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Abstract

Two-terminal multijunction solar cells are a promising technology to surpass the
energy-conversion efficiency of commercial single junction devices. Multijunction solar
cells that integrate silicon bottom subcells could allow cost-effective efficiency
enhancements and further growth in the worldwide installed photovoltaic capacity.

However, the fabrication and characterization of multijunction devices is more complex
than the standard single junction case, due to optical, electrical and architecture
constraints. In this context, this thesis proposes and tests methods for fabrication and
characterization of two-terminal multijunction devices, with special emphasis in the
bottom silicon subcells.

A low-capex, local area back-surface field, silicon cell is adapted for operation in a
two-terminal perovskite-silicon tandem device. A contactless voltage loss analysis
methodology is developed, and used to optimize the tunnel junction of the device. Finally,
a general methodology to identify the shunted cells in two-terminal tandem devices is
developed and validated in GaAs/GaAs tandem device. These characterization
methodologies allow an adequate diagnosis of quality issues in multijunction solar cells,
and provide useful tools for future efficiency improvements.
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CHAPTER 1

1 INTRODUCTION

1.1 Motivation

In the Paris Climate Agreement, the scientific community and policymakers define 2 °C
as a threshold for global warming caused by greenhouse gas emissions from human origin,
and recommend to purse efforts to limit the warming to 1.5 °C or less [1], [2]. To achieve
this goal and mitigate the most harmful effects of climate change, a significant reduction
in greenhouse gas emissions has to occur in the next 15 years [3]. One main way of sharply
reducing energy emissions consists in the wide deployment of renewable energy sources,
especially solar photovoltaic (PV) and wind power, two of the most market-mature
renewable energy technologies. In the case of solar PV, it has been estimated that as much
as 10 TW of energy generation capacity have to be installed worldwide in order to reach
the emission reductions target [3]. To achieve this, the éost of solar energy needs to drop
significantly in the next decade, solar cell efficiencies have to experience substantial gains
and the manufacturing capacity has to be drastically expanded. Figure 1 shows the PV
installed capacity required to reach the climate targets of the Paris Agreement. The various
lines in the graph represent different pathways to reach the climate goals in the next 15
years. It is observed that a new high-efficiency advanced concepts are required to expand

photovoltaic energy generation to the required levels.
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Figure 1: Required scenarios of PV installed capacity to reach the climate targets. Plot taken from [3].

The solar-generated electricity cost is very sensitive to changes in the energy-conversion
efficiency. Higher efficiencies achieved with little additional cost constitute a growth lever
of new photovoltaic installations. Various sensitivity analyses of the minimum sustainable
price (MSP) of crystalline silicon modules showed that increments in efficiency are among
the most significant variables determining the price per module, given usually in dollars-
per-watt ($/W) [4], [5]. This fact is a consequence of the $/W price being a function of the
inverse of the module capacity. In addition to the module cost, if high efficiency is achieved
with little additional cost, the fixed and variable costs of the system’s components and its
installation are reduced, which répresent more than 60% of the total system cost fof

residential systems and 40% for utility-scale PV installations.

In spite of its potential, substantial efficiency improvements of most established
commercial single junction technologies have proven challenging in recent years. For
example, the efficiency of crystalline silicon (c-Si) single junction devices has gone from
25% to 26.6% in the last fifteen years [6]. The efficiency improvements have been

constrained both by the state of the current technologies, the cost-competitiveness of
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1.2

high-efficiency architectures and the excessive capital cost of launching or renewing
manufacturing facilities, which reduce the relative economic benefit for the manufacturer
(in ROI terms) of higher efficiencies [3]. In this context, certain multijuction solar cells
constitute an opportunity to surpass the practical limits of single junction solar cells and
further reduce photovoltaic energy cost. In order to achieve this, the multijunction
technologies have to be able to provide an efficiency improvement compared to single
junction architectures at little or no additional cost. The multijunction architectures that
require low capital expenditure and lever on the main technologies in the market are the
most likely ones to satisfy the cost requirement. For instance, multijunction devices that
integrate p-type Si industrial diffused junction subcells in combination with inexpensive,
highly-efficient top subcells (such as perovskite or other thin-film materials) have a high

chance of being cost-efficient.

In this context, this thesis focuses on two-terminal perovskite-Si tandem devices, using
a low capital expenditure p-type Si cell. The work addresses fabrication, loss analysis and
shunt characterization of multijunction devices. The final goal of the thesis is to provide
methodologies and tools to fabricate and analyze multijunction devices for future potential

market applications.

Multijunction Solar Cells

In general, the theoretical maximum efficiency of a solar cell is limited by the fraction of
photons of the solar spectrum that can be absorbed by the material, generating
eléctron—hole pairs, and then can be extracted as electric energy [7], [8]. Photons with
energies below the bandgap of the material cannot be absorbed, whereas photons with
energies above the bandgap are absorbed, but the excited electron-hole pair dissipates the
excess energy as heat [g]. The latter loss mechanism is known as thermalization, and limits
the voltage of the device. On the other hand, the loss due to low energy photons limits the
number of photons captured, or the actual current of the device. In consequence, an
absorber material of a certain bandgap determines a trade-off between the number and the

energy of electron-hole pairs generated. The quantification of these mentioned losses for a
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certain bandgap, in combination with radiative recombination, constitutes the
Shockley-Queisser detailed-balance limit for solar cell efficiency [8]. For single junction
solar cells with the most beneficial bandgap figure, the Shockley-Queisser limit is 33.7% [10]

for the standard AM 1.5G spectrum [u].

Multijunction solar cells, also commonly known as tandem devices, combine two or more
stacked absorber materials with complementary bandgaps to capture the solar spectrum,
more efficiently and, in consequence, reach a higher energy-conversion efficiency compared
to single junction devices [12]. Figure 2 shows a schematic of a multijunction device with two

junctions, in which different subcells absorb complementary parts of the solar spectrum.

Low E; Top Cell

Figure 2: Schematic of light absorption in multijunction solar cell. Graph made for PV Education, courtesy of
Sarah Sofia (MIT PV Lab).

In this case, the material of lower bandgap provides a wide spectral absorption range,
while the material of a higher bandgap captures the high energy photons of the spectrum
more efficiently [13], [14]. As a results, the device is able to harvest the energy of the solar
spectrum more efficiently. The Shockley-Queisser limit in this case, for the bandgap
combination that maximizes the efficiency, is around 42% under AM 1.5G illumination [13].

Depending on the coupling mechanism between subcells, we mainly distinguish between
two multijunction architectures: mechanically-stacked 4-terminal (4T) tandems, in which
subcells are optically coupled but electrically isolated from each other, and monolithic

2-terminal (zT) tandems, which are optically and electrically coupled [6], [15]. The electrical
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coupling in a 2T device is achieved by using a tunnel junction or a recombination layer. As
shown in Figure 3, the tunnel junction corresponds to a highly doped area between the top
and the bottom subcells. One part of the tunnel junction is n-doped, whereas the other part
is p-doped. The sudden change in the band diagrams of the cell causes quantum tunneling
in the interface. The tunneling phenomenon allows the recombination of an electron-hole
pairin the tunnel junction, thus allowing the flow of current through the cell and connecting
both subcells in series. The total current density in this case is limited by the smallest current
density of any subcell of the device. In consequence, to achieve the maximum efficiency in
a 2T device, the currents at the maximum power point of the top and bottom subcell must
be equal. This requirement is commonly known as current-matching [16], [17]. The 4T
architecture, on the other hand, has a separate circuit for each subcell in the stack. A
transparent insulating layer between the top and bottom subcell is required to allow the pass

of low energy photons to the bottom subcell.
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Figure 3: Tandem architectures and equivalent circuits. Graph made for PV Education, courtesy of Sarah Sofia

(MIT PV Lab).

The inherent conditions, such as filtered spectrum, reduction in illumination intensity,

current mismatch between subcells or presence of the tunnel junction, determine different
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design constraints and performance characteristics [18]. The 2T and 4T architectures have
different theoretical and practical performances according to the bandgap of the subcells
and the solar spectrum conditions. The current-matching requirement in the case of the 2T
multijunction devices limits the available bandgap for which it is possible to achieve
high-efficiency. Figure 4 shows the maximum theoretical efficiency for the 2T and 4T
architectures as a function of the bandgap of the top subcell or the bottom subcell under
AM 1.5G conditions. The 2T tandem device has a narrower range of bandgaps for which the
efficiency is high compared to the 4T architecture. This fact reduces the number of possible
suitable absorber materials for a 2T tandem device. In this case, materials with tunable
bandgaps become important, such as perovskites, organic or perovskite-inspired absorber

materials for which the bandgap is usually tunable through variations in the stoichiometry

[15].
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Figure 4: Tandem detailed-balance efficiency limit map for double junction (a) series-connected two-terminal

tandems, and (b) mechanically-stacked, four-terminal tandems. Graph made for PV Education, courtesy of Sarah
Sofia (MIT PV Lab).

Another relative disadvantage of 2T terminal architectures compared to 4T is the
sensitivity of the former to spectral conditions. Certain spectral conditions could reduce the

photogenerated current in the top or the bottom subcells, causing one subcell to become
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current limiting and reduce the overall efficiency of the device For instance, for GaAs on Si
tandem device, the 4T architecture was found to producé as much as 20% more energy
compared to the 2T architecture for specific spectrum conditions [19]. On the other hand,
4T devices are usually more expensive and laborious to manufacture than 2T devices. They
require an extra set of contacts on the rear of the top subcell and on the front of the bottom
subcell. The rear contacts of the bottom subcell need to be transparent to allow photons to
reach the bottom subcell. For new absorber materials, especially thin-films, this
requirement usually represents a constraint as the absorber materials or architectures are
not compatible with some traditional semi-transparent contact materials or contact
manufacturing steps [15], [20]. Additionally, both subcells require to be mechanically
stacked and connected to additional power electronics. In consequence, there is a trade-off
between the manufacturability and the design and operation flexibility of 2T and 4T
multijunction architectures [21].

