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RF power market predictions

Forecast of GaN RF devices market size
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GaN Is the semiconductor of the 215t century
and should last for the next 30 years

— Power GaN IP Dynamics
= Second peak
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An example where GaN will bring a breakthrough:
Space applications

TWT amplifier with necessary electronic power conditioner
Courtesy NASA

» Cover the majority of the
amplifying stage on-board
of satellites

» Operate in the mmW range
with high power (> kW) &
high PAE (about 50%)

BUT very large size !
5 meter x 1 meter while many required in payload architectures

Compact High power & efficiency SSPAs needed
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GaN devices will be drastically smaller

 Significant advantages over GaAs technology or TWT

— Small size + high robustness (T°C, damp conditions) make GaN
transistors the preferred choice for next generation SSPA

6.5W Ku-band GaAs Power Ampllfler 20W Ku-band GaN
Power Amplifier

show extremely high power and efficiency also

. In order to be the TWT killer, GaN will have to
at higher frequency.
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Current state-of-the-art: from the labs

» Output power not the main issue as GaN material and
technology are maturing

Py e =320B (10.5 Whim), PAE =33 % 60 —o—Pout Device [dBm] 3 W band
' f=40GHz ' P, ~o— Gain Device [dB] 'E‘ (b) " e 87 GHz [10] .
V. .=30V,V, . =-25V_ «=3% 35 g 50 —e—PAE device [%] 25 g L 83 GHz [5] (This Work)
30} DS GS m T * XX — S~ 30 N\
k R 130 ui' 40 —®DE Device [%] 2 2 - e .; .
g5, v " * {5 & ~e—Power [W/mm] > R A, 0w (4]
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@ | * Ja08 £ 30 =59 GHz 155 w . 18
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af |PAE « _15% o 20 1L 8 10 oo gy
* 110 8 a
151 : s A A A A aaa A?fln 15 8 é 10 0.5 g 0 ~ 94-96GHz unless otherwise labeled
10 ‘ ‘ . . 0 a 0 2 4 6 8
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Pin [dBm]
UCSB: T. Palacios et al, HRL: M. Micovic et al, IEEE UCSB: B. Romanczyk et al,
IEEE EDL, 26 (11), 2005 EDL, 38 (12), 2017 IEEE TED, in Press, 2017

v PAE < 50% in the mmW range

v ' No device robustness/reliability demonstrated with
sub-150 nm gate length (preventing market penetration)
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State-of-the-art of K- and Ka-band MMICs from foundries

Power L,
Vendor Foundry Frequency Results Periphery density Year
(nm)
(W/mm)
Northro 6 W and
P Available 18-23 GHz PAE >30 % at Vps=28 V, N/A >3.4 200 2014
Grumman .
20 dB gain
13 Wand
= 9 =
Northrop | s ailable | 27-31GHz | PAE=25:5%atVos=28 N/A >3.4 | 200 | 2015
Grumman V,
19.5 dB gain
=709
Toshiba N/A 29-31 GHz 15W, PA;I_Z:A’ 15dB N/A N/A N/A 2013
. 8 W at 20V, PAE=23-
Qorvo Available 29-31 GHz 29%, gain=22-29 dB 14 cells (8x50 um) >1.4 150 2015
=209
Qorvo Available 6-18 GHz 1o wat 2.0 V. PAE=20%, N/A N/A 150 2016
gain=25 dB
. 10 W, PAE = 30%, 15t stage 2x6x90 um
- >
IAF Available 18-20 GHz gain=20 dB 27 stage 4x8x100 pm 3 250 2016
- 0
OMMIC Available 30 GHz = Wf PAE = 32%, 3 stage 33 100 2016
gain=20 dB
. 0.5W at 14V, PAE =
HRL Available 40 GHz 10%, gain = 7dB N/A N/A 20 2016

While achieving high Power density (> 3 W/mm),
the PAE is still limited to about 30% in Ka band




Main challenges for mmW applications

PAE
@ 40 GHz +
50% Challenge
30%

5W/mm IDOUT
v  PAE > 50% in the Q band and above together with high

device robustness under high electric field ( Vg 2 15 V)
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Limiting factors of mmW GaN
device PAE

_ Trapping
Gain Self-heating effects

4 4 4

High frequency Thermal Control of
performances dissipation surface and
bulk traps
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Gate recess for mmW GaN devices: not an option !

