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1  �Introduction

Quasi-monodimensional metal oxide nanostructures have been recently considered 
as promising candidates to develop high-efficiency and high-temperature thermo-
electric devices due to their reduced dimensionality and excellent durability at high 
temperature [1]. The fabrication of a thermoelectric generator (TEG) requires 
both n- and p-type elements. To this purpose, bundles of ZnO (n-type) and CuO 
(p-type) nanowires have been grown by thermal evaporation process [2] and thermal 
oxidation techniques [3], respectively, and a planar thermoelectric generator has 
been fabricated.

2  �Material Preparation

The deposition technique for zinc oxide nanowires consists in the thermally driven 
evaporation of a powder of bulk metal oxides followed by condensation on a sub-
strate in an alumina tubular furnace capable to reach high temperatures (≈1,500 °C), 
needed to initiate the decomposition and the evaporation of metal oxide powder [2]. 
The nanowires have been fabricated on alumina 20 × 20 mm2 substrates with Au 
nanoparticles deposited by RF sputtering as catalyst.
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Copper oxide nanowires have been grown by thermal oxidation of metallic Cu 
thin film layer, previously deposited by RF magnetron sputtering on 20 × 20 mm2 
alumina substrates [3].

By combining n- and p-type nanostructured elements, a planar TEG consisting 
of five ZnO and CuO thermocouples, electrically connected in series and thermally 
in parallel, has been designed and fabricated. Thermoelectric material depositions 
have been patterned via shadow mask technique on alumina 20 × 20 mm2 substrates 
to form an array of elements. Each element consists of an S-shaped strip 20 mm 
in length and 1 mm in width. The electrical contact is provided by the overlap of 
adjacent strips. ZnO nanowires have been grown by thermal evaporation technique 
before copper deposition, to avoid contaminations; then the entire device has been 
oxidized in a furnace. A top-view picture of the planar thermoelectric generator is 
shown in Fig. 1a.

3  �Measurement of the Thermoelectric Response

The thermoelectric response of the fabricated samples has been experimentally 
investigated by measuring the thermoelectric voltage as a function of the temperature 
difference ΔT = TA−TB applied by means of an experimental setup, based on two 
Peltier cells, which provides the temperatures TA and TB at the edges of the sample, 
as shown in Fig. 1b.

The thermoelectric voltages on the ZnO and CuO nanowire bundles have been 
measured by means of a pair of Chromel probes, which connect the nanowire 
bundle to the electronic measurement unit [4]. The voltage ΔV, measured at the tips, is 
proportional to the temperature difference ΔT as follows:

	 D a D a a DV T Tm m Ch= = -( ),Ch 	 (1)

Peltier cell A Peltier cell B

Nanowires

TA TBDT

Temperature
Sensor Pt100

Temperature
Sensor Pt100

DVma

Probing tip Probing tip

a b

Fig. 1  (a) Picture of the fabricated planar TEG. (b) Schematic diagram of the experimental setup 
for the measurement of the thermoelectric response of nanowires samples

S. Dalola et al.
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where αm,Ch is the Seebeck coefficient of the tested material (ZnO or CuO) labelled 
m, with respect to the reference material Ch, i.e., Chromel, while αm and 
αCh = 28.1 μV/°C [5] are the absolute Seebeck coefficients of the tested material m 
and the Chromel, respectively.

For the characterization of the planar thermoelectric generator, the thermoelec-
tric voltage ΔV has been measured using a pair of copper probing tips by means of 
the above-described experimental setup, as a function of the applied temperature 
difference ΔT. The thermoelectric voltage ΔV provided by the TEG is proportional 
to the applied temperature difference ΔT by means of the Seebeck coefficient S of 
the entire thermoelectric device, as it follows:

	 D D a D a a DV S T N T N T= = = -( )CuO ZnO CuO ZnO, 	 (2)

where N = 5 and αCuo,ZnO are the number and the Seebeck coefficient of the ZnO–
CuO thermocouples composing the thermoelectric device, respectively.

The voltage ΔV has been amplified by means of a low-noise instrumentation 
amplifier INA111 with a gain of 100 for the characterization of both metal oxide 
nanowires and planar thermoelectric generator.

