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Supplementary Text

The film thickness estimation using XPS

A thin layer a, with a thickness of d is stacked on a substrate B. Based on the Beer-Lambert 

law, the integrated signal intensity between 0 and d can be expressed1:

                                                   (1)IA = I∞
A[1 - exp( - d/λA,Acosθ)]

where the  is the photoelectron intensity measured on an infinite thick film A, λA, A is the 𝐼∞
𝐴

photoelectron effective attenuation length in the overlayer, and θ is the photoelectron take-off 

angle during the XPS measurement.

Assuming that the B substrate is thick enough, the signal from B arriving at B-A interface is 

defined as . In this case, the signal will be attenuated by passing through the overlayer A. The 𝐼∞
𝐵

signal emerging is therefore given by:

                                                          (2)IB = I∞
Bexp( - d/λB,Acosθ)

Here, the λB,A is the photoelectron effective attenuation length in layer A for electrons emitted from 

substrate B. The λA,A is approximately equal to λB,A since the kinetic energy of the interested 

photoelectron (such as N 1s) arising from both the overlayer and the substrate is roughly the same. 

Using transition then, the thickness of the film can be described as: 

                                              (3)d = λA, Acosθln[1 + IA ⋅ I∞
B/IB ⋅ I∞

A]

In Equation 3, the  can be directly acquired by deconvoluting core level XPS spectra, where 𝐼𝐴/𝐼𝐵 

the  is the intensity ratio of the respective infinite thickness film. The photoelectron effective 𝐼∞
𝐴/𝐼∞

𝐵

attenuation length  for the organic materials is given below 2:𝜆

                                                                          (4)λ = 0.00387E0.842

Here, the E is the kinetic energy of the photoelectron. So, with the equations mentioned above, we 

can estimate the thickness that relies on the relative intensity of the XPS peak intensity 3. 
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Fig. S1. The schematic diagram of a multi-linked system with the integrity of the sample 

preparation, sample transfer, and surface analyses. Note that all the sample preparation, layer-by-

layer deposition, and measurements (in-situ XPS/UPS/REELS) were done in this multi-linked 

system. Red and green arrows represent the sample preparation and transfer from a glove box and 

a vapor-phase deposition chamber.



4

404 402 400 398

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)Binding Energy (eV)

FA

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

Reference
a

N 1s

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

404 402 400 398

PEA

c

404 402 400 398

 50C40C
d

404 402 400 398

b
80C 70C

e

Binding Energy (eV)
404 402 400 398

Binding Energy (eV)

Fig. S2. (a-e) Curve fitting of core level N 1s XPS spectra of the perovskite without (reference) 

and with chlorinated-PEA-organics annealed at different temperatures.
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Fig. S3. (a-e) Curve fitting of core level N 1s XPS spectra of the perovskite without (reference) 

and with brominated-PEA-organics annealed at different temperatures.
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Fig. S4. (a-e) Curve fitting of core level N 1s XPS spectra of the perovskite without (reference) 

and with iodinated-PEA-organics annealed at different temperatures.
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Fig. S5. Plots of the halogenated organic thickness versus temperature. a, Chlorinated PEA organic 

layers, b, Brominated PEA organic layer, and c, Iodinated PEA organic layer. 
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100°C  
Pb4f 137.93 0.87 17.71 
N1s 400.31 0.99 28.16 
I3d 619.06 1.05 54.13 

 

Fig. S6. Plots of the halide-to-lead atomic ratio versus temperatures. a, Cl/Pb atomic ratio. b, Br/Pb 

atomic ratio. c, I/Pb atomic ratio of the perovskite with the halogenated PEA organics. The halide-

to-lead ratio shows gradual decrease trends with an increase in the post-annealing temperature. 

Cl/Pb atomic ratios of the perovskite with chlorinated-PEA-organic are estimated to be zero at 

100oC. d, Pb 4f, N 1s and I 3d spectra of the control film before and after 100 oC annealing. Both 

contents and peak positions of the Pb, N and I were not varied.
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Fig. S7. Evolutions of XPS spectra of the perovskite with halogenated PEA organics over the 

temperatures. a, C 1s, b, Pb 4f, and c, Cs 3d of the perovskite with the chlorinated PEA organic 

layer. d, C 1s, e, Pb 4f, and f, Cs 3d of the perovskite with the brominated PEA organic layer. g, 

C 1s, h, Pb 4f, and i, Cs 3d of the perovskite with the iodinated PEA organic layer. The key peaks 

of the C 1s XPS spectra are indicated with chemicals in a. 
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Fig. S8. TGA analysis for three types of halogenated PEA organic powders in an Ar atmosphere. 

