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Perovskite quantum dots (QDs) are considered as promising materials
for numerous optoelectronic applications due to their narrow emis-
sion spectra, high color purity, high photoluminescence quantum
yields (PLQYs), and cost-effectiveness. Herein, we synthesized various
types of perovskite QDs and incorporated Au nanoparticles (NPs) to
systematically investigate the impact of plasmonic effects on the
photoluminescence performance of perovskite QDs. The PLQYs of the
QDs are enhanced effectively upon the inclusion of Au NPs in the
solutions, with an impressive PLQY approaching 99% achieved. The PL
measurements reveal that the primary mechanism behind the PL
improvement is the accelerated rate of radiative recombination.
Furthermore, we integrate perovskite QDs and Au NPs, which function
as color conversion layers, with blue light-emitting diodes (LEDs),
achieving a remarkable efficiency of 140.6 Im W, Additionally, we
prepare photopatternable thin films of perovskite QDs using photo-
crosslinkable polymers as the matrix. Microscale patterning of the thin
films is accomplished, indicating that the addition of plasmonic NPs
does not adversely affect their photopatternable properties. Overall,
our research not only elucidates the underlying mechanisms of plas-
monic effects on perovskite QDs but presents a practical method for
enhancing their optical performance, paving the way for next-
generation optoelectronic applications, including high-definition
micro-LED panels.

1. Introduction

Perovskite quantum dots (QDs), also known as perovskite
nanocrystals, have recently emerged as promising materials for
a wide range of optoelectronic applications, including light-

“Department of Photonics, College of Electrical and Computer Engineering, National
Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan. E-mail: fcchendop@
nycu.edu.tw; fcchen@mail. nctu.edu. tw

*Graduate Institute of Photonics and Optoelectronics, Department of Electrical
Engineering, National Taiwan University, Taipei 10617, Taiwan

“Center for Emergent Functional Matter Science, National Yang Ming Chiao Tung
University, Hsinchu 30010, Taiwan
+ Electronic  supplementary
https://doi.org/10.1039/d3na01078c

information  (ESI) available. See DOI:

782 | Nanoscale Adv, 2024, 6, 782-791

emitting applicationsy

3 Chien-Chung Lin,” Hao-Chung Kuo?

*ac

emitting diodes (LEDs), solar cells," photodetectors,” sensors,?
and lasers.*® This is attributed to their distinct advantages, such
as narrow emission spectra, high color purity, tunable colors,
exceptional photoluminescence quantum yields (PLQYs),
substantial optical gain coefficients and cost-effectiveness.®”
Due to the strong confinement of excitation energy within nano-
sized crystals, perovskite QDs have also become ideal systems
for studying light-exciton interactions.® In recent developments,
highly luminescent colloidal perovskite QDs have been
synthesized, demonstrating significant potential as down-
converting color-changing agents to expand the color gamut
for display applications.” While the PLQYs of perovskite QDs in
solution are notably high,'*'* their efficiency in solid-state thin
films lags much behind that of QD solutions. Consequently,
there is an urgent demand for the development of effective
strategies to achieve high PLQYs in thin films of perovskite QDs.

One approach for improving the optical performance of QD
films involves the integration of plasmonic nanostructures.
Surface plasmons (SPs) are collective oscillations of electro-
magnetic waves that propagate along metal surfaces.'” They can
be generally categorized into two types: localized surface plas-
mon resonances (LSPRs) and propagating surface plasmon
polaritons (SPPs). LSPRs represent coherent oscillations of
electrons confined locally within metal nanostructures, while
SPPs are typically excited at the interfaces between metal and
dielectric materials. Plasmonic nanostructures concentrate
light to subwavelength scales, resulting in strong field
enhancement. Additionally, SPs can also excite hot electrons,
induce far-field scattering and create localized photothermal
heating. These plasmonic effects have proven effective in
enhancing light-matter interactions and have been widely
employed for improving the performance of optoelectronic
devices.»**”!* For example, plasmonics can significantly
increase light absorption in solar cells, enabling a substantial
reduction in the thickness of their absorber layers and offering
new design possibilities for these light harvesting devices."***
For organic solar cells, the incorporation of soluble-processable
metal nanoparticles (NPs) into the devices can trigger LSPR,
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leading to local-field enhancement and subsequently increasing
the device power conversion efficiencies.'®'” Plasmonic metal
NPs have also found applications in boosting the performance
of light-emitting diodes,'®* random lasers,* and nanolasers.**
When coupled with plasmonic nanostructures, perovskite QDs
experience a strong enhancement in their photoluminescence
(PL).>

