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Abstract 
World energy crisis has triggered more attention to energy saving and energy conversion 

systems with high efficiency. There is a growing awareness that nanoscience and nanotechnology 
can have a profound impact on energy generation, conversion, and recovery. 
Nanotechnology-based solutions are being developed for a wide range of energy problems such 
as, solar electricity, hydrogen generation and storage, batteries, fuel cells, heat pumps and 
thermoelectrics. This thesis deals with the design and fabrication of novel functional 
materials/architectures for energy-related applications. The study includes two parts: 
Nanostructured thermoelectric (TE) materials for energy conversion and nanostructured metallic 
surfaces for energy heat transfer. 

In the first part, the focus is given to the fabrication of novel nanostructured TE materials and 
architectures. TE materials are very important functional materials that can convert heat to 
electrical energy and vice versa. Recently, nanostructuring TE materials showed very promising 
potential to improve their TE figure of merit which opens a new venue for the TE world. As a 
result, some advanced nanostructured TE architectures are proposed as the state-of-the-art TE 
materials/structures. Among these advanced TE architectures, bismuth telluride nanowires/thick 
films and skutterudite nanocomposites with nanoinclusions have been successfully fabricated 
and some of their advantageous TE performance has been demonstrated. For example, an 
improvement of 11% on the figure of merit, ZT, was achieved in the CoSb3 nanocomposite with 
5 mole% ZrO2 as nanoinclusion. Comprehensive physico-chemical characterization techniques 
have been used for the synthesized TE materials. The potential-Seebeck microprobe, 4-point 
probe and laser flash apparatus have been used for the measurement of TE parameters on the TE 
materials. 

In the second part of the thesis, we developed a nanostructured macro-porous (NMp) surface 
for enhancing heat transfer in boiling process. Enhanced surfaces for boiling improve the energy 
efficiency of heat pumping equipment such as air conditioners, refrigerators, etc. Conventional 
techniques currently used for fabricating enhanced surfaces are often based on the use of 
complicated mechanical machine tools and require a large consumption of materials and give 
only limited enhancement of the boiling heat transfer. In this thesis, we present a new approach 
to fabricate enhanced surfaces by using electrodeposition under specific conditions forming 
in-situ dynamic gas bubble templates. As a result, the NMp metallic surface layer comprising of 
dendritically ordered copper branches is obtained. Since the structure is formed during the 
evolution of the dynamic bubbles, it is ideal for the bubble generation applications such as 
boiling. The efficiency of the NMp surfaces for boiling heat transfer was evaluated in pool 
boiling experiments. At the heat flux of 1 W/cm2, the heat transfer coefficient for the NMp 
surface is found to be more than 17 times higher than the reference surface. It's estimated that 
such an effective boiling surface would improve the energy efficiency of many heat pumping 
machines with 10 - 30 %. The extraordinary enhancement of boiling performance is explained by 
the structure characteristics, which assist in enhancing nucleation of the gas bubbles, subsequent 
coalescence, and facilitated departure from the surfaces. 
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1 Introduction 
World energy crisis has triggered more attention to energy saving and energy 

conversion systems along with economic efficiency. The global population is 

anticipated to have grown to 10 billion before the end of 21st century. The economic 

growth, increase in energy production, and global environmental protection represent 

a trilemma.1 From the first law of thermodynamics, energy can neither be created nor 

destroyed. However we still need to be conservative in usage because of the efficiency, 

we cannot make full use of the energy. Large amount of energy is wasted. So how can 

we minimize energy waste and how can we reuse the wasted energy becomes critical 

in energy saving. 

Nanotechnology is considered to be one of the most important future technologies 

involving several disciplines of science including solid state physics, solid state 

chemistry, solid state ionic, materials engineering, medical science and biotechnology. 

Manipulating matter at the nanometer scale, using building blocks with dimensions in 

the nano-size range, makes it possible to design and create new materials with 

unprecedented functionality and novel or improved properties. Nanostructured 

materials made of nanosized grains or nanoparticles as building blocks, have a 

significant fraction of grain boundaries with a high degree of disorder of atoms along 

the grain boundaries (or particle surfaces), and a large ratio of interface (or surface) 

area to volume. Chemical composition of the phases and the interfaces, between 

nano-grains, must be controlled as well. One of the most important characteristics of 

nanostructured materials is the dependence of certain properties upon the size in 

nanoscale region. For example, electronic property, with quantum size effects, caused 

by spatial confinement of delocalized valence electrons, is directly dependent on the 

particle size. Small particle size permits conventional restrictions of phase equilibria 

and kinetics to be overcome during the synthesis and processing by the combination 

of short diffusion distances and high driving forces of available large surfaces and 

interfaces. A wide range of materials, including metals and ceramics in crystalline, 

quasi-crystalline, or amorphous phases have been synthesized as nanosized or 
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nanostructured materials. The large surface area gives higher reactivity. Thus novel 

properties may result from surface “defects”. In addition, there are other structural 

features in the nanostructured materials that depend on the manner in which these 

materials are synthesized and processed, such as surface pores, grain boundary 

junctions, and other crystal lattice defects. Some examples are lowered melting 

temperatures, improved wear resistance of nanostructured ceramics, increased 

strength of metals, and transformation of magnetic state from ferromagnetic to 

paramagnetic or superparamagnetic state as a function of size. The changes in lattice 

parameter can be attributed to changes in surface stress, while the reduction in melting 

temperature results from the increase in surface free energy. This opens the doors for 

tailoring given properties by careful synthesis of the building blocks and their 

assembly to fabricate functional materials with improved properties.2,3,4 

Nanotechnology-based solutions are being developed for a wide range of energy 

problems such as: solar electricity, hydrogen generation and storage, batteries, fuel 

cells, heat pumps and thermoelectrics. For automotive industry, by means of nanojet 

arrays, an efficient aerosol formation in the methanol reformer, but also of fuel in the 

traditional combustion engine can be achieved. High-pressure injection through 

nanojets lowers losses by surface tension.5 Nanojets can be patterned into various 

materials (e.g. Si, SiC)6 by deep anodic etching. Tubes with diameters of several 100 

nm with walls thinner than 100 nm can be made by self-assembled etching partly 

combined with etching through patterns. To make the complete car body as a solar 

cell is another idea to make use of solar energy. Around 0.5 kW of electrical power 

for a limousine achieved based on an envisaged efficiency of 10 %, was enough to 

feed into the battery and thus saving power by the accompanying release of the car’s 

generator. Advanced countries are heavily engaged in the development of energy 

related nanomaterials owing to the advantages of high reactivity, large surface area 

(200 - 2000 m2/g), self-assembly (1 - 3 nm active catalyst), super crystal characteristic 

(10 - 30 nm nanostructure), and special optoelectronic effect of nanomaterials. 

Thermoelectric (TE) devices can play a very important role in clean energy 

generation, conversion and recovery. TEs are ‘fuel-free’ purely solid-state devices 
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with no moving parts and therefore are extremely reliable. TEs can harvest residual 

low-grade energy which otherwise is wasted. To date, their use is limited by low 

conversion efficiency. However, recent developments have shown that dramatic 

improvements in the performance of TE devices can be made. Next generation TE 

devices shall certainly revolutionize several concepts of energy harvesting and 

conversion for power generation, refrigeration/heating, and thermal sensing both in 

terrestrial and space applications. The key factor for improving the performance of TE 

devices can be through the nanotechnology development of TE materials with novel 

composition, low dimensionality, and advanced architectures. Theoretical predictions 

showed that TE materials’ figure of merit (a measure of the goodness of TE materials) 

can be spectacularly enhanced from currently ≈1 to extremely high values of 5 -10 (up 

to 20) by nanoengineering.7 To get a better perspective, materials with a figure of 

merit of about 3 can compete with conventional refrigerators. Recent advances in 

Nanotechnology offer unprecedented opportunities in designing and fabricating 

increasingly complex material architectures with controlled inner and hierarchical 

structures. 

In heat pump and refrigeration applications, it is very advantageous to operate the 

evaporator and the condenser at small temperature difference. The small temperature 

difference contributes to decrease the difference between the condensation 

temperature and the evaporation temperature which is very important to improve the 

coefficient of performance (COP) of the refrigeration or heat pump system. During 

boiling, to achieve low temperature difference, surfaces with high overall heat transfer 

coefficient (HTC) or large heat transfer surface area are needed which are therefore 

named as “enhanced surfaces”. The modification of surfaces or the creation of 

patterned surfaces bearing nano-sized features has a high potential to fabricate such 

“enhanced surfaces”. 

In this thesis, the applications of nanostructured materials in energy saving include 

mainly TE conversion and boiling heat transfer. 
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1.1 Nanostructured TE materials for Energy Conversion  

1.1.1 Thermoelectricity 

In the early 1800s, Thomas Johann Seebeck observed that if two dissimilar 

materials are joined together and the junctions are held at different temperatures (T 

and T+ΔT) a potential difference (ΔV) is developed and it is proportional to the 

temperature differences. A decade later, a French scientist, Jean-Charles Peltier, 

observed that electrons moving through a solid are capable of carrying heat from one 

side of a material to the other. The true nature of the Peltier effect was explained by 

Lentz in 1838 who concluded that upon flow of current, heat is absorbed or generated 

between the two conductors. In 1851, Thomson established a relationship between the 

Seebeck and Peltier coefficients and predicted the existence of a third TE effect, the 

Thomson effect, which he observed experimentally. This effect relates the heating or 

cooling in a single homogeneous conductor when a current passes along it in the 

presence of a temperature gradient.8 

The Seebeck coefficient is defined as the voltage generated per degree of 

temperature difference between two points (S = －ΔV/ΔT). The Peltier effect reflects 

the fact that when carriers flow through a conductor, they also carry heat. The heat 

current, Q, is proportional to the charge current, I (Q = πI), where the proportionality 

constant π is called the Peltier coefficient. The Seebeck and the Peltier coefficients are 

related through the Kelvin relation, π = ST, where T is the absolute temperature. 

In addition to the temperatures of the hot and cold sides, which are important to all 

the thermal engines, the efficiency of actual TE devices is determined by the TE 

figure of merit, ZT, which is defined as follows:  

κ
σ2TSZT =  

where S is the Seebeck coefficient, σ and κ are the electrical and thermal conductivity, 

respectively. κ consists of electronic κe and lattice κL components at absolute 

temperature T (K), (κ = κe + κL). An effective TE material needs to satisfy three major 

requirements, a large Seebeck coefficient to produce enough voltage, a high electrical 
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conductivity to reduce the thermal noise (joule heating, I2R), and a low thermal 

conductivity to decrease thermal losses at the thermocouple junctions. Since S, σ, and 

κ are interdependent, optimizing ZT is a major challenge. 

Figure 1.1 shows the principle configuration of single TE couple for refrigeration or 

power generation. In case of refrigeration, heat has to be pumped via electron (n-type 

TE) and hole (p-type TE) carriers from the cold to the warm end. In order to increase 

the performance efficiency of such a pumping, the thermal conductivity of both types 

of TE, which is responsible for the reverse heat conduction from the warm to cold end, 

should be reduced. 

1.1.2 TE Materials 

The field of TE advanced rapidly in the 1950s when the basic science of TE 

materials became well established. TE materials are important for specific 

applications e.g. satellites and space missions, equipment, and medical applications, 

where reliability, and predictability are very important. They are also suitable for other 

niche applications such as power generation from low grade and waste energy, 

cooling of devices in microelectronic, MEMS, sensors, etc. In Table 1.1, the most 

common TEs are listed where (ZT)m represents the highest reported ZT value. TAGS; 

the alloys (GeTe)1-x(AgSbTe)x where x ~ 0.2, and Si-Ge alloys are widely used in TE 

generators for space applications, while Bi2Te3 is widely used for terrestrial cooling 

 
Figure 1.1. Principle configuration of single TE couple for refrigeration/power generation 
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(particularly in commercial Peltier refrigeration devices with a ZT around 1 at room 

temperature). Bi-Sb alloys are useful only at low temperatures (such as T = 150 K) 

and show ZT ~ 0.6 over a wide temperature range. However, these applications were 

bedeviled by the low ZT of the materials. TE materials with higher ZT are important 

for development for efficient energy conversion system. Cooling using TE materials 

includes wide variety of applications including electronic circuits, computer processor 

cooling and cryogenic cooling. For power generation, TE materials with ZT ≥ 2 at 

around 800 °C are expected to be of comparable efficiency to solar energy devices. 

Such improvement would make the next generation TE materials more attractive for 

energy recovery in high level waste heat, e.g. in metallurgical and chemical industries. 

For lower temperature range between 300 to 500 °C, materials with ZT ≥ 2 are 

expected to be very promising system for recovery of energy from low level heat 

source, e.g. automobile exhaust. For ambient temperature application, TE 

refrigeration will be competitive with compressor based conventional technology for 

TE materials with ZT ≥ 3. Such cooling technology has obvious economic and 

environmental advantages. The past decade has witnessed an increased interest for TE 

and significant research efforts; especially in USA and Japan, has been directed 

towards improving TE materials and device efficiency. 

In the early 1990s, there is a revival interest in the potential of TEs for new types of 

applications, and as a result the research community is encouraged to re-examine 

research opportunities for advancing TE materials to the point that they could be used 

more competitively for cooling and power-conversion applications from a 

performance standpoint. As a result, two different research approaches were taken for 

developing the next generation of new TE materials: one using new families of 

Table 1.1. The highest reported ZT value of some well-known TEs  
Material Tm (K) (ZT)m 

Bi2Te3 300 1.2 
TAGS 700 2.0 
PbTe 650 1.0 
Si-Ge 1100 1.0 
Bi-Sb 150 0.7 
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advanced bulk TE materials, and the other using low-dimensional materials systems.9 

One attempt for improving TE material properties has been towards identifying 

new chemical compounds or compositions. The discovery of a series of promising 

new TE materials in the mid-nineties has led to an explosion of interest in TE 

materials. The materials are based on a new design strategy coined the “phonon glass 

- electron crystal” (PGEC) concept. Briefly, a good TE should conduct heat like an 

amorphous material and electricity like a crystal. The basic hypothesis for the TE 

properties of the new materials is that a semi-conducting host structure results in a 

high Seebeck coefficient (S) and electrical conductivity (σ), while extreme thermal 

motion of loosely bound guest atoms located in cavities gives a reduction of the 

thermal conductivity (κ). This results in a large TE figure of merit, ZT = TS2σ/κ. 

Normally a good conductor of electricity (large σ) is also a good conductor of heat 

(large κ), and this makes the optimization of ZT extremely difficult. The outstanding 

property of the PGEC materials is that they minimize the lattice part of κ without 

destroying σ. The vibrational energy of the guest atoms and the coupling of these 

vibrations to the lattice phonons of the host structure can be manipulated by atomic 

scale engineering of the structure and chemical function of the cavity. 

Host-guest crystal structures with rattling atoms found in some family of 

compounds, for example skutterudites, have a good potential as novel thermoelectric 

material, since they obey the PGEC concept. These skutterudites are quite promising 

materials as they cover a large range of compositions and doping level for a specific 

temperature range of application. The crystal structure of skutterudites is bcc with 

space group Im 3  with eight MX3 formula units in the primitive cell that can be 

regarded as a simple cubic transition metal sublattice partially filled by almost square 

  
Figure 1.2. Typical crystal structure of typical (left) and filled (right) skutterudite compound 
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D2h pnicogen ring X4. These rings fill six out of eight of the cubes formed by the M 

atoms, while the remaining two cubes are empty and can be filled by other atoms as 

phonon “rattlers” (Figure 1.2).  

1.1.3 Nanostructured TE Materials 

Another approach for improving the performance of TE materials is through 

nanostructuring. Nanocrystalline materials with grain size in the nanometer regime 

have significant amount of grain boundaries. Grain boundaries are more selective for 

the diffraction of phonon as compare to that of electrons. This would result in a 

significant decrease of the thermal conductivity and a relative smaller decrease of the 

electrical conductivity, leading to an improvement of ZT. This approach has been 

verified through our earlier work.10,11 It has been demonstrated that the prepared 

nanocrystalline skutterudites materials have lower thermal conductivity, 5 - 10 times 

as compared to conventional materials made of macro grains. The order of grain size 

is quite comparable to the mean free path (mfp) of phonon (estimated for CoSb3 as 85 

nm), although this value is qualitative, and it can be concluded that the experimentally 

measured reduction in κ is certainly caused by a combination of the doping level of 

the samples and the grain-boundary scattering. The electronic contribution to κ, κe, 

can be calculated by using the Wiedemann Franz law, 

28e /1045.2 ΚΩ×== − WL
Tσ

κ
 

where σ is the electrical conductivity, T is the temperature, and L is the Lorenz 

number ( )3/( 222 eL Bκπ= ), and the lattice contribution is obtained by subtracting κe 

from κ. From the calculation, lattice thermal conductivity, κL, gives largest 

contribution to κ (~ 80 %) for all the prepared nanostructured skutterudite samples. 

The reduction of the thermal conductivity by nanostructuring was attributed to the 

acute scattering of phonons, therefore, reducing only lattice thermal conductivity, κL. 

A net improvement of the ZT by a factor of 3 was obtained. However, during 

compaction at 500 - 600 ºC, particle size has increased to be above 100 nm. Since the 

particle size was big, although in the nanometer range, the quantum size effect was 
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weakened. 

1.1.4 Progress Beyond the State-of-the-art 

Recent theoretical calculations show that significant increase on ZT of TE materials 

can be achieved by decreasing dimensionality from 3-D crystalline solids to 2-D 

quantum wells, to 1-D quantum wires and finally to 0-D quantum dots (QDs). New 

physical phenomena are also introduced and these phenomena may also create new 

opportunities to vary the Seebeck coefficient, electrical and thermal conductivity 

independently. Over the past decade theoretical calculations of quantum size effects 

on the transport properties of electrons and phonons predicted an improved electric 

conductivity, along with a reduction in the thermal conductivity. In response, a 

substantial research has been done on the fabrication of TE materials with low 

dimensionality, in order to exploit these phenomena. 

The two main strategies in the field of low-dimensional thermoelectricity are; a) the 

use of quantum-confinement phenomena to enhance S and to control S and σ 

somewhat independently, and b) the use of numerous interfaces to scatter phonons 

more effectively than electrons. Additional concepts, include carrier-pocket 

engineering (involving quantum well superlattice), and energy filtering (involving 

nanocomposites). All these concepts have been theoretically studied over the last 

decade, and reports on experimental verifications are beginning to appear.9 

The aim of this thesis on the TE part is to further develop TE materials with better 

TE performance. The approach is based on the utilization of the principles of 

nanotechnology through novel method involving designing materials with advanced 

nanostructured architectures which include: 1-D quantum wires, 2-D films, and 3-D 

bulk nanocomposites. 

1.1.4.1 Nanowires 

Based on the analysis of the electronic density of states of 1-D TE materials, 

electrons are confined and can move only in one direction. For TE materials this 

results in increase in σ, leading to improvement in ZT. In addition, κ is also reduced in 

nanowires due to scattering of large wavelength phonons. This diameter-dependant 

effect on transport properties is different for electrons and phonons due to the 
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difference in the mfp, and the wavelength of these types of carriers. For certain 

diameters of nanowires (depending on the material) phonons are scattered to a greater 

extent than electrons, leading to an improved ZT. For TE applications, particularly for 

refrigeration, nanowires of Bi2Te3 have received attention recently.12 According to an 

early calculation by Hicks and Dresselhaus,13 ZT of 6 and 14 can be achieved for 

nanowires of Bi2Te3 with diameters of 10 Å and 5 Å respectively. This value is based 

on a complete scattering of phonons which has a mfp of 10 Å, and represents a highly 

idealized case, nevertheless, it is possible to achieve a significant improvement of ZT 

over the current state of the art by fabricating nanowires with diameters in the range 

of 20 nm. 

From the literature, electrodeposition is a favored technique for fabrication of 

large-area arrays of aligned nanowires, which also has a good potential for scale-up. 

There are several reports on fabrication of Bi2Te3 nanowires by electrodeposition in 

anodic alumina membranes (AAM), where the nanosized channels in the membranes 

act as templates resulting in a large area array of aligned nanowires with diameters 

depending on the diameter of the channels.14,15 ,16 ,17 ,18 However, the effects of 

experimental parameters on composition, morphology, crystal structure are still 

unclear and more comprehensive studies are needed to achieve a better control of the 

growth of nanowires. 

1.1.4.2 Thick Films 

TE devices made of thin or thick nanocrystalline film (100 - 500 µm)  have 

technological advantages over conventional TE module technology. The use of 

nanocrystalline thick film is more suitable for application in devices covering large 

areas and operating at small to moderate temperature differences. Thin/thick film 

deposition methods are preferable for the fabrication of TE materials since they are 

compatible with microelectronic processing. This includes vacuum deposition, sol-gel 

processing, electrodeposition, or similar methods.  

The design and the specific power (watts per unite area or volume) of TE devices 

can be significantly improved while the costs will be lower. A key feature of TEs is 

their scalability. According to the equation: 
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(where max
coldQ  is the maximum cooling power, A is the cross-sectional area, l is length 

of a p-n TE leg couple, S is the Seebeck coefficient, pnρ  is the electrical resistivity, 

κ is the thermal conductivity, hotT  is hot junction temperature, coldT  is cold junction 

temperature), max
coldQ  is directly proportional to the leg geometric aspect ratio A/l.19 

Figure 1.3 shows the cooling power density curves of different microcoolers, in 

which thick film microcooler will have the best performance. The current density 

value scales with the thickness of the material and for efficient cooling, it has to be 

chosen to achieve an economic operation of a TE device. The optimal current density 

in a cross-plane arrangement increases with decreasing film thickness, and the Peltier 

heat flux also increases proportionally. The integration of thin film TE devices into 

microsystems was proposed by the microPelt concept20,21 and focuses on achieving 

highest cooling power densities over very small areas (micro-regions). The use of 

thick film, on the other hand, is more suitable for application in devices covering large 

areas and operating at small to moderate temperature differences. 

Thick film based devices have technological advantages over conventional TE 

 
Figure 1.3. cooling power density curves of different microcoolers (ref. 19) 
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module technology where there are practical problems in fabricating pellets with 

lengths of few hundreds of μm. The minimum thickness is limited; the electrical 

resistance is higher than in thin or thick film modules. Thus the maximum current is 

lower than in a thin or thick film module with low electrical resistance. The maximum 

COP will be lower in a conventional device. Therefore high efficiency and high COP 

can be achieved by using thick films with flux quantities being about one order of 

magnitude larger than that of conventional devices. On the other hand, there are 

serious limitations on the use of thin films, if applied to larger areas due to the need of 

draining of the released heat. This problem can be avoided by the use of thick film 

concept, where the influence of the electrical, and in particular, thermal contact and 

spreading resistance is kept low. By control of the film thickness, ideal tuning of the 

flux quantities to the specific application is feasible, ensuring efficient operation. In 

this work, thick films of bismuth telluride system will be fabricated and studied, since 

bismuth telluride is widely used in commercial Peltier refrigeration devices. 

It has been reported that annealing can have an effect on the thermoelectric 

performance.22,23,24 Annealing can be used to alter the defect concentration of the 

materials, thereby altering the carrier concentration.25 However, the TE properties of 

bismuth telluride-based compound are not changed by only the carrier concentration 

but also by grain size and grain orientation which will also be altered during annealing 

process. Therefore, in order to optimize the TE figure of merit, ZT, of the bismuth 

telluride thick films, the effects of annealing will be studied. 

Solid solutions as (Bi1-xSbx)2Te3 and Bi2(Te1-xSex)3 are widely used in various 

composition to shift the properties to certain temperature ranges.26,27 To date, the 

highest ZT at room temperature was 1.06 in the p-type (Bi0.25Sb0.75)2Te3 doped with 4 

wt% excess Te and 0.05 wt% Ge26 and 1.75 wt% excess Se alone27 and 0.96 in the 

n-type (Bi0.25Sb0.75)2(Te0.95Se0.05)3 solid solution doped with 0.16 wt% SbI3. 28 

Recently, the highest ZT of 1.14 at 300 K for the p-type (Bi0.25Sb0.75)2(Te0.97Se0.03)3 

has been reported by Ettenberg et al.29 and significantly high ZT of 1.19 at 298 K for 

the n-type Bi2(Te0.94Se0.06)3 doped with 0.068 wt% I and 0.017 wt% Te has been 

reported by Yamashita et al.22,30 Therefore, the effects of doping on the bismuth 
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telluride thick films will also be investigated. 

1.1.4.3 Nanocomposites with Nanoinclusions 

Skutterudites, as one family of PGEC compounds, have a good potential as novel 

thermoelectric material. It has large electrical conductivity and Seebeck coefficient, 

however, its thermal conductivity is still high which prevents it to be used as an 

efficient TEs. The introduction of high density of defects in the interfacial layers and 

grain boundary has been utilized to decrease the thermal conductivity. The common 

strategy to compensate for the accompanied decrease of the electrical conductivity is 

through doping the crystal structure. There are several literature reports on such 

studies where higher ZT could be obtained as a result of doping. 31 , 32  For 

nanocrystalline materials, beside the presence of high density of defects, the 

composition of grain boundary also plays an important role in the overall properties 

and functionality. Thus engineering of the interfacial grain boundary offers further 

possibilities for the tuning of the overall materials properties. Therefore, it is possible 

to develop nanocrystalline TE composite materials with engineered grain boundary, 

consisting of one or more phases different from that of the nano-grains. 

In this thesis we propose a novel approach, particle dispersion into TE matrix, to 

reduce the thermal conductivity. This is a new approach to enhance the TE 

performance and has been reported recently.33,34,35,36,37,38 The strategy is based on the 

engineering of the grain boundary through the use of nanocomposite materials 

consisting of the bulk nanostructured TE materials and other immiscible solid 

nanoparticles at the grain boundaries. The TE matrices were always among, FeSi2, 

ZrNiSn, Bi, NiCu, and also CoSb3, while the particle inclusions included TiO, MoO2, 

WO2, SiO2, ZrO2, Al2O3, Y2O3, Nd2O3, Sm2O3, Gd2O3, SiC, NiSb, and FeSb2. In this 

work, the chosen TE matrix is CoSb3 and the chosen nanoinclusion is ZrO2. The 

thermal conductivity could be reduced by the enhancement of phonon scattering 

caused by the dispersed particles, and the electrical conductivity could also be 

affected by the inclusion particles, depending on whether they are conductive or 

insulating. In the view of lowering the thermal conductivity more effectively, the 

addition of insulator is a better choice. In addition, it was reported that nanoinclusions 
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could remarkably scatter phonons with minimal impact on charge carrier scattering.33 

The additional phase will act as “nanoinclusion” which can consist of several different 

constituents needed to achieve several functions. 

1) Enhancing the electrical conductivity of the grain boundaries by the addition of 

electrical conducting nanoinclusion 

2) Pinning the grain boundaries - for hindering the grain growth during sintering 

by using additional nanoinclusions of refractory oxides 

3) Further decrease of the thermal conductivity of the materials by addition of the 

refractory oxides 

One issue that was not presented in the literature, is that the scattering phenomena 

on phonons and charge carriers caused by the inclusions to affect transport properties 

should be strictly illustrated after clarifying the effect of porosity on the same 

properties. As it is known that sintering, whether hot-pressing or SPS, is the main 

technology used for consolidating TE materials. In the cited works, the property 

comparison between non-dispersed and dispersed compacts was made in general from 

the samples obtained at the same sintering conditions. However, the densification 

evolutions between non-dispersed and dispersed green compacts are different even at 

the same sintering conditions, which would bring a porosity difference in the 

investigated samples. Normally, the dispersed compact shows higher porosity 

compared to the non-dispersed one obtained at the same sintering condition, due to a 

back stress caused by the rigid inclusions. The back stress against the sintering stress 

retards the densification.39 If so, the lowered thermal conductivity could not be 

considered as only attributed to the phonon scattering caused by the inclusions, and 

the effect of porosity as well as the inclusion itself should also be taken into account. 

Another problem with nanostructured skutterudites is the grain growth during the 

compaction and sintering of the nano-powders, which leads in turn to an increase of 

the thermal conductivity. It is noted that the powder synthesis purity and the compact 

processing conditions have important influences on final TE properties of the samples. 

In this study, the effects of phase purity (Sb content), sintering temperature, and 

sintering atmosphere (vacuum and argon) on TE properties: the Seebeck coefficient, 
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electrical and thermal conductivity, and hence, ZT, are investigated. To avoid 

decomposition and reduce grain growth during sintering, a newly developed 

field-activated sintering technique (FAST) is also explored in this work for the 

consolidation of skutterudites. FAST has been successfully used for the consolidation 

of metal and ceramic materials, both conventional and nanosize.40,41,42,43,44,45 The 

method applies a pulsed direct current to powders under a modest pressure (<100 

MPa) for a short time duration. Due to direct heating, heating rates may reach very 

high values (up to 1000 K/min). Typically, FAST sintering temperature is lower and 

dwelling time is shorter (5 - 15 min) in comparison to conventional sintering. 

1.2 Nanostructured Surfaces for Boiling Enhancement 
Nanostructured surfaces bearing features on a scale of few to few hundreds of 

nanometers are of technological importance and have been used extensively in 

different applications such as catalysis, molecular sieves, fuel cells, sorption and 

separation.46,47,48 There has been a significant progress in the past decade in the 

ability to fabricate new porous surfaces with ordered nanostructures from a wide 

range of different materials. This progress has resulted in developing materials with 

unusual properties and with applications beyond the traditional use as catalysts, 

adsorbents, electrodes, etc. Recently, nanostructured porous surfaces seem set to 

contribute to development in areas ranging from electronic cooling, medical 

diagnostics, thermal barrier coating etc.49,50 

1.2.1 Enhanced Boiling 

  Boiling is used as a means of transferring heat from a hot surface to a relatively 

colder fluid, in contact with the surface. Boiling heat transfer may facilitate transport 

of high heat flux at low temperature differences between the surface and the boiling 

liquid. Since reduced temperature differences in evaporators in heat pumping 

equipment are accompanied by an improvement of the energy efficiency of the system, 

enhanced boiling has been the object of intense research over the last couple of 

decades. Boiling can be divided into two different categories, pool boiling and flow 

boiling also referred to as convective boiling. This thesis only focuses on pool boiling. 
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The standard boiling heat transfer equation is given by the heat flow, 

Q = h·A·ΔT 

Where h is the heat transfer coefficient, A is an area relating to the heat transfer 

surface and ΔT is the temperature difference between the surface and the bulk fluid. 

Usually, boiling enhancement can be achieved by three ways: a) keeping the same 

heat flow and heat transfer area, ΔT can be reduced; b) for the same heat flow and the 

same ΔT, the heat transfer area A can be reduced; b) with the same area A and ΔT, Q 

can be increased. 

 In terms of benefits associated with enhanced boiling, it can be uttered as “Energy 

efficiency”, “Miniaturization” and “Reliability and Safety”.51 A reduction of ΔT in an 

evaporator or a condenser by 1 ºC results in improved energy efficiency of 2 - 4 %, 

based on the Carnot efficiency. Space efficiency or miniaturization is one of the 

strongest incentives for technological development. Direct liquid cooling, involving 

boiling heat transfer, is one of the most effective ways to maintain a low component 

temperature and thereby assure a reliable operation of the unit. At very high heat 

fluxes, a regular boiling surface will transition into the film boiling regime (critical 

heat flux, CHF) and thereby experience a rapid temperature increase of several 

hundred degrees. This would result in a breakdown of the electronic component. With 

enhanced boiling techniques, the heat can be dissipated faster and thus ensure 

continuous cooling of the component. All these benefits contribute to “Economic 

 

Figure 1.4. Pool boiling curve for enhanced boiling heat transfer (solid) 
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Efficiency” which can be very compelling and extend beyond the cost side of the 

business equation. These competitive advantages are often worth far more than the 

cost savings that would come from reduced use of material for a smaller heat 

exchanger.  

Figure 1.4 shows an ideal pool boiling curve for an enhanced boiling heat transfer. 

Boiling enhancement includes three phases, namely, earlier boiling incipience, higher 

CHF, and enhanced nucleate boiling heat transfer. In this thesis, the main focus has 

been placed on enhanced nucleate boiling heat transfer. 

1.2.2 Enhanced Surfaces for Boiling 

There are many ways to enhance boiling. The main distinction is usually made 

between passive and active techniques. Passive enhanced boiling techniques employ 

special boiling surface geometries or fluid additives. Active techniques need external 

power, such as electric or acoustic fields and surface vibration. Most of the active 

techniques have proven to be difficult to realize outside the laboratory or to justify 

economically. This thesis here has its focus on passive enhanced pool boiling 

technique. As explained earlier, in heat pump and refrigeration applications, the small 

temperature difference contributes to decrease the difference between the 

condensation temperature and the evaporation temperature which is very important to 

improve the COP of the refrigeration or heat pump system. To achieve low 

temperature differences, surfaces with high overall HTC or a large heat transfer 

surface area are needed which are thus defined as “enhanced surfaces”. These 

enhanced surfaces can promote bubble nucleation and thereby increase the overall 

HTC of the evaporator. 

During the past few decades, a large number of enhanced surfaces (coated, plated, 

roughened, extended, etc.) have been manufactured with various techniques, abrasive 

treatments, etching, electroplating, attached wire, screen promoters, etc, as given by 

Webb in a comprehensive review.52 These methods can be divided either into 

mechanical methods53 or chemical methods.54 Mechanical methods include surface 

deformation techniques such as abrasive treatment55 and inscribing open grooves.56 

Mechanically roughened surfaces showed an enhancement of 2 to 4 times that of the 
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untreated surface. Chemical methods are further subdivided into two types; the first 

type being surface erosion techniques like electrolysis and chemical etching57 while 

the second type referring to the coating of a porous layer of chosen material on the 

boiling surface.58 This coated layer can be fabricated in many ways, such as sintering, 

spraying, painting, electroplating, etc. 59  Chemical treated surfaces showed 

enhancement up to 10 times compared to that of the untreated surface.60 

Much of the latest developments within the area of enhanced boiling have come 

from the electronics cooling area.61 Several studies have been made of porous 

structures consisting of small (1 - 50 µm) sized aluminum, copper, silver and diamond 

particles that have been sprayed or painted on a aluminum substrate showing 

enhancement of up to 9 times in FC-72. Porous structures have been proven to be very 

effective in enhancing the nucleation boiling heat transfer.61 Gottzmann et al.60 was 

one of the first to report boiling enhancement of a factor of 10 or more in various 

fluids using porous High-Flux™ surface. Many other similar porous structures built 

by metallic particles have been developed since the High-Flux™ surface of which 

Thome has published a chronological summary.62 

However, it is very difficult to determine the exact micro- and nano-scale structural 

features of these state-of-the-art porous surfaces, due to the disordered nature of the 

particle configuration, which further makes it problematic to determine the 

mechanism of the boiling enhancement. Recently, it has been shown that not only 

micron-scale, but also nano-scale structures are important to the boiling performance 

of a surface, since they can reduce the nucleation energy barrier observed at the onset 

of nucleate boiling.63,64 The combination of micron-scale porous structures and 

nano-scale roughness opens up a promising way to further enhance the boiling 

performance of the surface and yet has not been reported in the literature however. 

1.2.3 Nature-inspired Enhanced Surface 

Boiling phenomenon is a process where gas bubbles depart from the surface, and 

coalesce either on the surface or in the liquid. The principles of this phenomenon can 

be used for directing the fabrication of structures that would improve the performance 

of boiling. Electrodeposition of certain metals from solution gives a convenient way 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

19 

to tailor three-dimensional structures.65 In most metal deposition cases, hydrogen 

evolution is inhibited in order to have a high current efficiency. However, if the 

electrodeposition process is modified to produce high concentration of gases, it would 

affect the patterning of the deposited metallic layers. It is possible to utilize hydrogen 

evolution as a dynamic template to direct the deposition of the metal. 

In this work, we favor the formation of gas by the use of overpotential for the 

creation of quasi-static template simultaneously with the reduction of metal ions. The 

hydrogen gas is created at such a rate that forms quasi-static bubbles. As the amount 

of the gas formed is comparable to that amount of gas leaving reaction zone, this 

gives rise to the quasi-static bubble formation. The gas bubbles entrap themselves 

within a thin layer of the liquid allowing the continuation of the electrolysis process. 

These bubbles stabilize the particle growth and guide them as they detach from the 

surface towards the bulk solution. As these bubbles move upwards, due to their lower 

density, they leave behind a 3-D interconnected porous metallic network. As the rising 

bubbles coalesce, the size of pores in this network gets bigger moving away from the 

surface. This method allows the fabrication of very large surfaces with the desired 

macro/micro-structure and porosity. The formation of 3-D porous structures by 

electrodeposition with hydrogen evolution has been reported earlier by Shin et al.66,67 

They concluded that foam like structures are ideally suited for electrodes in 

electrochemical devices such as fuel cells, batteries, and chemical sensors since they 

are highly porous with nanostructured walls. However, since formation of the 

structure is directed by continuous dynamic gas bubbles, the structure can facilitate 

the escape of the gas bubbles generated from the surface. Therefore, such 3-D porous 

surface structure can be more suitable to use in gas generation processes where the 

bubbles need to be quickly dissipated from the surface. For example in boiling heat 

transfer, which is an efficient way to facilitate transport of high heat flux, the removal 

of the gas bubbles strongly affects the efficiency of the heat flux. The suggested 

method of fabricating 3-D porous structures is nature-inspired where it is customized 

under conditions imitating the intended application of nucleate boiling. 
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1.3 Objectives 

The objective of this thesis is to develop materials with novel nanostructured 

architectures for energy applications. Focus will be put on the design/synthesis of the 

materials, properties characterization and their applications in the energy field. The 

work has been concerned with two types of materials: TE materials and boiling 

enhanced surfaces. 

The objective of the first part of the thesis is to further develop TE materials with 

even higher TE performance. The approach is based on the utilization of the principles 

of nanotechnology through novel approach involving designing materials with 

advanced nanostructured architectures. Specific objectives are as follows: 

1) To fabricate and characterize 1-D TE quantum wires such as nanowires 

2) To fabricate and characterize TE materials in the form of 2-D films; Annealing 

and doping will also been done to improve the TE properties of the film. 

3) To engineer inter-grain boundaries in 3-D bulk TE nanocomposite materials by 

introducing nanoinlcusions; the compaction/sintering conditions of the 

skutterudite nanopowders will also be studied and optimized. 

The objective of the second part of the thesis is the design and fabrication of a new 

3-D porous surface for boiling enhancement. The approach will be based on a 

Nature-inspired idea that mimics its boiling application. Dynamic bubbles are used as 

the template to direct the synthesis of the surface and the fabricated surface is 

intended for the application of bubble generation, namely boiling. Specific objectives 

are as follows: 

1) To develop methods for fabricating 3-D porous surfaces 

2) To understand the mechanism and critical parameters of the formation of 3-D 

porous surface structures 

3) To study the macroscopic boiling heat transfer performance of the developed 

surfaces and relate the behavior to the structure characteristics of the surfaces 
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2 Experimental Methods 

2.1 Synthesis Methods 

In this thesis, several different methods of synthesis are adopted for the 

fabrication/engineering of TE materials and boiling surfaces. They are all 

chemical-based methods using “bottom up” strategy. 

2.1.1 Fabrication of Nanostructured TE Materials 

The synthesis approaches of TE materials in this thesis include mainly 

electrodeposition (with or without templates) and co-precipitation techniques. 

2.1.1.1 Synthesis of Bismuth Telluride Nanowires 

The template electrodeposition methods employed in this work as shown in Figure 

2.1 were similar to the work reported in the same group earlier. 68  Detailed 

information for chemicals/instruments and experimental procedure can be found in 

Appended paper I.  

2.1.1.2 Synthesis of Bismuth Telluride Thick Films 

Film fabrication: 

Thick films of bismuth telluride were cathodically deposited onto gold 

sputtered-aluminium substrates. A three-electrode conventional electrochemical cell 

was used for the deposition of bismuth telluride with silver/silver chloride electrode 

(SSCE) as reference electrode. More details of experimental procedure can be found 

Figure 2.1. Schematical description of template electrodeposition apparatus, galvanostatical (left) and 

potentiostatical(right). 
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in Appended paper II. 

For the deposition of stoichiometric Bi2Te3 thick films, the composition of the 

electrolyte was based on Miyazaki et al.69 and the ratio between bismuth and 

tellurium was according to Sapp et al.14 The potentiostatic electrodeposition was 

performed at –50, –75, –120, –150 and –200 mV and for the galvanostatic 

electrodeposition, a current density of 3.3 mA/cm2 was used. Various amounts of 

ethylene glycol (EG) were added to the electrolyte at concentrations of 10, 20, 30, and 

40% (v/v) to study the organic solvent effect on bismuth telluride thick film 

formation. 

Annealing: 

Annealing of the TE films was carried out by heating the thick films (~ 200 µm) at 

300 °C for different duration under reductive atmosphere (H2) to avoid oxidation. 

