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[bookmark: _Hlk216115039]Note S1 
Calculation of the saturated vapor pressure.
[bookmark: _Hlk215753302]The saturated vapor pressures of Sb2S3 and Sb2O3 can be calculated using the Antony equation [S1]. Formula S1 is as follows:
(S1)
Among them, the saturated vapor pressure P is in Pa, parameter 6895 is the conversion factor between the pressure units psi and Pa, A and B are the parameters of the curve to be determined, and T is the Kelvin thermodynamic temperature.
The parameters A and B of Sb2S3 are 13.93 and 10490, respectively, and those of Sb2O3 are 3.885 and 4417, respectively. 
Note S2 Calculation of the relationship between the diffusion coefficient and temperature.
The variation law of the diffusion coefficient with temperature can be described by the Arrhenius equation [S2]. Formula S2 is as follows:
(S2)
Here, D0 refers to the pre-factor, Q is the activation energy, and R is the general gas constant (where the value of R is the product of Avogadro's constant and Boltzmann's constant), with the unit being J/mol. D0 and Q are temperature-independent constants. 
Note S3 Calculation of air kinematic viscosity.
1. Schematic diagram of annealing strategy for thin atmospheric interlayers.
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2. Schematic diagram of horizontal mezzanine.
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3. Grashof formula [S3]. Formula S3 is as follows:
(S3)
Gr is the Grashof number, g is the air acceleration, β is the volume expansion coefficient of air, Th is the high-temperature wall temperature of the air interlayer, Tc is the low-temperature wall temperature of the air interlayer, δ is the thickness of the air interlayer, and v is the kinematic viscosity of the air.
In conventional OAA, due to the absence of physical confinement, the characteristic length δ is at the macroscopic scale (centimeter level), resulting in Gr being much higher than the critical value for the onset of natural convection, thereby triggering strong buoyancy-driven convection. However, in the CSA configuration, the confined gap is compressed to 4.6±0.5 μm, reducing the characteristic length by approximately four orders of magnitude. This leads to a sharp decrease in Gr to a level far below the critical threshold for natural convection, effectively suppressing macroscopic fluid motion. At this point, the mass transport mode within the gap shifts from convection-dominated to molecular diffusion-dominated. 
[bookmark: _Hlk213401881][bookmark: _Hlk214296084][bookmark: _Hlk214285755]Note S4 Summary of the research work of Sb2S3 solar cells using carbon or Au as a back electrode in N2, Ar or Air. 
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This work successfully fabricated a carbon-based Sb2S3 solar cell using the CSA strategy, achieving a certified efficiency of 7.17%. Through literature review, this efficiency represents the highest record among all carbon-based Sb2S3 devices that have been fabricated under air atmosphere conditions (without any vacuum steps).
	Device Structure
	Year
	PCE [%]
	Atmosphere
	REF No.

	FTO/TiO2/Sb2S3/P3HT/Au
	2017
	2.40
	Air
	[S8]

	FTO/TiO2/CdS/Sb2S3/Au
	2022
	4.23
	Air
	[S9]

	FTO/TiO2/Sb2S3/P3HT/Au
	2025
	2.8
	Air
	[S10]

	FTO/CdS/Sb2S3/MoOx/Carbon
	2025
	4.7
	Air
	[S11]

	FTO/CdS/Sb2S3/PbS/Carbon
	2026
	7.17
	Air
	This work]

	FTO/TiO2/Sb2S3/Spiro-OMeTAD/Au
	2019
	6.56
	Ar
	[S12]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2025
	7.29
	Ar
	[S13]

	FTO/TiO2/CdS/Sb2S3/Spiro-OMeTAD/Au
	2021
	6.53
	Ar+H2
	[S14]

	FTO/TiO2/Sb2S3/Spiro-OMeTAD/Au
	2020
	7.10
	N2
	[S15]

	ITO/CdS:In/Sb2S3/Spiro-OMeTAD/Au
	2022
	7.15
	N2
	[S16]

	FTO/SnO2/CdS/Sb2S3/Spiro-OMeTAD/Au
	2022
	6.84
	N2
	[S17]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2022
	8.00
	N2
	[S18]

	FTO/TiO2/Sb2S3+MAPbI3/Spiro-OMeTAD/Au
	2023
	8.32
	N2
	[S19]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2023
	6.82
	N2
	[S20]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2023
	6.92
	N2
	[S21]

