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中 文 摘 要 ： 目前人類產生能源的方式已經造成嚴重的環境與氣候的變遷。太陽
能電池是各式再生能源中較為重要的一項。由有機金屬鹵化物鈣鈦
礦材料所製備的太陽能電池是近年來受人矚目一個方向，這是由於
其具有低溫溶液製程與低材料成本等特點，且其光電轉換效率由不
到3%提升到高於20%只花了約5 年的時間，這代表了未來的發展相當
令人期待。然而，至今常用的鈣鈦礦材料，不但空氣與熱穩定性差
，這些材料也含有鉛。持續提升元件效率以及空氣與熱穩定性是目
前為了達到商業化目標不可或缺的關鍵。本計畫即是希望實現無鉛
或少鉛且具有高效率與高空氣穩定性的鈣鈦礦材料與電子元件。我
們將合成無鉛或少鉛且具有空氣與熱穩定性的數種新穎鈣鈦礦材料
，且試圖將這些材料製成單晶、奈米線、多晶薄膜與量子點。目前
，我們已經合成出許多無鉛鈣鈦礦材料的量子點。許多材料的單晶
也已經合成出來。白光元件也在本計畫中實現。。

中文關鍵詞： 鈣鈦礦、多維度、奈米結構

英 文 摘 要 ： The ways we generate energy have already cause serious
climate change and environmental pollution. Solar cells are
one of the most important renewable energies. Recently,
solar cells based on organic-inorganic halide perovskites
have attracted considerable attentions because of their
solution processes and low-cost materials. The most
surprising thing is that the power conversion efficiency of
the perovskite solar cells increased from less than 3% to
higher than 20% in less than 5 years. However, the
perovskite materials used nowadays show no air and thermal
stabilities and hinder their possible commercialization in
the future. This project aims at realizing efficient
perovskite electronics with air and thermal stabilities in
four years. We will synthesize Lead-free or low Lead
multidimensional perovskite materials with better air
stabilities. We will prepare single crystals, nanowires,
polycrystalline films and quantum dots based on these
multidimensional perovskite materials.  Currently, we have
realized many nanoparticles of lead-free perovskite
materials. White LEDs were also realized based on these
materials.

英文關鍵詞： Perovskite, multidimensional, nanostrucutres
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一、中文摘要 

    目前人類產生能源的方式已經造成嚴重的環境與氣候的變遷。太陽能電池是各式再生能源中較為

重要的一項。由有機金屬鹵化物鈣鈦礦材料所製備的太陽能電池是近年來受人矚目一個方向，這是由

於其具有低溫溶液製程與低材料成本等特點，且其光電轉換效率由不到 3%提升到高於 20%只花了約 5 

年的時間，這代表了未來的發展相當令人期待。然而，至今常用的鈣鈦礦材料，不但空氣與熱穩定性

差，這些材料也含有鉛。持續提升元件效率以及空氣與熱穩定性是目前為了達到商業化目標不可或缺

的關鍵。本計畫即是希望實現無鉛或少鉛且具有高效率與高空氣穩定性的鈣鈦礦材料與電子元件。我

們將合成無鉛或少鉛且具有空氣與熱穩定性的數種新穎鈣鈦礦材料，且試圖將這些材料製成單晶、奈

米線、多晶薄膜與量子點。目前，我們已經合成出許多無鉛鈣鈦礦材料的量子點。許多材料的單晶也

已經合成出來。白光元件也在本計畫中實現。。 

 

關鍵詞：鈣鈦礦、多維度、奈米結構 

 

 

二、英文摘要 

  The ways we generate energy have already cause serious climate change and environmental pollution. Solar 

cells are one of the most important renewable energies. Recently, solar cells based on organic-inorganic halide 

perovskites have attracted considerable attentions because of their solution processes and low-cost materials. 

The most surprising thing is that the power conversion efficiency of the perovskite solar cells increased from 

less than 3% to higher than 20% in less than 5 years. However, the perovskite materials used nowadays show 

no air and thermal stabilities and hinder their possible commercialization in the future. This project aims at 

realizing efficient perovskite electronics with air and thermal stabilities in four years. We will synthesize 

Lead-free or low Lead multidimensional perovskite materials with better air stabilities. We will prepare single 

crystals, nanowires, polycrystalline films and quantum dots based on these multidimensional perovskite 

materials.  Currently, we have realized many nanoparticles of lead-free perovskite materials. White LEDs 

were also realized based on these materials. 

 

Key words: Perovskite, multidimensional, nanostrucutres 

 

 

 

 

 

 



 5

三、報告內容 

前言 

    以石化工業所產出的各種能源與產品早已是人們日常生活及經濟發展不可或缺的必需品。然而，

石油終究有耗盡的一天，且由石油提煉其他產物的過程也污染了珍貴的環境。對於缺少自有能源的台

灣，達成低碳節能經濟與建立潔淨家園已是未來國家重要的方針之一，開發綠色能源是一項重要的工

作。對於像是太陽能、風能、潮汐能、地熱能這種取之不盡的再生能源，各國早已展開熱烈的研究開

發工作。長期目標在於開發出高效能、環保又價格低廉的再生能源。太陽能電池即是各式再生能源中

受到強烈關切的一個項目。然而，無論是在單晶、薄膜或多接面等無機太陽能電池元件中，部分製備

這些無機太陽能電池之材料具有環保上的疑慮。成分中的鎘(Cd)以及碲(Te)為有毒金屬，不但其可能具

有的毒害將使產品受限於環保法規，且消費者對有產品中存在有毒物質的心理障礙也將是考量重點。

此外，硒(Se)、銦(In)以及碲為少數金屬元素，原料的存量與供給的穩定性將無法面對龐大的市場需求。

當設置量產無機太陽能電池所需要的基礎製程建設中(例如長晶爐、熱壁式爐管、物理氣相沈積、化學

氣相沈積、蒸鍍機等設備)，長晶爐與熱壁式爐管本身亦消耗大量能量來進行材料成長，且製程設備的

價格昂貴且製備程序複雜，這些因素均不利於降低製造成本以達到普及化。 

    近二十年來，第三代太陽能電池的發展非常的迅速，尤其是以有機太陽能電池與染料敏化電池為

研發重點。然而，經過長時間的開發，其效率仍然在可商業化要求的邊緣。令人振奮的是，在過去五

年內，一個新興材料的崛起，使得大家對於低成本與高性能的太陽能電池仍抱有希望。這個材料就是

有機金屬鹵化物鈣鈦礦材料。在這個材料家族中，CH3NH3PbI3 (MAPbI3)是最廣為人知，也是被研究的

最透徹的材料，這是因為 MAPbI3 是最早被使用的材料。由於鈣鈦礦太陽能電池具有低溫溶液製程、

低材料費與低設備費等製程特點，鈣鈦礦太陽能電池極可能達到低成本且高效率的選項。然而，這個

MAPbI3 材料仍然含有鉛，在長遠的考量下，找到一個無鉛又穩定的鈣鈦礦材料即便是一個非常重要

的議題。 

 

研究目的 

    本計畫擬定合成許多無鉛或是少量含鉛的三維、二維、一維與零維的鈣鈦礦材料。我們會研究材

料組成對穩定性的影響，我們也將研究這些材料的基礎光電性質(含變溫)，並探討其物理機制。最終，

我們會將這些材料製成各種元件，並量測元件物理性質。綜合以上所有基礎光電特性的瞭解，以期實

現各種高效率的元件。 
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結果與討論 

1.單晶材料 

    一種使鈣鈦礦材料結晶成長為單晶材料的方法是利用一個特殊的特性，即 MAPbI3 在 GBL 溶液

中，或是 MAPbBr3 在 DMF 溶液中，的溶解度是會隨著溫度上升而下降的。因此，只要準備一個接近

飽和的鈣鈦礦溶液，然後密閉加熱，數個小時候即可得到鈣鈦礦單晶，如圖 1 所示。本研究將繼續使

用此方法來測試無鉛鈣鈦礦材料是否都適合使用此方法。 

    目前已經得到的成果如下： 

a1. MAPbI3   

        
a2. MAPbBr3   

 

a3. (CsFAMA)PbI3   
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2. 大晶粒多晶薄膜 

c1. MAPbI3  

  
c2. MAPbBr3                                          

          
c3. MA3Bi2I9   
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3. 量子點 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.部分已經發表之文章 

 

以下附上部分已經發表之文章。 
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Ultrastable, Deformable, and Stretchable Luminescent Organic−
Inorganic Perovskite Nanocrystal−Polymer Composites for 3D
Printing and White Light-Emitting Diodes
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ABSTRACT: Organic−inorganic perovskite nanocrystals with excellent
optoelectronic properties have been utilized in various applications, despite
their stability issues. The perovskite materials are sensitive to environments
such as polar solvents, moisture, and heat. Thus, they are not used for
extrusion three-dimensional (3D) printing, as it is usually conducted in the
ambient environment and requires heating to liquefy the printed materials. In
this work, 11 thermoplastic polymers conventionally used for extrusion 3D
printing were investigated to test their capability as protective encapsulation
materials for perovskite nanocrystals. Three of them exhibited good protective
properties, and one (polycaprolactone, PCL) of these three could be blended
with perovskite nanocrystals to form perovskite nanocrystal−PCL composites,
which were deformable and stretchable once heated. Because of the low melting point of PCL, the perovskite nanocrystals
maintained their optical properties after 3D printing, and the printed objects were still having fluorescent behavior. Moreover,
fluorescent micrometer-sized fibers based on the perovskite nanocrystal−PCL composites could also be simply prepared using
cotton candy makers. Perovskite nanocrystal−PCL composite films with different emission wavelengths were incorporated with
blue light-emitting diodes (LEDs) to realize white LEDs with Commission Internationale de l’Éclairage chromaticity
coordinates of (0.33, 0.33).

