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ABSTRACT: Platinum telluride (PtTe,) has garnered significant
research enthusiasm owing to its unique characteristics. However,
large-scale synthesis of PtTe, toward potential photoelectric and

photovoltaic application has not been explored yet. Herein, we .
report direct tellurization of Pt nanofilms to synthesize large-area
PtTe, films and the influence of growth conditions on the
morphology of PtTe,. Electrical analysis reveals that the as-grown
PtTe, films exhibit typical semimetallic behavior, which is in
agreement with the results of first-principles density functional
theory (DFT) simulation. Moreover, the combination of multi-
layered PtTe, and Si results in the formation of a PtTe,/Si
heterojunction, exhibiting an obvious rectifying effect. Moreover,
the PtTe,-based photodetector displays a broadband photo-
response to incident radiation in the range of 200—1650 nm, with the maximum photoresponse at a wavelength of ~980 nm.
The R and D* of the PtTe,-based photodetector are found to be 0.406 A W' and 3.62 X 10" Jones, respectively. In addition, the
external quantum efficiency is as high as 32.1%. On the other hand, the response time of 7, and 7 is estimated to be 7.51 and 36.7
s, respectively. Finally, an image sensor composed of a 8 X 8 PtTe,-based photodetector array was fabricated, which can record five
near-infrared (NIR) images under 980 nm with a satisfying resolution. The result demonstrates that the as-prepared PtTe, material
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will be useful for application in NIR optoelectronics.
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B INTRODUCTION

Transition metal dichalcogenides (TMDs) with a general
stoichiometric formula of MR, (M = group 4—10 metals, R =
O, S, Se, Te) are characterized by a layered structure with weak
bonding forces between neighboring layers, and each layer has
much strong bonding or ionic bonds between the metal and
chalcogen atoms."” Since the first exfoliation of graphene in
2004, two-dimensional (2D) TMDs have also inspired
tremendous global research interest. To date, a huge number
of 2D TMDs (e.g, WS,* WSe,° MoS,,”* MoSe,, "’
PtSe,,'"'* PdSe,,'>'* etc.), have been successfully fabricated
by either liquid assisted or mechanical exfoliation,'® and these
2D TMDs have indeed exhibited various intriguing optical and
optoelectronic properties,'® such as tunable bandgap,'”'®
perfect surface,'”” prominent mechanical flexibility,”® and
outstanding carrier mo’bility.u’22 Among the huge TMD family,
PtTe, is a very special member due to its intriguing type-II Dirac
fermions.””** Thanks to this fantastic feature, PtTe, has proved
to be one of the most important candidates for optoelec-
tronics.”>*® In addition, the absence of dangling bonds due to
naturally terminated surfaces is beneficial for ambient stability,
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which might help protect the PtTe, device from surface-induced
performance degradation.”’

To date, ultrathin PtTe, layers in the form of nanosheets or
nanofilm have been fabricated by various approaches, including
chemical transformations,”® chemical vapor deposmon
(CVD),” and mechanical or liquid assisted exfoliation.’® For
instance, Hao and colleagues, have developed a eutectic
solidification technique to grow 2—200 nm thick, single-
crystalline PtTe, nano-flakes. Moreover, they have demon-
strated that the PtTe, sample exhibited an exceptionally high
conductivity of 3.30 X 10° S m™".*' Liu’s group have reported a
reliable epitaxy method to synthesize an ultrathin high-quality
PtTe, film on mica. It was observed that the PtTe2 device
displayed a record electrical conductivity of 107 S m™, nearly
one thousand times larger than that of 1T MoS,.*” Very recently,
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Figure 1. (a) Schematic of the PtTe, crystal structure with two different viewpoints (the top one is the vertical view and bottom one is the lateral view),
Pt and Te atoms are labeled in red and green, respectively. (b) Digital photograph of Pt films with different thicknesses and corresponding PtTe,
nanofilms onto SiO,/Si. (c) FESEM image of the 28.8 nm PtTe, film, the inset shows a magnified FESEM image. (d) XRD analysis of the PtTe,
sample. (e) Raman spectra of the PtTe, film with different thicknesses, a 532 nm excitation laser was used. (f) The relationship between the relative
intensity ratio (Eg/Alg) and the thickness of the PtTe, sample. (g) High-resolution Pt 4f and Te 3d XPS spectra of the as-synthesized PtTe, crystals. (h)

