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hen the radius of a semiconductor
nanocrystal is reduced to dimen-
sions below its effective exciton
Bohr radius (ay,), exciton confinement results
in the evolution of discrete optical transi-
tions that gradually shift to higher energies
with decreasing size.' Provided that the size
distribution of an ensemble of such nano-
crystals is narrow and that the overlap be-
tween different transitions is sufficiently
small, the discrete optical features which
result provide information on mean particle
size,? ensemble distribution width,® particle
concentration,** and the electronic structure
within the conduction and valence bands.5”
With progressive improvements in the syn-
thetic protocols to achieve nearly monodis-
perse ensembles of semiconductor colloids,
the confinement effects in numerous semi-
conductors, of a variety of shapes, have al-
ready been reported 2" Of all the explored
semiconductors, CdSe, CdTe, PbS, and PbSe
QD systems have shown the most promise,
with application in 3rd generation solar
cells,'>~'* as photodetectors,'® and in light-
emitting diodes.'®
While optical absorption measurements
yield information on the QD size and the
relative energy level configurations, they do
not allow for the determination of the ab-
solute energy level position with respect to
a standard potential. This understanding is
vital to unearthing a more complete picture
of the confinement effect in a given system.
Theoretical predictions based on effective
mass approximations (EMA),'” tight-bind-
ing (TB),'® charge patching (CP),'® and semi-
empirical pseudopotential (SEMP)?° models
have predicted varying size dependencies of
the ionization and electron affinities for semi-
conductor nanocrystals. Studies on CdSe
nanocrystals have shown that the most pri-
mitive of these models, EMA, consistently
overestimates the valence and conduction
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ABSTRACT Through the use of photoelectron spectroscopy in air (PESA), we investigate the size-
dependent valence and conduction band-edge energies of CdSe, CdTe, PbS, and PhSe semiconductor
quantum dots (QDs). The results are compared to those of previous studies, based on differing
experimental methods, and to theoretical calculations based on k- p theory and state-of-the-art
atomistic semiempirical pseudopotential modeling. To accurately map out the energy level
landscapes of QDs as a function of size, the QDs must be passivated by comparable surface
chemistries. This is highlighted by studying the effect of surface chemistry on the valence band-edge
energy in an ensemble of 4.7 nm CdSe QDs. An energy level shift as large as 0.35 eV is observed for
this system through modification of surface chemistry alone. This shift is significantly larger than the
size-dependent valence band-edge shift that is observed when comparable surface chemistries are
used.

KEYWORDS: nanocrystal - quantum dot - energy level - ionization energy - electron
affinity

band size-dependent shifts because it un-
realistically assumes an infinite potential
barrier at the dot surface, yielding a 1/R?
scaling with size.?"?? Better agreement has
been found for the more sophisticated TB,
CP, and SEMP models.

To date, the most common methods for
the determination of the size-dependent
conduction and/or valence band-edge shift
in quantum confined systems have been
cyclic voltammetry (CV), ultraviolet photo-
electron spectroscopy (UPS), and X-ray ab-
sorption spectroscopy (XAS).2~%” The most
popular of these has been UPS, because it
can map out the entire valence band struc-
ture, including the band-edge and surface
state contributions of a material.?® Recent

studies on the work-function of indium tin
* Address correspondence to

oxide (ITO), have shown that shifts of up to
0.5 eV are observed due to the exposure of
the sample to high intensity UV radiation.?
This suggests that the high intensity and
presumably the high energies (typically He |
radiation at 21.2 eV) of the ultraviolet radia-
tion used in conventional UPS measure-
ments may induce artifacts that will affect
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Figure 1. (A) A schematic of the PESA measurement. (B) A depiction of the electron avalanche process that takes place within
the high voltage gradient chamber allowing for high sensitivity of photoelectron detection from the sample.

the determination of the true valence band-edge. A
complementary technique to UPS is XAS. It utilizes
synchrotron radiation to directly probe vacant states
within the conduction band.?® By using UPS in con-
junction with XAS, a complete mapping of the elec-
tronic structure in any material can be made. Of all
three methods, cyclic voltammetry is the most con-
venient because it is performed under ambient condi-
tions and directly on electro-active species in solution
or as thin-films. However, the accuracy of the experi-
ments can be difficult to estimate, partly because for
each system careful consideration of the solvent, the
electrolyte, and the electrodes must be taken.*° Each
method therefore has certain advantages and disad-
vantages, and may comparatively result in a variation
of the determined electronic structure.

Recent studies on nanocrystal energy level struc-
tures have unveiled a phenomenon that transcends
the nature of the measurement—the electronic struc-
ture of nanocrystallites is inherently coupled to their
surface chemistry.>>?”3132 The group of Guyot-Sion-
nest was one of the first to demonstrate this effect
using CV to show that the reduction potential of 7.0 nm
CdSe nanocrystals with TOPO ligands was less negative
than those overcoated with octanethiol.? In an exten-
sion to this work, Soreni-Harari et al. also used electro-
chemical means to study the influence of surface
chemistry on the electronic structure of InAs nano-
crystals of a given size; variations to the valence band
energy of up to 0.4 eV were observed.?’ This work
suggested that the energy level variations did not re-
sult from a surface ligand dipole effect and were in-
stead directly correlated to the surface binding moiety
on the ligands. While both of these studies looked at a
single nanocrystal size, Wu et al. used XPS and UPS to
show that CdSe with hexadecylamine/tri-n-octylpho-
sphine oxide surface chemistries exhibited a vastly
different size-dependent valence band shift compared
to those with pyridine surfaces coatings>? It was
suggested that the finite lifetime of the residual hole
following photoionization within the nanocrystal was
responsible for these effects. Each of these preliminary
studies highlights the importance of surface chemistry
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in defining the size-dependent energy level structure
of quantum confined nanocrystals.

