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ABSTRACT 

Nano-micro materials enabled thermoelectricity from window glasses 

Publication No. ______________ 

Salman Bin Inayat 

 

With growing world population and decreasing fossil fuel reserves we need to explore 

and utilize variety of renewable and clean energy sources to meet the imminent 

challenge of energy crisis. Solar energy is considered as the leading promising 

alternate energy source with the pertinent challenge of off sunshine period and uneven 

worldwide distribution of usable sun light. Although thermoelectricity is considered as 

a reasonable energy harvester from wasted heat, its mass scale usage is yet to be 

developed. By transforming window glasses into generators of thermoelectricity, this 

doctoral work explores engineering aspects of using the temperature gradient 

between the hot outdoor heated by the sun and the relatively cold indoor of a building 

for mass scale energy generation. In order to utilize the two counter temperature 

environments simultaneously, variety of techniques, including: a) insertion of basic 

metals like copper and nickel wire, b) sputtering of thermoelectric films on side walls 

of individual glass strips to form the thickness depth of the glass on subsequent curing 

of the strips, and c) embedding nano-manufactured thermoelectric pillars, have been 

implemented for innovative integration of thermoelectric materials into window 

glasses. The practical demonstration of thermoelectric windows has been validated 

using a finite element model to predict the behavior of thermoelectric window under 

variety of varying conditions. MEMS based characterization platform has been 
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fabricated for thermoelectric characterization of thin films employing van der Pauw 

and four probe modules. Enhancement of thermoelectric properties of the nano-

manufactured pillars due to nano-structuring, achieved through mechanical alloying 

of micro-sized thermoelectric powders, has been explored. Modulation of 

thermoelectric properties of the nano-structured thermoelectric pillars by addition of 

sulfur to nano-powder matrix has also been investigated in detail. Using the best 

possible p and n type thermoelectric materials, this novel energy generation technique 

promises 304 watts of thermoelectricity from a 9 m2 glass window utilizing 

temperature difference of 20 OC. In addition to be useful even during off sunshine hours 

of the day, these energy harvesting windows will be capable of power generation even 

in the absence of a cooling systems inside the building as long as a natural 

temperature gradient exists between the two counter environments. With an 

increasing trend of having the exterior of buildings and high rises entirely made up of 

glass, this work offers an innovative transformation of these building exteriors into 

mass scale energy harvesters capable of running average lighting loads inside the 

building hence providing a complimentary source of electricity to the main power grid. 
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Chapter 1: Introduction 

Peak oil is an imminent challenge – a time when global oil production wells will 

churn out its maximum and will decline rapidly down its peak (Fig. 1.1). On the 

downhill, the imbalance between supply and demand of oil is bound to trigger an 

avalanche debacle. A combination of soaring commodity prices and a resultant 

scarcity of oil dependant products can lead a further disturbance of trade trends.  

 

Fig. 1.1 Global production of crude oil indicating peak oil already passed [1].  

Nothing remains young forever. Capacity of fields to throw up their reservoirs 

declines with time. According to International Energy Agency (IEA), the current rate 

of oil field decline is almost 7% per year which would grow up to 9% per year in 

near future. The decline of field is evident from recent production trends of  

Over the past decade new exploration rate has declined and future discoveries 

failing to justify the energy budget required for drilling new wells, while current 

production seeing its peak, world's energy needs cannot rely heavily on oil for long.  

Today's growing economies have pushed up their consumption of oil at 
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unprecedented rate in order to support their development. China doubled its oil 

consumption in a decade, while India is expected to triple its current consumption 

by 2020. 

Saudi Arabia, ever since the discovery of its rich oil reserves, has been carrying the 

greatest share of global oil burden. In 2004, New York Times prompted the decline 

of Saudi Arabian oil fields, questioning the industrial states of their contingency 

plans once the Kingdom bows out from its servicing of world's oil needs.  

Among the four largest oil fields in the world, Saudi Ghawar tops the list, quenching 

6% of world's daily oil thirst. But there are some serious concerns waiting. The once 

original oil column of Ghawar stood 1300 feet thick, now has reduced to 150 feet. 

The pressure in the field has declined, requiring huge amounts of water to be 

injected into the well to draw out oil, which resultantly comprises of water as half 

the constituent. Chip Haynes in his article, "Ghawar is Dying" writes, " with the 

death of Ghawar will undoubtedly come the deaths of humans [2]", emphasizing a 

bitter indicator, it is time to harness renewable. Ghawar is 30% of Saudi reserves. Its 

deterioration means production peak for Saudi oil, if has not passed, is close. 

Matthew R. Simmons, leading proponent of peak oil theory pointed out in his book 

"Twilight in the Desert", that once Saudi oil is past its peak, world oil is past its peak. 

Dr Colin J. Campbell [3] has indicated that the depletion gap for conventional oil is 

far too wide for non conventional oil to fill in and hence the world's oil is past its 

peak. The demand for oil is unlikely to shrink and future cannot make up for the 

wide band difference with falling productions. The nature of the outcome depends 
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upon how humanity responds to the alternate sources available to survive their 

energy dependant life styles. 

The reason to end oil age should not be its scarcity but the urge to shift our reliance 

to more redundant sources at the right point in time. Delayed investment can have 

consequences of far greater decline in net energy production compared to a wise 

inclination towards alternates before we slide down the blip [4] (Fig. 1.2).  

 

Fig. 1.2 Consequences of delayed investment into the renewables. 

Sun offers 178000 terawatts of energy irradiant  onto the Earth's atmosphere, that 

when harnessed promises a silent, clean and extremely renewable energy 

generation. Systems running on solar are eco friendly and extremely green, free of 

any hazardous waste. Solar is extremely modular, from backing up grid tied 

households, to powering up off-grid rural areas, and down to running milli- and 

micro level devices. Solar driven systems last long with minimal maintenance with 
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the greatest advantage, their source is free and unlimited. 

1) The region is not only blessed with the richest oil reserves on globe but Saudi 

Arabia is also the largest receiver of solar irradiance , in excess of 6kWh/m2 falling 

in a day5 (Fig. 1.3). It holds the maximum potential for moving towards renewable 

offering of nature and hence shedding off its precious oil with the excessive burden 

it carries to meet the rising power demands of the country.  

 

Fig. 1.3 Daily solar irradiance over Saudi Arabia [5]. 

By 2015, Saudi Arabia electricity demand will surpass 45000 MW while prospective 

generation remaining below 40000 MW. It is time for the Kingdom to invest serious 

wisdom not just to photovoltaic but rather more unconventional applications to 

scavenge useful electricity from its prosperous reservoir of enormous solar 

irradiance otherwise going wasted.  

We intend to present to the Kingdom and the world, harvesters of green energy 

using the temperature difference between the rich supplies of solar heat and the 
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ubiquitous ambient environment around us. And employ this temperature gradient 

to scavenge mass scale thermoelectric (TE) power.  

Unconventional they may sound, but very novel, these applications will scavenge 

electricity from direct solar irradiance during daytime, while during off sun hours 

will still be capable of utilizing the hot temperature heated by Saudi sun to generate 

ample amount of electricity. An added advantage of Kingdom's energy awareness 

quartets must very keenly look at. 

We have demonstrated, for the first time, a novel design using thermoelectric 

materials to generate electricity employing thermoelectric conversion using already 

existing differences between outdoor and indoor temperatures. The temperature 

difference is employed to generate electric power out of thermoelectric generators 

(TEG) fabricated through the interface rather than placed on it. 

This interface can be a glass window, a brick wall, a wooden door or any number of 

other materials. These objects would fulfill their primary purpose for which they are 

manufactured with complete integrity, while our power generation model will 

render them a dual function, making these common objects, harvesters of electric 

power. 

Concept 

In semiconductor and pure conductors, the transport of electrons and phonons is 

mutually coupled. In other words, an application of a temperature gradient 

establishes an electric field inside the material and mutually an electric field 
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develops a thermal gradient inside the system. the two phenomenon can be coupled 

together through the following equations, 

J =  σE −  σS∇T                 (1.1) 

𝑞 = 𝜋𝐽 − 𝑘∇𝑇                 (1.2) 

where   J   is   the  current  density,  E   is   the  electric   field,  q   is   the  heat   flux  and  π   is the 

Peltier coefficient described as the ratio of heat flux to the current density in the 

absence of any thermal gradient, σ   is   the   electrical   conductivity,   S   is   the   Seebeck  

coefficient and k is the thermal conductivity of the material. 

From Maxwell's equation of continuity and definition of heat flow,  

∇J = 0                  (1.3) 

∇𝑞 =  𝐸. 𝐽                  (1.4) 

electric field E can be further expressed in terms of potential difference 

𝐸 =  − ∇ 𝑉                  (1.5) 

After re-arranging we can arrive at the coupled equations for the thermoelectric 

systems that represent the interdependence of the heat flux and the electric field 

inside the system. 

∇. ((𝜎𝑆2𝑇 +  𝑘)∇𝑇)  =  𝜎 ((𝜕𝑉
𝜕𝑥

2
) + (𝜕𝑉

𝜕𝑦

2
) + (𝜕𝑉

𝜕𝑧

2
)  +  𝑆 ((𝜕𝑇

𝜕𝑥
𝜕𝑉
𝜕𝑥

 +  𝜕𝑇
𝜕𝑦

𝜕𝑉
𝜕𝑦

 +  𝜕𝑇
𝜕𝑧

𝜕𝑉
𝜕𝑧

)) (1.6) 

∇. (𝑆𝜎∇𝑇)  +  ∇. (𝜎∇𝑉)  =  0              (1.7) 
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In the early 1800s, Seebeck discovered that if two dissimilar materials coupled 

together with the two junctions subjected to different temperatures (TH and TC), a 

potential   difference   (ΔV)   is   created   across   the   junction   proportional   to   the  

temperature   difference   (ΔT   =   TH – TC). The temperature gradient causes the 

majority carriers to move away from the hot junction towards the cold junction 

resulting in a net flow of current through the device on application of an appropriate 

load (Fig. 1.4). The ratio of the generated voltage to the temperature gradient is 

termed as thermo-power or Seebeck coefficient S. 

𝑆 =  ∆𝑉/∆𝑇               (1.8) 

In an open circuit condition the majority carriers inside the TE material diffuse due 

to the temperature gradient until an electric field is developed to oppose any further 

diffusion. As a result thermoelectric materials can convert thermal energy into 

electrical energy making them ideal candidates for renewable energy applications 

using abundant reservoirs of heat, otherwise being wasted.  

 

Fig. 1.4 Thermoelectric phenomenon. 
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Seebeck coefficient is much larger for semiconductors compared to metals.  

Semiconductors based thermoelectric systems comprise of complimentary p and n 

type thermoelectric materials coupled together electrically in series and thermally 

in parallel to constitute an electric circuit that responds to the application of a 

thermal gradient. From the theory of semiconductors, the p type materials have a 

positive Seebeck coefficient, while n type materials are attributed with a negative 

Seebeck coefficient. When coupled together in series in an electric circuit, the 

opposite nature of Seebeck coefficients for the complimentary semiconductors 

facilitate a natural uninterrupted flow of electric current in a closed circuit loop. 

Commercially available thermoelectric modules consist of multiple pairs of these 

complimentary thermoelectric materials coupled together electrically in series and 

thermally in parallel. According to the ohms law, the output from multiple number 

of thermoelectric pairs connected in series is an overall sum of the thermoelectric 

power generated by the individual pair. Therefore it is desirable to optimize the size 

of each pair to accommodate maximum number of thermoelectric pairs inside a 

given area of a module for maximum output. 

Performance of thermoelectric materials is evaluated on the basis of unit less figure 

of merit  

𝑍𝑇 =  (𝜎𝑆2/𝑘) 𝑇              (1.9) 

Where,   σ   is   the   electrical   conductivity,   S   is   the   Seebeck   coefficient   and   k   is   the  

thermal conductivity of the material. For decades, research has been focused at 

increasing ZT above 1. Electrical conductivity and thermal conductivity are 



26 
 

interdependent. Thermal conductivity k is comprised of a lattice component kL and 

an electronic component ke. Any attempt to increase the electrical conductivity in 

order to improve ZT, causes the thermal conductivity to increase as well due to 

increasing ke. Evolving techniques to reduce kL while increasing the electrical 

conductivity simultaneously can result in overall increase in ZT.  

The efficiency of a thermoelectric system is a measure of how much heat flux falling 

on the system is transformed into useful output power Pout, and is dependent upon 

ZT. 

𝜂 =  𝑃𝑜𝑢𝑡/𝑄             (1.10) 

η =  ∆T
TH

[√1+ZT− 1

√1+ZT− TC

TH

]           (1.11) 

Where 𝜂 is the efficiency, TH is the temperature on the hot side and TC is the 

temperature on the cold side of the module, while Q is the incident heat flux on the 

module. 

The field of thermoelectric generation had been at stagnation with the figure of 

merit for various materials, ZT, coming to saturation (Fig. 1.5). Efforts to improve 

the Seebeck coefficient and electrical conductivity without increasing the thermal 

conductivity had not succeeded to appreciable amounts [6]. With these constraining 

issues, the efficiency of thermoelectric generators prevents them from being the 

first choice for mass scale renewable energy option. However, recent advances in 

fabrication techniques of low dimensional structures like quantum dots and super-

lattices, has shown significant improvement in ZT values. Rama 

Venkatasubramanian [7] achieved the highest reported ZT of 2.4 in p type 
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Bi2Te3/Sb2Te3 superlattices at 300K. They  grew these phonon blocking electron 

transmitting heterostructures by low temperature metallorganic chemical vapor 

deposition technique that favored obtaining the high ZT values. T.C. Harman [8] 

used molecular beam epitaxy to grow PbSeTE/PbTe quanutm dot superlattices with 

ZT of 1.6 at 300K. Akram Boukai [9] showed a 100 fold improvement in the figure of 

merit compared to  bulk silicon using silicon nanowires with cross sectional area of 

20nm x 20nm to get a ZT of 1 at 200K. Bed Poudel [10] used BiSbTe nanocrystalline 

bulk materials made by hot pressing nanopowders ball milled from crystalline 

ingots to reduce the thermal conductivity due to phonon scattering at the grain 

boundaries resulting in a ZT of 1.4 at 373K. Kuei Fang Hsu [11] reported ZT of 2.2 in 

AgPb18SbTe20 and attributed it to the presence of quantum nanodots in these 

materials. Joseph P. Heremans [12] introduced thallium impurities in PbTe inorder 

to scatter the phonons and hence reduce the thermal conductivity. This approach 

allowed to achieve a ZT of 1.5 at 773K. X. W. Wang [13] reported a ZT of 1.3 at 

1173K in n type nanostructured SiGe bulk alloy. The increase in ZT resulted from 

the enhanced phonon scattering off the increased density of nano-grain boundaries.  
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Fig. 1.5 Status quo of thermoelectric materials with respect to their figure of merit, 

ZT at various temperatures [7 - 13]. 

 
Thermoelectric systems commonly target two ends of the energy scale spectrum. At 

the lower end these systems are fabricated to produce milliwatts of energy to power 

micro devices using a small temperature gradient of only a few Kelvins. At the 

higher end of the spectrum, thermoelectric generators are subjected to temperature 

gradients of hundreds of Kelvins, typically in industrial applications or engines to 

produce kilowatts of energy. Our work aims at extension of TE systems at lower end 

of the spectrum (used for micro-devices), to a large coverage area, using abundant 

and unlimited source of temperature gradient between outside solar and ambient 

inside, for mass scale energy generation. 

Our low temperature thermoelectric system for mass scale energy harvesting 

overcomes the problems associated with its smaller energy scale counterparts. First, 
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the low temperature gradient produces a very small output voltage in a micro TEG. 

This low output makes it very difficult to charge up an energy storage device like a 

battery. This requires voltage boosters that are not only miniaturized but should 

also be highly efficient. With our thermoelectric system spanning a large coverage 

will multiply the output voltage manifolds, either eliminating the need for charge 

storage altogether or else employed one with less critical requirements. The other 

problem that our low temperature mass scale thermoelectric generator addresses is 

the load variation which is further compounded by output fluctuations with 

changing temperature gradient at such low temperatures. Designing and integrating 

power conditioning circuitry at micro scale becomes a hard challenge. Our macro 

sized mass scale energy harvesters will easily accommodate the use of large sized 

maximum power point trackers (MPPT) with high efficiency.  

