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Abstract: A narrow bandgap of a few layers of platinic disulfide (PtS;) has shown great advantages
in large-area array photodetectors for wide spectra photodetection, which is necessary for infrared
imaging and infrared sensing under extreme conditions. The photodetection performance of two
dimensional materials is highly dependent on the crystalline quality of the film, especially under
high operating temperatures. Herein, we developed large area uniform array photodetectors using
a chemical vapor deposition grown on PtS; films for short-wave infrared photodetection at high
operating temperature. Due to the high uniformity and crystalline quality of as-grown large area
PtS, films, as-fabricated PtS; field effect transistors have shown a broadband photo-response from
532 to 2200 nm with a wide working temperature from room temperature to 373 K. The photo-
responsivity (R) and specific detectivity (D*) of room temperature and 373 K are about 3.20 A/W
and 1.24 x 107 Jones, and 839 mA /W and 6.1 x 106 Jones, at 1550 nm, respectively. Our studies pave
the way to create an effective strategy for fabricating large-area short-wave infrared (SWIR) array
photodetectors with high operating temperatures using chemical vapor deposition (CVD) grown
PtS, films.
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1. Introduction

High-temperature SWIR photodetectors are becoming increasingly significant as sen-
sors in space exploration, night vision, and fire safety [1-6]. Due to the synergistic effect of
strong electron scattering, low carrier mobility in normal semiconductors, and increased
working temperature, the effective photocurrent (Ipp,) is quite faint for imaging or target
identification [7-10]. Otherwise, the spectra response range is the primary parameter for
SWIR photodetection, which always requires a narrow bandgap and wide spectra adsorp-
tion [11-16]. Hence, high mobility, high quality, and wide spectra response are key factors
for the next generation of SWIR photodetectors with high temperature tolerance [17-20].

PtS; is a noble metal chalcogenide with a stable 1 T phase (octahedral structure) and a
thickness-dependent bandgap [21,22]. PtS; has a layer-dependent bandgap from 1.6 eV of
monolayer to 0.25 eV of bulk [23,24]. The temperature-dependent conductance and mobility
of a few PtS; layers show a direct metal-to-insulator transition and carrier scattering [25,26],
and the theoretical mobility of PtS, crystals is anticipated to be as high as 1000 cm? V~! s~1
at room temperature [23,27,28]. In addition, due to anharmonic phonon—phonon coupling
and thermal expansion of few layer PtS; films, the photo energies change when the tem-
perature increase from 80 to 298 K [29-31]. The smaller temperature coefficient of PtS;,
has shown to be of great advantage in optoelectronic and thermoelectric devices [32,33].
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Hence, PtS; is expected to be applied in high-performance SWIR photodetectors with high
operating temperatures (HOT) [34]. For now, methods have been reported for obtaining a
few layers of PtS; crystals or films, such as mechanical exfoliation, chemical vapor transport
(CVT), and CVD. A great challenge remains for synthesizing high quality PtS; films with a
continuous large-area [21,29,35,36].

Herein, we have developed high-performance SWIR array photodetectors with high-
temperature tolerance based on chemical vapor deposition grown PtS, films of continuous
large-area. The fine atomic structure of as-obtained PtS, continuous films was confirmed
by Raman spectra, X-ray photoelectron spectroscopy (XPS), high resolution transmis-
sion electron microscopy (HRTEM), and EDS mapping. As-fabricated PtS, field effect
transistors (FETs) showed a strong and broadband photo-response of 532-2200 nm. The
time-dependent photo-response performance of PtS, FETs was investigated from room
temperature to 373 K, the devices ceasing to operate when the working temperature was
higher than 373 K. Moreover, due to the smaller temperature coefficient, the R and D* of
as-obtained PtS, FETs exhibited a degree of consistency with the temperature change. The
large-area SWIR array photodetectors of PtS, FETs showed high uniformity and repeata-
bility as assessed by 40 randomly selected measurement devices. Our research opens up
opportunities for fabricating SWIR array photodetectors based on large-area CVD-grown
PtS; continuous films.

