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Abstract

Solar Energy is a clean and abundant energy source that can help reduce reliance on fossil fuels
around which questions still persist about their contribution to climate and long-term availability.
Monolithic triple-junction solar cells are currently the state of the art photovoltaic devices with
champion cell efficiencies exceeding 40%, but their ultimate efficiency is restricted by the

current-matching constraint of series-connected cells.

The objective of this thesis was to investigate the use of solar cells with lattice constants equal to
InP in order to reduce the constraint of current matching in multi-junction solar cells. This was

addressed by two approaches:

Firstly, the formation of mechanically stacked solar cells (MSSC) was investigated through the
addition of separate connections to individual cells that make up a multi-junction device. An
electrical and optical modelling approach identified separately connected InGaAs bottom cells
stacked under dual-junction GaAs based top cells as a route to high efficiency. An InGaAs solar
cell was fabricated on an InP substrate with a measured 1-Sun conversion efficiency of 9.3%. A
comparative study of adhesives found benzocyclobutene to be the most suitable for bonding
component cells in a mechanically stacked configuration owing to its higher thermal conductivity
and refractive index when compared to other candidate adhesives. A flip-chip process was
developed to bond single-junction GaAs and InGaAs cells with a measured 4-terminal MSSC
efficiency of 25.2% under 1-Sun conditions.

Additionally, a novel InAlAs solar cell was identified, which can be used to provide an alternative
to the well established GaAs solar cell. As wide bandgap InAlAs solar cells have not been
extensively investigated for use in photovoltaics, single-junction cells were fabricated and their
properties relevant to PV operation analysed. Minority carrier diffusion lengths in the micrometre
range were extracted, confirming InAlAs as a suitable material for use in I11-V solar cells, and a
1-Sun conversion efficiency of 6.6% measured for cells with 800 nm thick absorber layers.

Given the cost and small diameter of commercially available InP wafers, InGaAs and InAlAs
solar cells were fabricated on alternative substrates, namely GaAs. As a first demonstration the
lattice constant of a GaAs substrate was graded to InP using an In,Ga;.,As metamorphic buffer
layer onto which cells were grown. This was the first demonstration of an InAlAs solar cell on an

alternative substrate and an initial step towards fabricating these cells on Si.

The results presented offer a route to developing multi-junction solar cell devices based on the

InP lattice parameter, thus extending the range of available bandgaps for high efficiency cells.
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Chapter 1

Introduction and Motivation

1.1. Solar Energy

Solar Energy is a clean and abundant energy source which can help reduce reliance on fossil fuels
around which questions still persist about their contribution to climate change and long-term
availability. Photovoltaic (PV) devices convert sunlight to useful electrical energy and have
proven to be a cost-effective option in niche power supply applications such as calculators and
off-grid homes as well as for grid-tied power generation in locations with high electricity costs. In
the last decade the introduction of government subsidies in the form of feed-in-tariffs in a number
of EU countries has led to a proliferation of installed PV capacity (Figure 1.1) with 50% of
worldwide PV installations in 2011 occurring in Germany and Italy alone [1]. In the last decade
51 GW of PV power generation capacity has been commissioned in the EU placing photovoltaics
as the third most installed electricity generation technology surpassed only by Natural Gas (116
GW) and Wind Power plants (84 GW) over the same period. In the last two years the worldwide
cumulative capacity almost doubled from 70 GW to 137 GW. The impressive growth in 2013 was
led by China and Japan who added 11.3 GW and 6.9 GW capacity respectively. Despite the
impressive growth of capacity, at the end of 2013 PV represented < 1 % of global electricity
demand. The 2012 cutbacks in German and UK feed-in-tariffs show the appetite for state-
supported PV power markets is abating in the current economic crisis. Optimistic projections
foresee the growth of installed capacity to 330 GW by 2016 [1] but it is clear for large-scale
global adoption PV electricity generation systems must compete with fossil fuel sources in major

electricity markets without state-aid.
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Figure 1.1: Global cumulative installed PV capacity since the year 2000 as in reference [1].
1.2. Competing photovoltaic technologies

The cost of photovoltaic power plants is mostly accounted for by the balance of system
components and installation costs (~40%), power equipment (~10%) and the cost of photovoltaic
modules themselves (~50%) [2]. Flat-plate crystalline-Si solar panels have been the standard
photovoltaic module for decades and enjoy up to 90% market share [3]. Even with the recent
flood of cheap modules from China the cost of electricity generated from these systems is still
greater than from fossil fuels. New technologies are emerging which look to reduce the cost
($/W) of photovoltaics by using thin-film (CIGS, a-Si, CdTe) or organic materials (Dye
Sensitised Solar Cells). Alternatively the $/W of a PV module can be reduced by increasing the
power produced i.e. by using technologies with high photovoltaic conversion efficiencies such as
multi-junction solar cells for concentrating photovoltaics which are the focus of this thesis. Figure
1.2 compares the cost and market share of competing PV technologies as of 2008. Although the
data is 5 years out of date is provides a useful comparison of the relative difference between solar
cell technologies.



usD usD usD usbD usD Module
200 /m? 300 /m? 400 /m? 500 /m? 600 /m*  price per m?

Crystalline
1 Silicon
4 Technologies
! 85-90%*
Thin Films
Tezhnologies
10-15%*

PA®  Organic
Solar Cells

Module price (USD per Wp)

Under 1%*

0 T T T T T
5% 10% 15% 20% 25% Efficiency
50 W/m? 100 W/m? 150 W/m? 200 W/m? 250 W/m? Performance

* percentage share of 2008 market

Figure 1.2: Performance and price of competing photovoltaic technologies at year end 2008 as in

reference [3].
Although thin-film and organic solar cells are already cheaper than crystalline-Si modules they
share only 10-15% of the market. This is due to the relatively high cost of installing these
modules as well as the large area required for significant deployment given their low power
output per unit area. Concentrating photovoltaic technologies are still the most expensive
technology but have the potential for dramatically lower costs if the efficiency and concentration
ratios of optical elements can be increased as well as the photovoltaic conversion efficiency of the
component multi-junction solar cells. It is predicted that bulk electricity generation from
concentrating photovoltaics with 50% efficient solar cells will be cost effective without

government subsidies in all of southern Europe and a large portion of the US [4].



1.3. Solar cell device physics
1.3.1 Semiconductors and extrinsic doping

Semiconductor materials have conductivities between those of insulators and conductors. They
have discrete energy bands, which can be populated by electrons, electrons in the semiconductors
conduction band are free to move within the material and contribute to current flow. Electrons in
the next lowest energy band, the valence band, do not contribute to flow but at very low
temperatures, the valence band is full and the conduction band empty, so the semiconductor
behaves as an insulator. At higher temperatures energy is supplied to electrons that cross the gap
from the valence band to the conduction band. Through this process a vacant state is created in
the valence band termed a hole which behaves like a positive charge carrier with the same
magnitude of charge but opposite sign to an electron. In an intrinsic semiconductor the number of
electrons in the conduction band and number of holes in the valence band must be equal and their
concentration is known as the intrinsic carrier concentration, n;. This carrier concentration is
dependent on the semiconductor material and its temperature (silicon: n; = 1.4x10" cm™ at 300
K). The forbidden energy band between the conduction and valence band is characteristic of each
semiconductor material and is known as the bandgap where silicon and GaAs have bandgaps of
1.1eV and 1.41 eV respectively at 300 K.

To increase the carrier population above intrinsic levels, and reduce resistivity, semiconductor
materials are ‘doped’ by adding impurities to the crystal. Considering a Group IV element such as
silicon which has 4 covalent bonds in a pure crystal, adding a Group V material such as
Phosphorous to the lattice leads to an excess electron with no bond (n-type semiconductor).
Similarly adding Boron (Group Il element) leads a Boron atoms three outer electrons forming
covalent bonds with silicon atoms but a fourth silicon atom forms a weak bond with the Boron
atom which leads to an excess hole concentration (p-type semiconductor). The doping carrier
concentrations of holes and electrons in semiconductors are typically given as Ny and Np which

are the concentration of acceptors and donors respectively.
1.3.2 Carrier transport and p-n junctions

An electric field applied to a semiconductor will produce a force on electrons and holes and the
mobile ones experience an acceleration and movement. Carrier movement under influence of an
electric field is known as drift. A drift current exists that is the net movement of charge and is

proportional to the electric field and the charge mobility, ., (cm?/Vs), that describes how well a
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particle will move due to an electric field. Equation 1.1 describes the drift current density for
electrons and holes, J,,, where it is noted that electrons have a negative electronic charge, g, and

move in the opposite direction to the electric field, E.

For electrons: J, = —(qn)(—u,E) = qu,nE  For holes: ], = qu,pE  (1.1)

A second mechanism that induces a current in a semiconductor is diffusion whereby mobile
carriers move from regions of high to low concentration. In this case the diffusion current is
proportional to the carrier density gradient of electrons or holes (Equation 1.2). Additionally a
term called the diffusion coefficient, D, , (cm?/s), is introduced which describes how well a carrier
diffuses.

For electrons: J, = ana For holes: J, = —qD,, ax :

Interfacing regions of n-type and p-type doping forms a semiconductor p-n junction. A common
method of forming a p-n junction is by diffusing gaseous Phosphorous atoms into n-type silicon
bulk wafers in a furnace at high temperatures to produce a p-doped region. At the p-n interface,
the excess of p and n carriers leads to a diffusion of these majority carriers across the junction.
This creates a build up of charge at the junction that induces an electric field (Figure 1.3). The
electric field drives mobile charge in the opposite direction to the diffusion current. When this
drift current balances the diffusion current, equilibrium is reached. A depletion region is formed
which is characterised by its lack of mobile charge carriers while the remaining n and p type
regions maintain their charge neutrality and are termed quasi-neutral regions (QNR). At this

condition the net current flow in the junction is zero.



Electric Field
—

negative  positive
charge charge

- - -+ + 4
p-type I n-type

- - -+ ++
- - -+ + 4
- - -+ + 4
- - -+ + 4
- - -+ ++

1 (— e diffusion
h* diffusion 3! e drift !

h* drift
——

Depletion Regions
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and the forces acting on the carriers in a p-n junction.
Combining Equations 1.1 & 1.2 gives four possible independent current mechanisms which can
be used to describe current flow in a p-n junction (Equation 1.3). A contribution is seen from the
drift current for electrons and holes and the diffusion currents for electrons and holes where the

total current density at any region in a p-n junction is the sum of all four.

J=Jn+], = B d_n F_ d_p (1.3)
n +Jp = qunnE + qDn =+ quypE — qDp

A p-n junction is operating in forward bias when a positive bias is applied to the p-type region.
The bias is of opposite polarity to built-in electric field that exists in the depletion region and
reduces the field strength. The smaller electric field at the depletion region reduces the barrier
confining the majority electrons and holes to the n and p regions respectively. The majority
electrons diffuse across the depletion region to the p-region (and vice versa for holes) where they
become minority carriers and recombine i.e. the minority carrier concentration reduces away from
the depletion region (Figure 1.4 (a)). This recombination of minority carriers is termed the
diffusion current and as shown later its magnitude is an important parameter in determining the

voltage of a solar cell.
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Figure 1.4: (a) Steady-state minority carrier concentration in a p-n junction under forward bias and (b)

ideal electron and hole current components through a p-n junction under forward bias.

A number of assumptions allow us to determine the total current across a p-n junction under
forward bias. Firstly it is assumed the electric field created in the depletion region is confined to
the depletion region i.e. there is no drift current in the QNRs. Additionally it is assumed there is
no generation or recombination of carriers in the depletion region and the currents through it are
constant. This allows the minority carrier diffusion currents to be used to derive the current-
voltage relationship of the p-n junction. At the depletion region edges a hole and minority carrier
diffusion current exist that are combined to give the total current density i.e. J, is found at —x,
and J, is found at x, (Figure 1.4(b)). The diffusion current equations can be combined with

formulae for the carrier densities [5] to give the ideal current-voltage relationship of a p-n

junction (Equation 1.4).



JO) = Jor (" i = 1) (L4)

where

NyL, ' NpLy,

D, D, ]
(1.5)

Jo1 = qniz[

Jou is called the reverse saturation current density. L, and L, are known as the hole and electron
minority carrier diffusion lengths that describe the average length a minority carrier will travel in
a material before recombining. The diffusion length is linked to the lifetime of carriers through
the relation L = (Dr)**. The diffusion length is a key parameter for real solar cells and, as it
determines the diffusion current, it has a significant bearing on the voltage of the solar cell
(Equation 1.11) where greater diffusion lengths are desirable as they lead to lower reverse
saturation current densities. Minority carrier diffusion length is referred to throughout this thesis

as a useful measure of solar cell material quality (Table 1.1).

The assumptions used to derive the ideal current-voltage relationship of a p-n junction neglect
any effects occurring in the depletion region. The actual relationship deviates from ideal due to
additional currents in the depletion region caused by recombination. Imperfections in the
semiconductor crystal lead to energy states which exist in the material bandgap to which electrons
and holes can relax and recombine with other carriers. Under forward bias electrons and holes are
injected into the depletion region where recombination of some of these excess carriers will
occur. The recombination rate of excess electrons and holes is given by the Shockley-Read-Hall
(SRH) formula (Equation 1.6) where z, and z, are the lifetimes for the capture of electrons and
holes respectively by the trap and n; and n, are the trap densities. In its simplest form U will

increase when np increases, although z is also dependent on n and p.

np —n?

v= Th(p+pe) + (N + 1) (1.6)

Adding additional terms for the carrier concentrations, n and p [5], allows the formula to be used
to find a recombination current for excess carriers in the depletion region (Equation 1.7) where,
W, is the depletion region width and n is the diode ideality which for the recombination current
should be ~2.



Jo2 = (1.7)

The total forward-bias current density in a p-n junction is the sum of the recombination and ideal
diffusion current densities which provides the double-diode equation of a p-n junction (Equation
1.8).

JOV) = o (8T = 1) (e 1) (19)

The double diode equation introduces the concept of a diode ideality n. For a large forward-bias
voltage, the diffusion term, J,;, dominates and theoretically varies according eV T Eor lower
forward-bias voltages recombination in the junction region, Jo,, dominates and varies according
to the same exponential with an additional ideality, n, term which theoretically is equal to 2. In
practice the diode idealty, n, ~ 2 and an additional ideality is seen in the exponential of the
diffusion term. Idealities reveal the nature of the recombination and diffusion currents in a p-n

junction solar cell.

The dark current-voltage (DJV) relationship of a solar cell is typically measured and plotted on a
log scale to show the relationship versus bias. Figure 1.5 outlines the DJV relationship of an
InGaAs cell (introduced in Chapter 4) where two distinct recombination regions are seen.
Treating the low and high bias regions separately allows estimations to be made for the diode
parameters. Neglecting the diffusion and -1 terms in Equation 1.8 and taking its natural log we

obtain:

In(y) = V.% +1n (J,p) (L9)

Estimations are made for the recombination parameters in the depletion region by plotting DJV
on a log scale and taking Jo, as the intercept of the y-axis and the ideality, n, equal to the g/mkT
where m is the line slope. The same analysis can be completed for the diffusion current where the

ideality is theoretically equal to one.
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1.3.3  p-n junction under illumination

Illuminating a p-n junction with an incident spectrum and connecting a load allows the extraction
of power (J.V) from the device and is the basic operating principle of a solar cell. The first key
process in the photovoltaic effect is the absorption of photons incident on a material.
Semiconductors can either be ‘direct’ or ‘indirect’ bandgap materials which determine their
absorption properties. For direct bandgap materials such as GaAs, the minimum of the conduction
band and maximum of the valence band are aligned with the same crystal momentum (Figure
1.6). A photon is absorbed by transferring its energy to an electron in the valence band, where the
electron is excited across the material to the conduction band. For an indirect bandgap material,
such as silicon, the minimum and maximum are not aligned and, as well as photon absorption, a
second momentum energy transfer from a phonon to an electron is required to excite it across the
bandgap. The probability of this additional energy transfer reduces the likelihood of a photon
being absorbed.

10
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Figure 1.6: Energy band structures of GaAs and silicon as in [5].

A semiconductors absorption coefficient, a (cm™), is a measure of the number of photons
absorbed, per unit thickness of the material. The absorption coefficients of silicon and a number
of 111-V direct bandgap materials are given in Figure 1.7. A semiconductors absorption curve is
derived through knowledge of the energy band diagram of the material. Silicon, an indirect
bandgap material, exhibits a lower absorption coefficient for long wavelength photons near its
band edge (1100 nm) where phonon energy transfer is required, but at shorter wavelengths (< 400
nm) its absorption coefficient is very large as direct transitions are possible at these energies
(Figure 1.6). The IlI-V materials exhibit strong absorption at all wavelengths below their
bandgap. The Standard Solar Spectrum (AML1.5G) is given for comparison it is clear that
Ing53Gag47AS solar cells, with a bandgap of 0.74 eV at 300 K, will absorb the largest portion of
the solar spectrum producing a greater photocurrent density than the other I11-V materials. Some
materials such as aluminium gallium arsenide can be dominated by either direct or indirect optical
absorption as their energy band structure changes depending on the composition of each element.
The absorption curve of AlgsGag-As is given in Figure 1.7 which is dominated by direct
absorption. Al,Ga;As with Al compositions greater than 40% are dominated by indirect

absorption.
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function of wavelength.
As photons are absorbed in a semiconductor of thickness, t, the intensity of the incident spectrum
reduces according to the Beer-Lambert law (Equation 1.10). The number of electron-hole pairs
generated can be found, as a function of wavelength, by calculating the light intensity after

travelling through thickness, t, and subtracting from the original intensity.

1A, t) = Ioe—al(t) (1.10)

In a p-n junction solar cell under illumination, electron-hole pairs are created throughout the
material where the greatest concentration is near the front of the device. While this generation
does not greatly alter the majority carrier concentration, the minority carrier concentration greatly
increases and these minority carriers diffuse towards the junction where they are swept across by
the electric field. These become majority carriers and either recombine or are collected at the
solar cell contacts where they contribute to the light-generated current and voltage. This light-
generated current acts in the opposite direction to both the junction recombination and diffusion
currents. A light-generated current density term, J,, is now added to the double diode equation
(Equation 1.11). The magnitude of this photocurrent is dependent on the absorption coefficient,
thickness, and carrier transport properties of the solar cell but is independent of the applied

voltage and added as a lumped term.
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JW) = Jo (e% - 1) +Jo, (e% _ 1) _, (L.12)

We now have an idealised current-voltage relationship for a solar cell where the power density
delivered by the cell = -J.V. The equivalent circuit and typical current-voltage relationship of a
solar cell in the light and dark are given in Figure 1.8. The illuminated behaviour of a solar cell is

a superposition of its current-voltage behaviour in the dark and the photocurrent generated.
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Figure 1.8: Current-voltage characteristics of a p-n junction solar cell under illumination and in the

dark as well as the equivalent circuit diagram.
A number of key solar cell parameters outlined in Figure 1.8 are used throughout this thesis to
describe solar cell behaviour. They are the open-circuit voltage, V.. (V), where the light generated
current exactly balances the recombination and diffusion currents. A relationship between V.. can

be derived from Equation 1.4:

kT
Voe =~ n (i) (1.12)

ol

The short-circuit current density, Js (mA/cmz), which is the current-density at zero bias, and the
maximum power point(Vypep, Ivpp) are also outlined. A fill factor term, FF (%), is also used in
this thesis to compare cells (Equation 1.13) that is a ratio of the actual power produced by the cell

to the idealised case:
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_ JmuppVupp (1.13)
]SCI/OC

FF

The efficiency (Equation 1.14) is given by the ratio of the power produced by the solar cell to the
power of light incident on its front surface which for standard test conditions (AM1.5G) is taken
as 1Ikw/m?,

JmppVupp (1.14)

PV ef ficiency (%) = P
i

1.3.4 Recombination in solar cells

Additional recombination mechanisms are seen in the bulk regions of p-n junctions. There are
three main recombination types within the bulk semiconductor itself. Non-radiative
recombination that occurs through traps located in the energy gap where an excited carrier relaxes
to the energy of the trap before a second relaxation process to the valence band (Figure 1.9). The
energy lost is given off as heat into the lattice and so is termed non-radiative recombination. For
recombination through a single trap state the rate is given by the Shockley-Read-Hall (SRH)
formula previously given (Equation 1.6).

Radiative recombination is the relaxation of an electron from the conduction band to the valence
band through the emission of a photon (Equation 1.15, where B is the radiative recombination
coefficient). This is the primary recombination source in direct bandgap materials such as GaAs.

Radiative recombination is a rapid process as compared to other recombination types.

Rrqa = B(pn —n}) (1.15)

Rauger = (Cnn + Cpp) (Tlp - nlz) (1.16)

A third recombination source in semiconductor materials is Auger recombination which requires
an electron-hole pair and another carrier. The electron and hole recombine across the bandgap but
the energy is transferred to another electron in the conduction band or a hole below the valence

band. Equation 1.16 is the general equation for Auger recombination where C,, are the Auger
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coefficients. Auger recombination becomes a fast process in highly doped semiconductors as
there is a high concentration of carriers available to take part in the process.
Carrier lifetimes in semiconductors materials are a combination of the lifetimes due to each

recombination process (Equation 1.17).

1 1 1 1

Trotal TsRH Trad TAuger (1.17)
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Figure 1.9: Outline of the three principal recombination types in bulk semiconductor materials.

Recombination also occurs at the surface of semiconductor materials. When a semiconductor is
abruptly terminated, the periodicity of the lattice structure is broken and defects are created. This
leads to the creation of energy states within the bandgap which contribute to recombination. In
practice, solar cells are typically passivated to reduce the number of dangling bonds at the surface
and reduce the surface recombination rate. Silicon solar cells are passivated using dielectrics such
as SiO; or SiN,. For Il1-V materials hetero-structures are formed with wide E; materials placed
between the bulk solar cell and the front or back surface which acts as potential barriers reducing
the number of minority carriers that travel to a surface and recombine.

The following Table 1.1 provides a brief summary of the typical values expected for the minority
carrier transport and optical properties of silicon and GaAs solar cells. As a direct bandgap
material the diffusion lengths and lifetimes in GaAs are shorter than for silicon. Given the larger
absorption coefficients for GaAs, however, thin cells absorb most of the incident solar radiation.

Therefore GaAs cells are the state of the art for single-junction cells with a champion cell
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efficiency of 28.8% efficiency under 1-Sun conditions [7]. Auger and SRH recombination limits
the lifetime and ultimate efficiency of silicon solar cells where radiative recombination is
negligible in the indirect bandgap material. Auger recombination is slow in low doped materials
but lifetimes can reduce to a few nanoseconds at very high doping levels [8]. The longer lifetimes
and diffusion lengths in silicon allow the photons absorbed deep in the device to travel to the
junction without recombining. Therefore thicker cells are used to overcome lower absorption
coefficients as compared to GaAs. Recombination in material defects (SRH) is also present in
both silicon and GaAs where the defect density in commercially available GaAs wafers is higher

than silicon.

Table 1.1: Key differences in material and optical properties between silicon and GaAs solar cells.

Silicon GaAs
Eg (300 K) lleVv 1.41 eV
Absorption Indirect: Direct:

P Cell thickness ~ 200 um Cell thickness ~ 5 um
Prlmary recombination Auger, SRH Radiative, SRH
mechanisms
Minority carrier lifetime ~1ps[9] ~1-50ns[10]
Minority carrier diffusion length ~100 - 300 um [9] ~1- 20 um [10]
Com_mermal wafer defect 10 — 30 cm 1000 — 5000 cm’
density
Surfacg recombination SiO, passivation Wide E, hetero-interface
reduction

1.3.5 Quantum Efficiency

Quantum Efficiency (QE) measurements are a measure of the ratio of electrons extracted from a
solar cell to the number of photons incident upon the cell and are taken as a function of
wavelength. For different photon energies, carriers are excited at different depths in the cell as
indicated by the absorption co-efficient of the material which varies with wavelength. Analysis of
a cell’s quantum efficiency versus incident wavelength reveals information about the likelihood
of carrier extraction for photons absorbed at various depths in the device. This allows estimations
to be made for the minority carrier diffusion lengths, minority carrier lifetimes and surface
recombination velocities of the solar cell layers which are the primary parameters which affect

carrier collection probability. The External Quantum Efficiency (EQE), Internal Quantum
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Efficiency (IQE) and Reflection of solar cells is presented throughout this thesis and were
measured using a Bentham Instruments PVE300 PV Characterisation System (Appendix A). A
standard model [11] was used to fit the EQE data to provide estimates for the diffusion lengths
and surface recombination velocities of fabricated solar cells.

The standard model is described as follows: The IQE of an ideal solar cell with a finite base
thickness, x,, emitter thickness, x., and depletion width, Wy, (Figure 1.10) is equal to the sum of

the contribution from each of these regions as in Equation 1.18.

IQE = IQEemiscer + 1QEqept + 1QEpase. e/l (1.18)

where

I, cosh (JLC—Q) + sinh (&

e

/N
=~
N—

1QE pmitter = fx(Le) | lo+o< Loe(™%%e) x €2 _x L,e(~%%e) 1.19
i ) I, sinh (f—j) + cosh (9Lf_e) ) (1.19)

Q

[, cosh G—Z) + sinh (JLC_Z) + (< Ly, — 1,)e=<*p)

1QEpase = fu(Lp) | ¢ Lp — X (1.20)
inh (22 X
lp sinh (Lb) + cosh (Lb)
L
foll) = ey (1.21)

where absorption in the proceeding emitter and depletion regions is accounted for in Equation
1.18. The contribution from the depletion region consists of all photons absorbed in this region as

it is assumed all carriers are extracted from this region (Equation 1.22).

IQEdepl = e(_O(Xe) [1 - e_ocwd] (122)

The quantities g, L and S are, respectively, the mobility, diffusion length and surface

recombination velocity of minority carriers in the base or emitter regions.
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kT,

ly =22, I =32, Dy = =2, D, == (1.23)
EQE() =(1—-RW)).(1-A4AW).IQE(Y) (1.24)

The EQE (Equation 1.24) is the internal quantum efficiency less the wavelength dependent
reflection and absorption losses. Absorption in the dielectric materials used for anti-reflection
coating and window layers is accounted for using the measured extinction coefficient of the
material through the Beer-Lambert law (Equation 1.10). An outline of the expected contribution
to the total IQE (Equation 1.18) in a GaAs solar cell is given in Figure 1.10 (b). The base

contribution is low due to the thin layer of 500 nm modelled.

