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ABSTRACT

Single junction Si solar cells dominate photovoltaics but are close to their efficiency limits. This paper presents ideal limiting
efficiencies for tandem and triple junction multijunction solar cells featuring a Si subcell also serving as substrate. Subject to
this Si bandgap constraint, we design optimum cell structures that we show depart from the unconstrained ideal. In order to
progress to manufacturable designs, the use of III-V materials is considered, using a novel growth method capable of yielding
low defect density III-V layers on Si. In order to evaluate the real potential of these proposed multijunction designs, a
quantitative model is presented, the strength of which is the joint modelling of external quantum efficiency and current—voltage
characteristics using the same parameters. The method yields a single-parameter fit in terms of the Shockley—Read—Hall
lifetime. This model is validated by fitting experimental data of external quantum efficiency, dark current and conversion effi-
ciency of world record tandem and triple junction cells under terrestrial solar spectra without concentration. We apply this quan-
titative model to the design of tandem and triple junction solar cells, yielding cell designs capable of reaching efficiencies
without concentration of 32% for the best tandem cell and 36% for the best triple junction cell. This demonstrates that efficien-
cies within a few per cent of world records are realistically achievable without the use of concentrating optics, with growth
methods being developed for multijunction cells combining III-V and Si materials. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Multijunction cells remain the most successful high efficiency
design concept and the only one successfully commercialised.
Nevertheless, these structures are still restricted to niche appli-
cations in space and under concentration, although generic
terrestrial applications are tantalisingly close. The materials
most suitable for multijunction designs are the III-V materials
families, given their range of optical and material properties
where incompatibilities, especially due to lattice constants,
may be managed or even eliminated. The classic example is
the growth of GalnP and GalnAs top and middle gap junc-
tions on Ge substrates as bottom cell. This triple junction
has achieved efficiencies [1] under concentration greater
than 40% with both lattice-matched and lattice-mismatched
approaches.

The main obstacles to the widespread use of multijunctions
in renewable energy supply are materials and fabrication

Copyright © 2013 John Wiley & Sons, Ltd.

issues. The materials cost is partly due to the scarcity of
some essential III-V materials such as In and Ga, but more
importantly, it is due to the use of expensive substrates,
because even Ge remains relatively costly in the competi-
tive photovoltaic market.

Concerning cheap substrates, the clear front-runner is
Si, which brings with it the advantage of low-cost indus-

try-standard CMOS; processing technologies and more

specifically brings the advantage of the most advanced
development for commercial solar cells. The additional
need for III-V materials is barely a few microns, reducing
the materials cost to acceptable levels.

However, Si suffers from a lack of semiconductors lattice
matched to it and from an indirect bandgap and low absorp-
tion coefficient. This is an obstacle for most optoelectronic ap-
plications including multijunction solar cell design. Although
all-Si structures have been proposed, using amorphous silicon
and silicon-based metamaterials to fabricate multijunction
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cells [2], the most attractive and most flexible option remains
growth of high quality III-V materials on Si.

An early attempt to address this issue by Yang [3] sim-
ply grew a thick AlGaAs buffer layer on an active Si sub-
strate, with a simple three-terminal design. This approach
did not exceed efficiencies of 20% and has not to date been
developed further. Some years later, Taguchi er al. [4]
adopted a not dissimilar structure with a high quality GaAs
cell grown on a GaAs substrate and transferred to a Si sub-
strate by liftoff. They chose a four-terminal design but
again failed to demonstrate more than 19% efficiency.

Geisz et al. have since reported results on two-terminal de-
signs. They have investigated both lattice-matched attempts
using nitrides [5] and lattice-mismatched approaches using
graded buffer techniques for strain relaxation minimising bulk
defect densities [6]. The work of Lueck et al. [7] in the same
year demonstrated similar techniques and achieved an effi-
ciency of 17% under AM1.5G spectrum. Work in this field
continues with Putyato et al. [8] developing graded buffer
approaches. While these methods have made progress, the
efficiencies achieved remain subject to materials quality
limitations due to the fundamental problem of high defect
densities, despite the use of buffers to reduce them to
acceptable levels.

This paper presents a quantitative study of silicon-based
multijunction solar cells for terrestrial applications developed
by the Multispectral Solar Cells on Silicon (MULTISOLST)
project [9]. The study assumes an AM1.5G spectrum that
corresponds to photovoltaic systems with no solar concentra-
tion. This is suitable for strategies prioritising a low system
cost over cell efficiency and peak power. However, we are
also aiming at relatively low cell cost with our silicon-based
design, while nevertheless reaching high efficiencies. While
a detailed cost analysis on this point is beyond the scope of
this paper, we note that the cell design methodology we de-
scribe is equally applicable to concentrating photovoltaics
under direct solar spectra. The choice of a global spectrum
does not, therefore, limit the scope of the design methods
we will describe.

