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This article demonstrates a detailed fabrication procedure for a visible light n-type WOs/p-type Si
photodetector as a function of laser fluence. The microstructural characteristics of the deposited WO+
layer/s, using pulsed laser deposition, were systematically investigated. The attained optical band gap
revealed an average value of 2.6 eV, while the morphological features attained an increased nanoparticle
diameter from 36.9 to 43.9 nm for fluences of 4.46 and 7.01 J cm™2, respectively. Further, opto-
electrical evaluation demonstrated a wavelength-dependent profile with the highest photo-responsivity
(R;) value of 0.87 A W™ at 460 nm and 153 uW cm™2, and a photo-detectivity (D*) and external
quantum efficiency (EQE) of 7.4 x10™ Jones and 307%, respectively, were achieved. The dependency on
illumination power suggested a positive correlation between the incident light intensity increment and
the addressed figures of merit. In detail, R, and D* values increased up to 1.09 A W™t and 9.3 x10™
Jones under an illumination of 57.1 pW cm™2 at 460 nm, with an average R? value of 0.899. The time-
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1. Introduction

Silicon (Si)-based optoelectronics technology, with increased
opto-electrical performance, has been widely examined for
practical applications, such as environmental and biological
research, flame detection, military UV/Vis/IR monitoring and
communication.”” However, the development of technologies
for detection in the visible region, particularly photodetectors,
requires continuous advancement, combining high sensitivity
(responsivity, detectivity, light-to-dark ratio, and external
quantum efficiency) with pronounced time-resolved character-
istics, especially fast response.*” Particularly, there are two
main binary detection pathways, the so-called photo-conductive
and photo-voltaic modes; the latter typically includes homo-,
hetero-, and Schottky junction photodetectors. The photo-
voltaic mode, particularly homo/heterojunctions, brings about
higher performance as compared to the photo-conductive
mode, due to the exceptionally fast-response and high sensi-
tivity characteristics. In this context, a number of semi-
conductor materials have been given due consideration to
enhance the addressed figures of merit, such as cadmium oxide
(CdO), copper oxide (CuO), cadmium sulfide (CdS), cadmium
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recovery times of 163 and 172 ms, respectively.

telluride (CdTe), and cadmium selenide (CdSe).*** WOj3;, which
is an intrinsic n-type semiconductor oxide material, demon-
strates an indirect visible light absorption edge around 440-
516 nm, with high temperature resistance and chemical
stability. WO; also displays non-stoichiometric features,
through which a substantial amount of oxygen vacancies can be
accommodated. Structurally, WO; exhibits a distorted cubic
perovskite-like arrangement, where oxygen atoms occupy the
corners of the unit cell, while tungsten atoms reside at the
center of the surrounding octahedra.®™® Herein, we present
a procedure for the fabrication of an n-type WO,/p-type Si
heterostructure for optoelectronic application, particularly
a visible light photodetector. In detail, WO3; was deposited onto
a p-type Si substrate through the PLD technique, using different
laser fluences. Furthermore, a robust correlation between the
microstructural features and the opto-electronics characteris-
tics was established.

2. Methodology

Mechanically hard-pressed WO; powder (99.995%, n-type,
Sigma-Aldrich) was deposited on a multi-cycled, cleaned p-
type Si wafer (Sigma-Aldrich, 540 pum, single-side polished)
with dimensions of 1 cm? WO; target was positioned vertically
at a distance of 5 cm from the utilized p-type Si wafer, after
which a 532 nm ND-YAG laser was focused on the WO; target at
an angle of 45° for 900 pulses, with a pulse width of 10 ns and
a repetition frequency of 6 Hz (Fig. 1). The laser fluence was
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Fig. 1 Schematic representation of the fabricated device and deposition process; the inset shows the thickness of the deposited WOz layer.

