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BREAKDOM VOLTAGE CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s application
clainms benefits fromU. S. Provisional Patent Application 5 No. 601295, 581
filed JurtéOBY9¥YB1  the contents of which are hereby FGHUHBMAt ed herein
by reference. FIELD OF THE | NVENTI ON The present invention relates

generally to power sem conductor devices, 10 and nore particularly to

nmet al oxi de sem conductor field effect transistors (MOSFETs) for high

vol tage and high current applications. BACKGROUND OF THE | NVENTI ON I n power

el ect roni oS pRAVERANOSRETVRIIRESERPANAIRS BREAGSOMRY BRTARE 15 choi ce for

swi t chi ng high vo tages a urrents. n conpare bi pol ar devi ces,
they have fast switching tinmes and sinple gate drive circuitry.
Specifically, the double-diffusion MOSFET structure is favoured as it

al l ows easy fabrication and self alignnment of channel |ength control. 1In

such a MOSFERg, ﬁ%&%ﬁgﬁﬁw{ﬁbﬁ?“&hﬁ ﬂéal n and source 20 through

a lightly dope a con T on annel that is electrically
formed in the body of the transistor. Current conduction between drain and
source is eI Ebﬁﬁwhmi@ncchimsdiemﬂtﬂ)fyom&.ﬁoH@@@owﬁatm A}Ipiiaaij;aie that

exerts ang i r I stor 0 Q. ,f. hannel .

magni tude of ﬁ?hgb{?g é%bdﬁllgggglﬂéaé’i g@ﬂ' htégz?n@?{g%r?ilw Cl?

conduct i vi t yincéuppldtedhein of referente vol t age may 29 Novenber 2005 WO

02/ 099909 PCT/ SG02/ 00113 thus be used to switch the transistor between its
on and off states. Inits on state, the resistance fromsource to drain

i ncludes the resistance of the transistor's drift region. In fact, for
nost power MOSFETs, the drift region-resistance is the dom nant conponent

of overal |l ORELDaOE THE BA/ENHON:, as MOSFETs are mmjority carrier devices
and only limted excess carriers are injected into the*drift region to

modul at e ! t sTﬁeeS}essgn iivention relates generally to power semiconductor devices,
10 and more particularly to metal oxide semiconductor field effect transistors

-~ (MOSFETS) for high voltage and high current applications.'

BACKGROUND OF THE INVENTION

in power electronics applications MOSFETSs have become the devices of

15  choice for switching high voltages and currents. When compared to
bipolar devices, they have fast switching times and simple gate drive
circuitry. Specifically, the double-diffusion MOSFET structure is favoured
as it allows easy fabrication and self-alignment of channel length control.
In such a MOSFET, current flows between transistor drain and source

20 through a lightly doped drift region and a conduction channe! that is
electrically formed in the body of the transistor.

Current conduction between drain and source is electrically controlled by
a voltage applied to a gaté that exerts an electric field on the transistor
body to form the channel. The magnitude of the gate voltage varies the
25 channel depth and its conductivity. Application of a gate voltage may

1



in the MOSFET's on-state. O course, high conductivity (and Z2daRferider 2005
resistance) of this drift region for high current conduction is extrenely
desirable. Due to absence of effective nodul ati on mechani sm affecting 10
resi st ancO %P ctivity of the drift region is mainl yPERYESREEA on, and
proportional to, the background dopi ng concentration of this region. In the
MOSFET's off-state, the body region to drift region junction prevents
conduction of current, provided that the potential difference across this
junction doe ‘B{F@] - h down

vol t age of t?ed%%engﬁﬁfis ' m@%qtﬁgﬁﬁtmg%ﬂﬁgﬁb%%uﬁrg%%i h??\é the drift
regi on at dr anrstatedtheofesistarse] fosmotsoorce théragpinehideslthdregistaacess t he .

body region gnd the squrce reqgion_i.s significantly, r .than that of the
drift regi onﬁ]?uga?%ﬁf’ﬁ%dﬂﬁcrﬁg'ﬂpgnBrfaﬁotfﬁr{Boiid?%tMﬁgﬂ%oth aﬂﬁbody and
sour ce regi onsgionThesktdre! ie theelddnifiti témpondrite oflr bidrall eghaftdas its 20
maxi mum anpl i tyde at the junction and decreases |inearly when noving away
fromthe 3 untasisdances aenMEINETs; are; Braiprityiorria davigest ard fonly miledps  when
novi ng away s ' L5 Voo lidfs | (ﬁ%ﬁﬁ% it region's
backgr ound d%%%r%tc?@r?cr%%ﬁQﬁ%ér?.smﬁgg{%itﬁfb@htwegr.a e&ggt?té'gﬁs%h er the field
di stri buti onin heddSFETSs phetatel tQfyeowase,dsigh tdordjictivity i(amd ther@brdi gher

dopi ng conce ' ' he field dro re i ckl creating a

i gher peak Eelethep ot o oo bion uiRe B AboT i Sarma e ool § o
conpared to dedieibty, DOpitdRbeenteod! efféutive anduuldth WeBhdrisrh affeBinglr i ft region
not only nakes_ihe on-st ate LFSlstance_lower but al so decreases the

of f - st at B bri&% » Fenqugliity pt e dril regiag is apaialy depepdent: on.e@idbn j uncti on.
I n conventi I bf ki : i sts a trade-off
o et e R ﬂgﬁﬁﬁ‘éga e tatRiigund tipbifg eohberiiafion of (Y Rolki o

PCT/ S@2/ 00113 state_resistance, Ron, 5p and the off-state breakdown
vol t age, Bvdnsthg MOSFRés offisiale, Bvalidedysregipn ftordrifk sagipe jwesiion bed in C.

Hu, " Optimu : - ; A - . _ | gh
br eakdoun val' ooy -cqriicn B e, BV MLE S BAARE R 95, 6 5).
pp. 243-245,agesdthis junction does not exceed the avalanche or punch-through

15  breakdown voltage of the junction. Almost the entire potential drop is in
the drift region at drain side of this junction. The potential drop across the
body region and the source region is significantly smaller than that of the
drift region due to the much higher doping concentration of the body and
source regions. The electric field profile in the drift region has its

20 maximum amplitude at the junction and decreases linearly when moving
away from the junction, eventually to zero. How quickly the field drops
when moving away from the junction is strongly influenced by the drift
region’s background doping concentration. The total integrated area
under the field distribution is equal to the voltage across the junction. A

25 higher doping concentration will make the field drop more quickly,
creating a higher peak junction field for the same amount of the voltage

applied compared to a lower doping region.

Thus a higher doping in the drift region not only makes the on-state
resistance lower but also decreases the off-state breakdown voltage of
30 the body region to drift region junction. In conventional double diffused

silicon MOSFETs, there exists a trade-off limit between the specific on-
2



5 As such, power MOSFET designers are constantly seeki ng wayp Nove®er 2005
drift region resistance w thout reducing the body region to drift region
junction breakdown voltage. Recently, proposed MOSFET designs alternately
stack p aNA%¥PWers to overcone the silicon trade- of?CWq‘?rg??’P“,ll:‘as f or
exanple illustrated in U S. 10 Patent Nos. 5216275, 5438215 and Eur opean
Pat ent EP0053854. These disclosed devices all rely on the charge
conpensation principle of the alternating p and n layers to increase the
perm ssi bl e | i dey ' [ et:ween on-state
resi stance aggﬁ%%lg%g%%%g%ébgghﬁ%\% ?%gtse@g%%&t@%ﬁn}%%g\%/ = 1"\§?Anot her
approach di sRupsed BYastd*Sas Fat example .desednadid Gr binp 4@ptiraum! domeg | y gr aded
doping profile_to nodul ate the field distribution,in the dri regi on. The
width of thepEﬂﬁ}%fPrPHB'PBH" obris fesics and fudt h?@gpo‘ﬁ?c‘ff’ﬁ?@iLéE%chi eved by

the angl ed i MeinRBEMHsOBn (EISFIdN DBebEs VhIdEmRDES) Alp. 2aB-24%es®7pr oposed
MOSFETS are, however, difficult to fabricate, 20 involving expensive

nul ti - epi ¢ ax$s suehdwer MOBEET slesigpets aretcansiaatly seekingways o lawekarz, J. - P.
Stengl, H Sk | ‘}%?F v . iop. of high
voletn gge N@ngquﬁlggkrggﬂtst@%i%ﬂ{bgf :ﬂ?l% 0 ghﬁ P@‘%%'ﬁ’@z@%ﬁ jrI]qlrgchn: gal

Di gest, pp. GdslidBEeakd®sgn vétageequent devel opnents have been ai ned at
achieving the charge 25 conpehsation by other processes as for exanple

detailed in [ t . IS rada, and S. Hine,
“Ecper  ment afeoRly Propberd IS T Meu R Atp (it Both b A BB HEnc “Pover
MOSFET  ( STMpVercdtnecthe Isllidonl trade-Gff riimit, Resveor Semple riflsttated PeU.Se agd ICZ, <
. 77-80, 2000 3 T itta, A _Uenisi, M Y Har ada an )
pg 29 No@érrbé"f‘t_eﬂbdgoﬁ/\%gg%@ /3@2&@@??@" HPatent 'a%%%lsﬁé- cool er, -
trench or Mifhdsebbdigsetd devid¥s0Rl rely'zéﬁﬂtﬂééiﬁrg@bbﬁﬂéhsatﬁﬁ??iﬁéip%io” Power
Sem conductor Device and |ICs, pp. 73-76, 2000, and in J. denn and J.
Si ekki nen, "the\atimstingrr mpdin lvers torispiense HrspRMisiids dopie oivths) " |
Procedure 12§ 8,idd$S A the PahtionsHRCSatHBn on-state resistance and off-state

breakdown voltage can be improved.