KEYWORDS: perovskite, nanocrystals, polymer, composites, light-emitting diodes

■ INTRODUCTION

Solution-processable organometal halide perovskite semi-
conductors have shown tremendous possibilities in the fields
of solar cells,1−3 optical sensors,4−6 light-emitting diodes
(LEDs),7−9 and lasers.10−12 The intrinsic properties of
perovskites, such as high absorption coefficients, long carrier
diffusion lengths, defect tolerance, and flexible band-gap
tuning, make them revolutionary materials for photovoltaic
technology. Moreover, because of the benefits of perovskite
quantum dots (QDs), which include narrow spectral line
widths, high quantum yield, and composition- and size-tunable
band gaps, LEDs based on perovskite QDs have attracted
significant attention and have shown excellent perform-
ance.13−15 However, perovskite QDs have a serious stability
issue: they are prone to degrade once exposed to moisture and
oxygen under illumination.16 Therefore, surface passivation is
critical to slow down their degradation and protect them from
the environment. To enhance the stability of perovskite QDs,
many passivation methods have been demonstrated, including
the treatment of the QDs surface with ligands17−24 and the

embedment of QDs into inorganic25−35 or organic36−42 hosts.
Researchers have demonstrated that the stability of perovskite
QDs can be improved dramatically through polymer
encapsulation,36−42 even though the perovskite QD−polymer
composite films are stored in water.36,38,40−42 These perovskite
QD−polymer composite films have also been used as color
converters to realize white LEDs.37−42

Extrusion three-dimensional (3D) printing based on
polymers in a filament form is a versatile technology that
allows the production of products without the need for
machining or molding.43−45 The filaments are made from a
variety of thermoplastics. The filament is loaded into the
extrusion head of the 3D printer, which heats the filament to
liquefy it before printing. Recently, organic room-temperature
phosphorescent luminogens46 and fluorescent QDs47 have
been added as additives into 3D printing materials. However,
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the thermoplastics suitable as protective encapsulation
materials for perovskite QDs to enable 3D printing have not
been fully explored.
In this work, 11 thermoplastics that are widely used as 3D

printing filaments were tested as protective encapsulation
materials for HC(NH2)2PbBr3 (FAPbBr3) and FAPb-
(Br0.36I0.63)3 perovskite nanocrystals. Experimental procedures
for the fabrication of composites in various forms and for the
applications are shown in Scheme S1. Eight of these filaments
could not be dissolved completely within 2 h in the toluene
solution of perovskite nanocrystals; of these eight, two, which
are polylactide (PLA) and poly(methyl methacrylate)
(PMMA), exhibited a good protective property for the
perovskite nanocrystals that diffused into the filaments. Of
the other three filaments, which could be dissolved completely
within 2 h in the toluene solution of perovskite nanocrystals,
one, polycaprolactone (PCL), exhibited an excellent protective
property for perovskite nanocrystals. The FAPbBr3−PCL
composites exhibited fluorescence under UV irradiation, even
in boiling water. Upon heating, the FAPbBr3−PCL composite
films were deformable and stretchable. When perovskite
nanocrystal−polymer composite filaments were used as 3D
printing materials to fabricate some objects, only the objects
printed from the perovskite nanocrystal−PCL filaments were
fluorescent because of the low melting point of PCL. This is
the first time that perovskite nanocrystals have been
incorporated into 3D printing materials and used to realize
fluorescent objects by 3D printing. The operation temperature
of the 3D printer for other filaments was too high, which
degrades the perovskite nanocrystals and leads to non-
fluorescent objects. Micrometer-sized fluorescent fibers can
also be prepared from FAPbBr3−PCL composites by a cotton
candy machine. Finally, FAPbBr3−PCL and FAPb-
(Br0.36I0.63)3−PCL composite films were utilized as down-
converters to realize white LEDs with a blue LED as the
excitation source.

■ RESULTS AND DISCUSSION
The FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals were
prepared using a method modified from the literature.39 The
detailed preparation procedures can be found in the
Experimental Section. In summary, FABr, PbBr2, oleic acid,
and octylamine were first prepared in dimethylformamide

(DMF), and then the precursor was injected into vigorously
stirred toluene. After centrifugation at 3500 rpm for 10 min to
discard the precipitates, the FAPbBr3 nanocrystals were
obtained and used in the following experiments. The synthesis
of FAPb(Br0.36I0.63)3 nanocrystals was similar to that of
FAPbBr3 nanocrystals, but the precursor was prepared from
FABr, FAI, PbBr2, PbI2, oleic acid, and octylamine.
The transmission electron microscopy (TEM) images of the

FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals are shown in
Figures 1a,b and S1. The high-resolution high-angle annular
dark field scanning TEM (HAADF-STEM) images are also
shown in Figure S1b,f,h,l,n. The crystalline lattice planes of
these nanocrystals can be resolved. The sizes of the FAPbBr3
and FAPb(Br0.36I0.63)3 nanocrystals were estimated to be about
5−8 and 7−10 nm from the bright-field TEM images,
respectively. In TEM images with low magnification (Figures
S1a,b,k,l), the nanocrystals on lacey-carbon grids show narrow
distributions in size and shape, indicating a successful
centrifugation process, which removes large crystals, such as
nanoplatelets, nanorods, and nanowires, as precipitates at the
bottom of the centrifugation tube. The perovskite nanocrystals
in the supernatant show an irregular sphere shape, which is
consistent with the previous report.48 It has been demonstrated
that the organometallic lead halide quantum dots usually show
an irregular sphere shape, and only inorganic perovskite
quantum dots show a perfect cubic shape.48 Besides, we
noticed that, after finding relatively larger nanocrystals with
cubiclike shape when TEM is at low magnification, the shape
and orientation of the nanocrystals changed with time when we
zoomed in trying to get a closer look at the nanocrystals. This
situation is even worse when the magnification is extremely
high. For instance, Figure S1c shows cubiclike FAPbBr3
nanocrystals with relatively larger size; the shape and
orientation of the nanocrystals changed in just few seconds
as shown in Figure S1d. This result indicates that perovskite
nanocrystals are sensitive to electron beam irradiation.
The absorption and photoluminescence (PL) spectra of the

FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals are shown in
Figure 1c,d, respectively. The photographs of these solutions
under UV light are shown as insets. The shape of absorption
spectra is clear and clean like that in previous reports.49 The
band gaps of FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals were
roughly estimated to be 2.31 and 1.83 eV from the absorption

Figure 1. Characteristics of perovskite nanocrystals. TEM images of (a) FAPbBr3 and (b) FAPb(Br0.36I0.63)3 nanocrystals. Absorption and PL
spectra of (c) FAPbBr3 and (d) FAPb(Br0.36I0.63)3 nanocrystals. (e) Time-resolved PL curves and (f) XRD patterns of FAPbBr3 and
FAPb(Br0.36I0.63)3 nanocrystals.
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spectra, respectively (Figure S2). The PL spectra of these
nanocrystals in solution showed emission peaks at 531 and 669
nm for FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals, respec-
tively, which agrees with the band gap estimated from the
absorption spectra. Such a property of band-gap tuning by
modulating the halide composition is similar to that reported
in the previous studies in which MASnX3, MAPbX3, CsSnX3,
and CsPbX3 material systems were used.50,51 The time-
resolved PL spectra of the FAPbBr3 and FAPb(Br0.36I0.63)3
nanocrystals are shown in Figure 1e. PL decay curves of both
FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals could be
described by biexponential fitting. A short lifetime (τ1) of 6.2
ns (85.4%) and a long lifetime (τ2) of 57.9 ns (14.6%) were
obtained for FAPbBr3 nanocrystals, whereas τ1 was 7.6 ns
(83.4%) and τ2 was 74.8 ns (16.6%) for FAPb(Br0.36I0.63)3
nanocrystals. The fast decay component, τ1, was attributed to
the nonradiative decay at the grain boundary, whereas the slow
decay component, τ2, was attributed to the radiative decay.52,53

As shown in Figure 1f, the X-ray diffraction (XRD) patterns of
the FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals were
generally the same. The prominent diffraction peaks were at
14.7, 20.8, 29.7, 33.4, 36.6, 42.6, and 45.3° for FAPbBr3
nanocrystals, whereas those of FAPb(Br0.36I0.63)3 nanocrystals
were at 14.15, 28.8, 32.05, 41.2, and 43.95°. The peaks of
FAPbBr3 nanocrystals match well with those reported in
previous studies,54−59 and most of the previous studies indicate
these peaks from the cubic phase of FAPbBr3.

55,57,58 With the
addition with larger I ions, a shift to lower diffraction angles

was observed, indicating an increase in the lattice con-
stant.55,57,58 Neither a diffraction peak at 12.2° of δ-FAPbBr3
impurity nor a peak at 18.6° of PbBr2 impurity was observed,
indicating a high purity of these nanocrystals.54

To understand the capability of the polymeric matrix to
protect perovskite nanocrystals, the FAPbBr3 and FAPb-
(Br0.36I0.63)3 nanocrystals in toluene were blended with 11
important polymer materials: PLA, polycarbonates (PC),
polyethylene terephthalate glycol-modified (PETG), PMMA,
poly(vinyl chloride) (PVC), low-density polyethylene
(LDPE), polyamide (PA), polypropylene (PP), acrylonitrile
butadiene styrene (ABS), high-impact polystyrene (HIPS),
and PCL. These polymer materials in a filament form are
commercially available for 3D printing. They are transparent or
white under daylight, and most showed a very dim blue light
under UV irradiation, which might have come from the optical
brightener, as shown in Figure S3. The PL spectra of these
polymer filaments are shown in Figure S4 as a reference. Some
basic characteristic properties of the thermoplastic polymer
filaments are shown in Table S1.
The FAPbBr3 and FAPb(Br0.36I0.63)3 nanocrystals in toluene

were added into vials containing these polymer materials, as
shown in Figure S5. After 2 h, ABS, HIPS, and PCL are
completely dissolved, whereas the others were intact and still
in a filament form. The undissolved materials were taken out
and dried at 50 °C for 1 h, as shown in Figures S6 and S7. The
dissolved polymer materials were put on glass substrates and
dried at 50 °C for 1 h, as shown in Figures S8 and S9.

