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Abstract: Photodetectors are receiving increasing attention because of their widely important
applications. Therefore, developing broadband high-performance photodetectors using new
materials that can function at room temperature has become increasingly important. As a
functional material, tin telluride (SnTe), has been widely studied as a thermoelectric material.
Furthermore, because of its narrow bandgap, it can be used as a novel infrared photodetector
material. In this study, a large-area SnTe nanofilm with controllable thickness was deposited
onto a quartz substrate using magnetron sputtering and was used to fabricate a photodetector.
The device exhibited a photoelectric response over a broad spectral range of 400-1050 nm. In
the near-infrared band of 940 nm, the detectivity (D*) and responsivity (R) of the photodetector
were 3.46×1011 cmHz1/2w−1 and 1.71 A/W, respectively, at an optical power density of 0.2
mWcm−2. As the thickness of the SnTe nanofilm increased, a transition from semiconducting to
metallic properties was experimentally observed for the first time. The large-area (2.5cm× 2.5cm)
high-performance nanofilms show important potential for application in infrared focal plane
array (FPA) detectors.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Near-infrared (NIR) photodetectors have found many important applications in optical fiber
communication, autonomous vehicles (e.g., in range finding, infrared imaging and night vision),
biometric recognition system (e.g., using fingerprints, eyes iris and face), optocouplers, and
other fields [1,2]. Two-dimensional (2D) materials, such as graphene, transition metal sulfide,
perovskite, black phosphorus, and topological insulators, have attracted significant research
interest due to their respective advantages in the photodetector fields [3]. For example, topological
insulators (TIs) exhibit properties such as highly conductive surface states and narrow bulk band
gap which are suitable for NIR photodetectors [4–6]. However, the light absorption ratio of such
devices is relatively small, especially in the NIR region, thus limiting device performance.

SnTe, a relatively new material, is a topological crystal insulator (TCI) and has a highly
symmetrical crystal structure. Its topological surface states are protected by crystal symmetry
(mirror symmetry). The highly symmetrical crystal planes have Dirac electronic states, which are
not scattered by impurities. Therefore, SnTe can be used in electronic devices with minimal energy
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consumption. SnTe has potential applications in broad spectrum (UV-Vis-IR) photodetectors
because of its gapless topological surface states and narrow bulk band gap. In addition, SnTe-
based photodetectors will exhibit ultra-fast responses due to the high hole mobility of SnTe at
room temperature [7]. However, the current research on SnTe still mainly focuses on its physical
and thermoelectric properties, while studies on SnTe photodetectors are rarely reported. In
addition, the preparation of large-area SnTe nanofilms with high-quality still faces considerable
challenges, which must be overcome for the fabrication of focal plane array (FPA) detectors.

Over the past years, SnTe based photodetectors have been developed and studied by several
groups. For example, Gu et al. [8] prepared a SnTe/Si photovoltaic detector for the first time
using the CVD method in 2017. Under 808-nm laser irradiation, the device demonstrated a light
response but was limited in the detection wavelength. In the same year, Jiang et al. prepared
a photoconductive detector based on ultra-thin 2D single crystal SnTe films [9]. The device
exhibited a photoelectric response over a broad wavelength from visible light to mid-infrared
(405-3800 nm); however, MBE equipment is expensive. In 2020, Liu et al. [10] prepared
an ultra-thin SnTe nanosheet using the CVD method and fabricated a photodetector, which
responded over a wide spectral range of 400-1050 nm. Under 980-nm laser irradiation, the
device demonstrated a responsivity (R) and detectivity (D*) of 698 m A·W−1 and 3.89×108

Jones, respectively. However, the small size of the nanoplates render them unsuitable for use in
large-scale focal plane arrays and other multi-pixel detectors. In 2021, Feng et al. [11] prepared
infrared photodetectors based on SnTe quantum dots. The device exhibited low dark current at
room temperature and achieved a broad spectrum photoelectric response from visible light to the
2 µm band. However, its detection and response rates in the NIR band were relatively low.

