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Abstract Elsctronically smcited odbitsls play a findsmsental tols in chemical reactivity and
spactroscopy. In nanostroctures, osbitsl shaps iz dissnostic of dafacts that control blinking,
surface camier dynamic: snd other importsnt optoslsctrondc propertiss. W capture such
shepqption scanming tunnaling microscopy (SMA-STA. Dotz with a bandgap of ~1 &V am=
dappeitad on A traneparent gold surface and optically excitad with 1=d of grean light to poodnoe
hoit carriers. The 53TM tip-enhanced laser lisht prodnces alares excited state population, and the
Stark =ffect sllows transitions to be tuned into resonsmcs by chaneing the ssmpls voltazs.
Scanning the quantem dots undar lassr sxcitation, we wera bl to imass slactrondc sxcitation to
diffsrent angular momentem stats: depending on zampls bias. The shapes differ from ideslized
5- o1 P-lika oqhitalz due to imparfactions of the quantem dotz. Excitation of adjacent quantem
dot paits r=vesls orbital slisnment, avidsncs for slactrondc coupling betwesn dots. Elactionic
strocture modaling of 3 zmall Phi quantem dot, when zcaled for size, revedls Stark tunding and
variation in the traneition moment of diffsrent parity states, suppocting the simpls one-slacton
axparimantal interpe=tation in the hot camisr limit. The caloulations highlisht the smeitivity of
ofbital denzity to applisd fiald, lasar wavslength and strocturs] fluctuations of the guantem dot.

dfcught #c cpomorid mymmcry ceerct B rprodiuce ueloa B g8 leSice ia Siapleccd e ®c cdlcslaicra facc Migex 7
weick ifzwa am mymmSitc v atsE ugeall

The 180" phas= shift of the sheoaption signal {bladk to whits), observed when going fom
mﬂu‘qwnegsnu'\ebuas, iz easily E!:p]smedh}ﬂretmahngdimm Nhen 3 positive bias iz

states {L'b:IOe.) ImertanmpnplﬂmtheUM(hmdmultamadmed tumnsling currant
dus to ﬂnlﬂwandﬁmahngpmbﬂhht}ﬁmmﬁpwamemtbeﬁﬂadymmdamL]JOa

{black ziznal in Figurs 20 ins cl alus z
ammmHmuemmsgngtMMMgmmmmﬂmﬂm
ofbitalz. Absorption facilitates tummeling from OMO: and rezultz in an incrsassd tunmeling
cument {(white signal in Figwere 2b).

The intagratad zignal stremgth observed at positive bias iz ganerslly higher than the siznal
strenath at pagative bias. Such asymmestry can ba cansad by nat ractification of the optical fisld.
Feectification sffects have besn observed in the cass of surface plasmons and dlso for elsctron
teansfar batwaan the HOMO and LUMO of a donor and accaptor. ™ In our casa, ractification
could b2 cansad by tip-surface asymmestry, not necsssanly by the quantem dot itz=lf and our
laz=r aooesze: highly swcited statss, not the HOMOLUMO bandzap rerion at = 1200 nm.

Rpeez 5o SVASTY imaps of 2REouaslom S0l Sozonisk By eenacl Sozoanlos ool e PR audfens forceRamosd cetmlc
#c afjmcoe guerim dcl, Bc Freappl 1) wo cvaled with Bc pogmpbic doivatn
ehms lockie imags (gt aBowa @ Efooel afanploe aigral for g aegls cuamlom 2l m
sLamlm 2= Gamem ot 17, Rgoem TlaRewa Sipme Bt aace, while B taes 2ot st R Bt
memeriom oobbce. Seerieg cordifioras 3 g8, 2 W, Oclor el for ock-n imags (iphdk £

