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Abstract: We conducted experiments utilizing the scattering effect of zinc oxide (ZnO) to enhance
the photoluminescence (PL) intensity of cesium lead bromide (CsPbBrs) perovskite quantum dots
(QDs). This study involved investigating the method for creating a CsPbBr; and ZnO mixture and
determining the optimal mixing ratio. A mixture dispersion of CsPbBr3 and ZnO, prepared at a
1:0.015 weight ratio through shaking, was fabricated into a film using the spin coating method. The
PL intensity of this film showed a relative increase of 20% compared to the original CsPbBr; QD
film without ZnO. The scattering effect of ZnO was confirmed through ultraviolet-visible (UV-Vis)
absorption and transient PL experiments, and a long-delayed exciton lifetime was observed in the
optimized mixture dispersion thin film. The morphology of the fabricated film was characterized
using field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM),
and atomic force microscopy (AFM). For the CsPbBr3-ZnO mixture (1:0.0015) film, crystal domains of
approximately 10 nm were observed using TEM. Through AFM analysis, an excellent film roughness
of 4.6 nm was observed, further confirming the potential of perovskite QD/ZnO composite films
as promising materials for enhanced photoconversion intensity. In future studies, applying this
method to other perovskite materials and metal oxides for the optimization of photoconversion
composite materials is expected to enable the fabrication of highly efficient perovskite QD/metal
oxide composite films.
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1. Introduction

Halide perovskites are primarily classified into two main types: one is the organic—
inorganic hybrid type (APbX3, where A represents methyl ammonium compounds and
X represents halides such as Br, I, or Cl), and the other is the inorganic perovskite type
(e.g., CsPbX3) [1-5]. While organic-inorganic hybrids are preferred due to their cost-
effectiveness, facilitated by efficient synthesis methods at ambient temperatures, inorganic
perovskites like cesium lead bromide (CsPbBrs) often require high-temperature process-
ing above 150 °C [6]. However, they offer advantageous material stability and superior
thermal stability, ensuring reliable performance under high-temperature conditions, which
provides commercial advantages in terms of storage stability and material reliability [7,8].
Consequently, these robust characteristics can address the drawbacks of organic-inorganic
perovskite materials, which are easily degraded by moisture and heat. In particular, CsPbX3
offers optical advantages, including color tuning of the emission wavelength depending on
the type of halide, narrow full width at half maximum (FWHM) of the emission characteris-
tics, and the ability to achieve high photoluminescence quantum yield (PLQY). Due to these
properties, CsPbX3 has attracted significant interest as a promising candidate electronic
material for various high-performance optoelectronic devices, including photoconversion
films, light-emitting diodes (LEDs), lasers, and photodetectors [1,9-13]. Recent advance-
ments in perovskite photoconversion films and LED technology have primarily focused on
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enhancing the PLQY by reducing non-radiative recombination losses, making it a key area
of research and development. Non-radiative recombination can occur due to surface defects
and low-charge carrier mobility. To address these issues, there is active research on surface
engineering techniques based on additives for improving surface defects and dimension
engineering. For example, introducing potassium bromide (KBr) into the perovskite film
can lead to the passivation of dangling bonds at the bond sites of bromine-deficient Pb,
thereby improving the photoconversion efficiency. In cases where such defects are not
passivated, they typically capture carriers. However, when these defects are passivated,
the PLQY can increase from 66% to 95%. Additionally, applying this method in perovskite
light-emitting diode (PeLED) devices can enhance the external quantum efficiency (EQE) to
21% [14]. In addition to these approaches, methods for increasing PLQY through the light-
scattering effect of metal oxides have also been proposed. Park et al. demonstrated that
high-refractive-index nanoparticles such as TiO, and Y,0O3-ZrO; can function as scattering
layers in organic light-emitting diode (OLED) devices, improving light extraction effi-
ciency without compromising display quality [15]. Furthermore, a new approach has been
proposed by our group to improve perovskite efficiency by utilizing the light-scattering
effect of metal oxides. It was reported that incorporating SiO, with a refractive index
of 1.46 and Al,O3 with a refractive index of 1.76 into the perovskite quantum dot (QD)
film resulted in an enhancement in photoconversion efficiency by 1.3 to 1.4 times [16].
This phenomenon can be interpreted as the repeated scattering of light occurring within
the film, where the cumulative scattering effects enable the perovskite emitters to exhibit
relatively high photoluminescence (PL). Among metal oxides, zinc oxide (ZnO), which
has a refractive index of 2.0, exhibits superior thermal stability, as well as low costs and
environmentally friendly properties, making it a highly promising material for various
optoelectronic applications [17-22]. However, ZnO becomes highly fragile upon exposure
to acidic or basic environments. Utilizing these characteristics of ZnO, Jha et al. explored
the scattering effects occurring in ZnO films and confirmed that ionized impurities and
charge defects serve as primary scattering centers influencing charge mobility and bandgap
transitions [23]. From these results, research on semiconductor materials such as ZnO has
demonstrated how scattering mechanisms can be utilized to enhance device performance
in various optoelectronic applications [24-29]. Therefore, this study aims to optimize the
fabrication of thin films by dispersing ZnO into CsPbBrs-based perovskite QDs and to
evaluate the applicability of the photoconversion films through optical characterization
and morphological analysis.

