() *+e3e&<N&FFG JIMBMI<Nw NEW STRUCTURES OF VERTI CAL RESI ST AND FETs AS
. CONTROLLED BY ELECTRI CAL FI ELD PENETRATI ON AND A BAND-GA ERENCE
USI NG VERTI CAL FETs OPERATI NG | N ACCUMULATI ON THROUGH TH RATI ON
EFFECT BACKGROUND OF THE I NVENTION 1. Field of the Inventlon Tﬁémlnvention
relates to vertical sem conductor structures, and circuits and nore
particul arl o structures relating to vertical variable resistors,

verti cal &}%S\NaﬁmER%FUR‘E,&QE/HERJ k BESISHERS ANA §ETa ASAONTRALEENBY
vertical FETs, includin rocess steps of fabricating sane. 2. Description
of the Rel aEbECARICAILEIEEAPENKI RATHIN ANQ)A&EANQ-Q@'VE)LTAG{EBEEERENC&e nost
popul ar isolation schene for advanced CMOS (e.g. 0.25um and beyond) due to
its superior cag&iNGMERTGAL rEds QFERADING iN)ACQMWLATB@Nt'EJTlR@U@rhr sur f ace,
and enhanced |l atch-up i nmunity. However, as CMOS technol ogy conti nuously
advances to 0.13um and beyoﬁHEFﬂEHDBENEFRﬂEEN%EFEﬁQ%ing is small (e.g.
~0.1 um where u=10-6) enough for significant field penetration into the
transi stor channel (or body) area from adjacent poly gate as well as
drain/source junctions. As a result of such electrical field penetration,
there is a depletion regi orBAGKGROUNDRY TiHE INMENHIEIN si de-wal | of the STI
causing the transistor narrow width effect and transistor Vt fluctuations.
Pl ease refer to the followi ng publications: A. Bryant, W Hansch and T.
Mi, "Characteristics of CMOS Device Isolation for the ULSI Age",

| nt er nat i onal 1EIFéeld obtheDaveéntionMeet i ngs, p. 671, 1994. C. Wang, P. Zhang,
"Three-D nmensional DI BL for Shall ow Trench Isolation MOSFET' s", | EEE Trans.
on El ectron Ddhedmyvention &latie tdyerfical 38micbadgctor struckiresiamd circuits. aridespreand K.
Kim "The Inpact of Isolation Pitch Scaling on VITH Fluctuation in DRAM Cel
Tr ansi st qresticlaslytto shiectgtdsoelating fr wrticebuaniade Esisters) \eriiabé FETPand basd-gep” ,
Synposi um of VLSI technol ogy, p.32-33, 1998. In one way to elimnate such
field penwitage rafereatéscanstractet ifrtisubhSErtioshEE s dpasdiog brocgss $lepsSofn J. K
Lee, and K. Kim in "H gh-performance cell transistor design using netallic
shi el d erfbkrititidg shedel ow trench i sol ati on 9MSE-STI) for Ghit generation
DRAM s", | EEE Transaction on El ectron Devices, Vol. 46, No. 6, p.1212-1217,
1999 by filling a |l ayer of conducting material (e.g. doped poly) after

| i ner oxidation of the isolation trench. The grounded conducting materi al

i n the trench 2cdpegeriptiordef thebelated Arltdi ng and therefore can elimnate the
transistor narrow-wi dth effect and Vt fluctuations. As illustrated in Fig.
1 (not to scallée,shaliev-trenttaisalation (i) isayirentlyl the mestpopulbsisplatien scheme forhave
a depletion |ayer 17 fornmed along the side-walls of STI 16 as a result of
fringe fiasivan¢etsCMQS (sa9.db23ym and bepont)) diie darithsuperiookapapiityfot nikimiimadj acent
n+ junctions 18 or from adjacent poly gate (not shown), when biased high
(e.g. +Vdsglatiornpitdh; beftes planar duffacsmanth enpanceddaick-updymunity hiowgven@si ons

(bi ased high) can expel holes and formdepletion |ayers 17 along the

si de- wal |CMOSSerhnglogy Qintintieudlyadwances tocd pdundiand beyertrh thheeSThiselgtieregi on 15b
inn-well 14 will also have a depletion layer 17 forned by the fringe field
(as i ndi cspaenhghy small (ang. 40.1tﬁmmhér’eej=ed'§)3emdughdbysigfimnlﬂeldnxd;natdatm\einto p+
junctions 20 as shown in Fig. 2 (not to scale). Simlarly, the fringe field

from the tRekyn&igior cRARI EtbhoRY) ArdB$birPAGaddht Pé@%a'té’&‘é weMBs Gidhfbo@tect rons
and formdepletion |ayers al ong the side-wal . A few paraneters of

t ygl cal  Quddiens A réﬁmm%haweem%aﬂ flekd S€hdiRti8n [tREre" i€ BRICBRESS regiil foaBA D

4um STl m nimumw d 5um n+ or p+ junction depth ~0.8-0.12um
Such STI §ibsg ﬂ'xe%%ﬁhél%‘id@ﬂal%f tﬁétsﬁl %a@ﬁﬁ?tﬂé%a?ﬂnswq\%ﬁ'oﬁﬁmhﬁ: dfftcpah@nced
CMOS (especial M arrays a netallic-shielded STI was

d f |1
o poec ko g et it g o e <o

transi stor ow trench isolation
(MSE-STI) for Ghit generation DRAM s", | EEE Transaction on El ectron

Devi ces, Vol. 46, No. 6, p.1212-1217, 1999, by filling a | ayer of
conducting material (e.g. doped poly) after liner oxidation of the trench.
The grounded conducting material in the trench can provide M\ﬂmﬁ“d' ng
and therefore can elimnate Vt fluctuations by the field p‘%mmm

effect. The notivation for this invention, by contrast, is to ngg ze the
field penetration effect through STI by nodulating a vertical resistor by
bi asi ng adj acent junctions. This vertical (and variable) resistor, when
operating to its maxi numrange as an open or a short, can also serve as a
switch or vertical FET. A fabrication nethod to maximze the STI field
penetration effect is also disclosed. Details are shown in |ater sections.
A wel |l -known circuit configuration of a voltage reference is described by
G ay and



Meyer, "Analog VLSI Circuit Analysis", chapter 12, Wley, 1984, and is
-illustrated in Fig. 11 using 2 n-MOSFETs with different threshold vol tages
of Vtl and Vt2, and which is referred to as a "VI-difference" voltage
reference circuit. The two n- MOSFETs with sanme size (i.e. sane WL) are
"bi ased by the sanme magnitude (typically 0.1 uA to 100uA) current source |,
and both n-MOSFETs are used as "pull-up" transistors. The threshold vol tage
Vt of t hes t o Btyaah 3V didnssh] andibddii, Clidractenstichgf @MOISDevidesisolation fopthent or by
a different doping type of the poly gate. The gate of the first n- MOSFET
with Vt1 isWShageletht¢rastianatBlevtrori Bevice Mbetingscp6Vh|1984e) . An oper ati onal
anplifier (op-anp) QA is connected to the source sides A and B (for
det ect i nge t Ke Viarfyf Br Zmarg, 6Fhr&é-PinserdsidneDIBh-fanPhallowplirendidsolatimonnect ed t o
the gate of the second n-MOSFET with Vt2 (for maintaining the second
n- MOSFET t uMOSFET's THeE BOTitapst onvisle ttramDéviee, ¥pt6ahp. 1, p.180n1990. t he Wt
difference of the two n- MOSFET transistors, i.e. Vt1l-Vt2. The accuracy of
t he circuetd. HePiendsKdred, bad Ki Kin, fhhe iImpagt off sdB¥dnt PitchScating on ¥nd t he of f set
of the op-anp. The basic circuit configuration in Fig. 11 can be nodified
by vari ous &tidiuatiomal DRAMLelt Bahgistotsrduerto Ngighborira DiairdBowce BlecpioFdstdd and it
is wdely used in CMOS VLSI. The tenperature coefficient of this circuit
can be very Pgoelthtdng Sympokiencend Sl kachnangyp. 3223 d088.ur e dependence of
n- MOSFET with different Vt. Correspondingly, a reference circuit using two
p- MOSFETs can be simlarly inplenmented. Prior art U S. Patents which rel ate
to the present invention are: U S. Patent 6,078,094 (Poplevine et al.)
shows a vari abheneway to eliminatesiuch éeld penetratiog Effeety a sbiskled £TI was groppaednt
6,051, 474 (Beasonm teaches a nethod to bias the isolation trench fill. U S
Pat ent 5, 809 H.Bim( hdbdeenand Kdfimain “YHigheperfarmarcescellitrangistor desion veig st or .
However, this reference differs fromthe invention. U S. Patent 5,234,861
(Roi sen efnetllicyshigldembeddedshatiawanehoselation AASE-SINSer Ghit genaiatiar e and to
optionally bias it. U S. Patent 4,6933,739 (Harari) describes a vertical
trench reéRéWb?r-.'EﬁEeTranﬁ%cé'PMmEéeqmeﬂmseﬁ al- 4G YA & B2-1 270l STI in
advanced JS can be utilized for a class of new vertical (variable)
resi st or RhdingAlayer of condectingynalerial (g dappd el afterdiper idaties of epl et i on
rmation in the resist ion al ong the

| ayer or accynu] ation |ayer f he rre
Si do- el | RERtahren: The Stngcd FaliieiPimatngol 4 (GEhcreBoEGeor and FET)
can be f Osrhqglging yang tﬁere\‘%(r)er@aant élll?rlnir?atg (tar?ehtrr]grls?sqgr'narrow—width effect and Vt fluctuations.

As illustrated in Fig. 1 (not to scale), the n-channel body region 15a in p-substrate
12 will have a depletion layer 17 formed along the side-walls of STI 16 as a result of fringe
field (as indicated by arrows A) from both poly-gate 19 and adjacent n+ junctions 18 or
from adjacent poly gate (not shown), when biased high (e.g. +Vcc). The fringe field from
the poly gate edge and n+ junctions (biased high) can expel holes and form depletion

layers 17 along the side-wall of STI.



Al so disclosed is a new voltage reference by utilizing such vertical FET
-Wi th n+ and p+ control junctions. The difference of Ferm -levels of n+ and
p+ doping (i.e. band-gap) in the control junction is used in the
Vt-difference circuit configuration and the output is sinply one silicon
"band- gap. Conpared with conventional MOS transistor Vt-difference voltage
reference, the proposed voltage reference has smaller |ayout (due to the
vertical nat urSmiarly-erprespanding pschaoneldedy segion: bvtniaarwelh$4 willreisoshayelaer
tenperature coefficient. SUMWARY OF THE INVENTION It is an object of at

| east onedepigtinm laxeit!7 sermeddyghe Finge fieldes indinataddbyparerisdd) fromdhe pdag of
resistor structure with variable resistance and form ng a depletion |ayer
in the rebpl¥gste thandadiagent ptjunatianset0 assihewn inFig Rdneite seale). Simileay.itha t o
provide a vertical FET structure which has control junctions isolated by a
base regi bingadigldrant theqwly 9ateiadae and eitknptinngt(biapechiow) gapeerdl slectreiiseand or
FET turn-on and turn-off operation. It is yet another object of the present
i nvent i onfar® deplstipg layemsiiongthe sidernallRi §J 1.1 erewmawez?rﬁ@fimcagﬂrﬂwmm d
penetration effect and to provide fabrication nethods conpatible with CMOS
t echnol og{rMQgachnolegyrare lisleA heralor redereneas: 531 denth ~O4NpY Fdf MHEELWigH t he
present invention to provide a new band-gap voltage reference circuit using
| ess real 0dsq-Asumdierrdgunstiongept® ) 8-8d4tlect s and connections. It is a
further object of the present invention is to inplenent the new band-gap
vol tage reference circuit with two n-channel or p-channel FETs wth a

