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Abstract

The theoretical models show that tandem solar caltsreaclefficiency of more than 50 %.

To achieveefficiencies closeto the projected outputs in a quad tandem solar eell,0 eV
subjunction with good optical and electrical propertiess@ight. The observeldandgap
reduction when small amounts of Nitrogen or Bismuth is incorporated into GaAs makes these

alloys (dilue nitrides and bismides) possible candidates forath@emsolar cells.

In this work, he performance ofildite nitride and bismide solar celof different designs
which includep-i-n bulk and pi-n multiple quantum wells (MQWSs), andi+p-i structures
are studiedcomparativelyPerformance in this coext refers tothe magnitude and qusfiof
the dark current generated by the devities, spectral responsé the solar cellgspeciallyin
the dilute nitrideand bismide absorption regigremd efficiancy responsivity to temperature
andto elevated radiationTo achievethe later objectives, drk andunder theAM1.5G and
spectral response measurements were performed on the solafteetissults reveathat, in
the dilute bulk or MQWs pi-n and Ri-p-i solar the total darlcurrentis nearly the dark
current generated by dilute nitride msmidematerial aloneThe applicability of SaiNoyce
Shockley model to bulk -pn dilute nitride solar cells dark current ge@monstratedThe
dilute nitride solar cells exhibiemperature coefficieatof efficiency that arower than that
of the conventional GaAsp junction solar celMQWs solar cells show lowest sensitivity to

temperature changes.

The dilute nitride anthismide materials show similar diode characteristics with dark currents

that are dominated by naadiative recombination mechanisms.
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1 Introduction

1.1 The Solar Energy

The sun releases a vast amount of energy egivalent 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
earthods at mo kypitobsereed to beel358 WAmAlmostfall renewable energy
souces with exception to radioactiand nutear energy sourcedgrive their energy from
the sun. Figure 1.1 shows the image of the sun from the Solar and Heliospheric Observatory

(SOHO).

2013/11/24 13:18

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 enetgy \worldat

78 % of the total energy demand. The renewable energy sources haveopadigmately

low contribution of 22 % to the total world energy use. Photovoltaic still take a miniscule
fraction of the renewable energy source equivalent to only%.@f total world energy use

[3]. With the projected world popuian of 12 billion by2050,the energy consumption is



estimated to be 28W, which is doublghe current demanaf 14 TW and the&CO, emission
is projectedbe more than twice the p#eistoric level [1]. With current trend of energy

consumption, in less than 350 yearglad deleting sources wiltun 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 combusble by-products sources ants CQ dootpr i nt sé6 is very | ow.
emission is during the manufacture, and is still betwe&8 % [4] of thecontribution bythe

fossil fuels. Howevetthere are still challenges facing photovoltaic, the major ones being the
low efficiency aml 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 daming
higher efficiency at the expenserohterialcost. This thesis focuses the later by focusing

on the increase of efficiency by use of noelV material systemanddesigns.

To date most of the record efficiency cells has been tandemcs&dllaliesigns based around

GaAs Ga.sdnossP/GaAs/Ge cells have reached efficiencies of 40.1% for the AM1.5D
spectrum concentrated to 240 sy The addition of Indium to the GaAscreaseghe
efficiency of the GgudnosdP/GaAs/Ge solar cell and afficiency of 40.7 % has been
achieved with Gay 44nosP/Ga gdnoogAs/Ge solar cells [6]. Furtheimprovement of
efficiency of Gay 44no sdP/Ga 9dNo.0sAS/Ge cells is limited by the amount of Indium that can

be added, due to its effect of increasintfida constantThe addition of small amounts of
nitrogen to GaAs causes a large reduction in band gap which can be modelled using the band
anticrossing approach [7]. The addition of nitrogen also reduces the lattice constant of the
alloy. This effect ombined with the addition of Indium allow both the band gap and lattice

constant of the quaternaf@® "O&0 0 i to be chosen independently of one and other

[8]. In 1998 the National Renewable Energy Laboratory (NREL) suggeste@#@é 70



"Ow FO@andem 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 compoui@ty 0& U g 0 ig as it has a bahgap of 1eV and is also
lattice matched to GaAs [9]. However the addition of nitroge@aAscauses dislocations

and imperfections which reduce thenwmiiity carriermobility and lifetime



1.2 Thesis Objectives

Multi-junction solarcells, in particular tandem solar cells with projected efficiencies of more
than 50 %ar e potenti al™geardiadatoens pfhort o4 1 t ai ¢ ¢
achieve such projected efficiencies a near 1.0 e\fjwsuttion with good optical and
electical properties is sought. The observed unexpected-ggapdreduction 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 lcelsmTof

this project isto study the performance of dilute nitride and bismide solar cells designed for
the fourth tandem solar cell sgimction (1.0 eV junction)The minority carrier lifetimes
observed in dilute nitrides and bismidasgoften lesshian 1 ns[10 and11], which is500

times less thartypical 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 nesonventimal designswvhich include; the p-n bulk, pi-n

MQWs and ri-p-i, are commonly used fatilute nitride and bismide solar cells.

The first objective of this project is to stuénd compare the performanoé different

desigrs used.The second objective t® 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, temperaturcoefficient of efficiency, open circuit voltage, short circuit current

density average recombination lifetimes and response to radiation intensity



1.3 Thesis outline

Chapter 2 is literature review on the key topics that this work will be based orsoldre
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-afjpnction is given. Solar cell is
introduced as a-p junction and its key performance paeiers 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 funttion are briefly

discussed.

The physics of dilutenitrides and bismides is introduced with emphasis on the-gapd
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 sbrt minority carrer lifetimes like dilute nitriés and bismideand 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 thedretical techniques deployed in this work.
Growth techniques of the alloys studied in this work with emphasis on Molecular Beam
Epitaxy (MBE) whichwas the major growth technigder most of the devices as well as
description of experimental seps andapparatus are presented. The experimental techniques
described include dark, lightV characterisation, spectral response of short circuit current,
photoluminescence, steady state and transient photoconductivity.

