Si/StCGe-Vertical Junction Field Effect Transistor Field of the Invention
This invention relates to junction field effect transistors and nor
particularly to junction field effect transistors with a verti cal Jﬁ
having a graded alloy of SiGe to provide strain for increased nobil

an induced electric field at the source &nd of the channel to accel

carriers

I nto ¢ he, ghagnel . Backarou of. the . lnventign I t ta
oxide sili conéw:‘f@&nygfﬁé%ﬂﬁ?&g é‘ﬁ%@&%ﬂno @@Tfieﬁfig
transi stors have been typically acmpnsied thprshrinki ng the device
di mensi ons. However, there is"a limtation to that due to the failure to
scal e various paraneters when the gate length of the transistor is scaled

to 0.1 mcrons and bel ow. Short channel effects beconme very inportant,
and also inertial effects causing the carriers (electrons) to nove at a

sl ower speed at the source end of the channel

2 Afield effect transistor with a silicon germanium | ayer functioning as
the channel is described in U S Patent 5,019,882

Field of the Invention

This invention relates to junction field effect tramnsistors
and more particularly to junction field effect transisto;s with a
vertical channel having-a graded alloy 6f SiGe to provide strain
for increaéed mobility and an induced electric field at the source

end of the channel to accelerate carriers into the channel.

Background of the Invention

In standard metal oxide silicon (MOS) technology, speed
enhancement of the field effect transistors have been typically

accomplished by shrinking the device dimensions. However, there is

a limitation to that due to the failure to scale various parameters

when the gate lenéth of the transistor is scaled to 0.1 microns and
belowf Short channel effects become very important, and also
inertial effects causing the carriers (electrons) to move at a
sldﬁer speed at the source end of the channel which becomes very

important.
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whi ch becomes very inportant.



whi ch issued on May 28, 1991 to P.- M Sol onon. A region of graded Si Ge has
been di sclosed to enhance the acceleration of carriers in bipolar devices
such as described in U S. Patents 4,951, 115 which issued August 21, 1990 to
D. L. Harame et al. and 5, 359,912 which issued Cctober 4, 1994 to E. F.
Crabbe et al. which are assigned to the @assignee herein. Gaded Si G and
strained Si and Si Ge_ layers have been disclgsed to enhance the nobility of

carriers in MO®& F@re?:l‘évie(fef?cé'—ucﬁf%’%sﬂ%‘_é‘é?i Kathn aU.SSl.lJF%ﬂrbn?eg,“%%ﬁ‘;‘?liil r
KE | Sm-’“étun q’..o'?l‘in tearsn & d.c?l?afﬂrg%@d' %;]nd@@éltil;[e% tilﬂe P! Peente'Lldhg ko
advanced structure a vertica T aving an opiimzed bi polar operating

mode i s deapridaddiedlos M3at oBt, 19367.c684.Nay. s@Romckf94 by A Chantre. In
order to enhance bipolar operation, a“thin layer of SiGe is provided to

provi de a valence band discontinuity in-an n channel. The thin |ayer
extends into the channel region fromthe gate region for the injection of
mnority carri @ st€RIRsPL f gradede Ffie hamkgen dixmosptk. L hpRRAFEr Bie

SiGe is not needed for vertical JFET ratio . 3 Sunpar f the .
 nvent | on AGFEKETAtIDRC O 5 FHF HIRFS AL AP IATe TSV eSa SPHRC PP ofeFCaRped in
U.S. Patents 4,951,115 which issued August 21, 1990 to D. L. Harame

et al. and 5,359,912 which issued October 4, 1994 to E. F. Crabbe

et al. which are assigned to the assignee herein.

Graded SiGe and strained Si and SiGe layers have been
disclosed to enhance the mobility of carriers in MOS FET devices
such as describe in U.S. Patent 5,534,713 by K.E. Ismdail and F.

Stern and assigned in part to the assignee herein.

An advanced structure of a vertical JFET having an optimized
bipolar operating mode is described in U.S. Patent 5,367,184 Nov.
22, 1994 by A. Chantre.l In order to enhance bipolar operation, a
thin layer of 8iGe is provided to provide a valence band
discontinuity in an n channel. - The thin layer extends into the
channel region from the gate region for the injection of minority
carriers (holes) from the gate (base) region. The thin layer of

SiGe is not needed for wvertical JFET operation.



effect .transistor and a nmethod for nmaking is described conprising a first
sem conductor |ayer of a first type; a second sem conductor |ayer of a
lightly doped first type formed over the first sem conductor |ayer, a third
sem conductor | ayer of a second type forned over the second sem conduct or

| ayer having an opening therein exposing a portion of the second

sem conductor |ayer, a layer of dielectric material, formed over the third
sem conductor | ayer having an ating with the
‘opening in the third sem conductor |ayer, a fourth sem conductor |ayer of a
first type of Si[err]Gex where x may increase fromO to 0.1 with thickness
formed on the S@CohbSRIELMNIYEERT chay PrebBnt Nen0BRPISY, Oh HlACkALHd Fielq
sem conductor layer, a fifth sem conductor |ayer of a first type of

