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Large scale two dimensional orthorhombic structure MoO; single crystalline belts with bandgap of 3.28 eV were prepared

by substrate-free physical vapor deposition. Ultra-thin MoO; nanosheets were exfoliated from the belt and transferred to
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a polyethylene terephthalate substrate. A flexible ultraviolet photodetector (UVPD) based on the single crystalline MoOs

nanosheet was fabricated, and its optoelectronic response properties were investigated in detail. The UVPD has a high

responsivity of 183 mAW™, a high on/off ratio of over two orders and a response speed of below 1 s. Moreover, the

flexible UVPD exhibits excellent stability and reproducibility under different mechanical deformations. The excellent

operating characteristicc make the UVPD a potential candidate for wearable UV meters, touch sensor panels,

communication devices and UV image cameras.

Introduction

Ultraviolet photodetectors (UVPDs) have attracted much
attention for their broadening applications in ultraviolet
environmental monitoring, biological analysis, and fire alarm.”
3 Benefiting from large aspect ratio, high crystalline quality and
unique optoelectronic properties, semiconductor
nanostructures are acknowledged to be the most promising
candidates for fabricating photodetectors with superior
responsivity and fast response speed.4’ Dunn group
developed a self-powered ZnO-nanorod based UVPD with a
rapid decay time of 6.7 us.6 Lee group reported a Graphene-
ZnO Nanorod Hybrid UVPD, showing a high responsivity up to
3x10° AW™

Flexible photodetectors with bending and torsion
characteristics can extend their application range to wearable
devices and biological tissues implantable devices.®*® Two
dimensional (2D) nanostructures are particularly suitable for
flexible optoelectronic device. Compared to quantum dots and
one-dimensional materials, 2D materials possess higher
flexibility and carrier mobility, and are more compatible with
commercial micro-manufacturing techniques.11 Recently, 2D
ultra-thin nanosheet semiconductors such as WSZ,12 MoSZ,B' 1
and GaSe™ have been researched extensively for their
potential applications in photodetectors. The ultra-thin WS,
based photodetector showed a responsivity of 0.092 mAW™
and fast response speed of 5.3 ms. A transistor type
photodetector with responsivity of 7.5 mAW™'  was
demonstrated using MoS, channel.
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However, these reported photodetectors were mainly
fabricated based on narrow bandgap 2D semiconductor
materials, thus lack of UV spectral selectivity. To achieve the
selective performance in the UV region, optical filters were
needed for the photodetector devices to remove the visible
light. The filters can also reduce the light intensity and hence
lower the optical response. An alternative way to realize UV
detection is fabricating the UVPD based on wide bandgap
semiconductor. So far, there are few reports regarding flexible
UVPD made of wide bandgap 2D semiconductor nanosheet’.
Among the 2D semiconductor materials, orthorhombic
structure molybdenum trioxide (a-MoOs) is of special interest

mmmTmm

(a)

Fig. 1 Scheme structure of a-MoO3 consisting of double layer of linked MoOg
octahedra viewed along different axis. (a) Along [100] axis, (b) along [001]
axis.
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for this research as it possesses a unique wide bandgap
suitable for UV light detection. The bandgap of a-MoOs;
semiconductor is up to 3.2 eV,ls’ v corresponds to a
wavelength of 388 nm, which locates at the UV spectral range.
Fig.1 shows the schemes of a-MoO; lattice structures viewed
along [100] and [001] axis. The a-MoOj'’s structure consists of
double-layers of linked MoOg octahedra, held together by
weak van der Waal’s forces,”' '8 which offers the possibility of
obtaining ultra-thin 2D structures through various exfoliation
methods. The absence of dangling bonds in the ultra-thin a-
MoO; also makes it an ideal material for optoelectronic device,
as the dangling bonds serve as recombination center for the
photo-generated carriers.’> %

In this contribution, we demonstrate the synthesis of large
scale free-standing a-MoOj single crystalline belt via physical
vapor deposition (PVD). For the first time, we fabricate a
flexible UVPD based on exfoliated MoOj ultra-thin nanosheet
and then study its light-induced electric properties in detail.
The photodetector exhibits high UV spectral selectivity, having
a UV to visual rejection ratio (R380 nm/R500 nm) of over 50
times. The peak responsivity from the MoO; UVPD can reach
as high as 183 mAW™ under 380 nm UV illumination at a
driving voltage of 10 V. Benefiting from the high flexibility of
the 2D a-MoO; nanosheet, the UVPD exhibits high stability
and reproducibility at different bending conditions. The UVPD
also has a fast response speed that the photocurrent can be
completely switched between ON and OFF states within 1 s.

