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Abstract

In this work, we have successfully synthesized cubic MASnhI; halide-perovskite on a SnO;
nanowire through two-step process using a chemical vapour deposition (CVD) system.
First, SnO2 nanowires with diameter in the range of 15 to 50 nm were fabricated via
thermal oxidation process with Au catalyst at 800°C. A SnO, nanowire was used as a
template for the growth of MASnI3 cubics in the second step. The obtained products were
characterized by X-ray diffraction (XRD), field-emission electron scanning microscopy
(FE-SEM), and high-resolution transmission electron microscopy (HR-TEM). Finally, the
formation mechanism of the MASNI3/SnO; hybrid was discussed in detail.
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1. Introduction

Organic-inorganic lead halide perovskites have attracted extensive interest
recently due to their high carrier mobility, high absorption coefficients, defect tolerance,
tunable band gap, and simple fabrication process. Therefore, lead-based halide
perovskite has attracted candidates for applications in various fields such as solar cells
[1-3], photovoltaics [4], light-emitting diodes (LED) [5], photodetectors [6], lasers [7]
and gas sensors [8]. Recent developments focused on hybrid lead halide perovskites also
became the workhouse in the field. Forming a heterojunction using a semiconductor and
the perovskite surface is also a strategy to improve the stability of the perovskite. For
example, the TiO2/MAPbI3 heterojunction can improve the performance and stability of
solar cell devices [9, 10]. Maogang Gong et al. demonstrates that the colloidal hybrid
AuCu/CsPbCls core/shell perovskite nanocrystals could provide a low-cost and scalable
pathway for coupling plasmons and excitons in perovskite nanocrystals for high-
performance photonic and optoelectronic applications [11]. However, the drawbacks for
organic-inorganic lead halide perovskites are their instability under atmospheric
conditions and the toxic lead component hinders their applications. Therefore, the
lead in the perovskite structure should be replaced with a less toxic metal for
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commercialization. Many attempts have been made to address these issues using
safer materials and to enhance their stability, such as germanium (Ge), tin (Sn),
antimony (Sb), bismuth (Bi), and tellurium (Te) [12-14]. Among them, the
Sn-based fully organic-inorganic perovskites are of particular interest. Zhihua et al.
reported that hybrid graphene/MASnNI3 has an enhancing the stability and performance
of perovskites solar cell materials [15]. In previous our study [16], the MASnI3
submicron spheres on a SnO2 nanowire were successfully synthesized through a two-step
process. It is noted that the SnO./Si substrate was placed horizontally downstream. In this
study, we introduce a two-step process for fabrication of MASNI3/SnO> hybrid using a
CVD system. The decomposition mechanism of SnO powder and formation of SnO-
and MASnI3 sources were discussed in detail.

2. Experimental
2.1. Synthesis of SnO2 nanowires

Quartz Tube
Gas in Gias out
—— SI/SIO, substrate SO powder P
— LWL
Id
e
(@)
Quartz Tube
Gas in [ Gas out
R SnO powder MAI powder Sn0,/Si0,/Si R

Fig. 1. Schematic diagram of the CVD system employed for the synthesis of
(a) SnO2 nanowires and (b) MASNI3/SnO; hybrid.

The fabrication of SnO2 nanowires is described in Fig. 1a. First, SiO2/Si substrates
(the size of 1 x 1 cm?) were ultrasonically cleaned in acetone, ethanol, and distilled
water bath for 10 min, sequentially. Then, the sampling was directly sputter-coated with
a 5-nm-thick Au layer. After loading SnO powder (Sigma-Aldrich 99.5%, 2 @), the
substrate was placed above the alumina boat no facing SnO powder source and was
inserted into the center of the quartz tube, which was subsequently evacuated to
~ 5 x 107 Torr. The furnace temperature was then increased from room temperature to
800°C. When the temperature increased up to growth temperature (800°C), a mixed gas
of N2-O2 (N2: 4 sccm, O2: 1 sccm) was provided as the reaction gas. While introducing
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the reaction gas, the pressure of the system was maintained at 2.5 x 102 Torr and the
temperature was kept at 800°C for 1 h. After the reaction, the furnace was naturally cool
down to room temperature and the sample was used as the substrate for the second step.

2.2. Synthesis of MASNI3 cubics on SnO2 nanowire

The MASNI3/SnO; hybrid was synthesized in a closed tube furnace illustrated as
Fig. 1b. 2 g of SnO powder source were loaded at the center of a quartz tube in an
alumina boat. MAI source was also placed downstream at the sampling point. The SnO>
nanowires substrate was placed vertically on the quartz plate (20 x 3 cm?) which were
placed downstream together with CHsNHzl (MAI) powder source at the sampling points
at a temperature of 120°C and 230°C, respectively. The furnace was then heated up to
800°C and maintained at growth temperature for 1 h. During the reaction, no gas was
introduced into the tube and the pressure inside the quartz tube was kept at 5 x 10 Torr.
After the reaction, the furnace was naturally cooled down to room temperature and the
black film was collected on the glass substrate.

