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ABSTRACT Films of colloidal quantum dots (QDs) show great

Charge Injection

promise for application in optoelectronic devices. Great advances

have been made in recent years in designing efficient QD solar cells
and LEDs. A very important aspect in the design of devices based on é’x /\,
QD films is the knowledge of their absolute energy levels.
Unfortunately, reported energy levels vary markedly depending on
the employed measurement technique and the environment of the
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sample. In this report, we determine absolute energy levels of QD
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films by electrochemical charge injection. The concomitant change in optical absorption of the film allows quantification of the number of charges in

quantum-confined levels and thereby their energetic position. We show here that the size of voids in the QD films (i.e., the space between the quantum

dots) determines the amount of charges that may be injected into the films. This effect is attributed to size exclusion of countercharges from the electrolyte

solution. Further, the energy of the QD levels depends on subtle changes in the QD film and the supporting electrolyte: the size of the cation and the QD

ligand length. These nontrivial effects can be explained by the proximity of the cation to the QD surface and a concomitant lowering of the electrochemical

potential. Our findings help explain the wide range of reported values for QD energy levels and redefine the limit of applicability of electrochemical

measurements on QD films. Finally, the finding that the energy of QD levels depends on ligand length and counterion size may be exploited in optimized

designs of QD sensitized solar cells.
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olloidal quantum dot (QD) solids
C are promising for cost- and energy-

efficient light harvesting, detection,
and generation due to their tunable band-
gap, solution processability,’ stability,>* and
anticipated cost-efficiency.*> Encouraging
device efficiencies have been achieved in
the fields of photovoltaics,*5” LEDs®~'°
and (IR) photodetectors."’ A compelling
strategy to improve their luminescence
(for LEDs) and charge extraction properties
(for photovoltaics and photodetectors) is
the implementation of a heterostructure
consisting of two different semiconductor
materials: by tuning the energy levels at
either side, both the direction and rate of
charge transfer can be controlled. However,
the measurement of absolute energy levels
(vs vacuum) remains a challenge. While a
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variety of experimental techniques is avail-
able, each one has its own pitfalls: ultra-
violet photoelectron spectroscopy (UPS) can
only determine energy levels of samples
in vacuum'? and photoelectron spectro-
copy in air (PESA) only of samples in air.'®
Whereas the former measurement may be
irrelevant for an actual device configuration,
the latter has to cope with the poor stability
of QDs in air. In addition, both are intrinsi-
cally limited to the surface of the film.
This drawback is shared by Kelvin probe
measurements.'® Finally, electrochemistry
can determine energy levels of the entire
volume of a sample and under a variety
of dielectric environments.'> However, the
commonly employed cyclic voltammetry
measurement mode (CV) per definition
cannot distinguish between QD levels and
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defect states resulting from impurities or the surface
of a QD. Since surface defects are abundant and
very sensitive to a sample's preparation conditions
and history, CV measurements often feature a large
sample-to-sample variation and their interpretation is
difficult. Hence, it is not surprising that the spread in
literature values for energy levels determined by CV
measurements surpasses 1.5 V. This discourages any
effort to improve the performance of a working device
via careful fine-tuning of its energy level alignment
based on the existing literature of energy levels.

On the other hand, spectro-electrochemistry adds to
the reliability of electrochemical energy level studies
since it simultaneously probes changes in trans-
mission and/or luminescence as a function of the
applied potential to the sample. This way, it is possible
to unambiguously distinguish charges in (optically
active) QD orbitals from charges in defect states.'>2°
Such “electrolyte gating” (also called “electrochemical
gating”)'> has been successfully exploited by several
groups to study absolute energy levels,'® investigate
charge associated absorption changes and fluores-
cence quenching,'®?" blinking characteristics,**** or
induce order-of-magnitude increases in steady-state
conductivities. 2%

