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Abstract—TOPO-capped cadmium selenide (CdSe) nanocrystals of sizes between 3 and 8 nm have been synthesized,
and the surface-capping molecule, trioctylphosphine oxide, was replaced by butylamine. The effects of changing the
surface ligands of the synthesized CdSe nanocrystals on the structural, optical, and electrical properties were investi-
gated. The shift toward shorter wavelength (higher energy) in the visible range of the optical absorption band edge was
observed by UV-Vis spectroscopy, and a blue-shift of the photoluminescence peaks was observed with luminescent
quenching. Surface modification was found to cause an increase in the surface energy of nanocrystals, resulting in the
improvement in charge carrier separation and cell performance in applications towards bulk hetero-junction solar cells.
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INTRODUCTION

Colloidal semiconducting nanocrystals (NCs) are ubiquitous; none-
theless, they have been of scientific and nanotechnological interest
[1,2]. In the past, they have been prepared in several sizes, ranging
from nanometers to several micrometers. Colloidal nanocrystals
have been widely used as building blocks for creating nano-assem-
blies, which are slated to be the next-generation nanodevices. Inor-
ganic nanoparticles have attracted much attention in the last decade
for their wide use in diverse research and industrial applications,
including lasers, light-emitting diodes [3] and solar cells [4]. Nanom-
eter-sized particles exhibit structural and optoelectronic properties
that can be tuned by varying the size, shape, and surface-ligand of
the particles, making them good candidates for blending with organic
polymers within nano-devices [5].

CdSe nanocrystal possesses a band gap (E,=1.74 V) that lies in the
visible spectrum and thus has been considered as an n-type partner
in simple, low-cost, high performance bulk hetero-junction (BHJ)
solar cells [6,7]. The BHJ solar cells using blends of conjugated
polymer and inorganic nanocrystals were first reported in 1996 by
Greenham, et al. [S] who showed that the addiction of CdSe NCs
to polymers in solar cells relied on the ability of NCs to disperse
within the polymer to create large interfacial surface area for elec-
tron/hole transfer between the two materials and to provide contin-
uous pathways to the electrodes contact.

The BHJ solar cells utilizing the blend of CdSe nanocrystals and
regioregular poly(3-hexylthiophene) (P3HT) polymer as a light ab-
sorption active layer have demonstrated power conversion efficiency
of over 3%. Tetrapod-shaped CdSe nanocrystals are used in the world
record CdSe BHJ solar cells, which indicated that the control of the
nanocrystals shape and surface ligand in relationship with charge
separation and dispersion characteristics is very important in im-
proving the cell efficiency [8].
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Synthesis and property characterization of CdSe nanocrystals have
been widely studied by many research groups [6,7]. The effects of
thermal annealing on the structural and optical properties of the CdSe
nanocrystals have been recently reported by our group [9], indicat-
ing that after annealing in air- or N,-atmosphere at 250 and 350 °C,
the crystallinity and surface passivation characteristics of the CdSe
nanocrystals are enhanced. Annealing-induced phase transitions
were also observed, revealing that a significant change in the electri-
cal and optical properties of nanocrystals could occur upon anneal-
ing. Sharma et al. reported the results of a quantitative study on the
CdSe nanocrystals in the context of the effects of particle size and
surface ligands on the photo-degradation of nanocrystals [10]. They
concluded that the emission properties and lifetime of the CdSe nano-
crystals are dependent upon the oxidation potential of the surface
ligand and crystallite size. The influence of the atomic ratios of cad-
mium (Cd) to selenium (Se) in the CdSe nanoparticles upon optical
and photoluminescence properties was also investigated [11]. It was
shown that the shift of the optical absorption edge, concurrent with
CdSe nanoparticle size reduction, agreed well with the quantum
confinement effect. The effect of ligand choice on the hybrid solar
cells has been investigated by many research groups [12-14]. The
ligands having long carbon chains (e.g. trioctylphosphine oxide,
TOPO) are typically involved in the synthesis of NCs as surfac-
tants to control the size and shape of NCs, but these ligands can act
as traps for charge carriers or can dominate the nanoparticles’ elec-
trical properties and work as insulating materials that reduce the
charge transport [15], if they are not properly removed during the
post-treatment (annealing). Thus other ligands such as pyridine, tribu-
tylamine (TBA) and butylamine (BA) are investigated as alteratives,
since they have lower boiling points and higher electron affinities.
However, the roles of the various different surface ligands of the
nanocrystals, upon modifying the surface energy, optical, structural
and electrical properties of the nanocrystals, remain mostly unex-
plored.

