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Abstract

Superior ultraviolet photodetectors (UVPDs) with fast response speed and high responsivity are
essential for UV communication, intelligent sensing, advanced manufacturing, and more. Various
studies have demonstrated the excellent performance of traditional UVPDs based on wide bandgap
semiconductors (WBSs). However, these devices often suffer from a relatively slow response speed
due to the defect states within WBSs. In this work, we developed a new short channel non-WBS UVPD
using the vertically stacked short channel PtSex/ultrathin-Si UVPD. The heterojunction is stacked by
the 200nm thick Si flake that exfoliated from a Silicon-on-Insulator (SOI) wafer by wet etching and
the wafer-scale CVD -grown PtSe; via the mature PDMS stamp transfer protocols. The absorption in
the Si layer, which depends on the incident wavelength, shows a strong correlation with the device
photocurrent response. Under 365 nm illumination, the vertical device exhibits a fast UV response
speed up to 51.8/73.6 ps, respectively. This performance outperforms that of conventional lateral
structures and many WBS-based UVPDs, largely attributed to the extremely short transport distances
of photogenerated carriers and the superior physical characteristics of Si. This study shows that
ultrathin-Si is a promising building block for fast speed UVPDs, which are vital for UV optoelectronic

applications.



Introduction

Ultraviolet (UV) radiation constitutes approximately 10% of the total solar spectrum, has been
researched since the 19th century, initially focusing specifically on the invisible radiation beyond blue
light.'! Over the past few decades, the rapid development of the electronics industry has greatly
advanced UV radiation application and detection technologies, particularly in sterilization, spectral
analysis, UV curing, and other areas." Ultraviolet photodetectors (UVPDs) are used to convert UV
light signals into electrical signals enabling the analysis of UV radiation levels. Compared to infrared
PDs, UVPDs are unaffected by long-wavelength electromagnetic waves, providing superior
concealment, thermal stability, and reliability, which secures their crucial role in both civil and military
fields.!> 7]

Conventionally, the majority of commercial UVPDs are fabricated by using wide bandgap
semiconductor (WBS) materials as photoactive materials (E > 2 eV),[:8 including ZnO (3.37 eV),!
ZnS (3.7 eV),[1% ZnSe (2.7 eV),1" GaN (3.4 eV),['? diamond (5.5 eV),I'*] Ga,0; (4.8 eV),!'* and their
ternary alloys such as Al:Ga;.N,["*! Mg.Zn;..O,['®! ZnS,Se;..,]'”! etc. These WBS materials exhibit
excellent chemical stability, high electron drift velocity, and appropriate cut-off wavelength in the UV
spectrum. Although it is possible to grow wafer-scale binary WBSs using metal organic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE), there are still substantial bottlenecks in the
flexibility of large-area integrated device fabrication due to the lattice mismatch, complementary metal

(18, 191 In addition, the epitaxial

oxide semiconductor (CMOS) incompatibility and other problems.
growth of ternary alloy semiconductors requires stringent conditions and is susceptible to phase
segregation at high compositional ratios, which hinders the fabrication of high-performance UVPDs.**
21l While bulk WBSs-based UVPDs based on show excellent performance, including high responsivity
Gay0; single crystal field-effect phototransistors,??] Alg3Gag7N/GaN phototransistor,!'?l and Ga,Os
vertical Schottky phototransistor,?*! the photoresponse performance of these devices generally
decreases as the material thickness is reduced, primarily due to the low optical absorption rate and
defect trapping states of the ultra-thin WBSs.['-2*] Nevertheless, the development of the devices with
fast response speed remained an important challenge in many types of UVPDs. The above issues of
WBS lead to a slow response speed of the device.