Chapter 4 is the discussion of the reswat dilutes nitride solar cells of various designs. The
structures of the solar cells are presented. Room and low tempelatkir@andAM1.5G JV
characterisation results are discussed under each design. The temperature coefficients of the

efficiency devces are deduced from the normalised maximum power against voltage plots.



The average recombination lifetimes are deduced from theNSwgteShockley and
Shockley diode models. The performance of the solar cell at varying irradiance levels is
discussed witlemphasis on maxium power (or efficiency) and Fill Factagainst 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 5is the results of photoconductivity measurements on B@ i 06 Qlayers
followed bythe results of valece band acrossing model (VBAC) model for calculating

the 'O® i 0 "Qalloy compositionsthat would give suitable band gaps for tanderarso

cells. The last section of the chapter is characterisatio®@®fi 6 "Q-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.

Thespectrum of a black body at tperature (T) is given by

ORY  —— (2.1)

where h i s Plvisthe freGuencycodthesphotonst c,is the speed of lights

Boltzmannds constant and T is the temperatur

The spectrum of the sun at the surface of the earth (terrestrial) is different from the one
measured out si de t hderrestaal),tdiedosatteauatiorg sbporpon &d ( e x t
scattering as the radiation passes through the atmosphere. The different spectra at the earth
surface further differ dependjron the path the sun rays takeough the atmosphere to reach

the earth surface. The ratio between the lengths of the patheofigiit through the
atmosphere to the shortest distance through

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

(2.2)

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

The AMO, AM1.5G, and AM1.5D spectrunase defined by American Society for Testing

and Materials The AMO is the spectrum measured | u:¢
has arirradiance of 1353 W/fa 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 R¢intonvenience



AM1.5 at 48°with N 4
zenith \___;\

& |

AMO just outside the
atmosohere

AM1 along the zenith "

Atmosphere

Figure 2.1: The diagranof the earth showing respective air mass index concept

the standard terrestrial spectrum (AML1.5) is normalised so that the integrated
irradiance is 1000 W/m2. The AML1.5 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. TheAM1.5 D spectrum only considerghe direct

radiation that reaches the earth surface without being scattered.

The atmospheric effects on the spectrum are evident, as shown in figure22 Water,
oxygen and carbon dioxide causebsorption 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 radiion 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. Thisnot only doeshelp for comparison purposesbut
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 o blackbody at 6000 K, AMO and AM1.5 spectra

2.2 Introduction to semiconductors

When a solid fans the discrete energy levels tie 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 sdlal.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 Bgp ¢f the material. The

bandgapmletermines the electrical properties of the s@ialids classified as etals have their
conduction band overlapping with the valence band and Hrenqgenty of free carriers for
conduction even at room temperature. Insulators have wide band gap @ndnhognts of
energy would be required to promote electrons into the conduction band. However,
semiconductors have a moderate bgafd of approximately 0.24 e¥.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 enEjgye(sus crystal momenturi)(

resulting in what is popularly known aB-k diagrams). SimplifiedE-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 bevisited in more details in chapter 5, under the Band

Anti Crossing (BAC) model

Conduction band
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Photon l Lig
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E L
k
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——_ Conduction band

N \
\
Phononk \_ /
)

Photon Eg
energy ¥
.f. “ —

rN

Valence band

ET_,k

(b)

Figure 2.3: Ek diagrams for: (a) direct bandap and (b) indirect bandap materials [2].

The occupancy of theonduction is governed by th&ermiDirac probability functiongiven

by equation 2.3,

00

(2.3)

where Qis the Boltzmann constant aritfis the absolute temperature a@ds the Fermi

energy level. "O0 describes the probability of electrons in the conduction band and

similarly p "OO describes the probability of holes in the valence badihe. density of

such states in the conductiband is given by
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w7 T . (2.4)

whered is the number of equivalent minima in the conduction barids the density of

state effective mass for the conduction bandaands Pl anckds constant.

A similar expression can be written for the density of states in the valenceTlb@nproduct
of density of state® O and the probability of occupancy’OO gives the carrier
distribution in the conduction band and a similarly that @ ‘O andp "OO for the

valence band, Figure (2.4)

Energy band Density Occupancy Carrier
diagram of states probability distributions
f 2 '.. '..
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| 9990008 _ N '
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' [
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@ Electron N(E) fE)
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Figure 2.4. Schematic energy band diagram, density of states, {Berau
distribution, and carrier distribution versus energy in atype semiconductor [2].

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

z 7 z T
and O ¢

o0 ¢
(2.5)

wherea® andda® 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 rype and gtype materials are brought together (through various growth
processes), carriers diffuse across the jundéaning 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 oppose further diffusion. Equilibrium is establishedhen 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 througbout th

structureand as a result there is bendinghaf energy band profile of therpjunction, figure

E.

qbyi B

_____ K'_'_'_'_'_'_'_'_EF
f qA E,
2.5
Figure 2.5: Band profile of a-p junction.
Thecontact voltagéy; g 1| %o establisheds given by
N% 16 no (2.6

where (1) 0 is the difference between the Fermi energyevel and conduction band edge
on the n sideand (| § is the difference between the Fermi energylevel and the

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

relation
: © s 2.
W =—0a &t— @7
where¢ h( and 0 are the intrinsic carrier, donor and acceptor concentration
respectively.
The thickness of the SCBat forms is determinedOT i 0T EOOT 1860 ANOAOET 1
, (2.9
: C-w P P
W —Y T
n v §)

where - andw are the semiconductor permittivity and the built-in potential

respectively.

