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Abstract
The plasmon-enhanced photoresponse properties of a Ag nanoparticle decorated Bi2Se3
nanosheet (AGBS)/p-Si heterojunction device have been studied. The Ag nanoparticles, Bi2Se3
nanosheets, and AGBS nanocomposite are synthesized chemically. Microscopic investigations,
ultimately of the AGBS nanocomposite, reveal that the Bi2Se3 nanosheets of thickness ∼20 nm
and lateral dimension ∼1 μm are decorated with Ag nanoparticles of sizes 20–40 nm in the
nanocomposite. The x-ray diffraction pattern of AGBS shows that apart from being in a metallic
state, the Ag in the AGBS is also in the form of compounds with Bi, Se, and additionally O. This
observation is further complemented by the x-ray photoelectron spectrum, which shows the
presence of Ag0 and Ag+ states of Ag in AGBS. The UV–visible absorption spectra show the
plasmonic peak of the Ag nanoparticles occurs at 420 nm; the peak is shifted to ∼500 nm in
AGBS due to the modified dielectric environment of the nanoparticles. The AGBS/p-Si
heterojunction shows excellent photoresponse properties, with a responsivity of 0.28 A/W, a
fairly high detectivity of 4×1010 Jones, and an EQE of 71% under 10 V reverse bias at a
500 nm wavelength. The plasmon enhanced photoresponse at the selective wavelength makes
this material attractive for high performance optoelectronic devices.

1. Introduction

Topological insulators (TIs) are a new set of quantum materials
in which the surface is metallic, featuring a Dirac cone, while
the bulk is insulating [1, 2]. The surface states are secured by
time-reversal symmetry, which forbids the backscattering of
spins and makes these materials favorable for various appli-
cations such as spintronics and quantum computing [3], and for
the fabrication of broadband and high-performance optoelec-
tronic devices [4]. Bi2Se3, Bi2Te3, and Sb2Te3 are experi-
mentally and theoretically proven members of the family of TIs
[1]. Among these, Bi2Se3 is considered to be the most
important material because of its finite (∼0.3 eV) band gap and
a single Dirac cone on the surface [5]. This material is also
suitable for thermoelectric power generation and the fabrication

of infrared detectors [3, 6]. Bi2Se3 exhibits a layered rhom-
bohedral structure in which five atomic covalent bonded planes
form a quintuple layer of thickness ∼0.9 nm [1]. In the struc-
ture, each quintuple layer is held together by weak van der
Waals bonding. The atomic arrangement in one quintuple layer
is Se1-Bi-Se2-Bi-Se1 where, Se1 creates van der Waals bonds
with other quintuple layers, while Se2 creates covalent bonds
with Bi atoms. Due to the high surface-to-volume ratio and
topologically protected surface states, 2D nanostructures of
Bi2Se3 prepared using different methods, such as liquid-phase
exfoliation [7], chemical vapor deposition [8], van der Waals
epitaxy [6], solvothermal [9] and polyol methods [10] have
been widely studied.

Among the many properties of Bi2Se3, photodetection
has generated exceptional interest due to its applications in
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many sectors, such as image sensing, optical communica-
tions, and biomedicine [11–13]. Several photodetectors are
made on TIs and 2D materials in which the characteristic
parameters, such as responsivity, detectivity and external
quantum efficiency (EQE) are quite remarkable [14–20].
Zang et al have reported the responsivity, response time and
EQE of exfoliated Bi2Se3 nanosheets to be about 20.48 mA/
W, 0.7 s, and 8.36 times the bulk value, respectively [14].
Moreover, physical vapor deposited Bi2Se3 thin films show
excellent broadband photodetection, varying from ultraviolet
to optical telecommunication wavelengths. A high respon-
sivity 24.28 A/W and a high detectivity 4.39×1012 Jones
has been reported for Bi2Se3 thin films [16]. To achieve a
high selective photoresponse for these TIs, one approach
could be to decorate the TI layers with plasmonic nano-
particles (Ag, Au, etc.) that enhance the light–matter inter-
actions many-fold [21–24]. Among plasmonic nanoparticles,
silver (Ag) is the most favorable material due to its long
plasmon lifetime, strong absorption and scattering of light
[25], large electrical conductivity, biocompatibility [26], and
good detectability at lower concentrations [27]. However, it is
still difficult to grow zero-valent silver nanoparticles, as there
is a tendency for sulfurization and the formation of different
by-products of silver in sulfur and selenide based semi-
conductors (i.e., Bi2Se3, WS2, MoS2, etc.) [28–30].