4  �Experimental Results

Figure 2a shows the applied temperature difference ΔT and the corresponding ther-
moelectric voltage ΔV measured for a ZnO nanowire sample fabricated at 700 °C as 
a function of time. From measured data, the generated voltage can be plotted versus 
the temperature difference, as shown in Fig. 2b.

The Seebeck coefficients of the fabricated samples, estimated by fitting the 
experimental data with a linear function as predicted by (1) and deriving the slope 
of the fitting line, are reported in Table 1. The sign of the measured thermoelectric 
coefficients is negative (positive) for ZnO (CuO) as expected for n-type (p-type) 
semiconductors. The experimental results are in agreement with recently reported 
values of Seebeck coefficient for ZnO nanostructures [6] and CuO thin film [7].

Figure  3a shows the trends of the applied temperature difference ΔT and the 
thermoelectric voltage ΔV versus time for the thermoelectric generator. The 

Fig. 2  (a) Trends of the applied temperature difference ΔT and the thermoelectric voltage ΔV 
versus time and (b) the voltage ΔV versus the applied temperature difference ΔT for the ZnO 
sample fabricated at 700 °C

Investigation of Seebeck Effect in Metal Oxide Nanowires for Powering Autonomous…
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thermoelectric coefficient of the TEG has been estimated by linear fitting of the 
experimental data (Fig. 3b) and results of about 4 mV/°C; therefore, a single nano-
structured ZnO–CuO thermocouple exhibits a Seebeck coefficient of about 
0.8 mV/°C. The experimental data suggest that TEG based on the ZnO–CuO system 
could be investigated to supply low-power sensors and microsystems.

5  �Conclusions

ZnO and CuO nanowire bundles have been deposited by thermal techniques and 
investigated for energy-harvesting applications by measuring Seebeck coefficient. 
A planar thermoelectric device based on five ZnO–CuO nanostructured thermo-
couples has been fabricated. Experimental data confirm the feasibility of fabricating 
planar thermoelectric generators for power generation based on ZnO and CuO 
nanowires deposited via shadow masks.

Acknowledgments  Authors gratefully acknowledge partial financial support by the IIT, Project 
Seed 2009 “Metal oxide NANOwires as efficient high-temperature THERmoelectric Materials 
(NANOTHER).”

Table 1  Measured Seebeck coefficients of the fabricated ZnO and CuO nanowire samples

Material Deposition temperature (°C) Seebeck coefficient αm (mV/°C)

ZnO 700 −0.19
870 −0.11

1,070 −0.10
CuO 250 +0.82

400 +0.43

Fig. 3  (a) Trends of applied temperature difference ΔT and the voltage ΔV versus the time and (b) 
the generated voltage ΔV versus the applied temperature difference ΔT for the TEG
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1            PPTs Fabrication Characteristics 

 The fl exible piezopolymer transducers made with thin 100 μm PVDF fi lm were 
proposed by the authors in previous works [ 1 – 3 ]. 

 The proposed technology uses an array of transducers which can be designed to 
excite particular types of ultrasonic Lamb waves in laminate materials (metallic or 
composite). The fi nger to fi nger distance of interdigital electrode patterns deter-
mines the central wavelength of the transducer ( λ ) and then the corresponding Lamb 
waves mode. The piezoelectric polymer fi lm can operate in a range of temperature 
(−80 to +60 °C) that is broader than that of ceramic transducers. Furthermore, the 
high mechanical compliance makes it adaptable to curved surfaces. A laser-based 
microfabrication design process can be tuned for effi cient excitation and reception 
of selected Lamb waves. This property depends on the characteristics of laminate 
material and defect types. In our case we adopted 8 mm fi nger distance and four 
pairs of electrodes (see Fig.  1 ). Permanently glued on the vessel surface, a series of 
PZTs (Acellent Technologies, Inc., Sunnyvale, CA) used during previous tests is 
still present.