In this work, we studied the effects of surface ligand exchange
and post nanocrystal synthesis upon the material properties of CdSe
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nanocrystals. The chemical, structural and optoelectronic proper-
ties of the CdSe nanocrystals, before and after the exchange of the
surfactants, were characterized systematically, and the related mech-
anisms were investigated.

EXPERIMENTAL

1. Chemical Preparation

All the chemicals used in this study are commercially available.
Cadmium oxide (CdO) was purchased from Junsei Chem. Co., and
solvents such as chloroform, chlorobenzene, and hexane were pur-
chased from Duksan Chemical Co. Hexylphosphonic acid (HPA)
was obtained from Alfa Aesar Chemicals, and selenium (Se) pow-
der, trioctylphosphine (TOP), butylamine (BA), trioctylphosphine
oxide (TOPO), and polyethylene dioxythiophene doped with poly-
styrene-sulfonic acid (PEDOT : PSS) were provided by Aldrich.
Regioregular poly(3-hexylthiophene) (P3HT) polymer was supplied
by American Dye Source, Inc. All reagents were used as-received
without further purification.
2. Synthesis of CdSe Nanocrystals

The CdSe nanocrystals were synthesized by using a slightly modi-
fied hot injection method [16]. A stock solution of selenium pow-
der (0.237 g) in TOP (5.0 mL) was stirred for over 24 h under a ni-
trogen environment in a glove box. Concurrently, 0.514 g of CdO,
3.7768 g of TOPO, and 0.2232 g of HPA were loaded into a two-
neck flask. At approximately 320 °C, a colorless homogeneous solu-
tion was produced. The temperature was lowered to 250 °C, and
the stock solution was rapidly injected into the two-neck flask. The
nannoparticles were grown at 250 °C for 25 h to yield TOPO-capped
CdSe.
2-1. Butylamine Treatment of TOPO-capped CdSe Nanocrystals

For ligand modifications, the TOPO-capped CdSe nanocrystals
were dissolved in butylamine solvent, and the nanoparticles/buty-
lamine mixture was stirred for 24 h at room temperature. Excess
hexane was added to the solution to precipitate the CdSe nanopar-
ticles. The precipitated nanoparticles were then centrifuged three
times to yield high-purity butylamine-capped CdSe nanocrystals.
Finally, the BA-capped CdSe nanocrystals were dried in an oven
under vacuum at 60 °C.
2-2. Characterization of CdSe Nanocrystals

UV-Vis spectra were measured in hexane or chlorobenzene on a
Cary 500, using 1.0-cm path length quartz cells. The size and shape
of the nanocrystals were estimated with a high-resolution transmis-
sion electron microscope (HR-TEM, H-7600). The nanocrystal struc-
ture was measured by powder X-ray diffraction (XRD) on an MPD
PANalytical, using CuK « radiation. The optical properties and chem-
ical composition of CdSe nanocrystals were measured by photolu-
minescence (PL) spectroscopy and X-ray photoelectron spectroscopy
(XPS). Fourier transform infra-red (FT-IR) spectra were recorded
in the range of 450-4,000 cm™, using the Excalibur Series FTS 3000
spectrometer (BioRad) at a resolution of 16, with 32 scans in a form
of KBr pellet.
2-3. Bulk Hetero-junction Solar Cell Fabrication

The procedure to prepare the blend of CdSe and P3HT was as
follows: A solution of the TOPO- or BA- capped CdSe nanoparti-
cles was blended with P3HT, which was dissolved in the binary
solvent of chlorobenzene and pyridine mixture. In all cases, the weight
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ratio of the CdSe/P3HT was kept at 7 : 3, while the volumetric ratio
of chlorobenzene/pyridine was kept at 8 : 2.