More recently, metal-perovskite nanostructures have been
the subject of extensive research. Balakrishnan and Kamat
discovered that surface ligands, such as oleylamine, which
stabilize perovskite QDs, promote the reduction of the Au(ur)
salts, leading to the nucleation of Au NPs on the corners of the
CsPbBr; QDs.”” Nevertheless, this process resulted in a reduc-
tion in the emission from the perovskite QDs. Later, Roman
et al. found that uncontrolled exchange of Au and Pb ions
resulted in the formation of Cs,Au,Brs nanocrystals, causing
significant PL quenching.”® To mitigate this issue, the addition
of excess Pb*>" ions in the solution competitively prevented the
exchange reaction of the cations. As a result, Au ions were
reduced by the ligands and deposited on the surface of CsPbBr;
QDs, leading to higher PLQY compared to that of the previous
Cs,Au,Brg nanocrystals.” In 2021, Bao et al. demonstrated that
decorating CsPb(Br/Cl); QDs with Au NPs enhanced their pho-
toluminescence, although excessive decoration reduced the
PLQY because of the decreased coupling strength.** Similarly,
many previous studies also have reported enhanced PL perfor-
mance in blends of perovskite QDs with metal NPs.>**” For
instance, Wang et al. fabricated films of Au nanorods/CsPbBr;
QDs on Si wafers, resulting in a 2-fold increase in PL intensity.*
Plasmonic interactions between Au NPs and perovskite QDs
have also been harnessed to achieve competitive optical effi-
ciency in luminescent solar concentrators; coupling between Au
NPs and QDs enhanced emission intensity and extended charge
recombination times.”” Moreover, PL improvement in
CsPbBr; _,I, QDs has been also realized using plasmonic Au
nanoarrays.*

Although extensive research has explored the plasmonic
effects on perovskite QDs, the mechanisms underlying the PL
enhancement are not yet fully understood. Herein, we synthe-
size various types of perovskite QDs and Au NPs to systemati-
cally investigate the impact of plasmonic effects on the PL
performance of perovskite QDs. A high PLQY approaching 99%
is achieved after Au NPs are included in solutions. Our analysis
of the PL results for combinations of perovskite QDs and Au NPs
suggests that the primary mechanism behind the PL enhance-
ment in solutions is the accelerated rate of radiative recombi-
nation. Furthermore, we incorporate thin films of these
nanocompositions, containing perovskite QDs and Au NPs, as
color conversion layers (CCLs) in blue chip LEDs, resulting in
significantly improved efficiency; a remarkable efficiency of
140.6 Im W' is achieved. Additionally, we successfully develop
photopatternable thin films of perovskite QDs using photo-
crosslinkable polymers as the binders. Microscale patterns are
implemented with success, and the results indicate that the
addition of plasmonic NPs does not adversely affect the pho-
topatternable properties. The findings presented in this work
not only shed light on the underlying mechanisms of plasmonic
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effects but also offer a viable approach for enhancing the optical
performance of perovskite QDs. This advancement holds great
promise for next-generation optoelectronic applications,
including high-definition micro-LED panels.

2. Experimental
2.1 Materials

Oleic acid (90% technical grade), formamidinium bromide
(FABr, 98%), lead(un) bromide (99.99%), toluene (99.8%), N,N-
dimethylformamide (>99.8%), acetonitrile (99.9%), poly(vinyl
cinnamate) (PVCN, MW = 40000; PDI = 2.5), and
polyethyleneglycol-amine (MW = 294.1) were purchased from
Sigma-Aldrich. 2-Octylamine (99%), methyl acetate (99%), 1,2-
propanediol monomethyl ether acetate (PGMEA, 99%, stab.
with 50 ppm BHT), and HAuCl,-3H,0 (99.99%) were purchased
from Alfa Aesar. Oleylamine (~90%) was purchased from Acros
Organics. Polydimethylsiloxane (PDMS) (Sylgard 184) was
purchased from Dow Corning. Graphene oxide (GO) solution
was purchased from UniRegion Bio-Tech. All the chemicals
were used as received without any purification.

