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emiconducting nanocrystals (NCs) are

promising materials for various opto-

electronic applications.' > The quan-
tum size effect, which allows energy level
tuning, makes NCs especially attractive for
photovoltaic (PV) devices, where the NC
absorption could be tailored to allow max-
imum overlap with the solar spectrum.?
Another key advantage of NCs is their com-
patibility with various solvents, which allow
low-cost and large-area fabrication. Since
the canonical publication of the “hot injec-
tion” synthetic technique by Murray et al.®
many modifications of this organics-based
procedure have been suggested in order to
improve the size and shape control of the
NCs as well as to simplify the experimental
protocol. One important development was
the introduction of aqueous synthesis of
NCs,” which among other improvements
allows simple up-scaling. The size span of
aqueous synthesized NCs is also comple-
mentary to that of the organic synthesized
NCs. Very small nanoparticles could be ob-
tained using an aqueous approach, while
larger NCs are easily available from the
organics-based synthesis. In terms of their
potential applications in photovoltaics, it is
beneficial to use both aqueous and organic
synthesized NCs in order to cover a broader
part of the solar spectrum, and to investi-
gate the influence of different charge carrier
and exciton confinement energies on de-
vice performances. The charge confinement
in semiconductor NCs is a mixed blessing: it
allows quantum size effects to be utilized,
as well as increased absorption coefficients,
but at the same time it limits the effi-
ciency of current NC-based solar cells, as the
confinement energy of NCs needs to be

ABSTRACT

I

We show that it is possible to combine several charge generation strategies in a single device

structure, the performance of which benefits from all methods used. Exploiting the inherent

type Il heterojunction between layered structures of CdSe and CdTe colloidal quantum dots, we

systematically study different ways of combining such nanocrystals of different size and

surface chemistry and with different linking agents in a bilayer solar cell configuration. We

demonstrate the beneficial use of two distinctly different sizes of NCs not only to improve the

solar spectrum matching but also to reduce exciton binding energy, allowing their efficient

dissociation at the interface. We further make use of the ligand-induced quantum-confined

Stark effect in order to enhance charge generation and, hence, overall efficiency of

nanocrystal-based solar cells.
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overcome in order for excitons to be effi-
ciently dissociated.® Moreover, following
exciton dissociation the charge carriers are
localized, resulting in higher resistance. Dis-
sociation of the excitons to free charge
carriers can be promoted using a type |l
heterojunction between two materials, sim-
ilar to the organic photovoltaics.” The type i
heterojunction in NC-based solar cells can be
formed either between NCs layer and organic
semiconducting polymers'®~'? or between
two different types of inorganic NCs, such as
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Figure 1. (a) Absorption spectra of the colloidal NCs used in this work: MPA-capped CdTe NCs (blue dotted), TGA-capped
1.2 nm radius CdSe NCs (red dashed), and HDA-capped 2.1 nm radius CdSe NCs (green solid). (b) Exciton binding energies as a
function of NC radii for CdSe and CdTe (calculation is based on ref 8). The vertical dashed lines at 1.2 and 2.2 nm (CdSe) and

1.3 nm (CdTe) indicate values for our samples.

CdTe and CdSe.'® Recently, we demonstrated the
separation of charges due to the type II alignment
between CdSe and CdTe NCs by means of photolumi-
nescence (PL) quenching14 and surface photovoltage
spectroscopy.'® Talgron et al. compared the photo-
conductivity of films consisting of alternating layers of
CdSe and CdTe NCs to that of single-layer NCs films and
found 3-fold enhancement in photoconductivity at-
tributed to exciton dissociation at the CdSe—CdTe
interface.’® We have also shown several ligand-in-
duced methods to overcome exciton binding energy
in NC-based solar cells.">'” Here we report results of a
systematic study of several combinations of CdTe and
CdSe NCs differing in size and their surface ligands and
combine the use of cross-linking procedures'® with
a ligand-induced quantum-confined Stark effect
(LIFQCSE)" in order to enhance charge generation,
and hence overall efficiency, in all-NC-based type I
heterojunction bi-layer solar cells.

