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Scanning tunneling spectroscopy of InAs nanocrystal quantum dots
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Scanning tunneling spectroscopy is used to investigate single InAs nanocrystals, 2070 A in diameter, in a
highly asymmetric double barrier tunnel junction configuration. THhécharacteristics reflect contributions of
both single-electron charging and the atomiclike level structure of the quantum dots. The spectra are simulated
and well described within the framework of the “orthodox model” for single-electron tunneling. The peaks in
the tunneling spectra display a systematic broadening with the reduction of dot diameter, from 40 to 150 meV
over the studied quantum dot size range. This is assigned to a decreased electron dwell time on the dot, due to
reduction of the barrier height, induced by the blueshift of the quantum-confined levels. The distribution of
peak spacings within charging multiplets in the tunneling spectra is found to be Gaussian, resembling obser-
vations on metallic quantum dots.

INTRODUCTION For an InAs nanocrystal, 5 nm in diameter, the single-
electron charging energy is estimated to-b@.2 eV, on the
The evolution of the electronic structure of semiconductororder of or smaller than the typical discrete energy-level
nanocrystal quantum dot®D) as a function of size, mani- spacings. This presents an interesting regime for single
fests the transition from the molecular to the solid-statecharge tunneling, substantially different from the nanometer
regirne:'l Extensive Optica] Spectroscopy studies of QDS demSize metallic islands. In this case, the level structure has a
onstrate their atomlike discrete level structure and ultra nardominant signature in the tunneling spectra. Nevertheless,
row transition linewidth$-° The optical spectroscopy probes We find surprising similarities in the behavior of the InAs
allowed transitions between the QD valence béviB) and  QDs and the metallic systems.
conduction bandCB) states, and the assignment of the spec- I @ recent publicatiofi,we reported on correlation of
trum relied on correlation with theoretical mod&&Tunnel- ~ Scanning tunneling spectroscopy and optical spectroscopy of
ing measurements, on the other hand, can probe separatdjAs QDs. Two and up to sixfold charging multiplets in the
the discrete states in the QD conduction and valence banddnneling spectra, were assigned to tunneling through dis-
thus providing complimentary unique information on the crete QD states with atomiclikeand p symmetries, identi-
electronic properties of nanocrystdfSHowever, only a few fied as the 8, and 1P, CB states. The behavior of electron
works on tunneling spectroscopy of semiconductor nanotunneling through the QD states resembles tefbau
crystal QDs were reported so f&rt® On the other hand, (buildup) principle of electron occupation in atoms. Surpris-
comprehensive tunneling spectroscopy studies were carridfgly, good correlation was found between optical transitions
out on metallic QDs, focusing on single-electron chargingand spacing of levels detected in the tunneling spectra. This
effects such as the Coulomb blockade and the Coulombhique correlation enabled us to directly deduce information
staircasé!~'*In these systems, the single-electron charginggbout the symmetry of the ground and first excited state of
energy E., is substantially larger than the level spacing, andtheé complex QD VB. . _
the effect of the latter on the tunneling spectra was investi- [N this paper, we present a detailed analysis of these tun-
gated at sub-Kelvin temperatures!’ Recently, special fo- neling spectra. The data are described and simulated using
cus was given to the manifestation of the level structure irfhe orthodox model for single-electron tunneliig? The
the statistics of the peak spacings in the tunneling spectra ¢feak widths in the tunneling spectra are significantly larger
various metallic quantum dot systef¥s-® For dots defined than optical transition linewidths, and are broadened with
in high mobility, two-dimensional free-electron gis'® as  reduced QD size. This behavior is attributed to the short
well as for metal-oxide nanoparticléSthe distribution of ~dwell time of the electrons on the nanocrystal. Finally, we
the peak spacings was found to be Gaussian with a width gtnalyze the statistics of peak spacing in the tunneling spec-
~0.1E,. This is in contrast to theoretical expectations of atra which shows a similar behavior to that observed for me-
bimodal distribution with a component that follows the tallic QDs.
Wigner surmisé! The bimodal distribution was expected in
Iight of the diﬁerenc_es between even and odd electron occu- EXPERIMENT
pation of the metallic QDs whereas the assumed chaotic na-
ture of the dot would lead to the Wigner distribution of the  Crystalline InAs QDs were prepared using a solution
QD energy-level spacing. phase pyrolitic reaction of organometallic precursors. These
In the present paper we investigate semiconductor QDs1anocrystals are nearly spherical in shape with size con-
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FIG. 1. Tunneling spectroscopy of a single InAs nanocrystal, 22 FIG. 2. Size evolution of the tunnelirgl/dV vs V characteris-
A'in radius (T=4.2K). (a) Measured -V curve(solid line) and the tics of single InAs QDs displaced vertically for clarity. The position
simulated one(dotted ling. The DBTJ configuration and the of the centers of the zero current gap showed nonsystematic varia-
equivalent circuit are shown schematically in the ins@i$.Simu-  tions with respect to the zero bias, of the order of 0.2 eV, probably
lated (bottom tracg and experimental tunneling conductance due to variations of local offset potentials. For clarity of presenta-
spectra. tion, we offset the spectra along thedirection to center them at

