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ABSTRACT

The potential application of atomically thin two-dimensional (2D)-layered WSe2
in future wearable electronics has sparked a lot of interest. Herein, we report the

highly crystalline nature of WSe2 nanosheets was synthesized by the liquid-

phase exfoliation technique and its application as a broadband photodetector.

The direct vapor transport (DVT) technique has been used in the synthesis of

bulk WSe2 compounds. The chemical composition and purity of the grown

compound were investigated by EDAX (Energy-dispersive analysis of X-ray).

The structural phase analysis and the crystalline orientation were examined by

X-ray diffraction technique (XRD), Scanning electron microscopy (SEM), and

High-resolution transmission electron microscopy (HR-TEM) of the synthesized

WSe2 compound. The Raman spectrum depicts the resonances corresponding to

the E2g mode of vibration of WSe2 nanosheets. Additionally, a broadband

photodetector based on WSe2 nanosheets was constructed and evaluated under

wavelength-dependent illumination sources with a power level of 40 mW/cm2

on a 1.0 bias voltage. The ITO/WSe2 nanosheet device was studied under the

function of various power intensities and various external bias voltages. The

device is tested for bias between 0 and 30 V and its responsiveness is improved.

Furthermore, the device demonstrated higher stability under 40 mW/cm2

intensity. The results showed that WSe2 nanosheets have good optoelectronic

capabilities and can be used in future optoelectronic devices.
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1 Introduction

The advent and progress in the field of layered

semiconducting 2D materials with substantial opto-

electronic capabilities in recent years have sparked

interest in finding new ways to fabricate electrical

and optoelectronic devices using these atomically

thin layers. [1, 2]. This situation prompted extensive

research interest in 2D materials such as phosphorene

[3], BN [4, 5], TMDCs [6–11], and TMTCs [12–15].

Bulk TMDCs materials having a 2-H phase behave as

an indirect bandgap semiconductor. When their

thickness is reduced to monolayer, they behave like

direct bandgap semiconductors [16]. MX2 is a general

chemical formula for layered 2D materials containing

M as transition metal (e.g., titanium (Ti), niobium

(Nb), nickel (Ni), tantalum (Ta), molybdenum (Mo),

and tungsten(W)) and X as chalcogen atoms (e.g.,

sulfur(S), selenium (Se), and tellurium (Te)). TMDCs

have layers of transition metal sandwiched between

two chalcogen atoms with strong in-plane covalent

bonds between the transition metal and chalcogen

atoms in their crystalline structure. On the other side,

the weak van der Waals type interaction exists

between MX2 layers [17–21]. Tungsten diselenide

(WSe2), a member of the TMDCs family, has been

successfully used for a variety of potential applica-

tions, including optoelectronic devices, solar cells,

field-effect transistors (FETs), and various

photodetectors.

The tungsten diselenide is formed as an atomically

small-dimensional layer by sandwiching a W-atom

layer between two Se-atom layers via covalent bonds

in a crystallographic c-axis with a Se–W–Se layer

structure. The bulk WSe2 crystal is formed of WSe2
tri-layers stacked together by weak van der Waals

interaction and then causes exfoliation into a single

isolated layer using various exfoliation techniques,

such as mechanical, chemical, liquid phase, and

electrochemical exfoliation are available [22–24].

Among these methods, liquid-phase exfoliation (LPE)

is widely used because solvents like acetone, water,

and NMP (N-Methyl-2-pyrrolidone) are easily

accessible [25–27]. In this article, we presented the

liquid-phase exfoliation of WSe2 nanosheets and the

fabrication of a photodetector from WSe2 nanosheets.

The photodetector parameters like specific detectiv-

ity, photoresponsivity, and response time are mea-

sured. ITO/WSe2 nanosheets/ITO photodetector is a

non-ohmic and asymmetric contact-based device

with fast photoswitching action.

2 Experimental details

2.1 Synthesis of pure WSe2 nanosheets

The WSe2 powder is grown by the direct vapor

transport technique [28]. The Solution-phase exfolia-

tion technique was used to synthesize good-quality

WSe2 nanosheets. N-methyl-2-pyrrolidone was used

as exfoliation medium due to suitable surface energy.

