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Outline
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Research Background & Objective

LDMQOS (Laterally Diffused MOSFETS) ﬁ
- Akind of power MOSFETs MOSFET
G
- Used as switching devices of Fs-q D
DC-DC converters (at less than 100V) H
- Generally high on-resistance LDMOS FET

LDMOS for 30-50V automotive applications require high reliability

—

- Impact ionization
Important points |54 = Current expansion Suppression !
(Due to Kirk effect)

—

Objective

Obtain high reliability LDMOS with low on-resistance
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Outline

» Conventional @), @ & Proposed LDMOS




Conventional D, @ & Proposed LDMOS **

P+ pickup Source Field Plate Gate Drain

P+ pickup _Source _ Gate Drain P+ pickup _, Source _ Gate Drain
l [l
0 i’x Ol—@b 0 . X
drift 00 . drift 00 : 00
p-body p-buried layer 1 buriod laverd p-buried layer 1
-buried layer -buri
p-body p Y! o p-buried layer 2
p-well
p-well p-well
p-sub p-sub p-sub
yv . yV . yv
Conv. @D * ‘ ’- Conv. @ * QD Proposed LDMOS
Enhanced RESURF Further Enhanced RESURF
with Dual P-buried Layers with a Field Plate
(RESURF : Reduced Surface Field) +

0.35um process .
Gate length 0.35um Lower on-resistance
Gate oxide thickness 12nm
Drift length 2.65um . . . .
Device width 0.3um -Shorter drift region -Field Plate (Increased drift dose)

(Field plate length  1.925um)
(Drift-Field plate
oxide thickness 0.3um)

-Increased source n+ dose

2<%J. Matsuda, et al., “A Proposal of High Reliability Nch-LDMOS,” IEEJ Workshop, SPC-15-148, Nagasaki (Oct. 2015).
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. ower On-Resistance

I . Field Plate (Increased dose)

. Source Orain
I . Shorter drift region Pr poup | / /Gate

» Reduction of on-resistance (R,,) -

. _
_ p-burigd layer 1
Resistance o< Length ] p-bogly I . Shortening

p-buried layer 2 p-well

II. Field Plate (FP) IT. Increased dose

» Enhancement of RESURF effect p-sub
= Increased drift dose = Lower R,

Yy
IT. Increased source n+ dose ‘

» - Lower source resistance = Lower R,
- Suppression of back-gate effect = increase of current drivability



Optimization of Proposed LDMOS ™

Optimized drift dose & FP length
to obtain maximum BV g

Drift dose = 2.13 X 1012cm-2
FP length = 1625nm

1000

Length of Field Plate (nm)

1300

1600 1900

2200 2500

58 | FP

52

Optimized

0.E+00

1.E+12 2.E+12
Impurity Dose (cm2)

3.E+12

I . Field Plate (Increased dose)

] Source .
P+ pickup Gate  Dran

p-buried layer 1
p-body I . Shortening
p-buried layer 2 p-well

IT. Increased dose

p-sub
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Outline

« Simulation Results*
— Ips-Vps Characteristics
— Breakdown Characteristics & Locations
— Hole Current Density & Electric Field Profiles
— Tradeoff Between R, A & BV g
— Total Power Dissipation

*Simulator: 3D TCAD (Device Simulator: Advance/DESSERT)
Developed by AdvanceSoft Corporation, Japan



[ps-Vps Characteristics

Current Expansion
N\

1.5E-04

90e-05 L Optimized

VGS == SV COnV @
1.2E-04
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< |
2 6.0E-05 .

3.0E-05 conv. @

0.0E+00 :

0 20 40 60
Vs (V) @
Conv. D Conv. @ Optimized
Current expansion suppression X O O
Specific on-resistance 68.7mOmm? | 69.3mOmm? 44.8mOmm?

