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Abstract: In  this  work,  we  reported  a  high-performance-based  ultraviolet-visible  (UV-VIS)  photodetector  based  on  a
TiO2@GaOxNy-Ag heterostructure. Ag particles were introduced into TiO2@GaOxNy to enhance the visible light detection perfor-
mance  of  the  heterojunction  device.  At  380  nm,  the  responsivity  and  detectivity  of  TiO2@GaOxNy-Ag  were  0.94  A/W  and
4.79  ×  109 Jones,  respectively,  and they  increased to  2.86  A/W and 7.96  ×  1010 Jones  at  580  nm.  The rise  and fall  times  of  the
response were 0.19/0.23 and 0.50/0.57 s, respectively. Uniquely, at 580 nm, the responsivity of fabricated devices is one to four
orders  of  magnitude  higher  than  that  of  the  photodetectors  based  on  TiO2,  Ga2O3,  and  other  heterojunctions.  The  excellent
optoelectronic characteristics of the TiO2@GaOxNy-Ag heterojunction device could be mainly attributed to the synergistic effect
of  the  type-Ⅱ band  structure  of  the  metal–semiconductor–metal  heterojunction  and  the  plasmon  resonance  effect  of  Ag,
which not only effectively promotes the separation of photogenerated carriers but also reduces the recombination rate. It is fur-
ther  illuminated  by  finite  difference  time  domain  method  (FDTD)  simulation  and  photoelectric  measurements.  The
TiO2@GaOxNy-Ag  arrays  with  high-efficiency  detection  are  suitable  candidates  for  applications  in  energy-saving  communica-
tion, imaging, and sensing networks.
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 1.  Introduction

Ultraviolet  optoelectronics  is  a  key  technology  of  future
information  development.  Recently,  as  a  critical  ultraviolet
optoelectronic device,  high-performance ultraviolet photode-
tectors  have  received  considerable  attention  and  have  been
applied  in  high-voltage  power  transmission,  fire  detection,
and ozone hole detection.  Therefore,  different wide bandgap
semiconductor  materials,  such  as  AlGaN,  MgZnO,  Ga2O3,
SnO2, TiO2, have been utilized for the development of high-per-
formance  UV  detectors,  which  have  considerably  improved
device  performance  in  the  past  ten  years[1−5].  In  particular,
TiO2 is one of the most practical optoelectronic materials that
have  been  widely  used  in  catalytic  reactions  and  optoelec-
tronic  devices.  The  bandgap  of  TiO2 is  3.2  eV,  thus  it  deter-
mines its light absorption only in the ultraviolet region[6]. More-
over,  the  one-dimensional  TiO2 nanowire  array  exhibits  the
unique  advantage  of  high  aspect  ratio,  which  brings  its  effi-
cient  electron  transport  and  excellent  stability.  The  perfor-
mance  of  one-dimensional  TiO2 nanowire  array  photodetec-
tors is  superior  to that of  the conventional  TiO2 film,  which is
ascribed  to  the  nanowire  structure  that  increases  the  reflec-

tion and absorption of light trapping and increases the adsorp-
tion area of oxygen on TiO2

[7]. However, it also should be men-
tioned that the internal intrinsic defects and optical characteris-
tics  in  a  specific  wavelength  range  of  the  nanowire  structure
deteriorate the development as photodetectors. In order to fur-
ther improve the performance of TiO2 nanowire array photode-
tectors,  sophisticated techniques such as doping, hydrogena-
tion  reduction/defect  engineering,  loading  nanoparticles  of
plasma  metal,  semiconductor  nanocrystals  (or  quantum
dots),  and  molecular  dye  sensitisation  have  been  imple-
mented[8, 9].  It  demonstrates the above methods can not only
improve  the  quality  and  material  system  of  TiO2 but  also
widen its optical  absorption band edge to the visible or even
the  near-infrared  region[10].  Consequently,  the  one-dimen-
sional ordered TiO2 core–shell structure has become the most
effective  strategy  for  improving photodetection performance
because of its large heterogeneous interface area, short diffu-
sion  length,  direct  carrier  transport  channel,  and  high  spe-
cific surface area[11, 12].

