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Abstract

Semiconductor nanostructures like CdSe quantum dots and colloidal nanoplatelets
exhibit remarkable optical properties, making them interesting for applications in opto-
electronics and photocatalysis. For both areas of application a detailed understanding of
the electronic structure is essential to achieve highly efficient devices. The electronic
structure can be probed using the fact that optical properties of semiconductor nanopar-
ticles are found to be extremely sensitive to the presence of excess charges that can for
instance be generated by means of an electrochemical charge transfer via an electrode.
Here we present the use of potential modulated absorption spectroscopy (EMAS) as
a versatile spectroelectrochemical method to obtain absolute band edge positions of
CdSe nanostructures versus a well-defined reference electrode under ambient conditions.
In this the spectral properties of the nanoparticles are monitored dependent on an
applied electrochemical potential. We developed a bleaching model that yields the lowest
electronic state in the conduction band of the nanostructures. A change in the band
edge positions caused by quantum confinement is shown both for CdSe quantum dots as
well as for colloidal nanoplatelets. In the case of CdSe quantum dots these findings are
in good agreement with tight binding calculations. The method presented is not limited
to CdSe nanostructures but can be used as a universal tool. Hence, this technique allows
the determination of absolute band edge positions of a large variety of materials used in
various applications.

Keywords: spectroelectrochemistry, semiconductor nanoparticles, band edge position,
nanoplatelets, potential modulation, absorption

Important modern applications based on imaging 1516 involve charge transfer processes
nanoparticles, such as: solar energy harvest- between the nanoparticles and an adjacent
ing, '™ LED technology,®® opto-electronics, >10 phase. As a logical consequence of the increase
photocatalysis, 1112 sensing!> ' and bio- in the band gap energy with decreasing particle
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size the absolute energy positions of the valence
band (VB) and conduction band (CB) shift and
thus it is not only the magnitude of the band
gap that one must consider.

The relative positions of the CB and VB in
the nanoparticle with respect to those of the
solution species have in turn a major impact on
the charge transfer rates to the adjacent phase,
e.g. the charge separation within a quantum
dot sensitized solar cell (QDSSC) or the redox
reactions happening at the surface of a nanopar-
ticulate catalyst or electrochemical sensor. The
knowledge concerning the absolute energy posi-
tions of the electronic states in semiconductor
nanoparticles is therefore of crucial importance
not only for fundamental research but also for
many technological applications.

In contrast to the band gap energy, which can be
determined by optical absorption spectroscopy,
the measurement of the absolute energy posi-
tions of the electronic levels of a nanostructure
like a quantum dot or a nanoplatelet, is far
more challenging. In order to determine these
absolute energy positions a variety of methods
based on photoemission spectroscopy, 1" 2! elec-
trochemistry and photoelectrochemistry 2224
have been developed.

However, some of these techniques are usually
carried out in ultra high vacuum. In addition
to the specific semiconductor material that the
nanoparticles are composed of, the chemical en-
vironment in which the nanoparticles are located
also has a major influence on their electronic
structure and consequently the positions of the
band edges. The influence of the immediate
environment surrounding the particles is of par-
ticular importance from a technological point of
view, as in many applications the semiconductor
material is in direct contact with an electrolyte.
Thus, for instance the band positions at the
surface are altered by the presence of surface
charges which arise from the adsorption and des-
orption of specific ions in the electrolyte.23:25 27
Therefore, photoemission techniques are not
suitable to probe the materials under “working”
conditions, where such environmental influences
must be considered. Moreover, it may be the
case that due to the small density of states at
the valence band edge of the semiconductor

particles photoemission data might further be
complicated?® and beyond that these techniques
require major technical efforts, elaborate sample
preparation and are consequently expensive to
implement.

Hence, a promising approach that may be used
to determine the absolute positions of the band
edges, is to probe the changes in the optical
properties of the nanocrystals which develop
during the electron transfer into the energy
bands by spectroelectrochemical techniques.
These methods are based on the Burstein-Moss
effect, which describes the change in the absorp-
tion properties of a degenerate semiconductor.
A semiconductor becomes degenerate when the
doping densities are sufficiently high that the
Fermi level is shifted into the majority carrier
band. As the near edge states become populated
by charge carriers, optical transitions into (or
out of) these states become less probable and
therefore a bleach of these transitions can be
observed.

This effect can also be induced electrochemically
by the application of a suitable potential to the
material using a potentiostat which additionally
offers the opportunity to measure the poten-
tial at which the electron injection occurs with
respect to a known reference potential. It has
been shown that this spectroelectrochemical
approach can be used to study bulk semiconduc-
tors?? as well as nanoparticulate systems.30 33
Liu and Bard were the first to observe a re-
versible hypsochromic shift in the absorption
onset of CdS nanoparticles immobilized on
transparent conductive electrodes at reductive
potentials.?? Later, in the course of the develop-
ment of dye sensitized solar cells this effect was
also shown for electrodes coated with porous
films of Ti043134736 and Zn0O.37 In addition to
the hypsochromic shift a corresponding nearly
reversible electrochemical current response was
observed, allowing the measurement of the
charge injected into the nanoparticlulate film to
be made.

