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ABSTRACT:Achieving high emission e� ciency in solid-
state quantum dots (QDs) is an essential requirement for
high-performance QD optoelectronics. However, most QD
� lms su� er from insu� cient excitation and light extraction
e� ciencies, along with nonradiative energy transfer between
closely adjacent QDs. Herein, we suggest a highly e� ective
strategy to enhance the photoluminescence (PL) of QD
composite� lms through an assembly of QDs and poly-
(styrene-b-4-vinylpyridine)) (PS-b-P4VP) block copolymer
(BCP). A BCP matrix casted under controlled humidity provides multiscale phase-separation features based on (1)
submicrometer-scale spinodal decomposition between polymer-rich and water-rich phases and (2) sub-10 nm-scale microphase
separation between polymer blocks. The BCP-QD composite containing bicontinuous random pores achieves signi� cant
enhancement of both light absorption and extraction e� ciencies via e� ective random light scattering. Moreover, the
microphase-separated morphology substantially reduces the Fo�rster resonance energy transfer e� ciency from 53% (pure QD
� lm) to 22% (BCP-QD composite), collectively achieving an unprecedented 21-fold enhanced PL over a broad spectral range.
KEYWORDS:Quantum dot, Block copolymer, Nanocomposite, Photoluminescence, Vapor-induced phase separation

For the last few decades, colloidal quantum dots (QDs)
have garnered attention, because of their tunable color

and narrow emissions.1Š7 In particular, QDs can be used as
practical down-conversion materials in various types of high-
performance displays and lighting, such as QD liquid crystal
display television (QLCD-TV)8,9 and QD light-emitting
diodes (QD-LEDs).10,11 The e� ciency of down-conversion
QD � lms can directly a� ect the energy e� ciency and
brightness of the devices and can be improved by enhancing
the combined factors of light absorption e� ciency, light
extraction e� ciency, and internal quantum yield (QY).
However, most QD� lms in practical devices are far less
e� cient than QD solution due to the inherent limitations such
as insu� cient light absorption, strong total internal re� ection
(TIR) of QD-emitted light, and nonradiative energy transfer
among aggregated QDs.

As a solution to these general issues that are faced with light-
emitting materials, previous studies have shown that higher
absorption e� ciency is critical to improve the conversion of
incident photons to emitted photons. For example, the

incorporation of a random scattering layer can e� ectively
increase the photoluminescence (PL) of nanowires.12

Furthermore, random scattering media exhibit excellent optical
properties such as broadband,13Š17 omni-directional,13,15Š18

and polarization-independent16,17 absorption, and processing
tolerance,16 which are highly desirable for conventional
optoelectronics but di� cult to realize by using periodic
structures based on resonance phenomena.

Moreover, it is desirable to reduce the e� ciency of Fo�rster
resonance energy transfer (FRET) by which QDs non-
radiatively transfer their energy to nearby QDs, deteriorating
the PL QY.19,20 The FRET phenomena more dominantly
occur in a� lm state, compared to a solution state, because of a
substantially reduced QD-to-QD distance.19 Hence, homoge-
neous and controlled dispersion of QDs is critical to reduce
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FRET, and also to achieve uniform brightness in display and
lighting devices with minimum distribution in contrast. It was
suggested that increasing the average distance between
emission centers can reduce the FRET, for instance, by the
utilization of seeded nanorods,21 increase of the thickness of
the QDs shell,19,22,23 or control of the donor concentration.24

Also importantly, the large di� erence in the refractive index
between QDs and air causes signi� cant TIR and, thus, a
considerable loss of emitted light. The same issue also occurs
in organic light-emitting diodes (OLEDs) composed of
multiple layers with di� erent refractive indices.25 As a solution,
incorporating random-scattering particles or layers26,27 was
proven to be e� ective in achieving high outcoupling e� ciency
with a large viewing angle over a broad spectral range.

However, despite numerous approaches reported to date, a
comprehensive solution that can simultaneously resolve all of
the issues mentioned above has not been developed yet.
Herein, we report a marked enhancement of PL intensity from
a QD composite based on a hierarchical accommodation of
red-emitting QDs (CuInS2/ZnS) in a multiscale phase-
separated PS-b-P4VP BCP template. We show that the BCPs
cast under a controlled humidity environment provide a
randomly interconnected porous structure (via three-compo-
nent spinodal decomposition among BCP/solvent/water) at a
submicrometer scale, which is the size regime where the
interaction with the visible light is maximized. Our optical
calculations suggest that random scattering of light in the
porous BCP-QD nanocomposite leads to 4.4- and 3.5-fold

enhanced light absorption and light extraction, respectively,
compared to the nonporous nanocomposite. This study also
demonstrates that sub-10 nm BCP microdomains can serve as
hosts for QD dispersion, substantially reducing undesirable
FRET among QDs. By the combined e� ects of the random
scattering and QD dispersion in the multiscale-phase-separated
BCP matrix, a 21-fold enhancement of PL intensity, compared
to a pure QD� lm, is achieved, and this is further supported by
an LED down-conversion device based on the BCP-QD
nanocomposite.

