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Semiconductor nanoparticles (NPs) ex-
hibit interesting size-tunable optical pro-
perties due to the confinement of the

electronicwave functions.1-3 The high surface-
to-volume ratio of small NPs suggests that the
surface affects significantly their structural and
electronic properties. Indeed surfaces capped
by organic or inorganic layers strongly influ-
ence the emission efficiency of the NPs.2-8 By
producing a core, made of one semiconductor
material, and coating it with a shell made from
another material, the electronic properties of
this core-shell (c/s) NP can be engineered,
and predesigned electronic properties are
obtained.2,3,7-12 Such c/s NPs as CdSe core-
capped with wider bandgap ZnS shell form
type I c/s NPs which have improved optical
properties as compared to those of the CdSe
core-onlyNPs.2,3 The improvement is a result of
the confinedpotential of the excited electron-
hole pair which reduces their interaction with
traps on the surface and the environment. This
confinement can be tuned by varying the
shell properties (material and thickness)
and/or the radius of the core.9,10,13-15

For many applications the positions of the
occupied and unoccupied orbitals of the NPs
arehighly important, specifically thequestion
of how their energies can be controlled by
modifying the surface properties.15-18

In the present work we address the ques-
tion to what extent are the energy states of
the core isolated from the surface in a c/s NP
and what properties of the NP affect this
insulation. We present results on the elec-
tronic structures of CdSe core-only and
CdSe/ZnS c/s NPs self-assembled as mono-
layers on Au by an organic linker. In these
NPs the HOMO and the LUMO are of 1S3/2
and 1Se symmetry, respectively. The results
obtained by low-energy photoelectron
transmission (LEPET) spectroscopy18,19 (see
Scheme 1) indicate that the highest occupied
molecular orbitals (HOMOs) of CdSe/ZnS c/s

NPs and the CdSe core-only NPs are located
at the same energy and are pinned relative
to the Fermi level of the Au substrate. Apply-
ing two-photon photoelectron (TPPE) spec-
troscopy18,19 (see Scheme 1) we observed
the lowest unoccupied molecular orbitals
(LUMOs) of both the core and of the shell.
Organic molecules that bind to the NPs via
thiol groups were used for introducing sur-
face trap states. It was found that, while
the LUMOs in the core-only CdSe NPs are
strongly coupled to the surface traps, this
coupling is size dependent in the case of
the CdSe/ZnS c/s NPs. For a large core, the
LUMO is localized almost entirely in the
core, and there is no significant coupling
with the surface trap states. However,
when the core is small enough, the LUMO
is delocalized and penetrates into the
shell, thus interacting with the surface trap
states.

RESULTS AND DISCUSSION

Scheme 1 presents the two photoemis-
sion techniques applied in the current study
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ABSTRACT We investigated how isolated are the electronic states of the core in a core-shell

(c/s) nanoparticles (NPs) from the surface, when the particles are self-assembled on Au substrates via

a dithiol (DT) organic linker. Applying photoemission spectroscopy the electronic states of CdSe core

only and CdSe/ZnS c/s NPs were compared. The results indicate that in the c/s NPs the HOMO interacts

strongly with electronic states in the Au substrate and is pinned at the same energies, relative to the

Fermi level, as the core only NPs. When the capping molecules of the NPs were replaced with

thiolated molecules, an interaction between the thiol groups and the electronic states of the NPs was

observed that depends on the properties of the NPs studied. Thiols binding to the NPs induce the

formation of surface trap states. However, while for the core only CdSe NPs the LUMO states are

strongly coupled to the surface traps, independent of their size, this coupling is size dependent in the

case of the CdSe/ZnS c/s NPs. For a large core, the LUMO is decoupled from the surface trap states.

When the core is small enough, the LUMO is delocalized and interacts with these states.

