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In this study, we used a thin poly(3, 4-
ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) hole transport layer enhances the AMI.5
power conversion efficiency of a PbSe quantum dot
(QD) - containing photovoltaic device to 2.4%, from
1.5% for a standard PbSe QD device, a relative
increase of 60%.

We have used Stille polymerization to prepare the
thieno[ 3, 4-c|pyrrole-4, 6-dione (TPD)-based polymer
PBTTPD, which features excellent thermal stability,
crystalline characteristics, and a low-lying HOMO
energy level ; these desirable properties mean that
PBTTPD has promising potential for application in
polymer solar cells. Through devices’ composition
optimization, a device incorporating the PBTTPD/PCBM
blend at a weight ratio of 1:1.5 displayed an open-
circuit voltage of 0.95 V and, therefore, a PCE of
4. 7%.

We have prepared photovoltaic devices based on blend
films of CdSe tetrapods and the donor/acceptor
conjugated polymer PDTTTPD, which comprises 2, 5-
di(thiophen-2-y1)thieno[ 3, 2-b]thiophene and
thieno[3, 4-c]pyrrole-4, 6-dione units. The AMI1.5 power
conversion efficiency (PCE) of a photovoltaic device
containing a PDTTTPD/CdSe tetrapod blend (1 : 9, w/w)
was three times greater than that of the
corresponding device incorporatingthe as-prepared
PDTTTPD/CdSe tetrapod blend (2.9% vs. 1.0%).

We used synchronized GIWAXS and GISAXS of enhanced
spatial/time resolutions, we have captured the
competing kinetics of PCBM aggregation and P3HT
crystallization of the corresponding BHJ thin-film
solar cells. The developments of PCBM and P3HT
nanodomains could influence strongly and sensitively
the electron and hole mobilities of the BHJ thin-film



solar cells. The illustrated kinetics of structural
evolution and its correlation to changes in charge
mobility of P3HT/PCBM composite films may bear
relevance to the selection of alternative
polymer/fullerene derivative combinations and in the
optimization of processing conditions for future BHJ
thin-film solar cells.

conducting conjugated polymer, polymer solar cell,
CdSe, PbSe QDs, thermal annealing, crystalline
kunetics
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Abstract

In this study, we used a thin poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
hole transport layer enhances the AM1.5 power conversion efficiency of a PbSe quantum dot
(QD)—containing photovoltaic device to 2.4%, from 1.5% for a standard PbSe QD device, a relative increase
of 60%. Synchrotron X-ray reflectivity measurements reveal that the roughness of the interfaces between the
various layers decreases dramatically in the presence of the PEDOT:PSS layer. In addition, the device life
time under continuous simulated AM1.5 irradiation (100 mW cm 2), measured in terms of the time required to
reach 80% of the normalized efficiency, for the PbSe QD device incorporating the PEDOT:PSS hole transport
layer is six times longer than that of the standard PbSe QD device.

We have used Stille polymerization to prepare the thieno[3,4-c]pyrrole-4,6-dione (TPD)-based polymer
PBTTPD, which features excellent thermal stability, crystalline characteristics, and a low-lying HOMO
energy level; these desirable properties mean that PBTTPD has promising potential for application in polymer
solar cells. Through devices’ composition optimization, a device incorporating the PBTTPD/PCBM blend at a
weight ratio of 1:1.5 displayed an open-circuit voltage of 0.95 V and, therefore, a PCE of 4.7%.

We have prepared photovoltaic devices based on blend films of CdSe tetrapods and the donor/acceptor
conjugated polymer PDTTTPD, which comprises 2,5-di(thiophen-2-yl)thieno[3,2-b]thiophene and
thieno[3,4-c]pyrrole-4,6-dione units. The AM1.5 power conversion efficiency (PCE) of a photovoltaic device
containing a PDTTTPD/CdSe tetrapod blend (1 : 9, w/w) was three times greater than that of the
corresponding device incorporatingthe as-prepared PDTTTPD/CdSe tetrapod blend (2.9% vs. 1.0%).
Synchrotron X-ray reflectivity revealed that annealing caused the thickness of the PDTTTPD/CdSe tetrapod
blend film to decrease relative to that of the as-prepared blend film. Transmission electron microscopy and
atomicforce microscopy revealed that thermal annealing enhanced the degree of aggregation of the CdSe
tetrapods and induced denser morphologies, which enhanced the PCE of the device.

