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Abstract

Processes are investigated for the fabrication of hybrid bilayer photovoltaic (PV) devices consisting of IV-VI nanocrystals (NCs) having near-
infrared optical gaps and an organic conductive polymer. Our design utilizes PbS NCs spin-cast onto an indium tin oxide (ITO) coated glass
slide, covered with a poly(3-hexylthiophene-2,5-diyl) (P3HT) layer. We demonstrate here that the removal of the surface ligand, by pre-rinsing the
NCs and subsequent annealing, generates a smoother film with a greater degree of cross-linking between the NCs. Additionally, a post-production
treatment enhances the interfacial layer and improves charge carrier separation and mobility, rendering better performing solar cells. Further, results
using PbSe NCs indicate the method can be adapted to similar systems. The method proposed here was designed to optimize more independently
the polymer and nanocrystal components of the device and, to an extent, the interface between them.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solar cells based on conjugated polymer active layers have
attracted considerable attention in recent years as a way of
decreasing the cost of photovoltaic energy conversion [1]. While
the low cost and ease of processing is driving further research in
this type of organic solar cell, the underlying science has gener-
ated much interest across a range of disciplines [2]. Successful
devices are typically based on the use of bulk heterojunctions
or hybrid blends [1,3-12] which provide a large contact area
between the donor and acceptor species. The combination of
many factors determine the energy conversion efficiency of solar
cells [13,14], however, it is clear that the incident spectrum
captured by a device is controlled, and limited by, the absorp-
tion of the active layer. Recent work has explored possibilities
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for expanding the cross-section of absorbed light by designing
near-infrared (NIR) absorbing polymers [15—17], incorporating
NIR-absorbing semiconductor nanocrystals (NCs) into hybrid
devices [18-20], or adding an intrinsic “antenna” layer [21,22].
Effective harvesting of sunlight for solar energy conversion
ideally captures part of the near-infrared spectral region. One
way to achieve that is through the use of nanostructured PbS
or PbSe materials, which have absorption edges that can be
size-tuned through the near-infrared [23]. Furthermore, the pre-
diction [24] and subsequent experimental evidence [25-27] for
multiple exciton generation (carrier multiplication), whereby
the absorption of one photon results in the formation of more
than one electron—hole pair, further motivates the fabrication of
lead chalcogenide-based solar cells. For example, it is important
to discover whether multiple exciton generation can increase
the energy conversion efficiency of a device—that is, can the
multi-exciton states be harvested to provide free carriers?
Despite the fact that PbS and PbSe appear to pos-
sess the required fundamental properties to be used in a
high performance hybrid NC/conjugated polymeric solar cell,
studies to date of PbS/MEH-PPV [18] (poly[2-methoxy-5-
(2-ethylhexyloxy-p-phenylenevinylene)]) or PbSe/P3HT [19]
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(poly(3-hexylthiophene-2,5-diyl)) devices report very low
energy conversion efficiencies; orders of magnitude lower than
comparable CdSe or CdTe/conjugated polymer devices [13,28].
Itis important now to identify bottlenecks that limit the operation
of these devices and to elucidate a means to improve the design
and processing of NIR IV—VInanocrystal-based solar cells. Here
we report a layered device architecture and processing proce-
dure to improve the energy conversion efficiency significantly.
We systematically investigate the role played by quantum size
effects and spectral coverage, and further compare the incorpo-
ration of PbS and PbSe NCs into the active layer. On that basis,
we discuss future directions for design of these devices.

An important consideration in processing NC-polymer
hybrid solar cells is the passivating layer of organic ligands
adsorbed to the NC surface. These organic ligands stabilize the
size and shape of the NCs, prevent aggregation and growth to
bulk, and furthermore determine the NC solubility. However,
these organic ligands also act as barriers for the flow of charge
carriers in and out of the NCs. Overall the organic ligands there-
fore inhibit carrier mobility in PV devices, and their bulkiness
and/or the thermodynamics of chain conformation and mixing,
often can cause phase separation. On the other hand, a poorly
passivated NC surface can lead to carrier recombination through
a large density of surface trap states. As a compromise, small
ligands like pyridine are typically exchanged onto CdSe NCs
natively capped with TOPO [29,30]. Similarly, it was shown
that for PbS NCs prepared with oleate ligands, a post-synthesis
ligand exchange to short-chain amines helped to increase the
external and internal electroluminescence (EL) quantum effi-
ciency of PbS NCs [31,32].

