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 Supplementary Figures
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Figure S1. Schematic illustration of the temperature-dependent precursor release and Sb2(S,Se)3 film formation during hydrothermal growth. At 105 °C, the slow release of S, Se, and Sb precursors leads to insufficient nucleation of the absorber film, resulting in incomplete surface coverage. At 135 °C, a balanced release of S, Se, and Sb precursors promotes the formation of a dense and continuous film. At 165 °C, the release becomes excessively rapid, causing disordered nucleation and leading to a rough film with poor uniformity.

[image: ]
Figure S2. Photos of solution-state conditions for temperature-regulated hydrothermal growth. a-c, the pH and temperature meter readings for precursor solutions corresponding to Samples A (a), B (b), and C (c), documenting the growth conditions at 105, 135 and 165 °C.
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[bookmark: OLE_LINK1]Figure S3. Atomic Force Microscope images of Sb2(S,Se)3 films prepared at different hydrothermal temperatures. a-c, Surface height images of Samples A, B, and C. The root-mean-square roughness values are 31.2 nm, 26.0 nm, and 299.3 nm, respectively.
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Figure S4. XRD patterns of Sb2(S,Se)3 films in the 20-45 degree range, corresponding to Samples A, B and C, respectively. The marked diffraction peaks are assigned to the FTO substrate.
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Figure S5. Magnified XRD patterns of Samples A, B and C in selected diffraction regions. The highlighted regions show the evolution of the characteristic (020), (120), (130) and (211) reflections relative to the Sb2Se3 and Sb2S3 reference positions.
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Figure S6. The absorption spectrum (a) and the plots of (h2 versus h with corresponding fitting curves (b) of the Sb2(S,Se)3 film. The direct bandgap of Samples A, B and C are 1.19, 1.29 and 1.38 eV, respectively.
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Figure S7. The ultraviolet photo-electron spectroscopy (UPS) curves of the Sb2(S,Se)3 films showing the valence band maximum (VBM, a) and the secondary electron cut-off (SEC) edge (b), corresponding to Samples A, B and C, respectively.
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Figure S8. Energy-level diagram of CdS/Sb2(S,Se)3/Spiro-OMeTAD hetero-structures[1].
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Figure S9. Temporal photoresponse J-T curves of the Devices A, B and C. The measurements were taken under 645 nm illumination with 2 mW·cm-2 for 10000 s. The step of each laser pulse is 10 s.
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Figure S10. The time-domain waveforms of the dark current for the Devices A, B and C, respectively.
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Figure S11. The measurement photograph of the nitrogen vacancy (NV) centers in diamond used for fluorescence detection. The setup integrates the excitation/collection optics, filter module and photodetector readout path.
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Figure S12. Demodulated optically detected magnetic resonance (ODMR) spectra obtained using 532 nm excitation wavelength. The fitted slopes of the commercial photodetector are 5.65 × 10-3 and 5.27 × 10-3 V·GHz-1, respectively.


Supplementary Notes
Supplementary Note S1. Deposition Mechanism of Sb2(S,Se)3 from Na2SeSO3 and Na2S2O3
1. Reactants: Potassium antimony tartrate, sodium thiosulfate, sodium selenosulfate and water
2. Analysis of the reaction conditions:
Sodium selenosulfate is more reactive and can be converted completely at a lower temperature and within a shorter reaction time to form Sb2Se3. By contrast, sodium thiosulfate is less reactive and requires a higher temperature and longer reaction time. Preferential decomposition of sodium selenosulfate therefore causes Sb2Se3 to deposit first. As sodium selenosulfate is consumed, decomposition of sodium thiosulfate becomes dominant, leading sequentially to the deposition of Sb2(S,Se)3 and Sb2S3. The as-deposited precursor film consequently contains an Sb2Se3/Sb2(S,Se)3/Sb2S3 compositional gradient and a corresponding graded bandgap that persists after annealing. This band alignment may facilitate electron extraction and transport but may impede hole transport.
3. Mechanistic analysis:
K2Sb2(C4H2O6)2 + 2H2O = 2K+ + 2SbO+ + 2C4H2O62-
[bookmark: _Hlk234851322]∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙(The aqueous solution is acidic) 
Na2SO3 + H2O = NaHSO3 + NaOH
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙(Origin of the alkaline solution)
SbO+ + OH− + H2O = Sb(OH)3 ↓
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙(White precipitate, dissolves at high temperature)
S2O32− + H2O = S2− + SO32− + 2H+
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙(Rate-limiting step; requires a higher temperature)
SeSO32− + H2O = Se2− + SO32− + 2H+
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙(Rate-limiting step; proceeds at a lower temperature)
K2Sb2(C4H2O6)2 + 3Na2S2O3 + 3H2O = 3Na2SO4 + K2C4H4O6 + C4H6O6 +Sb2S3 ↓
∙∙∙∙∙∙∙∙∙∙(Amorphous red precipitate; rate-limiting step; requires a higher temperature; the solution becomes more acidic after reaction)
K2Sb2(C4H2O6)2 + 3Na2SeSO3 + 3H2O = 3Na2SO4 + K2C4H4O6 + C4H6O6+Sb2Se3 ↓
∙∙∙∙(Amorphous reddish-brown precipitate; rate-limiting step; proceeds at a lower temperature; the solution becomes more acidic after reaction. )
𝑥Sb2S3 + 𝑦Sb2Se3 = Sb2(S𝑥, Se𝑦)3	 (x + y = 1)