In this study, we developed a novel broadband photodetector in which a large-area SnTe nanofilm
with controllable thickness was deposited onto a quartz substrate using magnetron sputtering.
Without annealing, the sputtered nanofilm has already crystallized, which is economical and
efficient for the preparation of photodetectors. The photodetector exhibited a low dark current
(-4.3 nA) at a bias voltage of -6.0 V, ensuring the low noise of the photodetector. Under 940 nm
illumination, the responsivity (R) and detectivity (D*) of the photodetector could reach up to
1.71 AW−1 and 3.46×1011 cmHz1/2W−1, respectively, superior than the previously reported.
Furthermore, the SnTe photodetector is important for developing a novel FPA detector. For the
first time, we experimentally showed the thickness-dependent electrical properties of the SnTe
nanofilm transiting from the semiconducting to metallic with increasing film thickness, showing
important various applications of SnTe based devices in the future.

2. Experiments

2.1. Preparation of SnTe nanofilms and photodetector

SnTe nanofilms were prepared using a magnetron sputtering technique (SPS-T-S100N-2G). First,
the quartz substrate (2.5 cm× 2.5 cm) was cleaned with a mixture of ammonia, hydrogen peroxide,
and deionized water (1:1:3) and soaked for 30 min at 80 °C. The substrate was then rinsed with
flowing deionized water and dried with high purity nitrogen. Subsequently, the substrate was
placed in the magnetron sputtering chamber. A SnTe single target (purity 99.99%, purchased
from Zhongnuo Advanced Material Technology Co., Ltd) was used. Once the vacuum reached
7.5×10−4 Pa, nanofilms with different thicknesses were prepared by sputtering by controlling
the deposition duration without increasing the substrate temperature. An argon flow rate of 80
to 100 sccm was applied. The target sputtering power applied was between 40 and 80 W (RF
mode). The gas pressure in the chamber was maintained at 5 Pa. The sputtering durations for
samples A, B, C, D, E, F, and G were 5, 10, 20, 120, 360, 420, and 720 s, respectively.

Cr/Au was used as the metal electrode in the SnTe photodetector. The preparation process of
the electrodes was as follows: (1) spray coating of photoresistor (ACS200 model), baking (at
80 °C for 15 min on a hotplate), exposure to UV for 14 s, photoresist development for 3 min,
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and baking again (at 80 °C for 10 min). (2) Deposition of metal electrodes using Cr and Au
targets once the vacuum reached 1.0×10−3 Pa. (3) Removal of metal on the photoresist and the
photoresist using acetone. (4) Wire bonding carried out to draw gold wires from the electrodes.
The thickness of the gold wire was 25 µm.

X-ray diffraction (XRD) spectroscopy (Empyrean), transmission electron microscopy (TEM)
(Tecnai G2 TF30), and Raman Spectroscopy (Invia) were used to analyze the structure and
crystallinity of the SnTe nanofilms. The elemental composition and chemical bonding at the
nanofilms were characterized by X-ray photoelectron spectroscopy (XPS) (K-Alpha+). The
thickness and surface morphology of the nanofilms were studied using AFM (Model Seiko SPA-
400). The temperature dependent resistivity of the SnTe nanofilms at different thicknesses was
measured using a two-probe method. The Keithley 2400 digital source meter and a temperature
controller (Model ZWK-5A) were used for measurements under dark conditions. The nanofilms
were encapsulated in a liquid nitrogen metal dewar.

2.2. Characterization of SnTe photodetector

The current–voltage (I–V) measurement on the SnTe photodetector was performed in a dark
box at room temperature using a Keithley 2400 digital source meter. LED lights of different
wavelengths (e.g., 400, 660, 740, 850, 940, and 1050 nm) were used as illumination sources.
The optical power density of the different light wavelengths was measured using an FZ400
optical power meter. Transient response measurements were performed using the Keithley 2400
source meter and DG 1022U waveform signal generator under the illumination of different light
wavelengths.

