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a  b s t  r  a c t

Detection of  chemicals and biological species is  an important  issue to human  health and safety.  In

this  paper, we report  the  hydrothermal  synthesis at 95 ◦C  of  Cu-doped  ZnO  low-dimensional  rods  for

room-temperature  (RT)  sensing  applications and enhanced sensor performances.  X-ray diffraction, scan-

ning  electron microscopy, X-ray photoelectron spectroscopy,  Raman and photoluminescence are  used

to  characterize the  material properties.  To  demonstrate  the  suitability of  the  Cu-doped  ZnO rods for  gas

sensor  applications and for  comparison  with  pure ZnO, we fabricated  a  double  rod device using  Focused

Ion  Beam. The responses of  pure-ZnO  and  Cu-doped  ZnO  rods studied  in  exactly the  same  condition

are  reported.  We found that  Cu-ZnO sensors  have  enhanced RT sensitivity, faster  response  time, and

good  selectivity. Miniaturized Cu-ZnO rod-based sensors  can serve as  a good  candidate  for  effective H2

detectors  with  low power consumption.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, increasing attention has been paid to the utilization

of hydrogen as a renewable and clean energy source because it

provides a timely solution to the future energy supply [1,2] in

addition to other renewable energies. Thus, hydrogen gas detection

measurements became an essential step for safety in industrial and

household places to alert the formation of potentially explosive
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mixtures with air  [3].  Another significant demand on rapid and

accurate sensors able to monitor and control hydrogen concentra-

tion is in  industrial processes where hydrogen is used in synthesis

or chemical reactions, as well as  for nuclear reactor safety [3].  A

main issue in hydrogen sensor technology is the development of

higher sensitivity, higher selectivity, and  faster detection mech-

anisms. Although current hydrogen sensor technologies [4,5] are

suitable for many industrial applications, some of them are not

appropriate for fuel cells, household, biomedical, and transporta-

tion applications because of their size, high temperature operation,

slow response, high cost, and energy input [6].  Individual one-

dimensional metal oxide structures have become promising

candidates for hydrogen sensing applications in recent years

due to their special geometry and chemical–physical properties

[7–11]. In such gas sensors the change in the electrical resistance

0924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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is due to the interaction of the targeted gas molecules (chemi or

physisorption) with the surface of the ZnO micro/nanorod [10,12].

However, in practice, such sensors are not competitive due to

their slow response, sensitivity and selectivity issues [10,12].  In

addition, such sensors need to be operated at high temperatures

[11,13,14]. Working at high temperatures should be avoided

because the H2 may  burn in air before reaching the surface of

the sensing material at temperatures > 500 ◦C) [15].  Thus, for

H2 sensor applications zinc oxide micro/nanostructures have to

demonstrate improved performances, integrated circuit com-

patibility, and ability to work at room temperature in  H2 sensor

applications.

In this context, we studied surface functionalization and doping

of ZnO rods/wires to improve their sensing properties [10,12,14]

by modifying material properties. Doping nanocrystals is a  major

challenge in the future applications of nanomaterials [16].  The Cu

doping of ZnO materials has been a  very active research area in the

last few years, mostly due  to the interesting ferromagnetic prop-

erties of Cu-doped ZnO [17–24]. However, there have been only

a few reports on the effects of Cu doping on the sensing proper-

ties of ZnO [25–29]. For example, Sonawane et al.  [25] reported

gas sensing properties of  nanocrystalline ZnO:Cu for different con-

centrations of Cu and found for 1 wt% Cu in zinc oxide a higher

response and selectivity to  H2. Paraguay et al. [26] used the spray

pyrolysis technique to obtain ZnO films doped with Cu and inves-

tigated the ethanol sensing at temperatures ranging between 435

and 675 K. Gong et al.  [27] used co-sputtering technique to obtain

Cu-doped ZnO films for CO sensing at temperatures of 150–400 ◦C.

More recently Zhao et  al. [28] used electrospinning to fabricate

Cu-doped ZnO nanofibers for H2S sensing application. Ghosh et  al.

[29] investigated the effect of Cu doping on the liquid propane gas

sensing properties of soft chemically grown nano-structured ZnO

thin films.

Here we present our investigation of  the fabrication of Cu-doped

ZnO rod-structures via rapid hydrothermal synthesis [30,31]. It is

known that group Ib  metals are fast diffusers in compound semi-

conductors [32,33]. The diffusion of Cu into ZnO can cause the

formation of various centres (CuZn, Cui). It  is possible that Cu

atoms can replace either substitutional or interstitial Zn atoms

in the ZnO lattice creating structural deformations [21,34,35]. Cu

significantly affects the electrical, chemical, structural and optical

properties of ZnO, and the study of the electronic state of Cu in

ZnO has been the subject of interest for  a  long time [33,36–40].