 Thermoelectric systems have not been employed commonly for mass scale energy 

generation utilizing the temperature gradients existing between outdoor 

(environment) and indoor (inside room), due to design limitations [14]. 

Thermoelectric generators can be classified into two broad categories on the basis 

of their design setup. In lateral design the thermocouples are laid out horizontally 

and the flow of heat is also lateral through the thermocouples. Alternatively, the 

vertical setup has the thermocouples standing in a vertical fashion and the flow of 

heat is from top to bottom or vice versa through the device (Fig. 1.6).  
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Fig. 1.6 Conventional Thermoelectric Generator Modules a) Lateral b) Vertical. 

Thermoelectric generators reported through publications or being manufactured 

commercially fall in one of these two categories. TEGs reported by D.M. Rowe [[15] 

and H. Glosch [16] have a lateral layout, where as those reported by G.J. Snyder for 

JPL [17], H. Bottner for Micropelt [18], M. Kishi for Seiko [19] and many others have 

their thermocouples laid vertically on their respective substrates. Both these design 

versions require the two counter temperature environments to be simultaneously 

accessible to the hot and cold side of the generator (Table 1.1).  

This requirement strictly eliminates the presence of any interface between the two 

temperature environments. With these conventional design basics, it is not possible 

to make use of the phenomenon of thermoelectric generation at various innovative 

reservoirs of counter temperatures having blocking interfaces in between them. For 
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example, blocking structures like windows and doors make it impossible to 

generate thermoelectricity using the rich supply of hot outdoor environment and 

indoor ambient. By placing the thermoelectric generator on the outer side of a 

window (or vice versa) allows access to the sun heated outside temperature but 

indoor temperature is prevented altogether from influencing the cold side of the 

generator because of the intermediate blocking window.  

Reference 15 16 17 18 19 

Design Lateral Lateral Vertical Vertical Vertical 

Thermal 

Gradient 

Same side of 

substrate 

Same side of 

substrate 

Same side of 

substrate 

Same side of 

Substrate 

Same side 

of substrate 

Material p-Si, n-Si Al, n-Si p-Sb2Te3,       n-

Bi2Te3 

p-(BiSb)2Te3,       

n-Bi2Te3 

p-BiSbTe,       

n-Bi2Te3 

Seebeck 

Coefficient 

(µV/K) 

530 240 - 340 200 

Deposition 

Method 

Ion 

implanting 

Evaporation/ 

Doping 

Electrochemical 

deposition 

(ECD) 

Sputtering Sintering 

Table 1.1 Comparison of some of the thermoelectric modules published or 

commercially available. 
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Our work aims at mass scale thermoelectric generation with the novelty of 

transforming the interface like glass window, that prevents thermal gradient that 

exists between outdoor solar heat and relatively cold indoor to be applied onto the 

thermoelectric materials, into generator of thermoelectricity by placing the 

thermoelectric materials through the interface as shown in (Fig. 1.7) rather than 

placing them on either side of it. We have successfully transformed glass interfaces, 

using a variety of techniques described in subsequent chapters, into thermoelectric 

generators by extending the thermoelectric materials through the entire thickness 

of these interfaces so that the embedded thermoelectric materials can be influenced 

by the two temperature environments that exist on the two sides of the interface 

simultaneously resulting in a stable and highly repeatable thermoelectric power 

extracted out of these novel generators of electricity. 

 

Fig. 1.7 Novel through the interface thermoelectric generation. 
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      Design of Experiment for Thermoelectric Window Fabrication 

 
 

 

Prepare the host substrate for embedding 
thermoelectric materials through it 

 

Choose the type of thermoelectric material from 
bulk, thin film or nano-materials, based on the 
feasibility of deposition techniques available 

Select a viable technique from sputtering, e-beam evaporation or nano-
manufacturing based on efficient batch manufacturing requirements and 

enhanced thermoelectric performance 

Highly interdependent 

Material Characterization 

Thermoelectric materials deposition or insertion ensuring the thermoelectric 
materials extend from one face of the glass window to the opposite face. 

Interconnections of complimentary thermoelectric legs followed by electrical testing 
of the fabricated assembly for thermoelectric response 

 

Process optimization and expansion to a large coverage full fledge power 
generating window 
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The validity of the concept was tested with a finite element modeling of a 

thermoelectric window using COMSOL Multiphysics software. Chapter 2 presents 

the behavioral analysis of a thermoelectric window system using a model based on 

pair of complimentary n and p type thermoelectric pillars embedded through glass. 

Thermoelectric characterization of the materials used in the window is essential for 

establishing facts behind the output of the system. These materials when deposited 

inform of thin films and nanowires require custom made characterization platforms. 

A micro electro-mechanical systems (MEMS) based characterization test device was 

fabricated capable of characterizing thin films and nanowires for Seebeck 

coefficient, thermal conductivity and electrical resistivity. Chapter 3 discusses the 

various techniques for such characterizations and describes in detail the design and 

fabrication of our test device. 

The major challenge of integrating the thermoelectric materials through window 

glasses has been addressed in a variety of ways during the course of this research 

work. Chapter 4 describes the method of embedding rudimentary thermoelectric 

materials like copper and nickel wires in an array through a 5 mm thick plastic, to 

build a thermoelectric system which verified for its functionality of stable 

0.1 mW/cm2 power generation at a temperature difference of 23.5 °C for over 2 

hours [20]. 

In chapter 5, another attempt is discussed where a larger Plexiglas panel was made 

out of smaller strips of the Plexiglas joined and cured together into a larger panel 

[21]. Practical demonstration of making a large glass panel with this indirect 
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technique opens up an innovative TE material deposition option. The 

complimentary TE materials were sputter deposited on the inner sidewalls of the 

individual strips, such that on curing, these sidewalls formed the thickness depth of 

the glass panel with the TE materials effectively embedded through the panel. This 

technique was successfully implemented for two different types of layouts for TE 

materials deposition and the approach showed promising initial results in terms of 

output power. 

Nano-manufacturing of thermoelectric nano-materials was implemented to 

integrate inside (through) a glass by hot pressing the ball milled nano-powders into 

pillars [22]. These pillars, having lengths comparable to the thickness of glass were 

seamlessly integrated inside through holes in glass and finally connected using 

custom built copper interconnects. Chapter 6 and chapter 7 present the 

experimental detail and results of using different sets of materials as nano-

manufactured thermoelectric pillars inside prototype thermoelectric window 

devices of different sizes. 
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Chapter 2: Finite Element Modeling of Thermoelectric 

Window 

We have supported our practical demonstration of a thermoelectric window using 

11.5 cm × 11.5 cm prototype Plexiglas panel with a finite element analysis of a 

similar system using COMSOL Multiphysics software. The model has not only 

validated the concept of a viable thermoelectric generation using the proposed 

scheme but also has assisted us in predicting the behavior of the target application 

under different temperature conditions. 

Finite Element Modeling 

Finite Element Modeling (FEM) is a widely known system level behavior analysis 

tool to predict and analyze the various factors contributing to performance before 

embarking on practical implementation of actual product. FEM helps to emulate the 

real world behavior of the system under consideration under variety of influencing 

conditions. Based on FEM outcome essential decisions can be made towards the 

refinement of the product design avoiding unwanted iterations in actual prototype 

and unnecessary time delay involved in these iterations. 

Modeling thermal transfer or heat exchange in systems is challenging due to the 

complexity of the governing heat exchange equations [1]. Finite element modeling is 

a highly capable tool for simultaneously incorporating and solving the electrical and 

heat equation leading to a close approximation of real world problem. In addition, 
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FEM allows non linear 3-D models to successfully converged on solutions which can 

be time consuming, if not impossible, with other modeling means. 

A larger structure is divided into fine points or nodes which are interconnected to 

form a grid like network called a mesh. The mesh is governed by defining variables 

which respond to a set of influencing conditions. The region that extends from a 

node to the adjacent ones is called an element. In order to find a solution for the 

entire structure, an approximate solution is assumed for individual elements which 

then uses the defined boundary conditions to converge upon a final solution by 

solving a stiffness matrix which defines the material properties of the structure. 

Governing Equations Involved in the Model 

The heat flow equation and charge continuity equation in thermoelectric materials 

are same as given in [2]: 

𝜌𝐶 𝜕𝑇
𝜕𝑡

 +  .𝐪 = �̇�             (2.1) 

. 𝐉 +  ∂𝐃
∂𝑡

= 0            (2.2) 

𝐄 = −𝜑             (2.3) 

These equations are coupled through the following constitutive field equations 

𝐪 =  []. 𝐉 −  [].𝑇            (2.4) 

𝐉 =  [σ]. (𝐄 −  [α].𝑇)           (2.5) 

𝐃 =  [𝜀].𝐄             (2.6) 
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The static coupled thermoelectric equations can then be re-written as  

. ([]. 𝐉)  −  . ([].𝑇) = �̇�           (2.7) 

. ([σ]. [α].𝑇) + . ([σ].𝜑) = 0          (2.8) 

By rearranging (7) and (8) one can solve for the field variables, T (Temperature) and 

Voltage (V). The rearranged partial differential equations are then given by: 

−((𝜎𝛼2𝑇 + )𝑇) − (𝜎𝛼𝑇𝑉) = 𝜎((𝑉)2 + 𝛼𝑇𝑉)           (2.9) 

(𝜎𝛼𝑇) + (𝜎𝑉)= 0         (2.10) 

where, 

𝜌 = density, kg/m3 

𝐶 = specific heat capacity, J/(kg-K) 

𝑇 = absolute temperature, K 

�̇� = heat generation rate per unit volume, W/m3 

𝐪 = heat flux vector, W/m2 

𝐉 = electrical current density vector, A/m2 

𝐄  = electric field intensity vector, V/m 

𝐃 = electric flux density vector, C/m2 

[] = thermal conductivity matrix, W/m-K 
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[𝜎] = electrical conductivity matrix, S/m 

[𝛼] = Seebeck coefficient matrix, V/K 

[] = T[𝛼] = Peltier coefficient matrix, V 

[𝜀] = dielectric permittivity matrix, F/m. 

COMSOL FEM allows a great degree of freedom in solving thermoelectric problems. 

Not just that it allows for incorporating the thermoelectric governing PDEs but the 

newer versions even provide an option for inserting separate thermoelectric 

physical interface into the existing heat transfer module introducing greater 

leverage for fine tuning different variables to analyze their impact on the overall 

system. 

Design Details 

The COMSOL design of the thermoelectric system embedded inside a glass interface 

has been chosen to closely replicate the thermoelectric window system that uses the 

temperature difference between solar heated outdoor and relatively cold inside of a 

building. A full coverage window will house thousands of complimentary 

thermoelectric legs, but modeling such a large system is beyond the realistic 

computational power of even a sophisticated package like COMSOL. 

We have chosen a single pair of complimentary thermoelectric legs (pillars) 

integrated inside a glass substrate (Fig. 2.1). The height of the thermoelectric legs is 

5 mm comparable with the thickness of the glass substrate. The glass substrate has 
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been chosen to be 5 mm to match the thickness of the glass used in experiment. The 

thermoelectric legs are 5 mm in diameter, once again following the dimensions of 

the hot pressed thermoelectric pillars used in the actual experiment. The design is 

completed by connecting the thermoelectric with 1 mm thick copper interconnects. 

Modeling results from this single pair design can be extrapolated for as many 

numbers of legs as chosen for a full coverage glass window assuming the heat flux 

will be constant across the entire leg array. 

 

Fig. 2.1 Design of the single pair thermoelectric glass panel for FEM. 

Implementation 

The bottom copper contacts are chosen to be the hot side maintained at the 

temperature of a solar heated outdoor. The top copper contact is held at room 

temperature. 

Bismuth Telluride (Bi1.75Te3.25) and (Bi0.4Sb1.6Te3) have been chosen as the n and p 

type thermoelectric materials respectively. The thermoelectric properties for each 

of the two materials have been selected as of the as-purchased powders used in the 
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experimental version to be discussed in chapter 7 [3]. (Table 2.1) lists the values of 

the Seebeck coefficient, thermal conductivity and electrical conductivity for the two 

materials. 

Property 

Material 

Seebeck 
Coefficient 

(µV/K) 

Thermal 
Conductivity 

(W/mK) 

Electric Resistivity 

µΩ-m 

Bi1.75Te3.25  (n type) -140 1.18 500 

Bi0.4Sb1.6Te3 (p type) 160 0.98 200 

Table 2.1 Thermoelectric properties of n and p type materials at room temperature 

[3]. 

Mesh 

The charge carriers when passing through the junction between the TE and the 

interconnect materials, tend to release or absorb energy, in form of heat, depending 

upon the type of barrier created at the junction. This heat exchange is necessary to 

maintain the electrical continuity through the system. While modeling the 

thermoelectric systems, this heat exchange must be ensured by the nature of the 

mesh chosen. The trade off lies between the computation time for finer mesh and 

compromised accuracy with coarser mesh.  

For our design, "extremely coarse" mesh results in 8000 elements (Fig. 2.2). 

Refining the mesh to "coarse" increases the element number to 100000 with a 10 

times increase in computation delay with an overall 7% improvement in the output 

of the system. 
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Fig. 2.2 "Extremely coarse" meshing of thermoelectric glass panel model. 

Results and Discussion on Modeling 

The two pillar device is simulated for a temperature difference that replicates the 

temperature difference that exists between solar heated outdoor and cold indoor of 

a room. the bottom copper contacts are held at 40 OC, while the top copper contact is 

maintained at 20 OC. For this 20 OC temperature gradient, the output voltage of 0.12 

mV exists on the p type pillar while -0.04 mV is present on the n type pillar of the 

device (Fig. 2.3). 



46 
 

 

Fig. 2.3 Output voltage for 20 OC temperature gradient from thermoelectric glass 

panel. 

The behavior of the system was tested under varying conditions of hot side 

temperature and thermoelectric properties of the materials (Table 2.3). The 

temperature gradient was varied keeping the thermoelectric properties constant as 

of the materials chosen for our practical demonstration. In case of thermoelectric 

properties, each property was varied individually and the system response was 

recorded. Finally all the thermoelectric properties were varied together to those for 

the best p and n type thermoelectric materials reported [4, 5]. 



47 
 

 
Table 2.2 System behavior under different conditions. 

By increasing the hot side temperature to 45OC, the temperature gradient of 25OC 

results in an overall 6.2% increase in the output voltage confirming the 

thermoelectric nature of the model, with a subsequent increase in out with 

increasing temperature gradient (Fig. 2.4a). The higher output voltage also indicates 

the possibility of higher output from our thermoelectric window during hotter 

summer days with the inside of a room maintained at 20 OC. 

With the Seebeck coefficient for p and n type legs chosen as the best reported in 

literature [4, 5] while keeping the temperature gradient constant at 20OC, and 

remaining properties as of the materials chosen for our practical demonstration a 

12.5% increase in the output was recorded (Fig. 2.4b).  
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Similarly varying the thermal conductivity to the values as of the best reported 

thermoelectric materials [4, 5] resulted in 12.5% decrease in the output voltage 

(Fig. 2.4c). This decrease is believed to be due to an relatively efficient transfer of 

heat from the hot to the cold side, reducing the overall temperature gradient 

between the counter surfaces of the thermoelectric legs. This reduced temperature 

gradient is the cause of reduction the output voltage. 

Improving the electrical conductivity of the materials to the value for the best 

reported materials [4, 5] resulted in one order of magnitude increase in the output 

voltage (Fig. 2.4d). This increase in the electrical conductivity results in a higher 

power factor of the system rendering an accumulative enhancement of the output. 

(Fig. 2.4e) shows the system response when using the best reported thermoelectric 

materials as the complimentary legs in our thermoelectric windows. It shows a 

higher one order of magnitude increase in the output voltage emphasizing the need 

for using high energy intensive tool like spark plasma sintering that will not only 

improve the nano structuring at the granular scale inside the pressed pillars, but 

reduced porosity will result in an overall increase in the electrical conductivity of 

the pressed pillars. Moreover spark plasma sintering tool allows for sintering at 

optimum temperature range of 420OC, known for obtaining the highest Seebeck 

coefficient values in p and n type thermoelectric materials. The enhanced nano 

structuring results in additional scattering of phonons bringing an accumulative 

decrease in thermal conductivity without reducing the electrical conductivity 

further improving the performance figure of merit of the thermoelectric window. 
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Fig. 2.4 Output voltage for varying conditions a) temperature gradient b) Seebeck 

coefficient c) thermal conductivity d) electrical conductivity and e) all 

thermoelectric properties to best reported [4, 5]. 
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The presence of output voltage on the two complimentary pillars confirms the 

validity of the model for predicting the behavior of a thermoelectric system, with 

thermoelectric materials embedded inside a glass window. The two pillar device 

model can be extrapolated to give the outcome for a full sized glass window with 

thermoelectric materials integrated across the entire coverage of the glass window. 

