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Introduction 

In this book, a brief introduction to the fields related to Solar Energy and 

Photovoltaics is given. Its’ main aim is to serve as a basis for a further development of 

lacally adapted study courses within the framework of the project “Development of 

Training Network for Improving Education in Energy Efficiency” (ENERGY), by its’ 

Partners. 

Both brief introductions to the fundamentals and to the applications are presented in 

this book. A general historical development pattern of the solar technologies can be traced 

in this book. It starts with the description of the solar thermal applications, which were a 

part of the technology development for centuries - from the early intuitive decisions how to 

position windows and roof elements of the house for a better passive heating performance 

and continuing today with high performance solar thermal plants as an example. The 

middle part of the book is devoted to the photovoltaics, which found its’ niche as a reliable 

source of power for off-grid installations in 20
th

 century and continues its’ remarkable 

growth into a major power source of today.  

The last part of the book is devoted to the photovoltaic technologies, which might be 

needed for meeting the challenge of becoming the major power source, satisfying the 

humankinds’ needs for tens of terawatts of power in average. The last chapter of the cook 

is devoted to material availability issues, which might arise as a result of such expansion. 
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1. Solar Energy Fundamentals 

1.1. Radiation heat transfer review. 

 

The visible light is a small subset of the electromagnetic spectrum (Fig.1). The 

electromagnetic spectrum describes light as a wave which has a particular wavelength. 

Quantum mechanics explains the wave nature and the particle nature of light. In quantum 

mechanics, a photon is most accurately pictured as a "wave-packet". A wave packet is 

defined as a collection of waves which may interact in such a way that the wave-packet 

may either appear spatially localized, or may alternately appear as a wave. In the cases 

when the wave-packet is spatially localized, it acts as a particle. Depending on the 

situation, a photon may appear as either a wave or as a particle and this concept is called 

"wave-particle duality". A complete physical description of the properties of light requires 

a quantum-mechanical analysis of light.  

There are several key characteristics of the incident solar energy which are significant 

for photovoltaic conversion: 

 the spectral composition of the incident sun light; 

 its power density; 

 the angle at which the incident solar radiation falls on the photovoltaic module;  

 the solar energy throughout a year or day for a particular surface. 

 



 

Fig.1 Electromagnetic spectrum 

 

A light is characterized by a wavelength λ or equivalently by a photon energy E. There 

is a relationship between these values:  

 

hc
E 

 ,        (1.1) 

where h is Planck's constant and c is the speed of light. 

The photon flux density is defined as the number of photons per unit time and per unit 

area: 

S

n

t
 

 ,        (1.2) 

where n is number of photons, t is time and S is area. 

The photon flux is important for determining the number of generated electrons, and 

hence the photocurrent of a solar cell. As the photon flux density gives no information 

about the energy of the photons, the energy or wavelength of the photons in the light 

source must also be specified. At a given wavelength, the combination of the photon 

energy and the photon flux density at that wavelength can be used to calculate the power 

density for photons at the particular wavelength: 



hc
H 

 .        (1.3) 

The spectral irradiance as a function of photon wavelength (or energy), denoted by F, 

is the most common way of characterizing a light source (Fig.2). It gives the power density 

at a particular wavelength: 
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Fig.2 Spectral irradiance as a function of wavelength for different types of emitters  

 

Many light sources can be closely represented as "blackbody" emitters. A blackbody 

absorbs all radiation incident on its surface and emits radiation depending on its 

temperature. The spectral irradiance of a blackbody is given by the Planck's radiation law 

(Fig. 3): 
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,     (1.5) 

where k is Boltzmann constant, T is the temperature of the blackbody. 



The total power density from a blackbody is determined by integrating the spectral 

irradiance over all wavelengths which gives: 

4H T ,        (1.6) 

where σ is the Stefan-Boltzmann constant. 

The peak wavelength of the spectral irradiance is determined by differentiating the 

spectral irradiance. The result is known as the Wien's law: 

max bT  .        (1.7) 

Where λmax is the peak wavelength, and b is the Wien's displacement constant. 
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Fig.3 The spectral irradiance of a blackbody at different temperatures  

 

Fig.3 demonstrates the changes in the spectral distribution and power of light emitted 

by a blackbody with the temperature.  

The sun has one unique feature – this is "our star", and humanity owes its existence to 

this "average" from astronomical point of view star. Our star power supplies Earth about 

2·10
17

 W – this is "the power of the sun bunny" with a diameter of 12.7 thousand km, 

which is constantly illuminates the facing side of the planet. The intensity of sunlight at sea 

level in the equatorial latitudes when the sun at the zenith is about 1 kW/m
2
. 



The source of solar energy are the thermonuclear reactions of the proton-proton (at 

low temperatures) and the carbon-nitrogen (at higher temperatures) cycles, which result in 

formation a helium nucleus from four protons: 

 

4
1
H

4
He+2e

+
+2νe+∆Е,       (1.7) 

 

where e
+
 – positron, νe – electron neutrino. Every second, about 6·10

11
 kg 

1
H converts into 

4
He. The mass defect in this case is 4·10

9
 kg that results in accordance with the Einstein 

relation to the energy release ~ 3,8·10
26

 J: 

 

∆Е = (4m 1H – m 4He)·с
2
.       (1.8) 

 

Most of this energy is emitted in the form of electromagnetic radiation. To a good 

approximation, the sun acts as a perfect radiation black body at temperature close to 

5800 K (Fig.4). Total weight of the sun now stands at about 2·10
30

 kg, which should 

ensure that it is stable enough about the existence of a constant release of energy for more 

than 10 billion years. 
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Fig.4 Sunlight intensity of the sun (red) and black body at temperature 5800 K (green) 

 



The total power W of the solar radiation over the entire range of wavelengths is equal 

to 3.810
26

 W. However, the surrounding area is radiant energy of the sun is inversely 

proportional to the square of the distance to the object L 

2
.

4

W

L


         (1.9) 

For the approximate distance of the Earth from the Sun 149.5 million km, the average 

density of radiant energy at the Earth's orbit is equal to 1367 W/m
2
. This value is called the 

solar constant (H0). The real power density slightly varies since the Earth moves in its 

elliptical orbit around the sun. The power variation due to the elliptical orbit is: 

2 ( 2)
1 0.033cos

365

n



 




 

 
 
  .     (1.10) 

where n is the day of the year.  The largest solar irradiance is in January and the smallest 

solar irradiance in July. Besides, the power W emitted by sun is not constant. However, 

these variations are typically small and for photovoltaic applications the solar irradiance H0 

can be considered constant. 

1.2. Sun path description and calculation. 

When passing through the atmosphere, sunlight is attenuated mainly due to the 

absorption of infrared radiation by water vapor, UV absorption by ozone and radiation 

scattering airborne particles of dust and aerosols (Fig.5).  
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Fig.5 Attenuating sunlight intensity due to several reasons: red and blue curves 

corresponds to the solar spectrum before and after atmosphere passing, respectively. 

 

Indicator of atmospheric effects on the intensity of solar radiation reaching the earth's 

surface is determined by the atmospheric mass АМ: 

0

1

sin

y
AM

y



,        (1.11) 

 

where y – atmospheric pressure, y0 – normal atmospheric pressure (101.3 kPa), β – the 

angle of elevation (angle of the altitude) of the sun above the horizon (Fig.6). The Air 

Mass quantifies the reduction in the power of light as it passes through the atmosphere and 

is absorbed by air and dust. 
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Fig.6. Distance covered by solar beams in the atmosphere at different positions of the 

Sun over the horizont. 

 

When the sun rays are perpendicular to the absorbing surface, the incident power 

density on the surface is maximal. However, as the angle between the sun and the 

absorbing surface changes, the intensity on the surface is reduced. The relative power 

density is cos(α) where α is the angle between the sun rays and the normal to the surface 

(Fig.6). 

Therefore, the sun motion has a major impact on the amount of power received by a 

solar cell. The angle between the sun and a fixed surface on Earth depends on the 

particular location (the longitude), day of the year and the time of day. The best utilization 

of the solar energy will be when the path of the sun can be traced. 

The position of a point P on the earth’s surface with respect to the sun rays is known at 

any instant if the latitude l, and hour angle h, and the sun’s declination angle δ, are known. 

It is explained in Fig.7. 



 

Fig.7. Latitude, hour angle and sun’s declination angles 

 

Latitude l is the angular distance of the point P north (or south) of the equator. North 

and south latitudes are considered positive and negative respectively. The hour angle h is 

the angle measured in the earth’s equatorial plane between the projection of OP and the 

projection of a line from the centre of the sun to the centre of the earth. It is measured from 

local solar noon, being positive in the morning and negative in the afternoon. One hour of 

time is represented by 360/24=15 degrees of hour angle. The plane that includes the earth's 

equator is called the equatorial plane. If a line is drawn between the center of the earth and 

the sun, the angle between this line and the earth's equatorial plane is called the 

declination. The declination angle is given by 

 

2 ( 284)
23.45cos

365

n





 
 
  ,       (1.12) 

where n is the day of the year. The declination is positive when the sun’s rays are north of 

the equator and negative otherwise. 

The declination angle varies seasonally due to the tilt of the Earth on its axis of 

rotation (23.45°) and the rotation of the Earth around the sun. If the Earth were not tilted 

on its axis of rotation, the declination would always be 0°. Only at the spring and fall 

equinoxes the declination angle is equal to 0°. 
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Calculation of the sun position must be made in terms of solar time. In order to know 

sun position, we are to convert local clock time into solar time. The conversion between 

solar time and clock time requires knowledge of the location, the day of the year, and the 

standards to which local clocks are set. Time of Greenwich meridian (zero longitude) is 

known as Greenwich Civil Time or Universal Time. Such time is expressed on an hour 

scale from zero to 24. Local Civil Time is found from the precise longitude of the observer. 

On any particular meridian, Local Civil time is more advanced at the same instant than on 

any meridian further west and less advanced than on any meridian further east. The 

difference amounts to 1/15 hour (4 minutes) of time for each degree difference in 

longitude. Clocks are generally set to give the same reading throughout an entire area with 

a span of about 15 degrees of longitude. The time kept in each such area or zone is the 

Local Civil Time of a meridian near the centre of the area. Such time is called Standard 

Time. 

Time measured with respect to the apparent diurnal motion of the sun is called Local 

Solar Time, or simply Solar time. A solar day is slightly different from a 24 hours civil day 

due to irregularities of the earth’s rotation, obliquity of the earth’s orbit and some other 

factors. The Local Solar Time LST and the clock time can be related as 

 

LST=CT+ (1/15) (LSTD-Lloc) +E-DT,      (1.13) 

 

where CT − Clock Time, LSTD − Standard meridian of the local time zone, Lloc − Longitude 

of location, E − Equation of time, DT − Daylight Savings Time correction. 

DT=0 if not on Daylight savings time, otherwise DT is equal to the number of hours that 

the time is advanced for daylight savings time, usually 1 hour. 

The equation of time is an empirical equation that corrects for the eccentricity of the 

Earth's orbit and the Earth's axial tilt. 

 

E=0.165 sin2B – 0.126 cosB – 0.025 sinB,     (1.14) 

 

where B=[2π(n-81)]/364, n is the day of the year.  



After calculating of the Local Solar Time, the solar hour angle h can be calculated. As 

hour angle varies by 15 degrees per hour and as it is zero at solar noon, and negative before 

solar noon, the equation for the hour angle can be given by 

 

h = 15(LST – 12).         (1.15) 

 

The sun’s position in the sky can be expressed in terms of azimuth angle and altitude 

angle. 
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Fig.8. Sun’s azimuth, altitude and zenith angles 

 

The azimuth angle   is the angle in the horizontal plane measured from true south to 

the horizontal projection of the sun rays (Fig.8). The solar altitude angle β is defined as the 

angle between the horizontal plane of the area and at a point on the Earth’s surface a 

default line connecting the point on the earth and the sun (Fig.8). The zenith angle θ is the 

angle between the local vertical and the sun ray. The elevation angle at solar noon  

 

β = 90 – l + δ (for the northern hemisphere).      (1.16) 

 

Elevation angle varies throughout the day 



β = sin
-1

(sinδ·sinl+cosδ·cosl·cosh).       (1.17) 
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Fig.9. The maximum elevation angle at solar noon is a function of latitude and the 

declination angle. 

 

The azimuth angle is like a compass direction with North = 0° and South = 180°. 

 

  = cos
-1

[(sinδ·cosl - cosδ sinl·cosh)/cosβ].    (1.18) 

 

The maximum utilization of solar energy depends upon determination the exact sun 

position. The solar path for any geographical location can be tracked. Thus, a complete 

information about the prospects of solar energy use for any particular terrain can be 

obtained from the above-considered regularities of the sun movement across the sky. 

1.3. Standard conditions for describing the performance of 

solar energy systems. 

 

Solar cell (photovoltaic module) performance can be described for a specified 

operating condition (Chapter 5). The variables defining the operating condition are 



irradiance, spectral distribution, cell temperature, air mass AM and angle of incidence on 

the array. 

Flux of solar energy on the surface of Earth in the mid-latitudes varies during the day 

from sunrise (sunset) until noon from 32.88 W/m
2
 to 1233 W/m

2
 in a clear day and from 

19.2 W/m
2
 to 822 W/m

2
 in a cloudy day. Since the spectral composition and solar 

irradiance depend on the distance passed by the sun rays in the atmosphere, the density and 

composition of the atmosphere are significantly. So there are standards of the 

measurements for solar cells. According to the recommendation of the Commission of the 

European Community and the International Electrotechnical Commission at the UN the 

value of the atmospheric mass AM1.5 with β=41.81° (normal atmospheric pressure) was 

adopted as a standard for the measurement of solar cells. For this standard, the solar 

irradiance is taken equal to 835 W/m
2 

that is roughly equal to the average intensity of the 

radiation on the Earth. After that it was adopted additional standard, which allows to 

measure parameters of solar cells when the emission spectrum corresponds to AM1.5 and 

integrated irradiance is 1000 W/m
2
. AM0 defines the work of the photovoltaic module on 

the spacecraft. Spectrum AM1 corresponds to the solar radiation at the earth's surface when 

the sun is at its zenith wherein total radiated power is about 925 W/m
2
. The spectrum AM2 

uses at the angle β=30° (normal atmospheric pressure). In this case total radiated power is 

equal to 691 W/m
2
. 
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Fig.10. Solar irradiance spectra. 

 



The most fundamental among solar cell characterization techniques is the 

measurement of the cell efficiency. Standardized testing allows the comparison of devices 

manufactured at different companies and laboratories with different technologies. The 

standards for solar cell testing are AM1.5 spectrum for terrestrial cells and AM0 for space 

solar cells using standard of American Society for Testing and Materials (ASTM) (Fig.10), 

cell temperature of 25 °C, and perpendicular incidence on the cell. 

Measurement of solar cells efficiency requires a stable light source that closely 

matches the conditions of sunlight. Not only the intensity but also the spectrum must be 

matched to a standard. An obvious option is to simply use the sun itself. But the solar 

spectrum is influenced by a large number of variables including: absolute air mass, 

precipitable water, turbidity, clouds, dust, smoke, other aerosols, ground albedo, etc. The 

spectrum also changes through out the day and this further limit the time for testing. The 

most common solution is to use an artificial light source that simulates the sun. 

Illumination source are classified according to three criteria: spectral match, irradiance 

inhomogeneity – spatial uniformity over the illumination area, temporal instability – 

stability over time. 

The high-quality illumination source would have the following features: a spatial non-

uniformity of less than 1%, a variation in total irradiance with time of less than 1%, 

coinciding with a given reference spectrum with a spectral mismatch error of less than 1%. 

These requirements are essential in obtaining an accuracy of better than 2%. 

1.4. Solar energy resources in various countries. 

 

The radiation reaching the earth's surface can be represented in a number of different 

ways. Global Horizontal Irradiance (GHI) is the total amount of shortwave radiation 

received from above by a surface horizontal to the ground. This value is of particular 

interest to photovoltaic installations and includes both Direct Normal Irradiance (DNI) and 

Diffuse Horizontal Irradiance (DIF). 

DNI is solar radiation that comes in a straight line from the direction of the sun at its 

current position in the sky. DIF is solar radiation that does not arrive on a direct path from 

the sun, but has been scattered by the atmosphere particles and comes equally from all 

directions.  



On a clear day, most of the solar radiation received by a horizontal surface will be 

DNI, while on a cloudy day most will be DIF. 

The map in Fig.11 shows the geographical distribution of the Global Horizontal 

Irradiance incident on the earth's surface each year. Depending on the shape of the sun's 

apparent path (solar ecliptic), the amount of radiation decreases towards the polar regions. 

The maximum values occur slightly south or north of the equator; their location is also 

determined by the incidence and type of cloud cover.  
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Fig. 11 Geographical distribution of GHI  



 

In Europe, the Alps and adjacent mountain ranges form the natural border between the 

sunny south and the more diffuse north, as is seen in Fig 12. 

 

 

 

Fig. 12 The average annual sum of GHI in Europe 

 

The deserts of Africa, the Sahara, Namib Desert and the Arabian Peninsula, are among 

the places with the highest irradiation on earth, especially 1,000km south of the 

Mediterranean where the annual global irradiation is about twice that of southern 

Germany. 

This information is very useful for evaluating the daily solar irradiation on an inclined 

surface which represents the energy input to a photovoltaic system. 

 

 

 

  



2. PASSIVE SOLAR ENERGY 

2.1. Concepts of solar energy and quantification 

2.1.1. Conduction, convection and radiation 

2.1.1.1. Conduction 

Conduction occurs in solids, liquids and gases that are immobile. The transfer of heat 

takes place as an exchange of molecular kinetic energy between neighboring particles, 

which will remain in the same place relative to each other. The particles vibrate more 

around their position as their temperature gets higher. Warmer particles give energy to 

colder particles. Heat is a quantity term. With large amounts of heat many molecules can 

be set into vibration. Temperature is an intensity concept. It shows how concentrated the 

heat is. 

 

The conductance law of Fourrier 

The conductance law is based on experimental observations of Biot and was named 

after Fourier. Fourier’s Law says that the heat flow ˙Q(W) by conductance in a certain 

direction (x direction) is proportional to: the temperature gradient 
  

  
 and the flow area A, 

perpendicular to the heatflow. The conductance law in equation form: 

 

         
  

  

̇
        (2.1) 

 

The proportionality factor λ is the heat conduction coefficient, and has the units: 

(W/mK). It is a material constant. The minus sign in the formula is required, because the 

heat flows from high to low temperature. The sign of 
  

  
 is negative because T decreases in 

the x-direction. The formula for the heat flux: 
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       (2.2) 

The unit of heat flux is (W/m2). 

 

An example 

A house wall consists of a 25cm thick brick masonry (λ1 = 0.5W/mK) and a 5cm thick 

insulating layer (λ2 = 0.04W/mK). On the outer side, stucco is applied being 2 cm thick (λ3 

= 0.9W/mK). Determine the temperature in the wall and the surface temperature tinside = 

20°C and toutside = -10°C. Alternately place the insulating layer on the cold and the hot side. 

 

The heatflux: 

   (2.3) 

 

The temperature drop over a layer:  

The temperature drop is analogous to an electrical potential difference across a 

resistor. The heat flux can be compared with the electric current flowing through this 

resistor. The resistance of the wall is represented here by rg. 

Stucco: 

 

       (2.4) 

 

Masonry: 

 

       (2.5) 



 

Insulation: 

 

       (2.6) 

 

The concept of passive solar energy is to use the sun as a heat power source and not 

the temperature difference across the wall. This heat flux from the sun can also be 

represented by q . The heat flows through a window pane from which we also can 

determine the material constant λ. 

2.1.1.2. Convection 

Convection occurs in moving liquids and gases (for example: air). This is associated 

with particle transport, whereby calculations tend to be complicated. Where natural 

convection is created by the movement of the fluid heating or cooling down, a kind of 

thrust is created. This phenomenon is used to spread the warmth of the sun in the house. 

With forced convection, the fluid is brought into motion by a mechanical source (fan, 

pump). If one places a hot wall in a colder fluid (for example air in winter) then the air 

particles that are being heated move upwards along the wall. The velocity profile shows a 

maximum and the speed is zero at a sufficient distance from the wall .If one places a cold 

wall in a hot fluid (for example air in summer), one gets an analogous phenomenon but 

with a speed that is directed downwards. This phenomenon is used in the “ısolated gain” 

design of passive solar buildings to let the heat circulate in a natural way, without any 

mechanical instruments. 

2.1.1.3. Radiation 

 

Radiation also takes place without the presence of a medium, in contrast to the 

previous two modes of heat transfer. It is an electro-magnetic phenomenon that occurs 

even in vacuum. All things receive heat and radiate heat simultaneously. The 

electromagnetic waves propagate in all directions and are independent of the temperature 

of the medium. The nature of the radiation varies with the kind of wavelength: heat 

radiation can be found in the wavelength range of 0.8 to 800mm. Lightradiation: 0.4 10
-4

m 



to 0.8 10
-6

m. Each surface with a temperature above 0 K appears to radiate heat. The 

intensity of this radiation is not the same for all wavelengths: there is a radiation spectrum 

in which the intensity is a function of the wavelength. The solar radiation has wavelengths 

from 0.1 to 3mm: UV light radiation and heat. Window glass is able to let the visible light 

pass through, absorb UV and reflect heat. Bodies on the other side of the glass receive the 

light and radiate heat theirselves, which is reflected on the inside of the window glass so 

that the temperature will rise behind the glass (greenhouse effect). 

The three modes of heat transfer usually occur together, so that the correct calculation 

of a heat transfer problem is not a simple matter. This makes the development of heat – 

transfer software quite complex. 

2.1.2. Heat Balance 

 

We look at the heat balance of a building. We assume that the heat flow entering the 

building will also leave the building. This is the law of conservation of energy: 

 

     (2.7) 

With: 

qtr = transmission loss, caused by heat transfer through the building envelope to the outside 

by means of convection, radiation or conduction, 

qve = ventilation losses, heat loss that occur when fresh cold air enters the space to replace 

the warm air indoors, 

qih = internal heat production: the heat produced by people, lighting, cooking, electrical 

equipment and hot water use, 

qsun = solar radiation, received by windows or absorbed by walls or roofs, 

qsh = space heating, this is the heat that is supplied by for example radiators in order to 

maintain the desired indoor temperature. 

 

In the most successful (theoretically unachievable) passive solar heating design, qtr and 

qsh are zero. By perfect isolation, there is no transmission loss and the heat from the sun is 

the main source. No radiators are required to provide the heat. We obtain the following 

formula: 



 

       (2.8) 

 

Always ventilate, otherwise one would cause mold in the building and would greatly 

reduce the air quality. Fresh air is important for the proper functioning of the human being. 

Internal heating can’t be reduced to zero. The sun provides the heat. 

2.1.3. Passive solar heating 

2.1.3.1. Introduction 

 

The idea of passive solar heating is to use the energy present in the light coming from 

the sun. This energy is used to heat spaces. In passive solar heating, one makes use of some 

characteristic properties of building materials in order to extract as much energy as 

possible from the sun and use it for heating the space in which these materials are used. 

The ’passive’ in the word refers to the fact that there are no mechanical or electrical 

heating-applications. Some core words of passive solar heating are ’Aperture’, ’Absorber’, 

’Thermal Mass’, ’Distribution’ and ’Control’. These are the five building blocks of a 

passive solar heating system. 

 

The energy in sunlight 

Light consists of different colors. These are the visible and non-visible colors. The 

visible colors are the ones for which the human eye is sensitive to: blue, green, red, 

yellow… The non-visible colors are not observable; these colors are either in the 

ultraviolet or in the infrared region. Different colors are electromagnetic waves with 

different frequencies. The wavelength λ (m) is the distance that the light travels in one 

period T (s). The period is the reciprocal of the frequency f (Hz). The relationship: 

 

        (2.9) 



 

Where c is the propagation speed of the light, independent of the frequency. Visible light 

has wavelengths ranging between 340nm and 760nm. The smallest wavelength 

corresponds to violet light having a higher frequency. The largest wavelength corresponds 

to red light that has a smaller frequency. Light can be considered as a stream of energy 

packets, called photons. The energy content of such a photon can be determined with the 

aid of Planck’s law: 

 

        (2.10) 

 

E (Joule) is the energy contents of the photon. f (Hz) is the frequency of the photon and h 

is Planck’s constant (6.63 x 10
-34

 Js). This means that the energy content is proportional to 

the frequency, so that: ultraviolet light contains more energy than ordinary violet light, 

violet light contains more energy than red light and red light has more energy than infrared 

light. The following table shows the energy contents of various photons: 

 

 
Table 2.1: Energy content of different waves 

 

It is the ultraviolet light that is most responsible for the energy input in the area to be 

heated because it has the largest energy content. 

 

Aperture 



Aperture means the collector of the sun’s energy. This is usually a glass pane which 

let’s the suns light enter the room. The window is best directed to the south, but deviations 

from 30 degrees to the south are still enough to let sufficient light energy inside the 

building (this is for the northern half of the hemisphere). The window must not be shaded 

by other buildings or vegetation from 9 am to 3 pm to allow as much energy to enter the 

house. Such windows have isolated frames, more than one glass layers, coatings, and inert 

gas-filled cavities in order to optimize the collection of energy into the house. 

 

Thermal mass 

Thermal mass is the material that has to save the heat energy. These are materials have 

high heat capacities. This is actually the second function they perform. They also need to 

be a strong building material to carry the weight of the building. Containers of water can 

also be used because they have a higher heat capacity and can save a lot more energy, but 

this results in a more complicated construction of the wall, because these containers have 

to be built in it. Good thermal mass materials are concrete and stone floors. These have a 

high heat capacity and a high bulk density. The material is heated by the sun during the day 

and lets loose its heat during the night. If the building is adequately insulated it can reduce 

heat losses very well. In most cases, there is still a need for a second source for the heating 

of the house. This happens in the traditional way with radiators. The passive solar fraction 

is the proportion of passive solar energy in the total heat demand of the house. The 

following table shows the heat capacity (at constant pressure) for some materials: 

 

 
Table 2.2: Material properties 

 

From the table we can deduce that water has the best thermal properties, both in terms 

of heat capacity and energy density. With water, one cannot build however, so in most 



cases that can’t be too complex it is not used. Brick and Fire Clay construction materials 

are the most widely used and have good thermal properties to be suitable as thermal mass. 

 

Example - Heat stored in Granite: 

 

Heat stored in 2m³ granite heated from 20°C to 40°C can be calculated as: 

 

 

kWhQ

JQ

Q

21

75840

2040*790*2400*2







 

 

Absorber 

The absorber is the thin film that is located on the thermal mass. It is a hard and dark 

material on which the sunlight falls. Through the absorber heat will find a path to the 

thermal mass where it is to be stored. 

 

Distribution 

This is the method by which the solar heat circulates from outside and the thermal 

mass (repository) to various places in the building. A strictly passive house uses no 

mechanical means for circulation but uses conduction, convection and radiation. 

Sometimes fans can help the circulation, but this makes it different than the strictly passive 

designs. 

 

Control  

Control is the method by which we counteract under-and over-heating of the space. In 

the summer we do not want that the house is heated and in the winter we want the contrary. 

For that, there are design rules of roof shelters which let the winter sunlight inside the 

building but block the summer sun out. This allows to reduce cooling costs in summer and 

heating costs in winter. Electronic devices can also be used for example to drive an 



extractor fan. Lockable ventilation holes are also a way to control the heat flow. Using 

vegetation also provides a solution. In the summer, we want to keep out the heat, for 

example by trees or shrubs for the (south-facing) windows place. The leaves keep the heat 

flow at a minimal rate in the summer. These trees lose their leaves in the winter making 

that the necessary heat flow is achieved. 

 

 

Figure 2.1: Five elements of passive solar design 

2.1.3.2. Direct gain, indirect gain and isolated gain 

 

Direct gain 

The easiest design approach for the use of passive solar energy is the direct gain 

design. Here, sunlight radiates through south-facing windows and the light falls on the 

thermal mass that stores the heat. At night the heat is released into the rooms. 

 

Indirect gain 

One can also place the thermal mass between the living room and the windows. This is 

known as the ’Trombe wall’. The thermal mass is a thick wall on the south side of the 

building where one places a window (single or double glass). Between the wall and the 

window there is an air gap. The heat is stored in the thermal mass and is therefore 

transmitted to the living space by radiation. 



 

 

Figure 2.2 Trombe wall 

 

Isolated gain 

The best known example of this is a sunroom. This is a separate glass structure aside 

from the house, but connected. The sunroom can be locked off from the home with doors 

and vents. By interaction between the house and the sunroom heat can be supplied to the 

house. The light enters the sunroom and heats the air. Through ventilation holes the warm 

air can be transported into the house. These vents are located at the top of the wall that 

separates the sunroom from the house. There are also ventilation holes at the bottom of the 

wall in order to let cool air into the sunroom. This cool air is then to be heated by the sun 

and will find a way into the house through the upper vent .An additional advantage is that a 

sunroom offers a pleasant living room and a sunny place to grow plants. An important 

phenomenon here is the convection of air (see further). 

 



 

Figure 2.3: Sunroom heat exchange 

 

2.1.4. Passive solar cooling 

 

Introduction 

Passive cooling systems are designed to use natural means to transfer heat from 

buildings, including convection/ventilation, evaporation, radiation and conduction. 

However, the most important element in both passive and conventional cooling design is to 

prevent heat from entering the building in the first place. Cooling conservation techniques 

involve building surface colors, insulations, special window glazing’s, overhangs and 

orientation, and numerous other architectural/engineering features. 

 

Solar control 

Controlling the solar energy input to reduce the cooling load is usually a passive 

design concern because solar input may be needed for other purposes, such as daylighting 



throughout the year and/or heating during the winter. The solar control is normally 

designed in via the shading of the solar windows, where direct radiation is desired for 

winter heating and needs to be excluded during the cooling season. The shading control of 

the windows can be of various types and controllability, ranging from drapes and blinds, 

use of deciduous trees, to the commonly used overhangs and vertical louvers. 

 

Natural Convection/ventilation 

Movement of air provides cooling comfort through convection and evaporation from 

human skin. To determine whether or not comfort conditions van be obtained, a designer 

must calculate the volumetric flow rate Q, which is passing through the occupied space. 

Using the cross-sectional area Ax of the space and the room air velocity Va required, the 

flow is determined by: 

 

       (2.11) 

The proper placement of windows, narrow building shape, and open landscaping can 

enhance natural wind flow to provide ventilation. The air flow rate through open windows 

for wind driven ventilation is given by: 

 

      (2.12) 

where: 

Q= air flow rate, m³/s 

Aw = free area of inlet opening, m² 

Vw = wind velocity, m/s 

CV = effectiveness of opening: 0.5 to 0.6 for wind perpendicular to opening, and 0.25 to 

0.35 for wind diagonal to opening 

 

Example: the stack effect. 

The stack effect can induce ventilation when warm air rises to the top of a structure 

and exhausts outside, while cooler outside air enters the structure to replace it. The next 



picture illustrates the solar chimney concept, which can easily be adapted to a thermal 

storage wall system. 

