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Si-CMOS-compatible 2D PtSe,-based self-driven photodetector with
ultrahigh responsivity and specific detectivity

Peng Ye, Han Xiao, Qinghai Zhu, Yuhan Kong, Youmei Tang and Mingsheng Xu"

ABSTRACT Photodetectors (PDs) based on two-dimensional
(2D) materials are attracting considerable research interest
due to the unique properties of 2D materials and their tunable
spectral response. However, their performance is not out-
standing enough, and the compatibility of their fabrication
process with Si-complementary metal oxide semiconductor
(CMOS) process flow needs evaluation. Here, we report an
unprecedented high-performance, air-stable, self-driven, and
broadband room-temperature PD based on the architecture of
the PtSe,/ultrathin SiO,/Si heterojunction. The PD exhibits a
very prominent responsivity of 8.06 A W', a truly high spe-
cific detectivity of 4.78 x 10" cm Hz"> W™, an extremely low
dark current of 0.12 pA, and a fantastic photocurrent/dark
current ratio of 1.29 x 10’ at zero bias. The measured photo-
current responsivities at wavelengths of 375, 532, 1342, and
1550 nm are 2.12, 5.56, 18.12, and 0.65 mA W™, respectively.
Moreover, the fabricated 9 x 9 device array not only illustrates
the very high uniformity and reproducibility of the PDs but
also shows great potential in the field of ultraviolet-visible-
near infrared illumination imaging applications with a fabri-
cation fully compatible with Si-CMOS technologies. Our de-
sign of the PtSe,/ultrathin SiO,/Si heterojunction PD greatly
suppresses dark current, improves the diode ideality factor,
and increases the potential barrier. Accordingly, it paves the
way for a general strategy to enhance the performance of PDs
used in novel optoelectronic applications.

Keywords: two-dimensional materials, PtSe,, Si-based photo-
detector, self-driven photodetector

INTRODUCTION

A p-n junction is a popular and simple architecture for devel-
oping high-performance photodetectors (PDs) [1-3]. An inter-
face with a suitable passivation layer can greatly reduce the
recombination of carriers at the interface, which is beneficial for
suppressing the dark current [4,5]. To solve the shortcomings of
traditional PDs, such as the complex preparation process, nar-
row detection range, high cost, and strict working environment
[6-8], PDs based on two-dimensional (2D) materials, such as
graphene and transition metal dichalcogenides (TMDs), have
been extensively explored due to their excellent optical and
electrical properties, such as a tunable bandgap, strong inter-
action with light, and good mechanical flexibility [9-12].

Moreover, whether or not the fabrication of functional devices
with 2D materials (2D-Mat) is compatible with the Si-com-
plementary metal oxide semiconductor (CMOS) process flow is
essential for their incorporation into current Si-CMOS tech-
nologies [13]. Thus, 2D-Mat/Si heterostructure PDs are
attracting considerable interest.

Among TMDs, 2D platinum diselenide (PtSe,) was reported
to have a high carrier mobility and tunable bandgap in the range
of approximately 0-1.2 eV, dependent upon its layer numbers
[14,15]. Furthermore, PtSe, is environmentally friendly and
stable, and its synthesis temperature is compatible with silicon-
based technology, which makes it a potential candidate for Si-
based optoelectronics [16]. The tunable and narrow bandgap of
PtSe, films brings opportunities for broadband detection from
near-infrared (NIR) to midinfrared (MIR) bands [17]. Hence,
PtSe,-based heterostructures, such as PtSe,/Si, PtSe,/CdTe, and
PtSe,/GaAs PDs, have been reported [18-21]. However, despite
these efforts, PDs based on PtSe, and other 2D materials still
suffer from an insufficient rectification ratio, small Ijighy/Igark ratio
(where Ijigy refers to the photocurrent, and Iy, refers to the dark
current), low responsivity, low specific detectivity, and large
dark current, which severely limits their potential for commer-
cial applications.