2.4 Solar cell I-V characteristics
2.4.1 Dark |-V characteristics

The dark current consistsf the diffusioncurrent from the base and emitter regiansl the
generatiorrecombinationcurrent inthe spacechargeregion (SCR) In an ideal diode the
SCRcomponent of the dark current is negligible amel total dark current density can fit into

theideal Shockley diodeequations 2.@nd 2.10
b 0 A@B 2.9
where

O ¢ . 0O¢ (2.10)
00 00
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andd ,0 ,O0h0,0 ,0 and¢, electrondiffusion length holediffusionlength, electron

diffusion coefficient hole diffusion coefficientacceptor concentration, donor and intrinsic

carrier concentration respectively.

This is not always the case as the S§eReratiorrecombinatiorcurrentmay 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 factosithe design used, especially the enhaxegdetion layers like in the-pn

design often used for material with short minority carriers liketelinitrides and bismides. In

that case a two or more diodes are used to model the behatitwer dark curnet. The two

diode modeshown in (2.11)s oftenused.
v 0 AgBb p 0 A@B p (2.13)

where 0 is the diode saturation current density that results from the thermal generation of
minority carriers in the base and emitter regionstand the junction leakage current

density which represents the carrier generatemombination in the space charge region

In the case alominant traghat liesat energyO from the conduction bantie SCR
generatiorrecombination current cdre estimated usingheclassic SaiNoyce Shockley

Shockley model given by

e w cOEINKCQY._ ., (2.12
— — QW
T F no o]Q

where

(2.13

o

h» Agb leJN'I' OB O QvY-IIlt t
@ cTQ"YA q
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and¢ ,w ,T ,T ,w ,0O, and'O 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 andgeneralised expression of the dark current which permits variable ideality

factor as sbwn in equatior?.14 is usefuin dark current analysis.

O UF AgB— (2.19

where0 the effective reverse saturation current émjlis a variable ideality factor.

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

1 for diffusion current and >1 for SCR recombination cutrBark currents aranportant as

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

illumination as shown ithe expression in equation 2.15.

. QY.0 (2.19
© R

— O E——
0 P

2.4.2 Light I-V characteristics

The current in an ideal illuminated photovoltaic cell can be modelled by the sgg@po
principle (equation (2.16)) of the dark currer@sd the photo generated current, fairly
accurately for many photovoltaic materialgth the assumption that the darkrient under

the illumination condition will not differ from its dark condition valis3.
O 0 0 QT p (2.19
where the first term{( is the short circuit current density (which is a total of the dark

current and the photogenerated current), and the second t&rmiQ~ p ) is the dark

current density.
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The circuit model for a 4m junction solar cell is current sme in parakl with diode, as

shown in figure 2.6.

e v

M -lrn: Jaark

Figure 2.6: The circuit model for aip junction solar cell

In reality the pn junction solar cell departs from the model described in previous section due
to the internal resistance of tldevice. A more refined representation model include these

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

figure 2.7

Figure 2.7: An equivalent circuit of aipjunction

solar cell
From figure 2.7ircuit diagram the two diode model equation will be;

b 0 O Qh— p U Q00— p —0r @19

where DAY ©¢ ®@ are the photogenerated current densities, series and shunt resistance

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

the open voltage , the fill factor'O"Cfrom which the efficiency of t he cel | i s

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

point as a fraction of the incident light power dendity,

0 W (2.189

where 0 and @ are the points at maximum power delivered by the cell. In pesttie
maximum short circuit current and maximum voltage are reduced by the parasitic resistances
of the cell and the recombination of carriers. Plaeasitic resistance are the series resistance
(Rs) path of carriers to the external circuit and the parallel resistapg@df offered by the

cell.
The practical efficiency measured frahe 3V plots is thus given by

0 w00 (2.19
0

whereFF is the fill factor. The - 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 undeuntination [4.

2.5 Photovoltaic principle

In a doped semiconductor material the majority carrier far outnumbers the minority carriers
and the effects of the tar are often negligibleHowever it is the dynamics of minority
carriers that determines the operation of devices such as photodibdés detectors) and
solar cellsMinority carriers generated on any parttlé p-n junction device usuallgemain

for a short time (minority carrier lifetimd)efore recombining with majority carriertn a

solar cell minority carriers needs to be quickly separated before recomdmifect the
ability of the pn junction space charge region to drift the minority electrons into-thegion

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

principle of photovoltaics.

A p-n junctions designed to be specifically photosensitive are called photogbpddsually
they are constructed such that they have thin emitter region, mostly transparent to incident
light andwider depletion region as an active region for the device. Photodiodes can operate in

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

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

Photoconductive Photoxfoltaic
region region
Reverse Forward
Bias Bias
Vp (volts) e D |
-4 -3 -2 -1V 0 - l‘
T B 1 T T
4 mW /[ cm? e
Tlumination, E
& mW / cm®
4-4
10 mW / cm?
4-6 J
12mW / cm?
Reverse
Current
ID (mA)

Figure 2.9 Motodiode 1V characteristics [b

A solar operates by absorbing incident photons (formation of excitons), in the process
generating holelectron 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 tlat processefs]. Incidentall, 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 eflopmance paramets to be discussed in

following sections, and the minority carrier lifetimeghich directly affects key parameters
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such as diffusion length and ultimately minority carrier collection from the device. These
parametershall be introducedn the following sections and later used in chapter five in

modelling of short circuit current inip 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 ener) greater or equal to the bagdp O for

direct bandgap materialsSThe photons with " O are transnited through without
absorptionFigure 2.10 shows a typical absorpticrefficient as a function of photon energy

for GaAs materialThe absorption coefficient spectrum shows three regions of absorstion.
energies well below the bandgap absorption imidated by free carrier absorptipr]. Free
carrier absorptioroccurs particularly in highly doped semiconductors, andsitdirectly
proportional to freecarrier concentration(.7]. At energies near the bandgtye absorption
coefficient increasegxponentially The exponentialbsorptionis a manifestation of the
effect of structural and thermal disorder on the electronic properties of semicon®ictiors

this region, referred to as the Urbach regithe absorption is describday the relation

(2.20.