| t tral. j ti o j { furth hj t of t t
Cvention | s 19 el Benabeltatectl o0uiag Lt eR ap B S0tPER CHGher o t he
fl at-band, diff. i full sili band Lt i till th
(L2t Dand e LS RERAN, Mk o, R P ST w4 B e
ot hor - ob] kot Lt R acHRbrAo TP B S g S RHEe" GO PETEAIEN ong
th h f ' l.ef i ' b I [ b
varying | PoErehal QR s B 53 BB or Bl R AN C IR Fegi ons
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type, ' dopiieRgiohREILARNOMGS G e Nid o, iS5 51T Moth S ARREF Ll G qtoP' "0
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n- channel VFﬁTc‘iuaﬁBﬁPBkﬁfe fdEp&atisRbi&. of a p+ junction and an n+/ p-base
junction and for p-channel %ETS conprise the conbination of an n+ junction
and a p+/n-base junction. The vertical FETs are connected to current
sources and an op-anp with the circuit configuration of Vtdifference

reference. Therrhbtilatiy® fdr 88 invEnfidhe bl cdhtRisE e R Mbxivize(ths ALIEPepétratioh Of
vertical FETs, which is their difference in Vfb. The savings in real estate

are due t efiédienrgagh STiRdy MadWathgdd vértieal rdelsionlyl Kidsimgigacdr@junatiéiyl higonpact
design. The fabrication nmethods for vertical FETs, which are all conpatible
wi t h CMOSvértiedInanditiabled Eisister, Aeh bp&ratiig 1RMIRIESMBMaRARyd 8% al bperdeeper
trench (by masking and trench etch), deeper junctions (by masking and

i npl ant wshdtt, ltag o senerfya switshcordericalFEIR A fabredtionméthod teemagimizedné FET
area (by masking and inplant) for enhancing the field penetration (or

coupl i ng) SfTT fisll pbeetrationieffett i$ HIB6 diseldsed. DasiBhart BRoWT In later dectiondhese and
many ot her objects and advantages of the present invention wll be



readily apparent to one skilled in the art to which the invention pertains
-froma perusal of the clains, the appended draw ngs, and the follow ng
detail ed description of the preferred enbodinents. In the followi ng, first
and second conductivity types are opposite conductivity types, such as N
-and P types. Each enbodi nent includes its conplenent as well. Note al so
that the figures herein illustrate vertical cross sections of devices and
that the devi Feweltkaqwciicyit epnfiguiation of 8 valfrgedefernceds dessEbehbeBravangd nmanner
appr eci at ed by those skilled in the art. BRI EF DESCRI PTI ON OF THE DRAW NGS
FIG 1 i sMaygkénalpdofL3d (Cireyit Aplysisnclfrtel-12n Wilewl 1986d9nd i dlustiatad én Bigj Atent
n+ junctions (not to scale) of the prior art. FIG 2 is a sketch of

cr oss- sect§itmh2 GrMISERAs WiD diffeesnt thegshold Yqltages ofeytl pnd YR, 20 athighyis frferred
junctions (not to scale) of the prior art. FIGs. 3a and b are

cr oss- sectoiasra “\afdiffereness vdltagerrefecericeciigyit iToe twp ntMPSFRFaIwith sgpepizefiraict ur e
(not to scale) of the present invention. FIG 4 is a sketch of vertical
p-type sisanmoW/L) arb biaskd bgditt $ared chapeitieer(gpically Ol uA tal ee@hey) cumremtcbueed,
junctions and separately inplanted resistor region for optinmm doping

| evel . Fl &nd Both H-MOBFETY afH @dda® “plill-Uprarapeieford tTher@Bihdl@ Rolige\V) of (heQws S S
flow for fabrication of vertical resistors wth extra masking steps for

form ng dﬁé‘r%‘i‘étoris‘i‘é"ﬁ%&&ﬂﬁfg?éﬁ‘i’b?e%ﬁe?%ﬁ@nr?é?ﬁnpﬁ yg&g‘eq(ﬁé?%tiﬁbﬁ@qw@&it | evel

at resistor area. FIGs, ba and 6b are a sinpl w th nofations for
i1 ustratpgpgele TRE AR ik b RROSPETAH Vi§'id bﬁﬁhdéﬁ@b%ﬁnverﬁér@;ef@rérﬁea

graph of the cal cul ated design curve of the resistor ratio (Rrax/Rmn) vs.

dopi ng | ey@iage) W& opBatishainpliflerd o lafipy AR Wohmtdlt fotRE s 8 Siies AWnkIB t he
"control junction” as p+ in n-base can serve as a switch or FET. The p+

junction j 'S E tH SRl fQr I ; i I ¢f Or
![UI’ n-of f. (ﬂlsz}l%T%ESitﬂseS?'ﬁt%ﬁ%gg@f%@@gp at gtgaghg\%plg c?ﬁ'%cﬁdoﬁqvénaaht-@l%se IS

bi ased 1t 0y Ye&ofPh-MOSFET with VE2 (for maintaining the second n-MOSFET turn-on). The

output V, from the op-amp is simply the V; difference of the two n-MOSFET transistors,
i.e. Vi1-Vio. The accuracy of the circuits depends on the size matching of MOS transistors

and the offset of the op-amp. The basic circuit configuration in Fig. 11 can be modified by
various additional circuits for trimming or calibration purposes, and it is widely used in

CMOS VLSI. The temperature coefficient of this circuit can be very good due to the

cancellation of temperature dependence of n-MOSFET with different V. Correspondingly,

a reference circuit using two p-MOSFETSs can be similarly implemented.

Prior art U.S. Patents which relate to the present invention are:
U.S. Patent 6,078,094 (Poplevine et al.) shows a variable width vertical resist and STI

process.



i nducing a (hole) accunul ation |ayer for turn-on. "FIG 9a shows in a
sketch how the n-type resistor with the "control junction” as n+ in p-base
can serve as a switch or FET. The n+ junction in p-base is biased to Vcc
for inducing a depletion layer for turn-off. FIG 9b is like FIG 9a except
~that the n+ junction in p- base s bi ased to +Vcc for inducing an (el ectron)
accumul atjaon | ayer t ur n- of 10a and 10b illustrate a general
cross- secViol aﬁ“tgoﬁéxﬁﬁéﬁﬁﬁsﬁﬁﬁ t‘?ﬂﬂ"?%@é“‘?ﬂé‘?de@eh‘ﬁ%thél'%m‘ tignethfilt wo verti cal
p- FETs and the associ at ed rves, respectiyvel 11 is a sketch of

a basi c vHIS &gtery éﬁ@?éﬁé@%‘?%’ﬁh’ et defrbse ?JAN\)éftﬁalrfeﬁ}ﬁSr adowener.-this

transistors of the prior art. FIG 12a illustrates a preferred enbodi nent
of the presentreqefﬁﬂéﬁtdfff?lpﬁg?méh%@\xﬁ'ﬁé’ﬁd gap voltage reference circuit by
using two |n an n- | enent ary”

bont Dot Uk B8 224 &5 (B5er o 41a shiPust BNt deri an oRpen SHMICL 6 13a

iIIustrat es aa% sferred eg.b Cll ment of the present invention of a new band
gap vol tage r&diepetenally Rigs it by using two p-channel vertical FETs (ina

- subst th tary" t t FIG 13b th
G val end PR 6 5G8 TRp Aoy odserBeT YEpdI 66 BBBLT hat (e band- gap

reference can also be fornmed by utilizing two vertical n-FETs in the
saturation region. FIG 14b is the equivalent circuit of FIG 14a. FIG 15a

il ustrates t t tl&ﬁﬂg %& E?éegw?{aggﬁgﬁ?hrou&w §?l iR%dng mé%l\ﬁ)és%ta}\ Lzing two

vertical p-FE

utilized for a class of new vertical (variable) resistor and FET structures by biasing
adjacent junctions for depletion layer or accumulation layer formation in the resistor region
along the side-wall of an STI. This new family of devices (vertical resistor and FET) can be

formed by CMOS compatible technology.

Also disclosed is a new voltage reference by utilizing such vertical FET with n+ and
p+ control junctions. The difference of Fermi-levels of n+ and p+ doping (i.e. band-gap) in
the control junction is used in the Vt-difference circuit configuration and the output is
simply one silicon band-gap. Compared with conventional MOS transistor Vt-difference
voltage reference, the proposed voltage reference has smaller layout (due to the vertical

nature of FET) with less contact and connections, and smaller temperature coefficient.

SUMMARY OF THE INVENTION



FIG 15b is the equivalent circuit of FIG 15a. In the figures like parts
.are identified by like nunmerals. DESCRI PTI ON OF THE PREFERRED EMBODI MENT
Vertical resistor (#1) structure using a typical CMOS process Described
next is a vertical variable resistor controlled by the field penetrati on
effect from adj acent junctions through the STI structure. The "channel

which i gl So THoANR Exegﬁof%wqaﬁﬁf o ireddRn & e RSt aMErGis Npf ¢S o7 ST -

Th t d,d bed. det ai |
bl o, | SVaTHRALISBIR SHEHTS Y A Ralrier AR 8 o gtepBER lnvBr g he "but wi ¢ h
three n nmodifications: i.e., no poly-gate on top, no Mt (or

ant i - punciPSBIFF S i npl ants into the resistor region, and only lightly
doped drain junctions for resistor contact as fornmed by the I1dd inplant
steps in typical CMOS technology, e.g. nldd inplant for n-MOS and n-type 4
resistor, pld

hal T over ¢ haf i%%ﬁ%‘ﬁfgf}%t;ié;étﬁpfh%%?%ﬁﬁ@eéﬁ%’p%ﬁ%@‘ ﬁ%ﬁﬁ%ﬁ' d%ﬁ’ﬁ*ﬁ?ﬁ“mﬁ?ﬂ ="
10-9 : . 20 8

penet a5 S baF e 1 e il G A oyt o

| | | - T desi rabl
aver ¢ oS P ns o SRR B 9Bl L7 Re "tepl ot  on Tayer can be

thicker in order for larger range of resistance variations (nore
di scussi ons on resistor oper ation later). The ad] acent junction si rrpl y

Serves as COQ{.Q?L;[ érlb'ﬂ%/tr' Pféc fCE§I %H&ﬁﬁ&e’ﬁﬁ rﬁ::g)eprx a&?iéatfo‘?ﬁ‘h B&%Ci%

appl yi ng bi ases € usua unc I ons 2 are

not shown Lok inggr tgg?ﬂ heﬁiﬁ%@ir%n %ﬂ’and—qg‘i[é\ﬁﬂ faB?édtnBH n%ftho%‘é(izﬂm\b%{ltglbcal

resistor can ree') via the typical

CMCS t echpy@ih @%ﬂéchn&&@ﬂ%bgldﬂ?qiﬁ fadiliéiAt i ons, e.g. bI ocki ng n+ or p+

inplants to resistor ar King Vt or antl-punch t hrough inplants to
the resistor area, opening nldd or pldd inplants to n or p resistor area,
16 etc.

It is still another object of the present invention to provide a new band-gap voltage

reference circuit using less real estate and requiring fewer contacts and connections.

It is a further object of the present invention is to implement the new band-gap
voltage reference circuit with two n-channel or p-channel FETs with a complimentary

control junction.

Itis yet a further object of the present invention is to provide a new band-gap

voltage reference circuit where the flat-band difference is one full silicon band gap.