For the exfoliation process, 50 mg bulk WSe2 was

grinded using mortar pestle. The crushed powder

was dispersed in the 20 ml NMP and the prepared

solution was sonicated in a bath sonicator for 12 h.

The frequency of the ultrasound is 40 kHz and has

100-W power. The resulting yields were dark black in

color after 12 h of sonication, and the shift in sus-

pension color from shiny gray to dark black indicates

that the WSe2 was adequately disseminated in NMP

and properly exfoliated. The centrifugation was car-

ried out for sonicated suspension at 4500 rpm for

20 min. The suspension contains a few layers of WSe2
nanosheets and unexfoliated sludge. The supernatant

was retained for further study and characterization

[29–33].

2.2 Characterization

The investigation of elemental purity and stoi-

chiometry of bulk and exfoliated WSe2 is done using

energy-dispersive X-ray analysis (EDAX). The struc-

tural phase analysis of bulk and exfoliated WSe2 was

carried out by the Power X-ray diffraction technique

(PXRD) using a Rigaku Ultima diffractometer having

Cu(ka) radiation source (1.546 Å). The morphology

and surface topology of bulk and exfoliated nanosh-

eets of the WSe2 were also studied using scanning

electron microscopy (SEM). The High-resolution

transmission electron microscopy (HR-TEM) and the

selected area electron diffraction (SEAD) were used

to examine the morphology and crystalline orienta-

tion of the exfoliated WSe2 nanosheets. The vibra-

tional modes of bulk and exfoliated WSe2 were

studied by Raman spectroscopy. Spectrophotometer

was used to record the absorption spectrum of exfo-

liated WSe2 nanosheets in the spectral region

400–1000 nm.
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2.3 Fabrication of photodetector

To fabricate the photodetector, the channel of length

1 mm was created by making a groove on the ITO-

coated glass using a cutter. Then, the suspension of

WSe2 nanosheets was repeatedly drop-casted onto a

channel region on preheated (60 �C) glass substrate.

The NMP traces were completely removed by

annealing for 2 h at 120 �C in a vacuum. Copper wire

was bonded to the thin-film edge with conducting Ag

paste to form ohmic connections. The fabricated

device was fixed on the printed circuit board (PCB).

Keithly-4200 SCS (semiconductor characterization

system) was used to measure current–voltage char-

acteristics in a bias range of ± 10.0 V in dark condi-

tion and in illuminated condition. We have also

measured the wavelength-dependent photoresponse

of the fabricated device under periodic illumination

with monochromatic sources, such as blue (470 nm),

green (540 nm), and red (670 nm), and polychromatic

sources such as pink and white of 40mW/cm2 power

intensity at 1.0 bias voltage. The photodetector was

exposed under 10-s periodic illumination of a poly-

chromatic pink light source with power intensity

ranging from 5 to 40 mW/cm2 and an external bias of

0.5 to 5.0 V was set, followed by a pulse photode-

tection experiment.

3 Results and discussion

Firstly, the WSe2 nanosheets were synthesized using

the liquid-phase exfoliation technique (LPE). The

chemical composition and purity were investigated

by the elemental mapping and EDAX spectra. The

elemental mapping of W and Se in WSe2 nanosheets

shown in Fig. 1a-c. The weight percentage of con-

stituents (W) *54% and (Se) * 46% from the EDAX

and weight percentage taken for the growth are

(W) *53.8% and (Se) *46.2% which are well mat-

ched. It was examined that the all elements are uni-

formly distributed. There are no extra peaks observed

Fig. 1 a–c Elemental mapping. d Energy-Dispersive Analysis of X-ray spectrum of exfoliated nanosheets of WSe2
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in EDAX spectra of WSe2 nanosheets which confirm

the chemical purity of the nanosheets that is shown in

Fig. 1d.

The structure of bulk and exfoliated WSe2 com-

pound was investigated by the powder X-ray

diffraction (PXRD) technique. Figure 2a represents

the PXRD patterns of bulk and exfoliated WSe2
material having hexagonal lattice structure. The lat-

tice parameters, calculated from the PXRD pattern,

are a = b = 3.285 Å and c = 12.976 Å which are well

matched with reported values [25]. The lattice

parameters of bulk and exfoliated WSe2 are found to

be almost similar. There are no secondary or impurity

phase peaks found in the PXRD pattern, indicating

that the synthesized materials have higher structural

phase purity [34]. The presence of sharp PXRD peaks

indicates the high crystallinity of WSe2 nanosheets.

