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The design, fabrication and investigation of the graphene-In-SnO2 (indium tin oxide (ITO)) based bi-

layer semitransparent thermoelectric cells are described. The cells were fabricated by encapsulating the 

graphene powder in the form of narrow strips on the transparent flexible plastic substrates covered by 

ITO. Between the parallel graphene strips, there were transparent ITO strips of the same width. This 

structure made the thermoelectric cells semitransparent. It was observed that Seebeck coefficient and 

figure of merit of the thermoelectric cell increased with temperature. The output voltage of the cells 

also increased with increase in gradient of temperature. The obtained results may be used for the 

development of the semitransparent solar thermoelectric cells because this technology is cheaper and 

simple as compared to semitransparent solar cells technologies.  

 

 

Keywords: Encapsulation, Seebeck coefficient; temperature gradient; flexible substrate; figure of 

merit.  

 

 

1. INTRODUCTION 

A significant interest has been developed in room temperature thermoelectric energy recovery 

due to the application of various heat sources close to the room temperature. These sources include 

solar cells, consumer electronics, human body’s wearable devices and home heating. Recently, various 

non-transparent materials with fascinating thermoelectric properties were reported for application in 
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renewable power-generation. These materials include silicides, half-Heuslers and tellurides [1-4]. 

Currently, very few transparent (optically) devices exist but the realization of these transparent devices 

will cause to open new fields in various novel applications like smart screens/windows and fast power 

recovery and on-chip cooling.  

During the last few years numerous semitransparent solar cells were designed, fabricated and 

experimentally tested [5-9]. The semitransparent organic solar cells were fabricated on the base of 

polymer/fullerene blend and the sputtered aluminium doped zinc oxide cathodes. These cathodes had a 

pleasant color, while the cells had a power conversion efficiency η ≈ 3 % [10]. An ITO-free silver 

nanowire electrode based semitransparent organic solar-cells (OSCs) having high fill factor were 

fabricated fully by the solution process method [6]. By using silver nanowires as bottom and top 

electrodes a high fill factor (up to 63.0) was obtained which was comparable to that of ITO based 

devices. These results indicate that the fully printed, fully solution processed semi-transparent and non-

transparent ITO free OSCs may be comprehended without any loss.  

The outputs of the semitransparent solar cells are the electric power and the light; a part of 

incident light coverts in to electric power, while the other part penetrates through the cell [8].  These 

cells can be applied in the walls, roofs and the windows of the buildings. The solar cells based on 

chalcopyrite, amorphous silicon, kesterite, perovskite, CdTe, dye-sensitized and organic materials can 

be employed for these applications. The higher efficiency gains can be obtained by these technologies. 

It was described that the transparency of the perovskite solar cell can be enhanced by reducing the 

optical-scattering at perovskite layer by ultra-smoothing of its surface [7]. In this study the short 

spinning method along with vacuum drying was used to deposit ultra-smooth (roughness: 6nm) 

perovskite films and the prepared cell had a power conversion efficiency of 14.26 %.  

A colloidal quantum dots based transparent, highly efficient and stable solar cell was 

fabricated, which had 20.4 % average transmittance and 7.3 % efficiency [9]. The planar perovskite 

based inverted semitransparent solar cells with 16.1 % efficiency were fabricated that showed up to 

−0.18 % °C−1 temperature coefficient. These devices showed 80.4 % transmittance in the range of 800 

to 1200 nm, which leads to thin films tandem devices having 20.9 % and 22.1 % efficiency for 

CuInSe2 and Cu(In, Ga)Se2 bottom cells, correspondingly [10]. The study of the opto-electrical effect 

on the perovskite based semitransparent solar cells connected with mirrors (dielectric) described that a 

21 % enhancement in photocurrent density was observed in a cell with 4.2 % efficiency and 31 % 

transparency [11]. The indium-free semitransparent flexible perovskite solar cells with ultrathin 

metallic electrodes were fabricated and their visible transparency and power conversion efficiency 

were 18.16 % and 6.96 %, respectively, in the wavelength range of 390 to 780 nm [12]. The 

investigation of CIGS (Cu(In, Ga)Se2) cell showed that in term of conversion efficiency and stability 

this is more advantageous cell as compared to all thin-film-based solar cells [13]. The semitransparent 

solar cells with ITO and ITO-free (ITO replaced by MoO3-Ag-TiO2 (MAT)) were investigated and it 

was found that the MAT cell was cheaper than the ITO based cell, but less stable [14].  

