WO 02/ 086973 PCT/ GB02/ 01807 NANOELECTRONI C DEVI CES AND CI RCUI TS The
present invention relates to nanoel ectronic di ode devices and circuits. 5
Known t ectwioiquwe®7s or naking integrated circuits of m cron@carGEli2/wesiSi ons
commonly involve nmultiple steps conprising overlying and aligning different
shapes and patterns in e.g. photolithographic techniques, with diffusion
and inplantation steps. However these techniques are difficult to apply
for manufacturing extrenely small circuits of nanometric dinmensions. Wth
current advances in technol ogy, 10 conpl enentary netal - oxi de sem conduct or
(CMXS) fi el d-ef f eCANOEIIECYRONIC DEVICESANIEESRCUITRAVE a gate | ength
already close to 100 nm In order to continue the mniaturisation of the
sem conduct or devices, the industry faces great fabrication, technical and
econom ¢ chal |l en t egr i r e buj It . w devi ces
of nanonetric d|%@% %%éyﬁg?ggmggaﬁéﬁggﬁﬁgggr&ﬁc %% lﬁmﬁﬁg§".Uﬁp
generating circuit features of nanonetric dlnen5|ons on a substrate

i ncl ude X-ray beam and el ectron beam | ithography. One particular technique
i s discldsed in Ugomnstephniquessformgking inegraled aiigHiss PhprFRmey simeasions

whi ch a noul I C
| it hography :as %?‘e@g\g [H? ge a&%l J(%H ﬁ’r@én%p%e}f}?f@rg ﬁ%gyrggg“‘g‘ﬁ ngfgs}gﬁtggt rgt e so
as to creat eandepttessi @ans.gi phdstbbthogxaylac teciniqepowith ndjffusioh raad nimplghtation
projections. An etchin rocess. nma SF& be carried out_to expose tF
substrate i r?etﬂﬁel‘g‘éb‘-‘r 68 divor osPaigues arnidionl ag deby fer Hm“Hﬁ‘CBH““gc?éHS’?M on
processes Mayhdecicdlifs! 80 nMmdtAc Qﬁﬁlbﬁh@oﬁseatwm?%u%maﬁd\la%@sg it &HnGlo ﬁﬁlu![ t.

However, US-A-5, 772,905 does not disclose a conplete Integrated cir ,
nor a 5 rreiohqﬂbxmefntaryplnm@mdeg sarrmmmpuﬁoe EMOG) t fielgreffac046:48Bthbrsli mcl oses

1 1 Al GaAs/ 1 b
comatri o ook B pae et Aty SRR EON0 tind i SR rhef e

channel is inmu@ifon 3 ahelskidon@mbtaDESYids e afe indiit) 69 \br&he fabrication,

technical and economic challenges. Future integrated circuits must be built with

devices of nanometric dimensions based on new concepts.
15
Techniques for generating circuit features of nanometric dimensions on a
substrate include X-ray beam and electron beam lithography. One particular
technique is disclosed in US-A-5,772,905, the so called nano imprint process, in
which a mould having extremely small projections formed by E-beam lithography is
20 pressed into a plastics polymer layer on a substrate so as to create depressions in the
layer corresponding to the mould projections. An etching process may then be carried
out to expose the substrate in the depression areas, and subsequent etching or
deposition processes may be carried out to define features of an integrated circuit.
However, US-A-5,772,905 does not disclose a complete integrated circuit, nor a

25 method of implementing a complete circuit.

EP-A-0464834 discloses a transistor formed in a AlGaAs/GaAs
heterostructure by means of a geometric pattern of insulative trenches. A 600nm wide

one-dimensional channel is insulated laterally from 2DES areas, which provide



- 1 WD 02/086973 PCT/ (B02/01807 transistor gates, by 700nm w de deep nesa
etched trenches. The conductivity in the |D channel has a strict |inear
dependencwoan/osdee3 appl i ed gate vol tage across the channelPCTEGHEanmsary of
the Invention In accordance with at least a preferred formof the

i nvention, we have discovered that positioning two insulative features

cl ose to one another such as to define a narrow el ongate channel having a
wi dt h di nensi on of the order of 10 nanonetres, provides a circuit
conponent, wherein the current flow through the channel is a function of
vol tage appliRdiskf 2ats, B1P00nendide &depGheangdheditRnéhesPrBRQIAAIBLVAY iFRIRNET .
In a preferred enbodi nent, the circuit conponent conprises a diode, but it
may for exarpl ehanopbhisse sirietr haear slependoncer esjthe @pplieds gqth evaltage aciogs the

provi des an gegﬁronic circuit conponent conprising a substrate supporting
nmobi | e chard Ui riers, insulative features formed on the substrate surface
to define first and second substrate areas on either side of the insulative
features, the insulative features including first and second regions which
are posii oraunmpapyef the Ingeptichot her but spaced apart so as to provide an
el ongat e channel which provides a 20 charge carrier flow path in the
substrate fromthe first area to the second area; and wherein said

el ongat e channel Insadtordansd avied aanehsarar prefateds i ofahe tiheentipay areheaves of
the charge carrier f]low path are dependent on a potential difference

bet ween sai di§veed g ROSHIRINEG M sulRt Ve featymgy Cgﬁ? (o988 agpthersuch as to

speci fi cat i Qiifine C4 Miloly CHMARCLAannBPHFing RHAaRMdinBhSBRIGr e Bfer of

integrated circuit ich provides a desiréd circuit function such as a

transi str, mapmeir¢sprprodidesde arcuitogimpayante . whezei\Oh 2/upB60 T WPaITHGB0 201807
channel is a function of voltage applied across the length of channel, in a
predetermined manner. In a preferred embodiment, the circuit component comprises

a diode, but it may for example comprise a transistor or resistor.

15 The invention provides an electronic circuit component comprising a substrate
supporting mobile charge carriers, insulative features formed on the substrate surface
to define first and second substrate areas on either side of the insulative features, the
insulative features including first and second regions which are positioned close to
one another but spaced apart so as to provide an elongate channel which provides a

20  charge carrier flow path in the substrate from the first area to the second area; and

wherein said elongate channel is dimensioned and arranged such that the
parameters of the charge carrier flow path are dependent on a potential difference

between said first and second areas.

25 For the purposes of this specification, *“circuit component” means a part or
element of an integrated circuit which provides a desired circuit function such as a

transistor, capacitor, diode or logic gate.



Where the circuit conponent is a non-linear device such as a diode, it is
necessary to break the inversion symmetry in the charge carrier flow path.
Thus t he wionewB@us ve regi ons are such that the applied volPiCageBopesodat es in
a different way, dependent on its polarity, to open or close the channel,
as described in nore detail 5 below. This provides highly asymmetric
current-voltage characteristics, simlar to or better than that of normal
di odes. For the purposes of the present specification, "insulative" is to
be understood as a relative value, as conpared to the conductivity of the
substrate. In onewhd@ @eheRuiteddimpohémnie e soh-BnsdrndevideSslicat dsve dicde! iiefss may
be weakly conductive, formng very narrow conductive channels. In sone
cases it is NSEespaydp|beeakghe nersion smmetry Hothg whangs wawies Alowopa) (Thye thes
appl i ed, whi, royide. v, nsLtive i an .m Xi y weak
signal s, evelﬁil}lﬂg)ég ggb%ﬁi%?lsggl%{etgﬁag’g @éﬁ?gﬁtoﬁ%ﬁ §P%r.9{ei§ml fh déq%eerg%r yévg g’r red
enbodi ment , debendefis uh afsi podarftgatolsped darobost ahéreblarmsl, tas &Iesdiided Afi mdbre R il
dividing the substrate into first and second areas. Further trenches or
lines ekt erlf§iany Hiis Brpvigdeg haehly a8 Hamelric i cyrmart-Yli3ee CorrnGtadstiCheSiBHAMIPe?T,
extendi Nng i Yefe g?m‘atof | GiSliesdNd second areas. Electrical voltages may
be applied to the first and second areas by neans of appropriate

el ectrical contacts and a voltage difference is created 20 across the

i nsul ative dividi | ines. The outer sides of the channgl defining |ines
are exposed to |1{]°g t%P‘t“Qﬁ%"Sioﬁtlﬂ%]éreﬁﬁﬁ‘és%céféﬁat‘%erﬂnsluﬂ‘?é”él ésctloﬁiecuaqde $1%age
across the chapnglaivé Syahtdf TdsCiidrdd b dhe doRBuAIVRG! 8 thel SRlstlate! ©3h Eshed
depletion region in which no charge carriers exist. Provided the channel

i s suffl@i ereniboditaentorerehes foohingdnsativg baogtegs may bpevehklytcontlegivagfoomingi nch

off of the gap is_achieved.so that n or at any rate_.very little,..
current fl OS&CF% nAgRY; gqnduc Wy%hagnaf'ogrg-sé)&q &t gt bsrgrgfeé%?lg\}\ﬁet}?v I"flehégpl i ed
voltage is dofdidiidnfvienaiot dtagetabplied, WhechaR®y) pR&Hdéaletpesitive detection or

el ectrostatically widen the channel in addition to making the channel

potenti al | owing effiicehwaal vgrals, kecrcthpughes Kttle deakpgacuresat exigisi n t he f orward
direction. -3

