25 MAY 2006 1 A nethod for making self-registering non-lithographic
transistors with wultrashort channel lengths The present inventi ogGR¥6864S
a method for making a matrix of field-effect transistor structures, the
transi stors having with ultrashort channel |engths 5 and | arge channel

wi dths. Lots of efforts intend to reduce gize of circuitry (on silicon or
other substrates), conbined with attenpts to increase switching speeds by
reducing channels | engths nore than what follows from design rules and

l'i thography. A Helthodifo¥ maRifs sAM-regisiefingthon1fthvigraphic WPindsoreWwiRRsi ve
efforts, the |Iimts 10 are soon yreached for photolithography, X-ray

li t hogr aphy BHaashext channel lepgths opproaches are very seriously being
pursued, with the goal of reaching line widths and |ine distances around
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hol d bet&er pndhirge chaangl wilthsopatterning or sel f-assenbly techni ques.
However, the latter are even nore exotic than the nost advanced |ithography

trials, sincgotded effiontsripeetatts tadilcetsity ofeivcnitee €5 8Hlicitogathgrment into a
very conservat,ive industr, ne .o
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e.g. micropatterning or self-assembly techniques. However, the latter are
even more exotic than the most advanced lithography trials, since they
introduce completely new processes and equipment into a very conservative
industry. Also none of the two have the actual potential at present or possibly

20 ever to allow the building of complex circuitry, partly because of registration
issues, partly because of problems related to building multilayer structures.
Other techniques (e.g. using hard stamps, ref. Obducat), are facing the same
problems.

The problems that cannot be solved by known technology is: 1) making very
25 short (few atoms long) channel lengths, i.e. the distance between the source

and drain electrodes, 2) achieve this using either standard silicon procedures,

fabrication techniques and equipment or non-standard, non-lithographic

techniques, 3) use this to obtain smaller circuitry footprint, i.e. denser

circuitry, with a given lithography/patterning tool, 4) achieve the above with
30 self-registration.

Hence the object of the present invention is to provide a method that in an
advantageous manner overcomes the inherent problems of present and prior
art technology as listed above.



The object of the invention, as well as a nunber of further features and
advant ages are achieved with a nmethod according to the inventi on 28MaYi2806g
the follow ng steps: a) depositing a conducting material on a substrate of
sem conductor 5 material, b) patterning the conducting material into
parallel stripe-like first electrodes, wixh a pitch determ ned by an
applicabl e design rule and | eaving exposed stripe-like areas of the
substrate between the first electrodes, c) depositing a barrier |ayer

covering theTherotfes! cﬁbtthreqdeendonmag oellhgs a hnsbersdfr fircherdkatiops agdt he
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t her ebet ween e expose areas strate In openi ngs

with a 25 dopant cbdepmtmgrasbanrmdaycn covering the ﬁm@r@e@mdes dewnefoetdier odes
have begp ﬁm&g k) depositing a conducting material in the openings to

regenerate t rst el ectrodes, whereby an el ectrode |ayer of

appr oxi mat el y equd) dﬁpmgmthepartsﬂnra@ with ia;d@nankefﬂ fiest C@ﬁdug'@&ﬂﬁd}’é@ s thedes
are obt ai ned, r 30 doped substrate and separated by a thin

| ayer of barn%ggega%%rﬁlh@?e F such that .the first electrodes now either

constitute sourceebdem%ﬁlﬁgeﬂ @@lﬂdltﬁié@ maderialeverdbsflopadeaepd @éshe
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deposi t1hg an i nsbl ERMAKNG cthei barriehJaer spyeTingahe) st ¢ @%ﬁ%awéng
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the barrier Lg ween t%e first and the second electrodes,
g) doping the substrate with a dopant of a second conductivity type in
the exposed areas thereof at the bottom of the channels,
20 h) filling the channels with an insulating barrier material,

1) removing the first electrodes, leaving openings between second
electrodes and barrier material and exposing arcas of the substrate
therebetween,

j) doping the exposed areas of the substrate in the openings with a

25 dopant of the first conductivity type where the first electrodes have been
removed,

k) depositing a conducting material in the openings to regenerate the
first electrodes, whereby an electrode layer of approximately equal-width
parallel stripe-like first and second electrodes are obtained, interfacing the

30 doped substrate and separated by a thin layer of barrier material only, such
that the first electrodes now either constitute source or drain electrodes and
the second electrodes correspondingly constitute drain or source electrodes of
the transistor structures, as dependent on the dopants used in the doping
steps,

