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Motivation to move to WBG Materials
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1. T. P. Chow, "Wide bandgap semiconductor power devices for energy efficient systems,"
pp. 402-405, doi: 10.1109/WiPDA.2015.7369328.
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Scaling for WBG Devices
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Comparing Lateral and Vertical GaN

Lateral Device: enhancement mode
HEMT

Gate

Source P-GaN Drain

2DEG
GaN

Buffer layers

Substrate — typically
Silicon or SiC

Low R,,, due to high electron mobility in 2DEG
Commercially available

Zero Qgrpg - no reverse recovery losses (no PN junction)
Fast switching performance (low Q, C;p)

Blocking voltage dependant on contact spacing
No avalanche capability
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Vertical Device: Trench MOSFET
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Drain

Standard MOS gate

Blocking voltage independent of area — ideal for voltage
scaling

Avalanche Capability

Mobility limited by channel
Requires P-type doping



Scaling for Blocking Voltage
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M. Kuraguchi et al., "Improvement of channel mobility and reliability in GaN-MOSFETs," 2019 CSW, pp. 1-2, doi:
10.1109/1CIPRM.2019.8819114.

Hirotaka Otake et al , ”GaN-Based trench gate MOSFETs with over 100 cm?/Vs channel mobility”, 2007 Jpn. J. Appl.
Phys. 46 L599

Ryo Tanaka et al,” Mg implantation dose dependence of MOS channel characteristics in GaN double-implanted
MOSFETs ” , 2019 Appl. Phys. Express 12 054001
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Scaling for Blocking Voltage
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HEMTs: Derating Issues
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* Due to the structure of
HEMTs, consistent high
fields can be experienced
in passivation layers
between the gate and
drain electrodes

3x10°
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* Breakdown in dielectric is
destructive, unlike impact
ionization in a
semiconductor
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Horizontal Position (um)

* Time dependant dielectric Simulated Electric field profile in a HEMT
breakdown (TDDB) is also a at Vs =400V, Vg = 0V.
concern -> further derating



Comparing to SiC Trench MOSFETs

e SiC Trench MOSFETs mature technology nodes which
compete with HEMTs today at 650V

* However lower E_ p; and py resultin GaN trench
MOSFETs having better ideal performance

* Are these values realistic?

awsic | G

E.(MV/cm) 2.49 3.19
Ky (cm?/Vs) 720 1000
Hee (cm?2/Vs) 40 100-173 [1-3]
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M. Kuraguchi et al., "Improvement of channel mobility and reliability in GaN-MOSFETs," 2019 CSW, pp. 1-2,
doi: 10.1109/1CIPRM.2019.8819114.

Hirotaka Otake et al, ”GaN-Based trench gate MOSFETs with over 100 cm?/Vs channel mobility”, 2007 Jpn.
J. Appl. Phys. 46 L599

Ryo Tanaka et al,” Mg implantation dose dependence of MOS channel characteristics in GaN double-
implanted MOSFETs ”, 2019 Appl. Phys. Express 12 054001



High Temperature Operation
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Choosing a Substrate for Vertical GaN
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P-type GaN |ssues
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1. Sakurai, H et al, ”Highly effective activation of Mg-implanted p-type GaN by ultra-high-pressure annealing”, 2019, Applied Physics
Letters, 115(14), p.142104. Ras,on(sp) 4.83 295 239 1.66 0.89
2. Pu, T et al, “Review of recent progress on vertical GaN-based PN diodes”, 2021 Nanoscale Research Letters, 16(1), pp.1-14 (mQ_cmZ)
3. R. Zhu et al, "Effects of p-GaN Body Doping Concentration on the ON-State Performance of Vertical GaN Trench MOSFETs” 2021, IEEE Results from a study on the effect of Mg Conc. on

Electron Device Letters, 42(7), pp. 970-973.

on-state performance. [3]
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Commercial Vertical GaN Today
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There are two companies currently
manufacturing vertical GaN power devices:

Technology Vertical GaN JFET Vertical GaN JFET
Blocking Voltage (V) 1200 650,1200
Current Rating (A) 35 10
Rys on @t 25°C (mQ) 60 -
Method of Epitaxial Implant
achieving P-type
Package 8x8 DFN 8x8 DFN
Development Stage - Delivered first
Example vertical GaN JFET design LLuEESU
P I customers Q1 2023
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Innovate UK: GaNTT

Quasi-Vertical GaN-on-SiC MOSFETs

Thickness Doping (cm3)
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. . . m
* Initially aiming for 200V for 48V mild HEV DC- (um)
. . N+ Source 0.02 5x1018
DC converter applications
. N Source 0.2 5x1018
e 2.5um drift layer
P Body 0.4 3x101°
N- Drift 2.5 1x10%7
Si0, 50nm N+ Drain 0.5 1x10%°
Source Gate SiC Substrate 350 Semi-Insulating

N+ GaN
77777 47

(a) Top down mask layout of g-vert MOSFET (b) Image of
fabricated device

| o | ;: : ::.:SEC Substrate ::::::

_ _ : 1. Evans, J. et al, 2023. Fabrication of Quasi-Vertical GaN-On-SiC Trench MOSFETs. Key Engineering
Q-Vert GaN MOSFET cross-section Materials, 945, pp.61.66, 14



DC

Quasi-vertical GaN MOSFET —

Characteristics
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2D TCAD Model of Q-Vert Device

Simulation of current
density in on-state looking at
different gate trenches

Asymmetric current
distribution correlating with
distance from drain contact

Significant lateral current
spreading through drift layer
in more active gate trenches

Does not take into account
3D effects — shows worst
case scenario
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Conclusions
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Key challenges for vertical GaN to overcome:
e Material quality - superior E. compared with e.g.

SiC?
e Substrate dependant — availability of GaN
substrates...
* Areinversion layer mobilities of >100 cm?/V.s
achievable?

HEMTs are not going anywhere!
* Advanced device structures to address challenges:
e Polarised super junction
* Parallel channel
* GaNlcs
e Can these be used to scale to voltages of 1.2kV?
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