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The present invention rel ates gené?“éfP‘I y to power sem conductor devices, 10
and nore particularly to netal oxide sem conductor field effect transistors
(MOSFETs) for high voltage and high current applications. BACKGROUND OF

THE | NVENTI ON I n power el ectronics applications MOSFETs have becone the

devi ces of 15POWERMOSFETWHAVING ENHANCED BREAKDOWNONOLEAGE. Wien
conpared to bipolar devices, they have fast switching tinmes and sinple
gate drive circuitry. Specifically, the doubl e-diffusion MOSFET structure
is favoured as it allows easy fabrication and self-alignment of channel

| ength control. In such a MOSFET, current flows between transistor drain
and source 20 ORQSSIREFERGNCE/TAREATED APPLIGABIONSId a conducti on channel
that is electrically formed in the body of the transistor. Current

conducti on bet n i ‘ | r A l4 a
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off states. Inits

FIELD OF THE INVENTION

Y

The present invention 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 MOSFETs 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 channel 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 gate 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

T

A

*ACTION*



on state, the resistance fromsource to drain includes the resistance of
the transistor's drift region. In fact, for nobst power MOSFETs, the drift
region resistance i s the dom nant conponent of overall on-state 5

resi stance, as MOSFETs are nmjority carrier devices and onIT I2i/rrited
excess car rY@P¥o3302 injected into the drift region to modGIRC Y
resistance in the MOSFET' s on-state. O course, high conductivity (and

therefore |low resistance) of this drift region for high current conduction
is extrenmely desirable. Due to absence of effective nodul ati on nechani sm

affecting 10 r @fisShé066d t& SRHEH tHeVirdnsistor bétvedhiifst o BHH OF stateBRIMItY
dependent on, and proportional to, the background dopi ng concentration of

this region. |RANtHatemths-resistapgs framygqurce e didinyingludes the resistanee ofgi on

junction prevegd %aﬁQQfé?Qtdrﬁt”r_e@fong Ul ffet,  foP fridék g@ﬂle? MOSFETs Phlecdrift 2|

difference across this junction does not exceed the aval anche or

punch-t hr ough TeDioN cEa&iRtARCe, et Hife dAminpet jcameranent of rayeralt en-siate r e
potential dgop  dSetl t SEE ' at: B S f hSiv) yon. The
ot ent i al d op Saafice, AE MBSELTS 2k 3Bl b YeiBes arkrsiy) Hffd

signi ficantly swegssceartérsrare finjected intpdhe drift regior ip modulate ite resistanceh hi gher

dopi ng concent | O 0 an CQ.: ' S i i c field
profile int hegrgﬁ% FA c?éela%tﬁ agé%’fet’ 365(?% %‘%’M%@ﬁ"&&%’ﬁ ﬁ%géﬂoﬁ%ct i on
and decreases lowmessistanee)af this drifigegiandgr Higlo cutrert gamdotciiamis estrertalal |y to

zero. How qui ckly. t fd el 0 vin way framthe junction is
strongly infl u§ﬁ§'é%bn%y Q%epodglﬁ?e?’%er%?%ﬁﬁge H@Hgﬁ%ﬁr{aewﬁ@ Aﬁ%ﬁﬁ%‘ht ration.
The total il0tegesistadceremduotidigroftthe drifefebich 38 madmiy idependestaor and t he
vol tage across _the junctiqn. A 25 higher. doping.conceptrati on will make the
field drop mref%ﬁﬂrﬁ%%ﬁ@?%‘? Ragkehgy %‘?%’P%Fg'b‘?g'ﬁra '%f?%meﬂl%‘rd for the
sane anount of the voltage applied conpared to a | ower doping region. Thus
a hi gher dopi n¢nithet MOSKET'S ofégiate) thet body yregidne do tdrift regieh ajuactioresi st ance

et B AR TR Broh oHHEAE AEABE AR YRRl et PO
MOSFETs, t her e agrdsst thisa junctiole-dokb ndtnexcebdt theeavaidrecheperc blineh-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



2 WD 02/ 099909 PCT/ SG02/ 00113 state resistance, Ron,sp and the off-state
br eakdown vol t age, BVdSS, I.e. Ron, sp oC BVd9S2 5, as for exanple
described in C. Hu, "Optinmumdoping profile for m nimm ohm c resistance
and hi gh breakdown vol tage”, |IEEE Transactions on El ectron Devices, Vol.
ED-26(3), PHO'%%3345 1979, 5 As such, power MOSFET desifgrecs¥ie
constantly seeking ways to | ower drlft regi on resistance w thout reducing
the body region to drift region junction breakdown voltage. Recently,
proposed MOSFET designs alternately stack p and n layers to overcone the

silicon trade- @fa‘telréﬁistancé\SRL,gé hdatiel 6ff-ldtel Dreakdewni volldge, BVAQ, Pat ent Nos.
5216275, 5438215 and Euro:pbea at ent EPQ053854. These di scl osed devi ces all

rely on the ch&rger €oBYensatasoler gxamplefesgibed R e rQRlimyy depingy n
layers to incr g:?o?ﬁe FSsmiRh FnSoHnRE felOBhES aRf hidfhebregﬁd'dvﬁ?vél% SfEpe

rel ati onshi p between on-state resistance and breakdown vol t age
can be |rrproved'rarlﬁcﬁm loer Elepiroin L2aviatiss MobsEB-26(3).. Bp. 4845, NO795637898

proposes a sl RRallch BOALPRCKINT Bedilrt fe LOndiRMt AekirklWad B! 1Bwer

dlstrlbutlonlnt region reglonlsllmted
as the |linear grififegon sesmiamneewdonhiyradlmelngnﬂ;lleehbdwpégmn d¢ idoift fegion t r enched

si dewal | s. of ..t hese Q MOSFETS are, however, difficult to
fabricate, 20”%\/8“@(‘?@&&2@({?@%@% nmul ti-epitaxy process, as for exanple
detailed in G Deboy, M Marz, J.-P. Stengl, H Strack, J. Tihanyi and H
Weber, "A new Rgeastigtpropossid MQﬁFETodesigﬁ amnaew staelalasartdrm ldyiens toI i ne of

silicon", |EEE T i 6 eqy
~ devel oprent s hg\yéEgEAeenﬁgJi.'%g@ taa&hi&t\l}l ny & {%% em@%"‘*ﬁ%@h Ion by
ot her pr oceesesPaaentf dlose xeanMti2#5d3438R¢8 amd TEueream Pdtent I\EI?QO5385M Yano,
A. Ueni si, rad er tal Results. and. St nul ation
Anal ysi s of 25 S’éﬁﬂpctsﬁérﬂfaﬁ('ﬁg&/%' r%&'ﬁ r]'taéqwompﬁp 'onlpf'[nﬁ H'?’nf’? Synp.
Power Semi condtisé altedpating ® amdl nl I@persi1p.increase the permissible doping of the
device so that the relationship between 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 voltage MOSFETSs breaks the limit line of silicon”, IEEE
IEDM 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.
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77-80, 2000, T. Mnato, T. Nitta, A Uenisi, M Yano, M Harada and S. 3
WO 02/ 099909 PCT/ S&2/00113 Hine, "Wiich is cooler, trench or

Mul ti-Epitaxy?", Proc. 12th International Synposium on Power Sem conduct or
Devi ce and | Cs . 73-76, 2000, and in J. denn and J. Siekkinen, "A
VDMOS verti%%Pi/‘Hgﬂg‘ﬁ trench RESURF DMOS (VTR-DMVOS)", Pro@S&dfee¥a03ts,

I nternational Synposium5 on Power Sem conductor Device and ICs, pp.