Experimental
Materials and methods

The synthesis of MoOj; free-standing belts employed a simple
and facile one-step PVD by a horizon quartz tube furnace with
single hot zone (Fig. S1). Briefly, the system was evacuated and
maintained at 30 KPa by a mechanical pump. Argon and
oxygen were introduced into the quartz tube as carrier gases
with flow rates of 200 and 10 sccm, respectively. The
temperature was ramped up at a rate of 5 *Cmin” to a growth
temperature of 950 °C. Then, 1 g of the MoO; powder (99.5%,
Huayuan Chemical Industry) on a quartz boat was inserted into
the source zone by a magnetic part. After a growth time of 30
min the MoO; source was removed and the furnace was
cooled down to room temperature naturally. Finally, a great
number of large scale MoOj; crystalline belts were dangled at
the inside wall of the quartz tube at the low temperature zone.
Ultra-thin MoO3; nanosheets were prepared by mechanical
exfoliation similar to the exfoliation of graphene.21 The
mechanical exfoliation using tape (3M Scotch) was repeated
20 times, and then placed the tape on polyethylene
terephthalate (PET) substrate and peeled it off.

Device fabrication

To measure the optoelectronic performances of MoO;
nanosheet on flexible substrate, a metal-semiconductor-metal
(MSM) structure photodetector based on MoO;/PET structure
was defined by a metal shadow mask. The metal electrodes
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Fig.2 (a) Photograph of large scale free-standing MoOjs belts. (b) 6-26 XRD
angular scan and (c) Raman spectrum of an individual MoOj belt.

with 30-um gap were formed by 50 nm Au deposited via
thermal evaporation. The schematic diagram of the MSM
device is depicted in Fig. S2.

Characterization

The structural characterizations of the as prepared MoO;
crystalline belts were performed with PANalytical X’ Pert PRO
with Cu Ka (A = 0.15406 nm) source (XRD), Raman
spectroscopy Horiba LabRAM HR800, scanning electron
microscope Hitachi S-4800 (SEM) and transmission electron
microscope JEM-2010 (TEM). Optical property was
investigated using a Shimadzu UV-2501PC/2550 scanning
spectrophotometer. Thickness of the MoO; nanosheet was
measured by Bruker Dektak XT profilometer.

Current-voltage (I-V) characterizations of the fabricated
UVPDs were carried out using a Keithley 2400 high resistance
electrometer. The spectral responses of the UVPDs were
measured using a 450 W Xe lamp and a monochromator. The
monochromatic light was calibrated with a power meter LPE-
1B (Phy-science Opto-electronics Co.). Time-dependent
optoelectronic responses of the UVPDs were recorded by a CHI
660D work station after a pulsed excitation by a 380 nm light
source (2 mem'Z) modulated by a mechanical chopper.

Results and discussion

Free-standing ultra-long MoO;  belts with length reaching
several centimeters were obtained, as shown in Fig. 2 (a). Most
of these belts have typical width of 0.3~1 millimeter, and
thickness ranges from several tens to several hundreds
micrometers. As can be seem that individual MoO; belt can
remain intact at the bending radius of 2 mm, revealing a high
flexibility of the MoOj; belt. The superior flexibility can be
attributed to the 2D lattice structure of the crystalline belt. Fig.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) SEM image, (b) Medium magnification TEM image, (c) SAED pattern and (d) HRTEM image of the exfoliated MoOs nanosheets. The inset in (a) shows the

high magnification SEM image of the dash box.

