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Ultra-thin V,05 Nanosheets Based Humidity Sensor,

Photodetector and Its Enhanced Field Emission Properties

Mahendra S. Pawar®, Prashant K. Bankarb, Mahendra A. More” and Dattatray J. Late””

We report synthesis of V,0s nanosheets by simple hydrothermal method. The as synthesized V,0s nanosheets we -
characterized by using Raman Spectroscopy, Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron
Microscopy (TEM) and UV-Vis Spectroscopy. The humidity sensing behaviors were investigated in the range of 11-97% of
relative humidity (RH) at room temperature. The maximum sensitivity of 45.3%, response time of ~ 4 min. and recovery
time of ~ 5 min. were observed for the V,05 nanosheets based sensor. We also demonstrated the V,0s nanosheets as
Ultra-Violet photodetector with sensing response time of ~ 65 s and recovery time of ~ 75 s with maximum
photoresponsivity of ~ 6.2% were observed. Further, We have also carried out field emission (FE) investigations of V,0s
nanosheets under planer “Diode” assembly in ultrahigh vacuum (UHV) chamber at a base pressure of ~1 x 10° mbar. The
turn on field required to draw field emission current density of 1 pA/cm” and 10 pA/cm? is found to be 1.15 V/um and 1.72
V/um respectively. We achieved maximum field emission current density of 1.532 mA/cm’ at an applied electric field -~
3.2 V/um. The field enhancement factor calculated from the slope of Fowler — Northeim (F-N) plot is found to be 8530 and
3530 at low field and high field region respectively. Our results open up several avenues and key success towards the
utilization of V,0s nanosheets and other metal oxide nanosheets for various nanoelectronics device applications including

sensors, photodetector and flat panel displays.

o4 25,26 43-26 . 4750
transistor™, gas sensor~“, solar cell”™™, supercapacitor ',

catalyst for water spIittingSl’Szetc. Humidity sensors have been

Since the invention of graphene, atomically thin two dimensional

developed to measure and monitor the environmental humidity

(2D) materials have attracted enormous attention due to their

that plays an important role in the agriculture, food as well as

potential applications in next generation nano-electronics and

optoelectronics device?. The first 2D layered materials isolated

medical industry along with human activities?’. The layered V,0: .

most stable oxide as compared with other oxides of vanadium. The

were graphene followed by several inorganic layered such as MoS,,

WS,, MoSe,, WSe,, Black Phosphorous‘58 etc. and metal oxides

2D form of V,05 has high surface to volume ratio and high oxidatic n

state at nanoscale geometry. Recently nanostructure V,0s has be n

materials such as MoO; WO;, MnO, were invented for various

applications including humidity sensora's, photodetectorg' B

. . N . . ) .. 2930, 59-6°
,3 used in various application including field emission ’
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supercapacitor3 , Li ion batteryas, transistor36, Photodetector®’

etc. A variety of methods of synthesis of V,05 nanostructures have

53,54

been reported till date including hydrothermalzs’ ,

55,56

electrospinning™”°, polycondensation method®’. Among them,

hydrothermal method is widely used for the synthesis of
V,0snanostructures due to low cost, fast reaction time, well
controlled morphology and highly pure product. In hydrothermal
method, the morphology of the materials can be tuned by the
hydrothermal temperatures which can be kept slightly below the
melting point of the reactants and also by varying the concentration
of solvents used. The nanostructure V,05 possesses direct bandgap
of 2.2 eV to 2.7 eV in the visible light region which inspires to

investigate the optoelectronic properties such as photodetection37,

optical waveguide39 and high speed photoelectric switchs®®,

In this paper, we report V,05 nanosheets based humidity sensor
with superior performance with fast response and recovery time
along with the high sensitivity. We also demonstrated the
photodetector based on V,05 nanosheet with fast response time
~65 sec and recovery time of ~75 sec to UV light. We have also
done the field emission measurement for V,05 nanosheets. We
achieved turn on field to be 1.15 V/um and maximum current
density of ~1.532 mA/cm” at an applied field of 3.2 V/um with high
field enhancement factor of ~8580 shows applications in flat panel

displays, electron emitter etc.

Experimental

Materials

Commercially available Vanadium (V) Oxide (Sigma-Aldrich, 99.99%)
99%) were used for the

and Dodecylamine (Sigma-Aldrich, >

synthesis of V,0s5 nanosheets. The required salts for humidity

2 | J. Name., 2012, 00, 1-3

sensing were purchased from the Thomas Baker chemicals Pvt. Ltd.