L
; 9¢ >;
RecessiGate

¥ Dy I. _Chmic

Lo

S
a—)’

under high electric field (defects

Induced by plasma are detrimental)

RN

Because of the lack of efficient chemical (low
damage) etching solution for GaN-based material

A solution is the use of an ultrathin barrier layer with
wider bandgap

To both maintain a high carrier density and achieving
a low gate to channel distance

INAIN
Gate leakage issue InAIGaN AIN

not solved !

VTeqgroounD. VWP ZU



AIN/GaN heterostructure

AN
Al-rich
material The idea is to use the widest IlI-N bandgap

(AIN) as possible in order to maintain a high
polarization while using ultrathin barrier

Energy Gap (2V)

3.0 4.0

Lattice Constant (A3 Cha”enges

« Leakage through / on top of the ultrathin barrier
« Leakage following extra PECVD SIN passivation

- Leakage due to punch-through effects
(electron injection into the buffer)

* Trapping effects: surface close to the 2DEG




Low gate leakage through only 3 nm AIN barrier

000 ym 20 w

i rms =0.25 nm

o High surface quality owing to
the In-situ SIN preventing
strain relaxation

AN barrierlever (3nm)
GaN buffer layer (1um)

Si(111) substrate

o Low Schottky gate leakage
deposited directly on the AIN
barrier layer (see forward
diode)

Current (A)

60 um circular diode

200 150 -100 -50 O
Voltage (V)
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AlGaN GaN

,-‘P"-t 2DEG (n.)

HEMT Surface Passivation with SIN

SiN AlGaN GaN

it 2DEG ()

Atomic configuration matters !

Cleaning procedures for GaN are
based on nitridation

(N2 plasmas, NH3 plasmas,
(NH4)2S, Thermal treatments in
N2 or NH3) + ex-situ SIN
passivation

SiN cap layer

barrier
AIN spacer layer

GaN channel

Buffer

nucleation layer

Substrate




HEMT Surface Passivation with in-situ SIN

SiN deposited in the MOCVD tool
* clean interface

» crystalline interface

* Relaxation prevention




Buffer confinement for high voltage operation

What about high voltage operation when using
ultrashort GaN devices?

Ultrathin High Ng Short Vo > 920V h!EXI;[relmetIY
barrier > 2%1073 cm-2 Lep & L DS s NIQ fiee|edc rc

[y MO
~AIN barrier layer (6 n
ek o Roa gy e < - - =

1 um “

GaN buffer layer (1pm

ooooo

4-inch diameter HR Si (111) substrate

Poor electron confinement can be
expected even if the material and
processing are of high quality




Back barrier needed

Punch-through effect: Poor electron
. . . DHFET
confinement even if the material and

processing are of high quality in- situ SiN cap layer (3nm)

AIN barrier layer (6 nm)
GaN channel (150 nm)

_ AlGaN buffer layer (1.5 pm)
Drain 3% AI

Transition layers

~yg e )
GaN buffer layer (1pm)

4-inch diameter HR Si (111) substrate

4-inch HR Si (111) substrate

Introduction of an AlGaN back barrier to prevent the electron
injection under high bias (double heterostructure: DHFET)




AIN/GaN DHFET under high bias

Ls; =200 nm
Gate leakage current 3-terminal breakdown voltage
10° T2 ? HEMT :
10°- f & & V=-5Vdownto-8V |
] . 10*
s —_—
; €
10°; ‘ £ 10°
e © s
(o)) ’ ° a
,  HEMT . S = 10°
10 > DHFET '
% 107 _
60 -50 '4% '?;OV 20 10 0 0 10 20 30 40 50 60
os V) Vos (V)

 Low Gate leakage current in both cases
 Huge drain leakage current: punch-through effect !