For maximizing light-QDs interaction and minimizing the
FRET e� ect, we designed a hierarchical structure of a BCP-QD
composite� lm with multiple length-scale morphologies at
submicrometer scales (Figure 1a) and sub-10 nm (Figure 1b)
scales, respectively.

(1) Submicrometer random pores permit the absorption and
extraction enhancement by the light scattering e� ect. In
submicrometer scale, the BCP forms a randomly porous
structure with pore size ranging from a few hundred
nanometers to a few micrometers, which contributes to
the broadband PL enhancement.

(2) The sub-10 nm phase-separated structure contributes to
the reduced FRET e� ect. In the sub-10 nm scale, the
preferential segregation of functionalized QDs into the
P4VP domains prohibits aggregation of QDs and
enables more regular arrangement of the QDs.

First, for the formation of the random network of
submicrometer-scale air pores, we employed a vapor-induced

Figure 1.Design of a hierarchical BCP-QD composite via multiscale phase separations. (a) Illustration of the randomly porous BCP-QD� lm at a
submicrometer scale. Arrows in the image indicate random light scattering of incident and emissive light. (b) Schematic of BCP microdomains
selectively embedded with QDs at the sub-10 nm scale. Via hydrogen bonding between QDs and P4VP blocks, a� ne dispersion of QDs is induced
for reducing undesirable FRET. Surface ligands of QDs for the selective binding with P4VP are 11-mercapto-1-undecanol (MUD). (c) Illustration
of the humidity-controlled spin-casting equipment.
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phase separation (VIPS) phenomenon,28Š32 which is a phase
separation between polymer-rich and water-rich liquid phases.
VIPS occurs when a polymer solution is exposed to a
nonsolvent (e.g., water) vapor which is condensed and
penetrated into the polymer solution during spin-casting due
to a cooling e� ect by solvent evaporation. The polymer-rich
phase subsequently forms a matrix with relatively faster
evaporation of solvent; meanwhile, upon the slower evapo-
ration of water, the water-rich phase is later converted into

empty pores having a submicrometer size range. Hence, the
precise control of water intake during the spin-casting of the
BCP-QD solution is fundamental to modulate the morphology
obtained by the VIPS phenomenon.29,31 We thus designed a
tool for the control of humidity during spin-casting (Figure
1c). By varying the relative� ow rate of water-vapor-saturated
(relative humidity (RH) of 100%) and completely dry air (RH
= 0%), the quantitative control of RH is feasible, thus making it
possible to control the porosity of the fabricated� lms. Key

Figure 2.Control of random pore network via vapor-induced phase separation. (a) Schematic ternary phase diagrams for di� erent polymer systems
(P4VP, PS, and PS-b-P4VP) and resulting morphologies with cross-sectional scanning electron microscopy (SEM) images (scale bars = 10� m,
75% RH, 15 wt % polymer, and 3 wt % QD in dimethylformamide (DMF) solution). Solid arrows in the phase diagrams indicate expected
composition paths during solvent evaporation. Schematics inserted inside blue arrows indicate the di� erent intermediate morphologies, depending
on polymer matrices. (b) Photoluminescence (PL) spectra (� ex= 450 nm) of QD solution (with PS ligands and MUD ligands), P4VP-QD, PS-QD,
and BCP-QD� lms. Vertical dashed lines in the PL spectra indicate the positions of emission peaks. The emission spectra of QD solutions are
plotted as dotted lines.
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parameters a� ecting the porous structures will be discussed in
detail in the next section.

On the other hand, FRET is expected to be reduced by the
uniform dispersion of QDs in the matrix. As a solution, we
noticed that the microphase separation phenomenon of BCPs
can provide well-de� ned 10 nm-scale templates for controlling
the position and dispersion of QDs in the matrix. It was
previously reported that coassembly of CdSe nanorods in BCP
� lms can generate hierarchical superstructures,33 which
suggests the possibility of controlling the positions of QDs in
a desirable manner for reduction of the FRET e� ect.Figure 1b
shows an illustration of the PS-b-P4VP BCP nanostructure
with embedded QDs at the nanoscale template. For the
selective incorporation of QDs in the P4VP block, the QD
ligand was replaced with 11-mercapto-1-undecanol (MUD)
having hydroxyl groups which can bind the P4VP block via
strong hydrogen bond linkages. The successful hydrogen bond
formation is con� rmed by Fourier transform-infrared (FT-IR)
spectroscopy (seeFigure S1ain the Supporting Information).

To investigate the optimum porous structure that can
maximize the emissive properties of QDs, we compared the
morphologies derived from three di� erent polymer matrix
materials. P4VP, PS, and PS-b-P4VP BCPs in dimethylforma-
mide (DMF) solution (15 wt %) were spin-casted under an
RH of 75%, resulting in homogeneous and� at morphologies,
rough and nonuniform structures with spherical pores, and
uniform� lms containing highly interconnected random pores,
respectively (see the SEM images in the bottom portion of
Figure 2a).

