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Experimental Section

Chemicals

Materials used in experiments include cesium iodide (Csl, 99.999%, Alfa Aesar), formamidine acetate
(FAAc, 99%, Alfa Aesar), N,N-dimethylformamide (DMF, 99.8%, Sigma Aldrich), 2-propanol (IPA,
99.5%, Sigma Aldrich), lead chloride (PbCl,, 99.99%, Aladdin), 1-methyl-2-pyrrolidone (NMP, 99.5%,
Alfa Aesar), oleyamine (OAm, 80-90%, Acros), lead iodide (Pbl,, 99.99%, Xi’an Polymer Light
Technology Co., Ltd.), hydroiodic acid (HI, 55%-58%, Aladdin), tin chloride dihydrate (SnCl, 2H,0,
99.995%, Sigma Aldrich), urea (99%, Macklin), thioglycolic acid (TGA, 99%, Sigma Aldrich),
hydrochloric acid (HCI, 36%, Guangzhou Chemical Reagent), carbon paste (DD-10, Saidi). All the

chemicals were used without further purification.

Synthesis of oleylammoniun iodide

12.5 mL of oleyamine and 100 mL of anhydrous ethanol were stirred in a round-bottom flask at 0 °C.
Then 10 mL of HI was added dropwise into the mixed solution, which was kept stirring overnight in
nitrogen at room temperature. OLAI was obtained after evaporating the solvent. The product was

recrystallized with the use of diethyl ether three times to obtain a white or yellowish solid.!

Synthesis of formamidine iodide
50 g of FAAc and 75 mL of HI were stirred in a round-bottom flask at 60 °C for 2.0 h. FAI crystals were

obtained after evaporating the solvent and recrystallizing with diethyl ether.

Preparation of SnO, electron transport layer

F-doped SnO, (FTO) glasses were first cleaned with detergent, deionized water, ethanol, acetone, and
ethanol in sequence. SnO, electron transport layer was constructed through a chemical bath deposition
(CBD) technique. 5.0 g of urea, 100 uL of TGA, 5.0 mL of HCI were dissolved in 400 mL of ultrapure
water at 0 °C. 1.096 g SnCl,-2H,0 was dissolved in the solution and stored in a fridge. Before CBD, the
Sn?* precursor solution was diluted by 6 times with ultrapure water, in which the FTO glass was soaked
at 80 °C for 3.0 h. After the CBD process, the glass was cleaned with ultrapure water and annealed at 180
°C for 1h.? Prior to the deposition of perovskites, the compact SnO, substrates were treated with UV-

ozone for 15 min.



Fabrication process of FA( g;Cs.17Pbl; perovskite films

The perovskite precursor solution was prepared by dissolving 100 uL of NMP, 0.1428 g of FAI, 0.0442
g of Csl, 0.0278 g of PbCl,, and 0.461 g of Pbl, in 500 pL. of DMF. The precursor solution was spin-
coated on SnO; substrates at 2000 rpm for 15 s and then at 3000 rpm for 10 s. The air flow was introduced
from a compressed air gun at the 10™ second of the spin-coating process, and the perovskite films were
quenched for 5 s. After the spin-coating process, the obtained perovskite films were annealed at 70 °C for
5 min in the air glove box, and then annealed at 150 °C for 17 min in ambient conditions in an isolation
room with temperature and humidity control by the air conditioner and dehumidifier/humidifier (25 + 2

°C, RH = 50 + 5%).

Fabrication of 3D/2D perovskite layer
The OLAI precursor solution in IPA was deposited on the perovskite layer through a dynamic spin-
coating method in a dry air environment, where the solution was dipped onto the spinning film dropwise

slowly at 4000 rpm. Then, the films were annealed on a hot plate at 100 °C for 10 min.

Preparation of carbon electrode
Carbon paste was painted onto the perovskite layer by doctor blading and then annealed at 120 °C for 10

min in ambient with relative humidity of ~ 30%.

Preparation of pure OLA,FAPb,I; and BA,FAPb,I; 2D perovskite films

A saturated OLA,FAPD;,I; stoichiometric perovskite solution was prepared in DMF at 70 °C. The solution
underwent a slow temperature decrease (less than 10 °C per hour), and red 2D perovskite crystals were
obtained at 28 °C. After the separation and drying process, the red 2D perovskite crystals were dissolved
in DMF solution and spin-coated on FTO to obtain the pure 2D perovskite films for XRD and UPS tests.
The BA,FAPb,I; films were prepared by a similar method.

