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Abstract: In this study, we describe composited perovskite films based on the doping of lead cesium
triiodide (CsPbI3) quantum dots (QDs) into methylammonium lead iodide (MAPbI3). CsPbI3 QDs
and MAPbI3 were prepared by ligand-assisted re-precipitation and solution mixing, respectively.
These films were optimized by oxygen plasma treatment, and the effect of powers from 0 to 80 W
on the structural properties of the composited perovskite films is discussed. The experimental
results showed that the light-harvesting ability of the films was enhanced at 20 W. The formation of
the metastable state (lead(II) oxide and lead tetroxide) was demonstrated by peak differentiation-
imitating. A low power enhanced the quality of the films due to the removal of organic impurities,
whereas a high power caused surface damage in the films owing to the severe degradation of MAPbI3.

Keywords: composite perovskite; doped; quantum dots; methylammonium lead iodide; oxy-
gen plasma

1. Introduction

Over the past several years, the study of inorganic halide perovskite as an optoelec-
tronics material has gained significant consideration because of its extensive waveband
(near-infrared) absorption and unique structural properties [1–4]. Quantum dots (QDs)
display advantageous of optical and electrical properties [5,6] via the solution processing
function. Therefore, turning inorganic halide perovskite into quantum dots by decreasing
particle size to the nanoscale has become a dominant research subject in materials science,
even at the commercialization stage. Meanwhile, promising applications in optoelectron-
ics [7–9] also involve QDs due to their excellent photophysical properties. At present, the
synthesis of QDs is based on various methods, including hot injection, ligand-assisted
re-precipitation (LARP), ultrasonication, and solvothermal synthesis. Among these, the
LARP method is superior to other methods in terms of the following characteristics: low
cost, low processing temperature, simple equipment, and high processing rate. In 2016,
supersaturated recrystallization (known as LARP) was firstly reported by Xiaoming Li [10].
It is operated at room temperature, occurs within few seconds, and does not require inert
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gas and injection. The authors utilized the X-type ligands oleic acid and oleoamine (OAm)
to favor the formation of nanoparticles, but the stability of the product was poor and, as a
consequence, it could not be modified, purified, and preserved for a long time. Besides,
repeated purification or water treatment can easily lose the characteristics of PL [11–13].
Therefore, QDs were synthesizes with the L-type ligands, instead of the usual X-type
ligands, by using OAm [14]. Although progress in the production of high-quality QDs has
been made, practical applications of QDs are still a challenge. So far, the vast majority of sci-
entists use hot injection, but this does involves a complex experimental process. Therefore,
the LARP method to synthesize QDs with L-type ligands is preferred over other methods
because it does not present the problems linked to X-type ligands. Current studies are
mostly using lead (Pb), such as inorganic lead cesium triiodide (CsPbI3) and organic methy-
lammonium lead iodide (MAPbI3) [1–6], due to its high stability and high performance
resulting from interactions with organic and inorganic functional groups. The degradation
of MAPbI3 is improved by doping the inorganic CsPbI3, inducing the break of MA bonding.
The oxygen plasma treatment is also a common way to remove the organic contaminants
onto the film surface and optimize the surface morphology. In addition, there are studies
that mention that trace amounts of oxygen are beneficial to MAPbI3 films [15,16]. However,
excess oxygen ions cause oxidation and ion bombardment [17], leading to a decrease of
stability and a severe structural destruction of the film surface. In this article, we describe
composite perovskite films based on doping of CsPbI3 QDs into MAPbI3. This innovative
film, proposed as a potential material, is optimized by oxygen plasma treatment at different
powers, and formation mechanism as well as its structural properties are investigated.