. . .__zero bias. Representative nanocrystal radii are denoted. All spectra
— 0 .
trolled between 10-40 A in radius, and 10% SiZ€\yere acquired aT=4.2 K.

distributions®>?2 The nanocrystal surface is passivated by or-

ganic ligands. For the tunneling measurements we link the

nanocrvstals to a gold film via hexane dithiol molecii®a of suppressed tunneling current around zero bias, followed
y a gold : . ? by a series of steps at both negative and positive bias. In Fig.
shown schematically in the upper inset of Figa)l

. ; . 1(b) we present the correspondinid/dV versusV, tunnel-

Scanning tunneling microscop¢STM) data were ob- S .

. ; . ) ing conductance spectrum, which is proportional to the tun-

tained using a homebuilt cryogenic STM. The scan head and =. . ; . .

. ; . . neling density-of-states. A series of discrete peaks is

sample area are evacuated just before introducing helium ex; . ;

) . B . clearly observed, where the separations are determined by

change gas and inserting the STM to the liquid helium bath . . .

aiboth the single-electron charging energy and the discrete

experiment, a topographic image of an isolated InAs QD wa evel spacings in the QD. Also presented in the figure is a fit
P » a topograp 9 . Yo the orthodox model for single-electron tunneling, which

taken, from which its size was determin&@hen, the STM : :

; . . . will be discussed below.

tip was pos_moned above _the QDb, flolrzmmg a _doubl_e barner In Fig. 2, we plot a set of tunneling-conductance spectra

tunnel junction(DBTJ) configuration:''2as depicted in Fig. acquired on InAs QDs of radii ranging from 35-10 A. In

1(a). .Tunneh'ngl '.V or di/dv versusv characteristics were Ref. 8, we discussed the detailed assignment of the observed
acquired while disabling the scanning and feedback controls

) ) ) jeaks, and extracted spectroscopic information from these
These data were acquired with the tip retracted from the Qéciata. Briefly, on the positive bias side, immediately follow-

to a distance where the bias predominantly drops on the

tip-QD junction, forming a highly asymmetric DBTJ. In ihg current onset, we always observed a doublet that we
these conditions, CRVB) states appear at positi@ega- assign to tunneling through the twofold spin degener&@e 1

tive) sample bias, and the real QD level separations can bCB state. Then, a larger spacing is observed followed by a

) . ﬁigher multiplet, of up to six peaks, that we attribute to the
extracted directly from the peak spacirigs. CB 1P, state. The negative bias side shows a more complex

structure, reflecting the complicated QD VB level spectfum,
but in each spectra one can identify two peaks with a larger

Thel-V curve in Fig. 1a) was acquired on an InAs QD, separation, from which the spacing between the ground and
22 A'in radius. This curve, typical of others, shows a regionfirst excited VB levels was extracted.

