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Abstract—Bulk hetero-junction solar cells with CdSe nanoparticles-P;HT (poly 3-hexyl thiophene) composite active
layer were fabricated, and the control of morphological feature of the nanoparticle-polymer composite thin films was
investigated. A binary solvent composed of a primary solvent with intermediate polarity and a secondary solvent with
high polarity was found to be effective in controlling the dispersion of the CdSe nanocrystals in the P,HT matrix, and
the modification of the nanocrystal surface by liquid-liquid extraction process was found to be effective in achieving
the desired composite film morphology. Surface roughness of the active layer was optimized for various loadings of
CdSe nanoparticles and could be reproducibly controlled to less than 10 nm.
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INTRODUCTION

Organic photovoltaics (OPV), which have been intensively inves-
tigated in the last two decades, have become promising as a next-
generation solar cell which can realize both high-efficiency and low-
cost photovoltaic energy conversion [1]. Multilayered organic mate-
rials are typically incorporated in these device structures, and the
progress in device performance has been made by following the
footsteps of the success of organic light emitting diodes (OLEDs)
development. The highest efficiency reported for the OPV to date
reached up to ~8%, where tandem device structure is incorporated
[2,3]. However, the complexity of the fabrication process involved
in these best performing cells hinders the commercialization of these
novel devices.

The OPV has begun to gain a different outlook and widespread
interest due to the recent development of bulk hetero-junction (BHJ)
solar cells utilizing various materials systems [4,5], among which
the BHJ solar cells constructed of the polymer-PCBM ([6,6]-phe-
nyl-Cg,-butyric acid methyl ester) blends [6] and polymer-nanoc-
rystal blends [7] have been the most widely studied. The BHJ solar
cells have an inherent merit in the simplicity of the fabrication pro-
cess compared to that of the multilayered OPVs, for wet coating
techniques such as screen printing or ink-jet printing could well be
adapted for fabrication of BHJ solar cells.

The BHJ solar cells based on poly (para-phenylene vinylene)
(PPV) derivatives (e.g. MEH-PPV, MDMO-PPV, etc.) and poly
thiophenes (P;HT, P;OT, etc.) blended with PCBM have improved
their cell efficiencies from 1% to 8% [8-10] by optimizing device
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structures and process conditions, including the introduction of inter-
facial carrier transport layers and a post-annealing process. How-
ever, the polymer-inorganic semiconductor BHJ solar cells have
improved their cell efficiencies only up to 3% to date. Top efficien-
cies reported are 2.2% [11], 2.8% [12], 2.6% [13] and 3.13% [14]
for solar cells utilizing hyperbranched, nanorods and tetrapods inor-
ganic nanocrystals, respectively.

In the BHJ solar cells, p-type polymer acts as the light absorber,
while PCBM or inorganic nanocrystals acts as the n-type electron
transport material. The interfacial integrity between polymer and
electron acceptors, bulk hetero-junction film morphology, and n-
type acceptor loading and its distribution in the polymer matrix are
among the key parameters affecting the efficiency of BHJ solar cells.
The relatively lower efficiency of BHJ solar cells compared to that
of multilayered OPVs is thus attributed partially to the morphology
control of the active layer with respect to the intra-layer and inter-
layer interfacial properties.

In the present work, cadmium selenide (CdSe) nanoparticles were
synthesized and intermixed with the conjugated polymer, poly 3-
hexyl thiophene (P;HT), to form the active layer, and the effect of
solution composition and thin film process conditions on the active
layer morphology was elucidated and exploited in detail in an effort
to improve the electron transport characteristics of the inorganic
semiconductors in the polymer matrix. The BHJ solar cells also were
fabricated with the developed optimized conditions and their device
characteristics analyzed.