2 (b) shows the representative 6-26 XRD angular scan of an
individual MoO; belt, indicating a high crystalline
orthorhombic structure of the belt (JCPD file: 05-0508), as
only peaks corresponding to the (020), (040) and (060) planes
of orthorhombic structure could be observed. The a-MoO;
consists of corner-sharing chains of MoOg octahedra that share
layers of MoO;
stoichiometry, as shown in Fig. 1. The adjacent layers are

edges with two similar chains to form

stacked in a staggered arrangement and held together by weak
van der Waal’s forces.”” *® The strong bond between the MoOg
octahedra in {020} plane prevents the belt from tearing off,
and the weak interaction between adjacent layers makes the
belt bend freely at the direction normal to {020} plane. Thus,
the 2D a-Mo0O; exhibits an excellent flexibility, which provides
initial support to the feasibility of fabricating a MoO; based
flexible photodetector.

Fig. 2 (c) presents a typical Raman spectrum of MoO3 belts.
A laser with emission wavelength centered at 532 nm was
employed as the excitation source for the micro-Raman
characterization. Three sharp peaks locate at 995, 818, and
665 cm_l, which can be attributed to the vibration modes of a-
M003.22 For the crystalline a-MoO;, the Raman bands are
assigned to the terminal oxygen (Mo=0) stretching mode at
995 cm™, the triply connected bridge-oxygen (Mos—0)
stretching mode at 665 cm_l, and the doubly connected
bridging oxygen (Mo,—0) stretching mode at 818 cm™. The
sharpness of the peaks demonstrates that the as-grown MoO;
belt is highly pure with highly ordered structure. Moreover,

This journal is © The Royal Society of Chemistry 20xx

characteristic peaks located at 380, 337, 283, 217, 195, and
155 cm™ are also observed, which can be assigned to the
bending modes of ot—MoO3.23 The observation of characteristic
results of XRD and Raman indicates that the as-grown MoO;
belts are a-phase and have perfect crystallinity.

Due to the weak interaction between adjacent lattice
planes in a-MoOs;, ultra-thin MoO; nanosheets can be
obtained by means of mechanical exfoliation. Mechanical
exfoliation effectively separates MoOj; layers at their weakest
bonds, where they are held together by weak van der Waal’s
forces. After exfoliation using Scotch tape for 20 times, MoOs;
ultra-thin nanosheets with thickness ranging from several
nanometers to several tens of nanometers were achieved. Fig.
3 (a) shows the SEM image of the exfoliated MoOj; ultra-thin
nanosheets. The MoO; nanosheets have smooth surface
morphology and are of high crystalline quality without
showing any grain boundary.

The medium magnification TEM image in Fig. 3 (b) shows
the typical morphology of the MoO; nanosheets with thickness
of several nanometers. Fig. 3 (c) shows the select-area electron
diffraction (SAED) pattern recorded with the electron beam
along the [010] The clear and symmetrical
diffraction spots indicate the single-crystalline orthorhombic
structure of the MoO; nanosheets. Periodic lattice fringes in
the high resolution TEM (HRTEM) image shown in Fig. 3 (d)
further confirm the single-crystal nature of the nanosheets.
The lattice fringes of 0.37 nm and 0.40 nm correspond to (001)
and (100) planes of a-MoOj; crystal, respectively. TEM results

zone axis.
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Fig. 4 UV-visible absorption spectrum of an individual MoOj; belt. The inset
shows the plot of (athv)? value of the MoO; belt plotted as a function of
photon energy (hv).

are in agreement with data from the XRD, and we can deduce
that the exfoliated nanosheets are single crystalline 2D
structure with surface terminated with the {020} lattice planes.
It is well known that grain boundaries and structural defects
can act as recombination centers of photo-generated carriers
and paths of leakage current in the optoelectronic devices. As
a result, the good crystalline quality of the obtained MoO;
nanosheets can help to fabricate UVPDs with high responsivity

Journal Name

and low dark current.