When compared to a two pillar output from an actual practical demonstration with 

hot pressed nano-structured thermoelectric pillars integrated inside Plexiglas panel, 

experimental output is order of magnitude larger than the modeled output because 

of the deficiencies in the software (Fig. 2.5).  

 

Fig. 2.5 Comparison between the output voltage from FEM and model and two pillar 

based Plexiglas thermoelectric system.  

Although COMSOL is appropriate for thermoelectric modeling, it still struggles to 

quantify contact resistance whose value has to be considered to be zero ohms. Other 
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factors like inadequate meshing around the circular boundaries of the pillars also 

account for the lower output.  Relative increase in the output voltage of the model 

can be achieved by finer re-meshing of the modeled system, but intensive 

computation time will be a trade off.   
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Chapter 3: Material Classifications and 

Characterization 

In order to increase ZT, engineering the thermal conductivity has been the focus of 

major thermoelectric research. The thermal conductivity comprises of two parts, the 

lattice thermal conductivity kL, due to phonon transport, and the electric thermal 

conductivity, ke, due to the transport of charge carriers. Since electric thermal 

conductivity is related to electrical conductivity, any attempt to reduce it will also 

decrease the electrical conductivity of the material, hence compromising the overall 

ZT of the system.  

This leaves us with tampering the lattice thermal conductivity only by scattering the 

phonons responsible for heat transport through the lattice. Phonon scattering does 

not alters the electrons transport through the system. Hence research is ongoing to 

explore various techniques for scattering the phonons as an effective method of 

reducing the thermal conductivity of thermoelectric materials, and thereby 

increasing ZT. 

Bulk Materials 

Lattice thermal conductivity is directly proportional to specific heat, phonon group 

velocity, and phonon relaxation time [1].  Phonon relaxation time, the interval 

between two consecutive collisions can be reduced by scattering of phonons, which 

can be achieved through appropriate alloying or addition of phonon rattlers. 
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Fine Grained Materials 

Phonons can be scattered in fine grained materials only if the size of the grain is 

either smaller or comparable to the mean free path of phonon. In case of bulk 

materials, reduction in thermal conductivity depends solely on the collisions 

between the phonons. In fine grained materials, if the grain size is larger than the 

mean free path of the phonon, then grain boundary scattering will not be the 

deciding factor. Rather phonon - phonon scattering will be the dominant regime 

resulting in thermal conductivity of the fine grained materials similar to the bulk 

counterparts. 

If, however, the grain boundaries are close enough together, phonon-grain 

boundary scattering will dominate and the thermal conductivity will be reduced. 

Reports [2] have shown that high frequency phonons are scattered by point defects 

in highly disordered alloys and the low frequency phonons with mean free paths on 

the order of the grain size would be scattered off of the grain boundaries. 

Nano-structured Materials 

In low dimensional or nano-structured materials, such as quantum dots, quantum 

wires, and super-lattices, quantum effects decide the thermoelectric properties of 

the material. Overall, electron and phonon transport properties of these structures 

can be vastly different from their of bulk counterparts [3]. 
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Spatial Confinement 

In case of 2D (quantum wells), 1D (quantum wires) and 0D (quantum dots), the 

particles are confined in space. This spatial confinement reduces the overall group 

velocity of the phonons coupled with an increase in phonon relaxation rates i.e. 

reduced relaxation time, resulting in significant decrease in the lattice thermal 

conductivity. Spatial confinement describes the reduction in the thermal 

conductivity in direction parallel to the thin film or low dimensional structure.  

Acoustically Mismatched Boundaries 

Theoretically, low dimensional structures have free standing or clamped boundaries 

with the structure embedded between rigid structures. In reality, boundaries of 

these structures exist in the intermediate regime, which allows for penetration of 

phonons through the boundary interfaces, increasing the thermal conductivity of 

the material.  

However the difference in rigidity of materials as incase of low dimensional 

thermoelectric materials deposited or grown on substrates or inside alumina 

templates causes an acoustic mismatch at the boundary interfaces. This acoustic 

mismatch gives rise to frequency selective phonon transmission in the direction 

perpendicular to the structure, reducing the thermal conductivity in this direction as 

well. 
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Thermoelectric Characterization of Materials 

Thermoelectric characterization of thin films and nanowires is a challenging task. 

Error free probing without damaging the film or the nanowire requires special 

characterization devices and techniques that can allow the incorporation of such 

low scale entities without inducing interference in material properties from other 

sources like bulk substrates. Hence it is essential to fabricate structures that can 

employ bulk characterization techniques at micro/nano level with reasonable 

fidelity of results. The most common techniques used for characterizing the 

thermoelectric properties of materials include: 

 van der Pauw Measurements 

 Four Probe Measurements 

van der Pauw Measurements 

a) Sheet Resistance 

In 1958 van der Pauw devised a measurement method to calculate the sheet 

resistivity of thin films. Sheet resistivity is the property of a material to oppose the 

flow of current along its surface, hence the name sheet resistance. The units for 

sheet resistance are ohm/square. For a material film with length comparable to the 

width and unit thickness, the resistivity of this film will be equal to its resistance. So 

it is important that this method is employed in cases where the lateral dimensions 

of the material are comparable. 
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Once the sheet resistivity has been identified using ohms law, the resistance of 

rectangular shapes of the same material can be calculated easily. 

van der Pauw proposed a method of calculating sheet resistance of irregular shapes 

using the same concept by placing four equidistant ohmic contacts forming four 

corners of a square on the surface of the irregular thin film (Fig. 3.1). 

 

Fig 3.1 van der Pauw configuration for sheet resistivity measurement. 

𝑅𝐴  = 𝑉43/𝐼12               (3.1) 

𝑅𝐵  =  𝑉14/𝐼23              (3.2) 

Sheet  resistance  ρ  of  the  irregular  sample  is  given  by 

𝜌 =
𝜋𝑑
𝑙𝑛 2 (𝑅𝐴+ 𝑅𝐵)

2
 𝑓(𝑅𝐴

𝑅𝐵
)             (3.3) 

where d is the thickness of the sample and f is the correction factor as a function of 

the ratio of RA and RB and its value can be obtained from [4] (Fig. 3.2). 
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Fig 3.2 van der Pauw correction factor f for different values of RA/RB. 

b) van der Pauw for Thermoelectrics 

van der Pauw is a convenient measurement technique for measuring all the three 

main thermoelectric properties of the material. A deposited thin film is sputtered 

with four contacts to form a van der Pauw configuration. Electrical conductivity can 

be measured using the mechanism described in the section above (Fig. 3.3a).  

Thermal conductivity uses the same analogy as the electrical counterpart with 

minor design variations (Fig. 3.3b). With these variations in design, now a thermal 

current is considered driven through a pair of contacts on the sample instead of an 

electric current, and in response a temperature difference is recorded by the second 

pair of contacts instead of a potential difference. In this arrangement the contact 2 is 

used as a heat sink to absorb the thermal current. In the first run, the contact 1 is 

used as a electric heater while contacts 3 and 4 are used as resistive thermometers 

to measure the temperature difference. In the second run, contact 3 is used as 

electric heater and contacts 1 and 4 give the temperature difference. Using the 
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analogies in equation 1, 2 and 3, we can calculate the thermal conductivity of the 

material. 

Seebeck coefficient of the material is by a combination of the two configurations 

discussed above. The thermal current is passed through pair of ohmic contacts 

involving the heat sink. The second pair of contacts acting as resistive thermometers 

are used for measuring the temperature difference and potential difference 

simultaneously. Ratio of potential difference and temperature difference gives the 

Seebeck coefficient of the thermoelectric thin film. 

 

Fig. 3.3 van der Pauw configuration for measurement of a) Electrical Resistivity b) 

Thermal Conductivity. 

Four Probe Measurements 

One of the most common and popular method for measuring the sheet resistivity of 

a thin film is by four probe measurement technique, where four electrodes are 

deposited across the length of the film, each successive electrode being preferably 

equidistant from the adjacent one (Fig. 3.4). Electrical resistivity is measured by 

passing an electric current I through the two outer electrodes, while voltage V is 
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measured across the two inner electrodes. The sheet resistivity of the thin film is 

given by 

𝜌 = 2𝜋𝑆 (𝑉
𝐼
)               (3.4)     

where S is the inter electrode spacing. 

Seebeck coefficient measurement requires deposition of a serpentine micro heater 

on the same substrate in close proximity of the thin film sample (Fig. 3.4). The two 

inner electrodes act as resistive thermometers. A flow of current through the 

serpentine heater causes the sample to heat up, with the side closer to the heater 

attaining higher temperature than the side at opposite end. The temperature 

gradient is recorded by the inner electrodes along with the amount of 

thermoelectric voltage produced across the sample in response to this temperature 

gradient. The ratio of voltage to temperature gradient gives the required Seebeck 

coefficient of the material. 



60 
 

 

Fig. 3.4 Four probe configuration for electrical resistivity measurement. 

Design of MEMS Based Thermoelectric Characterization Device 

A two layered mask was designed (Fig. 3.5) using Tanner's  L-Edit layout software, 

providing four point probe testing for electrical conductivity and Seebeck coefficient 

of thermoelectric thin films and nanowires of the materials we intend to use for our 

end product and van der Pauw modules for cross calibration.  
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Fig. 3.5 MEMS based TE characterization test bench design a) Modules for thin film 

TE characterization b) For nanowire TE characterization c) Top cell view showing 

van der Pauw Modules. 

The four probe measurement design comprised of multiple modules to allow for 

variations of sizes of the thermoelectric material layer (strip) in order to investigate 

the effect of variation in dimensions of the thin film on its thermoelectric properties. 

Each module was provided with a set of serpentine micro heaters on each side of the 

thermoelectric strip. The heater on each side ensures the uniformity of 

characterization results by measuring the properties in each direction. For each set 

of thermoelectric strip dimensions, the length of the serpentine heater is further 
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varied to provide additional degree of variations improving the credibility of the 

results. 

Each of the inner two electrodes have a dual pad design to minimize error arising 

due to contact resistance that exists at the pads using a single pad design.  

Van der Pauw modules were incorporated for thermal conductivity measurement 

making the MEMS based design a complete thermoelectric characterization suite.  

Fabrication of MEMS Based Thermoelectric Characterization Device 

200 nm thin films of bismuth telluride and antimony telluride (thermoelectric 

materials) with various widths were sputtered and patterned using lift off technique 

(AZ 5214 photoresist used for photolithography), followed by deposition of  

Ti(20nm)/Au (200nm) layer, patterned into electrodes and micro heaters using lift 

off (Fig. 3.6). Four probe electrodes have been tested and ensured stable error free 

resistance calibration. Seebeck coefficient and electrical conductivity 

characterization is relatively straight forward using the fabricated modules, but 

thermal conductivity characterization poses a serious challenge because of the 

thermal interference introduced by the underlying substrate[5].                     
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Fig. 3.6 Fabricated MEMS based TE characterization test bench a) Modules for thin 

film TE characterization b) For nanowire TE characterization c) Van der Pauw 

Modules. 

Future efforts must be focused on fabricating suspended or freely hanging 

thermoelectric nanowires and thin film strips incorporated under the four probes to 

avoid the thermal leakage into the substrate. Wet etch techniques can be used to 

remove substrate island from underneath the thermoelectric with freely hanging 

micro heaters reaching out to the thermoelectric structures under consideration. 

Albeit challenging, free hanging van der Pauw modules can be a very novel 

technique that can revolutinize the thermoelectric characterization of thin films 

enhancing the fidelity of results with error free thermal conductivity measurements 

and can be a promising prospective research endeavor.                 
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Chapter 4: Metallic Wires Based Thermoelectric 

Window Glasses 

We have demonstrated integration of thermoelectric systems inside (through) a 

glass which uses the temperature difference between outside ambient and inside 

room to generate some useful electricity. By embedding rudimentary thermoelectric 

materials like copper (Cu) and nickel (Ni) wires in an array through a 5 mm thick 

plastic, we build a thermoelectric system and show its functionality of stable 

0.1 mW/cm2 power generation at a temperature difference of 23.5 °C for over 2 

hours. The Seebeck coefficient was -15µV/K and 1.7µV/K for nickel and copper, 

respectively at 300K. This kind of system has practical application opportunity in 

the geographic locations where hot weather (>40 °C) dominates. We anticipate two 

major advantages from this system: 

1) Generation of appreciable power like 315W can be produced from a 100 ft2 glass 

window embedded with high quality thermoelectric materials such as Bismuth 

telluride (Bi2Te3) utilizing 35% of their best reported thermoelectric properties to 

power up some electric appliances like light emitting diodes based lights, cell 

phones, etc. 

2) Uninterrupted power supply even at the night time as long as there is a 

considerable temperature difference. 
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We do not consider this system to become a major power source for our daily power 

consumption emphasizing the fact we do not need to have air conditioning or such 

system turned on to keep it running. Typically the thermoelectric systems at the 

micro-scale are fabricated laterally or vertically on top of the surface with a limited 

height. Thus the technical challenge of this system is to embed thermoelectric 

systems through the interface. 

Experimental Procedure 

A transparent plastic slide of thickness 5 mm, was prepared with an array of 32 

drilled holes with diameter of 1 mm and spacing distance of 5 mm. Columns of holes 

were filled alternately with nickel and copper wire constituting the complimentary 

n and p type sides of a thermoelectric generator. The diameter of the wire was 1mm 

which fitted exactly through the holes. On one side of the slide, the copper wire from 

one hole was soldered to the nickel wire from the adjacent hole. On the reverse side, 

the copper wire from one hole was soldered to the nickel wire of the diagonally 

adjacent hole (Fig. 4.1). We have used normal heat sink typically employed for 

cooling of motherboards in personal computers. 

The   internal   resistance   of   the   TE   plastic   slide   was  measured   to   be   0.2Ω   at   room  

temperature. To measure power generation, the TE plastic slide was placed between 

a ceramic tile and a heat sink and then placed on a hot plate. Thermal paste was 

applied between each interface as an attempt to ensure all holes were subject to 

uniform heat flux (Fig. 4.1). Electrical testing of the slide was carried out for various 

temperature gradients. The hot plate temperature was ramped up in fine intervals 
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with ample thermal delay to allow the opposite surface of the ceramic tile to attain a 

stable hot side temperature. The hot side temperature, Th, and cold side 

temperature, Tc, were measured using thermocouples placed on each side of the 

plastic slide.  

 

Fig. 4.1 (a and b) Schematics of the top and bottom view of the wire interconnects of 

our glass window TE system. (c) schematic of a 3D cross-section tilted view of the 

glass window TE system and (d) digital photograph of the actual glass pieces with 

copper and nickel wire thermoelectric materials. 

 

The thermoelectric properties of nickel and copper wire were also characterized 

independently before integration into the plastic TEG. The Quantum Design™  

Physical Properties Measurement System (PPMS) was used for these 

measurements. This tool is extensively used in research for thermoelectric 

characterization using its Thermal Transport Option (TTO). The equipment relieves 
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the user of the stringent requirements needed for such non trivial measurements 

and accomplishes the near zero Kelvin measurements using PPMS Dilution 

Refrigerator System (DR) providing control from 4K to 50mK. Wire samples of 12 

mm long were mounted on the sample puck (Fig. 4.2). The contacts (heater, T1, T2, 

cold foot) to the wires were made with a two part epoxy which was cured in a 

furnace at 150 0 C for 5 minutes.  

 

Fig. 4.2 Nickel wire sample loaded on PPMS sample puck. 

Results and Discussion 

The properties of used thermoelectric materials nickel and copper wire measured 

using the Physical Properties Measurement System (PPMS) tool are shown in (Fig. 

