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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, 20–70 Å in diameter, in a
highly asymmetric double barrier tunnel junction configuration. TheI -V characteristics 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.
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INTRODUCTION

The evolution of the electronic structure of semiconduc
nanocrystal quantum dots~QD! as a function of size, mani
fests the transition from the molecular to the solid-st
regime.1 Extensive optical spectroscopy studies of QDs de
onstrate their atomlike discrete level structure and ultra n
row transition linewidths.2–5 The optical spectroscopy probe
allowed transitions between the QD valence band~VB! and
conduction band~CB! states, and the assignment of the sp
trum relied on correlation with theoretical models.6,7 Tunnel-
ing measurements, on the other hand, can probe separ
the discrete states in the QD conduction and valence ba
thus providing complimentary unique information on t
electronic properties of nanocrystals.8,9 However, only a few
works on tunneling spectroscopy of semiconductor na
crystal QDs were reported so far.8–10 On the other hand
comprehensive tunneling spectroscopy studies were ca
out on metallic QDs, focusing on single-electron charg
effects such as the Coulomb blockade and the Coulo
staircase.11–14 In these systems, the single-electron charg
energy,Ec , is substantially larger than the level spacing, a
the effect of the latter on the tunneling spectra was inve
gated at sub-Kelvin temperatures.15–17 Recently, special fo-
cus was given to the manifestation of the level structure
the statistics of the peak spacings in the tunneling spectr
various metallic quantum dot systems.18,19 For dots defined
in high mobility, two-dimensional free-electron gas,18,19 as
well as for metal-oxide nanoparticles,20 the distribution of
the peak spacings was found to be Gaussian with a widt
;0.1Ec . This is in contrast to theoretical expectations o
bimodal distribution with a component that follows th
Wigner surmise.21 The bimodal distribution was expected
light of the differences between even and odd electron oc
pation of the metallic QDs whereas the assumed chaotic
ture of the dot would lead to the Wigner distribution of th
QD energy-level spacing.

In the present paper we investigate semiconductor Q
PRB 610163-1829/2000/61~24!/16773~5!/$15.00
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For an InAs nanocrystal, 5 nm in diameter, the sing
electron charging energy is estimated to be;0.2 eV, on the
order of or smaller than the typical discrete energy-le
spacings. This presents an interesting regime for sin
charge tunneling, substantially different from the nanome
size metallic islands. In this case, the level structure ha
dominant signature in the tunneling spectra. Neverthel
we find surprising similarities in the behavior of the InA
QDs and the metallic systems.

In a recent publication,8 we reported on correlation o
scanning tunneling spectroscopy and optical spectroscop
InAs QDs. Two and up to sixfold charging multiplets in th
tunneling spectra, were assigned to tunneling through
crete QD states with atomiclikes andp symmetries, identi-
fied as the 1Se and 1Pe CB states. The behavior of electro
tunneling through the QD states resembles theAufbau
~buildup! principle of electron occupation in atoms. Surpri
ingly, good correlation was found between optical transitio
and spacing of levels detected in the tunneling spectra. T
unique correlation enabled us to directly deduce informat
about the symmetry of the ground and first excited state
the complex QD VB.

In this paper, we present a detailed analysis of these
neling spectra. The data are described and simulated u
the orthodox model for single-electron tunneling.11,12 The
peak widths in the tunneling spectra are significantly lar
than optical transition linewidths, and are broadened w
reduced QD size. This behavior is attributed to the sh
dwell time of the electrons on the nanocrystal. Finally, w
analyze the statistics of peak spacing in the tunneling sp
tra, which shows a similar behavior to that observed for m
tallic QDs.

EXPERIMENT

Crystalline InAs QDs were prepared using a soluti
phase pyrolitic reaction of organometallic precursors. Th
nanocrystals are nearly spherical in shape with size c
16 773 ©2000 The American Physical Society
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trolled between 10–40 Å in radius, and 10% si
distributions.3,22 The nanocrystal surface is passivated by
ganic ligands. For the tunneling measurements we link
nanocrystals to a gold film via hexane dithiol molecules,23 as
shown schematically in the upper inset of Fig. 1~a!.