Since the post-synthesis ligand exchange treatment on PbS
NCs was established there have been a few NIR NC-based PV
devices reported. First, Zhang et al. [33] demonstrated that a
bulk heterojunction hybrid solar cell with a blend of MEH-PPV
and PbS NCs (Aaps =935 and 1300 nm) coated with short-chain
amines were more efficient than PbS NCs coated with the orig-
inal oleate ligands. This was attributed to the charge carriers
being able to tunnel through the ligand barrier, or to transfer
directly from the conjugated polymer to NC surface sites left
free by incomplete ligand exchange process. However reported
efficiencies were low due to the poor short-circuit current (/) of
250nA and an open-circuit voltage (V) of 0.47 V. McDonald
etal. [18] later reported characterization of a bulk heterojunction
hybrid solar cell where PbS NCs (A,ps = 1200 nm) with ligand-
exchanged amines were incorporated into a MEH-PPV matrix
to achieve a maximum internal quantum efficiency of ~0.006%.

In another study, Maria et al. [34] demonstrated a bilayer
PV device of PbS NCs (Agps = 1260 nm) with ligand-exchanged
short-chain amines and poly-3(octylthiophene) (P30T) poly-
mer that had an internal quantum efficiency of 11.3% and an
external quantum efficiency exceeding 1% for an infrared PV
response at A =720 nm. However, no overall energy conversion
efficiency for the device was mentioned. Cui et al. [35] recently
reported a bulk heterojunction solar cell that contained PbSe NCs
(Aabs = 1500 nm) coated with oleate ligands in a P3HT matrix.
The device exhibited an incident monochromatic photon to cur-
rent conversion efficiency (IPCE) of 1.3% at A =805 nm, and an

overall power conversion efficiency of 0.14% was achieved. In
conclusion, most of the NIR NCs PV devices reported recently
have been of bulk heterojunction type and/or have substituted
short-chain amines for the oleate ligands. Besides such architec-
tures, another possible configuration for a photovoltaic device
is a bilayer device consisting of a layer by layer coating of NCs
and polymer. In this report we investigate the optimization of
the power conversion efficiency of a bilayer device using a lig-
and removal process, rather than a ligand exchange, to assist
photo-induced charge transfer and carrier mobility. We exam-
ine devices fabricated using different sizes of PbS and PbSe
NCs. The new method proposed here was designed to optimize
independently the polymer and nanocrystal components of the
device and, to an extent, their interface.

2. Experimental
2.1. Synthesis of PbX nanocrystals

All chemicals were purchased from Sigma—Aldrich. PbS NCs
were synthesized as previously reported [23]. In general, a typ-
ical synthesis was carried out in a 3-neck-flask. The lead oleate
precursor was prepared by heating PbO in oleic acid (OA) at
concentrations from 0.1 to 0.5M under argon at 150 °C. Then
bis(trimethylsilyl)sulfide (TMS) in 1-octadecene (ODE) was
rapidly injected into the flask. In order to produce different sizes
of PbS NCs the TMS in ODE was injected at temperatures rang-
ing from 50 to 150 °C. Also, different initial molar ratios of
Pb:S:OA were used. After growth the PbS NCs were isolated
with ethyl acetate then redispersed in chloroform.

PbSe NCs were synthesized as previously reported [36]. Typ-
ically, the synthesis was carried out in a 3-neck-flack and under
argon. A mixture of 2.5¢g of PbO, 7.5g of OA, and 18.5¢g of
ODE were heated to 150 °C. Then the temperature was raised to
180°C and 1.5 g of Se powder in 20 mL of tri-octyl phosphine
(TOP) was injected. The flask was quickly removed from the
heat and cooled down to 80 °C using a cold water bath. Next
25 mL of hexane was added until the temperature dropped to
30 °C. The resulting PbSe NCs were isolated with acetone, and
redispersed in chloroform.

2.2. Device preparation

A 1.5cm x 1.5cm indium tin oxide (ITO) coated glass
substrate (Merck KG Darmstadt) with an ITO thickness of
~120nm and a surface resistance < 15 Q/cm? was used. The
ITO was patterned by etching it with an acid mixture of
HCl¢one:HNO¢one:H7O (4.6:0.4:5) for ~30 min. The substrates
were then cleaned with an ultrasonic bath of acetone first, fol-
lowed by iso-propanol, and finally dried with an N; flow.

