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Single Electron Tunneling up to 300K
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A. review is gi.ven of recenI results clbl,a,inecl
rneta,llic na.nostrucl,ures u;r t,: roem l,ernpera,trlre,
dil,iona.l resul ts on semiconducl,ou na,nosl;ructures;

on sirrgle electrr:n lunneling in ultra,-small
using a sca.n.ning elect,ro.n rni.croscope. Acl-
will bc present,ed a.t the c.onference.

1. Introduction

R.ecenl,ly, ultrasmall ( S 5nm in la,teral dia,me-
ter) dorrble-barrter tunnel junctions have been real-
ized u.sing metal pa.rticles (2-E nrn in dia.mel,er) sa,nd-
rryic.hed irr bet,rveen a mel,allic subsl;ra,te a,nrl the nr.et,u,l-

lic tip o[ a scanning l,unrreling rnicroscope (liTIVI) t2].
'fhe pa,r[icles wcre either grown b5' u-1r.am eva.[)ora.-

tion or prepa.red using colloid chemisl,ry.

'Iwo electrical tra.nsporl, elTects, in good a.gree-

ment rvith [he senri-classical ttreor.y of single-electron
lunneling, have been found at roorn temperature: the
Coulomb ga.p a,nd the Coulornb staircase. The in-
terpret,al,ion in terms o[ single-ek:ctron l,unneling was

lurther supported by liquid llelium temperature S'lM
mea,surements on identical sa.mples. In tJris a,llstracl
u'e review these results.

In the talk, but not in this abstract, also re-
sults rvill be presenl,ed of experiments on qua.n.tum

dots defined. in the two-dirnensiona.l electr,>n ga.s in.

GaAs-AlGaAs hel,erostructures trhich provc tha.l, t,he

a,mplitude of l,he Coulornb blocl<ade osci.llltions re-
flects the details of the energy spectrum in the <lol,

[3]. A revierv of this work is given in Ref. 4.

The m.os[ generic of t]re single-eLec{,ron. trrnnel.-
ing (SltT) ellecl;s is the Coulomb ga.p: t,he suplrres-
sion oI the tunneling current a,[ low volta.ges S e.l2C.
An a.ddi{,ional ma.nifcsta.l,ion is l,he Corrlonrb.sl;aircase,
visible as a, sequence of steps irr l;he current-voll,a,ge

cha'ra.cteristics, sepa.ra.tecl b.1' voltage inte*-als e<;uaJ
l;,o e.f C. Ea,cb sl,ep cortesponds tlo t.he.acl<lition .[ a,

single elecl,ron on the isla,nd.

so fa,r, the obse*'a,ti.n ,lf si'gle-elecr,ron t*'nel-
ing ha,s bcen resl,ricted to l'w-tempefar,ures (r,r,;.rir:a.ll.v
T' S 4K). l'he elementa.ry charging energy' i.r, ,,2d,
horvever, is i.n.versr:ly proporr.iona.l to t,he capa.citance
c a,nd ca.n be enha,ncecl by sc.aling dorvn the st,ruc-
tures to a sma,ller size. This is why it ha.s beerr ar-
gued tha't' single electron t'nneling is the only kn'wn
experimental phenomenon to l:e taken seriously a.s a,

possible ba,si.s fcrr future room tenlperal,ure elecl,rouics
on l,he s*b-L0 nm sca,le (dorvn i;o l,he reaJm of m,:fec-
ular electronics) [t].

2. Dxperiments

lve have investigated double-ba.rrier tr'-rner
junctions thal, were realizecl b.l' n.n STIU tip situa.tecl
a,bove a' srna.ll metal parti.cle (trrnnel.iuncr,ion I in liig.
1a') rvhich is separated lry u.t'nnel ba.rrier fr'nr r,he
rrretallic substra,te (tunnel j*nction z) [z]. fhe two
t,*nnel junctions are cha.ra,cterjzed bv their resi.sl,*nces
ft(i - 1,2) a.nd ca,pacitances C;. 'I'he ca,pacil,a,nce rel-
eva.nt for thr: charging of l,he pa,rticle is C _- Ct j- Cz.
By measuring the electric.al tra*sport oI such .i*nc-
l,ions we ha,\re rece'l,l.y .bservecl [h.e co*lor'b ga,p and
l,h.e Coulomb sta.ircase at roonr tempera.tur" [Z].
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Fig. 1. Schentatic arra'ngement of a, double-
ba.rrier l;unrtel jrurction lormed by u. small metallic
pa,rticle sa,ndwiched in betu'een a.n S'fM tip and a
meta,llic. substra.te (a.). The pa,rticle(p)-insulal,or(i)-
subsl,rate(s) systern is either: grown (b) or prepa.red

b.y colloid chemistry (c).

