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An interface-enabled dual response
in a self-biased n-Bi2S3/porous Si/p-Si
heterostructured photodetector

Douaa B. Fahad,a Haitham T. Hussein,a Ethar Yahya Salih *b and
Mustafa Kareem *c

In this study, the fabrication process of a dual visible-NIR self-biased n-Bi2S3/porous Si/p-Si hetero-

junction photodetector using a rapid pulsed laser deposition (PLD) approach is systematically elucidated.

The morphological observations revealed the porous nature of the fabricated porous Si layer with a pore

diameter of B66 nm along with incorporated Bi2S3 nanoparticles (B38 nm), while the optical

investigation revealed a band gap of 1.7 eV. The proposed geometry exhibited a low saturation dark

current (B35 nA) along with rectification on the order of 102; this indicates a well-oriented junction

along with the active role of the porous Si. The fabricated heterojunction demonstrated a dual response

(575 and 720 nm) with responsivity values of 404 and 226 mA W�1 at 5 V, respectively; these values

were found to be decreased to 460.05 and 251 mA W�1, indicating a strong absorption in the active layer

at 575 nm along with porous Si-related enhanced light trapping. A linear dependency was established

between the evaluated figures-of-merit and the incident light intensity, with R2 values approaching B1.

The fabricated device exhibited fast switching behavior with a rise/fall time of 101/116 ms and

124/163 ms at 575 and 720 nm, respectively, while a stable time-resolved characteristic over 30 days

was also perceived.

1. Introduction

Optoelectronic devices, in particular photodetectors, are con-
sidered cutting-edge technology enabling optical to electrical
signal interconversion, along with wide-ranging applications in
sensing systems, environmental monitoring, optical commu-
nication, etc.1–4 Therefore, the continuous demand for highly
sensitive, low power consumption, and broadband photo-
detectors has driven extensive research into materials/device
systems.

Silicon (Si) is considered the most utilized semiconductor
for optoelectronic applications because of its well-established
fabrication methods, pronounced electrical characteristics, and
compatibility with integrated circuits.5,6 However, its perfor-
mance for broadband detection, to a certain extent, is limited
due to low light-trapping capability as well as weak absorption
in specific spectral regions. Herein, porous Si offers compelling

advantages through the introduction of strong light scattering,
tunable porosity, and a relatively high surface area.7 Such
features boost both the incident photon absorption capability
and optical path length, thereby enhancing the overall perfor-
mance. Additionally, the nanostructured nature of porous Si
facilitates better charge separation under an incident wave-
length and may modify the carrier dynamics.8,9 In this context,
the incorporation of porous Si along with a semiconductor is
broadly considered for further performance enhancement. This
hybrid geometry enables dual advantages of optical absorption
and light trapping in the deposited semiconductor film and
porous Si, respectively.10,11 Among the various semiconductors,
bismuth sulfide (Bi2S3) has attracted great interest within the
research community due to its relatively high absorption coeffi-
cient, direct bandgap (B1.4–1.7 eV), considerable chemical
stability, and wide spectrum detection capability.12–15 When
coupled with Si, the former enables a heterojunction, which in
turn facilitates effective charge separation, allowing enhanced
overall photodetector performance. Recently, self-driven photo-
detectors have been widely investigated due to their ability to
function with reduced noise at low and/or zero applied bias,
which in turn allows mobile applications; in such an architecture,
the formation of a built-in potential at the junction enables
the separation of carriers with zero applied potential.16,17
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Thus, developing an efficient self-driven heterostructure based
on Bi2S3 integrated with porous Si represents a promising
approach toward energy-efficient photodetectors. In contrast
to the conventional Bi2S3/Si and or Bi2S3/porous Si devices, the
present work reports an interface-enabled dual Visible-NIR
response, demonstrated through a combined effect of the
deposited layer (Bi2S3) and the fabricated porous Si-induced
light trapping phenomenon. The attained heterojunction
enables dual functionality under both biased and self-driven
conditions, where the proposed porous Si layer allows high
carrier dynamics via interfacial interaction and light trapping.