Here, we report an enhanced photoresponse of a silver
decorated Bi2Se3 (AGBS) nanostructure/Si heterojunction
device. The approach for the prevention of sulfurization of the
silver nanoparticles has been to use poly-vinyl-pyrrolidone
(PVP), which is a capping agent. However, complete isolation
of Ag nanoparticles has not been achieved here due to che-
mical instability. As Bi2Se3 typically exhibits n-type nature
and Ag nanoparticles make it more n-type due to excess free
electrons following the Maxwell–Wagner–Sillars interfacial
effect, the n-AGBS (Ag decorated Bi2Se3) film has been used
on a large area p-Si substrate, making a good heterostructure.
The fabricated device exhibits a good photoresponse at
500 nm. The maximum responsivity (287 mA/W @ 10 V),
optical detectivity (4× 1010 Jones @ 10 V) and external
quantum efficiency (71% @ 10 V) at 500 nm make this
material interesting for application in plasmon selective sili-
con CMOS compatible optoelectronic devices.

2. Experimental

2.1. Synthesis and characterization of Bi2Se3 and Ag-
decorated Bi2Se3

Bi2Se3 nanosheets were synthesized with the polyol method
[10], in which the reaction took place in a 100 ml two-neck
flask. In this method, 0.22 g of PVP was first dissolved in
10 ml ethylene glycol (EG) and further stirred at room
temperature using a teflon-coated magnetic stirring bar on a
magnetic stirrer until the PVP was dissolved completely in the
EG. After that, 0.10 g of bismuth nitrate pentahydrate
(Bi(NO3)3.5H2O) and 0.05 g of sodium selenite (Na2SeO3)
were added into the PVP solution and stirred for 30 minutes.

The flask was then connected to a reflux condenser and the
solution was heated to 190 °C for 3 hours on a hot plate with
constant stirring. After 3 hours, the solution turned black,
which indicated the Bi2Se3 phase formation. After forming
the black precipitate, the flask was removed from the hot plate
and cooled down naturally. The as-synthesized black pre-
cipitate was washed out several times alternately with hot de-
ionized water and ultra-pure ethanol, centrifuged at 2000 rpm,
and then the resultant black powder was collected. The black
powder was then dried in vacuum at room temperature.

Stable plasmonic Ag nanoparticles were used to decorate
the as-synthesized Bi2Se3 powder by a technique that is used
for preparing a Ag doped WS2 system [22]. In this method,
first 0.1 g PVP was added to 10ml N,N-dimethylformamide
(DMF) solvent at room temperature and stirred until a crystal
clear solution is visible. After that, 7 mg AgNO3 was added in
the PVP containing solution and stirred further for an hour
until a light orange color of the Ag nanoparticles appeared.
After that, 4 mg of Bi2Se3 was added in the 2.5 ml of PVP
coated Ag nanoparticle containing DMF solution, and then
this solution was ultrasonicated for 20 hours. Similarly,
Bi2Se3 solution was prepared by taking 4 mg Bi2Se3 in 2.5 ml
of DMF solvent and ultrasonicated for 20 hours. The DMF
acts as a reducing agent for zero-valent Ag synthesis, and is
also considered a good dispersing medium for Bi2Se3.

To identify the crystal structure and phase purity of the
Bi2Se3 and AGBS samples, the samples were characterized by
x-ray diffraction (XRD) using a Bruker D2 Phaser 2nd Gen-
eration diffractometer, with Cu Kα radiation (λ=1.54Å).
The chemical states of Bi, Se, and Ag in the samples were
measured by x-ray photoelectron spectroscopy (XPS) using a
PHI 5000 VersaProbe, ULVAC-PHI spectrometer, with Al Kα
x-rays. All the peaks in the XPS data have been charge
referenced to the C 1s peak that occurs at 284.5 eV. The
morphologies of the samples were investigated by scanning
electron microscopy (SEM) using a ZEISS, MERLIN micro-
scope. The thickness profile and surface roughness were
explored using an Agilent Technology, 5500 atomic force
microscope (AFM). The crystallinity and dimension of the
AGBS samples was studied by analytical transmission electron
microscopy (ATEM) using a JEOL JEM-2100 machine at an
operating voltage of 200 kV, and elemental mapping was stu-
died using a JEOL JEM-2100F field-emission gun (FEG) high
resolution transmission electron microscope (HRTEM) at an
operating voltage of 200 kV. The absorption spectra of the
samples were taken using a PerkinElmer Lamda-2 spectro-
meter in the wavelength range of 300–1100 nm.