 
Figure 2.4: Solar chimney 

 

The greatest stack effect flow rate is produced by maximizing the stack height and air 

temperature in the stack, as shown by: 

 

    (2.13) 

Where: 

Q = air flow rate, m³/s 

Aj = area of inlets or outlets (whichever is smaller), m² 

h = inlet to outlet height, m 

Ts = average temperature in stack, °C 

To = outdoor air temperature, °C 



 

If inlet or outlet area is twice the other, the flow rate will increase by 25%, and by 35% 

if the areas’ ratio is 3:1 or larger.  

Another approach to passive convection/ventilation cooling involves using cooler 

night air to reduce temperature of the building and/or storage mass. Thus, the building/ 

storage mass is prepared to accept part of the heat load during the hotter daytime. This type 

of convective system can also be combined with evaporative and radiative modes of heat 

transfer, utilizing air and/or water as the convective fluid. 

 

Evaporation 

When air with less than 100% relative humidity moves over a water surface, the 

evaporation of water causes both the air and the water itself to cool. The lowest 

temperature that can be reached by this direct evaporative cooling effect is the wet-bulb 

temperature of the air. This wet-bulb temperature is directly related to the relative 

humidity, with lower wet-bulb temperature associated with lower relative humidity. Thus, 

dry air (low relative humidity) has a low wet-bulb temperature and will undergo a large 

temperature drop with evaporative cooling. Humid air (high relative humidity) can only be 

slightly cooled evaporative. The wet-bulb temperature for various relative humidity and air 

temperature conditions can be found via the psychrometric chart. Normally, an evaporative 

cooling process does not cool the air all the way down to the wet-bulb temperature, but 

only part of the way. To get the maximum temperature decrease it is necessary to have a 

large water surface area in contact with the air for a long time. Interior ponds and fountain 

sprays can provide this air-water contact area. The use of water sprays and ponds on roofs 

provides cooling primarily via evaporation. The use of roof ponds as a thermal cooling 

mass has been tried by several investigators and is often linked with nighttime radiative 

cooling. The hybrid system involving a fan and wetted mat, the swamp cooler is by far the 

most widely used evaporative cooling technology. 

 

Radiative cooling 

All warm objects emit thermal infrared radiation, the hotter the body, the more energy 

it emits. A passive cooling scheme is to use the cooler night sky as a sink for thermal 

radiation emitted by a warm storage mass, thus chilling the mass for cooling use the next 

day. The net radiative cooling rate QR for a horizontal unit surface is: 



 

    (2.14) 

Where: 

QR = net radiative cooling rate, W/m² 

ε = surface emissivity fraction (usually 0.9 for water) 

σ = 5.67 x 10
-8

 ((m²)(K
4
)) 

TbODY = warm body temperature, Kelvin 

TsKY = effective sky temperature, Kelvin. 

 

The effective sky temperature depends primarily upon atmospheric water vapor. 

2.2. Passive solar energy software 

 

These days there are a lot of software packs available. The cheaper ones can be 

downloaded from the internet while some more professional simulation tools can be 

bought. All of these simulation tools have some features in common. The next list shows a 

brief summary of what a passive solar design software tool can do: 

 

- Building a model 

- Perform whole-building energy analysis 

- Interior and exterior surface convection dynamic modeling 

- Thermal comfort depending on resultant temperature analysis 

- Heat balance calculation, simultaneous convective and radiative simulation 

- Dynamic thermal and daylighting calculations 

- Anisotropic sky modeling 

- Use of hour by hour weather data from locations world-wide 

- Full external shading analysis 

- Advanced air movement modeling 

- Daylight simulation and control 

- HVAC simulation 

- Plant and equipment sizing 

- Annual energy consumption simulation and CO2 calculation 

- Optimize passive solar heating 

- Insulation calculations 



- Determine appropriate overhangs 

- Configure the thermal mass to absorb sunlight 

- Determine the impact of sun path 

-  ... 
 

Some examples of existing passive solar design software: Hot2000, Solar shoebox, 

COMFIE, Energy-10, Energy3D... 

 

 

Figure: 2.5: Modelling the solar energy of a residential building in Energy 3D 

2.3. Daylighting 

2.3.1. Introduction 

 

Daylighting is the controlled admission of natural light into a room to reduce energy 

consumption of electric lighting. Electric lighting can take 35% to 50% of the energy 

demand of commercial buildings. Not only skylights and windows are used, but there is 

also need for a monitoring system to let daylight and electric lighting complement each 

other. A daylighting system should be designed so that there is no direct sunlight in the 



eyes of the people that are present and on task surfaces (for example: a desk). The design 

of a daylighting system is not only to provide as much as possible light in a space, but to 

do so without any undesired effects. One could say that we need to place as lot windows as 

possible to maximize the daylight but this would lead to a greater heat loss in winter and 

greater warming up in summer. Thus, there is an optimal point anywhere between the 

insulation of the building and the entrance of light. This is called the window- to-wall ratio: 

the percentage glass to walls. This rate is also dependent on the climate in which the 

building is raised, in some climates there is more light radiation and in other climates less. 

There is also a need for glazing of high quality that are optimized for this purpose, namely 

to maximize daylight into the building but insulate the building very well so that there is 

not too much heat loss in the winter and that the cooling system won’t consume more 

energy in the summer. These windows are usually equipped with a spectrally selective 

coating. Two windows with an air gap between have improved insulating properties. 

Curtains are also needed to have a basic method to control the light. Windows should be 

placed at the south side of the building to let as much light in as possible. The windows 

have two functions: lighting and give the persons a view to the outside environment. The 

higher the glass panes are, the deeper the light can penetrate the building. A combination 

of a high window for illuminating and a low window for offering a view is a good method. 

 

2.3.2. Sun-window geometry 

 

The solar illuminance on a vertical or horizontal window depends on the position of the 

sun relative to that window. In the method described here, the sun and sky illuminance 

values are determined using the sun’s altitude angle a and the sun-window azimuth angle 

difference f. These angles need to be determined for the particular time of day, day of year, 

and window placement under investigation. 

2.3.2.1. Solar altitude angle α 

 

The solar altitude angle is the angle swept out by a person’s arm when pointing to the 

horizon directly below the sun and then raising the arm to point at the sun. The equation to 

calculate solar altitude α is: 

 



  (2.15) 

 

Where: 

- L = local latitude (degrees) 

- δ = earth-sun declination (degrees) given by 

-  
- n  = day number of the year 

- H = hour angle (degrees) given by 
 

    (2.16) 

 

Choose a + for morning and a – for afternoon. 

 

2.3.2.2. Sun-window azimuth angle difference ϕ 

 

The difference between the sun’s azimuth and the window’s azimuth needs to be 

calculated for vertical window illuminance. The window’s azimuth angle,  w, is 

determined by which way it faces, as measured from south (east of south is positive, 

westward is negative). The solar azimuth angle,  s, is calculated: 

 

      (2.17) 

 

The sun-window azimuth angle difference, f, is given by the absolute value of the 

difference between  s and  w: 

 

       (2.18) 



 
Figure 2.6: Azimuth and altitude 

2.3.3. Skylights 

 

Many systems make use of skylights to admit light from the top, the ceiling. There are 

two types of skylight systems: active and passive systems. The passive consist simply of an 

opening in the ceiling, containing a medium that transmits the light. Usually, these are 

provided with two layers in order to improve insulating properties. This medium can be 

clear or diffuse. The active systems have a mirror system that follows the sun and sends the 

light into a channel which ends into the skylight. Thus, there is usually more light than in 

passive systems. Passive systems however are less expensive due to the absence of a 

tracking system. 

 



 

Figure 2.7: Active skylight system 

 

2.3.4. Tubular daylight devices 

 

This system makes use of high-reflective film on the inside of a tube to transport the light 

coming from a lens on the roof, called the collector, to a lens in the ceiling. These systems 

are usually smaller than the skylights, but can deliver the same amount of light. 

 

 



Figure 2.8: Tubular daylight device 

2.3.5. Daylight redirection devices 

 

This system takes the incoming light and reflects it in another direction to, for 

example, a ceiling. They have two functions: to let light into a space that would normally 

not be daylighted and ensure that there is no light shining directly into the eyes of the 

people in that area. There are a lot of horizontal systems that reflect daylight. These are 

sometimes called light shelves. 

 

 
Figure 2.9: Daylight redirection device 

 

2.3.6. Daylight redirection devices – the same title? 

 

These control systems are essential to a daylighting system. No system will save 

energy if the electric lights aren’t dimmed or turned off when there is sufficient daylight. 

This system has as input the amounts of daylight in a room, it can for example be sensed 

by photodiodes. The electric lighting will be dimmed or turned off if there is sufficient 

daylight. There are three types of control: 

 



 Switching controls: This is an on-off control that shuts down the electric light 

in the presence of sufficient daylight. If the light is not present, the electric 

light switches on. There are therefore two positions. 

 Stepped controls: this is a control where several intermediate levels of light 

intensity can be achieved. 

 Dimming controls: this is a control whereby a continuous adjustment is made 

to let the electric light complement the available daylight. 

2.3.7. Elements of a good daylighting system 

 

The following elements must be present to have a good daylighting system: 

 

- Exterior shading and control devices. In warm climates, this can be good for countering the 

heating up of rooms and to block out too much light. 

- Glazing materials. The simplest method in order to maximize the light in a room is a larger 

area of glass. However, there are three important parameters that one should consider: 

 

 U-value: the rate of heat transfer through the glass material. Each material has 

its own U-value. 

 Shading-coefficient: the rate of the heating of the space at a given composition 

of (multiple) glass panes to a composition of only a single layer of glass. 

 Visible transmittance: the rate of how much visible light passes through a given 

glass material. 

 

- Additional properties. In order to improve U-values, one can make use of low emissivity 

coatings, inert-gas fillings, etc… 

- Reflectance’s of room surfaces. Higher reflectance values of the wall surfaces in a room 

can increase the performance of the daylight. The reflectance values should be as high as 

possible. The ceiling should have the highest value and the floor the lowest; the walls 

should have a moderate value. 

 

2.3.8. Extra advantages 

 

Several studies of the presence of daylight have shown that employee productivity 

increases when there is sufficient daylight. Also, results of tests have shown a rising trend 

in school results where daylight was available and it would also shorten the length of stays 



of patients in hospitals. However, one must be critical towards these statements. 

Daylighting also helps to reduce CO2 emissions by less use of electric lighting. It also 

slows the depletion of fossil fuels. 

 

2.4. Sources 

 

1. CRC Handbook of Energy Efficiency; Frank Kreith and RonaldWest 

2. Renewable and efficient electric power systems, Gilbert Masters 

3. Article ’Daylighting’ by Gregg D. Ander, FAIA Southern California Edison 

4. Course KULeuven 

 

  



3. Chapter 3: Solar Thermal Applications 

3.1. Flat-Plate Collectors 

Collectors are part of solar thermal systems, partly converting solar radiation into 

thermal energy of a heat carrier, flowing through the collector. Usually a collector consists 

of several main components, shown in Fig. 3.1. These components are: the absorber, the 

transparent cover, the frame and the heat insulation. Additional smaller parts, such as heat 

carrier inlet and outlet, fixing hardware are also required. The absorber with the 

appropriate pipes for the heat carrier, is the main part. 

   

Fig. 3.1. Main components a flat-plate liquid-type collector ([1], and ref. 4-6 within). 

 

The role of the absorber is to convert short-wavelength visible and IR radiation into 

heat (so called photo-thermal conversion). This function requires absorber material with a 

high absorption factor of the surface within the solar spectrum range. On the other hand, a 

low absorption factor and thus emissivity is preferable for longer wavelengths of the 

thermal radiation from the absorber surface. In addition, an efficient heat transfer to the 

heat carrier and also high temperature-resistance of at least up to 200 °C is required. If 

concentration of the incoming radiation is employed, even higher absorber temperatures 

might be expected. 



Due to their heat conductivity and other properties copper and aluminum are currently 

the most popular materials for absorbers. The most simple solution for absorption factor 

increase is a black painting of the surfaces facing the Sun. Selective coating might also be 

applied, leading to higher absorber temperatures of up to 200°C instead of 130 C in such 

case. With the market increase of solar thermal collectors, alternative materials, such as 

polymers and stainless steel could become more widely used in the future.  

Operation of selective absorbers can be easily understood if we consider the 

dependence of absorbtivity and emissivity on wavelength. For specific wavelength λ, 

absorptivity αλ and emissivity ελ are equal according to Kirchhoff's law of thermal 

radiation: 

 

    
.        (1) 

 

However, most of the solar radiation reaching Earth is within a visible range and near 

infrared range of the spectrum, while much colder (in comparison to the Sun) surfaces of 

the collectors emit most of the energy as IR radiation of much longer wavelengths. This 

effect is described by Wien's displacement law: 

 

  
bT max

,        (2) 

 

where λmax is the peak wavelength, T is the absolute temperature of the black body, and b is 

a constant of proportionality called Wien's displacement constant, equal to 2.898×10
−3

 

m·K. At different wavelengths absorptivity and emissivity might be different and this 

feature can be exploited in solar collectors. Averaged values of absorptivity of solar 

radiation αS and emissivity of the infrared thermal radiation εI for several surfaces are 

presented in Table 1. Large ratio of αS to εI is required for good selective absrober. 

 

 

 

 



Table 1. Optical features of the absorbers ([1],[2]). 

  Solar irradiance Infrared-radiation  

  αS(εS) S αI(εI) I αS/εI 

Selective Black nickel 0.88 0.12 0.07 0.93 12.57 

Absorber Black chromium 0.87 0.13 0.09 0.91 9.67 

 Aluminum grid 0.70 0.30 0.07 0.93 10.00 

 Titanium-oxide-

nitride 

0.95 0.05 0.05 0.95 19.00 

Non-selective absorber 0.97 0.03 0.97 0.97 1.00 

 

For opaque materials (transmissivity  = 0), the sum of the absorptivity αλ and the 

reflectivity ρλ should be equal to 1 due to energy conservation law: 

  
1  

,        (3) 

as one can confirm with the values, presented in Table 1. 

The transparent cover of collectors has several functions. Protection of curved surfaces 

and coatings from the dust and other environmental factors is the most obvious one. In 

addition, covers can also act as selective optical filters, transmitting the short wavelength 

radiation to the inside of collectors case and restricting the emission of the thermal 

radiation at the longer wavelengths. Examples of suitable for these roles materials are 

glass, polyethylene and Teflon. However, long exposure to UV radiation, thermal stresses, 

risk of scratches, hail impact must also be considered when selecting the appropriate 

material. 

Usually this leaves glass as the most appropriate material for the role. Glass 

toughening is required due to the expected hail impact. Low iron content is highly 

preferable due to the reduced absorbtion of the incoming radiation, related cover heating 

and convective losses. Usual infrared-reflecting selective coating on the inner surface of 

the glass cover reduces radiative losses even further. 

The main function of the xollector box is to hold all other components, protect them 

from the environment to provide mechanical strength and low thermal losses. Aluminum, 

galvanized steel, synthetic materials or even wood can serve in this role. There are two 



main options for installing the flat-plate collectors - on top of the roof or integrated within 

it. With suitable design of the roof constructions and insulation, back cover can be omitted 

in case of integrated collectors. 

Usual insulation materials (such as polyurethane, glass fiber wool, mineral wool) are 

also used for the thermal insulation of the collector. 

3.2. Solar Collector and Weather Data. 

For quantitive evaluation of the expected performance of solar thermal systems, a 

reliable metheorological data is needed.  

For USA locations, National Renewable Energy Laboratory maintains a website [3] 

with the National Solar Radiation Data Base, where hourly, daily statistics and data files 

are presented together with the typical meteorological year data files and Solar radiation 

data manual for flat-plate and concentrating collectors. Meteorological data for this 

database is provided by 237 sites in the U.S., plus sites in Guam and Puerto Rico. 

For European and surrounding locations, several options are available. Meteonorm [4] 

presents monthly data from approximatelly 1200 stations and synthetic hourly data. 

PVGIS-ESRA [5] database provides data from approx. 556 stations in Europe and 

Meteosat data for Affrica. Collectin of additional informations sources and a more detailed 

description with links are collected at the same website, maintained by the Institute for 

Energy and Transport (IET) of the Joint Research Center of the European Commission [6]. 

Several issues have to be addressed when using meteorological data. Ground stations 

provide the most precise directly measured data. However, number of the locations is 

limited to, for example, several hundred stations for the entire Europe. Spatial databases, 

based on these measurements can be constructed using interpolation techniques, such as 

spline functions, weighted average procedures or kriging. 

Spatially continuous irradiance values can be also derived directly from measurements 

using satellites Processing of satellite data provides less accurate values in comparison to 

ground measurements, bus vast territories can covered with a temporal resolution of tens of 

minutes (for example, using Meteosat satellites). 

Once the reliable weather data is available for the selected location, simulations can be 

applied to predict the performance of the active thermal system. One of the simpliest 

methods is so-called f-chart method [7]. The main idea of the method is to describe the 

system by two dimensionless variables X and Y. Variable X is defined as the ratio of 



collector losses to heating loads and Y is the ratio of absorbed solar radiation to the heating 

loads: 
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where AC is the collector area, F'R is the corrected collector heat removal factor 

(usually of the order of 0.97 FR), UL is the collector loss coefficient, Ta is the average 

outside temperature, Δt is the number of hours during the month and L is monthly heating 

load, <α> is the average of α product during the month, HT is the monthly average daily 

radiation incident on the collector surface, N is the number of days in the month. 

After defining these dimensionless variables, monthly fraction of the load, to be 

supplied by the solar energy is expressed in a form of: 

  
322 eYdXcYbXaYf  ,     (6) 

with coefficients a, b, c, d and e determined from more detailed simulations for the 

specific systems type. Results are usually then plotted as so-called f-charts (Fig. 3.2) 

 

Fig. 3.2. Example of the f-chart. After [8]. 

 



3.3. Other Solar Thermal Systems. 

 

This most basic design options of non-concentrating collectors is are presented in the 

top row of Fig. 3.3. In its simplest form it consists of an absorber with a system of pipes for 

the heat carrier. Such design is suitable for applications, when heat carrier temperature is 

similar to the ambient temperature and therefore no substantial losses are expected due to 

the absence of the heat insulation. One of most popular examples of such application could 

be heating open-air swimming pools. Another advantage of relatively low temperatures is 

possibility to use inexpensive materials for absorbers, such as ethylene-propylen-

dienmonomers (EPDM) which is able to withstand UV radiation and temperatures up to 

150° C - a limit, which is never reached in such type of applications. 

 

 

Fig. 3.3. Typical constructions of non-concentrating collectors with liquid heat transfer 

medium. After [1]. 

 

For applications requiring higher temperatures, glazed flat-plate collectors (Fig. 3.3 

middle row) are used. Here, one or two transparent sheet covers are installed. For the 

further reduction of convective losses, space between the cover and absorber can be 

evacuated. The cover sheet has to be supported from the inside in such case. For low 

temperature increase and high mass flow, attached to the absorber parallel tubes can be 

connected to a distributor and a collector, while a single bent tube is employed when lower 

mass flow and higher temperature increase is required. Typical sizes of the collectors vary 

from approximately 1 m
2
 to above 10 m

2
, with smaller units having an advantage of easier 



handling and positioning, while larger units are beneficial for a simplified external tubing 

and easier perimeter insulation for the same area. 

Vacuum tube collectors share the benefit of achievable higher temperature differences 

with their vacuum flat-plate counterparts and have some additional advantages. First, 

cylindrical shape is more optimized for large pressure differences, so tube collectors can be 

made lighter. For maintenance purposes, tubes can be unplugged separately. In addition, 

when copper heat pipes are used and there is no liquid flow to- or from- the pipe, number 

of pipes can be adjusted to match the seasonal variations. 

The storage collector is a special type of flat-plate collector, combining the collector 

and heat accumulation functionality in one unit. A pressure-resistant tank is installed in the 

centre of a radiation-focusing mirror. The tank surface can be either selectively coated or 

painted in black. 

 

 

Fig. 3.4. Typical constructions of non-concentrating air collectors. After [1]. 

 

Non-concentrating air collectors can provide an alternative to liquid-type ones. Fig. 

3.4 also shows different design options for these collectors. Frost, overheating or corrosion 

problems can be avoided by elimination of liquid. However, construction simplification 

has its price - due to the low heat transfer coefficient between the absorber and the air, the 

contact area between absorber and air flow has to be larger. Ribbed absorbers, multi-pass 

systems or porous absorber structures can be employed for this purpose.  

The main dissadvantages of such systems are requirements for the large channels and 

the often significant drive capacities required for fans. Such systems are less common also 

for the historical reasons - most of heating systems in Central and Northern Europe already 

rely on hot water distribution networks, so liquid-type collectors are easier to integrate. 

 



 

Fig. 3.5. Typical constructions of concentrating air collectors. After [1]. 

 

Concentration of solar radiation can be used to increase the temperature of the 

absorber. Several most simple options of so-called fixed concentrators are listed in 

Fig. 3.5. Absorber can be surrounded by flat or concave mirrors or installed in an 

evacuated tube with reflective surface to collect the solar radiation from the larger area. 

The main parameter, describing concentrator performance is the concentration ratio or the 

concentration factor C. It is defined as the ratio of the optically active collector area to the 

absorber area impinged on by radiation. For simple fixed mirror systems, radiant flux to 

the collector area can be increased several times, while one- or two- axis tracking is 

required for larger values (Fig. 3.6). 

 

 

 

Fig. 3.6. Theoretical maximum absorber temperature and actual temperatures of 

concentrating collectors (After [1] and references /4-1/, /4-2/, /4-3/ inside). 



 

The maximum theoretical concentration ratio of 46,211 is the result of the distance 

between sun and earth, and the sun radius. Technically, concentration factors of up to a 

maximum of 5,000 can be achieved at present. Due to black-body-like radiation, 

concentration factor also defines the maximum absorber temperature. The theoretical 

maximum absorber temperature just equals the surface temperature of the sun in the case 

of a maximum concentration ratio (approximately 5,000 K). Technically achievable 

temperatures are much lower - of the order of 1600 °C even with two-axis tracking. 

Absorber temperatures are also the main factor for the heat carrier selection - liquids are 

usually used for low temperature applications, while gasses are preferable for higher 

temperatures. 

Obviously, only direct radiation can be efficiently concentrated using mirror structures 

due to well defined propagation direction. This is the main reason, concentrating systems 

with high C are less efficient and, at the same time, less popular in Central and Northern 

Europe, where share of diffuse radiation gets larger in comparison to Southern Europe. 

 

3.4. Solar tower power stations. 

 

Highest concentration ratios are obtained with mirrors, tracking the sun in in two axes, 

so-called heliostats (Can be translated from Greek as "immobile sun") in solar tower power 

plants. These power plants can be described as central receiver systems - multiple mirrors 

direct solar radiation onto one receiver, usually positioned on a tower. Air, liquid salt or 

water with steam are used as a heat transfer media in such systems. Large temperature 

differences between the heat medium and the ambient environment mean that conventional 

thermal engines can be used for electricity generation. Heat storage or systems for firing 

fossil fuels or biofuels are often integrated to ensure the constant electricity generation 

using either a constant flow of the working medium or additional energy, obtained from 

fuels. 

Each heliostat consists of the mirror, sun-tracking system, control electronics and 

foundation. Position of each mirror is calculated separately based on the current positions 

of the Sun, the central receiver and of the heliostat. Position update every several seconds 

is usually required due to high concentration ratios and relatively small size of the receiver 



in comparison to the mirror field. Sizes of currently available concentrating mirrors are of 

the order of tens or even hundred m
2
. This typical size is also the reason, why radiation 

concentration using refraction isn't practical for solar tower power stations - resulting 

optical elements would be too bulky and expensive. 

 

 

Fig. 3.7. Approximation of parabolic reflectors for solar energy concentration (adapted 

from [1]). (a) parabola profile and paths of incident and reflected rays, (b) Fresnel 

segmentation of parabola profile and ray paths, (e) parabolic reflector for light 

concentration in 2D, (f) - it's approximation with small flat mirrors. 

 

Large single parabolic reflectors (Fig. 3.7a) would be too bulky for mirror fields of up 

to hundred meters in size. However, such large reflector can be composed of multiple 

smaller ones (Fig. 3.7b) using the same principle, which is applied to construct Fresnel's 

lenses. For concentration in two dimensions, parabolic reflector (Fig. 3.7e) can be 

approximated by flat mirrors (Fig. 3.7f) with two-axis tracking. 



The height of the tower is determined by several factors. Higher towers allow light 

collection from denser and larger heliostat fields. Increased efficiency is at least partially 

offset by the cost of the tower and requirements for tracking precision, leading to the 

optimum of approx. tens to hundred meters. 

Radiant fluxes of the 1 MW/m
2
 can be achieved at the receiver surfaces with 

concentration ratios of the 1000 order. Use of conventional water steam processes is 

complicated due to start-up issues and control peculiarities in case of partial loads, 

therefore molten salts, such as sodium or potassium nitrate (NaNO3 or KNO3) are used 

nowadays as a heat transfer medium with good thermal capacity and heat conductivity. 

Construction of the vertical tube receivers is presented in Fig. 3.8. 

Liquid metals, such as sodium Na, can also serve as heat transfer medium, however, 

they fire hazard possibility restricts their applicability due to safety concerns. 

 

Fig. 8. Construction of the vertical tube receiver (After [1]). 

 



With porous receivers, made of steel wire or porous ceramics (Fig. 3.9),air can also be 

used as a non-toxic, noncorrosive, fire-proof and always available heat transfer medium. In 

this case, large surface area of the pores compensates low heat capacity and conductivity of 

the air. 

 

 

Fig. 3.9. Operation principle of the porous receiver employing air as heat transfer 

medium [1]. 

 

3.5. Other solar thermal power plant types 

 

Properties of several solar thermal power plant types are listed in Table 2. Solar tower 

power plants were discussed in the previous chapter. Here, we will briefly review several 

other types. 

The main components of so-called Dish/Stirling system are presented in Fig. 10. 

Parabolic mirror (or “dish”) is mounted on the rotating pedestal to provide 1-axis tracking. 

Elevation of the mirror can also be adjusted mechanically for the 2
nd

 tracking axis. A 

compact Stirling engine unit is placed in the focus point of the mirror. Temperatures as 

high as 650 °C are reached in the focus of the mirror, leading to the overall efficiency of 

the system in the order of 20 %. 

 



Table 2. Typical properties of several solar thermal power plant types [1]. 

 Solar tower Dish/Stirling Parabolic 

trough 

Fresnel 

reflection 

Solar 

pond 

Solar up-draft 

tower 

Typical capacity in 

MW 

30-200 0,01-1
a
 10-200

c
 10-200

c
 0,2-5 30-200

c
 

Real capacity in MW 10 0,025 80 0,3
4
 5 0,05 

Concentration factor 600-1000 Up to 3000 50-90 25-50 1 1 

Efficiency
b
 in % 10-28 15-25 10-23 9-17

d
 1 0.7-1.2 

Operation mode Grid Grid/island Grid Grid Grid grid 

Development status + + ++ 0 + + 

 

 

Fig. 3.10. Main parts of Dish/Stirling system. 

 

 



 

Fig. 3.11. Solar collector assembly of the parabolic through power station. 

 

A parabolic through system (Fig. 3.11) consists of a long parabolic mirror, which 

focuses the sunlight on an evacuated glass tube, containing a heat transfer fluid, which is 

transported to either a generator or a reservoir. The vacuum-tight enclosure significantly 

reduces heat losses at high-operating temperatures and protects the selective absorber 

surface from oxidation. One of the main advantages of such system is simplified tracking – 

only one axis tracking is required. In addition, scalability is easier than, for example in a 

case of solar tower power stations. 

 

Fig. 3.12. Components of solar pond power station. 



Construction of solar pond power station is presented in Fig. 3.12. Its main advantage 

is simplicity of the collector – it is simply a large reservoir of saltwater with a dark bottom 

for improved heat absorption. If natural or artificial salinity gradient is present with lower 

salt concentration in the upper layers, convection can be suppressed even for temperature 

differences of up to tens of degrees between the top and bottom layers. This temperature 

difference can be applied for electricity generation. Lower efficiency due to lower 

temperatures potentially can be offset by low cost of the reservoir.  



 

4. BASIC PRINCIPLES OF PHOTOVOLTAICS 

4.1. Structure of matter 

 

Substances are made up of very small particles that are called molecules. This is the 

smallest particle that still possesses the chemical property of the substance. These 

molecules are then made up of atoms. 

In general the atoms, from which a molecule is composed, have entirely different 

characteristics than the molecule. The atoms are made up of even smaller particles: namely 

an atomic nucleus and an electron cloud. 

The atomic nucleus is made up of positive protons and neutral neutrons. The electron 

cloud consists of negative electrons (Figure 4.1). 

 

 

Figure 4.1: An Atom 

 

The atomic number Z is the number of protons in the nucleus, also called the core.  

Atoms are electrically neutral. That means that there are an equal number of protons in the 

atomic nucleus as if there are electrons in the electron cloud. 

This atomic number determines the order in the table of chemical elements. 



The mass number (A) of an atom is the sum of the number of protons and neutrons in the 

atomic nucleus. 

A = Z + N implying the number of neutrons (N) equals A-Z. However, there are also 

atoms which are not electrically neutral. These are called ions. Ions can be negatively or 

positively charged. If an ion is positively charged, it means that there are, relative to the 

number of protons in the atomic nucleus, one or more electrons too little in the electron 

cloud. The opposite is also possible. In such situation, the number of protons in the atomic 

nucleus is larger than the number of electrons, so that the ion is negatively charged. 

4.2. Rutherford Atom model 

 

According to the Rutherford Atom model an atom can be represented by a core with a 

positive charge. Around this core, electrons, with great speed, move in circular or elliptical 

orbits (Figure4.2).  

 

 

 

Figure 4.2: Rutherford atom model 

 

The attraction forces between the electrons and protons equal the centripetal forces of 

the electrons. Each electron is according to quantum mechanics in a particular energy state 

or energy level. 

 



The farther the electron is removed from the nucleus, the greater its energy content. 

The number of possible energy levels in which an electron is located is defined. Thus the 

electrons move in certain energy bands or shells. 

It should be noted that the bond between an electron and its core is inversely 

proportional to its distance to this core. The closer the electron at the core, the greater the 

required energy increase should be to free the electron from the atom. The electrons that 

are further away from the core only require a slight energy to free them from their atom. 

In the classic Atomic model an electron is situated in a peel, a spherical area around 

the core. In quantum mechanics, the position of an electron in an isolated atom is described 

by the wave function of that electron. By this wave function, which is also defined as an 

orbital, a probability distribution of the possible positions of the electron is given. 

Normally the possibility to find an electron on a very large distance from the core exists, 

but the chance of that is very minor. The most probable positions, with a cumulative 

chance of 90% to find the electron there, forms the orbital. It is the probability field of an 

electron within the limits of the atom. 

The principal quantum number n describes in the peel model the skin in which the 

electron can be found with a probability of 90%. It describes the basic energy level and can 

have arbitrary natural number values greater than zero. 

 

 

 

The principal quantum numbers can also be represented with the letters K, L, M, N, O, 

P, Q. 

 

The secondary quantum number l, also known as the momentum quantum number, 

determines the shape of the orbital of an atom. It can take the value 0 and arbitrary natural 

numbers, but must in any case be less than n. 

