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Colloidal quantum dots (QDs) have gained significant attention due to their tunable band gap, simple solution processability, ease
of scale-up, and low cost. By carefully choosing the materials, core-shell heterostructure QDs (HQDs) can be further synthesized
with a controlled spatial spread of wave functions of the excited electrons and holes for various applications. Many investigations
have been done to understand the exciton dynamics by optical characterizations. However, these spectroscopic data demonstrate
that the spatial separation of the excitons cannot distinguish the distribution of excited electrons and holes. In this work, we report
a simple and direct method to determine the localized holes and delocalized electrons in HQDs. The quasi-type-II CdSe-CdS core-
shell QDs were synthesized via a thermolysis method. Poly(3-hexylthiophene) (P3HT) nanofiber and ZnO nanorods were selected
as hole and electron conductor materials, respectively, and were combined with HQDs to form two different nanocomposites.
Photoelectrical properties were evaluated under different environments via a quick and facile characterization method, confirming
that the electrons in the HQDs were freely accessible at the surface of the nanocrystal, while the holes were confined within the

CdSe core.

1. Introduction

Colloidal quantum dots (QDs) have attracted attention for
several optoelectronic applications due to their tunable band
gap, simple solution processability, ease of scale-up, and high
reproducibility [1-4]. By carefully choosing the materials,
core-shell heterostructure QDs (HQDs) can be further syn-
thesized to have a staggered alignment of band edges. For
instance, it was reported that type-I HQDs, such as CdSe-ZnS
core-shell QDs, would trap the excitons within the CdSe core,
leading to maximum fluorescence efficiency. These type-I
HQDs find widespread applications in biodiagnostics, light
emitting diodes, and so forth [5, 6]. On the other hand, the
HQDs can also be designed to have a core-shell interface,
where only excited electron or the hole encounters a potential
barrier, named “quasi-type-II” QDs. Due to the significantly
nonoverlapping wave functions of excited electron and hole
in this type of HQDs, the exciton lifetime of the HQDs

is long. For instance, it is widely reported that the excited
electrons in CdSe-CdS HQDs are delocalized in the entire
hetero-nanocrystal, due to a negligible conduction level offset
between the CdSe core and CdS shell; meanwhile a large
valence level offset confines the holes within the CdSe core [7,
8]. Taking the advantage of the spatial separation of excitons,
the quasi-type-II HQDs were considered as a promising light
absorbing candidate for photovoltaics.

Many works have been done to investigate the exciton
dynamics in the HQDs via optical characterizations, such
as transient absorption (TA) spectroscopic measurements
and time-resolved photoluminescence (TRPL) spectroscopic
measurements [9-11]. However, from these spectroscopic
data, one can observe either the shift of absorption peak or the
decay of the emission lifetime, which only helps to demon-
strate the “relative” spatial separation of excitons rather than
the actual spatial distribution of the excited electrons and
holes within the heteronanocrystal. Surprisingly, there are



very few investigations reporting the direct methods which
can directly determine the actual distribution of excitons in
the HQDs. Finding out a solution to determine the spatial
distribution of the hole/electron is useful for a better design
of devices. By comparing the current response of HQDs
together with the hole conductor and electron conductor, one
can easily assess whether the holes are confined, or vice versa.

In this work, we report a facile characterization method
to determine the spatial separation of excitons in HQDs,
showing an unambiguous proof of the confinement of excited
holes. We combined CdSe-CdS core-shell HQDs with P3HT
to form HQD-P3HT nanocomposite. Poly(3-hexylthio-
phene) (P3HT) is a p-type conjugated polymer, which has
been widely investigated as a hole conductor in many optoe-
lectronic devices, owing to its high mobility [12]. The photo-
electrical properties of the obtained HQD-P3HT nanocom-
posite were measured via [-V measurements. We found a
“turn-on” behavior under low bias voltage in the current
response curve, indicating the localization of the excited hole
in the CdSe core. Meanwhile, when combined with ZnO
nanorods, used as electron conductors, the current showed
a fast increase in the low bias voltage with no indication of a
“turn-on” voltage in the I-V measurements. Thus, we con-
firmed that the electrons from HQDs were freely accessible
in the entire nanocrystal, while the holes were confined in
the CdSe core. We believe that this is the first instance of
a direct evaluation of the (de)localization of the carriers in
quasi-type-I1 HQDs.

