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Chapter Three- Semiconductor Materials and Devices for Solar Cells
Atomic structure
The atomic number of Si atom is 14; it means there are 14 electrons orbiting the nucleus. In ground
state configuration Si atom has four valence electrons. These valence electrons are most important
because they form the bonds with other Si atoms and responsible for physical, chemical and
electronic properties of the material. Two Si atoms are bonded together when they share each other’s
valence electron. This is the so called covalent bond that is formed by two electrons. Since Si atom
has four valence electrons it can be covalently bonded to four other Si atoms. In the crystalline form
each Si atom is covalently bonded to four neighboring Si atoms as shown in figure below. Figure 1a
shows the arrangement of the unit cell and Figure 1b the atomic structure of single crystal silicon.

(a)
(b)
Figure 1(a) shows the arrangement of the unit cell. (b) the atomic structure of single crystal silicon.
A unit cell can be defined, from which the crystal lattice can be reproduced by duplicating the unit
cell and stacking the duplicates next to each other. One can determine from Figure that there are
effective eight Si atoms in the volume of the unit cell. When a lattice constant of c-Si is 5.4 Ǻ one
can easily calculate that there are approximately 5 × 1022 Si atoms per cm3.
Figure 2 (a) shows the crystalline Si atomic structure with no foreign atoms. In practice, a
semiconductor sample always contains some impurity atoms. When the concentration of impurity
atoms in a semiconductor is insignificant we refer to such semiconductor as an intrinsic
semiconductor. At practical operational conditions, for example room temperature, there are always some
of the covalent bonds broken. The breaking of the bonds results in liberating the valence electrons
from the bonds and making them mobile through the crystal lattice. We refer to these electrons
as free electrons (simply referred as electrons). The position of a missing electron in a bond,
which can be regarded as positively charged, is referred to as a hole. This situation can be easily
visualized by using the bonding model shown in Figure 2 (b)
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(a)
(b)
Figure 2 (a) shows the crystalline Si atomic structure with no foreign atoms. (b) The breaking of the
bonds results in liberating the electrons and holes .
Because breaking of a covalent bond leads to the formation of an electron-hole pair, in intrinsic
semiconductors the concentration of electrons is equal to the concentration of holes. At 300°K
there are approximately 1.5 × 1010 broken bonds per cm3 in the intrinsic c-Si. This number then
gives also the concentration of holes, p, and electrons, n, in the intrinsic c-Si. It means, that at 300°K.

n = p = 1.5 × 1010 cm-3.

This concentration is called the intrinsic carrier concentration and is denoted ni.
Doping
The concentrations of electrons and holes in c-Si can be manipulated by doping. By doping c-Si
we understand that atoms of appropriate elements substitute Si atoms in the crystal lattice. The
substitution has to be carried out by atoms with three or five valence electrons, such as boron or
phosphorous, respectively. When introducing phosphorous atom (5 electrons) into the c-Si lattice,
four of the five phosphorous atom valence electrons will readily form bonds with the four
neighboring Si atoms. The impurity atoms that enhance the concentration of electrons are called
donors. We donate the concentration of donors ND. An atom with three valence electrons such as
boron cannot form all bonds with four neighboring Si atoms when it substitutes a Si atom in the
lattice. The impurity atoms that enhance the concentration of holes are called acceptors. We denote
the concentration of accepter NA. The doping action can best be understood with the aid of the
bonding model and is demonstrated in Figure 3.

Figure 3. The doping process illustrated using the bonding model.
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The donor atoms become positively ionized and the acceptor atoms become negatively ionized.
A possibility to control the electrical conductivity of a semiconductor by doping is one of most
important semiconductor features. The electrical conductivity in semiconductors depends on the
concentration of electrons and holes and their mobility. The concentration of electrons and holes
is influenced by the amount of the impurity atoms that are introduced into the atomic structure of
semiconductor as shown in figure 4.

Figure 4 shows the range of doping that is used in c-Si.
We denote a semiconductor a p-type or n-type when holes or electrons, respectively, dominate its
electrical conductivity. In case that one type of charge carriers has a higher concentration than the
other type these carriers are called majority carriers (holes in the p-type and electrons in the ntype), while the other type with lower concentration are then called minority carriers (electrons
in the p-type and holes in the n-type).
Carrier concentrations
Any operation of a semiconductor device
depends on the carriers that carry charge inside
the semiconductor and cause electrical
currents. Valence electrons, which are
involved in the covalent bonds, have their
allowed energies in the valence band (VB) and
the allowed energies of electrons liberated
from the covalent bonds form the conduction
band (CB). The valence band is separated
from the conduction band by a band of
forbidden energy levels as shown in figure 5.
Figure 5. Energy band diagram of
semiconductor materials.
The maximum attainable valence band energy is denoted EV, and the minimum attainable conduction
band energy is denoted EC. The energy difference between the edges of these two bands is called the
band gap energy or band gap, EG, and it is an important material parameter.

