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ABSTRACT

Among various 1D materials, antimony selenide (Sb2Se3) has the large visible to near-infrared 

(Vis-NIR) absorption cross section and excellent stability, thus it shows a huge potential to be 

applied as photodetectors. However, low electrical conductivity (10-6 Ω-1·m-1 in bulk state) largely 

limits the extensive applications of Sb2Se3. By a hot-injection based Sn/Sb substitution strategy, 
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we prepare 1D Sb2−xSnxSe3 micro-rods in order to further improve photodetecting performances 

of Sb2Se3 micro-rods. Phase and microstructural analysis revealed the formation of orthorhombic 

1D Sb2−xSnxSe3 micro-rods with the length of 20 ~ 30 µm. From Hall Effect measurements and 

absorption spectra, the Sb2−xSnxSe3 micro-rods were evidenced as a p-type semiconductor with a 

higher electrical conductivity (6.95  10-4 Ω-1·m-1) and a smaller band gap (0.97 eV) compared 

with Sb2Se3 micro-rods. Accordingly, the photodetector based on a single Sb2−xSnxSe3 micro-rod 

exhibited a remarkable response to 980 nm light at 10 V with a high responsivity (1.84  104 

A·W-1), a fast response/recovery time (0.134 s/0.153 s) and a long-term durability. Due to the 

small bandgap, the photodetector also exhibited a broadband photoresponse at Vis-NIR spectral 

range. Given their high-responsivity and broadband response, the photodectector based on a single 

Sb2−xSnxSe3 micro-rod is a promising candidate for applications in next-generation micro-devices.

INTRODUCTION

One-dimensional (1D) semiconductor micro-/nano-materials are promising candidates for 

achieving high-performance micron-scale photodetector devices because of their large surface-to-

volume ratio, small Debye length comparable to their radius, short diffusion-to-surface time with 

respect to electron-to-hole recombination times and almost perfect crystalline quality. 1-3 Among 

various 1D materials, antimony selenide (Sb2Se3) exhibits a huge potential to obtain high 

responsivity, fast response speed and excellent stability when applied as photodetectors.4, 5 These 

superior characteristics are attributed to the large visible to near-infrared (Vis-NIR) absorption 

cross section,4 the narrow band gap 6 and the specific features 7, 8 of the 1D orthorhombic crystal 

structure of Sb2Se3. The optical band gap of single-crystalline Sb2Se3 is 1.11 eV and the absorption 
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coefficient reaches as high as 105 cm−1 in the Vis-NIR spectral region. The Sb2Se3 crystals can be 

easily grown as 1D-oriented micro-rods or nano-rods, where the structural units of covalently 

bonded (Sb4Se6)n are stacked by Van der Waals’ force. However, low electrical conductivity (10-

6 Ω-1·m-1 in bulk state) largely limits the extensive applications of Sb2Se3 for high-performance 

photodetection.5 To solve the problem, various strategies have been employed to improve the 

electrical conductivity of Sb2Se3-based materials. These strategies include controlling rod diameter, 

5 decorating with Ag2S, 5 incorporating Bi into Sb2Se3 
9
 and fabricating Sb2Se3/Cu2GeSe3 4 or 

Sb2Se3/AgSbSe2 
10 heterojunctions. 

Energy band engineering is an effective strategy to tune the electrical and photoelectrical 

performances of semiconductors, which has been widely applied in the semiconductor industry11, 

12. Hereby, a strategy by Sn/Sb substitution is applied to improve the electrical conductivity and to 

extend the photoresponse spectral region. Such strategy has been well evidenced in some 

previously reported literature. M. S. Iovu et al.13 reported that the electrical conductivity and 

photoconductivity of the amorphous As2Se3 films could have an outstanding increase after 

introducing a small amount of Sn. Ankit et al.14 also claimed that increasing the Sn content in Ge1-

xSnx/Ge induced a significant bandgap shrinkage, thus extending the photodetecting range. 

Therefore, to form Sb2-xSnxSe3 through Sn/Sb substitution might be a suitable energy band 

engineering strategy to improve the photodetecting performance.

