
H
e

D
a

b

a

A
R
R
A
A

K
Z
U
H
P

1

v
s
i
W
(
e
p
i
p
s
o
p
f
[
h
s
r
d

h
0

Applied Surface Science 314 (2014) 872–876

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l h om epa ge: www.elsev ier .com/ locate /apsusc

igh  quality  ZnO–TiO2 core–shell  nanowires  for
fficient  ultraviolet  sensing

ali  Shaoa,∗,  Hongtao  Sunb, Guoqing  Xinb,  Jie  Lianb, Shayla  Sawyera

Department of Electrical, Computer and Systems Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
Department of Mechanical, Aerospace and Nuclear Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 29 April 2014
eceived in revised form 22 June 2014
ccepted 28 June 2014
vailable online 10 July 2014

eywords:
nO–TiO2 core–shell nanowires

a  b  s  t  r  a  c  t

High  quality  ZnO–TiO2 core–shell  nanowires  (NWs)  have  been  fabricated  via  a facile  two-step  method:
growth  of ZnO  nanowires  by  hydrothermal  synthesis  and  then  coating  of  highly  uniform  TiO2 shell
using  atomic  layer  deposition  (ALD)  technique.  The  ultraviolet  (UV)  emission  intensity  of the  ZnO–TiO2

core–shell  NWs  is  largely  quenched  due  to an efficient  electron–hole  separation  that  reduces  the  band-
to-band  recombinations.  To  the  contrary,  the absorption  of the  ZnO–TiO2 core–shell  NWs  in  both  UV
and  visible  region  is enhanced,  which  is  attributed  to  the  antireflection  properties  of  the  TiO2 shell.  An
UV  photodetector  fabricated  from  the  ZnO–TiO2 core–shell  NWs  showed  a  maximum  photoresponsivity
V photodetector
eterojunction
hotoresponsivity

as high  as  495  A/W  at 373  nm  under  −10 V, which  is  ∼8 times  higher  than  that  of  the  photodetector
fabricated  from  bare  ZnO NWs.  In addition,  the  transient  response  of the  ZnO–TiO2 core–shell  NWs  is
improved  by  6 times  as compared  to that  of the  bare  ZnO  NWs.  The  results  presented  in  this  work  suggest
that  ZnO–TiO2 core–shell  NWs  may  be  promising  for various  optoelectronics  applications  including:  UV
photodetectors,  optical  switches,  optical  fibers  and  solar  cells.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ultraviolet (UV) photodetectors have been investigated for a
ariety of commercial and military applications, such as secure
pace-to-space communications, pollution monitoring, water ster-
lization, flame sensing and early missile plume detection [1–3].

ith a direct wide band gap (3.37 eV), large exciton binding energy
60 meV), high chemical stability and strong resistance to high
nergy proton irradiation, ZnO has been regarded as one of the most
romising candidates for UV photodetector applications [4–7]. Var-

ous ZnO nanostructures have been used for fabrication of UV
hotodetectors with high photoconductive gain and high respon-
ivity [8–10]. However, one of the challenges in widespread use
f ZnO for optoelectronic devices is that quick recombination of
hotogenerated electron–hole pairs occurring in or at the sur-
ace of ZnO nanostructures results in a low quantum efficiency
11,12]. To overcome this disadvantage, many research interests
ave been focused on development of ZnO composite material

ystem [13,14,10]. The incorporation of ZnO into a composite mate-
ial system in the nanoscale may  result a variety of functions
ifferent from the original ZnO and possibly induce intriguing
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properties that inherited from the synergetic effect. For example,
the ZnO–TiO2 material systems have greater physical and chemi-
cal properties than that of individual ones, which results from the
modification of their electronic states [15,16]. The photogenerated
electrons and holes in the ZnO–TiO2 material systems can be effec-
tively separated “naturally” due to their type-II band alignment,
which can greatly enhance the lifetime of the excitonic charge car-
rier. Recently, ZnO–TiO2 composite material systems have been
reported for a variety of applications including gas sensors, solar
cells and photocatalysts [17,18]. While, its application as UV pho-
todetector is rarely investigated. Recently, Panigrahi et al. reported
synthesis of ZnO–TiO2 core–shell nanorodes for UV sensing using
spin casting method followed by heating process [19]. However, the
TiO2 shell coated by this route is highly nonuniform, which may  sig-
nificantly reduce the excitonic charge carrier separation and light
absorption efficiency in the core–shell system.

