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Introduction 

Energy harvesting (EH) is the process by which energy is derived from external sources and stored 

for feeding of small autonomous devices. In most applications an energy harvesting device puts 

generated power into a capacitor then the voltage is boosted and stored energy is brought to a 

second stage with a storage capacitor or battery for the use in the electronic circuits.   

This work is focused on gaining new knowledge and experience in the field of Energy Harvesting 

converters working on energy level deep below 1 W. Energy harvesting transducers based on 

photovoltaic cells and thermoelectric cells, which can work at these energy levels, were 

investigated. The advantages of these transducers are easy availability of defined power sources, 

quiet operation, and relatively long lifetime. They also do not need any mechanical and moving 

parts and, also, there is the possibility of mass production using technologies available in 

microelectronics. These types of converters were considered for their production with perspective 

organic semiconductor materials.  

Based on the result of experiments and knowledge acquainted by a study of literature for testing 

EH transducers with photovoltaic cells a single cell option was used. In this case the mutual 

interference of the individual cells occurring in series connection is suppressed. The design of the 

entire EH converter is then simpler. In testing process of the photovoltaic cells series resistance 

and leakage resistance were measured using a new dynamic method which is very simple and uses 

standard measuring instruments.  

Because the voltage of one thermocouple is very small,  for thermoelectric generator large number 

of thermocouples connected in series is required. Therefore, in design of thermoelectric generator, 

the lowest possible series resistance of functional layers is a major design problem. Consequently, 

in design of organic thermoelectric generator which is based on PEDOT:PSS-Ni thermocouple 

new contribution is the optimized arrangement of active thermoelectric layers which enables the 

series connection of large number of thermocouples while achieving a low series resistance of the 

entire thermoelectric generator. 

However, in case of both thermoelectric generators and single photovoltaic cells EH transducers 

the output voltage is at the level of a few tenths of a volt. Such voltage level is not enough for 

common electronic devices and therefore a DC to DC boost up converter capable of handling 

extremely low input voltages must be used. Two types of DC/DC converters have been designed 

for this purpose with lowest input voltage less than 100 mV.  The possibility to be connected in 

parallel to one load is advantageous when processing energy from multiple sources with unstable 

power and possible outages.  

The solved task is very extensive and includes physical and material issues of photovoltaic 

transducers and thermoelectric transducers and their production processes, as well as issues of 

design of DC to DC converters, including transformers and control circuits.  
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1 State of the art 

The harvested energy could be generated from motion, solar radiation, thermal gradient, wind, 

salinity gradients, vibrations, magnetic activity, radiofrequency fields, etc. The energy source for 

energy harvesters is present as ambient background and is free. 

 

1.1 Principles of EH converters 

Photovoltaic Energy harvesting 

Photovoltaic Energy harvesting is a mature technology for large scale energy generation. 

Photovoltaic systems are found from the megawatt to the microwatt range producing electricity 

for wide range of applications. The operation of photovoltaic (PV) cell requires three basic 

attributes: 

1. The absorption of light, generating electron-hole pairs or 

excitons. 

2. The separation of charge carriers of opposite types. 

3. The separate extraction of those carriers to an external circuit. 

Thermal Energy harvesting 

Thermoelectric modules are the main means of harvesting energy from temperature gradients and 

can generate electric output energies ranging from μW to kW. Temperature gradient leading to 

heat flow through thermoelectric generators is here converted into electric energy. Thermoelectric 

material properties are the key parameters in improving both the output power and the power 

efficiency.  

Although the thermoelectric phenomena are used for measurement of temperature and cooling 

applications quite extensively, thermo-generation of electricity starts to grow only in recent years. 

Such energy sources are well predictable because they are usually based on stable environmental 

conditions or stable operation of respective devices. Thermoelectric Generators (TEGs) are 

therefore very attractive for possibility of harvesting of waste thermal energy in many applications.  

1.2 Processing of the output of EH transducers  

The energy harvesting transducer is in most cases not able to supply enough power for continuous 

operation of relevant devices. Thus, the energy needs to be stored until there is enough for 

operation of the application. Energy harvesting power supply, consisting of energy harvester, 

converter and storage element needs to fulfill the demand on the output voltage, which is usually 

in range from 1.5 V DC to 3.5 V DC.   

1. Many EH transducers provide a low output voltage, in some cases much less than 1 V. 

Consequently, there is a great need for converters able to process as low voltages as 

possible. For DC sources, like single-cell photovoltaic modules and thermal generators, 
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charge pumps can be used to slowly boost the voltage to level usual for regular boost 

converters. AC sources like vibration harvesters needs to be tuned to their resonance 

frequency and the voltage needs to be rectified. 

2. In low power converters charging the parasitic capacitance of the MOSFET switch could 

consume a large part of the harvested energy. Therefore, a current-source for gate voltage 

control rather than a voltage-source is often used.  

3. Another technique is to use more than one power converter circuit. The first circuit could 

be unregulated but capable to boost the output voltage and charge the output capacitor. 

Once sufficient energy is stored the capacitor it can be used by a more sophisticated power 

converter circuit. 

1.2.1 Photovoltaic single cell  

Photovoltaic cells must be sorted according the rated current to achieve maximum efficiency. With 

larger scattering of cell parameters at production, they must be selected and sorted from large 

production series of individual cells.   

When aging during normal operation, cell parameters may vary unevenly. Faster aging cells will 

then greatly reduce the overall efficiency of the assembly. 

In non-uniform illumination, the achievable power is influenced by the least illuminated cell. In 

the event of a large difference in illumination, the least illuminated cells can even be polarized in 

the reverse direction.  

To ensure reliable operation of the whole assembly, there must be anti-parallel diodes connected 

to each cell. When the respective, less illuminated cell, comes to reverse polarization parallel diode 

will overtake the current generated by the rest of the assembly.  

The structure of the single cell is simple and could be more reliable than the cells connected in 

serial configuration. Using a single-cell with a low-voltage inverter will allow take the energy from 

the photovoltaic cells even in very low illumination. 

Comparison of the properties of respective technologies shows that for the intended application 

are most advantageous inorganic thin film cells [13, 29].  

Note: In standard tandem structures, cells are electrically connected in series. If, due to the uneven 

distribution of light intensity in individual parts of the spectrum, there is a different level in 

absorption of radiation in individual cells. Consequently, the properties of the whole pair will be 

determined by the cell with less energy absorption. This disadvantage can be circumvented by 

connecting the two photovoltaic cells in the structure in parallel. This can be also realized in the 

opposite order of the absorption layers in cells, i.e. N1P1 x P2, N2 or P1N1x N2P2. However, a very 

good conductivity of the central electrode must be ensured and at the same time its good 

transparency for larger wavelengths in the spectrum.  
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Influence of parasitic resistances 

For an ideal photovoltaic cell, the series resistance equals zero while the shunt resistance equals to 

infinity. 

Operation of photovoltaic cell can be described by the single-diode model, which is based on the 

Shockley equation. At a given illumination, the current/voltage relationship is given by following 

relation [1, 28] : 

 

where Iph , I0 , Rs , Rsh , q, n, kB and T are the photocurrent, the saturation current of the diode, the 

series resistance, the shunt resistance, the electron charge, the ideality factor, the Boltzmann 

constant, and the temperature, respectively. V is the potential on the cell at given conditions.  

The effect of individual parasitic parameters significantly depends on the actual potential V on the 

cell. From the equation, the influence of both parasitic resistances Rs and Rsh is evident.  

 

1.2.2 Performance of thermoelectric materials  

To evaluate the performance of a thermoelectric material we use a dimensionless figure of merit  

(ZT), which is defined as  

T
K

ZT
 2

=  

Where α is Seebeck coefficient, σ is electrical conductivity, K is thermal conductivity, and T is 

temperature [121,110]. 

A higher ZT value of a TE material implies a higher thermoelectric effect, which usually leads to 

better performance by a TE device. Normally, it is expected that a TE material should have a large 

Seebeck coefficient, α, high electrical conductivity, σ, and low thermal conductivity, K. However, 

the three transport parameters: α, σ and K are not independent and depend upon a variety, of factors 

such as band structure and carrier concentration [37,38].  

Both electrical and thermal conductivities, σ and K, increases with an increase in carrier 

concentration. Seebeck coefficient, α, has an opposite trend compared to σ and K. This indicates 

that figure of merit, ZT, cannot be improved by continuously increasing the carrier concentration. 

Maximizing ZT requires optimizing α, σ, and K, simultaneously.    

The Seebeck coefficient and electrical conductivity both depend on charge carrier density and 

cannot be simultaneously increased. There is always an optimum that delivers the highest 

nominator (power factor) of the thermoelectric figure of merit. 

 



Low Energy Solid State Converters For Energy Harvesting 

 

8 

 

2. The aim and objectives of dissertation      

Considering above stated properties of low energy single-cell photovoltaic and thermoelectric EH 

transducers and the demands for their use - the objectives of the dissertation could be divided into 

individual tasks which can be summarized as follows:  

1) Compile overview concerning preparation of EH photovoltaic structures and suggest 

solutions for their operation on low energy level.   

