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Self-biased visible-NIR photodetection enabled via
a dual-heterojunction n-MoS,/p-CuO/n-Si design
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In this study, a comprehensive dual-junction (n-MoS,/p-CuO/Si and p-CuO/n-Si) evaluation of a self-
biased heterostructure was conducted for photodetector applications. Owing to the integration of both
junctions, the proposed design offered dual-response functionality, under zero bias, corresponding to
the visible (625 nm) and NIR (720 and 808 nm) regions. At zero applied bias, the n-MoS,/p-CuO/Si
heterojunction exhibited a responsivity (R;) of 21.04/30.50 mA W™ and a detectivity (D*) of 1.0 x
10%/1.5 x 10* Jones at incident wavelengths of 625/720 nm; this highlights the self-biased nature of
the fabricated design. The attained values were found to be dramatically increased under a 3 V bias, with
R, values of 0.144 and 0.124 A/W for the n-MoS,/p-CuO/Si and p-CuO/n-Si heterostructures,
respectively. The observed figures-of-merit consistently reduced as the incident light intensity increased,
indicating a strong negative correlation, which was further confirmed by the R? value approaching unity
(R? = 1). The time-resolved features confirmed response/recovery times of 0.27/0.36 and 0.41/0.48 s,
respectively, for the addressed heterostructures, highlighting the suitability of this design for efficient,
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1. Introduction

Photodetector-based optoelectronics, specifically those fabri-
cated using Si technology, are being broadly considered for
optical and electronic applications, UV/Vis/IR optical com-
munication, flame detection, environmental and biological
sensing, and imaging because of their CMOS technology com-
patibility, easy fabrication process, and low cost.' Neverthe-
less, the characteristic restrictions of Si technology, such as
constrained absorption in the Vis-NIR range and indirect
optical bandgap, have prompted the incorporation of comple-
mentary semiconductor metal oxides to boost the spectral
response and subsequently the device performance.*® Thus,
heterojunction-based Si optoelectronics, dual-band photo-
detectors in particular, are being further investigated among
research and industrial societies due to their benefits com-
pared with their homojunction counterparts; these include
high photoresponsive performance, almost zero power con-
sumption, and wide spectral response. Further, dual-band
photodetectors have demonstrated excellent potential in this
regard, allowing enhanced charge separation effectiveness
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bias-free photodetection over Vis-NIR wavelengths.

through wide spectral absorption at zero applied bias. Accord-
ingly, various dual-band optoelectronics have been developed
with relatively high photo-responsive properties, including high
R;, excellent D*, fast rise/fall times, and high on/off ratio; these
include CuO-TiO,/Si, CuO/Cu,0/Si, ZnO/ZnTe/Si, and WSe,/
WS,/p-Si.” *° Notably, the combination of p-type CuO, a narrow
optical bandgap metal oxide semiconductor with relatively
robust absorption within the visible spectrum, along with an
Si wafer, has been broadly evaluated. CuO, with p-type con-
ductivity, is known to be favorable for its band alignment with
Si, enabling well-organized carrier separation and transport
across the formed heterojunction, thereby allowing an enhanced
photo-response behavior even under low applied bias."*™** More-
over, the integration of a two-dimensional (2D) layered material,
like MoS,, could alter the photodetector functionality. MoS,
exhibits solid light-matter interaction, excellent scalability, and
relatively high carrier mobility;'* ' when n-MoS, is configured
onto a p-CuO/n-Si stack, the proposed candidate can facilitate a
dual-heterostructure design, enabling spectral lengthening to
the NIR range, effective carrier collection, and self-driven
operation via a built-in electric field. In this context, we report
a multi-band (p-n and n-p) dual-junction optoelectronic design.
Moreover, a methodical fabrication procedure for the intended
dual-band, fast-response, self-driven heterostructure is eluci-
dated. In detail, the proposed heterojunction (n-MoS,/p-CuO)
resulted in pronounced figure-of-merit profiles along a broad
range at zero applied bias voltage.
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2. Experimental procedure