AIN/GaN DHFET under high bias

Le =200 nm
Gate leakage current 3-terminal breakdown voltage
10° r2r? HEMT
10" s & § V. =-5Vdownto-8V
] ° -4
E : 10
s —_— :
E ]
< 10° : £ 10°
N g ® ° s
—m ° =] .uu---“““i" 1
7 « HEMT T R A— P
10 v DHEET  »  w# DHFET :
DHFET \g V, =-9Vdownto-8V ]
% 107 ]
60 -50 40 -30 -20 -10 O 0 10 20 30 40 50 60
Vos (V) Vos (V)

« Low Gate leakage current in both cases
 Low drain leakage: punch-through effect significantly reduced
resulting in high Vg (2 pA/Imm @ Vg = 50 V)
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Improved dynamic behavior in short GaN devices

AIN/GaN devices using a critical SIN cap thickness
(Lg down to sub-100 nm)

DHFET: Lg =200 nm DHFET: Lg =80 nm

T T T T T T T T T T T T T T T T T T T T

164 V =41V ] 1.6 V. _=+1V .

GS ] | Gs

1.4—- P AV  =-2V . 1.4 - AV _=-2V |

121 & ] 12 & —o— cold point (0V,0V) |
1.0 —o— cold point (0V,0V) ] 1.0]

—4— Gate lag (0V, -5V)
A Gate lag (0V, -3V)

§ —=— Drain lag (15V, -5V) ]
8- § = Drain lag (15V, -3V) ]

I, (A/mm)
I, (A/mm)

o Low trapping effects under 500 ns pulse
width in highly scaled AIN/GaN devices
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High combination: f_ ., X Vgg

AIN/GaN-on-Si DHFET
L =120nm]
301 . 20dBidec V=20V 1
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g O
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0.15 um AIN/GaN-on-SiC power measurement @ 10 and 18 GHz
4 nm barrier thickness !

CW sweep @ 10 GHz AIN/GaN DHFET atV =15V

25 . . . . . . e PAE > 60% y Ellipse de charge W = 50 l’lm
2°‘ £, @10GHz | —
151 o:os éﬁ m‘\‘\\

RN

10 1

Poyr (4BM), G_ (dB)
[$,]

-10
-15

Load lines reflect the low RF dispersion
The power gain confirms the high frequency performances

CW sweep @ 18 GHz AIN/GaN DHFET atV_ =25V

25 150 PA E > 50% Ellipse de charge

0.08
@ 20- 140 @ 18 GHz 007
— 0.06
. i ;
E by 4120 m % 0:03
g 5 g = o002
n-'é ol 10 vo;

High PAE for the first time on sub-10 nm barrier GaN devices
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0.12 um AIN/GaN-on-SiC DHFET @ 40 GHz

Barrier thickness of 4 nm
cw _
30 - I 50 g
| f=40GHz ~y <
05 | Vos = 15V (empty) ﬁ 1 40 o
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T 2
. | {30 U
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State-of-the-art PAE @ 40 GHz

for GaN devices
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600 hours preliminary reliability assessment
Performed at the University of PADOVA

< AIN/GaN-on-Si DHFET capped with in-situ SiN (L, = 100 nm)
% Vps=20V & Vgg =-7V (deep pinch-off) for 600 hours
G. Meneghesso et al, TDMR, 13, 2013

