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Photovoltaic Systems (611422) 

ةاألنظمة الكهروضىئي  

Chapter Four- Solar cell external parameters and design 

 
The main parameters that are used to 

characterize the performance of solar cells 

are the peak power, Pmax, the short-circuit 

current density, Jsc, the open-circuit 

voltage, Voc, and the fill factor, FF and the 

efficiency η. These parameters are 

determined from the illuminated J-V 

characteristic as illustrated before. The 

conversion efficiency, η, and the fill factor 

FF are determined from these parameters. 

  
Short-circuit current  

The short-circuit current, Isc, is the current that flows through the external circuit when the 

electrodes of the solar cell are short circuited. The short- circuit current of a solar cell 

depends on the photon flux density incident on the solar cell that is determined by the 

spectrum of the incident light. For  the standard solar cell measurements, the spectrum is 

standardized to the AM1.5 spectrum. The Isc depends on the area of the solar cell. In order to 

remove the dependence of the Isc on the solar cell area, the short-circuit current density is often 

used to describe the maximum current delivered by a solar cell.  

The maximum current that the solar cell can deliver strongly depends on the optical 

properties (absorption in the absorber layer and total reflection) of the solar cell. In the ideal 

case, Jsc is equal to the Jph as can be easily derived from:  

 
Which shows that in case of ideal diode (for example no surface recombination) and uniform 

generation, the critical material parameters that determine the Jph  are the diffusion lengths 

of minority carriers. The JPh can be approximated by Eq.( given before) 

 
Crystalline silicon solar cells can deliver under an AM1.5 spectrum a maximum possible 

current density of 46 mA/ cm
2
. In laboratory cSi solar cells the measured Jsc is above 42 mA/ 

cm
2
, and commercial solar cell have the Jsc over 35 mA/ cm

2
 

Open circuit voltage  (Voc) 

The open-circuit voltage is the voltage at which no current flows through the external 

circuit. It is the maximum voltage that a solar cell can deliver.  
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The Voc corresponds to the forward bias 

voltage, at which the dark current 

compensates the photo-current.  

 

The above equation shows that Voc depends on the saturation current of the solar cell and 

the photo-generated current. The Voc depends on the photo-generated current density and can be 

calculated assuming that the net current is zero. While Jph typically has a small variation, the key 

effect is the saturation current, since this may vary by orders of magnitude. The saturation current 

density, J0, depends on the recombination in the solar cell. Therefore, Voc is a measure of the 

amount of recombination in the device. Laboratory crystalline silicon solar cells have Voc up to 

720 mV under the standard AM1.5 conditions, while commercial solar cells typically have Voc 

above 600 mV.  

Fill factor (FF)  

The fill factor is the ratio between the 

maximum power (Pmax=Jmp×Vmp) 

generated by a solar cell and the product 

of Voc and Jsc. 
 

In case that the solar cell behaves as an ideal 

diode the fill factor can be expressed as a 

function of open-circuit voltage. 

   

  
FF does not change drastically with a change 

in Voc. For a solar cell with a particular 

absorber, large variations in Voc are not 

common.  

Conversion efficiency  

The conversion efficiency (η) is calculated as the ratio between the generated maximum 

power and the incident power. The irradiance value, Pin, of 1000 W/m
2

 of AM1.5 spectrum has 

become a standard for measuring the conversion efficiency of solar cells. 

 

A high ƞ(η) value not only lowers the FF, but since it indicates a high recombination, it leads to a 

low Voc. The typical external parameters of a crystalline silicon solar cell (as shown before) 

are; Jsc of 35 mA/ cm
2
, Voc up to 0.65 V and FF in the range 0.75 to 0.80. The conversion 

efficiency lies in the range of 17 to 26% now a days 2019. 

