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Supplementary Notes

Supplementary Note 1:

The reason for the selection of TU and SU as additives:

As we know, the nucleation and growth of thin films are affected by the solution
chemistry condition which can be controlled by the addition of complexing agents in
the precursor solution. The choice of appropriate additives plays a crucial role in final
films. According to Nieboer and Richardson, by plotting the covalent index (ym,)’r
versus ionic index z%/r metal and metalloid ions can be separated into three groups, that
is class A (hard acid), borderline (middle), and class B (soft acid) metal ions.!-2 Sb (III)
is classified as a borderline metal and thus makes it possible to interact with both soft
and hard ligands. A certain number of studies have demonstrated that Sb (III) can be
complexed by a large series of oxygen- and sulfur-containing ligands, including TU.3
On the other hand, the vertical distribution of ions along the covalent index (y,)’r may
be interpreted as a measure of the degree of class B character.? Therefore, due to its
high (ym)’r, Sb (IIT) has a high degree of class B character and can be complexed with
Selenium-containing ligands. As simple organic compounds, TU and SU have high
nucleophilicity caused by the strong electron-donating effect of the amino groups and
are known to form stable complexes with metal ions.* Based on the above
consideration, TU and SU are selected as additives to manipulate the reaction kinetics

in this work.



Supplementary Note 2:

Reaction equations during the CBD process:

(i) KSbC4H;,07:0.5H,0 in deionized water

First, KSbC4H;07-0.5H,0 hydrolyzes in deionized water to produce (SbO)" ions
KSbC4H,;07-0.5H,0 = K* + (SbO)* + C4040¢> + 0.5H,0 (1)
(ii) The reaction of (SbO)*

With the addition of SSS, a vast amount of antimony hydroxide SbO(OH) (or Sb(OH);)
produces

(SbO)* + OH- — (SbO)OH| ()
Meanwhile, under alkaline conditions, (SbO)* reacts with Se precursors to form Sb,Se;
2(SbO)" + 3Se,S0;* + 20H" — Sb,Ses| +3S04* + H,0O 3)

(iii) Addition of TU and SU

(SbO)* + n (N;H4CS) + OH- 5 [(SbO)OH(N,H,CS),] (4)
(SbO)* + n (N;H4CSe) + OH- 5 [(SbO)OH(N,H,CSe), ] (5)
N,H,CSe + OH- = HSe + NCNH, (6)

2(SbO)* + 3HSe" + H* — Sb,Ses| + 2H,0 %



Supplementary Note 3

Considering the slight difference in band gaps between the Sb,Se; films, we calculated
the voltage deficit as Voc.ger = Voc®? -Voc, which facilitates the comparison of different
materials and band gaps. The maximum theoretical (VocSQ) can be calculated as Vo3
(V)=0.932*E, (¢V) - 0.167. To minimize the error, the mean values of the box statistics
of V¢ in Figure 3b acted as the actual Vo, in which Control-Sb,Ses;, TU-Sb,Se;, and
SU-Sb,Se; are 0.393V, 0.447V and 0.459V, respectively. By calculation, the Voc_ger 0f
the three devices is 0.623V, 0.532V, and 0.492V, respectively, suggesting the lowest
Voc.der in SU-Sb,Se; devices. According to the literature’, the Urbach energy (Ey)
demonstrates a close relation with Voc.ger, implying that Ey can be used as another
metric to evaluate the Voc. Compared with TU-Sb,Se; device, the lower Ey value
indicates a lower voltage deficit in SU-Sb,Se; device, which agree with the calculated

results of Voc._qer.



Supplementary Note 4
The diode parameters were derived from the dark J-V curves of Sb,Se; solar cells

through the single exponential diode equation (8):

AKT
J=Joexp T(V_RS])] +GeyV -],

(8)

where K is the Boltzmann constant, T is the temperature in actual condition, q is the
quantity of electric charge, Ggy is the shun conduction, A is the diode ideality factor,
Rs is the series resistance, and J is the reverse saturation current density.

(1) First, the derivative dJ/dV against V (Figure 4b) is plotted, where the value in the
flat range under reverse bias is equal to G.

(2) Then, we need to plot the dV/dJ to (J +Jsc)!. A correction can be made for the case
in which G is not negligible by plotting (J +Jsc-GV)! using the value of G obtained
from Figure 4b, as shown in Figure 4c. A linear fit to the data gives an intercept of R
and a slope AkT/q from which A can be calculated.

(3) Finally, the In(J + Jsc — GV) against V-RJ can be plotted using the value of R and
G, as shown in Figure 4d. The linear region in current can be used to fit the diode

equation, where the intercept of the fitting line gives J, and the slope equals q/AkT.



