
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
0:

24
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Triangular radial
aSchool of Advanced Materials Science and

Suwon, 16419, Korea. E-mail: jy.choi@skku
bSKKU Advanced Institute of Nanotechnol

Suwon, 16419, Korea
cDepartment of Materials Science and Eng

Research, Ajou University, Suwon, 16499, K

† Electronic supplementary informa
10.1039/c8ra06139d

‡ These authors contributed equally to th

Cite this: RSC Adv., 2018, 8, 31066

Received 20th July 2018
Accepted 27th August 2018

DOI: 10.1039/c8ra06139d

rsc.li/rsc-advances

31066 | RSC Adv., 2018, 8, 31066–3107
Nb2O5 nanorod growth on c-plane
sapphire for ultraviolet-radiation detection†

Kwan-Woo Kim,‡a Bum Jun Kim,‡b Sang Hoon Lee,a Tuqeer Nasir,b Hyung-Kyu Lim,a

Ik Jun Choi,a Byung Joo Jeong,a Jaeyeong Lee,c Hak Ki Yu c

and Jae-Young Choi*ab

Nb2O5 nanostructures with excellent crystallinities were grown on c-plane sapphire and employed for

ultraviolet-(UV)-radiation detection. The triangular radial Nb2O5 grown on the c-sapphire substrate had

a 6-fold symmetry with domain matching epitaxy on the substrate. Owing to the radial growth, the

nanorods naturally connected when the deposition time increased. This structure can be used as a UV-

detector directly by depositing macroscale electrodes without separation of a single nanorod and e-

beam lithography process. It was confirmed that electric reactions occur at different UV irradiation

wavelengths (254 nm and 365 nm).
Introduction

Ultraviolet rays (UV) are electromagnetic waves with shorter
wavelengths than those of visible light, mainly in the range of
200 nm to 400 nm.1 UV irradiation affecting our lives can be
divided into two types: (i) generated from the sun, reaching the
earth through cosmic radiation, and (ii) those emerging from
various chemical reactions on the earth. UV irradiation gener-
ated from the sun is mostly absorbed by various molecules in
the atmosphere (CO2, H2O, etc.); radiation reaching the surface
is in the region of UV-A (320–400 nm).1 UV-A can have positive
effects, such as sterilisation, or side effects such as occurrence
of skin cancer. On the other hand, UV radiation generated by
various chemical reactions produced by humans varies from
UV-A to UV-C (UV-B: 290–320 nm and UV-C: 200–290 nm). Both
efficient use of the generated UV radiation and its blockage for
safety purposes are important.

In this regard, one of the most important factors is the effi-
cient UV detection. Theoretically, one of the best approaches to
detect UV irradiation is to measure changes in electrical
conductivity of an UV-irradiated material with band gap.1–5 It is
important to select a material with an appropriate band gap (Eg
> 3.1 eV) in order to detect UV radiation in the range of 200 nm
to 400 nm (UV-A to UV-C regions). However, if the band gap is
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too large, the material is close to insulator and the electron
excitation effect due to UV absorption is not sufficient to detect.

In this study, we aimed to implement a UV-radiation detector
using Nb2O5 with an ideal band-gap energy in the range of 3.5 eV
to 4.8 eV (photon energy of 354 nm to 258 nm)6–8 and chemical
stability9–11 for UV detection. It has already been shown by Fang
et al.12 and Liu et al.13 that Nb2O5 can be used as a UV detector and
has high responsivity. In addition, the Nb2O5 UV detector was
recently synthesized using a simple and low cost hydrothermal
method.14 In order to develop the UV-detector using Nb2O5,
materials with good crystallinities should be synthesised, as
when a defect is present in Nb2O5, light absorption occurs due to
the defect levels (532 nm: 2.3 eV and 808 nm: 1.5 eV). In the case
of thin-lm or bulk syntheses, the possibility of occurrence of
defects such as grain boundaries in the synthesised material
increases. We aimed to synthesise nanoscale single-crystal Nb2O5

(various structures of Nb2O5 nanomaterials were used for appli-
cations to gas sensors,15,16 photo-catalysts,17,18 photo-detectors,12,19

batteries,20,21 solar cells,22,23 etc.). In addition, if the detector
device is fabricated using a single nanorod,11,24–28 the fabrication
is complex (such as e-beam lithography), leading to a lower
productivity and higher process costs. Therefore, in this study,
synthesis conditions (substrate type and orientation, precursor of
Nb, growth temperature, and reaction/carrier gas) were investi-
gated so that synthesised Nb2O5 nanostructures could be natu-
rally connected to each other to enable to immediately use the
device when only macroscale electrodes are deposited.
Experimental
Growth of Nb2O5 nanostructures