15 In one preferred embodiment, the insulative features are formed as trenches or
lines dividing the substrate into first and second areas. Further trenches or lines
extending at an angle to the dividing lines define the channel, extending into one of
the first and second areas. Electrical voltages may be applied to the first and second
areas by means of appropriate electrical contacts and a voltage difference is created

20 across the insulative dividing lines. The outer sides of the channel defining lines are
exposed to its voltage in the one area. When the electrical voltage across the channel
is sufficiently high, the electric field creates a depletion region in which no charge
carriers exist. Provided the channel is sufficiently narrow and sufficiently long, a
perfect closing or pinch off of the gap is achieved so that no, or at any rate very little,

25 current flow is possible. Thus a diode-action is created. When the applied voltage is
in the forward direction, the applied voltage will electrostatically widen the channel in
addition to making the channel potential lower, which allows the carriers to flow

easily in the forward direction.



WO 02/ 086973 PCT/ GB02/ 01807 The width of the channel is preferably of the
order of 30 nanonetres. The maxi num wi dth of channel is generally 100 rim
wher eas twe masdosvest w dth of channel can extend down t®@CTlGme/o1897zer 0.
If for exanple an overgrowmh is provided after etching of the grooves, the
depl etion around the etched lines is nmuch |l ess, and 5 the designed channel
w dth can be nmuch | ess. The length of the channel is also determnative of
the operation of the device and in order to achieve diode action, the

| ength nust be at |east of the order of 100nmfor a substrate material of

| NnGaAs/ I nP,  whi I'Thet WRItH@K ithie) shdn@BlgishprefeyatPe of thebtdet ©F G0SnabmeREs - Thehe
| engt hs depend to a large extent on the material of the substrate and the

pur pose i nt epré@umppidth of ghapngl tis poneraly dAB MM, whersas He pareoyeast Widiheoft i on
can provide ﬁgﬂﬁil‘c tgﬁooﬁ'cﬁ‘w@?é %185% Wietlo aIP’t%f ¥xanh llhéﬂ% v %9&& flg@ RhildegS' NCE

there are no Uncirons  cr ea carr r|ca
char act eri staftes et@hm@l afdhe grodves e dé}ﬂamrsm'otlmﬂtherwcﬁeé\lﬁksés much éa3f, dnsl
provi ded on pinch off. 15 In a nodification, one side of the channel may

be exposkd tbf designadnehianpelnviddh cambenppch Jassnheolength ofethe sharRe!ith alsoc| osed
area of the GUBSHLALE of Hal S{B'B Hlo?ttl?esde\ﬁerzfnﬁ% orde? o Béme%gﬁsowsctfomame'

and thus creates a transi s evi ce substrate nay provi
t wo- di nensi dergdth elustbe arlegshof thel drdtmzft]O(Dehyfor 2} suEs(Dratea:ylaﬂ&aubofaImy‘xaAisﬂalP

desired char eristic desir substrate materi e, used, for
exarpl e st | U0l B TR Waeth ey tes) (oAt By o6 FHBS deRREIAS | np
material is léﬂ%@‘éxteﬂl Bﬂwﬂna@hhln@ﬂhk%u%fa\@ il fh@rpu%&ﬁﬁt@ﬁuéa BEHEROS Rt t he
devices of the 25 invention may al so be used tical conponents. For

exanpl el(Wnercem@omrtsd&hdememeesentsmmgnrca@pwlderm teplodiode adtioni with baemyi er s
defining a narrow el ongate channel %Q‘qu an where. the .cha neI IS

ei ther al most™Bf fER¥EEPY §}“°ﬁé'&?’?§r S ¢ ‘°'i‘s Cre F&,g MR PP 8 i ght

i 11um nat i oRldctrval tiRadiEmtied bOdioas arendry blean §t$tll1|aaﬁ(b WReRalcuireitSs pAyvided very
much reduced. As ha fgesul t even a weak light will dramatically increase the
on pinch o

15 In a modification, one side of the channel may be exposed to a further control
or modulating voltage existing in a closed area of the substrate. This modulates

current flow through the channel, and thus creates a transistor device.

The substrate may provide a two-dimensional electron gas; alternatively it
20  may have any other desired characteristic. Any desired substrate material may be
used, for example silicon or bulk SiGe material. As currently available, InGaAs/InP

material is used.

Although primarily serving for electronic purposes, the devices of the

25 invention may also be used as optical components. For example where a diode device
is constructed from two insulative barriers defining a narrow elongate channel, in the
condition where the channel is either almost pinched off or nearly closed, it is very
sensitive to light illumination i.e. the depletion around the insulative barriers can be

very much reduced. As a result even a weak light will dramatically increase the



- 4 WD 02/086973 PCT/ (B02/01807 current at a certain bias by orders of
magni tude. This can be directly used as a |ight detector or optical

swi tch. TWe odiosede3 according to the invention nay alternatipealigBo@issapl oyed
as a 5 photodiode, Iight being generated by the aval anche effect, where

el ectrons are generated fromthe val ence band and | eave behind a hole.
Cenerated holes reconbine wth electrons and generate light. In another
enbodi ment, the electrical and optical paraneters of the channel of 10 the
device may be nade very sensitive to a small nunber of, even a single one,

nol ecul es ofcudrefhittBdialry Bids BY DadREOr AAEMANIIBE THY éACR mectlsl%sé’d?xd £8ght thus
the device my be used as a sensor for such nolecules. In accordance wth

the inventi diﬁteCFquT§P'er%§WBﬂé to make integrated circuits of 15 nanonetric
dimensions in essentially a single fabrication step or at any rate a very
smal | nunber of processing steps, all of which follow a single pattern of

features. Any sulHeabiiode netditihgl @ theriadettioAdmey aiemafifay Weesmp@yedas a
enpl oyed, including e- beamlithography and the nano-inprint method

referred t o Rigtadioderight jbeing &gnqrgied s‘?)m‘ahq fydanche @fmawéarwkeatr@rsl e art
processes of H@J&te'a%rﬂh?eg\?a?én%? blidd S 1ESve b?eﬂufd”a" 1é’ ' 89né}1ﬁ &'hgﬂl ﬁesc%%%

conpri sing rirous steps 1 nvolving overly eren?lshapes
and patternaa/ltﬁ\lel\zexrdrhahégsneratbexgbtr esent |nvent| on nay |ncorporate a
subsequent step of formng a wide area gate covering nmultiple circuit
conponents, w thout disturbing the essential sinplicity of the process. 25

Brief Descriptiony,QhothBferdbsiinBaS tfre@éc%waﬁgnfz;@&gl g&%&e&f oﬁtﬁ@cﬁdh\ﬁmf on

wi |l now be described by way of "exanple wt ence to the acconpanyi ng

dr awi ng$0 wheheidaeyice -mdy UDWO%Q%&SR@’E/ ©B9 3h1l8Mnber of, even a single one,
molecules of a certain type adsorbed onto the surface of the device — thus the device

may be used as a sensor for such molecules.

In accordance with the invention, it is possible to make integrated circuits of

15  nanometric dimensions in essentially a single fabrication step or at any rate a very
small number of processing steps, all of which follow a single pattern of features.