Si [ err] Ceyefifletste t¥ammy seqialand 15 rferhiodd for maleidpuird hdessom iteed weimyr i saiyey
in the opening of the third seni conductot | ayer, and a sixth semi conductor

| ayer of & first sgmcgﬂd@[:@rr}mr \mfeaefzrmtwweeeréa%%cqnd)me@uppwqxor
with thickness forned on, the fifth sem _¢onduct or

h
the | ayer 16MeH ePEct i cLiFhEEY | AoPefhe IAFFEL GHRP s%m&h{] t‘ég’égfﬁet{j‘%)giﬁs&
b d ti,vel d
orovi des ¥StRopaiRRRR nEV ek o & PR s bORRRE R Baber %Er ol U evpe
i ntegrati %ﬁde%' obéyl nﬁmerai chappal s&potdhaetore DLASF BhvihgTi &M Obpdiing

below that 1s based on silicon
therein exposing a portion of the second semiconductor layer, a

layer of dielectric material formed over the third semiconductor
layer having an opening therein communicating with the opening in
the third semiconductor layer, a fourth éemigonductor layer of a
first type of 8i,.,Ge, where x may increase from 0 to 0.1 with
thickness formed on the second semiconductor layer in the opening
of the third semiconductor layer, a fifth semidonducto£ layer of a
first type of Si,.,Ge, where Y may equal 0.15 formed on the fourth
semiconductor layer in the opening of the third semiconductor
layer, and a sixth semiéonductor layer of a first type of Si,.,Ge,
where z may decrease from 0.15 to 0 with thickness formed on the
fifth semiconducgor 1ayer'in the opening of the layer of dielectric.
material. The first and second type semiconductor may be n and p.

respectively, or p and n, respectively.

The invention provides a junction field effect transistor
suitable for large scale integration (LSI) having a channel length

on the order of .1 -micj:on and below that is based on silicon



4 technology which is capable of operating in the mcrowave and mllineter
wave frequency band for satellite, wireless w de area networks and

comuni cation equi pnment. The invention further provides a junction field
effect transistor structure wherein the gate is self aligned with the
source. The invention further provideg a junction field effect
transistor structure wherein the gate length can be easily scaled down to
bel ow 0. 1 vechmmbogy t Whilths ufs ecapgbie owfs petrachngndn othe n@icrawavef ed.
The invention further provides a junction field effect transistor structure

wher ei n t B1EhHRRERT | vave f EFeavwemey opard r £o1 etp 15 13d teyc M iTfd eSS h & ydqyprea

el ectron effective maés i S favorted f or t.ranggort in the vertical direction.
The i nventFORTHT HH p‘f’%’\‘ﬂl‘gélsc% Jj%c%qud‘l?n\el rd effect transistor structure

wherein Si Ge grading at the source side of the channel provides an electric
field which accelerates or injects carriers (electrons) into the channel at
hi gh speeds. Thené niaRidryidnir fRethROVhHGEided uact janctiehd £idEEt effect
transi stor structure wherein Si Ge grading at the drain side of the channel
reduces thermbsetdtor &trhdtund wheseincrbesaatehdshraekitiodhigned with the

source.

The invention further provides a junction field effect
transistor structure wherein the gate length can be easily scaled
down to below 0.1 microns without suffering from short channel or

inertial effects.

. _ :

The invention further provides a Jjunction field effect
transistor structure wherein the channel itself is made of strained
SiGe such that the light electron effective mass is favored for

transport in the vertical directionm.

The invention further provides a Jjunction field effect
transistor structure wherein SiGe grading at the source side of the
channel provides an electric field which accelerates or injects

carriers (electrons) into the channel at high speeds.

The invention further provides a Jjunction field effect
transistor structure wherein SiGe grading at the drain side of the

channel reduces the electric field and thus increases the breakdown



5 veoltage and the reliability of the device, and inproves the current
saturation and hence the gain of the transistor. The invention further
provides a junction field effect transistor structure wherein the series
source and drain resistances can be extrenely | ow since highly doped

epi taxi al layers can be grown w thout tBe need for ion inplantation and
annealing. The invention further provides a junction field effect

transi st ovplshkechnaer st £ f DTt P JK the | dobicedndhar imptowaN te current
insulator (SO ) substrates. The invention further provides a junction field
ef fect traatusadionsendchenee shiet gblie of othe Hixfnsiséod. | arge scale

I ntegration (LSI) logic. The invention further provides a process for
maki ng vertical junction field effect transistors which does not require

i on- inplantatipon ot _any, high te erature steps abay Q?O err# i .f t?

epi t axi al Iaye?gearénﬁ?%ﬁhogy V??%?ﬂidHIV§g%§n1§héH§%%J'vapg %&gpo?'?ﬁﬁﬁ

UHV-CVD. transistor structure wherein the series source and drain
resistances can be extremely low since highly doped epitaxial
layers can be grown without "the need for ion implantation  and

annealing.

The invention further provides a 3junction field effect
transistor. structure suitable for bulk silicon and/or silicon-on-
insulator (SOI) substrates.

The invention further provides a Jjunction field effect
transistor structure suitable for high-speed 1large scale

integration (LSI) logic.

