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In this study, we have demonstrated the fabrication of a highly sensitive photodetector, which was based
on Si nano-pillar (SiNP) array/PtTe; heterojunction that can work under a self-powered mode of opera-
tion. The as-fabricated heterojunction exhibits the obvious current rectifying behavior with a rectification
ratio of 6 x 103 at a bias voltage of 1 V. Moreover, it displayed an intriguing photoelectric ability to a
wide range of illumination from ultraviolet to near-infrared light. Under light illumination at 980 nm,
the photodetector exhibits a responsivity of 0.71 AW~-1, a specific detectivity of 2.81 x 10'! Jones, and an
external quantum efficiency of 89.9 %, respectively. More importantly, the device has a fast response speed
Of Traise/Tran Of 6.21 [ 26.3 ps. Thanks to the light trapping effect of the surficial nanostructure, the SiNP
array effectively improves the absorption of the heterojunction, and therefore enhances the detecting
performance of the device. Moreover, the device is able to record a near-infrared letter with accept-
able resolution. All of these results suggest that present two-dimensional material may have potential
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application in future high-performance optoelectronic devices.
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1. Introduction

Since the discovery of graphene (Gr) in 2004 [1], two-
dimensional materials have intrigued a tremendous interest
all over the world. Owing to their fantastic electric and pho-
toelectric properties [2], such as high carrier mobility [3,4],
prominent mechanical flexibility [5], and tunable bandgap [6],
two-dimensional materials have exhibited promising potential in
a variety of optoelectronic devices (e.g. solar cells, light emitting
dioxides, photodetectors, lasers, and photoelectric field-effect tran-
sistors) [7-9], especially for light detection due to its incredible
value in the military surveillance, space-based warning, indus-
try automation, remote control, and so on [10]. In recent years,
two-dimensional transition metal dichalcogenides (2D TMDs) with
geometry of a van der Waals heterojunction exhibit remarkable
performance in optoelectronics [11]. Among various 2D TMDs,
group-10 metal dichalcogenides are capable of realizing large-scale
and controllable fabrication of high-performance optoelectronic
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devices [12,13] because of their facile synthesis methods and
excellent photoelectric properties [14]. For example, group-10 2D
TMDs/Si heterojunction device can be easily constructed by directly
transferred or fabricated on the silicon surface, while traditional Si p
—n(or p —i—n)junctions often involve the complicated fabrication
processes for high-temperature ion diffusion or costly implanta-
tion procedures. In addition, the absence of dangling bonds on
naturally terminated surfaces is more beneficial to their ambient
stability, which might help protect a group-10 TMDs device from
surface-induced performance degradation [15].

PtTe, as a representative of 2D TMDs has predicted to be a
very important candidate for various optoelectronics [16] due
to the existence of type-II Dirac fermions [17,18]. Considering
the fabulous compatibility with present semiconductor technol-
ogy, it demonstrates potential applications in the heterojunction
photodetectors [19], image sensors [20], and even silicon-based
integrated optoelectronic systems [21]. In this work, we introduced
a high-performance photodetector by combining group-10 TMDs
of PtTe, with SiNP array, which exhibits great advantages for photo-
electric device on account of the periodic structure that effectively
suppress the reflection of incident light, and increase the effective
illumination area. In addition, the large surface-to-volume ratio
can prolong the lifetime of photo-excited carriers, shorten carriers
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transiting time, and ultimately enhance the photoelectric conver-
sion efficiency of optoelectronics [22-24]. The as-fabricated device
exhibits remarkable photoelectric conversion ability in a wide
spectrum from ultraviolet to near-infrared light. Under 980 nm
light illumination, the responsivity (R), specific detectivity (D*) and
external quantum efficiency (EQE) are estimated to be 0.71 AW~1,
2.81 x 10! Jones, and 89.9 %, respectively at zero bias. More impor-
tantly, the device also displays a short response time (;aise/Tray) Of
6.21/ 26.3 ws. What is more, the photoelectric properties exhibit
nearly invariant after storage in air for 3 months, indicating a bet-
ter ambient stability in nature circumstance. Considering the good
optoelectronic properties and easy fabrication, the present SiNP
array/PtTe, core/shell heterojunction can be regarded as a promis-
ing building block for assembly of high-performance optoelectronic
devices.

