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Note S1: The analysis for partitions of the efficiency loss and underlying physical mechanism
for solar cells based on the Shockley Queisser model.'
The maximum output power (Pu.x) of perovskite solar cells (PSCs) is defined as,

Prnax =Jsc X Voc X FF , the product of circuit-current density (Jsc), open-circuit voltage (Voc), and

fill factor (FF). Among those, FF generally depends on V¢ and the diversified physical parameters
relating to the diode equation, such as resistive losses and ideality factor (n;9).> To quantitatively
account for the efficiency losses, the departure of power conversion efficiency (PCE) from the ideal
Shockley-Queisser (S-Q) model for the single-junction solar cells is described by five parameters

highlighting different physical loss mechanisms,?- as following equation.

d
PCE _]sc Voc Vocm FFO(VOC) FF
PCES? JsqV oV 5 > FFo(V o °@)FFo(Voc) 0

]SC

SQ
where Jsc stands for photocurrent loss. Note that the maximum value of FF in solar cells is a

function of the Voc.”® Thus, the FF losses in Equation (1) are described by two parts of

FF o(Voc) FF Voc Voc

SQ rad SQ
FFO(VOC ) and FFO(VOC). Another two parts of Voc ™ and Voc

rad

are dealing with Vo loss. The
corresponding physical mechanisms in PSCs of the losses are illustrated in Table S1. A detailed

definition and discussion of the aforementioned parameters are available in ref. [3].

Table S1 The parameters used for the efficiency losses analysis and corresponding physical

mechanism in PSCs.

Partition of

Parameters Physical losses mechanisms
efficiency losses
Jsc loss Isc
Fsc= 0 Photocurrent loss.
Isc
FFo(Voc) ) )
oF (V SQ) FF loss owing to the loss in Vo,
FF loss o\~oc
FF
FF loses owning to the ideality factor and resistive
FFy(Voc)



Voc loss owing to the non-radiative recombination.

d
VOCTG.
Voc loss
Vo The discrepancy between the actual absorption
S . . .
Voc ¢ coefficient and the step assumed in the S-Q limit.

The value of FF o(Voc) without resistive losses can be calculated by the function as follows,

Voc (Ve
- [nir} +0.72
n, kT

FF,
Woc 4

where ¢ is the elementary charge, k is the Boltzmann constant, and 7 is the temperature of solar
cells.* Equation (2) precisely describes the relationship between FF, without resistive losses and

Voc. Notably, for the calculation, the ideality factor of n;;=1 was assumed in this discussion.
) ) L. L. AV rad
According to the S-Q detail balance, nonradiative open-circuit voltage loss (7" 0C ), is defined

rad
as the voltage loss between the radiative limit of the open-circuit voltage (VOC ) and real measured

Voc , can be derived from the external luminescence quantum efficiency in logarithm (Q, ™).

3)
rad
In this way, we can calculate the value of Voc ™ from the equation (3), and thus obtain that of

FFO(VOCM)_

In particular, we systematically visualized the partitioning of the efficiency losses among a
range of typical reported PSCs both in the n-i-p and p-i-n configurations, according to ref. [3].
Therein, all statistical p-i-n PSCs employed PTAA as hole transport materials (HTMs). Based on
the S-Q theory, Fig. S1a depicted the ratio of PCE with that of the S-Q theoretical limit value, and
the corresponding photovoltaic paraterms were summarised in Table S2. The quantitative
comparisons of specific loss contributions of them were depicted in Fig. S1b. Given considerable
efforts have been invested in minimizing non-radiative recombination and photocurrent losses

(yellow), the area of the green bars (Voc losses) is no longer the largest in the case of high-



performing PSCs. In contrast, resistive losses, which reduce the FF losses (red) and account for the
largest share in almost all PSCs in the n-i-p or p-i-n configurations, are the limiting factor. Resistive
losses are associated with semiconductor electrodes and their selective contacts with perovskite.