Wang and co-workers studied the electrochemi-
cal bleaching of the first transition of dropcast
(CdSe nanocrystals on platinum or gold working
electrodes.3® Nanocrystals of different sizes were
investigated and the size dependence of the po-
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tential at which the bleach could be found was
observed. Electrochemically induced bleaching
was later studied on compact films of CdSe30:39
and PbSe??4! nanoparticles by Guyot-Sionnest
and co-workers as well as more recently also
heterojunctions of PbSe and CdSe*? by Boehme
and co-workers. The observed potential depen-
dent bleach of the fundamental absorption edge
correlates with a strongly increased conductivity
of the films as the lowest conduction band states
become populated by electrons.

Araci et al. studied charge injection processes
of a sub-monolayer of CdSe-nanoparticles using
the technique of attenuated total reflectance
(ATR). Frequency modulation of the applied
potential was employed to determine the rate
of electron injection with respect to the de-
pendence of the linker employed to attach the
nanoparticles. 43

Hickey and Riley introduced EMAS to study the
bleaching of sub-monolayers of CdS nanoparti-
cles on indium tin oxide (ITO).* In this work
potential modulation and lock-in detection were
applied by which the sensitivity with respect to
the determination of changes in the absorption
is greatly enchanced. However, the polydisper-
sivity of the materials investigated did not allow
a detailed spectroscopic characterization of the
quantum confined semiconductor particles. Up
to now the utilization of the electrochemically
induced Burstein-Moss effect in order to exam-
ine the electronic structure of semiconductor
nanoparticles on an absolute energy scale and
especially its size dependence has received just
little attention.

In the following report the concept of EMAS
is applied to semiconducting nanostructures.
The decision to use CdSe as the semiconductor
material was mainly motivated by the fact that
it is a widely investigated material. In general,
there are few limitations to the semiconduc-
tor materials employed and it is possible to
probe a wide variety of other semiconductors.
To evaluate the influence of dimensionality a
comparison to nanoplatelets is added. Some
significant differences are given here but the
theoretical description of EMAS as applied to
two dimensional nanostructures is beyond the
scope of this work and will be a subject of

ACS Nano

further papers.

Results and Discussion

Measuring Principle and Model
for the Bleaching Observed in
EMAS

The Fermi level of a certain phase is per def-
inition equal to the electrochemical potential
of the electrons within that phase.*>46 Upon
contact, which is established during the nanopar-
ticle deposition step, the initial Fermi levels of
the electrode and the nanoparticles are assumed
to have equalize through charge transfer. The
Fermi level of such a system can be measured
and also adjusted by the application of a poten-
tial with respect to a defined reference electrode
by means of a potentiostat (Figure 1 a). This
means that by controlling the potential of the
electrode the Fermi level of the particle can in
effect be adjusted to a desired value.

Below the conduction band edge no charge flow
is expected in a perfect crystalline semicon-
ductor as there are no electronic states in the
band gap region (Figure 1 bl) and therefore the
change in absorption is also expected to be zero
(Figure 1 b2). In the proximity of the absorp-
tion edge the absorption profile of semiconductor
nanocrystals is determined by the presence of
distinct exciton states which are each composed
of a discrete electron state in the conduction
band and a discrete hole state in the valence
band. Under such conditions the application of
a potential which is more negative than that of
the conduction band edge of the nanoparticles
results in the population of the now available
electronic states.

The lowest electron level in spherical CdSe quan-
tum dots is the 1S, state” and when this is
populated, all excitonic transitions that pro-
mote electrons into that state become bleached
(Figure 1 c1) which is indicated by a change in
absorption (Figure 1 ¢2). Since the occupation
probability of the electrons in the electrode is
distributed according to Fermi-Dirac statistics
the transitions into the 1S, state are not in-
stantaneously ”switched oftf” as the Fermi level
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Figure 1: Measuring principle of the EMAS technique. A constant potential within the bandgap of
a semiconductor nanoparticle Upc is applied (a). Then a periodic square wave potential with the
amplitude AU; is added to Upg (b1). At this point the mazimum of the potential does not reach the
lower conduction band edge, so no change in absorbance is expected (b2). The amplitude is now
varied in e.g. 50mV steps and for every step a spectrum between 350 nm and 800 nm is recorded.
At a certain point the fundamental absorption of the semiconductor is quenched because of the
occupation of the lowest conduction band states (c1). This change in absorbance (c2) is calculated
and finally plotted against the corresponding potential applied (Fig. 3 and 6 top left).

The reader will want to be aware that all E; symbols refer to energy values whereas U; symbols

describe the corresponding potential values.

equals the state’s energy, but rather are gradu-
ally bleached at finite temperatures.

The onset of the bleach response is expected
when the Fermi level of the electrode is located
at approximately 4 kT (~ 100meV at room
temperature) below the lowest conduction band
state energy (the occupancy of this state is
therefore 0.01). As the electrode Fermi level
approaches the band edge states® the occupa-
tion probability should be 0.5, as per definition.
Thus, the probability that the lowest electron
state of the CdSe nanoparticles deposited onto
the electrode is populated amounts to 50 % and
therefore the absorption bands corresponding to
the respective exciton transition are expected
to decrease to 50 % of the initial intensity. The
main assumption on this occasion is the pro-

*For spherical quantum dots the 1.5, state is meant
which is a discrete electronic state. For platelets, how-
ever, the conduction band begins with a quasi continuous
band, so the first states within this band are meant.

portionality between the occupation of the elec-
tronic states which correspond to the most in-
tensive absorption peaks and the change in ab-
sorption intensity.

