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WD 2004/ 030043 PCT/ US2003/ 030647 MOLECULAR LI GAT
EM TTI NG DEVI CE BACKGROUND OF THE I NVENTION 1. Field

woboothsookhivent i on The present invention rel at eBCT/0S2003/030647

light emtting devices (LEDs), and nore particularly
5 towards a carbon nanotube LED. 2. Description of
Prior Art Econom cs has driven the integration of
photoni ¢ structures on wafers for sone time. However,
to take full advantage of the unique opportunities
presented by rMOIECHLAIREJSHHEMMA NG DFVIE
phot oni ¢ bandgap structures, nanoscal e devices are
needed capabl e OBAEKEROUND GINTEE INVBNIION i ven by
el ectrical currents as well as photo-excitation.

Conv ' 1. conduct or photonic structures based
1'on Qii&ﬂﬁéh“’ her integration of direct bandgap
materjals or. mcro-porous .Si|icon t r ovi a photon .
Sour SbS PisaRh een i 8 skt e fthedevies i RgRo R bartcutarty
techni cal chall enges and have yet to be realized as
topvaads 4 caatbon veinetube &ES). a need exists for a nol ecul ar
scal e devi ce capable of electrically induced 15

optical em ssion, wherein the device can be conpatible
with Silicon technol ogy. SUWARY OF THE | NVENTI ON
sAccoyli NG LR oRBri&MRRdI ment of the present invention, a

r—EW%rrrﬁg“é——b”

ligh evi ce conprises a gate electrode, a

chanpel canprisin noj ecul e r.el. ri .
oA A Lol SHESHASAL gy some e
di sposed within an effective range of, the gatde 20 .
Hemesyer tdiake Billaduantageafihe waiqveorportupdies pigseyied piiecent advances in

channel injecting electrons into the channel,
the construction of photonic bandgap structures, nanoscale devices are needed capable of

optical emission when driven by electrical currents as well as photo-excitation. Conventional
semiconductor photonic structures based on Silicon need either integration of direct bandgap
materials or micro-porous Silicon to provide a photon source, both of which are associated
with strong technical challenges and have yet to be realized as practical.

Therefore, a need exists for a molecular scale device capable of electrically induced
optical emission, wherein the device can be compatible with Silicon technology.

SUMMARY OF THE INVENTION

According to an embodiment of the present invention, a light emitting device
comprises a gate electrode, a channel comprising a molecule for electrically stimulated
optical emission, wherein the molecule is disposed within an effective range of the gate
electrode, a source coupled to a first end of the channel injecting electrons into the channel,
and a drain coupled to a second end of the channel injecting holes into the channel.

The molecule is one of a carbon nanotube and a boron-nitride nanotube.
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and a drain coupled to a second end of the channe

injecting holes into the channel. The nol ecule is one
w@booa/0amudbon nanot ube and a boron-nitride nanoP@b®s2003/030647

WO 2004/ 030043 PCT/ US2003/ 030647 The gate el ectrode

is formed within a substrate. The gate electrode is a

substrate. The nolecule is substantially anbipolar.

The nol ecule is a rectifying carbon nanotube. The

nol ecul e is one of a single-wall nanotube and a

mul t IThegpte eleaedaisdornedowisltipe sulestrafet yThegatebadertrode isveeibstrate.
108 Anps/cn2 and 109 Anps/cnR2. A drain voltage 5 is

aboutTht Woteuk ig afistandbllpg@bipand ThemsRUtile s m@@&gﬂﬁ@%}%n
potential. The nolecule is substantially undoped. The

nhhdtste. e nRdledfiisBk %?Hl(ﬁﬁlgieswﬁ‘ll H%ﬂﬂjﬁ anaa%lgl{l%ﬁﬁ%{laéqptube.

conpri ses one nol ecul e posed on the substrate

el ect,rical | .st.imul gted optical em ssi The channe|
compf eBegbnriflt Po d e b Bty el AmpnEn? A thain voliage
.substrate for electrically stinmulated optica
issahoukvaee a gate yeltagecandghe souier ragh @@ netentialt he present

i nvention, a nethod for generating |ight conprises

pr oviltle mpleaukeiie bubserntiely uidopedi Bhofirscamiuiithé m@leaule is n-doped.
source, a drain, a gate electrode and a channe

