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CdSe quantum dots have been encapped with aromatic ligands: a-toluenethiol, thiophenol, and
p-hydroxythiophenol to enhance the photoluminescence (PL) quenching and photoelectric properties
of the quantum dots. The aromatic ligand capped CdSe quantum dots are prepared through ligand
exchange with trioctylphosphine oxide (TOPO) capped CdSe quantum dots. The XPS surface
chemistry analysis and elemental analysis has confirmed the success of ligand exchange from TOPO to
aromatic ligands. Both XRD and HRTEM-SAED studies indicate the crystalline structure of CdSe
quantum dots not only remains but is also improved by the ligand exchange of TOPO with thiol
molecules. Time resolved PL decay measurements indicate thiophenol and p-hydroxythiophenol
ligands effectively quench the emission and have much shorter PL lifetimes than that of TOPO and that
of a-toluenethiol. Thus, both thiophenol and p-hydroxythiophenol can act as an effective acceptor for
photogenerated holes through aromatic 7-electrons. Thiophenol also exhibits good charge transport
behavior showing a 10-fold increase in short circuit current density (/) as compared with TOPO in the

photocurrent study of fabricated photovoltaic devices.

Introduction

Research concerning the size-dependent optical properties of
colloidal semiconductor quantum dots has had increasing interest
during the past decade because of their applications in photo-
stable luminescent biological labels,' solar cells,*** and light-
emitting devices.’**¢ The quantum dots are usually surrounded
by a ligand capping layer to prevent their coagulation. The nature
of the ligand strongly affects the luminescent properties of quan-
tum dots."” Synthesized CdSe nanocrystals are covered with
organic ligands containing bulky (C8-C18) alkyl groups attached
through the classic organometallic route’® and numerous
“greener” modifications.*?” CdSe nanocrystals that are coated
with inorganic materials, such as CdS, ZnS or ZnSe layers for
biological labeling applications, can improve the fluorescence
quantum yield*® and, in the case of ZnS or ZnSe, decrease the toxi-
city of the quantum dot. The use of a shell with higher bandgap
materials such as CdS, ZnS, ZnSe, or long chain bulky alkyl group
ligands (acting as a potential barrier) is not suitable for applica-
tions involving charge transfer. Almost all common and readily
accessible surfactants are alkyl thiols,'*?*:* pyridine,*' amines,*°
phosphonic acid,** and phosphine oxides,* most of which are
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electrical insulators with large bandgaps. In many examples, it
is desirable to facilitate electron transfer access to the surface,
while simultaneously controlling the dispersion or solubility of
nanocrystals.®? Earlier work has provided an interesting example
of surfactant facilitated electronic interaction, where conduction
through a Au nanocrystal film was mediated by conjugated thiols
with resonant energy levels, which displaced insulating alkyl
thiols.>*

Solar cells based on semiconductor nanocrystals are promising
to be a new approach to improve the efficiency of photovoltaic
devices.**? They also show great promise for CdSe nanocrystals
of different shapes and sizes as active components of light
emitting diodes’'¢ and photovoltaic cells.*'* Charge transfer
at the organic/inorganic interface has been found to be enhanced
because the inorganic semiconductors have greater electron
affinities which are energetically favorable for the electron to
transfer onto the organic materials. One problem that limits
the efficiency of these devices is the bulky or insulating organic
layer of the CdSe nanocrystals. Typically, the hydrophobic
surface capping agents (usually consisting of long alkyl chain
components) will hinder charge transfer.>* A 1.1 nm thick mono-
layer of the TOPO surfactant on the surface of CdSe nanocrys-
tals was sufficient to reduce electron transfer efficiency by
a factor of 10 in the case of CdSe and poly(2-methoxy-5-(2'-
ethylhexyloxy)-p-phenylenevinylene) (MEHPPV).* Thus, there
is a significant need for a surfactant that can be controlled to
disperse the semiconductor nanocrystals in a variety of solvents
or polymers, while also permitting electron and hole transfer
between nanocrystals and organic semiconductors. CdSe nano-
crystals coated with an electroactive surfactant designed to facili-
tate the charge transfer quickly between surroundings have been
studied.?* Some groups tried to wash out the bulky surfactants to
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form bare nanocrystals and they found that TOPO capped CdSe
nanocrystals can be replaced with a hydrophilic moiety such as
pyridine then dispersed into a conjugated polymer matrix.®3*
Pyridine capped CdSe nanocrystal/conjugated polymer nano-
composites have been investigated extensively for their applica-
tions in optoelectronics and photovoltaic devices.®