Any suitable method for producing etched features may be employed, including e-

beam lithography and the nano-imprint method referred to above. This is greatly
simplified as compared with prior art processes of making integrated circuits,

20 involving multiple steps comprising various steps involving overlying and aligning
different shapes and patterns. Nevertheless, the present invention may incorporate a
subsequent step of forming a wide area gate covering multiple circuit components,

without disturbing the essential simplicity of the process.
25 Brief Description of the Drawings

Preferred embodiments of the invention will now be described by way of

example with reference to the accompanying drawings wherein; -



Figures 1A - 1E show schematic views, together with a scanning el ectron

m crograph, of a first enbodi nent of the invention conprising a diode;

Fi gures 2w6 oanes9gs aphs of experinental current-voltage chacacBiostorcs of
the diode-type devices shown in figure 1, but with characteristics altered
to give different 5 operating characteristics; Figure 7 is schematic views
of nodified forns of the diode of Figure 1; Figures 8A - 8B show a further
preferred enbodi nent of the invention conprising a bridge rectifier;
Figures 9A - 9C show a further preferred enbodi nrent of the invention 10

conprising an OR Eates 1A gUIeshdWAcherddlfc Sibay @gbtet Reth Prsedmdingeélectron
enbodi nent of the Invention conprising an AND gate; Figures 11A - 11B
shows a f ur tTREFOgsRRY, 6F 2 Sest erpbedimenhef e inveRtiowRRTISHIE a 9B i si ng a

divode: type devi oo th o2 LnGalleot NESHOh MILENAAR. ARLIIEL LS 15

a transistor-type devi Ce; WS a negatl

resi stance (dib¥)-typbaewacéssshosvniin fighreal, but edthrchadcreriiadiaterd tofiveldifferent
invention; Figure 13 is a schematic circuit diagramof a GHz oscillator
enpl oyi Ny t MPEIYBGIChFagenstic§ure 12; 20 Figures 14 and 15 are schematic

views of the e”bqfalkl'ﬁ%Wtis QJheﬁ{'aHHWewﬂsQ)fnixd?ﬁﬁ’&ﬂfgpﬂ% ﬁgtg'g.’&ﬁdi’ie%‘?gglﬁg- matrices;

and Figure 16 is schematic view of a furt i ment € invention,
conpri sing a photKguesieSA 258Beshom at furtheo fpréferedPreafberdmesht Evfb dei imvattionThe

roadmap of micro-el ectronics _has long indicated that we will very soon
reach the Iimp?sﬁ‘lgaglﬁm%éﬁ?‘it’é‘r‘?&l sem conduct or devi ces, and near future

integrated circusibgredi -POCHiHOW aWidriheN PRAERY CRboBASGH SNtHREMVERUYTEPL S-
Furthernore, it is
10 comprising an OR gate;
Figures 10A - 10C show a further preferred embodiment of the invention
comprising an AND gate;
Figures 11A - 11B shows a further preferred embodiment of the invention
comprising a diode-type device with a tuneable threshold, which can also function as
15 a transistor-type device;
Figure 12 shows a negative differential resistance (NDR) characteristic of a
preferred embodiment of the invention;
Figure 13 is a schematic circuit diagram of a GHz oscillator employing the
device of Figure 12;
20 Figures 14 and 15 are schematic views of the embodiment of Figure 16
incorporated into scanning matrices; and

Figure 16 is a schematic view of a further embodiment of the invention,

comprising a photodiode.
25 Description of the Preferred Embodiments
The roadmap of micro-electronics has long indicated that we will very soon

reach the limits of conventional semiconductor devices, and near future integrated

circuits must be built with nanodevices based on new concepts. Furthermore, it is



- 6 WD 02/086973 PCT/ GB02/01807 highly desirable that these new

nanodevi ces can be made on standard silicon wafers. Despite great efforts
i n maki ngwpanos®vs ces wor ki ng at room tenperature, there PST/OGBIRPIS0TLL] €
success. The reason is that nost nanodevi ces proposed so far require a
feature size of about a few nm 5 The invention includes diode-type

devi ces. The current-voltage characteristic of the diode-like devices is
just like that of a conventional diode, but both the threshold voltage
(fromOV to a few volts) and the current level (fromnAto A) can be tuned

by orders ofhiggakditBR Rt Gesdhdw aRRABTIBE daAthedfyd<sen SaAIRYE kiticoNtakerfio 10
need to charg;e t he pro&erty of the host material by doping, diffusion, etc.
&P

Better than it SeFiab @EOrts e makiigarpnodericesivorkingedt ToRe ismpkAie, Weesisd
condi tion C%ffﬁgﬁgﬁlcg& blrye .rl:zi%%"n ig m&?ﬁcgsfrn%#@lvicg?é:r]o&,eoﬁef an cRr Qi e jpbot h

the functiona ransi stor an a di nmeani ng gr eat
flexibility featueaigtiofubbut@rfe@nngi rcuits. When used as a three- term nal
device in a nodified design, the device can exhibit both the functionality

of a 1% transistor and that of a diode, neaning great flexibility in

construction of Gﬂh%“iH'bén%ion%élb&é%oc&%ﬁ@ﬂw%esl gi %{Iﬁgﬁﬁt‘?\%l&ge ERPRASE diaP
material, the devices can be reliably and reproduci bly nmade on standard
si | i con waf ef sthe sdiodeelitehdevioeskisnust pike rthatpbfe adaasemmiainal diodepbuia bbthgthe

bl e T
grooves in tertu§é53?§r btde®s of Hﬁgﬁﬁftlgfeeoyyﬁi%(lj)}é\Bllz{a%gHgoﬁﬁeV&ell/ilce GRBSELE @fh ¥18

sinplify the manufacture of diode-type ces as we as integrate
circui t¥) amdehandenge thetprgpertyeafibehosh enaperad by dopmgcdifiusiof setRedBetter thag now

to Figure 1, Fiqure and 1E sho scanni ng. el ectran. m croscqgpe, ( SEM

mageof a iROHOMS, e ThEHRE s e dth 08 PRRSPS pBsSfecndion af B REANErGN I f ¢

gnd ri ght sijges ThfeetBenihAGRARES Boh Srobigk bathahe figiRboRalkE bt 4 Bhnsistsiinatthae | i ne
of a diode, meaning great flexibility in construction of circuits. When used as a three-
terminal device in a modified design, the device can exhibit both the functionality of a

15  transistor and that of a diode, meaning great flexibility in construction of circuits.

Although currently implemented on InGaAs/InP material, the devices can be
reliably and reproducibly made on standard silicon wafers, since the working
principle does not rely on a high electron-mobility. As will be shown below, a full

20  family of logic gates, such as OR, AND, and NOT, can be constructed only by simply
etching grooves in the substrate. Therefore, the invention will considerably simplify
the manufacture of diode-type devices as well as integrated circuits, and hence greatly

reduce the production cost.

25 Referring now to Figure 1, Figures 1A and 1E show a scanning electron
microscope (SEM) image of a diode-type device. Electrical contacts 4, 6 are formed
on left and right sides of the InGaAs/InP substrate 2 and a central insulative line 8
(here etched trenches) divides the substrate into left and right areas 10, 12. The width

of the etched trenches are about 100 nm. To fabricate the device, we first spin a layer



(here etched trenches) divides the substrate into left and right areas 10,
12. The wdth of the etched trenches are about 100 nm To fabricate the
devi ce, wwofoensd7spin a |ayer -7 WD 02/ 086973 PCT/ GB02/ 0P8@/GB001807

el ectron-beamresi st (ZEP-520) on the InGaAs/InP substrate, which contains
a conductive (nobile electrons) |ayer about 50 nm bel ow t he surface. The
designed pattern was then defined using electron-beamlithography. After
devel opment of the resist after the el ectron-beam exposure, wet chem cal
etching was used to nake the 5 trenches of about 100 nm deep, i.e. etching

through t he gfashuehibéaml RYRE (BBP-5ROY BhNBe ThGSAY/BIP Yébstralee Svhidhn cédiginsant r e
of line 8 two |ine qu@gl ons 16, 18 are forned extending fromline 8 onto

substrate arcepductive (medde Eiectreps)alprerprhoyeAllinmylbalowt éhe pifacengba designadne 8
and 10 haVnggeI% \!vfsr'tglgrrl1 a2 &Pﬁ)&f%g gl%?tr&@&?am? {ifoRra Ep.ugfte{ HgveFo ?rneilg of El"%nChes
i ut o excendi ng onry , also

not only definé a narrow channe nto ar ea

break the i nvastsdfen tiwyed@ionybeadd exy@siifee wehaliangitalcdicHigpvadivs@rtd miake THee

el ongat e. channel 20 has a wi dth of about 50 nanonetres, which provides an
el ectrom f | dwnphasipf pBputnk9Rinme desms &£+ Gehing Hropgh thesendugtize laygr %ncgﬁpémmrgr om
the left si QRsu;lQimee right side 12 of the substrate, or in the opposite
15 direction. ITn a condition where no voltage is applied to termnals 4 and
6, there will exist 1in channel 20 depletion regions 22 as shown in Figure

1B adj acent each_line regi 6, 18 so that o naryow area_of the flow
path is avail abl dn ftt?rceéFrg@? ﬂBﬁngG’Fﬂjﬁ'&et fegipns 36, %é@j"ﬂ'@ "e?%t?’agl“gr HEIHE are
created by rse@lﬁel@u ftrafli5E299. SIEiﬁése%,ﬁl@darE herpeRdifhlal B file 184gth bh$inetschifd

surface. The depletion regions are shown as indicating their effect on
t ranspol@ ofhagingctlength of hbowdi@0trasombtaesndhus, A etthedrirdanchés npyoslyldefinhen a

ositive voltage,is lied to ter,m.nal 6 d,a ,negat,i ve voltage applied
PO erminal Mairos csiaindRBL' Sericfna SITMB ach, FoHD BEEE Ny op RS |
regions 16, aldhg thehdnheSciafdng directRCTRAS®nERE cRinsl Z&hay a Wikh @ Ab&t 50N

regions 22 by electrostatically |oweri nﬂg the potential in the
nanometres, which provides an electron flow path for mobile electrons in the substrate

to travel from the left side 10 to the right side 12 of the substrate, or in the opposite

15 direction.