Fig. 3a is a cross-section of the proposed vertical p-type resistor
. structure (not to scale). Fig. 3a shows a p-channel region 15a (the channel
region or resistor area) in p 2 o substrate 12. Located on either side is
an STI 16 and to either side of the STI are adjacent n+ junctions (control
-junctions) 18. Pldd junction 22 is forned by pldd inplant on top of p 12
channel region 15a flush with the to substrate 12. Field penetration
from the adj adtdastiha fyrthge pbigetof therﬁng%téUeBSP’HF toRiovide afieunband-gapy hi gh
(e.g. +Vcc) expels holes and forms a depletion Iayer 17 along the
si de-wal | ¥ @gegqurepge cistuitviHyRiSTAle ¢ ratyre eoefiigiti ons have a depth
ranging fromO0.1 to 0.5 um (um= 10-6 neter), but their depth cannot exceed
the depth of the STI structures. The STI structures have a typical depth
ranging fromQ,3 to

vertical n-t yp %%?Pgwyﬁ%egﬁﬂ?%%?e?%a S%eaﬁ’gt%£%¢%%ﬁh$%‘?£ Sgidm' | ar
ad acont  |aRErRONeughn AT RIS erey Fomins § Aepleloratr # 8anartsl BASPnannel
20, 3?@3@@%&@%&%% T ekt AR P, S e T 1
e o S B b SRRl
e 2t SOl enf R IO BT PRI BE R GHERY, 2, o
R e R P ST gt By,
(e L1 USEL it by BB AP BRI 2120
for opti nygied fedishFRagIbn. CUMSIR B 8htrol RinEGENS forl MEhanhel FETs comprise

the combination of a p+ junction and an n+/p-base junction and for p-channel FETs

comprise the combination of an n+ junction and a p+/n-base junction. The vertical FETs

are connected to current sources and an op-amp with the circuit configuration of Vt-

difference reference. The output voltage is the difference of Vt (accumulation) of vertical

FETs, which is their difference in Vg,. The savings in real estate are due to the vertical

nature of the FETs which makes for a more compact design. The fabrication methods for
vertical FETs, which are all compatible with CMOS technology, require additional process
steps for the deeper trench (by masking and trench etch), deeper junctions (by masking
and implant with higher energy), and doping optimization in the vertical FET area (by
masking and implant) for enhancing the field penetration (or coupling) from the “control

junction” through the STI oxide



adj acent junctions 38 can be either |ocated on one side, or surrounding the
sresistor region. Fourthly, the trench 46 can al so be deeper (than the usual
CMOS STI) by applying extra masking and etching steps. The depth of STI
trench 46 in this case ranges fromO0.3 to 4 about 2.0 um but, of course,
cannot exceed the n-well or deep n-well depth. The typical n well depth
ranges from1l to 2 um and the typical deep n-well depth ranges from2 to 4
umin 0.25 CMIbeseanhplaypthenebisols aodiadvaniages of theprespriievention willdled
penetration which inplies an increase in the thickness of the depletion

| ayer 17.regditheprasticane iillegddn thedart o whichitheraueation penins franamerysatobd in
greater detail below with extra steps (identified by arrows) conpatible

wi t h Cvosthegdaims the pppended deawingss end theclofiowing égtadwég%scapmorb@fltb@\pqurrﬁd
additional steps for a-e: 12 Block 1 describes a) STl isolation formation:

C eani ng, ephedieMtEe growi ng, depositing Si3N4; AA nmasking, trench etching,
cl eaning; 16 Deep trench maski ng, deep trench etching; E Liner oxidation,
HDP CVD oxi de depositing, RTA densify; Oxide CM polishing, Si 3N4 renDV|ng
Bl ock 2 descrlbes 2 0 b) Transistor formation: p-well (1) WBSKIH;mes

i npl anting; p- Inthe OU%'”M@%@HS SeP?ﬁﬂ %ﬂﬁ'E’P‘PFQ{'tY fypes afp QS%HOF’“? E‘?"H’é@k‘f'tﬁ

i npl antin 2 sking, .inplanting; resistor type)..area masking
and i npl ag‘fthﬂj‘vﬁE”qlfb gé%‘? stﬁﬂCh@H‘WH&"t eils ﬁP'ﬁaleﬁ'f?&'PPWP%tnNPﬁgalsoE Bl ock
3 descri bt%at the figures herein illustrate vertical cross sections of devices and that the devices

extend laterally (into and/or out of the page) in a manner appreciated by those skilled in

the art.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sketch of cross-section of n-channel body region and adjacent n+

junctions (not to scale) of the prior art.

FIG. 2 is a sketch of cross-section of p-channel body region (in n-well) and adjacent

p+ junctions (not to scale) of the prior art.

FIGs. 3a and b are cross-sections of proposed vertical resistor (p-type and n-type)

structure (not to scale) of the present invention.



c) Gate formation: 1st gate-oxidation; 8 Dual gate-oxide nmasking, wet oxide
di ppi ng; C eaning, 2nd gate-oxidation, depositing undoped Poly; gate

maski ng) poly etching, cleaning, poly-oxidation; Block 4 describes 12 d)
Transi stor formation: nldd-1 masking, inplanting; pldd-1 nmasking,
inmplanting; pldd-2 masking, inplanting; 16 nldd-2 masking, inplanting;

Li ner-oxi dation, depositing gate spacer (SiN, Teox); Gate spacer oxide/Si N
et ching, cl eanf!fy4 iha sketeh ghvadiahp-typesiligan with eniransed field| renetigticnnwith

i npl anting, deep n+ nmasking and inplanting; (optional w th additional

p- base i nﬁﬁ%ﬁﬂf)‘ epchiarbiupetihs arn sgparate!y implantad registor meiandienptishurh dapiegt i onal
n- base inplant) E 15 Bl ock 5 describes e) Salicide and contact: Co
depositiEEWeQiN depositing) RT Annealing-1, Co stripping, RT Annealing-2; 4
Si N depositing, PSG depositing, |ILD CWP polishing; Contact masking, contact
oxi de etching; WCVD depositing, WCM polishing; Block 6 lists the fina
step 8 f) Continuing wth BEOL netal interconnecting. The optional n-base
and p-base i np% 'gn%’és Q\HOPK Hiagtass et the deeseat isvention ofthgipjagess Hew derfrbridation | ayer
and resi st arl?tion Fi 6a and 6b are a sinple nodel of a vertical

nce : S. , . e nT
resi stor I YSUGROLERES ‘éfﬁ%‘“tf“&xg? Magking stePp derierarinmbirangr Binptians and atrenshtandal
resistor 1ba V\,rer§ ab re reﬁenﬁjs the resistor 16 cross-section area, a is
the nini ntiRuREMPPImIZed d@%ﬂ? S¥eyBtesiBlor ae@he di mension for the depth of
resistor, t is the depletion |ayer thickness, d is the STl depth, wis the
STl spaci ng

FIGs. 6a and 6b are a simple model with notations for illustration of the doping

effect on the vertical resistor.

FIG. 7 is a graph of the calculated design curve of the resistor ratio (Rmax/Rmin)

vs. doping level.

FIG. 8a shows in a sketch how the p-type resistor with the “control junction” as p+ in
n-base can serve as a switch or FET. The p+ junction in n-base is biased to +Vcc for

inducing a depletion layer for turn-off.

FIG. 8b is like FIG 8a except that the p+ junction in n-base is biased to —-Vcc for

inducing a (hole) accumulation layer for turn-on.



(or width of the oxide inside the shallowtrench 46). Fig. 6a is a copy of
Fig. 4 using the sane nunerals for the sane conponents. 20 Now referring to
Fig. 6, a sinple nodel for the vertical resistor is shown with 2-side
depletion layers 17 (i.e., the effective conducting cross-section area of
the resistor 16 beconmes: (a - 2t) b ) by assum ng uniformdoping in the
resistor region and vertical trench profile. The electrical field (on the

silicon surfafeG dsrews!ivea SRétcls he® thidh-tybelreistot With the “coY jupktion” 48 &k-iign can
be estimated by using sinple 1 D analysis: 4 Esi = Eox (Un-Vfb) ~ (EsiW

(1) Wher ep-pastcsdt Rbvd &a SAikchs@HFETThé a4 juntliowin plBadd s blazes o Weed from
side-wall of vertical silicon region). V' is the n+ junction bias (e.g. Ov

to Vcc, vihddtings dedletonIdyepordulpvoft. ypi cal |y used on 0.35m or 0. 25pm CMOS
chip, respectively). The flat-band voltage (Vib,) of the a silicon surface
al ong STI side-wall is about -0.6v (i.e. mainly the differences of the

el ectron Ferm |level differences between the n+ junction and p-silicon

region). The Feb.adb igdkalFiS. Qatextept et st findtioh i pibasé is Bhsedd Heyfor3. 9) .
Notice that even if Vnis biased to O/, there is already a field on the

si | i con snddchapara{etsttron) abeumalatiofh @yedieptuen-ofig hol es and 12 form ng
depletion region (due to the built-in field established by the Ferm | evel
difference). Additional Vn will further increase the surface field and
i ncrease the thickness of depletion |ayer. The depletion |layer thickness
(t) al ong STI FissldOaant 10b illukteate eggminksal emiss-sattod dfa:nepWBsandsgap veltége Np) -
Eox (Vn-Vfb) ~ (Wj. Np) (2) 16 where) Np is the p-type dopi ng concentration;
g i s the refesencemircaihwitiybvalvedtik p-0-ET s @and ltirbssotiateddbd verves pespestialy. r el at es
t he depletion |layer thickness to STI width, n+ junction bias, and
p- substrate doping. The resistivity (p )of the p-type resistor region is
si npl y:

Hand FIG. 11 is a sketch of a basic voltage reference circuit configuration with n-MOS as

pull-up transistors of the prior art.

FIG. 12a illustrates a preferred embodiment of the present invention of a new band-
gap voltage reference circuit by using two n-channel vertical FETs (in an n-well) with

“complementary” control junctions.
FIG. 12b is the equivalent circuit of FIG. 12a.
FIG. 13a illustrates a preferred embodiment of the present invention of a new band-

gap voltage reference circuit by using two p-channel vertical FETs (in a p-substrate) with

“complementary” control junctions.

10



20 p = (NP.9~h) 1 (3) 17 The resistance of the vertical resistor is then
related to the effective area (a-2t).b of cross section and length (d) (or
the depth of trench) of the resistor: R=p.d/ (b. (a-2 . t) ) (4) 9 Were
ais the mninmnumw dth of active area, and is becom ng narrower by the

- depletion layer. The mninmumresistance (Rmn) occurs with Vn biased to Ov
(i.e. smallest depletion |ayer), and the maxi numresistance (Rmax) occurs
with Vn bi asedl@t13bve the eqyivajestt clcuitiof RiEx13Rni n is of interest as fol l ows: 8
Rmax /Rmn - ( a-2tmn) / ( a-2tnmax ) ~ 5 ) The critical doping |evel

bel ow which the entire silicon region is depleted can be estinmted by
setting (a = 2tmax) and using eq. (2). Np,mn = 2. Eox(vn-Vfb) / (a.WQ)
(6) 12 Desi gn FéP- Asritlustigtes thatthe Band-gap tefRipaep eanAlsaRg fogmed Phatiirng tye of a
variable resistor _is discussed briefly for reference. Fig. 7 shows a 16

cal cul at PR NHETS IR the sptyptionyedioBsi st ance ratio (Rmax/ Rmin) vs p-type
doping | evel based on a m ninmumactive width (OD) of a = 0.1 um (u=10-6),
an STl spacing of w= 0.1 unm) a flat band voltage Vfb of -0.6v, and Vcc of
2.5v. The resistor ratio increases rapidly when the doping | evel decreases
bel ow a criti é:i - AR indhe prsivaleid ofredl o Fifp. ionis fully depleted. In 2 0
this exanple in FIG 7, this critical value of mninmmdoping concentration
of Np,mn is 1s ~1. 338x102~rri 3 for a conpletely depleted resistor. This

shows that t h%lg.o Péarllﬁusltr%\Yee's.l thgtfthé tt]Jgnd-gap reference can also be formed by utilizing fwo

vertical p-FETs in the saturation region.

FIG. 15b is the equivalent circuit of FIG. 15a.
In the figures like parts are identified by like numerals.