One reason for the success of the above spectro-
electrochemical studies roots in the nanoporous mor-
phology of a QD film: simultaneous with the injection
of electrons or holes into the QD film, electrolyte
counterions (present in the voids of the films) allow
for a nanoscale charge compensation. Hence, while
only the surface of a macroscopic semiconductor
crystal can be charged, it is possible to charge the
complete “bulk” volume of a QD film. Furthermore,
one would expect that the type of counterion has
little influence on the efficiency and energy of charging
the QD film as long as the counterions are electroche-
mically inactive.
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In this report, we determine the absolute energies
of the 1S, and 1P, electron levels in CdSe QD films by
spectroelectrochemistry. In particular, the spotlight is
moved to charge injection in QD films whose conduc-
tivities are increased via reduced interparticle spacing
by short cross-linking molecules, that is, the ligands.
We find that in those films the maximum number of
injectable electrons is limited by the size of the film's
voids. The latter can be tuned via the diameter of the
QDs and the length of the ligands that separate them.
Furthermore, we report two peculiar observations
concerning the absolute electron energy levels: (1)
they depend on the cation size; this is not expected
given the assumption that the cation is electrochemi-
cally inactive (see above). (2) They depend on the
length of the QD ligand; this is not expected as a recent
report finds energy level shifts due to the binding
group of a linker, but not its length.'® Both observa-
tions suggest that the cation tends to approach the
QDs as close as possible, and that the proximity of the
cations and the negatively charged QDs is an impor-
tant factor in the overall energy of the system.

RESULTS AND DISCUSSION

QDs with diameters ranging from 2.4 to 8 nm were
synthesized following the procedure by Mekis et al.>®
QD films were grown on ITO (indium tin oxide) sub-
strates with a layer-by-layer (LbL) dipcoating method in
a N, purged glovebox. Charge injection into CdSe QD
films was investigated using a spectroelectrochemical
setup in which the sample's substrate served as the
working electrode in a three-electrode electrochemical
cell (see Figure 1a). The Fermi level of the QD film is
raised by a negative voltage between the sample's
substrate and the Ag wire pseudoreference electrode
(see Figure 1b). The resulting injection of electrons in
the QD film and simultaneous charge compensation by
cations in the electrolyte is monitored by a change in

b

ITO substrate

E vs. vacuum

V vs. pseudoref
ITO

QD Film

Figure 1. (a) Schematic of the spectroelectrochemical setup: via the potentiostat a voltage is applied between the Ag wire
pseudoreference electrode and the QD film on an ITO substrate, both of which are immersed in the supporting electrolyte.
Simultaneously, the electrochemical charging current is measured by a counter electrode and the change in the QD film
absorption is monitored by a UV—vis spectrometer. (b) Schematic of the electron injection process: raising the Fermi level of
the ITO from within the QD bandgap (black dashed line) to above the bandgap (blue continuous line) allows electron injection
into an electronic level of the QD film. This blocks transitions to this level and thereby bleaches the absorption.
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Figure 2. (a) Normalized absorption spectra A(V,.) of QD dispersions with diameters ranging from 2.4 to 8 nm. For clarity, the
spectra are offset vertically. (b) The absorption spectrum A(V,) of a 8DA-linked film of 8 nm QDs (black continuous line) can be
fitted by multiple Gaussians (black dashed lines). Starting from about —1 V vs the Ag pseudoreference electrode, the QD film
gets reduced inducing an absorption bleach AA(V) of these transitions. The involved electron levels are indicated by vertical
dashed lines. The supporting electrolyte is 0.1 M LiClO, in anhydrous acetonitrile.

the absorption of the QD film. See Methods section for
details.

Known size confinement effects such as an increase
of the bandgap and discretization of electronic states
are observed in an absorbance measurement A(V,) of
our QD dispersions of five different diameters, at open
circuit potential V,. (see Figure 2a). Compared to
the spectrum of the original dispersion, the QD
films with 1,2-ethanediamine (2DA), 1,4-butanediamine
(4DA), 1,6-hexanediamine (6DA), and 1,8-octanediamine
(8DA) show a minor redshift and some broadening
of the lowest energy transition (see Supporting
Information). In Figure 2b, the spectrum of a 8DA-
linked film of 8 nm QDs is fitted by multiple Gaussians
in the energy region between 1.65 and 3.45 eV to
unveil the underlying optical transitions. Following
Norris and Bawendi,?® the first Gaussian can be as-
signed to the nearly overlapping 1S3,,1S. and 255,515,
transitions at 1.9 eV, the second Gaussian can be
ascribed to the 1P3,,1P. transition at 2.05 eV and
the third Gaussian may originate from the 3S3,,1S,,
151,22Se, and 4S5,,2S, transitions at 2.3 eV. The rela-
tively large size of the QDs precludes a more detailed
assignment of transitions.