Details: Prefer cheap production processes and cheap large scale production. For both single cell 

and series arrangements consider the possibilities of using materials based on organic 

semiconductors. Photovoltaic cells of the third generation which use a tandem configuration 

should be also considered. The main selection criteria are easy availability, reliability and the 

ability to work in very low light intensity. 

2) Compile overview concerning preparation of EH thermoelectric cells and suggest 

solutions for their operation on low energy level.  

Details: Compare the possibilities of inorganic and organic thermoelectric materials. Focus on 

organic materials and methods of their preparation and adaptation to the requirements for use in 

thermoelectric generators. Mind that the electrical conductivity could be the bottleneck for all 

organic materials. Suggest possible solutions of thermoelectric generators. The requirement is a 

simple mechanical construction and the use of available materials. 

Mastering the auxiliary goals in objectives ad1) and ad2) is necessary for successful work on the 

assigned topic. 

3) Research and design of a low voltage low energy DC/DC converter to process the output 

from EH transducers.  

Details: It is necessary to solve startup and continuous operation of the inverter at the lowest 

considered power capacity of the EH power source. The power which is needed to drive the 

switching transistor of the converter must be much lower than the energy which can be obtained 

from the EH transducer. Further, the energy consumption of control and driving circuits also must 

be considered. A capacitor, a supercapacitor, or a battery can be used to energy accumulation. For 

these converters, it is necessary to design and manufacture special transformers with a small rated 

power and a large transformation ratio. It is also necessary to consider possible solutions in low-

voltage integrated circuit technologies. 

4) Research and design of a thermoelectric converter using simple technologies and available 

materials  

Details: Prefer available production processes and consider the possibilities of using of materials 

based on organic semiconductors. 
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The objectives of the dissertation are based on the analysis of state-of-the-art presented in the first 

chapter and build on existing research and published solutions. EH converters prepared in frame 

of this work should be used in various applications such as power supply for wireless devices and 

low energy chargers for different types of portable electronics. However, it is necessary to analyze 

the model situations of their use in the external and internal environment and to define possible 

problems associated with their operation. 

 

3. Metohs and results      

In this part of the work the attention is paid to the possibilities of using photovoltaic cells and to 

design of thermoelectric converters. The simple thermoelectric converter is designed so that cheap 

and available materials can be exploited and expensive manufacturing processes are avoided. 

Special attention is paid to design of suitable DC / DC converters and verification of their 

operation. Described experiments were mostly carried out in the premises of the Department of 

Microelectronics. However, assistance from the Faculty of Chemistry was necessary in the design 

and preparation of the thermoelectric generator.  

The scientific benefit is the extension of existing knowledge towards new structures of 

photovoltaic cells and thermoelectric generators using organic semiconductors according to 

current possibilities, as well as towards new concepts of DC / DC converters for voltages less than 

100 mV. 

 

3.1 DC to DC converters with low input voltage  

Boost up technology designed in the frame of presented work allows to process the obtained energy 

at the level of the output voltage from the EH transducer in the order of tens of millivolts. In 

accordance with the assignment, cheap and robust production processes were preferred. 

3.1.1 Design of high ratio transformers 

The special design of the transformers made it possible to achieve virtually any conversion ratio. 

Two types of transformers have been developed.  

The planar transformer has a modular construction with primary and secondary windings on one 

printed circuit board. By adding the printed circuit boards into a ferrite core, it is possible to 

achieve a conversion ratio of up to 200. The disadvantage is the limited range of cores for planar 

transformers, so it is not possible to achieve an arbitrarily low rated power.  

To suppress the leakage inductance, the winding is made as coplanar. Both sides of the board 

contain the same motif – one loop of the primary winding and 10 turns of the secondary winding. 

All primary windings are connected in parallel. All secondary windings are connected in series. 
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The parallel connection of the primary windings creates one loop regardless of the number of 

printed circuit boards (PCB) used for the construction of the transformer winding. The transformer 

conversion is then determined by the number of boards used. There are 10 turns of the secondary 

winding on each side of PCB. Thus, when the secondary windings are connected in series, each 

additional PCB means that the number of turns in the secondary winding increases by 20. The 

arrangement of windings is shown on figures Fig.1 and Fig.2. Parameters are given in table Tab.1.   

Primary winding. The jumpers on the primary windings are made by interconnecting their 

terminals on one side of the board. 

 

 

Fig. 1:  Planar transformer: Interconnection of secondary coils. 

   

Tab.1: Measured parameters of planar transformer, frequency 10 kHz; Department of 

Microelectronics:  

L1 [µH] is Primary winding inductance; L2 [mH] is Secondary winding inductance;  L2ơ [mH] is 

Secondary leakage inductance; RS1 [Ω] is Series resistance of the primary winding;  

RS2 [Ω] is Serial resistance of the secondary winding. 

 L1 [µH] L2 [mH] L2ơ [mH] RS1 [Ω] RS2 [Ω] 

1.12  13.52  2..21   <   0.2  ~  2.3  
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Secondary winding. The secondary winding has the same direction in both layers of the printed 

circuit board. From the terminal on the side of the soldered jumpers, it continues to the center, 

where it passes into the opposite layer and in the same sense continues back to the terminal on the 

side of the soldered jumpers. 

 

 

Fig.2:  Planar transformer: Individual PCBs on the core.  

 

The flat transformer, based on the adding the ferrite toroidal cores to a common magnetic core, 

makes it possible to achieve a rated power of much less than 1 W with a suitable choice of cores. 

The conversion ratio can also be significantly greater than 100 in this case. 

The arrangement of windings is shown on figure Fig.3. Parameters are given in table Tab.2.  The 

core of the flat transformer consists of five toroidal cores with an outer diameter of 10 mm. Each 

primary winding has one loop and primary windings are arranged in parallel. The secondary 

winding has 25 turns and this way the conversion ratio is 125.  

The toroidal cores are mounted on a spacer tube having an outer diameter equal to the inner 

diameter of the toroid. The gap between the toroidal cores is variable. On the connection side of 

the primary winding, the pitch it is given only by the diameter of the primary winding and the 

necessary insulation. On the opposite side, the toroidal cores are pressed tightly. The terminals of 

the primary winding are soldered to the distribution bar of the primary winding, which is realized 

on the printed circuit board. 

The secondary winding passes freely through the spacer tube. The terminals of the secondary 

winding are also on the distribution bar of the primary winding. The small spacing of the terminals 

of the primary and secondary windings allows easy connection with a twisted pair cable. It is 

obvious that the number of turns of the secondary winding may have without difficulties more 

turns than the current used 25. 
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Fig. 3: Flat transformer type B with tight arrangement: 1 Primary input; 2 Primary output; 3 

Distribution bar; 4 Spacer tube; 5 Toroidal core; Secondary winding (25 turns) is not shown.      

 

Flat transformer with toroidal cores is very advantageous for low power applications because 

toroidal cores are manufactured up to very small dimensions.  

 

Tab.2: Measured parameters of flat transformer, type B, frequency 10 kHz; Department of 

Microelectronics:  

L1 [µH] is Primary winding inductance; L2 [mH] is Secondary winding inductance; L2ơ [mH] is 

Secondary leakage inductance; RS1 [Ω] is Series resistance of the primary winding;  

RS2 [Ω] is Serial resistance of the secondary winding. 

 L1 [µH] L2 [mH] L2ơ [mH] RS1 [Ω] RS2 [Ω] 

0.42  6.73  1.35   <   0.1  ~  0.9  

    

With transformers developed and verified within the scope of the presented work, it is possible to 

achieve a start of DC to DC converters at a voltage of around 50 mV. It has been verified that these 

converters are suitable for thermoelectric generators with low output voltage. However, unlike 

inverters with higher operating voltages, the efficiency is significantly reduced.  

 

3.1.2 DC to DC converter based on Armstrong oscillator   

The DC / DC converter using Armstrong oscillator is shown in the figure Fig.4. The transformer 

conversion ratio is 1: 100. The circuit starts at 50 mV.  
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Fig. 4: DC converter based on Armstrong oscillator. 

 

The output voltage is taken from the resonant circuit on the gate of the transistor. Voltage 

multiplier with capacitor C2 and diodes D1 and D2 is used to rectify the voltage on the resonant 

circuit.  

At the same time, the multiplier acts as a current limitation of the battery power supply. The 

capacitance C2 is a part of the resonant circuit and there is no significant damping of the resonant 

circuit during rectification. 

If the voltage at the resonant circuit drops at a low input voltage, the battery stops charging and 

the resonant circuit load is reduced. The oscillator is then maintained in operation even at very low 

input voltage. A similar situation also occurs when starting at low voltage.  

The oscillator starts “no load” and the rechargeable battery is connected at a certain amplitude of 

the voltage on the resonant circuit. 

 

3.1.3 Single JFET DC to DC converter  

A generator with JFET in this circuit has the advantage of generating a negative bias on the 

capacitor in the gate circuit. This closes the transistor and draws current only when the transistor 

is activated by the voltage on the secondary winding. The circuit is therefore highly efficient.  

The transformer conversion ratio is not as demanding as in the case of the Armstrong oscillator. 

However, a large transformer ratio is convenient also in this case.  