RESULTS AND DISCUSSION

Materials' Properties. Figure 1a presents the absorp-
tion spectra of aqueous synthesized thioglycolic acid
(TGA)-capped CdSe NCs (1.2 nm in radius), larger
(2.1 nm in radius) hexadecylamine (HDA)-capped CdSe
NCs (Nanoco Technologies), and mercaptopropionic
acid (MPA)-capped CdTe NCs (1.3 nm in radius). The
aqueous-based CdSe and CdTe NCs were synthesized
according to previously published procedures,'* provid-
ing gram-scale products. Exciton binding energies,
defined as the energy difference between the state
where the electron and hole occupy a single nanocrystal
and the state where they are separated on two adjacent
nanocystals, of CdSe and CdTe NCs as a function of the
NCs radii have been calculated according to Leather-
dale et al.® and the results are presented in Figure 1b.
As can be seen from this graph, the binding energies
are considerably larger than the few meV recorded for
bulk semiconductors®' and cannot be overcome by
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thermal energy at room temperature. In fact, these
values are comparable to the recorded binding energy
of organic semiconductors where a type Il heterojunc-
tion is needed for charge generation.?? The binding
energy of 2.1 nm CdSe NC (~0.21 eV) is significantly
smaller than that of the 1.2 nm particles (~0.43 eV).

Device Structure. In order to fabricate bilayer devices
that combine semiconductor NCs with different surface
chemistry, we have utilized the following multistep fab-
rication procedure. CdTe NCs were spin coated from
water solution on top of UV-ozone-treated ITO-coated
glass slides, resulting in films of ~40 nm thickness. The
films were transferred to a N,-filled glovebox, allowed to
dry at 70 °C for 3 h in vacuo, and treated by soaking in
ethanedithiol (EDT) dissolved in CH5CN in order to make
them insoluble in water, so that the second cycle of spin
coating with the same aqueous-based solution in order to
fill cracks can be carried out without destroying the film.%
This results in a homogeneous film of ~60 nm thickness.
Small (1.2 nm in radius) TGA-capped CdSe NCs were
synthesized in water?® and phase transferred to organic
solvent, toluene, following a previously published
protocol.* Their capping ligands were then exchanged
to short conjugated methylthiophenol (MTP), and the
NCs were dissolved in tetrahydrofuran (THF).'? We then
used a layer-by-layer dip-coating method with EDT as a
cross-linking molecule in order to fabricate the CdSe NC
top layer (~100 nm in thickness) of our bilayer structure.
The devices were complete with thermal evaporation of
the Al electrode. Table 1 illustrates the final device
structure and provides details on the variations of their
structure for three different types of devices realized here
and discussed below.

Figure 2a illustrates the external quantum efficiency
(EQE) of device 1 and compares it to the control single-
layer devices of CdTe and CdSe only, which were fabri-
cated with a similar active layer thickness of ~120 nm.
As can be clearly seen, all the devices exhibit similar
wavelength dependency (EQE shape), while the type Il
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TABLE1. Device Structure of Type Il Heterojunction Bilayer Solar Cells from CdTe and CdSe Nanocrystals and Summary of
Structure and Performance of the Three Types of Devices Discussed

Bi-Layer structure EQE I-v
Top
Layer Ve
Bottom Layer | Top Layer | X-link | Max |I, [A/em?]| [Volt] | FF | PCE
1.3 nm MPA | 1.2 nm MTP
Device 1 CdTe NCs CdSeNCs | EDT |1.25%| -2.3-10° | 0.55 |0.240.03%
1.3 nm MPA | 2.1 nm MTP
Device 2 CdTe NCs CdSeNCs | EDT [3.90%-9.35-10°| 0.75 |0.22|0.15%
1.3nm MPA | 2.1 nm MTP
Device3 CdTe NCs CdSeNCs | EDA |6.50% |-1.43-10"| 0.81 [0.21/0.25%
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Figure 2. Performance of the reported devices: (a) External quantum efficiency of device 1 (MPA CdTe|TGA CdSe—EDT) and its
control single-layer devices of CdTe and small CdSe NCs, only. (b) External quantum efficiency of device 2 (MPA CdTe|MTP
CdSe—EDT) and its control single-layer devices of CdTe and large CdSe NCs, only. The arrows indicate the different layer
contribution to the overall EQE. (c) External quantum efficiency of device 3 (MPA CdTe|MTP CdSe—EDA) and its control bilayer
device. The oblique arrow points to the correlation between the EQE peak red-shift and EQE magnitude enhancement. Insets:
current—voltage curves of these devices under standard AM1.5G 1 sun conditions.

structure device exhibits superior efficiency relative to the
control devices. The inset of Figure 2a illustrates the
current—voltage curves of these three devices under
standard AM1.5G 1 Sun conditions. The bilayer device
shows increased short circuit currents as well as higher
photovoltage and fill factor. This clearly proves the charge
separation due to the type Il alignment in the bilayer
device.