   The piezopolymer interdigital transducers have been characterized at low 
temperature (−80 °C) and high temperature (+60 °C) showing no signifi cant change 
of behavior, confi rming that they can operate in the temperature range required for 
space application. Also levels of driving voltages and excitation burst frequency 
have been selected depending on the monitored medium. Because of the lower 
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effi ciency of PVDF with respect to PZT, higher voltages are necessary to drive the 
IDT transducers starting from low-voltage (±12 V) integrated driven circuit. 
Voltages up to 150 Vpp are obtained by designed matching networks (see Fig.  2 ).

   All operations have been carried out with the scope of testing a piezopolymer 
transducers (PPTs) network applied on the surface of a scaled model of a carbon 
composite overwrapped pressurized vessel (COPV) to proof its effi ciency for the 
localization of artifi cially induced damages on the COPV surface (see Fig.  3 ). 

  Fig. 1    The fabricated 
interdigital PPT made with 
thin 100 μm-thick PVDF fi lm 
with  λ  = 8 mm. The two holes 
( ϕ  = 2 mm) are used for 
cables connection. 
Dimensions 26 mm × 37 mm       

  Fig. 2    Interdigital PPT with 
protective adhesive cover and 
the matching network 
designed. Implementation of 
the Piezopolymer 
Transducers Network       

  Fig. 3    Programmable acquisition system for active SHM on COPV with interdigital PPTs network       
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PPTs network has been designed for the wavelength  λ  = 8 mm, assembled on matching 
network designed connected to the receiving electronics. Adhesion of the sensors to 
the COPV surface is assured by smoothing with sandpaper and then degreasing with 
isopropyl alcohol the vessel surface. Then 8 PPTs (4 for the transmission Tx and 4 
for the detection Rx) are installed on the vessel surface to investigate a portion of the 
cylindrical surface.

      The chosen confi guration (4 + 4 PPTs at 180 mm of distance spread along 180 mm 
depending on the defect characteristic and dimension) allows the acquisition of data 
along the paths between all possible pairs of transmitting and receiving transducers 
with a good signal-noise ratio.  

2     Experimental Tests 

 A developed electronic system is programmed for the selection of multiple couples 
of pitch and catch PPTs and for the acquisition of relevant data. Front-end electronics 
has been designed and optimized for high signal-to-noise ratio taking into account 
the low power space requirements. The system includes also dedicated software that 
is developed to process off-line signals up to 8 × 8 different pairs of transducers for 
detecting both the damaged area and the size of the damage. The developed software 
interface controls the experiment and evaluates a damage index (DI) both in no 
damaged and damaged conditions and fi nally shows a colored scale image connected 
to the levels of probability of the presence of the damage. 

 Algorithm development for damaged area detection includes:

•    The defi nition of signal paths from transmitter to the receiver  
•   The defi nition of excitation signal parameters  
•   The defi nition of artifi cially induced damages (drops of gel of 3 cm 2  size)  
•   The defi nition of Matlab routine managing the acquired signals of different paths 

before the DI calculation  
•   The calculation of DI based on the difference of both shape and amplitude of 

two acquired signals across the same path in undamaged and damaged 
conditions    

 Different artifi cial defects have been detected successfully by signal processing 
with the developed laboratory system: defects with area of about 3 cm 2  made by an 
ultrasonic gel drop on the surface of COPV have been detected successfully by 
using two arrays of four transmitters and four receivers placed at a distance of 
180 mm. The antisymmetric A 0  mode at 220 kHz has been used to scan the area. 
The damage index image is shown in Fig.  4  corresponding to 1 for no defect and 0 
for strong defect (no signals received).
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1            Introduction 

 The nano superconducting quantum interference device (nanoSQUID) is a powerful 
tool to study the magnetic properties of the nanoparticles at a microscopic level 
[ 1 – 7 ]. In fact, in the recent years, it has been shown that the magnetic response of 
nano-objects (nanoparticles, nanobead, small cluster of molecules) can be effec-
tively measured by using a nanoSQUID [ 8 ,  9 ]. Typically, a dc nanoSQUID consists 
of a square loop having a side length less than 1 μm interrupted by two nanometric 
niobium constrictions (Dayem bridges) [ 2 – 4 ]. A small capture area improves the 
magnetic coupling between the SQUID and the nano-object under investigation 
allowing to obtain a sensitivity as high as few tens of Bohr magnetons per unit band-
width [ 2 – 4 ]. In this paper, the design, the fabrication, and the characterization of 
hysteretic nanoSQUIDs based on Dayem nanobridges are reported. The effectiveness 
of such devices to measure magnetization and relaxation of iron oxide nanoparticles 
having a mean size ~8 nm demonstrated that our nano-devices are useful tools for 
nanomagnetism investigation.  