100 T T T T T T T T T
80 IQE 1
Emitter Xo |
Depletion region pen Junction W, ;@ 60 ]
CL% 40 i
xb 20 ]
IQEdep\etion region
Base 0 s . L L L . =
400 500 600 700 800 900
Wavelength (nm)
(@) (b)

Figure 1.10: (a) schematic outline of the emitter, depletion and base regions of a GaAs solar cell and
(b) the contribution of each region to the overall IQE of a cell.
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1.4. Multi-junction solar cells for concentrating photovoltaics

The performance of solar cells made from a single p-n junction is restricted by the broad range of
wavelengths present in the solar spectrum (Figure 1.11). The maximum photocurrent that can be
extracted by a solar cell is determined by the bandgap of the semiconductor material used, as only
photons with energy greater than this bandgap are absorbed efficiently. Photons absorbed with
energy greater than the material bandgap lose this excess energy through a process known as
thermalisation by transferring heat to the crystal lattice. The solar cell photovoltage is a function
of the material bandgap (EQ) i.e. the voltage increases with Eg while the photocurrent decreases
with bandgap. The balance of bandgap choice for high absorption and high photovoltage means a
value of approximately 1.4 eV is optimum for single-junction solar cells. Si has a bandgap of 1.1
eV and so it is limited to a maximum theoretical photovoltaic conversion efficiency of 33% [12].
To date the highest photovoltaic conversion efficiency achieved by any Si solar cell in the
laboratory has been 25% [13]. The bandgap of GaAs (1.42 eV at 300 K [14]) is closer to the
optimum for single-junction cells with flat-plate modules currently being developed by Alta
Devices [15] but the cost of using compound semiconductors for large area modules may be
prohibitive to large scale adoption.

4x10"°
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T v T d T "
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 1.11: ASTM G173-03 Air Mass 1.5 direct reference solar spectrum. The red area represents the
portion of the spectrum absorbed by a Si solar cell.
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1.4.1. Better spectrum utilisation

Multi-junction solar cells are formed by combining a number of p-n junctions in one photovoltaic
structure. Each junction absorbs a different portion of the solar spectrum producing a
photocurrent in each. The junctions are stacked so that the incident solar spectrum is first
absorbed by the material with the highest bandgap with each junction underneath being of a lower
bandgap as shown in Figure 1.12. By utilising three junctions these solar cells can convert twice
as much of the solar spectrum into useful electrical energy when compared with single-junction
Si devices with currently seven research institutes/companies reporting externally verified
conversion efficiencies of over 40% [16]-[21]. These technologies are summarised in Table 1.2
and discussed in greater detail in Chapter 2.
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Figure 1.12: ASTM G173-03 Air Mass 1.5 direct reference solar spectrum. The portion absorbed by

each cell in a triple junction solar cell is highlighted.
Commercially available multi-junction solar cells utilise the lattice matched GalnP/GaAs material
system on Ge or GaAs substrates. The production of 111-V devices is significantly more expensive
than Si cell production due to material and processing costs. Multi-junction solar cells were
initially utilised in space applications where specific power (W/kg) and radiation hardness are the
key performance criteria and their cost was not prohibitive. More recently monolithic multi-
junction solar cells are being used in terrestrial concentrating photovoltaic systems where
inexpensive optics focus sunlight onto small photovoltaic cells thus reducing the amount of

semiconductor material required.
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Table 1.2: Summary of the state of the art photovoltaic devices with confirmed lab efficiencies of
greater than 40% under concentration.

. . Company/
Ch_ar_nplon Congentratlon Material combination Research Measurement Year
efficiency ratio (suns) . lab
Institute
Unpublished (Probably lattice Solar

0,

44% 947 matched GalnP/GaAs/GalnNAs) Junction NREL 2013
Inverted metamorphic Fraunhofer

0
43.5% 306 GalnP/GaAs/InGaAs Sharp ISE 2013
42.6% 327 Inverted metamorphic NREL NREL 2012

' GalnP/GaAs/Ga(In)As
42.4% 325 Inverted metamorphic Emcore NREL 2012
' GalnP/GaAs/GalnAs
Bi-facial growth GalnP/Ga(In)As .

0

42.3% 406 _GaAs substrate- GalnAs Spire NREL 2011
Lattice matched

0
41.6% 364 GalnP/Ga(In)As/Ge Spectrolab NREL 2009
41.1% 454 Metamorphic GalnP/GalnAs/Ge | raunhofer  Fraunhofer 54

ISE ISE

1.4.2. Concentrating Photovoltaics

Concentrating photovoltaic (CPV) systems are seen as a promising route to the generation of
renewable energy electricity at prices competitive with fossil fuel sources. CPV systems use
refractive (lenses) or reflective (mirrors) optics to focus sunlight onto a small photovoltaic cell as
in Figure 1.13. This reduces the required area of the solar cell and allows the use of devices made
from 111-V semiconductor materials. In a typical system the solar cell area is 500 times less than
the total area of captured light while the feasibility of up to 1000 suns concentration is under
investigation in order to further drive down the cost of these systems [22]. A secondary optic is
typically attached to the cell to increase concentration and alignment tolerance and homogenize
the incident beam while the use of concentrating optics predicates the use of tracker systems to
collect direct radiation from the sun. CPV systems are suited to large ground-mounted
installations in areas with high direct-normal irradiance with tracking providing a higher energy
yield (kWh/installed kW) than flat-plate Si modules. As with all photovoltaics clear skies are

desirable but this is more pronounced in CPV systems as diffuse radiation is not collected.
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CPV systems benefit from the increased performance of solar cells with increasing illumination.
For an increase in illumination intensity, X (suns), the photocurrent produced, I, scales linearly,
however, the photovoltage of a solar cell, V., scales logarithmically with this increased
photocurrent (Equation 1.25) where, P;,, is the power of the incident solar spectrum, FF, is the fill

factor of the device and lo is the reverse saturation current density.

X.I.FF.V,,

X.I) (1.25)
X. Py

where V,.~In (—

PV conversion ef ficiency = i
o

CPV systems for Si solar cells use low concentration ratios (< 100 suns) as Si cell performance
degrades more rapidly under increased temperature than 111-V cells. Most CPV manufacturers
utilise high performance multi-junction solar cells and high concentration ratios (~ 500 suns) to
produce twice the power of an industry standard flat-plate silicon PV panel with Semprius
recently demonstrating a world record module efficiency of 33.9% [23]. CPV installations
climbed to 50 MW worldwide in 2011 [24].

Incident sunlight

| Fresnel lens |
R R R R R e ———— g ) v v v v v v v v

Secondary optic
(uniform direct
illumination)

Solar cell

Die attach

Heat Sink

Figure 1.13: Schematic outline of a concentrating photovoltaic system. The optical and thermal design
elements are shown.
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The high power density of incoming sunlight in CPV systems subjects the solar cells to high
performance criteria when compared to other PV devices. The ohmic resistance of solar cells in
CPV systems must be low as any resistance will increase under the elevated operating
temperatures of CPV cells. Furthermore high thermal conductivity is required to remove the large
thermal load of concentrated sunlight from the cell. Typically 40% of the incident radiation is
converted to electricity with the remaining 60% is dissipated as heat. As the photovoltaic
conversion efficiency of all solar cells decreases with higher temperature this load is removed to a
mounted heat sink. The device temperature is typically maintained at 70°C although lower is
desirable.

1.5. Mechanically stacked solar cells

Greater than 50% cell efficiency has been identified as a tipping point at which large scale CPV
deployment will be cost-effective without government subsidies. The current state of art
monolithic multi-junction solar cells have broken the 40% efficiency barrier and are increasing by
0.5 — 1 % each year. In monolithic triple-junction devices the cells are connected in series using
transparent and ohmic tunnel junctions to inter-connect individual cells. For series connected
devices the photocurrent produced is limited to the lowest produced by any cell. Thus bandgap
combinations which split the solar spectrum into equal currents in each junction are required.
This is difficult given the constraints of monolithic device production where materials are grown
at the same lattice spacing to reduce defects, resulting form strain between lattice mismatched
materials, which adversely affect the electrical characteristics of cells. For a triple-junction
device the optimum bandgap combination of 1.74, 1.17 and 0.7 eV is not found in any lattice
matched material system [21]. The standard approach is to produce high performance triple-
junction solar cells utilising the high quality lattice matched materials of GagslngsP, Gag gglNg 01 AS
and Ge. The Ge junction, however, produces twice the photocurrent of the top two junctions with
this excess current wasted. The constraints of lattice and current matching limit the performance

of these devices with alternative technologies required to reach the 50% efficient cell target.
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Figure 1.14: Outline of (a) a monolithic triple-junction solar cell and (b) a mechanically stacked triple-

junction solar cell. Circuit diagrams are given to highlight the reduction of the current matching

constraint in the stacked device. A Ge junction will produce approximately twice the current of the top

cell (i.e. I, = 2L).
In order to improve multi-junction cell performance lattice matched materials which better split
the solar spectrum are required or the integration of lattice mismatched materials with optimum
bandgap combinations. Mechanically stacked solar cells (MSSC) are a technology which remove
the constraints of monolithic devices by combining individual solar cells in a stack using
techniques such as direct or epoxy bonding [25], [26]. They introduce better bandgap
combinations for better current matching through the heterogeneous integration of lattice
mismatched materials. Alternatively they improve the performance of multi-junction cells by
providing electrical connection to individual junctions making up the stack, extracting the
maximum current from each and eliminating the requirement for current matching. While the
theoretical performance of mechanically stacked solar cells is greater than current triple-junction
technology they suffer from drawbacks which are summarised and compared to monolithic

devices in Table 1.3.
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Table 1.3: Critical criteria for evaluating solar cell suitability for high performance and use in CPV
systems. Monolithically inter-connected and mechanically stacked devices are compared.

Monolithic multi-junction solar cells

Mechanically stacked solar cells

Photovoltaic
performance

Constrained

By bandgaps of available lattice matched
alloys

Lattice mismatched alloys can be
integrated but so far limited to triple-
junction solar cells

Potentially > 50%

Potentially any bandgap combination possible

Additional terminals remove current matching
constraint

Optical losses

Relatively low

Require broadband anti-reflection coatings
for next-generation devices (i.e. four-
junction)

Relatively high

Require broadband anti-reflection coatings for
low Eg bottom junction

Reflection losses at interface between cells

Non-useful  absorption  of
semiconductor substrates

photons in

Metal contact grids must be aligned

Resistance Low Potentially high
Balance between grid shading and | Resistance of direct-bond interfaces
resistance . .
Complex contacting schemes introduce
additional resistive elements (e.g. lateral
conduction layers)
Thermal Low High
resistance Airgap or epoxy interfaces have low thermal
conductivities
Reliability So far proven Thermal expansion issues
Commercially deployed cells given 20 | Integration of materials with potentially large
year guarantee (space qualified) differences in thermal expansion coefficients,
. . . bonds may fail under stress of high temperature
Tunnel junction process yield concerns
CPV use
Cost Greater than flat-plate Si High

Innovation still required to compete with
Si installations

The use of additional solar cells and complex
processing routes may be prohibitive to
industry use
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1.6.

Objectives

The objectives of this thesis are motivated by the need to pursue photovoltaic technologies that

will prove cost-effective in large scale CPV deployment through the advancement of solar cell

efficiencies beyond 50%. Two strategies to improve multi-junction solar cell performance will be

evaluated.

1.7.

The first is the integration of readily available solar cells of lattice-mismatched
materials through novel stacking methods. A solar cell and terminal configuration
that avoids the need for complex bandgap engineering or advanced epitaxy
capability will be developed. In order to reach the cell performance predicted by
theory the optical losses at the interface between the stacked cells will be reduced
using adhesive bonding and suitable anti-reflection coating design. A fabrication
route for a triple-junction GalnP/GaAs-Ings3Gags7As solar cell with > 50%
efficiency under concentration is presented. Prototype GaAs-Ings3Gags7AS

tandem stacked cells are evaluated

The second route investigates alternative lattice-matched Eg combinations that can be
accessed on the InP lattice constant. A novel IngsAlg 45As solar cell has been identified,
which can be used to provide an alternative to the well established GaAs solar cell. As
wide bandgap InAlAs solar cells have not been extensively investigated for use in
photovoltaics, single-junction cells will be fabricated and their properties relevant to PV

operation analysed.

Thesis outline

This thesis presents theoretical and experimental work developing high-efficiency photovoltaics

through mechanically stacked integration of solar cells with lattice constants based on the InP

lattice constant. The chapters are organised as follows:

Chapter 2 reviews the state of the art in multi-junction solar cells with a particular focus on

the combination of bandgaps of lattice mismatched semiconductor materials. The challenges and

constraints of mechanically stacked solar cells based on GaAs top cells are reviewed as well as
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efforts to integrate novel bandgap combinations in multi-junction devices at the GaAs or InP

lattice constants.

Chapter 3 presents the simulation of the PV efficiency of mechanically stacked solar cells
composed of AlGaAs, GaAs, Si and InGaAs cells. A parallel connected InGaAs cell stacked
under a GaAs based dual-junction top cell is chosen as the most suitable route for high
performance mechanically stacked solar cells. A design methodology is presented to determine
the most suitable adhesive to bond such cells in a fashion which reduces the thermal and optical
losses in the stack. Benzocyclobutene is chosen as the most suitable owing to its relatively high
refractive index and thermal conductivity when compared to other potential bonding adhesives.

Chapter 4 outlines the development of single-junction solar cells lattice matched on InP.
InGaAs solar cells were designed for use as the bottom cell in a mechanical stack under a GaAs
based top cell. InAlAs solar cells were fabricated in order to probe the material’s properties
relevant to photovoltaic use. An experimental demonstration of alternative substrates for solar
cells based on the InP lattice constant is provided by grading the lattice constant of a GaAs host
substrate to that of InP onto which InAlAs and InGaAs solar cells are grown. The cells are
compared to those grown on InP substrates in order to evaluate the effectiveness of the In,Ga;_,As

grading layers.

Chapter 5 presents the process development and final results of a GaAs-InGaAs mechanically
stacked solar cell. Single-junction GaAs solar cells on n-GaAs substrates were fabricated to form
the top cell in a stack with an optical design completed to increase transmission of wavelengths in
the 880 — 1700 nm range. Cell bonding, using Benzocyclobutene, is used to form IlI-V

mechanically stacked solar cells.

Chapter 6 summaries the content of this thesis and recommends future work to further

develop the concepts presented.
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Chapter 2
High-Efficiency Multi-Junction Solar Cells

2.1 Introduction

A review of the state of art in high-efficiency multi-junction solar cells is presented in this
chapter. It starts by reviewing strategies to improve upon the performance of industry standard
GaAs based triple-junction solar cells which centre around improving the current-matching
between cells through the integration of better bandgap combinations. The chapter continues by
providing an overview of mechanically stacked solar cells which can eliminate the current
matching constraint by providing parallel connection to sub-cells. The characteristics of single-
junction Ge, GaSh, InGaAs(P) and Si solar cells which can be used to provide narrow bandgap
bottom cells under GaAs based top cells are discussed. While the potential performance of
mechanically stacked solar cells is superior to monolithic cells, the challenges preventing this
improvement being realised are outlined with particular emphasis on the resistive and optical
challenges presented. Finally attempts to provide novel bandgap combinations for triple-junction

solar cells by moving to solar cells based on lattice constants equal or close to InP are reviewed.

Throughout this chapter the thermodynamic limiting efficiency of multi-bandgap solar cells is
presented. These efficiencies are found using the ‘Detailed Balance Limit of Efficiency Method’
first presented by Shockley and Queisser [1]. The simulation procedure calculates the efficiency

of a multi-bandgap cell arrangement by considering:

o the current generated in each junction found by integrating over the solar spectrum and

assuming all absorbed carriers create an electron-hole pair
o Radiative recombination as the only loss mechanism

e Maximum power is computed by considering the voltage-current dependency with

current matching considered between junctions where required

i.e. solar cells are assumed ideal with no resistive, thermal or optical losses which are highly

dependent on cell structure and design. EtaOpt [2] is a free software program available from the
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Fraunhofer Institute which uses the detail balance limit of efficiency method to compare the
potential power output of bandgap arrangements in single or multi-junction solar cells. An outline

of the simulation procedure from [2] is given in Appendix B.

The chapter begins by reviewing the state of the art monolithic triple-junction solar cells
comprising GalnP and GaAs top and middle junctions respectively. Strategies for improving the
current matching with the bottom junction are presented. Alternative mechanically stacked
bottom cells are then reviewed namely GaSb, InGaAs, Si and Ge cells. The resistive and optical
constraints presented by mechanically stacking are reviewed. Finally recent work on InGaAlAs
based triple-junction cells is reviewed. These cells aim to improve the current matching in series

connected triple junction cells by considering alternative lattice constants.

2.2 GaAs based multi-junction solar cells

Current production multi-junction solar cells for terrestrial concentrating photovoltaic (CPV)
systems comprise the mature GalnP/Ga(In)As/Ge lattice matched material system. The ultimate
efficiency of this configuration is restricted by the non optimal 1.9, 1.39, 0.67 eV bandgap
combination [3] and the current matching requirement for monolithically interconnected
junctions. The large current produced in the low-bandgap Ge junction is wasted as the device
current is restricted to the lowest produced by any of the junctions in the series connected device
while the narrow bandgap material contributes a low voltage. Figure 2.1 outlines the detailed
balance limit of efficiency of a monolithic or mechanically stacked GalnP/GaAs/narrow-bandgap
triple junction solar cell as a function of the bottom cell bandgap. In the monolithic configuration,
a bottom cell bandgap of 1.04 eV produces the largest voltage that also matches the current
produced by the top two junctions leading to a peak efficiency of 53.6%. If the bottom junction is
individually contacted, as in a stacked formation, a higher efficiency can be achieved as the
photocurrent response increases with decreasing bandgap. A peak of 58.6% is achieved with a
bandgap of 0.7 eV as the voltage of narrower Eg materials becomes too low. The troughs in
efficiency are due to ozone and moisture absorption in the solar spectrum which significantly
reduces the incident intensity at certain wavelengths. The photovoltaic performance of GaAs
based triple-junction solar cells can be improved by the monolithic integration of a ~ 1eV bottom

junction or the integration of a separately contacted bottom cell.
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Figure 2.1: Detailed balance efficiency for the AM1.5d spectrum under 500 Suns concentration of a

triple-junction solar cell with a GalnP/GaAs (1.9/1.41 eV) top cell and a series connected bottom cell

(dashed line) or independently contacted bottom cell (solid line) as a function of the bottom cell Eg.

The junction temperature for the model was 300 K. The peak efficiency for each cell type is highlighted

as a red dot.
The current state of the art triple-junction solar cell for concentrating photovoltaics is produced
by Solar Junction and incorporates a ~ 1 eV bottom junction using dilute nitride I11-V materials
[4]. The dilute nitride GalnNAs material system can be lattice matched to GaAs by adding In and
N to GaAs at a ratio of 2.7 to 1 allowing access to lattice matched bandgaps in the 1.4 — 0.7 range
[4] (Figure 2.2). The only details of this cell design are given in the solar cell efficiency tables but
list a GalnP/GaAs/GalnNAs triple-junction material system with an efficiency of 44% under

concentration as measured at the NREL test facility [5].
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Figure 2.2: Bandgap (300 K) versus lattice constant for a range of semiconductor materials and
alloys. The lattice matched GalnP/GaAs/Ge triple junction cell is highlighted with blue dots. The
bandgap and % lattice mismatch to GaAs for In,Ga;_,As are shown as well as the range of bandgaps
available for the GaInNAs material system.

Metamorphic (MM) compositionally graded buffer layers are grown in order to combine lattice-
mismatched junction materials in monolithic multi-junction solar cells. Threading and misfit
dislocations caused by strain must be contained to these graded layers in order to reduce the
density of defects in the junction region of devices. Dislocations will cause a drop in efficiency
due to increased nonradiative recombination [6]. Spire have developed a bi-facial growth process
to integrate lattice-matched GalnP and GaAs materials with lattice-mismatched Ing 35Gag esAS [7].
In this growth sequence the GalnP and GaAs top and middle junctions are grown lattice matched
to a GaAs substrate; An Ing35GagesAs bottom junction is grown by flipping the wafer post growth
of the top two junctions and growing on the back side using step graded In,Ga;.,As layers. As
absorption in the GaAs substrate will reduce the photoresponse of the InGaAs cell; N-type
substrates with low doping are used as they are known to suffer less free carrier absorption losses
than other doped GaAs substrates [8]. The bi-facial growth method for triple-junction solar cells
has produced photovoltaic conversion efficiencies of 42.3% under 343 suns, however, the
commercial potential of this technology is questionable due to the cost of growing the relatively

thick (5.8 um) layers required for the InGaAs cell. While this system has achieved high
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performance the potential of an separately contacted In,Ga;As bottom junction with a lower

bandgap remains greater and forms the focus of this thesis.

Current matching can also be achieved in GaAs based triple-junction cells on Ge substrates by
increasing the In content of the top two junctions thus reducing their bandgaps. Guter et al. grew
step-graded Gay.,In,/As buffer layers on active Ge substrates altering the In content from 0%
(lattice matched to Ge) to 17%. A 65% In content Ga;«In.P top junction is grown as the top cell
resulting in 1.1% lattice constant mismatch between the top two cells and the host substrate
producing a triple-junction bandgap combination of 1.67, 1.18 and 0.67 eV. The generation of
defects is contained in the 1400 nm thick graded-structure leading to a high performance device
where the bandgap combination produces a high 16.4 mA/cm? photocurrent density under one-
sun illumination and has a photovoltaic conversion efficiency of 41.1% under 454 suns [3].

2.3 Heterogeneous integration of solar cells through
mechanical stacking

The primary difficulties in advancing the performance of monolithic multi junction solar cells
beyond that of an optimised triple junction device are providing an optically transparent, low
resistance and reliable ohmic contact between the required lattice mismatched alloys for optimum
spectrum splitting in a cost-effective way. Mechanically stacked solar cells offer alternative
routes to multi junction solar cells that can reduce these constraints through additional terminals
to the cells which make up the stack. Typically a GaAs solar cell or the well established lattice
and current matched GalnP/GaAs dual junction solar cell is grown on a GaAs substrate and
stacked above a separately fabricated lower bandgap cell. An additional terminal to the low
bandgap bottom junction removes the constraint of current matching as the extra current is not
wasted in series connection. This fabrication route removes the need for step-graded buffer layers

or an ohmic contact between the middle and bottom junctions.

Given the constraints of monolithically integrating cells, mechanical stacks have received
renewed interest from the PV community. Currently the state of the art multi-junction solar cell is
a 4J series connected GalnP/GaAs-InGaAsP/InGaAs solar cell [9]. The cell is fabricated through
direct bonding of dual-junction cells on GaAs and InP substrates with a peak efficiency of 44.7%

at Suns.
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2.3.1 Materials

Figure 2.1 shows that 0.7 eV is the optimum bandgap, for highest conversion efficiency, for the
bottom cell stacked under a dual junction GalnP/GaAs top cell. This bandgap corresponds closely
to a number of candidate materials, namely Ge, GaSb and GagssIngssAs which have
corresponding bandgaps of 0.67 eV, 0.72 eV and 0.74 eV at 300 K, respectively. A local
maximum is seen for the bottom cell at 0.95 eV which can be achieved with GagsIng75AS0.54P0.46
and is close to the bandgap of Si (1.1 eV) solar cells which have also been used owing more to

their low cost compared to compound semiconductor devices.

Figure 2.3 is a graph of the open-circuit voltages achieved by the state of the art narrow bandgap
cells stacked under GaAs or GalnP/GaAs top cells under 1 sun illumination. To compare the
performance of each material the bandgap-voltage offset at open-circuit voltage (W, is also
shown [10]. As the open-circuit voltage of a solar cell is directly linked to the materials bandgap;
W, offsets are a useful comparison of the experimental and theoretical performance of single

junction cells and are calculated as shown in Equation 2.1.

Eg
I/Voc (V) = 7 - VOC (2-1)
While InGaAs and InGaAsP cells have been stacked with W, offsets of < 0.4 V, the offsets for

Ge and Si devices are greater, showing there is potential for improvement in solar cells made

from Group IV materials.
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Figure 2.3: The open-circuit voltage, measured under 1 Sun AM1.5G conditions, of the state of the
art single-junction narrow bandgap cells stacked under GaAs or GalnP/GaAs top cells (black
diamonds). Also shown is the Bandgap-Voltage offset (W,) of the cells (blue open circles) and the
bandgap of the material (solid line). Note a measured value for a GaSb cell was unavailable [11]-
[14].

Figure 2.4 is a plot of the short-circuit current densities of the state of the art narrow bandgap
cells stacked under GalnP/GaAs or GaAs solar cells under 1 sun illumination. Also shown is the
expected photocurrent density of an ideal solar cell with 100% EQE for photons with energy
greater than the material bandgap, calculated for the AM1.5G spectrum cut-off at 880 nm (i.e. the
spectrum transmitted by a GaAs based solar cell). The offsets between the state of the art and the
ideal are given as a percentage of experimentally measured to ideal short-circuit current density
and show the photocurrent offset increases with decreasing bandgap except for the state of the art
Si device. A probable cause of this is the broader spectrum of photons the top cell must be
transparent to as the bandgap is decreased. Reflection at the front surface of the GaAs based top
cell and the interface between the top cell and bottom cell contribute a significant loss to the
measured photocurrent density. The reduction of these reflection losses is more easily achieved
over a narrower wavelength range, e.g. 880 - 1305 nm (InGaAsP), than for a broader 880 — 1860
nm range (Ge).
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Figure 2.4: The short-circuit current density, measured under 1 Sun AM1.5G conditions, of the
state of the art single-junction narrow bandgap cells stacked under GaAs or GalnP/GaAs top cells
(diamonds). Also shown is the photocurrent density of an ideal solar cell with 100% EQE as a
function of bandgap (solid-line) for the AM1.5G spectrum for A > 880 nm. The ratio of the
measured short-circuit current density to the ideal photocurrent density is also given (open circles)
(8], [11]-[14].

The following sections discuss the reasons for the bandgap-voltage offset and the < 1 ratio of
actual to theoretical short-circuit current density for narrow bandgap bottom cells fabricated from
Ge, GaSb, InGaAs(P) and Si and stacked under GaAs based top cells.

2311 Ge

While the bandgap of Ge is close to optimum for sub-cell use under a GaAs device the
performance of such cells is constrained by the low voltages achieved. Front surface passivation
is critical as dangling bonds lead to high surface recombination, S, and a drop in the voltage
produced by devices [15], [16]. The problem is further complicated by the need for thin emitter
layers as most photons are absorbed near the cell surface leaving the junction close to this
recombination zone. In monolithic triple junction solar cells GaAs passivates the n-Ge surface but
additional techniques are required for stand-alone Ge cells. IMEC have developed a PECVD
amorphous-Si layer deposition process which can reduce S to < 20 cm/s on lowly doped (2x10*
cm’®) p-Ge wafers [17], [18]. The combination of an a-Si layer and metal contact formation on the

front surface is challenging due to surface cleaning requirements for high passivation which are
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restricted by the metal used and the lack of an a-Si wet or dry etch with high selectivity on Ge. A
diffused contact is realised where metal is patterned and deposited on the a-Si layer and a heat
treatment process used to diffuse this metal through the layer to contact Ge [17]. This innovative
method allows surface cleaning using methods suitable for good passivation but does not require
a-Si layer patterning. This has led to Ge cells with an efficiency of 7.8% with an open-circuit
voltage of 268.7 mV and a Fill Factor of 62.4% under 1-Sun conditions (AM11.5G). Such Ge
cells have been stacked with a thin GaAs top cell using a Dow Corning epoxy (DC 93-500) to
form a mechanical stack with a 1-sun (AM1.5G) conversion efficiency of 25.1% where the Ge
cell contributed 1.9% [14].

