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rel ates to nanoel ectroni c devices, enploying the properties of electrons at

- smal | dinmensions of the order of nanonmeters. 5 By way of bgckgqmu?mr%it_ i's
nm, i

wel I knowydf3abesgt atom c or nol ecul ar dinensions or nanoneters
suitable materials, the transport properties of electrons change
remarkably. In order to achieve high electron nobility, w thout scattering,
so that the electrons have a long nean free path, (i.e. the el ectrons may
be regarded as ballistic in 10 their flow paths), it is usual to form what
s knowmn as a two-dinensional electron gas (2DEG. One way of achieving
this is shown in Fig. 1A wherein a very thin layer, s100nm of Al GaaAs 10,
is formed on a layer 12 SOHEWE‘HEQ’”#QNI,CQE X8 having inpurities 14.
Layer 12 is formed on a substrate 16 of high purity. As shown in Fig. 1B,
the energy levels for electrons have a "well" at 18 at the boundary between
the | ayers T8e pidsertZinvdntiontrelates t6 roanodletrpsie dievivps, rentpleyingl thet prapestiesr of nt o
well 18. In this regiqn,. electr?s av uanti sed energy states, along the
di rection oPleEFWh,gn SO P Trj’(?r?&pq’rﬁ PEE™S: path in the plane of the

| ayers, geveral microns long. This figure is applicable at tenperatures
close to absolute zero -- as the tenperature rises, so does the anount of
phonon scat Berwagef hirkgtounddit de svellHenommathal atettonpist ¢f. molpcylgrodimensionsy ofct ur e
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forms a quardmuikad®). In deder Ge aviitve EER eByirde wRbRity Svitioavwratterinig gotlat 22 | n the

quantum wel]l -region 24 the el ectrons have | ong in-plane an free. paths.
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formed Ry SuiER tow paths), it is usual to form what is known as a two-dimensional electron gas
(2DEG). One way of achieving this is shown in Fig. 1A, wherein a very thin layer,
<100nm, of AlGaAs 10, is formed on a layer 12 some microns thick, of GaAs, having
impurities 14. Layer 12 is formed on a substrate 16 of high purity. As shown in Fig. 1B,
the energy levels for electrons have a “well” at 18 at the boundary between the layers 10,

n

15  12. Electrons from ionised impurities 14 transfer into well 18. In this region, electrons
have quantised energy states, along the direction of growth, and a very long mean free
path in the plane of the layers, several microns long. This figure is applicable at
temperatures close to absolute zero — as the temperature rises, so does the amount of

phonon scattering, which reduces the mean free path.

20
Another structure for achieving 2DEG is shown in Figure 2A, wherein layers 20, 22 of
nP have formed between them a very thin layer 24 of GalnAs, about 20 nm thick. This
forms a quantum well device with energy levels as shown in Figure 2B. In the quantum
well region 24 the electrons have long in-plane mean free paths.

25

The so-called quantum point contact is of interest. A point contact is formed by simply
pressing two metal parts together to permit current flow through the point contact thus

formed. A quantum point contact is formed as a narrow constriction in a material,




pressing two nmetal parts together to permt current flow through the point
contact thus forned. A quantum point contact is fornmed as a narrow
constriction in a material, WD 02/19436 0 1 MAR 2005 t hrough which el ectrons

may fl ow, “I‘ﬂ?' 1.dt h of the constriction being conparable to,the Ferm
h o 1}6‘4}3& golj

wavel engt electrons in the material, and nuch |es I‘MARtZﬂ%r mean
free path. In such a contact, quantum nechanical effects are exhibited. For
exanpl e, the quantum point contact shown in Figure 3A conprises a narrow
constriction, or saddle 5 point 32, of the order of 10 - 100 urn w de

bet ween two snmoot h convex barriers 34. The barriers 34 bound a region 36,
in which the Ferm_ wavel ength of the electrons is about 50 --_ 100 nm The
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selectively into the two br es of the Y, under, the_ influence of
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device in which the br hes .of , the, Y ar used . to supply and draw current
fromthe deW‘BE‘i’n‘ﬁ’f‘rd ‘ﬁ&grle’éccﬁ‘?&eﬁ hgﬁca&?t%nilﬁgﬁegﬁ’egn %%E’égﬂoéﬁ o uc?sn% st em
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in the linear-response regime has the form of a “stair case”, rising with the chemical

15  potential difference, p, in the reservoirs, as shown in Figure 3B.

The electron Y-branch switch (YBS) is a device in which electrons injected from the
stem of the Y flow selectively into the two branches of the Y under the influence of an
electric field. The properties of YBS and similar devices have been studied — see for
20 example Applied Physics Letters 60(2) 13 January 1992, pages 237 — 239 “Analysis
of an electron —wave Y- branch switch”, Palm and Thylén. When made small enough, a
YBS can be considered as a three terminal device in which the branches of the Y are
used to supply and draw current from the device, and an electrochemical potential is
measured at the siem of the Y — see IBM J. Res. Develop. Vol. 32 N° 3, May 1988, p.
25  317-331, “Symmetry of Electrical Conduction”, M. Biittiker. In the linear response
regime, for a symmetric device, the electrochemical potential in the stem is a simple
averzige of the electrochemical potentials applied to the left and right branches and, thus,



25 317-331, "Symmetry of Electrical Conduction", M Bilttiker. In the |inear
response regine, for a symmetric device, the el ectrochem cal potential in
the stems is a sinple average of the el ectrochenical potenfilaMARaMiifi ed to
the left gnrfodggt branches and, thus, 2 0 1 MAR 2005 WO 02/ 19436 the
measured voltage at the stemw || be zero when the applied voltages at the
|l eft and right branches are equal and opposite. DE-A-19757525 di scloses a
rectifying arrangenent conprising a triangular-shaped 5 etching at the
junction between collinear current flow paths such as to induce a rectified
voltage in a path perpendicular to the current paths. SC ENCE, Vol unme 283,

19 March 1999 "An adi abatic quantum el ectrqon punp".. Swi.tkes , _reports a
quant um punfieraeaREesh xpiagmat fhstest Uﬁtb"e%erﬂ)@’%(?ﬂ ,E‘)lpeg%phgfv@%ggsoqtﬁéegéhi Ay esponse
to a cycli Cg@@fbgﬁm‘fsia@e@h&%g?&%i ning potential in an open quantum dot.

|

US- A- 5, 369, scloses™a construction of quantum sem conduct or device
wherein the output is substantially free of scattering effects.

US- A-5, 270, 557 . di e uantum.1l5 point coptact .provi ded w ont r ol
el ectrode oi’iFAa?zgﬁgﬁs&F‘ﬁ‘&sg?oanr‘?fgbﬁn%wnb%ﬂtcgﬁpgm%ﬁ izaagglé%%gﬁfscl oses
a nano fabr LeRhedt 1he Jinfetisle béthBerCQMicas benOBNWTHRLhE sedhl ds)o indaedd Rdtificdant um
poi nt contacts providing nultiple logic |evels. EP-A-0461867 discloses a
refracti on ¥eltagein patiyperpendinwlas toibe gEEmt PHBS-quant um poi nt structures to
provide a switching action. 20 Summary of the Invention It is an object of

the present invention to provide a novel electronic device, of nanonetric
di mensi ons. SZTENCE, Volume 283, 19 March 1999 “An adiabatic quantum electron pump”

Switkes et al, reports a quantum pumping mechanism that produces DC current or
10  voltage in response to a cyclic deformation of the confining potential in an open quantum
dot.

US-A-5,369,288 discloses a construction of quantum semiconductor device wherein the
output is substantially free of scattering effects. US-A-5,270,557 discloses a quantum
15  point contact provided with a control electrode over the constriction area of the contact.
EP-A-0626730 discloses a nano fabricated logic device comprising asymmetrically
coupled quantum point contacts providing multiple logic levels. EP-A-0461867
discloses a refraction structure positioned between two quantum point structures to

provide a switching action.

20
Silmmary of the Invention
It is an object of the present invention to provide a novel electronic device, of nanometric
dimensions.

25

In a first aspect, the invention provides an electronic device comprising a region
providing ballistic electron flow, and at least first and second conductance paths
providing electron flow to or from said region, each path having a conductance which

varies as a function of electron energy therein, means for applying an external potential to



In a first aspect, the invention provides an el ectronic device conprising a

region providing ballistic electron flow, and at |east first and second

conductance paths providing electron flow to or from saj i each path
A ol 2,

havi ng a gfgnce which varies as a function of ele t herein,
means for applying an external potential to 3 WO 02/19436 0 1 MAR 2005 one
or both of the conductance paths, and neans for sensing a potenti al
developed in said region. In accordance with the invention, a potential is
devel oped within said region, which is 5 determned by the states of the
first and second conductance paths. In accordance with the invention, there
usual ly exists a non-linear relatjonship between the applied pg{{}ignt_i al and
sensed pot evieicrboth the copdnctangs pathsy, gad meas fprsensipghpqisntiabdeveloped v saidn g
potentials ¥n be applied of the order of volts, and sensed potentials may
be of the order of volts. This is to be contrasted with prior art devices
operating in a linear regine, where the potentials 10 are, at a maxi num of

the order of mllivoltsg. The sensed potential nmay be .enpl.oyed tq.influence
the oper at i Brcserdagee %H’E’VCHB%@\QI?OQC“E@PW %VGIB@%J@@B’P irg]‘ggdg%%‘f’d" _, B to
this ends t hgGaidialy the YiaRB o e 8t adlt dcBend QnBudinca path€ Nl aRBERWINdE RGtha pr obe.
It may however be diffficult in practice in sone circunstances to sense 15

t he pot ent i te inventiong etk viually existh2 npe-dinesn relatipnsliip betegercihe appliedzpotestial

specific form of the inventi her e | | d e | G ice
conpri sing 3{&}581&% ROtﬁ?tb%“l ‘hsgﬂ%%%ﬁ $ Fll@%(sa e%%{érno%gfﬁa%ﬂﬂ eé\%ﬁdf %?éq%glgs first,
second and bé dpplied 60the oRieAoD®lBAdNISeeo poidhiiuls mbebd obhe bidemof wisr Thisom sai d

regi on, each conductance 20 path, having a. condyctance whi.ch yvaries. as a
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potenti g tge QG nDkinilh Sof e dril of pABYSIANCE paths, and nmeans for sensing a
potential, or paraneter related thereto, at one or nore of the conductance

paths. Under usual operating conditions, there exists a non-linear
rel ationshi '?hebgetns%ep%u%'ﬁm I!ng)gbe employed to influence the operation of an adjacent device,

as will be described below, and to this end the central region may be in the form of a stem
providing a probe. It may however be difficult in practice in some circumstances to sense

15  the potential developed within the region.

In accordance with a more specific form of the invention, there is provided an electronic
device comprising a region providing ballistic electron flow, and at least first, second and
third conductance paths providing electron flow to or from said region, each conductance
20 path ‘having a conductance which varies as a function of electron energy therein, means
for applying an external potential to one or more of the conductance paths, and means for

sensing a potential, or parameter related thereto, at one or more of the conductance paths.

Under usual operating conditions, there exists a non-linear relationship between applied
25 potential and sensed potential or parameter related thereto. The conductance is a Linear

response conductance in which the conductance value G=L'V.



25 potential and sensed potential or paraneter related thereto. The
conductance is a linear response conductance in which the conductance val ue
G=1IN 401 MAR 2005 WD 02/19436 Said external potentiaf) WMAR 9%l !y be a
vol t age, 00@) E&rochem cal potential, but other sources of energy

potenti al e envisaged. Simlarly the sensed potential will normally be
a vol t age, or el ectro-chem cal potential, existing in the conductance path
renote fromsaid region. 51t is convenient to describe the device of the

i nvention, and to perform neasurenents, by neans of the el ectrochem cal
potential, since this can be precisely determ ned. Electro chem cal

potential is a potentlal related to chem cal potenti a) addjtion of a term
-eV, vvhereSm extgrnahpotential yall ysually beacltagss or glgetrop h?@cﬂh@%’ﬂﬂi H’é othe| tage

Chem cal t . dN =
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Potential s ﬁdrmanys bald yolapg! dredecemdhamivakepotential, cxating Ilmdler mndutémp\p@ﬂlr s,
existing at electrical, 15 contacts on the outer ends of the conductance

pat hs rermt@mfolt 3§06 58499 on providing ballistic electron flow, where it is
sinmpler,sas a matter of practice, to performsuch operations. In such
reservoirs, there exists a |ocal electro-chem cal potential. Alternatively
or in addi tltmommanmdwqfkgésww tbéemagplone@d te peréqspy meAsuEeRSNENduct i on

of conduct ance p ate Cog:
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forms a)fer Bnal-Qint® terhynSbic @mitity: OW. VoI tages and currents can be

udN = dU + pdV — TdS

where the terms have their usual meaning in thermodynamics.