DESCRIPTION OF THE PREFERRED EMBODIMENT
Vertical resistor (#1) structure using a typical CMOS process

Described next is a vertical variable resistor controlled by the field penetration effect
from adjacent junctions through the STI structure. The “channel region” in Fig. 1 and Fig. 2
of the prior art has a parasitic resistance, which is also modulated by the depletion layer

4 along side-wall of STI. The proposed structure, as shown in Figs. 3a, 3b and described in

detail below, is developed from the “channel region” in Fig. 1 and Fig. 2 but with three

11



resistor region is an inportant process paraneter for adjustnent to the
.desirabl e range of the resistance variation. Fig. 7 also shows that when
the doping level is high, then the 4 resistance ratio approaches 1. For
advanced CMOS (e.g. 0.18um and beyond), the channel region has higher
-doping level for Vt adjustnent; therefore the vertical resistor region wll
be bl ocked against Vt inplant and its doping level is adjusted by using a
separate inplant for optim zed doping level. After the desirable resistance
ratio is 8 determ ned, the Rmn can be designed by adjusting the total
cross-section area of the vertical resistor by using geometry of serpentine

or inter - godificationst i'd. RRSpIN-Fhte loRNEp, HAOR ForUHtI-pTlinBh-HRHBY T@grﬁmy@n@rmatw dth. 12
Vertical resistor structure (#3) used as verti cal he above descri bed

vari abl e r&%t@rtr@glorﬁmemdbmlwrghﬂy d&sbdafain jtﬁibtlérfé'foﬂfesEE)T cohtathds trhécHtheur f ace
along STl side-wall can be accumul ated by the bias from adjacent "control

16 j uncti pR'impRnEStepdIWpitd) RIS tecBAolo@R elfs hidd idpRint t6PA-MOS ianll Ftype
illustration. The structure of the "control junction 40" is p+ in n-base
48, so 4t hpdsistdreplad implastfooRMOBaiEp-Bipasesistbo Tak Iditjunctidns atd$ithlloRé)than +Vcc
(Fig. 8a) for inducing a (hole) accunul ation 47a or depletion |layer 17 on

the si de- walrke/Bfainglhctiths ah@ saRRHNELY to 100N (MASSI CBNef2), HOY predradly t he sane

2 otime as the deep p+junct|on by i nplants sequentlally(e , |rrplant|ng
Phosphor Uk Ufr%?n 26{5 zlfoatﬂgf tﬁg fléfdga%ﬁéﬁtlon-lfﬁ% QGJQ n%t|+rf'sf éanfﬂ oat ' ng and
serves as electrical 150 I on ween t ro junction" and
the p-sub Frih ting
channel a%%&ﬁ?er e?%r e %?&%é‘)lﬁ-lt_{agll n gpﬁ%&tp&dé ?’éElTsh:éaO% m C&Flﬂ%e%g et| on | ayer

' S des'BgnEdd(ftsF%Qg@&Jéélr,lr}én@ﬁ«% r t1i1'1r)1(90?,4 c? dm GRP &) Bidt Yf%oec{ég%'ﬂﬁ y‘aﬁ@én %HC“ on

is 4 bia ( resi stance. c can
be 560t 3y 5d o cIL I el K, Che 0 AR e Syt Tisdpe o
f ﬂjeagggf eJPlPJ%% @&e?g ‘?’ﬁé aHjacent junctngrrl1 glm%‘fycsuerrrvuelsaé[s' ggntlroq}/unctlénqrfor"mgcqur?aﬂ?\g" and
the vertical resistance by applying biases (i.e. Ov to Vec). The usual Co-silicided junctions
12 are not shown in Fig. 3a, b for simplicity. The fabrication of such vertical resistor can be
readily implemented (i.e., “it is free”) via the typical CMOS technology with proper layout
modifications, e.g. blocking n+ or p+ implants to resistor area, blocking Vt or anti-punch-

through implants to the resistor area, opening nidd or pldd implants to n or p resistor area,

16 etc.

Fig. 3a is a cross-section of the proposed vertical p-type resistor structure (not to
scale). Fig. 3a shows a p-channel region 15a (the channel region or resistor area) in p-
20 substrate 12. Located on either side is an STl 16 and to either side of the STI are adjacent

n+ junctions (control junctions) 18. Pldd junction 22 is formed by pldd implant on top of p-

12



for "turn-off'. This type of FET with turn-on by accunul ati on and turn-off
. by bulk depletion is a unique feature for such vertical switch or FETs. A
correspondi ng structure of a vertical switch or FET, based on n-type
resistor, can be simlarly formed with n+ junction in p-base 12 as "control
- junction” as shown in Figs. 9a, 9b. Still referring to Figs. 9a, 9b, the
n-type resistor 15b with the "control junction 38" as n+ in p-base 50 can
serve as a switch or FET. The n+ junction 38 in p-base can be biased to
+Vcc (Fig. 9b) and -Vcc (Fig. 9a) for inducing an (el ectron) accunul ation

| ayer 47b for turn on and a depletion layer 17 for turn 16 off,

respect i vehahneWehldnPrsautish Mﬁ?’\e]‘%p%‘f‘g-sﬂf)%ﬁ?dlté 1%4=IQIH Rétrdtfon's fi@' l'y ground

(as a reference).” Note that e n-we i ase to Vcc, en n+

junction §§ja&§ﬁﬂ$ él.tllﬂttlgﬁs R ASREN byPartdeB ANtk rPiadlr hiéﬁl{]erb q-'\‘/c@fg( EIérH?oié%f f,

respectively. Noté that a voltage bias higher than the externally supplied
Vee can bSn@ﬁﬁiﬁE%tc%éléﬁBn‘l‘é}’epﬂf’)éloi’i@ltﬂe HHQWRICEHS T A6PHRN 248 nidiCyAtrgues. 20

| V Characteristics of a vertical "FET The |-V curve across a vertical p-FET

O oty ot fchdnelidst Biferd aH?ﬁwggrgoﬁﬁ%Wo blglm AR = 10 et b hdPaddde

control - ction (pt+/n-base to Vcc e surtace of the

Phr ougn t RS pRoesd gt oP e S Bbebids Tl FrlArBRusthies whensoBbsi ¢i ve
or negati k/%g%l Fﬁgﬁqﬁc’%’%‘n biasing the control junction to +Vcc, see

Curve 3, ully depl et ed and there 8 is a small (| eakage)
current flowi ng through the device (i.e. off-state) with either positive or
negative Vr. V\hen the control juncti on is grounded (i.e. see

Qurve & Lne e1a08l Sosl il ¥ AE NI El il b0 retsE%rE%&‘gre (ﬁxﬁgu”em

di fference of op ng an oprng in

(h) has ag Alé)”?ﬁ% st sitfila’ Owar%%fa éﬁé&b’ﬁﬁat%e é’ﬁtirFAﬁ*uétDr% &ae;‘{&{;téé‘ pnAcr 0SS

the FET (| I ncreases nore posit I ncreases taster due

to heavie i-écﬁﬁ g he
p-channel a weﬁgﬁgnés‘hgfg%: r a U&)ﬁgﬁs %/@gwed jgﬂ%’t{dﬁ%?thégbérﬁ%‘?réﬁ’d?ﬂf %ﬂ?t:;aﬁg%l
resi st ancgagidrefsbdithbf RBcbR@cE 1BV fleShannel region is an nldd junction 24 formed by an

12 nldd implant. In addition, the n-well is deposited on p-substrate 12.
Vertical resistor structure (#2) with enhanced field penetration effect on CMOS

16 Referring now to Fig. 4, the STI field penetration effect can be further enlarged by
implementing a few extra process steps as follows and as illustrated in the cross-sectional
view of Fig. 4 and when compared with the standard CMOS design of Fig. 3a and Fig. 3b.
Firstly, the adjacent junctions 38 can be deeper (but slightly less than the depth of STI 46)

20 by applying extra masking and implant step. Secondly, the doping of the resistor region

15a can be separately implanted for optimizing its dopant concentration. Thirdly, the

13



of the I1-V slope) decreases with nore positive Vr due to stronger

-accumul ation. As Vr 16 increases in magnitude toward nore negative,

however, the current h increases nore slowy or even close to flat (i.e

in "saturation region") due to growi ng depletion |ayer induced by the

vol tage drop across the p-channel and p-substrate. Note that the vertical n
FET will have simlar |-V characteristics corresponding to the vertical

p- FET, but with 2 o reversed polarity of bias. 21 Dual STI schene for
further enhancenent of field penetration effect For further enhancing the
field penetration effect,the trench for resistor area may be filled by high

of e's?ff&%d%%nﬁ@n?%é% on KSR HoPHEREn oBe bl h iy M eRo % s
3&?352?“&%&?"‘?@“4% Pl st %ée il e SRR MBS Ainify
scherne, n}%sklﬁgﬁénéjﬁgﬂﬂé ”ft}\‘eoéi%&ﬂ oPéﬁﬂ % {rﬁﬂ Js'elr!arl\i]e%,fﬁoﬁ Q.B stﬂal | ower

enhancene on ver |ca reS|s or ar

trench W' L&Jt@%l‘ﬁn%{ Z)? lf:@lkrs% ahﬁc&%x{:éégfﬁhb%%&f&r%g%%eﬂl@t@%%%wfa% Band

gap refer 2Nce using v rnear regil new

vol tage r%ﬁ’&?ﬁlﬁ‘?a le6 Gioht 1 t2 BRS &R t&ﬁ{iﬁamgééb%ﬁéu gﬁﬁlﬁ?# &P%tBMRﬁna”d

p-type control  junctions respectively erenc reshol d

vol tage” {,0f 29 BMcS {@cﬂﬂ? agy %%}ﬁ% iﬁ&étr%'ﬂ#hgx eé’éeﬂ'? rﬂe%ei’rﬁﬁ dr| FRkn Eﬁ@%s""a' |

provi des a reference vo ose to t ICOﬂ roug

Vit - di fferg,@ﬁﬁreraggg{@,@qﬁcﬁersggﬁhed: Ha?ion ﬂa§§r1712b i I ustrate such vol tage

reference circuit by using two ver I cal FETs 122a, 124a (as "pull up"
transigtor) with "conpl enentary” control junctions (i.e. one a p+ junction
40 and 20 anot her an n+/p-base junction 38, 50,). The vertical n-FETs are

connected to CH BHlicabion ifeftod is (llﬁst@atedj ih £i§ S A BRePih JredteldbthiPotéd A and
op-anp OA as shown in Fig. 12a and
extra steps (identified by arrows) compatlble with CMOS technology.
The fabrication comprises steps a-f below with additional steps for a-e:
12 Block 1 describes
a) STl isolation formation:
Cleaning, pad-oxide growing, depositing Si3N4;
AA masking, trench etching, cleaning;
16 Deep trench masking, deep trench etching; €
Liner oxidation, HDP CVD oxide depositing, RTA densify;
Oxide CM polishing, Si3N4 removing;
Block 2 describes
20 b) Transistor formation:
p-well (1) masking, implanting;

p-well (2) masking, implanting;

14



its equivalent circuit in Fig. 12b (note. same circuit configuration as in
- Fig. 11 ). The output voltage is sinply the difference of Vt (defined here
as the threshold voltage of the control junction for inducing accurulation
| ayer, see the next section for a further detailed 4 definition) of the
-vertical FETs. Note that both vertical n-FETs are operating in the "linear
region"” (i.e., no need of strong turn-on, and thus saving the need of
addi ti onal charge punps on chip). P-substrate 12 is tied to -Vss and Nwell
14 is tied to Vcc. 8 The threshold voltage for forming an accunul ation

| ayer (referred to as Vtac) on a side-wall may be defined as: Vtac = Vfb +
2Nn, where N ,—i_@dm%gwiﬂ@,ﬁﬁﬁlgﬁtm evel of the n channel area. Note that N' _
(KT/qg).In(Nd/n;),whéere k1s the Boltzmann constant, T the absolute

tenperature, oh-{BFHFhkihginphatige Nd the doping of n-channel area, and n;
is the 12 intrinsic carriéer concentration of Silicon. Vfb is the flat band

vol tage Vi ewedelic@iniyBeYatba hidkkint B84 infilantiny €8 easily seen that the
di fference of Vt of accurnulation viewed fromthe p+ control junction and n+

controly j unct i&stob (rstyp®) afed Raskihg bR pRWIantPh; Eheir flat-band vol tage Vib,,
i.e. Vtacp -Vtacn = VtnP - Vin , which is in turn sinply one band-gap E9.