197- 200, 2000. These newer processes are generally limted by the narrow
wi ndow i nposed by the precise charge bal ance needed to achieve the optinmum

on-resi stance Hafyl: w\nﬁcrp(srbdovéfefremdﬁe:rwldltmpﬁaxx ", Fect pathaertRnaKpl ai ned
in P. M Sheno A. Bhalla and G

sis of _the effect of
charge 10 i nba Xﬁ@és%lﬁ" AL e Semigaadiptera E’Cﬂﬁﬁ’ﬁa[ ePPsT3¢6: 8P0Phe super

junction MOSF nPreco n ak r
Sem conduct or VI ce‘pandén;ht dnd ‘f&e&%%h%@ '61999 Accor%?lnIaghgﬁ tr?1ere i's need
for an i nproveRESART DMQﬁEVT O@" &rocedupe d2tbdntar e@tmezﬁymgpslage to

on-Stat e T e8! SbaNaR5F Ll HATRRLBr i WSS o My AAUENBYEN Fheugpr esen:

i nvention proposes a new approac ncr easi eakdown voI t age,
whi ch i s easi enewer pregessas aneogetﬂemﬂyymtedlsbsatmmarmw wirglow impasiedrbyexi sti ng

MOSFET desi gns,, | C r vention, a
MOSFET i ncl 8de§hea&8|8§§cey@9 ?qbcsalpr e%]e?é%e??B%%‘teﬁé tﬁ?géﬂ'ﬁgﬁ 03\5%%535 eh| ck

oxi de, that exbadd&eabmmayiedenﬂehdlﬂ\lﬁtﬁﬁl?ﬁssfoir exampleegxplained\ imoPt &de acr oss
Lhe dri £t reql SHO0WH Au Bhala 2PHCCH M Qb AHSS of 3o SHRLbLAbeld Gecd
slelm con]giucq%r meﬁhﬁlobehd\BQﬂcfagd haic dsrmaafanawﬂ du‘Sh@@dyerrjagdl:(tgfn Thi s

al l ows for higher ri r.egi on or e own

S0l Lace vhen oBSHER, Bof i intbimtprasyrbrsiurs g R e EBo G aton 1 i r st

aspect of the peorReYEnd KDEPHiFH102 1900ET

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



MOSFET i ncludes a source region; a drain region; a gate; a body region;

and a drift region extendi ng between the body region and drain region, to

4 WD 02/099909 PCT/ S(02/00113 at least partially guide current fromthe
drain region to the source region and a dielectric having opposing sides.
One of thedOBPEYY ng sides extending al ongside the driF%T@ PM3"and an
opposite one of its opposing sides connected to a conducting region, so
that a voltage across the 5 dielectric between its opposing sides exerts an
electric field into the drift region to redistribute free carriers in the

drift region apd|ddaepaiialpghiaeicurient rehemerdraml regiodl 1 tHeSolrdefdgish i n the
drift region to increase the breakdown voltage of a reverse biased
seni conduct or POAGE digle®ds havingt IRPOgINg sides.cPBR adribeseOPBORING rideoNn. 10 In

accordance wi t By aRARelioAGRES theQdrift %{%E%rpﬁgp&iﬁ%ﬂéogi f o dsiid'9_ 2

netal oxi de sem conddctor™ transi stor : a sem conduct or fer
i ncl udes, f or nskgsomnneectedvior ai eanidugting region,ngp thaina ivoltape acness the

sem conduct gr ; ' | | OL: . t S with
a diel ectrigg rrg% lieéral;‘% ng‘e;ehggsfél)épeogﬁgg#'g%%%gér;t&%ﬁ?‘?&n%@ﬁelégﬁtﬁn@go each of

t he 15 trenchesdian teemdistlivutel frek earndrs imtheadrifiegicint dndsthecebyuaffeict therat eri al ;
form ng a doubl ) d . T C e rtical
trenches, the ﬁ&&lﬁf g?@u@%@@%?ﬁ% %’(H)ﬁﬁggg'\gﬁdﬁ?l%?g? g@?ﬁ’igﬂﬁ‘a‘w" abut s

t he di el ectri cvoltdge bfila sdvange biadedasémizopdudton junetion tketweer ithal drifixt ent .
Conveniently, thi.s allaws a,|lower specific on-state resistance, Ron. s, at
a 20 given draf‘?g'?'baggﬁ?ectéoqyo"leg?&e BVdss than dictated by the conventi onal

limt, wthout using expensive and conplicated process technol ogy. Precise
char ge conpeéns &t accordanceowithy agpthercaspelcheft thadnventios, 4 imetlwod offorming@kness

that is controll for optimal performance. spects and features of
the present | n0lh Bidg BemFBoafEes HABRRIF (aBSFETTABCE SenBPe iy cki 1)
in the art upowafevineiudel, tfovenifg|dpposed virtically péxtemdingftrenubes finc the
enbodi nents of the i gventi on_in_conjunct.ion “\n tP tme .
semiconductor wafer; covering interior walls of each of the trenches with
a dielectric material of a defined thickness; filling a volume of each of the
15 trenches between the dielectric material with a conductive material;
forming a double diffused MOSFET structure between the opposed
vertical trenches, the MOSFET structure formed to 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, Ron, sp at a
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.



acconpanyi ng figures. 5 WO 02/099909 PCT/ S&2/00113 BRI EF DESCRI PTI ON OF
THE DRAWNGS In the figures which illustrate by way of exanple only,
enbodi nents of the present invention, 5 FIG | illustrates a conventi onal
pl anar gat FET: FIG 2A illustrates a planar gate MOQEET, exenplary of
an enbodi n&ﬁ?oz%’?”{’ he present invention: FIG 2B illustraCESCHBect i c
field distribution for the MOSFETs of FIGS. 1 and 2A; 10 FIG 3
illustrates a trench gate MOSFET, exenplary of another enbodiment of the
present invention; FIGS. 4, 5A-5B, 6A-6B, 7, 8 and 8A-8C illustrate
exenplary stages in processes of form ng a MOSFET exenplary of an

enbodi nent of the present invention on a sem conductor wafer; 15 FIG 9

illustrates th | ' L f -state resistance as a function
of breakdown v§'§'%§¢%¢aﬁ1ﬁo&géaﬁ%bé}m§ FIG 10 illustrates the

rel ati onshi p between breakdown voltage and dielectric colum width for the
MOSFET of FI G Ir2fge figutes Whichlilusttateabyway of example anlly, embodimémtsaff thee used to
approxi mate 20 er&or nce of the MOSFETs of FIG 2A and FIG 3; FIG 12

i || ustrates rreggéjﬁsé' ' gs‘é?”se bias currents of equivalent p-i-n structures
for conventional MOSFETs and the MOSFET of FIG 2A; FIG 13 illustrates a

further trefchFi@ltillvEBaEs a ecorwapliara) plainangateMOSFETHodi ment of t he present
i nvention; 6 WO 02/099909 PCT/ S&2/00113 FIG 14 illustrates the

relati onshi p betwesp iRIGAKoNBiart LARNALHE T Wehfilary B LA%bQlimkhE MOSFET

of the present invention;