	FTO/SnO2/CdS/Sb2S3/BTR-TPA/Spiro-OMeTAD/Au
	2024
	7.51
	N2
	[S22]

	FTO/SnO2/CdS/Sb2S3/Spiro-OMeTAD/Au
	2024
	7.66
	N2
	[S23]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2024
	6.51
	N2
	[S24]

	FTO/CdS/Sb2S3/SAM/Spiro-OMeTAD/Au)
	2024
	8.06
	N2
	[S25]

	FTO/TiO2/ZnO/Sb2S3/P3HT/Au
	2025
	7.5
	N2
	[S26]

	FTO/CdS/Sb2S3 (PEAI)/Spiro-OMeTAD/Au
	2025
	8.21
	N2
	[S27]

	FTO/c-TiO2/TiO2-CdS-NA/Sb2S3/Spiro-OMeTAD/Au
	2025
	8.06
	N2
	[S28]

	FTO/SnO2/CdS/Sb2S3/PbS-EDT/Au
	2025
	8.26
	N2
	[S29]

	FTO/TiO2/Sb2S3/Spiro-OMeTAD:TMT-TTF/Au
	2025
	6.97
	N2
	[S30]

	FTO/SnO2/CdS/Sb2S3/Spiro-OMeTAD/Au
	2025
	8.03
	N2
	[S31]

	FTO/CdS/Sb2S3/Spiro-OMeTAD/Au
	2025
	6.54
	N2
	[S32]

	FTO/SnO2/CdS/Sb2S3 (SDBS)/Spiro-OMeTAD/Au
	2025
	6.77
	N2
	[S33]

	ITO/TiO2/CdS/Sb2S3/Carbon/Ag
	2023
	7.23
	N2
	[S34]

	FTO/CdS/Sb2S3/MnS−PbS/Carnon
	2025
	6.60
	N2
	[S35]

	FTO/CdS/Sb2S3/MnS/Carbon
	2025
	6.55
	N2
	[S36]


Note S5 Charge-transport losses analysis.
1. Shockley-Queisser limit FF
When both transport losses and non-radiative losses are absent, the FF for solar cells operating at the radiative limit (i.e., the Shockley-Queisser limit) can be computed via a publicly accessible Python script (https://github.com/marcus-cmc/Shockley-Queisser-limit) [4]. The FF at SQ limits corresponding to samples C450 (1.77eV) and N450 (1.75eV) in this study were 91.24% and 91.06%, respectively.
2. Theoretical FF
The theoretical FF without charge-transport losses was computed using the following Formulas S4-S5:
(S4)
(S5)
where n is ideality factor, VOC is open-circuit voltage, kB is the Boltzmann constant, T is the temperature, q is the elementary charge. In this work, the VOC values of the C450 and N450 samples were 750 mV and 689 mV, with n values of 1.88 and 1.94 respectively. The theoretical FFmax calculated were 76.97% and 75.08%.
3. Experimental FF
The FF of C450 is 62.7%, and that of N450 is 51.6%.


