elison.matioli@epfl.ch

GaN electronic devices

Elison Matioli

Institute of Electrical and Micro-engineering

Power and Wide-band-gap Electronics Research (POWERIab)

Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland



Outline of the electronic module

Lecture Ill: Lateral Power devices

E- and D-mode devices

Reaching low resistance and high voltage
current commercial technology

Losses in GaN power devices

Lecture IV: Vertical Power devices

Introduction
Vertical devices: GaN PN diodes and MOSFETs
Novel concepts in vertical power electronics

Bonus: Novel trends
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Introduction to power electronics “P-L

Power Electronics

e

Semiconductor devices:  Passive components:
transistors, diodes, and capacitors, inductors,
thyristors transformers, etc.




Motivation: Large losses in power conversion =PrL

Energy Energy Energy
Generation Distribution Consumption

e © (4 ©
AC/DC/AC AC/DC/AC AC/DC DC/DC
(eg. Motor Drives, (eg. Power (eg. Point of Load)
Traction, Home Supplies) N
Appliances)

20 % loss
20 % loss (power conversion)
60 % loss (power conversion)

15 % loss

Source: Infineon Technologies

Poorer efficiency: higher thermal management requirements



Principles of power conversion
DC-DC converter
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How can such converter be realised?
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Principles of power conversion

Solution 1: voltage divider
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These are very inefficient solutions



Principles of power conversion

Concept of switching

R (1)
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Vg
V.= DVg
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switch
position: 1 2 1

DC component of v (r) = average value:

1 ("
V_T:TJ[) v(t) dt = DV,

Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimovi¢

D = switch duty cycle
0<D=<1

T, = switching period

1. = switching frequency

=1/T,
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Principles of power conversion

Concept of switching

Power Switching converter Load
input
580\
Ayl +
i
+ —— ¥
Transistor

gate driver

LIG)Y /

Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimovi¢

v(t)
50V
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Device requirements

|. Static behavior

Reduce on-resistance (Roy)

Increase breakdown voltage (Vi)

[l. Dynamic behavior:
Low switching losses in power devices
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Challenges of power switches
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Breakdown voltage (V)
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Off-state®: Unexpected losses from charging/dischar
output capacitance

output charge, O, (nC)
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aN power electronic device

Technologies involved in making a high performance power devices

Power metal : A [4]

Si0, (4)

P ‘—\
Metal 1

si0, (3)

g Si0, (2)

. = 2)

“Gate meta[\————sw

Hole injection electrode
Hole injection portion

I
i |
electrod o3

-
|

*

Second nitride layer (AlGaN)

First nitride layer (GaN)

Substrate

Substantially same potentic.

Drain
electrode

-
" Gate me[:l

field plate

il & SiO,
;/

Gate Metal

P-GaN A iGanbarrier
GaN channel

G

e
AIGaN/GaN

Buffer

Si(111)

Passivation

Leakage Current Density(A/em?)

=PrFL

Elison Matioli

|-V data for 10 paints are plotied.

" | | Leakage Current Density
~ 3e-8 Alcm? @600V

[8]

Forward Voltage (V)

11



GaN for lateral power devices



Challenges of GaN-on-Si

power devices

On a device level, the challenges are to reduce Ry and increase Vgg

Reaching the limits of GaN

GaN-on-Si device.s: ®
10F @ (MoOS)HEMTS :
o ¢ SBDs 5O @
£ o & +®
G o o0 %o o
= (] \ 4 ’, Q‘%
z ® 0 - T -
n:O 1+ ® ‘ - P ’
® e l
.’ 1L .
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Vir (V) ‘1,

Reduced R,,

The goal for power electronics is to develop devices with:

Normally-off operation with high Vy
High Vg
Ultra-low on-resistance

=PrFL

Increased V,,

These are the static properties (but remember: switching is also important)



