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Abstract. Thermoelectric generators (TEGs) have become an 

excellent candidate for autonomously powering wearable and 

implantable microelectronics, and wireless sensor networks in the 

Internet of Things (IoT) systems. This paper presents a double-

layer double-circuit planar TEG with high power output. The 

impact of the different geometric terms on the device performance 

is investigated by the use of an electrical model. By studying the 

impact of the width of the TE films, the number of pairs is 

optimized to give the optimal power output. The impact of 

increasing the number of pairs on the output variables of the TEG 

is also studied. The maximum power of 0.522µW was obtained 

from 32 pairs at a metal width of 3.82mm with a temperature 

difference of 17K. Further improvement in the output power up to 

mW can be obtained by optimizing the temperature difference and 

operating in a temperature range of about 450K, such as in 

industrial heat recovery applications. 

 

Key words. Energy Scavenging, Wearable, Implantable, 

Internet of Things, Double layer, Double Circuit, and 
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1. Introduction 

Recently, there is an increasing trend for small-scale 

wearable and implantable electronic devices [1], [2], 

especially for health and wellness monitoring. With the 

evolution of the Internet of Things (IoT), in which sensors 

and wireless devices can interact to exchange 

information[3]–[5], the globe will be further connected and 

more intelligent. 
The combination of the IoT and wearable electronics will 

enhance communication between mankind, Wireless 

Sensor Networks (WSN), and the surroundings, in a more 

seamless manner [6]. 

Nevertheless, this will be possible with a more reliable and 

continuous power supply unlike the use of batteries, which 

require periodic recharging and replacement. There are 

several techniques for harvesting micro-energy from the 

surroundings, including solar-based devices [7], 

piezoelectric [8], triboelectric [9], and notably 

thermoelectric (TE) [10]–[12]. TE generators (TEGs) have 

more promising applications in wearable (or small-scale) 

electronics [12], [13] since heat is ubiquitous and does not 

rely on any mechanical input or light, unlike other sources 

such as piezoelectric. They produce power directly from 

any heat source. Moreover, TEGs are renewable, with no 

moving parts hence high reliability [10], and noiseless. 

Although TEGs produce small quantities of power in 

micro-Watts, it has been proven to be sufficient to power 

most portable electronics such as wireless sensors [2], 

[14]–[16], and implantable electronics such as Cardiac 

PaceMaker [16]. 

However, TE is limited by low efficiency which is 

determined by the thermoelectric dimensionless figure of 

merit (ZT), given by:  𝒁𝑻 =
𝑺𝟐

𝝆𝒌
𝑻 

Where S is the Seebeck coefficient, k is thermal 

conductivity, ρ is the electrical resistivity, and T is the 

absolute temperature. Thus, many researchers have  

focused on the development and characterization of new 

materials with a high ZT and less on device fabrication 

[17] 

There is still a challenge in fabricating a microscale TEG 

with a high-power density. In this work, geometry 

optimization at a device level has been undertaken. 

Though much better results can be obtained if 

simultaneous optimization of the material properties, 

device, and system is done. A planar configuration is 

preferred over the vertical type. It is simple to fabricate 

because there is no bonding process required [11], and is 

suitable for low-cost mass production since less material 

is needed. 

Shen et al. [11] proposed a planar TEG with a circular 

pattern. In their design, Cu electrodes with dimensions 

bigger than the TE legs themselves were used as a means 

of interconnecting the TE legs which would increase the 

material requirement and the parasitic contact electrical 

resistance. Chen et al. [1] proposed a novel multi-layer 

design in which each TE metal is set to layer by layer but 

didn’t carry out any numerical study to verify their 

findings. Pelegrini et al. [18] proposed a double circuit 

design and obtained promising results but did not utilize 

the multilayer concept used in the present paper. Leon et 

al. [19] and Peng et al. [20] both suggested planar circular 

patterns and used CMOS and Micro-ElectroMechanical 

Systems (MEMS) processes to design and fabricate micro-

TEGs with promising results. 
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Fig. 1. Schematic Diagram (Isometric View) of the Double-layer Double circuit Planar TEG 

 

Many researchers in this field have used a vertical 

configuration [2], [12], [13], [21], but the cross-plane design 

has limitations of short leg length due to aesthetics, hence 

small thermal gradient, and the need for the bonding process 

to anchor the connectors to the TE legs. Wang et al. [22] 

conducted a comprehensive analytical model to investigate 

the impact of geometric parameters on the output metrics of 

the TEG. However, in their study, they considered a single 

TE pair of the vertical configuration. To the best of the 

authors’ knowledge, no such inclusive geometric study, in 

terms of the output power, has been conducted on the planar 

type of TEG before. 