In a condition where no voltage is applied to terminals 4 and 6, there will exist

in channel 20 depletion regions 22 as shown in Figure 1B adjacent each line region

16, 18 so that only a narrow area of the flow path is available for electron conduction.

20  These depletion regions are created by reason of surface states and the Fermi level at
the etched surface. The depletion regions are shown as indicating their effect on
transport of electrons through the channel. As shown in Figure 1C when a positive
voltage is applied to terminal 6 and a negative voltage applied to terminal 4, a positive
voltage exists on the outer sides of line regions 16, 18, and this acts to decrease the

25 size of the depletion regions 22 by electrostatically lowering the potential in the
channel. In this condition, the electron conduction and therefore the current will be

large.



channel . In this condition, the electron conduction and therefore the
current will be large. -8 WO 02/086973 PCT/ G802/ 01807 In Figure 1D, when
the volt e opos@riti es are reversed so that a positive volPCagBMRO1807
applied-to terminal 4 and a negative voltage to termnal 6, the negative
vol tage existing on the outer sides of |line regions 16, 18
electrostatically lifts the potential in the channel. This creates either
a nmuch narrower channel or even a 5 wholly pinched off channel. In the

| atter case, carriers cannot penetrate fromone side to the other

considering the I@arBiguteemDt Wwith hBavtiRke pbltitiics A Yelerdell! & SHat 8V BBsifice
current will flow through the channel, in contrast to the opposite voltage

polarity, n¥disehds applicdaodegniaal #laadfancgatispapltage fosteonizat 6dthgsneghtovn i n

Figure |I.E r e,.th mwunt: ©f  m nori anriers. w.ll..he
negligible aégﬁgyﬁgﬁﬁﬁggﬁé Féﬁ%xgg%%é#é%F%ﬁgu¥ﬁe¢%H§r%?agﬁ%nfgbkggﬁt@hrrent
under rever sgotdiitiab el theo BRrnebN Thisbreb@s eithéreavhychsiatdweanthar@sd Phsen ved

experinmentally to be down to bel ow pA. Figures 2-6 are graphs of _

exper i ment al Wealbr RiRghedft ehyenel it distlattar sasee gargiprsiaganot psnefrateiromyens sidsyi ces
shown in figur ik k r er.h St i &S r 0 gj.Vv i ff
operating cﬂgrtg?:'gottalﬁ?go P%@éﬁrﬁcgﬁr 12{3 %h%&s&t%%héﬁa?gﬁsép gisyt ﬁ%lgf%req}z’ieggsaovi ce
simlar to dangar will flowthreaghtie dhansiein tengishtothe7dposite aolthgei sl ritef
40nm) . It can be seen ahat, fﬁ; a V?Jtage above 0.9 volts created between
term nal s 4,meEngBaq dipdsiike fmstigrality s&eted asshpwe inkigse Bt renel y rapidly
so that at a voltage of 2 volts, there is a current 20 of about 6 mcro
anps. Below the value of 0.9 volts, no current is observed. The

charact &i sti cs dfuethgivvem, fher amoung ngfemaodtye carfriers. ¥ilKdkeviegligibte & gorRN3, t he

andwi dth ol VEGRRRSoRkA: TP T BN I Sn0s RERFe biaresbrdhegion 25
volts, i.e. c4RmY¥ eﬁir@ﬁa@llytsmaﬁ-anh Wk ioBsr fedox perif@ Nt 1d e VD BdWpAli Nensi ons
of the el ongate channel of

Figures 2-6 are graphs of experimental current-voltage characteristics of the

15 diode-type devices shown in figure 1, but with characteristics altered to give different

operating characteristics. Figure 2 shows the characteristic for a device similar to

Figure 1 (but with a channel length of 700 nm and width of 40nm). It can be seen that

for a voltage above 0.9 volts created between terminals 4, 6, the current through

channel 20 increases extremely rapidly so that at a voltage of 2 volts, there is a current

20 of about 6 micro amps. Below the value of 0.9 volts, no current is observed. The

characteristics are given for a temperature of 4.2° Kelvin.

In Figure 3, the dimensions of the elongate channel 20 are adjusted (channel
length 1000 nm and width of 50 nm) so that the threshold voltage is well below 0.02

25 volts, i.e. very close to 0.

In Figure 4, a device is shown with dimensions of the elongate channel of
Figure 3. The characteristic shown is at room temperature. A less than perfect

characteristic is given with a little current under the reverse-biased condition, which



Figure 3. The characteristic shown is at roomtenperature. A less than
perfect characteristic is given wwth a little current under the

rever se- bwaedseondi ti on, which - 9 WD 02/086973 PCT/ GBO2CaxaHZ/0180an be
reduced to zero by optimsations such as slightly reducing the channel

wi dth. As shown below in Figures 10B and 10C, this |ess than perfect
characteristic can be desirable in sone logic circuits. 5 Referring to
Figure 5, the dinmensions of the channel are adjusted (width 20 nm |ength
700 nn) so that there is a large positive threshold voltage of about 2

volts.  Thi gagbahiédiced kS kéd HySopimsitions s@dh 4s00ighti¢ MRRICAZURE chdheFvilihe 6, a
characteristic of a device with channel dinensions of Figure 3 is 10

measur ed at A5 shempehelaw ie FigurguiDBcand, i 0C, tirisdessithas penfert ickaresterdsticycap beol t s

and there I%esna%lefl!lrsrogl%tl %igggcm he reverse-biased condition. The
characteristre s ¢1°686 £ deal  di ode, with no noticeabl e | eakage

current and zero threshold voltage. Referring nowto Figure 7, this shows

variations in georretrl cal confl guration 15 of line regions 16, 18 defining
el ongat @ channel Referring teiFigire 57 the: digensiges off the %““‘?lrﬁxﬁlaéluytefla(kY&thf om

lines 8 so tnt?ril éer}@}}g ﬁlfng tsg'g-na? hRaAgla 1 ls)e31ﬁ§/e EheB3H) ogé of Aot Q%It? ends

of lines 16 antages | tter contro current tlow.
In Figure 7B‘h1$¢imrdctamtw agnem;are]i&,t rdbdn teajperatum. t he opposite direction so
that the 20 width of the elongate channel 20 is at a m ni nrum adj acent |ine
8 and at a maxinumat the free ends of lines 16, 18. In Figure 7C the |line

regions 16, 18 a'iﬁ’ Fﬁ,ﬁ%é 6!4 éﬂa?g:te?ﬂtlé BPB dévige Witﬂtcharmcel Eif?ﬁensi%ﬁ%ﬁﬁ'tgﬁ?eos }éar | es

bet ween a smal | where lines 16, 18 are close to one ano
and a |Hrge mfallsmed btawmmmtaneeﬁémﬁédeml ifheth@gpbhs et &tlyDBvadts @ndl grerd i rsom one

another. This Const ruction nma Lele on- e yantum tr ans port
frects. | negent vt therevERt oidsE iR 1rS i PNS RPFeeTOER nes
relative to dl&reewan%m@hcéa@w lealtap€ ¥urr& ahd BerBRMe RN valkdge. apart m whence
the lines curve back
Referring now to Figure 7, this shows variations in geometrical configuration
15 of line regions 16, 18 defining elongate channel 20. In Figure 7A the lines 16, 18
inwardly taper from lines 8 so that width of the channel 20 is at a minimum at the free

.ends of lines 16, 18. This has advantages in better control over current flow.

In Figure 7B, the line regions 16, 18 taper in the opposite direction so that the
20 width of the elongate channel 20 is at a minimum adjacent line 8 and at a maximum at

the free ends of lines 16, 18.

In Figure 7C the line regions 16, 18 are castellated so that the width of the
channel 20 varies between a small value a where lines 16, 18 are close to one another,
25 and a large value b in the areas where line regions 16, 18 are far from one another.

