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a  b  s  t  r a  c t

Enhanced  performances  were  obtained  for  nanosensors based  on a  single  nanowire  of silver-doped  zinc
oxide  (ZnO:Ag).  Arrays  of crystalline  ZnO:Ag  nanowires  were  synthesized  by  electrodeposition  on F-
doped  tin  oxide  coated  substrates  and  studied  by  SEM,  EDX, TEM, HRTEM,  SIMS,  XPS,  PL  and  micro-
Raman  spectroscopy. Integration of a single  nanowire  or  a single  microwire  on  the  chip  was performed  by
employing  metal  maskless  nanodeposition  in the  dual beam focused electron/ion beam instrument.  The
ultraviolet  (UV)  response  and  hydrogen (H2) gas response  were  studied  for  nanodevices  and  microdevices
based  on  a  single ZnO:Ag  nanowire. We  found  that  ZnO:Ag  nanowire based  nanosensor  possesses  a much
faster  response/recovery  time  and  a  higher response  to UV  radiation  and hydrogen  gas  (∼50%) than
those  reported in literature.  An  increase in current  value  of about two  orders in magnitude IUVON/IUVOFF

was  observed  under  exposure to  UV  light.  Faster  response/recovery  times of about 0.98 s/0.87 s were
observed.  The ZnO:Ag nanowires  and  microwires can serve as  nano-building  materials for  ultrasensitive
and  ultra-fast  sensors  with  reduced  power  consumption.  The mechanisms  for such  improved  responses to
UV and  H2 were discussed.  The developed  nanomaterial is of  great  scientific interest for  further  studies  as
promising candidates for  fabricating  multifunctional  nano-sensors,  LEDs  and photodetectors  by bottom-
up  and hybrid  nanotechnologies.

© 2015  Elsevier B.V.  All  rights  reserved.

1. Introduction

Development of multifunctional nanosensors based on new
advanced functional nano-materials is  in the focus of the research
community nowadays, since it is  the largest and fastest evolving
market segment, with revenues expected to  surpass several tril-
lion Euros soon. Scientific research on nano-materials contributes
to  miniaturization and improvements in  the size, detection range,
reliability, selectivity and sensitivity of existing solid-state sensors
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and light/image detectors, which are  the key components of many
electronic and optoelectronic circuits. Nanodevices which can per-
form multiple tasks are of high demand for intelligent portable
device with small sizes (e.g. a  cellphone, smartphone, sensors) and
other applications (ranging from high-capacity information stor-
age to biochemical sensing, chemical and biological analysis, and
astronomy) due to very low power consumption. In  this context,
rapid detection of ultraviolet (UV) radiation, such as emission from
combustion flames, is  an important issue for industrial safety, espe-
cially when highly flammable gasses are involved (for example H2)
[1–5]. Of course, leakage of flammable gases should be  detected
first and it is  desirable to be done by the same device. Develop-
ment of such multifunctional detectors/sensors is  in high demand
to protect human health due to several critical factors, namely
UV level is  increasing due to ozone hole which latter may  cause
damage/cancer to the human skin, as well as highly flammable
H2 became a  clean source of energy and starts to be used widely
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[1–7]. Our main goal is to investigate and develop multifunctional
nanosensors, which can perform multiple tasks, such as UV detec-
tion, H2 sensing and others by using the same device-construction.
The main issue is the fabrication of higher sensitivity/selectivity,
and faster response, one-dimensional gas sensors. Thus, semicon-
ducting oxide nanowires (NWs) are perfect candidates, since they
have been investigated extensively as core materials in various
nanoscale sensing structures. ZnO was selected as a  main candidate,
as nano-building block since it is an important n-type semiconduc-
tor with a large band gap Eg = 3.37 eV at 300 K and it is a  simple
technology for further bottom-up approach [1–4].  ZnO nanostruc-
tures such as nanoparticles, nanowires, nanorods, and thin films are
well known for their potential applications in  nanoscale sensing
and optoelectronic components, including biochemical and gas
sensors [4], UV photo detectors [1–3,5], dye-based solar cells [6],
and others [1–6].  In particular, nanodevices consisting of a  single
zinc oxide (ZnO) NW and NR have been investigated in selective
and sensitive nanoscale gas sensors and light detectors for a wide
range of potential applications [1–7]. It has been found for ZnO
NWs  that the presence of doping with metals or  of charge trapping
states at the surface drastically affects the gas response [5,7] and
the photoconductivity because of the high surface-to-volume ratio
in NWs  [1–6]. In the ZnO wide-bandgap material, the high internal
gain mediated by the surface state and doping is  responsible for
the enhanced photoresponse. Similar effect, on the other hand, has
not been reported yet for silver-doped ZnO photodetectors. Previ-
ous  reports clearly indicate the diminution of the concentration of
donor defects due to doping by  Ag for the compensation of the n-
type conductivity [8],  which could be of great practical interest in
controlling device performance. Thus, attractive building blocks for
multifunctional nano-materials, especially, quasi-one-dimensional
(Q1-D) ZnO:Ag structures may  become the most promising can-
didates for sensing applications in  the near future due to their
special geometry, acceptor type and new chemical–physical prop-
erties [2–4,8]. This is important since for Q1-D ZnO NWs  the
electrical resistance changes due to  the interaction of the tar-
geted gas molecules (chemi- or physi-sorption) with the surface
of the ZnO nanowire/nanorod. Consequently, ZnO:Ag-sensors are
expected to show higher and faster changes in the conductivity
under exposure to  UV radiation due to reduced level of electrons,
smaller dimensions of conduction channel, thus reduced num-
ber of chemisorbed species on its surface, which makes it highly
demanded for sensing applications for nanoscaled electronic and
opto-electronic devices.