FIG. 2B illustrates 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 illustrate exemplary stages in
processes of forming a MOSFET exemplary of an embodiment of the
present invention on a semiconductor wafer;

15 FIG. 9 iliustrates 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-i-n structure used to 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 illustrates a further trench gate MOSFET, exemplary of another
embodiment of the present invention;



FIG 15 illustrates specific on-state resistance to breakdown vol tage for
the MOSFET of FIG 13; and 5 FIGS. 16 and 17 illustrate the relationship of
smal | -signal transconductance gains and bandwi dth to gate voltage for the
MOSFETs of FIGS. 2A and 13. DETAILED DESCRIPTION 10 FIG_ | illustrates a
convent i ondYO PYBAM? gate, n-channel power MOSFET 10. MOSEEPGIHINY ¢ or med
on a heavily doped n+ sem conductor substrate 12. A nore lightly doped
epitaxial |ayer, defining a drift region 14, is grown on substrate 12. At
the top of the epitaxial layer, p type body regions 18 are forned. n+

source regions K@, aie ilfuetraRe e hélatldl’fshhﬂcbét\hééh astealdowr Vaftage 1dnd s fornmed
atop region 14 and overl aps g%tékg)%:o%bod ions 18. Gate 16 I's insul ated

fromdrift regicontralaoliage forit il of 18 by an oxide |layer 22. Gate
16 is preferably forned from a heavily doped poly-silicon. Metal contacts

24 and 26 are RS ifstratesy %éd’ﬂccé‘r'l-std% PESISIBNES td %Peékﬁoﬁ/ﬂWdﬂﬁgéﬁfgtons 20
and substrate 12 to all ow these to act as source and drai n contacts,

respectively. MGNQQF@-E%F@)J?’ 8l r ent may flow between drain and source
in the presence of an n channel between the source region and n drift

region 14. sAn @Bl i e vahtiagey atigdbte 1¢héexablatioAsHip el 6f cgmaﬂsgﬁnaﬁ thin
I nversion nobile charge zone underneath the gate oxide |ayer Ln p-type

body 25 regi on§raP8°°Qijé‘PF3rﬂCﬁ@aﬂ'}§ea%W'¢W§°r9%%Hﬁ'ltﬁﬂe for the VQRl&RTs egi on 20

into drift regreigé42athg 13esi stance fromsource 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 WD 02/099909 PCT/ S(2/00113 avail able free carriers
and therefore the concentration of dopants Nd in the drift region 14. In

t he absence of DEVAILERIBESCRIRPTIONL6 MOSFET 10 is in its off-state, and

10 FIG. 1 illustrates a conventional planar gate, n-channel power 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 regions 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 to 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 voitage at gate 16 exerts a field creating a thin inversion
mobile charge zone underneath 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



the p-n junction between the p body region 18 and the n drift region 14 is
5 reverse biased. Bel ow a breakdown voltage this junction sustains the
drain to source voltage and, except for a snall |eakage current, prevents
the flow of current fromdrain to source. As will be appreciate

br eakdown SYOPHPP% unction occurs if the electric fiel d A’FT{SHQZ’?OEIHCtlon
exceeds a defined aval anche value, EO. For silicon EO 8 x 10a V/cm at
10 roomtenperature. For the described pn junction, the br eakdown vol t age,
Vbr may be expressed in terns of the electric field aval anche val ue, EO,

and n dopi ng, aNdllﬁﬁle\ﬂﬁe édrtiers ahs lthdrBidre /thd Z2ofcdidiation )of dopah®y Nyd98) is the
dielectric cons& H th% silicon material and q is the electron charge.
Cearly, whilel®® HGE?Q'Wtﬂ is proportional to the background doping of
the drift region 14, the breakdown voltage of the body region to drift

regi on j uln?:t | orinitise Abs@vcecdfya wlw@eratig@tmﬂsmo?HETmme n:j d@pﬁmt]?ﬁaﬁdi 20
FIG 2A i ustrtesa 100 ary, of . an odi,nent .of the
present inventit ﬁp ri_l"’l?g%" Eﬁmth% 4%59&'9'? {% ?nﬁmﬁ 800 is
formed on asheauidrée dRRGSH. “Be?cﬂﬁ”acﬁl@ékééw:ﬁ V%H5§é ftﬁ&ﬁuﬂcﬁ%n dustdiRg thd i ghtly
doped epitaxial |ayer defining drift Fgl on Is grown on substrate 102.

At the top of rdginda seymce \bolta,eseanslosycq g§q>roa1§mfdiée%hasemrneat RseVens: sour ce
regions 110 ar gné ofididotichitbht RBAY disifll RN1SobRS. s 9l cbd %rdréc.sfardned at op

the epitaxial |ayer across the p-body regions to reach ce regions 110,
and i s insul at dfeakgavar of thisyjuastierk iageursaif ethe Q'QQt"CI\ﬁ;Q'@Iatctmt hetion 14 and

116 are forned

substrate 100 15 agr UehEdauaBhaieang Ly Ty I8P580s0 s B e o1
contacts, ridspgocimtemperatdedi.ti onal |y, MOSFET 100 i ncl udes si dewal |

met al -t hi ck- oxi de (MrQ

For the described pn junction, the breakdown voltage, Vi, may be
expressed in terms of the electric field avalanche value, Ey, and n doping,
Ng as

Vor #* = (51 Eo?) / (2 q Na) (1)

15 where g5 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 top of region 104, p-type body regions 108 are
25 formed. 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



dielectric colums 118. Each of dielectric colums 118 extends vertically
at the opposite edges of n drift region 104. 'As such, drift region 104 5
resenbl es a colum having, width 2w. One edge of each dielectric colum
118 is adjacent to n drift region 104 of MOSFET 100. The opposite edge of
each col umYQ4¥?’¥ pounded by a vertically extending coﬁ@ﬁ@g@vgupégion
120. Preferably each conductive region 120 is forned of a p+/n+
poly-silicon sem conductor. As well, conductive regions 120 10 are

el ectrically connected to source netal contact 114. FIG 2B illustrates the
electric fiel deghtabfsl Raspeelivelp @ function of distance fromthe body region
to drift region junction for. MOSFET 100 and MOSFET 10 in their off-state.

