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Abstract  Thermoelectric thin films have been prepared from 100 alternating layers of SiO2/SiO2+Au superlattice films 
using Magnetron DC/RF Sputtering. Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) have 
been used to analyze the surface and composition of the thin films. In order to form nano-structures (nano-dots and/or 
nano-clusters) in the multilayers, the fabricated thin films were annealed at different temperatures ranging between 100°C 
and 400°C. The thin films annealed at different temperatures have been characterized using Seebeck coefficient measurement, 
van der Pauw resistivity measurement, mobility, density, Hall Effect measurements, Optical absorption spectroscopy, SEM 
and EDS analysis, and Atomic Force Microscopy (AFM). The Seebeck coefficient reached its highest value for the sample 
annealed at 500°C when the measurement temperature reached 360 K. The highest Seebeck coefficient was recorded as about 
-425 µV/K at 360 K. The resistivity values increased when it was annealed at 100°C, and then decreased and reached the 
lowest value when the annealing temperature reached the 200°C. Temperature annealing affected the negative mobility and 
Hall Effect coefficients to shift to the positive direction. The optical absorption spectra got narrower when the annealing 
temperatures increased. SEM shows that the surface of the multilayer thin films is very smooth. 
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1. Introduction 
Thermoelectric materials are increasingly becoming more 

important due to their applications in thermoelectric power 
generation as heat harvesting and microelectronic cooling 
devices [1, 2]. The theory of thermoelectric power 
generation and thermoelectric refrigeration was first 
presented by Altenkirch in 1990 [3]. The efficiency of the 
thermoelectric devices and materials is determined by the 
figure of merit [4] κσ /2 TSZT =  where S is the Seebeck 
coefficient, σ is the electrical conductivity, T is the absolute 
temperature, and κ is the thermal conductivity [5, 6]. 
Effective thermoelectric materials and devices have a low 
thermal conductivity and a high electrical conductivity [7]. 
Solid state thermoelectric devices are reliable energy 
converters since they do not have noise or vibration due to 
not having mechanical moving parts [8]. Therefore, 
thermoelectric materials (TEM) are attracting worldwide 
attention now, for use of exhaust waste heat from power 
plant or automobile [9]. Recent years witnessed remarkable 
growing interest in thermoelectric nano-composite for 
energy conversion applications [10]. Our previous studies on 
the similar multilayer thin films are given in ref.          
[1, 11-15]. In this study we report on the preparation of the  
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thermoelectric thin films with the 100 alternating 
SiO2/SiO2+Au nano-layers, thermal annealing effects on the 
fabricated thermoelectric thin film systems and their 
characterizations with Seebeck coefficient measurement, 
van der Pauw resistivity measurement, mobility, density, 
Hall Effect measurements, Optical absorption spectroscopy, 
Scanning Electron Microscopy (SEM) and Energy 
Dispersive Spectroscopy (EDS) analysis, and Atomic Force 
Microscopy (AFM). 

2. Experimental 
We have deposited the thin films with 100 alternating 

SiO2/SiO2+Au nano-layers on silicon (Si) and fused silica 
(suprasil) substrates by magnetron DC/RF sputtering as 
shown in figure 1. The multilayer thin films were 
sequentially deposited to have a periodic structure consisting 
of alternating SiO2 and SiO2+Au layers. These thin films 
form a periodic quantum well structure consisting of 100 
alternating layers of total thickness of 1211 nm. The DC 
(Direct Current) gun was used to sputter Au material while 
RF (Radio Frequency) gun was used to sputter SiO2. Ar gas 
was used to form plasma in the DC/RF sputtering chamber 
during the deposition. The chamber was pumped down to 
about 5x10-5 Torr. The deposition was performed when the 
pressure was about 3x10-3 Torr. The substrates were 
mounted on the substrate holder and rotated during the whole 
deposition process. The growth rate was monitored by an 
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INFICON Quartz Crystal Microbalance (QCM). In order to 
form nano-structures (nano-dots and / or nano-clusters) in 
the multilayers, the fabricated thin films were annealed at 
different temperatures ranging between 100°C and 400°C. 
The thin films annealed at different temperatures have been 
characterized using Seebeck coefficient measurement, van 
der Pauw resistivity measurement, mobility, density, Hall 
Effect measurements, Optical absorption spectroscopy, 
Scanning Electron Microscopy (SEM) and Energy 
Dispersive Spectroscopy (EDS) analysis, and Atomic Force 
Microscopy (AFM). 

 

Figure 1.  Cross Sectional Deposition Geometry of 100 alternating 
SiO2/SiO2+Au nano-layers on (a) silicon (Si) and (b) fused silica (suprasil) 
substrate 

3. Results and Discussion 
Figure 1 shows the cross-sectional deposition geometry of 

100 alternating SiO2/SiO2+Au nano-layers on (a) silicon (Si) 
and (b) fused silica (suprasil) substrate. The sample 
geometry given in figure 1(a) is for van der Pauw, SEM, and 
optical measurements; 1(b) is for Seebeck coefficient 
measurements. 