2. Experimental section
2.1. Materials synthesis and device fabrication

In this study, platinum telluride was synthesized by directly
in-situ tellurization of Pt film. In brief, a lightly doped silicon sub-
strate (1-10 €2 cm) with 300 nm silicon dioxide insulator layer
was treated with ultrasonic cleaning in acetone, alcohol, and deion-
ized water for 15 min, respectively. The selected area of SiO, was
removed by an etching solution (hydrofluoric acid, ammonium
fluoride, and ultrapure water) without positive photoresist as a
protecting layer. The selected area of Si was loaded a single layer
close-packed polystyrene (PS) spheres by a slow-pulling method.
The as-assembled PS spheres were treated by the reactive ion etch-
ing process with oxygen plasma, which results in homogenous
dispersed PS spheres with reduced diameters. After the deposi-
tion of the 30 nm silver film by the electron-beam evaporation, the
sample was immersed into a mixed etching solution (the volume
ratio of hydrofluoric acid, hydrogen peroxide, and distilled water
was 10:1:40) for 20 min. The photoresist was removed by acetone,
and then the sample was washed by ethanol and deionized water,
respectively. After drying by nitrogen gas, 10 nm platinum film was
deposited onto the selected area of the sample, with the assistance
oflithography technology. The platinum-loaded sample was placed
at the center zone of the furnace and tellurium (Te) powder (99.99
%) was placed in the upstream side. The furnace was heated to 873
K for 120 min, and then naturally cooled to room temperature. The
whole tellurization procedure was protected by argon gas with the
flow rate of 90 SCCM. 50 nm gold film was deposited onto plat-
inum telluride as top electrodes. In-Ga alloy, as bottom electrodes,
was employed to connect the back side of the sample and a printed
circuit board (PCB).

2.2. Materials characterization and device analysis

The structure of the PtTe, film was analyzed by Raman
spectrometer (Horiba Jobin Yvon, LabRAM HR800) and X-ray
diffractometer (Rigaku D/max-rB). The morphology and EDS of the
PtTe; film were characterized by field-emission scanning electron
microscopy (FESEM, SU8010) and high-resolution transmission
electron microscopy (HRTEM) (JEM-2100 F). The absorption of the
PtTe, film was characterized by ultraviolet-visible-near-infrared
spectrophotometer (CARY 5000). The chemical composition of the
PtTe, film was determined by X-ray photoelectron spectroscopy
(XPS) analysis (Thermo, ESCALAB250Xi). The electrical measure-
ments of the SiNP array/PtTe, core/shell heterojunction was tested
by the home-made system containing a semiconductor charac-
terization system (Keithley 4200) and a series of lasers (Thorlabs
Company). The laser diode driven by the function generator and
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GHz oscilloscope (Tektronix, TDS2012B) were employed to charac-
terize the response speed.

2.3. Theoretical simulation

The energy density distribution of the electric field of the
SiNP array/PtTe, heterojunction was analyzed by using the finite
element method (FEM). Considering the periodic structure, the sim-
ulation of the electric field distribution was only performed for
two-unit cells. Plane waves are used to simulate the incident light
on top of the structure. During the simulation, structural parame-
ters of the model were extracted from the SEM image of the sample,
in whichrg =175 nm, r; =220 nm, Hy =3500 nm, H; = 3530 nm, and
P = 700 nm, respectively. Here, P denotes the period of the array,
and ry (r1) and Hy (H;) represent the radius and height of SiNP
(SiNP/PtTe,), respectively.

