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Chemically modifying the surfaces of colloidal quantum dots (QDs) offers an effective approach to
improving their photovoltaic performances. Ligand exchange processes, however, tend to cause
nanoscale cracks throughout the QD-based films, which increases the leakage current and magnitude of
recombination losses. Here, we have developed a multifunctional [6,6]-phenyl C¢; butyric acid methyl
ester (PC¢BM) cathode interlayer for use in polymer-QD hybrid bulk heterojunction (BHJ) solar cells.
The PC4BM layer deposited onto the hybrid BHJ film via solution uniformly covered the nanocracks
produced by QD surface ligand exchange with thiol and facilitated electron transport to the cathode. The
PC4BM layer also improved photon harvesting at short wavelengths and formed an efficient vertical
donor:acceptor/acceptor’ (D:A/A’) junction in the interfacial areas between the hybrid blend and the
PCqBM. The efficient vertical junction increased the probability of ultrafast exciton dissociation,
provided pathways for effective transport and extraction of photo-generated electrons, and blocked holes
to reduce recombination losses. These combined advantages significantly enhanced the overall efficiency
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of the hybrid solar cells over the current state-of-the-art efficiency.

Introduction

Organic—inorganic hybrid solar cells (HSCs), which consist of
bulk heterojunctions (BHJs) composed of conjugated polymers as
electron donors and colloidal quantum dots (QDs) as electron
acceptors, combine the advantages of the two material classes:'
polymers have film-forming property and provide a high absorption
coefficient, whereas QDs have size-tunable band gaps, offer broad
light absorption, and can generate multiple excitons from a single
photon.?” The efficiency of HSCs has been significantly enhanced
through advances in synthesis, processing, and surface chemistry of
QDs over the last few years. For instance, post-deposition exchange
of long-chain organic ligands (e.g., oleic acid) that wrap around the
as-synthesized QD surfaces with short functional molecules (e.g.,
thiol and amine groups) can improve the interfacial contacts between
the polymer and QDs, improve the QD-based film conductivity, and
increase QD surface passivation, leading to enhanced charge transfer
and reduced recombination sites.*'? The ligand treatment technique
addresses the main factor that limits HSCs: the lack of control over
the interface between the heterogeneous organic and inorganic
materials. In previous reports, we successfully described broadband
energy-harvesting HSCs with power conversion efficiencies (PCEs)
exceeding 3% by using engineered donor—acceptor (D-A) interfaces
in which the lead sulfide (PbS) QD surfaces were modified with
thiol ligands."*'* However, these benefits come at a cost in that the
post-deposition ligand treatment causes nanoscale cracks and
pinholes on the blend film surface due to changes in the free volume
and polarity during the ligand exchange process.'*'” The cracks
increase the leakage current, introduce serious recombination losses,
and are the main cause of the relatively low fill factors (FFs) of
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HSCs, typically 40-50% or lower,”'"'® compared to the FFs
obtained in organic solar cells (OSCs), which can exceed 70%. %!

This study describes and implements a new design platform for
developing high-efficiency HSCs employing a fullerene interlayer
between the PbS QD-based hybrid blend and the top electrode. We
concentrated on the attributes of [6,6]-phenyl Cg; butyric acid methyl
ester (PC4BM) as a cathode interlayer material, which provides a
high electron mobility, high electron affinity, deep ionization
potential, small particle size, and film uniformity. In the device, the
poly((4,8-bis(octyloxy)benzo(1,2-b:4,5-b")dithiophene-2,6-diyl)(2-
((dodecyloxy)carbonyl)thieno(3,4-b)thiophenediyl)) (PTB1):PbS
QD blend and wupper PC4xBM interlayer formed vertical
donor:acceptor/acceptor’ (D:A/A’) junctions, in which electrons
segregated in the hybrid blend in contact with PCsBM could diffuse
through the PC4BM layer to the Al electrodes by virtue of favorable
junction formation. The PbS QDs in the hybrid blend received
photo-generated electrons from PTB1 as an electron acceptor® but
also simultaneously donated electrons to the upper PC¢BM layer as
an electron donor, enabled by the ambipolar transport properties of
PbS QDs. Multiple investigations revealed that an optimally thin
PCsBM layer improved exciton generation, facilitated exciton
dissociation into free charge carriers, and provided pathways for
effective electron extraction. These benefits led us to attain an
overall efficiency approaching 4.53%, which is the highest value yet
reported for PbS-based HSCs to the extent of our knowledge.