In our previous study, we have reported the enhanced electrical conductivity and 

photoconductive properties of Sn-doped Sb2Se3 bulk crystals. 12 In the present study, we fabricate 

1D single-crystalline Sb2−xSnxSe3 micro-rods by Sn/Sb substitution to apply Sb2Se3 as a micron-

scale photodetector and improve its performance. After introducing Sn, the carrier concentration 

of Sb2−xSnxSe3 is largely improved up to 6.139  1013 cm−3. The prepared Sb2−xSnxSe3 micro-rods 
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exhibit a much higher electrical conductivity than pure Sb2Se3 micro-rods. As the result, the photo-

detector based on a single Sb2−xSnxSe3 micro-rod shows high responsivities, relatively short 

response times and extended response to the NIR region.

EXPERIMENTAL DETAILS

Materials

The materials used were: Selenium powder (Alfa Aesar, 99.5%), Antimony (III) acetate (Sigma-

Aldrich, 99.99%), Tin (III) acetate (Alfa Aesar, 95%), Oleic acid (Sigma-Aldrich, 90%), ethylene 

diamine (Sigma-Aldrich, ReagentPlus ≥ 90%), and oleylamine (Aladdin, C18：80%-90%).

Characterization

X-ray diffraction (XRD) analysis was carried out on a PANalytical B.V. Empyrean 200895 X-ray 

diffractometer at a scanning rate of 2° min-1, using Cu Kα radiation (λ = 1.54 Å). The morphology 

of the synthesized micro-rods was characterized under a Hitachi S-4800 field emission scanning 

electron microscope. TEM, HRTEM images and the corresponding EDS mapping characterization 

were performed with an FEI Tecnai G2F20 field emission transmission electron microscope 

operating at an acceleration voltage of 200 kV. The performance of the device was measured by a 

Keithley 4200 SCS at room temperature in air, and the light sources are single lasers (532, 980, 

and 1319 nm). X-ray photoelectron spectroscopy (XPS, ESCALAB) was used to analyze the 

element composition of the micro-rods. The absorption spectra were acquired using a SHIMADZU 

UV-3150 spectrophotometer. Finally, the electrical properties of the micro-rods were investigated 

by the Hall Effect measurement with (BID-RAD HL5500PC) at room temperature. Before the Hall 

Effect measurement, the as-prepared micro-rods powder was pressed into a dense wafer with 
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diameter of about 1 cm and thickness of about 0.4 mm, then silver paint as electrodes was applied 

at four symmetric corners on one face of the wafer for ohmic contacts.

Synthesis of Sb2Se3 micro-rods. 

Sb2Se3 micro-rods were synthesized by a simple solvothermal method with slight modifications. 

In specific, 1.0 mmol of Sb(Ac)3 and 0.3 mmol of selenium powder were dissolved in 18 mL of 

ethylenediamine and 6 mL oleic acid and stirred for 30 min. Then the mixture was transferred into 

an autoclave (volume 30 mL) and stored in the oven at 210 °C for 12 h. After cooling to room 

temperature, the products were collected by centrifugation at 4000 rpm for 3 min, washed three 

times with ethanol, and finally dried at 60 °C in a vacuum oven.

Synthesis of Sb2−xSnxSe3 micro-rods through Sn/Sb substitution of Sb2Se3 micro-rods. 

Sn(Ac)2 (0.1 mmol) was added to 8 mL of oleylamine (OM) in a 50 mL three-neck flask. The 

slurry was degassed upon heating at 120 °C under vacuum with vigorous magnetic stirring for 30 

min. The mixture was purged with argon and heated to 150 °C to produce a clear yellow solution. 

Then, 1.0 mmol of the Sb2Se3 micro-rods dispersion with 4 mL of OM as solvent was rapidly 

injected into the aforementioned solution. The mixture was cooled to room temperature after 

reacting for 10 min. The obtained Sb2−xSnxSe3 micro-rods were collected by centrifugation, 

washed three times with alcohol, and finally dried at 60 °C in a vacuum oven.

Fabrication of a single-micro-rod photodetector

A single-micro-rod photodetector device was fabricated by a micro-mechanical method. Au 

electrodes were fabricated on SiO2/Si substrates using phaloetching15. Micro-rods were dispersed 

in alcohol and the solution was drop-casted on the silicon wafer. Subsequently, the 
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polydimethylsiloxane (PDMS) membrane was adhered to a glass transfer slide, which was 

clamped onto the arm of a micromanipulator mounted on an optical microscope. The single micro-

rod that is suspended on the silicon wafer was optically located using a microscope, the glass was 

controlled to touch the selected micro-rod, and then the silicon wafer was heated to 100°C to 

partially melt the PDMS membrane and allow the micro-rod to adhere onto the PDMS membrane. 

