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Te nanomesh/black-Si van der Waals Heterostructure for
High-Performance Photodetector

Yiyang Wei, Changyong Lan,* Ji Zeng, You Meng, Shuren Zhou, SenPo Yip, Chun Li,
Yi Yin, and Johnny C. Ho

Van der Waals (vdW) heterostructures have gained significant attention in
photodetectors due to their seamless integration with materials possessing
diverse functionalities. In this study, the fabrication of a Te nanomesh/black-Si
vdW heterostructure is presented, and investigated its photoresponse
properties. The heterostructure exhibits a pronounced rectification behavior,
characterized by a rectification ratio of 2.2 × 104. Notably, the heterostructure
device demonstrates commendable photoresponse properties, including a
high responsivity of 350 mA W−1, an extensive linear dynamic range of
45.5 dB, a high specific detectivity of 9.6 × 1011 Jones, and a wide spectral
response ranging from 400 to 1550 nm. Furthermore, the heterostructure
exhibits rapid response, with a rise time and a decay time of 70 and 140 μs,
respectively. These exceptional photoresponse properties can be attributed to
the robust internal built-in electrical field at the hetero-interface and the
augmented light absorption in black-Si. The outstanding photoresponse
properties of the heterostructure make it a promising candidate for
multiwavelength single-pixel imaging, enabling the collection of mask
patterns under varying wavelengths of light radiation. This work provides a
novel approach for fabricating mixed-dimensional vdW heterostructures,
offering promising prospects for advancements in optoelectronics.

1. Introduction

Photodetectors play a vital role in modern society, finding applica-
tions in various fields, including optical communications,[1] spec-
tral analysis,[2] remote sensing,[3] autopilot, and full self-driving
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capability.[4] Among the diverse range of
photodetectors available, Si-based pho-
todetectors are the most commonly used
due to their well-established fabrication
techniques, decent photodetection per-
formance, and cost-effectiveness. Due to
the band gap constraint, Si photodetectors
inevitably face limitations in detecting light
with wavelengths longer than 1100 nm. In
this regard, to overcome this limitation,
alternative photodetector technologies
have been widely studied, such as those
based on InGaAs, superlattices, HgCdTe,
and quantum dots, which are capable of
detecting light in the infrared regime.[5–8]

However, these photodetectors often re-
quire complex fabrication techniques and
are associated with high costs.[8] In light of
these challenges, there is a pressing need to
explore new materials that can enable the
development of broadband photodetectors.

In recent years, there has been signifi-
cant interest in van der Waals (vdW) materi-
als because of their unique properties.[9–18]

Various vdW materials with diverse proper-
ties have been discovered, including narrow

band gap materials like black phosphorus, PdSe2, and Te. These
materials hold great promise for infrared photodetection.[11,19–21]

For instance, Yu et al. demonstrated that a photodetector based
on bilayer PtSe2 exhibited an ultrabroad band photoresponse,
spanning from visible to mid-infrared light (10.0 μm).[22] One
of the advantages of vdW materials is their ability to be eas-
ily integrated with other materials without concerns about lat-
tice mismatch, thanks to the presence of dangling-free surfaces.
Researchers have successfully integrated narrow band gap vdW
materials with Si, forming heterostructure photodetectors that
exhibit superior performance across a wide spectral range.[23]

For example, Lu et al. fabricated few-layer MoTe2/Si heterojunc-
tion photodiodes with a remarkable spectral response ranging
from 300 to 1800 nm.[24] Researchers have incorporated black-
Si into vdW heterostructures to enhance the light absorption ca-
pability, as flat-Si has weak light absorption.[25–27] This integra-
tion has shown significant improvements in the performance
of heterostructure photodetectors. Particularly, Liang et al. suc-
cessfully fabricated a multilayer PdSe2/pyramid Si heterojunc-
tion and observed excellent photoresponse properties, including
a large current on/off ratio of 1.6 × 105 and a high responsivity of
456 mA W−1.[25] Therefore, the integration of vdW materials with
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Figure 1. Characterization of the Te nanomesh. a) Low-magnification SEM image. b) High-magnification SEM image. c) AFM image. Inset: Height profile
along the red line. d) TEM image of the Te nanomesh. e) HRTEM image of the Te nanowires. f) Raman spectrum.

Si in heterostructure configurations holds tremendous promise
for the development of high-performance photodetectors.