A detailed growth investigation presented in a companion
paper [10] reports on progress in the development of III-V
growth on Si using novel low-cost three-dimensional growth
techniques within this project. This technique involves epi-
taxial lateral overgrowth of lattice-mismatched polar semi-
conductors on Si via growth of nano-seeds in apertures
opened in thin SiO; layers. This technique has demonstrated
defect-free growth and an absence of antiphase domain for-
mation [11] due to the small initial growth area. This paper
therefore does not consider the formidable materials issues
that remain to be resolved within MULTISOLSI but concen-
trates on the design stage only by evaluating the potential of
[I-V structures on Si using a validated, quantitative model.

We first examine the suitability of silicon for multijunction
cells from the commonly used ideal theoretical viewpoint
of the radiative limit but amended to maximise the radiative
efficiency of multijunction cells with nonideal bandgaps
and layer thicknesses. We then describe a quantitative
analytical model capable of accurately modelling record
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multijunction cells. On this basis, we present the design
basis for dual and triple junction cells being currently devel-
oped in the MULTISOLSI project.

2. IDEAL EFFICIENCY LIMITS

With the objective of this study being cheap terrestrial

multijunction photovoltaic systems, it is instructive to first
look at the suitability of Si in the ideal limit under the
AM1.5G spectrum that we perform by looking at the max-
imum efficiencies achievable using silicon in multijunction
cells in the radiative efficiency limit, using the form pub-
lished by Henry [12]. The ideal system considered consists
of a stack of N subcells of index i, each of unit external
quantum efficiency (EQE), and converts every photon
absorbed into a current carrier. Each subcell of bandgap
E,; absorbs light in the wavelength range corresponding
to energies between Eg;, and Eg; . with obvious modifica-
tions for the first and Nth cells. For this system, under
spectral irradiance F, and adopting the photovoltaic sign
convention of positive photocurrent, the short circuit cur-
rent density Js¢; and the radiative saturation current density
Jo; of each subcell take the form

Eg 11 )
‘ A
Jsc. = F(A)—dA 1
sC; ng ( )hc (1)
n? +1)E2KgT /—F..
Joi = q( i ) git™B gi (2)
4722 KT

where n; is the subcell refractive index (taken as 3.5 here as
in Henry’s work [12] which is representative of relevant
semiconductors, and in particular of Si) and where the other
symbols have their usual meaning. For series connected
subcells, again with the positive photocurrent sign conven-
tion, the overall multijunction bias V as a function of
multijunction series current density J is given by

V(J) :@m{ﬁ(]“'—_Jﬂ)} 3)

q 1 0i

thereby defining the J(V) current—voltage characteristic.
The maximum of the corresponding power—voltage charac-
teristic yields the maximum possible efficiency achievable
for any structure of N ideal junctions. This is usually
presented as a plot of efficiency as a function of bandgap
showing isoefficiency contours that allows the potential of
materials for high efficiency to be estimated at a glance.
In Figure 1(a), we see the maximum efficiency achievable
with two gaps, which is 42.2% in the conditions specified
earlier for materials with bandgaps 0.96 and 1.64eV.

Replacing the lower 0.96eV material with slightly
higher bandgap silicon has a very slightly lower efficiency
limit of 41.9% for bandgaps 1.12 (Si) and 1.74eV.
The good match is underlined by the fact that the two
solutions occupy two local neighbouring maxima on the
isoefficiency contour.
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Figure 1. Tandem junction radiative efficiencies for an AM1.5G solar spectrum showing (a) the maximum dual junction efficiency of
42.2% (bandgaps 1.64 and 0.964 eV) and the silicon-based tandem efficiency maximum at 41.9% (bandgaps 1.74 and 1.12eV) and (b)
maximum efficiency achievable with thinning the top cell (32% optical transmission) for current matching with a Si 1.12 eV bottom cell.

This bandgap restriction may be relaxed by considering
subcells with less than unit EQE, specifically with optically
thinned subcells in mind. While this reduces the limiting effi-
ciency achievable because of increased thermalisation, it may
be useful in order to mitigate material constraints. Figure 1(b)
shows the efficiency obtainable in the radiative limit by thin-
ning the top cell such that the ideal bottom cell gap approaches
Si. Having achieved this, the top cell ideal bandgap is one with
68% overall absorptivity, consequently transmitting 32% of the
spectrum to the bottom Si. The optimum top cell bandgap of
1.46eV in this case being fortuitously close to GaAs at
1.42 eV is an accidental bonus as we shall see subsequently.

Figure 2(a) shows similar evaluations of Si for triple junc-
tion cells, where the ideal limit has a middle junction ideal
bandgap of 1.21eV for an efficiency of 47.2%. Figure 2(b)
shows the efficiency profile for the maximum achievable
with a silicon middle bandgap cell. We see that a slightly
lower efficiency limit of 45.4% is achievable with a silicon
middle gap cell. Although the loss is greater than for the
tandem case, this retains the record-breaking potential.

High gap (eV)

1.1 1.2 1.3 1.4 1.5

Middle gap (eV)

These introductory remarks set out the suitability of
silicon for multijunction cells in the ideal limit. In the
following sections, we go on to describe a realistic, quanti-
tative model of triple junction cells in order to design mul-
tiple junction cells on silicon substrates.

