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A photovoltaic (PV) cell is the essential unit of a solar energy generation system in which sunlight is promptly
converted to electrical energy. The solar cell is a p-n junction device. n-type refers to the negatively charged
electrons donated by donor impurity atoms and p-type refers to the positively charged holes created by acceptor
impurity atoms

photovoltaic (PV) semiconductors gallium arsenide (GaAs)

| 1. Introduction

Global environmental concerns and the increasing energy demand, coupled with continuous progress in renewable
energy technology, are encouraging the utilization of alternative energy resources. Solar energy is the most
affordable and abundant of all long-term natural resources to date [2l. Solar PV technology is one of the optimum

ways to utilize solar power to generate electricity by converting the sunlight to direct current in solar cells or PV
cells &1,

PV energy conversion utilizes devices based on electronic semiconductors, particularly but not exclusively,
crystalline silicon (c-Si) or thin-film semiconductor materials. A (c-Si) based solar system is usually constructed
from two essential types of crystalline materials, monocrystalline and multi-crystalline solar modules. Single-crystal
semiconductors have superior electrical characteristics (20% efficiency) comparable to polycrystalline materials.
Nevertheless, monocrystalline PV modules are non-economical as crystalline wafer-based technology is too

expensive “E],

Thin film technology is an alternative technique that uses usually amorphous silicon (a-Si) or other semiconductor
materials (i.e., cadmium telluride (CdTe), copper indium gallium selenide (CIGS), or gallium arsenide (GaAs)) in its
structure. A thin-film solar cell is much thinner than a conventional (c-Si) cell. The film's thickness is a few
nanometers (nm) to tens of micrometres (um), which allows thin-film modules to be light and flexible. Furthermore,

thin-film technology is generally cost-effective as compared to (c-Si) wafer-based technology I,

The (a-Si) solar cell is one of the most common thin-film technologies with cell efficiency (5—7%). The efficiency
increases with double and triple junction design to 8-10%. (a-Si) thin-film offers lower efficiency when compared to
the (c-Si) module. In addition, (a-Si) thin film is prone to degradation due to the reaction of (a-Si) with the

environment, such as with the air or water vapour &,
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Furthermore, CdTe thin film nearly competes with the (c-Si) cell in cost/watt. Nevertheless, tellurium supplies are

restricted and cadmium is highly poisonous 19,

Moreover, CIGS PV cell is another film technology with an acceptable cell efficiency of (~20%). However, the cost
of fabrication CIGS solar cell is higher than CdTe- based thin film and (c-Si) wafer 11,

Moreover, GaAs thin film is a crystalline compound form of (Ga) and (As). It has a high resistivity to heat and
radiation, which affect the efficiency of solar cells. Although a GaAs solar module is expensive, it holds the world’s
record in efficiency (over 30%). Since the industry favours efficiency over cost for outer space power generation,
multijunction GaAs cells are usually used for concentrator solar structures and spacecraft-based solar energy as

they can be operated at an extremely higher temperatures compared to a (c-Si) based solar system [22I[13]14]

| 2. Solar Cells
2.1. The Working Principle of PV Cells

A PV cell is the essential unit of a solar energy generation system in which sunlight is promptly converted to
electrical energy. The solar cell is a p-n junction device. n-type refers to the negatively charged electrons donated
by donor impurity atoms and p-type refers to the positively charged holes created by acceptor impurity atoms,
referring to Figure 1 of a PV structure 13J161(17]
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The working principle of solar cells is based on the photovoltaic effect. The PV effect can be divided into three
essential procedures 181119120

« Absorption of photons in a p-n junction electronic semiconductor to generate the charge carriers (electron-hole
pairs). The absorption of a photon with energy (E = hvu) higher than the gap energy ‘Eq' of the doped
semiconductor material means that its energy is used to excite an electron from the valence band ‘Eu’ to the
conduction band ‘E¢’ leaving a void (hole) at the valance level. Additional kinetic energy is given to the electron

or hole by the excess photon energy (huv—hug). ‘hug’ is the minimum energy or work function of the
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semiconductor required to generate an electron-hole pair. The work function here represents the energy gap.
The excess energy is dissipated as heat in the semiconductor [22122],

» Consequent separation of the light-generated charge carriers. In an external solar circuit, the holes can flow
away from the junction through the p-region, and electrons can flow out across the n-region and pass through

the circuit before they recombine with the holes.