Functional |y, for,_l\/[)%lIZET i.njits, off- state, the |.t age  ac each
col um 118 depbgditiong VchMb%% éé[{] 1t°_he"'\§_ sl§'g8‘|”a'éd3ﬁta¥'g'|'_ 'ciq_8{.“ﬁ<ﬁ) s
charge, in tur gielddthé ESlumnselM8CtEdch dfidiblEctfid clunis 11828kteAds 0drticBRy
depletes free carriers in the n colum of the drift region 104 |aterally.

That is, free @hthe OPROiiecedars ot nidiiit egion (18dn Apisueh, dift gROILD4104 Thi s
alters the ori chahb¥erd icofimd 'hﬁbﬂgdwbv&&ﬁ'ﬂblt'@ﬂe%&dﬂ %ftéh%hdﬂieiécu]rjc?g' on 104
to have a shape as illustrated in FIG 2B. That is, the vertical field 20
magni t ude i s neolptydi8as| adjaeant ttpi atlifle regicre Wdsof MORBFBH 100<e Theat in
MOSFET 10, but < | | ' ' vol t age
cross the | uncPPOREef oF Eadl Solml 1R, BouReREy o NrlBhy Sridriiho

such, for the senduciivetregientl28. freferably each condictivedegion|1@04s formed he

junction of T ] Lo h | f .t field
25 across 't @an%%grﬁ@ (I# élk&k@%@@%@e?gﬁﬁgr c{sﬁgaétf\%gv%ﬂﬁnso@de i's

t hermal | y ¢0oware eleotricaliyncdrinectedgbesurcelmetak dontactldd.i ty, or if any ot her
dielectric material is chosen to replace the oxide, it should have a

oxi de. The. df of 5t PBaMshefsl e I8l oI BsEbught 28 o Aifforh o RshE, ™7
descri bed bel ofonD the BRiy0 egd@D teEHfE@gibo0jubstion 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 driﬂ
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 illustrated in FIG. 2B. That is, the 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 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 to 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



Quantitatively, the voltage drop across colum 118 (i.e. the lateral

voltage drop) can be approxinmated as, V (Qox)I(sox A)=(q Ndw ox) | Cox (2)
where, Qis the charge at the surface of the colum 118, tox is the oxide
5 thickness, sox is the oxide dielectric constant, Ais the sidewall area,

and q is tHR%P:on charge. Q at the surface of col umPCTEE2INI%

depletes free carriers fromthe n drift region 104. ldeally, in order to
have an optimal effect on the breakdown voltage in the body, the charge at
the surface of columm 118 should deplete the entire 10 n-drift region just

bef ore br eakdo@uantitatisel odhwwagau&ip msss(dalumndnei()e thigil e vbltla

e
[ (Esl. Eo2. EoX 3) 317 417 =2.90x10" [to,.wl-17 (3% Equati on
(3) defines thé"?PétcﬁgﬁéthP&? eﬂvgsbnshl p anong dop| ng 15 concentration of

the drift region 104, the sidewall oxide thickness of colum 118 and the

half width (w) of the dryid(@€ Vi §wnghi/ep at itsgpreferred
br eakdown vol tage. MOSFET 1(00 ’\?\A)ﬁ)ﬁaox@ve@desﬁ)ed opt| mal (b)r eakdown vol t age

for a articular Nd_as |ong as a t hree desi

par anet grs 2WheEe, Qé&t%ﬁ%mgé’ﬁ% “@8‘}'" Qﬁg E}p@éﬁ?l%"&-state
t t | ti

resistance be W‘?ﬂrﬁé%"ﬁg omr&slea?e cBHst'aﬁT AR tﬁé‘%ﬂbﬁ/&é%ﬁéwg’mr I on

to (w + WMrQ ere the trench umm hal f-w Is the
sum of si dewal s theielectrdn charges Quatithehsurfaseadtootuman AABfinvtilay, depleteésc, t hat

is, WMIO = tox V. at 25 an optinmal ratio of WMIO to
fre \@%l'r?e(?s fljo}n ﬁ%n Qn‘ﬂ‘}t) Féﬁﬁﬁd{ . :

w of 4:3 exists m ni mum hi ckness of the bottom oxi de dox
can be chosen to be the same as or preferably greater than tox. 10 WO
02/ 099909 PCT/ &igzdly 0o prder tokiavg anertimal effeetian thrdireakdema vaklage an then by

lateral depletiyghy thBEHAPE BOtHe surface of column 118 should deplete the entire
10 n-drift region just before breakdown, thus solving equations (1) and (2),

yields
Nog~ [(&s. Eo* . 8ox )1 (2.9 ™) 1% [tox. w1
=2.90x10"  [tex. 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 Ny, tox and w satisfy equation (3).

The specific on-state resistance between drain and source Rensp is
calculated to be proportion to (w + wmro) / (Na X w) where the trench
column half-width, wuto is the sum of sidewall oxide thickness and the
electrode half-width, Weiec, that is, Wuro = tox + Welee. It may be shown that

25 an optimal ratio of wuto to w of 4:3 exists for minimum Ronsp. The
thickness of the bottom oxide d.x can be chosen to be the same as or
preferably greater than toy.

10



the drift region 104 can be raised to a value nmuch higher than that

perm ssible in conventional MOSFETs such as MOSFET 10, thus inproving the
specific on-resistance to breakdown voltage relationship 5 curve for
silicon MOSFET 100. In contrast to known ways of increasi n(_:l1 br eakdown

vol tage as WOPY&3¥Mpl e, suggested in noted US patent Nos.PCTESY¥YIE  5nqg
5438215, no precise matching of doping is needed in MOSFET 100. I nstead,
for a particular drift region width 2w and doping Nd (as shown in FIG
2A), it is primarily the sidewall thickness of each 10 columm 118, tax,

that needs to losviRgd i b&dhidrial FERMhEGuIbich BPlateral dépigtich, tHRf ddifing irP-

deplete the colum of the n drift region 104 entirety duri ng t he
of f-state. Conthenidaft 1egiory d04xsane be Hiaisedetos acwaibe gnuéhe highsr dhan jthat

wel | - known,  Mogfilsibflf ik 2BorR@nfédl! MGEKET efichehY WRIBEEE! 44 edhidran known
15 charge conpéensation structures that require the difficult task of

preci se dopi ninpwNingotheaeedifis enppsisiapre 4ikieakdawn Noltage wglationship

ol Bnar  gat o> NORRIRG] PSR MERREERT 198°, I GRfa OMAA RSB ncfesid 12

gat e MOSFETs ( breakdnmermoitageasi for examples suggested.in 3pted USepateshNesof MOSFET

wien T ke PRI OORE i, FAREaTs 0 mibrik hbteARG of BBphQSh nddded R°! '
)l T ettt s s
materials, for &Eﬁ%hgw&\"dgﬁg nitt 1P i%g”?r&(/g? s?,‘g»za“ f@‘&g?%séggi‘??‘g& y, are
e et b e e
Gt or 150, < as. BP0 dehleth the cefiehn 8K 15 ol Sgiay TOF enbiebATg e

laterally mrroffefate. 11 WO 02/ 099909 PCT/ SG02/ 00113

Conveniently, 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 MOSFETSs (like MOSFET 100 illustrated in FIG. 2A),
or trench gate MOSFETs (like MOSFET 140 illustrated in FIG. 3).