Potentials are usually applied and sensed in local electron reservoirs, existing at electrical
15 contacts on the outer ends of the conductance paths remote from said region providing
ballistic electron flow, where it is simpler, as a matter of practice, to perform such
operations. In such reservoirs, there exists a local electro-chemical potential.
Alternatively or in addition, external voltages may be applied, to control the conduction
of conductance paths, on gates positioned close to but electrically insulated from the
20  conductance paths. Such gates operate by modulating a depletion region within the
conductance paths. Application of external voltages alters the energy of electrons injected
into the conductance paths and induces current flow through the paths. Thus each
conductance path forms a terminal or port for current flow. Voltages and currents can be
applied and monitored at such terminals or ports. In some applications, current flow may
25  not necessarily occur through the path, but a voltage developed at the path may be

monitored or employed as a probe voltage.



applied and nonitored at such termnals or ports. In some applications,
current flow may 25 not necessarily occur through the path, but a voltage
devel oped at the path may be nonitored or enployed as a proheMAR!2068e. 5 O
1 MAR 200902/ 8¢s19436 External electrical contact is nade to the

conduct ance paths of the device of the invention by contacts, in per se
known manner, to permt current flow and application of external vol t age.
The contact acts as a | ocal reservoir for electrons, and this is the
operative reservoir for the purposes of influencing the characteristics of
the device. 5 In a further aspect, the present invention provides an

el ectroni c device conS|st|n% of a region providing ballistic electron flow,

and at | easExternal elegtriepl @@M&W@éﬂ%\@%ﬂh& thedevage,of theripysption, or
fromsaid reggi. e t serv0|r
of el ect rong | ﬁ“% ’| ggﬁetq%lrﬁ?pwg?gry Ei qﬁlﬁ Et{)t?cf%%&% E?ﬁr?g Jat tc‘)aggt

el ectroc henwo]@lge.pdﬂcermnﬂct agisds melaca r&snrvoapjbk eienigorfsi asd thmds thecapathtiveol t ages
to respective ervoirs, th i rst d.secon aths .bei ng such that the
conduct ancer?fﬁ‘i"ﬂ'é qrdhe WF?%ﬁ“ﬁW"BWgt %@ﬁta@%@ﬁofﬁ egfACe 1 st and second
pat hs i ssdependent upon the applied voltage, whereby to create a non-Ilinear
rectifying or transistor action for electron flow through said paths. 15 In
a still furherﬁnéhqmenecwhc Dresent invsntion provides am eleetranit dwm%cqn@vﬁmgeofa
consi sting n [ St

first, seco(rill)(fl (%n%fggﬁl%lgd) aglgﬁduﬂ%tg(%‘cg(% % eagtl Ergﬁt ‘{eng{]sreé An(&"%o ﬁktqm%
regi on whi clforagletronl flowt tbak Htofiesatd aegﬁ@t\smf;iowueesadhthpamhre&xxsmse&eewmpaﬂﬁi
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second and third paths being such
reservoirs, the first and second paths being such that the conductance value for electron

om sai d

flow through each of the first and second paths is dependent upon the applied voltage,
whereby to create a non-linear rectifying or transistor action for electron flow through
said paths.

15
In a still further aspect the invention provides an electronic device consisting of a region
providing ballistic electron flow, and at least first, second and third conductance paths for
electron flow to or from said region which are such that there exists for each path a
reservoir of electrons in at least temporary local equilibrium defining a local

20  electrochemical potential, and means for applying first and second voltages to reservoirs
associated with said first and second paths, the first, second and third paths being such
that the conductance value for electron flow through each path is dependent upon the
applied voltage, whereby to create a non-linear rectifying or transistor action between
electron flow through said paths.

25
The conductance paths may have any desired relationship, provided it is not constant
(ohmic), between the conductance and the energy of electrons passing through the

conductance path. The electron energy will depend in general on temperature and




t hat the conductance value for electron flow through each path is dependent
upon the applied voltage, whereby to create a non-linear rectifying or
transi stor action between electron flow through said paths d%ﬁgaﬁ@i

conduct an ‘%ﬁg may have any desired rel ationship, providé not
const ant ohmc), between the conductance and the energy of electrons
passi ng through the conductance path. The electron energy will depend in
general on tenperature and 6 WO 02/19436 0 1 MAR 2005 applied voltage, and
any other applied external force. In the case where the conductance path is
a quantum poi nt contact, then, as described above, the |linear-response
conductance is in the formof a "staircase' at _|Qw tenperature, rising with

chemical  pepndied veltage.Auday othserrpdipd sxtemalfetrer In Bekae Whgse e 6pndusiaatfct ance
paths may b nyi sa I ugRt K Wdae I 14 8 hic

devi ces hav?"ﬁg 3 Fsllo%faglmﬁgaéo%e?a |dn(amg’e?£v\een cue{dr gl?ﬁ“%’an &306% : arFesonant
tunnel | i ng gsduet@sceds indhe form ook $'stafrcase™ atslomatempettine efisingngithli chemizaland

guantum dots, the conductance_is represented. as, a, series of .peaks for
i ncreasi ng PoFRtig N the reseR¥arS: HoWIER ﬁfh%WPFSrP(%tcﬁ%d‘ﬁc@g‘éerRﬁgl?sr%afy @Wﬁ?@d’r egi on

may consist pof explEy harif Bwh Q! N41En 2naf6WhE Aevict GAVIEY aDBEMBRAr triiBtion
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conduct ance pat ternatively the region may cover the entire device of
t he inventi between ¢uerenbaulnoitages eesppant sunbelling dévigesed quantusn datsngonresofiapt ¢ he

region or otherw se, .to define l ectron.flaow : entr al
region. 1 n’ Sprtns forts o anam SR I ARl BB AR RV PR
so-cal | ed b@lrlihcddsing viligdeio bherdibal Poteptistfiethe eslembizs.e a conduct ance path is

formed as a quantum point contact, it is defined by a constriction or
saddl e point in a path for electron flow. The constriction is formed by

et ching ho REAVieGRnSERPI BuSibEY Sl afeab Miming’ aVthiral FRVEME betWehEthdTRANS Of
conductance paths. Alternatively the region may cover the entire device of the invention,
the conductance paths being formed by etching within the region or otherwise, to define
electron flow paths to and from the central region. In such a configuration, the entire
device may be regarded as a so-called ballistic junction.
15

As preferred where a conductance path is formed as a quantum pomt contact, it is defined
by a constriction or saddle point in a path for electron flow. The constriction is formed
by etching to provide smooth contours of a barrier wall. However other means of
defining the constriction may be envisaged - for example, superimposed split gates

20 providing electron depletion on either side of a flow path.

Geometrically, the device may take many forms, the electron flow paths through the
conductance paths extending from a central region at any desired angle to form devices
having the form for example of a T, Y, € or arrowhead. One convenient shape described
25  herein is a Y shape with a base (or stem) and branches (or arms); however the invention

is not restricted to this particular geometry.




defining the constriction may be envisaged - for exanple, superinposed split
gates 20 providing electron depletion on either side of a flow path.
Geonetrically, the device may take many forms, the electron fl ow paths

t hr ough tQﬁ? £pduct ance pat hs extendi ng fron1a central Pegl agpsany
desired angle to formdevices having the formfor exanple of "a T,” Y, E or
arrowhead. One conveni ent shape described 25 herein is a Y shape with a base
(or sten) and branches (or arns); however the invention is not restricted
to this particular geonetry. 7 WO 02/19436 0 1 MAR 2005 The devi ce accordi ng
to the invention will usually be forned of three conductance paths; however
for sone ap | icati ons npre than three aths ma be %33|red I n one_node of

oper at i on e deyicerpeeqiding i therpveption wil “?tén“'gri’ﬁ?hﬁed
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voltage I1s 10 applied to the other the electron energy will increase
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with the hi GREr afl?’éfn |°PQ‘QG \%’gg egs Eﬁ%gveﬁ)%ﬁltegﬁgqrs d?%djgcgg&f elri?n'mnezbebs t he
path with tg 661ﬂ1ﬂV%Eta%d’1aﬁ§ﬂmeﬂ&b whé ¥f thd paths, lﬂhﬁﬁﬁcﬂed; elRctrmt enlorgly!villdecredse,

el ectrons, and there oreanegatlvev | t u t he thl{’fggath when
t he vol tage§Il pherefore the, gpnsadssaty; ofethe PRvE aﬁr”‘flﬁ g&ﬁ”ﬁat & Pepalve YRl IS |

Fashi ong gﬁ@&ﬁ*ﬂ@&ue@ﬁ?& pafh, ﬁi&%ﬁ&:ﬁxbﬁ) By tvhﬁlﬂcfb\dwdqae traksnli@svityegand ound

t hat Wnere I'tage I's applied across two of the conductance paths such
that el ect r path will mwreiause) niNegasive cwment flowriste thathirdtflow path wilhbe deteppingd bt t r on

flow will b%ur'rerﬁ e By p%tﬁ/ AhithaE h?ﬁ)@' 'trgﬁjsnﬁ&mty, whereas flow out will be

determined by the path with the lower fransmissivity. Thus there is a net build up of

electrons, and therefore a negative voltage output, in the third path when the voltages are

15  applied to the symmetric two paths in a push-pull fashion.

In another mode of operation of the invention, it has been found that where a voltage is
applied across two of the conductance paths such that electrons flow from one
conductance path to the other, the electron flow will be influenced by a voltage applied to
20 the contact of the third conductance path. The voltage at the contact of the third
conductance path may be applied from an external source; alternatively the voltage may
be induced from the voltages and electron flow between the other two paths. Further, it
has been found that the voltage induced at the third path has a non-linear relation to the
voltage across the other two conductance paths. Thus for a given voltage at the contact
25  of one conductance path, and with a voltage applied at the contact of another path causing
electron flow, a voltage at the third conductance path is induced and there exist a non-
linear relation between the voltage applied to the contact of the second path and the
voltage induced at the third path. This non-linear relationship is essentially in two stages,



20 the contact of the third conductance path. The voltage at the contact of
the third conductance path may be applied from an external source;
alternatively the voltage may be induced fromthe voItaggF amﬁ%ghﬁ tron

fl ow bet 9 other two paths. Further, it has been f u% he

vol tage i nduced at the third path has a non-linear relation to the voltage
across the other two conductance paths. Thus for a given voltage at the
contact 25 of one conductance path, and with a voltage applied at the
contact of another path causing electron flow, a voltage at the third
conductance path is induced and there exist a non- linear relation between

the voltage applied to the contact of the second path apnd th vol.t age
i nduced at ﬁns@y@mmml Hagar relationshipdplloweddy 2 sapypafiondesien pgch ZEESHC y in
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conduct ancecqpdtdiancarptiy, fand thisdodused woltagggwillabe inflnengeds by Esceaiiags at e vol t age

at the contact of the fir onduct Iat. | t il

conduct ancecoﬁ«fﬂ‘hc’%tgg %ﬁtf?’?ﬂié%ﬁﬁe @th‘ ]%{r?\ﬁﬁﬁgﬁ%gﬁ g@&%@&ﬁ?@% Hgtgh?kec‘ﬁieﬁti rd

conduct ancegp@#ehvolfaps indaved sl thadkisd asndubtanceepathy dfor dow drultdgas et theatebondThi s

will result in an approxi mat _e{y |.i pear increase .of the vol i%%e‘éog% 10 the
e

third conduendnetance et ahs Wil Fsit mpan approximately fnger ingreaseyp g

conduct giiceyRahify odddiGSnce HAUEKGhe VIREE af IR céRabtadthéliechiBcstafdtart path second
conduct ance path reaches such a level that the associated Ferm |evel

appr oaches wnsed. Howevmrswhenrtheoltage olthe candast efsgeond rondustaneepathraackss sydhe £ r st

conduct ance_pat then the filrst lo%ePhn tSHRP! | er of
el ectrons tBPetvﬁle tﬁﬁ? gﬁ?“%?@\f\f&%}\%g{]%gﬁé%gﬁ‘gg%{amtgﬁe t Ells rog’ co%uct ance path
15 tends t otheebhtatt oTahS it tordfdactandeiathy thenlthafiest atndnttenceqrathalescowgs amet second
conduct ancesu%%{iyf of electrons to the current flow, and the voltage at the third conductance path

15  tends to remain constant for rising voltage at the contact of the second conductance path.

Tn another preferred form of the invention, a 2DEG region provides a current flow path
between first and second conductance paths. A conductive region extends from the flow
path between the two conductance paths to define a stem or spur, in which a potential is
20  induced. This stem or spur may be used as a control probe or electrode to control another
device, for example it may project towards the path of electron flow in an electron

waveguide, in order to control current flow therein, and thereby achieve amplification.

The device of the invention may be employed to generate second or higher order
25  hanmmonic oscillations from an applied frequency, or double or higher order multiplication

of frequencies.

The device of the invention may be employed to achieve logical AND or OR functions.



In another preferred formof the invention, a 2DEG regi on provides a current
flow path between first and second conductance paths. A conductive region
extends fromthe flow path between the two conductance pat tMAR dl0he a

stem or s%(m]k which a potential is 20 induced. This stemor spur may be

used as a'co probe or electrode to control another device, for exanple
it may project towards the path of electron flowin an electron wavegui de,
in order to control current flow therein, and thereby achi eve anplification.
The device of the invention may be enpl oyed to generate second or higher
order 25 harnonic oscillations froman applied frequency, or double or

hi gher order multiplication of frequencies. The device of the invention may
be enpl oyed to achieve logical AND or OR functions. 9 0 1 MAR 2005 WO

02/ 19436 It i.s_recoqni.z t hat transikstors. of .t | r T type,
have reac heH 1%re8%§uhgﬁél?a? ‘EIrf’f'i"sf‘ﬁ%%ftg g F &S}fﬁ’oﬁf‘ﬁ ea‘Pg F?ﬁ‘e@bég g‘lr’\‘?\eortescégcg ? ?éﬁgbgﬁn&de
smal | er. Newididaestionh whew Gep cadmot eadilgrelmade sredler.r liw tyPesfobddficds ar4 and
US- A- 6, 091, 267 are exanpl es ' wever ., further inprovepents are

of this. 5 Ho )
desirabl e. therefore ireamesd. asHSA-536%a74 rARdnUSoN-6:193%0d c &re 2 pragiples: P -1 ogic
devi ce cg)rrpH'O@iF%g fm'tﬁé?-ti ovennsa2adsitbler d termnnals, each term nal
i ncluding an el ectri calmgont act connected by a respective conductance path
providing electron flowto a central region of ballistic 10 electron flow,
t he arrangepent. hei ng such that.input. signal potentials.applied tq first and
second ter élf%‘%’;ﬂ S%eﬁ'e the I ERtOn rg'f’ﬂ?fa% %&“@’mﬁ @g‘ca‘%cvlcﬁegfnﬁpflﬂg ?ié‘ﬁ’m nal
accordi ng t gecdnd MEHHE t@fale eadhOsintindl UAGEAISN an tlectica cbhthetfcdhriddRE bysdpect ,
the invention provides an electronic logic device conprising first,, 15

second and tespactve eppduatanes pathamoyiding; slentron nflawi de rig centrab regéany ok Spllistient act

connect b | el a

centr al 1 egrisfrhAfRitd s aRa SLARSRARl IRl Rl DRAEIEEHIRT 10 BAMAE, 2, ot

i nput si gnakecpnt thinalsproyifdd aedutpat fignat potemtchl at the third terminal according to a
pre-determined logic function.