2. Materials and Methods
2.1. General Information

All chemicals were used without further purification. Cesium carbonate (Cs,COj3,
99%), lead (II) bromide (PbBr, > 98%), 1-octadecene (ODE, 90%), oleylamine (OAm, 70%),
octane anhydrous (>99%), methyl acetate (MeOAc, 95%, anhydrous), and Ethyl alcohol
(99.9%, anhydrous) were purchased from Sigma-Aldrich. ZnO (Avantama N-10) was
purchased from Avantama AG in Switzerland. Acetone, ethanol, deionized water, and iso-
propyl alcohol used for washing the glass were of HPLC grade with a high purity of >99.9%,
and these solvents were purchased from SAMCHUN Chemicals (Seoul, Republic of Korea).
The washed glass was additionally cleaned with a UV Ozone cleaner (JAESUNG Engineer-
ing, Anyang, Republic of Korea). An ultrasonic digital cleaner (SAEHAN Ultrasonic Co.,
Seoul, Republic of Korea) was used during the washing of the glass for film fabrication, as
well as to mix the perovskite solution and ZnO dispersion. A vortex mixer (KMC-1300V)
was used for shaking (VISION Co., Daejeon, Republic of Korea). Spin-coated films were
fabricated with a spin coater (SPIN 1200, MIDAS System, Daejeon, Republic of Korea).

Field emission scanning electron microscopy (FESEM) images were obtained using
a JSM-7900F instrument (JEOL, Tokyo, Japan). Transmission electron microscopy (TEM)
images were obtained using a Tecnai G2 F30 S-Twin (FEI, Hillsborough, OR, USA). The
particle sizes were determined using Image] software (version 1.54d). Image] is a Java-
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based, multithreaded, freely available, open-source, platform-independent, and public
domain program for image processing and analysis. It was developed at the National
Institutes of Health in the USA. Optical ultraviolet-visible (UV-Vis) absorption spectra
were obtained using a UV-1900i UV /Vis/NIR spectrometer (Shimadzu, Kyoto, Japan). A
Perkin-Elmer LS55 (Xenon flash tube) luminescence spectrometer (PerkinElmer, Waltham,
MA, USA) was used to analyze PL spectroscopy. Atomic force microscopy (AFM) images
were obtained using a D3100 microscope (Veeco, Plainview, NY, USA). Transient PL (TRPL)
decay time values were obtained by using Quantaurus Tau (Hamamatsu, Shizuoka, Japan).

