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Introduction

Every living thing on Earth exists thanks to a delicate balance held by the Sun that is
not only the starting point for the chemical and biological chains, but also is necessary
for the development of our society. One of the most important problems of the modern
age is being able to combine the economic and technological growth with the global
warming and atmospheric pollution. In this scenario, the “clean energies” represent an
alternative to the fossil-fuel system.

Among the several energy sources, the solar power is probably one of the most inter-
esting because it can be converted directly into electricity by the solar cell device. In
the past, solar cells were limited to space and military applications due to the low
conversion efficiency and high manufacturing cost. Today, thanks to a constant re-
search, different kinds of solar cells are not used only in satellite operations or space
manufacturing but also for terrestrial applications.

Although many important results have been achieved in the last few years, it is neces-
sary continue investing on the realization of high-performing and low-cost solar cells.
This would help the photovoltaic technology to definitively placing on the global mar-
ket becoming the most important driver in the development of modern societies.
Today, multi-junction (MJ) solar cells achieve the highest performance by stacking sev-
eral compound semiconductors able to absorb different wavelength ranges of the sun
spectrum. Increasing the number of junctions leads to high efficiency alongside to a
higher device complexity.

In the thesis it is investigated the possibility of a new kind of solar cell similar to a
heterostructure bipolar transistor (HBJT) in order to overcome several constraints of
the traditional MJ cells and to achieve a simpler structure. Several simulations lead to
a confident conclusion about the possibility of implementation of a HBJT structures
as solar energy absorbers, in fact it seems that their efficiency approaches that one of
a dual-junction solar cell.

The hope is that, through the following Chapters to the discovery of the features of
several solar cells, it may glimpse in the solar power a real alternative to the “non
renewable sources”.



CHAPTER 1

A green energy future

We live in a world where the energy is the driving force in promoting growth, welfare
and technology development. Our life is swept up in a sea of scientific and digital
innovation.

1.1 Against the “non-renewable” resources

The world energy demand, above all by non-OECD countries, has risen exponentially
predicting that it will continue growing in the years ahead.

In order to satisfy the incessant electricity demand, several energy sources are exploited.
The Fig. 1.1 shows the energy consumption of both non-OECD and OECD countries
and the Energy Resources, in billion toe, used.
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Figure 1.1: Energy Consumption by region on the left & Energy Resources on the right
(BP Energy Outlook [1]).

In Fig. 1.1 we can note that the fossil fuels, such as Oil Gas and Coal, were and will re-
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Chapter 1 3

main at least up 2030/2040 the main resources for the energy production as confirmed
also by the International Energy Agency (IEA). Fossil fuels are "non-renewable” be-
cause they have considerable time for creation scales of millions of years, hence not
compatible with human lifespan. Today, not only the human exploits them much more
quickly than they should regenerate, but also their incessant exploitation is responsible
for climate change and irreversible ecological disasters.

When fossil fuels are burned to create energy emit a significant amount of carbon
dioxide (CO2) in the atmosphere, increasing the global warming (Fig. 1.2), and of
sulphur dioxide (SO2) producing acid rain phenomena, responsible of the atmospheric
pollution that has worsened in recent years.

1889-1893 1938-1942

T

Figure 1.2: Earths global surface temperatures (Analysis by NASA Climate Change|2]).

In order to prevent a more critical scenario, on 16 February 2005 the Kyoto Proto-
col entered into effect as a first step against global warming. This international and
legal framework commits to industrialized countries to reduce emissions of C'O,. For
example Italy has ratified the protocol in 2002, instead USA, that emits more than
36% of the total emissions, has signed but not ratified the protocol. Although the
global warming and the atmospheric pollution are among the most alarming problems
of the modern age, it seems that a real solution is far from found because of in contrast
with the profits of the major world powers. In this scenario, we report some words of
the speech of Greta Thunberg, a 16-year-old climate activist, at COP24 in Katowice
(Poland 2018) addressing to the worlds leaders [3]:

“We need to keep the fossil fuels in the ground, and we need to focus on equity. And
if solutions within the system are so impossible to find, maybe we should change the
system, itself.”
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A real solution is to invest more and more in research into renewables resources or
“clean energies” such as Solar power, Wind power, Biofuel, Hydroelectric power, Tidal
power and Geothermal power. These not only are regarded as infinite sources of energy
because they are able to regenerate but also the use of which contribute to complies
with natural resources and the environment making alongside global markets more en-
vironmentally friendly. This work, particularly, has the aim to explore the converting
solar energy into electricity that is made possible thanks to the solar cell device. Dif-
ferently by the others renewable energies, the ability of photovoltaic application lies in
the directly conversion of the solar power into electricity rather than some intermediate
form of energy.

Before investigating the study of the photovoltaic device, is necessary to give some
information about the primary source used: the Sun.

1.2 Solar Spectrum

Solar cells create energy exploiting photons coming from the Sun. The amount of pho-
tons, particles of light emanating uniformly in space in all directions, changes based
on the wavelengths creating the so-called Solar Spectra.

The Power distribution versus the wavelength is expressed by the Planck’s law (Eq.
1.1)[4]:

2mc?h
ST = e [e(hc/kT) Y (1.1)

where:

e cis the light speed [Q};
s

h is the Planck’s constant [Js];

A is the wavelength [m];

J
k is the Boltzmann’s constant [E] :

T is the Temperature of the Sun in Kelvin [K] .

In order to apply Eq. 1.1, let’s consider the Sun as a black-body whose surface tem-
perature is equal to T' = 5762 K.
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For a range of wavelengths from the ultraviolet section up to that infrared of the
electromagnetic spectrum we can obtain the entire energy per unit of area emitted by

the Sun, also known as Solar Irradiance (SI) (Fig. 1.3) and measured in —.
m
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Figure 1.3: Planck Solar Irradiance.

In Fig. 1.3, we can detect that the peak of energy is around the “visible range” that
covers the wavelengths for 400nm < A\ < 700 nm; instead, the Solar Irradiance decreases
for A < 400 nm in the ultraviolet section and for A > 700nm in the infrared one that
covers more than 50 % of the total Solar Spectra.

The Solar Irradiance shown in Fig. 1.3 is not equal to that one on the Earth’s surface
based on several variables such as latitude, weather conditions, day of the year and oth-
ers. First, the solar radiation is partially absorbed, reflected, diffused and transmitted
crossing the earth’s atmosphere.

1.3 Air Mass

Respect to the SI of Fig. 1.3, the solar spectra that arrives on the earth surface is
different both in its shape that in the intensity, in fact it is attenuated. These effects
are linked to the thick layer of atmosphere and to the path of the light crossing it in
order to reach the earth’s surface. In order to quantify the reduction in the power of
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the Solar Irradiance, it is necessary to introduce the Air Mass (AM) parameter. We
know the earth revolves around itself and around the sun, but to make the concept of
AM simpler, we could think to be at the Zenith and observing the displacement of the
Sun, relative to this point, along an arc of an imaginary circumference.

Observing Fig. 1.4, let’s assume with P the position of the Sun at the Zenith point
respect to the observing point; instead, with Py a position different by the previous
such as in Fig. 1.4. The angle 9, subtended to the imaginary arc of circumference
between the points Pz and Pg, gives us information about the shifting of the Sun [5].

o

lg +sin(&)

Iy =cos(8)

Figure 1.4: Air Mass.

From Fig. 1.4, when the Sun is in the Py position, the photons before arriving on
the Earth’s surface must make a longer path. In this case, it is more likely that occur
diffusion and absorption phenomena across the atmosphere.

This means that according to the ¥ angle, the Solar Irradiance is not exactly that
obtained from Eq. 1.1, but is also attenuated based on the Air Mass parameter.