Preparation of pure PEA,FAPb,I, 2D perovskite film

Firstly, an ultra-thin 3D perovskite layer with a thickness of about 100 nm was prepared with a high spin-
coating speed (more than 8000 rpm). Then, a PEAI-FAI IPA solution with a molar ratio of 2:1 was spin-
coated on the surface to convert the 3D perovskite into pure PEA,FAPb,I; 2D perovskite.?

Characterization
J-V curves of PSCs were measured by Keithley 2401 source meter equipped with a 300 W AM 1.5 G
solar simulator (ORIEL-SOL3A 94023A). Calibration was taken by an NREL standard Si solar cell to set



the power of the simulated solar light to 100 mW c¢m™. During the measurement, the photoactive area
was defined by a shading mask (0.125 cm?). The light intensity-dependent J—F measurements employed
neutral-density optical filters to modulate light intensity. The stabilized power output (SPO) was
measured at the maximum power point with a constant voltage (0.853 V for the 3D device and 0.926 V
for the 3D/2D-O device) using a xenon lamp light source. The UV-visible absorption and
photoluminescence (PL) emission spectra were recorded from a UV-visible spectrophotometer
(Shimadzu UV-2600) and an optical fiber fluorescence spectrophotometer (Ocean Optics, halogen lamp),
respectively. The morphology and device structure of perovskite film was characterized by a field-
emission scanning electron microscope (Pharos, Phenom). XRD spectra were measured on an X-ray
powder diffractometer (MINIFLEX600, RIGAKU) with Cu K, (0.15405 nm) irradiation at 36 kV and 30
mA. Grazing incidence wide-angle X-ray scattering (GIWAXS) was conducted on Taiwan light source
beamlines TLS BL13A1. A round CCD detector with 165 mm diameter was used to collect the two-
dimensional X-ray scattering and diffraction patterns with available q range from 0.05 A~' to 2.5 A~!. The
samples were measured at a wavelength of 1.02710 A and STD of 229 mm. External quantum efficiency
(EQE) tests were measured using a Keithley 2000 multimeter with the illumination of a 300 W tungsten
lamp with a Spectral Product DK240 monochromator. Electrochemical impedance spectroscopy (EIS)
was carried out on an electrochemical workstation (Zahner, Zennium) under dark conditions at forward
bias voltages of 1.05 V by applying a 10 mV AC sinusoidal signal with the frequency ranging from 1
MHz to 1 Hz. For TPV/TPC measurements, the devices were illuminated by a white light-emitting diode
(30 W), a small perturbation was generated by an attenuated laser pulse (532 nm, 1.344 ns), and the data
were monitored by an oscilloscope (RIGOL, DS2302A). Time-resolved photoluminescence (TRPL)
measurements were carried out by Edinburgh Instruments (Edinburgh, U.K.) FSL1000
spectrofluorometer equipped with a 450 nm laser as the light source. For the SCLC tests, the electron-
only devices with the structure of FTO/SnO,/perovskite/PCBM/Ag were fabricated. Then, the devices
were placed in a dark vacuum device for J-V testing. Ultraviolet photoelectron spectra (UPS) were
obtained from X-ray photoelectron spectroscopy/ESCA (ESCALAB Xi+, Thermo Fisher Scientific).
Kelvin probe force microscopy (KPFM) spectra were obtained from an atomic force microscope
(Dimension Icon, BRUKER). The contact angle was measured by a Kriiss drop-shape analyzer
(DSA25E). The Pb leakage test was carried out following the literature method.* The perovskite films
with or without OLAI treatment were fabricated on FTO glasses and soaked in 20 mL ultra-pure water in
a glass vial for different time. Then, the Pb concentrations were tested by ICP-MS (7700, Agilent
technologies). The water tolerance tests of C-PSCs were carried out by soaking the devices directly in
ultra-pure water and taking them out every 30 s to test the PCE for each device. Before testing, the devices

were wiped by tissue and then tested directly without drying thoroughly. The maximum power point



(MPP) tracking tests were performed on a multi-channel solar cell stability test system (Wuhan

91PVKSolar Technology Co. Ltd, China).



