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Abstract. We report photovoltaic devices based on composites of a branched nanoheterostruc-
ture containing a CdTe core and CdSe arms, CdTe(c)-CdSe(a), combined with either poly(3-
hexylthiophene), P3HT, or poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithio-
phene)-alt-4,7-(2,1,3-benzothiadiazole)], PCPDTBT, with solar power conversion efficiencies
of 1.2% and 1.8%, respectively. A comparison with previously reported composite devices
of a related branched nanoheterostructure: CdSe(c)-CdTe(a) reveals an improved device perfor-
mance that is attributed to a better electron percolation pathway provided by the dominant,
higher electron affinity CdSe arms of the nanoheterostructures. © 2015 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.5.057409]
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1 Introduction

Colloidal semiconductor nanoheterostructures (NHs) with a type II band offset have been stud-
ied for potential applications ranging from photovoltaics to sensors.1–6 The type II band offset
(Fig. 1) offers the possibility of electron and hole separation upon direct photoexcitation.3,4,7,8

Recent studies have demonstrated the synthesis of nanoheterostructures of various types such as
rods,4,7,9–12 nanobarbells,4,13,14 and branched structures,12,15–18 where the size and shape of nano-
particles used as seeds control the shape. It is thought that the rapidly formed and long-lived
charge separated states found for these kinds of NHs will improve the efficiency of photovoltaic
devices.7 In the present report, we address that question quantitatively by investigating hybrid
NH-conjugated polymer devices.

Photovoltaic devices comprising composites of nanoparticles and polymers have been shown
to exhibit a wide range of efficiencies,19–25 with recent values, exceeding 4%, achieved by com-
bining the low bandgap polymer, 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), with CdSe quantum dots and nano-
rods, where orientation of the surface ligands26 and interface treatments with additives27 were
used to enhance device performances. Bulk heterojunction solar cells made of a composite of
CdTe nanoparticles and the conjugated polymer poly(3-hexylthiophene) (P3HT) exhibit a much
inferior performance (0.009%) compared to other systems,18 which has been attributed to the
small driving force for electron transfer from the donor polymer to the CdTe nanoparticle
acceptor being insufficient to promote efficient charge separation between the two.16,18,28,29

*Address all correspondence to: Garry Rumbles, E-mail: Garry.Rumbles@nrel.gov

1947-7988/2015/$25.00 © 2015 SPIE

Journal of Photonics for Energy 057409-1 Vol. 5, 2015

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Photonics-for-Energy on 22 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

http://dx.doi.org/10.1117/1.JPE.5.057409
http://dx.doi.org/10.1117/1.JPE.5.057409
http://dx.doi.org/10.1117/1.JPE.5.057409
http://dx.doi.org/10.1117/1.JPE.5.057409
http://dx.doi.org/10.1117/1.JPE.5.057409
mailto:Garry.Rumbles@nrel.gov
mailto:Garry.Rumbles@nrel.gov
mailto:Garry.Rumbles@nrel.gov


Nanoheterostructures with CdTe and CdSe with a type II band structure have often been used
as electron acceptors in composites with polymers.16–18 The staggered energy diagram, as shown
in Fig. 1, could facilitate intrinsic charge separation in nanoheterostructure and decrease recom-
bination between the electron in the nanoheterostructure and the hole in the polymer.3,4,7,8,30 In
addition, both segments of the nanoheterostructures along with the existing interface states cre-
ated at the junction of the two semiconductor materials may contribute toward the overall absorp-
tion.3,4 There have been several attempts to fabricate and optimize the performance of such
composite solar cells, but the efficiency has been limited by ineffective percolation networks
or the trapping of one of the carriers in the core material.16–18 Li et al. reported improved
solar power conversion efficiency (PCE) of 0.62% for CdSe-CdTe nanoheterostucture devices
utilizing C60 as an electron acceptor and transporter layer.