The invention furtﬁer provides a process for making vertical
junction field effect transistors which does not require ion-
implantation or any high temperature steps above 560°C if the
epitaxial layers are grown by ultra high vacuum chemical wvapor

deposition UHV-CVD.



6 Brief Description of the Draw ng These and ot her features, objects, and
advant ages of the present ‘invention will becone apparentupon consi deration
of .the follow ng detail ed description of the invention when read in
conjunction with the drawing in which: Figs. 1-3 are cross section views
illustrating the fabrication steps for @uilding one enbodi nent of the
invention. Fig. 4 is atop viewof Fig. 2. Fig. 5is a top view of fig. 3.
Fig. 6 is an enlarged crosgriefinegcnipiionf of phetboawihgFig. 3. Fig. 7 is
a three dinmensional view of a cross section of ‘the enbodi nent of Fig. 3
with the addition of electrode contacts; Fig. 8 is a top viewof fig. 7.

7 Description of the Preferred Embodi ment Referring_now_to the draw pg . and
.in particul ar fhesegsand. 9there LGFI Gy f‘ﬁbﬁ‘fc‘%ﬁ’i n@n‘g \7grvf3fl53‘fjejsun%€i &%’e

field eff [ (JFET), 11Q. i : ' 2
1 T L e et by St sk o

an insula i"oxl strate
' following detailed description of the invention when read in

conjunction with the drawing in which:

Figs. 1-3 are cross section views illustrating the fabrication

steps for building one embodiment of the invention.
Fig. 4 is a top view of Fig. 2.
Fig. 5 is a top: view of fig.‘ 3.

H

Fig. 6 is an enlarged cross section view of a portion of Fig.

Fig. 7 is a three dimensional view of a cross section of the

embodiment of Fig. 3 with the addition of electrode contacts;

Fig. 8 is a top view of fig. 7.



sem conductor such as single crystal silicon, silicon germaniumor silicon
on insulator. A single crystal layer 14 of a sem conductor such as silicon
or silicon germanium doped p- may be fornmed over substrate 12. Starting
substrate 12, if an insulator, and |layer 14 may be forned by separation by
ion inplantation of oxygen (SIMOX) which is well known in the art or by
bond and. etch back of an oxi de coated: wafer and a sem conductor carrier
substrate to formsili decriptivnlaf the BES8Oerredl Bybodinemtay be heavily
doped n+ to formthe drain el ectrode 15 of JFET 10 shown in Fig. 3. An
epitaxial layer 16 is forned -on | ayer 14 V\/nich may be doped n:=- to reduce-

over hyer ance‘%%f??ﬂ}ée 38 e Fnea RS, bore st (R elee .

have a thigkh afl% OOWE‘rt ‘L_ r ofe1d el
20 such as si I|co oxrlﬁ’e I'S %rﬁé\;{j&@er Iayerlcgfan%lu nctr?ons tore é €

the capaci¢ i d ot NGy cr el £EHAEE, 2k whhebihg Subsecpientiyy nlaF TB%Q an
above. The growth tenperature for the Si and Si Ge epitaxial |ayers nay be

8 in the riangeldteyn s0eht oas6@ riddn Wdiiokide | lothestbhsthagdedi2 t maperbe ure

required to fabricate JFET 10 if ultra high vacuum -
semiconductor such as single crystal silicon, SlllCOn germanium or

silicon on insulator. A single crystal layer 14 of a semiconductor
such as silicon or silicon germanium, doped p- may be formed over
substrate 12. Startihg substrate 12, if an insulator, and layer 14
may be formed by separation by ion implantation of oxygen (SIMOX)
which is well known in the art or by bond and. etch back of an oxide
coated: wafer and a -‘semiconductor carrier substrate to form silicon-

on-inisiulator (BESOI). Layer 14 may be heavily doped n+ to form the

drain electrode 15 of JFET 10 shown in Fig. 3.

An epitaxial layer 16 is formed on layer 14 which may'be doped
n- to reduce the capacitance to a gate layer 18 which is
subsequently epitaxially formed over layer 16. Gate layer 18 may
be for example Si or SiGe, doped p+ and have a thickness in the
range from 30-100nm. Next, a layer of dielectric 20 such as
silicon oxide is formed over layer 18 and functions to reduce the
capacitance to the source electrode 21 which is subsequently formed

above.

The growth temperature for the Si and SiGe epitaxial layers may be



-cheni cal - vapor deposition (UHV-CVD) is used as described in U S. Patent
5,298, 452 which issued March 29, 1994 to B.S. Meyerson, assigned to the
assignee herein and is incorporated herein by reference. However, the
epitaxial |ayers are not specific to UHV- CVD and could al so be grown by

| ow pressure epitaxy (LPE) in a tenperataure range from 700-800[ err] C. Next,
a wndow 24 is opened in layer 20 which nmay be for exanple, Ix1 [err]m
formed foriexaips e depget cliimeg. BRRL, tav M@\ﬂﬁzmnisclexwéﬂdedbehrmgh hyedlzest
layer 18 such as by reactive ion et chi ng RI;E’) ch may be term pated at