As mentioned above, the VIPS phenomenon is based on
thermodynamic miscibility and immiscibility among the
polymer, solvent (DMF), and nonsolvent (water). Schematic
ternary phase diagrams for the three di� erent polymer
materials are depicted inFigure 2a. The� nal morphology of
the polymers is determined by the trajectory of compositions
on the ternary phase diagrams. Considering the dynamic
situation of solvent evaporation as well as water condensation
and evaporation, the composition path starts from a point in
the polymerŠDMF two-component line and subsequently
crosses the three-component area with the supply of water and
vaporization of DMF, gradually reaching the two-component
polymerŠwater line after all the DMF is removed. At this
stage, because of the absence of solvent, the morphology of the
polymer will be maintained until all water is removed.

The di� erent miscibilities of the polymers suggests
qualitatively di� erent phase diagrams for the three polymer
matrices. For example, the hydrophilic P4VP solutions would
have a much wider composition range of the homogeneous
phase without any morphology. In the case of hydrophobic PS,
however, the phase-separated (two-phase) region will be
relatively broader. The phase diagram of the amphiphilic PS-b-
P4VP BCP will be between the two cases. The porous
structures obtained from PS and PS-b-P4VP can be under-
stood from the broad two-phase region, because of their
limited solubility in water.

However, it should be emphasized that PS and PS-b-P4VP
have substantially di� erent pore morphologies, as mentioned
above. As shown in the phase diagrams, the two-phase region
can be divided into binodal and spinodal regions, which can be
characterized by strikingly di� erent morphologies, i.e., cellular
and bicontinuous structures, respectively.30 In the ternary
phase diagram, the binodal region is located at the higher
polymer composition range, and the spinodal region is located

at the lower range. The fundamental di� erence of the two
morphologies originates from the meta-stability and instability
of the ternary blends.34 For the binodal decomposition, the
formation and growth of nuclei of a water phase occur to
overcome an energy barrier. In this case, spherical nuclei are
formed to minimize their interfacial energy. In contrast, for the
spinodal decomposition, the mixture is so unstable that even a
small compositional� uctuation of water concentration induces
the spontaneous separation of the constituents, resulting in the
highly interconnected morphology. These di� erent decom-
position mechanisms cause the contrasting intermediate
morphologies (see the schematics inserted inside blue arrows
of Figure 2a).

One critical factor is the change of the composition
trajectory, depending on the polymers. The composition
path in the ternary phase diagram is a� ected by the rate of
water condensation which is in� uenced by the RH and polarity
of the polymers. This means that a higher RH and a more
hydrophilic polymer would facilitate water intake, and
therefore the corresponding composition path will be closer
to the waterŠsolvent composition line. As presented inFigure
S1b in the Supporting Information, the relative degree of
hydrophilicity (P4VP > PS-b-P4VP > PS) of the polymers can
be estimated from water contact angle measurement,
suggesting that the composition trajectory of PS will be closest
to the polymerŠsolvent line, because of a lower water
condensation rate. Thus, for the PS case, the trajectory is
more likely to pass the binodal decomposition range and result
in spherical pores. The highly interconnected pore morphology
for the PS-b-P4VP BCP can be explained by the spinodal
decomposition phenomenon, which is induced by the relatively
increased water condensation rate, pushing the composition
trajectory to the inside of the two-phase region. It is also
noteworthy that the blending of QDs with hydrophilic ligands
into the BCP system resulted in more porous structures than in
the pure polymer cases (seeFigure S1cin the Supporting
Information).

We now demonstrate how the porous structure of the
polymer matrix a� ects emission properties of the embedded
QDs. The PL intensity of the BCP-QD (QDs dispersed in
BCP� lms with interconnected pores)� lm was 19 and 7 times
higher than those of the P4VP-QD (composite of QDs and� at
P4VP� lms) and PS-QD (nonuniform composite of QDs and
PS with spherical pores), respectively (Figure 2b). In the case
of the PS-QD� lm, for a more uniform dispersion of the QDs,
they were capped with PS ligands. However, unlike the BCP-
QD composite, the PS-QD system shows a� at surface on the
entire� lm (Figure S1din the Supporting Information). This
may be due to the lower surface energy of PS, which does not
allow the coexistence of the solvent-rich phase at the air/
polymer interface. As the simulation results presented later in
Figure 4d suggest, the� at surface causes internal re� ection and
trapping of emitted light. Furthermore, in a humid condition,
the fast in� ux of water into the hydrophobic PS might induce
instability of PS, causing cracks and nonuniform� lm structures
(seeFigure 2a, as well asFigure S1d). In addition, QDs are
locally aggregated in the PS matrix, as presented later inFigure
4e, indicating the signi� cant FRET e� ect. These combined
e� ects may have caused less e� ective PL enhancement in the
PS composites than the BCP composites.

A red-shift of the PL peak in the solid-state QD, compared
to the solution-state QD, can be used as an indicator of QD
aggregation, i.e., decreased distance between the QDs. This is
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because QDs with a large energy band gap transfer energy to
QDs with a smaller energy band gap in the QD aggregates.35,36

In our PL data, the emission peak of the BCP-QD� lm (654
nm) shows a 10 nm red-shifted value, compared to that of the
solution state (644 nm), while the PS-QD and P4VP-QD
respectively have the 21 and 18 nm red-shifted peaks,
compared to each solution (note: the solution peak of PS
ligand-exchanged QDs is at 642 nm). This result supports a
more uniform dispersion state of QDs in the BCP-QD sample
via selective segregation of QDs in P4VP domains at a
nanoscale dimension, implying the successful formation of
hierarchical structures, as designed above (Figure 1a,b).

