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Abstract—

,QWKLVVWXG\DVHTXHQWLDOGHSRVLWLRQSURFHV

VLVXVHG 

IRUWKHIDEULFDWLRQRI3('27366EDVHGLQYHUWHGSOD

QDUSHURYVNLWH 

VRODUFHOO$VPDOODPRXQWRIDGGLWLYHGHLRQL]HG

ZDWHU',+2ZDV 

DGGHGLQWR3E,'LPHWK\OIRUPDPLGH'0)SUHFXUVRUVR

OXWLRQLQ RUGHU WR LQFUHDVH WKH VROXELOLW\ RI 

3E, LQ '0) DQG ILQDOO\ WR PDQLSXODWH WKH VXUIDFH 

PRUSKRORJ\ RI WKH SHURYVNLWH ILOPV $ 

PRUSKRORJ\WUDQVLWLRQIURPQHHGOHOLNHVWUXFW

XUHWRKH[DJRQDOSODWHV DQG WKHQ QHHGOHOLNH 

DJDLQ KDV EHHQ REVHUYHG DV WKH ',+2 ZDV 

DGGHGFRQWLQXRXVO\ZWWRZW7KHODWWHURQHOHD

GVWRIXOO VXUIDFH FRYHUDJH RI WKH SHURYVNLWH 

ZKLFK LV HVVHQWLDO IRU KLJK 

SHUIRUPDQFHVRODUFHOO 
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, ,1752'8&7,21 

,*+/<HIILFLHQWDQGORZFRVWVRODUFHOOVDUHEHL

QJ 
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$VPDWLVZLWKWKH'HSRI0LFURDQG1DQR6\VWHPV7HFKQRO

RJ\8QLYHUVLW\ 
&ROOHJH6RXWK(DVW1RUZD\%RUUH1RUZD\FRUUHVSRQGLQJD

XWKRUH PDLODVPDWQDZD]#KEYQR 
.DL\LQJ:DQJ01DGHHP$NUDPDQG0XKDPPDG7D\\LE 
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'HSRI0LFURDQG1DQR6\VWHPV7HFKQRORJ\8QLYHUVLW\&ROOHJ

H6RXWK(DVW 1RUZD\%RUUH1RUZD\ 
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,, %$6,&0(7+2'2/2*< 
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'0)WRSUHSDUHDKRPRJHQRXVSUHFXUVRUVROXWLR