| ayer 16 sePReTIEIZe reapiyef fo |fs,ah<fr+cél Foy FEL éIOGel%mHlF’é?eplfﬁ‘ j‘Eagum

h h |
bt oni g wrofnidht bt Yelba L EILACTUAP )| 13 HobalBS BRattINAD i W5,
4. U S. Papgning, 39595625%%%&18%%&1 MWaceh 26, 19Am t@oMa érl %&féféo@' :

describes a nethod for controlling silicon etch depth which nmay be used to
stop the eisdidredt tbhamppaspionée Gepelinwangh iss imeowrpmrated herein by
reference. Next, an epitaxial graded |ayer 30 of SiGe is grown in w ndow 24
on | ayer efayenkal | aymevw.otm ERitaxiyd @yers avpceon- Smrdl&ltrrd;p BEND-

at layer 16 _and changes as a function of | ayer thickness fo about 0,1 at
the upper SR 12Rd 9PUlfealsg, k&) TR Ya&fé‘f Ryessure epitaxy (LPE) in a

temperature range from 700-800°C..

Next, a window 24 is opened in layer 20 which may be for
example, 1x1 pm, formed for example by etching. Next, window 24 is
extended through gate layer 18 such as by reactive ion etching
(RIEj) which may be terminated at layer 16 selectively. If layer 18
is an alloy of SiGe and layer 16 is Si then a change in the index
of refraction during RIE may be used to stop etching when layer 16

is exposed. A top view of window 24 is shown in Fig. 4.

U.S. Patent 5,395,769 which issued on March 7, 1995 to M.
Arienzo et al. describes a method for controlling silicon etch
depth which may be used to stop the etching at the appropriate

depth which is incorporated herein by reference.

Next, an epitaxial graded layer 30 of SiGe is grown in window
24 on layer 16. Graded layer 30 of Si, ,,Ge, may be doped n- and x
may be 0 at layer 16 and changes as a function of layer thickness

to about 0.1 at the upper surface 31. Next an epitaxial laver 34



9 of Si[err]Cey is grown on |layer 16 where y is constant at about 0. 15.
Layer 34 forns the center portion of channel 36 of JFET 10. Next, an
epitaxial graded |layer 38 of Si[err] Ce[err] is grown on upper surface 37
of layer 34 where z changes as a function of |ayer thickness from about
0.15 at surface 37 to 0 at the upper surface 39 of layer. 38. The choice of
Ge concentration profile in layers 30 and 38 and the Ge content in |ayer 34
i s dictatedf i, tjee, | bt tgeewni smatoheni 16 whespegt ik ocoryeast lat asbulkd.o The,
concentration profiles conbined with the thickness of |ayers 30, 34 and 38
needed i n LavEr B¢ fwnms theucenterf ppryien reff mhanngyep§ 30, JBET aHY. 3Pext,
W t-hout generat.ion ,of dislocations t rglieve the strain. |If the first type
P§p8 ce

is p typeaﬁh&*Fﬁ@“§é@oﬁ&aFfﬁe1F¥eﬁ t b acHanh® | ISR PIRED U
Layers 30 397“%13331%2% 4| hﬁ%@SdEd 2953080 AR LRSS BFE 140%y tﬂl‘?{kt%hé D
T I ons. ay “‘conp ypi carl at a

strain in-all di en we s pressive, we t)\ al'l'y mean _
l'ar ger | atgridae abdut! 0WA508t 8 3FBAEEI37 &l bCEL U ubbal bhfrafe PIRUE Ilfdce

constant has to be conpressed to adjust to the underlying lattice constant.
By doing 88. however, the lattice of the layer grown on top, which is under
conpressive strain in the plane, is under tensile strain in the
perpendi cul ar direction (the current flow direction shown by arrow 50 in
Fig. 6).

The choice of Ge concentration profile in layers 30 and 38 and
the Ge content in layer 34 is dictated by the lattice mismatch with
respect to,K layers 14 and 16. The concentration profiles combined
with the thickness of layers 30, 34 and 38 needed in JFET“IO, will”
result in fully strained layers 30, 34 and 38 without generation of

dislocations to relieve the strain.

If the first type is p type and the second type is n type then
channel 36 would be p type. Layers 30 and 38 are still needed to
be graded in the same way. There is strain in all directions.
When we say compressive, we typically'mean that a larger lattice is
grown on a smallqr lattice such that its in-plane lattice constant
has to be'compressed to adjust to the underlying lattice constant.
By doing so, ﬁowever, the lattice of the layer growﬁ'on top, which
is Pnder compressive strain in the plane, is under tensile strain
in the perpendicular direction (the current flow directioh shown by

arrow 50 in Fig. 6).