Figure 2. Images of the (a−h) FAPbBr3 nanocrystal−polymer composite films and (i−p) FAPb(Br0.36I0.63)3 nanocrystal−polymer composite films
under UV irradiation. The polymer materials used in the composites are (a, e, i, m) ABS, (b, f, j, n) HIPS, (c, g, k), (o) PCL filament, and (d, h, l,
p) PCL granules.
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For the undissolved materials, the filaments were swollen to
some extent in the solution, indicating that the nanocrystals
diffused into the filaments. After drying, the nanocrystals can
be trapped inside the filaments. Filaments allowing more
swelling can provide better protection, as the nanocrystals can
diffuse deeper. As can be seen in Figures S6 and S10,
FAPbBr3−PVC and FAPbBr3−PA showed a dim green light,
which decayed in a short time, indicating that they cannot
provide sufficient protection for green nanocrystals, whereas
FAPbBr3−PP showed a very dim green light, but light lasted
for a longer time. On the contrary, FAPbBr3−PLA, FAPbBr3−
PC, FAPbBr3−PETG, FAPbBr3−PMMA, and FAPbBr3−
LDPE showed a bright green light even after one-month
storage in an ambient environment. Since FAPbBr3 nanocryst-
als are stable, it is not easy to determine which polymer
materials are better for protection. Therefore, the properties of
the filaments embedded with FAPb(Br0.36I0.63)3 nanocrystals,
which are less stable than FAPbBr3 nanocrystals, were
investigated, as shown in Figures S7 and S11. Apparently,
FAPb(Br0.36I0.63)3−PLA and FAPb(Br0.36I0.63)3−PMMA fila-
ments still emitted a red light even after one month; therefore,
these two are better materials for protective encapsulation.
As for the dissolved materials, all FAPbBr3−polymer

composite films provided sufficient protection for a long
time, as shown in Figures 2a−h, S8, and S10. However, the
FAPb(Br0.36I0.63)3−PCL composite film exhibited the longest
lifetime, as shown in Figures 2i−p, S9, and S11. In addition to
PCL filaments, PCL granules were also used as another
polymer source. The resulting perovskite nanocrystal−PCL
composite films also showed similar stability performance. All
of the optical properties mentioned above are summarized in
Tables S2 and S3. The XRD pattern of the FAPbBr3−PCL
composites showed two more XRD peaks at 21.3 and 24.2°,
belonging to the (110) and (200) reflections of PCL,
respectively,60 without affecting the original peaks of the
FAPbBr3 nanocrystals (Figure S12a,b). Therefore, PCL is
another good protection polymer. The better protective
capability of the perovskite nanocrystal−polymer composites
is attributed to the property of PLA, PMMA, and PCL barriers
to oxygen and water. Besides, differential scanning calorimetry
was used to understand the influence of the incorporation of
the perovskite nanocrystals into the PCL on the glass transition
temperature (Tg). Figure S12c shows that the Tg of the PCL
was about −62 °C, whereas the Tg of the FAPbBr3−PCL
composite film was about −55 °C. The changes in Tg are
common when two materials are blended.61−64

To understand how the PCL protects the embedded
nanocrystals, the dynamics of the PL intensity of the
FAPbBr3−PCL composite film and bare FAPbBr3 nanocrystals
was monitored in different gaseous environments for
comparison. The sample was put in a chamber with a gas
inlet, a gas outlet, and a pumping system. The PL intensity as a
function of time for the sample in air, vacuum, nitrogen, and
oxygen was recorded in sequence as shown in Figure 3. The
bare FAPbBr3 nanocrystal film was prepared by drop-casting
and vacuum-drying, and the PL variation of bare FAPbBr3
nanocrystals is shown in Figure 3a. Before evacuating the
chamber, the bare FAPbBr3 nanocrystal film showed a high PL
intensity in air. The PL intensity decreased dramatically when
the chamber was pumped down. The PL intensity remained at
the same level when the chamber was filled with nitrogen.
When the chamber was purged using oxygen, the PL intensity
increased dramatically to the level as in air. The chamber was

again purged with nitrogen and oxygen and evacuated, the
vacuum was broken, and the resulting PL levels were similar to
the previous ones. The PL peak wavelength was the same
throughout the processes, and the spectra when the sample was
in an oxygen and nitrogen atmosphere are shown in Figure
S13. This dynamic behavior corresponds with those of
previous reports,65,66 in which it is attributed to the
physisorbed gas molecules and the resulting surface state
density. The behavior has been further explained recently by
considering the formation of superoxide species, which remove
the shallow states, leading to radiative-dominant recombina-
tion.67,68 On the contrary, the PL intensity of the FAPbBr3−
PCL composites remained at the same level in various
environments as shown in Figure 3b. The initial decrease in
PL was probably due to the outgassing of moisture and oxygen
from the composite, which is expected to be a slow process.
When the physisorbed gas molecules detached from the
FAPbBr3 nanocrystals and diffused outward, the occurrence of
the shallow states led to the nonradiative recombination and
the decrease in PL intensity. When comparing the decreasing
rate of the PL intensity of the bare FAPbBr3 nanocrystal film,
the rate of decrease in the PL intensity of the FAPbBr3−PCL
composites is quite slow, which is suitable to be assigned as the
diffusion process. Similarly, after the chamber was refilled with
ambient air, the PL intensity of the composites remained at the
same level. If we focus on the final stage in which the materials
were exposed to the air, comparing the abrupt increase in the
PL intensity of the bare FAPbBr3 nanocrystal film, the increase
in PL of the FAPbBr3−PCL composites is quite slow. All of
these results indicate the PCL could serve as a good barrier
layer for moisture and oxygen. The FAPbBr3−PCL composite
film was further tested in a hot water environment. The
composite film remained luminescent for 10 min after the
boiling water was poured into a beaker containing the
composite film (Movie S1). Since the melting point of PCL
is as low as 56−64 °C, the composite film softened in hot
water and became deformable and stretchable and thus could
be molded into another structure. In contrast, the lumines-

Figure 3. Variation in the PL intensity of (a) bare FAPbBr3 and (b)
FAPbBr3−PCL composite film in different environments.
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cence of FAPbBr3 solution disappeared in 3 s after the solution
contacted with the hot water. When the FAPbBr3−PCL
composite film was put in boiling water, its luminescence
decreased considerably after 5 min (Movie S2). The
fluorescence decay of the composites is attributed to the
degradation of perovskite nanocrystals. This is because when
the composite film was kept at a high temperature for a long
time, moisture severely penetrated into the softened polymer
chain, leading to the degradation of the perovskite nanocrystals
in a short time.
Since the perovskite nanocrystal−PCL composites could be

easily deformed due to the low melting point of PCL,
millimeter-sized filaments for 3D printing and colored down-
conversion films for white LEDs were obtained to demonstrate
the possible applications of these composites.
For 3D printing, the FAPbBr3−PCL composite film needed

to be reformed into millimeter-sized filaments with a diameter
suitable for the 3D printer. Due to the lack of an extruder for
polymeric materials, the FAPbBr3−PCL composite film was
reformed into a fluorescent filament by molding. A mold with a
trench of suitable diameter was prepared in advance using a 3D
printer (Figure S14a). A very thin layer of silicon oil was
coated on the mold surface for better demolding. The heated
and softened composites were put into the trench and allowed
to cool (Figure S14b,c). The filament was ready for use after it
was pulled out and polished (Figure S14d). Perovskite
nanocrystals with different colors could also be incorporated
with PCL and then processed into filaments with the same
procedures (Figures S14e and 4a). Different filaments could

also be simply connected into one by heating locally (Figure
S14f,g). The filament was then loaded into a 3D printing pen,
and a vertical line was drawn (Figure 4b). The video showing
the printing of the vertical line is shown in Movie S3. The
photo of the vertical line was taken with a UV light behind
(Figure 4b). The temperature of the heater in the 3D printing
pen was set to be 90 °C, and no significant degradation in the

luminescence of the composite was observed. This result
demonstrates that the fluorescent filaments prepared from
FAPbBr3−PCL composites are suitable for 3D printing.
More complex objects can also be prepared by 3D printing

as shown in Figure S15. The FAPbBr3−PCL composite films
were first prepared and cut into small pieces (Figure S15a),
which were loaded into a container of a 3D printer. The
container was heated electrically and the softened composites
were extruded to prepare 3D-printed words (Figure S15b,c).
The digital images of the printed words were taken under
daylight and UV irradiation (Figure S15c−e) to demonstrate
the luminescence behavior of the printed objects.
In addition to millimeter-sized filaments, micrometer-sized

fluorescent fibers based on FAPbBr3−PCL filaments could also
be prepared using a cotton candy maker. The FAPbBr3−PCL
composites were loaded into a bowl enclosed in the spinning
head of a cotton candy maker. Heaters at the bottom of the
bowl melted the composites, which were then squeezed out
through small holes on the bowl by centrifugal force and were
solidified in air. The diameter of the FAPbBr3−PCL fibers was
about 7 μm, as shown in Figure 4c,d. A schematic diagram of
the micrometer-sized fluorescent fibers was added in the
upper-right part of Figure 4b to represent the position of the
fiber in the photo clearly. The distribution of the FAPbBr3
nanocrystals in PCL fibers seemed to be nonuniform. Most of
the nanocrystals were located near the surface of the fibers.
The fluorescence lifetime was long, and no significant decay in
fluorescence was observed even after 2 months.
As for perovskite nanocrystal−PLA filaments, which also

showed a good gas barrier property in ambient condition, the
distribution of the FAPbBr3 in a FAPbBr3−PLA filament was
investigated, and then the FAPbBr3−PLA filament was tested
for 3D printing. A confocal laser-scanning fluorescence
microscope was used to investigate the distribution of the
FAPbBr3 in FAPbBr3−PLA filaments. As shown in the
microscopic image (Figure S16a), there was a green area
near the surface of the FAPbBr3−PLA filament, indicating the
presence of FAPbBr3 nanocrystals near the surface. The cross-
sectional SEM image of the FAPbBr3−PLA filament reveals a
bright region near the surface (Figure S16b). When the
confocal image overlaps with the SEM image, it is apparent
that the green area of the confocal image corresponds precisely
to the bright region in the SEM image (Figure S16c). The
filaments swelled when the filament was submerged in the
perovskite nanocrystal/toluene solution, indicating that the
perovskite nanocrystals diffused into the filament and were
trapped and protected by the filament. The penetration depth
of the FAPbBr3 nanocrystals in the PLA filament was estimated
to be within a few micrometers, which is consistent with the
result of a previous report.40 However, because of the high
melting point of the PLA filaments (150−160 °C), the
operation temperature of the 3D printing pen for the
FAPbBr3−PLA filaments was as high as 190 °C, which led
to the degradation of perovskite nanocrystals and non-
fluorescent printed objects (Figure S16d,e). The melting
point of PMMA is about 160 °C, which is similar to that of
PLA; therefore, the printed object is also expected to be
nonfluorescent. Hence, both FAPbBr3−PLA and FAPbBr3−
PMMA filaments are not suitable for 3D printing.
To further demonstrate the possible application of PCL-

based composite films, FAPbBr3−PCL and FAPb(Br0.36I0.63)3−
PCL composite films were utilized as down-converters for
white LEDs. Rather than pursuing a high-performance white