20 Elements of MOSFET 140 are akin to 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 160 with suitable Si (100) n-epi
thickness and doping Nq is used as starting wafer. Suitable masking

25 materials, for example oxide and nitride layers 152, 154 respectively, are
first deposited.

Thereafter, vertically extending trenches 160 to accommodate columns
118 (FIG. 2A) of suitable dimensions are etched on the wafer 1560, as
illustrated in FIG. SA. Preferably, trenches 160 are laterally mirrored.

11



The regi on between trenches 160 defines drift region 104. If the starting
wafer is constrained to have different background dopi ng, as for exanple
required by some smart power ICs, then an optional tilted inplantation may
be perforned, as illustrated in FIG 5B to adjust the background 5 doping
inthe n dMY907®&8on colum, as required. Next, a sui tal?Fg/S\ﬁg%’“"é?i dati on
step giving the required thickness tox of colum 118 is performed and all
the masking nmaterials are then stripped, as illustrated in FIG 6A. This
covers the interior sidewalls and floors of trenches 160 with a thick

dielectric, i t 390 | VA=Y [ | t
oxi dati on canng-tﬁegrg otﬁhe r;éa%qrﬁ??e e‘é?ﬁ%%ﬂﬂe%%i{ﬁﬁ?egtéﬁe%b& I?ntjlfgtlgp en hi n

trenches 162 aWaferie condieinekia have different backarounsbdeningitasoior examiple ust r at ed
in FIG 6B may

: t ' t hy.ck '-Si]%-! 1 H ghly
doped n+ or p+rp '@Hﬁf}gg@ﬁ ﬁ%?ﬁ%éﬁcﬁtﬁeﬁe%@'e @Fé 'ﬁ@%ﬁ%ﬁ%w S
used to fill umaynhbe rperiormedr asfillustraterh ins FIG.05Bstoi adjustt that eatkignowrds. 7.
This poly-sili . R OYI . . reql 20 to source netal for
col ums 118.g Tﬁgg'ﬁgI'@mse?'ﬁﬁg%gg%§@ﬁélgﬁ'&'kag?%cgﬂﬁe “performed to renove any
excess poly-silicon on the top surface. Thereafter, the conventional power
MOSFET i s for mbéxt et woitable hwett oxidatlonsstepi giging ¢he aequiteththidMeps dgeef st eps,

giving the fin o ' truc 0 .0 F | gnar gate)
or G 57 (1 r oReh MR s BeR a4 hE e B s ape S S ReBat 't o
colums 118, eadlustratethincFiIGI®A. f This) qoaets thie intetiopsidewallsidhddleots of
transi stors forned on fer, 150.,2 tignal ly, inh order to,redyce the n
drift region 1 3nd'?)efsun?1 i Wit Forth]cﬁaaob%?&ﬂﬁ, I%ﬁe the a§u &kt O¥9€r egi on,
usual | yI : oq?t emtbmaﬁvelgj ¥t diesct ‘f’ft bXidatish cannstCgetr @ ﬁétquir@dndibﬁeofﬁb/ﬁd
vertically (i.e.. upwar ut sti ext t n+ source region). The
resul ting segrrBH? SSof Q‘Wﬁ‘!"? t'ﬁﬁa'@esai'éiﬁf‘&g?e SWW?"W'LCQQ’M}B')H{"M ew for
thi s segment ed ceRslingstiohe s lukFatel MNFIG) 6B2may be employed to obtain a

thicker side-wall thickness

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

15 is 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



WO 02/ 099909 PCT/ S&2/00113 FIGS. 8, 8A-8C. Note that both planar and
trench gate structures can wuse this segnented source design to reduce the
width of drift region 104. The principles of operation of MOSFETs 100 and
140 (FIGS. 2 nd 3) as conjectured above, have been verified by both
sinulationvgﬁﬁﬁ@gg§perinent. As noted, MOSFETs 100 and 18§TRCMO%Yve an

| mproved breakdown voltage for a given doping of drift region, as |long as
any conbination of the three design paraneters, Nd, tox and w satisfy
equation (3). Nunerical analysis confirms the existence of an optina

ratio of col upigd.18 BAldc.diNdte that Both' & H@ﬁbﬁ"ggfehsﬁ&u‘ﬁ‘egrca‘ﬁ 3 for

| owest Ron, 10 SP. By follow ng the above conditionS, nunerica
si mul ati ons wehee this segmentgd soureg dasigrsiorradugs tba widihafidsift regiontt0k ed i n
FIG 9 show that exenplary MOSFETs 100, 140 have inproved the specific

on-resi stance, TROWrinéBldsCof &He?é‘ﬂ&ﬁPWM‘OﬁFtE%ew@é(ﬁémbr(ﬁ@sP?A drid 3F
conpared to the conventional 15 case. In fact, the trade-off curve of
MOSFETs 100, 139 9eniestsiadd abgve.hdiaye abeeri vesified by northc siradatiovatansf t he

| deal silicon bidddmdnl A dtét, MEBBFETS WEHHGI&”WII have/ af! ithpfovede”
on-state resistance. This is ifl contrast to the charge conpensation
structures, dibrdakdewnivoliags.foPa gives dapinigs 2F Siriftnteghort 8281 longnaeranyRon, sP

Hependent on wOTRAHER BrENRR désidh Gtafieters, M b ahliiw SEEREALAT g
FERT Sy ot et e e sttt it
a; Ibi trar igl y snﬁ?lf‘fnnmgglggtgﬁcgrﬁ? ﬁ?r@'ﬁ' %@%@Rdﬂqﬁ' to\)%lofégipqxﬁ%‘?'%&ﬁ‘iﬂhi ck epi

(for exanphie 5Q.pm for 600 i s needed. Thus 25 at present, a practical
val ue of w would be around 10 pmand at this value, MOSFET 100 (or MOSFET

L0 o, o b Rl i O SRR MBS SRRSERCY, o,
per for mance caandethebsimiutetionf results dllusigted at i FIG. 18 Ishowd Gt \VexeNaplant hat, t he
superjunction Eﬂtdéjlgé'l"sr eIOO, 140 have improved the specific on-resistance, Ron, sp t0
breakdown voltage, BVyss trade-off curve compared to the conventional
15 case. In fact, the trade-off curve of MdSFETs 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 contrast
to the charge compensation structures, disclosed in U.S. Patents
5216275 and 5438215, where Ron, sp Varies at different dependences with
20 BVggs with its coefficient dependent on w, the half width of p and n
columns. At present, owing to technblogy 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 pm for 600 V) is needed. Thus
25 at present, a practical value of w would be around 10 ym 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