2.2. Device fabrication and characterization

For the fabrication of the heterojunction device, the AGBS
solution was spin coated at 1500 rpm onto p-Si substrates of
resistance ∼30 Ω. Au contacts (area 0.5 mm2) were deposited
on the top by thermal evaporation at room temperature and
under a base pressure of 1×10−6 torr. The back contacts
were made by using aluminum on the large area of Si to
accomplish the ohmic contacts. After that, the device was
annealed at 200 °C for 5 minutes to rule out the possibility of
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the formation of a Schottky contact. The I-V characteristics of
the heterojunction were measured using a Keithley semi-
conductor parameter analyzer (model no. 4200-SCS). The
bias dependent EQE was measured using a Newport quantum
efficiency/IPCE measurement system (QEPVSI-b) equipped
with a lock-in amplifier.

3. Results and discussion

The XRD patterns of the as-synthesized Bi2Se3 sample and
AGBS are shown in figure 1. In order to identify the peaks, a
comparison has been made between the experimental data and
the powder diffraction patterns simulated using PowderCell
[31]. For the simulation, the crystal structure parameters of
various probable elements and compounds were taken from
the Springer Materials online database. Except for the minor
presence of Bi2O3 peaks at 24.02°, 33.25° and 45.82°
corresponding to the (102), (200) and (231) planes, all the
peaks of the as-synthesized (pure) Bi2Se3 sample are
assignable to the rhombohedral Bi2Se3 phase. The AGBS
sample can be seen to possess additional peaks corresponding
to the compounds AgBiSe2, Ag2Se, Ag2SeO4 and elemental
metal Ag. The chemical instability of silver atoms in Bi2Se3
resulting in the formation of various compounds is also
reported by Ferfolja et al [30].

Figure 2(a) shows the SEM image of the untreated
Bi2Se3 sample, wherein the formation of nanosheets of Bi2Se3
with lateral dimensions in μm and thickness in nm is evident.
On the other hand, Ag nanoparticles can be seen along with
the nanosheets for the AGBS sample, as shown in figure 2(b).
The size of the nanoparticles can be estimated to be
20–40 nm. Figure 2(c) shows the ATEM image of the AGBS
sample, in which silver nanoparticles of size ∼20 nm can be
seen to be dispersed on the Bi2Se3 nanosheets, reconfirming
the SEM observation. The size and crystallinity of the Ag
nanoparticles are also investigated using ATEM and HRTEM

(figure S1, available online at stacks.iop.org/NANO/30/
435204/mmedia), in which nanoparticles of size ∼20 nm can
be seen. The spots in the electron diffraction pattern of the
AGBS sample, as shown in the inset of figure 2(c), affirm the
crystallinity of the sample. From the HRTEM image of
the AGBS sample shown in figure 2(d), the lattice fringes of
the nanoparticles and the nanosheet can be clearly dis-
tinguished. The inset of figure 2(d) shows an enlarged image
of a Ag nanoparticle, from which the lattice spacing of the
nanoparticle is determined to be 0.23 nm. This lattice spacing
corresponds to the (111) plane of metallic Ag. From the AFM
image, as displayed in figure 2(e), the thickness of the
nanosheet is found to be ∼20 nm, while the lateral dimension
obtained is ∼1 μm. Further, the average size of the nano-
particles is again found to be ∼20 nm, while the surface
roughness is 6.4 nm.