The drastic effect of ligands on the energy level
structure of nanocrystals does create some concern
when using ultrahigh-vacuum (UHV) based techniques
(e.g., UPS, XPS, and XAS) because the surface chemistry
can be modified through desorption.?” CV is therefore
an attractive alternative because it can be performed
on nanocrystals with their surface chemistries intact. In
this study, we utilize another method, namely photo-
electron emission spectroscopy in air (PESA) to deter-
mine the size-dependence of the ionization energy of
CdSe, CdTe, PbS, and PbSe QDs. With surface chemistry
having such potentially drastic effects on the energy
levels, we also employ PESA to investigate how differ-
ent surface ligands influence the ionization energy in
the case of CdSe nanocrystals. Advantageously, PESA is
a rapid and reproducible measurement, that is per-
formed on thin films under ambient conditions. This
type of photoelectron spectroscopy has been pre-
viously used to determine the ionization potentials of
a number of semiconductors®® and metals,>* as well as
the highest occupied molecular orbital in numerous
organic materials.>*~3” It has not, however, been ap-
plied to the study of the ionization potential of semi-
conductor QDs as a function of size. Before proceeding
to illustrate the effects of ligands on CdSe nanocrystals
and the energy level configurations of the various QDs
studied here, we begin with a brief introduction to the
basics of PESA and an overview of the electronic
structure of quantum confined nanocrystals.

Photoemission Spectroscopy in Air. A schematic of the
PESA measurement is shown in Figure TA. In this type
of spectroscopy, the incident radiation is scanned
across a range of energies (3.4—6.4 eV) which permits
available electrons to be photoemitted from the sam-
ple through the photoelectric effect. An electron that
has been photoemitted from its ground state is accel-
erated away from the sample by a weak positive bias
(sample is at 0 V) and in the process is picked up by
an oxygen molecule in air. The singlet oxygen radical
anion continues to accelerate away from the sam-
ple and subsequently enters a high voltage gradient
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Figure 2. (A) A typical PESA spectrum showing the dependence of the cubic root on the photoelectron yield as a function of
energy for the photoelectron signal at energies higher than the ionization energy. (B) A schematic of the electronic structure
which exists in a semiconductor quantum dot. The ionization energy (IE) and electron affinity (EA) are given with reference to
the vacuum energy (E,.c). The quasiparticle band gap (Ega,), which correlates the IE to the EA through EA = IE — EZR,,, is broken
up into its individual contributions. These contributions arise from electron (e) and hole (h) quantum (¢°) and dielectric (=*°')
confinement terms. The bulk valence (E,;(<<)) and conduction (E (<)) band-edge energies are also depicted. (C) The

equivalent electronic structure of a quantum dot when determined directly from the known optical band gap (E35s), the direct

chamber which causes an electron avalanche to occur
through an electron cascading process involving nitro-
gen gas (see Figure 1B). The free electrons involved
in this avalanche process are detected at the anode
and through calibration are correlated to the photo-
electron yield (Y) of the sample. Macroscopic charging
of the sample is minimized by using very weak UV
intensities (4—400 nW/cm?) for photoemission and by
depositing materials as thin films on conductive sub-
strates which are subsequently grounded during mea-
surements. We have found that ITO-coated glass and
even standard borosilicate glass are appropriate, but
quartz is not sufficiently conductive.

The PESA measurement offers a simple means to
the determination of a material's ionization energy;
however, the samples do need to be exposed to air.
Evidently, for samples which oxidize rapidly or can be
contaminated by air-bound hydrocarbons and water,
the measured photoionization energy can be signifi-
cantly altered as a result. In the case of aluminum metal
for example, photoelectron spectroscopy measure-
ments in ultrahigh vacuum show that aluminum has
a work function of 4.2 eV.*® With the surface of an
aluminum film oxidizing almost immediately in air, our
own measurements of evaporated aluminum using
PESA show that the work function ranges between
3.6 and 4.1 eV depending on sample history. The di-
fferences can be accounted for by stress-induced
changes to the local density of states at the surface
of aluminum caused by oxidation and adsorption of
water.3* In contrast, the QD samples studied here are
typically prepared and handled under ambient condi-
tions. This makes PESA a useful technique for studying
their electronic structure.

Energy Level Structure in Quantum Dots. Photoelec-
tron emission spectroscopy measures the yield of
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Coulomb interaction (J&") and the dielectric polarization (J22'

that the determination of the E, is made from a known E,,.

) contribution. In this case, the energy levels are presented such

photoemitted electrons (Y) being ejected from a
sample as a function of spectral energy. The threshold
energy required for photoelectron emission is termed
the photoionization threshold (see Figure 2A). It
corresponds to the ionization energy (IE) of a
material.>® To determine the IE from photoelectron
emission measurements, the spectrally dependent
photoelectron emission yield must be interpreted
through an appropriate model of the photoemission
process.*® In bulk semiconductors, the two most
common photoelectron emission states arise from
the valence band within the space-charge or flat-
band potential spatial regions and from the surface.
In QDs, where band-bending does not occur and a
high surface-to-volume ratio exists, it is most likely
that photoemission occurs from the size-dependent
valence band states with a surface scattering contri-
bution. The empirical functional form of this photo-
emission process is given by*'

Yo (E — IE)3 (1)

where Eis the energy of the incident light. In Figure 2A
the cubic root of the photoelectron yield of a repre-
sentative PESA measurement of 5.1 nm CdSe QDs is
shown. The IE is determined from the intercept to be
5.33 eV. Despite the origins of the cube root fit to the
photoelectron yield stemming from bulk semiconduc-
tor physics, it appears that eq 1 remains valid for semi-
conductor nanocrystals. Notably, the use of a square
root dependence, which is common for metals** and
organic semiconductors,®® provides only a slightly
worse fit, which in any case does not greatly influence
the extrapolated IE (see Supporting Information).
For semiconductors and insulators, one can further
determine the electron affinity (EA) from the IE by
considering that EA = IE — Egh,, where EJ5, is the
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quasiparticle band gap. Egs, is equivalent to the for-
mation energy of a noninteracting electron—hole pair
and is commonly termed the electronic transport
gap. Adopting a similar notation to that proposed by
Franceschetti and Zunger,** £33, can be decomposed
into individual electron (e) and hole (h) quantum (&°)
and dielectric (3*°) confinement terms through

P = EIP (oo) + 0 + 30 + £f + 5p°
= E9,, + 30+ 50! 2)

where EgE () is the bulk quasiparticle band gap and
ESap is the single-particle gap of the QD and includes
only the size quantization effects. A schematic of the
energy level structure based on all these parameters is
shown in Figure 2B. If the zero energy reference is that
of the vacuum level (E,,.), then the energies of the
individual levels are negative. Thus, the valence band-
edge (E,) and conduction band-edge (E,) energies
are given as —IE and —EA, respectively.

