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ABSTRACT: Charge transfer in semiconductor heterojunctions is largely governed by
the offset in the energy levels of the constituent materials. Unfortunately, literature values
for such energy level offsets vary widely and are usually based on energy levels of the
individual materials rather than of actual heterojunctions. Here we present a new method
to determine absolute energy levels and energy level offsets in situ for films containing
CdSe and PbSe quantum dots. Using spectroelectrochemistry, we find a type I offset at
the CdSe-PbSe heterojunction. Whereas the energy level offset follows the expected size-
dependent trend, the absolute positions of the 1Se level in the individual CdSe or PbSe
quantum dots does not. This level varies by more than 0.5 eV, depending on film
composition and surface defect concentration. Rather than extrapolating energy level
offsets from measurements on pure CdSe or PbSe quantum-dot films, we suggest
measuring energy level offsets in heterojunctions in situ.

1. INTRODUCTION

Charge transfer at an interface is a fundamental process in
many electronic devices, as it allows one to separate charge
carriers and guide them into different spatial domains. To this
end, many device designs employ a semiconductor hetero-
junction comprised of two distinct materials, such as a donor−
acceptor (D-A) junction. Upon photoexcitation, disparate
energy levels in the conduction and valence band of donor
and acceptor lead to transfer of electrons and holes. In case of a
staggered or type II band alignment (i.e., with one side of the
interface possessing both the larger electron affinity and
ionization potential), this allows charge separation: electrons
and holes accumulate at opposite sides of the interface. To
control the direction of charge transfer, knowledge of absolute
and relative energy levels in the heterojunction is of paramount
importance.
A large experimental toolbox is available to determine charge

transfer rates, including ultrafast pump−probe spectroscopy.1−7
The observed rates are then described employing a theoretical
model that often involves the energy difference between donor
and acceptor, such as in the Marcus theory.8−11 It would
therefore be insightful to experimentally determine this energy
difference. This would enable the experimental verification of
the employed charge transfer models and the prediction of
charge transfer rates in new material combinations. Hence, a
method to measure energy level offsets would be very helpful
for the directed design of devices.
Unfortunately, realization of this concept is hindered by the

fact that literature values for absolute energy levels vary by

more than 1 eV, often exceeding typical energy differences
between materials in heterojunctions. This can be explained in
part by the different experimental techniques that were used.
Each of them has its own pitfalls: for example, optical
spectroscopy (such as intraband spectroscopy on core/shell
heterostructures)12 inherently probes both electron and hole
states. Ultraviolet photoelectron spectroscopy (UPS),13 photo-
electron spectroscopy in air (PESA),14 and Kelvin probe
measurements15 only access the surface of a sample. The
assessment of the energetics at distances more than a few
nanometers away from the surface is generally not possible. In
addition, measurements are often performed under vacuum,
probing energy levels in a different environment than present in
the final device.
Electrochemical measurements such as the commonly

employed cyclic voltammetry (CV) technique offer an
alternative approach:16−19 films exceeding one micrometer in
thickness can easily be measured if the film is sufficiently
porous to allow penetration of electrolyte ions.17,20 In CV
measurements, the potential applied to the sample is scanned in
a cyclic fashion and energy levels are assigned on the basis of
anodic and cathodic peaks in the charging current. However,
this film capacitance represents the total density of states and
includes localized (surface)-defect states, complicating the
study of the electronic structure. Localized surface states can
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often be distinguished from delocalized conduction or valence
band states by their optical activity.21 The latter are involved in
strong optical transitions, while surface and defect states are
not. A simultaneous detection of the optical and/or electrical
properties induced by charge carrier injection is thus helpful.
Such spectroelectrochemical techniques that combine electro-
chemical charging with photoluminescence or absorption
spectroscopy have been very successful in understanding the
density of states of quantum dot (QD) films.16−18 Still, the
presence of charged QD surfaces or heterojunction interfaces
strongly influences the energy levels. It is therefore preferred to
measure energy level offsets in situ on the actual heterojunction
samples of interest.
Here, we present results of spectroelectrochemical measure-

ments on films of CdSe and PbSe QDs. Charges injected into
quantum-confined energy levels bleach the absorption due to
interband transitions to/from this level.22 The voltage at which
such absorption changes occur can then be directly converted
to an absolute energy scale by calibration of the potential of the
reference electrode. This approach readily allows to determine
the (1Se) quasi-particle energy level, i.e., the potential at which
one electron occupies the (1Se) level. This is the most relevant
quantity for the study of charge transfer and charge transport as
well as the utilization of these processes in devices: it is the
energy that needs to be paid for injecting or transferring an
electron to the 1Se level. Furthermore, spectroelectrochemistry
enables the in situ determination of the CdSe-PbSe QD energy
level offset in a heterojunction comprised of both materials:
since the CdSe and PbSe QDs feature different band gaps, one
can distinguish electrons occupying the eigenstates of CdSe
from those in PbSe QDs.
We electrochemically inject charges in films of PbSe and

CdSe QDs and simultaneously monitor the bleaching of
interband transitions to determine the absolute energy of their
respective 1Se levels. Next, we fabricate composite films
containing both type of QDs to determine their energy level
offset in situ and discuss the dependence on the dielectric
environment. We show that the 1Se conduction level of PbSe
QDs is always below that of CdSe QDs, consequently forming
a type I heterojunction. We find that the absolute energy levels
of the QDs are very sensitive to surface charging, but that the
energy level offset between them is mostly unaffected. The
energy level offset found by in situ measurements is however
significantly larger than the offset expected from measurements
on reference films of PbSe QDs or CdSe QDs only. This
highlights the importance of in situ measurements for the
determination of energy level offsets. The variations in the
absolute energy levels are discussed in term of surface charging.