In this context, we investigate effects of Ag-doping of ZnO
nanowire arrays on their properties [9,10]. The doping of zinc oxide
by different metals was successful for controlling the properties
[11].  However, for low-dimensional ZnO:Ag structures such as sin-
gle nanowire devices, there exists a  lack of scientific information. It
is known, that the group Ib metals are fast-diffusers in  compound
semiconductors [9,10,12].  Ag, as an amphoteric dopant in ZnO, can
be at the interstitial sites or at the substitutional Zn2+ sites [13] as
reported previously [9,12].

The diffusion of Ag into ZnO can induce the formation of com-
plex centers (AgZn, Agi)  [8–10,12].  It is possible that Ag  atoms
can replace either substitutional or interstitial Zn atoms in  the
ZnO lattice and create structural deformations [9,10,12]. Ag doping
significantly affects the electrical, chemical, structural and optical
properties of ZnO, and the study of the electronic state of dopant in
ZnO is a great subject of research interest too [8–10,12]. In this
work, we present a comparison of pure ZnO and ZnO:Ag single
nanowire-based UV photodetectors and hydrogen nanosensors in
the same device-structure with improved response performances
at room temperature. Results were also compared with single
nanobelt SnO2 based nanosensors. We found that multifunctional
nanosensors based on a  single nanowire of ZnO:Ag have a  faster

response/recovery time to UV radiation than pure ZnO NW/NR,
which was reported previously [1,4,6].

2. Experimental details

ZnO:Ag nanowire arrays were grown on F-doped tin oxide (FTO)
film supported on a  glass substrate with a  resistance of 10 �/�
using an electrochemical deposition (ECD) process [5–7,10]. The
parameters of the electrodeposition are: an electrical potential of
−0.58 V versus SCE, a  total charge per unit area of −64 C cm−2,  a
deposition temperature of 91 ◦C [5–7,10],  and a  total growth time
of 200 min. After ECD, the samples were subsequently rinsed with
DI water and dried in  air to remove un-reacted products from
the surface. Subsequently, the samples were subjected to thermal
annealing in air at 250 ◦C  for 12 h to relax the ZnO lattice. Scanning
electron microscopy (SEM) images were acquired with a scanning
electron microscope Ultra 55 Zeiss FEG (7 kV). The synthesized
structures were characterized with a high-resolution X-ray diffrac-
tometer (Siemens D5000) operated at 40 kV and 45 mA  using the
CuK�1 radiation (� = 1.5406 Å). Secondary ion mass spectrometry
(SIMS) was used for the analysis of the Ag contents because of its
excellent sensitivity and depth resolution [5–7,10].  SIMS measure-
ments were carried out with a  Physical Electronics ADEPT 1010
quadrupole analyzer with a  3 keV Cs+ primary beam at 60◦ from the
normal. The typical primary beam current was  25 nA. The primary
beam was  rastered over a  300 �m by 300 �m area, with the detec-
tion of negative secondary ions from an area of 100 �m by 100 �m
at the center of the rastered area. Details of the experimental pro-
cedures can be found in previous reports [5–7,9,10,12].  The ex situ
prepared samples were transferred into an ultrahigh vacuum sys-
tem (UHV) system for chemical analysis via  monochromatic X-ray
photoelectron spectroscopy (XPS). Sample charging was corrected
using adventitious carbon as binding energy (BE) reference (C-1s
peak at 285 eV). For the quantitative analysis, the raw XPS spectra
were fitted with Gaussian–Lorentzian functions. Due to spin–orbit
coupling, the intensity ratios between the 2p3/2 and 2p1/2 Zn and
Ag doublets were held constant at a value of 2. The concentration
of the Ag dopant was estimated from the Cu-2p/Zn-2p ratio after
proper normalization using the corresponding atomic sensitivity
factors (ASF) [5,9,12].

A WITec Raman equipment was  used for Raman scattering char-
acterization of the nanowires. Excitation of samples was provided
by a  532 nm line from a  frequency doubled Nd:YAG laser at an out-
put power of 10 mW  [5–7,10].  The photoluminescence (PL) was
studied at room temperature following a  procedure described in a
previous report [10,12].