The TGA analyses display that both PEABr and PEAI samples show a negligible mass loss over 

the temperature, while there has been a slight loss for the PEACl sample when the temperature is 

over 160℃. 
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Fig. S9. C 1s, N 1s, and halogen core level XPS spectra of halogenated PEA organic powders 

before (fresh) and after heating from room temperature to 200ºC in an Ar atmosphere. a, PEACl. 

b, PEABr. c, PEAI. 
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Fig. S10. The XRD patterns of the perovskite without (reference) and with the halogenated PEA 

organic. a, Reference. b, The perovskite was treated with the chlorinated PEA organic. c, The 

perovskite was treated with the brominated PEA organic. d, The perovskite was treated with 

iodinated PEA organics. 
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Fig. S11. The expanded view of XRD patterns at the low 2θ region. a, The perovskite with the 

chlorinated PEA organic. b, The perovskite with the brominated PEA organic. c, The perovskite 

with the iodinated PEA organic. XRD patterns did not show 2D or reduced dimensional 

perovskites patterns for all samples. 
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Fig. S12. UV-vis absorption spectra of the perovskite with different organics under varied 

temperatures. a, The perovskite with the chlorinated PEA organic. b, The perovskite with the 

brominated PEA organic. c, The perovskite with the iodinated PEA organic. The perovskite films, 

with the different temperature treatments that include varying the organic layers and changes to 

the temperature, exhibit identical band edge onsets. The variation in the 400-500 nm may result 

from changes to the optical reflection of perovskite surfaces with thermally-activated organics 

sublimation as samples are excited from the perovskite surface side. 
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Fig. S13. Transient absorption (TA) spectroscopy of perovskite films without and with the 
halogenated PEA organic. TA maps and corresponding TA spectra of (a and b) the control 
perovskite and (c and d) the perovskite treated with the iodinated PEA organic, respectively. GSB, 
ground-state bleach. (Pump, 400 nm, 6.4 J cm-2)
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Fig. S14. Transient absorption (TA) spectroscopy of perovskite films. TA maps and corresponding 

TA spectra of (a-c) the perovskite treated with the chlorinated PEA organic, and (d-f) the 

perovskite treated with the iodinated PEA organic, respectively. GSB, ground-state bleach. (Pump, 

400 nm, 25.5 J cm-2).
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Fig. S15. Schematic diagram of perovskite grain surfaces with halogen-cleaved PEA+ anchoring. 

a, As-deposited halogenated PEA organics on the perovskite. b, 2D-like perovskite formed on the 

surface. c, Schematic diagram of the quasi-2D perovskite. 
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Fig. S16. Time-resolved photoluminescence (TRPL) decays. a, Comparing TRPL decays for the 

perovskites with the chlorinated PEA organic annealed at 30℃, 60℃, and 100℃. b, TRPL decays 

for the perovskite with and without (Control) the varied halogenated PEA organic annealed at 

100℃.
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Fig. S17. Photovoltaic performances of PSCs with halogenated PEA organic ligands. a, Device 

configuration schematic of positive-intrinsic-negative PSCs. At different temperatures, J-V curves 

of PSCs with the brominated- b, and c, iodinated-PEA-organic ligands. Continuous MPP tracking 

under the full AM 1.5G illumination for the PSCs with brominated- d, and e, iodinated-PEA-

organic ligands at different temperatures.
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Fig. S18. Current density-voltage characteristics of the champion PSCs processed with Cl-cleaved 

PEA+ anchoring. The device consists of ITO/NiO/2PACz/perovskite/PCBM/BCP/Cu. The device 

presents a power conversion efficiency of 23.1% (a short current density of 24.28 mA cm-2, an 

open-circuit voltage of 1.16 V, and a fill factor of 82%). 
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Table S1. Photovoltaic performances of PSCs processed with halogenated PEA organics at 

different temperatures. The device fabricated with the chlorinated PEA organic treatment exhibits 

the highest power conversion efficiency among these PSCs below. 

VOC JSC PCE 

Treatment Annealing Temp 
(°C) (V) (mA/cm2)

FF
(%)

W/O N/A 1.008 23.11 0.77 17.95
30 1.073 15.34 0.56 9.23
60 1.104 20.28 0.77 17.27Chlorinated PEA
100 1.110 23.79 0.83 21.91
30 1.060 19.78 0.73 15.35
60 1.016 23.07 0.77 18.14Brominated PEA
100 1.039 23.72 0.82 20.20
30 1.063 22.47 0.79 18.87
60 1.026 20.94 0.79 16.94Iodinated PEA
100 1.022 24.16 0.80 19.69
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Table S2. The area ratios of C-C and C-N bond of halogenated PEA organics with various thermal 

treatments range from 30oC to 100oC. The ratios of C-C and C-N for three kinds of samples 

processed with various halogenated PEA organics are rarely changed when increasing the 

temperature, which excludes the possibility of chemical decomposition of halogenated PEA 

organics themselves at the elevated temperature. 