2. Methodology

A multi-cycle cleaned p-type Si wafer (1–10 O cm, 100, Sigma-
Aldrich) was cut into 2 cm2 pieces; porous Si was then attained
over a 0.5 cm2 area of the Si wafer using an electrochemical
etching approach (Fig. 1a) in a controlled environment (1 : 4 of
hydrofluoric acid (48%), 10 mA cm�2, and 10 minutes). Subse-
quently, a mechanically pressed dense Bi2S3 pellet (99%, Sigma-
Aldrich) was used as the PLD target. In detail, a Bi2S3 layer was
deposited on the attained porous Si area in a vacuum chamber
with a 451 Nd:YAG laser at a wavelength of 532 nm with a
repetition rate of 6 Hz, while the energy and number of pulses
utilized were 180 mJ and 500, respectively, with a laser spot size
of 3 mm. Subsequently, silver (Ag) contacts were acquired via
thermal evaporation under a relatively high vacuum rate
(B10�6 mbar). In particular, the top contact was deposited
onto the Bi2S3 film, while a ring-shaped electrical contact was
deposited onto the exposed Si area to produce an n-Bi2S3/
porous Si/p-Si heterostructure. The methodological procedure
is illustrated in Fig. 1(a). Microstructural investigations, includ-
ing a cross-sectional view, were carried out via field emission
scanning electron microscopy (FE-SEM, Hitachi-SU8031). The
phase identification was conducted through the X-ray diffraction
technique (XRD, AXSD8-Bruker), while optical observation was
performed using a UV-Vis-NIR spectrophotometer (Shimadzu-UV-
3600). Instantaneously, room temperature electrical-based on/off
switching assessment was carried out through the combination of
a source measure unit (SMU, Keithley 2401) and narrow optical-
bandpass filters (Thor-Lab) with a particular wavelength range
(405–808 nm); the light intensity at the tested device was mea-
sured using an LX2-illuminance meter (Sanwa, Japan). Addition-
ally, the time-resolved characteristic was estimated from 10% up
to 90% of the total obtained current using histogram evaluation
with a fixed pulsed width.

3. Results and discussion

The top-view FE-SEM image indicates the successful formation
of a porous Si structure (Fig. 1b) along with an interconnected,
sponge-like geometry with irregular distribution. The presented
pore structure exhibits rather mesoporous behavior along
lateral dimensions with a mean pore diameter of B66 nm
(inset in Fig. 1b). The formed porous structure exhibited no

cracks and/or collapse, which suggests a uniform electro-
chemical etching procedure throughout the Si surface. Subse-
quently, the successful incorporation of the deposited layer
(Bi2S3) within the formed porous Si is shown in Fig. 1(c), where
the attained nanoparticles are scattered along as well as inside
the pore walls; the deposited nanoparticles exhibited an aver-
age diameter of B38 nm (inset in Fig. 1c). Conformal deposi-
tion without pore blockage is indicated through the intact
porous network demonstrated. The deposited layer (Bi2S3)
exhibited a thickness of 270 nm (Fig. 1d). The XRD patterns
(Fig. 1e) confirm the formation of a predominantly polycrystal-
line Bi2S3 structure with five pronounced peaks at around 2y E
22.101, 25.201, 27.741, 35.711, and 45.371, which correspond to
the (130), (221), (103), (212), and (260) planes, respectively;
these were found to be in good agreement with JCPDS data
report no. 170320. Furthermore, a broadened and weak peak at
2y E 27.741 indicates the occurrence of a reduced intensity
crystallographic plane. Fig. 1(f) exhibits a strong absorption in
the visible region with a sharp cut-off edge near 400 nm,
indicating the optical activity of the deposited Bi2S3 film. The
obtained optical band gap, inset into Fig. 1(f), was estimated
using the Tauc relation18,19 with a value of B1.7 eV, indicating
a direct allowed transition.

The measured current–voltage (I–V) characteristics of the
fabricated n-Bi2S3/porous Si/p-Si heterojunction, under both
dark and illumination conditions (Fig. 2, a) exhibited diode-
like non-linear asymmetric behavior and rectification charac-
teristics that depended on the incident wavelength. The recti-
fication ratio under dark conditions was found to be in the
order of 102; such a rectification profile could be due to the
formation of a well-organized potential barrier at the interface
of the heterojunction. The dark current suppression, in the
reverse bias direction, is mainly due to the built-in electric field,
because of which the carrier injection is restricted. In the
forward bias direction, a pronounced increase in current could
be observed due to the diffusion-dominated transport as the
potential barrier decreases and the depletion region tightens.
This interface quality improvement could lead to a relatively
advanced carrier transport singularity along with a rectifying
phenomenon.20 The ideality factor (n) along with the barrier
height (FB) of the attained photodetector were extracted from
the forward dark current according to Cheung’s framework;21

