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Abstract

Transparent conducting electrodes (TCEs) are a major source of efficiency loss in
perovskite/silicon tandem solar cells. With the best-performing TCEs containing indium, they
also compromise the sustainability of this promising renewable energy technology. Graphene,
owing to its broadband transmittance and high mobility, offers great potential as an alternative
TCE. However, its sheet resistance remains too high to be competitive against conventional
TCE materials. Despite low sheet resistance being attainable via chemical doping, such
techniques have poor stability and reduce transmittance, limiting their applicability in
optoelectronic devices. This thesis explores how ion-charged dielectrics (ICDs) can be used to
modulate the conductivity of graphene to achieve sufficiently low Rgneet to make it competitive

with state-of-the-art TCOs in tandem solar cells.

In this thesis, a proof-of-concept for the ICD doping of graphene is first developed. The impact
of a corona-charged dielectric on the properties of a graphene layer interfaced with it is
characterised, demonstrating a graphene sheet resistance reduction of >75% to ~400 Q/o. This
is expanded upon by investigating the impact of migrated potassium ions in SiO»/Si on
graphene sheet resistance. A record 117.9 Q/o sheet resistance is achieved — among the lowest
reported in the literature for CVD monolayer graphene wet transferred to SiO». Field-effect
transistor characterisation indicates a charge concentration >6x10'? /cm? was generated on the
graphene. The ability and stability of ionic charge in glass to dope graphene are also
investigated, with sheet resistance <300 Q/o observed in vacuum after Na* migration to the
graphene/glass interface. This is contrasted with graphene encapsulation with corona-charged
PMMA and AlOy. Although they can dope graphene, they have poor stability over time.
Finally, the suitability of ICD-doped graphene for perovskite/silicon tandem cells is assessed
via modelling. It is calculated that an efficiency gain of >1%.bs may be achieved if ICD-doped

graphene is used instead of state-of-the-art indium-based TCOs.
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Chapter 1

Introduction

1.1 Achieving Multi-Terawatt Scale Solar Photovoltaics

n the summer of 2024, global atmospheric carbon dioxide concentration reached a record

426 ppm, following an unprecedented increase since the dawn of the Industrial Revolution
in the 1760s [1], [2], [3], [4]. CO: has a stronger tendency to absorb infrared radiation relative
to other atmospheric gases, such as nitrogen and oxygen [5], [6], [7]. This “greenhouse effect”
has driven a rapid increase in global surface air temperature since industrialisation, with
temperatures reaching 1.5 ‘C above the pre-industrial average in 2024 [8], [9]. Figure 1.1
illustrates how the temperature rise measured in recent decades corresponds sharply with global
atmospheric carbon dioxide increases. This temperature rise has been linked to an increase in
extreme weather events, sea-level rises, and threats to global food and water security [6], [7].
To limit the increase in global average temperatures to well below 2 C and mitigate the worst
effects of climate change, we must achieve net-zero CO> emissions by 2050 [7]. This goal
requires a significant increase in the proportion of the global energy mix generated through

low-carbon sources, such as wind, solar, hydroelectric, and nuclear energy [6], [7].
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Figure 1.1: Yearly temperature compared to the twentieth-century average from 1850-2023 (left y-axis). Red bars correspond
to warmer-than-average years; blue bars correspond to colder-than-average years. The grey line corresponds to the
atmospheric carbon dioxide amounts (vight y-axis): 1850-1958 from IAC, 1959-2023 from NOAA Global Monitoring Lab.
Adapted from ref. [4], [10].



To reach net-zero, an estimated global solar photovoltaic (PV) capacity of 75 TW is needed by
2050 [11], [12]. In 2023, just =0.4 TW PV was added to the global energy mix, bringing the
global PV capacity to =1.4 TW [13]. To reach 75 TW by 2050, we will need approximately 3-
4 TW of new installations per year from 2030, a tenfold increase in the current deployment rate
[11], [12]. Increasing capacity can be achieved by reducing the levelised cost of electricity

(LCOE) of solar power, incentivising further production.

The LCOE of solar PV consists of two components: the PV modules themselves, and the
balance of system (BOS), which includes wiring, installation, location and mounting costs [14].
Since 2010, the price of PV modules has decreased by 93%, while BOS costs have decreased
much slower [14]. In 2023, BOS costs accounted for 61% of utility-scale PV electricity
installation costs [14]. Increasing solar cell efficiency allows for a reduction in BOS costs, as
less area is required to generate equivalent electricity, thereby necessitating fewer BOS
components [14], [15], [16]. It is therefore clear that increasing solar cell efficiency can lower

the LCOE of solar electricity and provide a strong impetus to increase PV capacity.

In standard single-junction solar cells, an electron-hole pair is generated at a p-n junction when
a photon of energy higher than the band gap of the active material is absorbed [17]. The electron
and hole then travel to the semiconductor-metal contacts at opposite ends of the p-n junction
to generate electricity. The power conversion efficiency (1) of a solar cell can be defined as the
efficiency with which the energy of photons is converted into usable electrical power. The
power conversion efficiency of industry-standard single-junction silicon cells is limited to a
practically achievable value of =29.4%, a limit that we are rapidly approaching [18]. Figure
1.2 illustrates the development of silicon PV towards this practically achievable value, with
comparison to perovskite and perovskite/silicon-based cell technology. Lin et al achieved an
efficiency of 26.81% in silicon heterojunction (SHJ) cells of industrial size using optimised
nanocrystalline-silicon hole contacts at the back junction [19], and LONGi Solar have
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demonstrated efficiencies up to 27.3% for heterojunction back contact (HBC) cells under
laboratory conditions [20], [21]. This progress towards the practical limit has been made
possible through improved surface passivation and optimised passivating contacts. However,
further improvements are expected to yield diminishing returns as we approach 29.4%. For
efficiencies greater than 30%, an alternative technology will be required to capture additional

photons not absorbed by silicon.
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Figure 1.2: Research-scale power-conversion efficiency records of crystalline silicon, perovskite, and perovskite/silicon solar
photovoltaic technologies with respect to time. The horizontal line at 29.4% indicates the practically achievable limit for
single-junction silicon photovoltaics. Data extracted from National Renewable Energy Laboratory (NREL) “Best Research-
Cell Efficiency Chart”, ref. [22].

1.2 Tandem Photovoltaics

In single-junction cells, photons with energy below the band gap (1.1 eV in Si) cannot excite
electrons from the valence band to the conduction band, preventing the generation of electron-
hole pairs, and limiting potential efficiencies [17]. Similarly, when incident photons have
energy significantly above the band gap, the excess energy of the photogenerated “hot carriers”
is lost as heat during thermalisation [17]. Figure 1.3 depicts how a multi-junction, or “tandem”
solar cell, uses multiple solar absorber materials of differing band gaps stacked together to
mitigate these losses and make better use of the full solar spectrum. Photons with energy below
or significantly above the band gap of a single junction cell can be more effectively absorbed

by the additional solar absorber materials [17], [23], [24], [25]. This configuration increases



the maximum theoretical efficiency potential for a tandem cell to =45% for two absorbers, or
>60% when using seven or more absorbers [26]. Using III-V solar cells, an efficiency of 39.2%
has been achieved with six cells of differing band gap stacked on top on one another, and 47.1%
under 143 suns illumination [27]. However, the high fabrication cost of III/V solar cells limits
their utility in large-scale commercial applications [28]. To achieve widespread mainstream
adoption, tandem solar cells must utilise semiconductor materials with appropriate band gaps

that are both inexpensive and abundant.
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Figure 1.3: Spectral irradiance with respect to wavelength, corresponding to the reference Air-Mass 1.5 Global spectrum.
The schematic depicts a multi-junction solar cell structure, where each cell captures a different region of the spectrum. Such
multi-junction solar cells can absorb more incident light than single-junction cells by using separate semiconductor absorbers
tailored to different parts of the electromagnetic spectrum. The AM1.5G data was extracted from ref. [29].

A promising combination of tandem sub-cells for widespread terrestrial application involves
using a wide band gap perovskite top cell and a lower band gap silicon bottom cell. At
laboratory scales, LONGi Solar has already developed perovskite/silicon tandems with
efficiencies of 34.85%, yet there is significant potential for further efficiency improvements
[30], [31], [32]. An efficiency of 45.1% is achievable using this material combination when
connected in the two-terminal configuration, or 45.3% in a four-terminal configuration [33],

[34], [35]. Perovskites are particularly promising as the top cell in a tandem due to their high
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absorption coefficient [36] and large open-circuit voltage (Voc) potential [37]. By varying the
perovskite composition, its band gap can be readily tuned from =1.3 to 2.0 eV, providing
excellent complementarity with silicon’s 1.1 eV band gap [38], [39], [40], [41]. Among the
available single-junction silicon cell architectures, the SHJ design is particularly advantageous
as it has the highest efficiency potential compared with other designs. Additionally, the
amorphous silicon (a-Si) passivating layers at the surface of a SHJ cell are conductive, which
enables facile interconnection to the perovskite cell [21], [42], [43], [44]. However, both
perovskite and a-Si have poor lateral conductivity; thus, they require additional layers with
high lateral conductivity for efficient charge carrier collection to the metal fingers [45]. Such
layers must also have high transmittance to minimise parasitic absorption losses. Photocurrent
losses in these ‘transparent conducting electrodes’ (TCEs) can represent a major efficiency
loss, contributing to a reduction of single-junction module efficiency by 10-25%e [46].
Improving the trade-off between light absorption and conductivity in TCEs has been the subject
of decades of research [47], [48], [49]. To improve the efficiency of tandem solar cells,
materials which overcome the performance limitations of TCEs must be developed. To
understand these limitations, a detailed examination of the materials properties of TCEs, and

their role in tandem solar cells, as well as photovoltaics in general, is required.

1.3 Materials Properties of Transparent Conducting Electrodes

1.3.1 Optical Properties

Compared with single-junction cells, TCEs in tandem cells can have more stringent optical
property requirements, depending on their position within a tandem solar cell stack [50]. Figure
1.4 depicts the positions of transparent conducting oxides (TCOs) typically used as TCEs in
two-terminal and four-terminal perovskite/silicon tandem cell structures. All perovskite/silicon
tandem configurations require a front TCE. This TCE must have high broadband transmittance
to light from =280 to 1100 nm to maximise light absorption across the air-mass 1.5 global
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(AM1.5G) spectrum in both perovskite and silicon sub-cells. This requirement contrasts with
single-junction cells, where TCEs only need high transmittance to part of the spectrum. The
front TCE in a two-terminal monolithic perovskite/silicon tandem, can contribute >1 mA/cm?
loss in short-circuit current density (Jsc) through parasitic absorption, resulting in =1%aps loss
in efficiency [51], [52]. The two- and four-terminal mechanically-stacked, and three-terminal
monolithic tandem configurations typically require one or two additional TCEs between the
sub-cells, which can contribute towards an additional ~3—4 mA/cm? loss in Jsc [50], [51], [53].
This places significant pressure on TCE performance in tandems, compared with their single-
junction counterparts. As TCEs tend to be one of the most expensive components in solar cell
fabrication, as well as multiple-terminals increasing BOS costs, the single-TCE two-terminal
monolithic configuration is preferable for large-scale commercial applications [50]. However,
the series connection of monolithic two-terminal cells requires current matching between cells,
constraining the bandgaps that can be used, and thus restricting potential perovskite
compositions [38]. An extra TCE with high infrared (IR) transmittance and efficient light
coupling is often needed at the rear to incorporate bifaciality [44]. Solar cell manufacturers
must balance a trade-off between the high efficiencies of SHJ cells versus the high cost of
requiring additional TCEs. The development of low-cost TCEs with broadband transmittance

would eliminate this trade-off and enable higher efficiencies in tandem cells.
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Figure 1.4: Transparent conducting oxide (TCO) positions in perovskite/silicon tandem solar cells in either (a) two terminal
monolithic or (b) four-terminal mechanically stacked configuration.

To determine the materials properties required to achieve a high transmittance, consider the

equation for TCE transmittance at given wavelength, following the Beer-Lambert Law:

T% = (1 —R)?-e~*t (1.1)

where R is the reflectance, a is the absorption coefficient, ¢ is the TCE thickness [17], [48].
From this approximation, it is evident that TCEs have a combination of low thickness, and low

absorption coefficient a. The absorption coefficient o, approximated following the Drude

model [45], [48], [54], can be defined as:

3 A2q3N
h 4m2enc3n(m*) % pope

a (1.2)

where A is the wavelength of incident light, ¢ is the charge of the majority carrier, N is the
carrier concentration of the majority carrier, & is the permittivity of free space, ¢ is the speed
of light in vacuum, 7 is the refractive index, and m" and pop are the effective mass and optical
mobility (excluding scattering between grains) of the majority charge carrier, respectively. To
keep free carrier absorption (FCA) low, it is therefore critical to minimise the carrier

concentration N. As the transmittance for a tandem must be broadband, it is essential that a low



absorption is maintained across a range of wavelengths. Figure 1.5 shows the dependence of
absorptance on light for a range of different TCEs, where many TCEs have particularly
increased absorption in the blue-violet and near-IR regions. In considering TCEs for tandems,

further investigation of the mechanism behind this absorption is necessary.

100 T T T T
- 50

80 |-
R - 40
5 3

60 |-
(V] [}
C 430
= o]
w a
i 2
= 420 5
® <
=
g

20 - 10

_ 10:H /y
I\ S}

: 0
400 600 800 1000 1200
Wavelength (nm)

Figure 1.5: Dependence of absorptance on wavelength for a selection of transparent conducting electrodes. The left y-axis
indicates the corresponding quantum efficiency of difference solar cell architectures. Based on Figure 2.b, ref. [45], replotted
for the addition of more recent 1ZrO data from [55].

Infrared photons have lower energy compared with visible photons, and therefore can be more
easily absorbed by free carriers and cause intra-band transitions, reducing the transmittance of
the film for wavelengths in the near-IR and IR [56]. The effect of FCA is not as critical in wide
band gap single-junction perovskite cells, where such low energy photons cannot be absorbed.
But in a silicon, or perovskite/silicon tandem cell, the inability to absorb such IR photons is a
significant source of efficiency loss [57], [58], [59], [60]. The range of wavelengths to which
a TCE will be transparent is determined by its plasma frequency, wp [61]. The plasma frequency
of a TCE can be defined as the natural frequency of oscillation of the free electron gas in the

material, and is expressed as:



For a TCE with incident photons of energy greater than its mp, free electrons in the TCE cannot
respond fast enough to the oscillating electric field of the incident photons, allowing photons
to pass through [54], [61]. For incident photons with energy lower than the TCE’s w,, they are
either reflected or absorbed by the TCE [54], [61]. In many TCEs, the plasma frequency falls
within the near-IR range. While high-energy visible and ultraviolet (UV) light can pass
through, near-IR and IR light is absorbed. To minimise IR absorption loss in perovskite/silicon
tandems, it is essential to use a TCE material with a low wp across all layers of the device stack.
This can be achieved by reducing », and increasing m* and €rce. However, optimising these

properties for improved transmittance may impact the electrical properties of the film.

1.3.2 Electrical Properties

TCEs in a tandem cell must contribute minimally to the series resistance (Rs) of the cell. To
achieve this, TCEs must have a low sheet resistance (Rsneet), and a low contact resistance to the
metal fingers. The Rsneert 1n units of /o can be approximated, assuming uniform carrier

generation, by Equation 1.4:

(1.4)

Rsheet = TNt
where ¢ and N are majority carrier mobility and concentration respectively, ¢ is the charge of
the majority carrier, and ¢ is the thickness of the film [48], [62]. Equation 1.4 illustrates that to
minimise Rgneet, one must choose a TCE with large ¢, N and ¢. However, as previously discussed,
increasing ¢ and N can lead to reduced film transmittance, necessitating a trade-off between

properties [45], [55]. Figure 1.6 illustrates this trade off, showing the dependence of thickness

on T% and Rsneet. It 1s therefore clear that a good balance of Rgheet to transmittance requires



TCEs with a very high carrier mobility. This would ensure a low Rgneet despite low carrier

concentration and thickness, thus enabling high transmittance and low plasma frequency.
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Figure 1.6: Dependence of sheet resistance and transmittance on thickness. (a) Increased thickness leads to reduced
transmittance. Reprinted with permission from Figure 2, ref. [63]. Licensed by CC BY-NC-ND 4.0. (b) Increased thickness
leads to reduced sheet resistance. Reprinted with permission from Figure 7, ref. [64]. Licensed by CC BY-NC-ND 3.0.

The carrier mobility p can be expressed as:

T (1.5)

m

U=
where 1 is the carrier relaxation time (the average scattering time between two events). The
mobility of the film, and therefore the sheet resistance, can be improved by minimising sources
of scattering, and selecting materials such that the effective mass of the majority charge carrier
is minimised. The effective mass represents the mass that the charge carriers appear to have
when moving through a crystal, where they are subject to local forces within the material [65].
Inconveniently, reducing the effective mass can also increase the absorption coefficient and the
plasma frequency, following Equations (1.2) and (1.3). Therefore, a suitable balance between
effective mass and mobility must be considered. Scattering can be minimised by reducing
impurities such as dopant atoms (especially if non-uniform), reducing defects, and increasing

grain size to reduce scattering contributions at grain boundaries [45], [65], [66]

To improve TCE performance, the most practical and intuitive approaches include improving

film quality to minimise scattering sources, moderately increasing carrier concentration N via
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doping for a low sheet resistance, and reducing the film thickness as much as possible for a
good balance between transmittance and Rgneet [67]. Precise control over these properties is
crucial for optimum performance. To tailor these properties more effectively, a deeper

understanding of existing TCEs used for tandem solar cells is necessary.

1.4 State-of-the Art TCE Materials for Tandem Solar Cells

1.4.1 Transparent Conducting Oxides (TCOs)

The most frequently used TCEs in optoelectronics are transparent conducting oxides (TCOs)
[45]. TCOs are semiconductors that achieve high transmittance by utilising a wide band gap
(>3 eV) and a low absorption coefficient [45], [48]. This wide bandgap results from their
electronic structure, composed of oxides of post-transition metals, typically in the (n - 1)d!ns?
configuration [68]. Interactions between the metal s-orbitals and the oxygen p-orbitals (Ms-Op
interactions) give rise to the wide band gap of TCOs: the conduction band is formed by the
antibonding Ms—Op interactions, while the valance band is formed by the bonding and
nonbonding O 2p states [45], [68]. There may seem to be an inherent contradiction in this
definition, where typical conductors such as metals have zero bandgaps, where the bands
instead overlap, providing many charge carriers available for conduction. In a TCO, a
semiconductor with an ultrawide bandgap is degenerately doped, raising its Fermi energy into
the conduction or valence band. This phenomenon, known as the Moss-Burnstein effect, results
in increased conductivity and a widening of the optical band gap, helping to reduce FCA [65].
Figure 1.7 depicts the changes in band structure in a TCO experiencing degenerate doping,
such that its Fermi level shifts above the conduction band minimum (CBM) and the Moss-
Burnstein effect occurs. However, the doping level must not exceed a critical level, where
many-body interactions such as electron-electron and electron-ion interactions may cause band
gap renormalisation, reduce the band gap, and the reduce the overall transmittance of the TCO
[69]. Due to their relatively high carrier concentration, TCOs tend to have a high plasma
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frequency, leading to significant FCA in the IR. Additionally, TCOs experience considerable
parasitic absorption of photons with energy greater than their band gap (>3 eV, corresponding
to A =<410 nm). For this reason, it is desirable to choose a TCO with the highest possible band
gap, ideally greater than =3.5 eV, to maximise the blue to near-UV photons absorbed in the
perovskite cell [70]. However, achieving such a band gap in a material that maintains

sufficiently low sheet resistance remains challenging.
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Figure 1.7: Band structure schematic of transparent metal-oxide with wide band gap (Eg). When degenerately doped, the
Fermi level shifts above the conduction band minimum (CBM), in a process known as the “Moss-Burnstein Shift”. This shift
increases the apparent optical band gap E" due to the filling of low-energy conduction band states, which blocks certain
optical transitions. This can enable simultaneous high conductivity and high optical transmittance in certain metal oxides.
Reprinted from ref. [65]. Licensed by CC BY 3.0.

Like most TCOs, its high carrier concentration causes high parasitic FCA [45], [55], [71].
While ITO is widely used TCE in perovskite/silicon tandems, zinc-doped indium oxide (IZO)
has recently become the most frequently used due to its high mobility =60 cm?/Vs and thus
reduced FCA in the NIR, as well as its ability to achieve high mobility without requiring high-
temperature annealing [45]. However, it suffers from reduced transmittance in the ultraviolet—
visible (UV—Vis) range compared to ITO due to its narrower band gap of =3 eV [45], [72].
Zirconium-oxide doped indium oxide (IZrO) is a promising TCO for tandems, demonstrating
high mobility =77 cm?/Vs and wide band gap =3.75 eV, keeping its parasitic absorption low

[55], [73]. Replacing the conventional IZO with IZrO can increase perovskite/silicon tandem
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efficiency by 2.3%abs [55]. Hydrogen-doped indium oxide (10:H) also offers high transmittance
at low Rsheet due to its exceptional mobility =100 cm?/Vs and wide band gap, but suffers from
poor stability due to hydrogen migration, which increases contact resistance at Ag fingers [45].
Other indium-based TCOs such as cerium/hydrogen and tungsten/hydrogen co-doped indium
oxide can have high mobility, albeit achieving this requires a high-temperature anneal, limiting
their suitability in tandems [45], [55], [74]. Most crucially, there are insufficient global indium
reserves to meet the demand for TW photovoltaic capacity targets of 3-4 TW/yr [75]. Zhang et
al. calculated that the annual manufacturing capacity for SHJ cells using ITO is only 37 GW/yr
[75]. Due to their increased efficiency, perovskite/silicon tandems offer reduced indium
consumption per W generated, yet they are still limited to an annual manufacturing capacity of
just 29-177 GW/year, indicating that indium cannot be used in any significant PV
manufacturing capacity [75], [76]. Figure 1.8 reveals the limitations in sustainable
manufacturing capacity in tandem cells using ITO TCEs. The scarcity of indium causes high
and fluctuating costs, hindering broader uptake. Additionally, the demand for ITO-based TCEs
is rapidly increasing in the consumer electronics industry, where it is used in touch screens,
LEDs and sensors. A high mobility indium-free TCE is hence a critical requirement to facilitate
the future deployment of tandem PV cells as part of efforts to reduce global carbon emissions

and mitigate anthropogenic climate change.
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heterojunction solar cell designs. (a) Current ITO thickness used, (b) calculated consumption ranges and (c) sustainable
manufacturing capacity of different PV architectures. Adapted with permission from ref. [76], © 2023, John Wiley and Sons
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Indium-free TCOs such as fluorine-doped tin oxide (FTO) and aluminium-doped ZnO (AZO)
show some promise for indium-free tandems. But these materials are beset by challenges: both
exhibit high FCA due to low mobility, with AZO also suffering from instability, which hinders
their implementation in high-efficiency tandems [45], [77]. Moreover, even if high-performing
indium-free TCOs can be achieved, the sputter deposition process of TCOs tends to damage
the underlying perovskite layers [67], [78]. This necessitates an additional buffer layer such as
MoOx or SnQO; increasing processing time and costs, and often reducing stability and
transmittance [67], [78]. While reducing sputter power can enable direct TCO-deposition on
perovskite cells with low damage, this tends to produce low-mobility TCOs, which contribute
to resistive and optical losses, and restricts options for charge transport layers [79], [80], [81],
[82]. Additionally, most TCOs require a high temperature deposition or post-deposition anneal
>200C to improve crystallinity and achieve high mobility and transmittance [45], [54], [83],
[84], [85]. These high-temperature steps can damage delicate perovskite and a-Si layers. The
stability of perovskite solar cells to TCO deposition and post-anneal temperatures depends on
perovskite composition. Methylammonium lead iodide (MAPbI3) based cells can undergo

deleterious structural transformations at temperatures as low as ~85°C [86], [87], while
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formamidinium (FA) and FA/Cs mixed cation formations have been shown to withstand
temperatures up to 150-200C [88], [89]. Although all-inorganic perovskite cells can exhibit
stability >200 C, they suffer from moisture phase instability issues, and have a relatively low
efficiency compared to mixed cation-based perovskites [90], [91]. This limits TCO annealing
to <200 C for deposition on most high-efficiency perovskite cells. Similarly, annealing TCOs
deposited on a-Si in a SHJ cell over =200C for prolonged periods can increase contact
resistance between the cell layers, and reduce passivation by hydrogen effusion [92], [93]. To
maximise potential efficiency in future tandem cells, a high-performance indium-free TCE that
can be deposited via a gentle, low-temperature process is necessary. Given these inherent

limitations in TCOs, it is essential to explore alternative TCE materials to meet this goal.

1.4.2 Nanomaterial TCEs

Silver nanowires (AgNWs) can be deposited gently at room temperature as a dense conductive
mesh, facilitating carrier transport to metal fingers while leaving voids for light transmission.
By tuning the concentration and aspect ratio of AgNWs, a TCE film with properties comparable
with ITO can be achieved [45], [94]. However, AgNWs are highly vulnerable to oxidation,
which significantly reduces conductivity [95]. Additionally, migrating iodide ions in many
perovskite cell compositions can react with the silver in AgNWs and form silver iodide,
degrading the AgNWs and deforming the perovskite phase [96], [97]. Silver iodide formation
can be reduced using protective buffer layers, albeit at the cost of increasing parasitic
absorption as well as introducing an additional processing step [96], [97]. Even if these stability
issues can be mitigated, increasing silver use in solar cells raises both cost and sustainability
concerns [67], [75]. Alternatives such as copper nanowires and carbon nanotubes also exhibit
poor stability, high contact resistance and poor substrate adhesion [45], [94]. A viable indium-

free TCE must overcome these issues to achieve success in tandem solar cells.
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Graphene shows great promise as a TCE for high-efficiency PV. Its broadband transmittance
exceeds that of even the most transparent TCOs such as I0:H and 1ZrO, giving it unique
benefits in a tandem device [98], [99], [100], [101]. In recent years, graphene has become
increasingly low-cost to produce in large areas [102], [103]. It can be deposited gently on
delicate perovskite layers at room temperature without sputtering [104], [105], [106].
Critically, it can be produced entirely using sustainable materials, giving it potential to enable
multi-TW scale PV [107]. However, the use of graphene as a TCE in PV has been limited due
to its relatively high Rgneet, OWing to its very low carrier concentration [104], [106]. An
understanding of methods to introduce additional carriers in graphene offers potential to unlock

graphene as a TCE for high-efficiency tandem photovoltaics.
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Chapter 2

Graphene as a Transparent Conducting Electrode
for Perovskite/Silicon Tandem Photovoltaics

2.1 Graphene Structure and Properties

raphene is a promising TCE owing to its properties including high T%, relatively low
GRSheet, and strong chemical and mechanical robustness [101], [108]. These
characteristics arise from its unique physical and chemical structure. Graphene consists of a
single atomic layer composed entirely of carbon atoms arranged in a two-dimensional lattice
[109], [110]. Unlike typical materials, carbon atoms can form a thermodynamically stable two-
dimensional monolayer due to the tight in-plane covalent bonds which facilitate its strong
hexagonal honeycomb lattice structure [109], [111]. Figure 2.1 (a) and (b) illustrate this lattice
structure and bonding. Each carbon atom forms three o-bonds with neighbouring carbon atoms
with s, px, and py sp? hybrid orbitals. With four valence electrons, this lattice structure leaves
one free electron in the p, orbital to contribute to the conduction [112]. Adjacent p, orbitals can

overlap to form delocalised n-bonds, where the n-band is filled and the mx-band is empty [112].

Figure 2.1 (c) and (d) illustrate how the m electrons in graphene follow a linear energy-
momentum relationship, with the conduction and valence band edges meeting at Van Hove
singularities known as “Dirac points” at each atom, forming the characteristic “Dirac Cones”.
Is also clear from Figure 2.1 (c) and (d) that graphene does not have a band gap, despite the
zero density of states at the Dirac point. This unique electronic structure allows graphene’s

electrons to travel at a constant velocity, as if they are massless Dirac fermions [110], [113].
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Figure 2.1: Bonding and band structure in graphene. (a) Unit cell from which the honeycomb lattice structure arises,
consisting of two carbon atoms A, and B. (b) ¢ and r bonding of carbon atoms in graphene’s honeycomb lattice, forming sp’
and p: orbitals. (c) Energy-momentum relationship in undoped graphene, with filled = and empty n+ band. Inset, graphene
Brillouin Zone, with the K point corresponding to the position of graphene’s “Dirac cone”. (d) “Dirac cone” in undoped
graphene, with zero density of states at the Fermi energy Er. Components adapted from ref. [114], [115].

The low carrier concentration of graphene arises from its structure. The overlap of p, orbitals
leads to the formation of delocalised n-bonds, resulting in graphene having an average of one
free charge carrier to contribute to conduction per atom. This gives “undoped” monolayer
graphene its low carrier concentration =10'°-10'? /cm? at room temperature, often orders of

magnitude below that of TCOs [111], [116], [117].

Despite its low carrier concentration and thickness, graphene’s Rsheet remains relatively low
due to its exceptionally high mobility. Graphene’s delocalised charge carriers behaving as
massless Dirac Fermions enable its carrier mobility to be among the highest of any material,
and can be as high as 2x10° cm? /V s at room temperature, if freestanding in single-crystal form
[111], [118], [119]. This gives undoped, freestanding graphene an intrinsic Rgneet limit of =30
Q/o, assuming a typical carrier concentration of 10'? /cm? [111]. However, freestanding
graphene of multiple cm? are unstable, as their high phonon density forces them to fold [113].
Transferring graphene to a substrate mitigates this folding, but limits its mobility to 4x10* cm?

/V s. This reduction is attributed to carrier scattering by charged impurities on the substrate
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[111], [120]. This gives undoped graphene a minimum sheet resistance of <160 Q/o. Due to
additional scattering processes which depend on the synthesis technique, typical values for
graphene sheet resistance are 500—1500 Q/o in air [121]. The sheet resistance of undoped
graphene therefore cannot compete with indium-based TCOs, and is usually deemed too high

for most applications.

As a single atomic layer, the effective thickness of graphene corresponds to the spread of
delocalised electrons above and below the atomic plane, equivalent to the inter-plane spacing
of graphite, ~0.335 nm [122]. However, its measured thickness may range from 0.4 and 1.7 nm
depending on fabrication method, surface chemistry and substrate adhesion [122]. Even with
this variation, graphene’s thickness is approximately two orders of magnitude less than the 40-
100 nm typical of TCOs used in PV, and this enables it to have an ultrahigh transmittance

despite having zero band gap [98], [99], [108].

The main source of transmittance loss in graphene arises from the interband transitions of

massless Dirac fermions within the material [123]. These transitions result in a constant

2
absorption of light which is limited by two factors: the fine structure constant % and the number

of layers m. The average absorption per layer can be calculated as A% = 100 — miz:—i =2.3m%
[110], [123]. Monolayer (T% = 97.7%), bilayer (T% = 95.4%) and trilayer (T% = 93.1%)
graphene therefore have a superior T% to that of TCOs with thickness sufficient for low Rgheet
[99], [124], [125]. Graphene, lacking a band gap, does not contribute bandgap induced losses
in the blue-violet region. While graphene has a small absorption peak ~250—270 nm due to
n—n* transition of electrons, this is not relevant to PV devices as it falls outside the useful solar
spectrum under AM1.5G conditions [126]. Additionally, due to graphene having low free
carrier concentration and plasma frequency, it does not contribute substantially to NIR FCA

[101], [108], [127].
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Graphene TCEs could also help reduce reflection in perovskite/silicon tandems. TCOs provide
an antireflective benefit, with n =1.8-2.0, an appropriate intermediary between air and either
perovskite =2.7 or silicon =3.9 [128]. TCO thickness can be tuned to minimise interfacial
reflection, constraining the thicknesses that can be used. Although graphene has n = 2.4-3.1, as
it is only 0.335 nm thick, it does not significantly impact reflection at interfaces [118], [129],
[130], [131], [132], [133]. This might necessitate the deposition of an additional antireflective
coating (ARC) such as SiNy or SiOx. While this adds an additional processing step, it allows
the ARC thickness to be varied independently of a TCO layer. Additionally, graphene’s tight
lattice makes it impermeable to water and gas, conferring additional stability, as well as

limiting the diffusion of perovskite halide ions to the metal fingers [134], [135].

Graphene has strong potential for TCE applications, provided its properties can be maintained
when fabricated in large areas. The next section will review methods to deposit graphene and

discuss their suitable for device compatibility.

2.2  Graphene Fabrication

2.2.1 Exfoliation

The layers between graphene sheets in graphite are held together by relatively weak Van Der
Waals forces. Mechanical exfoliation overcomes these forces using normal or shear forces, or
by exploiting graphene’s self-lubricating ability to produce graphene sheets. For example,
adhesive tape can be used to exfoliate graphite, producing graphene flakes [109], [116].
Mechanically exfoliated graphene is monocrystalline, giving it the lowest number of defects
compared to other synthesis techniques [118]. Consequently, its carrier mobility is high, =
1.50x10* cm? /V s [109]. However, this technique is limited to sheets of several hundred pm
across, limiting scalability for use in large-area TCEs [136], [137]. Ball-milling can be used to

produce mechanically exfoliated graphene powders for scalable film fabrication [138], [139].
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However, the flakes produced are typically <5 pum laterally, rarely uniformly monolayer and
have a high defect density, significantly limiting the conductivity and transmittance of such

layers in a potential TCE film [139], [140], [141], [142], [143].

Graphene can also be produced at a low cost and on a large scale using chemical exfoliation
[144], [145], [146]. In liquid-phase exfoliation, graphene flakes are produced from graphite
dispersed in specific solvents, usually when subject to shear stress and sonication [145]. The
Van der Waals attraction can also be overcome using chemical intercalants to separate the
layers. However, this method produces small, non-uniform flakes with poor conductivity, and

so is not suitable for TCE fabrication [146], [147].

2.2.2 Chemical Vapour Deposition
Chemical Vapour Deposition (CVD) enables the scalable production of high-quality graphene.