2. EXPERIMENTAL SECTION
2.1. QD Synthesis. CdSe QDs were synthesized following

the procedure by Mekis et al.:23 QDs with a diameter of 9.7 nm
were obtained, as determined from the 1S peak of their
absorption spectra and the sizing curve given by de Mello
Donega ́ and Koole.24 PbSe QDs of three different size (S, M,
and L, with diameters of 4.1, 5.3, and 6.0 nm, respectively) were
synthesized following the recipe by Steckel at al.25 A first
synthesis yielded QDs of size S and M. A second synthesis
yielded QDs of size L.
2.2. Film Processing and Ligand Exchange. All QD

films were grown on ITO substrates in a layer-by-layer (LbL)
dip coating procedure in a N2 purged glovebox: the substrates
were first immersed for 30 s in a QD dispersion with a QD

concentration on the order of 10−5 M, subsequently immersed
for 30 s in a stirred 0.1 M solution of 1,6-hexanedithiol (6DT)
ligands in MeOH, and finally dipped twice for 10 s in stirred
MeOH to rinse excess ligands. Using this procedure, the
original insulating ligands are replaced by the shorter bidentate
ligands to allow for charge transport between QDs. Even
shorter ligands than 6DT were not suited for electrochemical
measurements as they result in films with voids too small for
electrolyte ion penetration.20 The above procedure was
repeated 10−20 times to yield films roughly 10−20 QD
monolayers thick. A small region on the edge of the ITO
substrate remained uncoated to provide electrical contact in
electrochemical measurements.

2.3. Electrochemical Control of the Fermi Level.
Spectroelectrochemical measurements were performed accord-
ing to the procedure described previously.20 In short, QD films
were immersed in an airtight Teflon container containing a 0.1
M LiClO4 electrolyte in acetonitrile, a Ag wire pseudoreference
electrode and a Pt sheet counter electrode. The potential of the
QD film on ITO was controlled with CHI832B bipotentiostat
(CH Instruments, Inc.). Potential dependent changes in the
absorption of the QD film were recorded simultaneously with a
UV−vis spectrometer (USB2000, Ocean Optics) and a near-IR
spectrometer (NIRQuest 256, Ocean Optics), with a combined
range of about 400 to 2400 nm (3.1 to 0.5 eV). This way, the
band edge transition of both PbSe and CdSe QDs can be
acquired simultaneously. For all films, the potential was
scanned in a cyclic fashion (CV mode), starting from open
circuit potential (inside band gap, usually close to 0 V),
scanning at a rate of 10 mV/s, first in negative direction
(toward the 1Se level), and repeating a cycle two to three times.
Absorption difference spectra (with respect to the absorption at
open circuit potential) were taken every 10−20 mV and the
acquired spectra during the first leg of the first cycle are shown
in the figures of the results section. A correction for a spectrally
broad induced absorption is applied as shown in the Supporting
Information. Unless stated otherwise, all potentials are given
with respect to a Ag wire pseudoreference electrode immersed
in the electrolyte. Its potential (−4.75 eV vs vacuum) was
calibrated with a ferrocene/ferrocinium couple26,27 and was
stable within 20 meV. The convention was used that a negative
potential corresponds to a shift of the sample’s Fermi level
toward vacuum.

2.4. Differential Capacitance Measurements. To
correct for Faradaic background currents in the electrolyte
and to determine the steady-state capacitance, we perform
differential capacitance measurements. To this end, we scan the
potential in a step-like fashion. After each potential step (of 50
mV), we record the electrochemical charging current, i.e., the
current between sample and a Pt sheet counter electrode. The
initial peak current quickly decays to an almost constant level
within the first 0.5 s following the step. Since the constant
current after decay of the initial dynamics can be attributed to
Faradaic background currents in the electrolyte, we subtract this
constant level and obtain the current contribution due to
electrochemical charging of the film. This background corrected
current is integrated and divided by the potential step to yield
the differential capacitance, in units of C/V. The differential
capacitance is due to the conduction and valence band states in
the QD, and due to the double layer capacitance of the QD film
as well as the parts of the ITO substrate which are in direct
contact with the electrolyte. To correct for the double layer
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capacitance, we subtract a (potential independent) value of
about 3 × 10−5 C/V for each film.

3. RESULTS AND DISCUSSION
3.1. Fermi Level Control. Figure 1 depicts a schematic of

electrochemical charge injection into a QD film on a

conductive substrate. The film is immersed in an electrolyte.
The top panel illustrates the equilibrium situation, i.e., no
voltage is applied between ITO and the (pseudo-) reference
electrode. In this case, the Fermi level (EF, dashed line) lies
within the band gap and the QDs are uncharged. The bottom
panel shows the situation when a voltage is applied between
ITO and the reference electrode. If the voltage is sufficiently
negative, the Fermi level is moved into the conduction band of
the QD film and electrons are injected into the QDs. These
charges are compensated by Li+ cations penetrating the voids of
the QD film. In the depicted case, every QD contains one
electron on average, corresponding to a charge density on the
order of 1018 to 1021 cm−3 for QDs with diameters ranging from
10 to 1 nm. This is considered the degenerate doping regime
for conventional semiconductor devices.28 Doping levels of up
to ten charges per QD have been demonstrated by electro-
chemical charging, yielding information on both hole and
electron quantum confined levels.17,22,29,30 As Li+ ions are
uniformly distributed over the film, the energy levels are also
constant over the entire film, i.e. no band bending occurs.
This presents a major difference to Field Effect Transistors

(FETs), where only planar charge compensation is provided
and depletion regions form. As a consequence, the gate
coupling (i.e., the ratio between effective shift of the Fermi level
and applied voltage) is low in FETs. In contrast, as has been
shown earlier16−18 and as we show later, the gate coupling is
close to unity in the electrolyte-gated devices. This means that
the electrochemical potential of charge injection in the

electrolyte-gated device directly reflects the quasi-particle
energy levels of QD films (see the Supporting Information).