KEYWORDS: photoelectron spectroscopy • electronic structures • core/shell nano-
particles • electronic wave function • surface trap states
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for determining the electronic states of the NPs ad-
sorbed on the gold substrate. In the case of the LEPET
method (Scheme 1a) electrons are ejected from below
the Fermi level applying photon energy that exceeds
the ionization potential of the nanoparticles. In the
case of the TPPE experiments (Scheme 1b), the elec-
trons are ejected by two-photon process in which the
first photon excites the NPs to unoccupied states
located below the vacuum level. The excited elec-
trons relax rapidly to the lowest unoccupied state
(the LUMO) fromwhich they are ejected by the second
photon.
Figure 1 presents the photoluminescence spectra of

all the NPs studied when they are adsorbed on the
gold substrate through the organic linker. Figure 2a
shows the LEPET spectra from gold substrates coated
with a monolayer of DT to which CdSe NPs were
adsorbed at different adsorption times. By increasing

the adsorption time the NPs coverage is increased, as
indicated also by the photoluminescence spectra pre-
sented in Figure 2b. In the LEPET spectra, the peak at a
binding energy of about -6.2 eV is not present for
samples that do not contain NPs, and this peak in-
creases as the adsorption time increases from 10 min
up to 4 h. There is a linear correlation between the
intensities of this peak in the LEPET spectra and the
intensities of the PL spectra (Supporting Information
Figure S2), indicating that this peak stems from elec-
trons ejected from the NPs. In Figure 2c,d the LEPET
spectra are shown after subtraction of the gold-coated
DT spectrum (with no NPs). Since the LEPET spectra
reflect the density of states below the Fermi level, the
peak on the left in Figure 2c,d presents the HOMO of
the CdSe NPs (two sizes of 6 and 3.7 nm)/DT/Au both
starting at -1.20 ( 0.05 eV relative to the Fermi level.
The results from the TPPE experiments are shown on
the right side of Figure 2c,d and were obtained by
using two photons from the same laser pulse, each
photon energy being 4.28 eV. The peak appears only
for samples containing NPs and increases as a function
of adsorption time, indicating that it represents the
LUMO of the NPs and is located at 0.65 ( 0.05 eV and
0.80 ( 0.05 eV above the Fermi level for the 6 and 3.7
nm diameter NPs, respectively. The peak position
relative to the Fermi level was found to be the same,
independent of the wavelength used. Here, the HOMO
energy is defined by the cutoff in the LEPET spectra,
while the LUMO is defined by the peak in the TPPE
spectra.18 The HOMO-LUMO energy gaps obtained

Figure 1. Photoluminescence signals (λex = 457 nm) ob-
tained for four differently sized CdSe and two differently
sized CdSe/ZnS NPs whose monolayers are adsorbed to Au
substrates through an organic linker. It shows the CdSe/ZnS
3.8 nm, CdSe 3.3 nm, CdSe 3.7 nm, CdSe 4.7 nm, CdSe/ZnS
5.8 nm, and CdSe 6 nm maximum emission at 562 nm
(black), 569 nm (red), 590 nm (blue), 612 nm (dark yellow),
618 nm (purple), and 635 nm (gray), respectively.

Figure 2. Results for different adsoption times of CdSe NPs
on DT/Au from 10 min up to 4 h. (a) Normalized LEPET
spectra. (b) PL of CdSe (6 nm). The difference LEPET spectra
(below the Fermi level) that are obtained by subtracting the
spectrum of the DT/Au, and TPPE spectra (above the Fermi
level) of (c) CdSe (6 nm) and (d) CdSe (3.7 nm). The results
show that the HOMO is pinned and the LUMO varies with
NPs' sizes. The shifts observed correspond to an energy shift
of ∼0.15 eV between the NPs, which is consistent with the
observed optical energy gap difference between the dif-
ferent NPs.