Typically, a growth substrate, such as copper [121], [125], [148], [149] or nickel [150] is placed
in a high-vacuum furnace. Hydrocarbons such as methane or ethylene are then catalysed on the
metal substrates at a temperature = 300—1000 C and pressures =~ 0.1-100 torr [94], [124],
[149]. After catalysis, the temperature is lowered, reducing carbon atom solubility, causing
atoms to precipitate and form a monolayer on the surface. This process produces
polycrystalline graphene with small, randomly oriented grains. CVD graphene has a modest
level of impurities such as point defects, voids, microcracks and high-resistance grain
boundaries, which degrade mobility [118], [124], [151], [152]. While adjusting the gas flow
and substrate selection can improve film quality, eliminating defects entirely is challenging
[151], [152], [153]. Additionally, mismatches between the thermal expansion coefficients of
graphene and the substrate can cause residual strain during cooling, leading to wrinkles and
ripples [154], [155]. These impurities, along with substrate interactions, result in a carrier
mobility in CVD-graphene =1—4x10° cm?/V s — an order of magnitude below mechanically

exfoliated graphene [148]. However, CVD enables the production of sheets that span tens of
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cm, making it highly suitable for large-area TCEs [156]. Despite the high cost of generating
high temperatures and low pressures, the precursor gases required are inexpensive [124].
Therefore, although CVD-graphene is lower in quality than mechanically-exfoliated graphene,
and more expensive than chemically-exfoliated graphene, it remains the most practical option

for TCE applications.

2.2.3 Graphene Transfer

A disadvantage of CVD-grown graphene is that it requires a complex transfer process from the
metal to the target substrate [156]. This increases manufacturing costs, and introduces
additional impurities such as wrinkles, and polymer residues. The most widely used technique
is wet transfer [156]. Silicon with ~300 nm SiO; is often used as a target substrate as it enables
the visualisation of graphene with the naked-eye through interference [148], [153], [157]. A
polymer such as polymethyl methacrylate (PMMA) is spin-coated onto the graphene/copper
surface to protect it during the transfer process [124], [153], after which low-quality graphene
on the rear of the metal substrate is removed via oxygen plasma treatment [156]. The metal
substrate is removed using an etchant such as Fe(NO3)3, sodium persulfate, or ammonium
persulfate [124], [125], [153], [158], [159]. Next, the PMMA/graphene is rinsed in deionised
water, and lifted from the water using the target substrate [158]. When the sample is heated
above the glass transition temperature of PMMA, the PMMA softens and moulds to fit the
substrate conformation, increasing contact and Van der Waal adhesion between the graphene
and the substrate [153], [158], [160]. The PMMA is later removed using hot acetone [160].
This technique is low cost, which has led to its widespread use on laboratory scales. Moreover,
the metal substrate can be reused, with the entire process consuming less energy and fewer
carbon emissions compared to ITO [107]. The wet transfer process has several limitations.
Principally, the PMMA is very difficult to remove completely, and its residues degrade

graphene’s carrier mobility and transparency [99], [125], [161], [162]. The polymer residues
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also introduce an undesirable p-doping effect that is difficult to control [161], [162]. Moreover,
the metal etchants used are environmentally hazardous, requiring expensive disposal [163].
The complexity and poor repeatability of wet transfers may also limit their ability to scale

[147].

For successful implementation of graphene as a TCE, a scalable, contaminant-free,
environmentally transfer technique is desired to replace the standard wet transfer. Yet, wet
transfer remains suitable for material characterisation and assessing its suitability as a TCE for

perovskite/silicon tandem cells under laboratory conditions.

2.3 Graphene for Perovskite/Silicon Tandems

To integrate CVD-graphene in tandems, its deposition must be compatible with the delicate
layers involved. CVD-graphene has been successfully transferred to perovskite cells without
damaging the absorber or typical hole-transport layers (HTLs), such as 2,2',7,7'-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), poly(3-hexylthiophene)
(P3HT), Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) and NiOx,
maintaining good, defect-free interfaces [104], [105], [106], [164], [165], [166], [167], [168].
Graphene has also been implemented in SHJ cells without damaging the a-Si surface [169],
[170], [171]. However, its Rsheet Was too high to match the performance of TCOs [106]. To
achieve its full potential in tandems, a suitable graphene doping technique compatible with the

perovskite/silicon tandem device structure is essential.

2.4 Chemical Doping of Graphene

Doping can be used to increase the carrier concentration of graphene, in the same manner as
bulk semiconductors. When dopants are introduced to graphene, they contribute localised
energy states in its band structure; the Fermi level moves away from the Dirac point, providing

extra charge carriers to improve electrical conductivity [98], [121], [172]. With additional
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charge carriers, scattering increases, reducing the overall mobility of the device. Therefore, any
doping process should be precisely controlled for a good balance between scattering losses and

carrier concentration.

Chemical doping involves the addition of impurity atoms into a material, where these
impurities should have more charge carriers than the intrinsic material. Chemical doping
typically refers to substitution or surface-adsorbed doping [121]. Substitutional doping of
graphene involves increasing carrier concentration by replacing a number of sp? carbon atoms
with atoms of similar size, with fewer electrons such as boron for p-doping, or with more
electron such as nitrogen for n-doping [121], [173], [174], [175]. However, substitutional
doping techniques reduce carrier mobility of graphene by breaking the C-sp> -m bond
conjugation so that the dopant species can covalently bond with the surrounding carbon atoms
in the graphene lattice [121]. The balance between increasing carrier concentration and
reducing carrier mobility is difficult to achieve, often leading to sheet resistances too high for
TCEs, or poor dopant stability [173], [176]. Graphene can also be doped through the adsorption
of electron-accepting or electron-donating species onto its surface. Charge is transferred with
low lattice disruption via the formation of “charge-transfer complexes” [121]. Bianco et al.
have used this technique to produce large-area monolayer graphene sheets with Rsheet
comparable to that of many TCOs, reaching =120 /o [121], [125]. In that case, the thionyl
chloride (SOCl,) dopant species was also covalently bonded to a carbon in the graphene lattice
to increase stability. However, as such a covalent bond involves disrupting the lattice, it likely
reduces the carrier mobility through the introduction of localised scattering centres, but data on

mobility was not provided by the authors.

Increasing the charge carrier concentration will inevitably reduce the mobility by increasing
electron-impurity and electron-phonon interactions. However, with chemical doping, the
doping is not fully uniformly distributed and introduces lattice disruption. This creates local
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disorder and thus more pronounced scattering at charged scattering centres, further limiting
mobility. To minimise mobility degradation, a uniform doping technique which can be

precisely controlled must be developed.

2.4.1 Chemical Doping for Graphene TCEs in Perovskite/Silicon Tandems
Graphene can be doped using perovskite HTL materials MoO3, P3HT and PEDOT:PSS in a

perovskite cell, with compatibility in perovskite/silicon tandems [104], [164], [165], [167]. In
these cases, the doping involves weak and often unstable p-type surface charge transfer from
the HTLs. For thermally evaporated MoQ3, it usually exists as several intermediate oxidation
states of MoOx (2<x<3) [177]. This non-stoichiometric nature allows for positive charge to be
transferred from the MoOx to the graphene, inducing a weak, metastable p-type doping [167],
[177], [178], [179]. The p-type nature of PH3T was ascribed to induce a p-doping effect in an
adjacent graphene layer [164]. The authors did not explore the mechanism, but it is likely a
limited surface charge transfer due to the relatively close work function between graphene and
P3HT. Similarly, PEDOT:PSS doping likely occurs due to the transfer of holes from PEDOT
to the graphene. Graphene doping was also achieved in perovskite cells by sandwiching
graphene between a spiro-OMeTAD HTL and transparent polymer cap [105]. This enabled the
stabilisation of atmospheric adsorbents close to the graphene surface to provide additional
positive charge carriers for p-doping [105]. Yet, in these examples, the doping did not generate
sufficient carrier concentrations, leading to low perovskite cell efficiencies relative to cells with

indium-based TCEs [104], [164], [165], [167].

Doping graphene with AuCl; in a perovskite cell can reduce its Rgneer significantly, offering
performance rivalling ITO [168], [180]. However, aggregated Au particles increase light
scattering, minimising the maximum efficiency potential, particularly deleterious if
incorporated in a tandem cell stack [168], [180]. ‘Transfer-free’ graphene for flexible substrates

was doped using NiOx, enabling Rsheet <150 Q/0, while preserving high transmittance [166].
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But this approach is limited to flexible substrates and specifically focuses on hole transport,
limiting applicability. Therefore, it is critical to develop alternative approaches that can
uniformly dope graphene TCEs throughout different regions of a tandem, ensuring that the

desired Rsneet can be attained without impacting transmittance or stability.

2.5 Graphene Doping Using Ion-Charged Dielectrics

An alternative approach to dope graphene is using the electrostatic field effect. By establishing
an electrostatic field in near graphene using a gate bias, a mirror charge is induced within it,
increasing N [116]. This is typically achieved using a graphene field-effect transistor (FET).
Figure 2.2 (a) depicts a typical graphene FET (GFET) on SiO»/Si, with source, drain and gate
terminals. For GFET characterisation, the drain-source bias (Vps) can be fixed while the drain-
source current (Ips) is measured at varying gate-drain bias (Vgp); alternatively, the Vps swept
as Vgp remains constant. Figure 2.2 (b) shows a typical GFET curve at fixed Vps, in terms of
Rsheet. At Vop = 0, the charge carrier concentration is at its lowest and the Rsneet 1S at its highest.
Varying this potential modulates the current flowing from S to D by changing the size and
shape of the active channel, permitting carriers to flow. Figure 2.2 (c) illustrates the impact on
the Fermi level of graphene as the Vgp is varied. When a negative Vgp is applied, the lower
Dirac cone is filled, and the hole concentration is increased, inducing p-doping [109], [116].
N-doping can be achieved by applying a positive Vgp to increase the electron concentration
[109], [116]. This technique allows for the reversible control of graphene’s charge
concentration up to 10" g/cm? using a SiO; dielectric, limited only by its breakdown strength
[116]. In field-effect doping, the mobility is reduced to a less significant extent than chemical
doping, as the applied electrostatic field is relatively uniform, limiting impurities and lattice
disruption. This method can reduce Rsneet to values <100 /o [116]. However, this Rgheet is only
achieved when the power supply is switched on. This precludes it from use for graphene doping

for TCEs and limits it as a characterisation technique.
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Figure 2.2: (a) Graphene Field-Effect Transistor structure. (b) Graphene FET drain-source current gate-drain voltage (Ips-
Vep) type characteristics in terms of Rsheer and conductivity. Reprinted from ref. [181], with permission. © 2013 The
Electrochemical Society. (c) Changes in position of the Fermi level under p-type, undoped and n-type doping conditions
induced by varied Vep.

A promising technique to electrostatically dope graphene without an opaque metal gate
involves using charge stored in the substrate to generate the electric field. Paradisi et al.
demonstrated that under applied bias and high temperature, Na™ ions can be migrated within a
thick soda-lime glass film to electrostatically dope graphene, enabling significant carrier
concentration modulation >10'* /cm? [182]. However, this requires an opaque metal electrode,
is restricted to thick soda-lime glass, and the doping effect diminishes outside-of-vacuum,
hindering its applicability for perovskite/silicon tandem cells. Additionally, its stability is
unclear, given the high mobility of Na" ions at room temperature, which may lead to unintended

changes in carrier concentration over time.

Bonilla et al. demonstrated that using corona charge and solid-state alkali ions, it is possible to
permanently drive-in high charge concentrations in thin films of SiO> on Si [183], [184], [185]
This establishes a quasi-permanent electrostatic field in the thin dielectric film that is expected
to remain stable over commercial timescales [184]. In an “ion-charged dielectric” (ICD), ions

are prevented from crossing from dielectric to silicon as no energy states are available for free
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carriers in the silicon [184], [186], [187]. This technique has been used for effective surface
passivation of silicon, but it has yet to be shown to increase the carrier concentration in

graphene [183], [184].

Figure 2.3 is a schematic of how an ICD might be used to modulate the conductivity of
graphene. Similar to a GFET, the electric field generated from a positively-charged ICD could
be used to induce n-doping. As the mobility of electrons and holes in graphene is equal [64],
this technique also gives the potential to p-type graphene with low Rsneet, if negatively-charged
ICDs can be achieved. This could enable novel device functionality, as high-performance p-
type TCOs are not yet available [188]. As graphene is extremely sensitive to substrate charge,
ICDs bring the potential to dope graphene without disrupting the lattice for the minimum
reduction in mobility, with stable, tuneable, and reversible charge control uniformly over large
areas [184], [189]. Moreover, as this technique does not block light transmission, it is
applicable to graphene doping for TCE applications. Additionally, other devices utilising TCEs
such as touchscreen displays, LEDs and electrochromic displays could benefit from this

technique.

Graphene Graphene

Figure 2.3: Using an lon-Charged Dielectric to induce field-effect doping to produce n-type and p-type graphene. (a) Positive
ions in the dielectric induce n-type doping. (b) Negative ions induce p-type doping in graphene.

28



2.6 Aims and Objectives

This thesis develops novel graphene doping techniques using ion-charged dielectrics and
evaluates their suitability for integration in perovskite/silicon tandem photovoltaic cells.
Methods to introduce ionic charge to a variety of different dielectric materials, including SiOx,
SiNyx, PMMA, AlOx and their combinations, are developed and characterised, and their stability
is investigated. These charged dielectric films are placed at close interface with graphene, and

the impact on graphene’s electrical, optical and structural properties are systematically studied.

Finally, the viability of these ICD-based doping techniques is modelled for integration in
tandem photovoltaic cells. Such a highly-doped, high-transmittance graphene layer could
circumvent the issues with conventional TCEs that are currently limiting perovskite/silicon

tandem uptake and limit efficiency.
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2.7 Structure of this Thesis

Chapter 3 provides a detailed description of the experimental procedures to fabricate
and characterise the graphene and charged dielectric films

Chapter 4 shows the first proof-of-concept of ICD-doping of graphene, where the
electrical and optical properties of graphene are recorded when interfaced to corona-
charged dielectric membranes.

Chapter 5 demonstrates that the migration of charged alkali ions dielectric in can be
used to strongly n-type doping in graphene. The migration of these ions under different
conditions of temperature, applied bias, and their stability to the graphene transfer
process is studied. The electrical properties of graphene are evaluated in these
conditions.

Chapter 6 investigates the use of ions in glass to provide n- and p-type doping in
graphene. The charge storage in SiOx/SiNx nanolayers interfaced with quartz is
compared with the intrinsic ionic charge in borosilicate glass for graphene doping.
Chapter 7 demonstrates that polymer-based dielectrics such as a thin spin-coated
PMMA layer can also hold sufficient charge to induce high charge concentration in
graphene, offering scope for a wide range of device needs. The direct growth of a thin
AlOx layer on graphene using thermal evaporation is developed, and charged using
corona ions for tailorable p- and n-type graphene.

Chapter 8 explores the impact of using an ICD-graphene TCE in a perovskite/silicon
tandem device. The device performance is assessed using computational modelling, and
compared with state-of-the-art TCEs.

Chapter 9 summarises the findings of this thesis, and discusses future research

directions arising from this work.
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Chapter 3

Methods

3.1 Sample Fabrication

3.1.1 Device Substrates
g I \Table 3.1 summarises the main substrates used in this work. The p-type Czochralski

(CZ) Si/SiOz substrates used in Chapters 5-7 were cleaved into squares 1.2 x 1.2 cm?

using a diamond scribe, while the other substrates were used as supplied.

Table 3.1: Substrates used in this work

Chapter Material Total Area | Nominal dielectric Supplier
thickness
4 0.5 x 0.5 mm? SiO; | 0.5x0.5 cm? 300 nm EM Resolutions
membrane
4 1 x 1 mm? SiNy 1 x1cm? 100 nm EM Resolutions
membrane
5 p-type CZ Si/SiO, | 1.2 x 1.2 cm? 300 nm University Wafer
Inc.
6 Borosilicate glass 1 cm? 1.1 mm UCQ Optics
[190]
6 Quartz 2 x2cm? 1 mm UCQ Optics
[191]

3.1.2 Plasma Enhanced Chemical Vapour Deposition
Plasma Enhanced Chemical Vapour Deposition (PECVD) allows for the growth of high-

quality dielectric films within minutes, at relatively low temperatures [192]. PECVD was used
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to deposit SiNx and SiOx on silicon, glass and quartz substrates for devices characterised in
Chapter 6. Table 3.2 lists the deposition parameters used with an Oxford Instruments
PlasmaLab 80+ PECVD. In the case of the 50 nm SiOx layer, argon was used as the purge gas

due to an equipment upgrade.

Table 3.2: Plasma Enhanced Chemical Vapour Deposition Dielectric Fabrication Conditions.

Deposition Parameter | 50 nm SiOx | 60 nm SiNx | 5 nm SiNx 5 nm SiOx
Power (W) 20 20 20 20
Plate Temperature (‘C) 350 350 350 350
Pressure (mTorr) 800 650 650 800
Time (s) 50s 3min 12s 16 s 5s
Ammonia (sccm) — 40 40 —
Silane (sccm) 200 380 380 200
Nitrogen (sccm) 600 600 600 600
Nitrous Oxide (sccm) 680 — — 680
Argon (sccm) 1000 — — —
Measured Thickness | 57.0+0.1 nm 66.7 nm 4.840.1 nm 3.9£0.1 nm

3.1.3 Graphene Transfer

Monolayer CVD graphene on copper substrates was obtained from Graphenea S. A., in 4 x 6
cm? sheets [193]. As supplied, the films were coated in a 60-80 nm poly-methyl methacrylate
(PMMA) film, forming a PMMA/graphene/Cu/graphene stack, =18 pm thick [193]. Noting
this PMMA thickness is insufficient for reliable graphene wet transfer due to its mechanical
instability, an additional 500 nm PMMA was spin-coated on the film. The PMMA spin-coating

process is described in Section 3.1.4.
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Graphene was transferred in a cleanroom following the standard wet transfer process as
described in ref. [156], with adaptions developed for reduced Rgneer, minimal PMMA residues,
and reduced processing time. Figure 3.1 depicts the graphene transfer workflow. Figure 3.1 (a)
depicts how, following PMMA -coating, the low quality, air-exposed graphene on the rear was
removed by reactive-ion etching (RIE) using an oxygen plasma source to expose the copper
substrate for uniform etching. The oxygen plasma was generated for 1 minute, with oxygen
flow of 80 sccm and forward power 25 W, under a chamber at 100 mTorr. The
PMMA/graphene/copper stack was then cut to areas from 0.4 x 0.4 cm? to 1.5 % 1.5 cm? using
a circular blade. Figure 3.1 (b) depicts how the copper layer was removed by floating the stack
on 0.32 M ammonium persulfate (NH4)>S20s (APS) solution for 2-5 hours at room temperature,
with etching time varying by graphene area; larger pieces require more time. Complete copper
etching, indicated by the absence of visible copper, was confirmed by energy-dispersive X-ray

spectroscopy (EDS).

Figure 3.1 (d) depicts how the remaining PMMA/graphene stack was rinsed by transferring it
three times to fresh beakers of deionised water with a glass slide. Standard substrate cleaning
involved rinsing in acetone and isopropanol alcohol (IPA) for 30 seconds each, followed by
nitrogen spray drying until solvents were no longer visible under 50% magnification. For
experimental workflows where extrinsic ions were not to be added, the substrates were further
cleaned by annealing at 350 C with 300 sccm nitrogen at 650 mTorr for 5 mins. Substrates
were subsequently made hydrophilic using an oxygen plasma cleaning process, involving a 5-
minute oxygen flow of 25 sccm and forward power 200 W, in a chamber at 100 mTorr. This
final process helps to improve graphene adhesion to the substrate, as water at the
graphene/substrate interface can weaken graphene/substrate adhesion, and result in hole
formation and additional defects if it rapidly evaporates through the graphene at high

temperatures.
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Figure 3.1: Graphene Transfer Workflow. (a) As purchased graphene stack consisting of PMMA/graphene/ccopper/rear-
graphene. (b) Rear-graphene removal using oxygen plasma. (c) Copper substrate removal in ammonium persulfate. (d)
Rinsing in deionised water. (e) Substrate fishing of graphene layer from deionised water. (f) Annealing on a hotplate. (g)
PMMA removal in hot acetone. (h) Completed graphene transfer.

Figure 3.1 (e) depicts how the cleaned substrates were used to “fish” the graphene from the
deionised water. After allowing residual water to evaporate over 1-2 minutes, the samples were
dipped by each corner in a beaker of fresh IPA, ensuring that the entire graphene layer was
exposed to the IPA. When IPA contacts the water near the graphene, it reduces the surface
tension of the water, allowing it to flow away more easily. Dipping the corners, helps to gently
displace excess water molecules at the graphene/substrate. Figure 3.1 (f) depicts how after
drying in air at room temperature for 24 hours for further water evaporation, the samples were
annealed on a hot plate at 180 C for 15 mins, slowly ramping to the set temperature over an
additional 15 minutes to prevent rapid moisture evaporation, which may cause defect
formation. This anneal ensures strong graphene/substrate adhesion. Following this, the samples
underwent a 10-hour bake at 150 C in a nitrogen furnace to remove any residual moisture.
Figure 3.1 (g) depicts how the PMMA layer was removed by immersing the samples in acetone
for 3 hours and 45 mins at 50 C, with a final 15 mins at 55 ‘C. It was observed that warmer

temperatures facilitated more complete and rapid PMMA removal. These temperatures were
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chosen to ensure the acetone remains as hot as possible without reaching its boiling point of
56.2 C, at which the graphene might be damaged by agitation. To maintain uniform elevated
temperatures, a water bath was used, and the beaker was covered with aluminium foil to limit
acetone evaporation. To remove any residual PMMA or acetone, the samples were dipped in
acetone and IPA for 30 s each, followed by a gentle nitrogen spray after each solvent dip. This
completes the transfer process. Samples were stored in a low-pressure chamber purged with
nitrogen to minimise moisture-induced degradation and were only removed to carry out further
processing and characterisation. Table 3.3 provides a list of the graphene dimensions

transferred in this work.

Table 3.3: Summary of the transferred graphene areas used in this thesis.

Chapter Material Substrate Area Graphene Area
4 0.5 x 0.5 mm? SiO> 0.5 % 0.5 cm? 0.4 x 0.4 cm?
membrane
4 1 x 1 mm? SiNy 1 x1cm? 0.4 x 0.4 cm?
membrane
5,7 p-type CZ Si/SiO 1.2x1.2 cm? 1 cm?; 1.5 x 1.5 cm?
6 Borosilicate glass 2 cm? 1 cm?; 1.5 x 1.5 cm?
6 Quartz 1 cm? 1 ecm?; 1.5 x 1.5 cm?

3.1.4 PMMA Spin Coating

Spin-coating is a well-established technique for rapidly depositing uniform thin films such as
polymers and nanoparticle suspensions and is used widely in microelectronic device fabrication
[194], [195], [196]. To deposit a thick PMMA support layer for graphene transfer, a
PMMA/graphene/copper/graphene sheet with 60-80 nm PMMA, of area ~4 cm?® was attached

to a dummy silicon wafer or glass slide using Kapton™ tape, and placed on a vacuum chuck
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in a Laurell WS-650Mz-23NPPB spin coater. The substrate was gently cleaned with a nitrogen
gun to remove any dust particles. For the case of Chapter 7, fully-metallised graphene/S10/Si
devices were first rinsed with acetone and IPA, then dried with a nitrogen gun before spin
coating, to ensure uniform coating. In this case, the Kapton tape was placed over the edges of
the metal contact to prevent PMMA deposition on the electrical contact. Details of device

metallisation are provided in Section 3.1.6.

PMMA is a single co-polymer commonly used as a high-resolution positive resist in
photolithography for microelectronics patterning, as well as a protective layer [195]. In this
work, PMMA with molecular weight 495,000 (495K) diluted a concentration of 8% in anisole
(A8) sourced from Kayaku Advanced Materials was used. Figure 3.2 presents the relationship
between spin speed and PMMA concentration in anisole, with data extracted from the supplier
[197]. There is clearly strong proportionality between film thickness and PMMA
concentration, with A§ PMMA saturating at thickness 520 nm at 4000 RPM. Table 3.4 presents
the PMMA deposition processing steps used. In all cases, the solution was deposited dropwise
with a pipette, with =2 ml sufficient to cover the surface of the substrate. Care was taken to
avoid shaking the solution, or otherwise introducing air bubbles with the pipette. The solution
was dropped at 500 RPM, and then spun at 4000 RPM for improved uniformity. After coating,
the sample was annealed on a hot plate in air at 180 °C for 90 s for good adhesion between the
PMMA and PMMA/graphene or graphene surface. PMMA thickness was determined using a

Dektak Pro stylus profilometer.

36



(a)1400
1200 |
1000 |
800

600

Thickness (nm}

200

900 T T T T T T T T T T

Qy . (b) * Thickness °

6 800 Fit, R2 = 0.98 1

Ad 700 | -
600 -

0
1000

1500 2000 2500 3000
Spin Speed (RPM)

2 400 | -
X
_ © .
= - .
300
1 200 p .
| 100 | .
L]
______ 55 0 - =1
1 PR U IR N ST NI R S T ST
3500 4000 4500 1 2 3 4 5 6 7 8 9 10 11 12

PMMA Concentration in Anisole (%)

Figure 3.2: Relationship between the concentration of 495K PMMA in anisole, spin speed, and thickness. (a) Spin speed vs
PMMA thickness. (b) PMMA concentration in anisole vs thickness. Data extracted from ref. [197].

Table 3.4: Processing parameters for PMMA spin-coating used in this work.

Step Speed (RPM) | Time Action
1 500 5s Solution pipetted on substrate surface
2 4000 50s —
3 500 5s —
4 — — Sample removed, and baked at 180 °C for 90 s

3.1.5 Graphene Laser Ablation

After transfer, a subset of samples underwent graphene patterning using a 5 W Linxuan LX-

C1 UV nanosecond (ns) laser. An in-house process was developed for this work. Conventional

patterning techniques, such as UV photolithography, e-beam lithography are widely

established, achieving micron-scale or sub-10 nm resolution [198], [199], [200], [201].

However, such techniques often introduce chemical residues that can be difficult to be remove

and thus contribute towards scattering [161], [202], [203], [204]. These chemicals may also

compromise the stability of any extrinsic charge added. Additionally, such patterning
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techniques typically require photoresist spin-coating, and use high-pressure vacuum chucks for

mask alignment, processes that can destroy the delicate membrane substrates used in this work.

The laser graphene ablation process was developed following similar ablation protocols using
ns and femtosecond lasers as in ref. [201], [205], [206], [207]. The Linxuan LX-C1 uses a
crystal that when electrically excited, emits a coherent beam of UV photons at 355 nm. A Q-
switch is used to limit the pulse release times to the ns range. The total fluence at a specific
area is controlled by adjusting the laser power, frequency, speed, and number of loops. The
fluence is maximised, and ablation width minimised at the focal point. The sample-lens
distance was varied from the focal point to reduce fluence and prevent substrate damage. Table
3.5 presents the graphene ablation laser parameters used in this work. Patterns were designed
in EzCAD?2.8, and the sample positioned with a purpose-built stage allowing micron-scale XYZ

manipulation. This enabled the patterning as low as =10 um graphene channels.

Table 3.5: Laser parameters for graphene ablation.

Laser Parameter Setting
Power 40%
Number of loops 12
Frequency 150 kHz
Speed 750 mm/s
Q-pulse width 5
Distance from focal length 5.7 mm

3.1.6 Thermal Evaporation

Thermal evaporation is a well-established physical vapour deposition technique for
semiconductor device metallisation [17]. A high current is applied to a metal (Al, Au, Cr) under

low vacuum, heating it until it melts and subsequently evaporates in all directions. To prevent
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oxidation, a vacuum <4x10% mbar was maintained. Bespoke brass stencil masks for custom
contact structures in standard devices were fabricated in-house using a Linxuan LX-A1 20 W
ns 1064 nm fibre laser. The mask fabrication process for FET devices is described in Section

3.1.7.

For standard devices, =100 nm Al was deposited. Precise thickness control was achieved using
a calibrated quartz crystal monitor. For high-temperature measurements in air, a 5 nm/50 nm
Cr/Au contact was used to mitigate oxidation risks. The thin Cr layer was used as Au alone has
poor adhesion to oxides and glass [208]. To protect contacts from probe damage during repeat
measurements, a silver electrodag was painted over the evaporated metal. This was allowed to

dry for 30 minutes before measurement to ensure good contact with the evaporated metal.

3.1.7 Stencil Fabrication and Metallisation of Field-Effect Transistor Devices

A specialised stencil mask fabrication process was developed for FETs, as these require
micron-scale mask alignment with 10-15 pm graphene channels. Group member Xinya Niu
developed the mask fabrication protocol for MoS,, which was adapted in this work for
graphene FETs. A copper transmission electron microscopy grid with metal line width =15 pm
to set the FET channel length, was attached to a 3-mm diameter ferromagnetic washer using
paraffin wax. A 355 nm Inngu UV-picosecond laser was used to selectively ablate the copper
grid, allowing for a larger area can be electrically connected. This mask was then attached to
sample using a magnetic stage and aligned to the graphene channel for thermal evaporation

using an optical microscope and in-house mask alignment stage.

3.2 Charge Deposition and Drive-In

3.2.1 Corona Charge Deposition

The corona discharge method was used to deposit positive or negative ions on the surface of a

material. Corona charges arise from the ionisation of air molecules. Figure 3.3 depicts the
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standard “point to plane” corona-charging setup used in this work. Samples are positioned with
the rear side in contact with a ground electrode, while the dielectric to be charged faces up
towards a point discharge electrode at a known distance. When a high voltage is applied
between the electrodes, the air molecules near the discharge electrode become ionised,
accelerating electrostatic charge towards the ground electrode, where the sample lies. Positive
applied voltage deposits positively charged corona ions (mostly (H20),H") on the sample,
while a negative applied voltage deposits negatively charged corona ions (mostly CO3™) [209],

[210].

Discharge
Electrode

lonisation Region

_Drift Region

Ground Electrode

Figure 3.3: Standard point-to-plane corona charging setup used in this work.

The quantity of charge deposited was controlled by varying the duration the samples were held
under the biased discharge electrode. The uniformity of the charge distribution follows
Warburg’s law, which describes current density (j) of corona charges deposited these

conditions [211], [212]:

j(r,d) = jocos®8 (3.1)
6 = tan™! (g) (3.2)
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fox 553 (3.3)
where j, is the peak current density, /, the total corona current, d, the distance from the
discharge to the ground electrode, and 6 the angle between the point discharge and the sample
edge, as shown in Figure 3.3. Increasing d improves charge uniformity across the plane by
reducing 6 displacement, albeit reducing the deposition rate, necessitating an increase in
applied voltage to maintain deposition. Typically, samples were placed at d =20 cm below the
discharge electrode, with an applied potential of +30 kV, generating a corona current of [ =
+£0.015-0.02 mA. With samples in this work having area 0.25 cm? to 2.25 cm?, » = 0.25-0.75

cm. Under these conditions, the variation of deposited charge across the surface is <0.5%.

To further probe charge storage in suspended SiO> membranes with lateral dimension ~500
um, I constructed a bespoke micro-corona charger to allow for direct deposition of corona
charge on the dielectric with simultaneous electrical measurement. The set-up and calibration

of this apparatus is described in Section 4.8, and is illustrated in Figure 4.14.
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3.2.2 K" Ion Deposition and Drive-In

An alkali ion source can be deposited using thermal evaporation, spray coating or spin coating,
with ions driven into dielectric/semiconductor interfaces by applying an electric field at
elevated temperatures [183], [184], [213], [214], [215]. Here, spin-coating was used due to its
rapidity and uniformity. The spin coating process is described in Section 3.1.4. Following the
method of Yu et al, a KCl salt was dissolved in a solution of deionised water and IPA (30:70)

at a concentration of 0.01 M [215]. Table 3.6 lists the KCI film spin-coating parameters used.

Table 3.6: Spin-coating parameters for KCI film deposition.

Step Speed (RPM) Time Action
1 500 10s Solution pipetted on substrate surface
2 3000 30s —
3 500 5s —

After spin-coating, ions were typically driven to the interface by charging the surface with
positive corona ions for 30 seconds, and immediately placing the sample on a 420 °C hotplate
for 10 seconds. Figure 3.4 depicts this processing step [215]. The high-temperature anneal
provides sufficient energy for ion injection. By corona charging, a positive surface electric field
is generated, promoting ion drift across the dielectric, such as toward the Si/SiO> interface.
This process of corona charging with annealing was repeated for eight cycles to maximise the

charge delivered [215], [216].
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Figure 3.4: Primary method for ion delivery to dielectric interfaces used in this work, adapted from ref. [215]. Licensed by
CC BY.

3.3 Electrical Characterisation

3.3.1 The van der Pauw and Hall Method

The van der Pauw (vdP) method can be used to measure the electrical resistivity of thin films,
such as graphene [217]. In 1958, Leonard J. van der Pauw derived a relation for the resistivity
of flat samples with arbitrary geometries and point contacts (A, B, C, D) [218], [219]. Figure

3.5 (a) depicts such a sample. Its Rsneet can be approximated by:

—TTRAB,CD —nRBc,DA

e Rsheet + e Rsheet =1 (34)

where Rypcp and Rpcpa are the horizontal and vertical resistances, Vpc/lap and Vyp/lgc,
measured at 90 with respect to each other [218], [219]. “V12” is the DC voltage measured
between the contacts “1” and “2”, while “I12” is the DC current I injected into contact “1”” and
extracted from contact “2”. However, Equation (3.4) applies directly only when Rypcp =
TR

R . .
2 for a given resistance R. In the general case, where Ryp cp

Rpc pa, simplifying to Rsheet = ~

# Rpc pa, we need multiply Rsheet by a correction factor f'where:
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n(2)

R - R e f
250 E¢P4 = f - arccosh 5 (3.5)

Rug,cp + Rpepa

where if R4p cp and Rp¢ p4 are almost equal, f'can be approximated by:

—f~1- (RAB.CD—RBC,DA>2 n@ (RAB,CD—RBC,DA>4 ((ln(z))z _ (n@)? ) (3.6)

Rap,cpt RBcpA 2 Rap.cpt RBcpa 2 12

where /> 1 as Rap cp = Rpcpa. This leads to the general equation for Rsheet in (€/0):

T R +R
Repeor = G . ( AB,CDZ BC,DA) F(3.7)

A typical square graphene measurement configuration is given in Figure 3.5 (b). This
symmetrical structure ensures that R4p cp and Rpc p,4 are similar, allowing the approximation

for f'to be valid.

