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Photo Seebeck Effect of Air Stable MAPbDI;

Yuseong Kim and Byoungnam Park*
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94 Wausan-ro, Mapo-gu, Seoul, Republic of Korea

Abstract: With increasing interest in energy harvesting using heat as a next-generation eco-friendly energy
source, organic-inorganic perovskite materials have emerged as promising materials for thermoelectric
devices. In particular, the photo-Seebeck effect of halide perovskite materials has attracted attention due to
their wide optical absorption spectrum and large diffusion length, depending on their composition. MAPbI;,
a representative organic perovskite component, has been reported to have a Seebeck coefficient of only
hundreds of pV/K. In this manuscript, we report a photo-Seebeck effect for bulk MAPbI; perovskite in which
the magnitude of the Seebeck coefficient significantly increased by 700 pV/K under illumination with a green
laser diode. An air-stable perovskite pellet was synthesized using the alcohol substitution synthesis method,
and both the Seebeck coefficient and the photocurrent increased in air, proving that enhanced Seebeck
coefficient is associated with the formation of excitons in MAPbI;. X-ray diffraction analysis found that the
remnant Pbl, led to n-type electronic transport characterized by a negative Seebeck coefficient. Photo-induced
electron transfer from MAPDI; to the Pbl,-rich phase under illumination led to dedoping of electrons, to form
an MAPDbDI; pellet. The significant enhancement in the Seebeck coefficient was found to depend on the
composition of the remnant Pbl,, which alters the majority carrier type in the bulk MAPbI;.
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H HFA ] vl &8 SRS HolW Bt
(photovoltaic device)?] FAlS o]EALY U= fF-F7I

7| 2 H 27}0] E (organic-inorganic halide perovskite)= -$-
T FH, A7 EAS Y SR E vES
& tho] @ =(light-emitting  diode), B2} E @ X] 22E](thin
film transistor) 5 TFeE Hokoll FHA S8FL Ao
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FARLE §77] s2Eo7jo|Ex

goje] 71 A, 7] Fol Atk 71Ist 22
AREE B AyAsEe 233 #AE @y gt
[1,12~14]. AFAES F-77] S2E2T10|Ee] Ul %

%] methylammonium lead iodide(CH;NH;Pbls;,
MAPbL)E ©]&3t 7| A} Hlwate] 108 o]
o sFst= + mV/KS A A S (seebeck coefficient,
SC)E Rasty duh £3], 20203 Xie A7 ©HAA
MAPbLO| Au, Ag A5 AFE3SARS Wl Au, Ag9l
MAPbL; WS 53t =g aste] ofs] MAPbl; 24 s}
slo] FiEle] BFYdS 2Este] 115°ClA 337 mVve] 4%
o] #FE= MAPbL, 9274 dd BES ATt [3].
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7P SCe] AAE oplsle RS xHE W, SCo &

7tel ANAERRe] Z7HE FAlY Fdske AL ZTHY)

sk= 918l sidsiord Aot [7,9). ol8g ZTE ZAA

she TEvEE 7] 1B Al Qg SAE S5
3 %

fste] AR FE}F EE(photon)e] WSS T
(photo-induced) 7HE]oje] Fo] & FAL
[17-19]. Shizhong Yue 7% TiO, W= YA}
® PEDOT:PSS Hlo] UVE XA Al SCo| F715 B
3T olF Awshr] f18ke] ekl 9§ dedoping
d2do] ARM=ESLE oAl Eall, Uvele] whe-g 3l TiOo,
oA MEZE Holg B8l AAE HA= PEDOT:PSSE
AgEo] PEDOT:PSSS AH¥e v=& TaA7e
dedoping ¥7Jo]l SCe F71He of7|gith= Zlolth [4].
Binrong Li 47319 A74#E S % o9} FAKSH &
Zdol B =Tt 7 $830 A ES Sl potassium
poly-(heptazine imide) (KPHI)E PEDOT:PSSol HAMA]A,
7N FLE ARl HIHS W KPHIAA o17]€ X2k
o] 23 dedoping®l] ¢3¢ PEDOT:PSS HF2ke] SC %
7Y BaEA [5]. ol#E AFEe Yo o8 AAEE
BAAE B3l AHoA ] Astdgs B3 o] v=E
AR slodg B ArHEEE Alosla, o2 <ls)
o WA= SCY F7HE Fal E¥AAK(power factor,
$He] A 7¥sA3e AAEHAT