2.2 Synthesis of FAPbBr; QDs

The synthesis of FAPbBr; QDs followed the LARP method with
some modifications."* Initially, the precursor solution was
prepared by dissolving FABr (0.5 mL, 0.32 M) and PbBr, (0.5 mL,
0.4 M) in 1 mL of dimethylformamide (DMF), and the resulting
solution was stirred overnight. Subsequently, the precursor
solution was added dropwise into a solution consisting of 10 mL
toluene, 0.50 mL oleic acid (OA) and 0.02 mL octylamine
(OctAm) under vigorous stirring. Instantaneous colloidal crys-
tallization occurred due to the poor solubility of the perovskite
precursors in the nonpolar toluene solvent. After centrifugation
at 8000 rpm for 25 min, the reaction mixture was separated into
two parts; the supernatant was discarded and the precipitate
containing perovskite QDs was redispersed in 10 mL fresh
toluene. Finally, the solution was centrifuged again at 8000 rpm
for 15 min, and the supernatant of the colloidal dispersion was
collected. The resulting QDs were denoted as Oct-QDs. Mean-
while, the precursor solution was also added dropwise into
another solution consisting of 10 mL toluene, 0.1 mL of OA and
0.01 mL oleylamine (OAm) under vigorous stirring. The QDs
were washed and collected using the same methods described
above, and the resulting QDs were denoted as OAm-QDs.

To improve the quality of the QDs, post-synthesis was further
conducted;* the reaction was carried out under ambient
conditions at a relative humidity of 40 + 5% and a room
temperature of 25 °C. Oct-QDs were placed in a conical flask and
subjected to vigorous stirring. Before mixing in the conical
flask, the PbBr, precursor (1.5 mmol) was distinctly dissolved in
a mixture of propionic acid, butylamine and hexane in a ratio of
1:1:1 (v/v) and stirred at 70 °C overnight. Subsequently, PbBr,
(0.03 mL), OA (5 mL), and 2-methyl acetate (10 mL) were added
to the conical flask. After centrifugation at 8000 rpm for 25 min,
the supernatant was collected and a highly luminescent powder
was obtained after solvent evaporation.
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2.3 Synthesis of gold nanoparticle-decorated graphene oxide
nanocomposites

The gold nanoparticle-decorated GO nanocomposites were
synthesized in an aqueous medium following the procedures
reported in previous literature studies.***" In short, a solution of
GO (0.275 mg mL ™', 3 mL) in water was added to another
aqueous solution of HAuCl,-3H,0 (0.047 mg mL™", 10 mL) and
the mixture was aged for 60 min to facilitate interactions
between the GO nanosheets and the Au ions.** Subsequently,
the solution was heated to 90 °C, and a reducing agent, glycine
(0.3 mmol), was introduced.** The solution was maintained at
90 °C and continuously stirred for 4 h. After cooling down to
room temperature, the solution was centrifuged at 6000 rpm.
Then, the precipitate was washed with DI water twice to remove
the remaining gold ions and impurities. Finally, the obtained
nanoparticles were further dried through lyophilization; this
batch of Au NPs is denoted as AuNP-GO. Another type of Au NPs
was also synthesized to study the effects induced by the metal
NPs.** The first few steps were identical to the procedure for
preparing AuNP-GO. After the reduction of Au ions by glycine
and maintaining the solution at 90 °C for 4 h, the heating was
stopped and naturally cooled down to room temperature.
During the cooling step, polyethyleneglycol-amine (0.15 M, 180
pL) was added to the solution. After 45 min of stirring, the
resulting solution was subjected to centrifugation (6000 rpm)
and washed with DI water twice. Finally, the nanocomposites
were also dried through lyophilization, and the final product is
denoted as AuNP-PEGGO.

2.4 Fabrication of quantum-dot LEDs

The PDMS precursor was prepared by mixing 10 parts (by
weight, ~10 g) of Sylgard™ 184 pre-polymer and 1 part (~1 g) of
the curing agent for ~10 min until the entire mixture was filled
with bubbles. The mixture was then placed in a desiccator to
degas (allowing bubbles to rise out) for 15 min. Then, PeQDs
and PDMS (20:1 in weight ratio) were further mixed well and
filled in a blue LED chip with a 5070 package.

2.5 Optical patterning of QDs

The glass substrates (3 cm x 3 cm) were cleaned with the
Alconox neutral detergent and deionized water mixture.
Subsequently, these substrates were subjected to sonication in
both acetone and isopropanol for 15 min each and dried in an
oven. Thereafter, perovskite QDs (6.0 wt%) and poly(vinyl cin-
namate) (PVCN) (0.4 wt%) were dispersed in toluene, and the
resulting solution was spin-coated on the pre-cleaned glass
substrates at a spin speed of 900 rpm for 15 s followed by
1500 rpm for 60 s. Then, the cross-linking reaction of the films
was initiated by exposing them to 365 nm UV irradiation and
the exposure dose was 10 J cm 2" Finally, the films were
further annealed at 60 °C for 5 min in a glovebox. On the other
hand, a double-sided mask aligner (M&R Nano Technology) was
used in the microscale patterning process; the dose rate was 12 J
cm~ 2. The films were developed by dipping the samples in 1,2-
propanediol monomethyl ether acetate (PGMEA) for 3 min
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(OAmM-QDs) to remove unexposed portions. For the other two
types of QDs, the dipping time was longer (30 min). Finally, the
samples were annealed at 80 °C for 10 min.

