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The electronic configuration of a set of PbSe/PbS core-shell colloidal quantum dots �CQDs�, with a common
core radius of 1.5 nm having a PbS shell of a variable width from 0.75 to 2.5 nm, was investigated by scanning
tunneling spectroscopy. The conductance resonance spectra were correlated with a band tunneling process,
monitoring the individual electronic levels of conduction and valence bands. The energy band gap of the
various samples, derived from the conductance spectra, were compared with the values measured by the
absorption spectra, as well as with a theoretical evaluation, using the extended four-band envelope function
theory across the PbSe/PbS material boundary. The experimental results showed a decrease in the energy band
gap, as well as a decrease in a few higher energy interband transitions, with the increase in the shell thickness,
in close agreement with the theoretical prediction, which correlated it with a delocalization of the carriers’
wave functions over the entire core-shell structure. However, the increase in the outer radius of the core-shell
CQDs has a slightly smaller influence than a simple growth in size of PbSe cores, due to the existence of
Fermi-energy offset, discontinuity in the effective mass and the dielectric constant at the core-shell interface.
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I. INTRODUCTION

PbS and PbSe colloidal quantum dots �CQDs� are the fo-
cus of vast interest due to their unique electronic and optical
properties,1–3 with feasibility in a variety of optoelectronic
applications in the near infrared �NIR� region, including gain
devices,2 optical switches,4 photovoltaic cells,5–8 and bio-
logical labeling.9,10 The bulk PbS and PbSe semiconductors
have a rock-salt crystal structure with nearly identical lattice
constants �5.93 Å and 6.12 Å at 300 K, respectively�, facili-
tating the formation of heterostructures. Furthermore, the
bulk IV-VI semiconductors have a narrow direct band gap
�Eg�PbSe�=0.28 eV and Eg�PbS�=0.4 eV at 300 K� with both
valence and conduction band edges being fourfold degener-
ated at the L point of the Brillouin zone �eightfold when
including spin degeneracy�. Also, these semiconductors have
relatively large optical ���=18.0–24.0� and static ��s�PbSe�
=227 and �s�PbS�=161� dielectric constants, small effective
masses of electron and hole �me,h�0.1m0�, and a large ef-
fective Bohr radii �aB�PbSe�=46 nm and aB�PbS�=18 nm�.

The colloidal synthesis of PbSe CQDs, in organic or wa-
ter solutions, has been developed in the past decade.11

Brumer et al.12 produced high-quality PbSe/PbS core-shell
CQDs and completely original PbSe /PbSexS1−x core-alloyed
shell CQDs. Another recent report13 showed the formation of
PbSe/CdSe/ZnSe core-shell CQDs. The core-shell structures
of the IV-VI semiconductors exhibit close crystallographic
matching at the core-shell interface, chemical robustness at
ambient conditions over a length of time �months and years�2

and high photoluminescence quantum yield �45% in PbSe/
PbS and �70% in PbSe /PbSexS1−x CQDs�.12 These struc-
tures also offer tunability of the energy band gap with the
change in the Se/S composition and the core-radius/shell-
width ratio �vide infra�.2 In particular, the PbSe /PbSexS1−x
core-alloyed shell CQDs demonstrate a gradual change in the

Se/S ratio, when moving from the interior core-shell inter-
face toward the shell exterior surface. This gradual transfer
minimizes the occurrence of trapping sites and avoids dis-
continuity in the dielectric constant at the core-shell
interface.4,12 Moreover, the Auger relaxation process and
fluorescence blinking, which have been topics of major con-
cern in recent years,14 could be partially suppressed in
samples with a better crystallographic and dielectric match-
ing between a core and its surrounding, and when partial
carriers’ separation between the core and the shell takes
place �vide infra�.15 Such conditions should reduce existing
many-body �if generated� Coulomb interactions within a
CQD and provide a substantial benefit in solar-energy appli-
cations and gain devices.