Mumbai (India).

Synthesis Method

The V,05 nanosheets were synthesized using simple hydrothermal
method for that V,05 (15 mM) and Dodecylamine (7.5 mM) were
mixed with 5 ml of ethanol stirred for 2hr. To this mixture 15 ml of
DI water was added and stirring was continued for further 48 hrs,
then the mixture was transferred into the 50 ml Teflon lined stainless
steel autoclave and placed in muffle furnace at 180°C for 7 days. T
obtained black precipitate was finally washed with ethanol 1.
several times followed by centrifugation and the precipitate was th

dried in a vacuum furnace at 80°C for 12 hrs.

Material Characterizations

The samples were characterized by using Raman Spectroscopy with
Horiba JY Lab HR 800 instrument using Ar laser with wavelength of
632.5nm operated in the back scattering geometry with synapse
CCD detector. The surface morphology were investigated by using
FESEM with HITACHI S-4800 instrument and the TEM images were
captured using FEI TECNAlI G2-20 (TWIN, The Netherlands)
instrument operating at 200 KV. A UV-Vis spectrum was recordec

using Shimadzu (UV-3600) Plus UV-Vis-NIR Spectrophotometer in

the wavelength range 200-1300 nm.

Sensor Device Fabrication

The humidity sensor as well as photodetector devices weie
fabricated on an ITO (Tin doped Indium Oxide) substrate by making
scratch at the centre on the conducting surface with the help of
glass cutter with separation between source and drain was ~ 1 0
um. The contacts were then made using silver paint. For devir

preparation the as synthesized V,0s5 nanosheets powder were

This journal is © The Royal Society of Chemistry 20xx
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dispersed into the ethanol and then ultrasonicated for 10 min, and
subsequently drop casted between the source and drain. The
devices were subsequently annealed in vacuum furnace at 200°C to

improve the contact resistance.

Humidity Sensing

All the electrical measurements were carried out using Keithley
2612A system source meter which was attached to a computer
through GPIB 488A interface. The response of the device as a
function of RH was performed by introducing the device inside the
closed RH levels. The relative humidity levels were obtained by
keeping the saturated salts of LiCl, MgCl,, K,CO3, NaBr, KI, NaCl, KCl

and K,SO, in a closed vessel.

Photodetector

To investigate the photo detection property we used HAMAMATSU

(Model name: L9566-01A-02) UV light source. All the
measurements were carried out at room temperature and in

identical conditions.

Field Emission

All the field emission (FE) measurements were carried out at room
temperature in the planer “Diode” assembly in an all metal
ultrahigh vacuum (UHV) chamber at a base pressure of ~1 x 10°%
mbar. A typical ‘diode’ configuration consists of a phosphor coated
semitransparent screen as an anode. In order to investigate the FE
properties, V,05 nanosheets were sprinkled onto a piece of carbon
tape (0.3 cm x 0.3 cm). Such V,0s sprinkled carbon tape was pasted
onto a copper rod holder (diameter ~ 50 mm), which acted as a
cathode. The FE measurements were carried out at fixed cathode—
anode separation of ~ 2 mm. The emission current density - applied

field and current — time measurements were carried out using

This journal is © The Royal Society of Chemistry 20xx
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Keithley (6514) electrometer by sweeping DC voltage applied to
cathode with a step of 40V (0 - 40 KV, Spellman, U.S.). The field
emission current stability was recorded at preset current value of 1

WA using computer controlled data acquisition system.

Results and Discussion

Characterization analysis

Figure 1 (a) shows the typical side view of the single-layer V,0:
nanosheet and figure 1(b) shows the top view. In figure 1(c) v -
show the typical experimental set-up used for the UV phow
detection. The Raman Spectrum for V,05 nanosheets as well as for
the bulk V,0smaterial were shown in Figure 2.The observed Raman
spectra for V,0s5 nanosheets matches well with that reporte_

