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ABSTRACT We report the characterization of the frontier orbital energies and interface dipole effects for bare and ligand-capped 3.6
and 6.0 nm diameter CdSe nanocrystals (NC) tethered to smooth gold substrates, using He(I) and He(II) UV photoemission spectroscopy.
Changes in the ionization potential (IP) of the NCs and local effective work function of the films were explored as a function of the
dipolar nature of the NC capping ligands. The addition of thiol-capping ligands 1-hexanethiol, 1-benzenethiol, and 4-fluorothiophenol
to both sizes of NCs produces negligible shifts in energy offset between the high kinetic energy edge of the CdSe NCs and the gold
substrate Fermi energy. However, the local vacuum level and IP of the nanocrystal layer are altered by as much as 0.3 eV. We
demonstrate the importance of determining both the local vacuum level and the high kinetic energy edge of a tethered NC sample.
These studies demonstrate a method that can be used in the future to characterize the frontier orbital energy offsets for modified or
unmodified nanocrystalline films, in which the NCs are incorporated into host materials, for applications ranging from photovoltaics
to light-emitting diodes.

KEYWORDS: semiconductor nanocrystal • self-assembled monolayer • UV-photoelectron spectroscopy ionization potential •
dipole moment • vacuum level shift

INTRODUCTION

Semiconductor nanocrystals (NCs) are increasingly
used as emissive dopants in light-emitting diodes
(1-4), as light absorbing, electron transporting ma-

terials in polymer/NC hybrid photovoltaics (PVs) (5, 6), and
as both donor and acceptor materials in all-inorganic NC
photovoltaics (7, 8). Further optimization of these technolo-
gies requires a better understanding of changes in NC
ionization potential (IP or valence band energy) and electron
affinity (EA or conduction band energy) as a function of NC
diameter and shape. It is also important to understand
changes in IP and EA due to NC-NC interactions in closely
packed NC assemblies, and the interaction between NCs and
their local environment, especially the nature of capping
ligands or host polymers or small molecules (9-13).

The organic capping ligands that surround a NC form a
dielectric layer that may electronically and energetically
isolate a NC from the local environment, if a truly close-
packed array of ligands is formed on the NC surface (14-20).
Changing the organic capping ligands affects NC solubility
(21, 22), photoluminescence efficiency and excited state
lifetimes (17, 23-25), and charge transport between NCs
(26-28). It has been hypothesized that certain ligands may
also alter the valence and conduction band energies of
colloidal NCs (11, 12). Attempts to quantitatively character-

ize these effects have recently been carried out using
electrochemical and spectroscopic measurements in com-
bination with scanning tunneling spectroscopy of single NCs
by Soreni-Harari et al. (12). In this paper, we will discuss how
the IP and effective work function of single monolayers of
CdSe NCs are affected by the NC capping ligands, as revealed
by He(I) and He(II) UV photoemission spectroscopy (UPS).

Colvin, Alivisatos, and Tobin initially showed that CdS
NCs could be tethered to gold surfaces as compact mono-
layers, using 1,6-hexanedithiol (HDT) as the tether (29).
Using a synchrotron excitation source (20-70 eV excitation
energies), they measured shifts in the high kinetic energy
edge of the surface (without considering local vacuum level
shifts) as a function of NC diameter. The authors reported a
shift of 0.7 eV for 2.5 nm NCs relative to 7.0 nm NCs.
Subsequent photoemission studies by Wu et al. (30, 31) have
focused on multilayer assemblies, using CdSe NCs capped
with pyridine or a mixture of hexadecylamine and tri-n-
octylphosphine oxide (TOPO), and have attributed some of
the shifts in the frontier orbital energies to final-state effects.
Meulenberg et al. (32) reported that they did not observe
final-state effects for CdSe NCs films when they performed
photoemission spectroscopy to measure the exciton binding
energy of CdSe NCs with varying diameter. They attributed
these differences in data interpretation to the fact that each
group referenced their photoemission data to different
“bulk” CdSe standards.