3. QUANTITATIVE MULTIJUNCTION
MODEL

In order to design test structures for the novel growth
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method, we use an analytical model SOL that has been

reported in more detail elsewhere [13], but of which we
sketch the main aspects here firstly for a single junction.
With material parameters for the majority of semiconduc-
tors in the III-V family, drawn from the literature, includ-
ing Si(Ge), the model evaluates the EQE and photocurrent
Jpy as a function of bias by standard analytical solutions
[12] of transport and continuity equations in the depletion
approximation for one-dimensional structures with abrupt

High gap (eV)

0.7 08 09 1 1.1 1.2 1.3 1.4 15

Middle gap (eV)

(b)

Figure 2. Triple junction solar cell radiative limit efficiencies for an AM1.5G solar spectrum as a function of top and middle bandgap
subcells for a single lower bandgap cell in each case, showing (a) the absolute maximum of 47.2% (bandgaps 1.81, 1.21 and
0.71eV) and (b) the maximum of 45.4% occurring for a silicon middle gap cell (bandgaps 1.74, 1.12 and 0.53 eV).
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interfaces. The point of interest in this model is the detailed
accounting of loss mechanisms by explicit solution of the
nonradiative and radiative recombination losses in the
different regions of the cell, and the inclusion of series and
shunt resistances for each subcell. As such, the radiative
and nonradiative recombination currents in the charge-
neutral layers are described by the Shockley diffusion or
injection current [14] as follows:

i SoLly X X\ ]
”_:zp & D, coshL—n + smhL—n
Na Ln —S"L" coshi + sinhi
qv n n n
Js(V) = (em . 1)
W= %coshﬁ + sinhﬁ
n2, D,| D L L
iy Dp| Lp P P
No Ly { Sob» coshX 4 sinh
L D, L, L,/ |

“4)

where n;, is the intrinsic carrier concentration in the p-layer
doped at a level Ny, of surface recombination velocity S,
and corresponding parameters 7;, and Np in the n-doped
layer with its recombination velocity S,,.

The nonradiative recombination currents in the space-
charge region are described by the Shockley—Read—Hall
(SRH) recombination current [15] with the standard
expression

e p()n(x) —n?
Jseu (V) = ‘IL (Tn(p(x) +p,) + 7p(n(x) +m)

)dx (5)

where x| and x, are the edges of the space-charge region, n
(x) and p(x) are the electron and hole concentration as a
function of position, n, and p;, are the electron and hole trap
occupation densities for mid-gap trap levels and z,, and z,, are
the electron and hole nonradiative lifetimes, respectively.
The radiative recombination currents in space-charge
layers are evaluated from the absorption coefficients and
quasi-Fermi level separation in each region of the cell as

Tean(V) = qJ: (% <W>La(a 0, S)ds>dE
(6)

where n is the refractive index of the material, A¢ is the
quasi-Fermi level separation, and the other symbols have
their usual meanings. The absorptivity a(E,0,s) is the line
integral over position through the different layers of the
cell along the optical path of radiation at angle 6 with the
normal exiting or entering surface S, the total emitting
surface in three dimensions [16].

The sum of these three recombination currents therefore
describes the radiative and nonradiative recombination
dark currents in the cell. Following this analytical method,
a little more analysis can evaluate the radiative efficiency
of the structures [13].

J. P. Connolly et al.

A noteworthy feature of this approach combining the
modelling of the radiative and nonradiative currents to-
gether with the EQE is that all the parameters determining
these currents except for the SRH lifetimes are determined
by the EQE, thereby minimising the number of free param-
eters. The combination of dark current and EQE fitting
therefore leaves, as only free parameters, the SRH life-
times. In the absence of better knowledge, and consistently
with current continuity, the electron and hole nonradiative
SRH lifetimes are assumed equal in practice, resulting in a
single free parameter: the SRH lifetime.

The efficiency of the cell is then evaluated from the
light current J; assuming superposition of dark current
and photocurrent Jpy as

Ji(v) =JIpu — (Is + Isru + Jran) 7

by finding the maximum power point on the light current
curve.

The corresponding multijunction structure requires
series connection of subcells via tunnel junctions. At this
design stage of the MULTISOLSI project, we rely on pub-
lished values as a guideline and on numerical calculations
for Si tunnel junctions we have performed with SILVACO,
software. These show that in GaAs tunnel junctions [17],
for example, peak tunnelling currents above 10* A/m* are
readily obtainable. The total current density obtainable
with the global AM1.5G terrestrial spectrum is 726 Alm?.
The multijunction current flow is therefore at least an order
of magnitude less than that of a suitable GaAs tunnel junc-
tion, which therefore serves to cause a small voltage loss,
as it is designed to. As such, in this work, we treat the tun-
nel junctions as absorbing layers from an optical point of
view and as series resistance elements from the electrical
point of view. In addition, we note that the losses incurred
because of the tunnel junctions are of the order of 0.1%
absolute due to a combination of optical and electrical
penalties.