2.3.1.2 GaSb

The use of GaSb infrared converters for mechanical stacks and thermophotovoltaics has been
pioneered by the IOFFE institute. Their work concentrates on the use of relatively low-cost liquid
phase epitaxy and Zn diffusion to produce 0.72 eV cells [19]. An n-GaSb layer is grown
epitaxially on a heavily doped n+ substrate in order to provide a high quality GaSb crystalline
material into which a p-layer is formed through Zn diffusion. The use of a high quality crystalline
epitaxial n-type layer increases the carrier diffusion length in the n-GaSh material and improves
the IR response as the long wavelengths absorbed deep in the device are collected making them
suitable for stacking under GaAs top cells. An efficiency of 6.2% at 290 suns was achieved for a
GasSb cell under a GalnP/GaAs top cell giving a maximum stack efficiency of 35% under 50 suns
concentration [8]. The Fraunhofer institute have also fabricated Il1-V solar cells using liquid
phase epitaxy (LPE). Their LPE GaSb cell, initially developed as an IR converter for
thermophotovoltaics [20], was combined with a MOCVD GalnP/GaAs solar cell to produce a
stack with an efficiency of 33.5% at 308 suns [21]. A CPV module incorporating GaAs and GaSh
LPE solar cells was fabricated with an efficiency of 21.3% [22].

2313  InGaAs(P)

InGaAs (53% In) grown lattice matched to InP has a bandgap of 0.74 eV at 300 K. Sumitomo
Electronic Industries have developed an MOVPE growth process to prepare InGaAs solar cells.
The cell structure consists of a n-on-p configuration owing to the larger minority carrier diffusion
lengths in p-InGaAs [23]. The longer lifetime for electrons in the p-type base layer leads to a low

reverse saturation current and higher open-circuit voltages but at the expense of short wavelength
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response owing to the reduced lifetime in the n-type emitter. Cell performance was maintained
over large areas with a 5 x 5 cm? InGaAs cell stacked under a GaAs cell to produce a tandem cell
efficiency 28.9% under 1-sun AM1.5G conditions [11]. The IOFFE institute have applied their
liquid phase epitaxy technology to lattice-matched InGaAs cells on InP [24]. The cell structure is
grown inverted on an InP substrate (i.e. the emitter layer is grown before the base layer), and the
GaAs-InGaAs stack formed with the InP substrate between the InGaAs epitaxy structure and the
overlying GaAs stacked solar cell. This allows the n-type InP substrate to act as an extremely
thick lateral conduction layer and removes the need for grid lines on the front of the InGaAs
device. The reduced shading area increases the photo response with an EQE of 97.5% achieved at
1.2 um. The devices achieved a photovoltaic conversion efficiency of 7.4 — 7.35% between 500 —
1000 suns (wavelengths < 880 nm were absorbed by the InP substrate) showing the potential
benefit of narrow bandgap InGaAs solar cells [25]. This thesis will utilise a narrow bandgap
InGaAs cell to form a mechanically stacked solar cell. While the bandgap-voltage offset [10] of
the state of the art device is low, the photocurrent produced allows room for improvement.
Strategies to reduce optical losses due to reflection or parasitic absorption are presented as well as
a solar cell structure which is designed for near-infrared absorption.

Yamada et al. have grown single junction Gag,slng7sASes4Poss (0.95 €V) solar cells lattice
matched to InP for use as the bottom junction in a stacked GaAs-InGaAsP cell [12]. A stacked
cell performance of 31.1% under 1-sun AM1.5G conditions for 1 cm? cells was achieved through
improved growth conditions for the InGaAsP cell which reduced defects at InGaAsP-InP hetero-

interfaces reducing surface recombination and improving short wavelength response.

Lattice-matched monolithic dual-junction InGaAsP-InGaAs (0.95 and 0.74 eV at 300 K) solar
cells have been developed as low bandgap series connected cells for use in multi-junction solar
cells [26]. An efficiency of 7.9% has been achieved for 1-sun conditions under a GaAs filter [27].
Steiner et al. used three terminals to remove the current matching condition allowing thicker
junctions to be grown for improved photo response and less sensitivity to spectral variations. The
cell, designed for use in a spectrum splitting module [28], achieved 10.2% under 1-sun conditions
and 11.9% under 45 suns under an 871 nm filter [29].
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2314 Silicon

The 1.1 eV bandgap of Si at 300 K results in a low photocurrent when stacked below GaAs based
devices but because of their availability and low cost Si devices are used in mechanical stacks to
provide a cost-effective efficiency boost. Si solar cells have typically been combined in stacks by
using the back point contact Si cell thus allowing epoxy bonding [30]. A more interesting
arrangement involves the use of a Si solar cell as a cost-effective carrier for an epitaxial lift off
I11-V solar cell [31]. The 100% difference in thermal expansion co-efficient between GaAs and Si
provides a constraint to use in high concentration systems as the stress between the layers at
elevated temperatures may lead to cracking of the thin GaAs cells.

The monolithic integration of 111-V solar cells with Si is of interest as its 1.1 eV bandgap is close
to the desired 1 eV value for the bottom junction in triple junction monolithic multi-junction solar
cells. The Fraunhofer Institute have bonded a GalnP/GaAs dual junction solar cell to a Si solar
cell [32]. An etch stop/bonding interface layer is used to selectively remove the GaAs substrate
and the GalnP/GaAs cell bonded to the 1.1 eV Si solar cell at room temperature thus avoiding
stresses caused by the 100% difference in thermal expansion coefficients. A conversion
efficiency of 20.5% under 1 sun illumination was achieved where cell performance was limited
by the low photocurrent produced by the Si junction which should be overcome by thinning the
top cells. The resistance of the interface lead the performance under concentration to peak at 71

sun illumination (efficiency = 23.6%).

2.4 Mechanical Stacking

The stacking methods used to form multi-junction solar cells from individual cells need to
overcome the constraints of ohmic resistance, optical losses (through interface reflection,
increased metal shading, substrate absorption and a lack of broadband anti-reflection coatings),

heat sinking, thermal expansion and cost.

2.4.1 Ohmic resistance

The resistance of multi-junction solar cells is of critical importance when used in concentrating
systems owing to the high currents of up to 7 A/cm? produced as power losses scale with module

resistance (P = RI?). For series connected devices the main source of power loss is the front
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contact where a balance has to be found between percentage shading and series resistance [33]. In
mechanically stacked solar cells, the packaging of individual devices in a stack introduces
additional resistive elements which may contribute a more significant power loss than the front
contact. These include lateral conduction layers used to provide both contacts on one side of the
device, metal holders or in the case of wafer bonding, the direct bond interface. Figure 2.5 is a
simulated iso-efficiency plot of a GaAs single junction solar cell as a function of concentration
(suns) and internal series resistance (ohms). For high concentration operation (> 100 suns) a
series resistance of less than 0.01 ohms must be achieved in order to not significantly degrade
device performance.
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Figure 2.5: Simulated photovoltaic conversion efficiency of a single-junction 1 cm? GaAs solar cell
under concentration as a function of series resistance. The simulations were carried out using PC1D
[34] for a 250 nm p-GaAs emitter (2x10® cm™®) and 3500 nm n-GaAs base (3x10"" cm™) layers.

Metal Holders

Initial approaches to stacking low bandgap subcells underneath GaAs based solar cells used metal
holders which held the cells in proximity, as in Figure 2.6 (a). Typically Cu structures acted as
both electrical contacts and heat sinks. The doped substrates of the solar cells act as lateral
conduction layers which are of adequate thickness to contribute < 0.01 Q to the series resistance
of the cells. Andreev et al. combined a GaAs top cell, which is highly transparent to near infrared
radiation (400 um thick, n-type (1x10* cm®)), with their inverted structure IngssGag.47As bottom

cell using a copper holder [24]. The holder contacts the edge of the back of the GaAs device on
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one side and the edge of the InP substrate (which faces the sun) on the other. While these systems
are bulky they are to date the most favourable route for producing mechanical stacks for
operation under concentration. Bett et al. used a Cu holder to combine GalnP/GaAs-GaSh solar
cells in a system whose performance peaked at 308 suns with an efficiency of 33.5% [21]. The
drawback of these systems is the significant reflection loss at the air gap interface between the
cells and absorption in the top cell substrate. Removing heat from the top cell is also difficult as
the Cu heat sink is only in contact with the edge of the back of the cell rather than the whole back

surface leaving a narrow path for heat conduction.

Top Cell
Bottom Cell

Top Cell

Top Cell Top Cell
Bottom Cell Bottom Cell

(c) {d)

Figure 2.6: Mechanical Stacking strategies: (a) Metal holders (b) Epoxy bonding of solar sells (c)
Direct semiconductor bonded solar cells (d) Grid metal bonding.

Epoxy Bonding

Combining solar cells through epoxy bonding (Figure 2.6 (b)) leads to increased packaging
resistance owing to the complex contacting schemes required for the cells. Polyimide dispersed
with Indium Tin Oxide (ITO) particles has been used to bond Si and amorphous Si cells [35]. ITO
particles with an average diameter of 20 um were mixed in Polyimide and spin-coated onto the
cells where the ratio of the thin-film area occupied by particles was 10%. Post bonding, the
connecting resistivity between the cells was 2.3 Qcm? with the optical interface being 80%

transparent in the 500 to 1000 nm wavelength range. The connecting resistivity of the 20 um
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conducting adhesive is too high for concentration operation as it would contribute an internal
series resistance of 0.43 Q to a 1 cm? cell. When electrically insulating epoxies are used to bond
cells, contacts are typically provided on one surface of each cell. This requires the growth of
lateral conduction layers or using the substrates for current spreading which leads to optical losses
due to free-carrier absorption. Alternatively, metal fingers can be patterned on the back side of
the GaAs device [36]. While this maintains a low series resistance the increased number of

lithography steps increases fabrication costs.

Direct Semiconductor Bonding

Direct semiconductor to semiconductor bonding (Figure 2.6 (c)) produces monolithic series
connected devices where the key challenges are the production of large area void free bonds with
suitably low ohmic resistance and high optical transparency. Tanabe et al. first demonstrated a
direct bonded GaAs-InGaAs tandem solar cell where the bottom cell was grown lattice-matched
to InP while the upper cell is grown inverted and lattice-matched to a GaAs substrate with this
substrate removed post bonding [37]. The device had a low series resistance of 0.12 Qcm? at the
interface with a 10% absolute decrease in the spectral response of the bottom InGaAs cell. The
open-circuit voltage of both cells was maintained post bonding showing the process did not
significantly damage the crystal layers nor were there a high number of defects at the interface.
While the resistance of the bonded interface is low enough for 1-sun operation it is an order of
magnitude too large for concentrating photovoltaics. The large ohmic resistance at the bond
interface has led further research into direct bonded devices to focus on large area solar cells for
space applications which operate under 1-sun conditions (AMO0) where four and five junction

solar cells have been produced [38].

Grid Bonding

To reduce the resistance of bonding interfaces intermediary bonding layers are under
investigation. Aiken et al. realised Au-Ge eutectic bonds of perpendicularly orientated grids with
specific resistivity of 0.014 Qcm™ [39]. The air-cavity created by this bond type results in high
reflection losses at the interface which Lin et al. overcome by using a GalnP or SiO, filler layer
[40]. 1 um of GalnP is grown as the final layer of an inverted GalnP/GaAs solar cell.
Photolithography and a selective wet etch are used to create a grid pattern in the optical coupling
layer. Metal contacts are deposited on the GaAs contact layer in these etched regions. The grid

contacts deposited on the back of the GaAs device are aligned and eutectic bonded to the grid
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contacts on the top of the InP based bottom cell as outlined in Figure 2.6 (d). While the bonded
grid-metal provides the mechanical strength between cells the GalnP layer is grown to the same
height as the expected bonded metal thickness thus providing complete optical coupling post
bonding as GalnP provides excellent index-matching between GaAs and InGaAs. The most
complex device produced has been a GalnP/GaAs tandem cell bonded to an InGaAs bottom cell
with an open circuit voltage of 2.7 VV demonstrating sufficient electrical coupling although this is
less than the open circuit voltages of the individual cells pre-bonding indicating some damage
occurred. Boca et al. used carbon nanotube composite thin films to provide the optical, electrical
and mechanical coupling between InP and GaAs based solar cells [41]. The minimal contact
resistance between the thin film and a 111-V material layer was too high for concentrated sunlight
applications at 0.21 Qcm? Whole wafer bonding was completed on 3” GaAs wafers and typically

yielded bond-pairs with 60% of the wafer area well bonded.

2.4.2 Optical losses

Optical losses contribute a significant loss in mechanically stacked solar cells as the wavelength
range over which the system must be designed for reduced reflection and parasitic absorption is
broad. For optimum ~0.7 eV bandgap bottom cells the relevant wavelength range extends from
300 — 1770 nm. This section outlines strategies for improving the optical performance of stacked
solar cells with particular emphasis on the photocurrent response of the narrow bandgap bottom

cell.

Substrate absorption

A significant source of optical loss in GaAs based mechanically stacked solar cells is free carrier
absorption in substrates since a portion of the photons with wavelengths greater than the bandgap
of GaAs are not transmitted to the bottom cell. Low-doped n-type substrates are commonly used
for GaAs based stacked solar cells as their absorption co-efficients are less than other doped
GaAs substrates. Hence the p-on-n structure is typically used in the GaAs cell despite the penalty
of reduced lifetime in the emitter layer. The percentage transmission of near infrared photons
(880 — 1680 nm) by a GaAs substrate as a function of thickness and n-type doping is shown in
Figure 2.7. The lowest doped 1x10"" cm™ substrate has high transmission of 96% for a substrate
thickness of 650 um. Semi-insulating GaAs substrates offer an alternative high transparency

substrates as the nominally un-doped wafers suffer negligible free carrier absorption.
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Figure 2.7: Weighted transmission of 880 — 1700 nm photons through n-GaAs as a function of
doping level and thickness as calculated using data in [42].

The typical doping of substrates used for a GaAs cell is in the 5x10*" cm™ range. A 350 pm
substrate of this doping will absorb 10% of incoming photons, incurring a significant penalty on
the photocurrent of the narrow bandgap cell. Substrates with a higher doping level can be used to
reduce resistance in the mechanical stack. If a 1x10™ cm™ substrate is used, however, the
substrate needs to be thinned to 100 um to achieve the same absorption level as a 650 um and

1.3x10*" cm™ substrate showing the balance required between resistance and absorption losses.

In order to eliminate substrate absorption the epitaxial solar cell structure may be removed from
the GaAs substrate post MOVPE growth. The epitaxial lift-off (ELO) technique [44] for GaAs
based solar cells was developed as a cost saving process which allows re-growth on the host
substrate and a saving on cell cost. An AlAs release layer is grown as the first layer before a
GaAs solar cell structure. The high Al content layer is selectively etched in hydrofluoric acid to
release the rest of the epitaxial structure from the substrate [43]. The II1-V device is typically
bonded to a handle substrate such as glass or a Si wafer or a heat sink for mechanical support.
The 1l1-V device may also be bonded to a lower bandgap solar cell to create a mechanically

stacked solar cell with low parasitic absorption losses [14], [31].

Interface reflection

The stacking of solar cells introduces a refractive index step between the semiconductor devices.

The magnitude of reflection at this optical interface is a function of the refractive index of the
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material between the stacked cells. The reflection must be reduced over a broad range of
wavelengths from 880 nm to the bandgap of the bottom cell. Figure 2.8 shows the expected
transmission of a GaAs-Interface-InGaAs as a function of interface refractive index, considering

simple Snell’s law reflection only at each interface, as averaged over the 890 — 1680 nm range.
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Figure 2.8: The average reflection of wavelengths between 890-1680 nm at a GaAs-InGaAs
interface as a function of the interface index of refraction modelled using Snell’s law. The measured
refractive indices (from an ellipsometric database) of GaAs and Ings3Gag47As in this region are
presented in the inset figure.

45% transmission is seen for an air gap (n = 1) interface owing to the significant index step
between the semiconductors and air which causes a reflection loss of ~ 33% at each interface.
The typical reduction strategy used involves grading the index between the semiconductor and air
using anti-reflection coatings optimised for near infra-red radiation transmitted through GaAs and
absorbed by the bottom cell [11]. To remove the air interface a filler medium with a higher
refractive index, such as an epoxy, is used which may also bond the cells. Adhesives which have
been proposed or used for bonding of solar cells include Dow Corning’s 93-500 Space-Grade
silicone encapsulant [14], benzocyclobutene (BCB) [44] and bolyimide [35] whose material
properties are shown in Table 2.1 as well as those of polydimethylsiloxane (PDMS) which is

investigated as part of this thesis.
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Table 2.1: Thermal and optical properties of the materials discussed for use in a bonded cell.

Nominal Linear Co-
refractive Thermal efficient of
Material index conductivity  Thermal
(800 — (W/mK) Expansion
1650 nm) (ppm)
Dow Corning 93-500 1.41 0.146 3000
Polydimethlysiloxane 141 0.2 310
Benzocyclobutene 1.54 0.29 42
Polyimide 1.78 0.146 13
GaAs 34 55 5.73
Ing 53Gag 47AS 3.6 5 5.66
InP 3.45 68 4.6

Bonding the cells with polyimide (n = 1.78) will reduce the reflection losses to 21% without any
additional grading from an AR coating, while silicone based polymers such as DC93-500 and
PDMS create an interface with a reflection loss of 35%. Direct semiconductor bonding leads to
the highest transmission but at the expense of increased resistance in the cell [37]. This thesis
focuses on the use of BCB as a high refractive index epoxy, in conjunction with dielectric anti-
reflection coating layers, to reduce the reflection between the bonded cells while allowing the

fabrication of low resistance contacts to the bottom cell.

Broadband anti-reflection coatings
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Figure 2.9: Simulated front surface reflection at normal incidence from a GaAs solar cell with a
double-layer SiO,/ZnS anti-reflection coating.
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Broadband anti-reflection coatings are required for multi-junction solar cells as the terrestrial
solar spectrum extends from the UV wavelength range to the near-infrared. Double-layer anti-
reflection coatings (DLARC) such as ZnS/MgF are adequate for use in GalnP/GaAs/Ge multi-
junction solar cells as the requirement to reduce reflection above 880 nm is reduced as the Ge
junction produces an excess current which is wasted in the series connected device. A small (10 —
15%) reflection loss at wavelengths > 880 nm does not reduce the Ge cell current below the
matched value of the top two junctions. Therefore they have become the standard in production
cells. Figure 2.9 shows the modelled reflection from a ZnS/SiO, DLARC optimised for the front
surface of a GaAs solar cell in a tandem stack. While reflection can be reduced to < 4% across the
GalnP/GaAs absorption wavelengths (400 - 880 nm) the double layer system is limited in the
spectrum over which reflection will be reduced. The photocurrent of any additional junctions, as
with a narrow bandgap InGaAs cell, is reduced. Anti-reflection coating systems with more than
two dielectric layers have been proposed [45] and are likely to become common in future multi-
junction cell architectures. The most common strategy to improve the broad reflection
characteristics of coatings is to vary the index of an applied coating in order to grade from that of
the cell encapsulant (n ~ 1.4) to the semiconductor material, theoretically reducing reflection to
zero across all wavelengths [46]. As conventional or dielectric materials with this required range
of indices is not available the use of materials of varying porosity is being pursued [47]. As the
index changes with porosity in these coatings various deposition methods are being developed
[48]. It remains to be seen if these nanoscale systems can survive the packing and operation

conditions of multi-junction solar cells.

2.4.3 Reduced optical losses through Spectrum Splitting

Spectrum splitting systems combine individual solar cells in a multi-junction combination by
splitting the incident solar radiation into bandwidths and directing the relevant portion onto solar
cells of relevant bandgaps. As outlined in Figure 2.10 optical elements such as dichroic mirrors or
prisms are used to split the incoming radiation onto component sub-cells. Splitting the incoming
radiation onto each component cell removes the reflection losses at the interface between stacked
cells and absorption in the substrates. The first experimental multi-junction solar cell was an

Alg24Gag 76As-Si spectrum splitting module which incorporated a dichroic filter [49].
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Figure 2.10: Spectrum splitting solar cell concepts (a) A dichroic mirror is used to reflect long
wavelengths onto the narrow bandgap cell while higher energy photons are transmitted to the Wide
Eg cell (b) A prism splits the relevant bandwidth range of photons onto each component sub-cell.

The Very High Solar Cell Efficiency (VHESC) program is a research consortium led by the
University of Delaware which aims to integrate high performance solar cells and optics to achieve
greater than 40% solar module efficiency. The group is looking to combine high bandgap (2.4
eV), GalnP/GaAs, Si and low bandgap (0.9 and 0.75 eV) solar cells in a spectrum splitting
concentrating module [50] using dichroic mirrors. The provision of high reflectance dichroic
mirrors is well understood but producing high transmittance over large bandwidths remains a
challenge for PV systems which incorporate low bandgap cells. A module efficiency of 38.5%
under 20 suns concentration using a dichroic mirror and GalnP/GaAs and GalnAsP/InGaAs solar
cells has been achieved [51]. This performance compares very well to other CPV module
efficiencies which normally lie in the 25-30% range for 500x systems although the higher
concentration ratios put these systems in a different design space. Their measured cell efficiency
includes optical losses due to packaging and concentration not typically given for state of the art
multi-junction solar cells. While the promise of these systems remains high their optical
performance must be proven. The predicted reflectance is complicated by the use of concentration
optics as filters are typically designed for a 45° angle of incidence. By their use in concentration
systems there is always a divergence in the light angle incident on the filter and thus the
transmission will vary across the filter which reduces system efficiency. If low loss dichroic
mirrors can be produced reliably the cost of these systems may still be inhibitive due to the large

number of semiconductor substrates required.
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The development of well defined optical coatings has led to an increase in the complexity of
dielectric layers that can be deposited for dichroic mirrors. Grob et al. designed a PV system
incorporating a dichroic mirror which requires maximum transmission in the wavelength region
of 850 — 1800 nm at an angle of incidence of 45°. The optimised optical design incorporates 220
alternating TiO, and SiO, layers, the thickness of which ranges from 1 to 400 nm in an irregular
fashion highlighting the high tolerances required [52]. This mirror was combined with another
filter design with high transmittance at wavelengths > 1100 nm in a GalnP/GaAs, Si and GaSb
solar cell configuration to produce a measured cell efficiency of 34% under non-concentrated but
collimated direct outdoor sunlight [53].

Khvostikov et al. are looking to combine their liquid phase epitaxy solar cells in a spectrum
splitting system in order to reduce the cell cost component of the system [54]. They combine
AlgsGagsAs, GaAs and GaSh solar cells to produce a system with a module photovoltaic
conversion efficiency of 24.3% under single sun illumination.

Spectrum Splitting modules are currently the highest performing photovoltaic technology

incorporating independently contacted multi-junction solar cells as shown in Figure 2.11.
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Figure 2.11: Selected results for the efficiency of multi-junction solar cells over the last decade.
Additional references not in text: [55], [56].
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2.5 Annual Energy Yield

While this chapter compares the simulated efficiency of solar cells under standard spectral
conditions, which for a given number of junctions are typically higher for multi-junction cells
which introduce additional cell terminals, an overlooked advantage of the additional terminals is
reduced spectral sensitivity. As the time of day and year varies so does the solar spectrum
incident on a solar cell. As the the current from a series-connected cell is limited to the lowest of
any cell in the device, this varying spectrum significantly alters the efficiency of the cell and
leads to a lower annual energy output as compared to a cell with individual terminals where the
current is not constrained. Mols et al. simulated the total energy output of a triple-junction cell
under 500 Suns concentration in Las Vegas for a calendar year [57]. The 1.87/1.42/0.67 bandgap
cell’s efficiency was simulated using etaOpt. For this bandgap combination a maximum cell
efficiency of 48.7% was found for the standard AM1.5d spectrum. This reduced to a 44.3%
annual energy yield which they calculated as the ratio of total energy produced by the cell divided
by total energy incident on the cell for a given year. Providing individual terminals to each cell in
a stacked formation increased the simulated efficiency to 59.2% under the standard AM1.5d
spectrum. The annual energy yield, however, was found to be 60.1% i.e. close to the simulated

cell efficiency indicating the low losses seen as current matching constraints were removed.

2.6 Multi-junction solar cells with lattice constants equal or
close to that of InP

Monolithic multi-junction solar cells based on a lattice parameter near that of GaAs are limited in
the range of alloys accessible to match with the solar spectrum. It has been highlighted that a
move to a multi-junction material system based on a lattice parameter approaching that of InP
would offer greater potential for increasing overall cell efficiency [58]. Recently, the growth and
fabrication of an InAlAs-based solar cell on an InP substrate has been reported with a 1-Sun
efficiency of 14% [59] and this has further been extended to the demonstration of a
InAIAs/InGaAsP/InGaAs triple-junction structure also lattice matched to InP with a 1-sun
AML1.5d efficiency of 13.8% [60]. In order to further develop the feasibility of this material
system for commercial multi-junction device production, there is a justification for considering
alternatives to InP substrates given its cost, maximum available substrate diameter and
mechanical robustness, in particular when compared with GaAs or Ge. Leite et al. have proposed

a lattice matched multi-junction configuration based on a 5.807 A lattice constant. The (1.93 eV)
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InAIAs / (1.39 eV) InGaAsP / (0.96 eV) InGaAs bandgap combination has been proposed to
achieve > 51% photovoltaic conversion efficiency under 100 suns using real-world material data
[61]. A suitable substrate has been developed for lattice matched growth of this cell design using
wafer scale strain engineering [62]. The complex fabrication process, however, involves epitaxial
growth of In,Ga;,As layers, substrate removal, thin layer handling and bonding to a host

substrate which may lead to challenges during commercial development.
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Chapter 3

Simulation and design of the photovoltaic

properties of mechanically stacked solar cells

3.1. Introduction

The first half of this chapter outlines the development of an electrical and optical solar cell
modelling approach used to investigate the potential performance of Mechanically Stacked Solar
Cells (MSSC). The efficiency of solar cell and terminal configurations which avoid the need for
complex bandgap engineering or advanced epitaxy capability were evaluated. Multi-junction
solar cells consisting of AlgsGagsAs, GaAs, Si and Ings3Gag47As were considered for their ready
availability and coverage of the broad solar spectrum range. A stacked solar cell consisting of a
dual-junction AlysGag;As/GaAs top cell and separately connected Ings3Gag 47AS bottom cell was
chosen as the most suitable combination for high performance.

In the second half of this chapter adhesive bonding of the top and bottom cells to form an MSSC
was investigated as a fabrication route. The effect of an adhesive bond on the thermal and optical
performance of the stack under concentration and the subsequent efficiency drop was modelled.
BCB is proposed as a suitable adhesive to bond and form an MSSC which combined with a
suitable optical coating design minimizes interface reflection between the cells. Finally a design
specification for an MSSC combining a GaAs top cell, InGaAs bottom cell and BCB adhesive

bond interface is given.