varied to obtain WO; layer modification (4.46, 5.37, and 7.01 ]
em™?); the spot size and laser fluence were estimated using
a spot-sensitive paper and laser power meter, respectively.
Finally, a complete photodetector geometry was accomplished
through Ag metal contacts (0.1 cm?) on the top of both the Si
wafer and WOj; layer using a thermal evaporation approach. A
schematic illustration of the fabricated photodetector is depic-
ted in Fig. 1, with the optimum layer having an average thick-
ness of 678 nm, as shown in the inset. The deposited layers’
structural features were investigated using Fourier transform
infrared spectroscopy (FT-IR, ALPHA-II Bruker) and X-ray
diffraction (XRD, SHIMADZU). The morphological properties
were determined using a field emission scanning electron
microscope (FE-SEM, JRM-7601F), and the optical characteris-
tics were investigated using photoluminescence (PL, LS-51) and
ultraviolet visible light (UV-Vis, SHIMADZU) approaches.
Finally, the fabricated devices were evaluated through a lab-
based setup consisting of a SMU Keithley 2402 with a light
source that goes through multiple bandpass filters (375-720
nm). The time-resolved features were considered from 10% to
90% of the total attained current under multiple on/off light
states, as elucidated in Fig. 1.

3. Results and discussion

3.1 Deposited layers characteristics

Fig. 2(a) depicts the XRD patterns of the deposited WO; layers
obtained by using different laser fluence values. In particular,
angles acquired at around 23.04°, 23.6°, 24.2°, 26.56°, 33.28°,
33.88°, 51.76°, and 58.88° correspond to the (002), (020), (200),
(112), (022), (202), (400), and (420) planes, respectively; this in

37512 | RSC Adv, 2025, 15, 37511-37517

turn suggests the occurrence of a naturally formed poly-
crystalline structure of WO; in conjunction with the JCPDS data
card no. 42-1034. It is worth mentioning that the plane attained
at 33.28° (022) was not found under a laser fluence of 4.46 ]
em 2, which could be due to low laser energy resulting in lower
structural formation.

Fig. 2(b) illustrates the FT-IR spectra, which consist of two
different peaks at around 3450 cm " and 1625 cm™'; these are
attributed to the intercalated H,O molecules and WO;
symmetric stretching vibrations, and the adsorbed water (H-O-
H) bond deformation vibrations, respectively. Two other peaks
attained at 821 cm ' and 769 cm ™' resulted from the O-W-O
bond stretching in WO;.*°

The optical absorbance exhibited a cut-off phenomenon
ranging from 350 nm to 450 nm, while the optical bandgap was
determined using the Tauc relation.” The inset in Fig. 2(c)
shows optical bandgap values of 2.69, 2.71, and 2.74 eV for the
utilized laser fluences of 4.46, 5.37, and 7.01 ] cm 2,
respectively.

The deposited WO; film topography (Fig. 2(d-f)) with
different laser fluences revealed compact surface features. A
higher laser fluence resulted in denser nanoparticle agglomer-
ation distribution; this was noticed for higher nanoparticle
diameters at higher laser fluences, where average nanoparticle
diameters were found to be 36.9, 39.2, and 43.9 nm for fluences
of 4.46, 5.73, and 7.01 J cm™ 2, respectively, as shown in the
insets of Fig. 2(d-f).

3.2 Fabricated device evaluation

Fig. 3(a) elucidates the current-voltage within the dark condi-

tions, with the non-linear unsymmetric rectification

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The deposited WOs film characterization: (a) XRD, (b) FT-IR, (c) UV-Vis, and FE-SEM topographies for the fluences of (d) 4.46 J cm™ (e)

573Jcm™2 and (f) 7.01 J cm™2.
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Fig. 3 (a) The dark current—voltage characteristics and dV/d(In /) — I plo
573Jcm ™2 and (c) 7.01 J cm 2.