Determination of 1S, and 1P, Energy Levels. We now
endeavor to determine the absolute energy of the
confined electron levels for some of the observed
transitions. Upon applying a negative potential on
the sample's substrate (in case of a conductive film
equivalent to shifting the Fermi level of both substrate
and sample toward vacuum), we witness a negative
change in the film's absorption (see Figure 2b) com-
pared to the absorption at open circuit A(Vy). This
probe energy and potential dependent absorption
bleach AA = A(V) — A(V,() is seen at the lowest energy
transitions. At about —1 V vs the Ag wire pseudorefer-
ence potential, first the transitions involving the 1S,
electron level start to bleach and disappear completely
at about —1.5 V, whereas from about —1.2 V also
the transitions involving the 1P, level start to bleach.
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To distinguish the contributions of both electron levels,
we identify several Gaussian transitions in the potential
dependent spectra, as for the ground state spectrum.
We classify them by their involved electron levels such
that A/(V) is the absorption resulting from all transitions
involving the level j (i = 1S, 1P,, ..) and AAi(V) the
respective absorption bleach. In Figure 2b, the spectra
Ai(Voc) are shown as black dashed lines and the in-
volved levels i are indicated by vertical dashed lines.
The number of charges injected into a QD energy
level j (i = 15, 1P,, ..) can be determined®*?” from

"Ey
(op V) = g1 / AAE VIJAE Vo) dE (1)
EL

where (nqp,(V)) is the average number of electrons per
QDin leveliatan applied potential V, g; the degeneracy
of this level and E, and E the lower and upper bound
of the energy interval, respectively. We choose F, =
1.4 eV and Ey = 3.0 eV as the lower and upper bound,
respectively. This choice is based on experimental
limitations, however justified by the saturation of
the integral within the chosen interval: for all of the
samples, the integral stays constant when shifting the
bounds at either side. Consequently, {noptiot(V)) =
Z{nopt,iV)) is then the average total number of elec-
trons per QD in quantum confined levels. The main
source of uncertainty in the determination of n lies in
the accuracy of the Gaussian fit to the absorption
spectra. For n < 2 this fit is quite accurate, as the first
transition is found to saturate at 2 electrons per QD,
as expected. For higher electron numbers the uncer-
tainty increases and likely is of the order of 20%. In
the following, we introduce two synonyms: “relative
bleach” for AA(W/A(Vo) and “differential (relative)
bleach” for its discrete derivative 1/A{(V,) - AIAA{(V)/
Ai(Voc)]-

The incremental filling of electronic states in a QD
film is illustrated in Figure 3 as the differential bleach
AIAA{W]/AV and the differential capacitance AQ(V)/AV.
The former yields the density of optically active states
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Figure 3. Determination of electron energy levels in a film
of 8 nm CdSe QDs with 8DA ligands by means of differential
capacitance AQ(V)/AV (open diamonds) and differential
absorption bleach A[AA{(V)]/AV at transitions involving
the 1S, level (closed circles) and 1P level (closed triangles),
respectively. Gaussian fits to the differential bleaches are
displayed as continuous lines. The electrolyte is 0.1 M LiCIO,
in acetonitrile.