Results and discussion
Fig. la shows the ultraviolet (UV)-vis-near infrared (NIR)

absorption spectra of pure films composed of PTB1 or PbS QDs (the
chemical structure of PTB1 and the type-II heterojunction at the
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hybrid interface are depicted as well). The absorption of the PbS
QDs extended from the UV to the NIR regions, but the absorption
properties in the visible region were relatively low due to the sparse
density of states between the 1st and 2nd excitons. The strong
absorption properties of PTB1 in the visible range between 500 nm
and 800 nm could complement the low absorption of the QDs in that
region, thereby allowing broadband photon harvesting in the
PTB1:PbS hybrid blends. The absorption spectra of the PTB1:PbS
hybrid blends ranged broadly from the UV to the NIR regions with
no significant drop in the absorption profile (Fig. 1b). The
absorption spectrum reflected the concentration of PbS QDs present
in the polymer matrix and approached the QD absorption spectrum
as the PTB1:PbS QD weight ratio increased from 1:2 to 1:19.
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Fig. 1. Absorption spectra of (a) the pure PTB1 and PbS QD films, and (b) PTB1:PbS
hybrid blends as a function of the polymer-to-QD ratio. (c) I~V characteristics of the
hybrid blends, measured at interdigitated finger-like electrodes under UV illumination,
and (d) optical microscopy images of the interdigitated electrodes deposited on a glass
substrate.

Exciton dissociation at the interface between PTB1 and the thiol-
treated PbS QDs and hole transfer from the QDs to the polymer were
investigated via facile photocurrent measurements collected from the
hybrid blends, because thiol-treated PbS QDs are primarily
considered as p-type materials. The hole transfer dynamics were
examined by illuminating with 365 nm UV light, which is absorbed
by the PbS QDs to generate excitons but is not absorbed well by the
PTBI1, whereas the visible light excites both the polymer and QDs,
as shown in Fig. la and b. Fig. 1c shows the current-to-voltage (I-V)
characteristics of the films under UV illumination. A 100 pL blend
solution in chloroform was spin-coated onto a set of 5 pm wide
interdigitated finger-like Au electrodes separated by 5 um spacings
on a standard glass substrate. The thicknesses of the blend films
prepared with different D-A ratios were fixed similarly at a given
value. Fig. 1d shows optical microscopy images of interdigitated Au
electrodes fabricated via a lift-off process (details are provided in
Experimental Section). The photocurrent in the hybrid blends was
consistently higher than the photocurrents measured in pure films
composed of PTB1 or PbS QDs; for instance, the 1:9 blend biased at
10 V under illumination produced a photocurrent of 8.76 A,
whereas the device composed of a pure PTB1 film and a pure PbS
QD film showed significantly lower photocurrents of 0.45 pA and
2.18 pA, respectively. These results suggested that efficient exciton
dissociation and photo-excited hole transfer from the PbS QDs to the
PTBI1 took place prior to recombination via the formation of D-A
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heterojunctions between the polymer and the PbS QDs. By contrast,
poor light absorption in the UV region and the absence of a charge
transfer phase in the pure films limited the current generation. We
also found that the /-V characteristics depended on the blending ratio
between the D-A components, and devices based on a PTB1-to-PbS
ratio of 1:9 showed the highest photocurrent among devices. An
optimal density of the QDs in the polymer matrix and efficient
interactive networks between the two components may together
improve exciton dissociation and charge transfer at the
heterojunction interfaces, which are prerequisites for efficient
photovoltaics. The experimental results suggested that PbS QDs
could provide ambipolar transport, which permits photo-excited hole
transfer toward the polymer through an efficient type-II
heterojunction system (as a n-type acceptor), but also photo-excited
electron transfer toward an electron acceptor, provided that an extra
electron acceptor with strong n-type character is added (e.g.,
PCsBM) and then couples to the thiol-treated PbS QDs in the
polymer-QD-fullerene ternary heterojunction system (as a p-type
donor). The ambipolar transport could be enabled by a relatively
weak p-type character of the thiol-treated PbS QDs with a low
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Fig. 2. Cross-sectional SEM images of the HSCs prepared (a) without or (b) with a 20
nm thick PC¢BM interlayer. J—V characteristics of (c) the HSCs developed with
different PC¢BM thicknesses under AM 1.5G illumination, and (d) a representative
device prepared with a 20 nm thick PC¢BM layer, selected from among more than
twenty identical cells.