In order to define the AM, let’s consider, from Fig. 1.4, the triangle OAB (red dashed
line). By the Pythagorean theorem:

OA® = OB* + BA? (1.2)
Replacing the terms in the previous equation with the notation adopted in Fig. 1.4:

(R + harnm)® = (Rp + I,co8(0))? + (I,sin(6))? (1.3)

Developing Eq. 1.3 and through some simplification we arrive to the following expres-
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sion for the AM parameter:

AM = \/(RECOS(Q))2 + 2Rphary + h47y, — Recos(6) (1.4)

Eq. 1.4 can be approximated as follows:

1
AM =~ s (1.5)

The effect of the AM, computed on the basis of Eq. 1.5, on the ideal Solar Irradiance
(Fig. 1.3) is shown in Fig. 1.5 where the blue line is the behavior obtained for AM=1.5
[6] corresponding to ¥ equal to 48.19°.
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Figure 1.5: Solar Irradiance with AMO in red line, Planck Solar Irradiation in green
line and Solar Irradiance with AM1.5 in blue line.

On Fig. 1.5 is also shown the extraterrestrial radiation, the spectrum outside the
atmosphere, known as AMO [7], in general used for space applications.

We have obtained a first limitation on the ideal Solar spectra given by the attenuation
caused by the atmosphere layers and by the path that the light makes arriving on the
earth’s surface. There are other constraints that could limit the total SI such as the
atmospheric conditions. In the following sections we will assume to work in an ideal
case, considering the SI spectra of Fig. 1.3.
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1.4 Photovoltaic Action

The device able to convert the solar energy into electricity (the so-called photoelectric
effect) is the solar cell that is the basis of the photovoltaic system.

In order to exploit the photoelectric effect [8] is necessary to use semiconductor ma-
terials characterized by a relatively low bandgap energy (E, measured in eV) between
the top state of the valence band (the lowest energy states) and the bottom one of the
conduction band (the highest energy states) (Fig. 1.6). Commonly used semiconduc-
tors such as Ge, Si and GaAs have respectively, at room temperature, an E; equal to
0.67 eV, 1.11 eV and 1.42 eV.

A semiconductor is able to conduct only if electrons by the valence band, acquiring
energy, occupy free energy states in the conduction one.

Conduction Band

Ec

Eg EF

Ev

Valence Band

Figure 1.6: Semiconductor Band Diagram where E. is the bottom state of the conduc-
tion band, E, is the top state of the valence band and Ey is equal to E, — F,,.

At T = 0K, all electrons are in the valence band and the conduction band is empty.
Instead, at room temperature, without any external excitations such as light, pressure
or an electric field, electrons are thermally excited thanks to the thermal energy kT
around 0.026 eV. In this condition an appreciable number of electrons jump in the
conduction band, leaving an equal number of “holes” in the valence one. If we con-
sider a perfectly ordered and homogeneous semiconductor by a crystallographic point
of view, with a small amount of impurities (intrinsic semiconductor), at a finite tem-
perature, the number of electrons n is equal to the number of the generated holes p,
hence n = p = n; where n; is the intrinsic carrier density.

At the thermal equilibrium, there are continuously generation and recombination of
electrons and holes. Physically, the generation corresponds to break a covalent bond
in the semiconductor to free an electron that can participate in current conduction;
instead the recombination is the opposite phenomena.

The problem of the electrons distribution among the electronic states is solved by the
Fermi-Dirac distribution, according to which the Fermi level Er has the 0.5 probability
of occupation by an electron (Fig. 1.6). The details of the topic in Ref. [8].
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It is necessary to underline that, at room temperature, the values of the intrinsic con-
centrations [107=-10'] cm™® are many orders of magnitude lower than the free electrons
and holes concentrations in the metal; hence, the conductivity in the intrinsic semi-
conductors is very low. An extremely efficient way in order to increase the free charges
concentration involves the introduction of impurities (doping) in the crystal lattice of
the material leading to two different scenarios: an addition of the negative charge car-
riers or positive charge carriers. Hence, the semiconductor with a high concentration
of electrons/holes becomes n-type/p-type, indicating the majority carriers with n,/p,
and the minority carriers with p,/n,. In the case of n-doped material the Fermi level
is closer to the bottom of the conduction band. Similarly, for higher positive charge
concentration, the Fermi level is closer to the top of the valence band. In both cases
the semiconductor is called extrinsic.

