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— AlGaN alloys for power electronics

e Introduction

— Challenges for vertically conducting power transistors in AlGaN

e “Quasi-vertical” (Al, ;Ga, ;N) PN Diodes on sapphire

— Grown continuously and diodes with regrown p-anode

e Growth of (Al, ;Ga, ,N) on patterned N-GaN substrates

— Overgrowth process and pattern geometry
— Threading dislocation density and morphology
— Vertically conducting PN AlGaN diode

e Summary
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Ultra-wide-bandgap semiconductors (UWBS, >4eV)
for power electronics
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Why wide-bandgap semiconductors for power electronics? @ 'L\Iabtional
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Unipolar Figure of Merit (vertical devices)
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Challenges for a AlGaN-based switching transistor @ ﬁg{‘.ﬂﬁ‘m
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» Double-well Metal-Insulator-Semiconductor
Field-Effect-Transistor (D-MISFET)

oo Dislactrlc Reverse bias PN junction key to multi-

kilovolt blocking voltage (V,,)

Source
n+

» Must have low reverse leakage current
ll * P-layers formed by ion implantation and

p-AlGaN

annealing for Si and SiC devices

» P-AlGaN by implantation has not been
n- AlGaN (drift layer) - reported

Vertically conducting device geometry
AlGaN based vertical D-MISFET ®» No AlGaN substrate for vertical conduction

» Substrate removal possible alternative

» Form the p-well by selective-area-growth (SAG) of p-AlGaN

» Develop growth of AlIGaN on conductive GaN or SiC substrates
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Challenges to selective area regrowth of PN junctions @ ﬁg{‘,ﬂ‘,?a.

Sources of current leakage at reqrown PN interface

Highly reactive
Non-polar planes

contact

Etch p-well

Regrowth
Interface

Regrowth
Interfaces

T

(c-plane)
- c-plane
n- AlGaN (drift layer)
n- AlGaN
. n- AlGaN

Electrically active impurities (Si, O, etc.) Regrowth on
c-plane only

Damage to crystal structure from ICP etch resulting in extended (?)
and point defects (e.g. vacancies).

Incorporation rates of impurities and growth rates depend on crystal plane

Impact of mask on regrowth and subsequent mask removal

» Start simple, p-AlGaN regrowth only on c-plane drift layers ]




GaN PN diodes: Continuous and regrown p-GaN @ ﬁ?,{‘.ﬂﬁ'm
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| contact | m-p_GaN

-800 -600 -400 -200 0 p-GaN (Regrowth)
Reverse voltage (V) 1E-05 5 GaN Regrowth on
l ' (drift layer) n- GaN “as-grown”

o e e e 1.E-06 (drift layer) .
\ n+ GaN (substrate) drlft Iayer
== 1E-08 Continuous —
1.E-09

1£-10 |4 Regrown PN diode equal to continuously

Reverse leakage current (A)

—— Continuous -——— i
i LET™ grown diode
| 1E12 ) =® MOCVD regrowth is not a problem
Voltage (V) \\~-_iE—_1’3I,

-800 -600 -400 -200 0

[ contact | Reverse voltage (V) 1.E-05

p-GaN (Regrow) - !
Regrowth on N e LE08
ICP-etched N s LA
drift layer o 8 1E-08
(drift layer) % ICP etch o8

= ]
m 8 Continuously 1E-10
g 103 x 1E-11
M = (]
=» Regrown P!\I diode on an etched drift 3 leakage current 1E-12
layer has high reverse leakage current =» 1E-13
Reverse Voltage (V)
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Al ;Ga, ;N “Quasi-Vertical” PN diode on sapphire @ ﬁgi‘.?,ﬁ‘m

Quasi-Vertical AIGaN PN diode

SiN,

Pd/Au

TilAll (Drift Layer)
Mo/Au

n+ Al ;Ga, ;N
AIN

1.3mm sapphire

Implanted junction edge termination
Mesa & p-metal dia.: 300 - 50 um
Drift Layer: 4.3, 5.5, 7.5, 9, 11 (total to 18 um)

Drift layer doping: mid 10" — mid 1016 cm-3
Mobility: 150 cm?/Vs

« Threading dislocation density: 1-3 x 10° cm?