Anion  engineering  provides  a  strategy  for  transforma-
tion of  the electronic  energy band structure.  Considering the
role of N introduced in the oxynitriding process, it is reported
that  the  repulsive  force  caused  by  the  hybrid  metal  three-
dimensional  orbital  of  N  2p,  O  2p,  and p-d increases  the
valence  band  to  the  maximum,  which  can  not  only  suppress
the  continuous  photoconductivity  effect  but  also  reduce  the
oxide  bandgap  and  improve  the  optical  performance[12].  In
the earlier days, amorphous nitrogen-doped oxides and oxyni-
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trides  have  been  studied  in  the  field  of  thin-film  transistors
and  energy  storage[13, 14],  however  only  a  few  studies  have
focused  on  photodetectors.  Lately,  literature  reported  that
device  fabricated  by  GaOxNy exhibits  a  low  dark  current,
which  realizes  the  improvement  of  device  spectral  sensitivity
and the response time. At this  moment,  it  is  inferred that the
construction  of  a  core-shell  structure  heterojunction  nano-
wire  array  based  on  TiO2 and  GaOxNy may  help  in  develop-
ing high-performance photodetectors. Currently, the prepara-
tion  of  one-dimensional  ordered  core-shell  nanostructures  is
mainly concentrated on chemical methods, sputtering, chemi-
cal vapour deposition, and other physical and chemical meth-
ods.  Compared  to  these  methods,  the  atomic  layer  deposi-
tion  (ALD)  technology  can  achieve  low  temperature,  precise
controllability, and unique nanostructures with large area uni-
formity[15].  Based  on  nano-core-shell  arrays,  many  promising
applications,  such as transistor arrays,  sensor arrays,  transpar-
ent  electrodes,  and  energy  harvesters,  have  been  de-
veloped[16, 17].  Therefore,  high-throughput,  low-cost,  and
large-scale  preparation  of  one-dimensional,  level-ordered,
core–shell nanostructures, and high-performance photodetec-
tors  can  be  realised  using  TiO2 nanowire  arrays  and  plasma-
enhanced  atomic  layer  deposition  (PE-ALD)  to  prepare
GaOxNy.

Surface plasmon resonance (SPR) originates from the inter-
action of visible light and free electrons of nanometals, and it
can  effectively  produce  high-energy  carriers  or  hot  electrons
under  the  illumination  of  light[18].  However,  physical  evi-
dences  indicate  that  the  SPR  or  localized  SPR  (LSPR)  will  be
attenuated  rapidly  by  the  scattering  of  vibrational  electrons
in  the  conduction  band  or  generation  of  hot  carriers  in  the

metal  within  a  femtosecond[19].  Therefore,  arresting the carri-
ers that generated by SPR before decay, and converting them
will be a huge advantage. Recently, the plasma metal–semicon-
ductor  junction  produces  superior  spectral  sensitivity  and
light  responsivity  in  a  specific  spectral  range,  when  it  com-
pares  with  the  usual  diode  comprised  by  the  semiconductor
that  the inter-band transition dominated in the photocurrent
generation[20].  The  plasma  element  functions  as  a  visible-
light-sensitive  layer  can  generate  numerous  carriers,  whereas
the  semiconductor  material  functions  as  a  carrier  acceptor
and  provides  an  effective  transmission  path[21];  this  synergis-
tic system can be used for the development of novel, next-gen-
eration  visible  light  photodetectors.  Metal–semiconductor
(MS)  junctions  composed  of  precious  metals,  such  as  Au,  Ag,
and  Cu,  and  semiconductors  have  been  used  as  photodetec-
tors[22].  Among  these  precious  metals,  Ag  is  favoured  due  to
its  excellent  stability  and  low  price.  The  application  of  Ag-
nanoparticle heterojunctions and quantum-dot-modified semi-
conductors  for  photoelectric  detection  and  energy  has
become a critical topic[23].

In  this  work,  TiO2 nanowire  arrays,  GaOxNy,  and  Ag
nanoparticles and hydrothermal, PE-ALD, and photolysis meth-
ods  were  utilized  to  prepare  a  TiO2@GaOxNy-Ag  heteroge-
neous material through a three-step method. Based on the het-
erojunction  nanowire  array  of  the  ternary  system,  a
metal–semiconductor–metal  (MSM)  photodetector  was  con-
structed,  and  its  performance  and  internal  mechanism  were
tested and analysed in detail.

 2.  Results and discussion

Fig.  1(a)  shows  the  flowchart  of  preparing  the

 

Fig.  1. (Color  online)  (a)  TiO2@GaOxNy-Ag  heterojunction  preparation  process.  SEM  image  of  (b)  FTO,  (c)  TiO2,  (d)  TiO2@GaOxNy and  (e)
TiO2@GaOxNy-Ag. (f) The TEM image of TiO2@GaOxNy-Ag. (g) corresponds to the HRTEM image of TiO2 in Fig. 1(f). (h) corresponds to the GaN and
GaOxNy in the ʻeʼ, ʻfʼ, and ʻgʼ regions in Fig. 1(f). (i) corresponds to the HRTEM image of the Ag nanoparticle.
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TiO2@GaOxNy-Ag  heterojunction.  First,  TiO2 nanowire  arrays
were  deposited  on  the  fluorine-doped  tin  oxide  (FTO)  sub-
strate  by  using  the  hydrothermal  method.  Then,  the  process
parameters  of  ALD  were  varied  to  control  the  growth  of  the
GaOxNy film  on  the  TiO2 nanowire  array  to  form  a
TiO2@GaOxNy core–shell  heterojunction  nanowire  array.
Finally,  photolysis  was  used  to  synthesize  the  Ag  nanoparti-
cles  on  the  heterojunction  array  to  form  a  TiO2@GaOxNy-Ag
ternary  heterojunction  nanowire  array[24]. Fig.  1(b)  displays
the  scanning  electron  microscope  (SEM)  image  of  FTO  and  it
is observed that FTO morphology primarily comprises nanopar-
ticles  with  various  sizes.  The  lattice  of  FTO  and  rutile  TiO2

