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Abstract 

The theoretical models show that tandem solar cells can reach efficiency of more than 50 %. 

To achieve efficiencies closer to the projected outputs in a quad tandem solar cell, a 1.0 eV 

sub-junction with good optical and electrical properties is sought. The observed bandgap 

reduction when small amounts of Nitrogen or Bismuth is incorporated into GaAs makes these 

alloys (dilute nitrides and bismides) possible candidates for the tandem solar cells. 

In this work, the performance of dilute nitride and bismide solar cells of different designs 

which include p-i-n bulk and p-i-n multiple quantum wells (MQWs), and n-i-p-i structures 

are studied comparatively. Performance in this context refers to: the magnitude and quality of 

the dark current generated by the devices, the spectral response of the solar cells especially in 

the dilute nitride and bismide absorption regions, and efficiency responsivity to temperature 

and to elevated radiation. To achieve the latter objectives, dark and under the AM1.5G and 

spectral response measurements were performed on the solar cells. The results reveal that, in 

the dilute bulk or MQWs p-i-n and n-i-p-i solar the total dark current is nearly the dark 

current generated by dilute nitride or bismide material alone. The applicability of Sah-Noyce-

Shockley model to bulk p-i-n dilute nitride solar cells dark current is demonstrated. The 

dilute nitride solar cells exhibit temperature coefficients of efficiency that are lower than that 

of the conventional GaAs p-n junction solar cell. MQWs solar cells show lowest sensitivity to 

temperature changes.  

The dilute nitride and bismide materials show similar diode characteristics with dark currents 

that are dominated by non-radiative recombination mechanisms. 
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 kg 
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‌   Fitting parameter in BAC model accounting for the nitrogen  

   concentration effect on the conduction band 

ὃ   Area 

ὃὓ   Air mass index 
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between the localised n-level and host semiconductor matrix  

ʔ   Electron affinity 

…   Fitting parameter in the BAC model accounting for nitrogen  

   concentration effect on the valence band 

Ὀ    Diffusion coefficient of minority electrons 

Ὀ    Diffusion coefficient of minority holes 

Ὁ    Energy 

Ὁ   Effective band gap of quantum well 

Ὁ   Conduction band level 

Ὁ   Fermi level 

Ὁ   Band gap 

Ὁ    GaInAs conduction band states 

Ὁ    Localised acceptor level  

Ὁ    Valence band level 

Ὁ    Well material band gap 

Ὃ    Minority electron generation rate 

Ὃ   Minority hole generation rate 
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    Fitting parameter for Nitrogen effect on localised acceptor level EN 

–   Efficiency 

ὐ   Current density 

ὐ    Photogenerated current density 

ὐ    Photogenerated current density in the depletion region 

ὐ    Photogenerated current density in the emitter 

ὐ    Photogenerated current density in the base 

ὐ   Reverse saturation current density 

ὐ    Short circuit current density 

ὐ   Saturation current coefficient 

Ὧ      Crystal wave vector 

‗   Wavelength of radiation 

ὒ    Quantum well width 

ὒ   Minority electron diffusion length 

ὒ   Minority hole diffusion length 

µn   Minority electron mobility 

ʈ
 
   Minority hole mobility 

ʈ
 
    Hall mobility 

άᶻ   Electron effective mass in a crystal 

άᶻ   Hole effective mass in a crystal 

ὲȾὴ    Carrier density 

ὔ    Acceptor concentration 

ὔ    Donor concentration 

Ὀ    Conduction band density of states 
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Ὀ    Valence band density of states 

ὲ   Intrinsic carrier density 

ὲ   Photogenerated electrons in p-type material 

ὲ      Equilibrium electron population in the p-type material. 
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1  Introduction  

1.1 The Solar Energy 
 

The sun releases a vast amount of energy eqivalent to 1000 000 TW into the solar system [1]. 

The temperature at the surface of the sun is approximately 6000 K. At a point just outside the 

earthôs atmosphere the solar flux is observed to be 1353 W/m
2
.  Almost all renewable energy 

sources with exception to radioactive and nuclear energy sources, derive their energy from 

the sun. Figure 1.1 shows the image of the sun from the Solar and Heliospheric Observatory 

(SOHO). 

 

Figure 1.1: The image of the sun from SOHO [2] 

 

Despite the vast amount of radiant energy from the sun, the fossil fuels and nuclear power 

which are depleting sources still remain the main sources of primary energy in the world at 

78 % of the total energy demand. The renewable energy sources have a disproportionately 

low contribution of 22 % to the total world energy use. Photovoltaic still take a miniscule 

fraction of the renewable energy source equivalent to only 0.01 % of total world energy use 

[3]. With the projected world population of 12 billion by 2050, the energy consumption is 
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estimated to be 28 TW, which is double the current demand of 14 TW and the CO2 emission 

is projected be more than twice the pre-historic level [1]. With current trend of energy 

consumption, in less than 350 years all the depleting sources will run out.   

Photovoltaic has a great potential to become the most potent energy source for the future 

generation. Besides being virtually inexhaustible like all renewable energy, it does not have 

any combustible by-products sources and its CO2 ófootprintsô is very low. The only CO2 

emission is during the manufacture, and is still between 5-13 % [4] of the contribution by the 

fossil fuels.  However, there are still challenges facing photovoltaic, the major ones being the 

low efficiency and high installation costs. There are two ways of curbing the above problems. 

One alternative is to reduce the cost of production by going for relatively cheaper materials 

like amorphous, polycrystalline and thin films at the expense of efficiency, or going for 

higher efficiency at the expense of material cost. This thesis focuses on the latter by focusing 

on the increase of efficiency by use of novel III -V material systems and designs.  

To date most of the record efficiency cells has been tandem solar cell designs based around 

GaAs. Ga0.44In0.56P/GaAs/Ge cells have reached efficiencies of 40.1% for the AM1.5D 

spectrum concentrated to 240 suns [5]. The addition of Indium to the GaAs increases the 

efficiency of the Ga0.44In0.56P/GaAs/Ge solar cell and an efficiency of 40.7 % has been 

achieved with Ga0.44In0.56P/Ga0.92In0.08As/Ge solar cells [6]. Further improvement of 

efficiency of Ga0.44In0.56P/Ga0.92In0.08As/Ge cells is limited by the amount of Indium that can 

be added, due to its effect of increasing lattice constant. The addition of small amounts of 

nitrogen to GaAs causes a large reduction in band gap which can be modelled using the band 

anti-crossing approach [7].  The addition of nitrogen also reduces the lattice constant of the 

alloy.  This effect combined with the addition of Indium allow both the band gap and lattice 

constant of the quaternary Ὃὥ Ὅὲὔὃί  to be chosen independently of one and other 

[8].  In 1998 the National Renewable Energy Laboratory (NREL) suggested that GaὍὲὖȾ
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ὋὥὃίȾὋὩ tandem solar cells could be made more efficient by adding another junction with a 

band gap of 1eV between the GaAs and Ge junctions. A logical choice for this junction 

appears to be the compound ὋὥȢὍὲȢὔȢ ὃίȢ  as it has a band gap of 1eV and is also 

lattice matched to GaAs [9].  However the addition of nitrogen to GaAs causes dislocations 

and imperfections which reduce the minority carrier mobility and lifetime. 
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1.2 Thesis Objectives 

 

Multi -junction solar cells, in particular tandem solar cells with projected efficiencies of more 

than 50 % are potential candidates for ó4
th
 generation photovoltaic devicesô. In order to 

achieve such projected efficiencies a near 1.0 eV sub-junction with good optical and 

electrical properties is sought. The observed unexpected band-gap reduction when small 

amount of Nitrogen or Bismuth is incorporated into GaAs makes these alloys (dilute nitrides 

and bismides) possible candidates for 1.0 eV sub junction in tandem solar cells. The aim of 

this project is to study the performance of dilute nitride and bismide solar cells designed for 

the fourth tandem solar cell sub-junction (1.0 eV junction). The minority carrier lifetimes 

observed in dilute nitrides and bismides, are often less than 1 ns  [10 and 11],  which is 500 

times less than typical GaAs minority carrier lifetime [12].  The short minority carrier 

lifetimes result in very short diffusion lengths that make it a challenge to design the dilute 

nitride and bismide solar cells with conventional design that works well for the GaAs solar 

cells. Therefore a number of non-conventional designs which include; the p-i-n bulk, p-i-n 

MQWs and n-i-p-i, are commonly used for dilute nitride and bismide solar cells. 

The first objective of this project is to study and compare the performance of different 

designs used. The second objective is to probe any material related effects on performance 

between dilute bismides and dilute nitrides. Some of the parameters that are used to compare 

the performance of the device studied include; magnitude and quality of the dark current 

generated, temperature coefficient of efficiency, open circuit voltage, short circuit current 

density, average recombination lifetimes and response to radiation intensity.  
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1.3 Thesis outline 

 

Chapter 2 is literature review on the key topics that this work will be based on. The solar 

spectrum and the concept of Air Mass Index are briefly described. A recap of the band energy 

model for solids, Fermi Dirac statistic and the formation of p-n junction is given. Solar cell is 

introduced as a p-n junction and its key performance parameters are discussed. Optical and 

electrical processes with emphasis on absorption coefficient and minority carrier transport are 

discussed. Efficiency limits of single junction and the concept of multi-junction are briefly 

discussed.  