F-77) HEE2ATI0|ES] B T A ER g
Aol #& F3AIGE photo-seebeck effects 53 ZT
Foislel] o] thdet H2E sl gtk Mettan A
712 20151 MAPbL; 24 ©AA ] He A0S o
SC 37+ &3l 27t /MAE & e 7FeAS Hasksl
ot [2]. 2 SAAERES] A TFsdolE B st
3 MAPbLO| 4ha & o) tigh B2 G4A)
29| ghgof oia F HollEoe] & Futol] §loh. At 2
7421 MAPbL; 9] 7] Yol il
MA*(CH;NH;") olo] H,08F F2Z2%e JAds) 1A
o] ARFx7F AET [16]. EFF Abae] =FAlddle AF
2ol AGYA HFE F8] Pbl> o9 Pbl AFo]
Pb-O Ao x|ghejo] AH YA Fx2] Hgto
Aega g8A Atk 21 F-57] HREATEE E
Az o] &8 A5 AAF=x g 93 IstE HHA
a17] Qs AR EA F9S Hislehes AR s
AZIAY, B8 E917100x 9] AAtEe]l &7 st
[1,3,15]. 712 @24 74 GHAE AFolle 229 &

kd
%
>

0

F3] 2] A61d A2 (2023 29)

g EujollA AT AR AHE AR she ©Hlo]
AL, B 7IA E971E A ik A 3
(encapsulation)°] #AAolek= HollA 2 HAI7F Haitt
g Stk

2 AFoxes E2e X3 FAHS o] &ste] AR
el M= ti7]5ell A A713 A2 0= QY3 MAPDL,
dAaAE A on FoETE tf7]SolA Wl 9
gk SCo| F71HE &g ZT Suiskel st 7FsAdS Ak
Aok GEFF 22 S LA Ll (polar aprotic
solventyi= MAI®} Pbl,7} o238k o HIE F4A1A 19
LA EE FT7MIFSRE Qlall MAI®H PblLe] &3ls B+t3
< s4sh, H'e 4348 5 Tad8s s s3He
PAAL FEsl] A4 %= DMFY DMSO9} 7+ H|=
73 Bvlold 3 MAPbLET 43 N-H 232 €4
B8 7L ot [6]. oleldt =4 Bl &
-85 X8 IS Fal, o]l BilE MAPDI;
of ula] th7)FoNME 318 QFgAdo] EHE MAPHI,
A8S AzstA e ti7]FolA photo-seebeck &IE
B3 SCo| F7HE @RISRt B volrk MAI® Pbl, &
Aol w2 SCe] W3lE Bushy olo] tidl WAUZoR
AHA X 2] HrjolFol ogt HAlsre] Wels Aksh}.
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2.1 MAPbI; ZH & ! Q2 (pellet) M=

Methylammonium iodide(MAI, synthesis)$} Pbl,(Sigma
Aldrich, 99.99% trace metal basis)& H,07} lppm H|%t
0F FAHE o2 FE|HHk(glovebox)oA ol EHE
(ethanol, Duksan Co., 99%)°l 40 wt%= o] z}z} 8o

< THISH} T 89S 412 F 60°CE FXIEHY 48217
F9F wHk A7}, 4 E MAPLL; 23S 7EF0]E 9]
g8 Azl & o] MAIE Y53 EES AASP]
3l EEE MHSIATE EE MAPbL; £ xR
T T =g I3, g BG4 60°CE 5U7E
AZE 3t Axrt &45% MAPbL 23S =4S
Yl d= 77 1E AFEEFd 10 mm AEF 0.8 mme] F
AZ o]Fo|x YFY Aglo=z YA

2.2 MAPDI; ZHETx 2 Z0HEA BN

X-A 3] (X-ray Diffraction, XRD)%4 & *
(powder method)E T3l S0l XA=HAG. XA 3]
A& RigakuAl®] Ultima-4 Zdo|A ®WZ¥E Cu
(15405 A) XA B3 Zg=%0en, 3449 XA
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Peak= Rigakurlol|A] zi%fs = Erd A EJ S PDXLE
Fall EAEAT v AZEOE ol&dl AEdE
o SF3h= Peake] AI71E F3l “EES RIR (reference
of intensity ratio) *'H-& g3l =3} aFict. =, Debye-
Scherrer ¥'H& o]-&3lo] MAPbL; ¢ AAYH A71E ALt
SIATE. MAPbL; 313 gold A9 HH FFL FAK
2F& P 7 (scanning  electron microscope, SEM)S F3ll 3