The investigation of semitransparent solar cell’s structure, properties and characteristic shows 

that the semitransparent cells are less efficient as compared to opaque cells and their fabrication is 

complex because of thin films deposition. So, the thermoelectric-cells and generators (TEGs) are the 

alternative approach, which are simple in structure due to lack of Schottky or p-n junctions and 
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multilayers [15, 16]. As for as efficiency is concerned, recently a p-type compound (MgAgSb) based 

thermoelectric-leg showed 8.5 % efficiency in 20 to 245 °C temperature range [17]. By raising hot 

side’s temperature up to 295 °C the 10% increase in efficiency may achieved that is comparable to 

solar cell efficiency. To eliminate the conventional metallization process the one-step hot-press 

technique was used for silver contact pads deposition. By this the simplified manufacturing of the 

thermoelectric elements with low contact resistances (thermal and electrical) becomes viable.  

For the determination of thermoelectric cell efficiency (Z) the following relationship was 

derived by Ioffe [18]:   

 𝑍 =
𝜎𝛼2

𝑘
         (1)  

where, σ is the electrical conductivity and k is thermal conductivity, while the α is Seebeck 

coefficient. The ZT, a dimensionless-figure of merit was presented latterly as well [19]. The ZT is a 

product of average temperature (𝑇) and Z.  

 �̄� =
𝑇1+𝑇2

2
         (2)  

where, T1 and T2 are temperatures  of two contacts.  

Depending upon some conditions, the higher ZT causes higher efficiency especially when the 

two materials of the couple have similar Z values. The ZT is thought to be a method by which the 

potential thermoelectric efficiencies of the devices can be compared using various materials. The 1 is 

thought good value for ZT; but for the efficiency competition with mechanical devices the ZT values 

from 3 to 4 are important. So far, the ZT highest reported value is ~ 2 [20, 21]. The reduction in k and 

the increase in α through nanostructure manipulation is the prime focus of the thermoelectric material’s 

research.  

The following expression is used to determine the Maximum energy efficiency:   

 

                              (3)  

where, TH and TC are the temperature at hot junction and cold surface, correspondingly, while 

the Z𝑇 ̄  is modified dimension-less figure of merit, which reflects thermoelectric-capacity of the 

device’s materials (both materials). The Z𝑇 ̄  is presented as:  

𝑍�̄� =
(𝛼𝑝−𝛼𝑛)2�̄�

[(𝜌𝑛𝑘𝑛)1 2⁄  + (𝜌𝑝𝑘𝑝)1 2⁄ ]2        (4)  

where, ρ and 𝑇 ̄ are the electrical resistivity and the average temperature (b/w cold and hot 

surfaces), respectively. The p and n subscripts specifying the characteristics related to semiconducting 

p and n type thermoelectric materials, correspondingly.   

The thermoelectric properties of the graphene were investigated in a number of papers: an 

enormous thermoelectric effect was observed in graphene [22], the enhancement of the thermoelectric 

figure of merit by disorder in armchair graphene-nanoribbons was investigated in ref. [23], the 

enhancement of figure of merit (thermoelectric) in the edge-disordered zigzag graphene-nanoribbons 

was found in ref. [24], thermopower enhancement of graphene films by oxygen-plasma treatment was 

registered in [25].  
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For the energy conversion by using thermoelectric cells, the graphene has two disadvantages 

[26]. First of all: the graphene has no gap in the energy band diagram that results in a small Seebeck 

coefficient because of opposite contributions of holes and electrons. Secondly, the thermal conduction 

of the grapheme is large, which results in small ZT (thermoelectric figure of merit) of 2D (two 

dimensional) graphene sheets. At the same time the band gap engineering and nano-structuring of the 

graphene may decrease the lattice thermal-conductance and increase the Seebeck coefficient. 

Therefore, the graphene may be potentially used for the energy conversion [26].   

The nano-structuring is one of the promising ways for the designing of thermoelectric 

materials. It was demonstrated theoretically that the graphene nano-ribbons with nano-pores and heavy 

atoms would be useful for the thermoelectric applications [27]. Through bulk the lattice thermal 

conduction is obstructed by a two-dimensional array of nano-pores. At T≃40 K the thermoelectric 

figure of merit approached to its maximum ZT≃3.  