At the same time, among many vdW candidates, Te is a quasi-
1D vdW material with remarkable electronic and optoelectronic
properties, including high carrier mobility, a narrow band gap,
and high environmental stability.[28,29] Amani et al. demonstrated
that photodetectors based on solution-synthesized Te nanoflakes
exhibited a broadband spectral response from visible light to
3.5 μm and high responsivity.[30] Similarly, Peng et al. found that
photodetectors based on chemical vapor deposition-synthesized
Te nanowires and nanosheets showed a broad spectral response
and high sensitivity to blackbody radiation.[31] Given the narrow
band gap of Te (0.35 eV),[32] the Te/Si heterostructure photodetec-
tor is expected to yield a desirable broadband response. In addi-
tion, it is worth noting that there has been limited research con-
ducted thus far on the exploration of nanomesh/Si heterostruc-
tures, which hold great potential for delivering novel optoelec-
tronic properties.

Recently, we reported the synthesis of Te nanomesh with
promising properties through low-temperature physical vapor
deposition.[33] The low-temperature synthesis method is compat-
ible with complementary metal-oxide-semiconductor processes
and enables the direct growth of Te nanomesh on various
substrates, including Si. This direct growth approach ensures
a high-quality interface between Te nanomesh and Si, which
is advantageous for photodetection performance. Leveraging
the enhanced light absorption capabilities of black-Si, the Te
nanomesh/black-Si heterostructure is anticipated to give favor-
able photoresponse properties. In this work, we successfully fab-
ricated a Te nanomesh/black-Si heterostructure by directly grow-
ing Te nanomesh on the surface of black-Si. The heterostructure
exhibited typical rectification behavior with a high rectification
ratio of 2.2 × 104. Furthermore, the heterojunction photodetec-
tor demonstrated commendable photoresponse performance, in-
cluding a high responsivity of 350 mA W−1, a large linear dy-
namic range of 45.5 dB, a high specific detectivity of 9.6 × 1011

Jones, fast response speeds, and a wide spectral response from
visible light to 1550 nm. Moreover, the photodetector exhibited
self-power capability with stable responses. As a demonstration,
we showcased the functionality of the heterostructure as a single-
pixel imager capable of detecting images across a broad spectrum
of wavelengths. Our work provides a straightforward method
for fabricating mixed-dimensional vdW heterostructures with
promising performance, paving the way for their applications in
next-generation optoelectronics.

2. Results and Discussion

The scanning electron microscopy (SEM) image of the Te
nanomesh is shown in Figure 1a. The Te nanowires are inter-
connected, forming a Te nanomesh. These Te nanowires have
lengths in the range of several micrometers. Figure 1b presents
a high magnification SEM image of the Te nanomesh, which
was used to determine the average diameter of the Te nanowires,
measuring ≈130 nm. The distribution of the Te nanowire diam-
eter is depicted in Figure S1 (Supporting Information), reveal-
ing a mean diameter of 135 nm. Atomic force microscopy (AFM)
images were utilized to characterize the morphology of the Te
nanomesh further. Figure 1c displays a representative AFM im-
age of the Te nanomesh, exhibiting a similar morphology to that
observed in the SEM image. The height profile along the red line
in the figure is shown in the inset of Figure 1c, revealing a height
of 90 nm and a width of 350 nm. Notably, the large width from
the AFM test does not accurately represent the true width of the
Te nanowire due to the smearing effect caused by the AFM tip.
Nonetheless, the AFM image illustrates a mesh structure con-
sistent with the SEM findings. The low magnification transmis-
sion electron microscopy (TEM) image displayed in Figure 1d
showcases the nanomesh structure, with the observed low den-
sity of nanowires attributed to the loss of some during the sample
preparation process. A high-resolution TEM (HRTEM) image of
a nanowire was recorded and presented in Figure 1e to assess
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Figure 2. Characterization of the Te nanomesh/black-Si heterostructure and its electrical properties. a) SEM image of black-Si. b) SEM image of Te
nanomesh/black-Si. c) high-magnification SEM image of the Te nanomesh/black-Si. d) Reflectance spectra of flat-Si, black-Si, and Te nanomesh/black-
Si. e) Schematic of the Te nanomesh/black-Si heterostructure device. The inset shows the digital photograph of the device. f) Current-voltage curve. The
inset gives the semi-log plot of the current–voltage curve.

the crystallinity of the Te nanowires. Clear lattice fringes are ob-
served, indicating the good crystallinity of the Te nanowires. The
lattice spacings were evaluated and found to be 0.39 and 0.59 nm,
corresponding to (10 ̄10) and (0001) planes of Te, respectively. Ad-
ditionally, the Raman spectrum of the Te nanomesh was mea-
sured and is presented in Figure 1f. Peaks located at 91, 121, and
141 cm−1 are observed, corresponding to the E1, A1, and E2 modes
of Te, respectively.[30]