performances at the WO; and Si interface for all the proposed
photodetectors. The attained knee bias was located at around
~0.9V through current-voltage extrapolation. This was attained
together with an augmented rectification ratio (Irorward/Ireverse, at
+3 V) going from 20.8 to 21.9 as a function of laser fluence, as
shown in the inset of Fig. 3(a). The forward-region current-
voltage curves show an exponential augmentation, which indi-
cates the charge conduction mechanism through the so-called
thermionic emission.”® According to the well-defined ideal
diode formula, the saturation current () is independent of the
reverse voltage and only increases as the operation temperature
increases due to minor thermal generation changes. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry

ts of the fabricated photodetectors for the fluences of (a) 4.46 J cm™2, (b)

in nonideal diode-like behavior, both lattice mismatch and
thermal disturbance can be attained at the junction interface,
resulting in the effect of electron tunneling between the VB of Si
and CB of WO;. The ideality factors (n) of the fabricated
photodetectors were estimated from the forward current-
voltage curve under dark conditions in accordance with
Cheung's formula.”»** Herein, devices fabricated at laser flu-
ences of 4.46, 5.73, and 7.01 J cm™? exhibited n values of 3.39,
2.71, and 2.32, respectively, indicating higher/favorable diode-
like behavior at higher laser fluence in the semiconductor
framework. However, the attained n values (>2) indicated that
the demonstrated forward dark current is not completely

RSC Adv, 2025, 15, 37511-37517 | 37513
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governed by depletion-region and/or diffusion, yet significant
contributions through the trap-limited conduction and
interface-state aided tunneling within the deposited WO;.>**
Fig. 4(a—c) represent the fabricated photodetector charac-
teristics as a function of wavelength, with a laser fluence of 7.01
J em™2 under illumination with light of 15.3 uW ecm 2. In detail,
the reverse bias current-voltage curves (Fig. 4(a)) demonstrate
an increasing trend as a function of the applied illumination
wavelength, which indicates a high diode-like performance
under 460 nm, with respect to the scanned bias voltage. This
behavior could be due to the inner potential-based absorbed
photons; an internal electric field is acquired from the n- to p-
side, which leads to the formation of built-in potentials; an
electron-hole pair is formed, due to which a recombination
photo-current is attained. The sensitivity profile/s, attained at
—3 Vapplied bias, of the proposed photodetector, including I,/
In, photo-responsivity (R, = Ipn — Ip/Pin, Fig. 4(b)), photo-
detectivity (D* = R, x AY?/(2qI,)"?), and external quantum
efficiency (EQE = [(Iphoto/€)(Pinciaent/v)], Fig. 4(c)), exhibited
wavelength dependence.” In general, all addressed figures of
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merit revealed peak values at a wavelength of 460 nm; this
corresponds to the attained optical bandgaps, as shown inset in
Fig. 2(c). This could be mainly due to the photo-generated
carriers at around 460 nm representing the absorption edge
of the deposited WO, layer, which is the closest incident
wavelength to the optical bandgap (absorption edge) of the
active layer.

An I,,/Ip ratio as high as 300% was attained under the
influence of 460 nm with an R; value of 0.87 A W™ *; these values
(300% and 0.87 A W) were found to be lower at wavelengths
lower or higher than 460 nm. However, an increased R; (0.55 A
W) was perceived at wavelengths higher than 700 nm, which
is attributed to the window effect of the utilized Si wafer.>”*® The
D*and EQE attained at 460 nm demonstrated similar trends to
those in Fig. 4(b), with the highest values of 7.4 x10"" Jones and
233%, respectively. The illumination power profile is presented
in Fig. 4(d-f). In particular, a linear increase in the reverse
current-voltage profile was observed as a function of the inci-
dent illumination power (Fig. 4(d)) and wavelength of 460 nm;
the calculated LDR values revealed a positive linear correlation
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to incident illumination from 15.3 to 57.1 uyW cm > with an R?
value of 0.999, as shown in the inset of Fig. 4(d). Similarly, the
obtained figures of merit demonstrated increasing profile/s as
a function of the incident illumination; this was perceived along
with an average R? value close to unity. The R;, In/Ip, D*, and
EQE exhibited values of 1.09 A W™, 1443%, 9.3 x10'" Jones,
and 397%, respectively, at an illumination of 57.1 uW cm 2.