The as-synthesized MoO; belts shown in Fig. 2 (a) are
colorless and highly transparent. Fig. 4 shows the UV-visible
absorption spectrum of an individual MoO; belts. As can be
seem, MoOj belt absorbs strongly only in the UV region and is
highly transparent for visible light, while a sharp absorption
edge exhibits at around 380 nm. As a crystalline
semiconductor, the optical absorption near the band edge
obeys the formula,24
(ahv)’ = A(hv-E,) (1)
where a, h, v, A and £, are the absorption coefficient, planck’s
constant, incident photon frequency, a constant and bandgap,
respectively. The bandgap of the MoOj; belt is derived from a
plot of (ahv)z as a function of photon energy (hv) and
evaluated to be 3.28 eV, as shown in the inset. The bandgap is
very close to the values for a-MoO; nanoribbon (3.18 eV) and
thin  film (3.26 eV).Zs' % The UV-Visible absorption
results suggest that optical properties of a-MoO; material are
suitable for UVPD application. Moreover, compared with
narrow bandgap semiconductor, wide bandgap semiconductor
devices are capable of much higher temperature operation
and reducing the junction leakage current by at least several
orders of magnitude.u' 28

The inset of Fig. 5 (a) shows an optical microscope image of
MSM structure device based on 78.4 nm MoO; nanosheet
transferred to PET substrate, with an electrode channel of 30
um. In such structure, both contacts form Schottky barriers
and the externally applied voltage is mainly dropped across

i 25 3 : ™ ' . : ' t . : T v T T T T T T T
. I (b) + (©) s
30} Q10 & :
20} 1 5 = "
~ e "
< 10} { & .
Z of 1 2wt : :
£.10 Z \
5700 —=— Flat 1 g '\
© 20k —e—R=1cm i = [y
_ 9] iy
30 ——RA0Seml ) pye'f T,
-40 L 1 1 L L 1 1 ! L L 1 L L ! !
40 30 -20 -10 0 10 20 30 40 250 300 350 400 450 500 550 60
Voltage(V) Wavelength (nm)
(e) : ; : —200 (D T T T T T T T T
g ol . 350
. i o150 1
< o H1508 =
g 400 1 g =
= . < 250f S E
20l 1% 500l B Sl
S 300 £ 200 fio0 % 100
7] » = =t L
g 5 1501 < F
22001 . 18 5 g
5] S 1001 50 o 50F
o~ = o
100 18 5ol 4
= e
0 1 1 1 1 1 1 0 L L . L 1 1 1 1
5 10 15 20 25 30 00 L5 10 15 20 250 300 350 400 450 500 550 600
Voltage (V) Light intensity (mW/mm")

Wavelength (nm)

Fig. 5 (a) Photograph of wafer-scale MoOs; nanosheet devices measured at bending condition. The inset shows the optical microscope image of MSM structure device.
(b) Dark I-V characteristics measured under different bending conditions. (c) Spectral responsivity R(A) characteristics at 10 V. (d) Maximum responsivity versus bias
voltage. (e) Peak photocurrent and maximum responsivity as function of illumination density at 10 V. (f) Spectral responsivity R(A) characteristics under different

bending conditions.
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the reverse-biased electrode. Flexible optoelectronics are
easily subjected to a variety of mechanical deformations that
may degrade their performance, such as bending,
compression, and tension. To investigate the mechanical
stability of the device, optoelectronic performances under flat
and bending conditions were compared systematically. Fig. 5
(a) presents the photograph of wafer-scale flexible MoO;
nanosheet devices measured with a bending radius of 1 cm.
Fig. 5(b) shows the dark I-V curves of photodetector measured
under flat and bending (with bending radius of 1 and 0.5 cm
conditions, respectively. After bending, there are no obvious
changes in the dark IV characteristics, which can be attributed
to the high flexibility of the 2D MoO; nanosheet and good
metal contact of the device. The nonlinear behaviors and
double diode-like characteristics of dark |-V characteristic
originate from the formation of double Schottky contacts
between the MoO; nanosheet and the Au electrodes. The dark
current is only 0.9 nA at 10V and below 10 nA with bias
ranging from -20V to 20V.