RonA (A=widthxpitch)

(A=0.3x4um?) | (A=0.3x4um?2)

(A=0.3x3.725um2)

Low reliability ~ High reliability

High reliability
Low R, A




Breakdown Characteristics & Locations
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1.E-05 - o Conv. @
Vgs= 0V I
1.6-07 | Conv. 1
1.E-09 | Optlmlzed —_ /
2 |
T I i| BVpg values below
LE-13 Aﬁ)' ; are high enough for 50V operation.
LE-15 L iicaseasss Jssssesenee oo cCil L '
1E17 ¢ ' ' _
0O 10 20 30 40 50 60 70 No problem in all structures
VDS m
Conv. ® Conv. @ Optimized
Breakdown Voltage 67.6V 61.0V 60.7V
Breakdown
location
All in the bulk
Good ESD
performance !




Hole Current Density & Electric Field Profiles
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Gate  Drift (Conv. DQ)

»

Gate Drift (Conv. D@)

A J

7.E+04 6.E+02 s
~ ) (Proposed) Ves=5V = (Proposed) Vgs=5V
£ 6E404 | h g VDS_ZSDV 5 5E+02 |- ~ |Vps=40V
< sEs04 | * c ® y=onm 2 o y =15nm
Z ** Optimized NV T 4EH02 © Optimized Conv. @D
Z 4E+04 | st \ c .
a . : g 3E02 | >
g 3E04 Lok St 3 Conv. @ — :
E o cos b ) Conv. @ R = 2E402 [ KA
< g R [RETPRR NS = :
3 1E+04 |- : \ 9 LE+02 | b e LTI
T NG : = :
0.E+00 = . : : 0.E+00 L. . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Distance (nm) Distance (hm)
Conv. ® Conv. @ Optimized
Hole current density :
: ) High Low LOow (peak around x=1800nm
near the gate-side drift edge 9 0 oW (p )
Magnitude of electric field : :
o ) Middl Low k around x=2700nm
near the drain-side drift edge High ddle OW (peak a )
Generation of impact ionization High Low Low (Difference of peak position)

J

Y

*:Thanks to dual RESURF



Tradeoff Between R,,A & BV ™

80 ——Ref]1]
70 —e—Ref]2]
_ 0T Ref[3]
o]
E 50
Ref[4]
< ——Conv. 1)
£ 30 -
e Conv. @
20 r
—-Optimized
10 -
= Si-limit
0

0O 10 20 30 40 50 60 70 80
BVps (V)

The optimized LDMOS has good R, A and BVg characteristics @

Ref[1]:S.Pendharkar “7 to 30V state-of-art power device implementation in 0.25um LBC7 BiCMOS-DMOS process technology”
Proc. Of ISPSD, p419-422, 2004. (Texas Instruments(USA))

Ref[2]:R.Zhu, “Implementation of high-side, “high-voltage RESURF LDMOS in a sub-half micron smart power technology” ,ISPSD,
p403-406, 2001. (Motorola (USA) )

Ref[3.4]:Choul-Joo Ko, et al., “Implementation of Fully Isolated Low Vgs nLDMOS with Low Specific On-resistance,” ISPSD, pp.
24-27 (2011). (Dongbu Hitek (Korea))
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Switching Loss

tOM

g

LDMOS

A |
Circuit for switching loss analysis \k ______
Conv. @ | Optimized |,
R.,A (MQmm?) 69.3 44.8 B .

Field Plate ™.,
Q,/A (nC/mm?) 1.49 313 | A1 .
FOM (=R,,xQ,) (MQnC) | 104 141
(Figure of Merit) l

> Larger capacitance caused by FP
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Total Power Dissipation

Switching frequency

Conv. @ 6.6A/mm?2 — — H
 Optimized 7.1A/mm? —

0 T ' 1 I S T |'
100 l 1000 10000 100000

Total Power Dissipation Density [W/mm?]

