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ABSTRACT

Scanning unneing mcrosopy is sa to image sib-monodaye CdS @ = 10 m) quantum
dots (@Ds) m a gld sibdrae. Aer imaging he srfae, saning unneling pectrosopy was
paformed an a sigle QD in the niddle of a cler, d the elge of a aker; axd @mpletely ise
lated from ohea QDs "is d aa shws ha the zeo-conductance egion dereaes wh repect
to the umber of neigboring dot A chssid eletrodatic sceening malel fas leen wsal to
andyze his e#et.

INTRODUCTION

Quantum dot ((Ds) ae sndl cudes of toms ha form an esentially zeo-dimensiand
dructure. "ese clgers of toms enge n size tim goproximaely 26 10 m in dameg. "e
electrica and qoticd properties of @s way from ther buk cunterparts die b quantum @n-
$nemeant e#ets "e applicaions of gantum dos hclude ight-emitting dodes (EDs) [1]
and sder cels [2]. 8udying he popeties of @s dows fo a feter fundamenta undesand-
ing of hesetauctures ad @n potentially leadd mae e%cid deices
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In the @d, eletro and photo-luminesence fes leen wsel 0 $udy he @ticad bendgaps
of thesetsuctures a adinction of sizera neterial composiion [3]. "ese techniques iye &-
erage (D properties o&r a &rge sirfa@ aea "ou gh this hformaion gves mch nsidt into
QDs, it is deside b have he abity o nvesigate ndividud QDs Due b its sib-nanometr
resdution, senning unneing mcrosopy (S M) [4] has poven suiccesful & invesigating n-
dividua QDs [5]. h ST M, a s&p medlic tp is bought within a fev anggroms of aaduc
tive sirfae. Whae a ltes is jpplied between the tp and a saple, eletrons @n tunnel die b a
siqui$cant overlgpping of her wave-functions Canhbining M with senning unneing pec-
trosopy (9'S), me en dbtain the led density of sates (IDOS) m a sige (D. In this Fpe
we lave el S M and IS D nvesigae hav the lmd environment a#ets he eletronic
dructure. "is is acomplishel by meauring he IDOS of a sgle QD that is n the mddle of a
cluger, d the elge of a aker, and ompletely istated from ohe QDs "is d aa shws ha
the lad environment doesm fact lave & in&uece o the IDOS.

BACKGROUND

Meals andsemconducbrs

Solids lave tree d#erent types oftsuctures anarphous, cyddline, o polyaygadline. A
amarphous sbd mnsigs of toms ha ae aranged in a endam fashion. A cyddline sbd
consigs of eoms wth a griodic adeed sructure panning & three dmensians, vhile poly-
cayddline sbds @ ompose of aandam aray of nany sndler aygtds n d#erent orienta
tions All of heseypes of dmls extbit metlic and seniconducing poperties, buthe cysd
lettice ishe esiesto tndegand. For this ea&m, this setion will be Imited to this @se.

A aysd latice onsigs of griodicdly paed doms "e spacng of hesetams issch
tha the eletron wave finctions of hesetams oelgp with each . "is ¢ auses etdron
waves ¢ interfere eiha condructively @ desructvely dpending o the @agy of he eletron.
In the sea vihae ondrucive ntaference @cus, salalde saes exidor the eletrons b ac-
cwy. An enegy fange n which hesetdes ee aalale is hkown & a enagy kend. Can-
verselywheae desucive nteference acus, a enagy kendgep is peset. In a med, the @-
ergy kend is aly partialy $led, gving oom fa eletrons b moe @aound and which dlows a
me# to ke onductive. h a smiconductor, an energy tend is stirely $led. "is m akes it @o-
cut for the eletrons b moe @aound, thus naking seiconductors por conductors. In ade
for a seiconductor to ke onductive, he smiconductor mug be gven enowh energy fa the

March 14, 2009 2



electron to sirmouwnt the tandggp and acyoy the nekavailade eagy kend. One vay o do
this is i rmsing he emperaure of he smiconductor. "e h ighes $lled kend n a smiconduc
tor is khown & he dence land (E) and the nekavallade eegy kend is kown & he on-
ducton kend (E¢. "e d i#erence letween the dence land and the onduction bend is he
bandgap (EQ. "e Fermi level (B ) is de$rbas he highes occupied enargy leel In a med,
the fermi level lesmside a enagy kend & sen in FHg. 1(a).n a saiconductor it lies wthin
an eagy kendgep & sen in Fg. 10).