D ©°O (2.20

|Q)w,o

wherel " is the absorption coefficient as a function of photon en€bgyo is a constant,

andO is the characteristic energy of Urbach edge (Urbach parameter).

The absorption coefficient " for photons with energy"® greater than the band
gap O , the absorption coefficienffor direct bandgap materials like GaAsan be

descibed by parabolic approximation given;by
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D o O (2.29

In addition the total amount of absorbed light depends on the thickness of the material used.
How much materi al i's needed depends on the

absorption coefficient is the inverse penetration depth measurad in.

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

‘O Op AZPo (2.22

where’Ow is light intensity as a function of depiband Ois the initial intensity.

4 / Parabolic Band Approximation

-1

Absorption Coefficient (cm )
= =
T TT1T III

Exponential Urbach Region

Free Carrier Absorption \

860 880 900 920 940 960 980 1000
Wavelength (nm)

Figure 2.10: Optical &sorption spectrum of GaA3]
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The generation of photons is described byimilar equationto the optical absorption
equation(2.22), with the assumption that one photon generatesEHR taking into account

the loss due to reflectiofY( as shown irequation (2.33).
"0 | Of Op YO Q (2.23
where OO is generation ratej and 'O are the photdlux density and energy of the

photons absorbed atrespectively.

The amount of lighabsorbed by a slab of Gafssshown in figure 2.11This shows that just

3 um of GaAs (direeband gap material) absorbs nearly all the incident light with more than
50% absorbed within theImicrometre. On the other hand Si (an indirect bgap 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
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Figure 2.11: Amount of ligt absorbed by a slab of GaAs as a function of depth.
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To minimise reflection losses the surface isoften coated with antreflection coating or
various techniques suchsairface texturingare used The absorption coefficients of some
common materials arshown in figure 2.12. The difference between the direct Jgaipd
materials (InP, GaAs, GaN) from the indirect bayagp matenls (Ge, Si) is thesharp rise
(virtually vertical line) at bandjapedgeof thedirect bandgapnateriat as oppsed to some

degre of sloping athe absorptiordge ofthe indirectbandgap materials
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Figure 2.12: Absorption coefficients of commonrMIsemiconductors

for different photon energies [2].

2.5.2 Recombination processes

The minority carries generated anywhere isodar cell device are either collected to the
external cicuit or recombine in the devicRecombination can betirectly across the band

gap (Radiative), assisted by energy sfan between carriers (Auger), or occur at$heface
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or grain boundary (Surface recombination), depending on the condittbe s¢gmiconductor

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

© O O O 0 0 O O
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Figure 2.13: Recombinatioprocesses in a semiconductor

The net carrier recombination lifetime in thelo(f  materials can be expressed as

p P P (2.24
T T T

L
T

wheret T andt  are the radiative, Auger and Shockely Read Hall recombination
lifetimes respectivelyln defect related recombinatiorarriers are trapped in deep states
(recombination centres) and annihilate, subsequently releasing phonons into thetaktice
the proces is commonly modelled by tt&hockley, Read and Hall (SRH) modéhe SRH

generatiorrecombination lifetime( is described byequation 2.2

' (2.29

where t,1 ,&€ M ,¢ .7 ,wé and wnare the hole recombination lifetime, electron
recombination lifetime, equilibrium electron density, equilibrium hole density, electron
density when trap energy level is equal to Fermi energyl, leieles density when trap

energy leel is equal to Fermi energy level, excess electtemsity and excess hole density

respectively.
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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 witlsioggparrier often

followed by emission of a photon. The recombination lifetisngiven by

p (2.2

whereB is radiative recombination coefficient and all symbols have their usual med@hiag.
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 (ciraglein the

conduction band) [10The life time of Auger recombination prosas given by

P (2.27
0N Nwe we

where 0 is Auger recombination coefficient for holes and all symbols have their usual

meaning.At the front or the back surfaces thecombination occur¢hrough the surface
defects For asolar cell with width ¢ havingidentical surfaceg¢back and frontjhe surface

recombination lifetime is estimated by equation 2.28.

) (2.28
ey

whereO 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 bandap like AlGaAs or GalnP 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 backecombination is expected to be important.
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2.5.3 Minority carrier transport

When a piece of doped semiconductor material is exbig@dmonochromatic light of photon
flux density %y wavelength_, and absorption coefficstaent U,
diffusing along the length of the semiconductor. For steady state condition and low excitation

conditions, the minority transport is governed by thetiooiity equation (equation 2.29

o — Ob T (229

where O is the minority carrier diffusion coefficient) is the minority carrier diffusion
length, T is the effective minority carrier lifetime an®w is the generation rate. The

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

abrupt junction model.

The minority carrier can diffuse for average one diffusion lengtb)( 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 neasing 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 passivatifll1]. Minority lifetime carriers for Si and GaAs can be in the
orders of 100 microseconds and 10 picoseconds respedivi@lyThe diffusion length is

related to the minority carrier fetime through the equation 2.30

o Vot (2.30)
wherebtfOand U are the minority carriers; diffus

respectively
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2.6 Single band solar cell efficiency limit

From te Carnotheorem the efficiency to transfer energy from a higimperature reservoir
at temperaturéY to a lower temperature reservoir at temperattié is described by;

Y Y ¥T'Y. The transfer of heat energy from the suriYat 6000 K (temperature at
surface of the sun) to a solar cell device at temperatires Tt oi(room temperature) has a

Carnot efficiency of ~95 %. This provides an upper bond for all conversion profEzses

A semiconductor only absorbs photons that aearly equal to (for indirect baigép
semiconductors) or greater than their bgag energy. Therefore the photons of lower
energy (longer wavelength) of the solar spectrum are mainly transmitted through and lost
(figure 2.14). Under the assumptionsdgftailed balance, the optimum bagsp of a single
junction solar cell in AM1.5D spectrum at all concentrations is 1.1[®8], which
correspond to Silicon(Si) material bagedp. Howeverthe highest efficiency (27.8 %)
material for one junction device isa@s despite its neoptimal bandgap of 1.4 eV[13],

mainly due to its high absorption coefficient and its direct bgaql Silicon however account

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

in technology.