3. Results and discussion

The SiNP array/PtTe, core/shell heterojunction (Fig. 1a) was
assembled by a feasible procedure including Ag-assisted etching
of Si, direct e-beam evaporation of Pt, and subsequent facile tellur-
ization process. The detailed schematic diagram of the fabrication
process is shown in Fig. S1. The morphologies of both SiNP array
(Fig. 1b-c) and SiNP array/PtTe, core/shell heterojunction (Fig. 1d
& e) were primarily studied by field-emission scanning electron
microscopy (FESEM). It is obviously observed that the SiNP array
is perpendicular to the surface with uniform radius of ~350 nm,
height of ~3 pm, and interval of ~150 nm. What is more, the PtTe,
film with thickness of ~50 nm is actually composed of a variety of
distinguishable clusters, which form a continuous layer through-
out the SiNP array. Such a unique device geometry will facilitate
not only light harvesting, but also for electron-hole pairs separa-
tion, which will be beneficial for photodetection application [21].
From analysis of HRTEM image (Fig. 1f), the PtTe, sample is poly-
crystalline, and the grain size is about several to tens nanometers.
The TEM image and elemental mapping images suggest that both Pt
and Te elements are evenly distributed onto the SiNP array surface
(Fig. 1g). According to the energy-dispersive X-ray spectroscopy
(EDS) in Fig. S2a, the atomic ratio of Pt/Te element is estimated to
be 33.6:66.4, which is ideally close to the stoichiometric proportion
of PtTe,. More characterizations (Raman spectrum, XRD pattern,
XPS spectra, and HRTEM image) of as-synthesized PtTe, were pro-
vided in supporting information (Fig. S2b-f), which is consistent
with previously reported results [25-27].

Fig. 2a depicts the I-V characteristic of the SiNP array/PtTe; het-
erojunction in the dark. Obviously, this heterojunction exhibits a
typical rectifying behavior, with a rectification ratio as high as 6
x 103 within +1 V, which is higher than previously reported het-
erojunctions with similar structures (PdSe; /pyramid Si [22], and Si
nanowires/Cs doped FAPDI; [28]). The remarkable rectifying char-
acteristic is originated from SiNP array/PtTe, heterojunction, since
good Ohmic contact is formed in both the Au-PtTe;, (Fig. S3) and
In/Ga-Si structures [22]. When the device was shined by 980 nm
light illumination, the I-V curve exhibits an obvious photovoltaic
effect (Fig. 2b). The open-circuit voltage (Voc) and short-circuit cur-
rent (Isc) are estimated to be 0.36 V and 3.58 A, respectively.
The typical photovoltaic effect endows the heterojunction with a
self-driving operational mode. The mechanism of this behavior is
originated from the fact that the work function (Eg) of PtTe; is lower
than that of n-type Si. When they are in contact with each other,
the electrons in the interface of Si will diffuse to PtTe, to make
the Er of the former in line with that of the latter, further induc-
ing the energy band of Si interface to bend upward. Consequently,
a built-in electric field is formed at the PtTe,/Si interface, as illus-
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Fig. 1. (a) Schematic diagram of SiNP array/PtTe, heterojunction. (b) and (c) FESEM images of SiNP array. (d) and (e) FESEM images of SiNP array/PtTe, core-shell structure.
(f) The HRTEM image of the shell of PtTe,. (g) Elemental mapping images of silicon, platinum, and tellurium.
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Fig. 2. (a) I-V characteristic of the SiNP array/PtTe; heterojunction in the dark. (b) I-V curves of the heterojunction photodetector in darkness and under 980 nm light
illumination. (c) Energy band diagram of the SiNP array/PtTe, heterojunction under light illumination at zero bias. (d) Photo-response of the photodetector under 980 nm
light illumination at zero bias with light intensity of 360 wW cm~2. (e) Experimental absorption spectra of both planar Si/PtTe, and SiNP array/PtTe, heterojunction devices.
(f) Photocurrent and on/off ratio of the heterojunction photodetector with different wavelengths at zero bias.

trated in Fig. 2c. The photo-response characteristics under 980 nm arate the photoexcited electron-hole pairs. Specifically, the on/off
light illumination are plotted in Fig. 2d, the vertical rise and fall ratio can easily approach 10° at zero bias, which is superior to pre-
slopes illustrate that the core/shell heterojunction can rapidly sep- viously reported similar heterojunction (PtSe,/Si [29], Gr/Si [30],
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Fig. 3. Electric field intensity plots of leaky mode resonances of SiNP array/PtTe, at A =650 nm, A\ =980 nm, and A = 1300 nm, which corresponds to the HE;3 and HE;; modes,
respectively. (a) The top row illustrates the top view of |E(r)|* at the x-y plane, while the bottom (b) shows a side view at the x-z plane. (c) Electric field density distribution
of the planar Si/PtTe, under 980 nm illumination. (d) Simulated absorption curves of the SiNP array/PtTe; and planar Si/PtTe;.

