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In recent years, numerous efforts have been made to synthesize new hole-transporting
materials (HTMs) for perovskite solar cells (PSC) with the aim of replacing spiro-
OMeTAD. However, to improve the conductivity and mobility of these materials,
chemical additives are mostly used, which not only increase the cost but also reduce the
stability and efficiency of perovskite solar cells in the long term due to the moisture
sensitivity of perovskite crystals. Therefore, small organic molecules 2 and 6 were
synthesized using cost-effective raw materials to improve the synthesis route, solubility,
and morphology on the perovskite surface compared to spiro-OMeTAD for additive-free
hole transport materials. The chemical properties, purity, and identification of these
molecules were confirmed using electrochemical methods, UV-Vis spectroscopy, and
NMR spectroscopy. In addition, thermal stability and robustness of new HTMs were
measured and investigated by differential scanning calorimetric (DSC) and
thermogravimetric analysis (TGA). Due to the donor-acceptor type m-System, the
molecules used to increase the charge transfer mobility and thus reduce the use of chemical
additives. The photovoltaic parameters of the solar cell made from HTMs 2 and 6 were
determined by photovoltaic analysis, and the results showed that the performance of the
device containing hole-transporting layer 6 was almost the same as of spiro-OMeTAD in
additive-free conditions, with a current density of 14.68 mA/cmz2, an open-circuit voltage
of 0.82 V, a fill factor of 0.65, and a power conversion efficiency of 7.88%.
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! Field emission scanning electron microscopy
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! Glass transition temperatures



VFeY Glowsl VY o)l (o098 Jlw 395 &L (oo (Sadg Gy — (oode alxo

110 110
a) b)
100 100
90 90
80
X 80 .
£ S 70
= 70 =
= ‘s 60
60 =
50
50 40
40 30
60 260 460 660 50 250 450 650
Temperature (°C) Temperature (°C)
0 0
c), d)
4 B \ﬁ
— 2 s
= £ 2
E 3 5
E £
T 4 IS
4 [«5)
581 T -4
-
L -5
6 -5
7 -6
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)

£ 5Y bS5 4 by ey 4d §CDSC lalsses (C-d

5 oY og3dl g 0 pi i JUsl olge Sy lilggid & ,Khos —F-¥
ooz 5 3k ke 5y polie el s ogdle a0k i 1y UVIAA 085k ol ploal a5l 1 Jskoo e 59381 cypts gy 5o
gNS)J )‘ oolawl L: c)J‘)J ‘b.:‘).w ) L] 0o uLw) Y Ji..) ) L)T‘ (I‘V) )L»Jj—ula)? SR 9 Y Js\.\> 5o L)T ol.:55 )‘.\A
Soldggxd (sl el )b asecs jo ol ools lis Jok Jawgs LYIAA g 7Y+ A 053l ol 5 4 o0 oaums Jal lge a0 # o ¥
9 ';;Jg «IAY lJ)J‘)J )l; )‘..Lo )LJ5 NYIPA mAlcm2 ul))> A L;ﬁ‘ﬁ 9 00gs Yo Y A Comnd 4 u..S).s ol sl J5L.u
Jobo colo lss Lyl i 0 oS 5 el Q]ﬁ Sl as el S0938l ey bl il o /PO L plp Sad,y S

Jslowe Lasl s )3 F 5 Y o,a ooims Uil oole HOMO zghas ¢l s ogdle . oudliS iglas & |, (62 Seililogid 5 ,Shos

! Current-Voltage

V.5



Ol 5 (Slais e 30 gy (Gt yo3 Jobw 53 T 0> (Gouims JUKl dlge 85,15 g s

aS bl oo S byl 5L jlowe 5Ldg polie slialg plowl 4 Cos oo aislo Johu ;o Lol ol oo olialg plowl 51 5 ool
Lol Jglos 555k Sl 5Wg s 0 500 Jalge ;5L

30

25

slsaly il

20

15 :

10 +

Current density (mA cm?)