Aot/ AV according to eq 1, while the latter relates
to the “electrochemical” DOS A{n.)/AV = (AQ(V)/
AV)/(eN) where {n..) is the average number of electrons
injected into the film per QD, e is the elementary charge,
and N is the number of QDs in the film. This “electro-
chemical” DOS?® includes optically dark electrons
which may reside, for instance, in surface states. Hence,
if the only charging that occurs is charging of the QD
energy levels, the differential optical bleach and the
differential capacitance should rise simultaneously with
decreasing voltage. Indeed, the first wave in the differ-
ential capacitance (open diamonds in Figure 3) clearly
coincides with filling of 1S, electron levels (closed
circles), whereas the second wave in the differential
capacitance is related to charging of 1P, states (closed
triangles). We can thus conclude that within the ob-
served time window (see Supporting Information) there
is negligible charging of states other than the quantum
confined ones.

The reversible charging and discharging of QD films
hence enables the observation of quantum size con-
finement both optically and electrochemically. First, in
the case of 8 nm QDs, we find the 1S, and 1P, levels
to reside at —3.80 and —3.65 eV vs vacuum (or at —1.20
and —1.35 V vs the Ag pseudoreference electrode,
respectively), as inferred from the extrema in the
Gaussian fits to the differential bleach. This experimen-
tally determined 1S.—1P. intraband separation of
0.15 eV is close to the expected intraband separation
based on photoluminescence excitation data of Norris
and Bawendi:*® their reported difference of 0.15 eV
between the 1S3,,1Se and 1P3,, 1P, transition translates
into a 1S.— 1P, intraband separation of 0.11 eV, using
effective masses of 0.13my and 0.44m, for electron
and hole, respectively. It also agrees with the infrared
absorption data of smaller QDs in solution: the re-
ported 1S.—1P. intraband separation of QDs with
diameters between 2.7 and 54 nm ranges from
0.27 to 0.5 eV.'"® Second, we find that in films of
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Figure 4. (a) Saturation of the number of electrons injected
for films of 8 nm QDs with 6DA (circles) and 8DA ligands
(squares), respectively, and a film of 3.7 nm QDs with 8DA
ligands (triangles). (b) Experimentally determined maxi-
mum number of electrons per QD (n,,) (bars) and calcu-
lated void volume assuming stiff ligands (line with crosses)
and flexible ligands (line with open circles), respectively, as
explained in the text. The films are categorized by their QD
diameter and their ligand length, the latter ranging from
two (2DA) to eight (8DA) C atoms. The supporting electro-
lyte is 0.1 M LiCLO, in acetonitrile. (c) Schematic of a
tetrahedral void in the hard sphere model. The fourth and
out-of-plane QD is half-transparent, the calculated void
volume for stiff and flexible ligands is indicated by a filled
and dashed circle, respectively.

3.7 nm QDs the injection into 1S, electron orbitals
occurs at a 0.16 eV higher potential than in films of
8 nm QDs (see Supporting Information). This is in
coarse agreement with the 0.21 eV offset expected
from the 0.27 eV larger confinement energy (see
Figure 2a) and the above electron and hole effective
masses.

Void Size Limited Electron Injection. Using eq 1 we have
determined the average number of electrons per QD
(N for various QD diameters and diamine ligand
lengths. Figure 4a shows (n..) vs applied potential for
three filmsina 0.1 M LiClO, electrolyte: 3.7 nm QDs and
8DA ligands (triangles), 8 nm QDs with 6DA (circles),
and 8DA ligands (squares). For all films the number
of injected charges is found to saturate at a certain
potential: applying a more negative potential does
not result in additional injection of electrons into the
QD energy levels. The value of {n..) at which this
saturation occurs varies for the different films. For the
8 nm QD diameter film with 8DA ligands the maximum
occupation of quantum confined electron levels is
5.5 electrons per QD. However, reducing either QD
diameter (from 8 to 2.4 nm) or ligand length (from 8DA =
octanediamine to 2DA = ethanediamine) results in
fewer electrons injected (see Figure 4b). We hypothe-
size that the maximum number of injected electrons
per QD is limited by the size of the film's voids. We
hereby assume that the ligand length controls the
inter-QD separation. This has been shown by several
authors, including our group, by X-ray scattering®®
and electron microscopy®® as well as conductivity
measurements.>'2 Consequently, in the case of very
small voids, that is, for densely packed films cross-
linked via 2DA, insufficient cation compensation per-
mits charging only at the surface of the entire film.
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This situation is equivalent to charging of a planar
semiconductor: the potential drops in the depletion
region where charging is possible."® The bulk of the
film remains uncharged. In this picture, efficient charge
injection requires voids to be large enough for hosting
electrolyte cations, as is the case in the films of large
QDs with long ligands.