The FEG-HRTEM images have been taken to examine
the spatial distribution of elements in the AGBS sample in
detail. Figure 3(a) shows the FEG-HRTEM image of a
nanosheet, which shows an agglomeration of the silver
nanoparticles at the edges of the nanosheet, while small
nanoparticles can be seen in the middle. The distribution of
Bi, Se, and Ag atoms on the nanosheet is shown in
figures 3(b) and (c), wherein Bi and Se are seen to be evenly
distributed in the nanosheet. At the edges of the nanosheet,
however, a large quantity of silver (as seen in figure 3(d)) is
clearly seen, which indicates the formation of silver bismuth
selenide composites as obtained from the XRD analysis.

Figure 4(a) shows the high resolution XPS spectra in the
Bi region of the pure Bi2Se3 and AGBS samples. Each of the
Bi 4f peaks is deconvolutable into two peaks—the major Bi
4f7/2 peak at ∼157.8 eV corresponding to Bi2Se3, and the
minor Bi 4f7/2 peak at ∼158.8 eV to Bi2O3 [32–34]. The
corresponding 4f5/2 peaks occur at 5.3 eV higher energies [34].
The presence of these two phases is in agreement with the
XRD results. We argue in later sections that the minor presence
of Bi2O3 in the samples do not affect the main results and
conjectures of this work. The Bi2Se3 XPS spectrum in the Se
region (figure 4(b), lower panel) possesses a peak at 53.8 eV,
which is deconvolutable into two peaks with binding energies
53.7 eV (Se 3d5/2) and 54.56 eV (Se 3d3/2). These peak
positions are in accordance with the reported values for Bi2Se3
[32]. In the AGBS sample, however, a broad Se 3d peak
(figure 4(b), upper panel) is observed, which must have con-
tributions from the many Se compounds identified from the
XRD results. Since it is difficult to find exact peak positions for
all these compounds from literature, the AGBS Se peak has not
been deconvoluted. Figure 4(c) shows the Ag 3d peaks of the
AGBS sample. Each of the spin-split Ag peaks are deconvo-
lutable into two peaks. The two subpeaks of the Ag 3d5/2 peak
occur at 368.4 eV and 367.0 eV, and correspond respectively to
the 0 and +1 oxidation states of Ag [34–36]. The corresp-
onding 3d3/2 peaks occur at 6.0 eV higher energies [34]. The
oxidation state 0 corresponds to the metallic Ag present in the
sample, as also evidenced from the XRD data, while the oxi-
dation state+1 comes from all the Ag compounds identified by
XRD [34, 36].

Figure 1. XRD patterns of Bi2Se3 and Ag-decorated Bi2Se3(AGBS)
samples. The Miller indices without any symbol belong to Bi2Se3.
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Figure 2. (a) FESEM image of Bi2Se3 nanosheets. (b) FESEM image of Ag nanoparticles decorated Bi2Se3 nanosheets. (c) Typical TEM
image of Ag nanoparticles embedded Bi2Se3 nanosheet. The inset shows the selected area electron diffraction pattern of polycrystalline Ag
nanoparticles incorporated Bi2Se3 nanosheet. (d) High resolution TEM (HRTEM) image shows the difference of lattice spacing between
nanoparticle and nanosheet in which nanoparticle lattice spacing is found to be 0.23 nm as shown in the inset. (e) Typical AFM image of Ag
decorated Bi2Se3 nanosheets.
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Figure 5 displays the normalized UV–visible absorption
spectra of the PVP coated Ag nanoparticles (AGP), the
Bi2Se3 and AGBS samples, and the AGBS/Si heterojunc-
tion device. The plasmonic peak at 420 nm in AGP corre-
sponds to Ag nanoparticles, while in the AGBS sample, the
absorption is relatively broader than the Ag plasmonic peak,
implying an electrostatic interaction of Ag nanoparticles in
Bi2Se3 nanosheets [37]. The absorption at 420 nm for
20–40 nm sized silver nanoparticles is in agreement with the
literature for silver nanoparticles [27]. The excess electrons
(space charge electrons) are created in the Bi2Se3 sample due
to the Ag-PVP core–shell. Due to the Maxwell–Wagner–
Sillars (MWS) interfacial effect, the space charge electrons
assemble around the Ag nanoparticles due to hopping [38].
As the thickness of the PVP coating is smaller than the size
of the nanoparticles, an electrostatic interaction develops
between the silver nanoparticles and Bi2Se3 nanosheets. As
a result, a broadening of the plasmonic peak takes place. The
plasmonic peak of the AGBS sample is shifted to a higher
wavelength (∼500 nm). This 80 nm shift with respect to the
Ag plasmon peak is due to the presence of the dielectric
(Bi2Se3) surrounding [39]. The shift can be justified by the
following quantification based on a report by Miller and
Lazarides [40]. Accordingly, the shift dλ* in the plasmon
wavelength due to the relative difference dn in the refractive
index of the surrounding dielectric can be obtained from

