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ABSTRACT

2D/3D van der Waals heterostructures provide an excellent platform for high-performance
optoelectronic systems by combining the intrinsic properties of 2D and 3D materials. In this study,
we fabricate and study a type Il ReS,/Si van der Waals 2D/3D vertical heterojunction with multi-
mode photodetection. In the dark, the heterojunction exhibits diode-like behaviour with a low
reverse current and a high rectification ratio of ~103. Under illumination, the device shows a linear
response to the light intensity. The ReS/Si photodetector exhibits stable and repeatable switching
behaviour and can be operated in self-powered mode with a responsivity of about 0.10 mA/W at 10
mW incident power and a time response of 300 ps. Based on first-principles calculations, we propose

a model to elucidate the photoconduction mechanisms occurring in the ReS,/Si heterostructure.


mailto:farzan.gity@tyndall.ie

In the last decades, novel semiconductor nanostructures have been investigated for high-
performance photodetectors’~. Among them, bidimensional (2D) transition metal dichalcogenides
(TMDs) have attracted much interest because of their large specific surface area, thickness-
dependent bandgap, and strong light-matter interaction, which enables the realization of
photoconductors and phototransistors with high photoresponsivity>=°. However, due to limited
mobility, the speed of TMD-based devices is usually limited by the long transit time of
photogenerated carriers, the existence of intrinsic defects!»'?> and the persistent

photoconductivity®3.

Vertical heterojunction photodiodes provide an alternative to improve the device response speed
because the photogenerated carriers can be easily separated and transported by the strong built-in
electric field at the junction interface!*16. Several combinations of 2D TMDs with other 2D materials
have been proposed’*® because their lack of dangling bonds and ability to interact through van der
Waals (vdW) forces enable the creation of heterostructures (Hs) without lattice distortion'®2°, For
instance, 2D-2D vdW Hs such as MoS,/WS2?t and MoS,/BP?223 have demonstrated great
photodetection performances. However, the fabrication techniques of 2D-2D heterojunctions,
which are usually prepared by stacking CVD or exfoliated flakes, do not make them suitable for large-
scale manufacturing. Furthermore, precise control over the doping type, carrier concentration, and
stoichiometry of 2D materials is challenging, which in turn limits the device polarity?*. Finally, the
insufficient light absorption resulting from the ultrathin thickness of 2D materials usually leads to a

limited external quantum efficiency?*.

The 2D/3D van der Waals heterostructures combine the advantages of both 2D layered materials
and traditional 3D bulk materials offering a platform to design new multifunctional
photodetectors?>?7, Traditional 3D semiconductors have experienced long-term development, and
their growth and device fabrication techniques are mature. However, although high-quality
multilayer heterogeneous structures can be produced using conventional epitaxial techniques, it is
challenging for epitaxy material with different lattice structures to grow together. Lattice mismatches
lead to various defects that can increase the generation and recombination rates, even when a buffer
layer is employed. Consequently, large dark currents, high noise, and low response speed are

obtained?®,

2D/3D mixed-dimensional photodetectors have become a new research hotspot since they can

provide a high-quality vdW Hs, ultrabroad detecting band, and strong light-absorption capacity-27:28,
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For instance, Zhang et al. achieved wide-spectrum detection from 200 nm to 1550 nm by realizing a
high-quality vdW Hs made of WSe; grown in situ on n-Si?>. An outstanding responsivity up to 117
A/W was achieved in MoS,/Si photodetectors®, and response times of the order of microseconds
were measured for MoSe,/Si heterostructures3!. Besides, other TMDs such as MoTe; and WS,

combined with Si exhibited huge potential as high-performance photodetectors32-34,

As an interesting TMD semiconductor, rhenium disulfide (ReS;) mainly differs from other TMDs as it
maintains a direct bandgap, which goes from 1.35 eV as a bulk to 1.5 eV as a monolayer, irrespective
of the number of layers, as well as an almost invariant band structure®. Because of its weak
interlayer coupling, it shows in bulk form the electrical and vibrational properties of decoupled
monolayers. These features make ReS; an attractive option for photodetection for both direct
bandgap-enhanced photogeneration and the potential to use thicker flakes for higher light

absorption3637,
Herein, we investigate a 2D/3D ReS;-Si heterojunction as a self-driven photodetector.