For a single junctionthe efficiency depends on the bagap of the material as shown in
figure 2.15. This notlinear relation with the increasing bagdp is due to the trade of
between current andoltage output. High band gaps results in higher voltagpublbut

lower current output and vice versa for current output.
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Figure 2.14: Losses in a single junction due to spectral misnjjch
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2.7 Multi -junction Solar Cells

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

junctonsEach junction is tuned to ab@igurel2l16 cer t ¢
This reduces thermandgap!| phatowon| asnsedpap Dlve b«
of each material is critical i nThdeeotreertmicna lnlgy
possible to spectrally spluinccttiloea Iwi giht | amgdti
wavel engdash ghowre | nAfighuset 2wdy b-nsj boctdong
tandem (f i Jghertasder stricture (s & )which thexgunctions are connected in

series often using tunnel diodes or other physical means.
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Figure 2.16: The AM1.5G Solar spectrum versus wavelength.

Theoreticallyasthe number of sujunction used in the mulunction ®lar cell is increased
thermalistion losses reduce. Thermalisation losses occur when the absorbed photon energy is
greaterthan the band gap of the semiconductor matefiaé 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 bandHowever 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[%, 16 and 1J¢ under concentrated spectrum.
Practical efficiencies of more than 40 % has been demonstrated with GalnP/GaAs/Ge based
devices and such triple junction devices are the most common power generators in space

[18].

1*' subjunction

2" subjunction

3 sub-junction

(@) (b)

Figure2 . 17 : Possible absorptuinen i oonfsStgurcatuiress
spati al

The resul tganpg dfana t asdewn st BudBywueaeads t he
remaining const antl eancgrtohs.s t he entire device
The successful application of tandem structures in various devices is due to the capability of
epitaxial technology like the Molead Beam Epitaxy (MBE), to growf latticed matched
dissimilar semiconductors junctions (hetstoauctures) with vidally no defects[19]. In

order to grow a semiconductor on top of another withowtalef their latticeonstants have

to match.
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Fi g B r #@8ndgap alignment of a tandem a solarlicel

Silicon atnear 1.0 eV is at the optimum position on the solar spectrum and would be the ideal
choice in multijjunction solar cells; however 1lI/V materials are more attractive for multi
junction devices due to the wide band gap choice they offer still lattice mgt&sAs
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 fads tthet use of Quantum Wells (QW)

in the intrinsic region of the-RN structure.

2.8 Dilute Nitrides Physics

Dilute Nitrides have emerged from the conventionaMIsemiconductors such as GaAs or
InP by the insertion of nitrogen into the V group 4atbice, which results in an anomalous
bandgap reduction and a profound effect on electronic properties of the material [13]. This
bandgap reduction gives flexibility in designing lower bagap gtoelectronic devices. The
bandgap reduction when small fracti®of nitrogen were added to the-Wimaterials could

not be modelled by the Virtual Crystal Approximation and other phenomenal models [10].
The reduction in the banghp was explained well by the band amtssing interaction
between the conduction baedge and a band of higher lying localized nitrogen states [21].
Since then the Band AnrGrossing Modeldeveloped by Shan et al [20] has been used

extensively applied in the study of the dilute nitrides.
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When Nitrogen is added to GaAs it creates an istlstigte just above the conduction minima
of the conductiorband [22. This isolated energ¥D 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 engy level s given by

0O O 7 w (2.3])

The interaction between the highly localized N sta@eswith the conduction band is

calculated using perturbatidheory as shown in equation 2.32

00 0 1 W (2.32

where,O "Q is the energy of the conduction band states of the host alloy, which is

GalnAs in the case of GalnNAs. This is parabolic wifas shown in equation (2.33,

rO 'rQ ‘O T o) (233

whereO 1 is the banegap of 'Ow "0O&0 iwhich varies withindium compositionwand
@ is matrix element describing the interaction between the conduction band and the
nitrogen isolated states. This results in a two soluti@paision relation equation (2)34

suggesting the band splitting
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0O 0 0 0O O Q 10 (2.39
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Figure 2.19: Band AntCrossing for Dilute Nitrides [2]3

Somequaternarydilute nitride alloys which areof more interest owing ttheir ability to
lattice match GaAs lattice over a wide range of bgapis include th&alnNAs and GalnPAs
systems as shown in figure 2.ZBalnNAs alloy allowsndependent control over the In: Ga
and N: As ratios. Increasing the In: Ga ratio causes a reduction efjbprahd an increase in
lattice parameter, while increasing the N: Adaalso causes barghp reduction, but a
decrease in the lattice parameter. Therefore GalnNAs, gives the flexibility of tailoring both

bandgap and lattice parametd0]. The lattice matching of GalnNAs to GaAs is possible at
the Indium proportion ofGa,_, N, N, As , [24]. As stated in the introduction the alloy

reduces bandap withincrease in nitrogen. This enables the design of lower-gapdsolar

cells targeted at harvesting low photon energy portion of the solar spectrum.
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Figure 2.20 The relationship between bagap and lattice constant for alloys in the
GalnNAs and GalnPAs 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 GalnAsBi as
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 GalnAsBi. 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, theegsting metal organics in

MOVPE are not completely decomposed and they tend to contaminate the ¢gbayer

With MBE GaAsBi, InAsBi, GaNAsBi and GalnAsBi compounds had been grown
successfully, but not without challenges. Growth of GaAs/GaAsBi quantum wells with
smooth interfacehas been demonstrated despite problems of Bismuth segref@ijon
GaAs Bi based alloysd response has been
InGaAsBi and GaNAsBi. The growth conditions are exactly the same as those of InSbBi;
Low temperature growttypically 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 treurface otheepilayer, as it has a tendency to dq=Hyj.