= ¢l d

dn nm

2 ** . Here, λ* is the Ag plasmon wavelength, n is the
refractive index of the dielectric (Bi2Se3) in the vicinity of
λ*, and ¢ * is the dielectric constant of Ag at λ* such that it
is represented by a line l¢ = + m 0* , where m andò0 are

Figure 3. EDS composition mapping (a) FEG-TEM image, (b) silver
(pink), (c) selenium (yellow) and (d) bismuth (blue).

Figure 4. High resolution XPS spectra and their deconvolutions in
(a) Bi, (b) Se and (c) Ag regions.
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constants. This relation takes a final form =l l + d

dn n m

2 0* *( )( ) .

A set of dielectric constant data generated from [41] results
in ò0=18.52 and m=−0.057 for Ag near 420 nm, the
observed Ag plasmon wavelength. This way, we have

=ld

dn n

190* . The refractive index of Ag near 420 nm being
0.05 [41], an n value of ∼2.42 would give rise to the
observed shift of 80 nm. According to an estimation from
the dielectric function reported by Tse and Yu [42], the
refractive index of Bi2Se3 around 400–500 nm is ∼21. This
is an order of magnitude larger than required. However,
since the Ag nanoparticles are not completely encapsulated
by Bi2Se3 (they rather touch the surface), an effective
refractive index of ∼2.42 is not unphysical. This justifies
the 80 nm shift of the plasmon peak in AGBS. The UV–
visible spectrum for the AGBS/Si heterojunction follows
the AGBS UV–visible spectrum qualitatively. The UV–
visible absorption of the Ag:Bi2O3 composite is reported to
peak at and beyond 580 nm [43]. The minor presence of
Bi2O3 in the samples would, therefore, not interfere with the
present results.

Figure 6(a) presents a schematic illustration of the
n-AGBS/p-Si heterojunction device. The FESEM image of
the corresponding n-AGBS/p-Si heterojunction is shown in
figure 6(b), from where the thickness of the AGBS film is
calculated to be ∼90 nm. The photoresponse characteristics
of the heterostructure were investigated by measuring the
current-voltage (I-V) characteristics under dark and 100 mW
white light conditions, as presented in figure 6(c). The
asymmetric nature between dark and light current shows a
good rectifying behavior, which further justifies the devel-
opment of a good heterojunction between p-Si and n-AGBS.
The device exhibits a very low dark current (3.0 × 10−7 A)
at −1 V, with a high dark-to-photocurrent ratio of 562 at
−7 V. The dark current–voltage curve has been fitted using

Figure 5. Normalized UV–visible absorption spectra of Bi2Se3, Ag
nanoparticles (AGP), AGBS and AGBS/Si heterojunction.

Figure 6. (a) Schematic illustration of AGBS/Si heterojunction
device. (b) The cross-sectional FESEM image of as-fabricated
device. (c) Typical I-V characteristics of device measured in dark
and white light irradiation, and also in dark condition after one
month. (d) Bias dependent switching characteristics. The inset shows
the variation of photocurrent with applied reverse bias.
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the diode equation:

h
= -I I

eV

k T
exp 1 , 1s

B
( )

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

where Is is the dark saturation current and η is the ideality
factor. The ideality factor is obtained to be 4.8 from
equation (1). The high η implies the presence of interfacial
defects at the p-Si/n-AGBS junction, which become more
pronounced due to the presence of the insulating PVP
polymer matrix and the high thickness of the AGBS film. It
is also observed that under dark conditions, the resistance
abruptly decreases with an increase in the strong negative
bias, which is due to ejection of trapped electrons that reside
in the PVP encapsulated Ag nanoparticles under the appli-
cation of the strong electric field. Figure 6(c) also shows the
I-V characteristics of the device under dark conditions after
one month. As can be seen from the figure, no considerable
degradation of the device performance is observable within
this duration. The remarkable photoresponse properties can
be considered as proof of the formation of a good hetero-
structure device. Figure 6(d) depicts the switching char-
acteristics of the device under different applied negative
biases using white light. The response (τr) and decay times
(τd) of switching are calculated using equations,