Finally, the micro-rod was transferred to the Au electrode, and the target substrate was heated to 

180°C to melt the PDMS membrane and facilitate the alignment of the micro-rod to the Au 

electrode. 

RESULTS AND DISCUSSION

The Sb2−xSnxSe3 micro-rods are well affirmed through the phase and microstructure 

identifications. It corroborates the feasibility of the Sn/Sb substitution strategy. The XRD results 

shown in Figure 1(a) confirm (with JCPDS Card, No. 65-1317) the orthorhombic phase of the 

Sb2Se3 micro-rods. By contrast, the diffraction of the Sb2−xSnxSe3 micro-rods (Figure 1(b)) are 

slightly shifted to a larger 2θ angle compared with those of pure Sb2Se3. This finding implies that 

the lattice of the Sb2−xSnxSe3 micro-rods experiences a small distortion owing to the atomic radius 

difference between Sb (0.160 nm) and Sn (0.158 nm).16 Figure 1(b) shows the relatively enlarged 

detail of the (302), (112), (212) and (013) reflections. SEM images of the Sb2Se3 and Sb2−xSnxSe3 

micro-rods (Figure 1 (c-d)) appear no obvious change in morphology. Both of them have a smooth 

surface with a uniform diameter of 1-2 µm and a typical length of 20-30 µm. HRTEM images 

(Figure 1 (e-f)) and the corresponding selected-area electron diffraction patterns (inset images) 

indicate that Sb2Se3 and Sb2−xSnxSe3 have a highly ordered single crystalline nature with clearly 

displayed [001] growth directions and d (001) – spacings of 0.396 and 0.392 nm, respectively. 
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Figure 1. (a) XRD patterns of Sb2Se3 micro-rods and Sb2−xSnxSe3 micro-rods, (b) partial enlarged 
detail of figure (a); SEM image of (c) Sb2Se3 micro-rods and (d) Sb2−xSnxSe3 micro-rods; HRTEM 
image of (e) Sb2Se3 micro-rods and (f) Sb2−xSnxSe3 micro-rods. The insets are the electron 
diffraction patterns by Fast Fourier Transforming (FFT) of the selected area corresponding to (e) 
and (f), where the scale bars stand for 2 1/nm.

Elemental analysis provides further evidences of the formation of Sb2−xSnxSe3 micro-rods. 

Under High Angle Annular Dark field (HAADF) scanning TEM (STEM) (Figure 2 (a)), the 

energy- dispersive X-ray (EDX) elemental maps (Figure 2 (b-d)) reveal that Sb, Sn and Se are 

homogenously distributed in the whole Sb2−xSnxSe3 micro-rod. Sb and Se have high filling density 

and appear within the same energy range. Sn has been introduced in low concentration and sparsely 

disperses in the micro-rod. The distribution region also exceptionally extends as a cladding of the 

micro-rod, corresponding to the coronal structure at the surface of the micro-rod. That may be the 

residual substance from the Sn/Sb substitution process. On the EDX spectra (Figure 2(e)), the 
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Sb2−xSnxSe3 micro-rod exhibits strong Sb and Se peaks. In addition the Sn peaks can be observed 

by magnifying the region of 24~27 KeV (Figure 2 (f)). It also implies the effective Sn/Sb 

substitution of Sn into the micro-rod, and the value of x can be determined as 0.163. Similarly, the 

EDX spectrum (Figure S1†) only reveals strong Sb and Se peaks (no Sn peak). Expectedly, the 

atomic ratio of Sb and Se is close to the intrinsic 2:3 stoichiometry. X-ray photoelectron 

spectroscopy (XPS) further confirm the existence of Sn4+ in the Sb2−xSnxSe3 micro-rods. As shown 

in Figure 3, two XPS peaks of the Sb2−xSnxSe3 micro-rods are observed at 485.9 and 494.5 eV. 

