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Demands on Modules and Components

Figure modified from [1]
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Success Factors
- Miniaturization, effciency, reliability & controllability, cost
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Success Factors
- Miniaturization, effciency, reliability & controllability, cost
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Figure modified from [1] miniaturization
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TheatEOV-erI\/Iode GaN Device

p-doped
E—GK GaN ﬁ

== =<AlGaN ___

GaN L
Buffer Layer 2DEG
Si-Substrate

= Utilizes high electron mobility of GaN: Small chip area - lower parasitic
capacitance - high speed, efficiency, miniaturization, lower system cost

= No junction = no body diode, zero reverse recovery charge Qgg

= Lateral device: Simpler monolithic integration and packaging - GaN ICs
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GaN for Power Electronics

~5V
Qg Si CoolMOS C7 * GaN Transistor **
S_atzr GaN (650V / 52mQ / 33A) | (650V / 55mQ / 30A)
v I

15V
Vth 3.5V m 1.6V
Qe 64nC 5.8nC
Qrr 10uF 0
Key parameters of GaN transistors: "IPP65R065C7, **GS66508T

= ~3V gate drive, low threshold voltage V,
= >10x lower gate charge Qg, zero reverse recovery charge Qgrg
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GaN Driver Requirements: Faster, Higher, Stronger
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FASTER switching: STRONGER performance:
Miniaturization Reliability and save operation
HIGHER efficiency: = Save on- and off-state

Low switching losses, = Low Vg5 overshoot

high dVDS/dt
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Gate Drlver — Turn-on Behavior

" Loar Cyp and C g form a resonant tank \V
. . IN
- Vg overvoltage and ringing 7
= Gate resistor to prevent gate overvoltage
—> slows down the driver Q
HS
8 VsupLs $
— 6
2, L par Vo b—
n SW
O —under-damped
> 27 —over-damped
0 —crltlcal damped
200ns/d|v
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Gate Dﬁver — Save Off-State

= dVpg/dt >100V/ns (GaN) VN
— large current i, through C,

" Rgand L, = risk for Q5 to turn on
—> cross current

= Addressed by:

Cross

— Bipolar gate drive (Vgg < 0V) current

— Larger Cgs . T oy

—> reduced efficiency and speed v Load
Qs
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FuII-Bridge Gate Driver for Bipolar and Three-level Driving

Vpry Vpry

|C level integration: 5V devices result in a compact (layout) and fast driver
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High-Voltage Energy Storing (HVES)

Faster, Higher, Monolithic — Efficient Energy Conversion with GaN - PwrSoC Corridor Webinar Series 2020

Bernhard Wicht - Leibniz University Hannover, Germany 13



IMS
Institute of Microelectronic Systems
Leibniz Universitat Hannove!

Gate Dﬁvers for GaN

Integration of the buffer capacitor - fewer interconnections, smaller parasitics,
smaller footprint, fast switching

Driver

supply '
X
|

‘Driver IC:];’

Qg =10nC, AV, =0.1V > C 2100nF

Example:

1
I
I
I
I
I
I
I
I
I

]

- How to integrate a capacitor of this size?
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Gate Drlvers for GaN: High Voltage Energy Storing (HVES)

Integration of the buffer capacitor - fewer interconnections, smaller parasitics,
smaller footprint, fast switching

DfiVef___;_____. _____ Y High-Voltage Ve L -
SUPPY] s € Energy Storing ———"MN=——1—GaN

: Q v (HVES) =T-C

|N:L| >o<{] : ‘_ G GaN +

L 1,' 1 = A Seidel et al.,

DEIVET [eS B A ISSCC 2017, 2018 [2], [3]
HVES reduces cap size to reasonable values for on-chip integration:

$1SSCC2017

Q¢ range of GaN transistors
>10x higher gate charge without any external components
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Gate Drlver with High Voltage Energy Storing (HVES)

=V, = 15V, C,, = 0.6nF, Vsup ,I;qut
Line = 14nH e Seidel et al.,
- 11nC gate charge MH V
. My| VDRV  ISSCC
- fully integrated on IC Ctrl 1L 2017, 2018
= C,,, dominates *{ Mp  [2], [3]
> faster turn-on: Drw aliy Vv
N 1 T D ] Qcan
Jres ™ Driver ||'vmon (LSS i »E
27-[ Lpar ¢ CHV - :I i\
IC Mo, Ko
-|>1 B I—Ioop Cgs
— —1

Dg: Block reverse current
D : Freewheeling

Faster, Higher, Monolithic — Efficient Energy Conversion with GaN - PwrSoC Corridor Webinar Series 2020