3.2. Modelling solar cell and terminal configuration

The ideal diode equations for photovoltaics introduced in Chapter 1 were used to determine the
electrical performance of solar cells. The model is based on the semiconductor transport
properties of each material and its absorption profile. It was assumed the solar cell junction
behaves according to the ideal current-voltage relationship of a single-diode (Equation 3.3) where

bulk minority carrier lifetimes for the p and n type regions of the solar cells were used to estimate
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the recombination current density. Each absorbed photon was assumed to create one electron-
hole pair and no chmic or optical losses were considered. While these assumptions will result in
an overestimation of the performance of the multi-junction solar cells, since in practical
applications these losses are non-zero, the model can be used to assess the relative performance of

each technology.
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Figure 3.1: The absorption co-efficients of the materials considered for multi-junction solar cells. The
AM1.5d ASTM G173-03 spectrum is shown for comparison. References as in Fig. 1.7.
The light generated current per unit area, J, (mA/cm?), in a cell was determined using the AM1.5
Direct Solar Spectrum from the ASTM G-173-03 reference standard [1]. The photon flux, PF(4)
(# photons m?s™) incident on a solar cell was determined using Equation 3.1 where, 1, is the
power density (W m? nm™) of the AM1.5 direct solar spectrum at wavelength A (nm), h, is

planck’s constant and c, is the speed of light.

I,(A)
hc/2

PF(1) = AL (3.1)

The absorption profile and thickness of each material in a solar cell have been used to determine
Ji, where, a(4), is the absorption co-efficient as a function of wavelength. The absorption profiles
given in Figure 3.1 were taken from the literature [2], [3]. The light generated current per unit
area, J,, was taken as the number of photons absorbed across the entire thickness of the solar cell,

X, as in Equation 3.2 where, g, is the charge per electron.
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A=2500nm

/L=f gPF(A)(1 — e~ *Mx)A) (3.2)
280 nm

The ideal diode equation (Equation 3.3) was used to determine the photocurrent density-voltage,
J(V), characteristics of a solar cell where, T, is the temperature of the cell taken as 300 K and, Kk,

is Boltzmann’s constant.

J) =y (eFr=1) -1, @3)

In the case of a multi-junction solar cell the spectrum incident on the n™ material junction, I,, was
adjusted for absorption in the preceding materials as in Equation 3.4 where, d..1, (cm) is the
thickness of the preceding material and, I,4, is the illumination intensity incident on the previous
junction (I, =1, for the top junction).

I,(A) = Iy (W)e~ D (3.4)

The recombination current per unit area (Equation 3.5), J,, was calculated as the sum of the

contribution of the n- and p-type layers assuming uniform doping in each.

D3+Dh)

(3.5)
NyL, ' NpLy

h=qﬁ(
The intrinsic carrier concentration (n;), the minority carrier diffusion constants (D., Dy) and the
electron and hole minority carrier diffusion lengths (L., L) are calculated in the usual manner.
The minority carrier mobilities (e, un) and minority carrier lifetimes (z., ) are taken from the
literature and are given in Table 3.1.
When a number of junctions are series-connected, the current matching condition was first found
using an iterative process by varying the thickness of each junction so the contribution from each
was equal and maximised. It should be noted that this optimisation should be carried out while
considering the operating current of the device, Jupp, but in this case the light-generated current
density, J,, was used as it was deemed to be sufficiently similar to not greatly reduce the accuracy
of the model. The illuminated photocurrent-density voltage characteristics of a series-connected
multi-junction solar cell with n integer junctions were found by adding the voltages of each

junction when this matched current was present in each (Equation 3.6) where .
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vy (L ) @9

The maximum power output per unit area of a solar cell is found by differentiating the power

output function of a solar cell and setting it to zero as in Equation 3.7.

agv) _

Prax: 4 0 (3.7)

Individual solar cells in a mechanical stack configuration are connected in parallel allowing
separate load control of each cell. Therefore, the maximum power output per unit area of the
stack is the sum of the maximum power output per unit area of the individual solar cells
(Equation 3.7). The model considers solar cells connected in series and parallel, as required, and
the photovoltaic conversion efficiency for each system is derived by finding the power output of
the combined solar cells and dividing by the incident power. The photovoltaic conversion
efficiency, #, is equal to P,/Pi, where the incident power of the AM1.5d spectrum is 888 W/mZ.
The performance of each solar cell reported here were derived using the material properties given
in Table 3.1.

Table 3.1: Semiconductor material properties at 300 K [4], [5], [6], [7]. [8], [9].

Al 3Gag 7/As GaAs Si Ing 53Gag.47AS

Na (cm™) 3x10"® 5x10'® 1x10' 2x10™

Np (cm™®) 1x10" 5x10" 1x10% 3x10"

n; (cm™) 2.1x10° 2x10° 1x10% 6.3x10"
pe cm?V's?) 1984 1200 1300 12000
pn (cm?Vish) 135 250 920 300

7. () 1x10°® 2.5x10°° 6x10°® 7.5x107
T () 1x107° 7x10°® 8x10° 8x10°®

3.2.1. Monolithic device structures

The bandgap of Si (1.1 eV) is close to the desired 1 eV for better spectral splitting with the lattice

matched GalnP/GaAs material system. The performance of a 2-terminal device incorporating an
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active Si bottom junction, as shown in Figure 3.2(a), is compared to a triple-junction solar cell
with an Ing53Gag 47AS bottom junction i.e. a device consisting of a bandgap combination close to
the GalnP/GaAs/Ge material system. The benefit of inserting a fourth junction is also considered
and a Si junction is placed between the high-bandgap AlGaAs/GaAs and low-bandgap InGaAs
junctions to provide better current matching in a series connected 2-terminal configuration as
shown in Figure 3.2(c). For all series connected cells a completely transparent and ideal ohmic
contact was considered as the cell interconnect.

AlGaAs

GaAs

_—
Si

(a) (b) (c)

Figure 3.2: Triple-junction (a, b) and four-junction (c) series-connected multi-junction solar cell
configurations modelled where the interface between Si and InGaAs and the other semiconductor
materials is considered as a completely transparent and ideal ohmic contact.

3.2.2. Comparative stacked cells

Si is considered as the bottom junction under a dual junction Aly3;Gay;As/GaAs solar cell. The
performance of an MSSC with an Ings3Gag 47AS bottom junction is also analysed to compare the
performance of the 1.1 eV and 0.75 eV devices. A four-junction MSSC is also considered which
integrates both a Si and Ings3Gag47AS solar cell under a dual junction top cell in a 6-terminal
configuration (Figure 3.3(c)). The Si cell thickness is varied to find the optimum value to split the
spectrum between the two cells and give the maximum power output from these two cells

combined.
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Figure 3.3: Triple-junction mechanically stacked solar cells formed using Si (a) and InGaAs (b)
bottom solar cells and a four-junction configuration (c).

3.2.3. Modelling results

Monolithic devices

The first devices considered are monolithic 2- and 3-junction solar cells with only a 2 terminal
connection, thus the individual subcells are connected in series and the photocurrent is limited
accordingly. The photocurrent in the dual junction AlysGag;As /GaAs solar cell was matched and
maximised at 14.4 mA/cm? for material thicknesses of 0.56 um (AlGaAs) of and 3 pm (GaAs)
respectively. Subsequently, an open-circuit voltage of 2.51 V and a photovoltaic conversion
efficiency of 36.7% were determined for this cell combination, which was used as the top cell in a
number of mechanically stacked solar cell configurations; the results of which are presented in
the following sections.

A 200 pm Si substrate was considered as the bottom junction in a series connected triple-junction
solar cell. The current of the device is limited by the Si junction as the 200 um thick layer absorbs
97.1% of the transmitted photons below 1120 nm. The current matching condition for the
AlGaAs, GaAs and Si junctions was found with an AlGaAs junction thickness of 0.38 um and a
GaAs junction thickness of 1.02 pm giving a light-generated current density of 13.1 mA/cm? in
the device. This series-connected device has a relatively high open-circuit voltage of 2.89 V and
an efficiency of 41.5%.

This device was compared to a triple-junction AlGaAs/GaAs/InGaAs solar cell. The lower
bandgap material (~0.75 eV) absorbs a much higher portion of the spectrum transmitted by the
AlGaAs and GaAs material layers (97.2% of photons below 1680 nm with an InGaAs thickness
of 3.5 um) and produces a higher current than a Si bottom junction allowing thicker top and

middle junctions to be used in the device. The current through the device is limited by the
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matching of the top two junctions with the limiting current being 14.4 mA/cm?®. A combined
InGaAs emitter and base thickness of 0.48 um is required to match this current. This device has
an open-circuit voltage of 2.63 V under illumination and an efficiency of 41.3% which is
marginally less than the Si-based series-connected triple-junction solar cell. It is clear that higher
voltage Si-based triple-junction solar cells could achieve similar performance to current triple

junction devices if suitable manufacturing processes can be found.

Table 3.2: Simulated performance summary for 2-terminal multi-junction configurations.

. N Ve Efficiency
Device 2
(mA/cm?) V) (%)
AlGaAs/GaAs 14.4 2,51 36.7
AlGaAs/GaAs/Si 13.1 2.89 415
AlGaAs/GaAs/InGaAs 14.4 2.63 41.3
AlGaAs/GaAs/Si/InGaAs 13.1 3.55 45.7

The performance of a four-junction device which utilises Si as the ~1 eV bandgap between the
higher bandgap AlGaAs/GaAs materials and InGaAs was also modelled. The same current
matching condition was found to exist for the 4J cell as the Si-based 3J cell since InGaAs
strongly absorbs the spectrum transmitted by an AlGaAs/GaAs/Si device. The device produces a
photocurrent of 13.1 mA/cm?® with a combined InGaAs emitter and base thickness of 1.53 um and
gives a four-junction solar cell with an open-circuit voltage of 3.55 V. The overall efficiency is
45.7% or an increase of approximately 4% above both triple-junction cells simulated due to the
added voltage of the 4" junction.

Mechanically stacked solar cells

Assuming no free-carrier absorption in the GaAs substrate, it was found that an AlGaAs/GaAs to
Si mechanically stacked solar cell with Si thickness of 200 um has an efficiency of 43.1% under
1-sun illumination. This is an improvement over a series connected AlGaAs/GaAs/Si triple-
junction solar cell and results from complete utilisation of the current from the Si junction. The Si
junction produces a short-circuit current density of 10.4 mA/cm?. Figure 3.4 shows the

performance of this stacked Si cell as a function of its thickness. It shows that mechanically
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stacked thin-film Si solar cells will result in a significant efficiency boost even for thicknesses

below 100 pum.
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Figure 3.4: The modelled electrical performance of a Si solar cell mechanically stacked under a
dual junction AlGaAs/GaAs solar cell as a function of Si thickness.

Lower bandgap materials are more suited for the bottom cell in MSSCs where the full current
absorbed in this junction can be used if the solar cell is provided with parallel electrical contacts.
It was found that an InGaAs solar cell with a combined emitter and base thickness of 3.5 um
resulted in a simulated short-circuit current density of 27.6 mA/cm® when stacked under an
AlGaAs/GaAs dual junction top cell. Providing separate electrical connections to this junction as
in a mechanical stack results in a simulated efficiency of 46.4%. This is approximately an
absolute simulated efficiency increase of 5% over a monolithic triple-junction solar cell of the
same material system.

The performance of the bottom cell in the AlGaAs/GaAs-InGaAs configuration is given in Figure
3.5 as a function of combined emitter and base thickness. Most of the benefit provided by this
junction is achieved with a material thickness of 2 um. While a higher photocurrent density can
be achieved with greater thicknesses, the cost of growing the extra 111-V materials would need to
be considered against the performance increase. For the four-junction configuration described in

the following section, an InGaAs active absorption thickness of 3.5 um was used.
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Figure 3.5: The modelled electrical performance of an InGaAs solar cell mechanically stacked
under a dual junction AlGaAs/GaAs solar cell as a function of InGaAs combined emitter and base
thickness.
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Figure 3.6: Iso-efficiency plot of the combined Si and InGaAs solar cell theoretical efficiencies
(%) when stacked under an AlGaAs/GaAs dual junction solar cell as a function of Si (d,) and
InGaAs (d,) thickness.

The final cell configuration considered is that of an AlGaAs/GaAs-Si-InGaAs structure with a 6-
terminal connection. It is clear from Figure 3.6 that most of the efficiency boost provided to the
stack is due to the InGaAs junction. A combined efficiency of 11.5% is found for the stacked Si
and InGaAs cells using only 10 pm of Si with 5 pm of InGaAs while the same InGaAs thickness
with 500 um of Si yields a boost of 13%. The overall device efficiency using a more realistic 200

pum Si solar cell and an InGaAs active layer thickness of 3.5 um is 49% or a boost of 12.3% to the
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dual junction top cell. A summary of performance of the various multi-junction configurations is
presented in Table 3.3 below, indicating that the 4-junction 6-terminal structure gives the highest

overall efficiency of the devices considered.

Table 3.3: Simulated performance summary at 1-Sun illumination for each of the multi-junction
technologies considered for integrating 111-V and Si materials

Number of  Efficiency

Device

Junctions (%)
AlGaAs/GaAs 2 36.7
AlGaAs/GaAs/Si 3 415
AlGaAs/GaAs/InGaAs 3 41.3
AlGaAs/GaAs/Si/InGaAs 4 45.7
AlGaAs/GaAs-Si 3 43.1
AlGaAs/GaAs-InGaAs 3 46.4
AlGaAs/GaAs-Si-InGaAs 4 49

‘/> denotes current matched junctions

‘> denotes separate electrical connection

3.2.4. Efficiency versus illumination intensity

An analysis on the effect of concentration on photovoltaic conversion efficiency was carried out
by increasing the illumination intensity of the AM1.5d spectrum while assuming that the junction
temperature remained at 300 K. As this treatment of increased illumination intensity ignores the
effect increasing temperature has on resistance, Eq narrowing and stresses and strains caused by
the different thermal expansion coefficients of the materials used, the results presented are an
upper limit to performance when considering the measured absorption coefficients of each

material.
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Figure 3.7: Efficiency versus solar intensity for each of the modelled solar cell configurations.

Under ideal operating conditions where reflection and thermal losses are ignored three of the
solar cell configurations achieve greater than 50% efficiency under 500 suns concentration
namely a 2- or 6- terminal, four-junction device or a triple-junction mechanical stack with a low
Eg InGaAs bottom junction (Figure 3.7). The AlGaAs/GaAs-InGaAs stacked solar cell was
chosen as a suitable cell design to proceed with owing to its high performance and the presence of
only a single cell-to-cell interface. The rest of this chapter describes the design of an adhesively

bonded GaAs-InGaAs tandem stack which acts as a prototype for a triple-junction MSSC.

3.3. Modelling the effect of an adhesive interface on a GaAs-
InGaAs tandem stack

The model presented is further adapted to consider the effect of the optical and thermal interface
between the solar cells under concentrated sunlight. Adhesive bonding was chosen as a
fabrication route to reduce the refractive index step between the cells and provide a heat path for

the thermal load in the top cell. A GaAs-InGaAs stack design is presented in Figure 3.8.
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Figure 3.8: Outline of the prototype GaAs-InGaAs stacked tandem solar cell.

3.3.1. Reflection model

The transfer matrix method [10] is used to derive the reflection characteristics of multi-layered
thin-film structures. Each thin film is characterised by its thickness d; complex refractive index g;
= nj(A) + kj(A), the phase thickness of each layer ¢; = 2n/A.n;.d; and is represented by a 2 x 2
matrix of the form:

l

CoSQ; —Sing;
m= @i q; Yi (3.8)

igjsing;  cos@;

The complete thin-film system of N layers is associated with a matrix which is the product of all

the individual layer matrices.

. i
M= 1—[ cosQ; —szmpj (39)
j=1\iq;sing; cos<p]

The amplitude reflection factor is then given by Equation 3.10 where ¢, and gs are the complex
refractive index of the initial and final media and the reflection amplitude is given by the square

of it’s absolute value as shown in Equation 3.11.
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. GoM11 — qsM3; + i(qoqsMy2 — M3,)

_ (3.10)
GoM11 + qsM3; + i(qoqsMy2 + Ma,)

R = |r|? (3.12)

The simulated light-generated current density is derived for a solar cell as given by Equation 3.12
where R(A) is the reflection, A(}) is the non-useful absorption in preceeding layers (comprised of
absorption in dielectrics, adhesives, semiconductor substrates and window layers and accounted
using the Beer-Lambert law.), a(}) is the absorption co-efficient of the solar cell and x is the cell

thickness.

A=2500 nm
JL=q f (1-RW).(1—AW)).PFA)(1 — e~ *D*)A2 (3.12)
A=280nm

As the spectrum considered extends from the deep UV (280 nm) to the near-infrared (1685 nm)
each anti-reflection coating was optimised by maximising the current from the relevant
photovoltaic junction. The dielectric layers considered for anti-reflection coating layers were SiO,
and SiN deposited by Plasma Enhanced Chemical Vapour Deposition and ZnS deposited by e-
beam evaporation. The complex refractive index of these materials was measured using

spectroscopic ellipsometry and are presented in Figures 3.9 & 3.10.
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Figure 3.9: Measured refractive index (real-part) of the dielectric materials considered for anti-
reflection coatings.
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Figure 3.10: Measured extinction co-efficient of SiN, and ZnS dielectric layers.

While absorption (Equation 3.13) was negligible in SiO, it was found to be significant in the UV
range for SiN, and ZnS.

Ak (3.13)

3
I

The complex refractive index data compiled was used to model and optimise the transmission
into each solar cell. Any absorption in substrates, window layers or dielectrics (i.e. not in the
emitter or base layers) was considered to be outside the influence of the junction and did not

contribute to the light-generated current density, J, in a cell.

3.3.2. Front surface reflection

The first optical interface considered was the front-surface of the top solar cell. The anti-
reflection coating for this surface was optimised by considering the photocurrent produced by the
top cell only as it is the most significant contributor to the overall stack efficiency. The thin-film
structure consists of an anti-reflection coating, for which single-layers of SiO,, SiN, ZnS and a
double layer SiO,/ZnS were considered; a 40 nm AlygGag,As window layer and a final GaAs
layer. The optimised anti-reflection coatings found for a single-junction GaAs solar cell are
presented in Table 3.4.
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Table 3.4: Optimised anti-reflection coating layers (ARC) for the front surface of a single-junction
GaAs solar cell.

ARC Optimum thickness Ju
nm mA/cm?
Sio, 102 25.7
SiNy 71 25.9
ZnS 65 24.85
Si0,/ZnS 74/48 26.8

The double-layer system was found to have the highest transmission despite UV absorption in the
ZnS layer. The reflection characteristics of the ARCs are shown in Figure 3.11. It can be seen the
DLARC has the lowest reflection beyond the bandgap of GaAs although the light transmitted to a

stacked InGaAs bottom cell suffers a significant reflection loss of 5 - 15% at the front surface.
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Figure 3.11: Simulated reflection from the front surface of a single-junction GaAs solar cell for
each of the optimised ARC designs.

3.3.3. Adhesive Interface

In order to reduce reflection at the semiconductor interface index-matching adhesives were
considered as bonding agents for the solar cells as well as the optimistaion of anti-reflection

coatings for all optical interfaces in the between the cells. Three adhesives were chosen to
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investigate their suitability for optical matching layers in mechanically stacked solar sells:
benzocyclobutene, polyimide and polydimethylsiloxane. Their potential to increase transmission
at the semiconductor interface was modelled. A brief discussion on their suitability for use in cell

bonding and concentrating photovoltaic systems follows.

Benzocyclobutene (BCB)

BCB is used for low-temperature full wafer bonding in MEMS [11] and has the highest thermal
conductivity of the adhesives investigated. Spin-coated BCB acts as a planarising layer in
semiconductor fabrication and could be used to provide planar surfaces on each solar cell to
improve bond adhesion. Void free bonds have been produced between 4 Si wafer pairs at a

curing temperature of 180°C using 4 um of BCB [12]. BCB has a refractive index of 1.54 [13].

Polyimide

Polyimides are high refractive index polymers which are of interest for use in MEMS and
adhesive wafer bonding [11]. Photodefinable polyimides are available which work with standard
developers allowing patterning to provide access to metal contacts. While polyimide is highly
absorbing at wavelengths below 500 nm it is suitable for use in a GaAs-InGaAs tandem stack as
absorption between the relevant wavelength range of 880 — 1685 nm is weak. 90% void free bond
areas have been achieved for 4 Si wafer pairs at a curing temperature of 300°C [12]. Polyimide
has already been used to a form a Si to a-Si tandem solar cell [14]. It has the highest refractive

index of the adhesives considered at 1.78 [15].

Polydimethylsiloxane (PDMS)

PDMS is commonly used as a bonding agent in microfluidics [16]. It is investigated here as it is a
low cost polymeric compound which can be cured at temperatures as low as 25°C which would
result in minimal stress if used with thinned solar cells. Furthermore patternable PDMS is
available where it can be etched using dry etching techniques. It does, however, have the lowest
refractive index at 1.41 [17].
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3.3.4. Absorption of Adhesives

The absorption of each adhesive in the 880 — 1685 nm wavelength range is of critical importance
for use in the stack and was measured by spin coating BCB (1.8 um) and Polyimide (2.6 um) and
dispersing PDMS (50 um) samples on a quartz substrate and measuring the reflection and
transmission of the samples using a spectrophotometer. While absorption in polyimide and BCB
is minimal, absorption peaks were measured in PDMS at the bandgap of InGaAs as shown in
Figure 3.12. Optically, polyimide is the most suitable adhesive owing to its low absorption and
high refractive index in the required wavelength range.
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Figure 3.12: The measured absorption in PDMS.

The light-generated current density of an InGaAs solar cell stacked under a GaAs solar cell was
modelled using the optical properties of the bonding adhesives. The broadband absorption co-
efficient of an Ing53Gag 47As solar cell was used to integrate the photocurrent from the bottom cell
post transmission through a GaAs top cell and the semiconductor/adhesive interface for the
AML1.5d spectrum. Optimum single layer anti-reflection coatings were designed for between the

semiconductor and adhesive by setting narc = (ny X ny)*?

where n; was set to 3.5 to represent a
semiconductor and n, is the refractive index of the adhesive and are given in Table 3.5. The
transmission model could then be used to optimise the thickness of this ARC layer by setting the
thickness of the adhesive layer to a value where it is optically thick and Fabry-Perot fringes will
not occur (100 um was used) and varying the thickness of the ARC layer. As a top cell a 4000 nm

thick GaAs layer was considered with double layer anti-reflection SiO,/ZnS (74/48 nm) coating
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as was previously optimised. A 350 pum semi-insulating (no free-carrier absorption) GaAs

substrate is considered which is optically thick and Fabry-Perot fringes within are not considered.

Table 3.5: Optimum ARC refractive index and thickness as a function of adhesive refractive index.

Interface Optimum Optimised
. ARC -
refractive ! thickness

. refractive
index .
index
nm
141 2.22 125
1.54 2.32 120
1.78 2.5 110

3.3.5. Adhesive thickness

The thickness of the adhesive is an important parameter in the performance of the optical
coupling layers as it determines the magnitude of Fabry-Perot fringes created in the cavity. The
light-generated current density generated by the InGaAs bottom cell was modelled as a function
of the thickness of the adhesive layer. As adhesive layers are thermally resistive, a practical limit

of 10 um was chosen which was deemed achievable through spin-coating.
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Figure 3.13: The simulated light-generated photocurrent density of an InGaAs cell stacked under a
GaAs top cell as a function of adhesive and its thickness.
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As shown in Figure 3.13, while the adhesive thickness does alter the transmission characteristics
of the interface the maximum value of 99% transmission and minimum of 97.5% for a polyimide
bond is only a difference of 1.5%. This is a much smaller optical loss than is expected for
reflection at the front surface of the top cell or the absorption in any GaAs substrate. This small
difference is likely due to the broad wavelength range under consideration where the increased
reflection at certain wavelengths is mostly offset by decreases at alternative wavelengths as the
thickness is adjusted. A high tolerance to adhesive layers thickness is seen for thicknesses of > 4
um as any Fabry-Perot effects minimise.

3.3.6. Thermal modelling

GaAs solar cell

Heat load

Adhesive

InGaAs solar cell

InP Substrate

3 S S|

HEAT SINK

Figure 3.14: Outline of the thermal heat load and path for the tandem stack.

The use of adhesives to bond solar cells leads to an increased thermal resistance in the cell
structure owing to the lower conductivities of adhesives when compared to semiconductors
(Table 3.6). This is of critical importance in concentrating photovoltaic systems where the
increased irradiance leads to a high thermal load on the cells which must be dissipated into a heat
sink. A 2-dimensional analysis of the effect of the adhesive used and its thickness on the

operating temperature of the GaAs top cell in the mechanical stack was carried out.
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Table 3.6: The thermal properties of the materials considered for use in the GaAs-InGaAs tandem

stack.
Linear Co-
Thermal efficient of
Material conductivity Thermal
(W/mK) Expansion
(ppm)
Polydimethlysiloxane 0.2 310
Benzocyclobutene 0.29 42
Polyimide 0.146 13
GaAs 55 5.73
INg 53Gag 47AS 5 5.66
InP 68 4.6

A thermal efficiency co-efficient of -0.04 %/K for a GaAs solar cells has been established and is
used to determine the efficiency drop under concentration as a result of the thermal resistance of
the adhesive layer [18]. The efficiency loss due to the adhesive thermal properties was calculated
using Equation. 3.14 where, t (um), is the thickness of the adhesive layer, Q (W/cm?), is the heat
load from the cell and, k (W/mK), the thermal conductivity of the adhesive.

A% = —0.04 (%) (3.14)

The heat load in the cell was found for the AM1.5d spectrum by using the expected efficiency of
a GaAs top cell and assuming all photons with energy greater than the Eg of GaAs are absorbed.
Therefore the thermal load in the top cell is caused by the thermalisation of carriers with E > Eg.
The incident power density of the AM1.5d spectrum is 888 W/m? with 69% of this absorbed in
the top cell. Assuming a top cell efficiency of 28% under 500 suns [19] the portion of incident
spectrum converted to heat load is 41% or 18.2 W/cm® The GaAs cell efficiency decrease due to
the thermal resistance of the adhesive only is simulated. Additional thermal bridges are caused by
the use of die attach to package the cell and the thermal resistance of the heat sink itself but these
are ignored.
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Figure 3.15: Temperature increase in a GaAs top cell as a function of BCB bond thickness and cell
size under AM1.5d x500 Suns.

Figure 3.15 shows the temperature increase in the top cell as a function of adhesive thickness and
the cell size for a BCB interface. An increase of 6.3 K is expected for a 10 um adhesive layer
bonding 1 cm? cells leading to an absolute cell efficiency loss of 0.25%. A similar analysis for
Polyimide and PDMS led to temperature increases of 12.4 K and 9.1 K and absolute cell
efficiency losses of 0.5% and 0.36% respectively.

