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ABSTRACT: Surface photovoltage spectroscopy (SPS) was used to study the
photochemistry of mercaptoethanol-ligated CdSe quantum dot (2.0−4.2 nm
diameter) films on indium doped tin oxide (ITO) in the absence of an external
bias or electrolyte. The n-type films generate negative voltages under super band
gap illumination (0.1−0.5 mW cm−2) by majority carrier injection into the ITO
substrate. The photovoltage onset energies track the optical band gaps of the
samples and are assigned as effective band gaps of the films. The photovoltage
values (−125 to −750 mV) vary with quantum dot sizes and are modulated by
the built-in potential of the CdSe−ITO Schottky type contacts. Deviations from
the ideal Schottky model are attributed to Fermi level pinning in states
approximately 1.1 V negative of the ITO conduction band edge. Positive
photovoltage signals of +80 to +125 mV in films of >4.0 nm nanocrystals and in
thin (70 nm) nanocrystal films are attributed to electron−hole (polaron) pairs
that are polarized by a space charge layer at the CdSe−ITO boundary. The
space charge layer is 70−150 nm wide, based on thickness-dependent photovoltage measurements. The ability of SPS to directly
measure built-in voltages, space charge layer thickness, sub-band gap states, and effective band gaps in drop-cast quantum dot
films aids the understanding of photochemical charge transport in quantum dot solar cells.

The quantum size effect is the basis for applications of
CdSe quantum dots in third-generation solar cells,1−6

photoelectrochemical cells,7−10 photocatalysts,11−15 and fluo-
rescent labels. The size-dependent energetics of quantum dots
control photochemical charge transfer,16−25 photovolt-
age,19,26−30 and hydrogen evolution.31−34 Quantum dot solar
cells employ nanocrystals as films sandwiched between
electron- or hole-selective materials.4,35 In hybrid solar
cells,3,36 the dots are mixed with organic polymers to aid
light absorption and charge separation. Photochemical charge
separation, transport, and recombination are key to the
performance of these devices, but the details of these processes
are often not fully understood.6,35−37 Also, usually fully
assembled devices are required for a characterization of these
processes.38

Here we employ surface photovoltage spectroscopy (SPS) to
observe the intrinsic photochemistry of CdSe nanocrystals in
easy to fabricate drop-cast films in the absence of an external
bias or added redox reagents. SPS is a contactless technique
that probes contact potential difference changes (ΔCPD) in
semiconductors, molecular light absorbers,39,40 and nanocryst-
als40−42 upon excitation with light (Figure 1).43,44 The
sensitivity of SPS is much higher than that of photo-
electrochemistry,45 thus allowing the detection of majority
carrier type,46 mid-gap states,47,48 defects,49 and electro-
chemical reactions at interfaces.50 Measurements are typically
performed in vacuum on sample films deposited onto metallic

or semiconducting substrates. Earlier SPS studies on CdSe
nanocrystal films by Hodes et al. observed photovoltage
influenced by the size of the dots,29 their chemical history,
and the ambient environment.28 Photochemical charge
separation in such films was attributed to “slanted bands”
across the nanocrystal films, in analogy to the space charge layer
in solid semiconductors. Differences in hole and electron
diffusion rates were attributed to trap sites on the surface of the
dots. This diffusive transport was described as a special case of a
Dember effect.51 Our measurements show that photovoltages
in CdSe quantum dot (QD) films on indium tin oxide (ITO)
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Figure 1. (A) Schematic configuration used for SPS measurement and
(B) example spectra for electron and hole injection into the FTO
substrate.
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are generated by two distinct mechanisms, either by photo-
chemical electron injection from the QDs into the ITO
substrate or by polarization of QD-based polaron pairs by an
electrical field at the CdSe−ITO interface. Both processes are
controlled by the built-in voltage at the CdSe−ITO interface,
degree of quantum confinement in the dots, and thickness of
the films.
The interfacial electric field extends 150 nm into the QD film

and causes a 0.3 eV potential barrier that repels electrons from
the interface, based on SPS data on films with variable
thickness. This explains why the effects of this space charge
layer are most strongly felt in thin films and in films of the large
dots. All of these effects can be understood on the basis of the
thermodynamics of the ITO−CdSe QE system. Overall, this
work sheds new light onto the factors that control photo-
chemical charge transport and separation in CdSe QD films.
These findings are relevant to the understanding of nanocrystal
photoelectrochemical cells and third-generation photovoltaic
devices.
2-mercaptoethanol-ligated CdSe quantum dots in the 2.0−