35 1) depositing an insulating barrier layer over the electrodes and the
separating barrier layers,

m) depositing conducting material on the top of the barrier layer, and



25 MAY 2006 3 n) patterning the conducting material to form parallel
stripe-like gate electrodes oriented crosswise to the source angsaMAavnooe

el ectrodes, whereby the nmatrix of field-effect transistor structures is
obtai ned the transistors having ultrashort channel lengths and arbitrarily
| arge channel widths, the latter 5 being dgetermned by the width of the
patterned gate el ectrodes. In the nethod according to the invention it is
consi dered advant ageous that the conducting naterial is a nmetal, or that
thle conducting Wafl)?phﬁhrﬂiﬁgihéft)@hggctiﬁglrllﬁiaieﬁagwlf@rmealilelljstri}ple?ﬁbe %lbtey ﬁ
pol yner or a caopolyner. material . .Gener,a it onsi der.e refer t hat
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or alternatively the thin-filmthin barrier |layer can be formed by

sprayi ng. |nyj fige ARG ad66RAiAE 18 thE invhtioVRNS ic@Rsideee @AY BhiaigBBus that

advant ageously can, be perforned by ans of etching. |In the t.hod
accordi ng t otheheORdHEHg materialis aaF@gaﬁcBﬁélﬂﬁéﬁﬁcfoﬁgg Hngguatssial 3g selectad i ng

the sem condughAlorghhit hatdidlepifepdblas Solyhfedror £topdblymer Mmatditalret hod
according to the invention the matri x” or transistor ~ structures can

ranai oror s GenBfaify 1t S G RicPEa FREFBEIAEL RoLPRIE- Rl qRrBbR s b Epfufd et
i nvent i bh shphitetmnpateps; bunhequstly paefenablerreadiitiyo ghaphiotdadwicogldbemsbg 25
step exposi tir?ﬂ}ﬁﬂéattt&%ifg%ts%@- for making transistors, with exenplary

S

enbodi nents 0 vari éps and when read in conjunction wth the

drawi ng figures, of which figs. 1, 2a, 3-1 la, 12 and 13 show the successive
process st epin g meshe Rgerding o ﬁhwrh‘gerttm&eswrlegﬁa%&slﬂwg%ge‘br ding to
the inventi ogleasrodesgeefitably 4@ ehfHedSBf icans dffetthimgst ructures resulting
fromeach step, fig. 2b a pllan view of the structures rendered in cross

section in fhlrepfiyfe i A3A0thn tariel 1Ry & PARed b6 H1eblie LRSS
rendered in Ccross sectiron in 1g. | a, 1 g. a a pran view o
fi el d- ef¥ ect ptocess iostadternativély thadbimbyilmidinmbander layer can be formed by

spraying.

In the method according to the invention the patterning advantageously can
be performed by means of etching.

In the method according to the invention it is also considered advantageous
20 selecting the semiconductor substrate material as silicon.

Finally, in the method according to the invention the matrix or transistor
structures can advantageously be divided up as appropriate to form individual
field-effect transistors or circuits of more than one transistor of this kind.

The invention shall be better understood when reading the following step by

25 step exposition of the method for making transistors, with exemplary
embodiments of the various steps and when read in conjunction with the
drawing figures, of which

figs. 1, 2a, 3-11a, 12 and 13 show the successive process steps of the method
for making transistor structures according to the invention as rendered by
30 cross sections of the structures resulting from each step,

fig. 2b a plan view of the structures rendered in cross section in fig. 2a,



according to the present invention with the outlines of channels and source
and drain electrodes indicated by stitched lines, and 5 fig. |4b23MAVY2006
section through the matrix in fig. 14a taken along the line A-A Now the
met hod according to the invention shall be discussed step by step. In fig. 1
there is shown as a substrate 1 of sem comductor material with appropriate
barrier layer upon which is deposited a | ayer 2 of conducting 10 materi al

whi ch can be any conducting naterial, inorganic as well as organic and
amenabl e to figi 1 ablaepldapisim bDthestriberdresTivadsndas in atassidegtioh, ind@égehtli,ng on
the material chosen, can be rigid or flexible. Preferably the substrate is

silicon. No h t I t ng
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distance d to the next electrode, w’l course, be dependent on an
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cour se not hi AgAto 20 prevent a value of d much larger than that of w. The
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vertical chanftel’'s” or drooves et ween t I rst second el ectr o
The undoped Hheengxtafleetsede, will of course, be dependent on an appllcable design rule

and may correspond to a minimum process-constrained feature size f, in
which case w and d will be about equal, but there is of course nothing to

20 prevent a value of d much larger than that of w. The patterning leaves
recesses 3 between the first electrodes 2 as shown in fig. 2a, and now these
parallel stripe-like electrodes 2 which can be made very thin indeed, that is
with height h much smaller than their width w are covered as shown in fig. 3
by a thin-film barrier layer 4 which extends over the first electrodes 2 and

25 down to the substrate 1 in the recesses 3. The barrier layer thickness is not
constrained by any design rule and can hence be very small, actually down to
monoatomic dimensions.