Scanning tunneling microscopy~STM! data were ob-
tained using a homebuilt cryogenic STM. The scan head
sample area are evacuated just before introducing helium
change gas and inserting the STM to the liquid helium ba
All data presented here were acquired at 4.2 K. In a typ
experiment, a topographic image of an isolated InAs QD w
taken, from which its size was determined.8 Then, the STM
tip was positioned above the QD, forming a double barr
tunnel junction~DBTJ! configuration,11,12as depicted in Fig.
1~a!. TunnelingI -V or dI/dV versusV characteristics were
acquired while disabling the scanning and feedback contr
These data were acquired with the tip retracted from the
to a distance where the bias predominantly drops on
tip-QD junction, forming a highly asymmetric DBTJ. I
these conditions, CB~VB! states appear at positive~nega-
tive! sample bias, and the real QD level separations can
extracted directly from the peak spacings.8,24

RESULTS AND DISCUSSION

The I -V curve in Fig. 1~a! was acquired on an InAs QD
22 Å in radius. This curve, typical of others, shows a reg

FIG. 1. Tunneling spectroscopy of a single InAs nanocrystal,
Å in radius (T54.2 K). ~a! MeasuredI -V curve~solid line! and the
simulated one~dotted line!. The DBTJ configuration and the
equivalent circuit are shown schematically in the insets.~b! Simu-
lated ~bottom trace! and experimental tunneling conductan
spectra.
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of suppressed tunneling current around zero bias, follow
by a series of steps at both negative and positive bias. In
1~b! we present the correspondingdI/dV versusV, tunnel-
ing conductance spectrum, which is proportional to the t
neling density-of-states.25 A series of discrete peaks i
clearly observed, where the separations are determined
both the single-electron charging energy and the disc
level spacings in the QD. Also presented in the figure is a
to the orthodox model for single-electron tunneling, whi
will be discussed below.

In Fig. 2, we plot a set of tunneling-conductance spec
acquired on InAs QDs of radii ranging from 35–10 Å. I
Ref. 8, we discussed the detailed assignment of the obse
peaks, and extracted spectroscopic information from th
data. Briefly, on the positive bias side, immediately follow
ing current onset, we always observed a doublet that
assign to tunneling through the twofold spin degenerateSe
CB state. Then, a larger spacing is observed followed b
higher multiplet, of up to six peaks, that we attribute to t
CB 1Pe state. The negative bias side shows a more comp
structure, reflecting the complicated QD VB level spectrum3

but in each spectra one can identify two peaks with a lar
separation, from which the spacing between the ground
first excited VB levels was extracted.

2 FIG. 2. Size evolution of the tunnelingdI/dV vs V characteris-
tics of single InAs QDs displaced vertically for clarity. The positio
of the centers of the zero current gap showed nonsystematic v
tions with respect to the zero bias, of the order of 0.2 eV, proba
due to variations of local offset potentials. For clarity of presen
tion, we offset the spectra along theV direction to center them a
zero bias. Representative nanocrystal radii are denoted. All spe
were acquired atT54.2 K.
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FIG. 3. A tunneling conductance spectru
~positive bias side!, measured for an InAs QD
with radius of 28 Å using a lock-in technique. A
doublet and a sixfold multiplet are resolved, a
signed to tunneling through the 1Se and 1Pe QD
states, respectively.
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The dI/dV curves presented in Fig. 2 are numerical d
rivatives of the measuredI -V curves. The voltage range i
each spectrum is limited by the onset of field emission a
the saturation of the current preamplifier. A direct measu
ment of a tunneling-conductance spectrum~positive bias
side! using a lock-in technique, for a QD 28 Å in radius,
presented in Fig. 3. The data acquisition time is long in t
case, but the increased sensitivity allows the measureme
be carried out at lower tunneling currents~larger tip-sample
separation!, delaying field emission and preamplifier satur
tion to larger bias. In this case, we exactly resolve a sixf
multiplet in the second group of peaks. We also note, that
spectra obtained from the direct lock-in method are simi
in the peak spacings and widths, to those obtained by
merical derivation of the measuredI -V characteristics. From
the peak spacings within the multiplets, we extracted
charging energyEc while the intermultiplet peak spacing i
the sum of the corresponding level spacing~this includes the
band gapEg) andEc .