The EJ5, can be measured directly from charging
experiments using scanning tunnelling microscopy or
cyclic voltammetry.*** These experiments can be
difficult and time-consuming, thus an easier method
is to theoretically approximate it from a known E,, or
E., and the optical band gap Egh, as measured via
absorption spectroscopy.

The optical band gap is related to the quasiparticle
band gap through

opt _ pqp __ ydir _ pol
Egap - Egap eh Jeh

(3

where J2 is the direct Coulomb interaction between a
confined electron—hole pair and J52' is the polarization
energy, which arises from the interaction of one carrier
with the image charge of the other across the dielectric
discontinuity at the QD—matrix interface. Through the
use of eq 3 the EA can be rewritten in terms of the
optical band gap:

EA = IE — (E2%% + U8 + JB2)

(4)

In Figure 2C we show the equivalent energy level
diagram representing the determination of the EA
through the use of the optical band gap, the direct
Coulomb interaction, and the polarization contribu-
tion. Included, are the energies of the levels with
contributions of only ESSS, ESRS + J3, and EZRS +
JAr 4+ )8 to eq 4. These are depicted as EE', E&T and
E.p, respectively.

The effects of direct and polarization induced Cou-
lomb interactions on the electrons and holes in quan-
tum dots were first considered by Brus under an
effective mass approximation.'”** The expressions
that were derived for J&" and JB' in that work can be
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applied here to provide an analytical approximation of
eq 4.

e2

2 1 1
EA=IE — E°"' —1.786 ——— SR P
4meqpeoR  4meoR\em  €aqp

gap

where e is the elementary charge (C), &, is the vacuum
permittivity (F/m), eqpw) is the dielectric constant of
the QD (matrix), and R is the nanocrystal radius. This
expression can be used to approximate the EA from a
known IE (or vice versa) and the experimentally deter-
mined optical band gap. Under this approximation, the
problem reduces down to the correct choice of the
dielectric constant for the matrix and the quantum
dots.

The ligands which were adsorbed onto the different
nanocrystals used here possess a dielectric constant of
~2. For this reason, we used this as an approximation
to the dielectric constant of the host matrix. Although
this has been a popular choice in the literature,* it is
still unclear whether it is the ligand shell, the external
surrounding environment or a combination of both
that determines the QD's dielectric environment. Re-
garding the dielectric constants of the quantum dots,
numerous studies have suggested that they should
exhibit a size-dependence. Alves-Santos and co-work-
ers recently used a Kramers—Kronig transformation
of experimentally measured absorption coefficient
data to show that CdS and CdSe nanocrystals do in-
deed exhibit size-dependent dielectric values, and their
magnitude are consistent with the conventionally ap-
plied modified Penn-model;*® for synthetically achiev-
able sizes, the dielectric constants of these two semi-
conductors are found to be within ~20% of the bulk
value. Using a similar approach, Moreels and co-work-
ers found that for lead chalcogenide nanocrystals the
size-dependence is much smaller than first thought.*’
It was suggested that this observation was due to the
enhancement of the dielectric constant at the surface.
Overall, based on the results of both of these studies, a
relatively small size-dependent change of the dielectric
constant for the semiconductors studied here is ex-
pected. Therefore, in this work we choose to adopt
size-independent dielectric constants. In addition, as
the kinetic energies of the electron and holes for
all QDs are up to several tenths of an electronvolt
(~50 THz), optical dielectric constants are used.

RESULTS AND DISCUSSION

The size-dependent evolution of the absorption
features exhibited by ensembles of CdSe, CdTe, PbS,
and PbSe quantum dots dispersed in chloroform are
shown in Figure 3. The discrete optical transitions which
are observed in each case indicate the narrow poly-
dispersity of the various QD ensembles. From estab-
lished calibration curves, one can easily and accurately
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Figure 3. The size-dependent absorption spectra of (A) CdSe, (B) CdTe, (C) PbS, and (D) PbSe quantum dots.

determine particle size directly from the 1st absorption
peak maxima.>**®4° For many electronic applications it
is vital to also know the energy level diagram of these
quantum dots. While a number of studies have at-
tempted to address this issue, there still remains much
uncertainty in these measurements.>?>2® The goal of
this manuscript is to map out the size-dependent
energy levels of these nanocrystals relative to vacuum
using PESA. Before proceeding to these measurements,
it is important to first understand how the surface
chemistry influences the measured energy levels for a
quantum dot of a given size.

Ligand Effects on lonization Energy of (dSe Quantum Dots. It
has recently been reported that InP QDs exhibit a large
variation in their ionization energy and electron affinity
following changes to their surface capping ligands.3' In
light of these observations, here we study the effects of
pyridine, oleic acid, oleylamine, tri-n-octylphosphine
oxide (TOPO) and dodecanethiol surface ligands on the
ionization energy of an ensemble of 4.7 nm CdSe QDs.
Before proceeding to these measurements, we focus
on understanding the nature of each surface chemistry
following ligand exchange.

The surface chemistry of the CdSe nanocrystals
studied here was modified through a two-step process,
involving (i) an initial pyridine exchange and (ii) a
subsequent re-exchange with the intended ligand.
The nature of the surface chemistry at each step was
investigated through attenuated total reflectance Four-
ier transform infrared (ATR-FTIR) spectroscopy with all
results being presented in Figure 4. We begin our
analysis with pyridine-passivated CdSe nanocrystals.

The IR spectra of pyridine and pyridine surface-
passivated CdSe nanoparticles are shown in Figure 4A.
With guidance from previous works on the assignment
of IR active resonances in pyridine*® 2 it can be quali-
tatively observed that pyridine passivates the majority
of surface sites on the nanocrystals. The residual
aliphatic stretches in the 2700—3000 cm ' region do,
however, show that our pyridine exchange protocols
do not quantitatively displace the original aliphatic
surface ligands. This finding is in agreement with

JASIENIAK ET AL.