HSCs were fabricated using a nanocomposite composed of PTB1
and PbS QDs in a blending ratio of 1:9. Fig. 2a and b, respectively,
show cross-sectional scanning electron microscopy (SEM) images of
two devices prepared without or with a thin PC¢(,BM interlayer
between the hybrid blend and the top Al electrode. Sequential layers
of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS)/hybrid blend/PCsBM/Al may
be easily distinguished in the image. The thicknesses of the PCyoBM
interlayers were 9-12 nm (ca. 10 nm), 17-21 nm (ca. 20 nm), and
4547 nm (ca. 45 nm), and could be controlled by varying the
solution concentration and spin-coating speed. Each series of devices
were fabricated and tested under the identical conditions for strict
comparison between them, and some unintentional variables in the
process were set to be minimized.

Fig. 2c shows the current density-to-voltage (J—F) characteristics
of the HSCs as a function of PCsBM layer thickness under Air
Mass 1.5 Global (AM 1.5G) illumination (100 mW/cm?), and Table
I summarizes the photovoltaic performance parameters obtained.

This journal is © The Royal Society of Chemistry 2015
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The device prepared without a PCsBM layer exhibited an open-
circuit voltage (Voc) of 0.54 V, a short-circuit current density (Jsc)
0f 9.45 mA/cnr®, a FF of 0.46, and a PCE of 2.34%. The introduction
of a 10 nm thick PC¢,BM cathode interlayer into the HSC increased
the PCE to 3.39% due to increases in both Jy to 12.68 mA/cm” and
FF to 0.5. A PCE approaching 3.98% was achieved by incorporating
the 20 nm thick PCsBM layer, yielding a V¢, Jsc, and FF of 0.55
V, 13.24 mA/cm?, and 0.55, respectively. The best device obtained
among more than 20 cells fabricated under identical conditions
provided a V¢ 0f 0.56 V, Jsc of 14.04 mA/cm?, FF of 0.58, and PCE
of 4.53% (Fig. 2d). To the best of our knowledge, the overall
efficiency obtained in this study is the highest value yet reported
using PbS-based hybrid BHJ solar cells'*'®?*% (although the PCE
still lags behind high PCEs in all-inorganic QD solar cells
approaching 8% or more).”*** Further increases in the PCgBM
thickness to 45 nm significantly decreased the PCE to 2.3%, similar
to the values of the reference HSC without a PC¢BM layer. The
only difference between the devices was the thickness of the
PC¢BM interlayer, indicating that the PCqBM interlayer
significantly contributed to the photovoltaic performances (optical,
electronic, and/or morphological properties) of the HSCs.

Table 1. The photovoltaic parameters, representing the average of the measurements
collected from at least fifteen cells.

PCeoBM thickness (V\f;; - A]/ngz) FF 1:%
0nm 054 945 046 244
10 nm 054 1268 050 339
20 nm 055 1324 055 398
20 nm (Best) 056 1404 058 453
45 nm 051 1125 040 230

First, we examined the optical properties of PCsBM that can
generate excitons through photon absorption at short wavelengths of
the solar spectrum. The optical effects were explored by measuring
the absorption spectra of the PTB1:PbS blend films with or without a
20 nm thick PC¢BM layer, as shown in Fig. 3a. The absorption in
the UV region between 250 and 450 nm was higher for the PCs,BM-
inserted sample. This result indicated that the upper PC4BM layer
absorbed photons in the UV range that were not fully harvested by
the hybrid blend. However, the absorption profile of the PC¢,BM
overlapped with the PbS QDs and the absorption enhancement was
confined to the UV area in which the spectral power of the sun is
relatively weak (as illustrated in the graph). It was therefore difficult
to determine that PC¢,BM significantly improved the efficiencies of
the HSCs by increasing light absorption. We next explored the other
effects of PC¢BM that improved the overall efficiency of the HSCs.