Figure 2 shows the temperature dependence of Seebeck 
coefficients of 100 multilayers of SiO2/SiO2+Au thin films 
annealed at the different temperatures. As seen from figure 2, 
the Seebeck coefficient increased in the negative direction 
when they were annealed at suitable temperatures. When the 
annealed samples were measured for their Seebeck 
coefficient depending on temperatures change, the increase 
in Seebeck coefficient in negative direction was recorded for 
the samples annealed at 400°C and 500°C. The Seebeck 
coefficient reached its highest value for the sample annealed 
at 500°C when the measured temperature reached 360 K. As 
seen from figure 2, the highest Seebeck coefficient was 
recorded as about -425 µV/K at 360 K. The increase in 
Seebeck coefficient is one of the expected parameters for the 
high efficient thermoelectric materials and devices. We did 
similar studies on the same multilayer systems before and, 
we reached the Seebeck coefficient of about -60 µV/K at 360 
K for 50 multilayers at the thickness of 500 nm [1], and the 
Seebeck coefficient of about -50 µV/K at 360 K for 50 
multilayers at the thickness of 147 nm [14]. Our reaching 
here the much higher Seebeck coefficient might arise from a) 
the number of multilayers was doubled, and b) the total 
thickness of the multilayer thin films was higher than the 
doubles of the sample in ref. [1] and eight times thicker than 

the sample in ref. [14]. The previous two studies have been 
modified to form nano-clusters and/or nano-dots in the 
multilayers using high-energy ion bombardment, but the 
current study has been performed under the different 
temperatures for annealing to form nano-dots and/or 
nano-clusters in the multilayers. It seems that the chosen 
annealing temperatures and the films thickness for the 
current study have better effects on the multilayer thin film 
systems than the high energy beam at the previous selected 
fluences. Both temperature annealing and ion beam 
bombardment cause the similar effects on the Seebeck 
coefficient of the multilayered thin film systems. 

 

Figure 2.  Temperature Dependence of Seebeck Coefficients of 100 
Multilayers of SiO2/SiO2+Au Thin Films Annealed at the Different 
Temperatures 

Figure 3 shows the annealing temperature dependence of 
Seebeck coefficients measured at room temperature of 100 
multilayers of SiO2/SiO2+Au thin films. This result could be 
seen easily from figure 2 if one could look at the room 
temperature measurement (300 K). As seen from figure 3, 
the sample annealed at 100°C reached the highest value of 
about -190 µV/K. Similar graphs could be redrawn using the 
Seebeck coefficient values at 320 K, 340 K and 360 K. As 
seen from figure 2, the highest Seebeck coefficient reached 
the value of about -425 µV/K at 360 K as mentioned in the 
previous figure. 

Figure 4 shows the temperature dependence of van der 
Pauw resistivity values of 100 multilayers of SiO2/SiO2+Au 
thin films annealed at the different temperatures. As seen 
from figure 4, the resistivity values increased when it was 
annealed at 100°C, and then decreased and reached the 
lowest value when the annealing temperature reached the 
200°C. It seems that the annealing has positive effects on the 
increment of the electrical conductivity. The increase in the 
electrical conductivity is one of the other important 
parameters among the thermoelectrical properties. We have 
seen similar increments in the electrical conductivity 
measurements for the sample given in fences [1, 14] for the 
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50 multilayers of the same systems at the different thickness 
and under high beam modification. As we have seen from the 
graph in figure 4, the thermal annealing brought positive 
effects on the electrical conductivity values. 

 

Figure 3.  Annealing Temperature Dependence of Seebeck Coefficients 
Measured at Room Temperature of 100 Multilayers of SiO2/SiO2+Au Thin 
Films 

 

Figure 4.  Temperature Dependence of van der Pauw Resistivity Values of 
100 Multilayers of SiO2/SiO2+Au Thin Films Annealed at the Different 
Temperatures 

Figure 5 shows the temperature dependence of mobility 
values of 100 multilayers of SiO2/SiO2+Au thin films 
annealed at the different temperatures. From figure, 
annealing affected the negative mobility to shift to the 
positive direction. It might give some idea of the releasing 
positive charge carriers from the multilayers structures due 
to the annealing and contributing to the transport properties. 

Figure 6 shows the temperature dependence of Density 
values of 100 multilayers of SiO2/SiO2+Au thin films 
annealed at the different temperatures. As seen from the 
figure, annealing has the similar effects on the density like on 
the effect on the mobility. The density started to shift to low 
values after annealing was introduced like 100°C and 400°C.  