Besides the WBSs, some narrow bandgap semiconductors are also used in UVPDs. However, their
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larger channels caused by the fabrication process, along with prevalent defect states and recombination
centers in these semiconductors lead to slower response speed of the device.”> 261 Some scale-
dependent semiconductor materials (thickness or diameter) not only have high crystalline quality but

25,27

also offer effective UV detection.?> 2”] These small-scale semiconductor materials interact with light

[26] Recently, thickness-dependent non-

in ways that differ significantly from their bulk counterparts.
WBSs have also recently achieved high-performance UV detection. For example, the layer-dependent
B-Te has shown a decent DUV response at a relatively small thickness of ~ 18.9 nm.!?®! Additionally,
in a Si-nanowires (Si NWs) PD, when the diameter of metal-assisted etched Si NWs decreased to 36
nm, the responsivity under 300 nm illumination reached up to 10.2 A/W.*) The channel length in
vertically structured devices is determined by the thickness of the semiconductor, is typically short.
This reduction in channel lengths can significantly suppress the additional resistance and shorten the
carriers transit time, thereby improving the photocurrent and response speed of the device (Figure
1a).130]

Among most of the semiconductors, Si is one of the most ideal materials and plays the pivotal
position in the fields of electronics and optoelectronics due to its excellent optical and electrical

s.31: 321 In recent years, Si

properties, mature preparation processes, and abundant natural resource
provides an effective platform for the realization of readout circuits for PDs, Si-based optoelectronics
have successfully achieved high-performance, highly stable and low-cost photonic integrated circuits
because of its CMOS compatibility.**> *¥ Moreover, empirical evidence demonstrates that the
penetration depth of light in Si decreases sharply with decreasing wavelength. Notably, the penetration
depth of UV light with a wavelength of less than 360 nm is only 20 nm. The region beyond the
penetration depth acts like a series resistor, significantly effecting carriers transport and photocurrent.
Importantly, the commercially mature SOI provides the opportunity for the readily available thin
wafer-scale Si single crystal film for a vertical device.

In this study, we demonstrate a vertically stacked PtSe>/ultrathin-Si heterostructure based UVPD
using the narrow bandgap semiconductor and achieved high responsivity and fast response speed. The
ultrathin-Si flacks were exfoliated from SOI wafers by the standard wet etching,**! and the PtSe,
nanofilms were directly selenized from the electron beam evaporated Pt film. The stacking of ultrathin-
Si and PtSe> were accomplished through a mature dry transfer method, ensuring high reproducibility
and consistent performance. Under UV to NIR illumination, the peak photocurrent of the device occurs
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in the UV band. Theoretical simulations showed that ultrathin-Si has strong absorption of UV light
due to the high absorption coefficient of Si in the UV region. Device analysis revealed that the device
exhibits a high peak responsivity of 1.11 A/W under 365 nm illumination. Compared with many WBSs
based UVPDs, the vertically stacked PtSes/ultrathin-Si heterojunction exhibits a fast response speed
of 51.8/73.6 us owing to the shorter channel of photogenerated carriers transport. We believe that this

fast Si-based UVPD holds promising application prospects in future UV optoelectronics.

Results and Discussion

Figure 1b shows the fabrication process of the PtSe»/ultrathin-Si UVPD. Here, the ultrathin-Si was
obtained by wet etching an SOI substrate. The SOI substrate was first cleaned and then etched in a 5%
HF solution for 1h. The etched top-Si was subsequently dispersed onto a clean SiO; substrate. The
PtSeo/ultrathin-Si UVPD was then assembled using PDMS dry transfer, followed by electron beam
evaporation to deposit the electrodes (see the Experimental Section for more details). Figure 1d
presents (i) the AFM image of PtSe; with a surface roughness of ~0.6 nm, (ii) the exfoliated top-Si
from the SOI with a thickness of ~200 nm, and (iii) is the optical images of patterned Pt and PtSe»
before and after selenization, which show obvious differences. Figure S2 displays the Raman spectrum
of PtSe, nanofilm, with two typical scattering peaks at 177.6 cm (Eg) and 206.7 cm™ (Ajg)
corresponding to the in-plane and out-of-plane vibration modes of PtSez, respectively.*® *71 EDS
analysis was conducted to determine the elemental composition of PtSe: nanofilm, revealing an atomic
ratio Pt/Se of approximately 2 (Figure S3). These characterizations confirm that high-quality of

patterned PtSe> nanofilms were successfully produced through the post-selenization method.
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Figure 1. (a) The concept of enhancing UVPD performance through the thinning process. (b)
Fabrication process schematic diagram of PtSe/ultrathin-Si UVPD. (c) Device structure of vertical
PtSe>/ultrathin-Si UVPD. (d) AFM image shows surface roughness of PtSe; nanofilm (i), the thickness

of the exfoliated ultrathin-Si (ii), and the optical image of patterned PtSe, before and after selenization

(iii).