4.2 nm size range were prepared by coprecipitation of cadmium
perchlorate and sodium hydrogen selenide in water, according
to the protocol by Weller and co-workers,52 followed by size-
selective precipitation with 2-propanol as the nonsolvent
(Figure S1). UV−vis spectra of the CdSe QD fractions in
water (Figure 2A) show a systematic variation of absorption
edge. The sizes of the dots were obtained by estimation of the
absorption edges using the approach by Weller and co-
workers53 and are listed in Table 1 together with other
photophysical data. Films of the CdSe dots were then made by
drop casting of the aqueous solution onto ITO-coated glass

slides followed by drying in air. On the basis of profilometry
data, the thickness of these films is 150 ± 20 nm. The
absorption edge for each of the films is observed at 40−60 nm
lower wavelength, compared to the solution. Similar red shifts
have been observed by others and are generally attributed to a
combination of optical scattering effects and dipolar coupling
between the QDs in the films.54−57 As will be shown below,
SPS can be helpful in determining the effective band gap of
such films.
Figure 3 shows surface photovoltage and diffuse reflectance

ultraviolet−visible (UV−vis) spectra for a film made of 2.3 nm
quantum dots. A negative photovoltage develops above 2.6 eV
and reaches a maximum of −0.58 V at 3.6 eV. The onset at 0.2
eV above the optical absorption edge suggests the photovoltage
is associated with the generation of free charge carriers in the
CdSe dots. The negative sign of the voltage suggests the
photoelectrons inject from the QD film into the ITO substrate,
as seen previously for other nanocrystalline metal oxides.46,50,58

The time constant for this process can be estimated with the
transient photovoltage signal in the inset of Figure 3A. Under
3.75 eV illumination (0.1 mW cm−2), 63.2% of the photo-
voltage maximum is reached after 8.1 s. A second type of
behavior is observed for QDs with diameters above 4.0 nm
(Figure 3B and Figure S2). Here the photovoltage is positive
and small (+125 mV for the 4.2 nm and +80 mV for the 4.09
nm dots) and occurs approximately 0.2 eV below the optical
band gap. The inversion of the voltage sign suggests that a
different charge separation mechanism is operational in films of
the larger dots. To rationalize these findings we employ the
model in Figure 4. The diagram shows the band edges for two
representative quantum dots sizes on a ITO support.
Illumination generates electron hole pairs in the dots, of
which the electrons can inject into the ITO support only if their
electrochemical potential is sufficient to overcome the built-in
potential barrier φbi at the interface. This applies to the <4.0 nm
QDs, whose conduction band edge is elevated because of the
quantum confinement effect.34

The electrostatic barrier results from the electric double layer
that forms at the CdSe−ITO interface as a result of electron
transfer from CdSe to ITO. The theoretical potential drop (the
built-in potential) is given by the difference of Fermi levels of
both phases, according to eq 1.

φ = −E Ee (CdSe) (ITO)bi F F (1)

Photoelectrons created in the larger, less quantum-confined
dots cannot overcome the potential barrier. In these dots the
charge carriers form polaron pairs that are polarized under the
influence of the space charge layer (small arrows in Figure 4).
This process is analogous to films of organic semiconductors,
which produce localized polaron pairs under sub-band gap
excitation.47,48,59 This model is supported by thickness-
dependent SPS data for CdSe dots of intermediate size and
2.3 eV band gap (Figure 5). These films produce a
photovoltage signal that depends strongly on the film thickness.
Thin films (70 nm) yield a positive photovoltage, while thick
films (700 nm) give a negative photovoltage signal under band
gap excitation. A photovoltage sign inversion from negative to
positive is observed for a film of intermediate thickness (150
nm). According to the model in Figure 4, the initial negative
voltage is from free electron injection under 2.3 to 3.1 eV
excitation, followed by repulsion of electrons under excitation
at >3.2 eV. The repulsion is due to the increase of the depletion
layer during the initial excitation period. On the basis of the

Figure 2. (A) Absorption spectra of CdSe QDs dispersions in water
and (B) diffuse reflectance spectra of CdSe QDs films. QD diameters
obtained by the Weller approach are shown in the legend53 and in
Table 1 together with other photophysical data.
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photovoltage inversion in Figure 5, the depletion layer width, w,
is estimated to be between 70 and 150 nm. This is larger than
what has been postulated for a CdSe QD−Au junction (7.8
nm)46 but similar to what has been measured for ITO/CdSe−
P3HT contacts (30−40 nm).60