Note S6 The relationship between JSC of the cell and the irradiation light intensity.
[bookmark: _Hlk214296466][bookmark: _Hlk214296169][bookmark: _Hlk215755125]The relationship between JSC and VOC of the cell and the irradiation light intensity can reveal the characteristics of carrier transport and extraction efficiency [S5]. The function relationship between JSC of the solar cell and the light intensity is as follows (Formula S6):
(S6)
where I represent the percentage of irradiation light intensity, and α is the power index. The α values of C450 and N450 devices can be obtained by fitting a formula, which are 0.98 and 0.95, respectively. 
Note S7 The relationship between VOC of the cell and the irradiation light intensity.
As shown in Formula S7, the function relationship between VOC of the solar cell and the light intensity is [S6]:
(S7)
[bookmark: _Hlk214296392]where T, kB, and q are the Kelvin temperature, Boltzmann constant, and elementary charge, respectively, and n is the ideality factor related to recombination. The ideality factor n of C450 and N450 devices can be obtained by fitting, which are 1.88 and 1.94, respectively. 
Note S8 The relationship between the 1/C2-V curve and Vbi.
[bookmark: _Hlk214296849]The 1/C2-V curves were plotted for the test data, and the linear segments of the curves were fitted and extrapolated based on Formula S8 [S7]:
(S8)
where C is the capacitance, V is the applied DC bias voltage, S (0.09 cm²) is the cell area, ε₀ (8.854 × 10-14 F/cm) is the vacuum permittivity, and εₚ (6.67) is the relative permittivity of Sb2S3. 
Note S9 The relationship between J0 and VOC.
The reverse saturation current of the cell also reflects the VOC closely related to carrier recombination [S5], the Formula S9 as follows:
(S9)
where A is the diode ideality factor, and J0 is the reverse saturation current. The lower reverse saturation current of the C450 cell will result in a higher VOC, which is consistent with the photovoltaic test results of the device. 
[bookmark: _Hlk222060245]Note S10 DLTS measurement configuration and trap type determination.
The deep-level transient spectroscopy (DLTS) measurement was carried out using the Phystech FT-1230 HERA DLTS system. The temperature scanning range was from 120 K to 425 K, with a step size of 2 K. The optical excitation mode (O-DLTS) was employed, using a 650 nm laser diode as the excitation source to preferentially fill the minority carrier traps. 
In the DLTS spectrum, the sign of the signal is determined by the direction of the capacitance transient when the traps emit carriers. For p-type Sb2S3, the majority carriers are holes. Under optical excitation, the photogenerated minority carriers are captured by the traps, so the positive peak corresponds to the electron traps and the negative peak corresponds to the hole traps. Based on this, we attribute the negative peak in Fig. 6a to the hole trap H1. 

[image: ]
[bookmark: _Hlk222908307]Fig. S1 Top-view and cross-sectional SEM images of Sb2S3 precursor films deposited for different hydrothermal times: a, d 5 h, b, e 10 h, c, f 15 h
The hydrothermal deposition time was varied (5, 10, 15 h) to control the precursor thickness, and 10 h was determined as the optimal condition for achieving high-quality films under CSA (Fig. S1), as evidenced by the device performance statistics shown in Fig. S2. At a deposition time of 5 h (Fig. S1a, d), the resulting film was relatively thinwith incomplete surface coverage and sparse grain distribution, leading to insufficient light absorption and poor crystallinity. In contrast, when the deposition time was extended to 15 h (Fig. S1c, f), the film became excessively thick which compromises film uniformity and increases recombination losses. The 10 h deposition (Fig. S1b, e) produced a film with optimal thickness, dense and uniform grain structure, and well-defined grain boundaries, corresponding to the best device performance.
[image: ]
Fig. S2 The performance parameters of Sb2S3 precursor films deposited for different hydrothermal times
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Fig. S3 The results of multiple measurements of the gap size
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Fig. S4 Energy level arrangement diagram
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Fig. S5 Saturated vapor pressure
Under the same temperature and pressure conditions, the higher the saturated vapor pressure of a substance, the stronger its volatility.


[image: ]
Fig. S6 Crystal structure of Sb2S3 

[image: ]
[bookmark: _Hlk222908566]Fig. S7 The performance parameters of C290-C380 devices

[bookmark: _Hlk222911727][image: ]
Fig. S8 Top-view and cross-sectional SEM images of different annealing times under CSA: a, d 2 min, b, e 3 min, c, f 4 min
[bookmark: _Hlk222911251]As shown in Fig. S8, when the annealing time was 2 min (Fig. S8a, d), only fine Sb2O3 particles were formed on the film surface, with a few holes present, and the cross-sectional structure was relatively loose; when the annealing time was extended to 3 min (Fig. S8b, e), the surface Sb2O3 particles were of moderate size and evenly distributed, with clear grain boundaries visible, and the cross-section showed a dense and continuous film, indicating good crystalline quality; when the annealing time was further increased to 4 min (Fig. S8c, f), the surface Sb2O3 particles overgrew and their size significantly increased, with some areas having blurred or even covered grain boundaries, and the cross-section showed discontinuous structures, indicating that excessive oxidation had damaged the film integrity. 
[image: ]
Fig. S9 The performance parameters of different annealing times under CSA
[image: ]
Fig. S10 Schemes of Sb2S3 precursor films annealing in atmosphere using the up mode

[image: ]
[bookmark: _Hlk213411057]Fig. S11 The performance parameters of devices with Sb2S3 annealed in the up mode

[bookmark: _Hlk222911802][image: ]
Fig. S12 Macro digital photo of C450 after annealing


[image: ]
Fig. S13 The different magnification larger-area optical microscope image of the C450 after annealing
[image: ]
[bookmark: _Hlk222260772]Fig. S14 Low-magnification SEM images of a-h OAA and i-p CSA samples

Figure S14 showed that the OAA sample exposed large areas of densely distributed micrometer-sized holes, as well as large-sized Sb2O3 blocks coverings, indicating that the oxidation damage had extended from local areas to the entire film surface. In contrast, the CSA sample still presented a completely dense, hole-free, and non-peeling flat surface at the same magnification, with only Sb2O3 nano-belts visible at the grain boundaries.