Despite the importance of surface exchange reactions with
organic ligands for the application of semiconductor nanocrys-
tals, the surfaces of nanocrystals are poorly understood. This is
especially true with regard to how the organic capping layer
influences the optical and photoelectric properties of CdSe nano-
crystals. To our knowledge, most researchers studied the ligand
effects on the optical properties of CdSe nanocrystals,***¢ and
comparison of the photoelectric properties of different ligand-
capped CdSe nanocrystals was rare.* In this paper, we examine
hole transfer from photoexcited CdSe quantum dots to hole
accepting ligands: thiophenol and p-hydroxythiophenol and
compare the results with none-hole accepting ligands: TOPO
and a-toluenethiol. We analyzed these systems with PL spectra
and time-resolved PL decay spectra. Our results suggest that
thiophenol and p-hydroxythiophenol transfer the photogene-
rated hole in CdSe very effectively. The results of current-voltage
(I-V) measurements showed the short-circuit current density of
thiophenol capped CdSe quantum dots to be an order higher
than that of TOPO capped CdSe quantum dots.

Experimental

The materials used were all of the purest quality available and
used as received. CdSe nanocrystals were prepared using the
method described by Peng and Peng.?' Briefly, CdO (0. 41 g,
99.99%, Aldrich), trioctylphosphine oxide (TOPO, 61 g, 90%,
Aldrich), and hexadecylamine (HDA, 30.5 g, 90%, Tokyo Kasei)
were loaded into a 250 ml flask. The mixture was then heated to
about 320 °C under Ar flow with stirring. Once the color of the
solution changed from brick red to transparent, the temperature
of the solution was cooled to 240 °C and a solution of Se powder
(0.25 g, 99%, Aldrich) dissolved in tri-n-butylphosphine (TBP, 5
ml 95%, Acros) was quickly injected into the flask. After the
injection, the CdSe quantum dots were allowed to age at 240 °C
for 1 min before cooling to room temperature under Ar atmo-
sphere. CdSe quantum dots were isolated by adding 15 ml of
methanol (99.99%, Acros) to the cooled reaction vessel followed
by centrifugation. Repeated methanol washings followed by
centrifugation removed excess TOPO and obtained TOPO passi-
vated CdSe quantum dot powder. This preparation typically
yielded ~3 nm diameter CdSe quantum dots.

To modify the surface of CdSe quantum dots with different
organic ligands, we employed a ligand exchange procedure.
The TOPO ligand on the surface of the CdSe quantum dots
was removed by repeat pyridine washing. The CdSe quantum
dot powder containing TOPO was re-dispersed in pyridine
(99%, Acros) to remove TOPO. Washed CdSe quantum dots
were precipitated by adding excess hexane (99%, Fluka) and
then isolated by centrifugation. This exchange procedure was re-
peated 6 times. Most of the TOPO molecules on the surface of
the CdSe quantum dots are exchanged by pyridine. To remove
the surface pyridine, CdSe quantum dots were kept in vacuum
overnight.

To passivate the surface of the quantum dot with thiophenol
(99%, Acros) or a-toluenethiol (99%, Acros), bare CdSe quan-
tum dots (0.2 g) were re-dispersed in a mixture of 25 g benzene
(99%, Fluka) and 0.1 mole of either thiophenol or a-toluenethiol.
The solution was left to stir for 1 day in Ar flow at 70 °C. At the
end of the exchange reaction, the nanocrystals were recovered as
a precipitate by adding an excess of hexane to the solution. This
ligand exchange cycle was repeated three times. Finally, the CdSe
quantum dots passivated with thiophenol or a-toluenethiol were
stored in Ar environment at —10 °C.