CONPThe LGNS JSRIPEE @nefrﬁéle@lh]? Gfsf)?]s%a!ohxhe% . Wt@{fcg%lectrically

opti cal em ssion, the nolecule avi ng a di anme
SRR S o B PRI om0
sulslps o s Y SR bR B GRRY ce. and t he ar aif,
and reconbining an electron and a hole, wherein the
r ecofbéarding dmagemboditmest o thépresdnt idventes iameethod for generating light
wavel engt h. The channel is one of a carbon nanot ube
c@npriss bRvitinga fielddgleoainalsith comprising a source, a drain, a gate electrode and
a channel comprising a molecule for electrically stimulated optical emission, the molecule
having a diameter adapted to generate light of a desired wavelength. The method further
comprises biasing the gate electrode with a gate voltage, forward-biasing the channel by
applying a voltage between the source and the drain, and recombining an electron and a hole,
wherein the recombination generates light of the desired wavelength.
The channel is one of a carbon nanotube and a boron-nitride nanotube.
The gate voltage and the voltage applied to the drain produce a charge density across
the channel adapted to cause optical emission from the channel.
The light of the desired waveleng"ch is in a portion of a spectrum including infrared
and visible light.

The method comprises doping a first portion of the channel with n-dopants, wherein

the first portion of the channel is proximate to the source.
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The gate voltage and the voltage applied to the drain
produce a charge density across the channel adapted

WO eoog@as®e3 opti cal em ssion fromthe channel. 2BCT82003/030647

light of the desired wavelength is in a portion of a
spectrumincluding infrared and visible light. The

nmet hod conprises doping a first portion of the channe

with n-dopants, wherein the first portion of the

channel is proximate to the source. 2 WD 2004/ 030043

PCT/ USROA2hod@6prisdtmeahelnndt dispospd bs s substratof@eldcgically

di sposed on the substrate for electrically stinulated
aithilaRH ofit3 Sh@Rion] e CRRHRELoRHTNRE bS8t Blo hRRRles WRposed on the
mol ecul es di sposed on the substrate for electrically
ﬁﬂs{}yt!e%reeqiec%?(tﬁhg@Jcilin%mtesdsép?ﬁal é?‘ni@icgrht emtting device
conprises a channel conprising a nolecule for

electrically, .5 stinul ated optical, em ssjon, erein )
the ot 4Bk Phitig SR ceaRomtISgS Wﬂ&f’ﬁpﬁﬂlﬂgﬁdn‘ggﬁﬂ? {Ryelectrically
portion formng a p-n junction within the nolecule;, a
slrnvleied optigsl entissiont whengin the sobesniel compoifes dnen-type ottion and a p-type
injecting electrons into the nolecule, and a drain

patiph ésiniigg 4 p& jondtiopevigdn theanoleéulé;he nol ecul e

injecting holes into the nolecule. 10 The nolecule is

one of sGnGARPRANG AR HRBe oo of ReRoIBEIE rfétRaR i

The nDFecuIe ?s form&#gﬁg?asgg. Tj% %D?ecdﬁe @g RcttBes into the
intrinsically. p-type.apd an end .of e | ecule .is .
BRISHRS driaoiBE o BB P prBorioh ph e gelBi o holes nto the
According to an enbodi nent of the present invention, a
melasslg: for generating Iight

The molecule is one of a carbon nanotube and a boron-nitride nanotube.

The molecule is forward biased. The molecule is intrinsically p-type and an end of the
molecule is chemically p—doped to form the n-type portion.

According to an embodiment of the present invention, a method for generating light
comprises providing a two-terminal device comprising a source, a drain and a channel
comprising a molecule for electrically stimulated optical emission, wherein the molecule
includes an n-type portion and a p-type portion forming a p-n junction within the molecule,
wherein the molecule has a diameter adapted to generate light of a desired wavelength. The
method further comprises  forward-biasing the molecule by applying a voltage between the
source and the drain, wherein the source is coupled to the p-type portion and the drain is
coupled to the n-type portion, and recombining an electron and a hole, wherein the
recombination generates light of the desired wavelength.