A process that limits or enhances the energy conversion efficiency is luminescence
coupling, or the process by which photons emitted by radiative recombination in the higher
bandgap subcell are absorbed by the lower bandgap subcell. Luminescent coupling increases
the photogenerated current in the subcell, and could change the expected current-matching
conditions. The process is common for absorber materials that present high radiative

recombination, such as I1I-V solar cells [22].

1.3 Goals and Thesis Structure

Due the cost advantages and manufacturing capacity of c-Si single junction solar cells,
c-Si bottom cells are envisioned to be adapted to novel two-terminal tandem architectures
in combination with top subcells of various types such as perovskites or I[I-V materials [6],
[23], [24]. This thesis focuses on two-terminal c-Si based multijunction solar cells, with
special emphasis given to the industrial p-type, diffused junction, bottom Si subcell in a

tandem stack. As mentioned in the motivation section, this architecture was the
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potentiality to achieve high-efficiency with little additional cost. The following goals are

accomplished in the respective chapters:

e In Chapter 2, the fabrication process and measurement of a two-terminal
perovskite-Si tandem is described Special attention is given to the design and
the fabrication of the Si bottom subcell to allow the tandem fabrication and
operation.

e In Chapter 3, the bottom Si subcell is characterized, and a contactless
methodology to perform an open-circuit voltage loss analysis is developed. The
methodology is used to characterize and optimize the tunnel junction of the
bottom subcell.

e In Chapter 4, an extended analysis of losses due to shunting in a
two-terminal tandem is performed under various current-matching conditions.
An equivalent circuit model of a two-terminal multijunction solar cells is

developed and the results area validated using a GaAs/GaAs solar cell.

The results provide adequate insights and tools for cell design, fabrication, loss
characterization and shunt identification of two-terminal multijunction devices that
include bottom Si subcells. The final goal of this work is to provide fabrication and

characterization methods for the development of efficient 2T multijunction devices.

1.4 Prior Art of Two-Terminal Multijunction Devices

Two-terminal monolithic multijunction devices have been widely used for applications
with a high-efficiency premium, such as III-V solar cells in the space industry. Triple
junction III-V concentrating solar cells surpassing 40% hold the world-record for
highest-efficiency for any device technology [25]. The III-V multijunction architectures

have been researched during several decades, and the fabrication and characterization
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methods are well established. Some of the first III-V architectures were AlGaAs/GaAs and
GalnP/GaAs two-terminal solar cells. The first development of AlGaAs/GaAs were limited
to 20% efficiency because of difficulties in making stable tunnel junctions and the presence
of oxygen defects in the AlGaAs material [26]. Double hereto-structure tunnel junctions
were found useful for preventing diffusion from the tunnel junction into the structure and
achieving higher efficiencies [17]. Afterwards, two-terminal InGaP/GaAs and
InGaP/GaAs/Ge devices were realized by several improvements: a wide band-gap tunnel
junction with double hetero-structure that reduces absorption and recombination losses,
the use of InGaP/Ge hetero-face structure bottom cells, lattice matching of the Ge
substrate, widening of the top cell band gap by AllnGaP [17]. Some of the principles behind
these advanced were used to develop multiple novel architectures such as GaAs/GaAs,
GaAs/GaSb and InP/GalnAs, many of them surpassing 25% efficiency [27]. The use of a Si
bottom subcell or substrate instead of Ge has been proposed and realized for two-terminal

multijunction architectures by means of epitaxial liftoff [28] and wafer bonding [29].

For utility and residential applications, Si-based monolithic multijunction devices had
only recently became of interest. One of the most promising Si-based technologies is
perovskite-Si two-terminal tandems, due to the potential of perovskites as a low cost and
high-efficiency absorber materials. The first two-terminal 13.7% perovskite-silicon tandem
was reported in 2015, using an n-type diffused junction silicon bottom cell and an
amorphous Si (a-Si) tunnel junction [6]. A more efficient 18% perovskite-Si device was
fabricated using an n-type heterojunction with intrinsic silicon thin-layer (HIT) cell. The
authors adapted the perovskite deposition process for low temperatures (less than 250 °C)
to avoid amorphous silicon recrystallization, and used an ITO/SnO2 tunnel junction.
Werner et al. reported a monolithic tandem of 21.2% efficiency by using a more efficiency
n-type HIT cell and a tunnel junction with PEIE/PCBM instead of SnO2 [30]. Recently, a
23.6%-efficient perovskite-Si tandem devices were reported using n-type heterojunction

with intrinsic silicon thin-layer (HIT) cells and an ITO/NiOx tunneling layer [24].

The future deployment of two-terminal perovskite-Si tandem devices requires

integration with p-type silicon solar cells, the dominant industrial Si cell type representing
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over 85% percent of the global photovoltaics market. In consequence, low capital
expenditure perovskite-Si devices will require developing architectures that integrate well
with p-type bottom Si cells with diffused junctions. [ focus in this work in the development

of a bottom Si subcell of these characteristics for a perovskite-Si device.
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CHAPTER 2

2 FABRICATION OF THE BOTTOM
SUBCELL

2.1 Device Requirements and Architecture

We integrated an industrial p-type Si subcell and a perovskite top subcell using a
NiOx/ITO tunnel junction. The architecture of the two-terminal multijunction perovskite-

Si device is shown in Figure 5.

Perovskite

Figure 5: Perovskite-Si 2T tandem device with generic p-type Si bottom subcell.
Usually, perovskite devices have a hole transport layer (HTL) on the front surface of
the device and an electron transport layer (ETL) on the back, non-directly illuminated
surface. Thus, the top perovskite subcell in Figure 5, has an inverted architecture. This

architecture is required to adapt the successfully to the p-type Si bottom subcell.
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As mentioned earlier, due to an abrupt change in the band diagram in the NiOx/ITO
interface, electrons and holes recombine in the tunnel junction. The recombination process
leaves a free hole in the bottom Si-subcell that is captured by the rear contact, whereas a
free electron is generated in the top perovskite subcell and captured by the electron

transport layer.

The top subcell is a 14.6% inverted perovskite device with stoichiometry of
CSo.1;FA6.83Pb(Bros;los;); , which was chosen due to its higher stability and reduced
sensitivity to pinholes in large areas compared to the standard MAPbDI; stoichiometry [24].
The electron transport layer on top was deposited through atomic layer deposition (ALD)
at low temperature. The transmittance of the NiOx/ITO interface was found to be more

than 95%, satisfactorily allowing light to reach the bottom Si subcell.

The industrial p-type subcell architecture has to be adapted to satisfy the following

requirements of the tandem device:

e Polished front surface: the NiOx layer and the perovskite cell are deposited by
spin coating and subsequent annealing. The spin coated layers commonly lack
uniformity when they are deposited over a non-planar surface. Perovskite solar cells
are prone to shunting due to pinholes created in non-uniform surfaces [31].
Furthermore, if perovskites are spin coated over textured surfaces, such as the
standard random texture front surfaces of p-type solar cells or, even, saw damage
etched surfaces, they are not functional due to the uneven distribution of material
across. In consequence, the perovskites top subcell requires to be deposited over a
polished, mirror-like front surface.

e ITO deposition: the ITO deposition is performed by sputtering. To avoid creating
pinholes during perovskite spin coating and avoid the insertion of a contact barrier
in the ITO interlayer, the Si cell front surface has be to free of particulate dust and
SiOx before the ITO deposition. To satisfy this quality requirement, the front surface

of the Si cell needs to be cleaned with a 10% solution of HF and solvents before ITO
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deposition. Additionally, the ITO deposition has to occur in an oxygen-free
atmosphere to avoid further formation of a SiOx on top of the device.

e Device mesa: the lateral current in the device has to be limited by means of a mesa
in order to achieve higher current densities. The mesa is a portion of the Si cell that
provides edge isolation to the device.

e High-efficiency: to achieve the highest possible efficiency, the bottom cell has to
reach a single junction efficiency close to industrial-quality p-type Si devices.
Additionally, the thickness and bandgap of the perovskite had to be adequately
tuned to match the current of both cell in the maximum power point.

e Low-capex: as mentioned in Chapter 1, many high-efficiency Si-based tandem
devices had been realized using high-efficiency HIT cells. However, a more suitable
pathway for potential commercialization of multijunction devices arguably requires
low capital expenditure intensity [3]. This requirement can be met by using existing
standard c¢-Si manufacturing capacity and developing multijunction architectures

that are compatible with the standard fabrication process.