15 Another approach disclosed in U.S. Patent No. 5637898 proposes a

| linearly graded doping profile to modulate the field distribution in the drift

- region. The width of the drift region is limited as the linear profile is
achieved by the angled implantation from trenched sidewalls.

All of these proposed MOSFETS are, however, difficult to fabricate,

20 involving expensive multi-epitaxy process, as for example detailed in G.
Deboy, M. Marz, J.-P. Stengl, H. Strack, J. Tihanyi and H. Weber, “A new
generation of high voliage MOSFETs breaks the limit line of silicon”, IEEE
{EDM Technical Digest, pp. 683-685, 1998.

Subsequent developments have been aimed at achieving the charge

25 compensation by other processes as for example detailed in T. Nitta, T.
~Minato, M. Yano, A. Uenisi, M. Harada and S. Hine, “Experimental
Results and Simulation Analysis of 250V Super trench Power MOSFET
(STM)", Proc. 12th Int. Symp. Power Semiconductor Device and ICs, pp.
77-80, 2000, T. Minato, T. Nitta, A. Uenisi, M. Yano, M. Harada and S.

3



5 on Power Sem conductor Device and ICs, pp. 197-200, 2000. 2‘g1gﬁﬁ,erﬁg\g?r2005
processes are generally limted by the narrow w ndow i nposed by th

precise charge bal ance needed to achieve the optinmum on-resistance and t he
p/ n | ayeV? MY f f usi on, as for exanple explained i PS5G0 Ehenoy, A
Bhalla and G M Dol ny, " Anal ysis of the effect of charge 10 inbal ance on
the static and dynam c characteristics of the super junction MOSFET",

Proc. 11th International Synposium on Povver Sem' conductor Device and | GCs,

99-102, 9. | r MOSFET,
E\gw ng an .ﬂ#%%om&@?%gﬁggmm&%ﬁ%r%' st a’ts'g égﬁp’[’%ﬁ%"’?’grﬁt I onshi p.
15 SUMVARY CSympEsmmNENHo%kg'Bem:mmmr Demr@ncbmsprprppGS% aooew approgch
to increasin FET .breakdo " as to real i se an
thus yiel ds g“':g/ostg\‘ G'gaﬂt?rl'i'l \ﬁmﬁéeg‘k&??‘ Amgbﬁ&%t "‘H@L ‘%ﬁg treiehccor dance
with an aspenEstﬂ@Md@(\prmS)"n%%am 12 %ﬁgﬂoﬁaﬁ‘@yh‘rﬁgﬁuﬁ? dielectric,

pr ef er abl for m of metal thick oxid t hat extends al ongsi de the

h
MOSFET' s %r : g’i tPOMéﬂje |%¢mlcm¢qura@ewa@ra@dslqmup@ dlgé"r?é)@t 2080heThesen its
Opposi ng Si dl‘?éﬂ&’iﬁ'&&éssesrérgE;Sﬁérﬁflg}s:lgﬁ%&}ag%dmsﬂallr&ﬁ fv& iMpoS ﬁgrb 0 increase

t he breakdown vol'ta CA CORdUCHor ] uncti’on bet ween
the drift retgecp:recas&jcl&S*gbdndLancegeeded fﬁi'a(mleafeltt)MpﬁmumMrgi'esrstalmm ng of the

VOSFETS. 1 n 40BN B I R, 5 S SeamBRcepimbat i Rudlkc on. o

power  MOSFEShdrty| WdeShalasany G MEDORY; “Analysis rbfftﬁ@@ﬂéct af @RhRye @ body
region, and a drift region extending betmeen he body region and drain

regi on, kb 'Wb’E@"F@\P@nﬂBGrSteﬂ@@d\WHQWQ)MQQtGWS@m super3ungtioneast
partially IYNOSFELI Bk, fﬁxﬂrfh%gr%tﬂ)éﬁ S]/n?,tﬁﬁi(]ﬁﬂ oh P SHES eLfsc‘? g on and a

di el ectric having opposing si ese opposing sI ext endi ng
al ongsi de t Heewled #d [egyippn99-402 1®8%0pposite one of its opposing sides
connected to a conducting region, so that a voltage across the

Accordingly, there is need for an improved power MOSFET, having an
improved breakdown voltage to on-state resistance relationship.

15
SUMMARY OF THE INVENTION

The present invention proposes a new approach to increasing MOSFET

breakdown voltage, which is easier to realise and thus yields a better

control than existing MOSFET designs. In accordance with an aSpect of

20 the present invention, a MOSFET includes a dielectric, preferably in the

form of a metal thick oxide, that extends alongside the MOSFET’s drift

region. A voltage across this dielectric between its opposing sides exerts

an electric field into the drift region to increase the breakdown voltage of

_ a reverse biased semiconductor junction between the drift region and

- 25  body region. This allows for higher doping of the drift region, for a given
breakdown voltage when compared to conventional MOSFETS.

In accordance with a first aspect of the present invention, a power

~ MOSFET includes a source region; a drain region; a gate; a body region;

and a drift region extending between the body region and drain region, to
4



5 dielectric between its opposing sides exerts an electric fzgl\[bvém@etrrgoos
drift region to redistribute free carriers in the drift region and thereby
affect the electrical field distribution in the drift region to increase

t he br eaR¥BWH9%8] t age of a reverse biased sem conduct®TJWHeHibn bet ween
the drift region and the body region. 10 In accordance with another aspect
of the invention, a nethod of formng a netal oxide sem conductor
transistor (MOSFET) in a semconductor wafer includes, form ng opposed

ti [ 1 ' . t
vertical !y, oat Al B RSRE Rl ot A AERGRTGNGH B willicn RN 1O
gef : ned t hi ckngss dlleiédtlfd haviag \oppusing cfidexac IOnaf of ﬂesé&:ﬁpoemg(l;mdisi)et \(/jve;ap t hg
ielectric materia nducti ve er|a a doubl e diffuse
NDSFET S § ueByeRUBE iR BS B LuER. Gay Bhubposte.pid obfs PreSsier e

structure foggBE doPnbatss 3 &”cbﬁ&urﬂiﬁ? l‘é@ldnh%b thabut goltae sbressdsi c materi al
along at least a portion of its vertical extent. Conveniently, this allows

a | ower sheciElastisnbetwaen its oppesing sidesreerissan electic figl o, the @ithin to
o ey oeno iRt rds EAMErN the At AENGT b oty Sikdot et L OU!

usi ng expensi Ve an process tech se char ge
conpensat i onelestrical fi eldqilstnﬁmilonl insthe adtifi tegum tmmowasddhetbreaﬂzdm that is

controlled for,_ opti 0 spects f eat.ure f the
resent | nveltizgR ol Bl regiss Eiaag semionduslt JitBn banest iR ot i 11 i n
the art uponrdgfdt &Y e Hodg régibm.owi ng descri ption of” specific enbodi ments of
the invention in conjunction with the acconpanying figures. 29 Novenber

2005 WO 02/ 099909 2/ 00113 BRI EE, DESCRI PTI ON THE DRAW NGS I n the
figures Hhich ﬁqcptfg"f%ﬁ"ﬂi 08751&38?9‘395%1 Bvesion, a &Pﬁﬁ?ﬁﬁ&ﬂf@mafa t he
present i nvepbtfNoxide Fdeficdndublor Straristsr W%P@thhoﬂaéerﬁicaﬁ@uctgﬁt e MOSFET;
FIG 2Aillustrates a planar gate MOSFET, exenplary of an enbodi nent of

the present wafeerinclodes, HogningBoppasesd: vertisallyaaxtending r frenahies| @ #iest ri but i on
for the NDSFge-Fﬁlc&fndLﬁ!tcSﬁNafer covering interior walls of each of the trenches with

a dielectric material of a defined thickness; filling a volume of each of the
15 ftrenches between the dielectric material with a conductive material;
forming a double diffused MOSFET structure between the opposed
vertical trenches, the MOSFET structure formed fo have a drift region that

| abuts the dielectric material along at least a portion of its vertical extent.

Conveniently, this allows a lower specific on-state resistance, Rqn, op at @
20 given drain to source voltage BVyss than dictated by the conventional limit,

without using expensive and complicated process technology.

Precise charge compensation is not required. Instead it is the oxide
thickness that is controlled for optimal performance.