 EXAMPLE: A crystalline silicon solar cell generates a photo-current density Jph=35 mA/cm
2
. The 

wafer is doped with1×10
17

 acceptor atoms per cubic centimeter and the emitter layer is formed 

with a uniform concentration of 1×10
19

 donors per cubic centimeter. The minority-carrier 

diffusion length in the p-type region and n-type region is 500×10
-6

 m and 10×10
-6

 m, respectively. 

The intrinsic carrier concentration in silicon at 300 K is 1.5×10
10

 cm
-3

, the mobility of electrons in 

the p-type region is µn = 1000 cm
2
V

-1
s

-1
 and holes in the n-type region is µp = 100 cm

2
V

-1
s

-1
. 

Assume that the solar cell behaves as an ideal diode. Calculate the built-in voltage, open-circuit 

voltage and the conversion efficiency of the cell if the cell is exposed to light characterized by 500 
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nm and 1000 W/m
2
 irradiance, Jph = 350 A/m

2
.   NA = 1×10

17
cm

-3
 = 1×10

23
m

-3
, ND = 1×10

19
 

cm
-3

 = 1×10
25

m
-3

.  LN = 500×10
-6

 m.  LP = 10× 10
-6

 m. 

Solution:  

DN =(kT/q) µn = 0.0258 V × 1000×10
-4

 m
2
V

-1
s

-1
 = 2.58×10

-3
m

2
s

-1
. 

DP =(kT/q) µp = 0.0258 V × 100×10
-4

 m
2
V

-1
s

-1
 = 0.258×10

-3
 m

2
s

-1 

We calculate the built-in voltage of the cell: 

 

ψo = 0.0258 V × ln((1×10
23

 m
-3

 ×1×10
25 

m
-3

) / (1.5×10
10

)
2
 m

-6
) = 0.92 V 

According to the assumption the solar 

cell behaves as an ideal diode, it 

means that the Shockley equation 

describing the J-V characteristic is 

applicable. 

The saturation-current density is:  

 

 
           The open-circuit voltage: 

 

Voc  = 0.0258 V × ln((350 Am
-2

/ 1.95×10
-9

 Am
-2

) + 1)  = 0.67 V 

The external quantum efficiency 

The external quantum efficiency EQE (λo) is the fraction of photons incident on the solar cell 

that create electron hole pairs in the absorber, which are  successfully collected. 

It is wavelength dependent and is usually 

measured by illuminating the solar cell with 

monochromatic light of wavelength λo and 

measuring the photocurrent Iph through the 

solar cell. The external quantum efficiency is 

then determined as; 
  

Where: e is the elementary charge and фph is the photon flux incident on the solar cell.  

For short wavelengths only a small fraction of the light is converted into electron-hole pairs. 

Most photons are already absorbed in the layers that the light traverses prior to the absorber layer. 

For long wavelengths, the penetration depth of the light exceeds the optical thickness of the 

absorber. Then the absorber itself becomes transparent so that most of the light leaves the solar 
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cell before it can be absorbed. We can see that for this type of solar cells the EQE is close to 1 for 

a broad wavelength band. Hence, in this band almost all absorbed photons are converted into 

electron-hole pairs that can leave the solar cell. Determining Jsc via the EQE has the advantage that it is 

independent of the spectral shape of the used light source, in contrast to determining the Jsc via a J-V 

measurement. For determining Jsc we combine that the photon flux at a certain wavelength with the EQE 

at this wavelength,  leading to the flow of electrons leaving the solar cell at this wavelength. Jsc then 

is obtained by integrating across the entire relevant wavelength. 

  
For crystalline silicon, the important range would be from 300 to 1200 nm. 

The equivalent circuit of solar cell: 

The J-V characteristic of an illuminated solar cell that behaves as the ideal diode is given by Eq.  

 
 

This behavior can be described by a simple 

equivalent circuit, illustrated in Fig. (a), in 

which a diode and a current source are 

connected in parallel.  