Note S1: Calculation of energy levels of 3D and 2D perovskite.
Cutoff energies (Ecuofr1 and Ecyosr2) are extracted from UPS spectra at high and low binding energy
regions, respectively. It is particularly important to note that the intensity needs to be converted to the
logarithmic scale to avoid overestimating of the valence band edge from UPS measurements.®> The Fermi
level of the instrument has been calibrated by ultrapure Ag sample, and the work function @ of the
samples can be calculated by Equation 1:
Er=®=2122—E.yor1 (1)

where 21.22 eV is the photon energy of the light source (He I radiation), and @ corresponds to the Fermi
level (EF) of the sample. Then, the valence band maximum (Evyg) is calculated by the energy difference
between Er and hole transport barrier (Eqytofr2):

Evp = Er — Ecutotr2 2
Finally, the conduction band minimum (E£cg) was calculated according to the band gap (£,) of the sample:

Ecg=FEvp + E, 3)
where E, is determined from the Tauc plot. Tauc plot is transformed based on UV-visible diffuse
reflectance spectra according to the Tauc equation:

(ahv)Vr=A(hv—E,)  (4)
where a is the absorption coefficient, /v is the photon energy, 4 is a constant known as the band tailing
parameter, n is the power factor of the transition mode. For perovskite (direct gap semiconductor), n =
0.5. Among them,

hv =1240/4 (5)

where 4 is the wavelength. For the fixed perovskite layer thickness, A(4) =< a(4), so Ahv is reasonably

applied as the vertical axis instead of ahv, and E, is derived from the intercept of the horizontal 4v axis

by extrapolating a straight line in the Tauc plot.

Note S2: Work function calculation principle of KPFM.
The premise is that the work function of the probe remains constant, and the work functions of Au or
highly oriented pyrolytic graphite (HOPG) are relatively stable and known. Au (WF = 5.1eV) or HOPG
(WF = 4.6 eV) is usually used as a calibration sample. Then, the WF of the probe can be calculated by
using this probe to test the contact potential difference (CPD) between the probe and the Au or HOPG
sample.
The WF of the probe is related to the conditions under which the bias voltage is applied to the probe or
sample during the KPFM tests.
If the bias voltage is applied to the probe:

CPD = potential of the sample (samplc) - potential of the probe (probe)



If a bias voltage is applied to the sample:
CPD = jrobe = sample
In this work, a bias voltage is applied to a Tap150E-G probe, and the calibration standard is freshly peeled
highly oriented pyrolytic graphite (HOPG). WF of the probe can be calculated by the following equation:
CPD = HopG - probe = (WFHOPG = WFrobe)/-€
After obtaining the WF value of the probe, the sample can be tested with the probe. Taking the 3D
perovskite sample as an example:
CPD = 3p - probe = (WF3p - WFgpe)/-€
The WF of the sample can be calculated based on the CPD and the WF value of the probe.

Note S3: The analysis of the efficiency loss by the Shockley-Queisser (S-Q) model.

The band gap of the perovskite used in this work is 1.55 eV. The parameters of the Shockley-Queisser
(S-Q) limit in the table were calculated via a publicly available Python-based script

(https://github.com/marcus-cmc/Shockley-Queisser-limit?tab=readme-ov-file).°

According to the S-Q model, the actual total power conversion efficiency loss of the device can be

PCE/

expressed as PCES? The Voer Jse» and FF corresponding to the real PCE and S-Q limit PCE can be
split into five items to express five different loss pathways, respectively, as described by the following

equation:
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Vioc is the radiative limit of the V.. and the difference between it and the real V. of the device (V oc)1s

nrad
non-radiative open-circuit voltage loss (AV oc ), calculated by the following equation:



kT
Vg = Vo = AV = ?lniffzi(Qlim)

lum
Q%" is the external luminescence quantum efficiency.

FFEo(Voe) represents the FF corresponding to V. without resistive losses, calculated by the following

equation:

n, kT
q 1s the elementary charge, £ is the Boltzmann constant, and 7 is the temperature. The ideality factor of

nig= 1 was assumed.