Due to thglokk 3heeaibedopi ng of p+ and n+ on the control gate, the Vfbp is
nore positive than Vfbn by one full band-gap (E9 ~ 1.2v). Note that if the
connect i 0p) Ghtetfbgndtion: vertical n-FETs to the op anp inputs is swapped (or
equivalently, the polarity of control junctions is swapped), then the
output w Il betst gxtersxriatio -1. 2v. 20 23 Band gap reference using p-FET
(inlinear region) Simlarly, tw p-channel vertical FETs can al so be used
to form a "banduaygpte-ckideahaskdmy; vet oxideidippiag; shown in Fig. 13a and its
equivalent circuit in Fig. 13b. Both vertical p FETs 122b, 124b are used as
“pul | -down" t rGlasnisg,@nd.gaki-oxidationhydepdsiting endapedddly,on of two p FETs to the
op-anp inputs is swapped, then the output will be reversed to +1.2v. The
t wo gate masking, poly etching, cleaning, poly-oxidation,;
Block 4 describes
12 d) Transistor formation:
nldd-1 masking, implanting;
pldd-1 masking, implanting;
pldd-2 masking, implanting;
16 nidd-2 masking, implanting;
Liner-oxidation, depositing gate spacer (SiN, Teox);
Gate spacer oxide/SiN etching, cleaning;
n+ S/D masking, implanting;
20 p+ S/D masking, implanting;
deep n+ masking and implanting; (optional with additional p-base implant) €

deep p+ masking and implanting; (optional with additional n-base implant) €
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p- channel vertical FETs are in p-substrate 12 and have "conpl enentary”
control junctions s (i.e. one is n+ junction 38, and the other is p+/n-base
junction 40, 48). The vertical FETs are connected to current sources | and
op-anp QA in Fig. 13a and its equivalent circuit in Fig. 13b. The output

- voltage Vo is sinply the flat-band difference fromthe n+ and p+ junction
and is close to one silicon band-gap 01.2V). 12 Band gap reference using
vertical n-FETs (in saturation region) The band-gap reference can al so be
formed by using two vertical n-FETs 122a, 16 124a operating in saturation
as shown in Fig. 14a and its equivalent circuit in Fig. 14b. Note that the
n-wel | 14gjosk 588&diiBdst 0 p-substrate 12 and biased to -VSS. Both vertical n
FETs 122a, 124a are used as pull-down devices (as simlar to Fig. 13) but
wi th " cong)syieiat ahd ‘cofi@pt rol junctions (i.e. one a p+ junction 40 and an
n+l p- base junction 38, 20 50, simlar to Fig. 12. Again, when reversing the
connections t @odEpdSBngTiN e | R Arthe¥ifirlgl1,'CSsttidping RT ARsing 2P

ref erence using vertical p-FETs (I n saturation region) The band-gap

ref ereace can s aepdtingPPBBMYsitId, MDD CMP p@lishinga! P- FET operating in
saturation as shown in Fig. 15a and its equivalent circuit in Fig. 15b.
Not e that the Qontdt madkidg,iconfarbstidnéteningnsi de deep n-well 153 and that both
are shorted to +V~~. Both vertical p FETs 122b, 124b are used as pul |l -up
devi ce (sim | ay-Oud depbsitihg) WeCPWdlishing;onpl enent ary” 8 control junctions
(i.e. one is n+ junction 38, and the other is p+/n-base junction 40, 48,
simlar tBloEk @listd e findpstep, when reversing the connection to op-anp OA a
reversed Vo will result. 12 Fabrication of vertical FETs: For enhancing the
field penCoatinunmy itk BEQUphetalgntefooanedting. " control junction”, there are
addi ti onal process steps for deeper trenches (by masking and trench etch),
deeper junctions (by masking and i nplant with higher energy), and doping

The optional n-base and p-base implants will be described later.

12 Analysis of depletion layer and resistance variation

Figs. 6a and 6b are a simple model of a vertical resistor with notations for
illustrating the doping effect on a vertical resistor 15a, where ab represents the resistor
16 cross-section area, a is the minimum active area (OD) width, b is the dimension for the
depth of resistor, tis the depletion layer thickness, d is the STI depth, w is the STI spacing
(or width of the oxide inside the shallow trench 46). Fig. 6a is a copy of Fig. 4 using the
same numerals for the same components.
20
Now referring to Fig. 6, a simple model for the vertical resistor is shown with 2-side

depletion layers 17 (i.e., the effective conducting cross-section area of the resistor
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optim zation in the vertical FET area (by masking and inplant). 16 Dual STI
.schene: Further, the trench filling for vertical FET area may be filled by
high dielectric (i.e., high-k) materials (e.g. Ta20b6, Al 203, or silicon
nitride, etc.) for nore enhanced field coupling from adjacent junctions.
-Certainly, the trenches for the CMOS 20 area is filled by a | ower
dielectric constant (lowk) material (e.g. CVD oxide or FSG etc.) for
better isolation. Therefore, this leads to a need of dual trench schenes,
i.e., one 25 deeper trench with high-k material filling (for enhancenent
of field penetration) on vertical FET areas, and shallower trench with

| ow k mat gédomest {d L 2B )(HyQssiimRigainifem deiindIMeRe PsRAS red\elY and a8resalfdnamt ages
of vertical resistor and FET: The fabrication nmethods are fully conpatible
wi th advapeag, PhESiebreaTRldeH e difboriuRhde AIBRY MRISTARMIRSK rBa thé aps. Wth
continuously scaling for future 0.1 umand beyond, the effect of fringe
field wlicohfolt NRERMIaNBeYesBrRRAUICRShg éir'ﬁﬁ!éelfm.ér@h{s‘iéf'e di scl osed devices
will be prom sing as new devi ce concepts especially for future generations
of CMOg technol ogy. ertigcal GEIbas hand gap reference: Thereqgre two
advant ages of this di%cl o§°ﬁr égﬁh\éffa}co&ﬁg'?gd to conventional MOS &rrfj}ansi st or
based voltage references, Firstly, the proposed reference ci rcui‘t: has a
ol ler | ATk wdlgBoes the ST\ aseeng r STt ke viewed fiorsifewall obaitcal s
and connections. Secondly, the tenperature coefficient is smaller, when
conpar ed SicANJIRYIEA: Vo ifalhe - junptien biagie.8- Qolor\agavitheY @ 0 ASE ST 215 dvrically t he
output is the difference of flat-band voltage as set by the Ferm -1l evel of
n+ and p+uskyeng 35amtdir®.26pink CRIOS biilp tregsttivelfi Tee fftbanawerddeaVyhastheeen
particularly shown and described with reference to the preferred

embodi gengifediehfaed alo'h% S]:?il !sihe-%(l] WSS lt-@é\ﬂ(i.gyrggiﬁf@tﬁe %Vlffﬁﬁet#éhn%@s bfthbRfechibh that

various 26 changes 1| ormand details nay e out departing from
the spirite@htevef@RErchted HAWEEY BR1+Q0ncti®A and Bl region). The relative

dielectric constants are v (~11.9) and yox(~3.9). Notice that even if V,, is biased to Ov,

there is already a field on the silicon surface along side-wall for depleting holes and

12 forming depletion region (due to the built-in field established by the Fermi level difference).
Additional V,, will further increase the surface field and increase the thickness of depletion
layer. The depletion layer thickness (t) along STI side-wall is then easily estimated by:

t= (85iEs1) / (q.Np) = &ox (Va=Vip) / (w.q.Np) (2)

16 where, N, is the p-type doping concentration; q is the electron charge 1.602x107'°
coulomb. The above expression relates the depletion layer thickness to STI width, n+
junction bias, and p-substrate doping. The resistivity (p )of the p-type resistor region is
simply:

20 p = (Np.g.pn) ™" (3)
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1. Avertical resistor structure, conprising: at |east one shallow trench
isolation (STI) structure deposited in a substrate of a first conductivity
type ; 5 a channel region of said first conductivity type forned adjacent
and in contact with at | east one STl structure, said channel region having

* a parasitic resistance ; a control junction of a second conductivity type

butting against that side of said STf 10 structure not in contact with said
channel region, said control junction coupled to a voltage source ; a
l'ightly doped drain (1dd) junction of said first conductivity type deposed
on top of said channel region to forma contact with said channel region,

sai d | dd Thevebistincs oftpkadrtical rasidfor Rananetiated tope effectivearea @F2t).6 of toss-
substrate coupled to a voltage source return. 2. The structure of claim1,

wher ei n sgyjctiore aid febth (UN@F tHRUEpE vftfen2R) o tidrdsisedr: for 2 o nodul ating said
parasitic resistance through said STI structure when applying a voltage
bias to said controlg jungti/qm,. 2.8)) The structure of claim1, sherein
said parasitic resi stan(r}g i/g m)(gaﬁ_l at e%j) by a depletion layer in s(am channel
said STI. structure ucture

regi on farmed al a.side-wal |, of. . 25 4. The r
0of oo mt e iRy et def ant i B odtRba nraf by e SRl e
region. 5. The strycture of claim1l, wherein said control junction.induces
Lt et Laten D BNHMIESIStanGe Hhran) Grure SRR Bapedn dv gie SEEFg d5eeim, m ¢
wherein said control junction induces an accunul ation region in said

channel rlagirhrand The mayigtun esistanesi(Binad ostursiwitiule piasedrpt +\&.rthe ratimot hal | ow
trench isolation (STI) structures deposited in a well of a first

conduct i VRE /R Y P8 of mteteStRATORIwsF €9i on formed between said two STI
structures, sard channel region having a parasitic resistance ; a lightly

doped drain (1dd) jupctjon of L& finst, conductivity type depos on top
of said channel regilwc?‘ﬁx}t%“f‘or mig %tﬁ‘t%zc/i(a\?\,i i aéciii d channel regi oﬁ’q; 29
The critical doping level below which the entire silicon region is depleted can be estimated
by setting (a = 2t;,ax) and using eq. (2).
Np,min = 2-80x(vn"vfb)/(a-w-q) (6)

12

Design of vertical resistor for analog applications

The design of a variable resistor is discussed briefly for reference. Fig. 7 shows a
16 calculated design curve 1 of the resistance ratio (Rynax/Rmin) Vs. p-type doping level based
on a minimum active width (OD) of a = 0.1um (u=10'6), an STl spacing of w = 0.1um, a flat

band voltage Vfb of —0.6v, and Vcc of 2.5v. The resistor ratio increases rapidly when the

doping level decreases below a critical value when the resistor region is fully depleted. In

20 this example in FIG. 7, this critical value of minimum doping concentration of Np min is
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10 one or nore control junctions of a second conductivity type butting

.agai nst that side of each of said STI structures not in contact with said
channel region, where said control junction may further surround said
channel region ; and 15 said well coupled to a voltage source return. 8.
*The structure of claim?7, wherein said control junctions serve as a control
for nodul ating said parasitic resistance by applying a voltage bias to said
control junctions. 20 9. The structure of claim?7, wherein said parasitic
resistance is nodul ated by a depletion layer in said channel region forned
along a side-wall of at |east one of said STl structures. 10. The structure
of claimZY ei 13 sal i I iekn [ r 25
to 100 nm~t'%gn\$@bnggo?r?gta ce&r0 b% %tﬁlﬁfﬂgﬁjh{éﬂggﬁﬁg Jb{eg Sob Wgﬁgﬁtwp\r}\]ﬁe@\é@r@ ﬁ%e top

surface of said l.dd, junction.is flush with the top surface of said well. 30
3 0 12. TiFES rr’%ﬂ!?’msje?“d‘f"%ﬁ%ﬁtM%eswéfﬁmeiﬁrtf?fea -?ﬁ“‘g? t%‘?‘ﬁ"@%‘ﬁt’?r&ﬂe of

ncti on KeNgES om0 b8 OIS A0 roLer) St bR
S0 o LM S SenTD UGS 0B @ T ASERRADSHoP o
et el B P MR RSP e R 27
bt e B ek S SR R ol By AR 1L
The ST UCLUL 6o @l S B Gt Sleih Bl 6] ARMIQUedBE! b Mahss UMl d to

second vo age source. varl abl e resl s conmprising: two

shal | og {0 e h2K, 2tah Bl dbsihid 5 HESSr RO Bl bos beficiPlrba O 111!

vertical resistor by using geometry of serpentine or inter-digital stripes with long edges but

minimum active area width.