2.2. Synthesis of Perovskite
2.2.1. Synthesis of Cs-Oleate Solution

Cs,CO3 (0.40 g, 1.25 mmol), ODE (15 mL), and OA (1.25 mL) were loaded into a 50 mL
two-neck flask and dried by degassing under vacuum at 120 °C for 1 h. Following this, the
mixture was heated at 150 °C under N, until a clear solution was obtained. To avoid the
precipitation of the resultant Cs-oleate at room temperature, it was heated to a temperature
above 100 °C.

2.2.2. Synthesis of Pristine and Passivated CsPbBr; QDs

PbBr; (0.564 mmol), ODE (15 mL), OA (1.5 mL), and OAm (1.5 mL) were loaded
into a 100 mL three-neck flask and dried by degassing under vacuum at 120 °C for 1 h.
Following this, the mixture was heated under N; to 180 °C, and the prepared Cs-oleate
(2 mL) was quickly injected. After 5 s, the reaction mixture was cooled using an ice bath and
centrifuged at 10,000 rpm for 5 min. Subsequently, the resultant precipitate was collected,
dispersed in toluene (5 mL) and methyl acetate (5 mL), and centrifuged at 10,000 rpm for
10 min. The resultant precipitate was then redispersed in toluene (10 mL) and centrifuged
at 10,000 rpm for 10 min, and the supernatant was collected [30,31].

2.3. Method for Fabricating Films Using the Dispersion

A 1 wt% CsPbBrj solution was prepared by dissolving 110 mg of CsPbBrs QD powder
in 11 mL of octane. ZnO solutions with concentrations of 0.08, 0.15, 0.3, and 0.5 wt%
were prepared from a ZnO solution (Avantama N-10, 2.5 wt% in ethanol). To prepare
a 1.1 mL mixed solution, 0.1 mL of each ZnO solution was added to 1 mL of the 1 wt%
CsPbBrj3 solution. The mixed solution was dispersed using an ultrasonic digital cleaner
and a vortex mixer, each for 5 min. Glass substrates (25 mm x 25 mm) were immersed
in a tray containing acetone, which was then placed in an ultrasonic digital cleaner for
10 min of washing. The same process was sequentially repeated with ethanol, deionized
water, and isopropyl alcohol, and the substrates were dried in an oven at 80 °C for 10 min.
The substrates were further cleaned with a UV-ozone cleaner for 10 min prior to spin
coating. The resulting solution mixtures were spin-coated onto the cleaned glass substrates
at 2000 rpm for 60 s using a spin coater, followed by annealing at 60 °C for 10 min.

3. Results and Discussion
3.1. Preparation of the CsPbBr3-ZnO Mixture Solutions

CsPbBrs-based perovskite nanocrystals are representative perovskite materials known
for their green luminescence, featuring a typical 1:1:3 structure formed by the combination
of metal cations and halide anions. In this study, the refractive index of metal oxides
with superior optical properties was utilized to induce light scattering within the film. By
incorporating ZnO, which has a refractive index of 2.0, into the perovskite film, we aimed
to enhance the repeated scattering effects within the film, enabling the perovskite emitters
to exhibit relatively high PL efficiency. Such attempts were previously reported by our
group, where we achieved enhanced efficiency using SiO; and Al,O3 [16]. Generally, for
perovskite materials, the use of polar solvents, such as alcohol, can lead to the dissociation
of the perovskite bonds, which may affect the crystalline structure and reduce luminescence
efficiency. Furthermore, perovskite materials are sensitive to moisture, and contact with
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water can cause the degradation of the crystals, compromising the stability of the material.
Consequently, nonpolar solvents, such as octane, are primarily used. However, solutions of
metal oxides such as ZnO are typically prepared using polar solvents like alcohol, resulting
in the presence of -OH groups on the surface of the metal oxide. It has been reported that
ZnO nanocrystals are readily dispersible in bare dimethyl sulfoxide [32]. This creates a polar
solution that contrasts with the perovskite, and simple mixing can lead to phase separation,
adversely affecting the optical properties of CsPbBr; and resulting in decreased efficiency.
To mitigate these negative factors, this study aimed to produce a dispersion solution during
the mixing of the two solutions. We selected appropriate concentrations and compared the
results of solution preparation using sonication or shaking after mixing. This dispersion
state helps prevent aggregation, allowing for the attainment of uniform thin films prior to
fabrication via spin coating. In this study, octane and ethanol were used as good solvents
for CsPbBr; and ZnO, respectively. Before mixing, both solutions were observed to be in
a very clear state (Figure 1a). The methods for mixing the two solutions are detailed in
Section 2: Materials and Methods. The mixture solution prepared by sonication exhibited a
rapid sedimentation of CsPbBrj crystals immediately after preparation, with noticeable
settling occurring within 10 min. After 40 min, the upper solution became transparent,
indicating the final separation of the solvent and the crystals (Figure 1b). In contrast, the
solution prepared by shaking maintained a dispersed state of CsPbBr; and ZnO even after
40 min, as shown in Figure 1c. After preparing the solution using sonication and shaking
methods, the surface of the spin-coated film was visually confirmed to be clean, as shown
in Figure 2(b-1,c-1). Additionally, as observed in Figure 2a—c, exposure to UV light resulted
in visible green luminescence from both the solution and the film.