2.2 Bottom Cell Types

Considering the device requirements, two different p-type Si solar cell architectures
were fabricated: back surface field (BSF) [32] and localized back surface field (LBSF) p-type
Si devices [33]. Figure 6 shows a schematic of BSF and LBSF architectures. We adapted
these solar cells architectures to be intégrated to perovskite multijunction architectures by
using front polished p-type wafers with a textured rear surface. The BSF and LBSF cells are
diffused junction solar cells with a fired aluminum (Al) contact in the back, which forms a
built-in electric p+ field on the rear surface of the solar cell [33]. This surface field allows a
substantial improvement in the cell performance, reducing the recombination losses at the
back surface and increasing the voltage of the solar cell compared to cells without BSF or
LBSF [32]. The BSF consists of a full-area of fired Al that forms a contact and passivates the

rear surface. The relatively simple deposition screen printing deposition process of full-area
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Al and the quality of the passivation have made the BSF architecture ubiquitous in the
silicon solar cells market [34], [35]. However, the large area of the BSF contact contributes
to high minority carrier recombination and reduces the cell voltage. The local BSF cell, an
improved architecture capable of achieving higher voltage and energy-conversion
efficiency, was developed to solve this problem [33]. In the local BSF cell, the back surface
is passivated by a stack of AlOx and SiNx thin layers deposited through plasma-enhanced
chemically vapor deposition (PECVD). Afterwards, a full Al layer is deposited on the rear
passivated surface. To electrically contact the Al layer and the solar cell base, thin laser
scribes are made through the Al contact and the dielectric passivation layers. Finally, the
cell is fired to form the local p+ in the contacted area. A trade-off exists between the series
resistance of the contact and the surface recombination of the cell. A smaller contact area
reduces the recombination, but increases the series resistance of the device. In spite of this
trade-off, LBSF architectures surpass the efficiencies of BSF cells. Efficiencies over 21.1%
have been reported for LBSF cells (in the form of passivated emitter and rear cells (PERC)
cells) [36]. New high throughput and cost efficient processes have allowed LBSF to enter
the solar market and the technologies are expected to present around 35% of the markets

in the next few years [33].
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Figure 6: BSF and LBSF silicon cells

Both cell types could potentially be adequate for a low-capex 2T perovskite-Si tandem.

However, the efficiency requirement has to be considered carefully. The bottom Si cell
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needs to perform well under filtered spectrum and low intensity conditions. For the
purpose of this work, the two types of cells were investigated and current-voltage

characteristics (J-V characteristics) of a single junction device were taken into account.

2.3 Full-area BSF Fabrication

I fabricated several batches of 1 cm? full-area BSF cells. The cells were fabricated by
POCI3 diffusion on the front surface of a 4-inch float zone wafer. Afterwards, a full-area
1 um-thick layer of Al was sputtered on the textured rear surface and fired at 750 °C to form
the BSF. A 1 cm? mesa was plasma-etched in the front surface of the cell. The front surface
was then cleaned with a 10% solution of HF to remove any oxide layer. A separate single
junction device, including a front contact and PCEVD deposited ARC coating, was

measured as reference for the bottom subcell device efficiency.

The resulting 12.25% efficient cells had several problems that made the cells not
suitable for fabrication of high efficiency perovskite-Si tandem devices. Figure 7 and Figure
8 show the J-V curves of the best device and the quantum efficiency measured with a QEX7
system, calibrated using a NREL-certified silicon photodiode. The polished devices were
found to have a low open-circuit voltage and the poor EQE red response. The front planar
surface of the cells was found to be very sensitive to the photolithography process up to the
point where many cells of the batch were unusable for spin coating of perovskites devices,
or the voltage of the operating devices was significantly reduced. Additionally, the full Al

rear surface has high recombination which ultimately limits the voltage of the device [33].

In consequence, the most promising low-capex architecture for the bottom cell is the
LBSF Si cell due to its higher expected single-junction efficiency. For this specific process
and device, at least a 4% efficiency increase is expected when switching to the LBSF
architecture. The low-capex requirement is still satisfied by LBSF cells, because they

relative similar cost compared to BSF and their already significant market share.
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100.00 i

80.00

60.00

QE (%)

40.00

20.00 |

0 200 400 600 800 1000 1200
Wavelength (nm)

Figure 8: External Quantum Efficiency (EQE) of full-area BSF device.

2.4 Local-area BSF Fabrication

2.4.1 Wafer quality and process flow

We fabricated a batch of local-area BSF cells using the facilities and processes
available at the Solar Energy Research Institute of Singapore (SERIS). The LBSF cells were

fabricated using 6-inch, single-side polished monocrystalline Czochralski (Cz) wafers of
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thickness of 300 pm. Single-side polished 6-inch Cz wafers are not very common in the
market, due to its limited applications for single junction Si devices. Most manufacturers
use chemical-mechanical planarization (CMP) of ingots to obtain polished wafers. The
CMP procedure and the fact that several ingots are usually used for a same wafer batch
increases the lifetime variability range of the wafers. Some wafer could have a low bulk
lifetime, which will limit the final efficiency of the fabricated solar cells. In consequence, it
is necessary to check the lifetime of symmetrically passivated wafers through a quasi-steady
state photoconductance (QSS-PC) measurement [37]. The lifetime as a function of the
excess carrier density obtained from QSS-PC measurements in shown in Figure g. The
lifetimes range between 350 and 810 ps for the reference excess carrier density of
110 E+15/cm”3. The lifetime for three representative wafers was found to be close to
common values for Cz wafers reported in literature [38]-[40] . The variation of lifetime is
determined by the different base doping levels and the Shockley-Read-Hall lifetime of the

wafers in the batch [41].
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Figure 9: Lifetime as a function of excess carrier concentration for three test wafers without a diffused junction.

In order to fabricate the device with the highest efficiency, several samples were

analyzed with variations of two features: rear texture and front side masking. The rear
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texture determines the light-trapping capabilities of the device. Two variations of the
texturing were considered: the default saw-damage etch (SDE) rear-side texture and a more
heavily textured finishing obtained by an additional SDE run In the same way, the front
side masking is employed for protecting the cells during various processing steps, and is
usually used as passivation layer in single junction devices. However, the use of the LBSF
cell as a bottom cell requires the removal of any dielectric from the front-surface in order
to deposit the tunneling layers and the perovskite device. The dielectric removal is usually
performed with hydrofluoric acid (HF) because it has a low impact on the polished surface
quality. In consequence, the masking layers have to be easy removable by HF and provide
protection during the fabrication process, especially during the SDE processes. Two

masking stacks are considered: 30 nm of SiOx + 75 nm of SiNx, and 75 nm of SiNx only.

Each of the described sample variations were fabricated. Additionally, to be able to
test the quality of the devices in detail, single junction versions of the bottom cells,
including a front contact and an ARC layer were prepared. The fabricated test samples and

the processing steps are shown in Figure 10.
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Figure 10: Test samples and fabrication stéps for Si bottom subcell.

A final characterization step consisted in measuring the lifetime of the wafer after
diffusion of the n+ emitter on the front side. This step allowed to verify the adequate
diffusion of phosphorus dopant in the front planar surface. The spatially-resolved lifetime

map of the samples was found with calibrated photoluminescence imaging [42]. Figure 11



shows the sample lifetime. The overall lifetime is over 120 ps, and the test wafer has

acceptable uniformity.

Figure 11: Lifetime PL image of wafer with diffused junction

2.4.2 Fabrication results and loss analysis for reference samples

In order to optimize the LBSF passivation, I subjected the samples to several firing
temperature profiles by using a multi-stage convection furnace. The reference single
junction samples were then measured using a standard J-V tester. Table 1 summarizes the

main /-V characteristics for the studied firing and back surface finishing conditions.

Table 1: Reference single junction device parameters for various samples and firing conditions.

Firing Profile Jsc Rs Rsh Efficiency

Cell (Three stages °C) Voc (V) | (mA/em?) | FF (%) | (ohm-cm?) (ohm-cm?) (%)
730-725-270

Textured fired twice 0.613 34.61 72.1 1.635 27007 15.3
730-725-270

Polished fired twice 0.637 33.46 722 2.36 12977 15.4

Textured 740-735-210 0.612 34.55 77.0 0.71 44936 16.3

Textured 730-725-210 0.623 34.97 F3:1 1.19 40057 16.3

Polished 740-735-210 0.639 33.87 77.6 1.028 22069 16.8

Textured 750-745-210 0.605 34.53 76.5 0.82 17015 15.9

Polished 740-735-270 _0.625 33.82 69.5 3.384 62401 14.8
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[t is possible to perform a current loss analysis and fill factor loss analysis of the single
junction reference cells, as shown in Figure 12. The parasitic absorption in the NIR infrared
is still significant, so future work should focus on optimizing the subcell for filtered
spectrum. The fill factor loss is similar to the one for industrial PERC cells [36]. The loss
analysis will be commented in Chapter 3, and expanded to include a voltage loss analysis

of the Si subcell, including the tunnel junction.

30



Current Loss Mechanisms

Jsc Breakdown (mA/cm2)
Cell Current

37.225

WAR (300-1000nm) %

700
740

BRIRIBRI

Wavelength (nm)

620 |

ocooocoooo
SIBICLIFESR

980
1020
1060
1100 }
1140
1180

BARC reflectance loss @ Front surface escape

BNIR parasitic absorption @base collection loss
@blue loss OEQE

Fill Factor loss mechanisms

0.067 %

= FF loss due to series (absolute %)
B FF loss due to shunt (absolute %)
B FF loss due to J02 recombination {absolute %)

Figure 12: Current loss and fill factor loss breakdown of single junction reference cells.
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2.4.3 Tunnel junction deposition

The tunneling layers were deposited after cleaning the substrate with HF, as detailed
in the section of Device Requirements. A sputtering system was used to deposit 30 nm of
highly conductive ITO on the front surface of the cell under a nitrogen atmosphere, to
avoid the formation of SiOx in the ITO/Si interlayer. Then, a NiOx layer was spin coated

on top of the ITO layer. The NiOx layer was prepared and annealed at 300 °C during 1 hour.