C-C: C-N 
Chlorinated PEA Brominated PEA Iodinated PEA

30℃ 86.7:13.3 85.9:14.1 86.1:13.9
40℃ 87.0:13.0 86.4:13.6 86.9:13.1
50℃ 85.9:14.2 86.2:13.7 86.1:13.9
60℃ 86.8:13.2 86.8:13.2 87.0:13.0
70℃ 86.8:13.2 86.4:13.6 86.1:13.9
80℃ 85.2:14.8 86.6:13.4 87.1:12.9
100℃ 87.2:12.8 86.8:13.3 86.8:13.2



24

Table S3. The atomic ratios of N and halogen of the halogenated PEA organic powder before and 

after 200°C heating in an Ar atmosphere. These data show no notable decomposition happening 

upon thermal treatment at 200°C.

Atomic Ratio

N: Halogen

Fresh 51.1:48.9
PEACl

After 200℃ 51.2:48.8

Fresh 51.0:49.0
PEABr

After 200℃ 50.7:49.3

Fresh 49.4:50.6
PEAI

After 200℃ 48.9:51.1
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Table S4. Summary of best-performing PSCs with surface organic treatments reported in the 

literature. Most of the device efficiencies reported are certified by independent certification labs. 

Devices Perovskite Eff.
(%) Treatments Ref.

p-i-n FA1-x-yMAxCsyPbI3-zBrz
23.7 

(certified)
Liquid medium(anisole) 

annealing (LMA)
4

p-i-n Cs0.05(FA5/6MA1/6)0.95Pb(I0.85Br0.15)3 23.7
4-

fluorophenylethylammoni
um iodide (F-PEAI)

5

p-i-n Cs0.15FA0.85Pb(I0.95Br0.05)3
22.3

(certified)

Poly(triarylamine) (p-PY) 
as HTL, PEAI modified 

pervoskite surface
6

p-i-n (CsPbI3)0.05[FA0.85MA0.15Pb(I0.85Br0.15)
3]0.95

22.31 1,4-butanediammonium 
iodide (BDAI)

7

p-i-n Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3
22.7 

(certified) Piperazinium iodide (PI) 8

p-i-n (FAPbI3)0.95(MAPbBr3)0.05 >24 Lead-sulfur 9

p-i-n (FA0.98MA0.02)0.95Cs0.05Pb(I0.95Br0.02)3 25.0 Ferrocenyl-bis-thiophene-
2-carboxylate (FcTc2)

10

n-i-p (FAPbI3)x(MAPbBr3)1-x 23.0 Ethylammonium (PREA) 11

n-i-p FAPbI3
25.5 

(certified)

Cl-bonded SnO2&
a Cl-containing  

perovskite precursor 
[methylenediamine 

dihydrochloride 
(MDACl2)]

12

n-i-p FAPbI3
25.2 

(certified)
Formamidine formate 

(FAHCOO)
13

n-i-p FA0.9Cs0.1PbI3 23.25 Imidazole hydrobromide 
(IABr)

14

n-i-p FAPbI3 24.1 Ionic liquid methylamine
formate (MAFa)

15

n-i-p FAPbI3
25.2 

(certified) MAPbBr3 additive 16
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n-i-p (FAPbI3) x(MACl)y
25.4 

(certified)

Polyacrylic acid-
stabilized tin (IV) oxide 
quantum dots (paa-QD-

SnO2@c-TiO2)

17

n-i-p FAPbI3 24.64
Fluorinated isomeric 

analogs (Spiro-mF) of 
Spiro-OMeTAD

18

n-i-p (FAI)10 (MABr)1 (MACl)1 23.5
A-site doping of Cs+ and 

GA+ cations 
(guanidinium) in FAPbI3

19

n-i-p FAPbI3 23.9

Isopropylammonium 
chloride (iPAmHCl) 
added to the FAPbI3
precursor solution

20

n-i-p Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 21.4

3-iodopropyl 
trimethoxysilane

[Si(OCH3)3(CH2)3I] I-
SAM

21

n-i-p (FAPbI3) 0.95(MAPbBr3)0.05
22.7 

(certified)
n-hexyl trimethyl 

ammonium bromid
22

n-i-p FAPbI3
23.7 

(certified)

Methylenediammoniumdi
chloride (MDACl2) dope 

in FAPbI3

23
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