The dependency of both I, and R, on the incident optical
power was evaluated via a power-law correlation (Ip, R; « ).
For the photodetector demonstrated in Fig. 4(d-f), I, exhibited
a clear linear trend with an exponent of § = 1.16, which indi-
cates the collection efficiency enhancement as a function of the
increased incident photon ratio; this suggests the suppression
of trap-assisted recombination and trap filling. In contrast, R,
exhibited a relatively weak sub-linear scaling with an exponent
of § = 0.166. The attained scaling (I, and R;) is consistent with
the dynamics of defect-mediated carriers, where a higher ratio
of incident photons reflects an enhanced charge separation, as
well as saturated recombination centers.*

Fig. 5(a-c) illustrates the time-resolved characteristics of the
fabricated photodetector under a fluence of 7.01 J] cm 2. The
proposed device exhibited three multiple cycles of on/off states
with acceptable stability over 15 seconds per cycle (Fig. 5(a)). The
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Fig. 5 The fabricated photodetector at a fluence of 7.01 J cm™2
resolved characteristics.
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response/recovery times were found to be 163 and 172 ms,
respectively, indicating the responsive profile of the WO,/Si
heterojunction photodetector, shown in the inset of Fig. 5(a). The
presented device (at 7.01 ] cm™?) exhibited high stability as
compared to other devices (4.46 and 5.73 J cm™?). This could be
because a higher laser fluence resulted in the denser formation
of WO; particles, which resulted in a better quality of electron
mobility;**** this could be clearly perceived in the FE-SEM anal-
ysis. Long-term stability testing was also conducted (Fig. 5(b))
over a period of seven days, with a highly stable profile indicating
the reproducible performance of the proposed geometry.
Another stability profile was also conducted for nearly four
minutes, as shown by the red lines in Fig. 5(b). The illumination
power-dependent time-resolved characteristics are presented in
Fig. 5(c); specifically, a linear increment of the tested device's
photocurrent was found with an R value of 0.993.

The suggested band alignment of the fabricated n-WO;/p-Si
heterostructure revealed the type-II configuration (Fig. 6); this
plays a vital role in efficient photocarrier separation. Under dark
conditions, the higher electron affinity and bandgap of the
utilized p-Si result in the alignment of the Fermi level, which in
turn forms a built-in electric field across the depletion region.
Once illuminated, a photon that possesses higher energy as
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Fig. 6 Band alignment of the proposed n-WOs/p-Si photodetector.

compared to the bandgap generates electron-hole pairs. In
such a configuration, the n-WO;'s CB minimum resides at
~0.35 eV above the p-Si substrate, while the p-Si's VB maximum
dwells ~1.1 eV above the n-WOj's VB; this allows the arrange-
ment of type-II offsets. In conjunction with the built-in electric
field, molded after Fermi alignment, a driving force is provided
for carrier separation. Photo-excited electrons are transferred
from the CB of WO; downhill to that of the Si minimum, then
pushed toward the external circuit via the generated electric
field, while the obtained holes are transferred from the Si VB to
that of WO;.%>7**

4. Conclusion

Visible light n-type WO;/p-type Si photodetector/s were
successfully fabricated as a function of laser fluence via the PLD
technique. The microstructural features exhibited a bandgap
value of 2.6 eV, with the nanoparticle diameter profile
increasing from 36.9 to 43.9 nm for fluences of 4.46 and 7.01 ]
cm 2, respectively. The R; profile indicated both illumination
power and incident wavelength dependencies, where values of
0.87 and 1.09 A W were perceived under illumination of 15.3
and 57.1 pW cm™> at 460 nm incident wavelength, with an
average R> value of 0.899. Concurrently, figures of merit,
including R;, D*, and EQE, revealed relatively lower values at
wavelengths higher/lower than 460 nm. However, augmented
profiles were noticed at wavelengths = 700 nm due to the
window effect of the utilized Si wafer. The time-resolved char-
acteristics indicate a steady photodetector performance with
response/recovery times of 163 and 172 ms, respectively.
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