Hard Sphere Model. To test this hypothesis, in the
following, we estimate the sizes of both the cations
and the voids. The sizes of the former can be found in
literature and range from 0.5 nm (i.e, Li*, solvated
by acetonitrile molecules)®® to 0.93 nm (ie, TOAT,
“solvated” by its alkyl chains),>* the sizes of the latter
are calculated in a hard sphere model. Herein, the QDs
are modeled by hard spheres forming a closed-packed
fcc lattice, as Murray et al.>® have found evidence of
fcc stacking in self-assembled CdSe QD lattices. We
assume that the available void volume for uptake of
electrolyte cations is given by the largest possible
spheres that fit in the octahedral and tetrahedral voids
of this stack. For N ligand-free QDs of radius R, there are
N octahedral and 2N tetrahedral voids of radii 0.414
and 0.225 R, respectively.3® Owing to the ligands on the
QDs, the volume of both voids is enlarged, as sketched
in the two scenarios in Figure 4c: either the ligands
are assumed “stiff”, in which case they merely increase
the apparent radius R of the QD, or they are “flexible” in
the sense that they permit full penetration of electro-
lyte ions and could thus be seen as a solvent that
increases the distance between QDs. In Figure 4c, a
tetrahedral void in the stiff case is sketched as a filled
orange circle, a void in the flexible case is sketched as
a dashed orange circle. The combined volume of the
one octahedral void and the two tetrahedral voids
per QD for ligands of length / can then be calculated
as Vatgror = /3(0.414(R + )? + 2(0.225(R + ))*] in the
case of stiff ligands and Viex twor = Y/57[(0.414-
(R+1) + 1+ 2(0.225(R + 1) + )*] in the case of flexible
ligands, respectively. Both calculated volumes are
shown in Figure 4b for different QD diameters and
various ligands. The increase in the calculated void
volume qualitatively agrees with the trend observed in
the experimentally determined average electron occu-
pation {ny) per QD. This shows that if there is more
volume available for cation uptake (in the case of large
QDs and long ligands), more electrons can be injected
into the QDs.

The qualitative agreement of the hard sphere
model with the measured average electron occupation
(v is remarkable given the crude assumptions of the
model. Specifically, our films will not be as ordered as
assumed in the above hard sphere model. It is known
that dipcoating results in glassy, rather than ordered
films.3”3® Furthermore, we so far neglected any inter-
action between injected electrons and electrolyte
cations. For high degrees of charging with multiple
cations per void as observed in the films with 8 nm QDs

BOEHME ET AL.

and long 8DA ligands, this should lead to deviations
from our hard sphere model.

Summarizing, we show here that the small inter-
particle spacing of highly conductive QD films neces-
sarily limits their electrochemical charging ability. This
is in line with a puzzle presented in an earlier report:*®
CdSe QD films treated with NaOH were found to
be chargeable up to a concentration that amounts to
charging of the first monolayer at the surface of the
film. Exposure to NaOH effectively removes all ligands
leaving OH ™ at the surface.*® We suggest that in this
case the voids in the film have been too small for cation
uptake. The importance of nanoporosity for efficient
charging has also been demonstrated in a recent
study on graphene based electrochemical capacitors:*'
increasing the porosity in graphene layers was the recipe
to achieve capacitors of both high power density and
high energy density.