This picture, in which the tunneling conductance curv
of the QDs are described as a simple sum of level spa
and charging energy, is supported by our theoretical sim
tions. We calculated the spectra using the ‘‘orthodox mod
for single-electron tunneling,11 modified to account for the
discrete QD level spectrum,24 as shown in Fig. 1. The start
ing point of this simulation is an assumed QD level struct
consisting of two CB and two VB states. The spacings a
degeneracy of these states were inferred from the meas
tunneling data and the good correlation with the optical sp
tra. Accordingly, the first CB state was taken to be twofo
degenerate, while the second state was sixfold degene
Both ground and excited VB states were taken to be fourf
degenerate. Each tunnel barrier is characterized by
parameters—a tunneling resistanceRi , and a capacitance
Ci , wherei 51,2 for the tip-QD and QD-gold junctions, re
spectively. The peak positions are not sensitive to the re
tance values,11 and are determined primarily byC1 andC2 .
Good agreement with the experimental peak positions
obtained using values of 0.1 and 1.1 aF, respectively@Fig.
1~b!#. These capacitances setEc and the voltage division
between the two junctions; most of the bias indeed falls
the tip-QD junction. The asymmetry of the DBTJ is al
reflected in the tunneling resistance values. The curren
-
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governed by junction 1, and from the I and V settings pr
to acquisition of the tunneling spectrum we obtainR1
;1010 V. R1 determines the slope on a step, which is a
well reproduced in the simulation@Fig. 1~a!#. R2 affects
mainly the width of the peaks, from which a value;105 V
is found, as shown below. The extracted junction parame
reflect the pronounced asymmetry that we have realize
the DBTJ. This asymmetry is due both to our procedure
tip retraction, and to the dielectric constant and transp
properties of the hexane dithiol layer, which lead to form
tion of a strong tunnel barrier between the tip and the Q
and a weak barrier between the QD and the gold substra

Due to this asymmetric configuration, the electron dw
time on the QD is determined by the QD-gold junction. W
suggest that this dwell time determines the tunneling p
width, and is the source of the systematic broadening of
peaks in smaller QDs~see Fig. 2!. We investigate this con-
jecture for the 1Se doublet, which was consistently well re
solved in all spectra. Figure 4 shows the size dependenc
these peak widths. We determine the width by a fit, as de
onstrated in the lower inset. The widths range from appro

FIG. 4. Size dependence of the average peak width in theSe

doublet. The width was extracted by a fit, as depicted in the lo
inset for one representative doublet. The upper inset schemati
depicts our model for the highly asymmetric DBTJ. The solid line
a 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 Å up to 15
meV for a QD with a radius of 10 Å, significantly larger tha
typically observed in tunneling experiments on meta
QDs.15

The peak widths are well above our experimental reso
tion and are also substantially larger thanKBT. They are
significantly broadened compared to homogeneous l
widths measured for the lowest optical excitonic transition
isolated nanocrystal systems, using hole burning or pho
echoes.26,27 Therefore, the tunneling peak widths cannot
flect an intrinsic property of the isolated QD, but rather t
dwell time of electrons tunneling through the QD. This dw
time is determined by the tunneling rateG2 through the weak
QD-gold tunnel junction (J2 in the inset of Fig. 4!. G2 is
related to the tunneling resistanceR2 by G25V2 /eR2 ,
whereV2 is the voltage drop on the junction. From the typ
cal width DE of the 1Se tunneling peaks, using the unce
tainty relationDE5\G2 , we can estimate the value ofR2
;105 V, only slightly higher than the quantum resistan
h/e2.