284142 The Raman shift corresponds to

previously in the literature
different modes of vibrations are 143, 194, 286, 408, 525, 693 ana
993 cm™.The Raman spectra are found to be slightly down shifted
for V,05 nanosheets as compared to the V,0sbulk material due to
decrease in interlayer bonding. The Raman mode 993 and 693 cn

corresponds to the stretching modes of V=0 terminal oxygen and
V,-0 i.e. doubly coordinated oxygen bonds respectively which is
triply coordinated oxygen bonds. The Raman mode observed at 525
em™® corresponds to the stretching mode of V;-O i.e. triply
coordinated oxygen bonds. The bending vibration of the V=0 bonds
arises for the 408 and 286 cm™ modes. The Raman mode frequency
143 and 194 cm™ corresponds to the external VOs — VO5 modes.
Figure 3(a-d) shows the typical FESEM images of the as synthesized
V,05 nanosheets which indicates that the high yield of nanoshee..
synthesized by using hydrothermal method. Typical FESEM images
show V,0s; nanosheets with lateral dimensions in few tens c.
Figure 4(a-d) shows the TEM

micrometers. images of V, -

nanosheets and figure 4(e) shows the HRTEM image taken from t e

J. Name., 2013, 00, 1-3 | 3
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V,05 nanosheet which depicts the interplanar distance between the
two plane is ~ 0.35 nm, which corresponds to (202) plane of the
V,0s. Figure 4(f) shows the corresponding selected area electron
diffraction pattern which shows crystalline nature of the V,0s

nanosheets.

Optical Properties

To investigate the optical properties of the V,05 nanosheets, we
recorded the UV-Vis Spectrum as shown in figure 5. The spectrum
represents the major absorption bands for V,05 nanosheets ~ 410
nm. Our UV-Vis spectrum matches well with the reported spectrum

of V,05 nanosheets in the literature®.

Humidity Sensor

The V,05 nanosheets synthesized by using hydrothermal method
were used to further investigate the humidity sensing performance.
The humidity sensing properties were investigated by fabricating
the two probe device and then introducing to different relative
humidity (RH) conditions, which were attained by using saturated
salt solutions. It is noted that all the humidity measurements were
carried out at room temperature. Figure 6(a) shows the current —
voltage (I-V) characteristics of V,05 sensor device in different RH
levels. It is clear from the (I-V) that the current decreases with the
increase in relative humidity value. Figure 6(b) shows the resistance
Vs relative humidity plot for the V,05 nanosheets based sensor
device. The obtained (I-V) curve represents that the resistance
increases with the increasing relative humidity (RH) levels. The
sensitivity as a function of relative humidity plot was also shown in
figure 6(c). The sensitivity of the device depends on the number of
H,0 molecules adsorbed on the V,05 nanosheets. We observed the

positive sensitivity for the presented V,0snanosheets based sensor

4| J. Name., 2012, 00, 1-3

with increased RH levels. The sensitivity for V,05 nanosheets sensor

. ) R . .
is defined as § = Ri— 1, where Ry and R, is the resistances of
A

the device to the humidity and in air respectively. The positi.e
sensitivity implies that the H,0 molecules present in the saturated
salts acts as an electron acceptor which results in the p-type doping.
The water molecules present in the saturated salts adsorbed on the
surface of V,05 nanosheets which shifts the Fermi level closer to
the valence band edge. The maximum sensitivity for the presented
V,0snanosheets sensor device was calculated to be 45.3%.The
response and recovery time for the V,05 nanosheets based sens~
device were shown in figure 6(d). The cycles of 11.3% and 97.3% RH
were used to record the response and recovery time. The current —
time (I-t) measurements were carried out for several cycles to check
the reproducibility in the response and recovery time. The response
and recovery time for the V,05 nanosheets sensor were found to be
4 min. and 5 min. respectively. The long recovery time may be due
to slow desorption process of H,O molecules from the V,0Oc
nanosheets and the faster response is due to hydrophilic surface of
the V,05 nanosheets results into immediate adsorption of H,0
molecules on the surface of nanosheets®. Another reason is due tc
the thickness of V,05 nanosheets layer, thicker the sheet recovery
will be more because desorption of H,0 molecules is difficult in the
thick sheets so recovery time will be less in case of thin sheets. The
response of the sensors device is based on strong adsorption /
desorption of analyte molecules at room temperature along with
traps or impurities at V,05 and underlying substrate interface. The
slow response is related to the activation energy of binding gac
molecules to the V,05 nanosheets. The response can be faster with
light irradiation, manifested by the slope change during response ’
The response rate can be improved by applying light irradiation,

increasing operating temperature. The traps at V,0s/ substrat~

This journal is © The Royal Society of Chemistry 20xx
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interface are also possibly responsible for the slow recovery.
However, we suspect that if this is the dominate factor, we should
see recovery / response much slower in thick layer sample as
compared with thin layer sample, since our device requires longer

time for the gas molecules to diffuse into interface.