O] -
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Reverse IV Characteristics

1.0E-6
5.5 um |
o WL nay ® V.0 ~ 3000V @ 1pA
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- Forward IV Characteristics

Current [A]

——5.5um
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0
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Forward Voltage [V]
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Impurities at regrowth and growth interrupt interface (GaN) @ Sandia |

— SIMS Studies

Characterize the extent of impurities (Si, O) at the reqgrown interface (GaN)

= |s silicon (oxygen) coming from inside the reactor?
+ SiC platen
« Backside of HVPE N+ GaN wafer

Examples of SIMS interface structures

UID - GaN UID - GaN
« Sidoped N-type GaN epilayer
] Regrowth #3 Interrupt #1
« Source material (TMGa, NH3)
UID - GaN
UID - GaN
* Reactor parts °
Regrowth #2 Regtoweh @7
= Studied many regrowth scenarios T —
* In-chamber growth interrupts vs. out of chamber
Regrowth #1 Regrowth #1
« Uid-GaN coated or uncoated SiC platen _
. ] HVPE GaN Substrate HVPE GaN Substrat
 Uid-GaN vs. Si-GaN surfaces
« GaN substrate vs Galeapphire Interrupt — sample in MOCVD reactor

« Temperature & ramp-rate prior to regrowth Bediowt) - SamE Ol cE chalne




Impurities at regrowth and growth interrupt interface

— (GaN) .
¢ Example of SIMS of 23
~1ew9 L interrupted growth 52
® Growth interrupts show MOCVD reactor is ‘*2 { 55
not a major source of silicon or oxygen - = 1
= Q.
« All growth interrupts show: g e E
[Si] < 516 cm™ -
© 1E+16 ‘
[O] ~ at background level |
1E+15

« Even when moving wafer to load lock and back 0 1 2 3 K 5

i Depth
into the chamber epth (um)

Example of SIMS of regrowth interfaces

® Silicon is from outside the chamber but
oxygen isn’t incorporated

HVPE N+
~ GaN Substrate

1E+20 ———

« Siis highly variable in concentration and time: Lag o

[Si] ~ 0.5-5e18 cm

Uncoated Palten

Regrowth #2
Coated Platen
Regrowh #1

1E+18 | l’ Oxygen

3
c
g
[O] ~ at background level 5 | | silicon
© 1E+17 a
- HVPE GaN substrate (15t layer) | fﬁ WW
2 + ‘y!@ﬂ‘f AL
[Si] > 1.5e19 cm3 S B8 RN ki
1E+15
0 1 2 3 4
Depth (pm) —
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Impurities at regrowth and interrupt interfaces (Al, ;Ga, ;N) @ Sanda

SIMS: Al, ;Ga, ,N regrowth & interrupt interfaces

SIMS test structure - (C) Interrupt (B) Regrowth (A) Regrowth
: Si spike at regrowth interface ;
uid-30% Drift 1
|
1 W
. 1 I
[Si] - DL _ ' uid-30%Drift ! N-30%Drift | N+ 30%AlGaN
[O] - Backgnd. %1&18 NO Sior O :
= at growth interrupt! ]
uid-30% Drift e - ! - !
- S l :
. (B)Regrowth | [Si]-2e18cm3 = | : | Ospikeat
~ (uncoated platen) [0] -1e17cm3 8 ! | « iregrowth interfaces
N- 30% Drift | ‘;&" Jl @
(W Regrown | [S] - 4e18 cm3 . :
__(Coatedpiaten) 1 10] - 3e16cm3 S = | ['WANHAIIHY ‘ w , .
T '” "1 il ’ ; !
AIN | Silicon | Oxygen
Thick sapphire | : :
1E+15 : S . . ot :
0 0.5 1 15 2 25 3 3.5 4
Depth (pm)

» Si & O at regrowth interfaces are
from outside the chamber



(Al, ;Gay-N) PN Diode: Regrowth on “as-grown” drift layer @ ﬁg{‘,ﬂﬁ‘m
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[ » Test p-AlGaN regrowth on as-qrown drift layer J
A. Interrupted growth at junction B. Regrow junction

contact contact

p-AlGaN e N,=7e16 cm-3 p-AlGaN

e t=5.5um
B e Expect reverse voltage (V,..)
n-AlGaN » 1500 — 1600 V (@ 1uA) n-AlGa
drift layer drift layer

contact contact

AIN
Sapphire

AIN
Sapphire

e Cool to room temperature & e Remove from reactor

warm-up for p-AlGaN
e Same warm-up to p-AlGaN
e Test temperature ramp

e No Si, O at interface

e Expect Si, O at interface
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(Aly3Gay ;N) PN Diode: Regrowth and growth interrupt @ Sandia

on “as-grown” drift layer

PN Diode IV Characteristics on an “as-qgrown’ drift layer

Reverse IV Characteristics Forward IV Characteristics
1.0E-6

v

revs,

> 1000 V) i

1.0E-7 +

1.0E-4 +

-

=]

m

-]
|

1.0E-9 +

Current (A)
Current (A)
o

-
(=]
m
(=]