Other aspects and features of the present invention will become apparent
25 to those of ordinary skill in the art upon review of the following description
of specific embodiments of the invention in conjunction with the

accompanying figures.



| and 2A; 10 FIG 3 illustrates a trench gate MOSFET, exenpl
enbodi nent of the present invention; FIGS. 4, SA-5B, 6A-6B, NWerQBgX@OS
illustrate exenplary stages in processes of formng a MOSFET exenpl ary of
an enbodWRPYOFt he present invention on a seni condRGTSGOHENE : 15 FIG 9
illustrates the relationship of specific on-state resistance as a function
of breakdown voltage for the MOSFET of FIG 2A;, - FIG 10 illustrates the

rel ati onshi p between breakdown voltage and dielectric colum width for the
MOSFET of FIG 2A; FIG 11 illustrates a section of p-i-n structure used to
approximate 20 performance of the MOSFETs of FIG 2A and FIG 3; FIG 12
illustrates neasured reverse bias currents of equivalent p-i-n structures
for conventi GRIEF DESCTRIPTION OMEHEIERAWINGSFI G 2A; FIG 13 illustrates a
further trench gate MOSFET, exenplary of another enbodi ment of the present

: In?/ﬁgt Ir g'? éas Pﬁ@' M@%%%?ﬁﬁg%%@?&% &9&9%%5@@66%0%@80%%5@ Oﬁm%r ol voltage

for the MOSFpiesefitiRVdatioh3;, FIG 15 illustrates specific on-state resistance
to breakdown voltage for the I\/%FET of FIG 13; and 5 FIGS. 16 and 17

illustratg t r at| nshi p_ of s conduct ance gai ns and
bandwi dt o ¢ OES%t '%F’? chryent 'HE %é?e MOSEREE DA and 19, COETAl LED
DESCRI PTION 10 FIG | i I | ustrates a conventional planar gate, n-channel

power MOSFETFIG, A HudfkXiesa plénargdte MOGSFET, exengsarylof asogmibodirnesen conduct or
substrate 12. _A nore ljghtly doped epitaxial layer, defining a drift region
14, is grown offne prgsent %“E%' At the top of the epitaxial layer, p type
body regions 18 are fornmed. n+ source regions 20 are formed within

FIG. 2B iliustrates an electric field distribution for the MOSFETs of FIGS.
1 and 2A:

10  FIG. 3 illustrates a trench gate MOSFET, exemplary of another
embodiment of the present invention;

FIGS. 4, 5A-5B, 6A-6B, 7, 8 and 8A-8C iliustrate exemplary stages in
" processes of forming a MOSFET exemplary of an embodiment of the

present invention on a semiconductor wafer;

15 FIG. 9 illustrates the relationship of specific on-state resistance as a
| function of breakdown voltage for the MOSFET of FIG.2A;

FIG. 10 illustrates the relationship between breakdown voltage and
dielectric column width for the MOSFET of FIG. 2A;

FIG. 11 illustrates a section of p--n structure used fo approximate
20 performance of the MOSFETSs of FIG. 2A and FIG. 3;

FIG. 12 illustrates measured reverse bias currents of equivalent p-i-n
structures for conventional MOSFETs and the MOSFET of FIG. 2A;

FIG. 13 Iillustrates a further trench gate MOSFET, exemplary of another .
~embodiment of the present invention;



15 body regions 18. A gate 16 is fornmed atop region 14 and RSn B );Rg)
body regions 18. Gate 16 is insulated fromdrift region 14 ?r?é“p-typgeﬁ.bo y5

regions 18 by an oxide |layer 22. Gate 16 is preferably fornmed from a
heavi |y Q&M y-silicon. Metal contacts 24 and 26 RE/SGHRMEL f or

el ectrical interconnection of source regions 20 and substrate 12 to all ow
20 these to act as source and drain contacts, respectively. As is
understood, current nay flow between drain and source in the presence of

an n channel t wge [C | n drift .regio 14. An applied
vol t age at ggpg' \ﬁg @Qéethqgggﬂ?i %‘%ﬁ’glﬁﬁﬁt S%%’e M hﬁeﬁkﬁj?l‘vlgr‘%qﬂgﬂe %‘ﬁi | e charge
zone under neabmhirdl veltapri for thel MOSFETaf F2G. 137 p-type body 25 regions 18,

defining the conducting n channel from source region 20 into drift region
ct 24 to in contact 26 . is in |large

14. The resi nge.from source cont : r

part attri bu? L‘gl ?f"&s HES I‘S@?F@f ARsta freﬁﬁl?"&?ﬁ‘?t reakdioyn voltaggfar resi st ance
of the drift tHeSdOSFETAf FIG. 43!'dhd | S i nversely proportional to the 29
Novenber 2005 WO 02/ 099909 PCT/ S&2/ 00113 avail able free carriers and

t herefore thﬁléé)nc ntratjon_of dopants Nd in the drift region 14. In the
absence of a ta§§ Andyadd 18u Efheo relatioRships ff f swalsignabnd  the p-n

junction bet yagdkohfctinddgiin Edi%néﬂﬁidﬂ'f'ﬁ ﬁz@ vBlt%cLé for teSRIORFERS 1S 5 .
reverse biased. Bel ow a breakdown voltage I's Juhction sustains the drain
to source vobtEGS. 2AdBndet&Gept for a smal|l | eakage current, prevents the
flow of current fromdrain to source. As will be appreciated, breakdown of
this junction occurs if the electric field at the junction exceeds a
defined aval anche value, EO. For silicon Eo = 8 x 105 VVcm at 10 room
tenperature. For the described pn junction, the breakdown voltage, Vbr may
be expressedETAlLES BESERIPHON| ectric fiel d aval anche val ue, EO, and n
doping, Nd as Vbr 4!3 = (Esi E02) / (2 g NO (1) 15 where ESi is the

dielectrig copstofbsiited BorlbhttMa PROEF hate, A afndiSodW? MOSFET
10. MOSFET 10 is formed on a heavily doped n+ semiconductor

substrate 12. A more lightly doped epitaxial layer, defining a drift region

14, is grown on substrate 12. At the top of the epitaxial layer, p type

body regions 18 are formed. n+ source rggions 20 are formed within

15  body regions 18. A gate 16 is formed atop region 14 and overlaps p-type

body regions 18. Gate 16 is insulated from drift region 14 and p-type

body regions 18 by an oxide layer 22. Gate 16 is preferably formed from

a heavily doped poly-silicon. Metal contacts 24 and 26 are formed for

electrical interconnection of source regions 20 and substrate 12 to allow

20 these fo act as source and drain contacts, respectively.

As is understood, current may flow between drain and source in the
presence of an n channel! between the source region and n drift region
14. An applied voltage at gaie 16 exerts a field creating a thin inversion
mobile charge zone undemeath the gate oxide layer 22 in p-type body
25 regions 18, defining the conducting n channel from source region 20 into
drift region 14. The resistance from source contact 24 to drain contact 26
is in large part attributable to the resistance of the drift region 14. The
resistance of the drift region 14, in turn, is inversely proportional to the

7



el ectron charge. Cearly, while conductivity is proportionalp
background doping of the drift region 14, the breakdown voltéggk%?#pﬁerzoos
body region to drift region junction is inversely proportional to the sane
dopi ng | SVRP2OMI FI G 2A illustrates a MOSFET 100, exctfii¥03/00i3 an

enbodi nent of the present invention. Like a conventional MOSFET 10 (FI G

1) MOSFET 100 is forned on a heavily doped n+ sem conductor substrate 102.
A nore lightly doped epitaxial |ayer definning drift region 104 is grown on

substrat e 10%varoid 8ol Ak ARhSROR L KBRARSC SRRIENSE */° 20

formed. n+ sSUFCe regions are orrre ody regions A gate
106 i s fornmedhaddiprdgien ¢4it axi al | ayer across the p-body regions to reach
source regions 110, and is insulated therefromby an oxide |ayer 112.

Met al contac and 116 ar.e fo d f.ar~el cal rconnecti on
Source oo ol tEib<Eite bt 8. Pltded 8t 439 15 MOSFET 10 o s BREERARRT 50
Novenber 200%h BhEIRMBEIWEE 1 B6 rcP hAgs tite n dER Pesibh Maliy .
Addi tionally, éI&nﬂET 100 i ncl udhggpm%‘)ﬂeb% net al -t hrllck g%ide l

di el ectri € cofv@mss biepgd. HBelawoa bipalidewn, yaltage) thisnynation %ﬁ%ﬂ%&h%’ert ically
at the opposi fy [ ion 104 5
resenbles a d?fn?&gﬁlﬁgtgnoﬁa%gﬁi éﬁab@ %ﬁla“ Iéék%ggﬁ"ﬁglé-%térﬁ% col um
118 i s adj acthe flow nfcnurfemt rfegi otirair0 40 (ﬁOUMFEﬂislwiﬂ b&happregiptesi, t e edge of
each col um 8.1 o . ve dj nd ve region
120. Pref eraéﬂ%?kgé‘gﬁ &ﬂﬁ%é&%ﬁgnr%ﬁfb?ﬂ 1% Sgt‘:ﬁ@ ﬁ@g at ﬁ’ H‘%‘?—

pol y- si | i conegesvde andefiiedravaihche vblue cBgdBot siliconr B+ 6061(152\wcmlat are

el ectri caI |y conpected to source netal contact 114. FIG 2B illustrates the

el ectric i efPUfLPRETBI®on as a function of distance fromthe body region -
to drift region junction for MOSFET 100 and MOSFET 10 in their off-state.