Scheme 1. The photoemission schemesa
a In the case of LEPET (a) electrons are ejected from below the
Fermi level applying photon energy that exceeds the ioniza-
tion potential of the nanoparticles. In the TPPE experiments
(b), the electrons are ejected by a two-photon process in
which the first photon excites the nanoparticles to unoccu-
pied states located below the vacuum level. The excited
electrons relax fast to the lowest unoccupied state (the LUMO)
from which they are ejected by the second photon.
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from the LEPET and TPPE spectra are 1.85( 0.10 eV and
2.00 ( 0.10 eV for the 6 and 3.7 nm NPs, respectively.
These values are consistent with the 1.95 and 2.10 eV
values obtained from the PL measurements. It is
important to note that, for both sizes of NPs, the HOMO
is at the same energy and only the LUMO is shifted
according to the expected change in energy gap.
This observation is consistent with the results re-

ported in refs 17 and 18, indicating that the HOMO of
different sizes of CdSe NPs is pinned relative to the
Fermi level of the system. The question we address
here is what happens to the HOMO in the case of c/s
NPs that are adsorbed on gold. Are the electronic states
of the core really isolated from the environment?
Figure 3a shows the LEPET spectra for the CdSe core-
only and CdSe/ZnS c/s NPs. In all cases the HOMO is
positioned at 1.20 ( 0.05 eV below the Fermi level. In
the case of CdSe/ZnS c/s NPs the peak of the HOMO is
somewhat narrower than that of the core only, indicat-
ing that there is no more than the single HOMO state,
namely we do not observe the HOMO of the ZnS shell.
This may be due to the ZnS HOMO being located at
binding energies exceeding the photon energy of 6.42
eV.13,20 This is consistent with the bulk properties of
ZnS, in which the conduction band is located about 0.6
eV below that of CdSe.21

Since the PL spectra of the core-only 4.7 and 3.3 nm
NPs are very similar to those of the c/s 5.8 and 3.8 nm,
respectively, it is relevant to compare their TPPE spec-
tra. The TPPE spectra of CdSe/ZnS c/s NPs are broader
and show shifts to higher kinetic energies, as com-
pared to those of the core-only NPs, as seen in Figure 3c
and d. This broadening of the TPPE spectra could result
from the contribution of states in the shell or on the
surface. The red dashed curves in Figure 3c and 3d

show that the LUMOs of the “core-only NPs” are
located at 0.71 ( 0.05 eV and 0.87 ( 0.05 eV above
the Fermi level for the 4.7 and 3.3 nm NPs, respec-
tively. These results are consistent with the pinning
of the HOMO. The LUMOs of the CdSe/ZnS (5.8 nm)
and CdSe/ZnS (3.8 nm) c/s NPs are at 0.71 ( 0.05 eV
and 0.91 ( 0.05 eV above the Fermi level, respec-
tively, which is also consistent with the pinning of
the HOMO.
It is expected that the electronic properties of NPs

will be very sensitive to the details of the electronic
wave functions7-10,13-15,22-24 and therefore also to
the existence of surface states.2-6 Adsorption of thiols
to NPs is known to induce the formation of trap states
on the surface of the NPs.5,6,25,26 This effect is observed
by the thiol adsorption-induced quenching enhance-
ment of the PL. For probing “how isolated is the core in
a core-shell NP”, we replaced the original capping of
the NPs by readsorption of thiolated molecules, after
the formation of the NPsmonolayers on the DT/Au. We
employed photoemission to probe how the formation
of the surface states, caused by the thiol binding,
affects the HOMO and LUMO in core only and c/s
NPs. The series of sample studied included DT/Au,
NPs/DT/Au, DT/NPs/DT/Au, for CdSe core only and
CdSe/ZnS c/s NPs.
Figure 4 presents the PL, LEPET, and TPPE spectra of

CdSe (6 nm) adsorbed through DT on Au, and the same
sample after it was immersed in solution containing
DT. In the latter case, DT was adsorbed on the NPs, and
the sample is denoted as DT/CdSe (6 nm)/DT/Au.
Figure 4a shows that PL of CdSe core only is quenched
by∼90% following the adsorption of DT. This quench-
ing is a result of a nonradiative decay pathway opened
upon adsorption of the thiols and the formation of trap