The diode is formed by a p-n junction. The 

first term in Eq. describes the dark diode 

current density while the second term 

describes the photo-generated current 

density.   
the solar cell can be studied using the 

equivalent circuit presented in Fig.  (b) 

included  a series resistance Rs, and a shunt 

resistance Rp. The contributions to the series 

resistance come from. 

• The bulk resistance Rb of the junction. 

• The contact resistance between the 

junction and electrodes.  

• The resistance of the electrodes. 

The contributions to the shunt resistance 

come from  local defects in the junction or 

due to the shunts at the edges of solar cells. 

 

  

 The J-V characteristic of the one diode equivalent circuit with the series resistance and the shunt 

resistance is given by: 

Where: 

A is the area of the solar cell. 
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The effect of Rs and Rp on the J-V characteristic is illustrated in Figure below. 

 
Figure: Effect of the (a) series resistance and (b) parallel resistance on the J-V characteristic of a 

solar cell. 

Conversion efficiency limiting factors  

It is very important to understand, why a solar cell cannot convert 100% of the incident light into 

electricity. There are two principal losses that strongly reduce the energy conversion efficiency of 

today’s solar cells. The most general efficiency limit is the thermodynamic efficiency limit. In this 

limit, the photovoltaic device is seen as a thermodynamic heat engine. Let us now look at a solar 

cell that we imagine as a heat engine operating between an absorber of temperature TA (this is our 

hot reservoir) and a cold reservoir, which is given by the surroundings and that we assume to be of 

temperature TC= 300 K. Clearly, the efficiency of this thermodynamic heat engine is given by: 

ηTD = 1- (TA/TC).  

The absorber will be heated by absorbing sunlight. As we have seen before, the solar irradiance 

incident onto the absorber is given by: I
S

e = σT
4

S Ωinc, where Ωinc is the solid angle covered by the 

incident sunlight. As the absorber is a black body of temperature TA it also will emit radiation. The 

irradiance emittance of the absorber is given by: E
A

e= σT
4A

Ωemit, Ωemit is the solid angle into that 

the absorber can emit.  top side. Suppose:  Ωinc = Ωemit = 2π. The maximal absorber efficiency is 

therefore achieved under maximal concentration and it is given by: 

ηmaxA= 1- (T
4

A/ T
4

S). Note that ηmaxA is the larger the lower TA while the efficiency of the heat 

engine ηTD is the larger the higher TA. For the total efficiency of the ideal solar cell we combine 

the above equations and obtain: 

. 

 Figure below 2 shows the absorber efficiency, the thermodynamic efficiency and the solar cell 

efficiency. The solar cell efficiency reaches its maximum of about 85% for an absorber 

temperature of 2480 K. 
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Figure: The absorber efficiency ηA, the 

thermodynamic efficiency ηTD and the 

combined solar cell efficiency ηSC under full 

concentration for a solar temperature of 5800 

K and an ambient temperature of 300 K. 

From the above discussion , it is obvious that the important part of a solar cell is the absorber 

layer, in which the photons of the incident radiation are efficiently absorbed resulting in a creation 

of electron-hole pairs. The absorber layer of the solar cells is in most cases formed by a 

semiconductor material, which has its distinct optical properties characterized by:  

1.The band gap energy, EG ,  

2. The complex refractive index, ñ=n-ik.  

There are few principal losses that strongly reduce the energy conversion efficiency of today’s 

solar cells. 

1. Spectral mismatch 

In principle, only photons with energy higher than the band gap energy of the absorber generate 

electron-hole pairs. Since the electrons and holes tend to 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.  
Photons with energy lower than the band gap energy of the semiconductor absorber are in principle not 

absorbed and cannot generate electron-hole pairs. Therefore these photons are not involved in the 

energy conversion process.  

The non-absorption of photons carrying less energy than the semiconductor band gap and 

the excess energy of photons, larger than the band gap, are the two main losses in the energy 

conversion process using solar cells. Both of these losses are thus related to the spectral 

mismatch of the energy distribution of photons in the solar spectrum and the band gap of a 

semiconductor material.   