To verify that the sbsorption zignsl remain: aligned with the surf
Eeometry, but not with the tip scan direction, wealso scannad the tip in
the szama quantem dot {31 Figurs S6). Tha SMA-5TM imazs showsad m
the scan diraction, and iz a fixed fosturs of the lazer polarization and ¢
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Second Level. Recombinant full length 1,5-AF reductase (AFR) from 5.
morelense was produced in £. col/i BL21(DE3) using pET-24a(+) as
the expression vector and purified to homogeneity from crude bacterial
extracts '’ Similarly, selenomethionine (Se-Met)- substituted AFR was
expressed in E. coli B834(DE3) (Novagen) ° using LeMaster medium
supplemented with 1-Se-Met (10 mg/mL) for growth and enzyme
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Scl . Similarly, selenomethionin o . o .
Abteilung Strukturbiologie, Fach .« genus-species — E. col crystallization trials, 20 mM DTT was used. Single crystals of AFR
Germany (s ], and Lehrstuhl fus B834(DE3) (N )' ' were obtained by performing hanging drop vapor diffusion experiments.
. ovagen. For setting up the crystallization drops, equal volumes (each 1 ul) of
""@@.blbref 15 ) reservoir solution [100 mM trisodium citrate =~F S A& 200 oA
using LeMaster medium sug ammonium acetate, and 30% (w/v) PEGS5000
fRecombinant 1,5-anhyd -= % bibref 16 solution [20 mg/mL AFR, 20 mM Bistris-HCI |
2] 5-30.7.5 was ¢ : Sel?nomethlonyl AFR was NADPH] were mixed on a cover slide and incut
ICSOIUUO? using selenom -=® bibref - 141 reservoir solution. Small crystals of AFR appearec (x m I )
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ABSTRACT: Electromically excited orbitals play 3 fondamental role i chemical
mmﬂtyxdxpedzmpp.hnmx arbital shape is dlagnostic of defects
that conirol bllnlnn& carrier dynamsics, and oiler important optoeleciranic

il images of &l ly excited PhS
mm{q_m}b;mgkmm mnuhgm]ammpy

{SMASTM). Duhhlhahxu{gq:af~l=\'mhp-nd:?cnanmu

surface and optically excited with red or green light to produce hot carmers. The STM

mp-enhanced Liser light produces a large population, and the Stark effect

allovws transitions o be tuned it resonance by dharging the sample voltage. Scanning ‘ g
m:q{kmhmwﬂmmmmabhhhug:mmmm

amgular momen| states depending mnmpl.el:lu. shapes differ from idealized
S—-an'I.Ihuhhkdu:anpﬂ'&mn QD5 Excitation of adjacent QI pairs
reveals arbital alignment, evidence for electronic coupling between dots. Electronic
strocture modeling of a small FbS D, when scaled for size, reveals Stark tuning and
wariation o the transition monsent of different parity states, supporting the simple ene-lectron experimental intespretation in the

bot carries linst. The calculations highlight the sensitivity of arhital density to applied field, Liser wavelength, and struchural
D.

Buctuations of the QI

N INTRODUCTION

Quantum dots (s} are semiconducting nanocrystals and
prototype of atifical atoms." ™ I the cystls are sufficiently
small, their eledronic properties differ stroagly from the bulk
materitl, showcasing discrete states and simple ecbial shapes
analogouws to atoms. | The electromic stracture of (s &s very
innportant fir their application as phaotovoltaics*~ ' LEDs 1%
and FRET domoes or acceptors. ™ In particalar, high-energy
excited states also are importast for mulicarier properties,
with applications in hagh efficiency light harvesting or ght
ampllﬁcaunn_“ "Gummmmmm&pe
Huuﬂahug*dm:mhﬂmmhhmdrdle

bands af d QD wsing transsent
spectrosoopic technsques. For example, excitons with 1 &V of
CUCER ENETEY Can become surface trapped,’” and at even bigher
energies'” they can resemble free bulk carriess becsnse of small
scattering Lee_g(h" Theoretical approaches inchdieg the
effective  muass apprmdtw”:' and atomistic approaches
sxch as demsity functional theary (DFT)™ have been tested,
with the atomsestic ponere genenally agre better with
experimentally determimed ocbital symmetries. ™ =0 4400
tionally, defects amd serfice reconsirsctions will require
atomistic apprasches sich a DEFT calaulation ™