The multijunction current—voltage characteristic is
therefore evaluated by separately calculating the current—
voltage characteristics of the subcells optically and electri-
cally connected in series, including parallel and series
resistance losses and numerically evaluating the resulting
multijunction solar cell current. This approach has shown
itself capable of quantitatively reproducing world record
EQE, dark current and light current characteristics of tan-
dem and triple junction cells published by Japan Energy
Corp. [18] and Spectrolab [19] (Tables I and II). While
complete details including fits of EQE, dark and light cur-
rent—voltage characteristics are available elsewhere [13],
here we show the good fit to the EQE of the triple junction
cell (Figure 3(a)). As described in detail in Ref. [13], the
modelling in both cases relies on minority carrier transport
as a function of doping given in the literature.

It is important to note that the experimental EQE of this
Spectrolab triple junction record cell is close to 100%. This
in part is due to the very low reflectivity achievable with
multilayer antireflection (AR) coats, such as the double-layer
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Table I. Experimental data and SOL modelling of a record

tandem solar cell [18] under an AM1.5G spectrum.
Jsc (A/m?) Voc (V) FF (%) Efficiency (%)
Japan Energy Corp. 142.5 2.49 85.6 30.3
Model SOL 139.5 232 870 29.4

Table Il. Experimental data and SOL modelling of a Spectrolab
triple junction record cell [19] under an AM1.5G spectrum.

Jsc (AVm?) Voc (V) Vinp (V) FF (%) Efficiency (%)

143.7
143.2

2.62
2.62

Spectrolab
Model SOL

230 8b
231 86.0

32.0
32.4

AR coat used by the modelling here. The high EQE is also
due to the relaxation of minority carrier transport con-
straints in multijunction cells, which is a consequence of
each subcell in the stack needing to absorb a shorter range
of incident wavelengths close to the band-edge. In particu-
lar, the impact of front surface recombination is reduced.

The corresponding single-parameter dark current fitting
is shown in Figure 3(b). It is worth underlining that this
dark current fit uses the transport parameters validated by
the EQE fitting as we have discussed, with the single
SRH lifetime in the space-charge region the only fitting
parameter for the dark current fit. The strength of this
approach is illustrated by the close dark current fit, shown
in Figure 3(b), to available data for the triple junction
subcells, in terms of the radiative and nonradiative recom-
bination mechanisms.

This combined validation of transport by fitting EQE
and dark current gives confidence in the transport parame-
ters used and confirms that the very high EQE predicted is
to some degree over-optimistic only in the analytical calcu-
lation of the double-layer AR coat reflectivity. We cannot
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avoid this slight overestimation, however, without arbi-
trarily reducing cell transport efficiency below published
values, or by including external parasitic losses that are
present in real AR coats, such as absorption losses due to
impurities or backscattering losses due to surface rough-
ness for example. This point is further confirmed by com-
parison with the EQEs achieved in practice by Spectrolab
that also nearly reach 100%, as shown in Figure 3(a).

The principal transport parameters of the EQE and dark
current fits are summarised in Table III for the Japan
Energy Corp. tandem and Spectrolab triple cell fits. The
quoted diffusion lengths in both cases are obtained from
the literature as stated earlier for each emitter and base
regions in each of the subcells in both cases. The diffusion
lengths in all cases are of the order of microns, with the
exception of Ge that benefits from significantly longer
diffusion lengths as experimental studies in the literature
have shown.

Also indicated in Table III are surface recombination
velocities. The impact of these on the EQE cannot be
easily decoupled from the diffusion lengths without a numer-
ical fitting parameter exploiting the different wavelength
dependence of recombination velocities and diffusion lengths.
Here, we use a manual method and, using a fixed diffusion
length determined by the material composition and doping,
we vary the front and back recombination lengths to fit the
short wavelength and long wavelength response, respectively.
Following this procedure, these transport parameters are fixed
by the EQE fit and determine the Shockley injection and
surface recombination dark current mechanisms.

The EQE calculation therefore fixes the transport
parameters. As a result, the only fittting parameter for the
dark current calculation is the SRH lifetime in the space-
charge region, given in Table III. The values in all cases,
including the much longer SRH lifetime for the Ge subcell,
are determined from the available high bias data available
from the Spectrolab publication [19]. The trends observed
as a function of material, and in particular the long SRH
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Record triple junction [19] showing (a) external quantum efficiency data and modelling with calculated reflectivity and (b) dark

current modelling in terms of radiative and nonradiative contributions together with available data.
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Table lll. Transport parameters: p-doped layer electron diffusion length diffusion lengths L, and n-doped layer hole diffusion length L,
electron and hole recombination velocities S, and S, determine the EQE.

Tandem and triple cell transport parameters Ly (um) S, (m/s) Ly (pm) Sp (m/s) 7srH (NS)
JEC tandem—GalnP 0.4 750 2 50 40
JEC tandem—GaAs 1.124 20 7.6 1 20
Spectrolab triple—GalnP 5.11 100 1.56 35 50
Spectrolab triple—GalnAs 0.28 3000 1 20 40
Spectrolab triple—Ge 62.3 140 499 5 1000

The dark current is determined by the same transport parameters plus zsgy the Shockley—Read-Hall (SRH) lifetime that is the single free parameter.