The nanosensors were built by connecting a  single ZnO:Ag
nanowire to the chip substrate (SiO2/Si with Au  contacts as contact
electrodes) using metal maskless nanodeposition in  the dual beam
focused electron/ion beam (FIB/SEM) instrument Dualbeam Helios
Nanolab (FEI) (5 kV, 0.17 nA). The single-nanowire contacts were
imaged using FESEM. Consistent experimental data from several
single nanowire devices were obtained. Additional details on the
connection of very thin ZnO NW (about 100 nm in  diameter) using
FIB/SEM are given in our recent works [5,6]. It should be pointed
out a  major difference in comparison to previous reports is that
during fabrication a  single ZnO:Ag NW device structure, a single
NW was exposed to  the electron beam for less than 1 min, only
the edges of NW where exposed to the beam about 2–3  min. The
enhanced radiation hardness of ZnO NWs  as compared to bulk ZnO
layers was also reported in  previous works [5,6]. The H2 sensing
characteristics of a  nanosensor structure were studied as described
before [5]. The concentration of H2 gas was  measured using a  pre-
calibrated mass flow controller. A computer with suitable LabView
interface handled all controls and acquisition of data. Hydrogen
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Fig. 1. SEM micrographs of ZnO:Ag (1 �M AgNO3 in  the  electrolyte) nanowire arrays electrodeposited on an FTO substrate: (a) cross-sectional view; (b)  top-view of sample
shown in (a); (c) then transferred by  direct touching to an intermediate SiO2/Si substrate for further dispersion to a lower density of distribution on the surface; (d) afterwards
transferred by direct touching the  next intermediate SiO2/Si substrate for its further integration in nanosensor structures.

and air were introduced to  a  gas mixer via a  two-way valve using
separate mass flow controllers. The mixed gas was  injected to a
test chamber with a  sensor holder, in  which the nanosensor was
placed [14–16]. By monitoring the output voltage across the NW-
based sensor, the conductance was measured in air, under UV
and in the test gas, respectively. The gas sensing and photode-
tection performances of structures toward UV radiation pulses at
365 nm were investigated as described below and in our previous
works [5–7,10].  The detection of UV light is performed through
using H135 UV source, Labino Compact UV lamps (Labino AB,
Sweden) at intensity of 10–20 mW  cm−2,  measured using a  photo-
diode [17]. All measurements were performed in  a quasi-steady
state.

3. Experimental results

3.1. Morphological, TEM, chemical, electronic and micro-Raman

investigations

Fig. 1 illustrates a  typical morphology of ZnO:Ag nanowire arrays
on FTO substrate grown by the ECD process at 91 ◦C. These ZnO:Ag
NWs are fairly uniformly distributed on the substrate (Fig. 1(a and
b)). Cross-sectional view (Fig.  1(a)) clearly shows that ZnO:Ag NWs
are oriented upward with respect to the FTO film underlying glass
substrate. The image shows that each ZnO NW has a quasi-1-D (Q1-
D) shape with a length of about 4 �m and diameters of  100–400 nm.
Its length and thickness depends on the duration of ECD process

Fig. 2. (a) TEM image of the ZnO:Ag (1.0 �M AgNO3 in  the electrolyte) nanowires revealing the surface morphology and shape. (b) HRTEM image of the  ZnO:Ag nanowire
shown in (a). The insert shows an SAED electron diffraction pattern of the same sample, which is representative for different investigated regions.
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Fig. 3. SIMS measurements of ZnO:Ag nanowires (1.0 �M AgNO3 in the electrolyte)
grown on F-doped tin oxide substrate. The dashed curve (Sn) corresponds to the
substrate.

[10]. Fig. 1(b) shows top-view SEM image of a  ZnO:Ag nanowire
arrays on FTO substrate. Fig. 1(c) presents numerous NWs  trans-
ferred from the initial substrate by  touching to an intermediate
SiO2/Si substrate for further dispersion to a  lower density of NWs  on
the surface. Fig. 1(d) shows a  single NW transferred by  touching an
intermediate SiO2/Si substrate for further integration in nanosen-
sor structures. Detailed morphological studies of all concentrations
of ZnO:Ag NW arrays on FTO and GaN can be found in previous work
[10].

Fig. 2(a) shows the TEM bright field image of an individual
ZnO:Ag nanowire on carbon holey TEM grid. It can be seen that
the NW thickness on the bottom is  about 200–300 nm,  and gradu-
ally narrowing near the top. The surface appears to be very smooth
while the top surfaces are faceted, showing a hexagonal pattern.
These features indicate that each NW is probably a single crystal
along the 〈0 0 0 1〉 c-axis growth direction. These characteristics are
further confirmed by HRTEM analysis. Fig. 2(b) presents a  HRTEM
image together with an inset showing the corresponding selected
area electron diffraction (SAED) pattern. It is indicating that each
ZnO  NWs  is a single crystal with wurtzite structure in  all studied
regions. The corresponding zone axis was determined to be  [0  0 0 1].
The growth mechanism for ZnO:Ag NWs  is believed to be similar
to the one described for pure zinc oxide nanowires synthesized by
ECD process [6,10].