The molecule is one of a carbon nanotube and a boron-nitride nanotube.



conprises providing a two-term nal device conprising a
source, a drain and a channel 15 conprising a nolecul e
wo evo4@Bmat rical ly stinulated optical em ssion, PGHYESBI5030647

the nolecule includes an n-type portion and a p-type
portion formng a p-n junction within the nol ecul e,
wherein the nolecule has a dianeter adapted to

generate light of a desired wavel ength. The nethod
further conprises forward-biasing the nol ecul e by

appl yi ng a vol {(BREEIDDRSGRIPIION OFUIHE BRAWINGSr ai n,
wherein the source is coupled to the p-type portion

and t B edlicichblointAu OMRL BsLf ryagtidly IIPE. BRI belWth more
reconmbi ning an el ectron and a hole, erein the
recombi.nati on geperates |ight. of. the desired
GETE e R e & S Bty BE gk 8eTa carbon nanot ube
and a_boron-nitride panotube. 3 WO 2004/030043

PCT/ USgobsivndisarrm ¢ mrleppeacmtion aomstm decaramdiego an
Preferred enbodi nents of the present invention will be
clebadimbcf Itk resanninvention;det ai |, with reference to the
acconpanyi ng drawings: Fig. 1A is a diagramof a

ol ecpibarB Qi dig@amEdt sSHbRByISEIHES ARE6HENGed Rcdingo an
enbodi nent of the present invention; Fig. 1Bis a

Qhﬁﬁfirg@xt%ffﬂ?e ﬁgéeﬁg%fg%ﬁi&pti cal em ssion device

accordrng to an nent of the present invention;

Fi g. is.a diagram of a | ecul.ar .optical em ssjon
v dBeabisgh i) aano et SHon ficsrgeging o an
invention; 10 Fig. 3 is a diagram of a nanotube
ercbwlinenel the praseapdnyditiemt of the present

Fig. 3 is a diagram of a nanotube according to an embodiment of the present
invention;

Fig. 4is é graph of drain current versus drain voltage according to an embodiment of
the present invention; and

Fig. 5 is a flow chart of a method according to an embodiment of the present

invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
According to an embodiment of the present invention, a field-effect, single molecule
device having an induced forward biased p-n junction is capable of electrically induced
optical emission. The emission can be from a single 1-d molecule, for example, a carbon
nanotube or a boron-nitride nanotube, offering high scaling for electrically pumped optical

emission devices.
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invention; Fig. 4 is a graph of drain current versus
drain voltage according to an enbodi nent of the

w@r@gmsio4s nvention; and Fig. 5 is a flow chartPof/Uus2003/030647

met hod according to an enbodi nent of the present 15

i nvention. DETAILED DESCRI PTI ON OF PREFERRED

EMBODI MENTS According to an enbodi nent of the present
invention, a field-effect, single nolecule device
havi ng_an i nduced forward biased p-n junction is

capaBeEriang w1 lEgt I.cedaviceicRupEss 2 gt eleairode & sfopexanyhe a Silicon

em ssion can be froma single 1-d nol ecule, for
sebsamiel Ehe gate alebivmde2@n ba fiainedevitiin thelsabairtadrtthé gete electrode can be
nanot ube, offering high scaling for electrically

tHRUAIBAEAON she@hn in §18. $8! Phe d@mecmhelﬂco}?@r@&%ée%%aé 102, such as a
PCT/ US2003/ 030647 ~Referring to Fig. I'A devi ce

%b g rigltgﬁa}%ﬁ-ﬁlaaf Aﬁln?%{:tﬁlc%%?dgél es;le(‘l:' %é e‘ﬁ?‘g{r?mla bory {mﬁml b%ﬂr(h can be

subst e or the a e el ectrode can be the ubstr

LR R aanol < 1o Ja sifkerimerangs f?lpgé@ efpetrode 101,
gat e oxide 102, such as a Silicon oxide Iayer or an
sudhuthatribngasx bl&etw@f@n,elagp@allmimma‘a thaedsbon mranotitbe 13 1@Broduce an
can be 5 deposited. The carbon nanotube 103 is within

opficat bheeiohVRr erdigsle Of00ithe TRtcartdh@ahstane] 0ckn besfig Bxample, a
that the gate el ectrode can electrically stinmul ate the

gfebx%ll ?@4 ﬁgﬁg u]og?ha{l Qrcﬂﬂ&!lgtg nﬁﬁartlﬁgﬁ's&ﬁi%g(mcﬁﬁé gﬁlaractemstic.

exan'p e car anot ube can

et P Eor aﬁaw?en%?@é%l o A B DR ARt 05 o

formed at opposite ends of the carbon nanotube 103. A cap 106 such as a Silicon oxide can be
deposited over the device.

A carbon nanotube molecule can be single-walled or multi-walled. A multi-wall
nanotube has a series of concentric nanotube cylinders. Both single-wall and multi-wall
nanotubes can be either metallic or semiconductor deﬁending on chirality (i.e.,
conformational geometry). Metallic nanotubes can carry large current densities with constant
resistivity. Semiconducting nanotubes can be electrically switched on and off as field-effect
transistors (FETSs). The two types may be covalently joined (sharing electrons).