Especially, the HTMs substrate is the key for high-performing p-i-n devices.
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Fig. S1 Statistic diagrams for the photovoltaic parameters of the reported PSCs in
conventional (n-i-p) and inverted (p-i-n) configurations. (a) The ratio of achieved PCE to S-Q
theoretical value (PCEgq) of the reported PSCs in n-i-p and p-i-n configurations (*: certified values).
(b) Overview of the partition of efficiency losses of the n-i-p and p-i-n PSCs (based on PTAA as
HTM). While the specific partition of efficiency losses of other top-performing p-i-n PSCs cannot
be calculated here due to lack of part key data, we thus reviewed the ratio of (¢) PCE and (d) FF to

the one in SQ limit.



Table S2 Overview of the photovoltaic parameters of the reported PSCs in the n-i-p and p-i-n

configurations (Fig. S1; *: certified values).

VOC JSC FF PCE COllflgll Eg VOCSQ
References FF/FF52
V) (@mA/cm?) (%) (%) rations (eV) )

Ref. 1'° 1.144 22.67 79.6  22.67 n-i-p 1.56 1.273 0.88
Ref. 2% 1.179 23.32 784 2332 n-i-p 1.527  1.244 0.87
Ref. 3*12 1.18 26.3 82.60 25.60 n-i-p 1.55 1.264 0.91
Ref. 413 1.18 24.13 &5 23.7 p-i-n 1.57 1.282 0.94
Ref. 5%14 1.179 25.59 80.6 24.3 p-i-n 1.548  1.262 0.89

This work* 1.148 25.32 85.6 24.9 p-i-n 1.54 1.253 0.95
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Fig. S2 Comparison of PCEs achieved by state-of-the-art cells in the n-i-p and p-i-n configurations.

The corresponding photovoltaic parameters of devices are presented at following Table S11.
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S5 Secondary electron cutoff and valence band obtained from ultraviolet photoelectron

spectroscopy (UPS) spectra of (a) PTAA films. (b-f) Corresponding energy level alignment between

perovskite and PTAA transport layers (Ep, Fermi energy level; Ev., vacuum level; Ecpy,

conduction band minimum; Evypy;, valence band maximum; AEy,.=Ev,.rVS&- Ev,.FT4%; AE, energy
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Fig. S6 Secondary electron cutoff and valence band obtained from ultraviolet photoelectron

spectroscopy (UPS) spectra of perovskite films
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Fig. S7 (a) Ultraviolet-visible (UV-vis) absorption and (b) corresponding Tauc plots of reference
and QA-based perovskite films deposited on PTAA substrates. (¢) Tauc plots of PTAA/DMF, and

PTAA/QA films.
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Fig. S8 The photoluminescence quantum yield (PLQY) of PTAA/PVSK and PTAA/QA/PVSK

stack devices.
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Fig. S9 Statistical diagram for adsorption energy of devices with interfacial molecules treatment by

DFT calculation.
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Fig. S10 The absorption energy of (a) PTAA/PVSK and (b) PTAA/QA/PVSK heterojunction under

the side and top views, respectively.
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Fig. S11 Water contact angle images of (a) PTAA, (b) PTAA/DMF, and (¢) PTAA/QA films.
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Fig. S12 The current-voltage curves of PTAA without and with QA treatment. The different

concentrations of QA in 0.1, 0.5, and 2.0 mg mL"" are labeled as QA-0.1, QA-0.5, and QA-2.0,

respectively.
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Fig. S13 (a) Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) profiles. (b) The structure
of the half-stack devices. (¢) corresponding 3D distribution picture of the half-stack devices of
ITO/PTAA/QA/Perovskite.

Note: The signal of Cl- originates from QA molecule, while the Pbl;-, C-, and In,O, ions are
assigned to the perovskite layer, PTAA layer and ITO substrate, respectively. Noteworthy is that
the perovskite precursor of the sample did not use MACI additive to eliminate interference of Cl-
ion for QA. As shown in Fig. S13a, Cl- is distributed at the interface between PTAA and perovskite

layer, indicating the presence of QA at the buried interface of PTAA/perovskite.
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Fig. S14 X-ray photoelectron spectroscopy (XPS) spectra for (a) N 1s and (b) CI 2p core-levels of
pure PTAA and PTAA/QA films after washed by the mixture solution of DMF/DMSO (v: v=4:1).