2. Materials and Methods
2.1. Synthesis of Large-Area Few-Layer PtS, Films via Chemical Vapor Deposition

The PtS, films were synthesized in a double temperature zone furnace using a modified
CVD method. Pt films were spattered on the 5O, /Si substrate by molecular beam epitaxy
(MBE) with a thickness of about 3.03 nm, as shown in Figure S1. The deposited platinum
substrate was placed in the second temperature zone downstream of the quartz tube and
heated to 600 °C at a rate of about 2.0 °C/min. Sulfur powder (100 mg, 99.99%) was placed
in the first zone about 20 cm from the furnace center with the temperature at about 200 °C.
Then, during the growth process, argon (Ar) was used as the carrier gas to transport sulfur
gas to the surface of the SiO, /Si substrate to react with the platinum (flow rate: 60 scum).
After 30 growth min, the furnace was cooled to room temperature naturally.

2.2. TEM Sample Preparation Method

The specific steps are as follows: Firstly, a uniform layer of polymethylmethacrylate
(PMMA) is rotated onto the prepared PtS, film by a glue homogenizer and dried on a
heating table (130 °C, 3 min). Secondly, 3 M tape was used to carve a “window” slightly
smaller than the sample and was stuck onto the sample. Then we soaked the sample with
the window in ultrapure water at 70 °C for 2 h. We took out the soaked sample, separated
the PMMA and PtS, film with tweezers, and stuck the separated PtS, film on the copper
mesh. Finally, we put the bonded sample on the heating table (120 °C, 2 h). The heated
copper mesh was fumigated with acetone steam to remove the glue and obtain the sample
transferred to the copper mesh.

2.3. Structure and Composition Characterization

Optical images were taken on an Olympus BX51 microscope. XPS spectra were
carried out using an AXIS Ultra DLD X-ray photoelectron spectrometer with a basic
chamber pressure of 10719 mbar and with an Al anode as the X-ray source. A Bruker RFS
100/S spectrometer (laser wavelength 532 nm) was used to generate the Raman spectra
system. The HRTEM and EDS mapping were performed using an FEI-Themis Z operated
at 200 kV. Atomic force microscopy (AFM) characterization was carried out using the
Bruker Multimode 8 system. Raman spectra were performed with a Bruker RFS 100/S
spectrometer (laser wavelength 532 nm).
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2.4. Device Fabrication

Back gated PtS; felid effect transistors were constructed using the physical mask and
thermal evaporation coating method. The square copper mesh was selected as the mask
plate, and placed onto the surface of as-grown PtS, films on SiO;/Si substrate. A hole
punch was used to make the hole slightly smaller than the copper meshes in the cured
polydimethylsiloxane (PDMS), and make the edge of the small hole cover the copper mesh
around it. Source and drain electrodes of Cr/Au metals were fabricated using the thermal
evaporation process, with a thickness of 5/50 nm. Finally, the covered PDMS and copper
mesh were removed to obtain PtS; array FETs with electrode blocks.

2.5. Optoelectronic Properties Measurement

The electronic characteristics and temperature dependence measurements were per-
formed using a KEITHLEY 2614 B in a probe station. The photo-response measurement
was carried out under monochromatic laser sources (532, 980, 1550, 1850, and 2200 nm).
Switching the laser on/off at different frequencies was controlled by the signal generator
(RIGOL DG1022) to control laser generation.

3. Results
3.1. Crystal Structure and Characterizations of 2D PtS,

Figure 1a presents a photograph of large area PtS; film deposited by CVD on a SiO, /Si
substrate with a size larger than 4 cm?, prepared by the sulfuration of a platinum film with a
thickness of about 3.03 nm. The optical microscope (OM) image of PtS; film on the SiO, /Si
substrate is shown in Figure 1b. The AFM image of the PtS; film indicates a thickness of
about 6.9 nm (Figure 1c). Raman spectra are shown in Figure 1d. Three characteristic peaks
at 301, 334, and 341 cm ! correspond to Elg, Al g and A21g phonon modes, respectively [18].
The chemical state of the synthetic products after the sulfuration process was explored
by high resolution XPS. For the Pt 4f orbital in Figure le, the binding energies of Pt 4f
orbitals are approximately 70.1 and 73.5 eV, respectively, corresponding to Pt (IV) 4f 7, and
4f 5 orbitals [37]. As shown in Figure 1f, peaks at 160.7 and 161.7 eV contributed to the
S elements with a chemical value of about —2. The results demonstrated that the Pt film
completely reacted with sulfur gas and turned successfully into PtS, film.
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Figure 1. Characterization of continuous PtS, films. (a—c) Photograph, OM, and AFM images of
CVD-grown PtS, continuous film, respectively. (d—f) Raman spectra and high resolution XPS spectra
of Pt and S elements of as-obtained large-area PtS, film.