The band gap of the single crystal silicon is 1.12 eV at room temperature. (1eV = 1.602 * 10-19 J).
The carriers that contribute to charge transport are electrons in the conduction band and holes
in the valence band. The total concentration of electrons in the conduction band (n) and the total
concentration of holes (p) in the valence band is obtained as follow;
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and
where: NC and NV are the effective density of conduction band states and the effective density of
valence band states, respectively. In c-Si NC = 3.22 × 10 19 cm-3 and NV = 1.83 × 1019cm-3 at 300°K,
and k is Boltzmann’s constant (k = 1.38 × 10-23 JK-1) and EF is the so-called Fermi energy. kT is expressed in
eV and equals to 0.0258 eV at 300°K.

In an intrinsic semiconductor in the equilibrium n = p = ni, thus:
At 300°K the concentration of holes, p, and electrons, n, in the intrinsic c-Si is approximately;
n = p = 1.5 × 1010 cm-3.
Under assumption that the semiconductor is uniformly doped and in equilibrium a simple relationship
between the carrier and dopant concentrations can be established. We assume that at room
temperature the dopant atoms are ionized. Inside a semiconductor the local charge density (ρ) is
given by the common form of the charge neutrality equation:

Where: q is the elementary charge (q = 1.602 × 10-19 C).
Let’s consider now an n-type material. At room temperature almost all donor atoms ND are ionized
and donate an electron into the conduction band. Under the assumption that NA = 0:

In case of a p-type material almost all acceptor atoms NA are ionized at room temperature and accept
an electron and leaving a hole in the valence band. Under the assumption that ND=0

Donor and Acceptor levels
Inserting donor and acceptor atoms into the atom. Similarly, the acceptor atoms introduce
lattice of crystalline silicon introduces allowed allowed energy levels EA close to the VB.
energy levels into the forbidden bandgap. For
example, the fifth valence electron of the
phosphorous atom does not take part in forming a
bond, is rather weakly bound to the atom and
easily liberates from the phosphorous atom. The
energy of the liberated electron lies in the CB. The
energy levels, which we denote ED , of the weaklybound valence electrons of the donor atoms have to
be positioned close the CB as shown in figure 6
below. Notice that a dashed line represents the ED.

This means, that an electron that occupies the ED
Figure 6. allowed energy levels in the energy gap.
level, is localized to the vicinity of the donor
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Fermi Energy
The Fermi energy is the electrochemical potential of the electrons in a material and in this way it
represents the averaged energy of electrons in the material. Doping also influences the position of
the Fermi energy.
When increasing the concentration of electrons
VB. The position of the Fermi level in an n-type
semiconductor and in a p-type semiconductor
by increasing the concentration donors the
Fermi energy will increase, which is
represented by bringing the Fermi energy close
to the CB in the band diagram. In the p-type
material the Fermi energy is moving closer the
Example. This example demonstrates how much the concentration of electrons and holes can be
manipulated by doping. c-Si wafer is uniformly doped with 1×1017cm-3 phosphorous atoms.
Phosphorous atoms act as donors and therefore at room temperature the concentration of electrons
+
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is almost equal to the concentration of donor atoms: N= ND = ND = 1*10 /cm .
Solution: The concentration of holes in the n-type material is calculated:
We notice that there is a difference of 14 orders between n (1× 1017 cm-3) and p (2.25 × 103 cm-3). It
is now obvious why electrons are called in the n-type material the majority carriers and holes the
minority carriers. We can calculate the change in the Fermi energy due to the doping. Let’s assume
that the reference energy level is the bottom of the conduction band, Ec = 0 eV. Calculate the Fermi
energy in the intrinsic c-Si.

The Fermi energy in the n-type doped c-Si wafer is calculated:

We notice that the doping with phosphorous atoms has resulted in the shift of the Fermi energy
towards the CB. Note that when n >NC , the EF> EC and the Fermi energy lies in the CB.
Transport properties
In contrast to the equilibrium conditions, under operational conditions a net electrical current flows
through a semiconductor device. The electrical currents are generated in a semiconductor due to
the transport of charge from place to place by electrons and holes. The two basic transport
mechanisms in a semiconductor are: Drift and Diffusion.
Drift Current
Drift is charged-particle motion in response to an electric field. In an electric field the force acts
on the charged particles in a semiconductor. The positively charged holes accelerates in the
direction of the electric field and the negatively charged electrons in the direction opposite to
the electric field. Because of collisions with the thermally vibrating lattice atoms and ionized
impurity atoms, the carrier acceleration is frequently disturbed. The resulting motion of electrons and
holes can be described by average drift velocities Vdn and Vdp for electrons and holes, respectively. In
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case of low electric fields, the average drift velocities are directly proportional to the electric field.
The proportionality factor is called mobility, µ (m2/V.S.), and is a central parameter that characterizes
electron and hole transport due to drift.
drift current is in the same direction as the
electric field as shown in figure below.