This construction may create non-linear quantum transport effects.

In Figure 7D, the line regions 16, 18 outwardly curve from lines 8 relative to

one another until they reach a maximum value apart m, whence the lines curve back

- 10-



- 10 WD 02/ 086973 PCT/ GB02/ 01807 inwardly to a width d equal to the width
d at regions 8. This construction nay create non-linear quantum transport
effects. womloB6sas Figures 7, the width of the channel de®es/crIR/01807
significantly exceed 100nm 5 Referring nowto Figures 8Ato 8B, a second
enbodi nent of the invention conprises a bridge rectifier, shown
schematically in Figure 8A wherein an alternating voltage is applied
across termnals 40, 42 and a unipolar rectified voltage is derived at
termnals 44, 46. 10 One inplenmentation of this bridge rectifier is shown

in Figure 8E§nwﬁﬂl12>etcﬁa Width @@ﬁm’ tothe SR ks i Vhid 8onstt QoL Bldadd | Y
four areas 50, 5Z, 54, 56. ese areas are separated by insulative lines,
with |ine 60w0ndineayqednteigaransperhnfedts &2 allaxf Figekes dethebyidth oé theeghiannel 66,
68 inter conn&cti&%.re%i og 560 Wi tlp regions 52 and 54. An insulative line 70
whol |y separaF%g ré%ﬂl 53 f‘?ec?lqﬁ g?ﬁlbn 54. An insulative Iine 80 15 has
line regions 82, 84 which define elongate channels 86, 88 which permt
current flow between region 56 and regions 52, 54. Terminals 40, 42 are
respecti¥ely corréeriag noy fefigvmes &% to 8B, sosecprd emhodimest phthenigvemianage

exists int I egl o - 46, | c t ] -

Corm nal |44 RensAsORdsp req ™ MBvrgnd R R Rt 8 SRR RhBiing 1 e
phase appl i edithge fsespplictbacrdd texitindls A0 dnder urppilseretifiddevotiag@ls déAved by r ent
flow is encouraged through channel 62, but inhibited through channel 64.
Channel 86 FMiNYe4delf-et ed since the voltage in region 56 will be
negative relative to the positive voltage existing in region 52. Channel 84
however w |l however be opened since the voltage within region 56 will be
posi tivéorel ati veOnoindembitatiar gethnebaddevrectifdrtiagieovex irsFigage 8B whegdiora 54.

Thus current fl| ||| be enabled. through channel r region 52 to
Fegi on- 60, NECBREIHsisTEe Jo QAR dnth S HBECIONT BEfhTch 2P b SO ow
Wi |1 enabl edyd REQERA BAM@Iati®d fdeo MW TliRN 606hdvihd eBngRte AAnndl€%?! tang i N
a negative voltage at term nal 44.

defined by line regions 66, 68 interconnecting region 50 with regions 52 and 54. An

insulative line 70 wholly separates region 52 from region 54. An insulative line 80

15  has line regions 82, 84 which define elongate channels 86, 88 which permit current
flow between region 56 and regions 52, 54. Terminals 40, 42 are respectively

connected to regions 52, 54 so that an alternating voltage exists in these regions.

Terminal 46 is connected to region 50 and terminal 44 is connected to region 56.

20 Thus in operation with a positive phase applied to terminal 40 and a negative
phase to terminal 42, current flow is encouraged through channel 62, but inhibited
through channel 64. Channel 86 will be depleted since the voltage in region 56 will
be negative relative to the positive voltage existing in region 52. Channel 84 however
will however be opened since the voltage within region 56 will be positive relative to

25 the large negative voltage existing in region 54. Thus current flow will be enabled
through channel 62 from region 52 to region 60, resulting in a positive voltage at
terminal 46. Current flow will enabled through channel 84 from region 56 to region

54, resulting in a negative voltage at terminal 44.

- 11-



- 11 WD 02/ 086973 PCT/ GB02/ 01807 When the polarities at termnals 40, 42
are reversed, and a negative voltage is applied to region 52, together with
a positiwowels@age applied to region 54, then in a siml &CTraBwOISro t he
above, channel 64 will be open to provide current flow between region 54
and region 50 to create a positive voltage at term nal 46. Channel 86 wll
5 be opened to enable current flow between region 52 and region 56, to
create a negative voltage at termnal 44. Thus a full wave rectification
action is provided. Thus channel 62 defined by the insulative |lines
corresponds to thgnhetpgeipolfiiies di @RHRInaR 40, 9V Bherséd, Fhdl @mkgativennagd i86
corresponds to the upper ri ght diode, 10 channel 64 corresponds to the
|ower |eft dippls toaegionHiRn tegetien witr 2 pesploved¥oliage wpplied teviegionighthediinde in
Fi gure 8A ri 0, of i n ive.line h ridge
Fect! 11 er crPir LY BY b8 GEALLAD Bl bESHEb bade A B bebldeh

subst ant i al Irygios 587hd fre@sn 50eo deaiegnpesiiveTeiltapaat wiimaf 40.00hasley id6asilland
circuits, and hence greatly reduce the production cost. 15 Referring now
to Figure 9beappened jatcdabls” qusieat lovt Betwesn drgiopyS% apd iregien o & CTEAR @ at i ve
lines on a t r i i it. In

Fi gure 9C, an%ﬂi13 ‘}é)‘%/te efc‘gé%lb?} ‘ﬁﬁsqugi‘h %%Qgéf/\ﬁ& w%gH a&gdnslgg)s raétag into
three areas, 100, 102, 104, each with a respective term' nal 106, 108, 110.
The substrate re ons, 20 ted by insulative lines 112, 114, and

el ongate flow pat wueﬁaﬁwfég slened; g theipsu e e COBFHRBRFS foctle SweerList and
102 and 104 fhgl 40%ighre Ishs U RhLG, bidRfel 89IBRSspbAly 1o 182 uphdt APRY @bken when
a positive voltage }ggl% |e1d to?elthe? of Cterr‘ﬁ%ﬁa so 106ughd g@ 110, the
respect10/e fchawet bémmeiesllolﬂs td 18 mwelr l¢fe doplenentd ehzninkl B4y corespends fd the and
for the p05|t|ve vl mtt ut p inal 108. In
the situat: divePERGRAGSiR Pty B AB8 el 3 oS Ph i deiThie: Bhesi ki <

106, 110, nQJrfde@rreé’tﬂierrmuW 1|s|constructed. This shows that the invention substantially

simplifies the design and manufacture of both devices and circuits, and hence greatly
reduce the production cost.
15
Referring now to Figure 9, an OR gate is constructed solely by fabrication of
insulative lines on a conductive circuit. Figure 9B shows an equivalent circuit. In
Figure 9C, an OR gate facility is provided by dividing a substrate into three areas,
100, 102, 104, each with a respective terminal 106, 108, 110. The substrate regions
20 are created by insulative lines 112, 114, and elongate flow path channels 116, 118 are
created between regions 100 and 102 and 104 and 102 by insulative line regions 120,
122.

In operation when a positive voltage is applied to either of terminals 106 and

25 110, the respective flow channel 116, 118 will be opened enabling current flow and
for the positive voltage to be transmitted to the output terminal 108. In the situation

where negative voltages are applied to both of terminals 106, 110, neither voltage will

be transmitted through channels 116, 118 and therefore the output voltage at terminal

108 will remain low. It is clear that channel 116 in Figure 9C corresponds to the

- 12-



be transmtted through channels 116, 118 and therefore the output voltage
at termnal 108 will remain low. It is clear that channel 116 in Figure 9C
corresponde okosdohe -12 WO 02/ 086973 PCT/ GB02/ 01807 uppercdicrbe/oisv7Fi gure
9B, while the channel 118 corresponds to the other diode. In operation
when a positive voltage is applied to either of termnals 106 and 110, the
respective channel 116, 118 will be opened enabling current flow and for
the positive voltage to be transmitted to the output termnal 108. In the
situation where a logic 5 LOWNvoltage is applied to both of term nals 106,

110, the OUtuggér @bdd Rl Mgl 9B ORniM 'lﬂee cHaRFEH 1 8'&%‘0(\‘?&%&?'%6 itH?:gotHQB"ﬁiBchz.FIingur €