The large area 2D ReS; flakes were mechanically exfoliated and subsequently transferred onto a low-
doped n-type Si substrate. The elemental composition of the exfoliated flakes was analysed through
Energy-dispersive X-Ray Spectroscopy (EDX). The spectrum of the large area flake used for the
fabrication of the device is reported in Figure 1la. The concentrations of Re and S confirm a
stoichiometric ratio of about 1:2, indicating that the quality of the original crystal was preserved
during the exfoliation. The Atomic Force Microscopy (AFM) profile, reported in Figure 1b, reveals a
219 nm thick flake. The large thickness helps against the low light absorption issue of vertical 2D
material-based devices®. Indeed, light absorption might be less than 10% if the thickness is below
100 nm?8, The optical image in Figure 1c shows that the metal contact is completely contained within
the flake area. The area of the circular metal pad is around 2100 um?, while the triangular-shaped
flake has an area around 7800 um?. Figure 1d depicts a not-to-scale schematic representation of the

device together with the measurement set-up.

The current transport through the heterostructure was investigated through I-V measurements,
firstly performed in the dark and at room temperature. Figure le reports the typical I-V curve (blue
line) of the Ni/ReS,/Si structure measured in the dark, compared to the same characteristic (red line)
of a reference Ni/Si Schottky diode. Compared to the Ni/Si diode, the Ni/ReS,/Si structure exhibits a
rectifying behaviour with a lower current at negative biases and a higher on-off current ratio. The

reverse current, indeed, is about 4.1 nA and it is almost constant for negative biases. The rectification
3
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ratio is about 7x10? at *1 V, which is higher than the one reported for other 2D/3D
heterojunctions3*3°, The small turn-on voltage of 0.16 V is extracted from the I-V curve in Figure 1e
on a linear scale. Nearly ohmic contact of Ni to ReS, was previously confirmed (see supplementary
material Sec 1), indicating that the ReS,/Si junction is primarily responsible for the diode-like
characteristic. Figure 1f shows the I-V curves of the ReS,/Si structure at temperatures T in the 293-
393 K range. The |-V curves become more symmetric with increased temperature, causing a
reduction in the rectification ratio. The increase of the current with temperature both at positive
and negative biases suggests that a temperature-activated electronic transport above an energy
barrier occurs, such as a thermionic emission or thermionic field emission*®*!, ReS, is a natural n-
type semiconductor®®. Therefore, the n-ReSy/n-Si junction is a heterostructure where carrier
transport is dominated by majority carriers, i.e. electrons. Thus, assuming a homogeneous barrier in
the temperature range under investigation®?, the thermionic emission current equation can be
applied?®* as described in supplementary material Sec 2, and an effective energy barrier around ®sg

=0.32 eV can be extracted 414445,
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Figure 1. a) A representative EDX spectrum of the ReS; flake. b) AFM profile across the edge of the flake. The
inset shows the AFM image. c) Optical image of the device under test. d) Schematic 3D structure of the device,
with the measurement set up. e) Comparison between the I-V curves of the Ni/ReS,/Si structure and the Ni/Si
Schottky diode, in the dark and at room temperature. f) I-V curves of the Ni/ReS,/Si device measured at
different temperatures, from 293 to 393 K.

Supplementary material Sec 3 reveals that, under a white supercontinuum laser with a maximum
nominal absolute power of 110 mW, the embedded ReS; layer in the Ni/ReS,/Si heterostructure

enables a photocurrent, defined as
Ioh = Liight — ldarks

which is almost one order of magnitude greater than the one measured for the Ni/Si junction, at
negative biases. In the following, the photoresponse features are provided as a function of the
incident power Py, that considers both the size of the light spot Ay, and the effective exposed

area of the flake Ag,ke, rather than the absolute power P. It is calculated as:

P
Pine = rpOtAﬂake-

Since the metal electrode on top of the ReS; flake (see Figure 1c) is not transparent and reflects most
of the light, the effective light-sensitive area Afake is assumed to be the flake area exceeding the

metal contact, which is completely exposed to the light from the optical fiber.

Figure 2a depicts the I-V curves of the ReS,/Si device measured at different Pinc = 0.10 to 10.2 mW.
Although the current increases under both positive and negative bias conditions, the latter results
in much higher photo-to-dark current ratios lph/ldark With a maximum of around 102, indicating better

charge separation”®,
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Most photodetector applications need the extraction of the detected light intensity from the
photocurrent across a broad range of light intensities; therefore, having a linear dependence of the
photocurrent on the laser intensity is highly desirable. The linear dynamic range (LDR) identifies the

light intensity range where the photodetectors show a constant responsivity. It is expressed as:

Psat

LDR = 20log n
low

Where Pg: and Piow represent the maximal and minimum light intensities, respectively, at which the

photocurrent start deviating from linearity.