2. Materials and Methods

2.1. Materials. Cadmium oxide (CdO) (99.9%), selenium
powder (99.9%), sulfur powder (99.9%), 1-octadecene (ODE)
(90%), oleic acid (OA) (90%), n-hexane (90%), trioctylphos-
phine (TOP) (90%), zinc acetate dihydrate (98%), mercap-
topropionic acid (MPA), and hexamethylenetetramine (hex-
amine) (99.5%) were purchased from Sigma-Aldrich. Zinc
nitrate was purchased from Merck. All chemicals were used
without further purification.

2.2. Synthesis of CdSe-CdS QDs

2.2.1. Stock Solution Preparation. Cd-oleate was prepared by
heating the mixture solution of CdO powder with ODE and
OA to 170°C for 2h with N, flow. TOP-Se was made by
mixing Se powder with ODE and TOP at 200°C for 2 h. TOP-
S solution was prepared by mixing S powder with ODE and
TOP at room temperature under N, atmosphere.

2.2.2. Synthesis of CdSe-CdS QDs. Cd-oleate was added to
4mL of ODE and heated up to 220°C. 1 mL of TOP-Se was
rapidly injected into the solution for 30 min to form CdSe
core. 1 mL of the obtained core solution was added to 4 mL
ODE and heated up to 300°C; Cd-oleate and TOP-S were
injected dropwise in sequence. The injection process was
repeated several times in order to grow a thick shell.

The final products were washed by ethanol and redis-
persed in hexane to form HQDs solution.
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2.3. Synthesis of ZnO Nanorods

2.3.1. ZnO Seed Layer Preparation. 0.085g zinc acetate was
added to 8 mL ethanol and the solution was stirred until com-
plete dissolution. 100 L of the solution was then drop-casted
on the precleaned glass substrate, which was then heated to
300°C for 30 min to form a thin layer of ZnO seed strongly
adhered onto the substrate.

2.3.2. ZnO Nanorods Growth. Zinc nitrate and hexamine
(molar ratio 1:1) were added to DI water in sequence and the
solution was stirred until complete dissolution. The precursor
solution was then transferred into a sealable container and
the glass substrate with ZnO seed layer was placed inverted
into the precursor solution. The container was then sealed
and immersed into a glycerin bath at 85°C for 6-hour growth.
Thereafter, the glass substrate was taken out and was gently
rinsed in the deionized water to rinse away large precipi-
tates. To optimize the process, three series of experiments
were designed: (1) varying the precursor concentration from
10 mM to 100 mM, (2) varying the reaction time from 2h to
14 h, and (3) varying reaction temperature from 65°C to 95°C.

2.4. Fabrication of the Nanocomposite

2.4.1. HQD-P3HT Nanocomposite. The HQDs solution was
mixed with P3HT nanofiber solution, stirring for more than
24 hours under N, atmosphere until the HQDs were attached
to P3HT nanofibers.

2.4.2. HQD-ZnO Nanocomposite. The ZnO nanorods sub-
strate was first immersed into the HQDs solution for 5 sec-
onds and then was lifted up gently for drying. Afterwards, the
substrate was immersed into MPA solution for a few seconds
and was lifted up for drying. This dip-coating route was
repeated 3 times to ensure sufficient HQDs attached onto the
ZnO nanorods.

2.5. Characterization. The absorption spectra of ZnO nano-
rods and their nanocomposite were obtained by using Perk-
inElmer’s Lambda 750 UV/Vis spectrometer. Scanning Elec-
tron Microscopy (SEM) was done with a Zeiss Ultra 55 to con-
firm the different size of ZnO nanorods. Transmission Elec-
tron Microscopy (TEM) was done with a JEOL JEM-2100F
operating at 200kV to confirm the hybrid ZnO nanorod
and QDs. The photoelectrical properties were evaluated
under different environments: no illumination, visible light
illumination (0.1 mW/cm?), and UV illumination (360 nm;
0.5mW/cm?), by using Karl Suss PM5 and HP precision
semiconductor parameter analyzer (Hewlett Packard 4156A).