The composition of the ZnO:Ag NWs  product was  analyzed by
EDX as discussed above and reported previously [10]. For exam-
ple, initial [AgNO3]  in  the aqueous electrolyte was 1.0 �M.  The
[Ag(I)]/[Zn(II)] ratio in the starting aqueous electrolyte was  0.5%.
Atomic Ag content determined by EDX was found to be 1.8%,
defined as the [Ag]/[Ag+Zn] ratio. Typical XRD pattern was  shown in
our previous report [10] indicating that the product has a  wurtzite
structure with cell constants of a =  3.25 Å and c = 5.21 Å (JCPDS card
036-1451). The chemical composition of the nanowires was  inves-
tigated by SIMS. Fig. 3 shows Zn, Ag and Sn  signals from the ZnO:Ag
(1.0 �M)  NW on FTO versus the sputtering time. The Ag count rate
closely follows the Zn count rate over most of the sample depth.
This is an indication that Ag  has been evenly incorporated into the
ZnO nanowire structure. As expected, no correlation between the
Ag and Sn (from the FTO substrate) count rates was observed, and
a gradual increase in the Sn  signal until saturation is reached and
observed as a function of the sputtering time. The experiment sug-
gests that the Ag content is about 1.8%, in this sample [10]. Similar
results were obtained for other samples and not  shown here to
avoid repetition.

Fig. 4. XPS spectra (Al K� =  1486.6 eV) corresponding to the: (a) Zn-2p; and (b) O-1s
core level regions of (i) 0.5 �M Ag-doped and (ii) 2.0 �M Ag-doped ZnO nanowire
arrays.

XPS was used to characterize the composition of ZnO:Ag
(0.5 �M)  and ZnO:Ag (2.0 �M)  nanowire samples. Positive bind-
ing energy (BE) shifts were observed in the XPS spectra due to
charging effects. Therefore, the BE scale was calibrated using the
adventitious carbon peak (C-1s) at 285 eV as reference. In our
samples, residual amounts of adventitious carbon and carbonyl
compounds are unavoidable due to their exposure to  air  prior to
the XPS analysis [15].

Fig.  4(a) shows XPS spectra of the Zn-2p core level region of
ZnO:Ag nanowires. The spectra could be fitted with a doublet at
1021.9 and 1045 eV (vertical reference line) corresponding to the
Zn-2p3/2 and 2p1/2 core levels. The asymmetric feature observed in
the O-1s region, Fig. 4(b), was fitted by two  subspectral components
corresponding to  stoichiometric ZnO (530.5 eV) and defective ZnOx

(531.8 eV) [18].
The Ag-3d XPS BE region of the ZnO:Ag samples is shown in

Fig.  5. The two  asymmetric peaks could be fitted with two  doublets
tentatively assigned to  the Ag3d5/2 and Ag3d3/2 core levels of two  dif-
ferent species: (i) cationic Ag in ZnO (Ag3d5/2 = 367.6 eV, 88% of the
total Ag XPS signal of sample 2.0 �M  Ag-doped ZnO, 86% of sample
0.5  �M Ag-doped ZnO) and (ii) metallic Ag (Ag3d5/2 = 368.7 eV,  12%,
14% for the 2 �M and 0.5 �M Ag-doped ZnO samples, respectively)
[19–22].  There is a  remarkable shift between Ag in ZnO and the
standards measurement for bulk Ag (368.7 eV), with a  BE slightly
lower than Ag+ (367.8 eV), indicating the strong interaction of  Ag
cations with ZnO.

Micro-Raman measurements are an effective approach for
fast and nondestructive study of dopant incorporation [9,12].
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Fig. 5. XPS spectra (Al  K� = 1486.6 eV) corresponding to the Ag-3d core level region
of  (i) ZnO:Ag (0.5 �M),  (ii)  ZnO:Ag (2.0 �M) nanowire arrays.

Room-temperature, normalized micro-Raman spectra of the pure
and ZnO:Ag nanowire arrays are shown in Fig. 6(a). ZnO with a
Wurtzite structure belongs to the C4

6v
(P63mc) space group and

there are 12 degrees of freedom since there are 4 atoms per prim-
itive cell. According to the group theory analysis, only A1, E1, and
E2 vibrational modes are Raman active phonons [23]. Dominant
peaks at 100 cm−1 and 438 cm−1,  which are commonly detected

Fig. 6. Micro-Raman spectra (a) and photoluminescence spectra (b) of pure ZnO
NWs  and ZnO:Ag (0.5, 1.0 and 2.0  �M AgNO3 in the electrolyte and indicated on
each  graph) nanowire arrays.