BHLI solar cells were prepared by the bulk hetero-junction layer
of the CdSe/P3HT being spun on top of a cleaned indium tin oxide
(ITO)-coated glass, serving as the anode, which was covered with
PEDOT : PSS as a hole transport layer (HTL), and an Al layer as
the cathode. In detail, the ITO substrate was cleaned with trichloro-
ethylene (TCE), acetone, and methanol (10 min each) in a wet station.
The cleaned ITO-coated glass was then plasma-treated under N, for
10 min. The HTL, PEDOT : PSS was spin-coated onto the cleaned
substrate and then dried at 100 °C for 30 min. The active layer, CdSe/
P3HT blend solution was spin-coated on top of the PEDOT : PSS
layer, then dried at 140 °C for 30 min. Finally, serving as the cath-
ode, the devices were completed by thermal evaporation of alumi-
num (100 nm) on the top of the device structure. Before J-V meas-
urement, the completed devices were annealed at 140 °C for 10 min
on a hot plate under nitrogen environment in an N, glove box. The
current density-voltage (J-V) characteristics of the fabricated cells
were investigated under AM 1.5G illumination, using a solar simu-
lator (Keithley 69911).

RESULTS AND DISCUSSION

The FT-IR spectra of the TOPO-capped CdSe nanocrystals and
BA-capped CdSe nanocrystals are presented in Fig. 1. In Fig. 1(a),
the P=O0 stretching vibration mode from TOPO molecules on the
CdSe nanocrystal surface was observed at 1,088 cm™ which is in
good agreement with the literature reported value [17,18]. The bands
near 2,854 and 2,924 cm™' can be assigned to the C-C-H stretching
vibration of the TOPO ligands [17]. In Fig. 1(b), however, the peaks
at 1,088, 2,854 and 2,924 cm™ of the TOPO ligands are nearly absent,
implying that the TOPO surfactants were removed under the de-
tection limit by the ligand exchange process. Presence of butylamine
is indicated by the presence of the peaks at ~3,700-3,780 cm™' cor-
responding to the N-H stretching vibration modes from butylamine
molecules [19].

Fig. 2 shows the UV-Vis and PL spectra of the CdSe nanocrys-
tals capped with TOPO and BA ligands, respectively. CdSe nanoc-
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Fig. 1. FT-IR spectra of CdSe nanocrystals: (a) TOPO-capped
CdSe and (b) butylamine-capped CdSe nanocrystals.
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Fig. 2. UV-vis absorption (a) and photoluminescence (b) spectra
of CdSe nanocrystals: (A) capped with TOPO and (B)
capped with butylamine ligands.

rystals were dispersed in chlorobenzene prior to the spectroscopy
measurements. After the ligand exchange from TOPO to butylamine,
the absorption edge of the UV-Vis spectra was shifted to a shorter
wavelength from 597 to 588 nm as shown in Fig, 2(a), and the emis-
sion peak of the PL spectra shifted towards a higher energy from
1.93 to 1.96 eV as shown in Fig. 2(b). The shifting of the absorp-
tion edge and emission peak toward a shorter wavelength is often
referred to as a blue-shift; this could be due to the quantum confine-
ment effect on account of reduction in nanocrystal size [20,21]. Sur-
face defects related to the emission property change could also be
generated in nanocrystalline semiconducting materials. Since the
smaller-sized nanocrystals possess a larger surface-to-volume ratio
compared to the larger-sized nanocrystals, and most of the photo-
generated charge carriers undergo recombination at the surface vacan-
cies, the luminescence of smaller nanocrystals is likely much stron-
ger. However, the quenching of PL intensity was observed in this
study from the nanocrystals after the ligand exchange from TOPO
to butylamine, contradicting the literature report [20].