2.3. Characterization

The morphologies of as-synthesized samples were analyzed by the field emission
scanning electron microscopy (FE-SEM — JSM-6701F) operating at the accelerating of
10 kV. The phase, crystallinities, and chemical compositions of the samples were
examined by X-ray diffraction (XRD) with a CuKa radiation at 1 = 1.54178 A, potential
of 40 kV and current of 30 mA and a high-resolution transmission electron microscopy
(HR-TEM; Telnai G2F20S-BIAXIAL; Philips) attached with an energy dispersive (EDX)
spectrometer. The elemental maps and line-scan profiles were measured in the scanning
transmission electron microscopy mode (STEM) under an accelerated voltage of 200 kV.

3. Results and discussion
3.1. Morphology and Crystal structure

Fig. 2 show the XRD pattern of the as-synthesized SnO, nanowire and the XRD
patterns of products obtained at different growth temperature (after second step). The
XRD pattern of the SnO> nanowire shows in Fig. 2a. The main peaks in the XRD pattern
of the as-synthesized SnO, nanowires at 20 of 26.69°, 33.99°, and 51.86° were indexed to
a tetragonal rutile structure of SnO> (JCPDS card No. 01-072-1147) as the (110), (101),
and (211) reflections, respectively. Therefore, the as-synthesized product is SnO.. In order
to determine the optimum condition for the formation of MASnI3, the influence of the
growth temperature of MASNI3 on the SnO2 nanowires was investigated. Fig. 2(b-e) show
X-ray diffraction patterns of products on Si substrates grown at different growth
temperatures in step 2. Besides SnO, phase, there is no MASnIz phase obtained at a
16
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growth low temperature of 80°C (Fig. 2e). With increasing growth temperature reach to
100°C and 140°C, the MASNI3 phase and impurities phase appeared together in the XRD
diffraction pattern (Fig. 2(b, d)). As shown in Fig. 2c, MASnI3 phase (JCPDS card
No. 00-032-1928) was only observed together SnO> phase, which strongly indicated the
optimum growth temperature of MASNI3 is 120°C. Fig. 3(a, ¢) show FE-SEM images of
SnOz nanowires are uniformly and the length was greater than 3 pum. SnO2 nanowires
with smooth surface and diameters ranging from 15 to 50 nm (Fig. 3c). The morphology
of MASNI3/SnO> hybrid is shown in Fig. 3(b, d). The MASnIs cubics structure with
smooth surface and an average size of 200 nm are grown along the SnO2 nanowires.
It can be seen that the SnO, nanowire has a good contact with MASnI3 cubic.
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Fig. 2. XRD patterns of SnO, nanowires prepared Fig. 3. FE-SEM image of SnO, nanowires
with Au catalyst (after first step) (@) and XRD prepared with Au catalyst (a, ¢) and hybrid
patterns of products obtained at different growth MASNIs/SnO, hybrid obtained at growth
temperature: (b) 140°C; (c) 120°C; (d) 100°C; temperature of 120°C (after second step).
(e) 80°C (after second step).

To further disclose the heterostructure characteristic of MASNIs/SnO2 hybrid, the
TEM was carried out. In order to be imaged TEM, the MASnIz cubics on the SnO>
nanowire were decorated on the copper grid (Fig. 4(a-c)). Fig. 4d shows TEM image of
MASNI3/SnO> hybrid. The result shows the SnO2 nanowire had a diameter of 15 nm, and
the MASnNI3 cubic size of 200 nm (Fig. 4d). This result is also in good agreement with
FE-SEM data (Fig. 3(c, d)). In addition, MASNI3 had a rough surface which indicating the
MASnNIz with a smooth surface was decomposed under a high-energy electron beam in
TEM measurement process. The HR-TEM image (insert image in Fig. 4d) indicates that
the crystal structure of SnO2 nanowire has a lattice spacing of 0.334 nm corresponding to
the distance between the (110) faces of SnO».
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Fig. 4. (a-c) FE-SEM images of MASNI3/SnO; hybrid on the Cu-Grid
and (d) TEM image of MASnl3 cubic on the SnO; nanowire.

Fig. 5(a) displays the scanning transmission electron microscopy (STEM) image of
the MASNI3/SnO> hybrid, and its corresponding spatially resolved elemental mapping of
C, Sn, I, N, and O elements are presented in Fig. 5(b-f), respectively. The spatial
distributions of C, Sn, I, N, and O elements of the sample morphologies of MASNnI3/SnO>
hybrid, implying that the MASNI3 cubic growth on SnO> nanowire. In addition, a tiny film
MASnI3 around the body of a SnO> nanowire was observed (Fig. 5(b-1)).