Recently, Xing et al. [41] found a clear evidence of the ultra-

fast charge transport process between the ZnO host and the Cu

dopants in Cu-doped ZnO nanowires (NWs) with a time constant

of about 39 ± 9 ps. All these new properties of Cu-doped ZnO are

very attractive for designing RT  sensor with faster response to H2

gas.

In this work, we report the properties of Cu-ZnO rod-structures

and a comparison of pure and Cu-doped ZnO single rod hydro-

gen sensors with improved performances at room temperature.

We discuss the procedure to improve the dynamics in H2

sensing by an individual Cu-doped ZnO micro-rod gas sen-

sor.

2. Experimental

ZnO and Cu-doped ZnO low-dimensional rods were grown

by a procedure discussed in details in previous reports [31,42].

p-type Si(1 0 0) substrates were used for  the synthesis of  the

ZnO and Cu-ZnO material. First, the silicon (Si) substrates were

cleaned as reported before [43]. All the chemical reagents used

in our experiments were of analytical grade and without fur-

ther purification. Zinc sulfate heptahydrate [Zn(SO4)·7H2O] was

first  dissolved into 100 ml deionized (DI) water and then 50 ml

of ammonia (29.3%, Fisher Scientific) was  added and stirred for

10 min to mix  completely at room temperature. The first set of

pure ZnO nanorods (#1) samples was synthesized using 0.1–0.5 M

of Zn(SO4)·7H2O [42]. A second set of samples (#2) was pre-

pared using 0.1–0.5 M of zinc sulfate and 0.001–0.005 M of copper

chloride (99.99%) which was  dissolved in 100 ml DI  water. The

[Cu]/([Zn]+[Cu]) ratio  of copper dopants in  the ZnO rods was con-

trolled by changing the relative amount of Cu to Zn in  the precursor

solution. An ammonia solution (29.3%) was added until the solu-

tion became transparent and clear. Subsequently, the resulting

aqueous solution was poured into a  120 ml reactor (75% filled)

[42]. The vessels were placed on a preheated oven for 15 min  and

20 min at 95 ◦C and then allowed to cool down to room tem-

perature in 40 min. After the reaction was  completed, the ZnO

nanorods grown on the substrates were rinsed in  deionized water

for 2  min  and then the samples were dried in air at 150 ◦C for 5 min.

Manipulation and reactions were carried out in  air inside a  fume

hood.

The size and morphology of the samples with ZnO nanorods

were observed with a JEOL scanning electron microscope (SEM).

The compositional analysis of the ZnO nanorods was carried out

using Energy dispersive X-ray spectroscopy (EDX), in combination

with SEM.

X-ray powder diffraction (Rigaku ‘DB/MAX’ powder diffrac-

tometer) was  used for  structural analysis for Bragg angles (2�)

ranging from 5◦ to 90◦ using Cu K� radiation (� = 1.54178 Å).

The ex situ prepared samples were mounted on a molybde-

num sample holder and subsequently transferred into an ultrahigh

vacuum (UHV) system equipped with a  hemispherical electron

energy analyzer (Phoibos 100, SPECS GmbH) and a dual-anode (Al

K�, 1486.6 eV and Ag L�,  2984.4 eV) monochromatic X-ray source

(XR50 M,  SPECS GmbH). The base pressure in the analysis cham-

ber during the XPS measurements was  ∼6 × 10−10 mbar. For the

quantitative analysis of the peak positions and relative spectral

areas of  the Zn-2p, Cu-2p, O-1s and C-1s components, 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 Cu) doublets were held constant at a  value of  2. The con-

centration of the Cu dopant relative to ZnO was estimated from the

Cu-2p/Zn-2p ratio after proper normalization using the atomic sen-

sitivity factors (ASF) recommended by  the manufacturer of our XPS

system.

The continuous wave (cw) photoluminescence (PL) was  excited

by the 325 nm line of  a He–Cd Melles Griot laser. The emitted light

was analyzed with a  double spectrometer with a  spectral resolution

better than 0.5 meV. The signal was  detected by a photomultiplier

working in the photon counting mode. The samples were mounted

on the cold station of a  LTS-22-C-330 optical cryogenic system.

Information on vibrational modes in  pure and doped ZnO

nanorods was obtained from Raman backscattering experiments

in a micro-Raman setup Horiba Jobin Yvon LabRam IR  spectrome-

ter with a  charge-coupled detector (CCD). This system has a spatial

resolution of 2 �m.  Raman spectra were excited with 1.96 eV pho-

tons from a Helium Neon laser (� ∼ 633 nm)  with less than 4  mW

of power at the sample. The spectral resolution was  better than

2 cm−1,  and the instrument was  calibrated using a  naphthalene

standard.