2. Results

The absorbance spectrum of composite perovskite films with MAPbI3 and CsPbI3
quantum dots (QDs) is shown in the wavelength range from 350 to 850 nm in Figure 1a.
Compared to the pure MAPbI3 films, composited perovskite films demonstrate obvious ab-
sorption bands at 750 nm, proving that their light-harvesting ability in the long-wavelength
range is enhanced by doping CsPbI3 QDs. The reason is that CsPbI3 QDs, a wide-energy
gap material, show a small strain at the interface of CsPbI3 QDs and MAPbI3 [18,19],
promoting film growth. Some related studies present the performance of photovoltaic
devices, such as solar cells, which are improved after doping quantum dots into perovskite
films [20,21]. The surface of composite perovskite films is further optimized via oxygen
plasma treatment at different powers, from 20 to 80 W, as shown in Figure 1b. The strongest
absorbance of the films was obtained at 20 W due to the removal of the excess impurities
on their surface. With power in the range of 40 to 80 W, the absorbance gradually decreased
owing to the degradation of MAPbI3 induced by the bombardment of oxygen ions at
high power [17]. Another possible reason could be that the film surface suffered from
the damage of oxygen ion bombardment, and this caused structure dispersion, similar to
what observed in studies on plasma engineering [22]. Figure 1c shows the normalized
photoluminescence (PL) spectra of the MAPbI3 films and composite perovskite films with
and without oxygen plasma treatment at 20 W. It is observed that the luminous peak of the
composite perovskite films presents an obvious red shift from 770.4 to 776.7 nm due to the
doping of CsPbI3 QDs. In addition, the sample revealed an obvious blue shift to 773.2 nm
after treating with oxygen plasma t 20 W, which may be attributed to the removal of the
excess ligand and precursor. We also observed that, the intensity of these two samples was
enhanced. These results were further proved by the crystallization measurement indicating
variation of orientation.
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Figure 1. Absorbance spectrum of (a) a MAPbI3 film with and without CsPbI3 QDs spin-coated
onto glass substrate and (b) further optimization by oxygen plasma treatment from 0 to 80 W.
(c) Normalized photoluminescence results of the MAPbI3 film and composite perovskite films with
and without oxygen plasma treatment at 20 W.

Figure 2 demonstrates the X-ray diffraction (XRD) pattern of composite perovskite
films composed of MAPbI3 and CsPbI3 QDs and treated with oxygen plasma at different
powers, from 0 to 80 W. Based on the spectra of conventional MAPbI3 films [23,24], the peak
position for MAPbI3 in composite perovskite films treated at 0, 20, and 40 W appeared at
14◦ and 28◦. Compared to pure MAPbI3 films reported in other studies [23,24], the peak
of PbI2 easily appeared in their XRD patterns, and PbI2 could cause a decrease of the
absorption and the formation of defects in MAPbI3 films. This phenomenon was not found
in our study. However, this phenomenon could be avoided by doping QDs in MAPbI3 film.
The growth in the (001) orientation of PbI2 was not observed in the composite perovskite
films. The doping of CsPbI3 QDs usefully inhibits the formation of PbI2 and even avoids
the degradation of MAPbI3. This is due to the decrease of hydrogen bonding in MAPbI3
and the increase of octahedral tilting by the Cs ion exchange process [25,26]. When the
power was higher than 60 W, the peaks of MAPbI3 at 14◦ and 28◦ disappeared, and then
the (001) orientation of PbI2 emerged at the peak position of 12◦. Generally, oxygen plasma
treatment is used to remove impurities or organic materials from a film surface, thus
improving it or optimizing the deposition frame. Excess ligand (oleylamine) and precursor
(PbI2) were removed when the oxygen plasma power was below 20 W. At the power of
40 W, degradation of MAPbI3 occurred, and then PbI2 was successively produced. When
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the power increased to 60 and 80 W, oxygen ion bombardment caused severe structural
damage or dispersion. This result is similar to those of other studies [17,22]. Thus, high-
quality composite perovskite films can be prepared with lower oxygen plasma powers
below 20 W.
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Figure 2. XRD pattern of the composite perovskite films treated with oxygen plasma at various powers from 0 to 80 W.