Doping: 

Thick films of bismuth telluride solid solutions as Bi2(Te1-xSex)3 (x ≈ 0.05) and 

(Bi1-ySby)2Te3 (y ≈ 0.75) were prepared by varying composition of the electrolytic 

solutions. More details of annealing and doping can be found in Appended paper III. 

2.1.1.3 Synthesis of Skutterudite Nanocomposites 

Synthesis of skutterudite powder: 

Figure 2.2 shows a typical chemical alloying method that was developed in our 

group for the synthesis of CoSb3 and doped CoSb3 powder.11,32,70 Mixtures of metal 

oxides were obtained by co-precipitation followed by calcination and were reduced 

into alloys by reduction. In this work, this approach has been optimized and up-scaled. 

The details can be found in Appended paper VIII. Instead of using a tube furnace for 

reduction which can produce 2 - 3 g of CoSb3 per batch in the previous work, a 

rotational furnace with large volume container was designed and employed in this 

work which can provide 30 - 40 g of homogeneous CoSb3 per batch. This is important 

for the following nanoinclusion and compaction/sintering studies since they need a lot 

of powders produced from the same batch to conduct comparison experiments. 

Introducing nanoinclusion and compaction/sintering: 

Commercially available nano-ZrO2 powders with particle size of 25 nm were  
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selected as the inclusions. The dispersion of ZrO2 into CoSb3 was made at 300 rpm 

for 15 min using a ball milling machine. More details regarding introducing 

nanoinclusion can be found in Appended paper IV and V. 

 The milled powders were sintered at four different temperatures (773, 793, 813, 

and 853K) under vacuum and argon atmosphere, using a hydraulic hot uniaxial press 

equipped with an in-house built automatic computer control. More details about 

compaction using hot-pressing can be found in Appended paper VI. For comparison,  
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Controlled 
hydrodynamic 

conditions

Stirred
Reactor

pH adjustment

Solid precursor of 
Mixtures of Metal Oxalate

Calcination (250 - 3500C)
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Reduction and Chemical 
Allyoing (350 - 4500C)

TE Materials
 

Figure 2.2. A general schematic presentation for the chemical alloying approach developed earlier 

 

 
Figure 2.3. Principle of SPS (http://www.shi.co.jp/sps/eng/principles/principles.html) 
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FAST was also performed using spark plasma sintering (SPS) machine with pulsed 

DC voltage. The principle of SPS is shown in Figure 2.3. More details regarding 

compaction/sintering using SPS can be found in Appended paper VII. 

2.1.2 Engineering of Surfaces for Enhanced Boiling 

Electrodeposition technique with dynamic bubbles as template was used in this 

thesis to fabricate the enhanced surfaces. The electrodeposition set up is shown in 

Figure 2.4. After the deposition, in order to enhance the mechanical stability of the 

deposited structure on Cu surfaces, the samples were annealed under reducing 

conditions. More details about the fabrication of enhanced surfaces can be found in 

Appended paper IX. 

2.2 Physico-Chemical Characterization 

2.2.1 Characterization for TE Materials 

For bismuth telluride nanowires, field emission scanning electron microscopy 

(FESEM, Zeiss Ultra 55) equipped with energy dispersive X-ray spectroscopy (EDS), 

and transmission electron microscopy (TEM, JEOL 2000EX) were used to study the 

morphology and composition of the nanowires. The crystal structure of the nanowires 

was investigated by X-ray diffraction (XRD) using a Philips PW 1012/20 and 3020 

diffractometer with Cu Kα radiation. Cyclic voltammetry (CV) was performed using 

an EG&G PAR model 263A potentiostat/galvanostat prior to the electrodeposition to 

determine the electrodeposition condition for nanowires. 

20mm
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Power leads

H2SO4 + CuSO4

H2 bubble evolution

Cu deposition

Copper cylinder

Copper anode

20mm

Electrolyte level

Power leads

H2SO4 + CuSO4
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Cu deposition

Copper cylinder
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Figure 2.4. Schematic drawing of the electrodeposition set up for engineering surfaces 
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For bismuth telluride thick films, the crystal structure was studied using XRD. The 

average crystallite size, D, could be calculated from the peak broadening of the 

diffraction pattern, using Scherrer’s equation,71  

D = 0.9λ/(βcosθ) 

where β is the pure diffraction line width, full width at half maximum, and λ is X-ray 

wavelength (Cu Kα1, λ = 1.54056 Å). The thick films were imaged with both TEM 

and scanning electron microscopy (SEM, JEOL JSM-888) equipped with EDS which 

was used for composition analysis. The thickness of the films was determined by 

measuring the cross section of the film under SEM. To determine annealing 

conditions of the thick films, thermal analysis including thermogravimetric analysis 

(TGA Q500, TA Instruments, Inc.) and differential scanning calorimetry (DSC 2920, 

TA Instruments, Inc.) is performed to understand the thermal behavior of the thick 

films during heating. CV was performed to determine the experimental condition for 

doped films. 

For skutterudite nanocomposites, the phase purity and the microstructure of the 

synthesized powders were characterized by XRD using SIEMENS D 5000 and SEM 

using LEO 982 equipped with EDS, respectively. The densities of the prepared 

compacts were measured using the Archimedes method. 

2.2.2 Characterization of Enhanced Surfaces 

SEM equipped with EDS (JEOL JSM-888) was extensively employed in this work 

to image the surfaces and measure the surface features including pore size, thickness 

of the surface layers, and composition of the surface structures. FESEM and TEM 

were used to better image the surfaces and measure the particle size of the surface 

structures. XRD patterns of the powder scratched from the surfaces were obtained  

Enhanced surface

Pressurized AirNozzle

x

Enhanced surface

Pressurized AirNozzle

x
 

Figure 2.5. Schematic drawing of experimental setup for structural stability tests 
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using a Philips PW 1012/20 and 3020 diffractometer with Cu Kα radiation. The 

Brunauer-Emmett-Teller (BET) surface area of the scratched powder from the 

enhanced surfaces was obtained using a Micrometritics ASAP 2010. For surface 

roughness evaluation, a surface profiling instrument (Talystep step height measuring 

instrument Rank Precision Industries, Ltd.) was used. 

An experimental setup has been designed with the purpose to test the mechanical 

stability of the enhanced surface structure, as illustrated in Figure 2.5. Pressurized air 

was blown over the surface at controlled distance, pressure, angle, and time, as shown 

in Table 2.1. The test objects were weighed before and after the tests to determine how 

much of the surface structure eroded during the tests. 

2.3 Performance 

2.3.1 TE Evaluation 

TE measurements for some advanced nanostructured architectures, for example 

nanowires, have been always difficult and are still under development. In this work, 

for bismuth telluride thick films, the Seebeck coefficient was measured on all the 

samples under room temperature, the electrical conductivity was measured on limited 

samples, while the thermal conductivity measurement is very difficult to perform on 

films. For skutterudite nancomposites, the complete TE measurements are performed 

on the compacts of the nanopowders. All the TE evaluation in this work was 

performed in the Institute of Materials Research, at German Aerospace Center. 

2.3.1.1 TE Measurements for Bismuth Telluride Thick Films 

Although there are few attempts for the TE evaluation of films, there are no 

standardized techniques and tools to get reliable data on TE properties of films that 

are well accepted by the TE research community. 

The Seebeck coefficient of different bismuth telluride thick film samples, 

Table 2.1. Conditions for mechanical stability tests 
Distance between nozzle and surface, x 5 - 60 mm 
Pressure 7 - 7.5 bar, fluctuating over a 1 min period 
Time 180 s + 15 s startup time 
Surface orientation Vertical 
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non-annealed, annealed and doped, has been measured. As shown in Figure 2.6, the 

potential-Seebeck Microprobe (PSM) is a device for measuring the Seebeck 

coefficient on the sample surface with a spatial resolution down to 10 - 50 µm 

(depending on the thermal conductivity of the material). A heated probe tip is 

positioned onto the sample surface. The sample is fixed in good electrical and thermal 

contact to a heat sink and is connected to another thermocouple measuring the sink 

temperature. The heat flow from the probe tip to the sample causes a local 

temperature gradient in the vicinity of the tip. Mounting the probe to a 3-D 

micropositioning system allows for the determination of the thermopower at each 

microposition of the sample surface. The result is a 2-D image of the Seebeck 

coefficient.72,73 Measuring the Seebeck coefficient of films can be difficult, because 

the local temperature gradient caused by the probe tip can also heat the materials of 

the supporting substrate, yielding an integration of the Seebeck coefficient of the 

sample and the substrate. The TE thick films were deposited on a Au-coated Al 

substrate with a very good thermal coupling, which could lead to erroneous 

measurements. Taking into account the thickness of the samples of more than 100 µm, 

this effect will disappear or at least attenuate, because the local temperature gradient 

will not exceed a certain depth of an estimated 50 µm in bismuth telluride. Recent 

results show that indeed it is now possible to measure the influence of a substrate and 

estimate the depth of temperature gradient.74 

The electrical conductivity has been measured on the as-deposited stoichiometric 

Bi2Te3 thick films by means of in-line four-point probe rising from room temperature 

 

 

Figure 2.6. Photograph (left) and schematic drawing (right) of the PSM 
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to 300 °C. Thus the annealing effects on the electrical conductivity of the thick films 

can be studied. An alternating current (AC) current of several milliamps is applied to 

the outer contact probes, and the voltage is measured with the inner probes. The 

distance between all adjacent probes is equal. A numerical correction factor (Valdez 

factor) is applied to take into account the particular geometry of the sample. To 

eliminate the influence of the metallic substrate on the electrical conductivity 

measurement, only free-standing films were considered in this work. Unfortunately, 

the electrical conductivity measurements haven only been successful on 

stoichiometric Bi2Te3 thick films but not yet on doped bismuth telluride solid 

solutions. The method for measuring the electrical conductivity of thick films is still 

under development. 

2.3.1.2 TE Measurements for Skutterudite Nanocomposites 

The TE parameters of the obtained skutterudite compact were measured in vacuum 

with a temperature range from 373 to 773 K. The Seebeck coefficient and the 

electrical conductivity were measured by a temperature-gradient method and a 

four-point probe method in a self-developed testing system, respectively. The thermal 

conductivity (κ) was obtained from the product of the measured density (ρ) from the 

Archimedes method; the thermal diffusivity (α) from a Netzsch LFA 427 laser flash 

apparatus; and the specific heat capacity (Cp) from a Netzsch DSC 404 differential 

scanning calorimeter (κ = α•ρ•Cp). 

2.3.2 Pool Boiling Test for Enhanced Surfaces 

Pool boiling tests of the enhanced surfaces were performed at the Division of 

Applied Thermodynamics and Refrigeration at KTH. More details for the pool boiling 

test can be found in ref. 51. 

2.3.2.1 Test Objects 

The enhanced surfaces were fabricated, before assembly of test object, on one end 

of a 6 mm thick Cu cylinder with a diameter of 15 mm. High resistance heating wire 

(Degussa, Isoliert Thermofraht, 14.8 Ω/m) was used to make a coil heater, which was 

attached to the base of the Cu cylinder using thermoconducting silver epoxy 

(Circuitworks, CW2400) as illustrated in Figure 2.7. The Cu cylinder was fitted in a  



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

29 

cylindrical Teflon casing with a slot machined for the Cu cylinder. To prevent the edge 

nucleation, the opening of the slot was 14 mm in diameter, creating a 0.5 mm long 

edge overlapping. Epoxy adhesive was used on the inside of the Teflon casing edge to 

ensure a flush-mounted Cu cylinder. Up to three test objects could be run 

simultaneously. The reference surface was a copper surface polished with 240 grade 

emery paper, to simulate a plain machined surface. 

2.3.2.2 Test Rig Set-up 
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Figure 2.7. Test object design including cross-sectional illustration of the heat dissipation in the test holder 
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Figure 2.8. Schematic overview of test apparatus, test objects and Teflon insulation block 
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The general experimental pool boiling test rig is illustrated in Figure 2.8. The 

boiling tests were conducted inside a boiling chamber. The chamber was insulated 

with 10 mm thick foam insulation, and had an internal volume of 50 dm3. The widely 

used hydroflourocarbon refrigerant, Tetrafluoroethane-1,1,1,2 (R-134a), was 

employed as the test liquid in the experiments. Vapour from the boiling chamber was 

condensed in an insulated condensing chamber, located above the boiling chamber. 

The condenser was cooled by a secondary loop. The refrigerant in the secondary loop 

was cooled by an external compressor driven refrigeration cycle. A pressure 

transducer (Druck, PDCR911), measuring the vapor pressure of the boiling chamber, 

was connected to a logger (Cambell, M 21x), which every second regulated the 

condenser effect by opening and closing a magnetic valve on the secondary 

refrigerant loop, to maintain constant pressure in the boiling chamber. Two 

thermocouples (Pentronics, HF/D-30, type T) were employed to measure the liquid 

temperature and were placed in the middle of the bulk test liquid, away from the 

bubble pathway. 

2.3.2.3 Test Procedure 

The Teflon block, with the test object, was placed horizontally at the bottom of the 

boiling chamber. A vaccum pump was used to evacuate the chamber to a pressure of 

less than 8 mbar, before it was filled with the test liquid. After filling the test liquid, 

the pressure was lowered to 0.5 bar in order to reduce the vapor trapped in the surface 

structure and therefore gave all the tests the same pressure initiation, which was 

important for the repeatability of the results, as confirmed by Gallagher and 

Winterton.75 After the desired pressure level was obtained, a waiting period of 2 

hours was needed before the temperature difference between the test liquid and the 

test objects was less than 0.1 °C. 

The test series were initiated at a heat flux of 5 W/cm2, upon which the whole 

surface rapidly erupted into nucleate boiling. Heat flux was then increased to a 

maximum of 11 W/cm2 from which it was lowered in steps of approximately 1 W/cm2 

per measurement point. Presented values are taken from decreasing heat flux. All test 

runs were repeated two times with repeatability within the uncertainty limits. 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

31 

3 Results and Discussion 

3.1 Nanostructured TE Materials 

3.1.1 Bismuth Telluride Nanowires 

The work on bismuth telluride nanowires was published in Appended paper I. 

In order to determine the electrodeposition conditions, the CV of the solution 

containing Bi3+, HTeO2
+ and HNO3 is measured and shown in Figure 3.1. The result is 

in good agreement with the findings of Martin-Gonzalez et al.76 In the reduction 

process, there is a sharp wave (A) centered at ~ –250 mV, which indicates the 

co-deposition of both Bi3+ and HTeO2
+ into Bi2Te3. The position of waves will be 

shifted as the change of ion concentration. In this work, the potential chosen for the 

potentiostatic electrodeposition of Bi2Te3 is –200 mV vs. SSCE. The overall 

electrodeposition reaction can be described as: 

OHsTeBiBieHHTeO 232
3

2 6)(21893 +=+++ +−++  

The typical morphology of bismuth telluride nanowire arrays synthesized by 

electrodepositon with AAM templates is shown in Figure 3.2. The nanowires 

deposited galvanostatically and potentiostatically show no obvious difference in 

morphology. Figure 3.2A is a cross-sectional view of the nanowires arrays; the 

nanowires are highly ordered in large area and the length of the nanowires is around 

50 µm, depending on the duration of electrodeposition. From the top view of 

as-deposited nanowire arrays, it shows apparently that the nanowires are dense and 

Figure 3.1. Cyclic voltammogram of Bi3+ (0.0126 M) and HTeO2
+ (0.0167 M) in HNO3 (1.0 M). Scan rate = 

0.05 V/s, reference electrode SSCE, room temperature. 



Fabrication of Nanostructured Materials for Energy Applications 

32 

with a very high pore-filling ratio (> 90%). From Figure 3.2B, it is clearly seen that 

the nanowires are with the same height, implying that the electrodeposition is in well 

controlled process and the nanowires grow along different pores with the same rate. 

The tips of the nanowires are observed to be inclined in the same degree, which 

indicates a possible preferred orientation of the nanowire growth. Detailed side view 

of the as-deposited nanowire arrays (Figure 3.2D) shows that the nanowires are with 

uniform diameter of around 300 nm and the surface of the nanowires is smooth. The 

diameter of the nanowires is larger than the pore size of AAM, which is due to the 

dissolution of AAM in the 1.0 M nitric acid. By controlling the electrodeposition 

parameters carefully, stoichiometric Bi2Te3 nanowires are obtained both 

galvanostatically and potentiostatically. TEM and EDS analysis are given in 

Appended paper I. 

The crystal structure of as-deposited nanowires is shown in Figure 3.3. The XRD 

pattern of stoichiometric Bi2Te3 nanowires deposited galvanostatically (Figure 3.3A) 

indicates that the growth direction for the nanowires is highly oriented to be [110] 

direction. Only (110) and (220) peaks of the rhombohedral Bi2Te3 are observed, which 

  

  
Figure 3.2. FESEM images of: A) cross-sectional view, B) top view, C) surface view, and D) detailed side 

view, of typical as-deposited bismuth telluride nanowire arrays 
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is consistent with Jin et al.18 The Bi2Te3 cleavage planes are perpendicular to the 

surface of the substrate of Au or Au/Pd layer.15 No diffraction peaks from Bi, Te and 

BiTe are detected, indicating a clean phase of Bi2Te3. However, for the stoichiometric 

Bi2Te3 nanowires deposited potentiostatically at –200 mV, the XRD pattern (Figure 

3.3B) shows that the nanowires are randomly oriented but all the peaks can be 

indexed to the rhombohedral Bi2Te3. The random orientation of the nanowires 

deposited potentiostatically is probably due to the negative potential (–200 mV) 

employed in this work, which is different from other reported studies.15,17 By 

modifying electrodeposition conditions, the crystal structures of as-deposited 

nanowires can be tuned to be highly oriented into one direction or randomly oriented. 

This is very important for the synthesis of bismuth telluride nanowires since the TE 

properties of bismuth telluride are also dependent on the crystal structure and 

orientation. 

For the galvanostatic deposition, the current density plays an important role in the 

composition of bismuth telluride nanowires. The atomic ratio of Bi/bismuth telluride 

in the nanowires has the same changing trend with the variation of the current density. 

When the current density is low, the selectivity of the reduction of the ions is 

relatively high. Thus, reduction from Te(IV) to Te is more favored than the reduction 

from Bi(III) to Bi, since BiBi /3+ϕ  is lower than TeHTeO /2
+ϕ

, resulting in a lower 

atomic ratio of Bi in the bismuth telluride nanowires. On the other hand, when the 

current density is high, the selectivity of the reduction of the ions becomes less crucial, 

  
Figure 3.3. XRD spectra of Bi2Te3 nanowires synthesized: A) galvanostatically (2.1 mA/cm2; 0.022 M Bi3+, 

0.0167 M HTeO2
+ in 1.0 M nitric acid), and B) potentiostatically (–200 mV vs. SSCE; 0.0126 M Bi3+, 

0.0167 M HTeO2
+ in 1.0 M nitric acid) 
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resulting in a relatively higher atomic ratio of Bi in the bismuth telluride nanowires. It 

is noted that in our experiments, stoichiometric Bi2Te3 can be obtained only at certain 

current density. Bi-rich and Te-rich Bi2Te3 can be readily obtained by modifying the 

current density applied. This can be very useful for the fabrication of TE modules 

which require both p-type and n-type TE materials. 

3.1.2 Bismuth Telluride Thick Films 

The fabrication and characterization of bismuth telluride thick films was published 

in Appended paper II and the annealing and doping effects of the films were presented 

in Appended paper III. 

In the electrodeposition process of bismuth telluride, bismuth and tellurium 

compounds were dissolved in nitric acid to form the oxide cations, BiO+ and HTeO2
+. 

Bismuth telluride is insoluble in dilute nitric acid, thus reduction of HTeO2
+ to Te2- at 

an electrode will result in the precipitation of Bi2Te3 on the electrode surface. This can 

take place in a potentiostatic electrodeposition process since BiO+ requires lower 

potential than HTeO2
+ thus is more difficult to be reduced. 77  The overall 

electrochemical reaction is: 

OHsTeBiHTeOBiOeH 2322 8)(321813 +→+++ ++−+  

However, for a galvanostatic electrodeposition process, especially with high 

potential between the two electrodes, BiO+ and HTeO2
+ are reduced simultaneously, 

resulting in a solid state reaction between Bi and Te in the molecular range. 

The potential - current curves for the electrolyte solution in absence and in presence 

of different amounts of EG (10 - 40 % (v/v)) are shown in Figure 3.4. The limiting 

current region is observed between E = –275 and +75 mV for the solution without EG, 

while it is between E = –235 and +175 mV in presence of EG. It is noticeable in 

Figure 3.4 that the open circuit potential increases towards the more noble direction 

and the limiting current density decreases as EG is added to the electrolyte. The same 

trend prevails as the concentration of EG increases. 

Bismuth telluride thick films were obtained by both potentiostatic and galvanostatic 

approaches based on the potential - current values shown in Figure 3.4. The color of 
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the films was found to depend on the applied potential; it changed from grey at lower 

potentials into black at higher potentials. The face in contact with the substrate 

exhibited a uniform surface with metallic luster. Although several other substrate 

materials have been tested (Cu, Ni, Si, and stainless steel), adhesion of the deposited 

films and mechanical quality have been found to be the best for Au-sputtered 

Al-substrate. This is probably due to the lattice parameter of Au (4.08 Å) in close to 

that of bismuth telluride (4.38 Å). The adhesion of the deposited bismuth telluride 

films to the substrate varied from excellent at –50 mV to poor at –200 mV in case of 

solution without EG, while opposite behavior was observed in the presence of EG. 

However, poor adhesion resulting in an easy separation between deposited films and 

substrate without breaking the films can be used to fabricate freestanding films. On 

the other hand, excellent adhesion resulted in the feasibility of formation of thicker 

films. 

The maximum thickness of freestanding films achieved was around 240 µm (see 

Figure 3.5A), obtained in case of galvanostatic electrodeposition without EG for 24 h 

while the maximum thickness of films well adhering to the substrate is found to be  

 
Figure 3.4. Potential - current relation of Au-sputtered Al substrate in the electrolyte in absence and 

presence of 10 - 40 % (v/v) EG 
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around 350 µm (see Figure 3.5B), in case of 20 % (v/v) EG for 48 h. Thicker 

freestanding films cannot be obtained just by increasing the time of electrodeposition 

process due to the adhesion problem. As for the adhesion enhancement by using EG, it 

refers to the high viscosity of EG, which slows down the movement of the ions (as 

shown in Figure 3.4), leading to smooth deposition on the electrode surface and as a 

result the adhesion is promoted.78 

In galvanostatic electrodeposition, the morphology of electrodeposited bismuth 

telluride films, as shown in Figure 3.6, depends on the composition of the electrolyte 

 
Figure 3.5. SEM images of the films in edge view showing the thickness of: A) 240 µm for the 

free-standing film after deposition for 24 h in the absence of EG and B) 350 µm for the bismuth telluride 

film attached to the substrate after deposition for 48 h in the presence of EG 

 

Figure 3.6. SEM images of galvanostatically electrodeposited bismuth telluride films A), B) without EG in 

the electrolyte, and C), D) with EG in the electrolyte 
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and stoichiometry of the films which is in agreement with Martin-Gonzalez et al.76 

Needle-like structures with very small features in the nano-range (~ 20 - 30 nm in 

width) were observed on stoichiometric films in absence of EG (see Figure 3.6A), 

while interconnected needle-like structures were found on stoichiometric films in 

presence of EG (see Figure 3.6C). In potentiostatic electrodeposition, the morphology 

of electrodeposited bismuth telluride films was strongly affected by deposition 

potentials and the composition of the electrolyte. Needle-like structures were observed 

on the electrodeposited films in absence of EG at –120 mV, and 30 - 40 % (v/v) EG at 

–120 mV, respectively. Whereas at the same deposition potential of –120 mV a round 

needle-like structure as lettuce leaves was formed from 20 % (v/v) EG. In case of 

10 % (v/v) EG at –75 mV and 40 % (v/v) EG at –75 mV, a straight hexagonal and 

rounded hexagonal structures were formed, respectively. The SEM images of 

potentiostatically electrodeposited films can be found in Appended paper II. 

EDS data verified that the films deposited galvanostatically with current density of 

3.3 mA/cm2 consisted of Bi and Te, and quantitative analysis of the spectrum 

indicated that the atomic ratio of Bi to Te is close to 2:3. However, the stoichiometry 

of the potentiostatically deposited bismuth telluride was dependent on the applied 

potential as well as the electrolyte composition with stoichiometric variation range of 

Bi1.4-2.7Te3.6-2.3. The stoichiometry of films obtained potentiostatically exhibited no 

coherent and logical evolution. 

 
Figure 3.7. XRD pattern of as-deposited bismuth telluride thick film after 24 h at 298 K from 1 M HNO3, 

0.013 M BiO+, and 0.01 M HTeO2
+ with a current density of 3.3 mA/cm2 in the absence of EG 
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The electrodeposited bismuth telluride thick films are polycrystalline with (110) as 

prominent plane parallel to the substrate, as shown in Figure 3.7. All of the detected 

peaks were indexed as those from the rhombohedral Bi2Te3 crystal [space group 

(R3 m) (166)], while the intensity ratios of the peaks were not in good agreement with 

those obtained by XRD on a ground product, indicating an orientational effect in the 

film growth.79 The average crystallite size of electrodeposited bismuth telluride 

calculated by Scherrer’s equation was in the range between 10 to 30 nm. Although the 

grain is not spherical, the XRD calculated size is still in the same order of magnitude 

with that from SEM (Figure 3.6A). 

The measured Seebeck coefficient of different deposited stoichiometric Bi2Te3 thick 

films is around –70 µV K-1 which shows that the material is n-type and is higher in 

absolute value than other reported undoped bismuth telluride films (from –40 µV K-1 

to –60 µV K-1) prepared by electrodeposition at room temperature.25,69,77 Figure 3.8A 

shows the spatial distribution of the Seebeck coefficient measured by using PSM on a 

typical electrodeposited bismuth telluride thick film with a thickness of around 200 

µm. It is obvious that the as-deposited bismuth telluride thick film has a very high 

homogeneity in the Seebeck coefficient and the abundance distribution shows a half 

width of below 1 µV K-1 at an average Seebeck coefficient of –68 µV K-1, as seen 

from Figure 3.8B. 

The electrical conductivity of free-standing stoichiometric Bi2Te3 thick films is 

around 450 S cm-1 at room temperature, and slightly decreases to 400 S cm-1 when 

Figure 3.8. A) Spatial distribution of the Seebeck coefficient measured on as-deposited bismuth telluride 

thick film after 24 h at 298 K in the absence of EG, and B) the abundance distribution showing very high 

homogeneity indicated by the half width of less than 1 µV K-1 
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heated to higher temperatures up to 300 °C, as shown in Figure 3.9. The same 

behavior has been reported by others, and is attributed to the reduction in carrier 

concentration by annealing.22,23,25,30,80 The power factor (S2σ) of the as-deposited 

thick films can be calculated to be around 220 µW m-1 K-2 at room temperature. 

3.1.2.1 Annealing of Bismuth Telluride Thick Films 

To understand the thermal behavior of the bismuth telluride thick films, TGA and 

DSC were conducted before annealing. TGA analysis (Figure 3.10A) shows a distinct 

weight increase peak after 400 °C which is attributed to be the partial oxidation of the 

film, and is confirmed with XRD measurements. From DSC analysis (Figure 3.10B), 

the broad weak exothermic peak between around 200 and 400 °C indicates a 

microstructural change of the film and the continuous exothermic line starting after 

around 450 °C is attributed to be the partial oxidation of the film which is consistent 

with the result of TGA (Figure 3.10A). The annealing temperature chosen for bismuth  

 
Figure 3.9. The electrical conductivity of free-standing stoichiometric Bi2Te3 thick films from room 

temperature up to 300 °C 

 

Figure 3.10. Thermal analysis of the as-deposited films with A) TGA, and B) DSC, heated to 200 °C, 

cooled to room temperature and heated again to 550 °C (Heating and cooling rate for DSC is 20 °C/min) 
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telluride thick films was set at 300 °C. Since TGA suggests possible oxidation of 

bismuth telluride, reductive atmosphere (H2) was used during the annealing process. 

The as-deposited bismuth telluride thick films (~ 200 µm, Figure 3.11A) annealed 

for 2 h showed the needle-like structures (Figure 3.11B), while for 5 h showed the 

granular square structures (Figure 3.11C). In both cases, a dramatic increase of grain 

size was observed.  

The crystal structure of the as-deposited and annealed films is shown in Figure 3.12. 

The peak becomes narrower by annealing indicating a substantial increase of the grain 

size. The average crystallite size calculated by Scherrer’s equation is around 20 nm 

for as-deposited films and 50 nm for 2 h annealed films, and increases to around 80 

nm for 5 h annealed films. 

Figure 3.11. SEM images of A) galvanostatically deposited stoichiometric Bi2Te3 thick film, B) bismuth 

telluride thick film annealed at 300 °C for 2 h under H2 atmosphere, and C) bismuth telluride thick film 

annealed at 300 °C for 5 h under H2 atmosphere 
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The Seebeck coefficient of annealed Bi2Te3 thick films was measured by PSM. All 

films are n-type and annealed films show higher average Seebeck coefficient (~ –130 

µV K-1 for 2 h and ~ –120 µV K-1 for 5 h) than as-deposited film (~ –70 µV K-1) 

which is in agreement with Lee at al.23 The influence of the Seebeck coefficent by 

annealing may be attributed to the combination of improved crystallinity and changes 

in defect concentration. Yamashita et al.22 summarized that annealing has had a 

favorable effect on the improvement in ZT of n-type bismuth telluride bulk 

compounds but an adverse effect on p-type. From the spatial distribution and 

abundance distribution of the Seebeck coefficient measured on the films (Figure 4, 

Appended paper III), it is evident that the as-deposited thick film has a very high 

homogeneity in the Seebeck coefficient, while film annealed for 2 h is less 

homogeneous and film annealed for 5 h is even less homogeneous. 

The electrical conductivity of the annealed films at 300 °C is 400 S cm-1 (Figure 

3.6). The power factor (S2σ) of the annealed films at 300 °C can be calculated to be 

680 µW m-1 K-2, much higher than that of as-deposited films (~ 220 µW m-1 K-2) due 

to the increase of the Seebeck coefficient by annealing. Since the electrical 

conductivity of the as-deposited bismuth telluride thick films does not change much 

during annealing, the electrical component of the thermal conductivity, κe, should also 

not be altered much by annealing according to Wiedemann Franz law. The lattice 

 
Figure 3.12. XRD patterns of as-deposited film and annealed films at 300 °C for 2 h and 5 h, from bottom 

up, respectively. 
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thermal conductivity depends on grain size and concentration of phonon scattering 

defects.81 During annealing, the nano-sized grains of as-deposited bismuth telluride 

thick films grow, thus there is less phonon scattering by grain boundaries resulting in 

higher lattice thermal conductivity. Therefore, the total thermal conductivity is 

expected to grow. However, actual effect of annealing on thermal conductivity is 

unknown, since the measurements of thermal conductivity on thick films are 

unavailable yet. 

3.1.2.2 Doping of Bismuth Telluride Films 

Thick films of n-type Se-doped bismuth telluride solid solutions could be 

galvanostatically electrodeposited by slightly varying composition of the electrolyte 

used for deposition of stoichiometric Bi2Te3. However, p-type Sb-doped bismuth 

telluride films could not be easily produced by galvanostatic electrodeposition. 

Therefore, potentiostatic electrodeposition had to be carried out for deposition of 

p-type Sb-doped bismuth telluride solid solutions. The overall cathodic reaction can 

be expressed as follows:  

OHyTeSbBieHySbOyBiyHTeO yy 232
3

2 )6(18)29()2(3 ++→++++−+ −
−++++  

In this work, thin films (less than 1 µm) of p-type (Bi1-ySby)2Te3 (y ≈ 0.75) have been 

successfully obtained by potentiostatic electrodeposition at –75, –100 and –200 mV. 

Whereas, thick film (above 100 µm) of p-type Sb-doped bismuth telluride solid 

solutions remained to be problematic, since the film became powdery when the 

thickness increased. This problem could not be solved by introducing additives such 

as ethylene glycol, sodium dodecylsulfate (SDS), DK-400, etc. 

The as-deposited stoichiometric Bi2Te3 thick film exhibits metallic luster from the 

surface, while Se-doped bismuth telluride thick film and Sb-doped bismuth telluride 

thin film are grey and black, respectively. Stoichiometric Bi2Te3 thick film has the 

most-compact structures while Se-doped bismuth telluride thick film is less compact 

and Sb-doped bismuth telluride thin film is loose (Figure 7, Appended paper III). EDS 

data showed the ratio between Bi, Te and Se of Se-doped bismuth telluride thick films 

to be 41:53:6 which is close to the state-of-the-art n-type composition, Bi2(Te1-xSex)3 
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(x ≈ 0.05), at room temperature.30 The ratio between Bi, Sb and Te of Sb-doped 

bismuth telluride thin films is measured to be 10:29:61 which is close to the 

state-of-the-art n-type composition, (Bi1-ySby)2Te3 (y ≈ 0.75), at room temperature.26 

XRD analysis, shown in Figure 3.13, confirms that Se and Sb elements were doped 

into bismuth telluride solid solution system and did not form a secondary phase. For 

Se-doped bismuth telluride thick films, the crystal structure is rhombohedral. All the 

peaks in the XRD pattern can be indexed as shown in Figure 3.13A. Compared to 

as-deposited rhombohedral Bi2Te3, a general shift of peaks to higher 2 theta values 

was observed since there is a contraction of the crystal structure as Te is replaced by 

the smaller Se species.82 The average crystallite size of Se-doped bismuth telluride 

thick films calculated by Scherrer’s equation is close to that of stoichiometric Bi2Te3 

thick films. For Sb-doped bismuth telluride thin films, 2 strong peaks at around 38.5 

and 44.8 (2 theta value, Figure 3.13B) were detected due to the Al substrate. In fact, 

each of these peaks includes one overlapped peak (38.65 and 44.91, 2 theta value) 

from deposited Sb-doped bismuth telluride films (Figure 3.13B, Inset). All the peaks 

that belong to Sb-doped bismuth telluride can be indexed to a rhombohedral 

Bi0.4Sb1.6Te3 (ICDD No. 01-072-1836) crystal structure. 

The Seebeck coefficient of bismuth telluride solid solutions (Se-doped thick films 

and Sb-doped thin films) was measured by PSM (Figure 9, Appended paper III). An 

average Seebeck coefficient of around –80 µV K-1 was obtained on Se-doped bismuth 

  

Figure 3.13. XRD patterns of (A) Se-doped bismuth telluride thick film; and (B) Sb-doped bismuth 

telluride thin film (Insect, scale-up double-peak at around 45, 2 theta value) 
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telluride thick films which confirms that the Se-doped bismuth telluride thick films 

are n-type and the Seebeck coefficient is slightly higher in absolute value than 

stoichiometric Bi2Te3 thick films (~ –70 µV K-1). From the abundance distribution of 

the Seebeck coefficient, Se-doped bismuth telluride thick films are less homogenous 

than stoichiometric Bi2Te3 thick films. The spatial distribution of the Seebeck 

coefficient measured on Sb-doped bismuth telluride thin films shows an average 

Seebeck coefficient of around +65 µV K-1. p-type thin films of bismuth telluride solid 

solutions were obtained by doping Sb into bismuth telluride system. Sb-doped 

bismuth telluride thin films have a much poorer homogeneity than Se-doped and 

stoichiometric bismuth telluride thick films. 

3.1.3 Skutterudite Nanocomposites with Nanoinclusions 

3.1.3.1 ZrO2/CoSb3 Nanocomposites 

Nanocomposites of CoSb3 including dispersed ZrO2 are presented in Appended 

paper IV and V. 

From our work presented in Appended paper IV, it is clearly verified that charge 

carrier scattering and phonon scattering occur simultaneously to lower the electrical 

conductivity and the thermal conductivity of CoSb3 due to the introduction of 

nano-ZrO2 inclusions. The investigated composites show higher electrical 

conductivity due to existence of metallic Sb and lower thermal conductivity because 

of nano-dispersion. At the ranges of high measuring temperature (673 - 723 K) and 

low porosity (6 - 9 %), the ratio of electrical conductivity to thermal conductivity of 

the dispersed CoSb3 is higher than that of non-dispersed CoSb3. 

However, the effects of nano-ZrO2 as nanoinclusions on ZT are difficult to clarify 

since the CoSb3 sample prepared above has a considerable amount of excessive Sb as 

a secondary phase (3 - 12 %). After this work, we have modified the synthesis and 

obtained CoSb3 samples with less Sb (0.2 - 1 %) and used these samples for the study 

of the effects of the nanoinclusions on TE properties. The results were published in 

Appended paper V. 

A series of samples comprising 4 different contents of ZrO2 as (1-x)CoSb3 - xZrO2 

(x = 0.00, 0.05, 0.10, and 0.30) were designed and used for comparison. Table 3.1  
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gives the results of density, relative density and porosity of the sintered samples with 

different ZrO2 content. The X-ray theoretical densities used for the calculation of 

composite relative density from the mixture rule were 7.64 and 6.13 g cm-3, 

respectively, for CoSb3 and ZrO2. With respect to Table 3.1, high-density (relative 

densities of 92 to 96 %) compacts were obtained at a sintering temperature of 853 K. 

The density decreases with increasing content of ZrO2 in the sample, which indicates 

that densification retardation occurred for the composites due to the ZrO2 dispersion. 

The inclusion of ZrO2 particles in the CoSb3 matrix provides a back stress against the 

sintering stress during densification, and this effect becomes more remarkable at high 

ZrO2 content.39 

Skutterudite CoSb3, as expected, was detected as the main phase in the sintered 

samples, as shown in XRD spectra (Figure 3.14). Besides CoSb3, ZrO2 was also 

detected in the high-content (with 0.10 and 0.30 ZrO2) composites. From the XRD 

refinement, the lattice constants of the sintered samples were calculated. They show 

 
Figure 3.14. XRD spectra of the sintered samples with different contents of nano-ZrO2 

Table 3.1. Density, relative density and porosity results of the sintered samples with different contents of 

nano-ZrO2 
Sample Density (g cm-3) Relative density (%) Porosity (%) 
CoSb3 7.308 95.65 4.35 
0.95CoSb3 - 0.05ZrO2 7.263 95.44 4.56 
0.90CoSb3 - 0.10ZrO2 7.114 93.85 6.15 
0.70CoSb3 - 0.30ZrO2 6.833 91.84 8.16 
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consistent values of 9.0347±0.0005 Ǻ for both CoSb3 and ZrO2/CoSb3 composites. It 

is therefore confirmed that no modification on the CoSb3 matrix was caused by the 

dispersion of ZrO2. In addition, a small Sb peak is observed in sintered samples. The 

existence of Sb in the sample is attributed to the crystallization of the amorphous Sb 

in the initial chemically alloyed powder during sintering. However, the Sb peak was 

not detected in the composite with 0.30 ZrO2. It seems that the crystallization of the 

amorphous Sb was inhibited in the composite with higher content of ZrO2. 

The SEM images of the milled powders and the sintered sample with 0.30 ZrO2 are 

shown in Figure 3.15. For the milled composite powder, it could be seen that 

nano-ZrO2 particles were evenly distributed on the surface of CoSb3 particles (Figure 

3.15a). After sintering, the particle size of ZrO2 does not change due to a too low 

sintering temperature employed to densify ZrO2. ZrO2 particles are located on the 

grain boundaries of CoSb3 and some of them agglomerate together (Figure 3.15b). 

This observation is consistent with those reported by Shi et al. 83  when they 

investigated C60/CoSb3 composites. With respect to Figure 3.15b, fine-grained CoSb3 

is shown after sintering, which came from the initially fine chemically alloyed 

powders. 

The temperature dependence of Seebeck coefficients, electrical conductivity, 

thermal conductivity and lattice thermal conductivity of the sintered samples with 

different contents of nano-ZrO2 is shown in Figure 3.16. The lattice thermal 

conductivity was obtained by subtracting the carrier thermal conductivity using 

Wiedemann Franz law from the total thermal conductivity. In the temperature range  

 
Figure 3.15. SEM images of a) milled powders and, b) sintered sample with 0.30 nano-ZrO2 
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between 373 and 773 K, the values of the Seebeck coefficient are positive, which 

indicates a p-type transport behavior. Compared to that of other transport parameters, 

the effect of nano-ZrO2 content on the Seebeck coefficient is less sensitive, especially 

at high temperatures, but the composite with 0.05 ZrO2 shows maximal Seebeck 

coefficient at 723 K. The increase in the Seebeck coefficient in this composite can be 

attributed to grain-boundary potential barrier scattering.36 In general, the potential 

barriers are probably formed by localized states resulting from defects such as point 

defects and dislocations at grain boundaries. 84  It is noted that, in the present 

composite systems, nano-ZrO2 inclusions themselves cannot be responsible for the 

increase in the Seebeck coefficient. However, the introduction of ZrO2 inclusions 

could bring imperfect structure to the composite system, which would induce more 

defects at the grain boundaries of CoSb3 and increase the potential barrier height. 