2     Sensor Design and Characterization 

 We have designed and fabricated nanoSQUIDs consisting of a square hole with an 
inner side length of 0.75 μm, a width of 0.2 μm, and two Dayem bridges 120 nm 
long and 80 nm wide. We have used a confi guration where the bias leads are 
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asymmetric with respect to the loop which corresponds to an inductance loop 
asymmetry. As we will show in the experimental results, such a confi guration allows 
us to improve the critical current responsivity. A superconducting integrated coil 
located very close to the device allows to tune and set the optimal working point of 
the sensor (Fig.  1a ).

   The fabrication process is based on electron-beam lithography (EBL) process, 
which can directly pattern two-dimensional nanostructures on a high-resolution 
positive-tone polymethyl methacrylate (PMMA) electron-beam resist, spin-coated on 
a standard silicon wafer, used as substrate [ 9 ]. The EBL was used to pattern both the 
SQUID and an integrated coil into PMMA. A 20-nm-thick Nb fi lm was deposited 
by dc magnetron sputtering in an ultra high-vacuum system with a base pressure of 
10 −8  mbar. A simple lift-off procedure is employed to obtain the SQUIDs and the 
related coil. A layer of fl owable oxide (Fox-22 DOWCorning) is fi nally spin coated 
to obtain a passivation layer. The nanosensors have been characterized in liquid 
helium ( T  = 4.2 K) in a cryoperm magnetic shield using a low noise read-out 
electronic. In Fig.  2b , the  I −Φ characteristic measured at  T  = 4.2 K has been reported. 
There is an appreciable increase of the curve slope on the steeper side of the char-
acteristic, leading to an increase of the current sensitivity. As evaluated from the 
fi gure, the slope ratio between the steepest and the smoothest side is more than a 
factor three.

   The magnetic fl ux resolution is given by Φ N  =  ΔI  CN / I  Φ , where  ΔI  CN  is the minimum 
critical current difference detectable which depends on the critical current values 
and  I  Φ  =  ∂I   c  / ∂ Φ  e   is the magnetic fl ux to critical current transfer coeffi cient. For typical 
 I  C  value of 100–200 μA,  ΔI  CN  is about 0.01 μA, and considering a maximum  I  Φ  of 
about 90 μA/Φ 0  for the asymmetric confi guration (Fig.  1b ), a magnetic fl ux resolution 
of 0.1 mΦ 0  can be estimated.  

  Fig. 1    ( a ) Scanning electron micrograph of a nanoSQUIDs in an asymmetric confi guration. 
The integrated coil allows an effective modulation/calibration of the device. ( b ) Critical currents 
as a function of the external magnetic fl ux measured at  T  = 4.2 K       
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3     Magnetization Measurement 

 Magnetization measurement relative to magnetite (Fe 3 O 4 ) nanoparticles having a 
diameter of 8 nm has been performed. The measurement is obtained by measuring 
the critical current variation due to the change in the magnetic fl ux threading the 
SQUID loop. The experimental setup employed to perform these measurements is 
well described elsewhere [ 9 ]. The excitation fi eld is provided by a solenoid coil able 
to produce a uniform magnetic fi eld in the plane of the nanosensor of about 800 G, 
while a suitable feedback circuit provides the linearization of the nanoSQUID out-
put. In this confi guration, only the magnetic fi eld arising from the nanoparticles will 
be measured, because the SQUID is sensitive only to the magnetic fi eld normal to 
the capture area. 