Block diagram and the scheme of converter are on figures Fig. 5  and  Fig. 6 respectively. 
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Fig. 5: Block diagram of converter 

 

The transformer (2) is used to increase the voltage at the inverter output. This transformer is also 

used to control the switching element (1). The output voltage is taken between the capacitors (3) 

and (4). The energy harvester (5) supplies a voltage less than 1 V. The voltage level to operate the 

device (6) at the inverter output is several volts. 

The modified circuit shown in figure Fig.6 b)  utilizes the energy stored in the transformer during 

the switch-on state. As soon as the switch-off starts a voltage pulse appears on the primary winding, 

which charges the capacitor C2. This is due to the drop of magnetizing current and subsequent 

collapse of the magnetic field in the transformer core.  

 

   

                                     a)               b) 

 

Fig. 6: a) Basic scheme of the single J-FET converter. b) Single J-FET converter with increased 

output voltage 
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It was verified that the circuit can operate in a large range of frequencies:  

-  The working frequency of the circuit is determined by the transformer.  

- To ensure high efficiency, it is necessary that the transformer should minimize leakage 

inductance.  

-  At low frequencies, the switching losses are small but the transformer is bulky and it is a problem 

to achieve a small leakage inductance.  

When using a toroidal transformer with a diameter of 8 mm the operating frequency of the circuit 

was 700 kHz. In this case, the efficiency has been limited by dynamic losses on the switch (J-FET) 

and on the diode D.  

In table Tab.3 there are results of testing of inverter operated at frequency 700 kHz for both 

modifications of the inverter according to Fig.6 a)  and Fig.6 b). The threshold voltage VT of JFET 

was VT = 2 V. The transformer secondary to primary ratio was NS:NP = 10:1.  

 

Tab.3: Modifications of the circuit according to Fig.31and Fig.32; measured.   

MOD Start Voltage   Stop Voltage   Output Current / Voltage   
Power / Efficiency 

 A 0,5 V 0,3 V 3V / 100 μA 300 μW 45 % 

 B 0,6 V 0,3 V 4 V/ 80  μA 320 μW 50 % 

 

For the converter, which utilizes energy stored in the transformer core, the efficiency is slightly 

higher. The output voltage is here greater however the current capacity is smaller. 

Efficiency of the converter reach up to 50% but it could be possible to increase it in further 

optimization, particularly in the design of the transformer.  

To ensure high efficiency the transformer must have minimal leakage inductance. To limit the 

impact of dynamic losses the operating frequency of 800 kHz should not be exceeded. Here it is 

necessary to find a compromise between the size of the inverter and its effectiveness [11].  

The START-STOP operation of the generator to maintain the functionality of the EH transducer 

at a very low power input is another original contribution of the work. For this purpose, two trigger 

pulse generators with extremely low current consumption operating from a voltage of 0.5 V were 

designed. A generator using discrete components and bipolar transistors in low-current mode was 

manufactured and used in the experimental verification of the functionality of the START-STOP 

operation. The connection of start-pulse-generator in integrated form was modeled using IC 

technology available at the Department of Microelectronics. 
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Fig. 7: Low voltage converter with improved low-current performance   

 

After interruption of the oscillation, the inverter is temporarily blocked by a negative voltage on 

the capacitor C1. Then the voltage on the capacitor gradually decreases, thus enabling the inverter 

to start again. However, if the voltage at the collection capacitor does not rise above the start 

voltage, the current taken in the quiescent state may prevent further voltage increase on the 

collector capacitor and the inverter will not start.  

This situation can be avoided by modifying the second version of the inverter according to figure 

Fig. 7. Here, the supercapacitor or the battery is used instead of the collector capacitor C1, so its 

voltage does not change much after the oscillations end and depends mainly on the load current. 

The inverter is therefore permanently in a locked state.  

The starting impulse with a repeating interval adjustable within a few seconds is used to start the 

converter. The energy to generate start-pulses is taken from an auxiliary source using the diode 

and the capacitor C2 that is powered by the energy stored in the transformer core when the 

transistor T1 is switching off. 

The starting impulse is produced by charging the capacitor C3 when the transistor T2 is switched 

on. The control pulses for this transistor are derived from the start-timing-circuit STIC. Resistor R 

connected in parallel with C3 ensures that the “starting capacitor” C3 is before each starting cycle 

discharged to zero voltage.  

The charge transmitted in each trigger pulse is therefore determined by the value of the capacitance 

of the “starting capacitor” C3 and the voltage difference between capacitors C1and C2. 

Reducing the load on the EH transducer by disconnecting the charging current  

Other simple and reliable solution was found in connection of the DC / DC output to the circuit 

with a rechargeable battery or supercapacitor by means of a diode. The principle of operation is 

similar as is used with the Armstrong oscillator.  
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The connection for this operation mode of the DC / DC converter is given on the figure Fig.8. 

Charging of the storage element is only possible if the amplitude of the voltage at the DC / DC 

converter output is greater than the voltage at the battery or supercapacitor.  

 

Fig. 8: Final version of the DC to DC converter 

At growing input voltage the output voltage of inverter increases rapidly because the inverter is 

running without load.  The output voltage of inverter grows until the diode separating the inverter 

output from the battery or supercapacitor opens.  

When the diode opens, the output voltage of the inverter stabilizes to the voltage that is currently 

on the storage element. Depending on the processing power, only the inverter output current 

changes. A Schottky diode is used to separate the generator and the storage element from each 

other. At very low currents with that the inverter operates, the voltage drop across the diode is 

negligible. 

The charging current of the battery decreases as the power drops. If the voltage on secondary 

winding drops to a value close to the threshold voltage of the JFET used, the voltage on the 

capacitor C1 drops and the battery will be completely disconnected. The DC to DC converter then 

operates without load and the current drawn from the EH transducer is significantly reduced. 

This operation mode, experimentally verified for both Armstrong and single J-FET DC to DC 

converter, allows to connect more converters to a common storage element. This makes it possible 

to process energy from sources where the power supplied may fluctuate or fall out.  

The Schottky diode between the gate and the secondary winding protects the gate-channel junction 

of the JFET from electrical breakdown because at high power the negative pulses on the secondary 

winding have amplitude of several tens of volts. The Schottky diode used has a large rated current, 

so it has a small drop in the forward direction and the reverse current of the diode is small enough 

to keep the J-FET closed. 
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3.1.4 Single JFET DC to DC converter in low voltage operation  

When processing low voltage EH transducers, the efficiency of the designed DC to DC converters 

deteriorates because of the voltage drop across the resistance RDSON of the transistor switch.  

This is especially evident in DC to DC converters for thermoelectric transducers, where the voltage 

is in principle very low and relatively large currents are required to transfer the required power.  

For use in connection with thermoelectric transducers, where it is necessary to work with 

extremely low voltage, a modification of a single J-FET converter was therefore proposed. 

Reduction of ON-resistance is achieved by connecting a N-type MOS FET transistor with a small 

gate capacitance parallel to the J-FET switch. This additional transistor is controlled by pulses 

taken from the secondary winding of the transformer via a coupling capacitor.  

The activation of a parallel switch with an N-FET transistor occurs only at a higher processing 

power. In high processing power the voltage amplitude on the secondary of transformer grows and 

the N-FET gate control pulses are significantly higher than the threshold voltage VT.   

As the processing power is further increased, the amplitude of the pulses on the secondary winding 

of the transformer further increases and the additional N-FET is controlled in the gate by a higher 

voltage and its channel resistance RDSONFET decreases. 

The method of connecting the additional N-FET is shown in Fig. 9. With a negative pulse at the 

transformer secondary the coupling capacitor, CCOUP, is charged via diode D to a negative voltage 

VCOUP. In next part of the cycle with a positive pulse at the transformer secondary, there is a 

positive voltage at the J-FET gate, the magnitude of which is determined by the voltage drop at 

the open gate-source PN junction. Obviously, VGSJ-FET = 0.7 V.  

The voltage on the gate of the additional N-FET will therefore be the sum of the voltage on the 

open gate-source PN junction of J-FET and of the voltage VCOUP on the coupling capacitor :  VGSFET 

= VGSJ-FET + VCOUP. 

 

Fig. 9: Parallel connection of J-FET and N_FET to reduce influence of RDSON 
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The advantage of this connection is that the gate control circuit does not contain resistive elements. 

Active losses occur only at diode D and at the open gate-source PN junction of the J-FET.  

The N-FET BS 170 VT (ON-Semi) transistor is suitable for this connection. The parameters are 

as follows:  RDSON = 5Ω,  VT ≤ 3 V , CISS ~ 40 pF. When controlled by voltage VGS = 6 V, the 

commutation charge can be estimated at 240 pC. 

Generator of starting pulses in IC technology  

Because the time in seconds is required, the number of divider circuits must be large. For example, 

if the generator frequency is 4 MHz and the required time is around 4 s, it will be necessary to 

include 24 flip-flops connected as a frequency divider.  

The simple timing circuit connected according to the figure Fig.10 proved to be an acceptable 

compromise from the modeling/simulating results. 

The connection uses standard function blocks. Both capacitors C1 and C2 are charged with a current 

which is set by means of a current source CS and current mirrors with transistors T1 to T3. INV1 

and INV2 inverters serve as voltage comparators. The flip-flop circuit RS decides on the current 

state of the entire circuit and controls the charging of capacitors C1 and C2. 