As Figure 1a shows, the absorption spectra of the
1.2 nm radius CdSe NCs and of the 1.3 nm radius CdTe
NCs practically overlap. To allow the bilayer cell to
absorb a larger part of the sun spectrum, it is sufficient
to use a lower gap NC in only one of the layers.
Figure 1b shows that the exciton binding energy of
CdSe is higher than that of CdTe for any given particle
size; hence, to obtain maximal gain from the increase in
particle size, it is best to choose CdSe QDs as the larger
size particles. In this way, both the overall absorption

YAACOBI-GROSS ET AL.

spectrum is wider (~50 nm to the red) and the max-
imum binding energy is lower (i.e., higher dissociation
probability; see ref 25 eqs 2 and 4). To demonstrate this
advantage, we have used larger (2.1 nmin radius) HDA-
capped CdSe NCs with the first absorption peak at
593 nm (Figure 1a). Device 2 was fabricated in a similar
manner to the previously described device 1, exclud-
ing the phase transfer step for CdSe NCs. The HDA
ligands were exchanged with MTP, and the NCs were
dissolved in THF. Figure 2b illustrates the EQE of this
device relative to two single-layer control devices
made from CdTe and MTP exchanged CdSe NCs. The
bilayer device exhibits wavelength dependency, which
follows the superposition of the two single-layer con-
trol devices. The overall EQE of the bilayer device 2 is
higher than that of the control devices and also supe-
rior to the previous bilayer device 1 (maximum EQE
approaching 4%). The inset of Figure 2b illustrates the
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Figure 3. (a) EQE and (b) current—voltage curves of the three bilayer devices studied here, showing gradual improvement of
their performance owing to proper design. The J—V curves were all measured under AM1.5G 1 sun conditions.

current—voltage curves of device 2 and compares
them to the reference CdTe single-layer device. The
bilayer device exhibits higher photocurrent (9.35 x
107> A/cm?) and very high open circuit voltage of 0.75 V.
We attribute this enhancement (relative to single-layer
CdTe and previously discussed bilayer device 1) to the
better solar spectrum coverage as well as to lower
exciton binding energy of the 2.1 nm radius CdSe NCs
as compared to smaller (1.2 nm) ones.

The quantum-confined Stark effect (QCSE) has been
explored in detail in heterostructured semiconductor
NCs,?®?” and we have recently suggested'” the use of a
mixed capping layer around the NCs as a means to
induce NC polarization due to the ligand-induced
QCSE (LI-QCSE), leading to decreased exciton binding
energy in CdSe NCs. As upon excitation with energies
above the electronic band gap, fast relaxation to the
band edges occurs,?® the magnitude of the EQE is
raised independently of the excitation wavelength.'”
Although upon reduction in the binding energy the
exciton peak would reside closer to the material band
gap, the electric field influences the band gap; thus the
overall energy decreases and therefore the first exci-
tonic peak will shift to the red.?® Therefore the EQE and
the absorption wavelength dependency could be used
as a measure of the strength of the LI-QCSE effect. We
therefore fabricated yet another bilayer device (device 3),
where the CdSe layer constitutes mixed-capped CdSe NCs
where the ligand is MTP (thiol anchor group) and the
cross-linking molecule is ethylenediamine (EDA, amine
anchor group).”” This is different from the previously
introduced device 2, where both the ligand (MTP)
and the cross-linking molecule (EDT) bear thiol groups