(b) p-1 b4 b5 (€ c1 2

Figure 1. Photos of solutions: (a) ZnO (0.15 wt%) in ethanol (left) and CsPbBrs (1 wt%)
in octane (right); (b) CsPbBr3-ZnO (1: 0.015) solutions after sonication; and (c) CsPbBr3-ZnO
(1: 0.015 wt ratio) solutions after shaking.

b-1 (c) c1 c-1

Figure 2. (a) Photos of solutions under UV light, (b) photos of spin-coated films using sonication
without UV light (left) and under UV light (right), and (c) photos of spin-coated films using shaking
without UV light (left) and under UV light (right).

3.2. Photophysical Properties of the CsPbBr3-ZnO Mixture Films

The UV-Vis absorption spectra of the CsPbBr3-ZnO mixture films were measured. The
measured UV-Vis properties are summarized in Table 1. It was found that the absorption
pattern of CsPbBr; remained similar even with the inclusion of ZnO (Figure 3). A slight
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decrease in intensity was observed, which can be attributed to the dilution effect caused by
the presence of ZnO, resulting in a minor reduction compared to the absorption intensity
of CsPbBr3. The UV-Vis absorption maximum wavelength (UVmax) of all the prepared
CsPbBr3-ZnO mixture films was found to be comparable to that of the original CsPbBrs3,
measuring at 503 nm. This observation suggests that ZnO, which has an absorption range
from 300 to 400 nm, does not interfere with the absorption mechanism of CsPbBr; and does
not form a new excited state.
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Figure 3. UV-Vis absorption spectra of ZnO, CsPbBr; and the CsPbBr3-ZnO mixture in the film state:
(a) ZnO, (b) after sonication, and (c) after shaking.

Table 1. Maximum wavelength and intensity of UV-Vis absorption for CsPbBr; and the CsPbBr3-ZnO

mixture in the film state.

Sonication Shaking
CsPbBr3 and the Mixture
Aabs (nm) Absorption Intensity Aabs (nm) Absorption Intensity
CsPbBr3 503 0.029 503 0.029
CsPbBr3-ZnO ratio (1:0.008) 507 0.020 505 0.026
CsPbBr3-ZnO ratio (1:0.015) 507 0.022 504 0.024
CsPbBr3-ZnO ratio (1:0.03) 507 0.025 504 0.022
CsPbBr3-ZnO ratio (1:0.05) 507 0.023 504 0.017