16 The same publication also reports the
highest efficiency (0.21%) so far observed for a bulk heterojunction cell based on blends of
CdSe-CdTe nanoheterostructures with P3HT.16

In the present report, CdTe(c)-CdSe(a) tetrapod nanoheterostructures are explored as the elec-
tron acceptor phase. We compare two materials for the polymer phase, the commonly used P3HT
and also a low bandgap polymer, PCPDTBT, which have approximate ionization potentials of
−4.731 and −5.0 eV,32 and exciton energies of 1.9531 and 1.55 eV,32 respectively. For a clear dis-
tinction between various nanoheterostructures, we denote the core material by (c) and the arm
material by (a), e.g., CdTe(c)-CdSe(a). In these nanoheterostructures, the wavefunction for the hole
is primarily confined on the CdTe core, while the electron wavefunctions are located in the CdSe
arms.3,4,7,30 Estimates of the electron affinities for quantum dots of CdTe and CdSe are −3.0 and
−2.5 eV, and ionization potentials are−5.5 and−5.0 eV, respectively, although these values do not
take the size of the quantum dot or the nature of the capping ligand into consideration.33 We show
that photovoltaic devices using these nanoheterostructures exhibit spectral mismatch-corrected aver-
age power conversion efficiencies of 1.2% with P3HT and 1.8% with PCPDTBT. We compare
observed efficiencies with those reported for nanoheterostructure-only devices and also composite
devices of an alternate CdSe(c)-CdTe(a) nanoheterostructure with P3HT [Fig. 1(b)].

We discuss the implications of type-II nanoheterostructures in a bulk heterojunction device
for improved photovoltaic efficiencies. We also conclude that our methodology for synthesizing
nanoheterostructures produces good quality nanoparticle samples due to the additional purifi-
cation procedure used to clean the CdTe seeds, which results in fewer surface states in the fin-
ished nanoparticle product, thereby improving the device performance compared to previous
reports.18 Furthermore, we note that the CdTe(c)-CdSe(a):polymer devices exhibit inferior per-
formance to devices where pure CdSe tetrapods were combined with the same polymers. Due to
the structure of the nanoheterostructures, it is plausible that hole confinement in the CdTe core,

Fig. 1 Cartoon representation of charge extraction in polymer composite devices with nanohe-
terostructures of (a) CdTe(c)-CdSe(a), and (b) CdSe(c)-CdTe(a). The exaggerated band diagrams
depict how the higher electron affinity of the CdSe serves to promote electron transport when used
as an arm (a) instead of the core (c) of the branched nanostructure.

Dayal et al.: Improved power conversion efficiency for bulk heterojunction solar cells. . .

Journal of Photonics for Energy 057409-2 Vol. 5, 2015

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Photonics-for-Energy on 22 Oct 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



which is in poor contact with both the polymer and with the core of neighboring nanoheteros-
tructures, limits free charge percolation following excitation of the nanoheterostructures.

2 Results and Discussion

Nanoheterostructures were synthesized using the seeded approach of Zhong et al.15,17 who
reported the synthesis of CdTe(c)-CdSe(a) nanoheterostructures, where the shape can be con-
trolled by tailoring the crystal phase of seeds along with the size of seeds. CdTe seeds of the zinc
blende phase were initially synthesized, then multiple injections of CdSe precursors were used to
synthesize CdTe(c)-CdSe(a) nanoheterostructures of tetrapod geometry.