The gas response was  measured using a  two-terminal ZnO rod

device [8–10]. Its characteristics were measured using a semicon-

ductor parameter analyzer with input impedance of 2.00 × 108 �.

The fabricated device structure was put in an environmental cham-

ber to detect different gasses (H2,  O2,  C2H5OH, CH4 and natural

gas-LPG). The humidity of the gas mixture was about 60 RH%. The

gas flow was controlled by a  mass flow controller (MKS) and  test

system as  reported before [10,14].
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Fig. 1. (a) XRD  patterns of the 3% Cu-doped ZnO nanorods on substrates. Insert

shows  an SEM image of 3% Cu-doped ZnO rods on SiO2/Si(0 0 1). (b) Comparison of

the  (1 0 0), (0 0 2) and (1 0 1) peaks taken for pure ZnO and 3% Cu-doped ZnO.

3. Results and discussion

3.1. Structural analysis

A systematic investigation of Cu-doping effects on the proper-

ties of one dimensional ZnO structures was performed by using

several techniques. The insert in Fig. 1  shows an SEM image of Cu-

doped ZnO grown by  a  hydrothermal technique at 95 ◦C in  20  min.

Low-dimensional rods of ZnO can be seen grown in agglomera-

tions on the substrate. Later these structures can be transferred

and dispersed on other substrates as described in previous work

[8,31,42]. No differences in  morphology were observed at  concen-

tration as low as 0.5% Cu in  comparison with pure ZnO reported

previously [8,9]. Fig. 1 shows the XRD patterns of  the Cu doped

ZnO nanorods deposited at 95 ◦C. The intense diffraction peaks

of the ZnO deposition appear at 31.77, 34.43, 36.27, 47.53, 56.61

and 62.83, which correspond to the (1 0 0), (0 0  2), (1 0  1), (1 0 2),

(1 1 0) and (1 0  3) planes, respectively. The intense peaks in the XRD

pattern of these samples clearly show the formation of the hexag-

onal wurtzite structure of ZnO (space group: P63mc(186) or C6v
4

(Schoenflies notation); a = 0.3249 nm,  c = 0.5206 nm). The promi-

nent (0 0 2) plane is observed in all samples (0–3% Cu in ZnO), which

is the most dense plane in wurtzite ZnO [44].

It  was also observed that with increasing Cu concentration (from

0 to 3 at%) the intensity of the ZnO peaks decreased (not shown)

which was  caused by  the decreases in the crystallinity of ZnO. The

(0 0 2) peak positions 2� of the doped sample were shifted to a

higher value for the higher dopant concentrations 34.44 and 34.60,

respectively. The shift in  the (0 0 2) peak for Cu-doped ZnO might

be due to the substitution of Zn by  Cu in the hexagonal lattice. These

shifts agree with previous reports [45–47]. Such changes in  crys-

tallinity might be the result of changes in the atomic environment

due to extrinsic doping of ZnO samples [45–47]. Note that differ-

ences in ionic radii ref. [48] should be considered. According to

[48] the 4-fold coordinated Zn2+ and Cu2+ cations have ionic radii

of 0.074 and 0.057 nm respectively, and stable electronic configu-

rations: Zn2+(3d10) and Cu2+(3d9). The 4-fold coordinated, Cu1+ has

ionic radius of 0.06 nm Cu1(3d10)  [48].  From XRD results, a  slight

lattice deformation was  observed for Cu-doped ZnO and it  could be

due to the shorter CuZn O bonds, and smaller [CuZn O4]  units in

Cu-doped ZnO rods [49]. No change in  the crystalline structure was

detected, which suggests that the majority of the Cu atoms were in

the ZnO wurtzite lattice. It is known that similarly to most group

II–VI materials, the bonding in ZnO is largely ionic (Zn2+–O2−),

which favors doping with Cu. According to theoretical calculations

by Yan et al. [50] on Cu-ZnO electronic structure, Cu occupying a

Zn site creates a single-acceptor state above the valence band Ev

of ZnO. Due to the low formation energy of the Cu in ZnO under

O-rich conditions, high concentration of dopants can be achieved

with Cu [50]. According to our experimental XRD data, only ZnO

peaks at concentrations of 0-3% Cu have been detected, which sug-

gest its incorporation in  the lattice. Lattice parameters of pure ZnO

NWs, are  a = 3.2505 Å,  c = 5.2056 Å and for Cu-doped ZnO, a decrease

was observed (3.2461 Å and 5.1977 Å,  a and c respectively). The Cu-

doping mechanism of ZnO NWs  can be described by Cu-doping into

the ZnO host lattice; Cu2+ and Cu+ ions are substituting the Zn2+

sites as was  analyzed in  previous works [51,52].  The slight differ-

ence in  lattice parameters of Cu-doped ZnO depositions is probably

caused by the copper atoms occupying different positions in the

ZnO lattice and by  the formation of complex defects [CuZn Zni]
x in

Cu-ZnO [33].  XRD data clearly show the effect of Cu doping in the

ZnO lattice and  that it does not contribute to phase segregation,

which is  an important issue for further sensor applications.

