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Controlling the spatial distribution of quantum
dots in nanofiber for light-harvesting devices

Yung Ji Choi1, Daesub Hwang1,2, Heejae Chung1, Dong Young Kim2 and Dongho Kim1

The ability to control inter-dot or inter-molecule spacing of functional moieties in solid-state devices has long been studied for

both fundamental and technological reasons. In this study, we present a new strategy for controlling the distance between

quantum dots (QDs) based on one-dimensional spatial confinement in a polymer nanofiber template. This reliable technique

allows for the isolation of QDs at a sufficient distance in a thin film and retains their monomeric character, with distinct spectra

from aggregates (~30-nm shift) and monoexponential photoluminescence decay, indicating the suppression of inter-dot

interactions. We successfully developed light-harvesting devices by incorporating QDs in nanofibers as an auxiliary light

harvester, improving the performance of these devices from 5.9 to 7.4%. This strategy offers a viable path of controlling the

arrangements of various functional moieties in solid-state devices.
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INTRODUCTION

The physicochemical properties of functional moieties in devices such
as organic dyes, quantum dots (QDs), graphenes and other nanos-
tructures are different from the properties of their aggregates,1–7 which
frequently deteriorate the performance of the optoelectronic devices
(light-emitting diodes, lasers, solar cells, waveguides or photosen-
sors).8–14 For instance, QD light-emitting diodes or photovoltaic
devices suffer from the inter-dot interactions of aggregates, which
cause a spectral shift and a broadening in the photoluminescence of
QDs as well as a decrease in the quantum yield.10,13 Therefore, control
of inter-dot spacing is critical in ensuring device performance.8–10,13,15

Researchers have long sought methods to control the spatial distribu-
tion of functional moieties in devices and prevent the formation of
aggregates, both for fundamental research and the potential techno-
logical applications. In solid-state films in particular, it has been
challenging to increase film thickness while keeping functional
moieties in the monomeric state.
Here, we demonstrate a general strategy for controlling the distance

between functional moieties based on one-dimensional spatial con-
finement in a polymeric nanofiber template. One key observation,
shown both experimentally and computationally, is that as the radius
of a nanofiber template becomes smaller, the distance between
moieties increases, thus leading to substantial isolation of each dot.
QDs were chosen as a representative functional moiety because they
can be easily observed by electron microscopy and because they have a
high quantum yield, excellent photostability and long intrinsic lifetime
that is distinguishable from their inter-dot energy transfer time (50 ps–
2 ns).15,16 We have fabricated isolated QDs (iQDs) by confining QDs

in a narrow polymer nanofiber, and the resulting structure was studied
with a confocal luminescence microscope, transmission electron
microscope and scanning electron microscope. By systematically
elucidating the optical characteristics of this material, such as its
photoluminescence spectrum and its decay profile, we discovered that
iQDs have distinct photoluminescence spectra and lifetimes compared
with typical two-dimensional QD aggregates. These results represent
the monomeric properties of iQDs in solid-state nanofiber films.
Moreover, we evaluated the potential of using spatial control
technique in various devices and, as a brief example, tested the
applicability of iQD as an auxiliary light harvester to improve the
performance of Förster resonant energy transfer (FRET)-based light-
harvesting devices (over 25%).

MATERIALS AND METHODS

Fabrication of fiber-embedded iQDs
First, 1.0–2.0 g poly(methyl methacrylate) (PMMA; Mn= 990 000, 99% hydro-

lyzed) was dispersed in 10ml of chloroform with vigorous stirring for ~ 2 h,

followed by the addition of 1 ml of CdSe solution (toluene). The resulting

homogeneous solution (0.24–1 or 1–5 wt% CdSe for the single-molecule

spectroscopic study or the ensemble spectroscopic study, respectively) was

used for electrospinning. A needle with a Cu rod inserted to connect the high-

voltage supply was filled with the CdSe/chloroform solution. An Al sheet

connected to the ground was used as the receiver. The distance between the

burette tip and receiver was fixed at 10 cm, and the high-voltage supply was

fixed at 13 kV. The spinning rate was controlled at ~ 20 μl m–1 using a syringe

infusion pump (KDS200, KD Scientific, Holliston, MA, USA). The films were

cast by electrospinning the composite solution onto a 1.5-mm-thick quartz
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crystal plate or thoroughly cleaned microscope cover slips to ensemble
spectroscopy or single-molecule spectroscopy, respectively.