For p-hydroxythiophenol capped quantum dots, bare CdSe
nanocrystals (0.2 g) were re-dispersed in a mixture of 25 g
methanol and 0.3 g p-hydroxythiophenol (99%, Tokyo Kasei).
The reaction was left to stir for 1 day in Ar environment at 70
°C. After the exchange reaction, nanocrystals were precipitated
by excess hexane. We repeated the above ligand exchange cycle
three times. The nanocrystals passivated with p-hydroxythio-
phenol were also stored in Ar atmosphere at —10 °C. The yield
of the ligand exchange process was approximately 40%. The
relatively low yield is due to the initial TOPO-CdSe quantum
dots containing an excess amount of TOPO.

X-Ray photoelectron spectra (XPS) were recorded by using an
electron spectroscope for chemical analysis system (VG Scientific
ESCALAB 250). The experiments were performed under ultra-
high vacuum. Both Mg and Al anodes driven at 400 W were
used for this study. All scans were obtained using the 0.5 cm?
aperture. Typical surveys were collected for 5 min.

The amounts of C, H, N, and S atoms were measured by using
a Perkin-Elmer 2400 Heraeus variollI-NCSH for elemental
analysis.

The crystalline structure of the quantum dots was studied
using X-ray diffraction (XRD) (Philips PW3040) with filtered
Cu Ko radiation (A = 1.54056 A) and a JOEL JEM-1230
high resolution transmission electron microscope (HRTEM) at
200 keV.

UV-Visible absorption spectra were obtained using a Perkin-
Elmer Lambda 35 UV/VIS Spectrometer. The steady-state PL
spectra were measured by using a Perkin-Elmer FS-55 spectro-
fluorometer. Time-resolved PL spectroscopy was performed
with a time-correlated single photon counting (TCSPC) spec-
trometer (Picoquant, Inc.). A pulse laser (375 nm) with an
average power of 1 mW operating at 40 MHz with a duration
of 70 ps was used for excitation.

Photovoltaic devices were fabricated using a sandwich
structure of ITO/PEDOT : PSS (Aldrich)/CdSe quantum dots/
Al. The PEDOT :PSS was spin coated onto a pre-cleaned,
patterned ITO substrate and was subsequently dried at 120 °C.
The CdSe quantum dots were dissolved in chlorobenzene
and then spin coated on top of the dried PEDOT :PSS. The
thickness of the PEDOT : PSS layer was kept at about 100 nm.
The thicknesses of the TOPO capped CdSe quantum dot,
a-toluenethiol capped CdSe quantum dot, and thiophenol
capped CdSe quantum dot layers were 47 nm, 51 nm, and
55 nm respectively. The aluminium electrode layer was thermal
evaporated onto the active layer and the electrode layer was
kept at a thickness of 130 nm. The current—voltage characteriza-
tion (I-V) (Keithley 2400 sourcemeter) was performed under
vacuum, at 10~* Torr, with monochromatic illumination at a
defined beam size.
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Results and discussion

High-resolution XPS spectra were used to study the surface
chemistry of ligand encapped CdSe nanoparticles (Fig. 1). The
TOPO capped CdSe quantum dot has the Cd 3d5/2 peak in
the range from 405 to 406eV, with a normal distribution centered
at 405.6 eV which agrees with previously reported data*’” of 405.6
+ 0.2 eV (Fig. 1(a)); the Se 3d peak ranged from 53 to 56 eV, with
a normal distribution centered at 54.4 eV which also agrees with
the literature data*’ of 54.6 + 0.2 eV (Fig. 1(b)). The Cd 3d5/2
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Fig. 1 XPS peaks of CdSe quantum dots in three regions: (a) Cd 3d,
(b) Se 3d, and (¢) C Is.