3. Results and discussion

The formamidinium lead bromide (FAPbBr;) QDs were
synthesized using the ligand-assisted reprecipitation (LARP)
method at room temperature.” The detailed procedures are
outlined in the experimental section. The perovskite QDs
prepared with octylamine and oleylamine are denoted as Oct-
QDs and OAmM-QDs, respectively. The PLQY values of Oct-QDs
and OAm-QDs were 84.8 + 0.7% and 77.4 £+ 0.9%, respec-
tively. Furthermore, the physical properties of these perovskite
QDs were improved through post-treatment.” As a result, the
Oct-QDs were further treated and the resulting QDs (denoted as
Post-QDs) exhibited a high PLQY of 94.5 + 1.3% in toluene after
post-synthesis. Fig. la-c display the transmission electron
microscopy (TEM) images of the various types of perovskite
QDs. These images reveal the presence of typical cubic nano-
crystals. The size distributions of these PeQDs are depicted in
Fig. 1d-f with average diameters of 8.5 + 1.5, 10.8 & 1.4, and
11.0 £ 1.2 nm for Oct-QDs, OAm-QDs and Post-QDs, respec-
tively. In parallel, Au NPs were synthesized following the
procedures we previously reported.**** We employed graphene
oxides (GOs) as a template for the anchoring of Au NPs, thereby
avoiding their aggregation. Furthermore, poly(ethylene glycol)
(PEG) bis(amine) was added to the synthesis medium to
improve the solubility of the nanocomposites.** Fig. S1 (ESIf)
displays the TEM images of the two distinct Au NPs. The AuNPs
anchored to the GO surfaces exhibited a near-spherical shape.
The average diameters for the Au NPs in the AuNP-GO and
AuNP-PEGGO nanocompositions were 19 and 18 nm, respec-
tively. Observing the TEM images, we noted that the majority of
Au NPs were located in close proximity to the edges and wrin-
kles of the GO sheets. The heightened defect density of the GO
nanosheets near their edges and creases likely provided
a greater number of charge sites for immobilizing Au ions
during the initial nucleation stage.*?

To improve the emission properties of the perovskite QDs,
we introduced Au NPs into the solutions of perovskite QDs.*
Fig. 2 displays the PL spectra of the perovskite QDs in toluene
upon the addition of Au NPs. Notably, characteristic green
emission peaks were observed for the FAPbBr; QDs. The PL
intensities of the QDs were enhanced under the optimized
conditions. For instance, the emission from Oct-QDs increased
by approximately 15% after the addition of Au NPs at 4 ug mL ™"
(Fig. 2a). However, the PL intensity started to decline upon the
addition of an excessive amount of Au NPs. Prior research has
indicated that the presence of metal NPs or salts in colloidal
suspensions can lead to rapid optical degradation of perovskite
QDs.*>**3* Therefore, we infer that iodide leaching towards the
metal NPs and the subsequent formation of metal iodides could
be one of the primary factors contributing to the decreased PL
intensities.?***3°

Various types of perovskite QDs and Au NPs were also used in
the PL studies (Fig. 2). The enhancement factors in the PL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a—c) TEM images of the perovskite QDs; (d—f) the size distributions of the perovskite QDs. The perovskite QDs are (a and d) Oct-QDs; (b
and e) OAm-QPDs; (c and f) Post-QDs.

intensities were approximately 10%, 6%, and 5% as shown in and b), we observed the most substantial enhancement in PL
Fig. 2b, c and d, respectively. Comparing the results for Oct-QDs efficiency for Oct-QDs. This may be attributed to the shorter
and OAmM-QDs when using AuNP-GO nanocomposites (Fig. 2a main chain of octylamine (8 carbon atoms) compared to
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Fig.2 Steady-state PL spectra of the perovskite QDs in toluene with various amount of Au NPs. (a) The spectra of Oct-QDs with various amounts
of AuNP-GO; (b) the spectra of OAmM-QDs with various amounts of AUNP-GO; (c) the spectra of OAm-QDs with various amounts of AuNP-
PEGGO; (d) the spectra of Post-QDs with various amounts of AUNP-PEGGO.
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oleylamine (18 carbon atoms), potentially allowing the Au NPs
to be closer to the perovskite QDs in the solutions, thereby
maximizing the near-field LSPR effects. Moreover, the results
presented in Fig. 2b and c indicate a slightly larger enhance-
ment factor when using AuNP-GO, suggesting that the incor-
poration of PEG moieties possibly increased the effective
distance between the perovskite QDs and Au NPs. Conversely,
the PL enhancement was quite limited when employing Post-
QDs (Fig. 2d). This limitation can be attributed to the initially
high PLQY, which stood at 94.5 £+ 1.3%. However, a very high
PLQY of approximately 99% has been achieved for Post-QDs.
The results of the PL measurements are summarized in
Tables S1-S3 (ESIT).