In a still further aspect, the invention provides an electronic logic device comprising first,
15 second and third terminals, each terminal including an electrical contact connected by a
respective conductance path providing electron flow to a ceniral region of ballistic
electron flow, the arrangement being such that input signal potentials applied to first and
second terminals provide an output signal potential at the third terminal according to an
AND or OR logic function.
20
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second term nals provide an output signal potential at the third term nal

according to an AND or OR logic function. 20 10 0 1 MAR 2005 WD 02/ 19436

Bri ef Description of the Drawi ngs Preferred enbodi ment s{of MAR 206fventi on

will now i bed with reference to the 5 acconpanyi ng draw ngs,
Wpgfige

wher ei n: | A and 1B schematic views of the construction and energy
characteristics of a known heterostructure providing a 2DEG Figures 2A and
2B are a sectional constructional view and an energy diagramof a known
guantum wel | structure for providing a 2DEG 10 Figure 3Ais a schematic
view of a known quantum point contact forned by a snmooth constriction, for
use in explaining the present invention and Figure 3B is a graph of the

| i near-response conductance of the point contact with a saddl e-point

conf i nenent V’%@%ﬁlfipﬁ&foﬁjﬂ?ﬁfﬁﬁlﬂggowm ial at low tenperature; Figure 4 is
I'T'ST " enbodi

a schematicBV| ment of the present invention; 15 Figure 5
conprises transm ssion traces associated with el ectrons passing the

conduct ancepreRel enfbodinttatsestoneiinwsntion fwilfingwr be describak with refgmacisto thee
vol tage applied to the si deﬁ%at es; Figure 6 is a graph showi ng neasured
vol tage &t gempanying EHWELL MAEEM path of Figure 4 as a function of the

vol t age appﬂé?ﬁt@ L lhesr:ﬁegﬁﬁemsat{ﬁ.ﬁe_ Bﬁ%{?uc%ﬁgisﬁﬁﬁ%ﬁﬁb@%éﬂa}a%&ﬁs@s ofe right

conduct ance el ng vari Inap Figure 7 is a graph
of the vol t agevichetepestruétueprohiding Ai2DECG;onduct ance path versus the voltage

o show ¢ nEIEaEr: ¢ Jofah ot BEHBEH GRpe oAl thand AR gRsrEs Bl B8 eV o
graph of t hgnGhonaRel &l ineewed fof prvilend £2DEE; Fi gure 4 configured to operate
10  Figure 3A is a schematic view of a known quantum point contact formed by a smooth
constriction, for use in explaining the present invention and Figure 3B is a graph of the
linear-response conductance of the point contact with a saddle-point confinement versus

the chemical potential p at low temperature;
Figure 4 is a schematic view of a first embodiment of the present invention;

15  Figure 5 comprises transmission traces associated with electrons passing the conductance
paths of the embodiment of Figure 4, plotted against the voltage applied to the side gates;
Figure 6 is a graph showing measured voltage at the third conductance path of Figure 4
as a function of the voltage applied to the left conductance path, with the voltage at the
right conductance path being varied in a push-pull fashion;

20 Figure 7 is a graph of the voltage output from the third conductance path versus the
voltage applied to the left conductance path, these values being calculated values to show
the correspondence between experiment and theory;

Figure 8 is a graph of the characteristics of the device of Figure 4 configured to operate
as a diode;

25 Figure 9 and 10 are graphs, for the first embodiment of Figure 4, of the calculated
voltage relationship between the first and third conductance paths, with various voltages
applied to the second conductance path;

Figure 11 is a plan view of a second embodiment of the present invention comprising a

scanning electron micrograph of the centre section of the device;

i1




as a diode; 25 Figure 9 and 10 are graphs, for the first enbodi nent of
Figure 4, of the calculated voltage relationship between the first and
third conductance paths, with various voltages applied ﬂg anggzﬁﬁgnd
conduct a (Bﬁ&ﬂé Figure 11 is a plan view of a second e é | f the
present invention conprising a scanning electron mcrograph of the centre
section of the device; 11 0 1 MAR 2005 WO 02/19436 Figure 12 is a conceptua
di agram of the device according to the invention; Figures 13A and 13B are
conceptual views of the device according to the invention illustrating its
use as a logic gate; Figure 14 is a graph show ng output voltage for an

e e Birs P achiecunsi g of B deris teoblfieds BEGRRr (e e ce
accor di ng t?i(fhl?&l V&R 1198 drl CORJAPRAT GEwd Bf the &evfcetucaoramg tB Y {rdeitbnan  AND

function; Fidgure 16 I's a schematic diagramof a logic circuit including two
devi ces accillugiratipg ito nsetdsa logiv gatesi on i nt erconnected in order to provide an

AND functiop; 10 Figure,17 i.s a schematic diagr.am of | og . circuit

"ol udi ng ¢ BB 8 &b abryte JuBl VR PRYLRPR N SPESTEETIE S pr ovi de
a NAND fginchf e devideths kifi@yfighcyAoitsling deGbegmati ¢ circuit diagramof a device
according to the invention providin an inverter function. 15 Description

of the Pref BiguseilHvgsiruibdissran of therdevier peardinase dherayantion incprgoraisddmei on, an
mmde. 1 om nogiSyRRAEREEE ANDIBRE: || CECT oot Fuct ur es. hree i nt er connect od
conduct anceFigarébs @ racientaie diagraneofradggio niroft ihélgdin® Bvandevicks sogordprgdei di ng a
2DEG The g e I an RSB ploifl AN ke ¢ 20
10  Figure 17 is a schematic diagram of a logic circuit including two devices according to
the invention interconnected to provide a NAND function; and
Figure 18 is a schematic circuit diagram of a device according to the invention providing

an inverter function.

Description of the Preferred Embodiment

In a preferred embodiment of the invention, an electronic device operates in a non-linear
response regime. The device is made from high mobility GaAs/AlGaAs
heterostructures. Three interconnected conductance paths are formed in a region of high
mobility, providing a 2DEG. The device defines a geometric Y form having left and
right branches and a stem. When finite voltages V; and V;, are applied to the left and
right brauches in a push-pull fashion (V¢ = -V;), while keeping the centre stem
conductance path floating, the measured voltage V. of the stem conductance path will
always be negative. This result is unexpected for the known symmetric YBS made from

classical conductors, for which Ohm's law implies a zero output, V. =0, from the stem.

It will be understood that to each conductance path there is connected a reservoir of

electrons in local equilibrium. Each reservoir has a respective local Fermi level and




right branches and a stem When finite voltages Vt and VI, are applied to
the left and right branches in a push-pull fashion (Vt = -V,), while
keepi ng the centre stem conductance path floating, the neqfqrﬂﬂﬁvm[lgage Vr

of the Stﬁ@ gPggct ance path will always be negative. This res
unexpected tor the known symetric YBS made from 25 cl assi cal conductors,
for which Ohms law inplies a zero output, V, =0, fromthe stem It wll be

understood that to each conductance path there is connected a reservoir of

electrons in local equilibrium Each reservoir has a respective |ocal Ferm
| evel and 12 0 1 MAR 2005 WD 02119436 respective el ectrochem cal potential.
Where an ohmc contact is made to the conductance path, the el ectrochem cal

potential wirgspeche elegtrashemigal ROF?é%flale%tcl Fpheic fqméacbﬁrw@e sothe genducteneg 4 js a
schemati c P&k ricated
by 5 el ect? ptg F#foc%{ﬁglw?l S y élﬁgh %’Hem c %iaggw ﬁ'éiﬁ%gn%oagul ation
doped GaAsJAl GaAs heterostructure The devi ce has a two-di nensional el ectron
gas | ocated 0 nm bhel ow the surface. .On the e se Waf . & carrier
density andFIﬁgrélﬁﬁﬁfhmcpa@meﬂéﬂ Oétarwwéj afan ’gﬂ%‘ﬁr& m 2 and
2 x 10 snﬂliéétm bedth Clith ggid%ly EH& wéteghaﬁscﬂoeéaﬁﬁ babii atfnsdmmsae;sad

properties for ectron a nean, free path much 10 greater than
the w dth oﬁaﬂh’e’xlfﬁ@schnteﬂﬁmmmﬁhb@lam¢ hmgvcagin;cnamlm:trmlmw et chi ng

Conduct ance SpAPEISTote §5rs U e et Viid s B @Bl S0 el 1 1 <

contour ed t Qeteiiifed 6164 2 Ka@Miboin RDxNI0'cant agd 240408 &iﬁVVﬂge@edtiv‘ellyogﬂitphi cally
defined width of 180 nm ,and a length of 100 nm Side gates 48 are provided
ext endi ng a®fERReA)b aﬁaalbatwgananprtnrepertl@ f%elmoerﬁogw%th\ﬁom?aagf@ Pathanugly) j ed.

Trenche 052?&%%@%9%}1 BE&“gier glﬁn.s'ﬂ tEAl Beant BilogABhy bHE wel @féhiRS in the

pat hs 4 eft an t paths 44, 46 are b| ased in a push-pull
fashi on by wethinggess yerforimedvini fabricated 8¢ i e vgdcemMH)Oanm despdtrenshesoA2r ol t he

depl etion i r&o%@uectaggé Fa%hsd'é 4ﬁ1 baye ﬁgip{ayf CH ' rgéion 40. Each path is contoured to
provide a quantum point contact 40q, having a lithographically defined width of 180 nm
and a length of 100 nm. Side gates 48 are provided extending adjacent to paths 44, 46, to
15  which gate voltages are applied. Trenches 52 isolate the 2DEG in the side gates 48 from
the electrons i the paths 42, 44, 46.

The left and right paths 44, 46 are biased in a push-pull fashion by voltages V¢, V, while
the side gates 48 are used to control the depletion in the paths 44, 46 by application of
20  voltage V, Ohmic contacts 50 connect voltages V¢, Vi, V, V; to the respective paths

and gates.

Figure 5 shows the transmission traces of the device, measured using standard lock-in
techniques, between the stem and the left reservoir (Te.) associated with conductance
25 paths 42 and 44 and between the stem and the right reservoir (Ty) associated with
conductance paths 42 and 46, versus voltage V; applied to the side gates 48. The contacts
50 to the side gates are ohmic. Thus the voltage at the side gates is sensed by a voltmeter

in the voltage source connected to the side gates. It can be seen that the device does not

13



20 vol tage Vg. Ohmic contacts 50 connect voltages Vt, Vr, V,, V. to the
respective paths and gates. Figure 5 shows the transm ssion traces of the
devi ce, neasured using standard | ock-in techniques, bet \/\geﬂsﬂlgg zgﬁm and
the left s‘ﬁhy&r (Ttc) associated with conductance 25 pdt 44 and
bet ween the Sstem and the right reservoir (T1l) associated with conductance
paths 42 and 46, versus voltage V. applied to the side gates 48. The
contacts 50 to the side gates are ohmc. Thus the voltage at the side gates
Is sensed by a voltmeter in the voltage source connected to the side gates.
It can be seen that the device does not 13 0 1 MAR 2005 WD 02/ 19436 show
conduction between the stemreservoir and the two branch reservoirs until
the vol t agshowpphiwdion detwrsnsthel stegaraservois ahd dhrotwa hranchareserseirs yatiltthe eshol d

of Vrh = 0.28 V. Thi | s .due to fact t t ' ST
i ntroduces $°a3d’8ﬁ§‘f§’tth§ Slgﬁ BRtRR'S i‘&g‘aﬁ?‘? %?&ﬁ"g a%%?\hgﬁ(f‘? ﬂg'tq? gﬁggﬁe@%t i on
around the gtdulGs Whee facriat titet @blifg Gribdsi infbduess sisfact eatek YonTths arlewalls, t he
nmeasured transmissions T,, and Tt.. Figure 5 also shows that the two

transm ssi dnaiima@eaxong&le’akéow.ar@aﬁ theattiiefirn e COPdiCtaRgR) ASHEZEUORHE AR di cat es
that the ds%ﬂ ?::r: tﬁesm%lx%ﬂgfdgtrﬁ’rﬁﬁﬁs%ﬁ%%yr SXI{H“?H | Bighle! § a[s@ssﬂg% tﬁa‘?atE@%w§t em The

fact that t rst-p aus 1n e"transm ssicons T& and T,, appear at a
val ue of 1/tanismissioh tehoes, Ty, hik Tk ichh hafdly bpidistilgyshed whigh indwkatesphaitthau is a

f fect adiabatic, ballisti f l.ect
Crancport (et BLAaSE AFFGUY UREREIeoVh Bt e SR, ke, 0 abaling AR [ O
device wit g%lgtéa%\%g&h{e%ﬁ%ﬁ%ﬁé 5 and 1§ abpAP 8H SahheOSTS)/DRINGE € foltRe BR N

reservoir : two branch reservoirs are deternmned solely by the
conduct ancespisf daghrerasye Fhis@ateay ig 2 consequenseaiiagsrieqt adipbaticobajiisge procgppé2) G |

e AR A S UE°R FaE gttt e
| eft and ri ggvicelwiginsdiabatic boundaries, the transmissions between the stem reserveir and the
two branch reservoirs are determined solely by the conductance of the stem, G, via the
relation of Tye = T = (h/4e2)Gc, the two branches being wide enough to receive electrons
injected from the stem reservoir.
15
As shown in figure 4, voltage connections are made to the left and right branch
reservoirs creating with differences in the electrochemical potential, while the voltage
output from the floating stem reservoir is measured via an ohmic contact. The results are
shown in figure 6, where the measured voltage of the centre stem reservoir V; has been
20  plotted versus the voltage applied to the left reservoir V¢ of the device. The voltage of
the right electron reservoir is V, = - Vy, i.e., the voltages are applied to the left and right
branch in a push-pull fashion, The measured curves are symmetric with respect to Ve =
0. The gate voltage is 0.1 V. Measurements are made at room temperature. The large
scale curve shows a quadratic dependence on V¢ for small values of [V| and to have
25 negative values at both positive V; and negative V;. For large values of voltage,
measured in volts, the small scale curve clearly shows a rectifying relationship between
V, and V.. These measurements show clearly that when finite voltages are applied to a

symmetric, ballistic device in a push-pull fashion, the output stem voltage V, will always