and Cd 3d3/2 XPS spectra of different ligand capped CdSe quan-
tum dots (a-toluenethiol, thiophenol, and p-hydroxythiophenol)
deviate from those of the TOPO capped CdSe quantum dots.
This implies their surface states are different from those of the
TOPO capped CdSe quantum dots. However, their Se 3d peak
positions rarely deviate from those of the TOPO capped CdSe
quantum dots. It has been reported that the thiol functional
groups of ligands will complex with the Cd atoms of the CdSe
surfaces to form Cd-S structures.'®?*3° Puzder ef al. calculated
the binding energy of phosphine oxide to the CdSe quantum
dot facets.*®*® They found that the dominant binding interaction
is between oxygen atoms in the ligands and cadmium atoms on
the quantum dot surfaces. Our results imply the ligands
TOPO, thiophenol, a-toluenethiol, and p-hydroxythiophenol
bind much stronger to the Cd atoms than to the Se atoms of
the CdSe quantum dots. Oxide peaks as a doublet near 55 eV
for Se 3d* and 405 eV for Cd 3d* were not observed for
exchanged ligands on CdSe quantum dots. This indicates that
the ligand exchange on the quantum dots is successful and the
exchanged quantum dots are in good quality. In order to check
that the exchanged ligands really bond on the surfaces of CdSe
quantum dots, XPS spectra of the C region were taken. The
C atoms of saturated aliphatic TOPO were monitored for the
C 1s peak position and found to range from 284 to 287 eV,
with a normal distribution centered about 285.3 eV.’! The
C atoms of aromatic ligands were monitored for the C 1s peak
positions of thiophenol, a-toluenethiol, and p-hydroxythio-
phenol, and found to center about 284.7 eV.>* These results imply
that the thiophenol, a-toluenethiol, and p-hydroxythiophenol
were successfully capped on the surfaces of CdSe quantum dots.
The 282.8 eV peak positions of thiophenol and a-toluenethiol
represent the C-Si bond® from using a silicon substrate in the
XPS experiment.

The FTIR spectra of the TOPO capped CdSe quantum dots,
thiophenol capped CdSe quantum dots, a-toluenethiol capped
CdSe quantum dots, and p-hydroxythiophenol capped CdSe
quantum dots are presented in Fig. 2. The OH vibration peak
at 3430 cm™' comes from the water. Water adsorbs on the
surfaces of CdSe quantum dots because of its high surface-to-
volume ratio. From Fig. 2(a), the P=0 stretch of the TOPO
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Fig. 2 FTIR spectra of (a) TOPO capped, (b) thiophenol capped,
(c) a-toluenethiol capped, and (d) p-hydroxythiophenol capped CdSe
quantum dots.
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capped CdSe quantum dots at 1082 cm™' is in agreement with the
literature.*” The splitting with a shift to lower energy of the band
could imply some multidentate coordination through occupation
of bridging positions over the Cd sites.*” The bands at around
2925 cm~! and 2850 cm™' in Fig. 2(a) to (d) can be assigned as
a C-C-H stretching that implies there are still small amounts
of TOPO on the CdSe quantum dots after ligand exchange.
There is a band at around 3055 cm™! in Fig. 2(b) to (d) which
can be interpreted as the aromatic C=C-H stretching. This
implies that the ligands (thiophenol, a-toluenethiol, and
p-hydroxythiophenol) cap on the CdSe quantum dot surfaces.
The three peaks between 1750 cm~' and 1250 cm~! (thiophenol:
1575 em™!, 1469 cm™', and 1433 cm™'; a-toluenethiol: 1620
cm', 1452 cm™', and 1400 cm™'; p-hydroxythiophenol: 1583
cm!, 1492 cm™!, and 1435 cm™") in Fig. 2(b) to (e) come from
the aromatic C=C bending. The 1076 cm~! peak in Fig. 2(b),
the 1068 cm™' peak in Fig. 2(c), and the 1081 cm™' peak in
Fig. 2(d) come from the remnants of TOPO. In Fig. 2(b) to (d),
we do not observe the S—H peak at about 2572 cm~". This implies
that the thiol bond breaks and the sulfur then bonds to the Cd
atom, -S—Cd.>*