Note: To confirm the existence of QA at the interface, we compared the Cl 2p core level of clean
PTAA and that washed by a mixture solution of DMF/DMSO (v/v= 4/1, same as perovskite
solution). The visible new peaks at 197.1 and 198.5 eV of the washed PTAA/QA film indicate that
QA remained residuals at the interface rather than washed away by perovskite precursors.

Additionally, the new peak appearing in N 1s core level of PTAA/QA film further confirms the

existence of QA.
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Fig. S15 X-ray photoelectron spectroscopy (XPS) spectra for (a) N 1s, (b) CI 2p, and (c-d) C 1s

core-levels of PTAA and PTAA/QA films.
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Fig. S16 (a) The distance between the corresponding carbon atoms in the phenyl group of PTAA

and QA molecule is calculated to be ~3.2 A.
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Fig. S17 (a) Liquid-state 1H NMR spectra of QA with or without mixing with Pbl, in DMSO-d6.
(b) FTIR spectra of pure Pbl, powder, perovskite film doped without and with QA.

Note: We carried out nuclear magnetic resonance (NMR) and Fourier-transform infrared
spectroscopy (FTIR) measurements to study how QA interacts with Pbl,. The obvious shift of the
'"H NMR peaks in QA+Pbl, indicates the interaction between QA and Pbl,. As shown in Fig. S17a,
C-N stretching peak at 1031 cm™! from QA could be distinguished readily from reference perovskite
and QA-doped perovskite. Meanwhile, the C-N stretching peak in QA-doped perovskite exhibited
a slight blue-shift from 1031 to 1028.5 cm™!, indicating the presence of interaction between QA and

perovskite.

22



a 1000 -9.0E-2
w
a
- -4.0E-2
'
E
=
>
o
o 1.0E-2
a
0
650 700 750 800
Wavelength (nm)
d 0.02
0.00
_
o
e
é-(].(.'IS
-0.09 T T T
650 700 750 800 850

Wavelength (nm)

b 1000 9.0E-2 ¢ 1000 -9.0E-2
800 800
w o
a a
- 40E2 -4.0E-2
8 600 o 600
E E
=] =
> 400 > 400
i) ]
o 1.0E2 @ 1.0E-2
2 200 2 200
0 0
650 700 750 800 650 700 750 800
Wavelength (nm) Wavelength (nm)
e 0.02 § 002
., e TA
0.00 0.00
_ _
[) [=)
= e
é-4:|.05 é-o.os- \\
\/ \v
-0.09 T T 0.09 T
650 700 750 850 650 700 7 850

800
Wavelength (nm)

S0 800
Wavelength (nm)

Fig. S18 (a-b) Transient absorption spectroscopy (TA) spectra of perovskite films deposited on

PTAA with interfacial molecules treatment: PTAA/PA/PVSK, (b) PTAA/SA/PVSK, (c¢)

PTAA/TA/PVSK. (d-f) Corresponding TA spectra at different decay times of heterojunction.

23



f |
1 ——Ref.
i
& l ——0QA-0.1
z
2
f: l —QA0S
QA-2.0
10 15 20 25 30 40
2Theta (degree)
i
I
|
[ T 10
W a

Intensity (a.u.)

o [ 00 101
G (A 4,07 q (A7)

05 15 20 25

Fig. S19 Top-view scanning electron microscopy (SEM) images of (a) reference and target
perovskite films deposited on PTAA films with different concentrations of QA, (b) 0.1 mg/mL, (¢)
0.5 mg/mL, and (d) 2.0 mg/mL. (e) Cross-view SEM image of target perovskite films, where the
thickness of the perovskite absorber was ~798.3 nm. (f) X-ray diffraction (XRD) patterns of the
perovskite with QA treatment in different concentrations. g-i, Grazing-incidence wide-angle X-ray
scattering (GIWAX) patterns of (g) reference and (h) target perovskite films deposited on PTAA
substrate. (i) The corresponding XRD pattern in the different scattering degrees (y = 0.2°, 0.5°, 1.0°,

1.5°,2.0°).