Device fabrication
To prepare the working electrode of the dye-sensitized solar cell, a fluorine-
doped SnO2 (FTO)-conducting glass substrate (TEC 8, Pilkington, Tokyo,
Japan) was first washed with a detergent solution in a sonicator bath for 10min
and then rinsed with deionized water and ethanol. The clean FTO glass
substrates were then coated with the hierarchically structured nanobeads
composed of anatase TiO2 nanoparticles and nanofibers enveloping CdSe QD
obtained via the simultaneous electrospray and electrospinning method. To
obtain a uniform thickness over a large area, the nozzle and the substrate were
placed on a motion control system regulated by a microprocessor. The
thickness of the active layer was measured and found to be 7–8 μm using an
Alpha-step 200 surface profiler (Tencor, Milpitas, CA, USA). The working
electrode was immersed into 0.1 M aqueous TiCl4, followed by washing with
deionized water and ethanol, and then sintered at 200 °C for 30min. After
cooling to 80 °C, the working electrodes were immersed in solutions of β-(4-
ethynylbenzoic acid)-substituted zinc porphyrin (ZnEP1, 0.2mM in ethanol)
and allowed to stand overnight (15–20 h).
To prepare the counter electrode, the FTO plates were drilled and washed

first with deionized water and then 0.1 M hydrochloric acid in ethanol with
sonication for 10min. After the FTO glass was washed, the counter electrodes
were prepared by drop casting a solution of H2PtCl6 (0.5mM in isopropyl
alcohol) onto the FTO glass and then heating at 400 °C for 20min. The dye-
adsorbed TiO2 films and the platinum counter electrodes were assembled into
sealed sandwich-type cells by heating with a hot-melt film (Surlyn 1702, 25 μm
thickness, Dupont, Wilmington, DE, USA) used as a spacer between the
electrodes. An aliquot of the electrolyte solution (0.22 M [Co(bpy)2]

2+, 0.05 M

[Co(bpy)3]
3+, 0.1 M LiClO4 and 0.5 M 4-tert-butylpyridine in acetonitrile) was

then placed into a hole in the counter electrode of the assembled cells. The hole
was sealed with a microscope cover glass and surlyn (25 μm) to prevent leakage
of the electrolyte solution. The experimental details of the measurement of
photovoltaic properties are described in Supplementary Note 1.

Ensemble spectroscopic measurement
Steady-state absorption spectra in solution and on transparent TiO2 were
acquired using an Ultraviolet–visible–near infrared spectrometer (Varian,
Cary5000, Agilent Technologies, Santa Clara, CA, USA). Steady-state photo-
luminescence spectra were recorded on a photoluminescence spectrometer
(FluoroMate FS-2, SCINCO, Seoul, Korea). Time-resolved photoluminescence
was detected using a time-correlated single-photon counting (TCSPC) techni-
que to measure spontaneous photoluminescence decay. The excitation light
source was a mode-locked Ti:sapphire laser (MaiTai BB, Spectra-Physics, Santa
Clara, CA, USA), which provides ultrashort pulses (80 fs at full-width half-
maximum) with a high repetition rate (80MHz). This high repetition rate may
be slowed to 1MHz–800 kHz using a homemade pulse picker. The pulse-
picked output pulse was frequency-doubled by a 1-mm-thick BBO crystal
(EKSMA, Vilnius, Lithuania). The photoluminescence was collected by a
microchannel plate photomultiplier (R3809U-51, Hamamatsu, Hamamatsu,
Japan) with a thermoelectric cooler (C4878, Hamamatsu) connected to a
TCSPC board (SPC-130, Becker&Hickl GmbH (Berlin, Germany)). The overall
instrumental response function was ~ 25 ps (full-width half-maximum). A
pump pulse vertically polarized by a Glan-laser polarizer was used to irradiate
the samples, and a sheet polarizer, set at an angle complementary to the magic
angle (54.7°), was placed in the photoluminescence collection path to obtain
polarization-independent photoluminescence decays.