To evaluate the optoelectronic characteristics of the PtSey/ultrathin-Si UVPD, the photoresponse
of the device in dark conditions and illumination at various wavelengths was analyzed. Figure 1¢ shows
a schematic of the device, which consists of patterned PtSe., ultrathin-Si, and few layer graphene (Gr,
serves as the top electrode), with 50 nm Au film used as the contact electrodes, and this application of
graphene was also reported in other studies on photodetectors!®®). Figure 2a displays the optical image
of the device, where a top layer of h-BN isolates it from air. In dark conditions, the device exhibits
significant rectification characteristics, which is mainly resulting from the Schottky junction formed
between PtSe» and Si. (Figure 2b) Moreover, under illumination at different wavelengths (1.5

mW/cm?), the reverse photocurrents of the device initially increase and then decrease, as depicted in



Figure 2c. Then, the absolute values of the photocurrents at a -0.5 V bias were extracted. Figure 2d
shows that the increase in photocurrent is predominantly concentrated in the UV region. The peak
photocurrent occurs at a wavelength of 365 nm, with the photocurrent of the device gradually
decreasing as the wavelength extends from the visible (Vis) to NIR region. This trend is attributed to
the varying penetration depths and absorption at different incident wavelengths in Si.*”) Owing to the
reduced thickness of the top-Si exfoliated from the SOI, the complete absorption of incident light is

predominantly located in the UV band, which promotes a notable UV photocurrent in the device.
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Figure 2. (a) Optical microscope image of a PtSe/ultrathin-Si UVPD. (b) Current-voltage
characteristics of PtSez/ultrathin-Si UVPD under dark conditions. The inset shows the corresponding
log I-V curves and the measurement schematic structure of the device. (c) I-V characteristics of the
device measured in the light irradiation (1.5 mW/cm?) with various wavelengths. (d) The absolute
values of the PtSex/ultrathin-Si UVPD photocurrents extracted at -0.5 V under light illumination at

different wavelengths from UV to NIR (1.5 mW/cm?).

The thickness dependent absorption of the Si that implied the selected thickness is crucial for



determining the peak photoresponse of the device.*”) Consequently, we analyzed the optical and
electrical properties of Si at different thicknesses and the PtSe/ultrathin-Si photodetector through
simulations. The results indicate that thinner Si layers predominantly absorb light in the UV band,
whereas thicker layers exhibit a broader spectral absorption range, particularly with increased
absorption at wavelengths longer than 400 nm (Figure S4a). Additionally, the multiple sharp peaks
observed in the absorption arise due to the interference effects of thin Si layer.[***?! In addition, as
shown in Figure 3a, when the Si substrate is irradiated with different wavelengths, the near-surface
region of the Si mainly absorbs UV light, which has the shallowest penetration depth among the
incident wavelengths. As the incident wavelength increases beyond 400 nm, the absorption rate
gradually decreases, while the penetration depth increases. The contour maps in Figure 3b illustrate
the changes in photogeneration rate for 200 nm Si under incident light of different wavelengths. It is
evident that within this thickness, ultrathin-Si fully absorbs light with wavelengths below 400 nm and
exhibits a maximum photogeneration rate. Moreover, as the incident wavelength increases, the
ultrathin-Si becomes less effective at absorbing the incident light, leading to a decreased
photogeneration rate. Besides, we extracted the photogeneration rate near the surface of the ultrathin-
Si (dashed line in Figure 3b), and analysis shows that this rate gradually decreases as the incident
wavelength increases from 250 nm to 1.0 um, with the maximum appearing in the UV band. (Figure
S4b) These simulation results align with the trend observed in the peak photocurrent measured in the
PtSes/ultrathin-Si PD. The ultrathin-Si and PtSe; layers in the PtSe»/ultrathin-Si device exhibit
different recombination rates for incident light (Figure 3c). Taking UV incident light (350 nm) as
examples, the recombination rate for UV light predominantly occurs in the ultrathin-Si layer because
this layer completely absorbs the UV light. However, the recombination rate in the PtSe> layer becomes
significantly lower than in the ultrathin-Si layer under light illumination, due to the diminishing optical
absorption in the ultrathin-Si. Notably, simulation revealed that the peak current of the device under
different wavelengths irradiation is also centered in the UV region (Figure 3d), which closely

