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Figure S1. *H NMR (CDCl3) spectrum of tris(4-bromophenyl)amine (2).
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Figure S2. 'H NMR (CDCl3) spectrum of TPA-AZO (4).
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Figure S3. J-V characteristics of thin films of HTM in their pristine state.
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Figure S4. Histograms of the photovoltaic characteristics measured on 30 perovskite solar cells (PSCs)
employing TPA-AZO and spiro-OMeTAD HTMs under AM1.5G illumination.
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Figure S5. -V curves of PSCs based on TPA-AZO and spiro-OMeTAD in their pristine form or doped with
Li-TFSI and TBP, respectively.

Figure S6. Top-view SEM images of (a) perovskite/dopant-free TPA-AZO; (b) perovskite/doped TPA-AZO;



(c) perovskite/dopant-free spiro-OMeTAD; (d) perovskite/doped spiro-OMeTAD. Scale bar is 200 nm.



Estimation of the synthesis cost of materials

Table S1 reports the synthesis cost of 1 g TPA-AZO, as estimated by the cost models adopted by
Pablo et al.! and Osedach et al.2 The price of the materials used was obtained from Merck, Sigma
Aldrich, DelJong companies. The cost of 1 g of the TPA-AZO was compared with the cost of 1 g of
the spiro-OMeTAD (Table S2), following previous approaches reported literature.> We also
considered the cost of dopants used for TPA-AZO to estimate the overall cost of our optimized

HTMs based on TPA-AZO and spiro-OMeTAD, as shown in Table S3.

Table S1. Quantities and costs of the materials used for the synthesis of 1 g of TPA-AZO.

Material

Weight Weight Weight Price of Cost per
. . cost
Chemical name reagent solvent workup chemical $/g step
k
(/g) (g/g) (/) ($/kg) product) ($/step)
triphenylamine 1 2.14 1.926
Product Step
1(Yield: 65%, O ! ! 0.9 5.80
1.76 g) CHCl3 23 66 0.91
CHCl; 52 66 2.06
N-Phenyl-4- 0.982 12000 5.16
(phenyldiazenyl)aniline
1,10-phenantholine 0.1 4000 0.4
Cs,CO3 2 1000 0.9
Cul 0.05 439 0.022
Product Step 4 ous Mgso, 1 66 0.066
2 (Yield: 45%, 16.96
0.66 g) Silica 20 130 2.6
Anhydrous DMF 5 80 0.1
CHCl; 45 66 1.98
CH,Cl, 76 13 0.74
n-Hexane 66 50 5
Total 22.76

Table S2. Quantities and cost of the materials used for the synthesis of 1 g of spiro-OMeTAD. Reproduced from ref.



4 with permission from the Royal Society of Chemistry, copyright 2016.

Weight Weight Weight Price of Mi:es?al Cost per
Chemical name reagent solvent workup chemical $/g step
(g/g) (s/g) (e/g) ($/kg) product) ($/step)
2,2',7,7'-tetrabromo-9,9’- 1.15 95900.00 110.29
spirobi[9H-fluorene]
4,4’-dimethoxydiphenylamine 1.87 54900.00 102.66
t-BuONa 1.04 307.00 0.32
Pd,(dba)s 0.067 14900.00 1.00
Toluene 12 69.48 0.83
Ethyl acetate 135 80.16 10.82 273.62
NaCl (brine) 2 1 50.70 0.05
MgSO, 0.05 1 144.20 0.14
Ethyl acetate 1 120 80.16 9.62
n-Hexane 176 117.91 20.75
Silica gel 60 20 263 62.20 16.36
Total 273.62

Table S3 Costs of pristine HTMs (TA-AZO and spiro-OMeTAD) and quantities and costs of the dopants used for the
1gof HTM.

A t ired Total t of HTM
Cost per Cost per g of Cost per g of TBP mount require otal cost o

Compound . of LiTFSI + TBP per  and LiTFSI per 1 g of
g (S/g) LITFSI ($) ($) 1g of HTM (g) HTM ($)

TPA-AZO 276 04 éﬁ';ﬂmh 6.28 (Aldrich Co.) 0.124 +0.367 25.68

spiro- 273.62 5.04 (Aldrich 6.28 (Aldrich Co.) 0.124 + 0.367 276.54

OMeTAD Co.)




Table S4. Examples of organic HTMs reported in relevant literatures, together with: the catalysts used for their synthesis;
the synthesis cost for 1 g of materials; the photovoltaic characteristics of the corresponding PSCs under AM1.5G illumination.