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 bamghp reduction ah huge spin orbit splitting that coultbt be
readily be explained by VCA models and othbenomenal mode[4.0]. This is a modified
model from the dilute nitrite BAC matrix to VBAC matrix to calculate valence band
interaction with the Bi 6 {iike localised states. FoGaAs to GaBi a reduction e1.45 eV

and a spin orbit splitting of 2.15 edfe expectedb6]. For GaAs base alloy GaBis;x, the

Bismuth localised states (defects states) are at 0.35eV.



37

0.5 - .
HHE,
Oﬂ
LHE,
'0.5 SOE¢
E HHE
> -1
2
C LHE
w -1.5¢
'2:——— —
SOE.
-2.5 . . . . .
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

k (A1)

Figure 2.21: Valance Band Arfirossing (VBAC) for GaBb1AS.99[27].

The banggap reduction in Bismides has been reported within the ran§® 6teV/%of Bi

[28 and 29] Figure 2.22 showsfiect of Bismuth concentration on bagdp 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 bgag and spin doit 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 st{@tdif the diffusion length of
minority carrier is short the material does not effectively collect pgeterated carriers.
Optical absorption is also very impant and besides other factatgjepends 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

reportedoy Mazzucato et 4B0].

Mobility in bismides has been reported Kyni et al. [31] in n type GaAsBi alloys with
bismuth concentration of less than 1.6 t&be nearly the same (~2100 TWfs) as that of

GaAs alloy (2322 cA\Vs).
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The effective mass of electrons in GaAsBi is often assumed to be equal to that of GaAs since
the adiition 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 tie VBA

given by

r oz ‘O rz !\O oy W ..Q (b (233
a a WO i @Q 5—q

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 BaBifor x < 8 %, however &uge
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 bismideare expected to perform better in gbwgoltaic,
because of negligible electron offset (figure 2.23) which results in negligible effects on
electron mobility. In the Bismuth containing dilute nitride like @aNBi, an equivalent band

gap reduction can be achieved with a significantly lessodpared to that oGanNAs.

Thus, it shou be possible to obtain GaAsNBbased 1.0 eV bangap material wh a
relatively longer carrier diffusion lengtldue to relativly lower N composition which
otherwise is detrimental to the electron mobilithhis wouldimprove performance of dilute
nitride and bismidesolar cells whichis adversely affected by the low carrier diffusion

lengths Another advantage of incorporatingadd Bi in GaAsNBI is reduction of strain.



This is expected as the small N and big Bi
epilayer.

Owing to huge Spin Orbit splitting and separation GABiLx 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 intermediageanthr

cell is that of having only one PN junction.i$hmakes fabrication easier and no defects that

otherwise plague the muitinction structures

Nitride Bismide
I CB
T 145 ey 1168V
1.08 v l
l + VB

(GaAs
Gal As, ,
GaAs
GaAs, B,

Figure 2.23: Scamatic band alignment of GaAs/GaNAs and GaAs/GaAsBi
for 3% composition of N and E32].

The 'O 0 i 6alloy for the compositionOwl ¢ 6 '@ 0 i  [32], lattice matches to
GaAs, however the incorporation of Nitrogen still poses challenge to many groMiees.

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

which will result in relaxatio of the epilayer.
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2.10 Common designs for dilute nitride and bsmide solar @lls

2.10.1 P-I-N structure

A p-i-n structure is a-4m junction in which a nominally udoped (intrinsic) layer has been
grown between the p and n layer. The inbuilt potential optha junction is the same as that
of a pn junction with the same doping concentration. Theloped region serves to extend
the space charge region (SCR), therefore the electric field region is extended, though it

becomes weaker.

The importance of the@R is that the quantum efficiency is high, often taken as 1(25)o
due to drift dependent collection of carriers. This design is important for materials of short
diffusion lengthq3], like the dilute nitridesFigure 2.24 shows the band structure f@rian

junction

Figure 2.24: Band structure of aipn homojunction

The major problem with the-pn 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 outl. Connolly in his Ph.D. work [33] demonsteat themethod of
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determining the maximum tolerable background doping forian stricture as shown in

equation (2.3p

5 i o o (2:39

q nw 0

Wherel is the acceptor concentratidnis the semiconductor permittivityy is the builtin
potential andb is the measured voltage at the shoulder (where-thgraph shows sudden

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

This sudden reduction iphotocurrent as the voltage increases is when the electric field is

cancelled by the intrinsic region field.

Secondly a nowlepleted region with relatively low doping compared to the n and p, serves to
increase the cells resistance and degrade its perficewdnich isdetrimental in concentrator

cells where the cell produces higliensities ophotogenerated currents.

The third limitation of the p-n structure is the inherent recombination in the SCR which is
directly proportional to the intrinsic layehitkness. The increased recombination increases

the dark current density and consequently lowersathg34].

With the MBE growth techniques enabling grovahiower background doping (<¥ocm®),
GalnNAs depletion regions as wide as 3 um wachieved, restihg in improvement of

QuantumEfficiency upto 90 %[34 and 35]
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2.10.2 Quantum well solar cells

In its simplest form quantum well solar cell consists ofienpsolar cell with multiquantum

wells (MQW) system adkd tothe intrinsic (i) region, as shown in figure 2.25. Th&/
chaacteristics of the MQWsolar cells are more or less the same as that of the conventional
solar cells. Superposition of dark current has been verifiedbdtdr. MQW solar cellsare
observed to haviewer diode ideality factor than convemtial single cells counterpar{Bhis

lower ideality factor has been attributbg some researchets bias dependent escape and

recombination mechanisnts quantum wells[36].