The black-Si window was fabricated using a combination of
the wet-etching method and the photolithography technique.
Figure 2a shows the surface morphology of the black-Si, reveal-
ing the presence of micrometer-scale pyramids. After the physi-
cal vapor deposition process, a layer of Te nanomesh was coated
onto the pyramids, as shown in Figure 2b. Figure 2c presents
a high-magnification SEM image of the Te nanomesh/black-Si
heterostructure, demonstrating the close alignment between the
Te nanomesh and the Si pyramids. Moreover, the Te nanowires
are densely distributed on the lateral surfaces of the pyramids
but are less abundant at the pyramid roots. It is noteworthy
to mention that the Te nanowires interconnect, forming a con-
tinuous Te nanomesh capping layer. Typically, black-Si exhibits
higher light absorption than flat-Si due to the light-trapping
effect. To verify the enhanced light absorption of black-Si, re-
flectance spectra were measured for both flat-Si and black-Si, as
shown in Figure 2d. The results indicate that black-Si displays sig-
nificantly reduced light reflectance across a wide spectral range,
ranging from ultraviolet to near-infrared, compared with flat-Si,
confirming the enhanced light absorption of black-Si. Further-

more, the reflectance further decreases after the capping with
Te nanomesh, suggesting additional light absorption by the Te
nanomesh. The improved light absorption is beneficial for en-
hancing the photodetection performance of the heterostructure.
Consequently, a photodetector based on the heterostructure was
fabricated, as schematically illustrated in Figure 2e. A digital pho-
tograph of the heterostrcutrue device is shown in the inset of
Figure 2e. The Te nanomesh exhibits p-type conductivity, as re-
ported in our previous paper,[33] while n-doped Si was utilized
in this study. Thus, a pn heterojunction is formed between the
Te nanomesh and black-Si. Before investigating the device’s pho-
toresponse properties, the electrical behavior in the dark state was
initially examined, and the resulting current-voltage curve is pre-
sented in Figure 2f. The n-Si was grounded during the measure-
ment, and the electrode connected to the Te nanomesh served as
the drain. The device exhibits distinctive rectification behavior,
with minimal current observed under reverse bias and signifi-
cant current flow under forward bias. As illustrated in Figure S2
(Supporting Information), the Ti/Au electrode and Ag paste es-
tablish Ohm-like contact with Te nanomesh and n-Si, respec-
tively, indicating that the rectification originates from the Te/Si
heterostructure. A semilog plot of the current-voltage curve is in-
cluded as an inset in Figure 2f to illustrate the rectification behav-
ior. The forward current is orders of magnitude higher than the
reverse current, resulting in a rectification ratio of ≈2.2 × 104 at
+/− 5 V, indicating favorable diode characteristics. The current-
voltage relationship of diodes can be described by the equation:
Ids = Is[exp (qVds/nkT) − 1], where Is is the reverse saturated
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Figure 3. Photoresponse properties of the Te nanomesh/black-Si heterostructure. a) Current–voltage curves under light radiation at various powers and
in the dark state. b) Magnified section near zero bias. c) Photocurrent-voltage curves under light radiation at different powers. d) Photocurrent as a
function of light power at different bias voltages. e) Responsivity as a function of light power at different bias voltages. f) Spectral response at a bias
voltage of −5 V and a light power of 3 μW. g) Photocurrent as a function of light power with zero bias voltage. h) Responsivity as a function of light power
with zero bias voltage. i) Spectral response at zero bias voltage and with a light power of 3 μW. The wavelength of light for (a–e) and (g–h) is 638 nm.

current, q is the elementary charge value, n is the ideality factor,
k is the Boltzmann constant, and T is the temperature in Kelvin.
Accordingly, the ideality factor of the device was determined to be
3.5, as shown in Figure S3 (Supporting Information). The large
ideality factor suggests that the forward current in the device is
dominated by tunneling processes rather than diffusion or re-
combination processes.[34,35]