We used synchronized GIWAXS and GISAXS of enhanced spatial/time resolutions, we have captured the
competing kinetics of PCBM aggregation and P3HT crystallization of the corresponding BHJ thin-film solar
cells. Within the first 100 s of thermal annealing at 150 ‘C, PCBM aggregation size in the P3HT/PCBM
composite films grew quickly from 7 to 18 nm then saturated; meanwhile, the majority P3HT lamellae
increased from a size of 7 to 12 nm. Both the kinetics of PCBM aggregation and P3HT crystallization could
be characterized by similar Avrami exponents close to unity; the faster PCBM aggregation, however, has a
2-fold higher Avrami rate constant. The mutually confined growths led to comparable nanograin sizes of
PCBM and P3HT below 20 nm, when annealing temperature was kept below 180 “C. The developments of
PCBM and P3HT nanodomains could influence strongly and sensitively the electron and hole mobilities of
the BHJ thin-film solar cells. The illustrated kinetics of structural evolution and its correlation to changes in
charge mobility of PBHT/PCBM composite films may bear relevance to the selection of alternative
polymer/fullerene derivative combinations and in the optimization of processing conditions for future BHJ
thin-film solar cells.

Keywords: conducting conjugated polymer, polymer solar cell, CdSe, PbSe QDs, thermal annealing,
crystalline kinetics
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Introduction

The development of conjugated polymers for use in organic optoelectronic devices is an active field of
research. In particular, polymer heterojunction solar cells have attracted much attention because of their
potential application in large-area, flexible, low-cost devices 2. The power conversion efficiencies (PCEs)
of bulk heterojunction (BHJ) solar cells have improved dramatically over the last few years. For example, the
PCEs of BHJ solar cells, incorporating regioregular poly(3-hexylthiophene) (P3HT) as the donor and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the acceptor, have recently reached values of ca. 4-5%
under standard solar conditions (AM 1.5 G, 100 mW cm-—2) [3]. Nevertheless, the PCEs of these polymer
BHJ devices must improve further if they are to be employed practically, necessitating the development of
unconventional structures.

Fabricating photovoltaic devices using solution-processed materials has many potential benefi ts,
particularly for the rapid and economical preparation of fl exible, large-area devices. Solutionprocessing of
organic polymers, inorganic semiconductors, and organic/inorganic hybrids has been adopted widely. One
example of the use of conjugated polymers is in the preparation of heterojunction photovoltaic devices, which
have achieved solar conversion effi ciencies greater than 7%. Nevertheless, because composites of
low-bandgap conjugated polymers and fullerene derivatives remain active only at wavelengths from 300 to
800 nm, they fail to harvest most of the radiation in the infrared (IR) spectral region. By virtue of the quantum
size effect, colloidal quantum dots (QDs) of Pb salts have absorption characteristics that can be tuned
throughout the IR spectrum.

Here, we have prepared photovoltaic devices featuring a PEDOT:PSS hole transport layer and three
individually deposited PbSe QD layers. The PbSe photovoltaic devices incorporating the PEDOT:PSS layer
exhibited enhanced AM1.5 PCEs relative to those of devices lacking the hole transport layer, with an
enhancement factor of 60%. The roughness of the interface between the PEDOT:PSS and PbSe QD layers
was almost three times less than that of the original ITO-PbSe QD interface, as measured using X-ray refl
ectivity. Hence, the presence of the PEDOT:PSS layer not only provided a smoother interface between the
PbSe QD layers and the 1TO substrate but also resulted in enhanced open-circuit voltages. In addition, the
presence of the PEDOT:PSS hole transport layer prolonged the life time, as measured in terms of the time
required to reach 80% of the normalized effi ciency, of the PbSe QD solar device by six-fold, suggesting that
this approach improves the performance of PbSe QD photovoltaic devices.