The electronic structure of IV-VI core CQDs still remains
a matter of controversy and even less is known about the
properties of the core-shell structures. Calculations within
the framework of the effective-mass approximation revealed
that conduction and valence bands of core CQDs are nearly
symmetric.1 The tight-binding and the atomistic pseudopo-
tential calculations3,16–18 of PbSe revealed an L-point inter-
valley coupling and anisotropy of effective masses. It was
also suggested that the adjacent � and K Brillouin zone ex-
tremes could lift the degeneracy of the electronic levels.16

Bartnik et al.19 presented a theoretical description �the
only one currently offered� of the electronic structure of
PbSe/PbS core-shell CQDs, using the extended four-band en-
velope function theory across the PbSe/PbS material bound-
ary. Their study found two types of behavior: �a� CQDs with
an outer radius of 1.5–5 nm experience an extension of both
electron and hole wave functions over the entire structure
with an increase in the delocalization with the increase in the
core-shell total size �type I�; �b� CQDs with an outer radius
�7 nm are influenced by the core-shell barrier, when the
lowest unoccupied molecular orbital �LUMO� is localized in
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the core while the highest occupied molecular orbital
�HOMO� is delocalized, with a larger weight within the
shell on the increase in the shell width �type II�, similar
to the expectation derived from the corresponding bulk
semiconductor.20 Thus, the electronic structure of PbSe/PbS
core-shell CQDs depends on the outer radius, as well as on
the core-radius/shell-width ratio.

While a theoretical model predicts the electronic configu-
ration of the IV-VI core-shell CQDs, the existing experimen-
tal evidence is not sufficient. The optical absorbance, con-
tinuous wave, and time-resolved photoluminescence �PL�
and PL-excitation spectra have been explored in recent
years,2,21,22 but these optical methods basically detect transi-
tions between two states, yet leave a debate regarding the
electronic nature of core-shell structures. Overcoming this
limitation, the current study used scanning tunneling spec-
troscopy �STS�, monitoring separately the density of states of
the valence and conduction bands. STS has been previously
applied in the investigation of semiconductor CQDs of
CdSe,23 PbSe,24 and InAs �Ref. 25� CQDs, InAs rods,26 as
well as in the study of InAs/ZnSe �Ref. 25� and ZnSe/CdSe
�Ref. 27� core-shell structures. The current study describes
the investigation of a set of PbSe/PbS core-shell CQDs with
various core-radius/shell-width ratios, when with a common
core radius of 1.5 nm and a variable shell width �w� from
0.75 to 2.5 nm. The results revealed a decrease in the energy
band gap with the increase in the shell thickness, changes
that were correlated with a delocalization of the carriers’
wave functions over the entire core-shell structure, restricted
by the Fermi-energy offset, the discontinuity of the effective
masses and the dielectric constant at the core-shell
interface.20

II. EXPERIMENTAL

PbSe cores CQDs, covered with oleic acid surfactants,
were prepared according to a procedure given in Ref. 12.
PbSe/PbS core-shell CQDs with a shell width up to
�1.8 nm �also capped with oleic acid molecules� were pre-
pared via a single injection of shell constituents of the ap-
propriate stoichiometry amounts at �130 °C into a freshly
prepared �free of Se monomers� PbSe core solution �see Ref.
12�. However, core-shell CQDs with a shell thickness
�1.8 nm required repeated injections �2–4 times� of the
shell elements until the desired thickness was achieved. Rep-
resentative aliquots were drawn from the reaction solution
during the growth and their absorption and transmission
electron microscopy �TEM� images were monitored. The ab-
sorption spectra were recorded on a spectrometer model UV-
VIS-NIR spectrometer JASCO V-570 and the TEM images
were recorded using a FEI Tecnai G2 T20 S-Twin instrument,
operating at 200 kV.

The scanning tunneling microscopy �STM� and the STS
measurements of a single-core or core-shell CQD were done
by depositing CQDs onto a gold �Au�111�� thin film, sup-
ported on a Mica substrate, and treated with a self-assembled
hexanedithiol monolayer. This self-assembled monolayer
was prepared by immersing the gold films overnight in a
solution, while any noncovalently linked thiol molecules

were rinsed away from the surface. Then uniform and iso-
lated CQDs coverage was formed by immersing thiol-treated
gold films in a chloroform solution suspended with a low
concentration of CQDs for a limited duration �1 min�. Thus,
isolated CQDs were anchored to the gold substrate via thiol
linking groups, immobilized by the scanning tip during the
experiment. The gold-coated CQDs were further annealed at
110 °C overnight within the STM chamber in ultrahigh
vacuum �UHV�, removing any excess contamination.

