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Abstract

Perovskite solar cells, which are organometal halide solar cells, have excellent photoelectric conversion
efficiencies. Their simple fabrication and use of low-cost materials have attracted considerable attention.
This study developed a novel HTM with a D-A-D structure. Their optical properties were analyzed, in
particular, BT-Me HTM demonstrated excellent thermal stability. A device was fabricated using a new
HTM, and a photoelectric conversion efficiency of approximately 10 % was obtained.. While the efficiency
was not as high as expected, a highly thermally stable HTM was synthesized by substituting a methyl
group in benzothiadiazole. This finding could have a positive impact on solving the stability issue of
perovskite solar cells in the future.
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keywords : perovskite soalr cell, Hole transporting materials, benzothiadiazole derivatives,
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Fig, 1. Synthesis and structure of BT and
BT-Me HTMs

2. 4

oo

I:g-H-IEl

2.1 HTM &4 2 NMR &AM
ZuA7F AZE 250mL 27 T vhy ks
A9 47-dibromo-5,6-dimethylben zolcl[1,2,5]

~thiadiazole (1 g, 3.1 mmol), JJr 9] Spo| x]3%k
H NN-tHd-A4-G-Efvwe E)E]Q.f%ﬂ—Z—
ool 183 NN- E]“ﬂ%i

S 9l dar R F 0] QAT FEE T

t}. Pd(PPh)3)4 (55 mg mmol)E Zj
i = ]

ZotE e v (d e 714, fﬂoﬂ el
/Ea=1:10)2 AT BT-Me) @ !
(300 MHz, CDCly): & 7.26-7.15 (m, 10H, Ar), §
7.08-7.01 (m, 6H, Ar), § 6.94-6.78 (m, 8H, Ar),
6 381 (s, 12H, ~OCH3), § 2.39 (s, 6H, -CH3).
BC NMR (75 MHz, CDCI3): 6 156.18, 148.20,
14085, 13778, 131.62, 12911, 127.27, 12649,
114.85, 114.76, 55.60, 1891,

2.2 PSCs &KX} XM=

o] = ejx FTO 71# (Philkington, TECS, 8
Q cm?)e AWEAA 589 olHE, o]4hxZ
ZE AREsl] 7 3084 Al F s 308 5
ot UV-03 #HelE & 9, Sn02 FZol= §&
3000 rpmell A 30% F¢t 23 ;Y s, 150C e
A CIARE Bt ojdd SkSiTh HE BTl E
A= DMF<F DMSO (81, viv) &3 &ujjo]
1.4 M FAI 14 M Pbl, 007 M MABr, 007 M
PbBr; 05 M MACIE &3t A#stdct. 1t
o017 AA &S o]&3te] 1000 rpm 10%,
5000 rpmell A 30% % 29Ale] 29 FES &
dl =ESIATE 20 A @A QtEEMER A}
kg on, o]F 150 ColA dAgE slo] ¥
ZH27L0|E Hhhs Atk CBol 52l 5
mM, 10 mM, 15 mMe] EHEE H7lshA] &S
BT 4 §=4 §9& Azxs9rt #ujd & A

23

gEd &4 3000 rpmel A 30x ¢ 29 A

- 151 -



MES BTD Jl8to] SR &4 o 4% 28

E 1. HTME &M EM 2N
Table 1. Optical properties of HTMs

N Nabs[nm] Aem

Z AGA ais nn?l Eoo [eV] | E%Y V] | Euomo”leV] | Eromo™leV]
(IM'em™]) [nm]
314 (66,400), _ _

BT 482 (31,700) 637 2.162 0.215 5.295 3.133
308 (58,200), _ _

BT-Me 421 (7900) 626 2419 0.205 5.285 2.866

a) Ep o2 THF &wlolA S, WE ~FEFHY F—X}ﬂo g8, b)) CVEHL 27 "] &9
50 mV s Y(vs Fe/Fet)& AFg3te] AAt ¢) Euomo & CV9 A3l 92 74]*}0}01 H 2 A S
7o 2 WSt NHE A¢] W3k (Fc/Fc++ 0.64 versus NHE + 4.44 versus vacuum); d)
ELomo® MEAT Enomod] Aol & ALL

gate] 719 9ol =¥tk o] % 100 nm T4 Aste] 29 2, 3 283 ® 19 AstAch 2
9 Ag A== SHBAT 22 WA EWES AHEske] BT 9 BT Me?
UV-vis & % e 2HERS S48t 19
2.3 st 24 H| 2. a) o JehRTH
A4 Ae AL vium AZEY 7l £
e Peccell?] PEC-L01S AFE-3}S] 50 mV s-1 a)
o] 27 £ER EF FAF AM 15G A} 27 %
1.0 7y 1.0
oA BAsdle SRYARE  (External