Figure 4. (a) Image of the red, green, and blue filaments prepared
from perovskite nanocrystal−PCL composites under UV irradiation.
(b) Image of the 3D-printed vertical green object under UV
irradiation. Image of the micrometer-sized fluorescent fibers under
(c) daylight and (d) UV irradiation.
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LED, we focused more on the stability issue. Therefore, PCL-
based composite films were conformally stacked on a blue LED
chip without considering the heat from the LED chip, as
shown in Figure 5a. Moreover, in addition to using a Br-rich

nanocrystal with slightly better thermal stability and 630 nm
emission, an FAPb(Br0.36I0.63)3−PCL composite film was used,
which showed 669 nm emission and inferior thermal stability.
The photograph taken when the LED was turned on is shown
in Figure 5b. The spectra and the Commission Internationale
de l’Éclairage (CIE) chromaticity coordinates at various
driving voltages are shown in Figure 5c,d, respectively. The
CIE coordinates changed from (0.35, 0.33) to (0.32, 0.34)
when the bias voltage was increased from 4 to 7 V. The CIE
coordinates closest to the ideal pure white light emission
coordinates (0.33, 0.33) were obtained at about 5 V. The
spectra showed three peaks, belonging to the blue LED,
FAPbBr3 nanocrystals, and FAPb(Br0.36I0.63)3 nanocrystals.
When the spectra were normalized to the intensity of the
blue LED, the intensity of the FAPbBr3 peak was the same,
whereas the intensity of the FAPb(Br0.36I0.63)3 peak decreased
with increasing driving voltages. The decrease in electro-

luminescence intensity is attributed to the degradation of
FAPb(Br0.36I0.63)3 nanocrystals at high temperature and under
blue irradiation,69,70 which further indicates the importance of
the thermal stability of the red emissive component.
Because of the good protective capability of the PLA and

PMMA, we also try to use them for white LEDs purpose. Since
PLA and PMMA filaments cannot be easily dissolved in a
solvent within a short time, the PLA and PMMA filaments are
taken in a beaker and are continuously stirred at 200 °C until
filaments are completely softened in it. The hot blend of PLA/
PMMA was then poured in a flat-surfaced Petri dish to form
the PLA/PMMA blend film. A similar method was used to
prepare the perovskite nanocrystal−PLA and perovskite
nanocrystal−PMMA filaments; the PLA/PMMA blend films
were then submerged in the perovskite nanocrystal toluene
solution. In the solution, the PLA/PMMA blend film swelled
and the perovskite nanocrystals diffused into the blend film.
FAPbBr3−PLA/PMMA and FAPb(Br0.36I0.63)3−PLA/PMMA
composite films were realized for the demonstration of white
LEDs with similar device structures as shown in Figure 5a. The
EL spectra of the device at various driving voltages are shown
in Figure S17. The intensity of emission peaks from both
FAPbBr3−PLA/PMMA and FAPb(Br0.36I0.63)3−PLA/PMMA
composite films decreased with the increasing driving voltage.
This is attributed to the instability of the perovskite
nanocrystals that are located near the outer surface of the
PLA/PMMA composite film and could be easily susceptible to
the environment. In the previous demonstration, perovskite
nanocrystals were blended with PCL and the nanocrystals
could be completely protected by PCL, which is the reason
perovskite nanocrystals−PCL composites possess higher
stability. These results further demonstrated that the
distribution of perovskite nanocrystals into the polymer matrix
plays a key role in the white LEDs application.
Recently, the inkjet printing technique was also used to

demonstrate the patterned perovskite nanocomposites.71,72

The viscosity of the ink can be tuned with the addition of a
polymeric material for a better control of the quality of the
printed objects. Many objects with high resolution were
realized for various possible applications.72 Compared with
these works, 3D printing is much easier for the construction of
large 3D objects in which the resolution in a small area is not a
critical issue. Besides, the 3D printing process does not need
organic solvents to prepare the inks. However, heating is
required for the extrusion process of 3D printing, which might
degrade the perovskite nanomaterials.

■ CONCLUSIONS
In summary, 11 thermoplastic polymers were explored as
protective encapsulation materials for perovskite nanocrystals.
Polycaprolactone exhibited excellent protective properties, and
the perovskite nanocrystal−PCL composites could be
processed into fluorescent objects and micrometer-sized
fluorescent fibers via extrusion 3D printing and using a cotton
candy maker. Moreover, a white LED with CIE coordinates of
(0.33, 0.33) was realized by incorporating perovskite nano-
crystal−PCL composite films with different emission wave-
lengths.

■ EXPERIMENTAL SECTION
Materials. Dimethylformamide, PbBr2, and PbI2 were purchased

from Sigma-Aldrich. HC(NH2)2Br (FABr) and HC(NH2)2Br (FAI)
were purchased from Lumtec. The thermoplastic filaments were

Figure 5. (a) Schematic diagram and (b) photograph of the white
LED. (c) Emission spectra of the white LED. The emission spectra
from a blue LED, an FAPbBr3−PCL composite film, and an
FAPb(Br0.36I0.63)3−PCL composite film are also shown for compar-
ison. (d) CIE coordinates of the white LED.
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purchased from Extek, Voltivo, Kebixing, Min-Yau, and Shuangli
Adhesive Tape Co.
Synthesis of HC(NH2)2PbBr3 (FAPbBr3). First, 19.98 mg of

FABr and 73.4 mg of PbBr2 were dissolved in 5 mL of DMF and
heated at 75 °C overnight. The precursor solution was prepared by
adding 100 μL of oleic acid and 4 μL of octylamine into 1 mL of
DMF solution containing FABr and PbBr2. Then, 1 mL of the
precursor solution was injected into 15 mL of toluene under vigorous
stirring. After centrifugation at 3300 rpm for 10 min to discard the
precipitates, a colloidal solution of FAPbBr3 nanocrystals was
obtained.
Synthesis of HC(NH2)2Pb(Br0.36I0.63)3 (FAPb(Br0.36I0.63)3). First,

5 mL of DMF containing 19.98 mg of FABr and 73.4 mg of PbBr2 and
another 5 mL of DMF containing 27.5 mg of FAI and 92.2 mg of PbI2
were prepared and heated at 75 °C overnight. These two solutions
were blended with 4:7 volume ratio, and 225 μL of oleic acid and 9
μL of octylamine were added to obtain the precursor solution. Then,
0.7 mL of the precursor was injected into 15 mL of toluene under
vigorous stirring. After centrifugation at 1600 rpm for 5 min to discard
the precipitates, a colloidal solution of FAPb(Br0.36I0.63)3 nanocrystals
was obtained.
Preparation of Perovskite Nanocrystal−PCL Composites.

Eleven commercial available thermoplastic filaments were loaded into
vials, and the as-prepared colloidal solution of perovskite nanocrystals
was distributed into different vials. The materials were submerged in
toluene solvent for 2 h. Eight materials that were insoluble in the
colloidal solution were taken out of the colloidal solution for drying.
The filaments were swollen in the colloidal solution, indicating that
the perovskite nanocrystals could still get into the filaments. The
other three materials, which were soluble in the colloidal solution,
were cast on a glass substrate and dried at 50 °C for 1 h to form
perovskite nanocrystal−polymer composites.
Preparation of Millimeter-Sized Filaments for 3D Printing.

The perovskite nanocrystal−PCL composites were heated to soften
the composites, and then the composites were loaded into a mold to
prepare the filaments for a 3D printer pen, A3, Kebixing Inc.
Preparation of Micrometer-Sized Filaments for 3D Printing.

The perovskite nanocrystal−PCL composites were loaded into the
extruder head of a cotton candy maker, Nostalgia, model number
PCM305. Heaters were used to liquefy the composites, and then the
composites were squeezed out through small holes on the extruder
head while spinning.
Characterizations. Transmission electron microscopy (TEM)

images of the perovskite nanocrystals were taken using a Philips
Tecnai F30 field-emission gun transmission microscope. X-ray
diffractometry data were obtained using a D8 Discover X-ray
diffraction (XRD) system. The UV−vis absorbance was measured
using a microspectrometer (SD1200-LS-HA, Stream-Optics Co.).
Confocal laser-scanning fluorescence microscope images were taken
using ZEISS LSM 880. The PL spectra were recorded using a
spectrometer with a 405 nm laser as an excitation source. Time-
resolved PL spectra were measured using EasyLife, HORIBA.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.9b06248.

Composite film remained luminescent for 10 min after
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A B S T R A C T

The rapid interest of low-cost hybrid organic-inorganic lead halide perovskite solar cells (PSCs) paved the way to
develop its efficiency through different fabrication techniques. The inclusion of different monovalent organic or
inorganic cation and halide anion in the A-site and X-site of the perovskite structure made the material to be
stable at ambient conditions. In this study, a triple cation was carefully evaluated by stressing the importance of
minimal processing steps, such as spin-coating, thermal annealing, and the addition of antisolvent. For enhan-
cing the stability of perovskite film, different concentration of cesium cation was incorporated into the per-
ovskite film. 10% cesium cation incorporated perovskite film showed a high reflectance with flat and full surface
coverage. Considering the importance of other parameters and conditions, its stability was enhanced that made
the perovskite film retain its black perovskite phase for four months even after exposure to ambient air. Power
conversion efficiency (PCE) of 10.90% was measured under reverse scanning for 10% cesium incorporated
perovskite solar cells. This structural, thermal and environmental stability, and reproducible characteristic be-
havior of the 10% cesium incorporated perovskite samples were achieved because of the modified fabrication
techniques which are useful for future and large-scale applications.