 

 

 

The secondary quantum numbers l are often written with the letters s, p, d, f, … 



 

Beside the principal and secondary quantum number there is also a magnetic quantum 

number m and a spin quantum number s who respectively determines the spatial 

orientation of the orbit impuls moment and the orientation of the spin of the electron. 

 

 

 

 

 

The figure below presents a summary of the Si Atom with atomic number 14 

containing 14 electrons. 

 

 

Table 1: Si Atom with atomic number 14 containing 14 electrons 

 

Using the notation 1s² / 2s² 2p
6
 / 3s² 3p

2
 with a total of 14 electrons, Si has 4 electrons 

in its outher shell. 

 



 

4.3. Chemical bonds 

 

In a molecule the atoms are bounded to each other by means of an atomic binding. 

There are two types of d atomic bindings, namely the ionic bond and the covalent bond. 

We will only discuss the covalent bond.  

The outer shell or peel is called the valence band. The electrons in this band are called 

valence electrons (valere = strong). These outer electrons are able to leave the atom if they 

get enough energy. The place that was left by the electron is also called a “hole”. 

The more inward located peels are all completely filled with electrons and have a close 

bond with the core. Each atom is trying to fill the outer shell (valence band) with 8 

electrons. This then forms a very stable structure as with noble gases. At the solidification 

of silicon (which has four valence electrons), the atoms organize themselves in a regular 

pattern: the substance crystallizes. The electrons with neighboring atoms share their orbits 

and thus form what is called covalent bonds. 

A covalent bond between two atoms occurs if the outer electron shells of the atoms are 

not fully occupied and the electrons from atoms are equally attracted to both peels. As a 

result, the incomplete occupied peels form a common shell (Figure 4.3). 

 

 

Figure 4.3: Covalent bonding 

 



By bonding with neighboring electrons, there occurs a regular rank. Such a regular 

arrangement of atoms is called a crystal lattice (Figure 4). 

 

 

 

 

 

 

 

Figure 4.4: Crystal lattice 

4.4. Conductors and insulators: 

 

A solid material is made up of atoms, in which the nuclei of these atoms each occupy a 

permanent place in the fabric. That ‘permanent place’ means that the electrons at the 

prevailing temperature run a thermal vibration around a certain equilibrium. By increasing 

temperature this vibration is more violent, until the solid turns into a liquid. 

The electric current in a conductor can move freely which is not the case in an 

insulator. In a solid, the conduction of electric current takes place by displacement of 

mobile charge carriers, for example the free electrons.  If the movement of mobile charge 

carriers takes place easily and if these charge carriers are also present in large numbers, 

then the substance is a conductor. If the displacement is less easy and if the mobile charge 

carriers are also a much lesser extent, then the substance is a semiconductor. If there are 

almost no charge carriers are present and their ability to more is very limited, then the 

substance is an insulator. Metals (such as copper) are typical conductors while most non-

metal solid substances are good insulators. These possess an extremely high resistance for 

the movement of charge carriers in the material. The conductors possess electrons on most 

external orbits that are not strongly connected with the core and move freely through the 

material. Most atoms hold their electrons tightly connected to the core and are insulators. 

In copper valence electrons are free and reject each other strongly. Any external influence 



that causes the movement of one of these electrons causes a rejection on the other electrons 

and thus creates a chain reaction through the conductor. 

4.5. Insulators 

Most solid materials are classified as insulators because they offer great resistance to 

the movement of the electric current. The metals are classified as conductors because their 

outer electrons have a weak bond with the core, but most materials have outer electrons 

that form a close bond with the core, so that almost no electrons are flowing through the 

material as a result of a normal potential difference. Some materials are very good 

insulators and have a large resistivity. 

4.6. Valence electrons 

The electrons in the outer shell of an atom are called valence electrons: they dictate the 

chemical reaction of the atom and determine mainly the electrical nature of the solid. 

These electrical properties of substances are listed in the ‘band theory of solids’: how much 

energy does it take to free up a valence electron. 

When sufficient energy is supplied to the atom the valence electrons will move to a 

higher excitation level which is called the conduction band.  

After this energy is removed again, the electrons drop back into their original valence 

band. Heat energy is the most commonly supplied energy source. Near the absolute zero 

there are no electrons in the conduction band. Electrons in the conduction band are called 

free electrons. They move freely through the matter as a response to for example an 

electric field or an other external force.  The conduction band is separated from the valence 

band by a certain ‘energy amount’. This means that an electron in the valence band needs 

at least this energy to get into the conduction band. In this intermediate zone there are no 

electrons. This zone is often called the forbidden zone, the gap or the energy gap. 

The amount of energy that represents the energy gap is a value that is often expressed 

in eV. An electronvolt is the energy needed to move a charge, similar to that of an electron 

(q = 1,602.10
-19

C), over a potential difference of 1 volt. So 1eV = 1.602.
1910

J. The width 

of the forbidden zone depends on the temperature: at 0 K and for Si is this 1.22 eV, at 300 

K this is still 1.12eV. Diamond, which is a good insulator, has, for example, an energy gap 

of the order of 6 eV. 



 

 

Figure 4.5: Valance electrons for different materials 

 

A useful way to explain the difference between conductors, insulators and 

semiconductors is by using a drawing where the available energy of the electrons is 

visualized on a vertical scale. Instead of giving discrete energy as in free atoms, the energy 

states will be presented by energy bands. Crucial in the conduction process is whether 

there are any electrons in the conduction band or not.  

 

4.7. Energy Gap Model 

 

For insulators the electrons in the valence band are separated from the conduction 

band by a large empty distance or space (gap). Glass is an insulating material that is 

transparent to visible light for reasons that are very close with its nature as electrical 

insulator. The visible light photons do not have sufficient quantum energy for the electrons 

to bridge the distance of the bandgap.  

The visible property of glass also gives a little more insight about the effects of doping 

solid materials. A small percentage of pollution atoms in the glass gives it a certain color 

because these atoms absorb energy of certain colors of visible light. The mineral Ruby is 

actually an aluminum oxide with a small amount (about 0.05%) of chromium giving it its 

characteristic pink or red color because the green and blue light is absorbed. The pollution 

of insulators can dramatically change their optical properties, but it’s still not enough to 

bridge the large band gap so that it will be a good conductor of electricity. However, the 



doping of semiconductors has a tremendous effect on the electrical conductivity and this 

doping is the basis of ‘solid state electronics’ and ‘solar cells’. 

For conductors (such as metal) both the conduction band and the valence band are 

overlapping. For semiconductors there is a limited distance between the two bands. The 

distance here can be bridged by a thermal effect or other generation effect (light for 

example). If the distance is small the conductivity can drastically be increased by a small 

percentage of doping (defile) material. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Energy gap model for conductor, semiconductor and insulator 

 

4.8. Extrinsic semiconductors or the doping of semiconductors 

 

Previously we assumed that there were no impurities in the semiconductor material. 

Such semiconductors are also known as intrinsic semiconductors. In intrinsic 

semiconductors the number of holes (the place that was left by the electron) is equal to the 

number of conduction electrons (electrons that have enough energy and are not bounded 

anymore to the atom). At temperatures above 0K, some electrons will be excited and will 

reach the conduction band through the bandgap, so that a certain current can be produced. 

When these electrons in pure silicon exceed the bandgap, they leave a hole behind in the 



regularly formed Silicon lattice. Under the influence of an external potential the electrons 

and the holes can move through the material. 

Semiconductors, however, are usually contaminated with other elements. These are 

also called extrinsic semiconductors. By adding a small percentage of foreign atoms in the 

crystal lattice of regularly shaped silicon, the electrical properties can be changed. N-type 

and P-type semiconductors will be produced.  

For example, if the semiconductor, with 4 valence electrons, is contaminated with 

pentavalent arsenic (As) atoms, then the As-atoms will take in some places instead of the 

semiconductor atoms (Figure 4.7). Four of the five valence electrons will have a covalent 

bond with one of the four surrounding four worthy semiconductor atoms. The fifth 

valence-electron disconnects the As-atom already by the thermal energy at room 

temperature, which makes this Atom a positive ion.   

This positive ion is stuck into the lattice structure. Elements with ‘too much’ valence 

electrons (like arsenic atoms) are donors of (additional) conduction electrons. This creates 

an N-type semiconductor with an excess of electrons. The conductivity increases. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: The effect on a covalent bonding by adding donor atoms 

 

However, if a four worthy semiconductor material is contaminated with trivalent 

atoms, the opposite happens (Figure 8). The trivalent atom serves as acceptor of valence 

electrons, making (additional) holes. Because acceptors pick up electrons, they are 

Free 

electron 

This pentavalent atom 

is a donor of electrons 



negative ions. The dopant produces extra holes making the material a P-type 

semiconductor. The conductivity also increases. 

By the merging of these two new materials (P-N junction), there arises a huge variety 

of possibilities for solid state electronic components. For N-type semiconductors the 

electrons are the majority carriers (extra electrons). The other carriers (the holes) are the 

minority carriers. For P-type semiconductors the holes are the majority carriers (extra 

holes). The  other carriers (the electrons) are the minority carriers. 

 

 

 

 

 

 

 

 

 

Figure 4.8: The effect on a covalent bonding by adding acceptor atoms 

 

In the following figure you see five worthy impurities (with 5 valence electrons) and 

trivalent impurities (with 3 valence electrons). 

 

 

Figure 4.9: 5 worthy and 3 worthy impurities 

hole This trivalent atom 

is an acceptor = 

accepting electrons 



The excitation of a carrier from the valence band to the conduction band creates free 

carriers in both bands. The concentration of these carriers is called the intrinsic carrier 

concentration ni. The intrinsic carrier concentration is the number of electrons in the 

conduction band or the number of holes in the valence band in intrinsic material. This 

number of carriers depends on the band gap of the material and on the temperature of the 

material. A large band gap will make it more difficult for a carrier to be thermally excited 

across the band gap, and therefore the intrinsic carrier concentration is lower in higher 

band gap materials. Alternatively, increasing the temperature, makes it more likely that an 

electron will be excited into the conduction band (thermal excitation), which will increase 

the intrinsic carrier concentration. These properties have a direct impact to solar cell 

efficiency. 

The number of carriers in the conduction and valence band is called the equilibrium 

carrier concentration (it can be increased through doping). For majority carriers, the 

equilibrium carrier concentration is equal to the intrinsic carrier concentration plus the 

number of free carriers added by doping the semiconductor. At equilibrium, the product of 

the majority and minority carrier concentration is a constant, and this is mathematically 

expressed by the Law of Mass Action. 

 

n.p = ni² 

 

With so many free electronics moving around in the lattice, the chance for an electron 

to encounter a hole in its way and filling it, or what is also called ‘recombining’ with it, is 

significant; thus the concentration of holes denoted by p decreases compared to that in the 

intrinsic case. In fact, this chance of recombination is approximately proportional to n, and 

thus p decreases by the same factor that n has increased (compared to the intrinsic case). 

Hence, the product n.p remains constant. 

Under most conditions, the doping of the semiconductor is several orders of 

magnitude greater than the intrinsic carrier concentration, such that the number of majority 

carriers is approximately equal to the doping. 
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Here, ND is the concentration of donor atoms and NA is the concentration of acceptor 

atoms. 

The above equations show that the number of minority carriers decreases as the 

doping level increases. For example, in n-type material, some of the extra electrons added 

by doping the material will occupy the empty spots (i.e., holes) in the valence band, thus 

lowering the number of holes. 

 

4.9. Absorption of light, carrier generation, recombination and 

transport. 

4.9.1. Absorption of light 

 

The Sun emits electromagnetic radiation since Energy is moved via electromagnetic 

waves. The wavelength of the radiation is related to the energy content.  

As with a prism can be shown, the sunlight exists from a combination of several light 

colours i.e. the colours of the rainbow or spectrum colours. 

In addition to the violet, blue, green, yellow, orange and red light which can be seen 

by the human eye. The sunlight also contains ultraviolet and infrared light that is invisible 

to the human eye. This light, which is an electromagnetic wave is, moves at the speed of 

light (c = 300 000 km/s in a vacuum). Different light colors are electromagnetic waves 

with a different frequency. The propagation speed c is not depending on the frequency. 

The wavelength  (expressed in m) is, by definition, the distance that the light travels 

in 1 period T (expressed in s). Since the period T is inversely proportional to the frequency 

f (measured in Hz), it is true that 



 

The visible light has wavelengths ranging between 340 nm and 760 nm (1 nm = 
910

m = 0.000001 mm). The smallest wavelength corresponds to violet light having a larger 

frequency. The largest wavelength corresponds to red light that has a smaller frequency. 

 

 

Figure 4.10: The electromagnetic spectrum 

 

Light can be considered as a flow of energy packets, namely photons,. The energy 

content of such a photon can be determined using Planck’s law: 

 

E  h. f  or 

ch
E

.


  

 

E (expressed in joules) is the energy content of the photon. F is the frequency of the photon 

(expressed in Hertz) and h is the Planck constant (6.63.
3410

 Js). This means that the 

energy content is proportional to the frequency so that: 

 Ultraviolet light contains more energy than normal violet light,  

 Violet light contains more energy than red light  

 Red light contains more energy than infrared light. 

 The shorter the wavelength, the greater the energy content. 



 

In Table 1 the energy content for different fotons is calculated: 

 

Range Wavelength Frequency Energy Energy 

Begin values nm Hz J eV 

Ultraviolet 3 1.00
E
+17 6.63

E
-17 413.86 

Violet 340 8.82
E
+14 5.85

E
-19 3.65 

Indigo 400 7.50
E
+14 4.97

E
-19 3.10 

Blue 435 6.90
E
+14 4.57

E
-19 2.85 

Cyan 500 6.00+14 3.98
E
-19 2.48 

Green 546 5.49
E
+14 3.64

E
-19 2.27 

Yellow 600 5.00
E
+14 3.32

E
-19 2.07 

Orange 700 4.29
E
+14 2.84

E
-19 1.77 

Red 760 3.95
E
+14 2.62

E
-19 1.63 

Shortwave infrared 780 3.85
E
+14 2.55

E
-19 1.59 

Mediumwave 

infrared 
2000 1.50

E
+14 9.95

E
-20 0.62 

Longwave infrared 4000 7.50
E
+13 4.97

E
-20 0.31 

Microwave 10000 3.00
E
+13 1.99

E
-20 0.12 

Table 2: classification of the spectrum according to wavelength, frequency and energy 

 

One of the conditions for electrons to bridge the energy gap and to jump from the 

valence band to the conduction band is that the energy content of the incident photons is 

equal to or greater than the energy gap (1.12 eV for silicon). Both a minority and majority 

carrier are generated when a photon is absorbed. 

 



Eph < EG Photons with energy Eph less than the band gap energy EG interact only 

weakly with the semiconductor, passing through it as if it were transparent. (the story of 

light passing the glass material) 

Eph = EG, The photon has just enough energy to create an electron hole pair and the 

photons are efficiently absorbed. 

Eph > EG Photons with energy much greater than the band gap are strongly absorbed. 

However, for photovoltaic applications, the photon energy greater than the band gap is 

wasted as electrons quickly thermalize back down to the conduction band edges. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Energy overhead 

 

Table 1 shows clearly that the energy content of the visible light is sufficient for 

silicon to bring electrons from the valence band into the conduction band. Table 1 also 

admits to conclude that most of the infrared light does not have sufficient energy content. 

A silicon-based solar cell is barely able to convert infrared light energy to electrical 

energy. 

Nevertheless, if you want to use light with higher wavelengths (such as infrared), thus 

photons with a smaller energy content, then another semiconductor material with a smaller 



energy gap must be used. For germanium the energy gap is only 0.67 eV instead of 1.11 

eV (Indium (III) arsenide: 0.36 eV and Lead (II) telluride: 0.29 eV). 

Recently a new type of solar cell is developed that must be able, using antennas at the 

nanoscale, to convert the energy in the infrared spectrum into electrical energy. This type 

of solar cell, shown in Figure 12, is also able to generate electrical energy during the night. 

Possibly these solar cells, based on nano-antennas, have the potential to replace the 

classical solar cells. 

 

 

Figure 4.12: nono-solar-ir-array 

 

  



4.9.2. Absorption coefficient and absorption depth 

 

The behavior of a semiconductor material on incident photons is different according to 

the wavelength of the incident light. The amount of energy a photon determines whether or 

not this electron is forced in the conduction band. Before a photon is absorbed the light 

will travel a certain distance through the material. The distance the light will travel in the 

semiconductor before being absorbed, is shown by the absorption coefficient α. 

 

 

 

Here, k is the extinction coefficient. This coefficient κ is an optical property of the 

semiconductor material and is related to the index of refraction n, which merely determines 

how much light is absorbed by the material. Κ > 0 means absorption, while κ = 0 means 

the light travels straight through the material.  

The higher this coefficient, the more light is absorbed. The lower the coefficient, the 

less light is absorbed. Glass, for example, has a low absorption coefficient for the visible 

colors. 

 

Figure 4.13: Absorption coefficient = f(wavelength) 



 

The inverse of the coefficient of absorption α is the absorption depth and gives the 

distance in which the intensity of light in the material drops to 36% (or 1/e) of the original 

intensity. Red light, for example, has a smaller absorption coefficient than violet light. This 

means that even after passing a great distance, not all light is absorbed. Violet light, for 

example, has a large absorption coefficient. Much of that violet light is absorbed or will 

already be absorbed when passing a short distance through the material. Lower 

wavelengths, so greater energy, so more absorption over a smaller distance through the 

material.  

These coefficients determine the design of a solar cell, including its thickness. We can 

also decide that the largest amount of light absorbed at the surface of the material. 

 

Figure 4.14: Absorption depth = f(wavelength) 

 

4.9.3. Generation rate 

 

Although the absorption of light mainly occurs at the surface, we can calculate the 

generated number of electron-hole pairs (generation quantity) at each point in the solar 

cell. This calculation can be done for each wavelength of light or for the whole spectrum to 

which our solar cell is exposed. 



If a solar cell only would absorb solar light, the evolution of the light intensity with 

distance would be given by:  

 

x

x
eII .

0
. 

 

 

where Ix is the intensity of light at distance x, I0 is the intensity of light at the surface, 

and  is the absorption coefficient. 

This formula can be used directly to calculate the number of generated electron-hole 

pairs assuming that the change of light intensity causes an electron hole pair. So the 

calculation of the derivative of Ix gives the number of electron hole pairs. This is called the 

generation quantity. This quantity decreases, as the distance in the material increases. 

 

G = 
xeI .

0
..  

 

 

 

Figure 4.15: Generation rate G = f (cell depth) 

 

 

 



4.9.4. The Fermi Function and the number of charge carriers in a 

semiconductor 

 

The Fermi level, named after Enrico Fermi, is a parameter that determines the Fermi 

Function. This feature is a useful approach of the Fermi-Dirac distribution. At absolute 

zero all energy levels below the Fermi level are completely filled up and above the Fermi 

level, all energy levels are empty (red line). The highest energy level where, at absolute 

zero temperature (0 K), still electrons are, is called the Fermi level. 

 

Figure 4.16: Fermi function: Occupancy = f(energy (eV)) 

 

Figure 4.17: Fermi function: Fermi Dirac distribution 

 



The “Fermi level” is the term used to describe the top of the collection of electron 

energy levels at absolute zero temperature. Electrons are fermions and by the Pauli 

exclusion principle they cannot exist in identical energy states. So at absolute zero they 

pack into the lowest available energy states and build up a “Fermi sea” of electron energy 

states. The Fermi level is the surface of that sea at absolute zero where no electrons will 

have enough energy to rise above the surface. The concept of the Fermi level is an 

important concept for the understanding of the electrical and thermal properties of solids. 

At higher temperatures a certain fraction, characterized by the Fermi function, will exist 

above the Fermi level. The Fermi-level is the level where the probability that it is occupied 

by an electron, has a value of ½. 

The Fermi level plays an important role in the band theory of solids. In a doped crystal 

there are energy levels between the valence band and the conduction band. 

 

 

 

 

 

 

 

 

Figure 4.18: The Fermi level for doped semiconductors 

 

In doped semiconductors, p-type and n-type, the Fermi level is therefore shifted by the 

impurities, illustrated by their band gaps.  
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Figure 4.19: The Fermi level for doped semiconductors 

 

In a donor contaminated crystal the Fermi level is closer to the conduction band. The 

Fermi level in an acceptor contaminated crystal is closer to the valence band. 

The Fermi function f(E) gives the probability that a given electron energy state will be 

occupied at a given temperature. The Fermi function has the form 

 

 

 

The basic nature of this function dictates that at ordinary temperatures, most of the 

levels up to the Fermi level EF are filled, and relatively few electrons have energies above 

the Fermi level. The Fermi level EF is on the order of electron volts (e.g., 7 eV for copper), 

whereas the thermal energy kT is only about 0.026 eV at 300K. Using the Fermi function 

at ordinary temperatures, f(E) is essentially 1 up to the Fermi level, and rapidly approaches 

zero above it.  

Figure 4.20 shows the implications of the Fermi function for the electrical 

conductivity of a semiconductor. The band theory of solids indicates there is a sizable gap 

between the Fermi level and the conduction band of the semiconductor. At higher 

temperatures, a larger fraction of the electrons can bridge this gap and participate in 

electrical conduction. 



 

Figure 4.20: Fermi Dirac Distribution as a function of temperature 

 

Note that although the Fermi function f(E) has a finite value in the gap, there is no 

electron population at those energies (a gap). The population depends upon the product of 

the Fermi function f(E) and the electron density of states N(E) (the number of states per 

unit energy interval in the conduction band). So in the gap there are no electrons because 

the density of states is zero. In the conduction band at 0K, there are no electrons even 

though there are plenty of available states, but the Fermi function is zero. At high 

temperatures, both the density of states and the Fermi function have finite values in the 

conduction band, so there is a finite conducting population.  
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Figure 4.21: Fermi Dirac Distribution 

 

 

Figure 4.22: Electron energy density function 

 



After calculation of the above integral the following result can be obtained. The 

number of electrons in the conduction band (per unit volume (
3m )) is: 

 

 

 

In this expression (EC-EF) is the difference in energy between the lower limit EC of 

the conducting band and the Fermi level EF; mn is the effective mass of an electron in the 

conducting band of the crystal. 

 

The expression  

 

 

represents the effective density of states in the conduction band. 

The expression is then 

In a similar way, we can determine the number of holes in the valence band (per 

volume unit). 

 

 

 

In this expression (EF-EV) is the difference in energy between the Fermi level EF and 

the upper limit EV of the valence band; mp is the effective mass of a hole in the valence 

band of the crystal. 

 



The expression  

 

 

represents the effective density of states in the valence band. 

 

 

 

Remember that for an intrinsic crystal p = n = ni ; so that n.p = ni² 

and thus 

 

 

The expression for ni 

 

 

 

The doping of the semiconductor is several orders of magnitude larger than the 

intrinsic carrier concentration, implying the number of majority carriers is approximately 

equal to the doping. 

 

 

 

 



Knowing that n.p = ni² the concentration of holes in a donor doped crystal can be 

written as: 

 

 

 

Knowing that n.p = ni² the concentration of electrons in a donor doped crystal can be 

written as: 

 

 

Figure 4.23 shows a summary of the distribution of electrons and holes for 

respectively intrinsic, N and P material. 

 

 



 

 

Figure 4.23: Distribution of electrons and holes for respectively intrinsic, N and P 

material 

 

 

4.9.5. Generation and recombination 

 

Conduction 

band 
Energy Gap 

Valence Band 

N-material P-material 



The concentrations of holes and electrons which has been discussed are equilibrium 

concentrations. This equilibrium can be disturbed in several ways. In equilibrium 

conditions the generation of holes and electrons is equal to the number of holes and 

electrons that recombines. This balance can be disturbed by injecting holes or electrons, by 

lightening the material or by changing the temperature. If the disturbance is removed, the 

concentrations of the charge carriers decrease to the equilibrium concentrations values. The 

load surplus then decreases exponentially. 

For example when considering electrons is this: 

 

 

Here, 

 

n   is the actual concentration at moment t, 

n0   the equilibrium concentration, 

∆n0  the electrons surplus at the time that the interference disappears and 

τn   is a time constant that is called the age of the electrons. 

 

For holes the expression is similar but using the respectively holes concentrations and 

the age of the holes. Recombination can occur in a variety of ways, including: 

 

 Radiative (Band-to-Band) Recombination 

 In radiative recombination, an electron from the conduction band directly 

combines with a hole in the valence band and releases a photon; and 

 The emitted photon has an energy similar to the band gap and is therefore only 

weakly absorbed such that it can exit the piece of semiconductor. 

 Recombination Through Defect Levels (Recombination via extra energy level) 

 An electron (or hole) is trapped by an energy state in the forbidden region 

which is introduced through defects in the crystal lattice. These defects can 

either be unintentionally introduced or deliberately added to the material, for 

example in doping the material; 



 The electron for example moves to an extra level in the forbidden gap releasing 

the energy either as a photon or multiple phonons; 

 The electron recombine as releasing the energy as a further photon or phonons; 

 If a hole (or an electron) moves up to the same energy state before the electron 

is thermally re-emitted into the conduction band, then it recombines. 

 Auger recombination 

Auger recombination involves three carriers. An electron and a hole recombine, but 

rather than emitting the energy as heat or as a photon, the energy is given to a third carrier, 

an electron in the conduction band. This electron then thermalizes back down to the 

conduction band edge. 

Auger recombination is most important at high carrier concentrations caused by heavy 

doping or high level injection under concentrated sunlight. In silicon-based solar cells (the 

most popular), Auger recombination limits the lifetime and ultimate efficiency. The more 

heavily doped the material, the shorter the Auger recombination lifetime. 

 

 

Figure 4.24: Types of recombination 

 

4.9.6. The movement of charge carriers 

 

If there is no electric field connected to a crystal, then the electrons and the holes 

execute a disorderly movement. This because of impurities or irregularities in the lattice 

structure in interaction with an electron or a hole and so deflecting this in one or another 

direction (see figure 4.25). It is a movement which depends on the temperature, because if 

http://solarwiki.ucdavis.edu/@api/deki/files/230/=img265.png


the temperature drops, the charge carriers move slower; they remain longer under the 

influence of a particular ion and they become more deflected. These movements do not 

have a resulting flow in a certain direction, but they cause thermal noise.  

By creating an electric field the holes get acceleration in the direction of the electric 

field and the electrons in opposite directions (see figure 4.25 for a hole in the p material).  

The average length of the distance travelled between two collisions is the mean free 

path length. The average time between collisions is called the mean free time. Because the 

orbit of the hole or electron is constantly changing on an irregular manner, it is considered 

for the speed, average speed or drift velocity vd. This drift velocity is proportional to the 

electric field E. 

 

 

Figure 4.25 

 

For holes: 

Vdp = µp.E 

For electrons: 

Vdn = - µn . E 

The proportionality constants µp or µn are called the mobility for holes and electrons 

respectively. The mobilities for holes and electrons are not the same and depend on the 

semiconductor material. Practical mobility takes off as the impurity concentration rises and 

it also dependents on the temperature. 

 



4.9.7. Currents in a semiconductor material 

 

When a group of holes with concentration p (
3m ), or a group electrons with 

concentration n (
3m ) is moving in a certain direction with an uniform drift speed, the 

current density can be written as: 

 

Jp = q . p . Vdp   (current density for holes) 

Jn = - q . n . Vdn   (current density for electrons) 

 

When both charge carriers are present together in a crystal, the current density is 

 

 

or 

 

 

  

We can also write that 

 

J = σ.E  

 

Wher σ is the specific electric conductivity. σ can be written as: 

 

σ = q . (p . µp + n . µn) 

 



 

A current can also occur in some other way; i.e. under the influence of a concentration 

gradient of charge carriers. Consider a one dimensional n-crystal, whose concentration 

gradient has been shown in figure 4.26. 

 

 

Figure 4.26: Concentration gradient of a one dimensional n-crystal 

 

Consider a border a in that crystal. A conduction electron left from a is making a 

random thermal movement and is able to cross border a to the right. An electron at the 

right is able to cross border a to the left with the same probability. 

At the left side of the border there are more electrons with respect to the right side, so 

that a resulting electron current will flow to the right trough border a, until the electron 

concentration is equal at both sides of a. The same phenomenon is true for holes. But 

you’ll see a minus sign is needed. This because an increasing concentration to the left, 

causes a  diffusion to the right. The phenomenon that tries to level the concentration 

gradient is called diffusion.  

The current density for holes: 

 

dx

dp
DqJ

pp
..  (Dp = diffusion constant for holes) 

 

 



The current density for electrons: 

dx

dn
DqJ

nn
..  (Dn = diffusion constant for electrons) 

 

A diffusion current arises when there is a non-homogeneous charge concentration. For 

example, by lighting a particular part of the crystal, electron hole pairs are generated. The 

excess charge carriers have a finite lifespan, because after a certain time the charge carriers 

disappear by recombination. The relationship between the distance an excess charge carrier 

travels before recombining and the diffusion coefficient D and the lifetime τ, is given by: 

 

.DL    

 

Where L is the diffusion length. 

 

At normal low voltages the drift current or field current and the diffusion current are 

present in semiconductors. These current densities equal 

dx

dp
DqEpqJ

ppp
.....    (= transport equation or current density equation - 

Electrons) 

dx

dn
DqEnqJ

nnn
.....    (= transport equation or current density equation - 

Holes) 

 

 

4.9.8. Relation between the field current and the diffusion current 

 

Further, when we will study the p-n junction, we have diffusion of charge carriers in 

the vicinity of the junction. This causes a difference in potential, which creates a drift or 



field current. Diffusion currents and field currents are related to each other. The diffusion 

coefficient is a measure of the ease with which the load carrier moves within the crystal 

and the same can be said for the mobility. 

 

The diffusion current density as a result of the concentration gradient 
dx

dn
 is given by: 

 

dx

dn
DqJ

n
..

 

 

This diffusion causes an electric field E. That electric field causes a current that is 

given by: 

 

EnqJ
n
... 

 

 

An equilibrium state is obtained when both current densities have the same amplitude 

in combination with a different sign. So it is true that: 

 

 
Enq

n
... 

 = - 
dx

dn
Dq

n
..  

 

The electric field E has as a result that there occurs a potential difference over a 

distance x.  

There can be proven that the variation of n in function of x is given by: 

 

n = C 
Tk

Eq X

e .

.

 with C a constant 

 



 

By replacing this expression in the previous one, the relationship between the mobility 

and the diffusion coefficient is obtained. This is called the Einstein Electrical mobility 

equation. 
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When considering holes: 
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4.10. Physics of p-n junction. 

 

For N-type semiconductors the electrons are the majority carriers (extra electrons). 

The other carriers (the holes) are the minority carriers. The N-type semiconductor is the 

result of doping a material with 4 valance electrons with atoms that have 5 valance 

electrons. 

For P-type semiconductors the holes are the majority carriers (extra holes). The   other 

carriers (the electrons) are the minority carriers. The P-type semiconductor is the result of 

doping a material with 4 valance electrons with atoms that have 3 valance atoms. 

When a P-type and an N-type material are brought in contact with each other the 

behavior of the junction itself will be very different compared to that of the P or N type 

material separately. 

In particular, the current likes to flow in one direction (forward biased or forward 



polarization) but not in the other direction (lapel biased or invers polarization).  

This is, for example, how a diode or solar cell is formed.  