(TiO2: a = b =  0.4517  nm,  FTO: a = b =  0.4687  nm)  matched
very  well[25].  These FTO particles  are  the basis  for  the deposi-
tion  of  TiO2 nanowires. Fig.  1(c)  illustrates  the  TiO2 nanowire
array  grown  after  the  hydrothermal  reaction.  The  nanowires
were  regular  and  uniform,  the  sidewalls  were  smooth.  The
tips of the nanowires were protruding, with the diameter and
length  of  ~140  nm  and  4.5  nm,  respectively.  These  regular
large-surface-area TiO2 nanowire arrays are conducive for  the
effective PE-ALD deposition of GaOxNy. The process of prepar-
ing GaOxNy film by PE-ALD is shown in Ref.[26]. The morphol-
ogy  of  the  TiO2 nanoarray  after  PE-ALD  deposition  is  shown
in Fig. 1(d).  GaON was uniformly coated on the surface of the
TiO2 nanowire  array,  and  the  shell  of  GaON  was  approxi-
mately  10  nm,  and  a  unique  TiO2@GaOxNy core-shell  hetero-
junction  nanowire  array  was  formed.  The  heterojunction
array was placed in a 0.1 M AgNO3 solution, and the morphol-
ogy  of  the  sample  was  obtained  by  photodecomposition
under  ultraviolet  light  to  modify  the  Ag  particles. Fig.  1(e)
depicts  that  Ag  nanoparticles  were  uniformly  distributed  on
the sidewall and the top of the TiO2@GaOxNy core-shell struc-
ture  heterojunction  nanowire  array,  forming  a  uniform
ternary  TiO2@GaOxNy-Ag  heterojunction  array.  Meanwhile,
the  statistical  distribution  of  the  Ag  nanoparticle  size  was

also  investigated.  As  displayed  in  Fig.  S1,  most  Ag  particles
were 20 nm in size, showing the uniformity of prepared Ag par-
ticles.

Fig.  1(f)  depicts  the  transmission  electron  microscopy
(TEM)  scan-performed  on  the  TiO2@GaOxNy-Ag.  The  GaOxNy

layer  was  composed  of  GaN  and  GaON  crystalline  parts  and
amorphous  components.  The  interplanar  spacing  of  0.34  nm
corresponds  to  the  (110)  crystal  plane  of  rutile  TiO2,  evi-
denced  by  high-resolution  TEM  (HRTEM),  which  in Fig.  1(g)
revealed that  the prepared TiO2 has  a  crystal  nature.  The fur-
ther  analysis  of  areas  ʻeʼ,  ʻfʼ,  and  ʻgʼ are  shown  in  Fig.  1(h).
The  interplanar  spacing  of  0.28  nm  corresponds  to  the  (100)
crystal  plane  of  GaN,  which  is  consistent  with  the  reported
result[27].  As  shown  in Fig.  1(h),  the  interplanar  spacing  of
0.25 nm corresponded to the GaOxNy (002) crystal plane, agree-
ing  well  with  the  results[28].  Based  on  the  aforementioned
results,  it  revealed  that  GaOxNy contained  not  only  GaN  and
GaOxNy crystals  but  also  amorphous  Ga2O3 or  GaN  and
GaON[29, 30].  Besides,  the  results  of  spectroscopic  ellipsometry
(SE)  characterization  for  200-cycles  GaOxNy layers  deposited
by PE-ALD were shown in Fig. S2, which were consistent with
the  growth  rate  and  physical  characteristics  of  GaOxNy film.
The  interplanar  spacing  of  0.24  nm  in Fig.  1(i)  corresponded
to  Ag  (111)  crystal  planes,  in  line  with  X-ray  diffractometer
(XRD)  results  in  Fig.  S3.  The  presence  of  Ag  in  the  junction
was  mainly  in  the  form  of  elemental  Ag  nanoparticles.  The
above analysis suggested that the successful preparation of a
ternary  TiO2@GaOxNy-Ag  heterojunction  nanowire  structure
with uniform morphology, controllable rules, purity, and high
quality.