3. Results and discussion

3.1. Preparation of large-area SnTe nanofilms by magnetron sputtering and their
structural characterization

The preparation process of large-area SnTe nanofilms by the magnetron sputtering method is
illustrated in Fig. 1(a). During sputtering, argon gas (Ar2) was ionized into argon ions (Ar+).
These high-energy ions were bombarded onto the SnTe target and sputtered particles onto the
substrate surface to form a SnTe nanofilm. In the process of magnetron sputtering, nano-films
with good crystallinity can be obtained at room temperature and do not need annealing treatment.
The face-centered cubic structure of SnTe is shown in Fig. 1(b). This β-SnTe can exist stably at
room temperature [12].

The phase and crystallinity of the SnTe nanofilm were studied using XRD. The XRD patterns
revealed distinctive peaks at the unannealed SnTe nanofilms deposited at different sputtering
powers, as shown in Fig. 1(c). Compared with the standard values of the lattice parameters (e.g.,
a = b = c = 6.323Å, α = β = γ = 90◦) in PDF# 46-1210 card for cubical SnTe, the diffraction
peaks observed at 2θ values of 28.19°, 40.28°, 49.88°, 58.28 °, 65.97 °, and 73.22 °, which
were respectively assigned to the crystal planes of (200), (220), (222), (400), (420), and (422).
This is also in good agreement with the results in previous reports [13]. The results showed
that the prepared SnTe nanofilms were face-centered cubic (Fm3m) and only had a single-phase;
therefore, the prepared SnTe photodetector was based on this crystal structure. Moreover, both
the (200) and (220) planes were dominant planes. With an increase in the sputtering power, the
FHWM of the peaks exhibited minimal change, but the intensity of the peaks was increased.

Figure 1(d-g) shows the TEM images of the unannealed SnTe nanofilm. Lattice fringes can
be observed covering a large-area in the high-resolution TEM (HRTEM) image, as shown in
Fig. 1(f). This indicates that the nanofilm has a high degree of crystallization. The interplanar
spacings of lattice fringes from the (200) and (220) planes were 0.316 and 0.224 nm as indicated
in purple and blue regions in Fig. 1(g), respectively. These results are consistent with previous



Research Article Vol. 30, No. 9 / 25 Apr 2022 / Optics Express 14831

Fig. 1. Preparation and structural characterization of SnTe nanofilms. (a) Schematic diagram
depicting the deposition of SnTe nanofilm by magnetron sputtering method. (b) Schematic
diagram illustrating the structure of face-centered cubic crystals. (c) XRD spectra of SnTe
nanofilms sputtered at different sputtering powers. (d-e) Low resolution TEM images of
SnTe nanofilms. (f-g) High resolution TEM images of SnTe nanofilm (Inset: Schematic
diagram of the crystal structure). (h) Line profiles showing the interplanar spacings in Fig.
(g). (i) Fast Fourier transform (FFT) image of the SnTe nanofilm.
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reports [10]. In addition, the measured angle was 135° between the (200) and (220) planes, as
depicted in the inset of Fig. 1(g). The observed (200) and (220) planes in the HRTEM image also
corresponded to the first and second strong peaks in the XRD patterns. Figure 1(h) shows the line
profiles of the interplanar spacings in Fig. 1(g). The fast Fourier transform image of the SnTe
nanofilm is shown in Fig. 1(i). The spot-like diffraction patterns indicated that the prepared SnTe
nanofilm was polycrystalline and also corresponded to the different planes revealed in the XRD
patterns. The results did not show the presence of other phases or substances, which suggests
that the large-area SnTe nanofilm with high-quality was prepared by magnetron sputtering.

3.2. Morphology, crystal structure, and chemical bonding characterizations of SnTe
nanofilms with different thicknesses

AFM was performed to characterize the thickness of the SnTe nanofilms and its surface
morphology. Figure 2(a) and (b) show the film thickness and root-mean-square (RMS) surface
roughness of 100 nm and 3.8 nm, respectively, for a sputtering duration of 360 s. When sputtered
for a duration of 5 s, the film thickness and RMS surface roughness were 4.5 nm and 0.4 nm as
shown in Fig. 2 (c) and (d), respectively. The surfaces of the prepared large-area nanofilms were
uniform and continuous. Compared with the thicker nanofilm (100 nm), the ultra-thin nanofilm
(4.5 nm) has a smaller RMS surface roughness, which provided a much better contact with metal
electrodes during the fabrication of the photodetectors.