Bowen Katari et al,”®> who found that pyridine ex-
change of TOPO-coated CdSe nanocrystals was incom-
plete, with ~12% of the original TOPO ligands being
retained.

Interest in pyridine as a coordinating species of
metal and metal oxide surfaces has arisen because of
the numerous coordination mechanisms that it pre-
sents.>* To probe the binding mechanism of pyridine
on CdSe nanocrystals in more detail we focus our at-
tention on the 1400—1650 cm ™' IR region (see inset of
Figure 4A). Analogous to previous studies of pyridine
adsorbed onto metal sites,>*>° the 1579 cm ™ (vg,) and
1436 cm™ ' (114,) bands of pyridine are shifted to
higher wavenumbers following adsorption. The con-
cordant development of the IR transitions between
1452 and 1472 cm™" are indicative of pyridine coordi-
nating directly to metal surface states.>® Interestingly,
the broad and weak bands centered at 1631 and
1550 cm ™' are not related to pyridine directly coordi-
nating the metal-based Lewis acid sites, but to coordi-
nation of the surface through pyridinium.>® This type
of binding mechanisms is common for metal oxide
surfaces, where surface hydroxyl groups can be
deprotonated by the pyridine. The presence of OH
stretches in the 3000—3700 cm ™" IR region supports
the existence of hydroxyl groups in the sample. A likely
scenario in this case is that surface adsorbed water is
deprotonated by the pyridine to form pyridinium and
metal hydroxides. The pyridinium can then in principle
actively adsorb to naturally formed oxide, metal hydro-
xide, or bare selenium surface sites.

The labile nature of pyridine on CdSe surfaces is well
documented.®” For these surface studies, we exploited
this property by actively repassivating the surface with
our intended ligands. Beginning with oleic acid, from
the IR spectra there is a clear indication of oleate
passivation (Figure 4B). As previously seen for cobalt
nanocrystals passivated with oleic acid®® and through
comparison with cadmium acetate dihydrate, the ex-
istence of the asymmetric and symmetric stretches of
the carboxylate moiety at 1532 and 1410 cm ', respec-
tively, indicate chemisorbed carboxylate functionalities.
2011 ACS
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Figure 4. The ATR-FTIR spectra of CdSe quantum dots passivated with pyridine (A), oleic acid (B), oleylamine (C),
tri-n-octylphosphine oxide (C), and dodecanethiol (D). In each of the plots the corresponding ligand IR absorption is shown,
and where relevant, the spectrum of pyridine-coated quantum dots is also included. The IR spectra of CdSe with pyridine
and dodecanethiol ligands possess an additional inset showing a magnified spectral region of the pyridine and the thiol

signatures, respectively.

The lack of C=0 (1710 cm™"), C—0 (1285 cm '), and
out-of-plane O—H (937 cm ') signatures, as observed
for oleic acid, indicate that the free acid does not
exist at the surface and that the oxygen species
of the carboxylate are symmetrically coordinating
to the Cd surface states. Interestingly, despite the
labile nature of the pyridine ligands, residual pyridine
remains coordinated to the surface. This indicates that
pyridine must bind to inaccessible sites on the surface
compared to the oleate, or the relatively small binding
energies of fatty carboxylates to the surface of CdSe
prevents complete exchange.>®

In contrast to oleate passivated CdSe, the adsorp-
tion of oleylamine on the surface is found to quantita-
tively displace pyridine (Figure 4C). This can be
understood by the significantly higher binding con-
stant of fatty amines compared to pyridine on CdSe
surfaces.>”*° In addition to the expected aliphatic
resonances across the spectral region, the oleylamine
shows evidence of N—H stretches arising from the

—NH, functional groups centered at 3280 cm ',
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—NH, scissoring centered at 1590 cm ™', C—N stretch-
ing at 1070 cm ™", and —NH, bending at 791 cm™".%"
Upon adsorption onto CdSe, the IR spectrum closely
resembles that of neat oleylamine, with additional new
resonances developing at 1560, 1320, and 1017 cm™".
The existence of N—H stretches clearly proves that the
N—H group is retained following chemisorption. The
resonance at 1560 cm™', which is believed to arise
from the scissoring of an adsorbed amine,®® further
confirms that binding occurs to the surface through
the amine group. The two other remaining resonances
cannot at present be assigned, but due to the known
sensitivity of the various stretches, bends, and scissor-
ing actions of the amine group to local bonding, they
are expected to arise from adsorbed amine species
on the CdSe surface.?® Early vibrational studies on
cadmium halides complexes with aromatic amine
adducts indeed confirm that vibrational modes at the
spectral locations of each of the unidentified modes
are observed.®? Furthermore, the apparent shift of the

—NH, bending modes originally centered at 791 cm ™,
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TABLE 1. The lonization Energy Dependence of 4.7 nm
CdSe QDs on Surface Ligand

surface ligand IE (eV)
alkyl amines” 5.40
trioctylphosphine oxide 5.45
oleic acid 5.60
alkane thiols’ 5.65
pyridine 5.75

“Performed on alkyl chain lengths ranging from butyl to octadecyl.

may at least in part account for their existence. For
completeness, the existence of pyridinium on the sur-
face suggests that alkyl ammonium should be equally
likely to form. Indeed, the asymmetric and symmetric
stretches of the alkyl ammonium species have been
observed at 1630 and 1550 cm ™', respectively, which
overlap with the —NH, scissoring modes.®* Thus, based
on this factor, we cannot rule out the existence of alkyl
ammonium species partially passivating the surface
states.