Ligand Length and Cation Size. In the following we want
to address the energetics of electron injection in CdSe
QD films. As outlined above, we draw our motivation
from the large spread in reported values for QD
electron energy levels. Figure 5a shows the potential
dependent charging of films of 8 nm QDs with ligands
of varying length. For the 6DA and 8DA ligands, the
relative bleach of the 1S5/,1S, transition saturates at
~1, indicating full (2-fold) charging of the 1S, level. This
is in line with the conclusion above that in these films
in total more than four or five electrons per QD can
be injected, respectively. However, for the shorter
6DA ligands we observe a ~ 200 meV lower injection
potential (defined as the minimum of the differential
relative bleach). While for the 2DA ligands the incom-
plete relative bleach at saturation due to reduced void
size precludes a quantification of the shift, the high
relative bleach at low potentials for 2DA ligands con-
firms the trend that electron injection occurs at lower
potential when the ligand length is decreased. The
same qualitative trend of a lowering of the injection
potential also holds for films of 3.7 nm diameter QDs
(see Supporting Information).

While it is conceivable that the ligand itself causes a
shift of the energetic position of the QD electron levels,
a recent study using photoelectron spectroscopy in air
(PESA) showed only negligible variations in the energy
levels for films of QDs with varying length of the amine
capping.® We therefore hypothesize that the distance
between cation and injected electron in the QD de-
termines the injection potential instead: an increased
proximity of the charges on cation and QD imposes an
attractive Coulomb interaction, thereby lowering the
electrochemical potential of injection.

To corroborate this hypothesis, we also varied the
cation size, with Li" < TBAT < TOA".3**? Figure 5c¢
displays the charging of a film with 8 nm QDs and 8DA
ligands. The large void size in this film allows facile
counterion penetration, even in case of the largest ion
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Figure 5. (a) Potential dependence of the relative bleach at the 155,,1S, transition (open symbols) and the differential relative
bleach at this transition (closed symbols) for films of 8 nm QDs cross-linked with 2DA (triangles), 6DA (circles), or 8DA
(squares), respectively. Gaussian fits to the differential relative bleaches are shown as continuous lines. (b) Schematic
illustrating increased proximity of cation and QD for decreasing ligand length. Note that the QDs, ligands, and Li-+ ions are not
sketched with their true relative size. (c) Bleaching of a 8DA-linked film of 8 nm QDs in acetonitrile electrolytes using cations of
increasing size: from Li+ (squares) to TBA+ (upward triangles) to TOA-+ (downward triangles). (d) Schematic illustrating the
different sizes of used electrolyte cations. Note that the QDs and ions are not sketched with their true relative size.

TOA™. This is evident from the complete bleach of
the 1S3/,1S, transition for all cations used. We observe
a lowering of the injection potential by 500 meV when
the size of the cation reduces from TOA™ to TBA™ to
Li*. This is consistent with the above proposed scenar-
io in which the proximity of the charges on cation and
QD lowers the electrochemical potential of injection.

Comparison to lonic Lattices. One might compare the
charged QD film to an ionic lattice comprising negative
charges (being the electrons in the QD film) and
positive charges (being the electrolyte cations in the
voids of the QD film). One could assume that, as is the
case for atomic ionic lattices, the cations sit symme-
trically between the QDs in the center of the voids. As a
result, the total potential of the lattice and, thus, the
electrochemical potential of electron injection, should
only slightly depend on the ligand length (due to
lattice contraction, see Supporting Information) and
should not depend on the size of the cation.

In strong contrast to this picture, Figure 5 panels a
and c show that the injection potential is lowered by
200 meV due to a decrease in the ligand length and by
500 meV due to a decrease in cation size. Therefore,
we suggest that, unlike cations in atomic ionic lattices,
the cations in a film of QDs try to approach the charged
QDs as close as possible. Their proximity to the QDs,
and hence the film's potential, is controlled by the

BOEHME ET AL.

ligand length and the cation size: the ligand acts as a
“spacer”, increasing the film's potential with increasing
ligand length; the cation size leads to the same effect
by controlling the proximity of the charge on the ion
and the electron on the QD via the thickness of
the ion's solvation shell (in case of Li*) or the length
of its alkyl side chain (in case of TBA™ and TOA"),
respectively.

Apparently cations in QD films do not behave
like cations in ionic lattices. This can be understood
when we consider that in atomic ionic lattices steric
hindrance is responsible for locating the cations in the
center of a void. The size ratio between cations and
anions is much larger (~1:1) than the QD/cation size
ratio. The similarity of the ionic radii of anions and
cations immobilizes the cations in the (center of the)
small voids of the anionic sublattice. In QD lattices,
however, the large ratio in size of QD and cation creates
voids that are larger than the cation and permit the
cation to “move”.