1.0E-10 +

Regrown Junction
1.0E-10

Interrupted Growth W t

10E-12 +——F——+——— 1+ e 10612 ——Y4—r—t+——t————t——t——F+—
-1500 -1300 -1100 -90 -700 -500 -300 -100 0 2 4 6 8 10 12 14 16

Voltage (V) Voltage (V)

1.0E-11 +

e Very low forward current leakage indicates
e Regrown diode has reverse leakage a good PN junction

current < 100 pA to 700V

e Very low reverse current leakage indicates ®» Demonstrates regrowth of good PN
a good PN junction (TDD = low 109 cm?) junctions on “as-grown” drift layers
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AFM of Al, ;Ga, ;N drift layers: “As-grown” and ICP etched @ ﬁg{‘,ﬂ‘,’i‘a.
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As-Grown drift layer

-

I @1 Qe ©

= -3
- AlGaN N, =7e16 cm

drift layer t=5.5um

AIN
Sapphire

AFM - 2x2 um
RMS: 0.65 nm

1 Height

ICP Etched drift layer (0.3 um)

-
iy

n- AlGaN
drift layer :
AFM — 2x2' um - ¢
AIN RMS: 0.49 nm
Sapphire =

1: Height

» [CP etching leaves a smooth but damaged surface




AFM of Al, ;Ga, ;N drift layers ﬁg'ﬂgﬁm
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Thermal processing ( 1100 & 1020 C) on “as- qrown” drift layer

PQee

Qe e 150mv

M ([P Qe 6 _ 100mV

'5'min,;1020C
, AFM —2x2um -
' RMS: 0.57nm .

r 1
00 2 Ampltude 20um

As-Grown

5 min, 1100C .
AFM - 2x2um
RMS: 1.2nm

AFM - 2x2m
RMS: 0.65nm

r 1
1. Height 20um 00 2 Ampitude 20um

Thermal processing (1100 & 1020 C) on ICP-etched (0.3 um) drift layer

=
€’7Q®<-:-

150mV 500mV

P Qe e

180mV

@I Qe e P Qe e

18 { ’v,
N
7

5 min, 1020¢
AFM —2x2pm
RMS: 140m. ()

r 1 r 1 r 1
00 2 Ampitude 20um 00 2: Ampltude 20um 00 2: Ampltude 20um

len,\1100C
- AFM —>2x2um,_xs" )
‘RMIS: 1.3nm .

15mih 1100(’:’“ ,
‘AFM 2x2;,tm '
_RMS 3.4nm‘

i » Little difference in surface of “as-grown” and ICP-etched drift layers after thermal processing i
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Al, ,Ga, N PN Diode: Regrowth on ICP etched drift layer @ ki
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[ » Test p-AlGaN regrowth on ICP etched drift layer ]

A. “As-qgrown” Drift B. ICP-etch ONLY C. ICP-etch + Thermal

contact
p-AlGaN

contact

contact
p-AlGaN

p-AlGaN

n- AlGaN
drift layer

n- AlGaN

drift layer drift layer

contact contact contact

AIN
Sapphire

AIN
Sapphire Sapphire

e No ICP etch of drift layer e No attempt to remove e Warm to growth
damage from ICP etch temperature and pause

e Repeat previous regrown before p-AlGaN

diode
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Al, ,Ga, N PN Diode: Regrowth on ICP etched drift layer @ ki
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PN Diode IV Characteristics on an ICP-etched drift layer

Reverse IV Characteristics Forward IV Characteristics
1.0E-6 1.0E1
[Vrevg. > 1000 \J BB AL
1.0E-7 + | |
2 2 1.0E-5
— 1.0E-8 ey
e =
e Q qoe7}
- -
O 1.0E9 | IR, | V. W, S p— P — S
I ] e T S e e ——
Regrown junction
Bt ICP etch only 1.0E-41 10 f
ICP + Thermal wx
1.0E-11 —_— 1.0E-13 H—r— — — s ;
-1600 -1300 -1000 -700  -400  -100 o 2 A u & L L
Voltage (V) Voltage (V)
_ e Very low forward current leakage indicates
e Regrowth with thermal treatment reached a good PN junction (TDD = low 10° cm?)