Figure 2b represents the magnified image of (002)

peak of bulk and exfoliated WSe2. Broadening of the

(002) peak shows the decrease in the crystallite size in

exfoliated WSe2 as compared with bulk WSe2 [35, 36].

Raman spectroscopy is a key method for the

investigation of vibrational modes. It has been

proved to be a useful technique to determine layers in

2D-TMDCs materials [35, 36]. Figure 2c shows the

Raman spectrum of bulk and exfoliated WSe2 com-

pounds. In the Raman spectrum, an in-plane E2g

vibration mode is observed in both bulk as well as

exfoliated WSe2 compounds. The corresponding

wavenumber of E2g vibrational mode for bulk mate-

rial is 255 cm-1, whereas for exfoliated material, it is

256 cm-1 with less intensity. The shift in peak

observed in Raman spectrum explains the exfoliation

of a few layers of WSe2 nanosheets. In this E2g mode,

tungsten and selenium atoms vibrate in the basal

plane opposite to each other. Figure 2d indicates the

absorption spectrum of WSe2 nanosheets in the

spectrum range of 400–1100 nm, and the A and B

excitonic transitions are represented by two peaks at

770 and 579 nm, respectively [35, 37].

The SEM images of the as-grown bulk WSe2 are

shown in Fig. 3a and b having hexagonal morphol-

ogy. The SEM images show the WSe2 uniform

Fig. 2 a Powder XRD pattern. b Broadened view of (002) plane of WSe2. c Raman spectrum of grown and exfoliated WSe2.

d Absorption spectrum
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distribution nanosheets of ITO-coated glass substrate

which are shown in Fig. 3c and d. SEM images taken

at various length scales reveal a continuous film with

flakes of various lateral sizes. The morphological

study of WSe2 nanosheets was investigated by high-

resolution transmission electron microscopy (HR-

TEM). Figure 3e shows the HR-TEM image of WSe2
nanosheets at 5-nm resolution. Moire fringes show

the interplanar distance of 0.20 nm for WSe2
nanosheets. The inclusion of a distinct spot pattern in

the SAED pattern in Fig. 3f indicates that the WSe2
has a single crystallinity [35, 37].

Figure 4a depicts the schematic diagram of ITO/

WSe2 nanosheet-based photodetector. In addition, I–

V studies and pulse photoresponse experiments were

carried out under illumination of different

monochromatic and polychromatic wavelength

sources of 40 mW/cm2 power intensity for 1.0 V

external bias. We used monochromatic sources, such

as blue light (470 nm), green light (540 nm), and red

light (670 nm), as well as polychromatic sources, such

as white and pink light. The total current is signifi-

cantly increased due to the contribution of pho-

tocurrent which is seen from Fig. 4b of source-

dependent I–V characteristics. Figure 4c shows the

1.0 V external bias responses of the WSe2-based

photodetector versus periodic light pulses of sources

for the source-dependent comparative analysis, in

which observed rapid switching for all wavelength-

dependent light sources proved that the

Fig. 3 a, b SEM images of

grown WSe2 compounds. c, d

SEM image of exfoliated

nanosheets of WSe2. e HR-

TEM image of WSe2
Nanosheets. f SAED pattern of

exfoliated WSe2 nanosheets
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photodetector has a good reproductiveness at 1.0 V

external bias.

Besides, the quantitative analysis can be done on

typical photodetector parameters, such as respon-

sivity and detectivity. It can be calculated using the

below equations [38].

R ¼
Iph
PS

and D ¼ RkS
1=2

ð2eIdarkÞ
1=2

;

where Iph indicates the photocurrent, S is the illumi-

nated area of the photodetector (* 0.02cm2), P

indicates the illumination intensity, and e is the

electronic charge (1.6 9 10–19 C). The calculated val-

ues of the detector parameters are shown in Table 1.