10A, an AND gate facility is provided. Figure shows an equi val ent

circuit. |nopemgtior wheC,a pasitAD ajfage isf mﬂibd ty eitlserpf awindeals HP6 and 1dDythdi ng a
substrate into four are -.. 158, each wi.th a respective term nal 162
165, The suBSPRINE PEYRONL6AHE IR Reme hhLiDE SUrE T 1oy PORRe ang
el ongate fhewgatdhLhanntlied &Bhe okt Ardifdl adBEdn WO siihRBRTWIRSe dilggeRs-
Not e that channel 180 is slightly wider than channels 182 and 184 Such

t hat channelLONSOovobags isckeplied tacknih at teeminats 06, il k& thérautpitrat Fergumad 198 wiitlh a
certain conduct.ance at a | ow bias voltage 15 while channels 182 and 184
provi de a cﬁ%rp%h??%‘ﬁ stic like that in Figure 5 and, for the best, provide
an "ideal" characteristic as in Figure 6. In operation, a positive rail
voltage is applied to term nal 162. \Wen | ogic H GH vol tages are applied
both to term nalRsfergng neweto Figwrediddyas AND gatgiacglity is pyawndsd- FigusesdBB and

the positiv i | i S:ir m tQro . 1. ut
torm nal 168" fhen HEMRBRESayG" TR 36 dhPAND SREPRT R b ROBY B Gy
vol t agelappldivdingtasubsesp aad ifne aeades2 bessrmash ithwaredpdetias edmamad 162s onl y
alittle vol tgge dr o% over it since the diod is_reverse-bi ased and

180.
has a very 1188 gel ek SR CRSIONSATE qreadesl by ‘?Slﬁ‘ia“\)’ﬁlltné‘@y%t' ]t’/.ﬁeab‘éjﬁlpﬂﬂ‘lgate .
termnal wi |fiovﬁ§1tﬁ‘ chQfess 180\ 84 %?olrea@mi&ruqﬁwpdidgfagt NG thst dHafRYd1988- 2Th' S

circuit may e oy NDR, as described below wth reference to Figure 12B
for reachi ngs sbgluly wider than channels 182 and 184 such that channel 180 provides a

characteristic like that in Figure 4 with a certain conductance at a low bias voltage
15  while channels 182 and 184 provide a characteristic like that in Figure 5 and, for the
best, provide an "ideal" characteristic as in Figure 6. In operation, a positive rail
voltage is applied to terminal 162. When logic HIGH voltages are applied both to
terminals 164, 166, the diodes 182, 184 are reverse- biased, and the positive rail
voltage is transmitted through channel 180 to output terminal 168. When either of
20  input terminals 164, 166 has a logic LOW voltage applied, the respective diode
becomes forward-biased and has only a little voltage drop over it since the diode 180
is reverse-biased and has a very large resistance. As a result, the voltage at the output
terminal will be a logic LOW signal. Thus an AND function is provided. This circuit
may employ NDR, as described below with reference to Figure 12B for reaching zero

25 current.
Referring now to Figure 11A, a three-terminal transistor device is shown. The

design is based on the design of Figure 1B, and similar paths are indicated by the

same reference numeral.

- 13-



25 current. Referring nowto Figure 11A, a three-termnal transistor device
is showmn. The design is based on the design of Figure 1B, and simlar
pat hs ar ewondios@aved by the sanme reference nuneral. - 13 WOTEBRBE®H73

PCT/ GB02/ 01807 An insulative line 8 divides the substrate into a left area
10 and a right area 12, which have respective electric contacts 200, 202.

I nsul ative lines 16, 18 extending perpendicularly to line 8 define a
narrow channel 206 extending between areas 10 and 5 12. In addition a
further insulative line 212 extends fromthe free end of line 16 parall el
toline 8 in order to define a further substrate area 14. This area has a
further electrical contact 204. Thus an extra insulative line 212 defines
a side gate regi ém inpgdativering &didisley thesubsiratd méo a Rduarpa 1@ pnd & sehtasea by gat e

of a conventional field-effect . transi r ET). At 3.4diven,yaltage

appl i od o tHETCTae s v ke srBReo bty 1 pdhartindr $8208 %lcA45s,
still shows parpdhdiei@atly kelisd @ deriieas haitowe chanB¥IE 0B ex tddMding el @ drdte 10Vt age
on the side gate, t he threshold voltage of the diode (between term nals 200

and 202) i s 1Zunadadditiay affpither inndatiisviinee2 b axteeds Eger tedregsend of Bae i th a
tuneable t |.g, \.C y..t.h [ [ 11B.
158 nce t hanEnRde g Fin eGP dbfind ERIFRERIRH,@brdd 'y YD Bten s GOBAEE |0
greatly tuskGtreyl eghyi20d. eThuelahagxeracinsiilinévesiinte2 phtiefines eside ghteareglono has
the functionality of a field effect transistor. This enahl es %&im%gsign
of, for exanptelNeasigngrie teaminpl Qs is sigiler togthesats ofcp GamyrgtiRest fi ECINOR,
XOR gat es, : } hi | G O S AP h MR - or

i nversi on cg%g l?tf)ﬁlilﬁlf)é Ag:}o%it/%{eg&ﬁ%%i%@g?&s ?dglhhegét? aﬁézagat\el’ollrﬁté age %ﬁggﬁv%?rt he
out put 1t0er mtarminalsT2R0 aeidfi2rtillisboweh deoddildatehetactesstic. dodvever, dpyasting thel enent

provi des buffer elenments for logic circujts, and enables cascadi or

| arger ci rcﬁf’]tt%g.e %h ed%@? gue 'Qﬁghrﬁéqoé Val'tﬁg ei‘ﬁocﬁa@ﬁ?@e“émﬁg@@h to

CMOS  whi chah@ 202 fs&lhddY THERE e, YRR @RviCE Wal BWREAQIUSH P HI0AB with a tuneable
threshold, which can be represented by the symbol in Figure 11B.

15 Since the conductance and hence the current of the channel 206 can be greatly
tuned by applying a voltage on the side gate, the device also has the functionality of a
field effect transistor. This enables the design of, for example, a whole family of logic
gates including NOT, NAND, NOR, XOR gates, etc., with high efficient and low
power consumption. A NOT or inversion capability is provided by inversion of

20  voltage at 204 at the output terminal. The combination of a diode element and
transistor element provides buffer elements for logic circuits, and enables cascading
for larger circuits. The devices and gates are NMOS in nature, as opposed to CMOS

which is currently used: hence low power consumption.

25 Referring to Figure 12, there is shown that for certain dimensions of channel
(here length 1 micron, width 50 nm), a pronounced negative differential resistance
(NDR) characteristic is exhibited under the reverse-biased condition at room
temperature. In other words, in a certain voltage range an increasing of applied

voltage results in a reduced current. NDR devices are widely used as the central
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25 Referring to Figure 12, there is shown that for certain dinmensions of
channel (here length 1 mcron, width 50 nm, a pronounced negative

di f f er entwalo2ne®irst ance (NDR) characteristic is exhibiteecarchon/oite
reverse-biased condition at room tenperature. In other words, in a certain
vol tage range an increasing of applied voltage results in a reduced
current. NDR devices are widely used as the central - 14 WD 02/086973

PCT/ GB02/ 01807 elements in high-speed electronic oscillators. The speed of
oscillation may be 100's aof Giz, even THz._ An oscillator circuit sed on
a NDR devi cé&lqmendy, g'i“ﬁpfl@?igﬁ!ﬁcémﬁ.OSR“&F%ﬂeTﬁ%SH%é,Of&FCIﬁﬁ‘é"“r 'a@)'nbgﬂg in
Figure 1, isgrepngedeegin parallel with a capacitor 132 and inductor 134.
A vol tage source 136 provides power. Oscillatory signals are generated
across load 138 and the diode. In the case when the oscillator operates at
very high frequengies,, the . generated m ve can be radi at directly
fromthe surface’“bf’scf]tl?éoracégﬁ“btg’.as%ﬁ?rég}@@gg’lﬁ? 1§ 0\‘7’in',“81'q eglg.vé"d'm s in
GHz regiqres, 38Nk @8 €orml howHEM EARDI, & échndSedifParshd v 4 64patidér PPOIN@ANI CS
applications. Referring to Figufe 16, a photodi ode 160 form ng a further
embodi ment ofduck 13hveht voltagessaineswd 36 cprevides gamey:, Oserllhtary signals ars t hese

f Fi 1 bei d d f | . ..Jh h di.od
el oys. ¢ ho SUUREA AL HRac® o e T THEHR BT EpectlF B Bt 11 on

and wher e elvegf hipghsfréqiRngies) ahatgeferhie@hichevavéadaansee rddpdiell anectlyenvm tehi nd
hol es. Generated holes reconbine with el ectrons and generate |light. The

aval anche efdage ofdhgdgvise. ohdtisdiseiibin YHE WHF @s pyedl| ag in GHzglegimes oanel anged,
and the,qfli o V@ ' el he channel direction
at oneldejnd%g?rp%’%g&bg%%a%glﬁ %Leg\?ﬁ%ﬂeﬁgﬁ{]{)}b@f Q?Il?#elfa?l?%rfsd in region 162 is
sufficiently great 20 that el ectrons |eaving the val ence band collide with

other electrons, farcin hese electrons also to | eave the val ence band;
hol es undergo a Sﬁq%;rpag?(bhgggslsﬁ,, al‘Pi‘ﬁLOéh %é%oémlaﬁéﬁ\ém%q‘fe diment of the

invention is shown schematically, similar parts to these of Figure 1 being denoted by
the same reference numeral. The photodiode employs the avalanche effect, which
15 occurs in a reverse-biased condition and where electrons are generated from the
valence band and leave behind holes. Generated holes recombine with electrons and
generate light. The avalanche effect normally occurs when electric field is very
localised, and the diode produces a very localised field along the channel direction at
one end of the channel. The intensity of the field in region 162 is sufficiently great
20  that electrons leaving the valence band collide with other electrons, forcing these
electrons also to leave the valence band; holes undergo a similar process; hence the

avalanche effect.