Guyot-Sionnest and co-workers (33, 34) performed spec-
troelectrochemistry of CdSe multilayers on platinum elec-
trodes for 3.0, 5.4, and 7.0 nm diameter TOPO-capped CdSe
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NCs, and found the first reduction potential to be -0.80 V
vs SHE for the 7.0 nm NCs (implying an EA of 3.70 eV for
films created from the largest diameter NCs in contact with
electrolyte solutions, assuming that the SHE potential versus
vacuum ≈ -4.5 eV) (35). The first reduction potential of the
7.0 nm NC multilayer film changed from -0.8 to -1.07 V
vs SHE (i.e., EA ≈ 3.70 to 3.43 eV) after exchanging the
TOPO capping ligands with 1-octanethiol, implying that the
capping ligand may add or subtract from the effective band
edge energies of the NC, or that they raise or lower additional
energy barriers to charge injection to and from the NC.

Soreni-Harari et al. have recently proposed that the
conduction and valence band energies of InAs NCs appear
to be shifted by exchanging the capping ligand (12). They
used electrochemical methods and scanning tunneling spec-
troscopies of single NCs to characterize these shifts. Although
the absorbance spectrum of the NCs (and thus the optical
band gap) was constant as the surface ligands were ex-
changed, the first reduction potential of a NC film was
altered. Thus the authors proposed that exchanging the NC
surface ligands shifted both the IP and EA energies of the
NCs by an equal amount. They did not observe a correlation
between the shift in reduction potential and the dipolar
nature of each ligand.

Similarly, Campbell et al. (36), using electroabsorption
spectroscopy of blends of NCs and poly(9,9-dioctylfluorene),
reported that the EA and IP of CdSe/ZnS NCs were 3.9 and
5.9 eV, respectively. From these studies it is apparent that a
dipole layer was formed at the NC-polymer interface. Sha-
lom et al. (11) also showed that changing the surface ligands
on CdS NCs grown directly onto TiO2 (in CdS sensitized TiO2

photoelectrochemical cells) altered the onset of the photo-
voltage spectrum for the device by up to 0.2 eV. The shift in
the photovoltage spectrum was shown to correlate with the
dipole moment of the various ligands used in the study. Zhu
and co-workers recently extended the study of NCs tethered
to metal oxide surfaces to include the characterization of
CdSe NC monolayers on single-crystal ZnO, where an argu-
ment was made for pinning of valence band energy on the
oxide surface (37).

In this paper, we return to the initial approach of Colvin
et al. (29), tethering CdSe NCs to template-stripped ultras-
mooth gold surfaces, and probing their frontier orbital
energies with He(I) and He(II) UPS, for NCs with different
capping ligands (Figure 1). We use protocols developed to
examine interface dipole effects induced by self-assembled
dipolar monolayers on gold, silver, and indium-tin oxide
(ITO) surfaces (38-42). The sampling depth afforded by
He(I) and He(II) photoemission is on the order of 3-5 nm
(3-5 times the inelastic mean free path of the photoelec-
trons), but traces of Fermi edge photoemission from the
underlying gold substrate and dithiol tether remain observ-
able, allowing us to confirm that charging of the NC film does
not occur (i.e., that electronic equilibrium between the
spectrometer and the sample is maintained). We can resolve
the high kinetic energy edge for the NCs separate from the
underlying substrate and modifier and account for changes

in the local vacuum level, to provide a corrected IP for the
bound NCs. Subsequent additions of various thiol capping
ligands produce only small changes in the high kinetic
energy edge of the NC photoemission spectrum, but sizable
changes in the local vacuum level are observed, as shown
by shifts in the low kinetic energy edge of the photoemission
spectrum. Varying the capping ligands (Figure 1), provides
reasonable differences in molecular dipole moment, and can
shift the IP of the CdSe NC, corrected for changes in local
vacuum level, by up to 0.3 eV. The shift in vacuum level of
the surface as a function of the dipolar nature of the ligand
is analogous to the vacuum level shifts previously observed
when small molecule modifiers are bound to metallic and
semiconductor surfaces (38-42).