 

Figure 4.27 

 

The Fermi level throughout one crystal has the same height. The Fermi-level of the n-

material comes closer to the conduction band and the Fermi-level in the P-material comes 

closer to the valence band. In a crystal in balance, with possibly local n-and p-dope rings 

the Fermi levels coincide together. Otherwise there would be a load displacement until 

they coincide. 

 

 

Figure 4.28 

At the boundary layer, we have a strong concentration difference, since 

 

pp ≥ pn  and nn ≥ np.  

 

Thus the charge carriers will level until a balance is reached. By the present 

concentration gradients we get a diffusion flow of holes to the n-field is obtained and a 

diffusion flow of electrons to the p-region is obtained.  

At the left and at the right of the contact surface, an area arises where there are no free 

loads (holes or electrons) available. Only the fixed loads of the ions that have a fixed place 

in the crystal lattice. This area is called the depletion region. 



 

 

                   -   VD  +   (diffusion voltage) 

Figure 4.29 

 

Because of the emergence of positive ions in the N-material and negative ions in the P 

material there occurs a diffusion voltage VD. At 25 °C this voltage difference is about 0 

.7V for Silicon. This diffusion tension is also called the threshold voltage. This border 

potential or contact potential is aligned in such a way that a further diffusion of holes in the 

n-material and electrons in the p-material are opposed. By building up a diffusion potential 

it is becoming more difficult, for example for the electrons, to get from the N into the P 

region. The diffusion current thus decreases. 

 

 

Figure 4.30: Coulomb forces on an electron 

 

 

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/pnjun2.html


 

The contact potential: 

 

Vd = VP - Vn 

 

We consider a hole in the P-material that is located on a potential VP, the potential 

energy corresponds to: 

 

EP = q . Vp 

 

The number of parts (holes) with that energy, can be written as: 
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When considering an electron in the N-material that is located on a potential UN, the 

potential energy corresponds to: 

 

EN = q. VN  

 

The number of parts (electrons) with that energy, can be write as: 

 

Tk

E

in

P

enn ..



 



 

Tk

Vq

ip

n

enn .

.

.



 

 

From the previous expressions, the expressions for respectively VP and VN are 

obtained. 

 

 

 

 

In summary,  
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This implies that 
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We can write that: 
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The diffusion potential depends on the number of doped atoms on the left and right of 

the p-n junction. 
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This implies that: 
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4.11. Physics of a forward biased PN-junction  

 

When applying an external voltage source with the positive side on the P-material and 

the negative side on the N-material, the electrons are supported to cross the Coulomb 

threshold. The electrons flow with very little resistance in the forward direction. 

 

 

 

Figure 4.31 

 

 

 

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/pnjun2.html


 

The P-region is more positive (because of the extra potential) implying the electrons 

have to move downhill. An electron goes through the junction and fills a hole near the 

junction. The electron can move from right to left and from hole to hole up to the positive 

end. This can also be described as a movement of holes from left to right. 

 

 

 

 

 

 

Figure 4.32 

 

When the p-n junction is forward biased, the electrons in the N-field (which are 

elevated to the conduction band and moved through the junction) will have a higher energy 

than the holes in the P-region. They recombine easily with these holes providing a 

continuous forward current flow through the junction. 

 

 

Figure 4.33 

 

The hole flow and the electron flow are opposite. Due to the different sign of the 

charge of electrons and holes, the corresponding electric current has the same direction. 



 

It is possible to prove that the expressions mentioned above can be used in which the 

potential difference across the p-n junction is now Vd + V. For the new concentrations Pn 

and np we can write: 
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When the applied voltage (V) is equal to zero: 
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Here, Pn0, Pp0, np0, nn0 are the equilibrium concentrations without an external applied 

field. This implies: 
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Because we assume small injections we can write: 

 

Pp = PP0 

 

nn = nn0 

 

thus, 
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These last two equations show that the applied forward biased voltage increases the 

concentrations of minority charge carriers at the borders of the space charge layer. As a 

result of its concentration gradients the holes diffuse to the right and the electrons diffuse 

to the left. At greater distances from the transition zone this reduces the concentration-

surplus by recombination with majority charge carriers and we get back normal 

equilibrium concentrations. 

 

4.12. Physics of a reverse biased PN-junction  

 

 



When applying an external voltage source with the positive side on the N-material and 

with the negative side on the P-material, a flow of electrons through the junction is 

hampered. 

 

 

 

 

 

 

Figure 4.34 

 

For conduction in the component the electrons should move from the N-region to the 

junction to recombine with the holes in the P-region. An inverse voltage drives the 

electrons away from the junction which hampers the conduction. 

The P-region is made more negative causing the electrons have to climb up the 

mountain. The direction of the conduction electrons move from right to left. 

 

 

 

 

 

 

 

 

 

 

Figure 4.35 

 



 

Now there are less holes and electrons that have sufficient energy to cross the 

increased potential mountain with the result that the diffusion flows Idn and Idp become 

smaller. 

Just like for a p-n junction in forward direction, the following formulas apply here. 
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By taking the negative value of V into account, the numbers of minority charge 

carriers at the borders of the depletion region will decrease. 

 

4.13. Physics of a PN-junction – Calculation of the total current  

 

If there occurs supplementary concentrations of holes in the N-region, then we present 

this by Pn ': 

 

Pn’ = Pn – Pn0 = 
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The corresponding supplementary concentration of electrons in the P-region we can 

present by np’: 

 



np’ = np – np0 = 
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The diffusion flow of holes in the N-field and electrons in the P-region are 

proportional to the respective supplementary concentrations Pn ' and np '. So we can write: 
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Ip stelt de gatenstroom voor tengevolge van de injectie van gaten en In de 

elektronenstroom ten gevolge van de elektroneninjectie. Voor de totale 

gatendiffusiestroom Idp en elektronendiffusiestroom Idn moeten we dus de 

diffusiecomponent in rekening brengen wanneer geen uitwendig veld aanligt (V=0).  

Dan krijgen we: 

 

Ip represents the current of holes as a result of the injection of holes and In the electron 

flow as a result of the injection of electrons. For the total hole diffusion flow Idp and 

electron diffusion flow Idn, we must consider the diffusion component when no external 

field is connected (V = 0).  

Then we get: 
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If there is no voltage applied (V = 0) there is an equilibrium situation and the holes 

diffusion current Idp from left to right will be equal to the flow of holes Igp from right to 

left. And the same is valid for the electron flow. The electron diffusion current (flow of 

majority charge carriers) from right to left Id, is equal to the electron flow Ign from left to 

right (thermal generated current). 

 

This implies that: 
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If V is very large and negative, Idp and Idn are then equal to zero because the holes 

and the electrons can no longer exceed the potential mountain. The term kT

qV

e  can neglect, 

so that in this case, we can write: 

 

0 = - C1 – Igp of C1 = -Igp 

 

0 = - C2 – Ign of C2 = -Ign 

 



The total flow through the p-n junction is then: 

 

I = Ip + In + Idp (V=0) + Idn (V=0) + Igp (V=0) + Ign (V=0)  

 

The last four components lifting each other so that: 

 

I = Ip + In = 
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-(Igp + Ign) is the reverse flow of thermal-generated charge carriers and we call it Is. 
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4.14. Illuminated PN-junction 

 

Just like a semiconductor diode (solar cells are actually large diodes), a solar cell is 

made up of a P-N junction. The N-material is thin and there is incident of sunlight on it, as 

shown in figure 4.36. Above the N-material a finger-like electrode is connected to the 

material and the surface of the N-material has been covered as less as possible. Under the 

P-material there is a second electrode. 
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Figure 4.36 

 

The photon, with sufficient energy (E > Eg), is capable to bring an electron from the 

valence band into the conduction band. An electron in the conduction band is no longer 

bound to the atom. The solar cell can thus generate a current, because of the photovoltaic 

effect we discussed earlier. 

The free electrons that are obtained, as a result of the incident sunlight (see figure 

4.37), want to flow to the P-material. However, the resulting flow is prevented by the 

depletion layer. There can flow a current IE via a parallel load RL. Both the electron current 

IE and the conventional current IC are displayed. The resulting current that is flowing 

through this load ensures that there occurs a voltage over the load. This voltage is also 

present over the solar cell (parallel configuration). Note that the polarity of voltage and 

current indicate that the solar cell is functioning effectively as a source of energy. 
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Figure 4.37 

 

 

Because of this voltage the PN-junction behaves itself like a forward biased diode, so 

that the depletion layer will be phased out. This means that now not only via the load, but 

also through the solar cell itself (thus through the depletion layer) an electron will flow 

from the N-material to the P material. 

 

4.15. The equivalent circuit of a solar cell 

 

The incident sunlight on the N-material of a solar cell generates a current IL. This total 

illuminated current IL can be split into a current IRL that flows through the external load RL   

and a current ID that flows through the depletion layer (ID as a result of the forward biased 

PN junction).  

The greater the resistance RL, the greater the voltage U and the more the depletion 

layer will be phased out. As a result of this, the current ID will increase and the current IRL 

will decrease. The internal path through which the current ID is flowing can eventually be 

modulated as shown in figure 4.38. This figure represents the equivalent circuit of a solar 

cell. The illuminated current IL can be modulated by the use of a current source. In figure 

4.38 the conventional current has been displayed. 



 
 

Figure 4.38 

The resistance RS (which is, preferable, as low as possible) takes the voltage drop into 

account, which is the result of: 

 

- the resistance of the conductors between solar cell and load,  

- the contact resistance between the electrodes and the semiconductor material, 

- and the resistance of the semiconductor material. 

 

The resistance Rp (which is preferable, as high as possible) represents the losses due 

to: 

- manufacturing defects,  

- recombination losses, 

 

Low shunt resistance causes power losses in solar cells by providing an alternate 

current path for the light-generated current. Such a diversion reduces the amount of current 

flowing through the solar cell junction and reduces the voltage from the solar cell. The 

effect of a shunt resistance is particularly severe at low light levels, since there will be less 

light generated current. The loss of this current to the shunt therefore has a larger impact. 

In addition, at lower voltages where the effective resistance of the solar cell is high, the 

impact of a resistance in parallel is large. 

The IV curve of a solar cell is the superposition of the IV curve of the solar cell diode 

in the dark (see page 37) with the light-generated current. The light has the effect of 

shifting the IV curve down into the fourth quadrant where power can be extracted from the 



diode. Illuminating a cell adds to the normal "dark" currents in the diode so that the diode 

law becomes: 
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The IV curve has eventually the form: 
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IL is the light generated current inside the solar cell and is the correct term to use in the 

solar cell equation. At short circuit conditions the externally measured current is Isc. Since 

Isc is usually equal to IL, the two are used interchangeably and for simplicity and the solar 

cell equation is written with Isc in place of IL. In the case of very high series resistance (> 

10 Ωcm²) Isc is less than IL and writing the solar cell equation with Isc is incorrect.  

Another assumption is that the illumination current IL is solely dependent on the 

incoming light and is independent of voltage across the cell. However, IL varies with 



voltage in the case of drift-field solar cells and where carrier lifetime is a function of 

injection level such as defected multicrystalline materials. 

The open-circuit voltage, VOC, is the maximum voltage available from a solar cell, and 

this occurs at zero current. The open-circuit voltage corresponds to the amount of forward 

bias on the solar cell due to the bias of the solar cell junction with the light-generated 

current. 

Assuming that the value of the resistance RP is very large and assuming that the value 

of RS very small, the diode law becomes: 
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The open circuit voltage (current I=0) is then: 
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The short-circuit current and the open-circuit voltage are the maximum current and 

voltage respectively from a solar cell. However, at both of these operating points, the 

power from the solar cell is zero. Vmp and Imp represent the voltage and current at 

maximum power. The point on the IV curve that represents this point, is called the 

Maximum Power Point MPP. 
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5. Solar Cell Parameters 

5.1. IV Curve. 

 

Drift photocurrent of non-equilibrium minority carriers flows through the junction. 

Non-equilibrium majority carriers can not overcome the potential barrier of the junction 

and hence remain in the generation area. As a result, concentration of holes in the p-region 

and electrons in the n-area are increased due to separation of the optically generated 

carriers that leads to compensation of space charge of dopant ions in SCR. Potential barrier 

of p-n junction is reduced by the photovoltage value. Reduction of the potential barrier 

increases the diffusion current of major carriers across the junction, which flows opposite 

to the photocurrent. In the steady state it is current density diffusion Jdif equal to the density 

of the drift current, consisting of photocurrent density Jph and of thermal current density J0. 

That is, the condition of dynamic equilibrium is carried out 

0dif phJ J J  .     (5.1) 
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radiation
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Fig. 5.1 Separation of electrons and holes by p-n-junction (hatch – band edges in the 

dark) 

 

Difference Jdif – J0 is the current density of the diode and it is denoted as Jd. In an ideal 

p-n junction current density diffusion and heat flux density are related  

0
OC TU V

difJ J e ,     (5.2) 

then 

0 ( 1)OC TU V

ph dJ J J e   ,    (5.2) 

where UOC - open circuit voltage; TV kT e  - heat potential. Open-circuit voltage can 

be expressed by the photocurrent 

0ln(1 )phTOCU V J J  .    (5.3) 

However, UOC (for any Jph) does not exceed the contact potential difference of p-n 

junction, since in the case of full compensation of the electric field the separation of 

carriers stops. 

If the SC electrodes are closed to the external load, the voltage between them will be 

less than UOC and diode current will not compensate for the photocurrent. In the 

approximation of an ideal diode the current density through the external load is 

0 ( )exp( ) 1ph d phJ J J J J eU kT     .    (5.4) 



Equation (5.4) describes the current-voltage characteristic (I-V characteristic) of an 

ideal SC. For an ideal SC its short-circuit current JSC = Jph. 

Equivalent circuit of an ideal SC involves a current generator and an ideal diode 

connected in parallel (Fig.5.2). 

 

 

Fig.5.2 Equivalent circuit of an ideal SC (R is the load resistance) 

 

In deriving (5.4), we used the ideal diode equation, which is not always justified. 

Therefore, it should be converted by the introduction of the exponential factor A in the 

denominator, taking into account the recombination processes in the SCR: 

 

0 exp( ) 1( )phJ J J eU AkT   .      (5.5) 

 

However, this expression has no sufficient agreement with experiment, since SC is a 

power device, which works with high current densities. Moreover, it is necessary to take 

into account leakage current determined by defects. So, the parallel resistance RP and the 

series RS resistances should be add to the equivalent circuit of SC (Fig.3).  

 

 

SC
 

 

Fig.3 Equivalent circuit of a SC with parallel series resistances 

 



Here the current generator simulates the photocurrent Jph occurring under lighting, the 

parallel diode considers an injection current (Jdif and J0). The series resistance RS consists 

of resistance of contact layers, each of the resistances of the р- and n-regions, transition 

metal-semiconductor resistance, whereas the parallel resistance RP reflects the possible 

leakage channels parallel to the p-n junction. 

Then, according to SC equivalent schema, we obtain an equation, which describes 

quite well the I-V characteristic of SC: 
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In Fig. 5.4 the conventional method to image the current-voltage (I-V) characteristic of 

an illuminated SC is presented.  

JSC

The point of 

maximum power
J

UUOC

JM

UM

PM

 

Fig. 5.4 Current-voltage characteristic of an illuminated SC 

 

 



5.2. Short-Circuit Current. 

 

Short-circuit current is an electric current generated in the external circuit when the 

resistance of the external circuit is small compared with the internal resistance of the 

source of electrical energy.  

The short circuit current ISC is the greatest current that can be output to an external 

circuit with a value of a source of electromotive force (EMF) E  and the internal resistance 

r: 

SCI
r


E

.         (5.7) 

In an electrical energy source with low internal resistance short-circuit current can 

reach high values, leading to thermal degradation of the external circuit or source due to a 

large heat according the Joule law. To prevent a large heat release, the value of short 

circuit current can be reduced by connecting a series resistor to the source of electrical 

energy. In this case, the resistance r is the sum of the internal resistance of power source 

and the resistance connected in series. 

Short-circuit current density is defined as the ratio of short-circuit current to the active 

area of SC: 

 

actSC SC
J I S .        (5.8) 

 

However, due to the difficulty in determining Sact the total area of the SC Stot is used 

instead Sact in (5.8) as a rule. 

Fig. 5.5 shows an example of the I-V characteristic of the solar cell, which is a source 

of electrical energy included in the circuit with resistance R. In this figure a point of short 

circuit density is marked. 
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Fig.5.5 Short-circuit current density 

 

Iph is the light generated current inside the solar cell and is the correct term to use in 

equation (5.6) for I-V characteristic of SC. Under short circuit conditions the measured 

current is ISC. It can be assumed that photocurrent Iph and short-circuit current ISC are equal 

to each other, i.e. 
SC phI I . Indeed, the numerical calculation using equation (5.6) shows 

that inaccuracy of such an assumption for the typical silicon SC is about 4 % under АМ1 

illumination conditions and 6.5 % under illumination 10 times greater than АМ1 (see Fig. 

5.6). 
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Fig.5.6 Dependencies of photocurrent and short-circuit current density  

of SC on the illumination intensity. 

 



 

5.3. Open-Circuit Voltage. 

 

Open-circuit voltage is the voltage between the terminals of electrical energy source, 

when the resistance of the external circuit is infinitely large (external circuit is open). 

Open-circuit voltage value is equal to the electromotive force of the source and used in 

the calculations of electrical circuits. Using the values of the open circuit voltage UOC and 

short circuit current ISC, we can calculate the internal resistance of the source of EMF: 

OC

SC

U
r

I
 .         (5.9) 
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Fig.5.7 Open circuit voltage 

 

Fig. 5.7 shows an example of the I-V characteristic of the solar cell, which is a source 

of electrical energy, included in the circuit with resistance R. In this figure the open-circuit 

point is marked. The UOC value can be found by setting the net current equal to zero in the 

I-V equation (5.6). 

 



5.4. Fill Factor. 

 

The fill factor (ff) of a SC is an important performance indicator. It represents the 

‘rectangularity’ of the I-V characteristic, and is the ratio of two areas defined by the I-V 

curve, as illustrated in Fig. 4 using solid and dashed lines: 

M M

SC OC

J U
ff

J U
 ,         (5.10) 

where JM and UM – current density and voltage corresponding to the point of 

maximum power PM. 

Although it is physically unrealizable, an ideal SC has a perfectly rectangular I-V 

curve in which the maximum power point coincides with (JSC, UOC), for a fill factor of 1. 

If the I-V curves of several SCs have the same values of JSC and UOC, the cell with the 

higher fill factor (squarer I-V curve) will produce more power. Also, any impairment that 

reduces the fill factor will reduce the output power. 

5.5. Efficiency. 

 

The most important SC characteristic – Efficiency – determines the efficiency of solar 

energy into electricity conversion. The efficiency of a SC is the ratio of the electrical 

power delivered by it to the load to the optical power incident on the cell. Maximum 

efficiency is reached when the power delivered to the load corresponds to the point of 

maximum power PM and is defined as:  

SC OCM ff J UP

P P


   ,       (5.11) 

where P is power of the radiation incident on the solar cell, PM – maximal output power of 

SC. 

JSC is directly proportional to the incident optical power. But UOC increases 

logarithmically with the incident power. So the overall efficiency of the solar cell is 

expected to be increasing logarithmically with incident power. However, at high sunlight 

concentrations the thermal effects and electrical losses in the series resistance of the SC 



limit the efficiency enhancement that can be expected. So the efficiency of real SC peaks at 

some finite light concentration level. More detailed it is discussed in the section 5.8. 

The SC efficiency depends on the reflecting performance of the SC, on the spectrum 

and intensity of the incident sunlight and the temperature of the SC. Therefore, conditions 

under which efficiency is measured must be carefully controlled in order to compare the 

performance of one SC to another. 

5.6. Detailed Balance. 

 

Shockley and Queisser suggested that the generation in the SC due to light absorption 

has a detailed balance counterpart, which is the radiative recombination. This efficiency 

limit occurs in ideal semiconductor SCs. 

In the ideal case the mobility of the carriers is infinite, and since the electron and hole 

currents are proportional to the quasi-Fermi level gradients times the mobility, it follows 

that the quasi-Fermi levels are constant. Also surface recombination is assumed zero in the 

ideal case. In equilibrium, the two quasi-Fermi levels (εFV for p-type and εFC for n-type) 

become just one. 

The voltage V appearing between the two electrodes is given by the difference in the 

quasi-Fermi levels of majority carriers at the ohmic contact interfaces. With constant 

quasi-Fermi levels and ideal contacts is 

 

C V
F FeV   .        (5.12) 

 

Photons are absorbed by pumping electrons from the valence band to the conductivity 

band (electron–hole pairs generation). As required by the detailed balance, the opposite 

mechanism is also produced so that a conductivity band electron can decay to the valence 

band and emit a photon, leading to what is called a radiative recombination process. Many 

of such luminescent photons whose energy is slightly above the band gap are reabsorbed, 

leading to generation of new electron–hole pairs. Note that radiative recombination is 

negligible in c-Si due to the indirect bandgap, and in thin films due to the higher density of 

localized midgap defect states. In the ideal case any nonradiative recombination 



mechanism is assumed to be absent. The difference between the electrons pumped to the 

conductivity band by external photon absorption and those falling again into the valence 

band and effectively emitting a luminescent photon equals the photocurrent density 

generated by SC: 

 

 ph s rJ e   ,        (5.13) 

 

where Φs and Φr are the photon fluxes entering or leaving the solar cell, respectively. 

For detailed balance calculations it is necessary to use the particle flux according to 

the Plank’s equation. Then 

2 2

3 2

2

1
s

g

sin ds

h c E exp
kTs

   









 ,      (5.14) 

2

3 2

2

1
r

g
a

d

eVh c E exp
kT

  











 ,       (5.15) 

where α and ξ are the absorptivity and emissivity of the cell; ϑs is the sun’s semi-angle of 

vision (taking into account the sun’s radius and its distance to Earth); sin
2ϑs used in 

equation (5.14) for the case, when the cell facing the sun directly, and sin
2ϑs=1 for the cell 

under full concentration; Ts is the sun temperature and Ta is the room temperature. 

When the quasi-Fermi level is uniform in the semiconductor bulk, then α=ξ. Suppose 

that complete absorption of all photons above the band gap is performed so that α=ξ=1 for 

these photons. 

For case when fill factor tends to one, the SC efficiency according to Shockley and 

Queisser is limited by 
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Fig.5.8 Dependence of the maximum SC efficiency from band gap material 

 

To find the efficiency as a function of band gap, the above procedure is repeated for 

each band gap. There is a range of band gaps for the optimum cell efficiency as shown in 

the Fig.5.8. 

5.7. Effects of Parasitic Shunt and Series Resistances. 
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Fig.5.9 Effect of series and parallel resistances on the SC voltage-current characteristic 



 

RS and RP parameters are contained in the expression (5.6) which determines the shape 

of the I-V curve of a SC. At the same time, the efficiency is directly related to the shape of 

the I-V curve ((5.10) and (5.11)). 

Fig. 9 shows several I-V curves of a typical SC calculated by the equation (5.6) with 

different RS and RP values. The other parameters (Jph, J0, T, A) have fixed values. 

Resistive effects in a SC reduce the SC efficiency by the power dissipation in the 

resistances. In most cases and for typical values of shunt and series resistance, the key 

impact of parasitic resistance is to reduce the fill factor. Both the magnitude and impact of 

series and shunt resistance depend on the geometry of the SC.  

Any decrease in RP creates a more attractive leakage path, which allows more of the 

cell current and power to be lost. This can be caused by leakage in the interconnect, but it 

is more often an effect of the intrinsic cell design. As the plot shows, this percentage drop 

in current looks like a change in slope on what should be the flat part of the I-V curve. An 

increase in series resistance will cause a cell’s efficiency to decrease. Given that RP is 

much greater than RS, RS doesn’t normally affect the amount of current being delivered but 

directly takes voltage from the load as it appears in series. As RS increases, cell efficiency 

decreases. Important task for the production of highly efficient SCs is to reduce the RS and 

increase the RP. From this point it seems necessary to develop methods of optimize the 

structure of the SC. 

5.8. Effect of light intensity. 

 

Light level also has significant impact on the SC efficiency. Extensive use of radiation 

concentrators initiates research in this direction. Variation of the light intensity incident on 

SC changes all SC parameters, including the short-circuit current, the open-circuit voltage, 

the fill factor, the efficiency and impact of the series and shunt resistances. The light 

intensity on a SC is called the number of suns, where 1 sun corresponds to standard 

illumination at AM1.5 or at AM1. 

If we turn to the equation (5.6) describing the I-V curve of a SC, we can imagine in the 

first approximation JSC and UOC depending on the illumination level (Fig.5.10). The 

dependences shown in the Fig.10 are obtained in assumption that the photocurrent is 



proportional to the illumination level and the parameters A, RS, RP, J0 in the equation (5.6) 

are constants. 
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Fig.5.10 Short-circuit current density JSC and open-circuit voltage UOC of a SC as a 

function of illumination intensity 

 

Using the obtained dependences of the short-circuit current density and open-circuit 

voltage, one can calculate by the equation (5.11) the dependence of the SC efficiency on 

the light intensity as is shown in Fig.5.11. It was assumed here that the fill factor ff is 

independent of the illumination level. 
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Fig.5.11 SC efficiency as a function of illumination intensity 

 

Despite the fact that the assumptions made are violated, the dependencies are correct 

and sufficient to fully reflect the overall dynamics of the considered characteristics with 

changing light levels. As follows from Fig.11, the dependence of the SC efficiency has a 



maximum from light intensity. This is an important fact in terms of the optimal use of 

radiation concentrators. 

5.9. Methods of testing of SCs and SC materials. 

 

The most important of SC characterization techniques is the measurement of the cell 

efficiency. Standardized testing allows the comparison of cells produced by different 

manufactures with different technologies to be compared. 

Measuring SC I-V characteristics with a view to calculate SC efficiency requires a 

stable light source that closely matches the conditions of sunlight. Not only the intensity 

but also the spectrum must be matched to a standard. Received the experimental I-V curve, 

and assuming that it is described by the equation (5.6), in addition to SC efficiency can 

calculate the main SC parameters, which are included in the equation (5.6). 

SC converts into electricity the energy of optical radiation with a specific spectral 

composition - the spectral composition of solar radiation. In this regard, an important 

characteristic of the SC is its spectral response (see section 4.7). Spectral sensitivity 

(response) of the SC is determined as dependent on the wavelength of incident 

monochromatic radiation relationship of photocurrent to the power incident radiation. The 

spectral response is conceptually similar to the quantum efficiency. Spectral response is 

important since it is the spectral response that is measured from a SC, and from this the 

quantum efficiency is calculated. 

Since SCs convert light to electicity it might seem odd to measure the I-V curves of 

SCs in the dark. However, dark I-V measurements are invaluable in examining the diode 

properties. Dark I-V measurements use inject carriers into the circuit with electrical means 

rather than with light generated carriers. Dark I-V measurements give extra information 

about the cell for diagnostic purposes. There is a wealth of information in comparing the 

illuminated and dark I-V curves. 

In order to analyze the electrical behavior of SC diodes, analysis of capacitance, 

conductance and series resistance vs. voltage characteristics can be investigated. For this 

one can use the experimental results of C-V measured in a frequency range in reverse and 

forward bias conditions. The depletion width and capacitance depend on bias conditions 
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where  is the dielectric constant of semiconductor, Ubi is the built-in potential, NA is the 

substrate doping density, and A is the diode area. 

G-V and Rs-V dependencies with varying frequencies are explained by the following 

equations 
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where Z is the impedance,  is the angular frequency, G is the conductance, Y is the 

admittance. 

Using equations (5.17-5.21), one can calculate the various diode parameters of the 

cell, including Ubi and NA. 

The most important parameters of semiconductor material are its resistivity, the 

concentration and mobility of the charge carriers, as well as their life-time and diffusion 

length. 

For determination of resistivity, the four-probe method is commonly used. Four probes 

(usually arranged in a row) are pressed to the sample surface (Fig. 12). Current is passed 

through the outer probes, and between the voltage is measured between the inner ones. 

Depending on the ratio between the sample thickness and interprobe distance, the 

expression for the resistivity can have a different view. In particular, when d, l, h >> S (see 

Fig. 5.12), the resistivity is  
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where I is the current and U is the voltage between the inner probes. 

 

 

Fig.5.12 Determination of resistivity by the four-probe method 

 

The resistivity depends on the carriers’ concentration and mobility as  

1

en n
  ,        (5.23) 

for n-type semiconductor and  

1

ep p
  ,        (5.24) 

for p-type semiconductor. So, for determination of concentration and mobility of 

carriers it is necessary to do additional measurements. One can measure the C-V 

characteristic for determination of the carriers concentration according to (5.17). Another 

possibility is the measurement of the Hall effect (Fig. 5.13).  
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Fig.5.13 Hall effect in p-type semiconductor 



 

The voltage VH arising between the side faces of the sample (Hall emf) when the 

current is passing through the sample in magnetic filed is expressed as  

H

r
V jBb RjBb

ep
  ,       (5.25) 

where R=r/pe is the Hall coefficient, r is the Hall-factor (it depends on the scattering 

mechanism), j is the current density, B is the magnetic induction and b is the sample width. 

One of the most common and simple methods for the carriers’ lifetime determination 

is the photoconductivity decay (PCD) method. Let us consider briefly its physical basis.  

In the equilibrium state, the conductivity of semiconductor is  

 000 pne pn   .       (5.26)   

where n0 and p0 are equilibrium concentrations of electrons and holes, respectively. Under 

crystal illumination by light with hν > Eg, due to generation of electron–hole pairs the 

conductivity will increase 

   pnpn nepne   ,    (5.27)  

where Δn is the concentration of excess electron–hole pairs in non-equilibrium steady-state 

conditions. As the value Δσ is determined by illumination, it is called the 

photoconductivity. Equation (11) takes into account that at low excitation levels (that is 

usually realized in experiment) the carrier mobilities is not changed compared to their 

equilibrium values. After switching off the light, the carrier concentration due to 

recombination will decrease resulting in decay of the photoconductivity:   
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t exp0 ,      (5.28)  

where Δσ(0) and Δσ(t) are the photoconductivity at the moment of switching off the light 

and after time t, respectively.  

The most convenient way to register photoconductivity is based on the use of 

microwaves. In resonator the microwave is excited. For registration of the microwave 

power, detector is used in a resonator. Signal from detector is amplified and supplied to the 

registration system. At the point of the resonator, where there is an antinode of the electric 

vector, there is a small hole where the studied sample is mounted. The ratio between the 

microwave radiation reflected and absorbed in a sample will vary depending on the 



concentration of charge carriers in the sample. Consequently, the carrier concentration 

change in a sample will influence the Q of the resonator and can be fixed by the 

microwave detector. After switching off the light, the carrier concentration in the sample 

will vary exponentially with time, the signal from the microwave detector will have similar 

exponential time dependence. 

 

 

 

6. Manufacturing of Si solar cells 

6.1. Silicon wafers and substrates. 

 

The first solar cell based on Si was developed in 1954 at Bell Laboratories. For many 

years it was mostly used in power supplies for space vehicle. The technology of Si-based 

solar cell benefited greatly from the high standard of silicon based electronics developed 

originally for transistors and later for integrated circuits. 