[image: ]
Fig. S15 a XRD patterns of sample O290-O470; b Magnified view of XRD pattern in the range of 27-31o
Figure S15 shows the XRD patterns of OAA samples treated at different temperatures. The crystallinity shows a certain increasing trend with temperature. 
[image: ]
Fig. S16 a XRD patterns of sample C290-C470; b Magnified view of XRD pattern in the range of 27-31o
Figure S16 shows the XRD patterns of samples under the CSA strategy within the range of 290 to 470 °C. The diffraction peaks are sharper, indicating a significant optimization of crystallinity.


[image: ]
Fig. S17 FWHM plots of samples for the Sb2S3 (320) crystal plane
Compared with the same characteristic crystal plane, the FWHM value of CSA samples is smaller. Since FWHM is negatively correlated with grain size and lattice order (narrower peaks correspond to better crystallinity), this result directly supports that the crystallinity of CSA samples is significantly better than that of OAA samples. 
[image: ]
Fig. S18 Raman spectra of O290-O380 samples
Raman spectra (Fig. S18) show that peaks near 128, 156, 238, 300, and 310 cm-1 are characteristic peaks of Sb2S3, and peaks near 189, 254, and 450 cm-1 are characteristic peaks of Sb2O3. As the annealing temperature increased from 290 °C to 380 °C, the intensity of the characteristic peaks of Sb2S3 increased and the peak shapes became sharper, indicating that the crystallinity of Sb2S3 improved with increasing temperature. Simultaneously, the intensity of the characteristic peaks of Sb2O3 gradually increased, suggesting that the increase in temperature promoted the oxidation of Sb2S3 and increased the formation of Sb2O3. Although the increase in temperature improved the crystallinity of Sb2S3, it also exacerbated the oxidation side reaction, leading to excessive accumulation of the inactive Sb2O3 phase.
[image: ]
Fig. S19 Diffusion coefficient (D) at different temperatures

[image: ]
Fig. S20 Crystallization schematic diagrams of Sb2S3 under CSA at low-temperature and high-temperature

[image: ]
Fig. S21 SEM image of the CSA sample that has naturally cooled to room temperature
There were no significant oxidation signs on the film surface.


[image: ]
Fig. S22 DFT calculation of defects in Sb2S3
DFT calculations confirm that among all intrinsic point defects in Sb2S3, the formation energy of VS2 is the lowest. The formation of OS2 defects is lower than that of VS2 when Fermi energy is larger than 0.5 eV. 
[image: ]
Fig. S23 XPS survey spectra of C450 and N450 samples


[image: ]
Fig. S24 SIMS intensity of N450 samples
The counts of Sb and S in N450 samples remained basically constant with the etching time, indicating that the Sb2S3 composition was uniformly distributed in the bulk. 
[image: ]
Fig. S25 SIMS intensity of C450 samples
Due to the oxidation of Sb2S3, the surface of C450 film was uneven, causing some Cd and Sn to be exposed earlier. The surface layer (sputtering time ≤ 140 s) of C450 showed a gradient change in Sb, O, and S.
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Fig. S26 Statistical device parameters of the C450 and N450 solar cells 
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Fig. S27 EQE spectra of C450 and N450 devices 
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Fig. S28 Urbach energy of the C450 and N450 devices
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Fig. S29 Transmittance of the C450 and N450 sample
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Fig. S30 Tauc plot of the C450 and N450 sample
[image: ]
Fig. S31 Short circuit current density as a function of light intensity of C450 and N450 devices
[image: ]
Fig. S32 Open circuit voltage as a function of light intensity of C450 and N450 devices
[image: ]
Fig. S33 Transient photocurrent (TPC) of C450 and N450 devices
[image: ]
Fig. S34 Transient photovoltage (TPV) of C450 and N450 devices