The physics of dilute nitrides and bismides is introduced with emphasis on the band-gap 

determination in the alloys using the Conduction Band Anti Crossing Model (CBAC) and 

Valence Band Anti Crossing Model (VBAC) respectively. Various designs commonly used 

in materials with short minority carrier lifetimes like dilute nitrides and bismides and their 

limitations are discussed. Lastly a road map of 1.0 eV junction for tandem solar cells up to its 

present status is briefly presented. 

Chapter 3 is a summary of the experimental and theoretical techniques deployed in this work. 

Growth techniques of the alloys studied in this work with emphasis on Molecular Beam 

Epitaxy (MBE) which was the major growth technique for most of the devices as well as 

description of experimental set ups and apparatus are presented. The experimental techniques 

described include dark, light I-V characterisation, spectral response of short circuit current, 

photoluminescence, steady state and transient photoconductivity. 

Chapter 4 is the discussion of the results of dilutes nitride solar cells of various designs. The 

structures of the solar cells are presented. Room and low temperature dark and AM1.5G J-V 

characterisation results are discussed under each design. The temperature coefficients of the 

efficiency devices are deduced from the normalised maximum power against voltage plots. 
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The average recombination lifetimes are deduced from the Sah-Noyce-Shockley and 

Shockley diode models. The performance of the solar cell at varying irradiance levels is 

discussed with emphasis on maximum power (or efficiency) and Fill Factor against applied 

voltage. The trapping effects of each design are deduced from the slopes of the hyperbolic 

logarithmic plots of dark current density versus inverse of temperature.  

Chapter 5 is the results of photoconductivity measurements on bulk Ὃὥὃί ὄὭ layers 

followed by the results of valence band anti-crossing model (VBAC) model for calculating 

the Ὃὥὃί ὄὭ alloy compositions that would give suitable band gaps for tandem solar 

cells. The last section of the chapter is characterisation of  Ὃὥὃί ὄὭ p-i-n solar cell.  

Chapter 6 is the summary of the work as well as future work and recommendations. 

__________________ 
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2  Background 

2.1 The Solar Spectrum 

 

The spectrum of the sun can be modelled by that of a black body at temperature of 6000 K.  

The spectrum of a black body at temperature (T) is given by 

 ὍὺȟὝ             
(2.1) 

where h is Planckôs constant, v is the frequency of the photons, c is the speed of light, Ὧ  is 

Boltzmannôs constant and T is the temperature of the black body. 

The spectrum of the sun at the surface of the earth (terrestrial) is different from the one 

measured outside the earthôs atmosphere (extra-terrestrial), due to attenuation, absorption and 

scattering as the radiation passes through the atmosphere. The different spectra at the earth 

surface further differ depending on the path the sun rays take through the atmosphere to reach 

the earth surface. The ratio between the lengths of the path of the light through the 

atmosphere to the shortest distance through the atmosphere (the normal to the earthôs surface) 

as shown in figure 2.1 is known as the Air Mass (AM) index, as shown in equation 2.2. 

  ὃὓ
 

           (2.2) 

where — is the angle of the sun measured from the normal to the earth surface.  

The AM0, AM1.5G, and AM1.5D spectrums are defined by American Society for Testing 

and Materials. The AM0 is the spectrum measured just outside the earthôs atmosphere and 

has an irradiance of 1353 W/m
2
. The AM1.5 spectrum is measured  

at the earth surface for radiation incident at 48.2 ° from the zenith, and at this angle the 

atmosphere should attenuate the radiant power to about 900 W/m
2
. For convenience 
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Figure 2.1: The diagram of the earth showing respective air mass index concept. 

 

the standard terrestrial spectrum (AM1.5) is normalised so that the integrated 

irradiance is 1000 W/m2.  The AM1.5 is further classed as AM1.5 G or AM1.5 D, in which 

the suffix G and D means global and direct respectively. The AM1.5 G spectrum is the 

one in which both the direct radiation that reaches the earth surface as well as the 

scattered radiation are considered. The AM1.5 D spectrum only considers the direct 

radiation that reaches the earth surface without being scattered.   

The atmospheric effects on the spectrum are evident, as shown in figure 2.2. Water, 

oxygen and carbon dioxide cause absorption that is wavelength selective, and these 

result the in the gaps observed in the spectrum reaching the surface of the earth. 

Photons with wavelength near 900, 1100, and 1400 nm are absorbed by water vapour 

in the atmosphere. Ozone absorbs radiation with wavelength below 300 nm; this 

reduces the amount of ultraviolet that reaches the earth surface.  

When designing and or testing solar cell devices it is important to consider the 

spectrum under which it operates. This not only does help for comparison purposes but 

helps in optimising the design to get maximum efficiency and devices that can tolerate 

the conditions under which they operate.  
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Figure 2.2: Spectral irradiance of a blackbody at 6000 K, AM0 and AM1.5 spectra. 

 

2.2 Introduction to semiconductors 

 

When a solid forms, the discrete energy levels of the atoms or molecules tends to form 

clusters of energy states (energy bands). The shape of energy bands and the space between 

them differ depending on the lattice structure and composition of the solid. The space 

between the upper, nearly empty band (conduction band) and the lower, nearly full band 

(valence band), is the principal energy gap or simply band gap (gE ) of the material. The 

bandgap determines the electrical properties of the solid. Solids classified as metals have their 

conduction band overlapping with the valence band and there are plenty of free carriers for 

conduction even at room temperature. Insulators have wide band gap and huge amounts of 

energy would be required to promote electrons into the conduction band. However, 

semiconductors have a moderate band-gap of approximately 0.24 eV-6.2 eV [1]. In 

semiconductors at 0 K the conduction band is completely empty and the valence band 

completely filled up and at T > 0 a finite number of electrons occupy the conduction band 

due to thermal excitation. 
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Details of energy band structures can be shown by energy (E) versus crystal momentum (k) 

resulting in what is popularly known as (E-k diagrams). Simplified E-k diagram for a direct 

band gap material and indirect band gap materials are shown in figure 2.3. Band structures of 

dilute nitride and bismides shall be re-visited in more details in chapter 5, under the Band 

Anti Crossing (BAC) model.  

(a)                                                                         (b) 

Figure 2.3: E-k diagrams for: (a) direct band-gap and (b) indirect band-gap materials [2]. 

The occupancy of the conduction is governed by the Fermi-Dirac probability function given 

by equation 2.3, 

 ὊὉ
 

                   
(2.3) 

where Ὧ is the Boltzmann constant and Ὕ is the absolute temperature and Ὁ is the Fermi 

energy level.  ὊὉ describes the probability of electrons in the conduction band and 

similarly  ρ ὊὉ describes the probability of holes in the valence band. The density of 

such states in the conduction band is given by  
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   Ὀ Ὁ 
Ѝ ᶻ Ⱦ Ⱦ

ᴐ
,  Ὁ Ὁ   

 

(2.4)                      

where ὓ  is the number of equivalent minima in the conduction band, άᶻ is the density of 

state effective mass for the conduction band and ᴐ is Planckôs constant. 

A similar expression can be written for the density of states in the valence band. The product 

of density of states Ὀ Ὁ and the probability of occupancy  ὊὉ gives the carrier 

distribution in the conduction band and a similarly that of  Ὀ Ὁ and ρ ὊὉ  for the 

valence band, Figure (2.4). 

 

Figure 2.4: Schematic energy band diagram, density of states, Fermi-Dirac 

distribution, and carrier distribution versus energy in an n-type semiconductor [2].  

 

The effective densities of states in the conduction and valence band are given by;  

  
Ὀ ς

ᶻ Ⱦ

  and  Ὀ ς
ᶻ Ⱦ

   
            

(2.5) 

where άᶻ  and άᶻ  are the density of state effective masses for the conduction and valence 

band respectively. 
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2.3 Formation of the PN junction 
 

When an n-type and p-type materials are brought together (through various growth 

processes), carriers diffuse across the junction leaving behind a layer of fixed charge (SCR), 

on either side of the junction. On the n side the SCR is positive due to the ionised donors and 

on the p side the SCR is negative due to the ionised acceptors, this result in an electrostatic 

field which opposes further diffusion. Equilibrium is established when the diffusion of 

majority carriers across the junction is balanced by the drift of minority carriers back to their 

majority side of the junction [3]. The Fermi levels needs to be continuous throughout the 

structure and as a result there is bending of the energy band profile of the p-n junction, figure 

2.5.   

Figure 2.5: Band profile of a p-n junction. 

 

The contact voltage (ὠὦὭ ή‰  established is given by 

 ή‰ ήὄ ήὃ (2.6) 

where (ήὃ is the difference between the Fermi energy level and conduction band edge 

on the n side and (ήὄ) is the difference between the Fermi energy level and the 

conduction band edge on the p side (fig. 2.5). The contact voltage is commonly 
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determined from the doping concentrations on the n and p side of the junction using the 

relation  

  ὠ = ὰὲ  
        (2.7) 

where ὲ ȟ  ὔ   and  ὔ  are the intrinsic carrier, donor and acceptor concentration 

respectively. 

The thickness of the SCR that forms is determined fÒÏÍ 0ÏÉÓÓÏÎȭÓ ÅÑÕÁÔÉÏÎ ÇÉÖÅÎ ÂÙ 

 

ὡ
ς‐ὠ

ή

ρ

ὔ

ρ

ὔ
 

                       (2.8) 

where ‐ and ὠ  are the semiconductor permittivity and the built-in potential 

respectively. 