First, let’s consider a semiconductor at non thermal equilibrium condition with an
external excitation such as light. When photons are absorbed into a semiconductor
material deliver their energy to the electrons that by the valence band jump into the
conduction band only if the photons energy hv is greater than the E, of the material
considered.

Conduction Band

Conduction Band @ ® e

. F
| B | B W
i

A €
hv § : i
5 !
iE !
Valence Band Y _E, ValenceBand ¥ E
®@® e e © o v
a) Semiconductor under illumination b) Generation of e-h pairs

Figure 1.7: Photon energy used to excite electrons from the valence band to the con-
duction one.

Fig. 1.7 has the aim to show, in a simple way, the situation linked to the absorption
of the photons. Considering a semiconductor connected to an external electric load,
if hv > Ej electrons jump in the conduction band where they are free to move and
can be transported to a selective n-type metal contact. Once they deliver their excess
energy to the load, return to the valence band by a selective p-type contact.

As already mentioned, the Generation mechanism is competed by the recombination
one that decreases the solar power conversion because e-h pairs cannot be collected.
In order to avoid this effect allowing current to flow in only one direction we have
exploit the traditional p-n junction in order to provide a driving force for the spatial
separation of electrons and holes.

Fig. 1.8a shows the p-n junction at thermal equilibrium without external bias. When
the p-type and n-type semiconductors are jointed together is formed a depletion region
where the mobile carrier densities are zero and the potential energy difference from
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the p-side to n-side is ¢V},;. By this, electrons majority carriers n,, and holes p, cannot
overcome the potential barrier and are confined in their regions.

a) Dark Condition b) Under solar irradiation

g g

Ohmic Ohmic
Contact Contact

c) Self Biased

Figure 1.8: a) p-n junction under Dark Condition; b) p-n junction exposed to the solar
power; ¢) p-n junction Self Biased.

Now, assume the p-n junction exposed under solar radiation. In Fig. 1.8b we can ob-
serve that photons are absorbed along the device generating e-h pairs. Again, electrons
n, and holes p, cannot overcome the barrier, but the minority charges n,(green dashed
arrow) and p,(red dashed arrow) photo-generated are able to move across the deple-
tion region towards the n- and p-side respectively where they can be collected to the
metal contacts, then delivering their energy to the load (a detailed description about
the transport of carriers is in Chapter 3). By this, the p-n junction is the simplest
solar cell, also called Single junction (SJ) solar cell.

When the carriers move to the load, a positive voltage is developed by the p-side contact
and a negative one by the n-side. Hence, it feels like the p-n junction is self forward-
biased (Fig. 1.8c) where the difference between the two quasi-Fermi levels Ep, — Ep,
is equal to ¢V,. where V. is the open-circuit voltage. Based on the forward-biased con-
dition, we will have a flux of carriers (Dark current) opposite to that photo-generated
(Photocurrent Jy,,) (red and green dashed arrows in Fig. 1.8). By this, the J-V char-
acteristic of a p-n junction under illumination (red line in Fig. 1.9) is like that of a
diode in forward biased (green line in Fig. 1.9) shifted along the negative J-axis of a
quantity Jp, since the photocurrent is opposite in direction to the Dark current.
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A g -
——J-V under illumination )
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/

VDC ’

Voltage, [V]
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Figure 1.9: J-V characteristic in Dark condition (green line) and under illumination
(red line); on the right an ideal model of a SJ solar cell.

The J-V characteristic under illumination is given from Eq. 1.6:
J = Jg (e — 1) — T, (1.6)

In Fig. 1.9 J, is the short-circuit current density obtained with a short-circuit between
the two metal contacts (V' = 0), and V,. is the open-circuit voltage developed when
the two terminals are not connected to the load (J = 0).