Trade-off between high breakdown voltage and low R, “P-L

Trade off between high Vg and small Ry,

1500 r r r r r 6
Buffer limit
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[1] IMEC, “Perspectives for disruptive 200 mm/8-inch GaN power device and GaN-IC technology,” SEMICON Europa 2018.[2] http:// uef.fei.stuba.sk/moode/mod/book/view.php?id=79208&chapterid=87  [3] Y. Ly, Q. Jiang, Z. Tang, S.Yang, C. Liu
and K. J. Chen, Appl. Phys. Express 8, 064101 (2015).  [4] https://industrial.panasonic.com/kr/products/semiconductors/powerics/ganpower [5] https://compoundsemiconductor.net/article/99114-heat-sinking-gan-on-silicon-the-substrate-
removal-challenge.html  [7] http://en.enkris.com/cp/htm|/?31.html [6] https://www.researchgate.net/post/Determination_of the_lattice_parameter_of_the_GaN_AIN_layers_of_a_superlattice_from_TEM_images [8] http:// www.ntt-
at.com/product/epitaxial /



Trade-off between high breakdown voltage and low R, “P-L

GaN is a lateral devices: unlike in vertfical devices high V., requires larger device L.,
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[1] IMEC, “Perspectives for disruptive 200 mm/8-inch GaN power device and GaN-IC technology,” SEMICON Europa 2018.[2] http:// uef.fei.stuba.sk/moode/mod/book/view.php?id=79208&chapterid=87  [3] Y. Ly, Q. Jiang, Z. Tang, S.Yang, C. Liu
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Figures of merit



Vertical devices: drift region =PrL

Figure of merit for power devices: describing resistance versus breakdown voltage
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Vertical devices
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Channel mobility limits the total resistance: MOS channel mobility is very important

Can we use this FOM for lateral devices? 18



Figure of merit for lateral devices =PrL

GND -10V +200 V
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Buffer
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Can we use this FOM for lateral devices? 19



Figure of merit for lateral devices
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L. Nela, C. Erine, M. V. Oropallo and E. Matioli, IEEE Journal of the Electron Devices Society, vol. 9, pp. 1066-1075, 2021



Enhancement mode (normally-off operation)



Enhancement mode (normally-off operation) “P-L

Why do we need enhancement mode?

Fail safe operation

HEMTs are naturally

dc
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Normally-off operation is required!
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=PFL

Enhancement mode (normally-off operation)

AlGaN barrier recess? Cascode configuration
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Enhancement mode (normally-off operation) “P-L

P-GaN gates is the most commonly available solution: Gate can be ohmic or Schottky

pGaN gate E-mode

GND I Vb E
T % T
- pGaN . A
2DEG - coss055 50066 Schottky Ohmic E —— After introduction of a
contact contact : p-GaN cap layer —
GaN 2
(T
: . =
U i i 3
?Mela% i d =
277 T
Nonnally-;)—f-f—;;;ration
(AlGaN/GaN heterostructures) (p-GaN/AlGaN/GaN heterostructures)
Advantages:

« Single transistor delivers E-mode
+ Compatibility with current gate drivers (0-6V gate drivers)

Challenges:

» Trade-off between Ron and Vth

» Infroduces a gate diode: gate voltage swing is limited (~6-7 V).

* A higher positive gate bias can forward-bias or cause charge injection in the p-GaN gate structure. High leakage
current.

« Gatereliability is thus a concern — even slight over-voltage can lead to permanent device degradation



Tri-gate for normally-off power transistors =P-L

Nanowires + large work-function gate metal
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Nanowires for high voltage operation

L. Nela, M. Zhu, J. Ma and E. Matioli, IEEE EDL, val. 40, no. 3, pp. 439-442, March 2019



Higher voltage: managing electric fields



Challenges to Increase the Vg cPi-L

Field plates are ubiquitous in lateral GaN HEMTs: by extending a metal plate (connected to gate or source) over the
drain-side drift region, the peak field at the gate edge is reduced and the field is spread out more linearly, allowing a
higher Vbr for the same channel-to-drain distance.

E field peaks at the gate edge, degrading the V,;

Passivation

Buffer
Si(111)

GND -10V +200 V
4 Power metal
" Si0, (4)
Metal 1
SiO, (3)

GaN
Buffer

Si0, (2)
¥_-/

" Gate metal'\——slo—lm—

Silicon

[1] IMEC, “Perspectives for disruptive 200 mm/8-inch GaN power device and GaN-IC technology,” SEMICON Europa 2018.

There is a trade-off. field plates add to device capacitances (Cgd), which can increase switching Ioss Thus
manufacturers optimize field plate dimensions to balance high VBR and fast switching.