2.4 Solar cell I-V characteristics 
 

2.4.1 Dark I -V characteristics 

 

The dark current consists of the diffusion current from the base and emitter regions and the 

generation-recombination current in the space-charge-region (SCR). In an ideal diode the 

SCR component of the dark current is negligible and the total dark current density can fit into 

the ideal Shockley diode equations 2.9 and 2.10. 

 ὐ ὐ ÅØÐ ρ 
                       (2.9) 

where 

 
ὐ ή

Ὀὲ

ὒὔ
ή
Ὀὲ

ὒὔ
 

                 (2.10) 
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and  ὒ  , ὒ, ὈȟὈ , ὔ , ὔ   and ὲ, electron diffusion length, hole diffusion length, electron 

diffusion coefficient, hole diffusion coefficient, acceptor concentration, donor and intrinsic 

carrier concentration respectively. 

This is not always the case as the SCR generation-recombination current may be comparable 

or even dominate the diffusion current.  This can happen when the material out of which the 

junction has been grown has high density of defects, typical of dilute nitrides and bismides. 

The second factor is the design used, especially the enhanced depletion layers like in the p-i-n 

design often used for material with short minority carriers like dilute nitrides and bismides. In 

that case a two or more diodes are used to model the behaviour of the dark current. The two 

diode model shown in (2.11) is often used. 

 ὐ ὐ ÅØÐ ρ ὐ ÅØÐ ρ              (2.11) 

where   ὐ is the  diode saturation current density that results from the thermal generation of 

minority carriers in the base and emitter regions and ὐ  is the junction leakage current 

density which represents the carrier generation-recombination in the space charge region. 

In the case of dominant trap that lies at energy Ὁ  from the conduction band the SCR 

generation-recombination current can be estimated using the classic Sah-Noyce-Shockley 

Shockley model given by 

         
ὐ

ήὲὡ

† †

ςÓÉÎÈ ήὠςὯὝϳ

ήὠ ὠ ὯὝϳ
Ὢὦ 

                       (2.12) 

 

where  
ὦ ÅØÐ

Ὡὠ

ςὯὝ
ÃÏÓÈ Ὁ Ὁ ὯὝ

ρ

ς
ÌÎ † †  

    (2.13)      
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and ὲ, ὡ , † , † , ὠ , Ὁ, and Ὁ are intrinsic carrier density, depletion width thickness, 

electron capture lifetime, hole capture lifetime, built in voltage, trap energy level and intrinsic 

Fermi level respectively. 

A simplified and generalised expression of the dark current which permits variable ideality 

factor as shown in equation 2.14 is useful in dark current analysis.   

 ὐ ὐȟ ÅØÐ ρ 
     (2.14)               

where ὐȟ  the effective reverse saturation current and (m) is a variable ideality factor. 

The ideality factor (m), reveals the nature of dominant recombination in the device, typically 

1 for diffusion current and >1 for SCR recombination current. Dark currents are important as 

they place a limit on the maximum output voltage a cell can produce under specified 

illumination as shown in the expression in equation 2.15. 

 
ὠ

ὯὝ

ή
ὰὲ
ὐ

ὐ
ρ 

                    (2.15) 

2.4.2 Light I-V characteristics 

 

The current in an ideal illuminated photovoltaic cell can be modelled by the superposition 

principle (equation (2.16)) of the dark currents and the photo generated current, fairly 

accurately for many photovoltaic materials, with the assumption that the dark current under 

the illumination condition will not differ from its dark condition value [3]. 

  ὐ ὐ ὐ Ὡ ρ 
(2.16) 

where the first term (ὐ  is the short circuit current density (which is a total of the dark 

current and the photogenerated current), and the second term (  ὐ Ὡ ρ) is the dark 

current density.  
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The circuit model for a p-n junction solar cell is current source in parallel with diode, as 

shown in figure 2.6. 

 

 

                      

 

Figure 2.6: The circuit model for a p-n junction solar cell 

 
In reality the p-n junction solar cell departs from the model described in previous section due 

to the internal resistance of the device. A more refined representation model include these 

parasitic resistance as a series and parallel resistances to the ideal circuit model as shown in 

figure 2.7. 

 

 

From figure 2.7 circuit diagram the two diode model equation will be; 

 ὐ ὐ ὐ Ὡὼὴ ρ ὐ Ὡὼὴ ρ , 
  (2 .17)       

where  ὐȟὙ ὥὲὨ Ὑ  are the photogenerated current densities, series and shunt resistance 

respectively. 

Figure 2.7: An equivalent circuit of a p-n junction  

solar cell 
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The key performance parameters of a solar cell include the short circuit current density, ὐ , 

the open voltage ὠ , the fill factor ὊὊ, from which the efficiency ɖ of the cell is determined. 

The theoretical maximum efficiency of a solar cell is the power density delivered at operating 

point as a fraction of the incident light power density, ὖ. 

            
–
ὐ  ὠ  

ὖ  
 

                                    (2.18) 

where  ὐ   and   ὠ  are the points at maximum power delivered by the cell. In practice the 

maximum short circuit current and maximum voltage are reduced by the parasitic resistances 

of the cell and the recombination of carriers. The parasitic resistance are the series resistance 

(Rs) path of carriers to the external circuit and the parallel resistance (Rp) path offered by the 

cell.  

The practical efficiency measured from the J-V plots is thus given by  

 
–
ὐ  ὠὊὊ  

ὖ  
 

                                  (2.19) 

where FF is the fill factor. The J-V characteristics of a solar cell under illumination are 

shown in figure 2.8. 
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Figure 2.8: The IV characteristics of a solar cell under illumination [4]. 

 

2.5 Photovoltaic principle 

 

In a doped semiconductor material the majority carrier far outnumbers the minority carriers 

and the effects of the latter are often negligible. However it is the dynamics of minority 

carriers that determines the operation of devices such as photodiodes (photo detectors) and 

solar cells. Minority carriers generated on any part of the p-n junction device usually remain 

for a short time (minority carrier lifetime) before recombining with majority carriers. In a 

solar cell minority carriers needs to be quickly separated before recombining. In fact the 

ability of the p-n junction space charge region to drift the minority electrons into the n- region 

and the holes into the p region, contrary to the diffusion gradient, is what underlies the 

principle of photovoltaics.  

A p-n junctions designed to be specifically photosensitive are called photodiodes [5]. Usually 

they are constructed such that they have thin emitter region, mostly transparent to incident 

light and wider depletion region as an active region for the device. Photodiodes can operate in 

a photoconductive region or photovoltaic region (figure 2.9). A solar cell is a special type of 
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photodiode, operated in the photovoltaic region, with a maximised photo-voltage often by 

making the junction area very wide for absorbing more incident photons.  

 

                     Figure 2.9 Photodiode I-V characteristics [5]. 

 

A solar operates by absorbing incident photons (formation of excitons), in the process 

generating hole-electron pairs (excitons separation) and subsequently collection of carriers to 

the external contacts (minority carrier transport). The efficiency of any solar cell devices is 

based on the efficiency of the latter processes [6]. Incidentally, the key properties for any 

semiconductor material for making solar cells are the absorption coefficient of the material 

which determines the spatial generation of minority carriers in the material, the 

recombination process which determines solar cell performance parameters to be discussed in 

following sections, and the minority carrier lifetimes, which directly affects key parameters 
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such as diffusion length and ultimately minority carrier collection from the device. These 

parameters shall be introduced in the following sections and later used in chapter five in 

modelling of short circuit current in p-n junctions.  

2.5.1 Optical absorption 

 

Optical excitation is the principal generation processes of minority carriers in solar cells. A 

semiconductor will absorb a photon of energy Ὤὺ greater or equal to the band-gap (Ὁ  for 

direct bandgap materials. The photons with   Ὤὺ Ὁ are transmitted through without 

absorption. Figure 2.10 shows a typical absorption coefficient as a function of photon energy 

for GaAs material. The absorption coefficient spectrum shows three regions of absorption. At 

energies well below the bandgap absorption is dominated by free carrier absorption [7]. Free 

carrier absorption occurs particularly in highly doped semiconductors, and it is directly 

proportional to free carrier concentration. [7]. At energies near the bandgap the absorption 

coefficient increases exponentially. The exponential absorption is a manifestation of the 

effect of structural and thermal disorder on the electronic properties of semiconductors [8]. In 

this region, referred to as the Urbach region, the absorption is described by the relation 

(2.20).  

 
‌Ὤὺ ὥ 

Ὤὺ Ὁ

Ὁ
 

(2.20) 

where ‌Ὤὺ is the absorption coefficient as a function of photon energy Ὤὺ, ὥ is a constant, 

and Ὁ is the characteristic energy of Urbach edge (Urbach parameter). 

The absorption coefficient ‌Ὤὺ for photons with energy  Ὤὺ greater than the band-

gap Ὁ , the absorption coefficient (for direct bandgap materials like GaAs) can be 

described by parabolic approximation given by; 
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              ‌Ὤὺ ὥ Ὤὺ Ὁ
Ⱦ

 
                                (2.21) 

In addition the total amount of absorbed light depends on the thickness of the material used. 

How much material is needed depends on the absorption coefficient (Ŭ) of the material. The 

absorption coefficient is the inverse penetration depth measured in  ὧά .  

Equation 2.27, describes the amount of light absorbed in a layer of a semiconductor. 

 

 Ὅὼ Ὅρ ÅØÐ‌ὼ         (2.22) 

where Ὅὼ is light intensity as a function of depth ὼ and Ὅ is the initial intensity.  