EXPERIMENTAL

We fabricated bulk hetero-junction solar cells by using P;HT as
the electron donor and CdSe nanocrystals as the acceptor in the fol-
lowing device structure: ITO/PEDOT : PSS/(CdSe+P;HT)/Al. Each
cell had an active layer area of ~4 mm’, and a hole transparent layer
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Table 1. Tested solvents for the co-dissolution of P,HT and nano-CdSe and their solubility characteristics

Solvents M.W. "B.P. (°C) Polarity Solubility of CdSe and P;HT
Suitable Chlorobenzene 112.56 131.7 2.7 Good
Chloroform 119.38 61.2 4.1 Good
O-dichlorobenzene 147 180 2.7 Good
Toluene 92.14 110.6 2.4 Good
Unsuitable Acetone 58.08 56.2 5.1 Poor
2-Butanol 60.11 79.6 4.0 Poor
MEK 72.11 80.0 4.7 Very poor
Methanol 32.04 64.6 5.1 Poor
Methyl ethyl ketone 114.19 144 4.0 Poor
2-Propanol 60.11 82.4 3.9 Poor
Pyridine 79.1 1153 53 Poor
THF 72.11 66 4.0 Fair
Tetrachloroethane 167.85 146 - Poor
Benzene 78.11 80.1 2.7 Fair

“Molecular weight
"Boiling point

consisting of PEDOT : PSS on ITO (indium tin oxide) glass was
used for hole collection, and the aluminum (100 nm) was used for
the electron collection.

The P;HT was purchased from American Dye Source, Inc., and
poly(3,4-ethylene dioxyl thiophene) : poly(styrene sulfonate) (PEDOT :
PSS) was purchased from Nanobest and was filtered through a 0.45
pm filter in air prior to use.

To find the proper solvent and its composition for the composite
active layer and to achieve optimum performance, we performed
an extensive search on suitable solvents, in which the solubility of
P;HT and dispersion of CdSe nanodots in the solution were prima-
rily tested for all the candidate solvents. The list of solvents tested
in this study along with their typical physical properties is summa-
rized in Table 1. Selection of the candidate solvents was primarily
based on their polarity index and boiling point.

The bulk hetero-junction active layers were formed by spin-coat-
ing the mixture of polymer and CdSe nanodots in the selected sol-
vents, followed by vacuum-drying. The morphology of the active
layer was first tested from single solvent. The formed active layer
was analyzed and compared. Qualitative comparison of single sol-
vent’s performance on constructing the active layer is summarized
in Table 1. Binary solvent mixtures using pyridine as the secondary
solvent was then investigated for the improvement of active layer
morphology. Surface morphology of composite active layer thin
films was investigated by optical microscopy, scanning electron
microscopy (SEM), atomic force microscopy (AFM), and surface
profilometry.

CdSe nanodots of approximately 3 to 4 nm in diameter were used
as n-type electron transport material, and the nanodots were syn-
thesized in house following the procedure developed earlier [14,15].
The surface of the nanodots was naturally capped by TOPO (trio-
ctyl phosphine oxide) during the synthesis procedure, where TOPO
was introduced as a surfactant. The weight percentage of CdSe nan-
odots with respect to the polymer was kept constant at 60 wt-% for
all the solutions prepared in this study. The composite solutions for
comparative studies were prepared by changing the concentration
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of binary solvent mixture and loading amount of the solutes (CdSe
+P,HT) in the solution. The prepared solution was stirred over-
night for 24 h at room temperature prior to use.

The ITO-coated glass was used as the substrate, and prior to film
deposition the ITO surface was chemically cleaned by trichloroeth-
ylene (TCE), acetone and methanol with ultrasonification for 10 min
successively followed by N, blow-drying. After being cleaned, the
substrate was treated with N, plasma in a barrel-type plasma cham-
ber for 10 min at a power of 50 W and a pressure of 200 mTorr.
The PEDOT : PSS layer was spin-coated on the plasma-treated sub-
strate with a typical thickness of 100 nm and vacuum-dried at 100 °C
[16].

The active layer was prepared by spin-coating the composite so-
lution onto the PEDOT : PSS deposited ITO substrate. The spin
coating was done at 2,000-4,000 rpm for 30 sec, and the spin-coated
film was dried under a vacuum at 65-120 °C for 30 min.

The I-V curves of fabricated solar cells were measured using a
Keithley 2425 source measurement unit with an AM 1.5G solar
simulator light source (100 mW/cm?), and the power conversion
efficiency determined.