1. Introduction

In the past years, low-cost hybrid organic-inorganic lead halide
perovskite solar cells have gained exponential interest since its first
report in 2009 with a power conversion efficiency (PCE) from 3.8% to
the current 25.2% [1,2]. It has been nominated for competing against
the long run of crystalline silicon solar cells in pair with the high effi-
ciencies of CdTe solar cells. This dramatic increase in PCE was due to its
distinguished properties such as high absorption coefficient over visible
spectrum [3], low trap densities, and trap-assisted recombination [4],
large diffusion length in micrometer-range with long-charge carrier
lifetimes, ambipolar charge transport, etc. These extraordinary prop-
erties made its attributes to an excellent performance in optoelectronic
and mechanical properties which would be eligible for photovoltaic
applications [5]. Perovskite solar cells (PSCs) have flexibility in its
fabrication process which made it more attractive to academic research.
It could be fabricated in large-scale, low-cost roll-to-roll printing pro-
cesses, from different vacuum deposition process [6], sequential de-
position [7], chemical vapor deposition [8], atomic layer deposition,
dip coating [9], thermal evaporation [3] to complex-assisted gas
quenching technique [10] which made it a potential candidate for low-

cost utilization of renewable energy.
Perovskites are in the form of ABX3, where A as monovalent organic

or inorganic cation (CH3NH3
+/MA+ (methylammonium),

CH3(NH2)2+/FA+ (formamidinium) or Cs+), B as divalent metal cation
(Pb2+, Sn2+ or Ge2+), and X as halide anion (I-, Br-, Cl-, BF4-, PF6-,
SCN-) [11–13].Its first fabrication on methylammonium lead trihalide
(MAPbX3) produced groundbreaking results; however, it was observed
to have performance degradation under 55 ℃. It exhibits structural
phase transition under continuous illumination and sensitivity to air,
moisture, and heat at 85 ℃ [14,15]. Disadvantages continued to show
in other perovskite solar cells such as FAPbX3; even it has higher
thermal stability, it has a disadvantageous photo-inactive perovskite
hexagonal yellow phase and a photo-active perovskite black phase
[16–19]. Likewise, the CsPbI3 perovskite would only be stable at a
higher temperature of 300 ℃ and exhibits a photo-inactive phase at
room temperature which is not favourable for the reproducibility of the
solar cell performance [16,20]. Also, its large bandgap (∼1.73 eV) is
not suitable for photovoltaic performance [1].

Perovskite materials are also known to be compatible in its cation
exchange [9] as long as it satisfies the Goldschmidt tolerance factor
[21,22] based on ionic radius of organic cations. A-site cations are

https://doi.org/10.1016/j.synthmet.2020.116443
Received 29 February 2020; Received in revised form 25 May 2020; Accepted 27 May 2020

⁎ Corresponding author.
E-mail address: ycchao@ntnu.edu.tw (Y.-C. Chao).

Synthetic Metals 267 (2020) 116443

0379-6779/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03796779
https://www.elsevier.com/locate/synmet
https://doi.org/10.1016/j.synthmet.2020.116443
https://doi.org/10.1016/j.synthmet.2020.116443
mailto:ycchao@ntnu.edu.tw
https://doi.org/10.1016/j.synthmet.2020.116443
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synthmet.2020.116443&domain=pdf


responsible for forming stable perovskites while X-site halide anions
tune the bandgap of PSCs. Thus, the idea of interchanging and mixing
cations became a feasible route to include the advantages of different
cations to improve the performance of PSCs. This can be widely tuned
for bandgap engineering in higher performance for tandem solar cells.
For example, MA would be beneficial in pushing the crystallization of
FA perovskites. It can act as a crystallizer for the photo-active per-
ovskite black phase of FA perovskites. Cs-doped perovskite films exhibit
longer PL lifetime, stronger absorption, and improved structural phase
stability [1,23]. Because Cs+ has a smaller ionic radius equal to 1.81 Å
compared to 2.70 Å for MA+ and 2.79 Å for FA+, there is a slight
increase in bandgap which makes it tunable for perovskite solar cells
[5]. The double cation PSCs such as Cs+/FA+ and MA+/FA+ exhibited
better performance than single cation PSCs but still experience de-
gradation under heat stress and humid environments. Thus, the idea of
having triple cation becomes the recent avenue to resolve this photo-
moisture instability and degradation. The partial mixing of Cs+, FA+,

and MA+ further eliminates the suffering of PSCs in halide segregation
and enhances its perovskite crystallinity for better photovoltaic per-
formance [5]. Comparing with the double cation, the minimum pre-
sence of an inorganic cation will exhibit an enhanced thermal and
moisture stability [24]. Saliba et al. presented triple- cation perovskites
in the form of Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3 which has high
efficiency and superior phase stability. It also exhibited a PCE of 21.1%
and 18% in operational conditions after 250 hours of maximum power
point tracking under full illumination at room temperature [13]. Snaith
et al. observed that the phase stability of partially substituted FA+

cation with Cs was entirely eliminated in the iodide-bromide compo-
sitional range which tuned its bandgap around 1.75 eV. Because of this,
they fabricated a solar cell with a power conversion efficiency (PCE)
of> 17% with a stabilized power output of 16%. [25]. On the other
hand, they also used BA: n-butylammonium (C4H9NH3) cation with Cs
and FA+ which exhibited reduced defects responsible for non-radiative
recombination, that leads to decrease the current-voltage hysteresis
with significant operational stability in PSCs. With this observation, the
PCE was enhanced in variation with the bandgap of perovskite device,
17.5 ± 1.3% for a 1.61-eV and 15.8 ± 0.8% with 1.72-eV bandgap
perovskites [26].

Also, long term stability has been an issue for the fabrication of
perovskite solar cells in widescale applications to compete with the long
service years of crystalline silicon solar cells. Different ways on how to
enhance the stability of perovskite solar cells have been experimented,
may it be intrinsic (changing the perovskite stoichiometry) which de-
crease the weaknesses of the perovskite absorber layer such as re-
combination, etc. or extrinsic (encapsulation techniques) which can
reduce the degradation factors under ambient conditions [27]. En-
capsulation of PSCs is done to improve its lifetime under ambient
conditions [28]and can help to accelerate the goal of commercialization
of perovskite solar cells in the future [29,30]. Cs-containing mixed
cation and mixed halide perovskite is also reported by Tian et al. which
enabled the investigations on the structural properties and long-term
stabilities of PSCs [31]. McIntyre et al. discussed the thermal decom-
position kinetics of mixed cation metal halide perovskites in air [32].
Optimization of device architecture may also promote perovskite solar
cell stability.

Fabrication is a key factor in solidifying the stability strength of the
PSCs. The different parameters for measuring the device efficiency and
the timeframe of retaining its pure black perovskite phase determine
the stability status of the material. Minimal requirements such as spin-
coating process, additive incorporation [12], and thermal annealing
conditions have been widely studied to observe its effects on the sta-
bility and performance of PSCs. In this paper, a triple cation is studied
by observing and stressing the importance for the first time of the
minimal steps for fabricating PSCs such as spin-coating process, anti-
solvent additions, and cation incorporation. This has been an issue
because the fabrication and formation of perovskite solar cell device

appears to be complex and sensitive in in every different parameter
which caused irreproducibility in different laboratories [10]. Also, this
highlights another important aspect of perovskite material as a candi-
date for a stable, high-efficient, low-cost solar cell. The quality of PSCs
is affected by external factors most especially in preparation like the
spin-coating process, annealing temperature, and so on. Anti-solvent
assisted crystallization is done by using trifluorotoluene, toluene, and
chlorobenzene in the spin-coating process of perovskites to serve not
only for improving the initial stages of film formation but also for fast
nucleation growth of the perovskite crystals [33]. Thus, this technique
brought enhancement on the crystallinity and electronic properties of
the perovskite samples [34]. It is the most widely used method in ob-
taining perovskite with superior quality because of its easiness in fab-
rication techniques [35]. Here, chlorobenzene is used as a “poor sol-
vent” for obtaining a smoother perovskite film. The importance of
tuning the X-site and A-site of the perovskite precursor composition is
also stated in this paper. Characterizations also showed that the per-
ovskite material formed has a high purity and appropriate thickness.
Furthermore, we have explained the role of triple cation that enhances
its stability in presence of air and moisture and retaining its black
perovskite phase for four months as seen in photographs. Degradation
of solar cells associated with humidity, temperature, oxygen, and che-
mical reactions on the interface are essentially removed due to ex-
tensive observations on the minimal parameters in fabricating the PSCs.

2. Experimental

2.1. Preparation of perovskite precursor solutions

For the synthesis of organic-inorganic lead halide perovskite films
and fabrication of solar cell device, all analytical grade reagents were
used as received without further purification. The perovskite Csx
(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3 precursor solution was prepared by
following the reported literature [13]. The precursor solution was
composed of 1M CH3(NH2)2I or FAI (TCI,> 98%), 0.2M MABr
(TCI,> 98%), 1.1M PbI2 (Alfa Aesar, 99.998%) and 0.2M PbBr2
(99.999%, Sigma Aldrich) in a mixture of DMF:DMSO (4:1). Take note
that dimethyl sulfoxide (DMSO) was first added into the precursor
bottle before adding dimethylformamide (DMF). The CsI (99.999%,
Sigma Aldrich) was pre-dissolved in DMSO (1.5M). Different con-
centrations of the CsI/DMSO solution was mixed to the prepared pre-
cursor solution to complete the triple cation precursor solution com-
position. The solutions were stored under a nitrogen filled glovebox for
12 hours with continuous stirring (1150 rpm) at 70 °C.

2.2. Formation of perovskite film and the solar cell device

Perovskite solar cell devices under schematic architecture: ITO-
etched glass/PEDOT: PSS (30 nm)/triple cation perovskite material/
PCBM/Al (70 nm) and perovskite films in ITO-coated glass/PEDOT:PSS
(30 nm)/triple cation perovskite material were fabricated. Initially,
ITO-coated and etched ITO-coated glass were washed by a liquid soap
in a sponge and were rinsed by deionized (DI) water. Substrates were
ultrasonically cleaned with acetone, isopropyl alcohol (IPA), and DI
water, for 10minutes, sequentially. After blown dry by nitrogen, the
substrates were treated in UV ozone for 30minutes to increase the
hydrophilic property of the ITO glass substrate. Poly (3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS) polymer was spin-
coated on the substrate at 2500 rpm for 90 seconds and were annealed
at 120 °C for 20minutes. This acted as the hole transport layer (HTL) of
the perovskite solar cell device. The substrates were immediately
transferred into the nitrogen filled glove box for depositing the per-
ovskite film material.

Preliminary preparations for fabrications were made such as testing
different concentrations of cesium cation content before proceeding the
synthesis of the triple cation perovskite material. After that, the
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changing the spin-coating ratio as well as annealing time and applica-
tion of poor solvent were also tested. The perovskite material was spin
coated through two-step spin coating process. First step is the 1000 rpm
for 10 seconds then the second step is for 4000, 5000, and 6000 rpm for
20 seconds. While spinning, the poor solvent was dropped at the 15th
second of the second spin coating step. After that, the substrates were
annealed at 100 °C for two annealing time (30minutes or 60minutes)
For the electron transport layer (ETL), 20mg/mL of [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) was dissolved in chlorobenzene (CB)
and was deposited on the perovskite films by spin-coating at 1500 rpm
for 90 seconds. Aluminum electrodes were deposited by thermal eva-
poration on all the samples under vacuum of ∼10-4 Pa at a rate of 1 Å/
second in completion of fabrication for the perovskite solar cell devices.