Figure 3. (a) Normalized LEPET spectra (solid lines) of DT/Au (black), CdSe 6 nm (red), c/s CdSe/ZnS 3.8 nm (blue), and c/s
CdSe/ZnS 5.8 nm (dark yellow). The dashed lines show the difference LEPET spectra that are obtained by subtracting the
spectrum of the DT/Au. It is clearly seen in the normalized difference spectra (b) that the HOMO is pinned even in the case of
the core-shell NPs. (c) TPPE spectra of c/s CdSe/ZnS 5.8 nm (black solid line), CdSe 4.7 nm (red dashed line). (d) TPPE spectra of
c/s CdSe/ZnS 3.8 nm, (black solid line), and CdSe 3.3 nm (red dashed line).
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states. Since all photoemission experiments were per-
formedwith the same laser intensity, we could subtract
the signal resulting from the DT/Au substrate from
the LEPET spectra of the sample with the NPs, and the
results are shown in Figure 4b. The intensity of
the HOMO of CdSe core only is not affected by the
adsorption of the DT. However, in the TPPE results
(Figure 4c) the adsorption of DT causes a significant
increase in the intensity of the LUMO of the core-only
NPs. Since the TPPE signal is proportional to the time-
averaged population during the laser pulse, this dra-
matic increase in the intensity is a result of the excited
electrons being transferred to longer-lived surface
state traps, a process that lengthens their lifetime;
as a result, the excited-state population increases, and
so does the TPPE signal. This effect is supposed to
decrease the PL lifetime of the excited NPs, as indeed
was observed27 consistent with the electron trap
states formed on the surface of CdSe core-only NPs
when changing their capping to a capping with
thiolated molecules.26 The unchanged intensities of
the HOMO, upon adsorbing DT, can be explained by a
relatively fast refilling time of electrons from themetal
substrate back to the HOMO. This refilling is enhanced
by the fact that, once electrons are ejected from the
NPs by the LEPET process, the NPs are positively
charged, and the positive potential drives a fast
electron transfer from the substrate back to the layer.
The same effect was observed when DT molecules
were adsorbed on the smaller core-only NPs
(Figure 4d,e,f). While the HOMO signal from the small
CdSe NPs (3.7 nm) is not affected by the DT adsorption
(Figure 4e), the LUMO signal increased dramatically,
and the effect is even larger than observed with the

larger core-only CdSe (6 nm) NPs (Figure 4f). This
larger effect can be attributed to the stronger cou-
pling of the trap states to the LUMO in the case of the
small particles.
The effect of thiol adsorption seems to be drama-

tically different when considering type I CdSe/ZnS c/s
NPs. It was reported that in these NPs the electron
and hole wave functions are both highly confined to
the core.2,3,9,10 Figure 5 shows the PL (a), LEPET (b),
and TPPE (c) spectra of CdSe/ZnS (5.8 nm)/DT/Au
before and after adsorption of DT on top of the NPs.
The PL is quenched by only ∼10% when DT is
attached to the NPs. This negligible effect is expected
when the electron-hole excitation of the CdSe is
“isolated” from the environment by the ZnS shell.
However, contrary to the case of core-only NPs, the
adsorption of DT on the large c/s NPs decreases the
intensity of the HOMO signal (Figure 5b) and does not
affect the intensity of the LUMO signal (Figure 5c).
The reduction in the HOMO signal is explained by the
weak coupling to the metal, due to the presence of
the ZnS shell, which results in a very slow refilling of
the HOMO.
The fact that the intensities of the PL and TPPE

signals are unchanged upon adsorption of the thiols
means that the LUMO is isolated from the traps. Hence,
all observations related to the large core indicate that
the core is isolated from the environment. Despite
being pinned, the HOMO is interacting more weakly
with the metal substrate relative to the case of core
only, and the LUMO is not interacting with the trap
states on the surface of the NPs. It is expected that the
size of the core will affect the properties of its wave
function in a c/s NP.18-21