The intended dual-heterostructured device (n-MoS,/p-CuO/n-
Si) was fabricated via a pulsed laser deposition (PLD) process
along with selective masking in order to attain a spatially
patterned design. In detail, a commercially presented n-type
Si wafer (Sigma Aldrich, 100, 1-10 Q c¢m) was utilized as the
main substrate. The Si wafer was thoroughly cleaned using the
RCA standard procedure to remove the undesired contami-
nants; then, the wafer was diluted with HF to eliminate native
oxides. To create the spatially patterned dual-heterojunction
foundation (Fig. 1a), the wafer was partially covered, allowing
two-thirds to be exposed to the generated plasma plume.
Herein, a high-purity Cu target was irradiated at 6 ] cm ™2 using
a 2nd harmonic Q-switched Nd:YAG laser (532 nm) with a
repetition rate of 10 Hz. The temperature of the Si wafer was
maintained at 200 °C in an oxygen environment of 10~° mbar,
allowing the deposition of a CuO layer; the attained substrate
was then allowed to cool naturally to room temperature. There-
after, two-thirds of the attained geometry was covered, allowing
the deposition of MoS, on one half of the CuO layer (Fig. 1a). In
detail, the MoS, target was ablated by the same laser source
(6.5 J ecm™?) to obtain the n-MoS,/p-CuO/n-Si heterostructure;
the MoS, film covered one half of the deposited CuO film, as
demonstrated in Fig. 1a, forming distinct dual-heterojunctions.
In order to enhance the interfacial quality and crystallinity of
the deposited layers, the attained geometry was thermally
treated in air at 250 °C for 45 minutes. Finally, Ag electrodes
were deposited by thermal evaporation to define the active
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device area and ensure reliable electrical contact within the
dual-heterojunction architecture.

The structural investigation was conducted using X-ray
diffraction techniques (Bruker, AXSD8, XRD), while the optical
investigation was performed via UV-Vis spectrophotometry (UV-
3600, Shimadzu). The topographies of the deposited layers were
examined using field-emission scanning electron microscopy
(SU8030, Hitachi, FE-SEM). Simultaneously, a room-temperature
photoresponsive evaluation was conducted utilizing a source
measure unit (Keithley 2400, SMU) in conjunction with a narrow
optical-bandpass filter/s (ThorLabs), allowing a wavelength scan
from 405 nm to 808 nm. The incident light intensity, transmitted
through the filter, was measured at the light incident spot with
an LX2-illuminance meter (Japan, Sanwa). Moreover, the time-
dependent features were projected by considering 10% to 90% of
the entire attained photocurrent (Z,,) by histogram search, while
the incident light pulse-width was fixed at ~12.5 s.

3. Results and discussion

Fig. 1b depicts the XRD diffraction patterns of the deposited
CuO and MoS, layers, in which the addressed layers showed
polycrystalline orientation. Specifically, the XRD spectrum of
CuO exhibits five distinct diffraction planes (110), (101), (111),
(—202), and (020), which are characteristic of the monoclinic
CuO structure, in agreement with JCPDs card no. 80-1919;
these planes were identified at 20 values of 32.426°, 35.407°,
38.641°, 48.684°, and 58.221° respectively. Simultaneously,
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(a) Schematic of the pulsed laser deposition process for the design of the fabricated device and the measurement set-up. (b) XRD patterns and
UV-Vis spectra and optical bandgap (inset) of the deposited (c) CuO and (d) MoS, layers.
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four prominent distinct XRD patterns for the MoS, layer were
observed at around 20 ~ 14.194°, 33.536°, 39.542°, and 58.440°,
which correspond to the (002), (100), (103), and (110) planes,
respectively. The positions and sharpness of these reflections
indicate well-aligned, high crystallinity structures that closely
match the hexagonal 2H-MoS, phase, as confirmed by JCPDS
card no. 37-1492. Optical analysis of the deposited CuO film
(Fig. 1c) revealed a broad absorption curve along the visible
range, which indicates good light-harvesting ability in the
visible spectrum. The optical bandgap of the addressed layer
(Cu0), estimated according to the Tauc relation,'”'® exhibited a
value of 1.91 eV (see the inset of Fig. 1c). Similarly, MoS,
(Fig. 1d) demonstrated a smooth increase in absorption from
the visible to the UV region; however, the absorption curve
lacks an excitonic peak characteristically detected in monolayer
MoS,, which, in turn, suggests bulk-like/multilayer structure
formation during the deposition using the PLD method. The
optical bandgap (see the inset of Fig. 1d) was found to be
1.68 eV, corresponding to an incident wavelength of ~738 nm.
The topography analysis of the CuO layer (Fig. 2a) revealed the
formation of relatively compressed and uniformly distributed
granular particles, suggesting a polycrystalline structure along
random crystallite orientations within the >50 pm scanned
area. The particle distribution appears moderately heteroge-
neous, with isolated bright regions across the scanned area,
which could be due to surface roughness and/or localized
agglomeration. Such morphological singularities are frequently
obtained in CuO films attained using the PLD technique."®*° In
comparison to the CuO morphology, MoS, (Fig. 2b) exhibited a
slightly more homogeneous distribution of grain-like features
and a smoother surface. The reduction in the bright agglom-
erate phenomenon indicates a reduced surface roughness and
higher film continuity. Such morphology is usual for layered
MoS,, where the interactions of van der Waals (vdW) forces
allow compact growth and planar stacking.*