The topography and the electronic structure of a single
PbSe/PbS core-shell CQD were measured by the use of a
STM/STS Omircon Nanotechnology system �UHV variable
temperature scanning probe microscopy�, operating at 25 K
in UHV �4�10−11 mbar� conditions. The STM images were
achieved with a bias voltage �Vbias� of 2 V and a set-point
current of 5–50 pA, adjusting a feedback loop to keep a
constant current. The current-voltage �I-V� curves were mea-
sured by positioning an atomistic edge tip above a single dot
and interrupting the feedback loop. The conductance spectra
�dI /dVbias versus Vbias� were obtained either by a numerical
differentiation of the I-V curves or by a direct measure via a
lock-in amplifier. A set-point current up to 70 pA was used
when the voltage was altered between −2 V to +2 V. The
reproducibility of the data was ensured by recording I-V
curves of a single CQD hundreds of times, and the data were
smoothed by averaging over various accumulations.

III. RESULTS

This work describes a comparison between the electronic
structure of a PbSe core with a radius �rc� of 1.5 nm and
corresponding PbSe/PbS core-shell structures with an outer
radii �rcs� of 2.25, 3, and 4 nm. A representative TEM image
of core-shell CQDs is shown in Fig. 1�a�. The image exhibits
a few CQDs, with a distinct appearance of core and shell
areas, with a shell width of 1.5 nm, nearly equivalent to the
radius of the core. Figure 1�b� compares the absorption spec-
tra of core-shell CQDs with rcs=2.25 nm with the spectrum
of the corresponding core �rc=1.5 nm� revealing a substan-
tial redshift on the addition of a thin shell �w=0.75 nm�.
Figure 1�c� represents a STM image of PbSe/PbS CQDs dis-
persed on a gold substrate with rcs=4 nm, recorded with a
bias voltage of 2 V and a set-point current of 5 pA. The inset
shows a height profile of a single CQD shown in the figure,
however, the lateral dimensions of the profile are substan-
tially larger than the actual size, due to a broadening of the
tip width, thus, the height alone indicates the CQD’s diam-
eter. Figure 1�d� shows a typical height histogram of the
CQDs examined.

Figure 2 shows conductance spectra, represented as a plot
of dI /dVbias versus Vbias, of a PbSe core with rc=1.5 nm
�bottom curve� and corresponding core-shell CQDs with rcs
values of 2.25, 3, and 4 nm �from bottom to top�, all re-
corded with a set-point current of 70 pA. The spectra consist
of relatively broad tunneling resonances on both sides of
Vbias=0. The resonances at negative bias relate to the hole
levels while those at the positive bias are related to the elec-
tron levels. The first resonances from both sides of Vbias=0
correspond to HOMO and LUMO, respectively. The bias dif-
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ference between them corresponds to the zero-conductance
gap. The figure shows that, as expected, this conductance gap
is reduced with the increase in the shell width. The discus-
sion in Sec. IV develops the energy band-gap dependence as
a function of the outer radius of the PbSe/PbS CQDs and the
higher energy interband transitions, based on the given STS
and absorption measurements. IV. DISCUSSION

Positioning a single CQD between an atomistic tip and a
substrate immediately creates a double-barrier tunnel junc-
tion �DBTJ�, when the conductance spectrum of a single
CQD is related to resonant tunneling of electrons �holes�
across the DBTJ. The barriers are located between the CQD
and the substrate and between the tip and the CQD. Upon the
application of a bias across the tip-CQD-substrate assembly,
a voltage drop is created, proportional to the capacitance of
tip-dot �Ctip-dot� and dot-substrate �Cdot-sub� junctions, accord-
ing to a parameter, 	, when28