Conduction
E
a) b) Band / ¢
E1 B ey P PP PP PP PPPT PP PP "_ET
-
E\

FIG. 1:4 Erngy anddiagram of gd and (B eegy land dagram of a seraiductor.

Quantum Dots

Unlike buk seniconductors ad medls, eletrons n QDs @ae on$nel in three paia dimen-

sians ha ae gmilar in sized the vavelength of hese etdrons Due b this, hey have poper-
ties ha are gnilar to buk sadids & vel as hose of isded doms "ese properties ee sirpris-
ingly wel goproximated by the @article i a loxO mblem in quantum mehenics

STM

In STM, the tp nud be wthin tunneing ienge of he saple. D e&alish he tinneing lange,
a has of sexd wlts letween the tp and sanple is pplied. "e STM then fdlows a @tern of
movements D lring he tp into tunneing dstance flom the saple. "is is dane shg a om-
bination of $nerrd ®arse mairs "e $ne motor expands hrough its @tire enge, binging
the tp closeto the srfae. "e STM seeches fioa tinneing curent as he tp is Ibought
closeto the srfae. f no curent is found, the $ne mat fully retracs ad the oarse matr
brings he tp to a ddance gud to Hf the fill exensian range of he $ne mat. "is ¢ ycle Wl
reped until a unneing curent is found. Once he oarse psiiona has Wought the tp into
tunneling lenge he fedback lap is puinto e#et. "e fe edback lop reacs 0 ay clangesm
the tinnelng curent and adjigs he heilgt as neesay t lring he carent back b the set
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point. A curent set pint is chosefa the fedback lop to mantain. "e t ip is hen radered
back ad fath in siccesive @dlel ines As his acus, he fedback lop naintains he set
point by ongantly adjiging he tp-to-tip sanple dgance. "e STM so!ware then records he
displa@ment of the tp, gving a elive heigt. By @mhbining &l the sccesive sens adpog
rgphicad mep of he srfae en ke vaudizal.

STM can dso @rform senning unneing pectrosopy (9'S). "is is acomplishel by
pausng he san, che@sing aip location, and dsaliing he fedback lop. Once he fedback
loop is dsalbed the $ne mat en ke adjged to ch@se atating heigt and orreponding
tunneling curent. When the pectrosopy is mitiated, the tp hdds is psiion and heigt and
then sveeps he has wltage trough a choserange. Aslie wltage swep accu's, he tnneling
curent is ngpped & adinction of witage. "e solware Wil dso ecord d#erential curent va-
uesdl/dV ) which povide nformaion alou the IDOS. Wha a les is jpplied to the tp, he
Fermi level of he tp clanges ekive b the fermi level of he sanple. h the ese of a s#con-
ductor, when a ngative has is pplied to the tp tunneing wil not accur if the aplied has is
not & hgh & te onducton bend & sen in Ag. 2(a). Whe the hias a the tp is 8%ciatly
negative, eletrons n the tp will be abke b wnnel nto the onducton bend of a $eiconductor
as sen in Fg. 20). Smilarly, if the ias @ the tp is not psiive @ough, unneling wil not a-
cu because he fermi level of he tp is gede than the @dence land of he saple & sen in
Fg. 20Q). If the les an the tp is 8%cietly posiive, eletrons fom the dence land will be
alle © tunnel fom the saple b the tp & sen in FHg. 2d). If no has is pplied, then no un-
neing wil occur.

nelingoccursfromve:
lerce bnd ind tp.

a) Conduction | . Conduction | ;- FIG. 2 (g) Positivetip
Al g e ¥ ¥ bias cannot tunnd into
li_f * .................. *l"f ----------------- *l‘-f ba‘]dgq) (b) |ncr

® ® N eesed
E, g, Postivetipbias; tun-
nelingoccursfromtip

T into conduction band.