While the employment of amines as surface passi-
vants for CdSe has been reported only in the past
decade,® the original high temperature synthesis of
CdSe nanocrystals employed TOPO as the predomi-
nant surface ligand.® For this reason it has become one
of the most studied surface chemistries for CdSe
nanocrystals. Upon adsorption of TOPO to the surface,
the typical IR signature of the unbound P=O0 vibra-
tional mode at 1145 cm ™' is found to shift to lower
wavenumbers and split into several bands.>*%> This
behavior of the P=0 band has been typically corre-
lated to the existence of different binding sites at the
surface of the CdSe nanocrystals.>® Our results are in
accordance with these previous observations, with two
distinct vibrational peaks appearing at 1125 and
1036 cm ™' following TOPO adsorption (Figure 4C). In
addition, consistent with their high surface binding
energy, the TOPO ligands are found to displace the
majority of the original pyridine coverage at the
surface.

The final surface chemistry that we have investi-
gated here is that based on alkane thiols. The relatively
simple IR spectrum observed for octadecanethiol is
composed predominantly of aliphatic vibrations with
a weak S—H stretch at 2557 cm ™' (Figure 4D).%>%°
Following adsorption to the CdSe surface, the S—H
stretch is no longer observed (Inset of Figure 4D); this
is consistent with the surface binding moiety being
that of the thiolate (—S™). Interestingly, despite thio-
lates being able to strongly coordinate to Cd surface
states, we observe residual pyridine signals in our
dodecanethiol passivated CdSe nanocrystal samples.
This again hints at the strongly selective nature of the
surface states that exist on such CdSe nanocrystals.®”

Having qualitatively analyzed the surface chemistry
and identified the complexities associated with each
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Figure 5. A comparison of the PESA spectrum of 5.1 nm
sized CdSe nanocrystals with an alkylamine surface ligand
passivation (H) and that of a CdSe nanocrystal thin-film that
has been CdCl, treated and annealed at 400 °C to yield bulk
optical characteristics (O). (Inset) The absorption spectra of
the quantum confined nanocrystals and the annealed
sample showing the bulk-like absorption properties.

ligand type, we are now in a position to study the
variation of the ionization energy for CdSe nanocrystals
with these various surface chemistries. While our ATR-
FTIR studies focused on selective thiols and amines, for
the PESA measurements we varied the alkyl chain
length sequentially from butyl through to octadecyl
for each of these moieties. The mean values of the
measured IE for each of the surface chemistries are
summarized in Table 1. The variation of the alkyl chain
length resulted in no appreciable changes to the IE,
with all measurements exhibiting uncorrelated values
within £0.05 eV of the mean. In stark contrast, variation
of the surface binding moiety induced changes of up
to 0.35 eV. Amine ligands resulted in the lowest IE
(5.40 eV) and pyridine overcoated QDs exhibited the
highest (5.75 eV). CdSe passivated with TOPO, oleic
acid, and thiols exhibited intermediate IEs of 5.45, 5.60,
and 5.65 eV, respectively. Despite the shifts of the IE
being strongly correlated with the surface binding
moiety, variations of up to +0.05 eV were observed
for different nanocrystal samples capped with the
same ligand. Both of these observations are in agree-
ment with Soreni-Harari and co-workers who found
that for a given surface binding moiety, changes in the
overall polarity of the ligand resulted in a lesser varia-
tion of the IE than changes to the surface binding
moiety itself3' Interestingly, through the use of CV,
Wang et al. found that the reduction potential of CdSe
was more negative for octanethiol surface coverages
than for TOPO.*® This is in contradiction to the results
found here, suggesting that further verification with
another technique may be necessary. Despite this
discrepancy, these results indicate the fundamental
importance of retaining a similar chemical environ-
ment on the surface of QDs when measuring the IE and

EA as a function of size.
Studies on bulk CdSe and CdS electrodes have
shown that the adsorption of electron donating
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ligands or ions on the surface can shift the energy
levels by more than 0.5 eV in the cathodic direction.®®
As the major passivating agent in all our studies were
Lewis and Brgnsted bases, it is expected that in all
cases, the energy levels would experience such a shift.
To confirm this, we annealed a sample of CdSe nano-
particles at 400 °C following a dip into a saturated
Cdcl, solution in methanol. Such a CdCl, treatment,
which is commonly used to induce crystallite growth in
CdTe—CdS solar cells,**”° causes ligand desorption
from the nanocrystals and results in bulk-like absorp-
tion with an an optical band gap of close to 1.74
eV—the crystallites typically grow to 30 nm in size as
confirmed through X-ray diffraction (see Supporting
Information). The IE in this case was 5.9 eV. This bulk
value suggests that a cathodic shift of more than 0.5 eV
is experienced when primary amines are adsorbed to
the surface of CdSe (see Figure 5). Notably, even this
value departs from that of an ultraclean CdSe surface
which has a reported IE value of 6.6 eV.”"

The role of surface effects on determining the
ionization energy is very complex. However, inspection
of the ionization energies presented in Table 1 does
hint at a correlation to the hole trapping ability of the
surface and/or the ligand. It is well documented that
thiolates and pyridine act to efficiently trap holes when
adsorbed onto CdSe surfaces.” Thiolates, which cova-
lently bind to surface cadmium species, trap holes at
the surface through the two lone pairs of electrons on
the sulfur. Pyridine, which as we have discussed co-
ordinates CdSe quantum dots mainly through its lone
pair on the nitrogen, traps holes away from the surface
through a charge transfer from the nanocrystal's bulk
or surface to the pyridine's aromatic ring. Much like
thiolates, unpassivatived selenium surface states can
also effectively trap holes.?”””? To this extent, bulky
ligands, such as TOPO,>> and weak surface binding
ligands, such as oleic acid,*® create a surface that is only
partially passivated. This permits hole trapping to
occur, albeit typically to a lesser extent than in the
presence of thiols and pyridine. For CdSe, the small
cone angle and the appropriate electrochemistry
makes primary amines the best known organic passi-
vants for reducing surface trap densities.”* Thus, sur-
face hole trapping is less likely to occur in the presence
of primary amine than with any other ligand studied
here. A qualitative trend can therefore be deduced
which suggests that surfaces which are free from hole
scavengers and whose surface states are also better
passivated, result in a lower ionization energy.