Switches with transistors T4 and T5 are controlled from the output of the flip-flop circuit RS. It is 

obvious that depending on the current state of the flip-flop, only one of these transistors can be 

switched on.  

The capacitor connected to the transistor that is currently open is charged with current from a 

current source formed by either transistor T2 or transistor T3 and the voltage on this capacitor 

gradually increases. 

 

Fig. 10: Timing circuit for generator of starting pulses. 
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Assume that switch T4 is open and capacitor C1 is charging. As soon as the voltage on the capacitor 

C1 reaches the decision level of the inverter INV1, the inverter changes the state at the output and 

causes the flip-flop circuit RS to change the state. This closes the switch T4 on the capacitor C1 

actually being charged and the switch T5 on the capacitor C2 opens. It is now possible to charge 

the capacitor C2 with current from a current source formed by a transistor T3. As soon as the voltage 

on the capacitor C2 reaches the decision level of the inverter INV2, the inverter changes the state 

at the output and causes the flip-flop circuit RS to return into its default state. The described action 

is constantly repeated. 

Due to the required frequency, the capacity of the timing capacitors must be in the order of 

microfarads. This can only be ensured in integrated circuit technology by using an external 

capacitor. Furthermore, to ensure low energy consumption, the operating currents must be very 

small. This places great demands on the timing capacitors C2 and C2 in terms of their leakage 

resistance. However, a capacitor with a high-quality dielectric can be used as an external capacitor 

and operation with small charging currents is possible. It is also necessary to consider influencing 

the capacitor charging by the leakage current of open switches T4 and T5. 

In the modeled case, 1 microfarad capacitors were used. For the start signal period of 4 s, the 

charging time of capacitors C1 or C2 must be 2 seconds. 

High current switch in IC technology  

The IC technology implemented at the Institute of Microelectronics capable operate with low 

power supply voltage has a resolution of 130 nm. Due to the very small structures, a relatively low 

channel conductivity is set here as standard. Because increasing the conductivity of a channel by 

increasing its area requires a change in the geometry of the structures this is only possible within 

certain limits. The requirement for a large operating current can only be solved by connecting 

transistors in parallel. Given the current capacity of the transistors, a large number of transistors is 

required to be connected in parallel to set the required resistance in the RDSON on state less than  

10 Ω. Depending on the change in the structure, this number can be greater than ten.  

Shifting the operating point of the structure and changing the geometry affects the change in CGS 

capacity and circuit time constants. Compared to discrete JFETs, the structure of parallel connected 

transistors is slower. 

The requirement for parallel connection of switching transistors complicates the possibilities of 

using transistors in BULK DRIVEN mode. Here is the compromise solution to use transistors with 

a very low threshold voltage. However, these transistors will not be completely closed at VGS = 0 

and a negative voltage will be required to completely close the transistor. Negative voltage is not 

available during normal operation of integrated circuits but in case of designed DC to DC 

converters, this voltage is generated by a transformer. The FET in the integrated circuit structure 

then behaves like a depletion mode FET (or like J-FET) with a very low threshold voltage. The 
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advantage is that a transformer with a small transformation ratio (e.g. 1:10) is sufficient for the 

operation of the generator in this case. 

 

3.2 Photovoltaic structures   

In first part of the experiment the most important properties of the cells were measured and 

compared mutually. 

3.2.1   Materials and production technologies of photovoltaic cells   

The results of measurement of selected photovoltaic cells are in table Tab.4.   

Table 4: Measured parameters of photovoltaic cells:   

VOC [V] is Open Circuit Voltage, ISCA [mA] is Short Circuit Current, A [cm2] is area of the cell,  

ISCA [mA/cm2] is Short Circuit Current per area of 1 cm2 

 TYPE 
VOC 

[V ] 

ISC 

[mA] 

A 

[cm2] 

ISCA 

[mA/cm
2] 

PA 

[mW/cm
2] 

PAX/ 

PASi 

[-] 

Crystalline Si *)   0.61 350.0 12.5 28.0 17.8 1.0 

Micro Si  0.55 72.0 4.5 16.0 8.8 0.49 

Perovskite 0.85 102.6 6.0 15.1 12.8 0.72 

a-Si:H 0.82 45.4 4.5 10.1 8.3 0.46 

a-Si:H + Micro Si / tandem 1.25 43.2 4.5 9.6 12 0.54 

CGS 0.65 221.4 9.0 24.6 15.99 0.90 

 

Samples: 

Crystalline Si:  Provided by company Fill Factory s.r.o. Roznov pod Radhostem, Czech Republic; 

Dimension 100 mm x 100 mm (full size); As needed cut to smaller parts; Screen printed BUS-

bars; Dimensions 50 mm x 50 mm,  50 mm x 30 mm and 50 mm x 25 mm 

Micro Si: Provided by the Institute of Physics of the Czech Academy of science (FZU), Prague 

Czech Republic; dimension 15 mm x 30 mm; Evaporated contacts 

Perovskite: Provided by Chemical Faculty BUT BRNO; Dimensions 30 mm x 20 mm. Lab 

sample; Thin film contacts.   

a-Si:H: Provided by FZU; Lab sample; Dimensions 15 mm x 30 mm; Evaporated contacts.     



Low Energy Solid State Converters For Energy Harvesting 

 

22 

 

a-Si:H + Micro Si (tandem): Provided by FZU; Dimensions 15 mm x 30 mm; Lab sample; 

Evoparated contacts.       

CGS: Provided for measurement by the Department of Microelectronics FEEC BUT BRNO; 

Lab sample; Dimensions 30 mm x 30 mm. Thin film contact. 

 

Measurement of the series resistance 

The series resistance of the cell can be determined by using transient action when the current forced 

into the cell is switched off.  

The wiring diagram for the measurement is shown in figure Fig.11. At the time of disconnection, 

the voltage on the cell is maintained by a charge in the barrier capacity of the cell, so that the 

voltage drop that is detected at the time of disconnection is given by the voltage drop across the 

series resistor. Knowing the current of the cell, we can determine the series resistance RS from the 

voltage drop: 

RS = ∆VSC / ISC , 

where  ISC  is the current forced in dark conditions to the photovoltaic cell;  

∆VSC  is voltage drop on the photovoltaic cell after switching off the current ISC.  

 

Fig. 11: Measurement of the series resistance RS.  

 

Measurement of the shunt resistance  

The processes applied to the leakage current can be voltage-dependent. In addition to the ohmic 

conductivity, many other mechanisms can take place here that concentrate the leakage current in 

material defects and cause tunnel-jump conduction at the inhomogenities. The leakage resistance 

measurement is therefore subject to errors, depending on the cell type and measurement method 

used. 
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Of course, following considerations apply only to the currents of the photovoltaic cell in the dark. 

The measurement of the leakage resistance further complicates the fact that the current through 

the cell is the sum of the current flowing through the leakage resistances and the normal current of 

the junction.  

At forward bias on the junction, there is a diffusion current that complicates the measurement of 

leakage resistance. The actual junction current can be then calculated using the Shockley equation. 

At a voltage of less than 300 mV, the junction current will be small enough and the cell current 

will be predominantly determined by the leakage currents.  

In case of reverse bias of the cell-junction, the reverse current of the junction does not have any 

influence on the measurement of leakage current. However, in reverse bias the mechanism which 

cause the leakage current may be different from that which apply in forward polarization of the 

junction.  

Therefore, the measurement in forward bias allows a better evaluation of the real situation. Because 

leakage currents can be voltage dependent, it is advisable to measure the leakage resistance 

depending on the applied voltage. 

 

 

Fig. 12: Measurement of the leakage resistance using the square-wave voltage. 

The method of measuring the leakage resistance used in this work is shown in Fig. 12. To 

determine the voltage dependence of leakage currents, the photovoltaic cell is powered from a 

current source. The current forced from the current source sets the voltage bias on the cell. The 

current source does not affect the voltage excitation, which is performed by a square-wave signal 

with a small amplitude. The amplitude is chosen so that the cell junction remains in the linearity 

range and is set to 30 mV peak-to-peak. The actual magnitude of the leakage resistance is 
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determined by means of a voltage divider consisting of a resistor R0 and the impedance of the 

photovoltaic cell. 

It is obvious that the current-response to voltage excitation is influenced by the geometric 

capacitance CJ of the junction. Moreover, there may also be an effect of the dynamic resistance of 

the junction, which in this case connects in parallel with the shunt resistance RSH. 

If the period of the square signal is long enough, the time constant associated with the cell capacity 

does not apply. The dynamic resistance of the cell junction does not apply to a DC voltage bias in 

forward direction of approximately 200 mV. For DC voltage bias higher than 200 mV, the cell 

response is already affected by the cell junction dynamic resistance and it is given by a parallel 

combination of leakage resistance and cell junction dynamic resistance. In such case it is necessary 

to determine the dynamic resistance of the cell-junction for each measurement separately.   

The calculation of the value of the leakage resistance is performed considering that the cell 

response is given by parallel combination of both resistances RSH and rD.   