The Van der Pauw method requires contacts be infinitesimally small to minimise errors from
non-uniform current flow [218], [219], [220]. As this is not practically feasible, a contact
correction factor can be applied [221], [222]. Figure 3.5 (c) depicts this correction factor, which
is dependent on the ratio between contact width (8) and sample width (/). Fine alignment of the
metallisation mask ensured that the contacts were positioned at the edges, with triangles
protruding onto the graphene layer such that 6 <500 um. With device width / = 0.4-1 cm, this
ensures that &/1 = 0.05-0.125, for a correction factor of 1.01-1.001. This factor was applied to
Equation (3.7) to give a corrected Rsneet. To validate this basic structure, it was compared to a
more optimal cloverleaf structure, which minimises errors due to non-uniformities and
suboptimal contact size and positioning [220]. Graphene cloverleaf structures were fabricated
using UV laser patterning following the dimension guidelines from ref. [220]. Measurements
indicated no significant deviations from the rectangular structure, indicating that the correction

factors applied were sufficient.

44



W7 T T T

WA
(a) (b) (c) 15 i

SQUARE CONTACT
Theory

“'| TRIANGULAR CONTACT

[Ho o Theory
|09k 4o Cxperiment

CORRECTION FACTOR

1.08)

o7

RESISTIVITY

e T T oty A TR it LSSt Tt ERA) s e

J e kg Ll
0 005 O.ICSI 0I5 020 025
’4

Figure 3.5: Van der Pauw measurement configuration. (a) Arbitrary-geometry sample with four-point contacts A-D. (b)
Standard graphene vdP measurement geometry. (c) Contact size correction factor for vdP measurements, adapted from ref.
[221]. The parameter | represents the length of the sample, while J represents the width of the metal contact.

For the vdP relation to be valid, samples must be flat, homogeneous, have uniform thickness,
have no isolated holes, and have a thickness much less than its width. Samples were visualised

using optical microscopy to confirm compliance with these conditions.

The vdP method can be extended to measure carrier properties [218], [219]. By placing a strong
permanent magnet with constant and uniform magnetic field B perpendicular to the sample, a
potential difference known as the Hall voltage (Vu) is generated due to the Hall Effect [218].
The Hall effect refers to the deflection of charge carriers by the Lorentz force induced by the
magnetic field. A positive Vy indicates p-type conduction, and a negative Vy indicates n-type
conduction. The magnitude of this voltage can be used to calculate the sheet carrier

concentration N (/cm?), following:

IB
N =
qlVyl

(3.8)

where / is the current passing through the material. Using the same configuration as in Figure
3.5, Vucan be measured under applied magnetic field by injecting a current between diagonally
opposite contacts, and measuring the voltage between the remaining two contacts, e.g. applying

Isp and measuring Vac.. The difference in voltage measured under positive and negative B is
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recorded. To minimise misalignment and thermoelectric voltage contributions, measurements
under £B are also taken with reversed current and opposite contacts (applying Iac and

measuring Vep). The overall Hall voltage Vu is calculated as the mean of these measured

voltages, and is used to calculate N following Equation (3.8). As u = > following

"qt'Rsheet

Equation (1.1), we can rewrite Equation (3.8) to calculate Hall mobility (cm?/Vs) as:

[Vl

u=——1=1 (3.9
[+ B Rgpeer (

A magnet with magnetic field B = 0.165124 T was used, calibrated against a float zone silicon
sample with known carrier concentration. Identical wires and probes were used to minimise

errors associated with the thermoelectric effect.

For vdP and Hall measurement, I constructed two bespoke measurement apparatuses: one for
small and large area samples for measurement ambient conditions. I also constructed a bespoke
vdP apparatus for simultaneous electrical measurement and corona charge deposition in
ambient conditions using the micro-corona charger described in Section 4.8. For these
apparatuses, signal generation and measurement were conducted using a high-impedance

Keysight B2901A source-measuring unit, controlled virtually in a bespoke LabVIEW program.

Finally, I constructed an additional VdP stage for high temperature measurements in vacuum.
In these cases, a Keithley 2611A source-measurement unit with Thurlby Thandar TSX3510P
DC power supply was used. The high temperature vacuum stage is described in further detail

in Section 3.3.6.

3.3.2 Four-Point Probe Method

The four-point probe (4PP) method can also be used to characterise graphene’s sheet resistance
[223], [224], [225], [226], [227]. Four sharp metal probes of equal diameter and spacing are

placed in contact with a material’s surface. A current is injected through the outer two probes,
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while the inner two probes measure the voltage drop generated by the current flow through the
material. This technique assumes a homogeneous and uniform film, with sample area
significantly larger than the probe spacing, and thickness much smaller than the probe spacing

[223]. Under these assumptions, the sheet resistance can be calculated as [227]:

Rsheet = 1oy (3:10)
Measurements were taken at a minimum of 5 points and the mean calculated, to minimise error.
Unlike vdP, the probes can be positioned anywhere on a sample, excluding edge areas where
edge effects may distort current distribution. In this work, 4PP was used to measure graphene

Rsneet differences on different substrate areas with varying charge concentrations. An Ossila

Four Point Probe with 1.27 mm probe spacing, and 0.48 mm diameter probes was used.

3.3.3 Field Effect Transistor Characterisation

Field-effect transistor (FET) characterisation provides alternative technique to measure the
carrier concentration, type and mobility of graphene [228]. The principles of this technique
were explained in Section 2.7. The carrier concentration of a graphene channel can be

determined using Equation (3.11):

_ €& Vpirac
n = Sfrtbie (311)

where Vpirc is the voltage at the Dirac point, € is the vacuum permittivity 8.85x107* Fcm ™,

€ 1s the dielectric permittivity, and d is its thickness [116].

oVep

Field-effect mobility of electrons and holes can be derived from the transconductance at

constant drain-source voltage V;, the slope of the linear regime on either side of the Dirac

point [228]. This slope relates to mobility as:
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(3.12)

where L and W are the channel length and width.

In fabricated devices, V5 was varied from 1-500 mV, with channel dimensions L = 15 pum and
W = 5-30 um. Channels >50 pm were not achievable, as increased channel size increases the
risk of encountering inhomogeneities such as defects, wrinkles, folds, and grain boundaries.
Moreover, larger channels suffer from high current leakage and may lead to dielectric
breakdown during high voltage sweeps, often necessary to reach the Dirac point. Signal
generation and measurement were performed using Keithley 2401 and 487 source-measuring

units controlled via a bespoke LabVIEW programme.

3.3.4 Capacitance-Voltage

The capacitance-voltage (CV) technique was used to measure the K* density at the SiO./Si
interface. In a metal-oxide-semiconductor (MOS) capacitor structure, changes in gate voltage
change its capacitance, modifying the band structure and carrier concentration at the SiO2/Si
interface. CV is widely used in semiconductor characterisation, with detailed descriptions
available in refs. [17], [229], [230], [231], [232]. Figure 3.6 (a) depicts a typical CV curve of a
p-type MOS, showing its three distinct regions representing the accumulation, depletion, and
inversion of majority carriers at the SiO2/Si interface. The flatband voltage (Ves) is the voltage
required to bring carrier concentrations at the silicon surface to the same amounts as in the
bulk, making the surface potential zero. This is indicated in Figure 3.6 (a) as the transition from
accumulation to depletion. The position and shape of the CV curve are influenced by interface
charges, such as fixed charges in the oxide, and traps at the Si0,/Si interface. When additional
charges such as K" are introduced at the interface, the position of Vg shifts as the voltage

required to flatten the energy bands in silicon is increased in the presence of this charge. By
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quantifying the AVes, we can calculate the charge at the Si/Si0; interface, and infer whether

this charge has migrated toward a graphene layer at the front surface.
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Figure 3.6: (a) Capacitance-voltage characteristics in a metal-oxide-semiconductor, showing accumulation, depletion and
inversion. With increasing positive or negative charge at the oxide-semiconductor interface, the curve shifts left or right
respectively. (b) Energy band diagrams during different periods of capacitance-voltage measurement.

Since the exact charge distribution within the dielectric is unknown, we can assume an effective
sheet of charge with centroid x. at the SiO2/Si interface, at position x = d. The Vg can be related

to the effective total charge concentration Qg at the Si/Si02 interface following:

r_ (PmM—Psi Qid
Qegy = 7= (P28 — v — 229) (3.13)

q e
where Q;; is the interface trapped charge, assumed to be very low ~10°-10'° g/cm? in the

samples used in this work.

MOS structures were fabricated by evaporating a 100 nm Al dot contact of diameter 0.5-1 mm
on a Si02/Si surface. The rear of the Si was scratched using a diamond scriber to expose the Si
for metallisation using a 100 nm thermally-evaporated Al. CV measurements were performed

at 0.1-1 MHz using a Boonton 7200 LCR meter.
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To provide a more complete understanding of ion migration kinetics, the thermally stimulated
ionic conductivity (TSIC) method was used to determine the temperatures and bias required
for ionic drift across the 300 nm SiO; interface towards graphene. TSIC measures the <1 nA
current fluctuations as ions drift across a dielectric at elevated temperature and applied bias

[233]. The TSIC technique will be described further in Chapter 5.

3.3.5 Kelvin Probe

Kelvin Probe (KP) is a contactless method to measure the work function difference between
metals and semiconductors, as well as characterising the surface potential of dielectric films
[234], [235], [236], [237]. To measure work function difference, a gold probe of known work
function (Dp) is electrically connected to the sample rear. Figure 3.7 (a) and (b) depict the
resulting band alignment of a silicon sample and gold probe upon connection. In this case the
electrons travel from the lower work function silicon (®s;) to the gold (®yip), their Fermi levels
equalise, and a contact potential difference Vcpp, equal to the work function difference between
the silicon and the gold is generated. The probe tip is brought close to the silicon surface,
forming a capacitor between them. The tip is then sinusoidally oscillated, generating a

corresponding capacitance oscillation between sample and tip. This capacitance oscillation

generates an AC backing current i, following ip = % V.

A counter potential is applied to the probe, and is increased until i, is zero [237]. The
nullification of i, corresponds to the voltage at which the contact potential between tip and
sample is cancelled. The voltage required to nullify i, is known as the “backing voltage” (Vv)
and is equal to the negative of the contact potential difference (Vcpp) as illustrated in Figure

3.7 (¢), and is equivalent to the work function difference between tip and sample, i.e. Vp =

~Verp= % [237].
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Figure 3.7: (a) Kelvin Probe tip and silicon disconnected. (b) Tip and silicon electrically connected. (c) Backing voltage
applied to the gold tip.

In this work, a KP Technology Scanning Kelvin Probe SKP5050 with a 50 um or 2 mm gold
tip was used to measure the surface potential of charged dielectrics on silicon, rather than work
function differences. In this case, the measured Vcpp also includes contributions from the

dielectric, and is highly dependent on surface charge.

Assuming the potential contribution from air is negligible, Vcpp in a silicon/dielectric system

can be expressed as:

Py —Ps;

Vepp = — (T + ¢scr + Vdielectric) (3- 14’)

where ¢ 1s the surface potential due to the space-charge region in the silicon, and V gielectric
is the potential drop across the dielectric [235], [238]. Like in CV, the exact charge distribution
in the dielectric is unknown, and is instead represented as a fixed sheet of charge density Qr
with centroid at distance x. from the SiO2/Si interface. Using Q = CV we can the rewrite

Equation (3.14):

Py —Ps;i xXc'Q
Vepp = — (% + ¢scr + —f) (3.15)

€ofdielectric

By rearranging in terms of Qrwe can calculate the surface charge density:
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_ _ £o&dielectric Py —Pg;i
Qr = _—(VCPD +

Xc

+ ¢scr) (3.16)

In this work, the space-charge region is expected to be negligible compared to the dielectric
charge. Previous work demonstrates that the space-charge region contribution is negligible
except in the case of very thin dielectrics with charge >10'* g/cm? at the Si/SiO» interface,
conditions which are not explored using KP in this work [235], [238], [239]. Therefore

Equation (3.16) can be rewritten as:

Q= — £o€dielectric (VCPD + ‘DM;Q’Si) (3.17)

Xc

Figure 3.8 depicts a schematic of the measurement configuration for a typical sample used in
this work, illustrating the position of the gold tip with respect to the Si0,/Si sample. An
aluminium contact is evaporated on the rear of the silicon to allow for good electrical
connection to circuit, and is positioned such that the SiO» surface is close to the gold tip. The
Vcpp is measured by nullifying the AC backing current i, generated between tip and sample.
Equation (3.17) is then used to calculate the charge density Qr on the dielectric surface, where

X 1s the dielectric thickness.
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Figure 3.8: Schematic of setup of the scanning Kelvin Probe measurements for a standard SiO2/Si sample used in this work.
The tip and rear of the sample are electrically connected. The tip is then oscillated close to the sample, generating an AC
backing current i». This backing current is nullified by applying a backing voltage Vi which is used to calculate the surface
charge density.

3.3.6 Vacuum Electronics Testing Station for High-Temperature, Low-Noise
Measurements

In Chapters 5 and 6, it became apparent that electrical measurements in vacuum were necessary
to eliminate the effects of atmospheric contamination, and ensure reproducibility. To achieve
this in a short timeframe, I retrofitted an out-of-use Edwards E306 Thermal Evaporator and
adapted it specifically for this work, constructing a bespoke “vacuum electronics testing
station” (VETS) for vdP, CV, FET and low-noise thermally stimulated ionic conductivity
(TSIC) measurements. This involved removing the components relating to evaporation such as
the piezoelectric crystal monitor, shutter and evaporation stage from the system, and cleaning
the diffusion pump to ensure vacuum <4x10~" mbar could be achieved in a short timeframe
and remain in place at high temperatures. I then fabricated and installed a low-noise electrical
measurement stage in the chamber. Figure 3.9 depicts the fabricated stage, in this case with
probes in place for high-temperature FET measurement. Source and drain electrodes are
contacted to metal electrodes on the sample surface, while the gate electrode is contacted to an

aluminium plate in contact with the rear of the sample. To reduce electrical noise sufficiently
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to carry out TSIC measurements, the Al plate was electrically isolated by placing an insulating
mica sheet under the Al stage, and grounding an Al electrode under the mica. The entire
vacuum chamber was electromagnetically shielded using a purpose-built, grounded Faraday
cage, which was placed over the chamber during operation. These modifications to the chamber

and stage ensured sources of current noise >1 pA were eliminated for TSIC measurements.

The heating elements consist of six cartridge heaters, placed under the grounded Al. These
elements were calibrated and controlled using a thermocouple secured near the sample area to

stably achieve 350 C in vacuum. Temperature control calibration was carried out using a

proportional—integral—derivative controller programmed in LabVIEW. The plastic coating of
the thermocouple and cartridge heaters were removed to minimise outgassing at high
temperature, which can increase chamber pressure and damage the diffusion pump during
operation. To prevent the chamber base heating and so damaging the Viton vacuum seal, the
entire measurement stage was secured 10 cm from the base using a stainless-steel plate and
stainless-steel screws. This distance was deemed suitable based on an estimate of heat transfer
from the stage to the base of the vacuum chamber accounting for the thermal conductivity and
the area of the air, the stainless-steel plate, and the screws. During operation at high

temperatures over several hours, the chamber base remained <50 C, and the vacuum remained

at least <107® mbar at all times.

For CV and TSIC measurements the source and gate probe were used to apply a bias across
the device stack. FET used a probe for source, drain and gate electrodes, as depicted in Figure
3.9. For vdP measurement, four probes were used for signal generation and measurement. For
TSIC, FET and vdP measurements, a Keithley 2611A source-measurement unit with Thurlby

Thandar TSX3510P DC power supply was used, while CV measurements used a Boonton 7200
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LCR meter. All source-measurement units and power supply were controlled remotely using

LabVIEW.
Source Drain
Gate Electrode
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Steel screw SiO,
Si Thermocouple
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Figure 3.9: Vacuum Electronics Testing Station (VETS) stage and sample measurement configuration for high-temperature
vacuum measurements. In this case, it is configured for Field-Effect Transistor measurements, with source, drain and gate
electrodes labelled.

3.4 Optical & Structural Characterisation

3.4.1 Raman Spectroscopy

Raman spectroscopy enables the measurement of the molecular vibrations of particular
chemical bonds and lattice arrangements when illuminated with a monochromatic laser [240],
[241]. When a laser of known wavelength Aincident is directed at a material, most photons are
scattered elastically by Rayleigh scattering, where Ascatter = Aincident [242]. A small fraction of
these photons undergoes inelastic scattering, gaining or losing energy by exciting or absorbing
quasiparticles in the material such as phonons or magnons [242], [243]. This process is known
as Raman scattering, and results in photon emission with wavelength Ascatter # Aincident. This
difference between Ascatter and Aincident, known as the “Raman shift”, corresponds to the specific
vibrational modes of the material’s molecular or crystal lattice structure [244]. Raman

spectroscopy measures the Raman shift to provide detailed information about the material’s
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composition and structure [244]. In this work, Raman spectroscopy was used to determine the

quality, defect density, doping levels, and layer thickness of graphene.

To understand the physical origin of graphene’s Raman spectra, a discussion of its phonon
dispersion is necessary. The unit cell of monolayer graphene consists of two carbon atoms, and
each atom can vibrate in three directions. Therefore, there are six distinct phonon dispersion
bands in graphene at the Brillouin Zone (BZ) centre (I'), consisting of three optical (O) and
three acoustic (A) modes [244], [245]. Figure 3.10 (a) depicts the electronic BZ of graphene,
overlayed with a schematic of the electronic dispersion at the K point, while Figure 3.10 (b)
depicts the calculated phonon dispersion relation of graphene [245], [246]. In Figure 3.10 (b),
the six phonon dispersion bands are illustrated: the longitudinal optical (LO), longitudinal
acoustic (LA), in-plane transverse optical (iTO), in-plane transverse acoustic (iTA), out-of-
plane transverse optical (0TO), and out-of-plane transverse acoustic (0TA). The optical
phonons at I" and at the K points are accessible by Raman spectroscopy, and so is relevant to

graphene characterisation.

(@) | (b)

1,600
1,400 -

1,200

Frequency (em™)
2 B
8 8

g

400 |-

Figure 3.10: (a) Electronic Brillouin Zone (BZ) of graphene (black hexagons) and the first-phonon BZ (red rhombus) with
schematic of graphene’s Dirac cones at the BZ edges. Adapted with permission from ref. [246], Copyright © 2013, Springer
Nature. (b) Calculated phonon dispersion of graphene, showing the LO, LA, iTO, iTA, oTO and oTA branches. Adapted with
permission from ref. [245]. Copyright © Annual Reviews.

The Raman spectrum of pristine graphene features two prominent peaks: the G band at
~1580 cm™!, and the 2D band, at <2690 cm™!. The G band peak arises from the in-plane
vibrational mode of sp>-bonded carbon atoms in the lattice, as the C-C bond stretches and

contracts [126], [246], [247]. This peak involves the LO and iTO phonons at the BZ centre T,
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represented in Figure 3.10 (b) [244], [246]. The 2D peak does not correspond to a fundamental
phonon mode at the BZ centre. Instead, the 2D peak results from a second-order scattering
process involving two iTO phonons near the K point, and is indicative of the long-range order
in the graphene lattice [121], [244], [247]. In monolayer graphene, this peak is sharp and
symmetrical, with higher intensity than the G peak. With increasing layers, the 2D becomes
more asymmetric, allowing for the determination of graphene layer number [244]. A third peak,
“D”, also corresponds to a second-order scattering process, and typically appears around
~1350 cm™! [121], [247]. In this case, the scattering process involves one iTO phonon and one
lattice defect in the sp® network [244]. As the D band requires a lattice defect for activation, its
presence or absence is a good indicator of the degree of defects in the graphene film [244],
[246], [247], [248]. The intensity ratio between the D and the G peak is therefore commonly

used to indicate the density of defects in graphene [246].

The relative shifts of the G and 2D peak can indicate the degree and polarity of doping in
graphene [132], [249], [250], [251]. The G peak shifts blue with doping of either p- or n-type.
The origin of this shift relates to the Kohn anomaly at the I' point. The Kohn anomaly is a
discontinuity in the phonon dispersion arising from strong electron-phonon coupling near the
Fermi level [244], [250]. When additional carriers are present during doping, the Fermi level
shifts, and the electron-phonon interaction is relatively suppressed. This removes the Kohn
anomaly non-adiabatically, and in turn increases the frequency of phonons contributing to the

G band [250], [252]. This manifests as a blueshift in the G peak of graphene’s Raman spectra.

The 2D peak shift direction indicates the type: a redshift suggests n-doping, and a blueshift
suggests p-doping [253]. The physical mechanism for these shifts relates to the electronic band
structure and electron-phonon coupling in graphene. The 2D peak arises due to a double-
resonant scattering process. The conditions for this resonant scattering are determined by the
available electronic states, which depend on the Fermi level. As the Fermi level shifts due to
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doping, the momentum and energy of the phonons involved are changed [250], [253]. In n-
doping, the Fermi level is raised, and the conduction band fills, supressing the energy of the
phonons contributing to the 2D peak [250], [251], [252]. In contrast, as the Fermi-level is
lowered in p-doping, the energy of the phonons contributing to the 2D peak can increase [250],
[251], [252]. However, G and 2D peak shifts can also occur due to other factors including
compressive strain due to wrinkling, oxidation, or changes in layer number so care must be

taken in interpretation of the data [244], [246], [247].

A LabRam Aramis HORIBA Jobin Yvon Raman spectrometer with a 532 nm monochromatic
laser and charge-coupled device (CCD) detector was used. LabSpec 6 software was used for
measurement acquisition and calibration. Figure 3.11 depicts a simplified schematic of the
measurement set-up for Raman spectroscopy used in this work. An optical microscope is built
into the LabRam Aramis so that area of interest on the sample can be identified and brought
into view. An objective lens with 50x magnification was used, with measurement spot size 1-
2 um. Once the area to be characterised is identified and brought into focus with the objective
lens, the laser is turned on. The laser is directed through a series of filters to optimise the beam.
A wavelength-selective dichroic mirror then reflects the laser light toward the objective lens
where it is focused on the sample. Photons interact with the sample, and a small fraction
experience a shift in energy via the Raman effect. Reflected photons are then directed back
through the objective lens and through the dichroic mirror toward the detection system. The
light first passes through an edge filter, which filters out low energy photons close to the
Rayleigh line. Photons are then directed through a pinhole. This pinhole is part of a confocal
system, which rejects out-of-focus light and enhances spatial resolution and contrast. A
diffraction grating with 1800 lines/mm was used to disperse the light by wavelength. Photons
are finally directed to the CCD detector, which captures the intensity of scattered photons as a

function of Raman shift in wavenumbers.
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Figure 3.11: Simplified schematic of the measurement set-up using the Raman spectrometer and charged-couple device (CCD)
detector.

Before performing measurements, the laser is calibrated LabSpec by focusing it on a reference
silicon sample with known Raman peak. Laser power, acquisition time and number of
acquisitions were adjusted to maintain a high-resolution measurement without damaging the

sample. All measurements carried out at room temperature and pressure.

3.4.2 Spectrophotometry

The transmittance of the graphene film before and after doping processes was measured using
an Ocean Optics FLAME-T-XRI-ES spectrophotometer. A DH-2000-BAL light source was
used, with deuterium and tungsten-halogen bulbs for 210-370 nm and 320-1100 nm emission
respectively. Figure 3.12 depicts the measurement set-up. Light is directed perpendicularly
incident on a sample, passing from the light source to the sample through an optical fibre cable.
An optical fibre was also positioned at the rear of the sample to direct the transmittance light
to the spectrophotometer, to compare transmitted to incident light. In the spectrophotometer, a
blaze-grating separates the light into individual wavelengths, with the separated components
selected for using a wavelength slit. The selected wavelengths are then directed into a

photodiode detector, which converts the light to an electrical signal.
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Figure 3.12: Spectrophotometry set-up for transmittance measurements used in this work. Light is directed through a sample
on a SiO: or glass substrate, and then directed to a spectrophotometer where the wavelengths are separated for detection.

To calibrate the set-up for measurements, a value of 0% and 100% transmittance was defined.
The value of 0% transmittance was obtained by closing the light source shutter. The value of
100% transmittance was obtained using different methods depending on the purpose of the
measurement. For measurements of the graphene on a transparent substrate, the 100%
transmittance background reference was obtained by measuring the total transmittance light
when no sample was positioned between the source and the detector. For measurements
comparing the transmittance of graphene only, an equivalent transparent substrate without
graphene was used as the 100% transmittance value for calibration. For improved signal-noise
ratio, the boxcar averaging method was used. Strong noise for 350 <A <1000 nm was observed,
limiting measurements to the visible and near-IR. All measurements were carried out in the

dark.

3.4.3 Ellipsometry

A FilmSense FS-1 multi-wavelength ellipsometer was used to measure dielectric film

thickness. Linearly polarised light is incident on a dielectric surface. The interaction between
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the light and the film modifies the polarisation state, the phase (A), and the amplitude (V) of
the reflected light [254], [255]. The reflection coefficients r, and 15 for p- and s-polarised light

can be determined via:
L = tan(¥) - e’ (3.17)

Fitting algorithms based on the Cauchy, Palik and McGraw-Hill models were used to extract
thickness from the outputted data for the SiO», SiNx and AlOy films studied [254], [255], [256],

[257], [258].

3.4.4 Optical and Electron Microscopy

An Olympus BH-2 optical microscope was used to visualise the transferred graphene, ensuring
polymers residues were removed, and stencil masks aligned adequately for thermal
evaporation. In the Olympus BH-2, a white lamp directs light towards a sample. The light
reflects off the sample surface and magnified through an objective lens and is directed to a
camera to produce high resolution images that can be viewed on a computer. Optical
microscopy allows for easy graphene visualisation on substrates with =300 nm SiO; due to the

interference effect [153], [156], [157].

A Carl Zeiss Merlin Scanning Electron Microscope (SEM) was used to visualise the surface of
the transferred graphene under high magnification. In SEM, a focused beam of electrons is
scanned over the sample surface. When these electrons interact with the sample surface,
secondary and backscattered electrons are generated. These electrons are collected by detectors
in the SEM chamber and are used to generate a high-resolution image of the surface. As SEM
it only used briefly for initial characterisation of transferred films, it is not described in detail
here. A detailed description of SEM for graphene characterisation can be found in ref. [153],

[259], [260], [261].
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Chapter 4

Corona-Charged Dielectric Membranes: A Proof of
Concept for Graphene Doping with Ion-Charged
Dielectrics

4.1 Introduction
The deposition of corona charge on dielectric thin films on silicon is a widely studied
technique for silicon solar cell surface passivation [183], [184], [214], [262]. When
charge is driven toward the Si/Si0; interface, the field-effect repels charge carriers of the same
polarity away from the silicon surface, reducing the surface recombination rate, and thus
increasing the overall efficiency of a silicon solar cell. A central question in this thesis is
whether the charge in such a dielectric is sufficient to increase the carrier concentration in an
adjacent graphene layer, and how this might impact carrier concentration, mobility, and
transmittance. However, when corona charge is deposited on dielectrics such as SiOp, it
exhibits poor stability during chemical processing. Polar molecules such as water, as well as
solvents such as IPA and acetone introduce neutralising charges that cancel out the field-effect
mechanism [185], [263]. For this reason, this technique poses challenges for the CVD-graphene

system, which requires water, IPA and acetone during the transfer process.

A stabilising layer, such as hexamethyldisilazane (HMDS) can improve the stability of corona
charge against moisture. However, this layer is liable to decomposition during the PMMA
removal step, which involves immersing the samples in hot acetone. Moreover, both corona
charge and HMDS molecules have poor stability at elevated temperature, with the 180 ‘C anneal
required to adhere the graphene to the substrate likely to remove the corona ions [185].

Although alkali ions can be used to drive corona charge into the Si/Si0; interface, this process
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is complex and may not withstand the chemical and thermal stresses involved during graphene

transfer. This is explored in depth in Chapter 5.

In this chapter, the disadvantages of the corona-charged SiO, substrate system are deferred in
favour of designing a proof-of-concept for the ion-charged dielectric doping of a 2D
semiconductor. Figure 4.1 depicts the steps involved in the sample fabrication and charging
process. A simplified system is used where graphene is transferred directly onto SiO:
membranes, which are suspended on a Si support layer. The graphene is laser etched so that it
only remains over the membrane, and metallised with Al for vdP measurement. Corona charge
is then deposited on the rear side of the dielectric at varying intervals. In this way, as the corona
charge is deposited after graphene transfer and device fabrication, ensuring graphene
processing will not impact the stability of the deposited charge. The magnitude and stability of
corona charge on SiO2 and SiNx membranes are measured using the Kelvin probe. The
electrical and optical properties of the graphene are also measured before and after corona
treatment, as well as the impact on its Raman spectra. This proof of concept is used to develop
an understanding of the relationship between the properties of graphene and the charge in a
dielectric adjacent to it. After examining this relationship in detail, the use of ionic charge to
dope graphene in stable configurations, including those with direct relevance to tandem

devices, will be explored in Chapters 5, 6, and 7.
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Figure 4.1: Sample fabrication for corona charging of dielectric membranes for graphene doping. (a) Initial substrate, with
300 nm SiO: dielectric, with suspended dielectric layer of width 500 um in the centre. (b) Graphene is transferred to the
substrate, and laser etched such that the graphene only covers the suspended layer. (c) Device metallisation with Al. (d) Device
is rotated, for corona charge deposition on the rear. (d) Corona charging apparatus for device charging.

4.2 Characterisation of Transferred and Laser Patterned Graphene

Fabrication of 2D nanomaterial devices had not been attempted in the Bonilla group. This
project initiated the method development for systematic graphene transfer, and hence attention
was placed in the techniques, charactering and ensuring high quality and reproducibility. Figure
4.2 (a) depicts an optical microscopy image of graphene transferred to a Si02/Si, where the
uniform purple colour of the graphene indicates low PMMA residues and minimal wrinkles or
tears, with defects primarily located at the film edge. Figure 4.2 (b) presents an SEM image of
a typical layer of transferred graphene on SiO»/Si at 2,000% magnification, showing a modest
number of wrinkles and point defects. Its grain size is ~10 um, consistent with typical values
reported in the literature [264]. The measured sheet resistance, mobility and carrier
concentration of typical “undoped” square and cloverleaf devices in air was ~500-1000 Q/o,
500-1000 cm?/V's and (3-6)x10'2 /cm? respectively, values which closely align to those reported
in the literature for undoped graphene in air [101], [169], [249]. This validates the

reproducibility of the graphene transfer technique. For a more
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Figure 4.2: (a) Optical micrograph of graphene (purple) on a 300 nm SiO: layer on silicon.(b) Scanning electron micrograph
of graphene transferred onto a 300 nm SiO: layer on silicon.

Optical microscopy and Raman spectroscopy were used to verify that the etched graphene was
fully ablated without damaging the substrate. Figure 4.3 (a) depicts an optical microscopy
image of a region of graphene, with a 20 um wide line laser ablated across the width of the
image. There is a clear absence of graphene in the channel labelled “2”, with no visible oxide
damage compared to the unablated oxide. Figure 4.3 (b) compares the Raman spectra of the
region before and after ablation. The Raman spectrum of the unablated region “1” includes
graphene’s characteristic G and 2D peaks, with a low-intensity D peak indicating low defect
density. The 2D peak is sharp and symmetrical, with an intensity twice as that of the G peak,
providing evidence that the transferred graphene is a monolayer [244], [247]. More
comprehensive measurement of surface morphology could be obtained using high resolution
atomic force microscopy, but this technique was not used in this work. Conversely, the Raman
spectrum at the ablated region exhibits no Raman peaks, indicating that the graphene layer has

been removed.
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Figure 4.3: Characterisation of ablated graphene. (a) Optical Microscopy image of graphene on Si/SiO: substrate, with a 20
um wide ablated across the width of the image. (b) Raman counts versus wavenumber for intact and ablated graphene.

4.3 Characterisation of Surface Charge on Dielectric Membranes

Before transfer of the graphene to the Si0, membrane for corona charging, it was first necessary
to measure the concentration of static charge could be built and maintained on the membrane.
For surface charge measurement, an Al layer was deposited on the front of the dielectric to
provide electrical connection to a Kelvin Probe (KP). Figure 4.4 (a) depicts the KP contact
potential difference (CPD) of the rear of the Si0, membrane, and the inset illustrates the sample
architecture. The device was held under an applied corona voltage of £30 kV over 16 min of
total charging time. As the charging time increases, the CPD of opposite polarity increases.
The magnitude of the CPD is proportional to the amount of corona charge deposited on the
surface of the Si0; membrane. After 6 min at +30 kV, the CPD saturates at circa —12 V, while
after 8 min at —30 kV, the CPD saturates at circa +20 V. At this point, no additional charge can
be deposited on the film, and the electric field generated is likely to be at its maximum. Using
Equation (3.17), the CPD on such a film can be converted to surface charge in g/cm?, with
positive corona deposition saturating at ~9x10'' g/cm?, and negative corona deposition

saturating at 1.6x10'? g/cm? Figure 4.4 (b) depicts the variation in CPD as the charge decayed

over time. The sample was left in air directly under the KP instrument for up to 10 hours, after
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either positive or negative charging. The measured CPD decayed by 2.80% after positive
charging, and 7.82% after negative charging. This stability after several hours enabled Rsheet
measurements to be taken minutes after each charging interval, with confidence that the charge

deposited on the film had not substantially decreased.
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Figure 4.4: (a) Change in contact potential difference over time while held under constant £30 kV voltage, for a SiO:
membrane measured by Kelvin probe microscopy. At each charging interval, 100 measurements were taken, and the mean
value is recorded in the plot. Inset: Kelvin probe microscopy measurement configuration. (b) Contact potential difference
versus decay time for positively and negatively charged SiO> membranes. In this case, 6000 measurements were taken and
recorded continuously over 10 hours.