Here, we report a room-temperature high-performance self-
driven PD based on a PtSe,/ultrathin SiO,/Si structure. The
introduction of ultrathin SiO, as a dielectric layer to separate the
PtSe, from the Si increases the interface barrier height but
without influence on the bipolar carrier transport and passivates
the Si surface. Iy at zero bias, rectification ratio within +5 V,
and ideality factor (n) of the PD at room temperature in the dark
are 0.12 pA, 5.7 x 107, and 1.015, respectively. Through the
design of ultrathin SiO,, the PDs fully utilize carriers photo-
generated by the Si and PtSe, films. Under 808-nm NIR illu-
mination at zero bias, the PD has a large Ijgn/Igar ratio of ~1.29
x 10°, a decent responsivity of 8.06 A W™!, a truly specific
detectivity (Dy") of 4.78 x 10" Jones (1 Jones = 1 cm Hz!? W),
and a fast response speed of 14.1/15.4 ps. Our PD with Dy’
larger than 3.85 x 10° Jones has a strong responsivity of 2.12,
5.56, and 0.65 mA W~! under ultraviolet (UV, 375 nm), visible
(Vis, 532 nm), and NIR (1550 nm) illuminations, respectively.
The potential of the UV-Vis-NIR illumination imaging appli-
cation is demonstrated by fabricating a 9 x 9 device array with
very high homogeneity and reproducibility and compatibility
with Si-CMOS technologies.
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EXPERIMENTAL SECTION

Material synthesis

In this work, a multilayered PtSe, film was prepared by the
thermally assisted conversion (TAC) technique. In brief, a pla-
tinum (Pt) layer was first-deposited on the as-prepared SiO,/Si
(~3 nm SiO, thickness) substrate using a magnetron sputtering
system. Before deposition, the wafer was carefully cleaned
according to standard cleaning techniques to remove ions and
organic impurities. Then, the Pt-deposited substrate was trans-
ferred to the downstream side of a chemical vapor deposition
furnace, while selenium (Se) powder (99.99% purity) was loaded
at the upstream side. The Se powder was evaporated at 222°C,
and the evaporated Se was transported to the Pt-deposited
substrate under 50 sccm (standard cubic centimeters per min-
ute) of a fixed Ar/H, (9:1) flow. The temperature of the down-
stream side was set to 400°C and kept for 2h to ensure a
complete selenization, followed by natural cooling to room
temperature.

Preparation of the device

To construct the PtSe,/ultrathin SiO,/Si heterojunction-based
PD, a window (0.05 cm X 0.05 cm) was defined on the planar
SiO,/n-Si (285 nm SiO,) substrate via traditional lithography,
followed by removing the SiO, insulating layer within the win-
dow via a buffered oxide etching (BOE) process. Afterward, the
prepared substrate was exposed to a clean room ambient for the
natural formation of a ~3-nm SiO, insulating layer on the Si.
The PtSe, film was directly prepared on the substrate using the
TAC method. The Cr/Au (5 nm/50 nm) electrode deposited on
PtSe; film through magnetron sputtering technology was used as
the top electrode, and the bottom electrode was formed by
attaching an indium gallium (InGa) alloy to the back side of the
n-Si substrate.

Material characterizations

The surface morphology of the PtSe, film was observed using a
scanning electron microscope (SEM, Hitachi S-4800). The
thickness and crystal structures of the PtSe, layers were char-
acterized using an atomic force microscope (AFM, Bruker
Dimension Edge) and X-ray diffraction (XRD, Bruker Dimen-
sion Edge). The thickness of the native ultrathin SiO, layer was
estimated by using an ellipsometer (HORIBA UVISEL) and
fitting with a classical model. The Raman spectra were measured
on a Raman spectrometer (Renishaw inVia) using a 532-nm
laser as the excitation light. The absorption spectra of the PtSe,
layers grown on quartz substrates were measured by a UV-Vis-
NIR spectrometer (Hitachi U-4100). The transmission electron
microscopy (TEM) characterization was performed using a
high-resolution TEM (HRTEM, JEM-2100F). Chemical struc-
ture analysis was conducted via X-ray photoelectron spectro-
scopy (XPS, Thermo ESCALAB 250Xi).

Device characterization

The photoelectric measurements of the devices were performed
using a homemade system, including a semiconductor analyzer
FS480 (PDA Co. Ltd), a pulse generator (RIGOL DG5100), an
oscilloscope (WaveSurfer 3024, Teledyne), and a power meter
(Newport 1931-C).
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RESULTS AND DISCUSSION

Device structure and basic characterization

To construct the PtSe,/ultrathin SiO,/Si heterostructure PD
(Fig. la), a PtSe, film with a thickness of approximately
12.42 nm was grown using the TAC method on the effective
working area defined via conventional photolithography and the
liftoff process (Fig. S1). First, the designed effective working area
window (0.05 cm x 0.05 cm) was exposed and developed on the
SiO,/Si substrate covering the photoresist layer through a pho-
tolithography process. Then, the substrate was immersed in a
BOE solution to completely remove the SiO, layer in the exposed
window. Afterward, a suitable ultrathin SiO, layer (~3 nm,
Fig. S2) was formed on the Si substrate in the working area.
Subsequently, a Pt film was deposited in the effective working
area and was converted into the 2D PtSe, film through the TAC
method. Finally, the Cr/Au (5 nm/50 nm) electrode was depos-
ited on the PtSe; film as the top electrode, and an InGa alloy was
used as the bottom electrode to adhere to the back of the n-Si
substrate.

