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ABSTRACT

significant growth of about 25.5%. Nonetheless, the long-term stability of these

cells for industrial production is still a major concern. One of the important reasons
for the instability and degradation of the perovskite layer is its sensitivity toward
moisture, oxygen, lack of resistance to ultraviolet light, electric fields, and temperature.
In this context, hole-transporting materials (HTMs) play a key role in the construction
of a stable inverted perovskite solar cell, including regulating the growth and
crystallization of the perovskite and creating a water-repellent surface with a suitable
structure. Naturally, the function of a hole-transporting layer (HTL) depends on the
type of perovskite solar cell configuration, and it is discussed in detail in the relevant
section. In recent decades, researchers have focused on developing stable HTMs
based on additive and non-additive semi-conducting polymers. Polymers have unique
properties such as adjustable molecular weight, easier mobility of the hole compared
Keywords: to organic compounds, and suitable conductivity under additive-free conditions for
3D printing applications at an industrial scale. In addition, the cost-effectiveness of
synthesis steps and potential interlayer displacement during the manufacturing process
has made attraction and innovations in this area. Therefore, this article evaluates
and analyzes the performance and mechanism of hole-transporting layers based on
p-type semi-conducting polymers and the effect of various component structures
of polymer systems on the inverse perovskite solar cell system. Polymers such as,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and (poly(3-hexylthiophene) (P3HT)
have received most of the research and experimentation, with PTAA being the most
desirable and efficient option, reaching over 25% efficiency.

In recent years, the performance of perovskite solar cells (PSCs) has made a
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Fig. 1. Pie chart of the percentage cost of materials used in

each layer of a perovskite solar cell.
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Fig. 2. The process of the emergence of solar cells and their evolution from the beginning of observing the photovoltaic effect to

the emergence of perovskite solar cells.
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Fig. 3. Different generations of photovoltaic cells based on silicon components, the thin film containing metal alloys and dye-

sensitive.
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Fig. 4. Perspective global solar energy market at a compound

annual growth rate (CAGR) of 7.2% from 2020 to 2030.
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Fig. 3. Different types of architecture in conventional and
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inverted perovskite solar cells, with porous and planar

morphology.
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Fig. 7. Classification of types of organic, inorganic, and carbon hole transporters based on constituents in perovskite solar cells.
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Fig. 8. (a) The chemical structure of Nafion and (b) stability of
photovoltaic parameters of devices based on PEDOT:PSS hole
transport layer and PEDOT: PSS/Nafion (reprinted with permission
from Ref. 63. Copyright 2018 American Chemical Society).
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Table 1. Comparing the photovoltaic parameters of PEDOT:PSS hole transport layer containing different additives in the inverted

perovskite system with MAPbX structure.

HTM Ji. (mA/cm?) Ve (V) FF (%) PCE (%) Year Ref.
PEDOT: PSS 10.32 0.60 63 3.9 2013 64
PEDOT: PSS/MoO, 20.06 0.96 67 12.78 2013 77
PEDOT: PSS/GO 20.01 0.90 79 14.20 2017 65
PEDOT: PSS/GeO, 21.55 0.96 74 15.15 2015 66
PEDOT: PSS/Nafion 21.12 1.02 77 16.72 2018 63
PEDOT: PSS/SrGO 19.39 1.04 80 16.01 2019 70
PEDOT: PSS/NPB 22.46 1.05 78 18.40 2019 76
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Fig. 9. The chemical struture of bis(trifluoromethane)
sulfonimide lithium salt and tert-butylpyridine compounds as

common additives uitilized in thin layer perovskite solar cells.
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Fig. 11. (a) The chemical structure of graphdiyne and (b)
evolution of PCEs of P3HT and P3HT/GD based perovskite
solar cells (reprinted with permission from Ref. 90 . Copyright
2015 Wiley Online Library).
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Fig. 10. The chemical structure of graphene composition as

an additive to increase solar system efficiency.
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additive in P3HT polymer.

sGD &l e g8 bl Tom S oy s e QLA ol b
gjﬂmdjl,w:},ilaszﬁj)l{&}»bd\ﬁASMJL,«'C)P?)HT
sy o Il o e GD 3 5l o s (S 3l
b (mmman L o gl lad gl Sy Y o
J.A.)k;é QL.:AJ )j} )‘ Lf}} éﬂ.&)‘ﬁ K] LS)"L.’.L’. oM‘\.‘.‘;—L«
(photoluminescence) Jss oU,5 ibs 3 slags ,Sesll
L] G P3HT L acslis 53 oKy p 4 5l e o
Sl b (Ga(acae),) byl il oI 6505 S o3
d}L« E) A k_«;SJS P3HT Ls AY Ji& B oJ.M:’:v.w) ;;’.L‘.."":“;’
JMSV-AI’ JJ‘ gd}l.w u.:\ BLl s QLL.! &?jj uliL; eb)'l..v u‘_}aéb-
Sl Y oSy s s Ga(acac), L byl PIHT S
P3HT Jybe & J= 45 38 Lai= YYor h gl 1, o)l PCE
L 5 Shee il lrs a5l PCE L acglis 5 ¢ S5 580 O