0 0.2 0.4 0.6 0.8 1 1.2

Voltage (v)

B oY LS g olisly ol oy gorind JUil Slge p (iise Jslie ulSusp (sudyss Jsbu 4 bgsye 1V jlges =¥ IS5

B oY Ol 5 g obialy sl i gorimy JUisl dlgs yy sitee Johiio s (e yes Jsho Sillggid (sla ool ¥ Jgin

HTM
gl g Voc(V) Jsc(mAcm2) FF 11(%)
ol ! Voo YANE -IYY Y/aA
\ -/aY \£/a8 - /50 Y/-A
2 - IAY VE/PA -150 YIAA

S5 o -F
ool by i 7 5 ¥ o 0125 Jioie I SrsS lin J5Slga 45,0 & 5, ) olge 5 oslizal b gy ol 5
Olee g s 5 anl plolid 5 Legls  olowd olsm NMR i b g 8 9 i b o oleondig 2SIl 3,
Ul oS @ opl o ogdle o solanl 559580 Loyl gy (SulSKwg s (50w o sla Sl ;o 0, (goaims Jlal
Wk & S (Slo S Gl 5 ©8 5 18 i 9,50 SLS 5 () 9 sl (Ple oy DSC S TGA )l >
Sl ggis sl el yb colol jo L ouds al38l 1) cawd 43 Joko (5)loub euilgn )] o jo a5 tols Lo s dlge sl § (g5l
S99 Jodo 4y colaiul 0590 slo s ge ol odmiw &z 4o leie 4 Qt:.«o—"sﬁ.l..;ad‘ A S Vg ) 00> (godums Jlal olge
Gl 1) pleend GlaSog 3l sl eslanal 5; cnl 5l g el alBH) L JEl S8 FTU 2iSen 5 z995e plmen

o Lo ly Jsko el Gl o)l caslin )luly o Gl i g (09 43,0 4 (yg,80 4 ogdle Aol )0 ipd oo



VFeY Glowsl VY o)l (o098 Jlw 395 &L (oo (Sadg Gy — (oode alxo

Sl aS 00g YIAA Y- A Jows olgs 003b slylo cad s # 9 ¥ ouds i o (solddess g0 aS ol 53 LB awsl

3l oo Gy Slialy bl b Loy T oS g5 0034 #

i g podi -0
.)9.«.4‘50 ,&m_v 5 9 )JJ.QJ ol djb‘ le.lbwl.o? )9144.@ LY ul.era..a‘ olKisls )‘ @LQ.J.‘)Q a5 0)5)) U"‘ o
&bo -F

[1] Song, T.-B., Chen, Q., Zhou, H., Jiang, C., Wang, H.-H., Yang, Y.M., . . . Yang, Y. (2015).
Perovskite solar cells: film formation and properties. J Journal of Materials Chemistry A, 3(17), 9032-
9050.

[2] Sheibani, E., Heydari, M., Ahangar, H., Mohammadi, H., Fard, H.T., Taghavinia, N., . . . Tajabadi,
F. (2019). 3D asymmetric carbozole hole transporting materials for perovskite solar cells. Solar Energy,
189, 404-411.

[3] Park, J., Kim, J., Yun, H.-S., Paik, M.J., Noh, E., Mun, H.J., . . . Seok, S.1.(2023) .Controlled growth
of perovskite layers with volatile alkylammonium chlorides. J Nature, 616(7958), 724-730.

[4] Al-Ashouri, A., Kbéhnen, E., Li, B., Magomedov, A., Hempel, H., Caprioglio, P., . .. Smith, J.A.
(2020). Monolithic perovskite/silicon tandem solar cell with> 29% efficiency by enhanced hole
extraction. J Science, 370(6522), 1300-1309.

[5] Tang, C.W. (1986). Two-layer organic photovoltaic cell. J Applied physics letters, 48(2), 183-185.
[6] Shahinuzzaman, M., Afroz, S., Mohafez, H., Jamal, M., Khandaker, M.U., Sulieman, A., . . . Islam,
M.A. (2022). Roles of Inorganic Oxide Based HTMs towards Highly Efficient and Long-Term Stable
PSC—A Review. J Nanomaterials, 12(17), 3003.