Table 1 summarizes earlier reports on flexible UVPDs and
visible photodetectors based on other 2D nanostructures. A
comparison to typical rigid UVPDs based on ZnO
nanostructures is also made. As compared to the
photodetctors based semiconductors with narrow
bandgap,u’ 1329 5ur UVPD possess much lower dark current.
The low dark current should be attributed to the wide
bandgap, high crystalline quality of the MoO; nanosheet and
Schottky barrier between the MoO; nanosheet and Au
electrodes. A low dark current is help to obtain photodetector
with small power consumption and low system noise.

Fig. 5 (c) represents spectral responsivity R(A)
characteristics of the flexible photodetector to the light of
different wavelengths, at an applied voltage of 10 V. The
photodetector shows a highest selectivity to 380 nm light with
a cutoff wavelength of around 400 nm, which is consistent
with the absorption result of the MoO;. The UV/Visible
rejection ratio (R 380 nm/R 500 nm) is over 50 times,
suggesting a high UV sensitivity of the MoO; based
photodetector. The peak responsivity reaches a value of 183
mAW™. The peak responsivity further increases with increasing
applied bias, as shown in Fig. 5 (d), indicating no carrier

on

mobility saturation or sweep-out effect up to the applied
bias.>* At an applied voltage of 30 V, the peak responsivity is as
high as 524 mAW'l, which corresponds to total quantum
efficiency of 171%. The photoresponse performance is better
than several other reported flexible UVPDs,g’ 30:31 4nd visible
photodetectors based on other 2D nanosheets,lz' »
listed in table 1. The high responsivity is realized mainly by
high carrier mobility in the 2D lattice structure and long
lifetime of photo-generated carriers in highly crystallized MoO;
nanosheet.

Fig. 5 (e) shows the photocurrent and responsivity of the
UVPD illuminated by 380 nm light with the intensity varying
from 0.3 to 2.0 mMWmm®™ at a fixed bias of 10 V. As the photo-
generated carriers are proportional to the absorbed photon
flux, the photocurrent increases with the increasing light
intensity. It was found that the photocurrent (I,.) can be fitted
well to a simple power law Ipc°<P1‘2, where P is the power of
illumination.®* The non-unity exponent can be attributed to
the complex process of electron-hole generation, trapping and
recombination within the MoO3; nanosheet.> Accordingly, the
responsivity of the MoO; UVPD increases slightly with the
increasing light intensity, as also shown in Fig. 5 (e).

The spectral responsivity R(A) characteristics of the UVPD
under different bending conditions are compared in Fig. 5 (f).
Independent of the bending, the response spectrums remain
stable without showing obvious red shift or blue shift. The
responsivity of the MoO; UVPD decreases slightly with the
increasing degree of bending, in agreement with the decrease
in effective irradiance. The stable device characteristics can be
attributed to the high crystalline quality of the MoO;
nanosheet and high flexibility of the 2D lattice structure. These
results demonstrate that our flexible MoO3 based UVPD is able
to bear certain mechanical deformations.

Fig. 6(a) shows the time dependent photo-electronic
response of the MoO; UVPD measured with 5 s periodic
illumination of 380 nm UV light (2mem'2). Under UV
illumination, photocurrent increases to stable value, and then
decreases to its initial value as the light was turned off,
exhibiting good stability and reproducible characteristics. At an
applied voltage of 10 V, the photocurrent dramatically
increases from 0.9 nA in the dark to 331.8 nA upon UV

as also

Table 1 Comparison of device characteristics of this work and photodetectors based on other nanostructures.