Initially only Czochralski (Cz) grown single crystals were used for the development of 

solar cells, and it still plays an important role. The principle of this technique is shown in 

Fig. 6.1. In a quartz crucible which itself is situated in a graphite crucible is located 

polycrystalline material obtained in the form of fragments from highly purified polysilicon. 

The material is melted under inert gases by induction heating. A seed crystal is immersed 

and slowly withdrawn under permanent rotation. 

Each time the seed crystal is dipped into the melt, dislocations appear in the seed 

crystal even if it was initially dislocation-free. Obtaining a dislocation-free state requires a 

slim crystal neck of about 3 mm diameter grown with a growth velocity of several 

millimeters per minute. The free state of dislocation is stable enough and large crystal 

diameters can be grown despite the high cooling strains in large crystals. 
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Fig. 6.1. Principle of the Czochralski growth technique. 

 

The silicon melt is reactable with a lot of materials to a large degree. It is common to 

use silica as a crucible material, because its reaction product (silicon monoxide) evaporates 

easily from the melt. However, Czochralski grown crystals contain 10
17

–10
18 

cm
3
 of 

dissolved interstitial oxygen [1]. 

The float zone technique is an alternative silicon crystal growth technique (Fig. 6.2). 

The initial material is highly purified and solid polycrystalline silicon. A rod of the 

material is melted by induction heating and a single crystal is pulled from this molten zone. 

The crystal is highly pure because no crucible is needed, but using this method is more 

expensive than using Czochralski. Solar cells with record efficiency have been 

manufactured with float zone material but it is too expensive for mass solar cell 

production, where cost is of primary importance. 

There is also an advanced technique of obtaining magnetically grown Czochralski 

(MCz) silicon. The magnetic field interacts with the free electrons of the silicon and retards 

convective melt flows. As the result, distribution of impurities within the crystal is more 

uniform and the transport of oxygen from the crucible walls is minimized. 



For solar cells, similarly as for all silicon based devices, sawing is used to separate the 

crystal rods into 0.2– 0.5 mm thick wafers. This process is rather expensive because the 

silicon is very hard material, so diamond plated sawing blades are needed. The standard 

process requires the inner diameter (i.d.) saw, where diamond particles are imbedded 

around a hole in the saw blade. 

An important disadvantage of this process is losing up to 50% of the material during 

the sawing. Especially for solar cell wafers a new process was developed, the multiwire 

saw (Fig. 6.3). A several kilometers long wire is moved across the crystal in an abrasive 

suspension, whilst being wound from one coil to another. Due to using this method, thinner 

wafers can be produced and losses during the sawing process can be lowered by about 

30%. 
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Fig. 6.2. Principle of the float zone technique. 

 



 

Fig. 6.3. Multiwire sawing process. 

 

6.2. Production sequence of screen printed solar cells. 

Great number of screen-printed solar cells in the mass production today uses the 

process sequence summarized in Table 6.1. It consists of a comparatively small number of 

process steps. Hardware for production of screen-printed solar cells is commercially 

available, and there are different types of equipment and several consumable 

manufacturers. Fig. 6.4 shows the schematic drawing of screen-printed solar cell.  

 

Table 6.1 Process sequence for screen-printed solar cells  

Process sequence 

Saw damage removal, texturing, and cleaning of p-type silicon 

wafer 

Phosphorus diffusion 

Plasma edge isolation (alternatively, this process is often 

replaced by a single-side etching step integrated into the wet bench 

for phosphorus glass removal or by laser edge isolation placed after 

the firing step) 



Phosphorus glass removal (and single-side etching for edge 

isolation) 

Silicon nitride deposition 

Ag screen printing and drying for the front contact formation 

Al/Ag screen printing of the rear busbars and drying 

Al screen printing of the rear and drying 

Cofiring of the front and rear contacts 

IV measurement and sorting 

 

 

Fig 6.4. Schematic drawing of a solar cell with a silicon nitride antireflection coating 

and a screen-printed silver front and aluminum rear contacts  



 

 (a)                                                  (b)                                                       (c) 

Fig. 6.5. (a) Cross-section image of a wafer after the wire sawing. (b) Top view of a 

wafer after treatment in KOH, IPA, and water with formed random pyramids. (c) SEM 

microscopic image of the surfaces of an acidic-textured multicrystalline silicon wafer. 

 

The steps described in Table 1 will be considered more properly. 

For cutting silicon ingots into wafers is used wire sawing. As the result of this process 

small cracks penetrating around 10 μm deep into the wafer surface appear, as shown in the 

left cross-section image of Fig. 6.5. Saw damage reduces the mechanical strength of the 

wafer and increases recombination near the surface, so it has to be removed from the wafer 

surface. Saw damage removal can be provided by with alkaline or acidic solutions as well 

as plasma etching. This step is also normally used to form a surface texture that reduces the 

total light reflection. After etching the wafer is cleaned to remove metal and organic 

contaminants that would increase the surface and bulk recombination during the following 

process steps where high temperatures are used. 

The process of tube diffusion is used extensively in photovoltaic industry. The wafers 

are located in a quartz boat vertically. The boat moves into a quartz tube where the 

temperature is raised to 800–900 °C. Nitrogen as a carrier gas flows through a bubbler 

filled with liquid phosphorus oxychloride POCl3. The formed gaseous POCl3 is mixed with 

O2 and conducted directly into the heated quartz tube. Phosphorus oxide P2O5 deposits 

onto the wafer surfaces. The metal impurities are removed by released Cl2. At the 

mentioned temperatures diffusion of phosphorus into the silicon occurs forming a pn 

junction with the p-type base. 

There is also an alternative method which is the deposition of diluted phosphoric acid 

H3PO4 onto the wafer surface. The wafer moves horizontally on a conveyer belt through 

mist consisting of H3PO4 and water. The drive-in of the phosphorus is performed on a 

conveyer belt firing furnace.  



The concentration of impurities is reduced through phosphorus diffusion by gettering. 

Increasing the diffusion time and reducing the peak temperature improves impurity 

gettering if the sheet resistance has to stay the same.  

Phosphorus glass on the wafer surface is etched off using HF. Using a batch wet bench 

for this process is widespread. Inline equipment effective to remove the phosphor glass is 

commercially available. This equipment also can perform single-side etching on the wafer 

to remove the emitter from one side. The solar cell is transported on the surface of an 

etching bath in such a way that only the back side of the wafer is wetted. The emitter is 

fully removed from the back side of the wafer via the solution of H2O, H2SO4, HF, and 

HNO3. Accordingly, both front and rear sides of the solar cell are isolated electrically. The 

single-side etch is therefore an alternative process to plasma etching or laser edge isolation. 

At the front side of the solar cell as an antireflection coating is deposited a layer of 

silicon nitride SiNx:H. When the screen printing finished, the Ag contacts are fired through 

the SiNx:H layer. SiNx:H also serves as a good surface passivation, so the recombination 

losses of the emitter are reduced. Moreover, hydrogen is released from the hydrogen–rich 

SiNx:H film during a postdeposition annealing reducing bulk recombination in 

multicrystalline silicon. 

Titanium dioxide TiO2 or thermally grown silicon dioxide SiO2 were used as an 

antireflection coating for the first screen-printed silicon solar cells. But the refractive index 

of SiO2 is not high enough for optimal optical performance, and TiO2 has no surface or 

bulk passivation properties. SiO2 has excellent surface passivation properties; however, it 

does not passivate bulk defects in multicrystalline silicon. Moreover, high temperatures are 

required for the oxidation, so additional defects within multicrystalline silicon appear and 

equipment throughput is reduced. 

The most widely used in the photovoltaic industry method to deposit SiNx:H as 

antireflection coating is plasma–enhanced chemical vapor deposition (PECVD). Generally, 

there are four basic methods to form SiNx:H films: atmospheric pressure chemical vapor 

deposition (APCVD); lowpressure chemical vapor deposition (LPCVD); PECVD; and 

sputtering. 

The origins of the screen printing are in stencil printing, which has already been used 

1000 years ago. For the first time screen printing was applied to solar cells to form the 

front and the rear contact printing Ag and Al pastes, respectively. The screen-printing 

equipment for the formation of both front and rear contacts of solar cells is commercially 

available nowadays, with a variety of manufactures for equipment, screens, and pastes. The 

equipment for this method is robust, simple, and can be automated easily. 



Placed on a conveyor belt or walking beam, the wafer is moved onto a printing table. 

The screen mounted into an aluminium frame has areas that are blocked off with a stencil 

(positive of the front grid to be printed) and areas that are open where the paste will go 

through later on. The screen is placed on top of the front side of the wafer with a defined 

snap-off distance – the distance between wafer and screen. 

During the next step, a squeegee is moved without pressure over the screen to fill the 

screen openings uniformly with Ag paste (flooding of the screen). After that the squeegee 

is moved with a defined pressure over the screen pressing the screen locally against the 

wafer surface and pushing the Ag paste from the filled areas of the screen onto the wafer 

surface. The screen snaps off from the wafer in all areas where the squeegee is not pressing 

the screen against the wafer because of the screen tension. When the printing is finished, 

the wafer is transported on a conveyor belt or walking beam through a drying furnace 

before it is placed onto the next printing table for printing the rear side, so at the end of the 

printing process both front and rear contacts are fired simultaneously in a firing furnace. 

For printing the front and the rear side the same screen printing equipment is used. 

Nevertheless, for the formation of a good ohmic rear contact Al paste is used. It is also 

used to create a back-surface field (BSF) in p type silicon by Al doping of the rear surface 

region during firing. 

The front and the rear sides as described above with Ag and Al are fired 

simultaneously in a firing furnace (cofiring) after the screen printing is finished. Firing is 

an inline process with the solar cells placed onto a metal conveyor belt horizontally. Firing 

furnaces are operated with a set air flow and exhaust. There are some zones in the furnace 

that can be heated up to 1000
o
C separately with IR heaters. Usually it is possible to heat 

the wafers from the front and the back; some furnaces also have additional side heaters to 

adjust the lateral temperature uniformity. 

 

After the solar cell is manufactured, the measurements of IV characteristics and the 

optical parameters of each individual solar cell take place. The reasons for this are (i) to 

determine the optical quality, (ii) to determine its current at the maximum power point and 

sort the cells into current classes to minimize mismatch losses in the module consisting of 

series-connected solar cells, (iii) to determine its reverse breakthrough characteristics to 

avoid hot-spot heating within the module, and (iv) to determine as a final process control 

parameters such as fill-factor, open-circuit voltage, short-circuit current, and efficiency. 

 



6.3. Production sequence of Buried Contact (BC) Solar Cells. 

BC solar cells elaboration was motivated by the fabrication of high efficiency solar 

cells applying low cost technologies, and evolved as a process simplification from high 

efficiency processing based on microelectronics. So the main idea during the development 

of BC solar cells was to establish the most simple and low cost processes and techniques 

which were suitable for large area solar cells and for mass production. The resulting 

processing sequence requires no photolithography, avoids the use of an expensive 

metallization scheme and no expensive antireflection coatings are needed. 

As shown in Fig. 6.6 BC solar cells main advantages are smaller contact widths of the 

finger metallization compared to conventional screen printing technology. It is important 

for emitters with a high sheet resistance of around 100 Ω/sq that smaller finger widths 

allow closer finger spacing. Excellent finger conductivity can be obtained through basing 

metallisation on the laser grooves, so it reaches a higher aspect ratio (ratio of finger depth 

to width). Selective emitter structure consisting of an entire shallow emitter diffusion and a 

heavy diffused emitter underneath the metal contacts turned out to be relatively simple and 

reliable even for industrial application. The results of this structure are contact 

recombination of the finger metallization and low contact resistance. A selective metal 

deposition is applied based on electroless plating. 

BC solar cell technology was licensed by BP Solar in 1985. The scope of the 

subsequent development work was wide ranging and included Different methods and 

materials were included in the wide ranged scope  of development work for such steps in 

cell production as rear surface treatment and metallization, pn junction formation, 

dielectric surface passivation, grooving of the silicon. 

 



 

Fig. 6.6. Schematic drawing of a buried contact solar cell. 

 

 

BP Solar fabrication steps for BC solar cells are:  

Saw damage removal, texturing and cleaning of p-type silicon wafer 

P2O5 deposition on front side 

CVD silicon nitride deposition onto front side 

Laser groove 

Groove damage etch and cleaning 

Heavy POCl3 phosphorus diffusion and shallow P2O5 codiffusion 

Al evaporation to the rear 

Rear contact diffusion 

Electroless plating of Ni 

Sintering 

Etching 

Electroless plating of Cu and Ag 

Laser edge isolation 

IV measurement and sorting 



 

Through the laser grooving cutting 20 μm wide and 30 μm deep into the surface of the 

silicon, front grid pattern is fabricated (high speed, pulsed Nd-YAG laser is used). P2O5 

film is applied as the dopant source for the active silicon surface to form the emitter and 

POCl3 vapor is used to dope the exposed silicon in the grooves. To obtain optimum current 

collection over the whole solar spectrum the surface is doped lightly, while the groove 

regions are dopped more heavily, so low grid resistance characteristics and metal junction 

formation can be performed. The resulting sheet resistance is 100 Ω/sq for the n-type 

surface and 10 Ω/sq for the groove region. Vacuum deposition followed by a high 

temperature sintering process is used to coat the rear surface of the cell with a thin film of 

Al. To achieve the cometallization of the front and rear surfaces, a sequence of electroless 

plating using Cu, Ni, Ag (with intermediate metal sintering) is used. The efficiencies of 

about 17% are reached in production of BC solar cells. 

The main reason of BC solar cell current limitations is thin Al film on the rear side of 

the cell. Therefore, solar cells with laser fired cotnacts on the rear side and the buried 

contact grid on the front side are the main direction for further development. 

 

6.4. Rear contact solar cells. 

A conventional solar cell possesses metal contact on both cell sides. The structure of 

this cell type is shown in Fig. 6.7. It is a passivated emitter rear locally-diffused (PERL) 

structure, which made reaching of the highest efficiency of the silicon solar cell under one-

sun illumination possible. 

Using monocrystalline silicon demonstrated the highest efficiency. These cells feature: 

passivated front and rear surfaces, selective doping profiles underneath metal contacts for 

low contact recombination, well textured front surface with an antireflection coating for 

low front surface reflection and flat, low front contact shading and highly reflective rear 

for light-trapping. These  ingredients are applicable for the back-contact back-juncrion cell 

structure, and they are simultaneously required for a high-efficiency design. 
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Fig. 6.7. The passivated emitter, rear locally-diffused PERL cell which reached 

record efficiency. 

 

Three major categories exist for the backside contacted solar cells, which exhibit both 

polarities of metal contacts on the back side: 

• Back-Contact Back-Junction (BC-BJ) solar cells, which have the collecting junction 

and both contacts placed on the back side of the cell (also called Interdigitated Back 

Contact (IBC) solar cells); 

• Emitter Wrap Through (EWT) solar cells, in which laser-drilled holes are used to 

connect the front surface collecting junction to the interdigitated contacts on the back 

surface; 

• Metallization Wrap Through (MWT) solar cells, in which laser-drilled holes are used 

to connect the front surface collecting junction and the front metallization grid to the 

interconnection pads on the back surface. 

 

 



6.5. Highest efficiency silicon solar cell designs. 

 

Attention to every detail of the cell design is required for improvement in solar cell 

efficiencies. This assumes that there are no unavoidable losses. Fig. 5.8 illustrates the 

avoidable losses in a real PERL cell. Features of this cell design include low free carrier 

absorption due to localization of heavily doped regions, double layer antireflection coating, 

excellent light trapping, low metal reflection due to narrow, rounded fingers, no busbars 

and no cutting of the cell from the host wafer, so losses on the edges are minimized. 

Eliminating the reflection loss from the metal grid on the front surface by utilizing a 

back contact design is an obvious improvement. Free carrier absorption remains, as well as 

remain imperfect light trapping, absorption in the antireflection coating and non-metal 

reflection. Nevertheless, in order to achieve low-loss transport of electrons and holes to the 

rear surface a back contact cell must be thin. 

 

 

Fig. 5.8. Optical losses in a high performance PERL cell 
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7. Modules and arrays 

7.1. Basic structure of a photovoltaic installation 

A solar panel consists of a number of solar cells mounted in series. The number of 

solar cells is chosen in order to obtain an appropriate DC voltage level. In case the solar 

light intensity is sufficiently high, it is realistic to assume that a single solar cell generates a 

voltage of for instance 0.45 V. In such a situation, a solar panel consisting of 36 solar cells 

generates a voltage of 16.2 V which is sufficiently high to load a 12 V lead-acid battery. 

 

Figure 1: Solar panel containing solar cells mounted in series 

When considering a private household (Figure 1), in general solar panels are not used 

to load batteries. Commonly, the power will be injected into the public low voltage grid 

using an inverter as visualized in Figure 2.  

 

Figure 2: Structure of a grid connected solar system 



The solar panel visualized in Figure 1 contains 6x12 solar cells. In case each solar cell 

generates 0.45 V, a total DC voltage of 32.4 V obtained. By mounting a number of panels 

in a series connection, a larger voltage level can be obtained. The number of solar panels 

mounted in series will be chosen as a function of the solar panel type (e.g. the number of 

solar cells in a single panel) and the specifications of the inverter (e.g. the DC voltage 

range at the input of the inverter).   

A series connection of solar panels is called a string as visualized in Figure 2. For 

instance the available roof area or the nominal power of the inverter determines the number 

of strings which can be connected. It is important to obtain a uniform partitioning of the 

solar panels among the strings. For this reason an installation rarely contains for instance 

17 solar panels.  Indeed, when partitioning these 17 panels among two strings the obtained 

partitioning is always non uniform (8 panels in the first string and 9 panels in the second 

string). Due to such a non uniform partitioning, the energy efficiency of the installation 

decreases. 

7.2. The main parameters of a photovoltaic generator 

7.2.1. The current voltage characteristic  

Figure 3 visualizes a typical current voltage characteristic of a solar cell. In order to 

measure such a current voltage characteristic, it is useful to load the solar cell with a 

variable resistor. In case the load resistance decreases, the generated voltage will decrease. 

When short circuiting the solar cell, the output voltage equals zero and the short circuit 

current ISC is flowing.  



 

Figure 3: The current voltage characteristic of a solar cell 

 

As the load resistance increases, the voltage across the load will increase. Due to a 

high load resistance, almost no current is flowing. When considering an open circuit 

configuration (no load is connected at all), an open circuit voltage UOC is obtained. 

When measuring a characteristic as visualized in Figure 3, it is important to measure at 

the so-called standard test conditions. This allows different manufacturers and laboratories 

to compare their measurement results. These standard test conditions require a temperature 

of 25°C and a normalized light source must be used having a standard incident power of 

1000 W/m
2
. The indication A.M. (Air Mass) = 1.5 indicates the incident light has a 

spectrum which corresponds with the spectrum of the sun light at a degree of latitude 

which equals 48.5° (the sun light needs to cross a distance which equals 1.5 times the 

height of the atmosphere). 

The maximum power point on the current voltage characteristic of a single solar cell is 

generally obtained at a voltage level between 0.45 V and 0.5 V. This value originates from 

the working principle of crystalline silicon cells. The working point where a maximum 

power is generated is called the “Maximum Power Point” noted as MPP. The shape and 

size of the red hatched rectangle is determined by UMPP and IMPP. The surface of the red 

hatched rectangle, which represents the generated power, is maximized.  

In case several solar cells are mounted in series to realize a solar panel or in case 

several solar panels are mounted in series to realize a string, a similar current voltage 

characteristic is obtained. Due to the series connection, a higher voltage level is obtained. 

A lot of properties remain valid when considering a single solar cell, a solar panel, a string 



or even a number of strings mounted in parallel. In general, the entire installation is called 

a PV-generator. 

The inverter contains a maximum power point tracker which ensures the PV-generator 

is operating in its maximum power point (when considering a single solar cell the voltage 

equals approximately 0.45 V to 0.5 V). Then number of solar cells mounted in series 

determines the total voltage level in this maximum power point. For instance when 

considering a string containing ten solar panels, each containing 36 solar cells, one obtains 

a voltage level UMPP between 162 V and 180 V.  

In this maximum power point, a current IMPP and a voltage level UMPP is obtained. 

Some manufacturers do not mention IMPP or UMPP, they shortly use the notations I and U. 

When considering the current voltage characteristic of Figure 3, the green colored current 

voltage characteristic is obtained when the incident light intensity is higher.  This implies 

UMPP, IMPP, UOC and ISC change i.e. they increase. The hatched triangle, visualizing the 

generated power in the maximum power point, has a larger area implying more power is 

generated. 

7.2.2. The power characteristic 

Not only the current voltage characteristic has a typical shape, this is also the case 

when considering the power characteristic. This power characteristic is obtained by 

calculating      and visualizing the result as a function of the voltage  . The green 

colored curve in Figure 4 visualizes the power. The area of the hatched rectangle 

corresponds with the maximum power value which is obtained at UMPP.   

 

Figure 4: The power characteristic of a solar cell 



7.2.3. The main parameters of a solar panel 

 

Figure 5 visualizes the main parameters of a Multisol 200A and a Multisol 200S solar 

panel. The rated power is expressed as Watt-peak or shortly Wp. This is the maximum 

power the solar panel can generate at standard test conditions. This maximum power is the 

power in the earlier mentioned maximum power point. Figure 5 also provides the 

maximum power for one single square meter. The voltage and the current mentioned in 

Figure 5 are UMPP (47.5 V) and IMPP (4.42 A) generated by the 200S solar panel at standard 

test conditions implying the peak power Wp is obtained.   

The Multisol solar panel contains 8x12 solar cells. Each individual solar cell has a 

UMPP value which equals UMPP = 0.49 V. Since these 96 solar cells are mounted in series, 

each cell has the same IMPP = 4.42 A. 

The short circuit current ISC and the open circuit voltage UOC are also given. The 

physical dimensions, the weight and the temperature coefficients are also given. The 

negative temperature coefficient indicates the UMPP voltage decreases as the temperature 

increases. This means the generated power and the efficiency of the solar panel decreases 

as the temperature increases (the impact of the temperature on IMPP is limited). 

Multisol 200 

Panel type 200A 200S 

Peak power Wp 200±5% 210±5% 

Peak power per m
2
 Wp/m

2
 116 122 

UMPP V 47.5 47.5 

IMPP A 4.21 4.42 

UOC V 57.5 57.7 

ISC A 5.01 4.60 

Temperature coefficient V/°C -0.19 

Temperature coefficient A/°C 0.0024 

Dimensions mm 1075x1600x42 

Weight kg 20.0 



 

Figure 5: Main parameters of a Multisol 200 solar panel 

 

7.3. Engineering the entire installation 

 

The inverter converts the DC input voltage to an AC voltage and injects the power in 

the public grid (Figure 2). This AC voltage has a frequency of 50 Hz (or 60 Hz in some 

countries). The inverter contains one or several MPP-tracker(s) which take care the strings 

are operating at their maximum power point. Figure  6 visualizes a frequently used solar 

inverter type. 

 

Figure 6: Solar inverter 

 

A solar inverter has a number of parameters which must be taken into account. An 

inverter has a maximum AC output power and a maximum AC output current. When 

considering the Sunny Boy (SMA) visualized in Figure 6, the maximum output power 

equals 700 W (which is also the rated power) and the maximum output current equals 3.5 

A in case of a grid voltage of 230 V. When the inverter inject a sufficiently large power 

into the grid, a high power factor is obtained. In case only a small active power is injected 

into the grid, the power factor is much lower. 



The plate of the inverter also contains information about the DC input voltage and the 

DC input current. This information is important when engineering the PV-generator. 

7.3.1. The minimum DC input voltage 

 

The DC input voltage range of the inverter determines the number of panels which can 

be mounted in a string. The plate of the inverter of Figure 6 mentions an input voltage 

range between 119 V and 250 V. This is a broad range which, in case of an appropriate 

choice of the number of panels, allows the PV installation to generate power at different 

solar light intensities implying different DC voltage levels. 

During the night, UMPP (and even UOC) is lower than the minimum required DC input 

voltage of the inverter. It is normal, the inverter is not able to inject power into the public 

grid during the night. During the day, such a situation must be avoided as much as 

possible. This can be done by mounting a sufficient number of solar panels in a series 

configuration in order to obtain the string. Indeed, when mounting a smaller number of 

solar panels, a higher incident light intensity is needed to obtain the minimum 119 V 

(Figure 6). 

When the number of solar panels mounted in series is too small (or when the number 

of solar cells in one single solar panel is too small), it happens too frequently that the 

inverter is not able to inject power into the grid due to a DC input voltage which is too 

small. Although this implies energy losses, no dangerous situation which damages the 

installation occurs. 



 

Figure 7: The minimum input voltage 

 

Figure 7 visualizes, hatched in red, the working region of the inverter. There is a 

minimum and a maximum DC input voltage. There is also a maximum DC input current 

and an upper limit for the power. The current voltage characteristics of the PV generators 

are blue colored and the corresponding power characteristics are green colored. When 

considering the lowest current voltage characteristic, the UMPP voltage of the PV generator 

is lower than the minimum required DC input voltage. The inverter will operate at its 

minimum input voltage because this minimum input voltage is lower than the UOC voltage 

of the PV generator. Due to the working point having a voltage level which is higher than 

UMPP, no maximum power output is obtained. In case the power of the incident solar light 

increases, the higher current voltage characteristic will be obtained. This implies it is 

possible to operate in the maximum power point. 

 The minimum number of solar panels in a string depends on UMPP. When considering 

the Sunny Boy inverter of Figure 6, using solar panels containing 54 solar cells each 

having an UMPP = 0.45 V (UMPP = 24.3 V for a single panel), at least a series connection of 

five panels are needed to realize a string. This engineering strategy implies the PV 

generator is able to injects its power into the grid in case of standard test conditions. But 

when the UMPP voltage decreases, for instance due to a lower incident solar power, it is not 

possible to operate in the maximum power point. 



7.3.2. The maximum DC input voltage 

 

In case a larger number of solar panels are mounted in series (which requires a larger 

financial investment), less incident solar power is needed to obtain the minimum DC input 

voltage which allows the inverter to inject power into the public grid. In case of a larger 

number of solar panels, attention is needed in order to avoid an overvoltage at the DC input 

of the inverter. The UOC voltage of the PV generator must be lower than the maximum DC 

input voltage. This condition must be respected since an overvoltage at the DC input (as 

visualized in Figure 8) might damage the inverter. 

When the DC input voltage is too high, the majority of the inverters give an error 

indication. The PV generator must be disconnected from the inverter in order to avoid 

damage to this inverter. 

 

Figure 8: The maximum DC input voltage 

The maximum solar cell voltage UOC approximately equals 0.6 V in case of standard 

test conditions. When using a solar panel containing 54 cells, a voltage of 32.4 V is 

obtained. This implies, when considering the Sunny Boy inverter of Figure 6, a maximum 

of seven solar panels are allowed to be mounted in series in one single string. This 

approach implies the UOC voltage of the PV generator is never higher than the maximum 

allowable DC input voltage of the inverter (for instance an ambient temperature of -10°C 

must be taken into consideration since UOC increases as the temperature decreases). 



7.3.3. The maximum input power 

 

De area of the solar cell has no impact on the amplitude of the generated voltage. The 

area of the solar cell determines the amplitude of the current and therefore also the power 

level. De maximum allowable DC input current (7 A in case of the Sunny Boy inverter of 

Figure 6) determines the maximum area of a solar cell. Possibly, a number of strings are 

mounted in parallel at the DC input of the inverter. The maximum allowable DC input 

current determines in a similar way the number of strings which can be connected. 

Figure 9 visualizes the upper limits for the DC input current and for the DC input 

power. By operating at a working point which does not equal the maximum power point of 

the PV generator, the power and the current will be limited to a value which is allowable 

for the inverter. Although the inverter is operating at full power, this is not the case for the 

PV generator. 

 

Figure 9: The maximum DC input power 

 

7.4. The power ratio 

 



When considering engineering rules to match the PV generator and the inverter, the 

so-called power ratio is important. More precisely, the power ratio is the ratio between the 

maximum allowable DC input power of the inverter and the rated power of the PV 

generator. 

When the power ratio is too small, the PV generator will not be able to operate in its 

maximum power point when the incident solar power is high. This implies production 

losses. At the other hand side, the PV installation will be able to generate power in case of 

a lower incident solar power (which occurs quite often in a lot of countries). 

When the power ratio is too high, in case of low incident solar power the PV generator 

will not be able to inject power into the grid at all (or the working point will be far away 

from the maximum power point). The PV installation will operate properly in case of a 

higher incident solar power. 

It is clear there exists some optimum choice for the power ratio. In a lot of countries, a 

low incident solar power happens more frequently than a high incident solar power. This 

implies it is very often useful to choose a power ratio lower than 100%. A power ratio 

which equals 90% is often a good choice. 

 

7.5. Temperature effects 

 

The data mentioned on a plate of a solar panel are valid at a temperature of 25°C. Due 

to a higher temperature, when considering the same incident solar power, the electrical 

power production decreases (UMPP decreases as the temperature increases). The major solar 

irradiation happens during the summer when the temperatures are higher which reduces the 

efficiency and the power output. Especially during the summer, it can happen the voltage 

in the maximum power point decreases due to the higher temperatures. During the winter, 

the temperatures are lower which increases the efficiency but the incident solar power is in 

general lower. 

The temperature also has an impact on the number of solar panels which can be 

mounted in series to obtain a string. When aiming to obtain a voltage in the maximum 

power point which is larger than the minimum DC input voltage of the inverter, than a 

maximum temperature of for instance 70°C must be taken into account. Indeed, as the 

temperature increases UMPP decreases implying this condition must be verified at 70°C. 



When requiring that UOC must be lower than the maximum DC input voltage, than a 

minimum temperature of for instance -10°C must be considered. As the temperature 

decreases, UOC increases implying this condition indeed needs to be verified at -10°C. In 

case the required data at -10°C are missing,  a correction factor of 1.2 can be used. 

 

7.6. String configurations 

 

The available roof area, in combination with the financial limitations (and possibly 

also the limitations due to the electrical power grid), determines the total installed power of 

the PV installation. Having chosen the solar panel, also the total number of solar panels is 

fixed. The data on the plates of the inverter and the solar panels determine the number of 

panels in one single string. In case the total number of solar panels is larger than the 

maximum number of solar panels in one single string, several strings are mounted in 

parallel. 

Identical strings can be obtained by having the same number of solar panels in each 

string and using the same type of solar panel throughout the entire installation. Different 

strings or string properties can be obtained by 

using different numbers of solar panels in different strings, 

using different types of solar panels throughout the installation, 

shadow effects in one single or a number of solar panels. 

 

7.6.1. Identical strings   

Suppose an installation has two strings each containing five solar panels mounted in 

series (36 cells in a solar panel) which inject their power into the grid using a common 

inverter. Suppose that due the maximum power point tracking a voltage of 0.45 V is 

obtained across each cell. Across an entire string, a voltage of 81 V is obtained (5 panels 

containing 36 cells each having a voltage of 0.45 V). 

Since the second string in mounted in parallel with the first string, also the second 

string will generate a voltage which equals 81 V. Each panel in this second string will 

generate 16.2 V implying each solar cell in this second string is operating in its maximum 



power point (UMPP = 0.45 V). The second string (and all the solar panels and all the solar 

cells) will generate a maximum power. 