2.3. Perovskite film and solar cell characterization methods

The structural properties of the perovskite films were described by
observing the dark and bright field microscopic images of ITO/
PEDOT:PSS/triple-cation perovskite films using Zeiss bright and dark
field microscope with a light source (F0150 H) from Sage Vision Co.
Ltd. XRD patterns were measured by Bruker AXS (D8 Advance Bruker
Corporation) using Cu Kα radiation at an integration time of 0.2 s from
10°- 60° (2theta) angle. As an addition, field-emission scanning electron
microscope (JEOL JSM-7600 F) was used to examine the surface mor-
phology and thickness of the perovskite of the perovskite samples.
Optical properties such as absorption of perovskite films were obtained
on OTO photonics spectrometer (SD1200) using tungsten halogen as
light source. Photoluminescence spectra were measured by using
405 nm laser as the excitation source from the Shanghai Dream Laser
Technology. The current density-voltage (J-V) curves for describing the
efficiency of the perovskite samples were collected by 2400 Series
Source Meter (Keithley Instruments) under simulated AM 1.5 sunlight
at 100mW/cm2. The light intensity used for measurement was

calibrated based on an Oriel reference cell and verified with a NREL
calibrated filtered Si reference cell.

3. Results and discussion

It is said that combining the ions on the A-site and X-site of the
perovskite may produces an effective tolerance factor based on
Goldschmidt tolerance factor formula closer to 1 [36]. Hence, it allows
for expecting a darker, cubic perovskite phase that can be easily de-
signed at low temperatures and be stable at room temperature. Here,
Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3 is used as the perovskite ab-
sorber material. X indicates the amount of cesium cation incorporated
with the perovskite material. Also, mixing the larger amount of FA+

cation to smaller amounts of MA+ will lead to a stable perovskite
material. Combining it with the smaller ionic radius Cs on the A-site
will make it stable and more complete perovskite film. Furthermore,
mixing the larger amount of FA+ cation to smaller amounts of MA+

will lead to a stable perovskite material. Small amounts of Cs cation
may also retain the black phase of the perovskite material especially in
FA+ cation part [13]. In this work, preliminary experiments are done to
choose the appropriate and optimized parameter for fabricating the
perovskite film and solar cell. Based from this preliminary results, five
and ten percent of Cs cation are incorporated and tested for the per-
formance of PSCs. Different fabrication parameters are observed in
detail such as the chosen precursor concentration, spin-coating speed,
annealing temperatures and time to determine how it affects on the
differences of the perovskite solar cell device performance.

3.1. Preliminary experiments for structural and perovskite phase analysis

The structure and phase information are some of the most important
characters for obtaining a better perovskite photovoltaic performance.
Achieving pinhole-free with smooth surface and large grain size is one

Fig. 1. (a-e): Dark and Bright images (optical size: 50 μm) of perovskite sample films which include the preliminary experiments until 10% Cesium content.
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of the important issues in obtaining the good film morphology for best
device performance. Pinholes may cause leakage current which may
cause the loss in short circuit current density and low fill factor
[37–39]. These effects will drastically increase the efficiency of the
perovskite solar cell. Fig. 1a and b show the perovskite solar cell device
fabricated without using poor solvent and two-step spin coating pro-
cess, respectively. The dark and bright images showed the dense and
flower-like structures which indicates the material to be rough (Fig. 1a).
After applying the two-step spin coating process, the improvement in
the formation of perovskite film is observed but still showed the lotus-
like structures (Fig. 1b). It only proves the necessity of poor solvent
which can push the material to be fully crystallized. Even full surface
coverage perovskite film is obtained because of poor solvent technique
in Fig. 1c, grain-like structures are still observed when there is no ce-
sium present in the perovskite material. Because of this, the poor sol-
vent technique was further introduced. This provides the perovskite
samples to show high crystallinity and simplistic formation of large
grain size. The technique has been employed in developing even crys-
tallization and control on the crystal growth and nucleation of per-
ovskite materials. Moreover, the ability of Cs cation to promote
smoother and fuller film coverage play an important role on developing
the effectiveness of the perovskite solar cell. Also its improvement on
the light harvesting abilities of the solar cell measurement is a plus
factor for improving its stability [40]. Thus, initial preparations such as
choosing the correct amount of Cs cation content were done. However,
even the incorporation of Cs cation can reach to its supersaturated
value wherein higher concentration may have several affects to the
characterizations of the perovskite film. It is due to the wider band gap
of CsPbI3 at 2.05 eV and the presence of different components such as
CsI, PbI2 and Cs4PbI6 which can hinder the device performance [41].
The XRD analysis shown in Supporting information Figure S1 describes
that at greater amounts of cesium cation (15% and 20%), there is a
presence of θ2 =12.7º which corresponds to PbI2 phase. Even there is a
perovskite peak at θ2 =14º, the PbI2 peak found is regarded as im-
purity in the perovskite material which can further develop to the de-
terioration of the material. Its susceptibility in rapid degradation under
such moisture exposure is high because of the formation of CsPbI3
phase. With further characterization such as SEM, Supporting in-
formation Figures S2a and b show that pinholes and grain boundaries
are observed in its cross-sectional area images. Additionally, even
adding PbCl2 to extend the concentration of Cs cation content in the
perovskite, the sample still turned to light brown at 25% and orange at
30% cesium incorporation [42]. Because of these underperforming
characterizations, the device to be fabricated may induce negative ef-
fects in the electronic properties of the perovskite solar cell. Doping
small amounts of cesium is beneficial for the controlled crystal growth
and decrease of trap-state density which enhances the quality of the
perovskite material with superior stability under ambient conditions
[43]. Thus, the five and ten percent cesium cation content were chosen
to be the focus of the paper. The five (Fig. 1d) and ten (Fig. 1e) percent
cesium incorporated perovskite film are shown, wherein ten percent
cesium incorporated perovskite film showed the better coverage and
formation of smoother film compared to the five percent. In addition,
incorporation of cesium cation into the perovskite helped to achieve the
black perovskite phase. Thus, the combination of poor solvent, two-step
spin coating process and presence of cesium are the three important
factors for making the physical attributes of the perovskite film to be-
come smooth with full surface coverage. This crystallization formation
has great impact on the performance of the film and the device in
different characterizations presented.

3.2. Optical characterizations of perovskite thin films

The UV–vis absorption spectra and photoluminescence (PL) of the 0,
5, and 10% cesium cation incorporated perovskite materials are shown
in Fig. 2a and b. The PL peak of perovskite materials are blue shifted

after incorporating 5 and 10 % cesium cation as shown in inset for
Fig. 2b. The absorption edge is observed in infrared region for all the
films. The onset of absorption shifts to higher energy when increasing
the concentration of cesium cation. These results indicate that the in-
corporation of cesium cation helped to tune and slightly increase the
bandgap (Eg) corresponding to 1.63 eV of the perovskite material as
shown in Fig. 2c. The increase in bandgap is associated with the pre-
sence of smaller amounts of the cesium cation. The bandgap obtained is
still in accordance with the tunable bandgap property of perovskite
solar cells [44]. Further, the influence of spin-coating speed and time in
the photoluminescence behavior was carried out and their results are
given in Supporting information Figure S3a. It is shown that the spin-
coating speed affects the material behavior in terms of its bandgap and
it slightly blue-shifted for the spin coating speed from 5000 rpm to
6000 rpm. As the results go on, this paper will be discussing the reason
for choosing 5000 rpm as optimum spin-coating speed in fabricating a
better performance PSCs. On the other hand, high reflectance re-
presents the smoothness, the full surface coverage and high purity of
the black perovskite phase, shown in Fig. 2d. This photograph is re-
sulted from the two-step spin coating condition of 1000 rpm for 10
seconds and 5000 rpm for 20 seconds. This two-step spin coating con-
dition made the material to more considerable to have a high-perfor-
mance perovskite film.

Fig. 3a showed the XRD patterns of perovskite films with different
spin-coating speeds. The perovskite films prepared with different spin-
coating speeds are tested to ensure that the material is reproducible and
stable with different conditions using XRD analysis. The impurity
phases from the PbI2 peaks were observed for 5% cesium incorporated
perovskite film whereas the impurity peaks are suppressed for 10%
cesium cation incorporated perovskite film. This indicates that the less
concentration of cesium is not enough to form a pure black perovskite
phase at room temperature. A very small impurity peak is observed at
12.7º for without cesium and 5% cesium cation incorporated perovskite
films, which corresponds to the cubic PbI2 as shown in Fig. 3b. Un-
fortunately, the presence of photo-inactive yellow perovskite phase
greatly affects not only the physical properties of the film but also limits
the performance and stability of the perovskite material. When in-
creasing the amount of cesium cation to 10%, the PbI2 peak dis-
appeared which indicates that all the PbI2 are reacted with Cs cation to
form the pure perovskite material. These results not only give the in-
formation on the reduction of impurities but also the formation of
photo-inactive yellow perovskite phase of FA+ cation. In order to un-
derstand the influence of Cs upon the crystallization of perovskite
material, the peak position black perovskite phases are observed at
14.07°, 14.10° and 14.16° for the concentration of Cs as 0, 0.05 and
0.10, respectively. Based from Fig. 3b, a graph describing the shifting of
2θ peaks to a higher angle is shown in Supporting information Figure
S3b. This shifting phenomenon confirms the decrease in its lattice
parameters which supports for the successful incorporation of Cs cation.
Also, the change in the lattice parameter of the triple cation perovskite
film (Cs/MA/FA) is probably due to the incorporation of the smaller
ionic radius of Cs cation as compared to the MA and FA cations [13,45].
The XRD results confirmed that the crystallinity of the perovskite film
increased with increasing the concentration of Cs cation in the per-
ovskite film.