Size-Dependence of the Energy Level Structure in Quantum
Dots. Having shown that the surface chemistry of QDs
is inherently related to the IE, we are now in a position
to study the size-dependence of a variety of different
QD materials. In Figure 6 the PESA measured E,, of
CdSe, CdTe, PbS, and PbSe QDs as a function of size are
shown. To minimize surface variation effects on E,
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great care was taken to ensure the surface chemistries
were identical for each particle composition. From the
known value of E,;, we used the experimentally de-
termined optical band gaps and eq 5, with the para-
meters given in Table 2, to determine ESE', E&Y, and Ec,.
Each of these energy levels are also included in Figure 6.
All experimental and calculated data points are tabu-
lated within the Supporting Information, as are full-
scale energy level landscapes for each of the quantum
dots studied. To establish size-dependent calibration
curves for the valence (conduction) band-edge energy
levels, the data was fitted to the functional form
Eubieb)(R) = Eubie)(e2) — (+)AD 8, where A and B are con-
stants, and D is the nanocrystal diameter. To ensure
consistency between the fitted parameters, we utilized
the fitting constraint Egap(e0) = Ecp(o0) — Ep(eo), where
Egap(=) is the bulk band gap of the material. These
fitting coefficients are summarized in Table 2. For
clarity, only the fitted function of ES& is included in
Figure 6.

To ascertain the validity of the measured energy
levels, especially due to the approximations inherentin
eq 5, in Figure 6 we include a comparison of data
available from various studies on the individual sys-
tems. For CdSe QDs, Kucur et al.,>' Inamdar et al.,** and
Querner et al,”” all studied the size-dependent oxida-
tion and reduction potential properties through cyclic
voltammetry. Considering the variation in surface
chemistry between these studies, the data show an
excellent agreement to that obtained here, albeit only
when the direct Coulomb interaction and the polariza-
tion term are not included.

The conduction band-edge shift of CdSe nanocryst-
als has also been previously studied by Lee et al. using
X-ray absorption spectroscopy.”® The authors found
that the experimental scaling of the conduction band
minimum was proportional to D%, In an extension to
this work, Meulenberg and co-workers made use of
X-ray emission spectroscopy to study the CdSe valence
band-edge evolution as a function of size.”” These au-
thors found that the valence band-edge energy scaled
as D', A comparison of the scaling coefficients from
these works and that determined here suggests that
there is some discrepancy. Standard confinement the-
ory predicts that both conduction and valence band-
edge energies should scale as D27 More sophisti-
cated theories, such as that of SEPM show a reduced
scaling coefficient with Eg, < D' and Eyp, o< D29,
Both of these values are within error of the experi-
mental results presented here. The poor agreement of
the X-ray absorption and emission results with our
work and the various studies using cyclic voltammetry
suggests that the energy values obtained with these
techniques need to be further analyzed in order to
determine what effects are causing such a large differ-
ence to be observed. Lastly, recent studies by the group
of Naaman have used low energy photoemission
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Figure 6. The valence and conduction band-edge energies of (A) CdSe, (B) CdTe, (C) PbS, and (D) PbSe quantum dots as a
function of particle diameter (nm) and first absorption energy (eV). The valence band-edge energies, E,;,, were determined
directly from PESA measurements. The various conduction band-edge energies were calculated from different approxima-
tions of eq 5 and are discussed in detail within the text. All energy values were fitted to a power law, with the coefficients of the
fits given in Table 2 For clarity, the energy points corresponding to ES have been omitted and only the fitted curve is shown.
The results of all systems are compared to available experimental and theoretical literature values from different sources
which are referenced within the main text. In addition, we include results from k- p theory for PbS and PbSe, and our own
calculations based on SEPM for CdSe and PbSe. Owing to a different optical band gap versus size calibration curves employed,
we have recalculated the PbS data from Hyun et al.®® to ensure a valid comparison with our own values. Finally, it should be
noted that the top x-axis (first absorption energy (eV)) of each plot only applies to the experimental data and is correlated to
the diameters through known calibration curves (see main text for details).

TABLE 2. Summary of Valence and Conduction Band-Edge Energies for CdSe, CdTe, PbS, and PbSe Quantum Dots*

CdSe (dTe PbS PhSe
Eopt 6.2 7.2 17 bi]
Egpuik (0¥) 174 145 0.41 0.28
E —5.23 — 0.74D7 %% —4.74 — 0800 —4.76 — 0640 —484 — 0770 %%
B —349 + 1790712 —3.29 425807 —435 439307 —4.56 -+ 167407
i —349 + 24707 —329 432107 —435 + 41004 —4.56 + 1.8880°"°
E —349 + 29707 —329 4 4190~ —435 + 512077 —4.56 + 3.167D %

“The parameters included within this table include the bulk dielectric constant at optical frequencies (€opt), the bulk optical band gap (Egpui), the PESA determined valence

band-edge energy (£,,), and the various conduction band-edge energy approximations (", ES, and E.) which are described in detail in the main text.

spectroscopy to study CdSe on gold substrates.”® For surfaces, and showed a surface pinning phenomenon.
clarity, these results are not shown here, but are in good We did not see pinning of the valence-band, presum-
agreement with the values shown above. Notably, in ably because long chained ligands were used and our
those studies, the CdSe were chemically linked to gold substrates were not metallic.
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While numerous studies are available on the en-
ergy level structure of CdSe quantum dots, signifi-
cantly fewer have focused on CdTe quantum dots. In
Figure 6B we show how our experimental data com-
pare to existing studies that were performed by either
cyclic voltammetry or differential pulse voltammetry
(DPV).”°~82 A good correlation in the trend of the data
between these studies and our own is observed; how-
ever, the magnitude of the values does show some
variation. As we have previously discussed, this factor
could arise from surface chemistry differences be-
tween samples. Notably, the study by Bae et al®?
who used DPV to measure the true quasi-particle gap
is in quantitative agreement with our results. Similarly
to that of CdSe, this is only the case when the Coulomb
and polarization contributions are not considered in
defining the conduction band-edge energy.