A further consideration for cells bonded using adhesive is the different thermal expansion co-
efficients of the various layers. Table 3.6 summaries the linear co-efficient of thermal expansion
values (CTE) of the semiconductors as well as the proposed adhesives. Ideally an adhesive would
have the same CTE as the semiconductors to which it is bonded as any difference will cause
stress and strain in the layers during temperature changes. The difference in CTE could cause
problems if the cells are bonded at elevated temperatures as any bond may weaken or fail during
cooling. Polyimide has the closest CTE to the semiconductors with an approximate factor of two
difference in CTE, compared with a x6 and x55 difference for BCB and PDMS, respectively.

3.3.7. Combined interface properties

The absolute efficiency loss in the bottom InGaAs cell due to reflection at the cell interface and
the loss in the top GaAs cell due to the increased operating temperature caused by the low
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thermal conductivity of the epoxy layer were combined in order to compare adhesive type and
thickness. As both losses are independent they were added and the results shown in Figure 3.16
for a 1 cm? GaAs cell stacked on an InGaAs bottom cell under 500 suns operation. The analysis
shows that for adhesive layer thicknesses of < 4 um adhesive bonds using BCB or Polyimide
perform similarly. At greater thicknesses the higher thermal conductivity of BCB results in lower
losses as heat is removed more efficiently from the top cell. Given the results of the thermal and
optical simulations, and the practical issues associated with obtaining void free layers, BCB was
selected to be used in this study. Suitable layer thicknesses in the (6 — 10) um range are
achievable through spin-coating. While thinner layers would result in higher performance,
electroplating of metal contacts is required for cells used in CPV systems in order to reduce series
resistance. Therefore, thicker adhesive layers facilitate thicker metal contacts.

Stack Efficiency Loss (A%)

Polyimide

2 | 4 l 6 l 8 l 10
Adhesive Thickness (um)

0.0
0

Figure 3.16: The overall stack efficiency losses due to the combined optical and thermal losses as a
function of adhesive bonding layer material and thickness.
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3.4. Final design and specifications
p-metal GaAs
«— ARC1
n-metal GaAs
<«— ARC2
ARC3
«<«— n-metal InGaAs
p-metal InGaAs
Figure 3.17: Schematic outline of the as designed MSSC.
Layer Material Thick. Function Fabrication Perfo.rmance
Indicator
p-metal- Ti/PUAU 30/50/200 nm Ohmic contact to emitter lithography, e- Top c_eII series
GaAs layer beam evap. resistance
. mesa etch — .
n-metal- | Au/Ge/Au/N | 14/14/14/14/1 Ohmic contact to n- lithoaranhy. e- Top cell series
GaAs i/Au 1/250 nm substrate grapny, resistance
beam evap.
. i0,: PECVD Reflecti
ARC1 | Si0jZnS 74/48 nm Broadband ARC S10z: PEC eflection
ZnS: e-beam evap. measurement
Top cell GaAs Chapter 5 PV conversion MOVPE Cell efficiency
GaAs Thin to 150 La'FeraI current_ Double-side To_p cell series
n-GaAs spreading, mechanical . resistance, NIR
substrate um polished .
support of top cell absorption
. | As EQE (i
ARC 2 ZnS 120 nm Reduce reflection e-beam evap. nGaAs EQE (in
stack)
Adhesive Reduce reflection, . . InGaAs EQE (in
BCB 6 um Flip-ch
Bond " securely bond cells 'p-chip stack)
SiN Passivate InGaAs InGaAs EQE (in
ARC 3 140 nm sidewalls, reduce PECVD stack), J, of InGaAs
(Chapter 4) .
reflection cell
p-metal- Ti/PYAU 30/50/200 nm Ohmic contact to emitter lithography, (?- Bottom cell series
InGaAs layer beam evaporation resistance
Bottom InGaAs Chapter 4 PV conversion of NIR MOVPE Cell efficiency
cell photons
InP Mechanical support of Bottom cell series
substrate InP 350 um bottom cell resistance
n-metal- | Au/Ge/Au/N | 14/14/14/14/1 Ohmic contact to n- e-beam Bottom cell series
InGaAs i/Au 1/250 nm substrate evaporation resistance
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3.5. Summary

An electrical and optical modelling approach was developed to design the optimum cell and
terminal configurations of readily available solar cells for a mechanical stack. It was shown that,
when resistive and optical losses are ignored, an AlGaAs/GaAs-InGaAs mechanically stacked
solar cell had the highest performance of the triple-junction cell combinations considered.
Furthermore this design requires the optimisation of only one cell-to-cell interface. While the
assumptions used in this analysis result in an overestimation of MSSC performance, an
AlGaAs/GaAs-InGaAs design was chosen as optimum for this study.

A comparative study of adhesives for bonding component cells in a mechanically stacked
configuration was undertaken between PDMS, Polyimide and BCB. Polyimide has the highest
refractive index and led to the highest modelled interface transmission with a PDMS interface
resulting in the lowest interface transmission owing to its lower refractive index and absorption
properties. BCB has the highest thermal conductivity of the adhesives considered and, when
combined with the transmission losses, was found to be the most suitable adhesive for bonding
cells for layer thicknesses of > 4 um.

A 130 nm refractive index of 2.32 was found to be optimum for an anti-reflection coating
between the cells and BCB layer and is to be provided by ZnS. A final GaAs-InGaAs
mechanically stacked solar cell design specification was presented which is fabricated in later

chapters.
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Chapter 4

InGaAs and InAlAs solar cell development

4.1. Introduction

Ternary and quaternary materials comprising alloys of In, Al, Ga, As and P grown lattice matched
to InP provide access to bandgaps within 0.74 — 1.47 eV which can be used in multi-junction
devices. Chapter 3 outlined the design of a Il1l-V mechanically stacked solar cell featuring a
narrow bandgap (0.74 eV at 300 K) Ings3Gags7As bottom cell. This chapter uses the well
understood optical and electrical properties of Ings3Gag47As to design a cell that has an optimum
spectral response in the 880 — 1700 nm wavelength range for sunlight transmitted through the
GaAs. Subsequently the growth of a single-junction (1J) InGaAs cell structure, lattice matched to
InP, and fabrication of devices is presented. Photovoltaic characterisation of these cells reveals a
PV efficiency of 9.3% under 1-Sun conditions with a peak in EQE response of 93.8% at 1030 nm.
The second section of this chapter describes the design, growth and fabrication of single-
junction Ings2Alg48AS solar cells. Ings,Alg48AS absorber layers can be used in solar cells lattice-
matched to InP with a bandgap of 1.47 eV (at 300 K). This bandgap is similar to that of GaAs.
The use of InAl;As as a photovoltaic material, however, has not been studied in detail.
Electrical and photovoltaic characterization was carried out on these cells in order to better
understand the material’s properties and evaluate whether InAlAs is suitable for multi-junction
cell use. Minority carrier diffusion lengths in the order of a few micrometres are extracted for
InAIAs suggesting it is suitable for a wide bandgap cell in InP based multi-junction solar cells.
Given the cost and small diameter of commercially available InP wafers, the third section of
this chapter trials the fabrication of Ings3Gags7AS and Ings,Alg4gAs solar cells on alternative
substrates, namely GaAs. As a first demonstration the lattice constant of a GaAs substrate was
graded to InP using an In,Ga,.,As metamorphic buffer layer onto which cells were grown. While
GaAs substrates are also relatively costly this is the first demonstration of InAlAs cells on
alternative substrates and the initial step towards realising InP based solar cells on Ge or Si
substrates. The photovoltaic performance of these cells is compared with those on InP substrates

in order to analyse the effectiveness of the grading layer. The solar cells on GaAs substrates were
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found to have significantly reduced minority carrier diffusion lengths as compared to those on InP
substrates attributed to defects generated in the grading layer which extend through to the

junction region.

4.2. Cell 1: Ing53Gag 47As 1J solar cells

Ino53Gag 47AS solar cells lattice matched to InP substrates are suitable as the lowest bandgap solar
cells in a mechanical stack fabricated with GaAs or GalnP/GaAs top cells. An electrical and
optical design was carried out to provide an optimum InGaAs cell response in the 880 — 1700 nm
wavelength range for sunlight transmitted through GaAs. This section begins by describing the
simulation and design of the emitter and base layers of an InGaAs solar cell. An optimum cell
structure is detailed which was grown by MOVPE and fabricated into individual cells.
Photovoltaic characterisation of these cells was carried out using a solar simulator and spectral
response kit and the results of this analysis are presented.

4.2.1. Emitter and Base region design

The emitter and base regions are to be designed to provide optimum photocurrent and voltage
responses for cells illuminated through a GaAs top cell i.e. for wavelengths > 880 nm. Lattice
matched InP (Eg = 1.35 eV at 300 K) carrier blocking window and back surface field layers are to
be included in the layer structure to reduce front and rear-surface recombination. As the bandgap
of InP and GaAs are similar (1.35 and 1.41 eV respectively) the thickness of the InP window
layer in the device has a minimal effect on the current generated by an Ings3Gag 47As cell stacked
under a GaAs cell as it is only absorbing over a narrow wavelength range (880 - 920 nm). Figure
4.1 is a plot of the simulated light-generated photocurrent density for an InGaAs cell, as a
function of InGaAs layer thickness, for the AM1.5d spectrum (888 W/m?) as attenuated by a 5
um thick GaAs layer (no reflection is considered). The expected photocurrent density is found
using the Beer-Lambert law using the wavelength dependent absorption co-efficient of
Inos3Gag47AS [1]. The attenuation of the incident spectrum by InP window layers of various
thicknesses was also modelled where any absorption in the InP layer was considered a loss. The
simulated photocurrent density in the cell drops by 0.35%, 0.8% and 3.4% for 40, 100 and 500
nm window layers respectively with an InGaAs absorbing layer thickness of 3 um. As the

window layer contributes to current spreading in the cell and reduces resistance, which increases
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the Fill Factor of the cell, it was decided to use a relatively thick 100 nm InP window as the
absorption losses are not substantial. An InGaAs base thickness of 3 um was chosen as a suitable

balance between absorption and MOCVD growth cost/time.
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Figure 4.1: Simulated light-generated photocurrent density from an InGaAs solar cell under a GaAs
based top cell as a function of InGaAs absorber layer and InP window thickness. Reflection was not
considered at any interface.

The 1D solar cell modelling program PC1D (Appendix C) was used to simulate the electrical and
photovoltaic characteristics of an InGaAs solar cell with a 3 um base layer considering a p-type
emitter layer and n-type base layer. The incident spectrum considered was AM1.5d with the
power from any incident wavelength below 880 nm set to zero to replicate the solar spectrum
transmitted through a GaAs-based top cell. This gives an available incident power density of 293

W/m?. An overview of the typical simulation parameters used is given in Table 4.1.

Firstly the effect of emitter thickness and doping on device performance was simulated. Three
emitter layer thicknesses were considered namely 50, 100 and 150 nm while the base doping level
and thickness were fixed at 3x10"" cm™® and 3 pm respectively. The highest simulated open-circuit
voltage was achieved using a 50 nm emitter layer with a maximum of 381 mV for a doping level
of 1.5x10"® cm™ (Figure 4.2). A 100 nm emitter layer results in similar open-circuit voltages to a

50 nm layer for doping levels less than 1.5x10"® cm™®.
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Table 4.1: Overview of parameters of InGaAs cell used for simulation in PC1D.

Parameter Value

Band gap (Eg) 0.74 eV

Intrinsic carrier concentration (300K)  6.3x10™ cm™®

Dielectric constant 13.9

Max electron/hole mobility 12000/300 cm?/Vs
Window doping, depth 1x10* cm™, 100 nm
BSF doping, depth 1x10% cm™, 40 nm
Front/Rear surface reflection 0%

Front-surface recomb. 100 cm/s
Rear-surface recomb. 100 cm/s

InP substrate doping 2x10* cm™ (n-type)

0.38

0.37

Open-circuit Voltage (V)

0.36
| | ~®s50m | = 0 N7
| —@—400nm| = . e aNe ]
[ —A—A50nm | e e e |
03 t——r———rr—y " ——————
1E18 1E19

Emitter dopant carrier concentration (cm™)

Figure 4.2: Simulated open-circuit voltage of a p-on-n InGaAs solar cell as a function of emitter
doping level.
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The open-circuit voltage of a p-on-n InGaAs solar cell as a function of the base doping level was
simulated (Figure 4.3). As the doping level in the base is increased the open-circuit voltage
decreases due to the reduction in diffusion length from 7.9 pm (3x10*" cm®) to 5.9 pm (9x10*
cm®). The effect of emitter thickness (p-type, 2x10™ cm™®) on the open-circuit voltage is also
shown. For the highly doped emitter it was found thinner layers are more suitable with a practical
limit of 200 nm chosen for the InGaAs cell.
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Figure 4.3: Simulated open-circuit voltage of a p-on-n InGaAs solar cell as a function of base
doping level.

4.2.2. Optimised cell structure

The final cell design used in this thesis is summarised in Table 4.2. Firstly a highly doped n-type
InP buffer layer is grown that also acts as the back-surface field. A 3100 nm thick Ings3Gag47AS
absorbing region employing a 3000 nm thick n-type (3x10*’ cm™) base and a 100 nm thick p-type
(2x10"® cm™®) emitter layer is provided. The 100 nm window layer is grown before a final layer of
highly p-doped (1x10* cm™) InssGao47As cap layer to reduce the resistance of the front p-
contact. This cell structure was grown using MOVPE by colleagues in the Tyndall National
Institute.
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Table 4.2: Nominal layer structure of the single-junction InGaAs cell grown by MOVPE.

Layer Material Doping Thickness
cm? pm
Cap p** IngssGags7As  1x10%° 0.25
Window p"InP 2x10% 0.1
Emitter p* INg53Gag7AS 2x10% 0.1

Base N Ing 53Gag 47AS 3x10Y 3

BSF/Buffer n** InP 1x10* 0.5
Substrate n-InP 1-4x10"® 350

4.2.3. Cell Processing

5 mm x 5 mm InGaAs solar cells (Metal grid coverage = 9.8%) were fabricated using standard
photolithographic techniques (Figure 4.4). A p-contact (Ti/Pt/Au, 30/50/200 nm) front surface
grid pattern and back-side blanket metalisation n-contact (Au/Ge/Au/Ni/Au, 14/14/14/11/250 nm)
were deposited by e-beam evaporation. The metals were annealed in forming gas (1.5 sccm - 5%
H,:95% N,) at 420°C for 5 minutes to reduce contact resistivity. A HsPO4:H,0,:H,O wet etch,
selective over InP, was used to remove the absorbing Ings3Gag47AS cap layer in the window
region. Inductively Coupled Plasma (ICP) etching with Cl,/CH,/H, was used to isolate the
devices [2]. A 140 nm thick film of SiN was deposited on the front surface of the cells to provide
a single-layer anti-reflection coating and to passivate the mesa sidewalls. The SiN layer was

opened over the contact busbars by CF, plasma etching to allow electrical probing of the cells.
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Figure 4.4: Outline of the as processed InGaAs solar cell with the SiN ARC/passivation layer
highlighted.

4.2.4. Photovoltaic characterisation

Following design and fabrication of individual cells, the PV characteristics of the cells were
analysed. The photocurrent density-voltage of an InGaAs cell measured in a solar simulator
(Appendix A) for 1-Sun conditions (AM1.5G, 0.1 W/cm?) is given in Figure 4.5 and summarised
in Table 4.3. The measured open-circuit voltage of the solar cells under 1-Sun conditions was
0.352 V. The low short-circuit current density of 38.2 mA/cm? is due to parasitic absorption in the
100 nm thick InP window layer and the design of the anti-reflection coating for IR photon

transmission. Nevertheless a 1-sun efficiency of 9.3% was achieved with a 69% Fill Factor.

Photocurrent density (mA/cm?)
)
o
\l\'\l
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Figure 4.5: Measured photocurrent density-voltage characteristics of InGaAs solar cells under 1-
Sun conditions.
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This result compares well to the state of the art [3] on p-on-n InGaAs solar cells where the
maximum efficiency they achieved was 9.4% under the AM1.5G spectrum (0.1 W/cm?). Their
cell structure achieved a lower open-circuit voltage of 330 mV but a higher short-circuit current
density of 44 mA/cm? due to the use of a 50 nm InP window layer. The same group’s work with
n-on-p structures has led to efficiencies of 12.1% under 1-Sun conditions as measured by the
Japanese Quality Assurance Organisation (JQA) owing to the open-circuit voltage of 0.4002 V
achieved by the cell design [4].

Table 4.3: Measured PV performance of single-junction InGaAs solar cells under 1-Sun (AM1.5G) conditions.

Polarity InGaAs absorbing /o Jsc FF  Efficiency

layer thick.
um mV  mAlcm* % %
This work p-on-n 3.1 352 38.2 69 9.3
Matsubaru et al. ("98)  p-on-n 35 330 44 66 94
Yamada et al. (’05) n-on-p 34 400 45.14 66.9 12.1

The measured EQE of the cells (Figure 4.6) shows the low short-circuit current density value is
due to the design of the cell to give a large response in the 880 — 1700 nm range. The single-layer
SiN, (140 nm) anti-reflection coating was optimised for IR photon transmission with a design
minimum at 1000 nm. The reflection from the front surface of the cell was measured as less than
10% between 890 — 1700 nm but up to 30% between 460 and 700 nm. Furthermore the expected
absorption in the thick 100 nm InP window layer is shown. The expected EQE of the InGaAs cell
design was simulated using the theory described in Chapter 1. The expected diffusion lengths of
15.3 and 7.9 um in the emitter and base regions respectively gave good agreement with the
measured data (Figure 4.6) when combined with a front and rear surface recombination value of

1x10* cm/s.
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Figure 4.6: Measured EQE of the stand-alone InGaAs solar cell as well as the measured reflection
from the front surface and the simulated absorption of the AM1.5G spectrum in a 100 nm InP layer.
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4.3. Cell 2: Ings5,Alp45As 1J solar cell

Inos52Alg48AS grown lattice matched to InP is a direct bandgap material of 1.47 eV at 300 K and is
the widest direct bandgap binary or ternary I11-V material that can be grown lattice matched to
InP. It is of interest to the photovoltaic community as it provides an alternative to the well
established GaAs solar cell but at an alternative lattice constant, although InAlAs is not well
understood as a photovoltaic material. As material properties such as minority carrier diffusion
length, expected surface recombination and minority carrier mobility are not readily available for
this material, the following section outlines the fabrication of single-junction Ings,Alg4sAS solar
cells which were analysed to probe the material’s photovoltaic characteristics and gauge its
suitability for use in multi-junction cells based on alternative lattice parameters to that of GaAs.
The following section describes the cell structure and fabrication followed by PV, electrical and
material characterisation used to draw conclusions on the suitability of InAlAs for multi-junction
solar cells.

4.3.1. InAlAs cell structure

An IngsAlg4gAs single-junction solar cell was grown by MOCVD with a layer structure as
outlined in Table 4.4 and as follows: firstly, an InP buffer layer was grown and this was followed
by an 800 nm thick absorbing region employing a 500 nm Ings,Alg 4sAs n-type (4x10" cm™®) base
layer and 300 nm p-type (3x10*® cm™®) emitter layer. The emitter and base doping levels were
chosen as typical for p-on-n 111-V solar cells. A thin (20 nm) p-type (1x10" cm™®) wide-bandgap
(1.85 eV) IngzsAlgesAs window layer was then grown as an electron blocking front-surface field
window layer which also introduces strain into the device owing to this materials smaller lattice
constant than the rest of the I11-V materials used. This has been previously shown to reduce
surface recombination velocity in single-junction Ings,Alg4sAs solar cells while maintaining high
photocurrents as the thin layer of wider bandgap material results in low parasitic absorption [5].
Figure 4.7 is a TEM image of this 20 nm layer and shows no defects. Finally a highly p-doped
(2x10™ cm™®) lattice-matched Ings3Gag47As cap layer was grown to reduce the resistance of the

front p-contact.
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Table 4.4: Layer structure of the single-junction InGaAs cell grown by MOVPE.

Layer Material Doping Thickness
cm? pm
Cap p** Ings3Gag 47As 1x10% 0.2
Window p* Ing.35Alg g5AS 1x10™® 0.02
Emitter p* INg.5,Alg 4gAS 3x10%® 0.3
Base N* INg.s2a10.48AS 4x10" 0.5

BSF/Buffer n* InP 5x10* 2

Substrate n-InP 1-4x10"® 350

Figure 4.7: Cross-sectional TEM image of the strained Ing 35Al gsAs window layer. No defects are
visible.

4.3.2. Cell Processing

Circular mesa diodes (Diameter = 1 mm, Metal grid coverage = 48%) were fabricated with
Ti/Pt/Au (30/50/300 nm) p-metal front contacts and Au/Ge/Au/Ni/Au (14/14/14/50/250 nm)
blanket n-metalisation on the back surface both deposited by e-beam evaporation (Figure 4.8).
The metal contacts were annealed simultaneously in a furnace at 420°C for 5 minutes in 5%
H2/N, (1.5 sccm) forming gas. A H3PO4:H,0,:H,0 (1:1:38, etch rate: 110 nm/min) InGaAs and
InAIAs wet etch was used to isolate the mesa devices, stopping selectively on the InP buffer
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layer. (Note: Solar cells were also fabricated using Inductively Couple Plasma (ICP) etching with
the same Cl,/CH4/H, recipe previously used to isolate InGaAs cells. These devices, however, had
much poorer electrical characteristics than those isolated by wet etching. This fabrication method,
however, should not be discounted as an optimisation of the etch recipe may lead to comparable
or better electrical characteristics). A C¢HgO7:H,0, (2:1, etch rate: 200 nm/min) wet etch which
selectively etches Ings3Gag.47AS over IngzsAlgesAs was used to remove the absorbing cap layer in
the open regions of the diodes. A 70 nm thick film of SiNy was deposited by Plasma Enhanced
Chemical Vapour Deposition on the front surface of the cells to provide a single-layer anti-
reflection coating. The SiN, layer was opened over the contact busbars using a CF, dry etch to
allow electrical probing of the cells.

SiN ARC/ p-metal
Passivation layer
,,I % Y |V Cap:

I ] = pt Ing 53Gag 485
Window: p-Ing 55Al, As
Emitter: p-Ing s;Al; 1sAS

Base: n-Ing s Al 1zAS

Bufferlayer : n* InP

n-InP substrate

\

n-metal

Figure 4.8: Outline of the as processed InAlAs single-junction solar cells.

4.3.3. Photovoltaic characterisation

The photocurrent density-voltage characteristics of the cells under 1-Sun conditions were
measured (Figure 4.9) in a solar simulator (Appendix A) in order to derive the photovoltaic
properties of the cells. The cells achieved an open-circuit voltage of 925 mV, a Fill Factor of
79%, a short-circuit current density of 9.1 mA/cm? leading to a photovoltaic conversion
efficiency of 6.6%. The low photocurrent response is due to the 48% shading loss but this
suggests that with no shading, 18 mA/cm? is possible with only 800 nm thick absorber layers
leading to a potential cell efficiency of ~ 13%. Furthermore the measured open-circuit voltage is
indicative of a high quality solar cell and proves the suitability of the material for photovoltaics.

Despite this being only the second InAlAs cell reported worldwide the difference between the
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measured open-circuit voltage and the materials bandgap is 545 mV where a difference of 400

mV is indicative of a very high quality solar cell [6].

Photocurrent density (mA/cm?)

Voltage (V)

Figure 4.9: Measured photocurrent density-voltage characteristics of InAlAs solar cells under 1-
Sun (AM1.5G) conditions.

4.3.4. Electrical and material characterisation

A key motivation for InAlAs cell fabrication is to derive material properties of these cells relevant
to photovoltaic operation so that an optimisation process can be completed and cell performance
improved. Three methods were utilised to estimate minority carrier mobility, diffusivity, lifetime
and diffusion length values for the cells. Firstly, Hall majority carrier mobility values were
measured and a conversion process used to extract minority carrier values. Secondly, the forward
biased dark current density — voltage (DJV) characteristics of the diodes were measured in order
to investigate the recombination characteristics of the cells and estimate carrier lifetime values.
Finally, the measured EQE was fitted in order to derive carrier transport properties i.e. the

diffusion lengths in p-type and n-type Ings,Alg4sAS.

Carrier mobility

The Hall majority carrier mobility of n-doped (3.7x10"" c¢m™) and p-doped (2.4x10"® cm®)
Inos2Alg48AS layers (grown separately as single layers on semi-insulating InP substrates) were
measured at 300 K as 1410 cm?/Vs and 39 cm?/Vs respectively in a Hall measurement set-up.
From this data, majority carrier diffusion co-efficients, D = ukT/q, of 36 and 1 cm?/s were

obtained for the n-type and p-type layers respectively. In order to calculate the diffusion constant
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of minority carriers in each layer an assumption must be made for the ratio of effective masses for
electrons and holes in Ings,Alg48AS. We then note that the diffusion coefficient is proportional to
1/m, m being the effective mass of the relevant carrier. This comes because D = v.L (v = thermal
velocity, L = diffusion length) and L = vr, t being the carrier lifetime and thus D = v?r. As the
thermal energy = mv%/2 results in D « 1/m. An estimate of the ratio of the effective mass of the
electrons to holes is 0.1 based on the literature for Ings,Alg4sAS [7]. We note that a similar ratio of
diffusion coefficients is used for GaAs materials [8]. Therefore the minority electron and hole

diffusion coefficients are estimated to be 10.1 cm®s and 3.6 cm®/s at these doping levels.

Minority carrier lifetime

The DJV characteristics of the cells were measured and the ideality as a function of voltage
extracted (Figure 4.10). Chapter 1 outlined the double-diode equation used to describe solar cells
in the dark. As discussed previously the reverse saturation current of a p-n junction consists of
two components, a diffusion and quasi-neutral region component, Jo;, Which dominates at high
biases and a depletion region recombination component, Jo,, which dominates at low biases with
an ideality, n, of ~2 . Two lines were fitted to the measured data to extract J,; and Jo, (Figure
4.10) which were found to be 2x10™? A/cm? and 1x10™° A/cm? respectively.

From the measured data, at higher current levels, a stronger contribution is seen from the J,; term
as the slope of the measured DJV increases i.e. the ideality decreases. As the ideality is ~2 at
higher biases, an upper bound to the open-circuit voltage achievable in this cell is found by
calculating V,. assuming recombination is dependent only on the J,, component and neglecting
the diffusion current (Equation 4.1). For Jo, = 1x10™° A/lem?, V. is calculated as 948 mV and is
only 23 mV greater than the measured V,. confirming the small contribution seen from the
additional current components. As the photocurrent density of the cell is increased through using

thicker layers the V,. should increase significantly and compare well to those found in GaAs cells.

=

e ZET n (j—z) (4.1)
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Figure 4.10: Measured dark current density-voltage of InAlAs solar cells at 20 °C (black line) and
the extracted ideality (black dashed line) as a function of voltage. The straight lines fitted to the Jo;
and Jo, dominated regions are shown as red and blue dashed lines respectively.