Quantum Efficiency, EQE)= HS Technologies
] PEIPCE 78 Al&¥le Abgste] S48k
Ao A -7k 3 29 EY (UV-VIS) CARY
5000.5 200-800 nm®] 3 e oA A a3

>

e
b

2
5
14
B

Normalized Emission Intensity

e
b=

0.0

=
=3

n L L L "
300 400 500 600 700 800

t}. 4% (Photoluminescence, PL) 2~HE# & " Wavelength (nm)
g 227 FL 65002 58] 500-800 nme] 5} —

L B | P I B = S S .
(Thermogravimetric Analysis, TGA)S TGA
Q0& T3 =

R

s 2 Ol AKX o 06 04 02 0.0 0.2 0.4 0.6 0.8
3' HTM o|-—| = - I-B_E Voltage (V)

% 2. a) BTeF BT-Me?| &5 & @&
3.1 HTMe st & E 54 AHEY b) BT BT-Me2| CV 58
R oo e gAdw HTMe 3aha, 94 Fig. 2. a) Absorption and emission spectra of
eN

. . BT and BT-Me. b) CV measurements
24371 sistel, UV, PL, CV, TGAS of BT and BT-Me.



2025 128 St=AZEQoAFEIIse =24 M212 H4Z

BT 3tg&2 F 719 &5 =S Bt ¢
34 (BT : 314, BT-Me : 308 nm) o4 #25]
T Aol nwx ol 93 FF ety 74z
482, 421 nmol Al At FFE Hol= A2 n-mx
Holzm Fupge]l F47F #zdch 2719 HTM
& B5=E dolE WolAWE methylZ]7F X
S % band gabe F7hE o] WAEH AL, AN
HOMO #2 Fe] WaFow ofFdto] Hzr
227}0] E 9] valence band®te] #Ag ztolE K

HES Z}7F 687, 626 nmolA] #Z
o
b

O~
H A3 ZF HTML stock shifts7} LA 24 3HS
gk

slolatgit}. o] B27} exicitation ¥ 21S
Z Apole] A & Wt oS gl
(e}

(R

otk z+ 3559 band gab< UVl PLY wxf

qe w8 A ¢ e, 47 BT= 2162
i1 BT-Met= 2419 eV s Al
7t SYPEEY] & duo] e gela)
?l&te] Cyclic voltammetry (CV)E =439 th
o= Ag/AgCl  As|de]  01M
—ammonium hexafluorophosphateS Thol &= W)
gho] o] ALE3}9lal, Ferrocenes o83}
NHE 7]5o 2 wWgagich

BT HTM<¢ HOMO ##e 0215 Volx
BT-Me HTM< 0205 V 2 W€7]E X33t
HTM®] HOMO o] ¥ opA|= 2tz ¢k
o] Ao} T e AFAE AATH21]

a9 3 a)E &2 AlZe o] 7F AR
A trelol sl E8 A= HTMe| A4
g ooldx] s ZteA ®=248Th Sn02,
perovskite A& Bu¥E AE 71 g, BT,
BT-Me HTM= #W=71 A4kt CV &34
HOMO @23 &g3afo] ARtE Ut & HTM

o A% X A 2a glov o)

tetrabutyl

FEA (TGA) 48t 29 3. b)ollA Bk
| Zt7Fe] HTME 300% o] el Al 3l 7} A=
Atk o= Ak AlF Ao 150%= dol
g AREE Holm, 53 Mel7h A&d
T-Mei= BTl Hla &= bgAJo] vig- -

g1k = Aol dA EA R o

=
A4S A R 5 k= AA

o I et & o i ©
IS o Mr Rl
>

fz
=
KOS

HTMS] 55 8Q1st7] st 2 A3
FTO/SnO2/Perovskite/ HTM ] T%=
A7 FEed = deA FS ik 19

& 3.
aollA Bl Zpzke] HTMS =33t3le

&
|
L
T
b
-
2

-3}

4t 40eV _40ev

4sev 500,

Spiro-OMeTAD

FTO
-5t

S.2eV

Energy Level (eV)