The PL of films made using solutions prepared by sonication and shaking methods
was measured, and the PL intensity was compared. The measured PL properties are
summarized in Table 2. The results indicated that the shaking method is more effective in
maintaining a superior overall PL intensity trend (Figure 4). It is believed that when using
sonication, the formation of CsPbBr; QDs as crystals leads to a decrease in the concentration
of CsPbBrjs in the dispersion solution, resulting in lower PL intensity. In addition, when
sonication is used instead of shaking, the rapid vibrations may cause the perovskite to
quickly precipitate as crystals, leading to self-organization and the formation of larger
structures. In this case, the perovskite may shift from a quantum dot form to a bulk type,
potentially lowering luminescence efficiency [33]. Further studies are underway. On the
other hand, films derived from solutions prepared using the shaking method showed an
increase in PL intensity at ratios of 1:0.008 and 1:0.015, measuring 648 and 720, respectively,
compared to the intensity of pure CsPbBrs at 598. However, when the ZnO ratio was
further increased, the PL intensity decreased again, indicating that the ratio of 1:0.015 is
optimized. As a result, the film made from a CsPbBr3-ZnO solution with a weight ratio of
1:0.015 under shaking method exhibited the highest PL intensity, showing approximately a
20% improvement over the original CsPbBrz. The PL. maximum wavelength (PLmax) of
CsPbBrj was 515 nm, while that of ZnO was 385 nm. All mixtures in the film state exhibited
PLmax values similar to that of CsPbBr3. This is likely because the PL intensity of ZnO is
very weak, and the PL region of ZnO does not overlap with that of CsPbBrs. Furthermore,
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since ZnO does not absorb visible light in the 400 nm to 800 nm range, it is interpreted as
not affecting the emission of CsPbBrs.

(@)1 (b) &0 (€) 0o
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Figure 4. PL spectra of ZnO, CsPbBr3 and the CsPbBr;-ZnO mixture in the film state: (a) ZnO, (b)
after sonication, and (c) after shaking.

Table 2. Maximum wavelength and intensity of PL for CsPbBrj and the CsPbBr3-ZnO mixture in the
film state.

Sonication Shaking
CsPbBr3 and the Mixture -
ApL (nm) PL Intensity ApL (nm) PL Intensity
CsPbBrj3 515 598 515 598
CsPbBr3-ZnO ratio (1:0.008) 515 504 514 648
CsPbBr3-ZnO ratio (1:0.015) 516 468 517 720
CsPbBr3-ZnO ratio (1:0.03) 514 458 515 632
CsPbBr3-ZnO ratio (1:0.05) 515 268 515 576

To investigate the behavior of excited electrons, TRPL was measured on films fab-
ricated under shaking conditions, which showed excellent PL intensity (Figure 5). The
measured delayed exciton lifetimes are summarized in Table 3. In this study, the delayed
fluorescence lifetime of the CsPbBrj films was determined to be 74.8 ns, and the x-axis
range of the delayed spectrum was displayed up to 3000 ns. The four films with different
ZnO mixture ratios exhibited longer delayed lifetimes than CsPbBr3. The CsPbBr; and
ZnO mixture with a 1:0.015 ratio showed the longest delayed lifetime of 81.0 ns. This
can be interpreted as the scattering effect induced by ZnO within the perovskite film,
which prolongs the emission process and leads to a relatively longer delayed lifetime in
the TRPL results. The delayed lifetime started to increase compared to the pristine film
at a 1:0.008 ratio, reaching the longest value at a 1:0.015 ratio. Consequently, TRPL mea-
surements confirmed the occurrence of light scattering in CsPbBrz due to ZnO. The film
fabricated under shaking conditions with a CsPbBr3-ZnO weight ratio of 1:0.015 exhibited
the highest PL intensity and the longest delayed TRPL lifetime, demonstrating consistency
with the optimized ratio.

Table 3. Delayed exciton lifetime of CsPbBrs and the CsPbBr3-ZnO mixtures in film state.