EQE, external quantum efficiency; JEC, Japan Energy Corp.

lifetime we see for Ge, are confirmed by a brief review of
net SRH lifetimes in the literature. Somewhat fortuitously,
the data available, while not supplying separate IV data for
the Ge subcell, provide data for the middle and top
bandgap subcells, in a bias range that allows us to fit the
total triple junction dark current, and therefore the Ge
subcell dark current, with a high degree of confidence that
results from the exact simultaneous fit obtained for middle
GalnAs subcell, top GalnP subcell and the combined triple
dark currents seen in Figure 3(b).

Summarising this modelling, Tables I and II show the main
cell performance figures of merit under AM1.5G in the cases
of both the Japan Energy Corp. tandem record [18] and the
Spectrolab triple junction record [19], showing good agree-
ment with, in the worst case a = 3%, relative underestimation
of efficiency by SOL in the case of the tandem cell.

In the following sections, we will use this modelling ap-
proach to look at multijunction designs combining I1I-V
materials on silicon. We will assume that material quality
equal to that shown in these record cells is achievable
using the low defect density III-V on silicon growth
methods we have mentioned [9,10].

4. MULTIJUNCTION STRUCTURES
ON SILICON

We have identified ideal bandgaps for tandem and triple
junction cells based on silicon and described a quantitative
model. We use this to now describe the prototypes for fab-
rication by the novel growth method being developed
within MULTISOLSI.

Because at present only binary III-V crystalline growth
without propagation of bulk defects has been demonstrated,
we first restrict the discussion to binary compounds for
tandem structures, before discussing the extension to ternary
compounds for tandem and triple junction solar cells.

4.1. Binary tandem

The first structure we propose is a GaAs on Si structure
with a dual layer MgF,/ZnS AR coat. We again note that
the AR coat is idealised in the sense that it represents in
all cases the best possible case with no parasitic losses,
such as through absorption in the AR coat layers.

The tandem limiting efficiency calculations (Figure 1) show
that the optimal top cell bandgap is 1.74 eV for a Si lower gap
cell, which is much greater than the 1.42 eV bandgap of GaAs.
This translates as a significant current mismatch with the
GaAs cell current limited by the Si low gap cell.

As mentioned in our discussion of ideal radiative limits,
this may be much improved, however, by adjusting the cur-
rent balance between the two cells by adjusting the AR coat
on the real cell and by adjusting the layer thicknesses in con-
sequence. We found that the limiting efficiency of just 20.4%
for an opaque GaAs cell on Si could be enormously in-
creased to slightly more than 36% by thinning the top cell
such that it absorbs only 68% of the incident photons with
energies above its bandgap. While significantly lower than
the limiting efficiency of 42.2% (Figure 1(a)), this is none-
theless an impressive target for a tandem solar cell and a suit-
able test bed for the growth methods being developed within
the MULTISOLSI project.

For our binary semiconductor tandem design, we there-
fore adopt the strategy of thinning a GaAs cell in order to
address this issue. The structure optimisation consists of
jointly optimising the AR coat optimum wavelength and
the GaAs cell thickness.

The substrate optimisation is independent and simpler,
consisting solely of the standard optimisation of its EQE
in terms of the trade-off between minority carrier collection
efficiency versus total absorptivity for this layer. This opti-
misation proposes a Si substrate for this structure of
140 pm total thickness with a shallow highly doped p-layer
in contact with the GaAs tunnel junction.

The resulting structure is shown in Table IV. This first
proposed test for the novel low defect density growth
method [1] yields the EQE shown in Figure 4. The effi-
ciency achieved in AM1.5G and therefore without concen-
tration is 29% (Table V), which compares favourably with
the long-standing 30% record result achieved by Takamoto
et al. of the Japan Energy Corp. [18] in 1997 for the GalnP/
GaAs tandem cell under an AM1.5G terrestrial spectrum
that we discussed in the modelling section.

4.2. Ternary tandem

Lattice-matched GagsInP is a natural choice for a
multijunction cell as it can be grown on a binary GaAs layer
and because compatible windows of essentially lattice-matched
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Table IV. GaAs on Si substrate tandem structure with a suitable
joint optimisation of GaAs layer thickness and dual layer AR
coat design.

MgF, (110nm)/ZnS (65.2nm) antireflestion coat optimised
at 800 nm

Table V. GaAs-Si tandem cell performance under an

AM1.5G spectrum.

Voc Viip Phrjax FF Efficiency
Jsc (AIM?) (V) Vv WwWmh) (%) (%)
200.4 1.67 1.50 292 87 29.2

Thickness

Layer Material (um) Doping m3
Window AlGaAs 0.02 p-type C> 10%°
Base GaAs 0.15 p-type C=2x 10%*
Emitter GaAs 0.2 n-type Si=2x 10%
Tunnel GaAs 0.01 n-type Si degenerate
Tunnel GaAs 0.01 p-type C degenerate
Emitter Si 5 p-type B = 10%*

Base Si 140 n-type P = 10”"

BSF Si 1 n-type P=10%

AlGaAs or preferably AllnP exist. However, its bandgap of
1.87 eV, being significantly higher than the ideal 1.74eV,
leads to this subcell being severely current limiting. The
highest efficiency achievable is therefore just 30.16%,
which is barely better than the GaAs tandem.