Figure 2(a) shows a scanning transmission electron microscopy (STEM) image of the CdTe
tetrapods that were used as seeds to grow the CdTe(c)-CdSe(a) nanoheterostructures. CdTe tet-
rapods had an average arm diameter of ∼5 nm and arm length of ∼7 to 10 nm. Figure 2(b) shows
a representative STEM image of the nanoheterostructures indicating a narrow distribution of arm
lengths and diameter. The arms of structures had an average diameter of 7 nm and an average
length of 30 to 50 nm. These tetrapods have a type II band alignment where both the conduction
and valence bands of CdTe lie above those of CdSe34 (Fig. 1) which, upon photoexcitation,
facilitates electron confinement in the CdSe arm and hole confinement in the CdTe core.35

The growth of nanoheterostructures was monitored by measuring the UV-visible absorption
spectrum. The absorption spectrum of our CdTe(c)-CdSe(a) sample in toluene is shown in Fig. 3,
along with spectra recorded for films of the neat polymers P3HT and PCPDTBT. The nanohe-
terostructures exhibit a broad absorption spectrum covering almost the whole range of visible
wavelengths with a featureless absorption tail that extends into the near infrared as materials with
type II band offsets.3 The neat P3HT film absorption exhibits a characteristic broad peak in the
range of 300 to 570 nm with a characteristic shoulder at 610 nm, which is attributed to enhanced
molecular ordering when spin-coated from high boiling solvents such as the trichlorobenzene

Fig. 2 Scanning transmission electron microscopy (STEM) image of (a) CdTe tetrapod seeds and
(b) CdTe(c)-CdSe(a) nanoheterostructures grown from the same CdTe seeds.
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used in this study.36,37 Neat PCPDTBT has a very broad absorption with two distinct features at
410 and 717 nm.

We fabricated devices comprising nanoheterostructures with either P3HT or PCPDTBT in a
conventional sandwich geometry. All measurements were performed in the inert atmosphere of
a glove box. The spectral mismatches for the samples were calculated according to Shrotriya
et al.38 and the reported device performances were accordingly corrected.

Fig. 3 Absorption spectra of electron–donor polymers, P3HT and PCPDTBT, and electron–
acceptor CdTe(c)-CdSe(a) nanoheterostructures used in photovoltaic cells.

Fig. 4 Current–voltage characteristics of photovoltaic cells of geometries: (a) ITO/PEDOT:PSS/
NHs:P3HT/LiF/Al, and (b) ITO/PEDOT:PSS/NHs:PCPDTBT/LiF/Al.
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Figure 4 shows the characteristic J − V properties of the best composite solar cell devices
containing (a) P3HT and (b) PCPDTBT. The best device with P3HT exhibited an open-circuit
voltage, VOC, of 609 mV, short-circuit current density, JSC, of 4.35 mA∕cm2, fill factor, FF, of
0.47, and power conversion efficiency, PCE, of 1.28% under AM 1.5G illumination. A standard
deviation of 0.080% in PCE was observed between 6 devices measured on the same substrate.
Devices fabricated with nanoheterostructures and PCPDTBT as the active layer exhibited a VOC

of 653 mV, JSC of 5.48 mA∕cm2, FF of 0.52 with a PCE of 1.85% with a standard deviation of
0.055% in PCE between 6 same-substrate devices. We determined a short circuit current, JSC of
5.48 mA∕cm2 after spectral mismatch correction compared to 7.12 mA∕cm2 for uncorrected
data for PCPDTBT devices. The significance of this spectral mismatch correction for a low
band gap polymer such as PCPDTBT implies that a better comparison between data from various
research laboratories requires spectral mismatch correction calculations as per Shrotriya et al.38

These device efficiencies are slightly poorer than the highest device efficiencies reported for pure
CdSe tetrapod devices with P3HT24 and PCPDTBT,25 but are higher than those reported for pure
CdTe tetrapod devices with P3HT,18 and also previously reported CdTe(c)-CdSe(a) devices.18

This improvement we attribute to the better quality of the nanoheterostructures, which due to the
purification of the intermediate CdTe seeds to remove unreacted precursors and excess capping
agent, contains fewer surface states and dangling bonds on the nanoparticle surface.