The Operating Point, where the load and the solar cell have the same current and
voltage, is given by the intersection between the blue load line with slope —1/R;, and
the red J-V characteristic. Hence, it is necessary to choose a proper load in order to
extract a power close to 80% of the product V,.Js. . In Fig. 1.9 we can also detect the
quantities V,,,, and J,,,,, that correspond to the voltage and current for the mazimum
power point. The wheat area is the maximum power rectangle equal to P, £ Vipn Jipp-
Hence it is possible to define an ideal efficiency of a solar cell given by:

Vmpmepp
— PP mpp 1.7
U P (1.7)
where P, is the total incident Power on the solar cell.
Another important parameter is the Fill Factor, FF, indicating how much the rectangle
of the maximum power (in wheat in Fig. 1.9) is able to cover the rectangle ideally
formed by the product V,.J,.:

Virppm
FF = 2o (1.8)
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We have said that photons with hv > E; can create e-h pairs generating the photocur-
rent. If ideally we consider that for each incident photon that satisfies the previous
relationship there is a e-h pair generated, we can obtain the maximum photocurrent
(so-called Cumulative photocurrent) should be developed by a solar cell.
First, it is necessary to find the number of photons arriving on the solar cell surface.
Let’s define the “Solar Photon Flux” (SPF) the number of photons for second:
ST

SPF = ™ (1.9)
From Eq. 1.9 we can obtain the number of photons for each wavelength of the solar
spectra. Considering an ideal material able to absorb the entire solar irradiance, the

cumulative photocurrent can be defined as follows:
T = q/ SPFd\ (1.10)
A

Fig. 1.10 shows the Cumulative photocurrent versus the wavelength.
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Figure 1.10: Cumulative Photocurrent J,, versus A.

In the plot, we can observe that the photocurrent increases initially because there
is a peak on the “visible region” of the SI (Fig. 1.3) and then it saturates because
the SI decreases in the infrared region. From this plot we can have an approximated
ideal value of the maximum photocurrent that should be obtained knowing the E, of

a material.
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Fig. 1.11 shows the Cumulative photocurrent versus the F:
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Figure 1.11: Cumulative Photocurrent .J,, versus Ej,.

Materials with high value of F, can have a high open circuit voltage V,. but cannot
reach an elevated photocurrent. In order to clarify the previous sentence, it is necessary
get into a lot more details about the Optical Absorption. Fig 1.7 showed the generation
of e-h pairs thanks to photons absorbed. In reality, the jump of the electron from the
valence band to the energy state of the conduction one depends strongly by the energy
of the photons.

Conduction Band

e
®

(b)

Eg
hv (@) hy hv
(c) EV

Valence Band

Figure 1.12: Photons absorption for (a) hv = E,, (b) hv > E,,(c) hv < E,.

If hv = E, (Fig 1.12a) electrons jump in the bottom state of the excited states; instead,
it hv > E, electrons initially occupy states with energy greater than FE. and then,
dissipating as heat the excess energy hv — Eg, relaxing to the state with energy E. as
shown in Fig. 1.12b. For completeness, if there are chemical impurities or defects in
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the lattice (Fig. 1.12c¢) also for hv < E, photons can be absorbed [8]. From Fig. 1.12,
the processes a and b are called intrinsic transitions, instead the other is known as
extrinsic transition. The process b (so-called thermalization) provides an upper limit
to the energy of the collected electrons to the E; of the material limiting the V. that
will be proportional to the bandgap. By these considerations, it is possible deduce that
the efficiency of a solar cell is limited not only by the Generation rate developing a
high photocurrent only if F; is small, but also, for the same case, by the V,. that will

have a small value.

Efficiency

v

Energy Gap

Figure 1.13: Limiting factors on efficiency of a solar cell.

By the previous considerations, we have two limitations on the efficiency:
e for a small £, the efficiency is limited by the small V., but the .J,, is high;

e for a high F, the efficiency is limited by the small photocurrent (Fig. 1.11) given
by the fact that the Generation rate decreases, alongside the V,. is high.

