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decomposition of MAPRlinto Pbb, whereas the films with the smallesbn glass gradually shifted to lower angles, indicating that the strain
strain remained mostly black eft500-hour illumination. The XRD was largely relaxed in 7 days. After strain relaxation, the Mgl
pattern shown in Fig. 3B confirmed the results. It is noticed that thewa glass was stable for 3 weeks without the appearance of addREbI
is regional difference in the degree of degradation within one filpeaks. On the other hand, the strain of the MAfitrh on ITO was not
It is not caused by different degrees of strain at different locatiam$axed in the first 2 weeks, as indicated by the lack of shift in the XRD
because we confirmed that the strain is uniform over the film (fig. S@gaks. The decomposition of the MAREIM was observed in this
This difference can be caused by different grain sizes, defect conperied with an increasing (001) RKIL10) MAPbk XRD peak ratio.
trations, etc. at different locations as a result of the spin-coating pfidie strain partially relaxed after 3 weeks, because the XRD peaks of
cess. The intensity ratio of the (001) Ppéak to the (110) MAPKI the film on ITO shifted slightly to lower angles, and the rate of film
peak is 1.09 for the convex film with the largest strain and 0.43 for thecomposition decreased.
flat film with the intermediate strain. The concave film with the smallest Besides the PTAA/ITO/glass substrate, $iT@/glass has been
strain was stable after illumination for 500 hours without any appeaested to observe the relation between strain and stability of the perov-
ance of the Pblpeak. skite films, and the results are shoin fig. S9. We found that for all
Another interesting observation is that if the strain is released befetistrates, the strain effects on the stability of perovskite films was
decomposition occurs, then the perovskite film is more stable. Here papsistently the same, that is, the @deigttion is accelerated if the strain
etched ITO to expose glass on one-half of an ITOdglabstrate, and is present in the MAPRIfilms; if the strain is relaxed, then the MARDbI
MAPDI; films were deposited on the same substrates to ensure the sfilme are more stable.
film quality on both ITO and glass. Bscanning electron microscopy
image of MAPbJ films on the two types of substrates is shown in fig. SBlechanism of accelerated degradation by strain
The grain size and distribution wergtually identical on the two sub- Because the decomposition of solid-state MARBIPbL involves
strates. Therefore, the previously observed influence of grain size omy@ss transport, the accelerated degradation by strain should 8e
rovskite film stability does not affect this studig) MAPbI; films  related to the change of ion migration under strain. Thus, the acz
coated on PTAA/ITO and PTAA/glass surfaces were measuredtivation energy E;) for ion migration in the MAPb} films was
XRD every 7 days under continuollamination, and the spectra are measured in the dark and under illumination. The samples were pre-
shown in Fig. 4 (A and B). Because glass is much smoother than IT@aited on the flexible substrates by the one-step deposition process,
is expected to allow easier strain relaxation because of less affinifpimwed by the thermal evaporation of Au bar electrodes with &
bonding of perovskite to the very smooth and nonwetting glass sspacing of 5ém. A layer of PS was then coated on top of the MAPbI §
strate, whereas the hydrophobic PTAA further enhances the separafilons. Then, the films were bent to different strain states to enhaan;’e
of MAPbI; from glass. The MAPBilm still has certain affinity to the or reduce the lattice strain, which is also illustrated in the insets ¢f
PTAA-covered ITO substrate, because the roughness of ITO is conffig: 5. The temperature-dependent conductivity was measured By
rable or larger than the PTAA thickness (10 nm). Initially, the XREne following previously established procesgd@s48), and the
peak positions of the films on ITO drglass are the same, indicatingesults are shown in Fig. 5. On the basis of the Nernst-Einste
the same degree of strain in MARIN the two different surfaces.relationship
The strain relaxation process was studied by XRD peak shift, and the
degree of MAPRIdecomposition was defined by the XRD peak inten- ST Yasg exp E,=kTh ap
sity ratio between the (001) Blgeak and the (110) MAPbpeak. The
results are summarized in Fig. 4 (C and D). The strain relaxation weseresy andk are constants and T are conductivity and tempera-
accelerated by exposing the uncovered MARIDis to illumination. ture, respectively, arig, is the activation energy for ion migratios,
Under continuous illumination, the XRD peaks of the MAPlIm  can be derived from the slope of thedm( versus IT plot. As shown
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Fig. 3. Strain impact on perovskite film stability. (A) Schematic diagram of the experimental setup of the films with different strains and photographs of the films
with different strains after 500-hour illumination. (B) Out-of-plane XRD of the three films in (A).

Zhao et al., Sci. Adv. 2017;3:eaa05616 17 November 2017 4 of 8



SCIENCE ADVANCES | RESEARCH ARTICLE

A 3.5 B
*Nonstrained 331 *Nonstrained
3.04 ——21days 14 days 3.0 ——21days 14 days
— ——7 days Fresh — 7days Fresh
2.5 >
3 Pbl % 3 251 * Y
© 2 © i
T 2.0 -
z JLA‘ e R U
= | =
2 1.54 : ! 2 1.54 \ "M“‘"
0] | ! o | '
£ ! | = - ' '
= 1.04 : h = 1.04 ' 1
Y ' 1 |
ORI 4 VN N e N ]
| 1
0.0 ——————f 0.0 b A e,
12.6 13.5 14.4 39 40 41 42 43 44 45 12.6 13.5 14.4 39 40 41 42 43 44 45
20 (°) 26 (°)
C T T T T T D [ T ) T " T ) ' ) '
10bL —=—Strain | 1.0 | —8—Strain
c
c £
= ] ©
© —
505 | 4 Hosr ]
(%]
0.0 - 4 (0] 00 1 . 1 : | " 1 N il
o 1 N Il N Il N L N Il -
s 10 © 10| i
© U T = —m—Pb| /MAPbI_ (110
= —=—pbl_/MAPbI (110) c /! ,(110) |
5 2 3 2
— =)
s " © 05| -
T 05 " . o
B L :
¥ ./ ] g |
[a) o L _
0.0 |- . . . ) . E 00 1 . 1 L 1 s 1 L 1
0 5 10 15 20 0 5 5 20

10
Time (days
Time (days) (days)
Fig. 4. Strain and degradation of MAPDbI; film on the ITO/glass substrate. (A and B) Out-of-plane XRD of the annealed film on the ITO side (A) and glass side (B) as a
function of illumination time. (C and D) Strain and degradation rate of the annealed film on the ITO side (C) and glass side (D) as a function of time concluded from (A)
and (B).
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Fig. 5. lon migration properties of MAPbI; films with different strains. (A to C) The temperature-dependent conductivity of the convex film (A), the flat film (B), and
the concave film (C). Inset: Schematic diagram of the samples. (D) Variation of the activation energy of ion migration versus the strain in the MAPblI; films.
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