[7] Sajid, S., Alzahmi, S., Salem, I.B., Park, J., & Obaidat, 1.M. (2023). Lead-Free Perovskite
Homojunction-Based HTM-Free Perovskite Solar Cells: Theoretical and Experimental Viewpoints. J
Nanomaterials, 13(6), 983.

[8] Wu, J., Ma, Z., Huang, S., Lei, Y., Guo, H., Fang, Y., . .. Lin, Y. (2022). Directly purifiable Pre-
oxidation of Spiro-OMeTAD for stability enhanced perovskite solar cells with efficiency over 23%.
Chemical Engineering Journal, 437, 135457.

[9] Sheibani, E., Yang, L., & Zhang, J. (2020). Recent Advances in Organic Hole Transporting
Materials for Perovskite Solar Cells. Solar RRL, 4(12.(

[10] Yao, Y., Cheng, C., Zhang, C., Hu, H., Wang, K., & De Wolf, S. (2022). Organic Hole-Transport
Layers for Efficient, Stable, and Scalable Inverted Perovskite Solar Cells. J Advanced Materials,
34(44), 2203794.

[11] Sheibani, E., Moslempoor, M., & Arami Ghahfarokhi, F. (2023). Investigation of Hole
Transporting Materials Based on p-type Polymers in Invert Perovskite Solar Cells (In press). Science

and Technology, 1.



NULS PRl 3 gy s y93 Joku 53 JT 0 pa> gouias JUil 1o 51,15 g i

[12] Park, H.H. (2022). Efficient and stable perovskite solar cells based on inorganic hole transport
materials. J Nanomaterials, 12(1), 112.

[13] Ahn, N., Son, D.-Y., Jang, |.-H., Kang, S.M., Choi, M., & Park, N.-G. (2015). Highly reproducible
perovskite solar cells with average efficiency of 18.3% and best efficiency of 19.7% fabricated via
Lewis base adduct of lead (11) iodide. Journal of the American Chemical Society, 137(27), 8696-8699.
[14] Jeon, N.J., Lee, H.G., Kim, Y.C., Seo, J., Noh, J.H., Lee, J., & Seok, S.I. (2014). o-Methoxy
substituents in spiro-OMeTAD for efficient inorganic—organic hybrid perovskite solar cells. J Journal
of the American Chemical Society, 136(22), 7837-7840.

[15] Wu, J., Ma, Z., Huang, S., Lei, Y., Guo, H., Fang, Y., ... Lin, Y. (2022). Directly purifiable Pre-
oxidation of Spiro-OMeTAD for stability enhanced perovskite solar cells with efficiency over 23%. J
Chemical Engineering Journal, 437, 135457.

[16] Franckevicius, M., Mishra, A., Kreuzer, F., Luo, J., Zakeeruddin, S.M., & Grétzel, M. (2015). A
dopant-free spirobi [cyclopenta [2, 1-b: 3, 4-b'] dithiophene] based hole-transport material for efficient
perovskite solar cells. J Materials Horizons, 2(6), 613-618.

[17] Chen, Y., Yang, X., Wang, W., Ran, R., Zhou, W., Shao, Z., & Fuels. (2020). Tuning the A-site
cation deficiency of La0. 8Sr0. 2FeO3— & perovskite oxides for high-efficiency triiodide reduction
reaction in dye-sensitized solar cells. J Energy, 34(9), 11322-11329.

[18] Konstantakou, M., Perganti, D., Falaras, P., & Stergiopoulos, T. (2017). Anti-solvent
crystallization strategies for highly efficient perovskite solar cells. J Crystals, 7(10), 291.

[19] Laskin, A., Laskin, J., & Nizkorodov, S.A. (2015). Chemistry of atmospheric brown carbon. J
Chemical reviews, 115(10), 4335-4382.

[20] Pu, X., Zhao, D ,.Fu, C., Chen, Z., Cao, S., Wang, C., & Cao, Y. (2021). Understanding and
calibration of charge storage mechanism in cyclic voltammetry curves. J Angewandte Chemie
International Edition, 60(39), 21310-21318.