To further establish the feasibility of this picture, we wri
an expression forG2 , assuming a simple square geome
for the tunnel junctionJ2 ,28

ln G2}22z/\A2me~U2E!, ~1!

wherez is the barrier width,me is the electron mass,U is the
depth of the CB spherical well, andE the energy of the 1Se
level ~see inset of Fig. 4!. z is similar for all QD sizes since
we always used the same linker molecule to connect
nanocrystals to the gold substrate. Thus, the sole size de
dent part of Eq.~1! comes from the variation of the tunnelin
barrier height,U-E. This barrier is systematically reduced
smaller nanocrystals because of the increase inE due to
quantum confinement, whileU remains constant. We calcu
lated the confinement energies of the electron and hol
InAs QDs using an effective-mass model of a spherical w
with a finite barrier,29 with U as the free parameter. By fittin
the calculated values to the size dependence of the band
Eg , extracted from the tunneling measurements, we obta
a value of 2.8 eV forU, a reasonable number for InAs nan
crystals coated by organic ligands. This calculation a
shows that the ratio of the~lighter! electron and~heavier!
hole confinement energies, ranges between 1.5 to 3 ove
size range. Using these values,E was determined as the rela
tive fraction of the difference between the measuredEg and
0.42 eV, the bulk InAs band gap. The data, plotted in Fig
versus (U-E)0.5, indeed exhibits the trend predicted by E
~1!. Moreover, the least-square fit presented by the stra
line, corresponds toz55 Å, a reasonable value for the linke
molecules used in our experiment. This illustrative pictu
captures the essence of the tunneling process in our DBT
particular the role of the barrier strength in determining
electron dwell time on the dot and consequently the sing
electron tunneling peak width. The effect of the barr
strength on the width of single-electron tunneling peaks w
previously studied for a DBTJ containing a metallic QD
the regime where the tunneling resistance is on the orde
the quantum resistance.30 A broadening of the peak width
with reduced barrier strength was observed, consistent
our observations.
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An additional question that arises from the tunneling d
is related to the statistics of the peak spacings. This issue
recently been studied for two- and three-dimensional me
lic QDs having free carriers in their neutral state. Contrary
initial expectations, the spacing distribution was Gauss
with a width that scales withEc , and did not follow the
Wigner distribution.18,19 In Fig. 5 we plot a histogram of the
normalized peak spacing fluctuation within charging mu
plets. The data were accumulated for all QDs taking in
account both CB and VB charging multiplets. We followed
normalization procedure similar to that performed in the c
of the metallic QDs studied in Refs. 18 and 19. For each
i, the intramultiplet spacingsD are presented relative an
normalized to the average spacing within the multiplets^D i&.
Recall that we associate^D i& with the charging energy of the
dot Ec . The distribution is found to be Gaussian, with
width that corresponds to 0.12Ec ~see Fig. 5!. Interestingly,
the shape and width of the distribution observed on our se
conductor nanocrystals, is similar to that observed on
metallic QDs of various types, in spite of the distinct diffe
ences between the two systems. This ‘‘universal behavi
may result from mesoscopic fluctuations in the charg
energy,18 and further establishes our assignment of the p
multiplets to single-electron charging of degenerate Q
states and not to degeneracy lifting. In the latter case,
fluctuations are not expected to scale with the charg
energy.

CONCLUSIONS

Our single-electron tunneling data for InAs nanocrysta
show many features common to those observed for met
QDs. This is in spite of the distinct differences in the cha
acteristics of the two types of systems: In our semicondu
ing QDs in contrast to the metallic systems, the level sp
ings are comparable to or larger thanEc , and there are no
free electrons. Nonetheless, our tunneling data could be
described and simulated as a sum of the QD level spac
and the charging energies—a straightforward extension
the constant interaction, orthodox model, developed for
metallic QDs. The peak widths in our tunneling data a
however, much larger than those observed in previous
neling experiments. In our highly asymmetric DBTJ me
surement configuration, this behavior is attributed to

FIG. 5. Histogram of the normalized fluctuations in the pe
spacings within charging multiplets, along with a fit to a Gauss
distribution~solid line!. The width of the distribution corresponds t
0.12EC , see text.
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weak QD-gold barrier that governs the electron dwell tim
on the dot. Further investigations of the effect of this tun
junction on the tunneling characteristics is required. The
tistics of peak spacings showed a common behavior to
observed for the metallic dots, manifesting the generality
single-electron tunneling phenomena.
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