RESULTS AND DISCUSSION

Fig. 1(a) and 1(b) depict the reasoning behind the solvent search
experiments, where boiling point and polarity index of solvents were
primarily taken into account. The polarity index is expected to be
related to the solubility characteristics of the solutes in the chosen
solvent, while boiling point is related to the thin film formation in
terms of the rate of evaporation of solvents during vacuum-drying
process. Solvents with a nearly constant polarity were selected in
Fig. 1(a), and those with a nearly constant boiling point were selected
in Fig. 1(b). Table | summarizes the physical parameters of these
tested solvents as well as the results obtained from the solubility
test experiments to choose the proper solvent for the co-dissolution
of P;HT and CdSe nanoparticles.

From the solvent survey experiments, it was found that the solu-
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Fig. 1. Solvent selection diagram: (a) constant polarity group; (b) constant boiling point group.

bility of P;HT strongly depends on the polarity of the solvent used.
The P;HT was insoluble in highly polar solvents and non-polar sol-
vents, but soluble in the solvents of intermediate polarity such as
chloroform and chlorobenzene [17]. The co-solubility characteris-
tics of P;HT and TOPO-capped CdSe mixture were tested for vari-
ous solvents and compared in terms of surface roughness of the re-
sulting thin film and nanoparticles’ dispersion. The results are sum-
marized in Table 1 and grouped as ‘suitable’ or “unsuitable’ solvents,
where ‘suitable’ means that the solvent chosen dissolves both P;HT
and TOPO-coated CdSe very well, resulting in the composite active
layer with good surface roughness and mono-dispersed nanoparti-
cles in the polymer matrix.

The surface roughness and film morphology were investigated
by optical microscopy, AFM and surface profilometry. The thin film
morphology and surface roughness turned out to be the lowest in the
films formed by using chlorobenzene or chloroform as the primary

solvent. Therefore, these two solvents were chosen as the primary
solvents in preparing the composite solution of this study.

It was also found that the addition of pyridine (‘unsuitable’ sol-
vent having high polarity index) to chloroform or chlorobenzene
enhances the nanoparticles’ dispersion in the polymer matrix and
improves the morphology of composite active layer significantly
[18,19]. The concentration of secondary solvent (pyridine) was var-
ied until it reached the solubility limit of the polymer (P;HT), and
the nanoparticle-polymer loading was also varied until it caused
severe phase separation in the film. From a series of experiments
where pyridine concentration in the solvent was varied as well as
the loading of solute was varied, optimum solvent mixing condi-
tions (typically less than 30% pyridine in volume) could be devel-
oped for chloroform and chlorobenzene.

Drying condition of spin-coated composite films was initially
investigated at various temperatures ranging from 65 °C to 140 °C

Korean J. Chem. Eng.(Vol. 28, No. 7)
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Fig. 2. AFM-TM topography images ((a) and (c)) and phase images ((b) and (d)) of the films consisting of 60 wt-%0 CdSe nanocrystals
dispersed in P,;HT: (a) and (b) 30 vol-%; (c) and (d) 40 vol-% pyridine in chloroform. The total loading amount was kept at 5 mg/mL.

with a constant drying time of 30 min in a vacuum oven. It was ob-
served that drying at 140 °C for 30 min provided a smooth and uni-
form surface without generating noticeable pinholes for the most
of solutions investigated in this study.

Fig. 2 shows the AFM-Tapping Mode (TM) topography and phase
images for 5 umx5 pm scan areas of the CdSe-P;HT blend films
spun from binary solvent mixtures of 30% and 40% pyridine by
volume in chloroform. At the higher pyridine concentration, the
topography of the film becomes rough, whereas at the lower (and
optimum) pyridine concentration, the film shows a much smoother
surface. In the experiments of increasing pyridine concentration (Fig.
3), the increase of pyridine concentration up to 30% in chloroform
solvent monotonically decreased the surface roughness of the result-
ing film. The AFM-TM phase images clearly show that the sur-
face roughness is directly related to the phase separation behavior
in the active layer. However, phase separation between the nanoc-
rystals and polymer does not yield single material domains and,
therefore, it is not possible to identify the individual polymer and
nanocrystal areas in the thin films [19]. At pyridine concentrations
of 30% and 40%, the RMS roughness was found to be 4.5 nm and
7.5 nm, respectively, for a solution loading amount of 5 mg/mL.