When the Fermi level is located 4 kg'T" above the
band edge states the absorption bands should
completely vanish (occupation probability =
0.99). Ideally, the potential dependent bleach
intensity should therefore follow a sigmoid curve
progression which corresponds to the Fermi-
Dirac distribution. However, the deposited
“real” nanoparticles introduce an ensemble of
1S states in the case of quantum dots and
a broadening of the band edge in the case of
platelets. Consequently the curve that one ob-
tains is expected to be somewhat broader than
the Fermi-Dirac distribution function. We have
assumed a symmetrical energy distribution of
the 15, state and a symmetrical broadening of
the band edge in the platelets, so the broadening
has no influence on the position of the inflection
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point, i.e. where the Fermi level is equal to the
mean energy of the state.
Based on these observations a model function to
describe the potential dependent bleach signal
intensity can be derived:

 AA - A4
L4 exp((U—Uh)/€)

AA(U) +AA,y (1)

where AA(U) is the measured potential depen-
dent change in absorbance, U is the applied
potential with respect to a reference electrode,
Uy refers to the potential where the change in
absorbance equals 50 % of the total change in
absorbance and indicates the inflection point of
the curve, £ is a measure of the spread of the
sigmoidal profile, AA; and AAs are the asymp-
totically approached values for the change in
absorbance far from Uy. The model function
essentially corresponds to the Fermi-Dirac dis-
tribution, but accounts for the changes in ab-
sorbance as measured for the state’s occupancy
and for the broadening due to its energy disper-
sion.

The most important parameter obtained from
this model is Uy which corresponds to the elec-
trochemical potential of the lowest conduction
band state with respect to a well defined refer-
ence electrode potential.

For a detailed block diagram and a list of typ-
ical measurement parameters which are used
in the experiments below, see the supporting
information (Figure and Table S1).

Application to CdSe-Nanoparticle
Sub-Monolayers

Sub-monolayers of CdSe nanocrystals have been
prepared on fluorine doped tin oxide (FTO) sub-
strates according to the methods presented in
the supporting information. While using sub-
monolayers coulomb interaction between the at-
tached nanoparticles is thought to be avoided
and a better access of electrolyte molecules to
the particles is provided, thus incomplete or hin-
dered diffusion of cations through a nanoparticle
layer can be excluded. Figure 2 a) shows a set
of EMAS difference spectra for such an FTO
electrode covered with 4.9 nm quantum dots in

ACS Nano

the range between 350 and 800 nm. The corre-
sponding absorption spectra of the particle layer
and the respective colloidal solution are shown
in Figure 2 2b) for comparison.

While sum of the DC potential (Upc) and mod-
ulated potential (AU;) applied to the interface
is below —1.0V vs. Ag/AgCl no significant
changes in the spectral profiles are obtained, but
upon increasing the potential to more negative
values drastic changes in the differential absorp-
tion of the sample can be observed. The four
significant bleach bands A -D observed in the
EMAS spectra at 606 nm, 578 nm, 525 nm and
499 nm are in exact agreement with the first four
optical transitions observed in the absorption
spectrum. A fifth much weaker bleach signal
E is observed at 455 nm and is assumed to be
correlated with an additional transition, which
is barely visible in the absorption spectrum, but
more pronounced in its second derivative. A fur-
ther bleach band is observed in the UV region
at approximately 360nm. Moreover, features
associated with induced absorption effects are
observed in the EMAS spectra. A proportion-
ally intense induced absorption band (X) is ob-
tained at 552 nm between bleach bands B and
C, which cannot be assigned to a transition in
the absorption spectrum. Between the induced
absorption X and the signals B and C two isos-
bestic points are obtained, one at 534 nm and
the other at 565nm. Another broad induced
absorption occurs at wavelengths above 650 nm.
In order to identify artifacts caused by the elec-
trode, the measurements were also conducted
on blank FTO substrates.

The respective EMAS spectra and the absorp-
tion spectrum of the blanks are shown in Fig-
ure 2 ¢) and d). The comparison with Figure 2 a)
reveals that the bleach signal centered at 360 nm
and the induced absorption band towards the
far red observed in the EMAS spectra of the
particle modified electrode can be clearly at-
tributed to the FTO as these features exactly
resemble features observed in the blank spec-
tra. It is most likely that the bleach band at
360 nm is related to the absorption edge of FTO,
which is reported to lie in the range of 390 —
340nm depending on the doping level.*® The
induced absorption is caused by excitation of
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Figure 2: a) EMAS spectra of submonolayers of CdSe nanocrystals deposited on FTO, plotted as a
change in absorbance. Negative (positive) peaks represent bleaches (induced absorptions). The FTO
electrode is under potentiostatic control and held at Upc = —0.7V vs. Ag/AgCl. Additionally a
square-wave modulation is superimposed (f = 67Hz, AU is consecutively increased from 0.1V up to
0.6V to yield the stated value in the legend). b) The corresponding absorption spectra of the particle
film on FTO (black) and the colloidal solution (red). c¢) EMAS spectra of a blank FTO substrate

and d) the corresponding absorption spectrum.