» Finally, the separated electrons can be used to drive an electric circuit. After the electrons passed through the
circuit, they will recombine with the holes.

The n-type must be designed thinner than the p-type. Thus, the electrons can pass through the circuit in a short

time and generate current before they recombine with the holes. Besides, an anti-reflective coating is applied over

the n-layer to reduce surface reflection and enhance the transmission of the light to the semiconductor material.

All the aspects presented in this section will be discussed in more detail in the next sections.

2.2. Solar Cell Panels

Solar panels are multiple solar cells connected in series and parallel to produce a certain power output. One PV
cell is unfeasible for most applications as it can only produce about 0.5 V. For example, six cells are connected in
series, the cell is assumed to have the same current as a single cell and ideal 3V (6 x 0.5 V). Series cells are also
connected in parallel for higher current capacity. If the six cells can generate 2 A, the series-parallel structure of

twelve cells is supposed to generate 4 Aand 3 V 23],

2.3. Components of Solar Power System

A PV system is composed of a solar panel, supercapacitor, and inverter. The solar panel absorbs photon energy
and transforms it into electricity through the PV mechanism. The supercapacitor backup is used to deliver
additional energy only on sunny days. The generated DC power is transformed into AC loads to be appropriate for

domestic use 23241 a5 shown in Figure 2.
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Figure 2. The basic components of a PV system.
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2.4. p-n Junction Solar Cell
2.4.1. Formation of the Depletion Region

A solar cell in a basic term is a semiconductor diode that has been carefully designed to generate power from the
sunlight. A diode is a single crystal semiconductor material such as silicon, having one side doped with pentavalent
impurities forming n-type and another side doped with trivalent impurities as p-type. The doping process creates
additional mobile carriers called majority carriers in each respective region. When n-region and p-region
semiconductors are brought into contact, electrons of the n-section will diffuse into the p-section leaving a region of
positively charged donor atoms in the p-n interface near the n-zone. Likewise, a net of negatively charged acceptor
atoms is left behind in the p-n junction near the p-zone as holes diffuse from p-region to n-region. The consequent
jumps of the valence electrons can be noted as a motion of the holes. The diffusion of electrons and holes will
create a current called diffusion current ‘i and a depleted area of charge carriers, referred to as the depletion
region or space charge region. All electrons and holes are swept out of the depletion region by a generated electric
field, which prevents any additional flow of the charge carriers 23], as shown Figure 3 below.

Space charge
region

P-side 4 N-side

Figure 3. The basic semiconductor form at the instant

i

connection of the p-n sections and generating the electric field in the space charge region.

The net flow of electrons and holes in a semiconductor under equilibrium conditions will generate currents, namely
diffusion current ‘I as a result of the concentration difference and drift current ‘I, as a result of the generated

field at the junction 281, The diffusion current of electrons ‘1,4 is expressed by:

Indgiff = € Dy. dn/dx (1)

Likewise, the typical diffusion current density of holes is given by:

Ipdits = —e Dyp. dp/dz @)
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where dn/dx and dp/dx are the ratios of the change in particles’ density to the change in the diffusion distance of
electrons and holes, respectively. Due to a built-in electric field, ‘I4, is generated, which is opposite to the ‘I 21,

The drift current due to drift of electrons ‘/,_gi# IS given by:

3)

In-d'rift = enl, B = envgy,

where ‘W, is the electron’s mobility, ‘E’ is the electric field in the depletion region, and ‘vg,’ is the drift velocity of

electrons.

Similarly, ‘I,.grir due to drift of holes is expressed as:

Ip-arift = epupEl = epudp (4)

‘Hp’ is the holes mobility and ‘v’ is the average drift velocity of holes.