Figure 2.10: Optical absorption spectrum of GaAs [9]  
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The generation of photons is described by a similar equation to the optical absorption 

equation (2.22), with the assumption that one photon generates one EHP, taking into account 

the loss due to reflection (Ὑ  as shown in equation (2.33). 

 ὋὉ ‌Ὁ‍ Ὁ ρ ὙὉ Ὡ  (2.23) 

where ὋὉ is generation rate,  ‍ and Ὁ are the photo-flux density and energy of the 

photons absorbed at ὼ respectively. 

The amount of light absorbed by a slab of GaAs is shown in figure 2.11. This shows that just 

3 µm of GaAs (direct-band gap material) absorbs nearly all the incident light with more than 

50% absorbed within the 1
st
 micrometre. On the other hand Si (an indirect band-gap material) 

will need more thickness for absorbing the same amount of light; as a result GaAs solar cells 

are thinner and lighter compared to Si solar cells. 

 

                Figure 2.11: Amount of light absorbed by a slab of GaAs as a function of depth. 
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To minimise reflection losses, the surface is often coated with anti-reflection coating or 

various techniques such a surface texturing are used. The absorption coefficients of some 

common materials are shown in figure 2.12. The difference between the direct band-gap 

materials (InP, GaAs, GaN) from the indirect band-gap materials (Ge, Si) is the sharp rise 

(virtually vertical line) at band-gap edge of the direct bandgap materials as opposed to some 

degree of sloping at the absorption edge of the indirect band-gap materials. 

 

Figure 2.12: Absorption coefficients of common III-V semiconductors  

for different photon energies [2]. 

 

2.5.2 Recombination processes 

 

The minority carries generated anywhere in a solar cell device are either collected to the 

external circuit or recombine in the device. Recombination can be; directly across the band 

gap (Radiative), assisted by energy transfer between carriers (Auger), or occur at the surface 
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or grain boundary (Surface recombination), depending on the condition of the semiconductor 

material used. Figure 2.13, shows major recombination processes in a semiconductor. 

 
 

 

 

 

Figure 2.13: Recombination processes in a semiconductor 

The net carrier recombination lifetime in the bulk (†  materials can be expressed as 

 ρ

†

ρ

†

ρ

†

ρ

†
 

(2.24) 

 

where † , †  and †  are the radiative, Auger and Shockely Read Hall recombination 

lifetimes respectively. In defect related recombination carriers are trapped in deep states 

(recombination centres) and annihilate, subsequently releasing phonons into the lattice and 

the process is commonly modelled by the Shockley, Read and Hall (SRH) model. The SRH 

generation-recombination lifetime (†  is described by (equation 2.25), 

 † ,        (2.25) 

where †, †, ὲȟὴ, ὲ, ὴ, ῳὲ and ῳὴ are the hole recombination lifetime, electron 

recombination lifetime, equilibrium electron density, equilibrium hole density, electrons 

density when trap energy level is equal to Fermi energy level,  holes density when trap 

energy level is equal to Fermi energy level, excess electron density and excess hole density 

respectively. 

╔╣ 

╔╒ 

╔╥ 
Phonons 

Photon 
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The band to band recombination or radiative recombination is when a hole or electron 

directly transits from valence or conduction band and recombines with opposite carrier often 

followed by emission of a photon. The recombination lifetime is given by  

 
†

ρ

ὄὴ ὲ ῳὲ
 

                    (2.26) 

where B is radiative recombination coefficient and all symbols have their usual meaning. The 

Auger recombination is when two electrons in the conduction band (or holes in the valence 

band) collide, one will then combine with a hole in the valence band (or electron in the 

conduction band) [10]. The life time of Auger recombination process is given by 

        
†

ρ

ὅ ὴ ςὴῳὲ ῳὲ
 

        (2.27) 

where ὅ is Auger recombination coefficient for holes and all symbols have their usual 

meaning. At the front or the back surfaces the recombination occurs through the surface 

defects. For a solar cell with width (ὡ  having identical surfaces (back and front) the surface 

recombination lifetime is estimated by equation 2.28.  

 
†

ὡ

“Ὀ
 

(2.28) 

where Ὀ is the coefficient of diffusivity.  Surface recombination can be detrimental to cell 

performance especially for materials with high absorption coefficient like GaAs where more 

carriers are generated very close to the surface. The common solution is to use a thin layer 

(window) of a high band-gap like AlGaAs or GaInP in GaAs cells, to passivate 

recombination at the surface of the emitter. The window material absorbs very little light and 

what it losses due to SRV is not significant. Back surface passivation is occasionally used 

when the back recombination is expected to be important. 
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2.5.3 Minority carrier transport  

 

When a piece of doped semiconductor material is excited by a monochromatic light of photon 

flux density ‰, wavelength ‗, and absorption coefficient Ŭ, the generated carriers will start 

diffusing along the length of the semiconductor. For steady state condition and low excitation 

conditions, the minority transport is governed by the continuity equation (equation 2.29). 

 
  Ὀ Ὃὼ π                                                                             

(2.29) 

where Ὀ  is the minority carrier diffusion coefficient, ὒ is the minority carrier diffusion 

length, † is the effective minority carrier lifetime and Ὃὼ is the generation rate. The 

equation can be applied to p-n junction solar cell under specified boundary conditions and 

abrupt junction model.   

The minority carrier can diffuse for an average one diffusion length (ὒ), before recombining 

to reach the equilibrium value. The diffusion length of a material is determined by the 

effective minority carrier lifetime which in turn is dependent upon semiconductor type and 

crystal quality. The carrier lifetime decrease with increasing doping level. However a direct 

dependence of lifetime on doping for a specific material cannot be derived as the lifetime is 

dependent on other material history, like growth rate, post growth treatments like annealing 

conditions, surface passivation [11]. Minority lifetime carriers for Si and GaAs can be in the 

orders of 100 microseconds and 10 picoseconds respectively [11]. The diffusion length is 

related to the minority carrier lifetime through the equation 2.30 

    ὒ ЍὈ†                        (2.30) 

 where ὒȟὈ and Ű are the minority carriers; diffusion length, diffusion coefficient and lifetime 

respectively. 
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2.6  Single band solar cell efficiency limit  
 

From the Carnot theorem, the efficiency to transfer energy from a high-temperature reservoir 

at temperature Ὕ to a lower temperature reservoir at temperature  Ὕ  is described by; 

Ὕ Ὕ ȾὝ.   The transfer of heat energy from the sun at Ὕ~ 6000 K (temperature at 

surface of the sun) to a solar cell device at temperature Ὕ  ͯσππ ὑ(room temperature) has a 

Carnot efficiency of ~95 %. This provides an upper bond for all conversion processes [12]. 

 

A semiconductor only absorbs photons that are nearly equal to (for indirect band-gap 

semiconductors) or greater than their band-gap energy. Therefore the photons of lower 

energy (longer wavelength) of the solar spectrum are mainly transmitted through and lost 

(figure 2.14). Under the assumptions of detailed balance, the optimum band-gap of a single 

junction solar cell in AM1.5D spectrum at all concentrations is 1.1 eV [13], which 

correspond to Silicon(Si) material band-gap. However the highest efficiency (27.8 %) 

material for one junction device is GaAs despite its non-optimal band-gap of 1.4 eV [13], 

mainly due to its high absorption coefficient and its direct band-gap. Silicon however account 

for 90% of the semiconductor devices in use today owing to its abundance and advancement 

in technology.  

For a single junction, the efficiency depends on the band-gap of the material as shown in 

figure 2.15. This non-linear relation with the increasing band-gap is due to the trade of 

between current and voltage output. High band gaps results in higher voltage output but 

lower current output and vice versa for current output.  
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           Figure 2.14: Losses in a single junction due to spectral mismatch [4]  

 

         Figure 2.15: Efficiency versus band-gap of a semiconductor for AM1.5G spectrum [14]  
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2.7 Multi -junction Solar Cells 

 

The efficiency limit of a single junction solar cell can be exceeded by use of multiple 

junctions. Each junction is tuned to absorb a certain band of the solar spectrum (Figure 2.16). 

This reduces thermal relaxation and below band-gap photon losses. The choice of band-gap 

of each material is critical in determining the maximum efficiency possible. Theoretically it is 

possible to spectrally split the light and illuminate each sub-junction with light of appropriate 

wavelength range as shown in figure 2.17b. A robust way is building the p-n junction in 

tandem (figure 2.17 (a)). The tandem structure is in which the p-n junctions are connected in 

series often using tunnel diodes or other physical means.  

 

  Figure 2.16: The AM1.5G Solar spectrum versus wavelength.  

 

Theoretically as the number of sub-junction used in the multi-junction solar cell is increased 

thermalisation losses reduce. Thermalisation losses occur when the absorbed photon energy is 

greater than the band gap of the semiconductor material. The excess energy will be lost 

through the emission of phonons as the carriers relax to the edge of the conduction and 
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valence band. However material choice or bandgap engineering, and growth of such devices 

become more challenging. Nonetheless theoretical efficiencies of 4 junction devices and 

above, is estimated at more than 50 % [15, 16 and 17], under concentrated spectrum. 

Practical efficiencies of more than 40 % has been demonstrated  with GaInP/GaAs/Ge based 

devices and such triple junction devices are the most common power generators in space 

[18].  