Fig. 3 shows the variation of the RMS surface roughness of the
active layers with the pyridine concentration. The RMS roughness

July, 2011

24
22 1 #
. 5 mg/mL /
20 4 — il — 10 mg/mL !
,_E.. — e — 15 g/l f’
£18 4 -y === 20 mg/mL /!
g
= 16
S
= 14 1
=]
=
@£oq2 A
2
10 4
s 4
6

5 10 15 20 25 30 35 40 45
Pyridine concentration (vol%)

Fig. 3. Surface roughness of the films consisting of 60 wt-% nanoc-
rystals dispersed in P,HT as a function of the pyridine con-
centration in chloroform with different loading amounts in
the solution.

generally decreases with increasing pyridine concentration up to
30%, regardless of the loading amount, but the RMS roughness in-
creases very rapidly when the pyridine concentration exceeds 30%.
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Fig. 4. Surface roughness of the films consisting of 60 wt-% nanoc-
rystals dispersed in P,HT as a function of the pyridine con-
centration with chlorobenzene and chloroform in solution.

As the pyridine concentration was at or above 40%, the polymer in
the solution started to precipitate, because P;HT is poorly soluble
in pyridine.

The effect of the solute loading on the surface roughness was
also studied, and it was observed that the roughness generally in-
creases with the increase in solute loading as expected, but remains
below 10 nm even for concentrations of up to 20 mg/mL when pre-
pared with optimum binary solvent combination.

A binary solvent mixture using chlorobenzene as the primary
solvent was also investigated and compared with the results of chloro-
form-based binary solvent. Fig. 4 shows that the surface morphol-
ogy of the films obtained from the chlorobenzene-based binary sol-
vent is superior to that of the films obtained from the chloroform-
based binary solvent in terms of the added concentration of pyri-
dine and surface roughness. Chlorobenzene-based binary solvent
provided smoother surface morphology at lower amount of added
pyridine. After the process optimization and reproducibility checks,
the binary solvent with 20% pyridine in chlorobenzene was chosen
as the optimized solvent combination for the fabrication of the BHJ
solar cells of this study.
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Fig. 5. The variation of the active layer thickness with the loading
amount concentration and spin coating speed (rpm).

Fig. 5 shows that the thickness of film decreases with increasing
spin-coating speed and increases with solute loading amount as ex-
pected. This result is believed to be caused by the hydrodynamic
behavior of composite solution in which viscosity of the solution
plays the major role. The film thickness could be reproducibly con-
trolled in this study by adjusting the solute loading amount and spin-
coating speed. From the horizontal sections of Fig. 5, the spin-coating
speed to generate planned thin film thickness could be easily deter-
mined for different solute loading amounts. This can facilitate the
future work regarding the device structure design and electrical and
optical characterization of bulk hetero-junction composite thin films.
The active layer thickness is an important factor in device perfor-
mance: thicker active layers can harvest more photons, while thin-
ner active layers have a smaller series resistance [20].

The surface of CdSe nanodots used mostly in this study was nat-
urally capped by TOPO (trioctyl phosphine oxide) during the syn-
thesis procedure as explained in the experiment section. The TOPO
is, however, an electrical insulator; thus if it is not completely re-
moved during the device fabrication processes, it could act as a re-
sistance layer increasing the series resistance of the composite film. To
improve the electrical conductivity of the active layers, we devised a
method to convert the surface of CdSe nanodots from TOPO-cap-
ping state to pyridine-capping state, in which the liquid-liquid extrac-
tion process was utilized. Pyridine was selected because of its high
polarity and compatibility with both CdSe nanodots and primary
solvents used in this study, providing well-dispersed nanodots in
polymer matrix. Both the electrical conductivity and co-solubility
of nanodots and polymers in the primary solvent were expected to
be improved by this surface modification of nanodots.