The growth of Nb2O5 was performed on a single-crystal c-plane
sapphire substrate (Namkang Hi-tech Co., Ltd., SaR 100-500)
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Scanning electron microscopy (SEM) images of Nb2O5

nanorods grown for 90 min on different substrates. (b) X-ray diffrac-
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using a quartz tube furnace. NbCl5 (Alfa Aesar, #11548), used as
a Nb precursor, was placed in a stainless-steel canister, which
was heated by a heating mantle. The sublimed NbCl5 and Ar
carrier gas were introduced into the tube through a 1/4 inch
stainless-steel gas line, which was wrapped and heated by
a commercial heating tape. The temperatures of the canister
and line were maintained at 140 �C and 160 �C, respectively.

For cleaning, the sapphire substrates were sonicated in
acetone, alcohol, and deionised (DI) water for 15 min in each
solvent. The sapphire substrates were then loaded into the tube
furnace and the system was pumped down to vacuum and
relled with Ar gas to obtain atmospheric pressure. The furnace
temperature was increased to 900 �C within 40 min in Ar envi-
ronment with an Ar gas ow of 200 sccm. Aer the temperature
reached 900 �C, the growth of Nb2O5 was initiated by intro-
ducing another ow (200 sccm) of Ar carrier gas through the
canister to the furnace. Aer the growth, the Nb-precursor
supply line was closed, and the samples were rapidly cooled
down under the Ar environment.
tion (XRD) patterns of Nb2O5 on c-plane sapphire (top) and Si (100)
(bottom). (c) SEM images of Nb2O5 nanorods grown on c-plane
sapphire for 30 min.
Analysis and measurement

An X-ray diffractometer (Bruker D8-Advance with mono-
chromated Cu-Ka1 radiation; scan rate of 0.05� s�1) was used for
identication of the sample. A pole gure analysis was per-
formed to study the symmetry of the sample using an X-ray
diffractometer (PANalytical, X'pert PRO using Cu-Ka radiation,
c: 0–75� and 4: 0–360� at 2q of 25�). The surface morphology
and cross-section structure of the sample were investigated by
SEM (Hitachi, S-4800). Transmission electron microscopy
(TEM) (JEOL, JEM-2100F, at 200 kV) was employed to analyse
the structures and growth directions of the rods. A UV/visible
spectrometer (Shimadzu, UV-3600) was used to measure the
optical transmittance of the material. A current–voltage (I–V)
curve and time-dependent response of the UV detector were
obtained using a probe station (MSTECH, MST5000). A single-
wavelength (254 nm/365 nm) UV lamp (VILBER, VL-215 LC)
was used as the UV source.
Results and discussion

To understand the effect of the substrate on the growth of the
Nb2O5 nanorods, we performed SEM on Nb2O5 synthesised on
three types of substrates (SiO2/Si, graphene-coated Ni foil, and c-
plane (0006) sapphire substrate; see Fig. 1a). On the graphene/
Ni surface, irregularly sized structures are observed, while on
the other two substrates (SiO2/Si and c-plane sapphire), nano-
rods with uniform sizes were synthesised. The irregularities
observed on the graphene surface can be interpreted as
a phenomenon in which niobium oxide nuclei cannot be easily
generated owing to the low surface energy of the graphene
surface (40–50 mJ m�2) compared to those of SiO2/Si (�800 mJ
m�2) and c-plane sapphire (�1900mJm�2).29–31 X-ray diffraction
(XRD) was performed to characterise the nanorod alignments
on SiO2/Si and c-plane sapphire (Fib. 1b). The Nb2O5 nanorods
deposited on the c-plane sapphire substrate have a preferential
orientation of the monoclinic (�713) plane (Joint Committee on
This journal is © The Royal Society of Chemistry 2018
Powder Diffraction Standards (JCPDS) no. 37-1468),32 whereas
those on the SiO2/Si substrate are relatively randomly oriented
and have low crystallinities.

SEM images (Fig. 1c) of the sample obtained with a reduced
deposition time (Fig. 1a and c show the samples deposited for
90 min and 30 min, respectively) conrm the preferential
orientation of Nb2O5 deposited on the c-plane sapphire and
reveal that equilateral triangular nanostructures were uniformly
distributed with a tilting angle of approximately 45� with
respect to the substrate.