High Vg, at small L;, for smaller R,,-A =PrL

The electric field in lateral devices is not uniform and buffer limit the breakdown voltage
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P. Srivastava, PhD thesis, 2012



High V;,, at small L, for smaller R,,-A =P-L

Electric field distribution in lateral device is inhomogeneous: limits the breakdown voltage

Oxide orein=> (b) (c) (d)

Barrier Channel
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[1] J. Wong, et al, IEEE EDL, 38, 95, 2017. Blocking Voltage (V)



New concepts: Slanted tri-gates for high voltage devices =Pr-L

Planar TG Dual TG Triple TG Slanted TG

Drain —1 (b)

Barrier Channel

(d)

G FP1FP2 - FPn
L T 1 L

5 —_—FE .. ® s
—————————————————— © (72 SRR PSP [ B
V VBR_ l-
L S Y |Vp| P
'_.‘ Vp(x)
15 5 10 15 bl \ \ ,
X (pm) 0 5 ( 1)0 15
X (ocm

V,, can be engineered with tri-gate width:
Flexible design flexibility of field plates (with one lithography step)

J. Ma and E. Matioli, IEEE Electron Device Letters 38 (9), 1305-1308, Jul. 2017



New concepts: Slanted tri-gates for high voltage devices =PrL

Planar gate (P): Tri-gate (TG):
510 nm }
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J. Ma and E. Matioli, IEEE Electron Device Letters 38 (9), 1305-1308, Jul. 2017

Enhanced Vg & Reduced Ry A by the slanted tri-gate



Dynamic behavior of lateral devices



Current collapse and dynamic on-resistance: effect of trap states
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Current collapse and dynamic on-resistance: effect of trap states

=PrFL

The Reasons For Current Collapse

. Surface Traps

. Buffer Traps

. Hot Electron Injection
. Interface Traps

. Barrier Traps

O b WN B

Gate

Source Drain

Oxide Vi lrlu.nl gate
'S K

-oo-o———,—“-o-o-o-o-o:—-o-o-o

are l'up{ E \IGaN
e %\ GaN

\
\
Hot electron region \

Trapping Mechanisms

P. Kharei, A. Baidya, N. P. Maity, and R. Maity, “An insight to
current collapse in Gan HEMT and suppressing techniques,”
Engineering Research Express, vol. 5, no. 1, p. 012001, Jan.
2023. doi:10.1088/2631-8695/acbh131

37

trapping:  de-trapping:

direct Poole-Frenkel effect
tunncling photon-assisted
unneling

)dnroc! tunneling

trapping:
direct tunneling

c. interface traps trapping: @ de-trapping:
hot-clectrons- hopping trap-assisted-
assisted filling tunneling

e thermal emission
GaN buffer d. buffer traps hot electrons knock off

substrate

Main Trapping Mechanisms

R. Ye et al., "An Overview on Analyses and Suppression Methods of
Trapping Effects in AlIGaN/GaN HEMTS," in IEEE Access, vol. 10, pp. 21759-
21773, 2022, doi: 10.1109/ACCESS.2021.3139443.



Current collapse and dynamic on-resistance: effect of trap states =PrL

Virtual Gate

L1 14 e[
1000
+ 4+ + (a) 1 1 _ 1 b) 1 1 I
------------------- v SiN SN
AlGaN VG =) SiN
s v o AIGaN'GaN AIGaNGa 1 F EU— = 1
GialN i
“ Source _ —— DevMce A - -~ DeviceB
| E s0F ,--._ -
Extended depletion region 5 AR . TR
€ - iy
(1 2} S AT eRERae . —
E,.
h\“E‘-‘ —I 200 [l = ST TS RS E
-----t;',..ﬁrriﬁ
O T+ Fpor — T E_'.:t.'ltFM':—: T+ Opat 0 VBRSNS oladaola s Vaasdoatre
booR . § DONOR 4 0 5 10 15 20 0 5 10 15 20
l ; i = O IRAPPED SURFACE CHARGE Vos(V) Vos(V)
—a Oaneg -a Passivation for Surface Charges
POL Pol
:lr\:utal Gati LIEEE T, i Electron Devi L 48 3 S. Arulkumaran et al. Applied Physics Letters, vol. 90, no. 17, Apr. 2007.
. Vetury, et al. ransactions on Electron Devices, vol. 48, no. 3, pp. .
doi:10.1063/1.2730748