and CsBisl1o/Si [31]), and further suggests the good carrier separa-
tion and collection capability of the core/shell heterojunction. Both
the separation speed and efficiency of the heterojunction further
demonstrate a low level of defect states existed in the interface
between SiNP array and PtTe,. What is more, the photocurrent of
the SiNP array/PtTe, heterojunction is 1.94 times of that of planar
Si/PtTe, based device under the same intensity of light illumination
(Fig. 2d). The enhancement of photo-response can be interpreted
by the light trapping effect of the SiNP array: The nanostructure
of the SiNP array/PtTe; heterojunction can effectively suppress the
reflection of incident light by substantially increasing the optical
path [22], which leads to increase in absorption from 46 % to 86 %
in comparison to the planar Si/PtTe,, as shown in Fig. 2e.

The photo-response of the SiNP array/PtTe, heterojunction was
found to be strongly related to the wavelength of incident light.
As shown in Fig. S4a-b, obvious photovoltaic behavior is observed
in ultraviolet-visible-near-infrared region. The strongest response
is located at the wavelength of 980 nm. Under light illumination
with different wavelengths, the response of the heterojunction can
be quickly switched at zero bias (Fig. S4c). The evolution of the
photocurrent and on/off ratio as a function of wavelength are sum-
marized in Fig. 2f. It can be seen that the photocurrent increases
slowly from 0.41 pA at the wavelength of 265 nm to 8.9 pA at the
wavelength of 980 nm, and subsequently dramatically decreases to
0.37 nA at the wavelength of 1650 nm. Similarly, the on/off ratio
gradually rises from 10% to 2.2 x 10°, and then rapidly drops to
9.25. Such a tendency kept in agreement with the Vg of device
in the I-V curves. Considering the fact that the PtTe; in this study
exhibits typical semimetal characteristics, the above peak response
at the wavelength of 980 nm is mainly due to the contribution
from Si, which has absorption edge at nearly the same wavelength.
Understandably, the observed photoelectric behavior at near bias
voltage is related to carrier separation by built-in electric field at
the interface of SINP array/PtTe; heterojunction [32,33]. During this
photoelectric process, only photons with energy higher than the
bandgap of Si can efficiently generate electron-hole pairs. That is
why when wavelength is increased to longer values i.e. 1650 nm,
very low photocurrent was formed [34].

In order to shed light on the relatively good performance of the
above SiNP array/PtTe, heterojunction, we simulated the electric

field distributions by using FEM numerical simulation. Fig. 3a-b are
the electric field distributions in the x-y and x-z sections at the
incident wavelengths of 650, 980, and 1300 nm. We can find from
the x-y section that the incident lights at different wavelengths
form different leaky resonance modes [35]. Among them, 650 nm
light corresponds to the HE;3 mode, 980 and 1300 nm lights cor-
respond to the HE{; mode, and 1300 nm light is coupled to the
waveguide mode supported by NPs with higher efficiency [36]. Fur-
thermore, it can be seen from the x-z section that, for incident
lights with the wavelengths of 650 and 980 nm, the intensities of
the incident lights along the waveguide inside the NPs have a sig-
nificant attenuation during the propagation due to the absorption
loss of the Si NPs. On the contrary, there is no obvious attenua-
tion along the waveguide at 1300 nm, indicating that the silicon
has nearly no absorption in this region. All these results are in
full agreement with the experimental and simulated absorption
spectra. Fig. 3c shows a planar Si/PtTe; structure. The electric field
intensity inside and near the surface of the NPs is much greater
than that of the planar structure under the same conditions. Fig. 3d
compares the absorption efficiency curves of the SiNP array/PtTe,
and planar Si/PtTe;, through simulation. Obviously, the simulation
result is in good agreement with the experimental ones. There-
fore, the enhanced interaction between the NPs and light greatly
improves the absorption of the device. As a matter of fact, the above
phenomenon can be understood from the following two aspects.
On one hand, the NPs structure not only has a large effective device
area to improve the transport capacity of photo-generated carriers,
but also makes the light continuously reflect between the NPs due
to its periodic properties, which forms a light-trapping mode and
increases the utilization efficiency of photons [28]. On the other
hand, the NPs can be regarded as a miniature resonator, which
can form the HE;, transverse resonance mode [37]. The HE;; and
HEq3 resonance modes distributing in and around the NPs array
lead to the enhancement of local field, and ultimately increase the
absorption of some specific incident lights.