The value of Jo, allows an estimation to be made for the carrier lifetime in the junction region.
The depletion region recombination is described using Equation 4.2 [9], where, ni(T), is the
temperature dependent intrinsic carrier concentration, Wy, is the depletion width at zero bias

(Equation 4.3) and, =(T), is the carrier lifetime in the depletion region i.e. #(T) is the only

unknown.
_qni(T)Wy
2 =0y (4.2)
W, — ZsV (1 4 1)
e W, TN
4.3

2
n;

kT — [NyN,
WhereVo=7ln< A D)

As the effective masses of electrons and holes [7] and the bandgap of Ings,Alg4gAs are similar to
GaAs, an intrinsic carrier concentration, n; of 2x10° cm™® at 300 K was assumed. A static

depletion region width, Wy, of 76 nm was found using Equation 4.3 (assuming uniform doping
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with: p-type doping, N, of 2x10™ cm™ and n-type doping, Np, of 3x10"" cm’) assuming the static
dielectric constant value, &, of 11.48 calculated by Bouarissa and Boucenna [10]. Using this
value calculated for Wy and the measured value for J,, at 300K (the point where the dashed blue
line of Figure 4.10 crosses the y-axis), Equation 4.2 was used to calculate a t value of 12 ns for
the carrier lifetime in the InAlAs diodes. It should be noted that carrier lifetime is typically given
as a function of doping level in a semiconductor material. As this analysis used measured data
from a p-n junction, the exact lifetime as a function of doping level is not possible. The value
derived represents the lifetime in the depletion region where the carrier concentration is typically
assumed zero. A more systematic approach to determining the lifetime in InAlAs materials would
involve the growth of numerous samples of single layers of p or n doped InAlAs on semi-
insulating InP substrates. Hall mobility measurements could be used to determine the carrier
concentration in the layers and time-resolved photoluminescence could be used to measure
lifetime. Nevertheless the value of 12 ns measured is a significant result indicating the quality of
the material which compares well to values expected for p-type and n-type GaAs of similar
doping levels [11].

Carrier transport properties

The measured cell EQE is presented in Figure 4.11 as well as the measured front surface
reflection. The derived minority hole and electron diffusion co-efficients, D, the expected
Ings2Alp 4sAS absorption taken from an ellipsometric database and the measured reflection were
used to simulate the EQE response. The remaining parameters required to complete the EQE
simulation were the diffusion length and carrier lifetime in the emitter region as well as the front

and rear surface recombination velocities which are summarised in Table 4.5.
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Figure 4.11: Measured External Quantum Efficiency (blue circles) and front-surface reflection
(dashed black line) as measured for the InAlAs solar cells. The best-fit and low front-surface
recombination simulated responses are given as a blue line and dotted red line respectively.

The fitted emitter and base region diffusion lengths in the simulated EQE (Figure 4.11) are 0.71
pum and 2.08 um. While the surface recombination velocity of the rear surface was simulated as
1x10° cm/s, a greater recombination velocity at the front surface of the device, 2x10* cm/s, was
simulated despite the use of the wide-bandgap window blocking layer. This may be due to the
window layer not being thick enough to provide adequate carrier blocking or the Al in the
window layer may have oxidised before the deposition of the passivating SiN layer or
additionally the layer may have been partially etched during the cap etch process. Also shown is
the simulated EQE if the front surface recombination was decreased to 1x10° cm/s where the
maximum EQE of the cell would increase to 90%. There are many unknowns with the use of a
thin, strained and high Al content layer for the front surface field. Further analysis and
characterisation of window layers for InAlAs cells is recommended to reduce the front surface
recombination.

It is worth noting the minority carrier diffusion lengths extracted for the emitter (p-type, 3x10"
cm?) and base (n-type, 4x10'" cm) regions of the InAlAs cells of 0.71 ym and 2.08 um
respectively are shorter than those for GaAs of 14 um and 5 pm respectively for the same doping
levels. [11].

98



Table 4.5: Carrier transport parameters derived and fitted for the InAlAs solar cells.

Parameters extracted Units p-emitter n-base
from hall measurements
Minority carrlgr diffusion cm?s 101 36

coefficient
Parameters extracted
from EQE fit
Diffusion length nm 710 2080
Minority carrier lifetime ns 0.5 12
Surface recombination cm/s 2x10* 1x10°

InAlAs cell recommendations

InAlAs solar cells provide an alternative to the well established GaAs solar cells although
additional research is recommended on the following topics. The V,. measured for these first cells
was 925 mV under 1-sun conditions which indicates the high quality of the material. It is
recommended to measure the transport properties such as minority carrier diffusion length,
mobility and carrier lifetime as a function of doping level and polarity in order to enable a
comprehensive cell optimisation. Furthermore, a significant loss in carrier extraction is caused by
recombination at the front surface of the cell, as indicated by the EQE measurements at shorter
wavelengths. This recombination may be reduced by ensuring adequate carrier blocking by the
high Al content window layer. SIMS analysis is recommended to measure the actual Al content of
this layer as grown. Furthermore simulations on the bandgap difference between the emitter and
window layer would provide some insight into the recombination rates possible as a function of
Al content. While these recommendations may improve the performance of single-junction
InAlAs solar cells it is clear the material provides an alternative to GaAs cells with a 1-sun
efficiency of 6.6% measured with 800 nm absorbing layers and 48% cell shading. The next
iteration on the current cell design should utilise thicker absorbing layers and reduced cell shading

to improve the photocurrent extracted from the device.
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4.4. Advanced substrate engineering

The use of InP based solar cells provides access to a wide direct bandgap range between 0.74 —
1.47 eV for multi-junction solar cells. InP substrates, however, are more expensive and brittle
than other semiconductor substrates such as GaAs, Ge or Si. Furthermore large substrate
diameters, of high quality semiconductor material, are more readily available for the other
material types. The integration of InP based solar cells on alternative substrates is desirable to
combine the advantages of solar cells at this lattice parameter with a more commercially viable
substrate material. As a first step towards realising these cells on alternative substrates to InP,
INg53Gag47AS and Ings,Alg4sAs solar cells were grown and fabricated on GaAs substrates. An
In,Ga; xAs/InP metamorphic grading layer was used to alter the lattice constant of the host
substrate from 5.65 A to 5.87 A. Cells were fabricated on this buffer layer with the same structure
as used previously in this chapter to allow direct performance comparison. While GaAs substrates
are also relatively costly this is the first demonstration of InAlAs cells on alternative substrates
and the initial step towards realising InP based solar cells on Ge or Si substrates

4.4.1. MOVPE growth of metamorphic buffer layers

The development and growth of the metamorphic buffer layer (MBL) was carried out by
colleagues in the Epitaxy and Physics of Nanostructures group at the Tyndall National Institute.
The In,Gay,As-InP MBL was grown on a perfectly oriented (100) GaAs wafer by Metal Organic
Vapour Phase Epitaxy (MOVPE) in an Aixtron 200 MOVPE reactor. The growth was performed
with standard hydride and metalorganic trimethyl-I11 sources, at 80 mbar, with nitrogen as carrier
gas, disilane and di-ethyl zinc as doping sources. The substrate temperature, as confirmed by an
optical pyrometer, was set at 650 °C during the growth of GaAs and decreased with increasing In
inclusion in the graded structure to 620 °C for the InP cap layer. The grading of the GaAs lattice
constant to that of InP was performed over a thickness of 1 pum, by growing In,Ga;xAs up to a
value of x=53% indium using one parabolic [12] and two linear grading regions, as illustrated in
Figure 4.12, in a similar way to that reported for grading from InP to InAs [13], although without

employing surfactants effects.
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Figure 4.12: Overview of the metamorphic buffer layer growth profile. The homoepitaxial buffer
GaAs layer is followed by alloys of a continuous convex compositional gradient of the In content
from x = 0 % to 53 %. The grading comprises of three sections: first 400 nm along a parabolic
curve, then linearly, with the slope of the curve reduced for the final 190 nm. The structure is
capped with an InP layer, grown under the best growth conditions as established in [14].

4.4.2. Fabrication of IngsAlp4sAs and Ing53Gag 47AS solar cells

on GaAs substrates

The growth of the photovoltaic layers was carried out in a second stage on the MBL. The
structures follow those previously outlined in Tables 4.2 & 4.4. Cell fabrication is described
below.

InAlAs cell fabrication on GaAs substrates

InAlAs solar cells were grown on the MBL using thick absorbing layers where the 2 um highly
doped InP buffer layer acts as a lateral conductor and n-contact as the MBL is nominally un-
doped. InAlAs Solar cells (Area = 0.63 mm? Metal grid coverage = 24%) were fabricated with
Ti/Pt/Au (30/50/200 nm) p-metal front contacts. A HsPO,;:H,0,:H,0 (1:1:38, etch rate: 110
nm/min) InGaAs (cap) and InAlAs (absorbing layers) wet etch was used to make a mesa and open
regions for n-type contacting as the wet etch stopped selectively on the InP lateral conduction
layer. n-type contacts (Au/Ge/Au/Ni/Au, 14/14/14/11/250 nm) were deposited in the open
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regions using standard lift-off lithography as outlined in Figure 4.13 (a). The remaining InAlAs

processing followed that outlined previously.

Window: p-Ing 35Al, e<As (20 nm) Window: p-InP (100 nm)
Emitter: p-Ing s,Aly 454 (300 nm) - Emitter: p-Ings3Gag 47As (100 nm) .
Base: N-1ng 52 Al 4:A5 (500 nm)
Base: n-ng 53Gag 47AS (3 pm)
Lateral conduction layer: n* InP {2000 nm)
MBL MBL
GahAs substrate GaAs substrate
(@) (b)

Figure 4.13: Outline of the (a) InAlAs and (b) InGaAs solar cells structures grown by MOVPE on
MBL-GaAs substrates.

InGaAs cell fabrication on GaAs substrates

n-type contacts to the InGaAs cells were formed by dry etching (Cl,:CH4:H,) to the base region
of the device and depositing Au/Ge/Au/Ni/Au (14/14/14/11/250 nm) in the exposed regions using
standard lift-off lithography (Figure 4.13 (b)). As the exposed InGaAs sidewall is sensitive to
high temperature processing steps it was decided to contact the base region of the device, as
opposed to the InP back surface field layer, in order to reduce the sidewall area exposed to the
420°C thermal anneal carried out post metal deposition. By contacting the base region of the
device it was not possible to provide a back surface field which may result in reduced collection
of carriers near the back surface of the device. The cell area was 7.84 mm? with a p- and n-metal
coverage on the front surface of 10.8%. The remaining InGaAs processing followed that outlined
in Section 4.2.3.

4.4.3. Material characterisation

The first characteristaion step undertaken on these cells was high resolution imaging of the cell
and MBL structures to investigate the presence of defects. TEM images were taken on an

InAIAS/MBL/GaAs sample using Tyndall National Institute facilities where micro-structural
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analysis was performed using HR-TEM (Jeol 2100 transmission electron microscope; 200 kV;
double tilt holder) in conjunction with selected area electron diffraction (SAED) analysis [Note
that normally ~10% error should be accounted for due tothe electron optics of the
instrumentation]. Images were taken on a single sample and therefore a statistical analysis of the
defects present was not possible.

Figure 4.14 shows a cross-sectional TEM image of the MBL structure illustrating the initially
highly defective region near the GaAs surface (Al). The various grading layers are visible in the
image and the defective region appears to be mostly limited to the first (parabolic grading) layer,
labelled A2, where strain effects are greatest. In general, defects are seen to propagate laterally in
this first graded layer rather than threading vertically towards the upper layers of the MBL where
they would impact on the quality of the solar cell structure. Nevertheless, some defects are still
visible in the InP capping layer (A5) at the surface of the MBL, which may lead to structural

defects in the solar cell layers.

InP capping
Linear InGaAs grade 2
Linear InGaAs grade 1

Parabolic InGaAs grade

GaAs

Figure 4.14: Cross-sectional bright field TEM image of the MBL of the solar cell structure.

Figure 4.15 is a lower magnification TEM image of the complete InAlAs solar cell and MBL
epitaxial structure grown by MOVPE. High resolution images are not possible at this
magnification so the grain structure visible is not real; the image was, however, used to confirm
layer thicknesses. High resolution images of each region of the structure were taken and are given
as a ‘stitched image’. The defects visible in the MBL structure (B1) are seen to not be confined to
the graded layers. Defects extend through the 2 um InP capping and buffer layers (B2 & B3) to
the active InAlAs photovoltaic region (B4).
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Figure 4.15: Cross-sectional bright field TEM image of the complete MBL and InAlAs photoactive
region. Only partial focus was achieved at low magnification with the ‘grain’ structure visible not
real; but a clear delineation of each material layer obvious. Higher magnification stitched-images
show the permeation of defects through the complete epitaxially grown structure.

4.4.4. Photovoltaic characterisation of cells on the MBL

To characterize the effect of the defects revealed by TEM imaging; the photovoltaic performance
and spectral response of the cells were measured. The InAlAs cells on the MBL substrate, with a
metal shading of 24%, produced a short-circuit current density of 9.3 mA/cm?, an open-circuit
voltage of 724 mV and a 1-Sun efficiency of 5% while maintaining a high Fill Factor of 75%
(Figure 4.16).

The lower bandgap InGaAs cells had a higher short-circuit current density of 28.3 mA/cm? (10%
metal shading). An open-circuit voltage of 284 mV was achieved which with a Fill Factor of

56.1% gave a 1-Sun PV conversion efficiency of 4.5% (Figure 4.17).
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Figure 4.16: Measured photocurrent density-voltage characteristics of InAlAs solar cells on InP
and GaAs substrates under 1-Sun conditions.
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Figure 4.17: Measured photocurrent density-voltage characteristics of InGaAs solar cells on InP
and GaAs substrates under 1-Sun conditions.

4.4.5. Spectral response of cells on the MBL

The defects in the photoactive region of the devices on the MBL substrate, identified by TEM
images, reduce the open-circuit voltages and photocurrent densities as compared to cells grown
lattice-matched to InP (Table 4.6). This implies increased recombination rates and reduced
diffusion lengths. In order to analyse the drop in performance of InAlAs and InGaAs solar cells
due to the MBL; the EQE of these cells was measured and fitted (Figure 4.18). During the fitting
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process the diffusion length, carrier lifetime and front and rear surface recombination were
changed with the diffusion constant, the intrinsic carrier concentration and the dielectric constant

assumed unaltered by the increase in defects.

InAlAs cells

Significantly decreased diffusion lengths of 180 nm and 210 nm were fitted for the emitter and
base regions of the devices respectively as compared to cells on an n-InP substrate where values
of 710 nm and 2080 nm were fitted. The modelled front surface recombination velocity increased
on MBL substrates from 2x10* cm/s to 8x10* cm/s with the relatively low rear-surface value of
1x10® cm/s unchanged. The defects cause significantly reduced diffusion lengths through
increased recombination rates while the increase in the front surface recombination signifies these
defects extend completely through the device only terminating at the front surface.
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Figure 4.18: External Quantum Efficiency as measured for both the InAlAs and InGaAs solar cells
grown on GaAs (blue diamonds) and InP substrates (dotted line). The simulated response for cells
on a GaAs substrate is given as a solid blue line.
InGaAs cells

As shown in Figure 4.18 the measured EQE of InGaAs cells on the MBL are significantly
reduced when compared to those lattice-matched to an InP substrate. An emitter diffusion length
of 800 nm was fitted versus 15.3 pm for InGaAs grown on n-InP. This value can be considered a
minimum as longer diffusion lengths do not significantly increase the short wavelength response

but shorter ones do lead to a decrease. The diffusion length in the InGaAs base layer reduces to

106



550 nm on the MBL versus 7.9 um on n-InP. For the rear surface recombination a relatively low
value of 1x10* cm™ is maintained on both substrate types while the front surface recombination
rate is also 1x10* cm? on both substrates. The best fit to the measured data is found by
considering the thickness of the InP window layer as a variable. By reducing the thickness below
the expected 100 nm to 70 nm a better fit is obtained for the EQE. The InP window layer
thickness was confirmed at 100 nm by SEM (not shown) suggesting the optical absorption of this
layer may be affected by the defects in the material.

Table 4.6: Summary of the 1-Sun PV performance of InAlAs and InGaAs solar cells on InP and GaAs substrates. The
fitted emitter and base region minority carrier diffusion lengths are also given.

Metal Fill . Fitted diffusion
Solar Cell ~ Substrate shading Ve N Factor Efficiency length
Emitter Base
% mV  mA/cm? % %
nm nm

InAlAs InP 48 925 9.1 79 6.6 710 2078
InAlAS GaAs 24 724 9.3 75 5 180 210
InGaAs InP 9.8 357 38.2 69 9.3 15300 7880
InGaAs GaAs 10.8 272 28.6 56.5 4.4 800 550

4.4.6. Analysis on the effect of defects on InAlAs solar cell

electrical properties

Although the exact nature of the defects in the MBL is not understood, and outside the scope of
this thesis, the reduced photovoltaic performance in InAlAs cells on the MBL was simulated by
assuming that they act as threading defects as seen in other lattice mismatched solar cells. It has
been shown previously that non-radiative recombination currents in I1lI-V solar cells,
characterised by n ~2 electrical behaviour, can be correlated with the threading dislocation
density (TDD) in the junction [15]. A shorter minority carrier lifetime increases the reverse
saturation current and reduces the open circuit voltage of a solar cell. An estimate of the TDD in

the MBL structure can be found by analysing the measured DJV characteristics of InAlAs cells
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on InP and GaAs substrates to reveal the drop in carrier lifetime caused by the integration on a

lattice-mismatched substrate.

Method

The influence of threading defects in lattice-mismatched materials on the total lifetime of carriers
in the junction, za, IS given by Equation 4.4 [15]. A contribution is seen from the defect free
dopant dependent minority carrier lifetime, zna A Second contribution is seen from
recombination at threading defects, zrpp, which reduces with increased defect density (Equation
4.5). It should be noted that it was assumed the threading defects are the dominant non-radiative
recombination mechanism and that there is no other point defect related route for recombination.
To find zrpp; firstly the total carrier lifetime, 77, in INAIAS solar cells grown on GaAs substrates
must be found. To do this the reverse saturation current density (in the dark) is assumed to be due
to recombination in the depletion region only which is a reasonable assumption if n ~2. By
neglecting any additional recombination components, an estimation can be made for the lifetime
in the junction region (Equation 4.6) and a value for zrog found. zhs iS taken as the lifetime in a
cell on a lattice matched substrate. With estimated values for i and zmax, @ Value for zpp can be
derived (Equation 4.4) and TDD estimated (Equation 4.5).
1 1 1

= + (4.4)
TTotal Tmax TTDD

4
Trpp = 73(D)(TDD) (4.5)
_qni(T)Wy (4.6)

oz ZTTotal(T)

Data extraction and analysis

Figure 4.19 compares the forward DJV characteristics of InAlAs cells on GaAs (MBL) and InP
substrates measured at 20°C. For both cell types the ideality was found to be ~2 in the expected
operating voltage of 0.7 — 1 V which indicates recombination in the depletion region and allows

the assumption that recombination is described by Equation 4.6. A linear fit to this voltage range
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for both cell types gave J,, values of 2x10® A/cm? (MBL) and 1x10™° A/cm? (InP) i.e. a factor of
50 difference.
With Jo, found, Equation 4.12 was used to solve for zi,. For INAIAs cells the maximum carrier
lifetime, a4, i.€. With no threading defects present, is 12 ns. For InAlAs on GaAs substrates; at
20°C, a J,, value of 2x10°® A/lcm? was gives a total carrier lifetime, 7y, 0f 0.061 ns. Using these
total and maximum carrier lifetime values a wrpp value of 0.062 ns was extracted. It can
reasonably be assumed that the Hall mobility measured for InAlAs cells on InP substrates does
not vary with TDD for values less than 1x10® cm™ [8]. Therefore, a D value of 3.6 cm?/s was used
to estimate the threading dislocation density in the cells with a value of 5x10° cm™ extracted.
Equation 4.1 was used to estimate the open-circuit voltage in the cells using the value
extracted for Jo,. The value was found to be 675 mV which is 49 mV less than that measured.
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Figure 4.19: Comparison of the current density-voltage measurements for InAlAs cells grown on
InP and GaAs substrates taken in the dark at 20 °C. A straight line is fitted in the 0.7 — 1.0 V region
to extract Jgp.

Conclusion on TDD analysis

The analysis proposed by Andre et al. [8] was applied here to InAlAs cells in order to gauge the
effectiveness of the MBL and estimate TDD and lifetime values in the cells. J,, decreased by a
factor of 50 for InAlAs cells on the MBL versus InP which corresponded to a measured V. of
724 mV or a reduction from the value on an InP substrate of 201 mV. The conclusion derived
from this analysis is that defects from the MBL extend into the photovoltaic layers and are of too

high a density to enable similar efficiencies to be achieved as those on lattice matched substrates.
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While electrical analysis can indicate the range in which the density is, and an estimation of 5x10°
cm? derived, a more direct method is required to extract the exact carrier lifetimes and defect
densities on the MBL. It is recommended to review the MBL structure to reduce the number of
defects present and furthermore to concurrently investigate alternative methods to estimate the

defect density in the MBLs with a discussion on the latter in the next section.

4.4.7. Alternative TDD analysis

In order to validate the extracted values for the lifetime of carriers in IngsAly4sAs on InP and
GaAs substrates, Time-resolved Photoluminescence (TRPL) measurements were trialled. For
accurate TRPL measurements a double heterostructure should be used where the material whose
lifetime is to be measured is sandwiched between two wider bandgap regions [16]. These wide
bandgap regions confine carriers excited by the incident laser beam to the InAlAs region by
providing a barrier to transport into the substrate and to the front surface where surface
recombination will occur. Without these wide bandgap layers the PL decay measured cannot be
definitely described as characteristic of the InAlAs layer only. As Ings;Alp4AS is the widest
bandgap binary or ternary material, that is also lattice matched to InP, the growth of wide
bandgap layers on either side of an InAlAs layer is not possible (A suitable quaternary material
was not available in the Tyndall National Institute). Single layers of InAlAs were grown on InP
substrates and TRPL measurements taken but significant responses were measured for the
substrate regions which led to difficulties in extracting accurate lifetime measurements for InAlAs
only. Quasi-steady-state photoconductance [17] offers an alternative measurement technique
which may be applicable. Samples are irradiated by a quasi-steady-state source and
photoconductance measured for the sample. As the creation and recombination of carriers must
balance in steady state an analysis is completed to extract the lifetime of the carriers where this

technique has been applied successfully to GaAs and GaN wafers [18].

A direct physical method of quantifying the TDD in a semiconductor layer is by direct
observation. Etch pit density measurements involve the selective removal of epitaxial layers from
a semiconductor structure to the layer of the device where the defect density is to be measured. A
plan image of the layer is taken using SEM and the number of defects counted for a given area.
This number is then extracted to give a cm™ value. For InAlAs layers a HsPO4:H,0,:H,0 (1:1:38,
100 nm/min) wet etch was used to completely remove the InAlAs layers to the expose the MBL
(Figure 4.20).
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Figure 4.20: SEM image of the InGaAs MBL layer after InAlAs removal by wet etching. The
‘defects’ are directly visible and were used to estimate the defect density in the MBL.

A large number of ‘defects’ appear as dots in SEM images taken on these samples. The number
of defects was counted in a series of 1 um x 1 um areas for a number of images with a value close
to 100 consistently counted. This gives a density of 1x10™ cm™. If what is directly observed is
threading defects then this method derives a value that is two orders of magnitude greater than
that found through electrical analysis of the junction. It should be noted, however, that the images
taken were of the MBL layer which is presumed highly defective and not all of these defects may
permeate through to the junction of the solar cell. Furthermore, pattern transfer is possible during
the wet etching process where defects which are not directly in the MBL layer may be visible in
the SEM image due to the wet etch transferring an image of them. For these reasons this method
of TDD estimation was considered less reliable although it does suggest the density is higher in
the MBL than in the solar cell itself as expected.

An additional method of direct observation is through the use of TEM imaging. A region of
the defective material can be imaged and the number of defects present counted. This allows an
estimation to be made for the number of the defects present throughout the material to be
extracted. As our TEM analysis was completed on only one sample and over a small region it was
decided not to use TEM images to estimate the TDD in our material. Observing the number of
defects over a large area and a large number of samples would allow the estimation of the TDD in
MBLs for solar cells.
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4.5. Summary

InGaAs solar cells, to form the bottom cell in a I11-V mechanically stacked solar cell, have been
designed and characterised. Compared to the state of the art single-junction InGaAs cells as
presented in [2] and [6], the lower photocurrent density can be attributed to absorption in the
relatively thick InP window layer and the design of the anti-reflection coating for the 880 — 1700
nm wavelength range. The lower open-circuit voltage, as compared to Matsubaru et al., | attribute
to their use of a n-on-p configuration which leads to longer diffusion lengths in the 3.4 um thick
base region. Nevertheless, given the narrower spectrum for which the InGaAs cell in this chapter
was designed, a 1-Sun conversion efficiency of 9.3% compares well to their result. Furthermore a
maximum EQE of 93.8% was measured at 1030 nm as desired for light transmitted through
GaAs.

InAlAs cells were designed and characterised to determine the PV characteristics of this material
relevant to multi-junction cell fabrication. The extracted minority carrier diffusion lengths of 710
and 2080 nm for the emitter (p-type 3x10'® cm™) and base (n-type 4x10'" cm?) layers are
adequate for use in monolithic cell formation and compare to 14 um and 5 um for equivalently
doped GaAs layers. Furthermore, fabricated cells had a PV efficiency of 6.6% using 800 nm thick
absorber layers under 48% metal shading showing the promising potential of the material. The
measured open-circuit voltage of 925 mV is close to the state of the art for an InAlAs cell under
1-Sun conditions. Single-junction cell performance can be improved by using a thicker base layer
to absorb more photons, reduce grid-metal shading and using a double layer anti-reflection
coating to reduce reflection across a broader wavelength range. Additionally, a more
comprehensive understanding of the carrier transport properties of InAlAs as a function of doping
level and polarity is needed to design an optimised junction to increase the power produced.