UV Photodetector

The V,05 nanosheets synthesized by using hydrothermal method
were also used for UV light photo detection. Figure 7(a) shows the
(I-V) characteristics of the V,05 nanosheets sensor device with
power density of UV light used upto 200 mW/cm”. We observed
that the current increases with the increasing power density of UV
light. Photocurrent as a function of power density plot was shown
in Figure 7(b) which indicates that the Photocurrent increases with
the increasing power density. Photocurrent is the difference in the
current recorded in the light illumination condition and the current
recorded in the dark condition. Figure 7(c) shows the
photoresponsivity Vs power density plot. The photoresponsivity is
defined as the ratio of photocurrent to power density. We observed
that the photoresponsivity increases with the increasing power
density. We observed the maximum photoresponsivity of ~ 6.2
,uAcmZ/W for 200 mW/cm’ power density. The photocurrent
response of the V,05 nanosheets photodetector is shown in Figure
7(d), which is measured under the 365 nm light illumination with on
and off cycles at applied bias voltage of 1V. The Response and

recovery time with the V,05 nanosheets based sensor is found to be

~ 65 sec and ~ 75 sec respectively.

Field Emission

As synthesized V,0s nanosheets were further used to investigate

the field emission properties. Figure 8(a) depicts the field emission

This journal is © The Royal Society of Chemistry 20xx
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current density versus an applied electric field (J-E) characteristics

of V,0s5 nanosheets. It is noted that the current density
exponentially increases with an elevated applied electric field,
indicating that the emission is as per the Fowler—-Nordheim (F—N)
theorysa. It demonstrate a turn-on and threshold field defined as,
field require to draw an emission current density of ~ 1 uA/cm2 and
~ 10 pA/cm?, respectively is found to be 1.15 and 1.72 V/um.
Interestingly, an emission current density of 1.532 mA/t:m2 is
achieved at an applied field of 3.2 V/um. The results suggest that
the observed value of turn-on and threshold field is much lower
than the earlier reported values for different V,05 nanostructures.
The comparison of FE properties between the as-synthesized
product and various V,05 nanostructures is shown in table 1. As
noticed from the SEM image, most of the V,05 nanosheets are
randomly oriented, it could be expected that some of them will
protrude outside the substrate surface, which act as potential
emitting sites. The dependence of field electron emission current

density over applied field (J-E) is further characterized by modified

Fowler-Nordheim (F-N) theory63 using the following equation,
3
J = Amad ™ E?Bexp (— e V)

Where, J is the emission current density, E is the applied average
electric field, a and b are constants, typically 1.54 x 10°AevVvZand

6.83 eV/?

Vnm'l, respectively, ¢ is the work function of the emitter
material, Ay be the macroscopic pre-exponential correction factor,
vF is value of the principal Schottky—Nordheim barrier function (z
correction factor), and B is the field enhancement factor. In t-

present investigations, the applied electric field
(E) is defined as E=V/d, where V is the applied voltage, and d is t. @
separation between anode and cathode (~ 2 mm). Furthermore, t' e

emission current density (J) is estimated as J = I/A, where, | is tF _

J. Name., 2013, 00, 1-3 | 5
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emission current and A is the total area of the emitter. The J-E
characteristic is further analyzed by plotting a graph of In (/E%)
versus (1/E), known as a Fowler-Nordheim (F-N) plot. The
corresponding F-N plot is shown in Figure 8(b). In the present study,
the F-N plot is found to be nonlinear and such F-N plots have been
reported for many semiconducting nanomaterials. The nonlinearity
in the F-N plot can be resolved into two linear sections with distinct
slopes in the high-field and low-field regions (See Fig.8(b)). The field
enhancement factors (B) are calculated from the slope of the low-

field and the high-field regions of the F-N plot, using the following

equation (2),

3
6.8x10%xp2

B = prm— . (2)

The field enhancement factor for low field and high field regions are
found to be 8580 and 3538 respectively. These calculated values of
may be overestimates due to the limitation of the F-N equation. For
the application purpose in field emission based devices, emission
current stability deceives an important parameter. The emission
current and time (I-t) plot recorded at a base pressure of ~1 X 10°%
mbar is shown in Figure 8(c). The average emission current is seen
to remain stable at pre-set value of ~1 pA over three and half hour.
The emission current is seen to be stable over the duration of
measurement and characterized by fluctuation in the form of
“spike”. The appearance of the “spikes” in the emission current is
attributed to the adsorption, desorption, and migration of the
residual gas molecules on the emitter surface. The striking feature
of the observed field emission behavior is that the average emission
current remains nearly constant over the entire duration and shows
no signs of degradation. This is very important feature particularly
from the practical application of the emitter material as an electron
source. Typical FE

image, captured at emission current of

6 | J. Name., 2012, 00, 1-3

NSOuA/cmz, is shown in Figure8(d). The image show a number of
tiny spots, corresponding to the emission from the most protruding
edges of V,05 nanosheets. The temporal changes in the intensity of
these spots are observed to be commensurate with the emission

current fluctuation, depicted in the |-t plot.