3.2. Chemical analysis

For a  deeper understanding of chemical composition and bond-

ing in  Cu-doped ZnO structures, XPS analysis was employed. Fig. 2

shows an XPS survey spectrum of a  Cu-doped ZnO sample sup-

ported on SiO2/Si(0 0  1). The following elements were detected: Zn,

O, Cl, N, and C. The BE  scale was  calibrated using the adventitious

carbon peak (C-1s) at 285 eV [29]. Residual amounts of adventitious

carbon and  carbonyl compounds are unavoidable due to air expo-

sure prior to the XPS measurements. In addition to the adventitious

carbon peak, the C-1s XPS spectrum of our samples (not shown)

also displays two  additional peaks at 286.6 eV and 288.7 eV corre-

sponding to C O  and  O C O, respectively [31]. As will be described

below, those peaks were used as reference in the determination of

the different O species present in our samples.

Fig. 3  shows XPS spectra of the (a) Zn-2p, (b) Cu-2p, and (c)

O-1s core level regions of the Cu-doped ZnO rods. A doublet at

1021.8 eV  and  1044.9 eV is observed in  (a) corresponding to the

Zn-2p3/2 and 2p1/2 core levels. These values are  shifted to higher

binding energies (BEs) by  +0.4 eV when compared to similarly pre-

pared pure ZnO rods previously measured by  our group [31]. Similar

positive BE shifts (+0.4 to +0.7 eV) were also observed for  Sb- and

Ag-doped ZnO rods [31].  The peak width (FWHM) of  the Cu-doped

ZnO rods was  also found to be larger as compared to pure ZnO rods

(2.2 eV versus 1.6 eV, respectively). Since the size of the ZnO rods
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is similar in  both samples, the broadening of the Zn-2p XPS peaks

suggests the presence of additional Zn  states and/or defects within

the ZnO structure [53–55]. No differences in XPS were observed

for lower concentrations of Cu (0.5%) in comparison with pure ZnO

[31].

The Cu-2p XPS binding energy region is shown in  Fig. 3b.

Photoelectron peaks corresponding to the Cu 2p3/2 and 2p1/2 core

levels were observed at 933.1 eV  and 953.5 eV. Literature references

[31,56] report the following ranges for the BEs of Cu-2p3/2 in  metal-

lic and cationic Cu species: 932.6 ± 0.2  eV  for Cu0,  932.5 ± 0.3 eV for

Cu+, and 933.6 ± 0.3  eV  for Cu2+.  Nevertheless, it should be noted

that the majority of  those references correspond to bulk-like Cu

samples, contrary to the case of our Cu-dopants. Although small

differences were reported in the literature for metallic Cu and CuO,

according to the measured BEs, the Cu species detected in  our sam-

ples appear to be cationic (CuO or Cu O Zn compounds) [53,56].

We do not observe satellite peaks typical of  CuO2 (normally at

∼942 eV and ∼963 eV), therefore, we  conclude that the most likely

oxidation state of our dopant is  Cu+ [57,58]. Since some changes in

the BE and width of the Zn peaks of  ZnO were observed for the Cu-

doped samples as compared to pure ZnO rods, the incorporation of

Cu+ ions into the ZnO lattice sites [59,60] (Cu O Zn) is inferred. An

estimation of ∼3 at.% Cu-doping in this sample was obtained based

on the XPS integrated areas and  the Cu-2p/Zn-2p ratio after proper

normalization by the corresponding atomic sensitivity factor

(ASF).

The asymmetric features observed in  the O-1s region, Fig. 3c,

were deconvoluted by several subspectral components: (i) O in

ZnO (530.1 eV), (ii) O in defective ZnOx, ZnOH and/or Cu O Zn

(531.7 eV), (iii) adventitious CO (531.1 eV), and (iv) adventitious

CO2 (532.5 eV) [31].  In our previous investigations of undoped

ZnO rods [31], the two  main peaks observed at 530.2 eV and

531.6 eV were assigned to O2− ions in stoichiometric Zn  O Zn

and non-stoichiometric ZnOx(OH)y, respectively. Interestingly, we

have observed a significant increase in the ratio of the oxygen

XPS feature attributed to  defective ZnO in  the Cu-doped sample

(ZnOx/ZnO = 3.3) as compared to the undoped ZnO (ZnOx/ZnO = 0.5)

[31] reemphasizing the incorporation of Cu+ ions into the ZnO

network [55,61–63] and the consequent generation of defects

[31]. Thus, ternary compounds with Cu+ ions occupying interstitial

and/or substitutional sites (CuZn) in ZnO are likely to  be present in

our sample [61–63].  The latter is in agreement with low energy ion

scattering (LEIS) results by  Jansen et  al. [63] indicating the possi-

bility of monovalent copper in  CuZn VO complexes (VO represents

oxygen vacancies). X-ray absorption spectroscopy data of Ma  et al.
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[49] from Cu-doped ZnO films suggested a  CuZnO4 structure with

strong Cu O covalent bonds inside a ZnO ionic lattice. These results

are very important for  further understanding in  the gas sensing

mechanism of Cu-ZnO-based sensors.