Optical emission can be achieved from a carbon nanotube based molecular system
through a forward biased p-n junction in which holes and electrons are injected across the
space charge region. Recombination of excess electrons and holes in the space charge region
can result in emission of photons, as in conventional direct bandgap semiconductor light

emitting diodes. According to an embodiment of the present invention, however, the p and n
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More than carbon nanotube can also be inplenmented. A

source 104 and a drain 105 are 10 fornmed at opposite
wepag/08fo43 he car bon nanot ube 103. A cap 106 SUuBCT/ES2083/030647

Silicon oxide can be deposited over the device. A

car bon nanot ube nol ecul e can be single-walled or

multi-walled. A nmulti-wall nanot ube has a series of
concentric nanotube cylinders. Both single-wall and
mul ti -wal l nanot ubes can be either netallic or

regéoms enshpotity erdie p€a dingly moleatie, makorttyested t@ previdhis work involving
conformati onal geonetry). Metallic nanotubes can carry

pbI3Gfc 6HbERE AN ahd J:xgﬁal\é/j th constant resistivity.
Sem conducti ng nanotubes can be electrically sw tched

on a £ i -eff ' r. Is .

o R B bS8 by SRS oI by st
el.ectrons). Optical enission can be achieved fr a

deping dier reaRlee IBRwsEaliop BPgIcaow paranhe maetlg 103 can be placed
forward biased p-n junction in which hol es and

betiveert scomes Hdandrirain tl 8% clactradss. Qreer@dfdiramelechlaigymasked 201 using
regi on. Reconbi nati on of excess electrons and holes in

lithderapRir a€chalte g éndledih@ for ek@fipleededtiont-titamilitBsgraphy0The exposed end
photons, as 1 n conventional direct bandgap

o X L
o T e R o e g o reatean
and n .5 WD, 2004/ 030043 PCI/ US2003/ Q30647 regions are.
DESJEE R I%H’G§XB‘?SG§ a’éfian‘igg-gg%&éﬁsb‘f‘%, ON2E c NPy %B‘Pé&“‘%é’n is created
previ ous work involving olymeric or organic fil ns
withih the yolegule thiids thenifeigrardbipseyl to 2reafs rgepmbingtiagi redigtiemn
be created in a single nolecule by selecting doping.
For Axeuriing to amembbdiineat afthé preperit ypentiar, hamanstabobasbé light emitting
nmol ecul e 103 can be placed 5 between source 104 and

ddi@ in133 18hasiiiadgsn dNee SNPhRe-tbASnAR9RM! Retedring to Fig. 2, the

masked 201 using

two-terminal p-n device comprising a source 104 and a drain 105 can be formed, wherein the
nanotube 103 is chemically doped. The two-terminal device does nc;t comprise a gate, and
thus, a chemically doped nanotube can be implemented to produce a p-n junction. To
generate light, a bias voltage can be applied across the molecule 103, wherein a negative
terminal is coupled to the n-type end of the molecule and a positive terminal is coupled to the
p-type end of the molecule. The three-terminal device comprises a source 104, a drain 105
and a gate 101, and the nanotube 103 can be chemically undoped, or chemically doped to
augment field doping.

Referring to Fig. 3, a single molecule 300 demonstrating ambipolar behavior is placed
between drain 301 and source 302 electrodes in a field effect structure. The structure is then
biased with the value of the gate voltage between the drain 301 and source 302 voltages. The

gate field allows hole injection at one end of the nanotube and thus behaves as p-doped, and
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l'i thographic techni ques, including for exanple,
el ectron-beam | i t hography. The exposed end can then

wheodopwds The exposed end of the intrinsicall pCPUS300®030647

nol ecul e is doped to create an n-type region in the
exposed area, e.g., by potassium doping. Thus, a p-n
junction is created wthin the nolecule that is then
forward biased to create reconbination radiation. 10
According to an enbodi nent of the present invention, a
afteimati vebealbrvsededtioghinjeetion dtiangtherkendiof ¢hecrmnotube and thus behaves as
two-term nal p-n device or a three-term nal device.

nREfped. MBdgude@f hedoppdsitd $1gn of the gt 18R lends &F tHEMIKR ule, one side of the
conprising a source 104 and a drain 105 can be orned?