Novel donor-acceptor conjugated polymer, conjugated polymers featuring electron donor and acceptor
(D-A) units in their main and/or side chains are quite attractive because of their tunable electronic properties,
ambipolar charge transport abilities, and enlarged spectral absorption ranges.[4,5] In this study, we have used
Stille polymerization to prepare the thieno[3,4-c]pyrrole-4,6-dione (TPD)-based polymer PBTTPD, which
features excellent thermal stability, crystalline characteristics, and a low-lying HOMO energy level; these
desirable properties mean that PBTTPD has promising potential for application in polymer solar cells.
Through devices’ composition optimization, a device incorporating the PBTTPD/PCBM blend at a weight
ratio of 1:1.5 displayed an open-circuit voltage of 0.95 V and, therefore, a PCE of 4.7%.

The development of composite materials comprising a conjugated polymer as the hole acceptor and a
solution-processable inorganic semiconductor nanocrystal as the electron acceptor for use in BHJ photovoltaic
systems has recently undergone several major advances. For example, conjugated polymer/nanocrystal
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photovoltaic devices containing CdSe nanocrystals (one of the most investigated materials for use as the
electron acceptor), fabricated in combination with poly-(3-hexylthiophene) (P3HT),18-21 OC1C10
PPV,22,23 MEH-PPV,24 and the alternating polyfluorene copolymer APFO-325 as hole acceptors, have
exhibited AM1.5G power conversion efficiencies (PCEs) in the range 1.4-2.6%. Moreover, large
improvements in PCEs (up to 3.1%)have been obtained when combining CdSe tetrapods with
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)|(PCPDTBT).1!

In principle, photovoltaic devices should exhibit excellent performance when incorporating
polymer/CdSe tetrapods in the BHJ not only because of the high absorption coefficient and tunable band gap
of CdSe nanocrystals, but also its shape is optimal arrangement for electron extraction. The electron-deficient
thieno[3,4-c]pyrrole-4,6-dione (TPD) moiety exhibits asymmetric, rigidly fused, coplanar structure with
strong electron withdrawing properties, making it a potentially useful system for increasing the strength and
number of intramolecular/intermolecular interactions and lowering the highest occupied molecular
orbital (HOMO) energy levels when incorporated into polymeric backbones, resulting in enhanced
open-circuit voltages (Voc) in BHJ solar cells.t”®!

Morphology of the active layer of bulk heterojunction (BHJ) thin films, comprising donor and acceptor
components, is one of the critical factors in solar cell performance optimization. An ideal morphology for
BHJ thin-film solar cells features in phase-separated nanodomains ca. 10 nm in size to facilitate exciton
dissociation and charge transport; also relevant is the connectivity of these nanodomains in the respective
phases for charge transport. In the past decade, BHJ thin film processing parameters, such as composition,
annealing temperature/time, casting solvent, and film thickness, have been intensively studied. As a result,
power conversion efficiency (PCE) in excess of 4% could be obtained with the popular BHJ blend of
regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). In
general, optimized device performance of this BHJ blend can be achieved with films of PCBM/P3HT weight
ratio ¢ = 0.8~1.0 and ca. 100 nm in thickness after thermal annealing at 120~160°C for 15~ 30 min;
processing details determine that these parameters fluctuate in a certain range.