TEM was performed to understand the regularity of the
Nb2O5 nanorods grown on the c-plane sapphire crystal. As
shown in Fig. 2a and b, the Nb2O5 nanorod with a (�112)
growth direction has a tilting angle of 45.01� with respect to
the (�713) plane, which is the preferred orientation, as shown
in the XRD measurement (Fig. 2c and 1b). In addition, the
result that no metallic component was detected in the head of
the Nb2O5 nanorod reveals that Nb, decomposed from the
NbCl5 precursor, combines with remaining oxygen in the
furnace to form Nb2O5 directly, referred to as vapour–solid
growth mechanism.33–35

The X-ray pole gure of the Nb2O5/c-sapphire system was
measured to understand the triangular arrangement of the
nanorods. When the pole gure is measured at a tilting angle
(c) of 55�, the part with a 6-fold symmetry and that with a 3-
fold symmetry are mixed, as shown in Fig. 3a and b. The
sapphire (102) plane is tilted at 57.6� with respect to the (006)
plane (referred to as c-plane) and has a 3-fold symmetry;
therefore, the 3-fold symmetry (green circles in Fig. 3a)
corresponds to the sapphire substrate. The remaining struc-
tures with the 6-fold symmetry can be attributed to the syn-
thesised Nb2O5. Nb2O5, which has a monoclinic structure,
usually has a 2-fold symmetry; however, it can have a 6-fold
RSC Adv., 2018, 8, 31066–31070 | 31067
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Fig. 2 (a and b) High-resolution TEM images and selected-area
electron diffraction (SAED) pattern of a single Nb2O5 nanorod. The
SAED pattern was recorded from the Nb2O5 nanorod shown in (c). (c)
Low-magnification TEM image (left) and cross-section SEM image
(right) of a single Nb2O5 nanorod.

Fig. 3 (a) X-ray pole figure of the Nb2O5/c-sapphire systemmeasured
at a 2q angle of 25.05� for the monoclinic Nb2O5 (�112) peak. Red and
green circles represent the peaks of Nb2O5 nanorods and sapphire
substrate, respectively. (b) Azimuthal (4) scan data measured at a c

angle of 55�. (c) Cell shape of the monoclinic Nb2O5 (�713) plane. (d)
Schematic of the hexagonal arrangement of the monoclinic Nb2O5

(�713) plane on the c-sapphire substrate.

Fig. 4 (a) UV-visible transmittance spectrum of the Nb2O5/c-sapphire
system and (b) its 1st derivative. Photo-conductivity of Nb2O5 grown on
(c) c-sapphire and (d) Si (100) illuminated with lights with wavelengths
of (left) 254 nm and (right) 365 nm at an applied voltage of 1 V.
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symmetry if intervals of 120� are observed. Fig. 3c shows the
cell shape of the monoclinic (�713) plane of Nb2O5 (a ¼
12.483 nm, b ¼ 7.244 nm, a ¼ 90�, and g ¼ 61.166�; the black
circles represent O atoms). The epitaxial growth along the
Nb2O5 (�713) plane on the c-plane sapphire substrate with an
interatomic distance of 0.275 nm can be explained by domain
matching epitaxy (DME).36–38 The length of 45 atomic spacings
of Al2O3 is 12.375 nm (0.275 nm � 45 ¼ 12.375 nm), which
implies a domain mismatch with the Nb2O5 a-axis of approx-
imately 0.108 nm, while that of 3 atomic spacings of Al2O3 is
0.825 nm (0.275 nm � 3 ¼ 0.825 nm), corresponding to
a domain mismatch with the Nb2O5 b-axis of approximately
31068 | RSC Adv., 2018, 8, 31066–31070
0.101 nm, leading to the hexagonal arrangement shown in
Fig. 3d.

The synthesised triangular radial Nb2O5 nanorods have
excellent crystal qualities, which suggests that they have excel-
lent properties in terms of UV absorption. Fig. 4a shows the UV-
visible transmittance of the Nb2O5/c-sapphire sample. At
approximately 400 nm, the light absorption is approximately
20%; with the decrease in the wavelength, the absorption
increases (95% at 280 nm). As shown in the rst-order differ-
ential form of the transmission spectrum (Fig. 4b), this
absorption tendency is most prominent at approximately
300 nm, which implies that the synthesised Nb2O5 on c-
sapphire can be effectively employed in a wide UV-detection
range (from A to C). In addition, we could see the changes in
the UV absorption behaviour through the comparison with the
UV-visible transmittance spectrum of the sample grown for
a longer time (Fig. S1†). As the synthesis time increased, the
density of the nanorods increased and the nanorods were more
cross-linked as shown in Fig. 1a and b, resulting in the change
in the UV transmittance behaviour. Not only did the absolute
amount of absorbed light increase, but also the absorption
range was up-shied by approximately 30 nm (see the change of
the wavelength at which the slope of the graph changes from
positive to negative). Furthermore, the relation of the UV-
absorption to the synthesis temperature could also be
deduced. As the synthesis temperature was lower, the density of
nanorods decreased, and the nanorods were less cross-linked
(see Fig. S2†). Based on the relationship between nanorods
density and UV-absorption that we have seen above, it can be
inferred that the higher the temperature, the greater the
amount of UV absorbed.