3. Results and Discussion

3.1. Morphology and Optical Property of HQDs and HQD-
P3HT Nanocomposite. The CdSe-CdS core-shell HQDs were
synthesized via thermolysis method, using a similar route
reported in our earlier work [13]. The obtained HQDs had a
very thick CdS shell (>20 nm) overcoating a spherical CdSe
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FIGURE 1: (a) TEM micrograph of CdSe-CdS HQDs (insets: indexed fast Fourier transform image and a schematic representation of the
HQD). (b) TEM micrograph of P3HT nanofibers. (¢) TEM micrograph of HQD-P3HT nanocomposite. (d) Absorption spectra of P3HT
nanofibers and HQD-P3HT nanocomposite (insets: absorption spectra of HQDs).

core with diameter of ~4 nm. Due to a uniform crystal growth
along the cubic {111} direction, the CdS shell showed a tetra-
hedral morphology, as shown in Figure 1(a). Our earlier study
indicated the occurrence of spatial separation of excitons in
the HQDs by a series of optical characterizations [13]. To
further determine whether the holes are trapped within the
CdSe core of these HQDs, the synthesized HQDs were com-
bined with a solution of P3HT nanofibers to form a HQD-
P3HT nanocomposite solution. We have reported a con-
trolled synthesis of P3HT nanofiber via a modified whisker
method. The highly crystalized P3HT nanofibers, with diam-
eter of ~20 nm and length of ~2 ym, were obtained at room
temperature, as shown in Figure1(b) [13, 14]. P3HT was
chosen because it is a well-known hole conducting material
with superior conductivity when in the form of nanofibers
[15]. The morphology of nanocomposite was analyzed by
TEM and it was found that HQDs were well attached along
the P3HT nanofibers (Figure 1(c)). The absorption spectra
of pristine P3HT nanofibers as well as the HQD-P3HT
nanocomposite were measured for comparison (Figure 1(d)).
A significant difference of absorbance intensity was found
between the two samples, especially in the UV range. For the

pristine P3HT nanofibers, the absorbance intensity started to
decrease after 500 nm. In contrast, an increase of absorbance
intensity was observed after 500 nm for the HQD-P3HT
nanocomposite, which is attributed to the presence of HQDs.

3.2. Photoelectrical Property of HQD-P3HT Nanocomposite.
The obtained nanocomposite solution was drop-casted on
an interdigitated electrode (IDE) with a spacing of 3 um
between electrodes. It was found that the IDE exhibited red
luminescence under the UV light due to the presence of
HQDs (Figure 2(a)). The I-V response across the electrodes
was recorded under different environments, as shown in
Figure 2(d). For comparison, similar I-V measurements with
nanocomposite containing CdS single crystal QDs and pris-
tine P3HT nanofibers were also performed (Figures 2(b) and
2(c)). Interestingly, we found that the current response of
nanocomposite under all the three illumination conditions
showed a distinct “turn-on” behavior. Furthermore, it was
found that the “turn-on” voltage decreased with the energy
of the illuminating light, lowest under UV illumination
and highest under dark conditions. Nevertheless, these I-V
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FIGURE 2: I-V response curves of (a) pristine P3HT nanofibers (insets: schematic diagram of Au electrode), (b) CdS-P3HT nanocomposite,
and (c¢) HQD-P3HT nanocomposite. (d) Schematic potential diagram showing the alignment of the energy levels of the HQD-P3HT

nanocomposite.

curves suggested that until a sufficient threshold voltage is
provided there is negligible current flow. P3HT is a hole-
conductor polymer; this I-V response indicated that under
low bias voltage very few holes from the HQDs could reach
P3HT nanofibers (Figure 2(d)). We therefore assumed that
holes generated from the HQDs were initially trapped in the
CdSe core and very few holes could be conducted out by
P3HT. Only under a sufficient high bias voltage could the
holes overcome the potential barrier at the core-shell inter-
face and pass through the shell. Eventually, the released holes
reached P3HT nanofibers, resulting in a sharp increase in
measured current. For pristine P3HT nanofibers, visible light
illumination resulted in the highest current, while in the case
of nanocomposite with CdS QDs, UV illumination resulted
in the highest measured current levels due to the existence
of CdS QDs. However, in both of the reference cases, there
was no observation of a similar “turn-on” voltage, which
confirmed the confinement of holes in the HQDs.