12 Vertical resistor structure (#3) used as vertical FET

The above described variable resistor may be utilized as a switch or FET if the
silicon surface along STI side-wall can be accumulated by the bias from adjacent “control
16 junction” 40 as shown in Figs. 8a, 8b using a p-type resistor for illustration. The structure
of the “control junction 40" is p+ in n-base 48, so that the p+ junction can be biased to
either —Vec (Fig. 8b) or +Vcc (Fig. 8a) for inducing a (hole) accumulation 47a or depletion
layer 17 on the side-wall of STI 46, respectively. The n-base can be formed at the same
20 time as the deep p+ junction by implants sequentially (e.g., implanting Phosphorus first,

then implanting Arsenic). The n-base is left floating and serves as electrical isolation
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31 a channel region formed between said two STI structures, said channel
region having a parasitic resistance ; a lightly doped drain (1dd) junction
of said first conductivity type deposed on top of said channel region to
forma contact with said channel region ; 10 at |east one control junction
of a second conductivity type butting against that side of each of said
STls not in contact with said channel region, said control junction coupled
to a first voltage source, said control junction inducing an STI field
penetration effect in said channel region; 15 said Idd junction coupled to
a second voltage source ; and said well coupled to a voltage source return.

2 0 19. Th&ween tHeos¥ “coftidl ficBon"emd thep-sabstetéil Dbdidw. Theadiumutatiol I8@At I O
junction serves as a control for nodulating said parasitic resistance by

appl yi ng a74ploliaee altbadudtig SRrtheC Y thelefdrd F64ulto Th a B “on2fesistdMe VEHd | cal
vari able resistor of claim 18, wherein said parasitic resistance is 2 5

nodul at eddépietiondgydr@s dedigreate be Fully depldtisg e ificon a@adihdnqi+@smtrel joRgioatis | east
one side-wall of said STl through said STI field penetration effect. 21.

The vent i piabed/fr#\ae| for Besys taif réistancel No3hatthe —etdicdrise gengirated oh-chip d
channel region is separately inplanted to optim ze the dopi ng concentration

of said cbpawskknévagclenge-g0mpBRechhig@eyertical variable resistor of claim 18,
wherein said STI structure is nade deeper by applying extra masking and
etching steps, thus ranging in depth fromO0.3 to 2.0 um (um = 10-6 neter)
but not exceeding an n-well depth. 3 5 23. The vertical variable resistor
of claim 18, \ifhds §pe obeerticabidsistdry whithiserves asradwitcleepleE T by cantpdligd byg trext r a
maski ng and etching steps, thus ranging in depth fromO0.3 to 2.0 um (um =
10- 6 met eadjatrrit jumstiorebiag adilizes the demnutatioal ldyed &pt‘turn-on” and the depletion layer
for “turn-off”. This type of FET with turn-on by accumulation and turn-off by bulk depletion
is a unique feature for such vertical switch or FETs. A corresponding structure of a vertical
switch or FET, based on n-type resistor, can be similarly formed with n+ junction in p-base
12 as “control junction” as shown in Figs. 9a, 9b. Still referring to Figs. 9a, 9b, the n-type
resistor 15b with the “control junction 38" as n+ in p-base 50 can serve as a switch or FET.
The n+ junction 38 in p-base can be biased to +Vcc (Fig. 9b) and -Vec (Fig. 9a) for
inducing an (electron) accumulation layer 47b for turn on and a depletion layer 17 for turn-
16 off, respectively, with p-substrate 12 and n-well 14 biased to typically ground (as a
reference). Note that if the n-well is biased to Vcc, then n+ junction 38 needs to be biased
to 2Vee and Ov for turn-on and turn-off, respectively. Note that a voltage bias higher than

the externally supplied Vcc can be generated on-chip by well known charge-pump

20 techniques.
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24. The vertical variable resistor of claim18, wherein said well is

-di sposed in a 4 0 substrate of said second conductivity type.

25. The

vertical variable resistor of claim24, wherein said substrate is coupl ed
to a ground potential. 33 26. A structure for a vertical field effect
“transi stor (FET), conprising: two shallow trench isolation (STI) structures

deposited in a well of a first conductivity type; 5 a channel
bet ween said two STl structures, said channel region having a

regi on forned
parasitic

resistance ; a lightly doped drain (Idd) junction of said first
conductivity type deposed on top of said channel region to forma contact

wi th said channel region ; [ADCRakiRédistics dfassepii¢chiFmrductivity type
deposited on one side of each of said STl structures, said base in contact

with that side of said STl structure not in contact with said

channel

region ; and 15 at least one control junction of a second conductivity type
butting agai nghetiagurdd S0 a eartibal PLFBROIFIS 10aSh FuHheHTBstraied iniFig.CIOB! act
wi th said channel region, where each of sard control junctions Is in

contact, WaihBn 8RRINGfthe BdilrdR R Efon (p3/h-bakaf 48 4846t W& sbeCuRR T firle Qlrachk M 26,

wherein said control junction sefves as a 2 o control for creating a

depl et i I ' i.d. ch | ' b | yi | t bi f
first pol BP PG anBoIhRds BAIPPEFos et Andalarocuiront o Bows ro Be, an rer

of claim 26, wherein said control junction serves as a control

for creating

an accunmu¥estidgabRET diyes onistatelwith ¥iziases to eligerqrositive ar aggatiye digecions Whgje 2 5

bi as of a second polarity to said control junction.

12

16

20

biasing the control junction to +V, see Curve 3, the p-channel is fully depleted and there
is a small (leakage) current flowing through the device (i.e. off-state) with either positive or
negative V;. When the control junction is grounded (i.e. V, = Ov), see Curve 4, the surface
is slightly accumulated (due to the Fermi level difference of p+ doping and the p-type
doping in channel), and the current (I;) has a “linear region” at smaller values of V.. As the
voltage across the FET (i.e. V,) increases toward more positive, |; increases faster due to

heavier accumulation layer induced by the voltage drop across the p-channel and p-

substrate 12. Viewed another way, the small-signal resistance (measured from the inverse
of the |-V slope) decreases with more positive V; due to stronger accumulation. As V,
increases in magnitude toward more negative, however, the current |; increases more

slowly or even close to flat (i.e., in “saturation region”) due to growing depletion layer
induced by the voltage drop across the p-channel and p-substrate. Note that the vertical n-
FET will have similar I-V characteristics corresponding to the vertical p-FET, but with

reversed polarity of bias.
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29. The structure for an FET of claim 26, wherein said well is disposed in
- a substrate of said second conductivity type. 30. A vertical field effect
transi stor (FET), conprising: two shallow trench isolation (STlI) structures
deposited in a well of a first conductivity type; a channel region forned
bet ween said two STl structures, said channel region having a 5 verti cal
parasitic resistance ; a lightly doped drain (ldd) junction of said first
conductivity type deposed on top of said channel region to forma contact

wi th said channel region ; 1o a base of a second conductivity type
deposited on one side of each of said STl structures, said base in contact
with that side of said STl structure not in contact with said channel
region ; and one or nore control junctions of said second conductivity type
butting agal ”StDbQﬁSTI%c‘ir%nﬁffoFﬁlrﬂfé?@nﬂ%néé}b (F'fiefd péidthtion éifder! N contact
wi th said channel region, where each of said 35 control junctions is in
contact with said base, where the field penetration effect of said control
junctions, when biased, nodul ates said vertical parasitic resistance of

sai d channel rR@kfher éntthndihg tHefeld BEhdtiAbn BRdctOhe HeAtios Pesistbiedr8h majal d
well is disposed in a substrate of said second conductivity type. 32. The

vertical pEfiedibydligh aeRBetic MRERIN (e, JTRI0S AAB 036N oR ARAL letd)) ihsteh§ oft P+
type, said control junctions are biased wmth a positive voltage source

rel ative ifcon duRfeah BuEVDRh&RbdA ICekBinfA thearendh forciMOB Ired &R O have a
depletion layer. 33. The vertical FET of claim32, wherein said verti cal

FET is i nfilldaavith@bWer di18trivbéristat nfhtsran W)e | CVE 8kig® ohBSGaetdg PTIRiéfore, tiayer . 30
34. The vertical FET of claim 30, wherein, when said second conductivity is

a p+ tgpeleadatdh Aeet sf@luaj tdHehiseRémaSi®. bhaegeshatrbhctawitteBighikiRatémaltinigg sour ce
relative to a reference potential to cause said channel region to have a

hol e accu(for exinancerhent@F field pendihtionedii vettidal Fdsisterfarea, aindhsBdlowdh eearctnwiiai d
vertical FET is in the "ON' node when

low-k material filling (for isolation) on CMOS areas.
12 Band-gap reference using vertical n-FET (in linear region)

The new band-gap voltage reference circuit is based on two vertical n-FETs with n-
type and p-type control junctions respectively. The difference in the “threshold voltage” for
16 forming an accumulation layer along the vertical side-wall provides a reference voltage

close to the silicon band-gap through the Vi -difference reference circuit. Figs. 12a, 12b

illustrate such voltage reference circuit by using two vertical n-FETs 122a, 124a (as “pull-
up” transistor) with “complementary” control junctions (i.e. one a p+ junction 40 and
20 another an n+/p-base junction 38, 50,). The vertical n-FETs are connected to current

sources I (e.g. in the range of 0.1uA to 100uA) and op-amp OA as shown in Fig. 12a and
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35 said

channel region has a hole accunulation layer. 36 36. The verti cal

.FET of claim 30, wherein, when said second conductivity is a n+ type, said

control

junctions are biased with a negative voltage source relative to a

reference potential to cause said channel region to have a depletion |ayer.
-40 37. The vertical FET of claim 36, wherein said vertical FET is in the
"OFF" node when said channel region has a depletion |ayer. 38. The vertical
FET of claim 36, wherein, when said second conductivity is a n+ type, 4 5
said control ‘junctions are biased with a positive voltage source relative
to a reference potential to cause said channel region to have an el ectron

accunul at nénaqd.\aa\réﬂt c.r&%t in Hg,e 136 {rldté %Em'é'-:eTrCQif ccﬂf@hn@tlgﬁas wm{; o). Fridd sy ti cal

FET is in the whien sald channel regi on has an e

ectron

accumul at v&@tgé *'f’éféh'h nyth éﬁ‘ere-ﬁbé oV @f (Hbf?ﬁ?’éd Hefrd antheCth?«’ésm)laQ/olt%]gé'i‘rfle R et

contr ol
circuit

]UnC I ons SUFFOUH sai d channel region p reference

Uih B\ ihtiGdihg hdcRinflitioh ®sifer lsea s Rdx@5ectiohfdis furtﬁ@rrﬁgtél%ng three

shal | ow trench isolation (STI) structures deposited in a well of a first
conducli vijénnitny ¥PRe verdiéal FETs! RbteaRst b3t1S G HEH naHEARNRE ob@fghﬁﬁlﬁl tﬁé’rliﬁ%Qr

bet ween

said three STl structures, such that there is one inner and

outer ST fegiohh@leS, rivtieddfof EGdnPHlEh- §@%Bdh@dmn@|thé ﬂgé@@féd@ﬂi%hﬁﬁhalthh sal d
i nner and an outer STls conprise a first and a second vertical

respect i Vgliniips 40 chip). B-sUbaRae! 12/ B PRS-\VRR\ENAN-Aeld 4 Rstiddite Viegsi st ance ; a

lightly

doped drain (Idd) junction of said first conductivity type deposed

on top of each of said channel regions to formcontacts with said channel

regi ons
butting

; 15 a control junction of first and second conductivity type each,
agai nstheAicdh@it Bitage Kbsforhing I@ﬂ%b&’rﬂhlﬁtnor\"ﬁ%ﬂre‘f@ﬁéﬂ fol dss\hac%ﬁi aSai d

second control junction function as gates for said first and sard second
verti cal EE;Wa'I’I %’?&eo c'ie‘f%!ag as: \ﬂac = Vp, + 2Ny, where Ny, is the bulk Fermi level of the n-