We can determine the fraction of energy of the 

incident radiation spectrum that is absorbed by a 

single junction solar cell. When we denote λG 

as the wavelength of photons that 

corresponds to the band gap energy of the 

absorber of the solar cell, only the photons 

with the energy higher than the band gap are 

absorbed, it means photons with λ ≤ λG. The 

fraction of the incident power, pabs that is 

absorbed by a solar cell and used for energy 

conversion is expressed as: 
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A part of the absorbed energy, the excess 

energy of photons, is lost due to the 

thermalization of photo-generated electrons 

and holes in the absorber material. The 

fraction of the absorbed energy that the solar can 

deliver as useful energy, puse, is described by:  

The total efficiency of the Solar cell is:               

Figure 1 illustrates the fraction of the AM1.5 spectrum that can be converted into a usable energy 

by a crystalline silicon solar cell with Eg = 1.12 eV. Figure 2 shows the conversion efficiency of a 

solar cells limited only by spectral mismatch as a function of the band gap of a semiconductor 

absorber for three different radiation spectra, black-body radiation at 6000 K, AM0 and AM1.5 

solar radiation spectra. 

 
Figure 1: Usable energy of AM1.5 by c-Si. 

 Figure 2: conversion efficiency for three 

different radiations. 

Figure1 demonstrates that in the case of a crystalline silicon solar cell (EG = 1.1 eV) the losses 

due to the spectral mismatch account for almost 50 %. Figure 2  also shows that an optimal absorber 

material for a single junction solar cell has a band gap of 1.1 eV and 1.0 eV for AM0 and AM1.5 spectrum, 

respectively. Note that the maximum conversion efficiency for the AM1.5 spectrum is higher than that for 

AM0, while the AM0 spectrum has a higher overall power density. This is caused by the fact that the 

AM1.5 spectrum has a lower power density in parts of the spectrum that are not contributing to the energy 

conversion process.  

2. Reflection  

As mentioned in the previous section there are also other optical parameters than EG that have 

influence on the conversion efficiency of a solar cell. These are optical constants of the individual 

layers, that are expressed in the complex refractive index : ñ = n - ik. The optical constants, 

refractive index, n, and extinction coefficient, k, are function of the wavelength.  In general, 

when light arrives on an interface between two media, a part of the light is reflected from 

and the other part is transmitted through the interface. The interface is therefore characterized 

by the wavelength dependent reflectance, R(λ), and transmittance, T(λ).  
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 Reflectance is the ratio of the energy reflected from the surface of the interface to the total 

incident energy. There is a reflection of light at the interface between the first layer of a solar cell 

and the incident medium, usually air, and there is also reflection at the interfaces between the 

individual layers within the solar cell. All these processes result in a total reflectance between the 

solar cell and air. This means that a part of the incident energy that can be converted into a usable 

energy by the solar cell is lost by reflection. The total reflectance as (R*), which can be considered 

as the effective reflectance in the wavelength range of interest. For reducing the reflection, anti-

reflective coatings (ARC) can be used. Light that is impinging onto a surface between two media 

with different refractive indices will always be partly reflected and partly transmitted. In order to 

reduce losses, it is important to minimize these reflective losses. 

For Example: Let us consider light of 500 nm wavelengths falling onto an air-silicon interface 

perpendicularly. At 500 nm, the refractive index of air is n0 = 1 and that of silicon is ns= 4.3. With 

the Fresnel equations:  

 
we hence find that the optical losses due to reflection at silicon layer are significantly with 38.8%. 

The reflection can be significantly reduced by introducing an interlayer with a refractive index n1 

with a value in between that of n0 and ns. If no multiple reflection or interference is taken into 

account, it can easily be shown that the reflectivity becomes minimal if:  

 
In this example, including a single interlayer can reduce the reflection at the interface from 38.8% 

down to 22.9%. If more than one inter layers are used, the reflection can be reduced even further. 