The bottoms of the recesses 3 will be exposed areas of the substrate 1 as
shown in fig. 3. The substrate 1 is now, as shown in fig. 4, doped in these
30 exposed areas to form doped regions 5 in the substrate 1 with a desired
conduction mode, e.g. electronic or n-type conduction or hole or p-type
conduction. In a following process step, shown in fig. 5, the recesses 3 are
now filled with a conducting material 6 to form second parallel stripe-like
second electrodes 6 over the doped areas 5 in the substrate 1. Subsequently,



substrate 1 will now be exposed at the bottom of the vertical channels 7,
and 5 in a second doping step shown in fig. 7 the substrate in tS3\AYRE6S
is doped to form doped regions 8 therein. Cbviously the dopant now will be
chosen so that the substrate in the regions 8 are doped to the e.g. p-type
conduction node if the regions 5 were doged to n-type conduction node or
vice versa. Then the vertical grooves or channels 7 are then filled with an
insulating 10 barrier material 4, which e.g. can be deposited in a
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2006 6 film mat er | al n g ocess need not be constrained by
any ded0gn renderedn ifig. k.| Theergions 9 pei s baglopriitpdheiappropriater t hat it

will be conduction mode, i.e. n-type if the regions 5 are doped to n-type and with the
regions 8 doped to p-type. This can or course, be the other way around. In a
subsequent process step the first electrodes are now regenerated as shown in
fig. 11a by simply filling the openings 3’ above the doped regions 9 in the

25 substrate 1 with a thin film of an appropriate conducting material which

again may be inorganic or organic. In any case it should be understood that
the same conducting material will preferably be used for the first and second
electrodes 2;6. The resulting structure is shown in plan view in fig. 11b.

Now it will be seen that the first and second electrodes 2 resp. 6 contacting

30 appropriately doped regions 5, 8, 9 in the substrate 1 can form parallel
stripe-like and very closely spaced source and drain electrodes respectively in
a transistor structure. The channel length L, i.e. the distance between e.g. a
source electrode 2 and a drain electrode 4 (fig. 11a), beneath the barrier layer
4 of course spans the doped regions 8 in the substrate and can be made

35 extremely short, even well below 1 nm if so desired, because a thickness & of
the barrier layer 4 derives from a process for depositing of an extremely thin



possi ble to deposit such barrier |ayers even as nonoatom c | ayers, as
ment i oned above. The channel length 1 in the transistor structuresMMaA¥ 2006
the 5 nethod according to the invention hence can be alnost arbitrarily
small and this is as will be seen, an extrenely desirable property in e.g.
field-effect transistors. Also the top susface of the source and drain

el ectrodes 2,6 is provided with barrier |layer 4 such that the el ectrodes 2;
6 in any case are nutually insulated 10 and their top surfaces |ikew se
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20 photomicrolithography and subsequent etching before depositing a suitable

barrier layer, this of course implies that the obtainable dimensions of the gate
electrodes will be subject to the same considerations as made in connection
with the dimensions of the first and second electrodes 2,6. Hence it is
entirely possible that to make the separate gate electrodes 10 with differing

25 widths W, and this in turn implies that the separate transistor structures made
by the method according to the invention can be made with varying channel
width/channel length ratios W/L. As well-known to persons skilled in the art
it is highly desirable to have a large W/L as the magnitude of the drain
current I, depends on this ratio times the effective control voltage and a

30 process parameter.

Thus a number of advantages can be obtained with transistors made by the
method according to the present invention. For instance, the switching speed
of the transistors is dependent on various factors, but the primary structural
parameter affecting the switching speed will be the distance L between the
35 source and drain electrodes as the charge carriers need a certain time to cover
this distance. In other words, the shorter the distance L, the faster, ceteris



will be limted by present process-constrained m ninmum feature sizes, which
in case of e.g. 0.18 pmlithography inplies a m nimum 180 nm chamSeaNAY 2006

|l ength. While a lithography conformng to present day standards still wll
be 5 used in the electrode patterning step, it will be seen that the nethod
according to the present invention actually allows a reduction in the
channel length L to for instance nmuch less than 10 nm as the barrier |ayer
t hi ckness of course is not constrained by any design rule. Fromfig. 14b it
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| ner eas%i gagdtlae Sgees%n? ?r(ljve%nZoSn m\ﬁezpooos(ssib%ity of controlling the relationship between

the channel width W and the channel length L, i.e. the aspect ratio W/L
which is a very important design parameter, as it as stated serves as a scale
factor for the drain current Ip. Moreover, the present invention shall allow
for the fabrication of every type of field-effect transistors. Also it will be