3.3. Photoluminescence

Fig. 4 compares the photoluminescence (PL) spectra of samples

0.5% Cu-ZnO and 3.0% Cu-ZnO measured at low temperature (10 K)

and at room temperature. At both temperatures the intensity of the

UV near bandgap luminescence as  well as the intensity of the visible

luminescence related to  deep centers is by  a  factor of 2–3 lower in

the sample 3.0% Cu-ZnO as  compared to the sample 0.5% Cu-ZnO.

This difference could be due to the formation of additional non-

radiative recombination channels in the sample 3.0% Cu-ZnO. The

visible luminescence in the 0.5% Cu-ZnO sample is located around

1.85 eV, and it is supposed to be associated with a deep unidentified

acceptor with the energy level situated close to the middle of the

bandgap [64,65].

The near-bandgap PL at low temperature is dominated by  the

donor bound exciton emission (D0X) at 3.360 eV in both samples,

as well as by a  weaker band supposed to be due to donor–acceptor

(DA) pair recombination with longitudinal optical-phonon replica.

Most probably, a  very shallow donor and  a  deeper acceptor are

involved in this DAP transition [66,67].  The coincidence of the posi-

tion of the D0X band in both samples is an indicative that the same

donor is present in both samples.

The room temperature near-bandgap PL spectrum of both sam-

ples represents a  broader band resulting from the superposition of

the band origination from the recombination of free excitons (FX)

with its LO phonon replica.

Fig. 5. Micro-Raman spectra of pure ZnO and Cu-doped ZnO on Si  substrates.

Apart from these PL bands, a broad band with the maximum

around 2.4–2.5 eV emerges in the low temperature spectrum of

the sample with 3.0% Cu-ZnO (see Fig. 4b). This band can be  asso-

ciated with the Cu impurity [33,38,68]. Usually, two  types of bands

related to the Cu impurity are observed in this spectral range in

Cu-doped ZnO samples. A structured luminescence band has been

assigned to the internal transition of a  hole in  the CuZn center

from the excited state at ∼EV +0.4 eV to the ground state at ∼EC

−0.2 eV  [33,38,65 and refs. therein].  The fine structure of the emis-

sion spectrum is due to multiple phonon replicas associated with

LO and local or pseudolocal vibration modes. Another structure-

less green luminescence band was  attributed to transitions from a

shallow donor to the Cu+ state of a  neutral CuZn acceptor with a

level approximately 0.5 eV  above the top of the valence band [33,

69 and  refs. therein].  The PL band observed in our samples is struc-

tureless. It  was  previously shown that the structureless band can

be transformed into the structured band by annealing the sam-

ples at temperatures above 800 ◦C  [68], and this transformation

was attributed to the conversion of  the Cu+ state into the Cu2+

state. The temperature increase to 300 K leads to  the quenching

of the PL band at 2.4–2.5 eV  (see Fig. 4)  which is  typical for the

Cu-related luminescence [69].  Based on  the PL analysis of broad

bands in  deep-level DLE emission regions one can suggest the for-

mation of complex defects [CuZn Zni]
x in Cu-ZnO [33 and refs.

therein].

3.4. Micro-Raman

In order to investigate the influence of copper doping on the

Raman scattering in ZnO nanostructures, room temperature micro-

Raman spectra of all samples were explored. In group theory

� opt = A1(z)  + 2B1 + E1(x, y)  + 2E2 where x, y, z represent the polariza-

tion directions. A1 and  E1 modes are polar and split into transverse

optical (TO) and longitudinal optical (LO) components. The E2

modes are  Raman active only. The B1 modes are infrared and

Raman inactive or silent modes. It is known that the E2(low)

mode in  zinc oxide is  associated with the vibration of the heavy

Zn sub-lattice and the E2(high) mode involves only the oxy-

gen atoms. The E2(high) mode is characteristic of the wurtzite

phase [31].  Fig. 5  shows a  micro-Raman spectrum of Cu-doped

ZnO along with the spectrum of a undoped ZnO for  comparison.