Slle b s g, wlelor 53 oslawe sla Ss9580 slols PBHT o e sdasdlas! ¥ W56 sla malil anslie =Y Jsur

MAPDX,

Table 2. Comparing the photovoltaic parameters of the P3HT hole transport layer containing different additives in the inverted

perovskite system with MAPbX structure.

HTM J,. (mA/cm?) Voo (V) FF (%) PCE (%) Year Ref.

P3HT 14.57 0.57 37 45 2013 83
P3HT/BCN 1w% 17.75 0.83 49 8.3 2015 86
P3HT/Li-TFSI: t-BP 20.1 0.92 77 13.5 2014 85
P3HT/GD 19.63 0.94 72 13.17 2015 90
P3HT/F-Graphene 4% 19.7 0.99 70.6 13.82 2016 87
P3HT/Ga(acac), 25.5 1.16 83.8 24.4 2021 91
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Fig. 13. Comparison of the energy level of the perovskite
layer with the energy levels of the PTAA hole transport layers
without additives and PTAA with Li-TFSI, CuSCN, and Cul
additives (reprinted with permission from Ref. 105. Copyright
2019 American Chemical Society).

5 Olidans gladshe 3 1y OF eslizal Ol (5 s 0335 3
53 6365 Lo PTAA (ol 5 05580 [V 00 ] das o il 53l Colas
Glad ke (slas IS (gl 1 0f &S s e Olas SO 25 ol
Olgea PTAA 51 V)] 35l cnlis plucillanl coSiuy
oS LSy sadshe ol gl (630 Y010 s HTL
PEDOT:PSS 5 PTAA (sls oy [¥¥0) Y] i oslizel (p-i-n)
Jsho ol al o 53 Sy Jslome 2l 03 s sl
&5 515 bdshe ool S HTL Ol ey PTAA andl dins o OLES
S ak OF a5 [AVA YO ¥] andls oSy L s e
WS s a3l lls 5 alt PTAA (slaaY (50 sl 55
CSsy Sadsha 53 &ls 53 [100] Cl ks esls 0L
2 OF e ) ESasn SHU Y (g S sladls (e Sas
oS5l a8 sls LS5V 0 5] 5 SOTPTAA 36 Y (VL
ol dnlp s ey Al ol oSy AN b (28
b sllas Ol 8 LS ea3l 4 0wy sl 2 o i alian il &Y
wop Chle b Jale O soas e S5s58 PTAA S5L 4N o

[VY] 5 5s sl

PR Cafwg S Jglw 33 PTAA youly & Shos dgug V-7
skasdlanl oY 5 Sae PTAA « slse 5l las same 035381 L
9 “Jbﬂ U’lj}‘ B J..sli;;a gf:'ﬁ‘fe‘ J}Lu cJ)'Lg cdalsl BEEE) ajﬁ;-



0.4 —0= Pristine PTAA 1
=O= Li-TFSI-doped PTAA 2
021 Cul-doped PTAA 3

== CuSCN-doped PTAA 4

0.0 T T T T T T
0 40 80 120 160 200

Normalized (J,.)

Time (h)
(@)

0.4 -

Normalized FF

—=— Pristine PTAA 1

=== Li-TFSI-doped PTAA 2
== Cul-doped PTAA 3
—<>= CuSCN-doped PTAA 4

0.2

0.0

0 40 80 120 160 200
Time (h)
(©)

e}
>
o)
8
=
g 0.4 === Pristine PTAA 1
Z =O== Li-TFSI-doped PTAA 2
029 Cul-doped PTAA 3
e p== CuSCN-doped PTAA 4
0.0 T T T T T T
0 40 80 120 160 200
Time (h)
(b)
1.0
0.8 1
[Sa)
=
~ 0.64
8
Té 041
5 (== Pristine PTAA 1
Z 02]=°— Li-TFSI-doped PTAA 2
=] == Cul-doped PTAA 3
=<p= CuSCN-doped PTAA 4
0'0 T T T T T T
0 40 80 120 160 200
Time (h)
(d)

Li-TFSI (sla S5550 IS PTAA 5 535580 Osds PTAA o i sasdlanl Y by 5 sladshe W55 90 sla el )l (s5lul VY (IS

[)+0]Cul 5 CuSCN

Fig. 14. Stability of photovoltaic parameters of cells based on PTAA hole transport layer without additives and PTAA with

Li-TFSI, CuSCN, and Cul additives (reprinted with permission from Ref. 105. Copyright 2019 American Chemical Society).
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Table 3. Comparing the photovoltaic parameters of inverted perovskite (MAPbX,) device with PTAA as HTLs containing different

additives.