Single-molecule spectroscopic measurement
Single-molecule photoluminescence was detected with a confocal microscope
(TE2000-U, Nikon) equipped with a sample scanning stage (XE-120, Park
Systems, Suwon, Korea) at room temperature under ambient conditions. The
sample was excited by circularly polarized light from a picosecond-pulsed diode
laser (LDH-F-C-470, Picoquant (Berlin, Germany), 470 nm, 10MHz repetition
rate, 70 ps pulse width) from a Berek compensator (5540, New Focus, Santa
Clara, CA, USA). The laser beam was directed into the microscope by passing

through a laser line filter (z470/10x, Chroma Technology, Bellows Falls, VT,
USA) and collimating lens and was focused onto the sample via an oil
immersion objective lens (Plan Fluor, 1.3 NA, 100× , Nikon, Tokyo, Japan),
yielding an irradiation power of 200W cm− 2 at the sample. Photoluminescence
was collected using the same objective, passed through a dichroic mirror
(470dcxru, Chroma Technology), filtered with a notch filter (HNPF-470.0–1.0,
Kaiser Optical Systems, Ann Arbor, MI, USA) as well as band-pass filters
(HQ488 lp and ET542 lp, Chroma Technology), and focused on an avalanche
photodiode (SPCM-AQR-16-FC, PerkinElmer, Waltham, MA, USA). After an
individual molecule was positioned in the focus of the laser, the photolumi-
nescence signal detected by the avalanche photodiode was registered by a
TCSPC PC card (SPC 830, Becker & Hickl) operated in the first-in-first-out
regime, in which the arrival time after the beginning of the acquisition and the
time lag with respect to the excitation pulse were stored for each detected
photon. The full-width half-maximum of the overall instrumental response
function was ~ 500–600 ps. These data were processed using BIFL data analyzer
software (Scientific Software Technologies Center, Minsk, Belarus) to obtain
the fluorescence intensity trajectory (FITs) with a user-defined binning time,
and the time-resolved photoluminescence decayed using photons belonging to
a user-defined region in the trajectories.
Separated iQDs were imaged using a wide-field photoluminescence micro-

scope consisting of an inverted optical microscope (IX71, Olympus, Tokyo,
Japan) equipped with an oil immersion objective (1.4 NA, × 100, Plan Fluorite,
Olympus) and a highly sensitive, cooled, 512× 512 pixels EMCCD camera
(iXon Ultra, Andor Technology, Belfast, UK). The samples were excited with
445 nm light from a CW Cube laser (Coherent, Cube, Santa Clara, CA, USA).
The collimated, circularly polarized laser beam was sent to the epi-
photoluminescence microscope after it was passed through a laser line filter
(FF01-445/20-25, Semrock, Lake Forest, IL, USA), collimating lens and a
dichroic mirror (Di02-R442, Chroma Technology). The image reached the
charge-coupled device (CCD) camera after spectral filtering with a notch filter
(HNPF-445.0AR-1.0, Kaiser optical system) and a band pass filter (BLP01–
458R, Semrock and ET542 lp, Chroma Technology). The integration time per
frame was 0.3 s.

RESULTS AND DISCUSSION

A pristine CdSe quantum dot solution with trioctylphosphine as a
capping ligand (Supplementary Note 1 and Supplementary Figure S1)
and polymer composites was prepared. Well-distributed polymer
composites of QDs were prepared by screening the solvent and
polymer and manipulating the polymer concentration to prevent the
aggregation of QDs.16 The QD solution was susceptible to aggregation
in most solvents except for chloroform and acetone (Supplementary
Figure S2) because most solvents change the overall polarity and break
the subtle balance of the colloidal structures. PMMA was chosen as the
fiber material due to its high solubility in chloroform, transparency
and the ability to produce an extremely narrow diameter after
electrospinning.17