corresponds to the experimental results.
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Figure 3. (a) Optical absorption of different incident wavelengths on silicon substrate. (b) Contour
maps of photogeneration rate as a function of incident light wavelength and depth in Si. (c) Carrier
recombination of PtSe;/ultrathin-Si photodetector. (d) Simulated the near surface current of the device

under different wavelength illumination.

In order to benchmark the UV photodetection performance of the vertically stacked PtSe,/ultrathin-
Si UVPD, we evaluated the photoresponse of the device under 365 nm light illumination at varying
light intensity. Figure 4a displays the I-V characteristics of the device in the dark condition and under
365 nm incident light at different intensities, where the photocurrents under negative bias increase with
the incident light intensity rises. Meanwhile, at -0.5 V bias, the photocurrent of the device increases
from 0.204 nA to 11.801 nA as the light intensity increases from 0.01 mW/cm? to 6 mW/cm?, and the
Liight/laark Increases from 2.04 to 118.01, attributing to the increased number of the photo-absorption
generated electron-hole pairs within the semiconductor channels. These carriers are effectively
separated and collected by the electrodes due to the combined effects of the external voltage and the
built-in-electric field, thereby generating the photocurrent.!**#¥ In addition, the photoresponse of the
device can be rapidly switched between on and off states under 365 nm on/off light illumination at a -

9



0.5 V bias (Figure 3b). The relationship between photocurrent and incident light intensity can be fitted

with the following formula:[*’!
I, = AP (D

Here, 4 is a wavelength-dependent constant, /,n represents the photocurrent, P is the incident light
intensity, and 6 is the index that describes the photogenerated carrier generation-recombination
processes.[*)] The fitting results are shown in Figure 4d, and we determined that the  exponent for
PtSeo/ultrathin-Si UVPD is 0.65. This sublinear relationship stems from the complex process of
generation, transport, and recombination of photogenerated carriers in the device, which are
fundamentally influenced by the capture centers and interface defect states.[*’! As a key parameter for
quantitative evaluation of photodetector performance, the photo-responsivity (R) can be expressed

as:[47]

R:IL )
P, xS

Where P, is the incident light intensity and S is the effective photosensitive area of the device.
Furthermore, external quantum efficiency (EQE) is defined as the ratio of the number of
photogenerated carriers (such as recombination processes of photogenerated electron-hole pairs, etc.)
collected by the photodetector to the number of incident photons when the incident light irradiates the

device, which can be calculated as follows:[*%!

he
EQE —Re—l (3)

Where 4, ¢, e, and 4 are the Planck’s constant, the speed of light, the electron charge, and the
wavelength of the incident light, respectively. As shown in Figure 4c, at -0.5 V, the R of the device is
up to 1.11 A/W at a light intensity of 0.01 mW/cm?. This key value R significantly exceeds that of
some UVPDs, such as doped MoS»/SnSe> heterojunction,*”) MSM structured GaN,"*" and g-
Ga03/GaN nanowire heterojunction.>!! Nevertheless, the absorption of the channel material to the
incident light gradually saturated as the incident light intensity increases, and the recombination of
photogenerated electron-hole pairs becomes more evident at higher intensity. These factors cause a
steady decline in R with increasing light intensity."?! Moreover, the obtained EQE values for the
PtSeo/ultrathin-Si1 UVPD at various light intensities are also plotted in Figure 4c, with a maximum

value of 377.69% at -0.5 V bias. The high EQE exceeding 100% indicates the existence of internal
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gain in the device, which in turn results in carrier multiplication. Compared to lateral devices, the
vertical PtSey/ultrathin-Si structure reduces the transit time (z;) of photogenerated carriers. The gain
determined by both the photogenerated carrier lifetime (z;) and transit time, is described as follows: G