Functi onal | yFof Qhe mﬁﬂ'ecl% |jlﬁhd:lbﬁ ‘ﬂ‘fef Joréél@o@m VbIeage0 | ViRaRapgsePss each
colum 118 deposits a charg e 15 of each colum 118. This

charge, int G?‘i?fesﬁde'ﬂttgﬂ%ofem@@hqtf@ ﬁﬂ'gﬁ\éﬁ@'ﬂﬂtﬁ’r‘ﬁ'l{e Eq, and n doping,
Ng as

Vor #* = (g5 Eo®) / (2 q No) (1)

15 where g is the dielectric constant of the silicon material and q is the
electron charge. Clearly, while conductivity is proportional to the _
background doping of the drift region 14, the breakdown voltage of the
body region to drift region junction is inversely proportional to the same

- doping level.

20 FIG. 2A illustrates a MOSFET 100, exemplary of an embodiment of the
present invention. Like a conventional MOSFET 10 (FIG. 1) MOSFET

100 is formed on a heavily doped n+ semiconductor substrate 102. A
more lightly doped epitaxial layer defining drift region 104 is grown on

| substrate 102. At the fop of region 104, p-type body regions 108 are

25 f{ormmed. n+ source regions 110 are formed within body regions 108. A
| gate 106 is formed atop the epitaxial layer across the p-body regions to
_reach source regions 110, and is insulated therefrom by an oxide layer
112. Metal contacts 114 and 116 are formed for electrical interconnection

-source regions 110 and substrate 102 to act as source and drain
8



region 104 that depletes free carriers in the n colum of t g,;‘,%?.n [
104 laterally. That is, free carriers are redistributed wt ?nﬂ ri tbfég&q)ons
104. This alters the original vertical field distribution within the drift
regi on 10¥00208998hve a shape as illustrated in FIG 2BPCTHG024013 t he

vertical field 20 magnitude is no longer a |linear triangle-like
distribution like that in MOSFET 10, but a square-like distribution as
shown. As noted, the voltage across the junction equals the integral of

the field distrihutiaon, such, for the sane vol tage the peak nagnitude
of the fiel dé%{g?%lg’;e?ﬁ%m@?lﬁnction of MOSFET 100 will be |l ess than the peak
magni tude of the field 25 across the junction of MOSFET 10. Preferably,

the si dewal | Additicimallys MOSFRE! 160 dmchvdest sideali metdiéhidk-glids t{(MTDeakdown
quality, or if apy other dielectric naterial is sen to replace the

oxi de. 1t sl st T4  Becof digkatic, dluben T SXRres vemeaear ot han
that of the iheeNgipdRitt dRiged B rdHRk 964ibh 01040 AKNRRA, Hﬁﬁqé%ibﬁ {30
properly controlled as described below. 9 29 Novenber 2005 WO 02/ 099909
PCT/ SQ02/901resemblast atealya| Raving, width| 2¢ge Qneopdas o sachodiglpstiics (i.e. the

| ateral volt r oxi nat. , ) 0 =(q

Ndwt ox) | sox @@“mﬁ?s %a@ggﬁh%ogh%g?é@ﬂt e Sur a(%eﬁ(;fﬁ{o?]exlz:ﬁgl) um 118,
tOx i s the ooppbeite Bdpgbiofleack £plusux118 ig heuraddddey divelrtivally extendimgt ant, A is
the sidewall are and. q j.s the.electrop charqe. at e surface of columm
118, St oo Bgioh 12, ' Brall eath sahdidie riPh 1203 Fasinets ©l geal Iy
in order to gfayp+AR Bely-sNiBdn gém@hdaﬁothﬁsmﬁﬁl@éﬁuﬁbtwelrbﬂiaﬁsi1rzot he body,

t he charﬁ)g at the surface of columm 118 should deplete the entire 10

n-drift Hegi#sn gerdicaliy conredadigiegyise metalsontashAtdg equations (1) and (2),
yi el ds Ng’\ [(ssi. Eo02. s0X413)1(2. q 713)737. [tox.w]-4" =2.90x1011.
[tox.w - u7 Ki8) 2B illustrates the electric field distribution as a function of distance

from the body region to drift region junction for MOSFET 100 and
MOSFET 10 in their off-state. Functionally, for MOSFET 100 in its off-
state, the voltage across each column 118 deposits a charge at the edge
15 of each column 118. This charge, in turn, exerts an electric field on drift
region 104 that depletes free carriers in the n column of the drift region
104 laterally. That is, free carriers are redistributed within drift region 104.
This alters the original vertical field distribution within the drift region 104
to have a shape as illusirated in FIG. 2B. That is, the vertical field
20 magnitude is no longer a linear triangle-ike distribution like that in
MOSFET 10, but a square-like distribution as shown. As noted, the
voltage across the junction equals the integral of the field distribution. As
“such, for the same voltage the peak magnitude of the field across the
junction of MOSFET 100 will be less than the peak magnitude of the field

25  across the junction of MOSFET 10.

- Preferably, the sidewall oxide is thermally grown to obtain the highest
breakdown quality, or if any other dielectric material is chosen o replace
the oxide, it should have a breakdown field strength equal to or greater
than that of the thermal oxide. The dielectric thickness needs to be

30 properly controlled as described below.

9



Equation (3) defines the mathematical relationship anmong - depj r 2005
concentration of the drift region 104, the sidewall oxide thic ness 019
colum 118 and the half width (w) of the drift region 104 to function at

its pref¥9 PN eakdown vol tage. MOSFET 100 wi || haveP@@/s8Piitd opti nal
breakdown voltage for a particular Nd as | ong as any conbi nati on of the
three design paraneters, 20 Nd, tox and w satisfy equation (3). The
specific on-state resistance between drain and source RO,,,sp is

ol omha - SuafiBtiEehe @dd drif act i Mo (felhel Bl bl 5" F he

el ectrode halfopycah be approximatedias, i s, WMIO = tox + weleC. It may be shown
that 25 an optimal ratio of wMIO to w of 4:3 exists for nininmum Ron, sp. The

t hi ckness of the bottqQm c e chosen to be the sane as or
preferably greater thgﬁ E@ ?i&OQQ)Ngq' fox o5 WO 024899909
PCT/ S&2/ 00113 Onng to this additional field nodulation by |ateral

depl etion, ty{Re@OR) &thrbhaidéf‘aﬂhbfshrféé‘@behel&ﬁurﬁﬁr’ﬂbet [ @ tﬁ@%x'it% a val ue
much hi gher than t'hat perm ssible in conventional MOSEETs such as MOSFET

10, thus 5i nihicknisy chie thepedie dislasirna anstanitis the sliewal dmey andlg age

rel ationship, for_sjli T 1 st t,0 own ways of
i ncreasi ng 'B%%%Le n 8?5 6 tq%ﬁurfgggn%p%ﬂurgn aag Hmi ﬁieﬂ S US pat ent
Nos. 521627ﬁeeemﬁe&4ﬁ3@ﬂﬂfanﬂﬁﬂpég@m se4.mat ching of doping is needed in
MOSFET 100. Instead, for a particular drift region width 2w and doping Nd

(as shown i ri r|I t he t hi kness of each 10
(25 ohoun | TaEA, i bier s B SR e BB A TR or 20,
effect to defigyt ehd Bearge!at e Qurfédéeof'bdllimﬁtﬂB%bQﬁ ddifeteihd éﬁbbé durl ng the
of f-state. Conveniently, as oxide thickness control technol og

wel | - knolth, nﬂﬂtwono@ﬁtcb&fprsévreww dies p0hdB9 SaLgtiona(H od Zéa t han known
15 charge cqmgggsatlon structures that require the difficult task of
preci se

~ [(&s.Eo® kol ) 1(2.9™) 1 [t w1
=2.90x10" [t w] ™ (3)

Equation (3) defines the mathematical relationship among - doping

15 concentration of the drift region 104, the sidewall oxide thickness of
column 118 and the half width (w) of the drift region 104 to function at its
preferred breakdown voltage.

MOSFET 100 will have a desired optimal breakdown voltage for a
particular Ng as long as any combination of the three design parameters,
20 Ng, tox and w satisfy equation (3).

The specific on-state resistance between drain and source Rgnsp i

calculated to be proportion to (w + wyro) / (Ng x w) where the trench

column half-width, wuro is the sum of sidewall oxide thickness and the

electrode half-width, Wejec, that is, wyro = tox + Welee. It may be shown that
25 an optimal ratio of wyro to w of 4:3 exists for minimum Rgpsp. The

thickness of the bottom oxide dox can be chosen to be the same as or

preferably greater than toy.