Using the electrospinning process, the composite solution of QD
(CdSe in toluene) and 10–19% PMMA/chloroform was electrospun
under an electric field of 1.3 kV cm− 1 (Supplementary Figure S3). The
sample solution was then flowed through a nozzle to which a high
voltage was applied. The charged solution jet became sharply stretched
and solidified during its path from the nozzle to the grounded metal
plate, which served as a collector. Due to the elongational flow of the
jet and the rapid solvent evaporation, QDs were expected to
experience an extremely strong stretching force during the electro-
spinning process and to be arranged along the direction of
elongation.18 Overall, the resulting QD nanofibers had fine structures
with diameters of 25, 250, 500 and 1000 nm. A Monte-Carlo
simulation of distances between iQDs (Supplementary Note 2)
predicted that fibers with diameters of 250 nm or less yield a sufficient
distance (41 μm in 500 nM QD) between QDs.
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The scanning electron microscopy image shows the morphology of
250-nm-sized electrospun nanofibers enveloping iQDs, corresponding
to the bright field confocal microscope image (Figures 1a and c).
Furthermore, these nanofibers exhibited bright orange photolumines-
cence emission (Figure 1b) under ultraviolet light exposure at 363 nm,
with a color similar to that of the QD solution (inset of Figure 1b),

while PMMA nanofibers without QDs did not exhibit this emission
(Supplementary Figure S4). The photoluminescence of iQDs in the
nanofiber was detected at 580 nm by confocal photoluminescence
microscopy with photoexcitation at 532 nm (Figure 1c). Merging with
the bright-field image shows that the photoluminescence signal was
evenly distributed across the nanofiber, indicating that QDs are
embedded along the nanofiber without forming aggregates, which
would normally appear as bright spots (Supplementary Figure S5). To
obtain direct information about the distribution of iQDs in the
nanofiber, we captured transmission electron microscopy images of
nanofiber samples (Figure 2a). In PMMA nanofibers with diameters of
25 and 250 nm (Figure 2a(i) and (ii), respectively), most iQDs with
diameters of 5 nm were distributed without forming aggregates (inset
of Figure 2a).
Thick nanofiber films, the thickness of which depends on the

electrospinning time, were prepared to obtain suitable photolumines-
cence to ensemble spectroscopic measurements; an accumulation time
of at least 10min was required to obtain enough signal to perform
ensemble measurements (500 nM QD). The steady-state photolumi-
nescence spectrum of iQDs in the nanofiber (both 25 and 250 nm
nanofibers) is similar to that of the solution, which was shifted to the
shorter wavelength region compared with the two-dimensional QD
aggregates (Figure 2b). A slight blue shift (~8 nm) from the solution
spectrum can be accounted for by the removal of the solvation effect.19

Moreover, the photoluminescence decay profiles of iQDs in the
nanofiber, solution and two-dimensional QD aggregates (dropcast
film) were obtained at 580, 590 and 610 nm, respectively, by TCSPC
measurements to reveal their exciton lifetimes. As seen in Figure 2c,
iQDs in the nanofiber exhibit nearly monoexponential decay (~24 ns)
similar to that in solution; the photoluminescence decay curve of two-
dimensional QD aggregates, however, becomes multi-exponential with
a large portion of rapid initial decay (~1 ns). These results reflect that
the exciton energy transfer due to dipole–dipole interactions affects the
photoluminescence spectrum and its decay curve;4–7 the energy
transfer from larger band-gap QDs to smaller band-gap QDs or defect
states (Figure 2d(i)) results in a red-shifted emission peak4,5 and rapid
photoluminescence decay (50 ps–2 ns).6 In contrast, along with the

Figure 1 One-dimensional spatial confinement of quantum dots in the
nanofiber. (a) Upper: scanning electron microscopy (SEM) image of
electrospun nanofibers enveloping isolated quantum dots (iQDs). Lower:
schematic figure of iQDs in the nanofiber. (b) Nanofibers enveloping iQDs
were collected on aluminum foil and exhibited orange colored
photoluminescence similar to the CdSe solution (inset) under ultraviolet light
exposure (363 nm). (c) Bright field and luminescence images (left and
middle, respectively) of nanofibers enveloping iQDs. Overlay of the bright
field and luminescence images (right).