To determine the amount of ligands per weight of CdSe quan-
tum dots, elemental analysis was performed. Because there is
only one S atom per each molecule of thiophenol, a-toluenethiol,
and p-hydroxythiophenol respectively, we can determine the
concentration of ligand by moles of S atoms per 100 g CdSe
quantum dots (Table 1). If we assume that the TOPO ligands
on the surface of CdSe quantum dots were completely replaced
by thiophenol, a-toluenethiol, and p-hydroxythiophenol ligands
respectively, then the amount of CdSe per mole of each ligand
can be determined. Finally, the moles of S atoms for each ligand
on the surface of CdSe quantum dots should be the same. Table 1
shows that the concentration of S atoms for each ligand is simi-
lar. This result also indicates the ligand exchange between TOPO
and the other ligand is quite complete. The crystalline structures
and morphologies of CdSe quantum dots with different ligands
were studied by XRD and high-resolution transmission electron
microscopy (HRTEM). The results show the crystalline structure
of CdSe quantum dot not only remains but is also improved by
the ligand exchange of TOPO with thiol molecules. The details
are summarized and discussed in the ESI.f

The optical properties of CdSe quantum dots with different
ligands were studied by UV-Vis absorption spectroscopy and
PL spectroscopy. To avoid thickness and geometry effects, the
optical density of absorption and PL intensity were measured
in solution within cuvette cells at the same quantum dot concen-
tration. The samples were prepared by dissolving quantum dots
at 0.05% by weight in chlorobenzene except for p-hydroxythio-
phenol capped CdSe which was dissolved in ethanol. The exci-
tonic absorption peak at about 560 nm (Fig. 3) exhibits a blue
shift with respect to that of the bulk CdSe due to the quantum

Table 1 Mole concentration of S atom per 100g CdSe for different
ligands

Ligand Moles of S per 100 g CdSe
Thiophenol 0.1489
a-Toluenethiol 0.1339
p-Hydroxythiophenol 0.1373
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Fig.3 Absorption spectra of CdSe quantum dots with different ligands.

confinement effect. The p-hydroxythiophenol capped CdSe
quantum dots in ethanol showed a higher absorption than other
ligand capped CdSe quantum dots in chlorobenzene, due to their
different solubility behaviors. The total absorption of colloid
particles consists of two contributions: absorption and scatter-
ing. The relatively poor solubility of hydrophilic p-hydroxythio-
phenol capped CdSe quantum dots results in greater scattering
than the other quantum dots which results in greater absorption.
The absorption intensities of CdSe quantum dots with different
ligands remain similar, while the yield of the PL emission
behaves significantly differently (Fig. 4). The PL intensity of
CdSe quantum dots is affected by the type of ligand with a
decreasing order of TOPO > a-toluenethiol > thiophenol >
p-hydroxythiophenol. From the research, the decrease of PL
intensity of thiol capped CdSe quantum dots compared to
TOPO capped CdSe quantum dots can be explained by the lower
energetic position of the valence band for CdSe resulting in hole
trapping of the photogenerated hole on the thiol molecule.*® As
we compare thiophenol and p-hydroxythiophenol with a-tolue-
nethiol, PL quenching is observed. p-Hydroxythiophenol has
the largest PL quenching effect. Since the aromatic rings in
thiophenol and p-hydroxythiophenol are effective quenchers of
CdSe emission, this suggests that they are capable of directly
intercepting one of the charge carriers, thus disrupting the
radiative recombination process as shown in eqn 1 and 2.
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Fig. 4 PL spectra of CdSe quantum dots with different ligands.
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A~ CdSe

thiol

Fig. 5 A schematic diagram of the energy levels and charge separation
of excitons at the surface of a thiol capped CdSe quantum dot.