10 The epitaxial deposition or gromh of layers 30, 34 and 38 is
preferential or selective to |layers 30, 34 and 38 and no nucl eation on

| ayer of dielectric 20 such as silicon oxide occurs. Qt her suitable
oxides for a masking |ayer are described in U S. Patent 5,427,630 which
i ssued on June 27, 1995 to C. Cabral, Jgg et al., assigned to the assignee

herein and |ncorporated herei n by reference Next, a |layer 44 of conductive

material such aghel ¢h$cHRPASI & Qi’@foﬂl e 3L ANGE oya%fis elogchli anka¥gr ;g0
whi ch is subsequently patterned as shown in Figs 3, 5, and 6. Layer 44 may

be heavi | ypttefiedtent taandr fagiodd oinge tto napersiesa ha4sand c38 elngc hoonec2daefion
JFET 10. The bottomlayer 14 and the top |ayer 44 constitute the drain
el ectrode 98 dayesowricedib¢bectniie 29, Spébpéétﬁ#épyonoPX&ﬂEquyurﬁ-typ@ther

| ayer 18 const tes the gate electrqde 19 of JFET_10 and
sl Tounds CURbAELErE iASRIEPTe FRSRILE 1rYar aractesqriied AR €1 S.) Pakento

has porf ook §99LE8h B EHS; SBALECORATEAETS: Ands8heb! cchamnely el et seate

not possib ectrode 19 on all es o anne

modul at i onaefsiz;ﬁéancezo of e W Eh gkl dreedPhei¥eiIfd. nhCETLnl:Q,rbewev_ea vREFdiRe by
operable with gate el ectrode 19 on two S|des of channel 36.

reference.

Next, a layer 44 of conductive material such as Si is
deposited over layer 38 and over dielectric layer 20 which is
subsequently patterned as shown in Figs 3, 5, and 6. Layer 44 may
be heavily doped n++ and functiéns to provide the source electrode
21 of JFET 10. |

The bottom layer 14 and the top layer 44 constitute the drain
electrode 15 and source electrode 21, respectively, of JFET 10. o
type layer 18 constitutes the gate electrode 19 of JFET 10 and
completely surrounds coﬁducting channel 36 from all four sides.
Thus gate electrode 19 has perfect control on the charge carriers
and.short channe; effects are not possible. With gate electrode 19
on all sides of channel 36, the modulation efficiency of JFET 10 is
optimized. JFET 10 however would be operable with-éate electrode

19 on two sides of channel 36.

The grading z of Ge in SiGe layer 38 and the choice y of

Ge content is selected such that an electric field is induced at



The-gradkng z of Ge in SiGe |layer 38 and the choice y of Ge content is

sel ected such that an electric field is induced at the source side of
channel 36, which accelerates the electrons and | aunches theminto channel
36 at already a high speed, thus avoiding the inertial effect problem
Channel 36 itself is nade of strained §4Ge such that the |ight electron
effective mass is favored for transport in the vertical direction shown by

arrow 50 'thFbgu fio ggﬁﬁgg)gd&_ﬂ?ﬂ&egf;&@ed\} g Cechaypic 30 dle télee%r:dé%dsan%e

of channel duces e electric fiel t hus 1 ncreases the

voltage andubhldese! tR&h! iitnePf chifindeVviye, aandlirdpBeves hhghCUspead, thus
saturati-on and hence the gain of the transistor. Partial grading of Ge just
at the soawvoddingetbe jmertbal tdkfertiproblds. i LhpoweilbBé jbsehe iamddmicfon
and operation of JFET 10. Since the gate |ength_is determ ned by the

t hi cknessséfragnegdpeSiGgepurt Ehatt i nbiditof ei%‘;‘f‘é’For.’LBeﬁﬁcﬁéV@as‘W%S is

' led d h f
Toonm 1o SBRhEen TR 5SROt AB. tharyertide ] W R SRR b RO
type | aye&nlﬁsrﬁansbe &ﬁ&r&g%éﬁﬂ; fsgfwff%see&a gyeh Psver rzzm vey tc@l 1%10%%%“

nanonet ers. e range of nmwas gl ven as optimum nal nly because

asdl ayer &8 ichammda (39 Peducédechesesbapeic ofignd aed dBudesnarsabieghehe
an :

breakdown voltage and the reliability of the device, and improves
the current saturation and hence the gain ‘of the transistor.
Partial grading of Ge jtist at the source side or just at the drain

side is possible in the fabrication and operation of JFET 10.

Since the gate length is determin_ed by the thickness of p type
layer 18, the thickness of 1ayer_18 can be easily scaled down to
sub 0.1 dimensions such as in t;he range from Q0.1lum or 100nm to

30nm, with about 1 nm accuracy.

The gate length or thickness of p type layer 18 can be from a
few nanometers such as 5 nm up to many 100s of nanometers. The
range of 30 to 100 nm was given as optimum mainly because aé layer
18 is made thinner, the resistance of p layer 18 becomes higher and
hence “one may run into diminishing returns i.e. - the RC time

constant of the gate. A gate length as short as 5 nm-is possible.