Fig. 7. Illustration of the process for fabrication of two-terminal nanodevice using
Au/Cr electrodes prepatterned SiO2/Si  substrate (a). The thickness of a SiO2 layer was
350 nm. In first  step, the ZnO:Ag NW was  transfered to SiO2-coated Si prepatterned
substrate (b). After this, the two Pt  complex rigid contacts were made at both ends
of the NW using dual beam FIB/SEM system to form  interconnections with Au/Cr
electrodes (c). Method of connection configuration for electrical, UV and hydrogen
gas  measurements is  also presented (c).

in  the wurtzite structure ZnO [23], are attributed to the low- and
high-E2 mode of non-polar optical phonons, respectively, and indi-
cate on high crystalline quality of the ZnO nanowires. The Raman
peaks at 382 cm−1 and 410 cm−1 can be assigned to the A1(TO)
mode and E1(TO) mode of ZnO, respectively. Two smaller peaks at
334 cm−1 and 381 cm−1 are observed in  Fig. 6(a) and correspond to
E2H–E2L (multi phonon) and A1T modes. The peaks corresponding
to the E2(low) and E2(high) phonon mode reflect the perfection
of the ZnO crystal [23–25]. By increasing of the Ag content in
the ZnO nanowires, the intensity of the E2(high) phonon mode is
slightly decreased, indicating on evenly Ag+ incorporation [25,26].
The induced crystal damage of ZnO may  be caused by host lattice
defects such as vacancies and interstitials and is considered as an
indication of dopant incorporation [9,12].  At high concentration of
Ag content some major changes in the micro-Raman spectra are
observed. The broad band at 144 cm−1 can be attributed to lattice
vibration. A downshift of E2(high) phonon mode to  435.7 cm−1 indi-
cates a redistribution of electron density due to  the generation of
point defects after Ag doping, which have a strong influence on the
oxygen sublattice [9,12,27].

The photoluminescence (PL)  spectra have been measured at
room temperature and are presented in the normalized form in
Fig. 6(b). The nanowire arrays are characterized by a  strong near-
band edge emission in  the near-UV wavelength region. No visible
emission due to defects is observed either for the pure ZnO, or of
the ZnO:Ag nanowires at 2.0 �M,  respectively. The NW  arrays are
of high structural quality. The PL  emission is slightly shifted toward
a longer wavelength by several nm with the Ag-doping in samples,
which is  consistent with previous observations [3,28,29].

3.2. Nanosensors fabrication and their multifunctional

performances

For a  single ZnO:Ag NW based nanosensor fabrication we
used specially designed Au/Cr electrodes patterned SiO2/Si sub-
strate (schematically shown in Fig.  7(a)) to  increase probability of
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Fig. 8. (a) Reversible switching of the electrical current from the device structure made on a  single ZnO:Ag nanowire under 60 s periodic illumination of UV light measured
in  air at different values of the dark current (0.1, 1.0, 2.5, 4.0, 6.0  and 8.0 nA). (b) Reversible switching of the electrical current with 0.25 s and 0.35 s periodic illumination
of  UV light for device at  dark current value of 0.1, 2.5 and 8.0  nA.  (c) Current ratio IUVON /IUVOFF of the nanosensor versus applied bias voltage at room temperature. (d)  Time
constants  (�r1 , �r2 , �d1 and �d2) for nanodevice versus applied bias voltage at room temperature. (e) Bi-exponential fitting of photoresponse decay  curve for nanosensor at
dark  current of 0.1 nA. (f) Bi-exponential fitting of photoresponse rise curve for nanosensor at  dark current of 8.0 nA.

nanowires being dispersed between the electrodes. After transfer
of ZnO:Ag NW to  a SiO2-coated (350 nm)  Si substrate (schemat-
ically shown in Fig. 7(b)), the both ends of NW  were contacted
in a dual beam FIB/SEM system with Pt complex for formation of
two terminal nanodevice (schematically shown in Fig. 7(c)), as was
reported in our previous works [5,15,30]. The method of connection
configuration for electrical, UV and hydrogen gas measurements is
presented in Fig. 7(c).

The hydrogen gas sensing properties were also investigated.
Fig. S1 shows reversible switching of electrical current from nan-
odevice based on a single ZnO:Ag NW at exposure to two  pulses

of 100 ppm H2 gas. The gas response is  presented by  ratio SH2 =

�I/Igas, where �I  = Igas − Iair, Igas and Iair are the current values of
the nanosensor under exposure to hydrogen gas and ambient air,
respectively. Fabricated nanodevice (samples of ZnO:Ag nanowires
with 1.0  �M  AgNO3 in the electrolyte) demonstrated a  gas response
of ∼50% at room temperature (RT, 300 K) with good recovery to  the
initial baseline, taking ∼22 s for 90% of full response and ∼12  s for
90% of complete recovery.

Next, the UV response of the fabricated nanodevices will be
investigated. Fig. 8(a) shows reversible switching of  electrical
current with 60 s periodic illumination of UV light (� =  365  nm)
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Table  1

Comparison of the hydrogen gas sensors performances based on  a single Q1D structure.

Material,
morphology

Diameter
(nm)

H2 conc.
(ppm)

Gas response
(%)

Operating
temperature (◦C)

Response/rise
time (s)

Recovery/decay
time  (s)

Ref.