14




reservoirs creating wth differences in the el ectrochem cal potential, while

the voltage output fromthe floating stemreservoir is neasured via an

ohm c contact. The results are shown in figure 6, where the neasured

vol tage of the centre stemreservoir V, has been 20 plott S t he
e VBR: B

vol t age aWSIolz’é%i”fo the left reservoir Vt of the device. of the
right electron reservoir is Vr = - Vt, i.e., the voltages are applied to the
|l eft and right branch in a push-pull fashion. The neasured curves are
symmetric with respect to Vt = 0. The gate voltage is 0.1 V. Measurenents
are made at roomtenperature. The |large scale curve shows a quadratic
dependence on WVt for _small values of jVtj and to have 25 negatjve val ues at

bot h posi t i kecnegativen Thitefact isobsarvabigopot oplyda thedpweawltage ogion. b also REur ed i n

Vi and v, PR R kB A AR AN R Dkt UG TP een

appl i ed to mspohydTreRime of disbrbn Stahsportewid ¢hat it & potsébservibile fifithei davicetine out put

stemvoltage V, wil| always 14, 02/ 19436 1 005 .be.negative. This
effect is oFOETYEEY) é‘“ﬁd’clasélﬁ?lyﬁﬁv\gt"ﬁém %& raﬂ%ﬁé@nbﬁ,la‘m‘flp SSHHEM the
regi on v@er&@twsgglﬁgﬁg%sf&g applied. This novel property does not appear

in the |li1near- response reginme of electron transport, and that it is not
observable if the device is constructed fromcl assical, diffusive

conductors, .for ich Ohmis. | aw dnpli zero t = .fromthe
stem To sty EM?F@&“%‘}?&#’%P%’FF?%%L S e ‘3'?‘3%?:?‘“ I\r/{/e"&ég%%ké‘ﬁ%“é{“%i ed out
model cal cufoathedfviceld8shoéwe it Bipl debaed 6l tharconteptiofa nén-liesaekponsetfoeaconcept
of a non-linear response for a three-terr{H n@l.obal listi¢c junction (TBJ). In

the cal cul atferigrming balisioraeRamdRED- fatirs B theg 0 £ PR BT a
saddl e- ppi ”Latcﬁg%%é@ﬁy £ baddRdiuR] g e%(t_ia(lféf th\é)ﬁtnﬁl ¥ox, ) fé)em—* DnfraPx™a 1) mbv ya

where Vo is el ectrostatic potential at e saddle, nr is the e|lectron
ef fective wdyswheredads hedelbdtrostatithpotemsiab atithaseddle ohds Beclestepsaffertonl ar to

Lhe Lranspopt, dhresl e deeSRREhLY Sloks o5 PERoARAIITS B sl bRSRo1eT ¢ Made

respectively. Since the measured devices were made by etching, resulting in strong

confinement in the conductance paths, the application of a voltage on the side gates does
15 not change the shape of the confinement potential, but rather the potential ¥, at the
saddle. The parameters hw, = 6 meV and hw, = 15 meV were used for the three
conductance paths and were independent of the side gate voltage. However, several
values of ¥, were used in order to simulate a situation where different voltages were
applied to the side gates. The Fermi energy was taken to be 4= 14 meV, corresponding
20 to an electron density of 3.9 x 10! cm™ in the 2DEG region. When voltages V¢ and V,
are applied to the left and right branch reservoirs, the electrochemical potentials in the
two reservoirs shift to
pe=-eVy + prpand u, = -eV, + g
respectively. The electrochemical potential in the floating centre stem reservoir p. is
25  determined by the condition that the current at the stem reservoir I = 0, while the output
voltage from the stem reservoir is given by V, = -(j1; - pg)fe. For a symmetric, ballistic
device, the electron transmissions Ty and T depend only on the conductance of the

stem. Thus, the functional characteristics of V. versus V¢ are determined mainly by the

15



confinement in the conductance paths, the application of a voltage on the
side gates does 15 not change the shape of the confinenent potential, but
rather the potential Vo at the saddle. The parameters | (i MAR 288Y and hwy
= 15 neV were used for the three conductance paths and were independent of
t he side §§’t°§“3‘3ftage. However, several values of Vo were used in order to
sinmulate a situation where different voltages were applied to the side
gates. The Ferm energy was taken to be uF = 14 neV, corresponding 20 to an
el ectron density of 3.9 x 1011 cm -2 in the 2DEG regi on. Wen vol tages Wt
and V, are applied to the left and right branch reservoirs, the

el ectrochem cal pot'entials in the two reservoirs shift to pt =-eVt+/ AFand
/11 =-eVr+, ubchadewecf theetonduckimse aifctbe rstamh evhersas theodetaadalayot afhibe fYBSt i ng
centre stemyreservoir. k i.s. 25 determ ned by the condition that the current
at the steﬁ%é‘ﬁ’é&??“ﬁ?"%‘, while the output voltage fromthe stem
reservoir is given by V, = -(c - VF)/e. For a symmetric, ballistic device,
the electron transm ssions Tt, and Tr,, depend only on the conductance of

the stem Figus 7 shpws therresulis of thecqplonlabipes fos thegyesgnt dpvicy operpted i 2 ape-

det er m ned | the, 1 hayi tjre
conduct 25?1 C elg@f H‘%‘ﬁ%&)s({tlé n&%@?%%%cl{}éig ggl%gfs l\é%oq%étglegﬁ%@g%’?f Edg @%%vgéﬁsrdgct ure is
not i nport atht.pofentjalrat the sdddesV4 hBor Egaldt me¥f titehteansmissivhaTi.camd Tont thhe
present device operated in a push-. 5 pul.l.fashjo Vt = -Vr. The calcul ated
U o= have. botm B e Guide Of & piteay s is/F HB80SH STEPBOEER FSPIAEE o
saddl e Va. §of o VepemndagPRid to 6 silik 384T BRisOME culfrent T betweedlthd R braRer gy of
uF = 14 neV, are on a plateau. This is the situation corresponding to a

vol tage of and ¢hevstowi regerxpin| dependso apprexisiatply, ghineedly omhihe difffgencripee 1 ow
bet ween_ t he | eft, br.anc N e ' , p iesedgl v,

l'i nearl %/6 onel%%gc%ﬁq?gér%ﬁ%@aﬁﬁ&gﬁ?fi%n}e‘foege?%%g ém@gﬁgg%thgg% %l?g(get ween t he
tWwo reser voiurfent flbe isaweenhihk dizghobmac and theestem reservoir. The system behaves,

therefore, like a three-terminal device built from linear conductors, where Ohm's law is

applicable. As a result, for the device operated in push-pull fashion the output voltage

V, should approximately stay at zero at small values of [V¢| as shown in the top curve of
15  Fig. 7. For the case of ¥, =4 meV, corresponding to the experimental situation of V, =
0.6 V, the transmissions Ty, and Ty, at the energy of pr = 14 meV, are between values
described by plateaux. The negative current flow into the stem reservoir which occurs
for an increase, e|V¢), in the electrochemical potential in the either of the two branch
reservoirs with respect to the potential of the stem reservoir, is always larger than the
20 negative current flow out of the stem reservoir, for the same small amount of the
decrease in the electrochemical potential in the other branch reservoir. To establish the
current balance in the floating stem (I; = 0), the electrochemical potential p. has to
increase to a value between ur and g + €[Vy|. Thus, the measured output voltage from
the stemn reservoir is seen to be always negative, as was shown in the middle curve of
25  Fig. 7. In addition, the calculated V, shows a good quadratic dependence on V¢ for small
[Vie|. For the case of ¥ = 12 meV, the transmissions Te, and T at the energy of ur = 14
meV are close to pinch off, as in the experiment at Vg = 0.3 V (see Fig, 5). The output

stem voltage V. remains negative for all finite values of Vy, which is the same as in the
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current flow between the right branch and the stemreservoir. The system
behaves, therefore, like a three-termnal device built fromlinear
conductors, where Ohnms lawis applicable. As a result, for the device

oper at ed 'g;b(waiﬁa-gpull fashi on the output voltage Vz shoul d lbbppMARi 208 el y
stay at zero mal | val ues of JVt4 as shown in the top curve of 15 Fig. 7.
For the case of Vo = 4 neV, corresponding to the experinental situation of
Vg = 0.6V, the transmissions Tt. and T,,, at the energy of gF = 14 neV,
are between val ues described by pl ateaux. The negative current flowinto
the stemreservoir which occurs for an increase, el Vtl, in the

el ectrochem cal potential in,the either of the two branch eseryoirs with
respect to FHEUHwOLRR VQ&?“dPQY-h O¥E¥h ﬁ"oé‘g’é‘w“@d'l"ﬁ}&’?%""g‘}“%é&‘?g’ @[ﬁ‘ﬁéynﬂﬁn t he 20
negative Cupthile fouidih Yol fVEQ?aS%%ﬁrtﬁﬁﬁrV li§ foleR, ih NEpr&al¥Rr WM heanount
of the decréase ione,phe &égctroche cal pot eir)\tl.i a?‘fuﬁ\ the ot her br anch
reservoir. Spersiento| Ald thesdfeaturescarebe uisiststoodsimitartytes for bachlagateancor the, = 0)
t he el ectrochem'gﬁal_ poehgntial p. has to increase to a val ue between uF and
PF + ej Vtj. FRQEY? T AP Yeasured output voltage from the stemreservoir is

seen to be al ways negative, as was shown in the mddle curve of 25 Fig. 7.

In addition, the calculated V, shows a good quadratic dependence on Vt for
smal | 1Vt | Expesimentab observations ape well eaplaied by jhe wpdg) dasedqnothecepallisiglly T, at

t he energy = o] t ' f ' e L aent at Vg
203 (2oRupfeg o Rla st SFe sBodEnh oriiin WRob S CABERIRT 21,
finite val usimwafthiftthe wipaimensally obsereedenavel effedt e ad Gntkid3i© propery8 6f thrde-MAR 2005

calculation for Va.z.4.neV. er, copnpared with that_.calculatio
Col ativel y teRiat baiitis i bans BT 4 ner A" Gepolibe ety e RRRPESAR ¢ { oung,
i N agr egrentypdydatethitiBe néVeP 8ffeI ALl be HbdervabR %8 161R3ds Uhe Sordaftame of fistehse00d

simlarly as for the calculation for the case of Vo = 4 neV. 5_Ex&§rirrental
obser vat i ongongdpetorse|af wiishaf ribrpetiormingd Jupelion Hasemressdt HicsasssaMthstiecal |y

elecirochemical potential provided the size of the device is smaller than the mean free
path of the electrons. This novel effect is observed at room temperature, since it is
possible to make such devices with dimensions of the order of 100 nm or below,

15  comparable to the mean free path of high mobility materials at room temperature.