j:0 .t ' 1.cal l.y. doped.. . The,.
RS R pidoBr (0 RRYRE 0 ok FIRTL R iGERGRa (F3 Since the p doped
t hus, a _.cheni cal d d .nanot ube can be i npl enent ed _
IegIoThs 8&&@%515‘]3 E/-%'Wlhj}i@ﬁ g{éi et yltags, the Rt Winelion geated B the molecule is
bi as voltage can be g&plied across the nolecule 103,
foywerdshinsed. Inehistmanmer, ndprvandbiabes ro jpictidn isccredied in-a sipge molecule
end of the nolecule and a positive terminal is coupled

allowinp dor pedryipigattortradfatioh ghviyed Beceteted B thelddfregr TBE MchAbination
devi ce conprises a source 104, a drain 105 and a gate

raikion d08urk BRNP ANOLBRIbE @gﬁﬁﬁr{hp&fglﬂgﬁ%&qt%%% ILL%dg ﬁ' P%gcﬁl%das shown in Fig.

or chem cally doped to gnent

Referring to Fig. 3, a single nolecule 300

denonstrating anbi pol ar behavior is placed between

drain 301 and source 302 electrodes in a field effect

st r ubtRIPOLYPEMEhE epiidng devidedias hesm copstaustasl wsingra edon nanotube. This
val ue of the gate voltage between the drain 301 and
exople use3 O finst erabedimedttescrirtl @bdveeTHe protatyse delice comprises a single
injection at one end of the nanotube and thus behaves

c@BorPnAHORME in @fid]Cefi¥et AARAOIVAM, BeabhhiSZAN3{ DFF0r dea/'ce

alternatively allows electron injection at anot’her e

d@hodsHGicBRBERE ARl UaRGRAYES as

The Voltéges at the terminal of the device can be scaled with the thickness of the
oxide. With a source voltage near 0 (for example, +/- ¥ volt), the drain voltage is two times
the gate voltage. For example, optical emission has been observed from the device by
grounding the source, fixing the gate at +5 volts, and placing a +10 volt bias on the drain for a
gate thickness of 100 nm. A charge density can be between 10° Amps/cm? and 10°
Amps/cm?, however this can vary with device parameters and geometry. One of ordinary skill
in the art would appreciate, in light of the present disclosure, that an operation voltage of the
device can depend on device parameters and geometry. For example, a thinner gate oxide
implies lower gate voltage operation. Near the source, the nanotube is n-doped because of the
field effect doping. With the opposite field on the nanotube near the drain, the nanotube is

p-doped in this region. In Fig. 4, the drain current is plotted as a function of drain voltage
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n- doped. Because of the opposite sign of the gate
field at ends of the nolecule, one side of the
wondoemslogs i s p doped (h+) and the other side oPCT/IS2003/030647
nol ecule is n doped (e-). Since the p doped region is
on the side which has the higher voltage, the p-n
junction created in the nolecule is 5 forward bi ased.
In this manner, a forward biased p-n junction is
created in a single nolecule allowng for
whee swmtsipingt frem Ortadil Bvpbnwithihe gate vdtage etatevblisyantftlee source grounded.
current. The reconbination radiation occurs along the
nanot ube body in the region of the p and n regions as
shown in Fig. 3. A prototype light emtting device
has bpem ERRRIdaS Edrkal Rl eGRIROWRABBLYRA in TR Brygk-biased

exanpl e uses the first enbodi nent descr above.

. prototype ~devi ce. conprj,ses. a, , Si ngl e rbgn nanqt uhe
FRREGPRYE FAE IR SOTRE R FPfteq. 3 B G ea SRp AR et B8 of the
| A-B) Thi s device denonstrated anbi pol ar_ el ectri cal )
casboranofubet Sincerhe bppdgan §& semaicondystor appatiby scake as &d, where d is the
device can be scaled with the thickness of the oxide.
diMitieter af the uutxe theadntisgien oftthe dévi¢d can beradjnsted , withia a ¥ghge from the
volt), the drain voltage is two tinmes 15 the gate

in\ﬁgkédqgeheﬁgbleq;%ﬁpl e, optical em ssion has been
observed fromthe device by grounding the source,

fixi . +5 V. | aci +10 vo P
oi as I RBFE b pishclol onePPe b Bifled o byt a e
har ge .density, can be between 108 s/¢cn2 and 10 )

ef%ﬁfﬁ YPRSIPOT (OBURIFEIE & IRPECch Al AR a?la‘%&éfho&é%%}‘é?é%aé%‘ having 2
and geonetry. One of ordinary skill in the art would

diapyotee edaptes], toigendraigHighbéf a desirpd weeslength §¢1. ddaigete cehbet biased with a
an operation voltage of the 20 devi ce can depend on

véleist eLatrait pIve t5e/obts 02| valeRdm. ttis/carliud na@¥@iBP kikannal dafibaner
gate oxide inplies |ower gate voltage operation. Near

PR IS il GBS eyl S

reggrrrllgltnlijnbgeo a%aeliecttrgg alfclI Shore gtege%at%saﬂgﬁtuok%%qé JFesired wavelength 504.