In the simplest case, the shunt resistance forms a voltage divider with the resistance R0. From the 

ratio of the input voltage of the divider to the voltage on the cell, the value of the resistor RSH can 

be simply calculated as follows: 

RSH  = R0 · V2 / (V1 – V2)  

where  V1 is the amplitude of square-wave on input of resistive divider, 

V2  is the amplitude of square-wave voltage on the cell.  

Resistor R0 is selected according to the expected value of respective RSH. It is preferred that the 

resistances of both resistors are approximately comparable. For cells with large RSH or cells with 

small area, the measurement could be influenced by the input resistance of the oscilloscope. In this 

case a 1:10 probe should be used.  

 

Fig. 13: Measurement of the leakage resistance using the square wave voltage. 
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Voltage-dependent faults can also be detected using a triangular signal according to the circuit on 

figure Fig 13. If the triangular signal on the RSH resistor is distorted, the current dependence of the 

voltage drop on resistor RSH is not linear.  

From the distortion of triangular signal there is possible to determine at what voltage the respective 

anomalies occur. However, the signal distortion must be distinguished from the distortion of the 

triangular signal that occurs due to the nonlinear ampere-volt characteristic of the diode. 

Series resistance and shunt resistance of the photovoltaic cells in experiments are arranged in table 

Tab.5. The samples were the same as in the experiment with the measurement of basic parameters 

for which the results are in Table 4. 

 A great advantage of the described measurement of parasitic resistances of the cell is the 

possibility of measuring in the dark without the use of special instruments. The measured values 

do not depend on the lighting and describe the physical properties of photovoltaic cells very well. 

The parameters measured at full illumination may differ from the parameters measured at dark due 

to the increase in the conductivity of the substrate during illumination. 

Table 5 : Series resistance and shunt resistances of photovoltaic cells:   

A [cm2] is area of the cell, RS [Ω/] is Series resistance, RSA [Ω/cm2] is Series resistance per area, 

RSH [Ω/] is Shunt resistance, RSHA [Ω/cm2] is Shunt resistance per area  

      TYPE 
A  

[cm2] 

RS  

[Ω] 

RSA  

[Ω.cm2] 

RSH  

[Ω] 

 RSHA  

[Ω.cm2] 

C - Si      12,5   0,152   1,9   85    10 62 

Micro - Si    4,5   0,557   2,5   60    270 

Perovskite   6,0   1,56   9,38   22     132 

Amorphous  Si    4,5   0,711   3,2   78    351 

A-Si + Micro-Si  (tandem)   4,5   0,762   3,43   95    430  

CGS    10    0,210     2,1     67    670  

 

Operation of photovoltaic cells at low intensity of incident light 

When changing the intensity of illumination, the current supplied by the photovoltaic cell is 

approximately linearly proportional to the illumination. The dependence of the voltage generated 

by the cell on the illumination is approximately logarithmic. Changing the intensity of light 

radiation will therefore primarily reflect the change in the current of the cell.   

For each intensity of the light used there are optimal voltage value and optimal current value for 

the maximum energy output of the cell. Because of logarithmic dependence the voltage at which 
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maximum power is reached decreases with light intensity very slowly. This means that even at an 

extremely low intensity of incident radiation the voltage on the cell will still be a few tenths of a 

Volt. Thus, the inverter operation will be possible, although the power output will be very small.  

Testing of EH converters with selected photovoltaic cells  

The behavior of selected single cells under real operating conditions was tested at input energy 

level deep below 1 W.  The low voltage at the cell output was boosted-up using the low voltage 

DC to DC converter. For each measured sample, the current and voltage under load of the DC / 

DC converter and the output voltage of the converter were recorded under the given illumination. 

The inverter output was loaded with a 100 kΩ resistor. 

The illumination level was changed by the distance when moving the entire set of measured cells 

in the room or switching on/off the light sources. Despite the fact that it is only indicative the 

measurement fits well with the possibility of using photovoltaic cells for the processing of light 

radiation from low-energy sources. At the same time the trouble-free operation of the designed 

inverters was verified.  

For practical reasons, this experiment was performed only with crystalline silicon cells. Other cells 

proved to be unsuitable due to high leakage current.  The results are presented in table Tab. 6 for 

the converter based on Armstrong oscillator and in table Tab. 7. for the converter based on single 

J-FET DC/DC converter. 

Using estimated level of illumination the ratio of the light intensity applied in the first experiment 

(ECMP) to the light intensity which was set for testing under low illumination (EDC) was: 

ECMP/ EDC =  83240 / 444  = 187,5  

And the corresponding current ratio of current measured in full light experiment (JSC0) and 

estimated from mean value of measured currents (JSUM)  ~  140 µA /cm2   was: 

JSC0 / JSUM  = (28 mA/cm2) / (140 µA /cm2) = 200, 

where JSUM composes from the cell leakage current (60 µA /cm2) and the input current of DC to 

DC converter (80 µA /cm2).     

It is obvious that the ratio of the light intensity in the respective experiments and the ratio of the 

measured currents correspond to each other well. However, equality of currents does not mean 

lossless conversion. It should be considered that the voltage on the cell is in case of low-light 

operation  approximately half compared to full illumination and a large part of the generated 

current is dissipated by a leakage resistance.  

The conversion efficiency compared to the direct power consumption of a fully illuminated cell it 

is therefore possible to estimate as follows: 

ηLL  =   0.5 x (80/140) = 8/28 = 0.286 ~ 28.6 % 
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Conversion efficiency of a photovoltaic generator including DC to DC converter 

Additional losses must be considered in the DC / DC converter. Tables Tab.6 and Tab.7 show the 

input power at the output power of both converters - Armstrong oscillator and single J-FET DC to 

DC converter. The input power is determined from the voltage and current of the photovoltaic cell. 

The power at the inverter output is determined by the output voltage and the load resistor which is 

RL = 100 kΩ. 

 

Samples: Crystalline silicon cells. Screen printed BUS-bars. Area and dimension as follow:  

PH_1, PH_3:   A = 15 cm2 (50 mm x 30 mm) ;  

PH_2:    A = 25 cm2 (50 mm x 50 mm) ;                 

PH_4a, PH_4b:  A = 25 cm2 (50 mm x 50 mm) ;  

PH_5a, PH_5b:   A = 15 cm2 (50 mm x 30 mm)  

 

Tab.6: Photovoltaic EH transducers. Measured values of input and output parameters using 

Armstrong generator: VEP [V] Voltage supplied by a photovoltaic cell; IEP [μA] Current supplied 

by a photovoltaic cell;  VGT2 [V] Negative voltage amplitude at the transistor gate;  VOUT [V] 

Mean value of output voltage at 100 kΩ  resistance load. T=300 K;  

Estimated light intensity EPH ~ 0,01 AM. 

Sample PH_1 PH 2 PH_3 PH 

_4_a 

PH 

_4_b 

PH 

_5_a 

PH 

_5_b 

VEP [V] 0.31 0.33 0.30 0.31 0.32  0.33 

IEP [mA] 1.24 2.01 1,15 2.00 1.90  1.17 

        

VOUT [V] 3.5 4.6 3.3 4.4 4.5  3.4 

PIN [μW] 384 660 345 620 627  386 

POUT [μW] 123 212 109 194 203  116 

η [%] 32.0 32.1 31.6 31.3 32.4  30.1 

IPA[µA/cm2] 83.0 80.4 76.7 80.0 76.0  78.0 

  



Low Energy Solid State Converters For Energy Harvesting 

 

28 

 

Tab.7: Photovoltaic EH transducers. Measured values of input and output parameters using single 

J-FET DC/DC converter; VEP [V] Voltage supplied by a photovoltaic cell; IEP [μA] Current 

supplied by a photovoltaic cell;  VGT2 [V] Negative voltage amplitude at the transistor gate;  VOUT 

[V] Mean value of output voltage at 100 kΩ  resistance load. T=300 K;  

Estimated light intensity EPH ~ 0,01 AM. 

Sample PH_1 PH_2 PH_3 PH _4a PH_4b PH _5a PH _5b 

VEP [V]  0.32 0.29  0.31 0.29  

IEP [mA]  2.1 1.24  2,1 1.3  

VOUT [V]  4.9 3.6  4.8 3.6  

PIN [μW]  672 356  651 377  

POUT [μW]  240 130  230 130  

η [%]  35.7 36.5  35.3 34.5  

JP[µA/cm2]  84 82.6  84 86.7  

 

The efficiency of the single J-FET converter with the power efficiency  ηA ~ 35%  is about ten 

percent higher than the efficiency of the converter with an Armstrong oscillator with the power 

efficiency  ηSF ~ 32%. 

In both cases, however, it is necessary to consider the relatively large power loss that DC/DC 

converters will introduce into the energy conversion process.  

Compared to direct energy consumption from a photovoltaic cell at full illumination, the overall 

efficiency is in case of the Armstrong oscillator approximately: 

ηOA  = ηLL . ηA  = 0.28 · 0.32 = 0.0896 ~ 8.96 %  · 

In the case of the single J-FET converter, the overall conversion efficiency is  

ηOSF  = ηLL · ηSF  = 0.28 · 0.35 = 0.0896 ~ 9.8 %    

This value is close to 10% compared to the direct power consumption of a fully illuminated cell. 