Supplementary Figures

Figure S1 The cross-sectional SEM images of (a) Control-Sb,Ses film, (b) TU-Sb,Se;

film, and (c¢) SU-Sb,Se; film deposited at 95°C for 2h by CBD method.
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Figure S2 The surface SEM images of (a) the Control-Sb,Se; film, (b) the zoomed
region 1 of Control-Sb,Ses film, and (c¢) the zoomed region 2 of Control-Sb,Se; film.
The Control-Sb,Se; film was inhomogeneous and did not completely cover the CdS
substrate. (d) The surface SEM images of Control-Sb,Se; film with deposited at 95°C

for 6h. The inset shows the corresponding cross-sectional SEM image.
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Figure S3 Relationships between the film thickness and deposition time.

Note for the Control-Sb,Se; film thickness curve with time: the Control-Sb,Se; film
exhibited highly dispersed and porous rod-like structures after the growth for more than
4 h (Figure S2d), where the thickness cannot be determined. Hence, the relationship

curve between the film thickness and deposition time is shown as a dotted line after 4h.
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Figure S4 (a, c, d) The surface SEM images of TU-Sb,Se; film deposited at 95°C for
6h. Inset in (d) shows the corresponding cross-sectional SEM image. (b) Grain size

distribution histogram of the TU-Sb,Se; films deposited for 6h.
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Figure S5 (a) X-ray diffraction patterns and (b) enlarged XRD patterns of the TU-

Sb,Se; and SU-Sb,Se; samples.
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Figure S6 (a-b) Surface SEM images and (c) EDS spectrum of the TU-Sb,Se; film.
Note: The TU-Sb,Se; film was obtained by directly depositing on the cleaned FTO-

glass at 95°C for 6h.

Figure S7 (a) Surface and (b) cross-sectional SEM image of TU+SU-Sb,Se; film
deposited at 95°C for 2h.

Note: To probe the function of SU in the CBD synthesis, films fabricated with both TU
and SU were also investigated. SEM images show that a thicker Sb,Se; film in
comparison with the TU-only film was obtained, indicating that a certain amount of SU

was probably involved in the reaction.



Figure S8 Surface morphology of Sb,Se; films with the addition of (a) Smg, (b) 20mg,

(c) 50mg, and (d)100mg SU.

Figure S9 Surface morphology of Sb,Se; films with the addition of (a) 0.2g, (b) 0.4g,

(c) 0.6g, and (d) 0.8g TU.
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Figure S10 Statistical boxplot of conversion efficiency (%) for the (a) Control-Sb,Se;

solar cell, (b) TU-Sb,Se; solar cell, and (¢) SU-Sb,Se; solar cell as a function of

deposited time.
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Figure S11 Statistical boxplots of (a) conversion efficiency, (b) Voc (V), (¢) Jsc (mA
cm?), (d) Fill factors (%), (¢) Rs (Q cm?), and (f) Rgy (2 cm?) as a function of the

amount of TU added for the TU-Sb,Se; solar cells.
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Figure S12 Statistical boxplots of (a) conversion efficiency, (b) Voc (V), (¢) Jsc (mA

cm?), (d) Fill factors (%), (¢) Rs (Q cm?), and (f) Rgy (2 cm?) as a function of the

amount of SU added for the SU-Sb,Se; solar cells.
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Figure S13 Statistical boxplots of (a) Rg (Q cm?) and (b) Rsy (© cm?) for the Control-

Sb,Se;, TU-Sb,Ses, and SU-Sb,Ses solar cells.
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Figure S14 The Urbach energy calculated from the EQE data of devices.
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Figure S15 (a) The scan-direction-dependence of the J-V curves and (b) the stabilities
of SU-Sb,Se; solar cell.

Note: Without encapsulation, we tested the stability of SU-Sb,Se; solar cell housed in
a dry cabinet at 20% =+ 5% relative humidity and ambient temperature. After 1000 hours

of storage, the SU-Sb,Se; solar cell retains over 93% of the initial PCE.
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Figure S16 (a) The J-V curves, (b) EQE spectra, and (c) The bandgap calculated from
EQE spectra for the Sb,S3, Sby(S,Se);, and Sb,Ses solar cells, respectively.