Perovskite

; S5.22¢V.s30ev 5306y AU

in
n
2

‘Weight loss (%)

1 H K Il 1
200 300 400 500 600 700
Temperature (°C)

1%l 3. a) BTe} BT-MeE &8¢ &KX}
o x| ctolo{a®. b) BT=t
BT-Me2| ¥&EZEAM
Fig. 3. a) Device energy diagrams using BT
and BT-Me. b) Thermogravimetric
analysis of BT and BT-Me



M=Z=2 BTD 7[EH

=
=

A

%

g

a
>
|
0l0
00

= = = Perovskite

""" Spiro-OMeTAD
—-==BT i
— BT-Me [

PL intensity (a.u.)

— =1

4 L
510 520 530 540 550
b) Wavelength (nm)

______

Current Density (mA/cm?)

. ' L .
0.0 0.2 0.4 0.6 0.8 .o 1.2
Voltage (V)

a2l 4. a) BT BT-Me®| PL guenching &8
b) BT2t BT-Me2| &Muist 38 53
Fig. 4. @) PL guenching measurements of BT
and BT-Me. b) Photoelectric
conversion efficiency measurements of
BT and BT-Me.

PL Quenching 23S 3] #ZHA710]E A
o] HTMel # dgdS gRlstsith. HTMo]
sl oA s o] A SAste] HTM9
Friroll whet xpo]7t Avk= o
b At AgEs FAtete] WS 58S 34
Faith 1% 4. b= 3 5A= FAPbI3 7]4k
o] MAPbBr37} 9%55= %44 ¥

o

{0

Of

AT BE DG AM 15 29 5o A5
AY (-V)E et 43F 249 Asto
A B%ol BT-Met 1§ $5% 44E 714

I Rer Axb Az oA vE HHAE
AHESHA] AL ks AlEtet gl

&8 42 44 5 10, 15 mMe] =5 A
&t HIMe =¥siaith g /M $& &

Normalized PCE
° S
= =

021 —=—BT-Me
—e—BT

0.0

. . . . .
0 50 100 150 200 250 300
Time (h)

O3 5 BT2} BT-MeE &&%t &Xte| 27|
OFd M HAE

Fig. 5. Long-term stability of the devices with
BT and BT-Me.

2 4. bl YRt BT HTMS AH&
A= 887 %0 FdWd aes Ao,
F 9% (Jso)= 1512 mA/en?, A
Voo)©= 1.04 V, 24214} (FF) 57.8 % o #

o] ZAH AT whHe] MEo] Frhetal HA

B EAS v 24357 98 AIZE EE
& 9 AdFE 25730 % A aAE =Es)
o 94 AZHEt 58 EAS stk A
Ao w BT-Me® =o] &xte] kg7 ro
8% A4S FATS s At BT 22k
240 AIZE F 27] 289 82 %A Aol Ast
9 A7 gxHoz BT-MeE =3 Axbs
Z7] B8 MU %E w2 38 FAF Hid
o= BT-Me7t 7 27 2 =834 540
ofa 4 % Fio At o Ao RRYH F
B AEZ2 gidoz xusle] ¥ZH AT E
59 d3ts AAAZY] Wik m ddEnt



2025 128 St=AZE

AoAZgE7Iets] ==X H21d HM4=

A
TE &gt} ARk
AdAe] A= g T8tk D-A-D 725
= & A9Ae AA-dE ol a3 T
olt}. o]Z $13l Benzothiadiazoled] thdt -+

T8I FE T shuolth HlE
]
=t

)

fr W >{i

N
ey

_IN

o

(1]

(2]

[3]

7 A AR aTelE A7Ae A
oA EHe AA-AF o U o

L2 FAF R

=3

=

]‘ﬂ AMEA 33 BT-Mes &
o &=

o

A. Kojima, K. Teshima, Y. Shirai and T.
Miyasaka, “Organometal Halide
Perovskites as Visible-Light Sensitizers
for Photovoltaic Cells”, J. Am. Chem. Soc.,

131, pp.6050 - 6051, 2009, DOL
https://doi.org/10.1021/ja809598r

P. Gao, M. Gr" atzel and M. K.
Nazeeruddin, “Organohalide lead

perovskites for photovoltaic applications”
Energy Environ. Sci., 7, p.2448, 2014, DOI
- https://doi.org/10.1039/C4EE00942H