30 perfornms worse than the conventional silicon |imt at voltage rating
below 280 V. 13 WO 02/099909 PCT/ S02/ 00113 As previously noted, colum
118 sidewal | oxide thickness tox influences performnce of MOSFETs 100,
140. Sensitjvity analysis of tOx to Bvdss at a nomnal value of 1 pm has
been perfor W"éﬂ%s’the results shown in FIG 10. As il| FSEL%Y13Bvdss in
excess of 200 V was achievable with a tox 5 tol erance of over 10 % for
designs with dox > t0,. Note that a process sinplification, resulting in
only a mnor degraded breakdown performance, can be nmade by adopting a dox
= tox design thgt | & et LiAgl e i ' tep.
Since a NDSFET,ml previy F"ggal%%ﬁqh@?l Habwall Bk fickfes g@@%ﬁ?ﬁl ly a
10 p-i-n strucParermange of MOSFEISt100:140.t Bensitivity analysis of fanto BVas 2t pm has

been fabricat ; | LR [ T =i-n
structure was ? grl‘)érrﬁlgéf{éﬂn%n a EE' }ias}ggerié%&o@ffghgqﬁéﬁgéﬁgrﬁb&gp Wbt er by
foll owi ng the FIGcHEsAS lillwstrateddBYad Inceikcebs vé 200 Yowras echievdbie with a t.,
conventional ps;i,-n ruct ur Lt hout the axide on th age,wafer. Both 15
devi ces havé iEA?,?{@%P*'&%%%ﬂ/@f#g#&g@aﬁ Vﬂﬁb&ﬁ"vﬁ Q’E’h &‘?ie ﬁ%t BR'GERTHh  were
first etched osinglificsdrer .redtiting was forly owedminyor] @8graBéd Obréakddvh St ep
giving a dox = tox =1 pmdet%ﬂ!n. l\@(}t, g%&ls%lc_on deposition with POCCl 3
dopi ng was use8€HRMANGE GANt gy, @doPting @rdux T top Sle§igB: 1At saR e st ep,
conventional préaligedimiist 2EPGRSWetGRftioR'sigsed as usual giving the 20 final
device structure as shown in the scanning electron mcroscopy picture of

FIG 11. It i t t onl ddi ti onal k ) ceded t

conpl ete t heI aﬁ?ﬂ%@eﬁ) s§+'g%ﬁﬂ@8§§5t?ge1@§n3lﬂ!9r{'ﬁgtgaﬁ%;?e'&%ﬁ'&%ﬁig shgvvs a

conpari son1ef pha shasuecd (F_nm sfbéthfe Wis ¢l =Sd.0Ek Pl w Miéﬁﬁ?fas]t%%n 140 (as
th dj u f FIG 11

equated by the _p-i-n w ielectric oxide colum 25 o .and
conventi onal déapricated te vyeyify| MOSFETS: 100 140asxpeiimemalbakddtin Rdint age of

170 V for MOSFEf§cthROwad 4oted BHIANGE 18510 cm® n-epi starting wafer by
following the process flow as detailed above, together with the
conventional p-i-n structure without the oxide on the same wafer. Both

15 devices have identical area. Trenches of 4 um width and 15 um depth
were first etched on the wafer. This was followed by 1 um wet oxidation
step giving a dox = tox = 1 pm design. Next, polysilicon deposition with
POCI3; 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. It 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, sp reduction of about twice is thus predicted

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



nore than tw ce that of conventional device at 67 V. Actually, to achieve
170 V a doping of 2 x 1015 cm -3 would be required for conventi onal

MOSFETs whereas a doping of 7 X 1016 CM -3 may be sufficient for 30 MOSFETs
100, 140. reduction of about twice is thus predicted for MOSFET
100 with sWﬁQ@g(\?}’gl tage rating after taking into accountPCfri‘? WA 30

02/ 099909 PCT/ SG02/ 00113 reduction in conduction area due to the sidewall
oxi de. Further inprovenent in Ron, sp is expected if the area occupi ed by
dielectric colum in FIG 11 can be reduced w thout reducing oxide

t hi ckness, by rediictign hinglcondpetivn raséa odue @octhet estidewalluexided FFGrthés

Il lustrates anpther MOSFET 200, exenplary.of a further . odi nrent of the
present i nvent MBRAFOVRIENE 'Y, m-aweﬁ,e’&%'fﬁ‘@ ?@aaoc?qpé?ff%?'gg'ﬁg%FET:

Conponent s aki Bolufhrf MOPRS.0f1 baPbEreddédd withoutréBudihg dxity Bickhess, dgnt i fi ed
wi th nunerals used to descri be MOSFETs 100 and 140, but bearing a prine

(') synbol, andsiBgdighhaspasiratiodrenchdeehnjaues. described. In MOSFET 200,
however, source contact 114" is not electrically connected with colum

118" or conglucfrige Taegiltfdtraie@'anotHd?Sl\mFE'FOWbl,CbkémPla@Qi en al Arthés _
electrically interconnected to its own  contact 122 1orned atﬁs .conductive
regi on 120' . NeMbegiment ofthe;pfessnt dnvritipRqg Ag HlHstaled MOSIET 280 is 8 esul ¢

the vol tage drganas gafeSMBSEET.UBombbRentSBakiP® tHod8RIMOBFEYs q00tar | ed
t hrough application™of a_ control voltage to contact 122. Control of the

vol tage acr oss 148|ararthenedore identifiag: with quimeralssusadeta HeseibeaMOSHETY at er al
field at the i : | y d L i e Bl Ki
o L g s e s, o e iy Dok 9

vol tage may, in e- t e vol fage shor t he
speci fi cat 16n describedpr olhe S4OSBET 22001t howeverf tsourgearegntast Ut tisr nalgh

COPn 11 ot r P BertRl CSRfed U, Rountt' 4140 For SoR0RRE! rton e 100! "
det ermi ned by insiead,cztindaicting eadiam 12@'siseeléctricaliyointan¢onnected to its own
contact 122 formed atop conductive 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 drift region 104’. Blocking voltage may, in turn, 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 Ng=3x10"® cm™;

25  tox=1.5 ym and w=1.56 ym.

At the same time, performance of MOSFET 200 in its on-state may be
better than that of MOSFET 140. Specifically, 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



applied tuning voltage for an exanpl e device having Nd=3x1016 cm 3; 25
tox=1.5 pmand w=1.5 pm At the sane tinme, performance of MOSFET 200 in its
on-state may be better than that of MOSFET 140. Specifically, inits
on-state, a vertical accunulation layer is forned at the interface between
col um 118'WRRRdrift region due to the lateral el ect ®ESEENI3r oduced
by the positive bias 30 from conductive region 120'. This accunul ati on

| ayer provides additional 15 WD 02/099909 PCT/ S@2/ 00113 path for the
current flowin drift region 104", and results in the reduction of

on-resi stance. phifor #fe bur!réiﬁtnbwt;ﬁ%nﬂh bﬁhew %ﬂahéﬂ:lﬁ%\fﬁéfédﬁ}{ﬁ@ﬁoﬁ“d

specific on- reS| stance (Ron, sp) of , I1ke exanpl e MOSFET 200, at
di fferent 5 N@UEPFWA§COal ues under di fferent control bias voltages at
contact 122, as predicted by nunerical sinulations. As illustrated, as the

control bias F@Gtamelllu%trbféér%B?%%oh%lﬂooéfwbéﬁrBVE”téndI g@e?r(%ﬁpr each

exanpl e MOSFET, the breakdown voltage and on-state resistance varies.