About 45 mg/mL of PbS or 100 mg/mL of PbSe NCs were
diluted with ethyl acetate (EtAc) and chloroform with vol-
ume ratios of 1:6 (EtAc:CHCl3). This mixture was spin-cast at
8000 rpm and annealed gradually to 200 °C in a vacuum oven.
A 1 wt% of regioregular poly(3-hexylthiophene-2,5-diyl) (Rieke
Metals Inc.) in chloroform was prepared and drop cast onto the
PbS films. Then 160 nm of gold was thermally evaporated onto
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the film in a vacuum better than 10~ mbar. After fabrication
the electrical properties of the devices were measured before
and after they were further annealed to 100 °C for 1h on a hot
plate.

2.3. Device characterization

An inert argon environment inside a glove box system (MB
200 from MBraun) was used for the electrical characterizations.
The current versus voltage curves were measured with a Keith-
ley 236 source measure unit under an illumination intensity of
100 mW/cm? with a solar simulator source (K.H. Steuernagel
Lichttechnik GmbH) simulating AM 1.5 conditions. The devices
were illuminated through the ITO coated glass. Under ambient
conditions the surface morphology measurements were carried
out with a Digital Instruments Dimension 3100 atomic force
microscope (AFM) in tapping mode.

In order to measure the incident photon to collected elec-
tron efficiency (IPCE) response of the device, the samples were
illuminated under ambient conditions with light from a halo-
gen lamp passing a monochromator (band width<5nm) and
through a mechanical chopper. A Stanford Research Systems
Model SR810 DSP lock-in amplifier was used to relate the pho-
tocurrent of the solar cell to the photon flux, which was calibrated
with a silicon reference diode up to 1100 nm. The external quan-
tum efficiency or the IPCE was calculated using the following
formula that has been explained in Ref. [37]:

12401gc

()
where I is the short circuit current density (p,A/cmz), A the

incident photon wavelength (nm), and Pj, is the monochromatic
light incidence (W/m?).

3. Results and discussion

The effectiveness of hybrid solar cells depends, among
other effects, on the efficacy of photocurrent generation at the
nanocrystal/polymer interface. In general, bulk heterojunction
solar cells consist of an interpenetrating network of donor and
acceptor components for efficient charge separation [38]. It is
therefore important that the donor and the acceptor mix homo-
geneously over a length scale of their exciton diffusion length
(approx. 10-20 nm in polymers). In hybrid solar cells the organic
ligands adsorbed to the surface of the NCs are the key, and yet
limiting, factor. For example, in our early trials to make bulk
heterojunction hybrid solar cells we attempted to mix PbS NCs
coated with oleate or with ligand exchanged short-chain amines
with P3HT. The organic ligands inhibited mixing of the PbS
NCs with the P3HT matrix. The films prepared from these solu-
tions always contained agglomerations of PbS NCs and P3HT
domains, and the coarse phase separation of these components
rendered the solar cells less efficient.

To remedy this situation, we attempted a new method for
removal of organic ligands from the surface of the QDs and
further designing a bilayer device as depicted in Fig. 1, where

(a) poly(3-hexylthiophene)

/

—— P3HT

PbS — — ITO

Substrate

Fig. 1. (a) Regioregular poly(3-hexylthiophene-2,5-diyl). (b) Schematic of the
structure of the bilayer hybrid solar cell.

PbS NCs were used as the electron transporting layer and P3HT
was used as the hole transporting layer. This design gave us
the advantage to pre-treating and optimizing the PbS (or PbSe)
NC film before the P3HT film was deposited. To fabricate a
bilayer solar cell, the PbS NCs film needed to be treated to
render it insoluble in the P3HT/chloroform solution during the
spin-coating of the second layer. It was found that the PbS NCs
had to be dissolved in a mixture of ethyl acetate and chloroform
before spin-casting. If the ethyl acetate is not a component of
the mixture then the films will be soluble to the P3HT solution
before or after the heat treatment. After annealing the PbS NCs
films at 200 °C, they were found to maintain their integrity upon
the casting of the P3HT solution.

We further investigated possible nanocrystal size-dependent
effects in PbS NCs solar cells. The different sizes of NCs have
different band gaps due to the quantum confinement effect. The
different sizes will therefore overlap different portions of the
solar spectrum. Hence, one would expect that the light har-
vesting efficiencies will change with the size of the NCs due
to their different profiles within the solar spectrum. An opti-
mum energy conversion efficiency may be obtained by tuning
the interplay of absorption cross-section with diminished open-
circuit voltage as the band gap is reduced [14,39]. It turned out to
be difficult to quantify directly quantum confinement effects in
practice because additional factors need to be considered, such
as the packing capabilities and the quantity of ligands on the NC
surface, which depend on NC size.

