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Abstract: Methylammonium lead triiodide (MAPbI;)-based perovskite solar cells potentially have potential advantages

such as high efficiency and low-cost manufacturing procedures. However, MAPDI; is structurally unstable and has low

phase-change temperatures (30°C and 130°C);

it is necessary to solve these problems. We investigated the crystal

structure and phase separation using real-time temperature-change X-ray diffraction, transmission electron microscopy,

and electron energy loss spectroscopy. MAPbI; has a tetragonal structure, and at about 35°C the c-axis contracts,

transforming MAPDI; into the related cubic crystal structure. In addition, at 130°C, phase separation occurs in which

CH;NH, and HI at the center of the unit cell of the perovskite structure are extracted by gas, leavingand only Pbl, of

the three-component structure, is produced as the final solid product.
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28(moisture), A<]

(UV light), %E(temperature) 3 Z R0l oJal A
g W 5ol AotElt [4-6]. olgst ©HEE =
st7] §lsto] w2 ﬁﬁ_u} o|ZojFt. B0 st ¥

=22 0]&sto] MAPbI;E 7i=

AN RS AL FEeE URRE AN

o [4]. E3 3 TRBATllE 7EE 2R
g Fojojegl PAR WHAAA Wit SHo] oig
YL BYskTt (5. IR MAPbLO] Blad
Aster gelslolerol 2eH9l B4 G L&
e A ATER Ratdck SRS @ QA

G AR Az 7P 528 a40lH, HIYAAE
Ao M&st7] fst 7P 2 &A(0]
T} 20% o]Ar9] WA A ‘'-2(photovoltaic efficient)2
olsisli ARe slastely] 9siME sfojualc
2HAIIO|E MAPDLO ZAATLAC Lzo] o A
sl cjat A7t Basich

2 AFolM+= stolHe]E m2EAFIO|E MAPDI;
ax0] e& ojzol thal olalstr] 9lstol AT &
T Yst XA A BEA¥(in-situ X-ray diffraction,
XRD)#t ZA}F qlof] oJgt AAZE & $sF £aPAAR0]
Zd(transmission electron microscopy, TEM), A} of
U X] &A1 BadH(electron energy loss apectroscopy,
EELS)S ol 8dto] ANZI Ahwiale BAsteich. uhop
Az eEdz AAE AHg olgsle] 1x BAe
2 dI7F AARTE AAE 2= WHEho| OE 274
Z ek A2 AlE AIAEL Al 24 5 o8 7HA
ojgig Olwol A7 ooy 1A 2l AARRE
Z A @Rl o0]28](cryo focued ion beam, Cryo-FIB),
M7EEAY TEM 52 o] &oto] AWl 2472 5 4sher
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2.1 MAPDI;

Hiar =3t

stojHa]t W 2B A7IO]E |29l MAPDI; Bfohe
279 sist 714 ZAM(two zone chemical vapor
deposition)g ©]-&sto] FATSIQ o0, MAPDI; Bfaf-g
A7) gt AAe Jﬂroﬁi s AR&otith @A
Pbl; T2 100 mgg 400°C HX|ofl, MAI w2t
300 mgZ 120°C YR|ol &4t MAPbLE FAR 7]
b 120°C YAl 52 FH. 608 &< 1 TorrofA

RN = 65

TEM¥} FIBE o]&°F MAPbIo] ZARFx A=
W2 B "R ZStReh Mg 2 olfe TEM Al
H Aol Wagh FIBOJA Ga'ol 9JsiA TEM &4
Aol oju] et 3 A7t A=A miZolt

I FURIRRADEOA dRtdoz AREE= 200,

300 kVO] =2 7HEAGOIME AAE o ot Al
S/F0l A 2AET] il st 20t W2 A

59 AQFFxR $A4L FIo7] ofF [18]. shARE
S &2 7ige Cryo-FIBeb A7H&HAY TEMZ

o]-gslo] AlHS AAst AFFR A ojulx] A
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l(a) 25°COlA¥E 5C tAOo=2 35°CIHA] &
RD %to|ty. MAPDI; 8fare A2 x oA 7yt
%711 T RHYAFIO|E L& ANO2 a=8.859 A, b=

859 A @ c=12649 A & 731 (110), (202),
4), (213), (222), (312), (224), (314)9] 2/ vl
7t=r}, o] AR WELe ZHz7b 14.10, 24.5, 28.50,
30.08, 31.87, 40.55, 43.17 U 44.601 2theta 3]&
ARlo] ti-ggttt. P42 FH HA Hefj 7 g9
A 2ol ool f3EROn, 3 R|oA T
A o7 Has ARSIt 225 S7HAI7]H MAPDI;
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Fg. 1. In-situ XRD spectrum of MAPbI; under different temperature
condition (a) phasetransition from tetragonal to cubic at 25~35°C, (b)
phase separation PblyMAI at 125~135°C, (c) peak deconvolution of the
cubic structure (100) spectrum at 135~140°C, and (d) peak deconvolution
of the tetragonal structure (200) spectrum at 28~28.5°C.

o ZE& AAo= Wt AR 35°C B0
A Mze mae] st ga AT AYPEHY
2theta U2 BSIA 25CoHE 2 ARYFEES )
& 4 otk 25ColA BYE PP TE (213)9)
30.08°2 30°CoIA =7} kAL 35Ol s
Qolzl g 8 & ook E3 35CAME YA 7
& (312) A ol AEA UshtE 2g 2 4 9ok
T e 35C YA PEOIM 2Theta-
(1009 © 132 =gk spae 1w
e ewdt AW (002). (110) AAt Hol 3
A 9 MY Beck ol2ig Waks 23 Ud)olA
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A (004)9% (2200190 AR} o] L& Wglz
Az watEodct ozle 257 AadtRA a
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2Theta 3= Watd o2 si¥fch 1z 1b)e
125-135°C2) X 8" ¥4 Auolct. BHAH 3
7} 130°C7 AURA SRR e 2 4 ATk g
Wele S8 WWHAT YA wekstEA Ut
S (100), (211), (111). (22009) ##} o] 130°C2
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Fig. 2. EELS spectrum measured by electron current value (a)
EELS spectrum of 0.2, 0.5, 1.0, 5.0, and 10.0 nA screen current,
(b) plasmon peak shift of about 2.8 eV in the low loss region, and
(c) temperature change of calculated by average electron energy
loss value, specimen properties and TEM condition.
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Fig. 3. Effect of MAPbI; structure on electron current and specimen
temperature (a), (d) the high-resolution TEM images and the FFT
patterns in the process of phase change from tetragonal to cubic at
31.95°C, (b), (e) cubic to trigonal at 128.5°C, and (c), (f) change of
phase of Pbl, ring pattern density at 150°C.
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