The series source and drain resistances can be extremely low

since highly doped epitaxial layeré can be grown without the need



hence one may run into dimnishing returns i.e. the RCtinme constant of the
- gate. A gate length as short as 5 nmis possible. The series source and
drain resistances can be extrenely | ow since highly doped epitaxial |ayers
can be grown w thout the need 12 for ion inplantation and anneal i ng.
Parasitic capacitances are mnimzed byausing SO wafers such as nmade by
the SIMOX process, by adding the lightly doped n-layer 16 underneath p type

llayer 18 and hy the diagrl%tea(l:%{rgrg égge%aﬁgag{hé op pf - Psivie é@ﬁ’@éié@ﬁqcé‘s"%@r

16 bel ow t17é glane,”?pay I s use to nmake electrical contact to t
device. ThEniRiLbASHE $MiGHA0 e sObudhbls Hdasbyhave STMOR gFocdss6 Bpd
7 1s estimated to be below 1 ps for a gate length of 50nm Referring to
Figs. 6, Adandg8tha Diehetyrdcpédyrerldizemdy bndévrenth avéypsalereneds| andr
44 and over dielectric |ayer 20. Wndows 53-55 nay be _opened in djelectric
| ayer 52 by &hehdaglestsipodaygat d0ePRCEPRRSE B tYDGUARYECE| L8t r B30
drain electrode 15. A layer of pgtal or _epitaxially- 1.ghl |y
Si or Si/Beésvckhepgalgposr¥Yed gﬁd bﬁt‘tl%?ﬁé]ttiaté)s n}alg]c er%égﬁléﬁg%"g!ﬂ%?ggggﬁo%
in Figs. 7,and 8..Lf iBher qu¥a AR CBE B BLAL  of NEFEPM @C4S SRode;
silicon né?%bgeﬁ%gg'by%e _31 Si ﬁ%ﬁ?%&ﬁgfﬁ%gg{rgrr % for 1 to 5 w
Figs. 3, 6 and 7 is estimated to be below 1 ps for a gate length of

50nm.

Referring to Figs. 6, 7 and 8, a dielectric layer 52 may be
formed over patterned layer 44 and over dielectric layer 20.
windows 53-55 may be opened in dielectric layer 52 by etching to
expose gate electrode 19, source electrode 21 and drain electrode
15. A layer of metal or epitaxially-grown highly doped poly Si or
Si/SiGe can be deposited and patterned as interconnects 56-58 shown
in Figs. 7 and 8. If interconnects 56-58 are metal, the contacts
to the silicon may be made by metal sintering at 400° C for 1_to 5
minutes. Gate electrodé 19 and drain electrode 15 can also make
use of the highly doped n layer 14 and p layer 18, respectively, as
interconnects deﬁined by reactive ion etching. JFET 10 can be used
in rf, microwave and millimeter wave amplifier circuits as well as

in high-épeed LSI logic.

While there has been described and illustrated a vertical
junction field effect transistor containing a gate which completely

surrounds the channel and wherein the gate length is scaleable to



m nutes.-CGate el ectrode 19 and drain electrode 15 can al so make use of the
hi ghly doped n |ayer 14 and p |ayer 18, respectively, as interconnects
defined by reactive ion etching. JFET 10 can be used in rf, mcrowave and
mllimeter wave anplifier circuits as well as in high-speed LSl | ogic.
Wil e there has been described and illusgrated a vertical junction field
effect transistor containing a gate which conpletely surrounds the channel
and wher eitrenishefgaanpoimengrh, | 5t sc¢il Bdid epperent I3 tthpseofk hhhedetrerthe ialrt
wi Il be apparent to those skilled in the art that nodifications and
vari at i ong-hérte MskifigatignshAnd dERT AR HIRPT rdift RS SBPd&d WiEhREtofleMi@ting
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cOMpr 1 s1. By nl LRbpBeBoMLEN Qe UipcRlied ftelo [yPei @ second

sem condu ayer of a |1ght ope Irst type



forned over said first sem conductor |ayer, a third sem conductor |ayer of
a second type forned over said second sem conductor |ayer having an opening
therein exposing a portion of said second sem conductor |ayer, a |ayer of
dielectric material formed over said third sem conductor |ayer having an
openi ng therein communi cating with sai di®pening in said third sem conductor
| ayer, a fourth sem conductor |ayer of a first type of Si[err] Gex where X

i ncreases with thickness fornmed in said ¢gFmgng of said third sem conduct or
| ayer, a fifth sem conductor |ayer of a first type of Si[err]Gey where Y is

substantially constant with thickness forned in sai dopening—of——satd-third
sem conduct or | ayer, and a sixth sem conduct or Iayer e of
Si[err]Ge[err] where z decreases with thickness for 'I,@ &Hﬂlw UQ of
said |ayer of dielectric material. 15 daim?2.

effect transistor of claim1 further including an |nsulat|ng substrat e
bel ow said first sem conductor layer. CQaim3. The junction field effect

transistor of claim1l _
Claim 1. A junction field effect transistor comprising:

a first semiconductor layer of a first type;

a second semiconductor layer of a lightly doped first type
formed over said first semiconductor layer, .

a third semiconductor layer of a second type formed over said
second semiconductor layer having an opening thereip exposing a
portion of Eaid second semiconductor layer,

a layer of dielectric material formed over said third
semiconductor layer having an openigg therein coémunicating with
said opening in said third semiconductor layer,

a fourth semiconductor layer of a first type of §i,..Ge, where
X increases with thickness formed in said opening of said third
semiconductor layer, .