	 =
Cdot-sub

Ctip-dot + Cdot-sub
. �1�

The capacitance values rely on the tip-dot �dtip-dot� and dot-
substrate �ddot-sub� surface-to-surface distances, the radius of
the CQD �rc or rcs�, the tip radius �rtip=0.5–2.0 nm�, and the
vacuum dielectric constant, �0. The capacitance values are
given by the following relations:28

Ctip-dot = 
2��0rtip�ln� rtip


dtip-dot
� + ln 2 +

23

20
	 , �2a�

FIG. 3. �Color� Conductance spectra of PbSe/PbS CQDs with
core radius of 1.5 nm and an outer radius of �a� 3.0 nm and �b� 4.0
nm, presented as a log plot of dI /dVbias versus E. The grey sticks
mark the theoretical intraband energy levels. The �h1, h2,…� and
�e1, e2,…� refer to hole and electron-energy levels, respectively.

FIG. 1. �Color� �a� A TEM image of PbSe/PbS CQDs with a
core radius �rc� of 1.5 nm and a shell width �w� of 1.5nm. �b�
Absorption spectra of PbSe core with rc=1.5 nm and PbSe/PbS
core-shell CQDs with an outer radius �rcs� of 2.25 nm. �c� A STM
image of PbSe/PbS CQDs �rcs=4.0 nm� spread over a gold sub-
strate. A height profile of a single CQD is shown in the inset. �d�
Typical CQD’s height histogram.

FIG. 2. �Color� Representative conductance spectra, showing a
plot of dI /dVbias versus Vbias, of a single PbSe core �with a radius
rc�, and several PbSe/PbS core-shell CQDs �with an outer radius of
rcs�.
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Cdot-sub = 2��0rdot�ln� rdot

ddot-sub
� + ln 2 +

23

20
	 , �2b�


 =
1

1 +
rtip

rdot

. �2c�

Thus, ddot-sub is determined by a monolayer thickness of
tilted dithiol molecules �0.6 nm�. The dtip-dot varied between
0.5 to 2.5 nm, determined by the set-point current that ad-
justs the approach distance to the CQDs. Considering the
mentioned parameters, 	 was determined to vary between
0.65 to 0.75.

A large value of 	 ��0.5� reflects a large Cdot-sub value,
permitting a larger voltage drop on the tip-dot junction with
respect to the drop across the dot-substrate area. Such a situ-
ation guarantees a short tunneling rate out of the CQD and a
tunneling of one carrier at a time through the CQD �known
as a shell tunneling regime�. In that case, the conductance
resonances refer to individual electronic states, distributed
around Vbias=0, as shown in Fig. 2. Charge accumulation
may occur when the rate of electron �hole� tunneling into a
CQD is shorter than the rate out �known as the shell-filling
effect�, leading to a split appearance of both electron and
hole conductance resonances, due to Coulomb repulsion
forces and according to the degeneracy of the states. Such a

splitting is not pronounced in the conductance spectra shown
in Fig. 2, assuming that the thermal instability existing at 20
K did not blur it completely �vide infra�. Bipolar transport
occurs only in rare cases �when 	�0.5�, involving simulta-
neous tunneling of both electrons and holes from both sides
of the zero-conductance gap, shrinking the actual conduc-
tance band gap, or occasionally appearing as asymmetric dis-
tribution of resonances around Vbias=0. The obvious experi-
mental evidence shown in Fig. 2 and the values of 	 suggests
the occurrence of a shell-tunneling process and the data were
analyzed accordingly �see below�.

The zero-conductance gap is related to the electronic en-
ergy band gap by the following relation:28

	�Vbias = Eg + 2� , �3�

� 

1

2

e2

rdot
� 1

�out
−

1

�in
� +

0.47e2

�inrdot
��in − �out

�in + �out
� . �4�

The � term describes an energy polarization, related to a
charge image developed at an exterior medium due to a di-
electric mismatch between a CQD and the surrounding. The
variables �in and �out are the static dielectric constant of the
CQD, and the surrounding, respectively ��in=volume
weighted average between �s�PbS�=161 and �s�PbSe�=227 and
�out corresponds to a dielectric constant of the surrounding
�out=3�.24