3.2. Ground-State Absorption. PbSe and CdSe QDs were
synthesized as outlined in the Experimental Section. We use
CdSe QDs of a single size (9.7 nm in diameter) and PbSe QDs
of three sizes: 4.1, 5.3, and 6.0 nm diameter, labeled S, M, and
L, respectively. Thin films were made from these QDs via a
layer-by-layer approach using a mechanical dipcoater (see
Experimental Section). This allows the formation of smooth
thin films of either the pure QD materials, or composite films.
The composite films are either bilayer films (approximately 10
layers of CdSe QDs on top of 10 layers of PbSe QDs) or
multilayer structures where monolayer of CdSe and PbSe QDs
are alternating.
Figure 2 displays the absorption spectra of all QD films

studied in this article. In the top panel of Figure 2a, the

absorbance of a film of PbSe QDs (of size M) is shown (blue
solid line), below that the absorbance of a pure film of CdSe
QDs (yellow solid line), and below that the absorbance of a
bilayer comprising a film of CdSe QDs grown on top of a film
of PbSe QDs of size M (green solid line). To separate the
absorbance contribution of both types of QDs, a line is fitted to
the bilayer spectrum from ∼1.55 eV to ∼1.75 eV and
extrapolated to 2.5 eV to emulate the (almost featureless)
PbSe contribution in the region from 1.9 to 2.5 eV (blue dotted
line). Subtraction of this simulated PbSe contribution yields the
CdSe contribution to the bilayer spectrum (light green solid
line). In Figure 2b, the PbSe and CdSe contribution of
composite films comprised of both types of QDs are shown,
both around their respective 1S peak. Bilayers featuring CdSe
QDs and PbSe QDs of size S, M, and L are shown as blue,

Figure 1. Schematic of electrochemical charge injection into a QD film
on a conductive substrate (ITO), immersed in an electrochemical cell
containing a solution of LiClO4 in acetonitrile as the electrolyte. Top:
at open circuit, the Fermi level (EF) in the QDs is within the band gap
and QDs are uncharged. Bottom: if the Fermi level in the ITO is raised
sufficiently by applying a voltage between the ITO and the reference
electrode (ref), electrons are injected into the QDs. As a response, Li+

cations will penetrate the voids in the QD film to compensate the
injected charge. Since the QDs are small compared to typical depletion
widths, no band bending occurs and the energy levels are constant
throughout the film. Here, the situation of one electron per QD is
depicted.

Figure 2. Absorption spectra of pure and composite QD films with
6DT ligands, comprising PbSe QDs of three different sizes and CdSe
QDs of 9.7 nm. (a) Top: Film of PbSe QDs only (5.3 nm, size M, with
1S peak at 0.78 eV), depicted as dark blue solid line. A linear fit to the
almost featureless absorption above 1.5 eV is shown as a light blue
dotted line. Middle: Film of CdSe QDs only (9.7 nm, with 1S peak at
1.91 eV). Bottom: Bilayer (dark green solid line) consisting of a film of
CdSe QDs on top of a film of PbSe QDs of size M. A (light blue
dotted) line was fit to the spectrum to emulate the (almost featureless)
PbSe contribution above 1.5 eV. Subtraction of the extrapolated PbSe
contribution yields the CdSe contribution to the spectrum (light green
solid line). (b) PbSe and CdSe QD contributions to the absorption of
the bilayer QD films studied in this article. Top: Bilayer with PbSe
QDs of size S (4.1 nm, with 1S peak at 0.91 eV). Middle: Bilayer with
PbSe QDs of size M (5.3 nm, with 1S peak at 0.78 eV). Bottom:
Bilayer with PbSe QDs of size L (6.0 nm, with 1S peak at 0.71 eV).
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green, and red solid lines, respectively. All composite films
show very similar CdSe 1S maxima, at 1.91 ± 0.05 eV.
3.3. Spectroelectrochemical Assessment of the 1Se

Electron Level in Films of PbSe QDs.We begin by assessing
the quasi-particle energy levels in a film with PbSe QDs of 5.3
nm diameter (size M). Its absorption spectrum is shown in the
top panel of Figure 3a. A pronounced peak at 0.795 eV due to

the 1Sh1Se transition as well as a small feature at 1.02 eV is
observed which has been assigned to the 1Ph1Pe transition.

31

After the sample has been placed inside an electrochemical cell,
the Fermi level in the sample is raised by applying a negative
voltage between sample and Ag pseudoreference electrode.
Starting from about −0.8 V, a bleach of the absorption (ΔA <
0) at the 1Sh1Se transition appears, see bottom panel in Figure
3a. The 1Sh1Se bleach increases with voltage up to −1.1 V,
reducing the absorption at the 1S peak by roughly 40% (i.e.,
close to 3 electrons in 8 levels), and then slightly decreases
again for more negative voltages.

Next to a bleach at the band edge, one observes a slight
bleach at 0.9 eV and a red shift at 1.0 eV. The latter coincides
with a peak in the linear absorption spectrum at the same
energy, which we assign to the 1Ph1Pe transition. The former
might be due to the formally (dipole-) forbidden 1Sh1Pe and
1Ph1Se transitions.