These peaks could be assigned to Sn4+, referenced by the previously reported data. 17

(a) (b)

(c) (d)
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Figure 2. (a) High Angle Annular Dark field (HAADF) image of the single Sb2−xSnxSe3 micro-
rod; EDX maps of Sn (b), Sb (c), and Se (d) elements; EDX spectrum (e) and XPS spectrum (f) of 
the single Sb2−xSnxSe3 micro-rod. 
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Table 1. Electrical properties of the synthesized Sb2Se3 micro-rods and Sb2−xSnxSe3 micro-rods.

 

The introduction of Sn into Sb2Se3 improves its electrical conductivity which is expected to 

increase the photodetecting performance of Sb2−xSnxSe3 micro-rods. Table 1 lists the typical 

electrical properties of the investigated micro-rods. The Sb2−xSnxSe3 micro-rods have an electrical 

conductivity up to 6.95  10-4 Ω-1·m-1, which is four times higher than the value of 1.65  10-4 

measured for the Sb2Se3 micro-rods. By a Sn/Sb substitution strategy, Sn substitutes Sb to produce 

SnSb
× acceptors. They release hole electronic defects and endow Sb2−xSnxSe3 micro-rods as a p-

type semiconductor with generating extra carriers (holes).The chemical reaction can be written as：

                                                     (1)Sn2 +  +  𝐶18𝐻35𝑁𝐻2 +  2𝐻2O → Sn4 +  +  𝐶18𝐻35𝑁𝐻4 + 2𝑂𝐻 ―

                                                                                    (2)𝑆𝑏2𝑆𝑒3 + Sn4 +  → 𝑆𝑏𝑆𝑛𝑆𝑒3 + Sb3 + + ℎ ∙

As a result, Sb2−xSnxSe3 shows a carrier concentration (6.139  1013 cm-3) about 20 times as high 

as that of the pure Sb2Se3 (3.201  1012 cm-3). It eventually helps Sb2−xSnxSe3 to obtain a high 

electrical conductivity. Hence, the Sb2−xSnxSe3 micro-rods are expected to achieve high 

optoelectronic properties, such as large photo-current and high responsivity.

Sample Resistivity
(Ω·m)

Electrical
conductivity
(Ω-1·m-1)

Hall 
mobility
(cm2·V-1·s-1)

Carrier 
concentration
(cm-3)

Conduction
type

Sb2Se3 
micro-rods

6.048  103 1.65  10-4 3.22 3.201  1012 p-type

Sb2−xSnxSe3 
micro-rods

1.439  103 6.95  10-4 0.706 6.139  1013 p-type
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Figure 3. Optical absorption spectra (a) (calculated from the diffuse reflectance data) for Sb2Se3 
and Sb2−xSnxSe3 micro-rods; a plot of [F(R) hν]2 vs. energy for the Sb2Se3 micro-rods (b) and 
Sb2−xSnxSe3 micro-rods (c), from which band gap energy could be evaluated; schematic illustration 
of a single micro-rod photodetector (d); optical images of fabricated devices based on a single 
Sb2Se3 micro-rod (e) and based on a single Sb2−xSnxSe3 micro-rod (f).

Another important influence of the Sn/Sb substitution is to induce a band gap shrinkage of the 

Sb2−xSnxSe3 micro-rods (Eg = 0.97 eV), which declines to be smaller than that of the Sb2Se3 micro-

rods (Eg = 1.18 eV). Those have been depicted as Figure 3, where both the absorption of Sb2Se3 

and Sb2−xSnxSe3 micro-rods show a wide absorption region from visible to NIR regions. The 

ripples around 800~900 nm are caused by the detector change of the spectrophotometer. As the 

Sb2Se3 owns a direct gap, the bandgap (Eg) can be determined as the horizontal interception value 

of the plot of [F(R)hν]2 versus energy yield. In a previous report, 18 SnSe2 has an indirect bandgap 

of 0.79 eV. We believe it is reasonable for Sb2−xSnxSe3 to show an intermediate band gap of 0.97 
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eV between 1.15 eV (Sb2Se3) and 0.79 eV (SnSe2). Thus, Sb2−xSnxSe3 micro-rods can find 

important optoelectronic applications in the infrared spectral region. 