This is, of course, very small value. In many cases, however, this solution may be suitable if no 

other source is available. 
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3.2.2 Photovoltaics based on organic solar cellls 

Testing of selected organic photovoltaic cells  

Since organic cells are not mass produced, they are not readily available on the market. Therefore, 

organic photovoltaic cells were not included in the experiment described at the beginning of this 

chapter. Consequently, two organic cells based on Diketopyrrolopyrrole were measured in 

cooperation with the BUT Faculty of Chemistry in frame of the testing of DC to Dc converters.  

Sufficient level of efficiency was achieved only with samples activated by thermal annealing. In 

this case, the efficiency was greater than 3.5%. The measurement results were similar to the results 

obtained for inorganic cells from the original set. However, due to the significantly lower 

efficiency the cells provide less current.  

Economy of organic photovoltaics in large equipment  

In an optimal case installation costs are about 30 - 40% of the overall costs but in case of low 

conversion efficiency they could be much higher. Consequently, it can be estimated that for 

organic photovoltaic cells a minimum efficiency of 8% is considered as necessary to compete with 

15% efficient inorganic PV modules.   

Considering the maintenance of organic power plant the problem turns to be more complex. If the 

reduction in efficiency of installed organic photovoltaic cells continues there can happen that the 

funds received for produced electricity does not even cover maintenance costs.  

To avoid such a negative case there is a possibility to replace original photovoltaic cells at an 

appropriate time.  

Replacing the old solar cells with new ones after few years we may probably profit from the 

probable increase in efficiency and reliability and at the same time there will be probably 

noticeable drop in purchase price. 

The annual income is computed considering the year income and maintenance cost for respective 

year (each third year with serious failure).   

Total income is computed as a sum of individual incomes in each year of the solar power 

production. Note that the total income is influenced by gradual drop of the efficiency, by 

maintenance costs and by purchase of new solar cells after few years of production.  

As a result of modeling there is possible to define two important limits: 

1) If the efficiency of installed cells is less than 8 % and the drop in efficiency is 5 % per year the 

investment will never pay back.  

2) The efficiency of initially installed cells must be at least 10% to and the drop in efficiency 

should not exceed 5 %  per year to return of the investments in 20 years.  
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3.3 Organic thermoelecric generator  

The philosophy of the proposed organic cell is based on a standard Ni-NiCr cell. Here, Ni has a 

negative Seebeck coefficient and NiCr has a positive Seebeck coefficient. Therefore, the organic 

compound PEDOT:PSS was chosen, which also has a positive Seebeck coefficient and can be used 

instead of NiCr. Because there is a relatively small selection in materials having a negative Seebeck 

coefficient, the original Ni material with a negative Seebeck coefficient was left in the structures 

of the proposed thermocouples. 

Depending on the composition and deposition process, PEDOT:PSS has a Seebeck coefficient 

from +15 μV/K to more than +35 μV/K. [35]  

At ambient temperature pure nickel has a Seebeck coefficient of -19 μV/K. As the temperature 

increases, it grows to -25 μV/K at a temperature of around 200 oC [38]. When nickel and PEDOT 

are combined, the temperature sensitivity of resulting thermocouple will reach 30 μV/K to 35 μV/K 

at ambient temperature. 

In this structure, a significant disadvantage of PEDOT:PSS is its very strong acidity. When it is 

combined with nickel, corrosion processes can occur. Consequently, the cells lose their 

functionality in a relatively short time. Possible solution is chemical neutralization of PEDOT:PSS 

compound by NaOH: 

PSS-H+ + Na+OH-     =   H2O +  Na+PSS- 

This can yield the change of pH in large range. However, in this process the electric conductivity 

sharply drops and Seebeck coefficient (moderately) grows. If a compromise is found, the pH 

values can rise up to the level of pH = 4  up to pH = 6 [52]. 

The nickel layer is formed by galvanic electroless deposition. Nickel deposited by electrodeless 

deposition has tendency to form Ni:P clusters. This facilitates the formation of an amorphous 

structure that is more resistant to corrosion. This property depends on the total phosphorus content 

and the deposition conditions and on thermal post-treatment. For the proposed TEG technology of 

the electroless deposition and the possibility of increasing the corrosion resistance by Ni:P this 

option is very convenient. To reliably deposit nickel on the plastic surface by electroless deposition 

the plastic surface must be activated. The best method for this purpose was found in plasma 

activation at atmospheric pressure using a dielectric barrier discharge (DBD). DBD plasma surface 

activation has very long durability and, further, greatly improves the surface adhesion. This 

technology is available at the Faculty of Chemistry, Brno University of Technology. 

 

Lateral structure of organic thermo-generator  

In case of serial connection, it is necessary that the total resistance of all thermocouples connected 

in series, including the contacts between individual cells, does not significantly exceed 10 Ω. This 
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can be a problem for thin PEDOT:PSS layers. Although PEDOT:PSS is used as an extremely 

conductive organic material, its conductivity is still low compared to metals.  

The arrangement of the lateral structure is shown in the figures. Fig.14 and Fig.15 The functional 

layers of the individual thermocouples are applied on both sides of the carrier tape in the form of 

strips. The materials of the two layers overlap at the interface of the strips. 

The temperature gradient is ensured by means of thermally conductive extensions, which 

alternately heat and cool the areas where the functional layers come into contact.  

 

a) 

 

b) 

Fig. 14: a) Designed structure with lateral arrangement of short thermo-coupler legs. 

b) Functional layers near the thermal extension. 

DIMENSIONS: Width of thermal extensions w = 2 mm; Height of thermal extensions h = 2 mm; 

Thickness of thermally conductive profile t = 1.4 mm; Distance of thermal extensions d = 14 mm 

The structure of the thermocouples is electrically insulated from the thermal extensions on both 

sides by a dielectric tape. Both the support tape and the insulation tape are thin, so they do not 

significantly impair heat transfer. The space between the temperature extensions is filled with 

thermal insulation material. In addition to the thermal insulation function, this filling ensures a 

defined position of the thermocouple support tape against the thermal extensions.  

The distance of the thermally conductive adapters should be optimized in terms of the thermal 

conductivity of the whole arrangement between the cold and hot ends and also of the accuracy of 

placement of the thermocouples and their alignment with respect to the thermal adapters.  

Because the hot and cold ends of thermocouples alternate, there are two junctions for one 

thermocouple. Consequently, we can calculate the generated voltage using following formula:  

10 · (T1 · S12  -  T2 · S12) = 10 · (T1-T2) · S12 ,          

where S12 [µV/K ] is temperature sensitivity of individual thermocouple. 
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Fig. 15: Design of series connection of individual thermoelectric strips in structure with lateral 

arrangement. 

DIMENSIONS:  HOT to COLD distance d = 7 mm; Thermoelectric tape width  wTET = 20 mm; 

Other dimensions see Fig. 14. 

At voltage 50 mV the DC / DC converter will be close the lower limit (VLL=50 mV) its operating 

range and the supplied power (current) will be consumed almost entirely for the operation of the 

generator, because it is necessary to cover the conductivity losses in generator and commutation 

losses caused by charging and discharging the parasitic capacitances of the transistor switch. 

Consequently, the power delivered on the output of the DC/DC converter will be very low.  

Suppose temperature sensitivity S12 = 30 µV/K and temperature difference T1-T2 = 40K. Then the 

voltage between the ends of the thermoelectric-tape with 20 thermoelectric junctions will be as 

follows:  

VTP = 10 · (T1-T2) · S12 = 10 ·  40 K  ·  30 µV/K  = 10 · 1200 µV = 12 mV       

Reducing the series resistance is possible by increasing the width of the thermoelectric tape. 

However, to reduce the total series resistance of the generator to acceptable value, it would be 

necessary to increase the width of the thermal tapes considerably and the total area of the resulting 

thermo-electric-generator needs to be disproportionately large.  
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Vertical structure of organic thermo-generator  

In vertical design the large width of the PEDOT:PSS layer ensures its large cross-section and thus 

low series resistance. At the same time the large width of the PEDOT:PSS layer also allows the 

capture of a large heat flux across the body of the thermoelectric transducer. 

 

Fig.16: Proposed vertical structure of PEDOT:PSS - Ni based organic thermo-generator. 

The spatial arrangement of the thermocouple support strip is shown in figures Fig.16 and Fig.17. 

The tape is wound into a spiral that also forms the mechanical support of the thermocouples. The 

temperature gradient has the same direction as the coil axis. 

 

 

Fig.17: The spatial arrangement of the thermocouple support strip. 

 

In the original concept of the cell, there is first the deposition of the nickel on a plasma activated 

substrate surface. The PEDOT:PSS layer was deposited on the nickel electrodes on the substrate.  