Results and Discussion

Figure 1 displays the current density—voltage characteristics of a device incorporating a 95-nm-thick layer
of 4.5-nm-diameter PbSe QDs under AM 1.5G conditions (100 mW cm™ 2, 25°C) and in the dark. Figure 1
displays the energy band diagram for the various layers in the device. The value of J sc increased to 21.9 mA
cm’ ? for the device incorporating the PEDOT:PSS layer from 18.0 mA cm™ 2 for the unmodifi ed device, an
increase of ca. 20%, presumably because of superior interfacial contacts and, therefore, improved carrier
transport between the PbSe QDs and the PEDOT:PSS layer. The fi I factors (FFs) of these two devices,
however, were similar. Table 1 lists the current density—voltage characteristics of the PbSe QD device,
incorporating a PEDOT:PSS intermediate layer, under 100 mW cm™ 2 solar AM1.5G illumination. Figure 2 a
presents a cross-sectional TEM image of a deviceincorporating a PEDOT:PSS layer (thickness: 20 nm) and a
PbSe QD active layer (thickness: 95 * 5 nm); two interfaces are clearly evident in the active layer (i.e.,
PbSe-1-PbSe-2 and PbSe-2—-PbSe-3).

Figure 2 b presents XRR curves of the PbSe QD fi Ims on ITO substrates, in the presence and absence of
the PEDOT:PSS layer. The curve of the device incorporating the PEDOT:PSS layer exhibits oscillating
behavior between 0.3 and 1.0 nm ™ * ; that of the device lacking a PEDOT:PSS layer appears to be deprived
such features, providing further evidence that the presence of the PEDOT:PSS layer results in a reduction of
the interfaces roughness in the device since the physical smoothness of the interface between layers is
inversely proportional to the smoothness of its X-ray refl ectivity curve. Figure 3 reveals that the stability of
the PCE of the device incorporating the PEDOT:PSS layer was substantially greater relative to that of the
device lacking the PEDOT:PSS layer. In particular, the device life times, measured in terms of the time
required to reach 80% of the normalized effi ciency, for the standard PbSe QD device and the PbSe QD
device incorporating the PEDOT:PSS layer were 20 and 120 min, respectively, a six-fold improvement for the
latter. Notably, the device incorporating the PEDOT:PSS
layer exhibited almost constant values of Jsc and FF during its first 60 min of operation; in contrast, its value
of Voc decreased gradually. Since the incorporation of PEDOT:PSS layer in the device can result in the
smoothening of the interfaces between various layers, the packing of PbSe QDs therefore becomes better, and
possibly less defects and cracks were introduced in the device structure, relative to that of the device lacking
the PEDOT:PSS layer. Consequently, under continuous illumination the degradation in the V oc of the device
with PEDOT:PSS layer slows down, which in turn mitigates the degradation of the PCE of the device.

We prepared PBTTPD (Scheme 1) through Stille polymerization of themonomers
1,3-dibromo-5-ethylhexylthieno[3,4-c]pyrrole-4,6- dione (M1) and
4,40-didocecyl-5,50-bis(trimethylstannyl)-2,20-bithiophene (M2) using
tris(dibenzylideneacetone)dipalladium/tri- (o-tolyl)phosphine [Pd2dba3/P(o-tolyl)3] as the catalyst. The
branched 2-ethylhexyl chain of theTPD moietywas present to promote the solubility of the polymer. The
number-average molecular weight of PBTTPD was 9.7 kg mol-1, with a polydispersity of 1.4, as determined
through gel permeation chromatography (GPC) using chloroform as the eluent. This polymer was readily
soluble in hot chlorinated solvents, namely chloroform, chlorobenzene, and dichlorobenzene. PBTTPD
exhibited good thermal stability, with its decomposition temperature (Td) greater than 400°C, as measured
using thermogravimetric analysis.