Bernhard Wicht - Leibniz University Hannover, Germany

16



(s Unbsorstb o 20 56| antoes:
Gate Driver with HVES — Toplevel

Vsup Vsup
VbRrv _ :
Gate Driver J_C Gate Driver
with HVES ‘"jMPG : MP. |‘ i PRV1 with HVES
™ Qgan
_ Cgs |
Driver IC ~| MNg ! MNS|‘

= Full-Bridge for bipolar and three-level driving and stable DC level
» HVES at gate and source for fast on / off transitions
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Gate Driver IC with High Voltage Energy Storing (HVES)

Fully integrated

B2Bx, MHVX,
active rectifier

=0,5nF (Alu)

J——-50F (Poly Nwell)

Manufactured in a Startup

180nm BCD

Low-voltage
tech nology transistor
full-bridge
£ 4.9 mm >
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Large Gate Loops
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Flexaigre Driver Placement: Large Gate Loop

Gat Y —
e (S GaN
Drive A )
Large gate loop inductance |
)

Lower temperature High temperature

= Multi-layer PCB == High-current substrate

< Space restrictions k-1 Optimized transistor and heat sink placement

¥y Modularity ¥» Modularity

Faster, Higher, Monolithic — Efficient Energy Conversion with GaN - PwrSoC Corridor Webinar Series 2020 20
Bernhard Wicht - Leibniz University Hannover, Germany



FIeX|bIe Drlver Placement: HVES Applied to Large Gate Loop

= Loop inductance utilized Vsup
for resonant gate driving — —1| |
| | MH v K_aufmann,
= Fully integrated solution CtrI‘{ My| VDRV Seidel et al.,
with small C,,, in turn-on T CICC 2020 [4]

loop Mp
o o b 1
. | ) DR I—Ioop
Driver |[|"mon s =1 ’W“—\‘—>E
IC { \{\
Cgs

Dew

< ) a ¢
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Gate Driver with HVES — Experimental Results

25¢cm > L = 600nH HVES Conv. R; = 50
. 4 5
: >
b 2 ) 8 0
SRR R RO

= HVES achieves 80% lower overshoot -5
than conventional driver with similar
rise time

= HVES achieves 45% shorter rise time
than conventional driver with similar Kaufmann et al.,
overshoot CICC 2020 [4]
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Gate Briver with HVES: Faster, Higher, Stronger
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Miniaturization: Reliability and save operation:
= |ntegrated buffer caps = Bipolar / 3-Level gate drive for
= Use of parasitic LIoop increased margin

Low switching losses, high dVDS/dt: * Low VGS overshoot with

= Fast switching due to small integrated resonant driving

high-voltage cap
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Monolithic GaN Integration
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Monolithic GaN-ICs — Foundries / IDMs and GaN Industry

i
A A

AY

Ltnec

. /;Xf\GTA\\l
Navita SO

= == (575 intel

Systems=

ot EPISIL

N Ia O ON Semiconductor L A
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SEMICONDUCTOR
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Monollthlc GaN Integration: Available Devices
s ¢ P g°';ed S D T B
—A’ d — |
! --AlGaN_ -! - - .-. -.i:.-. .-. ..... .-. 4
GaN LN Gate
Buffer Layer 2DEG oxide
Si-Substrate
D D D D T
o S
. S S /\ S/ \. S / \. B /
[ [ [ [ [
HV e-mode LV e-mode LV d-mode Resistor MIIV!
Capacitor
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Monc;nf}e;[hic GaN Integration: Opportunities and Challenges

hoh oL

Monolithic integration: Gate loop inductance - 0
Tracks PVT variations of the driving voltage for the integrated GaN power device

Limited device types and options, no p-type
No diodes, neither designed nor parasitic
Immature technology with poor matching properties

To be addressed on system and circuit level - learning from the 1970ies
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Monc;n[}e;[hic GaN Integration: System Partitioning

Gate driver and power transistor in GaN:

Closed-loop Supply Gate Power
control Generation Driver HEMT

Y, ‘ Xue et al. (Navitas),

j>_ D DD APEC2017 [5]

v A4

GaN Die

Faster, Higher, Monolithic — Efficient Energy Conversion with GaN - PwrSoC Corridor Webinar Series 2020
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Monc;n[}e;[hic GaN Integration: System Partitioning

Full system in GaN:

Closed-loop Supply Gate Power
control Generation Driver HEMT

Vb i Kaufmann et al.,
j>— (D ISSCC 2020 [6], [7]
< i |

GaN Die
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Monollthlc GaN Integration: 400V Offline Buck Converter
Iout @ @

Vin o —e-
400V Dy Cout
Offline

= Constant current output for
LED load

= Hysteretic control:

Chv
"""" 3 (1) Cycle-by-cycle peak
VG,Qs VG,Qs current control
> (2) Boundary conduction
A . mode
= Asynchronous rectifier
VSW