31,32 Both the slight bleach at 0.9 eV and the
red shift at 1.0 eV appear at the same voltage (about −0.8 V) as
the band edge bleach, indicating that the filling of the 1Se level
is their cause.
After −1.4 V, the scan direction is reversed and the potential

cycled twice between 0 and −1.4 V at a constant rate of 10
mV/s. Figure 3b shows the recorded differential absorbance as
a false color image. The second CV cycle almost completely
reproduces the absorption features of the first cycle,
demonstrating that electrons can be reversibly and reproducibly
injected into and extracted from the 1Se level. However, a
pronounced hysteresis is observed: on the backward scan, the
bleach magnitude is lower and the potential of the bleach onset
ill-defined. Moreover, the 1Sh1Se bleach decreases again already
before the potential scan direction is reversed, from about −1.1
V on the forward scan. Tentatively, we attribute the early bleach
decrease and the hysteresis to slow trap filling at negative
potentials. Such trap filling could lead to a reduction of the
number of 1Se electrons due to Coulomb repulsion among an
increasing number of electrons in traps. As will be discussed
below, we argue that filling of surface electron traps is the cause
of significant variations in the energy levels of the QDs.
Figure 3c-I shows the simultaneously monitored electro-

chemical current in the CV scan, with an arrow indicating the
scan direction and the potential at the start of the scan. Only
one weakly pronounced reduction feature between −1.05 and
−1.10 V is observed on the forward scan, while no oxidation
feature could be resolved, in stark contrast to the strong optical
absorption bleaches revealing filling and emptying of the 1Se
level. The cause of the absence of clear features in the CV is the
presence of significant (Faradaic) background currents. These
are always negative, irrespective of the scan direction and are
attributed to reduction of solvent impurities and surface states.
This highlights the added value of simultaneous collection of
optical data for the determination of absolute energy levels.
As a control experiment, we further perform a differential

capacitance measurement, i.e. we determine the amount of
charge injected into the system after a small potential step of 50
mV (see experimental section for details). This quantity, in
units of C/V and corrected for Faradaic background currents in
the electrolyte, is depicted in Figure 3c-II. Filled and open gray
circles show the differential capacitance for the forward and
backward scan, respectively. A gray arrow indicates the scan
direction and potential at start. At negative potentials exceeding
−0.7 V, charge is injected into the QD film. At about −1.0 V, a
peak of the differential capacitance is observed. The backward
scan reproduces the forward scan, apart from a small difference
in magnitude.
In order to investigate whether the differential capacitance

reflects injection of electrons into the 1Se level or injection into
defect states in the band gap, we determine the number of 1Se
electrons n1Se(V) from the differential absorbance data in
Figure 3a, depicted as red circles in Figure 3c-III. This number
is inferred from the relative absorption bleach according to
n1Se(V) = g1SeΔA1Sh1Se(V)/A1Sh1Se(Voc), where g1Se is the
degeneracy of the 1Se level (g1Se = 8 in the case of PbSe32)
and ΔA1Sh1Se(V) is the differential absorbance at potential V
with respect to the absorbance A1Sh1Se(Voc) at open circuit

Figure 3. Spectroelectrochemical determination of the absolute
energetic position of the 1Se level in a film of 5.3 nm PbSe QDs
(size M, 1S peak at 0.795 eV). (a) Upper half: ground state absorption
spectrum. Lower half: differential absorption spectra for potentials
ranging from midgap (−0.42 V) to −1.39 V, as given in the legend. No
correction for a photoinduced absorption background was performed.
The numbers in brackets indicate the acquisition order. (b)
Differential absorption image obtained during the CV scan between
0 and −1.4 V, as given in panel I of (c). ΔA is displayed by false colors.
Time runs from bottom to top. (c) Panel I: CV scan, starting from
midgap (−0.42 V). An arrow indicates the scan direction. Panel II:
differential capacitance on the forward scan (gray filled circles) and the
backward scan (gray open circles). An arrow indicates the scan
direction. Panel III: number of charges in the PbSe 1Se level (red
circles), as deduced from the relative absorption bleach ΔA/A at 0.795
eV. Panel IV: the energetic position of the 1Se level at occupation by
one electron is indicated by a horizontal bar. All potentials are given
with respect to the Ag pseudoreference electrode (left axis) and
vacuum (right axis).
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potential Voc. The number of 1Se electrons are inferred from
the (differential) absorbance at a photon energy of 0.795 eV,
indicated by a red arrow in Figure 3a. From about −0.8 V,
electrons are injected into the 1Se level. At −0.87 V
(corresponding to 3.88 eV below vacuum), an average
population of one electron per QD is reached, indicated by a
dashed vertical line. The population reaches a maximum of 3.1
electrons/QD at −1.09 V.
The derivative of the number of electrons per QD, dn1Se(V)/

dV, is the density of 1Se states and should match the
contribution of 1Se injection to the differential capacitance
shown in Figure 3c-II. Since the steepest slope in n1Se(V) is
observed at a similar potential as the maximum in the
differential capacitance, the differential capacitance predom-
inantly reflects injection of 1Se electrons. A second contribution
to the differential capacitance might be due to (fast) reactions
with solvent impurities or due to the filling of trap states. Traps
in the band gap would explain the early onset of charge
injection (at about −0.5 V), preceding the onset of the
absorption bleach at about −0.75 V. Traps above the 1Se level
would explain that the maximum of the differential capacitance
at −1.0 V is reached only after a maximum of dn1Se(V)/dV is
observed at −0.9 V.
3.4. Spectroelectrochemical Assessment of Confined