The current-voltage (I-V) characteristics of the proposed
dual-heterojunction (n-MoS,/p-CuO/Si and p-CuO/n-Si) under
both dark and light settings are shown in Fig. 3a. An unsym-
metrical nonlinear diode-like conduct is observed with a clear
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rectification profile under both dark and illuminated states
with respect to the utilized wavelength. In detail, the heigh-
tened carriers’ diffusion and their recombination with injected
charge result in dark current suppression. As the applied bias
increases, the diffusion current dominates, leading to a sig-
nificant dark current growth; in this case, the depletion region
becomes thinner while the built-in electric field is nearly
debilitated, which, in turn, allows diffusion current domina-
tion. The rectification ratios were found to be 10.06 and 7.83,
respectively, at 5 V under dark conditions for the named
heterojunctions; the attained variation in the rectification ratio
could be because of the alteration in carrier recombination as
well as defect states at different interfaces. Such interface
quality enhancement, in the case of n-MoS,/p-CuO/Si, may
result in higher carrier transport phenomenon and subse-
quently higher rectifying singularity.?® It is worth pointing
out that similar behavior was noted at different incident
wavelengths with respect to the considered heterojunction.
Further, the ideality factor (n) was estimated in accordance
with Cheung’s model, considering a semi-linear plot of the
forward dark current®® (see inset of Fig. 3a). The proposed
heterojunctions exhibited n values of 1.7 and 2.1 for n-MoS,/
p-CuO/Si and p-CuO/n-Si, respectively. Such a deviation from
n = 1 suggests the presence of interface recombination and/or
trap-assisted tunneling effects. Fig. 3b and c¢ show the
wavelength-dependent photoresponse of the proposed junc-
tions as a function of time-resolved profiles under a 3 V applied
bias. Owing to the narrow bandgap of the utilized active layers
(CuO and MoS,), the fabricated heterojunctions exhibited
rather broad responsive detection capability. However, two
dominant wavelengths (625 and 720 nm) were identified for
the n-MoS,/p-CuO/Si and p-CuO/n-Si heterojunctions, respec-
tively, corresponding to efficient photoinduced carrier genera-
tion under the specific incident wavelengths, the absorption
edge of the active layers as pre-demonstrated in Fig. 1(c) and (d);
this in turn validates the dual function nature of the proposed
design. The distinguished photoresponse at 808 nm, in the case of
p-CuO/n-Si heterojunction, is mainly due to the window effect of
the utilized Si wafer.>* Such wavelength-dependent behavior could

spot pressure WD mag det HV T — 50 pm -
7 PM 3.5 2.27e-3 Pa 6.9 mm 2 000 x ETD 30.00 kV| _inspect f 50-FEI Com)

Fig. 2 FE-SEM images of the deposited (a) CuO and (b) MoS; layers; scale bar of 50 um.
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Fig. 3 Photo-responsive analysis of the fabricated n-MoS,/p-CuO/Si and p-CuO/n-Si photodetectors at a 3 V bias: (a) -V characteristics, with the inset
of semi-log dark /-V, (b) time-based profile of n-MoS,/p-CuO/Si, (c) time-based profile of p-CuO/n-Si, (d) Ion, (€) Ipn/lp. (f) R, (9) D*, (h) EQE, and

(i) response/recovery time of CuO/Si and MoS,/CuO.

be clearly indicated from the I, profile (Fig. 3c). Four critical
figures-of-merit are demonstrated in Fig. 4e-h: light-to-dark ratio
Upn/Ip), responsivity [R, = I In/Py], detectivity [D* =
R;A"?/(2el;)"?], and external quantum efficiency [EQE =
(Ion/€)(Pin/hv)].>>%° Specifically, R; (Fig. 3f) demonstrated values
of 0.144 and 0.124 AW " at 720 and 625 nm for n-MoS,/p-Cu0O/Si
and p-CuO/n-Si, respectively, while D* values of 1.9 x 10" and
1.6 x 10" Jones (Fig. 3g) and EQE of 25 and 24.7 (Fig. 3h) were
obtained at the same addressed parameters, respectively. The
proposed geometries exhibited response/recovery times (Fig. 3i) of
0.27/0.36 and 0.41/0.48 s, respectively, indicating faster responses
compared to the recovery; these were considered under incident
wavelengths of 720 and 625 nm, respectively. This, in turn,
strongly indicates a faster generation phenomenon compared to
recombination.?”*® The attained sub-second rise/fall time, in both
junctions, could be attributed to the interfacial dynamics as well
as carrier trapping/de-trapping within the proposed dual-
heterojunction. In detail, both PLD-based CuO and MoS, layers

1268 | Mater. Adv,, 2026, 7,1265-1271

are polycrystalline (Fig. 1b) along defect states and grain bound-
aries, which, in turn, causes a localized carrier phenomenon along
with prolonged lifetime. Additionally, such structural imperfec-
tions might also induce defects/traps, which directly influence the
response speed.”>*° Results evidently suggest that the perfor-
mance of n-MoS,/p-CuO/Si outweighs that of p-CuO/n-Si due to
the ability of the n-MoS,/p-CuO heterojunction in reducing the
defect states and/or carrier recombination.