4.3 a, b, c, d, e, f). The Seebeck coefficient was -15µV/K and 1.7µV/K for nickel and 

copper, respectively at 300K. The negative Seebeck coefficient of nickel and the 
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positive Seebeck coefficient of copper verify the n type nature of nickel and p type 

nature of copper. The thermoelectric properties in (Fig. 4.3) do not match with 

those of pure nickel and copper. The deviations arise due to deficiencies in the PPMS 

tool was discussed in the past [1]. The sample length did not reach as close as 

possible to the location of the heater to reduce heat loss due to radiation. The 

thermal contacts were made with epoxy and later cured. Soldering the contacts will 

enlarge the surface area between thermometer and the sample, further reducing the 

thermal losses. 

 

Fig. 4.3 Thermoelectric properties of nickel wire measured with PPMS tool: a) 

thermal conductivity b) Seebeck coefficient c) resistivity. The same properties for 

copper wire measured with PPMS tool are shown in d) thermal conductivity e) 

Seebeck coefficient f) resistivity. 
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(Fig. 4.4) shows the measured and the theoretical output power and output power 

density, respectively, versus temperature gradient for the TE plastic slide system. 

The theoretical data was calculated using equation 2. For the temperature gradient 

of 23.5°C, the output power of the TE plastic slide was 0.1µW/cm2 which is 

approximately 65% lower than the theoretical value. At the same time, this is 10 

times higher than previous Cu/Ni based demonstration where the power density 

was 0.012µW/cm2 with 20°C temperature difference [2].  

 

Fig. 4.4 Comparison of theoretical and experimental thermoelectric output power 

and output power density with respect to temperature difference. The 

thermoelectric materials copper and nickel wire were at least 5 mm long to 

completely fill the holes drilled through the plastic windows. 

This difference between the theoretical and experimental results might be due to 

the non uniform conduction of heat towards the hot side of thermoelectric 

materials. The irregular bends in interconnects on the surface of the slide can create 

an uneven surface profile, thus creating variation in temperature on the hot side of 
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the thermoelectric materials in the holes. Owing to this fact, the temperature 

gradient across the holes was not same, and therefore, the thermoelectric voltage 

produced from each hole is not the maximum it is capable of generating. The 

inactive to active area ratio of the plastic slide was chosen to be 16 for ease of 

handling the manual interconnects. This high ratio was necessary for routing of the 

interconnection wires towards the outer sides of the slide. Interconnects could not 

be soldered on the surface of the plastic slide as the soldering temperature would 

melt the plastic surface, rendering it rough and reducing the uniformity of the holes. 

By substituting the plastic slide with a glass slide of equal dimensions, it would be 

possible to solder interconnects without melting the surface of the slide. This will 

reduce the pitch of the array of holes. Reducing the inactive to active area ratio by 

half would increase the power per cm2 generated by the TE slide by a factor of four.  

One of the important parameters is device operation stability over time. (Fig. 4.5) 

shows the thermal stability measurement plot we extracted from our experiment 

during various temperature differences for short time. For a longer operation time 

the output remained reasonably stable with ±3% deviation over 2 hours. In reality, 

we anticipate a glass window (which has low thermal conductivity) with excellent 

thermoelectric materials like Bi2Te3 will maintain thermal stability for longer 

duration. 
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Fig. 4.5 Thermal stability during various temperature differences from copper and 

nickel wire thermoelectric materials embedded plastic window. 

Finally, we have calculated the impact of the size of the holes (to be filled up with 

thermoelectric materials) on the thermoelectric power generation from a one 

square meter glass window. The plots (Fig. 4.6) are based on theoretical values of 

resistivity of bismuth telluride. The power out from the generator is given by: 

𝑃 = 𝑚2𝛼2𝛥𝑇2
4𝑅𝑔             (4.1) 

Where,  m   is   the   number   of   thermocouples,   α   is   the   Seebeck   coefficient,   ΔT   is   the  

temperature difference and 𝑅𝑔 is the internal resistance of the generator.   

𝑅𝑔 = 2𝑚𝜌𝑚  𝑙
𝐴              (4.2) 
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Where  ρm is the resistivity of the material. With 16 thermocouples, the length l  is 

the thickness of the window (5mm), resistivity and Seebeck coefficient considered 

that of bismuth telluride and the diameter of the hole is 2mm. For these values the 

output power was calculated for the size of the plastic slide used. The calculations 

were then normalized per unit area (cm2). Next the results are quadrupled by 

reducing the inactive to active area ratio by half. Finally the values are extrapolated 

for 10ft x 10ft glass window. Thus, if we consider a sun-belt region where the 

average temperature is 45°C for 6 months in a year then a 10 feet tall, 10 feet wide 

glass window room with average inside temperature of 20–22°C can theoretically 

generate 900W power using a Bi2Te3 embedded glass window system. However, in 

reality the resistance will be far greater as was in the case for theoretical and 

experimental nickel and copper. So the output power for the window may not be as 

high as derived theoretically. Since, the resistance is inversely proportionate to area 

and directly proportionate to number of thermopiles, resistivity of thermoelectric 

materials and the depth of the hole thus by increasing the hole diameter (size) we 

may expect reduction in resistance (Fig. 4.6) and thus increment in output power. 

Even then with an efficiency of 35% it can produce 315W of power which can be a 

useful power source for light emitting diode based lighting system, charging up cell 

phones and other appliances. 
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Fig. 4.6 Calculated output power with respect to temperature difference from a 

Bi2Te3 thermoelectric material embedded 1 square meter glass window. (a) the hole 

diameter is 1 mm and (b) the hole diameter is 2 mm. 

Conclusion 

For the first time, thermoelectric power generation has been demonstrated using 

naturally occurring temperature gradient between outdoor solar heat and indoor 

room environment is possible. Moreover, for the first time a thermoelectric system 

which is via the hosting media like a plastic slide or other interface has been 

presented. Without further optimization, our rudimentary system produced a 

thermoelectric power density of 1µW/cm2 on a transparent plastic slide of thickness 

5 mm prepared with an array of 32 drilled holes with diameter of 1 mm and spacing 

distance of 5 mm between adjacent holes. The system used natural temperature 

gradients between outside (environment) temperature and inside (room) 

temperature. In addition we used poor quality thermoelectric materials such as 
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copper and nickel wire with Seebeck coefficient of 1.7µV/K and -15µV/K 

respectively. This work is a significant advancement towards energy efficient 

buildings with harvesters of renewable energy embedded within interfacial 

structures. 
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Chapter 5: Thin Film Based Thermoelectric Window 

Glasses 

Thermoelectric materials embedded through or inside exterior glass windows can 

act as a viable source of supplemental power in geographic locations where hot 

weather dominates. Using physical vapor deposition process, we experimentally 

verified the concept of  thermoelectric generation using thermal difference between 

the high temperature outside and the relatively cold temperature inside by 

embedding bismuth telluride and antimony telluride through the 5 mm Plexiglas to 

demonstrate 10 nW of thermo-power generation with a temperature gradient of 21 

°C. Albeit tiny at this point with non-optimized design and development, this 

concept can be extended for relatively large scale power generation as an additional 

power supply for green building technology. 

Systems offering the thermoelectric generation above 10% are worth pursuing not 

only because of the amount of fossil fuel saved but also reducing the hazardous 

byproducts associated with these conventional sources of energy [1]. Automobiles 

waste major portion of their energy as exhaust heat, which can be put to advantage 

by thermoelectric devices placed at suitable spots making maximum use of this 

wasted heat. Leading car brands like BMW have already launched vehicles 

employing thermoelectric generators as part of their efficient dynamics technology 

campaign, claiming a 5% reduction in fuel consumption [2] .  



77 
 

Another advantage of thermoelectric devices lies in their long lifetimes and 

minimum wearing that comes with the moving parts essentially absent in these 

devices making them highly suitable for deep space applications. National 

Aeronautics and Space Administration (NASA) has been using radioisotope 

thermoelectric generators (RTG) in many of their missions [3]. 

We have demonstrated, for the first time, a novel design using thermoelectric 

materials to generate electricity employing thermoelectric conversion using already 

existing differences between outdoor and indoor temperatures. The temperature 

difference is employed to generate electric power out of thermoelectric generators 

fabricated through the interface rather than placed on it [4]. This interface can be a 

glass window, a brick wall, a wooden door or any number of other materials. These 

objects would fulfill their blocking purpose with complete integrity, while our 

power generation model will render them a dual function, making these common 

objects, harvesters of electric power [4]. We have already verified and reported [4] 

the viability of a thermoelectric interface on basic metals with minimal TE behavior 

through a Plexiglas subset of a larger possible interface. Here we report generation 

of thermoelectricity due to temperature gradient created across the two faces of a 

Plexiglas interface slide with specialized TE materials filled through the interface 

employing a novel deposition technique. The significance of the method lies in the 

approach adapted to address the challenge of filling up the entire thickness of 

Plexiglas with physical vapor deposition of thermoelectric material turning it into a 

power generating interface. This approach allows thermoelectric materials 



78 
 

deposited by sputtering to extend through 5 mm of Plexiglas panels. 

By following the conventional design set up and depositing the TE material on either 

one side of the interface, although allows the temperature environment on that side 

to access the TE material but prevents the counter temperature of the environment 

on the opposite side of the interface from influencing the thermoelectric material, 

hence nullifying the creation of a temperature gradient altogether. 

The technique reported in this paper to fill up the entire thickness of an interface 

with an indirect method is a major step towards transforming full sized domestic 

windows into thermoelectric interfaces. 

Experimental 

In order to realize a power generating window by depositing thermoelectric 

materials inside holes drilled in a large glass panel, a novel approach was adapted as 

shown in (Fig. 5.1). Here a larger Plexiglas panel was made out of smaller strips of 

the Plexiglas joined and cured together into a larger panel. Practical demonstration 

of making a large glass panel with this indirect technique opened up an innovative 

TE material deposition option. The complimentary TE materials were sputter 

deposited on the inner sidewalls of the individual strips, such that on curing these 

sidewalls will form the thickness depth of the glass panel with the TE materials 

effectively embedded through the panel. This technique was successfully 

implemented for two different types of layouts for TE materials deposition and the 

approach has shown promising initial results in terms of output power. We have 
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named the devices as checkerboard and stripe based on the type of layout used for 

TE material deposition.  

 

Fig. 5.1 Process flow for thermoelectric Plexiglas panel cured from individual strips. 

A series of 1 micrometer thick antimony telluride and bismuth telluride blocks (5 

mm x 5 mm) was sputtered using NEXDEP 120 sputter deposition system on strips 

of Plexiglas 5 mm x 5 mm x 70 mm . The films were deposited in checkerboard like 

patterned array of adjacent complimentary TE blocks using a custom made shadow 

mask shown in (Fig. 5.2). The two materials serve as the complimentary 

thermoelectric legs, the main functional parts of a thermoelectric generator, 

embedded through the panel. These individual strips were joined and cured 

together into a large Plexiglas panel. Interconnections were made between adjacent 

thermoelectric legs using silver paste. 
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Fig. 5.2 3-D Schematic of the checkerboard thermoelectric slide. Inset shows 

original checkerboard TE slide. 

 For the second type of device, films of each material were deposited as stripes over 

the entire length of individual strips, eliminating the need for shadow mask and 

patterning of the films. On this occasion, 1 µm thick antimony telluride and bismuth 

telluride films were sputtered using NEXDEP 120 sputter deposition system on 

strips of Plexiglas 5 mm x 5 mm x 70 mm. Each strip now serves as a large 

thermoelectric leg of a particular material type as shown in (Fig. 5.3). These 

individual strips were joined and cured together into a large Plexiglas panel. 

Interconnections were made between adjacent strips with sputtered films of 20 nm 

of titanium followed by 200 nm of gold. Titanium (Ti) was sputtered at a DC power 

of 400 W, pressure of 10 m Torr with substrate – target distance of 180 mm. Gold 
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(Au) sputtering conditions included 300 W of DC power, a pressure of 10 m Torr 

and substrate – target separation of 160 mm. 

 

Fig. 5.3 3-D Schematic of the stripe thermoelectric slide. Inset shows original stripe 

TE slide. 

Electrical Characterization 

Checkerboard and stripe devices were tested for thermoelectric response by 

sandwiching the panels between two glass slides in order to facilitate fixing of heat 

sink and fan on the cold side of the panel  as shown in (Fig. 5.4). The entire assembly 

was mounted on CASCADE Microtech Summit probing station with the hot side glass 

slide resting on the thermal chuck of the probing station. Temperature of the chuck 
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was ramped up in short intervals with the cooling fan continuously running on the 

cold side maintaining the cold side temperature close to ambient. 

 

Fig. 5.4 a) 3-D schematic of the electrical test setup b) TE slide mounted for 

electrical characterization. 

Material Calibration 

Seebeck coefficient and electrical conductivity of the deposited films was 

characterized using measurement set up shown in (Fig. 5.5).  
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Fig. 5.5 Material calibration test bench a) Cross sectional view b) Top view c) Wire 

bonded calibration device. 

The thermoelectric films of antimony telluride and bismuth telluride with thickness 

of 1 µm were deposited on a glass slide followed by 20 nm/200 nm sputtered films 

of Ti/Au through a custom built shadow mask to form a set of probing electrodes 

and a serpentine heater. The slide was wire bonded for error free probing. Two 

copper plates were attached underneath the glass slide. The alignment of the plates 

was such that one was aligned exactly below the left side inner electrode. This 
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copper plate rested on a hot plate for heating the sample. The second copper plate 

was aligned exactly below the right side inner electrodes and was placed on a heat 

sink so that a uniform temperature gradient could be created between the two inner 

electrodes. 

Seebeck voltage was measured across the two inner electrodes for different 

temperature gradients. Electrical conductivity for the TE thin films was calculated 

by driving a constant current through the outer electrodes and voltage measured 

across the two inner electrodes. 

Results and Discussions 

Generation of thermoelectric voltage in response to applied temperature difference 

on the two sides of the Plexiglas panel verified the p and n type nature of antimony 

telluride and bismuth telluride films respectively. This has also successfully 

established that reasonable power can be generated by embedding thermoelectric 

materials through glass panels and subjecting these panels to a temperature 

difference comparable to solar ambient temperature gradient. Most importantly, 

our indirect approach of curing a larger Plexiglas panel from individual strips has 

demonstrated that the entire thickness depth (5mm in this case) of a domestic 

window has been filled up with thermoelectric materials using physical vapor 

deposition (PVD), that could not be achieved otherwise, due to physical limits of 

vertical deposition by PVD, electrochemical deposition etc. Neither of these 

techniques has been known to deposit TE materials as thick as 5 mm, whereas we 
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have used simple PVD to extend the TE material through the entire thickness of the 

interface. 

In case of stripe deposition version of the thermoelectric slide, interconnections 

were made with sputtered gold films resulting in internal resistance of the 

generator  as  low  as  6  Ω  at  room  temperature.  The output power shown in (Fig. 5.6) 

from this panel was less than the checkerboard TE counterpart, due to lower 

Seebeck voltage generated.  

 

Fig. 5.6 Output power from a) Checkerboard b) Stripe TE slide. 

With the checkerboard deposition version of the TE slide, for the temperature 

gradient of 21°C, the output voltage of the thermoelectric Plexiglas panel was 17.7 

mV. The interconnections were made with silver paste resulting in a high internal 

resistance of the generator. Even with the high resistance of 7  kΩ,  the  output  power  

was greater than the full length counterpart. Promising higher output power levels 

will be achieved from this Plexiglas panel by improving the internal resistance using 

gold sputtered interconnections. The inactive to active area ratio of the Plexiglas 
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slides was 5000. The ratio was chosen to keep the individual strips wide enough for 

ease of handling. The power density (power/cm2) of the slide will be considerably 

increased by reducing the width of individual strips since greater number of strips 

will be accommodated in the same area. 

Thermoelectric characteristics of the deposited films are shown in (Fig. 5.7). The 

Seebeck coefficient for antimony telluride and bismuth telluride sputtered thin films 

was 240µV/K and -37µV/K, respectively at 314K. The electrical resistivity for 

antimony  telluride  and  bismuth  telluride  thin   films  was  measured  to  be  638  µΩ-m 

and   2.22   µΩ-m respectively at 304K. The power factor (PF) being another useful 

performance barometer was measured to be 9.02 × 10-2 mWK-2m-1 and 0.6 mWK-2m-

1 for antimony telluride and bismuth telluride respectively. 