Nanotubes can be used to generate light a portion of a spectrum including infrared and visible
light according to the diameter of the nanotube.

An advantage of this device is to allow electrically induced optical emission to be
observed from a single molecule. Moreover, the carrier injection into this molecular device is
highly efficient because the Schottky barrier is thin due to the one-dimensional electrostatic
effects in nanotubes, e.g., tunneling rates at the contacts is high even for contacts with
Fermi-level placed at mid-gap. The properties of the nanotube Schottky barriers in this
one-dimensional system does not limit much the current and high injection rate is obtained,

which favors higher efficiency for the emission. Therefore, this contact scheme does not need



p-doped in this region. In Fig. 4, the drain current

is plotted as a function of drain voltage 7 WO
wQo@4/088@043 PCT/ US2003/ 030647 when sweepi ng PEDOSD0S/030647

+10 volts with the gate voltage at +5 volts and the

source grounded. Optical em ssion is observed fromthe

devi ce when operated in the forward-biased junction

node. The emission is in the infrared, as expected

fromthe small bandgap of the 5 carbon nanotube. Since

2t Specipiindrytgned tordagtiva rasimmetricahingectioe asit & wsually thectase in photon

where d is the dianeter of the tube, the em ssion of

sbtmeedevi ce can be adjusted within a range fromthe

infrared to the visible light. Referring to Fig. 5, a

et hagyf deQ@r%H?iréf&ged LERSAROARHF £ GRIRLRY E(ga'lé]@e\@%eaciaﬁable of

field effect transistor conprising a source, a

ate and a carbon .nanot.ube channel havi.ng a . 10,
ol e A SEREALR Bofel il T 5peliBdh fgyaniations can be
wavel ength 501. The gate can be biased with a voltage
ngyde 3@5@9{80&2 skdllesl ip dpe a5t Bight ohihe aheve thechings bly is theusire bebe
channel can be forward-biased by applying a voltage of
uabherstbog thas cliadgesoheysbe maddim the pantic@BSem Bdumerite 0 Othaiivedgon
of an electron and a hol e generates |ight of the

deeRisE BRhOR KR WikihIhORbpe aNBRGUTER: HMRA allé Slglﬁ?]%d)by the appended

generate light a portion of "a spectruminc

' [Si: Light ording to the . . .
el S et JsShRepd Bt wi RGP op® pi By rpquived by the
Is to allow electrically induced optical_em ssion to
pient lgpe.evRab i daigier and drijred Prespaed PLetigst Bajomtis sat ferth in the
carrier injection into this nolecular device is
10 appeghedclainfs ci ent because the Schottky barrier is thin
due to the one-dinensional electrostatic effects in
nanot ubes, e.g., tunneling rates at the contacts is
hi gh even for contacts with
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t he nanot ube Schottky barriers in this
wor@40smensi onal system does not |inmt nuch thECT/USZ0851030647
and high injection rate is obtained, which favors
hi gher efficiency for the emssion. Therefore, this
contact schene does not need 8 WO 2004/ 030043
PCT/ US2003/ 030647 a speci ally desi gned contact with
asymretrical injection as it is usually the case in
Wihtbisoeimsdis:ces. Havi ng descri bed preferred
enbodi nents of a nol ecul ar scal e devi ce capabl e of
lel ecirlighabinittihddeiGedcoamirised: em ssion, it is noted
that nodifications and variations can be 5 nade by

persggﬁeghkﬁggg in the art in light of the above
t eachi'ngs I's therefore to be understood that

e 1 RVBIEY e o ech BRIGh Rk ElechTab A o Gehgasion, wherein

and splrlt of the invention as defined by the appended
themaglpeile 1slispaspdrwitlin aa slesthisdangse fithpgsie ¢losiragdet h t he

details and particularity required by the patent

| awsa sautnext caupledltah ifiest ead df theshaad] iy tiag bRetrés 1hﬁ)tth€ Efannel; and

Patent is set forth in the 10 appended clainms. 9 WD

20044 @ﬁﬁp&%%afé@-% WA H3BEHE chihrl 1n5e%t1ﬁ%ﬁbfg§ th Fhe cglannel

A light emtting device conprising: ectro

a channel conprising a nolecule for electrlcally

stimul ated optical em ssion, wherein

2. The device of claim 1, wherein the molecule is one of a carbon nanotube and a

boron-nitride nanotube.