EXPERIMENTAL SECTION
All chemicals were purchased from Sigma-Aldrich and used

as received. For the studies of ligand capping effects, two
batches of ligand-capped CdSe NCs with diameters of 3.6 and
6.0 nm were synthesized by previously reported methods, with
sizes confirmed spectroscopically (24, 43). After synthesis the
NCs were extracted 2 times using hexanes and methanol, then
washed 3 times by suspending the NCs in toluene and precipi-
tating them with acetone and centrifugation. After washing, the
NCs were pyridine exchanged by suspending the NCs in neat
pyridine and precitating with hexanes and centrifugation as
previously reported (5, 44). This exchange procedure was
performed 3 times on each batch of NCs to ensure complete
removal of TOPO, oleic acid, and octadecylamine ligands,
leaving pyridine-capped NCs (pyr-CdSe).

On the day of the experiment, template-stripped gold (rms
roughness 0.5 nm, determined by AFM) was removed from a
silicon substrate by cutting along the edges with a razor blade
and peeling the substrate up (45). Template-stripped gold was
fabricated by thermal evaporation of 200 nm of gold (Kurt J.
Lesker) onto silicon substrates (Silicon Quest International, item
#707-005). After the substrates were allowed to cool and were
brought back to atmosphere, glass substrates were attached to
the gold with epoxy (Epoxy Technology (EPO-TEK) 353ND4).
The epoxy was cured by heating at 150 °C for at least 15 min.
Substrates were stored until needed. After the gold substrate
was removed from silicon on the day of the experiment, it was
rinsed with ethanol and blown dry. Next, the substrate was
oxygen plasma cleaned for 2 min (Harrick PDC-32G at 18W)
and immediately immersed in a 1 mM HDT ethanoic solution
for 30 min to 4 h to allow a self-assembled monolayer to form.
After being soaked, the substrate was rinsed well with ethanol
and blown dry. It was then soaked in a solution of pyr-CdSe NCs
([NC] > 1 × 10-6 M calculated as reported by Yu et al. (43)) in

FIGURE 1. Schematic of samples with CdSe NCs tethered to gold with
a 1,6-hexanedithiol (HDT) self-assembled monolayer (SAM). The
capping ligands varied for each sample: (A) 1-hexanethiol (HT), (B)
1-benzenethiol (BT), and (C) 4-fluorthiophenol (FTP).
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methanol for an additional 30 min. The sample was then rinsed
well with ethanol and blown dry. Finally, for those studies
requiring the additional capping ligand, the samples were
soaked in a 1 mM solution of either, 1-benzenethiol, 1-hex-
anethiol, or 4-fluorothiophenol for 1 h, rinsed well with ethanol,
blown dry, and loaded into ultrahigh vacuum for photoemission
spectroscopy measurements.

UPS was performed using a Kratos Axis-Ultra spectrometer.
For the UPS experiments, both He(I) (21.2 eV) and He(II) (40.8
eV) were used as the excitation source with a pass energy of 5
eV. A 9 V bias was applied between the sample and the detector
to increase the kinetic energy of the lowest kinetic energy
photoelectrons into an energy region favoring their analysis and
detection. The chamber pressure was 3 × 10-8 Torr. The Fermi
energy for the spectrometer was determined using an argon
sputtered, template-stripped gold sample with a work function
of 5.1 eV, and in all subsequent experiments we observed the
residual photoemission from the underlying gold substrate to
confirm that electronic equilibrium between the sample and the
spectrometer was maintained. All photoemission spectra were
acquired at a normal takeoff angle.

Dipole moments for each modifier were calculated using the
Spartan package using the 6-31G* basis set. Each molecule was
geometry optimized in the gas phase at 298K keeping the thiol
(H-S) intact, but with the bond angle ) 0° (see the Supporting
Information).