The color bar represents the potential (mazimal amplitude of the applied square wave plus DC-
potential) vs. the reference electrode (Ag/AgCl 3M NaCl) by which every single difference spectrum

war recorded.

free electrons in the conduction band of FTO,
as their concentration increases as the poten-
tial is set to progressively more negative values.
The occurrence of intraband absorptions asso-
ciated with the deposited nanoparticles is not
expected in that wavelength range as transi-
tions promoting electrons from the 15, states
to higher conduction band states usually occur
above 2500 nm. %951 The low intensity undulat-
ing features between 400 and 600 nm observed
in Figure 2 ¢) may be attributed to interference
effects caused by the FTO thin film as its dielec-
tric properties are expected to slightly change

upon potential modulation.

While the observed features are likely to be at-
tributed to band filling, such kinds of changes in
the fundamental absorption of semiconductors
can also be induced by the presence of an elec-
tric field. An electrochemical interface generally
features a steep potential drop across the phase
boundary. Depending on the electrolyte concen-
tration, the potential drops across a distance of
only a few Aon the solution side of the inter-
face.4> Consequently, the electrical field strength
adjacent to the electrode surface is considerably
high and hence influences on the optical prop-
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erties of the quantum dots caused by the field
have to be taken into account. Two effects could
be envisaged to occur under these conditions,
namely the Stark effect, which is mainly charac-
terized by a splitting of degenerate energy levels,
and the Franz-Keldysh effect which is character-
ized by an apparent broadening in the optical
band gap energy.

The Franz-Keldysh effect is a bulk semiconduc-
tor phenomenon, as it is based on the concept of
spatially continuous bands and therefore should
not play a role in the present case. By contrast,
Stark effects are known to occur in semicon-
ductor nanocrystals.?? ®> Depending on their
relative orientation the interaction between the
external electric field and the dipole of the ex-
cited state can either decrease or increase the
energy of that state. Due to the size distribu-
tion present within the particle ensemble this
leads to a broadening of the individual tran-
sitions and should therefore induce a narrow
absorption band located to the low energy side
of the fundamental absorption. Evidence for
the presence of such effects in the data is not
observed and therefore the modulation of the
electric field across the electrochemical double
layer does not appear to influence the measure-
ments. In order to entirely exclude artifacts
caused by this issue another set of EMAS spec-
tra have been recorded, under the application of
a DC potential of 0V instead of —0.7V wersus
the Ag/AgCl reference. The onset potential of
the bleach associated with transition A as well
as the curve profile for the potential dependent
intensity are in excellent agreement with those
obtained for —0.7 V. These findings confirm the
hypothesis stated above, and thus the features
observed in the EMAS spectra can be assigned
to band filling with greater certainty.

For the first transition, an additional plot of
AA/A vs. U is provided in the supporting in-
formation (Figure S5). According to the model,
the onset potential of the bleach at —1V with
respect to the reference electrode refers to the sit-
uation where the Fermi level is located roughly
4 kT below the 15, states of the largest parti-
cles within the size distribution. As the Fermi
level is further shifted towards more negative
potentials the probability that electrons will be
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Figure 3: Plot of the bleach signal intensity of
the transitions A - D and the induced absorption
band X with respect to the applied potential. The
dashed lines represent fits according to the model
presented above.

transferred across the electrode/nanoparticle in-
terface and populate free 1S, states increases.
Additionally the smaller sized fraction within
the particle ensemble is progressively affected.
As a result optically excited electronic transi-
tions into the 1S, states from the valance band
states become less probable leading to a bleach
of the respective absorption bands.

According to the literature, the two transitions
A and B can be assigned to the 153 /5- 15, and
2535 - 1S, respectively. 56,57 With regard to the
bands C and D, there are different opinions
as to whether these are best assigned to the
151 /2-18¢ (C) and the 25 /5- 15, (D)*%7 or
the 1P3/5-1F (C) and 15;/5-15. (D) transi-
tion.24:30:39:58.59 The analysis of the potential
dependence of the respective bleach signatures
may shed some further light on this issue.
Figure 3 shows the potential dependent change
in absorbance for the transitions A -D and in-
duced absorption X at the wavelengths of the
respective maximal intensities. As expected
the measured data follow a sigmoid curve pro-
gression for each band, whereby the change in
absorbance sets in at —1.05V and reaches a
plateau above —1.3 V. The obtained data were
fitted according to equation 1 presented above
with the optimized fitting parameters summa-
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Table 1: Optimized parameter sets obtained by fitting the potential dependent intensities of the
bands A-D and X determined by EMAS of 4.9nm CdSe particles according to equation 1. The

bands were assigned to the respective exciton states according to Norris et al.”°
Band  Assigned  Up vs. Ag/AgCl £ AAL-107% AAy-1072
transition inV in mV
A 1S3/9 — 1Se —1.166 42 —10.82 —0.17
B 253/9 — 1Se —1.165 45 —5.37 —0.16
C 1S1/9 — 1Se —1.164 38 —1.08 0.06
D 25,9 —15¢ —1.163 44 —2.19 —0.02
X —1.162 42 3.69 —0.06

rized in Table 1.

