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Abstract

Combining novel two-dimensional (2D) materials with traditional.semiconductors to form
heterostructures for photoelectric detection have attracted greatattention due to their excellent
photoelectric properties. In this study, we reported the formation of a heterostructure
comprising of tin telluride (SnTe) and germanium (Ge).bya simple and efficient one-step
magnetron sputtering technique. A photodetector was fabricated by sputtering a nanofilm of
SnTe on to a pre-masked n-Ge substrate. J-\V:measurements obtained from the SnTe/n-Ge
photodetector demonstrated diode and photovoltaic characteristics in the visible to near-
infrared band (i.e., 400-2050 nm). Under near=infraredillumination at 850 nm with an optical
power density of 13.81 mW/cm?, the SnTe/n-Ge photodetector exhibited a small open-circuit
voltage of 0.05 V. It also attained a high responsivity (R) and detectivity (D*) of 617.34
mA/W (at bias voltage of -0.5 V) and 2.33x10** cmHz?W-! (at zero bias), respectively.
Therefore, SnTe nanofilm/n-Ge heterostrugcture is/highly suitable for used as low-power
broadband photodetector due tofitsiexcellent.performances and simple device configuration.

Keywords: SnTe/n-Ge heterostructure, photodetector

1. Introduction

Photodetector \based on heterostructure materials is of
great interestiin the field‘of photoelectric detection because
of its built-in electriefield, which can improve the separation
and transmission | efficiency of photocarriers, hence
enhancing the photodetection performance of the device. In
recent,years, the use of 2D materials in the formation of
heterostructures” for photoelectric detection have attracted

XXXX-XXXK/ XX/ XXXXXX

much attention due to its many advantages, such as high
electron mobility at room temperature, adjustable band
structure with thickness and strain (to achieve adjustable
photoelectric performance), excellent mechanical properties
(to prepare flexible devices) and so on. For example, 2D tin
telluride (SnTe) has many unique properties, such as gapless
topological surface states, narrow band gap [1, 2] and high

hole mobility [3, 4] at room temperature, and is considered
the first topological crystal insulator (TCI) as predicted
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theoretically [5] and verified experimentally [6]. SnTe has
the potential for use in the development of novel
photodetectors with broad spectrum and ultra-fast response
requiring minimal energy consumption. However, SnTe is
rarely studied for application in photoelectric detection.
Several SnTe photoconductive detectors have been
reported in recent years. For example, SnTe/Bi,Tes/SrTiOs
photoconductive detector [7] was prepared by molecular
beam epitaxy (MBE). The Bi,Tes buffer layer was used to
minimize the effect of lattice mismatch between SrTiOs
substrate and SnTe film. The photodetector exhibited stable
photoelectric responses in the range of 405-3800 nm, which

suggested the potential use of SnTe material in broadband
photoelectric detection. Flexible photoconductive detector
was produced by depositing SnTe nanoplates on to mica by
chemical vapor deposition (CVD) [8]. Under 980 nm laser
irradiation, the measured R and D* were 698 mA/W and
3.89x10% cmHzYW- at a bias of 0.5 V, respectively. This
demonstrated the application of SnTe nanoplates in the near-
infrared (NIR) detection. More recently, SnTe quantum
dots/Si photoconductive detector was prepared by spin-
coating [9]. The device exhibited a photoelectric response at
2 pm, however it revealed a relatively low R and D* of 0.03
mA/W and 1.4x10%° cmHzY?W? at 10 V bias voltage,
respectively. Therefore, it is of interest to study SnTe based
photovoltaic detector to improve the performance of the
detector. The fabrication of the heterostructure of SnTe and
other n-type semiconductors is expected to be an effective
way to greatly improve the separation and transport of
photogenerated carriers in SnTe. Moreover, it is.easier to
prepare low power and large array focal plane array. (FPA)
detectors by using photovoltaic structure.