This technique is called refractive index grading. 

The last approach that we discuss for realizing antireflective coating is using textured interfaces.  

Here, we consider the case where the typical length scales of the surface features are larger than 

the typical wavelength of light. In this case, which is also called the geometrical limit; the 

reflection and transmission of the light rays are fully determined by the Fresnel equations and 

Snell’s law. The texturing helps to enhance the coupling of light into the layer.  

For example,  

for light that is perpendicular incident, light that is reflected at one part of the textured surface 

can be reflected into angles in which the trajectory of the light ray is incident a second time 

somewhere else on the interfaces, as illustrated in Fig. Here, another fraction of the light will be 

transmitted into the layer and effectively less light will be reflected, when compared to a flat 

interface in-between the same materials.  
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3. Covered area 

In most c-Si solar cells one of the metal electrodes is placed on the front side of the cell.  The 

metal-covered area does not allow the light to enter the solar cell because it totally reflects the 

light in wavelength range of interest. The area is covered by the electrode effectively decreases the 

active area of the solar cell through which the light enters the solar cell. When we denote the total 

area of the cell Atot and the cell area that is not covered by the electrode Af, the active area of the 

cell is determined by the ratio of Af/Atot. This ratio is called the coverage factor and determines 

the so called shading losses.  

The design of the front electrode is therefore of great importance. In order to minimize the losses 

due to the series resistance of the front electrode, it should be designed with sufficient cross-

section area. The optimal design of the front electrode is a trade-off between a high coverage 

factor and a sufficiently low series resistance of the front electrode. 

4. Absorption coefficient 

When light penetrates into a material, it will be absorbed as it propagates through the material.  

The absorption of light in the material depends on its absorption coefficient. In general, light 

is absorbed in all layers that form the solar cell. However, the solar cell is optimally designed 

when most of the incident light is absorbed in the absorber layer. Due to the limited thickness 

of the absorber layer, not all the light entering the absorber layer is absorbed. Incomplete  

absorption in the absorber due to its limited thickness is an additional loss that lowers the 

efficiency of the energy conversion. The incomplete absorption loss can be described by the 

internal optical quantum efficiency, QEop, which is the probability of a photon being absorbed 

in a material. 

5. Additional limiting factors  

5.1. Doping level 

As we discussed before that the Voc  of a solar cell depends on the saturation current and the 

photo-generated current of the solar cell. The saturation current density depends on the 

recombination in the solar cell that cannot be avoided and is referred to as the fundamental 

recombination. This fundamental recombination depends on the doping of the different regions 

(n-type and p-type regions) of a junction and the electronic quality of materials forming the 

junction. The doping levels and the recombination determine the voltage factor, qVoc/EG,  
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qVoc/EG is the ratio of the maximum voltage developed by the solar cell (Voc) to the voltage 

related to the band-gap of the absorber (EG/q). The maximum power generated by a solar cell is 

dependent on the fill factor, FF. In case of a solar cell that behaves as an ideal diode only direct 

recombination occurs and the maximal FF is a function of Voc. 

5.2. Fill factor 

 In a practical solar cell the FF is lower than the ideal value due to following reasons:  

• The voltage drop due to the series resistance Rs of a solar cell. The series resistance is 

introduced by the resistance of the main current path through which the photo-generated carriers 

arrive to the external circuit. The contributions to the series resistance come from. 

• The bulk resistance Rb of the junction. 

• The contact resistance between the junction and electrodes.  

• The resistance of the electrodes.   

• The voltage drop due to the leakage current and characterized by the shunt resistance Rp of a 

solar cell.  

• The leakage current is caused by the current through local defects in the junction or due 

to the shunts at the edges of solar cells.  

 • The recombination in a non-ideal solar cell results in a decrease of the FF. 