For the sigmoid inflection point (Up) almost
equal values were determined for all signals. Fur-
thermore the obtained & parameters, which de-
fines the widths of the sigmoid curves, are in
agreement with the theoretically predicted value
for a Gaussian-like density of states function,
which is distributed by 40 meV. These findings
therefore imply that the bleached transitions are
due to the attenuated promotion of electrons
from different states in the valence band to the
same final state in the conduction band which is
located at —1.164V vs. Ag/AgCl. As the fun-
damental transition (transition A) is bleached,
the electronic state, which is populated during
the experiment can be explicitly assigned to the
lowest conduction band state, which is the 1S,
state. As the populated state can now be identi-
fied with a high degree of certainty the bleached
transitions can be more clearly assigned to the
following exciton states: 1.53/5-1Se (A), 2535 -
1Se (B), 181/2-1Se (C), 251/2-1Se (D), which
is in agreement with theoretical calculations and
pump-probe spectroscopy experiments. %

In Figure 3 the evolution of the induced absorp-
tion signal X is also shown. It turns out that
the inflection point of the establishing band is
identical to those obtained for the bleached tran-
sitions. Consequently, the induced absorbance
is directly connected to the population of the
1S, state. Hence, it can be assumed that band
X at 550 nm corresponds to the absorption of
the CdSe particles in their exited states and may
result from Coulomb interactions of the injected
charge with the optically excited electron-hole
pair leading to changes in the selection rules

and an increase in the transition probability of
initially forbidden transitions. 660

The existence of the isosbestic points at 534 and
565 nm in the EMAS spectra furthermore indi-
cates that only two species are involved during
the observed bleaching process. The two species,
which are the initially uncharged nanocrystals
and the nanocrystals with an occupied 19, state,
differ in their individual absorption spectra. The
isosbestic points occur because the two species
absorb light at these two specific wavelengths
to the same extent, and the amount of parti-
cles attached to the electrode remains constant
during the experiment.%! Consequently, in the
modulation spectrum the change in absorbance
is zero at these wavelengths, independent of the
applied electrode potential. The ratio at which
both species are present is dictated by the Fermi-
Dirac distribution. Interestingly energy distri-
bution of the 15, state appears to be narrow
enough that the isosbestic points do not result
in a smearing out of the crossover point. The
occurrence of the isosbestic points illustrates
the presence of distinct, energetically separated
electronic states as are typically observed for
quantum-confined electronic structures.

Since the electrochemical potential of the 1.5
state has been determined, the potential posi-
tions of the electronic states within the upper
portion of the valence band can now be obtained
from the respective transition energies obtained
from the EMAS spectra. However, a simple
addition of the optical energies associated with
the potential of the 15, states is not valid, as
the corresponding bands are not associated with
interband transitions, but rather with excitonic
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transitions. Therefore the exciton binding en-
ergy, i.e. the Coulomb interaction between the
electron and hole needs to be considered in ac-
cordance with the following equation:

1.8e
dmeegr

Ug = Ugopt + (2)
With Uy being the potential difference between
the valence and the conduction band, Ug opt the
potential value which is estimable by optical
spectroscopy, e the elementary charge, e° the
medium’s relative permittivity at high frequen-
cies, €9 the vacuum permittivity and r the radius
of the spherical particle. Hence, for the potential
of the individual valence band state Us, versus
the reference the following applies:

1.8e

dmeeqr

AFEopt (Sn — 1Se)

Us, = Up+ (3)
Here, Uy is the electrochemical potential of
the 1S5, state as determined by EMAS and
AEqpt (Sh — 1Se) is the energy of the transition
between the respective valence band state and
the 15, state. The resulting electronic structure
is sketched in figure 4. Except the very small sig-
nal at 455 nm no additional bleach signals were
observed in the wavelength range below 500 nm.
Thus transitions to higher electron states are
not bleached under the experimental conditions
employed here. The trivial reason for this find-
ing could be that the Fermi level of the electrode
is still too positive to populate these states. Ac-
cording to theory the next higher electronic state
in the conduction band of CdSe nanocrystals is
the 1P, state. IR spectroscopic investigations of
chemically charged CdSe nanocrystals of com-
parable size reveal an induced absorption band
in the mid infrared at roughly 3000cm™! re-
ferred to as a 1S.- 1P, intraband transition.3?
Consequently the 1P, state is estimated to be lo-
cated around 0.4 eV more negative than the 15
state. The onset of the bleaching of the respec-
tive optical transitions into the 1P, state should
therefore not occur at applied potentials below
—1.4V vs. the Ag/AgCl reference electrode,
again assuming an energy dispersion of 40 meV
for that state. However, due to the emerging
hydrogen evolution the application of potentials
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more negative than —1.4V is accompanied with
the appearance of additional artifacts associated
with solvent decomposition.

Nevertheless 1P-filling was observed by other
groups. 243039 They use organic solvents like
N,N-dimethylformamide or acetonitrile. We did
measurements in acetonitrile too but we were
not able to reproduce their findings. Except
shifts of the band edge potentials affecting all
transitions in the same manner, we could not
find discrepancies in the inflection points.