 

Figure 5.  Temperature Dependence of Mobility Values of 100 Multilayers 
of SiO2/SiO2+Au Thin Films Annealed at the Different Temperatures 

 

Figure 6.  Temperature Dependence of Density Values of 100 Multilayers 
of SiO2/SiO2+Au Thin Films Annealed at the Different Temperatures 

 

Figure 7.  Temperature Dependence of Hall Coefficients of 100 
Multilayers of SiO2/SiO2+Au Thin Films Annealed at the Different 
Temperatures 
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Figure 7 shows the temperature dependence of Hall 
coefficients of 100 multilayers of SiO2/SiO2+Au thin films 
annealed at the different temperatures. As seen from the 
figure, annealing affected the negative Hall Effect 
coefficients to shift to the positive direction. Annealing has 
similar effects on the Hall Effect coefficient like it does on 
mobility. Since the Hall Effect is related to mobility and 
density of the charge carriers, the behavior resembles to the 
mobility. The more detailed temperature on the similar 
system under the different magnetic field for the Hall Effect 
measurements has been planned. 

 

Figure 8.  Optical Absorption Spectra of 100 Multilayers of SiO2/SiO2+Au 
Thin Films Annealed at the Different Temperatures 

Figure 8 shows the optical absorption spectra of 100 
multilayers of SiO2/SiO2+Au thin films annealed at the 
different temperatures. As seen from the figure, the optical 
absorption spectra are getting narrower when the annealing 
temperatures increased. The optical absorption is a sign of 
the nanodots formation in the multilayers. It has been 
planned to work with these systems to find the average 
nano-dots size using Mie’s theory and Doyle’s [16] formula. 
We did some preliminary study on the optical absorption of 
Au nano-crystal formation in silica [11]. Metallic ion 
implantation and thermal annealing result in metal 
nano-clusters to precipitate and change the linear and 
nonlinear optical properties near the surface of the silica 
glass. Implantation at elevated temperatures or at fluences 
above a threshold, causes spontaneous nano-cluster 
formation without additional thermal treatment. The average 
radius r of the metallic clusters can be calculated according 
to Doyle formula from the absorption spectra using the 
equation 

                 (1) 

Where : electron velocity corresponding to the Fermi 

energy of the metal ( =1.39×108 cm s-1 for gold) and 

, where  is the full width 

at half maximum (FWHM) wavelength and  is the peak 
wavelength both determined from an optical absorption 
spectrum.  depends on the element implanted and  
is related to the size of the nano-clusters [11]. 

Figure 9 shows the Scanning Electron Microscopy (SEM) 
and Energy Dispersive Spectroscopy (EDS) analysis of 
unannealed 100 multilayers of SiO2/SiO2+Au thin film. SEM 
shows that the surface of the multilayer thin films is very 
smooth. The EDS shows the quantitative analysis as seen 
from figure 9.  

 
Figure 9.  SEM+EDS Analysis of Unannealed 100 Multilayers of 
SiO2/SiO2+Au Thin Film 

Figure 10 shows the SEM mapping analysis of unannealed 
100 multilayers of SiO2/SiO2+Au thin film. The SEM 
mapping results as shown in figure 10, each element has its 
own mapping and combination of all mapping gives us the 
SEM micrograph of the fabricated thermoelectric thin films. 

 

Figure 10.  SEM Mapping Analysis of Unannealed 100 Multilayers of 
SiO2/SiO2+Au Thin Film 

Figure 11 shows AFM images of 100 multilayers of 
SiO2/SiO2+Au thin films for unannealed and annealed at 
100°C. As seen from the figure 11, annealing at 100°C did 
not show too much change on the surface of the thin films.  
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Figure 11.  AFM Images of 100 Multilayers of SiO2/SiO2+Au Thin Films 
for Unannealed and Annealed at 100°C 

4. Conclusions 
In this study we reported on the preparation of the 

thermoelectric thin films with the 100 alternating 
SiO2/SiO2+Au nano-layers, thermal annealing effects on the 
fabricated thermoelectric thin film systems and their 
characterizations with Seebeck coefficient measurement, 
van der Pauw resistivity measurement, mobility, density, 
Hall Effect measurements, Optical absorption spectroscopy, 
Scanning Electron Microscopy (SEM) and Energy 
Dispersive Spectroscopy (EDS) analysis, and Atomic Force 
Microscopy (AFM). The Seebeck coefficient reached its 
highest value for the sample annealed at 500°C when the 
measured temperature reached 360 K. The highest Seebeck 
coefficient was recorded as about -425 µV/K at 360 K. The 
resistivity values increased when it was annealed at 100°C, 
and then decreased and reached the lowest value when the 
annealing temperature reached the 200°C. Temperature 
annealing affected the negative mobility and Hall Effect 
coefficients to shift to the positive direction. The optical 
absorption spectra got narrower when the annealing 
temperatures increased. SEM shows that the surface of the 
multilayer thin films is very smooth. We are planning more 
detailed temperature range for the characterizations to see 
more effective and accurate results.  