80 nm 80 nm

80nm ; 80 nm 80 nm

Fig. 5. HAADF-STEM images of MASnI3/SnO, (a) and elemental mapping images
of C (b), Sn (c), I (d), N (e) and O (f).
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3.2. Formation mechanism of the hybrid MASnI13/SnO-

Almost previous studies show that Snl> and MAI were chosen as precursors for
synthesizing MASNI3 nanostructures [17, 18]. It is, therefore, interesting to find out
what has happened in the decomposition of SnO powder during the heating and how it
provides the precursor to produce the SnO, and MASnNIs in this study.

Formation of SnO2 nanowire

Moreno et al. reported that when the annealing temperature above 300°C, the
decomposition of SnO powder occurred through the following reactions [19]:

4SnO — Sn,0, (s)+Sn(l) 1)
Sn,0,(s) > 2Sn0, (s)+Sn(l) (2

These reactions are the fastest rate achieved in the temperature range of 400-
500°C. During evaporating, Sn was formed from reactions (1) and (2), is also easy to
evaporate and collect on the Si/SiO, substrate leading to formed Au-Sn alloyed
nanodroplets at the temperature is above the eutectic temperature of the Au-Sn system
(300°C). The Sn present on the Au-Sn liquid particle is oxidized during growth process,
and SnOz is formed [20]. Continuous diffusion of Sn vapour to the liquid particle leads
to the growth of the SnO> nanowires.

Formation of MASNI3

The previous study reported that the gaseous SnO can be formed at low pressure
and annealing temperature above 700°C through the below reaction [21]:

Sn0, (s) — SnO(g) + O, (9) 3)

The phase evolution indicates the formation mechanism of the MASnhIs
as follows:

CH,NH,I — CH,NH, + HI (4)
SnO+2HI — Snl, +H,0 (5)
Snl, +CH,NH,l — CH,NH.Snl, (6)

In the initial stage, the CH3sNHzl gradually decomposed to CH3sNHz and HI at the
elevated temperature [22] (reaction 4), and the generated HI further reacted with the
SnO to form Snl> (reaction 5). Finally, the Snl, reacted with CH2NHzsl to form the
perovskite CH3NH3Snls (reaction 6). In addition, the formation of MASNI3 source may
have resulted from the chemical reaction between Sn and MAI, as mentioned in
previous study [23]:

Sn(s) +3CH,NH,I(s) — CH,;NH_Snl,(s) + 2CH,NH, (g9) + H, (9) (7)
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4. Conclusion

In summary, the MASNI2/SnO; hybrid was successfully synthesized through a
two-step process using a CVD system. The effect of growth temperature on the
formation of MASNI3 was investigated, revealing that the optimum growth temperature of
MASNI3 is 120°C. FE-SEM and TEM images revealed that the sub-micro MASNI3 cubic
(with an average diameter of 0.2 pum) growth along SnO> nanowire (with a diameter in
range from 15 to 50 nm) formed at a synthesis temperature of 120°C. The formation of
Sn(s) and SnO(g) from the decomposition of SnO powder at low temperatures
(700-800°C) are interesting and important for synthesizing MASnIz and their
heterostructures. This study improves our knowledge of the formation mechanism of
MASnNI3 in particular and halide perovskites in general. The growth mechanism of sub-
micro MASNI3 cubic is still under investigation.
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TONG HOP SUB-MICRO MASnI; DANG KHOI TREN DAY NANO
SnO, BANG PHUONG PHAP BOC BAY LANG DONG HOI HOA HOC

Tém tit: Trong céng trinh nay, ching téi di tong hop thanh céng cdc khéi halide
perovskite MASNI; trén day nano SnO; théng qua mét quy trinh hai buéc sir dung hé boc bay
lang dong hoi héa hoc. Pdu tién, ddy nano SnO2 c6 duong kinh trong khoang 15 dén 50 nm
dige ché tao théng qua qud trinh éxi héa nhiét véi chat xiic tac vang ¢ 800°C. Day nano SnO,
dwoe sir dung lam khudn cho qud trinh moc cdc khoi MASnI trong bude thir hai. Céc san pham
thu dwoc dwoc phéan tich boi nhiéu xa tia X (XRD), kinh hién vi dién tr phdt xa truong
(FE-SEM), va kinh hién vi dién tir truyén qua d¢ phdn gidi cao (HR-TEM). Cudi ciing, co ché
hinh thanh vt liéu lai MASnIsISnO; dé duegc thao ludn chi tiét.

Tur khoa: SnO,; MASnNI3; day nano; halide perovskite; CVD.
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