The survey X-ray photoelectron spectroscopy (XPS)  spec-
trum  in Fig.  2(a)  of  the  TiO2@GaOxNy-Ag  heterojunction
revealed that  it  contained only  Ga,  O,  Ag,  N,  and C elements.
No  Ti  element  was  observed  because  the  effective  detection
depth  of  XPS  was  0–10  nm.  The  thickness  of  Ag  and  GaOxNy

 

Fig. 2. (Color online) (a) XPS survey spectrum. High-resolution spectra of (b) Ga 3d, (c) O 1s, (d) N 1s and (e) Ag 3d. (f) The O 1s peak and inelastic
scattering loss for TiO2@GaOxNy-Ag heterojunction.
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on  the  TiO2 surface  was  greater  than  10  nm,  as  shown  in
Fig.  1(e).  The  XPS  results  of  TiO2 were  also  shown  in  Fig.  S4,
proving the pure TO2 nanowires.  Ar  was engraved for  10 s  to
determine the internal elements and valence states of the sam-
ple. Fig.  2(b)  depicts  a  high-resolution  XPS  image  of  Ga  ele-
ment after Ar engraving. The main peak of Ga 3d was divided
into four peaks of 19.08, 19.66, 20.20, and 23.40 eV, which cor-
responded  to  the  Ga-Ga,  Ga-N,  Ga-O  bonds,  and  O  2s peak
positions,  respectively.  The  area  of  the  Ga-N bond was  larger
than  that  of  the  Ga-O  bond  even  under  the  condition  that
the flow ratio of NH3:O2 was 95:5 sccm. This revealed that the
activity  of  the  O2 plasma  was  higher  than  that  of  the  NH3

plasma.  The  Ga-N  and  Ga-O  bonds  suggested  that  both  O2

and  NH3 can  react  with  Ga-CH3 simultaneously  and  compete
with each other, implying the presence of a GaN/Ga2O3 hetero-
junction,  and  the  Ga2O3 content  was  more  than  that  of  GaN.
As  presented  in Fig.  2(c),  the  main  peak  of  O  1s was  divided
into four peaks at 530.02, 530.50, 530.84, and 531.59 eV, corre-
sponding  to  the  O-Ga-N,  O-Ti,  and  O-Ga  bonds,  and  Ov.  The
Ov peak  is  derived  from  oxygen  defects  and  vacancies  inside
the film[31].  The bond energy of O-Ga-N is  higher than that of
Ga-O  and  N-Ga,  indicating  that  the  formation  of  the  chemi-
cal bond is not a superposition of a single Ga2O3 and GaN. O-
Ga-N  resulted  from  the  oxidation  of  the  GaN  surface  and
finally  formed a  single  ternary  nitrogen oxide  of  GaOxNy.  The
Ti-O  bond  originates  from  TiO2 at  the  heterojunction  inter-
face.  The  Ga-O  bond  is  due  to  the  combination  of  Ga-O  in
Ga2O3,  and  the  position  of  Ga-O  is  consistent  with  the  other
result[32].

Moreover,  we  performed  peak  separation  on  the  main
peak  of  N  1s to  examine  composition  and  the  valence  state
of  N  in  the  heterojunction  (Fig.  2(d)).  In  addition  to  the  Ga
LMM  peaks  of  395.88,  394.48,  and  393.13  eV,  N-Ga-O  and  N-
Ga  bonds  of  397.08  eV  and  398.01  eV  were  obtained[33].  The
existence  of  N-Ga-O  is  in  accordance  with  O-Ga-N  bonds  in
the  previous  O  1s analysis,  which  indicated  the  presence  of
GaON.  A  multielement  compound  reveals  that  O  atoms  can
replace  the  N  atoms  in  the  Ga-N  bond  during  the  ALD
growth  process.  Furthermore,  N  can  replace  O  in  the  Ga-O
bond. By adjusting the flow rate and reaction temperature of
NH3 and  N2 during  the  ALD  process,  Ga2O3 and  GaN  can  be
doped to form n-type GaN or p-type Ga2O3.  The results show
the coexistence of Ga2O3, GaN, and GaOxNy in the heterojunc-
tion.  The  N  and  O  content  and  the  presence  of  multicompo-
nent  phases  are  conducive  for  the  high  performance  of  the
photodetector[34].  The  XPS  spectrum  of  Ag  3d is  displayed  in
Fig.  2(e).  The  main  peaks  were  categorised  into  Ag  3d5/2 and
Ag  3d3/2.  The  corresponding  positions  were  366.98  and
373.02  eV,  and  the  distance  between  the  two  peaks  was
6.04  eV[35].  It  is  evidenced  that  Ag  was  present  mainly  in  the
form of Ag0[36, 37],  indicative of a metallic Ag nanoparticle in a
ternary  system  TiO2@GaOxNy-Ag  heterojunction.  It  consisted
of pure TiO2, multicomponent Ga2O3/GaN and GaOxNy, and ele-
mental Ag particles. Furthermore, the determination of the Eg

value  of  the  TiO2@GaOxNy-Ag  heterojunction  using  the
energy-loss peak of the O 1s spectrum was shown in Fig. 2(f).
The  obtained Eg value  of  TiO2@GaOxNy-Ag  heterojunction  is
2.57 eV, which is smaller than that of TiO2.