CdSe(h) + thiophenol or p-hydroxythiophenol —
CdSe + thiophenol* or p-hydroxythiophenol* 2)

Since the reduction potential of thiophenol is —0.006 V vs.
NHE,>*%¢ it can effectively scavenge the photogenerated holes
from the CdSe surface. The valence band edge of CdSe quantum
dots is expected to be around + 1.2 V vs. NHE. Both the size
quantization effect and surface bound ligands are expected to
shift the valence band to a more positive potential which will
be a stronger oxidant than the bulk. This shift in valence band
is likely to be =0.5 V. Thus, from eqn (1), when the photon is
absorbed by the CdSe quantum dot, an excited electron—hole
pair exciton will form. The photogenerated hole in the CdSe
quantum dot will transfer to the ligand, thiophenol or p-hydroxy-
thiophenol (eqn (2)). The electron will be located in the CdSe
region and the hole will be located in the thiol region as shown
in Fig. 5. When the hole is trapped on the thiol ligands, radiative
recombination of the exciton is not possible resulting in a strongly
reduced PL intensity. If the valence band of the semiconductor
nanocrystal is situated at lower energies than the thiol redox
energy level, the hole trapping from the semiconductor nanocrys-
tal to a thiol will be energetically favorable. CdSe can efficiently
convert thiols into disulfides by a photocatalytic reaction.” First,
a thiol molecule that is strongly adsorbed at the CdSe surface will
trap a photogenerated hole. Hole trapping on a thiol molecule
results in the creation of a thiyl radical, and then two thiyl radicals
can be converted into a disulfide.

We further probed the interaction between CdSe and ligands
by monitoring the emission decay using a 375 nm laser pulse
as the excitation source. The emission intensity recorded at the
emission maximum (Fig. 6) exhibited a multiexponential decay
and was analyzed using biexponential decay kinetics which can
be expressed by eqn (3).

F(Z) = alexp(—t/'r]) + azexp(—t/a'z) (3)

The explanation for the origin of multiexponential emission
decay of metal chalcogenides has been studied in detail from
the trapping sites within the nanocrystal.’®**%® Surface defects
give rise to trap states that lie within the bandgap and complicate
the emission dynamics. Excitation of CdSe promotes an electron
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Fig. 6 PL lifetime decay of CdSe quantum dots with different ligands.

high in the conduction band, and then the excited electron
relaxes quickly to the bottom of the conduction band. The
exciton emission arises from radiative relaxation of these elec-
trons to the ground state and contributes to the fastest lifetime
decays. However, these conduction band electrons may be loca-
lized in shallow trap states. These electrons in shallow trap states
may repopulate the conduction band or thermalize into deeper
trap states. From the former case, the lifetime is extended; the
latter contributes to nonradiative mechanisms. A combination
of all of these processes along with differences between the indi-
vidual nanocrystals in a population gives rise to multiexponen-
tial emission dynamics that occur over a nanosecond time scale
and were observed in this experiment. For the TOPO ligand,
the CdSe quantum dots exhibit a lifetime of 2.79 ns (a; =
0.402) and 16.73 ns (a, = 0.523), respectively. For the other three
ligands, the emission lifetimes (7; and 7,) were decreased. Of
these, thiophenol and p-hydroxythiophenol showed the most
significant decrease. Therefore, the charge separations at the
interfaces between ligands and CdSe quantum dots for thio-
phenol and p-hydroxythiophenol are quicker than for TOPO
and o-toluenethiol interfaces. From eqn (2), photogenerated
holes will transfer from quantum dot to thiophenol or p-hydroxy-
thiophenol ligands very quickly. o-Toluenethiol contains an
insulating methylene linkage between the aromatic ring and the
thiol. This linkage cannot transfer charge for excitons obtained
from a-toluenethiol capped CdSe quantum dots. However, the
lifetime of a-toluenethiol capped CdSe is shorter than that of
TOPO capped CdSe. This implies that a small amount of charge
separation is available through the tunnel effects of aromatic ring
m-electrons in a-toluenethiol which are unavailable in TOPO.
These results are consistent with the reported phenomenon that
the radiative lifetimes of thiol capped CdSe quantum dots are
much smaller than those of TOPO capped CdSe quantum dots.*¢

To compare the emission lifetimes of the different ligand
capped CdSe quantum dots, we determined their average life-
times ({¢)) using eqn (4).