o ACS Publications — meot ameces cremca sactey

Due to their sie (10°—10° atoms), QDs are prane to
stnsctaral or elecironic defects that break the perfect symumetry
present i atoms. These defects may be tallored on purpase to
achieve specific optoelectronic properties, or they may be
present naturally, causing problems swch as Soorescence
'hl.l.ﬂ:mg ‘when electropic excitabion & tmpped in surface
states "'® If the elactronic density of excited QDs could be
directly imaged, we would have a sensitive visual disgnostic of
orbital symmsetry and hence of presence or absence of defects.
Scapming tanpeling microscopy (STM) can image ground-state
d:mndmﬂy such as the danglieg bonds on Saf o)
surfaces,” butmmnmagtfpeﬂ.ﬁtmdmlu.mmw
steady.state absorption spectroscopy can access specfic excted
stabes, but without the spatially resobved information on STML

Here we comsbine molecale absorption and ST
(SMASTM)™ " 10 optical excitatian of individisal and
paired Pb% QDs. Dots deposited on 2 fransparent condisctive
substrate™ are excited by laser light. The dots are subject to
tunable electric Geld from the STM tip™ The well-stodied
quadratic Stark efect of QD™ allows different electrons:

Reveivel:  September 1, 2015
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Fagure L {a) Electron dessity differences fir the examples i Figure |, reprodaced for dinect comparison with (k). (kY SMA-STM images of o ssngle
Mq}-&rﬂlnnﬂn—lﬂnmhn&?ﬂ&erErmlhnumuﬂ,lupH-dur.1apm-phu-q|mdd-=pmmi
s u fumction of ehectric feld at o positive tunneling bes. Bottom suw: same dot ot negatve tennedng biss; 4 tepograpby image collected ot =1 Vi
..l.m..d..u..mm}umm.aundh.huwmuamhd“tmmuuu19-
Tussubing crvent: 10 pA. (&) DFT erbital densiny diffecencs st ettt excitation smrgy tnd seresing feld, taken o the .,w....;.a.._,..a
hUMWDmAﬂdmhmJﬁduﬁﬂm-dﬁmwﬂmm Eﬁ'

thee plae i the page, lite the major feld in the s i the sxpesi H’ln!"unmur:llﬁmlumwl.
pularied densty difference is cbserved in the ioms, although the ,mmhr duced unless the FbS laice &
disphaced i the eakeulationss [ Figure 7 .m.h..-.,.—.m.ma..,..l}

[

DFT orbital

the surface. Thus, the tip field, which has a ca. 10—20% laterad
comyponent depending on tip position neas the QD is relatively
uniform when the tip is in proximity of the QD

For some isolated ODs, the ecitation image remains
irvegulacly shaped at all fields we can access (Figure 2). For
withers the sigral, which projects electronic density meodulation
inter the sample plane, has neady perfect sphencal sypmmetry
{Figure 3, top dot and ref 37)_ Ar the spatal resolution of owr
topography scans {rightmost image in the boitom row of
Figure 2b), we cannot determine whether the ireegular shape of
the oebital we lmage is due to electronic defiects (eg, pinned
charges, dopant atoms) or due to an smegulady shaped surface
{e.g, missing atoms at a terrace edge).

Quantum Dot Pair Excitation and Wavelength
Dependence. Another nteresting result in Figure 3 & the
excitedstate—ground-state dessity diference observed in an
anisotropic local environment. The two Fb& ODs at the bottom
are in direct contact. In conmtrast to the single dot at the top,
they shonw an clectron density difierence between the ground
and excited states characteristic of higher angular momentuny .
cabatals {eg, F) at 532 mm excitation. The two excitations are hruiwtd"}_n
aligned perpendicular to the center-to-center s of the two
Qs If twa les are in close , coupling

PDF
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