Computational Methods

All the calculations are performed in the framework of the density functional theory with the projector
augmented plane-wave method, as implemented in the Vienna ab initio simulation package.!® The
generalized gradient approximation proposed by Perdew-Burke-Ernzerhof (PBE) is selected for the
exchange-correlation potential.!' The cut-off energy for plane wave is set to 500 eV. The energy criterion
is set to 107 eV in iterative solution of the Kohn-Sham equation. All the structures are relaxed until the
residual forces on the atoms have declined to less than 0.02 eV/A. To avoid interlaminar interactions, a
vacuum spacing of 18 A is applied perpendicular to the slab. The Heyd-Scuseria-Ernzerhof (HSE06)
hybrid functional was chosen for a more reliable calculation of electronic properties to avoid the PBE

functional's underestimating the bandgap of the semiconductor.!?
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Fig. S1 (a) Cross-section and (b) top-view SEM images of perovskite films.
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Fig. S2 The top-view and cross-sectional SEM images of the 3D/2D heterojunction film before (a,c)
and after (b,d) IPA washing.
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Fig. S3 (a,c,e) XRD pattern, (b,d,f) UV-vis absorbance and PL spectra of OLA,Pb,1;, BA,FAPb,I;, and
PEA,FAPb,I; perovskite films, respectively.
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Fig. S4 Tauc plots of a) 3D and b) OLA,Pb,I;, ¢c) BA,FAPb,I;, and d) PEA,FAPb,I; 2D perovskite.
Magnified regions of UPS spectra of large binding energy (Ecuwosr,1) and low binding energy (Eqyofr2) for
e) 3D, and f) OLA,Pb,l;, g) BA,FAPb,I; and h) PEA,FAPb,I; 2D perovskite. Note: the Y-axis in the

figures used the logarithmic scale, which can avoid the overestimation of the valence band edge.
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Fig. S5 Integrated intensity of GIWAXS data along ¢, of (a) 3D perovskite and (b) 3D/2D-O perovskite

films.
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Fig. S6 (a) The dark J-V curves and V1g determination of electron-only devices. (b) J-V curves of

electron-only devices in both positive and negative directions. (c) J-V curves of 3D-O device measured

at different scan rates.

Note: The density of defect states can be calculated using the following equation:

where ¢, is the relative permittivity, &, is the vacuum permittivity, Vrgp is the onset voltage of the trap-
filled limit, g is the elementary charge, and L is the thickness of the perovskite film.

We also measured the J-V curves of the electron-only devices in both positive and negative directions.
As shown in Fig. S6b, both the positive and negative scans showed increased current with the increase of
voltage, confirming the electron can be successfully injected and the absence of an injection barrier. The

J—V curves with different scan rates are shown in Fig. S6c. It can be found that the scan rate has negligible

influence on the determination of Vtgr.
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Fig. S14 XRD pattern evolution of 3D/2D-O perovskite films soaking in water for more than 120 min.
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Table S1 Hall effect measurements of different 2D perovskite films.

Sample Carrier density (cm3) Hall coefficient (cm?3/c) Type

2D-O 1.91x10%° 0.033 p

2D-B 6.56x10"° -0.095 n

2D-P 2.83x10%0 -0.021 n

Table S2 Fitting parameters of 3D and 3D/2D perovskite films.

Sample Aq 71 (ns) A 7, (ns) 7 (ns)
3D 315.17 13.66 602.32 162.56 156.29
3D/2D-O 352.77  22.77 611.89 111.66 102.31
3D/2D-P 262.68  22.52 683.30 198.70 191.34
3D/2D-B 271.84 2464  675.09 218.78 210.36

17



Table S3 Photovoltaic parameters of PSCs at various concentrations (mg/mL) and droplet number of

OLALI solution.

Conc/droplet Voc S Fr rer

VI [mA ecm™] [Yo] [Yo]

1.02 +£0.01 23.29+027 7198+0.82 17.16+0.25
o2 (1.03) (23.72) (71.81) (17.53)

1.04 +£0.01 23.35+0.29 72.66+0.67 17.59+0.29
o (1.04) (23.46) (74.23) (18.11)

1.04 +£0.01 23.37+028  72.85+0.59 17.60+0.23
o8 (1.06) (23.40) (74.03) (18.26)

1.05+0.01 23.53+£0.28  75.12+£0.52 18.61£0.35
10 (1.07) (23.93) (75.80) (19.50)
10/8 (targe) 1.07 £ 0.01 23.86 +£0.23 75.95+0.76 19.41 £0.31

(1.09) (24.04) (76.98) (20.08)

1.01 £0.02 23.19+042  64.05+£2.30 1498+0.47
2058 (1.05) (23.06) (66.08) (15.97)

0.97£0.03 16.22+0.70  47.40+3.82 7.44+0.57
2058 (0.92) (16.38) (56.13) (8.46)
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Table S4 Photovoltaic parameters of C-PSCs based on 3D and 3D/2D perovskite films and the calculated