10



dopi ng control and multiple epitaxial growth. As will be appn N@é?ﬁberZOOS
MOSFETs exenpl ary of the present invention may be either pI anar

MOSFETs (li ke MOSFET 100 illustrated in FIG 2A), or trench gate I\/DSFETS
(i ke MOSHEG2/0P99%i | |ustrated in FIG 3). 20 El ements HACTIRGOFPOFINA0 are akin
to those of MOSFET 100 (FIG 2) and are therefore labelled wth Iike
nuneral s bearing a double prinme (") synbol in FIG 3. As illustrated in
FIG 4, an epi wafer 150 with suitable Si (100) n-epi thickness and dopi ng

Nd i d t : |
0 s oo g oS W e b, 2
TE?EEeafZEA\;ar fﬂfer U{iita'}eglpgmel&dn e ﬂ'&l&@&h@? gﬁmet ?#andﬁghapdaag that ums 118
of sui e. di mensi ons, ar ed on
|(I | ustrat ed pﬁrnw%‘glesp copyet @P%q‘ossﬁﬁﬁcﬁ wlﬁt t‘? Ithlﬂzs mrrored.
11 29 Novenbpy rgﬁﬂé tH@éb%éFﬁ@Qﬁﬂr%sB@Hc’é%%%ﬂe&&mﬂ' %Ité@\‘élé‘tld?%hwe“ trenches

160 defines dl’lft Igl on . he starting wafer 1s constrained to have

different3 ba@%ﬁd@fn%l WpMQ@FEd's‘WQ)r Iregenirsst to eayn wgms Y instaasingrart power
| Cs, then anbl%gga%%ﬁéed%ggl{%%ﬁlgt é%sféﬁym% %"%ﬁ"[ NBS. illustrated

I n FIG 5Bto a regi on col um,
as required. 58275, andub4382118, wet prexisdatmiatohirgt ebdgpmgnlg newgledepui r ed

ucknese oo PR TR 5 RSB B '

si dewal I s ang, f(és)gﬁé\mﬁ)ﬁn FIG emﬁqtsnslﬁ(ﬂnmnyhh@ sidewal tHicRheR6!dfl gachl | ke the
suggest ed oxi de. Al ternativel | Fect wet oxidation cannot get the

requi r edl®i e‘PQi'é'ﬂﬂl'Us tani b ageds ¥ﬁjp?|9ﬂ"@°i!qq to provideribe opfmad figld: he
subsequent Séltéc@%‘ d%Bl'eHﬂfhe &‘Rﬁ}ﬁH HhORy drﬁ‘ﬁrécglkél‘}’%i %ﬁﬁr@ly’ &hd'lﬂgecheGB may Dbe

enpl oyed to obtain a cker waII ness H ed n+ or p+
pol y-si | i conofttefadssi ti on (for exarrpl e PCCl 3 dopi nQ) 15 Is used to fill up
t he remai nder of trenches 160 as illustrated in FIG 7.

- Convenienfly, as oxide thickness control technology is well-known,
MOSFET 100 can be easily and precisely manufactured than known
15 charge compensation structures that require the difficult task of precise

doping control and multiple epitaxial growth.

As will be appreciated, MOSFETs exemplary of the present invention may
be either planar gate MOSFETs (like MOSFET 100 iliustrated in FIG. 2A),
or trench gate MOSFETs (like MOSFET 140 illustrated in FIG. 3).

20 Elements of MOSFET 140 are akin o those of MOSFET 100 (FIG. 2) and
are therefore labelled with like numerals bearing a double prime (“}
symbol in FIG. 3.

As illustrated in FIG. 4, an epi wafer 150 with suitable Si (100) n-epi
thickness and doping Ng is used as starling wafer. Suitable masking
25 materials, for example oxide and nitride layers 152, 154 respectively, are

first deposited.

Thereatter, vertically extending trenches 160 to accommodate columns
118 (FIG. 2A) of suitable dimensions are etched on the wafer 150, as
illustrated in FIG. 5A. Preferably, trenches 160 are laterally mirrored.

11



This poly silicon provides the contact region 120 to sourceﬁmvérﬂberzoos
colums 118. The poly-silicon etch-back step is perfornmed toO trenove

excess poly-silicon on the top surface. Thereafter, the conventional povver
MOSFET i VO 8¥i989 bet ween t he trenches using conventiormleszmcess st eps,
giving the final MOSFET device structure as shown in FIG 2A (planar gate)
or FIG 3 (trench gate). Conveniently, each trench 160 nay accommbdate two
colums 118, each of which may form part of one of two adj acent

transi stors rmed on  wafer tion i n order to reduce the n
drift regi ontfﬁeae%n ﬁw’%"dfefpc?'%? 1%851% By ! fdogef8ting+ regi on,
usual 'y | OcaW@fbr |éi&61is@ﬂaﬁﬁédrt8>ﬁavé‘2ilﬁé?§nt Bh‘c‘;k?rﬁuﬁ&ﬁoﬁlﬁ | &for BAnipfe MVed
vertically (i.e. upward but still next n+ source region). The

resul ting se@?@ﬂﬁécb%&ﬂ‘ﬁ@@ﬂwﬂl DO\M@rvEC%i teemnaptionsldilied Mpdantaijerut vi ew f or

PCT) Sco8) oL T3V AR el Hh NigRaletTn Ko, Spit, PSR! péckiialld 02y o

structure$ cdopingdethem drifsregivardofiemss cagrrequiskeli gn to reduce the wi dth of
drift region 104. The pri nci pl es of operation of MOSFETs 100 and 140 (FIGS.

2A and 3 d_ab b [ BigheLh i myl at d
S exper | rent NeHs aHEHIc NeBARTaiam 3t Bunioihs FRURE Bloesnootba

breakdown votdlama 1@ris peﬂmm anpamthedhasking mate?@isOdre thén kBipPeds any
conbi nati on of the t hree design paraneters, Nd, tOX and w sa |sfy equation

(3). Numeri c@t llyptrated iin FIGBA s sevesk the irrier sidewalis gnd flgprs gk i o of
colum 118 gﬁ%ﬁch@belﬁ Uidith U4 efifidk CALIKBRCWM ifkeh tﬁé’a%h@es@edg bRke! ovest RO,

10 Sp. By f oW n e above conditions, nuner atons were
carried But A&rdaﬂw@ df whireeit weh oxisisition s:amhbhge’w thee tequirel| dieleatrichow t hat

o 1o b caldeRrtdtpe HodBbered HEL 5 e SyBRERRDLFUGH BSEE "0 T
convent i onal consumption, as illustrated in FIG. 6B may be employed to obtam a

thicker side-wall thickness

Highly doped n+ or p+ poly-silicon deposition (for example POCI; doping)

15 s used to fill up the remainder of trenches 160 as illustrated in FIG. 7.
This poly-silicon provides the contact region 120 to source metal for
columns 118. The poly-silicon etch-back step is performed to remove any
excess poly-silicon on the top surface. Thereafter, the conventional
power MOSFET is formed between the trenches using conventional

20 process steps, giving the final MOSFET device structure as shown in FIG,
2A (planar gate) or FIG. 3 (trench gate).

Conveniently, each trench 160 may accommodate two columns 118,
each of which may form part of one of two adjacent transistors formed on
wafer 150.

25  Optionally, in order to reduce the n drift region 104 column width for
larger Ny, the body contact p+ region, usually located laterally next to the
n+ source region, can be moved vertically {i.e. upward but still next to the
n+ source region). The resulting segmented source will have a smaller
width. The layout view for this segmented source design is shown in

12



15 case. In fact, the trade-off curve of MOSFETs 100, 140 wam E@r2005
have a sim |l ar dependence as that of the ideal silicon I|mt but w't

smal l er coefficient, to yield a | ower on-state resistance. This is in
contrast W@ B9 char ge conpensation structures, di sclHI&HEMWIY S, Patents
5216275 and 5438215, where Ran, Sp varies at dlfferent dependences with 20
BVd$s with its coefficient dependent on w, the half width of p and n
colums. At present owi ng to technol ogy constraints and inter-diffusion

Gl Tuctur es. oIt ARG Bolé st ol pBfat e hER 5 SFGRER T br cakdoun

vol t age wher gsedthiddetffnetitéd éétﬂ&eﬂéﬁ@ﬁ'ﬁ@re’éﬂc@fﬁé\mdtrﬁ%r}ﬁregﬁ)nnﬁﬁlded Thus 25
at present, a practical value of wwould be around 10 pmand at this

val ue, MOSFEI 100 (or MOSFET 140) has _an of state performance conparable
to charge cohpRREREIPIEH of opseation i MORFETS ﬂﬂ@ﬁﬂﬂe"@t(ﬂqﬁ%ﬁﬁ anshd) v devi ce

AL NG, oo CHE bohfichifea PAEGY TRAVE KRR, UETRA! BB Qmuir g T2t o

bel ow 400 V. Note'that, e superjunction structure ornms worse than
t he conve51t |@mnrrant| dkmnoilem MQSFEE fag @nda14mgnlbbav;ewan2|8mr®ved13 29

S dowal | oxi HENURE HEREEK 107 1 R ABRAS St Ui YoRR Ry 100, 140

Sensi ti vi ty conabiystion offthé threé deaynlparametena Ng i emid w 8htisfy efjudtianm has been
perfornmed a i1 lustrated, Bvdss in

n results
excess of 20‘3) Vr}ﬁ}é(’é‘e%% I'se camft}wsatheo%x's}eﬁeﬁ of anceptipalotatic afo o f or
desi gns Wi t fedifiin 118 Relf dIbGlrE oA cORARARRY & W43 SaHibiist Rgsul ting in

only a minor degraded breakdown performance, can be nade by adoptl ng a dox
= tox deMi grpt hat can be realised in just a single wet oxidation step.
Since a MOSFET, |ike MOSFETs 100, 140, in its off-state is essentially a

boel | abe oG I@ phofy SIS MR e g B 2 pm s
structure waahdf e em!aﬁbmmemlllﬁdlllustwtad 018G 9 -show- that sxemplanyg waf er by