Size Dependence

As has been demonstrated, the change in absorp-
tion reacts very sensitively to changes in poten-
tial, especially for the first transition. Therefore,
EMAS is a powerful tool to accurately deter-
mine the absolute energy position of the 15,
state, 7.e. the dependence of the conduction
band edge position with respect to the particle
diameter. For these investigations multilayers
of CdSe nanoparticles in the size range between
2.4 and 5.9nm have been prepared and attached
to FTO electrodes.

The EMAS spectra of all samples show a bleach
of the first four optical transitions and the ap-
pearance of the induced absorption band be-
tween transition B and C, with the exception
of the spectrum of smallest sized sample which
is essentially due to its weak signal-to-noise ra-
tio. For the particle sizes 3.8, 3.4 and 2.9nm an
additional second induced absorption feature is
observed at shorter wavelengths next to transi-
tion D. (See supporting information Figure S5
and S6).

With decreasing particle size, a rapid drop in
the signal magnitude is observed. In comparison
to the sample with the largest particle diame-
ter, the magnitude of the bleach observed for
the sample with the smallest particle diameter
is two orders of magnitude smaller. Assuming
that the absorption coefficient is directly pro-
portional to the particle volume the decrease in
signal intensity from the largest size (5.9 nm) to
the smallest size (2.4nm) is expected to amount
to only approximately 7 %.

The lower intensities observed for the small parti-
cles are attributed to the less efficient adsorption
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FTO CdSe-NPs

FTO CdSe-NPs

-

A

U vs Ag/AgCl (V)

Figure 4: Schematic of the transitions bleached via the population of the conduction band 1S
state and the calculated potential positions of the individual electronic states within the bands versus
the Ag/AgCl reference electrode. The valence band states have been calculated on the basis of the
potential determined for the 1S state according to equation 3. The potential of the 1P, state is
estimated on the basis of results published by Guyot-Sionnest and coworkers.’? Uy denotes the Fermi

potential (corresponding to the Fermi energy).

abilities of the smaller particle sizes during the
deposition procedure and can be explained in
terms of a much smaller radius and hence a more
strongly curved surface. Hence, the interaction
with multiple binding sites is less likely with the
consequence that small particles are more prone
to detach.

The respective plots of the bleach signal inten-
sity versus the applied potential clearly reveal
a shift of the sigmoid curve trace to more nega-
tive potentials with decreasing particle diameter
and therefore increasing band gap energy. This
finding is in agreement with the presence of the
quantum confinement effect.

In order to determine the size dependent po-
tential of the 15, state, which corresponds to
the conduction band edge, the measured data
were fit according to the model presented above.
To reduce the influence of random errors the
positions of the inflection points have been de-
termined by averaging the results of at least
five measurements at different sites on the elec-
trodes.

Theoretically, it should be possible to determine
the position of the valence band in similar fash-
ion by applying the potential modulation across

the valence band edge. However, the expected
potential range for the valence band edge is
located beyond the oxidation potential of wa-
ter. Therefore, the valence band edge positions
have been determined according to equation 3
by adding the optical band gap energy and the
respective Coulombic interaction term to the
conduction band level. The size dependent ab-
solute energy levels of the conduction band and
valence band are shown in Figure 5. Additionally
the predicted dependencies based on theoretical
calculations, namely the effective mass approx-
imation (EMA) and a tight binding approach
(TB), are shown for comparison.

In agreement with the quantum size effect,
the determined band edge levels of the conduc-
tion band and valence band show a significantly
convergent behavior with increasing nanocrystal
diameter, which fits quite well with the theo-
retically predicted curves. The size dependence
of the shifts of both band edges is found to be
nearly equal. This is rather unexpected consid-
ering the fact that the band edge shifts should
be related reciprocally to the respective charge
carrier effective mass%? and therefore a some-
what larger shift is expected for the conduction
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Figure 5: Size dependence of the absolute energies of the conduction band edges and valence band
edges for the set of CdSe nanocrystals determined by EMAS. Theoretically predicted curves based
on the effective mass approximation (EMA) and a tight binding approach (TB) reported by Sapra
and Sarma.% have been plotted for comparison. Whereas the size dependent band edges calculated
by the tight binding approach closely match the measured data, the effective mass approrimation
increasingly overestimates the band gap for decreasing particle size, due to the assumption of that
the respective charge carriers are confined by infinite energy barriers. Please notice the axis break at

the potential/energy axis.

band edge which is also expressed in the theo-
retically calculated curves. The observed loss
in signal magnitude at potentials more negative
than —1.3V could provide a possible explana-
tion for this effect. The detachment of particles
from the electrode surface leads to a prema-
ture decrease in the bleach intensity before the
potentials at which the signal intensity should
reach the plateau are probed, i.e. as the occu-
pation probability becomes one. Subsequently,
the expected sigmoidal curve progression be-
comes distorted such that the inflection point
corresponding to Uy is slightly displaced towards
more positive potentials.