To further explore the crystalline structure of as-grown PtS, films, HRTEM was carried
out to investigate the refined grain boundary at the nanoscale. The large-area PtS, films
were transferred to the TEM grid. In Figure 2a,b, the HRTEM images of as-obtained PtS,
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films show some cracks despite connecting at the large scale, contributing to the broken
grain boundary in original films during the transfer process. Lattice spacing of 0.31 nm,
0.176 nm, and 0.251 nm is attributed to the (100), (110), and (002) planes of PtS, crystal,
respectively, as seen in Figure 2b. The diffraction rings from inside to outside can be readily
assigned to (100), (002), (110), and (210) planes of PtS, crystal (Figure 2c), proving that
as-synthesized PtS, films are polycrystalline. As shown in Figure 2d, high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) further confirms
the homogeneity of PtS; films. The EDS elemental mapping in Figure 2e,f demonstrates
that Pt and S elements are uniformly distributed on the synthesized PtS; films.
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Figure 2. Characterization of crystal structure and quality of as-grown PtS, films. (a,b) HRTEM
image of PtS, films. (c) The corresponding selected area electron diffraction pattern of PtS, film.
(d) HAADF-STEM image of PtS; films. (e f) EDS elemental mapping images of PtS, film.

3.2. Photoelectric Transport Characteristic of PtS, Films at Room Temperature

Back gate PtS, film array FETs were fabricated on SiO, /Si substrate with an oxide
layer thickness of about 300 nm to explore their R performances. The schematic of few
layer PtS, film FETs is shown in Figure 3a. The array of Cr/Au metals were deposited as
source electrodes and drain electrodes with a thickness of 5/50 nm. Figure 3b illustrates
linear, coincident, and symmetric output characteristic curves of PtS, FETs with a thickness
of about 6.9 nm under back-gated voltage from —60 to 60 V, indicating the typical semi-
metal transport behavior of as-obtained PtS; films. In Figure 3c, the transfer characteristic
curves are parallel with different V4g, further confirming the metallic property of as-grown
PtS, films [38]. Figure 3d depicts the I, of PtS; FETs as a function of illumination time at
different laser wavelengths from 532 to 2200 nm with V45 = 2.0 V. The value of I, decreased
as the illumination wavelength increased from 532 to 2200 nm, indicative of the changes
in light absorption efficiency at different wavelengths. The photo-response of PtS, FETs
irradiated by a 1550 nm laser with different power densities is shown in Figure 3e. The
photo-response of PtS, FETs irradiated as a function of power densities under 532, 980,
and 1850 nm laser is shown in Figure S2a—c (details in supporting information). The I,
increases as laser power increases. Proving that the synthesized PtS, film is an excellent
broad-spectrum infrared absorbing material [36,39]. PtS; film FETs stability was evaluated
in Figure 3f, by repeatedly switching the incident laser on/off every 20 s with a bias
voltage of 2.0 V. The results reveal that the devices can perform reversible conversions
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between high and low conduction in the laser on/off status. One of the key parameters
used to evaluate the performance of the photodetector is its response speed. The rise (Tyige)
and decay times (Tqecay) Of as-obtained PtS; FETs are 0.18 and 0.2 s under 1550 nm laser
illumination, respectively (Figure 3g). The Tyise and Tgecay 0f PtS; FETs under 532, 980, and
1850 nm laser illumination are also shown in Figure S2d—f. The response and decay times
are 0.16 and 0.26 s, 0.25 and 0.28 s, 0.29 and 0.27 s for the cases under 532, 980, and 1850 nm
illumination, respectively. Figure 3h shows a function-related fitted plot based on the I,
and R of various incident light powers at 1550 nm illumination. The R was defined as the