RESULTS AND DISCUSSION
UPS of Thiol Self-Assembled Monolayers. Panels

A and B in Figure 2 show the He(I) photoemission spectra
of a template-stripped gold surface and of a template-
stripped gold surface with an HDT self-assembled mono-
layer, respectively. The local work function and IP were
determined by methods reviewed by Cahen and Kahn (46)
and Seki and co-workers (47). We assume that electronic
equilibrium is maintained between the substrate and the
spectrometer, thus the Fermi energy is constant. In UPS

experiments, the local work function is defined as the
difference between the local vacuum energy and the Fermi
energy of the surface, while the IP is the difference in the
local vacuum energy and the high kinetic energy edge for
photoemission, as shown in Figure 2C. In the case of metal
surfaces like gold, the local work function and the IP are
equivalent, but for semiconductor and insulating samples,
the IP is larger than the local work function of a given
sample. The local vacuum energy is determined by the low
kinetic energy (or the secondary electron edge), so that

where φ is the local work function, EFermi is the Fermi energy,
KEhigh and KElow are the high and low kinetic energy edges,
respectively, and hν is 21.2 and 40.8 eV for He(I) and He(II)
photoemission experiments, respectively. The low kinetic
energy edge contains the information about electrons that
have either been scattered or that have a binding energy
equal to the photon energy of the excitation source. So shifts
in the low kinetic energy edge to lower values indicate
downward shifting in the local vacuum level, and thus the
local work function of a surface decreases.

It has been shown previously that the adsorption of self-
assembled monolayers on metal and semiconductor sur-
faces can change the work function of the surface and that
the shift in work function correlates with the dipole moments
of the molecules that comprise the self-assembled mono-
layer (38-42, 48). Brédas and co-workers have hypoth-
esized that the total dipole of a self-assembled monolayer
on a metal surface can be considered as the sum of the
molecular dipole, the dipole created by physisorption of
material onto the metal surface, and the dipole created by
the metal-thiol bond (48). In Figure 3, we plot the UPS data
for each of the thiol-capping ligands tethered to template-
stripped gold along with energy band diagrams of each
surface. The local work function of gold with each adsorbed
ligand are summarized in Table 1, along with the calculated
dipole moment of each ligand in the unbound state deter-
mined by Spartan (see the Supporting Information). The
change in the dipole moment of each ligand correlates with
the local work function of gold after adsorption of each
ligand. The exact magnitude of the shift in the work function
depends on the packing density of the ligands on the surface
and the orientation of the dipole moment of the ligands.

UPS Studies of CdSe NC Monolayers. Determina-
tion of the IP of CdSe NCs tethered to template-stripped gold
is challenging because of the photoemission features associ-
ated with the underlying thiol tether (38, 39). We first
analyze the surface work function, IP, and high kinetic
energy edge for photoemission from bare, 6.0 nm diameter
CdSe NCs tethered to template-stripped gold with HDT
(Figure 4). We note that the pyridine-capping ligands are
removed in ultrahigh vacuum (because of the lack of observ-

FIGURE 2. UPS spectra of (A) template-stripped Au and (B) a 1,6-
hexanedithiol SAM on template-stripped Au. The width between the
low kinetic energy edge and the local vacuum energy (21.2 eV) is
labeled in black. The width between the low kinetic energy edge
and the Fermi energy is labeled in purple (w). The width between
the low kinetic energy edge and the high kinetic energy edge for
the Au-HDT surface is labeled in green (w′). (C) Band diagrams of
the surfaces in A and B indicating w, w′, the surface work function
(Φ), and the IP.

φ ) hν - (EFermi - KElow) (1)

IP ) hν - (KEhigh - KElow) (2)
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able nitrogen by X-ray photoelectron spectroscopy from
these NC monolayers) confirming the observations of Katari
et al. (49). We conclude that by tethering pyridine-capped
NCs, we can collect spectra of bare NCs with no noticeable
oxidation of the cadmium surface atoms on the NCs in
ultrahigh vacuum (see XPS spectra in the Supporting Infor-
mation). From analysis of the AFM data for these NC film
on HDT/Au surfaces (see section S6 in Supporting Informa-
tion) we estimate the surface coverage of NCs to be ca.
13-26% of a close-packed monolayer, with an average
spacing between NCs of ca. 6-9 nm. We performed back-
ground subtraction of the UPS spectra in order to determine
the high kinetic energy edge and IP of the tethered NCs. A
weighted version of the UPS spectrum of a template-stripped
gold substrate modified with a self-assembled monolayer of
HDT was removed from the UPS spectrum of the CdSe NCs
tethered to gold. The weighting factor takes into account the
differences in signal intensity expected from HDT features
alone, versus their intensity from below the CdSe NC layer
(see the Supporting Information).