-10 -5 0 5 10

-4
-2
0
2
4

=532 nmCu
rre

nt
 (

A)

Voltage (V)

  0.50 mW/cm2 Dark 
   1.84 mW/cm2

 14.26 mW/cm2

6.5 7.0 7.5
0.0

0.5

1.0

N
or

m
al

iz
ed

 in
te

ns
ity

rec=0.146 s

res=0.135 s

Time (s)

=532 nm

-10 -5 0 5 10
-20

0

20

40

=980 nmCu
rre

nt
 (

A


Voltage (V)

Dark
 1.44 mW/cm2

 14.24 mW/cm2

 42.26 mW/cm2

5.6 6.0 6.5
0.0

0.5

1.0
=980 nm

No
rm

al
iz

ed
 In

te
ns

ity
rec= 0.147s

res= 0.205s

Time (s)

(a) (b)

(c) (d)

Figure 4. Photoconductive performance of the photodetector based on the single Sb2Se3 micro-
rod. (a) Dark current and photo-currents under 532 nm irradiation with different incident power 
densities; (b) An “on/off” cycle under 532 nm irradiation with 71.35 mW·cm-2 power density to 
show  response and recovery time at a bias of 10V; (c) Dark current and photo-currents under 980 
nm irradiation with different incident power densities; (d) An “on/off” cycle under 980 nm 
irradiation with 74.23 mW·cm-2 power density to show  response and recovery times at a bias of 
10V.

The working mechanism of photoconductive photodetectors is mainly based on the intrinsic or 

impurity photoconductive effects in semiconductor materials. When semiconductor materials is 

irradiated with a light beam, photons with energy larger than the band gap will be absorbed to 

excite electrons from valence band or impurity energy levels to the conduction band and produce 

free electron-hole pairs. This will increase the carrier concentration, resulting in an increase in the 

conductivity. If the voltage bias is applied to such photoconductive materials, the metrics between 

photocurrent and irradiation intensity can be accordingly established to evaluate the photon energy. 

Page 11 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Acc
ep

ted
 m

an
us

cri
tpt

12

To demonstrate the improved performance of crystalline Sb2-xSnxSe3 micro-rods over Sb2Se3 

micro-rods, we connected the micro-rods with Au Schottky contact electrodes to fabricate 

photodetector micro-devices on SiO2/Si substrates. Figure 3(d-f) displays the schematic 

configuration and top-view microscopy images of such micro-rod-based photodetector. The length 

and diameter of the single Sb2Se3 micro-rod (Figure 3(e)) are 18.14 and 1.46 µm, respectively. 

Thus the effective illumination area is 26.53 µm2. Similarly, the area of the single Sb2−xSnxSe3 

micro-rod (Figure 3(f)) is evaluated as 18.16 µm2 (length of 13.68 µm and diameter of 1.33 µm). 

Figure 4 shows the I-V curves of the single Sb2Se3 micro-rod photodetector under dark and light 

irradiation conditions. Figure 4(a, c) shows two characteristics of back-to-back Schottky contacts 

at the two ends of the Sb2Se3 micro-rod. The dark current is as small as −2.5 μA at −10 V which 

agrees well with the large electric resistivity of the Sb2Se3 micro-rods (6.048  103 Ω·m). Upon 

532 nm laser illumination, the photo-current reaches up to > 4μA at 10 V with the increased light 

power density (14.26 mW/cm2). Similarly, upon the 980 nm laser illumination, the photo-current 

could reach −12 μA at −10 V with the light power density of 14.24 mW/cm2. The photo-current is 

three times higher than that of 532 nm illumination. The relatively large photo-response of the 

Sb2Se3 micro-rod could be attributed to the accouplement of 980 nm with its band-gap (1.18 eV). 

Furthermore, high response and recovery speed are necessary for optical switching device 

application. These two factors are respectively defined as the response time (time required for the 

photocurrent to rise from 10% to 90%) and the recovery time (time required for photocurrent to 

drop from the 90% to 10%). As shown in Figure 4(b, d), response time (τres) of 0.135 s and recovery 

time (τrec) of 0.146 s were obtained at 532 nm, and τres = 0.205 s and τrec = 0.147 s were obtained 

at 980 nm, those error bars are listed in Table S2 and Table S3.  Those values are shorter compared 

with some previously reported results.19, 20 In addition, the Sb2Se3 micro-rod photodetector 
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demonstrates good repeatability and stability on time-resolved photo-response behaviours (see 

Figure S2 (a-b)). Therefore, the as-synthesized Sb2Se3 micro-rod has better photodetecting 

performance than bulk Sb2Se3 alloys. This finding can be attributed to the following reasons. First, 

improved field-emission and electron transport properties were achieved due to the good crystal 

quality and largely reduced number of grain boundaries and/or other interfaces in single-crystalline 

Sb2Se3 micro-rods. Second, with the large surface-to-volume ratio of micro-rods, electron 

transport can be significantly influenced by surface adsorbates21, 22, which significantly reduces 

the scattering, trapping, and the transit time between electrodes during transport.