Frequency [kHz]

Practical switching frequency range of DC-DC converters

- Total power dissipation = Gate driving loss + Switching loss + Conduction loss

<X L
Conv. @ > Optimized LDMOS @
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Outline

« Conclusion




Conclusion

We have obtained the optimized 30-50V LDMOS with
(1) High reliability, (2) State-of-the-art R, A-BV5 characteristics,
(3) Low power dissipation density in the practical switching frequency range.

ltems Conv. @ Conv. @ | Optimized

Current expansion suppression X O O
R,,A (MQmm?) 68.7 69.3 44.8

BV, (V) 68 61 60
Breakdown location Bulk Bulk Bulk
near the gate-side drif edge High Low Low
Jogiesiseeretied, | won | wiade | tow
FOM(=R,,xQ,) (mMQnC) 104 141

(1 ot swiching hecuency range High Low

of DC-DC converters)
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Appendix



App.

3D TCAD simulator
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[ 3D TCAD Simulator --- Advance/DESSERT (B VEr.) AdvanceSoft Corporation ]

-Using models close to the actual structure i

» High precision

+2.001129e+001
+1.685176e+001

-No need to make the actual structure g -

B 21054200

» Development in a short time

B 52649508+

—
PN p
~—AdvanceSoft - i
PUSAIIZTILIOPRERIRITH u’e”m l\‘l sa
(4 | = = = NEESS 1.00000000E-012 |
3D Device Simulation 27978
BT ¥ TR 5000
Break the limit, Enjoying DESSERT hem

DESSERT vz.0

L0 <020

RASE YR BORE Kok i A
0.0 0.000 1.00e4020 35 11
218

LoCe+02 0.0
40004012 0.0
1.00e+020 0.0
2.90e+018
J0es016 0.0
20004016 0.0

0.0

Advance /| DESSERT

Simulator screen




App. Structure Analysis
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P+ pickup Source Gate Drain

0

Conv. @

Larger RoyA

$

Smaller input capacitance

P+ pickup ,Source Field Plate

Gate Drain

Proposed

Smaller RgyA

g

Lager input capacitance

because of Field Plate (Miller capacitance)

J

|
Tradeoff



App. Detail of Dissipation

Driver ; VDA e *
RA AN /.,

t[s]
A Switching loss M

PswlW]

L) N\ Swicng oss 2 XN v/\
\ 7 g

L = Rdri.Olj = Don >|eDOFFe\| @

Period >|
Gate drive loss Switching loss
K\
ON %CV2 > _ , | Switching loss @ Switching loss @
OFE lCVZ Period CV (Switching mode) (Conductive mode)
2 XQ =CV Area of triangle ON-time
Tptql POWET =~ — | f x QyVes [t] f X 2 + | Don X‘IDSVDSH
dissipation [w] twrn_ON

|| .
Frequency dependence Duty ratio dependence



Aep. | Transient Characteristics during Turn-on

Conv. @

45 6
40

O Y 5
35

30 4
)

8 5 3
20

15 2
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0 \ >/ 0

0.E+00 1.E-09 2.E-09 3.E-09 4.E-09
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Vas(V)

Optimized

45 6
40

& 5
35
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7 B 3
> 2

15 2
10

1
5

0 o 0
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Power dissipation during Turn-on

Ing X Vps(W)

Conv. @

Optimized
0.E-05 9.E-05
7 08 n E 7.E-05
5.E-05
a
5.E-05 K
’?a 3.E-06
3.E-05 -
1.E-06
1.E-05 \J
J
-1.E-06
-1.E-06 0E+00 1E09 2E09 S8E09 4E-09
0E+H0 1E09 2E09 3E09 4E-09 t©)

t(s)



App.

p-buried layer 1 % <
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Shorter Drift Region

Gate

P+ pickup , Source Gate Drain
| : -/ : Source j_
X
0 .
00 sub ‘ AMA | | AMAMAM Drain

p-body Shortening Rs Y
p-buried layer 2 RDrift

p-well

Resistance oc Length

psub  Shorter distance » R,, — Reduction

% The increase of electric field leads to
the decrease of breakdown voltage.