Compared to non-dispersed CoSb3, the electrical conductivity at a fixed measuring 

temperature decreases with increasing the content of ZrO2. This is mainly attributed to 

scattering of charge carrier due to the introduction of nanoinclusions.38 The composite 

 
Figure 3.16. Variations of a) Seebeck coefficient, b) electrical conductivity, c) thermal conductivity, and d) 

lattice thermal conductivity with measuring temperature of the sintered samples with different contents of 

nano-ZrO2 
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containing 0.30 ZrO2 shows the lowest electrical conductivity, probably because the 

presence of additional carrier scattering caused by the nanoinclusions, the lower 

density, and much more insulating inclusions compared to those of composites with 

lower ZrO2 content. Compared to non-dispersed CoSb3, the addition of nano-ZrO2 

decreases the thermal conductivity of the composite. However, it is interesting to see 

that almost the same thermal conductivity for the composites with 0.05 and 0.10 ZrO2 

is shown in the investigated measuring temperature range. After eliminating the 

carrier contribution to total thermal conductivity, it is noted that the composite lattice 

thermal conductivity with 0.05 ZrO2 is lower than that with 0.10 ZrO2. This is an 

indication that the selection of appropriate ZrO2 content is important for more 

effectively reducing the lattice thermal conductivity due to the additional phonon 

scattering caused by the introduced nanoinclusions.36 

The variations of ZT with temperature of the samples with different contents of 

ZrO2 are shown in Figure 3.17. The maximal ZT exhibits 0.18 (with the estimated 

calculation error less than ±5 %) at 723 K for non-dispersed CoSb3, which is higher 

than the maximal one (0.17) of pure CoSb3 reported in the literature.10,83 This is 

attributed to its higher electrical conductivity due to the existence of a small amount 

of metallic Sb and its lower thermal conductivity due to the fine-grained structure. 

However, a more significant improvement of ZT (ca. 11 %) is achieved for the 

composite 0.95CoSb3 - 0.05ZrO2 (ZT = 0.20 ± 0.01 at 723 K), which results from its 

higher Seebeck coefficient and larger ratio of electrical conductivity over thermal 

conductivity due to the dispersion of appropriate nanoinclusions. 

 
Figure 3.17. Variations of dimensionless figure of merit, ZT, with measuring temperature of the sintered 

samples with different contents of nano-ZrO2 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

49 

3.1.3.2 Compaction and Sintering 

The details of the work related to the compaction/sintering of the skutterudites were 

published in Appended paper VI and VII. Hot-pressing was used in Appended paper 

VI while SPS was employed in Appended paper VII. The skutterudite sample used in 

this part of the work is the same as in Appended paper IV, where it contains a 

considerable amount of excessive Sb as the secondary phase (3 - 12 %). 

Hot-pressing: 

Six samples were sintered with three different sintering temperatures (773, 813, and 

853 K) under vacuum and argon atmospheres by hot-pressing. The density, porosity, 

and grain size results of the sintered samples were presented in Table 3.2. It is noted 

that the density and the grain size increases with increasing the sintering temperature 

for the samples sintered under both vacuum and argon. At the sintering temperature of 

773 K, which corresponding to stage 1 sintering (relative density less than 90 %),85 

larger density but smaller grain size were achieved in vacuum-sintered sample. In 

contrast, at the sintering temperature of 813 or 853 K, which corresponding to stage 2 

sintering (relative density larger than 90%),85 smaller density but larger grain size 

were achieved in the vacuum-sintered sample. These variations indicate the fact that 

densification and grain growth are two coupling and competing processes during 

sintering. It should be noted that, however, the earlier mentioned density and grain 

size differences in sintering atmospheres, vacuum and argon, are not so remarkable at 

the same sintering temperature. 

The morphology of the sintered samples is shown in Figure 3.18. From Figure 

3.18a, larger-sized metallic Sb was found from EDS, which was consistent with the 

XRD detection. The microstructure of 773 K-sintered sample shows more pores than  

Table 3.2. Density, porosity, and grain size data for sintered samples 
Sample Density (g cm-3) Relative density (%) Porosity (%) Grain size (nm) 
773 K, vacuum 6.480 84.82 15.18 700 
813 K, vacuum 7.223 94.54 5.46 900 
853 K, vacuum 7.374 96.52 3.48 1050 
773 K, argon 6.415 83.97 16.03 800 
813 K, argon 7.353 96.24 3.76 850 
853 K, argon 7.391 96.74 3.26 950 
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that of 813 K-sintered sample (Figure 3.18bc). This observation exhibits the 

consistence with the density measurement, as shown in Table 3.2. As an illustration, 

Figure 3.18d shows the fracture surface of the sample sintered at 853 K under argon, 

from which the average grain size was estimated. 

Figure 3.19 shows the temperature dependence of the Seebeck coefficient, 

electrical conductivity, thermal conductivity, and ZT of the sintered samples between 

373 and 773 K. It could be seen that the values of the Seebeck coefficient are positive, 

which corresponds to a p-type transport behavior. The Seebeck coefficient increases 

with increasing the measuring temperature to a maximum, and then it decreases with a 

further increase of the temperature. In the temperature range studied, the electrical 

conductivity decreases with increasing the temperature for the samples sintered under 

both vacuum and argon, in agreement with earlier studies.10, 86  The thermal 

conductivity of CoSb3 sintered under both vacuum and argon decreases first and then 

  

  
Figure 3.18. SEM images of sintered samples under a) vacuum, 813 K, b) vacuum, 773 K, c) vacuum, 

813 K, and d) argon, 853 K 

 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

51 

increases with increasing the measuring temperature, with the transition temperature 

of 723 K. Same variation trend of thermal conductivity with measuring temperature 

was reported in the literature.10,86,87 The ZT of CoSb3 sintered under both vacuum and 

argon first increases with increasing the temperature to reach the maximum and then it 

decreases with the further increase in temperature. The measuring temperatures for 

achieving maximal ZT are 723, 673, and 723 K, respectively, for the samples sintered 

under vacuum, the sample sintered under argon at 773 K, and the samples sintered 

under argon at 813 and 853 K. The variation of ZT with measuring temperature results 

from a combinative effect of the changes of the Seebeck coefficient, electrical 

conductivity, and thermal conductivity with measuring temperature. 

For the samples sintered under either vacuum or argon, the maximal Seebeck 

coefficient varies with the sintering temperature of hot-pressing. Compared to the 

sample sintered at 813 or 853 K, the sample sintered at 773 K exhibits larger maximal 

 

 
Figure 3.19. Variations of the Seebeck coefficient, electrical conductivity, thermal conductivity, and 

dimensionless figure of merit, ZT, with measuring temperature of the sintered samples under different 

conditions 
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Seebeck coefficient. This is mainly attributed to the high porosity (~ 16 %) of the 773 

K-sintered sample, where more pores considered as defects scattered the charge 

carriers more acutely than the low porosity (~ 4 %) sample sintered at 813 or 853 K.88 

At a given measuring temperature, the electrical conductivity and the thermal 

conductivity increase with increasing the sintering temperature of hot-pressing, for the 

samples sintered under both vacuum and argon. These variations resulted from the 

porosity effect. As expected, low porosity leads to high electrical conductivity and 

high thermal conductivity. On the other hand, the grain size of the sample increases 

with the sintering temperature, which also leads to an increase of the electrical 

conductivity and the thermal conductivity by the reduced grain-boundary scatterings 

of carriers and phonons, respectively.10,88 

The maximal ZT (0.112) was achieved at the sintering temperature of 853 K for the 

vacuum-sintered sample, while the maximal ZT (0.113) was achieved at the sintering 

temperature of 773 K for the argon-sintered sample. The comparison of the ZT 

achieved in the present work with those reported in the literature10,83,87 can be found in 

Figure 7, Appended paper VI. A moderate improvement on ZT in the present work is 

shown for pure skutterudite CoSb3. 

SPS: 

A newly developed approach, FAST using SPS, was also employed in this work for 

the consolidation of skutterudites. Doped skutterudite samples, 

(Co0.92Ni0.08)4Sb11.88Te0.12, which has better TE performance than pure CoSb3,11 were 

used for the compaction study. 

The variation of sintering parameters and densification (shown as displacement and 

displacement rate in the SPS machine) is shown in Figure 3.20. Densification begins 

when the current reaches its maximum value of 500 A. At this point the temperature of 

the die is relatively low (175 °C). This indicates that the sample is heated directly by 

the current through the sample. As the die is heated up, the rate of densification 

increases rapidly, reaching its maximum at 400 °C (Figure 3.20). With further 

increasing temperature, the densification rate slows down and rapidly decreases. The 

densification is complete when the temperature of 550 °C is reached. The final density  
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of the compact is 7.23 kg m-3, which is about 88 % of the theoretical density. The high 

rate of densification during the initial stage of sintering may be accounted for by the 

local deformations at the particle contact areas due to pressure application combined 

with high constriction resistance in these contact areas. This results in intensive Joule 

heat generation in the sample when the die is still at low temperature. 

The grain size of skutterudites is found to be sensitive to the sintering temperature. 

Considerable grain growth up to 22 µm was observed in (Co0.92Ni0.08)4Sb11.88Te0.12 

skutterudites annealed at 800 °C.89 The relatively low temperature of FAST sintering 

and the high heating rate permits the consolidation of skutterudites to a high density 

 
Figure 3.20. Voltage (1), current (2), temperature (3), shrinkage (4) and shrinkage rate (5) during FAST 

sintering of (Co0.92Ni0.08)4Sb11.88Te0.12 powder 

 

  
Figure 3.21. SEM images of the initial (Co0.92Ni0.08)4Sb11.88Te0.12 powder (left) and FAST sintered powder 

(right) at 550 °C with a heating rate of 450 °C min-1 



Fabrication of Nanostructured Materials for Energy Applications 

54 

with reduced grain growth. As it can be seen from Figure 3.21, the grain size of FAST 

consolidated (Co0.92Ni0.08)4Sb11.88Te0.12 is close to the grain size of initial powders. 

3.1.3.3 Maize-like Structure of CoSb3 

During the optimization of the synthesis process of CoSb3 by chemical alloying 

approach, an interesting maize-like structure has been obtained. This work was 

published in Appended paper VIII. 

The SEM images of the synthesized powders (Figure 3.22) show that the powders 

obtained were not spherical, but have micron-sized rod-like core structures. 

Furthermore, it could be seen that the surface of the rod is decorated with nano-sized 

particles. Maize-like structure is observed for the synthesized powders. Elemental 

analysis by EDS confirmed that the atomic ratio of Co/Sb is 1/3. This novel 

maize-like structure of CoSb3 is probably formed due to the existence of extra Sb(III) 

in the co-precipitation stage. Further investigation is required to explain the formation 

of this interesting structure. 

Figure 3.23 shows the TE properties of the hot-pressed compact. From S-T plot, 

p-type transport behaviour is shown for the investigated CoSb3, which is in 

consistence with that reported in the literature.10 Compared to that of CoSb3 with 

spherical grains (Appended paper V & VI), the compact possesses higher Seebeck 

coefficient (190 μV/K at 673 K). The reason for obtaining high S is under 

investigation. In the temperature range studied, the electrical conductivity, however, is 

lower than that of CoSb3 with spherical grains (Appended paper V & VI). From κ-T 

  
Figure 3.22 SEM images of the synthesized powders with maize-like structure 
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plot, the achieved thermal conductivity is less than 4.8 W K-1 m-1, which is considered 

relatively low for pure CoSb3.83 The observed shift of the properties - increased 

Seebeck coefficient and electrical conductivity, reduced thermal conductivity - is 

consistent with a reduction of the available carrier concentration in comparison to the 

literature data. Possibly, additional grain boundaries related to the maize-like structure 

could act as traps for lattice defect which are the origin for the native doping 

concentration in a bulk crystal. Additional grain boundaries also would reduce the 

lattice thermal conductivity. Anyhow, more detailed studies would be necessary to 

provide evidence for such an explanation. From ZT-T plot, the calculated ZT of the 

sintered compact reaches 0.15 at 673 K. This value is moderate compared to the 

reported optimal one (0.17 to 0.18) for pure CoSb3 (Appended paper V & ref. 10). 

Lower ZT comes from its lower electrical conductivity, though the sample has higher 

Seebeck coefficient and lower thermal conductivity. 
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Figure 3.23. Temperature dependent thermoelectric properties of the sintered compact 
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3.2 Nanostructured Enhanced Surfaces for Boiling 

The part of the work regarding to the enhanced surfaces was published in Appended 

paper IX and X. Appended paper IX talked about more in the materials side while 

Appended paper X focused more on the boiling side. 

3.2.1 Surface Structures 

The substrate surfaces were polished before electrodeposition process. The 

roughness test by Talystep step height measurement shows the RMS roughness 

between 5 - 10 nm of the polished surfaces. The polishing process guarantees a 

standard surface condition for the electrodeposition process. 

By carefully controlling the electrodeposition process, 3-D macro-porous surface 

  

Figure 3.24. a, b) Typical SEM images of deposited Cu surfaces showing the dendritic growth of Cu into 

macro-porous structures, and SEM images of c) partly peeled-off surface from top-view and (d) typical 

surfaces from tilt-view (40º) showing multilayer structures; (e) FESEM and (f) TEM images of dendritic Cu 

deposition scratched from the surface 
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structures with dendritic copper branches were created (Figure 3.24ab). We observed 

a multilayer structure (Figure 3.24cd) of the surface layers that was not reported 

earlier.66,67 The lower layers have smaller pore size, as shown in the tilt-view (40º, 

Figure 3.24d). Therefore, the macro-porous structures are highly inter-connected and 

dendritic with different size of pores in different layers. Thus the macro-porous 

surface has a much higher porosity of around 95 % compared to conventional 

enhanced porous boiling structures. Detailed microstructure analysis by FESEM and 

TEM (Figure 3.24ef) shows the dendritic branches in the sub-micron size range which 

have not changed significantly upon varying the electrodeposition conditions. 

Therefore, the designed surfaces are named nanostructured macro-porous (NMp) 

surfaces since it contains dendritic Cu branches in sub-micron range (hundreds of nm) 

and ordered micron-sized pores (several tens of µm or even bigger). EDS revealed 

only metallic Cu, with no indication of the presence of oxygen, as the synthesis is 

carried out in the high acidity of the electrolyte during the electrodeposition process 

that favors the Cu reduction. 

3.2.2 Formation Mechanism 

The NMp surfaces were formed by electrodeposition with H2 gas bubble as 

dynamic templates. As proposed earlier,66 hydrogen bubbles generated on the cathode 

prevent Cu deposition on the locations of the bubbles. The bubbles rise from the 

surface and coalesce, resulting in interconnected macro-porous tunnels that are 

created from the Cu deposition around the departing bubbles. Interconnected 

macro-porous tunnels, as a result of the coalescence of hydrogen bubbles generated 

during the electrodeposition process of Cu, can be well controlled by 

electrodeposition conditions and show a high potential to be excellent vapor escape 

channels (VEC), since they are built with the template of rising hydrogen. These 

macro-porous surfaces are perfect for bubble generation applications such as boiling 

processes e.g. in refrigeration. Figure 3.25 shows the mechanism of the fabrication 

process using the suggested method and its similarity to the application process. 

The whole process can be described as follows. At the initiation of the 

electrodeposition process, the entire cathode surface is in contact with the electrolyte 
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solution. The cathodic reaction is given by the following equations: 

)(
2 2 sCueCu →+ −+  & )(222 gHeH →+ −+  

The two reactions take place simultaneously all over the surface. However, in the very 

beginning of the electrodeposition process (fist few seconds, 1st stage), it is found that 

Cu deposition is prevailing. After less than one second, a dense layer of Cu formed 

with only a few spots of micron-sized holes which are caused by hydrogen bubble 

(Figure 2a, Appended paper IX). This is because both Cu2+ and H+ exist in the 

Helmholtz layer in large quantities, and since Cu2+ has a higher reduction potential Cu 

deposition is dominant at the first stage. In the second stage (up to 30 s), both Cu2+ 

and H+ diffuse from the bulk solution to the electrode double layer, which is the 

rate-determining process in this stage since the depletion of the ions take place readily 

under such a large current density. The relative ionic mobility of H+ and Cu2+ is 4.763 

and 0.385 respectively, and the limiting equivalent ionic conductance of H+ and Cu2+ 

is 350.1 and 56.6 cm2·S·equiv-1, respectively at room temperature in aqueous 

solutions.90,91 Therefore, the migration rate for H+ is much faster than Cu2+ resulting 

in an increasing rate of hydrogen evolution in the second stage. Figure 2b, Appended 

paper IX shows the variation of deposited amount of Cu with deposition time. The 

Figure 3.25. Schematic description of a) the fabrication process of NMp structures, and b) its application in 

boiling showing coalescing bubbles using the escape channels; digital photographs of c) bubble generation 

during fabrication, and(d) boiling processes taken by high-speed camera 
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curve levels off with the time indicating that the rate of Cu deposition is going down 

while the rate of hydrogen evolution is going up. In this stage, small hydrogen 

bubbles formed tend to join the big hydrogen bubbles, since it requires a lot of energy 

to overcome the surface tension by smaller radius. Therefore the hydrogen bubbles 

rise from the bottom with the size growing, which naturally form the macroscopic 

dynamic template for the Cu deposition. As a result, the pore size of upper Cu layers 

is larger than lower layers in the structures. The Cu deposition has to take place at the 

site where there is a high energy surface, which is an already deposited region. Thus, 

due to the pores created by the evolution of small hydrogen bubbles, from the freshly 

formed deposits, dendritically ordered Cu branches are formed. This stage is the 

crucial stage for the formation of the channels for bubble transportation. In the final 

stage (after 30 s), the template bubbles are growing big enough (more than 100 µm) to 

block most of the accessible deposition spots. As a result, hydrogen evolution 

becomes dominant and suppresses the Cu deposition. Thus, the thickness and 

deposition amount grows with a very low rate. 

3.2.3 Important Fabrication Parameters 

A main consideration controlling the formation of the 3-D porous structures with 

given configuration is the competition between the gas bubbles 

formation/transportation and metal deposition rates during the electrodeposition 

process. The competition is associated to a combination of electrochemical (e.g., 

current density, duration, electrolyte composition and concentrations) and 

hydrodynamic (e.g., viscosity of the solution, surface tension, density, and 

temperature) parameters. In low current density, a dense Cu layer is formed due to 

minimal H2 evolution. At increasing current density, more cavities were activated 

which resulted in a simultaneous increase of bubble population, bubble frequency and 

tendency to coalesce.92 However, an upper limit of current density also existed to the 

formation of NMp structure due to film electrolysis. 93  Therefore, the faradaic 

efficiency for the electrodeposition of desired NMp structure was kept around 30%. 

Depending on the orientation of the mass transfer, the suitable range of current density 

to form such NMp structure also varied. When the cathode was placed above anode, 
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hydrogen bubbles generated on the cathode could not escape readily, hence the 

bubbles coalesced more frequently compared to cathode facing-up resulting in a need 

of smaller current density to form such NMp structure. 

The duration of the electrodeposition process is a key factor of the surface 

morphology and surface layer structure, which is directly related to the deposition 

amount, thickness, and pore size. Thickness is a function of time and the pore size of 

the uppermost layer as well as the deposition amount is a function of the thickness, as 

shown in Figure 3.26. The effect of electrolyte concentration was also investigated. 

The variation of electrolyte acidity shows little effect on the final morphology but the 

concentration of Cu2+ greatly influences the structures, which is also reported by Shin 

et al.66 The addition of small amount of surfactant such as SDS greatly reduces the 

macro-pore size. Since surfactant can dramatically reduce the surface tension, the 

minimum radius for the bubble to disconnect from the surface is greatly reduced 

based on Laplace-Young equation for a spherical bubble, 

R
P γ2

=  

(where P is the excess pressure across the surface of a bubble, R is the radius of the 

bubble and γ  is the surface tension) Therefore, the size of dynamic hydrogen bubbles 

template is diminished resulting in much smaller pore size in the final structures. 

0 10 20 30 40 50
0

20
40
60
80

100
120
140
160
180
200
220
240
260

 Max pore size
 Ave pore size
 Thickness
 Deposition amount

Electrodeposition time (s)

P
or

e 
si

ze
 a

nd
 th

ic
kn

es
s 

(u
m

)

0

10

20

30

40

A
m

ount of deposition (m
g)

 
Figure 3.26. Thickness, pore size and deposition weight as a function of time 
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3.2.4 Annealing and Mechanical Stability 

An important issue in the use of the NMp structures for boiling heat transfer 

applications is the mechanical stability of the structures and adhesion of the structures 

to the substrates. The mechanical stability of the as-deposited NMp structures is quite 

poor since it is highly porous and the connection between the dendritic branches is 

loose. Moreover, the adhesion of the deposition layer to the substrate strongly depends 

on the surface materials, roughness and topology. Therefore, there is a need to 

enhance the mechanical stability of the NMp structures and their adhesion to the 

substrate, especially considering that boiling is a vigorous process that involves both 

heat, liquid and gas transportation. In this work, the NMp surfaces are annealed at 

elevated temperature under reducing or inert atmospheres. After annealing, the 

macro-scale structure remains unchanged (pore size, thickness), but sub-micron 

related features of the structure change due to the growth of the dendritic branches 

(Figure 3.27).  

Surface area measurement using BET method revealed a surface area of 1.3 m2/g 

for non-annealed surface structures (scratched from surface) and 0.38 m2/g for 

annealed surface structures respectively. Assuming the particle are monodispersed and 

all spherical, the particle size calculated based on BET results using theoretical 

density of Cu is 495 nm for non-annealed surface and 1.74 µm for annealed surface. 

The surface area is reduced 3.5 times by annealing, which is considered to be a 

moderate reduction. 

Mechanical stability tests have been conducted with pressurized air flow. The  

  
Figure 3.27. SEM images of non-annealed and annealed surfaces 
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results from the tests are shown in Figure 3.28, where it can be clearly seen that the 

NMp surface structure which had not undergone annealing was almost completely 

eroded after the 60 mm distance test, while the annealed structure was least 

susceptible to erosion throughout the complete range of testing conditions. Long time 

boiling tests were performed in order to assess the mechanical stability of annealed 

and non-annealed NMp surfaces: results are summarized in Figure 3.29. 

Non-annealed surfaces show a higher surface superheat (ΔT) which increases by time 

indicating the deterioration of the boiling performance while annealed surfaces show a 
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Figure 3.28. Results from mechanical stability tests (Intact structure is defined as the weight of structure 

after test/weight of structure before test.) 

 

 
Figure 3.29. Long time boiling tests of annealed surface vs. non-annealed surfaces at 5 W/cm2 
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low initial superheat that changes very slightly during boiling. This observation also 

confirms that annealed surfaces are much more resistant to the deterioration, and show 

better performance/enhancement. Therefore, annealing is claimed to be effective to 

improve the mechanical stability of the macro-porous surface structures in the 

intended applications. 

3.2.5 Boiling Performance 

Pool boiling tests were performed, in order to assess the boiling performance of 

NMp surfaces, using a common cooling liquid R-134a. Three surfaces were compared 

for their performance in pool boiling experiments against plain copper reference 

surface (polished with 240 p, emery paper); the results are presented in Figure 3.30. 

These surfaces, having a thickness of 220 µm, are (i) as-made surface with dendritic 

Cu but no VEC; (ii) typical NMp surface (with VEC); and (iii) annealed NMp surface. 

Micrographs for these surfaces can be found in Figure S1, Appended paper IX. 

As-made and annealed NMp surfaces showed a significant enhancement of HTC in 

the whole region of applied heat-fluxes. NMp surfaces, thus, dramatically enhance the 

boiling heat transfer performance. Improvement of the heat transfer coefficient (at 1 

W cm-2) up to 17 times compared to the plain copper reference surface has been 

recorded. It's estimated that such an effective boiling surface would improve the 

energy efficiency of many heat pumping machines with 10 - 30 %. 

A photograph of nucleation boiling from partially electrodeposited Cu surface is 

shown in Figure 3.31. Even at low heat flux of 1 W cm-2, the untreated copper 

reference surface remains in natural convection, while the deposited surface is boiling 

 
Figure 3.30. HTC as a function of heat flux for dendritic surfaces with no VEC [×]; typical NMp surface 

(with VEC) [■]; annealed NMp [▲] as compared with a reference Cu surface [―].  
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vigorously referring to a much higher HTC of the NMp surface. 

3.2.6 Explanation of Boling Enhancement 

Initially, we attributed the outstanding boiling heat transfer performance of the 

NMp structures to the sub-micron sized dendritic Cu branches, since nanostructured 

materials have been shown to reduce the nucleation energy barrier.63,64 However, it 

has also been reported that nano-scale structures may exhibit a negative effect on 

enhanced boiling.94 It is noted that the combination of nano-scale features, i.e. 

nanocavities, and macro-scale structures often shows enhanced boiling performance 

of the surface. 95  The boiling phenomenon is not merely a process of bubble 

generation, but following the initial bubble generation is a repetitive cycle of bubble 

growth and transportation. Nanocavities facilitate the initial bubble generation and 

may enhance bubble growth due to high nucleation site density, but macro-scale voids 

and pores play an important role in bubble transportation, since bubbles quickly grow 

into micron-sized dimension. Therefore, it is proposed that the remarkable heat 

transfer performance of the NMp surface is mainly attributed to two structural 

characteristics. The size of dendritic Cu branches with large interfacial area facilitates 

formation of large area of an evaporating liquid micro-layer. A large number of 

well-suited vertical micro-scale VECs provide low impedance escape routes for the 

growing vapor bubbles. The proposed mechanism is illustrated in Figure 3.32. A 

model was made for the explanation of the boiling enhancement and is presented in 

ref. 51.  

The interesting resemblance between the manufacturing process of the structure 

and the boiling phenomena is remarkable. The vertical channels formed by the 

 
Figure 3.31. Photograph of nucleation boiling from partially deposited surface (heat flux, q = 1 W cm-2) 
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electrodeposition process with the template of hydrogen evolution have a geometrical 

form that is well-suited for vapor transportation, since the tunnel diameter is 

increasing with distance from the substrate surface, leaving enough space for the 

growing bubble. The departing hydrogen bubbles, during the fabrication of the NMp 

structure, are seeking the lowest resistance path, thus creating low impedance VECs. 

The poor boiling performance of the dendritic structure without any VECs formed by 

hydrogen bubble generation (No VEC in Figure 3.30) confirmed that the VECs are 

essential to effective bubble transport from the structure, especially at higher heat flux 

where more vapor is formed. 

Various surfaces with thickness ranging from 50 to 265 µm have been tested for 

their HTC performance in pool boiling experiments. Figure 3.33 shows the complete 

HTC data from pool boiling tests of nine different surfaces. Figure 3.34 shows the 

relation between the performance and thickness of NMp surfaces, annealed and 

non-annealed, at a heat flux of 5 W cm-2. Thicker NMp surfaces showed higher HTC 

after annealing. Additional thickness of the structure increases the hydraulic resistance 

to the oscillating vapor front and the incoming liquid and therefore slightly inhibits 

the boiling performance,96 hence the positive relationship between structure thickness 

and performance only exists up to a thickness of 120 µm for the non-annealed 

 
Figure 3.32. Schematic drawing of a)macro and b) micro view of bubble growth 
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structure after which thicker structures yield poor performance (Figure 3.34). The 

annealing treatment causes the dendritic branches to grow and interconnect whereby 

the thermal conductivity of the structure increases, resulting in enhanced micro-layer 

evaporation at the advancing vapor-liquid meniscus. 

This technique is being developed to produce highly efficient boiling surfaces 

suitable for commercial heat exchanger prototypes. However, due to our pending 

patent application and confidential agreement signed with industry sponsored 

application research, these findings will not be presented in this thesis. 
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Figure 3.33. HTC as a function of heat flux for NMp surfaces prepared under different conditions. 

Dendritic surfaces with no VECs [×]; typical as-made dendritic NMp surface (with VEC) with a thickness 

of [○] 50 μm, [□] 80 μm, [◊] 120 μm, [∆] 220 μm; and annealed NMp with a thickness of [●] 120 μm,[▲] 

220 μm, [♦] 265 μm as compared with a reference Cu surface [+] 
 

 
Figure 3.34. HTC as a function of thickness of non-annealed [▲] and annealed [■] NMp surfaces 
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4 Conclusion 
In conclusion, nanotechnology has been successfully applied to design and 

fabricate novel materials that can be directly used in energy-related applications. 

 

In the first part of the thesis, the focus has been on the novel nanostructured TE 

materials/architectures since they are promising next generation TEs. Three types of 

nanostructured TE materials/architectures have been designed and successfully 

fabricated including bismuth telluride thick films, bismuth telluride nanowires, and 

skutterudite nanocomposites. Their superior properties and advantageous TE 

performance have been presented. Specific summaries are: 

 TE bismuth telluride nanowire arrays have been fabricated by DC 

electrodeposition within porous AAM both galvanostatically and 

potentiostatically. The as-synthesized nanowire arrays are highly ordered in large 

area, stoichiometric, uniform, with high aspect ratio (above 100) and high filling 

ratio (>90%). The effects of different electrochemical deposition parameters on 

crystal structure, morphology and composition have been investigated. By 

carefully control the electrodeposition conditions, the length, diameter, aspect 

ratio, filling ratio, growth direction, chemical composition and type of charge 

carrier of the nanowires can be tailored.  

 Nanostructured TE bismuth telluride thick films with a thickness up to 350 µm 

have been fabricated by electrodeposition method. The films possess 

polycrystalline rhombohedral unit cells with an average crystallite size of around 

10-30 nm. A high homogeneity of the Seebeck coefficient and a high electrical 

conductivity resulting in a high power factor at room temperature have been 

achieved. The conditions for both annealing and doping for the thick films are 

investigated and the effects of annealing and doping on morphology, crystalline 

phase, grain size, Seebeck coefficient, homogeneity, electrical conductivity, and 

power factor of the bismuth telluride thick films have been studied. n-type 

Se-doped bismuth telluride thick films and p-type Sb-doped bismuth telluride thin 
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films have been obtained. These results are promising as the investigated 

conditions alter/improve some of the TE properties such as Seebeck coefficient 

and power factor while negatively affecting some other properties such as 

electrical conductivity and film homogeneity. 

 Nano-ZrO2/CoSb3 composites were fabricated, and the phase purity, 

microstructure, and temperature-dependent TE properties varying with ZrO2 

content were investigated. The ZT of the as-prepared pure CoSb3 surpasses the 

maximal value of pure CoSb3 reported in the literature. Compared to 

non-dispersed CoSb3, a further improvement of 11 % on ZT was achieved in the 

composite with 0.05 ZrO2 inclusions. The samples are sintered by both 

hot-pressing and FAST using SPS. The effects of compaction conditions on TE 

properties are investigated. Skutterudite CoSb3 with interesting maize-like 

structure has been obtained and its TE properties are presented. 

 

In the second part of the thesis, a new approach is presented to fabricate enhanced 

surfaces by using a simple electrodeposition method with in-situ dynamic gas bubble 

templates. As a result, a novel NMp surface structure comprising of dendritically 

ordered copper branches and ordered micron-sized pores is obtained. Since the 

structure is built based on the dynamic bubbles, it is perfect for the bubble generation 

applications such as boiling. Annealing has been introduced and proved to be effective 

in enhancing the mechanical stability of the NMp surface structure for the intended 

boiling applications. At the heat flux of 1 W/cm2, the heat transfer coefficient for 

NMp surface is enhanced over 17 times compared to a plain reference surface. It's 

estimated that such an effective boiling surface would improve the energy efficiency 

of many heat pumping machines with 10 - 30 %. This technique has a tremendous 

impact on the performance of heat exchangers in a wide range of applications; ranging 

from microelectronics cooling, home refrigeration, to large scale industrial boiling 

applications. The extraordinary boiling performance is attributed to the two 

characteristics possessed by the NMp surface structures: nanocavities and VECs. 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

69 

Acknowledgements 

First of all, I would like to express my sincere gratitude to my supervisor, Prof. 

Mamoun Muhammed for giving me the opportunity to study at Functional Materials 

Division in KTH, his enlightening guidance and continuous support during this thesis. 

Zillions of thanks to my co-supervisor, Dr. Muhammet S. Toprak, for all his 

supervision, collaboration, help from every aspect of my life in Sweden. It is a real 

pleasure to work with him. I wish him the best for his future in this group and best of 

the best for his wife Esra and his children Rana and Selim. 

Millions of thanks to Richard Furberg, my major research partner and his advisor 

Prof. Björn Palm in Division of Applied Thermodynamics and Refrigeration, KTH, 

for the pleasant, effective and productive cooperation on enhanced boiling. We 

together, have created unbelievable research success.  

Many thanks to Dr. Zeming He and Institute of Materials Research, German 

Aerospace Center, for the invaluable, efficient and fruitful collaboration. Their 

support and contribution to this thesis is enormous. 

My special thanks to Sylvan, Jian Qin, my best friend, with whom I spent four 

years in the college and four years here. I will never forget how we support each other 

through tough times. I wish him a great success in the future and congratulate his 

becoming a dad. I am sure Ruoshui Erika Qin will be a lucky and happy girl. 

I would like to thank to Dr. Do-Kyung Kim for his guidance and great help. Thanks 

also to Mr. Yun-Suk Jo, Dr. Jian Zhou, Dr. Hesham Soliman, Dr. Maria Mikhaylova, 

Dr. Yu Zhang, Yibin Liang, and Dr. V. Y. Kodash for the help/contribution to my 

papers. Thanks to Andrea Fornara, Fei Ye, Carmen Marian, Sverker Wahlberg, Ying 

Ma, Xiaodi Wang, Abhilash Sugunan and all the other colleagues. I wish all of them a 

good future in this group. 

Last but not least, I would like to express my deep gratitude to my wife, Jing Chen 

for her endless support and love, for her giving birth to our son, Langwei Li, who is 

now 1-year old. I dedicate this thesis to my parents, whom I owe the most. 



Fabrication of Nanostructured Materials for Energy Applications 

70 

References 
                                                        
1 Levy, B., J. Electroceram. 1:3, 239-272 (1997) 
2 Siegel, R. W., Physics of New Materials (Ed. Fujita, F.E.), Springer-Verlag Berlin 

Geidelberg, Chapter 4 (1994) 
3 Andre, R. P. et al., J. Mater. Res. 4, 704-736 (1989) 
4 Gleiter, H., Z. Metallkd. 86, 78-83 (1995) 
5 Moseler, M., Landmann, U., Science 289 (2002) 
6 Vyatkin, A. et al., J. Elctrochem. Soc. 149 (1), G70 (2002) 
7  Dresselhaus, M. S., Heremans, J. P., Thermoelectrics handbook: Macro to 

Nano-Structured Materials, Rowe, D. M., ed., CRC Press, Boca Raton, FL, chap. 
39 (2006) 

8 Nolas, G. S. et al., Annu. Rev. Mater. Sci. 29, 89-116 (1999) 
9 Dresselhaus, M. S. et al., Adv. Mat. 19, 1043-1053 (2007) 
10 Toprak, M. S. et al., Adv. Funct. Mater. 14, 1189 (2004) 
11 Stiewe, C. et al., J. Appl. Phys. 97, 044317 (2005) 
12 Hajime, E. K. L. Y, Delattre, J. L., Stacy, A. M., Chem. Mater. 19, 894 (2007) 
13 Hicks, L. D., Dresselhaus, M. S., Phys. Rev. B 47, 16631 (1993) 
14 Sapp, S. A., Lakshmi, B. B., Martin, C. R., Adv. Mater. 11, 402 (1999) 

15 Prieto, A. L. et al., J. Am. Chem. Soc. 123, 7160 (2001) 

16 Sander, M. S. et al., Adv. Mater. 14, 665 (2002) 

17 Sander, M. S., Gronsky, R., Sands, T., Stacy, A. M., Chem. Mater. 15, 335 (2003) 
18 Jin, C. et al., J. Phys. Chem. B 108, 1844 (2004) 

19 Fleurial, J. P. et al., Proc. 8th Int. Conf. on Thermoelectrics 294 (1999) 
20 Böttner, H. et al., J. Micro. Sys. 13, 414 (2004) 

21 Fleurial, J. P. et al., AIP Conference Proceedings 504 (Space Technology and 
Applications International Forum Proceedings), 1500 (2000) 

22 Yamashita, O., Sugihara, S., J. Mater. Sci. 40, 6439 (2005) 
23 Lee, D. M. et al., J. Electron. Mater. 35, 360 (2006) 
24 Schultz, J. M., McHugh, J. P., Tiller, W. A., J. Appl. Phys. 33, 2443 (1962) 
25 Stoltz, N. G., Snyder, G. J., Proc. 21st Int. Conf. on Thermoelectrics 28 (2002) 
26 Smirous, K., Stourac, L., Z. Naturforsch. 14a, 848 (1959) 
27 Rosi, F. D., Hockings, E. F., Lindenblad, N. E., RCA Rev. 22, 82 (1961) 
28 Yim, W. M., Rosi, F. D., Solid State Electron. 15, 1121 (1972) 
29  Ettenberg, M. H., Jesser, W. A., Rosi, E. D., Proc. 15th Int. Conf. on 

Thermoelectrics 52 (1996) 
30 Yamashita, O., Tomiyoshi, S., Jpn. J. Appl. Phys. 42, 492 (2003) 
31 Hsu, K. F. et al., Science 303, 818 (2004) 
32 Bertini, L. et al., J. Appl. Phys. 93, 438 (2003) 
33 Huang, X. Y., Xu, Z., Chen, L. D., Solid State Commun. 130, 181 (2004) 
34 Ito, M. et al., J. Alloys Compd. 322, 226 (2001) 
35 Ito, M. et al., Proc. 20th Int. Conf. on Thermoelectrics 221 (2001) 
36 Chen, L. D. et al., J. Appl. Phys. 99, 064305 (2006) 
37 Katsuyama, S. et al., J. Appl. Phys. 88, 3484 (2000) 
38 Brochin, F. et al., J. Appl. Phys. 88, 3269 (2000) 
39 Nakada, Y., Kimura, T., J. Am. Ceram. Soc. 80, 401 (1997) 
40 Groza, J. R. ASM Handbook 7, 583 (1998) 
41 Bourell, D. J., Groza, J. R., ASM Handbook 7, 504 (1998) 



Shanghua Li, Ph. D. Thesis, KTH, ICT, MAP, FNM, 2008 

71 

                                                                                                                                                               
42 Groza, J. R., Curtis, J., Kramer, M., J. Am. Ceram. Soc. 83, 1281 (2000) 
43 Stanciu, L. A. et al., J. Am. Ceram. Soc. 84, 983 (2001) 
44 Stanciu, L. A., Kodash, V. Y., Groza, J. R., Metall. Mater. Trans. 32A, 2633 (2001) 
45 Kodash V. Y. et al., Mater. Sci. Eng. A A385, 367 (2004) 
46 Stein, A., Adv. Mater. 15, 763 (2003) 
47 Chai, G. S., Shin, I. S., Yu, J. S., Adv. Mater. 16, 2057 (2004) 
48 Brune, H., Giovannini, M., Bromann, K., Kern, K., Nature 394, 451 (1998) 
49 Davis, M. E., Nature 417, 813 (2002) 
50 Rajendran, R., Raja, V. S., Sivakumar, R., Srinivasa, R. S., Surf. Coating. Tech. 73, 

198 (1995) 
51 Furberg, R., Licentiate Thesis, KTH, ISSN 1102-0245, Stockholm (2006) 
52 Webb, R. L., Principles of enhanced heat transfer, Wiley-Interscience (1994) 
53 Shikida, M. et al., Sensor. Mater. 15(1), 21 (2003) 
54 Saito, Y. et al., Langmuir 19(17), 6857 (2003) 
55 Dimov, Y. V. et al., Vestnik Mashinostroeniya 54(8), 49 (1974) 
56 Bonilla, C. F. et al., Chem. Eng. Prog. Symp. Ser. 61(57), 288 (1965) 
57 Li, X., Bohn, P. W., Appl. Phys. Lett. 77(16), 2572 (2000) 
58 Chang, J. Y. et al., Int. J. Heat Mass Tran. 40(18), 4449 (1997)  
59 You, S. M. et al., US Patent 5,814,392 (1998) 
60 Gottzmann, C. F., O’Neill, P. S., Minton, P. E., Chem. Eng. Progr. 69, 69 (1973) 
61 Honda, H., Wei, J. J., Exp. Therm. Fluid. Sci. 28, 159 (2004) 
62 Thome, J., Enhanced boiling heat transfer, Hemisphere (1990) 
63 Vemuri, S., Kim, K. J., Int. Comm. Heat Mass Tran. 32, 27 (2005) 
64 Theofanous, T. G., Tu, J. P., Dinh, A. T., Dinh, T. N., Exp. Therm. Fluid. Sci. 26, 

775 (2002) 
65 Xiao, Z. L. et al., J. Am. Chem. Soc. 126, 2316 (2004) 
66 Shin, H. C., Dong, J., Liu, M., Adv. Mater. 15, 1610 (2003) 
67 Shin, H. C., Liu, M., Chem. Mater. 16, 5460 (2004) 
68 Qin, J. et al., Chem. Mater. 17, 1829 (2005) 
69 Miyazaki, Y., Kajitani, T., J. Cryst. Growth 229, 542 (2001) 
70 Toprak, M. S., Ph.D. Thesis, KTH, ISBN 91-7283-514-1, Stockholm (2003) 
71 Klug, H. P., Alexander, L. E., X-ray diffraction procedures, John Wiley & Sons Inc., 

New York (1954) 
72  Reinshaus, P. et al., Proceedings of the 2nd European Symposium on 

Thermoelectrics:  Materials, Processing Techniques, and Applications 90 (2004) 
73 Platzek, D. et al., Proc. 22nd Int. Conf. on Thermoelectrics 528 (2004) 
74 Platzek, D. et al., 3rd European Conference on Thermoelectrics (2005) 
75 Gallagher, J. P., Winterton, R. H. S., J. Phys. Appl. Phys. 18, 843 (1985) 
76 Martin-Gonzalez, M. S. et al., J. Electrochem. Soc. 149, C546 (2002) 
77 Fleurial, J. P. et al, Mater. Res. Soc. Symp. Proc. 545, 493 (1998) 
78 Soliman, H. A., Appl. Surf. Sci. 195, 155 (2002) 
79 Chaouni, H. et al., Proc. Icotom 10, Mater. Forum 1371 (1994) 
80 Gerovac, N., Snyder, G. J., Caillat, T., Proc. 21st Int. Conf. on Thermoelectrics 31 

(2002) 
81  Volckmann, E. H., Goldsmid, H. J., Sharp, J., Proc. 15th Int. Conf. on 

Thermoelectrics 22 (1996) 
82 Shannon, R. D., Acta Crystallogr. A32, 751 (1976) 
83 Shi, X, Chen, L., Meisner, G. P., Appl. Phys. Lett. 84, 2301 (2004) 
84 Kishimoto, K., Tsukamoto, M., Koyanagi, T., J. Appl. Phys. 92, 5331 (2002) 



Fabrication of Nanostructured Materials for Energy Applications 

72 

                                                                                                                                                               
85 He, Z., Ma, J., Philos. Mag. 83, 1889 (2003) 
86 Katsuyama, S. et al., J. Appl. Phys. 93, 2758 (2003) 
87 Kawaharada, Y., Kurosaki, K., Uno, M., Yamanaka, S., J. Alloys Compd. 315, 193 

(2001) 
88 Yang, L., Wu, J. S., Zhang, L. T., J. Alloys Compd. 375, 114 (2004) 
89 Yang, L., Wu, J. S., Zhang, L. T., Mater. Design 25, 97 (2004)  
90 Vanysek, P., Ionic conductivity and diffusion at infinite dilution. CRC Handbook of 

Chemistry and Physics, 83rd Edn, ed. Lide, D. R., CRC Press, Boca Raton (2002) 
91 Dean, J. A., Electrolytes, electromotive force, and chemical equilibrium. Lange’s 

Handbook of Chemistry, 15th Edition, McGraw-Hill, New York (1999) 
92 Van Stralen, S. J. D., Cole, R., Boiling phenomena, Hemisphere, Washington, 

McGraw-Hill, New York (1979) 
93 Sillen, C. W. M. P., Barendrecht, E., Janssen, L. J. J., Van Stralen, S. J. D., Int. J. 