The Sb2−xSnxSe3 micro-rod exhibits even better photoelectronic performances compared with the 

Sb2Se3 micro-rod. Photoelectronic experiments were performed under 532, 980 and 1319 nm laser 

illumination, and excellent photo-response performance can be observed in the visible to NIR 

region, as shown in Figure 5. Compared with the photodetector based on a single Sb2Se3 micro-

rod, the dark current does not change obviously, but the photo-currents are significant enhanced. 

Under 532 nm illumination (Figure 5(a)), the photo-current is significantly enhanced to –15.82 µA 

at – 10 V (14.26 mW/cm2) which is nearly four times that of the Sb2Se3 micro-rod photodetector 

under similar conditions. Response and recovery times (Figure 5(b)) show no obvious change. 

When irradiated with 980 nm laser, the photo-current further increase, up to –96 µA (42.56 

mW/cm2) which is nearly six times that of the Sb2Se3 micro-rod photodetector, with switching 

“ON/OFF” ratio as high as 50. As shown in Figure 5(e) the photo-response region has been 

extended to 1319 nm. A photo-current of about –5 µA at – 10 V is generated under the irradiation 

of 1319 nm laser (14.84 mW/cm2). (No obvious difference can be observed between dark- and 

photo-currents under 1319 nm laser irradiation). It evidences that the Sb2−xSnxSe3 micro-rods has 

the extending NIR photo-response range. Meanwhile, the as-synthesized Sb2-xSnxSe3 micro-rods 
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could introduce the interfacial states, deep states and dangling bonds, which can trap one particular 

type of charge carrier, further decreasing the overall recombination of electron–hole pairs23 - 25. 

Therefore, the Sb2-xSnxSe3 micro-rod photodetector have an increasing photocarrier lifetimes and 

external quantum efficiencies (EQE). Furthermore, the response and recovery times at 1319 nm 

are greatly reduced, which are 0.08 s and 0.09 s, respectively. At the bias of –10 V, the time-

resolved photo-response behaviours of the Sb2−xSnxSe3 device was comparatively investigated 

(Figure S2(c-e)). This result demonstrates the good stability of the Sb2−xSnxSe3 micro-rod 

photodetectors. 

-10 -5 0 5 10
-10

-5

0

5

10
 =1319 nm

1.44 mW/cm2 

 14.84 mW/cm2

Dark   42.26 mW/cm2C
ur

re
nt

 (
A

)

Voltage (V)

-10 -5 0 5 10
-10

-5

0

5

10
 =532 nm

C
ur

re
nt

 (
A

)

Voltage (V)

1.44 mW/cm2 

 14.84 mW/cm2

Dark   42.26 mW/cm2

-10 -5 0 5 10

-80

-40

0

40  =980 nm

C
ur

re
nt

 (
A

)

Voltage (V)

Dark
 1.44 mW/cm2

 14.23 mW/cm2

 42.56 mW/cm2

6.4 6.6 6.8 7.0 7.2
0.0

0.5

1.0

rec= 0.144 s

res= 0.141 s

Time (s)

 =532 nm
N

or
m

al
iz

ed
 in

te
ns

ity

7.6 7.8 8.0 8.2 8.4
0.0

0.5

1.0
 =980 nm

N
or

m
al

iz
ed

 in
te

ns
ity

rec= 0.153 s

res= 0.134 s

Time (s)

8.6 8.8 9.0 9.2 9.4
0.0

0.5

1.0
 =1319 nm

N
or

m
al

iz
ed

 in
te

ns
ity

res= 0.08 s

rec= 0.09 s

Time (s)

(a) (b)

(c)

(e)

(d)

(f)

Figure 5. Photoconductive performance of the photodetector based on the single Sb2−xSnxSe3 
micro-rod. (a) Dark current and photo-currents under 532 nm irradiation with different incident 
power densities; (b) An “on/off” cycle under 532 nm irradiation with 70.56 mW/cm2 power density 
to show  response and recovery time at a bias of 10V; (c) Dark current and photo-currents under 
980 nm irradiation with different incident power densities; (d) An “on/off” cycle under 980 nm 
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irradiation with 70 mW/cm2 power density to show  response and recovery time at a bias of 10V; 
(e) Dark current and photo-currents under 1319 nm irradiation with different incident power 
densities; (f) An “on/off” cycle under 1319 nm irradiation with 70.64 mW/cm2 power density to 
show  response and recovery time at a bias of 10V.