In Figure 4a, the (100), (200), and (300) diffraction peaks for PBTTPD are at 3.4°, 6.8°, and 10.2°,
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respectively, indicating a highly ordered structure along with a d-spacing of 26 anstron that is ascribable to the
interchain distance separated by the alkyl side chains; the broad feature at 24.6 °, corresponding to a short
distance of 3.6 anstron, is assigned to the facial n-x stacking between polymeric backbones; such high
crystallinity suggested that PBTTPD would exhibit good carrier mobility when applied in PSCs. Figure 4b
presents absorption spectra of PBTTPD in dilute chloroform solution and in the solid state. In solution, the
polymer exhibited an absorption signal at 468 nm, which we assign to internal charge transfer between the
TPD acceptor and the bithiophene donor. The absorptionmaximum of the solid state polymer appeared at 572
nm;a significant red shift of 104 nm relative to that in solution, indicating that considerably strong
intermolecular interactions existed in the solid film. Additionally, a vibronic shoulder at 628 nm implies an
ordered arrangement of PBTTPD in the solid film, with strong n-r stacking between the polymeric backbones,
a feature that also appears in regioregular poly(3-hexylthiophene). Figure 5 presents the current
density-voltage curves of the BHJ solar cells with different active layer compositions in the dark and under
the illumination; Table 2 summarizes the data. The optimal device efficiency was obtained from the device
with an active layer that comprised a blend of PBTTPD and PCBM at a weight ratio of 1:1.5; this device
displayed a value ofVVoc of 0.95 V, a short-circuit current density (Jsc) of 8.02 mA cm, a fill factor of 0.62,
and a resulting PCE of 4.7%.

Figure 6a presents the optical absorption spectra of spin-coated films of the pyridine-treated CdSe
tetrapods, the pure PDTTTPD, and the PDTTTPD/CdSe (1 : 9, w/w) blend. The thin film of the
pyridine-treated CdSe tetrapods exhibits its first absorption peak at 630 nm and a strong absorbance in the
shorter wavelength region between 350 and 550 nm, complementing the inferior absorption of the polymers in
this region. In the spectrum of the PDTTTPD thin film, we assign the absorption maximum at 510 nm to
intramolecular charge transfer between the DTT donor and TPD acceptor. In addition, a vibronic shoulder
appeared at 620 nm in the spectrum, attributable to ordered molecular arrangement during the precipitation
process. The spectrum of the composite film appears as a superposition of the respective absorption spectra of
the pure PDTTTPD and CdSe components; therefore, no electronic interaction occurred between the
PDTTTPD polymer strands and the CdSe tetrapods. Figure 6b displays the architecture of a fabricated
photovoltaic device having the sandwich structure indium tin oxide (ITO)/poly-
(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)/PDTTTPD:CdSe tetrapods (1 : 9, w/w)/Al.

Figure 7 displays the current density—voltage characteristics of the photovoltaic devices incorporating
PDTTTPD/CdSe (1 : 9, w/w) active layers that had been subjected to thermal annealing at 130°C for 10-30
min.Measurements were performed under AM1.5G illumination (100 mW cm ?) in a N2-filled glove box.
The thickness of the active layer in each of these devices was 130220 nm. Table 1 lists the short-circuit
current densities (Jsc), values of Voc, fill factors (FFs), and PCEs of these heterojunction PDTTTPD-CdSe
photovoltaic devices. The values of Voc for these blend devices were in the range 0.88-0.89 V, with only
slight differences arising from the different annealing times. The values of Jsc and FF of the PDTTTPD/CdSe
blend devices after annealing treatment were significantly higher than those of the as-prepared blend device.
Because annealing of the PDTTTPD/CdSe tetrapod film caused the thickness of the film to decrease from 150
nm to 135 nm, with an associated increase in the film density. Therefore, removal of pyridine ligands from the
CdSe tetrapods decreased the interparticle distance and, in turn, increased the CdSe tetrapods’ packing
densities, thereby improving the conductivity in the active layer.

With the experimental setup shown in Figure 8, we could measure time resolved GIWAXS and GISAXS
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patterns simultaneously for the P3HT/PCBM composite films (c = 1.0) in situ annealed at 150°C.