Photoluminescence  (PL) quenching measurements were
performed to examine the exciton transfer dynamics in the device,
because PL quenching is a simple but highly useful tool for
understanding charge separation and transfer dynamics between the
heterojunction components.”*>' Fig. 3b shows the normalized PL
intensity spectra of three films composed of PbS QDs, a PTB1:PbS
QD blend, and a PTB1:PbS QD/PC¢BM blend. It should be noted
that the PL signal for PTB1 and PC4BM materials was not observed
above 900 nm, and the observed PL signal fully arose from the PbS
QDs. The PL of the PTB1:PbS blend was significantly quenched
relative to the strong PL intensity measured in the pure PbS QD film,
suggesting that ultrafast photo-induced charge transfer occurred
between the two components. PL quenching is a prerequisite for
efficient HSC operation.*? Because no PL signal was obtained from
the PTBI1 in the NIR region, the PL quenching was fully attributed to
the dissociation of excitons generated in the QDs and the subsequent
hole transfer from the QDs to the polymer. These effects also

This journal is © The Royal Society of Chemistry 2015
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indicated the formation of a charge-separating type-II band offset at
the PTBI1:PbS interfaces. The PL signal was nearly completely
quenched upon incorporation of a PC4BM layer into the hybrid
blend. Complete PL quenching may have resulted from the
additional migration of electrons from the PbS QDs to the PC¢,BM,
whereas holes transferred from the PbS QDs to the PTBI. The
PC4BM layer facilitated ambipolar charge transport within the PbS
QDs, as expected based on the [~V results collected under UV
illumination (see Fig. 1c). Hole transfer to the polymer determined
the equilibrium population in the QDs after electron transfer to the
PC¢BM, thereby allowing for re-excitation and new charge
transfer.® The device, thus, could trap fewer photo-generated
charges due to the presence of the separate PC4BM layer.

---- PbSQD
L (YT ~L (b) % PTB1:PbS
ey { | [TV =S > PTBL:PbS/PC, BM
3 £ ! o < \
S _\., | | | W S
= NARYES
2 o PTBI:PbS il 2t
= +— PTBI:PbS/PC, BM || @
S R — =
2z Y Solar irradiance 1 =
Ll |
% Al
300 400 500 600 700 800 900 950 1000 1050 1100 1150

Wavelength (nm) Wavelength (nm)

(c)

-3.7

—= 50
o ——— PCyBM

-6.1

| None
oy, h
A: sa. 10 nm
so 9 . ca.
* E i) ®— ca. 20 nm
R o SRS Blend Abs.

o @) ”‘v...f"*-

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 3. (a) Absorption spectra of the PTB1:PbS blends prepared without or with a 20 nm
thick PC4BM layer. (b) Normalized PL intensity spectra of the pure PbS QD, PTB1:PbS
blend, and PTB1:PbS/ PCsBM films. (c) Energy band diagram of the overall HSC
prepared with a thin PCsBM cathode interlayer. (d) EQE spectra as a function of
PC¢BM layer thickness.

The LUMO level of the PC¢BM is similar to the conduction band
(CB) of the PbS QDs (3.5 nm in diameter),** whereas its HOMO
level is as deep as 6.1 eV (see Fig. 3c). PC4BM in the HSC can
effectively function as an intermediate to transport electrons toward
the top Al electrode, and its deep HOMO level blocks holes and
reduces carrier recombination loss. The PC¢BM interlayer also
provides an extra interface for ultrafast exciton dissociation via the
formation of vertical hybrid interfaces with the polymer:QD
composite. PC4BM is a semiconductor with strong n-type character,
whereas PTB1 and PbS are typically considered as p-type
semiconductors (even if they display ambipolar transport
properties).™*® Our device appeared to have a ‘self-assembled
D:A/A’ structure’,'” in which each solar cell, based on a purely
organic PTB1:PC¢BM BHIJ film*’" or a hybrid PbS QD:PC¢,BM
BHI film,*® operated well individually: in particular, PTB1 is one of
the highly efficient donor polymers in OSCs with a high PCE of
around 5%. The PC¢BM interlayer appeared to increase the
dissociation of photo-excited excitons, their transport, and their
extraction toward the electrode. These electronic advantages are

J. Mater. Chem. A, 2015, 00, 1-3 | 3
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strongly associated with an increase in Jgc in PCgBM-inserted
devices.