The low kinetic energy and high kinetic energy regions
of the He(I) (21.2 eV) and He(II) (40.8 eV) UPS spectra for
6.0 nm CdSe NCs tethered to template-stripped gold capped
with no ligand, 1-hexanethiol, 1-benzenethiol, or 4-fluo-
rothiophenol are plotted in Figure 4, along with proposed
band diagrams of each surface (full UPS spectra can be found
in the Supporting Information). Both He(I) and He(II) pho-
toemission spectra were used to characterize the surface
since the resultant photoemission spectra probe different
depths into the NC monolayer, and certain photoemission
peaks have higher photoionization cross sections with the
higher energy excitation source. For example, the Cd 3d
peak can be observed with He(II), but not He(I) excitation.
By performing the experiment with both excitation energies
and using weighted background subtraction (see the Sup-

porting Information), we determine a consistent high kinetic
energy edge and IP for the NCs in each sample. We find that
the IP of 6.0 nm diameter CdSe NCs tethered to a gold
substrate with HDT is 6.2 ( 0.1 eV with an effective surface
work function of the NC assembly of 4.2 ( 0.1 eV. Binding
1-hexanethiol to the surface of the NCs shifts the IP from
6.2 eV to 6.1 ( 0.1 eV. Similarly, the IP of tethered CdSe
with 1-benzenethiol as the capping ligand is 6.2 ( 0.1 eV.
Although the NC IP does not shift when either 1-hexanethiol
or 1-benzenethiol is bound to the NC surface, the energy
offset between the Fermi energy of clean gold and the IP of
the NCs increases by 0.2 eV and the surface work function
decreases (Figure 4D). In contrast, the IP of 6.0 nm diameter
CdSe NCs capped with 1,4-fluorothiophenol is 6.5 ( 0.1 eV.
This shift of 0.3 eV, occurs due to a shift in the local vacuum
level and there is no change in the energy level offset
between the NC high kinetic energy edge and the Fermi
energy of gold (Figure 4B). We observe the same changes
for both He(I) and He(II) excitation. The work function of
each surface is summarized in Table 1 and the IP of the NCs
is summarized in Table 2.

In Figure 5, the low kinetic energy and high kinetic energy
regions of the He(I) and He(II) UPS spectra and band
diagrams of tethered 3.6 nm diameter CdSe NCs capped
with 1-hexanethiol, 1-benzenethiol, and 1,4-fluorothiophe-
nol are shown (full UPS spectra can be found in the Support-
ing Information). The IPs of the CdSe NCs with each capping
ligand are 6.2 ( 0.1 eV, 6.3 ( 0.1 eV, and 6.3 ( 0.1 eV
(Table 2), whereas the surface work function for each sample
is 4.1 ( 0.1 eV, 4.1 ( 0.1 eV, and 4.3 ( 0.1 eV (Table 1) for
1-hexanethiol, 1-benzenethiol, and 4-fluorthiophenol cap-
ping ligands, respectively. Although there is no significant
change in the ionization potential of the CdSe NCs, we still
observe a small shift in the local vacuum energy after ligand
adsorption that is consistent with the shift observed for the
ligands on 6.0 nm diameter NCs and for the ligands on gold
although smaller in magnitude.