Absorption spectra of PtTe, nanofilms with different thicknesses.

using a CVD method, Duan’s group has successfully realized an
efficient fabrication of PtTe, nanoplates, whose thickness can be
tuned from 20.0 to 1.80 nm through scaling up carrier gas or
reducing the reaction temperature. The as-synthesized sample
showed an exceptionally high conductivity of 2.50 X 10° S
m~'>* In spite of tremendous progress made in material
synthesis, there is no denying the fact that the majority of the
PtTe, samples derived from these methods are composed of a
huge number of small nanosheets or nanocrystals, with sizes
usually less than 20 ym. This difficulty in accessing wafer-scale
PtTe, films is the main obstacle for its further practical device
application. Large-scale synthesis of highly crystalline PtTe,
nanofilms, which are of paramount importance for new
integrated optoelectronic device application, is thereby in
great demand.

Herein, we present a facile, controllable, and large-scale
preparation of a PtTe, thin film with thickness ranging from 4.81
to 96.7 nm by directly tellurizing a platinum film in a CVD
system. During the synthesis, both tellurization temperature and
carrier gas can influence the surface structure and chemical
purity of PtTe,. Directly combining the PtTe, film with Si will
form a PtTe,/Si heterojunction that exhibited an apparent
rectifying effect. Further device analysis revealed that the PtTe,/
Si heterojunction photodetectors displayed a broadband
photoresponse to light illumination ranging from 200 to 1650
nm, with peak photosensitivity at ~980 nm. The maximum
responsivity (R), specific detectivity (D*), and external
quantum efficiency (EQE) of the PtTe,/Si-device under 980
nm light irradiation, according to our further calculation, is
determined to be 0.406 A W™, 3.62 X 10'2 Jones, and 32.1%,
respectively. Moreover, the response time (7, and 7;) of the
PtTe,/Si-based near-infrared photodetector (NIRPD) can
approach 7.51 and 36.7 ps, respectively. Finally, an image
sensor which is composed of an 8 X 8 PtTe,/Si heterojunction

device array was fabricated. It is found that the image sensor can
readily record five NIR images produced by 980 nm with
content resolution.

B RESULTS AND DISCUSSION

Figure la schematically illustrates the crystal structure of PtTe,
with both top and lateral views. Basically, platinum telluride has
a typical hexagonal structure: The waved Te—Pt—Te atomic
layers are held by vdW interaction in a unique hexagonal way.
The spacing between two adjacent layers is estimated to be
about 0.522 nm.’' Figure 1b displays a series of digital
photographs of PtTe, films with layer thicknesses ranging
from 4.81 to 96.7 nm, which are derived by directly tellurizing
different thicknesses of platinum nanofilms (0.5—10.0 nm). It is
obvious that after tellurization the color of the PtTe, film is
found to evolve from navy to green-gray, as the thickness
gradually increases from 4.81 to 96.7 nm. It should be noted that
the thickness expansion factor, which is defined by the thickness
of PtTe, over that of the Pt film precursor, is estimated to be
9.60, much larger than what was observed in PtSe, (2.90) and
PdSe, (4.10).”"*° Understandably, this relatively large value
should be associated with the bigger atomic radius of Te over
that of Se atoms. Moreover, field-emission SEM observation was
carried out to study the thickness-dependent surface structure of
as-tellurized PtTe, nanofilms. Figure Ic exhibits a typical
FESEM image of the 28.8 nm PtTe, film, from which one can
easily see that the thin film has a rough surface (the roughness of
the PtTe, film with different thicknesses are shown in Figure
S1). Furthermore, the FESEM image at higher magnification
confirms that the thin film actually consists of innumerous
nanoparticles, with diameters in the range of 40—200 nm (the
inset of Figure 1c). Decreasing or increasing the thickness of the
Pt precursor will lead to the formation of PtTe,, however, in the
form of either isolated nanoparticles or a thick network-like film

https://dx.doi.org/10.1021/acsami.0c14996
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14996/suppl_file/am0c14996_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14996/suppl_file/am0c14996_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14996?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14996?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14996?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14996?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c14996?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(Figure S2). From the XRD analysis shown in Figure 1d, all
signals are due to the hexagonal-phase PtTe, (JCPDS no. 18-
0977,a=b=0.403 nm, c = 0.522 nm).31 As a matter of fact, the
thickness of monolayer PtTe, can also be accurately extracted
from the measurement of the electronic polarisability,' ' which is
still in progress.