An In,GayAs-InP metamorphic buffer layer has been used to grow InAlAs and InGaAs
solar cells, at the lattice constant of InP, on GaAs substrates. The decrease in performance as
compared to control cells on InP substrates has been attributed to defects in the MBL as observed
in TEM images. The defects were observed to extend through the grading layer and into the
photoactive region of the cells with an electrical analysis used to extract a density value of 5x10°
cm’, although alternative methods are recommended to confirm this value. The defects resulted
in reduced minority carrier diffusion lengths in the cells where the values for cells on GaAs
substrates was an order of magnitude lower than those on InP substrates. Further work is required

to improve the MBL quality to reduce the density of defects that extend into the device.
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Chapter 5

BCB-bonded GaAs-InGaAs mechanically stacked
solar cell

5.1. Introduction

The design concept for a GalnP/GaAs-InGaAs mechanically stacked solar cell (MSSC) has been
outlined in Chapter 3 and the characteristics of InGaAs cells fabricated on InP substrates were
presented in Chapter 4. As a first demonstration of this stacked cell system single junction GaAs
and InGaAs solar cells were used to form prototype MSSCs fabricated through BCB bonding.
This chapter introduces single-junction GaAs solar cells fabricated for use in this MSSC. It
continues by discussing the material properties of BCB relevant to stack fabrication and provides
experimental justification for the use of BCB to improve the optical transmission of the solar cell
interface. Finally a process outline for BCB-bonding of cells is provided and the performance of
GaAs-BCB-InGaAs MSSCs are presented.

p-metal GaAs

<«— n-metal InGaAs

p-metal InGaAs

Figure 5.1: Schematic outline of the fabricated GaAs-InGaAs stacked solar cell as designed in Chapter
3.
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5.2. Single-Junction GaAs Solar Cells

Mechanically stacked solar cells have traditionally been considered an expensive route to multi-
junction solar cell production given the numerous semiconductor substrates used and additional
fabrication costs. Recent research into these devices, however, has tended to focus on cost saving
techniques for MSSC production. With advances in epitaxial-lift-off thin-film 111-V cells and
substrate re-use [1]; these top cells can be bonded to narrow bandgap bottom cells which provide
mechanical support while also increasing the efficiency of the multi-junction device. Thin-film
top cells based on GaAs have been used to form dual-junction GaAs-Ge cells with an efficiency
of 25.1% [2] and triple-junction GalnP/GaAs-Si stacked cells with an efficiency of 27.3% [3]
both measured under 1-Sun conditions. This stacked cell fabrication route provides the greatest
possibilities for efficiency gains and cost-savings as the dual challenges of I11-V substrate cost
and light absorption in substrates are tackled. This thesis uses a single-junction GaAs top cell,
which was fabricated for use in a prototype MSSC.

5.2.1. GaAs cell design

A single-junction GaAs solar cell was designed and grown in an Aixtron Aix200/4 horizontal
MOVPE reactor. A p-on-n structure was used to reduce free-carrier absorption losses in the
substrate which are higher in p-type substrates [4]. The cell structure, grown on a double-side
polished GaAs p-type wafer (Zn-doped, N.~1x10"® cm®), is outlined in Table 5.1 and consists of
a 3 um base layer to strongly absorb wavelengths near the band edge of GaAs, a relatively thick
400 nm p+GaAs emitter layer to reduce resistance to lateral current flow increasing the Fill Factor
of devices, AlGaAs carrier blocking layers at the front (85% Al) and back (30% Al) of the
p+GaAs/n+GaAs emitter and base layers to reduce surface recombination and a highly doped p-

GaAs front contact layer.
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Table 5.1: Nominal layer structures of single-junction GaAs and InGaAs cell grown by MOVPE. Details of the as
grown structure are given in Appendix D.

Layer Material Doping Thickness
(em®) (um)
Cap p™ GaAs 8x10* 0.2
Window p* AlggsGag 15AS 1x10% 0.04
Emitter p" GaAs 2x10"® 0.4

Base n* GaAs 2x10" 3

BSF n" Aly3Gag7As 1x10% 0.04
Buffer n* GaAs 2x10"® 0.1
Substrate n-GaAs 1-4x10"® 140

5.2.2. Cell Processing

A GaAs solar cell fabrication process was developed. Both n- and p-type contacts were fabricated
on the front surface of the cell (Figures 5.2 and 5.3 (b)) to allow the use of electrically insulating
epoxy to bond the cells. n-contacts were formed by wet etching through the photoactive region of
the device and depositing n-metal on the exposed n-type substrate. A front surface grid pattern (p-
contact) was deposited by e-beam evaporation providing total metal shading by both contact types
of 11%. Wet etching was used to remove the cap layer in open regions and isolate individual cells
(0.22 cm?). ZnS and SiO, (48 and 74 nm respectively) were deposited on the front surface by e-
beam evaporation and PECVD respectively to form a dual layer ARC. To improve the long
wavelength (850 — 1700 nm) transmission of the GaAs cell; the substrate was thinned to 140 um
using a Br:MeOH solution and a 120 nm layer of ZnS (n~2.3) deposited on the back surface to act
as an anti-reflection coating between the cell and adhesive as designed in Chapter 3. GaAs solar
cells with p-metal grid contacts on the front but blanket n-metal coverage on the back surface of

the cells were also fabricated as control devices (Figure 5.3 (a)).
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5.3.

A flip-chip tool, FINEPLACER (Figure 5.4) from Finetech, was used to perform the adhesive
bonding between the cells as it allows pressure to be applied, sample heating with some

Figure 5.2: Optical image of a processed 1/4 wafer of single-junction GaAs solar cell material with
both p- (grid line and bus bars) and n-type contacts (bus bars only) visible on the front surface. An
anti-reflection coating was not deposited on this chip.
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_ Si0,/ZnSARC 7
Emitter +

Window
Emitter

Base

BSF -
|se n-metal

BSF

n-GaAs substrate

(360 pm thick)

V7

n-GaAs substrate (140 pm thick)

e |

ZnS ARC
(a) (b)

n-metal

Figure 5.3: Outline of the processed (a) control and (b) front surface contacted GaAs solar cells.

BCB Bonding

alignment. The tool had a placement accuracy of <5 um.

A limitation of this flip-chip system is its design for aligning features on the chip surfaces which
are to be brought into contact during bonding. For the MSSC, alignment was desired between the
grid metal patterns on the front of both cells, which are not the two surfaces being brought into
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contact during bonding. Therefore the alignment capabilities of the flip-chip tool were used to

align the edges of the cells only.

=
Camera/Microscope for i ] |
alignment

Lever and force application

\

(weighted)

Heating/alignment stage

Figure 5.4: Flip Chip Bonder FINEPLACER® pico MA (© Finetech 2013:
http://www.flickr.com/photos/30984232 @N02/2903755265).

BCB was chosen as the most suitable adhesive for stacking the solar cells (Chapter 3). Two
grades of BCB from the Cyclotene 3000 series dry etch resins from Dow Corning were trialled,
namely, 3022-46 and 3022-57. The difference between the resins is the volumetric ratio of solvent
(Mesitylene), although the exact volumetric ratio is not given by the supplier, Dow Corning [5].
The different solvent volume ratios allow control of the viscosity of the samples and subsequently
the film thickness versus spin speed when applied by spin-coating where 3022-57 is the higher
viscosity solution. Ideally film thicknesses of 3-5 um would be spun on the bonding surface of
each cell in order to fabricate a 6 — 10 um BCB bonding layer between the cells. 3022-46 and
3022-57 were trialled initially as they provide film thicknesses in this range using stadard spin

coating speeds, as shown in Figure 5.5.
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Figure 5.5: BCB layer thickness versus spin speed for both BCB resins considered in this study
where 3022-57 is the higher viscosity solution.

5.3.1. Phase 1: Bond Development

In order to develop a final bonding process using BCB; trials were initially carried out using Si
solar cells. 5 mm x 5 mm quartz and GaAs pieces were bonded to Si cells under various
conditions to compare the quality of the bond associated with each BCB resin and to establish the

optimum curing conditions.
a) Void free adhesive bonding process development by Quartz-Si bonding

Quartz bonding to Si solar cells (cell details given in Appendix E) allowed visual inspection of
the bond to investigate if voids formed at interface. Figure 5.8 (a) is an optical image of a typical
bond formed using 3022-46 where the higher volume of solvent requiring outgassing before and
during bonding leads to void formation at the bonding interface. A high portion of voids was
typically formed during pre-curing in the flip-chip bonder before samples were placed in an oven
for final curing. Figure 5.8 (b) is a typical image for a bond between quartz and a Si solar cell
using 3022-57 under the best established conditions of a 30 second temperature ramp-up (to 150
°C) of the BCB in the flip-chip bonder before contacting the cells for 5 minutes at 150 °C. The
lower volume of solvent in 3022-57 is outgassed during the temperature-ramp but the BCB
maintains a low enough viscosity to allow bonding of the cells. The voids evident from the

images in Figure 5.8 (b) are due to the area mismatch between the quartz piece and the flip-chip
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bonder pressure pad. In other words, the pressure applied by the flip-chip bonder (highlighted by

the blue square) did not extend to the corner where voids formed.

(@) (b)

Figure 5.6: Optical image of quartz pieces bonded to Si solar cells using (a) 3022-46 and (b) 3022-
57 grade BCB resin. In (a) the voids formed during processing are highlighted in the yellow bubble
and in (b) the region where pressure was applied by the flip-chip bonder is highlighted by a dashed
yellow square in (b).

Once a suitable process was found to ensure no bubble formation in a quartz-Si solar cell bond; Si
chips were bonded to fabricated InGaAs solar cells to ensure the same process was suitable for
bonding of two semiconductor materials. The lack of voids was confirmed by investigation of
cross-sectional optical images taken on diced cells with a typical image given in Figure 5.7.
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Figure 5.7: Optical image of a Si chip bonded to an InGaAs solar cell (post scribing to form cross-
section for imaging) used for development of the flip-chip process.

b) GaAs-Si bonding for optical measurement

Following optimisation of the bonding parameters (pressure, temperature, etc) GaAs chips (5 mm
X 5 mm, double-side polished, 360 um thick and n = 1-4x10% cm'z) were next bonded to Si solar
cells to investigate the improvement achieved in the optical performance of the cell interface
using adhesive versus an air gap. EQE measurements of Si solar cells stacked under GaAs chips
with an air gap and BCB-bonded interface were compared. To reduce reflection from the front
surface of the GaAs chips a SiO,/ZnS double-layer ARC was deposited. The back surface of the
GaAs chips were processed using one of the following methods:

1) A double-layer SiO,/ZnS (160/110 nm) ARC was deposited which was designed to
reduce reflection in the 850 - 1700 nm range: Figure 5.8 (a).

2) A single-layer ZnS ARC was deposited designed to reduce reflection between GaAs and
BCB in the 850 — 1700 nm range: Figure 5.8 (b).

The EQE for both stacks is shown in Figure 5.9, demonstrating that the response of the Si bottom
cell is improved by using an n = 1.54 interface filled versus the air gap with an optimised ARC
structure. The response of the cell stacked using BCB reaches a maximum of 52.5% at 940 nm
versus 50% for an air gap at the same wavelength (a simulated difference of 3% was expected
between the two optical designs). Also shown is the response of the Si cell under a GaAs chip
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with 130 nm ZnS on the back surface (i.e. that used for BCB-bonding) before bonding showing

the improvement post bonding.

5i0, 110 nm 5i0, 110 nm
ZnS 60 nm ZnS 60 nm

n-GaAs substrate 360 pm n-GaAs substrate 360 pm

Zn5 110 nm
5i0,; 160 nm

BCB 13 pm

(a) (b)

Figure 5.8: Outline of the two stack set-ups used to evaluate the effectiveness of BCB in reducing
interface reflection (a) a DLARC deposited on the back surface of an n-GaAs chip and (b) a single-
layer ZnS ARC and BCB bond between an n-GaAs chip and the Si solar cell.
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Figure 5.9: Measured EQE response of a Si solar cell before stacking with GaAs (black triangles)
and post stacking with an air gap (red diamonds) and a BCB bond (blue diamonds). Also shown is
the improvement pre-bonding with BCB for a single-layer ZnS ARC (green diamonds).
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5.3.2.

Phase 2: Final bonding process for MSSCs

Fabrication of the MSSC involved a five step process using the GaAs and InGaAs cells grown by
MOVPE and the BCB adhesive.

1)

2)

3)

4)
5)

The InGaAs cell was epoxy bonded to a Ni coated, patterned copper AIN submount using
HS20 Ag-loaded conductive epoxy from EpoTek.

Droplets of BCB were manually applied to the active surface of the InGaAs cell. The
GaAs top cell was attached to the InGaAs bottom cell using a Finetech Flip-Chip bonder.
Benzocucylobutene (Cyclotene 3022-57 resin) from the Cyclotene Advanced Electronics
Resins range from Dow Corning was used. It should be noted that both cells do not
employ the same metallisation pattern and some negative impact on bottom cell
performance was expected due to excess shading by the top cell metallisation pattern
since high precision grid metal alignment between the two cell types was not carried out
in this study.

The MSSC was pre-cured at 150°C under a pressure of 4 N/cm? for 5 minutes to pre-bond
and cure BCB to ~80% polymerization [6].

The bonded chips were then cured in an oven at 210°C for 2 hours.

The solar cell fabrication and packaging process was completed by wire-bonding from
the InGaAs bus bar p-contact to the patterned Ni coated AIN submount and the remaining
GaAs cell bus bars to Au-coated Si pieces mounted with electrically insulating epoxy on

the submount.

A packaged GaAs-InGaAs stacked cell is shown in Figure 5.10 (a). Optical microscope images

taken on diced stacks were used to measure the adhesive bond thickness ~ 13 um with a typical

image shown in Figure 5.10 (b).
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5.4,

The photovoltaic conversion efficiency of the solar cells were measured using a Newport Oriel
91193 series 1600 W solar simulator, where the incident spectrum was calibrated at 0.1 W/cm?
using a reference cell, and are summarised in Table 5.2 and Figure 5.11. The EQE and front
surface reflection of all cells was measured using a PVE300 Spectral Response System from
Bentham Instruments. The illumination area for EQE measurements was smaller than the cell

area. A grid metal shading loss occurs, due to the thin metal fingers only, of 3.3% for the GaAs

GaAs cell

(b)
GaAs

m BCB (12.6 um)

InGaAs on InP

Figure 5.10: Optical images of (a) the fabricated and packaged GaAs-InGaAs stacked cell, the inset
image shows the wire bonding to the cell bus bars, and (b) the BCB bond between a GaAs top and
InGaAs bottom cell post dicing.

Mechanical stack measurements

cell and 9.9% for the InGaAs cell in an MSSC.
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Table 5.2: Measured photovoltaic performance of the fabricated cells under 1-Sun conditions.

Cell Jse Ve FF n
mA/cm? mV % %
GaAs control 26.4 1023 82.5 22.3
GaAs — top contact 254 1014 79.9 20.6
InGaAs 38.2 357 69 9.3
Stacked InGaAs 19.3 339 70.7 4.6
GaAs-InGaAs - - - 25.2

Control GaAs cells with n-metal contact on the back surface of the device had an efficiency of
22.3% under 1-Sun conditions with an open-circuit voltage of 1023 mV and a short-circuit
current density of 26.4 mA/cm?. In stacked configuration, with n-contacts on the front surface, the
GaAs top cell short-circuit current density drops to 25.4 mA/cm? due to increased cell shading.
The increased current conduction path due to lateral conduction to the n-contact also increases the
series resistance of the cell leading to a drop in Fill Factor and a cell efficiency of 20.6% when
measured in a stack. A relatively high Fill Factor of 79.9% was, nevertheless, achieved by using
the 140 um thick substrate as the lateral conduction layer. The use of a SiO,/ZnS double layer
ARC reduces front surface reflection to 3.5 - 5% in the 400 — 900 nm range. Accounting for the
optical losses, the GaAs cell has an IQE of > 98% in the same range outlining the high quality of
the epitaxial material. The potential of thinned I11-V solar cells has already been established with
a GaAs cell efficiency of 23.2% [2] achieved post-substrate removal and contact formation on the
rear-surface to allow illumination of a bottom cell. These techniques should be readily applied to

dual-junction top cells allowing formation of a triple-junction stack.
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Figure 5.11: Measured photocurrent density-voltage characteristics of a control GaAs cell (closed
circles), top-contacted GaAs cell (open circles), stand alone InGaAs cell (triangles) and stacked
InGaAs cell (open triangles) under 1-Sun conditions.

5.4.1. External Quantum Efficiency

While the top cell contributes by far the largest portion of stack efficiency, high performance
bottom cells are required to provide a significant efficiency boost. The single-junction InGaAs
cells outlined in Chapter 4 had an open-circuit voltage of 357 mV when measured under 1-Sun
conditions and a short-circuit current density of 38.2 mA/cm?. The measured EQE is given in
Figure 5.12 and shows how the low short-circuit current density value measured is due to the
design of the cell to give a large response in the 850 — 1700 nm range. The expected absorption in
the thick 100 nm InP window layer is shown with a 50% loss of photons in the 400 — 900 nm
range. Furthermore, the anti-reflection coating was optimised for IR photon transmission with a
minimum measured at 1000 nm. Nevertheless, a measured 1-Sun efficiency of 9.3% was achieved
in these cells before integration in the stack. By focusing the design on wavelengths > 850 nm a
large photocurrent should be expected from this cell post BCB-bonding to a GaAs top cell and
this was found with a measured short-circuit current density of 19.3 mA/cm?. The InGaAs cell
efficiency in mechanically stacked configuration was 4.6% leading to a total 1-Sun stack
efficiency of 25.2%.
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Figure 5.12: Measured EQE (green diamonds) of the stand-alone InGaAs solar cell as well as the

measured reflection from the front surface and the simulated absorption of the AM1.5G spectrum in
a 100 nm InP layer.

The EQE of the InGaAs cell post-bonding in a stack (Figure 5.13) achieves a maximum value of
74% at 1040 nm. The decrease in response versus the initial InGaAs cell is caused by reflection
from the front surface of the GaAs cell and the BCB bonding interface which is measured as 14-
21% in the relevant wavelength range, the increased shading in the cell caused by non-alignment
of the metal grids (9.9%) and the absorption of long wavelength photons in the GaAs substrate.
As outlined in Figure 5.1 the p-contact of the InGaAs solar cell was contacted by fabricating a
smaller GaAs top cell and bonding in such a fashion as to leave a small fraction of the top surface
of the InGaAs cell exposed. This leads to an overestimation of the short-circuit current density of
the bottom cell when measuring in the solar simulator. In order to predict the photocurrent from
the bottom cell under direct sunlight an estimated value of 15.1 mA/cm? was derived using the
measured EQE and the ASTM G-173-03 AM1.5d spectrum (888 W/m?) [7].
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Figure 5.13: Measured EQE of the GaAs (blue triangles) and InGaAs (green circles) cells in
stacked formation. Also shown is the measured reflection from the stack (solid line) and the EQE of
the InGaAs cell pre-bonding (dots).

5.4.2. Optical Analysis

The EQE of the stacked InGaAs cell can be readily improved by using a thin-film [11-V top cell
where the substrate has been completely removed to reduce absorption losses, by design of
identical metal grids which are aligned during bonding and further optimisation of the reflectance
characteristics of the stacked cells. To confirm the improvement in EQE response of the bottom
cell as a function of GaAs substrate thickness an additional stack was fabricated which featured
all the same specifications as previously outlined except the n-GaAs substrate was not thinned i.e.
the n-GaAs substrate was a 360 um thick double-side polished wafer. As shown in Figure 5.14
the EQE response of the bottom cell improved by ~ 25% absolute efficiency in the 900 — 1150 nm
range with an increase from 59.3 to 74.1% at 1040 nm.

The fabricated stack did not feature the optimum anti-reflection coating scheme designed in
Chapter 3. The development of the InGaAs cell required the use of a SiNy passivation layer to
reduce non-radiative recombination losses in this cell. The refractive index of this layer, ~ 1.9 for
the relevant wavelength range, is lower than the desired 2.32. Figure 5.15 shows the expected
reflection at the cell interface only for the optimised (black line) and as fabricated (grey line)
optical layers. The simulated reflection for the as fabricated is significantly higher than for the
optimised ARCs and a result the expected short-circuit current density in the bottom cell drops by

4.3%.
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Figure 5.14: Measured EQE of an InGaAs bottom cell stacked under a GaAs top cell with a 360
um thick substrate (red circles) and a 140 pm thick substrate (blue substrates).
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Figure 5.15: Simulated reflection at the cell interface for the optimum (black) and fabricated (grey)
optical coatings. The red line is the simulated as fabricated coatings when 'wedging' is considered.

Figure 5.16 shows the measured reflection from the front surface of the stacked cell (blue line). In

order to confirm the performance of the optical model the expected reflection from the stack was
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also simulated with the closest fit shown. It was found the optical performance of the cell behaved
as if the thickness of the top cell and adhesive interface were not uniform across the cell area.
This was expected for the top cell where the wet etch thinning process is not uniform and for the
interface as the flip-chip process does result in thickness variation across the epoxy bond known
as ‘wedging’. These variations were accounted for in the model by simulating the reflection from
the interfaces for various thicknesses and averaging the results. The best fit was found for
thicknesses between 12.8 — 13.2 um across the 2 x 2 mm illumination spot with the simulated
reflection from the cell interface due to ‘wedging’ shown as a red line in Figure 5.17 with an
obvious reduction in peaks. Furthermore the measured reflection, in Figure 5.18, is 3% greater at

all measured wavelengths suggesting the 3.3% metal coverage (e-beam Ti/Pt/Au) is highly
reflective.
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Figure 5.16: Measured reflection from the front surface of the stacked solar cell (blue line). Also
shown is the simulated reflection for the fabricated optical system (black line) and the optimum
optical coating regime (purple dots).

The simulated reflectance when using the optimum anti-reflection coatings at the interface and
assuming metal shading is reduced to 0% is presented in Figure 5.18. Considering this to be the
only optical loss in the stack and assuming a thin-film GaAs based top cell with no absorption
losses, an expected short-circuit current density of 19.52 mA/cm? was determined for the AM1.5d
spectrum (1000 W/m®) using the IQE derived for the InGaAs cell in Chapter 4.
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5.5. Future implementation

For commercial MSSC production, the scalability of the bonding process is an important factor.
Wafer bonding allows the fabrication of a number of bonded cells in one process step and
facilitates metal grid alignment. A brief discussion is given here on a possible future

implementation of adhesive wafer bonding for MSSC production using BCB.

To reduce the optical losses in the MSSC, the metal patterns on all cells should be aligned. N-
contacts can be formed on the back surface of the GaAs cell using back surface alignment in a
suitable mask aligner tool. The use of a wafer bonder can facilitate the alignment of a metal grid
patterned on the backside of a GaAs cell wafer with the front contact of an InGaAs cell wafer.
This will reduce the optical losses in the bottom cell. Furthermore, if the GaAs cell is grown in an
inverted structure, the GaAs substrate can be removed post-bonding to increase the transmission
of long wavelength photons through the top cell.

The planarisation capabilities of BCB are advantageous for wafer bonding of MSSCs as the metal
contacts on the back of the GaAs based top cell and InGaAs bottom cell will have metal grid
contacts formed before BCB application and bonding (Figure 5.17 (a)).

n-metal (GaAs)

GaAs solar cell

GaAs solar cell
BCB ~ 5pum
ARC

BCB ~ 10 pm

BCB ~ 5 um

p-metal

(InGaAs)
InGaAs solar cell InGaAs solar cell

(a) (k)

Figure 5.17: Outline of BCB wafer bonding process: (a) BCB is spin coated on the back of the top
cell and front of the bottom cell at ~ 5 pm thickness providing a planar surface for bonding (b) cells
are bonded by contacting the BCB layers and curing.

For large area wafer bonding, a planar surface is required in order to ensure adequate bond
strength. For spin-coated BCB, as in Figure 5.18, the planaristaion ratio of BCB is > 95% for 4
um layer thicknesses when the width of the metal features is ~10 um. This is adequate for a

MSSC as metal grid finger width is typically in the 5 — 20 um range. Furthermore, the data given
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by Dow Corning is for metal line heights of 4 pum which is within the range expected for plated

metal contacts although metal plating was not undertaken in this thesis.
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Figure 5.18: Planarization ratio as a function of metal line width for dry etch grade BCB (3022
series). The metal line height is 4 um [5].

5.6. Summary

A GaAs solar cell design has been used to grow devices for use in an MSSC with a measured 1-
Sun efficiency of 22.3%. The cells were adapted for use with an electrically insulating adhesive
bond by fabricating both p- and n-contacts on the front surface. The increased metal shading and
reduced fill factor led to a decreased cell efficiency of 20.6%.

A flip-chip solar cell bonding process, using BCB, was developed and used to fabricate prototype
I11-V mechanically stacked solar cells. A 13 um bonding layer was fabricated between the cells
by applying an initial force of 4 N/cm? at a temperature of 150 °C in the flip-chip tool and
subsequently transferring the chips to an oven for a final cure at 210 °C for 2 hours. ‘Wedging’ in
the bond interface was found through optical imaging of the diced cells and the optical
performance of the interface as measured for the EQE of the InGaAs cell. The flip-chip process is
limited in its use for forming MSSCs as significant control of the adhesive interface properties is
difficult to achieve. The results show the potential for BCB to reduce the reflection at the cell
interface, in conjunction with thin-film anti-reflection coatings, and | would recommend trialling

adhesive wafer bonding of solar cell structures using BCB. This technology would allow the
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bonding of multiple MSSCs in one process improving scalability. Void free 4” Si wafer bonded

pairs have been demonstrated by Niklaus et al. [8].
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Chapter 6

Conclusions and Future Work

This thesis has investigated the design and application of solar cells with lattice constants equal or
close to that of InP in order to improve the efficiency of multi-junction photovoltaic devices by

reducing the constraint of current matching.

The current-matching requirement of monolithic multi-junction solar cells, which are connected
in series by tunnel junctions, restricts their ultimate efficiency. Cell architectures that increase the
portion of the solar spectrum converted to photocurrent provide one route to overcoming this

restriction.

The PV efficiency of MSSCs, formed with solar cells grown lattice-matched to host substrates,
was investigated using electrical and optical modelling. A 111-V mechanically stacked solar cell
with a separately connected InGaAs bottom cell under a GaAs based top cell was chosen as the
most suitable to pursue high efficiencies under concentration. In order to provide an optimum
response from the bottom cell, adhesive bonding was proposed to reduce the refractive index step
between the cells. BCB was found the most suitable compared to the other adhesives considered
owing to its relatively high thermal conductivity and refractive index. A single-junction InGaAs
cell was designed, grown and fabricated with a 1-Sun PV efficiency of 9.3%. The cell design was
optimised for response in the 880 — 1700 nm range for sunlight transmitted through GaAs with a
peak EQE response of 93.8% at 1030 nm. A single-junction GaAs cell design with a measured 1-
Sun PV efficiency of 22.3% was presented. As an electrically insulating adhesive (BCB) is
proposed to form MSSCs, a processing procedure was developed to fabricate GaAs cells with
both p and n-contacts on the front surface to allow electrical contacting. The increased metal
shading and reduced fill factor of the ‘top-contacted’ cell reduced the 1-Sun efficiency to 20.5%.
GaAs and InGaAs cells were successfully bonded, using a 13 um layer of BCB, in a flip-chip
process with a final combined 1-Sun cell efficiency of 25.2%. GaAs substrate absorption,
excessive metal shading and the use of a non-ideal ARC on the front surface of the InGaAs cell

reduced the EQE of the InGaAs device with a maximum value of 74% achieved at 1040 nm.
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Figure 6.1: Selected results for the efficiency of multi-junction solar cells over the past decade
including results from this thesis.