METHODS

Materials. Thioglycolic acid-capped CdSe NCs and mercapto-
propionic acid-capped CdTe NCs were synthesized according to

previous published procedures.'®*® HDA-capped CdSe NCs were
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anchoring to the CdSe NC surface, so that no LI-QCSE is
expected. Figure 2c presents the EQE and the inset of
Figure 2c shows current voltage curves of device 3,
comparing them to the previously introduced bilayer
device 2, which now serves as a reference sample. The
mixed-ligand device exhibits enhanced charge genera-
tion (max EQE of ~6.5%), and its current voltage curves
show increased short circuit current (143 x 10~% A/cm?)
as well as an extremely high open circuit voltage of 0.81 V.
A closer look at the EQE curves in the region of the CdSe
NC response reveals a 1.8 nm red-shift in the peak, which
indicates that this enhancement can be indeed attrib-
uted to the LI-QCSE, as we discussed in detail in ref 17.
To conclude, Figure 3 summarizes the EQE (3a) and
current—voltage (3b) characteristics of devices 1-—3.
The gradual enhancement in device performance is
clearly seen.

CONCLUSIONS

We have demonstrated the use of the inherent type
Il heterojunction between CdSe and CdTe NCs to de-
sign all-NC-bilayer solar cells. The possibility to employ
both aqueous and organic solvent-based NCs was
demonstrated. The use of CdSe NCs of larger size has
been proven to be beneficial not only to achieve better
solar spectrum matching but also to lower the exciton
binding energy, resulting in an improved charge gen-
eration. We have further shown that even better im-
provement of device performance can be achieved
making use of the ligand-induced quantum-confined
Stark effect (LI-QCSE), showing that one can combine
several methods for charge generation to arrive at
better performing all-NC-based solar cells.

purchased from Nanoco Technologies. NCs sizes where determined
from their absorption spectra following the method of ref 30.

Ligand Exchange. TGA-capped CdSe NCs were phase trans-
ferred to toluene following a previously published protocol,?*
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which results in partial exchange of the TGA molecules by
dodecanethiol (DDT). Both as-received HDA-capped CdSe NCs
and phase-transferred TGA/DDT-capped CdSe NCs were surface
modified using methylthiophenol molecules. Surface exchange
was carried out under inert conditions by adding the nano-
crystals to a toluene solution containing an excess of the
modifying ligands (50—100-fold excess relative to the calcu-
lated original ligand content). The nanocrystals were then
incubated for at least 72 h and then precipitated with methanol,
separated by centrifugation, and redispersed in THF.

Device Fabrication and Characterization. CdTe NCs were spin
coated from water solution on top of UV-ozone-treated patterned
glass/ITO substrates (Psiotec Ltd.), resulting in films of ~40 nm
thickness. The films were transferred to a Nyfilled glovebox,
allowed to dry at 70 °C for 3 h in vacuo, and treated by soaking
in ethanedithiol dissolved in CHsCN. A second cycle of spin coating
with the same aqueous-based solution was followed. The top layer
of the bilayer devices was made using layer-by-layer dip coating.
The substrates were dipped in a diluted solution (5 mg/mL) of CdSe
NCs in THF, followed by dipping in a cross-linking molecule (EDA or
EDT) in acetonitrile. Twenty dip-coating cycles were used in order
to make ~100 nm thick films. The thickness of all NC-based layers
were measured using a stylus profilometer (DekTak 150). The top
contact was ~200 nm of Ag evaporated on top of the active layers.
This electrode was deposited at <0.1 nm s~ ata pressure of ca. 1 x
107 mbar. The devices were then removed from the glovebox
inside a nitrogen-filled sealed chamber for efficiency measure-
ments. EQE was calculated according to EQE(4) = R(1) hc/A where A
is the incident light wavelength, h is Planck's constant, ¢ is the
speed of light, and R(1) is the device responsivity in [A/W]
calculated by dividing the device-measured photocurrent with
the incident light intensity. Devices were illuminated by mechani-
cally chopped monochromatic light (Oriel QTH Research lamp and
Cornerstone monochromator), and the photocurrent was mea-
sured using a lock-in amplifier (EG&G Instruments). The light
intensity was monitored using an amplified and calibrated Si
photodetector (Oriel). I—V curves were measured using a source-
meter (Keithley 2400) in the dark and under 1 sun AM1.5G solar
light (Sciencetech Inc. ss150 solar simulator).
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