c) Conduetion | |7 d) Conanetion | & (c) Negativetip bias;
: | Band s Band ¥° cannot tunnel into
- % .................. “E g e <K, bandgap. (d) Increesed

_I:I T _Ell ---------------- ‘ ‘l‘ negativetip bias; tun-
T T
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EXPERIMENTAL PROCEDURES

Quantum Dd Sntheds and Snple Roducion

Our sanples wre pepared by the Rilovc goup @ MIT and the dos vere gown by the
Bawendi group wsing vhat is ypicaly refered to @& he Bot injection mehodO [6]. "is proces
involves lhe njection of o precursas nto a hot (~ 30C) sdvent. For ou CdS dos, a a-
ganometlic ontaining @dmum ((CHs)Cd) and tioctylphogphine selede TOPSe) ae
usal & he pecusas Once adde to the stvent, a gpesdurated sdution is fomed and hoe
maogenouws cysd goowth begins dmog indantly. "e solution is Ibought back dan to oom
tempeaure b pevent any furthe aysd gowth. Fom this pint a nuch moe ontrolled
growth is naintained by \arying he emperaure. le! on ther oan, the ranoarysds wil natu-
rdly aygregate ad pecipitae. ligands ee @tachd to the srfae of he dos ha kegp them
dissdved in sdution by @unteractng her naurd tendency to aygregate. D puify and isdete
dots of tterent sizes, manol is adde to the shution. Snce helarges aygds dso lave he
larges kineic enagies ad mehanal lowe's he eagy neesay o pecipitae, he &rges dots
in the stution will eggregate. "is allows fo a abset wh a sdler range of sizes te seleed
and spaaed by a entrifuge flom a sehtt dready & aektively @mrow range. "e seleted
batch is edissdved in a shution of coroform and the a&erage dot size is éehined ulsihg @-
ticad absption pectrosopy. With the poper dot size aaved, the shution is puncoat onto a
&exille plyme and then samped anto a gld (Au) subdrae.

Tip Rabricaion

Tungden (W) tips sa@ fa senning ad pectrosopy ae nadem hoise brough eletro-
chemicd etching. To do his, atsaghtened tungden wire is fd through the enter of a A wire
loop with a dametr of alout 1 en. A $Im of 5 mgotassium hydioxide (KOH) is hen dacd
acos he lmp. An AC wltage (5 V is aplied to the adicut whee xidized W o the srfae
and W n the vire @e ethal avay. As he tingden is ethal avay, gavity ontinuowsly
dretcheshe hinning wre wntil it snaps, veding a &y slarp tip. "e t ip is eught in a on-
tanea of slaving cean wth the shrp end sicking od. "e t ip is msal and then doseved n-
de an gotical microsope D deéct ay rregular stgpes hat could be a sigof hdaklity. If no
irregularities ee dseved & sen in Hg. 3, hen the tp is eadyd ke mouted and dacd in the
STM.
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Mounting te tp into the nagneic tip hdde an ke a &y tedious sk ad requires
much ere. D pepare he hdde for tip mounting, a sdl piece (~ 5 rm) of hypodemic san-
les $eel ubing is cuand ane @d is pened wide @owh fa the tp to $t. "e tube is foced
into the hdde using a bnch vse. Bfae nseting he tp, he lagth of hdde is cheked to
decide hav much of he tp shoid be potruding fom the @d. With a 8%ciét amowut ex
posel, the tp is senside lhe tbing wth a pir of twveezes "e t ube isthen aimped by a we
cuter such ha the tp is &ened and dimic ontact is sered.

FIG. 3: Aipture of apt el inhe M. Note be srooth &ad $alde ba foming ahap tp.

le S TM at Powand hgitute at Havard

Our STM is leaed in an eletricaly insulated room to reduce ay exerna nase.tis le! &
room temperature (~ 300 K)rad dl senning acus unde high vacwm (~ 10E8 Torr). A
turbo pump is sa to initially esacue he clambers ad an ion pump is sa to lover and
maintain the pesure. bn pumps & &l shce hey do not Ave moing farts ha cause ibra
tions "e sysem is omposel of a M chamber, a lad Iek, and a tander chamber. Each
chamber is onnected by negneic rander diives ad eachan ke isteted by gte dves "e
STM is heldla! by ar-legs ta dampen lon-frequency nase. mside he clamber, the tp and
sanple ae lxaed n a &aing paform held p by prings b sippres hgh-frequency nase.
To furthe isdae he g2em from vbraions, oppe $ns aound the &eting paform ae sir-
rounded by megnets ha form an eddy dmpening y4em to qopose ay moton.