We also con� rmed that the RH and the BCP concentration
of the cast solution play important roles in determining the
� nal morphology of the porous BCP-QD structures. Cross-
sectional SEM images of the BCP-QD� lms obtained with
variation of the parameters are shown (Figure 3a). The
samples obtained under 35% RH exhibited no porosity,
because of an insu� cient water supply for inducing VIPS. In
contrast, at RH = 55% and 75%, randomly interconnected
pores were uniformly formed from 13Š15 wt % BCP solutions.
However, for higher BCP concentration (� 18 wt %), relatively
spherical pores with a larger size of a few� m were formed,
which is due to the ine� cient mass transport of water across
the surface-normal direction resulting from the dense polymer
network.

In order to investigate the correlation between the
morphology of the BCP-QD composite and the emission
property of QDs, we plotted the PL intensity, depending on
the RH and the BCP concentration in the casting solution
(Figure 3b). For the 35% RH condition, the PL intensity was
much lower and gradually increased with the BCP concen-
tration. In contrast, the PL intensity for the sample prepared at
75% RH was 37-fold higher than that of the 35% RH sample
(for 18 wt % samples). Also, the PL intensity of the samples
was highly dependent on BCP concentration in the solution,
suggesting that the massive enhancement of PL intensity is
achieved by the random pores formed via spinodal
decomposition.

For further con� rmation, we also measured the PL intensity
of the composite after removing the random pores via warm
solvent-vapor annealing (WSA)37 treatment on the porous
BCP-QD composite by keeping the sample under toluene
vapor at a temperature of 40°C for 2 min, providing mobility
of the polymer chains.Figure 3c presents the gradual removal
of pores with increasing WSA treatment time, which also
accompanied the disappearance of surface roughness and the
optical haziness (seeFigures S2a and S2bin the Supporting
Information). As shown inFigure 3d, the removal of random
pores dramatically reduced the PL intensity to� 5% of the
original intensity, suggesting a strong correlation between
random pores and PL enhancement. Note that the WSA does
not damage the QDs as it is subjected to mild annealing

Figure 3.Correlation between porous structures and PL intensity of QDs. (a) Cross-sectional SEM images (scale bars = 5� m) and (b) plotted PL
intensity (� ex = 450 nm) of BCP-QD� lms with di� erent RH and BCP concentration in DMF solution. Each average thickness of the� lms is
presented in the cross-sectional SEM images. Error bars in the plotted PL graph represent the standard deviation of PL in each sample. (c) Cross-
sectional SEM images (scale bars = 5� m) and (d) PL spectra (� ex= 450 nm) of BCP-QD� lms (75% RH, 15 wt % BCP, and 3 wt % QD in DMF
solution) treated with warm solvent-vapor annealing (WSA).
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conditions (Figure S2cin the Supporting Information for PL
spectra of pure QD� lms with WSA). Furthermore, a detailed
analysis of the correlation between the porosity of the� lm and
the enhancement of light absorption and extraction is
presented inSupplementary Note 1 and Figure S3in the
Supporting Information.

We compared the PL intensity of the BCP-QD and pure QD
samples (Figure 4a) with a similar mass of QDs per area
(Table S1in the Supporting Information for inductively
coupled plasma mass spectrometry (ICP-MS) measurement
data). Despite an almost 12% smaller amount of the elements

of QDs in the BCP-QD composite, its PL intensity was
measured to be 21-fold higher than that of the pure QD� lm.
Furthermore, we conducted PL analysis on a pure BCP� lm
(Figure S4in the Supporting Information), and the negligible
photoemission from the BCP was con� rmed. Also, the much
closer emission peak of the BCP-QD (654 nm) to that of the
solution state (644 nm) indicates a uniform dispersion of QDs
by the BCP (the peak of pure QD� lm = 667 nm). This PL
result is consistent with the markedly superior brightness of the
BCP-QD composite, compared to the pure QD� lm under the
same ultraviolet light source (� ex = 340 nm) (Figure 4b)

Figure 4.Enhanced light absorption and extraction, and reduced FRET in BCP-QD composites. (a) PL spectra (� ex = 450 nm) of QD solution,
QD � lm, and BCP-QD� lm. Vertical dashed lines in the PL spectra indicate the positions of emission peaks. The emission spectrum of QD solution
is plotted as dotted lines. (b) Optical images of pure QD and BCP-QD� lms under UV light (� ex = 340 nm) (75% RH, 15 wt % BCP, and 3 wt %
QD in DMF solution). (c) Experimentally measured (left) and simulated (right) absorption graph of the BCP-QD� lms. (d) Electric� eld
distribution of dipole radiation at the center of the nonporous (left) and porous structures (right). The top and bottom panels show the emission
patterns of a horizontal (x-direction) and vertical (y-direction) dipole, respectively (scale bars = 5� m). (e) Top-down transmission electron
microscope (TEM) images of QD, PS-QD, P4VP-QD, and BCP-QD� lms (75% RH, scale bars = 10 nm). The bottom-left insets of each image are
illustrations of the QD distribution. Yellow circles indicate the positions of QDs, squares with red dashed lines in the PS-QD� lm represent the
locally aggregated QD patterns, and white dashed lines in the BCP-QD� lm indicate distributed cylinder-like QD patterns. The average diameter of
a QD is 2.56 nm. (f) PL decay curves of QD solution, QD� lm, and BCP-QD� lm (75% RH).� avgrepresents the average carrier lifetime of each
sample.
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Absolute PL QY of the pure QD and BCP-QD� lms was
measured as well with an integrating sphere (Table S2). A
detailed discussion of the contribution of each enhancement
factor (enhanced light absorption and extraction, and reduced
FRET) to the absolute PL QY is presented inSupplementary
Note 2in the Supporting Information.