The net ‘I, due to drift of holes and electrons is as follows:

Iivist = e(pan + pp ) E (5)

The above equation can be written as:

Lirigt = e(pan + Wpp)E =0 E (6)

o = e(knn + Hp P) (7)

‘0’ given by (Q/cm) is the conductivity of the electronic semiconductor. For nondegenerate semiconductors, there

are no net currents in the depletion region as ‘I and ‘lyif are balanced at the state of equilibrium. This leads to

the Einstein relation:

(8)

5/11
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The particle mobility ‘i’ gives a sign of how well an electron or a hole moves in a semiconductor due to an electric
field while the particle diffusion coefficient ‘D’ indicates how well the particles move in the semiconductor owing to

the concentration gradient [28],

2.4.2. p-n Junction Solar Cell under Applied Voltage

If the diode is connected to a forward bias external voltage, the depletion region will shrink. The negative charge
carriers (electrons) and positive charge carriers (holes) are repelled from the negative and positive terminal
respectively toward the p-n junction. Consequently, the energy required for the charge carriers to flow across the

depletion region is lowered, referring to Figure 4.
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flow of majority carriers in a forward-biased diode.

jr”lill ame

Once the applied voltage reaches the barrier potential, electrons start to flow through the space charge region. The
diode current in the forward bias mode is expressed by the ideal Shockley equation. The current through the diode

exponentially increases with increasing forward bias external voltage 29,

Ii = Iy(exp(eV /ET) — 1) 9)

where ‘I4' is the diode current as the mobile carriers move through the junction; /o' is the saturation diode current in
the depletion area at room temperature ‘T", 300 K; 'V’ is the external voltage; k: Boltzmann’s constant, 1.3805 x
10723 J/K, and ‘e’ is the electron charge, 1.60217657 x 1071° coulombs 2%,

2.4.3. PV Cell under lllumination

When the incident light is absorbed in the electronic semiconductor forming a p-n junction, it generates pairs of
negative and positive mobile charges (e~ and h*). The electrons move out of the n-area to the metal contacts
across the negative contact then through the load. Next, the electrons move back into the positive contact and

finally to the p-area where they can recombine with holes, as shown in Figure 5.
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Figure 5. The PV
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cell under illumination.

As mentioned earlier, the behaviour of the p-n junction diode is employed in solar cells. Therefore, the basic
gualitative discussion and mathematical analysis used for diodes are also be applied to the p-n junction PV cell.
Without illumination, a PV cell has the same electrical characteristics of a large diode. Under illumination, the

output current is simply a summation of the current under the dark condition ‘/; and photocurrent ‘I’ (23] which is
expressed as:

I = Iph — Id (]_O)

To summarize the generated currents:

o The net flow of the electrons and holes in a p-n junction semiconductor under equilibrium conditions will

generate two currents: ‘Igii and ‘Iqsi7’. These currents balance and cancel each other at the equilibrium state.
« If an external source is deployed to the p-n junction, the generated current is the diode current ‘I
 Under illumination, the p-n junction will present another current called light or photocurrent ‘/pp’.

The equivalent circuit of the solar cell is presented below. In real cells, power is dissipated through a series
resistance ‘Rs’ created due to the ohmic contact in the front surface and shunt resistance ‘Rsp’ due to leakage

current. Therefore, for a practical solar cell, the equivalent circuit includes ‘Rsy’ added in parallel with the diode and
‘Rs’ added in series with the load as given below, Figure 6 B1321[33],
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V. Figure 6. The practical equivalent circuit of a solar cell.
TOR'MI"

Therefore, the above equation can be written as follows:

I = Iph - Id - Ish (11)

2.5. I-V and P-V Characteristics

Figure 7 clarifies the (I-V) and (P-V) curves of PV cells.
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of a solar cell under illumination.

The PV cell should be managed to give a maximum power output ‘Pmax’ at a maximum voltage ‘VM’ and
maximum current ‘IM’ [34],

The external parameters defined by the I-V curve are as follows:
» Short-circuit current density ‘/sc’ occurs at (R =0 and V = 0)
» Open-circuit voltage ‘Voc’ (no-load, | =0 and R = )

 Fill factor ‘FF’ that represents the ratio of ‘Pmax’ to the electrical output of ‘Voc’ and ‘Isc’
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FF =TI, Vma:c/ISC Voc (12)

These parameters determine the PCE given by

ne = (ImaaVimaz/Pim) x 100% (13)

where ‘P;y" is the incident power density, 1 KW/m?2 or 100 mW/cm? [33136],
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