HTM J (mA/em?) V..V) FF (%) PCE (%) Year Ref.

PTAA 20.74 1.06 64 14.22 2019 105
PTAA/r-GO 19.2 1.09 75 15.7 2017 107
PTAA/CuSCN 21.92 1.12 75 18.6 2019 105
PTAA/Cul 21.02 1.09 65 15.07 2019 105
PTAA/Li-TFSI 21.23 1.07 67 15.19 2019 105
PTAA/P3HT 23.88 1.13 81.8 22.1 2022 96
PTAA/DMF+TO 24.1 1.1 70 15.4 2023 110
PTAA/DMF+CB 23.1 1.0 60 11.0 2023 110
PTAA/MoO, (3wt %) 22.62 1.12 75.9 19.23 2022 111
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Table 4. Comparison of photovoltaic parameters related to other types of polymer hole transport layers in the inverted perovskite cell.

HTM J (mA/cm?) V. W) FF (%) PCE (%) Year Ref.
Poly-TPD 22 0.99 69.7 15.3 2014 119
TTB-TTQ 11.8 0.94 554 6.2 2015 120

PTB7 5.8 0.78 43 2.1 2016 121
PTB7-Th 10.8 0.80 50 44 2016 121

P3CT-CH,NH, 22.2 1.09 81 19.6 2017 122

PPE1 15.52 1.03 70 11.13 2020 123

PPE2 22.84 1.02 79 19.33 2020 123

PPY2 23.6 1.16 82 22.4 2021 124

PVK 18.93 0.85 65.11 11.23 2014 125

PVK:40%NPB 20.13 0.96 70.03 15.04 2022 126

p-PY 23.6 1.08 78.7 20.1 2022 127

PC4 22.8 1.09 76.2 18.9 2022 128
PCo6 23.5 1.11 80.3 21.0 2022 128
m-PFICZ 24.21 1.06 77.3 19.87 2023 129
p-PFICZ 24.46 1.09 80.1 21.39 2023 129
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Fig. 15. The chemical structure of polymeric compounds as hole transporters in inverted perovskite cells.

VEY 531358 ¥ 0 o g i Jun cpouly (53919585 5 pale sale alze \vé



[VY8] Ceel YAAVL m-PFICZ ), o330 «S
S 5 4oxal -1

5 PTAA (PEDOTPSS g5 Lol jorly s st bs,
sladshe osSas gy Sy 5y il la Ssg5sl L P3HT
PEDOT:PSS ki oo o HTL Ol gty oSy (Sokahy 55
Sy kb o el CdS 5 i e i 6))T@>r BYCSIE
o Ulgie LS Slinte U g slads] 0553 51 HTL
WS Sl 2 Sl sl sy nl 2 02
A s d S S Y (50 slakils o3l 5 5L AS
o FE 5TV 2558 la bl aen Al e oS S
CodS sbea 5 PTAA oy il acdls oot 51 Olojen
CuSCN | MoO, s s s 31 151 5 LIS 3 5gs 5 53513
oS ladshe 05 JidS el 5 s ne o e SN s
o go Skl 4 A e s L FF 51 V(L
S Slgn mman 550 0 Jsbe 53 (6 e L JWET 5 ) Sl
5 et ool SRl Gl el a8 Olsie 1 6500
055G .28 5 s PTAA joly o pim oS Jite Y (S50, 5
by S S sladlbe [ Olg s 33l 5,58
s Sbs Ul Lo ams ol ol Y07 e33L L PTAA o
Sl Wil ol 23l sa PRHT ool Jyltze ailale
P b S8 Pl D s Shes 4 S5 S
s St 5 dald 4 I @ e she 5 Ol
il gladble o x5 arodad glawlids 5o i 5
il L s B pas (LS e Sl g 5 sl
sk 2l 023l SRl sl oy o s 30 ST il
oz Sl e glajlrle b ol SSlol (glas garme o
ol 0 3smse 5iLS S 5l 5L (PBHT/BONS) suls ksl
aY 55 ekSodr Y o Sa e Db U Ca e (G055
okaasJlasl LY W A P g0 ) 2 5i s HTM
o3 ,id S5 sladils 3l JSine 5wl IS8 Sl b o e
o =05 2SN oS 5k Gy e i JWEl 5 S o S )l
L S R O e e R R S TEC U p
500 e 0336 L P3HT/Ga(acac), by Ol ol 53 A 0
ey bl bbb o s el el SIS YY1 a
S5A 5 b T la S ea o s (PCO) 55k S5 5k
033b ¢ £o5 58 Oab Il 1o ps 0 i JWEl i eSS a0l