Herein, we  report the synthesis of ZnO–TiO2 core–shell NW
array for efficient UV sensing using ALD technique. ALD, utiliz-
ing sequential self-terminating gas–solid reactions, has emerged as
an important thin film deposition technique that achieve uniform
coatings on extremely complex shapes with a conformal material

layer of high quality, as compared with pulsed laser deposition
(PLD), magnetron sputtering, thermal spray, and chemical vapor
deposition (CVD) [20–22]. The TiO2 shells coated via ALD is highly
uniform, which not only improved the excitonic charge separation
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n the ZnO–TiO2 core–shell NWs, but also act as an antireflection
ayer that enhanced the light absorption in the structure.

. Experimental

.1. Synthesis of ZnO–TiO2 core–shell NWs

The synthesis process of the core–shell structure is shown in
cheme 1. First, ZnO NW array were grown on indium tin oxide
ITO) substrate using a hydrothermal growth method [10]. In a
ypical process, ammonium hydroxide (28 wt%) was added drop-
ise into 0.1 M zinc chloride solution until the pH is 10–11 and

he solution was clear. Subsequently, the transparent solution was
ransferred to a Teflon-lined autoclave (Parr, USA) and the ITO sub-
trate with ZnO nanoparticles as a seed layer was suspended in
he solution at 95 ◦C for 3 h in a regular laboratory oven. Then the
rowth solution was cooled down to room temperature naturally.
he resulting substrate was thoroughly washed with deionized
ater and ethanol for several times and dried in air at room temper-

ture. Second, TiO2 shells were grown directly on ZnO NWs  using a
UNALETM R-200 ALD-reactor (Picosun Ltd) with nitrogen as a car-
ier and purging gas. The ALD of the TiO2 shells was  performed using
lternating TiCl4 and H2O exposures with a process temperature at
50 ◦C:

iOH ∗ + TiCl4 → TiOTiCl3∗ + HCl (A)

iCl ∗ + H2O → ZnOH ∗ + CH3CH3 (B)

here the asterisks represent the surface species. By repeating
hese reactions in an ABAB. . . sequence, TiO2 can be deposited
ith atomic layer control. The pulse and purge times in one ALD

ycle were 0.2 s TiCl4/10 s purge/0.2 s H2O/10 s purge. Cycles were
epeated 50, 100 and 150 times and the samples were accordingly
amed as ZnO-TiO2-50, ZnO-TiO2-100 and ZnO-TiO2-150, respec-
ively. After the ALD process, the ZnO–TiO2 core–shell NWs  samples
ere then annealed in air at 660 ◦C for 30 min.

.2. Fabrication of UV photodetectors from the ZnO–TiO2
ore–shell NWs

The UV photodetectors were fabricated by deposition of alu-
inum (Al) contacts on top of the ZnO–TiO2 core–shell NWs

eterostructures using E-beam evaporation through a shadow
ask. The area of the photodetectors is 0.04 cm2 and the Al contacts

ad a thickness of 250 nm.  Then, the photodetectors were packaged
nd wire bonded using Epo-Tek H20E conductive epoxy. For com-
arison purpose, a reference photodetector was fabricated from
are ZnO NWs  following the same procedure above.

.3. Material and device characterizations

A Carl Zeiss Ultra 1540 dual beam scanning electron micro-
cope (SEM) was used to determine the morphology of the bare
nO NWs  and the ZnO–TiO2 core–shell NWs. Transmission elec-
ron microscopy (TEM) and high resolution TEM (HRTEM) studies
ere carried out in a TEM microscope (JEOL 2011) at an operating

oltage of 200 kV. Energy dispersive spectroscopy (EDS) analysis
as acquired using an EDS detector inside the TEM microscopy. X-

ay diffraction (XRD, PANalytical) patterns of the bare ZnO NWs  and
he ZnO–TiO2 core–shell NWs  were measured at room temperature
sing Cu K� radiation. The photoluminescence (PL) spectra of the
amples were measured using a Spex-Fluorolog-Tau-3 spectrofluo-

imeter with excitation wavelength fixed at 330 nm. The absorption
pectra were measured using Shimadzu UV-Vis 2550 spectropho-
ometer with a deuterium lamp (190–390 nm) and a halogen
amp (280–1100 nm). The typical I–V characteristics and transient
ience 314 (2014) 872–876 873

response of the UV photodetectors were measured using a HP4155B
semiconductor parameter analyzer under dark and UV illumina-
tion at 335 nm with a power density of around 7.5 �W/cm2. The
photoresponsivity of the devices were measured by Shimadzu UV-
Vis 2550 spectrophotometer in connection with a Newport 1928-C
optical power meter.