The size and structural properties of the CdSe nanocrystals were
measured by HR-TEM, as shown in Fig. 3. The lattice fringes were
clearly observed from HR-TEM images of both TOPO- and BA-

Fig. 3. TEM and HR-TEM images of CdSe nanocrystals capped
with (a), (b) TOPO and (c), (d) butylamine.

capped CdSe nanocrystals as shown in Fig. 3(b) and 3(d), indicat-
ing that the nanocrystals are highly crystalline in a cubic structure
[22,23]. From the measurement of the size of CdSe nanocrystals in
TEM images as displayed in Fig. 3(a) and 3(c), the nanocrystal sizes
were found to be ~3-8 nm for both TOPO- and BA-capped nanoc-
rystals. The average size of the CdSe nanocrystals was calculated
from the particle size distribution histograms. The size of the indi-
vidual CdSe nanoparticle was first measured manually from 100
particles in each TEM micrograph, and then the average particle
size was calculated by using the following equation:

TS,
S==3 )

where S, is the size of the particle i, and N is the total number of
particles (in this study N=100).

The particle size distribution histogram of TOPO-capped CdSe
is shown in Fig. 4(a), which indicates the fraction of the particles
with a diameter in the range of 3-8 nm. The average particle size
of the TOPO-capped CdSe was 5.68 nm, calculated using Eq. (1).
Fig. 4(b) shows the particle size distribution of BA-capped CdSe
with the average particle size of 4.66 nm. The average particle size
of the BA-capped CdSe was reduced by 1.02 nm from that of the
TOPO-capped CdSe. As expected from the optical measurement
results, the reduction in nanocrystal size during the ligand exchange
procedure was confirmed by the TEM micrographs. The decrease
in nanocrystal size during the ligand exchange process is explained
by the possible loss of Cd and Se atoms present on the nanoparticle
surface [24] which makes the nanocrystals shrink in size. Removal
of surface atoms was facilitated by the relatively high defect den-
sity on the surface, as well as the high surface energy. The reduc-
tion in nanocrystal size subsequently caused the blue-shifts in the
absorption edge and the photoluminescence peaks. It is further specu-
lated that the PL quenching observed from the samples presented

Korean J. Chem. Eng.(Vol. 30, No. 4)



952 N. T. N. Truong et al.

60

TOPO-capped CdSe (a)
Average size ~ 5.68 nm

50 4

40 -

30 4

Frequency

20 4

0 | T

3 4 5 6 7 8
Particle diameter (nm)

50

Average size ~ 4.66 nm

40 -
& 30 -
=1
[+ 1]
=
g
= 20

10 A

0 T T T T T T 1
3 4 5 6 T 8

Particle diameter (nm)

Fig. 4. Size distribution histograms of CdSe nanocrystals: (a) TOPO-capped and (b) butylamine-capped CdSe nanoparticles.

within this study indicates the removal of surface defects and sub-
sequent passivation of the surface by the electron-donating amine
ligands.