The reverse method, i.e. deposition of the PEDOT:PSS layer in the first step and deposition of the 

nickel layers on the already deposited PEDOT:PSS layer, seems more advantageous in terms of 

minimizing the resistance of PEDOT:PSS layer.  One more PEDOT:PSS layer may be applied to 

the structure thus prepared. In terms of the series connection of the cells, two PEDOT:PSS layers 

are connected in parallel and the whole arrangement has greater conductivity. In the second 

PEDOT:PSS layer, the contact resistance is not critical since it is conductively connected to the 

PEDOT:PSS layer applied in the first technological step.   
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Fig.18: Vertical structure of PEDOT:PSS -Ni thermo-generator: a) Functional Ni layer.      b) 

Splitting of Ni layer to individual into sub-systems and their serial connection with printed 

Ni Layer. c) Functional layer of PEDOT:PSS d) Detail of the layout on the joint. 

DIMENSIONS: Width of the tape w = 5 mm; Length in which the PEDOT: PSS layer is 

applied l = 200 mm; Width of Ni-strips  wNi  = 1 mm (For the sake of clarity, the sketch is not 

proportional.) 
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However, the nickel electroless deposition works better on a plasma-activated surface. Further, 

PEDOT:PSS layer must be stabilized so that it does not decompose during electrode-free nickel 

deposition.  

Representation of individual steps in preparation technology of thermoelectric tape is shown in 

figure Fig.18. 

a) The nickel functional layer is applied to the carrier tape by electrodeless deposition technology 

and has a continuous surface. 

b) The division into sub-systems of individual thermocouples requires the interruption of the nickel 

layer. This is done by punching holes on both sides of the tape. 

c) The joints between the hot-nickel and cold-nickel parts of the structure are applied after 

electrodeless deposition of the nickel layer. Couplings can be deposited with standard nickel paste, 

as this part of the nickel layer is not in contact with the PEDOT:PSS layer. 

 

We designed and tested the following procedure:  

The PEDOT layer is applied to the nickel functional layer in the entire required width by screen 

printing using a very simple rectangular mask.  

The top layer is applied first.  

The bottom layer can be applied only after the top layer of PEDOT:PSS is completely cured.  

The bottom layer is applied in the same way with the tape inverted.  

When using a parallel layer arrangement, in addition to reducing the series resistance, the reliability 

of the resulting structure is also significantly increased 

In order to prevent the conductive layers on both sides from short-circuiting in a coiled state the 

thermoelectric tape must insulated with the dielectric tape which provides electrical insulation 

between the individual turns of the coiled thermo-tape. Dielectric tape is thin so that its 

contribution to the thermal conductivity of the whole structure is minimal. Arrangement of 

insulation-tapes between the individual turns of the coiled thermo-tape. 

Surface treatment 

For successful deposition, it is necessary to treat the surface of the substrate. BDB plasma surface 

treatment proved to be the best for this process. Plasma treating significantly modifies surface 

energy and causes a decrease in surface tension.  

The difference in the structure of the layer deposited on the treated and untreated surface is very 

significant. An example is shown in figure Fig. 19. 

 

A) B) 
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Fig.19:  The difference in PEDOT:PSS layer formation in case of plasma treated substrate (Right) 

and the substrate without plasma treatment (Left) 

 

Reduction of surface tension and thus wettability of the paste and easier printing can also be 

achieved with the aid of nonionic surfactants Brije, Cetyl, Spolion and Tween (Sigma-Aldrich).  

However, due to time constraints, these experiments were not performed. In addition, surface 

activation prior to printing by plasma DBD treatment has been shown to be satisfactory. 

 

Selection of PEDOT: PSS; Selection of the paste and setting of its exact composition. 

PEDOT:PSS pastes are produced by Heraeus (Heraeus GmbH & Co. KG, Hanau, Germany). 

Properties are shown in table Tab.8. The Clevios™ S pastes for screen-printing are typically used 

to print electrodes in many devices and technically advanced applications. 

 

Tab.8:  Typical values for Clevios™ screen printing pastes 

PEDOT:PSS Viscosity dPa·s 
Sheet resistance 

Ω/square 
Solids content % 

Clevios S V3 15 – 60 350 – 500 3 

Clevios S V4 15 – 60 200 – 350 3 

 

The PEDOT: PSS layer was printed from commercially available Clevios™ S V3 screen printing 

pastes (Heraeus GmbH & Co. KG, Hanau, Germany). The PEDOT:PSS pattern was printed using 

a screen mesh count of 140 threads/cm. 

The substrate with the printed layer was then placed on a heated pad at 120 °C for approximately 

30 minutes until the layer had dried. 

100 μm   100 μm 
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Preparation of PEDOT: PSS;  Optimizing print parameter settings. 

The paste was first stirred intensively before printing in order to obtain a lower viscosity and better 

homogeneity of the resulting film. The PEDOT:PSS paste of gel consistency exhibits thixotropic 

behaviour. The drop of static viscosity is achieved after daylong of intensive stirring in a magnetic 

mixer at laboratory temperature. However, the stirring at elevated temperatures shortened the 

needed time significantly.   

The viscosity of the paste returns the initial value in a matter of several hours after the stirring was 

stopped. Therefore, the printing had to be performed within a few minutes. Otherwise, the 

consistency of the paste returned to the initial gel state. Stirring improves the smoothness of the 

surface of the layer but causes a decrease in its thickness. Further, the resistivity of the deposited 

layers significantly depends on the Stirring. 

The dependence is evident from figure Fig.20  In addition to the change in the surface structure of 

the layers, there is also a significant increase in their conductivity manifested by a decrease in 

resistance per square. The sheet resistance decreased from around 1 kΩ/square to 400 Ω/square.  

 

 

Fig.20:  PEDOT: PSS layers: Influence of stirring.  A) not stirred, (B) stirred 30 min, (C) stirred 

24 h at 90 °C (D) stirred 100 h at 25 °C; paste Clevios S V3 
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Another important printing parameter is the roughness of the screen printing sieve and the tear-

off, i.e. the distance between the screen and the substrate. Figure Fig. 21 shows selected 

micrographs with average resistance values for each layer. It is obvious that a finer sieve is not 

convenient for the preparation of PEDOT: PSS layers.  

The coarser 140F screen already gives a continuous layer of material. Further, the layer prepared 

at a tear height of 2 mm appears more homogeneous in height than the layer prepared with a tear 

height of 1 mm. 

 

 

 

Fig.21:  Figure: Micrographs of prepared experimental layers showing the effect of sieves 180F 

and 140F. The resulting experimental layers using a 1 mm (h1) tear are in the left column and the 

results for a 2 mm (h2) tear are in the right column. 

 

Experiments with print speeds have shown that higher print speeds give better results in all 

combinations of screen roughness and tear. At the same time, better results were achieved with 

higher tear. However, a large tear is impractical because there is a large sag of the sieve and the 

application of the printed pattern is usually not accurate.  
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In our case of thermoelectric generator the PEDOT: PSS working layer has relatively large 

dimensions for the printed thermocouple. Consequently, this disadvantage is not significant in our 

case. Thus, a maximum print speed and 3 mm tear-off was selected. 

 

Printing and thermal annealing of PEDOT: PSS layer. 

PEDOT: PSS layers were applied to the supplied substrates with a galvanically applied Ni: P layer. 

The whole thermocouple was made according to the procedure described in chapter 3.3 of the 

work by superimposing two printed PEDOT:PSS layers.  

The substrate with the printed layer was then placed on a heated pad at 120 °C for approximately 

30 min until the layer had dried. 

After Drying the printed layers had been thermally annealed at 125 ° C for 15 min.  

 

Functionality verification by measuring temperature sensitivity. 

The temperature sensitivity was measured on the finished samples. The temperature was measured 

with a non-contact thermometer and the voltage with laboratory multimeter KEYSIGHT 34465A 

At an ambient temperature of 22 oC and a heated surface temperature of 70 oC, a voltage difference 

VT = 1.380 mV was measured.  

This corresponds to the temperature sensitivity:  

 ST = VT  / (T1 - T2) = 1.380 / 48 = 28,75 . 10-3 = 28,75 µV/K. 

Here, T1 and T2  is the temperature in Kelvin. 
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4. Conclusion   

This thesis focuses on the important question of how to improve the electrical performances low-

voltage low-power energy harvesting devices. For this reason, these performances of many 

different configurations have been studied in detail. The results we can summarize as follows. 

1) DC to DC converters with low input voltage 

In this part of work the scientific and engineering contribution is the extension of existing 

knowledge towards new suggested and tested concepts of DC / DC converters for voltages less 

than 100 mV. To achieve high reliability, robust production processes have been preferred. 

Standard components are used, so the production is not tied to one supplier, or the lack of some 

type of components. 

a) It has been verified that it is possible to work with a BJT with a very low supply voltage and 

extremely low power consumption, but the use of a BJT in this mode is very unusual. However, it 

must be considered that for integrated circuits where FET-type transistors are used, it is also 

necessary to use FET-type transistors under unusual operating conditions to achieve an extremely 

low operating voltage. 

b) The circuit solution of DC to DC converter in integrated circuit technology, which is available 

at the institute, was designed. However, using available IC technology, to achieve low operating 

voltage, FET-type transistors must operate in the subthreshold mode or BULK-DRIVEN mode.  

c) Two types of inverters have been designed and prototyping.  

The Armstrong oscillator allows multiple transducers to be connected in parallel to one load. This 

is very advantageous when processing energy from multiple sources with unstable power and 

possible outages. This type of inverter is not sensitive to the stray inductance of the transformer.  