Figure 2 Monomeric features of isolated quantum dots (iQDs) in the nanofiber. (a) Transmission electron microscope (TEM) images of iQDs (green arrows) in
the fiber with diameters of (i) ~25 nm and (ii) ~250 nm. (b and c) Steady-state photoluminescence spectra and the photoluminescence decay profiles,
respectively, of iQDs in the nanofiber (blue), QD solution (red) and two-dimensional QD aggregates (gray). (d) Brief scheme of the energy transfer processes in
(i) QD aggregates (exciton coupled) and (ii) isolated QDs.
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nearly monoexponential decay indicative of the effective suppression
of energy transfer processes between iQDs (Figure 2d(ii)), iQDs in the
nanofiber exhibit a similar photoluminescence spectrum and decay
profile to iQDs in solution.
A single-molecule spectroscopic study was performed, as this is the

most straightforward approach to directly demonstrate the mono-
meric properties of iQDs. For this purpose, 250-nm and 1-μm fiber
samples were prepared with a 5-nM QD solution, a concentration 100
times lower than that of the previous samples used for ensemble
spectroscopic measurements. Furthermore, we prepared an extremely
narrow nanofiber (~25 nm in diameter) with a 50 nM QD concentra-
tion. Real-time wide-field images show that each iQD can be
discriminated, emitting light as a bright spot along the fibers with
diameters of 25 nm (Supplementary Figure S6) and 250 nm
(Figure 3a). Over 500 s, each iQD was observed to exhibit blinking

behavior (Figure 3a and Supplementary Video V1 in the
Supplementary Information), and the signals observed in all the
images were accumulated over that time window (Figure 4). These
cumulative images show all the QDs in the fibers and indicate that
among the fibers prepared with the same QD concentration, longer
distances between QDs are observed in the narrower fibers, which is in
a good agreement with the Monte-Carlo simulation (Supplementary
Figures S7 and S8 and Supplementary Note 2). Surprisingly, although
an extremely narrow fiber (~25 nm) was prepared with 50 nM QD
solution, 10 times higher than the other samples, much farther
distances between QDs were observed. As shown in Figure 3b, iQDs
were also observed in the nanofiber by single-molecule confocal
microscopy. The photoluminescence spectrum obtained from a single
QD was similar to those of iQDs measured by ensemble measure-
ments (Figure 3c). In addition, the photoluminescence decay curve of

Figure 3 Single-molecule spectroscopic measurements of isolated quantum dots (iQDs) in the 250 nm nanofiber. (a) The blinking behavior of iQDs in the
nanofiber is shown in the single-molecule wide-field images. (b) Photoluminescence scan image of an iQD in the nanofiber. (c) and (d) The
photoluminescence spectrum and photoluminescence decay profiles, respectively, of a single iQD in the nanofiber (orange).

Figure 4 Images accumulated over 500 s show cumulative signals from all slides. Accumulated images directly show the spatial distribution of quantum dots
(QDs) in the nanofiber. Although the thick and the narrow nanofiber (~1 μm and ~250 nm, bottom and top in the middle, respectively) were fabricated with
a 5 nM QD solution, the extremely narrow fiber (~25 nm, right) was prepared with a 50 nM QD solution, 10 times higher than the concentration used for the
thicker fibers (1 μm and 250 nm).
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a single QD was very close to those obtained from ensemble
measurements of iQDs (Figure 3d).20 In the case of iQDs in the
nanofiber, all the ensemble spectroscopic data are in agreement with
the single-molecule spectroscopic data, clearly demonstrating the
monomeric character of iQDs in the nanofiber.
We tested the ability of these nanofiber-embedded iQDs as a new

strategy for improving the performance of dye-sensitized solar cells
(DSCs) (Figure 5a). A recent study has demonstrated that the FRET
concept is applicable to DSCs to fill in the absorption gaps of dye
sensitizers and that this approach increases the overall light-harvesting
efficiency of DSC systems, which are not able to absorb all the light.8,9