The external quantum efficiency (EQE) action spectra of these cells are shown in Fig. 5. The
NHs:P3HT device exhibits a maximum EQE of 29% at 475 nm along with a long tail that
extends to the near-IR, indicating a light-absorbing contribution from the nanoheterostructures.
The NHs:PCPDTBT devices show a much broader response in the range of 580 to 760 nm with a
maximum of 27% at 690 nm. The small shoulder in a range of 485 to 520 nm represents the
contribution of the nanoheterostructures, which can be seen due to the low absorption of
PCPDTBT in this wavelength range (see also Fig. 3).

In bulk heterojunction solar cells, the interface area between the donor and the acceptor plays
a very significant role in exciton dissociation, free carrier extraction, and ultimately the overall
device efficiency. The slightly lower device efficiencies observed here compared to efficiencies
with pure CdSe tetrapod composite devices, previously reported,24,25 can be explained on the
basis of percolation pathways. While in the CdSe(c)-CdTe(a) nanoheterostructures, electrons
become confined in the CdSe core (Fig. 1) of the heterostructure and holes are confined to
the CdTe arms. The device efficiencies of nanoparticle-based devices are mostly limited by
the overall film morphology, which affects parasitic charge recombination, and also the extrac-
tion of charges.20,29,39 In the CdTe(c)-CdSe(a) nanoheterostructures, the much higher volume
fraction of the CdSe-containing arms ensures that an effective percolation network exists to en-
able electrons to be efficiently transported and extracted, as depicted in Fig. 1(a). However, due

Fig. 5 External quantum efficiency (EQE) action spectra of the photovoltaic devices containing
NHs:P3HT (dashed) and NHs:PCPDTBT (dot-dashed).
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to the unavailability of a percolation network for holes generated upon direct excitation of either
the CdTe core or the CdSe arm of the nanoheterostructure, holes tend to be trapped in the CdTe
core. Inefficient extraction of holes from the CdTe phase results in devices that are slightly less
efficient than the CdSe-only nanostructures. However, here the CdTe constitutes but a small
fraction of the blends, therefore, it directly absorbs little light.

The power conversion efficiency for the polymer composites containing CdTe(c)-CdSe(a),
which are reported here, is a significant improvement over the previously reported device effi-
ciencies for solar cells that contain nanoheterostructures where the CdSe forms the core and
CdTe the arm.18 In those CdSe(c)-CdTe(a) systems, the electron-transporting material (CdSe)
constitutes but a small fraction of the bulk heterojunction and is unable to form an effective
percolation network for the extraction of electrons. Furthermore, the core serves as an effective
electron trap, as shown in Fig. 1(b). However, as CdSe is the only electron transporting material
in the device and there is no percolation network to extract electrons, this results in a significantly
lower Jsc, therefore, a lower overall efficiency.

16 In comparison, in devices fabricated with NHs
where CdTe is in the core and with CdSe as the arm the PCE is only slightly lower due to
moderate hole trapping in the CdTe core. This is supported further by the observation that
the PCE of a single-component device containing only CdSe(c)-CdTe(a) was significantly
improved upon employing C60 to act as an efficient electron acceptor and transport material,
ensuring a better electron transfer to the electrodes.16,40 In addition, the majority of the active
layer in CdSe(c)-CdTe(a) devices comprises CdTe arms and polymer, and the small energy offset
between the energy levels of the polymer and that of CdTe results in insufficient charge sep-
aration between donor and acceptor, thereby limiting the observed device efficiency.

Our results and their comparison with previous studies indicate that nanoheterostructures of
type II do, in a small part, facilitate electron and hole separation upon photoexcitation. However,
for improved power conversion efficiency of these types of composite devices, it may be more
beneficial to employ a linear-rod geometry in order to avoid carrier trapping in the core material
and to ensure an effective percolation network for charge extraction.