ACKNOWLEDGEMENTS 
Research sponsored by Materials Research Laboratory 

(MRL), National Science Foundation under NSF-EPSCOR 
R-II-3 Grant No. EPS-1158862, DOD under 
Nanotechnology Infrastructure Development for Education 
and Research through the Army Research Office # W911 
NF-08-1-0425, and DOD Army Research Office # W911 
NF-12-1-0063, U.S. Department of Energy National 
Nuclear Security Admin with grant# DE-NA0001896 and 
grant# DE-NA0002687, NSF-REU with Award#1156137. 

 

REFERENCES  
[1] Budak, S., Muntele, C., Zheng, B., Ila, D., 2007, MeV Si ion 

Bombardment Effect on Thermoelectric Properties of 
Sequentially Deposited SiO2/AuxSiO2(1-x) Nanolayers, Nuc. 
Instr. and Meth. B 261, 1167-1170. 

[2] Budak, S., Guner, S., Muntele, C., Ila, D., 2009, Nuc. Instr. 
and Meth. B 267, 1592-1595. 

[3] Hongxia, Xi, Lingai, Luo, Gilles, Fraisse, 2007, Renewable 
and Sustainable Energy Reviews 11, 923-936. 

[4] Guner, S., Budak, S., Minamisawa, R. A., Muntele, C., Ila, D., 
2008, Nuc. Instr. and Meth. B 266, 1261. 

[5] T.M. Tritt; ed., Recent Trends in Thermoelectrics, in 
Semiconductors and Semimetals, 71, (2001). 

[6] Huang, B. C. -K., Lim, J. R., Herman, J., Ryan, M. A., Fleural, 
J. -P., Myung, N. V., 2005, Electrochemical Acta, 50, 4371. 

[7] Scales, Brian C., 2002, Science 295, 1248. 

[8] Budak, S., Guner, S., Minamisawa, R. A., Muntele,  C. I., 
Ila, D., 2014, Thermoelectric Properties of 
Zn4Sb3/CeFe(4-x)CoxSb12 Nano-layered Superlattices 
Modified by MeV Si ions Beam, Applied Surface Science 
310, 226-229. 

[9] Kawaharada, Y., Kurosaki, K., Uno, M., et al., 2001, 
Thermoelectric properties of CoSb3, Journal of Alloys and 
Compounds 315, 193-197. 

[10] Liu, W., Yanm, X., Chen, G., et al., 2011, Recent advances in 
thermoelectric nanocomposites, Nano Energy, doi: 
10.1016/j.nanoen.2011.10.001. 

[11] Budak, S., Guner, S., Minamisawa, R. A., Muntele, C., Ila, D., 
2008, Formation of Au nanoparticles in silica by 
post-irradiation and thermal annealing, Nucl. Instr. and Meth. 
in Phys. Res. B 266, 1574-1577. 

[12] Pugh, M., Hill, R., Martin, H., James, B., Smith, C., Budak, S., 
Heidary, K., Muntele, C., ILA, D., 2009, Fabrication and 
Characterization of Thermoelectric Generators from 
SiO2/SiO2+Au Nano-layered Superlattices, Mater. Res. Soc. 
Symp. Proc. Vol. 1181, Materials Research Society, 
1181-DD13-05. 

[13] Chacha, J., Budak, S., Smith, C., McElhaney, D., Pugh, M., 
Ogbara, K., Heidary, K., Johnson, R. B., Muntele, C., ILA, D., 
2011, Thermoelectric Properties of SiO2/SiO2+Au 
Nano-layered Superlattices Modified by MeV Si ions beam”, 
AIP Conf. Proc. 1336, 257-259. 

[14] Budak, S., Chacha, J., Smith, C., Pugh, M., Heidary, K., 
Johnson, R. B., ILA, D., 2011, Effects of MeV Si ion 
bombardment on the thermoelectric generator from 
SiO2/SiO2 + Cu and SiO2/SiO2 +Au nanolayered multilayer 
films, Nuc. Instr. and Meth. B 269, 3204–3208. 

[15] Budak, S., Smith, C., Chacha, J., Muntele, C., Ila, D., 2012, 
Characterization of Gold Nanodots Arrangements in 
SiO2/SiO2+Au Nanostructured Metamaterials, Radiation 
Effects & Defects in Solids 167, 607-611. 

[16] Doyle, W. T., 1958, Absorption of light by colloids in alkali 
halide crystals, Phys. Rev. 111, 1067-1072. 

 
 


	1. Introduction
	2. Experimental
	3. Results and Discussion
	4. Conclusions
	ACKNOWLEDGEMENTS