<[> = Za,«T,-Z/Za,«T,- (4)

By substituting the values of a;, a,, 71, and 7, into eqn (4), we
obtained the average lifetime of each quantum dot. The results
are summarized in Table 2. The emission lifetimes of these
three ligand capped CdSe quantum dots in ascending order
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Table 2 Emission lifetimes of CdSe quantum dots with different ligands

Ligand 71 (ay) 75 (az) Avg lifetime/ns
TOPO 2.79 (0.402) 18.36 (0.523) 16.73
a-Toluenethiol 1.66 (0.648)  14.21 (0.273) 11.49
Thiophenol 0.81 (0.822) 8.51 (0.143) 5.79
p-Hydroxythiophenol  0.62 (0.909) 5.29 (0.151) 3.36

are: p-hydroxythiophenol capped CdSe quantum dots (3.36 ns) <
thiophenol capped CdSe quantum dots (5.79 ns) < o-toluene-
thiol capped CdSe quantum dots (11.49 ns) < TOPO capped
CdSe quantum dots (16.73 ns). The observed decrease in the
PL intensity and emission lifetime is indicative of the fact that
the ligand interaction with CdSe quantum dots results in charge
transfer quenching. Thus, the sequence of the charge separation
rates among the ligands is in the reverse order of their emission
lifetimes.

To demonstrate that efficient hole transfer and charge trans-
port are present in aromatic ligand capped CdSe quantum
dots, we fabricated a photovoltaic device by spin-coating a solu-
tion of 2% by weight CdSe quantum dots onto an indium tin
oxide glass substrate coated with PEDOT : PSS, then vacuum
deposited an aluminium electrode (Fig. 7(a)). Three photovoltaic
devices were fabricated using an active layer consisting of TOPO
capped CdSe quantum dots, a-toluenethiol capped CdSe quan-
tum dots, and thiophenol capped CdSe quantum dots. Since
the p-hydroxythiophenol ligand capped CdSe quantum dots
were dissolved in ethanol that redissolved the PEDOT : PSS layer
and caused the device to fail, we have no photovoltaic device
results of p-hydroxythiophenol ligand capped CdSe quantum
dots shown here. Fig. 7(b) shows a schematic energy level dia-
gram for an ITO/PEDOT : PSS/CdSe/Al device, assuming that
CdSe quantum dot acts as intrinsic materials. The ionization
potential and electron affinity of CdSe quantum dots are
estimated from the bulk values.®* As the electron-hole pairs
are generated by incident light, electrons move toward the
aluminium electrode and holes move toward the ITO electrode.