Tradeoff

Ron < Breakdown voltage (BVg)




App.

P+ pickup

Source

Shorter Drift Region

Gate Drain

Vgs=5V

10

Vps[V]

BVos[V]
&

J700 3800 Jo00 4000

——XE£4300
——XB24200
———X§24100
——X#54000
——XB£3900
———XB23800

Roph
)
/
/
“Vos

E 8 8§ 83 8 3 8

1.00E-05

1.00E-07

1.00E-09

1.00E-11

lns[A]

1.00E-13

1.00E-15

1.00E-17

Distance [nm]

4100

4200 4300 4400

(

10
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[Uly™ ey

[
[=]

0

——X$54300
——X$£4200
—— 824100
——XP#24000
——XE£3900
———XB53800



Source

Field Plate (FP)

Field Plate Gate Drain

Tradeoff

Charge balance

1. Reinforcement of RESURF
/| ™\ Electric field
'+ of lateral direction — Reduction

>& The increase of the parasitic capacitance due to the FP
enhances RESURF effect, and the input capacitance as well.

RESURF < Input capacitance




App.
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Increased Source & Drift Dose

P+ pickup Gate Drain

Source

p-buried layer 1
p-bady

Increased dose

Increased dose m) Carrier — Increased
R,, — Reduction

p-sub
» Current — Increased

Y, s Due to

S —— .
e source resistance

,{ R B
y ‘—

-

Cd

- VDS(V)
Due to drift resistance

2% Suppression of back-gate effect
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APp. Increased Source Dose

Conv. Gate
Soy}rce 9

sub - + Vi ' Drain
l_Y_,

A
|
1
1
1

Rs Roprit
Vsub
S . .
P+ pickup ouree F'e"i Plate Gate  Drain

Larger Vg n.sup— Change in V4 is larger.

0
p-Buried layer 1 fLarger voltage drop }
p-boldy p-buried layer 2 PrOPOSGd
Gate
p-well SOl(J?rce 9
yv p-sub Suﬁb - + Vs,int | Drain
Increased dose . ? ' ,
S
i
1

. V RDrift
Carrier — Increased sub

Ron— Reduction gy Vs intsus — Change in Vq,, is smaller.

Current — Increased :
Suppression of back-gate effect



App.

P+ pickup

1.20E-04

1.00E-04

B.00E-05

6.00E-05

Ips(Al

4 D0E-05

2.00E-05

0.00E+D0D

Increased Drift Dose

Source

Gate

Drain

Ves=5V

10 20
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| N ,
£0.0 ><"\ \ 62
7

>,
B 5%
: \
M =80 58

[Uly™ ey

57.0 X 56
56.0 54
3.00E+16 5.00E+16 7.00E+16 9.00E+16

Doping concentration [cm-3]

1.00E-03
Vae=0V
1.00E-05
;#

1.00E-07
—— 4,00E+16 —— 4.00E+16

1.00E-09
—5.00E+16 E ——5.00E+16
——600E+16 3 LO0ELL ——6.00E+16
—7.00E+16 1.00E-13 —T7.00E+16
——B.00E+16 1.00E-15 ——E 8.00E+16

1.00E-17

0 10 20 30 4 50 &0 70
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App- | Current Density Profiles of Optimized LDMOS

Vpe=40V, Vs=5V

A, B = y=10nm
C = y=100nm

Electron current density Hole current density

The electron current flows in a deep drift region.
The high hole current density occurs in surface “A” and “B”, and deep “C” regions.
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App. | Hole/Electron Current Density & Electric Field Profiles

(a) Optimized High electron current density & electric field generate holes.
V=40V, V=5V
y=10nm y=10nm