2ttt

2.3 MAPbI; 23l SC &4
2 AR SCE A fst 2k &
Al A ¢ e AlaEle a7 19 22k e
A o] ST FHES AT AAY F T
EES5 AC 7FERA] FHE 71h3ly] 28 f2
stk 34 AHES FRIES AT Afeld] ARl £ &
Iz olgat] A= AE 7] EEH HES T
ZiTh. Hot blocke 30 °C7HA] 7HE3IM o™ K-type €A
e FHES Bl FFsl A8 sk A5 2

JB“« r:‘é offt
—ll

ol

R 7} o) AW SRR 1Fde] LrAolE 245
o). FelRE guie] A BPYE] mes] Jue] ew

27 9 A A= digital multi-meter Keithley
200002 & AYS Bl S t71SelA
29 AYAE AAI & 43}04 Scel WslE #Fso
S photo-seebeck T35 3 7] ¢35t MAPbI; 2
glo| o7 HAsF Folx (532 nm, 35 mW/em?)E %
Abste] SCe] WstkE AT

&
T,
5

I

|_ Keithley 2000
Temp Temp [
. (Hot) (Cold)

AC heater

MAPDI; Pellet

Fig. 1. Seebeck coefficient measurement set-up using copper block
heating electrodes.
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2.4 MAPbI; 2% & (photocurrent) S8

A ZE MAPbL; 2Ele] 3-%7]2] (photoelectric) 5742
g1str] Asl Alzkgk "3 9l d S H(thermal
evaporation)®. 2 229} =9l gold padE FZ 3T
MAPbL, H3le] Wo] elg A7 s} 54 2157 9
o, A elol We ZAlele] BARE ZHalich. B9
S2E WA wETo] 0 230 mW/em?)E Al%o}oi ]
718 &AL parameter analyzer HP4145BE &3l 718}
skict.

3.4u W nE

3.1 MAPDbl; 2™ 7 =2} ZHEA

]§].a—1—)\4.__ EH u]——_o11] MAPb13 Fj\ o] ¥¥
Ae 2% 24 SEM °|PAEL Fall Rl 29 3
9] XRD I 3ZHFH Debye-Scherrer methodE 53l A&
F MAPbI; 27 ¥ (crystallite) Z7]+= ~50 nm©|™ :L%
(@)% SEM o|vA & F3l #2493 MAPbl; th2
(polycrystal, PC) Z7]= 18 2(@4 S E = U P 1/}1;}
Y= A7 7ol 100~500 nm FHoNA T4 EAlel=
o2 vold, MAHOoRE 022 ume] HWe EXE
oz glom ol wY AFYSel ST YIUNES
bt T Z7]9] MAPbL 2RSS 73 2(b) o
(©F B8l dF AP Tl F=slo] =UsHl 7€ A
< Elskitt. B3 2" 2(delM EfRle At el
MAPbL, T4 =)ol 2% gold 1= JA=9] #4¢
gk mlAlTE Olﬂlﬂ% U5 Y + MAPbI3 pelleto] &
Sglo] #dsHAl L 2=t S SHske Aolth

500 1000 1500 2000
radius (nm)

Fig. 2. Microscopic SEM images of MAPbI; pellet. Morphology of
MAPDI; pellet surface at (a) low and (b) high magnifications and
(c) size distribution histogram of MAPDbI; PC particles. Gold
electrode morphology deposited on the MAPbI; pellet is shown in
(d).
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Fig. 3. XRD patterns of an MAPbI; pellet.

AZgE MAPBLS] AAFx= 29 39 XRDE
Tetragonal 722 FAEoH FAHOE F53 A2
12.7°, 25.9°, 34.3° F-2o|A] Trigonal Pbl9] =7} 2+
HAth= Zlolth o= A Al MAR A 5 A4

= ofo|od Fol(Iys=el 7IJASHER(1)). ¥-3-(3)
oA WA= Pbl, &3l I'7F Hofskedl, I' s=7t 4
gall=o] Poly FElE EAskd Pbl, 7F TR A=
HA €k 2HER pbL Gl E A &9 19 FE
o} vlg|gitt. 19 F=E MAIL &3xd o] A==
dl, o]& Wh& 2&9 A7kl ofal] gzt & AFolA

A4S APPH % (60 °C)lM T F MAIS) %
gk gall7F dofutb &all=A] &gk Polyt tHAl AEE
o2 "ol [6].