The properties of the films will be further improved by reducing the pressure during 

sputtering. Under lower pressure the mean free path of the particles is longer and 

the films landing with higher energies tend to be more dense resulting in relatively 

lower resistivity values [5]. Moreover at lower pressure there is also a chance of 

eliminating any presence of oxygen in the films further affecting the electrical 

resistivity [6]. 
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Fig. 5.7 Thermoelectric Properties of Sputtered Thin Films a) Seebeck coefficient of 

Sb2Te3 and Bi2Te3 b) Electrical resistivity of Sb2Te3 c) Electrical resistivity of Bi2Te3. 

The thermoelectric output for both types of devices was stable over a long duration 

of time. Tables 5.1 and Table 5.2 compare the experimental results of deposited 

Sb2Te3 and Bi2Te3 thin films with the thermoelectric characteristics of the 

previously reported work [5, 7]. It can be seen from the tables that films deposited 

in this work are thermoelectrically better (in terms of the PF) than used in the 

literature [5, 7].  
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 Seebeck 
Coefficient S 

(µV/K) 
 

Electrical 
Resistivity  ρ 

( µΩ-m) 

Power Factor PF 
(mW/K2m) 

This work 240 638 9.02 × 10-2 

Ref [5] 304 4500 2.6 × 10-2 

Table 5.1 Comparison of the thermoelectric properties of Sb2Te3  thin film with 

previous reports. 

 Seebeck 
Coefficient S 

(µV/K) 

Electrical 
Resistivity  ρ 

( µΩ-m) 

Power Factor PF 

(mW/K2m) 

This work -37 2.22 0.6 

Ref 5 -201 340 0.12 

Ref 7 -248 7194 0.41 

Table 5.2 Comparison of the thermoelectric properties of Bi2Te3  thin film with 

previous reports. 

Conclusion 

Thermoelectric systems embedded Plexiglas subset for power generation using 

naturally occurring temperature gradient between outdoor high temperature and 

indoor room environment has been demonstrated. Widely used micro-fabrication 

like PVD has been innovatively employed to extend the thermoelectric material 

through the entire thickness of Plexiglas successfully circumventing the physical 
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limits of PVD for vertical deposition. The checkerboard layout version of non-

optimized thermoelectric material deposition produced a thermoelectric power in 

excess of 10 nW on a transparent Plexiglas slide of thickness 5 mm cured from 

individual strips of 5 mm width for an outdoor ambient like temperature gradient. 

The sidewalls of individual strips were sputtered with complimentary 

thermoelectric materials to form the thickness depth of the cured panel. The system 

was tested for artificially created replica of natural temperature gradients between 

outside (environment) temperature and inside (room) temperature. Thermoelectric 

properties of the deposited films were measured with an in house characterization 

test bench. This power generating Plexiglas panel serves as a starter for a full fledge 

thermoelectric window cured out of individual strips of glass, for energy efficient 

green buildings. We consider this concept may not be the major power source 

rather a supplemental source. Thus we do not need to keep our air conditioning 

system on to keep it running. It will only be operated when there is naturally 

occurring temperature difference exists and can be utilized to power up or recharge 

small appliances. Also, this paper reports a proof-of-concept and in future we will 

chronicle thermoelectric materials based pellet embedded glass windows as a more 

practical option. 
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Chapter 6: Nano-materials Based Thermoelectric 

Window Glasses 

A method for large scale integration of nano-manufactured pellets of thermoelectric 

nano-materials, embedded into window glasses to generate thermoelectricity using 

the temperature difference between hot outside and cool inside has been 

investigated. For the first time, this work offers an opportunity to potentially 

generate 304 watts of usable power from 9 m2 window at a 20 °C temperature 

gradient. If a natural temperature gradient exists, this can serve as a sustainable 

energy source for green building technology. 

One of the challenges towards realization of energy generating windows is how to 

embed TE materials through the window. Sputtering can not suffice for deposition 

as thick as glass, unless we adapt the technique discussed in previous chapter. But 

that particular technique too has certain demerits associated to it. In order to embed 

TE material without disjoining the glass panel requires drilling an array of holes 

across the entire area of the window, and then filling up the holes entirely from one 

face to the opposite. Electrochemical Deposition (ECD) does promises thicker 

depositions but precise deposition through wide holes with ECD fails due to several 

reasons, leakage of chemical solution leading to ECD on the entire electrode and not 

through holes being one of them. 
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Powder Metallurgy 

Powder metallurgy is a solid freeform fabrication technique in which loose powder 

is compacted and sintered at elevated temperatures (less than the melting point of 

the powdered element/compound) to form a well defined dense body. Compaction 

can occur at room temperature followed by sintering or compaction and sintering 

can be carried out simultaneously. 

Advantage of Powder Metallurgy 

The lattice thermal conductivity is given by 

kL = 1/3 vS Cv Lph              (6.1) 

where vS is the velocity of sound, CV is the heat capacity at constant volume, and Lph 

is the mean free path of the phonons [1]. At high temperatures (T > ≈  300 K), the 

sound velocity and the heat capacity are essentially temperature independent in 

typical materials. Therefore, the thermal conductivity can be reduced by disrupting 

the mean free path of the phonons through a variety of methods such as mass 

fluctuation scattering in a mixed crystal of ternary and quaternary compounds, 

rattling scattering, grain boundary scattering due to grain size, and interface 

scattering in thin films or multilayer systems. 

Powder metallurgy or pressing and sintering of TE nano-powders into pillars with 

dimensions comparable to the drilled holes not just allows for direct insertion of 

these pillars into the holes but this technique comes with the inherent advantage of 
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lower thermal conductivity due to grain boundary scattering of phonons, associated 

with pressing and sintering mechanism resulting in TE system with higher 

performance compared to what could be achieved with a system employing a 

different deposition technique.  

Types of Pressing 

a) Cold Pressing 

The powders are compacted at room temperature followed by sintering at elevated 

temperatures under ambient pressure conditions [2]. Cold pressing offers the 

advantage of simpler process and fast processing times.  The powders are 

compacted with common hydraulic presses using ordinary steel molds which allow 

the pressing of powder into shapes and sized that can be directly used in target 

devices eliminating the need for subsequent cutting and dicing. Pressure-less 

sintering results in decrement of pore size and volume and simultaneous increment 

in the grain size. With prolonged sintering, smaller grains are consumed into larger 

ones and the overall number of grains decreases, the pore (voids) size continue to 

diminish resulting in improved density of the pressed pellets.  

b) Hot Pressing 

In hot pressing, sintering and compaction is carried out simultaneously which just 

not improves the densification of the sample but also results in smaller grain sizes 

and larger number of grains. The higher density reduces the grain boundary 

resistance to electrons, while smaller grain size with enhanced number of 
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boundaries helps scattering the phonons to reduce the lattice thermal conductivity 

of the samples in turn improving the thermoelectric properties of the sample [2]. 

Nano-powder Based Method for Embedding Thermoelectric Materials 

Evolution of nanotechnology has opened up new frontiers such as low dimensional 

quantum dots and super-lattices and mechanical alloying of thermoelectric 

materials. They have resulted in lower thermal conductivity while retaining the 

electrical conductivity and Seebeck coefficient. Venkatasubramanian et. al. have 

achieved the highest reported ZT of 2.4 in p type Bi2Te3/Sb2Te3 super lattices at 

300K [3] by growing phonon blocking electron transmitting hetero-structures by 

low temperature metal organic chemical vapor deposition (MOCVD) technique. 

Harman et. al. used molecular beam epitaxy (MBE) to grow PbSeTE/PbTe quantum 

dot super-lattices with ZT of 1.6 at 300K [4]. Poudel et. al. used BiSbTe nano-

crystalline bulk materials made by hot pressing nano-powders ball milled from 

crystalline ingots to reduce the thermal conductivity due to phonon scattering at the 

grain boundaries resulting in a ZT of 1.4 at 373K [5]. Most of these methods use 

either expensive process technologies such as MOCVD and MBE or use energy 

intensive processes.  

While the search for improved ZT is continuing, we have explored a novel idea to 

leverage the existing thermoelectric materials and nano-manufacturing techniques 

to generate thermoelectricity from naturally existing temperature difference 

between solar heated outside and relatively cool inside of buildings especially in the 

geographic locations which experience lengthy summer or reasonably higher 
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temperature like 30 °C or above. Nearly 50% of the world population experiences 

such average temperature. In addition to thermoelectric generation during the hot 

day time, our thermoelectric nano-materials embedded window glasses can 

generate appreciable thermoelectricity even during off sunshine hours to serve as 

supplemental clean energy source. 

The major challenge with such approach is the window glass   (or   the   “in between”  

interface) itself. In the past, reported thermoelectric generators using micro-

fabrication techniques include either a lateral or a vertical design but they are 

fabricated on one side of the interface [6 - 10]. With conventional vertical designs, 

several µm thick thermocouples are possible. Although with lateral designs longer 

thermocouples are possible however their placement through a solid interface such 

as window glass is not practical. Therefore, we have hot pressed nano-materials ball 

milled from commercially purchased thermoelectric materials to make 

thermoelectric pellets. Next, we made holes inside 5 mm thick glass and inserted 

those pellets periodically. Finally we used copper based interconnects to connect 

them to complete the thermoelectric generators. Our initial experimental result with 

only 4 pellets shows 0.112 µW of power at a temperature gradient of 23.5 °C with 

bismuth telluride (Bi1.75Te3.25) and antimony telluride (Sb2Te3) alloyed with sulfur 

as n and p-type materials, respectively. This work projects nearly 304 watts of 

seamless power generation from 9 m2 window at a 20 °C temperature difference if 

the best reported thermoelectric materials are used [5, 11]. 
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Experimental 

For our demonstration we have chosen commercially available Bi1.75Te3.25 and 

Sb2Te3 (Beijing Cerametek Materials Inc.). At first, we prepared two sets (ball 

milled) by loading Sb2Te3 and Bi1.75Te3.25 in separate planetary ball mill jars with 

ball to powder ratio of 15:1 and were subjected to 24 hours of ball milling at 300 

rpm. The next two sets (sulfur added) were alloyed with 6% sulfur and then were 

ball milled same as the first two sets. We made stainless steel molds with 5 mm 

inner diameter to match the exact diameter of the holes drilled in window glasses. 

The 5 mm mold design eliminates the unnecessary delay involved in cutting smaller 

pellets out of a large tablet pressed using conventional large sized dies. The 

maximum height of the molds was 30 mm. Each mold was provided with a 

corresponding pressing hammer or a rod such that initially the rods may stay at 

least 3 cm out of the cylinder initially and then goes inward once powder starts to 

press (Fig. 6.5 inset). The mold also resulted in vertical pillar like pellets pressed to 

the thickness that is equal to thickness of the window glass. Next we retrieved the 

vertical pellets 5 mm to 7 mm long. All six different samples (ball milled nano-

materials, sulfur added ball milled nano-materials and as purchased thermoelectric 

powders) were prepared by pressing at 320 °C  at 100 MPa for 1 hour using Carver 

bench top heated press – a less energy intensive tool.   

Additional pellets were pressed to serve as the thermoelectric elements in the 

subset device for large scale thermoelectric window. In addition to ease of 

characterization, pressing and retrieving longitudinal pellets facilitate seamless 



97 
 

insertion of these thermoelectric elements into holes, with diameters comparable to 

that of the pellets, drilled in glass or plastic end product. 

Compositions of the as-purchased and sulfur mixed samples were analyzed using 

inductively coupled plasma – optical emission spectroscopy (ICP-OES) (Varian 720 - 

ES), particle size of as prepared, ball milled and sulfur mixed powders were 

measured with x– ray diffraction (XRD) (Bruker D8 Advance), and structural 

characterization of powdered samples were carried out using scanning electron 

microscope (SEM) (FEI Quanta 600). 

Thermoelectric Window Prototype Fabrication 

A window glass of thickness 5 mm was prepared with a row of 4 drilled holes with 

diameter of 5 mm and center spacing distance of 9 mm. These holes were filled 

alternately with hot pressed pellets of Sb2Te3 plus sulfur alloy and Bi1.75Te3.25 

constituting the complimentary n and p type legs of a thermoelectric generator. The 

length of the pellets was first grounded to 5 mm using a rotary tool fitted with sand 

paper discs in order to make the length of the pellets precisely equal to the 

thickness of the glass. The diameter of the pellets was 5 mm which fitted exactly 

through the holes. The n and p type pellets were connected in series with custom 

built dog bone shaped copper interconnects using silver paste.  
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Electrical Characterization 

To measure power generation, the proto-type device was placed between a glass 

slide and a heat sink and then placed on a hot plate. Thermal paste was applied 

between each interface as an attempt to ensure all pellets were subjected to uniform 

heat flux. Electrical testing of the slide was carried out for various temperature 

gradients. The hot plate temperature was ramped up in fine intervals with ample 

thermal delay to allow the opposite surface of the glass slide to attain a stable hot 

side temperature. The hot side temperature, Th, and cold side temperature, Tc, were 

measured using thermocouples placed on each side of the device.  

Thermoelectric Characterization 

 The thermoelectric properties of powder samples were also characterized 

independently before integration into the subset Plexiglas slide. The Quantum 

Design™   Physical   Properties   Measurement   System      was   used   for   these  

measurements. Pellets of 5 mm long were mounted on the sample puck for thermal 

transport measurements. Two - probe techniques was used to obtain the Seebeck 

coefficient and thermal conductivity of the samples.  Heater, T1, T2 and cold foot 

were contacted to a pair of gold coated copper discs, which were attached to the top 

and bottom faces of the pellets using a two part epoxy which was cured on a hot 

plate at 150 0 C for 5 minutes. Electrical conductivity of the pressed pellets was 
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measured using four probe AC resistivity option in PPMS by soldering copper wires 

to the top face of the pellets. 

Results 

ICP - OES results of all the six samples verified the elemental composition and ratios 

of each element present in the samples. Minor variations observed in the 

compositions of the main elements (Bi, Sb and Te) are due to the effect of ball 

milling. In order to validate the fidelity of the ICP - OES, all the samples were cross 

examined with x-ray flourescence (XRF). The XRF results closely matched with that 

of the ICP - OES. We believe the thermoelectric properties of the ball milled samples 

can be further modulated by increasing the sulfur content [11]. XRD pattern for all 

six samples show that ball milling decreased the size of the as-purchased powders 

(Fig. 6.1a, b). SEM pictures of the six samples confirm the XRD results (Fig. 6.2a, b, c, 

d, e, f). The TEM samples preparation required polishing followed by ion milling. 

The TEM images confirm uniform crystallinity and particle size agreeing well with 

the XRD results (Fig. 6.3a, b).  

We characterized the thermoelectric properties of the samples independently 

before   integration   into   the   window   glasses.   The   Quantum   Design™   Physical  

Properties Measurement System  was used for these measurements. We mounted 5 

mm long pellets on the sample puck for thermal transport measurements. We used 

two-probe techniques to obtain the Seebeck coefficient and thermal conductivity of 

the samples.  We measured the electrical conductivity of the pellets using four-
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probe AC resistivity option in PPMS by soldering copper wires to the top face of the 

pellets.  

 

Fig. 6.1 XRD pattern of as-purchased, ball milled and sulfur added powder samples 

of a) bismuth telluride b) antimony telluride. 
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Fig. 6.2 SEM images of a) as-purchased b) ball milled c) sulfur added samples of 

bismuth telluride and d) as-purchased b) ball milled c) sulfur added samples of 

antimony telluride. 

 

Fig. 6.3 TEM images of hot pressed pillars of a) bismuth telluride b) antimony 

telluride. 
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Electrical resistivity of as-purchased, ball milled and sulfur added samples of 

Bi1.75Te3.25 shows that the electrical resistivity of the as-purchased sample is the 

highest while it is lower for the ball milled and sulfur added samples due to higher 

carrier concentration (Fig. 6.4a). Electrical resistivity of as-purchased, ball milled 

and sulfur added samples of Sb2Te3 shows a similar trend as that of the Bi1.75Te3.25 

with as-purchased samples having the highest resistivity values compared to the 

ball milled and sulfur added samples due to lower carrier concentration (Fig. 6.4b). 