7.6.2. Non identical strings 

When considering new PV installations, in general the strings mounted in parallel are 

identical. In case changes occur, for instance by replacing some solar panels by another 

type of solar panel, the strings become non identical. 

Suppose an installation contains two strings mounted in parallel. The first string 

contains five solar panels mounted in series (36 cells for each solar panel) and the other 

string contains four panels mounted in series (36 cells for each solar panel). Both strings 

use the same inverter to inject their power into the grid. 

These two strings are mounted in parallel and connected to the DC input of the 

inverter which only contains one single maximum power point tracker. The same voltage 

appears across both strings but the voltages across the individual solar panels and solar 

cells will be different when comparing both strings. This means the working points will be 

different when comparing these strings. 

Figure 10 visualizes the current voltage characteristics of both strings in case a single 

solar cell has an UMPP voltage which equals 0.47 V. Since the first string contains 5x36 

solar cells mounted in series, this first string has an UMPP = 84.6 V. Since the second string 

contains 4x36 solar cells mounted in series, this second string has an UMPP = 67.68 V. 

   

Figure 10: Current voltage characteristics of the strings 

 

In case both strings are mounted in parallel, an inverter having one single maximum 

power point tracker will never be able to obtain the maximum power point for both strings 

at the same time. In case the smaller string generates its maximum power, than each panel 

of the largest string generates a voltage which is lower than UMPP. In case the largest string 



generates its maximum power, than each panel of the smaller string generates a voltage 

which is larger than UMPP. Both string will never generate their maximum power at the 

same time. 

 

Figure 11: MPP tracking of two different strings mounted in parallel (without blocking 

diodes) 

 

Suppose the smallest string is operating at its maximum power point. When the 

voltage across the strings (which are mounted in parallel) increases, the power of the larger 

string will increase but the power of the smaller string will decrease. As long as the 

increase of this total voltage is limited, the increase of the generated power by the larger 

string will compensate the decrease of the generated power by the smaller string. This 

implies the total generated power will increase. When the increase of the total voltage is 

too large, the increase in the generated power by the larger string will not be able to 

compensate the decrease in the generated power by the smaller string. The total generated 

power will decrease. There exists an UMPP value  for the two strings mounted in parallel 

which is higher than the UMPP value of the smaller string and which is lower than the UMPP 

value of the larger string. 

When considering non identical strings mounted in parallel, the solar panels will 

generate a lower power. Indeed, the smaller string generates less power than the power in 

the maximum power point since U > UMPP. The larger string generates less power than the 

power in the maximum power point since U < UMPP. The energy efficiency of the PV 

installation is lower when unequal strings are mounted in parallel. 



Figure 11 is obtained when unequal strings are mounted in parallel without the use of 

blocking diodes or bypass diodes. Indeed, in case the voltage is higher than UOC of the 

smaller string, the polarity of the current in the smaller string changes.  

 

7.6.3. Blocking diodes 

 

Figure 12: The use of blocking diodes 

 

In case a PV installation (for instance one single solar panel) is used to load a battery, 

than a blocking diode is mounted in series with the PV generator. Due to this blocking 

diode, the PV generator is able to generate current but the PV generator is unable to 

consume current. The polarity of the current is not able to change. This avoids that a 

loaded battery is unloading using the PV generator as a load during the night (the PV 

generator is generating a voltage which is lower than the battery voltage).  



In case several strings are mounted in parallel, care is needed. In case the first string 

generates a voltage which is higher than the UOC voltage of the second string, than the first 

string will send current to the second string which is consuming power. Such a situation is 

avoided by (see Figure 12) mounting a blocking diode in series with each string. 

In normal conditions, all strings generate current implying these blocking diodes have 

no real effect (they account for a voltage drop of approximately 0.7 V). Due to the 

blocking diodes, the current voltage characteristic of the larger string in parallel with the 

smaller string changes. The resulting current voltage characteristic is visualized in Figure 

13. 

 

Figure 13: Current voltage characteristic of two different strings mounted in parallel 

(with blocking diodes) 

 

7.6.4. Bypass diodes 

 

When considering a PV installation, not only blocking diodes but also bypass diodes 

are used. Contrary to blocking diodes which are mounted in series, bypass diodes are 

mounted in parallel with a module or a number of cells. In normal situations, no current is 

flowing through these bypass diodes. In case a solar cell is shaded or damaged, due to the 

bypass diodes current is not forced to flow through the shaded or damaged cells (the 



current is able to bypass the shaded or damaged cells and flow through the bypass diode). 

These bypass diodes can be integrated inside the solar panel (no inspection or replacement 

is possible) (see Figure 12) or they can be mounted separately (it is possible to replace 

them).  

Figure 14 (upper figure) visualizes the situation where the bypass diodes do not 

conduct. All solar cells generate power. Figure 14 (lower figure) visualizes the situation 

where a solar cell at the right is shaded implying almost no current is able to flow. The 

current generated by the left solar cells flows to the load using the bypass diode at the 

right. 

The goal of PV generators is always to generate power i.e. they generate a positive 

voltage and a positive current as visualized in the current voltage characteristic of Figure 3. 

In case the polarity of either the voltage or the current changes, the PV generator consumes 

active power which must be avoided. Reversing the polarity of the current must be avoided 

by placing blocking diodes and reversing the polarity of the voltage (except for -0.7 V) 

must be avoided by placing bypass diodes. 

Typically, a  bypass diode is mounted in combination with 12 to 18 solar cells 

mounted in series. When considering solar panels containing 36 cells, often two bypass 

diodes can be found.    

 

Figure 14: The use of bypass diodes 



7.7. The use of multiple MPP trackers or multiple inverters 

 

By mounting non identical strings in parallel (containing a different number of solar 

panels in series), the solar panels are not able to generated the maximum possible power. A 

similar situation occurs when the strings contain different types of solar panels (for 

instance having a different number of solar cells in one single solar panel). 

The reduction in the generated power when mounting two different strings in parallel, 

can be avoided by using an inverter having two MPP trackers. This allows to obtain the 

maximum power point for each string separately. Inverters having two separate MPP 

trackers are more expensive. 

Instead of using a centralized inverter having one or two MPP trackers as visualized in 

Figure 2, also so-called AC solar panels can be used. In such a situation, each solar panel 

has its own (small) inverter. The DC voltage generated by the solar panel is converted into 

AC (230 V) using a high efficiency inverter. A major advantage of such AC solar panels is 

its modularity. By mounting the AC outputs of these inverters in parallel, systems can be 

obtained containing one single AC solar panel or several hundreds of these AC solar 

panels. 

Systems using such AC solar panels have an energy yield which is approximately 3% 

to 4% higher than the systems using a DC connector and a centralized inverter as 

visualized in Figure 2. Indeed, a number of losses are avoided (no diodes, no DC cables, 

…). But of major importance is the fact these AC solar panels have less problems due to a 

partially shaded installation. In case one or a limited number of solar panels are shaded, 

they generate less power which is unavoidable but they do not hamper the other solar 

panels as it is the case in a string configuration. The panels which have a sufficient high 

incident solar power are able to generate a maximum electrical power. 
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8. Other solar cell types 

More than a decade ago, term "Third generation of photovoltaics" was proposed by 

professor M.A. Green [9]. Conventional Si technology, which was developed first, was 

defined as the "first generation technology". Developed later, less expensive and at the 

same time less efficient various thin film technologies were defined as "the second 

generation". Third generation of technologies was expected to overcome most of the 

problems of the previous two, maintain their main advantages and reach higher efficiencies 

at the same time. It was expected, that 3rd generation solar cells would be cheaper than 

silicon solar cells, achieving 0.2 USD/Wp price range and reach efficiencies above the 

limit for a single bandgap. 

As of today (late 2013), all three generations of technologies coexist due to several 

factors. One of them is a steep experience curve of maturing crystalline Si technology, 

which led to price levels approaching 0.5 USD/Wp - a value expected for thin film cells a 

decade ago, but not for c-Si technology. At the same time record efficiencies of tandem 

solar cells, one of 3rd generation technologies, exceeded substantially the limit for single 

bandgap solar cells. However, production of such cells is still restricted to expensive 

methods, such as molecular beam epitaxy (MBE), leading to the price ranges acceptable 

only to selected niche applications, such as spacecraft. 

Crystalline Si technology was reviewed in the previous chapters of the book, therefore 

other technologies will be briefly presented on the following pages. 

8.1. CdTe/CdS solar cells. 

 

Cadmium Telluride CdTe is a semiconductor with a direct optical energy bandgap of 

1.5 eV. Direct bandgap  leads to a high optical absorption coefficient for photons with 

energies of more than 1.5 eV. Therefore only a few microns of CdTe are needed to absorb 

most of the incident light. Smaller by two orders of magnitude thickness, when compared 

to the dominant silicon (Si) technology, brings two main benefits. First, material costs are 

minimized, since less material is required. In addition, a short minority carrier diffusion 



length of few microns is adequate, so expensive semiconductor material processing 

techniques can be simplified. 

 

Fig. 8.1. Layer structure of CdTe solar cells. 

Typical cross-section of CdTe/CdS solar cells is presented in Fig. 8.1. Production 

usualy starts with a glass substrate, on which transparent conductive oxide is deposited. 

Doped tin oxide (for example, ITO - indium doped tin oxide) is usually the material of 

choice due to high conductivity and transparency within the entire visible range. n-type 

CdS window layer and p-type CdTe absorber layers are then deposited to form the p-n 

heterojunction. CdS partially absorbs the light in the blue end of the spectrum, however, 

this effect can be partially compensated by selecting thinner (of the order of 100 nm) 

layers. Variety of techniques can be used for CdTe layer deposition, including closed-space 

sublimation, chemical spraying, electroplating. After deposition of CdTe, metal contact is 

deposited to finish the entire structure. 

Two main factors limit the popularity of such cells - toxicity of cadmium and limited 

resources of Te with resulting price volatility. Collection and recycling of CdTe modules 

might be legally required in some countries due to the first factor. Material availability 

issues and their causes will be reviewed in the last chapters of the book. 

8.2. CIS and CIGS solar cells 

 

Copper indium gallium selenide (CuIn1-xGaxSe2 or CIGS) is a direct bandgap 

semiconductor used for the manufacture of solar cells. A variety of absorbers can be 

obtained from CuInSe2 compound be partially or fully replacing indium with other group 

III elements and selenium - with sulfur. Abbreviation CIS is usually used in various 

literature sources for compounds without gallium and CIGSSe - for semiconductors with 

sulfur and selenium both. 



 

Fig. 8.2. Bandgaps and lattice constants of selected chalkopyrite compounds. After 

[10]. 

 

Typical structure of highest efficiency solar cells [11] is presented in Fig. 8.3. Soda 

lime glass usually serves as a substrate for solar cells. It also acts as a source of sodium 

diffusion, which is beneficial for the operation of such solar cells. However, alternative 

substrates, such as metal foils, and alternative sodium sources are possible. Approximately 

1 μm thick molybdenum layer is deposited first and acts as a bottom contact. CIGS is a 

direct bandgap semiconductor, therefore, only several microns of material are required to 

fully absorb radiation in a visible range of solar spectrum and most of infrared radiation 

with photon energies above the bandgap. Approximately 60 nm thick CdS buffer layer is 

usually deposited using chemical bath deposition (CBD). Undoped i-ZnO and n type 

ZnO:Al layers finish the heterostructure. To reduce the optical losses and increase 

efficiency, MgF2 antireflective coating can be applied. Evaporated Ni/Al contact grid 

improves the efficiency of the device by reducing ohmic losses. 

 



 

Fig. 8.3. Structure of high efficiency CIGS solar cell. After [11]. 

 

Highest efficiency of the devices are obtained using co-evaporation of elements from 

separate sources, however, alternative methods employing conversion of metallic 

precursors exists for large scale industrial processes. Such production process is presented 

in Fig. 8.4. As in the previous case production starts with molybdenum bottom contact 

deposition using sputtering. Mo layer is then scribed using mechanical scribing in older 

production lines or laser scribing in newer ones. Multilayer "sandwich" of Cu and In layers 

is then deposited by sputtering. Afterwards, Cu and In precursors are converted into CIS at 

high temperature of the order of 500 °C in a reactive thermal process (RTP) furnace. CdS 

buffer layer is then deposited using CBD process. All semiconductor layers are then 

scribed down to bottom contact layer using so-called P2 mechanical or laser scribing. After 

i-ZnO and TCO sputtering, the third scribe is made and finished solar cells are tested and 

encapsulated. 

 



Fig. 8.4. Baseline process sequence for manufacturing of CuInS2-based modules. After 

[12]. 

 

Three scribing stages are required for an efficienct power extraction from large area 

cells. Voltage of the individual solar cell is of the order of 0.6 V. At the same time 

hypothetical 1 m
2
 solar cell without any serial interconnection and reasonable quantum 

efficiency could produce several hundred amperes of photocurrent on a sunny day. Such 

current can't be efficiently transported to the edge of the device by TCO layer of the 

reasonable thickness, therefore monolithic serial interconnection (Fig. 8.5) is used for large 

area modules. 

First scribe P1 separates and electrically isolates narrow (or the order of centimeters) 

stripes of Mo bottom contacts for the individual cells. After CIGS deposition, the second 

scribe P2 and the deposition of TCO layer, transparent top contact of Cell 1 becomes 

connected to the bottom contact of the Cell 2. However it also remains connected to the top 

contact of Cell 2, therefore scribe P3 is required for removal of this shunt path. 

 

 

Fig. 8.5. Monolithic serial interconnection of CIGS solar cells. 

 

Voltage of such serially interconnected module increases proportionally to the number 

of interconnected cells, while current (and ohmic losses in each individual cell) remain 

constant despite the area increase. Therefore, such interconnection removes one of the 

main obstacles for production of efficient large area modules. 

 



8.3. CZTS solar cells. 

 

Cu2ZnSnS4 or CZTS is a I2-II-IV-VI4 quaternary compound. From the chalcopyrite 

CIGS structure, one can obtain kesterite structure of CZTS by substituting the trivalent 

In/Ga with a bivalent Zn and four-valent Sn. Bandgap of CZTS is 1.4 - 1.5 eV, making it 

very suitable for photovoltaic applications. Another major advantage of CZTS the 

abundance of the materials for its production. Neither Cu, Zn, Sn or sulfur are particularly 

rare or expensive, their abundance is sufficient for even terawatt scale deployment of 

photovoltaics. 

Even with fixed ratios of Cu to Zn or Sn, bandgap variation can be achieved through 

partial replacement of sulfur with selenium. Full replacement leads to the bandgap of 

approximately 1 eV, as in a case of CuInS2 compound. Structure of the cell (Fig. 8.5) is 

essentially the same as CIGS/CIS, with the only major difference of the absorber material.  

Production can also be similar to CIGS/CIS solar cells - both co-evaporation and 

conversion of precursors are actively studied. However, in addition to inexpensive 

materials, major substantial cost reduction opportunities could be expected from the novel 

non-vacuum production methods. In 2012, scientists from IBM T. J. Watson Research 

Center demonstrated >11 % efficient hydrazine-processed CZTSSe devices [13] 

 

 

Fig. 8.5. Structure of CZTS or CZTSSe solar cell. 

 



8.4. 8.4. Thin-layer amorphous silicon solar cells. 

 

Amorphous solids are materials whose atoms are not arranged in any ordered lattice, 

contrary to crystalline materials. One of the most common examples of amorphous 

material around us is glass. From the material scientists point of view, amorphous 

materials have a very large number of structural and bonding defects, as illustrated in 

Fig. 8.6. Fast recombination and other worse properties in comparison to crystalline 

materials are expected in such case. However, economic advantages and ease of 

manufacturing sometimes make amorphous semiconductors favorable for some PV 

applications. Therefore, amorphous silicon (or a-Si) is common in today's consumer 

devices, such as watches and calculators. 

 

Fig. 8.6. Sketch of atom position in amorphous silicon. 

 

Amorphous silicon has also one important advantage over crystalline silicon - higher 

by almost two orders of magnitude absorption coefficient in a visible range, compared to 

crystalline silicon. Therefore, micron thick layer of a-Si is sufficient to absorb most of the 

light. Such thickness also means, that shorter diffusion lengths can be tolerated.  

In addition, if hydrogen atoms are introduced into a-Si, they are attached to so-called 

"dangling-bonds", passivating these defects - restricting electron-hole recombination due to 

them. a-Si cells are usually deposited such way, that they already contain some hydrogen 

after the deposition. Unfortunately, most of a-Si solar cells experience so-called Staebler-

Wronski effect, which is a reduction of their efficiency after the exposure to the sunlight. 

One way to ensure fast collection before the recombination is to produce a p-i-n 

structure. As it is known, a space charge region of p-n junctions extends more into a low 

doped semiconductor. If undoped semiconductor is placed between p- and n- type layers, it 



doesn't screen the electric field produced by charged layers around it. Due to the presence 

of such field, generated by absorbed photons pairs of carriers are separated quicker and 

efficiency of the device is increased. 

An example of the device in which all these ideas are implemented is presented in 

fig. 8.7. Amorton is an integrated amorphous silicon solar cell which has been developed 

by SANYO. Silane (SiH4) is used as a source gas and layers are grown using a plasma-

enhanced CVD method. Three amorphous silicon layers -- p-layer, i-layer, and n-layer -- 

are formed consecutively on a glass substrate. Similarly to CIS/CIGS/CZTS cells reviewed 

previously, cells are usually connected in series to obtain the desired voltage and to reduce 

losses. 

 

Fig. 8.7. Layers of Sanyo Amorton solar cell. After [14]. For clarity, layers are drawn 

not to scale. p- and n- type layers are usually substantially thinner (of the order of tens of 

nm) than thick intrinsic layer of approx. 1 μm thickness. 

 

8.5. Silicon heterostructure (HIT) solar cells. 

 

Amorphous silicon can also act as efficient passivating layer for the crystalline silicon 

(c-Si). Hybrid a-Si/c-Si solar cell was also developed by Sanyo. Structure of silicon 

heterostructure (HIT) solar cell is presented in Fig. 8.8. Production starts with crystalline 

silicon wafer, on which thin layer of high quality intrinsic amorphous silicon is deposited, 



which passivates the dangling bonds of c-Si surface. Heterostructure is formed by 

depositing p- type a-Si layer on one of the sides, while n-type a-Si layer is deposited on the 

another side of the wafer. Such “sandwitch” is completed by deposition of transparent 

conducting electrodes on both sides and metal grid for increased conductivity. 

Such production method has several advantages. First, temperatures below 200°C are 

sufficient for all the processes and no silicon-metal alloys are formed. Therefore, stress and 

deformations are greatly reduced and thinner wafers can be used. Due to efficient 

passivation, high open circuit voltages of approximately 0.7 V can be achieved. Also, 

illumination of both surfaces of the module can be exploited for applications involving 

concentrators or simply for a better collection of diffuse radiation. 

 

Fig. 8.8. Structure of HIT solar cell. 

 

8.6. Dye sensitized solar cells. 

 

Dye-sensitized solar cells consist of an electrolyte sandwiched between a 

photoelectrode and a catalytic-electrode (counter electrode). The photoelectrode is a 

conductive glass plate coated with porous titanium dioxide to create a layer, which can 

adsorb photosensitive dye molecules. Light energy absorbed in the dye is converted to 

electricity via a process similar to the photosynthesis. In leaves of plants, light absorbed by 

chloroplast pigment molecules is converted into chemical energy, which later is used to 

produce carbohydrates. Since dye-sensitized solar cells also extract electrical energy from 



light absorbed by pigment molecules (dye), they are also known as "pseudo-photosynthetic 

solar cells." 

In these cells, light conversion happens in several stages (Fig. 8.9). First (top picture), 

photons are absorbed by dye molecules, which are excited to the higher-energy state. In 

this state they can emit electrons with sufficient energy to be injected into titanium dioxide. 

Electrons from titanium dioxide move into transparent electrode.  

Then, electrons reach the catalytic electrode through the external circuit and are 

accepted by triiodide ions, present in the electrolyte gel (middle picture). This leads to the 

reduction of triiodide ions to iodide ions. Afterwards, electrons are passed to the dye 

molecules, iodide ions are converted back to triiodide ions and the cycle can be repeated 

with the further absorption of photons. 

 

 

 



 

Fig. 8.9. Stages of light conversion in dye sensitized solar cells. 

 

8.7. Organic solar cells. 

 

Fig. 8.10. Layers of organic solar cells. After [15]. 

 

Contrary to their inorganic counterparts, organic (fig. 8.10.) photovoltaic cells employ 

absorption in single molecules for their active layers instead of bulk electronic states. As a 

result, an exciton is generated within a single molecule after photon absorption. This 

exciton can be split at the interface between the absorber material and the electron acceptor 

material, which has to be used in conjunction with the molecular absorber. Energetic 

mismatch of the molecular orbitals at the interface between two materials is the driving 

force, which leads to the split of the exciton into free carriers – an electron and a hole. 



Afterwards, these carriers are transported to the opposite electrodes and can recombine 

after passing the external circuit (Fig. 8.11). 

 

Fig. 8.11. Transitions of carriers between molecular orbitals. 

 

Organic solar cells can be divided into two major groups – small molecule cells and 

polymer-based cells. For the first group of devices, highly conjugated systems as 

phthalocyanines, polyacenes, and squarenes are typically used as electron-donating 

materials, while perylene dyes and fullerenes are often used as the electron-accepting 

systems. Polymer-based OPV cells use long-chained molecular systems for the electron-

donating material (for example, P3HT, MDMO-PPV), along with derivatized fullerenes as 

the electron-accepting system (e.g., PC60BM). 

Currently the efficiency of organic solar cells is still limited due to two main factors – 

small exciton diffusion lengths of the order of 10 nm and low mobility of the carriers of the 

order of several cm
2
/V·s. These factors mean that only thin active layers can be employed, 

which limits the overall device efficiency. In addition, degradation of the current organic 

solar cells is still faster by at least an order of magnitude, further restricting their 

applicability. 

These deficiencies are addressed by the current research efforts to find better absorber 

materials, create a multijunction architecture for the greater efficiency and to find better 

encapsulation and protection methods. Such research is motivated by the advantages of 

organic solar cells – low cost and abundance of materials, a possibility to use flexible 

substrates and inexpensive roll-to-roll processing methods. 

 



8.8. Multijunction tandem solar cells. 

 

Single junction solar cells inevitably have two major disadvantages. Large part of 

photon energy is wasted if it substantially exceeds the bandgap of the absorber material. 

Selection of the larger bandgap material for the solar cell leads to an increase of the width 

of the unused solar spectrum part. So called multijunction solar cells are designed to 

address these issues. Principles of their operation are illustrated in Fig. 8.12. Photons with 

the highest energies are absorbed in the material with the widest bandgap first (InGaP in 

the given example), where their energy can be better exploited. The remaining photons 

with lower energies reach lower p-n junctions with bandgaps narrowing towards the rear 

contact (InGaAs and Ge). This allows a better utilization of the entire spectrum. 

 

 

Fig. 8.12. Structure of the typical multijunction solar with three p-n junctions. 

 

Simple connection of two p-n junctions in series would lead to thyristor-like p-n-p-n 

structure restricting the current flow. However, with sufficiently high doping levels of 

semiconductors, p-n junction can act like a tunnel diode with low resistance in a vicinity of 

zero applied voltage point. By heavily doping semiconductors at every second p-n 

junction, as illustrated in Fig. 8.12, multiple p-n junctions can be connected in series with 

only minor ohmic losses in between due to tunnel junctions. 



8.9. Concepts for 3rd generation solar cells. 

 

First and second generation of single-bandgap solar cells have a therotical efficiency 

limit, which was computed by W. Shockley and H. J. Queisser back in 1961 [16]. This 

limit for the ideal device was estimated to be between 31 % and 41% depending on the 

light concentration factor. Summary of the processes, leading to efficiency loss is depicted 

in Fig. 8.13. Non-absorbed photons (1) and lattice thermalization (2) are processes, which 

would be inevitable even with an ideal quality of the contacts and of the semiconductor 

material. Together with the thermal emission from the solar cell they are “responsible” for 

the Shockley-Queisser limit. As currently standing records of more than 25% efficiency for 

crystalline silicon solar cells (just several % below the theoretical limit) show, all other 

losses are much smaller than the main ones. 

 

Fig. 8.13. Loss processes in a standard solar cell: (1) transmission of photons with 

energies below bandgap; (2) lattice thermalization loss; (3) and (4) junction and contact 

voltage losses; (5) recombination loss. After [17]. 

 

There are three main options, how excess or insufficient energy of photons can be 

exploited: first one is an increase of energy levels; multiple carrier pair generation from a 

single photon and use of multiple photons to generate a carrier pair is the second one; 

capture of hot carriers before the thermalization is the third. 

Multijunction tandem cells, reviewed briefly in subchapter 8.8, are the only example 

of solar cells with efficiency exceeding the Shockley-Queisser limit. Several other 

proposed options will be reviewed later in this chapter. 



One idea is to apply the bandgap engineering using either quantum wells (QWs) or 

quantum dots (QDs) of Si sandwiched between layers of a dielectric based on Si 

compounds such as SiO2, Si3N4, or SiC [18]. For sufficiently close spacing of QDs (or thin 

barriers and wells in a case of QWs), a true miniband can formed creating an effectively 

larger bandgap (Fig. 8.14). For QDs of 2 nm or QWs of 1 nm size, an effective bandgap of 

1.7 eV can be obtained. Such bandgap would be ideal for the upper absorber of the tandem 

cell with crystalline Si. 

 

 

Fig. 8.14. Si nanostructure/Si tandem cell, proposed in [18]. 

 

Effectivelly, three distinct bandgaps would be provided also in the intermediate band 

solar cell [19][20]. In addition to normal interband obsorbtion, additional photocurrent 

could potentially be generated by absorption of lower energy photons with electron 

transitions from the valence band to the intermediate level first and later – to the 

conduction band. Impurities or other defects with levels deep in the forbidden band could 

be used for creation of such intermediate band. However, such deep levels are also very 

efficient channels for the unvanted recombination of the excess carriers, reducing or even 

removing any gained advantage.  



 

Fig. 8.15. The intermediate band solar cell. After [19][20]. 

 

An impact ionization by high energy carriers could be a route to generation of multiple 

carrier pairs from one high energy photon. This process is inefficient in bulk 

semiconductors, but it can be efficient in quantum dots [21][22]. If photon energy is 

sufficient, one carrier pair could by generated by absorption of this photon, then another 

(or more) – due to the impact ionization (Fig. 8.16). 

Up- and down- conversion layers can also be used to increase the number of usable 

photons. Down-conversion layers are placed in front of the cell (Fig. 8.17). Their material 

should have at least twice wider bandgap than the photovoltaic cell and energy levels near 

mid-gap. In such arrangement, a probability exists that two photons would be emitted by 

recombining carriers – one due to an electron transtition to the mid-gap level, another one 

– due to transition to the valence band. 

With selective energy contacts and slow hot carrier cooling, excess photon energy 

potentially could be exploited. When solar radiation is absorbed in the absorber (central 

part of Fig. 8.18) part of generated electrons can have sufficient energies to be transmitted 

through narrow bands of alowed energies of selective contacts (layers around the 

absorber). Due to charge separation, higher than Eg/q voltages V could be potentially 

reached across the external contacts. Unfortunatelly, a combiantion of sufficiently efficient 

contacts and materials with sufficiently slow carrier colling isn‘t found yet. 

 



 

Fig. 8.16. Multiple carrier generation in QDs. After [17]. 

 

Fig. 8.17. Photon absorbtion and cell operation with down- (left panel) of up-

conversion (right panel) layers. After [17]. 

 

Fig. 8.19. Band diagram of the hot carrier solar cell. After [17]. 

 

 



 

9. Concentrating PV systems 

There are several main reasons, why concentrating PV systems are used. First of all, 

less semiconductor material is used for the same illuminated area. Therefore, more 

expensive cells can be used, such as mutijunction cells, based on III-V materials. It also 

easier to produce small cells with a higher conversion efficiency and Shockley-Queisser 

limit is higher for concentrated light. These advantages are partially offset by the cost of 

the concentrating optics and related hardware. In addition, only direct radiation can be 

exploited and quite expensive tracking is usually required. However, one exception to this 

rule exists - fluorescent collectors, reviewed in subchapter 9.3. can exploit also an indirect 

portion of the radiation. 

9.1. Traditional lens design. 

 

 

Fig. 9.1. Layout of a typical concentrator unit. 

 

A typical concentrator unit is presented in Fig. 9.1. It consists of several main parts. 

First, lens is needed to focus the light. Fressnel lenses are usually used since they are 

lighter than traditional lenses. Secondary concentrating optics is usually employed for 

several purposes: to capture rays further from the center of the cell; to illuminate the cell 

more evenly and to shadow the contact areas. 

Even with most advanced solar cells, most of the solar radiation is still converted to 

heat. With high concentration ratios, this might lead both to the short term reduction of the 



efficiency of solar cells and to the degradation of solar cells and other elements in the 

longer therm. Therefore, a heat spreading and efficiency cooling has to be employed in 

most concentrator designs. 

As was mentioned earlier, small cell size is beneficial due to a possibility to get higher 

cell efficiency. However, number of required contact points and the complexity of the 

wiring increase with decreasing solar cell sizes. This issue can be solved at least partially 

by employing dielectric waveguides as part of secondary optics. 

 

9.2. Application of dielectric waveguides. 

 

Two main ideas for the replacement of multiple solar cells with dielectric waveguides 

and a reduced number of solar cells is illustrated in Fig. 9.2 below. One possibility is an 

installation of the dielectric waveguide of the complex shape (bottom left panel of the 

figure). If reflective surfaces are placed in the focal points of the lenses with angles with 

carefully selected angles, they can be used to direct the light along the dielectric waveguide 

at angles of total internal reflection - effect already widely used in fiber optics. However, 

variations of the waveguide thickness can potentially lead to scattering, loss of escaping 

rays and overall reduction of the efficiency. Also, with increasing number of primary 

lenses, design of such waveguide would be too complex. To address these issues, use of 

planar slab waveguides with small coupling regions was recently proposed [23]. In such 

design (Fig. 9.2 right), light decoupling and loss occurs only if rays hit next coupling 

region. Otherwise, light remains captured in the waveguide and reaches the solar cells. 

32% optical efficiency at 37.5x concentration ratio was reported for such system in [23]. 

 



 

Fig. 9.2. Ray paths in: (top) concentrator of the traditional design; (bottom left) 

concentrator with a dielectric waveguide of a complex shape (dark red) for light redirection 

to solar cells (SC); dielectric plate with small coupling regions (bottom right). 

 

9.3. Fluorescent collectors. 

 

First fluorescent collectors were proposed back in the 1970-ies [24][25]. The main 

idea for the application of such collectors is to exploit the fluorescence and a total internal 

reflection to redirect the light to a compact solar cell on the edge of planar slab waveguide. 

Selectivity of the absorption and emission can be employed to construct stacks of multiple 

fluorescent collectors, as depicted in Fig. 9.3.After filtering out the unusable part of the 

spectrum (such as short wavelength ultraviolet radiation), light reaches the first plate with 

absorption and emission peaks in the short wavelength range. The remainder of the light is 

transmitted to other collector plates, optimized for longer wavelengths. Each solar cell can 

also be optimized separately for the corresponding spectrum. Since areas of solar cells 

would be smaller by the orders of magnitude in comparison with the area of the 

illuminated surface, expensive solar cells can be used. 