Next,  we  examined  the  photodetective  performance  of
TiO2@GaOxNy-Ag heterojunction by using the ultraviolet to visi-

ble  light  as  the  stimulating  source.  The  photodetector  based
on  a  single  TiO2 and  TiO2@GaOxNy was  also  characterised.
Fig.  3(a)  shows  the  three-dimensional  schematic  diagram  of
the fabricated MSM photodetector with TiO2@GaOxNy-Ag het-
erojunction. Fig.  3(b)  depicts  the  corresponding  optical
image  of  the  TiO2@GaOxNy-Ag  based  photodetector.  The
length  and  width  of  the  interfinger  electrode  are  20  and
1150 μm,  respectively.  The  corresponding  effective  illumina-
tion area is 230 μm2. Fig. 3(c) displays the photocurrent charac-
teristics of the three devices at various wavelengths,  with the
fixed bias of 1 V, and optical power of 5.0 mW/cm2. For the sin-
gle TiO2 device, the photocurrent decreases with the increase
of the wavelength. And the maximum photocurrent was 3.0 A
when the incident light wavelength was 380 nm, which is con-
sistent  with  its  intrinsic  optical  characteristics.  However,  for
TiO2@GaOxNy devices,  the  photocurrent  gradually  increased
with  an  increase  in  wavelength,  showing  that  the
TiO2@GaOxNy heterojunction  formed  by  the  introduction  of
the  GaOxNy shell  layer  can  effectively  promote  the  absorp-
tion  of  visible  light  and  the  photogenerated  current.  More-
over,  the  photodetector  of  the  TiO2@GaOxNy-Ag  heterojunc-
tion  exhibited  a  maximum  photocurrent  of  up  to  65.1  A  at
the  longest  wavelength  of  580  nm,  which  revealed  that  the
introduction of  Ag particles further strengthened the absorp-
tion  and  conversion  efficiency  of  visible  light  and  conse-
quently improved photoelectricity. To further evaluate the per-
formance of the photodetector of the TiO2@GaOxNy-Ag hetero-
junction,  the  test  was  conducted  in  the  dark  at  wavelengths
of 380, 480, and 580 nm with the optical power of 5.0 mW/cm2.
The  bias  voltage  was  from  −1  to  1  V. Fig.  3(d)  shows  that  an
extremely  low  dark  current  of  10−7 A  was  recorded  under
dark condition, which means fewer defects in the heterojunc-
tion.  Thereafter,  the  photocurrent  increased  with  an  increase
in  the  test  wavelength.  The  photocurrent  of  the  photodetec-
tor  at  580  nm  was  10−4 A,  which  was  103 times  higher  than
the  dark  current.  It  shows  the  device  can  achieve  excellent
detectivity in the visible light region. Then, the light responsiv-
ity (R) and detection rate (D) were calculated according to the
formula[38].  At  380  nm,  the R and D of  TiO2@GaOxNy-Ag were
0.94 A/W and 4.79 × 109 Jones, respectively, whereas those at
580  nm  were  2.86  A/W  and  7.96  ×  1010 Jones,  respectively,
which were considerably  higher  than those of  the same type
of photodetectors based on TiO2, Ga2O3, and other heterojunc-
tion photodetectors listed in Table 1.

Next,  we  alternated  between  light  and  darkness  every
30  s  to  determine  the  stability  of  the  photodetector.  The
results  of  the  light  and  dark  test  are  presented  in Fig.  3(e).
The photocurrent increased and decayed rapidly with the pres-
ence  or  absence  of  light.  The  TiO2@GaOxNy-Ag  photodetec-
tor  exhibited  excellent  stability  and  switching  characteristics
at  wavelengths  of  380,  480,  and  580  nm.  In  addition  to  that,
we  also  measured  the  characteristics  of  a  single  cycle  of  the
device at  various wavelengths,  as  illustrated in Figs.  3(f)–3(h).
The rise  time corresponds to  the time when the current  rises
to  63%  (1-1/e)  of  the  maximum  value,  whereas  the  fall  time
corresponds  to  the  current  decreases  to  37%  of  the  maxi-
mum  value  (1/e)  of  the  corresponding  current.  We  evaluated
the  corresponding  rise/fall  times  at  380,  480,  and 580  nm  as
0.19/0.23,  0.21/0.48,  and 0.50/0.57 s,  respectively.  We can see
from Fig.  3(i)  that  the  TiO2@GaOxNy-Ag  photodetector
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exhibits  excellent  performances  from  ultraviolet  (380  nm)  to
visible  (580  nm)  wavelengths  than  that  of  other  TiO2-  and
Ga2O3-based heterojunctions.