Figure 9a presents the GISAXS profiles of the P3HT/PCBM (c = 1.0) film selectively extracted from the
corresponding 2D patterns along the gx direction (at the specular beam position gz ~ 0.018 A™Y), revealing the
fast scattering development in the low-q region 0.004~0.04 A™ within the first 60 s of thermal annealing.
Furthermore, the selected GISAXS profiles (Figure 9c) for 60, 600, and 1800 s at 150°C overlapped roughly,
revealing quickly saturated PCBM aggregation. A broad interference shoulder at gx~0.025 A shaped during
the annealing, corresponding to formation of a liquid-like or distorted face-centered-cubic-like packing of
PCBM aggregates with a mean spacing of ca. 25 nm (detailed below with model fitting). For comparison, the
GISAXS profile similarly measured for a pristine P3HT film annealed at 150°C for 1800 s contributed only
marginally in this monitored q region, as illustrated in Figure 9c. Shown in Figure 9b,d are the size
distributions (in general, 20~30%) and the size evolution during annealing, indicating that PCBM aggregates
grew slightly from a diameter of ca. 7 nm(as-cast film) to 10 nm during heating toward 150 C. In the
subsequent 60 s of isothermal annealing, the PCBM aggregate size increased quickly from 10 to 17.5 nm, then
remained about the same in the prolonged thermal annealing over 1800 s. In all of the GISAXS data fitting,
we had to include a scattering term described by the Debye_Buche correlation function, 1(qx) = (1 t qx 2£2)7,
to account for the relatively sharp upturn scattering in the very low-q region 0.004~0.007 A™. The fitted
values for the Debye-Buche correlation length { were about the same ( 10 nm) for all sets of data; hence, the
structural origin of this correlation length might be irrelevant to PCBM aggregation. Possibly, the correlation
length might associate better with the reported P3HT aggregates of nanowhisker or protofibril structure
already formed in solutions.

To correlate the morphological development of the P3HT/PCBM thin films to the corresponding solar cell
performance, we have further monitored the changes of electron and hole mobilities for a BHJ film with ¢ =
1.0 during annealing at 150°C . Shown in Figure 8a is the uprising electron mobility, e, Observed within the
first 100 s of thermal annealing, which becomes saturated subsequently. This synchronizes well with the
development of R(t) for the PCBM aggregation (Figure 10a). Similarly observed is the accompanied
development of the hole mobility, uy, that saturated slightly later than the electron mobility (Figure 10b).
Correspondingly, the development of hole mobility synchronized with the R(t) for the development of P3HT
lamellae, as illustrated in Figure 10b. These sensitive responses indicate that charge mobilities in the BHJ
solar cell and consequently the short-circuit current density Jsc depend strongly on the developments of the
P3HT and PCBM nanodomains upon heat treatment, whereas the increase of optical absorption owing to
enhanced P3HT crystallization observed previously contributes only partly to Jsc. Note that the values of the
electron and hole mobilities obtained might be subject to device preparation conditions to some extent, and we
believe that the relative values, hence the growth trends, of the charge mobilities shown in Figure 10 should
be reliable. The bulk structural characteristics extracted from GISAXS/GIWAXS for the P3HT/PCBM
thin-film solar cells annealed at various temperatures are correlated to the corresponding device performance
parameters extracted, with the corresponding current density-voltage curves; accordingly, a cartoon in Figure
11 depicts the morphological features. Interestingly, the structure model is very much in line with the
predictions based on the temperature-composition phase diagram of the binary P3HT-PCBM blend previously
given by Kim and Frisbie, in that below 200°C and within the concentration range of 30~50 wt % (or ¢ =
0.5~1.0), PCBM is expected to dissolve in P3HT, in the form of dispersed molecules or noncrystalline
aggregates, forming a metastable phase.



Conclusions

We have prepared photovoltaic devices featuring a PEDOT:PSS hole transport layer and three individually
deposited PbSe QD layers. The PbSe photovoltaic devices incorporating the PEDOT:PSS layer exhibited
enhanced AM1.5 PCEs relative to those of devices lacking the hole transport layer, with an enhancement
factor of 60%. The roughness of the interface between the PEDOT:PSS and PbSe QD layers was almost three
times less than that of the original ITO-PbSe QD interface, as measured using X-ray refl ectivity. Hence, the
presence of the PEDOT:PSS layer not only provided a smoother interface between the PbSe QD layers and
the ITO substrate but also resulted in enhanced open-circuit voltages. In addition, the presence of the
PEDOT:PSS hole transport layer prolonged the life time, as measured in terms of the time required to reach
80% of the normalized effi ciency, of the PbSe QD solar device by six-fold, suggesting that this approach
improves the performance of PbSe QD photovoltaic devices.