In this work, a double layer-double circuit planar TEG with 

rectangular TE legs is introduced, as shown in Fig. 1, where 

each metal circuit utilizes a layer, separated by a thin 

insulating film, and interconnected to form pairs through 

small contact holes. The proposed design allows the device 

to have a huge number of TE pairs in the smallest possible 

substrate area. A comprehensive geometric analysis has 

been conducted to investigate the effect of different 

geometric terms and dimensions on the performance 

metrics of the generator. An electrical model that 

expresses the power output in terms of the device 

geometry was used in the study.  

 

2. Working Principle of a TEG 

 

According to the Seebeck effect, a TEG generates 

electricity directly from heat. When junctions of two 

dissimilar metals a and b are subjected to a thermal 

gradient, such that one junction is hot and the other cold, 

an emf is induced [23], as shown in Fig. 2. 
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Fig. 2. Schematic Illustration (x-z plane) of a Double-layer Planar 

Thermoelectric Couple (TEC) 

 

The thermoelectric open-circuit voltage (Voc) induced is a 

function of the Seebeck coefficients of the thermoelements 

and the temperature difference, given by the following 

expression: 

 

 

𝑽𝒐𝒄 = ∫ (𝑺𝒂(𝑻)

𝑻𝑯

𝑻𝑪

− 𝑺𝒃(𝑻)) ⅆ𝑻 (1) 

 

where Sa and Sb are Seebeck coefficients of thermoelements 

a and b, TH and TC are temperatures of the hot side and cold 

side junctions respectively.  

Seebeck coefficient is a function of the temperature. It is 

non-linear and depends on the thermoelement’s absolute 

temperature, material properties, and molecular structure. 

If the Seebeck coefficients are effectively constant for the 

measured temperature range, then eqn. (1) becomes: 

 

 𝑽𝒐𝒄 = (𝑺𝒂 − 𝑺𝒃)(𝑻𝑯 − 𝑻𝑪) = 𝑺∆𝑻 (2) 

 

where S is the relative Seebeck coefficient of the 

thermoelectric couple and ∆T is the temperature difference 

If an external load of resistance RL is connected across the 

TEC, the current flowing, IL is given by: 

 

 
𝑰𝑳 =

𝑽𝒐𝒄
𝑹𝒊 + 𝑹𝑳

 (3) 

 

where VL is the load voltage and Ri is the steady-state 

internal electrical resistance of the TEC, given by: 

 

 
𝑹𝒊 =

𝝆𝑳

𝑨
 (4) 

 

The power flowing through the load is then expressed as: 

 

 𝑷𝑳 = 𝑰𝑳
𝟐𝑹𝑳 (5) 

 

𝑷𝑳 = (
𝑽𝒐𝒄

𝑹𝒊 + 𝑹𝑳
)𝟐𝑹𝑳 (6) 

 

For maximum power point tracking (MPPT), the load 

resistance RL must match the internal resistance of the 

generator (i.e., RL = Ri) [19], [24], [25]. 

 

 
𝑷𝑴𝑷𝑷𝑻 = 

𝑽𝒐𝒄
𝟐

𝟒𝑹𝒊
= 
(𝑺∆𝑻)𝟐

𝟒𝑹𝒊
 (7) 

 

Eqn. (7) is the maximum thermoelectric power that can be 

generated from one pair.   

To optimize the power, it is desirable to maximize voltage 

while minimizing the internal resistance of the generator. 

The thermoelectric output voltage depends on the Seebeck 

coefficient and temperature difference. Seebeck 

coefficient is a material property of the thermoelements, 

and its enhancement is outside the scope of this work.  

In this work, TE materials commercially available in the 

market are utilized. 

The internal resistance Ri depends on the geometrical 

terms such as the length and width of the TE legs. 

This work, therefore, focuses on optimizing the geometry 

and the design to fabricate an optimal-power density 

µTEG. 

 

3. Materials and Methods 

 

A. The Electrical Model 

 

The voltage, resistance, and power of the device can be 

expressed in terms of geometry. 