Figure 4. (a) PL spectra (b) difference LEPET spectra, and (c) TPPE spectra of CdSe (6 nm) and DT/CdSe (6 nm). (d) PL spectra
(e) difference LEPET spectra, and (f) TPPE spectra of CdSe (3.7 nm) and DT/CdSe (3.7 nm).
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To investigate the size effect we used small CdSe/
ZnS c/s NPs with an average diameter of 3.8 nm.
Figure 5d shows the PL of these NPs on DT/Au and
when DT molecules are adsorbed on the particles.
For these particles, with a small core there is a small
enhancement of the PL upon adsorption of the thiols
on the NPs. The LEPET spectra in Figure 5e show the
same changes resulting from the thiol bonding, as
observed for the larger core (Figure 5b), namely the
intensity of the HOMO is decreased when the DT
molecules are adsorbed. This is again consistent
with the HOMO being only slowly refilled when
electrons are ejected from below the Fermi level
by the UV photons. However, while for the larger
particles the LUMO is not affected by the DT
(Figure 5c), in the case of the smaller c/s particles,
the intensity of the TPPE spectrum associated with
the LUMO is increased by the DT adsorption. This
increase results from excited electrons being trans-
ferred to surface traps. Namely, the density of states
near the LUMO increases due to the adsorption of
thiols, and therefore upon excitation more electrons
are captured for a longer time. This causes the
enhancement in the excited states' population dur-
ing the laser excitation pulse. This is consistent with
the observations in ref 3 that, in the case of the c/s
CdSe/ZnS NPs with a smaller core, the leakage of
excitons into the ZnS shell is pronounced. This
enhancement of the LUMO, which indicate a strong
coupling to trap states, is the same as observed in
the core-only NPs (Figure 4c,f). Hence, for the smaller
core in the CdSe/ZnS c/s NP, the LUMO is apparently
delocalized, and its wave function is extended sig-
nificantly into the shell.

CONCLUSIONS

The goal of the present study was to investigate to
what extent are the electronic states of c/s NPs really
isolated from the environment. This was done by PL
measurements as well as by photoemission spectros-
copy that probes the HOMO and LUMO of core-only
and core-shell NPs adsorbed via an organic linker on a
gold substrate.
The results indicate that the pinning of the HOMO

relative to the Fermi level, observed before for core-
only NPs, occurs also for type I c/s NPs. As a result, the
change in the HOMO-LUMO gap, as a function of the
NPs size, is expressed only by the change in the
position of the LUMO relative to the Fermi level.
Despite being pinned to the Au substrate, in the case
of c/s NPs, the HOMO is coupled more weakly to the
substrate and therefore, following photoexcitation and
removing population from it, its refilling time is longer.
Adsorption of thiols on the NPs causes the formation of
traps states. The increased LUMO signal provides
additional support to the formation of electron-trap-
ping surface states. The coupling between the LUMO
and those trap states is size dependent in the case of
the c/s NPs, while this size dependence is not observed
in the core-only NPs. Namely, while in the large CdSe/
ZnS c/s NPs, the LUMO is confined within the core;
in the case of the small CdSe/ZnS c/s the LUMO
is delocalized and, as a result, interacts with the
trap states on the surface created by the adsorbed
thiols.
On the basis of our observations it is evident that

assuming type I c/s NPs cores are isolated from the
environment is crude. When NPs are adsorbed on a
substrate with high density of states, such as metals, the

Figure 5. (a) The PL spectra, (b) difference LEPET spectra, and (c) TPPE spectra of CdSe/ZnS (5.8 nm) andDT/CdSe/ZnS (5.8 nm).
(d) PL spectra, (e) difference LEPET spectra, and (f) TPPE spectra of CdSe/ZnS (3.8 nm) and DT/CdSe/ZnS (3.8 nm).
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HOMOmay be pinned to the substrate Fermi level even
in c/s NPs. In addition, when the size of the core is small

enough, the LUMO tends to extend into the shell and, as
a result, becomes sensitive to the surface properties.