IEMN 1981 A1 2x25um_0.1x3 DCstress @ Vp=20V Vg=-7V IEMN 1981 A1 2x25um_0.1x3 DCstress @ Vp=20V Vg=-7V
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1E-3 10E+00
= Untreated —50h
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S oo T E  1E:031 200n
= ’ < 100E-06 - 20
10E-9 \_8’ 10E-06 A 350h
—_ = 400h
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4 500h
100E-12 - 100E-09 s50h
10E-09 + — 600h
10E-12 4 3 ) 1 0 i ) 1E-09 : : : :
i i i i -4 -3 -2 -1 1
VGS (V) VGS (V)
IEMN 1981 A1 2x25um_0.1x3 DCstress @ Vp=20V V5=-7V IEMN 1981 Al 2x25um_0.1x3 DCstress @ Vp=20V V=-7V
Om: Vps= 3V Step Stress time = 10h OUT: Vgs =2V Step Stress time = 10h
0.80 1.6
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0.70 + —50n 14 +
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T050 + oo €107 — 150
E —300h 1
5040+ T~ % 0.8 — oo
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0.10 + —s600h 0.2 + — 600h
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surface robustness enhancement
owing to the in-situ SiN cap layer

Off-state test: not an

Issue up to high bias : :
Optimum electron confinement
owing to the back barrier

L =150 nm
GD =2 um
fax 2 200 GHz

Thermally-limited in

: " Poor thermal dissipation of the
semi-on conditions

AlGaN back barrier

for Vpg =15 to 20 V

F. Medjdoub, IWPSD 2017



Device robustness

« DHFET in CW mode
_ 0 - % X X X X
— Strong degradation ]
« DHFET Iin Pulse. mode g ol lss Monitoring after -
— No degradation Pe each sweep( Pulsed .
£ and CW mode) ]
(@)
Pulsed mode reduces the self- — 207 $ prFETCwImode | @ 40 GHz
heating effect in the transistor . < 2x25 pum
Id =200 mA/mm ]
-30 : : : : :
10 20 30
vd (V)

Degradation due to self heating resulting from the poor thermal dissipation
of the thick AlGaN back barrier: DHFET not suitable for operation > 15 V

For short GaN devices, it seems that hot electron is one of the prime

factor degrading the reliability.
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Change in the buffer layers:
From AIN/GaN DHFET to C-doped HEMT

DHFET HEMT
AIN barrier layer (4 nm) AIN barrier layer (4 nm)
GaN channel GaN channel

AlGaN thick back barrier C-doped GaN buffer
Transition layers Transition layers

4-inch SIC substrate 4-inch SiC substrate

Much better thermal dissipation expected in HEMT configuration but what
about electron confinement and RF power performances




DC Characteristics of AIN/GaN C-doped HEMT

, ’Q  [HEMT C-doped
ot . 2x25um
AT LG=150nm
e Vgg =2V
N :' . Elinaing e .- max
i . L AVgg=+05V
.‘:" - EEEC Y . e
v’ - - e
h -
"
It R i dein i il e L DT T SRR -
"o PPt L
La=150 Vo TSP
." ’)" P
50 HEWT C-doped ‘ ‘ ':'," R A
x25 pm et e
400 0." n PR N L TP g-glh-m
= 0 5 10 15 20 25
E 300 [+-Vps=10Y V.. (V
g Vo8 ps (V)
(DE 200 |=Vpg 6V 60 .
.. —H21
100 —~ N Ves ™18V —u
1] NS ~ V_ =20V
‘ ‘ ‘ Za40
o5 4 3 2 4 0 1 o
Ves (V) o
_ 3207 F=52.8GHz
450 mS/mm @ VDS - 10V = Fuax=199.2GHz S
High Gm due to the gate length + o | | .~ s
0.1 1 10 100

barrier thickness

Frequency (GHz)

> 1L.AAImm @ Vgg= 2V
High current density
owing to high Ns

» Low leakage current
(<1pA/mm)

» High electronic
confinement

» High frequency

performance
F;=60GHz/F;5,=200GHz

» Operation bias up to
30V with high gain @
40 GHz
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AIN/GaN DHFET and HEMT Comparison

v

| @ DHFET °
61 © HEMT
—~ ] Qo
£ ¢
- S 9
EE ] o
< 4
S
3 ]
ol 3 ]
10 15 20 25 30
Vhson