BVdss can be |r$ﬁi$té@%%éRbyp)aﬂfd\d@SE§T$’» eexample MO EJe200 il iffereyt about
1.5 10 nBQ ”QNdAt?od Naé Vél"ué@tlﬁger a.*ﬂsrém Ebﬁ%l‘ v&%g@?teﬁ“ca H‘ﬂfraszov

si de-poly |as -3 1s rmuch I'ower “than i si’ltcon limt
and super| uncpreﬂmtq@\mtaymﬂcd mlatlnnghe‘hs Bw@trgtedt taSailhgoch@é bias t her

avay from | degbusid i Rirdmditbaih " SORBRIRGL rdcor ibabagl YERERTs 100

140 of FIGS. n the sat'uration regron o peratlon
smal | signal NQ&EEﬁnﬂI@cbmakdn\gaNoltag‘e and/oBfstEtel rekBtaWBSRETeQ_OCBVdss

inder & post « F08 BegRE Pares Y S3 B8 V. piiF Kong Btk e ¥hred BT REBILARS by ¢ ne
external hpas nHem?orAd iasteded|rthé nsinichup! Ho.$s,,tdbeau@é¢uhdérrrzov sidepdsy t he

colum 118'. 20 As a result [ he 5nver5| on | ayer deq%th i s increased
r educi ng the cRi#snatl Nor esﬁ’@'[oanc%“ dpdnuefe @‘P’%rcthnc' ab|sdlicpar B AUl ar to

the gate oxi degypddlinetibh Yevices at a much higher BVys. It also goes further away
from ideal silicon limit line compared to the original MOSFETs 100, 140 of
FIGS. 2A and 3.

1S 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 result, 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=Gy/(2nCiss), Where Cjgs is the sum of gate-

25 source and gate-drain Miller capacitance, the bandwidth Fr will increase
correspondingly with the increase of Gn, if there is no distinct change in
Ciss. Simulation results show that the improvement of Fr has the same
trends as that of Gp,.

FIGS. 16 and 17 illustrate G, vs. V(Gate) curve and Fr vs. V(Gate) curve
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channel is dimnished giving enhanced channel nobility. This leads to a

hi gher and wi der Gm curve. According to the equation: FT=Gn (27r( ss),
where Ciss is the sumof gate- 25 source and gate-drain M| er capacitance,
the bandwidth FT will increase correspondingly with the increase of Gnif

there i s ndYAP¥PPM2t change in GCiss. Sinulation resul ts PSRGEOVHAB t he

i nprovenent of FT has the sane trends as that of Gn FIGS. 16 and 17
illustrate Gnvs. V(Gate) curve and FT vs. V(Gate) curve 16 WO 02/099909
PCT/ S&02/ 00113 of MOSFETs 100, 140 with Nd = 7x1016cm 3 and MOSFET 200 for

various contr ef MOSKEDS$00, 440 wilkiNT= Tx10BEmCand MEISFETV200 {vf arels and
smal | signal source frequency of 1 Nz illustrated, both famlies of

curves show a cpairejaioltages, aithoheT SkA0GEMST, at BivepMae=30Y andjemalhsignahi gher

control bias. OV, i j %fﬁ j LEAd,N ended to
be illustrati \Q/%lggﬁﬁ%uﬁﬁqf hpmﬁ\%aﬁ 'ﬂgrﬁiﬁt%% h?ﬁ@é@?%@ﬁegﬁﬁ%\g{gmnt s of
carryi ng out t legénnpEnaiianal range of dlve gateivioltage andemhyigherdichtrobbiaens of form
arrangenent of parts, details and order of performance. The invention my,

for exanpl e: bgyu LN (hot r il I 1 tructures as
descri bed o? sI%rfn ?@?,Sé'arlﬁ@é)i ér})q at Eeilra%fﬂbgy r %é{b%r'a gﬁg‘t\ﬁh%rrée/qﬁrépﬁaaﬁodcbseour ce
| ayers are bot flustrativeednlyrandoin wd walydimiting.r Theudésaribed Fembaegimlentsadf on i n

| at | st t th ' ' I . | d j.n | I

ori ent at  on t oCBe ohf i BYEH 5 BysiEpubRYpdRany Gk alde BT
orientation of atraegemehnteaftparts, dethits anchotdeo nfipenformanicp) es on 15 si dewal |
field exertion and nodul ati on of the breakdown field in the drift region

mde. of mat er 1P JMaeSP RS, o ERADRRT e NsBE AR oGl WRngaE et
MOSFETs. The MOSFET ostructurediaas, describetleod siimitay, endoinp terabstrusturds
modi f1 cation \%ﬂe}g tdrl%iﬂ a'ar% SBLI eIaygrss gr%f ibgﬁ'\d Iobéété %ncéo%i roTF the wafer
surface. For application in lateral structures, the dielectric column may be
placed in lateral orientation to be along the lateral drift region.
Regardless 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 aiso be used in p-channel MOSFETs.

The invention, rather, is intended to encompass all such modification
20  within its scope, as defined by the claims.
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17 WO 02/ 099909 PCT/ SG02/00113 WHAT IS CLAIMED IS: 1. A power netal oxide
sem conductor field effect transistor (MOSFET), conprising: a source
region; 5 a drain region; a gate; a body region; a drift region extending
bet ween sabﬂqbod region and drain region, to at least partially guide
current fr gzé(f%q”&r ain region 10 to said source regi on;ch/S&f”é?“i’c?tri c
havi ng opposi ng sides, one of its opposing sides extending alongside said
drift region, and an opposite one of its opposing sides connected to a
conducting region, so that a voltage across said dielectric between its
opposi ng sides exerts 15 an electric field into said drift region to

redi stribute f VHATASICIAIMED I8:said drift region and thereby affect the
electrical field distribution in said drift region to increase the

breakdown vol tage of r i ] unet i en said
drift region andggai d %oéj@\/r eé?%%'. %g@gzgs%@pﬁggw# éa“ir;\e)?k %@%@#t clainms 1,
wherei n sai d di el ect ri(MOScHPY, compriginget al oxi de i nsul ator. 3. The MOSFET
of claim2, wherein said netal oxide insulator conprises a single or nulti
| ayer oxide insul at or., 4ourIQ§e FET of any one of clains 1 to 3, wherein
said 25 dielectric i s Yor aving a thickness tox, so that the 18 WO
02/ 099909 PCT/ S@2/00113 relationship Nd [ (Es, . E02 . Eox4/3) / ( 2 . ¢
7/3) ] 317 3 [ tox w#ddrainregion;