4.4 Electrical properties of graphene interfaced with charged SiO; membranes

Graphene was transferred to dielectric membrane substrates, and then laser etched such that
the graphene covered only the freestanding membrane. After metallisation with Al to form a
vdP device, the device was charged with corona ions by placing it face down on the ground
electrode in a corona discharge apparatus. Figure 4.5 (a) shows how the Rgheet of graphene
varied as the dielectric membrane was charged under either +30 kV or =30 kV over time. The
initial Reheet of =1.7 kQ/0 to 3.3 k€)/0 is high for undoped CVD-graphene. This is attributed to
the difficulty of wet-transferring the graphene to substrates <1 cm?, resulting in an increased
number of wrinkles, cracks and defects in the film relative to those deposited on larger-area

substrates. The red line in Figure 4.5 (a) shows how increasing the quantity of positive charge
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deposited on the membrane decreased the sheet resistance. In the case of positive charging, it
is assumed that the reduction of Rsneet Observed is due to n-type electrostatic doping by the
positively charged dielectric substrate. In under 3 min, the Rgheet of graphene was reduced by
~60% from 1810 to =759 Q/o. The reduction in Rsneet Occurs over the same timescales as the
charge was measured to increase in equivalent charging conditions, shown in Figure 4.4 (a).
After storing this sample in a low-pressure, nitrogenated chamber for 2 months, its sheet
resistance decreased further, to =607 Q/o. This is comparable to the behaviour observed by Yu
et al when investigating Rgheet reductions in charged dielectric nanolayers in inversion layer
solar cells [215]. It is likely that the field established causes further reductions of graphene's
Rsheet Over time. A potential mechanism for this process is discussed in Section 4.11. A device
charged equivalently, then stored in a well-ventilated fume hood at room temperature and
pressure for two months (here referred to as “standard laboratory conditions” for device
storage), experienced a 2% (1910-1881 /o) reduction in Rgpeet. For comparison, a set of
uncharged devices experienced a 10%—15% increase Rsheet When held in “standard laboratory
conditions” during the same period, likely due to atmospheric contamination, which reduces
mobility [161], [265], [266]. This could indicate that the electric field induced in the graphene
may counteract the effect of atmospheric contamination from increasing Rsneet. However, the
doping induced by the atmosphere can be highly variable and is dependent on changes in
relative humidity, so a firm conclusion cannot be drawn based on these data alone [267], [268].
When subjected to further positive charge, the sheet resistance of the sample decreased further
from 607 to =573 Q/o, saturating after 30 s, and reducing further to 506 Q/o over another 30
days in an air-free environment. This is a combined reduction of Rsneet by >70% in the
positively charged sample from the initial Rsheet. The relative change of Rsheet demonstrated in

this novel doping technique is already approaching that of chemical doping, which typically
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reduces the Rsheet by 70%—-80%, even without optimisations of the charge deposition process

for increased charge concentration [121], [269].

The blue line in Figure 4.5 (a) shows how the Rgheet of graphene varied as the dielectric
membrane was charged under —30 kV corona voltage over 16 min. The Rsneet decreases from
3.5 to 2.4 k Q/o after 3 min of negative charging time. Similar to the effect of a positively-
charged substrate, the reduction in Rsheet 1s assumed to occur due to p-type doping effect of the
negatively-charged substrate. The high initial Rsheer is due to processing difficulties resulting
from using small substrates, as was the case in the positively charged sample. Due to the equal
electron and hole mobilities in graphene, both p- and n-type graphene TCEs can be developed
using this technique [270]. Figure 4.5 (b) depicts the change in Rsneet Of a graphene device
subject to +30kV for 2 min, followed by —30kV for 2 min. The addition of negative
electrostatic charge counteracted the n-type doping provided by initially deposited positive
charges, demonstrating the reversibility of this technique. This showcases that precise
conductivity tailoring for specific device applications is achievable, where both n- and p-type

doping are required for better interconnection to active semiconductors.
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Figure 4.5: (a) Graphene sheet resistance over time held under constant £30 kV voltage. Inset: Schematic of a graphene device
on a freestanding SiO: layer charged using corona ions incident on its substrate. (b) Graphene sheet resistance as a function
of time held under positive (red) and negative (blue) charge at £30 kV.

Figure 4.6 (a) depicts the variation in Hall carrier concentration and mobility of a graphene
sheet as the membrane is charged with positive electrostatic charge over time. The initial charge
carrier concentration of the graphene is high, at 1.56 x 103 /cm?, attributed to doping induced
by remaining polymer residues, as well as increased contamination incurred from suboptimal
graphene transfer [161], [271]. The Hall coefficient was positive, indicating intrinsic p-doping.
The initial mobility was relatively low at =213 cm?/Vs. This relatively low mobility can be
attributed to the high density of defects, wrinkles and cracks induced by the graphene wet
transfer onto such small films, as well as scattering by polymer residues [161], [265], [266].
The charge carrier concentration increases by nearly a factor of 3 after just 2 min of positive
charge deposition, from 1.56 x 10'3 to 4.35 x 10'* /cm?. Moreover, on deposition of positive
charge the polarity of the Hall coefficient switches to negative, indicating n-type doping. This
indicates that deposition of positive charge on the dielectric film induces additional negative
charge carriers in the graphene film. The carrier mobility decreases by just a factor of 2, from
=213 to =104 cm?/Vs. As the increase in N is greater than the decrease in p, this results in a net

decrease in Rsheet. It is noted, however, that the initially low mobility in the wet transferred
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films accounts for the high resistances initially observed, and it should be tackled to achieve
competitive graphene TCEs. Unlike chemical doping, in ICD doping of graphene, the lattice is
undisturbed and no additional scattering centres are induced from dopant atoms. This ensures

that the mobility does not decrease significantly.

Figure 4.6 (b) depicts the variation in Hall carrier concentration and mobility of graphene as
an initially positively charged membrane is charged with negative electrostatic charge. The
carrier concentration initially decreases with applied negative charge concentration, indicating
that this specific graphene film, presented an initial level of n-type doping, which was
compensated by the p-doping produced by negative charge on the SiO, membrane.
Furthermore, the Hall coefficient switched from negative to positive as p-type behaviour was
achieved. Further negative charging increased the carrier concentration by close to a factor of
four from 1.04 x 103 to 4.2 x 10'3 /cm?. The carrier mobility was observed to decrease by a
factor of three from =172 to =60 cm?/Vs after a complete 3 min of charge exposure, resulting
in a net Rgheet reduction. During the initial 30 s of charging, the carrier mobility increases
significantly from 172 to >2000 cm?/Vs, whereas the carrier concentration decreased to
~10'?/cm?, indicative of a near “undoped” film with few charge carriers available for
conduction. This sharp increase in mobility and reduction in carrier concentration is indicative
that the deposition of negative charge not only neutralised the initial n-type doping, but likely
have led to a temporary reduction in charged impurity scattering. This reduction in scattering
may have arisen due to neutralisation of surface adsorbates introduced during fabrication or
from the environment. Additionally, local electric fields due to trapped charges could modulate
potential fluctuations across the graphene. The mobility jump may therefore reflect a flattening
of potential inhomogeneities in the graphene microstructure, which would otherwise hinder
carrier transport. However, measuring these changes in microstructural charge likely requires

another technique such as high-resolution atomic force microscopy-based technique, such as
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kelvin probe force microscopy, which was not explored in this work. Overall, the variation of
graphene carrier properties and polarity using corona charge deposition on the dielectric
substrate indicates the possibility for precise tailoring and reversibility of Rgheet, carrier

concentration and mobility.
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Figure 4.6: (a) Variation in graphene sheet carrier concentration and mobility as the SiO> membrane substrate is subjected
to positive charge for 2 min. (b) Variation in graphene sheet carrier concentration and mobility as an initially positively
charged SiO: membrane is subjected to negative charge for 3 min. Statistical analysis is not presented for these samples due
to the limited number of devices fabricated under identical conditions; the focus here is on representative behaviour to
illustrate the qualitative trends in carrier modulation.

4.5 Raman spectroscopy of graphene interfaced with charged SiO; membranes

Figure 4.7 (a) depicts the Raman spectrum of a device before and after positive electrostatic
charging of the Si0; layer. The relatively high D peak in the uncharged device indicates that
the initial high sheet resistance of 1740 /o was due to a high density of defects, reducing
mobility. When charged, the D/G intensity ratio did not increase, indicating that no additional
defects were induced by the electrostatic doping process. This contrasts with chemical doping
techniques, which often induce additional defects in the graphene film because of lattice
disruptions by dopant atoms [62], [64], [272]. Figure 4.7 (b) and (c) highlight the G and 2D
peaks. The slightly blue-shifted G peak and decrease in full-width half maximum indicate that

moderate doping has occurred [249], [250]. The redshift of the 2D peak indicates that the
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doping is n-type [249], [250]. Figure 4.8 (a) and (b) depict the G and 2D Raman shift of a
device before and after negative electrostatic charging of the SiO; layer. There is a clear and
distinct blueshift of the G and 2D peaks, indicative of p-doping. These findings are in line with
those reported by Fates et al and Das et al where field effect modulation of the carrier

concentration produces such changes to the G and 2D Raman spectrum peaks [249], [250].
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Figure 4.7: (a) Raman intensity versus wavenumber for a graphene device with a positively charged SiO: substrate and an
uncharged control. Data fit to a Lorentzian function. The displayed data consists of the mean curve from 5 distinct points
measured at different areas on the graphene deposited on the SiO:, before and after charging. (b) G peak Raman shift. (c) 2D
peak Raman shift.
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Figure 4.8: Raman intensity versus wavenumber for a graphene device with a negatively charged SiO: substrate and an
uncharged control. The displayed data consists of the mean curve from 5 distinct points measured at different areas on the
graphene deposited on the SiO:, before and after charging. (a) G peak Raman shift. (b) 2D peak Raman shift.

4.6 Optical characterisation of graphene interfaced with charged SiO:
membranes

Figure 4.9 (a) compares the transmittance of 350—800 nm light through an undoped graphene
film, a graphene film doped with a corona-charged SiO». In this case, the optical transmittance
loss through an uncharged SiO> was used as the background, and so the presented data is given
to represent the change in transmittance in the graphene or by the generation of a large electric
field on the dielectric film. Graphene’s characteristic high transmittance >95% is clear, as is
the result that the doping by corona-charged SiO: did not reduce its transmittance significantly.
This contrasts with most doping techniques that tend to cause transmissivity reductions because
of the addition of dopant atoms [62], [64], [272]. The ability to alter the Rsneet of graphene
rapidly and reversibly without impacting transmittance is significant, as it offers the potential
to eliminate the challenging requirement to balance a trade-off between Rsneet and transmittance
in TCEs. The TCE layer in thin film solar cells will normally be deposited on glass, while
commercial solar modules usually involve glass encapsulation. Therefore, it is important to

consider the effect of a glass substrate losses if these TCEs would be considered for such
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applications. Figure 4.9 (b) presents the ICD-doped graphene transmittance data in the context
of glass and graphene/glass transmittance loss, as well as 100 nm ITO and IZO films from the
literature for comparison [72], [80]. It is clear ~10% transmittance is lost due to the glass layer
alone, with mean transmittance from 400-800 nm calculated to be 89.8%. When graphene is
deposited on such a layer, the transmittance drops further, with a mean from 400-800 nm
calculated to be 87.0%. As the doping process did not substantially reduce graphene
transmittance when measured in isolation, it is expected that the “Graphene on 1 mm glass”
with a mean transmittance of 87.0% from 400-800 nm is broadly representative of the
transmittance expected if ICD-doping could be replicated on large area glass substrates. In the
case of these TCOs, the transmittance measured included the glass substrate. While the
transmittance of graphene/glass across the spectrum is mostly greater than these TCO/glass
layers from the literature, their Rgneet (60 /0 and 45 Q/o for ITO and IZO respectively) values
over an order of magnitude lower than the graphene layers demonstrated in this Chapter. It is
likely that additional charge needs to be introduced into the dielectric to make graphene

competitive with typical TCO materials in both optical and electrical properties.
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Figure 4.9: Transmittance with respect to wavelength for graphene samples fabricated in this Chapter, with literature values
for comparison. (a) Undoped graphene compared with an ion-charge dielectric (ICD)-doped graphene. For these samples,
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the transmittance through a 300 nm dielectric without graphene deposited was used as the background reference. This
reference was subtracted from the graphene on the 300 nm dielectric, to determine the transmittance of the graphene only. (b)
Comparison between graphene transmittance, glass transmittance, and the combined transmittance of graphene deposited on
glass. Also included, are data from two commonly used TCOs from the literature. The TCO samples referenced were measured
on glass, and so their transmittance includes optical losses from the glass substrate. The 100 nm indium tin oxide (ITO) film
was deposited on glass, and had a sheet resistance of 60 /o [80]. The 100 nm indium zinc oxide (IZO) film was deposited on
glass, and had a sheet resistance of 45 Q/a [72].

Due to the limitations of the in-house spectrophotometer, the transmittance outside of the 350—
800 nm window was not measured. Further work should include transmittance measurements
across the entire AM1.5G spectrum before and after doping, to enable more meaningful
comparisons between the optical properties of TCOs and ICD-doped graphene for tandem
applications. The transmittance of undoped graphene remains broadband from 200 to 3000 nm,
encompassing all light absorption within the AM1.5G spectrum [273], [274]. If the ICD doping
does not affect the transmittance of these regions, it opens the possibility for a highly

transmissive TCE for tandem cell applications.

4.7 Limitations on Corona Charge Storage in SiO2 Membranes

The measured CPD in this work, is significantly below that of what might be expected in a 300
nm SiO; layer. The maximum CPD attainable on a 300 nm SiO, membrane should exceed
100 V (>7x10'% /cm?) and is only limited by its dielectric breakdown strength [275]. The reason
the CPD measured is below what might be expected could relate to the charging configuration,
or a particularly low breakdown strength of the Si0, membrane. Figure 4.10 (a) and (b) depict
the standard charging configuration and Kelvin probe measurement set-up respectively. In this
case, the corona charge is incident on the “rear” side of the Si0, membrane. The membrane is
supported by 300 um silicon, capped with a thin 100 nm SiO; layer. In this configuration the
100 nm Si10; on the support is closer to the discharge electrode than the S10> membrane. When
charge is incident on the rear of the sample, it is likely to build up on both the SiO> on the
silicon support as well as the Si0> membrane. However, charge build-up on the support may
cause some repulsion of charge from the membrane. This screening effect could have the

consequence of reducing the total charge that can be deposited on the membrane, and reduce
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the achievable doping effect when interfaced with graphene. To determine whether the charge
was being screened, the charge build-up on the “front” side of the membrane was investigated.
Figure 4.10 (c) and (d) depict a modified charging and KP measurement configuration for front
side charging. In this case, the surface of the membrane is planar, so any charge screening

effects should be eliminated.
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Figure 4.10: (a) Rear side charging with Al electrode. (b) Rear side contact potential difference measurement using
scanning Kelvin Probe. (c) Front side charging. (d) Front side contact potential difference measurement.

Figure 4.11 (a) depicts the CPD versus positive charging time for two membranes, charged
from the rear or front sides respectively. A greater magnitude CPD is reached when the device
is charged from the front side, up to ca. —80 V after 3 minutes. For the rear, the maximum CPD
of =12 V is equivalent to =8.3x10'! g/cm? , while for the front side, the maximum CPD of —80
V is equivalent to =5.7x10'? g/cm?. This indicates that when the charge screening effect is not
present, there is a near-sevenfold increase in the amount of corona charge that can be deposited
on the SiO> membrane window, offering the potential for a significantly more dramatic
reduction in graphene’s Rsneer. Figure 4.11 (b) depicts the variation in CPD as the charge
decayed over time, up to 10 hours, in the case of membranes positively charged from the rear

side and front side respectively. It is clear from Figure 4.11 that decay occurs more rapidly
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when the membrane is charged from the front side, indicating that the dielectric is relatively
closer to its breakdown limit. To increase the charge deposited on the film and demonstrate the
full potential of charged dielectrics for graphene doping, a method to eliminate this charge

screening must be developed.
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Figure 4.11: (a) Contact potential difference versus charging time of front and rear side of SiO> membrane over 16 minutes
of total charging time. For each charging time interval, 100 data points were collected. The mean of these data points is
presented at each point with a large, filled circle, and the black error bars indicate the standard error. In the case of the front
side measurements, the measured contact potential difference decayed rapidly where the device was charged for 90 seconds
or greater. This is apparent by the widening of the standard error. The 100 data points measured at the 90 to 960 charging
intervals have been overlayed (small dots) over the large circles in this case, showing the spread in the data. (b) Contact
potential difference versus decay time for positively charged SiO2 membranes charged from the front or rear side over 10
hours. In this case, 6000 data points were measured over 10 hours, and every measured data point is presented to showcase
the variations in charge on the surface over time.

4.8 Micron-Scale Corona Deposition for Enhanced Charge Concentration

To avoid the impact of charge screening at the dielectric, a bespoke corona discharge apparatus
was manufactured such that the discharge electrode could be placed inside of the dielectric
layer. Figure 4.12 (a) and (b) depict the differences between the standard corona apparatus
used, and the micron-scale corona-charging apparatus developed for dielectric membrane
samples. For deposition via “the micro-charger”, the discharge electrode was positioned using
a micron-scale x-y-z stage, such that the discharge tip is closer to the membrane than it is to

the silicon support layer, preventing charge deposition on layers liable to cause screening.
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However, at reduced tip-sample distance, a reduced applied bias is required to maximise charge
deposition without generating arc discharge, which can lead to the destruction of the dielectric
membrane, as well as damaging the tip itself. To improve deposition, it was necessary to
develop an improved understanding of the relationship between corona-current and SiO-

dielectric breakdown using this apparatus.
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Figure 4.12: (a) Standard corona charging apparatus used in this work. (b) Purpose-built "micro-charger" for micron-scale
charge deposition. With the micro-charger, the probe is positioned close to the dielectric membrane to minimise charge
screening effects.

To determine an appropriate voltage to improve corona deposition, a planar SiO»/Si sample
was first used. The voltage gradually was increased until just before arc discharge occurred,
and the contact potential difference recorded. This was repeated for a number of different
sample-tip distances. Figure 4.13 (a) depicts the relationship between contact potential
difference, tip-sample distance, and applied voltage, at a fixed deposition time of 20 minutes.
This result indicates that is possible to achieve CPD of magnitude ~50 V on planar 300 nm
Si0; on a silicon substrate using a corona charging apparatus with tip-sample distance x~300
pm. At closer tip-sample distances, such a high magnitude CPD was not achieved due to the
insufficient corona current generated at low voltages without arc discharge occurring. Figure
4.13 (b) depicts a CPD map across an area of a Si02/Si substrate subject to 40 mins corona

deposition at x=300 pum, and applied voltage +1.25 kV. The deposited charge is relatively
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uniform within a 500 pm? x 500 pm? area under the KP tip, indicating its suitability for ion

deposition on a dielectric membrane of such an area.
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Figure 4.13: (a) Contact Potential Difference with varying corona plate-tip distance, with varied applied bias, for constant
corona deposition time of 20 minutes on a planar SiO2/Si sample with 300 nm oxide. (b) Contact potential difference map of
area under micron-scale corona discharge tip on a planar SiO2/Si sample with 300 nm oxide. The 500 um?>*x 500 um? charged
area highlighted with a white dotted line.

The micro-charger was then applied to SiO, membrane samples. Figure 4.13 (a) depicts the
discharge electrode positioning setup for dielectric membranes, where x indicates the tip-
sample distance, and d the tip diameter. Figure 4.13 (b) depicts the variation of contact potential
difference on a dielectric membrane over time held under applied bias in such a “micron-scale”
corona discharge apparatus. The lime line indicates the contact potential difference measured
on the top of the silicon support layer “position 17, while the green-yellow line indicates the
contact potential difference measured at the membrane, “position 2”. The largest CPD value of
~33 V is achieved at x = 250 um, at an applied voltage of 1.35 kV, equivalent to 2.4 x10'? /cm?,
This method to increase charge concentration on the dielectric was then used to facilitate an

increased doping effect in a graphene layer interfaced with it.

81



5 T T T T T
X =275 um,
Uncharged 1500V

—_
(=)}
=

(a)

=1-1.5kV

-5 % =100 pm, |
1000 V.

-10 } .
-15 | -

X =250 um,
1350V

—
=
o
o
c
@
@
E
(]
p
=
c
@
o
o
o
o
o}
o
c
G
&)

1. CPD dielectric on Si support
2. CPD dielectric membrane
1 1

_35 1 1 L
0 100 200 300 400 500

Time (min)

Figure 4.14:(a) Schematic of micron-scale positioning of the corona discharge electrode in membrane devices. (b) Contact
potential difference over time at differing set tip-sample distances and applied voltages for SiO2 membrane samples.

4.9 In-Situ Corona Deposition and Sheet Resistance Measurements

Following the investigation of enhanced corona ion deposition on dielectric membranes via the
micro-charger, a graphene device was placed in this new micro-charger, and modifications
made so that Rgneet could be measured during ion deposition. Figure 4.15 depicts the variation
of sheet resistance of graphene on SiO> membrane held under such a micron-scale corona
discharge apparatus, with Rsheet measured at 2-minute intervals. The initial Rsheet ~1.65 kQ/O
drops precipitously as time held under corona charge is increased, reducing to ~400 Q/o after
25 mins of positive charging. This dramatic reduction of >75% demonstrates the viability of
the ICD-doping technique, offering graphene Rsneet reduction comparable with the best
chemical doping techniques [121], [272]. This increased reduction is deemed to be directly as
a consequence of the increased charge deposited on the dielectric film. The plateau in Rgheet
was likely due to an increased reduction in mobility as the charge concentration on the

dielectric layer increased.
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Figure 4.15: Sheet resistance of graphene over time held under corona charge with +1.35 V applied bias and sample-tip
distance 250 um.

4.10 Charge Deposition on SiNx and Planar Silicon Structures for Graphene
Doping

In an optoelectronic device such as a solar cell, the membrane is not likely suspended, but
instead part of a layered device stack. When supported by a substrate, the ability of a dielectric
film to hold corona dielectric charge may be improved due to reduced environmental exposure.
Hence, measuring the CPD of the SiO> when supported by Si would provide a closer indication
of the corona charging potential of such films, if applied in devices. Figure 4.16 (a) depicts a
contact potential difference map of area 1000 x 800 pm? on the front side of a SiO> membrane,
before charging. Figure 4.16 (b) depicts a contact potential difference map across the same area
on the front side of the sample, after the front side was positively charged for 3 minutes. Data
points first measured are displayed at the front-left side of the plots in Figure 4.16, with the
final data points measured displayed at the rear-right side of each plot. The data acquisition
times for such plots is ca. 1 hour. Therefore, the difference between the CPD data presented at
the front-right and rear-right will indicate how much the charge concentration on this sample
decayed over 1 hour. The area in which the 500 x 500 pm? membrane was mapped is
identifiable in teal-green, at ~ —60 V in the charged sample. The reduced CPD over the

membrane suggests that even in the absence of screening effects or current restrictions imposed
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by the micron-scale corona deposition apparatus, the suspended SiO» does not reach as high a
CPD as that of the Si-supported SiO,. Immediately after charging, the Si-supported SiO-
reaches a maximum of ca. —100 V, a near-order of magnitude increase in CPD compared to
that used in the ICD-doping in this work. Such increases in CPD indicate a potential for much

higher charge concentrations and thus further reductions in graphene’s Rsheet, When using the

ICD-doping technique.
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Figure 4.16: Kelvin probe mapping of contact potential difference versus distance on the front side of SiO> membrane windows.
(a) Before charging. (b) 180 s positive charging, from the front side, with an applied voltage of +30 kV. The measurement was
carried out by raster scanning the Kelvin Probe across the sample surface with step size 12.7 um.

Electrostatic ICD doping of graphene also applies to other materials that can store corona
charge. Figure 4.17 (a) depicts the contact potential difference (CPD) versus charging time for
a 100 nm SiNx membrane, positively the standard corona apparatus setup. After 8§ minutes of
total charging time, the CPD reached ca. -4 V. Using Equation (3.18), for d = 100 nm, and
silicon nitride € = 7.4, this corresponds to a charge concentration of ~1.4x10'? g/cm? deposited
on the surface of the dielectric film. If the same relationship between the magnitude of charge
deposited on Si0O; film and a change in graphene’s Rsheet holds for SiNx, a graphene monolayer
transferred to this SiNx membrane could attain >50% reduction in Rgheet after membrane

charging. The availability of charged SiNyx as a charged dielectric graphene dopant could
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provide varied integration opportunities for ICD-doped graphene in devices. However, as is
depicted in Figure 4.17 (b), the stability of corona charge in such a membrane appears reduced

compared to SiO», which may limit its applicability.
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Figure 4.17: (a) Contact Potential Difference versus positive charging time for 100 nm SiNx membrane. 100 points were
measured at each charging interval, and the mean calculated. In this case, the error bars represent the range of data captured
at each data point. (b) Contact potential difference versus time for positively charged SiO> membranes, as 6000 data points
were captured over 10 hours.

4,11 Discussion and Conclusions

In this chapter, ion-charged dielectric doping of graphene was demonstrated for the first time.
A sheet resistance reduction of >60% was attained when dielectrics were subjected to positive
or negative charge, with doping verified by the G blueshift in its measured Raman spectra.
Change in the polarity of the Hall coefficient, as well as the shift of 2D indicated that the
deposition of positive and negative charge induced n- and p-type doping in the graphene

2 were achieved, with modest

respectively. Increases in carrier concentration >4x10'3/cm
reduction in mobility, contributing towards the strong reduction in Rsheet Observed. Crucially,
such reductions in Rsheet were found not to have impacted the transmittance of the film, with

both the doped and undoped film retaining high transmittance >95% across the spectrum. To

improve the charge deposition, methods to deposit corona charge directly on the surface of the
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membrane with no charge screening were developed. This allowed an increase in surface
charge on the membrane, and a subsequent reduction of graphene’s Rsneet by >75% to ~400
Q/o. The stability of such charge on different dielectrics and their potential for improved charge
storage in devices was also discussed, laying the groundwork for a novel approach to dope

graphene for improved optoelectronic devices.

In this work, the ultimate achievable Rsheer was limited by the high defect density of the as-
deposited films reducing mobility, as well as the poor charge storage in freestanding dielectrics
as compared to the measured charge storage on the Si supported SiO,. With improved dielectric
synthesis techniques, the amount of charge deposited on the film can be increased. Such

improvements could allow for Rsheet <100 €/00 in high-mobility graphene layers.

To accommodate varying device requirements, the thickness of the dielectric can be reduced
without reducing the amount of charge that can be deposited on the film. Reducing thickness
to 10s of nm for improved optics should not impact amount of charge that can be deposited on
the dielectric, as a stable inorganic dielectric typically only depends on the dielectric constant
and dielectric strength of the material. Consider the relation for dielectric strength, Epra = Vpa/d,
where Vyq is the dielectric breakdown voltage, and d is the dielectric thickness. If one assumes
that the dielectric in a device behaves as a parallel-plate capacitor, one can calculate the
approximate charge concentration, per area, that can be deposited on the dielectric surface as:
q = Epacoer. In this case, the charge concentration per area deposited on the surface is a product
of the dielectric strength and the permittivity, being independent of dielectric thickness. If the
dielectric quality is high, the thickness of the dielectric can be, in principle, reduced to <20 nm
without compromising the charge storage. This provides opportunities for varied device
requirements and potential combination of ICD-doped TCEs with anti-reflection layers. For

example, a charged SiNx layer of 75 nm thickness could be used as an anti-reflection layer,
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while also electrostatically doping the graphene which is interfaced with the perovskite HTL

or ETL at the front of a perovskite/silicon tandem structure.

ICD-doping of graphene using charged dielectric membranes is not applicable to optoelectronic
devices such as tandem solar cells. The poor stability of corona charge to elevated
temperatures, moisture, as well as its limitation to fragile dielectric membranes, limits this
configuration to a proof-of-concept study. Chapter 5 will go beyond this proof of concept,
investigating alkali ion migration in dielectrics for stable graphene doping that can be applied

uniformly across large area optoelectronic devices.
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Chapter 5

Permanent Electrostatic Doping of Graphene via
K™-ions inside SiO; Thin Films

5.1 Introduction

n Chapter 4, it was demonstrated that corona-charged dielectrics can provide sufficient
Icharge to dope graphene, establishing the “proof-of-principle" of ICD-doping of 2D
materials. Specifically, corona charge, when deposited on SiO; or SiNx dielectrics, was shown
to increase the carrier concentration of an adjacent graphene layer by >4x, demonstrating a
direct relationship between dielectric charge and graphene doping. This chapter builds upon
this principle, investigating migrated alkali cations as the charge source to achieve strong
electrostatic doping of graphene with long-term stability. Alkali ions can be migrated from a
Si02 surface to the Si/SiO; interface, where they remain stable over commercial timelines
[183], [184], [214], [262]. This technique, originally developed for field-effect passivation in
silicon solar cells, follows decades of study of silicon MOSFETs, where such ions were
considered undesirable contaminants [276], [277], [278]. While promising for passivation, this

approach has not yet been explored for 2D materials doping.

A range of alkali ions can migrate within SiOz, but not all are suitable graphene dopants. Heavy
ions with large ionic radii such as Rb" and Cs" have low mobility in SiO», and so require very
high temperatures of >450-550 C to drift through it [214]. Such high temperatures may
compromise the graphene quality, and are unsuitable for delicate tandem layers such as
perovskite and amorphous silicon. The high-temperature stress may also reduce the breakdown
strength of the dielectric, limiting its charge storage potential. Lighter ions such as Na" and Li"

drift at lower temperatures, ~50-150 C, but due to their smaller ionic radii and high mobility,

they are expected to have poor stability as dopants [279], [280], [281], [282]. In this chapter,
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K™ ions are selected as the candidate dopant due to their balance of stability and relatively low

migration temperatures.

A KCl precursor solution is deposited on the front side of a SiO; thin film grown on Si, and a
high-temperature electric field is used to drive the K" ions to the Si/SiO, interface. After ion
migration to the Si/SiO; interface, a graphene layer is deposited on the surface of the SiO,. Due
to the screening of the alkali ions by the charge carriers in silicon, graphene will not experience
any discernible doping effect compared to a control sample with no ions deposited. A reverse
bias is then applied to migrate the K" ions close to the graphene. It is expected that the ions
will then provide additional charge carriers to induce doping in graphene via the field effect.
This chapter investigates the migration of K ions in SiO», and correlates their position and
magnitude in the SiO: film with a corresponding doping effect in graphene interfaced with it.
The feasibility of this technique for application in tandem cells and other optoelectronics

devices is discussed.

5.2 Characterisation of K" Charge Concentration in SiQ2/Si

5.2.1 Capacitance-Voltage of K" Migration in SiOz with Al Electrode
Capacitance-voltage (CV) measurements of Si0,/Si were used to determine the concentration
and position of ions in the SiO,. Due to the processing complexity of using CVD graphene, the
conditions necessary to effectively migrate K in SiO, were first validated using a simplified
configuration with an Al electrode. Subsequently, the ion stability when undergoing the
graphene transfer process and the conditions required to migrate the ions to a graphene
electrode are investigated. Initial substrates were p-type silicon with a 300 nm thermally grown
Si0,. A KCI precursor solution was spin-coated on the surface, and an Al metal contact of
diameter 0.5-1 mm was deposited by thermal evaporation. A +5 V bias, a temperature of 350

C, and 20-minute dwell time were chosen as initial conditions. A simulated CV curve was
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used to determine the position of the Vrg, which was then used to calculate the SiO»/Si
interfacial charge. The movement of ions between the Si0,/Si and the Al/Si0> interface can be
used to infer the charge concentration that can be migrated to the Al, hence determining the

number of additional carriers available for graphene doping.

Figure 5.1 (a) and (b) depict the capacitance-voltage characteristics of a device with 300 nm
oxide, with and without a KCl solution spin-coated on the SiO, surface. In both control and
KCl-treated samples, the initial Vg is close to 0 V. This indicates a low initial charge
concentration at the SiO»/Si interface. Figure 5.1 (¢) shows the calculated charge concentration
at the SiO./Si interface before and after high-temperature bias stress. The median ion
concentration at the SiO2/Si interface before high-temperature bias stress for the control and
treated samples was (3.7£0.6)x10!! g/cm? and (4.2+0.6) x10'! g/cm?, respectively. Since both
values are within the margin of error of each other, it can be assumed that the deposition of

ions at the surface did not contribute to a significant increase in charge at the SiO2/Si interface.

In the control group, after applying +5 V at 350 C for 20 minutes, the Vg shifted positively
slightly. The AVFg corresponded to a slight reduction in charge at the Si02/Si interface, from
(3.7£0.6)x10'"" g/ecm? to (1.5£0.2)x10'" g/cm?. By applying a reverse bias, the charge
concentration at the SiO»/Si interface increased to (3.0£0.2)x10'" g/cm?. This implies that a
mobile charge concentration of ~1.5x10!! g/cm? can be migrated between the SiO,/Si and the
Al, independent of extrinsically added K" ions. This change in charge concentration could be
due to residual trapped charges or impurities being released due to the bias-temperature stress,
or impurities introduced at the surface that neutralise positive interface charge. Such charges
are unlikely to contribute to noticeable doping in graphene, as their magnitude is too low to

significantly shift its Dirac point.
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In the KCl-treated sample (s1), after +5 V at 350 ‘C for 20 minutes, the Vrg shifts negatively
beyond the —60 V limit of the source-measuring unit, demonstrating a significant increase in
charge concentration at the Si0»/Si interface. This corresponds to a charge carrier concentration
at the interface of > 4.2x10'? g/cm?. This suggests a K* concentration at the interface of =4.05
x10'2 g/cm?, accounting for mobile charges observed in the control sample, assuming all
introduced positive charges are K* ions. If we assume a realistic dielectric breakdown strength
of thermally-grown SiO2 on Si of 9-10 MV/cm, films are limited to ~2x10'* g/cm? before
dielectric breakdown [283], [284], [285], [286]. Therefore, the charge concentration at the
Si0,/Si interface can be assumed to be ~0.4-2x10'3 g/cm?. When a reverse bias is applied to
the KCl-treated sample, the SiO2/Si interface ionic concentration returns to (4.6+0.8)x10!!
q/cm? as the ions migrate back to the Al contact. This is within the margin of error of the initial
concentration at the SiO»/Si interface, indicating that all K* ions introduced at the SiO»/Si
interface can be migrated back to the Al/SiO> interface under this treatment. In contrast, at a
metal pad (s2) 10 mm away from the biased electrode (s1), the charge concentration did not
change significantly. This indicates that a good electrical connection to the biased electrode is
required for the ions at the Al/SiO; interface to achieve sufficient activation energy to migrate
to the Si02/Si. Such findings provide scope for a highly tailorable platform for doping highly

conductive 2D materials to ~10'® g/cm* when using KCl-treated substrates.
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Figure 5.1: (a), (b) Capacitance-voltage characteristics of a SiO2/Si sample subjected to bias-temperature stress, without and
with KCI spin-coated on the surface respectively. Circle markers indicate data points, while solid lines indicate simulated
capacitance-voltage curves used for charge calculation. (c) Charge Concentration at SiO2/Si interface for KCl-treated, and
control samples with 300 nm SiO:, before and after various temperature-bias stress conditions. The median is labelled, with
the box corresponding to the range within 25%-75% percentiles, and the error bars indicating the range within 1.5 times the
interquartile range.