Where µn is the carrier mobility of electron
and µp is the carrier mobility of holes.
Mobility is a measure of how easily the charge
particles can move through a semiconductor
material.
For example, at 300 K, µn= 1360 cm2V-1s-1 and
µp=460 cm2V-1s-1 in c-Si doped with ND and
NA equal to 1014 cm-3, respectively.
Although the electrons move in the opposite
direction to the electric field, because the charge of
an electron is negative, the resulting electron

The motion of charged carriers is frequently disturbed by collisions. When number of collisions
increases, the mobility decreases. Increasing the temperature increases the collisions of charged
carriers with the vibrating lattice atoms, which results in a lower mobility. Increasing the doping
concentration of donors or acceptors leads to more frequent collisions with the ionized dopant atoms,
which again results in a lower mobility.
The electron and hole drift-current densities (Jdrift)
Where J = I/A ; I is the current in Amperes
are defined by Eqs.;
and A is the cross section area In m2: J= σ ξ
, where σ is the conductivity in (Ω.cm)-1 and
is equal to:

σn = q n µn , and σp = q n µp
Example: A conducting rode is 2.8 mm and has a rectangular cross section 1x4µm. A current of
5mA produces a voltage drop of 100mV. Determine the electron concentration given that the electron
mobility is 500cm2/V.sec.
Solution:

n = (5x10-3x2.8x10-3)/(1x10-6x4x10-6x1.6x10-19x0.1x500x10-4) = 4.38x1021m-3
Diffusion
Diffusion is a process whereby particles tend to spread out from regions of high particle
concentration into regions of low particle concentration as a result of random thermal motion. A
gradient in concentration of particles in a semiconductor is the driving force for the transport of
particles associated with diffusion. On the contrary to the drift transport mechanism, the particles
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need not be charged to be involved in the diffusion process. Currents resulting from diffusion are
proportional to the gradient in particle concentration and are expressed by:

The constants of proportionality, DN and DP ,
are referred to as electron and hole diffusion
coefficients, respectively.

The total diffusion current is:
The total current due to both drift and diffusion is expressed by

The diffusion coefficients of electrons and
holes are linked with the mobility of the
corresponding charge carriers by the Einstein
relationship, which is expressed by:

The visualization of the diffusion process and
the resulting directions of particle fluxes and
current are shown in Figure.
EXAMPLE. To obtain some idea about values of diffusion coefficients, let us assume Si sample at
room temperature, doped with donors ND = 1014 cm-3 and mobility = 1360 cm2 V-1 s-1. according to:

DN = (kT/ q) µn= 0.0258 V x 1360 cm2 V-1 s-1 = 35cm2 s-1

Recombination and generation:
When a semiconductor is disturbed from the equilibrium state the electron and hole concentrations
change from their equilibrium values. A number of processes start within the semiconductor after the
perturbation in order to restore the equilibrium conditions. We call these processes recombinationgeneration (R-G) processes and they take care that:
 a carrier excess or deficit is eliminated (if the perturbation is removed).
 or stabilized (if the perturbation is maintained).
Generation is a process whereby electrons and holes are created.
Recombination is a process whereby electrons and holes are annihilated or destroyed.
Several processes can occur in a semiconductor, which lead to the generation or annihilation of the
electrons and holes, which are visualized in the following Figures.
1. Band-to-band generation (Figure a). The generation of an electron-hole pair can occur when the
energy to break a bond is delivered by a photon (photo generation) or by heat (direct thermal
generation). This process can be visualized in terms of the band diagram as the excitation of an
electron from the valence band into the conduction band.
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Figure (a) Photo-generation and direct thermal generation,
2. Band-to-band recombination (Figure b). This process involves the direct annihilation of a
conduction-band electron with a valence-band hole and is often called direct thermal recombination.
It is typically a radiative process, in which a photon is emitted that carries an excess energy released
in the recombination process.

Figure (b) Band-to-band recombination.
3. R-G center recombination or indirect thermal recombination (Figure C).
As the name suggests the annihilation or creation of electrons and holes does not occur directly but it
is facilitated by R-G center. The R-G centers can be special impurity atoms or lattice defects. Their
concentration is usually small compared to the acceptor or donor concentrations.