As shown in Figure 3, the deconvolution results obtained at 0 and 20 W were analyzed
by the peak differentiation-imitating to illustrate the proportion of CsPbI3 and MAPbI3
peaks which overlapped in the XRD pattern. The peaks of (I), (II), and (III) are represented
in the (100) orientation of CsPbI3 at 13.97◦, the (110) orientation of lead tetroxide (Pb3O4) at
14.05◦, and the (110) orientation of MAPbI3 at 14.16◦, respectively [27–29]. In Figure 3a,b,
the peaks (III) and (I) are obviously the major and minor phases, respectively. The area
ratios of the peaks (III) and (I) at 0 W were estimated at 85.7% and 8.3% and then varied to
64% and 9% at 20 W, respectively. Notably, when the power increased from 0 to 20 W, the
Pb3O4 proportion dramatically increased from 5.8% to 26%, possibly due to the bonding of
lead (Pb) in MAPbI3 with oxygen ions [30,31]. Meanwhile, these several oxygen ion species
also bound to the carbon in MAPbI3, leading to the bonding of carbonyl groups (COX),
as reported in other studies [32]. Furthermore, compared to the peak position of MAPbI3
films at (110) orientation, the composite perovskite films showed a peak shift of 0.02◦,
from 14.14◦ to 14.16◦. This result indicated that the exchange of Cs ion to methylamine ion
occurred in the MAPbI3 film with the increased oxygen plasma power, because the size
of the Cs ion is smaller than that of the methylamine ion [33], leading to a decrease of the
interplanar distance (d-spacing), from 3.153 to 3.148 Å. The d-spacing value (d) for the (110)
orientation of MAPbI3 was calculated following Bragg equation [34]:

d = nλ/2sinθ (1)

where the n is the order of diffraction, λ is the wavelength of the X-ray sources, and θ as
Bragg angle is the peak position of the (110) orientation of MAPbI3. On the other hand,
in Figure 3c,d, the peaks of (IV) and (V) are represented in the (200) orientation of CsPbI3
at 28.4◦ and in the (220) orientation of MAPbI3 at 28.5◦, respectively. Another shoulder
peak of (VI) at (111) orientation at 28.54◦ is lead(II) oxide (PbO). The area ratio of the peak
(VI) at 20 W decreased from 31% to 22%, mainly owing to the extra bonding of lead (Pb) in
MAPbI3 with oxygen ions [31,35]. Figure 4 shows top-view SEM images of films treated
with oxygen plasma at different powers to further analyze their crystalline growth. Island
clusters with obvious grain boundaries are observed initially in Figure 4a. As shown in
Figure 4b, when the power increased to 20 W, the oxygen ion induced a slight bombardment,
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causing blurred grain boundaries and fine pinholes on the surface of the films. The grown
crystalline structure at 20 W was still clear, as shown by the enhanced peak intensities in
the XRD results. At increased powers, from 40 to 80 W, cell-like perovskite (CLP) appeared,
and the grain boundaries became undefined, as shown in Figure 4c–e. The CLP number
also increased as the power increased; however, at a power higher than 60 W a clear break
of CLP was observed, possibly due to the degradation of MAPbI3 induced by the excess
oxygen ions, resulting in the swelling and destruction of the film surface associated with
COX [30,35]. These results are similar to those of some studies in surface or interfacial
engineering via plasma treatment within chemical vapor disposition and atomic layer
deposition [36]. Notably, the influence of oxygen ion bombardment gradually increased
with increased power. This was proved by the variation of the films’ thickness.
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In Figure 5, the thickness of the composite perovskite films is further illustrated at
the increase of the oxygen plasma power to demonstrate the influence of oxygen ion
bombardment. When the oxygen plasma power was at 0 and 20 W, the film thickness
was consistently close to 330 nm. However, the thickness sharply decreased to 263 and
201 nm at 40 and 60 W and then reached the lowest value of 189.3 nm at 80 W. Generally,
an increasing plasma power enhances ion bombardment, leading to severe surface damage
of the film due to the degradation of MAPbI3. The decrease in the degradation rate was
evidenced by the decrease of the variation of film thickness (from 20.30% to 6.06%), as
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shown by the SEM and XRD results. This decreased degradation was due to the saturation
reaction of MAPbI3 and oxygen [30].
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3. Materials and Methods
3.1. CsPbI3 QDs Fabrication and Centrifugation