45,531 Also, the external bias enhances the electric field, which facilitates the impact ionization

= 7/1.
of carriers, thus also contributing to the gain.[>* >

We calculated the photo-responsivity for different incident wavelengths based on the preceding
photoresponse analysis results of the device in the UV-NIR range (Figure 4¢), and it can be seen that
the variation trend matched the photocurrents. We measured the noise power density of the device
under dark conditions, as shown in Figure 4f, where the primary noise source at low frequency waves
is 1/f noise, originating from contact interfaces and defect states.[*® 3"} Moreover, it also can be seen
from Figure 4f, the noise power density of the device is 2.5 x 10 "'* A/Hz"? under 1Hz. Furthermore,

the noise equivalent power (NEP) can be calculated by: NEP= I,ise/R, and the specific detectivity can

be obtained by!*®:

e JSAf @

NEP

Under -0.5 V and 365 nm light illumination with the light intensity increases from 0.01 mW/cm? to 6
mW/cm?, the NEP and D” changes from 2.25 x 10 4 W/Hz"? to 1.3 x 10 '3 W/Hz"?, and 1.36 x 10 !
Jones to 2.35 x 10 ' Jones, respectively. Figure 4g presents the approximate resistance distribution in
vertically stacked PtSes/ultrathin-Si UVPD, while Figure S5a shows the resistance distribution of
traditional lateral heterojunctions. These components mainly include the PtSe,/ultrathin-Si interface
resistance (R;), the series resistance of Si and PtSe; outside the junction (Rs and Ry), the contact
resistance of Au/ PtSe> and Si/Gr (Rem and Res). In the vertical PtSeo/ultrathin-S1 UVPD, carriers only
traverse the thin ultrathin-Si channels, with Gr exhibiting extremely low resistance. However, the
series resistance (Rs) outside the junction region substantially influences carriers transport in the lateral
structure. This significantly reduces the photoresponse performance of the device under UV
illumination. (Figure S5c-d). In contrast, the long distance in lateral device prolongs the transition time
for photogenerated carriers, which hinders fast photoresponse. Figure 4h displays the simulated
electric field distribution of PtSe/ultrathin-Si, the large electric field intensity is principally
concentrated near the junction interface on the Si side. The arrows in the figure indicate the direction
of the total current flow. To explain the carrier transport mechanism in the device, Figure 41 presents
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the energy band alignment diagram of PtSe»/ultrathin-Si. After PtSe> and Si come into contact and
reach equilibrium, a space charge region forms at the interface, and the resulting built-in electric field
facilitates the drift and diffusion of carriers. Under UV illumination, the photogenerated electron-hole
pairs are effectively separated by the built-in electric field and external bias and are eventually

collected by the electrodes.*!:>2!
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Figure 4. (a) I-V characteristics of PtSex/ultrathin-Si UVPD under 365 nm light illumination with
different light intensity. (b) I-t response of the device under 365 nm illumination. The inset shows the
schematic illustration of the side view of the device. (c¢) The light intensity dependent responsivity and
EQE of'the device under 365 nm illumination at -0.5 V bias. (d) Relationship between the photocurrent
and the different incident light intensity. (e€) The responsivity of the PtSe»/ultrathin-Si UVPD under
light illumination at different wavelengths from UV to NIR (1.5 mW/cm?). (f) Measured noise current
spectral density of the device as a function of frequency under -0.5 V. (g) Schematic diagram showing

the simplified device model of the vertically stacked PtSe>/ultrathin-Si UVPD. (h) Simulated electric
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field distribution of the device. (i) Energy band diagrams of the PtSe,/ultrathin-Si UVPD under light

illumination.