To shed light on the photoresponse properties of the Te
nanomesh/black-Si heterostructure, the current–voltage curves
were obtained under both light radiation (638 nm) and no light
radiation conditions, as shown in Figure 3a. It is evident that
the absolute value of the current under reverse bias significantly
increases upon light radiation, indicating a notable sensitivity
to light. Moreover, the absolute value of the current rises with
increasing light power. Figure 3b provides a magnified view of
these curves, revealing that the detector exhibits photoresponse

even under zero bias, showcasing its self-powered capability. Pho-
tocurrent (Iph) is defined as the difference between the current
in the light radiation state (Ilight) and the dark state (Id), repre-
sented as Iph = |Ilight − Id|. Figure 3c presents the photocurrent
as a function of reverse bias voltage. Initially, the photocurrent
increases and eventually saturates with increasing reverse bias
voltage. This saturation behavior aligns with conventional photo-
diodes, suggesting the absence of photo-gain in the detector. The
critical reverse voltage leading to the photocurrent saturation de-
pends on the incident light power, which increases with the light
power. Measurements were conducted under different reverse
bias voltages to investigate how the photocurrent varies with the
incident light power, as shown in Figure 3d. At first, the photocur-
rent exhibits a linear increase with light power, transitioning to a
sublinear relationship when the light power surpasses a critical
value known as Psat. The value of the critical light power depends
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on the reverse bias voltage, as illustrated in the inset of Figure 3d.
Specifically, the critical light power increases from 15 to 59 μW
as the absolute value of the reverse bias voltage increases from 3
to 8 V. Photoresponsivity, or simply responsivity (R), is a critical
parameter for evaluating the performance of a photodetector. It
is expressed as:

R =
Iph

P
(1)

where P is the light power incident on the photosensitive area.
Figure 3e illustrates the calculated responsivity as a function of
light power. At low light powers, a constant responsivity of about
253 mA W−1 is observed, consistent with the linear relationship
witnessed in the photocurrent. However, when the light power
surpasses the critical light power, the responsivity starts to de-
crease due to the sublinear behavior. The noise equivalent power
(NEP, PNEP) refers to the minimum detectable light power and
holds significant importance in photodetectors. It is defined as
the light power at which the photocurrent generated equals the
root mean square current noise (in). The NEP can be determined
using the equation:

PNEP = in∕R (2)

The root mean square noise current, i.e., noise current, can be
obtained from the current–time curve in the dark state, as shown
in Figure S4 (Supporting Information). It should be noted that
the root mean square current noise depends on the bias volt-
age, which consequently affects the NEP. In this case, the NEPs
are calculated to be 1.24, 1.38, and 1.68 nW under the bias volt-
ages of −3, −5, and −8 V, respectively, exhibiting a slight increase
with reverse bias voltage. Typically, the NEP is normalized to the
bandwidth of the measurement system. The normalized NEPs
are 9.35 × 10−11, 1.02 × 10−10, and 1.27 × 10−10 W∕

√
Hz under

the bias voltages of −3, −5, and −8 V, respectively. Further details
of the calculations can be found in the supporting information.
Using the NEP value, the linear dynamic range (LDR, r) of the
photodetecter can be determined from the following equation.

r = 10 log
(

Psat

PNEP

)
(3)

By applying this equation, the LDRs of the photodetector are
found to be 40.8, 42.2, and 45.5 dB under the bias voltages of −3,
−5, and −8 V, respectively. These values are comparable to those
of some commercial Si photodiodes, such as the FDS100 from
Thorlabs. Specific detectivity (D*) is another parameter used to
characterize the capability of a photodetector, similar to NEP, in
detecting weak light. However, specific detectivity is independent
of the photosensitive area (A) and bandwidth (B), enabling com-
parison among different devices. Specific detectivity can be cal-
culated using the following equation:

D ∗=
√

AB
PNEP

(4)

The specific detectivity values are calculated and shown in
Figure S5 (Supporting Information). The specific detectivities are

5.4 × 109, 4.9 × 109, and 3.9 × 109 Jones under the bias voltages
of −3, −5, and −8 V, respectively. Next, the spectral response of
the heterostructure photodetector was measured at a bias voltage
of −5 V under constant light power mode (3 μW), as displayed
in Figure 3f. A peak responsivity of 350 mA W−1 is observed at
a wavelength of 900 nm. The spectral response profile closely re-
sembles that of Si photodiodes, indicating that the main contri-
bution to the photocurrent comes from the Si side. This effect can
be attributed to both the Te nanomesh’s hollow structure and the
thin thickness.

The device’s ability to operate at zero bias prompted the pho-
tocurrent measurement as a function of light power under zero
bias, as shown in Figure 3g. The device exhibits a limited linear
response range, with a sublinear response observed when the in-
cident light intensity exceeds 185 nW. In ideal diodes, a linear
response is expected at zero bias. However, it is challenging to
completely avoid unwanted charge traps in the heterojunction,
resulting in a notable nonlinear response.[36,37] The correspond-
ing responsivity, calculated as a function of light power, is pre-
sented in Figure 3h. Notably, the photoresponsivity at zero bias is
significantly lower than that observed at a bias voltage of −5 V, in-
dicating a significant loss of photogenerated carriers at zero bias.
The spectral response under zero bias is shown in Figure 3i. This
profile closely resembles the spectral response observed under
reverse bias, as shown in Figure 3f, indicating that the bias volt-
age does not alter the spectral response of the device. Further-
more, calculations were performed to determine the NEP, nor-
malized NEP, and specific detectivity of the device under zero
bias. The values obtained are 5.8 pW, 5.23 × 10−12 W∕

√
Hz, and

9.6 × 1011 Jones. For comparative purposes, the specific detectiv-
ity at zero bias is also included in Figure S5 (Supporting Informa-
tion). The significantly enhanced specific detectivity achieved at
zero bias can be attributed to the ultralow NEP observed at zero
bias.