The precursor solution of quantum dots (QDs) was prepared by mixing 0.4 mmol lead
iodide (PbI2) (Acros organic, 99%) and 0.4 mmol CsI (Alfa Aesar, 99.9%) in oleic amine
(2.4 mL) and DMF (J.T. Baker, 99.5%, 10 mL) while continuously stirring for 10 s, as shown
in Figure 6a. As shown in Figure 6b, this precursor solution (0.5 mL) was quickly added
to toluene (J.T. Baker, 99.8%, 10 mL) while stirring to obtain the CsPbI3 QDs solution.
After stirring for 10 s, the colloidal crude solution obtained was centrifuged at 11,000 rpm
for 15 min at 10 ◦C. The precipitate was collected and then successively dispersed in hexane.
The above process was repeated several times.
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quantum dots (QDs) solution via the ligand-assisted re-precipitation method (LARP) and (c) the MAPbI3 solution via
solution mixing.

As shown in Figure 6c, CH3NH3I (198.75 mg) and PbI2 (576.25 mg) were added into
the a mixture of 0.5 mL of sulfoxide (DMSO) and γ–butyrolactone (GBL, 0.5 mL, 1:1 ratio)
to obtain the precursor solution [37]. Then, this precursor solution was stirred at 300 rpm
for 24 h in a glove box to obtain the perovskite MAPbI3 solution.

3.2. Fabrication of Composite Perovskite Films

CH3NH3I (50 µL) and CsPbI3 (1 mg) were mixed and then spin-coated onto a glass
substrate in two steps, at 1000 rpm for 10 s and 5000 rpm for 20 s. Toluene was dropped
on the spinning film for 15 s during the second step. Hereafter, the sample was annealed
at 90 ◦C for 15 min to obtain the composite perovskite films. This composite perovskite
films were further enhanced by oxygen plasma treatment at different powers, from 0 to
80 W. The plasma measurement was carried out by RF excitation with a power source of
13.56 MHz (Plasma Etch PC-150 plasma etching/cleaning system).

3.3. Characteristics Measurement

The absorbance spectrum of the composited perovskite films was measured by ultra-
violet/visible (UV/vis) absorption spectroscopy (HITACHI, U-3900). The X-ray diffraction
(XRD) patterns of the films were recorded using a Bruker D8 Discover X-ray diffractmeter
with Grazing Incidence X-ray Diffraction (GIXRD). The top-view surface morphologies of
the films were determined by field-emission scanning electron microscopy (FESEM, JEOL-
6330). The thickness of the films was estimated by an Ellipsometer (J. A. Woolam/M2000-
DI). Normalized photoluminescence (PL) was measured by iHR350.

4. Conclusions

In this article, composite perovskite films were successfully prepared by doping
CsPbI3 QDs into MAPbI3. A significant increase in absorbance was obtained at a near-
infrared wavelength of 750 nm owing to the doping of CsPbI3 QDs. The power of 20 W
obviously enhanced the absorbance of the films, possibly owing to the bonding of lead
(Pb) in MAPbI3 and oxygen ions. According to the SEM images, the surface morphology
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of the films at 20 W did not suffer excessive damage. However, high powers from 40 to
80 W not only increased ion bombardment causing surface damage of the films but also
aggravated the degradation of MAPbI3. The proportions of MAPbI3, PbO, and Pb3O4 were
further estimated by the peak differentiation-imitating of the XRD results to evaluate the
structural properties. The dramatic decrease of MAPbI3 from 85.7% to 64% proved that the
optimization of composite perovskite films was achieved at the oxygen plasma power of
20 W.