As highlighted by Figure 2b and 2c, In follows a linear trend ( Ion~P%, with a = 1) across the whole
light intensity range here investigated, both at positive and negative biases; a wider range has to be
considered to have a clear deviation from a linear trend. Therefore, considering the strongest and

the weakest incident powers as Psat and Piow, the LDR value is roughly 40.

Many literature works report a values lower than 1 for 2D TMD/3D devices, indicating that the
photogeneration/recombination processes are mediated by traps/defects 338, The obtained a =~ 1

points out the good quality of the material in the present study.

The linear Iph-Pinc relationship results in a nearly constant photoresponsivity of about (0.15 + 0.01)
mA/W and (0.028 + 0.003) mA/W at V= 0.5 and -0.5 V respectively, as shown in Figure 2b and 2c. It

was calculated as follows
R= Iph/PinC'

Responsivity maps as a function of the external bias and power intensity are reported in

supplementary material Sec 4.

Figure 2d shows the current of the ReS,/Si heterostructure in response to sequences of light pulses,
each obtained by turning on and off the laser with a period of one second and repeated at different
powers. When the device is illuminated, the current increases, and it returns to its dark value when
illumination is turned off, exhibiting a steep rise and decay. Moreover, the heterojunction shows a
stable, rapid photoresponse and reversible photoswitching over multiple cycles, and the
photocurrent is easily modulated by changing the incident power. A similar pulse sequence but at V

=-0.5 Vis reported in supplementary material Sec 5.
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Figure 2. Photoresponse of the ReS,/Si device: a) I-V curves on semi-log scale measured under illumination
by a supercontinuum white laser at increasing incident optical power, compared with the |-V measured in the
dark. b,c) Log-log plot of the photocurrent, and the correspondent responsivity, as a function of the incident
optical power at b) positive and c) negative bias. d) Switching response of the device with 1s-period, under
increasing optical incident power.

From Figure 23, it is also evident that the device can be operated in self-powered mode. Self-driven
devices are indispensable for optoelectronics; thanks to their high photoresponse, 2D materials

based self-driven photodetectors have recently gathered significant attention*®>,

To deeply investigate this operating condition, the device response to laser pulses of different
intensities was recorded at zero external bias voltage, and zero external current, as shown in Figure
3a. The short-circuit current Ilsc increases with the laser intensity by following a linear trend as a
function of the incident power, with an LDR about 40, as shown in Figure 3b. This result suggests an

effective photo-charge separation and possibly a band offset modification in the heterojunction
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because of light absorption. At the maximum incident power of 10.2 mW, Isc reaches the high value

of 0.1 pA.

The open circuit voltage Vo increases with the increasing incident power as well, achieving the
absolute value |Voc| = 0.1 V under the maximum incident power. The Ipn/ldark ratio, being the dark
current about 1 pA, reaches a value of 5x10* as reported in Figure 3c, indicating a high self-driven
capability of the photodetector, comparable to other homopolar 2D/3D heterostructures like n-
MoS2/n-GaAs>!, n-MoTe,/n-Si32. Tuning the device structure and investigating a wider range of light
intensities might be necessary to achieve detectivity and responsivity competitive with those
reported in other works33°2, Indeed, the effective responsivity ranges from 0.04 to 0.10 mA/W, while

the effective detectivity D* in the visible light range, calculated as

RVA
A/ Zqu

*

reaches 1x102 Jones.

A fast-photoswitching response (see supplementary material Sec 6 for more details) is confirmed in

Figure 3d by the rise and decay times of 300 and 500 ps, respectively.
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Figure 3. Photovoltaic behaviour of the ReS,/Si device: a) Short circuit current Isc and open circuit voltage Voc
(inset) under laser pulses of increasing incident power. b) Isc and Vo as a function of the incident optical power.
Symbols are the data, the dashed line is an eye guide, while the solid line represents the linear fit of . c)
Photocurrent over dark current ratio lpn/ldarc (0N the left) and responsivity R (on the right) vs. incident optical
power Pin. d) Rise and decay times extracted from the device’s response to a light pulse.

To provide insight into the carrier transport mechanism through the Ni/ReS,/Si heterostructure, we
performed density functional theory (DFT) and nonequilibrium Green’s function (NEGF) calculations
as implemented in QuantumATK?>? (see supplementary material Sec 7). The planar-averaged charge
density difference (CDD), atomic structure and energy-resolved local DoS (LDoS) across the ReS,/Si
and Ni/Si junctions are plotted in Figure 4 and in supplementary material Sec 8, respectively. LDoS is
obtained with both sides of the junction held at equilibrium, and the Fermi level is shown by the
dashed yellow line. As shown by the orange dashed lines in the LDoS profile at the ReS,/Si interface,
the Si conduction and valence bands bend 650 meV upwards near the junction. In the ReS; side of
the junction, a rather small downward band bending of ~ 110 meV is observed in the ReS; side of