Hydrogen Energ. 7, 577 (1982) 
94 Launay S. et al., Microelectron. J. 37, 1158 (2006) 
95 Honda, H., Takamatsu, H., Wei, J. J., J. Heat. Tran. 124, 383 (2002) 
96 Chang, J. Y., You, S. M., Int. J. Heat Mass Tran. 40, 4437 (1997) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appended paper I 
 
Template electrodeposition of ordered bismuth telluride nanowire arrays 

S. Li, Y. Liang, J. Qin, M. Toprak and M. Muhammed 
In press, J. Nanosci. Nanotech., Ref. No. 1P-360 
ISSN 1533-4880 

Copyrighted by ASP 





In press J. Nanosci. Nanotech., Ref. No. 1P-360 
 

Template electrodeposition of ordered bismuth telluride nanowire arrays 

Shanghua Li*, Yibin Liang, Jian Qin, Muhammet Toprak, Mamoun Muhammed* 
Department of Microelectronics and Applied Physcis, Royal Institute of Technology (KTH), 

SE-16 440 Stockholm, Sweden 
*Corresponding authors (shanghua@kth.se, mamoun@kth.se) 

Abstract:  
 
Thermoelectric bismuth telluride nanowire arrays have been synthesized by direct-current electrodeposition into porous anodic 
alumina membranes both galvanostatically and potentiostatically. The as-synthesized Bi2Te3 nanowire arrays are highly ordered in 
large area, stoichiometric, uniform, with high aspect ratio (above 100) and high filling ratio (>90%) of the membrane. The effects of 
different electrochemical deposition parameters on crystal structures, morphology and composition have been investigated. Field 
emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy 
(EDS) and X-ray diffraction (XRD) have been used to characterize the physical and chemical properties of the nanowires.  
 
Keywords: bismuth telluride, nanowire, thermoelectric, anodic alumina membrane, template electrodeposition 
 
1. Introduction 
 
Thermoelectric (TE) materials have the capability to convert thermal energy into electrical energy (the Seebeck effect) or vice versa 
(the Peltier effect). The efficiency of the TE materials is given by the dimensionless figure of merit, ZT, defined as  κσ /2TS , where T 
is the absolute temperature, S is the Seebeck coefficient, σ  and κ  are electrical and thermal conductivity, respectively. Among all TE 
materials, bismuth telluride and its alloys have been the state-of-the-art TE materials at room temperature with the highest ZT ~ 1. 
Recently, one-dimensional nanostructured materials such as nanowires, nanorods and nanotubs have been the focus of intensive 
research due to their superior properties thus can be used in many applications.1 Theoretical prediction has shown that figure of merit 
ZT of TE nanowires will be enhanced significantly compared to the bulk due to quantum-confinement effects. This enhanced efficiency 
would result from a higher charge-carrier mobility due to a greater density of states and more limited phonon transport.2,3  
The fabrication of bismuth telluride nanowires has been reported by C. R. Martin’s group using a direct-current electrodeposition with 
porous anodic alumina membranes (AAM) as template.4 Thereafter, Stacy’s group and C. Jin et al. have improved the synthetic method 
and achieved large area bismuth telluride nanowire arrays with high-filling rate and high-aspect ratio.5,6,7,8 However, the effects of 
experimental parameters on composition, morphology, crystal structure are still unclear and more comprehensive studies are needed to 
achieve a better control of the growth of nanowires. In this paper, bismuth telluride nanowire arrays have been synthesized by both 
galvanostatic and potentiostatic electrodeposition. The effects of the experimental variations such as current density, potential, 
template and duration on the composition, morphology and crystal structure of as-deposited Bi2Te3 nanowires have been investigated. 
 
2. Experimental 
 
Bi(NO3)3·5H2O (98%) and TeO2 (97%) were purchased from Aldrich. Nitric acid and sodium hydroxide were purchased from Merck. 
All the chemicals were used as received. AAM (200 nm pore diameter, anodisc 25) were purchased from Whatman and used as 
received. 
The template electrodeposition methods employed in this work were similar to what the same group reported earlier.9 Different amount 
of TeO2 powder was dissolved in 1.0 M nitric acid at 80  with vigorous stirring in a fume hood. There℃ after, Bi(NO3)3·5H2O was added 
and dissolved. The final ion concentration for Bi(III) was in the range between 0.0220 and 0.0126 M and for Te(IV) was 0.0167 M. A 
layer of Au or Au/Pd (~15 nm in thickness) was DC-sputtered onto one side of AAM serving as working electrode (1.58 cm2). The 
electrodeposition was carried out using an EG&G PAR model 263A potentiostat/galvanostat. A platinum foil (1.0 cm2) was employed 
as the counter electrode. The galvanostatic electrodeposition was carried out in a typical two-electrode electrodeposition cell.  The 
current density was controlled in the range between 1.5 and 3.5 mA/cm2. The potentiostatic electrodeposition was carried on in a 
conventional three-electrode electrodeposition cell. Ag/AgCl electrode (SSCE, 3.0 M KCl, 0.250 V) was used as reference electrode. 
Cyclic voltammogram was performed prior to the electrodeposition to determine the experimental condition. After the 
electrodeposition process, the AAM with bismuth telluride nanowires embedded inside, was carefully cleaned by distilled water. The 
as-deposited bismuth telluride nanowires were freed by dissolving AAM in 1 M sodium hydroxide. 
Field emission scanning electron microscopy (FESEM, Zeiss Ultra 55) equipped with an energy-dispersive X-ray spectrometer (EDS) 
and transmission electron microscopy (TEM, JOEL 2000EX) were used to study the morphology and composition of the nanowires. 
The crystal structure of the nanowires was investigated by X-ray diffraction (XRD) in a range of oo 100220 << θ  with Philips PW 
1012/20 and 3020 diffractometer (Cu Kα, λ =1.54056 Å).  
 
3.  Results and Discussion 
 
The cyclic voltammogram of the solution containing Bi3+ (0.0126 M), HTeO2

+ (0.0167 M) and HNO3 (1.0 M) is shown in Figure 1. The 
result is in good agreement with the findings of Martín-González et al.10 In the reduction process, there is a sharp wave (A) centered at 
~ – 250 mV, which indicates the co-deposition of both Bi3+ and HTeO2

+ into Bi2Te3. The overall electrodeposition reaction can be 
described as: 

OHsTeBiBieHHTeO 232
3

2 6)(21893 +=+++ +−++  



The other wave at more negative potentials (B, < – 600 mV) is due to the onset of hydrogen evolution. On the anodic scan, the minor 
wave at around 230 mV (C) is attributed to the oxidation of Bi on the top layers of bismuth tellruide.10 The two close waves at around 
600 (D) and 760 mV (E) are due to the oxidation from the Bi2Te3 deposites to HTeO2

+ and oxidation of Bi from Bi2Te3 following the 
oxidation of Te in the wave D, respectively.10 The position of waves will be shifted as the change of ion concentration. As a result, the 
potential chosen for the potnetiostatic electrodeposition of Bi2Te3  is – 200 mV vs. SSCE. 
SEM images in Figure 2 show the typical morphology of bismuth telluride nanowire arrays syntehsized by electrodepositon with AAM 
templates. The nanowires deposited galvanostatically and potentiostatically show no obvious difference in morphology.  Figure 2a is a 
cross-sectional view of the nanowires arrays; the nanowires are highly ordered in large area and the length of the nanowires is around 
50 µm, depending on the duration of electrodeposition. From the top view of as-deposited nanowire arrays, it shows apparently that the 
nanowires are dense and with a very high pore-filling ratio (>90%). From Figure 2c, it can be clearly seen that the nanowires are with 
the same height, implying that the electrodeposition is in well controlled process and the nanowires grow along different pores with the 
same rate. The tips of the nanowires are observed to be inclined in the same degree, which indicates a possible preferred orientation of 
the nanowire growth. Detailed side view of the as-deposited nanowire arrays (Figure 2d) clearly shows that the nanowires are with 
uniform diameter of around 300 nm and the surface of the nanowires are smooth and clean. The diameter of the nanowires is larger than 
the pore size of AAM, which is due to the corrosion of AAM in the 1.0 M nitric acid. Some defects can also be observed in the 
nanowires (Figure 2e), especially when the current density is high during the galvanostatic deposition. By controlling the 
electrodeposition parameters carefully, stoichiometric Bi2Te3 nanowires are obtained both galvanostatically (2.1 mA/cm2; 0.0220 M 
Bi3+, 0.0167 M HTeO2

+ in 1.0 M nitric acid) and potentiostatically (– 200 mV vs. SSCE; 0.0126 M Bi3+, 0.0167 M HTeO2
+ in 1.0 M 

nitric acid), as shown in EDS (Figure 2f).  
TEM image in Figure 3 shows the typical morphology of a single nanowire. Bi2Te3 nanowire is cylindrical in shape with diameter of 
around 300 nm which is in agreement with the results from SEM. The selected area electron diffraction (SAED) pattern (Figure 3, 
inset) indicates that the nanowires deposited galvanostatically are single-crystalline.  
Figure 4 shows the XRD patterns of as-deposited nanowires. The XRD pattern of stoichiometric Bi2Te3 nanowires deposited 
galvanostatically (Figure 4a) indicates that the growth direction for the nanowires is highly oriented to be [110] direction. Only (110) 
and (220) peaks of the rhombohedral Bi2Te3 (JCPDS, 15-863) are observed, which is consistent with C. Jin et al.8 The Bi2Te3 cleavage 
planes is perpendicular to the surface of the substrate of Au or Au/Pd layer.5 No diffraction peaks from Bi, Te and BiTe are detected, 
indicating a clean phase of Bi2Te3. However, for the stoichiometric Bi2Te3 nanowires deposited potentiostatically at – 200 mV, the 
XRD pattern (Figure 4b) shows that the nanowires are randomly oriented but all the peaks can be indexed to the rhombohedral Bi2Te3 
(JCPDS, 15-863). The random orientation of the nanowires deposited potentiostatically is probably attributed to the negative potential 
(– 200 mV) employed in this work. This is different from other reported work.5,7 By selecting the electrodeposition conditions, the 
crystal structures of as-deposited nanowires can be tuned to be highly oriented into one direction or randomly oriented. This is very 
important for the synthesis of bismuth telluride nanowires since the TE properties of bismuth telluride are also dependent on the crystal 
structure and orientation.  
Other properties including morphology and composition of bismuth telluride nanowires are also sensitive to the parameters of 
electrodeposition process. The length of the nanowires depends on the duration of electrodeposition process. It is calculated that the 
rate of growth of the nanowires in this work is between 4-5 µm/h and is not sensitive either to the concentration of the electrolyte and 
nor to the potential/current density employed. The thickness of the AAM gives the limit of the maximum length of nanowires, since 
nanowires have to grow along the pores of AAM. The diameter of the nanowires is mainly dependent on the pore size of AAM used in 
the electrodeposition process. By making AAM with smaller pore size, nanowires with diameters below 50 nm can be achieved.7 The 
electrodeposition duration also has an effect on the diameter of the nanowires due to the corrosion of the AAM in the acidic electrolyte. 
Generally, nanowires with smooth and clean surface can be achieved by using a low speed of deposition and high quality AAM.  
The composition of the as-deposited bismuth telluride nanowires can be altered by changing the concentration of ions in the electrolyte, 
which is stated in the literature.11 Moreover, for the galvanostatic deposition, the current density plays an important role in the 
composition of bismuth telluride nanowires. Figure 5 demonstrates the dependence of the composition on the current density applied 
during the galvanostatic deposition of bismuth telluride nanowires. The atomic ratio of Bi/bismuth telluride in the nanowires has the 
same changing trend with the variation of the current density. When the current density is low, the selectivity of the reduction of the 
ions is relatively high. Thus, reduction from Te(IV) to Te is more favored than the reduction from Bi(III) to Bi, since 

BiBi /3+ϕ  is lower 

than 
TeHTeO /2

+ϕ , resulting in a lower atomic ratio of Bi in the bismuth telluride nanowires. On the other hand, when the current density 

is high, the selectivity of the reduction of the ions becomes less crucial, resulting in a relatively higher atomic ratio of Bi in the bismuth 
telluride nanowires. It is noted that in our experiments, stoichiometric Bi2Te3 (Bi, 40%) can be obtained only at the current density of 
2.1 mA/cm2. Bi-rich and Te-rich Bi2Te3 can be readily obtained by modifying the current density used during the galvanostatic 
deposition. This can be very useful for the fabrication of TE modules which require both p-type and n-type TE materials. Similar 
behavior is also expected on the composition in the potentiostatic deposition when the potential applied is varied. Nevertheless, it is 
found out that the composition is not sensitive when the potential applied is varied in the range between – 250 mV and – 200 mV. 
 
4.  Conclusions 
 
In this paper, thermoelectric bismuth telluride nanowire arrays have been fabricated by direct-current electrodeposition into porous 
anodic alumina membranes both galvanostatically and potentiostatically. The as-synthesized Bi2Te3 nanowire arrays are highly 
ordered in large area, stoichiometric, uniform, with high aspect ratio (above 100) and high filling ratio (>90%). The effects of different 
electrochemical deposition parameters on crystal structures, morphology and composition have been investigated. By carefully control 
the electrodeposition conditions, the length, diameter, aspect ratio, filling ratio, growth direction, chemical composition and type of 
charge carrier of the nanowires can be tailored. These one-dimensional TE bismuth telluride nanowires are predicted to possess a high 
figure of merit ZT, thus have a high potential to be used in terrestrial cooling in the future. 
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Fig. 1. Cyclic voltammogram of Bi3+ (0.0126 M) and HTeO2

+ (0.0167 M) in HNO3 (1.0 M). Scan rate = 0.05 V/s, reference electrode 
Ag/AgCl (3 M KCl), room temperature. 
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Fig. 2. FESEM images of: (a) cross-sectional view; (b) top view; (c) surface view; (d) detailed side view, of typical as-deposited 
bismuth telluride nanowire arrays, (e) defects of bismuth telluride nanowires, and (f) EDS of typical bismuth telluride nanowires. 
 

 
 
Fig. 3. TEM image and SAED pattern (inset) of typical as-deposited bismuth telluride nanowire. 
 
 

 



                                                                                                                                                                                                 

 
 
Fig. 4. XRD spectra of Bi2Te3 nanowires synthesized: (a) galvanostatically (2.1 mA/cm2; 0.022 M Bi3+, 0.0167 M HTeO2

+ in 1.0 M 
nitric acid); (b) potentiostatically (– 200 mV vs. SSCE; 0.0126 M Bi3+, 0.0167 M HTeO2

+ in 1.0 M nitric acid). 
 

 
 
Fig. 5. Dependence of the atomic ratio of Bi/bismuth telluride in the nanowires on the variation of current density during galvanostatic 
deposition (0.0220 M Bi3+, 0.0167 M HTeO2

+ in 1.0 M nitric acid) 
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Bismuth telluride (Bi2Te3)-based solid solutions are state-of-the-art thermoelectric (TE) materials for
cooling applications at room temperature with a high figure of merit ZT. Nanostructured TE bismuth
telluride thick films have been fabricated by electrodeposition from a solution containing bismuth nitrate
and tellurium dioxide in 1 M nitric acid onto gold-sputtered aluminum substrates. A conventional three-
electrode cell was used with a platinum sheet as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. Ethylene glycol (EG) was added to the electrolyte in order to increase
the thickness of the deposited films, and its effect on the structure, morphology, and compositional
stoichiometry of the deposited film was investigated. SEM and XRD were used for structural and
compositional characterization. Bismuth telluride films with thicknesses of ca. 350µm, a stoichiometric
composition of Bi2Te3, and a hexagonal crystal structure were obtained. A microprobe technique was
used to measure the lateral Seebeck coefficient in several samples. The free-standing films were shown
to be of high homogeneity, where the abundance distribution of the Seebeck coefficient showed a half
width of less than 1µV K-1 and a high electrical conductivity of around 450 S cm-1 at room temperature.

1. Introduction

Thermoelectric (TE) materials are utilized as electric
generators or coolers in several applications, such as mini-
power-generation systems and microcoolers,1,2 CCD technol-
ogy,3 and infrared detectors.4 The TE figure of merit, ZT, is
expressed asS2Tσ/λ, whereS is the Seebeck coefficient,σ
is the electrical conductivity,T is the temperature, andλ is
the thermal conductivity. Thus, the enhancement of the TE
figure of merit can be achieved by increasingSas well asσ
or by decreasingλ. Group 15 chalcogenide compounds have
received considerable attention for more than three decades
because of their potential applications as TE materials.
Among the various TE materials, bismuth telluride (Bi2Te3),
a group 15 chalcogenide compound, has been the main focus
of research because of the superior ZT near room temperature
in bulk form.2 By varying the composition, e.g,. with slight
deviations from its stoichiometric composition (Bi2Te3),
bismuth telluride can be tailored to be n-type (Bi2-δTe3+δ)

or p-type (Bi2+δTe3-δ) TE material; the carrier concentration
will also be changed, resulting in different TE figures of
merit.

Film devices are required to allow for localized cooling
at points of interest in many TE applications, such as
thermochemistry on a chip, biothermoelectric chips, and
active cooling for microelectronic processors.5 Thin films
varying from submicrometer to a few micrometers thick are
expected to have thermal conductivity lower than that of the
single crystals because of strong phonon scatterings at both
surfaces and film interfaces.6

The current density value scales with the thickness of the
material, and for efficient cooling, a value has to be chosen
that achieves an economic operation of a TE device. The
optimal current density in a cross-plane arrangement in-
creases with decreasing film thickness, and the Peltier heat
flux also increases proportionally. The integration of thin-
film TE devices into microsystems was proposed by the
microPelt concept7,8 and focuses on achieving the highest
cooling power densities over very small areas (microregions).
The use of thick film, on the other hand, is more suitable
for application in devices covering large areas and operating
at small-to-moderate temperature differences. Thick-film-
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based devices have technological advantages over conven-
tional TE module technology, for which there are practical
problems in fabricating pellets with lengths of a few hundred
micrometers. On the other hand, there are serious limitations
on the use of thin films, if applied to larger areas, due to the
need to drain released heat. This problem can be avoided
by the use of a thick-film concept, in which the influence of
electrical and, in particular, thermal contact and spreading
resistance is kept low. Thus, high efficiency and a high
coefficient of performance (COP) can be achieved by using
thick films with flux quantities that are about 1 order of
magnitude larger than those of conventional devices. By
controlling the film thickness, it is feasible to ideally tune
the flux quantities to the specific application, ensuring
efficient operation.

In our previous research,9,10 we have demonstrated that
nanostructuring TE materials reduces the thermal conductiv-
ity, λ, thus enhancing their figure of merit, ZT. In addition
to the bulk bismuth telluride materials, high-quality bismuth
telluride thin films have been fabricated by electrodeposition
in an acidic aqueous solution.11,12However, no work has been
reported on the fabrication of bismuth telluride thick film
(100-500 µm). Therefore, there is a need to fabricate
nanostructured bismuth telluride thick films.

Several methods have been developed for the fabrication
of TE films, such as evaporation,13 sputtering,7 MOCVD,14

and electrodeposition.15 The electrodeposition technique is
an attractive technique because it has many advantages,
including cost effectiveness, rapid deposition rates, and
relative ease in controlling film thickness from the nanore-
gime to microregime.

In an earlier study, Takahashi et al.16 successfully dem-
onstrated electrodeposition of bismuth telluride and con-
firmed the material’s structure by X-ray diffraction (XRD)
analysis. A systematic investigation of the electrochemical
reactions and compositional changes as a function of applied
potential in a nitric-acid bath containing BiO+ and HTeO2

+

cations was performed by Martin-Gonzalez et al.,17 and they
found that a new mechanism of deposition appears once the
potential is more negative than ca.-500 mV. Miyazaki and
Kajitani11 reported that the deposition of either n-type or
p-type bismuth telluride could be controlled by controlling
the deposition potential. In their studies, the researchers found
that n-type bismuth telluride could be obtained at a potential

above 20 mV versus a saturated calomel electrode (SCE),
whereas p-type bismuth telluride was deposited below 20
mV versus SCE. They proposed that the change in the
charge-carrier concentration of bismuth telluride is caused
by enhancing the deposition of Bi and decreasing the applied
potential during electrolysis. This change in behavior with
compositional changes is in agreement with the results of
the study by Martin-Gonzalez et al.,17 even though the
potential range reported for the specific bismuth telluride
composition was not similar. This difference in potential
range was primarily due to the differences in the concentra-
tions of BiO+ and HTeO2

+ in the electrolytes. However, only
simple electrolytes that consisted of BiO+, HTeO2

+, and
HNO3 were employed in the above studies, and the thickness
of the films was limited to less than 200µm because of a
decrease in the electrical conductivity of the deposited films
over metal substrates and poor adhesion between films and
substrates.

Various organic additives in relatively small addition
amounts have been shown to have large effects on the
physical properties of electrodeposited films, such as bright-
ness, smoothness, hardness, and ductility.18,19 Organic sol-
vents, pure as well as in a mixture, are increasingly used in
electrodeposition processes.20,21The use of organic solvents
as additives in the electrolytes results in changing the
mechanism of the electrodeposition process, which makes
it possible to develop films with greater thickness, e.g., 200-
500 µm. In this paper, we report on the fabrication of
nanostructured thick films of bismuth telluride by an elec-
trodeposition technique. The effect of adding an organic
solvent, ethylene glycol (EG), to the electrolyte has on the
structure, morphology, and compositional stoichiometry of
the deposited bismuth telluride film has been investigated.
This work also creates the possibility of preparing nano-
structured TE bismuth telluride with different stoichiometries
either attached on substrates or as free-standing films.

2. Experimental Section

Film Fabrication. Thick films of bismuth telluride were
cathodically deposited onto gold sputtered-aluminum substrates. A
gold layer (∼100 nm thick) was sputtered onto one side of a piece
of aluminum foil (0.1 mm thick, 1.5× 1.5 ) 2.25 cm2, Riedel-de
Haën) to serve as the working electrode (cathode) for electrodepo-
sition. The electrolyte contained 0.013 M BiO+ and 0.01 M HTeO2+

in 1 M HNO3, where the concentration was determined on the basis
of work by Miyazaki et al.11 and the ratio between bismuth and
tellurium was that according to Sapp et al.22 Various amounts of
EG were added to the electrolyte at concentrations of 10, 20, 30,
and 40% (v/v) to study the organic-solvent effect on bismuth
telluride thick-film formation. A three-electrode conventional
electrochemical cell was used for the deposition of bismuth telluride
with Pt foil (∼8 cm2) as the counter electrode (anode) and SCE as
the reference electrode with a cathode-anode separating distance
of 2 cm. Ar gas was bubbled into the electrolyte for 10 min to

(9) Toprak, M. S.; Stiewe, C.; Platzek, D.; Williams, S.; Bertini, L.; Mu¨ller,
E.; Gatti, C.; Zhang, Y.; Rowe, M.; Muhammed, MAdV. Funct. Mater.
2004, 14, 1189.

(10) Stiewe, C.; Bertini, L.; Toprak, M. S.; Christensen, M.; Platzek, D.;
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Rowe, D. M.J. Appl. Phys.2005, 97, 1.
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remove oxygen from the solution prior to the electrodeposition and
was continued throughout the experiment at a low rate (∼10 mL/
min). Electrodeposition was carried out using an EG&G PAR model
263A potentiostat/galvanostat at room temperature (∼298 K) either
potentiostatically or galvanostatically with regular monitoring of
the cathodic current and potential, respectively. The potentiostatic
electrodeposition was performed at-50, -75, -120, -150, and
-200 mV, as these values are within the common diffusion-
controlled region between all used solutions.20 For the galvanostatic
electrodeposition, a current density of 3.3 mA/cm2 was used while
a high potential of around 1.9 V between the cathode and the anode
was applied. Typical electrodeposition duration was around 24 h.
Finally, the deposited films were removed from the electrolyte and
rinsed in three steps; 0.1 M HNO3 solution (pH∼1), deionized
water, and ethanol, followed by drying in air.

XRD patterns of the films were obtained using a Philips PW
1012/20 and 3020 diffractometer with Cu KR radiation. The average
crystallite size,D, could be calculated from the peak broadening
of the diffraction pattern using Scherrer’s equation,23 D ) 0.9λ/
(âcosθ), whereâ is the pure diffraction line width, full width at
half-maximum, andλ is the X-ray wavelength (Cu KR1, λ )
1.54056 Å).

Electrodeposited bismuth telluride thick films were imaged with
both transmission electron microscopy (TEM, JEOL 2000EX) and
scanning electron microscopy (SEM, JEOL JSM-888) equipped
with an energy-dispersive X-ray spectrometer (EDS), which was
used for composition analysis. The thickness of the films was
determined by measuring the cross-section of the film under SEM.

TE Evaluation. Seebeck coefficient and electrical conductivity
of different samples prepared by the electrodeposition process have
been measured. The Seebeck microprobe (SMP) is a device for
measuring the Seebeck coefficient on the sample surface with a
spatial resolution down to 10-50 µm (depending on the thermal
conductivity of the material).

A heated probe tip is positioned onto the sample surface. The
sample is fixed in good electrical and thermal contact to a heat
sink and is connected to another thermocouple measuring the sink
temperature. The heat flow from the probe tip to the sample causes
a local temperature gradient in the vicinity of the tip. Mounting
the probe to a three-dimensional micropositioning system allows
for the determination of the thermopower at each microposition of
the sample surface. The result is a two-dimensional image of the
Seebeck coefficient.24,25 Special sample holders have been devel-
oped to mechanically fix thick films as well ensure simultaneously
good electrical and thermal contact as a precondition for a high-
quality measurement. The SMP apparatus has been improved by
adding an electronic contact detection system so that the probe tip
will stop its movement immediately after touching the sample to
avoid destruction of the films.

Seebeck coefficient measurement is a tool to detect the distribu-
tion of different electrically active components in the materials. It
is capable of detecting functional inhomogeneities, different phases,
even small differences in doping concentration, which cannot be
detected by other surface analysis methods such as SEM, EDS,
etc. Measuring the Seebeck coefficient of films can be difficult,

because the local temperature gradient caused by the probe tip can
also heat the materials of the supporting substrate, yielding an
integration of the Seebeck coefficient of the sample and the
substrate. If the substrate has a very low thermal coupling, this
effect will be negligible. The TE thick films were deposited on a
Au-coated Al substrate with a very good thermal coupling, which
could lead to erroneous measurements. Taking into account the
thickness of the samples of more than 100µm, this effect will
disappear or at least attenuate, because the local temperature
gradient will not exceed a certain depth of an estimated 50µm in
bismuth telluride. Recent results show that it is indeed now possible
to measure the influence of a substrate and estimate the depth of a
temperature gradient.26

The electrical conductivity has been measured by means of an
in-line four-point probe between room temperature and 300°C.
An ac current of several milliamps is applied to the outer contact
probes, and the voltage is measured with the inner probes. The
distance between all adjacent probes is equal. A numerical
correction factor (Valdez factor) is applied to take into account the
particular geometry of the sample. To eliminate the influence of
the metallic substrate on the electrical conductivity measurement,
we considered only free-standing films in this work. Because the
toughness of the deposited free-standing films is not high enough,
it is difficult to apply the four-point probe without destroying the
film. Therefore, electrical conductivity measurement was limited
to several free-standing films that occasionally possess better
toughness. A more accurate method for measuring electrical
conductivity on thick films is currently under study.

3. Results and Discussion

Synthesis and Fundamental Characterization.The
electrodeposition process of bismuth telluride was well-
investigated.11,27,28 In both potentiostatic and galvanostatic
electrodeposition processes, bismuth and tellurium com-
pounds are dissolved in nitric acid to form the oxide cations
BiO+ and HTeO2

+. Bismuth telluride is insoluble in dilute
nitric acid; thus, reduction of HTeO2+ to Te2- at an electrode
will result in the precipitation of Bi2Te3 on the electrode
surface. This can take place in a potentiostatic electrodepo-
sition process, because BiO+ requires a lower potential than
HTeO2

+ and is thus more difficult to reduce.27 The overall
reaction for the process is

However, for a galvanostatic electrodeposition process,
especially with high potential (>1.5 V) between the two
electrodes, BiO+ and HTeO2

+ will be reduced simulta-
neously, resulting in a solid-state reaction between Bi and
Te in the molecular range. The electrodeposition process of
Bi2Te3 can be expressed by the following steps.28 First, the
ions from the bulk electrolyte diffuse to the electrode surface
and are absorbed on the growth sites at the electrode surface.
The absorbed ions are then reduced at the cathode. These

(23) Klug, H. P.; Alexander, L. E.X-ray Diffraction Procedures; John Wiley
& Sons Inc.: New York, 1954.

(24) Reinshaus, P.; Su¨ssmann, H.; Bohm, M.; Schuck, A.; Dietrich, T.
Proceedings of the 2nd European Symposium on Thermoelectrics:
Materials, Processing Techniques, and Applications, Sept 15-17,
2004, Krakow, Poland; European Thermoelectric Society; p 90.

(25) Platzek, D.; Zuber, A.; Stiewe, C.; Ba¨hr, G.; Reinshaus, P.; Mu¨ller,
E. Proceedings of the 22nd International Conference on Thermoelec-
trics, LaGrande-Motte, France, Aug 17-21, 2003; IEEE: New York,
2004; p 528.

(26) Platzek, D.; Karpinski, G.; Stiewe, C.; Ziolkowski, P.; Stordeur, M.;
Engers, B.; Mu¨ller, E. 3rd European Conference on Thermoelectrics,
Nancy, France, Sept 1-2, 2005; European Thermoelectric Society.

(27) Fleurial, J. P.; Borshchevsky, A.; Ryan, M. A.; Phillips, W. M.; Snyder,
J. G.; Caillat, T.; Kolawa, E. A.; Herman, J. A.; Mueller, P.; Nicolet,
M. Mater. Res. Soc. Symp. Proc.1998, 545, 493.

(28) Jin, C.; Xiang, X.; Jia, C.; Liu, W.; Cai, W.; Yao, L.; Li, X.J. Phys.
Chem. B2004, 108, 1844.

13H+ + 18e- + 2BiO+ + 3HTeO2
+ f Bi2Te3V + 8H2O

(1)
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two steps have been used for controlling the composition of
prepared films and are chemically presented in the following
two equations

Third, the reduced Bi and Te atoms react by a solid-state
reaction to form Bi2Te3. This step mainly affects the
crystalline nature of the deposits and is expressed as follows

Figure 1 shows the potential-current curves for the solution
containing 1 M HNO3, 0.013 M BiO+, and 0.01 M HTeO2+

in the absence and presence of different amounts of EG (10-
40% (v/v)). No further addition of ethylene glycol is
necessary, because the effect of both 30 and 40% (v/v) is
almost overlapped, as shown in Figure 1. The limiting current
region is observed betweenE ) -275 mV andE ) +75
mV for the solution without EG, whereas it is betweenE )
-235 mV andE ) +175 mV in the presence of EG. The
potential range (in the absence of EG) is not in agreement
with that suggested by Miyazaki et al.11 It is noticeable in
Figure 1 that the open circuit potential increases toward the
more noble direction and that the limiting current density
decreases as EG is added to the electrolyte. The same trend
prevails as the concentration of EG increases.

Bismuth telluride thick films are obtained by both poten-
tiostatic and galvanostatic routes on the basis of the
potential-current values as shown in Figure 1. Table 1
summarizes the different electrodeposition conditions for all
electrolytes at 298 K, considering the 0% EG solution to be
the solution containing 1 M HNO3, 0.013 M BiO+, and 0.01
M HTeO2

+. The color of the films is found to depend on
the applied potential; it changes from gray at lower potentials
into black at higher potentials. The face in contact with the
substrate exhibits a uniform surface with metallic luster.
Although several other substrate materials have been tested
(Cu, Ni, Si, and stainless steel), adhesion of the deposited
films and mechanical quality have been found to be the best
for Au-sputtered Al substrate. Thus, Au-sputtered Al sub-
strate is used for all of the film studies presented in this paper.
The adhesion of the deposited bismuth telluride films to the
substrate varies from excellent at-50 mV to poor at-200

mV in the case of solution without EG, whereas the opposite
behavior is observed in the presence of EG. However, poor
adhesion resulting in an easy separation between deposited
films and substrate without breaking the films can be used
to fabricate free-standing films. On the other hand, excellent
adhesion results in the feasibility of forming thicker films.

The thickness of the deposited films decreases with
increasing the applied potential when the electrodeposition
is carried out in aqueous solutions without EG, whereas it
increases with the addition of EG. The maximum thickness
of free-standing films achieved here is around 240µm (see
Figure 2A), obtained in the case of galvanostatic elec-
trodeposition without EG at 3.3 mA/cm2 (∼1.9 V) for 24 h,
whereas the maximum thickness of films adhering well to
the substrate is found to be around 350µm (see Figure 2B),
in the case of 20% (v/v) EG at 3.3 mA/cm2 (∼1.9 V) for 48
h. Thicker free-standing films cannot be obtained just by
increasing the time of electrodeposition process because of
the adhesion problem. The increase in thickness by using
EG as an additive in the electrolyte is attributed to the
promotion of the adhesion of as-deposited bismuth telluride
to the substrate. As for the adhesion enhancement by using

Figure 1. Potential-current relation of Au-sputtered Al substrate in 1 M
HNO3, 0.013 M BiO+, and 0.01 M HTeO2+ solution at 298 K in the absence
and presence of 10-40% (v/v) EG.

BiO+ + 2H+ + 3e- f Bi(s) + H2O (2)

HTeO2
+ + 3H+ + 4e- f Te(s)+ 2H2O (3)

2Bi(s) + 3Te(s)f Bi2Te3(s) (4)

Table 1. Summary of Electrodeposition Conditions for Bismuth
Telluride Thick Films

electrolytic
solution

applied
potential

(mV)
deposition
time (h) adhesion stoichiometry

average
film

thickness
(µm) color

Potentiostat
0 EG -50 24 excellent Bi1.9Te3.1 180 gray

-75 24 very good Bi1.95Te3.05 150 gray
-120 24 good Bi2Te3 100 black
-150 24 fair Bi2.1Te2.9 100 black
-200 24 poor Bi2.2Te2.8 100 black

10 EG -50 24 poor Bi2.2Te2.8 150 grey
-75 24 excellent Bi2Te3 200 grey

-120 24 poor Bi2.7Te2.3 150 grey
-150 24 poor Bi2.7Te2.3 170 black
-200 24 poor Bi2.7Te2.3 180 black

20 EG -50 24 excellent Bi1.9Te3.1 180 grey
-75 24 excellent Bi1.95Te3.05 180 grey

-120 24 excellent Bi2Te3 180 black
-150 24 excellent Bi2Te3 180 black
-200 24 excellent Bi2.05Te2.95 180 black

30 EG -50 24 excellent Bi1.4Te3.6 180 grey
-75 24 very good Bi1.5Te3.5 180 grey

-120 24 good Bi2Te3 200 black
-150 24 good Bi2Te3 200 black
-200 24 good Bi2.2Te2.8 200 black

40 EG -50 24 excellent Bi2Te3 160 grey
-50 48 excellent Bi2Te3 300 grey
-75 24 excellent Bi2Te3 200 black

-120 24 very good Bi2Te3 250 black
-150 24 very good Bi2Te3 300 black
-200 24 very good Bi2Te3 300 black

Galvanostatic
0 EG 3.3 24 poor Bi2Te3 240 grey

3.3 48 fair Bi2Te3 190 grey
7.5 24 excellent Bi2Te3 100 black

10 EG 3.3 24 poor Bi2Te3 100 grey
3.3 48 poor Bi2Te3 120 grey
6 24 poor Bi2.7Te2.3 150 grey

20 EG 3.3 24 excellent Bi2Te3 180 grey
3.3 48 excellent Bi2Te3 350 grey
4.5 24 excellent Bi2Te3 180 black

30 EG 3.3 24 excellent Bi2Te3 180 grey
3.3 48 excellent Bi2Te3 180 black
3.5 24 excellent Bi2Te3 200 black

40 EG 3 24 excellent Bi2Te3 250 black
3 48 excellent Bi2Te3 300 black
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EG, it refers to the high viscosity of EG, which slows down
the movement of the ions (as shown in Figure 1), leading to
smooth deposition on the electrode surface; as a result, the
adhesion is promoted.20

SEM images in Figure 3 clearly show that in galvanostatic
electrodeposition, the morphology of electrodeposited bis-
muth telluride films depends on the composition of the
electrolyte and stoichiometry of the films, which is in
agreement with Martin-Gonzalez et al.17 Needlelike structures
with very small features in the nanorange (∼20-30 nm in
width) are observed on stoichiometric films in the absence
of EG (see Figure 3A), whereas interconnected needlelike
structures are found on stoichiometric films in the presence
of EG (see Figure 3C). However, nonstoichiometric films
fabricated by increasing the ratio between BiO+ and HTeO2

+

in the original electrolyte exhibit free starlike structures (see
Figure 3E). Panels B, D, and F in Figure 3 show that

stoichiometric films in the presence (D) and absence (B and
F) of EG have the most-compact structures. In potentiostatic
electrodeposition, the morphology of electrodeposited bis-
muth telluride films is strongly affected by deposition
potentials and the composition of the electrolyte. Needlelike
structures are observed on the electrodeposited films in the
absence of EG at-120 mV (see Figure 4A) and 30-40%
(v/v) EG at -120 mV (see panels D and F of Figure 4),
whereas at the same deposition potential of-120 mV, a
round needlelike structure that looks like lettuce leaves is
formed from 20% (v/v) EG (Figure 4C). In the case of 10%
(v/v) EG at-75 mV and 40% (v/v) EG at-75 mV, straight
hexagonal and rounded hexagonal structures are formed (see
panels B and F of Figure 4), respectively. Contrary to many
authors’15,17 statements that different stoichiometries form
dissimilar structures, it is found in this investigation that there
is no relation between the stoichiometry and the structure.

