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(a) (b)Sb2S3 crystal structure

Figure S1. (a) The crystal structure of Sb2S3 and (S4S6)n ribbon. (b) Schematic diagram 

showing the photogenerated carriers transport in solar cell with horizontally-[hk0] or 

vertically-[hk1] oriented Sb2S3.

Figure S2. SEM surface image of the precursor Sb2S3 film without annealing treatment.

(a) (b) (c)

Figure S3. SEM surface images of Sb2S3 were removed from the hotplate at the 
temperature of (a) 150 oC, (b) 200 oC, and (c) 250 oC.



S3

20 25 30 35
In

te
ns

ity
 (a

.u
.)

2 (degree)

1/min

 



FTO/CdS substrate

(21
1)

Sb2S3 precursor film

Figure S4. The XRD pattern of the precursor Sb2S3 film with the XRD measurement at 
the scan speed of 1°/min.

(a) (b)

Figure S5. SEM surface images of the precursor Sb2S3 was directly annealed at 300 oC 
for (a) 10 S and (b) 20 S.
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Figure S6. Statistic parameters of (a) VOC, (b) JSC, (c) FF, and (d) PCE obtained from 

10 devices based on S1 and S4 films.
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Table S1. Texture ecoefficiency of (120), (220), (130), (211), and (221) for each 
sample.

　 S1 S2 S3 S4

　(120) 0.638604 0.686054 0.950391 1.136597

　(220) 0.914345 0.903854 1.423648 1.722235

　(130) 0.739076 0.742605 0.787764 0.954708

　(211) 1.431874 1.444875 0.94301 0.532435

　(221) 1.272573 1.226141 0.895186 0.654025

Table S2. The detail parameters of the biexponential fitting of TAS decay.

Sample A
1

t
1
(ps) A

2
t
2
 (ps) t

ave
 (ps)

S1 0.26 180 0.74 3984 3924

S4 0.15 239 0.85 4858 4818

Table S3. The trap energy level (ET), cross section (σ), level deep defect concentration 
(NT), and defect type in S1 and S4 films.

Sample level EV (eV) Sigma (cm
2
) N

T
 (cm

-3
)

S1 H2 EV+0.702 2.21*10
-15

1.42*10
14 S

Sb

H1 EV+0.576 2.52*10
-17

6.67*10
13 V

Sb
S4

H2 EV+0.701 4.37*10
-16

1.08*10
14 S

Sb

Note S1: Background of DLTS measurement [1]

Here we conducted deep-level transient spectroscopy (DLTS) to detect the defect 
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properties. The activation energy (Ea) as well as capture cross-section(σ) of defects can 

be calculated from Arrhenius plots based on the following equations: 

              (1)
ln (𝑒v𝑡ℎ,𝑛𝑁𝐶) =

𝐸𝐶 ‒ 𝐸𝑇
𝑘𝐵𝑇

‒ ln (𝑋𝑛𝑛)

              (2)
ln (𝑒v𝑡ℎ,𝑝𝑁𝑉) =

𝐸𝑇 ‒ 𝐸𝑉
𝑘𝐵𝑇

‒ ln (𝑋𝑝𝑝)

where τe represents the emission time constant, vth,n and vth,p are the thermal velocities 

associated with  electron  and  hole  traps, NC and NV are the effective densities  

of states of conduction  (EC) and valence(EV) bands, Xn  and Xp are the entropy factor 

of hole and electron, σn and σp represent the capture cross-section of electron and hole 

traps, respectively. T and kB are the temperature and Boltzmann constant, respectively. 

ET is the energy level of defect. Additionally, vth,n and NC can be obtained from equation 

(3) and (4):

             (3)
𝑣𝑡ℎ,𝑛=

3𝑘𝐵𝑇

𝑚 ∗
𝑛

          (4)
𝑁𝑐= 2(2𝑚∗

𝑛𝑘𝐵𝑇

ℎ2 )
3
2

where m∗
n is the effective mass for electrons, with similar equations for vth,p and NV. 

We obtain the activation energy of electron (EC-ET) and hole (ET-EV) traps from the 

slope of equations (1) and (2) through linear regression. The σp and σn values can be 

extracted from the intersection of line with y-axis. The trap concentration (NT) can be 

obtained from equation (5):

            (5)
𝑁𝑇= 2𝑁𝑆

𝐶
𝐶𝑅

NT is the trap concentration. NS represents the shallow dopant concentration in the films. 

CR and ΔC represent the capacitance at reverse bias in equilibrium and the amplitude 

of capacitance transient, respectively.
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