We characterized the structure of the prepared PtSe, using
various techniques. As shown in Fig. S3, the typical Raman
spectrum of the PtSe, film excited by 532-nm light contains two
prominent peaks at approximately 177.1 and 205.2 cm™, which
are assigned to the E,, in-plane vibration mode of Se atoms and
A, out-of-plane vibration mode of Se atoms [22], respectively.
Fig. 1b shows the optical image of the PtSe, film with a scratch
and a picture of the PtSe, film on the SiO,/Si substrate. The
Raman mappings acquired from the marked square areas at
177.1 cm™ (Fig. 1c) and 205.2 cm™ (Fig. 1d) show a uniform
intensity contrast, demonstrating the flatness and uniformity of
the PtSe, film. To further confirm the uniformity of the PtSe,
film, 16 test locations randomly distributed on the PtSe, film
were analyzed by Raman spectroscopy (Fig. S4), which showed
identical Raman characteristics. Together with the SEM image
and 3D AFM topographical image (Fig. S5), these results suggest
that the 2D PtSe; film with a root-mean-square roughness (R,)
of ~0.724 nm (Fig. S6) uniformly grew on the substrate. The
thickness of the prepared PtSe, film is approximately 12.42 nm,
as determined via the AFM profile analysis (Fig. S7). The XPS
analysis (Fig. S8) was generally used to further detect the che-
mical composition of the PtSe, film and the binding energy of Se
and Pt. Corrected with C 1s at 284.8 eV, the binding energies for
the Pt 4f;, and Pt 4f;); are at 73.30 and 76.55 eV, and the binding
energies for the Se 3ds;, and Se 3ds/, are located at 54.55 and
55.35 eV, respectively, which are in good agreement with the
values in the literature [23]. The XRD patterns in Fig. S9 exhibit
two diffraction peaks positioned at 16.74° and 32.92°, corre-
sponding to the (001) and (101) crystal planes of PtSe,,
respectively. The full width at half maximum and grain size of
the (001) peak are approximately 1.17° and 6.8 nm, which sug-
gest a relatively good crystallinity. The HRTEM images
(Fig. S10) show that the PtSe, film is a polycrystalline PtSe, layer
with a vertically aligned layered structure. Fig. S10d reveals that
a layer distance along (001) is approximately 0.54 nm. The dif-
fraction rings from inside to outside can be readily ascribed to
the (001), (100), (101), and (110) planes with a lattice spacing of
0.54, 0.32, 0.28, and 0.18 nm, respectively, from the selected-area
electron diffraction pattern (Fig. S11). To confirm the existence
of the SiO, layer underneath, we made a scratch on the PtSe,
film sample and measured the area using energy-dispersive X-
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Device structure and basic characterization at room temperature. (a) Schematic diagram of the cross-sectional structure of the device. (b) Optical

image of the PtSe; film with a scratch and inset showing a picture of the PtSe;, film on the SiO,/Si substrate. (¢, d) Raman mappings acquired at 177.1 and
205.2 cm™. (e-h) Se, Pt, O, and Si elemental mappings of the prepared PtSe, sample on the substrate with the ultrathin SiO,. (i, j) Energy-band diagrams of the
PtSe,/ultrathin SiO,/Si heterojunction under zero bias and reverse bias under illumination. § is the thickness of the oxide layer. Vi is the potential drop across
the oxide layer. The bandgap of the silicon is approximately 1.12 eV. The bandgap of our PtSe, is approximately 0.41 eV. (k) I-V curves of PDs with and
without ultrathin SiO, in the dark; the inset shows an optical image of an as-fabricated PD.

ray spectroscopy to obtain elemental mappings (Fig. le-h). The
Se and Pt elements are evenly distributed in the lower left area,
and the O and Si signals are clearly observed in the measured
upper right area. The existence of an ultrathin SiO, on Si was
further confirmed via ellipsometry (Fig. S2).

