMT (Sandia)

AlGaN u vs. Al mole fraction ©49/29% HEMT (Amano)

1500 -
- 7,500 ' o AIN/51% HEMT (Amano) .
S On sapphire or SiC ©89%/51% HEMT (Amano) O
&= 1000 {
£ 5,000 e
= - 'S
500

%, \
.*wo*—

AIN su bstrate %
2,500

Shee Resistance (ohm/sqr.)

Rt SNL AIN overgrowth

0 "
0.0 0.2 0.4 A. Allerman
0
Al mole fraction 0 200 400 600 800 1000 1200 1400
1. Nanjo et al. IEEE TED 60 1046 (2013) (10-11) XRD FWHM of AIN (arc. seconds)
2. Hashimoto et al. SEl Tech. Rev. 71 83 (2010) Hashimoto et al. SEl Tech. Rev. 71 83 (2010)
4. Taniyusa et al. APL 89 182112 (2006)

» Sandia AlGaN channel quality tracks with SOA
> R, <2500 Q2/sqr. achievable with threading dislocation reduction

A. Armstrong et al., ICMAT 2015
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i idlv with allovi 105 France et al. APL 90 062115 (2007)
P Increases rapidly with alioying o2 o |
£ J | | | | _
10" g
E T v T T T T T v T T
E 1. Yafune et al. Electron. Lett. 50 211 (2014) 2 10
o O ' G 101
10° 3 8 3
Nanjo et al. APL 92 263502 (2008) S -4
_ 10°E - £ 10 ]
N 8 5
g o 10
d 10% | - 3 10°
9)
Q

(o
O
—_
o

_ O TilAl +Siimplant :
ol O Zr/Al/Mo/Au .
10- 5‘0 _§

0.0 0.2 0.4 0.6 0.8 1.0 SNL regrown GaN
Al mole fraction on AlGaN HS
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» Planar/surface Ohmic contacts are a
significant challenge

» Re-grown AlGaN contacts are likely
required

A. Armstrong et al., ICMAT 2015
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Unise Challenge: Normally-Off Devices
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Su et al., SST 28 Recessed Gate HEMT

074012 (2013) Passivation dielectric

S G

» Gate etch damages channel quality
» Gate leakage concerns
» Low yield across wafer

p-type Gate HEMT

G
o p-AIGaN D

F-implant HEMT

Passivation dielectric
S G D
e S
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Laboratories

» F-implant damages channel quality
» Long-term stability of F-ions uncertain

» Highly defective p-AlGaN produces dynamic R,,
» Mg is undesirable in MOCVD HEMT epi
» Unclear if p-type UWBG AlGaN possible

Cascode

Low — Sy
VOLTAGE ._;_l
Si MOSFET | G, | Gu D,

: Svrer
HIGH ]
VOLTAGE [ | Girvrer
FET I

Baliga, SST 28 074011 (2013)

» Lose thermal margin gains
» Lose switching speeds gains

Strategies for E-mode GaN increase cost and degrade reliability/performance
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= High Schottky Barriers for E- () &=
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ULTRAWIDE BANDGAP

Mode Operation
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> @z >4eVforAl,,Ga,,N
» Sandia achieved ¢, = 3.6 eV for Al ,Ga, ;N
» >+3V gain in V; for AIN/Al, ;:Ga, ;sN compared to GaN HEMTs

A. Armstrong et al., ICMAT 2015



= Combine High Schottky Barrier (M) i
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with Regrown Access Region

Re-grown barrier

% N

:Si _¢B AE _gN*d />
UID AIN @ Vr 2¢€

N (dy*-d1*) LAEce _ ¢se
2d, d d

UID Al g;Gag 35N ng =

2 2

» Non-planar device decouples Vyand R, .,

» Re-grown barrier instead of recess etch to preserve channel quality
> Large AlGaN ¢ is critical to preserve sufficient barrier thickness

A. Armstrong et al., ICMAT 2015



¥ Questions?

Contact information:

Bob Kaplar
Sandia National Labs

505-844-8285
rikapla@sandia.gov
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=2 This Project Builds on 15 Years of Forefront (fh) e,

(o]

L Wide-Bandgap Research at Sandia

1999-2006: 2003-2007: high power
Comprehensive US amplifiers, UV emitters
Technology Roadmaps

Source Gate

Light Emitting
Diodes (LEDs) for

TR S, 1166
Alp2Gap.sN

Drain

General
lllumination

2D a GaN (2 pym)

electron gas

=

2009-2014: DOE EFRC for
SSL Science

}?ﬁ SS1S

SOLID-STATE LIGHTING SCIENCE
ENERGY FRONTIER RESEARCH CENTER

w 0, = _

Sapphire substrate

BASIC RESEAR G EEDS 10
SOLID-STATE LIGHTING

I S S o
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2006-2008: DOE /EERE
National Center for SSL

2000-2004: Grand
Challenge LDRD

2003-2012: DOE-Funded
Collaborations with industry
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e UWBG Project Team Structure
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= Higher Switching Frequency Enables Reduction in @P‘é’&h‘:';?éﬂes
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Power semiconductor devices