A single FET DC to DC converter is more efficient than an Armstrong oscillator. However, it 

requires a transformer with low stray inductance. Complementary circuits have been tested for the 

designed and manufactured single FET DC to DC converter, which enable a significant increase 

in efficiency reaching up to 50 percent.  

d) In order to maintain the functionality of the EH transducer at a very low power input, the 

START-STOP operation of the generator with the start of the generator by means of start pulses 

was proposed and tested for the single J-FET converter. In this case, the EH transducer is not 

loaded by the connected DC to DC converter and is able to supply current to charge the capture 

capacitor at the input of the converter. Under laboratory conditions, this method has proven to be 

operational. However, it is not recommended for practical use due to the possible uncertainties in 

starting and stopping the generator and the associated reduction in reliability. Therefore, in the 

final design stable no-load operation was preferred over switching off the EH converter and 

resetting with start pulses. 
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f) Two types of innovative transformers with extremely high conversion ratios have been designed 

for low-voltage DC to DC converters: 

Flat transformer allows very simple production. With this type of transformer, it is also possible 

to make miniature transformers, where the nominal power input can be much less than 1W. Scaling 

of transmitted power can be achieved by using a larger number of toroidal cores or by increasing 

the dimensions of toroidal cores. It is very easy to achieve a conversion ratio greater than 100. The 

stray inductance depends on the way the core of flat transformer is composed.   

A planar transformer is more complex because it requires high-resolution multilayer PCB 

technology. The small stray inductance on the secondary winding of the transformer is ensured by 

a suitable distribution of the primary and secondary windings on the printed circuit boards of the 

individual layers. The conversion ratio can be much larger than 100 and can be set by the number 

of individual printed circuit boards in the assembly. The addition of one more plate always 

increases the conversion ratio by 20. Greater stray inductance on the secondary winding can be 

achieved by disconnecting one or more individual primary windings, if necessary. The change 

depends on the location of the currently disconnected winding in the overall assembly. The 

disadvantage of this type of transformer is the dependence on the range of ferrite cores. It is 

therefore not possible to achieve arbitrarily small dimensions and extremely small rated power. 

I assembled and experimentally verified the converters and transformers described in the section  

DC to DC converters with low input voltage in the laboratories of the Department of 

Microelectronics with the help of my supervisor. The printed circuit boards of the converters and 

the windings of the planar transformer were manufactured in a specialized company. However, the 

work would not be possible without further material support and professional assistance from 

Department of microelectronics of BUT Faculty of Electrical engineering and Communication.   

Objective 3 “Research and design of a low voltage low energy DC/DC converter to process the 

output from EH transducers on low energy level” set out in Chapter 2 has been met. The correct 

function of DC to DC converters was subsequently verified in laboratory experiment in the 

processing of energy from photovoltaic converters under low light conditions. The experience 

gained in experiments with photovoltaic cells and the study of their properties according to 

objectives  No. 1 and No. 2 defined in Chapter 2 was also used here. In terms of minimum input 

voltage and efficiency these inverters achieve comparable or slightly better properties than 

published circuits according to the literature. 

2) Photovoltaic structures 

Photovoltaic cells with different technologies donated or borrowed from various institutions were 

used in the experiments. In addition to standard measurements, the series resistance and leakage 

resistance were also measured using a new dynamic method. A great advantage of this method is 

the possibility of measurement of parasitic resistances of the cell in the dark without the use of 

special instruments. The measured values do not depend on the lighting conditions and describe 
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the physical properties of photovoltaic cells very well. The following conclusions were drawn from 

mutual comparison of the cells in the experiments presented in this chapter, which were 

supplemented by a study of the literature according the objective No 1 defined in Chapter 2.  

a) Despite the abundant literature, the application potential of organic photovoltaic cells was 

overestimated at the time of the assignment. However, the technology of organic photovoltaic cells 

developed during the solution. The most significant change is the abandonment of fullerene-based 

absorbers in favor of new materials. When using these materials, the photovoltaic conversion 

efficiencies achieved in laboratories usually already exceed 10%, but the problems with stability 

and sensitivity to external influences remain. However, the organic cells available in this work 

were only around 5% effective. Tests of application possibilities of organic cells were therefore 

only indicative, although from the point of view of spectral sensitivity these cells very well meet 

the requirements for use in indoor spaces, where many of their problems associated with short life 

would not manifest themselves. 

b) In addition to technological improvements, the price per Wp of crystalline silicon cells 

decreased significantly. In experiments, it has been designed and verified that due to current prices 

and technological possibilities, the single cell variant is very advantageous for low-energy 

photovoltaic EH converters, where cells with an area from 30 cm2 to 40 cm2 are mass-produced on 

standard-sized silicon wafers and divided into individual functional cells at the end of the 

production cycle. The cells are highly efficient and very robust. Given their current price of 0.2 

Euro per Wp, it is also an economic option.  

c) It has also been verified that DC to DC converters designed in this work are able to operate with 

very low input power delivered from photovoltaic cells in low light operation and that they are 

able to operate in parallel in one load. This significantly expands the possibilities of capturing 

energy from various unstable sources with possible outages. Based on the testing of individual 

types of photovoltaic cells, for these experiments silicon crystal cells were selected. 

I prepared the experiments and performed the measurements described in the section Photovoltaic 

structures in the laboratories of the Department of Microelectronics with the help of my supervisor. 

However, the work would not be possible without material support and professional assistance 

from Department of microelectronics of BUT Faculty of Electrical engineering and providing 

photovoltaic cells for testing and measurement from the BUT Faculty of Chemistry.    

Objective 1 “Compile overview concerning preparation of EH photovoltaic structures and suggest 

solutions for their operation on low energy level.” set out in Chapter 2 has been met. The 

experience gained in experiments with photovoltaic cells and the study of their properties 

according was used in experiments to verify the correct operation of the prototypes of DC to DC 

converters. 
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3) Organic thermoelectric generator  

We designed manufactured and measured the basic parts of a thermoelectric generator and made 

a comparison with the literature. The achieved results are good and comparable. 

Because the voltage of one thermocouple is very small, large number of thermocouples connected 

in series is required. Achieving the lowest possible series resistance of functional layers is therefore 

a major design problem.   

a) The first design of the organic thermoelectric generator was proposed to include as few 

technological steps as possible. This was the combined structure with lateral arrangement of short 

thermo-coupler legs. The individual thermocouples were applied on both sides of the carrier tape 

in the form of short strips of thermoelectric materials. The temperature difference was provided 

by thermally conductive extensions. However, to reduce the series resistance of the individual 

thermo-cells and series resistance of the assembled thermo-generator to acceptable value, the 

design resulted in disproportionately large dimensions. Lateral structure was therefore abandoned 

in favor of the structure with vertical arrangement of functional layers.  

b) For vertical TEG structure we designed and tested the procedure for making the individual parts 

of the generator. The PEDOT-PSS layer is applied to the nickel functional layer in the entire 

required width by screen printing using a very simple rectangular mask. First, the PEDOT-PSS 

bottom layer is applied. The top PEDOT-PSS layer can be applied only after the bottom PEDOT-

PSS layer is completely cured. Then the bottom and top PEDOT-PSS layers are applied in the 

same way with the tape inverted. Using a parallel layer arrangement thus helps to reduce the series 

resistance. At the same time, the reliability of the resulting structure is increased. 

c) In terms of the sufficiently low series resistance and efficiency applicable to practical 

applications, the thermoelectric generator with vertical structure meets the requirements for 

connection of large number of thermoelectric cells in series.  

d) The individual thermocouple is designed to connect a large number of thermocouples in series 

which is ensured by placing individual thermocouples on the carrier tape and winding the carrier 

tape into the coil. This scaling-up is limited by the total series resistance of the resulting 

thermoelectric generator. In practice, the number of thermocouples connected in series is 60 to 100 

depending on the current being processed. 

e) The proposed solution was also compared with other types of thermoelectric converters. 

Thermo-galvanic cells, which in principle have very high Seebeck coefficient value, and 

thermionic converters, which are able to operate at extremely high temperatures and achieve 

efficiencies in excess of 10%, seem to be very advantageous alternative.  

I performed the necessary measurements with the help of my supervisor in the laboratories of the 

Department of Microelectronics. The main result is that we have verified that using organic 

semiconductors it is possible to prepare a thermoelectric harvester, which we have known so far 
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only with inorganic materials. However, the work would not be possible without material support 

and professional assistance from the BUT Faculty of Chemistry.  

Objective 4 “Research and design of a thermoelectric converter using simple technologies and 

available materials” set out in Chapter 4 has been met. The results are comparable to published 

results for thermocouples using PEDOT: PSS as the active layer. The new contribution is the 

optimized arrangement of active layers enabling the series connection of a large number of 

thermocouples while achieving a low series resistance of the entire thermoelectric generator.  

The future of the electronics will depend on its efficiency, cost, and reliability. It can make some 

low-power-electronic applications more available and in this way, we also can protect a vital 

environment. Further, this work can be extended to new semiconductor materials and more 

complex technologies. It could be interesting to investigate in detail newly available organic 

semiconductors. 
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