EXAMPLE;A commercial multi-crystalline silicon solar cell with a so-called H-pattern as a front 

contact design (see figure) has the following 

specifications: Voc = 605 mV, Isc= 5.0 A,  

Vmpp= 500 mV, Impp= 4.6 A,  size:156 cm
2
, 

9% metallization coverage. Vmpp and Impp  are 

the voltage and current, respectively, at the 

maximum power point. Calculate the total area 

and active area efficiency of the cell, respectively 

(irradiance: 100 mW/cm
2
). Calculate the fill 

factor FF of the cell. Cells with these 

characteristics will be interconnected with strips 

(see figure). This will result in an additional 2 

mΩ series resistance loss. Calculate the lower FF  

due to this higher series resistance (Hint: use the 

voltage drop at the maximum power point to 

calculate the lower FF) 

 

Solution: The total area and active area efficiency of the cell is: 

 
The fill factor FF of the cell: FF = Vmpp*Impp/(Voc* Isc)   =  0.5*4.6/(0.605*5) = 0.760 
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Design Rules for Solar Cells 

Components that represent particular losses in energy conversion of a solar cell are.  

1. Loss due to non-absorption of long wavelengths.  

2. Loss due to thermalization of the excess energy of photons.  

3. Loss due to the total reflection.  

4. Loss by incomplete absorption due to the finite thickness of emitter layer.  

5. Loss due to recombination.  

6. Loss by metal electrode coverage, shading losses.  

7. Loss due to voltage factor.  

8. Loss due to fill factor. 

Now, as we extensively have discussed all the factors that limit the efficiency of a solar cell we are 

able to distill three design rules of solar cells. The three design rules are: 

1. Utilization of the band gap energy. 

2. Spectral utilization. 

3. Light trapping. 

1. Bandgap Utilization 

The open circuit voltage Voc is always below the voltage VG corresponding to the bandgap, which 

we characterized with the bandgap utilization efficiency ηv. The open circuit voltage is determined 

by the extent to which the quasi Fermi levels are able to split, which is limited by the charge 

carrier recombination mechanisms. 

We will discuss that various PV materials 

have different recombination mechanism that 

limit the utilization of the band gap energy. 

Figure below shows a p-n-junction, with the p-

doped region on the left and the n-doped region 

right. Further the quasi-Fermi levels are depicted. 

The extent of splitting between the quasi-

Fermi levels determines the open circuit 

voltage. 

 
The open circuit voltage can be expressed in 

terms of the: Generation rate GL, The life 

time to of the minority charge carriers, and 

the intrinsic density of the charge carriers 

ni in the semiconductor material, as given 

here: 

 

 

If we increase the irradiance, or in other words, the generation rate of charge carriers, the open 

circuit voltage is increased. 

Secondly, we see that the lifetime plays an important role. The larger the lifetime of the 

minority charge carrier, the larger the open circuit voltage can be. The lifetime of the minority 

charge carrier is determined by the recombination rate.  
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The efficiency of the different recombination processes depends on the nature of the band gap of 

the used semiconductor material used. We distinguish between direct and indirect bandgap 

semiconductors. Besides band gap utilization, it also is important to discuss the relationship 

between the maximum thickness for the absorber layer of a solar cell and the dominant 

recombination mechanism.  

The recombination mechanism also affects 

the diffusion length of the minority charge 

carrier. The diffusion length Ln of minority 

electrons is given by; 

 

where Dn is the diffusion coefficient and tn is the lifetime of the minority charge carrier.  Similarly, we can 

formulate the diffusion length for minority holes, Lp. 

It is important to realize that the thickness of the absorber layer should not exceed the diffusion length. To 

understand this requirement, we consider photons that would penetrate far into the absorber layer being 

absorbed.  We want these charge carriers to be separated at the p-n junction or at the back contact. If the 

distance of these charge carriers from the p-n junction or the back contact is exceeding the diffusion length,  

the excited charge carriers will recombine within the typical diffusion length before arriving at the p-n 

junction or back contact. In other words, their lifetime is too short.  This means that all charge carriers 

generated at a distance larger than the diffusion length from the p-n junction or the back contact cannot be 

collected and hence are lost.  If the charge carriers are generated with diffusion length, they can be 

collected. This means that the diffusion length of the minority charge carrier, limits the maximum thickness 

of the solar cell. 