To check for device shunting, the final cells were evaluated using a Sinton Suns-Voc
stage, directing contacting the front surface of the cell with a probe [43], [44]. The pseudo
J-V curves (J-V curves measured without series resistance) are shown in Figure 13. When
the measured cells do not have front contacts, the measured voltage is going to vary
depending on which grain is being probed. In this case, the tool’s manual recommends
looking for the maximum voltage obtained by probing different points on the cell. In
consequence, while Suns-V. is a useful for determining if the bottom cell is shunted or not,
it does not provide a reliable measurement of the voltage and current density

characteristics in the absence of a front metal contact.
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Figure 13: Pseudo J-V curves for bottom Si cells, after a) ITO deposition, b) NiOx deposition, c) ITO deposition
with poor mesa alignment.

[t is possible to observe that the devices with the plasma etched mesa had acceptable
J-V characteristics (Figure 13a and Figure 13b). The relatively low Vocafter the deposition of
the NiOx layer (Figure 13b) could be a measurement artifact or a loss mechanisms that
should be studied during future NiOx layer optimization. Finally, in 13¢, it is evident than
the device with the laser scribed mesa is shunted. This is attributed to the poor alignment
of the sputtered ITO layer with respect to the actual mesa. Thus, the ITO is shunting the
device by directly contacting the base of the device. The sensitivity of the laser scribed mesa
to alignment was found to be a major challenge. In consequence, the plasma etched mesa

is preferred and employed for the fabrication of the perovskite-silicon multijunction device.
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CHAPTER 3

3 VOLTAGE LOSS ANALYSIS OF BOTTOM
SUBCELL

3.1 Subcell loss analysis methodologies

The loss mechanism identification and quantification in monolithic two-terminal (2T)
multijunction devices is more complex than the traditional analysis of single junction solar
cells. The difficulty to probe and measure each subcell independently is a limitation for
most standard characterization procedures [45]. For the purpose of this work, three general

types of loss analyses are relevant:

e Open-circuit voltage loss analysis
e Short-circuit current loss analysis

e Fill-factor loss analysis

The short-circuit current loss analysis and the fill-factor voltage loss analysis could
be adapted from the single junction versions of Section 2.4.3. For the case of the Jscanalysis,
it is possible to break the current for each subcell in collection losses and optical losses.

The collection losses are caused by finite diffusion length in the emitter and base, while the
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optical losses include shading, reflection and parasitic absorption. It is possible to combine
an EQE measurement [45], [46] with an optical model to estimate the current loss

breakdown in the device.

. The ray tracing models used for estimating the optical losses are usually very robust
for modeling multijunction architectures, and have been used successfully for estimating
current losses in a variety of devices [47], [48]. A current-loss analysis was recently
performed on a perovskite-Si tandem device [47], [49] In the case of III-V multijunction
devices, it is necessary to take into consideration additional factors such as luminescence

coupling and photon recycling [22], [23].

In the case of the fill-factor loss analysis, the loss analysis included in Section 2.4.3
is based on measuring the final multijunction device and thus is suitable to be fitted from

a simulation model and the final J-V curves of the multijunction device [36], [50], [51].

For this thesis, special focus is given to analyzing voltage losses of the bottom
subcell, and to identifying pathways for extending this methodology to a top perovskite
subcell. Traditionally, voltage losses in single junction devices have been found by applying
the reciprocity relation between electroluminescence measurements and EQE in
combination with a detailed balance limit calculation [s52], [53], by using calibrated
photoluminescence (PL) imaging in the open-circuit condition [36], [54], [55], by using
time resolved PL measurements, or by performing 2D and 3D simulations for fitting the
main J-V characteristics of the device under various conditions [56], [57]. These
methodologies produce different voltage loss breakdowns according to the actual
approach. The 2D and 3D simulations provide a very detailed, device specific, loss
breakdown, but require insightful understanding of the device physics and complex
computational models [58]. On the other hand, techniques that combine experimental
measurements with detailed balance limit calculations are usually easy to perform but the
loss breakdown is difficult to relate to device fabrication parameters. Furthermore, it is
difficult to expand most of these methodologies to multijunction devices. In the case of the

2T multijuction devices, the electrical and spectral coupling conditions of the subcells, the
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presence of a tunnel junction and the multiple integrated layers of material generate

particular design and measurement constraints.

The best trade-off between simplicity of execution and process relevance is achieved
by using a photoluminescence-based analysis of various semi-fabricated samples that
correspond to intermediate steps of solar cell fabrication. Wong et al. developed a
methodology of this type to find voltage losses in single junction c-Si devices [36]. This
methodology can be extended to analyze our fabricated Si bottom cells, including the
tunnel junction. The methodology allows to find a voltage loss breakdown in a contactless
fashion and relate it to critical fabrication steps. Subsequently, I use the voltage loss
analysis to improve the tunnel junction interlayer in the device. Finally, this thesis
proposed some potential pathways to expand the analysis to a complete perovskite-Si

tandem device.

3.2 Voltage loss analysis of bottom subcell

3.2.1  Methodology

The proposed voltage loss analysis requires six semi-fabricated solar cells,
corresponding to various critical fabrication steps. The sample schematics are shown in
Figure 14. Samples A-D correspond to the silicon cell passivation, and Samples E-F
correspond to the tunnel junction deposition steps. Sample A is a symmetrical sample with
a diffused junction and passivation of the front and rear surfaces. Sample B is similar to
sample A, but includes the passivation of the rear surface by AlOx/SiNx. Sample C includes
the back Al metallization of the samples with the passivation layers still intact, and sample
D includes the LBSF contacts made by laser-ablation. For the samples to be representative
of distinct fabrication steps, each sample has been subjected to the same thermal history
as the full 2T perovskite-Si tandem device. The thermal history of the device is determined

by the step of back-contact firing in a multi-stage convention furnace for the Si-bottom
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subcell and several annealing cycles for the spin-coated layers of the tunnel junction and

the perovskite subcell.

Calibrated with Sample B
@915 nm

| Sample A Sample B Sample C Sample D ] Sample E

Sample F

Figure 14: Semi-fabricated samples used for the voltage loss analysis procedure.

Calibrated with Sample E
™ (without metallization)
@915 nm

Table2 includes the device parameters for each sub cell which are used as reference

and data inputs for the voltage loss analysis routine. Two types of characterization

techniques are required: QSS-PC and PL imaging.
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Table 2: Device parameters of reference single junction cell and wafer.

Wafer and Reference Cell Parameters

Cell thickness 180 um
Base doping (N4) 8.8 x 10¥ cm?
Open-circuit voltage of single junction 0.639V

reference cell (Vo)

Short-circuit voltage of single junction 33.87 mA/cm?

reference cell (J)

Efficiency of single junction 16.8%

reference cell (n)

Voltage losses can be expressed in two ways: as voltage, which is illumination intensity
dependent, and as recombination current (J,), which is measure of the minority carrier
recombination in the device and limits the voltage characteristics in the open-circuit point. .

Jois extracted from the two diode model equation, which is defined by:

JO) = Ju = Jor {exp |2| = 1} — Joo {exp [2225] - 1} - 2= ()

KT 2KT Rghunt

where /4, and J,, correspond to the recombination currents, Rgp,y, is the equivalent shunt
resistance, R; is the equivalent series resistance, J|, is the photo-generated current, k is the
Boltzmann constant and T is the absolute temperature of the junction (supposed to be

constant) [59].

By applying the proposed methodology, it is possible to extract the implied voltage

and the saturation current density of the emitter (Joe), the combined bulk and rear
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passivated surface of the L-BSF Si sub cell (Jo-si-buik), the rear metal contact (Jo-rear), the ITO

tunneling layer (Jo-rro) and the NiOx spin coated tunneling layer (Jo-niox).

Table 3: Measurement plan for the voltage loss analysis procedure.

Implied Voc

Implied Voc

Sample Processing step Measurement #1 Measurement #2
Kane-Swanson
Sample A Bulk + passivated emitter Photoconductance
Kane-Swanson
Sample B Back surface passivation of Si cell Photoconductance | Photoluminescence
Sample C Rear Al deposition Calibrated Photoluminescence
Sample D Laser scribing and L-BSF contact formation Calibrated Photoluminescence
Sample E Kane-Swanson

(without metallization)

ITO deposition

Photoconductance

Photoluminescence

Sample E

ITO deposition

Calibrated Photoluminescence

Sample F

NiOx deposition

Calibrated Photoluminescence

Table 3 summarizes the required measurements for each sample. The Jee of the

symmetrical passivated emitter structure of sample A is found by using the Kane-Swanson

method [60]. The QSS-PC measurements are based in the relation between the excess

carrier density in a silicon sample and its photoconductance [37]. The Kane-Swanson

method allows to find the Joe of a device by finding the Auger-corrected minority carrier

lifetime of the sample in the high injection regime [60]. The rest of ], values and implied

Vo are extracted by applying the Suns-PL methodology to samples B-F [61], [62]. According

to this characterization method, the average PL images of the samples at different

intensities could be related to the excess carrier density in the device. Relating both

parameters is achieved by a self-consistent calibration procedure. First, PC is measured in

a non-metallized calibration sample to find the excess carrier density under illumination.
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Then, a PL image is captured under the same illumination to find the luminescence photon

flux or, its non-dimensional equivalent, the PL count.

For a silicon cell, the photoluminescence photon flux incident relates to the excess

carrier density by the following equation:
¢ =cn—n?) =c(6n)(dn+Ns) (2)

where ¢ is the photoluminescence photon flux, pn is the product of free holes and free
electrons, n; the intrinsic carrier density, ¢ is the calibration constant dependent both on
the optical properties of the samples and the diffusion length, én the excess carrier density
and N, the background doping of the samples. The diffusion length in c is neglected for the
silicon cells since it is large [54]. The self-consistent calibration procedure consists in
finding a value for ¢ by measuring both photoluminescence flux and the excess carrier

density -or, alternatively, the voltage- of the device [63].