Material Flexible Spectral Dark current Responsivity Response time Ref.
MoOj; Nanosheet Yes uv 0.9 nA/10V 524 mMAW" 0.94s This work
Zn,GeO4 Nanowires Yes uv 10 fA/10V — 2.6s 9
In,Ge,07; Nanowires Yes uv 0.05 nA/15 V — 15s 30
SnO, nanospheres Yes uv 7.3 pA/5V — >30s 31
WS, Multilayer No VIS 20 pA/20V 92 pAW* 5.3 ms 12
MoS; Multilayer No VIS 35nA/1V 120 mAW* — 29
GaSe Few-layers No UV-VIS 1nA/1vV 2.8 AW™? 20 ms 15
CuSCN-ZnO nanowire No uv — 7.5 mAW* 6.7 us 6
ZnO Nanotetrapod No uv 1nA/0.3V — 30ms 32
Graphene-ZnO nanorod No uv — 3x10° AW 19s 7

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Time response of the MoO; UVPD obtained using 380 nm
monochromatic light pulses with 5 s duration at 10 V bias. (b) The rise and
decay of the current in a single pulse response cycle. The red and blue lines
represent the bi-exponential fitting results of the rising and falling edges,
respectively.

illumination, showing a high UV sensitivity with on/off
switching ratio of over two orders.

Fig. 6(b) gives a single time-dependent on/off cycle of the
device. The MoO3; UVPD is found to exhibit a fast response
time to UV light irradiation. The rise and decay photocurrents
follow exponential function, which can be fitted by bi-
exponential function equation:32

=lp+A  (1-exp(-t/t))+ Ag(1-exp(-t/t.2)) @
=1t Asexp(-t/tg)+ Aqgexp(-t/te) 3)

where |y is dark current, A;, A, , A; and A, are positive
constants. T4, T, are the first and second rise time constant,
and 141, T4, are the first and second decay time constants,
respectively. On the basis of the curve fittings, the rise time
constants are 1,4,=0.12 s and t,,=0.94 s, while the decay time
constants are t4;=0.09 s and 14,=0.52 s, respectively.
Admittedly, the response time from our MoO; UVPD is long
as compared to the reported UVPD based on ZnO/CuSCN
nanowires heterojunction (6.7 us) or that based on ZnO
Nanotetrapod (30 ms),e‘ " byt it is shorter than many typical
flexible UVPDs that based on Zn,GeO, Nanowires (2.6 s),9
In,Ge,0; Nanowires (15 s),30 and SnO, nanospheres (>30 s),31
as also listed in table 1. The relative lower response speed in
flexible photodetector is probably due to the existence of
dense interface states between the semiconductor and PET
substrate, which can trap photo-generated carriers and lead to

a long life time of the carriers. The oxygen

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

absorption/desorption processes at the surface of the
nanostructures would further prolong the response time of the
flexible UVPD based on nanoparticles and nanowires.>
Compared to nanoparticles and nanowires, the aspect ratio of
2D nanosheets is relative smaller, result in a higher response
speed of the MoO; nanosheets based UVPD. Moreover, the
high carrier mobility in the 2D lattice structure can decrease
the drift time of the photo-generated carriers between the Au
electrodes and further improve the response speed of our
UVPD. Both rise and decay time constants of the fabricated
MoO; UVPD are within 1 s, allowing the device to act as a high
speed UV photosensitive switch.

Conclusions

In this work, we obtained centimeter-scale high crystalline a-
MoO; belts through a simple PVD-grown method. The
fabrication of flexible UVPDs was accomplished based on the
exfoliated nanosheets transferred onto PET substrate. Due to
its relatively wide bandgap of 3.28 eV, MoO; nanosheet can
potentially be integrated into various optical sensors that
require a UV spectral response, as an alternative to the
conventional GaN and ZnO based UVPDs. The UVPD exhibits
operating characteristics, including a high
responsivity of 183 mAW'l, a high on/off ratio of over two
orders, a response speed of below 1 s and high optoelectronic
stability (i.e., no-shift in the spectral response) under
mechanical deformations. MoO; flexible UVPD can be
attractive for a variety of industrial applications, such as
wearable UV meter, touch sensor panels, communication
devices and UV image camera.
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Flexible UV photodetector was fabricated based on high crystalline MoO3 nanosheet. The photodetector exhibits

high UV spectral selectivity, excellent stability, fast response speed and is able to bear significant external

mechanical forces.