Note: The AJsc between the Jsc obtained by J-V curves and EQE spectra are 0.35, 1.05,
and 2.81 mA cm for the Sb,S;3 (1.7 eV), Sby(S,Se); (1.48 V), and Sb,Se; (1.21 eV)
solar cells, respectively. It can be found that the values of AJgc are correlated with the
elemental composition. Interestingly, the Js¢ calculated by EQE spectrum agrees well
with the Jgc obtained from the corresponding J-V curves of the S-rich sample. In
contrast, as for Se-rich sample, this mismatching of Jsc among EQE curves and J-V

curves became apparent.
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Figure S17 Pseudo-color plot of TAS of (a) Control-Sb,Se; film, (b) TU-Sb,Se; film,
and (c) SU-Sb,Se; film deposited on FTO/CdS at the excitation of 400nm laser pulse.
Note on the femtosecond-TA measurement: The transient dynamics are extracted from
pseudo-color TAS and fitted by the bi-exponential equation (9) ©

X X
(- (-
T T

y=Ae ! +A,e 2

)
The average lifetime 7,,. was estimated from the fitting parameters according to the

following equation (10)

Z Airi2
TaVe =
ZAiri (10)
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Figure S18 (a) UV-vis absorption spectra and (b) Tauc plots obtained from absorption
spectra. (c-e) Energy positions of secondary electron cut-offs and valence band edge

estimated from the UPS spectra.



Table S1. Recipes of Sb,Se; deposited by CBD method.

Deposition ~ Deposition

Samples [Sb3*]2  Additives  [Se*]P® Temp. me

APTH+SSS 1.5mmol - 0.2mmol 95°C 120-420min
APT+TU+SSS  1.5mmol 5.25mmol  0.2mmol 95°C 60-360min
APT+SU+SSS  1.5mmol 0.16mmol  0.2mmol 95°C 90-240min

AP SbC4H407:0.5H,0, antimony potassium tartrate

bNa,Se,S03, Sodium selenosulfate

Table S2. The FWHM of'the (221) and (301) peaks of Control-Sb,Se; film, TU-Sb,Se;

film, and SU-Sb,Se; film obtained by Gaussian fittings.

Samples FWHM - (221) FWHM - (301)
APT+SSS-90 nm 0.184 0.157
APT+TU+SSS-170 nm 0.167 0.151
APT+SU+SSS-170 nm 0.170 0.170
APT+TU+SSS-260nm 0.170 0.167

APT+SU+SSS-260 nm 0.157 0.143




Table S3. The XPS results of Control-Sb,Se; film, TU-Sb,Se; film, and SU-Sb,Se;

film.
Peak Area (P) CPS.eV
Samples Chemical bond
3dsp 3d3p 3dsp 3d3
Sb-Se 528.66 538.07 3.12ES 2.27E5
APT+SSS
Sb-O 530.03 53936 4.17E4 1.50E4
Sb-Se 528.79 538.10  5.70ES 3.54E5
APT+TU+SSS
Sb-O 530.49 539.64 1.59E4  5.46E3
Sb-Se 528.72 538.07 5.95E5 3.67ES5
APT+SU+SSS
Sb-O 530.30 539.58 1.31E4  2.42E3




Table S4. The summary of photovoltaic parameters of Sb,Se; devices prepared via

different methods.

J
Voc PCE  FF >
Methods Device structure (mA Year  Ref.
V) (%) (%)

cm?)
FTO/CdS/Sb,Se;/Au 0.300 1.9 48.0 13.2 2014 7
TE? FTO/Sb,Se;/CdS/ZnO/ZnO:Al/Au 0.354 2.1 335 17.84 2014 8
ITO/CdS/Sb,Ses/Au 0.360 4.8 52.5 253 2015 9
FTO/CdS/Sb,Se;/Au 0.364 3.47 41.26 23.14 2016 10
Co-eva® Mo/Sb,Se;/CdS/ZnO/ITO/Ag 0.427 4.25 58.15 17.11 2017 "

Mo/Sb,Se;/CdS/ZnO/AZO/Au 0.376 4.51 47.24 25.39 2019 12
FTO/CdS/Sb,Se;/Au 0.400 5.6 55.7 25.1 2015 3
FTO/ZnO/Sb,Se;/Au 0.391 5.93 57.8 26.2 2017 14

RTE*

ITO/CdS/Sb,Ses/PbS CQD/Au 0.427 6.5 59.3 25.5 2017 15
FTO/TiO,/Sb,Se;/Au 0.358 5.6 55.1 28.3 2017 16
ITO/CdS/Sb,Ses/Au 0.420 7.6 60.40 29.90 2018 i

ITO/CdS/Sb,Se;/CuSCN/Au 0.423 7.4 57.0 30.8 2018 8
ITO/SnO,/CdS/Sb,Ses/Au 0.431 7.5 63.2 27.6 2019 19
VTD¢

FTO/CdS/Sb,Se;/Al,05/Au 0.405 7.35 58.52 31.02 2020 20
ITO/CdS/Sb,Ses/C/Ag 0.412 6.09 53.6 27.8 2021 21
Mo/Sb,Se;/CdS/ITO/Ag 0.513 7.40 58.74 24.74 2022 22
FTO/CdS/Sb,Se;/Graphite 0.421 4.27 46.65 21.74 2018 28
FTO/CdS/Sb,Se;/CZ-TA/Au 0.421 6.84 57.1 28.4 2018 24
Mo/Sb,Se;/CdZnS/ZnO/AZO 0.403 6.71 64.78 25.69 2019 25
CSSe Mo/MoSe,/ 0.400 9.2 70.3 32.58 2019 26