As mentioned above, the shifts in the local vacuum
energy after ligand adsorption are smaller when the ligands
are bound to tethered CdSe nanocrystals compared to gold.
The shifts are also noticeably smaller for samples with 3.6
nm diameter NCs compared to samples with 6.0 nm diam-
eter NCs. We attribute this to differences in surface rough-
ness and to possible differences in ligand coverage between
these samples. The local vacuum energy is determined by
the low kinetic energy edge in the UPS spectra, as discussed
above. The low kinetic energy edge contains scattered
electrons and any surface electrons with a binding energy
equal to the energy of either a He(I) (20.1 eV) or He(II) (40.8
eV) photon. When a dipole layer is adsorbed to a surface,
the kinetic energy of photoejected electrons can be increased
or decreased as the electrons pass through the dipole layer.
The magnitude of the shift in the kinetic energy of an ejected
photon is dependent on two factors: (1) the ligand surface
packing density and (2) the magnitude of the dipole moment
of each ligand perpendicular to the surface. All of our UPS
experiments were performed with the detector normal to

FIGURE 3. (A) He(I) UPS spectra of template-stripped gold (dark
yellow) and template-stripped gold with different SAM layers; 1,6-
hexanedithiol (red), 1-hexanethiol (green), 1-benzenethiol (blue),
and 4-fluorothiophenol (purple). (B) Low kinetic energy edge of the
spectra in A. (C) Band diagrams showing how the adsorption of each
ligand shifts the local vacuum energy of the gold surface.
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the surface, so only the component of the dipole moment
of each ligand that is normal to the surface contributes to
the measured shift in the local vacuum energy.

Samples with alkanethiol self-assembled monolayer on
smooth gold have been reported to have a 30° tilt angle and
only the component of the dipole moment normal to the
surface affects the local vacuum energy (39, 48). For the
samples with spherical NCs, it is likely that the ligands are
aligned in a variety of angles as depicted in Figure 1. The
smaller NCs are more curved than the larger NCs so even if
both the 3.6 and 6.0 nm diameter NCs have the same ligand
coverage, there would likely be a smaller fraction of ligands
with their dipole moment orientated normal to the surface
on the smaller NCs. Thus the difference in magnitude of
changes in the work function of each surface as a function
of ligand adsorption would primarily be due to increased
“texturing” of the surface. We note that the shift in the local
vacuum energy after adsorption of ligands is dependent on

the packing density of ligands on the surface. It may be that
the packing density of each ligand is lower on the more
textured NC surfaces compared to smooth gold.

As mentioned earlier, shifts in the high kinetic energy of
UPS spectra of CdSe NC films have been reported by Wu et
al. to be influenced by final-state effects due to the NC
capping ligands. Final-state effects have been proposed to
explain shifts in photoemission spectra of metallic (50, 51)
and semiconductor nanoparticles (30, 31) separated from
metallic substrates by a insulating spacer (e.g., an organic
alkanethiol self-assembled monolayer). This insulating layer
can act as a barrier to charge transfer between the nano-
particles and a conductive substrate. For the tethered NC
films in our study, we observed no shifts that would indicate
final-state effects, but as we used the same length tether for
all samples, any final-state effects, if present, would be the
same for all of the samples.

Both Carlson et al. (37) and Markus et al. (52) hypoth-
esized that the IP of CdSe NCs can be “pinned” when the
NCs are tethered to a ZnO or gold electrode, due to the lack
of an observed shift in the energy level offset between the
high kinetic energy edge of the electrode and the high kinetic
energy edge of the CdSe NCs, as a function of NC diameter.
It should be noted that these studies did not reflect changes
in the local vacuum energy. The interpretation of whether
NC Fermi level pinning has been observed in these systems
depends on how much one expects the IP of the NC to
change with diameter. In our experiment, we did not expect
appreciable shifts in the UPS-determined IP with NC diam-
eter because the energy resolution of the UPS is approxi-
mately (0.1 eV and the NCs we used have diameters of 3.6
and 6.0 nm and optical band-gaps of 2.16 and 1.97 eV,
respectively. Using the effective mass approximation, we
expect that the change in EA or ECB is 3.5 times larger than
the change in IP, so shifts in the IP for the NCs we used might
be difficult to quantify if they occur (53, 54).