Figure 14 is a schematic view of a rectangular matrix of elements, each

25 element comprising a photodiode 160 as shown in Figure 16. The photodiodes are
addressed by row address lines 144 and column address lines 146. This provides a
randomly accessed light-emitting source array with the advantages of easy and cheap
fabrication as well as easy integration, very large arrays are practical. Whilst a

drawback is the possible low efficiency of light generation, in those cases when this is
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Figure 14 is a schematic view of a rectangular matrix of elenents, each 25
el ement conprising a photodi ode 160 as shown in Figure 16. The phot odi odes
are addrwegeadsdyy3row address |ines 144 and col um addr es®dricme/0ish8. Thi s
provides a randomy accessed light-emtting source array with the

advant ages of easy and cheap fabrication as well as easy integration, very
| arge arrays are practical. Wilst a drawback is the possible | ow
efficiency of |ight generation, in those cases when this is - 15 WD

02/ 086973 PCT/ GB02/01807 not a bi g probl em whereas production cost or

i nt egr at i onndenbig problem Vherepapradidionaest ortipjegration depsitycare ¢he maiptiFWRs. The
advant age of, .Fi.gur i e i i f] i f.. lndjvi e

phot odi odes?hlgﬁggi Pﬁ%%‘%hﬁ (F&?ogvﬂgnaqugd(}% engpg%régég T ie!rll%s{)ylégﬁl é%artlgnl
represents andividealphacidicias, ave fisdividuglfrowiagd celulh addhss Enédhe el ectri cal
connections of each photodi ode 160 are integrated with address |ines 144,
146. Thus each photodi ode el enent has insulative trenches 150 extendi ng

t owar ds qan associ | 4 [ I e

connect isgn t her e?gé@?és g%ﬁ%tmrﬁ 3? gﬂggz)?a()chkaivg%l%%@ﬁg%ggb |ﬁ% etﬁ(ﬁ%lg%g%%l has

i nsul ati ve toemctiess dtehcke phandiodg 16@azridegetedl ith addressdired 1ddnW HddFless | i ne
144, to provide elecgtrical cggnect'qn theretg gia S bstratg region 156. In
Fi gures 14 &Ad Ahetodigde clementhas ipsplalivptiongies §pU gxienging towgrds, an assogiaiedct or
material, t Qe SRRIEE Bhi 3k6 2k HoCideRSIdAl Sorfie@fonaAEBiNiad8bsirhR BhfdRe, as
di scussed above the individual devices are very sensitive |ight because of
t he narrow dbanniéichaphbtodieded eleintanhay wiselapie ttieachagr Fdcextondingh¢owiarde apf t he
channel ,. such an arra ul d_al be useful faor, light. detection with high
cpat | a0 T eatam o taddRes finf 1308 S el souibiing T Slplldi " To
det ect spat ir@ljon #8b.di stribution of e.g. nolecular concentration. Gven the
exanpl es above, the devices and circuits of the invention have a

In Figures 14 and 15, the address lines may be of metal or of a semiconductor
material, the same material as the substrate 2 of each diode.
15
Since, as discussed above the individual devices are very sensitive light
because of the narrow channel and the dominant role of the surface on the side of the
channel, such an array would also be useful for light detection with high spatial
resolution. Also it can be used when immersing in a solution, to detect spatial

20  distribution of e.g. molecular concentration.

Given the examples above, the devices and circuits of the invention have a

number of obvious advantages from device, material, and circuit points of view.
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nunber of obvi ous advantages from device, material, and circuit points of
view. - 16 WO 02/086973 PCT/ GB02/ 01807 Device point of view Conpared with
a conventwormalos@rode, the new devi ce concept has a nunberCafGRIRWISHAS
advant ages, such as 5 Sinple: meking devices by just witing lines (or
trenches) as showmn in Fig. la, Cheap: only one fabrication step needed,
no nmultiple-mask alignnments, and therefore suitable for using, e.g.,
nano-inprint technique, Can be reproducibly nmade: The device feature size
can be designed to be 10 larger than 30 or 50 nm so it can be nade
reproduci bly and reliably. Good device/feature size for next 10 to 20
years: The devi cpdviatpift sfiviéw IS between 10 to 100 nm and the device
size fromabout 50 to 1000nm Hence, it neets the requirenents for the
next generation of |GuprgdCeyvitisa qonaehticmeld dingde;' thet sewaddvinsaronrepthhed egy
Roadmap for Sem conduct or sf" b 15 Ngt eri al Fi’ int of view Since the working
principle does not FEgret € %Vt’ﬁuﬁﬁ A R L R ty, SSDs can be readily
made on standard §i lgigeR: WHkfeSdevides By Rt WRLAE I1AkS (SUGEhcASs) @, shotwdAs. | NP,
InAs. Circuit point of view 2 Making circuits in one step: The above
shows sone of the eXagylaes where dark lines are e.g. etched trenches,

i ncl udi brid tifier, e b | yi C | t to th
upper and Lover t Br dihearson e B Gat et el el s B Peit  and
right termnals, b) jh@ehetefoR suithblwhbaRing e 8NYafS-impiiR dBhiqutwo i nput

termnals is applied with a |logic high voltage, the output will 25 have a
| ogi ¢ hi gh out pute |Gandwtdeprodue add: e davicevfdaturasizeicam bé designed tadde by

10 larger than 30 or 50 nm, so it can be made reproducibly and reliably.

o Good device/feature size for next 10 to 20 years: The device feature size

is between 10 to 100 nm, and the device size from about 50 to 1000nm.
Hence, it meets the requirements for the next generation of logic ICs as
predicted by "International Technology Roadmap for Semiconductors”.
15 Material point of view
e Since the working principle does not require a high electron-mobility, SSDs
can be readily made on standard silicon wafers, or other materials such as Ge,
GaAs, InP, InAs.

Circuit point of view

20 e Making circuits in one step: The above shows some of the examples where
dark lines are e.g. etched trenches, including a) bridge rectifier, where by
applying an AC voltage to the upper and lower terminals a DC voltage is
generated between the left and right terminals, b) logic OR, in which if any of
the left two input terminals is applied with a logic high voltage, the output will

25 have a logic high output. In both cases, devices as well as circuits are made by
just writing/etching lines in one fabrication step, rather than making dopings
or gatings, etc. in multiple steps requiring precise alignments.

e Complete logic family: Other logic elements such as AND and NOT have

been designed. Therefore, a new, complete family of logic elements can be
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just witing/etching lines in one fabrication step, rather than nmaking
dopings or gatings, etc. in nultiple steps requiring precise alignnents.
Conpl et e Wognmsdasri | y: Ot her |ogic el enents such as AND ardThNB2/0#80¢ been
designed. Therefore, a new, conplete famly of logic elenents can be - 17
WO 02/ 086973 PCT/ GB02/ 01807 nade. Based on these basic |ogic

bui | di ng- bl ocks, one can in principle construct fully functioning,

Si -based, logic circuits |ike adders. Another noticeable advantage is that

the logic voltage |ev can be easily tune t that of,. for exanple,
the standard cvOS! er?%??ﬁP"SSwﬁ%ﬁpgﬁe#§uﬁgﬂﬁ%@&%ﬁﬁﬁ&aﬂﬁzﬁgﬂew BBRERpt i on
The device uses gopafR: fenATaRitiond, Hbagdnasgit QircaHE Nt ad®¥e! SAnother