Apart from the wavelength, the photoresponse also depends
on the intensity of incident light. Fig. 4a shows the I-V curves of
the heterojunction device under 980 nm light illumination with a
series of intensities from 0.0684 to 11.88 wW cm~2. Apparently,
the photoresponse at both zero and reverse bias are enhanced with
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the intensity increasing, which can be ascribed to the reason that
the larger number of photons at a higher intensity contributes to
the generation of more carriers. The corresponding photoresponse
curves are plotted in Fig. 4b (0.0684-11.88 wW cm~2) and Fig. S5
(11.88-140.3 uW cm~2), in which the corresponding photocur-
rent can be swiftly switched between on (light illumination) and
off (dark) states, suggesting that the device can effectively detect
the illumination with a large range of intensities. The photocur-
rent nearly increases monotonously from 0.48 nA to 0.99 wA when
the light intensity ascends from 0.0684-140.3 W cm~2. Similarly,
the corresponding photovoltage gradually increases from 0.001 to
0.296 V. The relationship of the photocurrent and intensity of the
incident light can be further quantitatively described as a formula
of Iph=AP9, where A is a parameter for light, P is the power of the
incident light, and @ is the exponent of photo-response and indi-
cates the linear relationship of power densities and photocurrents,
respectively. As the fitting result shown in Fig. 4d, 6 is estimated to
be 0.89. This result is very close to the ideal value of 1, indicative of
alow level of trap states in the heterojunction. In order to quantita-
tively evaluate the performance of the SiNP array/PtTe, core/shell
heterojunction photodetector, key parameters, like responsivity
(R), specific detectivity (D*) and external quantum efficiency (EQE)
were employed, which can be estimated by the following formulas
[38,39,49]:

Lioht — I
R= llghtp)hsdark (])
. 1/2
Do (2)
(2qlgark) /
hcR
EQE = o (3)

Where P, is the intensity of incident light, S is the effective illu-
mination area (0.01 cm?), A is the wavelength of incident light,
q is the value of electron charge, h is the Planck’s constant, c is