24



a (TO/PTAA/PA Perovskite C60/BCP Ag D ITO/PTAA/SA Perovskite C60/BCP Ag CITO/PTAA/TA Perovskite C60/BCP Ag

132 0o H i 1303 0m

i 200 nm
1870 e

197 1w

1320 0m

3

g
SE—

Potential (mV):

1870 my

230 mv

20

2

~
o,
=]

]
=]
=]

g ° 8
Potential (mV)

Electric filed Q.
Electric filed -

Electric filed @
g

0.5 1.0 15 1.8

0.0 05 10 X .
Distance (pm)

0.0 0.5 1.0 15 18 |
Distance (um)

Distance '(pm)

I
n

Fig. S20 Cross-sectional atomic force microscopy (AFM), corresponding Kelvin probe force
microscopy (KPFM) images, and corresponding potential profiles (black lines) and electric filed

(red lines) of the whole (a) PA-, (b) SA-, and (c¢) TA-based devices.
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parameters of the devices with different interfacial molecules treatment.
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Fig. S22 (a) AFM (top) and KPFM surface potential images (bottom) of PTAA films without and
with QA. (b) The corresponding height (top) and contact potential difference (CPD) variations

(bottom) from KPFM measurement.
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Fig. S23 (a) Stead-state photoluminescence (PL) and (b) time-resolved photoluminescence (TRPL)

spectra of films with the structure of ITO/PTAA/QA/perovskite. Stead-state PL used an excitation

light of 480 nm.
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(I;) at the FAI-terminated surface.
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Fig. S25 The dependence of (a) Voc and (b) Jsc on the light intensity of solar cells with
corresponding J-V curves (c-d) under different illustrations.

Note: The slope of the V¢ concerning the light intensity curve is related to the ideality factor (n),
where n of 1 and 2 is respectively associated with the full radiative recombination and non-radiative
Shockley-Read-Hall recombination'¢. The smaller deviation between the slope () value of the Js¢
on the light intensity curves and one indicates that more charge carriers of perovskite absorber are

collected by the transport layers.
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Fig. S26 (a) Dark J-V curves of reference and target devices. (b) Normalized transient photovoltaic

(TPV) decay kinetic for reference and target solar cells.
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Fig. S27 Surface potential mapping images of (a) PTAA/PVSK without and (b) with QA treatment

before (top) and after (bottom) exposure to light for 300 hours.
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Fig. S28 Schematic of CPD value distribution and corresponding Gauss fitting curves for
PTAA/PVSK and PTAA/QA/PVSK heterojunctions (a, ¢) before and (b, d) after aging,

respectively.
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Fig. S29 Corresponding — @dC/dw versus @ spectra of the capacitance-frequency-temperature (C-

f-T) spectra of (a) the reference and (b) target devices measured from 100 to 320 K with a step of

20 K.
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Fig. S30 The temperature-dependent conductivity of (a) reference and (b) target devices. The study

of ion migration based on the Nernst-Einstein relationship'?, oT = apexpiei( - Eo/ kBT), where 0 is

ionic conductivity, T is temperature, kg is Boltzmann constant and £, is the ion migration activation
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Fig. S33 Certified performance of target PSCs from the Institute of Electrical Engineering, Chinese

Academy of Sciences (IEE, CAS, Beijing, China). The certified PCE of the champion device is

24.90% under reverse scan with a mask of 0.07288 cm?.
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Fig. S36 The S-Q limit FF of reference and target devices includes non-radiative loss and charge
transport loss. The green, red, and black pellets represent the value of FF,,casured, the calculated FF,,,,
and FFg, respectively.

Note: The deviation of the maximum FF (F F max) with the SQ-limited FF (FFsq) and measured FF
(FFneasured) stand for the non-radiative losses and charge transport losses, respectively. FFgq of the
PSCs with a bandgap of 1.54 eV is ~0.901. In case of neglecting charge transport losses, the

vy, — In(v,. +0.72) qv,,
FF = B

max oc
FFrnax can be calculated by the equation of Voc+1 , where nkBT, kp i

Boltzmann constant, g is the electron charge and 7 is the room temperature.'®!° The FFonax of the

reference and target devices were calculated to be ~0.879 and ~0.885, respectively. It can be

observed that the target device exhibits the markedly cut-down gap between FFcasureq and FFnax

compared to the reference one, indicating significantly restrained charge transport losses in the
target devices.?%2! That could be responsible for more efficient carrier charge extraction and

transport.
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Fig. S37 (a) Side view of perovskite solar modules interconnected in series with nine sub-cells. (b)
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Optical photo of patterning for sub-cell separation in modules. The width of P1, P2, and P3 are 40,