25 possible to fabricate structurally identical field-effect transistors on the same
substrate, but with adjusted valued for selected design parameters. For
instance two or more MOSFETS having just the same threshold voltage Vr,
but different current capabilities, could be fabricated on the same substrate as
it will be possible to use different values for W/L. High values for the drain

30 current Ip, for instance in the range of several milliamperes, can of course,
only be obtained in transistors with a high aspect ratio/W/L and with present
day technology this means very area-consuming devices. With the present
invention, the aspect ratio W/L can be chosen almost arbitrarily large without
occupying a prohibitive amount of real estate. It is observed that the aspect

35 ratio W/L can be increased to provide any desired current level, but in
present day technology this implies an increased gate area and a



correspondi ng increase in the device capacitance, which adversely shall

affect the switching speed of the transistor, limting e.g. prior2saviay 2006
MOSFETs to aspects ratio WL not nuch higher than 10. Such adverse aspects
are all renoved by fabricating the transistors with the use of the nethod

according 5 to the present invention. Al t&hough the preferred enbodi nent

di scussed in the preceding pages lies on the use of conventi onal
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the method ofj ﬁrﬂ%rﬁ@eﬁ?{&g? ngf@?fpz)@ralﬂé %Ytlﬁgﬁﬁe%e%ldl\fﬁgé-t)teﬁaﬁ'@hﬁ% for

making a matri x of nsistor structures , ransi stors

havi ng ul t r a§Rc scalagnnmarpblegionheghanngt fpngth attainable vtk the method

according to the invention.

20 Moreover, the method according to the invention would by suitable choice of
additional post-processing or intermediary steps allow fabrication of more
complicated circuit structures on the same substrate, as conducting modes
and design dimensions can be selected as appropriate and used to tailor
specific types of field-effect transistors, while additional interlayers can be

25 deposited e.g. to make transistor-based memories in a matrix-addressable
array or to form complimentary transistor circuits. It is evident that e.g.
portions of the transistor structures or whole transistor structures could be
removed in e.g. etching steps and instead replaced by various passive
components formed by e.g. thin-film technology, for instance resistors or

30 interconnect lines, thus providing for more complicated circuitry in complete
integration with the original transistor structures as made with the method of
the present invention.



met hod conprising the followi ng steps: 5 a) depositing a conducting materi al
on a substrate of senmiconductor nmaterial, b) patterning the condduMAYHh06
material into parallel stripe-like first electrodes, with a pitch

determ ned by an applicable design rule and | eaving exposed stripe-like
areas of the substrate between the first @l ectrodes, 10 c) depositing a
barrier |layer covering the first electrodes down to the substrate, d)
doping the substrate with a dopant of a first conductivity type in the
exposed ar eaBLMidM®of, e) depositing a conducting material over the doped
areas of the 15 substrate, thus formng parallel stripe-like second

el ectrodes t ere@&%éthodfﬂorrxﬁﬁpm i xR it R e FraYEfraASéedr dieudtlifes | thet
el ectrodes, |eaving vertical el s xten

own to t ar eas
of the substWanustobeharme F“@SE‘PF%‘% tlmgt é@&ﬁga&%ek@rb‘b@w%ﬁ&g& ng the

substrate wﬁl@t}ﬁ)(ﬂ@&ﬁghsg{g &&ﬁqml@g@wtlw ty type |n 20 the exposed
ar eas thereof at th&d} ot t om of e channel s, I i n chan els with an

i nsul at i’ng barri ed) $RRASIBE 2 qqn HHg Hatard qu ?§F %tlr% t‘? 1con, Hﬁoﬁg
openi ngs betyggaiigecond el ectrodes and barri er rrat erial and exposing areas
of the substrate therebet ween, I n e d.are of. t he
substrate in the DbRHIGTHNGRGCan ‘643) g? nie ngl?@ﬁwg?fb‘? st ype
wher e tlhe fIélﬁ&trehe@twnﬁ%phaweetmﬁﬁned¢> ﬁlp ligatdepesigr ﬂgeamdolledgntg ng
material int e gpeni.n tore ate reby an

el ect rode | aydROsGH S g3ngeggfr}ghﬁépb%rﬁttehbetg@eagt}lgcﬁlré?egetc;tgo\ﬁ}s, i ke first
and seclgnd el ect r@)dda@(mmng’latlaarn'&d layert covieaimignthet fisst ddeetdodesbdowatte thad
separ at ed by Lr n |ayer of barrier material only, such that the first