Author Contributions: Conceptualization, P.-H.H., C.-W.W., S.-Y.L., and C.-J.H.; methodology,
P.-H.H. and C.-W.W.; formal analysis, P.-H.H., C.-W.W., S.-Y.L., K.-W.L., N.-F.W., and C.-J.H.; inves-
tigation, P.-H.H. and C.-W.W.; resources, C.-J.H.; writing—original draft preparation, P.-H.H. and
C.-W.W.; writing—review and editing, P.-H.H., C.-W.W., S.-Y.L., K.-W.L., N.-F.W., and C.-J.H.; visual-
ization, P.-H.H. and C.-W.W.; supervision, S.-Y.L. and C.-J.H.; project administration, C.-J.H.; funding
acquisition, C.-J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (MOST) of the
Republic of China, grant number 109-2221-E-390-008.

Institutional Review Board Statement: This study did not involve humans or animals.

Informed Consent Statement: This study did not involve humans.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We appreciate the effort from Hsiu-Ling Huang to the administrative and
technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yang, W.S.; Noh, J.H.; Jeon, N.J.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. High-Performance Photovoltaic Perovskite Layers Fabricated

through Intramolecular Exchange. Science 2015, 348, 1234–1237. [CrossRef]
2. Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y.; Hoogland, S.; Rothenberger, A.; Katsiev, K.; et al. Low

Trap-State Density and Long Carrier Diffusion in Organolead Trihalide Perovskite Single Crystals. Science 2015, 347, 519–522.
[CrossRef]

3. Tan, Z.-K.; Moghaddam, R.S.; Lai, M.L.; Docampo, P.; Higler, R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L.M.; Credgington,
D.; et al. Bright Light-Emitting Diodes Based on Organometal Halide Perovskite. Nat. Nanotech. 2014, 9, 687–692. [CrossRef]

4. Xing, G.; Mathews, N.; Lim, S.S.; Yantara, N.; Liu, X.; Sabba, D.; Grätzel, M.; Mhaisalkar, S.; Sum, T.C. Low-Temperature
Solution-Processed Wavelength-Tunable Perovskites for Lasing. Nat. Mater. 2014, 13, 476–480. [CrossRef]

5. Talapin, D.V.; Lee, J.-S.; Kovalenko, M.V.; Shevchenko, E.V. Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic
Applications. Chem. Rev. 2010, 110, 389–458. [CrossRef] [PubMed]

6. Kovalenko, M.V.; Manna, L.; Cabot, A.; Hens, Z.; Talapin, D.V.; Kagan, C.R.; Klimov, V.I.; Rogach, A.L.; Reiss, P.; Milliron, D.J.;
et al. Prospects of Nanoscience with Nanocrystals. ACS Nano 2015, 9, 1012–1057. [CrossRef]

7. Kovalenko, M.V.; Protesescu, L.; Bodnarchuk, M.I. Properties and Potential Optoelectronic Applications of Lead Halide Perovskite
Nanocrystals. Science 2017, 358, 745–750. [CrossRef] [PubMed]

8. Huang, H.; Bodnarchuk, M.I.; Kershaw, S.V.; Kovalenko, M.V.; Rogach, A.L. Lead Halide Perovskite Nanocrystals in the Research
Spotlight: Stability and Defect Tolerance. ACS Energy Lett. 2017, 2, 2071–2083. [CrossRef] [PubMed]

9. Huang, J.; Lai, M.; Lin, J.; Yang, P. Rich Chemistry in Inorganic Halide Perovskite Nanostructures. Adv. Mater. 2018, 30, 1802856.
[CrossRef] [PubMed]

10. Protesescu, L.; Yakunin, S.; Bodnarchuk, M.I.; Krieg, F.; Caputo, R.; Hendon, C.H.; Yang, R.X.; Walsh, A.; Kovalenko, M.V.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbX 3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright
Emission with Wide Color Gamut. Nano Lett. 2015, 15, 3692–3696. [CrossRef]