“‘b VEY Sa5—319,3 Yo losh sl o Jw posly 5 I99iss 9 pole (soke dlxo

Nl 4 Ll g PVK s 53 05 b oSy Y
S sbadsle 53 o pim gleeiasdlil gl o8l Sl
Ll PVK o jim etias sl Cules ol 35ms b 553 L
S5 5 sl mhaw (oS Y L (6551 sl Gl g
s colie 033l 4 plies Ble i jsbas (oS Ll o e
PVK 4 sl 0lsens NPB glamsl ol L oS 5 amt 5
4 Cowws HOMO Cia.‘ S G PR U ES O PR A (WY
e )3 5 s e S sk R ) o s o OBl &Y
[VYF] S o sl 5 S s o515 5 5855 s 1L Sy
o Gy 4 i 03 SWLSI L e Sl s
SBHTM I o ¢ 55 cciliinn 203501 (slacud o 55 PTAA
b e Sisd 5 ey ol sl p-PY Olsie L (6 youk
S flios HOMO s PTAA | lie 53 5 Lis o 3 5ugs
b k5 S Mo Sl s gk S o S e sl
DWVIs 550 e QoS o i JUH 2l el 5 CodSL Sy 2
(PCO) U535, aly 1 5oy HIM (5 ,5a5 s 1 3
Shemobsle G551 Sals s Jisse andn ol ¢l
lalllan A oslinal 5 s S0 46 V5SS S s
rn Sl cmbe Soa8 b b sl ol ol
o 1 (JoS e DL JUE 5 s o I D slme e ek
5 b S5 S osba O3St lagdl Dsls)l 3 Ad s
35 S e Jleb e HTM-coSay s baly 53 1) o slaols
HTM 0l 524, PCO 5l eslinal b oSy ey 55 Jshos cam
Jsb 53550 o st L YWY/ e 05 Lok o33k o o558l 05
DIYATdas o i3l cem 65 OLLE jsbas |y ae
a3l S sl ey (ool Yo o Dldllae o Sl o
5 b sl 53 bl SPPFICZ 5 mPFICZ & e ye)
Sladshe G S 3 oy edasdliml ol Olpea (bl
O Glsl pl Ad e esSe SaS Sy 5
5Gsee M-PFICZ L aylie ;5 p-PFICZ 5 HOMO ldis osls
SHTL bl 3 1, o i ol sl 51 Lol (6551 G361 S oo
55 o PPFICZ ol 2 05530 a3 o [2alS oSy
das o LS MPFICZ 0 s 1) (g fos b b 5 53
SLabla 555 s e pPFICZ (gl s i o im S o s oS
Sre GG ples Llay 5 Jae Ll 5 55 p-PFICZ 4,
IS Wse S dyls mPFICZ o sbaable & Cos
P-PFICZ () 55 ol P-PFICZ 5 S oS 555 5llis 5 S
S s cdas e 0L 1, VP 015 s es5l HTL ol siea



St Ol e gla ) i am P 4 5L Grames
Sy S e el 5 g adelie (LI
Slr Gt G (ol » O el bl (o 5550
e H Qe Sy gedse b 0 o O3S Rl
I 55 Jsho (Soloms 5 55 A sladiyl b s O aeany 3
S s St 2 slad s o 2Jlr pl sz s Lol plnl
3L IS sba Als syt S35 ekl sl (Son Ay
Sl B e e b S s sadsh
el S35 3 s s 5 (S S 55 Dl il (ol g

by Sl 5o See o Wl ) s Gl
Sk adshe 5o pogs o el WY Ol e
23 el Sl Al 05 S = L aS il plol S S
sasdUil Y by 5SSy ety 55 ke (S0 5 ey
M5 Sllas a5l Bl ol L 5 2D L ek
2 g (e polie 5

Silais! idle
BCN Bamboo-structured carbon nanotube
CAGR Compound annual growth rate
DSSCs Dye-sensitized solar cells
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
ETL Electron transport layer
FF Fill factor
HTMs Hole-transporting materials
HTL Hole-transporting layer
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
ITO Indium tin oxide
Li-TFSI Bis(trifluoromethane)sulfonimide lithium
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