To underpin the assumption, external quantum efficiency (EQE)
spectra of the devices were compared, because EQE is determined
from the products in consecutive steps of photon absorption, photo-
excited carrier diffusion, exciton dissociation, charge transport, and
charge collection at the electrodes. Fig. 3d compares the EQE
spectra of the HSCs with or without a thin PC4BM interlayer: the
Jsc values calculated from the EQE spectra agreed well with the Jg¢
values extracted from the J-J curves. A significant increase in the
EQE of the PCqBM-inserted HSCs over the entire spectral range
indicated enhanced charge generation kinetics due to the presence of
the PC4BM layer. The EQE spectra of the PCyBM-inserted HSCs
exhibited two broad peaks at 330 — 470 nm and 570 — 650 nm, which
corresponded to the active absorption ranges of the PbS QDs and
PTBI1, respectively. These results indicated enhanced charge
generation dynamics in the fine D:A/A" structure, such that both
PTB1 and PbS QDs displayed a higher probability of exciton
dissociation and transfer in their respective junctions formed by a
strong n-type PCqBM. The EQE spectrum indeed reflected a
superposition of the respective EQE spectra of the binary devices
based on PbS:PCx,BM* and PTB1:PC¢BM.>” We believe that the
inserted PC4BM layer improved the photocurrent in the overall
devices by enhancing the exciton dissociation probability and
providing effective pathways for efficient electron transport and
extraction. To examine how much of the increase in the Jg- was
from PTB1-PC¢BM interaction and from PbS QD- PCysBM
interaction, we extracted the Jgc of the devices in three respective
wavelength ranges of 300 — 500 nm, 510 — 800 nm, and 810 — 1100
nm. The Jgc can be theoretically calculated by integrating the
product of the incident photon flux density F(1) and EQE(4) of the
device over the wavelength (1) of the incident light,

Jse = [ aF@( - r)EQEDAA

where ¢ is the electron charge and r(7) is the incident light loss in
light absorption.*” Based on our calculation using the experimentally
obtained EQE spectra, the Jgc was increased from 5.50 to 7.93
mA/cm? in the wavelength of 510 — 800 nm (main absorption area of
the PTB1), corresponding to the enhancement ratio of 44.18%, when
compared two HSCs with and without the 20 nm thick PCsBM
layer. The Jgc was also 46.24% (from 2.66 to 3.89 mA/cm?®) and
85.25% (from 0.61 to 1.13 mA/cm?) increased at wavelength regions
below 500 nm and beyond 800 nm (where PTB1 hardly absorbs
photons), respectively. These indicated that efficient interactions
between PTB1/PC¢BM as well as QD/PCyxBM contributed to the
photovoltaic performance enhancement in the PCgBM-inserted
HSCs. However, the Jy¢ in the wavelength region of 510 — 800 nm
holds more than half of the total Jg- in the devices because of the
strong solar intensity in that wavelength region. It signifies that the
effective  coupling between PTB1/PCyBM and resultant
enhancement in the EQE in the visible wavelength of 510 — 800 nm
are an important source of the Jgc increase in the PC¢oBM-inserted
HSCs.

In an OSC, an n-type interlayer on top of a polymer:fullerene film
can improve photo-excited electron extraction to the top electrode
but also offer enhanced electrical contact between the photoactive
layer and the cathode.*' Microscopy techniques were next used to
explore whether the PC¢BM layer offers such morphological effect
on the HSCs. Fig. 4a and b show SEM and atomic force microscopy
(AFM) images of the PTB1:PbS QD blend before and after applying
the PC4BM coating. Nanoscale cracks and pinholes were observed
on the surface of the ligand-treated hybrid blend because the surface
properties changed after the free volume and polarity changed during
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the post-deposition ligand treatment: the short ligands (here, 1,2-
ethanedithiol, EDT) could not completely fill the space taken up by
the initial long ligands (here, oleic acid).'” By contrast, the
uniformity of the surface was improved after the deposition of a thin
PC¢BM layer, which formed a conformal coating on the hybrid
blend layer and completely filled the nanocracks (Fig. 4b). It has
been previously reported that a uniform metal oxide nanoparticle
(NP) interlayer (e.g., TiO,) deposited on a ligand-treated hybrid
blend layer can improve electrical contact between the photoactive
film and the cathode by reducing the contact resistance.'® However,
the extremely small PCyBM particle size, which is smaller than the
size of the typical TiO, NPs,** permits more efficient diffusion of
PC¢BM into nanoscale cracks and formation of better contact
between the photoactive layer and the top electrode, compared to the
cases of metal oxide NPs. Interestingly, this effect was observed in
the cross-sectional SEM images shown in Fig. 2a and b, in which the
photoactive film—metal interface flattened in the presence of the thin
PC4BM layer. The interfacial contacts were highly rough in the
absence of the interlayer. The thin PC4BM layer provided a uniform
interlayer that improved contact at the semiconductor—metal
interface, suppressed carrier recombination, and facilitated carrier
extraction. These results fully interpret the simultaneous
enhancement in the Jyc and FF in HSCs developed with an optimally
thick PC4BM layer. It should be pointed out that the optimized
PCqBM-inserted HSCs provided a relatively high FF of 0.58,
althog}gh a thin electron-collecting metal layer such as LiF was not
used.