Two primary mechanisms, namely, local excitation field
enhancement and accelerated radiative recombination (the
Purcell effect), may account for the PL enhancement observed
in the previous solutions of the perovskite QDs.*® The first one
arises from the strong local electric field induced by the plas-
monic resonance near the metal NPs. However, such a mecha-
nism can also accelerate nonradiative recombination. The later
mechanism, the Purcell effect, requires a resonance overlap
between the frequency of the LSPR and the PL spectrum of the
emitters. Note that the origin of the plasmonic effects could
involve either one or both of these mechanisms.

On the other hand, in our systems, we found that the highest
PL enhancement factor was less than 16%. Notably, for the best-
performing Post-QDs, the increase in PL intensity was very
limited. These findings suggest that the Purcell effect was likely
the primary factor for the observed PL enhancement, thereby
accelerating radiative recombination. Given that the Purcell
effect typically cannot significantly improve the PL of QDs with
initially high PLQYs, we suspect that the PL improvement
through enhanced excitation efficiency was relatively minor.*®
Scheme 1 illustrates the plasmonic effect of the Au NPs on the
PL performance of perovskite QDs.

Time-resolved photoluminescence (TRPL) measurements
were performed to study the exciton dynamics in the mixtures
composed of the perovskite QDs and Au NPs. Fig. 3a shows the

&P Perovskite QDs

Au NPs ) ] & W\
N\
Plasmons
— Enhanced PL
/) - 1 —r J\
v
kv Au NP hv’

Perovskite QDs

Scheme 1 Schematic illustrating the plasmonic effect on the PL
performance of perovskite QDs. (upper) The near-field interactions
between the Au NPs and perovskite QDs. (lower) The energy level
illustration.
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Fig. 3 Photoluminescence decay of the FAPbBrs quantum dots in
toluene solutions. (a) The decay curves of Oct-QDs, OAm-QDs and
Post-QDs; (b) the decay profiles of the Oct-QDs mixed with varying
concentrations of AUNP-GO NPs. All the samples were excited with
a 375 nm pulsed laser. (c) Photoluminescence spectrum of Oct-QDs
and plasmonic absorption of AUNP-GO.

PL decay curves of the three types of perovskite QDs, which
could be well fitted to the following bi-exponential decay

equation,®*
f() = A1e<;') + Ase (75) (1)

where 7; and 1, represent the lifetimes of the emitters, respec-
tively, and A, and 4, are their respective amplitudes. The short-
lived time constant (z;) could be associated with exciton
recombination upon light absorption, while the long-lived
component (7,) was likely attributed to exciton recombination
involving the surface states of the QDs."*"** The fitting results
are summarized in Table S1 (ESIt). The average lifetime (7,.g)
for each condition was also evaluated using the following
formula,*®3°

Al‘Cl + Az‘(z

2
A+ A (2)

Tavg =

From the results, it is evident that Oct-QDs exhibited shorter
lifetimes compared to OAm-QDs, which aligned with their
higher PLQY of 85.0 £ 1.0%. The average lifetime (z,y,) for Oct-
QDs was also shorter (12.46 ns). This indicated that the
enhanced PL behavior of Oct-QDs could be attributed to faster
rates of radiative decay and surface recombination. Further-
more, the lifetimes of Oct-QDs were observed to decrease after
post-treatment (Post-QDs); specifically, t; and 1, reduced from
7.33 and 24.20 ns to 5.09 and 14.77 ns, respectively. The results

© 2024 The Author(s). Published by the Royal Society of Chemistry
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indicate that post-treatment effectively reduced the density of
defect states, leading to faster radiative decay and a higher
PLQY (Table S3, ESIt).

Fig. 3b displays the decay curves of the Oct-QDs after the
addition of various amounts of AuNP-GO. The lifetime values of
the Oct-QDs decreased with the addition of Au NPs. Under
optimal conditions, 7, and 7, decreased to 4.31 and 14.32 ns,
resulting in a short 7,,, of 8.74 ns. However, as more AuNP-GO
was added, the lifetimes became longer. Tables S1-S31 (ESI)
also provide a comparison of the lifetimes and PLQY values. The
highest PLQY occurred when the lifetimes were the shortest,
indicating that Au NPs increased the radiative decay rates. This
increase in the spontaneous radiative rate of the Oct-QDs was
likely due to the coupling between the excitons and localized
surface plasmons of the Au NPs (Scheme 1), which aligns with
the assumption made in Fig. 2. Furthermore, Tables S4-S6
(ESIf) list the radiative (k;) and non-radiative recombination
(knr) rate constants, which are obtained from the calculations
using the PLQY values and the PL decay lifetimes. We clearly
observed that the radiative recombination rates were increased
after the addition of Au NPs. These findings strongly support
the notion that the Purcell effect is primarily responsible for the
PL improvement.