So far, only silicon and Bi,Se; have been, reported as n-
type substrates in the preparation of SnTe based photo
detectors. For example, SnTe/n-Si heterostructure [10]
prepared using CVD demonstrated photoelectric response’(at
negative bias) under 808 nm laser irradiation{6.4 HWicm2)

with relatively good R and D* of 128 mA/W and 8.4x10?
cmHzY2W-1, respectively. The strong response of SnTe/Si
heterostructure to near-infrared (NIR) light.is<desirable for
the development of low-cost and high-performance NIR
detectors in the communication, band. Photodetector
consisting of SnTe/Bi,Se; heterostructure was prepared by a
two-step physical vapor deposition (PVD) technique [11].
The device exhibited<R and D*=of 145.74 mA/W and
1.15x10% cmHzY?W, respeéctively, inithe NIR band of 1550
nm and has potential application in low power consumption
and low-cost photoelectric detection. Although the above
performance parameters <of the SnTe based photovoltaic
detectors are_favorable, there is still room for improvement.
The use of a suitable“alternative substrate may improve the
performance of SnTe based photodetectors. Also, the use of a

low-cost preparation method for the heterostructure is
important to ensure commercial viability of the device.

Herein, we reported for the first time on the use of n-Ge,
which is a traditional semiconducting material, as'a substrate
to form heterostructure with SnTe nanofilm. The vertical
heterostructure of SnTe/n-Ge was prepared.onra,pre-masked
n-Ge substrate by a simple and efficient method using a one-
step RF magnetron sputtering. The sputtered SnTe nanofilm
was crystallized without increasing the substrate temperature
and with no post-annealing treatment. The  SnTe/n-Ge
photodetector showed a significant ‘diode rectification
characteristic at a small bias range between -0.5 V and 0.5 V,
which indicated photovoltaic “effect,, The photodetector
demonstrated photoelectric/response over a broadband range
from 400 to 2050 nm and. exhibited higher responsivity (R)
of 617.34 mA/W and detectivity (D”) of 2.33x10%
cmHzYW-tin the NIR band of 850 nm at 300 K. Hence, the
novel SnTe/n-Ge <heterostructure based on the use of 2D
SnTe material has produced photovoltaic detector with high
performance and minimal energy consumption.

2. Experimental

2.1 Preparation of SnTe/n-Ge heterostructure by a one-
step magnetrop sputtering method

SnTe/n-Gg heterostructure was prepared by a one-step
magnetronssputtering. SnTe nanofilm was sputtered on to a
pre-masked n-Ge substrate using a customized magnetron
sputtering technique (SPS-T-S100N-2G, Weinaworld).
Single SnTe target (99.99 % purity, purchased from
Zhongnuo Advanced Material Technology) was used.
Firstly, the n-type Ge (100) substrates (pof 1-5 ohm-cm,
single crystal, purchased from Rdmicro) was ultrasonic
cleaned with acetone and then ethanol for 15 min, and blown
dried using high-purity nitrogen. The n-Ge substrate was
masked using aluminum (Al) foil and then placed in the
vacuum chamber. SnTe nanofilm was deposited on to the
pre-masked n-Ge substrate at a pressure of 7.5x10* pa using
a low sputtering power of 80 W and at argon flow rate of 80
sccm without increasing the substrate temperature. After
sputtering, the foil was removed and Al electrodes were
deposited on to the SnTe nanofilm and Ge substrate by PVD.

2.2 Characterization of the structure, surface
morphology and composition of as-prepared SnTe
nanofilm

Transmission electron microscopy (TEM) characterization
was conducted on a Tecnai G2 TF30 instrument. Atomic
force microscope (AFM) images were obtained using Model
Seiko SPA-400 instrument. Raman spectroscopy was
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performed using a Renishaw inVia instrument at an
excitation wavelength of 532 nm. Energy disperse
spectroscopy (EDS) was performed using field-emission
scanning electron microscope (SEM, Quanta 200) at 15 kV.
X-ray photoelectron  spectroscopy (XPS, K-Alpha+
instrument) was performed using AlKo radiation source
having an energy of 1486.6 eV.

2.3 Characterization of SnTe/n-Ge heterostructure
photovoltaic detector

3. Results and discussion

5 1/nm
I

AUTHOR SUBMITTED MANUSCRIPT - NANO-132687.R2

Keithley 2400 digital source meter was used for J-V
measurements on the SnTe/n-Ge heterojunction photovoltaic
detector. Light emitting diodes (LEDs) having wavelength
between 400 and 2050 nm were used as, light source.
Transient response measurement was carried: out,using the
Keithley 2400 digital source meter with theslkEDs actuated
by function/arbitrary waveform generator (RIGOL, DG
1022U). All measurements were performed under ambient
conditions at room temperature.