The present invention provides a novel property in a GaAs/A1GaAs ballistic Y-branched
device. When two voltages are applied to the left and right branch reservoirs, the
electrochemical potential of the floating stem reservoir tends to take the higher value of
20  the electrochemical potentials in the two branch reservoirs. Thus, for a symmetric device
with voltages being applied in the push-pull fashion to the two branch reservoirs, the
output voltage from the stem reservoir will always be negative. The novel effect is
confimmed by calculations based on a non-linear response theory of electron transport.
The existence of ballistic transport in the device is found to be the precondition of the
25  observed effect. It is predicted that the novel phenomena observed is umversal for
nanometer-scaled devices. Implications of feature-downscaled Si technology suggests a

basis for extremely compact devices and circuits based on this type of behaviour.
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coupl ed quantum poi nt contacts. The good agreenent between theory and
experinment shows that the experinentally observed novel effect is an
intrinsic property of three- termnal ballistic junctions (TBJs) in a
non-linea@w5§§ﬁﬂﬁse regi ne. The cal cul ations also 10 iﬁdicate t hat the nove
effect wl e observable as long as the conductance o It MARt 2005e
conductors, of which a three-termnal junction is conposed, increases with
the electrochem cal potential provided the size of the device is snaller
than the mean free path of the electrons. This novel effect is observed at
roomtenperature, since it is possible to make such devices wth di nensions
of the order  of 100 nna or below, = 15 conparable to the nean free path of

hi gh nobi | | Refemrgto Bgared, thisshavsdples mseiracdevips simpilas de fhat phiigntei Wit ovi des
Vol tages: ar Sodubiand: A0 AL G0 Gl dilif B oAREREf, O oy U 110

i gher val e o 0. the ol ot f sehanteal nerential e to the tep branch 1
eservoi rs. reghifier with2 valtaﬁy%gmflp@t%@vhe@gbm%& #velisee S{gé%eaf}g % téfpiﬂnrre‘d in the
push-pul ks faph @Maﬁh ahhﬁtﬁ e righPRaHcH S96&1d6R] The gfe?ﬁn?ﬁéﬁ?so#& m48t b8@8mf r om t he

stemreservolr ways be "negative. The nov ffect is confirmed by
cal cul at i ongenhpxsatate and thervpitagds asemensasddn selts. ha diode gharadteristic om be seas,port .

h ' bal | i st in th ice is found be th
pr econd t o lries ARPusTate Ve BRRERTLw V. i) & eiivarber i 1l b e
phenonena omﬁesmm{dssbwwrawmmomtmmmemw@eadpmydavéae@s. I nplications

of feature-downscal ed Si technol ogy suggests a basis for extrenely conpact
devices and circuits based on this type of behaviour. 17 WO 02/19436 0 1 MAR
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for an operating temperature of 4.2° Kelvin with a Fermi level of 5 meV. In this mode of

operation, the voltage at the right conductance path 46 is held constant at a given value
15 and the voltage relation between the contacts that connect conductance paths 42, 44 are
shown. It may be seen for any given value of V,, the relationship between V¢ and V. is
non-linear, having an approximately linear relation for negative values of V¢ and V,, and
a saturated region for positive values of V¢in which V; remains constant. It may be seen
that as the voltage V; is changed, the relationship between V and V. remains essentially
20  the same but the precise values change so that the saturation voltage of V. is much higher
at positive value of V, than for negative values of V.. It may be seen that this produces
essentially a family of transistor-like curves, and shows that the device may operate as a

transistor with a modulating voltage V; being applied to conductance path 46.

25 Referring now to Figure 11, there is shown a second embodiment of the invention
configured as a transistor. The device comprises conductive regions 60, 62, 64 and 66
separated by etched isolating regions 70, 72, 74. These etched isolated regions may be

filled with an insulating material. Conductive region 66 is, in this example, generally T-
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5 stem branch and with the right branch grounded. The neasurenents are nade
at room tenperature and the voltages are neasured in volts. A diode

characteristic can be seen, wth the output voltage V8 r i Ni v,
until the 'Or]@ﬁ&%oltage V goes lower than a threshold, jﬂ ﬂbﬁ&ﬁw at
t e

whi ch poi utput voltage rapidly decreases. 10 It is possible to
operate the first enbodinent in a transistor-like node, as indicated by the
graphs in figures 9, and 10. Figure 9 is graph for an absolute tenperature
of 4.2 Kelvin with the region 40 having a Ferm |evel of 10 neV. Figure 10
is asimlar graph for an operating tenperature of 4.2 Kelvin with a Ferm

| evel of 5 meV. In this node of operation, the voltage at the right

conduct anc eshepadiwitls aileft et 36 eeshe right arm 8%y Betwern wrasid and 80 appgion 8f  age
| ati bet t. he. t
Chown. 1t rry e bRfisfie BhARd P of e RO ML mER W ShANa e Pl i VNS

and V is nefmreionesl , Ay 76 andrs0ajppthe tegiod ef yegionn®harer edntduraintof providegat i ve
values of \t and V., and a saturated &%%i og for positive vgl Ee of V{ in
which V, retisniis peinkeenicts §49. nysPRE ok BrgRch B¢, sxtends Frop regipn g do Ypm 2

changed, 5 t h@olfagtl: @1?})9”&@15(&1&?@4 Pé’gi%ﬂ 6¥naftBs M its doRiFRIaftS 16 ASEId @nliYctéldet he sane

but the precis ues change So that the saturation voltage of V, is nuch
hi gher at patls b0 iand defaling>a ghantim tphizh cérdact 98g aCondiclive wegiony H0\G2 providemy be

seen that this produces ssentially a famly of transistor-1like curves, and
shows t hat gﬂ@fﬁ%@pﬁ@ﬁ%ﬁg@@%@e& as a transistor with a nodul ating vol t age
Vr being applied to conductance path 46. 25 Referring now to Figure 11,
there is shown a second enbodi nent of the invention Ggé)nfi gured. as a

transi st or. lTperation; electisriny desugiorrpdediinse nagyi’in80 6o 28 S5AndieE 86
separ at gl byoighe e doir>8d. ATh0veiRgE Wistufas, U2 deftbtion] S Aok shedcicgliAt ed

regi ons nmay ed with an i1nsulating material. Conductive region 66 is,
in this exacmidectivgemgiped b4 thifough wbdodtince4sth 80.1 ThnRatgosistohlikedctignty a | ef t

76 and i . . B arns 7 d 80 | ks i di
bl |1 st ot PRI rsiang dpisteR SRRy ficAon or stRfon doi T BorofbEE, 1 s0ihy T IR

W dt h the electron flow through constriction 90.

15  The device of Figure 11 may be used for frequency multiplication of input frequencies
applied to the left and right conductance paths, and the sum of the frequencies, together
with harmonics, thereof, is obtained in path 90. This is shown in Figure 14, wherein a
saw-tooth ramp voltage is applied fo the left and right branches over a long sweep time
period of 240 seconds. A rectified voltage wave appears at the central branch, giving a

20  waveform at double frequency. Higher harmonics are also generated.

Although the present invention must be regarded as a novel concept, it is possible to
understand the concept more clearly with reference to a mathematical analysis. Consider
a three-terminal ballistic junction (TBJ), i.e. a system as shown in Fig. 12. In order to
25  reveal the fundamental physics, but avoid lengthy, detailed calculations, the invention is
modelled by connecting three (left, right and central) quantum point contacts (QPCs) as
conductance paths having outer electrochemical potentials us, #r, p in their outer

reservoirs, via a region with sufficiently smooth (i.e., adiabatic) boundaries. If the
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of region 84. Arns 76 and 80 in the region of region 84 are contoured to
provi de quantum poi nt contacts 84q. A spur or branch 86 extends fromregion
84 to forma 5 voltage probe. Conductive region 64 narrows at its central
area to defi conductance path 90 and defining a q t ikt cont act
90q. Condﬁ&%gﬁfegi ons 60, 62 provide gates for appl ;!?mgng%gztupgl vol t ages.
In operation, electron flow through conductance paths 76, 80 and zone 84,

i nduces a 10 voltage in spur 86. This voltage nodul ates, by depletion, the
flow of electrons in conductive regions 64 through conductance path 90. Thus
a transistor-like action is provided, giving a function of anplification of
electron flowin constrictions 76, 80 in the electron flow through

const ri ct i osyn@Betri¢ Sasthin whivh the loft apd gighebranches grereadesidenticals isf qoagiderady

mul tiplicatjon of. input .freguencieg~rappl k.ed,t hg | ad 1 .

conduct ancekbﬁaﬁ“ﬁin,on t'ﬁeﬁﬂiﬂﬁ gl'as ?Wé l£$p@a‘ﬁ(gh%t|%5én, E‘Fé%%%‘rh@ﬁ&“vr\% stgﬂ;oﬁsa’r noni cs,
thereof, | Sgﬁ'ﬁigqiﬂf]eﬁ” E2efatWhad {3 thed HitputivoItERONNati the foauinp eentrd! resdresiel? a
sawtooth ranp voltage is applied to the left and right braglches over a long
sweep tinme Tpeioswer Bis Buestioncwadueced Aoy nom VprEepsy BRASBISIORaRE r dibat t he
central bra R\ 0 or;m at; do e ' r noni cs
are al so?geﬁét;t?g?nggl¥ t%%'? ﬁ%%ghreﬁg&%r %’?e ntl’ ?’n%@t ?%%gcr#uégi? g)égd ﬂ%&?ﬁg@as a
novel concepiobabilitidssR;p andiolzhlzulate the/owrnsinahicaniral cootactdipim nore clearly with
reference to a mat hematical analysis. Consider a thr ee-te}rri nal ballistic

refer o onsi
Fundament ol phsilLe Bl B B P o R Gt P P I PLREL TR Prvent i on

ns, the invention
is nodelled by connecting three (left, right and centralé@ﬂuantun1 oi nt

contacts ( Qe Nasis theonugahier ahgeaniim Khanmals i(prsupiad swbbandsy i BieHead Zom the
potentials - i Qi(;;tcer = i =Vj.a i i
sufficientl ;g)&é‘ %%?%V?llr 'td;thgqgﬂ%a}ab t |’€f B’%ﬁﬁggﬁl&eéf I’}fF t%e&ggle%é(%l}]%&% 01
MAR 20030 sy potettialscin dlaesleft and right reservdie(uy éf the zivdirodhginicabpatentiabin the #Bfratie

I denti cal , %hse zce(r)on%{a%?r]e ﬂl’e temperature at the reservoirs, and f (E — p.T) the Fermi-Dirac

function.

The output voltage from the central branch, V, can be calculated from eV, = — (u. — ug),
15  where the electrochemical potential u., need to determined from Eq. (1) by requiring
I.=0.

Various symmeiric properties of the trausmission probabilities can be obtained; time-
reversal invariance in the absence of a magnetic field implies Ty = T, Ter = Th, and Tp, =

20 T, while current conservation gives

NAE) — Re(E) = T¢(E) + Tre(E),
Ne(B) — Ree(E) = T(E) + Tro(E), (2)
NHE) ~ R(E) = TAE)} + To(E).

25

The probability for transmitted electrons through a QPC to be scattered back is very

small, provided that there are an enough number of open channels in other two QPCs to

20




the question asked is: Wien a bias 21V is applied between the left and right
reservoirs, giving { - prl = 2e! VI, what is the output voltage V, at the
floating central reservoir u,2 To answer this question, we need to know

vari ous tr‘&?gmﬁf‘,’i on probabilities, Ty, 5 between the three probe reservoirs

(i, j =1 c) of the device and the reflection prpbdaMpARI 2)%6s, Ri;,
and to calculate the current in the central contact fromle= h ff [Nc(E)
-R(E)If(E-lie) TAE-iEITi(~").f(E-'"T (1) where N, is the nunber of quantum
channel s (occupi ed subbands) in the lead fromthe central reservoir to the
central QPC, ur = F + eV and fir = uuF - eV the el ectrochem cal 10 |
potentials in the left and right reservoir (e is the el ectrochem cal

potential i mecetve theBdecitons.t ethyserdietistie sijuatiqn, tthreleftchapd side in eachiof theeabove

reservoirs, and f (E. - 7). t Berm -Dirac function. .Jthe _output. voltage |
rom the certiSiphs b SimalY ptopbliohite T Menflchlfiss (aliibhlor BaGoRUBMRY© 1 20°
wher e the elQ@U, fOCherhaRIG. Bt e A/NYE) -"Re®)! ThdstRy. (2N be it t¢ 1) by \
requiring 1,=0. Various, symretric properties of the transm ssjon |
probabi | i t i €%pressnthp drapgissien grobabijies me%n%a? ﬂiﬂn%ﬁar-%ﬁﬂééctMWﬂfég%‘éféﬁce of a
magneti c fi‘af‘tsi mplies Ti y= T1. Tcr =T,,, and Tlr = 20 Tr, while current
conservafion gives Nc(f) - Rcc(E) ,c(E) + Trc(E), N, ,(E) - Rac) = T & E)

+ Trt(E), N(E) - R" (E) Tcr(E) + Ter(E). 25 (2) The probability for

transmtted electrons through a Q';C to be scattered back is very small,
provided that there af B gpepehlnugber + ofopenhannel s in other two QPCs
to 20 WO 02/ 19436 5 AEP T 482F@?)" {EIREUE),

TolE) = TolE) = 5 [GolE) + G(E) ~ Gl )]

h
Te(E) = Tn(E) = 5 [GAE) + G(E) - G(E)].

10
These simple relations are valid only for a device with adiabatic geometrical boundaries
and in the condition that the conductances of the three point contacts are in the
combinations such that the right-hand sides of the three equations in Eq. (3) are larger
than or equal to zero.

15

Although Eq. (3) has been derived for a general adiabatic device, it can be greatly

simplified for the case where the device is symmetric, i.e., when the left and right branch

of the device are made identical. In this case, we have G¢ = G,. Inserting this into Eq. (3),

we immediately obtain that T.qE) = T.(E) = (R/4e))G(E) and Ty(E) = Tu(E) =
20 (W4 2GUE) - G(B)] for Gu(E) > (1/2)Ge(E).