Due b the desigof he tanderring poces, aip nug be pu into the M chamber
befae a saple. Aip is ppacd anto a mont by megnetcdly dtachng it © a fok henging o#
the enter of he mout. "e mount is stewed ato the @d of he nagneic dive n the lad
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lock. "e lo ad lek is hen evacuted by the trbo pump. Once te urbo pump hes eache
56,000 rm the @ve letween the l@d ek aad the tander chamber is pened and the tp is
inseted into the tander chamber. Nex, the @ve is closeand the gte sparaing he tander
chamber from the M chamber is @ened. "e t ip is jicked Y by anothe megneic dive ad
placd into the I M chambar. It is erefully brought in wuntil the pezo-motors ae wthin reach
On the ad of he pezomotor is a ragnet nside aatamic cy that dlows it b dtract ad
support the tp hdde. Ushg a anea b vew the pogres, he ouse psiionas ae adjsed
in the X Y, and Z drections h ade to dtach o the tp hdde and removwe it fom the fak.
Ladly, the nagneic dive is eraced and the gte closg

Any saple pacd in the M follows atsict procedure D imit contaminaion and
dso b pevent damage D the nicrosope. h a cleahaod, the sanple is faed an top of ahin
Si bya and the tvo ae cimped anto a opper mouwnt while king @e b aoid any scaching
or touchng he srfae. A miti-metr is sal to meaure he esifvity acos he saple. A lov
resiivity (~ 1Q) ensures he saple tes keen properly cbmped. Aler the esitivity is eri$ed
the saple mout is #so se@wed mto the a@d of he nagneic dive n the lad Iek "e same
deps ae epeded with the tp until the saple eachesie I M chamba. "e sample is hen
simply daed in the microsope wuntil it is lacked in positon. "is t ime he nagneic dive is o-
scewed from the sanple kefae it is eractd and the gte is closke

With a ip and sanple h dae, he M can ke pepared fa senning. Residvity of he
sanple is gan cheked to \&ify a saple bas en be ealishal. "e STM chamber is n-
goected to on$rm tha the prings ae fiee ad the paform is popely &ating. "e air-legs ae
aso cheked and the trbo pump shut down. At this mint, the tp is eady foa nanud go-
proach

To menudly gproach, aamea is fousel a the tp. "e c ouse psiioneas ae sal to
bring he tp to within a fev lundred microns fom the srfae. Wha the tp hes @proache a
safe dtance fom the srfae, he ights ae urned o# ad the dor to the M room is clogk
Befae he omputer takes osr and krings he tp into tunnelng ienge (& peviously desibed)
the lias is sebt6 V, the setqint to 4 A, the @gin to>6, he tme ongant to <, ad the $ne
posiiona controls b 5. Aer the omputer-controlled goproach las een mmpleted, the &
rames ae clanged to acommodae fo senning. Typicd parane&rs nclude has = 5 Vset
point = 0.4 A, gin = 2, ime ongant = 7. Wit the n&v prrametrs emldisha, the IM is
readya kegin senning ad sehing fo QDs

All sanning ad recording is doe sihg he pogram XMPP1tby RHK Techdogy.
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Scanning o'en produces Ny @ even wseles esllts Fortunately seerd mehods fo reslaping
the tp and poducng leter resdution have leen found to work reaanaldy wel. Alternating
the lias letween 1V ad 10 V ar soneimes edign the articlesn the tp into a lete skape.
"e solw ae ds0 gves a gtion of ivo d#erent puseshat act o the lias n esaitidly the
sane vay. dmeimestie poblem nay ke @useal by a ough surfae. h this @se, siply relaca-
ing he mage sen aea en resdve the isue. Aso, deending o the srfae ad/or baclground
noise, he fedback lop may ke oe o unde readtve. D dleviate his poblem, he gin, ime
congant, and set pint can be adjged acordingly. Bventualy a cleamage of dad Wil gopea.
Using he bpographica image, he dos @n ke Iaated by looking fo surfae bunps vith a
heidit aound 10 m. Once lxated, IS dta is aguired an isdated, elge of alde, and enter
of clger quantum dos