150, and 60 um, respectively. (¢) Top view of the entire module, including the glass substrate, and

ITO pattern.
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Fig. S38 (a) Molecular structure of typical organic HTMs: PEDOT: PSS,?>2% poly-TPD,?6-2?
P3CT,3032 and PTAA.13142033-39 (b) Comparison of the physical properties of organic HTMs. (¢)
Review the recent efficiency of the state-of-the-art PSCs based on different HTMs. (¢) Review the
recent efficiency of the state-of-the-art PSCs based on different HTMs. (d) Comparison for the PCE
of the p-i-n PSCs based on HTLs without (reference) and with QA treatment (QA treated).

Note: Typical organic materials, including poly-TPD, PEDOT: PSS, P3CT, and PTAA, exhibit
different physical properties and have been widely employed in inverted PSCs (Fig. S38b).
Additionally, we reviewed the photovoltaic performance of state-of-the-art inverted devices with
different HTMs over the years in Fig. S38b. Here, we applied those HTMs in p-i-n devices as a

platform to confirm the effectiveness and generality of our approach. After QA treatment, the

HTLs (p-i-n PSCs)

efficiencies of all the devices were improved to varying degrees.
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Fig. S39 (a) J-V curves and (b) corresponding photovoltaic parameters of devices based on HTLs
without (reference) and with QA treatment. The p-i-n device structure is ITO/PEDOT:

PSS/MAPbI;/C60/BCP/Ag.

45



a2 b =

'E COLLITRS sritids 22-

£ 204

E 21

L. __ 204 3

g 10 p-i-n configuration EERGE 3 s ]

e o

- Ref_Forward et tveite

§ [FELETIEES Ref_ReVerse 17 -

5 1 — QA treated_Forward 16 l o

o so-eeceoo QA treated_Reverse S o

0 . . . . . 15
0.0 0.2 0.4 0.6 0.8 1.0 1.2 T
Voltage (V) QA-treated
C
Poly-TPD Scan Voc Jsc FF PCE
as HTLs directions (V) (mA cm??) (%) (%)
Forward 1.07 23.08 80.33 19.93
Ref
Reverse 1.09 23.14 77.92 19.72
Forward 1.08 23.91 80.25 20.73
QA-treated

Reverse 1.09 23.85 81.51 21.21

Fig. S40 (a) J-V curves and (b) corresponding photovoltaic parameters of devices based on HTLs

without (reference) and with QA treatment. The p-i-n device structure is ITO/Poly-TPD/

Perovskite/C60/BCP/Ag.
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Fig. S41 (a) J-V curves and (b) corresponding photovoltaic parameters of devices based on HTLs
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Perovskite/C60/BCP/Ag.
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Fig. S42 (a) J-V curves and (b) detailed photovoltaic parameters of n-i-p cells based on perovskite
without (reference) and with QA treatment. The n-i-p device stack is ITO/SnO,/
(Cs0.04FA¢.9713)0.90s(MAPbBr3) 05/Spiro-OMeTAD/Au, where (Csg.04FA¢9713)0.95(MAPbBr3)( 05

perovskite has a bandgap of 1.55 eV (see our former work*?).
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Table S3 Mott-Schottky analysis of reference and target devices.

Samples Vi (V) Slope (10%5) Nq (10" ¢m3)
Ref. 0.90 -1.12 1.08
Target 1.07 -3.05 0.395

Note: Calculate the flat-band voltage (V4,) at the intersection of the Mott-Schottky curves and X=
0. The carrier density can be calculated from the slope of the curves based on the relationship,
slope = >
£g&rA ANa_ The carrier concentration can be derived by the slope of the Mott-Schottky
2

N, =

2
curves through the equation of £ A qk

, where £ is the slope, 4 is an active area of the device,
q is the elementary charge, g and &, is the vacuum dielectric constant and dielectric constant of

perovskite, respectively.*!
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Table S4 Statistic of corresponding parameters by Hall effect measurements.