The triangular radial Nb2O5 nanorods deposited on the c-
sapphire substrate are connected to each other using a longer
deposition time. Therefore, the system can be directly used as
a UV-radiation detector without separation of nanorods and e-
beam lithography process; i.e., the device can be fabricated by
directly depositing macroscale electrodes (shown in the inset
This journal is © The Royal Society of Chemistry 2018
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schematics of Fig. 4c at a UV wavelength of 365 nm). In the
Nb2O5/c-sapphire structure, distinct photoreactions are
observed at UV wavelengths of 254 nm and 365 nm at an applied
constant voltage of 1 V. The shorter UV wavelength provides
a larger current (Fig. 4c). The current value increases as the
applied voltage increases and has a linear relationship with the
applied voltage. Fig. S3† shows the I–V curve of Nb2O5 grown on
c-sapphire while illuminating UV light. The Nb2O5/Si structure
exhibits photo-reactivity; however, the signal is very small,
hindering its application as an actual device (Fig. 4d). Through
this process, Nb2O5 nanorods with excellent crystallinities and
self-connection can be easily employed for UV-radiation detec-
tion devices. The spectra responsivity (Rl) and external quantum
efficiency (EQE) are two critical parameters to show the
performance of the UV detector.12 They are expressed as Rl¼ DI/
PS and EQE ¼ Rlhc/el, respectively, where DI is the difference
between the photo-excited current and dark current, P is the
light power density, S is the irradiated area, h is Planck's
constant, c is the velocity of light, e is the electronic charge, and
l is the exciting wavelength. The calculated Rl and EQE of the
Nb2O5 on c-plane sapphire at 1 V are 1.87 � 10�3 A W�1 and
0.913% when irradiated with 254 nm UV and 1.76 � 10�4 A W�1

and 0.060% when irradiated by 365 nm UV. These values are
difficult to compare with those of the other materials with
nanowire (rod) network or mat structure as with ours reported
in the literature because they were hardly evaluated by Rl and
EQE values, and even if evaluated, they were evaluated in
microscale. These values are usually measured for a single
nanowire,39 nanobelt,12 and nanoplate13 between microscale
electrodes in the literature. There was one paper that measured
Rl value of Nb2O5 nanomoss structure in macroscale, where the
Rl at 10 V is 2.43 � 10�3 A W�1 when irradiated with 365 nm
UV.14 Considering that a voltage 10 times higher than the
voltage we applied was used, it can be inferred that the
increased DI value due to the higher V led to the larger Rl value
than ours. The DI–V relationship for our sample is shown in
Fig. S3.† However, the Rl and EQE values of our sample are
signicantly smaller than those of single Nb2O5 nanobelt (15.2
A W�1 with 320 nm at 1 V)12 and nanoplate (24.7 A W�1 with
320 nm at 1 V)13 reported in other articles. Unlike them, our
measurements are not on a single nanorod but on inter-
connected rods between the macroscale electrodes. Therefore,
carrier transport must occur not only within nanorods but also
between nanorods. In the case of transport between nanorods,
carriers must overcome the junction barrier at the interface
between the nanorods to move from one nanorod to
another.12,39,40 The low measured values can be attributed to the
numerous transport processes that carriers experience when
moving through the macroscale channel.

Conclusions

Nb2O5 nanostructures with excellent crystallinities were grown
on c-plane sapphire and their UV-detection performance was
measured. The grown Nb2O5 on the c-sapphire substrate had
a 6-fold symmetry with DME on the substrate; the results
conrmed the radial growth. Owing to the radial growth, the
This journal is © The Royal Society of Chemistry 2018
nanorods naturally connected when the deposition time
increased. This structure can be used as a UV-radiation detector
directly by depositing macroscale electrodes without separation
of a single nanorod and e-beam lithography process. It was
conrmed that electric reactions occur at different UV irradia-
tion wavelengths (254 nm and 365 nm). Therefore, it is expected
that the structure can be easily employed in the development of
a large-area UV sensor.
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