Among all monochromatic and polychromatic

sources, superior photoresponse is observed under

the pink light illumination. In the case of a

monochromatic light source, the photodetection

properties improve when the wavelength of the

source is decreased. The response time period is an

important factor in determining photodetection

activity as well as the performance of the device.

Fig. 4 a Schematic diagram of ITO/WSe2 nanosheet-based

photodetector, b I–V characteristics, and c pulse photoresponse

under the illumination of different monochromatic and

polychromatic wavelength sources with 40 mW/cm2 power

intensity and 1.0 V external bias voltage. d Magnified image of

the single pulse based on ITO/WSe2 nanosheets photodetector

under pink (polychromatic) source

Table 1 Typical detector

parameters of WSe2
nanosheets photodetector

device

Material Sources Photocurrent

(nA)

Responsivity

(lA/W)

Detectivity 9 108(Jones)

WSe2 Pink (Visible) 2.93 3.65 1.08

White (Visible) 2.50 3.11 0.68

485 nm (Blue) 2.10 2.63 0.67

532 nm (Green) 1.40 1.75 0.50

670 nm (Red) 0.75 0.94 0.27
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Generally, the lifetime of the photogenerated charge

carrier is the time needed to set up an equilibrium

condition. The strong light–matter interaction in

WSe2 nanosheets is responsible for the increased

photocurrent value [10, 39]. Two key factors to con-

sider for high-performance switching devices are rise

time (i.e., time required for current increasing up to

90%) and decay time (i.e., time required for current

decreasing up to 10%) as shown in Fig. 4d. The val-

ues of the rise and decay time are 453 ms and 504 ms,

respectively.

Furthermore, as presented in Fig. 5a, the device is

tested for photoconduction at various external bias

voltages. The I–V characteristic is examined by

switching of light at periodic intervals. It is clear that

as the external bias is increased, the photocurrent

increases dramatically, implying that a high bias can

improve the separation efficiency of charge carriers.

The photocurrent is greatly increased up to 100 nA at

30 V, resulting in responsivity of 125.0 lA/W at a

pink light intensity of 40 mW/cm2. Then, the device

was illuminated under a pink light source at various

intensities ranging from 5 to 40 mW/cm2 for 1.0 V

external bias to examine the intensity-dependent

photodetection properties. The photocurrent increa-

ses from 0.50 to 2.82 nA when the intensity of the

light source is increased, as shown in Fig. 5b. Next,

the applied external bias-dependent photodetection

properties of the prepared device were investigated

while being illuminated by a polychromatic pink

light source with an intensity of 40 mW/cm2 pre-

sented in Fig. 5c. When the external bias voltage was

increased from 0.5 to 5.0 V, the photocurrent enhan-

ces from 1.63 to 10.22 nA. As shown in Fig. 5d, the

device exhibits higher stability under a pink light

source at 1.0 V external bias.

Fig. 5 a I–V curve of photodetector under periodic pink light

source illumination with 40 mw/cm2 power intensity, b pulse

photoresponse of a device under pink (polychromatic) source

illumination as a function of various power intensities, and c pulse

photoresponse of device under pink (polychromatic) source

illumination as a function of various external bias voltages.

d Stability curve at 1.0 V and 40 mW/cm2 power intensity
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4 Conclusion

The bulk WSe2 was grown successfully using the

direct vapor transport technique. The WSe2 nanosh-

eets were produced by the liquid-phase exfoliation

method (LPE). The mapping reveals the uniform

distribution of all constituent elements, and the

EDAX analysis indicates that no impurities are pre-

sent in the grown material. The exfoliated WSe2 has a

hexagonal lattice structure. The micrograph shows

the hexagonal shape of the grown crystal with a size

of a few microns; whereas, the continuity of the film

was confirmed by SEM image. The resonances cor-

responding to E2g vibrational modes are seen in the

Raman spectrum. The different lateral sizes of thin

layers were observed in the HR-TEM image. The

device showed excellent detection performance with

photoresponsivity of 3.65 lA/W and photodetectiv-

ity of 1.08 9 108 Jones under a pink light source for

1.0 V bias voltage. The maximum photoresponsivity

of 125.0 lA/W is achieved for 30 V external bias.
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