2. Spectral Utilization 

The spectral utilization is mainly determined by the choice of materials from which the solar cell is made 

of. The photocurrent is determined by the bandgap of the material. For a bandgap of 0.62 eV corresponding 

to a wavelength of 2000 nm, we could theoretically generate a short circuit current density of 62 mA/cm
2
. 

If we consider c-Si, having a band gap of 1.12 eV (1107 nm), we arrive at a theoretical current density of 

44 mA/cm
2
. For single junction solar cells, semiconductor material as such silicon, gallium arsenide and 

cadmium telluride have a band gap close to the 

optimum (see the example).  

Example: Calculate the optimum wavelength of 

the light for the photovoltaic generation c-Si solar 

cell with Si of Eg=1.12 eV. From the solar 

spectrum of AM1.5 maximum power absorbed 

by c-Si solar cells is 500 W/m
2
. Calculate the 

photogenerated current density corresponds to the 

absorbed photons flux density in c-Si solar cell. 

Solution: 1. Eg =(h*C)/λ.  For Si (Eg = 1.12 eV):  

 λ = (h*C)/ Eg  =  (4.135*10
-15

 *3*10
8
)/1.12 = 1.107 µm 

2. The flux density corresponding the wavelengths can be found as follow: 

Φo = (P*λ)/(h*C) = (500*1.107*10
-6

)/(6.625*10
-34

*3*10
8
) =2.785*10

21
 m

-2
 s

-1
 

The maximum photogenerated current can be found from: 

Jph= Φo *Q = 2.785*1021*1.6*10-19 = 445 A/m
2
  = 44.5 mA/cm

2
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3. Light trapping 

The third and last design rule that we discuss is light trapping. In an ideal solar cell, all light that is incident 

on the solar cell should be absorbed in the absorber layer.  

The intensity of light decreases exponentially 

as it travels through an absorptive medium 

according to the equation.  

Where I is the light intensity, α is the absorption coefficient and d is the layer thickness.  

Ideally, we would like to absorb a solar cell 

100% of the incident light. Such an absorber is 

called optically thick and has a transmissivity 

very close to 0. This can be achieved by either 

absorber with a large thickness d or with very 

large absorption coefficients (α). Figure shows 

the absorption coefficients for four different 

semiconductor materials: germanium (Ge), 

silicon (Si), gallium arsenide (GaAs) and indium 

phosphate (InP).  
We notice that germanium has the lowest band gap. It starts to absorb at long wavelengths, which 

corresponds to low photon energy. GaAs has the highest band gap, as it starts to absorb light at the smallest 

wavelength, or highest photon energy.  

Secondly, if we focus on the visible spectral part from 300 nm up 700 nm, we see that the absorption 

coefficients of InP and GaAs are significantly higher than for silicon. This is related to the fact that InP and 

GaAs are direct band gap materials. Materials with an indirect band gap have smaller absorption 

coefficients. Only in the very blue and ultraviolet part below 400 nm, Si has a direct band gap transition. 

Silicon is a relatively poor absorber. Therefore for the same fraction of light thicker absorber layers are 

required in comparison to GaAs. 

In general, for all semiconductor materials the absorption coefficient in the blue is orders of magnitude 

higher than in the red. Therefore the penetration depth of blue light into the absorber layer is rather small.  

In crystalline silicon, the blue light is already fully absorbed within a few nanometers. The red light 

requires an absorption path length of 60 µm to be fully absorbed.  The infrared light is hardly absorbed, and 

after an optical path length of 100 µm only about 10% of the light intensity is absorbed. 

 

 

 

 