XRD scans of the CdSe nanoparticles (TOPO- and BA-capped)
were performed in order to determine the crystal structure. In Fig.
5(a), pattern (A) shows the XRD of TOPO-capped CdSe samples,
exhibiting three diffraction peaks at 20=25.3°, 42.01°, and 49.52°,
corresponding to the (111), (220), and (311) planes of reflection for
the cubic phase of the bulk CdSe nanoparticles from the JCPDS
(Joint Committee for Power Diffraction Set) database No. 19-0191.
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Fig. 5. (a) X-ray diffraction patterns of CdSe nanocrystals with (A)
TOPO-capped, (B) butylamine-capped; (b) selected area
electron diffraction (SAED) patterns of TOPO-capped CdSe
nanocrystals.
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Pattern (B) in Fig. 5(a) shows the XRD of the BA-capped CdSe
samples, showing three diffraction peaks at 26=25.80°, 42.28°, and
49.86°, which can be assigned also to the (111), (220), and (311)
planes of reflection of the cubic phase. It was observed that the (111),
(220), and (311) peaks of BA-capped CdSe were slightly shifted
towards higher scattering angles compared those of TOPO-capped
CdSe, indicating that nanocrystal size was decreased. The XRD
results again match well with the TEM results. The structure of nano-
particles was further confirmed by selected area electron diffraction
(SAED). Fig. 5(b) shows the SAED pattern of the TOPO-capped
CdSe samples, revealing the (111), (220), and (311) planes of the
cubic phase of CdSe [22,23], which is again in good agreement of
the XRD results. From the above results, we concluded that the crystal
structure remains unchanged (cubic phase) by the ligand exchange
procedure.

The effects of the ligand exchange upon the chemical bonding
characteristics of the CdSe nanocrystals were investigated by X-
ray photoelectron spectroscopy (XPS). Fig. 6 shows the XPS sur-
vey spectra of the TOPO- and BA-capped nanocrystals. The gen-
eral survey spectrum mainly reveals the Cd and Se peaks from the
nanocrystals, even though the C and O peaks were also observed,

Counts (a.u)

T T T T T
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Fig. 6. XPS survey spectra of CdSe nanocrystals: (a) TOPO-capped
CdSe, (b) butylamine-capped CdSe nanocrystals.
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indicating the presence of surface ligands. The survey spectra ob-
tained from CdSe nanocrystals with different surface ligands were
identical to each other in terms of the number of peaks and their
positions, which were also close to the bulk values [25]. High-resolu-
tion XPS spectra were obtained for the samples of the TOPO- and
BA-capped CdSe; the corresponding Cd 3d, Se 3d, and O 1s peaks
are shown in Fig. 7(i-iii), respectively. As shown in Fig. 7(i)-(a),
the presence of the Cd 3d,, peak at 402.34 eV indicated that the
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Fig. 7. XPS spectra of CdSe nanocrystals with (a) TOPO-capped
and (b) butylamine-capped: (i) XPS spectra corresponding
to the Cd 3d region; (ii) XPS spectra corresponding to the
Se 3d region; (iii) XPS spectra corresponding to the O 1s
region.

Cd exists either in a metallic (unreacted Cd) or CdSe form [26].
Fig. 7(i)-(b) shows the Cd 3d;, peak at 404.2 eV indicating the shift
of 1.86 eV toward a higher binding energy state after the ligands
were changed from TOPO to BA. The decrease in the intensity of
the Cd 3d levels was believed to be caused not by surface oxida-
tion, but by formation of stronger bonding within the CdSe nanoc-
rystals. Fig. 7(ii) shows the XPS spectra for the Se 3d. In the case
of TOPO-capped CdSe nanocrystals (curve A), the Se 3d peak posi-
tion was observed at 50.92 eV, while it was observed at 52.82 eV
for the BA-capped samples, shifting 1.89 eV toward the higher bind-
ing energy state. The presence of Se 3d at 50.92 and 52.82 eV, and
the lack of peaks near 60 eV, further confirms the CdSe-only phase
(absence of Se oxides) [27,28]. Fig. 7(iii) shows the XPS spectra
from the O 1s region; the O 1s peak was observed at 528.16 eV
for TOPO-capped nanocrystals (curve A), whereas for BA-capped
CdSe samples (curve B), the O 1s peak was shifted toward a higher
binding energy (by 2.27 eV). The presence of C 1s at ~282 eV was
also identified [29]. The XPS studies also confirmed the absence
of cadmium oxide, hydroxide, and selenium oxide, indicating that
high-purity CdSe nanocrystals were synthesized in this study.