Furthermore, the Raman spectra in Figure le exhibits two
obvious peaks corresponding to different vibrational modes of
PtTe,. The first strong peak at 112.4 cm™' is due to the
vibrational mode of in-plane Te—Pt—Te, while another peak at
158.1 cm™' can be ascribed to the out-of-plane mode.”'
Interestingly, no obvious change in the Raman shift has been
observed with increasing thickness of PtTe, from 4.81 to 48.4
nm. However, the relative intensity ratio (Eg/ Alg) increases from
1.12 to 1.41, and attains a saturation, irrespective of the further
increase of thickness to 96.7 nm. This finding is probably due to
the attenuated out-of-plane vibrational mode of thicker films.
From the X-ray photoelectron spectroscopy (XPS) character-
ization, as shown in Figures 1g and S3, the peaks at 72.6, 75.98,
575.08, and 586.08 eV are attributed to the orbitals of Pt 4f, ,, Pt
4f;),, Te 3d5,;, and Te 3d;j,, respectively. The Pt/Te
stoichiometric ratio was estimated to be 1.01/2, which is close
to the ideal composition of PtTe,. Figure 1h plots the absorption
curve of PtTe, films with different thicknesses. It can be readily
observed that with the increasing thickness, the PtTe, film can
harvest incident light with the wavelength ranging from 300 to
1800 nm. However, as PtTe, nanofilm is thicker than 28.8 nm,
light absorption starts to saturate. The thickness-dependent
absorption behavior is in agreement with the theoretical result
obtained by DFT calculations (Figure S4). In light of the fact
that the PtTe, film is a semimetal and there is a trade-off between
the light absorption and electrical transport properties, PtTe,
with a thickness of about 28.8 nm will be chosen to assemble the
device in the following sections.

A representative TEM image (Figure 2a) reveals a 28.8 nm
PtTe, film that is composed of network-like nanoparticles.
Selected-area electron diffraction (SAED) further demonstrates
the polycrystalline quality of the sample (Figure 2b). From the
energy-dispersive X-ray spectroscopy (EDS) analysis, the
chemical composition of the as-synthesized sample is close to
the ideal formula of PtTe,, as the stoichiometric ratio of Pt/Te is
determined to be 33.6:66.4 (Figure 2c). As a matter of fact, the
homogenous composition of the as-tellurized PtTe, has also
been confirmed by both multiple-area EDS (Figure 2d) and
elemental mapping results (Figure 2e,g). As shown in Figure
2h,i, the high-resolution TEM (HRTEM) image signifies the
well-defined crystalline quality. The lattice fringe in the HRTEM
image was calculated to be 0.289 nm, which is readily ascribed to
the (101) planes of PtTe,.

It is also found that the purity of PtTe, is influenced by
experimental conditions such as tellurization temperature and
the gas flow rate. For instance, pure PtTe, films can be easily
obtained at tellurization temperatures of 773, 873, or 973 K.
Nonetheless, obvious contaminants of Te appear once the
tellurization temperature is increased to 1073 K, as shown in
Figures SS and S6. In addition to purity, the morphology of the
product is highly affected by temperature as well. Figure S7
compares the FESEM images that are obtained by tellurizing a
3.0 nm Pt nanofilm at 773, 873, 973, and 1073 K, showing that
only the sample derived at 873 K is composed of a continuous
network-like PtTe,, whereas samples tellurized at other
temperature will be isolated crystals. On the other hand, the
product can be influenced by the gas flow rate. As summarized in

)

Relative intensity

0 8_10 12 14

2 4 6
Energy (keV)

@ o] © ~— ®

gm * * L] * * ':e F . Pt
‘

E:w ® o & o o o

» il 100 nm
(g) ~ Number . S .v (

(g

Figure 2. (a) A low-resolution TEM image of the PtTe, sample. (b)
SAED image of the PtTe, sample. (c) EDX spectrum of the PtTe,
sample. (d) Atomic ratio of six selected areas of the PtTe, sample. (e)
TEM image of the PtTe, sample at high magnification. (f, g) Elemental
mapping images of both platinum and tellurium elements. (h) HRTEM
image of the PtTe, sample. (i) Magnified HRTEM image of the PtTe,
sample.