Experinmental |y we have tuned the current [evel down to nuch |ess than nA
si nply by changi mgtiesablecidaaniage isvhaiithe logic vodieedhlexel carfhecrsily uned ta megt014, a

typi cal mcroprocessor, Wil econsi |l ogi c el enents. Even with our
current initial §%§P§JSE@PH%&%@%aﬁ&ﬁ%ﬁi?ﬁﬁﬁpgS%@%nption is less than 10 W
nuch | ower than expealRdidwe tehtind addPoWer conskBnplion0Ahe8&ITc2 Med/ L 8iwd-01807

CLAIMS 1. An electronic circuit conponent conprising a substrate supporting
nmobi | e 5 char ge cbaimel endshericadab dew verertdevela Expsrimsatally whbavebaed tee
surface to define firs n sec substrate i ther .si t he

i nsul ative feat urcgg?mt e\e'é}i %os“(ﬂ at ?@%hf fég LhragsnA %ﬁ@ﬁgﬁﬁﬁﬁg&% thgn %Is"(e?éclond
regi ons whi ch ar evipmsittha®Bech &lpested ttitat @N20 BN atisital ivicroppfaesd vapaovisigo as
to provide an elon%atg channel , which provides a charge carrier flow path
in the substrate of ASHY tIRgicelamants Fygn tdthiqye cusemipitiah eeviceinie 1l PRYEI n
said elgnoate chagehmdidondl ERIHLLIG% ARMEALKRNGSH cRpleledbali s war anet er s

of the charge carrier ow pat h are dependent on a potentra ference
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between said first and second areas. 2. A conponent according to Claim1,
wherein the circuit conponent conprises 15 a diode. 3. A conponent

accordi ngwoo2@s@7srs 1 or 2, wherein the length of the el orgataBo2obnnel is
at | east about 100 nanonetres. 20 4. A conponent according to any preceding
claim wherein the width of the elongate channel is |less than 500nm
preferably | ess than 100 nanonetres, and preferably about 30 to 50
nanonetres. 5. A component according to any preceding claim wherein the
insulative 25 features are defined by first insulative |lines separating
said first and second substrate areas, and second insulative |ines
extendi ng atcagopveggl e to the first insulative lines and defining said

el ongate channel. - 19 WD 02/ 086973 PCT/ GB02/ 01807 6. A conponent
according to any preceding claimwherein the elongate channel extends into

| f the fj d d_substrat that said first .and
Second 1 egi dns. arth BESGLE Tbod STOMRIGY CAPEHTy® HotHLS ORGPy T o

ful'l wave reahdghicBfriesd, ifsuldtive WEHREBE Forfhed WAThE SiRtrb@ WiuédIROddpive ifitgUnat | ve
lines into at |east four areas each having a respective el ectrical

ternminal , arsecaadenbgitate achnpmeitker gide of dhetnsihabys fogtuses, deedinpyatdve) fgatures

i nsul ative l.ines between, said,.four areas | or.der .t reate diodes, each
i ode bel ng "ATEPRTIRGERY, S8l 1880 S A 4 etiETia o BObG. BAE HEat Ton
action. 10 8pacdd dpRt3at® toi provide anvdieigaienctanfelpsihicht grovidlesliavohded daftie at

| east three regions by insulative |ines, a first region providing a first

i nput t er mi AW path geibie substiaty fsem the G5t yemtp the swopdar@nd® terninal, and a

third rggion proydi i nal g : t | 5.1'S
pr ovi deggbet weenV’t‘ﬁaé:lhg]gfs?l{rhstg Bﬁlg%{% Oéggglfﬂgéqgg"a@?{lﬁ r ?@g?@%@eg SRANRE the
parameters of the charge carrier flow path are dependent on a potential difference

between said first and second areas.

2. A component according to Claim 1, wherein the circuit component comprises
15 a diode.
3. A component according to Claims 1 or 2, wherein the length of the elongate

channel is at least about 100 nanometres.

20 4. A component according to any preceding claim, wherein the width of the
elongate channel is less than 500nm, preferably less than 100 nanometres, and

preferably about 30 to 50 nanometres.

5. A component according to any preceding claim, wherein the insulative
25 features are defined by first insulative lines separating said first and second substrate
areas, and second insulative lines extending at an angle to the first insulative lines and

defining said elongate channel.

- 19-



15 second el ongate channel is provided between said second region and said
third region, each channel providing a diode according to Caim2, whereby
t o enabl ewourngdws f | ow bet ween the regi ons upon appli cati ecTadBoappsopri at e
voltages to the input termnals, whereby to obtain at the output term nal
an output voltage reflecting an OR characteristic. 20 9. An AND gate
circuit, wherein a substrate is divided into at |least first, second and
third regions by insulative lines, a first region providing a first input
termnal, a _ secopnd region proyiding a second jnput, termnal, and a third
regi on provi%ing r?omgg?eﬁ‘ﬁ?&fo %&gﬁ%%{ly £§°8‘ﬁag glar r qergp%%%pgg%ﬁaw is
provi ded betdesiastife dily She 'oEdh® Firdnhdt R€odd bubdirhRHrOA, so B1af s@d TREORSH

el ongate channel is provided between the second region and the third

regi on, eaclseednshRaionhHAIe eKBEPSEd (@a dPlbaRe cAisting il thg one atdRai m 2; - 20 WO
02/ 086973 PCT/ GB02/ 01807 whereby to enable current flow between the
regi ons upon application of appropriate voltages to the first and second

i nputs, Swherrby tA felbhave ratifieheiraiit, Mheredi a Qubsdidte is\dvitledpy ihlagoé tings an
AND characteristic. 5 10. A circuit according to Claim?9, 1ncluding a
fourth substiPie & leayi loHr gesayicagh having & stspagieverdeqtrigal deroinne end elengaiai d

third regi onphy, 40,8l s%ﬂ:gﬁ{'(ﬁg %?@J]Hé‘d ﬁga?c}&iir%g%gv@ lin?@%%@tpgaiﬂct?gxr %eghgmt 0

claiml1l and serving as a resistor. onent accordi ng aim1 or

2, wherein tdrderetoanemd diodbsyrenet dicgle henly asldaittedtin aClamgdf forepravitiingraefiili al

resistive characteristic is provided. 12. An oscillator circuit, including

one or nore YRSIESHICAHNMEBNts, and a conponent according to claim 11. 15

13. A cgyponent according to aim2 formed as a phot odi ode, wherein the

di mensi ons of said channel are such as to create a region wherein aval anche
8. An OR gate circuit, wherein a substrate is divided into at least three regions by

insulative lines, a first region providing a first input terminal, a second region
providing a second input terminal, and a third region providing an output terminal;
a first elongate channels is provided between said first region and said third region, a

15 second elongate channel is provided between said second region and said third region,
each channel providing a diode according to Claim 2,
whereby to enable current flow between the regions upon application of appropriate
voltages to the input terminals, whereby to obtain at the output terminal an output
voltage reflecting an OR characteristic.

20
9. An AND gate circuit, wherein a substrate is divided into at least first, second
and third regions by insulative lines, a first region providing a first input terminal, a
second region providing a second input terminal, and a third region providing an
output terminal;

25 and a first elongate channels is provided between the first region and the third region,
and a second elongate channel is provided between the second region and the third

region, each channel providing a diode according to claim 2;
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br eakdown occurs upon application of voltage such as to generate light. 14.
A matrix array for light em ssion, conprising row and col um address |ines,
20 wher eiwoaaobeoes emrent of the matrix is a photodi ode accecaiGrp2080C ai m
13. 15. A conponent according to Claim2, arranged such as to generate a
detectable current when exposed to light or to a nol ecular species in
solution. 25 16. A matrix array for light detection, conprising row and
colum address lines, wherein each elenment of the matrix is a conponent

according t thgegly% %:éablé 2c%rrent flow between the regions upon application of appropriate

voltages to the first and second inputs, whereby to obtain at the output an output

voltage reflecting an AND characteristic.

5 10. A circuit according to Claim 9, including a fourth substrate region serving as a
voltage rail and connected to said third region by an elongate channel providing a

component according to claim 1 and serving as a resistor.

11. A component according to Claim 1 or 2, wherein the elongate channel is such

10 that a negative differential resistive characteristic is provided.

12.  An oscillator circuit, including one or more reactive components, and a

component according to claim 11.
15 13. A component according to Claim 2 formed as a photodiode, wherein the
dimensions of said channel are such as to create a region wherein avalanche

breakdown occurs upon application of voltage such as to generate light.

14. A matrix array for light emission, comprising row and column address lines,

20  wherein each element of the matrix is a photodiode according to Claim 13.

15. A component according to Claim 2, arranged such as to generate a detectable

current when exposed to light or to a molecular species in solution.

25 16. A matrix array for light detection, comprising row and column address lines,

wherein each element of the matrix is a component according to Claim 15.
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