Electron Levels in Films of CdSe QDs. We proceed with the
determination of electron energy levels in a film of CdSe QDs
with a diameter of 9.7 nm. Figure 4a shows the absorption and
differential absorption spectra of this film. Selected transitions
are indicated by numbers 1−4, and assigned according to
Norris and Bawendi:33 feature 1 is due to the (closely spaced)
1S3/21Se and 2S3/21Se transitions, feature 2 is due to the
1P3/21Pe transition, feature 3 is due to the 3S1/21Se transition
and feature 4 is due to the 1P1/21Pe, 1S1/22Se, and/or 4S3/22Se
transitions. At negative potentials exceeding −0.9 V, the
absorption at transitions 1 and 3 starts to bleach simulta-
neously, as a result of the injection of electrons into the 1Se
level. At about −1.2 V, the first absorption peak is completely
bleached and transitions 2 and 4 start to bleach, indicating the
injection of electrons into the 1Pe level.
Figure 4b displays differential absorbance data of the entire

CV scan as a false color image. Transitions 1 and 3, and 2 and 4
bleach and recover from bleaching in a concerted action. The
differential absorbance for this sample clearly shows less
hysteresis than for the PbSe QD film shown in Figure 3. This is
likely due to less severe surface charging. Figure 4c depicts the
electrochemical charging current during the CV scan (panel I),
a differential capacitance scan (panel II), and the number of
electrons in the 1Se and 1Pe level as inferred from the
differential absorbance (panel III). As in the case of the PbSe
QD film, the CV scan lacks well-resolved reduction and
oxidation features, while the differential capacitance reveals
three pronounced injection regimes, marked by asterisks. The
first regime (*) is not accompanied by optical changes (see
panel III), suggesting the charging of trap states within the band
gap or fast reactions with solvent impurities. The second regime
(**) coincides with injection of 1Se electrons as inferred from
the bleaching of the 1S3/21Se and 2S3/21Se transition at 1.91 eV
(dark blue line), and the third regime (***) coincides with
injection of 1Pe electrons as inferred from the bleaching of the
1P3/21Pe transition at 2.06 eV (light blue line). This allows us to
establish the quasi-particle energy diagram depicted in Panel
IV: the energy corresponding to occupation of one electron per
QD in the 1Se level, i.e., ΔA1S3/2→1Se(V)/A1S3/2→1Se(0V) = −1/

2, resides at -3.68 eV vs vacuum. For the 1Pe level, the energy
corresponding to occupation by one electron, i.e.
ΔA1P3/2→1Pe(V)/A1P3/2→1Pe(0V) = −1/6, lies 0.15 eV higher.
The expected energy level difference can be estimated from the
energy difference between the 1S3/21Se and 1P3/21Pe transitions
(0.15 eV) and the division of the optical energy over electron
and hole levels using their respective effective masses of 0.13
and 0.44.20 This results in an expected 1Se-1Pe energy
difference of 0.11 eV, in coarse agreement with the value of
0.15 eV found here.

3.5. Energy Level Offset in a PbSe QD/CdSe QD
Heterostructure. Usually energy level offsets for hetero-
junctions are estimated based on the energy levels of the
separate materials. If we do this for the PbSe and CdSe QD
films discussed above, a 1Se energy level offset of 0.2 eV would
be expected. To investigate whether this offset is also found in
in situ measurements on hetrojunction films we fabricated an
alternating multilayer of both types of QDs by depositing a
layer of PbSe QDs followed by a layer of CdSe QDs, and
repeating this cycle 12 times. The absorption spectrum of the
resulting film is shown as a black solid line in the top panel of
Figure 5a. The estimated CdSe contribution (see the

Figure 4. Spectroelectrochemical determination of the absolute energy
of the 1Se and 1Pe level in a film of 9.7 nm CdSe QDs (1S peak at 1.91
eV). (a) Upper half: ground state absorption spectrum. Lower half:
differential absorption spectra for potentials ranging from open circuit
potential (−0.03 V) to −1.49 V, as given in the legend. The numbers
in brackets indicate the acquisition order. (b) Differential absorption
image obtained during the CV scan between 0 and −1.5 V, as given in
panel I of (c). ΔA is displayed by false colors. Time runs from bottom
to top. (c) Panel I: CV, starting from open circuit potential (−0.03 V).
An arrow indicates the scan direction. Panel II: differential capacitance.
Filled gray circles depict the forward scan, empty gray circles the
backward scan. A gray arrow indicates the scan direction. The three
features (*), (**), and (***) are discussed in the main text. Panel III:
optically derived number of charges in the CdSe 1Se and 1Pe level. For
the 1Se level, this number is derived from the relative absorption
bleach at transitions 1 (dark blue solid line), for the 1Pe level, it is
deduced from the relative bleach at transition 3 (light blue solid line).
Panel IV: absolute energies of the 1Se and 1Pe levels.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b12016
J. Phys. Chem. C 2016, 120, 5164−5173

5168

http://dx.doi.org/10.1021/acs.jpcc.5b12016


Experimental Section for details) is displayed as a gray solid
line. A fit consisting of a sum of Gaussians is given as a blue
dashed line. Fitted transitions involving the 1Se and 1Pe levels
are depicted by green and red dashed lines, respectively; higher

energy transitions by gray dashed lines. These fits were
performed to quantify the bleaches upon electrochemical
charging and to correlate them with distinct optical transitions,
enabling the assignment of the levels that become occupied.
Differential absorption spectra at potentials ranging from