[image: ]
Fig. S35 AFM image of N450 devices
[image: ]
Fig. S36 AFM image of C450 devices
[image: ]
Fig. S37 c-AFM image of N450 devices
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Fig. S38 c-AFM image of C450 devices
[image: ]
Fig. S39 C-V curves of C450 and N450 devices
[image: ]
Fig. S40 1/C2-V curves with a frequency of 1 kHz for C450 and N450 devices

[image: ]
Fig. S41 1/C2-V curves of the C450 device at different frequencies 
[image: ]
Fig. S42 1/C2-V curves of the N450 device at different frequencies
[image: ]
Fig. S43 Nyquist plots of C450 and N450 devices
The equivalent circuit consists of a series resistance (Rs), a charge conduction resistance (Rtr), a recombination resistance (Rrec), and the corresponding parallel capacitances Ctr and Crec. The fitting parameters are listed in Table S4. The Rs and Rtr of the C450 cell are 51 Ω and 5.2 kΩ, respectively, which are lower than those of the N450 cell (69 Ω and 7.1 kΩ), indicating that the C450 cell has less energy loss during the charge transfer process and a higher charge conductivity, consistent with the above c-AFM test results. Rrec is inversely proportional to the carrier recombination rate of the device. The Rrec of the C450 solar cell is 131 kΩ, significantly higher than that of the N450 cell (68.3 kΩ), indicating that the carrier recombination loss in the C450 device is smaller. 
[bookmark: _Hlk222914341][image: ]
Fig. S44 The performance of the devices in the stability test
[image: ]
Fig. S45 SEM images of C450 under stability tests of a 0 day, b 1 day, and c 7 day
Table S1 Sample Naming Instructions
	Sample
	Annealing Mode
	Annealing Temperature (°C)
	Opening Temperature (°C)

	O290-O470
	open-air annealing
	290-470
	290-470

	C290-C470
	confined-space annealing
	290-470
	290-470

	U410-U470
	up-coverage annealing
	410-470
	410-470

	D275-D450
	dynamic in-situ oxidation
	450
	275-450

	N450
	nitrogen atmosphere annealing
	450
	450



Table S2 The average value of the solar cell statistics results
	Sample
	Voc (mV)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)

	O290
	620
	6.99
	50.7
	2.19

	O320
	636
	9.16
	51.5
	3.00

	O350
	626
	3.40
	32.1
	0.68

	C410
	735
	14.28
	58.6
	6.16

	C430
	739
	14.15
	59.5
	6.21

	C450
	746
	14.45
	60.2
	6.52

	C470
	682
	11.28
	47.1
	3.63



Table S3 Value of charge-transport loss and nonradiative loss
	Sample
	FFSQ (%)
	FFmax (%)
	FFExperiment (%)
	Non-radiative loss (%)
	Transport loss (%)

	C450
	91.24
	76.97
	62.7
	14.27
	14.27

	N450
	91.06
	75.08
	51.6
	15.98
	23.48



Table S4 Retrieved parameters of Nyquist plots of C450 and N450 devices
	Sample
	Rs (ohm)
	Rtr (kohm)
	Ctr (nF)
	Rrec (kohm)
	Crec (nF)

	C450
	51
	5.2
	32.7
	131
	12.7

	N350
	69
	7.1
	20.5
	68.3
	12.4



Table S5 Defect state, energy level (ET), cross-section (σ), defect density (NT), and (σNT) of the detected defects in C450 and N450 devices
	Sample
	Trap type
	ET (eV)
	σ (cm2)
	NT (cm-3)
	σNT (cm-1)
	PCE (%)

	C450
	E1
	Ec-0.200
	3.02×10-17
	1.07×1014
	3.23×10-3
	7.17

	
	E4
	Ec-0.391
	1.65×10-16
	1.17×1014
	1.93×10-2
	

	
	H1
	Ev+0.603
	1.05×10-15
	3.44×1014
	3.61×10-1
	

	N450
	E1
	Ec-0.295
	2.03×10-16
	3.63×1014
	7.37×10-2
	5.11

	
	E2
	Ec-0.326
	1.23×10-17
	2.95×1014
	3.63×10-3
	

	
	E3
	Ec-0.347
	3.47×10-18
	3.41×1014
	1.18×10-3
	

	
	E4
	Ec-0.564
	5.09×10-15
	2.99×1014
	1.52
	

	
	H1
	Ev+0.628
	2.80×10-16
	1.33×1015
	3.72×10-1
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