Figure (c) R-G center (indirect thermal) recombination.
The R-G centers introduce allowed energy levels (ET) near the center of the forbidden gap. An
electron is trapped at the R-G center and consequently annihilated by a hole that is attracted by the
trapped electron. Though this process seems to be less likely than the direct thermal recombination, it
is at most operational conditions the dominant recombination-generation process in semiconductors.
The process is typically non-radiative and the excess energy is dissipated into the lattice in form of
heat. The major effect of R-G processes in a semiconductor is to produce a change in the carrier
concentration. In this way the R-G processes indirectly affects current flow in semiconductors by
manipulating the concentrations of carriers that are involved in the drift and diffusion processes. The
R-G processes change the carrier concentrations and this is mathematically characterized by the time
rate of change in the carrier concentration: (∂n/∂t) and (∂p/∂t). In case of photogeneration,

in which always an excess of an equal number of electrons and holes are created per
second, one can write:
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GL is the generation rate due to light and its unit is (number/cm3 s). It is a function of the distance in
the material, depends in general on the absorption coefficient of the material, which is a function of
the wavelength of light. We shall introduce the equations describing the rate of change in the carrier
concentration due to the dominant thermal R-G process for a semiconductor under following
condition;

(1) The semiconductor is n- or p-type
and. (2) The perturbation causes only
low level injection.
The low injection means that
In case of the dominant thermal R-G process, which is recombination – generation involving R-G
centers, the time rate of change in the carrier concentration depends on the excess or deficit of
electrons and holes, in respect to their equilibrium values,

∆n = n – no and ∆p = p – po respectively,

Where: tn and tp the time constant of electrons and holes respectively, c n and cp are
proportionality constants and are referred to as the electron and hole capture
coefficients, respectively and NT the concentration of the R-G centers. The minus sign
is introduced because ∂n/∂t and ∂p/∂t decreases (is negative) when ∆n > 0 and ∆p > 0.
The time constants tn and tp are the central parameters associated with recombinationgeneration. They can be interpreted as the average time an excess minority carrier will
survive among majority carriers. The time constants tn and tp are referred to as
minority-carrier lifetimes. The values of the minority-carrier lifetimes can vary a lot.
When the R-G center concentration is reduced to a very low level in c-Si, a tn (tp) can
achieve ~ 1 ms. On the other hand, the intentional introduction of gold atoms into Si,
which introduce efficient R-G centers into Si, can decrease a tn (tp) to ~ 1 ns. Typical
minority-carrier lifetimes in most c-Si devices are usually ~ 1 µs. For an efficient
collection of photo-generated carriers in c-Si solar cells the minority carrier
lifetimes should be in range of tens of milliseconds.
When an excess of generated carriers is
carries before being annihilated as
not
uniform
throughout
a
minority-carrier diffusion length. The
semiconductor, diffusion of the excess
minority-carrier diffusion lengths (L)
carriers takes place. The excess carriers
are defined as:
will diffuse in the semiconductor till
they do not recombine. We define the
average distance that the minority
carriers can diffuse among majority
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EXAMPLE. To get an idea about the diffusion lengths, let us assume room
temperature, mobility of electrons in a p-type c-Si wafer to be µn=1250 cm2V -1s-1,
which corresponds to doping of NA = 1014 cm-3, and tn = 10-6 s. For the given
conditions, the electron diffusion length in the p-type c-Si can be calculated:

Optical properties of semiconductors
Absorption of light in a semiconductor material represents a complex interaction of
light with the semiconductor atomic structure. Only such interactions that lead to
the generation of free charge carriers in a semiconductor, electrons and holes,
contribute to the transformation of energy carried by light into electrical energy.
The generation of charge carriers is a result of breaking of the atomic bonds, when the
electron-hole pairs are created. The process of generating an electron-hole pair can be
visualized in the energy band diagram as transferring an electron from the valence
energy band to the conduction energy band.
The light particles, photons, have to carry at least the energy equal to the band gap
energy of a semiconductor in order to free an electron from a covalent bond. Photons
with energy higher than the band gap energy generate electron-hole pairs.
Since the electrons and holes tend to
thermalization are illustrated in Figure
occupy energy levels at the bottom of
the conduction band and the top of the
valence band, respectively. The extra
energy that the electron-hole pairs
receive from the photons is released as
heat into the semiconductor lattice in
the thermalization process. The process
of creation of an electron-hole pair by
absorbing a photon and the process of
When taking into account the energy distribution of the solar spectrum the most
effective materials for solar energy conversion have band gap energies in the range of
1.0 to 1.8 eV (electron-volts). An important key for obtaining an efficient solar cell
is to minimize the heat losses due to the thermalization by choosing
semiconductors with appropriate band gaps.
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The photon energy, Eph , depends on the wavelength of light, The wavelength, λ is
related to the photon energy, hν as:

Where h is the Planck constant (= 6.625*10-34 Js) , C is the speed of light (3*108ms-1), λ is the
wavelength of light and ν is the frequency of photons. The entire spectrum of sunlight, from infrared
to ultraviolet, covers a range of about 0.5 eV to about 4.0 eV. About 55% of the energy of sunlight
cannot be used by most solar cells because this energy is either lower than the band gap or it is
higher and the excess energy is lost by thermalization.
While the band gap energy of a semiconductor provides us with information, which part of the solar
spectrum is absorbed, the complex refractive index, [ñ = n – ik], describes how efficient the
photons of a particular energy are absorbed in the material. The real part n is called the
refractive index, and the imaginary part k is called the extinction coefficient. The extinction
coefficient is related to the absorption coefficient 𝞪 by:

The n and k are called optical constants and α is the absorption coefficient, although they are
functions of the wavelength of light or the photon energy. When light impinges on an interface
between two media that are characterized by their complex refractive indices, a part of the light is
reflected from and the other part is transmitted through the interface. The interface is therefore
characterized by the reflectance and transmittance.
Reflectance (R) is the ratio of the energy reflected from the surface of the interface to the total
incident energy.
Transmittance (T) is the ratio of the energy transmitted through the interface to the total
incident energy.
In case of c-Si solar cells, over 30% of the incident light in the range of interest is reflected. In order
to make solar cells with high conversion efficiency, antireflection coatings are used to reduce the
reflection from c-Si solar cells.
When light penetrates into a material it will be absorbed as it propagates through the material.
The absorption profile in the material depends on the absorption coefficient of (𝞪) the material,
which is wavelength dependent.
The Lambert-Beer formula states that a photon
If there is R reflection the photon flux
flux density after passing a distance x in a film
density is:
with absorption coefficient 𝞪 (λ) is reduced
(λ)x ,
with a factor e 𝞪
on the assumption of
zero reflection.

Where: Фo (λ) is the incident photon
flux density.
The photon flux density is the number of photons per unit area per unit time and
per unit wavelength. It is related to the spectral power density P(λ) associated
with the solar radiation by:
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The spectral generation rate gsp(λ), which is the number of electron-hole pairs generated at a
depth x in the film per second per unit volume per unit wavelength, by photons of wavelength
λ, is calculated according to the following formula, on the assumption of zero reflection:

This assumption means that every photon generates one and only one electron-hole pair. The optical
generation rate GL(x) is calculated from the spectral generation rate by integrating over a desired
wavelength spectrum:

The net optical current generated can be calculated by multiplying the electronic charge (q) by the
difference between the photon flux density at the surface after reflection and the photon flux density
at distance in the cell (ΔΦ) :

Jph = q * ΔΦ

EXAMPLE. 1. Calculate the total absorption in a 300 µm thick c-Si wafer for light characterized by
wavelength of 500 nm. The reflectance is 0.38 and absorption coefficient α = 1.11 × 104 cm-1. The
incident irradiance is 1000 W/m2. 2. calculate the photon flux density at the backside of the wafer,
Solution:
First we calculate the photon flux density at 500 nm corresponding to the irradiance of 1000 W/m2
We calculate the photon flux density at the backside of the wafer, it means at the distance 300 µm
from the surface. We take the reflected light into account

The total absorption in the wafer is the difference between the photon flux density at the surface after
reflection and the photon flux density at the back of the wafer.

When we assume that all the absorbed photons generate one electron-hole pair, we can calculate how
large photocurrent density corresponds to the absorbed photons.

Semiconductor Junctions
Almost all solar cells contain junctions between (different) materials of different doping. These
junctions are crucial to the operation of the solar cell. Figure 2 shows schematically isolated pieces of
a p type and an n-type semiconductor and their corresponding band diagrams. In both isolated pieces
the charge neutrality is maintained. In the n-type semiconductor the large concentration of negatively
-charged free electrons is compensated by positively-charged ionized donor atoms. In the p-type
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semiconductor holes are the majority carriers and the positive charge of holes is compensated by
negatively-charged ionized acceptor atoms.
For the isolated n-type semiconductor we can
write:

For the isolated p-type semiconductor we
have:

P-n junction formation
When a p-type and an n-type semiconductor are brought together, a very large difference in electron
concentration between n- and p-type regions causes a diffusion current of electrons from the n-type
material across the metallurgical junction into the p-type material. The term “metallurgical junction”
denotes the interface between the n- and p-type regions. Similarly, the difference in hole
concentration causes a diffusion current of holes from the p- to the n-type material.
Due to this diffusion process the region
close to the metallurgical junction becomes
almost completely depleted of mobile
charge carriers. The gradual depletion of the
charge carriers gives rise to a space charge
created by the charge of the ionized donor and
acceptor atoms that is not compensated by the
mobile charges any more. This region of the
space charge is called the space-charge region
or depleted region and is schematically
illustrated in Fig. below.
Regions outside the depletion region, in which the charge neutrality is conserved, are denoted as the
quasi-neutral regions. The space charge around the metallurgical junction results in the formation of
an internal electric ﬁeld which forces the charge carriers to move in the opposite direction than the
concentration gradient. The diffusion currents continue to ﬂow until the forces acting on the charge
carriers, namely the concentration gradient and the internal electrical ﬁeld, compensate each other.
The driving force for the charge transport does not exist anymore and no net current ﬂows through
the p-n junction.
The p-n junction under equilibrium
The p-n junction represents a system of charged particles in diffusive equilibrium in which the
electrochemical potential is constant and independent of position. The electro-chemical potential
describes an average energy of electrons and is represented by the Fermi energy. It means that under
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equilibrium conditions the Fermi level has constant position in the band diagram of the p-n
junction.
Figure aside shows the energy-band diagram
of a p-n junction under equilibrium. The
electrostatic potential proﬁle (red curve) and
Fermi energy (blue line) are also presented in
the ﬁgure. The distance between the Fermi
level and the valence and/or conduction bands
does not change in the quasi-neutral regions
and is the same as in the isolated n- and p-type
semiconductors. Inside the space-charge
region, the conduction and valence bands are
not represented by straight horizontal lines any
more but they are curved. This curvature
indicates the presence of an electric ﬁeld in
this region.