12

16

20

channel area. Note that N,, = (kT/q).In(Ng/n;),where k is the Boltzmann constant, T the
absolute temperature, q the electron charge, N4 the doping of n-channel area, and n; is the
intrinsic carrier concentration of Silicon. Vg, is the flat band voltage viewed from the control
junction. It is easily seen that the difference of V; of accumulation viewed from the p+
control junction and n+ control junction is simply the difference of their flat-band voltage
Vio, i.€. Viacp ~Vitacn = Vibp ~ Vibn » Which is in turn simply one band-gap Eg. Due to the
heavy doping of p+ and n+ on the control gate, the Vi, is more positive than Vg, by one
full band-gap (Eg ~ 1.2v). Note that if the connection of the two vertical n-FETs to the op-

amp inputs is swapped (or equivalently, the polarity of control junctions is swapped), then

the output will be reversed to ~1.2v.
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a base of a second conductivity type buried in said well, said well in

. contact with said 2 o control junction and the | ower part of one of said
outer STlIs. 42. The band-gap reference circuit of claim4l, wherein said
first control junction is coupled to a reference potential. 2 5 43. The
band-gap reference circuit of claim41l, wherein a first input of an
anplifier and a first current source are coupled to said first channel
region. 38 44. The band-gap reference circuit of claim43) wherein a
second input of said anplifier and a second current source are coupled to
sai d second channel region. 30 45. The band-gap reference circuit of claim
44, wherein the out putpsfg.gah Feféranlce iusfiy p-FETQiHifesrv&gisa) d second control
junction. 46. The band-gap reference circuit of claim™4l,” wherein parasitic
resi stances of said 35 well serve as |load resistors for said first and
second vertical FET. 47. A band-gap reference circuit using verti cal

n-field effectgimiang wed plohanrtl FEHisal FETS ®RA afbte: usblteRraabhapghgench
isolation (STlI) structures deposited in an n-well of a first conductivity 5

type ; 4fi Fe‘féreﬁé@'ciﬁ:u&%@%ﬁé‘wﬁhﬁﬂ@.eiaara?ﬁli i&rb'iqufvareﬁﬁéirobﬁwﬁgm:ﬁﬁb‘étl—l\fbfr&%l §-T|
structures, such that there is one inner and two outer STls, where said

first andregsapgh, cizapapd useHsCpull-8888 MRINsvtorE) Shaildhyl MBRY conRgctRA oPtiep- STI s
constitute a first and a second vertical n-FET, 10 respectively, said

channel r pgToRSthBDPLAMp MPRRIIESVAPped! Beh et @put;wilb® rdvetsrtlty +3QpeThedinval N
(pldd) junction deposited on top of each of said channel regions to form
contacts pichbnisverticalaBTelaré fOp-Susstrate3f2 and have “complementary” control junctions
8 (i.e. oneis n+ junction 38, and the other is p+/n-base junction 40, 48). The vertical FETs
are connected to current sources I and op-amp OA in Fig. 13a and its equivalent circuit in
Fig. 13b. The output voltage Vo is simply the flat-band difference from the n+ and p+
junction and is close to one silicon band-gap (~1.2V).

12

Band-gap reference using vertical n-FETs (in saturation region)

The band-gap reference can also be formed by using two vertical n-FETs 122a,

16 124a operating in saturation as shown in Fig. 14a and its equivalent circuit in Fig. 14b.
Note that the n-well 14 is shorted to p-substrate 12 and biased to —Vss. Both vertical n-

FETs 122a, 124a are used as pull-down devices (as similar to Fig. 13) but with

“complementary” control junctions (i.e. one a p+ junction 40 and an n+/p-base junction 38,
20 50, similar to Fig. 12. Again, when reversing the connections to op-amp OA, a negative Eg4

will result.

24



15 an n+ control junction butting against one of said outer STlIs, where

-said n+t control junction functions as a gate for said first vertical n-FET
; a p+ control junction butting against the other of said outer STls, where
said p+ control junction functions as a gate for said second vertical n-FET

-; and 20 a p-base buried in said n-well, said p-base in contact with said
n+ control junction and the |lower part of said one outer STlI. 48. The
band-gap reference circuit of claim47, wherein said n-well is deposited on

a p 25 substrate. 49. The band-gap reference circuit of claim48, where
said p-substrate is coupled to a power supply nore negative than a
reference supply. 30 50. The band-gap reference circuit of claim47,
wherein two n-FETs operating in their linear region are fornmed by coupling

sai d n-vel | and sgifhphsiferbonde RN veriER pLFEPS finBaRirali¥R réglgnyToT € negat i ve
than a reference supp?y‘,SJI respegtieg‘gl. 40# 51.ﬁ?he baéd-&%ﬁ 'r')g?er ence
circuit of claim47, wherein two n-FETs operating in their 35 saturation

region are formed by coupling said n-well and said pldd to a power supply

nore nggat i ve HathafaldapReRidrick @ah AR bR fHIPAeY mw%ﬁicaf@ﬂ??%b%hy- 52.
A band-gap reference circuit using vertical p-field effect transistors

(p- FETS) , inGatiRation :0shollif FigS R84 hAdvitd equiNdlert 2Rt ih Fiy. (1 58| Nots tha @i i5-aR!

deposited in a p-well ; a first and a second channel regions fornmed between

sai d t hr egs SElraSicatieligi®s desiHe-Well Hf}é ah§ §1af bb® O Shdrtaab +/0d .Bgvlﬂ/é?ﬁléa?gh STI's,

where said first and second channel region together with said Inner d an
oo o cman ST 2L 8 i D RE N ERE 0 B FREEHAPLY o

sai d channel™ regron aving _ |
dral n & Sohieol HREIHQT, SSRRTL AEMngbl 8 2R oFAeL S AL TARAA 405 O1S 1O

for_mcont _ channel™ regions 7 a p+ control” _
agai nst OQI?nilg}c toﬁﬁé.dm?.%g%ﬁn, %Heﬁ ’re\yekr]sﬁrrlge thse%'oﬁnggfioﬁ % E)pr)-glmpl d)JR,Cg }e(\)lgrsed Vo will

result.

12 Fabrication of vertical FETs: For enhancing the field penetration (or coupling) from the
“control junction”, there are additional process steps for deeper trenches (by masking and
trench etch), deeper junctions (by masking and implant with higher energy), and doping
optimization in the vertical FET area (by masking and implant).

16
Dual STI scheme:; Further, the trench filling for vertical FET area may be filled by high
dielectric (i.e., high-k) materials (e.g. Ta205, Al203, or silicon nitride, etc.) for more
enhanced field coupling from adjacent junctions. Certainly, the trenches for the CMOS

20 area is filled by a lower dielectric constant (low-k) material (e.g. CVD oxide or FSG, etc.)

for better isolation. Therefore, this leads to a need of dual trench schemes, i.e., one
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15 functions as a gate for said first vertical p-FET ; an n+ control
-junction butting against the other of said outer STls, where said n+
control junction functions as a gate for said second vertical p-FET ; and
41 2 0 an n-base buried in said p-well, said n-base in contact with said
“p+ control junction and the |lower part of said one outer STlI. 53. The
band-gap reference circuit of claimb52, wherein said p-well is deposited on
an n-well. 25 54. The band-gap reference circuit of claim53, where said
n-well is coupled to a power supply nore positive than a reference supply.
55. The band-gap reference circuit of claimb52, wherein two p-FETs

oper at i NOdddpet thedh with HighiR AfatérROTiRRY @éeerhahsdflertof AGIH PehéteatdA) 6h versd!l and
said nldd to a power supply nore negative and nore positive than a

r ef er enceFETRRIaY, andesR8cVértRInkh bith I0WAR niaért By (fef iISHI8MHY of IOMOS targds. Cl ai m
52, wherein two p-FETs operating in their saturation region are forned by

coupling said p-well and said nldd to a power supply nore 3 5 positive and
nore negative than a reference supply, respectively. 57. A nethod of
fabricating vertical resistors, conpdvantages he steps of: a) STl isolation
formati on: C eani ng, pad-oxide grow ng, depositing Si 3N4; 42 5 AA

maski ng, trench etching, cleaning; Deep trench maski ng, deep trench
etching; Liner oxidation, HDP CVD oxide depositing., RTA densify;, Oxide CM
pol i shi ngAdGambYed 6MPAHIEE), reSistor akiasf BT Theffasrivatioromethbds afe fofy torfdatible

masking, inplanting; p-well (2) masking, inplanting; n-well (1 )masking,
i npl ant i ng@ith advanced CMOS technology with mainly implant and masking steps. With
continuously scaling for future 0.1um and beyond, the effect of fringe field will be

increasingly pronounced, therefore, the disclosed devices will be promising as new device

concepts especially for future generations of CMOS technology.

Vertical FET based band-gap reference: There are two advantages of this disclosure
when compared to conventional MOS transistor based voltage references. Firstly, the
proposed reference circuit has a smaller layout due to the vertical nature of the FET with

fewer contacts and connections. Secondly, the temperature coefficient is smaller, when
compared to conventional Vi- difference voltage references, because the output is the

difference of flat-band voltage as set by the Fermi-level of n+ and p+ doping in the control

junctions.

While the invention has been particularly shown and described with reference to the

preferred embodiments thereof, it will be understood by those skilled in the art that various
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n-well (2) masking, inplanting;, resistor (p-type) area masking and
-inplanting; 15 resistor (n-type) area nmasking and inplanting; c) Gate
formati on: 1st gate-oxidation; Dual gate-oxide masking, wet oxide dipping;
Cl eani ng, 2nd gate-oxidation, depositing undoped Poly; 20 gate masking,
poly etching, cleaning, poly-oxidation; d) Transistor formation: nldd-1
maski ng, inplanting; pldd-1 masking, inplanting; pldd-2 masking,

i npl anting; 25 nldd-2 masking, inplanting; Liner-oxidation, depositing gate
spacer (SiN, Teox); 43 Gat e spacer oxidel SiN etching, cleaning; n+ SID
and p+ SID, masking, inplanting; deep n+ masking and inplanting; 30 deep p+
maski ng a&ﬁ’adﬂ%@hﬁ@% Bfld dBtailsSRtal %le %d%ﬂﬂth%gméb%ﬁng%rﬁﬁﬁ%lrﬂ bhe scégel\éf

deposi ting, Anneal i ng-1, Co stripping, RT Annealing-2; Si N depositing,
PSG deposiHelinghtibd-D CMP pol i shing; Contact masking, contact oxide etching;
35 WCVD depositing, WCM polishing; and f) Continuing with BECL neta

i nterconnecting. 58. The nethod of fabricating vertical resistors of claim
57, wherein the step in d) of deep n+ nasklng and i nplanting further
|ncludes i npl anting of a p-base. 40

27



59. The nethod of fabricating vertical resistors of claim57) wherein the
step in d) of deep p+ masking and inplanting further includes inplanting of
an n-base. 44 .As2. AE . Ah. Al . Al .AY. A Ah. A{. AsF.A/{E .AhF E . A .A . AY
A3 .AF 2 .Ah Y .AF .A[F 2 .AhF 2 . A" . AAY | AY

CLAIMS

1. A vertical resistor structure, comprising:

at least one shallow trench isolation (STI) structure deposited in a substrate of a first

conductivity type ;

a channel region of said first conductivity type formed adjacent and in contact with at least

one STl structure, said channel region having a parasitic resistance ;

a control junction of a second conductivity type butting against that side of said STi
10  structure not in contact with said channel region, said control junction coupled to a voltage

source ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of said
channel region to form a contact with said channel region, said Idd junction coupled to a

15  second voltage source ; and

said substrate coupled to a voltage source return.