QDWURRP 

WHPSHUDWXUH$IWHUWKDWPHWK\ODPPRQLXPLRG

LGH&+1+, ZDV DGGHG E\ VHTXHQWLDO GLSSLQJ WR 

IRUP WKH FRPSOHWH 

SHURYVNLWHOD\HU(YHQWXDOO\FRPSOHWHFHOOV

ZHUHIDEULFDWHG 

DQGPHDVXUHPHQWVZHUHFDUULHGRXWGRQHWRD

FFHVVWKHLU 

SKRWRYROWDLFSHUIRUPDQFH 

,,,(;3(5,0(17$/6(&7,21 

A. Synthesis of Methylamonium Iodide (MAI)  

PODQGPORIDTXDVROXWLRQVRIK\GURLRGLFDFLG 

DQGPHWK\ODPLQHUHVSHFWLYHO\ZHUHPL[HGLQWR

DURXQG 

ERWWRPIODVNDQGFRQWLQXRXVVWLUUHGLWDW

IRUKRXUV$IWHU 

WKDW0$,ZDVSUHFLSLWDWHGE\HYDSRUDWLQJWKH

VROYHQWXQGHU 

YDFXXPZLWKURWDU\HYDSRUDWRUDW

IRUDERXWPLQXWHV 

7KHQWKHSUHFLSLWDWHVZHUHZDVKHGWHQWLPH

VZLWKGLHWK\OHWKHU 

ZKLFKFKDQJHGWKHFRORURIWKHSURGXFWIURPSDO

H\HOORZWR 

FRORUOHVV$IWHUWKDWWKHSURGXFWZDVUHFU\V

WDOOL]HGLQHWKDQRO 

)LQDOO\FRORUOHVVFU\VWDOVZHUHILOWHUHGRX

WDQGGULHGDW  

LQYDFXXPRYHQIRUKRXUV 

B. Device Fabrication  

3('27366KROHWUDQVSRUWOD\HUZDVVSLQFRDWH

GDW 

USPIRUVHFRQWRDQHWFKHGFOHDQHGDQGR[\JHQSO

DVPD 

WUHDWHG,72VXEVWUDWHVDQGWKHQDQQHDOHGD

W IRU 

PLQXWHV03E,'0)SUHFXUVRUVROXWLRQVZLWKDGGL

WLYH ',+2ZWZWZWZWZHUHSUHSDUHGDQG 

VWLUUHGRYHUQLJKWDW

7RGHSRVLWWKHSHURYVNLWHILOPILUVW 

OD\HURI3E,'0)ZWZDVGHSRVLWHGRQWR3('27366 

OD\HUE\VSLQFRDWLQJDWGLIIHUHQWURWDWLRQVS

HHGV 

USPIRUVHFDQGLPPHGLDWHO\EHIRUHGU\LQJGLSSHG

LQWR 

0$,,VRSURS\ODOFRKRO,3$VROXWLRQIRUPLQXWHVW

RIRUP 

DSHURYVNLWHILOP$IWHUWKDWSHURYVNLWHILOP

VZHUHULQVHGZLWK 

,3$IRUUHPRYLQJH[WUDLRGLGHDQGDQQHDOHGDW

 IRU 

PLQXWHV3&%0HOHFWURQWUDQVSRUWOD\HUZDVG

HSRVLWHGRQ 

+ 
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WKHVXUIDFHRIWKHSHURYVNLWHOD\HUE\VSLQFRD

WLQJDWUSP IRUVHFDQGDQQHDOHGDW

IRUPLQXWHV,QRUGHUWR 

FRDWWKHFRQWDFWHOHFWURGHDQPRI$OZDVHYDS

RUDWHGRQ 

WKH3&%0OD\HU)LJVKRZVDVFKHPDWLFLOOXVWUD

WLRQRIWKH 

VHTXHQWLDOGHSRVLWLRQSURFHGXUH 

 
 ^ƉŝŶĐŽĂƚŝŶŐ ^ƉŝŶĐŽĂƚŝŶŐ 
 WKd͗W^^ Wď/ϮDͬ&,ͬϮK 

ĨƚĞƌϯŵŝŶ 
    ĐŽŶǀĞƌƚĞĚ ŝŶƚŽ 

ƉĞƌŽǀƐŬŝƚĞ 
;,ϯE,ϯWď/ϯͿ 

      
 ŶŶĞĂůŝŶŐ ZŝŶƐĞ 

 
 ĨŽƌϭŵŝŶ ǁŝƚŚ/W  

)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHVHTXHQWLD

OGHSRVLWLRQSURFHVV 

,95(68/76$1'',6&866,216 

HVVHQWLDOWKDWWKHDGGLWLYHPXVWEHXVHGL

QDFRQWUROOHGDPRXQW 

 

 

)LJ3KRWRJUDSKRI'0)3E,SUHFXUVRUVROXWLRQVFRQVL

VWLQJRI 

YDULRXVDPRXQWVRIDGGLWLYH',+2 

 

 

DZW+2EZW+2 

 

 

FZW+2GZW+2 

)LJ2SWLFDOLPDJHVRISHURYVNLWHILOPVFRQVLVWLQJ

RIYDULRXV 

DPRXQWVRI',+2LQ3E,'0)VROXWLRQ',+2FRQWHQWLVZW 

UDWLRYV'0) 

 

 

3KRWRYROWDLF SHUIRUPDQFH RI DOO WKH 

GHYLFHV ZHUH 

GHWHUPLQHGXQGHU$0*LOOXPLQDWLRQDVVKRZQL

Q)LJ 

DQGVXPPDUL]HGLQ7DEOH, 

 

 

)LJ-

9PHDVXUHPHQWVRIGLIIHUHQWFHOOVZUWWKLFNQHV

VSHURYVNLWH 

ILOPFRQVLVWRIZW',+2 

 