11. Kim, Y.; Yassitepe, E.; Voznyy, O.; Comin, R.; Walters, G.; Gong, X.; Kanjanaboos, P.; Nogueira, A.F.; Sargent, E.H. Efficient
Luminescence from Perovskite Quantum Dot Solids. ACS Appl. Mater. Interfaces 2015, 7, 25007–25013. [CrossRef]

12. Krieg, F.; Ochsenbein, S.T.; Yakunin, S.; ten Brinck, S.; Aellen, P.; Süess, A.; Clerc, B.; Guggisberg, D.; Nazarenko, O.; Shynkarenko,
Y.; et al. Colloidal CsPbX 3 (X = Cl, Br, I) Nanocrystals 2.0: Zwitterionic Capping Ligands for Improved Durability and Stability.
ACS Energy Lett. 2018, 3, 641–646. [CrossRef] [PubMed]

13. Yassitepe, E.; Yang, Z.; Voznyy, O.; Kim, Y.; Walters, G.; Castañeda, J.A.; Kanjanaboos, P.; Yuan, M.; Gong, X.; Fan, F.; et al.
Amine-Free Synthesis of Cesium Lead Halide Perovskite Quantum Dots for Efficient Light-Emitting Diodes. Adv. Funct. Mater.
2016, 26, 8757–8763. [CrossRef]

http://doi.org/10.1126/science.aaa9272
http://doi.org/10.1126/science.aaa2725
http://doi.org/10.1038/nnano.2014.149
http://doi.org/10.1038/nmat3911
http://doi.org/10.1021/cr900137k
http://www.ncbi.nlm.nih.gov/pubmed/19958036
http://doi.org/10.1021/nn506223h
http://doi.org/10.1126/science.aam7093
http://www.ncbi.nlm.nih.gov/pubmed/29123061
http://doi.org/10.1021/acsenergylett.7b00547
http://www.ncbi.nlm.nih.gov/pubmed/28920080
http://doi.org/10.1002/adma.201802856
http://www.ncbi.nlm.nih.gov/pubmed/30198087
http://doi.org/10.1021/nl5048779
http://doi.org/10.1021/acsami.5b09084
http://doi.org/10.1021/acsenergylett.8b00035
http://www.ncbi.nlm.nih.gov/pubmed/29552638
http://doi.org/10.1002/adfm.201604580


Molecules 2021, 26, 2678 9 of 9

14. Zhong, Q.; Cao, M.; Xu, Y.; Li, P.; Zhang, Y.; Hu, H.; Yang, D.; Xu, Y.; Wang, L.; Li, Y.; et al. L-Type Ligand-Assisted Acid-Free
Synthesis of CsPbBr 3 Nanocrystals with Near-Unity Photoluminescence Quantum Yield and High Stability. Nano Lett. 2019, 19,
4151–4157. [CrossRef] [PubMed]

15. Tian, Y.; Peter, M.; Unger, E.; Abdellah, M.; Zheng, K.; Pullerits, T.; Yartsev, A.; Sundström, V.; Scheblykin, I.G. Mechanistic
Insights into Perovskite Photoluminescence Enhancement: Light Curing with Oxygen Can Boost Yield Thousandfold. Phys. Chem.
Chem. Phys. 2015, 17, 24978–24987. [CrossRef] [PubMed]

16. Senocrate, A.; Acartürk, T.; Kim, G.Y.; Merkle, R.; Starke, U.; Grätzel, M.; Maier, J. Interaction of Oxygen with Halide Perovskites.
J. Mater. Chem. A 2018, 6, 10847–10855. [CrossRef]

17. Huang, P.-H.; Zhang, Z.-X.; Hsu, C.-H.; Wu, W.-Y.; Huang, C.-J.; Lien, S.-Y. Chemical Reaction and Ion Bombardment Effects of
Plasma Radicals on Optoelectrical Properties of SnO2 Thin Films via Atomic Layer Deposition. Materials 2021, 14, 690. [CrossRef]