off
ol
=

1

ShX
H

PO r&e rlr

CH3NH2HI (ethanol) « CHfaI\]HfaJr (ethanol) +T (ethanol) (1)
CH3I\IH3Jr (ethanol) « CH}NHZ (ethanol) + H+ (ethanol) (2)
Pbl; ) + T (ethanol) < PbI5 (ethanol) 3)

B} 7] =
of ot W dslE Azt 4 Slth. MAPbL; PC H3)
750l =Eso] AHe HaPgr] wiol] el =
=tk MAPbL; 274 0] 2ol =Z=% MAPbl; 4%
%™ MA'(CH;NH;") %Folo] H,0¢} ®kg3le] C-N 4
to] w2 YR UoH(NH;)9t ofo] @ Hal=Ay(HI)7F 2
AET [8,16]. WA (@), (5)2] wH2el olal MAPbIL; ¥
2k o] Gst o] Pbly7t AEEAE 7HsAdel Uk

CH;NH;PbI; O CH;NH;I (aq) + Pbl, ©) (4)

gk MAPBL; 2789 f7] Yol (MA) &7
o)

E°1' BE e rlo ﬂJ{N'

CH;NH3I (oq) = (-CHy-) + NHj ) + HI () ®)

MAPbL;9} PbLo] dHE&2 ol 2] (6)] AIAJE RIR

Table 1. Lattice parameters and crystal information of MAPDI; and
Pbl, phase.

Chemical formula (CH;NH;3)PbI; Pbl,
Concentration(%) 97.02 2.98
RIR value 6.77 16.4
Crystal system Tetragonal Trigonal
Space group 140 : 14/mem 164 : P-3m1
a(ang.) 8.8567 4.559
b(ang.) 8.8567 4.559
c(ang.) 12.6533 6.959
alpha(deg) 90 90
beta(deg) 90 90
gamma(deg) 90 120
DB card number 01-085-5508 01-073-1750
ol AL AT [25].
¢ e
271 AellA wie SHT 249 FAE W.e
corundum®| 7|, "= 58T £49] Ho§ 9= A=o|
H, "= corundum®] AW = Axth ¥ 12 RIR
Wiiol ARS-El RIR value®} AA] XRD AHEE F3ll AL
F MAPbI(Tetragonal), Pbly(Trigonal)®] AR} J+E H]

23 AR T2 e E YeRAL Sl

RIR WS 53 A4tE PbLe AEES 3wthE
MAPbI;(97 wt%)ll Hl3l] ml& EAj gt

MAPbLSe] 23 ¥H Z7|= Debye-Scherrer methodZ
olgate] 2 (NE T3l AXtEANSH Ak A3 1=

AEE= F 20 FE3H
KA
Pcosd Q)
o714 D+ Z A 7](crystallite size), K= Scherrer

Table 2. Crystal size calculated by Debye-Scherrer equation and
XRD peak information of MAPbI; pellet.

2-theta(deg) FWHM Phase name Size(A)
14.04 0.265 MAPbI; (002) 31543
14.14 0.1733 MAPDI; (110) 482.59
25.93 0.1591 Pbl, (011) 535.09
2851 0.1733 MAPbI, (220) 494.13
31.91 0.1625 MAPbDI; (310) 531.17
34.30 0.2223 Pbl, (102) 390.53
4747 0.2383 Pbl, (112) 380.28




[e]
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constant (0.89), A= X-ray ¥, p= E peake] full
width at half maximum (FWHM), 0= 3|9 peake] 3
7ol sgditt. MAPbLSH PbLel vt AR H 7=
747} 455 A, 435 ARA Z ZJo|E Holx] i)

3.2 SCE3 Y photo seebeck & B} 2+t

A< MAPbL; ZE2] photo-seebeck T3H= t7|%o
Al a8 19 3 AXE et 9 soinh e
AR 27 4@t o] H3d e A5 AWl
o] ¢ 7K Bal HEAFES Haskete] FYAHQ SC
o] 2748 It

Arolx el HEAGe] Hashe &8 €94 cold
blocke] 72 2d& EEH SCel S7F ¥ HsE el
o,

olstuth. d=HE 2rtslr] A HERE] o8] HAYSH
213le] 152 7K ~-25mV/K 52 SC
£ Holtrt 4 A7F F ~-2400 pV/KS] SC7F #HEE
o1xt},

FET Wk A2 SCo st o]F MAPbI; PCoA]
o] v Agolrt sCH8E Fall AR welvke 2ol
. BuE oy A o MAISH PbLel 249

A stz ¢

(a) A
-2.5x10

-3000

-2800

-2600

-2400

-2200 i

Seebeck coefficient (uV/K)

-2000 L L
0 50 100 150
time (sec)

(b

~—

-3200

Dark Lighton

-3000 |
-2800 [

-2600 [

-2400

Seebeck coefficient (uV/K)

-2200 w ' '
0 50 100 150 200 250 300
time (sec)

Fig. 4. SC of MAPbI; pellet measured in the atmosphere. SC
change according to contact stabilization (a), SC change in green
light of MAPbI; (b).