— 8.E+03 1.2E+06 NE . 7.E+02 1.2E+06 —
£ 7.6+03 g £ g
S A A 10E+06 < 2 6.E+02 10E+06
< 6.£+03 = < <
> - 8.0E+05 @ 5 02 =)
@ : c k) 8.0E+05 3
% 5.E+03 B S ) 2
S a T 4.E+02 o
& 4.E+03 \ 6.0E+05—~ o 6.0E+05 2
S 3.E:03 2 5 02 £
g SE 4.08405 5 2 o 4.0E405 S
3 2.E+03 0 - e S M () o
v 2.0E405 2 a0 1.E+02 ~ 2.06405 §
o 1.E+03 3] @ s
T 9 = /) o

0.E+00 0.0E+00 W 0.E+00 0.0E+00 Uij

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Distance(nm) Distance(nm)

The hot carriers generated in the “A” region would degrade MOSFET characteristics.

The holes in the shallow “B” region mainly comes from the deep “C” region.

Hole current by impact ionization
o< (electron current) X (electric field) X exp(-A/electric field)
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App. | Hole/Electron Current Density & Electric Field Profiles

(b) Optimized

V=40V, V=5V High electron current density & electric field generate holes.

y=100nm y=100nm
3.0E+03 2.5E+05 3.5E+02 2.5E+05 ___
& o = T
E G G 3.0E+02 5
..&(:’_ 2.5E+03 2.0E+05 :E ‘S‘ i 2.0E+05 :f
< N = = 25602 =
2 2.0E+03 v £ = =
2 @ 1.5E+05 S 2 2 0E+02 \) 1.5E+05 ¢
& 1.5E+03 2 l e
£ 0 106405 & g 1o —— A 1.0E405 S
£ 10803 5 I 108:02 C =
S 5.06400 = 5 5.0E404 o
o 5.0E+02 ‘ ' S % 5,0E+01 ‘ ' S
@] = § =
T o ]
0.0E+00 0.0e+00 2 0.0E+00 0.0E+00 &

0 1000 2000 3000 4000 0 1000 2000 3000 4000

Distance(nm) Distance(nm)

Enhanced impact ionization occurs in the “C” region.
A part of the holes in the deep “C” region flows to the surface “B” region.

Hole current by impact ionization
o< (electron current) X (electric field) X exp(-A/electric field)




A | Example of Conv. @ & Optimized LDMOS ™

Conv. @ LDMOS — Meet to high speed switching
(Low switching loss during turn-on/off)

+
~ High side switch _| E

IO

Low side switch

T 5

Synchronous back converter

N\

Optimized LDMOS — Meet to low R,,A

(Low conduction loss)

RonA [MQmMm?] | Q//A [nC/mm?] Dissipation
Low
Conv. @ 69.3 1.49 (Switching frequency > 10MHz)
o Low
Optimized 44.8 3.13 (Switching frequency < 10MHz)
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App.

Ql. MELEIFLZAL—arTENIZEDHEENHAID D,

Al. We used a device simulator, DESSERT. This simulator can analyze
device characteristics with high precision using latest and proven physical
models. So, simulation results can be basically accurate.

Q2. E[RICEo=6E5D,

A2. The LDMOS can be made based on a conventional 0.35um CMOS
process. So, the fabrication of the LDMOS would not be complicated.

Q. EHEDLEEIZTA—ILRTL—F OB DAL HAHERIH . MEEMNETTA
SIELD D,

A3. If the amount of misalignment for the field plate and p-buried layers is less
than =10%, the value of the breakdown voltage remains almost constant.
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Ql: p. 11D T O EHRILZERIGZD M ?
Al: EHITIXEL, O2aL—2a>DHDERTH S,

Q2: p.111Z"good ESD performance“&&Hh B h ., HEMN ?

A2: INLOTIL—O8OURRELTEY . F—FTIEFHEL
TULVELVD S,

(EQEDBEAZAZFLE-D., BERBIMELERL,. TOER%
FAIEREICEHEMAIEMNTEXTEATLE=, BREZ. E£qHSA
[C]ff-LlAh,. BEREIEBVDSDH ZEED-SHITIEALG-SHE &
EEWLLTULNV=%F5TY,)
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