Thus, for a symmetric, adiabatic TBJ, the condition that determines the electrochemical

potential in the central reservoir p., can be written as

25 JGAE)I(E - o TVE =5 [ GUBM (B~ 11, DB +3 [ GUEM (B~ 1, T)E )
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01 MAR 2C 5 receive the electrons. In this adiabatic situation, the
| eft-hand side in each of the above equations is sinply proportional to the
| i near-response conductance of the corresponding QPC, for instance, G E) =

(2e2/h)( /194 R,,(E)J. Thus, Eq. (2) can be rewitten to express the
transm ssi 6rc§"6ablllt|es in ternms of the Iinear-conductalnce_l’%&t three
QPCs, TC(E) Tcc(E) = T2 IG(E) + &(E - G(EJ. T,,,(E

[Gc(E) + G7(E) - G(E) j, Tdr(E) " T, e(E) =4 11 [G(E) + G( B - GctE)l
10 These sinple'relations are valid only for a device with adiabatic
geonetrical boundaries and in the condition that the conductances of the
three point contacts are in the conbinations such that the right-hand sides
of the three equations in Eq (3) are | arger than or equal to zero. 15

Al t hough Eq,, .(3) has, bee for. a.general i 11C. [ 'canbe
greatlg sﬁﬁﬁ(’ Poé’gﬂ$g} r}ffge%%{s !’@?t%@q’g‘g@it%g% l%ﬁaalnd ?}(’h&l(ai'l.OHEl

the |eft angnimhdahé TBIARE Blcc'@cfch&rhﬁald;ﬁnmel afd&hmﬂeoutﬂﬁtrhtdltagdmthmﬂbm case
Wehavth = G. Insertlngthlsmto |m'red|ateI@FFt2énthat

TA(E) = T "opmjral proby izsolpiydetymingd by thq Eanductm,(q?:cfb‘), of thg cemral e -
Ge(E) ] f9rt@§£gd :s}(h@sﬁﬁ&?g of TS g@gﬁﬁgc mg% %ﬁm%@'aﬁ%@%ﬁvc&?&m the

condi ti on ermnes t el ectr tenti t he cent ral
reservoir }tiwo Wrachts asdonp beG(AS +2$(EDG~GE)€? {sEaysfied Ty sléuld also be emphasized

| GOXE) 1 (E) GO D i TG ) w wa? o0 25480 e VAEP0%

independent of the energy E of injection electrons, the output voltage in the ceniral probe

would always stay at zero when voltages V and -V were applied to the left and right
10 branch

Another very important result which can be derived from Eq. (4) by making Taylor

expansions in terms of V in the two sides of the equation (using the relations:

He - g = -€V;
15 e = UF = -CV(; and
Mr - BF = -V}
for a symmetric, adiabatic device is that at a small value of [V, the output voltage V. can
be written as
1 2
20 =——a} + 0[ 4 ) (5)
Ve=—ZeV +ay
where

(E}a’f(E-ﬂp-T)dE

Ja. 8"
a=-e (6)
af(E ~—Hp, T)
fGE)y === d

25

22




It is inportant to notice that when a bias is applied to the left and right
branch of a symetric TBJ, the el ectrochem cal potential and thus the
output voltage in the floating central probe is solely determ ned by the

conduct anggy offedse) - Oof the central QPC, and is 5 indepen egtm ..t,.,@ﬁ
structure of the left and right branch as well as the angl the two

branches, as long as GG E) + G(E) > G(E) is satisfied. It should al so be
enphasi zed that Eq. (4) inplies that if the TBJ was made from i near
conductors for which G is independent of the energy E of injection

el ectrons, the output voltage in the central probe would always stay at

Another ver smotpsnd dadaieiin oh ramal il ERrURERor dfh (e By ok ng
Tayl or expgé?.éhgg I‘h\f %ﬁ&%ﬁé h¥s vn<f0%etnvwa§d egeq ﬁR}Ie!aqo @meﬁ Iaﬁ@nngI ng the

rel ations i f or mMmetri c,
adi abatic dhmnmhaoﬁ metsmnwa'ic @mlﬁwmem tbﬂ th&/lelecmembmt ime v, , can

?E \éw I( 1:55 e?G?c% pro e uc, af‘ways rnoves up(\vaa?rci1 and(tendsp E) také EE mg%%?vgue of ti(e pg’ild( B F
5  p It can be shown by carrying out detailed calculations that this characteristic response
of . is valid not only in the limit of small [V}, but can also be valid for large values of
V).

1t is interesting to consider the calculations at the zero temperature for which 2 simple
10  equation for determining the electrochemical potential in the central probe, ., can be

denived,
J1 AE)dE = [T E)dE (7

15 This is because the Fermi-Dirac fimction no longer appears, and the three integrals can
simply be made over E from (minus infinity) to their corresponding eleciro-chemical
potentials. Splitting the left side (4) into two halves, and rearranging, (7) is obtained,

It is clear that this equation satisfies the requirement of current conservation. For a
20  symmetric TBJ with adiabatic boundaries, one has Toi(E) = Te(E) = (W/4€’)G(E) [see
Eq. (3)]. For the central QPC with 8G.(11)/0 > 0 in the electrochemical potential window
between y¢ and u,, Eq. (7) implies that the electrochemical potential in the central probe,
e, will always stay at a value above the average of p; and g,. This again means that
when ¥ and -V are applied to the left and right branches of the TBJ, the output voltage V.
25  from the floating central probe is always negative. The quadratic dependence of ¥ on ¥
in the limit of small values of [V| can also be derived for the zero temperature case. The

result is
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22. WO 02/ 19436 0 1 MAR 2005 Thus, WV depends quadratically on V for small
IV[. Furthernore, for OG (u)/8p > 0, one gets a > 0. Thus, one always has
V, <0 when V and -V are applied to the left and fight branch of the
symetri c»gﬁaéhg . This nmeans that the el ectrochem cal potential in the
central p ) @Q al ways noves upwards and tends to take ff heMhR dififf val ue
of the pt and 5 N7. It can be shown by carrying out detailed cal cul ati ons
that this characteristic response of p, is valid not only in the limt of
smal | V4, but can also be valid for large values of IVlI. It is interesting
to consider the calculations at the zero tenperature for which a sinple 10
equation for determ ning the electrochem cal potential in the central probe,
fit,, can be derived LuzG’Eﬁ(‘ﬁ) dE = f‘)T~, (E)dE (7) 15 This is cause the
Ferm -Dirac function %T?agﬁ; )J’pﬁe%ﬁ% and the three integrals‘Can sinply
be made over E from (minus i*Ht¥nity) to their corresponding el ectro-chem cal
potentials. Splitting the left side (4) into two hal ves, and rearranging,
(7) is obtained. It is clear that this equation satisfies the requirenent of

current conBeis\sger gt ardr =, the absplyervelue ofghe gurvtuseidspads solsbupidhE es, one

has TA(E) = _Tc, ..(E ( : : réde GG Wi th
oy u)/8 > BmP?{hé%éf@Ieeégflélgc em%ﬁégﬁﬁﬂpgﬁ%srﬁ%’rﬁ@%?ﬁ %Jsgan Pr, Eg.
(7) inpl§esdéhativd bthel cosducenbe G ¢ak), pithemspieet! toi the Fhenicamatgyabutpt sbase | u, |
will always stay at a_ val ue ahqve the average. of .4u and p,,. This again
means that PiRAEHORAL S the Invgrsg0 8‘8 BPCFUQan%ItSF&EG‘f(’éﬁ)T and right branches of the
TBJ, the output voltage Vc 25 fromthe floating central probe is always
negative. The quadratic dependence of W on V in the limt of small values

of JVJ can ZhethréecQPGy argaubdelied bihtrcecsaddle-paipbreniapie Tigsdectrosiatic patantipk s

of each QPC is then in the form of
10
1 L3 2 2 I » 2 2
V(x'y)=Vo"5m Wi X +Em wy ¥ )

where ¥} is the electrostatic potential at the saddle, m™* is the electron effective mass, x
defines the coordinate along the transport direction, while y along the transverse direction
15  [19]. The curvatures of the potential are expressed in terms of the frequencies #; and W,
which depend, in general, on the effective mass m*. The Hamiltonian of the saddle-point
contact, which is given by Eq. (9) supplemented by the kinetic operator -#°v’/2m’, 18

. . . . !
separable into a transverse wave function associated with energies ﬁm,[n + EJ’ n=1,

. . . . n .,
2 ..., and a wave function along x in an effective potentialy, + hw, (n+-2-J—3m olx.

20  The transmission probability for this saddle-point potential has a simple form,

1
1+

Tron(E)= G onn , (10)
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23 WD 02/19436 V': eGe (FF) V2 +C (v') 2CG F (8) It is seen that at T =
0, the absolute value of the curvature depends solely on the properties of
t he conductance of the central QPC. It is proportional to the first order 5
derivativ, conductance, G c(pF), with respect to e rmtsener gy,
but it iéﬁgﬁégﬁagroportional to the inverse of the condd%paﬂgg ?1self, G (
#F). The three QPCs are nodell ed by three saddl e-point contacts. The

el ectrostatic potential of each QPCis then in the formof 10 V (xY)=V, _
2mrwxx2+ Zmw, )" (9) where Vo is the electrostatic potential at the saddle,
nt is the electron effective mass, x defines the coordinate along the
transport direction, while y along the transverse direction 15 %%%# The
curvat ur es where henpomdnt # alargr dheex frdiees e £0F n TBFUSEE of0PdfS f Mgy s w and
W which depéid, ig ge§eréphﬁon the effective nmass m*. The Ham | toni an of

the saddl e- pai Mk - ag Pt a4t », M GhardsE gs Wieneclogtraiigenetsd) Thesphdaetanecedf Big t he
ki netic operatar -h\v'£2nt'l is separable into a transverse wave function
r

associated w enerqgi.es.ri.(u,..n +2), n2, ..., and a wave function al ong X
in an effec?@@%’%ﬁ&&%ﬁ‘%fs ‘gen;t’yt aw, In + 2 - 2 nr'O zX 20 The transnission

probability for this saddl eipoi nt potential has a sinple form | (E)-~"~ +e
,, (10) 0 1 MAR 2005 24 WD 02/19436

s 6(5)=21(8)=2 51,,)
The above analysis has been carried out for the case where the device is symmetric.
However, the invention is not limited to symmetric devices and the novel characteristics
of the invention appear even when the device symmetry is broken, provided that the

10  magnitude of the equal and opposite applied voltages at the left and right branches, |V, is
greater than a certain threshold.

Referring now to Figure 13A and 13B, there is shown use of the device according to the
invention, with voltages applied to the conductance paths according to the tables as

15  shown, in order to generate AND or OR functions. When voltages are applied to the left
and right branches of a symmetric TBJ, the output central branch voltage will be positive
(a binary value of 1) only when both the applied voltages are positive. Thus the device
operates as a logic AND gate. With a negative value of voltage defined as “1”, then the
device functions as an OR gate.

20
Referring now to figure 15, there is shown a device 150 similar to that shown in figures
13 and 4 and wherein three terminals A, B, X include respectively the left, right and
central paths (|, r, c)and electrical contacts 152. A sidegate 154 is provided which
influences the depletion in the left and right paths equally. A further conductive path 156

25  is provided interconnecting the central path ¢ of the device to ground reference potential.
Path 156 has an ohmic conductance value, but a gate 158 is provided which influences
the depletion region in path 156 to alter the resistive value of path 156.
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01 MMR7 75 where mand n are the indices for transverse nodes, the
variable sn = 2[E- h., nt - V, | hm, , and Eis the electron energy. The
conductance of the 2) 1 saddle-point contact is given by,5 ﬁﬁia:: h 1 T (
E) = e Elgdfidsdhe above anal ysis has been carried out fgrit 288 wher e
the device 1s Ssymmetric. However, the invention is not limted to symetric
devi ces and the novel characteristics of the invention appear even when the
device symmetry is broken, provided that the 10 magni tude of the equal and
opposite applied voltages at the left and right branches, IVlI, is greater
than a certain threshold. Referring nowto Figure 13A and 13B, there is
shown use of the device according to the invention, with voltages applied
to the conductance paths according to the tables as 15 shown, in order to

generate A e@%ﬁﬁmf% &%&&w&/&?ﬁ%ﬁh&@%ﬁfﬁm 189e b @rdull@ rdferehce and

i
ri ght branc a symetric IBJ, the output central branch voltage will be
positive (walte (Boythe ablirzeof 2 sypphytail Vuh cTheilthge dfdhegrpplyaail isgosityeandar e

positive. Thus .t he deyice ates as | 00J D e.mW tive
val ue of voliEEfue Y &Ddggﬂit{",‘chf’ﬂ@ﬁmfcﬁ%g %gg\%it%%gle ?Ig)nc i%hﬁstwésg%ggq%% gat e.
20 Ref er §i Ng58)Patrhi® adjuginedt diSthe iAL Qoltape Shvelrand dliepot @6ltabQevel.Md eun e t hat
shown in figures 13 and 4 and wherein three termnals B, X include

A,
respect i vel geenHeom e secondytable dp digurseld, there fsayory liftle mjernal yoliage dgsg an theg 5

contacts 15%11#%%%&’})61 {fhos Me 4@;196(%%%%9&%%%%E@Hl'_eeﬁnﬁ@&.ﬁﬁbe depl etion in

the left an hs "equa urther con tive path 156 25 is
provi ded i nterconnecting the central path c of the device to ground

reference pqtential .Pat.h, 156, has hm ¢ _conduct an . but. a gate
158 is pr ovﬁd’@ﬁw&eﬂ Wﬁﬁ l?&}?cdégl“’t‘ﬁ@ ﬂ%‘e five ci%ﬁ“‘?‘%&ﬁ%%%ﬁﬂﬁgﬁﬁﬂl#%m? 0 al ter
the resigti u@l whal fethef gabatdle AStthecdFary for the device to operate. The gates shown are

merely for adjusting optimum operating conditions. Further the device does not require

application of external power, other than that through the input terminals.

Where device 150 is constructed with the leff, right and central arms of similar

15  dimensions, the device is perfectly symmetric in that the AND function may be provided
by providing input signals to any two of the three terminals and taking the output signal
from the third terminal.