Because the maximum positive photovoltage for the 70 nm
CdSe QD film in Figure 5 is caused by electrostatic repulsion,
its numerical value can be used to estimate the built-in potential
of the ITO−CdSe configuration ΔCPD = φBi = +0.45 V. The
true value of φBi may be higher because the electrostatic
potential decays exponentially with distance from the interface.
For an ideal Schottky junction, eφBi is given by eq 1. Using
EF(ITO) = +0.40 V vs NHE,46 and EF(CdSe) values from
photoelectrochemistry measurements,34 one calculates eφBi =
+1.76 eV for dots with EG = 2.9 eV and EF = −1.36 V (vs
NHE),34 and eφBi = +1.15 eV for dots with EG = 2.05 eV and
EF = −0.75 V (vs NHE).34 These values are 0.7−1.3 eV higher

than the experimental value of +0.45 eV. This observation
agrees with other CdS systems reported in the literature. For
example, low eφBi values have been observed for junctions
between CdSe and Au (+0.27 eV)62 and for ITO/SnO2 and
CdS/CdTe junctions (+1.1 and +0.95 eV, respectively).63

These discrepancies are likely due to Fermi pinning caused by
chemical reactions at the QD−ITO interface, which modify the
workfunction of ITO and CdSe.64 In the present case such
states could result from the reaction of In3+ or Sn4+ ions at the
ITO surface with Se2− ions from the quantum dots.

Table 1. Summary of Optical and Photovoltage Data

diameter (nm) 2 2.3 2.4 2.5 2.8 3.2 3.3 4.1 4.2 bulk

EG (Solution) (eV) 2.91 2.75 2.7 2.59 2.49 2.29 2.28 2.05 2.03 1.74
EG (Film) (eV) 2.46 2.47 2.47 2.32 2.26 2.08 1.96 1.92 1.97 1.61
photo-onset (eV) 2.75 2.63 2.5 2.47 2.39 2.26 2.27 1.87 1.93 1.75
ΔCPDmax (V) −0.4 −0.58 −0.75 −0.22 −0.34 −0.125 −0.25 0.08 0.125 0.0 ± 0.02
EF (CdSe) (V) vs NHE

a −1.36 −1.3 −1.26 −1.21 −1.13 − − −0.75 −0.72 −0.51
EF (CdSe) − EF (ITO) −1.76 −1.7 −1.66 −1.61 −1.53 − − −1.15 −1.12 −0.91

aFrom Zhao et al.34

Figure 3. Surface photovoltage and optical absorption spectra of (A)
2.3 nm and (B) 4.2 nm QDs. Inset: transient photovoltage signal
under 3.75 eV illumination of a 150 nm thick film of 2.3 nm dots.

Figure 4. Schematic energy levels and electrostatic potential at the
ITO−CdSe interface. The band bending eΦBi in the space charge layer
is due to the electrochemical equilibrium between ITO surface states
EF(surface) and EF(CdSe). The value for φbi may also be further
modified by dipoles at the ITO−CdSe interface, caused for example by
ligand absorption.61

Figure 5. Surface photovoltage spectra for CdSe QDs films (band gap
2.3 eV) with variable thickness (70−700 nm).
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Next we turn our attention to the dependence of the absolute
values of the photovoltage maxima on the size of the dots and
their optical band gaps. As can be seen in Figure 6, there is a

monotonic increase of the maximum photovoltage voltage with
decreasing size of the quantum dots. This trend is further
analyzed in Figure 7 as a function of the QD band gaps and the
QD quasi Fermi energies.

The experimental photovoltages show an approximately
linear increase with the QD band gaps. This dependence is
expected from thermodynamics: As the band gap expands, the
conduction band edge and the Fermi levels of the dots (second
line graph)34 become more reducing, which increases the built-
in potential (third line graph) of the ITO−CdSe configuration.
As can be seen in Figure 7, the experimental photovoltage
values for the measured QD films are on average 1.1 V less
negative than the theoretical values for eφBi, based on an ideal
Schottky junction. This agrees well with the 0.7−1.3 V shortfall
as discussed above and further confirms the presence of ITO−
CdSe interfacial states (Fermi level pinning) approximately 1.1
eV above the ITO Fermi level (Figure 4).
Lastly, we discuss the correlation between the photovoltage