As the equipment used was limited to £60 V, the charge measured was limited to ~4.2x10'?

g/cm? for a 300 nm oxide. Figure 5.2 (a) depicts the charge concentration at the SiO»/Si
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interface for samples with 100 nm SiO;, subjected to the same process as in Figure 5.1(a)-(c).
For a 100 nm SiO», the Vg also shifts from close to 0 V to beyond the measurement range of
the equipment at +£60 V. For a 100 SiO2, a AVrs of >60 V corresponds to Si/SiO» charge >10"
q/cm?. This was used as the basis of an assumption that at least 10'* q/cm? K" ions also migrated
between the Al and the silicon in the case of the 300 nm oxide. However, it is not clear whether
this assumption applies to a thicker 300 nm layer, as it requires that ions to drift three times
further. This can be probed by reducing the applied bias. Figure 5.2 (b) depicts the CV
characteristics of a K" treated SiO/Si sample with 300 nm oxide, subjected to a +£1 V bias-
temperature stress for 20 mins at 350 ‘C. The energy from +1 V at 350 C is sufficient to migrate
<4.2 x10'% g/cm? to the Si/SiO; interface, but —1 V is insufficient to migrate these ions back to
the metal. Even after three cycles at approximately —1 V, there remains ~1.25x10'? g/cm? at
the SiO2/Si interface. This indicates a greater energy barrier for ion de-trapping from the
Si02/Si interface, than for drift through the dielectric. Therefore, the energy required to cross
a 100 nm SiO; layer should be similar to that of a 300 nm SiO. It is therefore likely that >10'3

q/cm?

is present at the SiO2/Si interface in samples with 300 nm SiO2, assuming similar
breakdown strengths of the thermally-grown oxide. This is sufficient to provide strong
graphene doping if the ions can be effectively migrated to the graphene/SiO> interface. The
ability to finely vary applied voltage ~1 V offers the potential for a wide range of charge

concentrations, and thus finely tailorable 2D material sheet resistance.
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Figure 5.2: (a) Charge concentration at SiO2/Si interface for KCl-treated, and untreated samples with 100 nm SiO2, before
and after various temperature-bias stress. (b) Capacitance-voltage characteristics of a KCl-treated SiO2/Si sample subjected
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5.2.2 Thermally Stimulated Ionic Conductivity of K*ions in SiO2

To confirm ion migration to the metal and quantify the charge drift across the dielectric, the
current between the silicon and the Al contact can be measured during bias-temperature stress.
This process is known as “thermally stimulated ionic conductivity” or “thermally stimulated
ionic current” (TSIC) [233], [282]. While the ions are transient, a corresponding increase in
current (<1 nA) can be measured. This allows ionic drift temperatures to be determined and
provides corroborating quantification of the ion concentration driven to and from the Si/SiO:

interface. By integrating the area under the current peak vs time [ I dt, the ion concentration

[1at
e-A

in g/cm? can be determined, following the equation q = , where e is the electron charge

and 4 is the metal contact area. The metal contact area was calculated to be 0.0082 cm? after
measuring the metal diameter using an optical microscope at room temperature. However the
effective area of the metal contact can change during measurement due to thermal expansion
as well as probe-sample scratching, making precise area measurement during ion migration

difficult to determine.

Equipment to minimise current noise was constructed in-house, with radiative components

electromagnetically shielded and grounded. Figure 5.3 (a) depicts the current across a KCI-
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treated Si102/Si sample with respect to temperature as it is held under positive and negative
bias. The peak current at ~300 ‘C and 325 C correspond to the peak in ion drift from the Al/SiO»
and Si/Si0; interface respectively, indicating that higher energy is required to overcome the
barrier to migration of ions from the Si than from the metal, as supported by the CV
measurements in Figure 5.2 (b). There is a small additional peak on the +5 V curve at ~130C,
likely due to contamination from Na" introduced during processing [282]. Figure 5.3 (b) depicts
the calculated transient charge after the +5 V and —5 V processes. The calculated median
transient charge of ~1.74x10'3 g/cm? and 1.25x10'"® g/cm? also corroborates well with CV
measurements. However, the difficulty in precisely determining the metal contact area due to
thermal expansion and scratching during measurement, and appropriately integrating the curve
area may contribute towards some variation in these calculated results. Nevertheless, it is clear
that a high charge concentration can be migrated across the interface towards a metal during a

bias-stress process, with potential for >10'* g/cm? to contribute towards graphene doping.
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Figure 5.3: (a) Current vs temperature for a SiO2/Si sample with Al contact of 0.5 mm diameter, with KCI spin-coated on the
SiOz surface, then subjected to bias-temperature stress. (b) Calculated transient charge concentration obtained using the TSIC
technique, for positive ions migrating from the metal to the SiO2/Si interface (+5 V), and from the SiO2/Si interface to the
metal (=5 V) respectively.
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5.3 Stability of K* in SiOQ2/Si with Graphene Electrode

To migrate ions to a graphene layer, the graphene must be transferred to the SiO» surface.
However, water and solvents introduced during the transfer process remove the deposited KCI
solution from the SiO; surface. To prevent KCI from being washed away, the K* ions are first
driven to the Si0,/Si interface using the corona anneal (CA) process described in Section 3.2.2.
In this case, K ions are driven to the SiO»/Si interface using the field generated by the corona
charge, rather than by an externally applied bias [215]. An external reverse bias can be
subsequently applied to migrate the ions to the graphene or metal at the surface. Ionic drift to
the Si0,/Si interface was first verified via CV with a 1 mm Al front electrode. Figure 5.4. (a)
depicts the capacitance-voltage characteristics of an Al/SiO/Si device subjected to CA prior
to metallisation, and Figure 5.4. (b) depicts the calculated charge concentration compared with
control samples with no extrinsically added ions. The initial CV characteristics indicate a
charge concentration >4.2x10'2 g/cm? at the SiO»/Si interface due to the negatively shifted Ve
beyond the scope of the source-measuring unit, indicating that the CA provided sufficient
energy for the ions to migrate to the Si02/Si interface. By subsequently applying a bias of =5V
at 350 C, the Vs shifts positively as ions migrate to the metal surface. This leaves a calculated
(5.8£0.5)x10'"! g/cm? K" ions at the SiO> interface. This implies a concentration >10' g/cm?
has been migrated to the Al/SiO; interface, assuming a similar concentration of ions is
introduced to the oxide via corona charging as when using an external field. At a second Al
pad (s2) on the treated sample 10 mm away from the biased Al electrode (s1), the charge
concentration at the Si/SiO: interface remains high, indicating that ions migrate only
underneath the biased electrode, as there is insufficient energy to activate ion migration at
adjacent contacts. Ions can subsequently be moved back to the SiO»/Si interface by applying a
+5 V bias at high temperature. This demonstrates precise control of ionic position laterally and

at dielectric interfaces, offering the potential for patterned doping.

96



150 (a) 300 nm KCI Corona Anneal (b) 300 nm KCI Corona Anneal
T T T ‘ T T T ‘ T T \7‘ T T T T T ‘ LI
- As prep. |
140 — -5V 350 °C |
E -5V 350 °C E
130 2.-5V350°C 5 “Eqoulf il
E ++ 4+ +&| ++ 4+ B (\é'
120 — i0, - =
—~ F -5
™ m 1 8
1o = - ®
3 C Al ] "‘é’
§ 100 [ 48
= C 4 <
Iy E 4 ¢102f 4
& 9 1.As prep. 4 O T [
(8] [ 05.8x10"
E il 1 P2 Y
8 E X3 '?l'fo'iz’ ek E g 0" ;I::L:x", 1‘3-4“10"
E 14 O
(O Al E
60 1 10" | 4
I2 J Control [KCI,s1| KCI,.s2 | Control [KCl,s1][ KCl,s2 [ Control [KCI,s1] KCI s2
50 L1 Lo v b v by v by v by Before | 5V, 350 °C | 5V, +5 V 350 °C
-60 -40 -20 0 20 40 60 Control KCl,s1 KCl,s2
Al Al
Voltage (V) Al :
: + SiO,
Sio, At T
I
Al Al

Figure 5.4: (a) Capacitance-voltage characteristics of a SiO2/Si sample subjected to KCI corona anneal, and bias-temperature
stress. Circle markers indicate data points, while straight lines indicate simulated capacitance-voltage curves used for charge
calculation. (b) Charge Concentration at SiO2/Si interface for KCI corona annealed, and untreated samples with 300 nm SiO>,
before and after various temperature-bias stress. The median charge is labelled, with the box corresponding to the range
within 25%-75% percentiles, and the error bars indicating the range within 1.5 times the interquartile range.

To determine K" ion stability to the graphene transfer, the charge at the Si/SiO; interface was
measured before and after samples were subjected to various processing conditions to mimic
the graphene transfer process. Figure 5.5 depicts the CV characteristics of various SiO2/Si
samples after undergoing a K'-CA, then subjected to different treatments. The inversion
capacitance of 10-20 pF is within the expected range for a ~0.5 mm diameter Al contact, with
area variation £150 pum due to processing damage between measurements. A high charge
concentration appears to remain at the SiO»/Si interface after respective samples are subjected
to [PA, acetone, oxygen plasma and water. Subsequently, devices were annealed at 180 C for
15 minutes in air, and at 150 C for 10 hours in a nitrogen furnace, and immersed in 50 C acetone
for four hours. The resulting CV characteristics indicate the stability of a high charge
concentration at the SiO»/Si interface. It is plausible that graphene laser patterning could
contribute towards high localised heating and risk ion de-trapping, so this was also included as
a comparative processing step. The laser patterning might also cause impurity or localised

pinhole formation, compromising ion stability and migration kinetics. However, after this step,
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the Vrp remained outside the range of the CV meter, indicating a high charge stability at the
Si0O»/Si interface. The charge concentration of 6.65x10!" g/cm? at the Si/SiO. interface after
reverse biasing indicates that the graphene transfer process does not substantially impact the
stability or concentration of the charge in the dielectric, nor its ability to be migrated through

the dielectric after processing.
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Figure 5.5: Capacitance-voltage characteristics of Al/SiO2/Si sample subjected to a KCI corona anneal, then various
processing conditions to mimic the conditions of a graphene transfer process.

5.4 Migration of K* in SiO2/Si with Graphene Electrode

The next step was to determine whether graphene could act as an electrode for ion migration.
CV measurements of graphene/SiO»/Si devices were carried out to measure ion migration to
the graphene. However, graphene’s non-uniform resistance introduces a distributed resistor-
capacitor effect, making capacitance-voltage behaviour difficult to measure, as multiple
capacitors will be measured in series. Consequently, expected CV behaviour was not observed,

with films instead exhibiting a peak in capacitance at 0 V, with declining capacitance at
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increased +V. Moreover, the peak capacitance measured in the graphene device was far below
the expected capacitance for this area and thickness. Leakage effects when using a large-area
graphene electrode also prevented reliable TSIC charge measurement. To determine ion
migration to a graphene electrode, the graphene was laser etched after bias-temperature stress,

and an Al electrode deposited in the etched area.

A graphene vdP device with Al contacts was fabricated on a SiO2:K'/Si substrate, and
subjected to a bias-temperature stress, with an Al contact serving as the biased electrode. Figure
5.6 depicts the CV characteristics measured at the graphene area after etching, at the biased Al
electrode, and at an area electrically disconnected from the graphene device. The CV
characteristics of the dot outside the graphene device before bias-temperature stress indicate
>10" g/cm? charge at the SiO»/Si interface, confirming that the graphene transfer did not
impede the interface charge stability. After a =5 V bias stress at 350 C for 20 minutes at the
Al vdP contact, the Vg shifted positively, such that ~3.5x10'! q/cm? remained at the SiO,/Si
interface. However, at the etched area, a charge concentration >4.2x10'2 g/cm? remained at the
Si/SiO; interface. Assuming ~10' g/cm? was introduced to the Si/SiO; interface by the CA, it
is possible that up to ~5x10'% g/cm? ions were migrated to the graphene/SiO: interface, but this
speculation requires further data to be confirmed. However, it is clear that —5 V is sufficient
for substantial ion migration to a 0.5-1 mm Al contact, but is insufficient in large-area graphene
devices. Increased bias is likely required to generate sufficient energy to migrate the ions to the

graphene electrode.
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Figure 5.6: Capacitance-voltage characteristics of a Graphene/SiO2/Si sample subject to KCI corona anneal, before and
after bias-temperature stress. Circle markers indicate data points, while lines indicate simulated capacitance-voltage
curves.

The reduction in ion migration to graphene may be due to a drop in the total effective voltage
across the dielectric, Vesr [229], [287]. The effective voltage across the dielectric Ve with

metal-semiconductor work function difference @5 and dipole length daipote can be given by:

eCoxddipole

Vers = Vaias = puas =222 (5.1)
T

Equation (5.1) illustrates that a larger ¢y can contribute towards a reduction in V,¢r [229],
[287]. In this work, the p-type silicon substrates were measured to have a resistivity 13.25+0.78
Q cm, corresponding to a calculated dopant concentration of (1.02+£0.04)x10" /cm® (PV

Lighthouse Resistivity Calculator). Using the standard equation approximating Fermi level
shiftas kgT In (%) [229], [288], the calculated work function of this silicon is 4.88 eV at room

temperature. Assuming that the work function of thermally-evaporated Al is ~4.5 eV, based on
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literature values [289], ¢,4;5; 1s approximately —0.38 ¢V. This provides an in-built forward
potential, which promotes ion migration to the SiO/Si. The work function of CVD graphene
on Si0;1s ~4.6-4.8 eV, with variations dependent on surface dopants and processing conditions

such that @gpp s 1s approximately —0.3 to —0.1 eV [290], [291]. These conditions imply a
similar, or possibly increased Vess promoting ion migration towards a graphene electrode

relative to an Al electrode. It is therefore likely that the ion migration toward the graphene was

not reduced due to work function difference.

Equation (5.1) also indicates that an increased daipote can reduce V,rr. A longer daipole increases
the electric field at the metal-oxide interface that opposes further addition of ions to the
interface. It may be that an increased duipole at the graphene-SiO> interface relative to the Al-
Si0;. The Al-Si0: dipole 1s on the order of 1-10 nm [292], but the dipole length for a graphene-
SiO2 is unclear. Graphene’s high carrier mobility may contribute significant charge
redistribution, modulating the local electric field and increasing daipole as i0ns migrate to the

graphene/Si0: interface.

Reduced migration to the graphene relative to Al could also be due to its structural
characteristics. Inhomogeneities, such as isolated holes, wrinkles, or defects may contribute
toward a non-uniform electric field. Additionally, the higher resistivity of a 1 cm? graphene
sheet relative to a 1-0.5 mm diameter Al dot of thickness 100 nm, could lead to a significant
voltage drop across the dielectric. This could result in limited or localised ion migration to the
graphene surface, and reduce the driving force for ion migration, requiring an increased bias or

time for complete ionic drift.

The applied bias can be increased to compensate for Vs, but this risks dielectric breakdown,

especially over a large-area graphene device, where there is an increased chance of

encountering a pinhole or defect. This risk is greater at high temperatures, where mobility and
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thermal stresses are increased. Such pinholes and defects could also cause a voltage drop across
the dielectric, reducing ion migration. To determine whether pinholes might be present, and
their density, an electrochemical pinhole test was carried out. Figure 5.7 (a) depicts the
measurement setup, which was constructed in-house for this experiment. Silicon with
thermally grown SiO; of differing thickness were metallised at the rear and placed such that ~1
cm? SiO; layer is in contact with a 0.1 M copper sulphate solution, with an ethyl acetate coating
over the sample edges. When a bias is applied between the silicon and a copper rod in the
copper sulphate solution, a thin copper layer will build up at pinhole sites. The presence of
pinholes will increase current flow through the device, and so cause a voltage drop across the
dielectric. Figure 5.7 (b) presents the leakage current through different samples of different
dielectric thicknesses at an applied voltage of +5 V at room temperature, as measured in the
TSIC configuration, and in the electrochemical rig. The typical current flow through a 1 cm?
Si02 is ~0.1 mA, with a slight increase after graphene processing and removal. This contrasts
with the 0.5 mm Al contacts measured via TSIC in Figure 5.3, where the background current
remained <10 pA. This increased current flow likely necessitates increased bias application to
move ions to compensate for the voltage drop across the dielectric. However, this may risk
dielectric breakdown. Alternate structures, including an added 20 nm ALD AlOx capping layer
on 300 nm SiO», were also explored to minimise current leakage, however, this did not yield

improvements, with current leakage still around ~1 mA.

Figure 5.7 (c) depicts optical micrographs of SiO2 surfaces after 3 hours under +5 V at room
temperature. Copper deposition occurred on the SiO: surface, appearing as dots at a density of
~5 dots/cm?. This density of pinholes made it difficult to increase the applied bias without
causing current leakage through the oxide for large-area graphene films. Leakage through these
pinholes may have contributed to a voltage drop across the dielectric such that an equivalent

bias applied to a 1 cm? graphene device was insufficient to migrate ions to the surface compared
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to a 1 mm diameter Al contact. These factors were considered to inform the quantification of
graphene resistivity changes during ion migration. Higher biases are likely necessary to activate
ion migration, albeit at the risk of increasing current leakage which might also limit the total

migration of ions drifting across the dielectric.
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Figure 5.7: (a) Electrochemical pinhole detection test rig.(b). Current flow measured through the device, measured in the
TSIC setup (data point 1), else using the electrochemical rig. (c) Optical microscopy images of samples surface after 3 hours
at +5 V, scalebar: 0.5 mm.

5.5 Sheet Resistance of Graphene on K" ion charged SiO:

To determine whether migrating the ions toward graphene can contribute to doping, its Rgheet
before and after bias-temperature stress was measured via the vdP method. However, when
graphene is exposed to temperatures ~350 C in air, it was found that its sheet resistance can
vary significantly. This has been attributed to the desorption and reabsorption of atmospheric
contaminants at elevated temperatures, as well as the formation of hydroxyl groups at graphene
edges and reaction with metal contacts increasing contact resistance [204], [293], [294], [295],
[296]. These reactions can contribute to variations in atmospheric p-doping, and the formation
of deleterious scattering centres and defects that reduce its mobility. This makes it difficult to
decouple whether changes in Rsheet are observed due to doping from migrated ions, or changing

conditions of the graphene at elevated temperatures. To eliminate this uncertainty, a vacuum
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electronics testing station was developed for this work. This involved the retrofitting of an
Edwards E306 Thermal Evaporator for high-temperature vdP and FET measurement in vacuum

<4x107" mbar.

Figure 5.8 (a) depicts the sheet resistance of graphene on SiO»/Si over time, with different
conditions indicated by colour variation. A control sample with no extrinsically added ions is
indicated by a dotted line, while the KCl-treated sample is indicated by a solid line. The initial
sheet resistance in air is ~1.6-1.9 kQ/o in the control and treated sample, respectively. The
increase in Rsneet as the chamber is evacuated to <4x 107 mbar is likely due to the desorption of
atmospheric contaminants. Devices were annealed at 350 C until the Rgheet reduced and then
plateaued to ~600 Q/o, which occurred in both control and treated samples after ~30 minutes.
This reduction likely occurred due to an increase in mobility as further atmospheric
contaminants and PMMA residues were removed [204]. With the Rgneet of the control and
treated sample reaching similar values before reverse biasing, the introduction of ions to the
Si/S10: interface did not have a discernible doping effect on the graphene, as they are shielded
by the electrons in silicon. It is also not expected that this annealing at 0 V will result in ion

migration away from the Si/SiO; interface as the work function difference @gpp s; is expected

to promote ion migration toward that interface with no applied bias.

Figure 5.8 (a) shows the variation in Rsneet after varying intervals of reverse biasing at 350 C.
At =5 V, the Rsneet appears to reduce slightly in the treated sample, to ~570 Q/o, plateauing
after ~15 minutes. This indicates a modest introduction of K* ions to the graphene/SiO»
interface, contributing to doping. As the bias was increased to —10 V, and subsequently —20 V
and —50 V, the Rgneet reduced to 490 /o, 410 Q/o, and 129 Q/o, respectively. No substantial
change was measured in the control sample, where CV indicated only 3x10'" g/cm? could
contribute towards doping, insufficient to shift graphene’s Dirac point. It is likely that the

reduced Rsheet in the treated sample occurred due to increasing K* ions at the graphene/SiO-
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interface as increased energy is applied, compensating for any inhomogeneities, current
leakage or dipole effects, which reduce ion migration. Figure 5.8 (b) depicts the Rgheet Variation
over time in the champion sample, where an Rgneet 0of 117.9 /0 was achieved. This value is
among the lowest reported Rsheet Values of monolayer CVD graphene on SiO> with an area >1
cm? at room temperature [121], [297], [298]. Repeat measurements on other samples achieved
Rsheet values including 125.9, 134.5, and 145.0 Q/0, indicating the reliability of this technique
to reproducibly achieve low Rsneet approaching 100 Q/o. Figure 5.8 (c) illustrates the expected

1onic drift behaviour demonstrated to induce these reductions in Rgheet.
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Figure 5.8: (a) Sheet resistance of graphene/SiO2:K*/Si samples over time, subject to high-temperature biased annealing. The
dotted data line indicates a control sample, with no extrinsically added ions, while the solid line indicates KCl-treated samples.
Inset: Sheet resistance over time (focused range). The green and purple horizontal lines indicate the sheet resistance of the
experimental group after annealing, and after annealing under reverse bias, respectively. (b) Champion sample, where
graphene sheet resistance reached a record ~118 Q/o after bias-temperature stress. (c) Expected positions of the K “ions with
respect to the graphene under differing applied bias at high temperature.

Figure 5.9 depicts the relationship between applied bias and Rgneet for the two KCl-treated
samples in Figure 5.8. For both samples there is a clear linear relationship, where increasing
applied bias reduces Rsheet. Assuming this ARgsheet is dominated by linearly increasing carrier
concentration with increasing K* at the graphene/SiO> interface, it may be that the system is
dipole-limited. This implies that the graphene-SiO2 duipole 1s larger than that of Al-SiO», and

this may be a major contributor towards reduced ion migration using graphene rather than an

Al electrode.
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Figure 5.9: (a), (b) Applied bias versus sheet resistance for graphene/SiO2:K*/Si samples held at 350 C. The dotted lines
correspond to linear fits with R’ coefficients 0.99 and 0.94 respectively.
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If we assume that the graphene-SiO: duaipole 1s larger than that of Al, it may generate a strong
electric field that repels ions from the graphene. This could result in electrostatic instability,
and an unstable doping effect. To investigate the stability of the K" ions at the graphene/SiO»
interface, the Rsheet Of samples was compared over time. Figure 5.10 (a) depicts how the sheet
resistance of a KCl-treated sample reaches a steady value of ~745 Q/o after annealing at 0 V.
This reduces to ~427 Q/o after 60 mins at —5 V. After cooling under bias, the sample is returned
to room pressure. Figure 5.10 (b) shows its Rsneet 1 day later, where it has increased to ~920
Q/o, due to the adsorption of atmospheric moisture. However, when annealed in vacuum, it
returns to ~440 /o, indicating that the doping effect induced by the ions remains intact. Even
when subject to 350 C for 30 minutes, the Rsneet remains stable, suggesting that ions are stably
localised at the graphene-SiOz interface. This stability suggests strong electrostatic interactions
between the graphene and the ions, generating a stable energy minimum once ions reach the
graphene. When cooled to room temperature, the Rsheet remains low, decreasing to ~340 Q/o,
as expected due to reduced phonon scattering, which increases mobility [299]. The Rsheetis only
returned to its initial state of ~745 Q/o after ~1 hour at +5 V, indicating the presence of a
substantial energy barrier at the graphene-SiO interface. These results demonstrate the
potential for tailored, stable doping configurations for a range of optoelectronic device

requirements.
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Figure 5.10: Graphene sheet resistance over time subjected to various bias-temperature annealing conditions. (a) Initial
measurement. (b) 1 day later.

Figure 5.11 compares the Rsneet variations over time on three KCl-treated samples, S1, S2, and
S3. After 1 day, the Rsheet increases by ~32 /o, while after 2 months, an increase of ~92 Q/o
is measured, indicating a gradual release of the ions from the graphene-SiO; interface.
However, these relatively small fluctuations may also arise from degradation over time due to

thermal stresses, contact degradation or surface damage when exposed to the atmosphere
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between measurements. Nevertheless, it is clear that strong doping can be preserved over

timescales >2 months.
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Figure 5.11: Graphene sheet resistance on KCl-treated SiO2/Si substrates, over time after bias-temperature stress.

5.6 Investigating the Carrier Properties of Graphene on SiO>’K*/Si in Air

Due to the high temperatures required for ion migration, Hall effect measurements were not
performed in vacuum as doing so would damage the magnets required. Instead, the device was
returned to the air for Hall effect measurement. When samples are exposed to air, the low Rgheet
is not preserved. Figure 5.12 (a), (b) and (c) depict the variation in carrier concentration,
mobility, and Rsneet in air, before and after annealing or bias-temperature stress. For
comparison, data from samples where bias-temperature stress was attempted in air is also
included. It is clear from Figure 5.12 (a) and (b) that annealing in air resulted in a significant
reduction in mobility, masking the effect of migrated ions on its Rsneet. The vacuum-annealed
samples, while achieving low Rsneet in vacuum, Rgneet increases dramatically in air due to rapid
adsorption of atmospheric molecules. It is expected that the K™ ions at the graphene/SiO»

interface induce negative charges in the graphene. It is possible that this negatively-charged
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surface attracts further p-type atmospheric ions, resulting in a compensating effect that
neutralises the doping observed in vacuum, as was observed in n-doped graphene in ref. [300].
This highlights the need for a suitable encapsulation layer for application in optoelectronic

devices such as tandem cells.
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Figure 5.12: (a) Carrier concentration, (b) mobility, and (c) sheet resistance of graphene on KCl-treated SiO2/Si substrates
measured in air; before and after air- or vacuum bias-temperature stress.

To provide further corroborating evidence of the doping effect, Raman spectroscopy was
carried out in air before and after the reverse-bias anneal. Figure 5.13 (a) and (b) depict the
change in the graphene G and 2D Raman peak positions respectively. After reverse-bias anneal,

there is a substantial blueshift from ~1589 cm! to 1603 cm™, indicating that doping has
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occurred. However, the blueshift in 2D peak indicates that this doping is p-type [301].
However, as these measurements are taken in air, it must be considered that this p-doping effect
may have arisen due to other factors, including the increase in atmospheric adsorption after
devices are returned to air after vacuum annealing. For precise quantification of the doping

effect, its carrier properties must be probed in vacuum.
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Figure 5.13: Variation in graphene (a) G peak and (b) 2D peak position before and after bias-temperature stress.

5.7 Vacuum Field Effect Transistor Measurement of Graphene on SiO>'’K"/Si

To measure graphene’s carrier properties in vacuum, FET devices were fabricated by UV laser
etching. Figure 5.14 (a) illustrates a schematic of the fabricated devices, with channel length
of 16 um and a width of 17 um, while Figure 5.14 (b) presents an optical micrograph of this
device. Figure 5.14.c depicts the relationship between Ips and Vgp for a graphene FET device
on SiO2:K" substrates. In air, the Dirac point is at 60.8+6.4 V, indicating p-type doping. Some
hysteresis is present, likely due to the adsorption/desorption of atmospheric molecules or the
filling and emptying of trapped charges during the high-voltage bias sweep. After the device is
annealed at 350 C for 40 mins in vacuum, then cooled to room temperature, the Dirac point
shifts to 242 V. The Dirac point close to 0 V, and the reduced hysteresis indicate the removal

of atmospheric dopants. After the device is held at 350 C for an additional 40 minutes, with
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—50 V applied between the source and gate contacts, then cooled, there is a notable negative

Vbirac shift to —88.16 V. This negative Vpirac shift indicates strong n-type doping as the K"

migrated to the graphene.
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Figure 5.14: (a) Graphene field effect transistor device structure. (b) Optical micrograph of FET device, with 20 um scalebar.
(¢) Drain-source current Ipsvs Gate-Drain Voltage Vep characteristics in air, after vacuum annealing, and after reverse bias
of =50V for 40 mins at 350 C in vacuum.

Figure 5.15 (a) and (b) depict the calculated carrier concentration and mobility from the FET
curves in Figure 5.14 (c). It is clear from Figure 5.15 (a) that this K™ migration doping technique
has contributed to strong n-doping, achieving ~6.2 x10'? g/cm®. Assuming each K' ion
contributes to one additional charge carrier in graphene, this value falls short of the 10'* g/cm?
expected from TSIC measurements with Al electrodes, indicating incomplete ion migration. If
so, there is potential for further reductions in graphene Rsheet With increased applied bias. Figure
5.15 (b) indicates a relatively low initial mobility of ~220 ¢cm?/Vs compared to the vdP
structures, which may occur due to processing difficulties such as poor graphene-metal contact,
or laser damage at the graphene edges. After vacuum annealing, the electron mobility modestly
improved, albeit to only ~300 cm?/Vs, suggesting that the graphene is relatively low-quality.

However, after ion migration, the mobility dropped only slightly to ~290 cm?/Vs, suggesting
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that the presence of the K* ions does not contribute significantly to scattering. This low
scattering may indicate that the distribution of K is relatively uniform, and is not heavily
perturbing the graphene lattice. This provides evidence that it is not the inhomogeneities in
graphene that increase the driving force necessary for graphene doping, but likely its large

dipole length at the SiO» relative to Al. Assuming a linear relationship between carrier

. . S d .
concentration and bias as for Rgneet in Figure 5.9, we can use the slope ﬁ and equation dg;pore =

20%r to estimate the ddipole length of this system as ~120 nm, ~2 orders of magnitude greater

0€
@)
than Al. This suggests that increasing the ion concentration at the graphene/SiO: interface with
higher voltages facilitated by improved dielectric processing, may yield further reduced Rgheet
in graphene without substantially impacting the mobility. This offers great potential for devices

where minimal Rgheer is ideal to reduce losses, as in transparent conductors in tandem

photovoltaic cells.
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Figure 5.15: (a) Carrier Concentration and (b) electron mobility calculated from the FET data in Figure

5.8 Discussion and Conclusions

In this chapter, a novel graphene doping technique was investigated and developed, through

the introduction of K" ions to a thermally-grown SiO; layer on silicon. CV and TSIC methods
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using an Al/Si02/Si structure were used to determine that >10'* g/cm? K ions could be
introduced to the SiO»/Si interface, and remain stable to all steps of the graphene transfer
process. However, it was observed that a greater bias was required to migrate ions to the
graphene as compared to an Al electrode, despite graphene having a ¢ms more favourable for
this process than Al. By applying a reverse bias up to =50 V, a graphene Rgheet as low as 117.9
Q/o was achieved, among the lowest reported for a large-area CVD graphene monolayer on
Si0; at room temperature, indicating that the ion migration induced strong n-type doping [121],
[298], [302]. It was noted that the Rsneet reduced linearly with applied bias, indicating dipole-
limited ion migration when using a graphene electrode, with dipole length at the graphene-SiO>
interface calculated to be ~2 orders of magnitude greater than the Al-SiO; interface. Moreover,
the doping effect remained stable at high temperatures, and at room temperature over at least
2 months, indicating strong electrostatic interaction between the graphene and the dopant ions.
The technique is reversible, where the application of a positive bias returned the Rgheet to close

to that of its original value.

FET measurements confirmed that n-doping up to 6.2 x10'? g/cm? was induced by reverse-bias
annealing. This indicates that the K™ ions induce doping when at the interface with graphene
through the generation of negative mirror charges on the graphene surface. Notably, the
mobility did not degrade substantially, indicating relatively uniform ion migration and
minimised scattering. Figure 5.16 depicts a schematic of the impact of the vacuum annealing
process and ion migration on graphene. The Rsneet of graphene is reduced as is it cleaned, and
then subject to a field-effect induced negative mirror charge as the ions are migrated to the

surface.
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Figure 5.16: Schematic of ion position in SiO: and its impact on graphene Rsheet.

Increasing bias beyond —50 V was attempted to reduce Rneet further, but this routinely resulted
in dielectric breakdown or significant current leakage. Further reductions in Rgneet are likely
achievable through improvements in dielectric quality such that a higher bias could be applied
for increased ion migration without risking breakdown. Given this technique does not appear
to substantially reduce mobility after doping, an Rsneet <100 Q/0 is likely achievable through
the doping of high-mobility graphene, and potentially <50 /o if the effect can be replicated
using a dielectric of higher breakdown strength to increase ion concentration to contribute to

doping.

The applicability of K":SiO, ICD doping offers great potential for optoelectronic devices where
low Rsneet is desirable. This technique could also be used to fabricate memory devices, where
the change in Rsheet induced by reversible ion migration could be used for information storage.
However, this technique faces several challenges toward integration in tandem photovoltaics.
The requirement for vacuum conditions or encapsulation to preserve the low Rgneet introduces
processing complexity. Importantly, the high temperature required to migrate the K" is
incompatible with the poor stability of amorphous silicon and perovskite layers. A Na* ion
species might be better suited to such designs, given that Na* mobility is activated at
temperatures <150 ‘C. After confirming the K* ion is stable at the graphene/SiO> interface at
high temperatures, it is possible that Na* ions might be similarly stable at the graphene/SiO-

interface, but this is yet to be explored.
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Crucially, in this technique, the ions are first stabilised at the Si/SiO» interface before graphene
transfer, severely restricting the position of such a graphene layer in a tandem device stack. In
an ideal case, owing to its high mobility, an ICD-doped graphene layer is best suited at the
front interface with the glass/CTL on a 4T structure or at the front surface of the CTL at the
top layer of a 2T device stack. Chapters 6 and 7 will explore methods to induce ICD-doping in

graphene in such structures compatible with tandem cells.

117



Chapter 6

Ion-Charged Glasses for Graphene Doping
6.1 Introduction

hapter 3 demonstrated ICD doping of graphene using a corona-charged, freestanding
C SiO2 nanolayer. Chapter 4 built on this principle, showcasing stable graphene doping
with record low Rsheet =117.9 Q/00 on a K charged SiO2/Si substrate. However, these systems
have limited applicability to tandem cells, where the TCE must be in contact with the charge
transport layers of a perovskite top cell, or the amorphous silicon layer of a SHJ bottom cell
[43]. To integrate ICD-doped graphene in a tandem cell, the ICD likely needs to be either
directly deposited on the graphene layer, or incorporated as part of the perovskite cell

TCO/glass substrate.