Referring to figure 16, this shows a logic circuit wherein similar parts to those shown in
20  figure 15 are denoted by the same reference numeral. The circuit performs a AND gate
function. A second three terminal device (as shown in figure 13) 160 is coupled to the
first device, with arm ¢ of device 150 integral with left conductance arm 1 of device 160.
The central arm ¢ of device 160 is connected to ground reference, and a gate 162
influences the depletion region within arm ¢. The output terminal X* includes arm r. The
25  second device 160 does not alter the logic function provided by device 150. The function

of second device 160 is to adjust the parameters of the output signal.
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WO 02/19436 0 1 MAR 2005 In operation, voltages, selectively applied to
termnals A and B, have a ground reference value (0) or the voltage of a
supply rail V. The voltage of the supply rail is positive and therefore
provi des function according to the table shown. Thg ¢ g s 154, 5
158, permﬁ{b@ng)ﬁgt ment of the input voltage |evels and ouﬁplumo?q@ge | evel .
As can be seen fromthe second table in figure 15, there is very little
internal voltage loss in the AND gate device since the output voltages are

essentially applied at the input. It will be noted in this |ogic device,
that the device is essentially a three termnal device, 10 and that further

gates are not necessary_for the device.to erate. .Th tes sho are
merely for BefeHig nay @pﬁﬂﬁﬁrﬁ%oﬁ)g}%ﬁ F‘H@utclgﬁ’g‘?%ﬁ“gﬂg.a iﬁﬁ?ﬁ@ctﬂ%lsd&g’@w&e does
not 1equi r e1wgnRkk ABKEAN 0! 12X LRAMNA!h B8 Ishoh e Fighdean a8 drbprsvitied! he

I nput term nal ere device 150 is constructed with the left, right and
central ar nhawig lsftyrightand ceBtraliamen i wand c) anvkelentnical eontastsgldds dbe peptialdfbt ric in

that the AND fyncti.on.nma rovi V. ROV di | i I ny two
of "t ho. ¢ oBOT UPRErD & GNBIeR AeF A £ ik itfos A debBile B 8% oF b fee
termnal 5 RefEr Debide 190 Hagttipat ldmiralti A sdoBSvlicH @i cntéctedutot revdies @ipnt si mi | ar
parts to those shown in 20 figure 15 are denoted by the sane r.eference

nuneral . Theigeals. cThe amsrl befrdevicenNid e cenectsd &9 grpwhrdaersPofepalandd nj na
ou! A _ At . € o
evice (as %Q[%‘é@ I;Arl]{‘\éﬁ 'rf%‘pé%"%‘%) lAéafc?.ltﬁnﬁ sfggéiﬂls ffled RomN@nirdllakml ddA¥vie€172M th arm

¢ of device conductance arm 1 of device 160. The
central ar mactemfinal & i Tie pk&fisei valuemf theotuguht signa) mbterminaleX &y contrelledhys gitgyat e 162

i nfl uences depletion regian within.armc. The out ) '

i ncl udes ar ﬁr?ﬁ‘e.c‘mf'ﬁ%tc 80 §é’88%&%&%\9f‘%2i@61?ft‘ﬁ%°§’sceﬁ§€l aé#'tée)r%? }%gg‘ﬁmég?f grcﬁﬁeﬂct i on
provi deqpby pgeMtiate 150. The function of second device 160 is to adjust the
paraneters of the output signal. 26 WO 02/19436 0 1 MAR 2005

The circuit shown performs the NAND function shown in the table. Essentially, the

second device 172 provides an inversion of the output signal of the first device 170.

15 Refeming to figure 18, there is shown a logic circuit providing an inverter function
wherein a device 180, of the type shown in figures 4 and 13, has Ieft, right and central
arms ), 1, ¢ and electrical contacts 182. The left arm 1 is connected to ground reference,
the right arm r is connected to a voltage V., and the central arm ¢ forms an output
terminal X. The left arm 1 has a gate 184 for controiling the depletion region within arm

20 1. Gate 184 is coupled to receive an input signal at terminal A. A conductive path 186
between central arm ¢ and ground reference has a gate 188 for controlling the depletion
therein for adjusting the magnitude of the output signal at terminal X. As shown in the

table, this arrangement provides an inverter function.

25
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Referring now to figure 17 a logic circuit inplenmenting a NAND function is
showmn. Two | ogic devices 170, 172 each of the type shown in figures 4 and
13 are provided, having left, right and central arns (1, r and c¢) and

el ectrical contacts 174. The central arm c of device 160Llﬁgfzggled to a
gate 176 which influences the depletion in arm | of devVi Devi ce
170 has input termnals A and B which are connected to receive input
signals. The arnms 1, r of device 172 are connected to ground reference
potential and a voltage rail V,. respectively. An output signal is taken
from cent £A8iMsr m ¢ of device 172 at ternminal X The precise value of the
output signal at termnal X is controlled by a gate 178 connected to a
conductive path 179 between central armc and ground reference 10
potential. The circuit shown perfornms the NAND function shown in the table.
Essentially, the second device 172 provides an inversion of the output
signal of 1t he Anrdlectrhmid devigeremprisinge4 eagidmprovigding balligticigdectiondtaw,iagd ghown a

Lype shown i n TieSL it a5 Rirgnd §ohFiencH Ras oiting sibclo el 6 B fbusly ' 0°
and el ectri cal r&hdH, 3Gt phtiPhaviRE al @ntiud@hnBelwhizh GRARRE @k %dﬁﬁleu&r @FRRctron

reference, the right armr is connected to a voltage Vim and the central
arm c forms anenergpubereing mriansforxapplyiag lasf extemah potential 4o gmeeoriBuh fO(frthe

controlling the depletio elonvvl hin arm 20 1. t is,cou edto
Fecei ve an i npeRCHRSF Plbs. Al meany OAse%I%ﬁﬂm%\%gg‘ﬁimﬁiwd Fe
central armc and ground reference has a gate 188 for controlling the

depletion therein for adjusting the magnitude of the output signal at
termnal X As Ashelwetranic déwece ¢aprising dregiar prangergebelligicoledren fow,iandat t er

function. 25 27 O MAR 2005 Clains 1. An el ectronj.c device _conprising a

regi on provi di Ifgsfbéws\t,.sge%i addayd 3ﬁn$che RGBS Rrovidigg&lecion JOWaR pr desand

conductance paifiy RGN Talld BhETHRE fdiPYHaligCs bh@BtaRkEdwhich varies as a
function of electron energy therein, means for applying an extemal potential to
one or more of the conductance paths, and means for sensing a potential, or a

parameter relating to potential, at one or more of the conductance paths.

3. A device according to Claim 1 or 2, wherein the external potential is a voltage or

electrochemical potential.

4, A device according to any preceding claim, wherein the sensed potential is a

voltage or electrochemical potential, or the sensed parameter is an electric current.

5. A device according to any preceding claim, wherein at least one of the

conductance paths comprises a conductance path portion formed in an area

providing ballistic electron flow.

6. A device according to Claim 5, wherein said area is in said region.
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regi on, each path having a conductance which varies as a function of
el ectron energy therein, neans for applying an external potential to one or
both of the conductance paths, and neans for sensing a potential devel oped

in said region. 2. An electronic device conprising a regi cq:'pgﬂgiﬂjggg
ballistic electron flow, and at |east first, second and thir o) ctance
paths providing electron flowto or from said region, each conductance path
havi ng a conduct ance which varies as a function of electron energy therein,
means for _applying an external potential to one or npre of the conductance
paths, and neafs 9FFe ACRAANE o 38y Mt Claims o} ta 4, pwhersiy epe rqf| Wofen gt tthe
potential, at r f. Q C t . V| el ing to
Claim1l or 2, g erugfaﬁg%)f@tﬁegxp{ecpﬁlg %%tﬂgél@aﬁoﬁlg Jasﬁbagﬁt%égléoqgr‘m& s Ej

el ect rocheni catunpelliagidetice, of quintdeMdote according to any preceding claim
wherein the sensed potential 1s a voltage or electrochem cal potential, or
the sensed paraneter is an electric current. 5. A device according to any

pr ecedi ngqycl ai her el . of . the d | ses a
Conduct anfe. patvOSBR oM 4380 brafing el pES R aieh SRR PR B RERM o
flow 6. A devihgecia@dolbealn@sdréoie!odi dRcrony\efdtd fidal shidrégioh Sant efining & €9i on.
28 0 1 MAR 2005 7. A device according to any of Clains 1 to 4, wherein one
or nore of thelocabeleritachevisabpatedial.ncl udes a quant um poi nt contact, narrow
wire, resonant tunnelling device, or quantumdot. 8. A device according to
any preceding claim wherein each conductance path has an associated | ocal

reservoir gof eheﬁéwiieé‘%,ccdrﬁﬁigt@: Ol §2WHefeROsA REGVEIRTis sitided Wa@Rhn
el ectrochem cal potential. 9. A device according to Caim8, wherein said
reservoir is askotricakcontact far thendevideect ri cal contact for the device.

10. A device according to Claim 2, or any claim appendant thereto, wherein each
conductance path has an associated local reservoir having a respective
electrochemical potential p, and wherein when the first, second, and third
conductance paths are respectively taken as left (1), night (r), and central (c),
transmission probabilities between the reservoirs are given as Tj; and reflection
probabilities as R; (i,j=1,r.c), a current L. in the central conductance path c¢ in
response to a voltage bias 2 V  applied between the reservoirs of the left and

right conductance paths is given by:

=22 {5 [0e(6) - Ra@ (& - 1, THE - 2T (B (E - TE)

where N. is the number of quantum channels (occupied subbands) in the
conductance path, p, and p, are the respective electrochemical potentials of the reservoirs
associated with the left and right conductance paths, T the temperature at the reservoirs, -

e the charge of an electron, E electron energy, and f the Fermi-Dirac function.

11. A device according to claim 8, wherein said device is symmetric with the first and
second conductance paths forming symmetric left and right paths (1, r) on either
side of a third conductance path forming a central path (c).
29



10. A device according to Claim2, or any claimappendant thereto, wherein
each conductance path has an associated |ocal reservoir having a respective
el ectrochem cal potential p, and wherein when the first, second, and third
conduct ance paths are respectively taken as left (1), right (r), and central
(c), transm ssion probabilities between the reservoirf ‘arMARgEé{ﬁn as T;j and
reflection probabilities as R; (i,j=l,r,c), a current L in the central
conductance path ¢ in response to a voltage bias 2 V applied between the
reservoirg.of the |eft and . right conductance paths is given by: Ic = h {c
[N (E) - 1z ( By flegtponic device egerdingeto chpim (1) pwiepein epgly ofthgycapduciance s Ehe

nunber of quan Mq GF@F Ln: 1 he conductance path, |
and p are the g@pgc |5h‘e§b§ﬁtl(ggt%§oc cga%]céa [’J(%I?des%lvpiﬂjeaﬁn; of the reservoirs
associated with the left and right conductance paths, T the tenperature at

the reservoirs, - e the charge,of an electron, E;electron energy, and f the
Ferni-Dirac fupG{EPHE -14,, TNEew [ar(R¢@r-di, o m@u@;c(m)ﬁfmp,eﬂgm sai d device
is symetric with the first and second conductadce paths formng symmetric
|l eft and right paths (1, r) on either side of a third conductance path
formng a central path (c). 29 0 1 MAR 2005 12. An el ectroni c device
according to claim 10, wherein each of the conductance paths has a

respect i vd3condudesiveeaccpming dndamh @reseding igim),f vlierei)thige! is a non-linear

fAE)f(E,ur, T +2 E)f(ET)dE 13. . A devi i t . d
clrai tn wher o] nFORAPEMPOS R arBled SYERA] OB PPl sthef R BB fEy "
external pot entiedonaibat RBatiRRIRds PALBAILd, 8 gerRRdly falfbolieat snie Alagnitudes
rel ationship is parabolic, or generally paraboli¢ at small magni tudes of

t he applied exoétheaipplied external potential. An el ectroni ¢ device according to Caim
1, wherein said region provides a stemor spur, wherein the stemor spur is
di sposed in proximty to a further conductance

14.  An electronic device according to Claim 1, wherein said region provides a stem or
spur, wherein the stem or spur is disposed in proximity to a further conductance
path in a further electron flow path, in order to provide a probe to influence the

conduction of electrons in the further flow path, whereby to achieve amplification.

15.  An electronic device according to claim 6, wherein at lcast one of the conductance

paths is formed by etching in said region.