Two groups of samples with similar optical properties are analyzed. The samples are
grouped according to optical similarity: Samples A-D and Samples E-F. Each group is
calibrated by the QSS-PC measurement of a non-metallized reference samples
corresponding to sample B or sample F (without back metallization). Figure 15 illustrates

the relation between the excess carrier density and the average photon count that allows
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to find the calibration constant for each group. A calibrate PL image showing the excess

carrier density is shown.
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Figure 15: Calibration curves relating the PL signal to the excess carrier density. Calibrated PL image showing
the excess carrier density.

The metalized samples cannot be measured by QSS-PC. In consequence, it is necessary to
relate the average PL of each sample to the calibration constant c. The calibration constant

c is defined by the following equation:

sz 1 Agp(4)

4mn(A) agg (A)_B Wal @)

where n is the refractive index of silicon, Agg is the band-to-band absorptance of the
sample, agy is the absorption coefficient, B is the volumetric spectral radiative coefficient
(constant in the range of injection levels of interest) [36]. Based on Equation 2, it is possible
to correct the calibration constant ¢ for each individual sample by measuring the ratio
between the absorptance of a given sample and that of the calibration sample. Then, it is
possible to scale ¢ accordingly for each samples within an optically similar group. To find

the absorptance, the sample reflectivity was measured for samples B-E and used as a target
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fitting parameter in an optical ray tracing model that fits the sample’s absorptance by
varying the reflectivity parameters of the sample. Figure 16 shows the measured reflectance

of each sample for the relevant wavelength range.
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Figure 16: Reflectance of the test samples.

Based on the fitted absorptance, the calculated ratio between optical constants is shown in
Table 4. It is possible to observe that the metallized sample C is more reflective than the
calibration sample B. In the same way, the NiOx layer on top seems to make the sample

more reflective compared to sample D.

Table 4: Ratios between absorptance of calibration sample and individual test samples.

Ratio between absorptance
Sample
(For calibration samples B and E)
Sample B 1.00
Sample C 110
Sample D 1.00
Sample E 1.00
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Sample F 1.07

The corrected calibration constants for each sample allow to determine the implied V. as:
Voc = kT *In(pn/n;?) (4)

The pn product is found for each sample and used to calculate the implied Voc. The implied
voltage can be plot as function of the PL illumination intensity in Suns. The two-diode

equivalent circuit equation at the open-circuit could be found from Equation 1and is given

by:

qV

JL=Jo {exp [%] - 1} —Joz {exp [m] - 1} (5)

To convert the Suns illumination to current density J, the estimated current density based
on the reference measurements of the J-V device is used. Afterwards, it is possible to fit the

equivalent values of the J,, and Jo. parameters for each test sample.

3.2.2 Voltage Loss Breakdown

Figure 17 shows the Suns-PL curves for each sample. It is evident that each fabrication
step reduces the voltage for all intensities conditions, shifting the Suns-V,. curve to the left.
A major Vi, loss is related to the ITO deposition step. This could be caused by the

sputtering process damaging the front surface of the bottom Si-subcell and increasing the

SRV of the ITO/Si interlayer.
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Figure 17: Suns-PL curve for test samples B-F corresponding to various fabrication steps.

This hypothesis will be investigated later by depositing an amorphous silicon layer
between the Si and ITO layers. Furthermore, it is evident that the cells using spin-coated
layers in the top and bottom subcell have a relative lower voltage loss than cells after

sputtering and metallization.

It is possible to plot the relative voltage loss due to each processing step as a function
of the illumination intensity in Suns, as shown in Figure 18. It is observed that the relative
proportion of the bulk and passivated rear losses are reduced as the illumination intensity
is reduced. Interestingly, the NiOx losses increase as the illumination intensity is reduced.
The device operation as a bottom subcell will limit the spectrum intensity. Thus, as a

representative breakdown for voltage losses an illumination of 0.5 suns will be used.



690

Il Bottom cell voltage
680 | EENiOX loss
/17O loss
670 - |[C_]Rear contacts loss
|[_1Bulk and passivated rear losses | |

600

590

580
0.375 0.50 0.625 0.75 0.875 1.00

Suns
Figure 18 Voltage loss breakdown for various illuminations in suns units.

Several uncertainties arise from the methodology. The main ones consists in the
diverse firing and annealing temperature of the samples because of the different heat
transfer samples of different samples. For instance, the metallized samples will likely be
fired at a higher temperature compared to those samples without metallization, due to the
increases thermal conductivity of the sample [54)]. This could cause discrepancies during

the calibration procedure or the determination of the pn product.

The fitted where J,; and J,, values of each could be subtracted from each other to
find the J, for each fabrication step. The dark saturation current found for most of the
devices is comparable to the one found for single junction devices [36]. The calculated J,
for each sample can be normalized against the final J,; of the final sample E. This
normalization provides the relative loss for the whole bottom subcell, including the tunnel
junction. Again, the ITO/Si interlayer is found to be the dominant feature causing voltage

loss.
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Figure 19: Jo, voltage loss breakdown for Si bottom cell

3.2.3 Improving the Si/ ITO-interlayer
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Figure 20: Jo breakdown after deposition of a-Si layer.

It was hypothesized that the significant voltage loss in the ITO/Si interface was
caused by the high surface recombination in the Si layer, which is not adequately passivated
by the ITO. To investigate this hypothesis, an additional passivating layer was deposited
between the n++ emitter of the Si cell and the ITO cell. This additional passivation layer,
commonly used in HIT cells [64], consists of 3 nm of intrinsic a-Si and 20 nm of n+ a-Si.
The intrinsic layer passivates the dangling bond on the surface of the cell before ITO
deposition. The 20 nm n+ a-Si layer preserves the electron conductivity in the ITO
direction. Based on the ITO over a-Si curve, is it observed that the Vo loss is reduced
consistently for all illumination levels, shifting the curve to the right compared to the curve
of the ITO deposition. The final J, breakdown is shown in Figure 20. The overall voltage

loss is reduced. This exercise proves the usefulness of the proposed methodology to
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improve the device design, especially in the tunnel junction layers, which are usually

difficult to characterize.

3.2.4 Pathways for perovskite top cell analysis

The voltage loss analysis for the top perovskite device is beyond the scope of this
thesis. However, several ideas are proposed to potentially evaluate the device through the
Suns-PL methodology. On first place, to perform the PC-PL calibration the top subcell has
to satisfy the Plank emission law, which relates de emitted luminesce to the voltage by an
exponential relation. In literature, it has been found that the single junction perovskite
devices satisfy the Planck emission law after been light-soaked. Figure 21, by Hameiri et

al., shows the relation between the emitted PL and the measured voltage at the terminals

of a perovskite device [65].
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Figure 21: PL counts as a function of terminal voltage for single junction perovskite device. Figure taken from
[65].
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In consequence, it is possible to measure the PL and obtained calibrated PL maps.
The Suns-PL methodologies must be adapted to analyze the top subcell in the following

ways:

* In the absence of a photoconductance model for perovskite devices, the
perovskite device has to be calibrated by directly contacting the terminal of
the full device under 650 nm illumination. The measured voltage under this
conditions will approximate that of the single subcell.

* An alternative consists in probing the top subcell only by fabricating a 3T
perovskite-Si device. This device, a variation of the 2T device, has a

prominent ITO layer, which allows the probing of the top subcell separately.
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CHAPTER 4

4 SHUNT IDENTIFICATION IN
MULTIJUNCTION DEVICES

4.1 Shunts in Multijunction Solar Cells

Shunts are areas of a solar cells that show a dark current contribution additional to the
diffusion current of the cell. Shunts are detrimental to the J-V characteristics and are
originated from material and fabrication quality issues. Two types of shunts are
distinguished: ohmic shunts, which present a linear contribution to the J-V characteristics
and usually dominate under high reverse bias and non-ohmic shunts, which contribute
non-linearly (diode-like) and are most prominent under forward bias. Ohmic shunts are
caused by conduction pathways that short the emitter, while non-ohmic shunts are usually
caused by strongly recombination-active defects crossing the pn junction or by contact
pathways between the metal grid and the base [66]-[68]. Ohmic shunts are more harmful
for solar cell operation and are commonly found during the development of new solar cell
architectures. Ohmic shunts in single junction solar cells are usually known to mainly affect
the fill factor (FF) due to current leakage across the junction, and should be avoided during
the fabrication process [67]. Figure 22 shows a comparison between a shunted cell and a

non-shunted cell.
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Figure 22: J-V curves of shunted and non-shunted Si device.

The combination of shunting and current-mismatch is detrimental in multijunction
devices and can occur as a consequence of the increased complexity of the fabrication
process that integrates multiple additional thin layers on top of the bottom-cell emitter.
Most of the present understanding of the effect of physical conditions or device
irregularities, such as shunts and current matching in dual-junction devices, is based on
analogies with single junction solar cells or measurements performed on very specific

multijunction architectures.

In consequence, in multijunction devices, the effect of ohmic shunts on the J-V
characteristics under various current limiting conditions constitutes a non-trivial problem.
In production settings, this type of shunt is commonly identified by measuring the J-V curve
of the device, and finding a small numerical magnitude for the inverse of the slope of the
J-V curve at the short circuit condition (F=0). The effect of ohmic shunts in dual junction
devices under diverse current matching conditions is far less investigated. Furthermore,
methodologies for shunt identification transferred from single junction solar cells do not
provide enough information to determine which sub cell is shunted and which sub cell limits

the current in a tandem.
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For instance, previous measurements of 2T GalnAsP/InGaAs tandem devices have found
that, under current mismatch conditions, a non-horizontal slope of the J-V curve close to
the short-circuit conditions have shown to cause the jsc of a device to transition between the
jsc of the current-limiting sub cell to the higher js of the non-current limiting sub cell [69].
Further simulation work has determined that this js transition occurs in any generic 2T
tandem device [16]. Shunt resistance in multijunction devices has also been found to have
an impact on the coupling current in 2T multijunction devices [70], and spectrometric
characterization has been used to experimentally study shunts under various current
matching conditions [71], [72]. However, previous studies have not systematically
investigated 2T tandem J-V characteristics under a broad range of shunt resistances and
current matching conditions. Furthermore, previous studies have not validated their
conclusions by direct sub cell J-V measurements of 2T tandem solar cells, but by inference

from 2T tandem device J-V curves.