Fig.  4(a)  shows  the  absorption  spectra  of  TiO2,
TiO2@GaOxNy,  and  TiO2@GaOxNy-Ag  heterojunctions.  It
exhibits the optical absorption edge of TiO2 was 366 nm, indi-

cating  that  TiO2 is  sensitive  to  ultraviolet  light.  The  optical
absorption  region  was  mainly  concentrated  in  the  ultraviolet
region, and the utilisation rate of other bands was low. Accord-
ing  to  our  previous  work[47],  the  bandgap  of  the  GaOxNy is
~3.46  eV.  After  GaOxNy modification,  the  absorption  edge  of
the  TiO2@GaOxNy core-shell  heterojunction  was  redshifted  to

 

Fig. 3. (Color online) (a) The schematic of the structure of the TiO2@GaOxNy-Ag photodetector. (b) The optical image of the fabricated photodetec-
tor. (c) Photocurrent change relationship of TiO2, TiO2@GaOxNy, and TiO2@GaOxNy-Ag devices at various wavelengths; the bias voltage is 1 V, the
optical power density is 5.0 mW/cm2. (d) TiO2@GaOxNy-Ag photocurrent change graph at 380, 480, and 580 nm wavelengths, bias voltage of -1 V
to 1 V, optical power density of 5.0 mW/cm2. (e) The current-time relationship diagram of the switch state under the aforementioned test condi-
tions.  (f) –(h)  Light  response  time  test  diagrams  at  various  wavelengths  under  the  aforementioned  test  conditions.  (i)  Comparison  of
TiO2@GaOxNy-Ag photodetector’s performance in comparison to the reported TiO2 and Ga2O3 heterojunction-based photodetector in the litera-
ture.

 

Table 1.   Performance comparison of photodetectors based on TiO2 and Ga2O3 heterojunctions.

Device structure Light source (nm) Bias (V) D* (Jones) Rλ (A/W) τr/τd (s) Refs

Ga2O3/ZnO 340 10 − 1.5×10−4 8.99/4.68 39
BiOCl-TiO2 350 5 2.70×1013 1.19 22.3/0.85 40
TiO2/CuZnS 320 0 − 0.0021 0.2/0.2 41
TiO2/P3HT 400 0 1.61×1010 0.00031 1.1/0.5 42
ZnO/TiO2 365 1 6.10×109 0.2 33.7/12 37
Au/WO3/TiO2 785 1 − 0.095 5.5×10−5/1.1×10−4 43
Te/TiO2 350 0.5 − 0.125 − 44
Ag/Ag NPs/TiO2 NTs/Ti 365 1 5.18×1010 1.37 0.43/0.47 45
Ga2O3 420 4 − 1.5 0.4/0.46 46
TiO2@GaOxNy−Ag 380 1 4.79×109 0.94 0.19/0.23 This work
TiO2@GaOxNy−Ag 480 1 5.25×109 1.52 0.21/0.48 This work
TiO2@GaOxNy−Ag 580 1 7.96×1010 2.86 0.50/0.57 This work
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502  nm  because  the  GaOxNy shell  enhanced  the  absorption
of  visible  light  bands  and  thus  improved  the  optical  proper-
ties. When the heterojunction was modified with Ag nanoparti-
cles to form the ternary TiO2@GaOxNy-Ag core-shell heterojunc-
tion,  two  absorption  edges  appeared  at  560  and  680  nm
because  of  the  SPR  effect  of  Ag  particles.  This  effect
enhanced the utilisation of  visible light,  improved the photo-
electric  conversion  efficiency,  and  was  highly  conducive  to
the realisation of an efficient and fast photoelectric response.
As  shown  in Fig.  4(b),  according  to  the  relationship  between
(αhν)2 and  (hν),  the  bandgap  widths  of  TiO2,  TiO2@GaOxNy,
and heterojunction were 3.42,  2.88,  and 2.16 eV,  respectively,
and  the  corresponding  wavelengths  were  362,  430  and
570  nm,  respectively.  Here,  570  nm  also  indicated  that  the
presence  of  GaOxNy and  Ag  enhanced  the  absorption  effi-
ciency of TiO2 to visible light.