Fig. 1i, j show the band diagrams of the heterojunction under
zero bias and reverse bias. As shown by the Tauc plot (Fig. S12)
and UV photoelectron spectroscopy measurement (Fig. S13), the
Fermi level (Ef) of the multilayered PtSe; is located at ~4.84 eV.
In a rough estimation, the work function of n-Si with a resistivity
of 1-10 QO cm is ~4.25eV. When the two components are in
close contact with each other in the dark, electrons diffuse from
the n-Si to p-PtSe; as confirmed by the Hall effect measurement
(Table S1) to achieve a thermal equilibrium due to the difference
in the work functions of the n-Si (~4.25eV) and p-PtSe, film
(~4.84 eV). Meanwhile, the positively charged empty states are
thus left inside the Si to form a depletion region. This charge
transfer process will continue until the Ep is aligned in the
heterostructure. As a result, the energy levels near the n-Si
surface bend upwards, and a strong built-in electric field is
formed at the interface of the p-n heterostructure. Under the
irradiation of light, electron-hole pairs are generated within and
near the depletion region, which can be quickly and effectively
separated by the existing built-in electric field to form a con-
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siderable photocurrent. In the case of the reverse bias, the
depletion region can be effectively expanded to allow more
photocarriers to participate in the generation of photocurrents.
Therefore, a reverse bias external electric field can effectively
improve the separation efficiency of photogenerated electron-
hole pairs. However, limited by the number of electron-hole
pairs generated, the current will approach saturation under a
certain negative bias.

Compared with the PtSe,/Si heterojunction structure, the
performance of the PD based on the PtSe,/ultrathin SiO,/Si
heterojunction is much more excellent. Due to the tunneling
effect [4,24,25], the ultrathin SiO, layer has little effect on the
carrier transport under a bias. The dielectric ultrathin SiO, layer
separates the PtSe, from the Si, thereby increasing the interfacial
potential barrier height. This action can effectively suppress the
dark current of the PD and greatly improve the performance of
the device. Furthermore, the bonding feature of the ultrathin
SiO; naturally grown at the Si surface passivates the Si surface by
reducing dangling bonds and defect states and thus can greatly
reduce carrier recombination at the interface, which is also
beneficial to suppressing the dark current [26,27].

We elucidate the influence of the ultrathin interface oxide
layer on the PtSe,/Si heterojunction as follows. The current-
voltage relationship of the PtSe,/Si can be described by the
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thermionic emission theory [21]:
ar )
exp(nkT) 1
. (0]
1,= A4 Tzexp(—k—]'f), 2

where I is the reverse saturation current, # is the ideality factor,
A is the effective working area of the PD, A" is the effective
Richardson constant, T is the absolute temperature, g is the
electronic charge, @ is the interfacial potential barrier height of
the p-n junction, and k is the Boltzmann constant. After
inserting an ultrathin SiO, layer in the interface of the PtSe,/Si
heterojunction, the reverse saturation current of the PtSe,/
ultrathin SiO,/Si heterojunction can be modified as [28]

IS=AA*TeXp(*JX_M5)eXp(7%)’ 3)

where yox and § are the mean barrier height and thickness of the

SiO, layer, respectively. The term exp(* [ Xoxé) is the trans-

I1=1 X @))

mission coefficient across the thin interfacial SiO, layer.
According to Equation (3), the existence of a SiO, layer can
effectively suppress the reverse saturation current. However, as
the thickness of the SiO, layer increases, the transmission
coefficient rapidly decreases. As a result, the carriers will not
pass through the interfacial oxide layer efficiently. Therefore,
Igarc of our PtSe,/ultrathin SiO,/Si heterojunction PD is much
lower than that of the traditional PtSe,/Si heterojunction PD
regardless of whether it is at zero bias or negative bias.

Fig. 1k plots the current-voltage (I-V) curves on a semiloga-
rithmic scale for PDs with and without ultrathin SiO, in the
dark. Striking current rectifying characteristics are observed. The

rectification ratio of the PD with an ultrathin SiO, (5.7 x 107
within +5 V) is a two-order magnitude higher than that of the
PD without an ultrathin SiO, (5.5 x 10° within +5 V). Con-
sidering the ohmic contact of the Au/PtSe, and InGa/Si contacts
(Fig. S14), this rectification characteristic is completely derived
from the PtSe,/ultrathin SiO,/Si heterojunction. Particularly, the
diode ideality factor (n) calculated from the InI-V curve is 1.015
in the dark (Fig. S15a), which is superior to that of previous
reports [20,21,23]. This value is perfectly close to that of an ideal
diode (n = 1), indicating that the interface recombination is very
low in the PtSe,/ultrathin SiO,/Si heterostructure. As clearly
shown in Fig. S16, I of the PtSe,/ultrathin SiO,/Si hetero-
junction PD is 0.12 pA and 0.03 nA at 0 and —1 V, respectively,
whereas I, of the PtSe,/Si heterojunction PD is 3.2 pA and
11.2nA at 0 and —1V, respectively. The dark current of the
PtSe,/ultrathin SiO,/Si is also much smaller than those of the
previously reported PtSe,/AlO,/Si (0.8 pA) and PtTe,/Si
(~10 pA) PDs. Moreover, the built-in potential barrier (Vi;) of
the PtSe,/ultrathin SiO,/Si heterojunction was calculated as
1.04 V, which is more than double that (0.46 V) of the PtSe,/Si
heterojunction (Fig. S17). Hence, the PtSe,/ultrathin SiO,/Si
heterojunction PD can separate carriers more efficiently and
generate a larger photoresponse current. The above results
suggest that the PtSe,/ultrathin SiO,/Si heterojunction with a
better diode quality has been achieved.