~ ...escape
¥ E.
T i
i Eg Well : EgBarricr
— :

E.

Figure 2.25: Multiple Quantum wetlolar cell banégap structurg36] .

TheoreticallyMQWs pi-n structure should enabléarvesting loweenergy photongn the
spectrum without paying éhfull price of voltage loss [37An ideal theory of operation of
MQW solar cell ha been developed Mnderson [38 Anderson model compares the-p
MQWs solar cells to the standardnpjunction and it shows possibility of efficiency
enhancement. The andw of the standard-p junction (baseline) and theim MQWs

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

0 A ¢SO (2.37)

and
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where ,"0s ,® ,0 andf arethe intrinsic region widththe average optical
generation rate in the intrinsic region, the open circuit voltage, the short circuit current
generated by the baseline anid is the ratio of the current required to feed radiative
recombination in the intrinsic region at equilibriumthe usual reverse drift current resulting
from minority carrier extractioriThe Anderson model shows that for-&p with MQWs the

short circuit and the @m circuit voltage are given by

0 N wQOs p "Q0Os (2.39
, QY.L L p if (2.40
W —/a & ; >
n v p L]
where™Q, i ,"0Os s 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 bandpgff$&gmparing the
equationfor baseline cell open circuit voltages{ ) with that of the MQWs cell open
circuit voltage @ , it can be seen that the factorin the latter will result in a reduced
open circuit vitage. The inclusion of QWs isxpected to increadbe short circuit current
0 compared to the baseline short circhit as QW tendgo absorb lower energy

photons irthe spectrum.

Browne et al [1B has demonstrated an InGaAs/GaAs QW-rp 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 Andersn model discussed above, the increase in short circuit was still sufficient to
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increase power appreciably above that of a conventional solafkelbutput voltage of the
QWSC is found to be dominated by the wider bgag barrier material, the recomation in

the wells and in the barrievell interfaces.

Introduction of quantum wells into the intrinsic region has been shown to invariaidy lo

the open circuit voltage [36, but the efficiency may stil]
gap is greatethan or equal to its optimum value for the illuminating spectj@®h Richard

Corkish and Martin A Greef87], further investigated the performance of AlIGaAs QWs and
their finding showed that the earlier models had overestimated xihected efficiency

increasehowever 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 adled advantage of many confined energy states in deeper wells does not always account
for the lossn voltage due to recombinatiom the wells. [36 39 and 4D The effect of depth
on carrier escape from QWs was found to be larger than thihe ccarriereffective mass
[41], as shown in equation 2.46, which has an exponential dependence on depth of the well

(YO as opposed to carrier effective mass direct proportinality dependence.

— o 2.4
P p QY Qiyt YO (2.49
T 00 cca N oy

whered is the quantum well widthg  is the carrier mass (in this case, the electron) and

YQis the energy difference of barrier and the energy level.

The thinner gantum wellsallow more wells to be included, while the wider wells results in
fewer interfaces and hendewer recombination regions [W2This clearly shows that an

optimum width for high performance needs to be carefully designed. Simulation results
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showed hat shat circuit current incrases with increasing well width [36]h& escape rate of
carriers is strongly dependent on the electric field, suggesting modulation doped structures
could enhance carrier escape from quantum &8s This agees with [43 expermental

results in superlattices solar cells, which showed a degraded, QE at both high forward and
reverse biasThe time required for carrier escape from quantum wells increases as the applied

electric field decreases across the quaniell [44].

2.10.3 N-I-P-l Structure

Thei-ph structure consists of a numbe#t ypfe,| ay:
i nt nsttype pand intrinsl]i.c Thibs, I|4a6y,er4 7c oaarfd g4 8

sinuddikdalband alignment as shown in figure

The thickness oifpitlBérbuayerse afetkepnh within
bul k materi alg,entelraarnt efdo fed el otomm generated any
wi || be rapidly separated toradmitiemat il @ry et ¢
The separated carriers then diffuse along t

contact s, to be collected in the external ci

Figure 2. 26: Baipd , dsaguamuot.t he n
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Aproper |l y-i-piesec gmelde nal most i1 nsensitive to sh
i mportant in addressing the inherent probl er
and bi Smimee $ i mithe mitp-i structsress the bw minority carrier diffusion

in the transverse region hence poor carrier collectiothe repeating layers of theip-i

becomes too thimnwanted carrier confinement and subsedly increased recombination

results However the A-p-i structure hasin advantage of real space gap between electrons

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

i-p-i that is deterring its application to many devices is the inherent dark current due to
repeated SCRs. Thelak JV characteristidor n-i-p-i structureis modelled by equation

2.42,

(2.42)
0 vy A@bB p vy, A@B p

where0 the number of layers i8, is the number of homojunctions ( ¢ .

2.11 Review of 1.0 eMunction

The interest in dilute nitride alloys for photovoltaics applicatiaas motivatetyy the

discovery by Weyers et f9] of the anomalous large baigap bowing in GaNAs.