Viers, > 1500V (@ 1pA)

* Regrowth on “as-grown” diode repeated [ & Regrowth of p-AlGaN on ICP-etched AlGaN yields
e ICP-etched reached V... ~1000V (@ 1pA) kilo-volt class PN diodes with low leakage!
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Continuously grown vs. ICP etched and regrown diodes @ L

1.0E-6

e PN Diode IV Characteristics

1.0E-6

Reverse IV
|

3 nA (noise floor)

1

1.0E-7 +

Reverse IV

8.0E-7 -

T

>
m
&

— Continuously Grown Diode
(Elec. Letters, 2016)

— ICP + Thermal (Best) *
1.0E-10 + t !

Current (A)

Current (A)

P
[=]
n
~

V,, ~ 1627 V L —
o | _ -1700 -1400 -1100 -800 -500 -200
V,, ~ 1516 V Voltage (V)
0.0E+0 T T 1 T $ T T t T T t T T T T
700 1400 -1100 -800  -500  -200 woez |
Voltage (V)

1.0E4 +

Current (A)

®» Thermal treatment of ICP-etched drift region can
produce AlGaN PN diodes equal to continuously

5
m
&

1.0E-10 +

grown diodes (c-plane)

1.0E-12




_ Sandia |
Outline National
Laboratories

e Growth of (Al, ;Ga, ,N) on patterned N-GaN substrates

— Overgrowth process and pattern geometry
— Threading dislocation density and morphology
— Vertically conducting PN AlGaN diode
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Low on-resistance requires vertical geometry diode @ ﬁgﬂoﬁa.
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peaacty ~  Quasi-vertical geometry useful for diode development

P Contact
p-30%AIGaN

* Growth, process & JTE design

e Quasi-vertical geometry results on high R, due to
current crowding under N-contact

N+30% 3aN (Contact)

N+ Substrate AN * High resistive losses, low currents

Necioitaet Sapphire

» Develop vertically conducting AlGaN diodes

Vertical Quasi-vertical
57%-AlGaN PN diode on n-SiC 338 nm laser diode on n-GaN Substrates
Current densit [kA;'cmz]
Pd/Au ] 0 20 43’ 60
nﬂmmnﬂ(l}mymnm * 0.2 pm drift Aly3Gag ;N overgrown layer N P
p-Ga ; { @ epetition frequency: F4
— . V,, <200V VYVVVVVVIERES
e I-x - = = = = = = =
) AT B 60 kA/cm?
n- . = 2 2 1 -
AL N Roq: 1.5 mQ-cm g 10A
n-Al,Ga, N buffer '5
n-SiC substrate - n -S i C n-electrode -
[AATERTRETTERTEERTRERRERTRCCRCRRERRRRRRARRRRRCERRRY ) )
Ti/Au Taketomi, Jpn J Appl Phys 2016 0 = grrent [A] 10

Nishikawa Jpn J. App. Phys. 2007
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Sandia’s AlGaN overgrowth of patterned templates @ ﬁ:{‘.ﬂﬁ‘a.
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aN Growth on Patterned Templates Mesals 3880 at top!
Allerman et. al., JCG 2014 Trenches formed by etching =

AlGaN with reduced dislocations

@ ' AlGaN !
S SEE S N ‘
@ AlGaN |:> :
. . : Trench
1:3:mm thick sapphire » Sub-micron features are key for Alignment
uniform reduction of dislocations
Cathodoluminescence

vvvvvv KV 4.2nA C1POS 1 12k Mag PAN CL
.‘ ... -
{ \ \ . “

pavg._2'4X108 sz &)X‘Mr

. + -l

‘S { '.. “. 4 - "
> . b '
.’ ’ ’ e, > _
10-20X reduction 10-15x reduction
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AlLGa,,N (X =0.3) overgrowth on n-type GaN substrates @ Ng’l[]iolr?al
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Patterned and etched GaN substrates

| Laser facet cleavage plane

e Geometry: 1,3 pm (mesa width) |

x 3, 1 um (trench depth)

m- direction

e Etch depth: 0.7 and 1.2 um

Minor Flat (1-100)
m-plane

* Trench alignment: <1-100> & <11-20>

a- direction

Major Flat (11-20)
a-plane

Growth conditions (27-32%AlGaN)
e Veeco D-125
e V/IIl ratio: 720 - 1761

e Group-lll flux: 44 — 81 umoles/min
e Growth rate: 0.5 — 0.75 um/hr
e Temperature: 1050 — 1070°C