Photoresponse properties

We performed a series of photoelectric performance character-
izations of the fabricated device. The I-V curves of the PtSe,/
ultrathin SiO,/Si PD exposed to different light power densities
(0.0000097-101.57 mW cm™2) under 808-nm illumination show
a significant light response (Fig. 2a). As shown in Fig. S18, the
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Figure 2 Optoelectronic characteristics of the PtSe,/ultrathin SiO»/Si heterojunction PD under 808-nm laser illumination at room temperature. (a) I-V
curves of the device under 808-nm laser illumination with increasing light intensities. (b) Time-dependent photoresponse of the PD under 808-nm
illumination at zero bias. (c) Time-dependent photoresponse of the PD under different biases. (d) Photocurrent at different incident intensities under zero bias
and the fitting relationship between the photocurrent and light intensity. (e) Responsivity as a function of light intensity. (f) Specific detectivity, Dy" and D¢’,
as a function of light intensity. The calculation of Dy is based on the consideration of noise. To facilitate the comparison with the previous devices, D" is

calculated under the condition of underestimating the noise.
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PD achieves a high photoelectric conversion efficiency (PEC) of
~19% under 808-nm illumination (23.11 mW cm™2), which is
higher than the traditional PtSe,/Si (~8%) [20]. In this case, the
photovoltage and photocurrent are 0.435V and 0.104 mA,
respectively. In addition, the device can earn a good PEC of
~5.4% under standard illumination (AM1.5, 100 mW cm™2).
This behavior with light response at zero bias allows our het-
erojunction to be used as a self-driven PD operating without an
external power supply [29,30]. The time-dependent photo-
response under periodic switching of the 808-nm NIR illumi-
nation at zero bias (Fig. 2b) suggests that the device is extremely
sensitive to the incident light, enabling a stable and reversible
switching between high-conductance (e.g, ~155pA at
101.57 mW cm™) and low-conductance (e.g., ~0.12 pA in the
dark) states, which offers a prominent Ijgn/Igan ratio of 1.29 x
10° at zero bias under 808-nm illumination with
101.57 mW cm™2 The performance of our PtSe,/ultrathin SiO,/
Si heterojunction PD is superior to that of other reported het-
erostructure PDs based on 2D materials (Tables S2 and S3).
Furthermore, our heterojunction PD has a high Ijigh/ sk ratio of
1.63 x 10° even at a low optical power density of
0.0097 uW cm™?, indicating that the PD can be used to detect
weak light signals.

By further studying the photoresponse characteristics under
different voltages (Fig. 2c), we find that the switching ratio can
be manipulated by the reverse bias under the irradiation
(808 nm, 101.57 mW cm™2). The dark current from 0 to =3V
increases more significantly than the photocurrent, resulting in a
decrease in the Ijigh/Igark ratio from 1.29 x 10° to 4.27 x 107. The
reverse bias can effectively extend the depletion region and
improve the separation efficiency of photogenerated electron-
hole pairs, thus allowing more electron-hole pairs to join the
generation of the response current. As a result, the responsivity
values from 0 to —3 V are increased from 0.61 to 6.9 A W', By
contrast, the photocurrent from —3 to —5 V negligibly increases
(Fig. 2a) due to the limited extra number of photogenerated
carriers and the nonnegligible recombination loss.

Fig. 2d and Fig. S19 reveal the fact that the photocurrent and
photovoltage of the PD are highly dependent on the power
density and increase with the increase in the light intensity,
which is explained by the increased number of photocarriers at a
higher light intensity. The photovoltage can reach 0.486 V under
the irradiation of 101.57 mW cm™. However, with further
increase in light intensity, the photovoltage increases slowly
(Fig. S19). Moreover, there is a similar trend between photo-
current and power density. To understand the underlying rea-
sons for this phenomenon, the relationship between
photocurrent and light power density can be explained by the
following formula [31].