3. Results and discussion

The high resolution SEM images of the ZnO–TiO2 core–shell NW
array are shown in Fig. 1a and b. The ZnO–TiO2 core–shell NWs  are
highly vertical aligned and the average diameter of the ZnO–TiO2
core–shell NWs  is 100 nm.  The TEM images of a single ZnO–TiO2
core–shell NW is shown in Fig. 1c and d, which shows that the
TiO2 shell deposited by ALD is highly uniform. The inset of Fig. 1d
shows the HRTEM image of the ZnO–TiO2 core–shell NW,  from
which the (0 0 2) plane of the wurtzite ZnO structure and (1 0 1)
plane of anatase TiO2 can be clearly observed. Fig. 2a shows the
XRD pattern ZnO–TiO2 core–shell NW array. All the peaks are iden-
tified and assigned according to the Joint Committee of Powder
Diffraction Standards (JCPDS) data. The diffraction peaks (purple)
at 2� = 25.3◦ (1 0 1) and 37.8◦ (1 0 4) can be indexed to the anatase
TiO2 (JCPDS #21-1272) while the rest peaks (red) are well indexed
to the wurtzite ZnO (JCPDS #36-1451). Energy dispersive spec-
troscopy (EDS) analysis in Fig. 2b confirmed that only zinc, oxygen
and titanium existed in the core–shell NWs.

The room-temperature PL spectra of the bare ZnO NWs  and the
ZnO–TiO2 core–shell NWs  are shown in Fig. 3a. When excited at
330 nm,  the PL spectra of the samples show a UV emission band
centered at 380 nm and a broad visible emission band with peak
wavelength at 530 nm.  The UV emission band is attributed to the
near band (NB) emission of the ZnO crystal while the broad vis-
ible emission band is defect level emission that originates from
oxygen vacancies in the structures [14]. The PL intensity of the syn-
thesized ZnO–TiO2 NWs  keep decreasing as the thickness of the
coated TiO2 shell increases. The main reason for this phenomenon
is attributed to the charge-separation effect of the type-II band
alignment of ZnO and TiO2. As illustrated in the inset of Fig. 3a,
due to the staggered band offset, the photogenerated electrons and
holes will be separated and connected mainly in the TiO2 shell and
ZnO core respectively to form an excitonic charge separation state.
Such an efficient charge separation decreases the recombination
rate of electrons and holes and weakens the PL intensity of the
ZnO–TiO2 core–shell NWs  consequently [18,19]. In addition, mul-
tiple reflections created by the TiO2 shell may  lead to a weaker
PL intensity by increasing light absorption efficiency, as shown in
Fig. 3b. The refraction index of anatase TiO2 (∼2.55) is higher than
that of the wurtzite ZnO (∼1.99). Therefore, the TiO2 shell also acts
as antireflection layer and the light can be effectively confined in the
ZnO–TiO2 core–shell NWs  and scattered until most of the light is
absorbed. Similar phenomena have also been observed from other
core–shell structures such as such as ZnO–ZnSe and Zn3P2–ZnO
[23,24].

The schematic illustration of the photodetector fabricated from
the ZnO–TiO2 core–shell NWs  is shown in Fig. 4a. The typical I–V
characteristics of the UV photodetectors fabricated from the bare
ZnO NWs  and the ZnO–TiO2 NWs  are shown in Fig. 4b. It is obvious
that the dark current of all the photodetectors present rectifying
effect. Considering the n-type nature of undoped ZnO and the elec-
tron affinity of ITO, Schottky contact forms in the interface between
ZnO and ITO [25]. As shown in Fig. 4b, the photodetector fabri-

cated from ZnO–TiO2 NWs  show both higher photocurrent and dark
current than that of the reference photodetector fabricated from
bare ZnO NWs. The maximum photocurrent to dark current ratio
of the photodetectors is observed from ZnO-TiO2-100 (2.3 × 104
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t −10 V), which is 8.5 times higher than that of the reference
hotodetector. The enhancement in photocurrent of the ZnO–TiO2
ore–shell NWs, as discussed earlier, is attributed to both efficient
xcitonic charge separation and the antireflection property of the
iO2 shell. The photocurrent of ZnO-TiO2-150 is lower than that
f ZnO-TiO2-100. As the number of coatings increase, most of the
lectrons produced in the shell are trapped by the adsorbed oxygen
olecules on the surface of TiO2 and thus could not be trans-

erred to ZnO [19]. The slightly higher dark current of the ZnO–TiO2
ore–shell NWs  is probably due to surface modification of ZnO NWs
fter TiO2 shell coating, which reduces the trapping of charge car-
iers by surface adsorbed oxygen molecules [26]. This effect can
reatly benefit transient response of ZnO based photodetectors, as
he persistent photoconductivity (PPC) phenomenon can be sup-

ressed [27]. As demonstrated in Fig. 5, the rise time (from 10% to
0%) and fall time (from 90% to 10%) of the photodetector fabricated
rom ZnO–TiO2 core–shell NWs  are at least 3 times faster than the
eference photodetector fabricated from the bare ZnO NWs. It is

ig. 1. (a and b) SEM images of the highly vertical aligned ZnO–TiO2 core–shell NWs. (c a
nO–TiO2 core–shell NWs.
1.