Figure S8, when the 3.0 nm thick Pt nanofilm is tellurized at 773
K at different gas rates, e.g., 30.0, 50.0, 70.0, and 90.0 standard
cubic centimeter per minute (SCCM), samples with different
sizes of PtTe, nanoparticles are obtained. Overall, with the
increase of the gas rate, the average diameter of PtTe,
nanoparticles decreases. Meanwhile, the uniformity of PtTe,
nanoparticles is improved. From the perspective of chemical
dynamics, this finding is reasonable as slow transport of Te gas
can lead to the formation of big nanoparticles at a low flow rate.
On the contrary, fast transport of Te gas at a high flow rate may
greatly facilitate mass growth of millions or even billions of small
nanoparticles, thereby resulting in the formation of PtTe,
nanoparticles with a relatively smaller diameter. Using Hall
effect measurements, the conductivity of the PtTe, film
(thickness of 28.8 nm) is estimated to be around 2.80 X 10° §
m™" at 300 K (thickness-dependent conductivity of the PtTe,
nanofilms is provided in Figure S9), which is comparable to that
of the PtTe, crystal derived by a CVD method (from 1.00 X 10°
to 2.50 X 10° S m™") and single-crystal PtTe, nanosheets (10’ S
m~!),**** but much larger than that of PtS,*® and PtSe,,"" which
can be ascribed to the semimetallic characteristics of PtTe,.
To shed light on the electrical properties of the as-tellurized
TMD materials, the electronic structures of PtTe, with different
thicknesses were investigated. The schematic diagram in Figure
3a shows both top and side view of a 3 X 3 supercell of PtTe,
with 3 layers. The blue dashed lines sketch the primitive cell.
Figure 3b—e present the band structures of the PtTe, thin-films
with 1-layer, 2-layer, S-layer, and bulk, calculated at generalized-
gradient approximation. It can be seen from the figures that the
interlayer interactions exert substantial influence on the
electronic structure of PtTe, thin films. For example, the
PtTe, thin film obviously experiences a semiconducting-to-
metallic transition when the film thickness increased to 2-layers.
Such a metallic characteristic is consistent with the previously
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Figure 3. (a) Vertical and lateral view of a schematic exhibition of a 3-layer PtTe, supercell. The blue dashed lines sketch the primitive cell. Band
structures of one-layer (b), two-layer (c), five-layer (d), and bulk (e) PtTe,, purple arrows and square denote the gap evolution with thickness at a
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Figure 4. (a) Schematic of the PtTe,/Si-based NIRPD. (b) AFM analysis of the PtTe,/Si-device. (c) The current of the PtTe,/Si-based NIRPD vs
voltage with and without 980 nm illumination. (d) Photoresponse of the PtTe,-based NIRPD under 980 nm illumination (94.6 yW cm™>) at 0 V. (e)
Energy band diagram of the PtTe,/Si-device. (f) Photocurrent of the PtTe,-based NIRPD based on different thicknesses of PtTe, nanofilm under 980

nm light illumination.

reported literature for PtTe,.”* One should note that the energy
gap between two bands decreases with increasing thickness, as
shown by purple arrows in Figure 3b—e. The decrease in the
energy gap induces a red-shift of optical absorption peaks and
strengthens the conductive characteristics of the thin film, which
are in accordance with the abovementioned experimental
measurement.

In addition, high-level theoretical methods, such as the
HSEO06 functional, are constantly employed to study the

electronic structure of small systems. Spin—orbit coupling
(SOC) may exert influence on the electronic structures for the
present system with heavy atoms Pt and Te. Therefore, taking
PtTe, bulk as an example, its band structures were comparatively
calculated at the levels of PBE, PBE+SOC, and HSE06. As
shown in Figure S10, the slight difference among them suggests
that the GGA-PBE functional can predict a reliable trend of the
electronic and optical properties of the PtTe, thin film.
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(c) The quantitative relationship between the photocurrent of the PtTe,-based NIRPD and light intensity. (d) The evolution of R and EQE of the

PtTe,-based NIRPD corresponding to varying intensities.