They are  clearly indicative of good wurtzite structure of pure and

doped ZnO material. No Raman peaks of CuO or Cu2O  appeared

in the spectrum of the Cu-doped ZnO nanostructures, indicating
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Fig. 6. SEM images showing the steps of the in situ lift-out fabrication procedure in the FIB/SEM system. (a) Four external contacts made on substrate, a square hole cut

on  the glass between two  electrodes; (b) an intermediate ZnO rod and a single ZnO rod selected for the fabrication of the first sensor – picked – up by the FIB needle and

positioned  between the first two  electrodes; (c) a single ZnO rod #1 and a single Cu-doped ZnO rod #2 selected for sensor fabrication placed between the contact electrodes

on  the same substrate; (d) single one-dimensional rod #1 (ZnO) and #2 (Cu-ZnO) welded to both electrode/external connections as  final double-rod sensor.

no secondary phase in  copper-doped samples, which is  consis-

tent with the XRD results. From Fig. 5  one observes the effect

of Cu-doping on the E2(high) mode of ZnO since its intensity

decreases. The Raman spectrum indicates a shift in  the signal at

∼437 cm−1 for Cu-doped ZnO, which was also found in ZnO:Cu

grown by other techniques [70–72]. The Raman line of  the E2(high)

mode becomes broad and weaker, which means that the wurtzite

crystalline structure of ZnO is weakened by high Cu doping [70]

and due to formation of complex defects [CuZn Zni]
x in Cu-ZnO.

The frequency shift was explained by alloy potential fluctua-

tion (APF) using the spatial correlation model by Samanta et  al.

[73].

The intense peak near 439 cm−1 due to the E2(high) mode

(Fig. 5, curve 1) displays a  clear asymmetry toward low frequen-

cies. The asymmetric line shape has been analyzed in details by

Cuscó et al. [74].  It could be successfully explained in terms of res-

onant anharmonic interaction of the high-E2 mode with a band of

combined transverse and longitudinal acoustic modes, as  the steep

variation of the two-phonon density of states around the high-E2

frequency leads to a  distorted phonon line shape. We  can suggest

that mixing two different cations though doping in  aqueous solu-

tion could affect the local polarizability by charge distribution and

result in at least one vibrational mode being strongly influenced

[75,76].

No differences in the Raman spectra were observed for concen-

tration as low as 0.5% Cu as compared to pure ZnO [31].

4.  Fabrication of sensors by in situ lift-out technique and
Gas sensing properties

Next the in  situ lift-out procedure, described in  our  previous

works [8–10],  was  used to fabricate a  double rod-based sensor.

Details of the FIB fabrication process can be found in  Refs. [8–10].

Briefly we  made 4 external contacts as shown in Fig. 6a. Then,

the tungsten needle with the intermediate microrod is used to place

selected rods on designated places as shown in Fig. 6b and  c. Fig. 6d

shows the fabricated double-rod-based sensor used for comparison

in the same conditions of a  single ZnO rod and single 3% Cu-ZnO rod.

The fabricated double rod ZnO and Cu-ZnO-based sensor was

put in a  test chamber to detect H2 and other gases, such as  O2,

CH4, CO, LPG and  ethanol. It was found that resistance change

|�R| = |Rair − Rgas|  with H2 gas introduction, where Rair the resis-

tance of the sensor in air and Rgas is resistance in  the test gas.

The gas response value of the sensor was  obtained using relation-

ship: S = |�R/Rgas|. After the exposure to hydrogen the sensor was

maintained for a  recovering period in air. The room temperature

sensitivity of the single rod ZnO and single rod Cu-ZnO sensor to

200 ppm H2 is shown in  Fig. 7.  Response time constants for Cu-ZnO

are faster on the order of 30 ms and after 40 ms the signal reaches

the equilibrium value after the H2 test gas was  injected. The relative

resistance changes were about 44%. The resistance was  restored

within 10%  above the original value within 50–90 ms of introduc-

ing clean air. This suggests a reasonable recovery time. The sensor
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Fig. 7. (a) Room temperature relative response (multiplied by 5) of the conducto-

metric  single ZnO one-dimensional rod (curve 2) and single Cu-doped ZnO (curve

3)  rod-based sensor structure fabricated by in situ lift-out technique in the FIB sys-

tem  to 200 ppm H2 gas (curve 1). (b) Gas response of a Cu-ZnO rod based sensor to

different  ambient of 200 ppm concentration.

showed relatively fast response and baseline recovery for 200 ppm

H2 detection at room temperature. For comparison the pure ZnO

rod-based sensor gas response is shown on the same figure. We

can see that sensitivity is about 10 times lower with much slower

time response.

For comparison sensors containing a  lower Cu-doping have been

submitted to 200 ppm of H2. Improvements of about 25% and 35%

in sensor response were observed for  0.5% Cu and 1% Cu doping,

respectively. A significant improvement, in comparison with pure

ZnO-rod based sensors, was obtained for rods doped in  the range

2–3% Cu in ZnO and almost similar results were obtained, about

40% and 44%. The resistance was restored toward 10% above the

original value within 25 s and 19 s of introducing clean air for 0.5%

Cu and 1% Cu doping ZnO sensor, respectively.