Moreover, it follows that this effect is more pro-

nounced for smaller particle sizes, as with de-
creasing particle size the bleach is observed at
more negative potentials. If this artefact is taken
into account, the measured data very closely re-
sembles the curve progression predicted by the
TB approach. On the other hand, the effective
mass approximation reveals a much stronger de-
pendence of the bandgap with size as obtained
from EMAS. This is mainly due to the fact that
in this model the confining potentials have been
assumed to be infinite, leading to an overesti-
mation of the confinement energy, especially for
smaller crystal sizes. Furthermore, in the case of
IT- VI semiconductors the simple effective mass
approximation does not account for the splitting
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of the valence band into subbands.%? % TB cal-
culations provide a substantial improvement in
accuracy since it describes properties in terms of
chemical bonds and therefore gives the model a
more realistic physical base.57 Sapra and Sarma
have computed the size dependent shifts of the
individual band edges for various II- VI semi-
conductor NCs by using a sp3 d°-orbital based
TB approach.?

To not exceed the scope of this paper, we will not
discuss influences of other solvents like acetoni-
trile or methanol. But we did this investigation
and the reader should be aware that changing
the solvent of the electrolyte strongly affects and
shifts the position of the estimated electronic
states.

Also the cation of the electrolyte may influence
the energetic positions because of intercalation
processes that lead to Na-Se bonds within the
particle.%® This will introduce mid-gap states
which then lead to undesirable charging before
reaching the conduction band states. Also differ-
ent capabilities of charge compensation, whether
big cations are used or small ones, may affect the
charging process, because of differences in the
mobility or charge density of the ions.% The last
point that should be mentioned is the problem
of surface trapping. Until now there is no sys-
tematic investigation of this point with EMAS
but we want to state that spherical particles
varying their diameters and platelets varying
their thicknesses and lateral sizes may be influ-
enced all in a different manner by charging of
local states.

Comparability of EMAS results, thus, is only
given if usage of the same environment which
implies electrolyte, working electrode material,
temperature and the cleanliness of all compart-
ments is ensured.

Application to CdSe-Nanoplatelets

The electronic structure of nanoplatelets dif-
fers completely from that of spherical nanoparti-
cles. The density of states (DOS) in two dimen-
sional electron gases is constant, which leads to
a staircase structure in quasi two-dimensional
quantum wells. Contrary to small spherical
nanoparticles there are now quasicontinuous

bands present and therefore many more elec-
tronic conduction band states which can be filled
during the application of EMAS.

Furthermore, platelets have a much higher sur-
face /volume ratio that potentially leads to more
surface states. Those surface states can be
filled during EMAS and provide a negative ex-
cess charge at the surface of the particles. It
is therefore interesting to extend the power-
ful measuring technique from geometric nearly
isotropic structures to those with strong geo-
metric anisotropy. The simple model applied
to nanoparticles is also applied to platelets. In
Figure 6 top left, EMAS difference spectra are
shown with linear absorption spectra of the
nanoplatelet solution and of the coated sub-
strate also provided for comparison. The dif-
ference spectra show three separated bleaching
peaks. The spectral position of the bleaching
peaks and the transition peaks in the linear
absorption spectra are in excellent agreement
which is highlighted by the dashed lines in Fig-
ure 6 left, where an assignment (denoted as A,
B and C) for the peaks has been made. There is
also a fourth smaller absorption between B and
C which originates from a nanoplatelet fraction
containing thinner platelets which were not com-
pletely removed during the purification process.
Transitions A and B originate from the forma-
tion of 1S excitons, where the exited electron
comes from the heavy-hole band and from the
light-hole band, respectively.” 1S5 denotes the
exciton in the ground-state below its particu-
lar band edge. Higher excitations are possible
but for all inter-band transitions the parity of
the electron and hole wave function must not
change. For transition A the corresponding ex-
citon can be noted 1S-hhl-el indicating that the
electron is excited in the first electron sub-band
(in the conduction band) and the hole remains
in the first sub-band of the hh band (in the va-
lence band). Analogously the exiton, which is
assigned to B, can be written as 15-lh1-el.
The appearance of induced absorption at both
sides of the quenching peak indicates a poten-
tial induced broadening of the absorption. The
reason for this is the electric field that is applied
during the measurement process. Similar dif-
ference spectra were obtained by Achtstein et.
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Figure 6: top left: difference spectra obtained from an EMAS measurement. Every graph represents
a applied potential amplitude which is displayed versus the Ag/AgCl reference electrode (Ag/AgCl/
3M NaCl, Upep = 0,209 V vs NHE). bottom left: linear absorption spectra of the nanoplatelet solution
and of the coated FTO-Substrates. top right: change of absorption dependent on the applied potential
amplitude. As dashed line, the fitted sigmoidal curve is drawn. bottom right: SEM image of the

coated FTO-substrate.

al.™! where nanoparticles were fixed in a poly-
mer matrix between two capacitor plates and a
constant potential applied to the particles. Due
to the quantum confined Stark effect (QCSE)
and the quantum confined Franz-Keldysh effect
(QCFKE) a broadening of the absorption curve
was received and at the same time a loss in
signal intensity. Both signal quenching and in-
duced absorption occur to approximately the
same extent which is different from the spectra
presented here. These findings confirm the ex-
planation that the bleaching observed is mainly
due to occupation of electronic states and the
induced absorption due to broadening because
of the external electric field. On the other hand

induced absorption could also originate from a
changing of the exciton energy as a result of
charging the nanostructure. However this can
only explain the induced absorption signal at
higher energy than the fundamental absorption
in the uncharged case.