3. The device of claim 1, wherein the gate electrode is formed within a substrate.

4. The device of claim 1, wherein the gate electrode is a substrate.

5. The device of claim 1, wherein the molecule is substantially ambipolar.

6. The device of claim 1, wherein the molecule is a rectifying carbon nanotube.

7. The device of claim 1, wherein the molecule is one of a single-wall nanotube and a

multi-wall nanotube.
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5 the nolecule is disposed within an effective range

of the gate el ectrode; a source coupled to a first end
w@bootloaooahannel injecting electrons into the chemnmgtops3/030647

and a drain coupled to a second end of the channe

injecting holes into the channel. 2. The device of

claim1, wherein the nolecule is one of a carbon

nanot ube and a boron-nitride nanotube. 10 3. The

device of claim1l, wherein the gate electrode is

8f or nitle devtidd of Aaisubstireatie a chakge dtBity évdboet ndftwedml 0h Almps/cm? and

wherein the gate electrode is a substrate. 5. The

10exingsc@f. claim 1, wherein the nolecule is

substantial ly anbi polar. 6. The device of claim1,

wherein the nolecule is a rectifying carbon nanot ube.

7. The device of claim1l1, wherein the nolecule is one

of a..single-wall, nqt ube and a 15 mylti-wal

Inanol i SEVIPRIBOG AR50 A S Y0 (985 itrdoubwasa gate yakiage, and the
device of claim1, wherein a charge density is about
sQpuesreansposd pegstiddn? and 109 Anps/cnR. 9. The device

of claiml1l, wherein a drain voltage is about twi ce a

gate voltage, and the source near ground potential. 5

10. The device of claim1l, wherein the nolecule is

16.UbsTROGd Al of cprsiop ﬁ\g'vegefi&%ﬁ élT(h@(iu@eef‘é 'sﬁﬁstaﬂftiaﬁg ggg& . d.l 5

wherein the first e nol ecul'e I's n-
The device of claim1, wherein the channel conprises
one nol ecul e di sposed on the substrate for

electrically stinulated optical em ssion. )
The device of claim 1, wherein the first end of the molecule is n-doped.

12. The device of claim 1, wherein the channel comprises one molecule disposed on the

substrate for electrically stimulated optical emission.

13. The device of claim 1, wherein the channel comprises at least two molecules disposed

on the substrate for electrically stimulated optical emission.

14, A method for generating light comprising the steps of:

providing a field effect transistor comprising a source, a drain, a gate electrode and a
channel comprising a molecule for electrically stimulated optical emission, the molecule
having a diameter adapted to generate light of a desired wavelength;

biasing the gate electrode with a gate voltage;

forward-biasing the channel by applying a voltage between the source and the drain;

and
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13. The device of claim1l, wherein the channe
conprises at |east two nol ecul es di sposed 10 on the
waemmgs@mte for electrically stinulated optical PCT/US2003/030647
em ssion. 14. A nethod for generating |ight conprising
the steps of: providing a field effect transistor
conprising a source, a drain, a gate electrode and a
channel conprising a nolecule for electrically
stimul ated optical em ssion, the nolecule having a
di amicembidagpaeelcettongmderhnie whergin thefre@nthésidtiondzenerates light of the
wavel ength; 15 biasing the gate electrode with a gate
demitetl ageeclefigthwar d- bi asi ng t he channel by applying a
vol t age between the source and the drain; and 11 WO
2004/ 030043 PCT/ US2003/ 030647 reconbi ning an el ectron
and a hole, wherein the reconbi nati on generates |ight

cqef t Ay wavel ength.. 15. The nethod of claim
19y " e SRR I SalR S e honpelds 655 S crearcnapomibe and
and a ., boron-nitride nanotube. 5 16. The nethod of
besonityida nangiehcei n t he gate voltage and the voltage
applied to the drain produce a charge density across

t he channel adapted to cause optical em ssion fromthe
channel . 17. The nethod of claim 14, wherein the |ight

16f t ke degibd o cay ¢4 enBirbinithe kdle RoIRRE bh@heQolt li i
spectrum i ncl udi ng i nfrared a%d Vi gli%bl e | iegr?t ?gel%jpllg(.ito the drain

pr-gﬁﬁcer@é CQBSiBJ A dRs e c}\taH{xcfll Ieage{ptgdat%.%%ssei N 'cglhe%lig’stigrP frgfn the

oping atirst “portron o
channel.