EXPERIMENTAL SECTION
The NPs/substrate assemblies consisted of CdSe (core only,

capped with oleic acid, the detailed synthesis is described in ref
18) and CdSe/ZnS (type I c/s, Evident Technologies) NPs linked
to a gold film by a monolayer of 1,9-nonanedithiol (DT). First, a
DTmonolayer was prepared on Au according to the procedures
described in ref 28 by immersing a clean gold substrate in a
methanol solution of 1 mM DT for 20 h. The samples were then
rinsed with ethanol and dried with N2. In order to attach the
NPs, the DT self-assembled monolayer (SAM)-coated gold sub-
strates (DT/Au) were immersed in a 0.5-10 μM solution of CdSe
or CdSe/ZnS NPs in anhydrous toluene (99.8%, Aldrich). In this
work six different NPs were used. Four different sizes of CdSe
core-only NPs with an average diameter of 6, 4.7, 3.7, and 3.3
nm, maximum emissions at 635, 612, 590, and 569 nm, respec-
tively, and two different sizes of CdSe/ZnS c/s NPs with an
average diameter of 5.8 nm (maximum emission at 618 nm),
and of 3.8 nm (maximum emission at 562 nm). After the
adsorption of the NPs, the samples were rinsed and sonicated
in toluene to remove any excess NPs that were not covalently
attached and then dried by N2 flow. In the core/shell NPs the
shell thickness is about 1 nm.29,30 In order to study how surface
trap states affect the electronic structure of the NPs, the
samples were further immersed in a solution of 1 mM DT in
methanol for 1 h and then rinsed with ethanol and dried by N2

flow. The samples were characterized by SEM (Supporting
Information Figure S1) and by photoluminescence as shown
in Figure 1. The desnity of the NPs is about 4000/μm2. The
details of the PL measurement setup were described else-
where.31 In the present work the NPs were excited by an argon
ion laser at 457 nm.
The photoemission experiments were based on ejection of

photoelectrons from the different NP assemblies in an ultrahigh
vacuum chamber (e10-8 Torr). The experimental setup is
similar to that described in refs 18, 19, and 32. The photoelec-
trons are emitted from the sample to the vacuum, where their
energy ismeasured by a time-of-flight spectrometer. Because of
the short lifetime of the electrons that are captured by the NPs
and monolayer and because of the low laser intensity and
repetition rate (10 Hz), the monolayer and the NPs are not
charged by electrons between laser pulses. This was verified by
observing a stable electron energy spectrum which does not
vary with time.
In the LEPET process, electrons are excited by a laser pulse

with photon energy higher than the work function of the
sample. The photoelectrons are therefore emitted from states
below the Fermi level to above the vacuum level and trans-
mitted to the detector. This method provides information on
the density of states of the systembelow the Fermi level, such as
the HOMO.
In TPPE spectroscopy, photons with energy lower than the

work function of the sample are used. The “pump” photons
interact with electrons below the Fermi level and excite them to
states above the Fermi level but below the vacuum level of the
sample. If the laser pulses used are not very intense and are
relatively long, the electrons excited by these first photons can
relax either back to states below the Fermi level or to originally
unoccupied states in the NPs monolayer. The second pulse of
photons, the “probe” photons, also having energy below the
work function of the substrate, are able to eject the electrons
from these originally unoccupied states, to above the vacuum
level. The measured kinetic energy of these photoelectrons
provides information on their binding energy in these originally
unoccupied states, namely on the LUMO of the monolayer. The
energy scheme of the processes of LEPET and TPPE are shown in
Scheme 1. In all of these studies, the samples were biased by
-1 V versus the detector.

As is evident by the change in the workfunction as a result of
attaching nanoparticles to the organic molecules, there is
indeed charge transfer induced by the need to equilibrate the
electrochemical potential on the substrate and in the nanopar-
ticles. This shift is of about 0.2 to 0.3 eV, depending on the
coverage of the nanoparticles. We can now easily calculate the
charge that has been transferred and account for this shift by
describing the layer of NPs as parallel capacitor. Assuming a
dielectric constant of about 4 for the organic monolayer and a
molecular length of 1.45 nm, we obtain a charge of about 3 �
10-17 coulombs per μm2, namely about 200 electrons. The
number of NPs per this area is about 4000 as extracted from the
SEM image and therefore the amount of charge transferred
from the NPs to the substrate per particle is about 0.05.
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