7KHWKLFNQHVVRIWKHSHURYVNLWHDEVRUEHUO

D\HULVDNH\ 

YDULDEOHIRUWKHSHUIRUPDQFHRIVXFKGHYLFHV,I

WKHSHURYVNLWH 

DEVRUEHUOD\HULVYHU\WKLQWKHQOHVVDPRXQW

RISKRWRQVLV DEVRUEHG UHVXOWLQJ LQ ORZ 

SKRWRFXUUHQW +RZHYHU LI 

SHURYVNLWHDEVRUEHUOD\HULVWRRWKLFNWKHQ

WKHHIILFLHQF\RI 

WKHFKDUJHFDUULHUH[WUDFWLRQLVORZDQGFDUU

LHUUHFRPELQDWLRQ 

EHFRPHVGRPLQDQW'HYLFHVEDVHGRQPHVRSRURXV

VWUXFWXUH 

SDUWLDOO\DYRLGWKLVLVVXHE\SURYLGLQJWKHOD

UJH7L20$3E, 

LQWHUIDFLDOVXUIDFHDUHD+RZHYHULQWKHSODQ

DUKHWHURMXQFWLRQ GHYLFHV WKH VLWXDWLRQ 

EHFRPHV PRUH SUREOHPDWLF LI WKH 

DEVRUEHUOD\HUWKLFNQHVVLVKLJKHUWKDQWKH

FDUULHUGLIIXVLRQ 

OHQJWK5HFHQWVWXGLHVKDYHVKRZQWKDWLQSO

DQDUVWUXFWXUHWKH 

SHURYVNLWHILOPWKLFNQHVVIURPQPQPFDQEHXVH

GIRU 

WKHIDEULFDWLRQRIKLJKSHUIRUPDQFHGHYLFHVZ

KLFKFRQVLVWRI 0$3E,[&O[ 

IRUERWKLQYHUWHGDQGFRQYHQWLRQDODUFKLWH
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FWXUHV 

>@6QDLWKHWDOKDYHVKRZHGWKDWERWKKROHV

DQGHOHFWURQV 

KDYHYHU\ORQJGLIIXVLRQOHQJWKa�PIRUPL[HGKD

OLGH 

SHURYVNLWH0$3E,[&O[ZKLFKLVPXFKODUJHUWKDQ

WKH 

DEVRUSWLRQGHSWKQPRIWKHSHURYVNLWHPDWHU

LDO>@ 

+RZHYHUWKLVLVQRWWUXHLQWKHFDVHRIWKHSD

UHQWSHURYVNLWH 

0$3E,PDWHULDO;LQJHWDOVKRZHGWKHEDODQFHGK

ROHDQG 

HOHFWURQGLIIXVLRQOHQJWKRIDWOHDVWQPIRUW

KHSDUHQW SHURYVNLWH >@ ZKLFK LV WRR 

VKRUWHU ZLWK UHVSHFW WR WKH 

DEVRUSWLRQGHSWKRIWKLVPDWHULDO+HQFHSKR

WRJHQHUDWHG FKDUJH FDUULHU LQ WKH 

WKLFNHU ILOPV FDQQRW EH HIILFLHQWO\ 

H[WUDFWHGEHIRUHUHFRPELQLQJ>@3UHYLRXVVW

XGLHVEDVHGRQ SODQDU WULLRGLGH 

VWUXFWXUH KDYH XWLOL]HG SHURYVNLWH OD\HU 

WKLFNQHVVLQWKHUDQJHRIQPQP>@>@/LXHWDO 

VKRZHGWKDWWKHGHYLFHVFRQVLVWRIERWKWKL

QQHVW�QPDQG WVHNFLKW ޓ  QP 

SHURYVNLWH0$3E, ILOPV KDYLQJ 

)LJVKRZVWKHSKRWRYROWDLFSHUIRUPDQFHRIW

KHIRXU 

GHYLFHVZLWKUHVSHFWWRWKHWKLFNQHVVDQGH

[WUDFWHGYDOXHVDUH 

VXPPDUL]HGLQ7DEOH,7KHGHYLFHVZHUHIDEULFDW

HGYLDWZR 

VWHSGHSRVLWLRQPHWKRG,QDOOWKHFDVHVWKH

WKLFNQHVVRIWKH 

SHURYVNLWHOD\HUZDVIRXQGWREHDSSUR[LPDWH

O\GRXEOHRIWKH 

WKLFNQHVVRIWKH3E,DVVKRZQLQ)LJNHHSLQJDJRR

GPDWFK 

 

 

)LJ&+1+3E,WKLFNQHVVYV3E,WKLFNQHVVGHWHUPLQH

GE\ 

SURILORPHWHUWKLFNQHVVXQLWVDUHQDQRPHWHU 

 