Sb,Se;/Ti0,/CdS/ZnO/AZO
FTO/CdS/Sb,Se;/t-Se/Au 0.413 7.45 62.3 28.9 2020 27
Mo/Sb,Se;/CdS/1ZO/AZO/Ag 0.446 6.43 54.9 26.4 2021 28
Mo/Sb,Ses/CdS/i-ZnO/AZO/Ag 0.505 8.5 60.7 27.74 2021 29

IvDf Mo/MoSe,/Sb,Se;/CdS/i-ZnO/AZO 0.488 10.12  67.19 30.86 2022 80




Mo/Sb,Se5/CdS/ZnO/AZO/Ag 0437 335 480 1593 2018 O
Mo/Sb,Se;/CdS/ITO/Ag 0.494 606 477 2591 2019 %
MSDe FTO/CAS/SbySey/Au 0350 347 516 192 2019
Mo/Sb,Sey/CdS/ITO/Ag 0.504 684 5447 2491 2020 3
Mo/Sb,Sey/CdS/ITO/Ag 0520 864 598 278 2022 5
FTO/CAS/SbySey/Au 0328 441 4640 2887 2020
PLD"
FTO/Sn0,/CdS/ShySey/Au 0334 477 4504 3168 2020
LT-
- FTO/Sb,Ses/CdS/Zn0/AZO 0260 3.1 402 2960 2020 37
FTO/mp-TiO»/ShySes/ HTM/Au 0304 321 472 223 2013 8
FTO/TiO,/Sb,Sey/Au 0520 226 423 103 2014 39
Spin-
. FTO/TiO/CdS/SbySey/Spiro-
coating ? 25ESP 0340 39 419 272 2019 4
OMeTAD/Au
FTO/CdS/SbySey/Spiro-OMeTAD/Au 0360 5.4 515 290 2020 4
ED  FTO/TiOy(compact)/ShySes/CuSCN/Au 0302 2.1 383 180 2014
HD* FTO/CdS/Sb,Sey/Spiro-OMeTAD/Au 0449  7.89  62.1 283 2021 4
TCO/CAS/SbySes:Sb,0,/PbS/C/Ag 0540 013 370 067 2009 4
CBD! This
FTO/CAS/Sb,Sey/Spiro-OMeTAD/Au 0467 1057  67.64  33.52 2022 )
WOr

athermal evaporation
bco-evaporation

‘rapid thermal evaporation
dvapor transport deposition
¢close-spaced sublimation
finjection vapor deposition
gmagnetron sputtering deposition
hpulsed laser deposition
ilow-temperature pulsed electron deposition
ielectrodeposition

Yhydrothermal deposition

Ichemical bath deposition



Table S5. Electrical property parameters of Control-Sb,Ses solar cell, TU-Sb,Ses solar

cell, and SU-Sb,Se; solar cell.

Samples G (mS cm?) R (Q cm?) A Jo (mA cm?)
APT+SSS 0.718 11.35 2.22 1.73x1073
APT+TU+SSS 0.337 5.43 1.81 1.00x10-3
APT+SU+SSS 0.062 1.36 1.62 6.83x104

Table S6. Carrier lifetimes obtained from TAS decay kinetics at 906 nm curves for

Control-Sb,Se;, TU-Sb,Ses, and SU-Sb,Se; films. The measured Sb,Se; films were

deposited on FTO/CdS.
Samples A, T A, T Tav
APT+SSS 0.144 80.78 0.727 2043.62 2028.37
APT+TU+SSS 0.116 45.75 0.741 3214.51 3207.47
APT+SU+SSS 0.093 22.88 0.814 6552.12 6549.52

Table S7. Band gap (E,), Fermi level (Ef), conduction band (Ecg) and valence band

(Ev) positions of the Control-Sb,Se;, TU-Sb,Se;, and SU-Sb,Se; films.

Samples Er (eV) Ecg (eV) Eyg (eV) E; (eV)
APT+SSS 4.48 4.07 5.32 1.25
APT+TU+SSS 4.55 4.11 5.34 1.23
APT+SU+SSS 4.50 4.13 5.33 1.20




Table S8. EDS results of the Control-Sb,Se;, TU-Sb,Se;, and SU-Sb,Se; films.

Samples 0] Sb Se Sn Se/Sb
APT+SSS 47.00 3.43 7.34 42.23 2.14
APT+TU+SSS 27.31 9.83 21.09 41.77 2.15

APT+SU+SSS 17.85 20.31 38.54 23.30 1.90
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