I'n o t,ypes oI particle-tunnel-ba'rrier-sutrs;l,ra'fe

model systems have been investigated. Sample A
(Fig. 1tr) is grolvn by elec,l,ron-bea,rn evaporation
a,nd prepa,recl a.s follows: First, a 100 nm thiclr. Au
fihn (cr:nducl,ing substra'l,e) is grown epita,xinlly onl,o

mica., f<rllou'ed b.y a L nm l,hicl< layer o'f 2irO2. (ox-
icle f,unnel barrier). Firra,ll.y, a' 0.2 nnt l,hicJ< Au film
is deposil,ecl. T'his film nuclea'tes inl,o sma'll pa,rti-

cles of a,pproxirnately 4.5 nln in cliamcter. T'he ca,-

pa,cita.nce Cz of the pa,rl;icle-subsl;rate junction is ex-

pected to lre la,rger l,]ran C1 due to the la,rge dielec-

l,ric const,a.nfi (2 ,\' 10 o[ the oxide. We estirna'te

C
ez'f 2C ,-, 70 mcV. 'fhis is rvell a'bove kT a.t' room
tempera.f,ure.

Sa,mple ts (Fig. lc) is obl,ained using colloid
chemica,l mel,hods. An a,queous .sol of Pd pa'rticles is

Jrreparecl by electroless reduction of Pclz+ [o rnetal-

lic Pd in the presence of the n'a,ter-solrrble pol.t'mel:

pol.1'vinylp.Vrrolidone (PVP). T'he polyrner a,clriorbs

onto Pd nuclei reclucing their grorvth a'nd preverrt'ing

the flocculation of the sol b1' steric sta'bilizal,ion- By
dipping a, Au film (conducting subsl,ral,e) inl'o the sol,

pa,rtic.les cnca,psula,tr:d b.y thcir polymer shcll becotne

adsorbecl on t;he Au film. A. turrnel ba,rrier bctrveen

thc mel,al parl,icle a,nd the conclucting substra,te is
now formed by l,he orga.nic shell. This prepa.ra,t,ion
method offers high flexibilit;y: The pa,rticle covera,ge

ca.n be conl,rolled. over a witJe range try varying, the
PVP concentral;ion ancl tlre a,clsorpl,ion can be ma,de

specilic b.y using surfacta.nts on the substra.te or by
a.dding specific orga,nic grortps on l,he Polyp.t cha'in

(a, det,ailed t,opogra,phical STM investiga.l,ion on such

type of samples rvill be pul>lished elservhere). '.['he

pa,rticle size disl,ribr.rtion as obtained by tra,nsmission

elecl,ron microscopy is quite rnonodisperse wil,h a.n

&\'era.ge dia,ureter of 2 nm. The ca.pa.cita.nce of the

particle a,pproxima.tcd by C : 'lzrese, a,mounts to
,-, 4x 10-1eF. Tlris implies a, charging energy a.s la,rge

a,s ez f 2C.- 0.28eV.

'fhe c.urrent-volt,a.ge (I-U) cltaracterisl,ics is

mea,sured with l,he STM tip sit,uated above one pa.r-

ticle for a fixed t;ip-pa,rticl.e sepa'ra,tion. I'he rnea.$llre-

rnents rvere either performed at room tenr.pera'ture

rvith an S'fM opera{,ing in air, or rvith a ]ow teml>er-

ature STM operal;ing in a, heliurn gas a.tmosphere at

4.2 K.
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FiS. 2. IMea,sured I-U r:hara.cteristics a,t, ?' :
300K showing t,he Coulornb sl;aircase. C'rvt. l12. r4,ere

obtained on different pa.rl,icles on sample A and curve
3 on sample B. They are displaced verticall.y for clar-
il;y. Arrows indicate cliscontinuities in the measured
current ,I. .I is sca,led b1' lhe as.ympl,otic resi.sta.nce .R.
(/?. - 80, 80,40GCI for curves 1-1. respectivel.v).