Achieving fast response time in UV detection remains a significant challenge. Beyond the inherent
physical properties of WBSs, defect-related persistent photoconductivity effects and carrier
recombination cause the response speed of most UVPDs to be insufficiently fast.[*> >3 Here, the
response speed of the PtSeo/ultrathin-Si UVPD at various frequencies was measured using an
oscilloscope and a 365 nm pulsed light signal. Figure 5a displays a schematic diagram of the I-t
response test, where a function generator controls the pulse signals, and an oscilloscope is used to
acquire the photoresponse signals. The photoresponse of the device under -0.5 V bias and different
frequency pulse signals of 365 nm (6 mW/cm?) is shown in Figure 5b. In general, the rise (1) and
decay (tq) times are generally defined as the periods required for the photocurrent to increase (decrease)
from 10% to 90% (or decrease from 90% to 10%) of its minimum (maximum) value, respectively.
Figure 5c shows the normalized photoresponse at 5 kHz, and our PtSe/ultrathin-Si UVPD achieves a
fast response speed of 51.8/73.6 us, which beats many other reported WBS UVPDs, such as PGR-
GaOx Schottky diode (0.1 ms),[*>! MoS2/SnSe> heterojunction (150/234 us),*” Bi,Ses/a-Ga>03/p-Si
heterojunction (342/249 ms),! self-powered ZnGa,04/Si (< 40 ms),!”! MSM f-Ga,O3 nanobelt
(0.08/0.04 s),['*] and graphene/GaN heterojunction (0.5/1.12 ms).!%!! The fast response time is partly
due to the superior physical properties of Si (such as dielectric constant, mobility, etc.). Moreover, the
vertically stacked device structure reduce the carrier transport distance to the thickness of the ultrathin
silicon (~200 nm), substantially reducing the transit time and decreasing the likelihood of
recombination for photogenerated carriers.!%?! Furthermore, this response speed is significantly faster
than that of lateral device (Figure S6), which also demonstrates the superiority of the vertical structure.
The photovoltage as a function of the pulse signal frequency is shown in Figure 5d, and the 3dB
frequency is defined as the modulation frequency when the photoresponse reduces to 0.707 of its
maximum value, is about 6 kHz, indicating the fast response of the device. It is worth noting that the
R and response speed of the vertical PtSex/ultrathin-Si UVPDs not only beat those of several narrow
bandgap semiconductor UVPDs, such as GaAs,!%! graphene/Si NWs,[*¥ MSM MAPbBr3,%°! and
Ti02/Si,!%) but also exceed those of some WBS devices, including PdSe»/GaN, ¢! f-Ga,03/GaN
NWs,Pll CuZnS/Ga,03,%¥! etc. Despite some UVPDs exhibiting excellent R, their response speeds are
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relatively slow, such as ZnS/MgZnO,'% graphene/A1,03/GaN,[®1 MSM f-Ga03,!""! etc. (Figure 5e).
Table S2 presents the photoresponse metrics of these devices reported in the literature and serves as a
basis for performance comparison. We also investigated the stability of thePtSe,/ultrathin-Si UVPD,
which is well-known critical for a PD, by exposing the device to air for 4 weeks. It was observed that
the device maintains high stability, with no noticeable degradation in photoresponse (Figure 5f-g). This
high stability of the device is directly attributed to the excellent properties of the PtSe> nanofilm and
ultrathin-Si. In addition, the top-h-BN encapsulates the device, isolating it from the air and enhancing

its environmental stability.
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Figure 5. (a) The setup of the response speed measurement. (b) The normalized photoresponse

characteristics of the device to 365 nm pulsed signals with different frequencies. (¢) Response speeds

under a switching frequency of 5 kHz. (d) Normalized photoresponse of the PtSe/ultrathin-Si UVPD

at different pulsed light frequencies. (¢) R and response time of the PtSe;/ultrathin-Si UVPD compared

to previously reported UVPDs. (f)-(g) Stability of the device before and after storage in air for 4 weeks.
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Conclusion