Figure 1. (a)-(c) TEM images of the as-p;gared SnTe nanofilm. (d) Line profiles showing the interplanar spacings. (e)
Sn

Fast Fourier transform (FFT) patterns of the

In order to study the crystal quality and structure of the as-
prepared SnTe nanofilm, TEM characterization was carried
out as shown in Figure 1(a)-(c):Figuresl(a) shows a low-
resolution TEM image of the nanofilm. A high resolution
TEM (HRTEM) image enlarged from a selected area in
Figure 1(a) is shown in“Figure (b)-«Multiple lattice fringes
lattice fringes in the two directions, as shown in Figure (c),
which further confirmed the two crystal planes and is
consistent with the theoretical value. These clear lattice
fringes in the HRTEM images indicated that the as-prepared
nanofilm has a“preferential growth direction at (200) and
(220) crystal planes. Figure (d) shows the line profiles of the
two lattice fringes. \Figure 1(e) shows the fast Fourier
transform (FET) pattern obtained from the selected area of

e nanofilm. (f)-(h) Schematic diagrams of SnTe crystal structures.

can be clearly seen in Figure 1(b). All lattice fringes were
measured and compared with the cubic structure standard
PDF card of SnTe (PDF#46-1210, Cubic, Fm3m (225)). It
was found that the measured fringe spacings of 3.17 and 2.29
A were consistent with the crystal planes (200) and (220),
respectively. An angle of 45° was measured between the
Figure 1(b). Based on the lattice fringe spacings (and
according to the cubic SnTe standard PDF card) and the
position of the bands formed by the apparent diffraction
spots in Figure 1(e), the corresponding crystal planes of
(200), (220), (222), (400), (420), (422) and (440) were
marked on the transformation diagram. This indicated that
the as-prepared SnTe nanofilm was polycrystalline and no
other substance was found, which further suggested that the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-132687.R2

nanofilm was of high quality face-centered cubic (FCC)
crystal structure. The sputtered SnTe nanofilm was
crystallized without increasing the substrate temperature and
undergoing post-annealing treatment. Such simple and
efficient preparation method is highly conducive in the
production of low cost SnTe-based photodetector.

Figure 1(f) shows a schematic diagram of the FCC crystal

structure of SnTe, where the yellow spheres represented Te
atoms and the gray spheres represented Sn atoms. Schematic
diagrams of (200) and (220) crystal planes are depicted in
Figure 1(g) and (h), respectively. The presence of (200) and
(220) crystal planes suggested that the as-prepared SnTe
nanofilm has strong topological surface state characteristics

[5].
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Figure 2. (a) AFM images of the as-prepared SnTe nanofil
and (d) Raman mappings of peaks located at 126.6 and 142.9
nanofilm. (f) and (g) XPS spectra of Sn 3d and\T e 3d core leve

Figure 2(a) shows an AFM image of the@as-prepared SnTe
nanofilm on Ge substrate. The,as=prepared SnTe nanofilm
exhibited uniform surface morphology at a scanned area of
200 nm x 200 nm. The particle size, distribution of the
nanofilm was relatively uniform with root mean square
(RMS) surface roughness,of 0.3 nm. Such small surface
roughness was highly favorable in/forming good metal
contacts during device/fabrication. Ramans pectroscopy was
performed to further characterize ‘the phase and crystal
structure of the as-prepared SnTe nanofilm on Ge substrate
as shown in Figure 2(b). Three peaks can be observed at
60.7, 126.6 and 142.9¢.cm’.The peak at 126.6 cm
corresponded to the transverse optical phonon mode (Ay),
while the relatively weaker peaks at 60.7 and 142.9 cm?
corresponded to phonon mode (Eto). Compared with SnTe
bulk material.[12], the Raman peak at 142.9 cm™ of the SnTe
nanofilm was red=shifted by a few wave numbers, which
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m. (b) Raman spectrum of the as-prepared SnTe nanofilm. (c)
cm, respectively. (e) EDS spectrum of the as-prepared SnTe
Is of the as-prepared SnTe nanofilm, respectively.

may be attributed to the quantum size effect of the
nanomaterials, similar to previously reported wok on SnS
nanosized compounds [13], CdS quantum dots and Bils
nanocrystallites [14,15]. Raman mappings were performed
for the peaks at 126.6 and 142.9 cm™ as shown in Figure 2
(c) and (d), respectively, which further verified the high
uniformity and good quality of the SnTe nanofilm.