a fifth semiconductor layer of a first type of Si, ,Ge, where
Y is substantially constant with thickness formed in said opening
of said third semiconductor layer, and

“a sixth semiconductor layer of a first type of si,.,Ge, where
z @ecreases with thickness formed in said opening of said léyer of

dielectric material.



further ,including a seventh sem conductor |ayer of a first tType of —Sr

formed over said layer of- dielectric material and [ '

sem conductor layer. Caim4. The junction field e“"ﬂ"t"ﬂﬂlﬂﬂl@,}ug" of
claiml wherein said third sem conductor |ayer and sai d | ayer l'el ectric
material have a plurality of openings wgerein openings in said | ayer of
dielectric material communicate with respective openings in said third
sem conduct or layam and wraeeijurepsimosidid sef fbdthi trhredmttondet claliaydr
expose portions of said second sem conductor layer. Claim5. The junction
field effdutrtheansiisicduddhnge| abm 4nsydeRangi ndyRRi TS H&/&N Hhsald first
sem conductor, | ayer of a first type forned over said | ayer of dielectric
materi al HRPIGPEOUEHOF dAYEF-senm conductor layer in said plurality of
openings to interconnect a plurality of channels forned by said fourth and
fifth sem conductor layers in respective. openings of said plurality of.

openings. 163G M 6. rhle juaticn fiald offet! drangsisicy of chaim

wherein said first type is n and said second type is p. Caim7. The

junction faalthea figeludiagsasseventhcsemivanductor layer of a first type of
Si formed over éaid layer of- dielectric material and over said

sixth semiconductor layer.

Claim 4. The junction field effect transistor of claim 1
wherein said third semiconductor layer and said layer of dielectric
material have a plurality of openings wherein openings in said
‘layer of dielectric material cbmmunicate with respective openings
in said third semicopductor layer and wherein opgnings in said

third semiconductor layer expose portions of said second

semiconductor layer.

Claim 5. The junétion field effect transistor of c;aim 4
further including a seventh semiconductor layer of a first type
formed over said layer of dielectric material and over said sixth
semiconductor layer in said plurality of openings to interconnect
a plurality of channels formed by said fourth and fifth
semiconductor layers in respective openings of said plurality of

openings.



wherein said first type is p and said second typﬁ’ﬁme -
junction field effect transistor of claim1l wherei I““M““m has a
predeterm ned thickness and forns the gate el ectr mﬂn

junction field effect transistor of claim8 whereinm sa& d'thfckhess is in
the range from30 to 100 nm C aim 10. Tee junction field effect transistor
of claim8 wherein the thickness of said third | ayer determ nes the channel
| ength of said CﬂaﬁsﬂSior.Tﬁbaﬁmnntidﬁhéﬁ@&dc@ﬁdﬂcti@K@néﬁﬁéer tofanslaior 1
of claim1l wherein said fifth layer is strained such that transport of the
light el ech&redps adidy & ikgss tvper d§oRednd o2 i #9508 t¥ResdfdPfifth | ayer -
transverse to said third layer. Caim12. The junction field effect

transi stor of claim1 wherein said sixth |ayer .is graded whereby an.

electric field ggaipduced wﬁbcfau%%%ar %@iacaﬂbe&s 2865 8¥BENF (Efaim 1
carriers into said fifth |ayer "at hi gh speed Claim13. The junction

field ef feaheiredanseatiar fatrstl aypelivhprand maﬂ skicbhl kgperissnsai d openi ng
ext ends above the interface of said third sem conductor |ayer and said
| ayer of dielectric material. '

Claim 8. The junction field effect transistor of claim 1
wherein said third layer has a predetermined thickness and forms

the gate electrode.

Claim 9. The junction field effect transistor of claim 8
wherein said thickness is in the range from 30 to 100 nm.

Claim 10. The junction field effect transistor of claim 8
wherein the thickness of said third layer determines the channel

length of said transistor.

Claim 11. The junction field effect transistor of claim 1
wherein said fifth layer is strained such that transport of the
light electron effective mass is favored for transport in said

fifth layer transverse to said third layer.

Claim 12. The junction field effect transistor of claim 1
wherein said sixth layer is graded whereby an electric field is
induced which accelerates carriers and launches the carriers into

said fifth layer at high speed.



Crai-m 14, The junction field effect transistor‘Uf*t%a%ﬁ%é—wheLeLn_x
i ncreases fromabout 0 to about 0.1. O aim15. ion field effect
transistor of claim1 whereiny is in the range m’"f ” ﬂ’"ﬁ about
0.3. Caim16. The junction field effect, transi st erein z
decreases from about 0.15 to about 0. Cl&im 17. A nethod for fdbricating a
junction field effect transistor conprising the steps of: formng a first
sem conduct or | &pedmoflda fThat juppsiohorfifiedd ®ffecond re@siistoducifor claymr 1

of a lighth¥€doped first txpe over said first_sem conductor |ayer, formng
a third sePedfdbct Brifayferidt day&fondst yw%vepegapa SPELIRAE o ARVIRIU DG

I h
com conductBF e ASEF. o hiRg Shiner Setoartlies? o el ple B dpver ey

sem conduci9bl bayekchaxtagign. opening therein comunicating with said
opening in said third sem conductor [ayer, 18 formng a fourth
sem conductor layer of a first type of Si[err]Gex where X increases with
t hi ckness in said opening of said third sem conductor | ayer.
Claim 14. The junction field effect transistor of claim 1

wherein x increases from about 0 to about 0.1.

ciaim 15. The Jjunction field effect transistor of claim 1

wherein y is in the range from about 0.1 to about 0.3.