In this context, this part of the thesis analyses numerically and experimentally ohmic
shunts occurring in 2T GaAs/GaAs solar cells for a wide range of current matching
conditions and shunting severity. These results allow to determine several identification
strategies for ohmic shunts in multijunction solar cells in general (including Si-based
multijunction devices), and provides design guidelines to minimize their impact on J-V

characteristics.

4.2 Sentaurus TCAD simulation and equivalent circuit model of 2T
multijunction device

A 20.19% efficient GaAs/GaAs 2T tandem device is modelled based on experimental and
numerical data available in literature [12], [22], [73]. The observed trends are validated in
two ways: 1. by fabricating and directly measuring a modified GaAs/GaAs 2T tandem device
that allows independent proving of each sub cell, and 2. by means of spectrometric
characterization of the device. A Sentaurus TCAD model was used to simulate the device

structure and calculate its optical and electrical characteristics under AM1.5G illumination.
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Sentaurus TCAD is a finite element analysis software package for simulation of
semiconductor devices. The program is able to solve the carrier diffusion equations for
semiconductors for non-trivial 3D geometries and, in the case of optoelectronics problems,

couple the equations to optical phenome such as solar cell career generation and radiative

recombination.

A two-dimensional 650 pm symmetry element of the solar cell was modelled,
corresponding to the spacing between metal fingers. A GaAs/GaAs tunnel junction,
consisting of two 10 nm heavily doped GaAs layers (Te dopant, 2x10 cm? and C dopant,
3x10'% cm3), was simulated through an interband tunnelling model, accounting for dynamic

tunnelling [74], [75]. The studied GaAs/GaAs device, including layer thickness and doping,

is shown in Figure 23.

Figure 23: 2T GaAs/GaAs tandem device.

The Sentaurus TCAD model allowed to compute the J-V curves of each individual
sub cell and the complete tandem stack. The simulated J-V curves for each structure are
shown in Figure 24. It is possible to see that in the AM1.5 G condition, the current limiting

subcell is the bottom subcell. The final voltage of the tandem device corresponds to the sum
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of the voltage of both subcells.
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Figure 24: Simulated J-V curves for 2T GaAs/GaAs device.
In order to fit and vary the electric characteristics of each individual sub cell, a full two-diode
equivalent circuit model, as described by Equation 1 in Chapter 3, is used. In this case, Rsyynt

is inversely proportional to the severity of the ohmic shunt. Ohmic shunts that affect

significantly the J-V characteristics will be represented by a lower shunt resistance.
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Figure 25: Equivalent circuit model for 2T multijunction device.

The resulting subcell parameters obtained by Sentaurus TCAD simulation and

subsequently fitted using Equation 1 are shown in Table 5.

Table 5: Subcell and tandem device characteristics.

GaAs top sub cell

Cell parameter

Parameter value

Jo1, n=1 4.0625e-21 mA/cm?
Joz, n=2 6.669e-14 mA/cm?
Jsc 13.25 mA/cm?

Ve 1.091v

GaAs bottom sub cell

Cell parameter

Parameter value

Jo1, n=1 8.876-20mA/cm?
Jo2, n=2 3.351e-11 mA/cm?
Jec 11.04 mA/cm?

Voc 0.9907 v

GaAs/GaAs 2T tandem device

Cell parameter

Parameter value

JSC

11.02 mA/cm?

VUC

2.081V
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FF 0.8925

Efficiency 20.19%

The equivalent circuit models for each individual sub cell are connected in series to
simulate a 2T multijunction device, as shown in Figure 25. The double-diode fit of the J-V
curves for individual sub cells defines the equivalent shunt resistance of the circuit, which
approximates the linear J-V contribution of ohmic shunts to the saturation current of the
device. The equivalent shunt resistance for devices with efficiencies similar to the ones
studied in this work are expected to be above 10* 2/cm?[16]. Ohmic shunts of increasing
severity can be reasonably modelled by decreasing the equivalent shunt resistance of the
circuit. For the purpose of this study, the following decreasing values of equivalent shunt
resistance are considered: 500, 250, 100, 50 and 1 £ /cm?. Furthermore, assuming that the
2T tandem device has a functioning tunnel junction, the sub cell voltages of the top sub cell

Viop and the bottom sub cell V},,, satisfy the following relation with the tandem voltage [27]:

Vtop + Vior = Viandem (6)

In order to investigate the effect of shunting under diverse current-mismatch conditions,
three scenarios were considered: 1. Currents of top and bottom sub cells are matched. 2. Top
sub cell limits the tandem current and 3. Bottom sub cell limits the tandem current. Foreach
one of these conditions, the equivalent ohmic shunt resistance of either top or bottom cell

was varied across the stated values.

4.3 J-V curves under various current matching and shunting
conditions

Figure 26 and Figure 27 show the calculated J-V curves of the tandem device under
different scenarios of current-limiting and shunting conditions. Figure 26 considers

moderate current mismatch (~10% relative), a common current mismatch magnitude for I11-
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V multijunction devices [12], while Figure 27 considers severe current mismatch (>50%

relative). For both cases, the observed trends differ significantly from the well-known trends

of shunted single junction devices. In general, it is observed that FF, Vo and Js. are affected

as the shunt resistance diminishes. However, in contrast with single junction devices, it is

observed that the current mismatch conditions have a determinant effect on how severe the

FF, Vi and Js affectations are.
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Figure 26 J-V curves for different shunting and current limitation conditions. A moderate current mismatch

between subcells is assumed.
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Figure 27: J-V characteristics for various shunting and current limitation conditions. Severe mismatch between
subcells is supposed.

As the equivalent shunt resistance decreases, it is observed that the open-circuit
voltage (Vo) of the tandem device approaches the Vo of the non-shunted sub cell for all
current-limiting cases. For very low shunt resistance and shunting of the
non-current-limiting cell in figures 26¢ and 26e, the J-V curve of the tandem solar cell and
the non-shunted cell are equal. As a consequence of this trend, the calculated J-V curves
tend to distort around a common point as the shunting in a current-limiting cell increases,
which we could refer to as the onset voltage. For Figure 26 and Figure 27, it is observed that
the onset voltage tends to be between the open-circuit voltage (Voc) and the maximum power
point voltage (Vi) of the non-shunted sub cell. In consequence, when the sub cells in a 2T
series-connected tandem device have very different V,.'s and present severe shunting, either
the onset voltage or the shape of the device J-V being similar to the sub cell J-V curve may

allow to identify the shunted sub cell.

Comparing Figure 26b and Figure 26¢, it is evident that the FF is more significantly
affected when the shunting occurs in the current-limiting cell, compared to the non-

current-limiting cell. In this context, Figure 28 illustrates the impact of progressive shunting
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over the fill factor for different sub cells under moderate current mismatch. Based on Figure
27, it is also evident that severe current mismatch conditions increase the magnitude by
which the FF is affected by shunting in current-limiting sub cells. Furthermore, a
comparison of Figure 26 and Figure 27 allows to conclude that the V,cand FF of the device
are more significantly affected by shunting when the current mismatch is severe. This
conclusion emphasizes the importance of current matching for reducing the severity of
ohmic shunts in 2T dual junction devices. Adequate current matching of 2T tandem devices
could be realized by choosing adequate thicknesses for top and bottom sub cells or tuning

the top cell band gap appropriately [23].
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Figure 28: Fill factor of the 2T tandem device as a function of shunt resistance.

For current-matched conditions, as shown in Figure 26a and Figure 26d, J-V curves
are distorted as the shunt resistance decreases. The observed distortion reduces both the FF
and the Voc of the device, but the ji remains constant for each shunting scenario. For
moderate current mismatch conditions, Figure 26c and Figure 26f illustrate that, when the
non-current-limiting sub cell is shunted, the J-V curves for decreasing values of shunt

resistance are very similar to the case when both cells are current-matched. In this case, the

59



Jsc of the device corresponds to the ji of the current-limiting cell, or is very close to it. In
contrast, as shown in Figure 26b and Figure 26e, as the current-limiting sub cell is
increasingly shunted, the dual junction device js transitions from the js of the current-
liming sub cell to the js of the non-current-limiting sub cell. The same trend is evident for

severe current mismatch conditions in Figure 27a and Figure 27d.

The effect of the non-zero slope close to js in the sub cell’s J-V curve explains the
observed js transition. We know that for short-circuit conditions the voltages of both
sub cells connected by a working tunnel junction, Viop and Vyo¢, should follow Vi, + Viyor =
0 [16]. If the slope of the shunted cell close to its js is non-horizontal, the cell will operate in
reverse bias. In that case, equations 5 and 6 can only be satisfied by a j that is higher than
the jsc of the current-limiting cell, explaining the current transition. In the context of the
equivalent circuit representation of the tandem device, this trend could be interpreted as
the reduced shunt resistance electrically isolating the rectifying characteristics of the
current-limiting cell and, consequently, reducing its limiting effect over the whole tandem
device. Arguably, knowledge of the js transition could be used to identify the shunted
sub cell in a tandem architecture. If the current-limiting sub cell is known, the occurrence
of the js. transition will suggest the existence of an ohmic shunt in the current-limiting

subcell.