We have used Stille polymerization to prepare the thieno[3,4-c]pyrrole-4,6-dione (TPD)-based polymer
PBTTPD, which features excellent thermal stability, crystalline characteristics, and a low-lying HOMO
energy level; these desirable properties mean that PBTTPD has promising potential for application in polymer
solar cells. Through devices’ composition optimization, a device incorporating the PBTTPD/PCBM blend at a
weight ratio of 1:1.5 displayed an open-circuit voltage of 0.95 V and, therefore, a PCE of 4.7%.

We have prepared BHJ photovoltaic devices based on PDTTTPD and CdSe tetrapods and optimized their
PCE through annealing treatment. In particular, annealing of devices incorporating PDTTTPD/CdSe tetrapod
blends (1 : 9, w/w) at 130°C for 20 min greatly enhanced the AM1.5 PCEs relative to those of the as-prepared
blend devices, with an enhancement factor of three. This enhancement resulted from a sharp increase
in the short-circuit current density of the device, which contained a more-dense active layer and more highly
aggregated CdSe tetrapods after thermal annealing, resulting from the much lower level of pyridine ligands on
the CdSe tetrapods. Therefore, the annealing process played an important role in improving the device
performance and morphology.

With synchronized GIWAXS and GISAXS of enhanced spatial/time resolutions, we have captured the
competing kinetics of PCBM aggregation and P3HT crystallization of the corresponding BHJ thin-film solar
cells. Within the first 100 s of thermal annealing at 150 ‘C, PCBM aggregation size in the P3HT/PCBM
composite films grew quickly from 7 to 18 nm then saturated; meanwhile, the majority P3HT lamellae
increased from a size of 7 to 12 nm. Both the kinetics of PCBM aggregation and P3HT crystallization could
be characterized by similar Avrami exponents close to unity; the faster PCBM aggregation, however, has a
2-fold higher Avrami rate constant. The mutually confined growths led to comparable nanograin sizes of
PCBM and P3HT below 20 nm, when annealing temperature was kept below 180 [ C. The developments of
PCBM and P3HT nanodomains could influence strongly and sensitively the electron and hole mobilities of
the BHJ thin-film solar cells. The illustrated kinetics of structural evolution and its correlation to changes in
charge mobility of P3BHT/PCBM composite films may bear relevance to the selection of alternative
polymer/fullerene derivative combinations and in the optimization of processing conditions for future BHJ
thin-film solar cells.
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Figure 1. Current density—voltage characteristics of 4.5-nm-diameter PbSe QD devices incorporating a
PEDOT:PSS intermediate layer, recorded in the dark and under solar illumination (100 mW cm — 2 ). Inset:
Energy-level diagram for a PbSe QD photovoltaic device.

Table 1. Performance parameters of PbSe QD devices incorporating a PEDOT:PSS intermediate layer, under
solar illumination.

Device structure Ve V] Jse [mAem™  FF[38]  n[%][a]
ITO/PbSe/Ca/Al 0.19 18.0 44.0 1.5
ITO/PEDOT:PSS/PbSe/Ca/Al 0.24 21.9 45.5 24
[a] n: PCE. Selar: AM1.5G (100 mW cm™).

Al

Intensity (arb. unit)

ITOPbSe-1

qinm’")

by

Figure 2. a) TEM cross-sectional image of the ITO/PEDOT:PSS/PbSe QD fi Im/Ca/Al device stack; scale bar:
50 nm. b) Synchrotron X-ray reflectance for structures incorporating PbSe QD layers, prepared with and
without a PEDOT:PSS thin layer.
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Scheme 1. Synthetic Route and Structure of PBTTPD
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Figure 4. (a) X-ray diffraction pattern of the pristine PBTTPD film. (b) UV-vis absorption spectra of

PBTTPD in dilute CHCI3 and as a solid film.
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Figure 5. Current density-voltage (J-V) characteristics of PSCs incorporating the PBTTPD:PCBMblend at
various weight ratios (w/w).