For N pairs connected electrically in series and thermally 

in parallel such that one side is heated, and the other is 

cooled: 

The generator open circuit voltage VTEG becomes: 

 

 𝑽𝑻𝑬𝑮  =  𝑵𝑽𝒐𝒄 = 𝑵𝑺∆𝑻  (8) 

 

The internal resistance Ri of one repeatable TEC consists 

of Ra from metal a, Rb from metal b, Rca of contact 

contributed by metal a, Rcb of contact contributed by metal 

b, Rch1, and Rch2 of the two contact hole types. 

 

 
𝑹𝒊  =  𝑹𝒂  +  𝑹𝒃 + 𝑹𝒄𝒂 + 𝑹𝒄𝒃 + 𝑹𝒄𝒉𝟏 + 𝑹𝒄𝒉𝟐 (9) 

 

Neglecting the resistance of the electrical pads, terminal 

connection to the pads, and the connection between the 

two parallel sets of thermopiles. 

The total internal resistance, RTEG, of the generator will be: 

 

 𝑹𝑻𝑬𝑮 = 𝑵𝑹𝒊 = 𝑵(𝑹𝒂  +  𝑹𝒃 + 𝑹𝒄𝒂 + 𝑹𝒄𝒃
+ 𝑹𝒄𝒉𝟏 + 𝑹𝒄𝒉𝟐) 

(10) 

 

The power output of one pair in eqn. (7), in terms of the 

geometry, can be expressed as: 

 

 
𝑷𝑴𝑷𝑷𝑻

=
𝑽𝒐𝒄
𝟐

𝟒(𝑹𝒂  +  𝑹𝒃 + 𝑹𝒄𝒂 + 𝑹𝒄𝒃 + 𝑹𝒄𝒉𝟏 + 𝑹𝒄𝒉𝟐)
 

(11) 

 

Assuming ideal operating conditions where there are no 

thermal variations between the different TECs, such that 

all TECs experience an equal ∆T [24]. 

The generator power output PTEG becomes: 

 

 𝑷𝑻𝑬𝑮 =  𝑵𝑷𝑴𝑷𝑷𝑻 (12) 
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𝑷𝑻𝑬𝑮

=  𝑵(
(𝑺∆𝑻)𝟐

𝟒(𝑹𝒂  +  𝑹𝒃 + 𝑹𝒄𝒂 + 𝑹𝒄𝒃 + 𝑹𝒄𝒉𝟏 + 𝑹𝒄𝒉𝟐)
) 

(13) 

 

The resistances Ra, Rb, Rca, Rcb, Rch1, and Rch2 can be 

expressed in terms of the geometry and resistivity ρ as given 

in eqn. (4) 

The total contact length consists of Lca of metal a and Lcb of 

metal b, overlapping by a pre-defined contact hole length, 

Lch2 for effective contact bonding.  

The contact holes will be of material b, deposited from the 

upper layer. 

Accordingly, 

 𝑹𝒂 =
𝝆𝒂𝑳𝒂

𝑨𝒂
 , 𝑹𝒃 =

𝝆𝒃𝑳𝒃

𝑨𝒃
 ,   𝑹𝒄𝒂 =

𝝆𝒂𝑳𝒄𝒂

𝑨𝒄𝒂
 , 

𝑹𝒄𝒃 =
𝝆𝒃𝑳𝒄𝒃

𝑨𝒄𝒃
 , 𝑹𝒄𝒉𝟏 =

𝝆𝒃𝒕𝒄𝒉𝟏

𝑨𝒄𝒉𝟏
 , and  

𝑹𝒄𝒉𝟐 =
𝝆𝒃𝒕𝒄𝒉𝟐

𝑨𝒄𝒉𝟐
 

(14) 

 

La, Lb, Aa, and Ab are the lengths and cross-section areas of 

the thin-films of metals a and b, while Lca, Lcb, tch1, tch2, Aca, 

Acb, Ach1, and Ach2, the lengths, thicknesses, and cross-

section areas of interconnecting contacts contributed by 

metal a, metal b and contact hole type-1 and 2 respectively. 

Contact hole type 1 connects metal a to metal b to create 

pairs while type 2 connects pairs to form the series 

connections. 

As shown in Fig. 1, in-plane legs with a lateral heat flow are 

employed in this work. However, it is important to note that 

the contact hole is vertical.  