9
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the junction. The resulting band offset at the conduction band at the ReS,/Si interface is ~ 0.72 eV,
while the conduction band offset at the Ni/Si interface is ~ 0.3 eV. The ideal interface under
consideration, excluding certain smoothing effects that result in the effective barrier established
through experimentation, can explain discrepancies with experimental results. In the fabricated
device, there is a strong probability that some atoms of the Si surface are not passivated, leading to
the presence of dangling bonds. These dangling bonds are anticipated to strongly impact the ReS,/Si
band offset, especially since both the Si and the ReS; are n-type. Further, the calculated band offset
from LDoS is under equilibrium, while it is expected that the application of an external electric field

reduces the band offset >*.

The CDD is obtained as the difference between the total valence charge density and a superposition
of neutral atom valence charge density at each atomic site. To estimate the dipole at the junctions,
the macroscopic planar-average of the CDD has been extracted as shown in Figure 4, where the same
distance at either side of each sampling grid point is considered in the macroscopic averaging
scheme. + and — indicate the direction of the electron transfer at the interfaces; i.e., from Si to ReS;
at the ReS,/Si and from Ni to Si at the Ni/Si junctions. As expected, a larger value of charge transfer

has been obtained for the Ni/Si junction compared to the ReS,/Si structure.

0.04
0.02
0.00
-0.02
-0.04

I

ReS,

Ap (e/nm®)

" = High

Energy (eV)

0 10 20 30 40 50
Length (nm)

Figure 4. Planar-averaged CDD, atomic structure and energy-resolved LDoS of (top) ReS,/Si.

DFT calculations and experimental results were used to elucidate the operating mechanism of the

junction, represented in the band diagrams in Figure 5.

Figure 5a shows that ReS; and Si form a type Il N-n heterojunction at equilibrium: in accordance with

DFT simulation (see Figure 4), a depletion region occurs in the Si-side and an accumulation region is
10
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formed in the ReS; part. As mentioned before, the transport mechanism of the heterojunction is
dominated by electrons, differently from what occurs in a p-n junction where minority carriers play

an important role.

When a negative bias is applied to the Ni contact, the electron transport is limited by the energy
barrier at the ReS,/Si interface. Under illumination, photogenerated electrons move from ReS; to Si,
while holes are transferred to the ReS; part and collected by the top electrode, contributing to the

negative photocurrent, as shown in Figure 5b.

If the junction is positively biased, electrons experience a low barrier at the Si side and flow from
the Si substrate towards ReS;, as plotted in Figure 5c. Under illumination, the current increases
moderately because electron-hole pairs which effectively contribute to the photocurrent are mostly

generated in the depletion layer, reduced by the applied bias.

When no bias is applied, the measurements under illumination indicate the presence of a positive
current in short-circuit condition and a negative voltage in open-circuit condition. This behaviour
could be due to photogenerated electrons in the depletion region of Si that, being more energetic,
move towards ReS;, despite the built-in electric field, as represented in Figure 5d. Electrons at the

ReS; side experience, instead, the ReS,/Si barrier.

A reduction of band-bending at zero external bias at the Si interface under illumination could also
account for this effect >’ A positive photovoltage caused by holes produced by light adsorption in
the depletion region and accumulated at the interface could provide a forward biasing of the

heterojunction, giving a positive .

a) b)

U '
Accumulation  Depletion
region region E
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Figure 5. Band diagrams representing the dominant current mechanisms: a) in an equilibrium condition, in
the dark; b) under negative external bias on the top contact, c) under positive external bias on the top
contacts, d) under zero external bias. b), c) and d) represent the situation under illumination.

In conclusion, we reported the electrical characterization in the dark and under a laser source of a
type Il ReS,/Si heterojunction. In the dark, the ReS,/Si device exhibits a low reverse current of 4.1x10°
9 A and a high rectification ratio of ~103, indicating a high-quality heterostructure. The photocurrent
follows a linear trend with the power intensity and reaches high values in the order of the pA. The
device can operate in self-powered mode with an Ipn/lgark ratio of about 10* under external zero-bias
voltage. Arise time of 300 s and fall time of 500 ps have been extracted from its transient behaviour.
Through DFT calculations, a detailed energy band model is proposed. The studied device is promising

for high-throughput networks, fast optical switching, and optical communication.

SUPPLEMENTARY MATERIAL

See the Supplementary material file for details about the Ni/Si and the Ni/ReS; barrier, the device's
photoresponse, the material's photovoltaic properties, the DFT calculations and the experimental
details.
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