The responsivity (Rres) is critical parameter for a photodetector, and it can be defined as the real 

photo-current (∆I) generated per unit power of incident light on the unit effective area of a 

photodetector, 

 (3)𝑹𝒓𝒆𝒔 =  ∆𝑰 / (𝑷·𝑺)

where ∆I = Iillumination − Idark, P is the incident light intensity and S is the effective illuminated 

area26, 27. The external quantum efficiency (EQE) and the spectral detectivity (D*) could be 

calculated using the following equations: 

, (4)𝑬𝑸𝑬 = 𝒉𝒄·𝑹𝒓𝒆𝒔/(𝒆·𝝀)

 , (5)𝑫 ∗ =  𝑹𝒓𝒆𝒔/(𝟐𝒆·𝑱𝒅)𝟏/𝟐

where h is Planck’s constant, c is the velocity of light, Rres is the responsivity, e is the electron 

charge, λ is the wavelength, and Jd is the dark current27. Given its well-arranged single crystalline 

microstructure, special 1D morphology, and high carrier concentration, the Sb2−xSnxSe3 micro-

rod-based photodetector eventually obtains an ultra-high responsivity. For the single-micro-rod 

Sb2Se3 photodetector, its responsivity was calculated to be about 8.75103 A·W-1 (0.504 mW/cm2 

at 532 nm) and 9.93  103 A·W-1 (1.44 mW/cm2 at 980 nm). For the single Sb2−xSnxSe3 micro-

rod photodetector, the responsivities were evaluated as 1.40  104 A·W-1 (0.504 mW·cm-2 at 532 

nm, the corresponding EQE (3.27  106 %) and D*(1.97  1016 Jones)) and 1.84  104 A·W-1 

(1.44 mW/cm2 at 980 nm, the corresponding EQE (2.33  106 %) and D*(9.34  1016 Jones)), 

and the detailed values are listed in Table S1. Those values are about two times higher than those 
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of the single Sb2Se3 micro-rod-based photodetector. Table 2 summarizes the key parameters of the 

present single Sb2−xSnxSe3 micro-rod photodetector as well as some previously reported typical 

photodetectors. The photo-electronic properties reported in this work are comparable to the 

previously reported for the Sb2Se3-based photodetectors.4, 8, 9, 28-33   Notably, the responsivity of 

the present Sb2−xSnxSe3 micro-rod photodetector is higher and its spectral response range is much 

broader than those of most previously reported Sb2Se3-based photodetectors. 

Table 2. Performance comparison between the Sb2−xSnxSe3 micro-rod-based and other typical 
material-based photodetectors. 

Photodetectors Wavelength Response time
(s)

Responsivity 
(A·W-1)

Reference

Silicon 830 nm ~ ns 0.24 28

Graphene 1550 nm ~ ps 5  10-4 29

Graphene–silicon 
heterojunction

850 ~ 900 nm ~ ms 0.435 30

MoS2
mono-layer

< 700 nm 4/9 880 31

InSe
multi-layer

633 nm <0.05/<0.06 ~ 7.0 32

Sb2Se3

 nano-rod film
850 nm 0.7/1.1 0.015   4

Sb2Se3/AgSbSe2

 heterojunction film
850 nm 0.6/2.7 0.038   4

Sb2Se3
nano-wire

600 nm < 0.3 ~ 8.0   8

(Sb1‒xBix)2Se3
 nano-wire

639 nm < 0.3/< 0.5 8.26 103   9

SnSe2
micro-flake film

530 nm 0.015/0.008 1.10  103 33

Sb2−xSnxSe3
micro-rod

532 nm 0.117/0.078 1.40  104

 
This work

Sb2−xSnxSe3 
micro-rod

980 nm 0.134/0.153 1.84  104 This work
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CONCLUSION