It is reported that FA-based perovskites transform into photo-in-
active yellow phase when annealed at high temperature due to the
strain occurred in the photo-active black perovskite, which makes the
perovskite material undergo phase transition [46]. In this work, a
smaller amount of cesium incorporated perovskite materials can relax
the strain and stabilize the black perovskite phase of the material.
Further, XRD measurement also helped to determine the role of two-
step spin coating parameters and annealing time for the fabrication of
perovskite film (see Supporting information Figure S4a and S4b). An-
nealing time of the sample plays a very critical role in the formation of
perovskite phase. Inappropriate annealing i.e. longer annealing time
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may results the formation of undesirable pinholes and cracks on the
film. Post-annealing for long periods may decrease the device perfor-
mance because of deterioration and decomposition of the perovskite
material in high or low temperatures [47,48]. The degree of annealing
for solar cell devices produces different aspects. Under-annealing causes
a low fill factor while over-annealing results in an open-circuit voltage
[49]. Either of the two cases, it will still lower the efficiency of per-
ovskite solar cells. The pinhole- and crack- free perovskite films are
obtained by optimizing the annealing time. Figure S4a and S4b showed
the XRD patterns of the perovskite films prepared using different an-
nealing time with different concentration of cesium cation. Even
changing the spin-coating speed and annealing time, the perovskite film
with 5% cesium exhibited an impurity peak at 12.7° which is still at-
tributed to the cubic PbI2. However, when 10% cesium was in-
corporated into the perovskite film, the purity of the black perovskite
phase increased with better crystallinity and no impurity peaks are
found.

3.3. Detailed analysis on optimizing the conditions for fabrication

Since the quality of the perovskite film in terms of its smoothness,
surface composition, and cross-sectional area are greatly influenced the
device performance of PSCs, scanning electron microscopy (SEM)
images are taken to realize the full surface coverage and cross-sectional
image of the perovskite films. Full coverage of the perovskite material is
observed for all the perovskite films as shown in Fig. 4a-f. However, in
10% cesium incorporated perovskite film prepared by 5000 rpm, the
grain features were enhanced as well as its grain size. This is mainly due
to the reconstruction of Cs/MA/FA film and the incorporation of Cs
cation that enhanced the crystallization and grain growth. No pinholes
are observed for all the films. These results indicate that the perovskite
films have undergone by the processes such as incorporation of cesium
cation, applying the poor solvent technique, two-step spin coating
process and the triple cation itself contributes the whole success of the
full coverage of the perovskite films. Because there are no pinholes
observed, the direct contact between HTL and ETL is avoided. It is
expected in this case that there is no nonlinear shunting characteristics

Fig. 2. (a) Absorbance spectra (b)
Photoluminescence analysis of no Cesium, 5%
Cesium and 10% Cesium prepared from
5000 rpm spin-coating speed, (c) Tauc plot of
10% Cesium incorporated perovskite film at
5000 rpm showing 1.63 eV and (d) Photograph
of perovskite sample formed when there is 10%
Cesium at 5000 rpm. Inset in (b): Different PL
maxima that corresponds to the graph for the
perovskite films.

Fig. 3. (a) Different X-ray diffraction (XRD) patterns of with 5% and 10% cesium content perovskite films in different spin-coating speeds of 4000, 5000, and
6000 rpm and (b) Comparisons of perovskite samples from no cesium to 10% cesium cation content. (*: impurity peak, #: perovskite peak).
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that may decrease the fill factor and eventually reduce the open-circuit
voltage of the perovskite solar cell [50]. Further, the reduced grain
boundaries are higher for 10% cesium and lower for 5% cesium in-
corporated perovskite film as shown in Fig. 5a and 5b which is very
much beneficial for carrier transport and decreasing the carrier re-
combination. The lower grain boundaries observed for 5% cesium in-
corporated film may be attributed to the PbI2 (impurity) that are ob-
served in the XRD patterns. For 10% cesium incorporated perovskite
film, a single perovskite crystal is formed at a thickness of 568 nm
(Fig. 5b) which is also a good factor for electron-hole pairing for a
better performance of the PSCs. Also, the cross-sectional image from
Fig. 5b shows a block of perovskite crystal with negligible grain
boundaries which is similar with the SEM images found for single
perovskite crystal. The smooth formation of perovskite material en-
courages superior characterization in the device and the films. [51].
The formation of single perovskite crystal promotes enhancement on
the optoelectronic properties such as lower trap densities of the mate-
rial [52,53].

Moreover, investigation on the spin-coating speed of 5% and 10%
cesium incorporated perovskite films are shown in Supporting in-
formation Figures S5 and S6a-h. For preliminary experiments at
3000 rpm, uneven thickness with pinholes are observed for both 5%
and 10% cesium incorporated perovskite films. For 4000 rpm to
6000 rpm, there is no pinholes observed, the surface is very smooth,
and the results agreed well with XRD patterns. The optimization of

annealing time was evaluated to observe the changes in the surface
morphology of the perovskite film. As shown in Supporting information
Figure S7a-b and S7c-d, 30-minute annealing time resulted a thicker
film i.e. 701 nm which is too thick when compared to the 60-minute
annealing time (568 nm). Thicker film is responsible for inappropriate
performance of the PSC. Too much thickness is credited to the rough-
ening of the perovskite film surface and perovskite/carrier transport
layer which may bring charge recombination [54,55]. On the other
hand, thin perovskite layer may decrease the short-circuit current
density [56]. Thus, tuning the thickness of the film is necessary for
obtaining better film that may control the short-circuiting of device due
to the formation of small shunting paths. The annealing time plays an
important role in optimizing the surface morphology of the film. The
60-minute annealing time is an optimum condition for the fabrication
of perovskite film that possesses pinhole-free and uniform surface. The
grain size (see Supporting information Figure S8a-c) varies from
789 nm, 905 nm, and 479 nm for 4000 rpm, 5000 rpm, and 6000 rpm,
respectively. Among these three different two-step spin coating pro-
cesses, the 1000 rpm for first spin coat and 5000 rpm for second spin
coat exhibited the largest grain size. This large grain size is attributed to
the high purity of the sample as well as its increased crystallinity which
agrees well with other results. Controlling the crystallization is an im-
portant process in achieving a high-quality perovskite film [36]. The
optimum condition to get larger grain size, no pinhole, better coverage
and high crystalline perovskite film for this work is found from the

Fig. 4. (a-f) Different scanning electron microscopy (SEM) images of the perovskite films in 5% to 10% cesium cation content in different spin coating speeds.

Fig. 5. Thickness of (a) 5% and (b)10% cesium cation content perovskite films.
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fabricating condition of using two-step spin-coating process with the
speed of 1000 and 5000 rpm. The one-step spin coating process leads to
the uncontrollable fast crystallization instead of using two-step spin
coating process.

Fabricating perovskite solar cell offers flexible processes for im-
proving its device performance. This includes solution-processed spin-
coating such as the Lewis acid-base adduct method. It helps for the
uniform, full coverage and pinhole-free perovskite films. The selection
for the solvent is a key parameter that influence perovskite crystal-
lization. DMSO is found to have a strong coordination with PbI2 which
is very positive for improving the perovskite’s characterizations. DMSO
can be paired with solvents like γ-Butyrolactone (GBL), DMF, N-Methyl-
2-pyrrolidone (NMP), etc. However, it is shown that with DMF-DMSO,
it can produce excellent efficient perovskite solar cell with higher sta-
bility enhancement [57]. It is mentioned in the methodology that
DMSO was first added in the triple cation perovskite mixture before
DMF because DMSO slows down the crystallization process of the
perovskite which is very helpful for smooth and full perovskite cov-
erage. Because the X-site of perovskite material like PbI2 has lower
solubility, abnormal grain growth is expected from mixing the A-cations
of perovskite material (such as MAI) instantly with DMF. Unbalanced
growth rate of perovskites leads to void between grains or pinholes.
This may affect the overall device performance of the solar cell. DMSO
is a low volatile solvent which will balance the materials involved be-
fore having the DMF solvent. Also, DMF reacts with perovskite and
dries quickly which may result to a rough surface perovskite when
fabricated. Thus, adding DMSO first with the DMF may help for the
prolonged and complete crystallization process of perovskite growth
[42].

The DMSO formed an adduct by mainly reacting with PbI2. This will
help improve the solubility of PbI2 to increase resulting to a stable
mixture with the DMF. Because of this enhanced solubility, a much-
improved perovskite film is formed with notable characterizations
[42,45]. Additives such as DMF: DMSO are used to take an advantage
on the flexibility of two-step spin-coating process. A small amount of
DMSO is a key factor in the outcome of the perovskite morphology and
photovoltaic performance. Addition of DMSO helped to get the per-
ovskite film with higher quality and reduced defects. This is due to the
process that DMSO is added during the dissolution of PbI2-DMF the
Lewis acid-base adducts [58,59] of PbI2-DMSO formed, which slow
down the fast crystallization of the perovskite precursor, thus leads to
achieving a highly uniform and more complete perovskite film.

3.4. Device performance characterizations of perovskite solar cell

The device structure of the perovskite solar cell devices is ITO/
PEDOT:PSS/triple cation perovskite material/PCBM/Aluminum, as
shown in Fig. 6a. The solar cell device performance is carried out under
1 sun illumination with a scan rate of 0.1 V/s. The area of the solar cell
device is measured at 0.09 cm2. Fig. 6b and c indicate the J-V char-
acteristics of the Cs/MA/FA PSC device, which yields a PCE of 10.88%
at reverse scan, fill factor (FF) of 67%, open-circuit voltage (Voc) of
891.87mV and short-circuit current density (Jsc) of 18.07mA/cm2 for
perovskite film with 5% cesium cation. On the other hand, the highest
PCE of 10.90% is observed at reverse scan with FF of 67%, Voc of
891.01mV and Jsc of 18.40mA/cm2 for perovskite film with 10% ce-
sium cation. It is observed that the device efficiencies of the two Cs
cation content (5% and 10%) are quite near however it is important to
mention that the capability of fabricating for 10% Cs- perovskite solar
cells is high. Since from the beginning of the fabrication, the perovskites
with 10% Cs exhibited more improved characterizations such as SEM
images and XRD analysis. Qualities such as pure with high crystallinity
perovskite, smooth with no grain boundaries, etc. should also take into
consideration to avoid degrading the performance of the solar cell in
the long run. The analytical fabrication conditions presented in this
paper are important towards large-scale production. Slight hysteresis is

observed which is suggested to be negligible. In many cases, the effi-
ciency measured when applying a forward and reverse bias differs with
each other. There are many factors that can be accounted for the hys-
teresis of the PSCs. It includes ion migration, ferroelectric polarization,
trapping and de-trapping states, etc. [60]. Also, extrinsic factors in-
dependent to the perovskite characteristics are included such as scan
speed, range, direction, measurement delay and light soaking may also
be included as to why hysteresis happens in the measurement. In this
report, the minor hysteresis does not deduce to performing less than
expected but rather a phenomenon that can be corrected by considering
the extrinsic factors that were mentioned. Faster forward then reverse
J-V scans may contribute to the difference between the J-V curves.
Additionally, one of the solutions presented is Cl-doping into the
CsMAFA precursor which can suppress the J-V hysteresis, grain
boundaries and endorse stability. Furthermore, a simple scan yields a
low hysteresis index through simple scanning at a very fast or slow scan
rate [61,62].