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 conducting region, so that a
voitage 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 mulii 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
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4n is satisfied, where Nd is the concentration of dopant in said drift
region, 2w is a thickness of said drift region, co), is the dielectric
constant for said dielectric, csj is the dielectric 5 constant for said
drift regigQn, EFo is the electric field aval anche value for said drift

regi on and WP clectron charge. 5. The MOSFET of cl ZGHSEMB ein a
ratio of said wdth of said dielectric and a half wdth of said conducting
region to a half wdth of said drift region is approximately 4:3. 10 6.
The MOSFET of any one of clains 1 to 4, wherein said conducting region

conprises a poly-sili GeptibRsH Ngko NE 2L B8 7 0B . gdi3d 16Ppes| t @ phe of
sai d opposing sides of,_said di gl eggisfc._o 7. Lxl'h%a K/DSEEquf agyog(_one}_)gf cl ai ns
1 to 6, wherein said ‘19 salsfiednwhereoNaimthe conscentsatianiobdoparitiiesaid 8. The

MOSFET of claim 7, wh i ' 1.C r ey kS rned; o type
silicon, 9 The MOSFERTY '%gf??/’l' ?ﬁi‘?%"fa @F%%%fo\t,%‘f“g,dr'\ﬁhrgﬁfé‘?‘h%e%fsd{héq
conductive regi on conplieleettic acostargi forcgaid 2Aeléétric,Tkg MOhETdielechity one of

claims 1 to_ 9, further co LSin apot her diel ectric having aopposi ng
Cides one 5t its oppGaTRGNL ke R ahaPhoEaResriaEia TEl YRR of sai d

drift region, and an ROt s4id ARR reédioh Bhd PBASE BRcEbFEsargennected to a
conducting region, so that a voltage across said dielectric 25 between its

opposi ng sides exerts_an el lc_field into said drift region to
redistribute fr egpar rﬁ@r@q%a%c'am _"‘F‘@&?‘Br‘?‘_ £ °ftsﬁ‘_§’r¥§’ hofsgld the
electrical field distrdidgéti®andna haifdvidth bf séiégidhﬂucﬂrfg eS8 Rdle
breakdown voltage of a reverse biased 19 WO 02/099909 PCT/ S&2/00113

sem conduct or j unct i oVigBiQfsald driff woian is @appeyimateliiSsai d body
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 voltage of a reverse biased

19



region. 11. The MOSFET of any one of clainms 1 to 10, further conprising an
el ectrical contact, electrically connecting said source region 5 and said
conducting region. 12. The MOSFET of any one of clains | to 10, further

conpri si ng: ctrical contact, electrically connect sai d source
regi on and ‘Y%@?‘g@é’ fromsaid conducting region and sai d?’%afsgf”é%’m c; 10 a

second el ectrical 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

sai d reverse biased sasmicnductopjunction dbtwsenedidvee réglonl afld ishid begy on and
said body region. 15 13.. A nethod of form ng a netal oxide sem conductor
transi stor (MOSFET) i"89'8"seni conductor wafer conprising: form ng opposed
vertically extending trenches in said sem conductor wafer; covering
interior walls offfeacihef MOSHET ofarghese of thaims ditel 4 furtiter cdhpriirg i al of a
defined thickness; filli a volu of, each of said trenches between said
dielectric nmaterial \ﬂnt?qg%{c" ?Jr?&ﬂi%t'v%e%ﬁ?{hyi cQnnecifig $3if SQUERELIRGIOMY; f f used
MOSFET strugture betwegd saii ébnduRtheg esgiorer tical trenches, said MOSFET
structure formed to 25 have a drift region that abuts said dielectric

mat eri al along at,, | east iqn of it ertical extent. 20 WD 02/099909
PCT/ SG02/ 00113 112 THDeMPREE T A07.ane ot stennpd i LuPar semPrSiAT hi ckness
of said dielectric is tax, and tax is chosen so that the relationship Nd

sk, [ ss, EO02 Sox4/3an klectrRal opni®}, Bledfrically teonnedted' toR gall Sauref i ed,
wher e . . . . . .
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 voitage 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 volume of each of said trenches between said dielectric
material with a conductive material,

forming 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
least a portion of its vertical extent.
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Nd is the concentration of dopant in said drift region, 2wis a the 5

di stance between vertical extending trenches, eax is the dielectric
constant for said dielectric, es, is the dielectric constant for said
drift region, Eo is the electric field aval anche value for said drift
region, and*Q'¥®*%e electron charge. 15. The nethod of ECASHA¥EB: 14,
wherein said covering is formed 10 by wet oxidation, 16. The nmethod of any
one of clains 13 to 15, wherein said wafer is fornmed of silicon. 17. The
nmet hod of any one of clainms 13 to 16, wherein said conductive materi al

conprises a pol ysi4,i cQe rhthba.of ERAMMES, hawrelh saidadenéd thiskessei of saad d
pol ysilicon conprises _POClI3 doped silicon. The met hod of any one of

19.
claims 13 to 18, wher SigledHe i§ o agdta is ehasepisedhaltherelationshin/ Naor b{ ng and

conbining a plurality_of - proxasgte trenches {hi Lart; .sal.d of said
opposed 20 verti cal t":?’érllié?h'eés%?‘ .(Ql‘h(;—: na]ho' tBT'qgiy O.ggg%%%gg' g’ﬁggé]m to
19, wherein said doubiNy is the tarsedirdtisrefldoptant it said dfh regios,2w & plimnar gat e.
21. The netbod of any one of clains 13 tg 19 erein said doybl di ffused
MOSFET strutture corrptdi'sg%%cea Q?t‘é{ﬁﬁ’ﬁeﬁe'aﬁ%e.ex%‘gg@. Ei’ﬁﬂé’?‘ﬁ%rt fod 1Bf ﬁ?&ﬁ_]y one of
claims 13 to 21, furt pfle@ASPESEEAYE fEIORRIRD diclbélrié C@L 0% 1R WaRkcH d

trenches with desired inpurities using a tilted inplantation process. 21
WO 02/ 099909 PCT/ SG02/,o0atant for saidadrift cegiemdro dy the elneiniadieldbavalanchst al oxi de

semi conductor fi el d G5 aqr L4@RRHTbbn( M3 Kthe REUHRA s, @ Sour ce

region; a drain region,

15. The method of claim 13 or 14, wherein said covering 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 trenches.

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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5 a gate; a body region; a drift region extendi ng between said body region
and drain region, to at least partially guide current from said source
region to said drain region; 10 two dielectric colums each havi ng opposi ng
sides, one o Posing side of each of said two dielectric colums extending
al ongsi de §§?8’ﬂ?%?t regi on, and an opposite one of sai d PR si des of
each of said dielectric colums electrically connected to a conducti ng
region, so that a voltage across 15 each of said two dielectric colunms
between its opposing sides exerts an electric field into said drift region

to redistribute fpge papidnanfeli or pahdnAél péweeaictal axide tdapmiednduetdrect the
electrical field distribution in saie@ﬂ(gri ft region to increase the

breakdown vol tage of Held&fertiEansisierMQIREEL SaIWYIBING uncti on between 20
said drift region and said body region. 24. The MOSFET of claim 23, wherein
said drift region extep&ourceathiopal | y between said source region and said
drain region. 25. The MOSFET of claim 23, wherein said drift region extends

| aterally between said spurce .r egion and said 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 partially guide current 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 to 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 to 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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