The as-tellurized semimetal PtTe, film was then combined
with Si to form a heterojunction photodetector, as illustrated in
Figure 4a. The preparation procedure is provided in detail in the
Experimental Section (Figure S11). From characterization using
an atomic force microscope (AFM), the thickness of the PtTe,
film obtained by directly tellurizing a 3.00 nm Pt nanofilm is
~28.8 nm (Figure 4b). The black curve shows the current—
voltage characteristic of the PtTe,/Si heterojunction without
light illumination (Figure 4c), where the nonlinear behavior
confirms a prominent rectifying behavior, where the rectification
ratio can be estimated to be ~10* at +1 V. The Schottky barrier
of PtTe,/Si is estimated to be 1.03 eV (detailed calculation is
shown in the SI). This excellent rectification effect should be
ascribed to the PtTe,/Si heterojunction because of the
negligible contact barrier of PtTe,/Au and n-Si/In-Ga (Figure
S$12).%” Once the PtTe,/Si heterojunction was shined with 980
nm NIR light, it will display pronounced photovoltaic
characteristics, in which the open-circuit voltage is ~0.210 V,
and the short-circuit current is ~1.98 nA. However, despite the
relatively low PCE, it can ensure the possibility for the PtTe,/Si
heterojunction to work at 0 V without external energy supply.
Specifically, the photocurrent/dark current ratio (I,/Iy, A refers
to light wavelength) was estimated to be 2.01 X 10* (Figure 4d).
As interpreted from the energy band diagram (Figure 4e), since
the Fermi level of the PtTe, film is lower than that of Si, electrons
in silicon will move to PtTe, when they are in contact, leading to
the formation of a built-in electric field (Ey ;) at the PtTe,/Si
interface (depletion region). When the PtTe,/Si device was
shined with near-infrared light with an energy of >1.12 eV,
photoexcited carriers will be separated in the depletion region,
forming photocurrent in the device. As observed in other
graphene-based optoelectronic devices,”® the PtTe, film in this
photodetector device mainly works as a semimetal electrode; on
the one hand, it allows the transmittance of NIR light that will be
absorbed by the underlying Si; on the other hand, it transports
the holes after they were separated from the electric field. Owing
to semimetallic behavior and the trade-off between light

absorption and electrical conductivity mentioned above, only
a 28.8 nm PtTe, film was chosen for device assembly, and it
displayed the largest photocurrent compared to other
thicknesses (Figure 4f).

To systematically explore the relationship between the
photoelectric properties and NIR light, various intensity-
dependent photoresponse measurement of the NIRPD under
980 nm irradiation was carried out. As displayed in Figure 5a,b,
with the increase of light intensity from 0.402 to 1.70 X 10° yW
cm™?, the photocurrent gradually increased. Meanwhile, the
dark current remained almost the same (Figure S13), resulting
in an exceptionally high on/off ratio (>10*). Then, a numerical
power law, I, = AP,’, was employed to numerically fit the
dependent relationship between the NIR power and photo-
current, where 6 is an exponent, A corresponds to a constant of
980 nm NIR light, and P, denotes the intensity of the 980 nm
laser, respectively. By fitting the experimental results in Figure
Sc, an exponent value of 0.851 for the PtTe,-based NIRPD was
obtained, indicating weak recombination activity due to the
relatively low density of defect states.”” Both R and EQE can be
given as*oH!

IA - Id
PS (1)

hcR

EQE = —
&= 2)

where ¢, S, I}, I3, h, and ¢ refer to the electronic charge, the
effective NIR irradiation area, photocurrent, dark current,
Planck’s constant, and light-speed constant, respectively.
Derived from both abovementioned formulas and experimental
values (I; =8.93 X 1072 A, I; = 5.66 X 1073 A, P, =4.02 x 107/
W cem™ and S = 4.00 X 10™* cm?), R and EQE are respectively
computed to be 0.0520 A/W and 4.11%. As shown in Figure 5d,
by gradually increasing the intensity, both R and EQE were
found to initially decrease and then reached a saturation level at a
high light intensity. Such an evolution in the photocurrent is
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Figure 6. (a) Photoresponse of the PtTe,-based NIRPD to 980 nm light (0.402 4W cm™?) corresponding to varied bias voltages. (b) The influence of

bias voltage on Rand EQE of PtTe,-based NIRPD. (c) (V.