The dynamic response of the photodetector is crucial for
practical applications, and we conducted measurements using
a light wavelength of 638 nm. The current of the device demon-
strates stable on-and-off switching behavior when the light is
turned on and off, both at zero bias and with a bias voltage of
−5 V, as shown in Figure 4a,b, respectively. When subjected
to an incident light power of 6.9 mW, the device exhibits the
current and on/off ratios of 2.9 × 104 and 80, respectively. It is
important to note that a high light-induced current on/off ratio
at zero bias in a photodiode holds no significance despite its
frequent mention in literature. The mean dark current at zero
bias must be zero, as there is no energy to drive the formation
of a positive or negative current. The dark current obtained from
the semiconductor analyzer is attributed to zero drift. Addi-
tionally, the device demonstrated consistent performance even
after being stored in the atmosphere for five months (Figure
S6, Supporting Information), indicating its notable long-term
stability. High-resolution current-time curves were measured by
an oscillator to determine the response time of the device.[27] A
typical current-time curve with a bias voltage of −5 V is presented
in Figure 4c. The rise time and decay time, defined as the time
intervals for the current to rise from 10% to 90% of the static pho-
tocurrent and vice versa, respectively, were measured. The rise
time and decay time, as observed in Figure 4c, are 70 and 140 μs,
respectively, indicating the fast response speed of the device. The
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Figure 4. Dynamic response and photocurrent mapping (light wavelength: 638 nm). a) Current-time curves under modulated light at zero bias. b)
Current-time curves under modulated light with a bias voltage of −5 V. The light power radiated on the device for (a) and (b) is 6.9 mW. c) High-
resolution current-time curve recorded by an oscillator. d) Digital photograph of the device. e) The corresponding photocurrent mapping at zero bias
voltage. The light wavelength, spot size, and light power are 638 nm, 1.3 μm, and 7 nW, respectively. f) Photocurrent along the white dashed line in (e).

fast response speed is attributed to the large internal electrical
field at the heterojunction interface, while the variation between
the rise time and decay time results from the intricate dynamics
of the photogenerated carriers in the detector. For a better
comparison of our device with those reported in the literature,
Table 1 provides a summary of the photodetection performance
of various heterostructures reported in previous studies. It can
be observed that our device demonstrates a decent balance in
terms of responsivity, detectivity, LDR, and response time.

To obtain a further understanding of the photosensitive device
area, photocurrent mapping was conducted at zero bias. The
measured area and the results are displayed in Figure 4d,e,
respectively. As anticipated, the heterojunction region is proved
to be the most light-sensitive area, displaying the highest pho-
tocurrent. A larger area photocurrent mapping is shown in
Figure S7 (Supporting Information), revealing a non-uniform
distribution of photocurrent. This non-uniform distribution
of photocurrent in the heterojunction area is attributed to the

Table 1. Photodetection performance of heterostructure-based detectors.

Materials R/mA·W−1 D*/Jones LDR/dB Response time Effective wavelength
range [nm]

Ref

MoS2/Si 10.07 4.53 × 1010 78 μs 850 [38]

MoS2/Si 300 1013 3 μs 450–1050 [39]

WS2/Si 4 1.5 × 1010 26 1.1 μs 400–850 [40]

WS2/WTe2 1325 3.96 × 1011 30 635 [41]

MoTe2/InSe 15.4 3.02 × 1014 7.9 0.72 s 405–635 [42]

Bi/Si 8000 1.9 × 1010 19.8 3μs 800 [43]

Te/Ge 523 9.5 × 1010 26 μs 400–980 [44]

Te/Si 6490 7.79 × 1012 18.9 26 ms 400–1100 [45]