An ICD-doped graphene layer could be integrated into tandem cells by developing a charged
dielectric on the surface of a glass substrate. A graphene electrode can be deposited on the
ICD/glass layer, replacing the typical TCO/glass substrate for perovskite cell fabrication in
four-terminal perovskite/silicon tandems. Figure 6.1 (a) depicts a conventional four-terminal
perovskite/silicon tandem structure, while Figure 6.1 (b) presents the proposed method of
graphene/ICD integration in such a cell. In this case, as with TCOs such as FTO, the ICD can
be safely prepared at high-temperature, as the deposition of delicate CTL and perovskite layers
occurs at a later processing step. This Chapter explores methods to generate charged dielectrics
on the surface of glass, including using mobile ions, and through the deposition of charged
PECVD Si0/SiNx nanolayers on quartz. The charge concentration developed in the dielectric
and the doping induced in graphene are investigated, and the suitability of each ICD/graphene

layer for integration in tandem cells and other optoelectronic devices is discussed.
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Figure 6.1: (a) Standard four-terminal perovskite/silicon tandem device architecture, with n-i-p perovskite top cell using an
ITO/glass layer as a substrate and TCO. (b) Proposed four-terminal perovskite/silicon tandem structure with
Graphene/ICD/Glass TCE substrate.

6.2 Ion-Charged Dielectric Generation using Alkali Ions in Glass

Conventional silica-based glass primarily consists of slightly distorted SiO4 tetrahedra [303].
These SiO4 tetrahedra form the glass network by covalent bonding at the edges, with the
bonding oxygen referred to as a “bridging oxygen” [303]. Additional “network modifier”
species are frequently added to lower its melting point for improved ductility, as well as to
enhance properties such as optics, and thermal and chemical stability [303], [304]. In soda-
lime glass, a large concentration of Na>;O and CaO species are introduced via the melting of
silica with Na,CO3 and CaCOs at temperatures 1400-1500C [303]. Na" ions enter the glass as
single-charged cations and occupy interstitial sites. This typically occurs via the breaking of
SiO4 tetrahedral bridging oxygen bonds through the formation of Si-O™-Na" species by ionic
bonding. The creation of a “non-bridging oxygen” reduces the connectivity of the network, and
hence alters its viscosity and melting point [182], [303]. Na" can be exchanged for K" using a
hot potassium-salt ion-exchange bath, improving shatter resistance for application in touch-
screen displays and automobile windows [297], [305]. Borosilicate glass (BSG) incorporates
B20O3 as well as S104 network formers to improve chemical and thermal stability, with a small

fraction of network modifier Na;O added to maintain a low melting-temperature [304]. With
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careful control of the distribution of ionic network modifier species, the properties of not just

glass, but also materials interfacing with it, can be modified.

In principle, the network-modifier ions in glass are randomly distributed and thus contribute
no electric field. However, at moderate temperatures, small alkali ions in glass can achieve
sufficiently high mobility to drift through the glass [306]. This migration is often deleterious
and can reduce mechanical strength and transmittance over time [306], [307]. However, ion
migration can be exploited by directing it with an electric field. By intentionally migrating the
ions, the original symmetry and neutrality of the glass is lost, generating a strong electric field
within the material. This is a well-established technique in industry, and is used to strongly
bond silicon wafers to glass through anodic bonding [308], [309] and to generate a permanent
second-order non-linearity in optical fibres and modify their refractive index [310]. This
electric field also impacts the properties of interfacing materials. Migration of Na* ions in soda-
lime glass and BSG has been demonstrated to induce strong doping in an interfacing graphene
layer [182]. The Shukla group has used this technique extensively to study 2D materials doping
in high-vacuum environments, as in ref. [182], [311], [312], [313], [314], [315], while mobile
Li" ions in glass have been used for electrostatic gating of few-layer WSe, flakes in high-
vacuum [316]. K" ions concentrated at the surface of ion-exchanged glass have also been
shown to dope graphene, albeit only exhibiting high carrier concentrations when encapsulated
with an ALD-AIOy layer [302]. These techniques demonstrate the potential of ion-charged
glass for graphene doping for TCE applications in optoelectronics. However, the stability of
these techniques, the relationship between applied bias and doping strength, and their

suitability for tandem structures are unclear.

After observing the highly stable doping of graphene on K':SiO»/Si substrates in Chapter 5, it
was proposed that stability may also be achievable using Na" ions on glass, which might benefit
from a similar electrostatic environment. Na'-containing soda-lime glass is the usual glass

120



substrate for perovskite top cells in four-terminal tandems, owing to its good balance of cost
with mechanical stability and transparency [303], [317], [318], [319], [320]. However, the high
concentration of Na" ions in soda-lime glass can precipitate and form crystallites at the surface
over time, reducing transmittance [306]. Additionally, migration of a high concentration of Na*
ions from soda-lime glass has been linked to degradation in perovskite cells, while the use of
borosilicate glass has been shown to reduce potential-induced degradation [319], [320], [321],
[322]. Therefore, BSG was deemed a more suitable candidate substrate in this work due to its
lower concentration of Na' ions. Figure 6.2 presents a proposed mechanism for graphene
doping via ion migration in BSG. Initially, it is expected that the ions are distributed
homogeneously through the SiO2, and so do not contribute an electric field to induce graphene
doping. On application of a reverse bias between the graphene and a rear metal electrode at
elevated temperatures, mobile ions migrate to the graphene/BSG interface. As the ions
aggregate at the graphene, it is expected that they will contribute towards doping via the electric
field effect, in a similar mechanism to that described in Chapter 5. On application of a positive
bias, the mobile ions move to the rear metal interface, leaving behind a negative space-charge
region close to the graphene, which is expected to induce p-doping in graphene. The first half
of this chapter will explore graphene conductivity modulation and stability using this

technique.
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Figure 6.2: Mechanism for alkali ion migration to graphene electrodes on borosilicate glass. (a) Graphene on borosilicate
glass, initial state. (b) lon migration on application of a reverse bias at high temperature. (c) lon migration on the application
of a positive bias at high temperature.

6.3 Characterising Mobile Ion Concentration in Borosilicate Glass

To characterise the charge in glass that could contribute to graphene doping, the TSIC method
was used to measure transient current across the dielectric under bias-temperature stress [233],
[323]. Figure 6.3 depicts the variation of temperature and current over time for a 1.1 mm BPW-
1010 BSG plate with 2 mm diameter Al contact [190], subject to —10 V, held at 150°C for 40
minutes. The increase in current observed at ~86C is expected due to the activation of Na*
mobility, commensurate with temperatures observed in the literature [182], [233], [324]. As
sources of noise >1 pA were eliminated in the measurement setup, it was assumed that the

increase in current observed could be primarily attributed to the migration of ions toward the
. . d .
Al contact. Using the equation q = %, the migrated charge can be calculated as ~3.51 x10'*

g/cm? According to the manufacturer, the BPW-1010 glass plate is expected to have a Na>;O
concentration of 4% [190], corresponding to a calculated Na* concentration of ~1.7x10%! g/cm?,
This implies a displacement of Na" ions by ~1.7 nm towards the metal surface due to the
application of the bias at elevated temperatures. Given the similar work function of Al and
graphene at ~4.5 and 4.5-4.7 eV respectively [289], [290], [291], it is reasonable to assume that
these conditions can be conserved using a graphene electrode. Additionally, the use of a thick
BSG dielectric of 1.1 mm offers the ability to increase the applied bias substantially to

overcome dipole-limiting effects without risking dielectric breakdown. Assuming stability can
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be conserved, this technique could enable graphene doping at very high carrier concentrations

>10"/cm?.
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Figure 6.3: (a) Temperature vs time and (b) current vs time for a 1.1 mm thick borosilicate substrate with 2 mm diameter Al
contact, subject to —10 V bias for the duration of the measurement.

6.4 FElectrical Characterisation of Graphene on Borosilicate Glass under Bias-
Temperature Stress

To evaluate the effect of migrated ions on the graphene’s electrical properties, a graphene layer
was transferred to the surface of a 1 cm? BPW-1010 BSG substrate, and fabricated into a vdP
structure via UV laser etching. Al contact pads were deposited at the corners of the graphene
layer and at the rear of the BSG metallised with thermally evaporated Al. In this work, charge
stability to the graphene transfer process was not investigated explicitly, as it was assumed that
the charge concentration, initially distributed randomly in the glassy matrix at a concentration

>10%! /em?, should remain high after transfer.

Figure 6.4 (a) depicts the Rsneet of graphene on 1.1 mm BSG substrates subject to bias-
temperature stress, compared with that of graphene device deposited on a fused quartz
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substrate, where it was assumed that no ions were present that could comparably contribute to
doping. As in Chapter 5, devices were first measured in air, then annealed in vacuum at 350°C
for 40 minutes to remove atmospheric contamination. Measurements were carried out in a high-
vacuum environment to control for atmospheric effects during annealing. The temperature was
subsequently cooled to a stable 200°C so that high Na" mobility in the glass could be
maintained. At 200 C, the Rgneet stabilised at 620 /o and 600 Q/o for BSG and quartz,
respectively. At this temperature, with no bias applied, it is assumed that the ionic species are
homogeneously distributed through the BSG, so no doping from the Na" ion is expected. The
quartz sample exhibits a slightly lower initial Rsheet after annealing, but within the normal range

of typical undoped graphene samples.

After application of a =5 V bias, the Rsheet 0f the graphene/BSG sample reduces further to 465
Q/o at 200 C, while the graphene/quartz sample remains ~600 Q/0, suggesting that the Na*
moved toward the graphene to induce doping. As the bias was increased to —10 V, -20 V, and
—50 V, the Rgneet 0f the graphene/BSG sample reduced further to 401 /o, 360 Q/o and 350
Q/o, respectively. At each bias step, the Rsneer 1s reduced, then plateaus toward a minimum.
This suggests that an increased field is required to migrate more ions toward the graphene and
induce carriers in it. At increased magnitude biases up to —200 V, the Rsneet appeared to plateau,
suggesting saturation of ion migration had occurred. Figure 6.4 (b) depicts the relation between
Rsheet and applied bias for the graphene/BSG sample, presenting an apparent exponential
reduction in Rsheet, With plateaus after a predicted —20 V. At increased bias magnitude, it is
expected that a dynamic equilibrium has occurred, where the ions have reached saturation
concentration at the graphene/BSG interface. As the ion concentration in BSG is >10?! /cm? it
is not likely that ions have been depleted, but possible that a dipole layer has been formed
which opposes further Na* migration. This technique has been used to repeatedly achieve Riheet

~ 350 Q/o in various BSG samples, and as low as 299 Q/o in the champion sample. Typically,
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the Rsneet 1s reduced by ~50% compared to its original value. Despite greater charge carrier
concentrations available for conduction doping than SiO»:K"/Si substrates, the higher Rsheet
demonstrated here could relate to the surface roughness of BSG compared to thermally grown
Si0», which can contribute to additional scattering, and localised doping. With improved
substrate flatness, it is expected that the potential charge carriers that contribute to doping
without contributing towards significant additional scattering will increase, allowing for further
reduced Rsneer. It 1s also possible that the extremely high charge concentration close to the
graphene/BSG interface negatively interferes with graphene’s electronic structure, which could

cause additional Coulomb scattering [325].
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Figure 6.4: (a) Graphene sheet resistance on borosilicate glass over time under negative applied bias at elevated temperatures.
(b) Relationship between applied voltage and minimum sheet resistance obtained.

To reduce potential scattering induced by the Na* ions, a 57+0.1 nm PECVD SiOx layer was
deposited on the surface of the BSG before graphene transfer. The layer was measured using
ellipsometry and its deposition recipe is given in Table 3.2. With the SiOx acting as a barrier
layer, the ions are not expected to aggregate so closely to the graphene layer to cause significant
scattering, but will be sufficiently close to induce a strong, uniform electric field. Figure 6.5
(a) depicts the variation in Rsheer as a graphene/SiOx/BSG structure, subject to various reverse
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bias stresses at high temperatures in vacuum. As in Figure 6.4 (a), the Rgheet reduces with
increasing applied reverse bias, gradually plateauing at very high voltages. This relationship
appears exponential with increasing voltage, as indicated by Figure 6.4 (b). In this case, the
Rsheet reduces by >70% compared to the initial value after annealing. This more significant
reduction compared with the graphene/BSG samples implies less pronounced scattering and
hence improved mobility in this case. Characterisation of layer mobility and carrier properties
in vacuum would provide sufficient evidence to verify this claim, and thus provide greater

insight into the electrostatics of the doping mechanism.
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Figure 6.5: (a) Graphene on a SiOx/BSG substrate, subject to bias-temperature stress under vacuum. (b) Relationship between
bias applied to the graphene/BSG and the Rshee of graphene.

Figure 6.6 (a) and (b) present a graphene/BSG sample subject to a similar high-temperature
bias stress process in vacuum. In Figure 6.6 (a), after annealing at 350 °C, then reduction to
200 C, the Rgneet stabilised at ~850 /0. Subsequently, —200 V was applied at 200°C for 40
minutes, reducing the Rsneet to 373.4 Q/o. The device was allowed to cool under zero bias.
Despite zero bias applied at a temperature sufficient for high Na™ mobility, the Rgneet did not
increase, but reduced further to ~340 Q/o. Figure 6.6 (b) depicts the Rgheet of the device 12

hours later, in vacuum. After 12 hours, the Rsneer increased by just 12 Q/o, to 354 Q/o,
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indicating strong stability at room temperature over time. The device was subsequently
annealed at 200 C for 40 minutes, and was then allowed to cool to room temperature under
vacuum. It was noted that the Rsneet remained low after annealing, at ~360 Q/o, within 20 Q/o
of the lowest Rsneet achieved. This strong stability at high temperatures was also observed in
the Graphene/K":SiO/Si system in Chapter 5, suggesting a similar electrostatic interaction
between graphene and alkali ions at its interface. The same stable behaviour was also observed
after Na” migration in the graphene/SiOx/BSG system. This also implies that Na* ions migrated
in thermally grown SiO> on Si should also demonstrate strong stability, offering the possibility

of inducing migration at lower temperatures and energies for more varied device applications.

T T T T T T T I 1 1 ) ] |
a. b.i
2000 | {1t -
&)
S 1500 | 1r |
@ el W A
[&]
C
S
°
3 1000 - 200 °C 1t .
o
b -200 V |
2 200 °C Ramp to
? 500t 1t 200°C -
.—
0 1 1 1 1 1 1 1 1 | | 1 1 1
T-T 1 I 1 I I I | I ) 1 1 ) )
UggoF 7 1F .. -
c a.ii | b.ii
3
Q 400 - 1{F -
.‘E"
@ 360 1t .
o 340 QI [~
S 320 4 F .
5 1 L 1 " 1 4 1 L [l n 1 " 1 n 1 " 1 " 1 " 1 n 1 L 1 "
0O 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 6.6: Sheet resistance of graphene/borosilicate glass subject to bias-temperature stress over time. (a) Initial
measurement. (b) One day later, left overnight in vacuum.

The Na* ions can also be migrated away from the graphene to induce a negative space charge

region near the graphene through the formation of O*" interstitials. This negative space charge
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region can p-dope 2D materials [182]. Figure 6.7 (a) depicts the variation of Rgneet OVer time in
vacuum, held at high temperatures with a +V bias applied. After initial annealing at 350°C and
reduction to 200 C, the Rgnheet stabilised at ~1400 Q/o. The high Rgheet in this case is likely due
to the relatively poor quality of the transferred graphene. On application of +200 V, the Rgheet
reduced until it plateaued after ~60 mins to ~600 Q/0. As in the case of migrating Na" ions
toward the graphene, this reduces the Rsneet by >50%, albeit requiring more energy to achieve
it. When the bias is removed, the Rsneet quickly returns to the initial value of ~1400 /0, if held
at high temperature. As Na" ions are the only mobile charged species at this temperature, this
result indicates that the stability of the Na" at the rear Al electrode is relatively poor. It is
apparent that at elevated temperatures, the Na" ions gradually return to equilibrium, reducing

the doping effect.

Positive applied bias can also be used to reverse the n-doping effect. Figure 6.7 (b) depicts the
Rsheet variation over time for a graphene/SiOx/BSG device in vacuum, which was previously
subject to a reverse bias at high temperatures. The dotted line indicates the initial Rsheer after
annealing, ~2000 /0, which was subsequently reduced to ~650 /0O after reverse biasing. It
is of note that significant energy was required to move the ions away from the graphene in this
case, where over 40 minutes at an applied bias of +100 V was necessary to return the graphene
to its initial state. This provides further evidence for the strong stability of the Na* ions when

migrated close to the graphene layer.
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Figure 6.7: (a) Graphene sheet resistance on borosilicate glass over time held under positive applied bias at elevated
temperatures. a. Initially undoped sample. (b) Sample previously n-doped, held stably at 200 C before positive bias
application.

As in the case of graphene/SiO,K"/Si in Chapter 5, on return to air, the low Rgneet achieved in
vacuum increased due to the rapid adsorption of atmospheric contamination. However, when
reannealed in vacuum, the low Rsneer achieved when using a negative bias can be recovered as

the Na" ions remain stable at the graphene/BSG interface.

These new observations reveal that the stability of the graphene-alkali ion dipole ensures that
n-doping remains in place after ion migration to the graphene layer. This stability is conserved
even at high temperatures up to 200 C. In contrast, the relative instability of the Na" to the Al
electrode requires a rapid quenching process to ensure that p-doping is maintained [182]. This
p-doping is likely not stable over commercial timescales in an operational PV device in which
it will be subject to potential stress at temperatures sufficient to activate Na* drift [319], [322],
[326], [327]. Additionally, p-doping relies on Na" build-up at an opaque metal/BSG interface,
preventing light transmission through the glass. It is unclear whether such doping could be
preserved if the metal electrode were etched away to enable transmission. Depending on the
length of the Na'/Al dipole, after etching the opaque metal, migrated Na* ions may more easily

reach equilibrium and reduce the graphene doping effect. This may limit the potential of p-
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doped graphene/BSG for TCE applications. In contrast, as n-doping involves a strong
electrostatic interaction at the graphene/BSG interface only, it is unlikely that etching the rear
electrode will impact ionic stability. This insight into n-doping stability could allow for more
varied applications of BSG-doped graphene in optoelectronic devices, with the stability of the
Na'-graphene interaction likely allaying concerns of Na" ion migration into a perovskite cell

from a graphene/BSG TCE.

6.5 Raman Spectroscopy of BSG-Doped Graphene

Raman measurements were conducted after removing the graphene from vacuum and
transporting samples to the Raman microscope for measurement within 1-2 hours of air
exposure. Figure 6.8 (a) and (b) present the relative changes in Raman G and D peak position
for graphene on BSG, before and after Na" ion migration towards the graphene layer. The
observed G peak blueshift of ~4 cm™! in Figure 6.8 (a) indicates that a moderate increase in
doping has occurred [301]. However, the blueshift of the 2D peak indicates that this doping is
p-type [301]. This suggests that the increased density of charge at the graphene surface attracted
increased p-type contaminants from the atmosphere relative to the undoped layer. However,
due to variability in air, it cannot be ruled out that such changes induced by doping are masked
by the vacuum annealing process. For a more conclusive analysis of carrier properties,

measurements in an inert atmosphere, or in encapsulated samples, might be necessary.
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Figure 6.8. (a) G peak, and (b) 2D peak, for graphene on borosilicate glass substrates, before and after high temperature bias
annealing.

6.6 Transmittance of BSG-Doped Graphene

After doping via reverse bias annealing, graphene/BSG samples were returned to air and the
rear metal electrode was removed using an Al etchant consisting of 70% phosphoric acid, 5%
nitric acid, 10% acetic acid, and 15% water. Figure 6.9 depicts the transmittance of the sample
before and after reverse-bias annealing. It is clear that the transmittance has increased slightly,
from ~95% to ~97%, but this can be attributed to the reduction in polymeric contaminants after
undergoing a high-temperature vacuum anneal [204], [295], [328]. Before and after doping,
the transmittance remains high at >95%, confirming that the presence of Na' ions at high
concentration at the graphene/BSG interface did not impact the transmittance of the graphene,
and indicating that Na-based precipitates did not form at high concentration using this

technique.
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Figure 6.9: Transmittance of a graphene layer on borosilicate glass, before and after bias-temperature stress in vacuum. The
dashed line indicates the theoretical maximum transmittance of graphene.

While the migration of Na"ions in BSG enables low Rgheet graphene with >95% transmittance,
the process of ion migration is relatively time-consuming. To be used as a TCE in a device, the
rear aluminium electrode must be deposited, graphene transferred, the front metal electrode
deposited, and the graphene/BSG layer subsequently subjected to a high-temperature anneal
under bias. The metal electrodes must then be removed via etching before device fabrication.
Such requirements hinder its industrial applicability. Additionally, despite showing strong
stability in this work, it is highly plausible that the mobile Na* would contribute towards the
degradation of an adjacent perovskite cell over long-term device operation. While graphene
should be impermeable to atoms as large as Na”, it is possible that some ions may drift through
defect sites and permeate to the perovskite layer. This may necessitate a dense capping layer
such as [ZO to prevent degradation, further contributing to processing time as well as parasitic
absorption. From a device perspective, doping using charge in a borosilicate glass layer offers

limited configuration possibilities, as the introduction of ions via rapid quenching is only
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possible on thick films [303]. To fully exploit ICD-doping in devices, ICDs need to be ultrathin,

rapidly fabricated, and ideally not rely on highly mobile alkali ions.

The remainder of this chapter explores the development of ultrathin corona-charged dielectric
nanolayers to facilitate graphene doping on glass substrates. This approach offers the potential
for an ICD-doping process that can be rapid, industrially scalable, and free from the deleterious

device degradation associated with mobile ions.

6.7 Charged Dielectric Nanolayers for Graphene Doping

To demonstrate stable doping without using mobile alkali ions, an ICD was fabricated by
corona charging dielectric nanolayers at high temperatures. Figure 6.10 (a) depicts the
fabrication process. PECVD is used to deposit the dielectric layers, allowing for highly uniform
deposition on glass in seconds. Fused silica quartz substrates were used to control for the
impact of any additional mobile charges typically present in most glass materials. Charge is
then introduced through an 8-cycle high-temperature corona anneal process. Finally, a

graphene layer is transferred to the surface of the charged dielectric layer.

To facilitate a high, stable charge concentration in the dielectric layers, two candidate structures
were prepared, and are depicted in Figure 6.10 (b) and (¢). Structure 1 is of a ~60 nm PECVD
SiNx layer. The non-stoichiometric nature of SiNyx generates within it a high density of deep
traps in the dielectric bulk, with a density ranging from 10'® to 1.7x10' /em? [329], [330],
[331]. Defects sites, including nitrogen and silicon dangling bonds offer the potential to store
high charge concentrations with low charge leakage [332], [333], [334]. When corona charge
is deposited on the surface at high temperatures, the electric field induced drives the corona
ions into the dielectric, where they can become trapped at such defect states [332]. For these
samples, the corona charging protocol described in Figure 3.4 was modified, to include eight

cycles of: 30 s corona deposition, and 5 min at 450 C, with no alkali ion precursor used. The
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increased temperature and annealing time were used to encourage charge injection into deeper,
more stable traps. The ~60 nm thickness was chosen as it offers an anti-reflective benefit in PV

devices [335], [336].

Figure 6.10 (c) depicts Structure 2. In this case, multiple ~5 nm SiOx and SiNy layers are used.
The additional interfaces between SiOx and SiNy provide additional sites for stable charge
trapping [337], [338]. The layer thicknesses of ~5 nm should be sufficient to allow charge
injection at high temperatures under an electric field, yet thick enough to prevent substantial
charge leakage through tunnelling. The total thickness of the stack is ~60 nm, to preserve a

similar anti-reflective benefit as in Structure 1.
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Figure 6.10: Fabrication process for graphene doped using an ion-charged dielectric nanolayer on a glass substrate. b. ICD
Structure 1, thick PECVD SiNxon glass. c. ICD Structure 2, SiOx/SiNx nanolayer on glass.

The thickness of the fabricated PECVD films was validated using ellipsometry. The recipes
used are indicated in Table 3.2. Figure 6.11 (a) depicts the thickness of single SiOx and SiNx
nanolayers, which were ~3.9+0.1 nm and 4.8+0.1 nm respectively. To account for the impact
of varying substrate environments on the PECVD deposition rate, the total thickness of one

“double” layer consisting of SiOx/SiNx or SiNx/SiOx was compared. Figure 6.11 (b) depicts
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these results, illustrating that the SiOx base layer sample is slightly thicker by ~ 3 nm, likely
due to the more favourable deposition of a SiOx layer on the substrate relative to SiOx
deposition on SiNx. When this process is repeated 6 times, the deposited multilayer reaches a
thickness of ~53.4+0.4 nm. This thickness appears plausible assuming a linear deposition-time
relationship, however, it may differ slightly from the actual value due to the difficulty in
accurately fitting the ellipsometry model to such a layer with multiple interfaces. Finally,
Figure 6.11 (d) depicts a case where the basic SiNy recipe is extended 12 times longer than the
initial recipe, yielding a thickness of 66.7+0.6 nm. The 66.7 nm SiNx and 53.4 nm multilayer
structures provide the recipe for “Structure 1” and “Structure 2” respectively, for use for

charging and graphene doping.
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6.8 Characterisation of Charge Concentration in Dielectric Nanolayers

The charge concentration in the charged dielectrics was measured using Kelvin probe.
However, due to the 1 mm thickness of the quartz layer, measurements on these substrates
proved challenging. The relative signal from the charge on a <100 nm layer on a I mm quartz
substrate was determined to be too small to measure accurately using KP. For charge
characterisation, the SiNx/SiOx multilayers were instead deposited on a silicon substrate, with
native oxide removed using 1:7 concentration hydrofluoric acid. It is not expected that the

corona charge stability of dielectrics on glass substrates should differ from that on silicon, as
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the charge principally resides in the deposited layers themselves [339]. Figure 6.12 depicts the
Kelvin probe map across an 8 x 8 mm? PECVD SiNy layer of thickness 66.7+0.6 nm, with
Figure 6.12 (a) depicting the measurement scan setup. Figure 6.12 (b.i) and (b.i1) depict the 3D
and 2D surface plots of the CPD measured before charging. The mean CPD measured in the
uncharged state was —0.54 V. Figure 6.12 (c).i and c.ii depict the CPD 3D map and 2D surface
plot of the same layer after undergoing the 8-cycle corona anneal process. After charging, the
CPD increases to a mean of —1.51 V, with a variation of just 3.7 mV across the surface.
Assuming most charges reside in the bulk of the SiNx[329], [330], [334], this corresponds to a
positive charge of magnitude ~3.2x10'® g/cm?. This is on the upper end of literature values for
bulk charge in SiNx, which typically reach ~ 10" g/cm?, indicating that the high-temperature
corona anneal process efficiently introduced a high charge concentration to the dielectric [340].
This uniform, high charge concentration indicates the potential ICD-doping across large-area

graphene samples interfacing with it, with limited impact on graphene mobility.
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Figure 6.12: Kelvin Probe Mapping of the surface of a 60 nm SiNx layer on silicon. (a) Measurement set up. (b.i) and (b.ii)
Before corona anneal. c.i and c.ii. After corona anneal.
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The charge storage in the SiOx/SiNx multilayer structure was then investigated in the same way
as in the case of a ~67 nm SiNx. Figure 6.13 (a) depicts the measurement set-up used for KP
mapping of the surface. In this case, a mask was used to deposit ~53 nm multilayer stack on
one side of an HF-cleaned silicon wafer only, enabling the variation in charge between the
layers to be visualised. Figure 6.13 (b.i) and (b.ii) depict the 3D and 2D surface plots of the
CPD measured before charging. The mean CPD on the uncharged multilayer surface was —0.34
V. Figure 6.13 (c.i) and (c.ii) depict the 3D and 2D surface plots of the CPD measured after
charging. The CPD at the charged region now increases in magnitude to a mean of —2.67 V.
To calculate the charge in the dielectric stack, we can assume an effective oxide thickness .,

following:

Esiox
terf = tsiox + (tSiNx P ) (6.1)
SiNx

Using this effective thickness, and assuming the charge primarily resides in the bulk of the
dielectric stack, the charge after corona annealing is calculated as 2.4x10'* g/cm?. This should

be a sufficiently high charge concentration to induce doping in an adjacent graphene layer.
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Figure 6.13: Kelvin Probe Mapping of the surface of charged SiO/SiNx dielectric on silicon. (a) Measurement set up. (b.i)
and (b.ii.) Before corona anneal. (c.i) and (c.ii) After corona anneal.

6.9 Characterisation of Rsneet Variation of Graphene Doping Using Dielectric

Nanolayers

To characterise the variation in Rsheet in the charged dielectric nanolayers, substrates were
fabricated such that one half'is coated in a charged dielectric layer, with the other half in contact
with the bare quartz substrate only. Due to the large thickness and lack of conductive pathways
on the quartz substrate, the charge on the quartz will remain primarily on the surface during
corona annealing, and so is likely to be removed by water and solvents during graphene
transfer. The charged nanolayers are assumed to remain relatively stable to the graphene
transfer. The solvents used will primarily interact with loosely trapped surface charge, while

the 180 °C 15 min annealing process is likely too low to release the charge which is assumed to

be held at high-energy deep bulk traps.

The graphene is transferred such that half is in contact with the charged layer, and half is in

contact with the uncharged quartz layer. There is significant inter-sample variability in Rsheet
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between CVD-grown graphene deposited via the wet transfer in this work, making it difficult
to determine whether reductions in Rsheet measured in air were due to variations in processing
conditions or due to doping. However, the Rsheet measured at different positions near the centre
of the graphene layer are relatively uniform. Therefore, measuring the Rgneet 0f the same sample
on a charged region and on the bare quartz provides a good indicator of whether the charged

dielectric was sufficiently charged to contribute to doping.

Figure 6.14 (a) depicts the measurement process, where the 4PP method was used to measure
the Rsneer at different positions on the surface of the graphene layer, in air. To minimise the
impact of atmospheric contamination on measurement, devices were placed in a nitrogen-
purged low-vacuum chamber immediately after PMMA removal, and measured using 4PP in
air promptly after removal from inert conditions. Figure 6.14 (b) depicts the Rsheet measured
across five samples with Structure 1, with ~67 nm SiNx layer. The mean Rsheet 0f the graphene
on the quartz was 497.6 Q/o, while the Rsneet Over the charged region was 452.4 Q/o. The
particularly careful control of atmospheric contamination in these samples likely contributed
to their relatively low Rsnheet in both cases. The slight reduction in Rsheet by ~50 /00 on the SiNx
layer indicates that doping was induced by the charge concentration within it. Figure 6.14 (c)
depicts the Rsheet measured for Structure 2, with a ~53 nm SiOx/SiNx multilayer. The Rsheet of
the graphene on the quartz was 580.4 Q/o, while the Rsheet Over the charged multilayer was
reduced by ~95 Q/o to 484.1 Q/o. This larger reduction in Rsneet relative to the charged SiNx
could indicate more stable charge at the SiOx/SiNy interfaces. However, as these variations
could also relate to variation in graphene quality or atmospheric contamination, a more detailed
examination of charge decay in these layers is necessary to make firm conclusions about the

mechanism at work.

The ultimate achievable Rgneet in both cases is likely limited due to atmospheric contamination.
The behaviour observed here is similar to that demonstrated by Graham et al for graphene
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transferred to ion-exchanged glass with a high charge concentration at the surface [302].
Graham et al. demonstrated a modest 70 Q/o shift in air from ~1.39 kQ/o to 1.32 kQ/o on
charged substrates. However, charged samples encapsulated with a 40 nm thick ALD Al,Os
layer exhibited a ~5% reduced Rsheet compared to those on uncharged quartz, reducing from
~1.2 kQ/o to ~250 Q/o [302]. It is believed that the charged samples described here should
behave similarly in vacuum, or if ALD-encapsulated, provided that atmospheric contamination

before encapsulation can be limited.
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measurement set up. (b) Four-point probe Rsieer of graphene on SiO: quartz and charged SiNx. (c) Four-point probe Rsieer of
graphene on SiO:> quartz and charged SiNv/SiOx multilayers.

6.10 Raman Spectroscopy of Graphene on Charged Dielectric Nanolayers

Raman spectroscopy was carried out on the fabricated devices in air, to determine whether the
different charged substrates contributed to different doping environments. As in the Rsheet
measurement, samples were kept in an air-free environment before measurement. Figure 6.15
(a) and (b) depict the G and 2D peak positions for graphene on the quartz layer and the charged
SiN dielectric respectively. The positions of the G peaks at 1588.0 cm™! and 1585.7 cm™!
indicate that the graphene is moderately doped on both substrates. However, the 2D peak of
the graphene on the charged layer is notably redshifted by ~6 cm™! compared to the graphene
on Si0». This indicates that the introduction of positive charges to the substrate layer provided
n-doping to the graphene [301].
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Figure 6.15: Raman (a) G and (b) 2D peaks of graphene doped using charged dielectric nanolayers.

6.11 Transmittance of Graphene on Charged Dielectric Nanolayers

Finally, the transmittance of the graphene on charged dielectric nanolayers was compared.

Given the nature of the doping process, it was not expected to contribute substantially to any

additional absorption or reflection. Figure 6.16 depicts the transmittance of graphene on an

uncharged SiNx layer, compared with graphene on a charged SiNy layer, with the uncharged

SiNx substrate used as the background reference for the measurement. Both layers exhibit high

transmittance >95%, indicating that the charging did not contribute substantially to light

absorption or scattering. The charged layer has a slightly reduced transmittance at ~95% in the

450-800 nm range. This variation could be due to changes in SiNx properties after annealing,

but such effects are likely minimal. A 2% variation is within the range of absorption induced

by polymeric contaminants from the transfer process, so this is assumed to be the dominant

source of reduced transmittance in the charged sample. This result indicates that the charging

process can dope graphene without impacting transmittance substantially.
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6.12 Discussion and Conclusions

In this Chapter, glass-based ion-charged dielectrics were developed and investigated, with the
goal of demonstrating an ICD-doped graphene layer that could be feasibly integrated as the
glass substrate in a 4-terminal tandem cell, or single-junction perovskite cell. It was confirmed
that Na" ions, when migrated to the graphene/BSG interface provide strong n-doping for Rspeet
<300 /0O, with strong stability to elevated temperatures and over time. The use of a SiOx
buffer layer was investigated, with evidence indicating that this additional interface reduces
scattering at the graphene surface, enabling a >70% reduction in Rsneet. The space-charge
doping induced by the net migration of Na" to the opposite end of the device for p-doping was
also confirmed, except this process exhibited significantly reduced stability compared to the n-
doped sample. The impact of the Na* doped layer on graphene’s Raman peaks in air was also
investigated, revealing that the high concentration of positive charge under the graphene layer

likely induced increased atmospheric adsorption. As this process does not impact
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transmittance, provided a suitable encapsulation process can be developed, BSG-doped

graphene offers strong potential for TCE applications.