18. Smith, A.M.; Mohs, A.M.; Nie, S. Tuning the Optical and Electronic Properties of Colloidal Nanocrystals by Lattice Strain. Nat.
Nanotech. 2009, 4, 56–63. [CrossRef]

19. Luo, S.; Kazes, M.; Lin, H.; Oron, D. Strain-Induced Type II Band Alignment Control in CdSe Nanoplatelet/ZnS-Sensitized Solar
Cells. J. Phys. Chem. C 2017, 121, 11136–11143. [CrossRef]

20. Han, J.; Luo, S.; Yin, X.; Zhou, Y.; Nan, H.; Li, J.; Li, X.; Oron, D.; Shen, H.; Lin, H. Hybrid PbS Quantum-Dot-in-Perovskite for
High-Efficiency Perovskite Solar Cell. Small 2018, 14, 1801016. [CrossRef]

21. Chen, L.-C.; Tien, C.-H.; Tseng, Z.-L.; Ruan, J.-H. Enhanced Efficiency of MAPbI3 Perovskite Solar Cells with FAPbX3 Perovskite
Quantum Dots. Nanomaterials 2019, 9, 121. [CrossRef]

22. Xiao, X.; Bao, C.; Fang, Y.; Dai, J.; Ecker, B.R.; Wang, C.; Lin, Y.; Tang, S.; Liu, Y.; Deng, Y.; et al. Argon Plasma Treatment to Tune
Perovskite Surface Composition for High Efficiency Solar Cells and Fast Photodetectors. Adv. Mater. 2018, 30, 1705176. [CrossRef]
[PubMed]

23. Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.K.; Grätzel, M. Sequential Deposition as a Route
to High-Performance Perovskite-Sensitized Solar Cells. Nature 2013, 499, 316–319. [CrossRef] [PubMed]

24. Chen, L.C.; Lee, K.L.; Wu, W.T.; Hsu, C.F.; Tseng, Z.L.; Sun, X.H.; Kao, Y.T. Effect of Different CH 3 NH 3 PbI 3 Morphologies on
Photovoltaic Properties of Perovskite Solar Cells. Nanoscale Res. Lett. 2018, 13, 1–9. [CrossRef]

25. Taya, A.; Singla, R.; Rani, P.; Thakur, J.; Kashyap, M.K. First Principles Study of Structural, Electronic and Optical Properties of
Cs-Doped HC(NH2)2PbI3 for Photovoltaic Applications; Hisar: Haryana, India, 2019; p. 030610.

26. Ma, X.-X.; Li, Z.-S. Substituting Cs for MA on the Surface of MAPbI3 Perovskite: A First-Principles Study. Comput. Mater. Sci.
2018, 150, 411–417. [CrossRef]

27. Zhao, J.; Yu, H.; Pan, S.; Zhou, S.; Zhong, L.; Wang, H.; Luo, Y.Y.; Yu, S.; Li, G. Low Temperature Synthesis of CsPbI 3
Sub-Micrometer Wires with Tailored Emission Band for Flexible X-Ray Phosphors Applications. J. Lumin. 2017, 188, 454–459.
[CrossRef]

28. Yousefi, R.; Soofivand, F.; Salavati-Niasari, M. PbHgI4/HgI2 Nanocomposite: Simple Synthesis, Characterization and Electro-
chemical and Optical Properties. J. Mater. Sci. Mater. Electron. 2017, 28, 2615–2623. [CrossRef]

29. Liu, T.; Hu, Q.; Wu, J.; Chen, K.; Zhao, L.; Liu, F.; Wang, C.; Lu, H.; Jia, S.; Russell, T.; et al. Mesoporous PbI 2 Scaffold for
High-Performance Planar Heterojunction Perovskite Solar Cells. Adv. Energy Mater. 2016, 6, 1501890. [CrossRef]

30. Zhang, L.; Sit, P.H.-L. Ab Initio Study of the Role of Oxygen and Excess Electrons in the Degradation of CH 3 NH 3 PbI 3. J. Mater.
Chem. A 2017, 5, 9042–9049. [CrossRef]