4.4 Experimental validation
4.4.1 Measurement of 3T device

Finally, to verify the J-V trends found through simulation, we fabricated, shunted and
directly measured the J-V curves of a modified 1 cm* GaAs/GaAs dual junction solar cell [23].
The GaAs/GaAs cell was fabricated on epi-ready <100> oriented GaAs on-axis wafers using
an MOCVD reactor, and is identical to the simulated device shown in figure 1. The MOCVD

growth was performed under a pressure of 100 mbar using TMGa, TMIn, AsH; and PH; as
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precursors and H. as carrier gas. Prior to the laser isolation of the 1 cm? area, the heavily
doped GaAs layers of the 20 nm tunnel junction extended beyond the device area, acting as
an intermediate contact that allows the measurement of each sub cell independently [76],
[77]. It is important to note that this cell, and its measured sub cells characteristics, are not
equal to the simulated 20.19% efficient GaAs/GaAs 2T tandem, because of the presence of

the intermediate contact [76].

The GaAs/GaAs device was shunted by scribing the front of the device with a diamond
scriber, a common method for on purpose creation of ohmic shunts in 111-V and Si devices
[67], [78]. However, due to the small thickness of the top sub cell, it was not possible to shunt
each GaAs sub cell independently and both sub cells showed a decreased ohmic shunt
resistance after the scribing process. Finally, the J-V curve of each sub cell and the whole

device were measured under AM1.5G spectrum.

The trends obtained from simulation were validated experimentally by measuring the
J-V curves of each sub cell of the fabricated GaAs/GaAs device. This cell, in contrast with
the 20.16% GaAs/GaAs cell simulated in Sentaurus TCAD, includes an intermediate contact.
Figure 29 shows the J-V curves of the device and each of its sub cells after they are shunted.
The resulting sub cell curves where used as fitting datasets for the equivalent circuit model,
and a theoretical J-V curve was calculated. The observed trends are consistent with
modelling and literature results [16], [79]. It is evident that the fabricated non-shunted 2T
GaAs/GaAs cell is similar to the simulated GaAs/GaAs cell, shown in figure 2. The higher jsc
of the fabricated 2T GaAs/GaAs device compared to the simulated device (13.38 mA/cm?
compared to 11.04 mA/cm?) is explained due to the fact that the top sub cell constitutes the
current limiting sub cell for the case of the fabricated sample. This relative higher js of the
bottom sub cell is caused by the non-isolated area of the bottom cell, which allows to include
the intermediate contact in the device, but also contributes with additional parasitic current
to the sub cell js.. In similar way, the discrepancy between the jsc of the shunted top sub cell

and the js of the non-shunted 2T GaAs/GaAs cell could be explained by parasitic currents
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from the bottom cells and the increment in ji. caused by extreme ohmic shunting. These
discrepancies between the device with an intermediate contact and the standard

multijunction cell have been confirmed in literature [76], [77].
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Figure 29: Measured J-V curves of the 2T GaAs/GaAs device and its subcells.

After shunting the device, the top GaAs sub cell is observed to have the lowest Jjscof
the stack and is expected to limit the current. However, both the measured and the
simulated jsc of the shunted GaAs/GaAs device are significantly higher than the jsc of the
current-limiting sub cell, demonstrating that j transition is occurring. Furthermore, both
Vocand FF are shown to be affected by the occurrence of shunts. The measured Voe.andem is
lower than the calculated Voc-tandem, which corresponds to the sum of the Voc-top and Voc-bor of
the GaAs/GaAs sub cells. This discrepancy;, along with the observed non-linearity in the
measured J-V characteristics, could be caused by a non-ideal tunnel junction [18], [80] or
non-ohmic shunting after the scribing procedure that are not captured by the equivalent

circuit model.
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Several factors beyond the simulation and experimental limitations could affect the
observed J-V curve trends. For the simulated III-V tandem device, the reabsorption of
radiatively recombined photons, or photon recycling, will likely improve the fill factor and
reduce the relative severity of shunting [22], [81]. Furthermore, the presence of shunts with
non-ohmic characteristics [67], [82] or the non-negligible series resistance in the device

could affect the shape of the J-V curves in dissimilar ways [68], [83].

4.4.2 Spectrometric characterization

Conventionally, in order to maximize the power output of the device, the individual
currents of the subcells under standard AM1.5G illumination conditions are matched by
adjusting the thicknesses or band gaps of the subcells. Nevertheless, spectral variations
during solar cell operation could affect significantly the currents and J-V characteristics of
the subcells. If one of the subcells has a shunt, the maximum power output of the device
might not correspond to the current-matched case due to changes in the J-V characteristics
of the device. Furthermore, a J-V measurement under standard AMi1.5G laboratory
conditions may not reveal the presence of shunts which affect the device efficiency under

real operating conditions.

Spectrometric characterization is a common technique used to study the subcell J-V
parameters [72]. The technique consists in systematically varying the spectral distribution
of the illumination over a multijunction solar cell. For a 2T inultijunction device, given that
the blue part of the spectrum is mainly absorbed by the top sub cell and the infrared part
of the spectrum is absorbed by the bottom sub cell, the spectral variations cause different
current matching conditions, and allows to analyze each subcell quasi-independently,
optimize current-matching conditions and determine spectrum-induced voltage shifting.
Spectrometric characterization has been performed before, with various degrees of
accuracy, employing filters in a single-source solar simulator or Xenon lamp, or using LED

solar simulators [72].
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In this section, spectrometric characterization is used to identify the shunted subcell in a
monolithic GaAs/GaAs device, and quantify the shunt effects under various current
limitation conditions. The resulting J-V curves are fitted through an equivalent-circuit
model with the aim of interpreting the observed effects over J-V characteristics. This
methodology allows the identification and characterization of shunts in multijunction
devices for a wide range of operating conditions. We study the same 2T GaAs/GaAs device
architecture used in the previous section. However, this time we use a test device with an
efficiency, without an antireflective coating, of 13.9%. A priori, the device is believed to be

shunted, but the actual location and shunt characteristics are unknown.

The spectrometric characterization procedure was performed with a Wavelabs, Sinus-220
LED-based I-V tester. The tester is comprised of 21 LEDs of different wavelengths that allow
approximating the distribution of any arbitrary solar spectrum. The average photon energy
(APE), which represents the average energy per photon in a given spectrum, is used as a
proxy for spectrum shape. A higher APE value corresponds to a blue-rich spectrum and, in
consequence, a higher photogenerated current in the top GaAs subcell. In the same way, a
lower APE value corresponds to spectral distribution shifted to the infrared. For this study,
APE values in the range of 1.70 eV - 1.95 eV were approximated, corresponding to real
spectra measured in Singapore. To avoid variations in irradiance level, all the spectra were
scaled to match the power of the AM1.5G spectrum in the 300-1100 nm wavelength range.

Figure 30 shows the LED-approximated spectra with different APE values.
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Figure 30: LED spectra of the equal irradiance level and different APE values, approximating real spectra
measured in Singapore.

The J-V' characteristics of the multijunction device were measured for each
spectrum. To analyze the observed trends, the equivalent-circuit model used in the

previous section is employed. The standard double-diode equation was modified to

account for photoluminescence and electroluminescence coupling [23].

The dark saturation current and the short-circuit current density (jsc) of each subcell
are required for the model. The input parameters were found by fitting the J-V
characteristics of the device under AM1.5G illumination (APE 1.83 eV) using the Sentaurus

TCAD model. The calculated input parameters for the equivalent-circuit model are shown
in Table 6.
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Table 6: Input parameters and characteristics of GaAs/GaAs device at standard conditions (AM 1.5G).

GaAs top subcell

Cell parameter

Parameter value

Jo1, n=1 1.36-17 mA/cm?
Joz, n=2 r11e-11 mA/cm?
Jsc 8.98 mA/cm?
Voc 1.028V
GaAs bottom subcell

Cell parameter

Parameter value

Jo1, n=1 8.48-17mA/cm?

Joz, n=2 1.33e-11 mA/cm?
Jsc 8.82 mA/cm?
Voc 0.994 V

GaAs/GaAs monolithic tandem device

Cell parameter

Parameter value

Jsc 8.82 mA/cm?
Voc 2.022V
FF 0.8425
Efficiency 13.9%

The GaAs/GaAs tandem cell was measured under the specified spectrum conditions at
constant intensity. The measured J-V curves are show in Figure 31. The jsc of the tandem
device and the cell acting as the current-limiting subcell change as the spectrum is shifted.
For APE values over the AM 1.5G condition (1.83 eV), the jsc of the tandem device is reduced

as the bottom cell is depleted of light. For APE values over the AM 1.5G condition, a higher
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shunt resistance starts to be observed in the J-V characteristics. As the top cell becomes
current limiting, for the APE value of 1.71 and 1.71 eV, the equivalent shunt resistance of the

J-V curve is reduced, revealing the presence of a shunt.
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Figure 31 J-V characteristics of GaAs/GaAs dual junction structure under varying APE spectra.