16.  An electronic device comprising a region providing ballistic electron flow, and at
least first and second conductance paths for electron flow to or from said region
which are such that there exists for each conductance path a reservoir of electrons,
or a contact, in at least temporary local equilibrium defining a local
electrochemical potential, and means for applying first and second voltages to said
first and second conductance paths, the first and second conductance paths being
such that a respective conductance value for electron flow through each of the first
conductance path and the second conductance path is dependent upon the
respective applied voltage, whereby to create a non-linear rectifying or transistor

action for electron flow.
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path in a further electron flow path, in order to provide a probe to

i nfl uence the conduction of electrons in the further flow path, whereby to
achieve anplification. 15. An el ectronic device according q;HgE ,
wherein at |east one of the conductance paths is forned bg e 'zwﬁin sai d
region. 16. An electronic device conprising a region providing ballistic
electron flow, and at |east first and second conductance paths for electron
flowto or fromsaid region which are such that there exists for each
conduct an path reseryoir of electrons, or, a contact, in | east

t enpor ar y(ﬁ-oc aﬁneﬁiﬁtwm REROMRTISHY aarqgwezrrovwg&%%wmcgan%@ﬁa #hl , and
means for appl y b r n 0 0 | i CQF
conduct ance pa%léha%?ﬁ{sheé{:?@s?nd:lﬁﬁag%ggﬁgaﬁgﬁ%a%t %’?éleéégg{‘ kﬂs tec{aﬁg ﬁ%@uééﬂdjt hat a
respective congsgidrawhithvart sach at eiee exion bt eavht dundugtinagdth @fretdieoif bf st
conduct ance path and the second conductance path is dependent. upon_the
respective appFlealionseof Ageontagheiiedfylepy tempeoragy H’Cﬂbﬁqulllg@ﬂ'ﬂ defiping yilorgl or

ransistor Akl SSRAN, LWead SoPuhMRARRBR KkopdQoRlgiciy gl ©

devi ce conprisirng a region provi | east

first, second @rs ahfiskcbndVoddEdt@ite pathidf the firer arlll REsiidOSoridubandéeOpONs heiggn sai d
regi on which are such that there exists for each conductance path a

reservoi r of suchdhatowespestiveicensiuctanee value & cleeten flowthough gadhaddhe first

equilibriumdefinjng a | ocal | ect r ochem cal ential nd ans f.o
anplying 111 st coitiSfafe pdlfda (5 SEL0EETRIT AR PR SohrRbaed Mo L BRCRRlEH .
paths, the fi r%lt?%é?wﬁ@féﬁ?% e&aﬁtwh&nﬁﬁedamﬁﬁﬂgloaﬁaﬁ%h_aétnﬁatfoaereeﬁ&ect ive
conductance val ue Tor electron flow through each of the first conductance
path and the sflewnd conductance path i s dependent upon the applied voltage,
whereby to create a non-linear rectifying or transistor action for electron
flow 18. An electronic device according to any preceding claim wherein at

I east onejgf tRKg electronic device according to any preceding claim, wherein at least one of the

conductance paths has a respective ohmic contact for conducting electrons and for

applying external potential, and at which a local reservoir of electrons is formed.

19.  An electronic device according to any preceding claim, wherein the means for
applying a potential includes one or more gates, disposed adjacent to but

electrically insulated from one or more of the conductance paths.

20.  An electronic device according to Claim 2, including means for applying an
alternating voltage across the first and second conductance paths, and means for

monitoring a rectified voltage at the third conductance path.

21.  An electronic device according Claim 2, including means for applying a voltage to
the second conductance path, and means for monitoring the relation between a
voltage applied to the first conductance path and a voltage developed at the third

conductance path in response to electron flow therethrough.
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conduct ance paths has a respective ohmc contact for conducting el ectrons
and for applying external potential, and at which a |local reservoir of
electrons is formed. 19. An el ectronic device accordingftio Magy 2gg5ecedi ng
claim wherein the neans for applying a potential includes one or nore
gates, disposed adjacent to but electrically insulated fromone or nore of
t he conductance paths. 20. An el ectronic device according to Caim 2,

i ncludi ng means for applying an alternating voltage across the first and

second conduct gnce hs, and, means,for ponjtoring a rectified voltage at
the thi rdggond&%@ Bitaﬁﬁlemg EPNSISIQIC RGO 1 a%ﬁlwoawcé?‘avfhgtﬂe ra?tﬁwtg,

I ncl udi ng nean o I : : , and
means for noni té %rﬁl {llsglﬁ?ﬁté’*lg@gﬁ \(;%u%)lg? g\v/elg% bgflgggﬁﬁggé%aggbiqg%f@?? hcgﬁ{)]itﬂr st
conduct ance paflowapebvadiuglfirsigsccdad ahdfied cindtdigndelpatits each perddiag elecpeai h i n

response to electron f|low therethrough. 31 0 1 MAR 2005 22. A nethod of
achi evi ng t r andp¥tteror fram said regiem eashbeandyefppcenalh having psonductasee WRISRIS i si ng

evi PtBIOT AR BHC PG catlee . si ng
b ovi di ng 11 r oF. R Al eehBhchPle dnar e ARl AP RERRE RS B oA e ot on

flow to or frogomucthnt®phds . in addr 16 G6HILAI8REBrapRAIdIM dlectRNCAG Ukioasls e
which is a function of electron energy therein, and applying voltage to one

or nore of t hethedheriwosapdugianch pathg iz dert-linear madnetat e characteri stics of
el ectron flow through the other two conductance paths in a non-Ilinear
manner. 23. A nethod of rectifying an alternating voltage, conprising

provi dingag regl gikthd®yt @Qctif?i'n%!:ﬁi hRerh&#13S POdge PEORBALihE proditling! £GEgion T ow,
providing first, second and "third conductance paths fof ‘el ectron fTow to
and from sai d hayhphallistic transporicproperticefop aldstrhamfiomy providing ustasesendepdndent

on el ectron ener. therein, a pl.yi.n alternating voltage acraoss the

first and secoﬁﬂg{c?ﬁag%“gﬂﬁgep%g'f h@P %{ﬁ%}r"%dg(‘?’i"‘(/itﬂga“a‘?r%?ﬁi f?“ézdreg’&nt 3G f rom

the third condygidifRcedBhth-having a conductance dependent on electron energy therein, and
applying an alternating voltage across the first and second conductance paths, and

deriving a rectified voltage from the third conductance path.

24. An electronic device according to any of Claims 2 to 22, wherein the first, second
and third conductance paths are connected so as to provide a logical AND or OR

function.

25.  An electronic device, comprising a region providing ballistic electron flow, and at
least first and second conductance paths providing electron flow to or from said
region, each path having a conductance which varies as a function of electron
energy therein, means for applying an external potential to one or both of the
conductance paths, and means for sensing a potential, or a parameter relating to
potential, at a further conductance path of the device, wherein the first and second
conductance paths are arranged to generate, at the further conductance path, a sum
and/or a harmonic of input frequencies applied to the first and second conductance

paths.
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24. An electronic device according to any of Clains 2 to 22, wherein the
first, second and third conductance paths are connected so as to provide a
| ogical AND or OR function. 25. An electronic device, conprising a region
providing ballistic electron flow, and at |east first pnfi 9@%

conduct ance paths providing electron flowto or from sald W%i , each path
havi ng a conductance which varies as a function of electron energy therein,
means for applying an external potential to one or both of the conductance

pat hs, and neans for sensing a potential, or a paraneter relati n? to
pot enti al 26at Anf ¢leetramic deviee cempaEng ks, scond and dird termipds, creh fammima] r st

conduct ance pali i i CRuRREf ikl AP oP o ThHefid sohdfeudndE |
the first and peadifls CREHUETRICE oMRbMS cohtraDrebiddAR BIMRic2fectrdn fRIVEAhE ONi C

device conprising first, second and third termnals, each term nal
i ncl udi ng an ehwangemsat beingsueh thebamelteraatingyvodtage aprdiedito she Brstiaed sagerd pat h

providing electron flow to or fr.o central,reqion of ballistic electron
flow, the arriﬁﬁ'@?‘?&ﬂmﬁlﬁﬁ@r%cﬁ‘g'ﬁg]tvﬁ]éi‘gea?&[@t{“é& é‘ﬂ'i’"r?g vol tage applied to the
first and second termnals provides a rectified voltage at the third
termnal. 27. An electronic device conprising first, second and third

t er mi nal s27eaciAnt eectrovad devioe comiprigingfirst] sewond end thioh teaxminals eadc temiina) a
respective condﬁt(ﬁnce pai‘% .p‘rovi di ng el ectron flow to or froma central
regi on of bal | iREydIng 3 elegitica) Ggntapt, Lonngcted, ¥ 2 FESRSER Yy COBIFANGE PAD | vi ng
a voltage to oBfnidihglefRiron TR E oM PoartlPs f 1R Qbct@nHidw,QRe T | OW

t hrough the other t termnals in a non-l1nea manner. 28. An el ectronic

| ogi ¢ devi ce campugemieny beingstuch shatcapplydmgl atvultage teone nahsnale awdulatesrthe nal

including an el ectrical contact connected by a_.respective conductance
J characteristics of electron flow through tﬁ/e other two terminals in a non-linear

manner.

28. An electronic logic device comprising first, second and third terminals, each
terminal including an electrical contact connected by a respective conductance
path providing electron flow to a central region of ballistic electron flow, the
arrangement being such that input signal potentials applied to first and second
terminals provide an output signal potential at the third terminal according to a

pre-determined logic function.

29.  An electronic logic device comprising first, second and third terminals, each
terminal including an electrical contact connected by a respective conductance
path providing electron flow to a central region of ballistic clectron flow, the
arrangement being such that input signal potentials applied to first and second
terminals provide an output signal potential at the third terminal according to an

AND or OR logic function.

30. A device according to Claim 30 or 31, wherein the electric power for operating
the device is provided from the power in the input signals comprising external
potentials applied to the first and second terminals.
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path providing electron flowto a central region of ballistic electron flow,
the arrangenent being such that input signal potentials applied to first
and second termnals provide an output signal potential, gt m%&bg rd
term nal according to a pre-determ ned |ogic function. 023 M ctronic

| ogi ¢ device conprising first, second and third termnals, each term nal

I ncl udi ng an el ectrical contact connected by a respective conductance path
providing electron flowto a central regi on of ballistic electron flow, the
arrangenment bei.ng such that |n ut sign tentials applied to, first and
second t éknindY ge"[b‘ieoﬂﬁcﬁ g toglapn 3 Osqr%al‘”?‘ﬁ’@llb% ‘ffl“cﬁtls gRmeticsych theki na)

di I
30 or 317 wner ey DEAC Sl BB be UBSEATND sy KL HESESEPOR! AR ] Gl

from the power tdnmﬁdlmmmmm&pmrwgrﬁl mérpfromlth@rmlan ermindt enti al s applied
to the first and second termnals. 33 0 1 MAR 2005 31. A devi ce according to
Claim30 or 31, wherein the device is symmetric such that said input

L s e X S R

circuit incl Udbi?alalﬁﬁw%daﬁﬁ@rﬁcﬂﬂi tdevick, akimilReP torthatl as Wedined rabbhg fopt put
signal is provided to a second device, si mlar to that as defined above, for

provi ding a si grmflldln&@élgﬂt‘-]rlaﬁ@lt@!lﬂéﬁipn 33. Acircuit according to O ai m 34,
wherein the second device has a first termnal couple to receive the out put
signal, a second termnal coupled to a ground reference signal, and a third

termnal Ber DEAOMﬂrdhﬂScc%Fﬁ %ft&@mﬁi 3N Alherd- thé sbR@UE edick s ta fREIIMY a
devi ce according to Caim30 or 31, wherein the out put signal is provided

to a second devoupe tborecgivovthdiougput signdd &usecenderminad to gegiogad

rising fir n n r rm.n h rmhnal, in
conprising Stferelslgec sggl(ljalaan atmrd?er}n?na raprgwdlen%Cm otu ut mgﬁl cluding an

34. A logic circuit including a device according to Claim 30 or 31, wherein the output
signal is provided to a second device, for providing a NAND function, the second
device comprising first, second and third terminals, each terminal including an
electrical contact connected by a respective conductance path providing electron
flow to a central region of ballistic electron flow, and a gate for influencing the
characteristics of one of the conductance paths, said output signal being applied to
the gate to provide an inverted version of the output signal at a terminal of the

second device.

35. A circuit according to Claim 36, wherein the other terminals of the second device

are connected between a voltage supply rail and reference potential.
36. A device according to Claim 30 or 31, wherein at least one said conductive paths

is coupled to a corresponding gate to which an external potential may be applied

for adjusting conductive characteristics of that conductive path.

34




el ectrical contact connected by a respective conductance path providing
electron flowto a central region of ballistic electron flow, and a gate
for influencing the characteristics of one of the condugt qmg&gmgys, sai d
out put signal being applied to the gate to provide an invert ver si on of
the output signal at a termnal of the second device. 35. A circuit
according to Claim36, wherein the other termnals of the second device are
connected between a voltage supply rail and reference potential. 36. A
device according to Claim30 or 31, wherein at |east one said conductive
paths i s3%oupPdEledronicdpvicessmmaisig eagion providingbadlistie,alestneni floyoapd et al  nay
be applied fo ; j I St cllye

pat b 3470 1 MERARE b SecRRR SN Kl DR T DL cluBh AW7he EORMELAT, o o
bal I'i stic el ecidgish, bhehcordnctaide patieBsting h tohidueiiics abivhd iendys fiafeeion pat hs
providing electron flowto or from sai regi on, each conductance path

havi ng a conduékegiferecngigy: thereain,i and veherein thameanduetange pathscare agangedspely thaher ei n,

and wherein thg conduct ance hs _ar rran N : i

non-|inear rel ﬁi %ﬁs%l?oﬂ"Elie[aﬁgez%uo&ﬁlgsoﬁgﬁegocggﬁélaé% peé‘&)%ﬁp@&wgg gtt]e%églsl? one
of the conduct gnge cBAdtsand Paths bAS i kdsuiBig poteatihl dveldp¥EInaRTrekionsai d regi on.
38. An electronic device conprising a region providing ballistic electron

flow, and at least first, second and third conductance paths providing
el ectron ow to qr fro said region, each conductance path Vi ng,a
conduct andl vk eoBede 3t o e ReP LA G RN AR B i

the conduct ancgpagis sdédhddndanee dondiidfincd Paths biRiding SleBtréi® Aot tB&R from
rel ati onshi p between external potential applied to o©one or nore of the

conduct ance patdié regiona eacts gbndustanpotath ihavingos conduntancerwhich| warien st @
potential, at another .o Erhe condutﬁt ance ,pat h?li 35

ction of electron enérgy therein, wherein the conductance paths are arranged

such that there is a non-linear relationship between external potential applied to

one or more of the conductance paths and a resulting potential, or parameter

relating to potential, at another of the conductance paths.
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