MOSFETs 100, 140 have improved the specific on-resistance, Ron, ¢ to

breakdown voltage, BVyes trade-off curve compared to the conventional

15 case. In fact, the trade-off curve of MOSFET s 100, 140 was found to

have a similar dependence as that of the ideal silicon limit but with a

smaller coefficient, to yield a lower on-state resistance. This is in confrast

to the charge compensation structures, disclosed in U.S. Patents

5216275 and 5438215, where Ry, sp varies at different dependences with

20 BV with its coefficient dependent on w, the half width of p and n

columns. At present, owing to technology constraints and inter-diffusion

problems, the width of the drift region in known charge compensation

structures cannot be scaled arbitrarily small, especially at high breakdown

voltage where a thick epi (for example 50 um for 600 V) is needed. Thus

25 at present, a practical value of w would be around 10 pm and at this

| value, MOSFET 100 (or MOSFET 140) has an off-state performance

comparable to charge compensation {superjunction) structure at around

500 V device rating. An even better performance can be obtained for

voltage rating below 400 V. Note that, the superjunction structure

30 performs worse than the conventional silicon limit at voltage rating below

280 V.
: 13



followi ng the process flow as detailed above, together w th2ghRovember 2005
conventional p-i-n structure w thout the oxide on the sane wafer. Both 15

devi ces have identical area. Trenches of 4 pmwi dth and 15 pmdepth were
first et YRV he wafer. This was foll owed by 1 pm RET/SGRYYALS on  step
giving a dox = tax = 1 pmdesign. Next, polysilicon deposition with POCl3
doping was used to fill up the trenches. After the poly etch-back step,
conventional p-i-n diode process steps proceed as usual giving the 20 .

pi crur e of PO Bl B8 118 SRR G it g b IEMENSRRK e
needed to COW&h@nbé%fMt%lEEHmSﬁopmﬁﬁﬁyéﬁal?ﬂ@\éﬁ‘ﬂ;ioomss gase. FIG 12
shows a conparisaqn of the measured off-state results of both MOSFETs 100,

140 (as equald@migalalue,of 1jimihen bees rastarned @ddeegesuisnshowoin F1 G 11)
and conventi I | ' : : own vol t age
of 170 V"1 or PIOEASE 7 Bgratad, BV BReds 1 200 VP whE BSHEGable WGP T ot o
convent i ohal totFaneeeokboved 210. % Aot dedigns witlo dgchigve Ndtd that asprdogssng of 2 x

1015 cnB woul .d P r.eﬁui red for conventional, FETs Whi?r%%? a doping of 7
x 1015 cni 3 FHEPIGAUC ¢ resuliing iy QBY mesFEiRon odegraded  Rregkdownsy ¢ educt i on

of about tw g&fdriahbé!Scat géi.ﬁa@@byféﬁoff@%ﬂxw@ WeslynSihat tan beo! t age
rating after taking into account the 14 29 | venber 2005 WO 02/ 099909
PCT/ SG02/ 001reglisaskindist single wehexidetiaystapea due to the sidewal | oxi de.
Further inprovenent in Ron, ,p is expected if the area occupied by

diel ectiic  spbyaTMOBFETCike MO0 4465 1Y dflatle s edushingy g 4

t hi ckness, by using hi'gh aspect ratio’'trench techni ques.
i 11 ustraltles pripstioctuosREFRn2tOctuss with [tamydeF hpfmivt A& umdasdeiement of t he

Coronent o JBPlcHted (R, v MceRere, Mo “Taot apbyimdpiahf nTle B4R, ione 11 e
Wi th nuner alstructird was fabricateth enNONGETE x 1670 canitinded) stabpiiig Waferibyg a prime

' mbol , d. t ' licitly 10 i.bed, I'n MOSFET 200,
(") symbo p@cyvlgéﬁ{f%gtpr% %snifg))\f\ﬁcésméetgiled a %\Slg,r I’cr.)gta’ther “with™ the

however, so
conventional p-i-n structure without the oxide on the same wafer. Both
15 devices have identical area. Trenches of 4 ym width and 15 pm depth
were first etched on the wafer. This was followed by 1 um wet oxidation
step giving a dox = tox = 1 um design. Next, polysilicon deposition with
POCI; doping was used to fill up the trenches. After the poly etch;back
step, conventional p-i-n diode process steps proceed as usual giving the
20 final device structure as shown in the scanning electron microscopy
picture of FIG. 11. It is noteworthy that only one additional mask was

needed to complete the whole process compared to conventional case.

FIG. 12 shows a comparison of the measured off-state results of both
MOSFETs 100, 140 (as equated by the p-i-n with dielectric oxide column

25 of FIG. 11) and conventional devices. i is clear that the measured
breakdown voltage of 170 V for MOSFETs 100, 140 as simulated was

more than twice that of conventional device at 67 V. Actually, to achieve

170 V a doping of 2 x 10" cm® would be required for conventional

| MOSFETs whereas a doping of 7 x 10" cm™® may be sufficient for
- 30 MOSFETs 100, 140. A Ron, ¢ reduction of about twice is thus predicted

for MOSFET 100 with similar voltage rating after taking into account the
14



el ectrically connected with colum 118" or conductive regi o9 RBvember 2005
I nstead, conductive region 120" is electrically interconnected to its own
contact 122 fornmed atop conductive region 120'. No contact is

i nter conYERPE™ M th colum 118'. As a result the vol t A& E¥PIEer oss 15
colum 118" nay be independently -controlled through application of a

control voltage to contact 122. Control of the voltage across colum 118",
in turn, controls the charge and the lateral field at the interface between

col utn 118 sl fih 6ARAod Odren BLOCH M VOEWAP ok, | Pulten. be fi ne-

tuned if the voltage falls short of the specification due to process 20
vari ati ons aimprovemenit s Ru, ep tishexpegied dbthe area wcotpieth ypgielastricat e cont r ol

vol tage to cQntact. . Akl 4. . | 1] A |,cted

br eakdown vo&ﬂﬁ@@ Iggﬁékgﬁpcf%' &f\&%‘fygﬁ'& %@bu%]&d&?%ﬂéﬁ%ﬁ&%ﬁfﬁ al

si mul ati on, asinghighreEpecitatib treagipleckeiqlies)i ng vol tage for an exanpl e device
havi ng Nd=3x10lr' cnB; 25 tox=1.5 pmand w=1.5 pm At the sane tine,

per f or mance of FET 200 in its S e y be etter t t hat of
VCsreT 145, Elkons usfges; Angthér MoSFETE 208 Semely St dihe T on”l ayer
is formed atembedizingof &kepRebrERvemtipnUnAs Il8iraRad MOSEET R00rig@ on due to
the lateral electric field produced by the positive bias 30 from conductive

regi on 120' .tremghsgate MASFETT drPmegnentsyaigh ite thoseRfiMPBREIs 180 andNovenmber
2005 WD 02/ 0. gﬁé@ t t A ' rift region
104', and re@ﬁf?ge ﬁgéﬁgﬁe&uctl&ﬁﬁoﬁmﬁ%%ﬁ Q%og#gﬁg%nb II&US@T% : ustratg:as
t he rel ati ont anddd0cleut IBUIBS agrrine (psyrhbal, and arepobagain explieftly, 5p) of

MOSFETs, , | i ke ex | e at different 5 pixg val ues under
di ffer enltd Cotﬁqsrcgﬁe i a@wﬁﬁgggﬁgg?’ i’8W?¥1%rt Sﬂ%c,e acggta%fe@iﬁct%dn% numer i cal
si mul at i ons. gléatricallyugbhdated with tddure® M 18| obiceadustivet edgfon s120ncr enented in
10 Vincrenents, from Oy for eac I\/DiﬁFET, t he breakdown voltage

e

/ exanpl e :
and on- st at dnpteads canfustive reqien 13@d§s&gg§ﬁa'l¥ tereonnesied 19yits, 98t 48 v and
Ron, sp can hgnifdugss RYm@lokoplcanductive region 120°. No contact is

interconnected with column 118, As a result the voltage drop across

15 column 118 may be independently controlled through application of a
control voltage to contact 122. Control of the voltage across column 118,
in turn, controls the charge and the lateral field at the interface between
column 118" and drit region 104’. Blocking voltage may, in tumn, be fine-
tuned if the voltage falls short of the specification due to process

20 = variations after manufacture through application of an appropriate control
voltage to contact 122.

FIG. 14, in turn, illustrates the predicted breakdown voltage of example
MOSFET 200, determined by numerical simulation, as a function of
applied tuning voltage for an example device having Ns=3x10'% cm’;

25  tox=1.5 pm and w=1.5 ym.