Finally, the energy levels of PbS and PbSe are
compared to those determined by Hyun et al®® and
Choi et al."* In these works, the authors determined E,
through CV and calculated the E,, from the optical gap.
They did not include the direct Coulomb interaction or
the polarization contribution in their calculation. To
ensure an accurate comparison of these studies to
ours, it is important to ensure that the size-dependent
calibration curve of the optical band gap is identical.
While for PbSe this is the case, the authors used a
different calibration for PbS. Thus, for PbS the E,,
values were recalculated based on their experimentally
determined E.,; these recalculated values are also
included in Figure 6C. Despite PESA measuring E,p, a
good agreement is observed between both the con-
duction and valence band-edge energies of PbS QDs,
but again only when the polarization interaction is not
included.

The Coulomb interaction is expected to be extre-
mely small for both PbS and PbSe due to their high
dielectric constants.®* However, the high dielectric
mismatch between the QDs and the host matrix should
significantly increase the contribution from the surface
polarization. Unlike in CV, this is particularly true in our
case, where there is no electrolyte to screen charges
within the QDs from the dielectric environment. Con-
cordant with all the other QDs studied here, the
agreement between our results and those of Hyun
et al® suggests that the polarization contribution
described within eq 5 is negligible in our measure-
ments. Interestingly, while a good agreement for the
energy levels of PbS QDs is observed, a significant
variation for PbSe nanocrystals is found. At present, we
do not understand what causes this variation, particu-
larly as the surface chemistry of the PbSe QDs used in
both studies was the same.

Within an infinite surface-barrier confinement (i.e,
particle-in-the-box) model, ignoring direct Coulomb
interactions and polarization contributions, the relative
magnitude of the valence and conduction band-edge
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energy level shifts are: AE.,(R)/AE,p(R) o< mit/m%, where
m* is the effective mass of the electron (e) and hole (h).
On the basis of this simple model, the band which
possesses a lower effective charge mass should there-
fore exhibit a larger energy shift. Our results for both
CdSe and CdTe QDs show that the conduction band-
edge shifts approximately 3—5 times more than the
valence band. This is consistent with the ratio of the
electron and hole effective masses of both bulk mate-
rials. In the case of PbS and PbSe QDs, one would
expect close to equal shifting of both bands due to
similar electron and hole effective masses. This is
clearly not observed here.

The simplicity of the above analysis makes any
comparison qualitative at best. Therefore, to further
gauge the validity of the mapped out energy level
structures we employed k- p theory and SEPM calcula-
tions for CdSe, PbS, and/or PbSe quantum dots. Begin-
ning with CdSe, a comparison of our experimental data
to the SEPM calculation of Wang and Zunger,?° as well
as our own SEPM results, show a good correlation. It is
worth mentioning that neither Wang and Zunger's nor
our SEPM calculations include any electron—hole Cou-
lomb (direct or polarization) contribution: the calcu-
lated band-edges are separated by E9,, ~ ES5% + Jdi.*
The discrepancy between our experimental and theo-
retical results is indeed of the order of the direct elec-
tron—hole Coulomb interaction and decreases with
increasing size (see Supporting Information).

The agreement between the experimental trends
and the SEPM calculations, confirms the already drawn
conclusion from above, that the dielectric confinement
does not play a significant role in defining the energy
level structures under our experimental conditions and
that eventual contributions are within our experimen-
tal error. It is worthwhile mentioning that earlier stud-
ies on the valence band-edge shift of CdS as studied
through UPS did suggest that polarization contribu-
tions needed to be included.® Further efforts are
needed in this area to understand why this was the
case.

For the Pb based particles, k-p theory was em-
ployed as a comparison for both PbS and PbSe quan-
tum dots.®> In both cases a reasonable agreement is
found for the larger particle sizes. However, for smaller
sizes an overestimated (underestimated) shift of the
valence (conduction) band-edge is predicted. At first
glance, this situation could be interpreted as arising
from the energy levels being pinned by the surface, a
phenomenon that has been observed for CdSe on
gold”® and on Zn0®® surfaces. In an attempt to further
understand the difference between our experimental
results and those predicted by k-p theory, we per-
formed atomistic SEPM calculations on PbSe nano-
crystals of different sizes. The single-particle energy
spectrum calculated using SEPM has been shown® to
be substantially different from that obtained using the
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4 x 4 L-centered k-p approach by Kang and Wise.#®
In contrast to SEPM, the latter method in fact (i) exag-
gerates the degree of confinement by assuming unrealistic,
infinite potential barriers, (i) limits the valence-conduction
coupling to a single band for each edge, (i) neglects
intervalley coupling, and (iv) inaccurately accounts for the
anisotropy of the effective-masses. This leads to an incor-
rect mirror-symmetrical picture of the conduction and
valence band and to the expectation of almost symmetrical
size-dependent shifts for the two bands. When effects i—iv
are properly accounted for, as in our SEPM calculations, a
different picture to that predicted by k-p theory
emerges®#” Following a realignment of the diameters
due to the known mismatch between SEPM and experi-
mentally determined optical-gap versus size (based on the
calibration curves employed to assign the sizes in our
experiments*), a remarkably good correlation between
the calculated and experimentally observed valence and
conduction bands shifts is achieved (see Figure 6).2 It is
worth mentioning that the SEPM energies plotted in
Figure 6 do not include any electron—hole interaction or
surface polarization contribution. The large dielectric mis-
match between the QD core and the local environment
should result in a substantial contribution to the polariza-
tion energy, which, assuming a matrix dielectric constant of
~2 could be as large as 0.4 eV for the smallest PbSe dots
considered in our study® This contribution would be
reflected in both the conduction and valence band-edge
energies. On the basis of the good agreement between our
SEPM calculations and the experimentally determined
energy levels, it appears that the polarization contribution
to the energy level structure is negligible.

A natural question is why does the polarization con-
tribution appear so insignificant in determining the
electronic level structure of quantum dots? In an at-
tempt to address this, we highlight that the approx-
imation for the polarization energy provided ineq 5is a
great simplification to the real dielectric properties in
our system. The two major factors that are ignored in
this approximation are (i) a size dependent quantum
dot dielectric constant and (ii) the role of the surface.
The slight reduction in the dielectric constant as the
particle size decreases would result in a concordant,
but slight, decrease to the contribution of the mutual
dielectric polarization contribution. The latter factor
considers the screening of residual charges within the
QDs by either unpassivated surface states or highly
polarizable binding moieties at the surface. To the
authors' knowledge, the impact of binding moieties
on the local dielectric constant has not been pre-
viously addressed. Meanwhile, the role of surface
states has been probed using density-functional the-
ory on PbSe slabs, suggesting that their existence
results in an enhancement of the local dielectric
constant at the surface by over 20% compared to
the bulk*” In both cases, no estimates of the
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magnitude of such effects on the ionization energies
have been reported.