Figure 2. SEM images of the films in edge view showing the thickness of: (A) 240µm for the free-standing film after deposition for 24 h in the absence
of EG and (B) 350µm for the bismuth telluride film attached to the substrate after deposition for 48 h in the presence of EG. (Both films are as-deposited
at 298 K from 1 M HNO3, 0.013 M BiO+, and 0.01 M HTeO2+ with a current density of 3.3 mA/cm2.)

Figure 3. SEM images of galvanostatically electrodeposited bismuth telluride films of (A, B) stoichiometry from 1 M HNO3, 0.013 M BiO+, and 0.01 M
HTeO2

+ without EG in the electrolyte; (C, D) stoichiometry from 1 M HNO3, 0.013 M BiO+, and 0.01 M HTeO2+ with EG in the electrolyte; and (E, F)
nonstoichiometry from 1 M HNO3, 0.008 M BiO+, and 0.01 M HTeO2+ without EG in the electrolyte. (All films are as-deposited at 298 K with a current
density of 3.3 mA/cm2.)
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The statement that the formation of n-type or p-type bismuth
telluride is related to the microstructure rather than to
stoichiometry29 is supported by the results of this work. It is
important to take into account that the last statement applies
only at a higher deposition potential that is accompanied by
cathodic hydrogen evolution, where dendritic structure
prevails.

The typical EDS result is presented in Figure 5, which
verifies that the films deposited galvanostatically with a

current density of 3.3 mA/cm2 consist of Bi and Te, and a
quantitative analysis of the spectrum indicates that the Bi:
Te atomic ratio is close to 2:3. However, the stoichiometry
of the potentiostatically deposited bismuth telluride is de-
pendent on the applied potential as well as the electrolyte
composition with a stoichiometric variation range of
Bi1.4-2.7Te3.6-2.3. Table 1 illustrates that the stoichiometric
composition is achieved at-120 and -150 mV from
solutions in the absence and presence of 30% (v/v) EG, at
-75 mV in the presence of 10% (v/v) EG, and at all
deposition potentials in the presence of 20 and 40% (v/v)
EG. The stoichiometry of films obtained potentiostatically
exhibit no coherent and logical evolution. From EDS, the
distribution of both Bi and Te for all the films is homoge-
neous, indicating that the prepared films have a good
tolerance to the experimental conditions.

Figure 6 shows the XRD pattern of an example of the
electrodeposited bismuth telluride thick films. The XRD

(29) Bentien, A.; Paschen, S.; Plotner, M.; Grafe, H.; Fisher, W. J.J. Solid
State Electrochem.2003, 7, 714.

Figure 4. SEM images of bismuth telluride films electrodeposited of 24 h at 298 K from 1 M HNO3, 0.013 M BiO+, and 0.01 M HTeO2+ at (A) 0% EG,
-120 mV; (B) 10% EG,-75 mV; (C) 20% EG,-120 mV; (D) 30% EG,-120 mV; (E) 40% EG,-75 mV; and (F) 40% EG,-120 mV.

Figure 5. EDS spectrum of stoichiometric bismuth telluride films elec-
trodeposited after 24 h at 298 K from 1 M HNO3, 0.013 M BiO+, and 0.01
M HTeO2

+ with a current density of 3.3 mA/cm2 in absence of EG.

Figure 6. XRD pattern of as-deposited bismuth telluride thick film after
24 h at 298 K from 1 M HNO3, 0.013 M BiO+, and 0.01 M HTeO2+ with
a current density of 3.3 mA/cm2 in the absence of EG.
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pattern exhibits polycrystalline bismuth telluride in the as-
deposited state with (110) as the prominent plane parallel to
the substrate. According to the standard ICDD PDF card (08-
0021), all of the detected peaks are indexed as those from
the rhombohedral Bi2Te3 crystal (space group (R3h m) (166))
with hexagonal crystal structures. However, the intensity
ratios of the peaks are not in good agreement with those
obtained by XRD on a ground product, indicating an
orientational effect in the film growth.30 The average
crystallite size of electrodeposited bismuth telluride calcu-
lated by Scherrer’s equation is in the range between 10 and
30 nm, which is consistent with the result from SEM as
shown in Figure 3A.

TE Properties. The measured Seebeck coefficient of
different deposited stoichiometric Bi2Te3 thick films is
between-68 and -85 µV K -1, which shows that the
material is n-type and is higher in absolute value than other
reported undoped bismuth telluride films (from-40 to-60
µV K-1) prepared by electrodeposition at room tempera-
ture.11,27,31 Figure 7A shows the spatial distribution of the
Seebeck coefficient measured on a typical electrodeposited
bismuth telluride thick film with a thickness of around 200
µm. It is obvious that the as-deposited bismuth telluride thick
film has a very high homogeneity in the Seebeck coefficient
and the abundance distribution shows a half width of less
than 1µV K -1 at an average Seebeck coefficient of-68
µV K-1, as seen from Figure 7B. As it has been reported
that annealing increases thermopower and resistivity con-
sistently with a decrease in carrier concentration,31 the as-
deposited films have been annealed at 300°C for 2 h under
an inert atmosphere; an average Seebeck coefficient of-125
µV K-1 has been obtained, as seen from Figure 8.

The free-standing stoichiometric Bi2Te3 films deposited
galvanostatically in the absence of EG possess high electrical
conductivity of around 450 S cm-1 at room temperature and
show a slightly lower electrical conductivity when heated
to higher temperatures up to 300°C. Thereafter, when the

films are cooled, the electrical conductivity increases with
decreasing temperature to a higher level than when at room
temperature previously, which might indicate a microstruc-
tural change in the film. Therefore, the power factor (S2σ)
of the free-standing stoichiometric Bi2Te3 films can be
calculated to be around 200µW m- 1K-2 at room temper-
ature and will increase to around 600µW m-1 K-2 at 300
°C. Thermal conductivity is still under investigation, although
it is difficult to measure for films.

4. Conclusions

Nanostructured TE bismuth telluride thick films with a
thickness up to 350µm have been fabricated by electrodepo-
sition. The influence of EG dissolved in the electrolyte on
the structure, morphology, and compositional stoichiometry
of the deposited films has been investigated. The films
possess polycrystalline Bi2Te3 hexagonal unit cells with an
average crystallite size of around 10-30 nm. A high
homogeneity of the Seebeck coefficient and a high electrical
conductivity resulting in a high power factor (S2σ) at room
temperature have been achieved on the fabricated thick films.
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Figure 7. (A) Spatial distribution of the Seebeck coefficient measured on as-deposited bismuth telluride thick film after 24 h at 298 K from 1 M HNO3,
0.013 M BiO+, and 0.01 M HTeO2+ with a current density of 3.3 mA/cm2 in the absence of EG, and (B) the abundance distribution showing very high
homogeneity indicated by the half width of less than 1µV K-1.

Figure 8. Spatial distribution of the Seebeck coefficient measured on films
after annealing at 300°C for 2 h under an inert atmosphere.
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Abstract 

Bismuth telluride is the state-of-the-art thermoelectric (TE) material for cooling applications with a 

figure of merit of ~1 at 300 K. There is a need for the development of TE materials based on the concept 

of thick films for miniaturized devices due to mechanical and manufacturing constraints for the 

thermoelement dimensions. We have reported earlier a method for the fabrication of high quality 

nanostructured bismuth telluride thick films with thickness from 100 to 350 µm based on 

electrochemical deposition techniques. In this paper, annealing is performed to further improve the TE 

performance of the nanostructured bismuth telluride thick films and n/p-type solid solutions are 

successfully fabricated by doping Se and Sb, respectively. The conditions for both annealing and doping 

for the thick films are investigated and the effects of annealing and doping on morphology, crystalline 

phase, grain size, Seebeck coefficient, homogeneity, electrical conductivity, and power factor of the 

bismuth telluride thick films have been studied. 

 

Keywords: Annealing, Doping, Thermoelectric, Bismuth telluride, Electrodeposition, Thick film. 

 

1. Introduction 

Group 15 chalcogenide compounds have received considerable attention for more than three decades, 

due to their potential application in the area of thermoelectric (TE) cooling. Thermoelectric materials 

can be utilized as electric generators or coolers in several applications, such as power generation 

systems and microcoolers,1 CCD technologies,2 and infrared detectors.3 The thermoelectric figure-of-

merit, ZT, can be expressed as S2Tσ/λ, where S is the Seebeck coefficient, σ is the electrical 

conductivity, T is the temperature, and λ is the thermal conductivity. Among the various thermoelectric 

materials, bismuth telluride (Bi2Te3), a group 15 chalcogenide compound, has been a main focus of 

research because of its superior ZT near room temperature in bulk form.  
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In our previous work,4 we introduced the advantages of bismuth telluride thick film concept over the 

conventional bulk materials. The use of thick film is more suitable for application in devices covering 

large areas and operating at small to moderate temperature differences (20-200 K).5,6 Thick film based 

devices have technological advantages over conventional TE module technology where there are 

practical problems in fabricating pellets with lengths of few hundreds of µm. On the other hand, there 

are serious limitations on the use of thin films, if applied to larger areas due to the need of draining of 

the released heat. This problem can be avoided by the use of the thick film concept, where the influence 

of electrical, and in particular, thermal contact and spreading resistance is kept low. Thus, high 

efficiency and high coefficient of performance (COP) can be achieved by using thick films with flux 

quantities being about one order of magnitude larger than that of conventional devices. By control of the 

film thickness, ideal tuning of the flux quantities to the specific application is feasible, ensuring efficient 

operation. We reported the fabrication of thick stoichiometric Bi2Te3 films comprised of nanostructured 

building blocks by electrodeposition method. The thick films are very homogeneous n-type TE 

materials with the Seebeck coefficient around -70 µV K-1 as measured by the Seebeck Microscopy 

(SMP). 

It has been reported that annealing can have an effect on the thermoelectric performance.7 , 8 , 9 

Annealing can be used to alter the defect concentration of the materials, thereby altering the carrier 

concentration.10 However, the TE properties of bismuth telluride-based compound are not changed by 

only the carrier concentration but also by grain size and grain orientation which will also be altered 

during annealing process. Therefore, in order to optimize the TE figure-of-merit, ZT, of the bismuth 

telluride thick films, the effects of annealing should be performed and studied.  

By varying the composition with slight deviations from its stoichiometric composition (Bi2Te3), 

bismuth telluride can be tailored as n-type (Bi2-xTe3) or p-type (Bi2+xTe3). However, ZT of 

stoichiometric Bi2Te3 is not comparable with that of the state-of-the-art bismuth telluride-based systems 

made by doping other elements in various fabricating processes. It was suggested that structural doping 

introduces lattice short-range distortions leading to a significant decrease in the lattice thermal 
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conductivity, without affecting the power factor P (P = S2σ).11 As a result, solid solutions as (Bi1-

xSbx)2Te3 and Bi2(Te1-xSex)3 are widely used in various composition to shift the properties to certain 

temperature ranges.12, 13 Another way to improve ZT of bismuth telluride compounds is doping solid 

solution system with additional elements forming secondary phase precipitated in the matrix, so that the 

carrier concentration can be adjusted and utilized to increase the band gap of the systems to avoid the 

ambipolar contribution to the thermal conductivity.12,13,14,15 To date, the highest ZT at room temperature 

was 1.06 in the p-type (Bi0.25Sb0.75)2Te3 doped with 4 wt% excess Te and 0.05 wt% Ge12 and 1.75 wt% 

excess Se alone13 and 0.96 in the n-type (Bi0.25Sb0.75)2(Te0.95Se0.05)3 solid solution doped with 0.16 wt% 

SbI3.14 Recently, the highest ZT of 1.14 at 300 K for the p-type (Bi0.25Sb0.75)2(Te0.97Se0.03)3 has been 

reported by Ettenberg et al.16 and significantly high ZT of 1.19 at 298 K for the n-type Bi2(Te0.94Se0.06)3 

doped with 0.068 wt% I and 0.017 wt% Te has been reported by Yamashita et al.8,15 

In this study, annealing was performed by heating the as-deposited bismuth telluride thick films at 

elevated temperature under a reductive atmosphere. Doping of bismuth telluride with additional 

elements was realized by electrodeposition with additive of respective element compounds into the 

electrolyte. The conditions for both annealing and doping for the thick films are investigated and the 

effects of annealing and doping on morphology, crystalline phase, grain size, Seebeck coefficient, 

homogeneity, electrical conductivity and, power factor of the bismuth telluride thick films have been 

studied. 

2. Experimental Section 

Thick film fabrication: 

Thick films of bismuth telluride were either potentiostatically or galvanostatically electrodeposited 

onto gold sputtered-aluminum substrates as proposed in our previous work.4 A gold layer (~ 100 nm 

thick) was sputtered onto one side of a piece of aluminum foil (0.1 mm thick, 1.5 x 1.5 = 2.25 cm2, 

Riedel-de Haën) to serve as the working electrode (cathode) for electrodeposition. A three-electrode 

conventional electrochemical cell was used for the deposition of bismuth telluride with Pt foil (~ 8 cm2) 

as the counter electrode (anode) and SCE as reference electrode with cathode–anode separating distance 
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of 2 cm. Ar gas was bubbled into the electrolyte for 10 min to remove oxygen from the solution prior to 

the electrodeposition and was continued throughout the experiment at a low rate (~ 10 mL/min). 

Electrodeposition was carried out using an EG&G PAR model 263A potentiostat/galvanostat at room 

temperature (~ 298 K) either potentiostatically or galvanostatically with regular monitoring of the 

cathodic current and potential, respectively. Typical electrodeposition duration was around 24 h. 

Finally, the deposited films were removed from the electrolyte and rinsed in three steps; 0.1 M HNO3 

solution (pH ≈ 1), deionized water, and ethanol followed by drying in air. 

For the deposition of stoichiometric Bi2Te3 thick films, the electrolyte contained 0.013 M BiO+ and 

0.01 M HTeO2
+ in 1 M HNO3. The potentiostatic electrodeposition was performed at -50, -75, -120, -

150 and -200 mV and for the galvanostatic electrodeposition, a current density of 3.3 mA/cm2 was used 

while a high potential of around 1.9 V between the cathode and the anode was applied.  

Annealing: 

To determine annealing conditions, thermal analysis including thermogravimetric analysis (TGA, 

TGA Q500, TA Instruments, Inc.) and differential scanning calorimetry (DSC, DSC 2920, TA 

Instruments, Inc.) are performed to understand the thermal behavior of the thick films during heating. 

Annealing was carried out by heating the thick films (~ 200 µm) at 300 °C for different durations under 

reductive atmosphere (H2) to avoid oxidation. After annealing, forced cooling was applied on the 

exterior of tube furnace to ensure the precise duration of annealing process. 

Doping: 

Thick films of bismuth telluride solid solutions as Bi2(Te1-xSex)3 (x ≈ 0.05) and (Bi1-ySby)2Te3 (y ≈ 

0.75) were prepared by varying composition of the electrolytic solutions. For the deposition of Bi2(Te1-

xSex)3 (x ≈ 0.05) thick films (~ 200 µm), galvanostatic deposition was applied with a current density of 

3.3 mA/cm2 and the electrolyte contained 0.013 M BiO+, 0.009 M HTeO2
+, and 0.001 M H2SeO3 in 1 M 

HNO3. However, for (Bi1-xSbx)2Te3 (y ≈ 0.75), only thin films (less than 1 µm) could be obtained from 

the electrolyte containing 0.0019 M BiO+, 0.01 M HTeO2
+, 0.0056 M SbO+, and 0.2 M tartaric acid 

(99%, Aldrich) in 1 M HNO3, by using potentiostatic electrodeposition at -75, -100 and -200 mV vs. 
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SCE. All the other conditions were kept the same with that of stoichiometric bismuth telluride thick 

films. Annealing was not performed on the doped films. 

Characterization: 

XRD patterns of the films were obtained using a Philips PW 1012/20 and 3020 diffractometer with 

Cu Kα radiation. The average crystallite size, D, could be calculated from the peak broadening of the 

diffraction pattern, using Scherrer’s equation,17 D = 0.9λ/(βcosθ), where β is the pure diffraction line 

width, full width at half maximum, and λ is X-ray wavelength (Cu Kα1, λ = 1.54056 Å). 

Electrodeposited bismuth telluride thick films were imaged with scanning electron microscopy (SEM, 

JEOL JSM-888) equipped with energy dispersive X-ray spectrometer (EDS) which was used for 

composition analysis. The thickness of the films was determined by measuring cross-section of the films. 

TE evaluation: 

Seebeck coefficient of different thick film samples prepared by electrodeposition and annealing 

process has been measured. The Seebeck Microprobe (SMP) is a device for measuring the Seebeck 

coefficient on the sample surface with a spatial resolution down to 10–50 µm (depending on the thermal 

conductivity of the material). A heated probe tip is positioned onto the sample surface. The sample is 

fixed in good electrical and thermal contact to a heat sink and is connected to another thermocouple 

measuring the sink temperature. The heat flow from the probe tip to the sample causes a local 

temperature gradient in the vicinity of the tip. Mounting the probe to a three-dimensional 

micropositioning system allows for the determination of the thermopower at each microposition of the 

sample surface. The result is a two-dimensional image of the Seebeck coefficient.18,19 Special sample 

holders have been developed to mechanically fix thick films as well to ensure simultaneously good 

electrical and thermal contact as a precondition for a high quality measurement. The SMP apparatus has 

been improved by adding an electronic contact detection system so that the probe tip will stop its 

movement immediately after touching the sample to avoid destruction of the films. 

Seebeck coefficient measurement is a tool to detect the distribution of different electrically active 

components in the materials. It is capable of detecting functional inhomogeneities, different phases, 
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even small differences in doping concentration, which cannot be detected by other surface analysis 

methods such as SEM, EDS, etc. Measuring the Seebeck coefficient of films can be difficult, because 

the local temperature gradient caused by the probe tip can also heat the materials of the supporting 

substrate, yielding an integration of the Seebeck coefficient of the sample and the substrate. If the 

substrate has a very low thermal coupling, this effect will be negligible. The TE thick films were 

deposited on a Au-coated Al substrate with a very good thermal coupling, which could lead to 

erroneous measurements. Taking into account the thickness of the samples of more than 100 µm, this 

effect will disappear or at least attenuate, because the local temperature gradient will not exceed a 

certain depth of an estimated 50 µm in bismuth telluride. Recent results show that indeed it is now 

possible to measure the influence of a substrate and estimate the depth of temperature gradient.20 

The electrical conductivity has been measured on the as-deposited stoichiometric Bi2Te3 thick films 

by means of in-line four-point probe rising from room temperature to 300 °C. Thus the annealing effects 

on the electrical conductivity of the thick films can be studied. An ac current of several milliamps is 

applied to the outer contact probes, and the voltage is measured with the inner probes. The distance 

between all adjacent probes is equal. A numerical correction factor (Valdez factor) is applied to take 

into account the particular geometry of the sample. To eliminate the influence of the metallic substrate 

on the electrical conductivity measurement, only free-standing films were considered in this work. 

Because the toughness of the deposited free-standing films is not high enough, it is difficult to apply the 

four-point probe without destroying the film. Therefore, electrical conductivity measurement was 

limited to several free-standing films that occasionally possess better toughness and during the 

measurements, situations such as bad contact always happened. Unfortunately, electrical conductivity 

measurements haven only been successful on stoichiometric Bi2Te3 thick films but not yet on doped 

bismuth telluride solid solutions. The method for measuring electrical conductivity of thick films is still 

under development. Thermal conductivity, although is very difficult to perform on films, is still under 

investigation and will be reported elsewhere upon successful completion of the measurements. 

3. Results and Discussion 
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Annealing effects: 

Before annealing, thermal analysis including TGA and DSC was conducted to understand the thermal 

behavior of the bismuth telluride thick films. TGA analysis (Figure S1A) shows a distinct weight 

increase peak after 400 °C which is attributed to be the partial oxidation of the film, and is confirmed 

with XRD measurements. DSC analysis (Figure S1B) exhibits an exothermic peak around 150 °C 

indicating recrystalization of materials with nano-sized grains. In order to verify that, the samples were 

heated up to 200 °C, where no oxidation was detected by XRD; thereafter, after cooling to room 

temperature, the samples are re-heated from room temperature to 550 °C, where no such peak is 

observed anymore. This irreversible recrystalization process at relatively lower temperature is a typical 

behaviour of materials with nano-sized features. The broad weak exothermic peak between ~200 °C and 

400 °C indicates a microstructural change of the film and the continuous exothermic line starting after 

around 450 °C is attributed to be the partial oxidation of the film which is consistent with the result of 

TGA (Figure S1A). Yamashita et al.15 have done a series of annealing tests under different temperatures 

and suggested an optimum annealing temperature of 400 °C. Considering that high temperature 

annealing process causes growth of grain size and smaller size proved to be favored for TE materials 

since nanostructuring greatly reduces the thermal conductivity resulting in higher ZT, 21 , 22  lower 

temperature is preferred for the annealing of thick films. Therefore, the annealing temperature chosen 

for the as-deposited bismuth telluride thick films was set to 300 °C. Since TGA suggested a potential 

problem of oxidation, reductive atmosphere (H2) is necessary during the annealing process. 

Two samples of the as-deposited bismuth telluride thick films (~ 200 µm) were annealed at 300 °C 

for 2 and 5 h respectively under hydrogen atmosphere. Figure 1 exhibits the effects of annealing on 

surface morphology of the thick films. SEM images of as-deposited bismuth telluride thick films 

(Figure 1A) obtained by galvanostatic electrodeposition show that the films are comprised of needle-

like structures with features in the nano-range (~ 20-30 nm in width). After annealing at 300 °C for 2 h, 

the needle-like structures maintained while the grain size increased dramatically (~ 40-100 nm in width, 

Figure 1B). However, after annealing at 300 °C for 5 h, all the needle-like structures turned into 
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granular square structures (above 100 nm in diameter), since needle-like structures have bigger surface 

area therefore are less stable than granular square structures. The exact number of the grain size was 

difficult to estimate from SEM micrographs due to the irregular shapes of the grain and the poor 

resolution of SEM. EDS analysis confirmed that all the films are stoichiometric Bi2Te3 and no oxidation 

took place during the annealing process. 

Figure 2 shows the XRD patterns of the as-deposited bismuth telluride thick film and annealed films 

at 300 °C for different durations. The XRD patterns exhibit polycrystalline bismuth telluride with (110) 

as prominent plane parallel to the substrate. According to the standard ICDD PDF card (No. 00-008-

0021), all of the detected peaks are indexed as those from the rhombohedral Bi2Te3 crystal [space group 

(R3m) (166)]. However, the intensity ratios of the peaks are not in agreement with those obtained by 

XRD on a ground sample, indicating an orientational effect in the film growth.23 For annealed films, the 

peak becomes much narrower than the as-deposited film which indicates a substantial increase of the 

grain size. The average crystallite size of as-deposited bismuth telluride thick film calculated by 

Scherrer’s equation is ~15 nm, while for a 2 h annealed film it is ~45 nm and increases to ~77 nm for a 

5 h annealed film.  

The Seebeck coefficient of different Bi2Te3 thick films (as-deposited and annealed) was measured by 

SMP and results are shown in Figure 3. All films are n-type and annealed films at 300 °C show higher 

average Seebeck coefficient (~ -130 µV K-1 for 2 h and ~ -120 µV K-1 for 5 h) than as-deposited film (~ 

-70 µV K-1) which is in agreement with Lee at al.9 The influence of the Seebeck coefficient by 

annealing is attributed to the combination of improved crystallinity and changes in defect concentration. 

It is reported that annealing increases thermopower and resistivity consistently with a decrease in carrier 

concentration. 24  Yamashita et al.8 summarized that annealing has had a favorable effect on the 

improvement in ZT of n-type bismuth telluride bulk compounds but an adverse effect on p-type. From 

the spatial distribution (Figure 3A, C, and E) and abundance distribution (Figure 3B, D, and F) of the 

Seebeck coefficient measured on the films, it is evident that the as-deposited thick film has a very high 

homogeneity in the Seebeck coefficient with the abundance distribution showing a half width of below 
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1 µV K-1 while film annealed for 2 h is less homogeneous with the abundance distribution showing a 

half width of around 3 µV K-1 and film annealed for 5 h is even less homogeneous with the abundance 

distribution showing a half width of around 10 µV K-1. In Figure 3C and E, there is a diagonal line with 

a low Seebeck coefficient compared to the rest of the film. This is not due to annealing process and is 

not representative of the film, but associated to the SMP measurement flaw. It can be concluded that 

annealing enhances the Seebeck coefficient but reduces the homogeneity and annealing for longer 

duration could not enhance Seebeck coefficient further but decreases the homogeneity.  

The electrical conductivity of free-standing stoichiometric Bi2Te3 thick films is ~ 450 S cm-1 at room 

temperature, as shown in Figure 4,, and slightly decreases to 400 S cm-1 when heated to higher 

temperatures up to 300 °C. The same behavior has been reported by others, and is attributed to the 

reduction in carrier concentration due to annealing.8,9,10,15,24 Since the Seebeck coefficient of the as-

deposited thick films is enhanced from around -70 µV K-1 at room temperature up to around -130 µV K-

1 after annealed at 300 °C, the power factor (S2σ) of the as-deposited thick films can be calculated to be 

around 220 µW m-1 K-2 at room temperature and will increase to around 680 µW m-1 K-2 after annealing 

at 300 °C.  

Thermal conductivity can be divided into two parts, electronic thermal conductivity, and lattice 

thermal conductivity, λ = λe + λl. Electrical thermal conductivity, λe, can be calculated according to the 

Wiedemann Franz law, λe = LσT, where σ is the electrical conductivity, T is the temperature, and L is 

the Lorenz number. Since the electrical conductivity of the as-deposited bismuth telluride thick films 

doesn’t change much during annealing, the electrical component of the thermal conductivity should also 

not be altered much by annealing. The lattice thermal conductivity depends on grain size and 

concentration of phonon scattering defects.25 During annealing, the nano-sized grains of as-deposited 

bismuth telluride thick films grow, thus there is less phonon scattering by grain boundaries resulting in 

higher lattice thermal conductivity. However, the actual effect of annealing on thermal conductivity is 

unknown, since the measurements of thermal conductivity on thick films are unavailable yet. 

Doping effects: 
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Thick films of n-type Se-doped bismuth telluride solid solutions could be galvanostatically 

electrodeposited by slightly varying composition of the electrolyte used for deposition of stoichiometric 

Bi2Te3. This is possible due to the following reasons: 1) the reduction process for electrolytes 

containing H2SeO3 is comparable to that without H2SeO3; Te1-xSex solid solutions are formed instead of 

elemental Te;26 2) The amount of Se required for the state-of-the-art n-type Bi2(Te1-xSex)3 (x ≈ 0.05) 15 at 

room temperature is too little. However, p-type Sb-doped bismuth telluride solid solutions could not be 

produced by galvanostatic electrodeposition. This is also attributed to two reasons: 1) Sb(III) can hardly 

be dissolved together with Te(IV) and Bi(III) in HNO3. Therefore, chelating agent such as tartaric acid 

is required to ensure the stability and the solubility of Sb(III) with Bi(III) and Te(IV).27 As a result, the 

reduction conditions for Sb(III) are very different from that for Bi(III) and Te(IV). 2) The amount of Sb 

required for the-state-of-the-art p-type (Bi1-ySby)2Te3 (y ≈ 0.75)12 at room temperature is comparably 

large, 3 times of that for Bi. In fact, no Sb was found on the films after electrodeposition from the 

electrolyte containing considerable amount of Sb(III) by using typical galvanostatic conditions in this 

work. Therefore, potentiostatic electrodeposition had to be carried out for deposition of p-type Sb-doped 

bismuth telluride solid solutions, and cyclic voltammetry was used to find the appropriate potential 

range for deposition. As shown in Figure S2, two reduction waves were observed in the cathodic scan. 

The first level is ranging between 50 and -10 mV which would be representative of reduction of Te(IV) 

to Te, as well as the deposition of Bi2Te3.27 The second level, ranging between -10 and -300 mV, is due 

to the further reduction of HTeO2
+ to H2Te that would instantaneously react with both Bi3+ and SbO+ to 

form the ternary deposition of (Bi1-ySby)2Te3.28 The reduction potential of Sb(III) to Sb is usually more 

negative than bismuth and tellurium,27 which explains why the deposited (Bi1-ySby)2Te3 is always 

powdery, since the nucleation reaction is constantly accompanied by hydrogen evolution from the 

reduction of both bismuth and tellurium. The overall cathodic reaction can be expressed as follows:  

OHyTeSbBieHySbOyBiyHTeO yy 232
3

2 )6(18)29()2(3 ++→++++−+ −
−++++  

As for the anodic scan, generally, multiple anodic peaks could be due to the stripping charge of the bulk 

deposit and the charge for a monolayer of bismuth telluride on the basal plane.29 In addition, there are 
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other possible explanations for this type of phenomenon, such as underpotential deposition, alloy 

formation with the substrate, diffusion of cations into the substrate and the presence of more than one 

type of deposited bismuth telluride (such as epitaxial growth on different faces or non-epitaxial growth). 

In our case, two oxidation peaks observed at ~210 and 560 mV, were associated with the oxidation of 

Bi to Bi(III) and Bi2Te3 to HTeO2
+, respectively.30 As a result, the potential range from -10 to -300 mV 

vs. SCE was chosen for the potentiostatic electrodeposition of p-type Sb-doped bismuth telluride solid 

solutions. In this work, thin films (less than 1 µm) of p-type (Bi1-ySby)2Te3 (y ≈ 0.75) have been 

successfully obtained by potentiostatic electrodeposition at -75, -100 and -200 mV. Whereas, thick film 

(above 100 µm) of p-type Sb-doped bismuth telluride solid solutions remained to be problematic, since 

the film became powdery when the thickness was increased. This problem could not be solved by 

introducing additives such as ethylene glycol, sodium dodecyl sulfate, DK-400, etc.  

The as-deposited stoichiometric Bi2Te3 thick film exhibits metallic luster from the surface, while Se-

doped bismuth telluride thick film and Sb-doped bismuth telluride thin film are grey and black, 

respectively. All samples exhibit similar microstructure, therefore SEM images showing only the 

macroscopic morphologyof stoichiometric Bi2Te3 thick film (~ 200 µm), Se-doped bismuth telluride 

thick film (~ 200 µm) and Sb-doped bismuth telluride thin film (less than 1 µm) are presented in Figure 

5. Stoichiometric Bi2Te3 thick film (Figure 5A) has the most-compact structures while Se-doped 

bismuth telluride thick film (Figure 5B) is less compact and Sb-doped bismuth telluride thin film 

(Figure 5C) is loose. EDS analysis showed the ratio between Bi, Te and Se of Se-doped bismuth 

telluride thick films to be 41:53:6 which is close to the state-of-the-art n-type composition, Bi2(Te1-

xSex)3 (x ≈ 0.05), at room temperature.15 The ratio between Bi, Sb and Te of Sb-doped bismuth telluride 

thin films is measured to be 10:29:61 which is close to the state-of-the-art n-type composition, (Bi1-

ySby)2Te3 (y ≈ 0.75), at room temperature.12  

XRD analysis, shown in Figure 6, confirms that Se and Sb elements are doped into bismuth telluride 

solid solution system and are not present as secondary phase. For Se-doped bismuth telluride thick 

films, the crystal structure is very close to the un-doped rhombohedral  ( mR3 ) Bi2Te3 in accordance 
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with the EDS data. All the peaks in the XRD pattern can be indexed as shown in Figure 6A. Compared 

to un-doped rhombohedral Bi2Te3, a general shift of peaks to higher 2 theta values was observed since 

there is a contraction of the crystal structure as Te is replaced by the smaller Se atoms.31 The average 

crystallite size of Se-doped bismuth telluride thick films calculated by Scherrer’s equation is close to 

that of stoichiometric Bi2Te3 thick films. In addition, there is texture in this nicely crystalline film 

leading to the altered intensities. For Sb-doped bismuth telluride thin films, 2 strong peaks at around 

38.5 and 44.8 (2 theta value, Figure 6B) are detected due to the Al substrate. In fact, each of these peaks 

includes one overlapped peak (38.65 and 44.91, 2 theta value) from deposited Sb-doped bismuth 

telluride films (Figure 6B, Inset). All the peaks that belong to Sb-doped bismuth telluride can be 

indexed to a rhombohedral Bi0.4Sb1.6Te3 (ICDD No. 01-072-1836), in a good agreement with the EDS 

data (~ Bi0.5Sb1.5Te3). 

The Seebeck coefficient of bismuth telluride solid solutions (Se-doped thick films and Sb-doped thin 

films) was measured by SMP (Figure 7). Figure 7A shows that an average Seebeck coefficient of 

around -80 µV K-1 was obtained on Se-doped bismuth telluride thick films which confirms that the Se-

doped bismuth telluride thick films are n-type and the Seebeck coefficient is slightly higher in absolute 

value than stoichiometric Bi2Te3 thick films (~ -70 µV K-1). However, the abundance distribution 

(Figure 7B) of the Seebeck coefficient on Se-doped bismuth telluride thick films shows a half width of 

around 3 µV K-1 which is higher than that of stoichiometric Bi2Te3 thick films (~ 1 µV K-1) indicating 

the inhomogeneity of the Se doped film compared with that of stoichiometric Bi2Te3 thick films. The 

spatial distribution of the Seebeck coefficient measured on Sb-doped bismuth telluride thin films 

(Figure 7C) shows an average Seebeck coefficient of +65 µV K-1. p-type thin films of bismuth telluride 

solid solutions were obtained by doping Sb into bismuth telluride system. The abundance distribution of 

the Seebeck coefficient on Sb-doped bismuth telluride thin films (Figure 7D) shows a half width of 

around 14 µV K-1 indicating poor homogeneity.  

4. Conclusions 
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In summary, annealing has been performed by heating the electrodeposited nanostructured TE 

bismuth telluride thick films at 300 °C under a reductive atmosphere. In this work, we successfully 

demonstrated the fabrication of n- and p- type nanostructured bismuth telluride films by doping Se and 

Sb, respectively. n-type Se-doped bismuth telluride thick films and p-type Sb-doped bismuth telluride 

thin films have been obtained. The conditions for both annealing and doping for the thick films are 

investigated and the effects of annealing and doping on morphology, crystalline phase, grain size, 

Seebeck coefficient, homogeneity, electrical conductivity, and power factor of the bismuth telluride 

thick films have been studied. These results are promising as the investigated conditions alter/improve 

some of the TE properties such as Seebeck coefficient and power factor while negatively affecting some 

other properties such as electrical conductivity and film homogeneity. There is still a need for the 

optimization of the conditions in order to be able to improve the TE performance of the thick films 

based on nanostructured bismuth telluride system. 
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FIGURES  

 

 

 

 
 

Figure 1. SEM images of (A) galvanostatically deposited stoichiometric Bi2Te3 thick film from 0.013 

M BiO+, 0.01 M HTeO2
+, and 1 M HNO3 in the electrolyte with a current density of 3.3 mA/cm2 

(Reference 4, Figure 3A); (B) bismuth telluride thick film annealed at 300 °C for 2 h under H2 

atmosphere; and (C) bismuth telluride thick film annealed at 300 °C for 5 h under H2 atmosphere 
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Figure 2. XRD patterns of as-deposited film and annealed films at 300 °C for 2 h and 5 h, from bottom 

to up, respectively 
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Figure 3. Spatial distribution and the abundance distribution of the Seebeck coefficient measured on (A, 

B) as-deposited bismuth telluride thick film (Reference 4, Figure 7); (C, D) as-deposited film annealed 

for 2 h; and (E, F) as-deposited film annealed for 5 h 
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Figure 4. The electrical conductivity of free-standing stoichiometric Bi2Te3 thick films from room 

temperature up to 300 °C 
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Figure 5. SEM images of (A) galvanostatically electrodeposited stoichiometric Bi2Te3 thick film from  

0.013 M BiO+, 0.01 M HTeO2
+, and 1 M HNO3 in the electrolyte with a current density of 3.3 mA/cm2; 

(B) galvanostatically electrodeposited Se-doped bismuth telluride thick film from 0.013 M BiO+, 0.009 

M HTeO2
+, 0.001 M H2SeO3, and 1 M HNO3 in the electrolyte with a current density of 3.3 mA/cm2; 

(C) potentiostatically electrodeposited Sb-doped bismuth telluride thin film from 0.0019 M BiO+, 0.01 

M HTeO2
+, 0.0056 M SbO+, 0.2 M tartaric acid, and 1 M HNO3 in the electrolyte with a potential of -

100 mV 
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Figure 6. XRD patterns of (A) Se-doped bismuth telluride thick film; and (B) Sb-doped bismuth 

telluride thin film (Insect, scale-up double-peak at around 45, 2 theta values) 
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Figure 7. Spatial distribution and the abundance distribution of the Seebeck coefficient measured on (A, 

B) Se-doped bismuth telluride thick films; and (C, D) Sb-doped bismuth telluride thin films 



 

22

 

 

Reference 

                                                 

(1) Rowe, D. M.; Bhandari, C. M. Modern Thermoelectrics; Reston: Reston, VA, 1983. 

(2) Shafai, C.; Brett, J. Vac. Sci. Technol. A 1997, 15, 2798. 

(3) Min, G.;Rowe, D. M. Solid State Electron 1999, 43, 923. 

(4) Li, S.; Toprak, M. S.; Soliman, H. M. A.; Zhou, J.; Muhammed, M.; Platzek, D.; Müller, E. Chem. 

Mater. 2006, 18, 3627. 

(5) Fleurial, J. P.; Snyder, G. J.; Patel, J.; Herman, J. A.; Giauque, P. H.; Phillips, W. M.; Ryan, M. 

A.; Shakkottai, P.; Kolawa, E. A.; Nicolet, M. A. Proceedings of the 18th International Conference on 

Thermoelectrics 1999, 294. 

(6) Fleurial, J. P.; Snyder, G. J.; Patel, J.; Herman, J. A.; Caillat, T.; Nesmith, B.; Kolawa, E. A. AIP 

Conference Proceedings 2000, 504 (Space Technology and Applications International Forum 

Proceedings), 1500. 

(7) Schultz, J. M.; McHugh, J. P.; Tiller, W. A. J. Appl. Phys. 1962, 33, 2443. 

(8) Yamashita, O.; Sugihara, S. J. Mater. Sci. 2005, 40, 6439. 

(9) Lee, D. M.; Lim, C. H.; Cho, D. C.; Lee, Y. S.; Lee, C. H. J. Electron. Mater. 2006, 35, 360. 

(10) Gerovac, N.; Snyder, G. J.; Caillat, T. Proceedings of the 21st International Conference on 

Thermoelectrics 2002, 31. 



 

23

                                                                                                                                                                         

(11) Ioffe, A. F.; Airapetiants, S. V.; Kolomoets, N. V.; Stil’bans, L. S. Dokl. Akad. Nauk. SSSR 1956, 

106, 981. 

(12) Smirous, K.; Stourac, L. Z. Naturforsch. 1959, 14a, 848. 

(13) Rosi, F. D.; Hockings, E. F.; Lindenblad, N. E. RCA Rev. 1961, 22, 82.  

(14) Yim, W. M.; Rosi, F. D. Solid State Electron. 1972, 15, 1121.  

(15) Yamashita, O.; Tomiyoshi, S. Jpn. J. Appl. Phys. 2003, 42, 492.  

(16) Ettenberg, M. H.; Jesser, W. A.; Rosi, E. D.  Proceedings of the 15th International Conference 

on Thermoelectrics 1996, 52. 

(17) Klug, H. P.; Alexander, L. E. X-ray diffraction procedures; John Wiley & Sons Inc.: New York, 

1954. 

(18) Reinshaus, P.; Süßmann, H.; Bohm, M.; Schuck, A.; Dietrich, T. Proceedings of the 2nd 

European Symposium on Thermoelectrics:  Materials, Processing Techniques, and Applications, Sept 

15-17, 2004, Krakow, Poland; European Thermoelectric Society; p 90. 

(19) Platzek, D.; Zuber, A.; Stiewe, C.; Bähr, G.; Reinshaus, P.; Müller. E. Proceedings of the 22nd 

International Conference on Thermoelectrics, LaGrande-Motte, France, Aug 17-21, 2003; IEEE: New 

York, 2004; p 528. 