S-Q limit parameters of PSC with a band gap of 1.55 eV. (R represents reverse scan, F represents forward

scan)

Device Voo [V] (m Achm‘z] FF [%] PCE [%]

S-Q limits 1.28 27.27 90.25 31.44

average 1.02 £ 0.01 23.25+0.25 71.43 £1.07 16.92 £0.28
3D champion (R) 1.04 23.58 71.38 17.49
champion (F) 1.00 23.45 67.69 15.59

average 1.07 £ 0.01 23.86+0.23 75.95+£0.76 19.41 £0.31
3D/2D-0 champion (R) 1.09 24.04 76.98 20.08
champion (F) 1.07 23.97 74.11 19.04

average 1.03+0.01 23.37+0.31 71.69 £+ 1.46 17.18 +£0.52
3D/2D-B champion (R) 1.04 23.54 73.66 18.08
champion (F) 1.01 23.40 70.67 16.68

average 1.05 +0.01 23.35+0.20 72.53 £1.57 17.74 £ 0.44
3D/2D-P champion (R) 1.06 23.60 74.00 18.46
champion (F) 1.03 23.52 71.03 17.22
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Table S5 Summary of the representative photovoltaic performance of the planar HTL-free carbon

electrode-based PSCs (> 16%)

Perovskite Device structure (m AJ:m_Z] Kgi FF 1[);1;: Ref.
FAg5:Cso.17Pbls FTO/Sn0,/PVK/C 2404 109 0769 20.08 M3
FAPbI, FTO/c-TiOym-TiOyPVK/C 2430 1.03 0739 1850 13
FAg¢CsouPbl;  FTO/c-TiOy/m-TiO,PVK/C 2295 100 0.781 17.69 14
FAo¢CsosPbl;  FTO/c-TiO)/m-TiO,PVK/C 2290 1.0l 0782 18.08 IS
FAo¢CsosPbl;  FTO/c-TiO/m-TiO,/PVK/C 2348 103 0789 19.06 16
FAg¢CsosPbl;  FTO/c-TiOy/m-TiO,/PVK/C 2282 103 0788 1852 17
CsPbl, FTO/c-TiOy/PVK/C 2013 111 0808 1805 I8
CsosFAgsPbl;  FTO/e-TiOy/m-TiOPVK/C 2153 097 0777 1630 1
MAPbI, FTO/c-TiOym-TiOyPVK/C  23.84 097 0.708 1640 2
GAg>MAgsPbl; FTO/SnO,/PVK/C 274 110 0.646 1619 2!
MAPbI, ITO/SnO,/PVK/C 1990 1.14 0.726 1645 2
MAPbI, FTO/SnO,/PVK/C 2385 1.10 0718 1890 23
Cs00sMAgosPbI; ITO/Cqy/PVK/C 272 112 0730 1864 2
FAgoMA Pbl; FTO/Sn0,/PVK/C 2466 1.09 0721 1941 2
FAqoMAg Pbl, FTO/SnO,/PVK/C 2366 111 0743 1942 2
CsPbl, FTO/TiO»/PVK/C 19.84  1.13 0823 1847
MAPbI, ITO/SnO,/PVK/C 2342 107 072 1813 8
MAPbI, FTO/TiO»/PVK/PQD/C 2252 106 0751 1793 2
FAMA, Pbl; ITO/SnO,/PVK/C 2318 1.06 0711 17.49 %
MAPbI, ITO/SnO,/PVK/C 2363 111 0651 17.06 3
MAPbI, ITO/SnO,/PVK/C 278 116 065 1727 *
FAg¢CsosPbl;  FTO/c-TiOy/m-TiO,PVK/C 2350 105 0791 19.52 3
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Table S6 Efficiency loss results of 3D and 3D/2D-O based C-PSCs.

Vrzgl ]sc FFTeal Vrzgl VTDaLfi FFO(VT?ZI) FFreal PCE
I N S Jerrsty | erry oo
3D 79.81%  85.25% 79.15% 87.46%  91.25% 97.94% 80.80% 53.81%
3D/2D-O 83.72%  87.50% 84.16% 89.24%  93.82% 98.40% 85.51% 61.72%

Table S7 EIS parameters of 3D and 3D/2D-O based devices.

Device R, (Q cm?) C, (mF cm™) R, (Q cm?)
3D 67.39 3.09x10°8 101.5
3D/2D-0O 63.53 4.76x1078 250.2
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