onset energy and the optical band gap in the QD films.
According to the data in Figure 6A and Table 1, films made of
the large dots (>4.0 nm) show a photovoltage onset that is
smaller than the optical band gaps of both the film and the
solution. For these films, the photovoltage signal is due to the
polarization of localized polaron pairs. The low photo-onset can
be explained by assuming that some of these polaron pairs
reside in subgap trap states that are likely present on the surface
of the quantum dots.65 Based on the photovoltage spectra,
these states are 0.10−0.18 eV below the QD band gap. In
contrast, films made of the small dots (<4.0 nm) have a
photovoltage onset energy above the optical band gaps for the
films and below the optical band gap for the dissolved dots.
Because the photovoltage signal is due to the movement of free
carriers, the photo-onset energy can be taken as the ef fective
band gap, EEff, of the film. The reduction of EEff by 0.01−0.20
eV with regard to the optical band gap of the f ree dots can be
attributed to dipolar coupling interactions between adjacent
dots and the associated change in dielectric constant in the
films.54−57 Thus, the SPS data allows a differentiation between
dielectric effects on the optical band gap of the QDs films and
the effect of subgap trap states.
On the basis of SPS, the CdSe quantum dots form a Schottky

junction with ITO. A photovoltage can result from majority
carrier injection into the ITO substrate and/or from polar-
ization of electron−hole pairs by the electric field in the space
charge layer. The relatively low built-in potential of 0.45 V is
attributed to the formation of In−Se interfacial states 1.1 V
negative of the ITO conduction band (Fermi level pinning).
Thickness-dependent SPS estimates the space charge layer
width between 70 and 150 nm. The effective band gap of the
QD films is observed between the optical band gaps of the
dispersed dots and that of the films. The difference is due to
dipolar coupling between QDs in the films. Additionally,
subgap states are detected in the SPV onsets for the large dots
(>4.0 nm). These states are 0.10−0.18 eV below the optical
band gap of the dispersed dots and might arise from covalent
interactions between the QDs or between the QDs and the
ligands. The ability of SPS to observe effective band gaps, sub-
band gap states, space charge layer width, and built-in potentials
is thought to be useful for the development of quantum dot
photovoltaic devices.

■ EXPERIMENTAL SECTION
Synthesis. Mercaptoethanol-ligated CdSe quantum dots in the
2.0−5.0 nm size range were synthesized using the protocol
reported by Rogach et al.52 Size-selective precipitation with
isopropanol was performed to obtain nanocrystals with
different sizes as described before.34 QDs were dispersed in

Figure 6. (A) Plot of surface photovoltage onset energy (eV) and film
band gap versus nanoparticle diameter. (B) Maximum photovoltage
versus QD band gap. Deviations of individual data from the trend are
due to variations in film thickness (150 ± 20 nm).

Figure 7. Relationship between QD band gap (in solution),
experimental photovoltage maxima, quasi Fermi energies from
photoelectrochemical onset potentials,34 and built-in potential (from
eq 1 with EF(ITO) = +0.40 V vs NHE). Values are given in Table 1.
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water for UV−vis measurements in solution. The size of the
QDs was determined from their optical band gap using a
relation given by Schooss et al.53 CdSe films for SPS
measurements were prepared by dropcasting 1.0 mg/mL
aqueous solution of CdSe nanocrystals on tin-doped indium
oxide substrates, followed by air-drying overnight in the dark.
Unless stated otherwise, the thickness of CdSe films was kept
consistent (150 ± 20 nm) among various sizes of dots, as
characterized by a Dektak surface profilometer.
UV−vis spectroscopy was performed on film samples

prepared by dropcoating onto a glass slide covered with Teflon
tape. The absorption spectra of the solutions and the diffuse
reflectance spectra of the film were collected using an Ocean
Optics DH2000 deuterium and halogen light source and
HR2000 CG UV-vis-NIR spectrometer. Surface photovoltage
spectroscopy was performed under vacuum (<3 × 10−4 mbar)
using a home-built vacuum chamber and a commercial,
semitransparent Kelvin probe (Delta PHI Besocke) at 1 mm
sample−probe distance. Samples were illuminated from the top
through a quartz window using monochromatic light scanned
from 1000 to 250 nm with a peak width of 30 nm produced by
a Cornerstone 130 monochromator powered by a 175W Xe arc
lamp. The light intensity at the sample was 0.1−0.5 mW cm−2.
The spectra acquisition time is 625 s, well above the time
constant of the experiment (8.1 s, based on the evolution of the
largest photovoltage signal in the inset of Figure 3A).
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