The  schematic  of  the  electron  band  structure  of  Ga2O3

and  GaOxNy is  shown  in  Ref.  [48].  Nitrogen  replaced  oxygen
and thus  reduced the density  of  trap states.  In  particular,  the
neutral  oxygen  defect  near  the  top  of  the  valence  band  was
weakened  or  eliminated  because  of  the  hybridisation  effect
of  the  N  2p and  O  2p orbitals.  Alloying  with  nitrogen  gener-
ated  additional  composite  centres,  which  resulted  in  the
recombination  enhancement  of  nonequilibrium  carriers  of
GaOxNy,  thus  possessing  fast  rise  and  fall  times[48]. Fig.  4(c)
shows  the  projected  electron  density  of  states  (PEDOS)  plots
for  the  GaOxNy modified  (110)  crystal  plane  of  rutile  TiO2

model  system.  It  can  be  seen  that  a  new  energy  band  gap
emerged  by  introducing  GaOxNy clusters.  A  red  shift  in  light
absorption to a longer wavelength is identical with the experi-
mental  results,  which  confirms  that  the  TiO2@GaOxNy interfa-
cial system enhancing visible light absorption. It is also found
that  stoichiometric  ratio  of  GaOxNy has  no  obvious  effect  on
the light absorption properties of TiO2@GaOxNy.

Finally,  FDTD  simulation  is  performed  to  explain  why  Ag
particles  can  realize  the  extraordinary  absorption  of
TiO2@GaOxNy-Ag  heterostructure  at  a  specific  wavelength
and  broaden  the  detection  wavelength  range.  The  LSPR
effect  of  the  TiO2@GaOxNy-Ag  heterostructure  was  excited  as
Ag  particles  were  present,  which  in  turn  achieves  higher
absorption at a specific wavelength. Fig. 5(a) shows the FDTD
simulation  model  used  for  the  extinction  power  calculation
and local electric field distribution of the TiO2@GaOxNy-Ag het-
erojunction  at  different  wavelengths.  In  this  simulation
model,  the  Ag  particles  are  defined  as  cubes  with  an  edge
length  of  20  nm,  and  the  thicknesses  of  the  FTO,  TiO2,  and
GaOxNy are 5,  200,  and 15 nm, respectively.  Notably,  the TiO2

is  completely  covered  by  GaOxNy,  which  is  located  between
the  FTO  substrate  and  the  GaOxNy film.  Boundary  conditions
for  perfectly  matched  layers  (PML)  and  a  total  field  scattered
field  (TFSF)  light  source  were  used  for  the  simulations.  A
detailed description of  the simulation model  can be found in
the  Simulation  section  of  the  supplementary  information.
Fig.  5(b)  shows  the  calculated  extinction  power  of  pure  TiO2,
TiO2@GaOxNy,  and TiO2@GaOxNy-Ag at  different wavelengths.
Obviously,  the  TiO2@GaOxNy structure  has  a  higher  absorp-
tion of incident light than the pure TiO2 device on the FTO sub-
strate,  while  the  TiO2@GaOxNy-Ag  structure  has  a  greater
improvement in the absorption of  incident light.  It  should be
noted  that  with  the  increase  of  the  wavelength  of  the  inci-
dent  light,  the  absorption  of  the  incident  light  by  this  struc-
ture  increases  gradually  and  then  decreases.  But  in  a  fairly
wide  wavelength  range,  the  TiO2@GaOxNy-Ag  heterojunction
photodetector  has  a  high  absorption  of  incident  light.  It
shows that LSPR can broaden the material bandgap limit and
thus  make  the  detection  range  of  the  photodetector  larger.
Regarding  the  excitation  of  the  LSPR  effect  by  the  Ag  parti-
cles,  it  can be seen from the strong electric field distributions
at  the  corresponding  wavelengths  in Figs.  5(c)–5(e).  Further,
for  the  incident  light  at  380,  480,  and  580  nm,  the  electric
field  distribution  gradually  becomes  stronger,  which  indi-
cates  that  the  TiO2@GaOxNy-Ag  heterojunction  photodetec-
tor  gradually  enhances  the  absorption  of  incident  light  at
these wavelengths. Generally speaking, the simulated absorp-
tion  spectrum  is  in  good  agreement  with  the  experimental
results  in  terms  of  peak  position,  intensity,  and  shift.  How-
ever,  compared  with  the  experimental  results,  the  simulation
results  corresponding  to Fig.  5(a)  have  large  differences  for
the  absorption  intensities  of  GaOxNy device  and
TiO2@GaOxNy-Ag heterojunctions. This may be due to the dif-
ference  between  the  simulation  model  and  the  real  sample,
for  example,  the  size  of  the  Ag particles  of  the  real  sample  is
not  all  20  nm.  On  the  other  hand,  since  the  complex  refrac-
tive  index  of  the  material  is  derived  from  previous  papers  or
experimental results, the difference of these measurement con-
ditions may lead to slight changes in the simulation results.