At the same time, performance of MOSFET 200 in its on-staie may be
better than that of MOSFET 140. Spedifically, in its on-state, a vertical
accumulation layer is formed at the interface between column 118’ and N-
drift region due to the lateral electric field produced by the positive bias
30 . from conductive region 120". This accumulation layer provides additional

15



10 nS -cn2. As illustrated, the m nimum Ron, sp obtained underg RiB¢erhder@005
bias at Nd = 6x1015 cnB is nuch |lower than ideal silicon I|mt and
superjunction devices at a nuch higher Bvdss. It also goes further away
fromided¥O8%¥n |init line conpared to the original FARSSOHINI3100, 140 of
FIGS. 2A and 3. 15 As well, in the saturation region of operation, snall
signal transconductance gai n of a MOSFET |i ke MOSFET 200 is determ ned by
the channel and gate structure and bias. Wien MOSFET 200 is under a

bras acts. onPriEeCETERENP bR BIECide ad Rt DhdPs Bl b o 125

20 As a resubnhsregistanceiver si on | ayer depth I s i ncreased reduci ng the channel
resi stance, and the electric field perpendicular to the gate oxide within

the channel m en cha mobi | i t This leads to
a higher anﬁkgm gg “é‘f%ﬁ?v‘ge rﬁ@%&"ﬁﬁ B?&" e%«gﬁdﬁa?"‘grﬁpeﬁ P=B1 (27t C; s5s),
where C, 55 i fesidigh oRdp) BEMODSIAETSS Gk @&ampté mmrzom M dif&enteapaci t ance,
the bandwidth FT will 1 ncrease correspondl ngly th the increase of Gmif

there is fio Hﬂsqopmva!%wqwl ot SR PLRIAG NOKATES B COBREII LA  he
d 17
| pr overrent dlaec{‘/?za d??‘er&%ﬂglml}létgﬁgs AS ift %)a@gi&#a (l:cﬁiigl %% n

illustrate curve an T VS. vember
2005 WD 02/ ovdiage ipdn¢re@entedioinl $0 of inveghrEts, oM, 0\ 40r aachh ekample7x 1095cmi

and MOSFET 2 i ou n | volt with Nd =.5x1Q5,cnB, at given
Va9=30v ana IDSIAET, {56 bRealif Voltfye A Rtk drishncaarss. B ou, “borh
fam lies of ww@m@émwdaay dabmgqs oead &} Qruen bengeced by Reoapl g vol t age
under hi gher contf bi as. course, the above described enbodi nents, are

i nt endedl® o HE-cM Iﬁ%ﬂ’WﬁW@@ HeInginigHiM Raneobigied PWQHW sidergolescr i bed
embodi ments 1gf actaﬁ{lw 310 chB9s h@ﬁ@?tib\ﬂ& tl‘?efn i gﬂéﬂﬁalnﬁ (?glldrrany

nodi fi cationS of form ~ arrangene parts,
per f or mance. supegunctioarddvives ratya, mbch highanBMas,. UEalusgdes furthet awegr tical |y

arranged

from ideal silicon limit line compared to the original MOSFETs 100, 140 of
FIGS. 2A and 3.

15 As well, in the saturation region of operation, small signal
transconductance gain of a MOSFET like MOSFET 200 is determined by
the channel and gate structure and bias. When MOSFET 200 is under a
positive control bias, the lateral electric field produced by the external
bias acts on the channel and pulls the electrons towards the column 118’
20 As a resuit, the inversion layer depth is increased reducing the channel
resistance, and the electric field perpendicular to the gate oxide within the
channel is diminished giving enhanced channel mobility. This leads to a

higher and wider G, curve.

According to the equation: F1=G/(2nCiss), Where Ciss is the sum of gate-
25 source and gate-drain Miller capacitance, the bandwidih Fr will increase
| correspondingly with the increase of .Gm if there is no distinct change in
Ciss. Simulation results show that the improvement of F+ has the same
frends as that of Gy,

FIGS. 16 and 17 illustrate G, vs. V(Gate) curve and Fr vs. V(Gate) curve
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10 MOSFET structures as described or simlar, and in |ateral
where drain and source |ayers are both |ocat ed on top of thg%\{d{@ﬁ'\b@"r2005
surface. For application in lateral structures, the dielectric colum may

be placd¥OPHP®Peral orientation to be al ong the | at RGHSGEDIIL3 regi on.
Regardl ess of the orientation of the dielectric, the functional principles
on 15 sidewall field exertion and nodul ati on of the breakdown field in the
drift regi on renain the sane. The proposed invention can be applied to

D ehanne! NORHIRSFENs AGE AR WAL NG ZFfactcht e M, 2D B eBf8ssal T “such
modi f i cat i oncorkfbl Woltddes, iith h@@&ﬂo’ﬁmﬂ%ﬂgﬁw&% 3d§\¢aﬁ&§hﬁﬁsug%'é|29 Novenber
2005 WD 02/ 099909 PCI/ S&02/ 00113 WHAT IS power netal oxide

seni conduct ofoyree figqeenaycaf WléhsAsﬂlbﬁfra@ﬂtbﬁlb'rf?mlimrqjlcuefeaghow &our ce
regi on; e gi on ext endi ng
bet ween sal d dﬁ%%ﬁ) F éﬁ%gﬂgﬁ ral ?erg@% Lﬁ?’lepaighgreg@t'foi)gﬂagi ally guide

current fromsaid drain region 10 to said source region; a dielectric
havi ng opposOficairsiy stheombowd detssriqurbcmhb@:iimied’ss areximemliedgtmlmmgsi de said

drift region i.te one its poSI i des iconn ed to a
conduct i ng r@aﬁﬁaﬂw@ d.‘?fﬁgﬁ I, 1oy ﬁ@g'ngcr-(g@g c@ H%&S EB‘?'F\GE stf ween its
opposi ng si d@rﬁi{gabmsthé%\mm@th Ea?rbrsiuﬁcéptiblejtd maAy &ﬁidﬂ”cﬁf b off Bfhon to

redistribute free carriers in rift region and thereby affect the

el ectrical ?ré?'?ﬂenlﬁrgpfpﬁﬁudﬁt?"ﬁﬁ"géi“iﬁfd%fpﬁffo'fr%%ﬂc@n to increase the

breakdown voltage of a reverse biased sem conductor junction between
The invention may, for example, be used in both vertically arranged

10 MOSFET stfuctures as described or similar, and in Ilateral structures
where drain and source layers are both located on top of the wafer
surface. For application in lateral structures, the dielectric column may be
placed in lateral orientation to be along the lateral drift region.
Regardiess of the orientation of the dielectric, the functional principles on

15 sidewall field exertion and modulation of the breakdown field in the drift

region remain the same.

'The proposed invention can be applied to power MOSFETs made of
materials other than silicon. It may also be used in p-channel MOSFETSs.

The invention, rather, is intended to encompass all such modification
20  within its scope, as defined by the claims.
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said drift region and said body region. 20 2. The MOSFET of %‘Nd?l@ﬁnﬁerOOS
clains 1, wherein said dielectric conprises a netal oxide insulator. 3.

The MOSFET of claim 2, wherein said netal oxide insulator conprises a
singl e oWHA¥? ayer oxide insulator. 4. The MOSFET HACTAGPZHHE of clains |
to 3, wherein said 25 dielectric is formed having a thickness tflx, so
that the 18 29 Novenber 2005 WO 02/099909 PCT/ SG02/ 00113 relationship Nd N
[(csi. Eo oXa/3)/(2.97/3) ]3n.[tDX.w - r' is satisfied, where Nd is the
concentration of dopant in said drift region, 2w is a thickness of said

drift regi onwgRKisELAmEDdel ectric constant for said dielectric, Es; is
the dielectric 5 constant for said drift region, Eo is the electric field

aval anche val ue for said drift region and g is the el ectron charge. 5.
106. 7. 15 8. 9. 2 poz\@rm@tal/mﬂ%r Sﬁm@wmusﬁau figldcetfeat Hansistop of said

wi dth of said di eI flff W dth of said conducting region to a
half wdth of sai dagbrT]:@T:j‘eglng}nE apprOX| mately 4:3. The MOSFET of any

one of clainms | to 4, wherein said conducting region conprises a
poly-silicon | ayer alsgdtredrgioaxt ent of said opposite one of said opposing
sides of said dielectric. The MOSFET of any one of clainms 1 to 6, wherein

sai d 5 a drain region;
a gate;
a body region;

a drift region extending between said body region and drain
region, to at least partially guide current from said drain region

10 to said source region;

a dielectric having opposing sides, one of its opposing sides
extending alongside said drift region, and an opposite one of its
opposing sides connected to a condticting region, so that a
voltage across said dielectric between its opposing sides exerts
15 an electric field into said drift region to redistribute free carriers
in said drift region and thereby affect the electrical field
distribution in said drift region to increase the breakdown
voltage of a reverse biased semiconductor junction between

said drift region and said body region.

20 2 The MOSFET of any one of claims 1, wherein said dielectric
comprises a metal oxide insulator.