Seebeck coefficient of as-purchased, ball milled and sulfur added samples of 

Bi1.75Te3.25 shows that the as-purchased sample has the highest Seebeck coefficient 

as expected for having the lowest electrical conductivity and carrier concentration 

(Fig. 6.4c). During thermal conductivity measurement, we observed significant 

decrease in the thermal conductivity for the ball milled and sulfur added nano-

materials samples of Bi1.75Te3.25 and Sb2Te3. 

To measure power generation, we placed the proto-type window glass with 4 

thermoelectric pellets made up of Bi1.75Te3.25 and Sb2Te3 alloyed with sulfur 

between a glass slide and a heat sink and then placed on a hot plate (Fig. 6.5 inset). 

We applied thermal paste between each interface as an attempt to ensure all pellets 

were subjected to uniform heat flux. We carried out the electrical testing for various 

temperature gradients. We ramped up the hot plate temperature in uniform 

intervals with ample thermal delay to allow the opposite surface of the glass slide to 

attain a stable hot side temperature. The hot side temperature, Th, and cold side 

temperature, Tc, were measured using thermocouples placed on each side of the 
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device. We found the measured output power for a temperature gradient of 23.5 °C 

is 0.112 µW (Fig. 6.5). 

Discussion 

SEM pictures of the six samples show that the ball milled samples of Sb2Te3 without 

sulfur have comparable particle size to the samples with sulfur added, whereas the 

average particle size of ball milled Bi1.75Te3.25 is slightly larger than the sulfur added 

samples. The TEM images show a slight increase in grain sizes with hot pressing can 

be seen from the TEM pictures. In case of Bi1.75Te3.25 the grains have sharp angular 

boundaries that can be responsible for boundary scattering of phonons resulting in 

lower thermal conductivity. The smaller entities observed in ball milled Bi1.75Te3.25 

pellets compared to pellets formed from the as-purchased powders are believed to 

cause further rattling of phonons inside the system, lowering the thermal 

conductivity to smaller values with overall enhancement of figure of merit. TEM 

images of pressed pellet of Sb2Te3 show fine grains that they are closely packed with 

circular shapes without any presence of smaller embedded particles. The circular 

boundaries are believed to have caused lesser scattering of phonons compared to 

the phonon scattering occurring in Bi1.75Te3.25 samples with angular grain 

boundaries. The effect of circular grains and the absence of embedded particles are 

evident from relatively smaller reduction in thermal conductivity in pellets pressed 

from ball milled powders of Sb2Te3 than the as-purchased counterpart compared to 

the difference seen in the case of Bi1.75Te3.25 samples having angular boundaries and 

embedded particles. 
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Fig. 6.4 a) electrical of Bi1.75Te3.25 and b) electrical  resistivity of Sb2Te3. 
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Fig. 6.4 c) Seebeck of Bi1.75Te3.25 and d) Seebeck coefficient of Sb2Te3. 
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Fig. 6.4 e) thermal conductivity of Bi1.75Te3.25 and f) thermal conductivity of Sb2Te3. 
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Fig. 6.4 g) ZT of Bi1.75Te3.25 and h) ZT of Sb2Te3. 

Electrical resistivity of as-purchased, ball milled and sulfur added samples of 

Bi1.75Te3.25 indicates that the ball milling induces donor like carriers in the powdered 

samples [12]. It is interesting to note that resistivity is higher for sulfur added 

sample as compared to the ball milled sample. We believe the difference in the 
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particle size induced by sulfur addition resulted in slightly higher porosity during 

hot pressing causing an increase in the resistivity. The higher resistivity for sulfur 

added sample can also be attributed to suppressed carrier concentration with sulfur 

addition. Electrical resistivity of as-purchased, ball milled and sulfur added samples 

of Sb2Te3 shows a similar trend as that of the Bi1.75Te3.25 (Fig. 6.4b). Since these two 

samples have comparable particle sizes, the resistivity is similar initially but 

increases for the ball milled sample as the temperature increases in spite of having 

higher carrier concentration. The higher electrical resistivity for the ball milled 

sample is believed to be due to excess micro-structural refinement occurred during 

ball milling [13], while potential barrier scattering at the grain boundaries may have 

been responsible for higher electrical conductivity in sulfur added samples in spite 

of having lower carrier concentration [14]. 

Seebeck coefficient of as-purchased, ball milled and sulfur added samples of 

Bi1.75Te3.25 shows that the sulfur added sample having lower electrical conductivity 

due to slight difference in carrier concentration compared to the ball milled 

counterpart shows relatively higher Seebeck coefficient (Fig. 6.4c). On the other 

hand, Seebeck coefficient of as-purchased , ball milled and sulfur added samples of 

Sb2Te3 shows the Seebeck coefficient for the as-purchased and ball milled samples is 

quite similar whereas it is highest for the sulfur added samples (Fig. 6.4d). The low 

carrier concentration for the sulfur added sample has been responsible for the 

highest Seebeck coefficient. We also expect that that potential barrier scattering 

effect at the grain boundaries may have played a role in deciding the Seebeck 
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coefficient of Sb2Te3 samples in addition to the carrier concentrations [14]. The 

potential barriers have the tendency of filtering the low energy carriers responsible 

for decreasing Seebeck coefficient. Elimination of these carriers resulted in an 

overall increase in the Seebeck coefficient of the sulfur added Sb2Te3 samples. 

Thermal conductivity of as-purchased, ball milled and sulfur added samples of 

Bi1.75Te3.25 shows (as expected) the as-purchased powders with largest particle size 

has the highest thermal conductivity which reaches as high as 2.75 W/mK around 

50 K, but interestingly as the sample reaches room temperature the thermal 

conductivity decreases down to a very low value similar to the sample with sulfur 

added to it (Fig. 6.4e). With the large particle sizes of as-purchased powders, the hot 

pressing may not have achieved secure packing of particles which may have the 

tendency to loosen once the sample temperature increases widening the pores 

inside the sample. It is understandable that the ball milled and sulfur added 

Bi1.75Te3.25 samples have the lower thermal conductivities with the ball milled 

sample exhibiting values as low as 0.65 W/mK. These low values can be attributed 

to enhanced phonon scattering at the grain boundaries due to nano-scale size of 

particles achieved with ball milling. Thermal conductivity of as-purchased, ball 

milled and sulfur added samples of Sb2Te3 shows that nano-structuring brings a two 

folds decrease in the thermal conductivity of ball milled sample at 50 K, while 

thermal conductivity of the sulfur added sample is reduced by a factor of 3 (Fig. 

6.4f). For higher temperatures this difference is less pronounced, but the nano-

structured samples still have a considerably low value of thermal conductivity due 
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to nano-sized particles and addition of sulfur, that may induce further defect sites 

causing a deflection and scattering of phonons across a wide range of energies.  

Although Seebeck coefficient for ball milled Bi1.75Te3.25 nano-material is lower, the 

ZT for ball milled nano-material sample is higher than the sulfur added counterpart, 

due to higher power factor compared to the sulfur added sample (Fig. 6.4g). 

Moreover the ball milled sample has thermal conductivity which is 60% of the sulfur 

added sample, further enhancing the ZT of the ball milled sample. Thermoelectric 

figure of merit ZT for sulfur added Sb2Te3 ball milled nano-material samples is the 

highest for having the highest power factor among all the samples, while the 

thermal conductivity of the sulfur added samples is also the lowest, all contributing 

to the increase in its ZT (Fig. 6.4h). For manufacturability purpose, we used 

moderate energy intensity. However, by more energy intensive process, the ZT 

factor can be significantly increased [15]. 

The difference between the theoretical and experimental results of the output 

power is due to the high contact resistance between the thermoelectric pellets and 

the copper interconnects which is of orders of magnitude higher than the 

cumulative resistance of all the thermoelectric pellets. Moreover the thermal 

resistance encountered in interconnects and the silver paste results in significant 

thermal loss. The hot side of the experimental setup is actually at a temperature 

lower than indicated by the thermocouple. Therefore the actual temperature 

gradient is also lower than what is recorded by the thermocouples. We expect that 

the output power will be increased by three orders of magnitude by reducing the 
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system resistance. The system resistance can be considerably lowered by making 

interconnects between alternate thermoelectric pellets using deposition techniques 

such as sputtering or evaporation. It is to be noted we ran the experiments 

continuously for hours and with day breaks and observe the stable power 

generation. 

 

Fig. 6.5 Output power from a 4 pillar proto-type thermoelectric window. Inset 

shows a) custom built hot pressing mold and hammer b) proto-type thermoelectric 

window. 

Conclusion 

In summary, we have demonstrated thermoelectricity generation from window 

glasses utilizing the temperature difference between the solar heated outdoor and 

relatively cold indoor of a building. To do so, we have integrated nano-manufactured 

thermoelectric pellets through drilled holes inside the glass. These pellets are hot 

pressed from ball milled nano-materials of Bi1.75Te3.25 and Sb2Te3. We have also 

explored the possibility of modulating the thermoelectric properties of the nano-
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powders by addition of 0.6% sulfur to each of the powder matrix in order to 

improve the thermoelectric performance of our power generating windows. The 

ball milled samples without the addition of sulfur show the highest figure of merit 

for Bi1.75Te3.25, whereas sulfur addition renders highest figure of merit to Sb2Te3. 

Reducing the system resistance by using deposition techniques like sputtering for 

interconnecting the thermoelectric legs, orders of magnitude increase in power 

density can be achieved. Our work on thermoelectric windows provides a 

complimentary source of electric power to main stream power grid sources capable 

of running even during sun shine hours or in absence of air-conditioner as long as 

acceptable temperature difference exists between the outside and inside 

environment of the building. 
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Chapter 7: Large Scale Thermoelectric Window 

Prototype 

As part of scaling up our previous effort [1], a large (132.25 cm2) Plexiglas panel 

with 144 holes has been integrated with 72 pairs of complimentary thermoelectric 

pillars to serve as a pre-cursor to a real world glass window embedded with 

thermoelectric nano-manufactured pillars. Mechanical alloying has been used to 

achieve particle size variations (nano-manufacturing) of Bi0.4Sb1.6Te3 and Bi1.75Te3.25 

powders. Next their thermoelectric properties on hot pressed pillars of these 

variants were investigated. Based on trade-offs between thermoelectric properties 

and the processing delay involved in mechanical alloying of large amounts of 

powders, as purchased powders were selected for batch nano-manufacturing of 

thermoelectric pillars. The output power from the large Plexiglas panel integrated 

with hot pressed pillars of as-purchased powders of the two materials was 0.16 µW 

for a temperature difference of 22.5 OC between the hot and the cold side. Albeit low, 

the presence of highly repeatable thermoelectric output has shown the effectiveness 

of a batch fabrication process enabled efficient nano-manufacturing of large batches 

of thermoelectric pillars for our large coverage thermoelectric window. Additionally 

it has also opened up an opportunity for further investigation into the ball milled 

samples of bismuth antimony telluride for properties enhancement and reduction in 

contact resistance using more sophisticated techniques like PVD or ink jet printing 

of interconnects can promise a significant increase in the output power levels. 
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Experimental 

Commercially available micro-sized powders of Bi0.4Sb1.6Te3 and Bi1.75Te3.25 were 

purchased from Beijing Cerametek Materials for the synthesis of nano-structured 

thermoelectric materials. The as-purchased powders of Bi0.4Sb1.6Te3 and Bi1.75Te3.25 

were loaded in separate planetary ball mill jars with ball to powder ratio of 15:1 and 

were subjected to 24 hours of ball milling at a speed of 300 rpm.  

Four different pillar like pellet samples comprising of the as-purchased and ball 

milled nano-structured powders of each of Sb2Te3 and Bi1.75Te3.25, were hot pressed 

at 320 °C  for 1 hour at 100 MPa using Carver bench top heated press. Hot pressing 

of the powders were carried out in custom made 30 mm stainless steel dies with 

inner diameter of 5 mm. The cylinder like design of the dies facilitates the 

thermoelectric characterization of the pressed pillars by eliminating the 

unnecessary delay involved in cutting smaller pellets out of a large tablet obtained 

using conventional large sized dies.  

Particle size of each of the four powdered samples was measured with x–ray 

diffraction (XRD) (Bruker D8 Advance), while scanning electron microscope (SEM) 

(FEI Quanta 600) was for used micro-structure characterization of the powdered 

samples. Elemental compositions of the as-purchased and ball milled added nano-

structured powder samples were evaluated using inductively coupled plasma  

optical emission spectroscopy (ICP-OES) (Varian 720 - ES). 
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Effect of nano-structuring and hot pressing on thermoelectric properties of the as-

purchased powders was investigated through the thermoelectric characterization of 

the   hot   pressed   pillars   of   the   four   powder   samples   using   the   Quantum   Design™  

Physical Properties Measurement System (PPMS). The Seebeck coefficient and 

thermal conductivity of the samples were measured using two-probe technique by 

connecting a pair of gold coated copper discs on the top and bottom of the 5 mm hot 

pressed pillars using a thermally and electrically conductive two part temperature 

activated epoxy.  Electrical conductivity of the pressed pillars was measured with a 

four-probe technique with a set of four electrodes soldered along the length of the 

pressed pillars. 

Results and Discussion 

Elemental compositions of all the samples were verified with ICP-OES and one of the 

samples was cross examined with x-ray flourescence (XRF) to confirm the validity of 

the ICP-OES results. Slight drift in the percentages of individual elements can be 

attributed to the ball milling process. 

Effect of ball milling on the size of the particles in the as-purchased powders 

examined by XRD showed considerable reduction down to nanometer scale (Fig. 

7.1). This size reduction was cross verified by the SEM characterization of the four 

samples (Fig. 7.2).  
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Fig. 7.1 XRD pattern of as-purchased and ball milled powder samples of a) bismuth 

antimony telluride b) bismuth telluride. 
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Fig. 7.2 SEM images of a) as-purchased b) ball milled samples of bismuth antimony 

telluride and c) as-purchased d) ball milled samples of bismuth telluride. 

Electrical resistivity of as-purchased and ball milled samples of Bi0.4Sb1.6Te3 is 

shown in (Fig. 7.3a). The higher electrical resistivity of ball milled samples 

compared to the lower resistivity of the as-purchased sample can be attributed to 

the excess micro-structural refinement obtained during ball milling process [2]. 

Although ball milling is expected to induce higher carrier concentration to the 

sample, potential barrier scattering at the grain boundaries may have played a role 

in higher electrical conductivity of the as-purchased powders in spite of having 

lower carrier concentration [3]. 



120 
 

With the induction of donor like carriers by ball milling [4] resulting in an increase 

in carrier concentration, electrical resistivity for the ball milled samples of 

Bi1.75Te3.25 is lower compared to the as-purchased as shown in (Fig. 7.3b).  

Seebeck coefficient plot of as-purchased and ball milled samples of Bi0.4Sb1.6Te3 

shows the Seebeck coefficient for the as-purchased sample is the highest due to low 

carrier concentration for this sample, compared to the ball milled samples which 

tend to have higher carrier concentration induced by the ball milling exercise (Fig. 

7.3c). Low energy carriers tend to reduce the Seebeck coefficient of a sample. 

Potential barriers have the tendency of filtering these low energy carriers. 

Therefore, in addition to the carrier concentration, potential barrier scattering effect 

at the grain boundaries may have played a role in deciding the Seebeck coefficient of 

Bi0.4Sb1.6Te3 [3]. Elimination of these low energy carriers resulted in an overall 

increase in the Seebeck coefficient of the as-purchased Bi0.4Sb1.6Te3 samples. On the 

other hand, Seebeck coefficient of as-purchased, and ball milled samples of 

Bi1.75Te3.25 shows that the as-purchased samples having the highest electrical 

conductivity have the lowest Seebeck (Fig. 7.3d).  

The main anticipated advantage of nano-structuring was verified in thermal 

conductivity results of the powder samples. Size reduction with ball milling resulted 

in a significant decrease in the thermal conductivity of the nano-materials samples 

of Bi0.4Sb1.6Te3 and Bi1.75Te3.25. Nano-structuring brings a 20% decrease in the 

thermal conductivity of ball milled sample of Bi0.4Sb1.6Te3 room temperature, 

attributed to enhanced boundary scattering at the granular level inside ball milled 
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Bi0.4Sb1.6Te3 (Fig. 7.3e). Thermal conductivity of as-purchased and ball milled 

samples of Bi1.75Te3.25 shows (as expected) that presence of nano-sized particles and 

smaller entities embedded inside the grains of the ball milled samples bring an 

accumulative effect to boundary scattering of the phonons. The impact of nano-

structuring on thermal conductivity is evident by thermal conductivity values as low 

as 0.65 W/mK for ball milled samples. The as-purchased powders with largest 

particle size has the highest thermal conductivity which reaches as high as 2.75 

W/mK around 50 K (Fig. 7.3f). 