Table 2. Photovoltaic Properties of Polymer Solar Cells Incorporating PBTTPD:PCBM Blends Prepared at
Various Weight Ratios

ratio (w/w) Foe (V) Joo (mA cm %) FF PCE (%)
1:1 0.95 7.23 58 4.0
1:1.5 0.95 8.02 62 4.7
1:2 0.95 7.6 63 4.3
1:2.5 0.93 5.12 6l 2.9

13



~_
=
-

T T T T
= CdSe tetrapods+PDTTTPD
& PDTTTPD

: :
e
S
k44 + CdSe tetrapods
-uﬁ.,-
% '-.-

Absorbance

350 400 450 500 550 00 550
Wavelength (nm)

’ _

Light

Figure 6 (a) Optical absorption spectra for spin-coated films of pure PDTTTPD (triangles), pure CdSe
tetrapods (circles), and the PDTTTPD/CdSe tetrapod blend (squares). (b) Schematic structure of a
PDTTTPD/CdSe tetrapod photovoltaic device.

T e e i e r-
(ﬂ) : L0eV . =
0 =
L]
e H
§
E &=
E
=
Rl
—
c
&
'g ® Az prepared
O 6 * Annealed for 10 min
4 Annealed for 20 min
v Annealed for 30 min
_a Il 1 |
0.0 2 0.4 [11:] 0.8 1.0
Voltage (V)

Figure 7 Current density—voltage characteristics (inset: energy level diagram)

GISAXS
Area Detector

1 GIWAXS

Area Detector

Figure 8. Schematic of the setup for synchronized GISAXS/ GIWAXS, with the beam incident angle R and
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plane was normal to the incident beam; the detector was titled 45° out of the horizontal plane to cover
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scattering in the g, and gy directions.

100 150°C |
Os
10s
E‘ 20s
T 104 30s L >
5 W0s | =
— i - -
5 s .g
L 60 s =
= Heating e
=1 o [
T'“.; 14 ncC
o 60 °C
e 100°C
= 130°C
0.1 —r f
0.004 0.01 0.1
1
g (A7)
L A4 1 1 A n L L A .u LL 20
150°C P3HT
F 18 B
\ PCBM
2 12 e 60s 167
g 104 oy, B, o 600sf = 1]
5 N A o 1800sf B
- i, e =
= Uy 8 a
> 124
,;‘ l_ L
5 10
=
& cS
; 3 —m— PCBM
Ol T . 6
0.004 0.01 0.1 0 200 400 600 800 1000 1200 1400 1600

q.(A) ‘)

Figure 9. (a) Selected GISAXS profiles measured for the P3HT/PCBMfilm (c = 1.0) during the heating
process to 150°C and the subsequent isothermal annealing within 60 s. The data are fitted (solid curves) using
polydisperse spheres with the Schultz size distributions shown in (b). (c) Approximately overlapped GISAXS
data collected after 60, 600, and 1800 s of thermal annealing. The data for 1800 s are fitted (solid curve) with
the size distribution shown in (b). For comparison, the GISAXS data for a pristine P3HT film annealed at 150
°C for 1800 s are also shown; the data are fitted (dashed curve) with polydisperse (in rod length) rods. (d).
Corresponding mean size (D) evolution of PCBM aggregates.
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Figure 10. Strongly correlated developments of (a) the electron mobility and R(t) of PCBM aggregation, and
(b) the hole mobility and R(t) of P3HT lamellae, of P3HT/PCBM composite films (¢ = 1.0) at 150°C

annealing.

Figure 11. Cartoon for a thermally annealed P3HT/PCBM film, according to the structure characteristics
shown in Table 3 (150°C case). The intercalated PCBM aggregates (large spheres) and P3HT crystallites
(blocks) are immersed in the matrix of P3HT amorphous chains (thin wires) and dispersed PCBM molecules
(small spheres).
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