 The nanoparticles were dispersed in hexane with a concentration of 6 mg/ml. 
A single drop of the solution of about 10 ml was left to dry on the chip (1 cm 2 ) leaving 
the nanoparticles stuck on the chip due to Van der Waals force. Supposing a uniform 
distribution of the solution on the chip, the mass of iron oxide in the active area of 
the sensor (0.5 μm 2 ) was about 0.3 pg corresponding to 10 4 –10 5  nanoparticles [ 9 ]. 
In Fig.  2a , magnetic fi eld dependence of the magnetization relative to Fe 3 O 4  
nanoparticles for a sweep magnetic fi eld ranging from −600 to 600 G and measured 
at  T  = 4.2 K is reported. The sigmoid shape of the virgin curve at low magnetic fi eld 
suggests the presence of dipole–dipole interparticle interactions which tend to resist 
to the magnetization process. The hysteresis indicates ferromagnetic features which 
are also present for lower fi eld sweeps, suggesting that at  T  = 4.2, the magnetic 
nanoparticles under investigation are well below the blocking temperature. 
Unfortunately, the available magnetic fi eld did not allow us to observe saturation, 

  Fig. 2    ( a ) Field dependence of magnetization for 8-nm magnetic nanoparticles ( blue dots ) mea-
sured at  T  = 4.2 K by using a nanoSQUID. ( b ) Magnetic fl ux produced by a spin cluster as a function 
of the spin number, located within the SQUID hole at different distance  z  from the sensor plane. 
The overall magnetic fl ux has been obtained by summing up the fl ux contributions of each spin       
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so only a minor loop have been recorded. The coercive fi eld of such a loop is 
about 290 G. 

 By using the numerical calculations reported in ref. [ 10 ], we have computed the 
magnetic fl ux produced by a cluster of elementary magnetic moment (Bohr magne-
tons,  μ  B  = 9.3 × 10 −24  J/T), located within the SQUID hole at different distance from 
the sensor plane (Fig.  2b ). Since the maximum SQUID output relative to the reported 
magnetization curve is about 1 Φ 0  and assuming a distance from the nanoparticles 
and the sensor plane of 10–100 nm, we have approximately estimated from Fig.  2b  
a value of the total magnetic moment of (0.6–1.7) × 10 8   μ  B  (0.6–1.6 × 10 −12  emu) 
corresponding to (2–5) emu/g which is a reasonable value since the typical values 
of the magnetization at the saturation fi eld (few  T ) reported in the literature are few 
tens of emu/g.  

4     Conclusions 

 Low noise magnetic nanosensor based on Dayem bridge SQUID has been employed 
for the measurements of nanoparticles magnetization. A magnetic fl ux sensitivity of 
about 10 −4  Φ 0  has been obtained by using an asymmetric nanoSQUID confi guration. 
The sensor has been used in a hysteretic mode with suitable read-out scheme which 
has allowed to linearize the SQUID response. The magnetization measurements on 
iron oxide nanoparticles have shown an evident magnetic hysteresis indicating a 
blocking temperature well above 4.2 K. These results are very encouraging in view 
of a wide use of nanoSQUIDs for the nanomagnetism investigations.     
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1  �Introduction

Turbine inlet temperature (TIT) is a critical parameter of gas turbine systems 
influencing both material and coating lifetime of turbines as well as their efficiency. 
For this reason, online TIT monitoring systems are highly desirable since they 
would allow both to foresee with higher reliability the residual life of the most critical 
hot parts of the turbine and, at the same time, to maximize the gas temperature 
(although it should remain within the limits for materials and coatings operation) so 
as to increase the gas turbine overall efficiency.

Unfortunately, at present, there are no available methods to accurately measure this 
parameter on operating plants. For these reasons, we have developed a temperature 
sensor based on spectroscopic photometric measurements of the infrared radiation 
emitted in a selected wavelength band by the CO2 molecules of the combustion 
gases. The sensor has been designed to provide online and in real-time measure-
ments of the average gas temperature on a plant section transversal to the gas flow. 
The developed prototype is mechanically robust and thermally resistant to with-
stand typical operating conditions of industrial gas turbines. It has been tested both 
at laboratory level in controlled stable conditions and on a full-scale combustor test 
bed simulating the behavior of real gas turbine machine.

2  �Principle of Operation

The measuring technique is a sort of emission-absorption pyrometry like the one 
utilized in nonreacting gas mixtures with negligible reflectivity [1]. The measured 
quantity is the grey body spectral irradiance H(λ,T) defined by the product of the 
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