All data presented here were acquired at 4.2 K. In a typic

RESULTS AND DISCUSSION
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The d1/dV curves presented in Fig. 2 are numerical de-governed by junction 1, and from the | and V settings prior
rivatives of the measuredV curves. The voltage range in to acquisition of the tunneling spectrum we obtaiy
each spectrum is limited by the onset of field emission and~10'° Q. R, determines the slope on a step, which is also
the saturation of the current preamplifier. A direct measurewell reproduced in the simulatiofFig. 1(a@)]. R, affects
ment of a tunneling-conductance spectrypositive bias mainly the width of the peaks, from which a valu€el0® Q)
side using a lock-in technique, for a QD 28 A in radius, is is found, as shown below. The extracted junction parameters
presented in Fig. 3. The data acquisition time is long in thigeflect the pronounced asymmetry that we have realized in
case, but the increased sensitivity allows the measurement the DBTJ. This asymmetry is due both to our procedure of
be carried out at lower tunneling currergtarger tip-sample tip retraction, and to the dielectric constant and transport
separatioly delaying field emission and preamplifier satura-properties of the hexane dithiol layer, which lead to forma-
tion to larger bias. In this case, we exactly resolve a sixfoldion of a strong tunnel barrier between the tip and the QD,
multiplet in the second group of peaks. We also note, that thand a weak barrier between the QD and the gold substrate.
spectra obtained from the direct lock-in method are similar, Due to this asymmetric configuration, the electron dwell
in the peak spacings and widths, to those obtained by nuime on the QD is determined by the QD-gold junction. We
merical derivation of the measuréeV characteristics. From suggest that this dwell time determines the tunneling peak
the peak spacings within the multiplets, we extracted thevidth, and is the source of the systematic broadening of the
charging energ¥, while the intermultiplet peak spacing is peaks in smaller QDésee Fig. 2. We investigate this con-
the sum of the corresponding level spacitiys includes the jecture for the B, doublet, which was consistently well re-
band gapEy) andE.. solved in all spectra. Figure 4 shows the size dependence of

This picture, in which the tunneling conductance curvesthese peak widths. We determine the width by a fit, as dem-
of the QDs are described as a simple sum of level spacingnstrated in the lower inset. The widths range from approxi-
and charging energy, is supported by our theoretical simula-
tions. We calculated the spectra using the “orthodox model”

for single-electron tunneling, modified to account for the Radius (&) ]
discrete QD level spectruft,as shown in Fig. 1. The start- 1.5 12 2 =
ing point of this simulation is an assumed QD level structure A Z ]
consisting of two CB and two VB states. The spacings and ”’l\ U-E
degeneracy of these states were inferred from the measured 20r 1S i
tunneling data and the good correlation with the optical spec- Tip J;, QD J,Au -

tra. Accordingly, the first CB state was taken to be twofold
degenerate, while the second state was sixfold degenerate.
Both ground and excited VB states were taken to be fourfold
degenerate. Each tunnel barrier is characterized by two
parameters—a tunneling resistanBe, and a capacitance I °
C;, wherei=1,2 for the tip-QD and QD-gold junctions, re-

spectively. The peak positions are not sensitive to the resis- B To5 150 155 140 145 150 155 160
tance values! and are determined primarily b§; andC,.
Good agreement with the experimental peak positions was
obtained using values of 0.1 and 1.1 aF, respectiyEly. FIG. 4. Size dependence of the average peak width in e 1
1(b)]. These capacitances sét and the voltage division doublet. The width was extracted by a fit, as depicted in the lower
between the two junctions; most of the bias indeed falls onnset for one representative doublet. The upper inset schematically
the tip-QD junction. The asymmetry of the DBTJ is also depicts our model for the highly asymmetric DBTJ. The solid line is
reflected in the tunneling resistance values. The current ia least-square linear fit to the data. See text for details.
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mately 40 meV for a QD with a radius of 35 A up to 150 ' ' '
meV for a QD with a radius of 10 A, significantly larger than
typically observed in tunneling experiments on metallic
QDs™®

The peak widths are well above our experimental resolu-
tion and are also substantially larger thERT. They are
significantly broadened compared to homogeneous line-
widths measured for the lowest optical excitonic transition in
isolated nanocrystal systems, using hole burning or photon
echoeg®?’ Therefore, the tunneling peak widths cannot re-

Probablitiy Distribution (%)

flect an intrinsic property of the isolated QD, but rather the 03 02 01 00 01 02 03

dwell time of electrons tunneling through the QD. This dwell (A-<a>)<A>

time is determined by the tunneling rdig through the weak

QD-gold tunnel junction I, in the inset of Fig. & I', is FIG. 5. Histogram of the normalized fluctuations in the peak
related to the tunneling resistand®, by I',=V,/eR,, spacings within charging multiplets, along with a fit to a Gaussian

whereV, is the voltage drop on the junction. From the typi- distribution(solid line). The width of the distribution corresponds to
cal width AE of the 1S, tunneling peaks, using the uncer- 0-1%c. see text.