Fig. 3c illustrates a significant spectral overlap between the
plasmon band of the Au NPs and the emission spectrum of the
Oct-QDs. The condition of accelerating the radiative rate,
known as the Purcell effect, relies on a resonance overlap
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between the plasmon frequency and the PL spectra. The
pronounced spectral overlap supports the presence of strong
coupling.?® Furthermore, it is worth noting that the plasmonic
effects may also address the issue of “dark” states in the QDs. A
higher radiative rate reduced the probability of the Auger
process, which is a primary mechanism for the creation of
charged, non-emissive QDs, consequently leading to increased
PLQY values.*® However, further studies are required to fully
understand the mechanism behind this PL enhancement.

The highly luminescent nanocompositions containing
perovskite QDs and Au NPs have potential applications as color
conversion layers (CCLs) for lighting and displays. First, we
fabricated green LEDs by depositing the QDs on blue GaN-based
light-emitting chips.* Different types of perovskite QDs were
mixed with polydimethylsiloxane (PDMS), and the resulting
mixture was used to fill in the blue LED chip; details of the
fabrication processes are illustrated in Fig. S2 (ESIf). Fig. 4a
displays the electroluminescence (EL) spectra of blue LEDs
before and after the incorporation of Post-QDs, with the LED
operated at an injection current of 30 mA. We observed a strong
blue emission peak centered at 454 nm from the blue LED. After
filling the Post-QD/PDMS mixture, a green emission peak
appeared at 534 nm. Notably, the peak position was slightly red
shifted compared to the emission observed in toluene (as shown
in Fig. 2), suggesting potential aggregation of the QDs in the solid
states. When the current was lower than 20 mA, no apparent blue
emission could be observed. On the other hand, a very minor

=
>
1=}
T
v

—=—Blue LED
—e— Post-QDs
—o—+AuNP-PEGGO

mWwW")

100+
< 801
g
& 601
Q
E 40-142&9—5._,_.__
(I} —e—s
20
0 . : . ; . . ,
0 10 20 30 40 50 60 70
Current (mA)
(d) 80
X —=—Blue LED
I —e— Post-QDs

60\ —+— +AUNP-PEGGO
g U

P

Efficiency (Im W)
'S
o

N
o
1

0 T T T
0 50 100 150

Time (min)

Fig. 4 Characterization of the LEDs prepared with perovskite QDs as the color conversion layers. (a) The EL spectra of various LEDs in this work.
Inset: the photograph of a blue LED as the light source and its emission was converted to green light by the CCL. (b) Power efficiencies of the
various LEDs at different driving currents. (c) CIE color coordinates of the emission from the LED, PL and the Bt.2020 green standard. The black
squares represent Post-QDs and the red dots are the mixture consisting of QDs and AUNP-PEGGO. (d) Time-dependent power efficiencies of
the LEDs operated continuously; the driving current was kept at 70 mA. Inset: the normalized time-dependent power efficiencies of the LEDs

prepared with and without Au NPs.
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peak at 456 nm was still observed when the current was higher
than 20 mA. Nevertheless, more than 99% of the blue emission
was effectively converted to green photons, suggesting that a high
color conversion efficiency was achieved. Furthermore, we
introduced the Au NPs (AuNP-PEGGO) into the mixture with the
Post-QDs, and this also led to effective down-conversion of blue
photons into green emission (Fig. 4a). The EL spectra of the green
emission were nearly identical, revealing that the addition of An
NPs did not alter the nature of the excited states.