Voids in real films are even larger, since dipcoating
results in glassy, rather than ordered films.>”*® Disorder
gives rise to inclusions of large voids where the elec-
trochemical potential of electron injection will be
controlled by the ligand length and cation size, as they
determine the distance between electron and cation
(see Figure 5). This situation is similar to the charging of
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a planar semiconductor. Hence, the charged QD film
can be modeled by specific optimized electron/cation
pairs and absence of ion-lattice periodicity.

Similarly, mesoporous oxide films in dye or QD
sensitized solar cells feature larger voids (a few to a
few tens of nanometers) and their conduction band
minima were found to shift substantially with surface
functionalization.***® Apparently, both the mesopor-
ous oxide films and our CdSe QD film compare better
to a planar bulk semiconductor than to atomic ionic
lattices. Studies on dye sensitized solar cells already
paid substantial attention to the choice of the electro-
lyte: charge transfer rates could be influenced®” ~*° and
the overall device performance optimized**=° solely
by the choice of the electrolyte salt and its concentra-
tion. It was found that the conduction band position of
metal oxide particles and thus the open circuit voltage
mainly depends on the charge-to-size ratio of the
electrolyte cation. Specifically, an increasing concen-
tration of Li* led to significant shifts of the metal
oxide conduction band edge away from vacuum, low-
ering the Vo.** % In general, this trend pronounces
with increasing cationic charge-to-radius ratio and
decreasing pH.**~*° The underlying origin of the posi-
tive shifts for small cations continues to stimulate
debate with explanations put forward ranging from a
reduced distance between charges of opposite sign**
to facilitated cation intercalation into the sample's
lattice.*>°1 37

We find a similar trend in our spectroelectrochem-
ical study on CdSe QD films: in the case of sufficiently
large QDs, a decrease of the ligand length or a decrease
of the cation size lowers the electrochemical potential
for electron injection into the discrete levels. This
is consistent with enhanced Coulomb attraction
between electron and cation. Thus, the proximity
between injected electron in the QD and cation in
the void determines the electronic energy level. This
finding sheds light on the origin of the present spread
in literature values for one and the same QD electron

METHODS

QD Synthesis. QDs were synthesized following Mekis et a
two precursors were prepared in a N, purged glovebox
by dissolving 0.474 g of Se (325 mesh) in 6 mL of TOP
(trioctylphosphine) and 0.36 g of Cd(Ac), in 9 mL of TOP,
respectively. An amount of 24 g of TOPO (trioctylphosphine
oxide) was heated to 180 °C in vacuum under periodic
flushing with N,. After cooling down to 100 °C, 15g of HDA
(1-hexadecylamine) and 0.45 g of TDPA (1-tetradecylphosphonic
acid) were added and dried at 120 °C in vacuum during 30 min
under periodic flushing with N,. The TOP—Se precursor was
injected and the solution was heated to 300 °C under N, flow.
Under vigorous stirring, the TOP—Cd(Ac), precursor was injected
to induce nucleation of CdSe nanoparticles. During the growth
at 280 °C, aliquots were taken to monitor the growth rate. After
the desired QD size was reached, the reaction was stopped
by cooling down to room temperature. Toluene was injected to
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energy level. The sensitivity of the electrochemical
potentials to QD ligands and electrolyte composition
should be borne in mind when using electrochemistry
to determine absolute energy levels in conductive QD
films. In such measurements, the motivation for using
small cations and long ligands is 2-fold: (1) the neces-
sary porosity for introducing cations is given and (2)
the ligands act as “spacers” keeping the cations at
a distance, thereby allowing less perturbation of the
film's energy levels by cations themselves. However,
the choice of both the ligand and the electrolyte also
allows control of absolute energy levels in QD films.
In QD sensitized solar cells in particular, this can be
exploited when engineering the free energy difference
between injecting QD electron level and the metal
oxide conduction band to optimize the short-circuit
current Js. and open circuit voltage V. of the device.