First, the packing of the NCs affects the morphology of the
films prepared. The size of the NCs influences the interstitial
spacing between them, despite “size” being blurred by the lig-
and corona. Thus larger NCs, with larger interstitial gaps, tend to
produce rougher films and exhibit larger agglomerations within
the films. These morphological effects were characterized by
atomic force microscopy (AFM). Fig. 2 shows the morphology
of the PbS NC films of different sizes before and after the heat
treatment. The PbS NC films appear to form small agglomerates
before annealing, however after annealing, the surface rough-
ness of the PbS NC films is reduced. A smooth film increases
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um

Fig. 2. AFM images of the deposited PbS films taken prior to (left) and after (right) annealing of sample A (a, b) and sample D (c, d). See Table 1 for definition of

these samples.

charge carrier transfer and mobility and decreases series resis-
tance, probably as a result of better contacts and thus electronic
coupling [40,41].

As discussed in the previous section, the organic ligands
adsorbed to the surface of the NCs adversely affect the charge
transport. Since larger NCs have high surface area, a lower effi-
ciency will be expected due to less carrier transfers and reduced
mobility. On the other hand, a significant quantity of organic
ligands could be removed with the addition of ethyl acetate,
thereby reducing charge carrier recombination and increasing
carrier mobility.

The PV properties of the PbS NCs solar cells were character-
ized by measuring current—voltage (I-V) curves in the dark and

under white light illumination through the ITO side. The char-
acteristic parameters of the PbS NCs solar cells were deduced
from the I-V curves, plotted on linear scales in Fig. 3. The details
of the devices are collected in Table 1. From the photocurrent
properties collected for different sizes of PbS NCs solar cells no
clear size-dependence could be determined.

The spectral response (IPCE) and the absorption spectrum
for the different sizes of PbS NCs solar cells are shown in
Fig. 4. IPCE data beyond 1100 nm are not reported because
the signal was too weak and could not be distinguished from
background noise even after calibration correction. The compar-
ison of the spectral response and the optical absorption spectra
gives information on the charge carrier generation mechanism.

Table 1

Measured performance characteristics of devices A—D

Sample PbS Afjm (nm) Post-production annealing Isc (mA/cm?) Voc (mV) FF* Efficiency (%)

A 810 Before 0.05 200 0.32 0.0032
After 0.12 400 0.38 0.0182

B 865 Before 0.06 100 0.39 0.0023
After 0.13 200 0.29 0.0075

C 1050 Before 0.07 200 0.36 0.0050
After 0.11 350 0.44 0.0169

D 1145 Before 0.08 300 0.46 0.0110
After 0.13 400 0.38 0.0198

2 Fill factor (FF).
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Fig. 3. I-V characteristics of the PbS NCs samples A-D (a—d) on a linear scale

As previously reported both PbS NCs and P3HT contribute to
the charge carrier generation [42]. P3HT has a broad absorption
with an absorption maximum at 550 nm. IPCE data shorter than
700 nm is attributed to the P3HT and are not shown in our fig-
ure. The spectral response at wavelengths longer than 700 nm is
accredited to the PbS NCs absorption.

The advantage of using the method reported here to prepare
solar cells is the use of ethyl acetate in the PbS NCs film treat-
ment. Our results indicate ethyl acetate aids in the partial removal
of oleate ligands from the surface of the PbS NCs, leaving free
surface sites. In the first step of the procedure, copious quantities
of ethyl acetate were used to isolate the PbS NCs from the syn-
thesis residue because ethyl acetate only partially precipitates
the PbS NCs. Subsequently, the PbS NCs were redissolved in
chloroform and further diluted with a mixture of ethyl acetate
and chloroform. The supplementary addition of ethyl acetate
further facilitates the removal of more oleate ligands from the
PbS NCs surface.

