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Emerging semiconductors for Power Electronics — |

Silicon UWBG*

Better Power Transistor Enables higher power and smaller volume

New Use Cases:
* Electrification of sensors or weapons, propulsion by electrical means, and more

* These applications demand higher power capability in a transistor
* Transistors must operate at higher voltage, power density, SiC or GaN, while managing thermal

properties

Both vertical (primarily Si, SiC, but GaN emerging) and lateral (GaN, AlGaN) types of transistors
have been investigated

*UWBG refers to the ultra-wide bandgap
semiconductors, those with a bandgap > E;(GaN), 3.4 eV
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. UWBG semiconductors for Power Electronics — Il

Hudgens et al. IEEE Trans. Power Electron. 18, 907 (2003)
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* Figure-of-Merit metrics for incumbent and emerging
devices
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. Figure of Merit Differs for Lateral and Vertical Devices

Baliga FOM (Vertical) Lateral FOM
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FOM derivations in Baca et al., JVST A 38, 020803 (2020).

Basis for FOM: minimal conduction loss and greater voltage capability are good, but
the latter requires lower doping and longer drift region, impacting the former

... but they are directly comparable by measuring \?/R

1
1 eE it compares to gng

Vertical & Lateral FOMs can be numerically similar, e.g. GaN: depends on

numerical values of n,and E_,;,

Albert Baca - agbaca@sandia.gov



Numerical Comparison of GaN Lateral and Vertical Devices

Baliga FOM (Vertical): Lateral FOM:
¢.=(8.85x 1014 )*(9) F/cm £ =1500 cm?/Vs
1 =1500 cm?/Vs n,=1x10%cm?
Both:
E..=4x10°V/cm
4 Vir 10
Rm’:rsp == schrlt— 2 x 1010 Ronsy = qunsEg,;=3.8x 10

Numerically similar in spite of extra E_,.. factor in BFOM

crit

Future plots in this presentation show LFOM for (Al)GaN; other
technologies show BFOM if the device implementation is a vertical device
(Si, SiC) or LFOM if the device implementation is a lateral device (Ga,0,)

Ability of any device to approach the FOM is important for its maturation
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AlGaN Alloy Mobilities are Smaller than Binary Alloys

AlGaN HEMT channel mobility
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Al Ga, N mobility increases markedly at x > 0.9

Al Ga, N mobility is dominated by alloy scattering

Binary alloy mobility drops markedly with temperature, while ternary
alloys are less T-dependent, because alloy scattering has a lesser
temperature dependence than optical phonon scattering
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25°C Figure of Merit for WBG and UWBG Devices
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Al-rich AlGaN can be a high performing technology
Si: incumbent technology; SiC & GaN are well represented in current research
Ga,0; FOM is marginally competitive as a lateral device — is there a path to vertical?
Everything beyond SiC and GaN is immature
* Al-rich lateral devices — this presentation
* AIN - doping & conductivity issues

Albert Baca - agbaca@sandia.gov



. RF Figure of Merit Based on Johnson FOM

60
= |
N 50-
Johnson FOM (RF) = 40
=
EcritVsar O 30
FOM = Vgfr = p
J Bfr o S o
2
5

RN
(@) o
— T 7 T ' T T 1

0.0 02 04 06 08 10
Al% in AlGaN

* With parity in v,,, (not yet demonstrated), Al-rich AlIGaN may exceed
AlGaN/GaN in RF performance due to an up to 4x advantage in E_;,
e A source region of minimal dimensions (due to low mobility) will be required

* Ohmic contacts are presently an issue for RF performance

Albert Baca - agbaca@sandia.gov



B Research Institutions in Al Ga, N Channel Transistors

High Voltage, High Current Transistors™ RF Transistors™
* Mitsubishi, 2007-2013 e Ohio State University, 2018-
* University of Tokyo Institute of Technology, e University of South Carolina, 2018-
2007-2013  Sandia, 2019-

* Fukui University, 2010-2014

* Sharp, 2010

* Sumitomo, 2010-2014

* Ohio State University, 2014-

* Sandia, 2016-

* University of South Carolina, 2017-
* University of Florida, 2018-

* Penn State University, 2018-

A growing group of institutions, often with complementary capabilities

BUT ... industry is on the sidelines for now

*based on the bibliography compiled for this presentation
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e High current, high voltage devices in Al-rich AlGaN
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. D-mode HEMTs: Al Ga,; N/Al,Ga; N Heterostructures, y/x
0 ” 120