In conclusion, we reported a fast UVPD based on ultrathin-Si that was obtained by wet etch exfoliated
from a commercially available SOI wafer. The wafer scaled PtSe> nanofilms were selenized from the
electron beam evaporated Pt film, which serves as the photogenerated electron-hole pairs fast sink.
Under UV to NIR illumination, the maximum photocurrent of the device occurs in the UV region due
to the large absorption of Si in this band. Theoretical simulation results suggest that ultrathin-Si is
capable of completely absorbing UV light, which is attributed to the high absorption coefficient of Si
in the UV range and the relatively shallow penetration depth of UV light. Moreover, the penetration
depth of the incident light increases with the incident wavelength, resulting in reduced absorption by
ultrathin-Si. When illuminated at 365 nm, the device demonstrates a responsivity of 1.11 A/W and fast
response speed of 51.8/73.6 us, which beats that of many WBSs-based UVPDs. This high performance
is primarily attributed to the short carrier transport distance of the vertical structure and the excellent
optoelectronic characteristics of Si. These results substantiate the potential application of the fast Si-

based UVPD in next-generation high-speed UV optoelectronic devices.

Experimental Section
Materials Synthesis and Device Fabrication:

The preparation process for patterned PtSe; nanofilms is illustrated in Figure S2. The detailed steps
for etching ultrathin-Si sheets are as follows: First, the cleaned SOI wafer was etched in a 5% HF
solution for 2 h. After etching, the middle oxide layer of the SOI was removed, and the wafer was
rinsed with ethanol. Next, the etched SOI was placed in a beaker filled with ethanol and subjected to
ultrasonic treatment for 5 min, resulting in the formation of smaller ultrathin-Si sheets. These sheets
were then dispersed onto a clean SiO2/Si substrate and allowed to dry. Subsequently, the ultrathin-Si
sheet was picked up using a PDMS transfer station. Using a 2D transfer station, The PDMS was aligned
and stacked onto the patterned PtSe>. Following this, graphene was transferred via mechanical
exfoliation to form the top electrode. Finally, the electron beam evaporation was used to deposit a 50
nm Au film as the electrode contacts.

Materials Characterization and Device Analysis:

The surface roughness of the patterned PtSe, and thickness of the ultrathin-Si was characterized

by AFM (Dimension Icon). Raman scattering spectrum was carried on laser confocal Raman
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spectrometer (HORIBA) equipped with 532 nm laser. The chemical composition of PtSe> was studied
by energy-dispersive X-ray spectroscopy (EDS, Oxford INCA, attached to HRTEM). The
optoelectronic measurements of PtSe/ultrathin-Si UVPD were conducted using a semiconductor
characterization system (2400, Keithley Co. Ltd). The different wavelengths LEDs (Thorlabs, 265,
300, 365, 415, 450, 530, 590, 660, 730, 810, 880, 970 nm) were used as light sources for the
photoresponse measurements. In the test, the illumination area of the LED light source was much larger
than the device area. Therefore, the effective photosensitive area used in the performance calculations
was the device area. A power meter (Thorlabs GmbH., PM 100D) was used to calibrate the power
intensity of incident light. The response speed of the device was evaluated by a 365 nm pulse laser

diode and an oscilloscope (DPO2012B, Tektronix).

Theoretical Simulation:

The simulation of the device was accomplished using Sentaurus TCAD (Technology Computer
Aided Design). SDE module was used to design the device structure. The Shockley-Read-Hall (SRH),
surface recombination, and Auger recombination models were used to simulate the generation-
recombination (G-R) processes of carriers transport. Ray tracing was chosen to describe the
propagation of light, and the light power density of 1.5 mW cm and irradiated perpendicular to the
device surface for the simulation to match the experiments. The Si absorption simulations were
conducted using COMSOL Multiphysics 5.5 via the finite-element method. A 2D simulation model
was constructed with a silicon layer sandwiched between air layers (air-silicon-air), with periodic
boundary conditions applied along the x direction. The structure was illuminated from the top, and the

silicon thickness was varied from 250 nm to 1200 nm to analyze its impact on optical properties.
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