Te NMs/Si 350 9.6 × 1011 45.5 70 μs 400–1550 This work

The LDRs in the table were calibrated by Equation (3).
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Figure 5. Photoresponse at 1550 nm and band alignment of the heterostructure. a) Photocurrent as a function of light power. b) Photocurrent as a
function of light power with low light powers. c) Responsivity as a function of light power. d) Current-time curve under modulated light radiation with a
bias voltage of −5 V. e) Current-time curve under modulated light radiation with zero bias voltage. f) Magnified section of (e). The light power for (d–f)
is 3.25 mW. g) Band alignment before contact. h) Band alignment after contact. i) Band alignment under reverse bias.

random size distribution of the Si pyramids, which leads to an
uneven light-trapping effect. The photocurrent diminishes as
the distance from the heterojunction region increases. For clarity
on the variation trend, the photocurrent along the white dashed
line in Figure 4e was extracted and presented in Figure 4f.
The relationship between the photocurrent and distance can be
modeled by an exponential decay curve with a decay length of
14.7 μm. The exponential decay of the photocurrent indicates
that the photoresponse away from the heterojunction is due to
the diffusion of photogenerated carriers. Photogenerated holes
in n-Si and photogenerated electrons in Te nanomesh away from
the heterojunction region can diffuse into the heterojunction
region and be collected, resulting in photocurrent. The decay
length of the photocurrent is determined by both the diffusion
length of photogenerated minority carriers in n-Si and p-Te
nanomesh. Given that the decay length is significantly smaller
than the junction area of the device, it is appropriate to consider
the junction area as the photosensitive area without leading to
substantial deviation from the true value.

Due to the narrow band gap of Te (≈0.35 eV),[32] the het-
erostructure photodetector is expected to respond to infrared

light. We then conducted a measurement of the photoresponse
to 1550 nm infrared light, as shown in Figure 5. The relation-
ship between the photocurrent and light power is illustrated
in Figure 5a. The detector demonstrates a linear response
at high light power, while a sublinear relation is observed at
low light power, as presented in Figure 5b. Consequently, the
responsivity of the detector shows significant dependence on
light power, as demonstrated in Figure 5c, reaching a maximum
responsivity of 8.1 mA W−1 at a light power of 0.16 μW. This
behavior is also observed in the absence of bias voltage, as
shown in Figure S8 (Supporting Information). The current-time
curve under modulated light radiation is displayed in Figure 5d,
demonstrating stable on-and-off states when the light is turned
on and off. Similarly, the current-time curve with zero bias, as
shown in Figure 5e, also displays stable current on and off states.
Notably, spikes in current are observed when light is turned on
or off. A magnified view of the spikes is presented in Figure 5f.
The detector exhibits a rapid increase when light is turned on,
followed by a slow decay. Conversely, when the light is turned
off, the detector shows a sharp decrease, even dropping to a
negative value, followed by a slow rise to the stable dark current.

Adv. Optical Mater. 2024, 2400056 © 2024 Wiley-VCH GmbH2400056 (7 of 11)
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This unique behavior stems from the specific band alignment
between Te nanomesh and Si, which will be discussed in the
following section. The appearance spikes, which exhibit different
signs when the light is turned on and off, could potentially find
applications in the event-driven vision sensors.[46]

The band alignment before contact is depicted in Figure 5g, re-
vealing a type I band alignment between Te and Si.[47] Upon con-
tact, electrons diffuse from Si to Te, and holes diffuse from Te to
Si due to the difference in the work functions of the two materials.
Consequently, band bending occurs near the interface, culminat-
ing in a unified Fermi level for the heterojunction system, as il-
lustrated in Figure 5h. The band bending gives rise to an internal
electrical field directed from Si to Te. A vdW barrier arises near
the interface due to Te’s quasi-1D vdW crystal structure, result-
ing in a vdW gap formation between Te and Si after contact.[48]