Single-crystalline Sb2−xSnxSe3 micro-rods with a length of 20 ~ 30 µm were prepared from Sb2Se3

micro-rods through a hot-injection based Sn/Sb substitution strategy. The introduction of Sn firstly 

rendered the Sb2−xSnxSe3 micro-rods p-type with higher electrical conductivity (1.65  10-4 Ω-1·m-

1) and carrier concentrations (6.139  1013 cm-3) than Sb2Se3 micro-rods. In addition, introducing

Sn red shifts the band gap of the Sb2−xSnxSe3 micro-rods to about 0.97 eV. Accordingly, the 

Sb2−xSnxSe3 micro-rods exhibit a broad-range photo-response from the visible to NIR spectral 

range. The micro-scale device based on a single Sb2−xSnxSe3 micro-rod shows a remarkable 

photodetecting performance with long-term durability, where the responsivity to 980 nm light (at 

1.44 mW/cm2 power density) reaches up to 1.84  104 A·W-1, the external quantum efficiency is 

as high as 2.33  106 %, and the response/recovery time is as short as 0.134 s/0.153 s. The 

responsivity of the Sb2−xSnxSe3 micro-rod photodetector is about 2 times higher than that of the 

Sb2Se3-based one. Given its large photo-current, high responsivity, and short response/recovery 

time, the single Sb2−xSnxSe3 micro-rod based photodetector is a promising material for micro-

photodetector applications.
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SUPPORTING INFORMATION

Figure S1. TEM and EDXS of the Sb2Se3 micro-rod; Figure S2. Time-resolved photoresponse of 

Sb2Se3 micro-rod based photodetector; Table S1 Responsivities; Table S2-S3 Average response 

/recovery times with error bars.
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Figure 1 (a) XRD patterns of Sb2Se3 micro-rods and Sb2−xSnxSe3 micro-rods, (b) partial enlarged detail of 
figure (a); SEM image of (c) Sb2Se3 micro-rods and (d) Sb2−xSnxSe3 micro-rods; HRTEM image of (e) 

Sb2Se3 micro-rods and (f) Sb2−xSnxSe3 micro-rods. The insets are the electron diffraction patterns by Fast 
Fourier Transforming (FFT) of the selected area corresponding to (e) and (f), where the scale bars stand for 

2 1/nm. 
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Figure 2 High Angle Annular Dark field (HAADF) image (a), EDX maps of Sn (b), Sb (c), and Se (d) 
elements, EDX spectrum (e) and XPS spectrum (f) of the single Sb2−xSnxSe3 micro-rod. 
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Figure 3 Optical absorption spectra (a) (calculated from the diffuse reflectance data) for Sb2Se3 and 
Sb2−xSnxSe3 micro-rods; a plot of [F(R) hν]2 vs. energy for the Sb2Se3 micro-rods (b) and Sb2−xSnxSe3 

micro-rods (c), from which band gap energy could be evaluated; schematic illustration of a single micro-rod 
photodetector (d); optical images of fabricated devices based on a single Sb2Se3 micro-rod (e) and based on 

a single Sb2−xSnxSe3 micro-rod (f). 
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Figure 4 Photoconductive performance of the photo-detector based on the single Sb2Se3 micro-rod. (a) Dark 
current and photo-currents under 532 nm irradiation with different incident power densities; (b) An 
“ON/OFF” cycle under 532 nm irradiation with 71.35 mW•cm-2 power density to show  response and 

recovery time at a bias of 10V; (c) Dark current and photo-currents under 980 nm irradiation with different 
incident power densities; (d) An “ON/OFF” cycle under 980 nm irradiation with 74.23 mW•cm-2 power 

density to show  response and recovery time at a bias of 10 V. 
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Figure 5 Photoconductive performance of the photo-detector based on the single Sb2−xSnxSe3 micro-rod. 
Dark current and photo-currents under 532 nm irradiation (a) , under 980 nm irradiation (c) and under 1319 
nm irradiation (e) with different incident power densities. An “ON/OFF”” cycle under 532 nm irradiation with 
70.56 mW•cm-2 power density (b), under 980 nm irradiation with 70 mW•cm-2 power density (d) and under 
1319 nm irradiation with 70.64 mW•cm-2 power density (f) to show  response and recovery time at a bias of 

10 V. 
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