As  shown  in Fig.  6,  the  scheme  and  related  energy  band
diagram are proposed to demonstrate the optoelectrical trans-
port  mechanism  of  the  photodetector  based  on  the
TiO2@GaOxNy-Ag  heterojunction.  As  depicted  in Fig.  6(a),
under  the  UV-VIS  illumination,  the  generated  electron-hole
pair of TiO2@GaOxNy could provide more electrons and holes,
which  benefited  for  the  electrical  conductivity  of  the  photo-
detector.  Besides,  the SPR effect of  Ag nanoparticles decayed

 

Fig. 4. (Color online) (a) UV-Vis absorption spectrum. (b) The relationship between (αhν)2 and (hν). (c) Projected electronic density of states for the
TiO2@GaOxNy structure with the Fermi energy set to 0 eV.
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into  hot  electrons  and  holes,  which  further  enhanced  the
flow  of  electrons.  Accordingly,  the  generated  holes  of
TiO2@GaOxNy and UV-VIS  photons  recombined with  few oxy-
gens trapped electrons,  which release energy and benefit  for
discharging  the  negatively  charge  oxygen  ions.  Therefore,
the trapped electrons of TiO2@GaOxNy-Ag are released, which
also increase the density of electrons. The cumulatively gener-
ated  charge  carriers  were  drifted  with  the  applied  electric
field  along  the  [001]  direction  of  TiO2 NWs. Fig.  6(b)  shows

the  band  diagram  of  the  heterojunction  and  charge  separa-
tion  in  the  photoelectric  process.  The  improved  photoelec-
tric  detection  performance  mainly  originated  from  the  MSM
heterojunction  and  SPR  effect  of  Ag.  However,  as  light  inter-
acted  with  Ag,  SPR  was  generated,  which  decayed  into  hot
electrons and holes[45]. Hot electrons crossed the potential bar-
rier  of  the  heterojunction  and  reached  the  conduction  band
of  TiO2 through tunnelling and direct  injection,  which gener-
ated  a  photocurrent[46].  While,  the  valence  and  conduction

 

Fig. 5. (Color online) (a) Schematic illustration of the FDTD simulation setup used for the extinction power calculation and local electric field distri-
bution of the TiO2@GaOxNy-Ag heterojunction. (b) Calculated extinction power for the pure TiO2, TiO2@GaOxNy, and TiO2@GaOxNy-Ag. The elec-
tric  field  distributions corresponding to the FDTD simulation of  the TiO2@GaOxNy-Ag heterojunction under  different  wavelengths of  illumina-
tion (c) 380 nm; (d) 480 nm; (e) 580 nm.

 

Fig. 6. (Color online) (a) Schematic band diagram of TiO2@GaOxNy-Ag demonstrating the behaviour of charge transport. (b) The energy band dia-
gram illustrating the transport properties of the TiO2@GaOxNy-Ag heterojunction.
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bands of  GaOxNy were higher  than that  of  TiO2,  thus forming
the  type-Ⅱ GaOxNy@TiO2 heterojunction.  When  light  inter-
acted with the heterojunction,  electrons moved from GaOxNy

to  TiO2 in  the  conduction  band  and  holes  moved  from  TiO2

to  GaOxNy in  the  valence  band,  which  effectively  promoted
the  separation  of  photogenerated  carriers  and  reduced  the
recombination rate. The unique GaOxNy@TiO2 core-shell struc-
ture  also  provided  an  effective  contact  area  and  direct  path
for  the  photoelectric  process  and  transmission  of  electrons
and  holes.  These  advantages  can  improve  the  efficiency  and
response time of photoelectric detection.

 3.  Conclusion

In  summary,  TiO2@GaOxNy-Ag  ternary  heterojunction
nanowire arrays were prepared using the hydrothermal,  ALD,
and  photodecomposition  methods.  The  MSM-type  photode-
tector  was  developed  using  this  ternary  heterojunction.  At
380  nm,  the  R  and  D  of  TiO2@GaOxNy-Ag  were  0.94  A/W  and
4.79 × 109 Jones, respectively, and they increased to 2.86 A/W
and  7.96  ×  1010 Jones  at  580  nm.  The  rise  and  fall  times  of
the  response  were  0.19/0.23  and  0.50/0.57  s,  respectively.  In
particular, the R of our device at 580 nm is one to four orders
of  magnitude  higher  than  the  same  type  of  photodetectors
based  on  TiO2,  Ga2O3,  and  other  heterojunctions.  Evidenced
through  FDTD  simulations  and  photoelectric  measurements,
its  excellent optoelectronic characteristics of  the photodetec-
tor are mainly attributed to the synergistic effect of the type-Ⅱ
band  structure  of  the  MSM  heterojunction  and  the  plasmon
resonance  effect  of  Ag,  which  not  only  effectively  promoted
the  separation  of  photogenerated  carriers  but  also  reduced
the  recombination  rate.  This  study  provides  the  insights  into
the design of composite heterojunction detectors and the con-
struction  of  wide  band,  high-performance  detectors  in  the
future.
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