Due to the electric ﬁeld a difference in the
electrostatic potential is created between the
boundaries of the space-charge region. Across
the depletion region the changes in the
carrier’s concentration are compensated by
changes in the electrostatic potential. The
presence of the internal electric ﬁeld inside the
p-n junction means that there is an electrostatic
potential difference, ѱ0, across the spacecharge region. The space-charge density, ρ, is
zero in the quasi-neutral regions and it is fully
determined by the concentration of ionized
dopants in the depletion region (Fig below).
Figure shows the space-charge density ρ (x), the
electric ﬁeld ξ (x) and the electrostatic
potential ѱ(x) across the depletion region of a
p-n junction under equilibrium.

The position of the metallurgical junction is
placed at zero, the width of the space-charge
region in the n-type material is denoted as ln
and the width of the space-charge region in the
p-type material is denoted as lp. The spacecharge density (ρ) is described by:
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Where: ND and NA is the concentration of donor and acceptor atoms, respectively. Outside the
space-charge region the space-charge density is zero.
The electric ﬁeld can be calculated from the Poisson’s equation, in one dimension as:
Where ѱ is the electrostatic potential, ξ is the
electric ﬁeld, ρ is the space-charge density, εr
is the semiconductor dielectric constant and εo
is the vacuum permittivity, εo= 8.854 x 10-14
F/cm and for crystalline silicon εr = 11.7.
The electric ﬁeld proﬁle can be found by integrating the space charge density across the space-charge
region,

At the metallurgical junction, x = 0, the
electric ﬁeld is continuous, which requires that
the following condition has to be fulﬁlled:
Outside the space-charge region the material is electrically neutral and therefore the electric ﬁeld is
zero there. The proﬁle of the electrostatic potential (ѱ) is calculated by integrating the electric ﬁeld
throughout the space charge region and applying the boundary conditions.
Remember that under equilibrium the built-in
potential is negative in the p-type region with
respect to the n-type region.
Under equilibrium a difference in electrostatic potential, ѱ0, develops across the space-charge region.
The electrostatic potential difference across the p-n junction is an important characteristic of the
junction and is denoted as the built-in voltage or diffusion potential of the p-n junction. We can
calculate ѱ0 as:

This equation allows us to determine the built-in potential of a p-n junction from the standard semiconductor
parameters, such as doping concentrations and the intrinsic carrier concentration.

The space-charge region is not uniformly
distributed in the n- and p- regions. The
widths of the space-charge region in the n-

and p-type semiconductor are determined
by the doping concentrations. Knowing the
expressions for doping concentrations. we can
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determine the maximum value of the internal
electric ﬁeld, which is at the metallurgical
junction.
Example: A crystalline silicon wafer is doped with 1016cm-3 acceptor atoms. A 1 micrometer thick
emitter layer is formed at the surface of the wafer with a uniform concentration of 10 18 cm-3 donors.
Assume a step p-n junction and that all doping atoms are ionized. The intrinsic carrier concentration
in silicon at 300 K is 1.5*1010cm-3. Let us calculate the electron and hole concentrations in the p and
n-type quasi-neutral regions at thermal equilibrium.
Solution:

Calculate the position of the Fermi energy in the quasi-neutral n-type and p-type regions,
respectively. Assume that the reference energy level is the bottom of the conduction band, E C= 0
eV.

The minus sign tells us that the Fermi energy is positioned below the conduction band. The built-in
voltage across the p-n junction is calculated:

The total space-charge width, W, is the sum of the partial space-charge widths in the n- and p-type
semiconductors and can be calculated with:

A typical thickness of c-Si wafers is 300 µm. The depletion region is 0.3 µm which represents 0.1%
of the wafer thickness. It is important to realize that almost the whole bulk of the wafer is a quasineutral region without an internal electrical ﬁeld. The maximum electric ﬁeld is at the metallurgical
junction and is calculated:
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The p-n junction under applied voltage
When an external voltage, Va , is applied to a p-n junction the potential difference between the n- and
p-type regions will change (see figure below). Remember that under equilibrium the built-in potential
is negative in the p-type region with respect to the n-type region. The electrostatic potential across
the space-charge region will become (ѱ - Va). When the applied external voltage is negative with
respect to the potential of the p-type region, the applied voltage will increase the potential difference
across the p-n junction. We refer to this situation as p-n junction under reverse-bias voltage.
When the applied external voltage is positive with respect to the potential of the p-type region, the
applied voltage will decrease the potential difference across the p-n junction. We refer to this
situation as p-n junction under forward-bias voltage.