CsPbBr3 and the Mixtures Delayed Exciton Lifetime 2 (ns)
CsPbBr; 74.8
CsPbBr3-ZnO (1:0.008) 74.5
CsPbBr3-ZnO (1:0.015) 81.0
CsPbBr3-ZnO (1:0.03) 74.3
CsPbBr3-ZnO (1:0.05) 69.5

2 Calculated by TRPL decay.
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Figure 5. (a) TRPL spectra of CsPbBr3 and the CsPbBr3-ZnO mixtures in the film state. (b) TRPL
spectra of CsPbBrz and CsPbBr3-ZnO weight ratio of 1:0.015 in the film state.

3.3. Morphology of the CsPbBr3-ZnO Mixture Films

Using FESEM, TEM, and AFM, we compared the morphologies of films derived
from the optimized 1:0.015 weight ratio of CsPbBr3;-ZnO, which exhibited the best optical
properties, with those of pure ZnO and pure CsPbBrj3 films. Through this morphological
comparison, we assessed the potential for improving light conversion efficiency. Using
FESEM analysis, the shapes of ZnO and CsPbBr; were examined (Figure 6). The CsPbBrs
particles were observed to have a square shape, while the ZnO particles exhibited a rounded
shape. The CsPbBr3-ZnO mixture film demonstrated enhanced dispersion and exhibited a
relatively dense surface. While vacancies could lead to a reduction in PL efficiency, such
possibilities were difficult to identify.

(b) ()

Figure 6. FESEM images of (a) ZnO, (b) CsPbBr3, and (c) the CsPbBr3-ZnO mixture (1:0.015) in the
film state.

Further TEM analysis was performed to achieve a more accurate assessment of the
morphology (Figure 7). The CsPbBr3 particles presented a rectangular structure that was
close to a cubic form [31], while the ZnO particles showed a clearly defined spherical
shape. The average particle sizes obtained from the TEM analysis were 10.2 nm for ZnO
and 9.55 nm for CsPbBrs, enabling the precise verification of their shapes and dimensions.
Figure 7c reveals the presence of randomly arranged ZnO and CsPbBrj; in the CsPbBr3-
ZnO mixture (1:0.015) film, allowing for the confirmation of maintained lattice size and
arrangement. Consequently, this suggests the potential for improved light conversion
efficiency in the CsPbBr3-ZnO mixture (1:0.015) film.
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Figure 7. TEM images of (a) ZnO, (b) CsPbBr3, and (c) the CsPbBr3-ZnO mixture (1:0.015) in the
film state.

Using AFM, the surface roughness of three different films—CsPbBrs, ZnO, and the
CsPbBr3-ZnO mixture (1:0.015)—was evaluated (Figure 8). The analysis showed that the
root mean square (RMS) roughness values were 3.92 nm for the CsPbBrj film, 4.14 nm for
the ZnO film, and 4.59 nm for the CsPbBr3-ZnO mixture (1:0.015) film. All films exhibited
RMS values below 5 nm, resulting in a smooth surface. This will help suppress negative
scattering effects that occur on the surface when fabricating multi-layered devices and
enhance light conversion efficiency.

Figure 8. AFM images of (a) ZnO, (b) CsPbBrj;, and (c) the CsPbBr3-ZnO mixture (1:0.015) in the
film state.

4. Conclusions

We successfully fabricated thin films by dispersing zinc oxide with a size of 10 nm
in a variety of compositions within CsPbBrs perovskite PL films to achieve a uniform
composite structure. The resulting CsPbBrj3 films containing ZnO utilized the scattering
effect of ZnO, which induced a relatively significant reflection of the incident light, leading
to an enhancement in PL intensity. After investigating the optimal ratio of polar solvent
commonly used for metal oxides, we established a weight ratio of 1:0.015 for ZnO and
perovskite. The PL intensity increased by approximately 20% in the shaking mixture,
and this improvement was attributed to the long delayed lifetime observed in the TRPL
experiments. This study successfully demonstrates a method for forming a mixture of
ZnO and perovskite without compromising the inherent characteristics of the perovskite.
This approach can be utilized for the optimization of composite materials with various
metal oxides of differing refractive indices and multiple perovskite materials, leading to
enhanced light conversion efficiency in future developments.
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