I,,=aP’, (©)

where I, is the difference between Ijigy and Iga, @ is a constant
for a known wavelength, P is the light power density, and
exponent 6 is an empirical value reflecting the recombination of
optically excited carriers. By fitting the data, a nearly ideal value
of 8 = 0.95 (Fig. 2d) is obtained in the light power density range
(0.0000097-9.47 mW cm™?), indicating that the recombination
loss can be ignored in this range. Meanwhile, an undesirable
value of 6 = 0.35 is obtained in a higher power density range
(9.47-101.57 mW cm™), implying that the recombination loss
turns prominent in this range [32]. Such an experimental phe-
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nomenon is caused by the nonnegligible recombination loss of
carriers because of the growing concentration of photogenerated
carriers in the PtSe,/ultrathin SiO,/Si heterojunction.

Generally, the linear dynamic range (LDR) is an important
performance parameter used to characterize PDs, usually
expressed as follows [33]:

I *
LDR = 2010g[ = ] 5)
dark

where /), is the photocurrent measured at a light power density

of 1 mW cm™ (here, the corresponding current is ~9.97 pA)
and Igw of ~0.12 pA. The LDR of the PD is 158.4 dB, which
exceeds that (120 dB) of a traditional silicon photodiode [33].
The large LDR value proves that the recombination loss of the
device in a certain light power density region is quite low, which
is fully consistent with the results above.

To further evaluate the performance of our PD based on the
PtSe,/ultrathin SiO,/Si heterojunction, the responsivity (R) was
accurately calculated. Generally, R is described as the ratio of the
output current of photoresponse to the incident light power
current in the effective working area of the PD. The parameter is
usually obtained from the experimental data using the formula
[34]:

Ly Lo qi
R= —>pP. EQE(%), (6)
where P;,, represents the input optical power (P, = PA; P is the
optical power density and A is the effective device area), EQE
represents external quantum efficiency, g, A, h, and ¢ represent
the elementary charge, wavelength of the incident light, Planck’s
constant, and speed of light, respectively. According to our
experimental data, R at room temperature is obtained in Fig. 2e
under different light power densities under illumination with
808-nm laser at zero bias. R of the PtSe,/ultrathin SiO,/Si het-
erojunction reaches the highest value of 8.06 A W™! under a
light intensity of 0.0099 uW cm™ at the zero bias voltage, which
is far higher than that of the previously reported self-driven PDs
(Tables S2 and S3) and commercial Si P-I-N PDs (less than
0.5 A W™,

Furthermore, we consider the specific detectivity (D) and
noise equivalent power (NEP), which reflects the detection
ability of a PD to weak light signals from noise. To calculate D",
the noise density spectrum (Fig. S20) was measured. The noise
spectral density shows a strong 1/f component, indicating that
flicker (1/f) noise dominates the noise current in the PD. The
noise current density iy is extracted as 8.42 x 10™° A Hz""? at a
frequency of Af = 10 kHz. Here, D" is denoted as Dy", calculated
by the following formula [35,36]:

,_ 4B’
Dy = NEP ° 7
i
NEP = 7, ®)

where A (0.0025 cm?) and iy (842 x 107'° A Hz ') are the
effective device area and noise current density (Fig. S7) at a
frequency of Af = 10 kHz, respectively. B is the bandwidth. Thus,
Dy of our PtSe,/ultrathin SiO,/Si heterojunction PD is 4.78 x
10" Jones at 808-nm NIR light irradiation with a light power
density of 0.0099 pW cm™ at zero bias (Fig. 2f, left y-axis), and
the NEP is 1.04 x 1075 W Hz"2. Dy* of our detector is much
better than the best available value of previously reported Si-
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based PDs with 2D TMDs (Table S2) [37-39]. In addition, for
many previous studies on 2D material-based PDs, D is generally
estimated based on the direct current dark noise when the noise
is dominated by the 1/f noise [40]. To facilitate the comparison
with the performance of previous studies, we also used this
method to estimate D* (see Supplementary information). The
calculated results (here, D" is denoted as D¢") are also shown in
Fig. 2f (right y-axis). Surprisingly, the estimated D¢" is nearly
two orders of magnitude larger than Dy due to the under-
estimated noise current. In addition, R and Dy" decreased with
the increase in the light power density (Fig. 2e, f), which is
consistent with previous reports [21,22].