At first glance, is not obvious whether the observed shunt is present in the top or in the
bottom subcell. The equivalent circuit model of Figure 3 is helpful to determine the shunt
location. Initially, the generated current density of each subcell under the extreme APE
values of 1.71 and 1.95 eV was found. Subsequently, the shunt and series resistance of each
top and bottom subcell were varied to fit the experimental J-V curves at the corresponding

APE values. Two cases were investigated: 1.) Shunt in the bottom subcell, and 2) Shunt in

the top subcell.
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Figure 32: Measured and simulated J-V curves of cell at APE values of 1.71 and 1.95 eV

Figure 32 compares the measured and simulated J-V curves at the two APE values.
Both simulated curves of top and bottom shunted cell have the same equivalent shunt
resistance. It is possible to identify the shunted cell as the top cell, because it approximates
with good agreement the measured J-V curves. For the 1.71 eV APE condition, the top cell
is the current-limiting cell. However, the final js of the simulated cell varies according to
which subcell is shunted. In the case in which the shunt is occurring in the current-limiting
cell, the jic of the tandem device is observed to be higher than that js. of the current-limiting
subcell. The effect of the non-zero slope close to the shunted subcell’s Jjsc explains the
observed jsc transition. We know that for short-circuit conditions the voltages of both
subcells connected by a working tunnel junction, Viop and Vp,,, are subjected to Vi, +
Vpor = 0. If the slope of the shunted subcell close to its js is non-horizontal, the cell will
operate in reverse bias. In that case, the diode equation can only be satisfied by a js. that is
higher than the js of the current-limiting cell, explaining the current transition. In the
context of the equivalent circuit representation of the tandem device, this trend could be

interpreted as the reduced shunt resistance electrically isolating the rectifying
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characteristics of the current-limiting cell and, consequently, reducing its limiting effect
over the whole tandem device. Consistently, this effect is not observed in the case of the
shunting in the bottom subcell, which is the non-limiting subcell for lower APE values. In
the opposite case, for the 1.95 APE value condition, the bottom subcell acts as the current-
limiting subcell. In this scenario, the shunt in the top subcell fits adequately the measured
data, because the measured jsc of the device does not surpass the js of the current-limiting

subcell.
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CHAPTER 5

5 CONCLUSIONS

Perovskite-Si tandem solar cells have the potential to boost the efficiency of commercial

single Si technologies in a cost-effective manner. In this thesis, I developed a framework for
producing low cost Si cells that can be operated in a two-terminal tandem configuration
with a perovskite top subcell. The framework was composed of the following fabrication and
characterization aspects: Si bottom subcell fabrication, voltage loss analysis and shunt

identification.

The perovskite-Si cell framework is expected give important tools for future fabrication
of 2T high-efficiency, low-capex devices perovskite-Si solar cells. The fabricated structure
could be readily and adapted and optimized for future low-capex architectures, whereas the
characterization procedures could be used for a fast and accurate determination of voltage
and shunting losses in almost all types of Si-based 2T tandem device. The conclusions and
future work are broken down for each aspect of the proposed framework and are commented

in the following sections.

BOTTOM SI CELL FABRICATION

To allow the deposition of the top perovskite subcell and fabricate a cost-effective, high
efficiency two-terminal tandem, the following device requirements for the Si bottom subcell
were defined: mirror-like front polished surface, high single junction efficiency (comparable

to commercial single junction Si cells), no oxide layers and highly uniform front surface, low
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production cost and capital expenditure. In this context, two low-capex p-type bottom Si
architectures that could satisfy these requirements were fabricated and measured: BSF and
LBSF solar cells. Due to its higher efficiency and little additional cost compared to the BSF

architecture, the LBSF cell was chosen as a suitable cell for a perovskite-Si device.

A batch of LBSF bottom Si subcells was fabricated with a single junction reference
efficiency of 16.8% under AM 1.5G spectrum. These cells were adapted for bottom subcell
operation by 1) using a polished front surface wafer, 2) optimizing the firing and
back-contact deposition, 3) establishing adequate cleaning and oxide etching procedures
before tunnel junction deposition, 4) defining an effective and easy-to-remove masking
stack to protect the cells in intermediate steps and reducing the voltage loss in the ITO/Si

interlayer.

First, the sourced single-side polished Cz wafers were analysed and validated for
adequate lifetimes (300-800 ps). Subsequently, the quality of the dopant diffusion into the
planar surface was tested. The test wafers with diffused junction were found to have an
average lifetime of 150 ps, which is an acceptable lifetime figure for Cz wafers with diffused
junctions [40]. The baseline firing temperature profile for the LBSF bottom Si subcell was
determined by measuring fully metallized reference cells under different firing
temperatures. The highest efficiency was achieved for a firing temperature profile in multi-
stage furnace of 740-710-210 °C. Future work should consider various texture qualities in
addition to firing profiles. A HF etching and solvent cleaning process was developed to
preserve the Si front surface quality before ITO deposition and avoid pinholes in the
perovskite top cell. Additionally, appropriate masking and texturing steps were defining by
identifying the process that yield the highest reference efficiency and are compatible with

the perovskite deposition steps.

The process modification allows to get a bottom subcell Si device with an adequate

efficiency baseline for ongoing perovskite-Si integration. The final efficiencies of the
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two-terminal perovskite-Si device will be reported in incoming publications. Further work
in this area should aim to optimize the red response of the device and, consequently, increase
the Jic of the bottom subcell. Similar work has been performed for n-type HIT bottom

subcells to reach record efficiencies [24].

YOLTAGE LOSS ANALYSIS OF BOTTOM SI SUBCELL

Based on the established methodology for finding an open—circuif voltage breakdown in
LBSF devices, a voltage loss analysis methodology was developed to characterize the bottom
Si subcell and the tunnel junction. The methodology is based in contactless QSS-PC and PL
measurements of semi-fabricated structures. The voltage of the structures without
metallization is measured by QSS-PC, and used for a self-consistent calibration procedure
of the metalized samples. In contrast with other voltage loss analysis methodologies, this
experimental setup allows to obtain the voltage loss of various critical processing steps with

high detail without the need of complex computational models.

Applied to LBSF bottom Si subcell, the voltage loss analysis provides a loss breakdown of
the main voltage loss mechanics as a function of the Vo, and the recombination current J, of
the device. The ITO deposition step was identified as producing the greatest voltage loss,
- with a Jo contribution of 264.67 fA/cm?. This loss ‘was likely caused by the sputtering
procedure affecting the Si front surface, and the scarce surface passivation provided by the
ITO layer. To reduce this loss, an a-Si stack was deposited between the Si surface and the
ITO layer to reduce the recombination losses. The a-Si stack was found to reduce the voltage
losses significantly, and the new measured J, was 44.64 fA/cm?. The additional lost
mechanisms were found to be have similar contribution as in the case of single junction
device, as expected. A relatively high loss contribution of the spin-coated NiOx layer was

found, which was unexplained by the spin coating process. Future work should try to
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identify likely causes of this NiOx loss.

I suggested various pathways for expanding the analysis to the top perovskite subcell.
The main challenge for performing calibrated PL measurement of perovskite devices is the
difficulty of measuring the excess carrier density or Vo of intermediate structures in the 2T
tandem device. In this scenario, several option were suggested: 1) probing a 3T multijunction
device to find the Vo of the top perovskite subcell for various illumination intensities, 2)
exciting the perovskite junction and measuring the Voc of the whole tandem, subtracting any
parasitic PL emission. Furthermore, future work should focus in finding suitable interlayers
between ITO, or other similar tunnelling layer such as [ZO, and the Si emitter. The voltage
loss analysis could be extended to the complete device stack, allowing the optimization of
other material layers in the perovskite subcell and the evaluation of the impact of the Si

surface on the efficiency of the 2T device.

SHUNT IDENTIFICATION IN MULTIJUNCTION DEVICES:

Ohmic shunts in 2T series-connected tandem solar cells are affected by multiple factors
that commonly do not influence single junction devices. This work provides a systematic
analysis of the effects of ohmic shunts on J-V characteristics for several shunting severities
and current mismatch conditions among sub cells. Simulating the performance of a
GaAs/GaAs dual-junction solar cell allows to determine the effect of shunting on the J-V
characteristics for moderate and severe current mismatch conditions. Three main trends -
were observed: 1.) Ohmic shunts in 2T tandem devices affect FF, jsc and Voc. For increasing
shunt severity, the onset voltage of the devices approaches the V,. of the non-current-
limiting sub cell. 2.) The FF is more significantly affected when the ohmic shunts occur in
the current-limiting sub cell of the tandem device, with an up to 20% different between the
FF figures. 3.) The severity of the current mismatch between sub cells determines the
severity of the effects of shunting on Vo and FF. 4.) The js of the tandem device transitions

from that of the current-limiting sub cell to that of the non-current-limiting sub cell, as the
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current-limiting cell is shunted. The js transition is caused by the non-horizontal slope of
the current-limiting sub cell close to its jsc point. The jsc was found to change as much as 50%

when the device is shunted, depending on the initial current mismatch.

The observed trends were validated by fabricating and measuring a modified 2T
GaAs/GaAs device in which the individual sub cells were proven independently. The
simulated J-V curves of the tandem device showed good agreement with the measurements.
The discrepancy of the curves were attributed to contribution of non-ohmic shunts, parasitic
currents and a non-ideal tunnel junction. The results allow characterizing ohmic shunts and
identifying current-limiting sub cells in multijunction devices. Furthermore, the results
allow to design 2T dual-junction devices in a way in which shunt effects are minimized.
Future work should take into account the effects of non-ohmic shunts, high series resistance

and photon recycling.

A new methodology for identifying the shunted subcell and the shunt characteristics
under varying spectrum conditions in a monolithic multijunction devices was developed.
Spectrometric characterization was used to measure the J-V characteristics of a GaAs/GaAs
device under various current-limiting conditions. By using an equivalent circuit model, the
shunted subcell was identified and the observed J-V characteristics were explained. This
method can be transferred to any monolithic multijunction device and could be used in
the development process of the new multijunction architectures, such as perovskite-Si

tandem devices.
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