Energy band diagram and potential proﬁle (in red color) of a p-n junction under (a) reverse bias, and (b)
forward bias.

This gradient in concentration causes the diffusion of the minority carriers from the edge into the
bulk of the quasi-neutral region. The diffusion of minority carriers into the quasi-neutral region
causes a so-called recombination current, Jrec, since the diffusing minority carriers recombine with
the majority carriers in the bulk. The recombination current is compensated by the so-called
thermal generation current, Jgen, which is caused by the drift of minority carriers, (electrons in the
p-type region and holes in the n-type region), across the junction. Both, the recombination and
generation currents have contributions from electrons and holes. When no voltage is applied to the p-n
junction, the situation inside the junction can be viewed as the balance between the recombination
and generation currents:
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It is assumed that when a moderate forward-bias voltage is applied to the junction the recombination
current increases with the Boltzmann factor exp (eVa/kT),

This assumption is called the Boltzmann approximation. The generation current, on the other hand,
is almost independent of the potential barrier across the junction and is determined by the
availability of the thermally generated minority carriers in the doped regions. The external net-current
density can be expressed as:

Where J0 is the saturation-current density of the p-n junction, given by:
The constants, DN and DP , are referred to as
electron and hole diffusion coefficients,
respectively. LN and LP are the minoritycarrier diffusion length.
The recombination of the majority carriers due to the diffusion of the injected minority carriers into
the bulk of the quasi-neutral regions results: in a lowering of the concentration of the majority
carriers compared to the one under equilibrium. The drop in the concentration of the majority
carriers is balanced by the ﬂow of the majority carriers from the electrodes into the bulk. In this way
the net current ﬂows through the p-n junction under forward-bias voltage.
For high reverse-bias voltage, the Boltzmann
factor in Eq. above becomes very small and
can be neglected. The net current density is
And represents the ﬂux of thermally generated
given by:
minority carriers across the junction.
The current density-voltage (J-V) characteristic of an ideal p-n junction is schematically shown in
Fig.8.

Figure 8: J-V characteristic of a p-n junction; (a) linear plot and (b) semi-logarithmic plot.
Example; Determine the change in p-n applied voltage correspond to 10:1 change in current density
at room temperature.
Solution: The external net-current density can be expressed as:
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∆𝑉 = 0.0285 𝑙𝑛10 = 60 mV
It should be noted the rapid increase in the current density in a narrow range of voltage. It suggest
that the conducting p-n junction of silicon has approximately 0.7 V drop across it.
The p-n junction under illumination
When a p-n junction is illuminated the additional electron-hole pairs are generated in the
semiconductor. The concentration of minority carriers (electrons in the p-type region and holes in the
n-type region) strongly increases. This increase in the concentration of minority carriers leads to the
ﬂow of the minority carriers across the depletion region into the quasi-neutral regions. Electrons ﬂow
from the p-type into the n-type region and holes from the n-type into the p-type region. The ﬂow of the
photo-generated carriers causes the so-called photo-generation current, Jph, which adds to the
thermal-generation current, Jgen . When no external contact between the n-type and the p-type regions
is established, which means that the junction is in the open-circuit condition, no net current can ﬂow
inside the p-n junction. It means that the current resulting from the ﬂux of photo-generated and
thermally generated carriers has to be balanced by the opposite recombination current. The
recombination current will increase through lowering of the electrostatic potential barrier
across the depletion region. This situation of the illuminated p-n junction under open-circuit
condition using the band diagram is presented in Fig. (a). The electrostatic-potential barrier across
the junction is lowered by an amount of Voc. We refer to Voc as the open-circuit voltage.
When a load is connected between the electrodes of the illuminated p-n junction, only a fraction of the
photogenerated current will ﬂow through the external circuit. The electro-chemical potential difference

between the n-type and p-type regions will be lowered by a voltage drop over the load. This in turn
lowers the electrostatic potential over the depletion region which results in an increase of the
recombination current.

19

In the superposition approximation, the net current ﬂowing through the load is determined as
the sum of the photo and thermal generation currents and the recombination current. The
voltage drop at the load can be simulated by applying a forward-bias voltage to the junction,
Therefore Eq., which describes the behavior of the junction under applied voltage, is included to
describe the net current of the illuminated p-n junction,

The detailed derivation of the photo-generated current density (Jph) of the p-n junction is carried out
and its value under uniform generation rate, G, is

Jph= eG (Ln +W + Lp)

where Ln and Lp is the minority-carrier-diffusion length for electrons and holes, respectively, and W
is the width of the depletion region.