(20) Platzek, D.; Karpinski, G.; Stiewe, C.; Ziolkowski, P.; Stordeur, M.; Engers, B.; Müller, E. 3rd 

European Conference on Thermoelectrics, Nancy, France, Sept 1-2, 2005; European Thermoelectric 

Society. 

(21) Toprak, M. S.; Stiewe, C.; Platzek, D.; Williams, S.; Bertini, L.; Müller, E.; Gatti, C.; Zhang, Y.; 

Rowe, M.; Muhammed, M Adv. Funct. Mater. 2004, 14, 1189. 



 

24

                                                                                                                                                                         

(22) Stiewe, C.; Bertini, L.; Toprak, M. S.; Christensen, M.; Platzek, D.; Williams, S.; Gatti, C.; 

Müller, E.; Iversen, B. B.; Muhammed, M.; Rowe, D. M. J. Appl. Phys. 2005, 97, 044317. 

(23) Chaouni, H.; Magri, P.; Bessieres, J.; Boulanger, C.; Heizmann, J. J. Proc. Icotom 1994, 10, 

1371.  

(24) Stoltz, N. G.; Snyder, G. J. Proc. 21nd Int. Conf. on Thermoelectrics 2002, 28.  

(25) Volckmann, E. H.; Goldsmid, H. J.; Sharp, J.  Proc. 15th Int. Conf. on Thermoelectrics 1996, 22. 

(26) Martin-Gonzalez, M.; Snyder, G. J.; Prieto, A. L.; Gronsky, R.; Sands, T.; Stacy, A. M. Nano 

Lett. 2003, 3, 973. 

(27) Frari, D. D.; Diliberto, S.; Stein, N.; Boulanger, C.; Lecuire, J. M. Thin Solid Films 2005, 483, 44.  

(28) Huang, Q.; Wang, W.; Jia, F.; Zhang, Z. J. Uni. Sci. Technol. Beijing (Materials) 2006, 13, 3, 

277. 

(29) Gu, P.; Pascual, R.; Shirkhanzadeh, M.; Saimoto, S.; Scott, J.D.; Hydrometallurgy 1995, 37, 267. 

(30) Martin-Gonzalez, M. S.; Prieto, A. L.; Gronsky, R.; Sands, T.; Stacy, A. M. J. Electrochem. Soc. 

2002, 149, C546. 

(31) Shannon, R. D. Acta Crystallogr. 1976, A32, 751. 

 

SYNOPSIS TOC 



 

25

                                                                                                                                                                         

Shanghua Li, Jian Zhou, 
Muhammet S. Toprak, * 
Hesham M. A. Soliman, 
Mamoun Muhammed,* Dieter 
Platzek, Pawel Ziolkowski and 
Eckhard Müller 

Chem. Mater. 

Effects of Annealing and Doping 
on  Nanostructured Bismuth 
Telluride Thick Films 

Annealing and doping with Se and 
Sb are performed to improve the TE 
performance of the nanostructured 
bismuth telluride thick films. The 
effects of annealing and doping on 
morphology, crystalline phase, grain 
size, Seebeck coefficient, 
homogeneity, electrical 
conductivity, power factor, and 
thermal conductivity of the bismuth 
telluride thick films have been 
studied. 

 



 

1

Supplementary Information 

Effects of Annealing and Doping on Nanostructured Bismuth Telluride Thick Films 

 
Shanghua Li,† Hesham M. A. Soliman, †,a Jian Zhou,† Muhammet S. Toprak, *,† Mamoun Muhammed,† 

Dieter Platzek,‡ Pawel Ziolkowski, ‡ and Eckhard Müller‡ 

† Royal Institute of Technology (KTH), Department of Microelectronics and Applied Physics,  

SE-16440 Stockholm, Sweden 

‡ German Aerospace Center (DLR), Institute of Materials Research, D-51170 Cologne, Germany 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Thermal analysis of the as-deposited films with (A) TGA, (B) DSC, heated to 200 °C, 

cooled to room temperature and heated again to 550 °C (All heating and cooling rate for DSC is 20 

°C/min)  
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Figure S2. Cyclic voltammogram of 0.0019 M BiO+, 0.01 M HTeO2
+, 0.0056 M SbO+, 0.2 M tartaric 

acid, and 1 M HNO3, reference electrode SCE, room temperature 
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In the present work, nano-ZrO2/CoSb3 composites were fabricated by milling ZrO2 and CoSb3

powders and hot pressing at different sintering temperatures. For the prepared compacts, the phase
purity, microstructure, and temperature-dependent thermoelectric properties were characterized. The
effect of nano-ZrO2 dispersion on composite electrical conductivity and thermal conductivity is
strictly clarified by comparing the transport properties of the nondispersed and dispersed CoSb3 at
identical porosity, so that the effect of porosity on thermoelectric parameters could be eliminated.
The effect of the insulating inclusion itself on transport properties is also considered and eliminated
using effective media theories. It is clearly verified that charge carrier scattering and phonon
scattering occur simultaneously to lower the electrical conductivity and the thermal conductivity of
CoSb3 due to the introduction of nano-ZrO2 inclusions. The investigated composites show higher
electrical conductivity due to existence of metallic Sb and lower thermal conductivity because of
nanodispersion. At the ranges of high measuring temperature �673–723 K� and low porosity �6%–
9%�, the ratio of electrical conductivity to thermal conductivity of the dispersed CoSb3 is higher
than that of nondispersed CoSb3, and the dimensionless figure of merit �ZT� of the composite could
probably be improved at these ranges with the enhanced ratio of electrical conductivity to thermal
conductivity and Seebeck coefficient, which is assumed to be increased by a potential barrier
scattering. © 2007 American Institute of Physics. �DOI: 10.1063/1.2561628�

I. INTRODUCTION

Nowadays, thermoelectric materials have received much
attention in the application fields of power generators, heat
pumps, coolers, and thermal sensors by means of their inher-
ent advantages, such as high reliability, portable weight, no
maintenance, and environmentally friendly.1–3 However, the
application of thermoelectric device is still limited by its
lower efficiency compared to conventional energy conver-
sion or cooling system. The dimensionless figure of merit
�ZT� of the thermoelectrics must be improved to increase the
efficiency. ZT is given by ZT= �S2� /��T, where S, �, �, and
T are Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively.

Skutterudite materials have been intensively investigated
because of their promising properties for thermoelectric
applications.4,5 The skutterudite compound MX3 has a cubic
structure, where M is Co, Rh, Ir, Os, Fe, or Ru, and X is P,
As, or Sb. The structure could be regarded as a simple cubic
transition metal sublattice wherein six of eight voids are
filled by almost-square pnicogen rings, while the remaining
two voids are empty. CoSb3 has by far been shown the great
interest among skutterudites, because it not only exhibits
some of the best thermoelectric properties �large electrical
conductivity and Seebeck coefficient�, but also has abundant,
less volatile, and less expensive compound elements than
other alternative skutterudite material.6 The thermal conduc-

tivity of CoSb3, however, is still high for making it an effi-
cient thermoelectrics. To lower the thermal conductivity, the
works of fabricating doped CoSb3,7,8 filled CoSb3,9,10 and
pure CoSb3 with fine-grained structure6 were reported. The
mechanism behind these approaches is that the phonons are
scattered by the introduced point defects, filled atoms, and
grain boundaries, respectively, which could reduce the lattice
thermal conductivity.

Another approach, the particle dispersion into thermo-
electric matrix to reduce the thermal conductivity,11–23 has
been reported recently. The thermoelectric matrices investi-
gated covered FeSi2, ZrNiSn, Bi, NiCu, and also CoSb3. The
particle inclusions included TiO, MoO2, WO2, SiO2, ZrO2,
Al2O3, Y2O3, Nd2O3, Sm2O3, Gd2O3, SiC, NiSb, and FeSb2.
It was stated from this approach that the thermal conductivity
could be reduced by the enhancement of phonon scattering
caused by the dispersing particles, and the electrical conduc-
tivity could also be affected by the inclusion particles, de-
pending on whether they are conductive or insulating. In the
view of lowering the thermal conductivity more effectively,
the addition of insulator is a better choice. In addition, it was
reported that nanoinclusions could remarkably scatter
phonons with minimal impact on charge carrier scattering.16

One issue emphasized in the present work, which was
not presented in the above-mentioned literature, is that the
scattering phenomena on phonons and charge carriers caused
by the inclusions to affect transport properties should be
strictly illustrated after clarifying the effect of porosity on the
same properties. As we know, sintering, whether hot pressinga�FAX: �49� 2203-696480; electronic mail: zeming.he@dlr.de
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�HP� or spark plasma sintering �SPS�, is the main technology
used for consolidating thermoelectric materials. In the cited
works, the property comparison between nondispersed and
dispersed compacts was made in general from the samples
obtained at the same sintering conditions. However, the den-
sification evolutions between nondispersed and dispersed
green compacts are different even at the same sintering con-
ditions, which would bring a porosity difference in the inves-
tigated samples. Normally, the dispersed compact shows
higher porosity compared to the nondispersed one obtained
at the same sintering condition, due to a back stress caused
by the rigid inclusions. The back stress against the sintering
stress retards the densification.24 If so, the lowered thermal
conductivity could not be considered as only attributed to the
phonon scattering caused by the inclusions, and the effect of
porosity as well as the inclusion itself should also be taken
into account.

In the present work, nano-ZrO2/CoSb3 composites were
fabricated using ball milling and hot pressing. For the pre-
pared samples, the phase purity, the microstructure, the den-
sity, and the thermoelectric properties were characterized. To
eliminate the property variation due to the porosity, the ther-
moelectric parameters of the nondispersed and dispersed
CoSb3 are compared at identical porosity. The effect of the
insulating inclusion itself on transport properties is also con-
sidered and eliminated using effective media theories.23,25

The scattering on phonons and charge carriers due to nano-
ZrO2 inclusions is clarified, and the effect of nano-ZrO2 par-
ticles on CoSb3 transport properties: electrical conductivity,
thermal conductivity, and ratio of electrical conductivity to
thermal conductivity, is discussed.

II. EXPERIMENTAL PROCEDURE

The material’s composition was designated as
CoSb3-1 wt % ZrO2. A chemical alloying method was used
to synthesize CoSb3 powders. The detailed powder synthesis
route was reported in the previous work.6 Commercially
available nano-ZrO2 powders with particle size of 25 nm
�Fraunhofer, Germany� were selected as the inclusions. The
dispersion of ZrO2 into CoSb3 was made at 300 rpm for 15
min using a Retsch PM 4000 ball milling machine. The
milled powders were sintered at 100 MPa for 30 min at four
different temperatures �773, 793, 813, and 853 K� under ar-
gon, using an in-house hot-pressing machine. For compari-
son, the samples without ZrO2 addition were also prepared
using the same conditions.

The densities of the prepared compacts were measured
using the Archimedes method. The phase purity and the mi-
crostructure and element were characterized by a Siemens D
5000 XRD �x-ray diffractometer� and a LEO 982 SEM
�scanning electron microscope� with EDX �energy-dispersive
x-ray spectroscopy�, respectively. The thermoelectric param-
eters of the obtained samples were measured in vacuum with
a temperature range from 373 to 773 K. The electrical con-
ductivity was measured by a four-point probe method in a
self-developed testing system. The thermal conductivity was
obtained from the product of the measured density, the ther-

mal diffusivity from a Netzsch LFA 427 laser flash appara-
tus, and the specific heat from a Netzsch DSC 404 differen-
tial scanning calorimeter.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD diagrams of the starting pow-
ders and the hot-pressed samples. With respect to Figs. 1�a�

FIG. 1. XRD diagrams of starting powders and sintered samples: �a� CoSb3

powders; �b� ZrO2 powders; �c� samples.
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and 1�c�, skutterudite CoSb3 was detected as the main phase
in the synthesized powders and the compacts under the em-
ployed sintering temperature range. However, the metallic
phase Sb also exists, and the content of Sb increases after hot
pressing. The increase of Sb after sintering is attributed to
the fact that there existed some amorphous Sb phases in the
synthesized powders, and they crystallized during the hot-
pressing process. With respect to Fig. 1�b�, the ZrO2 powders
show the phase mixture of major tetragonal and minor mono-
clinic. It is noted that the trace of ZrO2 could not be detected
in the dispersed CoSb3 due to the small amount of addition.

The SEM images of the starting powders and the sin-
tered sample are shown in Fig. 2. With respect to Figs. 2�a�
and 2�b�, the particle sizes of CoSb3 and ZrO2 powders were
estimated as 700 and 25 nm, respectively. As an illustration,
Fig. 2�c� shows the fracture surface of the dispersed sample
sintered at 813 K. It can be seen that there was no densifi-
cation or grain growth for ZrO2 �confirmed using EDX� par-
ticles after sintering, and they mainly locate on the grain
boundaries of CoSb3.

The results of density, relative density, and porosity of
the sintered samples are shown in Table I. It is noted that the
density increases with increasing the sintering temperature
for both nondispersed and dispersed samples. At a given sin-
tering temperature, the density difference between nondis-
persed and dispersed samples and different effects of ZrO2

on the densification behavior of CoSb3 are shown at high and
low sintering temperatures. At high sintering temperatures
�813 and 853 K�, the stated retardation effect of ZrO2 on
densification is displayed.24 At low sintering temperature
�773 and 793 K�, however, a densification enhancement is
shown. It is considered that this behavior occurred in the
initial stage of sintering �the relative density is less than
92%�, where ZrO2 served as a lubricant, to facilitate the par-
ticle rearrangement of CoSb3.26

Figure 3 shows the temperature dependence of electrical
conductivities of the nondispersed and dispersed samples
prepared at different sintering temperatures. In the investi-
gated measuring temperature range between 373 and 773 K,
the electrical conductivities decrease with increasing the
temperature for both nondispersed and dispersed samples.
The same electrical conductivity-temperature relationship
was reported by Toprak et al.6 and Katsuyama et al.21 when
they investigated pure CoSb3. The variation of electrical con-
ductivity with measuring temperature could be attributed to
the effect of carrier mobility, which decreased with the tem-
perature increase.27 On the other hand, the existence of Sb in
the sintered sample also contributed a metallic transport be-
havior to the electrical conductivity.21

At a given measuring temperature, the electrical conduc-
tivity increases with increasing the sintering temperature of
hot pressing, for both nondispersed and dispersed samples.
This variation resulted from the porosity effect. As expected,
low porosity led to high electrical conductivity. The porosity
effect on electrical conductivity can be seen more clearly in
Fig. 4, where the electrical conductivity-temperature rela-
tionships of the nondispersed and dispersed CoSb3 were
modified and reproduced based on the porosity, rather than
the sintering temperature. This figure was obtained by inter-

polating the data according to the electrical conductivity-
porosity relationships at given measuring temperatures. With
respect to Fig. 4, the effect of nano-ZrO2 particles on elec-
trical conductivity could be revealed at identical porosity by
comparing the values between those of nondispersed and dis-
persed CoSb3. It can be seen that the electrical conductivity
of the dispersed CoSb3 is less than that of nondispersed
CoSb3 at identical porosity and measuring temperature. This

FIG. 2. SEM images of starting powders and sintered sample: �a� CoSb3

powders; �b� ZrO2 powders; �c� sample �1 ZrO2, 813 K�.
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phenomenon shows its consistence in the investigated ranges
of porosity �6%–11%� and measuring temperature �373–773
K�. In addition, the effect of the added insulator itself on
electrical conductivity was estimated using the effective re-
sistivity model proposed by Klemens,25

�d
−1 � �0

−1�1 +
4f

3
� , �1�

where �d and �0 are electrical conductivities of the dispersed
and nondispersed CoSb3, respectively, and f is the volume
fraction of ZrO2. The f is 0.0125 for the present materials
system. It is noted that the effective media models employed
in the present work are also applicable to the elevated tem-
perature, because the microstructure of the material does not
change at high temperature compared to that at room tem-
perature for the sintered materials. From Eq. �1�, we see that
it would bring a 2% decrease in electrical conductivity for
dispersed CoSb3 compared to the nondispersed one at the
same porosity and measuring temperature, due to the addi-
tion of an insulator. However, the decrease in electrical con-
ductivity due to the ZrO2 dispersion is much larger than 2%,
as shown in Fig. 4. Therefore, after the effects of porosity
and the nanoceramic particle itself on electrical conductivity
are eliminated, it is clearly verified that charge carrier scat-
tering occurred at lower electrical conductivity due to the
dispersion of nano-ZrO2 particles.

In the investigated measurement temperature range, the
electrical conductivity of the nondispersed CoSb3 is nearly
one order of magnitude higher than that of pure CoSb3 re-
ported by Toprak et al.6 and Katsuyama et al.,19,21 and the
electrical conductivity of the dispersed CoSb3 is also higher
than that of Al2O3-dispersed CoSb3 �Ref. 19� and close to
that of NiSb-dispersed CoSb3.21 The higher electrical con-
ductivity achieved in the present work is attributed to the
existence of Sb.

Figure 5 shows the thermal conductivity-measuring tem-
perature curves of the nondispersed and dispersed samples
prepared at different sintering temperatures. The thermal
conductivity decreases first and then increases with increas-
ing the measuring temperature for all the investigated
samples. The transition temperatures between these two
variations are 723 and 673 K, respectively, for nondispersed
and dispersed samples. The same variation trend of thermal
conductivity with measuring temperature was reported in the
literature.6,21,28 The preceding decrease of thermal conductiv-
ity could be attributed to the enhancement of phonon scatter-

TABLE I. Density, relative density, and porosity results of the sintered
samples.

Sample Density �g cm−3� Relative density �%� Porosity �%�
0 ZrO2, 773 K 6.415 83.97 16.03
0 ZrO2, 793 K 6.677 87.40 12.60
0 ZrO2, 813 K 7.353 96.24 3.76
0 ZrO2, 853 K 7.391 96.74 3.26
1 ZrO2, 773 K 6.743 88.26 11.74
1 ZrO2, 793 K 7.026 91.96 8.04
1 ZrO2, 813 K 7.240 94.76 5.24
1 ZrO2, 853 K 7.243 94.80 5.20

FIG. 3. Variations of electrical conductivity with measuring temperature of
non-dispersed and dispersed CoSb3 in sintering temperature range of 773–
853 K.

FIG. 4. Variations of electrical conductivity with measuring temperature of
nondispersed and dispersed CoSb3 in the porosity range of 6%–11%.

FIG. 5. Variations of thermal conductivity with measuring temperature of
nondispersed and dispersed CoSb3 in sintering temperature range of 773 to
853 K.
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ing with temperature increase. The subsequent increase of
thermal conductivity was predominated by intrinsic
conduction.27

At a given measuring temperature for both nondispersed
and dispersed samples, the thermal conductivity increases
with increasing the sintering temperature of hot pressing.
This is mainly attributed to the porosity effect. Similar to its
effect on electrical conductivity, low porosity led to high
thermal conductivity.

An approach similar to that for electrical conductivity
was employed to thermal conductivity. The modified thermal
conductivity-measuring temperature curves of the nondis-
persed and dispersed CoSb3 based on porosity are shown in
Fig. 6. It can be seen that the thermal conductivity of the
dispersed CoSb3 is less than that of nondispersed CoSb3 at
identical porosity and measuring temperature. It is consistent
in the investigated ranges of porosity �6%–11%� and tem-
perature �373–773 K�. The effect of ceramic ZrO2 itself on
thermal conductivity was also estimated using the effective
conductivity model proposed by Muta et al.,23

�d � �0�1 −
3f

2
� , �2�

where �d and �0 are thermal conductivities of the dispersed
and nondispersed CoSb3, respectively, and f is the volume
fraction of ZrO2. From Eq. �2�, it is known that it would also
bring a 2% decrease in thermal conductivity for dispersed
CoSb3 compared to the nondispersed one at the same poros-
ity and measuring temperature, due to the addition of an
insulator. However, the decrease in thermal conductivity due
to nano-ZrO2 dispersion is much larger than 2%, as shown in
Fig. 6. Therefore, it is confirmed that the scattering phenom-
ena occurring due to the nano-ZrO2 dispersion to lower the
thermal conductivity should exist. The scattering phenom-
enon is on charge carriers to reduce carrier thermal conduc-
tivity, or on phonons to reduce lattice thermal conductivity,
or both of them. Since the scattering on charge carriers due
to ZrO2 dispersion had been verified, the verification of pho-
non scattering was made by checking the lattice thermal con-

ductivities of the nondispersed and dispersed CoSb3 at iden-
tical porosity.

The thermal conductivity of the material is the sum of
the two contributions, the carrier thermal conductivity and
the lattice thermal conductivity,

� = �c + �l, �3�

where �c and �l are thermal conductivities contributed by
charge carrier and lattice, respectively. To separate these two
effects, the carrier thermal conductivity was estimated using
Wiedemann-Franz’s law,

�c = L�T , �4�

where L is the Lorenz number, which is 2.45�10−8 V2 K−2

for pure CoSb3.6 The lattice thermal conductivity was then
obtained by subtracting �c from �. Figure 7 shows the varia-
tions of lattice thermal conductivity with measuring tempera-
ture for both nondispersed and dispersed CoSb3. It can be
seen that the lattice thermal conductivity of the dispersed
CoSb3 is less than that of the nondispersed one at identical
porosity and measuring temperature. It shows its consistence
in the investigated ranges of porosity �6%–11%� and tem-
perature �373–773 K�. Therefore, it is clearly verified that the
phonon scattering occurred to reduce lattice thermal conduc-
tivity due to the addition of nano-ZrO2 particles, after elimi-
nating the effects of porosity, the ceramic particle itself, and
the scattering on charge carriers.

It is noted that the value of thermal conductivity in the
present work is comparatively low due to the nano-ZrO2 dis-
persion. The achieved thermal conductivity is 20% lower
than the reported data of pure CoSb3,28,29 and close to the
reported data of dispersed CoSb3.20,21 It should be noted that
the effect of Sb on the thermal conductivity is weak, com-
pared to its effect on the electrical conductivity, because the
thermal conductivity of Sb has the same order of magnitude
as pure CoSb3.

The variations of ratio of electrical conductivity to ther-
mal conductivity with measuring temperature of the nondis-
persed and dispersed CoSb3 are shown in Fig. 8. The � /�
decreases with increasing the temperature in the investigated

FIG. 6. Variations of thermal conductivity with measuring temperature of
nondispersed and dispersed CoSb3 in the porosity range of 6%–11%.

FIG. 7. Variations of lattice thermal conductivity with measuring tempera-
ture of nondispersed and dispersed CoSb3 in the porosity range of 6%–11%.
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porosity range, and the nondispersed CoSb3 shows more
acute decrease in the stated ratio compared to those of dis-
persed CoSb3. The variation of the � /� with measuring tem-
perature results from a combinative effect of the changes of
electrical conductivity and thermal conductivity with mea-
suring temperature. At the starting measuring temperature of
373 K, the � /� of the nondispersed CoSb3 is higher than that
of dispersed CoSb3, compared at identical porosity. But, as
the measuring temperature increases to 673 K, the � /� of the
dispersed CoSb3 is higher than that of nondispersed CoSb3 at
identical porosity, and this situation works in the entire in-
vestigated porosity range �6%–11%�. When the measuring
temperature is 723 K, the above-mentioned situation works
in the porosity range of 6%–9% �see the inset of Fig. 8�. It is
significant to find that in the high temperature range of 673–
723 K, the � /� of the dispersed CoSb3 is higher than that of
nondispersed CoSb3, because in this temperature range the
Seebeck coefficient could reach the maximal values for the
investigated materials system, as reported in the previous
work.30 Furthermore, it was reported that, compared to
single-phase thermoelectrics, an increase in Seebeck coeffi-
cient was achieved in nanoceramic/thermoelectric composite
resulting from a potential barrier scattering mechanism.17 As-
suming the enhanced Seebeck coefficient in the dispersed
CoSb3 could also be achieved in the present work, it could be
said that the ZT of the CoSb3 could be improved at the
ranges of high measuring temperature �673–723 K� and low
porosity �6%–9%�, due to the dispersion of nano-ZrO2.

IV. CONCLUSIONS

In the present work, nano-ZrO2/CoSb3 composites were
fabricated, and the phase purity, microstructure, and
temperature-dependent thermoelectric properties of the ob-
tained samples were characterized. The effect of nano-ZrO2

dispersion on composite electrical conductivity and thermal
conductivity was strictly clarified after eliminating the ef-
fects of porosity and insulating inclusion itself on the trans-
port properties.

�1� It is clearly verified that charge carrier scattering and
phonon scattering occur simultaneously in ZrO2/CoSb3

composites to reduce the electrical conductivity and the
thermal conductivity, due to the introduction of nano-
ZrO2 particles.

�2� The composites show higher electrical conductivity due
to the existence of metallic Sb and lower thermal con-
ductivity because of nanodispersion. The ratio of electri-
cal conductivity to thermal conductivity of the dispersed
CoSb3 is higher than that of nondispersed CoSb3, at the
ranges of high measuring temperature �673–723 K� and
low porosity �6%–9%�, and the dimensionless figure of
merit �ZT� of the composite could probably be improved
at these ranges with the enhanced ratio of electrical con-
ductivity to thermal conductivity and Seebeck coeffi-
cient, which is assumed to be increased by a potential
barrier scattering.

�3� The dispersion of nanoceramic inclusion into thermo-
electric matrix is an effective approach to enhancing
thermoelectric properties.
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Abstract
Nano ZrO2/CoSb3 composites with different ZrO2 contents were prepared
using hot pressing. The phase purity, the microstructure and the
temperature-dependent transport parameters of the composites were
investigated. The dimensionless figure of merit (ZT) of 0.18 of the
non-dispersed CoSb3 preponderates the maximal value (0.17) of pure CoSb3
reported in the literature, which is attributed to the prepared sample having
higher electrical conductivity due to the existence of a small amount of
metallic Sb and lower thermal conductivity due to the fine-grained structure.
Compared to non-dispersed CoSb3, a further improvement of 11% on ZT
(0.20) was achieved in the composite with 0.05ZrO2 inclusions, which
resulted from the enhanced ratio of electrical conductivity to thermal
conductivity and the Seebeck coefficient. The nanodispersion method
provides an effective approach to improving a material’s thermoelectric
properties and performance.

1. Introduction

Nowadays, research on thermoelectrics has been mainly
focused on improving a material’s figure of merit to
increase the device efficiency for practical applications. The
dimensionless figure of merit (ZT) is given by ZT =
(S2σ/κ)T , where S, σ , κ and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity and
absolute temperature, respectively. To enhance ZT, the
materials produced should possess low thermal conductivity,
high electrical conductivity and high Seebeck coefficient.
Recently, cobalt antimonide (CoSb3) has been extensively
studied because of its promising properties for thermoelectric
applications [1, 2]. CoSb3 has high Seebeck coefficient and
high electrical conductivity: however, its thermal conductivity
is still too high for making it an efficient thermoelectric. To
lower the thermal conductivity, work on the fabrication of
doped CoSb3 [3], filled CoSb3 [4], nano-structured CoSb3 [5]
and inclusion-dispersed CoSb3 [6, 7] was reported. For
dispersed CoSb3, the thermal conductivity could be reduced

by the enhanced phonon scattering due to the introduction
of inclusions, but the electrical conductivity could also be
affected, depending on the inclusion being conductive or
insulating. In the view of lowering the thermal conductivity
more effectively, the addition of insulators is a better choice.
In addition, nano-inclusions could bring remarkable phonon
scattering and minimal impact on charge carrier scattering [8].
In the present work, novel nano ZrO2/CoSb3 composites were
fabricated by hot pressing, in an attempt to improve the ZT
of CoSb3. It is also noted that an appropriate selection of
nano-inclusion content is crucial to later material transport
properties. Therefore, the composites with different contents
of nano ZrO2 particles were prepared and investigated.

2. Experimental procedure

The material’s composition was designed as (1 − x)CoSb3–
xZrO2 (x = 0.00, 0.05, 0.10 and 0.30). A chemical alloying
method was used to synthesize CoSb3 powder, which is similar
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Table 1. Density, relative density and porosity results of the sintered
samples with different contents of nano ZrO2.

Density Relative density Porosity
Sample (g cm−3) (%) (%)

CoSb3 7.308 95.65 4.35
0.95CoSb3–0.05ZrO2 7.263 95.44 4.56
0.90CoSb3–0.10ZrO2 7.114 93.85 6.15
0.70CoSb3–0.30ZrO2 6.833 91.84 8.16

to that reported in the previous work [5]. Commercially
available nano ZrO2 powders with particle size of 25 nm were
selected as the inclusions. The dispersion of ZrO2 into CoSb3

was made at 300 rpm for 15 min using a Retsch PM 4000 ball
milling machine. The milled powders were sintered at 853 K
and 100 MPa for 30 min under argon, using an in-house hot
pressing machine. The densities of the prepared compacts were
measured using the Archimedes method. The phase purity and
the microstructure were characterized by a Siemens D 5000
XRD and a LEO 982 SEM, respectively. The thermoelectric
parameters of the obtained samples were measured in vacuum
over a temperature range from 373 to 773 K. The Seebeck
coefficient and the electrical conductivity were measured by a
temperature-gradient method and a four-point probe method in
a self-developed testing system. The thermal conductivity was
obtained from the product of the measured density, the thermal
diffusivity from a Netzsch LFA 427 laser flash apparatus and
the specific heat from a Netzsch DSC 404 differential scanning
calorimeter.

3. Result and discussion

Table 1 gives the results of density, relative density and
porosity of the sintered samples with different ZrO2 content.
The x-ray theoretical densities used for the calculation of
composite relative density from the mixture rule were 7.64 and
6.13 g cm−3, respectively, for CoSb3 and ZrO2. With respect
to table 1, high-density (relative densities of 92% to 96%)
compacts were obtained at a sintering temperature of 853 K.
The density decreases with increasing content of ZrO2 in the
sample, which indicates that densification retardation occurred
for the composites due to the ZrO2 dispersion. The inclusion
of ZrO2 particles in the CoSb3 matrix provides a back stress
against the sintering stress during densification, and this effect
becomes more remarkable at high ZrO2 content [9].

Figure 1 shows the XRD diagrams of the sintered samples
with different ZrO2 contents. Skutterudite CoSb3, as expected,
was detected as the main phase in the sintered samples. Besides
CoSb3, ZrO2 was also detected in the high-content (with 0.10
and 0.30ZrO2) composites. From the XRD refinement, the
lattice constants of the sintered samples were calculated. They
show consistent values of 9.0347 ± 0.0005 Å for both CoSb3

and ZrO2/CoSb3 composites. It is therefore confirmed that no
modification on the CoSb3 matrix was caused by the dispersion
of ZrO2. In addition, a small Sb peak exists in the sintered
samples. The existence of Sb in the sample is attributed to the
crystallization of the amorphous Sb in the initial chemically
alloyed powder during sintering. However, the Sb peak was
not detected in the composite with 0.30ZrO2. It seems that
the crystallization of the amorphous Sb was inhibited in this
composite.
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Figure 1. XRD diagrams of the sintered samples with different
contents of nano ZrO2.

As illustrations, the SEM images of the milled powders
and the sintered sample with 0.30ZrO2 are shown in figure 2.
For the milled composite powder, it could be seen that nano
ZrO2 particles were evenly distributed on the surface of CoSb3

particles (figure 2(a)). After sintering, the particle size of
ZrO2 does not change due to too low a sintering temperature
employed to densify ZrO2. ZrO2 particles locate on the grain
boundaries of CoSb3 and some of them agglomerate together
(figure 2(b)). This observation is consistent with those reported
by Shi et al [7] when they investigated C60/CoSb3 composites.
With respect to figure 2(b), fine-grained CoSb3 is shown after
sintering, which came from the initially very fine (several
hundred nanometres) chemically alloyed powders.

Figure 3 shows the temperature dependence of Seebeck
coefficients, electrical conductivities, thermal conductivities
and lattice thermal conductivities of the sintered samples
with different contents of nano ZrO2. The lattice thermal
conductivity was obtained by subtracting the carrier thermal
conductivity using Wiedemann–Franz’s law [5] from the
total thermal conductivity. In the investigated measuring
temperature range between 373 and 773 K, the values of
the Seebeck coefficient are positive, which indicates a p-type
transport behaviour. Compared to that of other transport
parameters, the effect of nano ZrO2 content on the Seebeck
coefficient is less sensitive, especially at high temperatures,
but the composite with 0.05ZrO2 shows maximal Seebeck
coefficient at 723 K. The increase in Seebeck coefficient in
this composite could be attributed to grain-boundary potential
barrier scattering [10]. In general, the potential barriers are
probably formed by localized states resulting from defects
such as point defects and dislocations at grain boundaries [11].
It is noted that, in the present composite systems, nano
ZrO2 inclusions themselves cannot be responsible for the
increase in Seebeck coefficient. However, the introduction
of ZrO2 inclusions could bring imperfect structure to the
composite system, which would induce more defects at the
grain boundaries of CoSb3 and increase the potential barrier
height. Compared to non-dispersed CoSb3, the electrical
conductivity at a fixed measuring temperature decreases with
increasing the content of ZrO2. This is mainly attributed

2
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(b) (a) 

Figure 2. SEM images of (a) milled powders and (b) sintered sample with 0.30 nano ZrO2.
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Figure 3. Variations of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d) lattice thermal conductivity with
measuring temperature of the sintered samples with different contents of nano ZrO2.

to a scattering of charge carrier due to the introduction of
nano-inclusions [12]. The composite with 0.30ZrO2 shows
the lowest electrical conductivity, and the contribution of
this composite to lowering the electrical conductivity not
only includes the additional carrier scattering caused by
the introduced nano-inclusions, but also includes its lower
density and much more insulating inclusions, compared to
those of composites with lower ZrO2 content. Compared to

non-dispersed CoSb3, the addition of nano ZrO2 decreases
the thermal conductivity of the composite. However, it is
interesting to see that almost the same thermal conductivity
for the composites with 0.05 and 0.10ZrO2 is shown in the
investigated measuring temperature range. After eliminating
the carrier contribution to total thermal conductivity, it is noted
that the composite lattice thermal conductivity with 0.05ZrO2

is lower than that with 0.10ZrO2. This is an indication that

3
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Figure 4. Variations of (a) ratio of electrical conductivity to thermal conductivity and (b) dimensionless figure of merit with measuring
temperature of the sintered samples with different contents of nano ZrO2.

the selection of appropriate ZrO2 content is important for more
effectively reducing the lattice thermal conductivity due to the
additional phonon scattering caused by the introduced nano-
inclusions [10]. Though the composite with 0.30ZrO2 has the
lowest thermal conductivity, the contribution of this composite
to lowering the thermal conductivity not only includes the
additional phonon scattering caused by the introduced nano-
inclusions, but also includes lower density and much more
insulating inclusions, compared to those of composites with
lower ZrO2 content.

The variations of the ratio of electrical conductivity to
thermal conductivity and ZT with measuring temperature of
the sintered samples with different contents of ZrO2 are
shown in figure 4. For all the investigated samples, the σ/κ

of the composite with 0.05ZrO2 exhibits the largest values
in the investigated measuring temperature range, while the
σ/κ of the composite with 0.30ZrO2 shows the smallest
ratios. As a result, the ratio of electrical conductivity to
thermal conductivity of the composite 0.95CoSb3–0.05ZrO2

is enhanced compared to that of non-dispersed CoSb3, due to
the designed proper inclusion content to control the scattering
effects on respective charge carriers and phonons [13]. On
the other hand, the composite with 0.30ZrO2 has the lowest
thermal conductivity, but it also has the lowest electrical
conductivity, and even its σ/κ is smaller than that of non-
dispersed CoSb3. With respect to figure 4(b), the maximal
ZT exhibits 0.18 (with the estimated calculation error less
than ±5%) at 723 K for non-dispersed CoSb3, which is
somehow higher than the maximal one (0.17) of pure CoSb3

reported in the literature [5, 7]. It is attributed to its higher
electrical conductivity due to the existence of a small amount of
metallic Sb and its lower thermal conductivity due to the fine-
grained structure. Compared to non-dispersed CoSb3, a further
improvement of 11% on ZT is achieved in the composite
0.95CoSb3–0.05ZrO2, whose ZT is 0.20 (with the estimated
calculation error less than ±5%) at 723 K. It results from
its higher Seebeck coefficient and larger ratio of electrical
conductivity to thermal conductivity due to the dispersion of
appropriate nano-inclusions.

4. Conclusions

In the present work, nano ZrO2/CoSb3 composites with
different ZrO2 contents were prepared using hot pressing.
The phase purity, the microstructure and the temperature-
dependent transport parameters varying with ZrO2 content
were investigated. The ZT of the prepared non-dispersed
CoSb3 surpasses the maximal value of pure CoSb3 reported
in the literature, due to its higher electrical conductivity
and lower thermal conductivity. Compared to non-dispersed
CoSb3, a further improvement of 11% on ZT was achieved
in the composite with 0.05ZrO2 inclusions, which is caused
by the enhanced ratio of electrical conductivity to thermal
conductivity and the Seebeck coefficient. Though the increased
ZT is not as high as that of doped CoSb3 or filled CoSb3, it is
expected that this nano-dispersion approach could be applied to
high ZT thermoelectric materials, for example, doped or filled
CoSb3, to bring about further ZT improvement.
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In the present work, skutterudite CoSb3 were fabricated by hot pressing at different sintering
temperatures under vacuum and argon. For the prepared compacts, the phase, the microstructure,
and the temperature dependent thermoelectric properties were characterized. The correlation of the
materials factors: density, grain size, Sb content, with the thermoelectric variables: Seebeck
coefficient, electrical conductivity, thermal conductivity, and dimensionless figure of merit �ZT�, is
presented. The achieved ZT values are also compared with those reported in the literature. The
investigated samples show larger electrical conductivity due to existence of metallic Sb and smaller
thermal conductivity because of fine-grained structure. A maximal ZT of 0.11 was achieved for the
samples sintered at 853 K under vacuum and at 773 K under argon. A moderate improvement on ZT
for pure CoSb3 is shown in the present work. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2538036�

I. INTRODUCTION

Recently, thermoelectric materials have been attracting
much attention in functional device applications, such as,
power generators, heat pumps, coolers, and thermal sensors,
by means of their particular characteristics of mutual conver-
sion between temperature gradient and electricity.1,2 The de-
vices made from thermoelectric materials possess the advan-
tages including high reliability, portable weight, without
maintenance, and environmental friendly.2,3 However, the
application of thermoelectric device is still limited by its low
efficiency compared to conventional energy conversion or
cooling system. The efficiency of a thermoelectric material is
usually characterized by its dimensionless figure of merit
�ZT�, ZT= �S2� /��T, where S, �, �, and T are Seebeck co-
efficient, electrical conductivity, thermal conductivity, and
absolute temperature, respectively. High ZT is expected for
thermoelectrics because of its corresponding to high effi-
ciency.

The skutterudite materials have been extensively studied
due to their promising properties for thermoelectric
applications.4,5 The compounds were first discovered in a
small Norwegian town Skutterud from which their name was
derived. The skutterudite compound MX3 has a cubic struc-
ture, and its space group is Im3, where M is Co, Rh, Ir, Os,
Fe, or Ru, and X is P, As, or Sb. The structure can be re-
garded as a simple cubic transition metal sublattice wherein
six of eight voids are filled by almost square pnicogen rings,
while the remaining two voids are empty. Among the differ-
ent type of skutterudites, CoSb3 has been shown by far the
great interest. CoSb3-based materials not only exhibit some
of the best thermoelectric properties �large electrical conduc-
tivity and Seebeck coefficient�, but also have abundant, less
volatile, and less expensive compound elements than other

alternative skutterudite materials.6 The thermal conductivity
of CoSb3, however, is still high for making it as an efficient
thermoelectrics. To lower the thermal conductivity, the works
of fabricating doped CoSb3 �Refs. 7 and 8� and filled CoSb3

�Refs. 9 and 10� were reported. For doped CoSb3, the mecha-
nism of phonon scattering by the introduced defects could
reduce the lattice thermal conductivity. For filled CoSb3, the
foreign species �rare-earth atoms� fill the empty voids, which
could significantly depress the lattice thermal conductivity
due to the rattling of the filled atoms. On the other hand, the
thermal conductivity also could be reduced by a prepared
material with fine-grained structure, resulted from high den-
sity of grain boundaries scattering the phonons.6

The powder synthesis methods for CoSb3 mainly include
arc melting,11 mechanical alloying,12 and chemical
alloying.13 Compared to arc melting and mechanical alloy-
ing, chemical alloying method could achieve fine-grained
CoSb3 powders, some cases even in the nanometer range.6

The sintering process is employed for consolidating the
CoSb3 powders into dense components. Hot pressing is an
effective sintering technology to achieve high density
samples at low temperature and keep the fine-grained struc-
ture simultaneously.14

In the present work, CoSb3 powders were synthesized by
chemical alloying. Hot pressing was used to sinter the syn-
thesized CoSb3 powders. For the achieved samples, the
phase, the microstructure, and the thermoelectric properties
were characterized. It is noted that the powder synthesis pu-
rity and the compact processing conditions have important
influences on final thermoelectric properties of the samples.
In this study, as a research contribution to undoped and un-
filled CoSb3, the effects of phase purity �Sb content�, sinter-
ing temperature, and sintering atmosphere �vacuum and ar-
gon� on thermoelectric properties: Seebeck coefficient,
electrical conductivity, thermal conductivity, and hence, ZT,a�Electronic mail: zeming.he@dlr.de
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is interpreted. The comparison of the achieved ZT in the
present work with those reported in the literature6,11,15,16 is
also made.