Initial interest was for the developmentlofg wavelength lasers operagiat 1.3 um

window. Thedilute nitride showed a better electron confinement in quantum wells compared
to the InP quantum wellsThe dilute nitride based lasevgere expected to address the
problem of srong temperature dependence exhibitednfybasedasersdue 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 mujltinction solar cells. The firsdilute
nitride solar cell fabricated had veryeshort circuitcurrent densitf~2.0mAcm?) and aan

open circuit voltagethat ranged between 0.35 and 0.44 V. This poor performance was
attributed to short diffusion lengths [17 arizb]. 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 minoritgarrier diffusion lengthd.,and L, for electrons and hate respectively.
Although the diffusion lengths could not be directly determined, the observation from the
results is that the GalnNAs diffusion lengths are much lower than that of GaAs For [GaAs,

for el ectrons craome, whereas for GalnNag, L&l Esn omt o t he O
range, at the best. These minority diffusion lengths aredl0B0 times éwer than in

comparable GaAs [15

The short diffusion lengths exhibited by dilute nitrides pasehallenge for developing a
GalnNAs sukcell for the multijunction, in particular the GalnP/GaAs/Ge triple junct{B4)

which is currently in production but cannot make efficient use of all the light that reaches the
Ge junction. With the poor minoritgarrier properties reported immediately by a number of
researchers, the inclusion of GalnNAs as albin multijunction was becoming elusive.
Especially that for the structure to be current matched it requires near unity quantum
efficiency from the @InNAs over its bandwidth. This subsequently triggered a number of
ideas and research work. Aiqm structure was the first to be tried to aid the carrier collection
by the drift in thedepletion regionTheoreticakesultswere enticing as they predictdtht the

wider the depletion region the higher vidbbe the quantum efficiency [L However as soon

as the g-n structures wergrown problemswere observed. Achieving a low background
doping that would allow the increased depletion region (intrinsiom¢gvas very difficultto

achieve especially witthe Metal Organikapaour Phase Epitaxy growth (MOVPENhich



49

resulted in hig background doping up to 1X1Gcm® [17, 34 and 5L mainly attributed to
carbon contaminants during growtlihich only resultedn a depletion region of ~0.2 um,
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 um were
achieved, resulting in improvement of Quantefiiciency to around 70 % [3485]. However

the longer the depletion, the poorer the, 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 verghort minority diffusion length, suddenly drastically lower the performance

contray to the models predictions [b1

Recentanalysis of the GalnNAs materials and its solar cells revealed that the poor efficiency,
due to low diffusion lengths that are ditrted to a shallow electron tramch a deep

recombination centrg5].

David B. Jackrel et al [§Zarried 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
experinent, dilute nitride, GalnNAsSb, 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 GalnNAs solar celihpsanf@. It is
possible that the use of deflection plates reduced the dark current density in the GalnNAs
films, which would partially explain the improvement in solar cell characteristics. The use of
antimony in the GalnNAsSb solar cells improved the ctbecefficiency, but degraded the
open circuit voltage and fill factor. Nevertheless, the GalnNAsSb devices are the first dilute
nitride solar cells to generate enough steotuit current to currenatatch to the upper sub

cells in a stat®f-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 GalnNAssub-cell for current matchingAn AlGalnP/GalnP/AlGalnAs/GalnAs/Ge
quintuplejunction (5J) solar cell has been demonstrdigdraunhofer ISE. Ay 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 ovehne current trife junction (3J) solar cells&5[]. The project for

such increased junctisiis illustraied by models in the figure 2.27

3-junction —  5-unction — #6-junction

AlGalnP
GalnP
AlGalnAs

AlGalnP
GalnP
AlGalnAs

ey,

Figure 2.27:The models of quintuple and sextuple junction solar getposed by
the Frawnhofer Institutg 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 didafocehe
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 likentitgple quantum wells

and ni-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 balanc&dsQhat enabled tunnelling across the
QWs. The design enhanced current of thierpstructure from 22.6 A/cfrto 25.6 Alcnf and

mostly importantly reduced typical voltage loss due to recombination in QWs to just 0.03V.
The overall efficiency of the GaAs-ipn 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 mAtand 0.2 V respectively. Gopti Vijaya et al

[54] designed a cascaded quan 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. Aother 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 a
experimental dark currents from single wells growpjat, pj o andagj T 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 ipbsgotlication in
photovoltaics and most importantly the highly sought near 1.0 eMusighion for tandem

solar cells.
2.12 Conclusion

Dilute nitrides and bismides are still invaluable, owing to the flexibility of tuning trend

gap over a wide range while lattice matchicig GaRewever short diffusion lengths
observed in dilute nitride and bismide materrakke it a challenge to designlar cells with
conventional design that wia well for the GaAsFor multijunction ®lar cellssolar cells to
give performance closer to projected outputs, a 1.0 eMuuddion with good optial and

electrical properties is needddowever he quality of the current dilute nitrides and bismides
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are not good enough to enhance efficientynalti-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 Devicegrowth

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 M&tganic Vapour

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

a substrate [1]. MBE is an ultligh vacuum (UHV)(<10° Torr) depositionprocess, in
which constituents elements of semiconducto
beamsdé ont o heat e d@hetHWirkreasds the mefreepatibos therfraed e s .
atoms enabling a beam like motion of the atoms with infrequent collisionachieve UHV
condition, a high capacity cryopump and liquid nitrogen cooled-shyouds are usedhe
cryo-shroudsbetween the éfision cellseliminate thermal croswlk between cellsand also

serve as impurity traphe MBE growth techniquellows precise control of layer thickness,
composition and doping, and velyin layers with abrupt interfaces the atomic scalean

be gravn [2]. The schematic of an MB system is shown in figure 3.DThe major
components arghereaction, preparation and occasionally a buffer chanlter preparation
chamber is where degassing is done and wafers stored ready for the epitaxial §hewth.
buffer chamberhelps 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 sensbh® most common method of generating the
molecular beams is heating the constitsersing Knudsen cells (effusion cells) until they
gain enough kinetic energy to effuse from the orifices into the chamber by ti@rmo
emission. The effusion cells are mounted onto the reaction chamber withpgrengs facing

the substrate holde€omputer controlled mechanical shutters are wgedlow the emission

of different species of atoms to be directed at the substrate. The substratéshHoddéed and

also rotated to enhance uniformity of layer kimess, 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 waf8f. Thermocouple and a pyrometer are both used to
measure the growth temperatu@n the opposite sides of the system is usually mounted the

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

Substraterotation
Shaft and motor

Thermocoupl