To understand the extraordinary PL contrast between the
porous (as-spun) and nonporous (WSA 120 s) structures, we
performed three-dimensional (3D)� nite-di� erence time
domain (FDTD) simulations and investigated the absorption
and emission properties of these structures. In order to model
the complex geometry of the porous BCP-QD structure
reliably in the optical simulations, we generated quasi-random
pore structures that share the important geometric features
with the actual structure: the average thickness of the unit
layers (550 nm), the porosity (60%), and bicontinuous
morphology (seeSupplementary Note 3 and Figure S5in
the Supporting Information for details).

The porous structure absorbs incident light more e� ciently,
compared to the nonporous� lm. As shown inFigure 4c, the
absorption enhancement factor at the excitation wavelength for
the PL measurements (450 nm) is obtained as 3.5 from the
measured data and 4.4 from the simulations, thus showing
similar results. We note that the observed absorption
enhancement approaches the ergodic light trapping limit,38

which can be derived from the following equation:

n2 4.872 = (1)

This value is calculated fromnBCPŠQD = 1.56. This can be
attributed to the su� cient randomization of the wave vector
induced by strong random scattering processes in the porous
structure.

The porous structure is also superior to the� at structure,
from the perspective of light extraction. For the nonporous� at
structure, since the in-plane wave vectors of the light waves
emitted from a QD are preserved upon the re� ections at the
interfaces, a signi� cant portion of emitted light undergoes total
internal re� ection (TIR) at the top surface of the� lm and thus
cannot outcouple to free space. For a horizontally oriented
dipole (px) in the nonporous structure, the average light
extraction e� ciency (avg. LEE) is calculated to be� 0.139 at
the emission wavelength (654 nm) (seeFigure S6in the
Supporting Information for details). For a vertically oriented
dipole (py), almost no energy can be extracted (LEE� 0.036),
as the major portion of the light is initially emitted along a
horizontal direction, as shown in the left panel ofFigure 4d. In
contrast, the direction of the light emitted from a QD in the
porous structure is quickly randomized and loses its directional
information via abundant light scattering by randomly
interconnected pores and rough surface. As a result, the light
extraction behavior of a horizontal and vertical dipole becomes
nearly indistinguishable, as shown in the right panel ofFigure
4d. More importantly, due to the wave vector randomization,
the portion of light originally under the constraint of TIR
acquires opportunities to outcouple to free space. Here, the
e� ciency of light extraction is limited by the statistical optics,
rather than the simple Snell’s law. Our optical simulations
show that the LEE of the porous structure is� 0.36, regardless
of the dipole orientation, which is enhanced roughly 3.5-fold,
compared to the overall LEE of the nonporous structure (see
the table inFigure S6in the Supporting Information). We
further observed that this tendency is consistent over a broad
spectral range, 500Š700 nm (seeFigures S6c and S6d).

Exploiting the selective conjugation property of QDs with
the P4VP block, the phase separation of the two blocks enables
more uniform dispersion of QDs, which is targeted for
reducing FRET. Dispersion of individual QDs was observed
from a top-down transmission electron microscopy (TEM)
images (seeFigure 4e). Samples of pure QD, PS-QD, P4VP-
QD, and BCP-QD were prepared on copper grids with the
identical casting conditions (75% RH, 0.1 wt % QD, 0.5 wt %
polymers to form monolayer samples). Contrary to the
aggregated QDs in the QD� lm, in the BCP-QD composite
� lm, QDs are well-dispersed and selectively incorporated in the
cylinder P4VP domains. The assembled structure of cylindrical
P4VP domains and QDs was con� rmed by SEM and TEM
images of monolayer and multilayer BCP-QD composite� lms
(Figure S7b and S7cin the Supporting Information). Note that
the original morphology of the PS-b-P4VP BCP (MWPS = 12
kg molŠ1, MWP4VP= 1.7 kg molŠ1) was spherical, as shown in
the inset inFigure S7bin the Supporting Information. The
preferential segregation of functionalized QDs into the P4VP
domains is supported by the morphological transition from
spherical to cylindrical domains, which is indicative of volume
expansion of P4VP, as a result of QD incorporation.39

We also compared the degree of PL shift of the solid-state
QD composite (Figure 2b) and pure QD samples (Figure 4a)
in reference to the solution-state QDs, which is a good
indicator of QD to QD separation as described earlier.
Therefore, for a better dispersed QD composite, where the
nonradiative energy transfer is less e� cient, the degree of PL
shift would be smaller. AsFigure S8ain the Supporting
Information demonstrates, the PL red-shift of BCP-QD (10
nm) was the smallest among the samples (18Š23 nm). These
combined results validate the excellent QD dispersion enabled
by the BCP matrix.