open circuit (−0.3 V) to −1.3 V are given in the bottom panel
and color-coded as given in the legend. The 1Sh1Se transition in
PbSe at a probe energy of 0.795 eV (red arrow) is bleached
from about −0.55 V, whereas the CdSe 1S3/21Se transition at a
probe energy of 1.905 eV (dark blue arrow) bleaches only at
potentials exceeding about −0.75 V. The shown differential
absorption spectra were collected during the forward scan of
the first of two cycles in the CV scan that is shown in Figure 5b-
I. In the CV scan a change in slope is observed at −0.55 and
−0.80 V on the forward scan coinciding with the appearance of
PbSe and CdSe band gap absorption bleaches, respectively, at
similar potentials. This suggests that injection into the PbSe
and CdSe 1Se states is the dominant current and that the
density of localized states is low, or that their charging is so
slow that they are not addressed at a scan rate of 10 mV/s of
the CV. Negligible charging of localized states is confirmed in
the differential capacitance depicted in Figure 5b-II. No charge
is injected into the QD film up to −0.50 V, after which two
charging waves around −0.65 and −1.00 V are observed,
coinciding with the absorption bleaching of the band gap
transitions in PbSe and CdSe, respectively.
Figure 5b-III summarizes the optical assessment. An average

occupation of one electron per QD is reached at the potentials
indicated by horizontal bars in Figure 5b-IV: −4.15 eV vs
vacuum for the PbSe 1Se level and −3.63 eV vs vacuum for the
CdSe 1Se level. The determined energy level offset of 0.52 eV
between CdSe and PbSe in the alternating multilayer film is
much higher than the offset of 0.20 eV that we estimated based
on the respective levels in the pure films.
In the pure films the QDs are only surrounded by QDs of the

same material, while in the multilayer composite films many
neighboring QDs will be of the other kind. To check whether
this varying environment has a strong influence on the energy
level offset, we also constructed bilayer films, consisting of ∼15
monolayers of CdSe QDs on top of ∼15 monolayers of PbSe
QDs. In this case both materials are spatially separated and

Figure 5. Spectroelectrochemical determination of the energy level
offset in an alternating multilayer of 5.3 nm PbSe QDs (size M, 1S
peak at 0.785 eV) and 9.7 nm CdSe QDs (1S peak at 1.905 eV). (a)
Absorption (top) and differential absorption spectra at various
potentials (bottom). The contribution of CdSe (gray solid line) to
the absorption spectrum is obtained as described in the Experimental
Section and fitted with a sum of 6 Gaussians (blue dashed line).
Transitions involving the 1Se and 1Pe levels are depicted by green and
red dashed lines, respectively, and higher energy transitions by gray
dashed lines. (b) Panel I: CV starting from −0.3 V. An arrow indicates
the scan direction. Panel II: differential capacitance, starting from 0 V.
Filled gray circles depict the forward scan, empty gray circles the
backward scan. Panel III: optically derived number of charges in the
PbSe 1Se level (red circles) and the CdSe 1Se level (blue triangles),
respectively. Panel IV: energetic position of both 1Se levels, featuring a
separation of 0.52 eV.

Figure 6. Energy levels and energy level offset depending on layer stack. Number of electrons in the PbSe 1Se level (filled circles) and CdSe 1Se level
(open triangles), respectively, for a film of PbSe QDs only (black), CdSe QDs only (gray), a bilayer (yellow), and an alternating multilayer (dark
blue). The potential at which the respective 1Se level is occupied by one electron is indicated by dotted (PbSe) and dashed (CdSe) lines,
respectively. The spread in potential is illustrated as red and blue shaded area, respectively. The energy level offset based on the single layers (0.21
eV) is much smaller than the energy level offset in the bilayer (0.61 eV) or multilayer (0.52 eV).
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their direct environment is similar to the environment in the
pure films.
Figure 6 illustrates the number of electrons in the PbSe 1Se

level (filled circles) and CdSe 1Se level (open triangles) in pure
films of 5.3 nm PbSe QDs (black) and 9.7 nm CdSe QDs
(gray) as well as a bilayer (yellow) and an alternating multilayer
(blue) of both types of QDs. The experiment with the bilayer is
shown in more detail in Figure S2 of the Supporting
Information. The Fermi level corresponding to one electron
per QD is indicated by dotted and dashed lines for PbSe and
CdSe, respectively. It is clear that significant variations exist in
the absolute energy levels in the different films. Both the CdSe
and PbSe 1Se energy levels vary by about 0.3 eV, in CdSe from
−3.68 to −3.38 eV (blue shaded area in Figure 6) and in PbSe
from −4.15 eV to −3.88 eV (red shaded area in Figure 6). We
observe that the CdSe-PbSe 1Se energy level offset in the
multilayer structure (0.52 eV) and the bilayer structure (0.61
eV) are similar, and much larger than what would be inferred
from the results obtained on pure films. A control experiment
on an inverse bilayer (ITO/CdSe/PbSe), shown in Figure S4 of
the Supporting Information, excludes that the difference in
energy level offsets arises from different charge injection rates
for the various film architectures.
As will be discussed in more detail below, the variation in

absolute energy levels is likely due to differences in surface
chemistry resulting in a varying extent of surface charging. If for
instance more surface charging takes place for PbSe QDs this
will cause a larger upward shift of the electron energy levels in
PbSe QD films than in CdSe QD films. An energy level offset
estimated from the levels of pure PbSe and CdSe QD films will
thus contain a contribution of the (different) Coulomb
repulsion due to charging. However, in composite CdSe/
PbSe QD films surface charges on PbSe QDs also cause an
upward shift of the CdSe QD electron energy levels; the latter
results in a CdSe 1Se energy level that is higher and an energy
level offset that is larger when measured in situ on a composite
film, as observed here. Since surface charging causes the energy
levels of both PbSe QDs and CdSe QDs to shift in the same
direction, energy level offsets are less sensitive to charging
effects than the absolute energy levels. These results show that
the estimation of energy level offsets in QD heterosystems from
energy levels observed for pure films can lead to sizable
mistakes and highlight the importance of assessing the energy
level offset in situ for the sample of interest.
3.6. Dependence of the Energy Level Offset on the