-
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Monolithic GaN Offline Buck Converter

400V Domain

< 6V Domain

| i ) o, |
I EMI waJg Coui_ 5 §::
Cewmi Chuik ™
I Vline 1 1 4,,'-2 I
I | L I
: GaN die Vsw |
|

L High ﬂ'lghv l

"= Voltage [ -
; [, VGate ‘
' Supply . S Q ;
+ Vb |Regulator |If/-| Vref]>_ l::a {QS ;
: ............... Max Oﬂ: :
' UVLO HRQ EN >% .
s _[Blanking] s
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Monolithic GaN Offline Buck Converter

[~ 200V Domain 1 = Gate driver and high voltage
| o~ o ou, | power HEMT
| o S| 4 %:
| Vind Cemi Couik ,,Iw. >
| |
I |
: GaN die Vew |
|
L High Chy |
= =1 Voltage "IP -
: e VGate '
' Supply . S Q ;
: Vob |Regulator l-[r/'| Vref]>_ {%—‘{QS :
| Pwied s M O SR . E
i uvLo Hra EN >§ :
s | [Blaniing] s

< 6V Domain
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Monollthlc GaN Offline Buck Converter

—————— VO T T T T T T T = (Gate driver and high voltage

6V Domain

I
| | lou, | power HEMT
I l LEM' l DfW ZE Cout I
Jyy = Peak current comparator
| ¥ Cemi 7= Coui L T . -
I ne l 1 ol 2| with autozeroing
I L

|
: GaN _die Ve |
L High Chv |
~"77 Voltage ’]P 1 ,
' . VGate
; Supply PIE 01 E F— .
: Vbp Regulator IJI/-| Vref]>_ {QS ;
B B o e e S peak |
: RQ EN N :
E - [Blanking | current ;

UVLO
’I:Caux | Rshuntid etec’uo;n
AV
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Monolithic GaN Offline Buck Converter

|- -~ 200V Domain 1 = Gate driver and high voltage
| s lout, power HEMT
| e DIW% Cou| =
| Cemt = Cou LA = Peak current comparator
|G Vine 1 1 - .; with autozeroing
L
: GaN _die 2 = Zero current detection for

High |[|[Cw | Zero current detection boundry conduction mode

-—1 Voltage |

. ge T

' S Viate

: Supply > ) s Q —>I

: Vob |Regulator I VrefI> Qs
N

= Max off timer for startup

--------------- Max Off
UVLO HRQ EN

I —| Blankingl

I
I
I
I
I
| X — I
|

; 4 6V Domain
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Monolithic GaN Offline Buck Converter

High |[1Cry boundry conduction mode

!‘_ Voltage "IP T

; [ VGate

: Supply I >SIsa —>E

+ Vb |Regulator /l Vref]>_ Qs
E
~

= Max off timer for startup

|- =~ 200V Domain 1 = Gate driver and high voltage
| s low, | power HEMT
| Lemi wa% Coul = |
| Cemt = Cou TSR T Peak current comparator
|G Vine l 1 | with autozeroing
L

| .
| GaN_die Ve = Zero current detection for
| |

I
:

............... Max off
R

i - R . = HV supply regulator for self-
: UVLO Hr G EN ; - . .

| | [Bianking] ; biased offline operation

E | Caux | Rshunti ;

i < 6V Domain ;
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Monoli;thic GaN Offline Buck Converter

High
Voltage |
| Supply ) SE:
Regulator - Driver

1.0mm

2.1mm
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10 50W Offline Converter Integration Trends

o6 |/ ® Monolithic Si (Kautmann 155CO) A
'o\?' v GaN FET & Higher
— 94 +{ A GaN FET + Drive \ / GaN
o ¢ Monolithic GaN Xue APEC: ACF | Pl lm;%‘i’vviv'g’:ﬁ integration
(]C) 92 Bandyopadhyay v o ano_l I‘_Iigher'
;dg 90 ISsce ¥ Faraci APEC — pJ InnoSwitch3 Si - efficiency

o

" gg [Hwang 'SSlCC PI LytSwitch?

2010 2012 2014 2016 2018 202(/

= 95.6% peak efficiency = highest achieved with fully integrated power stage
= Low component count and small passives = 44\W/in® power density
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= GaN enables highly efficient and compact power conversion BUT gate driving is
more challenging

= High-voltage energy storing (HVES) gate driver actively uses gate loop
inductance for quick and robust resonant switching

= Monolithic integration with GaN eliminates gate loop parasitics and tracks PVT
of the driving voltage for the GaN HV-HEMT

The presented GaN gate drivers and Clg. "

: sshow high levels of integration
for compact and eff|CIent hig

roltage power supplies
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