 

(a)       (b)  

Figure 2.17: Possible absorption configurations in multi-junction structures; (a) Tandem, (b) 

spatial 

 
The resulting band gap of a tandem structure is shown in figure 2.18, and the Fermi 

remaining constant across the entire device length. 

The successful application of tandem structures in various devices is due to the capability of 

epitaxial technology like the Molecular Beam Epitaxy (MBE), to grow of latticed matched 

dissimilar semiconductors junctions (hetero-structures) with virtually no defects [19]. In 

order to grow a semiconductor on top of another without defects, their lattice constants have 

to match. 

 

 

 

1st sub-junction 

2nd sub-junction 

3rd sub-junction 
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Figure 2.18: Band-gap alignment of a tandem a solar cell.  

 
 
Silicon at near 1.0 eV is at the optimum position on the solar spectrum and would be the ideal 

choice in multi-junction solar cells; however III/V materials are more attractive for multi-

junction devices due to the wide band gap choice they offer still lattice matching GaAs 

substrates. One of the limitations of the tandem solar cell is that, the current is limited by the 

lowest current produced by any of junctions. Current matching is required for the structure 

and one technique that has been extensively used for that is the use of Quantum Wells (QW) 

in the intrinsic region of the P-I-N structure. 

2.8 Dilute Nitrides Physics 
 

Dilute Nitrides have emerged from the conventional III-V semiconductors such as GaAs or 

InP by the insertion of nitrogen into the V group sub-lattice, which results in an anomalous 

band-gap reduction and a profound effect on electronic properties of the material [13]. This 

band-gap reduction gives flexibility in designing lower band-gap optoelectronic devices. The 

band-gap reduction when small fractions of nitrogen were added to the III-V materials could 

not be modelled by the Virtual Crystal Approximation and other phenomenal models [10]. 

The reduction in the band-gap was explained well by the band anti-crossing interaction 

between the conduction band edge and a band of higher lying localized nitrogen states [21]. 

Since then the Band Anti-Crossing Model developed by Shan et al [20] has been used 

extensively applied in the study of the dilute nitrides. 

Ὁ 

Ὁ  

Ὁ  Ὁ  
Ὁ  
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When Nitrogen is added to GaAs it creates an isolated state just above the conduction minima 

of the conduction band [22]. This isolated energy Ὁ  state is commonly taken as ~1.7 eV 

measured from the valence band of GaAs. For percentages of Nitrogen less than 5% the 

interaction of the isolated energy states result in a localised resonance level which is lower in 

energy. This localized energy level is given by 

 

 Ὁ Ὁ ‎ώ (2.31) 

      

The interaction between the highly localized N states Ὁ  with the conduction band is 

calculated using perturbation theory as shown in equation 2.32. 

 

 ὉὯ Ὁ Ὧ ὠ
ὠ ὉὯ Ὁ

π 
(2.32) 

       

 

where, Ὁ Ὧ is the energy of the conduction band states of the host alloy, which is 

GaInAs in the case of GaInNAs. This is parabolic with Ὧ as shown in equation (2.33), 

 

 
    Ὁ Ὧ Ὁ π

ᴐ
 z                                                                                                   

(2.33) 

 

where Ὁ π is the band-gap of  Ὃὥ Ὅὲὃί which varies with Indium composition ὼ and 

ὠ  is matrix element describing the interaction between the conduction band and the 

nitrogen isolated states. This results in a two solution dispersion relation equation (2.34) 

suggesting the band splitting; 

 



34 
 

 

Ὁ Ὧ
Ὁ Ὁ Ὧ Ὁ Ὁ Ὧ τὠ

ς
 

(2.34) 

 

 

 

       Figure 2.19: Band Anti-Crossing for Dilute Nitrides [23].  

 
 
Some quaternary dilute nitride alloys  which are of more interest owing to their ability to 

lattice match GaAs lattice over a wide range of band-gaps include the GaInNAs and GaInPAs 

systems as shown in figure 2.20. GaInNAs alloy allows independent control over the In: Ga 

and N: As ratios. Increasing the In: Ga ratio causes a reduction of band-gap and an increase in 

lattice parameter, while increasing the N: As ratio also causes band-gap reduction, but a 

decrease in the lattice parameter. Therefore GaInNAs, gives the flexibility of tailoring both 

band-gap and lattice parameter [10]. The lattice matching of GaInNAs to GaAs is possible at 

the Indium proportion of xxxx AsNInGa -- 1331  [24]. As stated in the introduction the alloy 

reduces band-gap with increase in nitrogen. This enables the design of lower band-gap solar 

cells targeted at harvesting low photon energy portion of the solar spectrum. 
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Figure 2.20: The relationship between bandgap and lattice constant for alloys in the 

GaInNAs and GaInPAs systems [25]. 

 

2.9  Dilute Bismides Physics 

 

Bismuth containing semiconductors had been grown as early as 1980s. Growth of InSbBi by 

Molecular Beam Epitaxy (MBE) was reported by two groups in 1995, the Kyoto Institute of 

Technology (KIT) being one of them.  The KIT proposed the growth of GaInAsBi as a 

promising compound for a more temperature insensitive lasers. The KIT has since then 

grown and studied the properties of Bismuth containing semiconductors like, GaAsBi, 

InAsBi, GaNAsBi and GaInAsBi. Photoluminescence results have shown that the band gap 

for GaAsBi is temperature insensitive. Growth of Bi containing semiconductors is not 

favourable with Metal Organic Vapour Epitaxy (MOVPE). Because of the requirement of 
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low temperature growth for incorporation of Bismuth, the co-existing metal organics in 

MOVPE are not completely decomposed and they tend to contaminate the epilayer [26].  

With MBE GaAsBi, InAsBi, GaNAsBi and GaInAsBi compounds had been grown 

successfully, but not without challenges. Growth of GaAs/GaAsBi quantum wells with 

smooth interface has been demonstrated despite problems of Bismuth segregation [26].  

GaAsBi based alloysô response has   been extended to longer wavelength growth of 

InGaAsBi and GaNAsBi. The growth conditions are exactly the same as those of InSbBi; 

Low temperature growth typically less than 400 °C, with As (Sb) flux adjustment in limited 

range [26]. The low temperature growth and low V/III ratios are required to keep Bismuth 

from segregating to the surface of the epilayer, as it has a tendency to do so [55].  

2.9.1 Valence Band-Anti -Crossing (VBAC) Model  

 

Valence Band Anti Crossing (VBAC) model, Figure 2.21, applied to bismides had been able 

to account for the large band-gap reduction and huge spin orbit splitting that could not be 

readily be explained  by VCA models and other phenomenal models [10]. This is a modified 

model from the dilute nitrite BAC matrix to VBAC matrix to calculate valence band 

interaction with the Bi 6 p-like localised states. For  GaAs to GaBi a reduction of -1.45 eV 

and a spin orbit splitting of 2.15 eV are expected [56]. For GaAs base alloy GaBixAs1-x, the 

Bismuth localised states (defects states) are at 0.35eV. 
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Figure 2.21:  Valance Band Anti-Crossing (VBAC) for GaBi0.01 AS0.99 [27]. 

 

The bang-gap reduction in Bismides has been reported within the range 60-90 meV/% of Bi 

[28 and 29].  Figure 2.22 shows effect of Bismuth concentration on band-gap and spin orbit 

splitting in the GaAsBi alloy. 

 The Bismides exhibit a huge Spin Orbit splitting is observed, and that is strongly 

compositional dependent. This can make Bismuth containing semiconductors important in 

spintronics.  
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Figure 2.22: Effect of Bismuth concentrations on band-gap and spin orbit splitting in 

the GaAsBi alloy [28]. 

 

2.9.2 Bismuth potential in photovoltaics 

 

For any new alloy to be considered for application in photovoltaic, its absorption and carrier 

transport, especially minority carrier transport has to be studied [25]. If the diffusion length of 

minority carrier is short the material does not effectively collect photo-generated carriers. 

Optical absorption is also very important and besides other factors, it depends on the effective 

mass of carriers in the semiconductor.  

 Minority carrier lifetimes of less than 2 ns, for GaAsBi bulk material with less than 3% 

Bismuth concentration, measured by Time Resolved Photoluminescence (TRPL) have been 

reported by Mazzucato et al.[30].  

Mobility in bismides has been reported by Kini et al. [31] in n type GaAsBi alloys with 

bismuth concentration of less than 1.6 %, to be nearly the same (~2100 cm
2
 Vs) as that of 

GaAs alloy (2322 cm
2
 Vs). 
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The effective mass of electrons in GaAsBi is often assumed to be equal to that of GaAs since 

the addition of small amount of Bismides leaves the conduction band unchanged. The hole 

effective mass of GaAsBi is not well known, but expected to be greater than that of GaAs 

because of the apparent broadening of the Valance Band for holes predicted by the VBAC 

given by 

 
άᶻὉ άᶻὋὥὃίὄὭρ

ὠ

Ὁ Ὁ
 

         (2.35) 

Some researchers have assumed the values of 0.55 and 0.10 for heavy holes and light holes 

respectively. 

There is an unexpected carrier effective mass on GaBixAs1-x for x < 8 %, however a huge 

decrease in carrier effective mass that sets in for x > 8 % [26]. This significant carrier 

effective mass reduction can be favourable for photovoltaic devices where charge has to be 

rapidly collected to outside circuit. 