S. Pang, H. Hu, J. Zhang, S. Lv, Y. Yu,
F. Wei, T. Qin, H. Xu, Z. Liu and G. Cui,
“NH2CH=NH2PbI3: An Alternative
Organolead Iodide Perovskite Sensitizer for
Mesoscopic Solar Cells” Chem. Mater., 26
pp.1485 - 1491, 2014, DOI

https://doi.org/10.1021/cm404006p

[4] Best Research-Cell Efficiency Chart |
Photovoltaic Research | NREL

[56] C. C. Stoumpos, C. D. Malliakas, M. G.
Kanatzidis, “Semiconducting Tin and Lead
Iodide Perovskites with Organic Cations:
Phase Transitions, High Mobilities, and
Near-Infrared Photoluminescent Properties”
Inorg. Chem., 52, pp.9019 - 9038, 2013, DOI
: https://doi.org/10.1021/ic401215x

[6] H-S. Kim, C.-R. Lee, J-H. Im, K-B.
Lee, T. Moehl, A. Marchioro, S.-J. Moon,
R. Humphry-Baker, J-H. Yum, J. E.
Moser, M. Grratzel, N.-G. Park, “Lead
Todide Perovskite Sensitized
All-Solid-State  Submicron Thin Film
Mesoscopic  Solar Cell with Efficiency
Exceeding 9%”, Sci. Rep., 2, p.591, 2012,
DOI : https://doi.org/10.1038/srep00591

[71 S. D. Stranks, H. J. Snaith, “Metal-halide
perovskites for photovoltaic and
light-emitting devices” Nat. Nanotechnol.,
10, pp.391 - 402, 2015, DOI :
https://doi.org/10.1038/nnano.2015.90

[8] Q. Dong, Y. Fang, Y. Shao, P. Mulligan,
J. Qiu, L. Cao, ]J. Huang, “Electron—hole

diffusion lengths > 175 pm in
solution-grown CH3NH3PbI3 single
crystals” Science, 347, pp.967 - 970, 2015,
DOI :

https://doi.org/doi:10.1126/science.aaa>760

[9] K. Yang, Q. Liao, J. Huang, Z. Zhang, M
Su, Z. Chen, Z. Wu, D. Wang, Z. Lai, H.
Y. Woo, Y. Cao, P. Gao, X. Guo,
“Intramolecular Noncovalent Interaction-
Enabled Dopant-Free Hole-Transporting
Materials for High-Performance Inverted
Perovskite Solar Cells” Angew. Chem., Int.
Ed, 6, p202113749, 2021, DOI
https://doi.org/https://doi.org/10.1002/anie.20
2113749

[10]J. Zhou, L. Tan, Y. Liu, H Li, X. Liu, M.
Li, S. Wang, Y. Zhang, C. Jiang, R. Hua,
W. Tress, S. Meloni, C. Yi, “Highly

- 155 -



M=Z=2 BTD 7[EH

&5

(i3

Chx

=

A

&y

al

A

Xt

0/0

2
o

efficient and stable perovskite solar cells
via a multifunctional hole transporting
material” Joule, 8, pp.1691 - 1706, 2024,
DOI :
https://doi.org/https://doi.org/10.1016/j.joule.
2024.02.019

[111 GXie, J. Wang, S. Yin, A. Liang, W.

Wang, Z. Chen, C. Feng, J. Yu, X. Liao,
Q. Xue, Y. Fu, Y. Min, X. Lu, Y. Chen,
“Dual-Strategy Tailoring Molecular
Structures of Dopant-Free Hole Transport
Materials for  Efficient and  Stable
Perovskite Solar Cells” Angew. Chem., Int.
Ed, 63, p.e202403083, 2024, DOI
https://doi.org/https://doi.org/10.1002/anie.20
2403083

[121 Y. S. Tingare, C.-H. Lin, C. Su, S.-C.

Chou, Y.-C. Hsu, D. Ghosh, N.-W. Lai,
X.-R. Lew, S. Tretiak, H. Tsai, W. Nie,
W.-R. Li, “Ionization of hole-transporting
materials as a method for improving the
photovoltaic performance of perovskite
solar cells” J. Mater. Chem. A, 12, pp.2140
- 2150, 2024, DOI :
https://doi.org/10.1039/D3TA06427A

[131D. Bi, W. Tress, M. I. Dar, P. Gao, J.