In the next step, the PbS NC solution was spin-cast onto slides
and the resulting films were gradually heated to 200 °C in a vac-
uum oven. This heat treatment eliminates unwanted organics
with boiling points lower than 200 °C, such as ethyl acetate and
chloroform, resulting in interspatial vacancies. If a temperature
greater than 200 °C was used, the films turned from light brown
to black indicating PbS bulk. When the films were removed from
the oven, they were insoluble to the (chloroform-based) P3HT
solution. This insolubility supports the notion that significant
amounts of oleate ligands were removed from the surface of
the NCs (since solubility properties depend on the adsorbed lig-
ands). Given the partial removal of oleate ligands from the NC
surface, and the elimination of the other organic compounds,
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after the post-production heat treatment. See Table 1 for definition of these samples.

the NCs had the opportunity to increase their apposition to one
another and to cross-link with adjacent NCs surfaces [43,44].
This proximity has been shown to improve electron transport
between the NCs [45,46]; therefore we expect this to improve
the efficiency of the bilayer hybrid solar cell.

The post-production annealing of the solar cell increases the
mobility of the holes in the polymer. It has been shown that when
a polymer, such as P3HT, is thermally annealed slowly above
its glass transition temperature an enhancement in crystallinity
takes place [47]. This crystalline order helps to increase hole
conductivity [48,49]. Our results show an overall improvement
in the performance of all solar cells after the post-production heat
treatment. We systematically studied the time and temperature
of the heat treatment to achieve optimal results. Our solar cells
performed best after 1 h at 100 °C: we observed an increase in
both /. and V. Their enhancement is proposed to be due to
an increase in the hole mobility in the polymer layer and the
removal of shunts, respectively [50].

Furthermore, we speculate that the post-production heat treat-
ment may have improved the interfacial contact between the two
layers [49,51,52]. By increasing polymer crystallinity, the poly-
mer better reticulates with the NC at the interface. The resultant
mesh increases the mobility and separation of the charge carri-
ers. The performance of the bilayer design presented here still
lags considerably behind bulk heterojunction solar cells based
on CdSe [53] and PCBM [10]. This might be due to differences
in phase segregation and mixing. On the other hand, an inherent
advantage of using PbS is the increased absorption capability in
the NIR region of sunlight. Here we presented a methodology to
improve the interface between PbS/P3HT by partially removing
oleate ligands from the surface of the PbS QDs. We observe that
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Fig. 4. (a) IPCE spectra of the PbS solar cells. (b) Absorption spectra of the PbS
films.

the surface roughness indeed plays an important role in deter-
mining the cell performance and can be smoothened by rinsing
the PbS layer by a mixture of ethyl acetate and chloroform
followed by baking at 200 °C for 1 h.

We have also investigated the incorporation of PbSe NCs into
a PV device. PbS and PbSe NCs are IV-VI NIR semiconductors
with similar band gaps and syntheses. However, the susceptibil-
ity of PbSe NCs to oxidation requires the processing method for
each of these PV devices to be uniquely tailored [54]. There-
fore, modifications to the procedure described in this report had
to be considered. First, the PbSe NCs had to be cleaned with ace-
tone instead of ethyl acetate. If ethyl acetate in combination with
methanol was used, then the PbSe NCs agglomerated and turned
grayish in color; indicating an increase of size towards bulk,
hence eliminating quantum size effects. Next, the spin-coating
speed had to be reduced in order to make uniform films due to
the initial higher mass used in the preparation of the solution,
resulting in rougher films. Also, the removal of oleate ligands
on PbSe requires a higher temperature than for PbS films due
to the presence of more ligands. The higher temperature aids in

the removal of oleate ligands because oleate has a boiling point
of 260 °C. Preliminary results for PbSe NCs solar cells show
efficiencies about tens times lower than the PbS solar cells.

4. Conclusions

In order to make more efficient PV devices that harvest light
in the NIR, we reported the fabrication and characterization a
solution-processable bilayer hybrid solar cell. This design gave
us the opportunity to process the NC layer before the conjugated
polymer layer was deposited, unlike previous hybrid bulk het-
erojunctions solar cells. The NC portion of the active layer was
achieved by using ethyl acetate in the NC solution and gently
heating the NC film, which partially removed the oleate ligands
and cross-linked the NCs. The results indicated that the surface
ligands of PbS nanocrystals play an important role in deter-
mining the surface roughness and morphology of PbS/P3HT
interface, thereby affecting the power conversion efficiency of
solar cells. Quantum size effects are anticipated to be a fac-
tor in NC solar cell efficiency, however such effects can also
be entangled with sample-dependent morphological effects and
could not be discerned. Furthermore, Table 1 established that the
post-production treatment increased the PV properties owing to
polymer crystallization. In summary, each fabrication compo-
nent was systematically optimized to obtain an effective IV-VI
NC/polymer solar cell design.
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