In order to test the selectivity to H2 of our Cu-ZnO sensor, the

response to C2H5OH, O2, CH4 and  LPG (Liquefied Petroleum Gas)

has been investigated and summarized in  Fig. 7b. We can see  that

the Cu-ZnO sensor’s response to 200 ppm LPG and  200 ppm CH4 is

lower in comparison with its gas response to hydrogen. These data

show the high selectivity of the fabricated sensor structure and the

high prospect of Cu-doped ZnO as material for miniaturized sensors

operating at room temperature.

Next, we would like to discuss the proposed sensing mecha-

nism of a Cu-ZnO rod in comparison with a pure ZnO. According

to the results presented in Fig. 7a, one  can conclude that the

Cu-ZnO sensor has a  higher and  faster gas response and faster

recovery times than the pure ZnO sensor. The factors influencing

gas sensing properties of the zinc oxide based materials and their

fundamental mechanisms are still under debate. The gas sensing

can be explained by the fact that hydrogen adsorbs on zinc oxide

surfaces when gas is introduced in  the test  chamber as  described

before [8–10] and changes the conductance value (see Fig. 7). The

adsorbed H  atoms on  ZnO surfaces, as  for example Zn  H(a)  and

O H(a), would desorb molecularly as  H2 at temperatures, of  330 K

and 450 K [77]. Chan and Griffin [78] reported that the adsorbed

H(a) desorbed from Zn sites at ∼319 K, which proves to be in good

agreement with the results reported by  Kim et al. [77]. These data

support our experimental observations on faster recovery times

for Cu-ZnO sensors, as  well as the proposed sensing mechanism.

Since in our measurements we  used a pico-ammeter as  the power

source and a  nano-V meter to monitor the voltage drop on  the

rod-based sensor, then the rod could act as heating element and

as sensing element. In such case it appears that the self-generated

heat contributes the desorption of absorbed ambient molecules

and gas species. The local temperature of ∼150 ◦C on  the surface

of the sensing material was evaluated according to the ref. [79].

Thus, Cu-doping of zinc oxide is  an approach to control the

conductance value [80] and depletion width [39,40,21] of  the ZnO

structure, respectively to control the current flow in individual rods.

For Cu-doped ZnO it is necessarily to mention that stability of the

Coulomb forces of the interactions between the acceptor defect

(CuZn
+) and  intrinsic ZnO donors (Zni or VO) may occur by capture

of an electron from the lattice. West et al. [33] proposed a model of

an associate donor–acceptor for CuZn, where

[CuZn
+(3d10)]

− + ZnI
+(4s1)  → {[CuZn

+(3d10)]ZnI
+(4s1)}0

or in Kroger and Vink notations [81],

CuZn
∗ + Zni

∗ → [CuZn Zni]
x

Incorporation of Cu into ZnO reduces its conductivity as Cu

introduces deep acceptor level, confirmed by  our PL studies, and

it traps electrons from the conduction band [39,40,21].  According

to the model, the created complex defects [CuZn Zni]
x in  Cu-ZnO

may contribute to the increased barrier height. The charge deple-

tion increases due to defect states, with changing surface barrier

height for electrons in the EC. The surface depletion layers of  ZnO

and of Cu:ZnO with the same diameter d, but with different con-

centrations of charge carriers and defects are different, larger and

smaller, respectively. Thus, the current flow through the conduc-

tion channel in a  Cu:ZnO nanorod can be controlled better. In cases

where the width of  the conduction channel is thinner (closer to the

critical value Dc), it depends more on  the adsorbed gas species on

the surface, which means that a  better control of the charge car-

rier flow and of the gas response can be achieved. The number of

adsorbed oxygen species on the rod surface would depend on the

Cu doping in ZnO to  adsorb the oxygen which in  turn would oxi-

dize the exposed gas. For doping in  the range 2–3%Cu in  zinc oxide

it provides most efficient properties to promote effectively sensing

due to  more adsorbed oxygen on  surface. For lower concentration

of doping the surface may be poor in  oxygen and gas response is

lower, which is in agreement with previous reports [82,83].  Sev-

eral other papers reported the gas selectivity and sensitivity of

ZnO sensors by  using Cu doping or functionalization as  described

in refs. [28,84–86].  When gas molecules are adsorbed on the sur-

face, they are preferably adsorbed on the Cu sites to form bonds

between them. The weak Cu H  bonding consists of the donation of

H2 electrons to the metal and the back donation of electrons from

d-orbitals of Cu to H2,  and the adsorption results in the enhance-

ment of  the gas reactivity [87]. The gas adsorption mainly took

place at the Cu sites and not at the Zn sites, and then H2 molecules

migrate from the Cu to the Zn  sites [87]. In this way, the Cu sites

enhanced the gas adsorption and thus the reaction of H2 with oxy-

gen species. Patil et al. [88] reported that the adsorption chemistry
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of Cu-O-modified tin titanate (TT) surface would be different from