the named parameters demonstrated values of 3.6 and 0.6 eV,
respectively. Under illumination (575 and 720 nm), the I–V
curve demonstrated behaviour similar to that under dark
conditions, with higher current values under reverse condi-
tions, which is attributed to the photo-generation and separa-
tion of charge carriers within the junction. The improved
photo-response is related to the effective carrier collection
enabled via the internal electric field, while interface states
may contribute to non-ideal transport behavior. The proposed
n-Bi2S3/porous Si/p-Si heterojunction demonstrated a short-
circuit current, which indicates the self-biased feature of the
fabricated photodetector (inset in Fig. 2a). Continuously, the
wavelength-dependent behavior of the proposed heterostruc-
ture was investigated in terms of time-resolved characteristics,
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considering a wavelength range from 405 nm to 808 nm
(Fig. 2b). Herein, the n-Bi2S3/porous Si/p-Si heterojunction exhi-
bited a dominant photo-current peak centered at B575 nm
(Fig. 2c). In addition, a shoulder peak at B720 nm is attained
because of the combined influence of optical interference as
well as band-edge absorption effects associated with the
formed thick layer of Bi2S3 (Z250 nm, Fig. 1(d)). Specifically,
as the incident photon’s energy approaches the optical band
gap of the active layer, the related absorption coefficient
declines, which allows deeper penetration of the incident
photon and a reduction in the surface-related recombination
losses; this results in an improved collection effectiveness of
the carriers.22 Fig. 2(d) elucidates the Jph and Jph/JD profiles as a
function of wavelength, where similar behavior could be per-
ceived to that attained in Fig. 2(c). The responsivity [Rl = Iph �
ID/Pin] and detectivity [D* = RlA1/2/(2eID)1/2]23 are demonstrated

in Fig. 2(e) at 5 V. D* was evaluated based on the standard
device relation; however, a detailed noise evaluation was not
demonstrated, so the reported D* values should be considered
as an estimation.24 The Rl profile exhibited a pronounced
peak at B575 nm with a value of 404 mA W�1. The attained
phenomenon is due to the robust optical activity of the depos-
ited Bi2S3 layer in the visible spectrum, along with resourceful
carrier separation across the formed heterointerface; the inci-
dent photons are absorbed within a relatively short penetration
depth, leading to a substantial density of photo-generated
carriers. Additionally, the formed porous Si layer could further
improve the effective optical path through multiple scattering
phenomena, which results in higher light–matter interaction in
the green/yellow region.12,25 Although the pristine n-Bi2S3/p-Si
photodetector (as a control) was not considered for the current
study, the attained porous layer is expected to enhance the

Fig. 1 The methodological procedure, including electrochemical etching and Bi2S3 deposition (a),9 (b) top-view FE-SEM of the formed porous Si, with
(c) showing the deposited Bi2S3 particles, (d) cross-sectional view of the fabricated heterostructure, (e) XRD patterns, and (f) optical behavior of the
attained Bi2S3 layer.
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photodetector performance through an effective interfacial
area, along with a higher ability for the light trapping effect.
Other peaks were attained at 720 nm and 808 nm with values
of 226 and 98 mA W�1, respectively. The limited response at
B808 nm is due to carrier recombination generated deep
within the Si wafer, which in turn is attained because of the
long diffusion path, while the formation of the porous Si layer
might contribute to surface state recombination.12,26 The D*
profile exhibited values of 1.1 � 1011, 6.1 � 1010, 2.6 �
1010 Jones at 575, 720, and 808 nm, respectively. The external
quantum efficiency [EQE = (Iph/e)(Pin/hv)]27 (Fig. 2f) demon-
strated values as high as 87.20%, 38.97%, and 15.06% at 575,
720, and 808 nm, respectively. The fabricated n-Bi2S3/porous Si/
p-Si heterojunction photodetector exhibited rather stable beha-
vior over a period of 30 days (Fig. 2g), retaining 92.6% of its
initial photo-current value. Such stable performance could be
due to the stability of the formed heterojunction interface,
which in turn preserves carrier transport over a long period of
time.28 The response/recovery time of the proposed system
indicated fast base functionality (Fig. 2h and i). In detail,

the response/recovery times were 101/116 ms and 124/163 ms
for the device tested under 575 and 720 nm, respectively. The
time-dependent behavior indicated a faster response time than
that of recovery, which suggests faster electron/hole pair
generation as compared to recombination.29