EDS spectra of the SnTe nanofilm is shown in Figure 2(e).
The results showed that the atomic ratio of Sn:Te was close
to 1:1, which is consistent with the stoichiometric ratio of
SnTe. This revealed that the as-prepared SnTe nanofilm has a
precise chemical ratio [8]. The presence of Ge element in the
EDS spectra was due to the Ge substrate.

XPS study was carried out to investigate the chemical
bonding of elements in the as-prepared SnTe nanofilm on Ge
substrate. Figure 2(f) and (g) show the XPS spectra of Te 3d

Page 4 of 7



Page 5 of 7

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - NANO-132687.R2

Author et al

and Sn 3d core level peaks of the SnTe nanofilm,
splitting peaks of Sn 3d core level were deconvoluted into
three components representing Sn-Te bond (Sn 3ds, =
484.96 eV, Sn 3ds, = 493.36 eV), Sn?*-O bond (Sn 3ds.
=486.29 eV, Sn 3ds, = 494.76 eV) and Sn**-O bond (Sn 3ds,
=486.92 eV, Sn 3ds;, = 495.39 eV). The proportion of Sn-Te
bond, Sn?*-O bond and Sn**-O bond was 18.96, 23.9 and
26.69 %, respectively. Since there was an absence of Sn
oxide in the TEM image, the observed oxides in the XPS
spectra could be introduced during sample transfer and

respectively. As shown in Figure 2(f), the spin-orbit
measurements. The spin-orbit splitting peaks of Te 3d core
level were deconvoluted into two components consisting of
Sn-Te bond (Te 3ds;» = 571.83 eV, Te 3ds» =582:40 eV) and
Te-Te bond (Te 3ds, = 573.51 eV, Te 3ds, =583.17 eV) as
shown in Figure 2(g). The proportion of Sn-Te bondyand Te-
Te bond was 25.82 and 4.63 %, respectively. The appearance
of Te-Te could be caused by Sn vacancies, which could lead
to the neighboring Te atoms having non-bonding’ orbitals
resulting in Te metallic state with higher bindingenergy [16].
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Figure 3. (a) Schematic diagrams illustrating the preparation process of SnTe/n-Ge photovoltaic detector. (b) J-V
characteristics of the photodetector.under dark (black line) and varying light illuminations (400-1050 nm). (c) and (d) J-V and
log J-V plots of the photodetectorsunder 850 nm illumination at bias voltage between -0.5 and 0.5 V, respectively. (e) and (f)
Plots of responsivity (R).and detectivity (D*) against V under the illumination of 850 nm at bias voltage between -0.5 and 0.5
V, respectively. (g)" Photocurrent switching behavior of the photodetector at a voltage bias of -0.5 V under 850 nm

illumination.

A prototype photovoltaic detector based on the as-
prepared “SnTe/n-Ge heterostructure was fabricated to
explore its potential application in the field of photoelectric

detection. The preparation process of the photodetector is
shown in Figure 3(a). The thickness of the SnTe nanofilm
was 5.8 nm (sputtering duration of 10 s). A quadrate window
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with an area of 4 mm? was developed on the Al electrode to
charge collection efficiency.

Figure 3(b) shows the J-V characteristic plots under dark
condition and varying light illuminations (also an inset
shows a magnified view of the characteristic at voltages
between -0.4 and 0 V). As can be seen from the plots, the
device demonstrated photoelectric response over a broadband
between 400 and 1050 nm. The J-V and log J-V
characteristics of the device under 850 nm near-infrared
illumination and different power densities (e.g., 4.83, 7.74,
10.77 and 13.81 mW/cm?) are shown in Figure 3(c) and 3(d),
respectively. An increase in the photocurrent density was
observed with an increase in the incident light power density.
Figure 3(d) shows that the as-prepared SnTe/n-Ge
heterostructure exhibited good diode characteristics and the
photocurrent density under 850 nm illumination was larger
than the dark current density for negative bias voltage
between -0.5 and 0 V. Similarly, the photocurrent density
increased with an increase in the incident light power density
under 850 nm illumination. The open circuit voltage of the
photodetector was almost zero when the optical power
density was relatively low at 4.83 mW/cm?, and the open
circuit voltage gradually increased with an increase in the
optical power density. When the optical power density
increased to 13.81 mW/cm?, the open circuit voltage was
0.05 V. This showed that the photodetector was capable of
working at small bias voltages, which is important to ensure

provide an effective photosensitive surface and to improve

stability of the device. Otherwise, high bias voltages could
generate excess heat during device operation,and therefore
affecting device stability [17].