The crystal structures of the nanofilms were further characterized by Raman spectroscopy with
an argon-ion laser at an excitation wavelength of 514 nm. As shown in Fig. 2(e), the ultra-thin
SnTe nanofilm, with a thickness of 4.5 nm, showed two representative Raman peaks at 122.7
and 140.1 cm−1. The results are consistent with those reported in previous work [10,14], which
further implies the high quality of ultra-thin SnTe nanofilms prepared by magnetron sputtering.
However, when compared with bulk SnTe [15], these Raman peaks were red-shifted by several
wave numbers, which may be due to the quantum size effect of the 2D nanofilm [14]. As for
the thicker film with a thickness of 100 nm, the two representative Raman peaks appeared at
120.2 and 140.0 cm−1, and the intensity of the peaks was weaker than those from the ultra-thin
SnTe nanofilm. Figure 2(f) illustrates the Raman vibration modes [16]. Raman peak at 122.7
and 140.1 cm−1 for ultra-thin SnTe nanofilms were attributed to the characteristic A1 (optical
phonon) and ETO (transverse optical phonon) vibration modes, respectively.

The elemental composition and chemical bond of the SnTe nanofilm were studied by XPS using
a monochromatic Al Kα source with an energy of 1486.6 eV. Both 3d5/2 and 3d3/2 of Te 3d and Sn
3d core levels had been collected here. Figure 2(g) and (h) show the XPS spectra of Te 3d and Sn
3d core level peaks of the 100 nm thick SnTe nanofilm. The Sn 3d5/2 peak was deconvoluted into
three components—SnTe, SnO, and SnO2—at binding energies of 485.08, 486.18, and 486.98
eV, respectively. The Te 3d5/2 peak was deconvoluted into two components—SnTe and Te—at
572.08 and 573.88 eV, respectively. These results are consistent with the results of previous
reports [17,18]. Since XRD and TEM results did not show any sign of Sn and Te oxides, the
oxides in the XPS results were possibly caused by surface oxidation at the SnTe nanofilm during
storage and transfer. Figure 2(i) and (j) show the Sn 3d and Te 3d core level peaks of ultra-thin
SnTe nanofilms with a thickness of 4.5 nm. Compared with the 100-nm thick nanofilm, the
Te 3d5/2 peak was deconvoluted into three components instead of two. An extra component
associated with TeO3 was positioned at 576.18 eV with a relatively small proportion of 4.86%.
The proportion of Sn-O bonds (e.g., SnO and SnO2) in the Sn 3d5/2 core level peak of the 4.5
nm thick nanofilm was smaller than that of the 100 nm thick nanofilm. The smaller proportion
may be due to the smaller RMS surface roughness of the ultra-thin nanofilm, which resulted in a
smaller degree of Sn oxidation at the surface. In addition, surface Sn atoms would oxidize more
easily than surface Te atoms in both nanofilms. The XPS results also highlighted the presence
of elemental Te (Te metallic state) in both nanofilms. This could be caused by Sn vacancies,
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Fig. 2. Morphology, crystal structure, and chemical bonding characterizations of SnTe
nanofilms with different thicknesses. (a-d) AFM images on step edges of 100- and 4.5-nm
thick nanofilms are shown in (a) and (c), respectively (Inset: Line profiles for thickness
measurements). AFM images of SnTe nanofilms with RMS roughness measurements for
both nanofilms thicknesses are shown in (b) and (d). (e) Raman spectra of SnTe nanofilms
with thicknesses of 100 and 4.5 nm. (f) Schematic diagram of Raman vibration modes [16].
(g-j) XPS patterns of Te 3d and Sn 3d core levels of SnTe nanofilms with thicknesses of 100
and 4.5 nm.

which could lead to the neighboring Te atoms having non-bonding orbitals and resulting in the
Te metallic state with higher binding energy [17].