& Polymer

OA-capped QD

QD ligand

exchange

L

PC4BM
coating

Optimally thick PC4BM layer
fully covering hybrid blend (C)

Extremely thin PC4,BM layer

Fig. 4. SEM image and AFM surface topographies of the ligand-treated PTB1:PbS blend
films (a) before and (b) after applying a PCsBM coating (scale bars indicate 500 nm).
(c) Cross-sectional schematic diagram of the morphological changes displayed by the
photoactive blend film as a function of the surface ligand treatment and thickness of the
PC4BM layer.

Fig. 4c schematically illustrates the morphological structures of
the photoactive films prepared with different PCgBM layer
thicknesses. The film morphology significantly influenced the

This journal is © The Royal Society of Chemistry 2015
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overall efficiency of the HSCs. After exchanging the initial oleic
acid ligands on the QD surface with short EDT molecules, the
distance between the QDs and the polymer (as well as between
neighboring QDs) decreased, leading to improved interactive
networks for efficient photo-generated exciton diffusion and
transfers.'®!" However, nanoscale cracks and pinholes did form on
the film surface during the ligand treatment process. The PCsBM
layer, which had an optimal thickness (here, around 20 nm) filled the
nanocracks, covered the blend surface, and improved the interfacial
contacts between the hybrid blend and the top electrode. An
extremely thin PC¢BM layer could not be applied uniformly on top
of the hybrid blend, and many of the nanocracks remained
uncovered, exposing areas of the hybrid blend. By contrast, the
relatively thick PC4BM layer increased the distance through which
charge carriers travel to reach the cathode, which unintentionally
induced carrier recombination loss. The decrease in PCE for HSCs
prepared with the thick PC4,BM layer is strongly associated with the
low FF, as shown in Fig. 2c. The steep J-V curve measured in the
HSC prepared with the thick PC4BM layer could be ascribed to
losses by resistance, an imbalance between the electron and hole
mobilities, shunt leakage paths, or etc.** Roughly, the electron
mobility in a pure PC4BM film (107 cm?/V-s)* is almost two order
larger than hole mobilities in a PTB1 solid (4.5x10™* ecm?/V-s)*’ or
an EDT-treated PbS QD solid (10 cm?/Vs).*® Full surface coverage
of the hybrid blend by a uniform PC4qBM layer was, therefore,
crucial for enhancing the performances of the HSCs. Once this
condition was met, a thinner PCs,BM layer was favorable for better
device performances. Besides, it has been known that a fullerene
interlayer can protect the photoactive layers against oxygen and
humidity, thereby improving device stability.”” Polymer:fullerene
BHJs in OSCs tend to suffer from instabilities in the meta-stable film
structure because fullerene tends to form aggregates at high
temperatures.***° Separating PC4BM from the polymer matrix may
overcome photo-induced aggregation in a blend film.

Conclusions

We demonstrated the utility of a multifunctional PCyBM
interlayer in a polymer-QD hybrid BHJ solar cell. A thin PC4BM
layer deposited on top of a hybrid blend via solution processing
generated excitons by harvesting photon energies at the shorter
wavelengths in the solar spectrum and formed an efficient vertical
D:A/A’ junction at the interface with the hybrid blend. PC¢BM
displayed strong n-type character, increased the probability of
ultrafast exciton dissociation, provided intermediate pathways that
improved the efficiency of photo-generated electron transport toward
the top electrode, and blocked holes to reduce recombination losses.
In addition to these opto-electronic benefits, an optimally thick
PCyBM layer covered nanoscale cracks that formed on the hybrid
BHIJ film surface due to QD ligand exchange with the thiol, thereby
providing a uniform interfacial contact between the hybrid blend and
the top electrode to reduce the contact resistance and improve the
efficiency of charge extraction. These benefits significantly
enhanced the PCE in the HSCs from 2.34% for the HSCs developed
without a PC¢BM layer to 4.53% for HSCs developed with an
optimally thick PC¢BM layer. This PCE is the highest yet reported
for PbS QD-based HSCs. We believe that this study provides new
routes to the fabrication of high-efficiency HSCs using simple, cost-
effective, low-temperature solution processing methods. Future
investigations will focus on comparing the efficiencies and long-
term stabilities of HSCs developed with fullerene molecules
embedded inside or outside of the hybrid photoactive films.