The incident wavelength intensity-dependent functionality
of the fabricated n-Bi2S3/porous Si/p-Si heterostructure at the
two selected wavelengths (575 and 720 nm@5 V) is presented
in Fig. 3(a); this measurement was carried out based on the
time-resolved profile. The fabricated photodetector exhibited a
rather linear photo-current increment as a function of the
applied wavelength intensity (Fig. 3b); this was justified by
the R2 value being close to unity (0.967 and 0.986) for the
wavelengths of 575 and 720 nm, respectively. Furthermore, the
Jph/JD ratio (Fig. 3c) demonstrated behavior similar to that of Jph

with the values reaching 20.77 and 12.67 at 575 and 720 nm,
respectively; these results suggest a pronounced photo-carrier
generation and separation within the deposited active layer.
The figures-of-merit, including Rl, D*, and EQE, demonstrated
relatively inverse profiles (Fig. 3d–f). Such an occurrence is

Fig. 2 (a) I–V characteristics of the proposed n-Bi2S3/porous Si/p-Si heterojunction, (b) schematic illustration of the time-resolved characteristics
measurement setup, (c) wavelength dependent time-resolved characteristics, wavelength dependence of (d) Jph and Jph/JD, (e) Rl and D*, and (f) EQE,
(g) the long-term stability test, and (h) and (i) the response/recovery times.
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principally attributed to the fact that the relation between Pin

and Rl is inversely proportional (Rl p Pin
�1), and Rl declines

with increasing incident power due to saturation effects;29 D*
and EQE are statistically reliant on Rl. The aforementioned
factors have a tendency to saturate at higher intensity of light
with respect to the wavelengths utilized. In particular, at
575 nm, Rl, D*, and EQE exhibited values of 110.03 mA W�1,
3.0 � 1010 Jones, and 23.7%, respectively. These values were

found to be pronouncedly lower at 720 nm. The higher figures-
of-merit attained at 575 nm could be because of stronger
absorption as well as improved porous Si-related light trapping,
while the lower value of limited response at 720 nm is mainly
due to increased recombination.

To validate the self-biased functionality of the proposed
n-Bi2S3/porous Si/p-Si heterojunction, the time-resolved char-
acteristic was investigated at 0 applied voltage, considering

Fig. 3 As a function of incident light intensity: (a) time-resolved characteristics, (b) Jph, (c) Jph/JD, (d) Rl, (e) D*, and (f) EQE.

Fig. 4 The self-driven visible-NIR heterostructure; wavelength dependency profile of (a) switching behavior, (b) Jph and Jph/JD, and (c) Rl and D*, and
light intensity profile switching behavior of (d) switching behavior, (e) Jph and Jph/JD, and (f) Rl and D*.
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both wavelength and incident power density profiles (Fig. 4).
The wavelength-dependent response, demonstrated in Fig. 4(a),
delivered a clear photo-response at 575 nm; this indicates the
performance capacity of the fabricated photodetector in self-
powered mode, where the dark current exhibited a relatively
low value of B35 nA with uncontrollable value fluctuation
resulting from resolution limitations in our set-up. The self-
powered, 0 V, current response, Fig. 4(b), is originated from the
built-in electric field across the proposed n-Bi2S3/porous Si/p-Si
heterostructure as a result of Fermi-level equilibration and
band bending at the interface. Under incident light, the
photo-based generated electron–hole pairs are detached with
zero external voltage applied, which in turn enables photo-
current generation.30,31 The formed porous Si layer may further
contribute in this particular course through light trapping
enhancement along an enlarged effective junction area. The
self-biased character was also examined in terms of the related
Rl and D* (Fig. 4c). Rl and D* exhibited peak values of
460.05 mA W�1 and 3.9 � 108 Jones, respectively, at an incident
wavelength of 575 nm. The dependency of incident light
intensity as a function of the self-biased feature was also
investigated considering dual wavelengths (575 and 720 nm);
the related results are presented in Fig. 4(d–f). Herein, the light
response-based time-resolved investigation revealed a linear
increase as a function of light intensity (Fig. 4d and e). Mean-
while, Rl and D* demonstrated a negative correlation to the