2.9.3 Comparison with Dilute Nitrides 

 

Unlike the dilute nitrides the dilute bismides are expected to perform better in photovoltaic, 

because of negligible electron offset (figure 2.23) which results in negligible effects on 

electron mobility.  In the Bismuth containing dilute nitride like GaAsNBi, an equivalent band 

gap reduction can be achieved with a significantly less N compared to that of GaInNAs. 

Thus, it should be possible to obtain GaAsNBi  based 1.0 eV band-gap material with a 

relatively longer carrier diffusion length due to relatively lower N composition which 

otherwise is detrimental to the electron mobility. This would improve performance of dilute 

nitride and bismide solar cells which is adversely affected by the low carrier diffusion 

lengths.  Another advantage of incorporating N and Bi in GaAsNBi is reduction of strain. 
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This is expected as the small N and big Bi radii will compensate each otherôs effect on the 

epilayer. 

Owing to huge Spin Orbit splitting and separation GaBixAs1-x can find application in the 

intermediate band gap solar cells, if the interaction between impurities and host material 

states can form a band gap in between them. The advantage of intermediate band-gap solar 

cell is that of having only one PN junction. This makes fabrication easier and no defects that 

otherwise plague the multi-junction structures. 

 

Figure 2.23: Schematic band alignment of GaAs/GaNAs and GaAs/GaAsBi  

 for 3% composition of N and Bi [32]. 

 

The ὋὥὃίὄὭὔ alloy for the composition ὋὥὔȢ ὄὭȢ ὃί  [32], lattice matches to 

GaAs, however the incorporation of Nitrogen still poses challenge to many growers. When 

growing GaAsBi on GaAs substrates care must be taken not exceed the critical thickness 

which will result in relaxation of the epilayer.  
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2.10  Common designs for dilute nitride and bismide solar cells 

 

2.10.1 P-I -N structure 

 

A p-i-n structure is a p-n junction in which a nominally un-doped (intrinsic) layer has been 

grown between the p and n layer. The inbuilt potential of the p-i-n junction is the same as that 

of a p-n junction with the same doping concentration.  The un-doped region serves to extend 

the space charge region (SCR), therefore the electric field region is extended, though it 

becomes weaker. 

The importance of the SCR is that the quantum efficiency is high, often taken as 100 % [25] 

due to drift dependent collection of carriers. This design is important for materials of short 

diffusion lengths [3], like the dilute nitrides. Figure 2.24 shows the band structure for a p-i-n 

junction  

 

Figure 2.24: Band structure of a p-i-n homojunction. 

 

The major problem with the p-i-n structure is the background doping. The background doping 

imposes a limit on the thickness of the intrinsic layer that can be grown before the electric 

field gets cancelled out. J. Connolly in his Ph.D. work [33] demonstrated the method of 
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determining the maximum tolerable background doping for a p-i-n structure as shown in 

equation (2.36)  

 

 

ὔ
ὔ
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      (2.36) 

 

Where ὔ  is the acceptor concentration, ‭ is the semiconductor permittivity, ὠ  is the built-in 

potential and ὠ  is the measured voltage at the shoulder (where the J-V graph shows sudden 

reduction of photocurrent) and ὼ is the thickness of the intrinsic region. 

This sudden reduction in photocurrent as the voltage increases is when the electric field is 

cancelled by the intrinsic region field. 

Secondly a non-depleted region with relatively low doping compared to the n and p, serves to 

increase the cells resistance and degrade its performance which is detrimental in concentrator 

cells where the cell produces higher densities of photogenerated currents. 

The third limitation of the p-i-n structure is the inherent recombination in the SCR which is 

directly proportional to the intrinsic layer thickness. The increased recombination increases 

the dark current density and consequently lowers the ὠ  [34]. 

With the MBE growth techniques enabling growth of lower background doping (<10
15

 cm
3
), 

GaInNAs depletion regions as wide as 3 µm were achieved, resulting in improvement of 

Quantum Efficiency up to 90 % [34 and 35]. 
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2.10.2  Quantum well solar cells 

 

In its simplest form quantum well solar cell consists of a p-i-n solar cell with multi-quantum 

wells (MQW) system added to the intrinsic (i) region, as shown in figure 2.25. The I-V 

characteristics of the MQW solar cells are more or less the same as that of the conventional 

solar cells. Superposition of dark current has been verified for both. MQW solar cells are 

observed to have lower diode ideality factor than conventional single cells counterparts. This 

lower ideality factor has been attributed by some researchers to bias dependent escape and 

recombination mechanisms in quantum wells. [36]. 

 

Figure 2.25: Multiple Quantum well solar cell band-gap structure [36] . 

Theoretically MQWs p-i-n structures should enable harvesting lower energy photons in the 

spectrum without paying the full price of voltage loss [37]. An ideal theory of operation of 

MQW solar cell has been developed by Anderson [38]. Anderson model compares the p-i-n 

MQWs solar cells to the standard p-n junction and it shows possibility of efficiency 

enhancement. The ὐ  and ὠ  of the standard p-n junction (baseline)  and the p-i-n MQWs 

from the N. Anderson model are shown in equations 2.37 and 2.38, 

 ὐ ήὡὋȿ          (2.37) 

and  
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where  ὡ, Ὃȿ  , ὠ , ὐ  and  ‍  are the intrinsic region width, the average optical 

generation rate in the intrinsic region, the open circuit voltage, the short circuit current 

generated by the baseline and  ‍ is the ratio of the current required to feed radiative 

recombination in the intrinsic region at equilibrium to the usual reverse drift current resulting 

from minority carrier extraction. The Anderson model shows that for a p-i-n with MQWs the 

short circuit and the open circuit voltage are given by 

 ὐ ήὡὪὋȿ ρ Ὢ Ὃȿ  (2.39) 
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where Ὢ, ὶ , Ὃȿ  is the fraction of the intrinsic region replaced by quantum wells, 

radiative enhancement ratio and optical generation in QWs. The radiative enhancement ratio 

has a strong dependence on the conduction and or valence band offset ῳE. Comparing the 

equation for baseline cell open circuit voltage ( ὠ ) with that of the MQWs cell  open 

circuit voltage (ὠ , it can be seen that the factor ὶ in the latter will result in a reduced 

open circuit voltage. The inclusion of QWs is expected to increase the short circuit current  

ὐ  compared to the baseline short circuit ὐ   as QW tends to absorb lower energy 

photons in the spectrum. 

Browne et al [13] has demonstrated an InGaAs/GaAs QW p-i-n solar cell and later an 

InGaP/GaAs based quantum well tandem solar cells which has achieved efficiency of 30.6% 

under 54 suns AM1.5g. Even though the open circuit voltage was reduced the as predicted by 

the Anderson model discussed above, the increase in short circuit was still sufficient to 
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increase power appreciably above that of a conventional solar cell. The output voltage of the 

QWSC is found to be dominated by the wider band-gap barrier material, the recombination in 

the wells and in the barrier-well interfaces. 

Introduction of quantum wells into the intrinsic region has been shown to invariably lower 

the open circuit voltage [36], but the efficiency may still increase if the baseline cellôs band 

gap is greater than or equal to its optimum value for the illuminating spectrum [38], Richard 

Corkish and Martin A Green [37], further investigated the performance of AlGaAs QWs and 

their finding showed that the earlier models had overestimated the expected efficiency 

increase, however QWs will still result on incresed efficiency. 

The effect of depth of QWs has been investigated by a number of researchers, with findings 

that the deep wells results in the degradation of the quantum well solar cell performance, and 

the added advantage of many confined energy states in deeper wells does not always account 

for the loss in voltage due to recombination in the wells. [36, 39 and 40]  The effect of depth 

on carrier escape from QWs was found to be larger than that of the carrier effective mass 

[41], as shown in equation 2.46, which has an exponential dependence on depth of the well 

(ЎὉ as opposed to carrier effective mass direct proportinality dependence. 
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       (2.41)          

where ὒ  is the quantum well width, ά  is the carrier mass (in this case, the electron) and 

ЎὉ is the energy difference of barrier and the energy level.  

The thinner quantum wells allow more wells to be included, while the wider wells results in 

fewer interfaces and hence fewer recombination regions [42]. This clearly shows that an 

optimum width for high performance needs to be carefully designed. Simulation results 
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showed that short circuit current increases with increasing well width [36]. The escape rate of 

carriers is strongly dependent on the electric field, suggesting modulation doped structures 

could enhance carrier escape from quantum wells [42]. This agrees with [43] experimental 

results in superlattices solar cells, which showed a degraded, QE at both high forward and 

reverse bias. The time required for carrier escape from quantum wells increases as the applied 

electric field decreases across the quantum well [44].  

2.10.3   N-I -P-I Structure  

 

The n-i-p-i structure consists of a number of layers whose doping alternates between n-type, 

intrinsic, p-type and intrinsic [45, 46, 47 and 48]. This layer configuration gives rise to 

sinusoidal-like band alignment as shown in figure 2.26. 

The thickness of the layers of the n-i-p-i structure are kept within the diffusion length of the 

bulk material, therefore photo-generated electron-hole pairs generated anywhere in the device 

will be rapidly separated to adjacent layer before any significant recombination takes place. 

The separated carriers then diffuse along the parallel layers towards the lateral selective 

contacts, to be collected in the external circuit.  