Conclusion

In conclusion, we report the simple synthesis of V,05 nanosheets by

one step hydrothermal method. The as synthesized V,0s
nanosheets were characterized using Raman Spectroscopy, FESEM
TEM and UV-Vis Spectroscopy. The humidity sensing performances
were carried out over a range of 11-97% relative humidity at room
temperature. The maximum sensitivity of ~ 45.3% and response
time of ~ 4 min. and recovery time ~ 5 min. were observed for the
nanosheets sensor. Further,

V,05 the as synthesized V,0:

nanosheets also shows good performance towards UV
photodetector with response time of ~ 65 sec and recovery time of
~75 sec with maximum photoresponsivity of ~ 6.2 %. The field
emission properties were studied in planer “Diode” assembly at
base pressure of ~ 1x10°® mbar. The turn on field required to draw
an emission current density of 1 uA/cm2 and 10 uA/cm2 is found tc
be 1.15 and 1.72 V/um respectively which is very less as compared
to previous reports for different V,05 nanostructures. We achieved
emission current density of 1.532 mA/cm2 at an applied field of 3.2
V/um and also high field enhancement factor 8580 and 3538 for
low field and high field region. Our results open up several avenues
and key success towards the utilization of other oxide nanosheet
materials with layered structure for various energy harvesting,
optoelectronics and nanoelectronics device applications includi g

sensors, photodetector, flat panel displays, electron source ar .

transistor.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: schematics for V,0s nanosheets (a) Side view, (b) Top view and (c) Photo detection

experimental set up.
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Figure 2: Raman spectrum for as obtained V,0s5 nanosheets and V,05 bulk powder.
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Figure 3

Figure 3: (a-d) FESEM images of as synthesized V,0s nanosheets by using hydrothermal method.
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Figure 4:

Figure 4: Typical low magnification TEM images (a) 200 nm, (b) 100 nm, (c) 50 nm, (d) 20 nm and high
resolution TEM (HRTEM) image (e) 5 nm. Figure 4(f) shows the corresponding selected area electron

diffraction pattern showing crystalline nature of as synthesized V,0s nanosheets.
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Figure 5: UV-Vis spectra of V,05 nanosheets.
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(b)

(d)

Figure 6: (a) Current-Voltage (I-V) characteristics, (b) Resistance Vs Relative Humidity, (c) Sensitivity Vs

Relative Humidity and (d) Current Vs time for as obtained V,05 nanosheets based sensor device.
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Figure 7: (a) Current-Voltage (I-V) characteristics, (b) Photocurrent Vs Power Density, (c) Photo
responsivity Vs Power Density and (d) Current Vs time under the illumination of light from 0 mW/cm? to

200 mW/cm?>.
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Figure 8: Field emission properties of V,0s5 nanosheets, (a) Emission current Density Vs applied electric

field (J-E plot), (b) Fowler-Nordheim plot showing nonlinear behavior indicating field electron emissic

from semiconducting material, (c) Field emission long term current stability (I-t plot), (d) Field emissic -

pattern recorded at current density of 50 uA/cm?.
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Table 1
Sr. No. Morphology Turn-on Field Max. Current density at applied | References
(at 10uA/cm2) field

1 Nanofiber-Bundles ~1.84V/um 213 uA/cm2 at3.3V/um 60

2 Centimeter long nanowires ~2.82V/um 14 mA/cm2 at 4.42 V/um 61

3 Vertically aligned nanowires ~8.30 V/um 1.8 mA/cm” at 18 V/um 29

4 Nanotubes array ~6.35V/um 2.1 mA/cm” at 9.20 V/um 62

5 Nanorod array ~6.3V/um 2.31 mA/cm2 at 10 V/um 30

6 Nanosheets ~1.72V/um 1.53 mA/cm” at 3.2 V/um Present

Table 1: Comparison of field emission properties of various nanomaterials.
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