Carrier density Conductivity Hall mobility
Samples
(1020 ¢cm3) (103 S ecm™) (cm? V-1 g1
Ref. 5.02 2.06 26.4
QA-0.1 4.59 2.10 28.6
QA-0.5 4.44 2.22 31.1
QA-2.0 4.14 2.12 313

Note: The Hall effect was conducted with a four-probe arrangement, where metal electrodes are
made at the four corners of the sample and contacted with metal probes. The samples were probed
in a magnetic field environment with setting the appropriate current and thickness. The obtained
results were analyzed using the instrument software, employing the Vander-burg principle as the
underlying methodology. This analytical process is impacted by factors, such as magnetic field
current, Hall current, and samples as pre-treatment conducted prior to testing. It is important to
emphasize that the reliability of the results presented here is contingent on their comparison between

reference and target samples.
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Table S5 Vertical transit mobility calculation through a combination TPC measurement with Mott-

Schottky analysis.
Sample L (nm) Vi (V) 7 (US) 1 (103cm? Vi)
Ref. 728 0.90 2.69 2.18
Target 789.3 1.07 1.92 3.03
12
He= v
TeVbi, where L is the thickness

Note: The vertical transit mobility z4 is determined by

of the devices, 7 is the transit time extracted from the transit photocurrent decay curve and Vy; is the

built-in potential extracted from the Mott-Schottky analysis.*?
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Table S6 The corresponding fitting parameters from TRPL spectra.

Samples Ay A, 71 (ns) 7; (ns) Tavg (1S)
Ref. 0.144 0.317 104 677 640
Target 8.25 0.454 94 497 184

A{rf + Az‘rg

Note: The average lifetime was calculated using the equation

52

‘L’ =_-—
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Table S7 Summarized corresponding parameters for the space-charge-limited current (SCLC)

measurements of hole-only inverted devices (V1gL, onset trap-filling voltage).

Samples Vrer (V) N; (105 cm™d) 4 (1073 cm? Vg )
Ref. 0.66 5.84 1.2
Target 0.43 2.15 2.2

Note: All devices featuring the ITO/PTAA (QA)/PVSK/PTAA/Ag architecture were uniformly
fabricated under identical conditions. This stringent consistency was maintained to ensure accurate
_ 2808, Vrgy,

Nt =
testing across all devices. The trap density (V;) was calculated by the function of el? ,

where ¢, is the relative dielectric constant, g, is vacuum permittivity (8.854 x 10-12F/m), e is electron
charge (1.6 x 10 C), and L is the thickness of perovskite layer.?32* The trap-free space-charge
limited region at high bias can be fitted according to the relation of / o« V' ", where n corresponds to
the exponent of the dependence of V. The carrier mobility () can be calculated according to Mott-

8/ L3

9€OETV2

Gurney’s law: , where Jp is the current density.
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Table S8 The photovoltaic parameters of reference and target devices with QA treatment in

different concentrations.

Samples Voc (V) Jsc (mA cm?) FF (%) PCE (%)
Ref. 1.13 24.97 82.23 23.52
Target -0.1 1.14 25.51 82.60 24.32
Target -0.5 1.16 25.61 85.66 2545
Target -2.0 1.14 24.87 82.53 23.72
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Table S9 Statistics of the Shockley-Queisser limited FF (FFgq), the calculated maximum FF (

FF max), and measured FF (FF easureq) Of the inverted devices with a bandgap of 1.54 eV.
Samples FFsq FF nax FF neasured R, (ohm) R, (ohm)
Ref. 0.91 0.879 0.820 11.38 65654.7
Target 0.91 0.885 0.866 9.32 75855.1
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Table S10 Comparison of the reported interfacial additives of the PTAA layer in inverted PSCs.!343-