Typicaly, when taking 9'S eadings, he las is setdbwveen 2.5 Viad 3.5 Viad the
voltage sweep time is@und 10 sends gr line. "e voltage ienge is [aecd from -2.0 Vad
+2.0 V"is r ange vas choseso lha the egion of zeo onductance ould eaily ke sen if it
were gproximaely he sane & he doseved gtica bandgap. With the @propriate setngs n
plae he tp @n ke lxaed owr a dot ad the fedback lop @n ke urned o#. Bfae he IS
begins, he nitial curent is choseby adjging he tp heift. For omparism puposes, &
tried to keep the carent & goproximately 10 A aound 2 V

4

£l

Currert nA)

0% 0 0% 1 15
sample Blas (V)

FIG. 4: W awrves for isaed dotselge oflader dotsmd cemr ofloger dotde voltage rage of
Zein-coductance caespords b e apgent bndcap
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RESULTS

Spectrosopy meaurements of onductance tken an 10 m olloidd CdS qiantum dos n
isdated and cuger environments (& sen in Hg. 4) extit varying \oltage enges of ze-
conductance. §S meaurements of dterential conductence @I/dV) were smultaneously sken
in ade to edude he lad density of sates mee closelylypica images of @s ad ther or-
reponding pectra eken d the laaion @n be sen in Ag. 5. "e daa was ompiled and ana
lyzed in MahWorks program MATLAB". A dotn the enter of a alder & sen in FHg. 5(a)
has he sdles perceived endgap (1.07¢). On the €lge of a ole, & sen in FHg. 50), a dot

has he sphtly larger bandgap of 1.48\é In Ag. 5€) an isdated QD is shan to have he &g
es$ perceived kendgep (2.18'¢).
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DISCUSSION

Classcal Bectrogatics Mdd

Sizedgendet e#ets m eletronic pectra of mnocrydas have leen rigorously eglaned and
obseved [3], bl quantitaive d#erences ktwean theoreticd ccuaions ad epeimentd ab-
sevaions lave leen wsal to sigges tha the malel ould ke mproved by noorporaing Cou
lomb nteractons [3]. h fact, it las [@en shewn tha shce eletrons ae paialy on$nel to
gndl wolumes wthin quantum dos, he ehavior of ndividud eletrons tes sigi$cant e#ets
[7]. Because oftiis, eletrogaic faces ee hought to day an important role [8] [9] [10]. Br
andytica puposes, a&ven tred eachisfae clarge & a pint cherge.

In the malel shgle eletron clarging o shgle hde clarging acus n the dotmto
which eletrons a@e leing unnelal, dgending o the @plied bas In eihe ese, lhe clarge
buildup acs o repel he drection of he tinneing curent. To aoid unnecesay onfusian, the
model vll be dscissa in the ese of a igdtive clarge buld-up an the dot wth a siive bas
on the saiple, vinae eletrons tnnel fom the tp into the onduction bend of he (D. As
se&n in Fg. 6(a), sue of he gpulsive face n the istated dot malel is ountered by a psiive
image clarge o the A1 sirfa. h this setip, a net Cdamb epulsin acs b wden the @-
ergy kendgep. Snce Cd® ranocrysds ae a plarizable nateria [8], the negative clarge buld
up induces tpole manents o surrounding QDs "e i nduced dpole manents act®a net
posiive clarge aound the tinneing dot ad sceen the neaive clarge o the (D being
probed. "e refae, vihen neidgpboring QDs ae ntroduced & h the elge of ader madel sen
in Fg. 6(), sceening e#ets lecome sigi$cant enowgh to meaure. Wih the addion of o
mare neigboring dos @ exanpled in the enter of cuser madel n Ag. 6€), mae dpoles ee
induced which éhances he sening e#et.