By the first/second item we can draw the red/green dashed line in Fig. 1.13. The
ideal intersection of the two lines gives us the best Efficiency versus the Energy Gap.
In the same figure the green line should be a possible behavior of a solar cell efficiency.
In order to obtain values of efficiency versus the E, for a SJ solar cell, Chapter 2 will
have the aim to explore this topic.

We have presented the photovoltaic action and the main parameters of a basic solar
cell. In modern day, there are different kind of photovoltaic devices developed above
all at the end of the 20" century; a brief scenario of the photovoltaic technology will
be summarized in the following section.
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1.5 Photovoltaic technology

The conversion of the light, hence the photovoltaic technology can potentially become
the most useful and economically tool in the future to produce electrical energy. On
1839 Alexander Edmond Becquerel discovered the photovoltaic effect. Since then, the
constant technological developments paved the way to efficient and economical solar
cells.

In the past, terrestrial photovoltaic applications were limited due to three important
factors: low conversion efficiency, reliability and high manufacturing cost. Especially,
the thrust towards better energy efficiency is given by the space race in the '60s, in
order to power satellites of various types in orbit around the earth. At the end of the
20" century, the ongoing research in photovoltaics and into innovative materials have
led to the development of high-efficiency solar cells not only for military applications
but also for terrestrial ones.

Best Research-Cell Efficiencies ®: NREL
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Figure 1.14: The progress of the efficiency over the years for several kinds of photo-
voltaic technology (NREL Transforming ENERGY, [9]).

In Fig. 1.14 we can observe that from 1976 to 2019 the efficiency increased for all kinds
of solar cells, especially for multi-junctions (MJ) cells that are built by stacking I1I-V
semiconductor layers on top of each other.

Two examples of Triple junctions are InGaP/GaAs/Ge cell that shows the highest
performance for terrestrial applications and GalnP/GalnAs/Ge cell [10] in production
for space applications, of which Fig. 1.15 shows qualitatively its structure and the exact
bandgap combination. The reason of the success of this technology is linked to the fact
that, today, it is possible grow excellent materials quality in a good lattice-matched
structure able to harvest a wide spectral range with their bandgaps [10].

From Fig. 1.15, it is possible to detect that each material of the Triple junction solar
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cell covers a different range of wavelengths thanks to a correct overlapping.
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Figure 1.15: A basic structure of a GalnP/GalnAs/Ge solar cell (on the left) and the
parts of the spectrum (on the right, [10]) that this kind of cell can, in theory, use.

In Fig. 1.15 the Triple junction solar cell consists of a p-n junction for each sub-cell and
the interband tunnel junctions, necessary for the current flow along the device, results
in an addition of the number of layers, hence to a more complex structure. However, for
high-efficiency, the MJ solar cell plays a leading role and shows up the most promising
photovoltaic technologies for the future although many challenges about the structure
device and the optimal use of each material, must be achieved.

Today, the aim is focused on further improving the attainable efficiency by increasing
the number of junctions towards 4/5 and alongside finding solutions to many structural
problems that not only rise the device complexity but also the manufacturing costs.

1.6 Thesis Setting Goals

Based on the fact that the design and practical realization of MJ solar cells is not an
easy task due to the constraint on current matching and the need of tunnel junctions,
is necessary to achieve a simpler structure. In this scenario, a paper on a new kind of
solar cell characterized by a multi-terminal bipolar junction transistor (BJT) structure
has been recently published by A. Marti and A. Luque [11]. They were strong-minded
about the calculation of the efficiency limit by using the Shokley and Queisser [12]
discovering that is necessary review the fundamental constraints of a common bipolar
structure in order to obtain the same efficiency of a double junction solar cell. Being
motivated by the fact that a heterostructure bipolar transistor, potentially usable as
solar energy absorbers, could obtain the same efficiency of a dual-junction cell, the aim
of the thesis is to explore it by a more realistic model.