From photoemission spectroscopy of metal clus-
ters, it is known that the energy of a photoelectron
is influenced by its interaction with the residual
photohole.”>®! This interaction, which occurs on a fem-
tosecond time scale, was employed by Wu and co-
workers to show how the ionization energy in semi-
conductor nanocrystals can change depending on
how rapidly the residual photohole can be neu-
tralized.3? According to this model, rapid neutralization
of the photohole acts to reduce the total interaction
energy between the ejected electron and the hole,
thereby decreasing the ionization energy. Provided
that the magnitude of this decrease is close to that of
the polarization contribution, the latter would not be
observed. An alternate viewpoint is that instead of the
photohole being neutralized, it becomes trapped near
or at the surface. Under these conditions, the surface
polarization contribution of the hole could potentially
diminish.® This would actively reduce its contribution
to the final ionization energy. In addition, the electron
and hole would experience a stronger direct Coulomb
interaction, due to the lower dielectric constant pro-
vided by the organic ligands and air. An interesting
corollary of this effect is that surface chemistries
providing a higher rate of hole charge trapping would
induce a larger total direct Coulomb interaction be-
tween the ejected electron and photohole. This would
suggest that for CdSe nanocrystals, ligands which
favorably passivated the surfaces (e.g., alkyl amines)
would exhibit the lowest ionization energies, while those
which actively trapped holes (e.g., thiols and pyridine)
would exhibit the highest. Overall, this picture would
explain why we do not see the surface polarization
contribution of the hole in our measurements and would
also account for the origin of the ionization energy
dependence of CdSe nanocrystals on surface ligands.

CONCLUSIONS

In this study we have examined the size-depen-
dence of the valence and conduction band-edge en-
ergies of CdSe, CdTe, PbS, and PbSe quantum dots
through photoelectron spectroscopy in air. The mea-
sured valence band-edge energies were compared
to previous studies and were found to be in good
agreement with SEPM calculations. This was particu-
larly important for PbSe, for which we did not observe
a symmetric splitting of the valence and conduction
bands as predicted by k-p theory. Instead, SEPM
calculations, which correctly describe the electronic
structures in the valence and conduction bands, could
predict the size-dependent trend of the valence
and conduction band-edge energies. In addition,
while confinement theory predicts that the ionization
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energy should include a size-dependent dielectric
confinement term, we found that this contribution
was negligible for all the nanocrystals studies here.
This factor was rationalized through surface contributions
and from the final-state effect, which is known to
arise from the finite lifetime or surface trapping of
the photohole following photoionization. Finally,
we used CdSe quantum dots as a test case for
studying the effect of changing surface ligands on
the ionization energy. We observed that the ioniza-
tion energy could shift by as much as 0.35 eV
through a variation in the surface chemistry, a

METHODS

All chemicals were purchased from Aldrich and solvents from
Univar. These were used without further purification.

Quantum Dot Synthesis. CdSe, CdTe, PbS, and PbSe quantum
dots of varying size were synthesized under high temperature
lyophobic conditions through established protocols.?'*%394
For CdSe and CdTe QDs, the samples were washed twice via a
chloroform—hexane—methanol—acetone extraction (1:1:4:1 v/v),
then precipitated with chloroform/acetone combinations. The
nanocrystals were dispersed in chloroform and then ligand
exchanged with 5-amino-1-pentanol to induce flocculation. Fol-
lowing centrifugation for 5 min at 4400 rpm, the QD precipitate
was dispersed in a chloroform—ethanol mixture (1:1 v/v). For the
oleic acid capped PbSe and PbS samples, the QDs in their
growth solution were initially precipitated with acetone. The
precipitate was washed a further two times from chloroform
using acetone as a nonsolvent then dispersed in chloroform.

For the CdSe ligand exchange experiments, the QDs were
washed as described above except instead of exchanging the
surface with 5-amino-1-pentanol, pyridine was used with hex-
ane as a nonsolvent. The QDs were heated in pyridine at 90 °C
for 5 h under nitrogen then precipitated with minimum hexane.
This step was repeated. The QDs were redispersed in a solution
of chloroform with the corresponding ligand at a concentration
corresponding to a 1000—10000 excess with respect to the
total nanocrystal surface states in solution. The ligand exchange
process was allowed to take place at 50 °C over 2 h. Precipitation
with an appropriate nonsolvent followed (ethanol or acetone),
before final dispersion in chloroform.

Samples were prepared for photoelectron measurements
by drop casting or spin-coating dilute solutions of QDs onto
ITO or borosilicate glass slides to form thin films ranging
from 10 to 100 nm in thickness. We found that the choice of
substrate or the films thickness in this range did not affect
the observed values. Both of these factors indicate that
charging was not a concern within these experiments.
For ATR-FTIR, samples were drop-cast directly onto the
diamond crystal and allowed to dry before carrying out the
measurements.

Instrumentation. Absorbance spectra in solution and on thin-
films were collected with a Cary 5 UV—vis—NIR spectrometer.
Surface analysis was carried out using a Thermo Scientific
Nicolet 6700 attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrometer. PESA measurements were
conducted on a Riken Keiki AC-2 photoelectron spectrometer.
The error in the ionization energies determined from the PESA
measurements on a given sample were £0.05 eV.
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value that was larger than the energy level shift
due to confinement. The trend in the data indicates
that surface chemistries which provide greater hole
trapping rates induces larger ionization energies.
Overall, in this work we have shown how photo-
electron spectroscopy in air can be used to map out
the energy level structure of quantum confined
nanocrystals. This work will pave the way to future
studies that attempt to further unravel how the
complex interplay between surface and bulk states
define the size-dependent optical and electronic
properties of quantum confined structures.
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