As summarised in Figure 6.1, while a cell efficiency of 25.2% is below the state of the art in

multi-junction solar cells it is comparable to other MSSC results and presents considerable room

for improvement by considering the following:

The maximum open-circuit voltage of the single-junction InGaAs cell, 339 mV, is less
than that achieved by others for InGaAs devices stacked under GaAs based top cells.
Furthermore the 1-Sun value of 352 mV is below that designed in Chapter 3 of ~380 mV.
An issue which became apparent during the fabrication of InGaAs cells is the importance
of the etch used to isolate the cells and the subsequent passivation of the sidewalls where
SiN, was used in this case. Further process optimisation is required before the maximum

open-circuit voltage for the InGaAs solar cell structure will be achieved.

The optical losses in the MSSC are higher than what can be achieved and must be
reduced. The measured reflection from the front surface of the MSSC is up to 20% in the
880 — 1700 nm wavelength range. This is higher than was designed for in Chapter 3. A
higher refractive index ARC must be deposited on the InGaAs cell to reduce reflection at
this interface, however, it must also achieve adequate passivation of the cells as discussed
above. Furthermore a significant loss is also seen from parasitic absorption in the GaAs
substrate. The use of a thin-film 111-V solar cell, with complete substrate removal, would

remove this loss but presents other processing challenges.
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e While the top cell was not the focus of this thesis it contributes the largest portion of the
final MSSC efficiency. In the current GaAs-InGaAs arrangement the top cell achieved an
efficiency of 20.5% under 1-Sun conditions. This can be improved by designing a better
metal contacting scheme which does not shade the top device but results in low series
resistance. The integration of a wider bandgap GalnP cell and subsequent tunnel junction
to provide a dual-junction top cell will further improve the efficiency of the MSSC.

e Ultimately this system will be judged by its performance under concentration which is
only worthwhile with the design of a low resistance contacting scheme. Thickening of
metal contacts must also be performed on all cells, which may present challenges for the

BCB bonding process as thicker fingers must be accommaodated at the cell/bond interface.

In a second aspect of the thesis, INAIAs cells were designed and characterised to determine the
PV characteristics of this material relevant to multi-junction cell fabrication. The extracted
minority carrier diffusion lengths of 710 and 2080 nm for the emitter (p-type 3x10™ cm™) and
base (n-type 4x10"" cm™®) layers are adequate for use in monolithic cell formation and compare to
14 um and 5 um for equivalently doped GaAs layers. Furthermore, fabricated cells had a PV
efficiency of 6.6% using 800 nm thick absorber layers under 48% metal shading showing the
promising potential of the material. The measured open-circuit voltage of 925 mV is close to the
state of the art for an InAlAs cell under 1-Sun conditions.

The lattice constant of a GaAs host substrate was graded to that of InP using an In,Ga; ,As grade
onto which InGaAs and InAlAs solar cell structures were grown by MOVPE. A significant
performance drop was found in these cells as compared to those grown lattice matched on InP
and a defect density of 5x10° cm™ was estimated to extend from the graded structure to the cells
as extracted by electrical and optical characterisation. Significant further work is required to

develop both the InAlAs solar cell and virtual substrate namely.

¢ Single-junction cell performance can be improved by using a thicker base layer to absorb
more photons, reduce grid-metal shading and using a double layer anti-reflection coating
to reduce reflection across a broader wavelength range. Additionally, a more
comprehensive understanding of the carrier transport properties of InAlAs as a function
of doping level and polarity is needed to design an optimised junction to increase the

power produced.
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e A suitable lower cost and low defect density substrate with a lattice constant of 5.87 A
must be developed. The design presented in this thesis used a relatively thin 1 um grade
which was not adequate to contain the induced strain. Possible routes to improving the
graded substrate include using thicker grading layers to better contain the strain or
trialling a GalnP grade. Ultimately, the objective of this work should be the integration of
the cell design on low cost Si substrates.

While the future work suggestions given imply significant research is required before either
technology outlined in this thesis can be fully compared to the state of the art multi-junction solar
cells, the study of high efficiency photovoltaics through mechanical stacking of solar cells based
on the InP lattice constant suggests a commercially compelling case can be made for pursuing
these cells. The work presented here demonstrates proof of concept that forming multi-junction
solar cells at alternative lattice constants to GaAs can lead to higher efficiency photovoltaics than

are currently available.
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Appendix A: Photovoltaic and Electrical characterisation

Solar Simulation

The photovoltaic conversion efficiency of the solar cells is measured using a Newport Oriel
91193 series 1000 W solar simulator with a 6” x 6” output beam (£ 3° collimation). The system
uses an ozone free Xenon short arc lamp with a beam uniformity of + 5%. An AM1.5G spectra
filter is installed in the system to produce the desired spectral characteristics. The illumination
housing provided contains the lamp, lamp ignitor, optical integrator, shutter and collimating
optics while a separate dark housing was built to contain the measurement set-up. A constant

source power supply is used to control the current level in the lamp.
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Fig. A: Layout of the lamp housing of the Newport Oriel 91193 Solar Simulator.
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Fig. B: Picture of the solar simulator.

The incident spectrum is calibrated at 0.1 W/cm? using an Oriel reference cell. The reference cell
system consists of a readout device and a 2 x 2 cm calibrated monocrystaline silicon solar cell.
The system is accredited by NIST to the ISO-17025 standard. The readout device reads solar
simulator irradiance in units of suns (up to a maximum of 3.5 suns) where one sun is equal to
1000 + 1 W/m?at 25 °C and AM1.5 Global Reference.
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Credit: www.newport.com

Fig. C: Readout meter and reference cell assembly.

Electrical measurement is completed using the 4-point probe method. A Labview VI sweeps the

bias of a Keithley 2430 which is used to measure current.

Fig. D: Picture of the inside of the dark housing showing a solar cell under test (lamp shutter closed).
The reference cell is also shown although it is placed on the adjustable stage when reading light
intensity.

Spectral Response

The Bentham PVE300 was used for the measurement of Spectral Response and Internal/External
Quantum Efficiency.
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Fig. E: Picture of the Bentham PVE300 with relevant parts labelled.

Overview of Operation

A monochromatic probe is assembled from a TMc300, 300mm focal length monochromator, with
three diffraction gratings and a dual Xenon/ quartz halogen light source, providing illumination
from 250 to 2500 nm. The dual light source is fitted with an optical chopper (10 Hz-2 kHz). The
sample under test is mounted horizontally on a mount. The monochromatic probe is made to be
incident upon the sample under test; at each wavelength the photocurrent generated by the device
is measured. The device photocurrent is contacted using standard probes and measured using a
lock-in amplifier and chopper system to remove background current. A dark housing is provided
for the system as shown in Figure G. Having measured the beam power with a detector of known

responsivity, spectral response and EQE can be directly obtained.
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Fig. F: Picture of the measurement set-up within the spectral response kit. A calibrated Si photodetector
is shown under the illuminating beam (not on). Only one probe is shown for clarity.
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Appendix B: Detailed balance limit of efficiency calculation

Simulation procedure as outlined by Letay and Bett in Reference [2], Chapter 2.

The efficiency of a solar cell with a current-voltage dependence J(V) is given by:

n= Pcell/A — Vmppjmpp
Pin/A Pin/A

1. Calculate the generation current, j,

Determine the recombination current, j,, considering radiative recombination only

3. Compute maximum power of the cell by establishing a current-voltage relationship and
considering current matching

no

For each junction in a stack, the generated current density, jg, is found using:

q (%

i.e. the number of incident photons is multiplied by the number of carrier pairs generated per
photon, keqe (unity assumed), for the complete solar spectrum where, g, is the charge per electron,
c, is the speed of light, h, Planck’s constant and, I(l), the power density of the spectrum per
wavelength. A; is the bandgap of the preceding junction (zero for highest bandgap junction) and,
Ag, the bandgap of the junction in wavelengths (A = hc/Eg). For current matched cells, jg, is found
for each junction and the cell current taken as the minimum.

The only recombination mechanism considered is radiative recombination that occurs in each cell
due to the radiation equilibrium of the cell with its environment.

) 2nq © 1
]rzm(n§+n§) E? E—qv dE
Eg exp( T ) -1

An analytical version of which is:

. 2mq
]W = h3C2

(nZ + nZ)KT[EZ + 2kTE, + 2(kT)?]

V, is the applied voltage, no (nu), is the refraction index of the medium over (under) the junction.
The factor (n2 + n2) represents the influence of total internal reflection of the escaping rays (for
a more detailed discussion of this influence see Letay and Bett).
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The current voltage dependence if found in the usual manner and the derivation of the power
equation set = 0 to find the maximum power point. The maximum power from each cell is added
to give Pgg).

qv
JV) = Jg = jo (&4 = 1) where j, = jefo/T

. dPj
p =]V:Pmpp -0 =d_j:Pcell =mepp
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Appendix C: PC1D

PC1D is a solar cell modelling programme developed by the University of New South Wales
available as a free download [Chapter 2: 34]. The programme solves the one-dimensional carrier
transport equations to simulate the performance of solar cells. A simple graphical user interface is
supplied which allows the easy set-up of the model to be solved and interfacing with the results.
Figure A is a screenshot of the input page and shows the required parameters that are entered in
the programme. The thickness, doping and carrier transport properties of the various
semiconductor layers in a solar cell can be altered. The effect of additional external parameters on
solar cell power output are considered such as reflection, cell resistances and illumination
spectrum.

& Pycell. prm - PC1D for Windows

File Device Excitation Compute Graph View Options Help

DB | &] =t a7 [S]S. | k%] 2B 2w

DEVICE Device Schematic
Device area: 100 cm?

Front surface texture depth: 3 pm E—

No surface charge

Exterior Front Reflectance: 10%%

Mo Exterior Rear Reflectance

Internal optical reflectance enabled
Front surface opticalty rough

Emitter contact enabled

Bage contact: 0.015 O

Internal conductor: 0.3 5
REGION 1

Thickness: 300 pm

Material from si.mat
Carrier mobilities from internal model
Dielectric constant: 11.9
Band gap: 1.124 eV
Intrinsic conc. at 300 K: 1x10'° cmr?
Refractive index from siinr
Absorption coeff. from =i300.abs
Free carrier absorption enabled

P-type background doping: 1.513x10' cmr3
1st front diff.: N-type, 2.87x10% cm peak
No 2nd front diffiusion
No rear diffiision

Bulk recombination: <, = 1, = 7.208 pus
Front-surface recom.: 3 model, 5, =5, = 1x10° cm/'s
Rear-gurface recom.: 5 model, 5, = 5, = 1<10° cm's

B-ro—

Fig. G: Screenshot of the parameter input screen of PC1D.

The simulation results are provided on an additional page of the programme and provide access to
temporal results such as current, voltage and power (Figure B). Spatial analysis of the various
regions in the solar cell is also provided allowing a better understanding of the device physics of
the modelled cell. Band diagrams and carrier density as a function of depth are provided as well
as other outputs.
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Base Current & Power

0.2 04
Base Voltage (V)

Fig. H: Screenshot of the output screen of PC1D.
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Appendix D: Nominal and measured solar cell structures
grown by MOVPE

Tab. A: InGaAs solar cell

Laver Material Nominal Measured Nominal Measured
4 Doping cv Thickness SEM
cm? cm’ nm nm
Cap p-Ing.53Gag 47As 3-4x10" ~4x10" 20
250
Cap p-Ing.53Gag 47As 1x10" >2x10" 230
Window p-InP 2x10"® 2-3x10" 100 110
Emitter p-1ng.53Gag47As 2x10"® 1.5x10"® 100
3250
Base n-Ing.s3Gag 47As 3x10" 3000
BSF/Buffer n-InP 1x10" 500
Tab. B: InAlAs solar cell
Nominal Nominal M g
. omina . easure
Layer Material Doping Measured CV Thickness TEM
3 3 nm
cm cm nm
Cap p-Ing.53Gag 47As 1x10" 1x10" 200 200
Window p- INg 35Al0 65AS 1x10"® - 20 25
Emitter p-Ing5,Alg 4gAs 3x10"® ~3x10" 300
800
Base N-Ing 5,Alg 4gAs 4x10" 3.7x10"(Hall) >00
LCL n-InP 5x10" 2000
2000
Buffer n-InP 2x10™ 100
Tab. C: GaAs solar cell
Laver Material Nominal Measured Nominal Measured
¥ Doping cv Thickness SEM
cm? cm? nm nm
Cap p-GaAs 8x10™ 200 216
Window p-Aly s5Gag 1sAs 1x10" 40 45
Emitter p-GaAs 2x10" 400 463
Base n-GaAs 2x10" 3000 3250
BSF n- Alp 30Gag 70As 1x10"® 40 38
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Buffer n-GaAs 2x10™ 100

Appendix E: Si Solar Cell

Single-junction Si solar cells were purchased from the National Renewable Energy Centre, UK
(Figure 1).

Design:
Laser Grooved Buried Contact Cz silicon concentrator solar sells
e Random pyramidal texturing on the front of the cell, carried out by anisotropic
texturing
o Silicon nitride (90 nm) ARC: LPCVD
e 16mm long and 22mm wide (two busbars each 1.5mm wide giving an active
width of 19 mm)

Fig. I: Optical image of NAREC Si solar cell.
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1 sun IV measurement of NAREC Si solar cell

30 20
15
20
E -0
(&) i &
< 10 | 5 g
= o
z o0 0o =
> -10 4 o
© -0 &
-20 - | 15
-30 -20
0 0.2 0.4 0.6
Voltage (V)

Fig. J: Measured 1-Sun IV characteristics of single-junction NAREC Si solar cell.
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Appendix F: Solar cell processing procedures, detailed

processing conditions and mask layouts

Tab. D: Processing procedure for InGaAs solar cell with blanket n-metallisation on the back surface.

Process Mask Desired Measured
1 | Back surface clean - -
. . SingleJunction
2 | lift-off lithography Grid metal -
3 | p-metal evaporation 30:50:150 nm 260 nm
4 | metal lift-off 0.5 hrs
4 | n-metal evaporation (back surface)
5 | metal anneal 390C
6 | InGaAs cap etch (stop InP) 250 35s
7 | Mesa etch - InGaAs SingleJunction 3950 (§58
_Trench nm/min)
8 | SiN deposition (140 nm) 140 140 (13 mins)
SingleJunction
9 | SiN contact opening _Contact 4 min
opening
10 | Scribe
Tab. E: Processing procedure for InGaAs solar cell with both p- and n-contacts on the front surface.
Process Mask Desired Measured
MSSC_Grid2
1 | lift-off lith h - -
ITt-oft lithography front contact
2 | p-metal evaporation 30/50/150 nm 260 nm
3 | metal lift-off 0.5 hrs
4 | Lithog. for n-contact etch MSSC_mesa
1 127
5 | InGaAs etching for n-contact 000 nm 0 nm'(635
nm/min)
6 | Lithog. for n-contact MSSC_back
metal
7 | n-metal evaporation
8 | metal lift-off 0.5 hr
9 | metal anneal 390C
10 | InGaAs cap etch (stop InP) 250 35s
11 | Mesa etch - InGaAs MSSC_trench 4600 (7.07
nm/min)
12 | SiN deposition (140 nm) 140 165 (16 mins)
id2
13 | SiN contact opening - BOE MSSC_Grid2 bus 3 min
open
14 | Scribe
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Tab. F: Processing procedure for InAlAs solar cell with blanket n-metallisation on the back surface.

Process Mask Desired Measured
1 | Back surface clean -
. . Photodiode_grid
2 | lift-off lithography metal -
3 | p-metal evaporation 30: 50: 200
4 | metal lift-off 1hr
4 | n-metal evaporation (back surface)
5 | metal anneal 395C
6 | InGaAs cap etch (stop InAlAs) 200 nm 200 nm (50 s)
7 | Lithog. for mesa etch Photodiode_trench
8 | InAlAs etching to InP 1000 nm 990 (540 s)
9 | SiN deposition (70 nm) 70 77 (7 mins)
10 | SiN contact opening Photodlodg_contact 7 77 (2 mins)
opening
11 | Scribe
Tab. G: Processing procedure for InAlAs solar cell with both p- and n-contacts on the front surface.
Process Mask Desired Measured
1 | lift-off lithography MBL_Grid -
2 | p-metal evaporation 30: 50: 200
3 | metal lift-off 1hr
4 | Lithog. for n-contact etch MBL_mesa
5 | InAlAs etching to InP 1000 nm 1020 nm (540s)
6 | Lithog. for n-contact MBL_n-metal
7 | n-metal evaporation
8 | metal lift-off 0.5 hr
9 | metal anneal 395C
10 | InGaAs cap etch (stop InAlAs) 200 nm 200 nm (50 s)
11 | SiN deposition (70 nm) 70 77 (7 mins)
12 | SiN contact opening MBL_contact 77 77 (2 mins)
open
13 | Scribe
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Tab. H: Processing procedure for GaAs solar cell with blanket n-metallisation on the back surface.

Process Mask Desired Measured
1 | lift-off lithography SingleJunction_Grid
metal
2 | p-metal evaporation 30/50/200 250
3 | metal lift-off
4 | n-metal evaporation (back surface)
5 | metal anneal
200 nm 200 nm (3 min-
A h
6 | GaAscap etc expected 60 s)
7 | Lithog. for mesa etch SingleJunction
_Trench
8 | Mesa etch - GaAs 5um 5 um (5 min)
9 | DLARC deposition ZnS/Si0, 48/74 46/79
. SingleJunction
1 DLAR
0 C contact opening _Contact opening
11 | Scribe
Tab. I: Processing procedure for GaAs solar cell with both p- and n-contacts on the front surface.
Process Mask Desired Measured
. . MSSC_Grid2
1 | lift-off lithography front metal -
2 | p-metal evaporation 30/50/200 250
3 | metal lift-off
4 | Lithog. for n-contact etch MSSC_mesa
5 | n-contact etch - GaAs 5 um ~5um (805s)
6 | Lithog. for n-contact MSSC_back
metal
7 | n-metal evaporation
8 | metal lift-off 1hr
9 | metal anneal
200 nm 200 nm (3 min-
1 A h
0| GaAs cap etc expected 60 s)
11 | Lithog. for mesa etch MSSC_trench
12 | Mesa etch - GaAs 5 um 5 um (5 min)
13 | DLARC deposition (70 nm) ZnS/Sio, 48/74 46/79
14 | DLARC contact opening MSSC_Grid2 bus
open
_— 360 pm thin to thinned to 140
15 | Substrate thinning 150 um um (9 mins)
16 | ZnS deposition on back surface 130 nm
17 | Scribe
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Detailed processing conditions:

Thinning station
Back surface clean
0 180s etch in Br:MeOH bubbler thinning station

Substrate thinning
0 etch in Br:MeOH bubbler thinning station (~20 um/min)

Lithography

Lift-off lithography

o Ni blow-clean

0 Spin on HMDS: 4000 rpm for 60 seconds
0 Spin on LOR10A: 4000 rpm for 60 seconds
0 Hotplate: 150°C for 3 minutes

0 Spin on HMDS: 4000 rpm for 60 seconds
0 Spin on S1813: 4000 rpm for 60 seconds
0 Hotplate: 115°C for 2 minutes

0 Expose (MA1006): 10 seconds, Hard contact
o Develop: MF319 for 75 seconds

o DI rinse

o Oven: 90°C for 30 minutes

o Amm: DI (1:10) dip for 20 seconds

Lithog. for n-contact etch

o Ni blow-clean

0 Spin on HMDS: 4000 rpm for 60 seconds

0 Spin on S1813: 4000 rpm for 60 seconds

0 Hotplate: 115°C for 2 minutes

0 EBR [Acetone wipe]

0 Expose (MA1006): 7 seconds, Hard contact
o Develop: MF319 for 45 seconds

o DI rinse

O Hotplate: 120°C for 5 minutes

Lithog. for mesa etch

o Ni blow-clean

0 Spin on HMDS: 4000 rpm for 60 seconds

0 Spin on S1813: 4000 rpm for 60 seconds

0 Hotplate: 115°C for 2 minutes

0 EBR [Acetone wipe]

o Expose (MA1006): 7 seconds, Hard contact
o Develop: MF319 for 45 seconds

o Dl rinse

O Hotplate: 120°C for 5 minutes

Metals

P-metal evaporation
O Evaporation of Ti:Pt :Au
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N-metal evaporation
0 Evaporation of Au: Ge : Au: Ni:Au[14:14 :14 :11: 250 nm]

Metal lift-off
o Lift off in 1165 solvent at 100°C
o DI rinse + N2 blow dry

metal anneal

o Anneal at 420 °C for 3 minutes at neck of furnace (1.5 sccm - 5% H, / 95% N,)

o Anneal at 420 °C for 5 minutes at middle of furnace (1.5 sccm - 5% H, / 95% N,)
o Anneal at 420 °C for 3 minutes at neck of furnace (1.5 sccm - 5% H, / 95% N,)

llI-V etching
InGaAs cap etch (stop InP)
O H3PO4:H202:H20 =1:1:8

InGaAs cap etch (stop InAlAs)
0 CgHgO:H,0, (2:1) (don't stir solution)

GaAs cap etch
0 CgHgO7:H,0, (5:1) (don't stir solution)

Mesa etch - InGaAs

Deposit 1200 nm standard SiN PECVD

oStandard recipe deposition -120 mins
Photo-lithography (Mask: SingleJunction_Trench)
0 Spin on AZ5214: 4000 rpm for 60 seconds

o0 Hotplate: 115°C for 2 minutes

0 Expose (MA1006): 7 seconds, Hard contact

o Develop: MF319 for 27 seconds

o DI rinse

0 HP: 5min 120 C

SiN patterning - PicoAsher

0 CF4 plasma in PicoAsher_(14 min)

Remove PR

o Solvent 1165, 110 C — 15 mins

o DI rinse

ICP - 1lI-V etching

Recipe: ‘InP 4um Cl2:CH4:H2 Yang Hua’ (10:8:4 sccm)
a Cly/CH,/H, plasma in Oxford ICP system for 6 min
Strip SiN

0 BOE 2 min (etched 60 nm)

0 CF4 plasma in PicoAsher_8 min (~ 90 nm/min)

InGaAs etching for n-contact

Deposit 700 nm standard SiN PECVD

oStandard recipe deposition -63 mins (measured 693 nm)
Photo-lithography (Mesa definition)

0 Spin on AZ5214: 4000 rpm for 60 seconds

O Hotplate: 115°C for 2 minutes

0 Expose (MA1006): 7 seconds, Hard contact

o Develop: MF319 for 27 seconds
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o DI rinse

0 HP: 5 min 120 C

SiN patterning - PicoAsher

0 CF4 plasma in PicoAsher_(7 min)

Remove PR

o Solvent 1165, 110 C — 15 mins

o Dl rinse

ICP - llI-V etching

Recipe: ‘InP 4um Cl2:CH4:H2 Andrea’ (10:18:12 sccm)
a Cl,/CH,/H, plasma in Oxford ICP system for 2 min
Strip SiN

0 BOE 2 min (etched 60 nm)

0 CF4 plasma in PicoAsher_5 min (~ 90 nm/min)

InAlAs etching to InP
0 H3PO, : H,0, : H,0 = 1:1:38 static wet etching
0 PR removal: 1165 @100 C 15 min

Mesa etch - GaAs

o if n-metal on back surface protect with PR (S1813) as etch attacks Au
0 H,0,:HBr:DI (1:10:100)

0 PR removal: 1165 @100 C 15 min

n-contact etch - GaAs

O protect polished back surface from etch with PR (51813)
0 H3PO,:H,0,:DI (4:5:8)

0 PR removal: 1165 @100 C 15 min

Dielectrics

SiN Deposition (PECVD)

O Load sample at 30°C

o Standard recipe deposition ‘MFSiN’

SiN contact opening

Lithography

0 Spin on AZ5214: 4000 rpm for 60 seconds
0 Hotplate: 115°C for 2 minutes

o Expose (MA1006): 7 seconds, Hard contact
o Develop: MF319 for 45 seconds

o DI rinse

o Oven baking: 90°C for 30 minutes
Contact opening

Use CF4 recipe in asher

Etch rate given as 45-50 nm/min

0 15 min conditioning run to clean chamber
0 4 min etch

0 Remove PR: Solvent 1165 for 15 minutes

SiN contact opening - BOE

Lithography
0 Spin on AZ5214: 4000 rpm for 60 seconds
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0 Hotplate: 115°C for 2 minutes

o Expose (MA1006): 7 seconds, Hard contact
o Develop: MF319 for 45 seconds

o DI rinse

o Oven baking: 90°C for 30 minutes

Contact opening

o BOE etching - 3 min

0 Remove PR: Solvent 1165 for 15 minutes

DLARC deposition
0 Load sample in (e-beam) Lab600
o Deposit ZnS

0 Load sample in (e-beam) Lab600
0 Deposit SiO,, recipe: HFSIO

DLARC contact opening
Lithography
a Ni blow-clean
0 Spin on HMDS: 4000 rpm for 60 seconds
0 Spin on S1813: 4000 rpm for 60 seconds
0 Hotplate: 115°C for 2 minutes
0 EBR [Acetone wipe]
o Expose (MA1006): 10 seconds, Hard contact
o Develop: MF319 for 60 seconds
o DI rinse
0 Hotplate: 120°C for 5 minutes
Etching
oBOE for SiO, etch
aoHCI:DI (1:5) for ZnS
0 Remove PR: Solvent 1165 for 15 minutes
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Mask-sets layout

SingleJunction

Mask Features:
Busbar: 4.4 mm x 0.2 mm

Finger: 30x 15.5 um tapered to 4 um
Trench isolation: 4.6 mm x 4.6 mm
Contact opening: 4 mm x 0.18 mm
Grid coverage: 9.9%

Grid metal

00 0
o C—

LU L

Trench

Contact opening

Overall layout (Trench shown)

158




MSSC
Mask Features:

Cell B
Busbar 5.5x0.25 mm 3930 x 0.18 mm 2360 x0.11 mm
. 20 taperedto 5 (6 14.3 tapered to 3.6 8.6 tapered to 2.1
Fingers (15 each) mm long) (4.3 mm long) (2.6 mm long)
Trench 6.6 X 6.6 mm 4.7 x4.7 mm 2.8x 2.8 mm
n-mesa 6.4 x .35 mm 4.6x.25mm 2.75x.15 mm
back metal 6.3x.25mm 4.5x.18 mm 2.7x.11 mm
Busbar 5.5x0.25 mm 3930 x 0.18 mm 2360 x0.11 mm
Grid2 front metal Trench

back metal
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Grid2 bus open

Grid2 - Bus Open
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MBL

Mask Features:
Cell area: 900 um x 700 um = 630000 um?

Busbar: 100 um x 600 um = 60000 um®
Fingers: 9no. 15 um x 700 um = 94500 um?®
Metal coverage = (60000+94500)/630000 = 24%

Grid mesa

n-metal contact open
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Photodiode

Mask Features:
Metal: inner diameter @ 0.6 mm, outer diameter @ 0.89 mm

Trench isolation: @ 0.95 mm
Contact opening: inner diameter @ 0.65 mm, outer diameter @ 0.85 mm
Grid coverage: 48%

Grid metal Trench

Contact opening
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