Although the ball milled samples of Bi0.4Sb1.6Te3 have considerably lower thermal 

conductivity, the higher Seebeck and lower electrical resistivity accounts for higher 

power factor for the as-purchased samples, hence resulting in ZT of two orders of 

magnitude higher than the ball milled Bi0.4Sb1.6Te3  samples (Fig. 7.3g). With the 

thermal conductivity 60% lower than the as-purchased powders, ball milled 

Bi1.75Te3.25 nano-material sample shows the highest ZT. Although Seebeck coefficient 

for ball milled Bi1.75Te3.25 nano-material is lower, the power factor is higher 

compared to the as-purchased counterpart, further enhancing the ZT of the ball 

milled sample (Fig. 7.3h). 
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Fig. 7.3 a) electrical  resistivity of bismuth antimony telluride and b) electrical  

resistivity of bismuth telluride. 
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Fig. 7.3 c) Seebeck coefficient of bismuth antimony telluride and d) Seebeck 

coefficient of bismuth telluride.
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Fig. 7.3 e) thermal conductivity of bismuth antimony telluride and f) thermal 

conductivity of bismuth telluride. 
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Fig. 7.3 g) ZT of bismuth antimony telluride and h) ZT of bismuth telluride. 

To realize the viability of a thermoelectric interface like glass window integrated 

with nano-manufactured hot pressed thermoelectric pillars, we prepared a 11.5 cm 

× 11.5 cm Plexiglas panel drilled with a 12 × 12 array of holes of 5 mm diameter 
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each. The panel has 6 mm thickness comparable to a single pane glass used in 

regular glass windows. As-purchased powder of Bi0.4Sb1.6Te3 and Bi1.75Te3.25 were 

chosen for hot pressing into 72 pairs of complimentary pillars to be inserted 

through the array of holes in the Plexiglas panel. Only reason for not choosing the 

ball milled powders of choosing Bi1.75Te3.25 in spite of having superior performance 

was to avoid the processing delay involved in ball milling of more than 50 grams of 

as-purchased Bi1.75Te3.25 powders. Columns of holes were filled alternately with 

Bi0.4Sb1.6Te3 and Bi1.75Te3.25 pillars constituting the complimentary n and p type legs 

of a thermoelectric generator. On one side of the panel, the complimentary legs from 

adjacent columns were connected using custom made dog bone shaped copper 

interconnects. On the reverse side, the complementary leg from one column was 

connected diagonally, using similar but longer dog bone shaped interconnects as 

before, to the leg above the adjacent leg to keep the series configuration of the 

electric circuit (Fig. 7.4a). To measure power generation, the TE plastic slide was 

placed between a heat sink and a hot plate. Electrical testing of the slide was carried 

out for various temperature gradients. The hot plate temperature was ramped up in 

fine intervals with ample thermal delay to attain a stable hot side temperature. The 

hot side temperature, Th, and cold side temperature, Tc, were measured using 

thermocouples placed on each side of the plastic slide. The experimental output 

voltage for 20 OC difference is 50% lower than the theoretical value owing to the 

amount of heat loss inside the silver paste used for connecting the copper 

interconnects. The actual temperature gradient influencing the thermoelectric 

pillars is actually smaller than the gradient recorded by the thermocouples. The 
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power output (Fig. 7.4b) from the panel for the same temperature difference is a 

few orders of magnitude lower than the theoretical value.  

 

Fig. 7.4 a) 72 pillar pairs proto-type thermoelectric window b) output power from a 

proto-type thermoelectric window. 

 

This discrepancy is due to the total resistance of the entire panel which is as many 

orders of magnitude higher than the collective resistance of all the pillars [1]. This 

means that there exists another source that introduces a large electrical resistance 

into the circuit. We believe the mechanism chosen for interconnecting the 
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thermoelectric pillars using dog-bone shaped copper interconnects employing silver 

paste is not efficiently conductive and a more reliable technique like sputtering or e-

beam evaporation of conductive metals can result in a significant decrease in the 

total system resistance, therefore bringing manifolds increase in the output power 

of the thermoelectric Plexiglas panel. 

Conclusion 

A successful demonstration of  large thermoelectric Plexiglas panel integrated with 

72 pairs of nano-manufactured thermoelectric pillars has been shown confirming 

the viability of power generation at a mass scale using temperature gradient 

between hot outdoor heated by the sun and relatively cold inside of a building. A 

batch fabrication process has been developed that can facilitate efficient nano-

manufacturing of large batches of thermoelectric pillars for our proposed large 

coverage thermoelectric window. The output power from the Plexiglas panel was 

manifolds less than the expected value due to excessive contact resistance of the 

system. Further investigation into the ball milled samples of bismuth antimony 

telluride for properties enhancement and reduction in contact resistance using 

techniques like PVD or ink jet printing of interconnects can promise a significant 

increase in the output power levels. 

References 

1] Inayat, S. B., Rader, K. R., Hussain, M. M. Nano-materials enabled 

thermoelectricity from window glasses. Scientific Reports. (2012) DOI: 10.1038/ 

srep00841. 



129 
 

2] Ge, Z., Zhang, B., Shang, P., Yu, Y., Chen, C., Li, J. Enhancing thermoelectric 

properties of polycrystalline Bi2S3 by optimizing a ball-milling process. J. 

Electron. Mater. 40 (5), 1087–1094 (2011). 

3] Kishimoto, K., Yamamoto, K. Koyanagi, T. Influences of potential barrier 

scattering on the thermoelectric properties of sintered n-type PbTe with a small 

grain size. Jpn. J. Appl. Phys. 42, 501–508 (2003). 

4] Kuo, C., Hwang, C., Jeng, M., Su, W., Chou, Y., Ku, J. Thermoelectric transport 

properties of bismuth telluride bulk materials fabricated by ball milling and 

spark plasma sintering. J. Alloy. Compd. 496, 687–690 (2010). 

 

 

 

 

 

 

 

 

 

 

 



130 
 

Chapter 8: Conclusion 

Key Findings of the Current Work 

 FEM Modeling of thermoelectric windows 

To validate the concept, the behavior of a thermoelectric window system was 

analyzed using COMSOL Multiphysics model based on pair of complimentary n and 

p type thermoelectric pillars embedded through glass. 

 Fabrication of MEMS based test device 

A micro electro-mechanical systems (MEMS) based characterization test device was 

fabricated capable of thermoelectric characterization of thin films and nanowires for 

Seebeck coefficient, thermal conductivity and electrical resistivity. 

 Demonstration of thermoelectric window based on basic metals [1] 

Rudimentary thermoelectric materials like copper and nickel wires were embedded 

in an array through a 5 mm thick plastic, to build a thermoelectric system which 

verified for its functionality of stable 0.1 mW/cm2 power generation at a 

temperature difference of 23.5 °C for over 2 hours [1]. 

 Implementation of thin film based thermoelectric window [2] 

Larger Plexiglas panel was made out of smaller strips of the Plexiglas joined and 

cured together into a larger panel. The complimentary TE materials were sputter 

deposited on the inner sidewalls of the individual strips, such that on curing, these 

sidewalls formed the thickness depth of the glass panel with the TE materials 

effectively embedded through the panel [2]. 
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 Successful fabrication of fully functional nano-manufactured thermoelectric 

window prototype [3]. 

Nano-manufactured thermoelectric pillars, having lengths comparable to the 

thickness of glass were seamlessly integrated inside through holes in glass and 

finally connected using custom built copper interconnects to form prototype 

thermoelectric window devices of different sizes. 

 

Table 8.1 Comparison of employed techniques based on thermoelectric properties 

of the materials. 

 Our demonstration shows the successful functionality of a power generating 

interface which can use the temperature gradient between hot outdoor and 

relatively cold indoor of a building for generation of useful electric power.  

The major challenge towards employing this temperature gradient between 

abundant reservoirs of solar heated outdoor and relatively cold indoor of a building 

for thermoelectric generation is the presence of blocking interface e.g. windows, 

doors and walls, preventing simultaneous access to the two counter temperatures 



132 
 

effectively eliminating creation of an applicable temperature gradient. 

Thermoelectric materials deposited on either face of the blocking interface cannot 

access the temperature on the opposite face thus calling for an innovative 

deposition of thermoelectric materials allowing the two temperatures to influence 

the thermoelectric materials simultaneously. 

In order to utilize the two temperatures with the glass window present in between, 

we have demonstrated a novel approach of transforming the glass window into 

generator of thermoelectricity by integrating the thermoelectric materials through 

the entire thickness of the glass rather than placing them on either side. 

Further optimization of the hot pressing regime can bring a significant improvement 

in the thermoelectric properties of the pressed pillars. The upper limit of 340 OC on 

the temperature range of the low intensity hot press used in our experiments did 

not achieve the critical temperature value during pressing, that is essential for 

enhancing the Seebeck coefficient of the pressed pillars. Moreover the conventional 

hot press involves prolonged "ramping up" and "ramping down" delays. These 

delays cause an undesired grain growth inside the materials, resulting in an increase 

in the thermal conductivity of the pillars. We strongly propose specialized pressing 

equipment such as Spark Plasma Sintering (SPS) equipment (Fig. 8.1) for rapid 

sintering of the pillars under pressure to prevent grain growth while achieving 

higher pressing temperatures to improve the Seebeck coefficient of the nano-

manufactured pillars. 
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Fig. 8.1  Spark Plasma Sintering (SPS) equipment for enhanced thermoelectric 

properties of pressed pillars. 

 Expanding the concept to a larger coverage area for a 5 mm thick glass, with 

Seebeck coefficient of 200 µV/K and -185 µV/K considered for best p and n type 

thermoelectric materials, the power output of 304 watts for a 9 m2 glass window 

can be harvested. During the times when cooling systems are switched off, for a 100 

m3 room provided with a 9 m2 thermoelectric window, it will take 18 minutes to 86 

minutes, depending upon the heat transfer coefficient value of air in the range of 25 

W/m2K to 5 W/m2K respectively, to raise its temperature from 20 Celsius to outside 

temperature value of 45 Celsius. The power generated during this duration, using an 

entirely natural temperature gradient, can be intelligently utilized either for 

powering up lighter loads or can be stored for later usage. Moreover, with the 

proposed system mainly intended for extremely hot climates, we expect from our 
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experience of common lifestyle in these regions, the rooms are continuously kept at 

moderate temperatures keeping cooling systems like air conditioners switched on, 

at least for the times inhabitants are present in the building.  

It might be questioned about the transparency of the window glasses. Typically it is 

needed to reduce the heat intake through window glasses (by making it tinted) in 

high temperature areas. Additionally in many citadels and Victorian architectures 

usage of colored non-transparent glasses are pretty common. So, intelligent design 

of the embedded thermoelectric system can in fact provide added aesthetic 

component in window glasses.  

We strongly believe in spite of opacity introduced by the thermoelectric pillars 

integrated inside the glass and the copper interconnects covering considerable area 

of the window, the room will still be reasonably illuminated with acceptable amount 

of natural light shining through, based on our common experience of the windows 

decorated with brass patterns covering major portion of the glass windows. (Fig. 

8.2a) shows an external view of a real world example of a glass window excessively 

loaded with decorative brass pattern, while (Fig. 8.2b) is the close up of the external 

view of the same window. It can be inferred from (Fig. 8.2a) that major amount of 

light must have been blocked with the opaque metallic patterns. (Fig. 8.2c) is the 

inside view of the room fixed with the same window. It can be easily judged that 

there is no major degradation in the illumination of the room, which appears well 

lighted even with heavy presence of opaque metal on the glass window. 
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Fig. 8.2 a) external view of glass window patterned with brass b) close up of 

external view and c) inside of the room fitted with the same brass patterned 

window showing reasonable illumination. 

From the example in (Fig. 8.2c) we infer that the transparency of a glass window 

will not be severely compromised by the thermoelectric pillars integrated inside the 

window and connected using metallic interconnects given that the accumulative 

presence of the two entities is less than the percentage of the glass coverage 

consumed by the brass pattern in (Fig. 8.2a). Moreover, we believe that the degree 

of opacity of our thermoelectric windows with the current active to inactive area 

ratio is 10 % to 15 % less than the brass patterned window shown in (Fig. 8.2). By 

increasing the active to inactive area ratio further, to match the opacity of the 
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window in (Fig. 8.2) with comparable illumination, the expected output power from 

a 9m2 thermoelectric window, using the best known thermoelectric materials, can 

be increased to 330 watts. 

Using transparent interconnects such as sputtered films of indium tin oxide can 

assist in improving the transparency as well as reduce the possibility of light 

scattering that may occur due to the presence of opaque copper interconnects. 

The external facing of the thermoelectric windows with bare metal contacts is prone 

to physical conditions that may result in the failure of the entire system. The 

possibility of rain falling onto the outer window surface can result in short circuiting 

of the interconnects mitigating the output of the system. In order to prevent these 

power harvesting windows from events of such short circuit, additional safety 

measures have been implemented. A four pillar thermoelectric window prototype 

was coated with a thin layer of insulation using transparent silicon spray, commonly 

employed for sealing cracks in camping tents to avoid in rush of wind inside the 

tents in cold climates. The 5 µm thick coating completely insulated the metal 

contacts from external causes of short circuit which was verified by the water 

resistance test. The thin coating offered negligible thermal resistance which was 

verified by electrical testing of the coated prototype device for its thermoelectric 

response. The output was compared with the pre-coating output for same 

temperature gradients. The closely matched results (Fig. 8.3) verified the 

effectiveness of the water proofing with minimum thermal resistance.         
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Fig. 8.3 Comparison of output power for thermoelectric window prototype with a 

similar device provided with short circuit protection. 

Finally, in general bismuth telluride and antimony telluride based thermoelectric 

materials have the same thermal conductivity as the regular window glasses. So, 

integration of such system will not increase the regular heat intake Table 8.1. 

Material  Thermal Conductivity (W/mK) 

Single Pane Window Glass [4] 1.1 

Corning 7740 Glass [5] 1.1 

Best known n type material [6] 1.23 

Best known p type material [7] 1.1 

Table 8.2 Comparison of thermal conductivity values of samples from this work 

with best reported n and p type thermoelectric materials and commercially 

available glass. 
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Future Works 

Enhanced Material Properties 

Maximum attainable limit of the hot press we used in our process had a deciding 

influence on the thermoelectric properties of our pressed pillars. Hot pressing 

techniques like Spark Plasma Sintering (SPS) have shown promise for enhanced 

thermoelectric performance of pillars pressed from ball milled thermoelectric 

powders. Using SPS equipment for batch manufacturing of thermoelectric pillars 

and employing the concept to glass encapsulated high rise like The Kingdom Tower 

in Riyadh, Saudi Arabia, a 99 floors skyscraper with 85,000 m2 of glass coverage [8], 

significantly improved thermoelectric pillar integration can provide 2.8 MW of 

power using the proposed thermoelectrics windows. With 40% degradation with 

losses, these windows can still provide 1.7 MW of thermoelectricity to serve as a 

major source of complimentary power to the main electrical grid. As a real world 

practical example, (Fig. 8.4) shows the power requirements for forcing water up 

through a range of heights to fill up roof mounted water tanks with different 

dimensions in domestic buildings [9].  
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Fig. 8.4 Power requirement of electric water pumps to force water up to various 

heights [9]. 

In case of 300 m high Kingdom Tower, a 10 horse power electric motor would 

require 45 KW of electricity to fill up a 24 m3 tank in one hour. 1.7 MW of mass scale 

thermoelectric generation from glass windows can conveniently suffice for such 

peripheral loads considerably reducing the loading on the main power grid. 

Utilize Innovative Interfaces 

Using the temperature difference between the surface below domestic floors and 

above it allows vast opportunity to scavenge useful power by embedding similar 

thermoelectric pillars through the contemporary as well as conventional floorings 

laid in domestic and commercial buildings. A similar concept can be extended to the 

doors and the walls of buildings opening up opportunity of first ever solar based 
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energy generating homes with windows, walls, doors and floors being generators of 

thermoelectricity.  