Supplementary Note S2. Band alignment of Sample A, Sample B, and Sample C thin films.
Ultraviolet photoelectron spectroscopy (UPS) was carried out to measure the band alignment of thin films. According to the secondary electron cut-off (Ecut-off) edge and valence band (VB) position, the Fermi level (EF), the valence band (EV), and the conduction band (EC) can be determined based on the equations:
		(1)
		(2)
		(3)
where  is the excitation energy in the ultraviolet regime, i.e., HeI, = 21.22 eV, and Eg is the bandgap. The calculated EC/EF/EV levels of Sample A, Sample B, and Sample C are -4.25 eV/-4.73 eV/-5.44 eV, -3.96 eV/-4.48 eV/-5.25 eV, and -4.11 eV/-4.63 eV/-5.49 eV, respectively.

Supplementary Note S3. NV readout and magnetic sensitivity.
The lock-in output was recorded while the microwave frequency was swept across the ODMR transition. The slopes obtained by fitting the steepest regions on both sides of the resonance were used to convert ODMR frequency shifts into changes in the electrical readout signal. Magnetic sensitivity was then compared between the laboratory-built PD and the commercial PD under the same optical and electronic readout configuration.
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[1]	Dong, J. et al. Carrier management through electrode and electron-selective layer engineering for 10.70% efficiency antimony selenosulfide solar cells. Nature Energy.  10, 857-868 (2025).
image4.tiff
S4

Intensity (a.u)

Y FTO

Sample A

Sample B
Sample C

SnO,-PDF#41-1445

20

25

30

2 Theta (degree)

45




image5.tiff
S5

Intensity (a.u)

/L

/

/
(020)
(e

120)

s
/

7/

(130)

\

1

\
\

1

1
1
1
1
1

7/

~
En
A
25

AT NA Sample A
~

I
1
|
1

Sample B
\
1
|
M
1

ISb,Se-PDF#15-0861
11 | L | I 1
Sb,S;-PDF#42-1393

_ b , | S 1 ” 1y ol .
15.0 16.0 17.0 18.0 23.0 240 25.0 27.0 28.0 29.0 30.0

2 Theta (degree)




image6.tiff
.
|—— I |—o—
[—— [—o— I
':'"‘-‘ |—o— |—o— . 9’
R0 e,
o T,
e e .
N ot N
- W e .
- .. Q. ..\.
N T, e, e,
B e e,
___O_m:”.-n;:;“nmm
F .

I





image7.tiff
s7

°

Intensity (a.u)

== Sample A
=—a—Sample B

@ ==0—Sample C
L

Intensity (a.u)

== Sample A

~—o—Sample B 00999233000390999333333,
—g— Sample C oa"“ o o® .
b

Binding Energy(eV)

17.0

16.5
Binding Energy(eV)




image8.tiff
S8

-3.77 eV

Eg=2.39 eV

-6.16 eV
Cds

-5.44 eV
Sample A

-3.96 eV

-56.25eV

Sample B

-4.11 eV

-5.49 eV
Sample C

-2.10 eV

Eg=3.1 eV

-5.20 eV

Spiro-OMeTAD




image9.tiff
[ )

Current density (mA/cm?2)

[

Current density (mA/cm?2)

(9]

Current density (mA/cm?)

a a
14 | Device A
0.7
0 B
T T T S T T
0 50 100 150 200 4800 3800 9850 9900 9950 10000
Time (s)
/a #
14 {Device B
mEnEnE el nlE "T"‘V‘“ "‘-V__!T
0.7
O_LLLouJ Juuyd ____L.
/L /L
. T . S T T ——f . . .
0 50 100 150 200 4800 9800 9850 9900 9950 10000
Time (s)
s /a
1.4 4 Device C
0.7 {
0 4
T T T H— . T —H T T T
0 50 100 150 200 4800 9800 9850 9900 9950 10000

Time (s)




image10.tif
Current (A)

106 -

—— Device A
— Device B
— Device C

10-7 F

D A aman g o0
e

an i o o ad o NP

-8
—
_a. _afStame seans 2
A — . o aay N oa . _afneafiad . e g ae o ;. San "
v v had haa iad b 2ae adbo e od e g et 4 ad PO > L

0 400 300

Time(s)




image11.jpeg




image12.tiff
Slope,=5.27x103

(A) 1euBis vi

2.88 2.90
Frequency (GHz)

2.86

2.84




image1.tiff
Sample A: 105 °C Sample B: 135 °C Sample C: 165 °C

e e e




image2.tiff




image3.tiff
S3

Sample B
150.0 nm

-130.0 nm -130.0 nm

R,;=26.0nm

1.4 um

-1.3 uym