3.3. Thickness dependent ρ-T of SnTe nanofilms

The resistivity of SnTe nanofilms with different thicknesses was measured at various temperatures.
Figure 3(a) shows the temperature dependent resistivity plot of the SnTe ultra-thin nanofilm
with a thickness of 4.5 nm (sample A). As the temperature increases, the resistivity showed an
overall decreasing trend in the temperature range of 77–273 K, thus exhibiting semiconducting
properties. According to the literature [15], the perturbation observed at ∼115 K could be due to
the structural phase transition from the cubic structure (Fm3m) to the ferroelectric rhombohedral
structure (R3m) because of a reduction in temperature. Figure 3(b) shows a resistivity plot of
sample C with a film thickness of 7.5 nm, and the resistivity of the thicker nanofilms was five
orders of magnitude smaller than that of sample A. The resistivity plot of the 100 nm thick
nanofilm (sample F) is shown in Fig. 3(c), which revealed increasing resistivity as the temperature
increased, thus exhibiting metallic property [19–21]. Figure 3 (d) shows the resistivity values for
various film thicknesses at room temperature (300 K). The resistivity of the nanofilm decreased
as the thickness of the film increased. For example, the resistivity of sample A was 7 ×102 Ωcm
and decreased sharply to 2.93 ×10−4 Ωcm for sample C with an increased nanofilm thickness.
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In 2015, using first-principles calculations, Qian et al. [22] proved that the bandgap of SnTe
nanofilms can be regulated by controlling the film thickness; thus, the films can be transformed
from semiconductor to metal. Because SnTe is a topological crystal insulator (TCI), the surface
states have an important effect on the structure of SnTe nanofilms. When the nanofilm thickness
changes, the structure of SnTe nanofilms may change. There may be a critical thickness that
causes structural changes in SnTe nanofilms. When the film thickness reduces, the SnTe nanofilm
is significantly affected by the surface states and exhibits semiconductor properties. When the
film thickness exceeds a certain value, it becomes less affected by the surface states and presents
metallic properties. Such transition was observed experimentally in this work for the first time.
Figure 3(e) illustrates the energy band diagrams of SnTe nanofilms with varied film thicknesses.
When the thickness of the nanofilm was ≥21.6 nm (sample D), the material presented metallic
properties. As the thickness of the nanofilm decreased to ∼7.5 nm (sample C), the material was
probably in the metal–semiconductor transitional state. However, when the thickness of the
nanofilm was reduced to ∼5.8 nm (sample B), the material exhibited semiconductor properties.

Fig. 3. Temperature dependent resistivity plots (ρ-T) of SnTe nanofilms with different
thicknesses. (a-c) ρ-T plots of SnTe nanofilms with different thicknesses of 4.5, 7.5, and
100 nm in the temperature range of 77–273 K. (d) Resistivity (at 300 K) plotted against the
thickness of the nanofilms (Inset: Enlarged view on part of the plot). Sputtering durations of
samples A, B, C, D, E, F, and G were 5, 10, 20, 120, 360, 420, and 720 s, respectively. (e)
Schematic diagram illustrating the changes in the energy band of SnTe nanofilms at different
thicknesses.

3.4. Photodetector performance based on an ultra-thin SnTe nanofilm

A prototype photodetector based on an ultra-thin SnTe nanofilm (with thickness of 4.5 nm) was
fabricated on a quartz substrate. Figure 4(a) illustrates the fabrication process of the device. We
performed I-V measurements to evaluate the photoelectric response of the device under different
light wavelengths, as shown in Fig. 4(b). The plot shows that the photodetector significantly
responded to the near-infrared band (e.g., 1050, 940, 850 and 740 nm) as well as the visible light
band (e.g., 400 and 660 nm).
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Fig. 4. Characterization of the photodetector based on an ultra-thin SnTe nanofilm. (a)
Schematic diagram illustrating the fabrication process of the photodetector. (b) I–V plots
of the photodetector under dark (black line) and varying light illumination. (c) Plot of
responsivity (R) against V under varying NIR illumination of 740, 850, and 940 nm at a
voltage bias of -6.0 V. (d) Plots of detectivity (D*) against V under varying NIR illumination
of 740, 850, and 940 nm at a voltage bias of -6.0 V. (e) Plot of responsivity (R) and detectivity
(D*) against optical power density under an illumination of 740 nm at a voltage bias of -6.0 V.
(f) Photocurrent switching behavior of the device at a voltage bias of -6.0 V under 740 and
850 nm illumination. (g) An enlarged view of the light response, including the rising and
falling characteristics, of the photodetector.
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The performance of the photodetector is usually characterized by responsivity (R) and
detectivity (D*), which can be defined using the following formula [23]:

R = Jph/Popt (1)

D∗ =
R√︁

2q|Jdark |
(2)

where Jph is the photocurrent density, Poptis the incident optical power, q is the unit charge, and
Jdark is the dark current density. The current density (J) is the ratio of the current (I) to the
effective photosensitive area (A) of the device:

J = I/A (3)

The responsivity (R) and detectivity (D*) of the photodetector could reach up to 1.71 AW−1 and
3.46×1011 cmHz1/2W−1, as shown in Fig. 4(c) and (d), respectively, under 940 nm illumination
with an optical power density of 0.2 mWcm−2 under a voltage bias of -6 V. The photosensitive area
of the device was 4.5×10−5 cm2. The performance of the device at NIR band was significantly
better than those previously reported for SnTe-based photodetectors [10,11]. This was probably
due to the low dark current (-4.3 nA) at a biased voltage of -6.0 V.

The responsivity and detectivity of the device at different optical power densities are represented
by red and blue lines, respectively, in Fig. 4(e). Under 740 nm illumination, both responsivity
and detectivity decreased with an increase in optical power density, which was consistent with
previously reported results [8,26].

The transient response (I–T) characteristics of the device in the NIR band are shown in
Fig. 4(f) and (g). Under 850 nm illumination, the measured rise and fall time were 0.39 and 0.54
s, respectively. Although the response rate was slower than those of SnTe-based photovoltaic
devices [8,24,25], it was better than those of reported photoconductive devices [10,11].

The performances of TI and TCI based photodetectors using Bi2Te3, Sb2Te3, Pb1−xSnxSe and
SnTe are listed in Table 1. As compared to previous works, the device reported in this work
demonstrated relatively good performances. Furthermore, its performance remained stable even
after six months.

Table 1. Performance comparison of the photodetectors based on TI and TCI materials

Materials Devices Wavelength/nm R/(A·W−1) D*/Jones Ref.

SnTe/SiO2 Photoconductor 400-1050 1.71 (940 nm) 3.46×1011 (940 nm) This work

SnTe/mica Photoconductor 980 6.98× 10−1 3.89× 108 [10]

SnTe
quantum dots

Photoconductor 2000 3.70× 10−3 1.30× 109 [11]

SnTe/Bi2Se3 Photovoltaic
detector

1550 1.46× 10−1 1.15× 1010 [25]

Bi2Te3
nanoplate

Photodetector 850 5.06× 10−2 5.92× 107 [26]

SnTe/Si Photovoltaic
detector

254-1550 1.28× 10−1 8.40× 1012 [8]

Pb1−xSnxSe Mid-Infrared
detector

1900-2000 3.18× 10−1 1.14× 1012 [27]

Sb2Te3/STO Photovoltaic
detector

405-1550 4.80× 10−3 8.60× 1010 [5]
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4. Conclusions

We prepared high quality, large-area SnTe nanofilms with controllable thicknesses by magnetron
sputtering. The as-prepared SnTe nanofilms were already crystallized without annealing treatment.
The manufacturing process was highly efficient and required low energy consumption. The
thickness-dependent electrical properties of the SnTe nanofilm transiting from the semiconducting
to metallic states with increasing film thickness were experimentally observed for the first time,
showing important applications in developing novel SnTe based devices in the future.

The photodetector based on the ultra-thin SnTe nanofilm exhibited a photoelectric response
over a broad spectral range of 400-1050 nm. The responsivity (R) and detectivity (D*) of the
device were 1.71 AW−1 and 3.46× 1011 cmHz1/2W−1, respectively, under NIR illumination
of 940 nm at an optical power density of 0.2 mWcm−2. The device performed significantly
better than previously reported SnTe photoconductive devices. If the device is encapsulated,
its performance can improve further. Therefore, in this study, we prepared and used sputtered
SnTe nanofilms for the development of high-performance broadband photodetectors, which have
numerous important application prospects.
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