Example: A crystalline silicon wafer is doped with 1016cm-3 acceptor atoms. A 1 micrometer thick emitter
layer is formed at the surface of the wafer with a uniform concentration of 1018cm-3 donors to form a solar cell.
Assume a step p-n junction and that all doping atoms are ionized. The intrinsic carrier concentration in

silicon at 300 K is 1.5* 1010 cm-3. Calculate the photogenerated current density at the junction, if the
generation rate G = 2x1023 cm-3, Ln =50μm and Lp =100μm.
Solution:
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Jph= e * G *(Ln +W + Lp)=1.6x10-19x2x1023(500+1000+3.25)10-5 = 481 mA.cm-2
Both the dark and illuminated J-V
characteristics of the p-n junction are
represented in Fig. Note, that in the ﬁgure the
superposition principle is reﬂected. The
illuminated J-V characteristic of the p-n
junction is the same as the dark J-V
characteristic, but it is shifted down by the
photo-generated current density Jph. Fig. J-V
characteristics of a p-n junction in the dark and
under illumination.

Solar cells
A solar cell is an electronic unit (pn junction) fabricated from semiconductor materials: that delivers
a certain amount of electrical power characterized by an output voltage and current when it is
exposed to solar radiation. In most of today solar cells the absorption of photons, which results in the
generation of the charge carriers, and the subsequent separation of the photo-generated charge
carriers take place in semiconductor materials, precisely at the pn junction.
Therefore, the semiconductor layers are the most
important parts of a solar cell; they form the heart
of the solar cell. There are a number of different

semiconductor materials that are suitable for
the conversion of energy of photons into
electrical energy, each having advantages and
drawbacks. The first successful solar cell was
made from c-Si and is still the most widely
used PV material. Therefore we shall use c-Si
as an example to explain semiconductor
properties that are relevant to solar cell
operation. It has a simple structure, and
provides a good example of a typical solar
cell structure as shown in the Figure with
essential features of solar cells.
An absorber material is typically a moderately doped p-type square wafer having thickness around
300 µm and an area of 10 × 10 cm2 or 12.5 × 12.5 cm2. On both sides of the c-Si wafer a highly
doped layer is formed, n+-type on the top side and p+-type on the back side, respectively. These
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highly doped layers help to separate the photo-generated charge carriers from the bulk of the
c-Si wafer. The trend in the photovoltaic industry is to reduce the thickness of wafers up to 250 µm
and to increase the area to 20 × 20 cm2.
In addition to semiconductor layers, solar cells consist of a top and bottom metallic grid or
another electrical contact that collects the separated charge carriers and connects the cell to a
load. Usually, a thin layer that serves as an antireflective coating covers the topside of the cell in
order to decrease the reflection of light from the cell. In order to protect the cell against the
effects of outer environment during its operation, a glass sheet or other type of transparent
encapsulate is attached to both sides of the cell. This gives us a basic understanding of how solar cells
based on other semiconductor materials work.
In case of thin-film solar cells, layers that constitute the cell are deposited on a substrate
carrier. When the processing temperature during the deposition of the layers is low, a wide range of
low-cost substrates such as glass sheet, metal or polymer foil can be used.
Central semiconductor parameters that determine the design and performance of a solar cell are:
i) Concentrations of doping atoms, which can be of two different types; donor atoms which donate
free electrons, ND, or acceptor atoms, which accept electrons, NA.
ii) Mobility, µ, and diffusion coefficient, D, of charge carriers that characterize carriers transport
due to drift and diffusion, respectively.
iii) Lifetime, τ, and diffusion length, L, of the excess carriers that characterize the recombinationgeneration processes.
iv) Band gap energy, EG, absorption coefficient, α, and refractive index, n, that characterize the
ability of a semiconductor to absorb visible and other radiation.
Example: Calculate the total absorption in A 1 µm thick n-type emitter layer is formed at the surface
c-Si solar cell of 300 µm thick of p-type wafer. The solar cell is exposed to a light characterized by
wavelength of 0.5 µm and irradiance of 1000 W/m2 . The reflectance is 0.3 and absorption coefficient
α = 1× 104 cm-1, h= 6.625 x 10-34 Js and C = 3 x 108 m//sec. Calculate the photocurrent density
corresponds to the absorbed photons at pn junction.
Solution;
First we calculate the photon flux density at 500 nm corresponding to the irradiance of 1000 W/m2:

Φo = P* (λ/hc) = (1000*0.5*10-6)/ (6.625*10-34*3*108) = 2.5 * 1021 / m2.s

We calculate the photon flux density at the pn junction, it means at the distance 1 µm from the
surface. We take the reflected light into account.

When we assume that all the absorbed photons generate one electron-hole pair, we can calculate how
large photocurrent density corresponds to the absorbed photons.
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