= +
t

I I A expo
x

1
r

( ) and = +
t
-I I A expo

x
1

d
( ), respectively

(figure S2). The heterostructure shows a good switching
behavior with a typical response time of 1.7 s and recovery
time of 1.6 s, which are lower than those of Bi2Se3 bulk
photodetectors [14]. The response and recovery times are
not fast, but this is not unusual, as several hundred seconds
of response time is also observable in Sb2Te3 topological
insulator films [17]. The switching behavior is more pro-
minent at high voltages, as can be seen in figures 6(d)
and S3. The observed maximum photocurrent is plotted with
applied reverse bias and is shown in the inset of figure 6(d).
The photocurrent increases with the bias voltage, which is
suitable for photodetectors. In a Ag-decorated WS2 photo-
detector [22], the photocurrent saturates at high applied bias
(>3 V) due to the equilibrium conditions between the gen-
erated and collected charge carriers. However, this
phenomenon is not observed here. The cause of the
increasing photocurrent with applied bias is due to the pre-
sence of different phases of silver bismuth selenide and
silver selenide, which provide the charge carriers even in a
high external bias.

To understand the working mechanism of the AGBS/Si
heterojunction device, we investigate the energy band dia-
gram under zero and applied reverse bias. The band diagram
of Bi2Se3 was determined from the valence band region of the
corresponding XPS spectra, as shown in figure 7(a). The
maxima of the valence band is deduced from the intersection
point of tangents, which is 0.37 eV, as shown in figure 7(b).
The Fermi level is located at 5.8 eV (shown in the inset of
figure 7(b)), which lies in the conduction band as the bulk
band gap of Bi2Se3 is 0.3 eV. The position of the Fermi level
in the conduction band makes Bi2Se3 an n-type material. This
is due to the Se vacancies and anti-site defects in Bi2Se3. The

zero-bias band diagram of the AGBS/Si heterojunction is
shown in figure 7(c), where the band structures of Ag and
Bi2Se3 show the conduction mechanism in the AGBS sample.
The application of reverse bias voltage induces an electric
field, which shifts the Fermi-level of p-Si towards the valence

Figure 7. (a) XPS study of Bi2Se3 at low binding energy.
(b) Maximum valence band study of Bi2Se3 (inset shows the fermi
level analysis of Bi2Se3). (c) Band diagram for zero bias condition.
(d) Band diagram for reverse bias condition.
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band (VB) and of Ag-Bi2Se3 along the bulk conduction band
(BCB). It makes a favorable band alignment for selective
photodetection under reverse bias (�3 V), as shown in the
schematic figure 7(d). Here, Ag nanoparticles act as an
electron donor through localized surface plasmon resonance
(SPR) by trapping more photons with energy ∼2.48 eV
(500 nm), which corroborates our UV–visible results
(figure 5) for the Ag-Bi2Se3 composite.

The typical parameters to analyze the photoresponse,
such as EQE, photoresponsivity and detectivity of the
n-AGBS/p-Si device have been studied, and are presented in
figure 8. The responsivity is given by the equation [44]

l =R J P , 2ph opt( ) ( )

where ‘Jph’ is the photocurrent density, and ‘Popt’ is the inci-
dent light intensity. The responsivity at different bias voltages
is shown in figure 8(a). It is at a maximum at 500 nm due to the
decoration of Bi2Se3 by plasmonic Ag nanoparticles. The
maximum responsivity at this wavelength is found to be absent
in other reported topological insulator nano devices
[14, 45, 46] and photodevices, where the maximum respon-
sivity is observed at 808 nm, or it has a low broad photo-
response from 380 nm to 1310 nm [16]. At a reverse bias of
10 V, a very high responsivity (288 mA/W) is observed in the
range of 450–600 nm. This value is much higher than that for
other heterojunction photodetectors, such as polycrystalline
Bi2Te3 film [47] and reduced graphene oxide/Si nanowire
heterojunctions [46]. The obtained results are compared with
other reported topological insulator and heterojunction based
photodetectors in table 1. The responsivity in the range of
600–1000 nm is comparatively low (∼20 mA/W) due to the
combined effect of Bi2Se3 and Si. The maximum responsivity
at ∼500 nm is correlated with the UV–visible absorption data
of the AGBS sample, in which the maximum absorption occurs
from 300–540 nm. However, the responsivity peak is shifted to
high wavelengths compared to the plasmonic wavelength of
silver nanoparticles, which, as argued earlier, is due to the
dielectric environment of the Ag nanoparticles [48]. As far as
the minor impurity Bi2O3 is concerned, it can have a contrib-
ution only between 600–700 nm [49], considerably away from
the responsivity peak (500 nm) of the device. Such a contrib-
ution is not seen, suggesting that the impurity does not affect
the present results.