3 Conclusions

In conclusion, we report photovoltaic devices based on composites of CdTe(c)-CdSe(a) nano-
heterostructures with two different conjugated polymers: P3HT or PCPDTBT. These devices
exhibit average solar power conversion efficiencies of 1.2% and 1.8%, respectively. In these
systems, the electron transporting material, CdSe, constitutes most of the active layer volume
fraction, and thus provides an effective percolation network for the extraction of electrons.
Indeed, they behave in a fashion that is nearly identical to the system where the branched struc-
ture comprised only CdSe.

4 Experimental Methods

4.1 Synthesis of CdTe(c)-CdSe(a) Nanoheterostructures

For the synthesis of CdTe seeds, 0.0512 g CdO, 0.232 g tetradecylphosphonic acid (TDPA) were
dissolved in 20 ml octadecene (ODE) and kept under vacuum at 120°C for 30 min followed by
heating at 300°C under argon pressure to obtain a clear solution. 0.0254 g of Te dissolved in
0.5 ml trioctylphosphine and 5.5 ml ODE was quickly injected at this temperature and particles
were allowed to grow at 260°C. CdTe seeds were purified by centrifugation to remove any aggre-
gation. To obtain CdTe(c)-CdSe(a) nanoheterostructures, a 3.4 g TOPO, 0.5 g TDPA, 0.1 g octyl-
phosphonic acid and 0.128 g CdO mixture was heated at 150°C for 1 h under vacuum followed
by heating at 320°C to 340°C under argon pressure to obtain a clear Cd-complex. A solution of
CdTe seeds was added to a Cd-precursor solution. The solvent was removed under argon flow
followed by heating under vacuum to remove the residual solvent. After the solution was heated
at 240°C, 1 ml Se solution prepared by dissolving 0.039 g Se in 2 ml TOP and 3 ml ODE was
added dropwise at 240°C at a rate of 0.4 ml∕min. Solution was kept at 240°C for 12.5 min,
followed by the dropwise addition of Se, repeated twice, for further growth. After synthesis,
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the nanoheterostructures were purified by washing with 2-propanol, followed by washing three
times with a mixture of methanol and toluene. Pyridine treatment of nanoheterostructures to
remove the capping ligand was performed by heating the purified nanoheterostructures in pyri-
dine at 105°C for 2 days. The resulting nanoparticles were then precipitated with hexane and
dissolved in a mixed solvent of 9∶1 vol∕vol ratio of pyridine and chloroform. The final con-
centration of nanoparticles was ∼25 mg∕ml.

4.2 Device Fabrication and Characterization

The devices were layered onto an indium tin oxide-coated glass substrate with an overlayer of
PEDOT:PSS (HC Stark CLEVIOS 4083) that was spin-coated at 4000 rpm for 60 s and annealed
at 135°C for 1 h in air. The substrates were transferred to the glove box. The active layer solution
consisted of a 90∶10 (∼60∶40 volume ratio) by weight percent ratio of nanoheterostructures
(25 mg∕ml in 9∶1 vol∕vol mixture of chloroform and pyridine) and polymer (20 mg∕ml in
trichlorobenzene), which were thoroughly mixed overnight. The active layer was spin-coated
onto the bottom contact (ITO/PEDOT:PSS) at 800 rpm for 60 s and was allowed to slow-
dry for 45 min then was subsequently annealed at 100°C for 5 min, a process that eliminates
the majority of the pyridine ligand from the surface of the nanostructures. Devices were com-
pleted by thermally depositing a 0.6-nm thick layer of LiF followed by a 100 nm aluminum layer
to form the top electrode. The completed device area was 0.11 cm2. The J − V data were
acquired with a home-built solar simulator using a calibrated, filtered Si diode (Hamamatsu,
S1787-04) as a reference cell. An EQE measurement was performed using a fiber-coupled
light source coupled to a monochromator, a Stanford Research SR830 lock-in amplifier, and
an NIST-calibrated silicon diode (UDI, uv-100) for visible wavelengths. At all stages of syn-
thesis and device construction and characterization, the nanoheterostructures and blends were
kept in an inert atmosphere to minimize the degradation processes.
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