* Pressure: 75 torr
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Al,Ga,,N (X =0.3) overgrowth of patterned GaN — trench ori ED idfonal
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30%-AlGaN overgrowth of patterned GaN — trench orientation

Optical DIC (50x) * Cracking perpendicular
to trench (m-plane)

m- direction

e Step bunching due to
cracks

* Observed in all growth
conditions tested

‘Optical DIC (10x) [SEAE o » Cracking perpendicular

direction ¥ilf (g G A kY “: & ‘v to trenCh (a'plane)
gt : A R most common

e Step bunching
randomly distributed

* Large wafer bow
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Vertical Al, ;Ga, N PN diode on a conducting GaN substrate National
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STEM - Vertical PN in 30%AlGaN

« Large variation in Al composition during film coalescence

« Composition is uniform once coalescence is complete

P-GaN (~ 0.4 um) }
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30%AIlGaN overgrowth of patterned GaN @ ﬁg?iolr?al
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30%AlGaN overgrowth on patterned GaN

N-type doping during overgrowth
- N,to2x 10" cm?3

Optical DIC (50x) [N

’
¥

Optical DIC (50x)

X, 0.18 — 0.32 similar morphology

=2 x10% cm?

Planar surface up to X, = 0.45

More step bunching on GaN
(conditions and wafer miscut)

80m\

30%AlGaN on patterned GaN 30%AlGaN on patterned AlGaN/sapphire
Overgrowth: 6.2 um Overgrowth: 6 um
Pattern: 0.67 um, (1x1) Pattern: 0.56 um, (1x1)

ZnQee

Qe e

lmaQe e

Y

AFM AFM AFM
10x10 pm 3x3 um

2x2 um |
RMS: 0.11\nm N RMS: 1.9 nm RMS: 0.17 nm

\
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30%AIlGaN overgrowth of patterned GaN ﬁglt]iolr?al
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AlGaN on patterned GaN

Overgrowth: 8.3 um
Pattern: 1.3 um, (1x1)

Optical DIC (50x)

6.2 pm - 30%AlGa

AlGaN on patterned AlGaN/sapphire

Overgrowth: 7 um
Pattern: 0.66 um, (1x1)

TTD = 2-5 x 102 cm-2

=» Similar TTD as AlGaN
on sapphire
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Vertical Al, ;Ga, ;N PN diode on conducting GaN substrates @ Sandia

Vertical PN diode in 30%AlGaN

: Forward IV Characteristics
Optical DIC (50x)
p-contact 1.0E-1
- «Drift: t=5.3 um i
N°= 2-4 x 101 cm"3 < 1.0E5
e © Overgrowth: é =
(overgrowth) t=6.2 1m 3 1o
Total : 11.8 um 1.0E-11
n-contact B Rsp-on =1 mQ-cm?2
1.0E-13 2 ' 4 : .
Voltage (V)
Reverse IV Characteristics
p— | === e Much cracking on wafer
(Vievs ~ 650-680 V] |
8.0E-07 - e Reverse voltage reached 650-680 V (@ 1uA)
< lo 1E8 £
s 4 (inA) g e Low forward. and reverse current leakage
S 40807 ! \\Mu 189 =
2.0E-07 - NI il 1E-10
WMMMWMM 4 | 1. <100 pA to 500V
0.0E+00 1E-11

-800 -700 -600 -500 -400 -300 -200 -100 O
|

Voltage (V)
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e Quasi-vertical Al;;Ga,,; N PIN diodes with regrown PN junction on etched
drift layer

— Reverse voltages to 1500 V (@ 1 pA) with n-type drift layer of 6 um
— Reverse leakage<3 nAtoV, =1000V

» |V characteristics equal to continuously grown PN diodes

e Growth of Al ;Ga, ; on patterned N-GaN substrates
— Threading dislocation density of 3-5 x 108 cm
— Coalesced - Al,Ga, N up to X =0.45
— Al,3Gay ;N overgrowth > 12 um achieved for vertical PN diodes
— Vertical PN diodes in Aly;Gay;N, V. =650-680V (@1 pA)
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