The responsivity (R) and detectivity(D") are. two
important parameters used to evaluate the performance of
photodetector. Their calculations are shawn. in the following
formulae.

R=J/Pop . (1)
. R

D'=—= (2)
J2q|Jd|

where J, is the photocurrent density, Py is the incident
light power density, g s'the unit charge, and Jqis the dark
current density. The calculated results are plotted in Figure 3
(e) and (f) showing “responsivity (R) and detectivity (D)
against V, respectively, under.the illumination of 850 nm at
bias voltage between -0.5'and 0.5 V. SnTe was used as a p-
type semiconductor material and therefore forming a p-n
heterojunctionnwith the’n-Ge substrate. A strong built-in
electric field was generated at the interface between the SnTe
nanofilm and n-Ge substrate, which could -effectively
improve 'the separation and transmission of photocarriers.
The R reached.aWalue of 617.34 mA/W at -0.5 V, and the D*
reached a value of 2.33x10%* cmHz*?W* at 0 V.

Table 1. Comparison of performances of heterostructure photodetectors based on based on SnTe/n-Ge,

other 2D materials/Ge and SnTe/n-Si.

Materials Wavelength (nm) tr(ms) tq (ms) R (mA/W) D* (Jones)  Ref.
SnTe/n-Ge 400-2050 206 267 617 2.33x10% This work
(850 nm) (850 nm) (850 nm) (850 nm)
PtSe,/Ge 1550 ?42><10‘3 16.71x10°3 602 6.31x10% [18]
Graphene/Ge 1400 23x10° 108x10°3 51.8 1.38x10%°  [19]
Ge/perovskite 405-1550 2.2 5.6 0.80x10° 9.1x107 [20]
(1550 nm) (1550 nm)
Graphene/Ge 1550 - - 0.75x10° 2.53x10° [21]
Titanium
Nitride/Ge 2000 - - - 6.32x10° [22]
Graphene/Ge 1550 - - 1.20x103 1.90x10%°  [23]
MoS,/Ge 350-1100 - - 16.3 - [24]
(1000 nm)
SnTe/n-Si 254-1550 8x103 0.39 128 8.40 x 10  [10]
(808 nm) (808 nm)
Commercial
(Ge- 1550 10 10 950 2.50x101
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It is worth noting that the reported R value of the
unoptimized photodetector was higher than that of previous
work on SnTe/n-Si heterostructure, however the D* value
was lower than that of the heterostructure the SnTe/n-Si
heterostructure[10]. The possible reasons for the high
responsivity of the unoptimized photodetector are the use of
a suitable preparation process for the SnTe film, which
exhibited good uniformity and quality, hence allowing the
formation of high quality SnTe/Ge heterostructure for
photovoltaic application. This is important to enhance the
separation and transmission efficiency of carriers that led to
an improvement in the device performance. Photocurrent
switching behavior of the photodetector at a voltage bias of -
0.5 V under 850 nm illumination is shown in Figure 3(Q).
The rise time (t;) and fall time (t3) of the photodetector were
206 and 267 ms, respectively. The photoelectric performance
of the photodetector remained stable after 3 months. Table 1
compares the performances of photodetectors consisting of
heterostructures based on SnTe/n-Ge, other 2D materials/Ge
and SnTe/n-Si as previously reported.

4. Conclusion

For the first time, a photovoltaic detector based on
SnTe/n-Ge heterostructure was prepared by a one-step
magnetron sputtering technique. The as-prepared SnTe/n-Ge
heterostructure exhibited remarkable diode rectification
characteristics at a small bias range of -0.5 to 0.5 V. It
demonstrated photovoltaic characteristics in the broadband
from visible light to near infrared (400-2050 nm).‘Under 850
nm near-infrared illumination, the responsivity (R) 'and
detectivity (D*) of the photodetector reached a value of
617.34 mA/W (at -0.5V bias) and 2.33 x 10 ¢cmHzY>W (at
zero bias), respectively. A novel, low-cost, high“performance
and low power SnTe/n-Ge based broadband photovoltaic
detector was developed in this work. The.simple preparation
of the SnTe nanofilm on n-Ge substrate using magnetron
sputtering would provide an efficient/method to'study other
novel 2D materials based photovoltaic detectors.

See Supplementary Materials.forI=T. characterization of
the SnTe/n-Ge photodetector underd300, 1550, 1700 and
2050 nm LED light sources,(Supplementary Figure S1).
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