Hardin et al.8 reported an unattached energy donor (ED) dissolved in
electrolyte solution, excited by higher energy photons and efficiently
transferring its excitation energy to a dye sensitizer (DS), which
increases the absorption spectral bandwidth of the cell and improves
the power conversion efficiency from 2.55 to 3.21%. However,
the cell performance is decreased because of several factors:8–9,19,21

(1) dynamic quenching by electrolytes (I3
−), (2) self-absorption

between EDs and (3) the formation of aggregates between the ED
and DS. We demonstrated that iQDs encapsulated by the nanofiber
can overcome the problems described above and also can efficiently
transfer energy to dye sensitizers, increasing the overall power
conversion efficiency and durability of the DSC.
The working electrodes of the devices were coated with anatase

TiO2 nanoparticles (15 nm) by an electrostatic spray method in which
the nanoparticles formed themselves into a hierarchically structured
mesoporous bead, which serves to maximize the performance of the

devices.22,23 Nanofiber-containing devices (Figure 5a(i)) were fabri-
cated by electrospinning iQD nanofibers simultaneously with electro-
static spraying (Supplementary Figure S9 and Supplementary Video
V2). As seen in SEM images (Figure 5a(ii)), this process formed
mesoporous TiO2 beads entangled with nanofibers (5–15 nm); the
extreme narrowness of the nanofiber was achieved by decreasing the
humidity and the concentration of the polymer. This state-of-the-art
method was effective in increasing the contacts between TiO2

nanoparticles and nanofibers and especially in positioning the iQDs
(as EDs) in close proximity (o10 nm) to the DS to ensure efficient
energy transfer.19,24 The zinc porphyrin dye (β-(4-ethynylbenzoic
acid)-substituted zinc porphyrin, ZnEP1; Figure 5a) recently reported
by our lab was chosen as the DS of the DSCs to obtain a power
conversion efficiency of 5.9%.25 Figure 5b shows two routes for
charge separation in this device. ZnEP1 anchored on the TiO2

nanoparticle absorbs 3 and 2.2 eV photons of the Soret and Q-bands
(Supplementary Figure S10), respectively, and then transfers an
electron into the TiO2 nanoparticle and a hole into the electrolyte.
At the same time, an iQD in the nanofiber strongly absorbs the light
with various energies (42.2 eV), and its efficient energy transfer to
ZnEP1 can be achieved with a spectral overlap (~2.2 eV) between the
emission spectrum of iQD and the absorption spectrum (Q-bands) of
ZnEP1, stimulating charge separation of ZnEP1.
The excitation transfer efficiency is the probability of energy transfer

from iQD to ZnEP1. The excitation transfer efficiency for an iQD is
dependent on the rate of Förster energy transfer at a certain position
x!, kFRET x!� �

, relative to the overall decay rate including the natural

Figure 5 Structure and characterization of a light-harvesting device using isolated quantum dots (iQDs) as an auxiliary light-harvester. (a) (i) Schematic
device structure and (ii) SEM image of mesoporous beads composed of TiO2 nanoparticle (15 nm) aggregates entangled with iQD nanofibers (5–15nm).
(b) Light-harvesting mechanism of this device. A detailed schematic representation of the film morphology is presented in Supplementary Figure S9.
(c) External quantum efficiency versus photon energies of the device with and without iQDs (red and orange, respectively). (d) Photocurrent density–voltage
(J–V) curve of the device with and without iQDs (red and orange, respectively).
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decay rate of iQD (k0) and the quenching rate (kQuench):
8

ETEð x!Þ ¼ kFRETð x!Þ
k0 þ kQuench þ kFRETð x!Þ ð1Þ

In this system, the incorporation of iQDs encapsulated by the
nanofiber can maximally suppress possible quenching processes by
(1) nearby QDs and (2) electrolytes (kQuench~ 0). As shown in the
above spectroscopic data (Figure 2c), this technique allows for the
reliable isolation of QDs with a sufficient distance and effective
attenuation of the energy transfer among QDs, termed self-absorption;
dynamic quenching by electrolytes is also minimized because of the
polymer fiber structure enveloping iQDs. If EDs are dissolved in
electrolyte solution,8 however, energy transfer from ED to DS should
be decreased by the above two interactions.21 In equation (1),
kFRET x!� �

is a function of the separation distance between an iQD
and nearby ZnEP1, given by kFRET= k0·(Ro)