The EMAS spectra show a significant change
in absorbance above 1V in the cathodic direc-
tion versus the Ag/AgCl reference electrode. As
was presented above the extent of the change
in absorbance is plotted against the correspond-
ing maximum potential which was applied dur-
ing the measurement. After fitting the data to
equation 1 the inflection point (Uy) amongst
the other parameters, as listed in Table 2, were
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Table 2: Parameters extracted out of the AA — U plot. The standard deviation is given in brackets

after the respective values.

Transition AA;-107% AAy-107% Uy vs Ag/AgCl 19

inV in mV

A 83.3 (1.7) 0.21 (1.04) -1.142 (0.004) 46 (4)

B 21.8 (0.5) 0.27 (0.21) -1.169 (0.004) 49 (3)

C 5.6 (0.2) 0.31(0.05) -1.190 (0.006) 66 (4)
determined. As expected AAjy is near zero be- ~1,05 | | |
cause this parameter describes the behavior of )
the system under the application of small po- S A A 1S-hh1—e1—eX(flton
tential amplitudes. The maximum extent of g —1,1} A 15-hl-el-exciton |
bleaching is different for each transition because 3
they have different absorption cross-sections. It :10 A
seems logical that intensive transitions produce b —1L,15 - 2 |
stronger bleach signals than weaker ones. <: 8
A much larger discrepancy of about 20 to 25 mV > “12] |
for the three inflection points can be observed. S %
The broadening parameter (£) of the sigmoid
curves are comparable to those obtained from —1,25 ! ! !

5ML 4AML 3ML

the quantum dot experiments. Because of the
interpretation of the inflection point as the band
edge potential of the el band (lowest sub-band
in the conduction band) it is expected to be the
same for all three values and the reason for this
discrepancy is presently under investigation. A
possible explanation including a distinction of
the el-band because of its strong geometrical
anisotropy in different sub-bands is unlikely as
if this were the case, the linear absorption spec-
trum should show additional transitions which
in this study could not be observed. In addition
the selection rules are determined only by the
parity of the wave function, not by the origin of
the electrons (hh- or lh-origin).

Size Dependence

Variation of spatial confinement in the z-
direction (perpendicular to the particle area)
has a major influence on the optical and elec-
tronic properties of the platelets. With decreas-
ing thickness the quantization in the z-direction
becomes stronger and the energy eigenvalues of
the electronic states increase. Thus, the band
edges become more separated which leads to the
observed blue shift in the fundamental absorp-

Figure 7: FEwvolution of the assumed conduc-
tion band edges according to the thickness of
the nanoplatelets. The filled triangles denote
the potentials that are obtained from analysis of
the first exciton of the hh-subband (hhl1-exciton).
Analog the empty triangles are related to the
quenching of the lh1-exciton.

tion.

Measured EMAS Spectra and corresponding lin-
ear absorption spectra are given in the support-
ing information (Figure S2 for 5 mono layer and
Figure S3 for 3 mono layer).

The apparent discrepancy of Uy, depending on
the analysis of the hh-exciton on the one hand
and of the lh-exciton on the other, indicates
that the generation of excitons out of these sub-
bands is affected differently by the application
of an external potential. This is a significant
difference to the case of the spherical particles.
The more profound reason for this observation
might be the fact that spherical nanoparticles in
the above mentioned size range are more related
to discrete molecules than platelets which show
bulk-like behavior in two dimensions. The quasi-
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continuous sub-bands of the platelet may lead
to charging effects which are different from the
processes observed in spherical nanoparticles.
In this context it might be helpful to apply
EMAS on one-dimensional nanostructures to
investigate the influence of continuous regions
in the DOS with more certainty. Building on
that, a new EMAS model should be sought, that
includes

e the density of states, both of the upper
valence band and the lower conduction
band

e surface states and thus the generation of
additional parts of the density of states
within the bandgap region

e an insulating barrier between the parti-
cles and the conductive electrode due to
organic capping ligands and thin oxide lay-
ers due to oxidation of the semiconductor
nanomaterial %73

e influence of charging effects on the
band structure of spherical particles and
platelets.

Conclusion

EMAS as a spectroelectrochemical method
has been applied successfully to semiconductor
nanostructures with the specific aim to identify
band edge positions according to a well defined
reference electrode. A bleaching model has been
derived and its application to the difference
spectra yields reproducible band edge energies.
Using lock-in amplification extremely weak sig-
nal amplitudes are resolvable which allows the
investigation of mono- and submonolayers of
particles attached to the transparent working
electrode.

The investigations have been carried out
for spherical CdSe-nanoparticles and CdSe-
nanoplatelets. The bleach model fits very well
for the spherical particles but there are compli-
cations with the more continuous band nature
of the platelet structures, which manifest them-
selves in a discrepancy of the inflection points
for different transitions that should in principle

ACS Nano

be identical. Further measurements are required
in order to bring more certainty to the field of
anisotropic nanostructures.
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