In order to compare the FRET e� ect, PL decay curves of the
QD solution, QD� lm, and BCP-QD� lm were measured by
time-correlated single photon counting (TCSPC) (Figure 4f).
Relative to the carrier lifetime of the pure QD� lm, the value of
the BCP-QD� lm largely increased and was close to that of the
QD solution in which FRET hardly occurs. This indicates a
substantially reduced FRET in the BCP-QD� lm. A detailed
analysis of the PL decay components of CuInS2/ZnS,40

including calculation of the average carrier lifetime and
FRET e� ciency, was performed (seeTable S3in the
Supporting Information). The FRET e� ciency was calculated
based on the following equation, where� DA and� D denote the
lifetime of the donor with and without the acceptor,
respectively:41,42

FRET efficiency (%) 1 DA

D

�

�
= Š

(2)

Since the lifetime of the QD solution is considered as� D
(assuming 0% FRET e� ciency in a solution state, because of a
su� ciently large QD-to-QD distance), the lifetime of each
sample was put into� DA for the calculation. The FRET
e� ciency of the pure QD and porous BCP-QD� lms was
52.65% and 22.17%, respectively. The reduced FRET
e� ciency in the BCP-QD composite agrees well with the
decreased PL peak shift (in reference to QD solution),
compared to that of pure QD samples (Figure S8ain the
Supporting Information), and is also consistent with the
observation that, with increasing BCP concentration in the
blended solution, the emission peaks become closer to that of
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the QD solution (seeFigure S8bin the Supporting
Information).

Overall, these calculation and characterization results clarify
the individual contributions of enhanced light absorption and
extraction, and the reduced nonradiative energy transfer in the
porous composite. The FDTD simulation provided individual
enhancement factors for light absorption (4.4) and light
extraction (3.5), compared to the nonporous sample.
Considering that the reduced FRET e� ect can additionally
contribute to the experimentally measured total PL enhance-
ment factor (17.6) shown inFigure 3d, the proposed PL
enhancement mechanism can be validated by these calculation
and characterization results. Furthermore, we applied our
hierarchical BCP structures to green-emitting CdSe/ZnS QDs.
PL spectra of the QD solution, QD� lm, and BCP-QD� lm are
shown inFigure S9in the Supporting Information. The BCPŠ
CdSe/ZnS QD composite recorded 14-fold PL enhancement,
compared to the pure QD sample, showing the potential
generality of this PL enhancement e� ect by the randomly
porous BCP matrix. In addition, a comparison of peak
positions, in reference to the samples with CuInS2/ZnS QDs
(Figure 4a), is presented inFigure S9. CuInS2/ZnS and CdSe/

ZnS QDs exhibit an identical tendency that the red-shift of PL
was the smallest for the BCP-QD composite, although the
degree of the PL shift is di� erent, because the thicker shell
(ZnS) of the CdSe QDs reduces the FRET e� ect. The less-
e� ective contribution of the reduced FRET can explain the 14-
fold PL enhancement in the Cd-based QDs, which is relatively
smaller than the 21-fold PL enhancement of CuInS2/ZnS QDs.

We present here that the BCP-QD composite can be applied
as a practical down-conversion material for LEDs. The
schematic inFigure 5a presents the fabrication method and
diagram of the QD-LEDs. Under controlled humidity, QD and
BCP-QD solutions are cast on LED chips to fabricate the QD-
enhanced LEDs, where blue backlight is converted to the red
color of the QDs. Operation of pure LEDs and LEDs covered
with a QD� lm (LED/QD) and a BCP-QD� lm (LED/BCP-
QD) is demonstrated inFigure 5b. The photographs
demonstrate more reddish light emission from the LED/
BCP-QD device, which is consistent with the luminance
spectra presented inFigure 5c. In comparison with the sample
of pure QDs, the BCP-QDs achieved 7-fold enhanced red-
color luminance and, consequently, more e� cient color
conversion, as shown in the Commission Internationale de

Figure 5.Down-conversion QD-LEDs. (a) Preparation of down-conversion QD-LEDs using porous BCP-QD composite. (b) Photographs of pure
LED, LED/QD, and LED/BCP-QD devices mounted on jigs in bright and dark rooms. Dashed lines in the images represent the light-emitting
spots in the LED/BCP-QD device. (c) Luminance spectra of the samples. Inset shows the CIE 1931xŠy color coordinates of the LED/QD and
LED/BCP-QD devices, representing (0.159, 0.036) and (0.249, 0.094), respectively. (d) Angle-dependent red-emitting luminance of the LED/QD
and LED/BCP-QD devices. The increased luminance at the high-angle range is due to the inherent light guiding e� ect of epoxy resin that is used as
an encapsulant in the LED (LED operation voltage = 2.5 V).
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l’E�clairage (CIE) 1931xŠy color coordinates (see the inset of
Figure 5c). The down-converted LED exhibited CIE
coordinates of (0.159, 0.036) for the QD sample and (0.249,
0.094) for the BCP-QD sample. An angle-dependent red-
emitting luminance of the QD and BCP-QD samples is also
presented (Figure 5d). Compared to the QD case, a wider
viewing angle is demonstrated for the BCP-QD composite (the
angle ranged from 70° to 80°).