The spin valve based on the zigzag graphene nano-ribbon (ZGNR) electrodes having various 

magnetic configurations was investigated for the spin-dependency of the thermoelectric effects by 

applying first principles calculations along with non-equilibrium Green's function [28]. It was found 

that the ZGNR based spin valve’s electron transport properties are highly dependent on the magnetic 

configurations. Without considering phonon-scattering the ZT value at room temperature may reach up 

to 0.15.  

The electronic transport and electronic states properties of graphene (graphite single sheet) and 

CNTs (cylindrical graphite sheet) were discussed in a review [29]. The electronic motion in the 

graphene was considered like a neutrino or vanishing mass Dirac electron (relativistic). The energy 

bands in the carbon nanotubes were determined. It was found that on flux vanishing the nanotube 

becomes metallic, while the flux is non-zero semiconducting. It was suggested that instead of zero-gap 

semiconductor the graphene should be considered as a metal. At the same time various schemes were 

proposed and tested about the band gap opening in graphene [29].  

In continuation of our work on renewable energy devices [30-35] and by keeping in view the 

potential advantages of the semitransparent power generating devices (i.e. solar cells), to the best of 

our knowledge, we are presenting first time the design, fabrication, investigation and properties of the 

semitransparent thermoelectric cells based on graphene and ITO bi-layer cells.   

 

 

 

2. EXPERIMENTAL  

The In-SnO2 (indium tin oxide (ITO)) coated flexible substrates and the graphene were 

purchased from Sigma Aldrich. Figure 1 shows the schematic diagrams of the two-dimensional 

graphene structure [36]. For the fabrication of semitransparent thermoelectric cells the flexible 

transparent substrates of sizes of 25 mm x 25 mm x 1 mm covered with ITO were used. Figure 2 (a) 

shows the top and the front views of the schematic diagram of the fabricated thermoelectric cells. The 

length, width and the thickness of the graphene strips were equal to 15 x 5 x 0.28 mm3. The distance 

between the strips was equal to 4-6 mm. The gradient of temperature (8 °C) was created in the samples 

along the graphene strips (Fig.2) by using the electric heaters. 
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The structures of the fabricated thermoelectric cells is shown in Fig. 2 (b). The difference of 

temperatures in the substrates along the graphene strips was measured by FLUKE 87 multimeter. The 

voltages generated due to the thermoelectric effect in the cells were measured by HIOKI DT 4252 

digital multimeter. The transparency of the samples was in the range of 50-55 %.  

 

         Figure 1. The schematic diagram of a two-dimensional graphene layer [36]. 

 

 
 

Figure 2. Schematic top view (a) and front view (b) of the bi-layer thermoelectric cells. 

 

 

3. RESULTS AND DISCUSSION 

First of all the thermoelectric properties of the only ITO (In-SnO2) samples before 

encapsulation of the graphene strips were investigated. It was found that the thermoelectric coefficient 

was equal to -22.5 µV/K for ITO covered flexible plastic substrate. In ref. [37] it was shown that ITO 

thin films are n-type semiconductor, with the wide energy gap of 3.6-3.8, eV, and with optical 

transparency. If the ITO is doped by Fe or Cu then it shows p-type conduction [37].  

Figure 3 shows the dependence of the Seebeck coefficient of the graphene-ITO based cell on 

temperature. It can be seen that in the temperature range of 302-313 K the Seebeck coefficient 

increases from 25 µV/K to 35 µV/K. This value is higher than the already reported value for single-

layer graphene (23 µV/K) [25, 38]. 

ITO film

Encapsulated graphene strip

Encapsulated graphene strip

Flexible substrate

Encapsulated graphene strip

ITO film

a b
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 Figure 3. Dependence of Seebeck coefficient on temperature for the graphene-ITO based cell. 

 

The Fig.3 shows that the Seebeck coefficient increases with increase in temperature. This 

behavior is similar to that which was observed for metals [36, 39]. Figure 4 shows the dependence of 

the output voltage of the thermoelectric cell on the gradient of temperature. It shows a linear behavior. 

 

 
Figure 4. Dependence of the output voltage on the temperature gradient for the graphene-ITO based 

cell. 