CONCLUSIONS

We report electrochemical charge injection of up to
5.5 electrons per QD, yielding the absolute energetic
position of both 1S, and 1P, electron levels in CdSe QD
films. The maximum electron occupation in quantum-
confined states is limited by the uptake of charge
compensating electrolyte cations. We identify the phy-
sical size of film voids as the main bottleneck, resulting
in efficient charging for large QDs with long ligands and
small electrolyte cations. Furthermore, the potential
of the 1S, energy level shifts away from vacuum if
(1) quantum confinement decreases or if the distance
between cation and QD decreases due to (2) small
cations or (3) decreased length of the QD ligand. Such
influence of the film morphology, surface functionaliza-
tion as well as the electrolyte composition on the QD
energy levels must not be neglected in electrochemical
measurements of QD films. On the other hand, spectro-
electrochemistry serves as a tool to sense and control
electrostatic interactions with the electrolyte, illuminat-
ing the route toward an optimized design of future
optoelectronic devices such as QD sensitized solar cells.

avoid solidification of the TOPO. The obtained dispersion was
purified by repeated washing with MeOH and precipitation of
particles in a centrifuge at 3000 rpm for 5 min. The final stock of
particles was dispersed in chloroform.

QD Film Processing by LbL Dipcoating Procedure. QD films were
grown in a layer-by-layer (LbL) dipcoating procedure in a N,
purged glovebox. ITO (indium tin oxide) substrates were first
immersed for 30 s in a concentrated QD dispersion, subse-
quently immersed for 30 s in a stirred MeOH solution containing
10 vol % of the desired ligand and finally rinsed by residing 60 s
in stirred MeOH. Using this procedure, the original insulating
ligands are replaced by the new desired ligand. Typically, the
above procedure was repeated 20 times to yield films roughly
20 QD monolayers thick. After dipcoating, the film was kept on a
hot plate at 70 °C to evaporate residual solvent. For all the films,
a small region on the edge of the substrate remained uncoated
for contacting in electrochemical measurements.
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Spectroelectrochemical Measurements. Our electrochemical set-
up consists of a CHI832B bipotentiostat (CH Instruments, Inc.)
with an Ag wire pseudoreference electrode and a Pt sheet
counter electrode in an airtight Teflon container (see Figure 1a).
The Ag wire pseudoreference electrode (—5.00 V vs vacuum)
was calibrated with a ferrocene/ferrocinium couple (see Sup-
porting Information)*®*° In a N, purged glovebox, the cell is
loaded with a QD film and filled with an electrolytes consisting
of anhydrous acetonitrile (=99.8%, Sigma-Aldrich) and either
0.1 M LiClO, (lithium perchlorate, battery grade, 99.99%, Aldrich),
0.1 M TBAPF4 (tetrabutylammonium hexafluorophosphate,
> 99.0%, Fluka), or 0.1 M TOABF, (tetraoctylammonium tetrafluor-
oborate, > 97.0%, Aldrich). All chemicals were used as received.

We perform electrochemical measurements in the so-called
“differential capacitance” mode.'>®® The charging current is
integrated during a fixed time interval following a potential step
yielding the differential capacitance, that is, the injected charge
per potential step AQ/AV. This removes the contribution
of faradaic background currents in the electrolyte. Second,
the electric double layer capacitance can be corrected for by
a separate differential capacitance measurement of a bare
ITO substrate. The so obtained differential capacitance of the
QD film then reveals the sample characteristic charging and
discharging features much more clearly than common CV
measurements (see Supporting Information). On the basis of
sample-to-sample variations, we estimate a 50 meV error in the
reported potentials.

In the same experimental setup, UV—vis absorption mea-
surements are performed using a HL-2000 halogen lamp
(Ocean Optics) and a USB2000+ spectrometer (Ocean Optics).
After passing through the electrochemical cell via two windows
in the Teflon container, the light is collected in an optical fiber
and its intensity is adjusted by a diaphragm and collimating
lenses. The absorption bleach spectrum of each potential step is
taken after the electrochemical current has decayed to a stable level.
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