— Vi) / Vinax of NIRPD under a series of light frequencies. (d) Response cycle to estimate

the rise and fall times. (e) The noise spectral density of the PtTe,-based NIRPD analyzed by Fourier transform. (f) Photoresponse of the PtTe,-based

NIRPD for more than 1000 cycles.

Table 1. Comparison of the Figures of Merit of the Current PtTe,-Based NIRPD with the Published Literature

device structure R(AW) D* (Jones)
PtSe,/Si 0.520 3.26 X 1013
Bi,Te,/Si 0.017 2.50 x 10
Gr/CH,;-Si 0.328 6.03 x 10"
Gr/Si 0.029 3.90 x 10"
Gr/Si 0.400 5.40 X 10*?
MoSe,/Si 0.270 7.13 X 10"
MoS,/Si 0.300 ~1.00 X 10"
Gr/Si 0225 ~1.00 X 10°
PtTe,/Si 0.406 3.62 x 10"

7,/7¢ (us) references
55.0/171 44
<1.00 x 10° 48
22.0/56.0 47
93.0/110 38
45
0.270/0.350 S50
3.00/40.0 46
1.20 X 10%/3.00 X 10° 49

7.51/36.7 this work

understandable because all of the photoexcited carriers can be
effectively separated at low-light intensities. However, the
concentration of photoinduced carriers increases sharply with
increasing NIR intensity, and consequently, the recombination
activity of carriers cannot be neglected accordingly. In particular,
under a sufficient light intensity, the recombination activity of
carriers started to undermine the photocurrent.*”

Apart from the incident NIR intensity, the photoresponse of
the PtTe,-based NIRPD is also influenced by the bias voltage
applied to the device. Figure 6a shows the photoresponse curve
with ¢ bias voltages ranging from —0.02 to —0.4 V, where the
photocurrent dramatically increased with the decreasing voltage
from zero bias to a reverse bias of —0.2 V, but remained
unchanged when the voltage was further decreased to —0.4 V.
Moreover, the dark current also exhibited the same tendency.
The corresponding R and EQE with respect to bias voltages are
shown in Figure 6b, from which both parameters are observed to
increase initially and begin to saturate at 0.406 A/W and 32.1%,
respectively, when the voltage is less than —0.2 V. Such a
numerical evolution for both parameters is reasonable because
the application of a reverse bias voltage on the PtTe,/Si
heterojunction strengthens the as-formed electric field by
extending the depletion region. As a consequence, efficient
separation of more photogenerated carriers takes place, leading

to an increase in the photocurrent.””** However, when all
photogenerated carriers were completely separated, no more
photogenerated can contribute to the photocurrent. As a result,
the photocurrent begins to saturate, irrespective of the further
increase in the bias voltage.

Our investigation also unveils that the present NIRPD is
capable of detecting various swift-changing radiation signals
with different frequencies, ranging from 500 Hz to 15 kHz
(Figure S14). Figure 6¢ shows optical frequency-dependent
relative balance [ (Ve — Vinin)/ Vinaxl- Apparently, the NIRPD
can even monitor 10 kHz with excellent reproducibility. The 3
dB frequency [ (Ve — Vinin)/ Vinex reduces from the initial 1 to
0.707] is determined to be 12.8 kHz. Figure 6d presents a single
enlarged cycle at 10 kHz, where 7, (rise time)/z; (rise time) of
7.51/36.7 us can be accurately determined. The specific
detectivity (D*) and noise equivalent power (NEP) are other
two important parameters of photodetectors, which can be given
as

D = (BS)I/Z
NEP (3)
—21/2
NEP = =2
R (4)
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Figure 8. () Digital photograph and (b) schematic diagram of the PtTe,-based NIRPD array. (c) Schematic illustration of the working mechanism of
the PtTe,-based image sensor. (d) The dark current of the PtTe,-based NIRPD array. (e) Photocurrent of the NIRPD array under 980 nm light
illumination. (f) The corresponding sensing results, where the image sensor was separately shined with five 980 nm illuminations with the shapes of
“N”, “I”, “R”, “P”, and “D”.

where B presents the bandwidth (1 Hz) and El/z denotes the
root mean square value of the noise-current. The noise level per
unit bandwidth (1 Hz) of the PtTe,-based NIRPD, as displayed
in Figure Ge, was determined to be ~2.24 X 107" A Hz V2
Hence, the NEP and specific detectivity (D*) are calculated to
be 5.52 x 107" A W' Hz "2 and 3.62 x 10" Jones,
respectively. Moreover, the PtTe,/Si heterojunction can stably

work under light illumination for more than 1000 cycles without

obvious degradation (Figure 6f), suggesting good reproduci-
bility.