II. EXPERIMENTAL PROCEDURE

A chemical alloying method was used to synthesize the
raw powders. This method mainly includes the processes of
coprecipitation, calcinations, and reduction. A similar and
detailed powder synthesis route was reported in the previous
work.6 The synthesized powders were sintered using an in-
house hot pressing machine. The sintering conditions chosen
were at 100 MPa for 30 min with three different sintering
temperatures �773, 813, and 853 K� under vacuum and argon
atmospheres.

The densities of the prepared compacts were measured
using the Archimedes method. The phase and the microstruc-
ture were characterized by a Siemens D 5000 X-ray diffrac-
tion �XRD� and a LEO 982 scanning electron microscopy
�SEM�, respectively. The energy dispersive X-ray �EDX�

analysis of the elements was also made using the SEM
equipment. The thermoelectric parameters of the achieved
samples were measured in vacuum with a temperature range
from 373 to 773 K. The Seebeck coefficient and the electri-
cal conductivity were measured by a temperature gradient
method and a four-point probe method, respectively, in a
self-developed testing system. The thermal conductivity was

FIG. 1. XRD diagrams of synthesized powder and sintered samples �a�
powder �b� samples.

FIG. 2. SEM images of sintered samples �a� 813 K, vacuum; �b� 773 K,
vacuum; �c� 813 K, vacuum; and �d� 853 K, argon.
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obtained from the product of the measured density, the ther-
mal diffusivity from a Netzsch LFA 427 laser flash appara-
tus, and the specific heat from a Netzsch DSC 404 differen-
tial scanning calorimeter.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD diagrams of the synthesized
powder and the hot-pressed samples. As expected, skutteru-
dite CoSb3 was detected as the main phase in the investi-
gated powder and samples. However, the metallic phase Sb
also exists, and the content of Sb increases after hot pressing.
From the XRD Rietveld refinement, the contents of Sb are
3% and 12% �average�, respectively, in the synthesized pow-
der and the hot-pressed sample. The increase of Sb after hot
pressing is attributed to the fact that there existed some
amorphous Sb phases in the synthesized powder, and they
crystallized during hot pressing process.

The SEM images of the sintered samples are shown in
Fig. 2. With respect to Fig. 2�a�, larger-sized metallic Sb was
found from EDX, which is consistent with the XRD detec-
tion. The microstructure of 773 K-sintered sample shows
more pores than that of 813 K-sintered sample �see Figs. 2�b�
and 2�c��. This observation exhibits the consistence with the
density measurement, as shown in Table I. As an illustration,
Fig. 2�d� shows the fracture surface of the sample sintered at
853 K under argon, from which the average grain size was
estimated.

The density, porosity, and grain size results of the sin-
tered samples are shown in Table I. It is noted that the den-
sity and the grain size increase with increasing the sintering
temperature for the samples sintered under both vacuum and
argon. At a given sintering temperature, the density and grain
size differences between the vacuum-sintered sample and the
argon-sintered sample are displayed. At the sintering tem-
perature of 773 K, which corresponding to stage 1 sintering
�relative density less than 90%�,14 larger density but smaller
grain size were achieved in vacuum-sintered sample. In con-
trast, at the sintering temperature of 813 or 853 K, which
corresponding to stage 2 sintering �relative density larger
than 90%�,14 smaller density but larger grain size were
achieved in the vacuum-sintered sample. These variations
indicate the fact that densification and grain growth are two
coupling and competing processes during sintering.14 It
should be noted that, however, the earlier mentioned density
and grain size differences in sintering atmospheres, vacuum
and argon, are not so remarkable at same sintering tempera-
ture.

Figures 3–6 show the temperature dependence of See-
beck coefficients, electrical conductivities, thermal conduc-
tivities, and dimensionless figures of merit of the sintered
samples between 373 and 773 K. It could be seen that the
values of Seebeck coefficient are positive, which corresponds
to a p-type transport behavior. Consistent behavior for pure
CoSb3 was reported in the literature.4,6,10,17 For all the inves-
tigated samples, the Seebeck coefficient increases with in-
creasing the measuring temperature to a maximum, and then
it decreases with a further increase of the temperature. In the
investigated measuring temperature range, the electrical con-
ductivities decrease with increasing the temperature for the
samples sintered under both vacuum and argon. Same elec-
trical conductivity-temperature relationship was reported by
Toprak et al.6 and Katsuyama et al.18 when they investigated
p-type pure CoSb3. With respect to Fig. 5�a�, for CoSb3 sin-
tered under both vacuum and argon, the thermal conductivity
decreases first and then increases with increasing the mea-
suring temperature. The transition temperature between these

TABLE I. Density, porosity, and grain size results of the sintered samples.

Sample
Density
�g cm−3�

Relative density
�%�

Porosity
�%�

Grain size
�nm�

773 K, vacuum 6.480 84.82 15.18 700
813 K, vacuum 7.223 94.54 5.46 900
853 K, vacuum 7.374 96.52 3.48 1050
773 K, argon 6.415 83.97 16.03 800
813 K, argon 7.353 96.24 3.76 850
853 K, argon 7.391 96.74 3.26 950

FIG. 3. Variations of Seebeck coefficient with measuring temperature of
sintered samples.

FIG. 4. Variations of electrical conductivity with measuring temperature of
sintered samples.
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two variations is 723 K. Same variation trend of thermal
conductivity with measuring temperature was reported in the
literature.6,11,18 The thermal conductivity of the material is
the sum of the two contributions, the carrier thermal conduc-
tivity and the lattice thermal conductivity

� = �c + �l, �1�

where �c and �l are thermal conductivities contributed by
charge carrier and lattice, respectively. To separate these two
effects, the carrier thermal conductivity was estimated using
Wiedemann–Franz’s law

�c = L�T , �2�

where L is the Lorenz number, which is 2.45�10−8 V2 K−2

for pure CoSb3.6 The lattice thermal conductivity was then
obtained by subtracting �c from �. As an illustration, Fig.
5�b� shows the variations of the calculated �c and �l with
measuring temperature of the samples sintered at 813 K un-
der vacuum and argon. The explanation proposed by Sharp et
al.19 could be used to describe the variations of Seebeck
coefficient, electrical conductivity, and thermal conductivity
with measuring temperature investigated in the present work.
In addition, the existence of Sb in the sintered sample also
contributed a metallic transport behavior to the electrical
conductivity. On the other hand, it is noted that the investi-
gated variations of S, �, and � with temperature in CoSb3 are
consistent with those of IrSb3, as reported by Tritt et al.20 on
low-temperature transport properties of IrSb3. The similarity
in parameter-temperature relationship between CoSb3 and
IrSb3 is mainly due to their belonging to same skutterudite
family. For the CoSb3 samples sintered under both vacuum
and argon, the ZT first increases with increasing the tempera-
ture to reach the maximum and then it decreases with the
further increase in temperature. The measuring temperatures
for achieving maximal ZT are 723, 673, and 723 K, respec-
tively, for the samples sintered under vacuum, the sample
sintered under argon at 773 K, and the samples sintered un-
der argon at 813 and 853 K. The variation of ZT with mea-
suring temperature results from a combinative effect of the
changes of Seebeck coefficient, electrical conductivity, and
thermal conductivity with measuring temperature.

For the samples sintered under either vacuum or argon,
the maximal Seebeck coefficient varies with the sintering
temperature of hot pressing. Compared to the sample sin-

FIG. 7. Comparison of dimensionless figures of merit between present work
and literature.

FIG. 5. Variations of thermal conductivity with measuring temperature of
sintered samples �a� total thermal conductivity and �b� carrier and lattice
thermal conductivities.

FIG. 6. Variations of dimensionless figure of merit with measuring tempera-
ture of sintered samples.
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tered at 813 or 853 K, the sample sintered at 773 K exhibits
larger maximal Seebeck coefficient. This is mainly attributed
to the high porosity �about 16%� of the 773 K-sintered
sample, where more pores considered as defects scattered the
charge carriers more acutely than the low porosity �about
4%� sample sintered at 813 or 853 K.21 At a given measuring
temperature, the electrical conductivity and the thermal con-
ductivity increase with increasing the sintering temperature
of hot pressing, for the samples sintered under both vacuum
and argon. These variations resulted from the porosity effect.
As expected, low porosity leads to high electrical conductiv-
ity and high thermal conductivity. On the other hand, the
grain size of the sample increases with the sintering tempera-
ture, which also has the contribution to increasing the elec-
trical conductivity and the thermal conductivity by the re-
duced grain-boundary scatterings of carriers and phonons,
respectively.6,21 Furthermore, the as-stated grain size differ-
ence between the vacuum-sintered and argon-sintered
samples could give an explanation to their electrical conduc-
tivity and thermal conductivity differences at identical sinter-
ing temperature.

The maximal Seebeck coefficient achieved in the 773
K-argon-sintered sample is 83 �V K−1 at measuring tem-
perature of 698 K. It is noted that the Seebeck coefficient
investigated in the present work is lower, compared to pure
CoSb3 reported by Shi et al.15 and Katsuyama et al.18 The
reported Seebeck coefficient values are 200 �V K−1 at 550
K15 and 180 �V K−1 at 600 K,18 respectively. The low See-
beck coefficient measured in the present work mainly due to
the existence of Sb in the CoSb3 matrix, which is the metallic
phase with low Seebeck coefficient. In the investigated mea-
surement temperature range, the value of electrical conduc-
tivity of the present work is one order of magnitude higher
than that of pure CoSb3 reported by Toprak et al.,6 when they
sintered high purity nanostructured CoSb3. Compared to the
lower electrical conductivity cited in Ref. 6, the higher elec-
trical conductivity achieved in the present work is attributed
to the existence of Sb and larger grain size. The value of
thermal conductivity in the present work is comparatively
low. The minimal thermal conductivity is 3.0 W m−1 K−1 at
723 K, which is lower than 4.2 W m−1 K−1 at 610 K11 or
4.8 W m−1 K−1 at 700 K,15 but is higher than 1.1 W m−1 K−1

at 570 K.6 In the present work, fine-grained structure in the
samples was obtained. These variations of the thermal con-
ductivity is mainly attributed the grain size effect, where
small grain size reduce the thermal conductivity, predomi-
nated by the phonon scattering mechanism by the high con-

centration of grain boundaries.6 It should be noted that the
effect of Sb on the total thermal conductivity is weak, com-
pared to its effect on the Seebeck coefficient or electrical
conductivity, because the thermal conductivity of Sb has the
same order of magnitude as pure CoSb3. However, the car-
rier contribution to the total thermal conductivity in the
whole temperature range is relatively high, about 30%, com-
pared to the work reported by Toprak et al.,6 20%. In the
present work, the high contribution of charge carrier to ther-
mal conductivity is mainly attributed to the larger electrical
conductivity due to the existence of Sb.

The maximal ZT �0.112� is achieved at the sintering tem-
perature of 853 K for the vacuum-sintered sample, while the
maximal ZT �0.113� is achieved at the sintering temperature
of 773 K for the argon-sintered sample. The comparison of
the ZT achieved in the present work with those reported in
the literature6,11,15,16 is shown in Fig. 7. Table II also gives
the detailed processing conditions for the samples, the com-
parisons of S, �, and �, and their ZT values. The ZT values
achieved are higher than those reported in Refs. 11 and 16
due to higher electrical conductivity and lower thermal con-
ductivity of the samples investigated in the present work.
However, the ZT values achieved are lower than those re-
ported in Refs. 6 and 15. Low thermal conductivity and a
high Seebeck coefficient reported in Ref. 6 and a high See-
beck coefficient reported in Ref. 15 lead to a higher ZT com-
pared to those achieved in the present work. With respect to
Fig. 7 and Table II, a moderate improvement on ZT in the
present work is shown for pure skutterudite CoSb3 thermo-
electric materials.

IV. CONCLUSIONS

�1� As the sintering temperature increases, the density
and the grain size increase for the samples sintered under
both vacuum and argon. There does exist the differences of
density and grain size between the vacuum-sintered and
argon-sintered samples at a given sintering temperature, but
the influence of sintering atmosphere on densification and
grain growth are not much remarkable.

�2� The existence of metallic phase Sb in the prepared
samples contributes to relatively high electrical conductivity.
The feature of fine-grained structure in the prepared samples
gives comparatively low thermal conductivity. These two
factors are beneficial to improving the ZT.

�3� A ZT of 0.11 was achieved for the samples sintered at

TABLE II. Comparison of ZT between the present work and the literature.

Parameter comparison with those of present work
Sample

Preparation S ��V K−1� � �S cm−1� � �W m−1 K−1�
Maximal ZT

Temperature of maximal
ZT �K�

853 K, vacuum Chemical alloying and hot pressing 1366.42 72.82 4.69 0.112 723
773 K, argon Chemical alloying and hot pressing 753.79 82.36 3.04 0.113 673

Ref. 6 Chemical alloying and hot pressing Large Small Small 0.170 611
Ref. 11 Arc melting and free sintering Large Small Large 0.051 723
Ref. 15 Powder reaction and spark plasma sintering Large Small Large 0.170 650
Ref. 16 Spark plasma sintering �one step� Large Small Large 0.095 673
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853 K under vacuum and at 773 K under argon. A moderate
improvement on ZT is shown for pure CoSb3 prepared in the
present work.
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Skutterudite (Co0.92Ni0.08)4Sb11.88Te0.12 powder has been consolidated under an applied electrical field using a field-assisted
sintering technique (FAST). The low FAST sintering temperature and relatively high heating rate considerably reduce grain growth
during sintering.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Skutterudite; Field-assisted sintering technique; Grain growth
Skutterudite thermoelectric materials have received
considerable attention over the last few years as pro-
spective materials for thermoelectric generators and
refrigerators [1–4]. The binary skutterudite antimonides
CoSb3 exhibit excellent electrical transport properties,
including some of the highest values for the hole mobil-
ity ever reported for a semiconductor [2]. However, their
thermal conductivity remains too high to make these
materials efficient thermoelectrics [3]. The formation of
a solid solution is a well-known approach to lowering
the lattice thermal conductivity, which depends upon
filling the voids in the structure. Alloy or ‘‘filled’’ skutt-
erudites, with compositions such as LaFe3CoSb12 or Ce-
Fe3CoSb12, are particularly interesting because they are
formally isoelectronic with binary semiconductor
CoSb3, which has excellent electronic properties. Filling
with ‘‘rattling’’ rare earth ions (La or Ce) remarkably
decreases its thermal conductivity by a factor of 10, to
close to that of vitreous silica. Relative to CoSb3, the
filled skutterudites exhibit a remarkable decrease of
one order of magnitude in lattice thermal conductivity.
At room temperature, the ratio of lattice to electronic
thermal conductivity is about 2.5 for the filled skutteru-
dites as compared with 17 for CoSb3 [3,4]. Filling the
binary skutterudites also affects the transport properties,
such as the Seebeck coefficient and the electrical resistiv-
1359-6462/$ - see front matter � 2007 Acta Materialia Inc. Published by El
doi:10.1016/j.scriptamat.2007.05.032

* Corresponding author. E-mail: vykodash@ucdavis.edu
ity of the materials, by introducing holes or electrons
into the lattice [5].

Substituting antimony in CoSb3 with tellurium can
influence the electronic structure, increasing the carrier
concentration and electrical conductivity, and reduce
the lattice thermal conductivity due to enhanced pho-
non–electron scattering [6]. An increase in the figure of
merit up to 0.72 was reported for Co4Sb11.5Te0.5 [7].

The effect of impurity atoms such as Ni or Fe on the
physical properties of CoSb3 is to increase both the
electrical conductivity and the Seebeck coefficient with
increasing iron content [1,3,6,7].

However, processing of skutterudites at high temper-
ature is limited by their peritectic decomposition at a
temperature of 750 �C. In addition, exposure to high
temperature results in intensive grain growth. To avoid
decomposition and reduce grain growth during sintering
we used a newly developed field-activated sintering tech-
nique (FAST) for the consolidation of skutterudites.
FAST has been successfully used for the consolidation
of metal and ceramic materials, both conventional and
nanosize [8–13]. The method applies a pulsed direct cur-
rent to powders under a modest pressure (<100 MPa)
for a short time duration. Due to direct heating, heating
rates may reach very high values (up to 1000 K min�1).
Typically, FAST sintering temperature is lower and
dwelling time shorter (5–15 min) in comparison with
conventional sintering. The main objective of this work
is to explore the FAST method to consolidate skutteru-
dites to high density with minimal grain growth.
sevier Ltd. All rights reserved.
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A chemical alloying route has been used for the syn-
thesis of (Co0.92Ni0.08)4Sb11.88Te0.12 skutterudite. Details
of synthesis are given elsewhere [14,15]. Using in-house
developed computer software and database for chemical
equilibrium modeling, the multicomponent system con-
sisting of Hþ–Co2þ–Ni2þ–Sb3þ–Te4þ–C2O2�

4 –Cl�–NH3

–H2O has been extensively studied to determine the opti-
mal preparation conditions for coprecipitation of a pre-
cursor powder with the required stoichiometry. An
optimal pH range of 1–3 has been determined so that
all of the desired metal components of the Co1�x-
NixSb3�yTey system precipitate completely when the ra-
tio of their concentrations in the solution is kept in the
desired stoichiometry. The precursor was then calcined
in air and subsequently reduced at 460–500 �C under
H2/Ar to form the Co1�xNixSb3�yTey. Skutterudite
powders (Co0.92 Ni0.08)4Sb11.88Te0.12 prepared by the
above method with a particle size less than 0.5 lm were
used for subsequent processing. Sintering was per-
formed using a Spark Plasma Sintering machine (Sumi-
tomo, Japan) with pulsed DC voltage (with a cycle of 12
pulses on and 2 pulses off, with a duration of each pulse
of 3 ms). The powders were loaded into a graphite die-
punch unit to sinter samples with a diameter of 8 mm.
A vacuum of 3 Pa (22 mTorr) and uniaxial pressure of
45 MPa were used for all experiments.

Samples were sintered at 550 �C with no holding
time. The samples were heated manually at a heating
rate of 450 �C min�1. When the temperature reached
550 �C, the power supply was shut off and the samples
cooled down. The temperature was measured with a
thermocouple inserted in a hole in the die wall at a depth
of 1/2 of the wall thickness.

The density of sintered samples was measured using
Archimedes’s principle method. X-ray diffraction analy-
sis was performed on an Automated Scintag X-ray
diffractometer using Cu Ka radiation. The microstruc-
tures of powders and fractured samples were studied
using an ISI DS130 SEM microscope at a voltage of
20 kV.

The initial (Co0.92 Ni0.08)4Sb11.88Te0.12 powder was
partially agglomerated with an average particle size less
than 0.5 lm (Fig. 1).

The variation of sintering parameters and densifica-
tion (shown as displacement and displacement rate in
the SPS machine) is shown in Figure 2. Densification be-
gins when the current reaches its maximum value of
Figure 1. SEM micrograph of the initial (Co0.92Ni0.08)4Sb11.88Te0.12

powder.
500 A. At this point the temperature of the die is rela-
tively low: �175 �C. This indicates that the sample is
heated directly by the current through the sample. As
the die is heated up, the rate of densification increases
rapidly, reaching its maximum at 400 �C (Fig. 2). With
further increasing temperature, the densification rate
slows down and rapidly decreases. The densification is
complete when a temperature of 550 �C is reached.
The final density of the compact is 7.23 kg m�3, which
is about 88% of the theoretical density.

The high rate of densification during the initial stage
of sintering may be accounted for by the local deforma-
tions (e.g. similar to creep) at the particle contact areas
due to pressure application combined with high con-
striction resistance in these contact areas. This results
in intensive Joule heat generation in the sample when
the die is still at a low temperature.

Further densification in the intermediate stage of sin-
tering is governed by the shrinkage of the large pores
when a charge gradient is developed in the vicinity of
pores of different sizes. Since the material seems conduc-
tive, the electrical resistance increases as the concentra-
tion of equipotential lines increases. The electrical
current density is larger next to large pores than next
to small pores. This creates a temperature gradient, i.e.
the temperature is higher next to large pores than next
to small pores. Vacancy diffusion occurs from the large
pores towards the small pores, with the final result being
that the large pores shrink [16]. This is opposite to con-
ventional sintering, in which a large pore grows at the
expense of small pores.

Similar to conventional sintering, grain growth and
densification by FAST sintering occur in parallel. The
fast heating rate specific to field-activated sintering is
effective to intensify densification over grain growth in
coarsening-sensitive ceramics (i.e. with higher activation
energy for densification than coarsening, such as Al2O3

[12]). The high heating rate bypasses the non-densifying
surface diffusion at low temperatures, which usually in-
duces grain coarsening.

The grain size of skutterudites is sensitive to the sin-
tering temperature. Considerable grain growth up to



Figure 3. SEM micrograph of FAST sintered (Co0.92Ni0.08)4Sb11.88-
Te0.12 powder at 550 �C with a heating rate of 450 �C min�1.
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22 lm was observed in (Co0.92Ni0.08)4Sb11.88Te0.12 skutt-
erudites annealed at 800 �C [17]. The relatively low tem-
perature of FAST sintering and the high heating rate
permit the consolidation of skutterudites to a high den-
sity with reduced grain growth. The grain size of FAST
consolidated (Co0.92Ni0.08)4Sb11.88Te0.12 is close to the
grain size of initial powders (Fig. 3).

FAST processing was applied to submicron
(�0.5 lm) (Co0.92Ni0.08)4Sb11.88Te0.12 skutterudite pow-
ders. The results show that densification starts at low
temperatures, probably due to local heating effects in
the powder compact. The skutterudites powder was con-
solidated under applied electrical current at relatively
low temperature (550 �C). The relatively high heating
rate and low processing temperature reduced the grain
growth considerably during sintering.
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1 Introduction Nowadays, research on thermoelec-
trics has been mainly focused on improving the materials 
figure of merit to increase the device efficiency for practi-
cal applications. The dimensionless figure of merit, ZT, can 
be expressed as S 2

Tσ/κ, where S is the Seebeck coeffi-
cient, σ  is the electrical conductivity, T is the absolute 
temperature, and κ is the thermal conductivity, respec-
tively. To enhance ZT, the materials produced should pos-
sess high electrical conductivity, high Seebeck coefficient, 
and low thermal conductivity. Recently, CoSb3 has been 
extensively studied because of its promising properties for 
thermoelectric (TE) applications [1, 2], since it has a high 
Seebeck coefficient and high electrical conductivity. How-
ever, its thermal conductivity is still too high for making it 
an efficient thermoelectric material. To lower the thermal 
conductivity, works on doped [3, 4], filled [5, 6], and in-
clusion-dispersed CoSb3 [7, 8] were reported. In the earlier 
work, we demonstrated that the thermal conductivity of 
CoSb3 could be also reduced by nanostructuring [9]. Fur-
ther enhancement on ZT requires novel approaches such as 
materials design with advanced nanostructured architec-
tures. In this work, CoSb3 with a newly advanced structure 
was synthesized by a chemical alloying method. The as-
fabricated CoSb3 has a maize-like structure with micron-

sized rod-like core structure and nano-sized decoration sur-
rounding the cores. The sample consolidated from the syn-
thesized powders using hot pressing shows relatively high 
Seebeck coefficient and relatively low thermal conductivity.  

 
2 Experimental In the present study, a chemical al-

loying method was used to synthesize CoSb3 powder, in a 
similar way to the method reported in previous work [3, 4]. 
An optimal pH range of 2–3 was determined for the co-
precipitation of Co(II) and Sb(III) salts by using in-house 
(KTH) developed computer software and database for the 
chemical equilibrium modeling system. The precipitated 
powders were filtered off, washed with de-ionized water 
and ethanol, and dried overnight at 363 K. Thermal pro-
cessing of the powder consisted of two steps: (i) calcination 
at 623 K in air (oxides achieved), and (ii) reductive alloy-
ing at 793 K under hydrogen flow. Instead of using a tube 
furnace which produced 2–3 g of CoSb3 per batch in the 
previous work, a rotational furnace with large volume con-
tainer was designed and used in this work which can pro-
vide 30–40 g of homogeneous CoSb3 per batch. Due to the 
high temperature and large rotational furnace used during 
the reduction process, evaporation of elementary Sb cannot 
be neglected. Therefore, in order to achieve a stoichiomet-

Maize-like CoSb3 powders were obtained via the chemical al-

loying method. After the consolidation of the nanopowder us-

ing hot press, the CoSb3 compact shows a higher Seebeck co-

efficient and lower thermal conductivity. For the investigated 

CoSb3, a ZT of 0.15 at 673 K is shown. Though the achieved 

 ZT does not reach the optimal value (0.17 to 0.18) for pure 

CoSb3, due to its lower electrical conductivity, the novel 

structure fabrication provides an interesting and promising 

approach to enhancing the thermoelectric performance. 
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ric CoSb3 as the final alloy after reduction, an optimized 
ratio of ~1:4 was used between Co(II) and Sb(III) in the 
precursor.  

The phase purity and the microstructure of the synthe-
sized powders were characterized by X-ray powder diffrac-
tion (XRD) using SIEMENS D 5000 and scanning electron 
microscopy (SEM) using LEO 982 equipped with energy 
dispersive X-ray spectroscopy (EDS), respectively. For the 
consolidation into compact, the synthesized powders were 
sintered at 853 K and 100 MPa for 30 minutes under argon 
atmosphere with both heating and cooling rates of 10 K per 
minute, using an in-house (DLR) hot pressing machine. 
The thermoelectric parameters of the obtained compact 
were measured in vacuum within the temperature range 
from 373 K to 773 K. The Seebeck coefficient and the 
electrical conductivity were measured by a temperature-
gradient method and a four-point probe method in a self-
developed (DLR) testing system, respectively. The thermal 
conductivity was obtained from the product of the meas-
ured density from the Archimedes method; the thermal dif-
fusivity from a Netzsch LFA 427 laser flash apparatus; and 
the specific heat from a Netzsch DSC 404 differential 
scanning calorimeter. 

 
3 Results and discussion Figure 1 shows the XRD 

diffractogram of synthesized powders. As expected, skut-
terudite CoSb3 was detected as the main phase. No clear 
peaks for possible secondary phases of CoSb2 or Sb were 
observed. 

The SEM images of the synthesized powders are 
shown in Fig. 2. Due to the synthesis conditions of the pre-
sent work, the powders obtained are not spherical. Instead, 
a micron-sized rod-like core structure was observed  
(Fig. 2a and b). Furthermore, it could be seen that the sur-
face of the rod is decorated with nano-sized particles 
(Fig. 2c). In a word, a maize-like structure is shown for the 
synthesized powders. Elemental analysis by EDS con-
firmed that the atomic ratio of Co/Sb is 1/3. This novel 
maize-like structure of CoSb3 is probably formed due to 
the existence of extra Sb(III) in the co-precipitation stage. 
Further investigation is required to explain the formation 
of this interesting structure. 

 

 

Figure 1 XRD pattern of synthesized CoSb3 powder.  

(a)

(b)

(c)  

Figure 2 SEM images of the synthesized powders: (a) low mag-

nification, (b) moderate magnification, (c) high magnification. 

 
The density of the hot-pressed compact is 7.13 g/cm3, 

which is 93% of the theoretical density of CoSb3. Com-
pared to the relative density of the compact with spherical 
grains, as reported in our earlier works [8–10], a value  
3–4% lower than that of Refs. [8, 10] and 20% higher than 
that of Ref. [9] is known for the present compact. Figure 3 
shows the thermoelectric properties of the hot-pressed 
compact, as well as those reported in the literature [8–10]. 
In Fig. 3a, p-type transport behaviour is shown for the in-
vestigated CoSb3. Compared to that of CoSb3 with spheri-
cal grains [8–10], the investigated compact possesses a 
higher Seebeck coefficient (190 µV/K at 673 K). It is also 
noted that the achieved Seebeck coefficient of 190 µV/K at 
673 K does not preponderate the reported very-large one 
(220 µV/K at room temperature [11] or 200 µV/K at 600 K 
[12]), however, it could be considered relatively high for 
p-type pure CoSb3. The reason of the achievement of high 
S  might  be mainly attributed to  the maize-like structure, 
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because the porosity (density) difference has less sensitive 

effect on S [9]. In the investigated temperature range, the 

electrical conductivity of the compact (Fig. 3b), however, 

is much lower than that reported in Refs. [8, 10], but close 

to that reported in Ref. [9]. From the latter comparison, it 

is noted that porosity (20% difference for this occasion) 

could not be the main effect on the variation of σ, although 

this might be structure dependent. In addition, the large 

difference in σ  for the compacts investigated in the present 

work and in Ref. [10] could be attributed to the high con-

tent of Sb of the latter. With respect to Fig. 3c, the 

achieved thermal conductivity is less than 4.8 W/K/m, 

which is considered relatively low compared to pure mi-

cron-sized CoSb3 [9]. It is also seen that the achieved κ is 

in the range of those reported in Refs. [8] and [10], which 

are of lower porosity (3–4%) but lower κ due to fine-

grained structures. Figure 3d shows the calculated σ /κ for 

the compared compacts, which assumes to eliminate the ef-

fect of geometry. As a result, different ratios for different 

compacts could be mainly structure-related. The observed 

shift of the properties – increased Seebeck coefficient and 

electrical conductivity, reduced thermal conductivity – is 

consistent with a reduction of the available carrier concen-

tration in comparison to the literature data. Possibly, addi-

tional grain boundaries related to the maize-shape structure 

could act as traps for lattice defects which are the origin for 

the native doping concentration in a bulk crystal. Addi-

tional grain boundaries also would reduce the lattice ther-

mal conductivity. More detailed studies are undertaken to 

provide further evidence for the conduction mechanism.  
As shown in Fig. 3e, the calculated ZT of the sintered 

compact reaches 0.15 at 673 K. This value is moderate 
compared to the reported optimal one (0.17 to 0.18) for 
pure CoSb3 [8, 9]. The main factor of the lower ZT comes 

from its lower electrical conductivity, though the sample 
has a higher Seebeck coefficient and lower thermal con-
ductivity. The investigation on the improvement of the 
electrical conductivity through molecular engineering, 
while maintaining the maize structure with high Seebeck 
coefficient and low thermal conductivity, is in progress.  

 
4 Conclusions CoSb3 powders with maize-like struc-

ture were synthesized using the chemical alloying method. 
The sintered compact has a high Seebeck coefficient 
(190 µV/K at 673 K) and low thermal conductivity (less 
than 4.8 W/K/m). A ZT of 0.15 at 673 K is achieved under 
un-optimized carrier density conditions. Though the 
achieved ZT is moderate due to its lower electrical conduc-
tivity, novel structuring fabrication provides an interesting 
and promising approach to enhancing the thermoelectric 
properties.  
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Abstract: 

World energy crisis has triggered more attention to energy saving and energy conversion 

systems. Enhanced surfaces for boiling are among the applications of great interest since they 

can improve the energy efficiency of heat pumping equipment (ie. air conditioners, heat 

pumps, refrigeration machines). Methods that are used to make the state-of-the-art enhanced 

surfaces are often based on complicated mechanical machine tools, are quite material-

consuming and give limited enhancement of the boiling heat transfer. Here, we present a new 

approach to fabricate enhanced surfaces by using a simple electrodeposition method with in-

situ grown dynamic gas bubble templates. As a result, a well-ordered 3D macro-porous 

metallic surface layer with nanostructured porosity is obtained. Since the structure is built 

based on the dynamic bubbles, it is perfect for the bubble generation applications such as 

nucleate boiling. At heat flux of 1 W·cm-2, the heat transfer coefficient is enhanced over 17 

times compared to a plain reference surface. It's estimated that such an effective boiling 
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surface would improve the energy efficiency of many heat pumping machines with 10-30%. 

The extraordinary boiling performance is explained based on the structure characteristics.  

 
1. Introduction 

 
World energy crisis has triggered more attention to energy saving and energy conversion 

systems along with economic efficiency. One of the applications of great interest is enhanced 

heat transfer surfaces for effective cooling –by boiling. This type of surfaces, for instance, 

would have immediate benefits to improve the energy efficiency of heat pumping equipments, 

such as air conditioners, heat pumps, refrigerators, microelectronic coolers, etc.  

Boiling heat transfer may facilitate transport of high heat flux at low temperature 

differences between the surface and the boiling liquid. Since reduced temperature differences 

in evaporators in heat pumping equipment are accompanied by an improvement of the energy 

efficiency of the system, enhanced boiling has been the object of intense research over the last 

couple of decades. During the past few decades, several investigations have been presented 

concerning the issues associated with high performance nucleate boiling surfaces.[1] Ultimate 

goal is to increase the active sites for nucleation/boiling on a given surface by using different 

means. These surfaces could be manufactured either by mechanical methods[2] or by chemical 

methods.[3] Mechanical methods include surface deformation techniques such as abrasive 

treatment[4] and inscribing open grooves.[5] The enhancement in mechanically roughened 

surfaces has been found to be up to four times that of the untreated surface. Chemical methods 

could be divided into two subgroups; the first type being surface erosion techniques like 

electrolysis and chemical etching[6] while the second type refers to the coating of a porous 

layer of chosen material on the boiling surface.[7] This coated layer can be fabricated in many 

ways, such as sintering, spraying, painting, electroplating, etc.[8] Chemical treated surfaces 

have recorded enhancements up to 10 times to that of the untreated surface.[9] 
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Three dimensional (3D) connected porous network structures are of technological 

importance and have been used extensively in different applications such as catalysis, 

molecular sieves, fuel cells, sorption and separation.[10-14] They are also potential candidates 

for enhancing boiling performance by providing an increased surface area, and increased 

number of active nucleation sites for boiling. Templating techniques have been commonly 

used for the fabrication of structures with a certain periodicity of building blocks or pores. 

These types of surfaces are generally prepared by using solid polymeric or inorganic spheres 

on surfaces. The surrounding volume and the voids between the templating blocks are then 

filled by the desired polymeric, inorganic, or metallic phase using a variety of techniques as 

chemical bath deposition (CBD), chemical vapor deposition (CVD), physical vapor 

deposition (PVD), etc. A subsequent removal of the templating blocks produces a porous 

network that is a replicate of the template.[15-17] Application of such a method is highly labor 

intensive and costly for large scale production of surfaces for intended industrial applications. 

We report on an alternative method for the fabrication of metallic foam-like structures 

made of 3D porous interconnected network structures using electrochemical technique. Our 

approach is based on performing electrochemical deposition under conditions favorable for 

the creation of quasi-static template simultaneously with the formation of the metallic 

deposition. The quasi-static phase is formed as a result of operating under conditions 

unfavorable for the electrodeposition and favorable for the formation of gas (hydrogen) as a 

by-product. The reaction taking place at the cathode includes both the reduction of metal ions 

and the formation of hydrogen gas as represented by the following reactions: 

)(s
n MneM →+ −+  and ↑→+ −+

)(222 gHeH  

In most metal deposition cases, hydrogen evolution is inhibited in order to have a high current 

efficiency. However, in this work, we favor the formation of gas by the use of overpotential 

for the creation of quasi-static template simultaneously with the reduction of metal ions. The 
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hydrogen gas is created at such a rate that forms quasi-static bubbles. As the amount of the 

gas formed is comparable to that amount of gas leaving reaction zone, this gives rise to the 

quasi-static bubble formation. The gas bubbles entrap themselves within a thin layer of the 

liquid allowing the continuation of the electrolysis process. These bubbles stabilize the 

particle growth and guide them as they detach from the surface towards the bulk solution. As 

these bubbles move upwards, due to their lower density, they leave behind a 3D 

interconnected porous metallic network. As the rising bubbles coalesce, the size of pores in 

this network gets bigger moving away from the surface. This method allows the fabrication of 

very large surfaces with the desired macro/micro-structure and porosity. The formation of 3D 

porous structures by electrodeposition with hydrogen evolution has been reported earlier by 

Shin et al.[18,19] They concluded that foam like structures are ideally suited for electrodes in 

electrochemical devices such as fuel cells, batteries, and chemical sensors since they are 

highly porous with nanostructured walls. However, since formation of the structure is directed 

by continuous dynamic gas bubbles, the structure can facilitate the escape of the gas bubbles 

generated from the surface. Therefore, such 3D porous surface structure can be more suitable 

to use in gas generation processes where the bubbles need to be quickly dissipated from the 

surface. For example in boiling heat transfer, which is an efficient way to facilitate transport 

of high heat flux, the removal of the gas bubbles strongly affects the efficiency of the heat 

flux. The suggested method of fabricating 3D porous structures is nature-inspired where it is 

customized under conditions imitating the intended application of nucleate boiling. Starting 

electrolyte solutions, alignment of the electrodes are shown to play important roles during the 

process. Scheme 1 shows the mechanism of the fabrication process using the suggested 

method and its similarity to the application process. The rate at which the quasi-static 

template is generated, thus the porosity of the network can be tuned, is mainly controlled by 

the selection of proper processing parameters. Interconnected pores, as a result of the 
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coalescence of hydrogen bubbles generated during the electrodeposition process of Cu, serve 

as vapor escape channels (VEC) for the bubbles generated during boiling. Due to the harsh 

conditions in boiling applications, certain post-treatment after electrodeposition has also to be 

developed to further modify the structure. In this paper, we show the versatility of the 

approach by fabricating and modifying of 3D porous Cu network and demonstrate its effect 

on the enhancement of pool boiling heat transfer. The use of the surfaces with 3D porous 

layer has dramatically enhanced the heat transfer coefficient (HTC) by more than one order of 

magnitude in pool boiling experiments. This technique has a tremendous impact on the 

performance of heat exchangers in a wide range of applications; varying from 

microelectronics cooling, home refrigeration, to large scale industrial boiling applications.  

 

2. Results and Discussion 

 

By carefully controlling the electrodeposition process, 3D macro-porous surface structures 

with dendritic copper branches were created (Fig. 1a-b). SEM micrographs in Fig. 1c-d 

further show that the surface layers are multilayer structures which were not so evident from 

the earlier reports.[ 18,19] The tilt-view (40º, Fig. 1d), shows the existence of small pores in the 

lower layers through pores in the top layer. Therefore, the macro-porous structures are highly 

inter-connected and dendritic with different size of pores in different layers. Thus a much 

higher porosity of around 95 % is obtained compared to conventional enhanced porous 

boiling structures. Detailed microstructure analysis by HR-SEM and TEM (Fig. 1e-f) shows 

the dendritic branches in the sub-micron size range which have not changed significantly 

upon varying the electrodeposition conditions. Therefore, the designed surfaces are named 

nanostructured macro-porous (NMp) surfaces since it contains dendritic Cu branches in sub-

micron range (hundreds of nm) and ordered micron-sized pores (several tens of µm or even 
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bigger). X-ray diffraction (XRD) analysis indicates highly crystalline Cu deposits, while 

energy dispersive X-ray spectroscopy (EDS) also revealed only metallic Cu, with no sign of 

oxidation. This is attributed to the high acidity of the electrolyte during the electrodeposition 

process that favors the Cu reduction.  

A main consideration controlling the formation of the 3D porous structures with given 

configuration is the competition between the gas bubbles formation/transportation and metal 

deposition rates during the electrodeposition process. The competition is associated to a 

combination of electrochemical (e.g., current density, duration, electrolyte composition and 

concentrations) and hydrodynamic (e.g., viscosity of the solution, density, and temperature) 

parameters. In low current density, a dense Cu layer was formed due to a reduction in gas 

evolution. At increasing current density, an increasing number of cavities were activated 

which resulted in a simultaneous increase of bubble population, bubble frequency and 

tendency to coalesce.[20] However, an upper limit of current density also existed to the 

formation of NMp structure due to film electrolysis.[21] Therefore, the faradaic efficiency for 

the electrodeposition of desired NMp structure was kept around 30%. Depending on the 

orientation of the mass transfer, the suitable range of current density to form such NMp 

structure also varied. When the cathode was facing down, hydrogen bubbles generated on the 

cathode could not escape readily, hence the bubbles coalesced more frequently compared to 

cathode facing-up resulting in a need of smaller current density to form such NMp structure. 