QD Size. Next, we address the dependence of the energy level
offset on the size of one of the QDs. To this end, we fabricated
bilayers containing a film of CdSe QDs of always the same size
on top of a film of PbSe QDs of three distinct sizes: size L with
a diameter of 6 nm, size M with a diameter of 5.3 nm, and size
S with a diameter of 4.1 nm. The energy level offset of the
bilayer with PbSe QDs of size M (0.61 eV) has already been
determined in Figure 6. The expectation for the remaining two
films is that the offset is larger for PbSe QDs of 6.0 nm
diameter and smaller for PbSe QDs of 4.1 nm.
Figure 7a shows the absorption (top panel) and differential

absorption spectra (bottom panel) of the film with the larger
PbSe QDs of size L. A black solid line shows the absorbance
around the 1Sh1Se transition of the PbSe QDs (at 0.69 eV, red
arrow) and a gray solid line shows the CdSe contribution
around the CdSe 1S3/21Se transition (at 1.91 eV, dark blue
arrow).

We now perform a CV scan (see Figure 7b-I), starting from 0
V, beginning in negative scan direction, reversing the potential
at −1.6 and +0.25 V, and cycling the potential for two
consecutive times. Differential absorption spectra with respect
to the absorbance at 0 V are recorded and displayed in Figure
7a. Initially, slight bleaching of the PbSe 1Sh1Se transition is
observed, becoming significant from about −0.2 V and almost
reaching transparency, i.e., ΔA1Sh→1Se/A1Sh→1Se ≈ − 1, at about
−1.0 V. The latter indicates that the 1Se levels of the PbSe QDs
are almost completely filled (with eight electrons). Bleaching of
the 1S3/21Se and 2S3/21Se transitions in CdSe occurs at more
negative potentials, starting at about −1.0 V and reaching a
plateau at about −1.5 V. After the injection of electrons into the
1Se level, also the 1Pe level of the CdSe QDs gets charged, as
deduced from the increasing absorption bleach at 2.05 V (light
blue arrow). Upon reversal of the scan direction, both CdSe
and PbSe recover their ground state absorbance, until at
positive potentials, the PbSe 1Sh1Se transition gets bleached
again, due to hole injection. At a potential of +0.27 V, on
average one hole per PbSe QD is injected. Note that due to the
limited electrochemical stability at low potentials, hole injection
is generally more difficult in QD films. Neither for CdSe QDs
nor for smaller PbSe QDs we achieved significant hole
injection.

Figure 7. Spectroelectrochemical determination of energy levels in a
bilayer of 6.0 nm PbSe QDs (size L, 1S peak at 0.69 eV) and 9.7 nm
CdSe QDs (1S peak at 1.91 eV). (a) Upper half: linear absorption
spectrum of the bilayer film. In the region from 1.7 to 2.2 eV, only the
CdSe contribution to the spectrum is shown and fitted (see main text
for details). Lower half: differential absorption spectra for various
potentials as indicated in the legend. (b) Panel I: CV, starting from
open circuit potential (−0.02 V). An arrow indicates the scan
direction. Panel II: number of charges in the PbSe 1Se or 1Sh level (red
solid line), in the CdSe 1Se level (dark blue solid line), and the CdSe
1Pe level (light blue solid line) as deduced from the relative absorption
bleach ΔA/A at 0.69, 1.91, and 2.05 eV, respectively. Panel III:
absolute energies of the PbSe 1Sh and 1Se level as well as the CdSe 1Se
and 1Pe level. The level spacing is depicted by arrows.
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Figure 7b-II depicts the potential dependent number of
charges in the 1Se or 1Sh level of PbSe (red line), as well as the
1Se level (dark blue line) and 1Pe level (light blue line) of CdSe.
The energies corresponding to occupation of one charge per
QD are shown in Figure 7b-III as horizontal bars versus an
absolute energy scale. The PbSe 1Sh-1Se interband separation of
0.67 eV (the so-called electrochemical band gap) is in good
agreement with the optical band gap of 0.69 eV.
The agreement between the electrochemical and optical

band gap demonstrates that the gate coupling, i.e., the ratio of
Fermi level shift and applied voltage, is close to unity. This
shows that charge compensation by the electrolyte ions is
efficient and that the injected charges in the 1Sh and 1Se level of
PbSe QDs do not influence the energy of these levels (see the
Supporting Information). However, a sample-dependent
amount of surface charges might eventually lead to a variation
in gate coupling (see the discussion below).
For the large PbSe QDs of 6.0 nm, the measured offset

between the 1Se levels of CdSe and PbSe amounts to 0.87 eV
(see Figure 7b). This is significantly larger than the offset for
smaller PbSe QDs of 5.3 nm (0.61 eV, see Figure 6 and Figure
S2 in the Supporting Information), consistent with the strong
confinement in PbSe nanocrystals, and the concomitant
lowering of the 1Se level for larger PbSe QDs.
To verify the trend, we also determined the energy level

offset for a bilayer with PbSe QDs of 4.1 nm diameter,
amounting to 0.29 eV (see Figure S3 in the Supporting
Information). Figure 8a presents an overview of the 1Se

electron levels in CdSe and PbSe of all assessed bilayers,
depicted by blue triangles and red circles, respectively. All
values are plotted with respect to vacuum and as a function of
the PbSe band gap. The lowest-energy hole levels of PbSe (1Sh)
and CdSe (1S3/2) were estimated from the respective optical
band gaps and are shown as red squares and blue diamonds,
respectively. For comparison, also the 1Se and 1S3/2 energy