Hence, the cross-section area (or the heat transfer area) of 

the metal films and contacts is width by thickness, while that 

of the contact holes is width by length, expressed as follows: 

 𝑨𝒂 = 𝒘𝒂𝒕𝒂 , 𝑨𝒃 = 𝒘𝒃𝒕𝒃 , 𝑨𝒄𝒂 = 𝒘𝒄𝒂𝒕𝒄𝒂 , 
𝑨𝒄𝒃 = 𝒘𝒄𝒃𝒕𝒄𝒃 , 𝑨𝒄𝒉𝟏 = 𝒘𝒄𝒉𝟏𝑳𝒄𝒉𝟏, and 

𝑨𝒄𝒉𝟐 = 𝒘𝒄𝒉𝟐𝑳𝒄𝒉𝟐 

(15) 

 

where wa, wb, wca, wcb, wch1, wch2, ta, tb, tca, tcb, Lch1, and Lch2 

are the widths, thicknesses, and lengths of the metal films, 

contacts, and contact holes respectively 

Substituting eqns. (14) and (15) into eqn. (13) yields: 

 

 𝑷𝑻𝑬𝑮

=  𝑵

(

 
 
 
 
 

(𝑺∆𝑻)𝟐

𝟒(

𝝆𝒂𝑳𝒂
𝒘𝒂𝒕𝒂 

 +  
𝝆𝒃𝑳𝒃
𝒘𝒃𝒕𝒃

+
𝝆𝒂𝑳𝒄𝒂
𝒘𝒄𝒂𝒕𝒄𝒂

+

𝝆𝒃𝑳𝒄𝒃
𝒘𝒄𝒃𝒕𝒄𝒃

+
𝝆𝒃𝒕𝒄𝒉𝟏
𝒘𝒄𝒉𝟏𝑳𝒄𝒉𝟏

+
𝝆𝒃𝒕𝒄𝒉𝟐
𝒘𝒄𝒉𝟐𝑳𝒄𝒉𝟐

)

)

 
 
 
 
 

  (16) 

 

The legs of metal a and b are designed to have similar 

dimensions as seen in Table 2. The contacts of metal a and b 

are also designed to have identical dimensions. The contacts 

and the metal legs will have the same thickness. The lengths 

and thicknesses of the contact holes-1 and 2 will be similar 

by design. However, the width of contact hole-1 must be 

equal to the width of the metal legs, and the width of contact 

hole-2 must be equal to the width of the contacts. 

Therefore, La = Lb = L, wa = wb = wch1= w, ta = tb = tca = 

tcb= t, Lca = Lcb = Lc, wca = wcb= wch2 = wc, Lch1=Lch2=Lch, 

and tch1=tch2= tch.  

Then equation 16 simplifies to: 

 

 𝑷𝑻𝑬𝑮

=  𝑵

(

 
 
 
 
 

(𝑺∆𝑻)𝟐

𝟒(

𝝆𝒂𝑳
𝒘𝒕 

 + 
𝝆𝒃𝑳
𝒘𝒕

+
𝝆𝒂𝑳𝒄
𝒘𝒄𝒕

+
𝝆𝒃𝑳𝒄
𝒘𝒄𝒕

+

𝝆𝒃𝒕𝒄𝒉
𝒘𝑳𝒄𝒉

+
𝝆𝒃𝒕𝒄𝒉
𝒘𝒄𝑳𝒄𝒉

)

)

 
 
 
 
 

  (17) 

Eqn. (17) represents the power of the micro thermoelectric 

generator as a function of the inherent material properties 

of the thermoelements and geometric terms. 

 

B. Material Properties 

Materials with high thermoelectric properties at room 

temperature were considered. Tellurium alloys, n-type 

Bismuth Telluride and p-type Antimony Telluride are the 

best reported and well-established room temperature TE 

materials [10], [21]. 

 
Table 1: Materials and their Properties 

 
Material Name 

 

Thermal 

conductivity 

(W/ (m K)) 

Electrical 

Resistivity 

(Ω m) 

Seebeck 

Coefficient  

(µV/K) 

Bismuth 8 1.3×10-6  -77 

Antimony 24 4×10-7  42 

Tellurium 3 0.0001 495 

n-type Bismuth 

Telluride 

1.3  10.6 × 10-6 -235 

p-type Antimony 

Telluride 

1.8 12.6 × 10-6  180 

 

C. Numerical Analysis 

 

Various analyses of the output metrics (i.e., power output, 

load current, voltage, and resistance) against the different 

geometry inputs (such as the area, width, length, thickness, 

contact hole dimensions, and the number of pairs) can be 

studied, according to eqns. (8), (10), and (17).  