46
" 1,4butanediamm | [2-(9H-carbazol-9-yl) 3-(1-pyridinio}- 4
Passivators Polyelectrolyte e — ethyl] phosphonic 1- fluorophenylethyla QA (sA/Ta)
for PTAA layer PFN-Br (BDAI) Y F;cidp propanesulfonat | mmonium iodide (F-
e (PPS) PEAI)
. wdon X0 L L
Molecule i pes G ° NH,* b -
Structure ! N~ \ — 3 _Q_/TPEA:
oo |
Hole mobility i
(cm?vis) / / / / / 31.3 (Hall mobility)
Conductivity
(107§ emY) / / f / / 222
Energy level | | | | |
match (eV) b L k ) / b
Wettability ! ) / / V v
s 100 h
Stability >00 SPO for 10 h SPO for 600 (T80; 20-30 °C, 35h (T99; Ny) 3000 h (T99; N,)
(MPPT /SPO) (85°Cin N,) RH20-30%)
25.45%
o o o
PCE 20.6% 22.31% 22.17% 21.7% 23.7% (certified 24.9%)
Price
= 4300 13 416 648 9 5
($/g, Sigma)
Reforance | Adv Mater. 2023, | Joule 2020,4, Small 2022, 18, Acsfgj;gye“' Sci. Adv. 2021, 7, T A
35, 2206345 1248-1262, 2201694 1596—5.6('36 eabj7930

Note: Regarding the previously reported interfacial additive, such as PFN-Br, PEAI and PSS (listed

in Table S10), the similarities between QA and those ammonium salts are just in the typical chemical

nature of ammonium. Every chemical compound should be individual and unique, rather than

simply confusing them as their similar functional groups.
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Table S11 Summary table for photovoltaic parameters of reported state-of-the-art perovskite solar

cells in the n-i-p!221:47-3% and p-i-n!3.1420,32.33.3557 configurations.

Configu Voc Jsc FF PCE
Years References
rations V) @mAcm?) (%) (%)

2017 n-i-p 1.11 23.62 80.3 22.1 Science 356, aan2301
2018 n-i-p 1.13 2491 80.5 226 Nat. Energy 3, 682-689
2019 n-i-p 1.14 24.92 79.6 227 Nature 567, 511-515
2019 n-i-p 1.18 252 784 233 Nat. Photonics 13, 460-466
2019 n-i-p 1.15 26.1 79.0 237 Science 366, aay7044
2020 n-i-p 1.18 26.2 79.6  24.6 Science 369, abb7167
2021 n-i-p 1.18 25.1 84.8 252 Nature 590, 587-593
2021 n-i-p 1.17 26.1 81.8 252 Nature 592, 381-385
2021 n-i-p 1.18 25.7 832 255 Nature 598, 444-450
2022 n-i-p 1.18 23.13 86.6 233 Nature 601, 573-578

Energy Environ. Sci., 15, 4813—
2022 n-i-p 1.128 25.64 85.2 24.66

4822
2022 n-i-p 1.18 26.2 82.6 256 Science 377, abp8873
2023 n-i-p 1.18 25.64 85.1 257 Nature (2023)
2019 p-i-n# 1.14 23.8 82 22.3 Nat. Energy 5, 131-140
2020 p-i-n* 1.21 22.59 81.6 238 Joule 4, 1248-1262

J. Am. Chem. Soc 142, 20134-
2020 p-i-n* 1.16 24.7 792 228

20142
2021 p-i-n* 1.18 24.1 85 23.7 Sci. Adv. 7, eabj7930
2021 p-i-n* 1.17 24.1 842 238 Science 373, 902-907
2022 p-i-n 1.14 253 81.3 235 Science 375, abl5676
2022 p-i-n# 1.18 25.6 80.6 243 Science 376, abm8566
2022 p-i-n 1.16 25.4 81.5 24.1 Nature 611, 278-283
2023 p-i-n# 1.17 25.5 82.5 246 Science 380, 823-829
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2023

2023

2023

2023

p-i-n*

1.16

1.17

1.189

1.14

25.73

25.05

25.54

25.3

82.5 245 Science 379, 690-694
82.7 249 Science 379, 683-690
83.2 25.39 Nature

85.6 249 This work

Note: The symbol of p-i-n* represents the PSCs in the p-i-n configuration employing PTAA as

HTMs.
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