tainty relationAE=#4I",, we can estimate the value &, - . . .
~16°Q, only slightly higher than the quantum resistance. An additional question that arises from the tunneling data

h/e2 is related to the statistics of the peak spacings. This issue has
To further establish the feasibility of this picture, we write recently been studied for two- and three-dimensional metal-

an expression fof,, assuming a simple square geometry!'c. QDs having _free carriers m_thelr _nel_JtraI_ state. Contrary to
. . 28 initial expectations, the spacing distribution was Gaussian
for the tunnel junctionl,,

with a width that sg:agles withe., and did not follow the
Wigner distribution:®°In Fig. 5 we plot a histogram of the
In T3 =22/ 2me(U — E), (1) normalized peak spacing fluctuation within charging multi-

. . . . ) plets. The data were accumulated for all QDs taking into
wherezis the barrier widthm, is the electron mass$l isthe  5ccoynt both CB and VB charging multiplets. We followed a
depth of the CB spherical well, arithe energy of the S, 5malization procedure similar to that performed in the case
level (see inset of Fig. } zis similar for all QD sizes since ¢ the metallic QDs studied in Refs. 18 and 19. For each dot
we always used the same linker molecule to connect the ihe inramultiplet spacingd are presented relative and
nanocrystals to the gold substrate. Thug, the sole size qepeﬁ‘érmalized to the average spacing within the multip{ets.
dent part of Eq(1) comes from the variation of the tunneling pecqy| that we associatd,;) with the charging energy of the
barvier heightU-E. This barrier is systematically reduced in yo1 £ The distribution is found to be Gaussian, with a
smaller nanofc_:rystals be?ﬁuse of the increasé idue tlo width that corresponds to 0.E2 (see Fig. 5. Interestingly,
lquagturzn con ;F‘eme”t’ while _remafmi cor;stant. Wedcarl]clu- .the shape and width of the distribution observed on our semi-
ated the confinement energies of the electron and hole 10, ,ctor nanocrystals, is similar to that observed on the

InAs QDs using_arggeffective-mass model of a spherical wello1a1ic QDs of various types, in spite of the distinct differ-
with a finite barrier;” with U as_the free parameter. By fitting ences between the two systems. This “universal behavior”
the calculated values to the size dependence of the band g y result from mesoscopic fluctuations in the charging

Eg, ?xtra;:ted fron; the tunneling rr;easureme?ts, we obtainegherv18 and further establishes our assignment of the peak
a value of 2.8 eV fot, a reasonable number for INAS nano- . iiiplets to single-electron charging of degenerate QD

crystals coated by organic ligands. This calculation alsQateg and not to degeneracy lifting. In the latter case, the
shows that the ratio of théighter) electron andheaviel g ctyations are not expected to scale with the charging
hole confinement energies, ranges between 1.5 to 3 over o hergy.

size range. Using these valuéswas determined as the rela-
tive fraction of the difference between the measuggcand
0.42 eV, the bulk InAs band gap. The data, plotted in Fig. 4
versus U-E)°® indeed exhibits the trend predicted by Eq.  Our single-electron tunneling data for InAs nanocrystals,
(1). Moreover, the least-square fit presented by the straighshow many features common to those observed for metallic
line, corresponds te=5 A, a reasonable value for the linker QDs. This is in spite of the distinct differences in the char-
molecules used in our experiment. This illustrative pictureacteristics of the two types of systems: In our semiconduct-
captures the essence of the tunneling process in our DBTJ, ing QDs in contrast to the metallic systems, the level spac-
particular the role of the barrier strength in determining theings are comparable to or larger th&p, and there are no
electron dwell time on the dot and consequently the singlefree electrons. Nonetheless, our tunneling data could be well
electron tunneling peak width. The effect of the barrierdescribed and simulated as a sum of the QD level spacings
strength on the width of single-electron tunneling peaks waand the charging energies—a straightforward extension of
previously studied for a DBTJ containing a metallic QD in the constant interaction, orthodox model, developed for the
the regime where the tunneling resistance is on the order ghetallic QDs. The peak widths in our tunneling data are,
the quantum resistanc® A broadening of the peak width however, much larger than those observed in previous tun-
with reduced barrier strength was observed, consistent witheling experiments. In our highly asymmetric DBTJ mea-
our observations. surement configuration, this behavior is attributed to the

CONCLUSIONS
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