To study the impact of ligand exchange upon suitability for appli-
cation of CdSe nanocrystals in photovoltaic devices, different ligand-
capped CdSe nanoparticles were used in BHJ solar cells. The BHJ
solar cells of the structure, ITO-coated glass (ITO thickness of 180
nm)/PEDOT : PSS (70 nm)/(CdSe+P3HT) (150 nm)/Al (100 nm),
were fabricated by using a blend of P3HT as the electron-donor
material and CdSe nanoparticles as the electron-acceptor material
(both TOPO- and BA-capped CdSe) in the binary solvents of chlo-
robenzene/pyridine. The power conversion efficiency of the fabri-
cated devices was measured under AM1.5 illumination, in an N,
glove box at room temperature. The power conversion efficiency
of the cells made of TOPO-capped CdSe nanoparticles turned out
to be ~0.55%; however, cells made of BA-capped CdSe nanoparti-
cles under identical conditions showed an efficiency of around 1%.
The high-quality nanoparticles improved the BHJ solar cell perfor-
mance. Interestingly, it was observed in the J-V curves of the cells
(shown in Fig. 8) that there was an increase in the short circuit cur-
rent (J,. from 1.42 to 2.69 (mA/cm’), when the ligand was changed
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Fig. 8. I-V curves of the solar cells made with TOPO- and buty-
lamine-capped CdSe nanoparticles (CdSe/[CdSe+P,HT]|=

0.7).
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from TOPO to BA, while the open circuit voltage (V,.) remained
almost the same. The power conversion efficiency of BHJ solar cells
fabricated in this study is, however, still relatively low compared
with that of world record BHJ solar cells made with tetrapod-shaped
CdSe nanocrystals and P3HT polymers, possibly attributable to the
poorer charge collection due to nanocrystals’ shape, and poorer inter-
facial integrity between the polymer and CdSe nanoparticles, creat-
ing a phase separation within the active surface morphology.

In review of the literature, similar power conversion efficiencies
of approximately 0.05% [30] were achieved with spherical CdSe
nanoparticles and a P3HT active layer of BHJ solar cells. The CdSe
nanoparticle ligands were modified from TOPO- to pyridine-capped
by a liquid-liquid exchange process. In this study, the CdSe (of spheri-
cal shape) nanoparticle ligands were modified from TOPO- to BA-
capped, achieving a better power conversion efficiency with the
BA-capped CdSe. These values were slightly smaller than those
previously reported with a blend of nanorod-CdSe and P3HT, of
which efficiencies can approach ~1% with optimization of the active
layer morphology, mixing ratio, thermal annealing, multiple ligand
exchange, and film thickness [31,32]. We thus conclude that the
efficiencies obtained from this study open a new route to improv-
ing bulk hetero-junction solar cells by considering another type of
ligand for the CdSe nanoparticles. The ligand exchange process could
also be applied to differently shaped CdSe nanocrystals such as tetra-
pod-shaped and hyperbranched nanocrystals for further improve-
ment in the power conversion efficiency.

CONCLUSIONS

Highly crystalline, pure and cubic CdSe nanocrystals of spheri-
cal shape were successfully synthesized in this study, and the influ-
ence of exchanging the surface ligands on the synthesized CdSe
nanocrystals upon structural, optical, and electrical properties was
characterized in detail. After the ligand exchange, the nanocrystals’
size was slightly reduced, resulting in higher surface energy, subse-
quently causing a blue-shift in the UV-vis absorption edge and photo-
luminescence peaks. Photoluminescence quenching was also ob-
served due to the removal of surface defects and enhancement of sur-
face passivation during the ligand exchange. Improvement in charge
carrier separation at the nanoparticle-polymer interface was expected
to occur, resulting in the increased short circuit current.
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