Examples of the materials, which could be employed for such concentrators, include 

CdSe/ZnS and PbS quantum dots, dyes, ions of rare earth elements [26]. 



 

 

Fig. 9.3. Multiplayer fluorescent collector. Different colors indicate materials with 

different absorption and emission spectra. 

 

Despite a relatively simple main idea, technical implementation of such concentrators 

efficiently is usually challenging due to number of factors, limiting its efficiency. Most of 

these factors as summarized in Fig. 9.4. In additional to the displayed processes, scattering 

and absorption on surfaces and in the matrix material should be considered. 

 

 



Fig. 9.4. Absorption, emission and loss processes, limiting the efficiency of 

fluorescent concentrators. After [26]. (1) – incident light hits the surface of the 

concentrator, (2) – light absorption by the organic dye molecule, (3) – emission at the 

longer wavelength, (4,5) – light reaches the edge with solar cells on the perimeter due to 

the total internal refection, (6) – reflection from the surface and (7) transmission of the 

long wavelenght light, (8) – light is partially lost within the cone limited by the Brewster 

angle. (9) luminescence may be reabsorbed by dye molecules that have an overlapping 

absorption and emission spectra. 

9.4. Other concentrator designs. 

 

Several types of concentrators, reviewed in Chapter 3 of this book, can also be applied 

for photovoltaic sytems. These include V-shaped, concave, parabolic mirrors, Fresnel’s 

lenses and mirrors, segmented using the same principle.  

Multiple variations of these main designs are available for various applications. For 

example, when lower concentration ratios are sufficient, TRAXLE type of the 

concentrators can be used. Its benefits include more rigid mirror mounting construction 

(Fig. 9.5, left). Regular tracking systems are to bulky for integration in the facades of the 

buildings. However, concentration ratios of several can still be obtained with static 

parabolic reflectors, integrated into buildings (Fig. 9.5, right). 

 

 

 

Fig. 9.5. (Top) Design of the TRAXLE  

solar concentrator. After [27].  

(Right) Design if the static,  

building integrated concentrator. After [28]. 

 

 



 

10. Further PV system components 

10.1. Balance of System 

Within the context of photovoltaic (PV) solar energy generation, three subsystems are 

usually required. The first one is a subsystem of PV devices – cells, their modules and 

arrays, producing DC power. The second subsystem consists of loads, most usually 

requiring the alternating current. The third subsystem, which is required to connect the 

previous two, is called the “Balance of System” or BOS. 

BOS consists of multiple main elements (Fig. 10.1): 

 Structures for mounting and connecting PV modules. 

 Power conversion (AC-DC, DC-DC) and conditioning equipment. 

 For autonomous systems, storage devices, such as batteries, are included in BOS. 

 

Fig. 10.1. Elements required for an autonomous (top) and grid-connected (below) 

photovoltaic systems. 



 

10.2. Inverters. 

The main function of the inverter is to convert the direct current (DC) generated by PV 

array into the alternating current suitable for the transmission to the grid or AC load. Two 

main types of inverters can be distinguished based on the switching signal source. In so-

called “line-commutated” inverters an AC voltage of the grid is used to switch the 

thyristors of the bridge converter. So-called “self-commutated” inverters can operate 

without the external AC voltage source. 

Modern inverters are much more complicated than a simple DC/AC converter (Fig. 

10.2). First of all, due to changing ambient conditions current-voltage (IV) curve of the PV 

module is constantly changing. Therefore, voltage and current at the input from the PV 

array should be constantly adjusted to ensure, that module operates at the maximum output 

power point (MPP). DC/DC converters, such as buck-boost converters, are included to 

convert the DC voltage of the PV array to the DC voltage required for the bridge converter, 

To ensure a safe operation, input and output voltages and currents, temperatures are 

monitored and faulty elements are disconnected. Integrated display and/or various standard 

communication interfaces are included to  

 

Fig. 10.2. Building blocks of the modern inverter. 

 

 



10.3. Mounting systems. 

 

Photovoltaic arrays have to be mounted on a stable, durable structure that can support 

the array and withstand wind, rain, hail, and other adverse weather conditions. Standard 

certification procedure for PV modules requires a demonstration of the ability to withstand 

several pressure cycles of 2400 Pa and the final pressure cycle of 5400 Pa to simulate the 

influence of heavy wind and snow. For 1 m
2
 module area the resulting force would be 

2.4 kN and 5.4 kN respectively.  

For stationary free-standing installations rack mounting structures are mostly used 

with concrete foundations or ground anchors. Tracking systems might be used to enhance 

the light collection. For building-integrated photovoltaic (BIPV) applications, mounting 

structures are usually selected taking into account the building materials used and the 

architectural design of the building. Efficiency losses due to overheating have also to be 

taken into account, since temperature of the illuminated module can increase by tens of 

degrees and poor ventilation can lead to the power reduction of the order of several 

percent. 

10.4. Batteries and charge controllers. 

 

For stand-alone systems, backup-up power source is usually required. Batteries can be 

used to accumulate excess energy created by your PV system and store it to be used at 

night or when there is no other energy input. 

The most common battery type used today is so-called “Lead-Acid battery”. When 

battery is charged, its negative plate is composed mostly of the elemental lead (Pb) and the 

positive plate – mostly of lead(IV) oxide (PbO2). Diluted in water sulfuric acid (H2SO4) 

acts as the electrolyte in such batteries. Lead electrode supplies the positive ions when 

reacting with the sulfuric acid and becomes negatively charged: 

  
  2eHPbSOHSOPb 44 .     (10.1) 

Simultaneously, lead dioxide supplies electrons and is left positively charged: 

  O2HPbSOeH3HSOPbO 2442  
.   (10.2) 



If an external load is connected, current flows from one electrode to another. Each cell 

can provide a voltage of approximately 2 V. These reactions can be reversed by applying 

approximately 2.3 V voltage per cell. At 2 V voltage, 167 watt-hours capacity per kg of the 

reacting materials could be estimated. However, after evaluating other masses (water, 

housing), losses, remaining material etc., a more realistic figure of 30-40 Wh/kg is usually 

obtained in practice. 

Despite the same chemical reactions, widespread automotive starter batteries aren’t 

best suited for photovoltaic applications. Automotive starter batteries are usually optimized 

for high currents (hundreds of amperes) and shallow cycles (10-20 % discharge). For back-

up purposes, so called deep-cycle batteries, surviving hundreds of up 80 % discharge-

charge cycles are needed. 

Sensitivity of the batteries to overvoltages and excessive discharge is the main reason, 

why PV arrays are almost always connected through charge controllers. By maintaining 

voltages and currents within the specified range, batteries are protected from an excessive 

electrolyte loss and damages to plates. An additional usual function of the charge controller 

is the protection of batteries from discharge to the PV array at night. Integration of a 

charge controller within the inverter opens other possibilities, such as use of batteries for 

power conditioning and balancing. 

  



11. Review of the European Standards in the area 

of Photovoltaics 

11.1. Basis 

The requirements for testing base upon the state of technology and recognized 

technical national regulations of and standards as well as international standards, which 

may be partially used for the definition of the tests. Most of the standards related to PV 

area are defined be the IEC (International Electrotechnical Commission, 

http://www.iec.ch/).  

International Standards reflect agreements on the technical description of the 

characteristics to be fulfilled by the product, system, service or object in question. They are 

widely adopted at the regional or national level and are applied by manufacturers, trade 

organizations, purchasers, consumers, testing laboratories, governments, regulators and 

other interested parties. 

 The IEC develops International Standards for all electrical, electronic and related 

technologies. Adoption is voluntary, although they are often referenced in national laws or 

regulations around the world. Experts from all over the world develop IEC International 

Standards. 

Since International Standards generally reflect the best experience of industry, 

researchers, consumers and regulators worldwide, and cover common needs in a variety of 

countries, they constitute one of the important bases for the removal of technical barriers to 

trade. For this reason, in its TBT (Technical Barrier to Trade) Agreement, the WTO 

(World Trade Organization) recommends its members to use International Standards rather 

than regional or national ones whenever possible. Adopting IEC International Standards or 

using them for reference in national laws or regulations facilitates trade in the field of 

electrotechnology. 

The photovoltaic industry has experienced incredibly fast transformation after year 

2000 as a result of extraordinary technology breakthrough, from material level up to large-

scale module manufacturing. 

With the PV industry expected to grow consistently in the coming years, two main 

questions are capturing the attention among market operators: 

http://www.iec.ch/


 What constitutes a "good quality" module? 

 How "reliable" it will be in the field? 

Both, for now, remain unanswered in a comprehensive way. 

The design qualification is deemed to represent the PV module's performance 

capability under prolonged exposure to standard climates (defined in IEC 60721-2-1). In 

addition, there are several other standards (IEC 61730-1, IEC 61730-2 and UL1703) that 

address the safety qualifications for a module. 

In the certification field, design qualification is based on type testing according to IEC, 

EN or other national standards. 

When type testing is combined with periodic factory inspections by a certification 

body constitutes the basis for the certificates issued by that certification body (thus bearing 

their particular mark/logo). 

This may constitute, to some extent, a standard criterion for "basic quality". However, 

the term "quality" is too generic, and often misused if only based on IEC conformance. 

The last 29 years the International Electrotechnical Commission (IEC) has developed 

a comprehensive set of standards in particular for crystalline silicon devices and more 

recently also for some thin film technologies. Th ere are currently ten standards (9 in the 

60904 series and 60891) applicable to the components and processes involved in power 

measurements. These are transposed into European norms via the European Committee for 

Electrotechnical Standardization CENELEC and then to national standards, keeping the 

same number (Fig. 10.1). Table 1 summarises the available standards relevant to power 

measurements, following the scheme in Fig. 10.2. 

 



 

 

Figure 10.1: Procedure for the transposition of IEC standards to European and national 

levels. 

 

The performance PV, set specific test sequences, conditions and requirements for the 

design qualification of a PV module. The following European standards are applied 

directly or indirectly or are used as technical basis for the measurements to be performed. 

 



11.2. PV-Module and PV systems (PHOTOVOLTAIC 

DEVICES) – short description of chosen standards 

 

Standard Definition 

 

Notes 

IEC 60904-1 

 

Photovoltaic devices; part 1: 

measurement of photovoltaic 

current-voltage  

characteristics 

 

Standard methods for measuring 

I-V curves, depending on the 

light source (natural or simulated: 

steady-state or pulsed solar 

simulator) 

IEC 60904-2 

 

Photovoltaic devices; part 2: 

requirements for reference solar 

cells 

 

Includes selection, construction 

details and recommended 

packaging depending on their use 

IEC 60904-3 

 

Photovoltaic devices; part 3: 

measurement principles for 

terrestrial photovoltaic (PV) solar 

devices with reference spectral 

irradiance data 

 

 

IEC 60904-4 Procedure for establishing the 

traceability of the calibration of  

reference solar devices 

Includes different calibration 

procedures to get traceabilty to SI 

units 

IEC 60904-5 

 

Photovoltaic devices, part 5: 

determination of the equivalent cell 

temperature (ECT) of photovoltaic 

(PV) devices by the open-circuit 

voltage method 

 

Helps solve problem of 

determination of the temperature 

of a PV device 



IEC 60904-6 

 

Photovoltaic devices, part 6: 

requirements for reference solar 

modules 

 

IEC 60904-7 

 

Photovoltaic devices - part 7: 

Computation of spectral mismatch 

error introduced in the testing of a 

photovoltaic device 

 

Involved in the calculation are: – 

the experimental spectrum of the 

light source – the standard solar 

spectrum (EN 60904-3) – the 

spectral responses (absolute or 

relative) of both test and 

reference PV devices 

IEC 60904-8 Measurement of the spectral 

response of a photovoltaic (PV) 

device 

Standard method for the 

determination of this basic 

characteristic 

IEC 60904-9 Photovoltaic devices - part 9: Solar 

simulator performance requirements 

 

IEC 60904-10 Photovoltaic devices - part 10: 

Methods of linearity measurement 

Methods for determining the 

linearity of the electrical 

characteristics of PV devices vs. 

irradiance and temperature 

IEC 61215 Crystalline silicon terrestrial 

photovoltaic (PV) modules; design 

qualification and type approval 

 

IEC 61646 Thin-film terrestrial photovoltaic 

(PV) modules - Design qualification 

and type approval 

 

IEC 61683 Photovoltaic systems - Power 

conditioners - Procedure for 

measuring the efficiency  

 

IEC 61727 Photovoltaic (PV) systems - 

Characteristics of the utility 

interface 

 

IEC 60364-7- Electrical installations of buildings - 

Part 7-712: Requirements for special 

 



712 installations or locations - Solar 

photovoltaic (PV) power supply 

systems 

EN IEC 61730 Photovoltaic (PV) module safety 

qualificationPart 2, Part 1 

 

EN 50380 Datasheet and nameplate 

information for photovoltaic 

modules 

 

IEC 61853-1 

 

Photovoltaic (PV) module 

performance testing and energy 

rating – 

Part 1: Irradiance and temperature 

performance measurements and 

power rating 

 

 

IEC 60891 Procedures for temperature and 

irradiance corrections to measured I-

V characteristics of photovoltaic 

devices 

From experimental to targeted 

irradiance and temperature 

 

Environmental testing 

EC 60068-2-1 

 

Environmental testing; part 2: tests; test A: cold 

IEC 60068-2-2 Basic environmental testing procedures; Part 2: Tests; Test B: Dry 

Heat 

IEC 60068-2-3 Basic environmental testing procedures; Part 2: Tests; Test Ca: Damp  

Heat, steady state 

IEC 60068-2-6 Basic environmental testing procedures; Part 2: Tests; Test Fc:  

Vibration (sinusoidal) 

IEC 60068-2-21 Basic environmental testing procedures; Part 2: Tests; Test U:  

Robustness of terminations and integral mounting devices 

IEC 60068-2-27 Environmental testing; Part 2: Tests; Test Ea and guidance: Shock 



IEC 60068-2-30 

 

Basic environmental testing procedures; Part 2: Tests; Test Db and  

guidance 

IEC 60068-2-33  

 

Basic environmental testing procedures; Part 2: Tests; Guidance on  

change of temperature tests 

IEC 60068-2-75 Environmental testing; Part 2: Tests; Test Eh: Hammer tests 

  

 

11.3. Criteria of Test and Evaluation 

Performance of testing must be according the standard above. According the TÜV 

Rheinland (http://www.tuv.com) which is one of the leader In the area of Materials Testing 

and Inspection, the tests and the sample distribution are performed according the attached 

test plan. In each category the following items are addressed with given total- and sub-

weightings:  

1) Documentation (total weighting 10%) 

Criteria Weighting [%] 

Verification of IEC 61215 certifications  

 

25 

Verification of IEC 61730 certifications 25 

 

CE marking/declarations 5 

 

Component certifications (junction box, cable, connector) 10 

 

Declaration of origin 

 

5 

Data sheet verification acc. EN 50380  

 

10 

Type label / name plate verification acc. EN 50380 10 

 

Verification of mounting/installation manual acc. IEC 61730-1 10 

Total 100 

 

 

http://www.tuv.com/


2) Performance (total weighting 20%) 

Criteria Weighting [%] 

Initial degradation after 20 kWh/m² (acc. IEC 50380) 

 

5 

Manufacturer given tolerances  

 

10 

Deviances from nominal values  

 

50 

Temperature coefficient of Pm at 1000W/m²  

 

10 

Weighted relative efficiency reduction at selected 

temperature/irradiancematrix measurements acc. IEC 61853-1 

(see table below)  

 

25 

Total 100 

 

Additionally,  

3 ) Safety (total weighting 20%) 

Criteria Weighting [%] 

General insulation properties acc. IEC 61215 (10.3)  

 

20 

General wet leakage properties acc. IEC 61215 (10.15)  

 

20 

Accessibility Tests acc. IEC 61730-2 (MST11)  

 

10 

Impulse voltage test acc. IEC 61730-2 (MST14)  

 

20 

High voltage Test acc. IEC 61730-2 (MST14 and MST 16)  

 

20 

Inspection of creepage and clearance distances acc. IEC 61730-1  10 



Total 100 

 

4) Aging behaviour (total weighting 30%) – base standard IEC 61215 (test 10.11) 

5) Workmanship (total weighting 15%) 

6) Other criteria (total weighting 5%) 

 

11.4. Sample of the IEC Solar Simulation Requirements for PV 

Module Qualification Testing 

 

For terrestrial applications, IEC has defined the standard for PV Current-Voltage 

characteristics testing (IEC 60904-1) and standards for design qualifications for two 

categories of PV modules; Crystalline Silicon and Thin Film. These two standards, IEC 

61215 and IEC 61646 respectively, document the design qualification and type approval 

process for each of these PV categories. Although testing can be performed using natural 

sunlight, solar simulation systems are invaluable in their ability to expedite the 

development and testing of PV modules. In addition to accelerating the testing process, 

solar simulation systems also provide repeatable test parameters. The following two tables 

document the process steps incorporated within the IEC standards where solar simulation 

systems are recommended along with the basic solar simulation classification 

requirements. 

It is necessary to refer to the complete IEC international standards for full test 

procedures and requirements (http://www.eyesolarlux.com/Solar-simulation-PV-IEC-

specifications.htm): 

 

IEC 60904-1 Measurement of PV Current-Voltage (I-V) Characteristics 

Test Title Test Conditions Solar Class 

http://www.eyesolarlux.com/Solar-simulation-PV-IEC-specifications.htm
http://www.eyesolarlux.com/Solar-simulation-PV-IEC-specifications.htm


4.2 PV Current-

Voltage Test 

See IEC 60904-1; I-V measurement in 

simulated sunlight; requires Class BBB solar 

simulator in accordance with IEC 60904-9; 

test area shall be equal or greater than area 

under test; see IEC 60904-1 sec 6 and 7 

Class BBB or 

better 

  

 

IEC 61215 Crystalline Silicon PV 

Test Title Test Conditions Solar Class 

   Preconditioning Prior to testing, all modules must be 

exposed to sunlight (real or simulated) to an 

irradiation level of 5 kWh/m
2
 

Unspecified; 

recommended 

Class CCC or 

better 

10.2 Maximum 

power 

determination 

See IEC 60904-1; I-V measurement in 

simulated sunlight; requires Class BBB 

solar simulator in accordance with IEC 

60904-9; test area shall be equal or greater 

than area under test; see IEC 60904-1 sec 6 

and 7. 

Irradiance between 700 W/m
2
 – 1100 

W/m
2
 ; Temp monitoring +/-1 C; I-V 

equipment accuracy +/- 0.2% 

Class BBB or 

better 

10.6 Performance at 

STC  

and NOCT 

Cell temperature 25C and NOCT 

Irradiance: STC=1000 and 

NOCT=800W/m
2
 with IEC 60904-3 

reference solar spectral irradiance 

distribution 

Temp monitoring +/-1 C; I-V equipment 

accuracy +/- 0.2% 

Class B or 

better 

(recommended 

Class BBB) 



10.7 Performance at 

low irradiance 

Cell temperature 25C and NOCT 

Irradiance: 200W/m
2
 with IEC 60904-3 

reference solar spectral irradiance 

distribution 

Temp monitoring +/-1 C; I-V equipment 

accuracy +/- 0.2% 

Class B or 

better 

(recommended 

Class BBB) 

10.9 Hot-spot 

endurance test 

Five-hour exposure to 1000W/m
2
 irradiance 

in worst case hot-spot condition 

Radiant source 1: Steady state simulator 

700W/m
2
 

Radiant source 2: Steady state simulator 

1000W/m
2
  +/-10% 

Radiant source 

1: Steady state 

simulator 

Class BAB or 

better 

10.10 UV 

preconditioning 

15 kWh/m
2
 total UV irradiation in the 

wavelength range from 280 nm to 385 nm 

with 5 kWh/m
2
 UV irradiation in the 

wavelength range from 280 nm to 320 nm 

UV light 

source 

uniformity +/-

15%; see 

10.10.3 for 

spectral 

requirements 

 

IEC 61646 Thin Film PV 

Test Title Test Conditions Solar Class 

10.2 Maximum 

power 

determination 

See IEC 60904-1; I-V measurement in 

simulated sunlight; requires Class BBA 

solar simulator in accordance with IEC 

60904-9; test area shall be equal or greater 

than area under test; see IEC 60904-1 sec 

6 and 7 Irradiance between 700 W/m2 – 

1100 W/m
2
 ; Cell temp between 25-50 C 

Class BBA or 

better 

10.6 Performance at 

STC and 

NOCT 

Cell temperature 25C and NOCT 

Irradiance: STC=1000 and 

NOCT=800W/m2 with IEC 60904-3 

reference solar spectral irradiance 

Class BBB or 

better 



distribution 

Temp monitoring +/-1 C; I-V equipment 

accuracy +/- 0.2% 

10.7 Performance at 

low irradiance 

Cell temperature 25C and NOCT 

Irradiance: 200W/m
2
 with IEC 60904-3 

reference solar spectral irradiance 

distribution 

Temp monitoring +/-1 C; I-V equipment 

accuracy +/- 0.2% 

Class BBB or 

better 

10.9 Hot-spot 

endurance test 

One hour exposure to 

1000W/m
2
 irradiance in worst case hot-

spot condition 

Module irradiance 800 W/m
2
 – 1100 

W/m
2
 

Steady state 

simulator 

Class CCB or 

better  

10.10 UV 

preconditioning 

15 kWh/m
2
 total UV irradiation in the 

wavelength range from 280 nm to 400 nm 

(uniformity +/-15%) with 3-10% 

irradiation energy in the wavelength range 

from 280nm to 320nm 

Module temp 60C +/-5C; temp, 

measurement accuracy +/-2C 

Instrumentation to measure UV irradiation 

280nm-320nm and 320nm-400nm with 

uncertainty of +/-15% 

UV light source 

no energy 

below 280nm; 

see 10.10.3 for 

spectral 

requirements 

10.19 Light-soaking Light exposure of 800 W/m
2
 to 1000 

W/m
2
 under resistive load until Pmax is 

stable within 2 % 

Class CCC or 

better 

  

 

 



11.5. Review of chosen standards from the IEC 60904 group 

  

Figure 10.2: Schematic of the standards relevant to power measurements 

(the IEC numbers are identical). 

 

5A. 60904-1 O IEC:2006 PHOTOVOLTAIC DEVICES Part 1: Measurement of 

photovoltaic  

current-voltage characteristics 

This part of IEC 60904 describes procedures for the measurement of current -

voltage characteristics of photovoltaic devices in natural or simulated sunlight. These 

procedures are applicable to a single photovoltaic solar cell, a sub-assembly of 

photovoltaic solar cells, or a PV module. 

NOTE 1 This standard may be applicable to multi-junction test specimens, if each sub-

junction generates the same amount of current as it would under the reference AM1,5 

spectrum in I EC 60904-3. 

NOTE 2 This standard may be applicable to PV devices designed for use 

under concentrated irradiation if they are irradiated using direct normal irradiance and 

a mismatch correction with respect to a direct normal reference spectrum is performed. 

The purpose of this standard is to lay down basic requirements for the measurement of 

current-voltage characteristics of photovoltaic devices, to define procedures for different 

measuring techniques in use and to show practices for minimising measurement uncertainty. 



2 Normative references 

The following referenced documents are indispensable for the application of this 

document. For dated references, only the edition cited applies. For undated references, the 

latest edition of the referenced document (including any amendments) applies. 

IEC 60891: Procedures for temperature and irradiance corrections to 

measured I-V characteristics of crystalline silicon photovoltaic (PV) devices 

IEC 60904-2: Photovoltaic devices — Part 2: Requirements for reference solar cells 

IEC 60904-3: Photovoltaic devices — Part 3: Measurement principles for 

terrestrial photovoltaic (PV) solar devices with reference spectral irradiance data 

IEC 60904-5: Photovoltaic devices — Part 5: Determination of equivalent cell 

temperature (ECT) of photovoltaic (PV) devices by the open-circuit voltage method 

IEC 60904-6: Photovoltaic devices — Part 6: Requirements for reference solar 

modules 

IEC 60904-7: Photovoltaic devices — Part 7: Computation of spectral 

mismatch error introduced in the testing of a photovoltaic device 

IEC 60904-9: Photovoltaic devices — Part 9: Solar simulator performance 

requirements IEC 60904-10: Photovoltaic devices — Part 10: Methods for linearity 

measurements 

ISO/IEC 17025: General requirements for competence of testing and calibration 

laboratories 

 General measurement requirements 

The irradiance measurements shall be made using a PV reference device 

packaged and calibrated in conformance with IEC 60904-2 or IEC 60904-6 

or a pyranometer. The PV reference device shall either be spectrally 

matched to the test specimen, or a spectral mismatch correction shall be 

performed in conformance with IEC 60904-7. The reference device shall be 

linear in short-circuit current as defined in IEC 60904-10 over the 

irradiance range of interest. 

NOTE To be considered spectrally matched, a reference device must be 

constructed using the same cell technology and encapsulation package as the test 

device. If this is not the case, the spectral mismatch must be reported. 



The temperature of the reference device and the specimen shall be  

measured using instrumentation with an accuracy of ±1 °C with repeatability 

of ±0,5 °C. If the temperature of the reference device differs by more than 2 

°C from the temperature at which it was  calibrated, the calibration value 

shall be adjusted to the measured temperature. If the reference device is a 

pyranometer, temperature measurement and temperature correction  of its 

output signal are not required. 

The active surface of the specimen shall be coplanar within ±2° with the active surface 

of the reference device. 

Voltages and currents shall be measured using instrumentation with 

an accuracy of ±0,2 % of the open-circuit voltage and short-circuit current 

using independent leads from the terminals of the specimen and keeping them 

as short as possible. The measurement ranges of the data acquisition should 

be carefully chosen. If the test specimen is a  module, the 4-wire 

connection should start at the terminals or connectors. If the test  specimen 

is a cell, the 4-wire connection should start at the cell bus bars. 

NOTE The connection method for cells should be carefully evaluated. Differences 

may occur if soldered tabs are used as probe or non-soldered methods are 

implemented such as bars having contact springs or conductive plates having a 

large-area contact with the cell back contact. Non-soldered methods can result in higher 

fill factors than are observed in the module. The contacting method should be 

appropriate to the intended use of the cell or of the measurement. 

The short-circuit current shall be measured at zero voltage, using a 

variable bias (preferably electronic) to offset the voltage drop across the 

external series resistance. Alternatively,  short circuit current may be 

extrapolated from the current -voltage characteristic. The curve is 

extrapolated to zero voltage provided that voltage drop is not  higher than 3 % 

of the device open-circuit voltage and that there is a linear relationship  

between current and voltage. 

The accuracy of the procedure for irradiance and temperature correction 

in conformance with IEC 60891 shall be verified periodically by measuring the 

performance of a specimen at selected irradiance and temperature levels  

and comparing the  resul ts  with  corresponding extrapolated data as in IEC 

60904-10. 



NOTE If temperature and irradiance co rrection is performed across wide 

ranges module correction parameters can considerably affect the test result. Care 

should be taken regarding the relevance of the module parameters used. In particular 

series resistance cannot be generalized to a batch of specimens of the same type. 

In measuring PV devices which are non stable, care must be taken in selecting a 

representative spectral response. 

4 Apparatus 

4.1 For measurements in natural sunlight 

In addition to the general measurement requirements of Clause 3 the following 

equipment is required to perform I-V characteristic measurements in natural sunlight: 

A PV reference device or pyranometer that meets the conditions stated in item a) of 

Clause 3. 

Means for measuring temperature of the reference device that meets the conditions 

stated in item b) of Clause 3, if necessary. 

Equipment to determine the temperature of the test device using the 

Equivalent Cell Temperature (ECT) method specified in IEC 60904-5 or 

other means to measure the temperature of the test device as stated in item b) of 

Clause 3. 

A two-axis tracking system capable of tracking the sun to an accuracy of ±5°. 

A spectroradiometer capable of measuring the spectral irradiance of the 

sunlight in the range of the spectral response of the test specimen and the 

reference device, if spectral corrections are needed as defined in item a) of Clause 

3. 

4.2 For measurements in simulated sunlight 

In addition to the general measurement requirements of Clause 3 the following 

equipment is required to perform I-V characteristic measurements in simulated sunlight: 

A PV reference device that is well matched to the test device over 

the ranges of  irradiances, spectral distributions and temperatures of interest 

and meets the conditions stated in item a) of Clause 3. 

Means for measuring the temperature of the reference device and the test specimen 

that meets the conditions stated in item b) of Clause 3. 



 

A Class BBB or better solar simulator in accordance with IEC 60904-9. The 

designated test area shall be equal to or greater than the area that is spanned by the test 

specimen. 

An irradiance sensor that tracks the instantaneous irradiance in the 

test plane. This irradiance sensor should be l inear in  the range of  

irradiances over which  the  measurements are taken (see IEC 60904-10). 

A spectroradiometer capable of measuring the spectral irradiance of the 

simulator in the range of the spectral response of the test specimen and the 

reference device, if spectral corrections are needed as defined in item a) of Clause 

3. 

NOTE Care should be taken in the use of an emission lamp such as Xenon for 

testing direct band gap cells. As the band gap changes due to temperature, it can pass 

through various emission lines in the lamp spectrum and give rise to large shifts in 

performance. 

5 Measurements in natural sunlight 

Measurements in natural sunlight shall be made only when global solar irradiance is 

not fluctuating by more than ±1 % during a measurement. When the measurements 

are intended for reference to STC the irradiance shall be at least 800 W.m-2. 

 

The test procedure is as follows: 

5.1 Mount the reference device as near as possible to and co-planar with 

the specimen on the two-axis tracker. Both shall be normal to the direct solar 

beam within ±5
0
. Connect to the necessary instrumentation. 

5.2 If the specimen and reference device are equipped with temperature controls, set 

the controls at the desired level. 

If temperature controls are not used: 

5.2.1 shade the specimen and the reference device from the sun and wind until their 

temperature is uniform within ±2 °C of the ambient air temperature, or 

5.2.2 allow the test specimen to equilibrate to its stabilized temperature, or 

5.2.3 pre-condition the test specimen to a point below the target temperature and then 

let the module warm up naturally. 



NOTE There may be differences between average cell temperature and average back 

temperature during warming up. 

5.3 Record the current-voltage characteristic and temperature of the 

specimen concurrently with recording the output and temperature (if 

required) of the reference device at the desired temperatures.  If  

necessary, make the measurements immediately after  removing the shade. 

NOTE In most cases the thermal inertia of the specimen and the 

reference device will limit the temperature rise during the first few seconds to less 

than 2 °C. Their temperatures will remain reasonably uniform. 

5.4 Ensure that the specimen and reference device temperature are 

stable and remain constant within ±1 °C and that the irradiance as 

measured by the reference device remains constant within ±1 % 

(fluctuations caused by clouds, haze, or smoke) during the recording period for 

each data set. 

5.5 If a pyranometer or an unmatched reference dev ice is used as 

reference device,  perform a simultaneous measurement of spectral 

irradiance using the spectroradiometer. Calculate the effective irradiance 

for the specimen under the AM1,5 spectrum (see IEC 60904-3) using its spectral 

response data (apply IEC 60904-7). 

NOTE When no spectral irradiance data are available the match of the reference 

device to the specimen and the air mass conditions should be checked carefully. 