Considering the GalnP top cells without the advantages
of lattice matching to GaAs, the use of lower P composi-
tions do enable current matching. While this in principle
leads to efficiencies reaching over 32% for Gag 34InP, the
absence of suitable lattice-matched window materials
makes this an impractical choice.

The only suitable ternary remaining is GaAsP. This ben-
efits from a lattice-matched AlInP window layer for a range
of compositions [20]. Figure 5(a) shows the EQE of a
GaAsP-based triple junction cell with an optimum AR coat
of minimum reflectivity 700 nm, which yields a good current
match as illustrated by the light IV shown in Figure 5(b).
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This structure is closer to the ideal limit in that no
compromise of optically thinning the top cell is needed.
The optimisation of bandgap and AR coat delivers a
composition of GaAsP,, with a bandgap of 1.68eV. As
expected, this is close to a radiative limit value of
1.74 eV. The not insignificant difference is due to the visi-
bly nonideal response of GaAsPy,, near the band-edge,
which is due mainly to the nonideal minority carrier
transport in this material. This results in optimal emitter
and base layer thicknesses being less than perfectly
opaque and therefore in the GaAsP,, top cell slightly
underproducing photocurrent. As a result, the quantitative
optimisation procedure yields a slightly lower bandgap
than the ideal.

The reduction in corresponding efficiency is due to
the nonideality of the material primarily from the
remaining partial transparency near the band-edge and
from the departure of the recombination mechanisms
from the radiative limit. We note in passing that evalua-
tion of the dark current contributions (not shown for
brevity) shows that the overall structure is dominated
by Shockley injection currents at the maximum power
point.

The consequence of the improved design flexibility is
that improved current matching shown in Table VI. We
see that this structure exceeds 32% efficiency, with higher
Jsc, Voc and 3% absolute increase in efficiency with
respect to the thinned GaAs tandem.
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Figure 4. (a) Modelled external quantum efficiency of the silicon-based tandem structure with a cross optimised antireflection coat
and GaAs high gap subcell thickness to ensure current continuity. (b) The modelled light current characteristics show the close current
matching achieved and the lack of significant series resistance associated with the tunnel junction.
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Figure 5. Ternary GaAsPy ,,/Si tandem response modelling. (a) The external quantum efficiency (EQE) shows a less than ideal top cell
EQE near the band-edge resulting in an optimum top cell gap (1.68¢eV) slightly lower than the ideal limit (1.74 eV) that nevertheless
results (b) in close current matching and an efficiency of over 32%.

Table VI. GaAsP/Si tandem cell performance under an AM1.5G Table VII. Triple junction thinned GaAs/ Si/ GalnAs cell
spectrum. modelled performance under an AM1.5G spectrum.
Voc Vivip Phjax FF Efficiency Voc Vivep Phjax FF Efficiency
Jsc (M%) (V) VM WM (%) (%) Jsc (M%) (V) M WM (%) (%)
199.7 1.84 1.65 322 88 32.2 198.8 1.95 1.69 329 85 32.9

4.3. Triple junction structures

The extension of the tandem to triple junction devices is
obvious but requires epitaxy on both sides of the Si sub-
strate that thereby takes on the role of middle junction solar
cell. The low bandgap materials available include Ge. This
material is, however, ill suited of the growth methods we
are considering because of the necessity of growing a Ge
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subcell of hundreds of microns in thickness, due to its
low absorption coefficient. This leaves us with GalnAs as
the only available low bandgap material. We will not
consider the nitride alloys here because of challenging
materials issues that remain unresolved [5].

In the following sections, we will therefore rely on a
GalnAs bottom cell. A longer treatment would entail fully
optimising top and bottom subcell structures. In this case,
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Thinned GaAs-Si-GalnAs triple junction structure modelled performance with joint optimisation of GalnAs composition,

GaAs thickness and antireflection coat, reaching 32.9%.
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Figure 7. Modelled performance of the triple cell with GaAsP top cell reaching 36.5%.

Table VIII. Modelled performance of the triple junction
GaAsPg .3/ Si/ Galng74As cell performance under an AM1.5G

spectrum.
Voc Vivip Phax FF Efficiency
Jsc (A/M?) (V) Vv WwWm) (%) (%)
199.0 2.15 1.90 365 85 36.5

for illustrative purposes, we only consider a GalnAs struc-
ture with a bandgap corresponding to the ideal limit for a
Si-based triple junction (Figure 2(b)). The bottom gap
subcell structure in all cases is therefore a Gag4InAs
p-i-n structure of total thickness 6 um, having the ideal
bandgap of 0.53 eV for the Si-based triple junction design.
The thickness of this cell is a little excessive but is chosen
as such in order to make the GalnAs cell essentially opaque,
in line with the design philosophy of this work. In a practi-
cal device at the production stage, however, light trapping
techniques ranging from back-surface reflectors to front
surface texturing would be required to allow us to achieve
similar performance with GalnAs layers of lower thickness.
We therefore present modelling of this bottom subcell with
binary and ternary top cells as before.