The additional vital parameters of the photodetector are
EQE and detectivity, which are shown in figures 8(b) and (c),
respectively. EQE describes the ratio of conversion of inci-
dent photons to electrons, while detectivity determines the
capacity of the photodetector to detect weak output signals.
The EQE and detectivity D(λ) have been calculated using:

l
l

=
´

´EQE
R1240

100% 3
( ) ( )

and

l
l

=
´

D
R A

eI2
, 4

d

1 2

1 2
( ) ( )

( )
( )

Figure 8. (a) Spectral responsivity of heterojunction AGBS/Si at
different bias voltages where a plasmonic enhanced responsivity is
visible at 500 nm. (b) and (c) External quantum efficiency (EQE) and
Detectivity at different bias voltages respectively. (d) Variation of
maximum responsivity which is obtained at 500 nm with different
applied reverse bias.
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where, R(λ) is the responsivity at a particular wavelength, A is
the area of the detector, e is the charge of an electron and Id is
the dark current. A high EQE demonstrates high sensitivity of
a photodetector. The maximum EQE is obtained for the
n-AGBS/p-Si heterostructure at 500 nm, and is 57.3% and
71% corresponding to 6 V and 10 V reverse bias, respec-
tively. The impurity Bi2O3 phase would have contributed
between 600 and 700 nm [49], which is away from the EQE
peak position of the device.

The maximum detectivity at 500 nm is 4×1010 Jones @
−10V, which decreases with a decrease in the reverse bias. The
detectivity is compared with other reported photodetectors and
is given in table 1. Another factor of the photodetector, the
linear dynamic range (LDR), describes the maximum linear
response relative to its noise. It extracts the light intensity
region in which the photodetector has a constant response, and
is given as LDR=20 log

I

I
pc

d
, where Ipc is the photocurrent at

100 mW light intensity. At −4 V and −10 V, LDR is obtained
to be 44.6 dB and 51.4 dB, respectively. Figure 8(d) shows the
variation of maximum responsivity (@ 500 nm) with applied
bias, in which the responsivity suddenly increases after −3 V
due to the ejection of electrons from the PVP coated silver
nanoparticles. It can thus be clearly said that our silver nano-
particle-decorated Bi2Se3 nanosheets are an attractive material
for selective photodetection.

4. Conclusion

In summary, we have synthesized Bi2Se3 nanosheets with
lateral dimensions in μm’s and thickness in nm’s using the
polyol method. The plasmonic silver nanoparticles are
incorporated by a simple intercalation technique. SEM, TEM
and AFM confirms the formation of Bi2Se3 nanosheets and
the incorporation of Ag nanoparticles therein. The XPS
spectra and XRD patterns show the formation of different
phases of silver selenides and silver bismuth selenides, along
with the metallic silver in AGBS. The increase of absorption
in the low wavelength region is observed after incorporation
of plasmonic silver nanoparticles of size 20–40 nm. At
500 nm wavelength, the AGBS/Si heterojunction shows the
peak responsivity of 288 mA/W, detectivity of 4×1010

Jones and EQE of 70% at −10 V, which is due to the pre-
sence of plasmonic nanoparticles in the Bi2Se3 nanosheets.
The fast rising and decaying times make this material unique
as compared to other topological or 2D heterojunction

devices. The Ag decorated Bi2Se3/Si device therefore has a
salient possibility for practical applications, and would pro-
vide exceptional opportunities in future nanoscale plasmonic
optoelectronic devices.
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