Claim 16. The junction field effect tramnsistor of-claim 1
wherein z decreases from about 0.15 to about 0.

Claim 17. A method for fabricating a junction field effect
transistor comprising the steps of:

forming a first semiconductor layer of a first type:

forming a second sémiconductor layer of a lightly doped first
type over said first semiconductor layer,

formihg a th,ird semiconductor layer of a second type over said
second semiconductor layer having an opening therein exposing a
portion of said second semiconductor layer, |

forming a layver of dielectric material over said third
seﬁiconductor layer having an opening therein communicating with

said opening in said third semiconductor layer,



forming a fifth sem conductor |ayer of a first type of Si[err]Cey where y
is substantially constant w th thickness in said o ird

sem conductor layer, and formng a sixth sem conduﬂnm ﬁumllﬂmnuml rst
type of Si[err]Ge[err] where z decreases with thickhess itn 2ai d openi ng of
said layer of dielectric material. CIaq‘ng The nethod of claim17 further
i ncluding the step of formng a seventh sem conductor |ayer of a first type
of Si over sai d fayeimmpfi fboekentsemicmididtalr daadeowdt asfidssitude of Si, ,Ge,
sem conductor layer. Caim19. The nethod of claim 17 further including the
step of forfReKe aX plOEERRE@SoWidbe ihifknasssdind $ahferoRAnifi%e| @kt fRrdd third
material and said jhird sem conductor |ayer to expose portions of said
second seni tTHAABICHA 2YSH ai m 20. The method of claim 19 further

ncluding the st@hyplnd of #3912 SRYBBRBUSEIN GA9ALCHETa | YA Yyod bEr 86 LuBe

over said |layer o ectric materi and over said sixth sem conduct of
layer in saibdd ¥ abi §¥botaReLdl I\ Sodiis danitew e nagickaeglsui Al 4 yd Gpaiibngn el £
formed by said fourth and fifth sem conductor |ayers in respective openi ngs
of sai d pl wald tthinfd geamicogsiuctorlidayer, and

forming a sixth semiconductor layer of a first type of 8i, .Ge,
.where z decreﬁ—zses with thickness in said opening of said layer of

dielectric material.

'Claim_18. The method of claim 17 further including the step of
forming a seventh semiconductor layer of a first type of Si over
said layer of dielectric material and over said sixth semiconductor

laver.

Claim 19. The method of claim 17 further including the step of
forming a plurality of openings in said layer of dielectric
material and said third semiconductor layer to expose portions of

said second semiconductor layer.

.Claim 20. The method of claim 19 further including the step of
forming a seventh semiconductor layer of a first type over said
‘layer of dielectric material and'over said sixth semiconductor
lﬁyer in said plurality of openings to interconnect a plurality of
channels formed by said fourth and fifth semiconductor layers in

respective openings of said plurality of openings.



Claim 21+ The nethod of claim 17 further including tm t he
conposition of-Ge in SiGe in said fourth sem conduct H sai d
fifth layer is strained such that transport of the i WJ ﬁgﬂ’ﬂlective
mass is favored for transport in said fifth layer transverse 10 third
layer. Caim22. The nmethod of claim 17, gurther including the step of
grading the conposition of Ge in SiGe in said sixth |ayer whereby an
electric fieldClasmiZtuchic weithodaofetbait 69 foatherrinclanilinauhehes ephet

carriers into_said fifth layer at high speed. Caim23. The nethod of claim
17 wher ei ng§%1<ﬁhln‘ét’é1pe cﬁOWRﬁsrﬁ‘Wnga afoGe Anseife didfedsr fruyER FABiggeguctor

f t 0.t 1. d 24. The
wher e n sahivSt oEREreRy srtd EPPCH Jeten i nheerned S FReFuGBenSROTF nty
in the rangge fmﬁs o & tveomassq@'fﬂ\%}‘ed-r%r”%&'aﬂgp@}tchﬁ' gai&
wherein saird step of orm ng a sixth sem conductor |ayer includes
decr easi ngf Zf th OTAPEO Ut réndwvet e a®Usaill third layer.

Claim 22. The method of claim 17 further including the step of
grading the composition . of Ge in SiGe in said sixth layer whereby
an electric field is induced which accelerates carriers -and

launches the carriers into said fifth layer at high speed.

Claim 23. The method of claim 17 wherein said step of forming
a fourth semiconductor layer includes increasing x from about 0 to

about 0.1.

Claim 24. The method of claim 17 wherein said step of forming
a fifth semiconductor layer includes setting vy in the range from

about 0.1 to about 0.3.

Claim 25. The method of claim 17 wherein said step of forming
a sixth semiconductor layer includes decreasing z from about 0.15

to about 0.