Passive Element Volume and Weight

Step-Down (Buck)
Gat
o DC-to-DC Converter
v Inductor L
Tr YY)
Switch J
[i)nc Diode Capacitor C — Load Vripple 1—-D
Vout Lsz
1/f
+— 4 +— A —
§- é— | Increasing f allows
O |:> O — one to reduce L and C
&) Q |/
> &) . while keeping the
Time / Time ripple constant




° o Sandia
= Heat Generation from Semiconductor @E“:Jz::z?;ﬂes

LIWB&E

) [\ Switching = /% 4 A A

b ! \ 1 ,‘:‘.J" ! V \ .l
1 | Wi/ N A A Y ak “_\‘ [
power IOSS /; \ ‘(/ L,t '\.f \’Jf“'\\‘-r"\« ‘~.“.\'
24 \ I, (15Adiv) N\ Y A
[ ‘ .'I\ :I \.h !~.\ \..“‘f v N
. : \ : [ J Mmmmw ki ‘\;\‘ "‘h\;’f"“w,ﬂ*ﬂw-”’\m

LR
/

h
] i i
- e et 0 W " L} " Wl o) B W
| gl e
L /
L] T T
(L L

Conduction e e
power loss

BT Conduction and Switching Losses
OFF ON OFF A real circuit will
) .
a0 have voltage and
% current overshoot
> and oscillations that
= must be minimized
% I i i , mﬁ/dm Hmebase 20ns/div :‘f\j/\ ¥s L
u : ' \ | |
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S i\, \ 1 FIN ) An A
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S
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Minimum ON-state loss: Need low R,
Minimum switching loss: Need fast switching transients




: How Do WBGs and UWBGs Lead to Higher (i) en
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AT Switching Frequency and Lower Loss?

* For equivalent breakdown voltage,

Unipolar Figure-of-Merit for Various Materials get lower R,,A for WBG device

106 E L= -
: : * ForsameR,,, WBG device can
10° | —si e have smaller area
N —‘c‘;':l\ls'c // e Smaller area results in less
10° £

| ——AN // capacitance
10° L yb / * Gives a faster switching

a // / transient and lower loss per
10 o 2 Si
, // / 15x15mm? GaN

Specific on-resistance (mQcm?)

10° ]
2 A1 // 100 kHz 6Xx9mm?
107 ¢ S 6 MHz
; f LTLNEAR
10'2 i n// / Lo . L1 L0 ””_ LTM“’()OZHVV ~ 75% Sma"er

2 3 4 5 6 MModule
10 10 10 10 10 183425 OTOBMY

Breakdown voltage (V)

---------

The scaling that results from the properties of WBG and
UWBG materials can be utilized to optimize for switching S MM\, Briere (IR)
frequency, conduction loss, and switching loss 1.2 kV, 12 A switch




i Semiconductor Devices Are NOT () e
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L SIS, | d ea | ‘ A it C h es
1/slope = On-resistance 2000} )
2 / P s Safe operating
; I ! % 1500
| { E Bipolar area
| T E 1000 Transistors
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Energetic electron
Avalanche (accelerated by

breakdown electric field) ionization
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Impact

Drain Current
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Ideal switch off-state
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g Impact lonization in a Depletion Region

POWER ELECTRONICS

p+
Y Suppose that an electron-hole
N pair is generated at position x.
< o> Then the number of ehps N(x)
generated at position x is (1):
X w
N Nx)=1 +f a,N(x")dx' +f a, N(x")dx'
! X 0 X
N W This can be differentiated to give:
' i (2, — an)N(x)

Impact ionization coefficient for
electrons, holes = a,,, oy, = # of
ehps generated per cm by an
incident hot electron, hole; may be x ,
defined in terms of generation rate: N(x) = N(0)exp f (ap - an)dx
0

G = apd, + 0,

The solution of the differential equation is:

(1) R. J. Mclntyre, “Multiplication Noise in Uniform Avalanche Diodes,” IEEE Trans. Elec. Dev. 13(1), 164 (1966).
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LIUWBE Criterion for AvalanChe Breakdown @Laburatones

The equations may be combined
to give (after some algebra):

p+
Y exp| [ (ap — ay)dx']
N(x) = o = ,
n 1-, anexp[fo (a, — ay)dx']|dx
<—00—>
Avalanche breakdown occurs when the
number of generated ehps tends to infinity,
: i.e. when the denominator goes to zero:
E X w X
: f a,exp f (ap — ap)dx'|dx =1
. W 5 0 0

F(x) \/ Since a, and a, are such strong functions

of electric field, in practice this always occurs
near the location of peak field, and the majority
of the contribution to the integral is from a small

volume near this point (i.e. at the junction).
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gways Reverse Breakdown vs. Temperature
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* Increasing temperature leads to increased leakage current
(possibly generation current)

Vg vs T exhibits T3/2 dependence, consistent with avalanche
processes impeded by phonon scattering
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w21 Deep Level Optical Spectroscopy
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Arrhenius plot

> hv
% V DLOS is able to probe the
Time entire bandgap of GaN

>

% Optical analog of

Electrical measurement of optical absorption by deep level defects
=  Photocapacitance technique

= Sub-bandgap optical stimulation to photoionize defect levels

= Determine deep level energy E, from lineshape of 5°(hv)