In our analysis, we have defined the surface work func-
tion and the NC IP relative the local vacuum energy. This is
an important distinction. Other groups have referenced the
high kinetic energy edge of NC spectra to bulk semiconduc-
tor samples or to the work function or IP of the surface to
which the NCs are attached (29-32, 37, 52). This can lead
to incorrect calculations of the NC IP. For example, for the
NCs in our sample, the energy offset between the high
kinetic energy edge of the NCs relative to the Fermi energy
of the gold substrate is 2.0-2.2 eV. The work function of
gold is 5.1 eV; thus if we calculated the NC IP relative to the
Fermi energy of gold (without accounting for shifts in the

Table 1. Dipole Moment of Each Ligand Calculated by Spartan, Surface Work Function of Gold after Ligand
Binding, Surface Work Function of Samples with Tethered CdSe NCs with Diameters 6.0 and 3.6 nm after
Ligand Binding

name
calculated dipole moment of

unbound ligand (D)
Work function of Au

with SAM (eV)

work function on samples
with 6.0 nm diameter NCs

with ligand (eV)

work function on samples
with 3.6 nm diameter NCs

with ligand (eV)

1-hexanethiol 2.0 4.1 ( 0.1 4.1 ( 0.1 4.1 ( 0.1
1-benzenethiol 1.2 4.3 ( 0.1 4.0 ( 0.1 4.1 ( 0.1
4-fluorothiophenol -0.6 4.9 ( 0.1 4.5 ( 0.1 4.3 ( 0.1

FIGURE 4. (A-C) He(I) and He(II) UPS spectra of 6.0 nm CdSe NCs
tethered to template-stripped gold with 1,6-hexanedithiol. CdSe
samples with no capping ligand (thick black), samples with a
1-hexanethiol (dotted green), samples with a 1-benzenethiol (dashed
blue), and samples with 4-fluorothiophenol (thin purple). (A) Low
kinetic energy edge, (B) background subtracted He(I) high kinetic
energy edge, and (C) background subtracted He(II) high kinetic
energy edge of the UPS spectra. (D) Band diagrams for each surface
shown in A-C. The band diagram for bare NCs shows the shift in
vacuum energy as each material is adsorbed. The other band
diagrams show the NC IP, surface work function, and the offset
between the NC high kinetic energy edge and the Fermi energy after
each ligand is used to cap the NCs.
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local vacuum energy), we could calculate NC IPs of 7.1-7.3
eV. In UPS experiments, it is important to recognize that the
Fermi energy throughout a sample is constant (i.e., elec-
tronic equilibrium is maintained between the sample and
the spectrometer), but that the local vacuum energy shifts
(46, 47).

We have shown that the ligand effects on NC IP and the
local surface work function can be discussed by separating
the shifts in the local vacuum energy of the surface and the
high kinetic energy edge of the NCs. We find that for the
ligands examined here, the largest effects are changes in the
local vacuum energy, suggesting that we can tune the energy
level offsets between colloidal NCs and other materials for
use in electronic devices. This would be comparable to
tuning the work function of macroscopic surfaces like ITO
or gold by the addition of a dipole layer (38, 39, 41). If
capping ligands with properly tuned substituents can be used
to control effective local work function or the frontier orbital
energy levels, it may be possible to control rates of electron
transfer in both OLED and OPV applications of functional

NC materials. Large IPs have been assumed for CdSe NCs
in polymer hosts or small molecule matrices (e.g., 6.4 eV is
commonly used as the IP of CdSe NCs) (1, 9). Such large IPs
would appear to make their use as emissive dopants in
OLEDs problematic for hole-injection, because the host
material rarely has an IP that large (1, 4, 9, 55, 56). In
addition, NC-doped OPVs are currently less efficient than all-
organic PVs, which may be due to the HOMO-HOMO and
LUMO-LUMO offsets between commonly used p-type or-
ganic polymers and II-VI NCs (57, 58). The work reported
here provides a way to characterize the IP of NC films at the
microscopic level by UPS of tethered monolayers, account-
ing for changes in both the high kinetic energy edge and the
local vacuum energy. Future studies are focusing on how the
surface work function and IP of tethered CdSe NCs, core-
shell NCs, and related II-VI and III-V NCs shift due to
capping ligands with different binding groups, and how the
charge transfer between NCs and polymers can be affected
by these surface ligands in an environment comparable to
a solid-state device (9, 36, 55, 56).
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