Additionally, an energy valley forms on the conduction band of
Te near the interface owing to the type I band alignment. First,
the photon energy is larger than the band gap of Si is considered.
Upon light radiation, photogenerated electron-hole pairs can be
separated and collected by the internal electrical field, leading to
the photovoltaic effect. However, the transport of the photogen-
erated electrons in Te is impeded by the vdW gap and the energy
valley. Likewise, the transport of holes from Si to Te is partially
obstructed by the vdW gap, resulting in the trap of some pho-
togenerated holes in Si at the vdW gap. Consequently, the col-
lection efficiency of the photogenerated carriers is diminished,
yielding a weak photovoltaic effect at zero bias, consistent with
experimental results. Most photogenerated carriers are generated
on the Si side when the incident light photon energy exceeds the
band gap of Si, which is attributable to the Te layer’s thin thick-
ness and mesh-like structure. The photogenerated electron-hole
pairs are separated by the internal electrical field. Electrons drift
away from the depletion region and enter the Si side, while holes
must traverse the vdW gap and be collected at the Te side. The
vdW gap impedes the transport of holes to the Te side, trapping
some photogenerated holes. At low light powers, the number of
trapped holes at the vdW gap is small, and only a limited quantity
of electrons recombines with holes, resulting in the observed lin-
ear relationship shown in Figure 3g. Nevertheless, the enhanced
number of photogenerated carriers increases the recombination
rate under high light power, leading to a sublinear relationship
between photocurrent and light power. When a reverse bias volt-
age is applied, the Fermi level of Si compared with Te is lowered,
as shown in Figure 5i. The band offset at the conduction band
is diminished while the band offset at the valance band is in-
creased due to a finite voltage drop on the vdW gap. Moreover, the
band bending intensifies owing to the enhanced electrical field
in the depletion region. Consequently, the trapped photogener-
ated holes near the vdW gap can be transported to the Te side
by means of tunneling. The collection efficiency is enhanced and
reaches a maximum when the bias voltage is sufficiently high. A
further increase of the reverse bias voltage does not enhance the
collection efficiency, resulting in the saturation of the photocur-
rent.

When the photon energy is lower than the band gap of Si,
the majority of photogenerated carriers are produced in the Te
nanomesh. The trapping capability of the electron valley in the
Te side at the interface is much stronger than the vdW gap. Con-
sequently, the photogenerated electrons cannot escape from the

valley under zero bias. The recombination rate of photogenerated
carriers is directly related to the trapped electrons in the valley, re-
sulting in the observed sublinear relation at low light powers, as
shown in Figure S5 (Supporting Information). Once the valley
becomes fully occupied by electrons, the recombination rate sta-
bilizes, yielding a linear relationship. Even under reverse bias,
the valley can still trap photogenerated electrons, resulting in
similar behavior to that observed under zero bias, as shown in
Figure 5a,b.

The electron trapping effect by the energy valley also con-
tributes to the observation of current spikes when light is turned
on and off, as shown in Figure 5e. In conjunction with the pn
junction structure, the electron energy valley functions as a ca-
pacitor. When light is turned on, the photogenerated carriers are
separated by the built-in electrical field at the junction and are
subsequently collected at the electrodes. This process results in
the rapid rise of the photocurrent. Additionally, a portion of the
photogenerated electrons in Te is injected into the valley. To main-
tain the charge balance of the junction, photogenerated holes in
Si are attracted to the interface, thus simulating the charging of
a capacitor. Consequently, the positive spike is observed, similar
to the charging current curve of a capacitor. When light is turned
off, the trapped electrons are released, akin to the discharging
of a capacitor, resulting in the observation of a negative spike.
The disappearance of the spikes under reverse bias is attributed
to the reduced electron valley barrier. Based on the mechanism,
the occurrence of spikes is not limited to 1550 nm but rather ob-
served whenever the photon energy surpasses the bandgap of Te
nanomesh. In fact, spikes were also observed when visible light
was used as a light source and a source-measurement unit with
a shorter integration time, as shown in Figure S9 (Supporting
Information). To mitigate the impact of these peaks, the device
should be operated either in a reverse bias mode or in a low-
frequency mode with a low-frequency pass filter.

Due to the broadband and decent photoresponse of the pho-
todetector, we performed further studies on visible light and in-
frared imaging using the Te nanomesh/black-Si heterostructure
device as the imaging pixel. The imaging measurement system
is schematically depicted in Figure 6a, where a shadow mask was
securely placed on a 2D translation stage, and the heterostructure
photodetector served as the sensing pixel. Under light radiation,
the photodetector captures the transmitted light point-by-point
and outputs the photocurrent matrix. The position-dependent
photocurrents with different light wavelengths are shown in
Figure 6b–e, and the letters “UESTC” in the mask can be clearly
reproduced. It is noted that the recorded image at 1550 nm ex-
hibits significant noise, which can be attributed to the low re-
sponsivity of the photodetector at 1550 nm and the large light
spot of the 1550 nm light on the mask. Nonetheless, the imaging
results indicate that the heterostructure photodetector demon-
strates ultra-broadband imaging capability.