Fig. 7(c) shows the corresponding external quantum efficiency
(EQE) of the CdSe quantum dot photovoltaic devices with
different ligands. The EQE spectral response matches the lowest
energy feature in the absorption spectrum for each sample.®® The
device begins absorbing below 600 nm, and the shape of the
photocurrent spectral response follows the absorption spectrum.
No photocurrent is observed for excitation below the band edge
suggesting that optical excitation of charges directly out of sub-
bandgap trap states makes a negligible contribution to the
photocurrent. The spectral response is clear evidence that photo-
generated carriers originate from electron—hole pairs created
within individual quantum dots. The EQEs of thiophenol capped
CdSe quantum dots, a-toluenethiol capped CdSe quantum dots,
and TOPO capped CdSe quantum dots at 560 nm are 11.6%,
3.6%, and 1.7% respectively, consistent with the charge transfer
efficiency of thiophenol > a-toluenethiol > TOPO. The charge
transport improves substantially to yield an enhancement by
a factor of approximately 10, as the bulky ligand (TOPO) capped
CdSe quantum dots were replaced by aromatic ligand (thio-
phenol) capped CdSe quantum dots. The low EQE found using
TOPO capped CdSe quantum dots is primarily a consequence of
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Fig.7 (a) The device structure consists of an active layer of CdSe quan-
tum dots with different ligands sandwiched between an aluminium elec-
trode and a hole transport layer of PEDOT : PSS, which was deposited
on an indium tin oxide glass substrate. (b) Energy level diagram for an
ITO/PEDOT : PSS/CdSe/Al device. (c) External quantum efficiencies of
CdSe quantum dots with different ligands. (d) The current-voltage char-
acteristics of the devices containing CdSe quantum dots with different
ligands under monochromatic illumination of 560 nm at 2.64 mW cm—2.
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the fact that charge transfer is low compared to that in the
aromatic ligand capped CdSe quantum dots. The TOPO barrier
inhibits transport from quantum dot to quantum dot before
recombination occurs. I~V characteristics of fabricated devices
were generated under monochromatic illumination of 560 nm
(at the first exciting peak of CdSe quantum dots) at 2.64 mW
cm~2, and shown in Fig. 7(d). The I, values of different ligands
in increasing order are: thiophenol > a-toluenethiol > TOPO.
These results are consistent with the lifetime and EQE data
described above. m-Electrons in the thiophenol can facilitate
efficient charge transport and charge separation, thus an order
increase in I, was observed as compared with the I of insulat-
ing TOPO. The efficiency of charge separation at the interface
between thiophenol ligand and CdSe quantum dot can be further
enhanced by a factor of 3 with respect to that in the Iy of
a-toluenethiol. In the thiophenol capped CdSe quantum dot
device, the fill factor is 0.26, and the open-circuit voltage is
approximately 0.32 V, giving a power conversion efficiency of
0.62% at 2.64 mW cm 2 Although there are no conjugated poly-
mers in our active layer, the short-circuit current density is compa-
rable to literature results on organic bilayer or hybrid structure
photovoltaic cells.®¢*® This implies that our device made from
thiophenol capped CdSe quantum dots exhibited the highest 7.
indicating efficient hole transfer and charge transport. However,
the electron transport in the device is limited by the small size of
the quantum dots. In principle, the efficiency of the device can
be further optimized by increasing the size and changing the shape
of the nanocrystals. Our different ligand capped CdSe quantum
dots will be mixed with organic semiconductors as an active layer
to study their photovoltaic properties in the future.

Conclusion

We have successfully synthesized aromatic ligand capped
CdSe quantum dots through ligand exchange with TOPO
capped CdSe quantum dots. The hole transfer behavior between
colloidal CdSe quantum dots and ligands was studied by PL and
time-resolved PL decay. We find that thiophenol and p-hydroxy-
thiophenol effectively scavenge the photogenerated hole in CdSe,
quenching quantum dot luminescence. The exciton lifetimes of
both thiophenol and p-hydroxythiophenol are shorter than
that of TOPO indicating the photogenerated holes in CdSe are
effectively scavenged through the aromatic 7t-electrons. The
exciton lifetime of a-toluenethiol is shorter than that of TOPO,
but larger than those of both thiophenol and p-hydroxythio-
phenol. Thus, the electron still can transfer from the aromatic
ring to the CdSe quantum dots by tunneling through the methy-
lene linkage between the aromatic ring and CdSe. Photovoltaic
devices made of CdSe quantum dots with different ligands under
monochromatic illumination at 560 nm (at the first exciting peak
of CdSe quantum dots) at 2.64 mW cm~2 show that the short-
circuit current density of thiophenol capped CdSe quantum
dots is 10 times larger than that of TOPO capped CdSe quantum
dots and about 3 times larger than that of a-toluenethiol capped
CdSe quantum dots, which indicates effective hole transport
with aromatic ligands and quick charge separation at the inter-
face of CdSe quantum dots. We have demonstrated that directly
linking ligands to CdSe quantum dots will enhance their PL
quenching and photoelectric properties.
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