Different device performance was carried out using different an-
nealing time of 30 and 60minutes to highlight the importance of an-
nealing time to achieve the black perovskite phase (see Supporting
information Table S1). The lower and higher PCEs are observed for 30
and 60-minute annealing time, respectively which correlates the im-
portance of thickness of the perovskite film as confirmed from the SEM
images. The higher thickness obtained from 30-minute annealed per-
ovskite film made the material susceptible to undesirable instances,
thus showed much lower PCE than the 60-minute annealing film. A
graph is also shown in Supporting information Figure S9a which de-
monstrates the average PCE of the devices based from different spin-
coating speeds for 60-minute annealing time for both 5% and 10%
cesium incorporated perovskite solar cells. Devices from 5000 rpm for
both cesium percentages showed an increased efficiency than 4000 and
6000 rpm. Optimizing the spin-coating process is presented to avoid the
device in decreasing its performance. Also, because of the achievement
in obtaining better quality films from 10% cesium incorporation, de-
vices under this parameter showed the highest average PCE. The effi-
ciencies obtained from these devices are attributed to the improved
performance in terms of characterization in SEM, XRD and optical
properties. Further, the device efficiency is investigated using fifteen
samples and the solar cell efficiency distribution of 10% cesium in-
corporated perovskite film are shown in Fig. 6d. Most of the device
fabricated using 10% cesium incorporated perovskite film showed the
PCE of 9-10% and very few devices showed the PCE of 7-9% and 10-
11% which is still higher than the 5% cesium cation content.

The stabilized power output (SPO) of devices can be recorded by
tracking the photocurrent at maximum power point (MPP).
Theoretically, a J-V scan without bias can be used for determining the
maximum power point voltage of the sample. At this point, it is possible
to estimate the steady-state efficiency of the perovskite solar cell by this
voltage and the stabilized photocurrent. In majority of the measure-
ments, the stable power output at MPP is slightly lesser than the reverse
J-V scans [62]. Thus, the perovskite solar cell device was only measured
for its J-V curve after constant illumination for 5minutes as shown in
Supporting information Figure S9b wherein a device efficiency of
10.66% is observed. On the other hand, the external quantum efficiency
(EQE) of perovskite solar cells were not demonstrated but the re-
lationship of a similar trend from short-circuit density calculated from
an EQE spectrum and device efficiency measurements is shown in
previous report [63]. The measurements done help to regard and un-
derstand that the preliminary steps considered and analytical methods
for fabrication are necessary for an effective perovskite solar cell de-
vice.

3.5. Stability measurements

The stability measurement is performed by observing the physical
properties of the perovskite films. It is shown (Fig. 7a-h) that the black
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perovskite phase of the samples prepared using different spin-coating
speed are retained even after 1 month of fabrication. Long-term op-
eration stability can be observed because of the formation of single
perovskite crystal found in the previous SEM images for the 10% cesium
incorporated perovskite films. The experimental conditions used in this
experiment were important factors for fabricating the structurally
stable PSCs. Structural stable perovskites play a large role in de-
termining the capability of the material to withstand moisture, air,
mechanical stresses and heat. Because of using the triple cation (Cs/
MA/FA), the stability in terms of its structure in relation to its electronic
properties is achieved. This demonstrates that tuning the A-site cation

in the perovskite structure truly corresponds to improvement in struc-
tural stability which results a better performance of PSCs.

Thermal stability is one of the most important factors to determine
because perovskite films tend to decompose under room temperature.
Further, the perovskite material is exposed to air, moisture, heat and
other stress that mainly leads to its degradation. Moisture acts as a
catalyst to degrade the perovskite absorber layer in a solar cell. Also,
excessive exposure to heat may lead to the phase transitions of the
material. Incorporation of cesium cation improved the thermal and
moisture stability of the PSCs as shown in Supporting information
Figure 10a and b. The Cs cation incorporated perovskite film is stable

Fig. 6. (a) Schematic device architecture (ITO-etched/PEDOT: PSS/ Triple cation perovskite material/ PCBM/ Aluminum) made in this paper, Champion device
efficiency of (b) 5% and (c) 10% cesium cation content PSCs and (d) Histogram behavior of 15 selected with 10% cesium PSCs.

Fig. 7. Photographs of the (a-b) reference cell and 10% Cs of (c-d) in 4000 rpm, (e-f) in 5000 rpm, and (g-h) in 6000 rpm from a day to a month after fabrication.
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and retained its black perovskite phase in presence of light and
moisture even after four months (see Supporting information Fig. 10c)
even without encapsulating the perovskite thin films. This is attributed
to the purity of the material as confirmed by XRD patterns and surface
morphology observed from SEM images as well as its dark and bright
images. This makes the triple cation material as the best choice in
fabricating a stable and long-lasting PSC with high device performance.
However, the concept of device efficiency measurement to determine
the stability of the sample was not included in the study. The decision to
exclude was because of the emphasis on the analytical fabrication
parameters. These parameters include cesium concentration, use of
poor solvent technique, spin-coating ratio and speed as well as an-
nealing conditions for perovskite thin films. On the other hand, it was
deemed important to mention that the samples retained their black
perovskite phase, which is a good point, in proceeding these perovskite
thin films in fabrication.

4. Conclusion

By carefully experimenting with the incorporation of cesium cation
into the perovskite film, a high-crystalline quality, no pinholes, and
larger grain sizes of triple-cation perovskite film are achieved.
Formation of photo-active black perovskite phase is observed for 10 %
Cs cation incorporated perovskite films as confirmed by XRD patterns.
This work provides detailed information on the processing parameters
such as poor solvent technique, two-step spin coating method, choice of
additives and solvents, and thermal annealing time that are important
factors in fabricating a better performance of PSCs. The incorporation
of Cs cation into the perovskite film helped to tune the bandgap which
is more preferable in fabricating the PSCs. Importantly, it is demon-
strated that 1000 and 5000 rpm two-step spin coating process, 60-
minute annealing time, and using poor solvent (chlorobenzene) are the
optimum conditions for fabricating the better performance of PSCs. The
XRD and SEM results confirmed that the 10 % Cs cation incorporated
perovskite film fabricated using these optimum conditions showed a
high purity, full surface coverage with pinhole-free films. Furthermore,
a single perovskite crystal is formed which is considerable to the solar
cell principles and descriptions. A PCE of 10.90% is obtained under a
reverse scan for 10% cesium cation incorporated perovskite film which
is reproducible and tested in different conditions. The reproducible
behaviour of PSCs is helpful in fabricating large-scale applications. This
work also demonstrated that these perovskite films are structurally,
thermally and moisture stable which is very beneficial for the im-
provement of future experiments. Achieving stability is a vital role to-
wards the commercialization of PSCs. Thus, certain parameters should
be accounted such as perovskite structure design, precursor prepara-
tion, analytical fabrication techniques such as spin-coating process,
annealing process, and the presence of stable encapsulation. These
flexible experimental conditions and distinguished characteristics of
triple-cation PSCs may be applied in optoelectronics such as light-
emitting diodes, lasers, and photodetectors.
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一、 參加會議經過 

    此會議於 109年 12月 10日至 109年 12月 14日召開。我在 109年 12月 9日出發，並

於 109年 12月 15日返回台灣。每天的報告大約從早上 9：00開始至下午的 6：30結束，

而我的口頭報告安排在 12月 13日下午的 15:45-16:00。 

 

二、 與會心得 

    由於此會議專屬於材料研究的會議，在這個會議中本人聽到許多不同材料領域中的研究

進展，也透過別人的看法瞭解到自己未來的努力目標該怎麼修正。此外，透過口頭報告後其

它學者的提問，本人更加深了對某些研究結果的瞭解。本人感覺獲益良多。 
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三、 發表論文全文或摘要 

Non-Toxic Materials for Light-Emitting Diodes  

 

Yu-Chiang Chao 

Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan 

ycchao@ntnu.edu.tw 

Solution-processed optoelectronic devices are attractive because of the potential low-cost fabrication and the 

compatibility with flexible substrate. However, the utilization of toxic elements such as lead and cadmium in 

current optoelectronic devices raises environmental concerns. Here we demonstrate that non-toxic gold (Au) 

nanoclusters and lead-free cesium tin iodide (CsSnI3) can be used as the emissive material in the light-emitting 

diodes (LEDs). 

For the application of Au nanoclusters, we demonstrate that white-light-emitting diodes can be achieved by 

utilizing non-toxic and environment-friendly Au nanoclusters. Yellow-light-emitting gold nanoclusters were 

blended with the blue-light-emitting organic host materials to form the emissive layer. A current efficiency of 

0.13 cd/A was achieved. The Commission Internationale de l’Eclairage chromaticity coordinates of (0.27, 

0.33) were obtained from our experimental analysis, which is quite close to the ideal pure white emission 

coordinates (0.33, 0.33).  

As for the lead-free halide perovskite, including CsSnI3 and Cs2SnI6, LEDs based on both materials were 

realized. Cs2SnI6 can be easily obtained by oxidizing CsSnI3. Take CsSnI3 for example, the morphologies 

perovskite films fabricated using room temperature one-pot solution synthesis and toluene dripping methods 

were investigated. Under optimized conditions, the film prepared using room temperature one-pot solution 

synthesis method exhibits a sponge-like morphology, whereas that prepared using toluene dripping method 

shows compact micrometer-sized grains with few pinholes and cracks at the grain boundaries. Using the 

high-quality CsSnI3 film prepared via the toluene dripping method, we fabricated an LED with 

electroluminescence (EL) at 950 nm. The device exhibits maximum radiance of 40 W sr−1 m−2 at a current 

density of 364.3 mA/cm2 and maximum external quantum efficiency (EQE) of 3.8% at 4.5 V. This study 

proposes infrared LEDs without any toxic elements for infrared lighting, optical communications, and 

noninvasive biomedical imaging. The Cs2Sn(IxBr1-x)6 is also used for LEDs and will be discussed in detail. 

References 
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