levels of a pure film of CdSe QDs are appended, as light and
dark blue dashed line, respectively.
From Figure 8a it is clear that the absolute energy levels are

influenced by more than the QD size. The CdSe QDs are all of
the same size, but the position of their 1Se level varies by >0.5
eV. Similarly, the 1Se energy level of the PbSe QDs does not
decrease with size, as would be expected when going from size
S to M to L. However, the expected size-dependent trend is
observed for the energy level offset, shown in Figure 8b: the
offset increases on going from small to large PbSe QDs.
However, a linear fit to the energy level offset with PbSe band
gap (dotted line in Figure 8b) has a slope of −2.9. A slope of
−0.5 would be expected, if half of the confinement energy in
the PbSe band gap is due to the 1Se electron and the other half
to the 1Sh hole, as is often assumed on the basis of the similar
effective masses of electrons and holes in PbSe. Hence, other
contributions to the energy level offset must be present.
From all of the above it is clear that the absolute energy

levels in these QD films are very sensitive to subtle changes in
the films. The fact that the measured energy level offset is
similar for multilayer and bilayer PbSe-CdSe QD films suggests
that a change in dielectric environment is not the most
important factor. In addition, such a change cannot explain the
large variations that we observed previously between different
pure films,16 or the large variation of the 1Se level in CdSe QDs
for different PbSe QD sizes.
As outlined in the Supporting Information, we estimate that

contributions of the electrolyte to the energy of charging, such
as attractive Coulomb interactions between injected electrons
and ions in the voids of the QDs, are only of the order of −20
meV. Variations in this energy due to differences in the film
geometry are expected to be negligible compared to the large
variations we observed.
Alternatively, the surface of the QD film may explain

differences in the measured energy level structure: the
stoichiometry,34 ligand density,34,35 ligand anchor group36−39

as well as charged surface traps16 have all been shown to shift
energy levels. In all our QD films, thiol ligands were used as the
organic capping. Thiols are known to affect energy levels of
QDs due to surface dipoles.13,39 However, the same dithiol
ligands were used for all films. Therefore, it seems unlikely that
subtle changes in the surface density of thiols cause the strong
shifts of up to 0.5 eV that we observe.
Rather, we consider that charging of electron traps on the

QD surfaces could be the cause of the large energy variations
that we observe.16 Recently we have shown that such traps can
be charged when the potential is varied and that this may result
in stable, charged QD films.7,40 Charged surface traps may
strongly influence the 1Se energy level by Coulomb repulsion
between the trapped electrons and the 1Se electrons. Other
indications of surface charging are present in our data: the large
hysteresis observed in both the CV measurements and the
absorption bleach as well as the onset of charge injection before
the observation of a band edge bleach (see, e.g., Figure 3).
Similarly, the fact the 1S absorption bleach for PbSe decreases
after a certain potential (Figure 3c-III) can be understood by
the continuous charging of the surface.
We have argued that cations in the voids of the QD films lead

to charge compensation and efficient gate coupling. However,
as we have shown previously, there is a maximum number of
cations that can be allocated in the QD voids.20 This number is
of the order of 5−10 cations per QD. This means that the
addition of more than 5−10 electrons per QDs will be

Figure 8. (a) Energy level diagram in PbSe/CdSe QD bilayer films, as
a function of the PbSe band gap, for the three studied PbSe sizes L, M,
and S. The 1Se levels of CdSe and PbSe are shown as triangles and
circles, respectively. The hole levels of CdSe and PbSe are estimated
from the respective optical band gaps, shown as diamonds and squares,
respectively. The estimated uncertainty of the measurement is
depicted by shaded regions. For comparison, the 1Se and 1S3/2 level
of a pure CdSe QD film is depicted as a light and dark blue dashed
line, respectively. (b) The 1Se energy level offset between CdSe and
PbSe QDs in bilayer films (marked also as double-sided green arrow in
subfigure a) is shown as filled green circles. A linear fit of slope −2.9
(gray dashed line) serves as a guide to the eye.
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accompanied by a large increase in Coulomb repulsion. Since
typical QDs have hundreds of surface atoms, it is conceivable
that there are many surface states per QD. Even a limited
number of surface charges per QD can result in an incomplete
compensation of this extra charge by the electrolyte ions
resulting in an upward shift of the energy levels, as observed in
our experiments. Fortunately, such energy shifts will have the
same sign for different QDs in QD heterojunctions, such that
they cancel, at least in part, in the in situ measurement of
energy level offsets.

4. CONCLUSIONS

We have demonstrated that spectroelectrochemistry can be
used for the in situ determination of energy level offsets in QD
films. We fabricated PbSe and CdSe QD heterojunctions, both
as a bilayer and as an alternating multilayer film, showing a
similar (type I) energy level offset, with the 1Se level 0.2−0.9
eV higher in CdSe than in PbSe QDs, depending on the size of
the QDs. Significant variations in the absolute energy levels are
observed between different samples, most likely as a result of
varying defect densities resulting in a varying extent of surface
charging. This makes extrapolation of energy level offsets from
reference films of the pure QDs inaccurate. It was shown,
however, that energy level offsets in in situ measurements are
less sensitive to such variations. The spectroelectrochemical
technique to determine band offsets in heterojunctions is in
principle applicable to other material systems as well. A
prerequisite is that the materials are porous enough to allow the
uptake of counterions that compensate the introduced charges
efficiently.16,20 Examples are films of conducting polymers,41

films of carbon nanotubes,42 or even solids that allow for
intercalation of ions.43
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