In order to do that Chapter 2 focuses in the exposition of the Shokley-Queisser detailed
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balance model for a single junction (SJ) solar cell, then extended also to the DJ case
allowing to calculate the efficiency as a function of the top and bottom bandgaps.
Chapter 3 provides some information about the Reflectance and Absorption Coeffi-
cient for GaAs and Alj4GaggAs semiconductors, showing also a mobility model [13]
applicable to the simulations conducted. Then, the analytical drift-diffusion equations
(so-called Hovel model, [14]) are derived and implemented for a homo-junction p-n
GaAs solar cell, for a n-p Aly4GaggAs solar cell and for a p-n Aly,GaggAs/GaAs
hetero-junction solar cell. For each of them, simulations were carried out in order to
study their properties including but not limited to: diffusion current of the minority
charges along the device and spectral response.

In Chapter 4, after a summary of the most important features of a common BJT, the
Hovel model is extended to an HBJT structure with emitter and base in Aly,4GaggAs
and collector in GaAs. First of all, simulations are carried out for a HBJT with tra-
ditional structural parameters discovering that the photocurrent would be very small.
Hence, in order to increase the photocurrent several structural changes are done such
as increasing the base dimensions and doping levels. By this, the simulations show that
the photocurrents behavior seek to that of the n-p Aly4GaggAs homojunction solar cell
and that p-n Aly4GaggAs/GaAs heterojunction confirming a good efficiency.

This is an important result because the structure is simple avoiding a significant num-
ber of layers required, as just said, in DJ solar cell in order to solve the current matching
constraints. Based on the rudimentary simulations carried out in the thesis, an HBJT
structure could be used as building block for MJ solar cells, decreasing the number of
junctions. In this context, further research is necessary in order to solve many practi-
cal challenges on the design and technological levels, such as the necessity to extract
additional contacts to connect the sub cells independently.
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Detailed Balance Models

2.1 Theoretical efficiency limit for a SJ solar cell

In the previous section, Eq. 1.7 defines the efficiency of a solar cell. In order to cal-
culate exactly the V,. and J. several physical factors intrinsic/extrinsic to the device
should be considered (Chapter 3). When a solar cell is exposed to the solar irradiance,
the photons with hv > E, absorbed by the semiconductor material generate e-h pairs
(Fig. 1.12).

The reverse process of the Generation is the Recombination process such that an elec-
tron and hole recombine resulting in a release of energy. The Recombination process
[8] can be of two types:

e Radiative recombination given by electrons that make a transition from the Con-
duction Band to the Valence Band giving off photons of energy equal to the E,
of the semiconductor material; if the transition between the two bands is done
without any external stimulus the recombination is spontaneous, otherwise the
recombination is called stimulated.

e Non Radiative recombination for which the recombination e-h leads not to pho-
tons emission but the energy in excess is converted to vibrational energy of lattice
atoms generating heat.

In 1961, Shokley and Queisser proposed the “Detailed Balance Limit of Efficiency” [12]
for a Single Junction solar cell considering the radiative recombination a fixed fraction
of the total recombination phenomena. Following, we will discuss this kind of model
in order to obtain a quantitative plot about the efficiency of a solar cell versus its F,
respect to that obtained in Fig. 1.13.

18
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2.1.1 Ultimate Efficiency

First, supposed to have a circular solar cell, at a temperature of T, = 0K, surrounded
by a blackbody which temperature is T, = 6000K (Fig. 2.1).

Ts

Figure 2.1: Idealized solar cell model: a solar cell maintained at temperature of T, = 0K
surrounded by a black-body (Sun) at temperature of T, = 6000 K.

Eq. 1.7 can be rewritten as follows:

o Pout
"= P

(2.1)

where P,,; is the Output Power produced by the solar cell, instead P;,. is the Input
Power generated by the solar irradiance.
First, in order to find P;,. let’s consider again the Planck’s formulation, now in function
of the frequency v.
Eq. 1.1 in function of A can be rewritten in function of v as follows:

273 h

SI= 2 [e(w/kT) — 1] (2:2)

By Planck’s law, as just done in the Section 2.1, we can calculate the incident Power
(Pyne) generated by a black-body.