Table 1 compares the key performance of the as-fabricated
PtTe,-based NIRPD and other previously reported silicon-
based photodetectors. It can be easily found that while the
responsivity was marginally lower than that of PtSe,/Si,"* and
D* was lower than those of PtSe,/Si,** Gr/Si,*> MoS,/Si,*° and
Gr/CH;-Si,"” both parameters are much better than those of
Bi,Te,/Si,*® Gr/Si,*®* and MoSe,/Si.°>° Moreover, the
response time is faster than the majority of Si-based
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heterojunction device including PtSe,/Si,** Bi,Te,/Si,** Gr/
CH,-Si,"” and Gr/Si.*®" This optimal device performance
suggests the potential application of the as-synthesized PtTe,
materials in next-generation optoelectronic devices and systems.

Figure 7a displays the normalized photoresponse of the
PtTe,-based NIRPD to irradiation in the spectral range of 200—
1200 nm. The as-prepared photodetector displays apparent
photoresponse to the spectrum of 750—1000 nm but a relatively
weak response to other irradiation with shorter and longer
wavelengths, which is similar to the photoresponse of the Si-
based photodetector. For instance, a relatively weak photo-
voltaic effect can still be found under 365 or 265 nm
illumination, (Figure 7b). Although this effect is relatively
weak, the NIRPD can still exhibit an apparent photoresponse
with good reproducibility. Figure 7c shows the photoresponse of
NIRPD under 1300, 1550, and 1650 nm illumination (~1 mW
cm™2). Specifically, the dark current is about 1075 A, and the
photocurrent under 1300 nm light illumination is around 1.40 X
107104, leading to a high on/off ratio of 103, This value is much
higher than that under both 1550 and 1650 nm illumination.
Such broad photosensitivity is probably due to the contribution
from PtTe, that exhibits typical long-range photon absorption
capability, as revealed in Figure 7d.

The PtTe,-based NIRPD array with 64 pixels was assembled
on a Si0,/Si wafer by lithography to explore the possibility of
using the as-fabricated NIRPD for image sensing application.
Figure 8a shows a typical microscopy image of the 8 X 8 PtTe,/
Si heterojunction device array (the typical size of each device is
around 200 X 200 ym?, the fabrication details are given in the
Experimental Section), which was mounted onto a printed
circuit board using a wire bonder (Figure 8b), contributing to
further convenient characterization. The image sensing setup is
schematically illustrated in Figure 8c. Five masks with different
letters “N”, “I”, “R”, “P”, and “D” were separately placed between
the NIR-LED (light-emitting diode) and the PtTe,-based
NIRPD array. During image sensing measurements, once the
980 nm LED was switched on, the light passed through the mask
to directly project each word on the PtTe,-based NIRPD array
with 64 pixels. Figures 8d,e shows the current distribution of the
64 PtTe,-based NIRPD without and with light illumination,
respectively. The majority of the devices (>80%) exhibit a
satisfying uniformity in photoelectric sensitivity. The five
pictures in Figure 8f show the image sensing results, which
were separately obtained by different characters mentioned
above. It is clear that the shape of all of the five letters including
“N”,“T”, “R”, “P”, and “D” can be easily seen due to their distinct
contrast with the background, suggesting the tremendous
potential of present PtTe,-based NIRPD array in next-
generation optoelectronics.

Our further device characterization unveils that the present
PtTe,/Si NIRPD exhibited superior device stability. Figure S15a
compares the photosensing properties of the present hetero-
junction NIRPD, which was stored under ambient conditions
for 2 months. We have not observed obvious degradation in the
photocurrent, which can be ascribed to the superior stability of
PtTe, in air, as revealed by both XRD pattern and Raman spectra
in Figure S1Sb,c. As a matter of fact, this excellent device
stability, according to a previous study is associated with the
absence of dangling bonds owing to naturally terminated
surfaces.”’