I,n generated per unit power of incident light on the channel area [40], R = I, /P, where Iy,
is the photogenerated current and P is the optical power irradiated on the effective channel
area. The R decreases as the optical power increases, and the maximum R of PtS, FETs at
1550 nm is 3.20 A/W. The PtS, FETs fit the image under the 532, 980, and 1850 nm lasers,
as shown in Figure S2g—i. The results demonstrated that the R of PtS, FETs are 3.55 A/W,
0.97 A/W, and 1.42 A /W, respectively. D* represents the detectivity per unit bandwidth and
surface area. After ignoring Johnson noise, the D* is expressed as D* = RAY2/(2el 4,402,
where A is the effective channel area [4]. The functional relationship between incident
light power at 1550 nm and D* is illustrated in Figure 3i, with a maximum D* capability
of 1.24 x 107 Jones. Under 532, 980, and 1850 nm, Figure S2j-i (supporting information)
depicts the functional relationship of the PtS, device. The results demonstrate that the D*
of PtS, FETs are 1.35 x 107 Jones, 3.83 x 10° Jones, and 5.55 x 107 Jones, respectively.
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Figure 3. Optoelectrical properties of as-grown PtS, films at room temperature. (a) Schematic of back
gate PtS; FETs on SiO, /Si substrate. (b,c) Output and transfer characteristics of PtS, FETs under
room temperature and air conditioning. (d) I, of PtS; film FETs with V45 =2 V and various laser
wavelengths from 532 nm to 2200 nm. (e) Photo-response at wavelength of 1550 nm with power
density ranging from 0.01 to 0.18 uW. (f) The Iph response to on/off laser illumination at 1550 nm.
(g) The response time of PtS, FETs at 1550 nm. Ty is the rise time when the net Ipp increases from
10% to 90%. Tdecay is the decay time when the net I, decreases from 90% to 10%. (h,i) I, and D* as
a function of laser power at 1500 nm, respectively.
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3.3. Photoelectric Transport Characteristic of PtS, Film at High Temperature

To investigate the photoelectric properties of PtS; at high temperatures, as-fabricated
PtS, FETs were heated and measurements were taken every 10 K on the photoelectric test
platform until the I,,, was weak and the temperature had reached its high restriction and
was then cooled to room temperature every 10 K to observe changes in its wide spectra
photo-response properties. Figure 4a shows the current-voltage (I4s-V4s) characteristic
curves of PtS, FETs as the working temperature increased from room temperature to
373 K at 1550 nm with V44 at 2 V. It can be seen that I3, increased as the temperature
rose from room temperature to 373 K (limit temperature). Figure S3a shows the [45-V 45
characteristic curve of PtS; FETs after it cooled from 373 K to room temperature. The photo-
response of PtS, FETs changed with the irradiation time of different laser wavelengths at
V4s =2 V when warmed to 373 K, as revealed in Figure S3b. To better detect the photo-
response performance of PtS; films at high temperatures, the temperature-dependent I,
were studied at Vs = 2 V and 1550 nm laser illumination. The I}, evolution of PtS;
FETs from room temperature to 373 K, and cooling from 373 K to room temperature, are
shown in Figure S3¢,d (supporting information), respectively. Figure 4b,c show the I, as a
function of illumination time curves when the working temperature was heated from room
temperature to 373 K and cooled from 373 K to room temperature, respectively.
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Figure 4. Temperature-dependent photoelectric properties of PtS, films. (a) I45-V 45 characteristic
curve of PtS; FETs when heating up from room temperature to 373 K. (b,c) I, as a function of illumi-
nation time at 1550 nm during the heating up and cooling process from 373 K to room temperature at
several selected points. (d—f) Lon and R (d), Tyise and Tdecay (e), D* (f) of PtS, FETs at 1550 nm during
the heating up and cooling from 373 K to room temperature.