SnO2 nanobelt – 20,000 ∼70a RT ∼220  ∼220  [32]
ZnO nanorod (NR) ∼500a 200  4 RT 30–40 – [14]
ZnO NW 100 100  34  RT 65 11 [16]
ZnO NW ∼200 500  55  RT 75 50 [33]
Cd-doped ZnO NW 100  RT [5]

90 274 14 11
200 ∼40a – –

ZnO:Ag NW 250 100  ∼50 RT 22 11 Current work

a Denotes a value approximated from a  graphical plot or SEM images.

measured in air  at RT  at different values of dark current (0.1, 1.0,
2.5, 4.0, 6.0 and 8.0 nA). According to our experimental results pre-
sented in Fig. 8(b),  it can be  observed that UV response is  dependent
on  applied bias voltage, and is  decreasing as the applied voltages
is  increasing. The same tendency was also observed for ZnO nano-
tetrapods based photodetectors reported in a previous work [17].
Thus, at dark current of 0.1 nA, it can be observed an increase in the
current value of about two orders in magnitude (IUVON/IUVOFF ∼ 52)
of a single ZnO:Ag NW under exposure to UV light. By increas-
ing the dark current value to about 8 nA, the UV response was
IUVON/IUVOFF ∼ 1.48. A clear evidence on difference of the photo-
current rise time (�r) and decay time (�d) constants in dependence
on the applied bias voltage also can be observed in Fig. 8(a). The
fabricated nanosensors demonstrated fast response for all values
of dark current and a  good reproductibility, which are  the most
important parameters for a photodetector [17].  At 0.1 nA and 1.0  nA
values of the dark current, it can be observed that photocurrent
does not recover completely to  the initial baseline (see Fig. 8(a)).
A  bi-exponential fitting was used to determine the slow and fast
components of the time constants, using equations reported in  a
previous work [17].  The obtained results for fast (�r1) and slow (�r2)
rise times and fast (�d1) and slow (�d2) decay times as a  function
of the dark current are presented in  Fig. 8(d). As can be observed
from Fig. 8(a and d) the constants �r1, �d1 and �d2 are decreased
as the applied bias voltage, while constant �r2 value was increased.
The time constants �r1,  �r2, �d1 and �d1 are 0.46, 0.63, 0.5  and 4.4 s,
respectively, for dark currents of 0.1 nA; and 0.24, 1.64, 0.195 and
0.28 s, respectively, for dark current of 8.0 nA (Samples of ZnO:Ag
nanowires with 1.0 �M AgNO3 in the electrolyte). For samples fab-
ricated from ZnO:Ag nanowires with 0.5 and 2.0 �M AgNO3 in the
electrolyte, it  was slower, almost similar to  previously reported
values, as indicated in Table 2.

Thus, it can be concluded that photodesorption of oxygen
molecules from the surface (�r2) of ZnO:Ag NW becomes slower
due to an increase in applied bias voltage [31].  For a  better demon-
stration of nanosensors fast response, short UV pulses with 0.25  s

and 0.35 s durations were applied for three dark current values
of 0.1 nA, 2.5 nA and 8.0 nA (see  Fig. 8(b)). It is  obvious that for a
higher dark current value a  sensitive and faster UV response was
detected, while at lower dark current values the sensitivity is  much
higher. Fig. 8(e and f) shows the example of bi-exponential fit-
ting of the photoresponse decay curve at  dark current of  0.1  nA
and photoresponse rise curve at dark current of 8.0 nA. In Table 1
the most relevant data on hydrogen gas sensor based on a  single
undoped and a  single doped Q1D nanostructure are presented, in
order to compare nanosensor performances obtained in current
work with others reported in the literature. Gas response depend-
ence on the diameter of Q1D nanostructures was  demonstrated in
a  previous work [5].  However, as it can be observed from Table 1
by doping ZnO rods-wires with diameter 200–300 nm with silver
ions, it was possible to shorten the hydrogen gas response time
in comparison with that of the undoped SnO2 nanobelt too, ZnO
NW with lower diameter (D = 100 nm)  or ZnO NW with a  com-
parable diameter. Also ZnO:Ag nanorods-nanowires demonstrate
faster response and recovery times in comparison with undoped
nanostructures of ZnO and SnO2. The hydrogen gas response in
the case of ZnO:Ag was slightly higher in  comparison with ZnO:Cd
NW at the same diameter of the nanostructures (50% versus 40%),
demonstrating possibility of use doped nanostructures with higher
diameter for nanofabrication of faster and more reliable hydro-
gen gas sensor structures. In  Table 2 experimental data on UV
photo-detectors based on a single Q1D nanostructures reported
previously and compared to  the current results are presented.
Table 2 demonstrates that our nanosensors based on a  single
ZnO:Ag nanorods–nanowires have very fast component of recovery
time and even faster rise times in  comparison with some of the best
reports in literature, demonstrating good potential for fabrication
of robust and fast UV photodetectors with low power consumption.
By varying dark currents it is  possible to  obtain new UV pho-
todetectors with high response (∼52, in case of 0.1 nA) and with
relatively slow recovery (∼5 s) or to obtain a faster device structure
with rise time ∼0.97 s and decay time <0.98 s (Fig. 8(d)) but with

Table 2

Comparison of the UV photodetectors performances based on a  single Q1D structure.