4.4. Thinned GaAs triple junction

Figure 6(a) shows the EQE of a triple junction cell with a
thinned GaAs binary top cell for current matching. The
structure is obtained by varying only the GaAs cell thick-
ness and the AR coat optimal wavelength, while leaving
the Si and GalnAs subcells optimal. In keeping with the
optimisation of the GalnAs structure for the triple cell ideal
limit (Figure 2(b)), we find that the optimum GaAs thick-
ness is unchanged from the tandem case. The AR coat op-
timisation, however, shifts to a slightly longer wavelength
of 860 nm.

We find (Figure 6(b)) that the Si cell overproduces cur-
rent slightly and is forced into forwards bias, beyond its

Prog. Photovolt: Res. Appl. (2013) © 2013 John Wiley & Sons, Ltd.
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maximum power point. The optimisation process referred
to previously shows that this configuration is preferable
to that in which the GaAs and Si subcells are current
matched by adjusting the AR coat and the GaAs thickness,
and are both forced past their maximum power points by
the current limiting GalnAs bottom gap cell.

The AM1.5G efficiency achieved in this case is 32.9%,
as shown in Table VII.

4.5. Ternary triple junction

For the ternary case, we consider only GaAsP, as having
suitable window materials as discussed earlier. In this case,
as before, no compromise is necessary given the variable
gap of the top subcell. An optimisation of AR coat and
of top cell bandgap yields a GaAsPy,3 top cell with a
bandgap of 1.69eV, which is very slightly higher than
the tandem case and which remains significantly lower
than the ideal 1.74eV.

As in the tandem case, the slightly lower bandgap than
expected is consistent with the less than ideal EQE of the
GaAsP cell (Figure 7(a)) and in particular because of the
significant short wavelength losses entailed recombination
at the interface with the AllnP window. The light current
modelling (Figure 7(b)), however, shows exact current
matching achieved by the optimisation process in this case.

As a result of this more flexible and better optimised
structure, the efficiency achieved (Table VIII) is signifi-
cantly higher, reaching 36.5% in AM1.5G. This represents
80% of the radiative efficiency limit for a triple junction
cell.

5. CONCLUSIONS

Investigating the use of Si for multijunction cells, we have
looked at optimal yet nonideal designs in the ideal radia-
tive limit that are constrained by the inclusion of a Si
subcell. These designs show that high efficiencies are
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achievable by balancing competing compromises of mate-
rial restrictions and nonideal optical properties.

In order to design real cells, we have developed a quanti-
tative analytical model. We have validated this model by
quantitatively reproducing state-of-the-art light and dark cur-
rent characteristics of record tandem and triple junction solar
cells. The strength of the model lies in the minimisation of
free parameters via consistent modelling of EQE and dark
current characteristics.

This leads to dark current fitting in terms of a single free
parameter, which is the SRH nonradiative lifetime in the
space-charge region. With the exception of the reflectivity
calculations that assume loss-free dual layer MgF/ ZnS AR
coats, the approach to modelling has been to use published
experimental values for transport parameters, in order to
maximise agreement with experimental data. The quantita-
tive modelling of the record tandem and triple junction so-
lar cells, together with the compatibility of transport
parameters used with values in the literature, gives a high
degree of confidence in this analytical modelling method-
ology. The minority carrier properties and SRH lifetimes
used in the modelling are therefore reliable benchmarks
for the material to be grown on Si by the growth methods
developed within the MULTISOLSI project.

Applying this quantitative model to realistic solar cell
designs combining Si and III-V materials, we first find that
an appropriate tandem design of thinned GaAs on Si can
deliver an efficiency of 29%, close to the 30% world record
achieved with a GaAs substrate under a terrestrial spectrum
with no concentration.

Furthermore, we find that a more challenging growth of
ternary materials delivers tandem efficiencies greater than
32% and triple junction efficiencies greater than 36%.

These high efficiencies are remarkable in that they are
achieved without solar concentration. They nevertheless
reach efficiencies just a few per cent below the maximum
efficiencies achieved to date, at concentrations of 500 suns
and above. This lack of concentrating optics invites the clear
advantage of simple photovoltaic systems. More impor-
tantly, from the cell design point of view, it significantly re-
laxes the design criteria for tunnel junctions between
subcells, due to the significantly reduced and less demanding
current flow achievable with a terrestrial global spectrum.