 

                           Figure 2.26: Band diagram of the n-i-p-i, structure. 
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A properly designed n-i-p-i can be almost insensitive to short diffusion lengths, which is very 

important in addressing the inherent problem of short diffusion lengths in the dilute nitrides 

and bismides.  Some limitations of the n-i-p-i structures is the low minority carrier diffusion 

in the transverse region hence poor carrier collection. If the repeating layers of the n-i-p-i 

becomes too thin unwanted carrier confinement and subsequently increased recombination 

results.  However the n-i-p-i structure has an advantage of real space gap between electrons 

and holes which greatly reduces the recombination rate. Lastly the inherent problem of the n-

i-p-i that is deterring its application to many devices is the inherent dark current due to 

repeated SCRs. The  dark  J-V characteristic for n-i-p-i structure is modelled by equation 

2.42, 

 

ὐ ὐȟ ÅØÐ ρ ὐȟ ÅØÐ ρ 

(2.42) 

 

where ὔ the number of layers is, ὔ is the number of homojunctions (ὔ ς.  

 

 

2.11 Review of 1.0 eV junction  

 

The interest in dilute nitride alloys for photovoltaics applications was motivated by the 

discovery by Weyers et al [49] of the anomalous large band-gap bowing in GaNAs.  

Initial interest was for the development of long wavelength lasers operating at 1.3 µm  

window. The dilute nitride showed a better electron confinement in quantum wells compared 

to the InP quantum wells. The dilute nitride based lasers were expected to address the 

problem of strong temperature dependence exhibited by InP based lasers due to poor electron 

confinement [50].   It was soon realised that this material can be a good candidate for the 
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highly sought 1.0 eV junction for high efficiency multi-junction solar cells. The first dilute 

nitride solar cell fabricated had very low short circuit current density (~2.0 mAcm
-2

 ) and a an 

open circuit voltage that ranged between 0.35 and 0.44 V. This poor performance was 

attributed to short diffusion lengths [17 and 25]. It was quickly discovered that addition of N 

to GaAs to form the dilute nitride alloy has a dramatic effect not only on the band gap, but 

also on the minority-carrier diffusion lengths eL and hL  for electrons and holes, respectively. 

Although the diffusion lengths could not be directly determined, the observation from the 

results is that the GaInNAs diffusion lengths are much lower than that of GaAs For GaAs, eL  

for electrons can easily be 10 ɛm or more, whereas for GaInNAs, L  falls into the 0.1 to 1ɛm 

range, at the best. These minority diffusion lengths are 50-100 times lower than in 

comparable GaAs [15]. 

  

The short diffusion lengths exhibited by dilute nitrides poses a challenge for developing a 

GaInNAs sub-cell for the multi-junction, in particular the GaInP/GaAs/Ge triple junction (3J) 

which is currently in production but cannot make efficient use of all the light that reaches the 

Ge junction. With the poor minority carrier properties reported immediately by a number of 

researchers, the inclusion of GaInNAs as a sub-cell in multi-junction was becoming elusive. 

Especially that for the structure to be current matched it requires near unity quantum 

efficiency from the GaInNAs over its bandwidth. This subsequently triggered a number of 

ideas and research work. A p-i-n structure was the first to be tried to aid the carrier collection 

by the drift in the depletion region. Theoretical results were enticing as they predicted that the 

wider the depletion region the higher would be the quantum efficiency [17]. However as soon 

as the p-i-n structures were grown problems were observed. Achieving a low background 

doping that would allow the increased depletion region (intrinsic region) was very difficult to 

achieve especially with the Metal Organic-Vapour Phase Epitaxy growth (MOVPE), which 
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resulted in high background doping up to 1x10
17

 cm
3
 [17, 34 and 51] mainly attributed to 

carbon contaminants during growth, which only resulted in a depletion region of ~0.2 µm, 

yielding internal quantum efficiency as low as 20 %.  Ultimately with the use of MBE growth 

techniques a light doped background enabling depletion regions as wide as 3 µm were 

achieved, resulting in improvement of Quantum efficiency to around 70 % [34, 35]. However 

the longer the depletion, the poorer the ὠ , this is due to the increased recombination and its 

associated dark current [34]. Lately it was discovered that increasing the depletion region far 

beyond the very short minority diffusion length, suddenly drastically lower the performance 

contrary to the models predictions [51]. 

Recent analysis of the GaInNAs materials and its solar cells revealed that the poor efficiency, 

due to low diffusion lengths that are attributed to a shallow electron trap and a deep 

recombination centre [15]. 

David B. Jackrel et al [52] carried out a study that was focused on two techniques aimed at 

improving the quality of dilute nitride films grown by molecular beam epitaxy. In his 

experiment, dilute nitride, GaInNAsSb, films were grown with and without biased deflection 

plates, and with and without antimony, and solar cells were fabricated from these materials. 

The biased deflection plates improved every aspect of GaInNAs solar cell performance. It is 

possible that the use of deflection plates reduced the dark current density in the GaInNAs 

films, which would partially explain the improvement in solar cell characteristics. The use of 

antimony in the GaInNAsSb solar cells improved the collection efficiency, but degraded the 

open circuit voltage and fill factor. Nevertheless, the GaInNAsSb devices are the first dilute 

nitride solar cells to generate enough short-circuit current to current-match to the upper sub-

cells in a state-of-the-art three-junction solar cell.  
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Another technique is to increase the number of junctions to reduce the requirement of current 

on the GaInNAs sub-cell for current matching. An AlGaInP/GaInP/AlGaInAs/GaInAs/Ge 

quintuple-junction (5J) solar cell has been demonstrated by Fraunhofer ISE. A ὠ  of 5.2 V 

nearly double that of a typical triple junction (3J) solar cell, has been achieved with the 5J 

solar cell.  However the accompanying current reduction observed in the 5J solar cell offset 

any efficiency increase over the current triple junction (3J) solar cells [57]. The project for 

such increased junctions is illustrated by models in the figure 2.27. 

 

 
 

 

Figure 2.27: The models of quintuple and sextuple junction solar cells proposed by 

the Fraunhofer Institute [57].  

 

Recently, metamorphic tandem solar cells in which certain degrees of lattice mismatch is 

allowed, is under study. The metamorphic tandem solar cell has a reached an efficiency of 

40.7 %, breaking the record that had been held by monolithic tandem solar cells for the 

AM1.5D spectrum concentrated to 240 suns [18]. Work is continuing to investigate the effect 

of threading dislocations in metamorphic solar cell for possible improvement of the 

efficiency. Besides going metamorphic, a number of designs like the multiple quantum wells 

and n-i-p-i had been tested for possible application in dilute nitride tandem solar cell sub-

junctions. Yunpeng Wand et al [43] demonstrated a superlattice (SL) structure with 3.1 nm 
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thick barriers and more than 100 strain balanced QWs that enabled tunnelling across the 

QWs. The design enhanced current of the p-i-n structure from 22.6 A/cm
2
 to 25.6 A/cm

2
 and 

mostly importantly reduced typical voltage loss due to recombination in QWs to just 0.03V. 

The overall efficiency of the GaAs p-i-n was enhanced. Later Yunpeng Wang et al [53] 

designed and demonstrated a Multi Stepped Superlattice which enhanced current and open 

circuit voltage of their previous SL by 2.0 mAcm
2
 and 0.2 V respectively. Gopti Vijaya et al 

[54] designed a cascaded quantum well solar cell to overcome the long carrier escape time 

and recombination in deep wells. This new cascaded quantum well design uses thermally 

assisted resonant tunnelling process to accelerate the carrier escape process to less than 30 

picoseconds. Another method of carefully positioning the quantum wells away from regions 

of high recombination centres has been deployed. An investigation of the effect of shifting 

the well within the intrinsic region has been achieved by comparison of the theoretical and 

experimental dark currents from single wells grown at ρτϳ , ρσϳ  and στϳ  positions within the 

intrinsic region [36]. Recent interest has developed in a new material system based on 

GaAsBi (dilute bismides) and is currently being studied and tested for potential application in 

photovoltaics and most importantly the highly sought near 1.0 eV sub-junction for tandem 

solar cells. 

2.12 Conclusion 

 

Dilute nitrides and bismides are still invaluable, owing to the flexibility of tuning their band-

gap over a wide range while lattice matchicig GaAs. However short diffusion lengths 

observed in dilute nitride and bismide materials make it a challenge to design solar cells with 

conventional design that works well for the GaAs. For multi-junction solar cells solar cells to 

give performance closer to projected outputs, a 1.0 eV sub-junction with good optical and 

electrical properties is needed. However the quality of the current dilute nitrides and bismides 
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are not good enough to enhance efficiency of multi-junction solar cells.  While the material 

quality of the dilute nitride and bismide is under study, photovoltaic specialist are also 

working on novel designs that can curb the effects of the poor electrical and optical properties 

of this materials. 