Both the dark current and I}, increased as the device heated up (Figure 4b). When
the temperature was cooled down from the limiting temperature to room temperature, the
dark current and I, both decreased (Figure 4c). Figure 4d shows a correlated evolution
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of I, and R during the working temperature heating up and cooling in the range from
373 K to room temperature under 1550 nm laser illumination. The Tsse and Tgecay are
statistically analyzed to better understand the variation law of light response at different
temperatures. The evolution of Tyise and Tqecay With different working temperatures are
shown schematically in Figure 4e. It can be seen that as the working temperature increases,
the Trise and Tgecay both decrease. The evolution of D* at different working temperatures
during the heating up and cooling process under 1550 nm laser illumination is shown in

Figure 4f. The results show that as the temperature increases, the D* also increases, with
the maximum D* up to 6.1 x 10° Jones.

3.4. Characterization of Large Area Uniformity of PtS, Films

To explore the photo-response uniformity of as-obtained PtS; films, the array FETs
were fabricated on large-area CVD-grown PtS; films, and the 10.52 um x 52.1 pm rectan-
gular area between the source and drain is device channeled. The OM image is shown in
Figure 5a. The PtS, FETs were measured under 1550 nm laser illumination with V44 of
about 2 V under air condition by 40 randomly selected electrodes. As shown in Figure 5b,
the average value of statistical Iy, is 61.4 nA, and the standard deviation is about 4.73 nA.
Figure 5c,d shows the related R and D* of PtS, array FETs. The average value of sta-
tistical R is 3.14 A/W; the standard deviation is 0.22 A/W. The average value of D* is

1.12 x 107 Jones, and the standard deviation is 7.39 x 10° Jones. The results show the high
uniformity of as-fabricated PtS, film FETs.
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Figure 5. Large area uniformity of PtS, array FETs. (a) The OM image of PtS, array FETs on SiO, /Si

substrate. (b—d) Statistical Iph (b), R (c), and D* (d) of PtS, array FETs at 40 randomly selected
electrodes under 1550 nm laser illumination in air conditioning with V3, =2.0 V.

4. Discussion

High quality and large area platinum sulfide films were synthesized by CVD. The
properties of platinum sulfide films at high temperature were investigated for the first time.
As the temperature increased, both the absorption and number of photogenerated carriers
increased as the Iph increased [41,42]. As a result, the photodetector R showed a trend to
increase with temperature. Thus, the as-fabricated PtS, photodetector is stable even at a
high temperature of 373 K. The multiple photodetectors presented can be used for many
applications where large surface area and high frequency are important.
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5. Conclusions

In conclusion, a high-quality, large-area, two-dimensional PtS, film was prepared
on SiO, /Si substrate. The prepared PtS, device achieved a broadband photo-response of
532-2200 nm, and a high D* response. Even when the PtS, device was heated to 373 K,
it still displayed excellent photo-response. In addition, as the temperature changed, the
electrical and optical properties of the prepared FETs showed certain regularities. This
research has opened up an interesting way to realize the application of large-area PtS,
devices, and is a potential candidate for new electronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/electronics11060838/s1, Figure S1. Pt AFM image plated on SiO, /Si
substrate; Figure S2. Pho-to-response performance of PtS; films based FETs at 532, 980, 1850 nm.
(a—c) Photo-response of the device under different wavelengths of laser illumination under 532, 980
and 1850 nm as the power density decreased. (d—f) Photo-response of the photodetector to on/off
laser illumination is 532, 980, and 1850 nm, respectively. (g-i) Photocurrent and responsivity as a
function of laser il-lumination power density at 532, 980, and 1850 nm, respectively. (j—k) The power of
incident light at 532, 980, 1850 nm and the detectivity (D*) have a functional relationship, respectively;
Figure S3. Photoelectric properties of PtS, nanosheets at high temperature. (a) Room temperature
output characteristic curve of PtS, device 373 K. (b) The photocurrent changes at different laser
wavelengths when the PtS, FET is heated to 373 K, and V45 =2 V. At V45 = 2.0V, the optical re-sponse
changes with temperature when the PtS, device is heated to 373 K (c) and then reduced from 373 K
to room temperature (d).
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