worth to mention that the transient response of the device may
be further improved by coating a thin layer of graphene outside
the TiO2 shell through a facile three-step method reported in our
previous work [14]. Further optimization of the device is underway.

The photoresponsivity spectra of the photodetectors, defined
as photocurrent per unit of incident optical power, are shown in
Fig. 6. A maximum photoresponsivity of 495 A/W at 373 nm was
achieved for the UV photodetector fabricated form the ZnO-TiO2-
100 when under −10 V bias, this is 8 times higher than that of the
reference photodetector and is more than three orders of magni-
tude higher than those of commercial GaN or SiC photodetectors
(<0.2 A/W) [9]. The high UV responsivity of the ZnO–TiO2 core–shell
NWs  demonstrated its promising applications for UV photodetec-
tors and optical switches. The inset of Fig. 6 shows the external

quantum efficiency (EQE) of the photodetector calculated using
the equation EQE = R × hv/q, where hv is the energy of the incident
photon in electronvolts, q is the electron charge and R is the pho-
toresponsivity of the UV photodetector [28]. The specific detectivity

nd d) TEM images of a single ZnO–TiO2 core–shell NW.  Inset: HRTEM image of the
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Fig. 2. (a) XRD pattern and (b) EDS 

D*) of a photodetector is another important figure of merit and can

e expressed by the following formula [29]:

∗ = R
√

A × �f

in

ig. 3. (a) PL spectra and (b) absorption spectra of the bare ZnO NWs  and the
nO–TiO2 core–shell NWs. Inset: Schematic illustration of the charge separation
n  the ZnO–TiO2 core–shell NWs. Inset: the transmission path of light as it enters a
nO  nanowire (left) and a ZnO–TiO2 core–shell nanowire (right). The red stars mark
he place where total reflection occurs. (For interpretation of the references to color
n  this figure legend, the reader is referred to the web version of the article.)
is of the ZnO–TiO2 core–shell NWs.

where the in is the noise current in the unit of A/Hz1/2, �f is
operating bandwidth in hertz and A is the area of the device in
cm2. If the dark current is the major contribution for the noise
(in =

√
2qidc�f  ), the D* can be expressed as [29,30]:

( )1/2
D∗ = R
A

2qidc

Fig. 4. (a) Schematic illustration of the photodetector fabricated from ZnO–TiO2

core–shell NWs. (b) Typical I–V characteristics of the photodetectors fabricated from
the  bare ZnO NWs  and from the ZnO–TiO2 core–shell NWs.
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Fig. 5. Transient response of the photodetectors fabricated from the bare ZnO NWs
and  from the ZnO–TiO2 core–shell NWs.
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ig. 6. Photoresponsivity spectra of the photodetectors fabricated from the bare
nO NWs  and from the ZnO–TiO2 core–shell NWs.

here q is the electron charge and idc is the dark current of the
evice. A detectivity of 9.78 × 1014 Jones can be obtained at 373 nm
or the photodetector when biased −10 V.

. Conclusions

We  have demonstrated the fabrication of high quality ZnO–TiO2
ore–shell NWs  using hydrothermal growth method followed by
tomic layer deposition technique. The uniform coating of TiO2
hell on ZnO NWs  can benefit efficient excitonic charge separation
nd minimize the recombination in the core–shell heterostruc-
ure. In addition, the TiO2 shell also acts as antireflection layer that
ffectively enhance the light absorption efficiency. A UV photode-
ector fabricated from the ZnO–TiO2 core–shell NWs  demonstrated
reatly improved photocurrent to dark ratio, transient response

nd photoresponsivity as compared to a reference photodetector
abricated from bare ZnO NWs. The results presented in this work
re important not only for stimulating further efforts to utilize
nO–TiO2 core–shell structure for UV photodetector applications

[

[

ience 314 (2014) 872–876

but also to investigate similar structures for various optoelectronic
applications such as optical switch, solar cells and optical fibers.
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