To con� rm the stability of the BCP-QD composite for the
down-conversion application, we investigated the morpho-
logical and optical stability of the BCP-QD composite. With a
harsh operation condition (100°C for 1 day) of an LED, the
randomly porous structure of the BCP-QD� lm was well-
maintained, whereas the pure BCP� lm was transformed to a
completely homogeneous� lm without any pores (seeFigure
S10a in the Supporting Information). The origin of the
superior thermal stability is the strong hydrogen bond linkage
between the ligands of QDs and P4VP,43 resulting in highly
interlinked P4VP chain structures.Figure S10bin the
Supporting Information show the scheme for the arrangement
of BCP-QD, where the P4VP block is interlinked via the
hydrogen bonds with the ligands of QDs. Also, the outstanding
optical stability of the LED/BCP-QD device, in reference to
the device with the pure QD� lm, was con� rmed (seeFigure
S11in the Supporting Information). Compared to the pure
QD case, the BCP-QD device exhibited superior optical
stability under the continuous illumination of the blue LED,
indicating suppressed photodegradation of QDs. The
passivation e� ect by BCP can inhibit the penetration of
water and oxygen into the surface of QDs, suppressing the
oxidation of the QD surface. This passivation e� ect is further
supported by the maintained stability, even under extreme
conditions (water immersion for 5 h) (seeFigure S12in the
Supporting Information). The improved morphological and
optical stability support a suitable application of the BCP-QD
� lm as a down-conversion color� lter.

In conclusion, this study demonstrates a substantially
intensi� ed PL from selectively conjugated QDs in a multiscale
phase-separated PS-b-P4VP BCP matrix. This hierarchical
BCP-QD composite can e� ectively and collectively enhance
light absorption and extraction via (1) the highly intercon-
nected random pore structure with submicrometer dimensions
formed by vapor-induced phase separation, and reduce the
FRET e� ect via (2) the selective dispersion of QDs in the
P4VP block of sub-10 nm scale domains by microphase
separation of the blocks. We reveal that the bicontinuous
empty pores can be obtained under systematic control of
humidity and the choice of an amphiphilic BCP matrix via a
three-component (BCP/solvent/water) spinodal decomposi-
tion phenomenon. Also, the selective dispersion of QDs can be
induced by engineering the QD ligands to exploit the hydrogen
bond linkages with the P4VP block.

Our porous BCP-QD composite achieved 18- and 21-fold
enhancement in PL intensity, compared to the nonporous
composite and pure QD� lm, respectively. The full-wave
optical simulations demonstrate that random scattering of light
in the porous composite leads to 4.4- and 3.5-fold enhanced
light absorption and light extraction, respectively. The
submicrometer pore structures e� ectively increase the optical
path length of incident light approaching the ergodic limit.
Through the random medium, the direction of the emitted
light is quickly randomized, and the portion of light originally
under the constraint of TIR acquires opportunities to be

extracted. Also, the FRET e� ciency of the BCP-QD� lm was
much lower than that of the pure QD� lm, supporting the
e� ectiveness of QD dispersion by the BCP microdomains. We
� nally demonstrated a successful application of the BCP-QD
composite for down-converted LED devices, achieving 7-fold
enhancement of luminance and a widened viewing angle
compared to the pure QD device.

We expect that further studies based on the incorporation of
various light-emitting materials of high emission e� ciency will
realize high-performance display and lighting devices. More-
over, the fabrication strategy of the composite is versatile in
allowing various� exible substrates such as polyethylene
terephthalate (PET) and polyimide (PI)� lms (Figure S13in
the Supporting Information). Also, given the lack of facile
fabrication methods for well-designed multiscale structures
with an e� ective light-interaction capability, our one-step
assembly tool would o� er a versatile and scalable methodology
for various optoelectronic or photovoltaic applications where
maximum device e� ciency and/or minimum power con-
sumption are pursued.

� METHODS
Materials. Copper iodide (>99.5%), indium(III) acetate

(99.99%, trace metals basis), 1-dodecanethiol (>98), 1-
octadecene (90%), dodecylamine (>99%), and zinc acetate
(99.99%) were purchased from SigmaŠAldrich and used to
synthesize CuInS2/ZnS (core/shell). 11-Mercapto-1-undeca-
nol (MUD, 99%), thiol-terminated polystyrene (molecular
weight (MW) = 12.4 kg molŠ1), toluene (>99.8%), methanol
(>99.8%), acetone (>99.9%), and DMF (anhydrous, 99.8%)
were purchased from SigmaŠAldrich and used to exchange the
ligands. P4VP (MW = 12 kg molŠ1), PS (MW = 12 kg molŠ1),
and PS-b-P4VP (MWPS = 12 kg molŠ1, MWP4VP = 1.7 kg
molŠ1) were purchased from Polymer Source and used to
make polymer-QD blended solutions.