Cost
Catalyst used for perlg Jsc o
No.  HTM synthesis of HTM  (mA cm??) Voc(V) FF n(%)  Ref.
($/g)

H.CO OCH-

¢

He,CO‘@‘N QOQ N“@'OCHB t-BuONa

1 <S Pd2(dba)s 273.62 20.7 1.00 071 149 5
HaCO~L N— P~ PN~ )rOCH,  p(t-8u);
H,CO OCHa
OCH, OCH,
N N
mcoo OOCH3
Pd(PPhs), 136
2 KOs 842.08 20.98 097 067 3
"
H.CO OCH,
"'323) HaCO
N ?
- Oﬁ O,Cr ...
N Pd(PPhs), 12.3 6
3 K,CO5 420.22 20.88 095  0.62 .
P2 pd(PPh,), 18.3
: 7
K,CO5 695.87 21.21 1.09  0.78 .
OCH,

OCH,



H.CO OCH,
N N
/O’N : OCH.
H,CO Bk
OCH, H,CO

OCH, H.CO
Lr' O
HsCO OCH,
N N
H3COQ _2\:5_ O,OCHQ
N N
OCH, HaCO
H.CO OCH
H.CO N-Q_QN; OCH,
H,C0 Q_ N _D OCH,

t-BuONa
Pd(OAC)z
P(t-Bu);

t-BuONa
P(t-BLI)3
sz(dba)3

Cul

1,10-
phenanthroline
K,COs

t-BuONa
Pd(OAc),
[(t-BU)gPH]BF4

Pd(OAc),

Tri-t-
butylphosphine
t-BuONa

245.84

148.57

216.46

168.42

434,12

20.6

20.4

23.2

21.0

20.28

0.88

1.13

1.02

0.92

1.02

0.63

0.68

0.79

0.67

0.71

11.5

15.8

18.6

12.9

14.7

10



HaCO OCH,

H;COD—?'Q;Q?'QO CHy

H.CO

0 Q%ﬁ(?o, éy%o

N
? ﬁOCH 5
CH,

OCH,

H »_.,COO/I\Q

CH,
H4CO

OCH
11
OCH
OCH,
OCH,
12 OCH,
OCH,
13

H,CO

Pd(OAc),

Tri-t-
butylphosphine
t-BuONa

450.13 20.35 0.99

K,CO3
Pd(PPhs),

579.16 17.63 1.02

K,CO3
Pd(PPh;),

633.88 13.8 0.98

sz(dba)3
X-Phos
t-BuONa

376.30 20.4 1.04

0.69

0.73

0.76

0.72

13.8

13.4

10.3

16.0

10

11

12

13



14

15

16

17

1

(o]

0OCH,H,C0

OCH, H,CO

H :COO\ ,UOCH;
N

[

OCH,

OCH,
H.CO
E OCH
N OCH.
Ei N:J
OCH.
OCH,
(0]
OCH

CH,

sz(dba)3
X-Phos
t-BuONa

Pd(PPhs),
K3PO4
NH,CI

Zn
TiCly

Zn
TiCly

t-BuONa
P(t-BU)3
Pd(oAC)Z

591.57

800.49

101.34

52.59

112.23

20.6

21.9

18.2

21.2

23.4

1.09

1.07

1.03

0.92

1.13

0.77

0.77

0.61

0.67

0.73

17.0

18.2

11.4

131

19.8

13

13

14

14

15
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Table S5. Figures of merit of PSCs based on various dopant-free HTMs under AM1.5G
illumination, as reported in relevant literature.

HTM m ;s:m_z) \(/3; FF (;o) Ref.
TPA-AZO 17.01 0.94 63 10.07 This Work
CuSCN 19.7 1.02 062 12.4 17
NiO 14.2 0.79  0.65 7.3 18
Cu,0 15.8 096 059 893 15
Cu,ZnSnS, 20.54 1.06 0.59 12.75 20
CulnS,/ZnS 18.6 092  0.49 8.4 21
CuMePc 16.9 0.70  0.40 5.2 22
CuGa0, 21.7 1.11 0.77 18.5 23
SubPc 21.3 0.67 0.46 6.6 24
TiOPc 12.6 0.73 053 5.1 25
P3HT 243 098 057 136 26
PF8-TAA 6.1 1.40 079 6.7 27
PIFS-TAA 19.0 1.04 0.6 9.1 2
PANI 14.5 0.78  0.65 7.3 28
PCBTDPP 13.9 0.83  0.48 5.6 29
Conjugated D-A copolymer (P) 12.0 0.84  0.66 6.6 30
PTB-BO 14.4 083  0.62 7.4 31
PTB-DCB21 15.4 0.89 0.64 8.7 31

PDPP3T 20.5 0.98 61.2 12.3 32
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