The response speed is also one of the most important para-
meters of the PD, which reflects the ability of the PD to rapidly
track changing light signals. We recorded the output photo-
current changes with time under different frequencies
(1-100 kHz; Fig. S21) of optical signal provided by an 808-nm
laser diode driven by a function generator. The relative balance
(Imax — Imin)/Imax of the photocurrent as a function of frequency
declined very slowly, and it maintained approximately 70.5% of
its maximum value at a frequency of 30 kHz. Moreover, the 3 dB
frequency is defined as the frequency at which the light response
drops to the maximum light response value of 70.7% [41].
Therefore, the 3 dB frequency was calculated as ~30 kHz, which

indicates that the device can exhibit a fast response speed, good
repeatability, and excellent switching characteristics below the
frequency of 30 kHz. In the time domain, the response speed is
defined as the total time required for the output to rise from 10%
of the pulse peak value to 90% and fall from 90% to 10%. The
estimated rise time 7, and fall time 7r under a pulsed 808-nm
NIR illumination at a frequency of 20 kHz are 14.1 and 15.4 ps,
respectively (Fig. S21). This relatively fast response speed is
related to the special device structure, which is conducive to the
rapid separation and transport of light-excited carriers. The
above results indicate that our PtSe,/ultrathin SiO,/Si hetero-
junction PD can monitor fast optical signals, promising for high-
speed optical detection. However, the intrinsic carrier dynamic
speed of PtSe; is in the order of picosecond (~3 ps) as measured
by the optical pump-probe experiment (Fig. S22) and previous
work [42]. This finding indicates that PtSe, can be used to
fabricate high-speed PDs by optimizing device architectures
[43]. Moreover, a clean heterojunction interface is beneficial for
reducing the number of interface defects, thereby reducing the
probability of photogenerated carrier trapping/de-trapping while
supporting a fast response speed.

We evaluated the broad-spectrum and sensitive photo-
response performance of our PtSe,/ultrathin SiO,/Si PD. As
shown in Fig. 3a, b, strong photoresponse characteristics are
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Figure 3 Optoelectronic characteristics of the PtSe,/ultrathin SiO,/Si heterojunction PD under different wavelength light illuminations at zero bias and
room temperature. (a) Responsivity as a function of incident light wavelength. (b) Specific detectivity and NEP as a function of incident light wavelength.
(c) UV-Vis-NIR absorption spectra of the PtSe,, n-Si, and PtSe,/ultrathin SiO,/Si heterojunctions. (d-i) Photoresponse of the PD under 375, 532, 940, 1342,

1550, and 2000 nm light illuminations at zero bias.
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observed over a wide wavelength spectrum as measured from  808-nm illumination with 13.36 mW cm™ at zero bias. The dark
375 to 2000 nm, demonstrating the broadband detection cap-  currents of the 81 devices range from 0.07 to 0.18 pA, with an
ability of the PtSe,/ultrathin SiO,/Si PD. The large R in the UV-  average value of 0.12 pA. The photocurrents of the 81 devices
Vis-NIR spectral region (375-940 nm) indicates that incident  range from 80.7 to 98.7 uA, with an average value of 91.0 pA. As
photons can be converted into charge carriers very efficiently.  plotted in Fig. 4c, the rectification ratio of all the 81 devices
Furthermore, benefiting from the pronounced NIR optical  within +5 V (Fig. $24) is in the range from 4.92 x 107 to 6.48 x
absorption of the multilayered PtSe, (Fig. 3c), the PD exhibits 107, with an average value of 5.7 x 107. Such minor fluctuations
reliable light response characteristics under NIR radiation at the  of the dark current, photocurrent, and rectification ratios sug-
wavelengths of 1342 nm (Fig. 3g), 1550 nm (Fig. 3h), and  gest a very good uniformity of our devices.

2000 nm (Fig. 3i). This outcome shows its potential in the NIR We further studied the ability of the PD array to record images
field. Compared with the traditional PtSe,/Si PD (Fig. $23), the  under different wavelengths of light. Fig. 4d-f are the schematic
PtSe,/ultrathin SiO,/Si PD exhibits a better response current diagrams for testing the response of the devices under UV

under the measured wavelengths. (375 nm, 0.12mW cm™2), Vis (532 nm, 0.51 mW cm™), and
NIR (1550 nm, 7.42 mW cm™) lights, respectively. After placing
Integration of devices the corresponding self-made masks, homogeneous light irra-