FIG. 6: Schematicsfor thedectro-

a) b) e’ c) J,E ] gatic screeningmodd sof: (8) iso-
lated (horizontd linewith hatches

7 i # indicaesAusurfece), (b) edgeof dus
., Vi ter, and () center of cluster QDs Cir-
cdesmark dot locationswith theex-
ception of thepostivechargeinthe
gold surfaceand arrowsindicatedi-
rection of turding ament
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GRAPHICAL ANALYSIS
"e r elive ptentials of he tree malelsm Fg. 6 en be @proximaed wisng he tential
formula

VE =k (1)

whae ¥ = 4w = is he eletrogatic ongant, €0 is he mrmittivity of fee pa@, % is he

correponding clarge i eletron wolts, ad i is he dgtance flom each @hge b a é$ cherge
a the lypotheicd location of he tp.

In this snpli$ed malel he dpoles ee aumed to ke angle siive clarges loaed a
diganced= 10 m avay from the pobed QD. "e p otentia for each natel h Fg. 6 is dued
for as adincton of he tp to saple dsancezgving s

1. .
Visol2) = *UI( - =), (2)
+d =z
1 5 1 .
Ied.}e{ ) = A(}{ >+ d + \,-""_;:3'2 T pE — ?), {-3\]
and
1 7 1. ,
Veir(2) = kq( + : — =) (4)

2+d  VExdE 2

for eachytpe of avironment. To keter undesand theseeasllts, guaions 2 brough 4 ae

gaphed in Ag. 7. Aa tp to dot addance ofz= 1 rm, he ektive epulsive @agy Vi for each

dot was @cuaed @ a facton of he netepulsive @egy n the istated ase Vo) gving a po-
portion of 045Vefor en edge dot ad Q23Vofor a dotn the enter. "e r epulsive aagy fa
eachan be sal to oughly evduae he mesured a goparent bandgap

E,=E, -2V, (5)
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wheeFs is he aaid bandgap of he . Note ha the Epulsive @agy is wice sibtraced o
acouwnt for repulsian in both the onducton and \dence lands ofhe dot. Aplicaion of gua
tion (5) denondraes he dpendency of he aparent bandgep an the umber of neigboring
dots

Potential (eV)

FIG. 7: Gah of @b Lintion wth he daive ptentds alded for b emronnent Rdaive pten
tids wee dculaed Wngd= 10 nnmédz= 1 nmAn accae vise o0 ad he daive ptentd of
eat coulddsel b #nl he apgent bndgap

CONCLUSION

In this @pe, it hes een shewn tha an inverse elionshp ketween the umber of neigboring
dots ad the wltage enge of zm-conductence exis Having dseved noale clangesm the
goparent bandgap dgending o the led environment of 10 m Cd® renocrygads, ve $nd
that an eletrogaic sceening malel povides a owaly smpli$ed, bu acuae, gresataion
of the ektionshp. However, kecause of & oerly smple reture, he malel equires mch e
$nement. To mprove he acuag of his malel seerd othe facbrs shold be laked into
and addeseal. Cgpacience ketween the srfae ad dot eusal by the igand sparaion and the
varialde @pacitnce ketween the tp and dot & o important issues nglected. "e c dcua
tions of mduced dpole manents shold dso acount for the wlarizablity and the fequency
dependence of he delectric ngdant. Geomety of he srfa®s israthe important facor.
Some giesions aise m the nterpretetion of he l@aion of each ege. Wha deidng o the
vaue fo zandd, it is not cleaf the clarge buld uo an the dot shdd be teded & a pint
cherge esidng n the enter of he dot, o the srfae, © & sme clarge desity dsribution.
Determining he abdate tp-to-tip sanple ddance ad \aying he heigt with a setibs oud
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provde moe giantitative dta neded to re$ne he malel Siilarly, a gidy m the @viron-
mentd e#ets of dterent materials ad dot sizesonld dso le kene$cia

A thorough uindeganding of he eletric properties of sgle ad sndl cude's of Ds
is ey wsetl if they ae D ke @plied to eletronic deices Using he kowledge of he eletro-
daic nteractons letween dot ad sirfae ad dso dot ad dot dows fo mae pecise tning
of eletricd and qoticd properties oftie naterias. "ese properties ee esaitia if QDs @ae D
be gplied to quantum @mputaion a sdar cels.
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