Material,
morphology
and diameter

Diameter
(nm)

�

(nm)
Power of UV
illumination
(mW/cm2)

UV on-off
ratio

Response/rise
time (s)

Recovery/decay
time (s)

Rapid decay
time,  �d1 (s)

Ref.

ZnO rod ∼500a 370 – 1.03a >300a >300a – [34]
ZnO funct. SnO2 NW 250 365 – 1.5 >180 >180 – [35]
ZnO NW 50 370 – ∼1.1a 120 180 – [6]
ZnO NW – 365 – 1.5 × 103 – – 0.8 [36]
ZnO MW  1000–3000 370 0.1 ∼1.1a >180a >180a – [37]
ZnO MW  6000 325 24  9 ×  105 6.28  – 0.85 [38]
ZnO:Ag rod-wire 250 365 15–20 Current work
IUVOFF = 0.1 nA ∼52 ∼1.09 ∼5 0.5
IUVOFF = 2.5 nA ∼3.5 ∼1.11 ∼0.87 0.27

a Denotes a value approximated from a  graphical plot or SEM images.
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lower UV response values (∼3.5) (Fig.  8(c)) at dark current value of
2.5 nA.

4. Discussion and proposed sensing mechanism

Next, we discuss experimental results and present our proposed
sensing mechanisms to  explain data on UV response of the ZnO:Ag
NW with control of Debye length L ∼  �D by acceptor doping with
silver ions. The Ag incorporation at the interstitial (Agi) sites and
the oxygen sites (AgO) are not efficient due to  the high formation
energies, while incorporation at the Zn sites (AgZn)  is  the most
energetically favorable [4,10]. It  is known that silver ions act as
acceptors in ZnO by substitution of the Zn2+ [39,40]. As a  result,
the net donor density (ND) was decreased [40]. UV sensing mecha-
nism and energy band bending of the undoped and single ZnO:Ag
NW nanosensor are illustrated in Fig. 9. Since NWs  possess a  high
surface-to-volume ratio, the surface of NW become highly active
due to adsorbed oxygen species (O2

−, O2−, O−)  and is more influ-
enced by the near-surface and surface defects [33,41],  that can
act as charge carriers traps as well as adsorption sites [25]. It  is
known that surface reactivity is  dependent on the surface defects
and doping of the zinc oxide NW [5,16,42].  Since Ag ions can be eas-
ily oxidized [43] it can act as a  catalyst for oxygen ionization at the
surface of ZnO NW [44],  that leads to more adsorbed oxygen species
on the NW surface. At  room temperature the predominant species
are oxygen molecules represented by the red double spheres in
Fig. 9(a and b), which capture electrons from the NW  and create an
electron-depleted layer with low conductivity at the surface, which
is shown by blue transparent region in Fig. 9,  O2(g) + e− → O2(ad)

−

[45–47].
The thickness of the electron-depleted layers will be noted

as LZnO,  LAg-ZnO for undoped and ZnO:Ag NW,  respectively. The
conduction channel was represented by the yellow region, and
diameter was noted by dZnO for the ZnO NW and dAg-ZnO for the
ZnO:Ag NW (Fig. 9). The height of the interfacial potential in
the dark/air was noted as VS(1). In a previous study, the ZnO:Ag
NWs  were found to be more oxygen deficient in comparison with
the undoped sample, but with a  higher crystallinity [9].  Thus, for
ZnO:Ag NW,  there are more hole trap surface states presented
(Fig. 9(b)) and bulk defects to surface defects ratio is decreased
[25,42], that leads to more narrowed conduction channel. As was
reported in previous works [5,16,48],  the thickness of the electron-
depleted layer may  depend on the Debye length L ∼  �D and on
the interfacial potential L∼V

1/2
S

.  The Debye length and interfacial
potential are dependent on the ND through the following relations
[5,16]:

�D =

(

εkT

2�q2ND

)

(1)

VS =
2�Q 2

s

εND
(2)

where ε is the dielectric constant, k  is  the Boltzmann constant, T  is
the absolute temperature, q is the unit electron charge, and Qs is
the surface charge density.

Due to the formation of Ag acceptors, the ND is  decreased [40]
and due to diminished bulk defects to  surface defects ratio, the
surface charge density (Qs)  was increased, leading to an increase of
the �D (Eq. (1))  and VS (Eq. (2)). As a  result, the thickness of the
electron-depleted layer LAg-ZnO was increased (LZnO < LAg-ZnO, Eq.
(1)), that leads to  a  narrower conduction channel for ZnO:Ag NW
(dZnO >  dAg-ZnO) (Fig. 9(b)). However, the electron-depleted layer
thickness needs to  be  controlled accurately in the case of thin-
ner NW,  to avoid flat-band condition [5],  thus L  value needs to
be smaller than half of NW diameter. Assuming that  qVS(1) was
∼1.45 eV and ND(ZnO) ∼ 1018 cm−3 [40,49] for the undoped ZnO