TABLE I. Comparison between the measured �Fig. 3� and the predicted �theory� energy values of valence
and conduction electronic levels of PbSe/PbS core-shell CQDs with rcs=3 and 4 nm. The electronic assign-
ments are given at the right column.

rcs

����n��l�

3 nm 4 nm

Label
STS
�eV�

Theory
�eV� Label

STS
�eV�

Theory
�eV�

e1 0.26 0.26 e1 0.39 0.37 −1S

e2 0.45 0.45 e2 0.53 0.51 +1P

0.46 0.52 +1S

e3 0.59 0.62 e3 0.63 0.63 −1D

0.63 e4 0.69 0.64 −1P

0.67 0.65 −2S

e4 0.76 0.80 e5 0.8 0.77 +1D

e5 0.91 0.88 e6 0.86 0.82 +2S

0.89 e7 0.94 1.02 +2P

e6 1.08 1.16 −2P

h1 −0.50 −0.46 h1 −0.28 −0.26 +1S

h2 −0.65 −0.64 h2 −0.39 −0.39 −1S

−0.67 h3 −0.44 −0.41 −1P

h3 −0.76 −0.81 h4 −0.54 −0.51 +1P

−0.84 h5 −0.57 −0.53 +1D

h4 −0.93 −0.96 h6 −0.63 −0.60 −1D

h5 −1.06 −1.02 h7 −0.69 −0.66 +2S

−1.03 h8 −0.78 −0.81 −2S

h9 −0.86 −0.83 −2P
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Based on the relation given in Eq. �3�, the conductance
spectra can be represented by a log plot of dI /dVbias versus
E. Illustrative examples are shown in Fig. 3, showing the
spectra of a single PbSe/PbS core-shell CQD with �a� rcs
=3 nm and �b� rcs=4 nm. These spectra also contain a stick
diagram �dashed lines�, offering the theoretical estimation of
the intraband levels, when a thicker line corresponds to a
proximity or to an overlap of a few electronic states. In gen-
eral, the theory was derived from the core CQD envelope
function s, using a bulk k ·p Hamiltonian.19 Bloch states of
the lowest conduction and topmost valence bands with spin
degeneracy were included �a four-band Hamiltonian�. The
off-set was predicted numerically to be 0.09 eV and was also
confirmed recently by cyclic voltometry.29 The form of the
Hamiltonian uniquely determined the boundary conditions at
the PbSe/PbS interface, adopting a procedure supplied by
Burt,30 when considering the discontinuity in the effective
mass as well as in the dielectric constant. Eventually, the
Hamiltonian of the core-shell structure showed dependence
on radial coordinates only, so, the material’s parameters can
be characterized by the principal �radial� quantum number n,
orbital angular momentum l, and a parity �. Accordingly,
Table I summarizes the assignments of the various electronic
levels following the notation of ����n��l�. For example,
“+2s” means �=+1, n=2, and l=0. Figure 3 reveals a rela-
tively close match between the position of the STS resonance
bands and the theoretical electronic levels. However, the ex-
perimental resonances have a FWHM between 40–120 meV,
with nearly equivalent broadening within the valence and
conduction band states. Such a large broadening is beyond
expectations for measurements carried out at cryogenic tem-
peratures. It suggests that most of the broadening is not re-
lated to a thermal fluctuation. Instead, it is governed by an
electron-phonon coupling with a larger influence on the
smallest CQD, on fluctuation of charges in the surrounding
of the CQD, or displacement of the CQD in the junction.31 It
should be noted that similar resonance full width at half
maximum �FWHM� of electrons and holes reflects a sym-
metric distribution around the Fermi level, as suggested pre-
viously in core PbSe CQDs,1 and it seems to be preserved in
the core-shell structures discussed in this paper.