: 2 5 E E ' ' ' v[,S =10V
= (@) ; ; ; : AlGaN channel "
%16 »,-r-. --------------- 100 / y/x: 86/51 10"+ En
) Al" xx(ldu 62 N (.hdlllld § E E
=N &, | _ £ £ 107
g ) 80 E
£ 12f--R2RE0 L e — g g | y/x: 45/30
S T ol = o — o0°C
£ 0.8F-ivme i L g GaN channel o Wt — 50°C
-8 ¢ “: y = 40 | / J ‘=' Gate Voltage (V) —100°C
v H ”9 : y/x: 18/0 2 O 10°! —150°C
S 04F— R o -~ GaN channel - . Vge=15V £ .
i : ‘.‘-.".‘... 20 - 5 —200°C
. - Vge=0V
0 2 A 6 8 10 12 0 1 1
Gate-Drain distance (1tm) 0 100 200 " 300 400
Nanjo et al. APL 92, 263502 (2008). Temperature (°C) 10 8 -6 -4 2 0 2
Tokuda et al. APE 3, 121003 (2010). Gate Voltage (V)

Baca et al. JSSST 6, S3010 (2017).

High Current Density Polarization Doping “PolFET” MOSHFET

" Vg=+2V 25 T L B g

. Data o= r
r L v s = +3,+2,+1,0,-2,-5 V 06} \ =46 \
e Model AVg=-2V i v [
Asoo B 20 X: 70—)85 it 0.5 - :\\r B: -3 \'1
: E ol 7 = |y/x65/40
£ £ 15 E 04 R
2 | g
5400 E 10 S 03
7] o % |
=~ | T 02
200 5 [
- 0.1
0 | | | | ! | I O 0 3
00 5y o 10 o o1234vs(v)67391o 0 S 0 s 0
ps (V) - .
Xue et al. APL 115, 043502 (2019). Armstrong et al. JJAP 57, 074103 (2018). Hu et al. EDL 39, 1568 (2018).

@ ENEREEFY Albert Baca - agbaca@sandia.gov




. Enhancement-mode HEMTs
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. Breakdown-Voltage in AlIGaN Channel HEMTs

Al% x or | Device Type Reference
y/x or
Xy

FIEF HEMT 1650 1 10  1.65 Nanjo, 2008
HEMT 463 1 3 1.54 Nanjo, 2008
HEMT >350 1 2 >1.75  Nanjo, 2008
HEMT 1800 9 15 1.2 Tokuda, 2010
HEMT 1700 1 10 1.7 Nanjo, 2013
MOSFET, ALLO; 620 1 17  3.65 Bajaj, 2018
MOSFET, ALO, 224 07 11 2.04 Bajaj, 2016
85/70  IGIAY 510 2 4 1.28 Baca, 2017-2
HEMT 495 2 20 248 Baca, 2019
POIFET 554 2 32 173 Armstrong, 2018
PoIFET 6200 2 30 207 Armstrong, 2019

AlGaN/GaN HEMTs: 1 MV/cm is a typical breakdown field (average)

AlGaN channel transistors: multiple reports showing greater than 1 MV/cm

Bodes well for AIGaN channel transistors
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e RF devices in Al-rich AlGaN
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Improvement in Ohmic contacts are needed to push to the next level of performance

Simulations can estimate the true potential of the technology
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* Extreme temperature operation in Al-rich AlGaN
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. Extreme Temperature Figure of Merit for GaN & 70% AlGaN
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FOM for Al-rich HEMT is 16x superior to that for GaN at 500°C

Later in the presentation, we’ll show that GaN may lack a true off-state
characteristic at 500°C
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Extreme Temperature Operation of D-mode “85/70” HEMT

250°C 500°C
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Carey et al. IEEE J. Electron Dev. Soc. 7 444 (2019).