/E].

uhy g %

upel FHE]o] Btgle] AR =™ PbLe] Aol A& A5
n-type W= 2A] A7 4EE HoJFErh [24-27]. THA
23], MAPbL,E A2 AR BAle] tg Algolz &
A|3l= ambipolar charge transport®] 54 7FAH MAI
o} PbLe] AgHlell o5l v Ao 2A o FF HAt
o FEt Mg & Yrks Zlolth [10,11]. AAR 273
oxe] XRDZAZ A #HZE R A} 7Fo] dof PbL2
AZEF ntypeol Pl SCo HEL2 HdY ATAH=
2t OTX]U“:} [15,20]. Yol PbL7F EAlsk= 739~ Pb 9%}
o] A7t =Po = s PV Y HEOE EAlshH,
o]Z QI8 I ¥ (vacancy)°l WAt MAPbLe] A}
FL7t S7Feked n-type HE=AY] AES FE=8H [20,22-

22l SCE Hole A1 (~100%2)°]1% MAPbI;
HAFS ZARIS o] -2400 pV/KOlA -3100 pv/
K2 °F 700 pV/K <] BEst sceo| 37k skt
Hske a9 59 R A
A BofX]= A o] Hof| &3t AEje] Fxo] wste}
A Bt S ¢ F Uk 29 5(a), (b=
g 9o 52 =

% kU3

MAPbI; = 229t =]l AFAtel o] A
g we 2AES W FAEES FAT F71E Rl
(a)
1510 . . . .
—s—dark |
110° a
-7
2 510" | .
B o WM
5
O 5107 |} .
110° .
1510° | L L
-4 2 0
(b) Voltage (V)
1210° i i .
110° | -
-7
2 810" | 1
T 6107 | i
E ~3.5 times
O 410"} 4
2107 | 4
O 1 1 1
0 5 10 15 20
Time (min)

Fig. 5. Photo-current generation of MAPbI; pellets. I-V curve (a),
current switching according to white light on/off (b).
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Fig. 6. Schematic diagrams the photo-Seebeck effect of MAPbI; by
carrier transport. Macroscopic relationship between Pbl, and
MAPbI;.

=

a9 5b)ellA "ol &g {57 F17](photo-
excitation)e]] £k WMIEZF Ho]2 B3| o]FojxItal 714
SPA pico-secondol] dFSH= time constant® S A9
2t} sF AP 2AYE aEEE w WEZE Kol
of 93t FHE=E 7 ¢lol] B} =@ localized statesell
oJ3t Fljg]o] ol (charge transfer)s 53k AJHo] E3HE| o]
9188 o 2= 9lr}.

T 71SelM 7 MAPbLoA o] A3
photo-seebeck coefficient®] 7+ F&Ag ZANA o
o}7} photo-seebeck TS E3F F-H= SC W3} w7}
UE2 XRD 4oz 9l ke pol,e A4 3 Hlo
°Jgk MAPbL; =2l Mt Ads F3f Atstarat
st 28 62 zk] PbLe} W3 MAPbL; E27F bulk-
hetero junctiong ©]F S-S 7P A2, HA glo]
A5 Aol 2A1E u]l MAPbLAA PbLE #A}e] o)F
o] WHstarl olel we} MAPbIy Aol A2} s&e] 3t
AE opyEl= dedoping &ato] Gl e AL AY
t2 Stk A2 Shizhong Yue 17713} Binrong Li
A7zlo] #3l Aol ojshd p-type #7IWH=A] PEDOT:
PSS HFetoll 3= (photo-induced) 7HE]o}7} W8k &
Ade EXsS W 9S FAbste] AT Aot
PEDOT:PSS dteto 2 Ha=o] Hy 5o 7AE o)
3= dedoping 35 B3l SC7t S71E 4 vl B
STt [4.5].
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seebeck @0l ]3] ~3100 uV/K7HA] SCe F71s oz
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