To demonstrate the potential of the PtSe,/ultrathin SiO,/Si  diation was projected onto the PD array. Hence, only the devices
heterojunction PD for device integration and the uniformity of  in the hollow areas that were not shaded could be illuminated,
the photoelectric response of a large number of the devices, we  whereas the other devices were kept in the dark. Then, the
fabricated a 9 x 9 device array (Fig. 4a). Fig. 4b shows the dark  currents of all the devices were measured independently, and the
current and photocurrent of these devices in the array under results were described by a 9 x 9 2D contrast current map. As

a b 107

¢ Dark o Light V. .=0V

bias

1074 2

Current (A)

onel uonEOYNOS

o, D 00 %0 % °&, 9%
10713 PR e® 0?"'39«»35""‘:% %0*%-00\.::9 3T ]

/ [
Ocm 1

0 20 40 60 80
Number of device units

PEp——— L 2 4
~

' 2 2 2 e el
Y 2 2 22 0004
FSE ST EEEN
Y 2 2 2 2 2 0l
' 2 2 R R R Rl
Y 2 2 2 2 2 Rl
Y2 2 2 o s el
Py g4

~
N ST

N SIS
N SV ss

' 2 2 2 2 R R Rl

9 Unit (uA) h Unit (uA) !
9 0.0 9 0 9
: S P
7 03 7 3 7
: 0.4 s 4 .
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
123456789 1234567289 1234567289

Figure 4 Optoelectronic characteristics of the 9 x 9 device array based on the PtSe,/ultrathin SiO,/Si heterojunction PD under different wavelength light
illuminations at room temperature. (a) Optical image of the prepared 9 x 9 device array based on the PtSe,/ultrathin SiO,/Si heterojunction PD. (b) Currents
in darkness and under 808-nm illumination for the 9 x 9 devices in the array. The dashed lines denote the average values for the dark current (black) and
photocurrent (red). (c) 3D diagram of the rectification ratio for each device in the array within +5 V. (d-f) Schematic illustration of the setup for UV, Vis, and
NIR light imaging. (g-i) 2D current contrast map of the PD array corresponding to UV (375 nm, 0.12 mW cm™), Vis (532 nm, 0.51 mW cm™2), and NIR
(1550 nm, 7.42 mW cm™2) light irradiations, demonstrating the ability to record the images of “Z,” “J”, and “U” letters under UV-Vis-NIR illumination.
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shown in Fig. 4g-i, the shapes of the “Z,” “J”, and “U” letters can
be easily and accurately recognized with a reasonable spatial
resolution, showing the potential for UV-Vis-NIR light image
sensing. Furthermore, the array density can be increased by
further reducing the area of an individual device to increase the
spatial resolution.

In practical applications, the long-term stability of the PD in
an ambient environment is a crucial parameter. We investigated
the ambient stability of our PtSe,/ultrathin SiO,/Si heterojunc-
tion PD stored in an ambient environment for seven months
without packaging. Negligible degradation was observed in
terms of rectification, photovoltaic behavior, response speed,
and time-varying light response (Fig. S25), verifying its superior
ambient stability. Such excellent stability is attributed not only to
the outstanding characteristics of PtSe,, such as air stability and
dense morphology, but also to the natively grown ultrathin SiO,
layer, which prevents gas penetration into the interfaces of the
device.

CONCLUSIONS

In this paper, we report a room-temperature high-performance,
air-stable, self-driven, and broadband PD based on the PtSe,/
ultrathin SiO,/Si heterojunction. Compared with other relevant
detectors, our PD with ultrathin SiO, exhibits significant
advantages of promising broadband responsivity, high specific
detectivity, rapid response speed, and extremely low dark cur-
rent. The PD shows an extremely low I« of approximately
0.12 pA with a diode ideality factor (1) of 1.015 and a high
rectification ratio of 5.7 x 107 in the dark. Under 808-nm illu-
mination at zero bias, the device shows outstanding photo-
response characteristics in terms of a large Ijgne/Idark ratio of 1.29
x 10°, an excellent responsivity of 8.06 A W™, a specific detec-
tivity of 4.78 x 10 Jones, and a rapid response speed of
14.1/15.4 ps. In addition, the photocurrent responsivities of the
PD illuminated under 375, 532, and 940 nm are 2.12, 5.56, and
243 AW™!, respectively. Benefiting from the strong NIR
absorption of PtSe;, films, the PD also has great photocurrent
responsivities at the wavelengths of 1342 and 1550 nm, which
are 18.12 and 0.65 mA W™, respectively. Moreover, the facile
fabrication of our PD renders it inherently easy to integrate with
Si-based CMOS technologies. The incorporation of an ultrathin
insulating layer into the heterostructure interface of devices can
block the dark current without suppressing the photocurrent to
achieve an astonishing performance, proving a general strategy
to improve the performance of PDs and energy conversion cells.
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