3. Conclusion

In conclusion, we have successfully fabricated a Te
nanomesh/black-Si vdW pn heterostructure photodetector.
The heterostructure exhibits the distinctive rectification be-
havior with a rectification ratio of 2.2 × 104. Comprehensive
photoresponse measurements demonstrate the commendable

Adv. Optical Mater. 2024, 2400056 © 2024 Wiley-VCH GmbH2400056 (8 of 11)
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Figure 6. Imaging demonstration of the heterostructure photodetector. a) Schematic of the broadband imaging system. b–e) Imaging results of the
shadow with hollow letters of “UESTC” recorded under light sources with different wavelengths. (b) 532 nm. (c) 660 nm. (d) 980 nm. (e) 1550 nm. The
bias voltage is −5 V for all the measurements.

performance of the heterostructure device, including a high
responsivity of 350 mA W−1, an extensive linear dynamic range
of 45.5 dB, a high specific detectivity of 9.6 × 1011 Jones, and a
wide spectral response ranging from 400 to 1550 nm. Moreover,
the heterostructure device exhibits remarkable response speeds,
with a rise time and a decay time of 70 and 140 μs, respectively.
The exceptional performance can be attributed to the presence
of a strong internal built-in electrical field at the hetero-interface
and the enhanced light absorption in black-Si through the light
trapping effect. These outstanding photoresponse properties
make the heterostructure device highly suitable for application
as a multiwavelength single-pixel imager, enabling the collection
of mask patterns under light radiation with varying wavelengths.
Our work introduces a novel approach for fabricating mixed-
dimensional vdW heterostructures, holding great promise for
the advancement of next-generation optoelectronics.

4. Experimental Section
Preparation of Black-Si: The SiO2 (285 nm)/n-Si (1–10 Ω·cm) sub-

strate was employed for the preparation of black-Si. Utilizing a maskless
photolithography technique with a DL10 (Zeptools) system, a defined win-

dow with a size of 5 × 5 mm2 was created. Subsequently, an ion etching
technique was employed to selectively remove the SiO2 layer, exposing the
underlying Si substrate. In the ion etching process, CF4 (200 sccm) and
Ar (100 sccm) were used as process gases, the etching power was set to
100 W, and the etching time was 360 s. The transformation of the Si sub-
strate into black-Si was achieved through an alkaline wet etching method.
The alkaline solution was prepared by dissolving KOH (2.98 g) in a mixed
solution of isopropanol (20 mL) and deionized water (80 mL). The etching
process was carried out at a temperature of 95 °C for a duration of 40 min.
The thickness of black-Si is 2–5 μm.

Fabrication of Te Nanomesh/Black-Si Heterostructure: Prior to the de-
position of the Te nanomesh, a Ti (5 nm)/Au (50 nm) layer was deposited
on the SiO2 layer surrounding the black-Si window using an e-beam evap-
oration method. This layer functioned as the top electrode. The deposition
process for the Te nanomesh onto the black-Si substrate was carried out in
a two-zone horizontal tube furnace. The prepared black-Si was positioned
within the low-temperature heating zone (100 °C), while 1 g of Te powder
(99.99%) was placed inside the high-temperature heating zone (450 °C).
To remove oxygen from the system, the tube was purged with argon gas
(200–300 sccm) for 30 min prior to heating. Subsequently, argon gas with a
flow rate of 15 sccm was introduced into the tube furnace, and the heating
process was initiated. After an 8-h deposition period, a dense Te nanomesh
was formed on the surface of the black-Si substrate.

Characterization: The Raman spectra of Te nanomesh were measured
using a Raman spectrometer (SR-5001-A-R, Andor) with a 532 nm laser as
the excitation source. SEM images were obtained using a scanning elec-

Adv. Optical Mater. 2024, 2400056 © 2024 Wiley-VCH GmbH2400056 (9 of 11)
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tron microscope (VEGA3 SBH, TESCAN). AFM images were obtained us-
ing an atomic force microscope (NX10, Park). TEM and HRTEM images
were obtained using a transmission electron microscope (JEOL 2100F).

Electrical and Photodetection Performance Measurements: The electri-
cal properties were measured in a probe station (LN-4H-06, Zeptools)
with a Keysight B1500A semiconductor analyzer. The photodetection per-
formance of the devices was measured in an optoelectronic measurement
system (ScanPro Advance, MetaTest) with a Keithley 2636B source mea-
surement meter. The position-dependent current in the imaging system
was recorded by synchronizing an Agilent B2902A source-measurement
meter with a motorized 2D translational stage through a data acquisi-
tion card (Myrio-1900, NI). The imaging system utilized a 532 nm laser, a
660 nm light-emitting diode, a 980 nm light-emitting diode, and a 1550 nm
laser as the light sources. The spot size for 532, 660, and 980 nm lights is
≈0.2 mm, whereas the spot size for 1550 nm light was ≈1 mm. The mask
dimensions were 4 cm × 1 cm, with the smallest hollow part measuring
1 mm (Figure S10, Supporting Information).
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Supporting Information is available from the Wiley Online Library or from
the author.
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