96800$5<$1'&21&/86,21 

,Q VXPPDU\ ZH KDYH IDEULFDWHG SHURYVNLWH 

SODQDU 

KHWHURMXQFWLRQVRODUFHOOE\VHTXHQWLDOG

HSRVLWLRQPHWKRGZLWK 

GLIIHUHQWWKLFNQHVVRIWKHSHURYVNLWHILOP%\

LQFUHDVLQJWKH WKLFNQHVV RI WKH SDUHQW 

SHURYVNLWH0$3E, WKHUH LV D 

VLJQLILFDQWGHFUHDVHLQWKHSKRWRYROWDLFSH

UIRUPDQFHRIWKH 

GHYLFH7KLVLVGXHWRLQFUHDVHGFKDUJHUHFRPEL

QDWLRQQHDUWKH 

FHQWHURIWKHILOP:HUHSRUWHGDWZRVWHSPHWK

RGIRUWKH 

GHSRVLWLRQRISHURYVNLWHOD\HU,QLWLDOO\3E,ZD

VGHSRVLWHGE\ 

VSLQFRDWLQJPHWKRGDQGVXEVHTXHQWO\IRUWKH

SHURYVNLWH 

IRUPDWLRQDGLSSLQJSURFHVVZDVXVHG6HTXHQWL

DOGHSRVLWLRQ 

DSSURDFKLVHIIHFWLYHWRDFKLHYHIXOOVXUIDFHF

RYHUDJHRIWKH SHURYVNLWH ILOP ZKLFK LV 

HVVHQWLDO IRU KLJK SHUIRUPDQFH 

GHYLFHV)RUWKHWULLRGLGHSHURYVNLWHVWKLV

DSSURDFKLVQRW 

JRRGEHFDXVHWKHFKDUJHGLIIXVLRQOHQJWKLVWR

RVKRUWDV 

FRPSDUHGWRWKHILOPWKLFNQHVV7KDWLVZK\WKH

UHLVDQHHGWR 

WDLORUWKHWKLFNQHVVRI3E,$FRQWUROOHGDPRX

QWRIZDWHU 

FRQWHQWZWLQWKH3E,'0)VROXWLRQKDVH[KLELWH

GD 

JRRGLPSDFWRQWKHKRPRJHQHLW\RIWKHSUHFXUVR

UVROXWLRQDV 

ZHOODVRQWKHPRUSKRORJ\RIWKHSHURYVNLWHILO

PV7KH 

VPRRWKQHVVDQGDOPRVWIXOOVXUIDFHFRYHUDJH

RIWKHSHURYVNLWH 

ILOPVZLWKZW+2VXJJHVWVWKDW+2FDQKHOSWRDF

KLHYH KRPRJHQHRXV QXFOHDWLRQ E\ PRGLI\LQJ 

WKH 3('27366 

0$3E,LQWHUIDFLDOHQHUJ\ 

$&.12:/('*0(176 

7KHSURMHFWLVIXQGHGE\.'3K'VFKRODUVKLS3K'1D

QR 1HWZRUN JUDQW DQG 1RU)DE JUDQW :H 

DFNQRZOHGJH WKH 

VXSSRUWRI(JH8QLYHUVLW\6RODU(QHUJ\LQVWLWX

WHODEV 

 5()(5(1&(6 

 =;LDR&%L<6KDR4'RQJ4:DQJ<<XDQ, et al.(IILFLHQW KLJK \LHOG 

SHURYVNLWH SKRWRYROWDLF GHYLFHV JURZQ E\ 

LQWHUGLIIXVLRQ RI 
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VROXWLRQSURFHVVHGSUHFXUVRUVWDFNLQJOD\HUVEnergy 

& Environmental Science, YROSS 

 /=KHQJ<0D6&KX6:DQJ%4X/;LDR, et al.,PSURYHG OLJKW 

DEVRUSWLRQ DQG FKDUJH WUDQVSRUW IRU SHURYVNLWH 

VRODU FHOOV ZLWK 

URXJKLQWHUIDFHVE\VHTXHQWLDOGHSRVLWLRQNanoscale, 

YROSS  

 1--HRQ-+1RK<&.LP:6<DQJ65\XDQG6,6HRN 6ROYHQW 
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SHURYVNLWHVRODUFHOOVNat Mater, YROSS 
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KDOLGHSHURYVNLWHVDVYLVLEOHOLJKWVHQVLWL]HUVIRU

SKRWRYROWDLFFHOOVJ 
Am Chem Soc, YROSS 

 0 /LX 0 % -RKQVWRQ DQG + - 6QDLWK (IILFLHQW SODQDU 

KHWHURMXQFWLRQSHURYVNLWHVRODUFHOOVE\YDSRXUGH

SRVLWLRQNature, YRO 

SS 

 / 0HQJ - <RX 7) *XR DQG < <DQJ 5HFHQW $GYDQFHV LQ WKH 
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 / +X - 3HQJ : :DQJ = ;LD - <XDQ - /X, et al. 6HTXHQWLDO 
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3ODQDU 
3HURYVNLWH6RODU&HOOVACS Photonics, YROSS 
DQG0*UDW]HO+LJKHIILFLHQF\VWDEOHLQYHUWHGSHURYVNL

WHVRODUFHOOV ZLWKRXWFXUUHQWK\VWHUHVLVEnergy & 

Environmental Science, YROSS 
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SHURYVNLWH VRODU FHOOV DQG WKH UHVHDUFK RQ 

WKHLU QRYHO UROORYHU SKHQRPHQRQLQ-

9FXUYHVJournal of Materials Chemistry A, YRO 
SS 
RI &+1+3E, )RUPDWLRQ IRU (IILFLHQW DQG %HWWHU 

5HSURGXFLEOH 0HVRVFRSLF 3HURYVNLWH 6RODU &HOOV 

ACS Applied Materials & Interfaces, YROSS 
SHUIRUPDQFH SHURYVNLWHVHQVLWL]HG VRODU FHOOV 
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