el ectrodes ¥rer constitute source or drain el ectrodes and the second
el ectrodes corr esqb))ddpilmgl thecsubstrateitvéthda dopant o £ e firse cehdudtivide sypd in thee

t ransi st or struct gg%ﬂteﬁg%f)endent on the dopants used in the doping 35

steps, 1) de?)’&qste ’ating barrier |ayer over the electrodes and the
separating barri e¢) depositing 2a5cdviaivickid@omatrigl adepdbe diopgdavaatuof they nat eri al

on the 4s0p Ogu‘bts?t%té),atﬂlg %r&ﬁff)ara‘?}fé‘? stripe-like second electrodes thereabove,

f) removing the barrier layer covering the first electrodes, leaving
vertical channels extending down to the undoped areas of the substrate
between the first and the second electrodes,

g) doping the substrate with a dopant of a second conductivity type in

20 the exposed areas thereof at the bottom of the channels,

h) filling the channels with an insulating barrier material,

i) removing the first electrodes, leaving openings between second
electrodes and barrier material and exposing areas of the substrate
therebetween,

25 j) doping the exposed areas of the substrate in the openings with a
dopant of the first conductivity type where the first electrodes have been
removed,

k) depositing a conducting material in the openings to regenerate the
first electrodes, whereby an electrode layer of approximately equal-width

30 parallel stripe-like first and second electrodes are obtained, interfacing the
doped substrate and separated by a thin layer of barrier material only, such
that the first electrodes now either constitute source or drain electrodes and
the second electrodes correspondingly constitute drain or source electrodes of
the transistor structures, as dependent on the dopants used in the doping

35 steps,

1) depositing an insulating barrier layer over the electrodes and the
separating barrier layers,



n) patterning the conducting material to formparallel stripe-like gate

el ectrodes oriented crosswise to the source and drain el ectrodes,2sWavenge
the matrix of field-effect transistor structures is obtained the
transistors having 5 ultrashort channel lengths and arbitrarily |arge
channel widths, the latter being determned by the width of the patterned
gate electrodes. 2. A nethod according to claim 1, characterized by the
conducting material being a nmetal. 3. A nethod according to claim1, 10
characterized by wnhedesositingicondoatiapgimtebial og theltoptofthasbaarieolayasn] and

ial, f b ] I ial. 4. /A di
To ol aim 1" char by SpRsBAnE s indih B RS B S o Brondto el SERBuPaR g
steps. 5. A pbkdiomieacriemtedgrosswisaitmthie sabroehardadtanicdectroges)svimereby the
-lith [.C t i I : t : i t
o m 1. nanusfis Pobga e R GARRh o Britrt R Youdind R IR RIS B (oo
by nmeans5 of udtrastiory channe! lengttsdarat exhittianidy largel chiamne] widthsh shetateari zed by
5" A ot hod SSus YelsBBtpRAREFHach B 3he BB i olEcy ORPES! 1 on process.

thin-filmthi,n barrier |ayer by spraying. 9. A nmethod according to claiml1,
25 char act er i2zed %%PP&@HPH lflgéopﬁi?lt"‘grlni ng by neans of etching. 10. A

net hod accor ¢hagadiérigédbnthe cohduaghgmaetabyeip) £eidtad t he sem conduct or
substrate material as silicon. 11. A nmethod according to claim1,

characteri zee)l by q,l}zdeqhgg aglgelltd(]ﬁglqghrlggmqf transi stor structures as

appropriate “30 to formin i -effect transistors or circuits of
nore t hd® oneharacserized by theé conductingdanaterial being selected as an organic

material, preferably a polymer or copolymer material.

4, A method according to claim 1,
characterized by using photomicrolithography in the patterning steps.

5. A method according to claim 1,
15 characterized by using non-lithographic tools, in the patterning steps.

6. A method according to claim 1,
characterized by removing the barrier layers and/or the electrodes by means
of etching.

7. A method according to claim 1,
20 characterized by forming the thin-film/thin barrier layer by a selective
deposition process.

8. A method according to claim 1,
characterized by forming the thin-film/thin barrier layer by spraying.

9. A method according to claim 1,
25 characterized by performing the patterning by means of etching.

10. A method according to claim 1,
characterized by selecting the semiconductor substrate material as silicon.

11. A method according to claim 1,

characterized by dividing up the matrix of transistor structures as appropriate
30 to form individual field-effect transistors or circuits of more than one

transistor of this kind.