Luo, C. Renevier, K. Schenk, A. Abate, F.
Giordano, J.-P. Correa Baena, ].-D.
Decoppet, S. M. Zakeeruddin, M. K.
Nazeeruddin, M. Gratzel, A. Hagfeldt,
“Efficient luminescent solar cells based on
taillored mixed-cation perovskites” Sci.
Adv.,, 2, peld01170, 2016, DOI

https://dot.org/doi:10.1126/sciadv.1501170

[141H. Wu, J. Wu, Z Zhang, X. Guan, L.

Wang. L. Deng, G. Li, A. Abate, M. Li
“Tailored  Lattice-Matched  Carbazole
Self-Assembled Molecule for Efficient and
Stable Perovskite Solar Cells”, J. Am. Soc.
Chem., 147, 9, pp.8004-8011, 2025, DOI :
https://dot.org/10.1021/jacs.5c00629

[151 H. Li, K. Fu, P. P. Boix, L. H. Wong, A.

Hagfeldt, M. Gr atzel, S. G. Mhaisalkar, A.
C. Grimsdale, “Hole-Transporting Small

Molecules Based on Thiophene Cores for
High Efficiency Perovskite Solar Cells”
ChemSusChem, 7, pp.3420 -3425, 2014,
DOI :
https://doi.org/https://doi.org/10.1002/cssc.2
01402587

[16] T. Krishnamoorthy, F. Kunwu, P. P. Boix,

H. Li, T. M. Koh, W. L. Leong, S. Powar,
A. Grimsdale, M. Gr atzel, N. Mathews, S.
G.  Mhaisalkar, “A  swivel-cruciform
thiophene based hole-transporting material
for efficient perovskite solar cells” J.
Mater. Chem. A, 2, p.6305, 2014, DOI :
https://doi.org/10.1039/C4T A00486H

[17] Yao, H., Ye, L., Zhang, H., Li, S., Zhang,

S, Hou, J  “Molecular Design of
Benzodithiophene-Based Organic
Photovoltaic Materials ” Chemical

Reviews, 116(12), pp.7397 - 7457, 2016, DOIL
https://doi.org/10.1021/acs.chemrev.6b00176

[18]P. Xu, P. Liu, Y. Li, B. Xu, L. Kloo, L.

Y. Hua, “D-A-D-typed Hole
Transport Materials for Efficient
Perovskite Solar Cells: Tuning
Photovoltaic Properties via the Acceptor
Group” ACS Appl. Mater. Interfaces
10(23), pp.19697 - 19703, 2018, DOI
https://doi.org/10.1021/acsami.8b04003

Sun,

[191 X. Zhou, F. Kong, Y. Sun, Y. Huang, X.

Zhang, R. Ghadari, “Dopant—free
benzothiadiazole bridged hole transport
materials for highly stable and efficient
perovskite solar cells”, Dyes and Pigments
173, p.107954, 2020, DOI
https://dot.org/10.1016/j.dyepig.2019.107954

[20] T. Chen, Y. Zhong, T. Duan, X. Tang, W.

- 156 -

Zhao, J. Wang, G. Lu, G. Long, J. Zhang,
K. Han, X. Wan, B. Kan, Y. Chen,
“Asymmetrified  Benzothiadiazole Based
Solid Additives Enable All Polymer Solar
Cells with Efficiency Over 19 %" Angew.
Chem. Int. Ed. 64, p.e202412983, 2025, DOI:
https://doi.org/https://doi.org/10.1002/anie.20
2412983



2025 128 St=AZEQoAFEIIse =24 M212 H4Z

[211Z. Sun, Y. Li, X. Xu, “Donor engineering
of a benzothiadiazole- based D-A -
D-type  molecular  semiconductor  for
perovskite solar cells: a theoretical study”,
Phys. Chem. Chem. Phys., 26, pp.6817 -
6825, 2024, DOI :
https://doi.org/10.1039/D3CP05766F

S PN

20072 i istu ety &

2009.2 L thstal A

2013.2 medistal e A A AL
2014.9-2020.2 EPFL HHALSE A ¢
20203-& A : Agistn 4
<FHARE> A UA], HRZHE AT E
FAA, F1FA A=

- 157 -