2. The structure of claim 1, wherein said control junction serves as a control for
20  modulating said parasitic resistance through said ST structure when applying a voltage

bias to said control junction.

28



. A" . AhF

.AF ARl 2 LAF2 _.Al . A[{F .AL . AhY . Al . AhY . ALY . A 2 .AR9

..AY3 2 .AY[L . ANF 2 . A{&2

25

30

3. The structure of claim 1, wherein said parasitic resistance is modulated by a

depletion layer in said channel region formed along a side-wall of said ST structure.

4. The structure of claim 1, wherein said control junction may further surround said

channel region.

5. The structure of claim 1, wherein said control junction induces a depletion region in

said channel region.

6. The structure of claim 1, wherein said control junction induces an accumulation

region in said channel region.

7. A vertical resistor structure, comprising:

two shallow trench isolation (STI) structures deposited in a well of a first conductivity type;

a channel region formed between said two ST! structures, said channel region having a

parasitic resistance ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of said

channel region to form a contact with said channei region ;
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depth of said shallow trench isolation structures.

13.  The structure of claim 7, wherein the depth of said STI structure ranges from 0.3 to

35 0.5um (um= 10°® meter).

14.  The structure of claim 7, wherein said well is disposed in a substrate of said second

conductivity type .
40 15. The structure of claim 7, wherein said substrate is coupled to a reference potential.

16.  The structure of claim 7, wherein said Idd junction is coupled to a first voltage

source.

45 17.  The structure of claim 7, wherein said control junction is coupled to a second

voltage source.
18. A vertical variable resistor, comprising:

two shallow trench isolation (STI) structures deposited in a well of a first conductivity type;
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parasitic resistance ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of said

channel region to form a contact with said channel region ;

10
at least one control junction of a second conductivity type butting against that side of each
of said STIs not in contact with said channel region, said control junction coupled to a first
voltage source, said control junction inducing an STl field penetration effect in said
channel region;

15

said ldd junction coupled to a second voltage source ; and

said well coupled to a voltage source return.

20 19.  The vertical variable resistor of claim 18, wherein said control junction serves as a

control for modulating said parasitic resistance by applying a voltage bias to said control

junction.
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21.  The vertical variable resistor of claim 18, wherein the doping of said channel region
is separately implanted to optimize the doping concentration of said channel region.
30
22.  The vertical variable resistor of claim 18, wherein said STI structure is made deeper
by applying extra masking and etching steps, thus ranging in depth from 0.3 to 2.0 um (um

=10 meter) but not exceeding an n-well depth.

35 23. The verttical variable resistor of claim 18, wherein said STI structure is made deeper
by applying extra masking and etching steps, thus ranging in depth from 0.3 to 2.0 um (um

= 10 meter) but not exceeding a deep n-well depth.

24.  The vertical variable resistor of claim 18, wherein said well is disposed in a

40 substrate of said second conductivity type.

25.  The vertical variable resistor of claim 24, wherein said substrate is coupled to a

ground potential.
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5 a channel region formed between said two STI structures, said channel region having a

parasitic resistance ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of said
channel region to form a contact with said channel region ;

10
a base of a second conductivity type deposited on one side of each of said STl structures,
said base in contact with that side of said STI structure not in contact with said channel

region ; and

15 atleast one control junction of a second conductivity type butting against that side of each
of said STI structures not in contact with said channel region, where each of said control

junctions is in contact with one of said bases .
27.  The structure for an FET of claim 26, wherein said control junction serves as a

20 control for creating a depletion layer in said channel region by applying a voltage bias of a

first polarity to said control junction.
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25 bias of a second polanty to said control junction.

29.  The structure for an FET of claim 26, wherein said well is disposed in a substrate of

said second conductivity type.

30. A vertical field effect transistor (FET), comprising:

two shallow trench isolation (STI) structures deposited in a well of a first conductivity type;

a channel region formed between said two STI structures, said channel region having a

5 vertical parasitic resistance ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of said

channel region to form a contact with said channel region ;
10 abase of a second conductivity type deposited on one side of each of said STI structures,
said base in contact with that side of said STI structure not in contact with said channel

region ; and

one or more control junctions of said second conductivity type butting against that side of

15 each of said STI structures not in contact with said channel region, where each of said
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20 31. The vertical FET of claim 30, wherein said well is disposed in a substrate of said

second conductivity type.

32. The vertical FET of claim 30, wherein, when said second conductivity is a p+ type,
said control junctions are biased with a positive voltage source relative to a reference

25 potential to cause said channel region to have a depletion layer.

33. The vertical FET of claim 32, wherein said vertical FET is in the “OFF" mode when

said channel region has a depletion layer.
30 34. The vertical FET of claim 30, wherein, when said second conductivity is a p+ type,
said control junctions are biased with a negative voltage source relative to a reference

potential to cause said channel region to have a hole accumulation layer.

35. The vertical FET of claim 34, wherein said vertical FET is in the “ON” mode when

35 said channel region has a hole accumulation layer.
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37. The vertical FET of claim 36, wherein said vertical FET is in the “OFF” mode when

said channel region has a depletion layer.

38.  The vettical FET of claim 36, wherein, when said second conductivity is a n+ type,
45  said control junctions are biased with a positive voltage source relative to a reference

potential to cause said channel region to have an electron accumulation layer.

39. The vertical FET of claim 38, wherein said vertical FET is in the "ON" mode when
said channel region has an electron accumulation layer.

50
40. The vertical FET of claim 30, wherein said control junctions surround said channel

region.

41. A band-gap reference circuit using vertical field effect transistors (FETSs),

comprising:

three shallow trench isolation (STI) structures depaosited in a well of a first conductivity

5 type;
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first and a second channel regions formed between said three STl structures, such that
there is one inner and two outer STls, where said first and second channel region together

with said inner and an outer STIs comprise a first and a second vertical FET, respectively,

10 said channel regions having a parasitic resistance ;

a lightly doped drain (Idd) junction of said first conductivity type deposed on top of each of

said channel regions to form contacts with said channel regions ;
15 a control junction of first and second conductivity type each, butting against said outer
STls, respectively, where said first and said second control junction function as gates for

said first and said second vertical FET, respectively ; and

a base of a second conductivity type buried in said well, said well in contact with said

20  control junction and the lower part of one of said outer STls.

42.  The band-gap reference circuit of claim 41, wherein said first control junction is

coupled to a reference potential.

25 43. The band-gap reference circuit of claim 41, wherein a first input of an amplifier and

a first current source are coupled to said first channel region.
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and a second current source are coupled to said second channel region.

30
45. The band-gap reference circuit of claim 44, wherein the output of said amplifier is

coupled to said second control junction.

46. The band-gap reference circuit of claim 41, wherein parasitic resistances of said

35 well serve as load resistors for said first and second vertical FET.

47. A band-gap reference circuit using vertical n-field effect transistors (n-FETSs),

comprising:

three shallow trench isolation (STI) structures deposited in an n-well of a first conductivity

5 type;

first and a second channel regions formed between said three STl structures, such that
there is one inner and two outer STls, where said first and second channel region together
with said inner and an outer STls constitute a first and a second vertical n-FET,

10 respectively, said channel regions having a parasitic resistance ;

a p-lightly doped drain (pldd) junction deposited on top of each of said channel regions to

form contacts with said channel regions ;
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junction functions as a gate for said first vertical n-FET ;

a p+ control junction butting against the other of said outer STls, where said p+ control
junction functions as a gate for said second vertical n-FET ; and

20
a p-base buried in said n-well, said p-base in contact with said n+ control junction and the

lower part of said one outer STI.

48. The band-gap reference circuit of claim 47, wherein said n-well is deposited on a p-

25 substrate.

49. The band-gap reference circuit of claim 48, where said p-substrate is coupled to a

power supply more negative than a reference supply.
30 50. The band-gap reference circuit of claim 47, wherein two n-FETs operating in their

linear region are formed by coupling said n-well and said pidd to a power supply more

positive and more negative than a reference supply, respectively.
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10

15

51.  The band-gap reference circuit of claim 47, wherein two n-FETs operating in their
saturation region are formed by coupling said n-well and said pldd to a power supply more

negative and more positive than a reference supply, respectively.

52. A band-gap reference circuit using vertical p-field effect transistors (p-FETSs),

1

comprising:

three shallow trench isolation (STI) structures deposited in a p-well ;

a first and a second channel regions formed between said three ST structures, such that
there is one inner and two outer STis, where said first and second channel region together
with said inner and an outer STls constitute a first and a second vertical p-FET,

respectively, said channel regions having a parasitic resistance ;

an n-lightly doped drain (nidd) junction deposited on top of each of said channel regions to

form contacts with said channel regions ;

a p+ control junction butting against one of said outer STls, where said p+ control junction

functions as a gate for said first vertical p-FET ;

an n+ control junction butting against the other of said outer STls, where said n+ control

junction functions as a gate for said second vertical p-FET ; and
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20  an n-base buried in said p-well, said n-base in contact with said p+ control junction and the
lower part of said one outer STI.
53. The band-gap reference circuit of claim 52, wherein said p-well is deposited on an
n-well.
25
54.  The band-gap reference circuit of claim 53, where said n-well is coupled to a power
supply more positive than a reference supply.
55.  The band-gap reference circuit of claim 52, wherein two p-FETs operating in their
30 linear region are formed by coupling said p-well and said nldd to a power supply more
negative and more positive than a reference supply, respectively
56. The band-gap reference circuit of claim 52, wherein two p-FETs operating in their
saturation region are formed by coupling said p-well and said nidd to a power supply more
35 positive and more negative than a reference supply, respectively.

57. A method of fabricating vertical resistors, comprising the steps of:

a) STl isolation formation:

Cleaning, pad-oxide growing, depositing Si3N4;
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Liner oxidation, HDP CVD oxide depositing., RTA densify;
Oxide CM polishing, Si3N4 removing;
b) Transistor formation:
10 p-well (1) masking, implanting;
p-well (2) masking, implanting;
n-well (1)masking, implanting;
n-well (2) masking, implanting;
resistor (p-type) area masking and implanting;
15 resistor (n-type) area masking and implanting;
c) Gate formation:
1st gate-oxidation;
Dual gate-oxide masking, wet oxide dipping;
Cleaning, 2nd gate-oxidation, depositing undoped Poly;,
20 gate masking, poly etching, cleaning, poly-oxidation;
d) Transistor formation:
nldd-1 masking, implanting;
pldd-1 masking, implanting;
pldd-2 masking, implanting;
25 nldd-2 masking, implanting;

Liner-oxidation, depositing gate spacer (SiN, Teox);
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Gate spacer oxide/SiN etching, cleaning;
n+ S/D and p+ S/D, masking, implanting;
deep n+ masking and implanting;

30 deep p+ masking and implanting;

e) Salicide and contact:

Co depositing, TiN depositing, RT Annealing-1, Co stripping, RT Annealing-2;
SiN depasiting, PSG depositing, ILD CMP polishing;
Contact masking, contact oxide etching;

35 W-CVD depositing, W-CMP polishing; and

f) Continuing with BEOL metal interconnecting.

58. The method of fabricating vertical resistors of claim 57, wherein the step in d) of
deep n+ masking and implanting further includes implanting of a p-base.

40
59. The method of fabricating vertical resistors of claim 57, wherein the step in d) of

deep p+ masking and implanting further includes implanting of an n-base.
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