Considering a Solar Cell as in Fig. 2.1, circular in shape, that is able to absorb the
blackbody radiation (Sun) without losses due to geometric factors, so we obtain:

P — A/ SIdv (2.3)
0

where A is the area subject to the solar radiation.
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In order to find out P,,, it is necessary to consider that:

e Photons’s absorption is modeled by a “step-function”: the material absorbs the
incident photons only if hv > Eg;

e Fach photon absorbed generates a charge ¢ at a voltage of V, = h (ﬁ);
q

e Temperature of the cell Tx = 0K,;

e Circular geometry of the solar cell.

The hypothesis T = 0K has an important consequence in order to obtain P,,. In fact,
we know that if a material is at temperature T > 0K the atoms thermal excitement can
break some bonds. By the energetic point of view, this means that some electrons jump
from the valence band to conduction band increasing the semiconductor conductivity.
Instead, Tz = 0K means that none electron jumps from the conduction to valence band
unless the material is exposed to the solar irradiance. If we assume that the solar cell
is maintained to the Tz = 0K by an external means during the exposure to the solar
irradiation we have that the amount of e-h pairs generated are in number equal to
the absorbed photons. As done in Section 1.4, we are able to calculate the number of
photons (SPF) arriving in the solar cell surface (Eq. 1.9) considering now the SI of Eq.
2.2 arriving to the following expression for the P,,;:

P = Ahyg/ SPF dv (2.4)

g

where hy, is the energy developed by the each electron promoted from the valence to
the conduction band.

We have both P, and P,,;, hence it is possible to obtain the expression for the effi-
ciency n. In particular, the efficiency found is called “Ultimate Efficiency” u(v,).

(00 1

(&)
2 e kT 1 dv

) )
Al e kT 1 dv
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2.1.2 Nominal Efficiency

Let’s consider a more realistic case (Fig. 2.2):

Figure 2.2: Planar solar cell at temperature of T, = 300K exposed to a spherical
blackbody.

where:

e the solar cell has a planar structure;
e the temperature of the cell is T, = 300K;

e the cell is surrounded by a blackbody at its own temperature (75 = 300K).

In this scenario, where the solar cell is at thermal equilibrium with the surrounding
environment because they are at the same temperature, all the energy that the cell
receives will be divested again to the environment. The solar cell transfers energy to
the environment in the form of Radiative recombination. At equilibrium, such as in this
case, the rate of recombination with resultant radiation phenomena is exactly equal to
the rate of Generation, so the blackbody radiation from the cell can be expressed with
F:

Feo = 2Ap te Qe (26)

where (). is equal to the number of photons absorbed in the solar cell, considering the
temperature of T, = 300K. The parameter t. is equal to the probability that a photon
with hv > E, will produce an h-e pair and 24, is the area of the flat plate of the cell
where the black-body radiation comes out.

Under thermal equilibrium condition the mass action law holds:

np = n; (2.7)



Chapter 2 22

where n is the electron density in the conduction band, p is the hole density in the
valence band and n? is the intrinsic carrier density.

The case described was at thermal equilibrium. In a real case, the environment’s
temperature is T, = 6000 K, instead the cell’s temperature is T, = 300 K. If we consider
the real case for T, = 6000 K and 7. = 300 K we move to a situation where there is not
thermal equilibrium; hence the Generation rate is different from the Recombination
rate and Eq. 2.7 is not valid leading to np > n?. In this new scenario, we can redefine
the radiative recombination rate in the following way:

F.=F, (”—f) = FeV/%) (2.8)
g

where:

e V is the voltage difference between the terminals connected to the n and p regions
of the solar cell;

kT
o V. stands for )
q

Let’s consider also the generation rate F of h-e pairs by the incident solar radiation:

F, = Afwtst; (29)

where t4 is the probability that incident photons prod