The estimated electronic energy band-gap values, derived
by Eqs. �3� and �4�, versus a CQD’s radius �rc or rcs� are
plotted by the black squares in Fig. 4�a�. These values are
compared with band gap derived from the absorption spectra
�blue squares in the figure�. The measured absorption gap
was corrected for the electon-hole Coulomb interaction gen-
erated upon illumination, using the following expression:32

Je-h�rcs� =
e2

rcs
� 1

�out
+

0.79

�in
� . �5�

Also, the measured absorption gap at room temperature was
extrapolated to its value at 20 K, using the band-edge tem-
perature coefficient d
 /dT, measured elsewhere.22 A theoret-
ical estimation of the energy band gap, derived by the
effective-mass approximation for the core-shell CQDs stud-
ied, is marked by the red squares in the figure while absorp-
tion edges of pure PbSe CQDs with similar radii, measured
by STS technique �adopted from Ref. 24�, are shown by the

green circles in Fig. 4�a�. The band-gap values, revealed by
the different measurements, are also listed in Table II. The
figure and the table show that the band-gap energy decreases
with the increase in the shell width, a general trend that
appeared in the STS and absorption spectra, as well as by the
theoretical evaluation. However, the STS measurements de-
viate by �20% from those of absorption and theoretical
points. This deviation might be related to accumulated errors
in the measured values of rtip and rtip-dot. In any event, the
change in the energy band gap of the core-shell samples with
the increase in the shell width �or total radius of the struc-
ture�, is moderate with respect to a change that is observed
by a simple increase in a PbSe core radius �following the
trend of the green circles in Fig. 4�. This comparison sug-
gests the spread of the electron and/or wave functions over
the entire core-shell structure, however, the change in the
effective mass and dielectric constant at the core-shell inter-
face governs different delocalization of the carriers within
the core and the shell, causing the electronic nature to be
slightly different from a pure PbSe medium of a similar size.

Figure 4�b� represents a plot of the energy spacing be-
tween a few interband levels, h1-e1, h2-e2, and h3-e3 versus
the total size of the core-shell CQDs �rc or rcs�. The energy of
each interband level is actually an average value of proxi-

FIG. 4. �Color� �a� A plot of the energy band gap of PbSe or
PbSe/PbS structures, versus the CQD’s outer radius �rcs�, as mea-
sured by STS and absorption spectroscopy, or predicted theoreti-
cally, following the given symbols in the legend. �b� A plot of a few
interband energy transitions versus PbSe or PbSe/PbS CQD’s outer
radius, as measured by STS and absorption spectroscopy, according
to the designation given in the legend.
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mate theoretical states �grey sticks in Fig. 3 or assigned
states listed in Table I�. The relevant interband transitions
extracted from the absorption spectra are also shown in Fig.
4�b�, following the symbols given in the legend. The results
reveal a good agreement between the STS and absorption
measurements, both indicating a decrease in the transition
energies of the ground state, as well as hot excitons, with the
increase in the outer radii of the core-shell CQDs. The de-
crease in the interband transition energies is related to the
increase in carriers delocalization over the entire core-shell
structure, leading to reduction in the confinement effect.

V. SUMMARY

This paper presented the conductance spectra, measured
by a STS, of a set of PbSe/PbS core-shell samples with a
common core radius of 1.5 nm and a PbS shell of a variable
width �w� from 0.75 to 2.5 nm. The conductance resonances
were correlated with a shell tunneling process �with experi-
mental parameter—	, varying from 0.65 to 0.75�. The ex-
periment monitored the individual electronic levels of the
conduction �e1, e2,…� and valence �h1, h2,…� bands. The
energy band gap of the various samples, derived from the
STS measurements, showed close agreement to the values
measured by the absorption spectra, as well as with theoret-
ical predictions. The theoretical model was based on an ex-
tended four-band envelope function theory across the PbSe/
PbS material boundary, including the Fermi-energy offset at
the interface and a discontinuity in the effective mass and in
the dielectric constant. The experimental and theoretical re-
sults showed a decrease in the energy band gap, and of a few
other hot interband transitions, with the increase in the shell
thickness. This result was correlated with a reduction in the
band gap upon delocalization of the carriers’ wave functions
over the entire core-shell structure, consistent with the pre-
vious expectations for PbSe/PbS core-shell CQDs with an
outer radii �5 nm.19 The study supplies information regard-
ing the change in the electronic configuration with the varia-
tion in composition and core radius/shell width, indicating
particular merit for the application of those near infrared ac-
tive CQDs with good chemical robustness in solar energy
and gain devices.
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