Fig. 4b presents the device efficiencies of the LEDs at various
injection current levels. The highest power efficiency achieved
by the blue LED was 42.7 Im W™, which gradually decreased
with increasing injection current. However, after incorporating
Post-QDs, the highest power efficiency of the green LED reached
133.9 Im W, The efficiency further improved to 140.6 Im W *
upon the incorporation of Au NPs (AuNP-PEGGO) into the LEDs.
Within the range of injection current, up to 70 mA, the LED
showed enhanced efficiencies when Au NPs were used.
Furthermore, the efficiencies at a high injection current of 70
mA remained high; for example, the efficiencies were 60.14 and
73.14 Im W for the LEDs prepared without and with Au NPs,
respectively. Because the device efficiencies are directly related
to the PLQY values, the improvement in device efficiencies
could be attributed to the plasmonic effects of the Au NPs. From
Fig. 3c, we could observe intensive absorption below 520 nm
due to the d-band transition. A portion of the blue emission
from the GaN LED could be absorbed and consumed by the Au
NPs, thereby reducing the device efficiency. Nevertheless, the
prevailing influence of the Purcell effect is poised to surpass
other potential impacts, thereby increasing the efficiencies.
Consequently, the incorporation of Au NPs is expected to yield
a net increase in the generation of green photons by the system.

ct-QDs + AuNP-GO

o~

View Article Online

Communication

Fig. 4c displays the CIE color coordinates of the emission
from the blue LED, the green emission from the LEDs prepared
with the QDs, and the BT.2020 green standard.** The coordi-
nates of the LED prepared with and without Au NPs were (0.208,
0.715) and (0.202, 0.719), respectively. Both were very close to
the BT.2020 green standard (0.170, 0.797), revealing their high
potential for display applications.

Fig. 4d depicts the time-dependent efficiencies of the LEDs at
a sustained driving current in the ambient atmosphere. Fig. S3
(ESIt) also shows the normalized efficiencies. The efficiency of
the blue LEDs were retained throughout the test. However, the
luminous efficiencies of both LEDs dropped rapidly in the first
stage but gradually stabilized after approximately 1 h. Notably,
the LED prepared with Au NPs degraded very fast during the
first few minutes, but the stabilized efficiency was still higher
than the efficiency of the device fabricated without Au NPs. To
illustrate this, after 180 minutes of stress testing, the efficiency
of the LED prepared with Au NPs remained at 75% of its initial
value, whereas it dropped to 69% for the device prepared
without Au NPs (Fig. 3). In other words, the addition of Au NPs
could somehow improve the stability of the LEDs. These
encouraging results demonstrate the potential to simulta-
neously enhance both device efficiency and stability using
plasmonic metal NPs.

Previously, we reported the preparation of photopatternable
perovskite quantum dot-polymer nanocomposites (PQD-PNCs),
which can be patterned using conventional photolithography
processes to achieve feature sizes at the micro-scale.* Fig. 5a—c
show the images of the patterned PQD-PNC films prepared with
and without Au NPs. In these films, perovskite QDs and Au NPs
(AUNP-PEGGO) were embedded into poly(vinyl cinnamate)
(PVCN). The patterned thin films, observed under normal

Fig. 5 The photographic images of the patterned PQD-PNC films under irradiation from a UV lamp. (a—c) The PQD-PNC films comprising (a)
Oct-QDs and AuNP-GO; (b) OAm-QDs and AuNP-GO; (c) Post-QDs and AuNP-PEGGO. The substrate size was 3 x 3 cm for all samples.
Microscale patterns of the PeQD-PNC films prepared with (d) Post-QDs; (e) Post-QDs and AuNP-PEGGO. The insets show the magnified view of
the line patterns, enlarged from the white squares in (d) and (e), respectively.
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lighting conditions, are also revealed in Fig. S4 (ESIt). The
resulting patterns exhibited similar optical properties, indi-
cating that the addition of Au NPs did not affect the photo-
patternable properties.

Patterning of QD films is in high demand for numerous
optoelectronic applications. To achieve microscale patterns, we
utilized a mask aligner equipped with a 1000 W UV light source
for the patterning process using the PeQD-PNCs. As shown in
Fig. 5d and e, we created fine line patterns with varying widths
through photolithography. The results demonstrate the effec-
tiveness of achieving microscale patterning using PeQD-PNCs,
both with and without Au NPs. The inset images of Fig. 5d
and e reveal that the smallest line width achieved was 8.0 um.
Moreover, there was no noticeable difference in the microscale
patterns when incorporating Au NPs, revealing their high
potential for use in photolithography with perovskite QDs.