In this paper, we will focus on the impact factor of 

increasing N (which is a function of w, according to eqn. 

(19)), on the output voltage, current, and power versus the 

resistance. 

Even though, a higher N will increase the voltage and 

hence the power, its effect on the internal resistance of the 

device is detrimental [25].  

To study this, we varied the width w from 200µm to 

70700µm and kept other terms constant as shown in     

Table 2. According to our model, only the width of the 

metal films and contact length affect the number of pairs 

that can be connected in series. 

 

By changing the width w of the TE legs in eqn. (17) and 

keeping all the other terms constant and known, yields: 
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𝑷𝑻𝑬𝑮 =
𝑵

𝟒
(

ⅆ
𝒆
𝒘
 +  𝒇

) (18) 

d, e, and f are constants 

The denominator in parenthesis is the resistance of one pair. 

 

Subject to: 

 
𝑵 =

𝟎. 𝟏𝟒𝟏𝟒

𝒘 + 𝒈
 (19) 

 

w is the width of the metal and g is the gap between two 

pairs given by g = 2Lc-Lch2.  

w and N are constrained by the total width of the effective 

substrate area 

 

D. Results and discussion 

 

1) Effect of varying w on N and R 

 

 
Fig. 3. Effect of varying w on N and R 

 

Both the number of pairs N and resistance R reduce as w 

increases according to eqns. (19) and (18) respectively and 

become almost constant as w approaches maximum. This 

phenomenon is shown in Fig. 3.  

 

2) The effect of varying w on the Power 

 

 
Fig. 4. Variation of Power against w 

 

The power increases as w increases according to eqn. (18). 

This trend is shown in Fig. 4. Increasing w increases power 

and reduces N yet power and N are directly proportional. 

This means that there is an optimal value of w hence an 

optimum number of pairs. This behavior is explained in 

part 3 of the results in Fig. 5. 

 

3) The effect of varying N on the Power, Voltage, 

and Resistance 

 

 
Fig. 5. Variation of the Power, Voltage, and Resistance against 

N 

 

According to Fig. 5, the effect of increasing the number of 

pairs on each of the generator output metrics was analyzed 

as follows: 

 

Part A-B: The power increases as N increases. The number 

of pairs is increased from 2 at point A to 32 at point B, 

while the output power increases by 296.9% from  

1.32x10-07 W to 5.22x10-07 W. The resistance increases by 

about 6470% from 371.8Ω to 2.441004Ω. The voltage has 

a linear relationship with N according to eqn. (8). It 

increased by 1515% from 0.014V to 0.226V. 

Part B-C. The power starts to decrease as N continues to 

increase, while the resistance and voltage continue 

increasing. The percentage decrease in power in this 

region is about 1.4% while the voltage and resistance 

increased by 69.3% and 190.9% respectively 

In region C-D, the power further decreased at the rate of 

63.7%. The voltage and resistance increased by 226% and 

2824.4% respectively. 
 

In all the regions, the resistance has the biggest rate of 

increase as N is increased. Therefore, while increasing the 

number of pairs in series has a positive effect and increases 

the power and voltage, its impact on the internal resistance 

of the generator is extremely adverse.  

Hence, an optimal value of N must be obtained and used. 

From the graph, point B should be the optimum point. 

However, in the region between B-C, whereas the power 

decreases, its decrease is minor (only 1.4%) from   

5.22x10-07 W to 5.15x10-07 W, compared to the increase in 

voltage by 69.3%.  

Therefore, a tradeoff between the power and voltage was 

taken, and C was chosen as the optimal point 

corresponding to N equal to 54 pairs and a width, w of 

approximately 2000µm. 
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4.  Conclusion 
 

In this work, a new design with a high power output has 

been introduced. The impact of geometric terms on the 

performance of the thermoelectric device was successfully 

examined using the electrical model. The thermoelement 

width was varied and an optimum value for maximum 

power was determined. The maximum power of 0.522µW 

was obtained for just 32 pairs corresponding to a metal 

width of 3.82mm and a temperature difference of 17K. The 

analysis further indicates that if the temperature difference 

is optimized up to 450K,  the power in the order of mW can 

be achieved.  
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