Integration with Photo Voltaic (PV) Panels 

Recently, solar thermoelectric generators have shown significant increase in 

performance efficiency using flat panel wavelength specific heat absorbers 

amplifying the amount of heat intake for these generators [10]. Solid free form 

fabrication of nano-particles allow above millimeter thick deposition of 

thermoelectric materials in these generators. High performance nano-manufactured 

thermoelectric pillars can be integrated at mass scale with large coverage flat panel 

absorbers and underneath conventional PV panels that tend to heat up considerably 

during operation.  

The performance impeding contact resistance encountered with our thermoelectric 

panels is mainly due to the absence of an efficient scheme for placing the 

interconnect without discontinuity at the gap between the edges of pillars and 

periphery of holes in glass. Ink jet printed metallic interconnections may not only 

overcome the problem of discontinuity at the gaps but may also help in maintaining 

the overall aesthetics of the window with pleasant custom defined pattern of 

interconnects. 

Anisotropic Thermal Conductors [11] 

Future efforts may be directed towards exploring the opportunity of employing 

anisotropic thermal conductors that would serve as solar absorbers as well as 
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electric contacts between complimentary thermoelectric pillars integrated through 

window glass.  Anisotropic thermal conductivity would allow directed heat flow 

through preferred planes enhancing the uniformity of the temperature gradient 

across the entire coverage area of the window as well as provide additional degree 

of maneuverability for the temperature profile of the power generating window 

system. Graphite heat spreaders, for their superior anisotropic thermal conductivity   

performance, can be potential candidates to serve as the electric contacts between 

the complimentary thermoelectric legs of the glass window. 

Cost Calculation and Technology Development Plan 

Output Power (from 9 m2 TE window)  304 W 

Daily Output (7 hours peak + 17 hours off 

peak) 

2108 + 2380 = 

4488 WH 

Average Annual Output 1638 KWH 

Output over 20 years life span 32762 KWH 

System Cost (targeted) $9,000 

Cost / KWH  $ 0.27 

Table 8.3 Cost of electricity from a thermoelectric window. 
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With a growing interest in solar thermoelectric generators using wavelength 

specific heat absorbers opens up opportunities for thermoelectric windows with 

power generation levels considerably greater than those with first breed of bismuth 

telluride based windows. Bismuth telluride and its alloys are the materials of choice 

at lower end of temperature spectrum. The temperatures at which these first 

generation TE windows operate are at or around 45 Celsius hence making bismuth 

telluride an ideal candidate for thermoelectric generation. 

Deployment of heat absorbers allow for temperatures incident on the hot side 

(outer side of the windows) of the TE windows to reach in excess of 250 Celsius. 

With cold side of the window still maintained at inside ambient of 25 Celsius will 

result in a massive temperature gradient of approximately 200 Celsius. This 

temperature ideally suits thermoelectric windows with far greater efficiency, 

capable of producing output orders of magnitude. 

 

 

 

 

 

 

 

Breakdown of Tasks 

Phase 1: First batch in short time line 

Basic TE Windows 

a) TE material synthesis : Two months with procured pre-cursors available 
up front. 

b) Optimization and batch fabrication of bulk magnitude of TE pillars: With 
dedicated team and tools 12 months  turnaround time for pillar 
fabrication for fifty TE windows of 1m2 

c) Window manufacturing : First of batch of ten to twelve TE windows in 180 
days. Tasks will include 

 System integration of TE pillars into glass windows 
 Interconnections of TE pillars 
 Water proofing 
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Phase 2: Parallel Production Phase - Stabilized process flow with superior 
performance for synchronized integration of interfaces into existing 
buildings 

Heat Absorber Based TE Windows 
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TE windows 

b) Synthesis of thermoelectric materials for high temperature ranges 
provided by heat absorbers 
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a) Detailed design and implementation of extending the novel concept of 
thermoelectric domestic interfaces to walls and doors of the buildings 
converting them into harvesters of thermoelectric power. 

 



144 
 

4] http://www.saylor.org/site/wp-content/uploads/2011/04/Thermal_conductivity.pdf 

Last visited 25th October 2012 at 12:30 AM (GMT +300). 

5] http://www.nist.gov/data/nsrds/NSRDS-NBS-8.pdf Last visited 25th October 

2012 at 12:40 AM (GMT +300). 

6] Mehta, R., Zhang, Y., Karthik, C., Singh, B., Siegel, R.W., Borca-Tasciuc, T., 

Ramanath, G. A new class of doped nanobulk high-figure-of-merit 

thermoelectrics by scalable bottom-up assembly. Nat. Mater. 11, 233–240 

(2012). 

7] Poudel, B., Hao, Q., Ma, Y., Lan, Y. C., Minnich, A., Yu, B., Yan, X., Wang, D. Z., Muto, 

A., Vashaee, D., Chen, X. Y., Liu, J. M., Dresselhaus, M. S., Chen, G., Ren, Z., High-

thermoelectric performance of nanostructured bismuth antimony telluride bulk 

alloys. Science. 320, 634–638 (2008). 

8] http://www.kingdomcentre.com.sa/ Last visited 25th October 2012 at 07:10 PM 

(GMT +300). 

9] http://www.lubipumps.com/html/electrical/pdf/LBH.pdf Last visited 

22nd November 2012 at 07:20 AM (GMT +300). 

10] Kraemer, D., Poudel, B., Feng, H.P., Caylor, J. C., Yu, B., Yan, X., Ma, Y., Wang, X., 

Wang, D., Muto, A., McEnaney, K., Chiesa, M., Ren Z., Chen, G. High-performance 

flat-panel solar thermoelectric generators with high thermal concentration. 

Nature Materials. 10, 532-538 (2011). 

11] http://europeanthermodynamics.com/Thermalmats/pcim2000a.pdf Last 

visited 21st November 2012 at 06:40 PM (GMT +300). 

http://www.saylor.org/site/wp-content/uploads/2011/04/Thermal_conductivity.pdf
http://www.kingdomcentre.com.sa/


145 
 

Appendix A: Electrochemical Deposition of 

Thermoelectric Materials Through Glass Slides 

Inorder to achieve above millimeter deposition of thermoelectric materials through 

the holes drilled in glass over the entire coverage area of a large scale window 

requires a fast, simple and low cost deposition technique that can enable parallel or 

batch filling of thermoelectric materials through such a large array of holes 

efficiently is required. 

Electrochemical deposition (ECD) has been a successful method for growing 

thermoelectric nanowires through anodic alumina nanotemplates [1] or and vertical 

thermoelectric legs in devices employing Lithographie, Galvanoformung, Abformung 

(LIGA) enabled high aspect ratio molds [2]. 

We explored the possibility of depositing the thermoelectric materials through 

glasses by attempting ECD of basic metals through holes drilled in 1 mm thick 

sample glass slide. The metal wire based thermoelectric window demonstration 

(chapter 4) was followed up with ECD of copper as one of the thermoelectric 

materials through holes inside glass slide. The solution details for electrochemical 

deposition of copper are described in (Table A.1).  
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Table A.1 Solution details for ECD of copper. 

A copper plate was used as the working electrode and was sandwiched between a 

plain glass slide and a glass slide drilled with an array of 16 holes with a diameter of 

1 mm. A soluble epoxy was used for attaching the assembly together. As a variation, 

a copper panel with one face coated with plastic was used as the working electrode. 

GAMRY 3000 potentiostat was used for carrying out the electrochemical deposition 

experiment. The success of the ECD of thermoelectric materials through glass was 

impeded by inefficient sealing between the working electrodes and drilled glass 

slides (Fig. A.1).  

 

Fig A.1 Effect of sealing between working electrode and drilled glass slide. 
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Various options (Table A.2) for successful ECD of thermoelectric materials through 

glass slide were adapted to ensure a leak free contact between the working 

electrode and the drilled slide. Each option was equipped with a different set 

pretreatment of holes, type of sealant used, drilling scheme and nature of 

detachment or release of the glass slide from the working electrode. 

 
Table A.2 Options used for ECD of copper. 

Option 1 

A drilled glass slide was attached to the electrode with Teflon tape first and later 

with soluble epoxy. Most of the holes showed no signs of leakage and the very thin 

film was deposited inform of spots right below the holes. The assembly was released 

by treating it with acetone. Fig A.2 shows the initial deposition of copper on the 

released working electrode. After replenishing the solution, ECD was continued on 

the same assembly, after re-attaching the electrode and the slide, but after multiple 
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hours of experiment, no visible vertical deposition occurred through the holes and 

the run failed with the epoxy finally dissolving in the solution allowing the 

deposition to continue in form of thin film instead of vertical pillar formation.  

 

Fig A.2 Electrochemical deposition of copper on working electrode. Inset shows the 

close up of the deposited copper spots. 

Option 2 

A covered copper wire was chosen as the working electrode. An undrilled slide was 

attached to the electrode with non conductive epoxy (poly urethane/ spray paint) 

by removing the cover from copper wire at the location precisely above which a 

hole was drilled through the glass slide. Single hole was drilled through the glass 

slide opening up at the surface of the copper wire.  

Pre-drill epoxy attachment enabled strong sealing around this hole, and the 

subsequent drilling went through the glass and epoxy without creating any fractures 

between the two interfaces. ECD run was accompanied with enhanced perturbation 

using sonicator, but the experiment did not produce any copper deposition through 
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the holes and prolonged immersion of the assembly led to failure of adhesion 

between the wire and the slide.   

Option 3 

Drilled glass slide was attached to the working electrode using a two part potting 

compound to explore the durability of adhesion. A post adhesion drilling through 

the holes was carried out to remove the potting compound from the holes. Drop of 

conductive silver paste was applied inside the holes to serve as a seed for 

subsequent concentrated electrochemical deposition on top of it. Potting compound 

ensured air tight sealing around the edges of the glass slide preventing leakage of 

solution through these edges. Cured potting compound turned out to be soluble in 

the ECD solution after a prolonged immersion in the solution. 

Option 4 

Inorder to avoid prolonged immersion, a more conductive seed was considered to 

be a possible candidate to improve the deposition rate of the experiment. Similar 

attaching scheme was used as in option 3. A seed layer comprising of 500 nm of 

copper was evaporated into the holes in glass, using Kapton tape as a mask. The 

copper seed also served as a clamp to block any voids left between the adhesive and 

the electrode surface. Even with highly conductive seed, the potting compound 

dissolved before any substantial deposition could occur. It is believed that the 

evaporated copper seed did not make a conductive contact with the underlying 
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working electrode. The lack of conductivity prevented the initiation of 

electrochemical deposition on to the seed residing inside the holes. 

Remarks 

With the development of leakage free process flow for attaching the drilled glass to 

the working electrode and an automated mechanism for frequent replenishing of 

the chemical solution can open up opportunities for above millimeter thick filling of 

thermoelectric materials through the entire thickness of window glasses. Successful 

ECD scheme for thermoelectric window fabrication can be a useful step forward, 

since ECD can allow fast, simple and a low cost method of filling up the holes inside 

the windows, not achievable with conventional micro fabrication deposition 

techniques like sputtering and e-beam evaporation. With the current status quo of 

leakage prone adhesion, ECD remains an elusive candidate for thermoelectric 

materials deposition inside thermoelectric windows intended for mass scale energy 

generation using the temperature gradient between hot outdoor and relatively cold 

indoor of a building. 
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Appendix B: Hot and Cold Side Contributions towards 

Power Generation from Thermoelectric Glass 

Windows 

The efficiency of a thermoelectric generator is given by 

𝜂 =  ∆𝑇
𝑇H

[√1+𝑍𝑇− 1

√1+𝑍𝑇− 𝑇C

𝑇H

]                (1) 

𝜂 =  𝑇H−𝑇C 

𝑇H
[√1+𝑍𝑇− 1

√1+𝑍𝑇− 𝑇C

𝑇H

]                (2) 

While using the law of conservation of energy, the power 'P' extracted from the 

thermoelectric system is given by 

P = qH - qC =  NαI(TH - TC) - NReI2               (3) 

Where N is   the   total   number   of   complimentary   thermoelectric   pairs,   Nα   is   the  

Seebeck coefficient for the entire system, NRe is the systems resistance and I is the 

current. 

In order to increase the efficiency and output power the temperature gradient needs 

to be increased. Generally the cold side of any heat engine is limited by operating 

temperatures close to ambient or room temperature. Hence the cold side 

contribution to increase the temperature gradient cannot go below 293K. Therefore, 
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the efficiency or the power output is governed by the range of temperature the hot 

side can increase to under practical conditions.  

The amount of heat flux entering the room through a glass window among other 

factors depends mainly on two of the following, 

a) Solar gain - due to radiation 

b) Sensible transmission - due to thermal conductivity 

The solar gain is commonly three times the contribution from sensible transmission 

in the total heat flux entering through the window. 

Considering a case of a transparent normal glass window, the heat flux entering 

room will cause an increase in the temperature of the room maintained at 20 OC by 

an air conditioner. When the temperature rises by a certain number of degrees 

Celsius, the compressor is turned on and the air conditioner works to bring the 

temperature of the room down to 20 OC. during this event, the loading on the air 

conditioner and the power grid will be maximum. The duty cycle of 10% to 20% can 

be observed for the compressor during an average summer daytime. 

By tinting the glass with semi opaque film or by using blinds, the solar gain can be 

reduced considerably. Over all heat flux entering the room through the window, 

with major contribution from the solar gain, will also be decreased. This reduction 

in heat flux entering the room will result in reduced loading on the air conditioner. 

As a result, the turning on frequency of the compressor will in turn be reduced. 



154 
 

Next, consider a glass window integrated with opaque cylinders (similar to the hot 

pressed thermoelectric pillars) across a percentage of the coverage area of the glass. 

The loss of transparency will bring a reduction in compressor's duty cycle 

proportional to the glass area accumulatively covered by the opaque pillars. 

Replacing opaque cylinders integrated through glass by nano-manufactured hot 

pressed thermoelectric pillars with same amount of opacity, and lower thermal 

conductivity (sensible transmission) compared to glass, the duty cycle of the 

compressor will be even shorter owing to additional heat flux reduction with lower 

sensible transmission in addition to the lower solar gain due to opacity. 

In other words, the integration of these thermoelectric pillars inside the glass will 

now help the temperature of the room to be maintained at 20 OC for a longer 

duration. 

At the same time, while the compressor is off, and temperature maintained for 

extended duration, the thermoelectric pillars will be acted upon from outside by the 

heat of the solar heated outdoor otherwise going wasted. The presence of the 

naturally existing hot side temperature and a cold indoor maintained at a lower 

temperature will result in a thermoelectric power generation of 300 watts for a 

temperature gradient of 20 OC using the best known thermoelectric materials. 

The state when the compressor is off, duration of which is longer with 

thermoelectric materials embedded inside the glass allowing a lower influx of heat, 

the power generation will mainly be provided by the hot side temperature heated 
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by the sun. An increase in the outside temperature above 40 OC will be translated as 

an additional increase in power output. 

After a certain duration, the temperature of the room will tend to increase, although 

this duration for the temperature of the room maintained, will be longer than the 

case when there is no thermoelectric material embedded inside glass. The 

compressor of the air conditioner will be turned on to bring the temperature back to 

20 OC. During the time when the compressor is on, the cold side and hence the 

power grid will be responsible for the thermoelectric generation. 

With an increased awareness toward the green future of the world, appliances are 

being developed with lower power consumption, to be integrated with renewable 

sources  of energy. For example, leading manufacturers such as Sanyo and Goodman 

have introduced purpose built air conditioner units to be integrated with solar 

panels. 

A 5000 British thermal unit air conditioner requires 300 watts with its compressor 

turned on. During this time, the cold side or the power grid is the main contributor 

towards the thermoelectric generation from the window. The amount of 

thermoelectric power generated will be 300 watts with best known thermoelectric 

materials. With a 20% duty cycle, the 300 watts provided by power grid will be 

compensated back by the same amount generated by the window. 

For the duration when the compressor is turned off (80 % of the total time), the hot 

side is the main contributor towards the thermoelectric generation of 300 watts, 
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which will be surplus energy that can be used for running average lighting loads of 

the room. 

From the discussion, it can be concluded that the wasted heat of the outdoor 

atmosphere is mainly responsible for majority of the time, for power generation 

from the thermoelectric window using the temperature gradient between the hot 

outdoor and relatively cold indoor of a building.  

 
 