Doping using a dielectric nanolayer consisting of SiOx/SiNx was also investigated to facilitate
ultrathin ICD-graphene layers. A strong charge concentration >10'* /cm? was demonstrated in
PECVD-grown SiNy and SiOx/SiNx multilayers after a high-temperature corona anneal
process. It was noted that graphene on the charged SiNx and SiOx/SiNx multilayers exhibited a
reduction of Rspeet 0of ~50 and ~90 Q/0O compared to an uncharged quartz layer, suggesting
moderate n-doping, confirmed via Raman spectroscopy. It was also evident from
measurements that the charging process did not contribute substantially to transmittance losses.
However, the relatively small shift in Rsneet indicates that air-free conditions are likely
necessary to exploit the benefit of the high dielectric charge concentration for substantial
graphene doping. If appropriate encapsulation can be achieved, it would offer the possibility
of graphene-ICD integration in a wide array of device applications where low Rneet 1s desirable.
The development of encapsulation methods for ICD-doping will therefore be investigated in

Chapter 7.
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Chapter 7

ICD-Encapsulation of Graphene
7.1 Introduction

tmospheric contamination is a critical challenge to ICD-graphene device integration.
AA recurring motif in Chapters 4-6 is that, even though very high charge concentrations
are achieved in the substrate, the ultimate achievable Rsneet in graphene is limited by the
adsorption of atmospheric contaminants. Samples annealed and then n-doped in a vacuum often
became p-doped upon returning to air. This change is assumed to result from the pronounced
adsorption of p-type atmospheric dopants induced by the charged substrate. Such unpredictable
doping profiles in air limit the applicability of ICD-doped graphene in devices. As vacuum
conditions are not practical for photovoltaic device applications, a suitable encapsulation

technique is necessary.

For four-terminal tandem, or single-junction perovskite devices, graphene encapsulation can
be comparatively straightforward. In these cases, the ICD/graphene layer is prepared where the
protective layer used for transfer is removed in an inert/air-free environment. The
graphene/ICD is then coated with a suitable perovskite charge transport layer in the same
inert/air-free environment. In this way, the front surface of the graphene becomes encapsulated
by the deposition of the perovskite cell materials. This approach could serve as a viable strategy
to integrate ICD/graphene into PV cells, using the ICD structures developed in Chapter 6.
However, these methods all rely on ICD fabrication on thick glass substrates and require high-
temperature annealing. For two-terminal devices, such processing conditions and architecture

are not usually compatible.

In a two-terminal structure, the graphene layer should be deposited directly on the charge
transport layer at the front side of the cell, and the ICD layer deposited on the graphene
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thereafter. In this configuration, the dielectric layer must serve both as an encapsulant and an
ICD. Figure 7.1 (a) depicts a conventional two-terminal perovskite/silicon tandem cell, while
Figure 7.1 (b) depicts a proposed two-terminal perovskite/silicon tandem structure
incorporating an ICD/graphene layer at the front. In the proposed structure, the front TCO and
buffer layer are replaced with a graphene layer encapsulated by an ICD. The TCO buffer is not
necessary, as graphene deposition can be gentle, without causing perovskite or charge transport
layer damage [104], [105], [106], [167], [341]. An anti-reflection coating is deposited on top
of the ICD to improve light coupling, although the ICD itself could be adjusted to serve this
purpose. However, this structure presents major processing challenges: ICD deposition must
not damage the graphene, the ICD must be deposited at low temperatures, ideally < 100 C to
prevent damage to the perovskite cell layers [342], [343], [344], and the ICD must be suitable
for deposition over large areas. The development of a highly-charged ICD encapsulant that can
meet these limitations while doping graphene is critical to realise ICD/graphene integration in

two-terminal tandem cells.

TCO/Buffer Graphene/ICD ' &
s layer

Perovskite Perovskite

HTL
Interconnection TCO
__n-a-Si”
i-a-Si
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Interconnection TCO
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i-a-Si
p-a-Si

Rear TCO

i-a-Si
p-a-Si
Rear TCO

Figure 7.1: (a) Standard two-terminal perovskite/silicon tandem cell structure. (b) Two-terminal perovskite/silicon tandem
cell incorporating an ICD/graphene front TCE.

This Chapter studies two approaches to developing such ICD encapsulation of graphene. These
approaches will address the importance of encapsulation in preserving strong doping in air
using ICD-doped graphene layers. With optimisation aimed at improved charged storage and
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stability, these methods could enable ICD integration in tandem photovoltaic cells.
Additionally, the development of ICD-substrates alongside ICD-encapsulants introduces a new
profile for exploring 2D materials, where a potential dual-ICD-gated structure could provide
stable charge concentrations approaching the theoretical limit for 2D materials of several 10'*

/em? without requiring an externally applied gate bias.

7.2  Graphene Encapsulation

Graphene encapsulation can improve charge carrier stability and reduce scattering by
preventing the ingress of atmospheric contaminants [345], [346]. High-quality encapsulation
methods, such as those using 2D hexagonal boron nitride (hBN), can enable ballistic carrier
mobility >100,000 cm?/Vs at room temperature [347], [348], [349]. However, despite recent
progress in CVD-based hBN growth [350], high-quality 2D hBN fabrication is usually limited
to micron scales, restricting such encapsulation to research-scale environments [347], [351]. A
robust, large-area encapsulant is therefore essential to facilitate optimum graphene properties

in practical solar devices.

A facile approach to encapsulate 2D materials over large areas is to coat them with polymers
such as PMMA or PDMS [352], [353], [354], [355], [356]. These materials are simple to
deposit at room temperature using spin- or spray-coating, allowing deposition without causing
damage to 2D materials [195], [357], [358], [359]. PMMA is known to be a useful dielectric
for gate tuning of graphene devices [354], [360], [361]. However, its relatively low dielectric
constant (3-4) limits its utility in complementary metal-oxide semiconductor (CMOS)

applications which require low-thickness, low-leakage dielectrics [354], [361], [362].

The need for high dielectric constant encapsulants for CMOS applications has motivated the
development of atomic layer deposition (ALD) fabricated gate dielectrics on graphene [363],

[364], [365]. The soft deposition of ALD layers at relatively low temperatures enables the
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encapsulation of graphene with limited damage, with optimised layers only slightly reducing
its mobility [365]. ALD has been used to deposit high-quality AlOx and HfOx layers on
graphene at temperatures of <130°C, making it compatible with the temperature constraints of
a tandem cell [365], [366], [367], [368]. ALD is a well-established technique in the fabrication
of perovskite/silicon tandem cells, where it is typically used to deposit SnO, electron transport
layers on perovskite absorbers [369]. This combination of high-quality and low-temperature
dielectric deposition makes ALD-deposited dielectrics a promising approach to integrating

ICD/graphene in tandem cells.

Independently, PMMA and AlOx layers have been demonstrated to store high concentrations
of ionic charge [370], [371], [372], [373]. Knowing that applying an external gate bias to these
materials induces the field effect in graphene, it is reasonable to assume that building a high
concentration of ionic charge in these polymer or ALD dielectric layers, could enable graphene
doping via the field effect. This presents a method to achieve ICD-doping using encapsulating

layers.

In this chapter, the ability of PMMA and AlOx layers to store charge is explored. Charged
PMMA and AlOx layers are then used to demonstrate graphene doping using an encapsulating
ICD. Such insights offer a roadmap for achieving low Rsneet ICD-doped graphene integration
into optoelectronic devices with constrained fabrication requirements, such as tandem solar

cells.

7.3 Charge Storage in PMMA for Graphene Doping

PMMA is a polymer of methyl methacrylate with a repeating structure of —[CH> —
C(CH3)(COOCH3)]n— molecules [374]. The COOCH3 groups in PMMA are polar and can
create dipoles which interact with charge and readily accumulate charges incident upon them.

A significant charge build-up on PMMA has been demonstrated by the deposition of positive
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and negative corona charges on its surface [375], [376], [377]. Along with polar COOCHj3
dipoles, charge can also accumulate due to surface defects and impurities at the surface which
can cause charge trapping. Variations in humidity, temperature and roughness have also been
shown to impact the charge storage potential of PMMA [371], [375], [376]. Due to PMMA’s
widespread use in 2D materials processing, corona-charged PMMA is an ideal candidate to

investigate ICD-encapsulation of graphene.

Corona charge deposition on PMMA has been used to induce an electric field to generate
carriers in epitaxial graphene grown on silicon carbide substrates in previously published work
[378]. However, this investigation was limited: characterisation was restricted solely to Hall
bar measurements of mm and pm areas, details regarding the stability of the charge storage
was not revealed in the data provided, and the corona deposition was poorly controlled using a
commercial anti-static gun held at a distance from the sample. In the first half of this Chapter,
this method will be examined further, revealing new insights into charge stability and the

impact of different polarity charges on the doping of graphene.

7.4 Characterisation of Charge Storage in PMMA

To characterise charge storage on the PMMA layer, a silicon substrate was first prepared by
etching in hydrofluoric acid at a concentration of 7:1 for ~30 seconds to remove surface oxides
which can store charge. A PMMA layer was immediately spin-coated on the silicon surface,
following the same recipe as used for the protection of graphene during transfer, described in
Table 3.4. The thickness of the spin-coated PMMA was measured using a DekTak

profilometer, with mean thickness found to be 251421 nm.

Figure 7.2 (a) depicts the KP measurement setup. The CPD was measured at the PMMA
surface, and the surface was then subject to negative or positive corona charge. Figure 7.2 (b)

presents the CPD at the PMMA surface as the device is held under negative or positive corona
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charge. In the case of the negative charge CPD increases rapidly with increasing charging time,
saturating after ~60 seconds to around 80 V, indicating significant negative charge build-up on
the surface of the PMMA layer. Charging beyond 60 seconds led to measurement difficulties
due to strong static build-up, which often prevented price KP positioning close to the PMMA
surface. The presented values from 60-240s are the CPD measured after a few minutes of
charge dissipation. It is likely that the CPD is >100 V after charging, but stable measurements

at this voltage were not possible.

When positive charge is deposited on the PMMA, the CPD increases gradually in magnitude
from ~0 V to <80V over 4 minutes of total charging time, indicating a high concentration of
positive charge at the film surface. In contrast to negative charge deposition, in this case, stable
CPD measurements could be obtained each interval. This suggests the PMMA layer has the

capacity to store significantly more negative than positive charge.

(a) (b) 1) v 1 v 1 v T v 1) v ) v 1
80 | .
lb______KP tip S
3
c 40 + -
Y o
£
a
-30 kV or +30 kV s O 1
oLBl, © 15
o )
® o & -40 - 7
3 o |
°c ¢ o S ~30 KV
O -80 _
| oK

0 40 80 120 160 200 240
Time (s)

Figure 7.2: (a) Schematic of Kelvin probe CPD measurements and corona charging of PMMA layers on silicon. (b) Contact
Potential Difference of a PMMA/Si sample as it is held under negative or positive corona charge.

To determine whether corona charge remains stable on PMMA over time, the CPD was

measured as the device was held directly under the KP tip, in air, for an extended period. Figure
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7.3 (a) depicts the variation in CPD on a negatively-charged PMMA/Si sample over 8 hours
after charging. The initial points exceed 100 V, but this charge dissipates quickly. After 4 hours,
the CPD decreases to ~30 V, eventually plateauing toward ~25 V after 8 hours. Figure 7.3 (b)
depicts the variation in CPD on a positively-charge PMMA/Si sample over time. Here, the
charge decay is significantly faster, with the CPD increasing to over — 25 V within 80 minutes.
This demonstrates that a high concentration of negative charge remains stable on the PMMA

surface on the timescales of hours, while positive charge stability on PMMA is limited to a few

minutes.
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Figure 7.3: Decay in contact potential difference over time, as PMMA/Si samples are left in air after (a) negative corona
charging, and (b) positive corona charging.

The higher stability of negative charge relative to positive charge on PMMA indicates a non-
symmetrical charging mechanism. In a previous report, positive corona charge on PMMA was
reported to be more stable in air than negative corona charge [371]. As negative charge stability
was reduced in increased relative humidity environments, it was proposed that the absorption
of H" from water at the surface caused increased neutralisation of the deposited negative charge
[371]. However, it is postulated in this work that the higher electric field generated by the

corona apparatus provided sufficient energy for charge trapping of deposited electrons near the
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surface of the polymer matrix. This improved the stability of negative charge, which persisted
for several hours. This is corroborated by previous work which reveals a ~2x greater density
of electron traps in PMMA as compared with hole traps [376]. Further processing the PMMA
layer through functionalisation or surface modification using oxygen plasma, could lead to

increased charge concentration and improved stability.

Assuming a maximum CPD after negative charging of ~135 V as recorded in Figure 7.3 (b),
the approximate charge concentration on the PMMA can be calculated using Equation (3.1).
Taking the PMMA thickness to be ~250 nm and the dielectric constant to be ~3-4, the charge
concentration on the dielectric after negative charging can be approximated as 8-12x10'? /cm?,
likely sufficient to induce graphene doping. This calculation assumes the dielectric constant of
the PMMA layer remains constant close to its literature values. However, PMMA has been
shown to be degraded under high concentrations of corona charge, potentially causing
molecular changes, modifying its dielectric constant and improving charged storage [371].
Moreover, the instability of CPD measurement for values >80 V suggests that a greater charge
concentration charge on the surface, up to several 10'* /cm? but may be present but
unmeasurable using KP. Additionally, it is possible that the polymer undergoes structural
changes under long-term corona exposure at a high voltage, which allows charge to hop or to
tunnel between localised states in the bulk of the material [376]. These bulk charges are not
easily detectable using the KP, and their determination likely requires advanced
characterisation of the electronic structure via methods such as x-ray photoelectron
spectroscopy. It is therefore expected that the negative charge on the layer is likely greater than

this approximate value calculated here of ~10'® /cm?.

The poor stability of the positive corona ions could be related to the comparatively low hole

trap density in PMMA [376], where they instead react with negative species in the ambient air
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such as OH™ - (H20),, reducing the overall charge on the surface. Therefore, negatively-charged

PMMA appears to offer the most utility toward ICD-doping of graphene.

7.5 PMMA Encapsulation of Graphene
Figure 7.4 depicts the PMMA/graphene encapsulation process. Initially, graphene was

transferred onto an insulating substrate and fabricated into a standard vdP structure with
thermally-evaporated Al contacts. A silver electrodag contact was painted over the Al pads and
allowed to dry. The Ag paint was then covered using Kapton tape. The PMMA layer was spin-
coated on the surface of the graphene, and baked following the standard recipe described in
Table 3.6. Profilometry was used to confirm that the PMMA thickness over the graphene layer
was also ~250 nm, as in the silicon substrates. Removal of the Kapton tape facilitated electrical

contact between deposited measurement probes and the graphene.
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Figure 7.4: PMMA encapsulation process for graphene used in this work. (a) Graphene is transferred to a substrate and
fabricated into a vdP structure with Al and Ag metallisation. (b) The Ag contact is covered using Kapton tape. (c) PMMA is
spin-coated on the graphene surface. (d) The Kapton tape is removed, enabling the measurement of the graphene encapsulated
with PMMA as it is subjected to corona charge deposition.

7.6 Electrical Characterisation of Graphene on Charged PMMA
Figure 7.5 (a) presents the change in Rsheet 0f a PMMA/graphene device with respect to negative
charging time. The initial Rsheet was ~600 /00, reducing to 553 /0O after PMMA deposition,
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likely due to reduced air exposure. As the concentration of corona charge on the PMMA
increased, the Rsneet Of the graphene decreased, appearing to saturate after 3 minutes, similar to
the saturation in charge concentration observed when measuring in CPD measurement. After
10 minutes of total charging, the Rsheet reached a minimum of 350 /0. This provides strong

evidence that the charge on the PMMA is inducing doping in the graphene layer.

Figure 7.5 (b) depicts the Rsheet of the same sample, subject to further corona charging processes
after allowing the charge to decay. After leaving the sample for 1 day in air, the Rsheet increased
by 100 Q/0, from ~350 /0O to 450 Q/0, likely due to the instability of the negative charge
on the film. After another day, it increased by a further 25 /0O to ~475 Q/0. The smaller
change in Rsneet on the second day is likely due to the plateau in charge decay rate over time
observed in Figure 7.3 (a). On subsequently charging over several hours, the Rsheet of the

graphene reduced to a minimum of 328 /0, a >45% reduction from its initial value.
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Figure 7.5: Sheet resistance of a PMMA/graphene sample as it is subject to negative corona charge over time. (a) Initial
charging. (b) Charging, allowing for the charge in the PMMA to decay over different time intervals.

Figure 7.6 (a) and (b) depict how the carrier concentration and mobility of the same device as
depicted in Figure 7.5 under negative bias. Adding the PMMA layer reduced carrier

concentration and increased mobility, suggesting that PMMA encapsulation mitigated
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atmospheric contamination and reduced scattering. There is a clear trend of increasing carrier
concentration with negative charging over time, with a peak around 5x10'}/cm? measured after
~2 hours of charging. The carrier concentration achieved is greater than predictions from CPD
measurements, indicating that changes in PMMA morphological or molecular changes may
have occurred due to prolonged exposure to high negative charge concentrations. Over the
same period of charging, the device mobility declined significantly from ~910 cm?/Vs to ~380
cm?/Vs, a reduction of over 50%. This decrease could likely be mitigated through the reduction
in PMMA roughness, which would lower reduce scattering. However, as roughness provides
additional localised states for charge trapping, the surface structure must be optimised for a

balance of charge concentration with scattering effects [376].
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Figure 7.6:(a.i), (a.ii) Carrier concentration and mobility (b.i), (b.ii) of a PMMA/graphene device as it is subject to negative

corona charge over time.

The impact of positive charge on the Rsneet 0of a PMMA/graphene device was then investigated.

Figure 7.7 depicts the variations in Rsneet, carrier concentration and mobility of a

PMMA /graphene subjected to positive charge, plotted with the same y-axis scale as that of

Figure 7.6 for ease of comparison. Positive charge had a much weaker effect on the Rsheet. As

the graphene is initially p-doped from atmospheric contaminants, the slight reduction in carrier

concentration implies that the deposited positive charge induced additional negative carriers to

neutralise the surface, but not sufficiently to induce n-type behaviour.

156



(a) (b) ()

30KV =30k |

3.0x10™ - B

@

S

=}
I

= 2.5%10™ - b

-

o

k=1
1

2.0x10™ | B

Mobility (cm?/Vs)

IS

o

o
T

Sheet Resistance (/1)
2
3
T
Carrier Concentration (/cm?)

Z

8

1

13 L i
400 L 1.5%10

500 B
350 ! L L I I L 1.0%10" I I L I L ! | L 1 1 1 1 1 1
o 50 100 150 200 250 0 40 80 120 180 200 240 40 80 120 160 200 240

Charging Time (s) Charging Time (s) Charging Time (s)

o

Figure 7.7: Sheet resistance (a), carrier concentration (b) and mobility (c) versus positive charging time for a
PMMA/graphene device.

Identifying this slight reduction in carrier concentration, it was proposed that positive charge
deposition may be sufficient to reverse the impact of negative charge, by neutralising the
deposited negative corona ions on the surface of the graphene. Figure 7.8 (a) and (b) depict the
variation in Rsheet and carrier concentration as a PMMA/graphene device is subjected first to
negative, and then positive corona charge. Within 5 minutes of applying positive corona
charge, both the Rsneet and carrier concentration return to their initial values of ~580 Q/o and
1.2x10" /em?, respectively. This indicates that the charge induced by the positive ions
effectively neutralised the charge induced by negative ions. After ~50 minutes of positive
corona time, the Rsheet increases to ~1500 /o, while the carrier concentration approaches 10!
/em?. This indicates depletion of the positive carriers, as the device approaches n-type
behaviour. However, further charging was insufficient to activate n-type behaviour, likely due
to the instability of the positive charge as discussed previously. Additionally, as the device is
left in air after positive charging it quickly returns to its initial state, likely due to the adsorption

of p-type atmospheric contaminants.

The ability to reverse the n- doping induced by the positive ions uncovers new functionality
for device application, where the switching between n-type and p-type graphene without using

an externally applied dielectric field can be applied.

157



(a) (b)

T T T T T T T
Time in
1500 - Air: 4x10" | i
1 2n T
—_— rs o~
L1250 | ° . g
c = 3x10" |- .
c
g 2
§ 1000 - . £ Time in
w 2 days S 5x10'® | A
] ] :
&’ c
o
5 0r ] o 2 days
2 Q 1x10' | 1
(2] [ ] © 2 hrs
500 | - [&]
ot 4
250 ! L - L . L ! . 1 . 1 . 1
0 20 40 60 0 20 20 50
Charging Time (minutes) Charging Time (minutes)

Figure 7.8: The sheet resistance (a) and carrier concentration (b) of PMMA/graphene samples subject to corona charge of
different polarities

7.7 Raman Spectroscopy of Graphene on Charged PMMA

The Raman spectra of the graphene encapsulated with charged PMMA were then investigated.
Devices were first measured prior to charging. After being subject to negative corona charge
for 10 minutes, the Raman spectra were measured within 40 minutes. This interval was deemed
appropriate for measurement without significant charge decay due to the relatively good
stability of negative corona charge on PMMA on the timescale of hours. Devices were
measured at different spots on the surface, using short acquisition times and very low laser
power to minimise charge degradation at the surface that may be caused by the local heating
of the PMMA during measurement. Figure 7.9 (a) and (b) depict the G and D peaks of the
devices, before and after negative charging of the PMMA layer. There is a clear blue-shift of
both the G and D peaks of the charged devices, indicating that the charged layers were p-doped

by the addition of negative charge on the surface of the PMMA [301].
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Figure 7.9: Raman G (a) and 2D (b) peak positions of a PMMA/graphene sample before and after negative corona ion

deposition.

7.8 Transmittance of Graphene on Charged PMMA

After confirming that p-doping was induced by the negatively charged PMMA layer, the

impact of the charge on transmittance was investigated. Figure 7.10 depicts the transmittance

of PMMA/graphene on BSG substrates from 400-800 nm, before and after charging, with an

uncoated area of the BSG glass slide used as the background reference. The transmittance

profile appears slightly different from that of typical graphene samples, with a peak ~450 nm

likely due to interference from the PMMA layer. There is no significant change in the spectra

before or after charging, indicating that this ICD-doping process does not impact the optical

transmittance of graphene.
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Figure 7.10: Transmittance of a PMMA/graphene layer before and after negative charging.

These results confirm the potential of charged polymers to induce strong doping in an
interfacing graphene layer without impacting transmittance. However, due to the relative
instability of the charge on the PMMA over time, it does not yet provide reliable device-
relevant doping functionality. Improvement in charge stability may be achievable through
oxygen plasma treatment of the PMMA layer before corona deposition. This could help to form
oxygen functional groups on the surface which could more effectively store charge. If achieved,
a polymer-based ICD-doping approach could be of significant relevance to device architectures

where flexibility is desired.

To integrate ICD-doping in photovoltaic cells, stability over commercial timescales is essential.
It 1s therefore necessary to investigate the use of more stable inorganic dielectrics for ICD-

doping and encapsulation of graphene.

7.9 Charged AlOx as an ICD for Graphene Doping

AlOx is an inorganic dielectric with a strong potential for stable ICD-doping and encapsulation
of graphene. AlOx has a high density of traps that can store charge carriers, such as corona ions

[372],[379], [380]. The deposition of corona charge on AlOx is conventionally used to measure
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its level of negative fixed charge for surface passivation in silicon solar cells [372], [380]. In
this work, it is proposed that corona charge deposited and stored in these surface and trapped

states in AlOx can be used to dope an interfacing graphene layer which it encapsulates.

The encapsulation of graphene with AlOx via ALD has become a well-established technique in
research environments over the last 10-15 years [365], [368], [381], [382]. However, the
deposition of high-quality dielectrics on graphene remains challenging. The lack of out-of-
plane bonds in graphene makes it so that ALD-deposited layers on CVD graphene tend to
aggregate at defect sites, grain boundaries and wrinkles, making it difficult to achieve uniform,
thin dielectrics with few pinholes [365]. ALD AlOx deposition on graphene often requires
surface functionalisation and carefully controlled conditions of temperature and water pulsing,
which require extensive optimisation to achieve good uniformity and a high dielectric constant

[365].

Due to the relative complexity of developing a recipe to deposit ALD AlOx on graphene in-
house, an AlOx fabrication technique based on the thermal evaporation of an ultrathin layer of
aluminium was used in this work, similar to that developed in refs. [383], [384]. Such layers
can be used as thin seed layers on which higher-quality AlOx can be grown via ALD. The
remainder of this Chapter discusses the fabrication of such a thermally-evaporated AlOx layer
on graphene without inducing damage, and the use of corona ions to build up a strong charge

concentration in the AlOx and induce doping in the graphene.

7.10 Fabrication of Thermally-Evaporated AlOx layer

The conditions necessary for thermally-evaporated AlOx formation were first investigated on
silicon substrates. A bare silicon substrate was prepared by HF-etching, such that all surface
oxides were removed. The substrate was then immediately placed in vacuum, where a 1.0-1.5

nm layer as measured using a calibrated crystal monitor was deposited at <10 mbar. The
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deposition rate was finely controlled at ~2-3 A/s to ensure uniform deposition. Following
deposition, the Rgsneet of the surface was measured using the four-point probe. The layer was
subsequently annealed at different temperatures and intervals over time. Figure 7.11 depicts
the variation in measured 4PP resistance with annealing conditions. In the case of the “1.5 nm”
Al, the Rgsneet remained constant from ~250 Q/o under annealing up to 350°C. When the
temperature was increased to 400 ‘C, the resistance increased to ~800 /o, indicative of partial
surface oxidation being activated at this temperature. For “1 nm” Al, a 400 °C anneal over 30
minutes increased the Rgneet from ~300 Q/o to >1 GQ/o. As this value is beyond the
measurement limit of the device, it can be assumed that 400 C anneal process was sufficient
for complete oxidation of the Al surface. For the 1.5 nm layers, oxidation took over 90 minutes

at 400 °C. This increased temperature-stress may degrade an underlying graphene layer, so the

“1 nm” recipe was used henceforth.
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Figure 7.11: 4PP sheet resistance of Al layer as it was annealed under different temperatures over time. (a) 1.5 nm and (b) 1
nm layer as measured by the thermal evaporated crystal monitor.

To confirm that the entire Al layer had oxidised, vdP devices were fabricated on insulating
substrates. Initially, Ag electrodes were deposited on four corners of a SiO»/Si substrate. A
brass mask was used to cover the Ag contact pads, allowing an ultrathin Al layer to be deposited

between the contacts. The initial Rsneet 0f @ “1 nm” Al layer measured using vdP was 165.7+5.5
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Q/o. After a 10-minute anneal at 400 C, all devices exhibited resistivity beyond the
measurement range (>1 G€/0). This provides strong evidence that 10 minutes at 400 °C in air

is sufficient for complete oxidation of a “1 nm” Al layer.

The transmittance of the thermally evaporated layer was then measured to determine whether
the AlOyx had formed, which can be indicated by an increase in transmittance to close to 100%.
Figure 7.12 depicts the transmittance of the thin Al layer on a BSG substrate, before and after
annealing at 400 C. Also indicated is the BSG transmittance, ~90% between 350 nm and 800
nm. Unlike previous measurements in this thesis, the background is air, rather than an
uncharged dielectric. Before annealing, the transmittance of the Al transmittance remained
relatively low, around 60% from 350-800 nm. After annealing at 400 ‘C for 5 minutes, the
transmittance increased to 80-88%, within ~5-2% absolute of the BSG. Subsequent annealing
did not further increase the transmittance. This high transmittance close to that of the
borosilicate glass provides further evidence that a dielectric layer has been formed through the

complete oxidation of aluminium and indicates its suitability as an ICD for TCE applications.
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Figure 7.12: Transmittance of BSG with thin Al layer evaporated on the surface, then subject to various annealing
conditions
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Ellipsometry was used to measure the thickness of the oxidised films following a high-
temperature anneal. Figure 7.13 depicts the oxidised thickness of films with initial Al thickness
1 nm. The mean thickness of the “1 nm” Al when oxidised increased to ~11.044+0.59 nm. This
increase is expected as the initial Al seed layer incorporates additional oxygen molecules from
the atmosphere to form the AlOx, increasing its volume on the surface of the silicon. The spread
of thicknesses from ~7 to 15 nm is indicative of poor thickness control when using a shutter in
a thermal evaporator system. These results confirm the formation of a thick AlOx layer on

silicon following a 400 C anneal for 10 minutes of a “l1 nm” thermally evaporated Al layer.
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Figure 7.13: Ellipsometry-measured thickness of thermally-evaporated Al films after annealing to form AlOx. The “1 nm”
indicates the initial thickness measured using a piezoelectric crystal monitor, y-axis indicates thickness after annealing.

7.11 Charge Storage in Thermally-Evaporated AlOx

KP was used to measure the ability of the thermally evaporated AlOx layer to store charge. A
bare silicon substrate was first prepared by HF-etching. A thin Al layer was deposited on the
silicon in vacuum, and oxidised using a 400 ‘C anneal for 10 minutes. Figure 7.14 (a) depicts
the measured CPD of a layer subject to positive and negative corona charge over time. After 4

minutes of negative charging, the CPD increases in magnitude to ~400 mV. Using an assumed
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dielectric constant of AlOy of 8-10 based on literature values [385], [386], and the ellipsometry
thickness of 11.04 nm, this CPD corresponds to a charge concentration of ~4-5x10'2 /cm?. On
application of positive charge, this can be reversed until a CPD of ~-455 mV is achieved, also
corresponding to 4-5x10'? /cm?. This value is relatively low, and may not be sufficient to
induce doping in graphene. Additionally, as Figure 7.14 (b) demonstrates, charge stability on
the AlOx can be relatively poor, with the CPD reducing in magnitude by >100 mV in 20 minutes
in both cases of positively and negatively charged devices. This makes it difficult to use such

a film to dope graphene reliably.
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Figure 7.14: (a) Contact potential difference with respect to time as a device is held under positive or negative corona
charge.(b) Decay in contact potential difference as a device is left in air after positive or negative charging.

There was significant variability in the maximum charge that could be deposited between
individual films. This variation is related to differences Al deposition conditions, with its
oxidation highly dependent on the variable conditions of the thermally evaporated Al layer.
Variations in surface moisture, humidity and vacuum conditions during deposition can alter
the surface chemistry and roughness and produce a surface more or less favourable to charge

storage.
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Figure 7.15 (a) and (b) depict a CPD map of the champion AlOyx sample, after positive or
negative charging for 5 minutes. The gradient tracking function was used to ensure a constant
tip-sample distance and control for variabilities in surface height. The peak CPD measured in
the negative case was 0.984 V, corresponding to 7x10'? /cm?. In the positive case the peak CPD
was —1.5 V, corresponding to 6.7x10'? /cm2. These values of charge are sufficient to achieve

doping in graphene.
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Figure 7.15: Contact potential difference maps of an AlOx layer grown on silicon and subject to (a) Negative corona charge
for x minutes, and (b) positive corona charge for 5 minutes.

There is significant variability in the surface, which may relate to charge decay during
measurement, and/or differences in surface roughness contributing to differences in charge. To
verify and determine the degree of surface differences such as variations in oxidation of the
AlOx surface, further characterisation is likely needed, such as via atomic force microscopy

and x-ray photoelectron spectroscopy.

7.12 Thermally-Evaporated A1Ox Formation on Graphene

After determining the sufficient conditions to develop a highly-charged AlOx layer on silicon,
these layers were formed on graphene devices. Figure 7.16 depicts the AlOx/graphene device
fabrication process. First, a graphene device was fabricated in the vdP structure with Al
contacts. A brass mask was placed to cover the Al contacts but leave the graphene layer
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exposed for Al deposition. An ultrathin Al layer of ~1 nm was deposited on the graphene layer
via thermal evaporation at <10°® mbar. Subsequently, silver electrodag contacts were painted
over the original Al electrodes to ensure good contact to graphene after annealing. The device
was held at 400 C for ~10 minutes and its Rsneet measured at intervals until the Rgheet returned

close to its original value before Al deposition.
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Figure 7.16: Thermally-evaporated AlOx layer fabrication and charging. (a) Brass mask affixed to a graphene device. (b) Al
evaporation. (c) High-temperature annealing in air. (d) Corona charge deposition.

To verify oxide formation on graphene, its Rsneet Was recorded before and after deposition, and
annealing. Figure 7.17 depicts the variation in vdP Rgheer as the Al layer is deposited and
annealed. 1 Al deposition reduces the Rsheet from an initial ~1300 Q/o to ~50 Q/o. After ~6
minutes of annealing at 400 C, the Rsneet returns to close to its initial value at ~1000 Q/o. The
plateau in Rgheer after subsequent annealing up to 10 minutes suggests that the Al has oxidised
to form AlOx. Ellipsometry measurements were used to verify that the A10x grown on graphene

also had a thickness of ~10 nm after annealing.
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Figure 7.17: Al/Graphene sheet resistance over annealing time at 400°C. The initial aluminium thickness was recorded as 1
nm, measured using a piezoelectric crystal monitor during thermal evaporation. The final thickness after annealing was
measured by ellipsometry to be ~10 nm.

7.13 Electrical Characterisation of Graphene Doped using Charged AlOx

After the formation of an AlOx dielectric layer on graphene, its electrical properties were
measured as it was subjected to corona charge. Figure 7.18 (a) depicts the measurement set-up,
and (b), (c) and (d) show the change in Rsneet, carrier concentration and mobility, respectively,
as a device is held under negative charge. There is a clear reduction in Rsneet On application of
negative charge, from ~1400 Q/o to ~860 /o, a reduction by~40%. The carrier concentration
increases significantly, from 3x10'? g/cm? to 4x10" g/cm? significantly greater than
predictions from KP measurement. This increase may be a non-physical artefact of the
assumptions of the van der Pauw calculation breaking down in this circumstance. Precise
measurement of carrier properties via other techniques such as field effect transistor devices is
necessary to validate this result. Nevertheless, this will not impact the general trend, which is

of significantly increased carrier concentration due to the negative bias.
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Figure 7.18: (a) Measurement set-up for electrical characterisation. (b) Sheet resistance, (c) carrier concentration, and (d)
mobility of an AlOx/graphene device as it is subject to negative charge.

Figure 7.19 depicts the variation in Rgneet as a device is positively charged. When subjected to

positive charge, the Rsneet increased slightly, which may relate to a reduction in the p-type

doping effect. However, subsequent charging over time did not induce n-doping.
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Figure 7.19: Sheet resistance versus time as a AlOx/graphene device is subject to positive corona charge.