the speed of light, and Ijjgn and Iq, are the currents of the device
under light illumination and in the dark, respectively. According
to above equations and the measurements of the photodetector
under 980 nm light illumination with an intensity of 0.0684 pW
m~2 at zero bias, R, D*, and EQE are calculated to be 0.71 A W1,
2.81 x 10! Jones, and 89.9 %, respectively. As shown in Fig. 4e, both
R and EQE keep nearly unchanged with the intensity in the range
of 0.0684-140.3 wW cm~2, and then obviously decrease with the
light intensity further increasing. This finding can be understood
as follows: When the photodetector was shined by weak light, all
the photo-generated carriers will be separated by the built-in elec-
tric field, leading to a linear relationship between the photocurrent
and light intensity [40]. However, when the light intensity keeps
increasing, more and more carriers were generated in the deple-
tion. In the case, due to strong carrier recombination, part of the
photo-generated carrier can be effectively separated by the built-
in electric field. Consequently, the photocurrent cannot keep the
linear changing with the intensity increasing. As a result, R keeps
unchanged at weak intensity, but it decreases at high intensity
The influence of the bias voltage on the properties of the hetero-
junctionis also discussed. The photo-response of the photodetector
under 980 nm light illumination with the intensity of 9.42 wW cm—2
at zero and different reverse bias voltages are illustrated in Fig. 5a-b.
One can easily find that the device exhibits typical detecting ability
at both zero and reverse bias. The dark current obviously increases
from 2.1 x 10! A at zero bias to 3.8 x 10719 A at reverse bias volt-
age of -0.2 V, and then slowly increases to 8.0 x 10710 A with the
reverse voltage increasing to —1 V, while the photocurrent obvi-
ously enhances from 67.9 to 72.7 nA with the voltage reinforcing
from 0 to -0.2 V, and remains nearly unchanged in the bias volt-
age range from -0.2 to —1 V. Since the reverse bias voltage has the
same direction as that of the built-in electric field, application of a
reverse bias will intensify the intensity of the electric field which
will facilitate the separation of photo-generated carriers and extend
the depletion region. For this reason, R, D*, and EQE are improved
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from 0.71 AW-1,2.81 x 10!! Jones, and 89.9 %, to 0.78 AW-1, 3.09
x 101 Jones, and 99.2 %, respectively, when the bias voltage was
decreased from zero to —1 V, as summarized in Fig. 5c-d. These
Figure-of-merits values are close to or even superior to that of the
heterojunction with similar structures (Si nanowires/C quantum
dots [22], and Si nanowires/Cs doped FAPbI; [28]). The response
time of the device was further studied by the home-made system
consisting of an oscilloscope, a laser diode, and a function gener-
ator. Fig. 5e and S6 show the relative balance (Vimax-Vimin)/Vmax of
the device as a function of signal frequencies (800 Hz to 15 kHz).
The 3 dB bandwidth ((Vmax-Vinin)/Vmax decreases from 100 to 70.7
%) is estimated to be 13.1 kHz. Fig. 5f presents an individual cycle
of the photoresponse at 13 kHz, the rise time (the photoresponse
increases from 10 % to 90 %) and fall time (the photoresponse
decreases from 90 % to 10 %) are evaluated to be 6.21 and 26.3 s,
respectively. Moreover, the heterojunction can stably work under
light impulses for more than 20 min (Fig. S7) with no obvious degra-
dation in performance. In addition, after the storage in atmosphere
for 3 months, as shown in Fig. 5g, the photoresponse of the hetero-
junction degrades by less than 1.2 % under the same intensity of 980
nm light illumination, these results suggest the good device repro-
ducibility and ambient stability, which is very important for the
potential application in future optoelectronics. Fig. 5h summarizes
some of the key parameters of the present devices and other devices
with similar geometries: The responsivity of this device is slightly
poorer than that of WS, /Si[41], but are much better than previously
reported heterojunction devices like PtSe,/Si [42], Bi,Tes/Si [43],
Gr/Si [44], MoSe;/Si [45], MoS;/Si [46], and Gr/Si [47]. On the other
hand, the response speeds are faster than that of other devices with
analogical structures except for MoSe,/Si [45] and MoS,/Si [46].

To further study the detection capability of the self-driving
heterojunction detector, a home-made imaging system was con-
structed. As shown in Fig. 6a, a shadow mask with a hollow
character of N was employed to pattern the light. The photodetector
was fixed onto a home-made translation stage with moving orbit
along horizontal (x) and vertical (y) directions. Under parallel light
beams with different wavelengths and the same intensity, a semi-
conductor characterization system (Keithley 4200) was applied to
record the time dependent current signal of the device (The posi-
tion value is equal to time multiplied by speed, and the gray value is
equal to current divided by minimal dark current). From the images
shown in Fig. 6b-d and S8, one can see that the imaging system
exhibits the highest sensitivity to 980 nm light. The gray value ratios
0f 980 nm/265 nm, 980 nm/650 nm, and 980 nm/1550 nm are esti-
mated to be 22.1, 3.1, and 1.6 x 10%, respectively. It also indicates
that this imaging system has a capability to roughly distinguish
different wavelengths of lights [48].

4. Conclusions

In summary, we have successfully fabricated a highly sensitive
heterojunction photodetector with brilliant detection capabil-
ity. The as-fabricated SiNP array/PtTe, core/shell heterojunction
displayed a remarkable rectifying effect with the excellent recti-
fication ratio of 6.0 x 103 at a bias voltage of +1 V. Moreover, the
responsivity, specific detectivity, and external quantum efficiency
were estimated to be 0.78 A W-1, 3.09 x 10! Jones, and 99.2
%, respectively, which are better than many previously reported
heterojunction devices with similar geometries. Such relatively
good optoelectronic property, along with remarkable stability, and
excellent images sensing characteristics render the present SiNP
array/PtTe, core/shell heterojunction promising building blocks for
assembly of high-performance optoelectronic devices in future.
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