B CONCLUSIONS

We developed a facile tellurization approach for controlled
synthesis of platinum telluride (PtTe,) with different thick-
nesses, ranging from 4.81 to 96.7 nm. It has been demonstrated
that the morphology and chemical composition are significantly
influenced by the tellurization temperature and the gas flow rate.
Moreover, the direct combination of PtTe, film and Si wafer
leads to the formation of a PtTe,/Si heterojunction, which
displays a large rectification ratio of ~10* It is also revealed that
the present PtTe,/Si NIRPD exhibits broadband sensitivity in
the wavelength of 200—1650 nm, with the peak photoresponse
at around 980 nm. At this specific wavelength, the peak
responsivity, specific detectivity, and external quantum
efficiency were respectively calculated to be 0.406 A/W, 3.62
x 10" Jones, and 32.1%. In addition, an image sensor which is
composed of a 64 PtTe,/Si heterojunction device array was
fabricated. It is found that the image sensor can readily record
five NIR images produced at 980 nm. The result suggests that
the current PtTe, is a promising building block for the
fabrication of future optoelectronics.

B EXPERIMENTAL SECTION

Materials Preparation and Device Assembly. Platinum
telluride in this study was synthesized by directly tellurizing a Pt
nanofilm. In brief, lightly doped silicon (1-10 € cm), with a thin
insulator layer (300 nm SiO,) was rinsed with piranha solution
[V(H,S0,)/V(H,0,): 7/3], followed by ultrasonication in ultra-pure
water, acetone, alcohol, and distilled water, separately. With the
assistance of the photolithography process, the central part insulator
layer of the as-cleaned Si/SiO, wafer was removed by a buffer oxidation
solution (BOE, comprised of hydrofluoric acid, ammonium fluoride,
and deionized water). Afterward, platinum films with different
thicknesses ranging from 0.5 to 10.0 nm were deposited on exposed
silicon by electron beam evaporation. The substrates loaded with the
platinum film were then placed in the central part of a tube furnace,
where a vessel with 0.100 g of tellurium powder was placed upstream.
During the tellurization process, the oven was heated to 873 K and held
for 1 h, then naturally cooled to 300 K. It should be noted that the
tellurization process was carried out under an argon atmosphere with a
flow rate of 90.0 SCCM. Finally, a 50.0 nm Au film was deposited on
platinum telluride to form a circle electrode assisted with the third
lithography.

Materials Characterization and Device Analysis. The
absorption of the PtTe, sample was characterized by an ultraviolet—
visible—near-infrared spectrophotometer (Cary S000). The morphol-
ogy and lattice structure of the PtTe, sample were observed by FESEM
(SU8010) and HRTEM (JEM-2100F), and the acceleration voltage of
the HRTEM was 200 kV. The thickness and roughness of the PtTe,
sample were tested using an AFM (Dimension Icon). The layer
structure and phase of the PtTe, sample were determined by a Raman
spectrometer (LabRam HR Evolution, the power of the 530 nm laser is
0.400 mW) and an X-ray diffractometer (D/MAX2500VL/PC). The
atomic ratio and composition of the PtTe, sample were studied by XPS
analysis (Thermo, ESCALAB250Xi). The photoelectrical perform-
ances of the PtTe,/Si-based NIRPD were analyzed by a Keithley-4200
and an oscilloscope (TDS2012B).

Computational Methods. All calculations were carried out using
the Vienna ab initio simulation package (VASP) code® based on
DFT.>* The Perdew—Burke—Ernzerhof (PBE) functional of general-
ized-gradient approximation (GGA) was employed.”> A cutoff energy
of 500 eV was set for the plane-wave basis set. In the optimization of
geometrical structure and calculation of the electronic structure, k-point
setsof 11 X 11 X 1 and 15 X 15 X 1 were used for PtTe, thin films, and 8
X 8 X 6 and 12 X 12 X 9 were used for bulk PtTe,, respectively. The
convergence criteria for energy and force were set to be 107 eV and
0.01 eV/A. A vacuum region of 20 A normal to the surface of thin films
was added to avoid the interaction between two adjacent periodic
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images. The vdW interaction was described by the DFT-D3 method of
Grimme.>*
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