At the initiation of the electrodeposition process, the entire cathode surface is in contact 

with the electrolyte solution. The cathodic reaction is given by the following equations: 

)(
2 2 sCueCu →+ −+  and ↑→+ −+

)(222 gHeH  

The two reactions take place simultaneously all over the surface. However, in the very 

beginning of the electrodeposition process (fist few seconds, 1st stage), it is found that Cu 

deposition is more feasible than hydrogen evolution. After less than one second, a dense layer 
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of Cu formed with only a few spots of micron-sized holes which are caused by hydrogen 

bubble (Fig. 2a). This is because both Cu2+ and H+ exist in the Helmholtz layer in large 

quantities, and since Cu2+ has a higher reduction potential Cu deposition is dominant at the 

first stage. In the second stage (until 30 s), both Cu2+ and H+ diffuse from the bulk solution to 

the electrode double layer, which is the rate-determining process in this stage since the 

depletion of the ions take place readily under such a large current density. The relative ionic 

mobility of H+ and Cu2+ is 4.763 and 0.385 respectively, and the limiting equivalent ionic 

conductance of H+ and Cu2+ is 350.1 and 56.6 cm2·S·equiv-1, respectively at room 

temperature in aqueous solutions.[22,23] Therefore, the migration rate for H+ is much faster than 

Cu2+ resulting in an increasing rate of hydrogen evolution in the second stage. Fig. 2b shows 

the variation of deposited amount of Cu with deposition time. The curve levels off with the 

time indicating that the rate of Cu deposition is going down while the rate of hydrogen 

evolution is going up. In this stage, small hydrogen bubbles formed tend to join the big 

hydrogen bubbles, since it requires a lot of energy to overcome the surface tension by smaller 

radius. Therefore the hydrogen bubbles rise from the bottom with the size growing, which 

naturally form the macroscopic dynamic template for the Cu deposition. As a result, the pore 

size of upper Cu layers is larger than lower layers in the structures. The Cu deposition has to 

take place at the site where there is a high energy surface, which is an already deposited 

region. Thus, due to the pores created by the evolution of small hydrogen bubbles, from the 

freshly formed deposits, dendritically ordered Cu branches are formed. This stage is the 

crucial stage for the formation of the channels for bubble transportation. In the final stage 

(after 30 s), the template bubbles are growing big enough (more than 100 µm) to block most 

of the accessible deposition spots. As a result, hydrogen evolution becomes dominant and 

suppresses the Cu deposition. Thus, the thickness and deposition amount grows with a very 

low rate. With little addition of surfactant such as sodium dodecylsulphate, the macro-pore 
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size is observed to be greatly reduced. Since surfactant can dramatically reduce the surface 

tension, the minimum radius for the bubble to disconnect from the surface is greatly reduced 

based on Laplace-Young equation (data not shown). Therefore, the size of dynamic hydrogen 

bubbles template is diminished resulting in much smaller pore size in the final structures. 

Another important issue of applying the NMp structures in boiling heat transfer 

applications is the mechanical stability of the structures and adhesion of the structures to the 

substrates. The mechanical stability of the as-deposited NMp structures is quite poor since it 

is highly porous and the connection between the dendritic branches is loose. Moreover, the 

adhesion of the deposition layer to the substrate strongly depends on the surface materials, 

roughness and topology. Therefore, there is a need to enhance the mechanical stability of the 

NMp structures and their adhesion to the substrate, especially considering that boiling is a 

vigorous process that involves both heat, liquid and gas transportation. In this work, the NMp 

surfaces are annealed at elevated temperature under reducing or inert conditions. After 

annealing, the macro-scale structure remains unchanged (pore size, thickness), but sub-micron 

related features of the structure change due to the growth of the dendritic branches (Fig. 3). 

BET Surface area measurements performed on the as-prepared and annealed structures 

showed 3.5 times reduction of the surface area for the annealed structure, which is considered 

to be a moderate reduction.  

Pool boiling tests were performed, in order to assess the influence of surface features on 

boiling, using a common cooling liquid R134a. Three surfaces were compared for their 

performance in pool boiling experiments against plain copper reference surface (polished with 

240 p, emery paper); the results are presented in Fig. 4. These surfaces, having a thickness of 

220 µm, are (i) as-made surface with dendritic Cu and no VEC; (ii) as-made typical NMp 

surface (with VEC); and (iii) annealed NMp surface. Micrographs for the tested surfaces are 

presented in Fig. S1. As-made and annealed NMp surfaces showed a significant enhancement 
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of HTC in the whole region of applied heat-fluxes. NMp surfaces, thus, dramatically enhance 

the boiling heat transfer performance. Improvement of the heat transfer coefficient (at 1 

W·cm-2) up to 17 times compared to the plain copper reference surface has been recorded.  

Initially, we attributed the outstanding boiling heat transfer performance of the NMp 

structures to the sub-micron sized dendritic Cu branches, since nanostructured materials have 

been shown to reduce the nucleation energy barrier.[24,25] However, it has also been reported 

that nano-scale structures may exhibit a negative effect on enhanced boiling.[26] It is noted that 

the combination of nano-scale features, i.e. nanocavities, and macro-scale structures often 

shows enhanced boiling performance of the surface.[27] Despite having dendritic Cu branches 

with high surface area, surface (i) showed the same performance with the plain copper 

reference surface. This suggests that sub-micron features alone are not enough to 

improve/enhance the heat transfer performance as reported earlier,[26] and provision for the 

escape of vapor is also required. The boiling phenomenon is not merely a process of bubble 

generation, but following the initial bubble generation is a repetitive cycle of bubble growth 

and transportation. Nanocavities facilitate the initial bubble generation and may enhance 

bubble growth due to high nucleation site density, but macro-scale voids and pores play an 

important role in bubble transportation, since bubbles quickly grow into micron-sized 

dimension. Therefore, the remarkable heat transfer performance of the NMp surface is mainly 

attributed to two structural characteristics. Firstly, the size of dendritic Cu branches with large 

interfacial area, facilitating formation of large area of an evaporating liquid micro-layer, and 

secondly, a large number of well-suited vertical micro-scale channels, providing low 

impedance escape routes for the growing vapor bubbles. The proposed boiling mechanism is 

illustrated in a macro-view in Fig. 5a and a micro-view in Fig. 5b. 

The interesting resemblance between the manufacturing process of the structure and the 

boiling phenomena itself is remarkable. The vertical channels formed by the electrodeposition 
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process with the template of hydrogen evolution have a geometrical form that is well-suited 

for vapor transportation, since the tunnel diameter is increasing with distance from the 

substrate surface, leaving enough space for the growing bubble. The departing hydrogen 

bubbles, during the fabrication of the NMp structure, are seeking the lowest resistance path, 

thus creating low impedance vapor escape channels. The poor boiling performance of the 

dendritic structure without any vapor escape channels formed by hydrogen bubble generation 

(No VEC in Fig. 4a) confirmed that the vapor escape channels are essential to effective 

bubble transport from the structure, especially at higher heat flux where more vapor is formed. 

   Various surfaces with thickness ranging from 50 to 265 µm have been tested for their HTC 

performance in pool boiling experiments. Fig. 4b summarizes the performance of these 

surfaces at a heat flux of 5 W·cm-2 (Fig. S2 shows the complete HTC data from pool boiling 

tests of nine different surfaces). Thicker NMp surfaces showed higher HTC after annealing. 

Additional height of the structure increases the hydraulic resistance to the oscillating vapor 

front and the incoming liquid and therefore slightly inhibits the boiling performance,[28] hence 

the positive relationship between structure thickness and performance only exists up to a 

thickness of 120 µm for the non-annealed structure after which thicker structures yield poor 

performance (Fig. 4b). The annealing treatment causes the dendritic branches to grow and 

interconnect whereby the thermal conductivity of the structure increases, resulting in 

enhanced micro-layer evaporation at the advancing vapor-liquid meniscus. Stability tests have 

been conducted with pressurized air – showing a considerably stabilizing effect of the 

annealing treatment. 

A photograph of nucleation boiling from partially-electrodeposited copper surface is shown 

in Fig. 6. Even at low heat flux of 1 W·cm-2, the untreated copper reference surface remains in 

natural convection, while the deposited surface is boiling vigorously referring to a much 

higher HTC of the NMp surface. (A movie showing the difference of boiling performance 
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between NMp surfaces and reference surfaces from a high heat flux to a low heat flux is 

provided as supplementary file.) 

 

3. Conclusions 

In this study, well-ordered dendritic branched nanostructured macro-porous (NMp) copper 

surfaces were fabricated by an electrodeposition process under well-controlled conditions. 

These enhanced surfaces together with micro- and nano-scale features show an excellent 

performance in nucleation boiling. Mechanical stability and roughness of the fabricated 

structure can be manipulated by thermal treatment process which improves the performance 

based on the dominant boiling process. At heat flux of about 1 W·cm-2, an enhancement of 

approximately 17 times is achieved compared to the present plain machine roughened flat 

surface. It's estimated that such an effective boiling surface would improve the energy 

efficiency of many heat pumping machines (i. e. air conditioners, heat pumps, refrigeration 

equipment) with 10-30%. The extraordinary boiling performance is attributed to the two 

characteristics possessed by the NMp structures: nanocavities and vapor escape channels. 

 

Experimental 

The working electrode (copper cylinder) was polished with carborundum paper and with 

diamond paste (1 µm size). For surface roughness evaluation, a surface profiling instrument 

(Talystep step height measuring instrument Rank Precision Industries, Ltd.) was used[29] and a 

root mean square (RMS) roughness between 5-10 nm has been obtained. A thin square copper 

plate was used as the counter electrode (anode). The two electrode surfaces were parallel. The 

distance between anode and cathode is set to 2 cm. A constant DC current (about 3 A·cm-2) 

was applied to the Cu surface by using a precision DC power supply (Thurlby-Thandar 

TSX3510) in an electrolyte of sulfuric acid (Aldrich) containing copper sulfate (Kebo) at 
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room temperature. Deposition was performed in a stationary electrolyte solution without 

stirring or N2 bubbling. After specific electrodeposition time, the surfaces were rinsed with 

water and acetone and kept in a desiccator until further tests have been performed. Pool 

boiling tests in R-134a under constant pressure (4 bar) were performed on as-made surfaces.  

 

Received: ((will be filled in by the editorial staff)) 
Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 
References 

_[1] M. C. Chyu, A. E. Bergles, J. Heat. Tran. 1989, 111, 518. 

_[2] M. Shikida, K. Kawasaki, K. Sato, Y. Ishihara, H. Tanaka, A. Matsumuro, Sensor. Mater. 

2003, 15, 21. 

_[3] Y. Saito, J. J. Wang, D. N. Batchelder, D. A. Smith, Langmuir 2003, 19, 6857. 

_[4] Yu. V. Dimov, V. P. Kol’tsov, Vestnik Mashinostroeniya 1974, 54, 49. 

_[5] C. F. Bonilla, J. J. Grady, G. W. Avery, Chem. Eng. Prog. Supp. Ser. 1965, 61, 280. 

_[6] X. Li, P. W. Bohn, Appl. Phys. Lett. 2000, 77, 2572.  

_[7] J. Y. Chang, S. M. You, Int. J. Heat Mass Tran. 1997, 40, 4449.  

_[8] S. M. You, J. P. O’Connor, US Patent 5 814 392, 1998.  

_[9] C. F. Gottzmann, P. S. O’Neill, P. E. Minton, Chem. Eng. Progr. 1973, 69, 69.  

_[10] A. Stein, Adv. Mater. 2003, 15, 763.  

_[11] M. E. Davis, Nature 2002, 417, 813. 

_[12] N. Tanaka, H. Kobayashi, K. Nakanishi, H. Minakuchi, N. Ishizuka, Anal. Chem. 2001, 

73, 420A. 

_[13] J. L. Blin, A. Leonard, Z. Y. Yuan, L. Gigot, A. Vantomme, A. K. Cheetham, B. L. Su, 

Angew. Chem. Int. Ed. 2003, 42, 2872. 

_[14] G. S. Chai, I. S. Shin, J. S. Yu, Adv. Mater. 2004, 16, 2057. 

_[15] A. A. Zakhidov, R. H. Baughman, Z. Iqbal, C. Cui, I. Khayyrullin, S. O. Dantas, J. 



  In press to  

13 

Marti, V. G. Ralchenko, Science 1998, 282, 897. 

_[16] O. D. Velev, T. A. Jede, R. F. Lobo, A. M. Lenhoff, Nature 1997, 389, 447. 

_[17] O. D. Velev, P. M. Tessier, A. M. Lenhoff, E. W. Kaler, Nature 1999, 401, 548. 

_[18] H. C. Shin, J. Dong, M. Liu, Adv. Mater. 2003, 15, 1610. 

_[19] H. C. Shin, M. Liu, Chem. Mater. 2004, 16, 5460. 

_[20] S. J. D. Van Stralen, R. Cole, Boiling phenomena Hemisphere Washington, McGraw-

Hill, New York 1979. 

_[21] C. W. M. P. Sillen, E. Barendrecht, L. J. J. Janssen, S. J. D. Van Stralen, Int. J. 

Hydrogen Energ. 1982, 7, 577. 

_[22] P. Vanysek, Ionic conductivity and diffusion at infinite dilution. CRC Handbook of 

Chemistry and Physics (83rd Edn; ed. D. R. Lide), CRC Press, Boca Raton 2002. 

_[23] J. A. Dean, Electrolytes, electromotive force, and chemical equilibrium. Lange’s 

Handbook of Chemistry, 15th Edition, McGraw-Hill, New York 1999. 

_[24] S. Vemuri, K. J. Kim, International Communications in Heat and Mass Transfer 2005, 

32, 27. 

_[25] T. G. Theofanous, J. P. Tu, A. T. Dinh, T. N. Dinh, Exp. Therm. Fluid. Sci. 2002, 26, 

775. 

_[26] S. Launay, A. G. Fedorov, Y. Joshi, A. Cao, P. M. Ajayan, Microelectron. J. 2006, 37, 

1158. 

_[27] H. Honda, H. Takamatsu, J. J. Wei, J. Heat. Tran. 2002, 124, 383. 

_[28] J. Y. Chang, S. M. You, Int. J. Heat Mass Tran. 1997, 40, 4437. 

_[29] J. M. Bennett, J. H. Dancy, Appl. Optic. 1981, 20, 1785. 

 



  In press to  

14 

 

Scheme 1. Schematic description of (a) the fabrication process of the 3D porous structures, 
and (b) its application in boiling showing coalescing bubbles using the escape channels; 
digital photographs of (c) bubble generation during fabrication and (d) boiling processes taken 
by high-speed camera 
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Figure 1. (a, b) Typical SEM images of Cu sample surfaces showing the dendritic growth of 
Cu into macro-porous structures after electrodepositon, and (c) SEM images of partly peeled-
off surface from top-view, (d) typical surfaces from tilt-view (40º) showing multilayer 
structures; (e) HR-SEM and (f) TEM images of dendritic Cu (deposition) scratched from the 
surface produced by controlled electrodeposition. 
 

Figure 2. (a) SEM image of surface structures after very short time deposition (less than one 
second), (b) variation of amount deposited with deposition time at a fixed current density. 

 
Figure 3. SEM images of dendritic Cu deposits on (a) non-annealed, and (b) annealed NMp 
surfaces. 
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Figure 4. HTC as a function of (a) heat flux for dendritic surfaces with no VEC [×]; typical 
as-made dendritic NMp surface (with VEC) [■]; annealed NMp [▲] as compared with a 
reference Cu surface [―]. (b) HTC vs. thickness of non-annealed [▲] and annealed [■] NMp 
surfaces. 
 

 
Figure 5. Schematic drawing of (a) macro and (b) micro view of bubble generation during 
pool boiling process 
 

 

  
(a) (b) 



  In press to  

17 

Figure 6. Photograph of nucleation boiling from partially-deposited surface (heat flux, q = 1 
W·cm-2) 
 
The table of contents entry  
A photograph of nucleation boiling from partially-electrodeposited nanostructured macro-
porous (NMp) surface is shown in ToC. Even at very low heat flux, the untreated copper 
reference surface remains in natural convection, while the deposited surface is boiling 
vigorously referring to a much higher HTC of the NMp surface. 
 
Keyword: Porous Materials, Surface Patterning, Nanostructures 
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Supporting Information  

Brief legend for the video: Enhanced NMp boiling.avi 

 

The video shows the difference of boiling performance between NMp surfaces and 

reference surfaces. The boiling surface is a round Cu surface. Heat is generated and monitored 

by a heater incorporated into the device. The boiling liquid is the widely used refrigerant, 

R134a (used in most A/C and domestic refrigerators). One quarter of the surface (Surface 1) 

is engineered to be the NMp surface while the rest of the surface (Surface 2) is plain copper 

reference surface (polished with 240 p, emery paper). The average ordered pore size of the 

NMp surface is 40 µm while the maximum pore size is around 55 µm. Some SEM images 

with different magnification are given for the NMp surface in the beginning of the video. As it 

can be seen from the video, most of bubbles are generated on the NMp surfaces which 

indicates a much higher heat transfer coefficient of NMp surface than the rest reference 

surface. The bubble generation frequency is high, which visually indicates a highly efficient 

nucleate boiling process. When the heat flux is decreasing from 4.5 to 0.5 kW/m2, the 

reference surface stops to boil while the NMp surface continues to boil vigorously. This video 

gives a visual support for that the NMp surface is an ideal enhanced surface for nucleate 

boiling. 
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Supplementary Figures: 

 

  

  

  

Figure S1. Micrographs of (a) Cu deposited surface with no VEC; (b) closer view of 
dendritic Cu deposits on no VEC surface; (c) Cu depostied NMp surface; and (d) 
closer view of dendritic Cu deposits on NMp surface, (e, f) plain copper reference 
surface. 
 

As shown in the article Fig. 4a, three surfaces were compared for their performance in pool 

boiling experiments against plain copper reference surface (polished with 240 p, emery paper). 

These surfaces, having a thickness of 220 µm, are (i) as-made surface with dendritic Cu and 

no VEC; (ii) as-made typical NMp surface (with VEC); and (iii) annealed NMp surface. Fig. 

S1e shows typical micrographs of surfaces (i) and (ii) along with plain copper reference 
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surface. Overview of surface (i) with a close-up view of dendritic copper is presented in Fig. 

S1a and S1b respectively, whereas, surface (ii) with a close-up view of dendritic copper is 

presented in Fig. S1c and S1d. Deposited dendritic copper features are very similar for 

surfaces (i) and (ii). Despite having dendritic Cu with high surface area, surface (i) showed 

the same performance with the finely polished reference flat surface. This suggests that nano 

features alone are not enough to improve/enhance the heat transfer performance as reported 

earlier, and provision for the escape of vapor is also required. As-made and annealed NMp 

surfaces, having a combination of both nano features and vapor escape channels,  
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Figure S2. HTC as a function of heat flux for NMp surfaces prepared under different 
conditions (Pool boiling tests are performed in R-134a under constant pressure of 4 bar). 
Dendritic surfaces with no vapor escape channels (VEC) [×]; typical as-made dendritic 
NMp surface (with VEC) with a thickness of [○] 50 μm, [□] 80 μm, [◊] 120 μm, [∆] 220 
μm; and annealed NMp with a thickness of [●] 120 μm,[▲] 220 μm, [♦] 265 μm as 
compared with a reference Cu surface [+]. 
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showed a significant enhancement of HTC in the whole region of applied heat-fluxes. NMp 

surfaces, thus, dramatically enhance the boiling heat transfer performance. Improvement of 

the heat transfer coefficient (at 1 W·cm-2) up to 17 times compared to the reference surface 

has been recorded. 

 

Various surfaces with thickness ranging from 50 to 265 µm have been tested for their HTC 

performance in pool boiling experiments. Fig. S2 shows the complete HTC data from pool 

boiling tests of nine different surfaces at a heat flux of 5 W·cm-2. Thicker NMp surfaces 

showed higher HTC after annealing. Additional height of the structure increases the hydraulic 

resistance to the oscillating vapor front and the incoming liquid and therefore slightly inhibits 

the boiling performance, hence the positive relationship between structure thickness and 

performance only exists up to a thickness of 120 µm for the non-annealed structure after 

which thicker structures yield poor performance. The annealing treatment causes the dendritic 

grains to grow and interconnect whereby the thermal conductivity of the structure increases, 

resulting in enhanced micro-layer evaporation at the advancing vapor-liquid meniscus. 
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Abstract 
Presented research is an experimental study of the pool boiling performance of copper surfaces 
enhanced with a newly developed structure. The enhanced surfaces were fabricated with an 
electrodeposition method where metallic nano-particles are formed and dendritically connected into 
an ordered micro-porous structure. To further alter the grain size of the dendritic branches, some 
surfaces underwent an annealing treatment. The tests were conducted with the test objects 
horizontally oriented and submerged in a refrigerant: R134A, at saturated conditions and at an 
absolute pressure of 4 bar. The heat flux varied between 0.1 and 10 W/cm2. The boiling 
performance of the enhanced surfaces was found to be dependent on controllable surface 
characteristics such as thickness of the structure and the interconnectivity of the grains in the 
dendritic branches. Temperature differences less than 0.3 °C and 1.5 °C at heat fluxes of 1 and 
10 W/cm2 respectively have been recorded, corresponding to heat transfer coefficients up to 
7.6 Wcm-2K-1. The micro-porous structure has been shown to facilitate high performance boiling, 
which is attributed to its high porosity (∼94%), a dendritically formed and exceptionally large 
surface area, and to a high density of well suited vapor escape channels (50 – 470 per mm2). 

 
1. Introduction 

Enhanced heat transfer has been a topic of much research over the last couple of decades. Driven by 
the need for smaller and more cost-effective heat exchangers as well as for cooling of constantly 
increasing power dissipation from CPU chips and microprocessors, new and innovative heat 
transfer surfaces are continuously being developed and tested. The improved boiling performance 
of various micro-scale enhancement structures has been reported on numerous occasions and 
informative summaries of these results have been published by Thome (1990) and later by Webb 
(1994). 
 
However, new advances within nano- and micro- technologies are making this development of 
enhanced boiling structures even more interesting with the possible creation of well structured 
surfaces down to the nano-scale. Recent research report that, not only micro-scale, but also nano-
scale structures influence the boiling performance of surfaces. Kang (2000) has shown that 
variations in the nano-roughness of a tube surface, affect the boiling performance of the tube and 
Theofanous et al. (2002) came to the conclusion that nano-scale imperfections and defects were 
sufficient to initiate heterogeneous boiling at low superheats, on a nanoscopically smooth heater. 
And lately, Vemuri and Kim (2005) have reported that a structure with only nano-sized pores was 
promoting lower superheats at boiling incipience. The benefits of combining nano- and micro- 
structures for boiling enhancement has been presented by Honda et al. (2002) who report on the 
improved boiling performance of a silicone structure with a combination of nano-scale roughness 
and micro-scale pins over only employing the micro-scale pins without the nano-roughness. 
 
The present paper reports on the pool boiling performance of a new nanodendritic micro-porous 
copper structure where both micro-scale pores and sub-micron dendritic features are thought to 
contribute to the high performance of the enhanced surface. The nanodendritic micro-porous 
structure features unique characteristics compared to conventional metallic micro-scaled 
enhancement structures. Firstly, the structure is assembled bottom-up by nano-particles, 
significantly smaller in size than what is commonly used in porous enhancement structures, such as 



the 3-10µm sized silver flakes reported by O’Connor and You (1995), or the several tens of microns 
large copper particles found in the well known High-Flux surface, presented by O’Neill et al 
(1971). Secondly, the particles form grains which grow into a regular dendritic network, creating a 
highly porous structure with an exceptionally large surface area. The porosity, of approx. 94%, is to 
be compared with porosities of other porous structures for enhanced boiling applications, which are 
often 50-80%. Thirdly, the micro-scale cavities in the structure, which are so essential to the bubble 
formation and vapor release during boiling, are not just randomly distributed voids in between 
particles of different size and shape, typical of porous enhancement structures, but rather formed 
around escaping vapor during the hydrogen bubble evolution process. This is a manufacturing 
process, which in many ways, mimics the boiling phenomena itself. To the knowledge of the 
author, vapor escape cavities of such shape have not been reported before, for the application of 
boiling enhancement. 
 
The pool boiling tests have been conducted in refrigerant R134A at a constant pressure of 4 bar and 
with the heat flux ranging from 0.1 to 10 W/cm2. Results have been compared with a machined 
copper reference surface and enhancements of more than 16 times have been recorded. 
 

2. Experimental Apparatus and Procedure 
2.1 General Set-up 

The central part of the experimental pool boiling set-up is illustrated in Figure 1. The boiling tests 
were conducted inside a boiling chamber, insulated with 10 mm thick foam insulation, and with an 
internal volume of 50 dm3. The widely used hydroflourocarbon refrigerant: R-134a, was employed 
as test liquid in the experiment. Vapor from the boiling chamber was condensed in an insulated 
condensing chamber, located above the boiling chamber. The condenser was cooled by a secondary 
loop. The refrigerant in the secondary loop was cooled by an external compressor driven 
refrigeration cycle. Saturated liquid from the condenser flowed back into the boiling chamber by the 
influence of gravity.  
 
A pressure transducer (Druck, PDCR911), measuring the vapor pressure of the boiling chamber, 
was connected to a logger (Cambell, M 21x), which every second regulated the condenser effect by 
opening and closing a magnetic valve on the secondary refrigerant loop, to maintain constant 
pressure in the boiling chamber. With this set-up, the desired pressure level could be maintained 
within a range of ±2 mbar during the test runs. Two thermocouples (Pentronics, HF/D-30, type T) 
were employed to measure the liquid temperature and were placed in the middle of the bulk test 
liquid, away from the bubble pathway. 
 

 
 

Figure 1. Schematic overview of test apparatus, 
test objects and teflon insulation block. 

Figure 2. Test object design including a 
cross-sectional illustration of the heat 
dissipation in the test object holder. 



 
2.2 Test Object 

The nanostructured microporous surface was fabricated, before assembly of test object, on one end 
of a 6 mm thick copper cylinder with a diameter of 15 mm. High resistance heating wire (Degussa, 
Isoliert Thermofraht) 14.8 Ω/m was used to make a coil heater, which was attached to the base of 
the copper cylinder using thermoconducting silver epoxy (Circuitworks, CW2400) as illustrated in 
Figure 2. The electrical resistance of the heater was measured with a bench multimeter (Fluke 45 
dual display) to about 3.50 Ω. The resistance of the heater has been tested at different heat fluxes 
within the range of this study and found to be constant. 
 
The copper cylinder was fitted in a cylindrical Teflon casing with a slot machined for the copper 
cylinder. To prevent edge nucleation around the perimeter of the surface, the opening of the slot 
was 14 mm in diameter, creating a 0.5 mm long edge overlapping the copper surface. Epoxy 
adhesive was carefully applied on the inside of the Teflon casing edge to ensure a flush-mounted 
copper cylinder. One 1 mm diameter hole for a thermocouple with a diameter of 0.8 mm was drilled 
into the center of the copper cylinder, 2 mm below the surface. The hole was filled with 
thermoconductive paste (Electrolube, HTC Plus) before insertion of thermocouple and then sealed 
with fast curing epoxy to prevent test liquid from entering the thermocouple well. The void space in 
the teflon casing around the heater was filled with epoxy to create a test object with a plane bottom. 
 
Each test object was tightly fitted in one of the machined slots in an insulating teflon block (thermal 
conductivity of the teflon was 0.35 Wm-1K-1) with the dimensions 240 mm x 40 mm x 85 mm. 
Three test objects could be run simultaneously. Three 1.0 mm in diameter holes, for each test 
object, were drilled through the Teflon block to make room for the two power leads and the 
thermocouple. The reference surface was a copper surface polished with 240 grade emery paper, to 
simulate a plain machined surface. 
 

2.3 Testing Procedure 
The Teflon block, with the test objects, was placed horizontally at the bottom of the boiling 
chamber. A vacuum pump was used to evacuate the chamber to a pressure of less than 8 mbar, 
before it was filled with the test liquid. 
 
Before commencing the test, the pressure (and the corresponding temperature of the test liquid) was 
lowered to 0.5 bar less than desired pressure level. This was done in order to reduce the vapor 
entrapped in the surface structure and thereby gave all tests the same pressure history, which was 
important for the repeatability of the results, as confirmed by Gallagher and Winterton (1985). After 
the desired pressure level had been attained, a waiting period of about 2 hours was needed before 
the temperature difference between the test liquid and the test objects was less than 0.1 °C. The 
heaters of the test objects, connected in series, were supplied with DC power from a computer 
controlled power supply (Instek, PSP-405). The current was measured with the power supply unit. 
The logger and the power supply were controlled with computer software (HPVee, 5.0) with values 
recorded every 3 seconds. 
 
The test series were initiated at a heat flux of 5 W/cm2, upon which the whole surface rapidly 
erupted into nucleate boiling. Heat flux was then increased to a maximum of 11 W/cm2 from which 
it was lowered in steps of approximately 1 W/cm2 per measurement point. Presented values are 
taken from decreasing heat flux. Temperatures were sampled every third second and when 20 
consecutive readings (60 s) from each thermocouple were within an interval of 0.1 °C, the average 
values of the readings were recorded and the heat flux was changed to the next measurement point. 
All test runs were repeated two times with repeatability within the uncertainty limits. 
 



3. Uncertainty Estimates 
An uncertainty analysis of the experimental measurements has been made, where the objective was 
to assess the uncertainty of the reported heat transfer coefficient measurements. The Kline and 
McClintock approach (1953) to describe uncertainty in experiments has been used. The heat 
transfer coefficient (HTC) is a function of 4 independent variables: current through heater (I), 
resistance of heater (R), diameter of boiling surface (d) and temperature difference between surface 
and bulk test liquid (ΔT). Table 1 presents the uncertainty of each variable. The accuracy of the 
temperature measurement had the major influence on the calculated HTC as shown in Table 2. 
Hence, measurements at lower heat flux (resulting in small ΔT) and better performing surfaces (heat 
transfer at small ΔT) had the largest overall uncertainty. The resolution for voltage measurement in 
the data logger corresponded to 0.008 °C and the maximum error to ±0.06 °C with a function error 
(conversion from voltage to temperature) of less than ±0.001 °C in the applicable range. At 
thermally stable condition all temperatures in the experimental set-up were within ±0.04 °C and the 
standard deviation during calibration was less than 0.001 °C. 
 
With the extensive calibration and considering that temperature differences were measured, the 
uncertainty interval for the temperature difference (ΔT) has been estimated to ±0.1 °C (20:1 odds). 
Since the temperature was measured 2mm under the surface (Figure 2), the resulting temperature 
drop between measuring point and surface has been corrected, by using Fourier’s law of conduction 
and with a thermal conductivity of the copper of 400 Wm-1K-1. Table 2 presents the results of the 
error analysis for two different surfaces, the reference surface and an enhanced surface at high and 
low heat flux (1W/cm2 and 10W/cm2 respectively) at 4 bar.   

Table 1. Variables and their uncertainty estimates. 

Variable 
Uncertainty interval for 

variable (20:1 odds) Source of uncertainty estimate 
Current (I) 0.1% x I Instek PSP-405 user manual 

Resistance (R) 0.05% x R Fluke 45 Dual Display Multimeter data sheet 
Surface diameter(d) ±0.1 mm Precision micrometer 

Temp. diff. (ΔT) ±0.1°C Calibration and experience 
Location of 

thermocouple (Δx) ±0.1 mm Precision micrometer 

Table 2. Uncertainty contribution to the heat transfer coefficient from different variables. 

 Reference Surface Enhanced Surface 
Heat Flux Low  

(1.0 W/cm2) 
High  

(10.0  W/cm2) 
Low 

(1.0  W/cm2) 
High 

(10.5  W/cm2) 
HTC (Wcm-2K-1) 0.2 1.0 3.9 7.6 

                              Uncertainty contribution to HTC from variable 
I ±0.2% ±0.2% ±0.3% ±0.3% 
R ±0.1% ±0.1% ±0.1% ±0.1% 
D ±1.4% ±1.4% ±1.8% ±2.2% 
ΔT ±2.2% ±1.0% ±38% ±7.3% 
Δx ±0.1% ±0.3% ±1.0% ±1.9% 

Overall combined 
uncertainty in HTC ±2.7% ±1.8% ±38% ±7.9% 
Heat loss through 
insulation block 12% 4.7% 2.8% 2.6% 



Heat losses through the Teflon insulation has been calculated using a finite element solver 
(FEMLAB 3.0) and free convection correlations from Incropera and DeWitt (2002). Visualizations 
of the heat dissipation through the test object are illustrated in Figure 2 and the relative heat loss is 
presented at the bottom of Table 2. The HTC presented in this work have not been adjusted for the 
quantified heat loss.  
 

4. Enhanced Surface 
Only a brief overview of the fabrication of the structure will be presented here, for more details 
regarding the manufacturing of the structure and the influence of various parameters, readers are 
referred to Li (2004) and to Shin et al. (2003). The fundamentals of the electrochemical deposition 
process are illustrated in Figure 3. A polished copper cylinder was used as the cathode and a copper 
plate was used as the anode. The two electrode surfaces were fixed parallel in the electrolyte. The 
electrolyte was a solution of sulphuric acid (H2SO4) and copper sulphate (CuSO4). During the 
deposition a constant DC current was applied, using a precision DC power supply (Thurlby-
Thandar TSX3510). The deposition was performed at a room tempered, stationary electrolyte 
solution without stirring or N2 bubbling. 

 
Figure 3. Overview of the electrochemical deposition process. 

a.  b.  

c.  d.  

Figure 4 a-c) SEM images of the micro-porous dendritic structures. d) TEM image of part of 
dendritic branch. 



 
Electrodeposition is recognized as a suitable process to build and modify three-dimensional 
structures, see Xiao et al. (2004). Hydrogen evolution during electrodeposition is usually 
suppressed, since it causes low current efficiency and decreases the density of the deposited metal 
layer. However, in this work, the hydrogen bubble evolution on the cathode is precisely the process, 
as first explained by Shin et al (2003), that leads to the desirable micro-porous structure. SEM and 
TEM images of the micro-porous structure and the dendritic sub-structure are shown in Fig 4a-d. 
Detailed analysis of the dendritic branches showed that the branches comprise nano-sized grains 
between 10-20 nm. During the deposition, the growth of the dendritic copper structure was blocked 
by the hydrogen bubbles, wherefore the hydrogen bubbles functioned as a dynamic masking 
template during the deposition, Fig 3. The hydrogen bubbles depart from the surface, rise and merge 
into larger bubbles, and as a result the pore size of the deposited copper structure increase with 
distance from the surface, which can be clearly seen from SEM images of structures fabricated with 
various deposition time.  
 
To alter the grain size, the structure underwent an annealing process. After the annealing, the micro-
porous structure remained intact (pore size, thickness, pore density), but the sub-micron related 
features of the structure changed due to the growth of the grain size of the dendritic branches. 
Figure 5 shows a surface before (A and C) and after (B and D) annealing. As the grains grew during 
annealing treatment, also the interconnectivity and the stability of the whole structure increased, 
which was easily verified visually. 
  

 

 
 
 
 

a.  b.  

c.  d.  

Figure 5. Dentritic structure before (a,c: left side) and after (b,d: right side) annealing. 

C D



5. Experimental Results and Discussion 
Table 3 presents a summary of some structure characteristics of the six surfaces that have been 
tested. Figure 6 shows boiling curves of the eight different surfaces, including the reference surface. 
To further illustrate the boiling characteristics of the different structures, Figure 7 has been 
included, which shows the heat transfer coefficient vs. heat flux. As seen in Figure 6, the reference 
surface closely follows the well-known correlation suggested by Cooper (1984) (4 bar, 2 RP). All of 
the enhanced surfaces sustained nucleate boiling at lower surface superheat than the reference 
surface. The 120μm-annealed (120µm-a) and 220μm-a surfaces performed better than their non-
annealed counterparts up to 7 W/cm2, above which the non-annealed surfaces performed slightly 
better.  
 
At low heat flux, the annealed surfaces, 120μm-a and 220μm-a, performed exceptionally well with 
surface superheats of approx. 0.3 °C at 1 W/cm2. This is to be compared to 4.4 °C for the reference 
surface at the same heat flux, which is an improvement of the HTC with over 16 times. At high heat 
flux, 10 W/cm2, non-annealed surface, 120μm, had a superheat of 1.4 °C, when the reference 
surface was recorded at 9.4°C, an improvement of almost 7 times of the HTC.  

Table 3. Tested surfaces. 

Structure 80 µm 120 µm 220 µm 120 µm-a 220 µm-a 265 µm-a 
Thickness 
(µm) 80 120 220 120 220 265 

Pore 
Diameter 
(µm) 

30 45 65 45 65 105 

Pore Density 
(N/mm2) 470 150 100 150 100 75 

Porosity (%) 94 92 94 94 93 94 
Annealing No No No Yes Yes Yes 
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Figure 7. Heat Transfer Coefficient vs. 
Heat Flux, including uncertainty estimates 
for two surfaces. 



The remarkably effective heat transfer capabilities of the structure are suggested to be caused by the 
following characteristics of the structure;  
 

5.1 Suitable Vapor Escape Channels 
The pores in the structure, seen from a top view in Figure 4a and Figure 5a-b, are believed to act as 
vapor escape channels during the boiling process. Since the pores are formed by the template of the 
rising hydrogen bubbles during the electrodeposition process, (Figure 3), trails of growing and 
interconnected pores are left, shaping channels which penetrate the whole structure from the base to 
the top. This feature, together with the high pore density: 470, 150, and 100 per mm2 at different 
heights of the structure: 80, 120, and 220μm respectively, ensure that the vapor produced, during 
evaporation inside the structure, can quickly be released with low resistance from the dendritic 
structure. The interesting resemblance between the manufacturing process of the structure and the 
boiling phenomena itself is striking. The departing hydrogen bubbles are seeking the lowest 
resistance path, thus creating low impedance vapor escape channels. 
 

5.2 High Porosity 
The unusually high porosity of the structure (calculated by comparing the measured density of the 
structure with the density of copper) promotes the influx of liquid and the outflow of vapor. With 
low hydraulic resistance, one-phase liquid flow within the structure could also contribute 
considerably to the transfer of sensible heat. Since the sensible heat transfer can account for a 
significant part of the heat transferred from enhanced structures, as shown for a porous particle 
layer by Kim et al. (2002) and for the Thermoexcel-E surface by Nakayama et al. (1980), the high 
porosity of the structure is a central feature which contributes to its efficient boiling performance. 
 

5.3 Dendritic Branch Formation 
The structure, as seen in Figure 4 and 5, features an exceptionally large surface area, which could 
facilitate large formations of thin liquid films with high evaporation rates, as initially suggested by 
O’Neill et al. (1971) for the porous High-Flux surface and visually documented by Nakayama et al. 
(1980). Further, the dendritic branch formations in the structure, with its jagged cross-section, may 
generate a long three-phase-line formed by intersection of the vapor-liquid interface with the 
dendritic branches, which Mitrovic (1998 and 2005) presented as an important boiling enhancing 
mechanism in protruding micro-structures.  
 
The boiling characteristics of the annealed vs. the non-annealed surfaces seem to indicate that there 
was an influence of the surface irregularities on the dendritic branches, formed by the micron to 
sub-micron scale particles. The larger surface area of dendritic branches of the non-annealed 
structures, as seen in Figure 5, could be the explanation to the continued increase of the HTC, even 
at higher heat flux, as seen in Figure 7.  
 
At lower heat flux, the improved interconnectivity of the grains, on a nano- and micro scale, 
resulting in increased thermal conductivity of the annealed structures, is suggested as an explanation 
to the improved performance of the annealed structures over the non-annealed structures. Among 
the annealed surfaces, thicker structures performed better than thinner ones, but for the non-
annealed structures, the performance was diminishing with structures of greater thickness than 
120 μm. This behavior could be related to the thickness of the superheated thermal boundary layer, 
as described by Chang and You (1997). Additional height of the structure, beyond the thickness of 
the thermal boundary layer, increases the hydraulic resistance to the vapor and liquid flow inside the 
structure and therefore inhibits the heat transfer performance of the structure. The thickness of the 
superheated thermal boundary layer is a function of the thermal conductivity of the structure. 
Hence, the annealed structures, with their improved thermal conductivity, displayed better 
performance with increased thickness, even beyond 120 µm. 



 
6. Conclusions 

A new nanodendritic microporous copper structure has been manufactured and tested for its boiling 
heat transfer capabilities. Tests of seven different structures with various features were conducted in 
a pool of saturated R134A at a pressure of 4 bar and at heat flux in the range of 0.1 to 10 W/cm2. 
Possible reasons for the high boiling performance of the structure have been discussed. Main 
conclusions from the study were: 

 The structure has been shown to display excellent boiling characteristics with heat transfer 
coefficients over 3.6 and 7 W/cm2K at 1 and 10 W/cm2 respectively. 
 Annealing treatment increases the grain size of the dendritic branches and improves the 

connectivity between the grain. The micro- and sub-micron scale alterations to the structure are 
suggested as explanations to the improved the heat transfer capabilities of the structure after 
annealing. 
 The suitability of the structure as an enhanced boiling surface has been attributed to its high 

porosity (∼94 %), a  dendritically formed and exceptionally large surface area, and to a high 
density of well suited vapor escape channels (50 – 470 per mm2). 
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