560-566, March 2001



Advanced concept : Reaching ultra low on-resistance



Reducing sheet resistance

Intrinsic trade-off: increasing ns deteriorates u

=Pr
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Low sheet resistance (Ry,) requires both high ng and high u
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Multichannel power devices “P-L

Our approach: Multiple 2DEG channels

Source Multi-channel _—
N (@107 cm™)
| _/ 4 8

structures 0 12

AlGaN/AIN

Barrier

Barrier

Elison Matioli

Barrier

Barrier

Barrier

J. Ma, C. Erine, P. Xiang, K. Cheng and E. Matioli, APL, 113, 24, 242102, 2018
J. Ma, C. Erine, M. Zhu, L. Nela, P. Xiang, K. Cheng and E. Matioli, IEEE IEDM 2019
L. Nela, J. Ma, C. Erine, P. Xiang, T.-H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, Nature Electronics, Mar. 2021
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Multichannel power devices

Multi-channel: high p and high Ns

=Pr

4-times higher n, than in single-channel AIGaN/GaN, together with high mobility
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Other barriers are also possible:

2000 2500

)

Single-channel:
@® AlGaN barrier

Multi-channel:
@ This work (AlGaN barriers)

*Only Hall results are included

AIN/GaN (10x-channels): 128 ohm/sqg (CORNELL): Y. Cao, et al, J. Cryst. Growth 323,529 (2011).
INAIN/GaN (10x-channels) 36 ohm/sq (our group): P Sohi et al 2021 Semicond. Sci. Technol. 36 055020 (2021)



Multichannel power devices =P

Tri-gates are unique to control multi-channels

Low R, is useless if the channels cannot be controlled

Planar gate
L——
' Planar-gate loa
1m} "Always-ON"
E | £
E £
< | 00 =
<ng " &
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Poor electrostatic control I breakdown g"‘*
Channels controlled one by one 15l 00
-40 -20 0
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Multichannel power devices P

Tri-gates are unique to control multi-channels

Low R, is useless if the channels cannot be controlled

Planar gate S A —— Tri-gate

'Planar-gate  hbf 4,

1m "Always-ON"
E
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2 1

_ gate
breakdown

—
=3

Excellent 3D tri-gate control
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Poor electrostatic control
Channels controlled one by one 1f
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E-mode operation with high work-function gate metal

High work-function gate metal Full E-mode operation
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Full e-mode operation can be achieved despite the large n,
L Nela, M Zhu, J Ma, E Matioli, IEEE Electron Device Letters, 40 (3), 439-442 2019 14

L. Nela, J. Ma, C. Erine, P. Xiang, T.-H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, Nature Electronics, Mar. 2021
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Multi-channel control: Tri-gates are unique solution
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L. Nela, J. Ma, C. Erine, P. Xiang, T.-H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, Nature Electronics, Mar. 2021
L. Nela; H. K. Yildirim; C. Erine; R. Van Erp; P. Xiang; K. Cheng; E. Matioli, IEEE Electron Device Letters (2020)
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Issue of high breakdown voltage in multichannels

2D Field Plates are NOT suited for high conductivity channels

15[ : . . Gate + Planar FP: Gate only:
4 Slngle-channel
+ Planar FP |
~1.0F -
< | o
% '\ . ngh field \-
=05 Multi-channel . =
+
Planar FF FP breakdown
{ l Simulated electric field
0.0 , L -
300 200 100 3D Field Plates are needed

R, (ohm/sq) for high-conductivity multi-channels

J. Ma, C. Erine, M. Zhu, L. Nela, P. Xiang, K. Cheng and E. Matioli, IEDM 2019
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Slanted tri-gate termination for multichannel devices
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L. Nela, J. Ma, C. Erine, P. Xiang, T.-H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, Nature Electronics, Mar. 2021
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nature electronics

Article | Published: 25 March 2021
Multi-channel nanowire devices for efficient power

conversion
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FOM: 4.6 GW/cm? for d-mode devices and 3.8 GW/cm? for e-mode devices

Tri-gate + multi-channels:
Promising pathway for efficient power electronic devices

L. Nela, J. Ma, C. Erine, P. Xiang, T.-H. Shen, V. Tileli, T. Wang, K. Cheng, E. Matioli, Nature Electronics, Mar. 2021 23
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