Retain excellent current modulation and over 50 mA/mm current density
across the entire temperature range 25 - 500°C
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. On/Off Ratio of D-mode “85/70” HEMT is Favorable at Extreme
Temperature Operation
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The Al-rich HEMT maintains an excellent 1,./l, ratio at 500°C and GaN doesn’t

A low leakage OFF-state capability is extremely difficult at these temperatures in any
technology, but looks viable in AlIGaN technology — how much higher can they operate?
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. Mobility Trend over wide Temperature Range in (Al)GaN-channel

HEMT
o —=—85/70 HEMT
—a— GaN HEMT
1500+ \_ —s— SiN_ MISHEMT
v .
>1000| \
5\
2. 500} \\_
Ta
\\_K M.\\-“ﬁ“]::::_:.
0 P b, S S

0 100 200 300 400 500
Temperature (°C)

Carey et al. IEEE J. Electron Dev. Soc. 7, 444 (2019).

500°C: Mobility for Al-rich HEMT reaches near parity with GaN HEMT

500°C: Mobility is fairly flat from 200-500°C suggests relaxed cooling
requirement for Al-rich transistors
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. Compilation of Temperature Characterization in D-mode HEMTs

(Al%) Temperature | Ioy/log change Saturation Reference
y/x range (°C) current change

25/0 25 to 300 61% reduction Hatano, 2010
51/24 25 to 300 37% reduction Hatano, 2010

AT ENES 50 to 200 108 > 108 63% reduction Baca, 2017-1
65/40 25 to 250 5x107 - 5x10* ~25% reduction  Hu, 2018

LY/ 25 to 500 > 2x1011 > 3x10° 58% reduction Carey, 2019
85/70 -50 to 200 8x10° - 5x10’ 17% reduction Baca, 2017-2
86/51 25 to 300 20% reduction Tokuda, 2010
[0 JA"I 25 to 300 5% increase Armstrong, 2019

Al-rich transistors: Multiple reports show excellent high temperature I,,/I . ratio

I,(T): Some reports show Al-rich transistors with moderated I,(T) compared to
AlGaN/GaN
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Thermal Conductivity vs T is Relatively Invariant
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Chattergee et al. IEEE Electron Dev. Lett. 41 46 (2020).

Gaps exist above 450K (180°C), but thermal conductivity, k(Al,Ga, ,N),
appears temperature invariant — thermal management may not worsen at
extreme temperature in contrast to GaN
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e Qutlook for Al-Rich Transistors
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. Challenges — Mobility

Detractors will not consider AlGaN transistors because of its low mobility, BUT ...

The FOM is attractive for Al-content greater than 70% in power switching and
for Al-content greater than 50% in RF

In RF applications, the effects of mobility are minimized by aggressively
reducing the source-gate spacing in Al-rich transistors

In RF applications, the RF loadline is improved because knee-voltage is a
smaller percentage of the breakdown voltage for Al-rich transistors

In spite of low mobility, Al-rich transistor may have low hanging fruit in
“rugged” applications, such as extreme temperatures where other transistors
struggle
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Challenges — Ohmic Contacts

How will Al,Ga, ,N ever have good Ohmic contacts as x =>1?

¢ HEMT
© MISFET
X LED

o

—k— Graded 0 s 50
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A complex process integration with MBE-grown

| contacts and MOCVD grown heterostructures for a
x HEMT 2-DEG* has had mixed success but can be
expected to improve over time

Bajaj et al. Appl. Phys. Lett. 109, 133508 (2016).
Xue et al. Appl. Phys. Lett. 115, 043502 (2019).

0
X x i | More innovation in Ohmic contacts is needed
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. Challenges

* Ohmic contacts
e Substrates
* Dielectrics for high breakdown
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. Research is Advancing Along Many Fronts

Transient characterization of AlGaN transistors
F-ion stability in e-mode transistors

* Dimensional scaling of transistors

Radiation performance of AlGaN transistors
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* We can expect continued progress and increasing
opportunities in Al-Rich tansistors

* Figures-of-Merit analysis suggests the payoff is
appropriately large

e Research is advancing along many fronts

e Assuming a true need exists, extreme temperature
operation is very exciting because demonstrating good
transistor characteristics at > 500°C is non trivial

e Many obstacles are in the way and continued R&D is
expected to address these
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