17. The method of claim 14, wherein the light of the desired wavelength is in a portion 6f

a spectrum including infrared and visible light.

18. The method of claim 14, further comprising the step of doping a first portion of the

channel with n-dopants, wherein the first portion of the channel is proximate to the source.

19. The method of claim 14, wherein the channel comprises one molecule disposed on the

substrate for electrically stimulated optical emission.

20.  The method of claim 14, wherein the channel comprises at least two molecules

disposed on the substrate for electrically stimulated optical emission.

21. A light emitting device comprising:
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channel with n-dopants, wherein the first portion of

the channel is proxinmate to the source. 19. The nethod
w@boogloatons 14, wherein the channel conprises ONBCT/US2003/030647

nol ecul e di sposed on the substrate for electrically

stimul ated optical em ssion. 20. The nethod of claim

14, wherein the channel conprises at |east two

nol ecul es 15 di sposed on the substrate for

electrically stinulated optical em ssion. 21. A light

eni t & thegnelevvimpeistgrpmolksculg for bRctiDall Sl 0RGA4Ptical emission, wherein

PCT/ US2003/ 030647 a channel conprising a nolecule for
thelnestédul Cednhptise$ hirbltleqsbriogt drdla p-8iFk %ﬁftﬁ)ﬂ’foﬁﬁ‘iﬁg %gﬁn junBon within

nol ecul e conprises an n-type portion and a p-type
HRYUJsRL.formng a p-n junction within the nolecule; a

source éoupled to the p-type portion of the nolecul e

injecting electrons into the nol ecul e; .and a drain

coupt E" OCOPH%dﬁQ Hﬁﬂeg'ﬁ‘a PPUSA nghetrﬂ%le%‘? Hygptiag electrons into the

injecting holes into the nolecule. 22. The device of
melegplay @8l wherein the nol ecule is one of a carbon

nanot ube and a boron-nitride nanotube. 23. The device

of cd diain @lipledhe tei miyph poﬂi@h@@tﬁe&nél&cﬁl@[ﬂa@iiﬂg BoRS &fe the molecule.
10 24. The device of claim 21, wherein the nolecule is
intrinsically p-type and an end of the nolecule is

chem cally n-doped to formthe n-type portion. 25. A

. ¥ c Y ¢
2852 ol dedlog SRR 21 ik e RS T P 2P e labe and o
bo?cr)na-imr‘gri enrgan%tu re].a nnel

23. The device of claim 21, wherein the molecule is forward biased.

24.  The device of claim 21, wherein the molecule is intrinsically p-type and an end of the

molecule is chemically n-doped to form the n-type portion.

25. A method for generating light comprising the steps of:
providing a two-terminal device comprising a source, a drain and a channel
comprising a molecule for electrically stimulated optical emission, wherein the molecule
includes an n-type portion and a p-type portion forming a p-n junction within the molecule,
wherein the molecule has a diameter adapted to generate light of a desired wavelength;
forward-biasing the molecule by applying a voltage between the source and the drain,
wherein the source is coupled to the p-type portion and the drain is coupled to the n-type

portion; and
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conprising a nolecule for electrically stinulated

optical em ssion, wherein the nolecule 15 includes an
wm2aogos00pdrti on and a p-type portion form ng aP@F/IS2003/030647

junction within the nol ecul e, wherein the nol ecul e has

a dianeter adapted to generate light of a desired

wavel engt h; forward-biasing the nol ecul e by appl yi ng

a voltage between the source and the drain, wherein

the source is coupled to the p-type portion and the

dr ai edsnbinuplag@ldcaon htd Mhdly peherpiarthd RBomBindtidBgdfErates light of the

2004/ 030043 PCT/ US2003/ 030647 reconbi ning an el ectron

AodAvhiGoppvher ei n the reconbi nation generates |ight
o? ?ﬂg de fred wavel ength. 26. The nethod of claim

25, wherein the nolecule is one of a carbon nanot ube
and a boron-nitride nanotube. 5 14

26.  The method of claim 25, wherein the molecule is one of a carbon nanotube and a

boron-nitride nanotube.
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