In the liquid-liquid extraction process, TOPO-capped CdSe was
dissolved into pyridine and subjected to shaking for about 10 min,
followed by the addition of n-hexane in the prepared solution. The
mixture was then centrifuged for about 30 min. This process was
repeated five times to remove the TOPO-surfactant from the CdSe
nanoparticles and then vacuum dried to obtain the pyridine-capped
CdSe nanoparticles.

Fig. 6 shows the dependence of RMS surface roughness of the
resulting active layer containing pyridine-capped CdSe on the added

12
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Fig. 6. RMS surface roughness of thin films made of pyridine-cap-

ped CdSe nanoparticle and P,HT as a function of the pyri-
dine concentration in chloroform.
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pyridine concentration in chloroform solvent. As shown, surface
roughness was well below 10 nm even without pyridine and it ac-
tually increased as the pyridine concentration was increased, as op-
posed to the results obtained in the case of TOPO-capped CdSe.
Generally, the surface roughness obtained with pyridine-capped CdSe
was superior to the one obtained with TOPO-capped CdSe, ren-
dering a possibility of using single solvent. Further investigations
are being made to exploit the process of using single solvent for
BHI solar cell fabrication, involving the characterization of electri-
cal and optical properties of resulting active layer with respect to
the solar cell performances.

The composite solution preparation condition for TOPO-capped
CdSe nanodots was further optimized for fabrication of BHJ solar
cells by varying the ratio of CdSe nanodots to P;HT and added pyr-
idine concentration. The optimized condition was obtained with 60
wt-% of CdSe with 20 vol-% of pyridine in chlorobenzene solvent.

Finally, the BHJ solar cells were fabricated by using the above
optimized conditions. Table2 shows the device characteristics at
various loading amount of solutes, and it was found that the device
efficiency increases with the solute loading amount. It was also found
that percolation pathways for charge carrier transport could be de-
veloped in the active layer above the threshold solute (especially

Table 2. Solar cell performance parameters (V,., J,., FE, 7)) vs. the
loading amount of solute in the composite solution: Fixed
conditions are 60 wt-% TOPO-capped CdSe; 20 vol-%
pyridine in chlorobenzene solvent

I v,

Loading amount

(mg/mL) (mA/em?) vy D7 (%)’
20 0.17 072 02  0.025
30 032 062 027 0054
40 038 067 026 0071
50 0.52 0.72 02 0077
60 0.72 055 034 012

“Short circuit current density
Open circuit voltage

°Fill factor

“Power conversion efficiency
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s @ S0 mgimk A /
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Fig. 7. I-V curves of fabricated bulk hetero-junction solar cells.
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CdSe in the solute) loading concentration [21]. Fig. 7 shows the I-V
curves of the fabricated devices, whose maximum efficiency reached
to 0.12%. Further investigations are underway to improve the cell
efficiency by incorporating post-annealing process after the Al elec-
trode deposition to get rid of surfactant ligands on CdSe nanoparti-
cle surface and to form lower resistance contacts, as well as utilizing
the pyridine-capped CdSe nanoparticles with single solvent.

CONCLUSIONS

We investigated the preparation of composite solution and con-
trol of the morphology of active layers in detail to develop a reliable
fabrication process for bulk hetero-junction solar cells containing
TOPO-capped CdSe and P;HT polymer. Chloroform and chloro-
benzene were found to be viable candidates as the primary solvent
for the composite solution. These solvents, with their intermediate
polarity, were found to dissolve P;HT very well. The binary sol-
vent mixture formed by either of these solvents with the addition of
pyridine was very effective in co-dissolving both P;HT and TOPO-
coated CdSe for a wide range of solute loading amounts. The ob-
tained active layer apparently showed homogeneous mixing of CdSe
nanodots in P;HT polymer matrix with resulting root-mean-squares
(RMS) surface roughness of less than 10 nm. The solute loading
amount could be varied up to 60 mg/mL without seriously sacrific-
ing the surface morphology.
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