Experimental details

This journal is © The Royal Society of Chemistry 2015
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Device fabrication

PTB1 (Lumtec) and PC4BM (Nano-C) were purchased and were
used as received without purification. The synthesis of the colloidal
PbS QDs is described elsewhere.” The hybrid blend solution was
prepared by dissolving PTB1 and PbS in a chloroform solvent to a
total polymer-to-QD ratio of 1:9 (wt/wt), followed by magnetic
stirring at 40°C overnight. The HSCs were fabricated by spin-
coating PEDOT:PSS onto a glass substrate with pre-patterned ITO
electrodes, followed by drying at 150°C for 10 min. A photoactive
film composed of the fully mixed hybrid blend solution and with a
thickness of 100 nm was spin-coated onto the PEDOT:PSS layer.
Post-deposition ligand treatment was performed to exchange the pre-
formed oleic acid with an end-functional group. A 100 puL volume of
a 1% EDT in acetonitrile solution was casted onto the hybrid blend
film and was spin-coated for 1 min. The film was washed using pure
acetonitrile to remove free-standing molecules. Then, PC4sBM
dissolved in chlorobenzene (10 mg/mL) was spin-coated on top of
the ligand-exchanged hybrid blend layer. The concentration and spin
speed were controlled to modulate the thickness of the PCyBM
layer. After EDT treatment, the hybrid blend film remained stable
during the upper layer coating step. An Al electrode was thermally
evaporated onto the PC¢,BM layer through a shadow mask under
high vacuum conditions with a pressure of 3 x 10 Torr. The
complete device consisted of an ITO/PEDOT:PSS (35 nm)/hybrid
nanocomposite (100 nm)/PC¢BM (ca. 10, 20, or 45 nm)/Al (100
nm).

I-V measurements of the hybrid blend films

The photocurrents in the PTB1:PbS QD blends were obtained by
fabricating interdigitated finger-like electrodes on a standard glass
substrate via a lift-off process. A photoresist (PR, AZ 5214E, AZ
Electronic Materials) was spin-coated onto the glass substrate and
then exposed to UV light through a patterned photomask. After
developing the exposed photoresist, a Cr/Au layer (10 nm/200 nm
thick) was deposited onto the patterned PR using an electron beam
evaporator. The remaining PR on the substrate was removed by
immersion with agitation in AZ 400T PR stripper, leaving finger-
shaped interdigitated electrodes 5 pm wide and separated by a 5 um
spacing. A 100 pL volume of a chloroform solution containing
PTBI1 and PbS QDs in a desired ratio was spin-coated onto the
electrodes. The hybrid blends were then subjected to ligand
exchange using an EDT/acetonitrile solution (1/99 vol %) for 1 min.
The I-V curves of the hybrid blends were obtained using an Agilent
4155C semiconductor parameter analyzer (Agilent Technologies)
under UV illumination with a wavelength of 365 nm.

Characterization

The optical absorption spectra of the hybrid blends were measured
using a Cary 5000 UV-vis-NIR spectrophotometer (Varian). The PL
intensity spectra were measured using a focused 630 nm diode laser
for excitation (10 W/cm?). The PL signal was detected using a fiber-
coupled NIRQuest 512 NIR-spectrofluorometer equipped with an
InGaAs array detector (Ocean Optics). The surface topographic
images of the hybrid blends before and after PC¢,BM interlayer
deposition were obtained using a Xe-100 AFM (Park Systems). The
samples used for cross-sectional microscopy imaging were prepared
by focused ion-beam (FIB) machining using a Quanta 3D FEG (FEI)
equipped with an SEM. The J-V characteristics of the HSCs were
measured using a source-meter (Keithley 2400) under AM 1.5G
illumination with an intensity of 100 mW/cm®. The solar simulator
white light was provided by a 450 W Xe lamp (Oriel) equipped with
an AM 1.5G filter. The EQE spectra were measured using a 300 W
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Xe light source and a monochromator in a K3100 Spectral IPCE
Measurement System (McScience). The photovoltaic performance
measurements were performed under ambient conditions.
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We describe a new platform for developing high-efficiency polymer-colloidal quantum dot
hybrid solar cells employing a multifunctional fullerene interlayer.
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