the pure TT thick film surface. The CuO misfits on the surface would

adsorb more oxygen species than the pure TT surface. In addition,

Cu-doping can greatly improve the formation of surface oxygen

vacancies in the metal oxide, and the formation energy is related

to the Cu depth from the surface. Molecular O2 can be exothermi-

cally adsorbed on the reduced SnO2 surface, which also underlies

the mechanism of enhanced sensitivity due to Cu-doping [89].

Thus, one can conclude that the gas response is affected by:

depletion region sizes; concentrations of charge carriers; defect

states (e.g. oxygen vacancies VO), which favors more oxygen to  be

adsorbed on the surface, respectively higher gas response.

Another approach to improve the gas response is  to use thinner

nanowires [90], which is  in  our attention.

5. Conclusions

In summary, a single Cu-ZnO rod-based hydrogen sensor syn-

thesized through a  low-temperature aqueous solution route and

FIB has been demonstrated for the first time. The major advan-

tages of this method are its simplicity and fast growth rates (20 min

versus several hours). We  also showed that the structural and

chemical properties of the rods can be  effectively controlled by

using suitable preparation conditions through Cu doping. Based on

XRD studies, we determined that the slight difference of the lat-

tice parameters in Cu-doped ZnO depositions is probably caused

by the copper atoms occupying different positions in  the ZnO lat-

tice and the formation of complex defects [CuZn Zni]
x in  Cu-ZnO.

We have observed a significant increase in the ratio of the oxygen

XPS feature attributed to defective ZnO in the Cu-doped sample

(ZnOx/ZnO = 3.3) as  compared to the undoped ZnO (ZnOx/ZnO = 0.5)

reemphasizing the incorporation of Cu+ ions into the ZnO and the

consequent generation of defects. XPS suggests on the possibility of

monovalent copper in CuZn VO complexes (VO represents oxygen

vacancies). The photoluminescence band associated with the Cu

impurity was observed as a broad band with the maximum around

2.4–2.5 eV, and it emerges in the low temperature spectrum of the

sample with 3.0% Cu-ZnO. Our Raman studies indicate the good

wurtzite structure of pure and doped ZnO. No Raman peaks of CuO

or Cu2O appeared in  the spectrum of the Cu-doped ZnO nanostruc-

tures, indicating no secondary phase in  the copper-doped samples,

which is consistent with the XRD results. We observed that the

Raman line of the E2(high) mode becomes broad and  weaker, which

means that the wurtzite crystalline structure of ZnO is weakened

by the higher Cu doping.

In addition we presented for the first time a double rod-based

sensor made by a  bottom-up approach by using in situ lift-out tech-

nique. Furthermore, an enhancement of 44% in sensitivity to  H2

followed by fast response and recovery time (compared to pure

ZnO), as well as a  better selectivity were found to  be useful for

further development of H2 sensor at room temperature. For com-

parison sensor response of 25% and 35% were measured for 0.5%

Cu and 1% Cu doped ZnO nanorods, respectively. For doping in the

range 2–3% Cu in ZnO we obtained almost similar results, about

40% and 44%. The resistance was  restored toward the 10% above

the original value within 25 s and 19 s of  introducing clean air for

0.5% Cu and 1% Cu doping-ZnO sensor, respectively.
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Institute of Chiş inău, Moldova in 1973. He received his
Ph.D.  degree in  semiconductor physics from the Insti-
tute  of Applied Physics of the Academy of Sciences of
Moldova of U.S.S.R., in 1982. He was promoted to pro-
fessor  in 1996. Since 1973 he works at the Technical
University of Moldova (TUM). His  research interests are
in  the Microelectronics, physics and technology of mate-
rials,  semiconductor devices and micro-nano-electronics,
engineering of micro-nano-electronics and biomedical
devices.

Alfons Schulte is a professor in the Department of Physics
and  a joint faculty in the College of Optics and Photonics
at  the University of Central Florida. He joined UCF  in 1990
following postdoctoral research at the University of Illi-
nois  at Urbana-Champaign (UIUC) and the IBM Almaden
research  laboratory. He obtained his doctorate in Physics
from  the Technical University Munich summa  cum laude
in  1985. He held appointments as  a visiting scholar at UIUC
and  Los Alamos National Laboratory (1997/1998) and as
professor  at the TU Munich (2001/2002). His  research
interests include biological physics, optical spectroscopy
at  the single cell level, and applications of light-scattering
spectroscopies to optical and nano-materials.