Measurement should be performed on a clear sunny day (no observable clouds 

around the sun, diffuse contents of solar irradiance not higher than 30 %). 

5.6 Correct the measured current-voltage characteristic to the 

desired irradiance and temperature conditions in accordance with IEC 

60891 (for linear devices). For nonlinear devices refer to IEC 60904-10 for 

guidance in determining over what range the device can be considered to be 

linear. 

6 Measurement in steady-state simulated sunlight 

Steady-state sunlight simulation for photovoltaic performance measurements shall 

meet the requirements of IEC 60904-9. The uniformity of light distribution in 

the test area shall be known and periodically checked. The accuracy of the 

measurement shall be verified  periodically by successive measurements at the 



same test condition. Three methods for  calibration can be applied. If the device under 

test is the same size as the reference device, use method A. If the device under test is 

larger than the reference device, use method B. If  the device under test is smaller 

than the reference device, use method C. 

NOTE Method A is the preferred method as it minimises the effects of 

non-uniformity of irradiance and scale  

 

The design of the device under test shall be identical with the reference 

device with respect to dimensions and electrical properties.  For 

modules, this  requirement concerns the cell type and cell 

interconnection circuit. The reference device and the device under test 

shall be placed at the same position in the test area. 

The distribution of irradiance in the test plane may not be completely 

uniform. The effective irradiance is the averaged irradiance across a 

device's active area. For a reference device smaller than the test device, the 

reference device should be measured at different locations within the 

envelope of the test device. A position that yields the average value of the 

reference device measurements should be used for positioning the reference 

device for setting the irradiance in 6.2. 

The distribution of irradiance in the test plane may not be completely uniform. The 

effective irradiance is the averaged irradiance across a device's active  area. For a 

reference device larger than the test device, the test device should be measured at 

different locations within the envelope of the reference device . A position that 

yields the average value of the test device measurements  should be used for 

positioning the test device during subsequent tests. 

The test procedure is as follows: 

6.1 Place the reference device in the test plane with its active surface within ±5
0
 

normal to the centre line of the beam. 

NOTE Care should be taken that the test plane of the solar simulator is qualified 

according to IEC 60904-9. 

6.2 Set the irradiance of the solar simulator so that the reference device produces its 

calibrated short-circuit current or maximum power at the desired level using 

Method A, B or C. 

Meth

od A: 
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6.3 Remove the reference device and place the specimen in the test plane as described 

in 6.1. 

6.4 Connect the specimen to the necessary instrumentation. 

NOTE If the beam is sufficiently wide and uniform the specimen can be placed beside 

the reference device. 

6.5 If the test arrangement is equipped with temperature control, set the control at the 

desired level. If temperature controls are not used, allow the test module and 

reference device to stabilize within ±1 °C of the ambient air temperature. Shade 

the specimen and/or the device from the simulator beam until the device 

temperature is uniform within ±2 °C at ambient air temperature. 

6.6 Without changing the simulator setting, take simultaneously readings of the 

current- voltage characteristic and temperature of the specimen. If equipped the irradiance 

sensor should be used to assure that the irradiance in the test plane is the same for 

the test device as it was for the reference device. Where it is not practical to 

control the temperature of the specimen make the measurement immediately 

after removing the shade (see applicable note in 5.3). 

6.7 If the temperature of the specimen is not the desired temperature, correct the 

measured current-voltage characteristic to this temperature using the procedure in 

accordance with IEC 60891 (for linear devices). For non-linear devices refer to 

IEC 60904-10 for 

  

NOTE 1 Any non-uniformity of the irradiance incident on a module can 

affect the resultant I-V characteristics. This effect is influenced by: bypass 

diodes in the interconnection circuit of the module, the reverse I -V 

characteristics of the cell type and the irradiance distribution in the test area. 

Non-uniformity effects should be carefully analysed and considered in the 

uncertainty analyses. 

NOTE 2 If a module is used as reference device, carefully evaluate 

whether short-circuit current or maximum power is the appropriate 

parameter for setting the irradiance level of the solar simulator. The short 

circuit current method is nearly independent of module temperature and the 

module connection technique but may introduce errors due to non-uniform 

illumination. The maximum power method can compensate non-uniform 



illumination but may introduce errors due to module temperature and the 

module connection technique. The most accurate results  will be achieved if the 

irradiance level is set to yield both the short circuit current and peak power of 

the reference module. 

NOTE 3 If the spatial distribution in the test area is unknown and a 

reference cell is used as reference device, the measurement result of the device 

under test may change if the reference cell is repositioned within the test area.  

Therefore the optimal position for placement of the reference cell should be 

determined by selecting a position of average irradiance within the module test 

area. This effect can be reduced by using a calibrated reference module  of 

similar size to the device under test. 

NOTE 4 Open circuit voltage or fill factor may be influenced by the 

spectral irradiance distribution of the light source. If necessary this effect 

should be analysed by comparison with measurement results recorded in 

natural sunlight. 

7 Measurement in pulsed simulated sunlight 

Pulsed sunlight simulation for photovoltaic performance 

measurements shall meet the requirements of IEC 60904-9. The uniformity 

of light distribution in the test area shall be known and periodically 

checked. The accuracy of the measurement shall be verified periodically 

by successive measurements at the same test conditions. 

NOTE Two types of pulsed solar simulators are commonly used: Long 

pulse systems with a pulse length up to 1 s and acquisition of the I-V 

characteristic during one flash and short pulse systems using stroboscope type 

lamps of <1 ms pulse length, acquiring one I-V data point per flash. The use of 

solar simulators with short pulse may not be suitable for accurate I-V 

measurement of solar cells and modules with high-capacitance. 

Three methods for calibration can be applied. If the device under test is 

the same size as the reference device, use method A. If the device under test is 

larger than the reference device, use method B. If the device under test is smaller 

than the reference device, use method C. 

The design of the device under test shall be identical with the reference 

device with respect to dimensions and electrical properties.  For 

modules,  this requirement concerns the cell type and cell 
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interconnection circuit. The reference device and the device under test 

shall be placed at the same position in the test area. 

The distribution of irradiance in the test plane may not be completely 

uniform. The effective irradiance is the averaged irradiance across a 

device's active area. For a reference device smaller than the test device, the 

reference device should be measured at different locations within the 

envelope of the test device. A position that yields the average value of the 

reference device measurements should be used for positioning the reference 

device for setting the irradiance in 7.2. 

The distribution of irradiance in the test plane may not be completely uniform. The 

effective irradiance is the averaged irradiance across a device's active area. For a 

reference device larger than the test device, the test device should be measured at 

different locations within the envelope of the reference device. A position that 

yields the average value of the test device measurements should be used for 

positioning the test device during subsequent tests.  

he test procedure is as follows: 

7.1 Place the reference device in the test plane with its active surface within ±5
0
 

normal to the centre line of the beam. 

NOTE Care should be taken that the test plane of the solar simulator is qualified 

according to IEC 60904-9. 

7.2 Set the irradiance at the test plane so that the reference device produces its 

calibrated short-circuit current or maximum power at the desired irradiance level 

using method A, B or C. 

NOTE In most pulsed solar simulators the I-V measurement is triggered by an 

irradiance sensor (monitor cell) when the irradiance during the pulse reaches a level which 

has been previously set with a reference device. 

7.3 If necessary remove the reference device and place the specimen as described 

in 7.1. 

NOTE Care should be taken to ensure that the position of the monitor cell is the same 

during calibration and test. 

7.4 Connect the specimen to the necessary instrumentation. 
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NOTE If the beam is sufficiently wide and uniform, the specimen can be placed beside 

the reference device. 

7.5 If necessary, allow the test module and reference device to stabilize within ±1 °C 

of the ambient air temperature. 

7.6 Record the current-voltage characteristic and temperature of the specimen (or 

ambient temperature, if it is the same). The time interval between the data 

points shall be sufficiently long to ensure that the response time of the test 

specimen and the rate of data collection will not introduce errors. 

7.7 If the temperature of the specimen is not the desired temperature, correct the 

measured current-voltage characteristics to both the desired temperature and 

irradiance in accordance with IEC 60891 (for linear devices). For non -linear 

devices refer to IEC 60904-10 for guidance in determining over what 

range the device can be considered to be linear. 

NOTE 1 In the case of long pulse systems I-V data possibly are recorded 

across a wide range of irradiance. Care should be taken regarding the use of 

module parameters for irradiance correction. The trigger should be adjusted  

so as to yield positive and negative irradiance corrections centred on the target 

irradiance. 

NOTE 2 Any non-uniformity of the irradiance incident on a module can 

affect the resultant I-V characteristics. This effect is influenced by: bypass 

diodes in the interconnection circuit of the module, the revers e I-V 

characteristics of the cell type and the irradiance distribution in the test 

area. Non-uniformity effects should be carefully analysed and considered in the 

uncertainty analyses. 

NOTE 3 If a module is used as reference device, it must be carefully 

evaluated whether short-circuit current or maximum power is the appropriate 

parameter for setting the irradiance level of the solar simulator. The short 

circuit current method is nearly independent from module temperature and 

the module connection technique but may introduce errors due to non-

uniform illumination. The maximum power method can compensate non -

uniform illumination but may introduce errors due to module temperature and the 

module connection technique. 

NOTE 4 If the spatial distribution in the test area is unknown and a 

reference cell is used as reference device, the measurement result of the device 



under test may change if the reference cell is repositioned within the test area.  

Therefore the optimal position for placement of the reference cell should be 

determined by selecting a position of average irradiance within the module test 

area. This effect can be reduced by using a calibrated reference module  of 

similar size to the device under test. 

NOTE 5 Open circuit voltage or fill factor may be influenced by the 

spectral irradiance distribution of the light source. If necessary this effect 

should be analysed by comparison with measurement results recorded in 

natural sunlight. 

NOTE 6 Depending on the cell technology, I-V measurement may be 

influenced by the voltage sweep rate and the sweep direction. Cells with high 

capacitance are more problematic. These effects should be carefully analysed in 

a test programme. Negative effects can be excluded when measurements in the 

positive voltage direction starting at the short-circuit current and in the negative 

direction starting at the open-circuit voltage overlap optimally. 

8 Test report 

A test report with measured performance characteristics and test results shall 

be prepared by the test agency in accordance with ISO 17025. The test report shall 

contain the following data: 

a title; 

name and address of the test laboratory and location where the tests were carried out; 

unique identification of the report and of each page; 

name and address of client; 

a description and identification of the specimen (solar cell, sub-assembly of 

solar cells or PV module); 

description of the test environment (natural or simulated sunlight and, in the 

latter case, brief description and class of simulator); 

date of receipt of test item and date(s) of calibration or test, where appropriate; 

reference to sampling procedure, where relevant; 

identification of calibration or test method used; 



any deviations from, additions to or exclusions from the calibration or test method, 

and any other information relevant to a specific calibration or test, such as 

environmental conditions; 

description and identification of primary and/or secondary reference device 

(cell or PV module); 

I) identification of the method for temperature and irradiance correction of 

the measured characteristic; 

test results supported by tables and graphs, including irradiance level, temperatures of 

the specimen and reference device, module parameters used for correction of the 

current- voltage characteristic; 

either the mismatch correction value used in the measurement or an estimate of 

the error introduced by using the mismatched reference device; 

a statement of the estimated uncertainty of test results; 

a signature and title, or equivalent identification of the person(s) accepting 

responsibility for the content of the test report, and the date of issue; 

a statement to the effect that the results relate only to the specimen tested; 

a statement that the test report shall not be reproduced except in full, without the 

written approval of the laboratory.  

 

 

 

 

 

 

 

 

 

 

 



12. Terawatt challenge for photovoltaics 

Term “Terawatt challenge” is frequently used when evaluating the ability of 

technologies to satisfy the demand of the Earth’s population for energy. Total averaged 

power consumption is of the order of tens of TW. Therefore, possible limits of technology 

at TW scale have to be considered before setting expectations, than photovoltaics will be 

the main and affordable source of energy for our future. In the following sub-chapters, 

price trends, limits for its reduction and material availability issues will be described. 

12.1. Moore’s law equivalent in photovoltaics. 

Moore's law is named after Intel co-founder Gordon E. Moore. In 1965, he predicted 

that number of transistors within integrated circuits wills roughly double every two years. 

This observation is still valid today and used for the long-term planning and setting the 

research goals in the semiconductor industry. In photovoltaics, several dependences, which 

are linear in logarithmic scale, can be observed. First of all, thickness of silicon wafers, 

used for photovoltaic applications, is constantly reduced Fig. 12.1. However, this reduction 

is relatively slow in comparison to the one observed in the microprocessor industry. 

 

Fig. 12.1. Reduction of thicknesses of silicon wafers, used in photovoltaic 

applications, over time. After [29] . 



 

Fig. 12.2. Reduction of the price of the installed watt of the peak power over time.  

Data sources - [30][31]. Black line indicates 30 % learning curve, 25 % learning curve is 

assumed till 2020. Approximate trend of the average solar cell efficiency and wafer 

thickness changes are indicated on the top and bottom of the graph respectively. 

 

A more remarkable change is observed, when the price of the installed watt of the 

peak power is plotted as a function of the installed cumulative peak power (Fig. 12.2). 

Here one can observe a clear experience curve with approx. 30 % reduction of the price 

with each doubling of the cumulative production. Data point for 2020 is approximated 

assuming 25 % experience curve, however, prices below 1 EUR/Wp rwere reached well 

before that term. 

Such reduction suggests that so-called “grid-parity” between the cost of PV power and 

market price of electricity is inevitable and it is just a question of time. However, two other 

limiting factors have to be addressed. The first one is the price of all the required 

components in addition to PV modules. The second one is the availability of materials to 

support such growth of the installed base. 

 

 



12.2. System price components and cost-reduction 

opportunities. 

 

In 2012, National Renewable Energy Laboratory published a report, detailing the cost 

components of various installed PV systems [32]. In this report, a highly detailed and 

transparent bottom-up analysis of installed PV system prices developed by NREL, in 

collaboration with industry, was presented, since the market end user price alone doesn’t 

give an insight on where are the further cost reduction opportunities. Data for one type of 

installations is presented in Fig. 41. As one can clearly see, the share of module price is 

currently reduced to nearly one third of the total cost. At this stage, reduction of all non-

module costs are becoming equally or even more important that the module price 

reduction. 

 

Fig. 12.3. Cost components of the typical PV installation. Data source - [32]. 

 

Several opportunities for such reduction exist. First, increasing efficiency of solar cells 

also means a reduced area of modules, required for the same wattage. Area reduction also 

means the reduction of labor, support hardware requirements with the corresponding cost 

reduction. Labor costs can also be reduced by an increased number of subassemblies, 

integrated at the factory. However, this can be achieved with further standardization of the 

installation methods. Increased size of module strings and their voltage increase could 



potentially reduce the wiring requirements, since wire diameter is mostly defined by the 

requirements for current transmission. 

 

12.3. Material availability issues. 

 

Exponential growth of solar cell production inevitably raises a question, if sufficient 

materials are available for such growth. Several factors have to be taken into account when 

making estimations: 

 Likely contribution of each photovoltaic technology to the total GWp delivered. For 

example, silicon solar cell production requires silver (Ag) paste for contact printing. In 

CIGS production, indium In, gallium Ga and selenium Se could experience supply 

shortages, while availability of tellurium Te might be a limiting factor for CdTe cells. 

 Global availability of elements in the Earth's crust. This factor places a strict upper 

limit to the material availability. 

 Technology chains in mineral processing and economical issues.  

Table 12.1 lists the expected material requirements under the assumption of the total 

production of approx. 130 GWp per annum and a major contribution from Si technology. 

As one can see, even with these assumptions, crystalline Si technology is expected to have 

much less material availability issues in comparison to other technologies, which could run 

into limitations due to In, Ga, Te availability relatively quickly. 

 

Table 12.1. Key material requirements in 2020, assuming production volumes, listed 

in the 2nd column [34]. 
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Fig. 12.4. Abundance of elements in the Earth's crust [33]. 

 

Global availability of minerals is only one of the restrictions in this case (Fig. 12.4). 

Indeed, In, Te abundance is lower by orders of magnitude than, for example, tin Sn, copper 

Cu or zinc Zn. However, abundance of gallium (Ga) should not present a problem. The 

reason for Ga scarcity is so-called "mining tree" (Fig. 12.5). Some elements (listed in top 

        

c-Si 90       

Ag  59 5310   32900 16% 

CIGS 21       

In  53 1113 550 750 1300 86% 

Ga  12 258 110 30 140 185% 

Se  50 1050 3000 50 3050 34% 

CdTe 18       

Te  56 1008 465 35 500 202% 



row in Fig. 43) are obtained as by-products of the primary materials production (lower row 

in Fig. 43). It might be unexpected, when comparing the prices for the same mass of 

product, but gallium is actually a by-product of aluminum production. Therefore, it is 

nearly impossible to increase the primary Ga production without processing vast amounts 

of aluminum without the actual demand for it. Therefore such dependences place another 

restriction of the material availability for PV industry. 

 

 

Fig. 12.5. The mining tree "branches", related to PV industry. After [3432],[35]. 
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Annex I – Sample laboratory work “Impact of 

changes of the spectrum of sunlight on the 

operation parameters of the silicon solar cells” 

The aim of the exercise laboratory is to define the basic electrical parameters of the 

solar cell: open circuit voltage UOC, short circuit current ISC, the resistance of the receiver, 

corresponding to the maximum power output to the receiver RPmax, and the current - 

voltage characteristics in depending on the light intensity and spectral changes of light 

incident on the solar cell. 

Introduction 

One of the most important issues concerning the properties of silicon solar cells is 

analysis of the changes of their operating parameters, such as short circuit current, open 

circuit voltage, maximum power output to the circuit and efficiency, on the spectral 

changes of the solar radiation occurred during absorption when the changing the thickness 

of the layer of the atmosphere and absorption in the clouds of different densities.  

The flux densities of solar energy are used to determine the character of solar radiation 

incidenting on solar cell. For light incidenting on the surface of the Earth’s atmosphere is 

adopted atmospheric mass, briefly called AM0. Value of streams for the AM0 is E = 1 367 

Wm
-2

. At the equator the vertical hitting of solar radiation at sea level atmospheric mass, 

though which the rays pass, shall be considered as unity. Designation of this stream 

AM1.0. Rays at oblique downfall angle Θ to the normal to the surface of the ground k 

assume that atmospheric mass is: 

 




cos

0.1AM
AM X

       (A.1) 

 

The value of the density of solar radiation, according to the recommendations of the 

Commission of the European Union and the International Electrotechnical Commission 



(IEC) in the United Nations in 1997, was accepted the value of atmospheric mass AM1.5 i 

ϴ = 48.19
o
 equal 834.6 Wm

-2
.  

On the basis of simple speculations it can be concluded that the standards AM0, 

AM1.0, AM1.5 and the like can be used only in the work of the so-called imitator of Sun 

radiation spectrum similar to the real spectrum. It is necessary to have imitator of the Sun 

so as to precisely determine the efficiency of solar cells. This need emerges from, for 

example, the development of new technology elements, examination of new materials or in 

other cases. However, even imitator cannot replace the Sun because of very simple reason, 

namely, you can get the spectrum similar to the spectrum of solar radiation, however, it 

cannot simulate all the changes taking place in the spectrum of the sun during movement 

of the Sun from east to west and during variable nebulosity. 

The basic parameters of solar cells, which may be influenced by changes in the 

spectrum of the radiation, which changes under influence of change of atmospheric mass, 

caused by movement of the sun across the sky, are: open circuit voltage UOC, short circuit 

current ISC, the maximum power output to the receiver PMAX, the resistance of the receiver, 

corresponding to the maximum power output to the receiver RPmax, and the current - 

voltage characteristics. The values of these parameters are complex functions of both 

power density, that incidents on the solar cell, and the spectrum of the radiation. 

 Investigate the dependences of these parameters to changes in the spectrum of solar 

radiation, that incidents on the Earth's surface during the movement of the Sun from east to 

west and with changes in the density and consistence of clouds, is not possible with the 

imitator of the Sun due to the rate of change of the spectral and energetic parameters of 

radiation caused by cloud movement. 

 This can be proved in the following way. At the same time during the movement of 

the sun from east to west there are changes in the spectrum of the radiation incidenting on 

the solar cell. It is connected with the known physic phenomenon of wave absorption and 

scattering of different lengths when they pass through the thicker layer of the atmosphere. 

When the Sun is near the horizon, and the path of rays in the atmosphere increases, the 

rays with shorter wavelengths (blue) scatters in a greater degree than red. The above 

changes in solar spectrum are visible to the naked eye on a clear day when the Sun is in the 

east (in the morning) and the west (in the evening). Sky then turns red. Even more changes 

of the spectrum of the light, that reaches the surface of the Earth, occurs when it passes 

through clouds. The colors of light can vary from white to blue. Clouds also largely 

suppress sunlight, which means that the power flux density might fall several times. 



Researching the impact of daily changes in the radiation spectrum and the weather 

changes of the radiation output on the parameters of solar cells with the imitator of the Sun  

is absolutely unfitted, because you cannot use it to make the necessary changes. 

 

The laboratory stand 

 

In order to determine the approximate effect of changes in spectrum of the radiation, 

that incidents on the surface of the solar cell, and the power density, was made the 

laboratory stand that allows to change the power of the radiation, that incidents on the cell, 

without changes in spectral composition and change the spectral composition of the 

radiation and its power in a manner similar to the changes occurring during movement of 

the sun from the south to west. The laboratory stand also allows to explore the basic 

parameters of solar cells, that is, the short circuit current, open circuit voltage, current - 

voltage characteristics. The laboratory stand also equipped with a luxmeter to measure 

light intensity of radiation that incidents on the solar cell. Electrical scheme of the 

laboratory stand shown in Figure A.1 

 

Figure A.1. Electrical scheme of the laboratory stand. 1 - halogen lamp; 2 - stabilized 

power supply of the halogen lamp; 3 – sensor of the luxmeter; 4 - luxmeter; 5 – solar cell; 

6 - digital voltmeter; 7 - ammeter; 8 - solar cell load - bank of resistors 1Ω - 1MΩ; 9 – cut-

out, situation “ON” - measurement short circuit current and the current - voltage 

characteristics, situation “OFF” – measurement open circuit voltage. 



 

View of the stand and it’s components are shown in Figure A.2. 

Changing halogen lamp (1) voltage ranging from nominal 12 V to 1 V allows to 

change the spectral composition of radiation simultaneously decreasing the radiation 

power. 

  

Figure A.2. The laboratory stand for the studying the impact of changes of the 

radiation on the parameters of solar cells. 1 - halogen lamp; 2 - stabilized power supply of 

the halogen lamp; 3 – sensor of the luxmeter; 4 - luxmeter; 5 – solar cell; 6 - digital 

voltmeter; 7 - ammeter; 8 - bank of resistors 1Ω - 1MΩ; 9 - supporting rod of the halogen 

lamp; 10 - clamp for adjusting the distance from the solar cell to the halogen lamp.  

 

Luxmeter sensor 3 is designed for measuring light intensity in lux, which is displayed 

on luxmeter 4. The value of light intensity is proportional to the incidenting light radiation 

per unit of area. While reducing lamp voltage, there occurs similar changes in the radiation 

spectrum like in the cloudless sky during the Sun moving from south to west, that is, the 

lower the voltage, the more spectrum moves from the yellow-white to the red area. Of 

course, at the same time reduces the intensity of the light that incidents on the solar cell 

surface. 



Halogen lamp with reflector is mounted on the rod 9 with clamp 10, which allows 

variate the distance between the solar cell and the lamp without changing the spectrum  

at a constant voltage. 

The design of stand allows to change illumination of the cell surface by raising  

the lamp from about 2000 lux to 18 000 lux at constant voltage 12 V. Changing the voltage 

from 12 V to 1 V will decrease the illumination from about 18 000 lux to 300 lux. 

Simultaneously with the illumination changings occurs above mentioned changes of 

spectrum of the light - a shift from the yellow-white to the red area. 

The luxmeter sensor and solar cell are mounted on the lever which allows accurately 

place the sensor under the lamp and measure the illumination changings and then put the 

solar cell at the measuring point and measure its parameters.  

 

Execution measurements and analysis 

During the execution of laboratory exercises will be determined the basic parameters 

of a silicon solar cell occurring under the illumination and spectrum changes which have 

been achieved by lowering the halogen lamp supply voltage. Further the researches will be 

repeated with illumination changes without spectrum changes of halogen lamp which have 

been achieved by increasing the distance from the lamp to the solar cell at a constant 

voltage power lamp. 

Figure 3 shows the dependence of short circuit current on the light intensity for the 

case of it’s changing by lowering supply voltage of the halogen lamp (line 1) and lifting 

the lamp under a constant voltage of 12 V (line 2). Based on the measurement results 

(points) made the approximation using least-squares method, the results of which are 

shown in Figure 3 in the form of continuous lines. 



 

Figure A.3. Dependence of short circuit current on the light intensity: circles - by 

lowering supply voltage of the halogen lamp; crosses – by lifting the lamp under a constant 

voltage of 12 V. 

 

As seen from Figure 3, the changing of illumination by lowering supply voltage of the 

halogen lamp causes a linear decrease of the short circuit current (curve 1), which 

conforms with the theory of semiconductor solar cells. As seen, changes in the spectral 

radiation that incidents on the solar cell, do not cause deviations from the linear 

dependence which could be expected especially in the area of low radiation intensity 

values where the greatest changes occur in spectrum. Dependence 2 in Figure 3 was 

obtained by changing the distance from the lamp to the cell at a constant lamp voltage. 

This results in only a change in intensity of light without changing the spectrum. As seen 

from Figure A.3, dependence of ISC on light intensity, obtained by the changing of light 

spectrum (line 1) and no changes in the spectrum (line 2) practically coincides, within the 

limits of error. The maximum difference between the two dependence s is at the intensity 

of light of 18 000 lux and it is only ± 2.5%. 



Figure A.4 shows the dependence of open circuit voltage on light intensity for both 

cases - by changing the supply voltage (line 1) and changing the distance under a constant 

voltage (line 2). 

 

 

Figure A.4. Dependence of open circuit voltage on light intensity: circles - by 

changing the supply voltage; crosses - by lifting the lamp under a constant voltage of 12 V. 

 

Just as the short-circuit currents dependence (Figure A.2), the difference between lines 

1 and 2 in Figure 4 is about ± 2.5%. 

On Figures A.5 and A.6 are shown a part of current - voltage dependencies of solar 

cells derived by the changing of the load resistance (item 8 in Figure A.1). 



 

Figure A.5. Current - voltage dependencies of solar cells derived by the lowering of 

halogen lamp supply voltage.  

 

Figure A.6. The characteristics of current - voltage solar cells obtained by lifting the 

lamp at a constant voltage of 12 V.  



 

Based on the current-voltage characteristics were found dependences of the power 

which was outputted to the load resistance, as shown in Figures A.6 and A.7 for the two 

cases of change - by changing the supply voltage and changes in the distance at a constant 

voltage value.  

 

Figure A.7. The dependence of output power obtained by lowering the halogen lamp 

supply voltage. 



 

Figure A.8. The dependence of output power obtained after lifting the lamp at a 

constant voltage of 12 V. 



 

Figure A.9. The dependences of the resistance of the receiver, which is measure up 

evaluation of the maximum power which is outputted to the receiver on the intensity of 

light: circles – by lowering the halogen lamp supply voltage, crosses - by lifting the lamp 

at a constant voltage of 12 V. 

 

Figure A.9 shows the dependence of resistance of the receiver, powered by a solar cell 

which is required to achieve maximum output power on the intensity of light. Figure A.9 

shows that work in low light conditions is uneconomical because it requires a very high 

resistance values of the receiver. As seen, circuit resistance begins to rise almost vertically 

on the light less than 2 000 lux. 

Based on the dependence of the outputted power on the resistance of the circuit 

(Figures A.7, A.8) were determined dependence of the maximum output power as shown 

in Figure A.10 for both cases changes - by changing the supply voltage (circles) and 

changes in the distance at a constant voltage power supply (crosses). Based on the results 



of measurements, approximation made by waveform of least squares. This is shown in 

Figure A.10 in the form of straight lines. 

 

Figure A.10. Dependences of the maximum output power on the intensity of light: 

circles – by lowering the halogen lamp supply voltage, crosses - by lifting the lamp at a 

constant voltage of 12 V 

 

As can be seen from Figure A.10, the maximum output power practically does not 

depend on changes in spectral composition of radiation incident on the solar cell. The 

difference of the maximum power obtained for the reduction of the halogen lamp supply 

voltage, and lifting the lamp at a constant voltage of 12 V power supply is even smaller 

than for the cases of short-circuit currents (Figure A.3) and the idle voltage (Figure A.4) 

and is not more than ± 1,0%. These values are practically identical within the measurement 

uncertainty, performance on the test stand shown in Figure 2 

This difference will be even less in conversion to the efficiency of solar cell, which is 

not known to us, but is in the range of 10% to a maximum of 15%. In the event of changes 

in maximum power ± 1.0% change in efficiency caused by changes in the spectrum of light 

that incidents on the surface of solar cell range from ± 0.1% to a maximum of ± 0.15%. 

In a conclusion may be said that changes in the spectrum of sunlight, caused both by 

absorption in the atmosphere during the movement of the sun from the east through south 



to west, as well by absorption occurring in the clouds of different density, there is 

practically no effect on the basic parameters of the solar cells - the short-circuit current, 

open-circuit voltage, maximum power outputted to the receiver. 

The exercises to execute: 

Exercise 1. Set the supply voltage halogen lamp in the range of 1V to 12V in steps of 

1V perform measurements of the light intensity EΦ, open circuit voltage UOC and short 

circuit current ISC. 

Exercise 2. Change the distance between the halogen lamp and solar cell perform 

measurements of the light intensity EΦ, open circuit voltage UOC and short circuit current 

ISC. 

Exercise 3. The based on the measurements results from exercise 1 and 2 perform plot 

of dependence UOC(EΦ) and ISC(EΦ). 

Exercise 4. Set the supply voltage halogen lamp in the range of 1V to 12V in steps of 

1V and changing resistance receiver in the range of 10 Ω to 10kΩ perform measurements 

of the light intensity EΦ, the voltage at the receiver U and current I. Calculate dependence 

of the power which was outputted as a function of the load resistance P(R). 

Exercise 5. The based on the measurements results from exercise 4 perform plot of 

dependence I(U) and P(R) for different values light intensity EΦ. 

Exercise 6. Change the distance between the halogen lamp to solar cell perform and 

resistance of the receiver in the range of 10 Ω to 10kΩ perform  measurements of the light 

intensity EΦ, the voltage at the receiver U and current I. Calculate dependence of the power 

which was outputted as a function of the load resistance P(R). 

Exercise 7. The based on the measurements results from exercise 4 and 6 perform plot 

of dependence to the maximum power output to the receiver PMAX  for different values light 

intensity EΦ. 

Exercise 8. The based on the measurements results from exercise 4 and 6 perform plot 

of dependence resistance of the receiver, which corresponds to obtaining the maximum 

power output to the receiver RPMAX for light intensity EΦ. 

Exercise 9. The based on obtained depending to the analyze the impact of changes in 

the radiation spectrum halogen lamp voltage changes in the parameters of the solar cell. 
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