3. The MOSFET of claim 2, wherein said metal oxide insulator
comprises a single or multi layer oxide insulator.

_ 4, The MOSFET of any one of claims 1 to 3, wherein said
25 dielectric is formed having a thickness t,, so that the

18



sem conductor wafer is fornmed of silicon. The MOSFET of cl aipg N»O\t‘émbé'rm005
sai d sem conductor wafer is forned of n type silicon. The MOSFET of any
one of clains 1 to 8, wherein said conductive region co i ses a

pol ysi | i CHh® W8 eby affect the electrical field di strP(Hﬁnﬁ%oﬂt’PlF’n said drift
region to increase the breakdown voltage of a reverse biased The MOSFET of
any one of clainms | to 9, further conprising another dielectric having
opposi ng si des, one of its opposing si des extending al ongsi de a second

side of said drift n o] S| tem 7t &ﬂo oS si des
gqoﬁiﬁglpr@dgl 2%5' %%Dhé?f %9\(/olt g&é Said dielectric

connected to a con SOt acr

between its opposi nf’ i sitisfiek avticve My |e|tI®@chnc§Enftraﬂd)ld of Gbgartdh@aily i ft  region
to redistribute free carriers in said drlft region and 19 29 Novenber 2005

WD 02/ 099909 PCT/ SCHEH 664108, dWniscdibigkiass plurrid il Beiatedn Eall® drift
region and said bOdttuelef %nstlxét fEP M&Eﬁg” ’15 e Ofiicfde c.mS I to 10,

further conprising "an ectric act conne I ng said
source region 5 andorMami foosaidairiftn@grmglﬁars ﬂ@ele&'ﬁte fiddShvaladheany one of

claims | to 10, further _co an electrical contact, electrically
connected to said s\ﬁ%t‘%@rsﬁ f@"ﬁegma@oqet the electian §Ba@econduct i ng regi on

and said dielectric; 10 a second electrical contact electrically

i nt er connect ed5wi t hTREIMDSEET &8 efaimgt, e o Rutidl dfaicRaRith GRkan of a
control voltage to control a voltage across said dielectric and thereby

i nfluence . said br e#RESHE sl ol widths af gaid sspadyeting tegian teaihednduct or
junction bet ween sa‘gﬁﬂ%fgélda té@j’bﬁiiﬁ ,&}p%@y4_é_eg| on. 15 13. A nethod of
Xi

formng a netal e sem con uctor
10 6. The MOSFET of any one of claims 1 to 4, wherein said
conducting region comprises a poly-silicon layer along an
extent of said opposite one of said opposing sides of said
dielectric.

7. The MOSFET of any one of claims 1 to 6, wherein said
15 - semiconductor wafer is formed of silicon.

8. The MOSFET of claim 7, wherein said semiconductor wafer is
formed of n type silicon.

9. The MOSFET of any one of claims 1 to 8, wherein said
conductive region comprises a polysilicon.

20 10.  The MOSFET of any one of claims 1 to 9, further comprising
another dielectric having opposing sides, one of its opposing
sides extending alongside a second side of said drift region,
and an opposite one of its opposing sides connected to a
conducting region, so that a voltage across said dielectric

25 between its opposing sides exerts an electric field into said drift
region to redistribute free carriers in said drift region and
thereby affect the electrical field distribution in said drift region
to increase the breakdown voitage of a reverse biased
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(MOSFET) in a senmiconductor wafer conprising: formng opposgh m\;em@éryzoos
extending trenches in said sem conductor wafer; covering interior walls of
each of said trenches with a dielectric 20 material of a defined

t hi cknesSYOP¥PP%g a vol une of each of said trenches bETARSEHOUA d

dielectric material with a conductive material; formng a double diffused
MOSFET structure between said opposed vertical trenches, said MOSFET
structure formed to 25 have a drift region that abuts said dielectric

material along at lseafdondu@8F fuheibrPbetlvben 4Sidtd tenteqid B Novenber
2005 WD 02/ 099909 PCT/‘SGOQ?OOIJ?LJB TorPetiien i drftafel it spi Body E01 o0 6
defined thickness ofegend 5 15. 10 16. 17. 1518. 19. 20 20. 21. 2522.

dielectric is tox, and tax is chosen so that the relationship Nd:zts |

ssi. ED2 cox4' 3y | Gpd y né of c.[lautngx‘l to ’ﬂ%]fupﬁ'é ﬁ%l‘?sqﬁézjvfigdé t he

where Nd is the concen ra |on o] opantin sard
di stance between veahietairicak temtdth) eldctrizally) esnnesting isaidt svtircadiegji@et ri c
const ant %or said dielectric the dielectric constant for said

drift regfon, EO is pﬂgalg|cge{1v$1@9frﬁglpa aval anche

12, - The MOSFET of any one of claims 1 to 10, further comprising:

an electrical contact, electrically connected fo said source
region and isolated from said conducting region and said

dielectric;

10 a second electrical contact electrically interconnected with said
conducting region to allow application of a control voltage to
control a voltage across said dielectric and thereby influence
said breakdown voltage of said reverse biased semiconductor
junction between said drift region and said body region.

15 13. A method of forming a metal oxide semiconductor transistor
(MOSFET) in a semiconductor wafer comprising:

forming opposed vertically extending trenches in said
semiconductor wafer;

covering interior walls of each of said trenches with a dielectric
20 . material of a defined thickness;

filling a vofume_ of each of said trenches between said dielectric

material with a conductive material;

forming a double diffused MOSFET structure between said

opposed vertical frenches, said MOSFET structure formed to

25 have a drift region that abuts said dielectric material along at
- Jeast a portion of its vertical extent, |
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value for said drift region, and q is the electron charge. DP®N®RidRbe?2005
claim13 or 14, wherein said covering is forned by wet oxidation. The

met hod of _any one of clainms 13 to 15, wherein said wafer is formed of
silicon. A& Yod of any one of claims 13 to 16, whef&HSGO¥ME conductive
material conprises a polysilicon. The nethod of claim 17, wherein said
polysilicon conprises POCI3 doped silicon. The nethod of any one of clains
13 to 18, wherein each of said trenches are forned by form ng and

combining a plual | Tie Methbd BILER 13 ViRAEHERIA BLARA hidRAtksSarghipach of said
opposed vertical trenches. The nmethod of any one of clains 13 to 19,
wher ei n sai d doubl edietictriais g, MIILHT chosercsathat thenplitisrshimNglkahlr gate. The

met hod of any one of clagins, 43 1S grein saig, doubl e .diffused MOSFET
structure conpri ses®a:- ‘It':? erfehely é)gt 8. ""%ﬁg rrELlhoWé]of ig patigfied, Whegg ai ns 13 to

21, further conprisnn | il ' ; : | W th
u MPri SN thd @Bh&shtaRibA of aﬁbé}ﬂ iPSANRRR ré%ﬂs)g’. évﬁé‘ﬁ@?{b

desired inpurities using a tilted inplantation proc venber
2005 WO 021099909 Pdisi=®Go2betvetd 2A@rtical nexi¢ratimge| trencheschegnris! thpower net al

oxi de seni conductor _ field effec ransi st.o MOSFET), . conprising: a source
region; a drain reﬁ'?{?ﬁfm 5‘98535{ efg"' é%ﬁ%o‘%’eféﬁ%Fon%i égcﬁ"?f H}%n'%_c&i"bn ext endi ng
between said body r&gispdht3ords4la @ikt regiBfl Bfis {1 SlechidRid RASkh@d ¥ 9ui de
.current fromsaid source region to Sald drain region,
value for said drift region, and q is the electron charge.
15.  The method of claim 13 or 14, wherein said coverinb is formed

10 by wet oxidation.

16. The method of any one of claims 13 to 15, wherein said wafer

is formed of silicon.

17. The method of any one of claims 13 to 16, wherein said

conductive material comprises a polysilicon.

15 18.  The method of claim 17, wherein said polysilicon comprises
POCI; doped silicon.

19.  The method of any one of claims 13 to 18, wherein each of said
trenches are formed by forming and combining a plurality of
proximate trenches thinner than said each of said opposed

20 vertical tfrenches.

20. The method of any one of claims 13 to 19, wherein said double
diffused MOSFET structure comprises a planar gate.

21. The method of any one of claims 13 to 19, wherein said double
diffused MOSFET structure comprises a trenched gate.

25 22. The method of any one of claims 13 to 21, further comprising
doping said region between said trenches with desired
impurities using a tilted implantation process.
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10 two dielectric colums each having opposing sides, one QREVEMPFOONS
each of said two dielectric colums extending alongside said drift region,

and an opposite one of said opposing sides of each of said dielectric
col ums SY@&VP¥AI |y connected to a conducting regi onPCLIGIAHI3 5 vol t age
across 15 each of said two dielectric colums between its opposing sides
exerts an electric field into said drift region to redistribute free
carriers in said drift region and thereby affect the electrical field

di stribution inggai dadyj r Peitdhne gﬁgﬁ tage of a
reverse biased %‘Sé'm coﬂgsﬁétng{e?%ﬁg?i on E@?\;\W&E‘Enétglgogig:é dr?@?dl}rég%ri on and
sai d body region. 24fieldkiedBaREStoo (MOSKET),2®mpsisilgei n said drift region
extends vertically between said source region and said drain region. 25.
The MOSFET of claim | N said drift region extends |aterally

bet ween sai d sourcezféa"ggﬁ%ﬁgﬂsaid drain region. 25 22

a drain region;
5 a gate;
a body region;

a drift region extending between said body region and drain
region, to at least pariially guide cumrent from said source

region to said drain region;

10 . two dielectric columns each having opposing sides, one
' opposing side of each of said two dielectric columns extending
alongside said drift region, and an opposite one of said
opposing sides of each of said dielectric columns electrically
connected o a conducting region, so that a voltage across

15 each of said two dielectric columns between its opposing sides
exerts an electric field into said drift region to redistribute free
carriers in said drift region and thereby affect the electrical field
distribution in said drift region fo increase the breakdown
voitage of a reverse biased semiconductor junction between

20 said drift region and said body region.

24.  The MOSFET of claim 23, wherein said drift region extends
vertically between said source region and said drain region.

25. The MOSFET of claim 23, wherein said drift region extends

laterally between said source region and said drain region.

25
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