__________________ 
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3 Experimental Techniques  

3.1 Device growth 

 

Most of the devices studied in this work were grown by epitaxial technology with majority of 

the devices grown by Molecular Beam Epitaxy (MBE) and a few by Metal-Organic Vapour 

Phase Epitaxy (MOVPE). Epitaxial growth is the deposition of uniform layers of materials on 

a substrate [1]. MBE is an ultra-high vacuum (UHV) (<10
-10 

Torr) deposition process, in 

which constituents elements of semiconductors are deposited in the form of ómolecular 

beamsô onto heated crystalline substrates. The UHV increases the mean-free path of the free 

atoms enabling a beam like motion of the atoms with infrequent collisions. To achieve UHV 

condition, a high capacity cryopump and liquid nitrogen cooled cryo-shrouds are used. The 

cryo-shrouds between the effusion cells eliminate thermal cross-talk between cells and also 

serve as impurity trap. The MBE growth technique allows precise control of layer thickness, 

composition and doping, and very thin layers with abrupt interfaces on the atomic scale, can 

be grown [2]. The schematic of an MBE system is shown in figure 3.1. The major 

components are: the reaction, preparation and occasionally a buffer chamber. The preparation 

chamber is where degassing is done and wafers stored ready for the epitaxial growth. The 

buffer chamber helps maintain vacuum during change or loading of wafers. Within the 

reaction chamber there are; beam generators and beam monitors, beam shutters, heated 

substrate holder and temperature sensors. The most common method of generating the 

molecular beams is heating the constituents using Knudsen cells (effusion cells) until they 

gain enough kinetic energy to effuse from the orifices into the chamber by thermo-ionic 

emission.  The effusion cells are mounted onto the reaction chamber with the openings facing 

the substrate holder. Computer controlled mechanical shutters are used to allow the emission 

of different species of atoms to be directed at the substrate. The substrate holder is heated and 

also rotated to enhance uniformity of layer thickness, alloy composition and doping across 
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the wafer. The substrate temperature or growth temperature is an important growth parameter 

that determines the quality of the wafer [3]. Thermocouple and a pyrometer are both used to 

measure the growth temperature. On the opposite sides of the system is usually mounted the 

Reflective High Energy Electron Diffraction (RHEED) gun and an observation screen.   

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: MBE system schematic. 

 

 The other advantage of MBE over other epitaxial techniques is enabling the in-situ 

monitoring of growth process using the RHEED signals. A high energy (5-50 keV) electron 

beam from the RHEED gun is sent inside the reaction chamber towards the sample, striking 

the surface at a glancing angle such that it penetrates one atomic layer, and the reflected beam 

is directed onto the fluorescent screen. Figure 3.2 shows how the RHEED oscillations form 

during growth of each monolayer. When a complete layer has grown the reflection of 

electron to the screen is maximum resulting in the maximum RHEED signal. As a new layer 
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begins to grow islands form and some electrons are scattered and fewer are reflected onto the 

screen. The minimum RHEED signal corresponds to half-grown layer when more islands 

have formed resulting in highest electron scattering. Finally as the layer becomes more 

complete the wafer surface become smoother and scattering reduces until a maximum 

reflection resulting in maximum RHEED signal occurs again. This process results in the 

oscillation of RHEED pattern intensity, and the period of oscillation indicates the growth of a 

single monolayer.  

 

Figure 3.2: Schematic diagram of illustrating the mechanism behind the RHEED 

showing the RHEED signal as a function of —Ӷ (fractional layer coverage) [4]  

 

Besides determining the growth rate information such as surface morphology can be deduced 

from RHEED signal.   Parallel streaks on the screen indicate a smooth growth, and a spotty 

pattern implies rough growth (alloy clustering or formation of quantum dots), as illustrated on 

figure 3.3. 
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(a)                                             (b) 

Figure 3.3: The RHEED patterns showing (a) smooth growth, (b) rough growth [3]. 

 

A photograph of a Riber Compact21 MBE system at Chalmers University of  Technology used in 

growing some of the devices studied in this work is shown in figure 3.4. 

.  

Figure 3.4: A photograph of a Riber Compact21 MBE system at Chalmers University of  Technology 

used in growth of ὋὥὃίȾὋὥὃίὄὭ devices in this work. 
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The details of the Molecular MOVPE growth process can be found in references, [1] and [5].  

 

3.2 Fabrication 

 

Majority of the devices studied in this work came as wafers from the growers and had to be 

fabricated into structures suitable for each measurements performed, except for contactless 

measurements such as photoluminescence. The devices fabricated include the solar cells and 

high field bars. 

 The fabrication mainly involves formation of a structure and electrical contacts on the device 

wafer. In this work, Ohmic contacts were formed to offer a low resistance path for both types 

of carriers in and out of the devices. For an Ohmic contact to form a metal work function 

should be smaller than the semiconductor work function, for an n-type semiconductor, and 

the reverse holds for a p-type semiconductor, figure 3.5. To increase possibility of formation 

of Ohmic contacts, contact layers are often highly doped, the technique of which was 

deployed in this work. The tendency to form an Ohmic contact by a highly doped 

semiconductor is shown in figure 3.6, where ὉȟὉȟὉ ȟ‰  ȟ‰ ὥὲὨ … , are the Fermi, 

conduction band and vacuum energy levels respectively and, metal work function, 

semiconductor work function and electron affinity respectively. In reality a semiconductor-

metal junctions are not fully Ohmic. For a semiconductor-metal contact, the óOhmicô contact 

does not infer a linear I-V characteristic, but implies that the contact does not limit the current 

flow [6]. 
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Figure 3.5: Formation of Ohmic contacts 

 

 

Figure 3.6: Formation of Ohmic contact by high doping  

 

The Fabrication process involves four major steps illustrated by figures 3.7 (a) to 3.7 (f). 

× Preparation and Cleaning: Wafer resizing and removal of surface dirt and oxides. 

× Photolithography: Imprinting a pattern of a device onto the wafer using 

photosensitive chemical, óphoto-resistô, photo-masks using ultra violet (UV) light.  

× Formation of metal contacts (metallization): Metal contacts are evaporated onto the 

devices under UHV conditions.  

× Isolation etches: Physical formation of the structure of the device using chemical 

(wet etchants) or dry etching (ion beams). 
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× Preparation and cleaning 

The wafer is cut into the desired size and shape using a scriber. The cut piece is mounted on a 

glass holder using a thin even layer of crystal bonder. This is then followed by washing the 

chips with acetone to remove non-chemically bond dirt or debris. The device piece is then 

examined under the microscope for any evidence of dirt spots. If some dirt spot are observed 

then it requires gently wiping with a swab and rewashing. 

 Immediately after growth most wafers will start developing an oxide layer. Unlike the dirt 

washed by acetone, oxides are chemical layers and have high resistance to flow of electric 

current. The effect of unremoved oxide is increasing of the metallic contact resistance 

typically into the 10
3
-10

6
 Ý range, resulting in a poor fill factor for the device. The device 

piece is therefore washed with ammonia solution 1:10 = NH3: de-ionised (DI) water, for ~ 15 

seconds and immediately rinsed with DI water. The process is repeated about 3 times to 

ensure complete removal of the oxide layer.  Alternatively 1:3, HCl: H2O warmed solution 

can be used instead of Ammonia.  

× Photolithography 

Photolithography involves two major processes; (i) Application of photo-resist (spin coating), 

(ii) Exposure and Development  

(i) Spin coating: The device is placed on the spin coater and covered with a small 

amount of PBRS 150 positive photoresist. After all bubbles have escaped the 

solution, the spin coater is spun at ~4000 rpm for 30 seconds, which results in the 

formation of a uniform layer of ~1µm photoresist. 

The device is then soft baked for 10 sec at 90 °C to activate the photoresist. 
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Figure 3.7 (a) Spin coating 

 

(ii)  Exposure: The device is loaded onto the mask aligner and a desired pattern on the 

mask is aligned with the device, and then lowering the mask too close to the 

device to avoid light from straying to unwanted regions of the device. UV light is 

then switched for 10-20 seconds chemically changing the photo-resist on the 

exposed parts of the device. 

 

 

 

Figure: 3.7 (b) Ultra-violet exposure. 

 

(iii)  Development: The device is immersed into a sodium hydroxide bath at ratio of 

1:10 of NaOH: H2O, until a pattern appears on the device. The device is removed, 

washed with DI water and blown dry with zero grade nitrogen.  

 

 

 

 

Figure 3.7(c): Development 

 

× Contact formation ( Metallisation) 

The device is re-washed with ammonia, followed by DI water, blown dry with zero grade 

nitrogen and immediately loaded onto the evaporator ready with metals to be evaporated. In 

all devices either the Au/AuGe/Ni/Au (on n-type semiconductor) or Au/ZnAu/Au (on p-type 
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semiconductor) or TiAu metal systems were evaporated onto the semiconductor under a high 

vacuum using the Edwards Vacuum Coating Unit E306A.  

 

 

             Figure 3.7 (d): Evaporation  

After the system has cooled down (~2hrs), the devices are removed and placed in acetone 

bath. The areas with photoresist underneath are lifted off and the remaining metallic areas 

form the contacts. 

 

 

  Figure 3.7 (e): Lift-off 

 

× Etching or device isolation  

The photolithography process is repeated, this time using the negative of the mask. This 

ensures the device areas are protected and the other areas will be exposed to UV light. The 

device is hard baked at 150 °C for 5 minutes. The surface of the device is scanned with a 

surface profiler to establish a reference level for an isolation etching. The device is then 

placed into an etchant mixture, 1:8:80 = H2SO4: H2O2:H2O, with a typical etch rate of  0.5 

µm/minute for GaAs based materials. After etching desired depth, the profiling is done for 

confirmation and extra etching may performed depending on the outcome. The device is 

washed with acetone to remove the photoresist layer, and later DI water. For Au/AuGe/Ni/Au 

and Au/ZnAu/Au annealing is required to diffuse the metals and harden the contact. Care 

must be taken with P-type annealing done on shallow junctions, as the Zn can migrate deeper 

into the junction. The devices were packaged by mounting on either ceramic or thin copper 

blocks as well as wire bonding to more robust contacts. 
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