Synthesis and Ligand Exchange of CuInS2/ZnS.
Copper iodide (38.1 mg), indium acetate (58.4 mg), 1-
dodecanethiol (2 mL), and 1-octadecene (16 mL) were added
in a three-neck� ask and heated to 120°C for 60 min under
vacuum. The precursor solution was heated again to 210°C
for 70 min under an argon� ow (1 atm) in order to synthesize
cores. For the synthesis of the ZnS shell, dodecylamine (1.0
mL) and zinc acetate (131.7 mg) were injected into the
resulting solution and maintained at a temperature of 210°C
for 30 min. This step was repeated three more times for
su� cient growth of the shell. To exchange the ligands of the
QDs, MUD (1.634 g) was injected into the synthesized QD
solution while, for the homogeneous mixing of PS and QDs,
the thiol-terminated PS were mixed with the QD solution by a
weight ratio of 6.6 (PS ligand) to 1 (QD solution). The
exchange process was performed at 210°C under an argon
� ow (1 atm) and proceeded for 30 min. The solution was then
centrifuged for purity and dissolved into DMF. The relative PL
QY of the MUD ligand-exchanged QD solution was 42% with
a reference dye of Rhodamine 6G (absolute PL QY = 95%,
SigmaŠAldrich).

Fabrication of PolymerŠQD Films with Humidity
Control. In order to make polymerŠQD blended solutions,
P4VP, PS, and PS-b-P4VP were added to a QD solution at
speci� c ratios, and the solutions were stirred with magnetic
stirring bars at 500 rpm for 3 h. Each blended polymerŠQD
solution was stored in a refrigerator (under 5°C) for 20 min to
make the evaporation rate of solution slow during spin-casting,
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hence, increasing the water penetration rate meanwhile.
Optical slide glasses (1000� m thickness, Marienfeld Superior)
were used as substrates for the fabrication of polymerŠQD
� lms. By varying the� ow rate of humid and dry air, the desired
RH value at 25°C was acquired, and the blended solution was
spin-casted at 2000 rpm for 200 s.

Characterization of Composite Films.FT-IR spectros-
copy (IFS66 V/S and Hyperion 3000, Bruker Optiks) with
ATR mode was used to con� rm the successful conjugation of
QDs with the BCP. A contact angle analyzer (Phoenix, SEO)
was used to compare the relative degree of surface energy in
P4VP-QD, PS-QD, and BCP-QD� lms. Cross-sectional and
top-down SEM images of composite� lms were observed by
� eld emission (FE)-SEM (Model S4800, Hitachi) with
osmium coatings. PL spectra of QD and polymer-QD� lms
were measured via PL spectroscopy (MPT, PSI). AFM (XE-
100, Park systems) was performed to analyze the surface
morphology of the BCP-QD� lms. The compositions of QDs
in the QD and BCP-QD samples were measured by ICP-MS
(7700S, Agilent). To selectively dissolve the glass from the
� lm, an acid solution of 70% HNO3 and 35% HCl was used.
The dissolution process was performed at 200°C for 30 min.
The di� use transmittance and re� ectance of the BCP-QD
composite samples were measured via UV-vis spectroscopy
(Model Solid Spec-3700, Shimadzu) to obtain absorption
spectra. The distribution of QDs in monolayer QD, PS-QD,
P4VP-QD, and BCP-QD� lms was con� rmed by FE-TEM
(Model Talos F200X, FEI). The QD� lm was fabricated on a
holey carbon grid (Cu, 300 mesh, 50� m), and PS-QD, P4VP-
QD, and BCP-QD� lms were fabricated on lacey carbon grids
(Cu, 300 mesh) by spin-casting. To con� rm the P4VP
domains in monolayer BCP and BCP-QD� lms by SEM, a
platinum incorporation was conducted for 12 h, and then, the
sample was treated with O2 plasma to etch top-coated organic
layers (source power = 30 W, 40 s). The nanostructure of
multilayer BCP-QD composites was con� rmed by a plane-view
high-angle annular dark� eld (HAADF) scanning TEM
(STEM). TCSPC (FL920, Edinburgh Instruments) was used
to observe the PL decay dynamics of QD solution, QD� lm,
and BCP-QD� lm, using a 470 nm pulsed laser source.

Full-Wave Electromagnetic Simulation. Commercial
� nite di� erence time domain (Lumerical FDTD) software was
used to calculate light absorption and extraction in nonporous
and porous structures of BCP-QD� lms. Here, the frequency-
dependent dielectric function of the BCP-QD composite was
extracted from the measured transmission spectra of the
nonporous BCP-QD� lms deposited on glass. The light
extraction e� ciency (LEE) of a single oscillating dipole was
obtained as the ratio of the outcoupled light energy to the total
emitted energy. The overall LEEs of the� lms were calculated
by averaging the LEEs of individual dipoles over their positions
and orientations.

Down-Conversion QD-LEDs.LED chips (SMD LED
5050 B) were purchased from a commercial supplier (YNT
Korea). In order to fabricate QD-LEDs by spin-casting, a LED
chip was attached to a silicon wafer using a gel pad, and the
product was loaded in a spin-coater for humidity control.
Device characteristics of luminance and CIE coordinates were
obtained by a Keithley 2400 Source Meter and a Konica
Minolta spectroradiometer (Model CS-2000).
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