The light intensity-dependent responses of the proposed
junctions at the optimum wavelengths and 3 V applied bias
are presented in Fig. 4a and b; this investigation was conducted
in terms of the time-resolved characteristics. The considered
junctions responded linearly to the light-intensity increment,
with an R? value close to unity (R* ~ 1). A more detailed
examination was conducted into this behavior, considering
the I,,/Ip ratio (Fig. 4c), where the considered heterojunction
demonstrated linear correlation to the utilized intensity at differ-
ent wavelengths, suggesting a dynamic role of the active layers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The responsive characteristics, under zero-bias configu-
ration, of the investigated n-MoS,/p-CuO/Si heterojunction
were investigated systematically at 0.48 mW cm > (Fig. 5).
Within this particular configuration, the n-Si wafer is left
electrically floated; this condition results in the emergence of
a photogating phenomenon at the n-MoS,/p-Cu0O/Si hetero-
structure’s bottom interface. The detected effect not only
induces a noticeable photovoltaic response within the
proposed heterostructure by facilitating the separation of
photogenerated carriers, where zero bias is applied, but also
leads to a distinguished augmentation in photoconductive
gain.” The time-based light response, at zero applied bias,
could be explained via the band alignment (see the inset of
Fig. 5a). In detail, charge transport and carrier dynamics in the
n-MoS,/p-CuO/Si heterojunction are governed by specific
aspects, including defect concentration, interface state, and
band alignment. Particularly, light-induced electron excitation
results in so-called band-bending, which, in turn, increases the
built-in electric field and subsequently smooths the photo-
generated carriers’ separation and collection. Incident light
induces additional band-bending (see the inset of Fig. 5a),
thereby enhancing the electron-hole separation and strength-
ening the internal electric field, which, in turn, allows more
efficient carrier extraction. Therefore, the attained band align-
ment suppresses the electron-hole recombination and
increases the carrier collection efficiency at zero applied bias.

The light-response characteristics exhibited a well-oriented
wavelength-dependent profile, indicating the good perfor-
mance of the proposed heterostructure in the self-driven mode
(Fig. 5a), with a considerably low dark current of 90 nA; the
fluctuation in the measured dark current mainly resulted from
the resolution limitation of our setup. The self-driven feature
was further inspected in terms of the related figures-of-merit.
The demonstrated figures-of-merit (Fig. 5b and c) delivered a
considerable R, of 30.50 mA W™, D* of 1.5 x 10'* Jones, and
EQE of 5.25 at zero applied bias, indicating the self-driven
nature of the proposed geometry. In terms of light intensity
dependence, the n-MoS,/p-CuO/Si heterojunction was also
investigated at zero applied bias under illumination at the
optimum wavelengths (625 and 720 nm); the light response
(Fig. 5d) demonstrated a linear increase, which indicates the
superior light sensitivity of the proposed junction. The I,n/Ip
showed a linear increase as a function of light intensity incre-
ment (Fig. 5e, black curves). Other figures-of-merit showed a
linear decrease as a function of incident light intensity increase
(Fig. 5e and f).

4. Conclusion

A self-driven optoelectronic dual-heterojunction (n-MoS,/
p-CuO/n-Si) was effectively fabricated through consecutive
PLD techniques, integrating spatially decorated films. The
photodetector exhibited a multi-spectrum response, under zero
biasing, at wavelengths of 625, 720 and 808 nm, crossing both
Vis and NIR regions. At 0 V bias, the fabricated n-MoS,/p-Cu0O/
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n-Si heterostructure exhibits R, of 21.04/30.50 mA W™ ! and
D* of 1.0 x 10"*/1.5 x 10" Jones at incident wavelengths of 625/
720 nm, confirming the self-driven feature. Such metrics were
enhanced at an applied bias of 3 V, with R; values of 0.144 and
0.124 A W™ for n-MoS,/p-Cu0/Si and p-CuO/n-Si, respectively,
attributed to lower interface recombination and improved
carrier separation. Additionally, time-resolved features revealed
rise/fall times of 0.27/0.36 and 0.41/0.48 s, respectively, for the
addressed heterojunctions.
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