Fig. 9. Illustration of the UV sensing mechanism at  room temperature of a  single
ZnO and ZnO:Ag NW  based on  ionosorption model and energy band diagram. (a) At
exposure to  ambient air, on  the ZnO NW surface will be adsorbed oxygen molecule,
represented by red double spheres, which by trapping of free electrons from the
conduction band (CB) will lead to  formation of the electron-depleted region (blue
transparent zone) with width LZnO at the surface of the NW. The conduction channel
was presented as yellow region. (b) In the case of ZnO:Ag NW,  the width of electron-
depleted region may  be wider (LAg-ZnO)  due to lower donor density and catalytic
effect of Ag.  At  illumination with UV light (� = 365 nm) the photo-desorption of oxy-
gen molecules by generation of electron–hole pairs will take place and will lead
to  decrease of electron-depleted region and increase in conductivity of conduction
channel (c and d). (For interpretation of the references to  color in this figure legend,
the reader is  referred to  the web version of the article.)

NW,  the thickness of the electron-depleted layer at room temper-
ature (300 K) may  be estimated to  be LZnO ∼ 35 nm [49]. As well
as, for ZnO:Ag NW LAg-ZnO ∼  115 nm,  for qVS(1) was  1.55 eV and
ND(Ag-ZnO) ∼ 1017 cm−3 [40,49]. Thus, a thicker microwire doped
with Ag can act as an efficient sensor structure too.

The UV detection mechanism was  proposed extensively pre-
viously for pure ZnO and below we will try to explain our
experimental data on  UV response of the ZnO:Ag NW device
(Fig. 8(a and b)). Under UV illumination (�  =  365 nm) of  ZnO:Ag
NW device (Fig. 9(a and b)), the electron–hole (e− + h+) pairs
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(Fig. 9(c and d)) are generated in ZnO:Ag NW (E =  h� → e− + h+)
[16], and are separated by  the built-in electric field in the electron-
depleted layer [16,47,50]. The photo-generated holes migrate to the
surface of the NW to decrease the width of the electron-depleted
layers LZnO(UV) and LAg-ZnO(UV) and to discharge adsorbed oxygen
ions by the surface electron-hole recombination (Fig. 9(c and d),
h+ + O2(ad)

− → O2(g))  [16,45–47].
As a result, unpaired electrons left in the conduction channel

significantly contribute to an increase in the photocurrent of the
NW (Fig. 8(a and b), UV on state) [16,45,46].  Kong et al. [42] and
Liu et al. [25] reported that decrease of bulk to surface defects
ratio can enhance the electron–hole separation efficiency, leading
to photocurrent enhancement. However, if the UV light is turned
off, the un-paired electrons recombine with holes generated at the
re-adsorption and ionization of the oxygen species on the NW sur-
face and nanosensor is  returning to the initial value of the dark
current (Fig. 8(a and b), UV off state) [31,45].  As was  previously
defined, the UV response of the un-doped and ZnO:Ag NW can be
shown as SUV = IUVON/IUVOFF.  Due to narrower conduction channel of
the ZnO:Ag NW,  dZnO >  dO-Ag-ZnO (Fig. 9(a and b)), the value of the
IUVOFF for ZnO:Ag NW is lower than that of pure ZnO NW which
leads to a higher value of the response SUV (Fig. 9(a)). Proposed
mechanism for H2 gas sensing of a  single ZnO:Ag NW is  presented
in Fig. S2.

5. Conclusions

We  demonstrated a  novel type of multifunctional nanosensors
based on a single ZnO:Ag nanowire electrodeposited on F-doped tin
oxide (FTO) substrates, subsequent dispersion and its direct inte-
gration on the chip. Post-deposition thermal treatment at 250 ◦C
in air was applied to  activate dopant and to control the crystalline
structure of NWs. Crystalline ZnO:Ag nanowires were studied by
SEM, EDX, TEM, HRTEM, SIMS, X-ray photoelectron spectroscopy
and micro-Raman spectroscopy. Integration of a  single nanowire
on the chip was performed by employing metal deposition func-
tion by using metal maskless nanodeposition in the dual beam
focused electron/ion beam instrument. We  found that ZnO:Ag
NW nanosensors possess a  much faster response/recovery times
(∼0.98 s/∼0.87 s,  respectively) and higher response to UV radiation
and hydrogen gas at room temperature (∼50%) and it can serve
as nanomaterials for reliable, robust, ultrasensitive and ultra-rapid
UV detectors and gas sensors with low power consumption. An
increase in the current value of about two orders (IUVON/IUVOFF ∼ 52)
under illumination with UV light was observed at dark current
of 0.1 nA. The mechanisms for such improved responses to  sin-
gle ZnO:Ag nanorod/nanowire are discussed based on ionosorption
model and energy band diagrams. Developed nanosensors based
on a single ZnO:Ag nanorods–nanowires have very fast compo-
nent of recovery times and even faster rise times in comparison
with some of the best reports in  literature, demonstrating good
potential for fabrication of robust and fast nanodevices with low
power consumption. The developed nanomaterial could be of
important scientific interest for further studies as promising can-
didates for fabricating multifunctional nano- and micro-sensors
on p-type ZnO, light-emitting diodes, solar cells and photodetec-
tors.
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