This work has been carried out within the MULTISOLSI
project, which has demonstrated the growth of GaAs on Si
without the formation of antiphase domains, and without the
generation of bulk defects. Work continues to develop a finer
theoretical understanding of the three-dimensional nature of
the structures involved, of the corresponding tunnel junctions,
and to optimise the growth and processing techniques re-
quired to fabricate these potentially groundbreaking designs.
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A novel growth technique for III-V growth on Si for photovoltaic applications allows the design of
multijunction solar cells including an active Si substrate. This work analyses multijunction designs specifically

for terrestrial applications using ideal limiting efficiency modelling and quantitative, realistic model. A range

of available semiconductors is analysed, and realistic record-breaking designs are identified for tandem and tri-

ple junction cells in a terrestrial spectrum.
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tools you will use for annotating your proof will be in the Annotations section, @ @ @ qu & .

pictured opposite. We've picked out some of these tools below:

T, & 2 I B

1. Replace (Ins) Tool - for replacing text.

':'-Eh Strikes a line through text and opens up a text
box where replacement text can be entered.

How to use it
e Highlight a word or sentence.

e Click on the Replace (Ins) icon in the Annotations
section.

o Type the replacement text into the blue box that
appears.
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2. Strikethrough (Del) Tool - for deleting text.

Strikes a red line through text that is to be
deleted.

How to use it

e Highlight a word or sentence.

e Click on the Strikethrough (Del) icon in the
Annotations section.

there 1s no room lor extra |)1'()llts al

¢ ups are zero and the number

of

cet) values are not determined by ¢
Blanchard andXivetaki (1987),

rfect competition in general equilil

ts of aggregate demand and supply

lassical framework assuming Monoj

~
EOTY AN OV ONYaTIanaag 'I‘l‘lll‘l‘l]"ll‘l‘ {\‘ "I'I"I'I'IL'

3. Add note to text Tool — for highlighting a section
to be changed to bold or italic.

T}?J Highlights text in yellow and opens up a text
box where comments can be entered.

How to use it
e Highlight the relevant section of text.

e Click on the Add note to text icon in the
Annotations section.

e Type instruction on what should be changed
regarding the text into the yellow box that
appears.
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4. Add sticky note Tool — for making notes at
specific points in the text.

@ Marks a point in the proof where a comment

needs to be highlighted.

How to use it

e Click on the Add sticky note icon in the
Annotations section.

e Click at the point in the proof where the comment

should be inserted.

e Type the comment into the yellow box that
appears.
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USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION

5. Attach File Tool — for inserting large amounts of 6. Add stamp Tool - for approving a proof if no
text or replacement figures. corrections are required.
é} Inserts an icon linking to the attached file in the & - Inserts a selected stamp onto an appropriate
appropriate pace in the text. place in the proof.
How to use it How to use it
e Click on the Attach File icon in the Annotations e Click on the Add stamp icon in the Annotations
section. section.
¢ Click on the proof to where you’d like the attached e Select the stamp you want to use. (The Approved
file to be linked. stamp is usually available directly in the menu that

e Select the file to be attached from your computer appears).

or network. e Click on the proof where you’d like the stamp to

e Select the colour and type of icon that will appear appear. (Where a proof is to be approved as it is,
in the proof. Click OK. this would normally be on the first page).
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* Drawing Markups

7. Drawing Markups Tools — for drawing shapes, lines and freeform
annotations on proofs and commenting on these marks.

T | —
E@ = O D Allows shapes, lines and freeform annotations to be drawn on proofs and for

T comment to be made on these marks..
OO 72 g
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Mark Up

New Incorporations

How to use it

e Click on one of the shapes in the Drawing
Markups section.

¢ Click on the proof at the relevant point and

draw the selected shape with the cursor. || @~ dthreshe =

.
08/06/2011 16:23:54

e To add a comment to the drawn shape, 004d——
move the cursor over the shape until an 2 || [Move to the bottom of the left
column of panels.
arrowhead appears. o 0.03 |
e Double click on the shape and type any 0.02 O.OOGfT\; R >
text in the red box that appears. nonad ™. ]

For further information on how to annotate proofs, click on the Help menu to reveal a list of further options:

|

¥ ecoj_2384_CrxRev2_EV_19-Jul-10.pdf - Adobe Reader =a=n X
[ File Edit View Window x
@ % 4 ({ 7 Adobe Reader X Help... Fl F = Tools | Comment | Share
: H :
characicrised by m 5bDUt Adobe Reader X... + | v Annotations
rlir.h‘rmr degree, About Adobe EIug—Ins...
prices {Berrand ¢
fose sllow 1= 10 <0 Improvement Program Options... ® P &Y &
on the form of com .. - ‘ = ‘
number of firms, Dlgltal EdITIOﬂS TS Tﬁ %ﬁ % T E
In the long run, =
of the economy: Online SUppOl't 4
roductviry level, 2 - - -
B o> Repair Adobe Reader Installation » Drawing Markups
:«[‘f:lll;l‘ of rJ.u‘ tend Check for deates... + Comments List (14)
Moreover, since saj
novel form of dynd — A o —
BOM moden. 1n 5 Purchase Adobe Acrobat A 2~ B~
high enough, the number of firms is above the ‘golden rule’” pumber that would F
maximise steady sate utility: when consumers are exwemely patient they save too ._// d_“_"e_s_hf_v____ .