A conr:lusive proof of single-electron tunneling
in a double-ba,rrier trrnnel .junctir:n should'inclucle
the observation of the Coulornb sl;aircase which a,rises

from incremental cha,rging (b.y single elec{,rons) of the
intermediate pa,rticle. FiS. 2 shorvs three Coulomb
staircases mea,sured at room tempera,ture. Currre 1,2
rvere obl,a,inecl on sample A a,nd c.urve 3 on sam.ple B.
Steps (indic.ated b.v arrows) in lhe I-U cha.ra.cteris{,ics
are clea,rl.)' r'isible. Curve I u'as found to be in good
agreement vrit,h l,he theor.y fcr os;rry1*",,ric junc.l,ions

v 0.0&

727



ta.king into a,ccount the iarge l,ernpera.l,ure. Curve 2

a,ppea.rs to be displaced hor:izonta,lly a,round zero bias.
Such displacernenl; ha,s been expta.ined by a,n "offset
cha,rge" qe (rvhich is a c.orrt,inuou.s va,riable) induced
on the pa,rticle.

-0.5 0.0 0.5 1.0
U (V)

Iiig. 3. Different types of I-U cha,racteristics
mea,sured a.l, ll' : 4.2K on clifferent Au pa,rticles on
sarnple A. Clurves a,re displa.ced vertically for cla.ril,y.
'fhe current is scaled by the asymptotic resista,nce .It
(&.- 10, 1, 1,0.5, 10GQ flor curves L-5, respectively).
'l'he inset shows the dilferenl;ial. con<luctance for curve
5.

FiS. 3 shorvs several I-{J curves obl,a,ined on
different, pa.rticles on sa.mple A at 4.2 K.'['he rnosl,
evident, cha.racterist,ic is l,he nme.h stronger supl)res-
sion oI the zero-bias conduct,ancr: rv]rich is due to the
enla.rged ra.tio e2 f ZC kf. The size of the Coulornh ga.p
and tJre .periodicity of the stairca,se (curve ,l and 5)
agree rvil,h the va,lues found a,t 7' : 300K. 'I'his defi-
nitely proves tha.t the observed eflecl,s at rr>om tern-
perature a.re single-electron l,unneling eflects. lthe
sequeilce of curves in l,'ig. 4 demonstrates the differ-
ent l;ypes of I-U cha,racteristics l;ha,t can be obtained
clepending on the resista,nce ilncl ca,pa,cita,nce ra,tios of
the two tunneL.iuncl;ions. Crrrve 1. represenl;s a sym-
metric .junction (Cotrlomb gu,p, but no incremr:nt,al
cha.rging). At t,he other extreme, curve 5 represents
an as.ymmetric junction (Coulomb gap and Coulornb
stairca,se). l'he s[airca.se is onl;' observed on l,hose
pa,rticles for whiclt .Ilz > ,111. 'I'his is corrsistent wit,h
Cz )) Ct (la,rge e of the oxidr:).

3, Conclusion

In c.onclusion, the Corrlomb blocka.de a.nd l,he
Corrlomb sl,a,irc.ase ha.vc beerr observed a.t room t,e.[l-

pera,ture a,s rvell a.s a,t 4.21< in ultrasrnall double-
ba,rrier l,unnel juncl,ions consisl,ing of a.n S'L'h,{ tip a.nd

a rneta.llic substral,e fcrrm.i.ng the trvo oul,er elecl,rocl.es

an<l an intermeclia,l;e parl,icle of size 2 - 4 nm. This
observa,l,ion may sl,imula.te .seriorrs consi<lera,l,ions of
[he use of SET for future electronic devices. In addi-
tion, we have presented the first demonsl;ra,l,ion t,hal,

a tunnel ba,rrier may be rea.lized by a pol.ymer enca.p-

sulating a metaJlic pa.rticle.
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