3.3. Morphology and Optical Property of HQD-ZnO Nanocom-
posite. To further demonstrate the availability of the excited

electrons on the surface of the HQDs, the HQDs were
combined with ZnO nanorods to form HQD-ZnO nanocom-
posite. Unlike the case of HQD-P3HT nanocomposite, we
expected that the electrons would be delocalized in the whole
HQDs and could be conducted out easily. ZnO was chosen
since it is a well-known electron conductor material, owing
to its wide band gap [15, 16]. ZnO nanorods were synthesized
via a chemical bath deposition [17, 18]. Different parameters,
such as precursor concentrations, reaction time, and reaction
temperature, were systematically investigated to optimize
the synthesis process. It is found that, with the increasing
concentration of precursors, the average diameter of final
ZnO nanorods increased, while the average length of nanorod
decreased. This could be attributed to a faster growth on
lateral direction under a higher precursor concentration
environment, leading to thicker but shorter nanorods. Mean-
while, the nanorods become more aligned on the substrate
with the prolonged time and average length of nanorods
increased with prolonged time. In addition, it is confirmed
that the average diameter of ZnO nanorods dramatically
increased once the temperature increased from 65°C to 75°C,
while there was negligible increase in diameter from 75°C to



Journal of Nanomaterials

g

(a)

Absorbance (a.u.)

1.2

0.0 1 1 1 1
300 400 500 600 700

Wavelength (nm)
(b)

800

FIGURE 3: (a) TEM micrograph of ZnO-HQDs nanocomposite (inset: TEM micrograph of an uncoated ZnO nanorod as a comparison). (b)

Absorption spectra of ZnO nanorods and ZnO-HQDs nanocomposite.
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FIGURE 4: (a) HQD-ZnO nanocomposite drop-casted on the IDE under UV illumination and I- V response curve of (b) pristine ZnO nanorod
and (c¢) HQD-ZnO nanocomposite. (d) Schematic potential diagram showing the alignment of energy levels of the HQD-ZnO nanocomposite.

95°C. Hence, we conclude that the critical temperature for
sustaining the growth is 65°C and the size of ZnO nanorods
is not affected once the temperature was above 75°C. The
obtained ZnO nanorods from the optimized process were
thereafter combined with HQDs via surface modification,

forming HQD-ZnO nanocomposite. The morphology of
nanocomposite was analyzed by SEM, confirming that a
uniform layer of HQDs is coated on the surface of ZnO
nanorods (Figure 3(a)). The absorption spectra of HQD-
ZnO nanocomposite as well as pristine ZnO were measured



(Figure 3(b)). Compared to the absorption spectrum of pris-
tine ZnO nanorods, the absorbance intensity of HQD-ZnO
nanocomposite increases remarkably, attributed to the pres-
ence of HQDs.

3.4. Photoelectrical Properties of HQD-ZnO Nanocomposite.
The I-V response of HQD-ZnO nanocomposite was also
evaluated by using similar IDE and conditions (Figure 4). It
was found that the IDE exhibited red luminescence under the
UV light due to the presence of HQDs (Figure 4(a)). For com-
parison, the I-V measurements with pristine ZnO nanorods
were also performed (Figure 4(b)). For the pristine ZnO
nanorod, a noticeable current response is observed only
under UV illumination, which is consistent with the band
gap energy of ZnO. However, compared to the reference
sample, photocurrent intensity of HQD-ZnO nanocomposite
increased 20 times under visible illumination (Figure 4(c)).
Moreover, there was no “turn-on” behavior observed in all
the current response curves. This absence of the “turn-on”
voltage indicates that under visible illumination the excited
electrons originated within the HQDs are freely available at
the surface of CdS shell and then are easily ejected into the
ZnO nanorod, resulting in an increase of current flow even at
low bias voltages (Figure 4(d)).

4. Conclusion

In conclusion, CdSe-CdS HQDs were synthesized and fur-
ther combined with the P3HT nanofibers and ZnO nanorods
to form the HQD-P3HT and HQD-ZnO nanocomposites.
Under the low bias voltage, a “turn-on” voltage behavior
was found in the HQD-P3HT nanocomposite, indicating the
confinement of excited holes in the CdSe core. Meanwhile, a
direct increase of current response was found in the HQD-
ZnO nanocomposite, showing delocalization of electrons
in the entire CdSe-CdS HQDs. This is the first time such
direct evaluation of the spatial separation of charges is being
reported, providing concrete evidence on the carrier localiza-
tion, which has great potential to design the optoelectronic
devices in a better way.
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