 

By using the values of electrical conductivity of graphene (104 S/m at T=300 K) and its thermal 

conductivity (175 kW/mk at a temperature of 300 K [40], the figure of merit (ZT) can be calculated. 

The Fig.5 shows the dependence of the figure of merit (ZT) on the temperature for the investigated 

graphene-ITO cell. It can be seen that ZT increases with increase in temperature. Figure 6 shows the 

dependence of the efficiency (Ƞ) of the graphene-ITO cell on the temperature. It can be seen that the 

efficiency increases with increase in temperature.  

 

 

 

0

5

10

15

20

25

30

35

40

45

50

300 305 310 315 320

α
(µ

V
/K

)

T(K)

 

 

 

 

 

 

 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 3 6 9 12

V
 (

m
V

)

ΔT (K)



Int. J. Electrochem. Sci., Vol. 13, 2018 

 

11783 

 

Figure 5. Dependence of the figure of merit (ZT) on the temperature for the investigated graphene-ITO 

semitransparent thermoelectric cell. 

 

 

Figure 6. Dependence of the efficiency (Ƞ) of the graphene-ITO thermoelectric sample  on  the 

temperature. 

 

The Seebeck coefficient usually increases with temperature in a number of metals [41]. On the 

contrary in general the thermoelectric coefficient decreases with increase in temperature in 

semiconductors, but the actual behavior depends upon the type of semiconductor, impurities that are 

available and their concentrations [41].          

The Seebeck coefficient for the metals is determined by the following expression [39]:   

α ≈ Cel /q  ≈ (kB/e) (kBT/EF)                   (5)  

Accordingly for the semiconductors:  

α ≈ Cel /q  ≈ (kB/e) (Eg/ kBT)                   (6)  
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The experimental results shown in Fig.3 formally follow the Eq.5. In reality the investigated 

semitransparent thermoelectric cells are not simple but compound, or bi-layer structure (ITO + 

graphene). The thermopower (α) for different types of carrier is given by a weighted average of their 

electrical conductivity values (σn and σp) [39]:  

α ≈(αnσn + αpσp ) / ( σn + σp )                      (7)  

This case with some approximation can be used for the understanding of the thermoelectric 

behavior of the bi-layer ITO-graphene system.  

These results can be used for further development of the semitransparent thermoelectric cells, 

in particular for the semitransparent solar energy conversion thermoelectric cells. Our preliminary 

investigation showed that the plane cells can be used as a prototype for the development of 

semitransparent solar thermoelectric cells: the flexible plastic transparent conductive substrates 

covered by ITO have three basic parts: plane semitransparent part which covers 50-70% of the area, 

and plane reflector and plane collector which are placed in opposite position from two sides of the 

semitransparent part.  

 

 

 

Figure 7. Simplified prototype of the semitransparent solar thermoelectric cell. 

 

As the reflector reflects light and the collector absorbs the light resultantly a gradient of 

temperature is developed which generates the voltage. In these plastic substrate based simplified plane 

cells the gradient of 4 to 5 °C was obtained practically under the illumination of 140 W/m2 (generated 

by filament lamp). The optimization of the shape of the semitransparent thermoelectric cell definitely 

allows the increasing of the temperature gradient at the same illumination that would be matter of our 

future research.  

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

 

11785 

4. CONCLUSION  

This work presents the design, fabrication and investigation of the properties of the flexible 

bilayer semitransparent thermoelectric cells based on graphene and ITO. It was found that the 

fabricated cells can be used potentially for the demonstrative purposes for the development of 

semitransparent thermoelectric cells which can produce electric power and provide illumination in the 

environment. It was observed in the bi-layer graphene-ITO cells that the thermoelectric properties (i.e. 

Seebeck coefficient) of the graphene (by sign and value) are dominating over the ITO, which gives 

positive sign to the Seebeck coefficient of the bi-layer cells. Due to ease in fabrication these 

thermoelectric cells may be used as teaching aid. Replacement of the graphene with other materials 

having higher figure of merit (ZT) will allow to increase output power and widen the scale and range 

of the application of the cells. To the best of our knowledge, it is the first attempt towards the 

realization of the semitransparent thermoelectric cells based on graphene, in particular, bi-layer 

grapheme-ITO structure.  
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