6/r6, where r is the
separation distance.26,27 As they are embedded in the extremely
narrow fiber, many iQDs are expected to have separation distances
(o10 nm) within the effective FRET region,19,24 and consequently a
rapid FRET rate is expected (high kFRET). Moreover, as the natural
photoluminescence decay rate of QD, k0, is extremely slow
(~ (24 ns)−1) relative to kFRET (k0ookFRET), iQDs in close proximity
to ZnEP1 are expected to have an excitation transfer efficiency
value of near unity.
Figure 5c presents the external quantum efficiency of DSCs to the

photon energy with and without iQDs. An increase in the external
quantum efficiency of DSCs with iQDs in the 2.2–3.5 eV region
compared with the control device without iQDs was attributed to the
efficient energy transfer from iQDs to ZnEP1. Figure 5d shows the
photocurrent density–voltage (J–V) characteristics of DSCs with and
without iQDs in the nanofiber under AM 1.5 G conditions. DSCs
without iQDs exhibited a power conversion efficiency of 5.9%, and
those with 500 nM iQDs in the nanofiber exhibited a power conversion
efficiency value of 7.4%. Although ZnEP1 has a relatively low
absorption coefficient (~1.5 × 104M− 1 cm− 1) in the spectral overlap
region25 with the emission of iQD (2.2 eV), the DSCs containing iQDs
exhibited a significant increase in power conversion efficiency
(25.4%); however, if a dye sensitizer with large absorption coefficient
in the spectral overlap region is incorporated into the system, much
better device performance will be possible. This improvement in
power conversion efficiency is attributed to the increase in short-
circuit photocurrent density (JSC) caused by an increase in the external
quantum efficiency from 2 eV as shown in Figure 5c (see also Table 1).
In previous methods, EDs dissolved in electrolyte solution often suffer
from several interactions, which changes their electronic character and
finally causes the EDs to quench in the excited state before electron
transfer can occur.9 Moreover, iQDs encapsulated by the nanofiber
can attenuate the effects of interactions such as dynamic quenching
(iQD-electrolyte),19,21 self-absorption (among iQDs)4–7 and aggregate

formation (iQD-ZnEP1), leading to an increase in the absorption of
the cell, its durability and, consequently, the overall light-harvesting
performance of the device.

CONCLUSION

We have computationally and experimentally demonstrated that the
spatial distribution of QDs can be controlled by manipulating the
diameter of the nanofiber encapsulating QDs. The distance between
adjacent dots tuned by the radius of the nanofiber was directly
observed by single-molecule wide-field spectroscopy, and these results
were in agreement with Monte-Carlo simulations. Using this reliable
isolation technique, we can obtain a thick iQD nanofiber film that
exhibits sufficient photoluminescence either for the ensemble spectro-
scopic study of iQDs or for application to light-harvesting devices. The
photoluminescence spectra as well as decay curves clearly demonstrate
the absence of energy transfer from higher to lower band gap QDs.
Moreover, the spectral similarity of single iQDs to ensemble spectro-
scopic data strongly suggests that the iQDs are monomeric, without
inter-dot interactions. These characteristics are clearly distinct com-
pared with a closely-packed film or even a solution. We have
successfully improved the performance of dye-sensitized solar cells
from 5.9 to 7.4% due to the efficient energy transfer from iQDs to dye
sensitizer, with the confinement of QDs to nanofibers preventing the
problematic interactions of QDs.
To the best of our knowledge, this work is the first comprehensive

investigation of the isolation of QDs in a thin film and light-harvesting
devices with one-dimensional spatial confinement as well as their
spectroscopic characterization on both the single molecule and
ensemble levels. This study provides a general strategy that could
potentially be useful for the spatial control of other functional moieties
in solid-state devices as well as the fundamental study of the ensemble
features of monomeric functional moieties.
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