One of the primary challenges associated with the use of
perovskite QDs is their poor stability and high sensitivity to
environmental stresses. To assess the stability of these thin
films, we prepared neat films of the perovskite QDs and various
PQD-PNC films. Subsequently, we stored the thin films under
normal ambient conditions without any encapsulation. Fig. 6
shows the results of the stability tests for the thin films, with
time-dependent PLQY values being recorded. The PLQY values
for the neat films prepared with Oct-QDs, OAm-QDs and Post-
QDs were 29.0 £+ 0.6%, 33.7 £+ 1.1% and 41.4 £+ 1.2%, respec-
tively. Although the PLQY of Oct-QDs (84.8 £ 0.7%) in a diluted
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toluene solution was higher than that of OAm-QDs (77.4 +
0.9%), the PLQY of OAmM-QDs was slightly higher in their solid
form. We suspect that the surface ligands of OAm-QDs, likely
oleylammonium halide and/or oleylammonium carboxyl-
ates,*** were stronger and better at preserving the colloidal
integrity of the QDs after solidification. Furthermore, the PLQY
values were improved after blending with Au NPs, consistent
with the findings from the studies in the solutions, as described
earlier. Additionally, the PLQY values of the PeQD-PNC films
were higher than those of the neat films, possibly due to the
dilution effects, which reduced the reabsorption efficiency. The
highest PLQY among all the conditions was 52.9% for the film
prepared with AuNP-PEGGO in a PVCN polymer matrix. Clearly,
the LSPR effects of Au NPs can effectively enhance the PL
performance of the perovskite QD films.

Fig. 6 also indicates the PLQYs recovered under certain
conditions, particularly during the initial few days of storage.
Although the mechanism behind the PL recovery is not yet well
understood, our previous results suggest that it may be attrib-
uted to the desorption and subsequent re-adsorption of surface
ligands." For the Post-QDs, such a phenomenon of PLQY
recovery was absent; which led us to suspect that the surface
ligands were bound more strongly to the surface after the post-
treatment, thereby preserving the colloidal integrity.**

For instance, the highest PLQY (33.3 &+ 0.6%) was observed
for Oct-QDs when prepared with PVCN and AuNP-GO (Fig. 6a).
It remained nearly unchanged on the second day but started to
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Fig. 6 Changesin the PLQY values of various thin films prepared with perovskite QDs. The films were deposited on glass substrates without any
encapsulation and were stored under normal ambient conditions; the temperature and relative humidity were kept at 25 °C and 40%,
respectively. The films were prepared using (a) Oct-QDs and AuNP-GO; (b) OAm-QDs and AuNP-GO; (c) OAm-QDs and AuNP-PEGGO; (d)
Post-QDs and AuNP-PEGGO. The concentrations of the neat PeQD films were 6.0 wt%. The concentrations of the perovskite QDs and PVCN in
the PQD-PNC films were 6.0 wt% and 0.4 wt%, respectively; the concentrations of Au NPs were 0.04 wt%.
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decay from the third day onwards. From the seventh day, the
PLQY declined at a much slower rate. Conversely, OAm-QDs and
Post-QDs exhibited different behaviors. The PLQY values of
OAm-QDs showed a temporary recovery during the first 2 or 3
days, followed by a steady decline with time (Fig. 6b and c). In
contrast, the PLQY values of Post-QDs monotonically decreased
with time (Fig. 6d). The PLQY of Post-QDs prepared with PVCN
and AuNP-PEGGO remained stable at 29.5 &+ 0.7% after 15 days
of storage. Interestingly, the decay rates for both types of
perovskite QDs were similar and remained unaffected by the
presence of Au NPs or a polymer matrix. Note that the results
differ somewhat from the behavior observed in perovskite QDs
embedded in PDMS (Fig. 4d). The presence of Au NPs may have
acted as a heat sink, aiding in heat dissipation generated from
the LEDs during continuous operation. On the other hand, for
thin films, reactions with moisture and/or oxygen likely played
a more significant role in material degradation.

4. Conclusion

In summary, we conduct a systematic study on the LSPR effects
of Au NPs on the emission properties of perovskite QDs. The
investigation reveals that the PLQY values of the FAPbBr; QDs
are enhanced by blending them with Au NPs, achieving a high
PLQY approaching 99% in toluene. Various perovskite QDs with
different ligands and Au NPs are also employed for steady-state
and time-resolved PL studies. The results indicate that the
radiative recombination rate is accelerated and the Purcell effect
is likely the primary reason for the observed PL improvement.
The PL increment through enhanced excitation efficiency is
relatively minor. Furthermore, highly luminescent nano-
compositions, consisting of PeQDs and Au NPs, are employed
as the CCLs for display applications. They effectively convert the
blue emission from LEDs into green photons, and the resulting
green LED achieves a remarkable efficiency of 140.6 Im W™ " after
incorporating Au NPs into the device. Finally, the PeQDs and Au
NPs are embedded in a photopatternable polymer, PVCN, and
the resulting polymer films can be patterned with UV light.
Importantly, the microscale patterns created with and without
Au NPs exhibit similar properties, suggesting that the addition of
Au NPs does not adversely affect the photopatternable nature.
We anticipate that our results will pave the way for new oppor-
tunities to enhance the optical performance of perovskite QDs in
next-generation optoelectronic applications.
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