light intensity increment with an R2 value close to �1. The
demonstrated geometry, at zero applied bias, exhibited rather
reduced figures-of-merit as compared to the attained values at
5 V. Such an occurrence could be attributed to the relatively
weak built-in potential, in which carrier separation efficiency is
limited. However, the self-driven feature confirms the feasibil-
ity of photodetection-based zero applied voltage.

The demonstrated photo-response of the n-Bi2S3/porous Si/
p-Si heterostructure at zero bias voltage can be explained via
band alignment (Fig. 5) according to Anderson’s model.32

Herein, a quantitative band alignment was constructed based
on the reported value of affinities of both p-Si (B4.05 eV) and n-
Bi2S3 (B4.5 eV) as well as their respective optical bandgaps.33

In detail, under specific incident wavelengths, photo-generated
electron–hole pairs are effectively separated under the influ-
ence of a built-in electric field, which in turn is formed because
of the Fermi level’s (EF) equilibration as well as band bending at
the heterojunction; this allows the operation of the self-biased
mode. The fabricated porous layer may influence this particular
process via light trapping promotion and increasing the effec-
tive area of the junction, which results in improved photo-
generation. Remarkably, the dual (575 and 720 nm) response is,
suitably, attributed to photon absorption dependency and
carrier dynamics. In particular, a strong absorption in the
active layer (Bi2S3) is exhibited at 575 nm along with porous
Si-related enhanced light trapping, which results in boosted
generation of carriers near the junction. In contrast, under a
720 nm incident wavelength, photo-absorption occurs closer to
the band edge, leading to deeper generation of carriers and
advanced recombination; this allows a reduction in photo-
current notwithstanding a continuous response. Moreover,
illumination-induced band alignment reinforces the internal
electric field and provides further carrier separation.

Despite different fabrication conditions and/or measure-
ment input, e.g. light intensity, Table 1 presents a comparison
of the attained parameters of the fabricated geometry with the
reported data in the literature.

4. Conclusion

An interface-enabled dual-response visible-NIR n-Bi2S3/porous
Si/p-Si heterostructure photodetector under both biased and
self-powered conditions was effectively fabricated via a rapid
PLD technique. The porous Si exhibited a pore diameter
of B66 nm with embedded Bi2S3 nanoparticles (B35 nm).

Fig. 5 Energy band gap diagram of the proposed n-Bi2S3/porous Si/p-Si
heterostructure.

Table 1 Comparison of the fabricated n-Bi2S3/porous Si/p-Si photodetector to other reported data

Structure Bias (V) Wavelength (nm) Rl (A W�1) D* (Jones) Trise/Tfall (s) Ref.

Bi2S3/Si 5 375 1.3 0.5 � 1013 0.34/0.34 34
Bi2S3/Si 5 375 1.2 1.3 � 1013 0.31/0.35 35
Bi2S3 1 400 — 1.1 � 1011 B1/1 25
Bi2S3 5 365 6.76 � 10�3 1.29 � 109 0.5/0.6 36
Bi2S3 — Vis 2.1 � 10�4 3.7 � 108 0.1/0.1 37
Bi2S3/porous Si 5 575 0.403 1.1 � 1011 0.101/0.116 This work
Bi2S3/porous Si 0 575 0.46 � 10�3 3.9 � 108 — This work
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The proposed device revealed relatively low dark current
(B35 nA), while the rectification ratio was found to be on the
order of 102, which indicates a well-oriented junction. Under
575 and 720 nm illumination, a dual response was perceived
with Rl values of 404 and 226 mA W�1 at 5 V, respectively; a
higher Rl value was attained at 575 nm due to the strong
incident light absorption along with the porous Si-related light
trapping phenomenon. These values were found to be 460.05
and 251 mA W�1 at 0 applied bias, indicating the self-driven
nature of the formed heterojunction. Rather fast response/
recovery times were also noticed (101/116 ms and 124/163),
indicating a faster rate of electron–hole pair generation than
recombination.
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