31. Terpstra, H.J.; De Groot, R.A.; Haas, C. The Electronic Structure of the Mixed Valence Compound Pb3O4. J. Phys. Chem. Solids
1997, 58, 561–566. [CrossRef]

32. Abdelmageed, G.; Jewell, L.; Hellier, K.; Seymour, L.; Luo, B.; Bridges, F.; Zhang, J.Z.; Carter, S. Mechanisms for Light Induced
Degradation in MAPbI 3 Perovskite Thin Films and Solar Cells. Appl. Phys. Lett. 2016, 109, 233905. [CrossRef]

33. Choi, H.; Jeong, J.; Kim, H.-B.; Kim, S.; Walker, B.; Kim, G.-H.; Kim, J.Y. Cesium-Doped Methylammonium Lead Iodide Perovskite
Light Absorber for Hybrid Solar Cells. Nano Energy 2014, 7, 80–85. [CrossRef]

34. Pope, C.G. X-Ray Diffraction and the Bragg Equation. J. Chem. Educ. 1997, 74, 129. [CrossRef]
35. Ouyang, Y.; Li, Y.; Zhu, P.; Li, Q.; Gao, Y.; Tong, J.; Shi, L.; Zhou, Q.; Ling, C.; Chen, Q.; et al. Photo-Oxidative Degradation of

Methylammonium Lead Iodide Perovskite: Mechanism and Protection. J. Mater. Chem. A 2019, 7, 2275–2282. [CrossRef]
36. Hsu, C.-H.; Zhang, Z.-X.; Huang, P.-H.; Wu, W.-Y.; Ou, S.-L.; Lien, S.-Y.; Huang, C.-J.; Lee, M.-K.; Zhu, W.-Z. Effect of Plasma

Power on the Structural Properties of Tin Oxide Prepared by Plasma-Enhanced Atomic Layer Deposition. Ceram. Int. 2021, 47,
8634–8641. [CrossRef]

37. Huang, P.-H.; Wang, Y.-H.; Ke, J.-C.; Huang, C.-J. The Effect of Solvents on the Performance of CH3NH3PbI3 Perovskite Solar
Cells. Energies 2017, 10, 599. [CrossRef]

http://doi.org/10.1021/acs.nanolett.9b01666
http://www.ncbi.nlm.nih.gov/pubmed/31117764
http://doi.org/10.1039/C5CP04410C
http://www.ncbi.nlm.nih.gov/pubmed/26343504
http://doi.org/10.1039/C8TA04537B
http://doi.org/10.3390/ma14030690
http://doi.org/10.1038/nnano.2008.360
http://doi.org/10.1021/acs.jpcc.7b02460
http://doi.org/10.1002/smll.201801016
http://doi.org/10.3390/nano9010121
http://doi.org/10.1002/adma.201705176
http://www.ncbi.nlm.nih.gov/pubmed/29318712
http://doi.org/10.1038/nature12340
http://www.ncbi.nlm.nih.gov/pubmed/23842493
http://doi.org/10.1186/s11671-018-2556-8
http://doi.org/10.1016/j.commatsci.2018.04.042
http://doi.org/10.1016/j.jlumin.2017.04.069
http://doi.org/10.1007/s10854-016-5838-x
http://doi.org/10.1002/aenm.201501890
http://doi.org/10.1039/C7TA01091E
http://doi.org/10.1016/S0022-3697(96)00165-5
http://doi.org/10.1063/1.4967840
http://doi.org/10.1016/j.nanoen.2014.04.017
http://doi.org/10.1021/ed074p129
http://doi.org/10.1039/C8TA12193A
http://doi.org/10.1016/j.ceramint.2020.11.232
http://doi.org/10.3390/en10050599

	Introduction 
	Results 
	Materials and Methods 
	CsPbI3 QDs Fabrication and Centrifugation 
	Fabrication of Composite Perovskite Films 
	Characteristics Measurement 

	Conclusions 
	References