Linear evolution of Pout for both structures
Possibility to drive the C-doped HEMTs at much higher bias




Robustness : DHFET vs HEMT

S I S R @ -------- @ -------- Q
-2
—~ E \*‘
s -a-
E -
~ _6_
8 CW
109 o hemT y
1 --@--DHFET °
'12 I ! I ' I ' I v I
10 15 20 25 30
Vys (V)

C-doped AIN/GaN HEMT promising for Q band +

applications
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Specific bench for LoadPull high power
measurements up to 40 GHz both CW and pulsed

A
| Amplifiers
§  40-44 GHz 10W & 5W

| generators |

Amplifiers = mg&)
6-18 GHz 10W

Power suply
(SMU)

= .
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Pulsed power of 0.12 um C-doped AIN/GaN HEMTs

25

20 +

15

=
o
1

15+

=40 GHz

{13 =100 mA/mm

V4 = 10V

| Pulsed

-9

—a— Gp (dB)

254
|V, =20v

20
| Ig =100 mA/mm

154

10 H

T T T
25 -20 -15 -10

| E——
S5 0

Pin (dBm)

—o— PAE (%)
T T T T

—A— Pout (dBm) ] 5

1o

60
55
50
45
40
35
30
25
20
15
10

-5

5 10 15 20

f = 40 GHz

Pulsed

—aA— Pout (dBm) |
—a— Gp (dB)

—o— PAE (%)
—
15 20 25

(%) 3Ivd

(%) Avd

25

20+

154

10 +

Pout (dBm) Gp (dB)

| Ig =100 mA/mm

f = 40 GHz

| Vg =15V

Pulsed

3,4 W/mm / 4

—4a— Pout (dBm) |
—a— Gp (dB)

30

25

G, (dB)

P, (dBm)

—o PAE (%)

60

455

50
45
40
35
30
25
20
15
10

-5

10 15 20 25

20
15

10

|f=40GHz

Vg = 25V
{Pulsed

lg =100 mA/mm

—a— Pout (dBm) ]
—a— Gp (dB)

—o— PAE (%)
T T T T T

15 20 25

60

455

50
45
40
35
30
25
20
15
10

(%) Avd

(9%) Avd




Pulsed power / PAE @ 40 GHz
C-doped AIN/GaN HEMT

L =120 nm
8 ' ! ' ! ' ! ' ! ' 60 T T T T T T T T T
] ] 55 4 ° ° ]
7- TWmmGD | sl 8 e ]
45 0
_ 6 . .
€ 5 a 1 X 351
s 1 W 301
541 A 1 & 251
n’ ]
3. 20
. | 15- :
2 A | 10 1 ° AdaptationP__
] Pulsed Mode g'. Pulsed Mode o Adaptation PAE]
5 10 15 20 25 30 10 | 20 | 30
Vs (V) V, (V)

*Record PAE (56%) et Pout/PAE combination 52% / 7W/mm

@ 40 GHz confirming the potential of this structure.

Unpublished results




Conclusion

o Possibility to achieve high breakdown (close to 100 V/um)
under high electric field, with low leakage, and high PAE while
using highly scaled sub-10 nm barrier GaN devices

o A critical in-situ SIN cap layer is helpful to mitigate leakage
current and enhance the device performance and robustness

o Buffer configuration is a key to achieve GaN mmW device with
both high efficiency and high robustness under high bias

[#=40 GHz '52.4% ]
o5 | Vas = 25V 7 Wimm 24

| Pulsed ‘
204 lg =100 mA/mm

Initial results on  AIN/GaN
C-doped HEMTs show a record
combination of Pg,r > 7 W/mm
together with PAE > 50% In o e pont e
pulsed mode @ 40 GHz 5] &eee e pheh °

(9%) Avd

10

P, (dBm) G, (dB)

Py, (dBm)
. Medid