As in the case of PMMA, positive charging of the AlOy failed to substantially impact the carrier
properties of the graphene, while negative charging facilitated a 50% reduction in Rgneer and a
4x increase in carrier concentration. In this case, it is possible that bulk negative intrinsic
charges in the AlOy layer are shielding the surface corona charge from impacting the graphene.
In the negative case, these charges might work in tandem to contribute to p-doping of the
graphene. Further analysis of the surface and oxidation states of the thermally evaporated AlOx
layer is recommended. The insights from such an analysis could reveal whether, with improved
dielectric deposition, such as via ALD, the charge screening could be prevented and n-doping

induced using this method.

7.14 Raman Spectroscopy

Finally, the doping induced via the negatively charged AlOx on graphene was measured via
Raman spectroscopy. Figure 7.20 (a) and (b) depict the G and 2D peaks of a negatively charged
AlOy/graphene device measured within 30 minutes of charging. As in the case of PMMA, a

low acquisition time measurement, with low power was used to minimise the impact of the
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laser on the stability of the corona charge on the surface of the device. The subtle blueshift of

both G and D peaks indicate that p-doping has been achieved using this technique.
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Figure 7.20: Raman G (a) and 2D (b) peak of graphene encapsulated with a negatively charged AlOx layer deposited via
thermal evaporation.

7.15 Discussion and Conclusions

The development of charged PMMA, and a thermally evaporated AlOx layer, for ICD-doping
of graphene were explored in this Chapter. The electrical and optical properties of graphene
before and after corona charge deposition on an interfacing encapsulant dielectric were studied,

providing new insights into the stability of charge on these dielectrics.

Successful p-doping was demonstrated through the deposition of corona charge on PMMA
interfaced with graphene. In this case, Rsheet values as low as 328 Q/o were achieved, with the
capability of reversal through the deposition of positive charge. Due to PMMA'’s widespread
use in graphene wet transfer, charge deposition on PMMA is a low-cost, rapid method to
manipulate the carrier concentration in graphene without using an external field. However, the
stability of positive corona charge on this layer is relatively poor, limiting this method to p-
doping of graphene. Advances in an understanding of PMMA polymer chemistry after charge

deposition and the development of approaches to induce surface functionalisation are expected
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to increase charge stability, which may prove beneficial to applications such as flexible

electronics.

A facile method to encapsulate ultrathin AlOy layers on graphene was also developed in this
work. By depositing negative charge on the AlOx, n-doping was achieved in graphene, with
Rsheet reductions of >40%. AlOx-doped graphene likely shows the most applicability to PV
devices. At present, the high-temperature annealing process to form the AlOx layer is
prohibitive, but this can be overcome through the use of optimised ALD deposition which has
been developed elsewhere [365]. It is expected that an even higher, more uniform concentration
of charge with better stability can be achieved on such an ALD-deposited dielectric. This would
provide the conditions necessary to approach Rsheet <150 /0, to match those achieved in

vacuum in Chapter 4.

Beyond optoelectronics, the encapsulation of graphene using ICDs in this way, with the
capability to be reversed and precisely tailored also offers opportunities to develop a “dual-
gated” ICD [354], [387], [388]. A dual-gated ICD could involve a BSG or K*:Si0»/Si substrate,
and AlOx or PMMA top-gate. Such a configuration would facilitate the study of materials

properties in extremely high carrier density environments >10'%/cm? [389].

A primary focus of this thesis has been the exploration of ICD-doping approaches with
potential processing compatibility for photovoltaic cells. However, as of yet, the specific
property targets required to achieve high efficiency in tandems have been left out of the
discussion. In other words, how low must the target Rsneet be to be competitive with, or even
surpass the performance of state-of-art TCOs in tandems? Calculating these values will allow
a benchmark to be set for what charge concentrations are needed in ICDs for a doped graphene

layer interfacing with it to compete with conventional TCOs in photovoltaic devices.
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Chapter 8

Modelling and Feasibility of Graphene as a TCE for
Perovskite/Silicon Tandem Solar Cells

8.1 Introduction

n this thesis, several novel graphene doping techniques were demonstrated using ICDs, and
Itheir processing compatibility for tandem cells was discussed. The lowest Rgheet
demonstrated in this work was achieved via K™ migration in SiO, at ~117.9 Q/o. This is among
the lowest achieved Rgheet values demonstrated in large-area CVD-grown graphene monolayers
reported in the literature [121], [175], [269], [298], [302]. But this value still falls short of the
Rsheet 0of conventional TCO layers such as ITO, IZO and FTO, which can be ~10 /o [98],
[390], [391], [392], [393], [394], [395]. However, the transmittance of graphene is uniquely
broadband, offering potential optical advantages over TCOs. In Chapters 4, 6, and 7, it was
shown that ICD-doping of graphene does not impact its transmittance. As the doping is induced
by a uniform electric field rather than by a chemical species adsorbed on the surface, there is
no significant photon scattering. Additionally, its high mobility ensures that the increased
carriers induced in it do not contribute substantially to plasmonic scattering. Therefore, it is not
expected that ICD-doped graphene requires an Rgheet as low as that of typical TCOs to be

competitive for TCEs in tandem cells.

Yet, it is not clear how low the Rsneet 0f a graphene layer will need to be to minimise losses. To
evaluate the Rsheet required for an ICD-doped graphene TCE to match the performance of TCO

film in devices, the trade-off between transmittance (T%) and Rsheet must be considered.

The trade-off between T% and Rsheet 1s often described in terms of figures of merit (FOM).

Commonly cited FOMs include Gordon et al.’s electrical conductivity to absorption coefficient
ratio, /o [54], [396], De et al.’s electrical to optical conductivity ratio, Gi [98], and Haacke’s
op
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Tx

exponentiated transmittance to Rgheet ratio, = [397]. Although convenient for approximate

sheet

comparisons, these FOMs have limitations for evaluating high-performing photovoltaic

devices. De et al.’s Gi FOM suffers from unphysical biases for Rgneer < 100 /0, as small
op

variations in Rgheet can disproportionately inflate the FOM, leading to unrealistic performance

Tx

expectations [49]. Haacke’s requires the choice of arbitrary exponents for x to determine

sheet

X

the preferred transmittance % [49]. Moreover, the thickness dependence of Haacke’s

sheet

often favours thicker, conductive films at the expense of transparency, making comparisons

difficult [54]. For this reason, a conductive, yet relatively opaque TCE might have a high FOM.

Existing FOMs also do not account for several relevant properties, including mechanical
stability, thermal and chemical stability, band gap and mobility [54], [98], [396]. Over ten
alternative FOMs have been proposed to incorporate several of these additional properties [94],
[396], yet are limited in providing a meaningful comparison for TCE application in tandem
cells. This Chapter explores a method to model TCE performance in two-terminal tandem cells,
emphasising efficiency potential to compare the benefits of ICD-doped graphene vs

conventional TCOs.

8.2 Modelling TCEs for Perovskite/Silicon Tandem Cells

I propose a model of TCE-dependent tandem cell performance that follows the approach
published by Anand et al [398]. In this model, the theoretical performance of the cell is
calculated for variations in the transmittance and Rsheet 0f the TCE. This allows a comparison
between the theoretical efficiency achieved in tandem cells when incorporating different TCEs.
Anand et al's model uses a detailed balance calculation to obtain the maximum power
conversion efficiency of a single-junction solar cell with a given band gap, designed to absorb

the AM1.5G spectrum. In this work, the detailed balance calculation is extended to account for
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the absorption and collection in a two-terminal monolithic tandem device with silicon as the

bottom cell.

Figure 8.1 illustrates the unit domain used for the calculation, where two possible architectures
are proposed: Figure 8.1 (a) and (b) depict the side views of the two configurations, while
Figure 8.1 (c) presents the top view common to both structures. In the first architecture, Figure
8.1 (a), a front TCE is placed on the surface of the perovskite absorber, collecting current and
driving it to localised front metal contacts. The current flow is assumed to be entirely vertical
due to the presence of a suitable optoelectronic link or an interconnection layer. This is often
referred to as the recombination layer, but here, it is generalised to a layer fulfilling both
conduction and optical coupling functions. For vertical current flow in the silicon absorber, a
second TCE must be present at the rear surface as is typical in SHJ technology. In the second
architecture, Figure 8.1 (b), surface doping in the silicon sub-cell enables charge carriers to
flow to local contacts positioned at both the front and rear surfaces. This design reflects the use
of silicon bottom cells such as a passivated emitter and rear cell (PERC) or a tunnelling oxide
passivating contact (TOPCon) cell. Here, the rear TCE is positioned on top of the
optoelectronic link, ensuring that current collected in the perovskite sub-cell is conducted to
the local contact at the front of the silicon sub-cell. Such a design was originally used to produce
perovskite/silicon tandem cells [52], making it highly relevant to the current large-scale

production of solar PV.
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Figure 8.1: Unit domains of two-terminal tandem solar cells with d representing the finger width and [ the finger pitch. (a)
Lateral view of two-terminal tandem with front and rear transparent conducting electrode (TCE) for bifacial configuration.
(b) Lateral view of two-terminal tandem solar cell with front TCE and TCE between sub-cells. (c) Top view of a two-terminal
tandem, with w representing the cell width and dx an infinitesimal change in the x direction (perpendicular to the cell width

w).

8.3 Modelling Series Resistance Losses in TCEs in Tandem Cells

In both cases of Figure 8.1 (a) and Figure 8.1 (b), each TCE accounts for one additional series
resistance such that the effective series resistance must include two contributions. This can be
assumed as the resistive power loss due to the lateral current flow through the TCE at one side

of the cell is given by:
dP = I?’dR (8.1)

Where dR is the resistance contributed by an infinitesimal dx section of the TCE, as indicated

in Figure 8.1 (c), and given by:

Sheet

dx
dR = RT’E . — (8.2)
w

The lateral current flow I is maximum at the midpoint between two fingers, x = [/2, and
increases linearly to zero just underneath the contact finger, where only the contact resistance
contributes towards the total series resistance. It is calculated as:
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[=]-w-x(8.3)

Where ] is the current density of the area of interest in the device, labelled with a red dotted-

line box in Figure 8.1 (¢), and equivalent to an area=w - [ /2.
The total power loss can be found by integrating the incremental resistance losses from x = 0

to x = l/2, following:

l
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The effective series resistance loss contributed by the TCE resistivity is hence:

TCE

RICE 1
Ryo = =225 (8.5)

The TCE is present at the front and rear and hence it will contribute twice as much series

resistance:

TCE

RTCE |
R, = 2% (8.6)

Following Anand’s procedure, it is possible to lump the Rs originating from the TCE to the
ideal diode model, describing the operation of the entire solar cell [398]. In this case, this is a
two-diode system as illustrated in Figure 8.2, and leads to a system of three equations

describing both top and bottom cells as follows:

I= Iop(evp/vt - 1) — Iscp (8.7)
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I = Iost(eVSi/Vt — 1) — Iscsi (8.8)
VCell == VSi + Vp + RSI (89)

With the thermal voltage given by V¢ = kT/q, q is the elementary charge, Io is the saturation

current of each sub-cell, and Isc is the short circuit current of each sub-cell.

R,

Isc'P
\/ Ve

-1 Veen

‘;S cKi \ / l_.a'.\. i

Figure 8.2: Ideal diode model of a 2-terminal tandem solar cell, with perovskite and silicon subcells connected in series. Vp
and Vsi account for the voltage of the perovskite and silicon cells respectively, while IscP and Iscsi account for the short-circuit
current of the perovskite and silicon cells respectively.

To evaluate the maximum power output of the modelled tandem cells, the system of equations
describing its operation is solved iteratively using a nonlinear system solver. In this work, a
MATLAB code was developed and used to implement the trust-region dogleg algorithm to
solve this system of equations [399]. The MATLAB code developed can be found in the
Appendix, Section a.i. The iterative solutions are calculated for over range of cell voltages

(Vceur) and the maximum power point (Vm, Im) is identified, where Pmax = Vm X Im.

178



The short circuit and dark saturation currents from each cell are obtained by using the detailed
balance limit as proposed by Shockley and Queisser, which relies on four assumptions [400],

[401].:

1. Only the photons with energy greater than the bandgap are absorbed.

2. Each photon with energy greater than the band gap generates only one electron-hole
pair.

3. The system is thermal equilibration with the surroundings and only radiative
recombination takes place.

4. No losses occur from ohmic transport inside of the cell and contacts, with the contacts

being perfectly selective.

The short circuit Is. for each sub- currents cell are given by the proportion of photons that they

absorb. For the perovskite top cell:

Ap
Igep =W l/Z.q.j AM1.5G (1) X TTCEf(l)dK (8.10)

0

Here, Ap is the largest wavelength that can be absorbed by the perovskite cell, and Trcer is the
spectral transmittance of the front TCE. AM1.5G(}) is the wavelength-dependent Air Mass
1.5G spectral photon flux density, calculated from the spectral irradiance reported on standard
ASTM G173-03 [402], divided by the energy of photons at each wavelength. Similarly, for the

silicon bottom cell:

Asi
leesi = W. l/Z.q.j AM1.5G (1) % TTCEf+Per0(A)d}\ (8.11)
Ap

where Asi is the largest wavelength that can be absorbed by the silicon sub-cell, and 7rcEf+pero

is the spectral transmittance of the combined front TCE and perovskite top cell.
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The dark saturation current is obtained from the blackbody radiation photon flux density at T

=300 K (BB300K). For the perovskite sub-cell, it is calculated as:

Ap
0

The blackbody radiation photon flux density at T =300 K is given by Planck’s law as:

2mc
BB300K(1) = e

eAkT — 1

(8.13)

And finally, for the silicon bottom cell, the dark saturation current is similarly calculated as:

l Asi
losi = w.s. q.j BB300K(A) * Trcgfipero(A)dA (8.14)
0

This approach provides a detailed understanding of how both short circuit currents and dark

saturation currents depend on the spectral properties of the TCE and the sub-cell layers.

The current corresponding to each voltage is solved using the coupled nonlinear equations
(8.7), (8.8) and (8.9). The output power density P(V) (in W/cm?) at each voltage point can then

be determined iteratively using:

P(V) = Vce”—ll(v) (8.15)

To determine the maximum power point, the voltage is swept more finely around the initially
detected power peak. The calculated maximum output power is then stored as Pmax and is used
to calculate the efficiency (1) following:

P,
n=—=(8.16)
Pin
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where P;,, = 0.1 W/cm? is the incident light on the cell. This calculation is looped across a range
of TCE Rsneet and transmittance values to produce a colourmap which is used to visualise the

target TCE properties to maximise efficiency ().

8.4 Modelling TCE Weighted Average Transmittance

Optically, the architecture in Figure 8.1 (a) is more favourable as front light only passes through
one TCE, minimising optical losses. Accordingly, here, the ultimate theoretical efficiency has
been modelled assuming the case of Figure 8.1 (a). This is used to determine the Rgheet required
for a graphene TCE with broadband transmittance to negligibly contribute to electrical losses

when implemented in such tandem cell architectures.

The transmittance for each TCE was calculated using OPAL2, an optical simulation software
[403], [404]. In this work, the optical path was calculated assuming normal incidence of light
from the AM1.5G spectrum impinging onto a planar, multilayer stack. OPAL2 uses an
incoherent optical model: at each interface it applies the intensity Fresnel equations to calculate
reflection and transmission (no phase is tracked), and within each layer it uses the Beer—
Lambert law to calculate absorption. Data for » and k values were obtained from the literature.
Light propagation is treated via efficient ray-tracing that decouples Fresnel losses from the path
calculation. The modelled stack used a caesium—formamidinium-based mixed-halide
perovskite with band gap 1.73 eV [405]. It was assumed that any charge-transport or buffer

layers in the cell contributed negligibly to overall optical loss.

Figure 8.3 (a) and (b) depict the optical paths modelled in this Chapter. To better improve light
coupling with the perovskite, a MgFy layer (n~1.38) was placed at the front of the device stack,
data ref. [406]. An optimal MgFx thickness of 80 nm for both structures were calculated using
OPAL2. For TCO-based devices, the TCO (n~1.8-2.0) offers good refractive index matching

to the perovskite (n~2.4). To prevent strong reflection at the graphene/perovskite interface, a
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SiNy layer (n~2) was inserted at the graphene and MgFy interface. An optimal SiNx thickness
of 30 nm was calculated using OPAL2. The effect on total transmittance on the stack without
these anti-reflective coatings, and the effect of a glass encapsulant layer is included is discussed

and modelled in the Appendix, Section a.iii.

(a) (b)

Air, n~1 Air, n~1
80 nm  MgF, n~1.38 80 nm MgF, n~1.38

30nm © SiN, n~2
Graphene peswcs-wevena

Perovskite, Perovskite,
n~2.4 n~2.4

Figure 8.3: (a) Schematic of the modelled MgF/SiN./graphene/perovskite optical stack. (b) Schematic of the modelled
MgF/TCO/perovskite stack.

TCO transmittance was calculated using refractive index » and extinction coefficient k& data
obtained from the literature for heavily and lightly-doped ITO [407], IZO [72], tungsten-doped
indium oxide (IWO) [408], IO:H [409] and IZrO [55]. The n and k data were then fed into
OPAL? to generate the transmittance data from 280 to 1100 nm for thicknesses 20 nm, 40 nm,
80 nm, 100 nm, and 150 nm. The use of n and k data only ensures that the additional
contribution from the glass substrate, usually present in “TCO transmittance” measurements is

not included in the calculations.

As graphene has atomic thickness, determining its # and k& values is non-trivial, and it is difficult
to obtain accurately using conventional ellipsometry, instead usually requiring spectroscopic
ellipsometry [273]. For simulation, the » and & values of undoped CVD graphene were obtained
from the literature [273]. In the ICD-doping techniques demonstrated in this thesis, the

measured transmittance of the graphene did not change significantly. It is therefore assumed
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that the literature values for undoped CVD graphene are a good representation of the n and &

values of the graphene measured in this work.

Finally, the weighted averaged transmittance (WAT) was calculated using the spectral light

intensity transmitted (Tx) through the simulated device stack as:

Asi
T.(A) X AM1.5G(A)dA
[, ) QL

WAT = -
[ AM1.5G (1) dA

where Tx(2) is the spectral light intensity transmitted through the stack, with AM1.5G data
extracted from reference [29]. This enabled the definition of a single numerical “weighted
average transmittance” value to describe the transmittance through the TCE that is relevant to
the entire solar spectrum captured in a perovskite/silicon tandem. The code used to calculate
the WAT from the spectral light intensity transmitted through the simulated device stack is

given in the Appendix, Section a.ii.

8.5 TCE Weighted-Average Transmittance vs Sheet Resistance for Optimised
Tandem Cell Performance

Figure 8.4Figure 8.4 shows the results of the model when applied to several TCE materials.
Here, a contour map of the upper-efficiency limit for a two-terminal perovskite/silicon tandem
is illustrated as a function of uniform spectral transmittance (280—1100 nm), using a 1 Sun
weighted averaging to account for wavelength dependence. The y-axis of Figure 8.4 is the

‘Weighted Average Transmittance’ (WAT) from 85%—100%, calculated using Equation 8.15.

Based on the model, the optimum thickness for films of ITO, [ZO and IO:H is =40 nm.
Although the Rgneet is higher relative to a typical 100 nm case, the WAT increases significantly
at this thickness, resulting in an optimised balance of properties for high efficiency. In the

modelled stack, the 40 nm 1O0:H and heavily-doped ITO result in efficiencies >41.5%, while
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the 40 nm IZO and lightly-doped ITO both result in efficiencies ~41%. For ITO, IZO and 10:H

thickness beyond 40 nm, the WAT decreases sharply, resulting in a reduction in efficiency.

IWO and 1ZrO films offer highest tandem efficiencies at ~80 nm, likely owing to their high
mobility and wide band gap. For 80 nm IZrO films of 80 nm are the most promising TCO

considered here, offering efficiencies ~42.5%.

Integrating graphene as a TCE with well-optimised SiNx and MgFx anti-reflective coatings
enables a weighted average transmittance as high as 96.90%. This is achieved as reflection at
the perovskite is minimised, and the main transmittance loss arises from graphene’s
fundamental 2.3% broadband absorption [98], [99], [123]. This results in a maximum
efficiency potential of ~43.5% for Reheet =118 /0, as in the case of graphene/Si02:K/Si. The
potential of other ICD-doping approaches presented in this work is also indicated in Figure 8.4,
with BSG-doped graphene, and graphene doped with charged SiNyx/SiOx or PMMA all
exhibiting efficiency potential of >42%. Optimising the performance of ICD-doped graphene
to achieve a predicted target Rsheet~50 /0 could facilitate maximum power conversion
efficiencies >45%, >1% higher than with state-of-the-art 1ZrO. Thus, if graphene could be
harnessed as a TCE for two-terminal perovskite/silicon tandem cells, the strict requirement on
Rsneet could be significantly relaxed to achieve enhanced efficiencies while also improving

sustainability by eliminating indium-based TCOs from the cell.
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Figure 8.4: Modelling transparent conducting electrode (TCE) performance in a perovskite/silicon tandem cell structure. (a)
Modelled front surface optical path for graphene and (b) transparent conducting oxide (TCO) based structures. (c) Simulated
colour plot to visualise the maximum potential Shockley-Queisser (SQ) efficiency of a two-terminal perovskite/silicon tandem
solar cell, assuming the only other source of loss beyond the SQ conditions arises from the TCEs used. The cell configuration
consists of a perovskite cell of Eq=1.73 eV on a silicon cell, with two TCEs, one front and one rear. The x-axis represents the
TCE sheet resistance from 10 to 2500 /0. The y-axis represents the weighted-average transmittance across the air-mass 1.5
global (AM1.5G) spectrum.

Several transparent conducting electrode materials are overlayed on the colour plot. In all cases, the transmittance data used
excluded any glass substrate used, which might otherwise contribute a broadband ~10% loss due to reflection. MgFx, SiNx
and perovskite n, k data was obtained from references: [405], [406], [410].

The diamonds represent chemical vapour deposition (CVD) fabricated graphene, with Rsheet values as reported in the literature
and from this thesis. In these cases, the weight average transmittance was calculated using n, k data obtained from ref. [273].
In a real device, the thickness of the charge dielectric layer should also be optimised to minimise reflection at interfaces, but
this contribution is not included here.

1. “Grolltex” refers to the properties of an industrial supplier of large-area CVD graphene [411].

2. “Bianco” refers to one of the lowest Rsweet CVD graphene layers reported in the literature as of January 2025, with
Rsheer = 120 Q/00 [12]]

3. The blue diamonds correspond to the champion samples of graphene doped using various ion-charged dielectrics
in this thesis: SiO2>-membrane doped (Chapter 4), K*/SiO>-doped (Chapter 5), Borosilicate Glass (BSG) doped
(Chapter 6), SiO2/SiNx-membrane doped (Chapter 6), PMMA-doped (Chapter 7) and AlOx-doped graphene
(Chapter 7). In the case of the K*/SiOx-doped graphene, transmittance was not measured as the doping was
measured on an opaque Si substrate. However, as the doping mechanism is expected to be the equivalent as that of
BSG-glass doped, it is assumed the change in optical properties are approximately equivalent.

The white markers correspond to transparent conducting oxides (TCOs) reported in the literature. The transmittance was
calculated from the n and k values of the TCOs themselves, and so the effect of glass substrate absorption/reflection
measurement is not included in the calculation. As transmittance can vary with TCO thickness, the n, and k values are used to
calculate the expected transmittance at 20 nm, 40 nm, 80 nm, 100 nm, and 150 nm. For each TCO, at greater thicknesses, the

185



sheet resistance reduces. It is assumed the mobility and carrier concentration remain constant with thickness changes. The
thicknesses are explicitly labelled for lightly-doped tin-doped indium oxide (ITOuighy) only, but the same trend of increasing
thickness and sheet resistance reduction occurs for the other TCOs. The TCOs included are:

1. Tin-doped indium oxide light (ITOighy) corresponds to lightly doped ITO, N = 6.5 x 10" cm™3 [407].
2. ITOreavy corresponds to heavily doped ITO, N = 6.1 x 10°° cm™3 [407].

3. Hydrogen-doped indium oxide (I0:H), N = 1.8 x 10°) cm™3 [409].

4. Tungsten-doped indium oxide (IWO), N = 2.1 x 10?° cm™3 [408].

5. Indium-doped zinc oxide (IZO), N = 2.3 x 10°° ecm™3 [72].

6.  Zirconium-oxide doped indium oxide (IZrO), N = 6.2 x 10° cm™3 [55].

It is necessary to qualify several limitations of the model. Assuming the only sources of
electrical loss are from the TCE can lead to misleading conclusions. Not accounted for in this
model is the role of metal finger shading, which is closely linked to the optimisation of TCE
electrical and optical properties [45], [412]. In practical devices, metal fingers are essential for
the collection of charge carriers that have been transported to them via the TCE. As metal
contacts are opaque, they contribute shading losses, reflecting light away that would otherwise
be absorbed in the cell. The extent of these shading losses depends on the finger width, pitch
and the pattern coverage, which is directly related to the length of the unit cell /, as defined in
the model set-up. Reducing metal grid coverage can allow for an increase in Jsc as more light
can be absorbed in the cell [412]. However, the increased resistance of the metal grid would
then necessitate a reduced Rsneet TCE to counterbalance the fill factor losses incurred [413].
But reducing TCE Rgneet typically involves increasing thickness, thereby reducing Jsc.
Balancing these properties can become more challenging in large area devices, where there is
an increased demand on the TCE, as the power loss due to TCE has been shown to increase
quadratically with device dimension [413]. This fine-balance between TCE and metal grid
properties should be considered for a more robust comparison between TCEs in working PV

devices.

This model also assumes that the optical and electrical properties of the TCEs can be

maintained when integrated in a solar cell device. The electrical and optical properties of the
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graphene reported in this thesis and in the literature cited involve graphene deposition on a
planar SiO, or a glass substrate. However, the mobility of graphene is known to be highly
dependent on the properties of the substrate [111], [414]. The textured surface of a typical high-
efficiency perovskite/silicon tandem device would likely be a significant impediment to
achieving low Rgheet graphene in practical devices. Similarly, the TCO literature data used
includes electrical and optical properties obtained when these films were deposited on glass.
TCOs deposited directly on cells tend to have inferior optoelectronic properties due to the
suboptimal, textured growth surface as compared to glass. The non-planar nature of high
efficiency designs can contribute to increased carrier scattering, as well as changing the

optimum thickness required to maximise light coupling in the absorber.

Crucially, in a practical device, the cell is usually encapsulated with a thick glass layer. The
refractive index of this glass layer significantly alters the optics to achieve high efficiency, and
can contribute to ~10% due to reflection loss. The contribution of such a layer to the overall
tandem performance, is discussed in the Appendix, Section a.iii. In the case of a
glass/SiNx/graphene/perovskite stack, the WAT reduces to 91.55%. Despite this reduction, its
performance remains competitive with state-of-the-art IZrO and IWO TCOs, demonstrating its
promise to enable high-efficiency indium-free tandem solar cells across a range of device

structures.

8.6 Discussion and Conclusions

This chapter provided a model to compare the performance of ICD-doped graphene with
conventional TCOs in terms of performance in two-terminal perovskite/silicon tandem solar
cells. Due to graphene’s broadband transmittance >95%, the ICD-doped layers offered a
greater efficiency potential compared to conventional TCOs. If the 117.9 Q/o achieved using
K*:Si0,/Si substrates can be maintained in a tandem device, it may provide an efficiency

potential >1%.abs than the best performing conventional TCOs. Further reductions in Rheet
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resistance and efforts to maintain its high transmittance may yield efficiencies approaching the

two-terminal limit of ~45%.

As described in Chapters 6 and 7, this work envisions the integration of such an ICD-graphene
layer in a tandem cell, which involves replacing a conventional TCO, ARC, and/or protective
buffer layer in a tandem cell stack with an ARC/ICD layer placed adjacent to a monolayer
graphene sheet. Figure 8.5 (a) and Figure 8.5 (b) depict such potential tandem cell structures
integrating ICD/graphene as all potential front and rear TCEs in the four-terminal and two-
terminal configurations. In a four-terminal mechanically-stacked perovskite/silicon tandem,
such an ICD-doped graphene layer could be positioned on the glass layer using corona-charged
SiNx ICDs, or migrating the ions in glass. On the rear of the perovskite or on either side of the
silicon bottom cell, a charged AlOx or PMMA-encapsulated graphene could be deposited. In a
two-terminal monolithic perovskite/silicon tandem, the ICD-doped graphene layer could be
placed at the top of the perovskite sub-cell and at the rear of the silicon bottom cell using
charged encapsulating ICDs, with potential additional layer deposition to provide an anti-
reflective benefit. In all cases, the graphene layer would be oriented to the absorber to collect
charge carriers. Note that such a TCE could not replace the recombination layer in a two-
terminal tandem, as the charged dielectric would impede vertical charge transport. Due to the
compatibility of graphene with several HTL and ETL materials and the ambipolarity of the
doping technique, ICD-doped graphene could be integrated into either p-i-n or n-i-p perovskite

cell configuration, offering wide adaptability for different device processing constraints [180].
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Figure 8.5: ICD-doped graphene integration in a. a four-terminal and b. two-terminal perovskite/silicon tandem cell structure.

Several technical limitations remain before such an electrode can be fabricated on industrial
cells. This structure requires the metal electrode to contact the graphene layer through the
dielectric. Penetrating the dielectric to contact the graphene layer, while maintaining a high
charge concentration in the dielectric could prove challenging. Additionally, the production of
CVD graphene is currently relatively slow compared with TCOs, typically requiring separate
steps for production and transfer to the target device [415]. However, there has been some
steady improvement: high-quality, large-area CVD graphene can now be transferred to flexible
substrates via roll-to-roll techniques, at speeds up to 500 mm/min [125], [415], [416], and
transferred to rigid substrates within 15 min [154]. The fabrication and charging of the
dielectric layer would involve an additional step. Whereas engineering challenges remain for
ICD-doped graphene TCEs to match the industrial maturity of TCOs, graphene fabrication and
transfer benefits from being less energy intensive than fabricating indium-based TCOs and is
inherently less expensive due to not requiring scarce materials [107]. The results from this
Chapter indicate that ICD-doped graphene may offer substantial benefits to future tandem
structures, providing a strong incentive to investigate further tandem-compatible ICD-layers
which could provide a stable, high concentration of charge for graphene doping during device

operation.
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Chapter 9

Summary and Future Directions
9.1 Overview

ransparent conducting oxides (TCOs) used for simultaneous light transmission and
Tlateral conduction have been a mainstay of optoelectronic devices for several decades
[48], [54], [65]. However, with the recent advent of perovskite/silicon tandem solar cells, TCO
performance requirements have become significantly more stringent. To minimise losses in
tandem cells, TCOs must have a very wide band gap to enable efficient light absorption in both
tandem sub-cells. However, it is challenging to achieve wide bandgap TCOs that maintain low
sheet resistance, and also fit within the narrow processing constraints of tandem solar cell
fabrication [45], [65]. As a result, high-efficiency perovskite/silicon tandem cells are currently
limited to a handful of unsustainable indium-based TCOs: ITO, IZO and 1ZrO [45], [55], [395],
[417], [418]. These layers severely restrict the scalability of perovskite/silicon tandems,
motivating the search for new materials that can meet the restrictive materials properties and

processing requirements for tandem cells.

Graphene offers many potential benefits as a TCE for tandem solar cells: it has a high
broadband transmittance and high mobility, and it can be deposited gently on delicate
perovskite layers without causing damage [99], [104], [419]. Yet, its high sheet resistance has
limited its utility for commercial devices [45]. Current graphene doping techniques are
typically based on the adsorption of chemical species on its surface, contributing to instability
and reduced transmittance and mobility due to scattering [172], [175], [272], [420]. A key aim
of this thesis was therefore to develop new techniques that can achieve stable graphene doping

without significantly impacting transmittance or mobility.
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This thesis developed a suite of techniques to dope graphene using ion-charged dielectrics
(ICDs). In principle, such approaches can facilitate uniform doping via the electric field effect
for minimised charge and photon scattering. There have been several reports exploring the use
of charged ions in dielectrics to modulate the carrier properties of graphene [182], [302], [378],
yet these approaches are limited, where stability over time, stability in air and the doping

mechanism were insufficiently addressed.

The aim of this thesis was therefore to investigate novel approaches to fabricate ICDs for
graphene doping, and to develop an improved understanding of the relationship between
dielectric charge and graphene’s electrical properties. These findings were then used to predict
the performance of a graphene/ICD-based TCE in a tandem device. A summary of the major

findings of this work is reviewed below.

9.2 Demonstrating ICD Graphene Doping Using Corona-Charged Dielectric
Membranes

In Chapter 4, it was hypothesised that corona charge deposition on a free-standing dielectric
substrate might be sufficient to tune the conductivity of graphene via the field effect. Corona
charge was deposited on the rear of a suspended SiO; or SiNx film, and the properties of an
interfacing graphene layer were measured. It was observed that the Rsheet of graphene was
reduced by >60% in just 3 minutes of electrostatic charging of the underlying dielectric film.
Through Hall effect measurements, it was deduced that this reduction in Rsheet is due to the 3%
increase in carrier concentration induced by the field effect from corona ions on the dielectric
substrate. The doping was tuneable and readily reversible through the deposition of charge of
the opposite polarity. Raman spectroscopy measurements confirmed that the doping induced
by the negative charge was p-type, and the positive charge induced n-type doping. An in-house
“micro-charger” was developed for in situ measurement of Rsneet as the device was subjected

to corona charge. This showcased a clear trend: Rgneer decreased as the deposited charge
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increased. This validated the hypothesis that corona-charge on a dielectric material induced
mirror charge carriers in an interfacing graphene layer, facilitating p- and n-doping depending

on the polarity of the deposited charge.

9.3 Utilising K" Ions inside SiO; for Record Low Rsheet Graphene

Chapter 5 investigated the use of K' ions migrated inside of SiO, to permanently dope a
graphene layer interfacing with it. K™ ions were introduced to a stable Si/SiO; interface via
corona annealing as described in ref. [215]. The K ions at a concentration >10'3/cm? were
shown to be stable to the conditions of a graphene transfer, after which an applied electric field

was used to migrate them towards a graphene electrode.

When the ions were migrated to the graphene after annealing in a vacuum, the Rgheer reduced
significantly, from ~700 Q/o, to 117.9 Q/o in the champion sample, with a clear linear
relationship between applied bias and Rsneet Observed. This is among the lowest Rsheet reported
for >1 cm? CVD-transferred monolayer graphene on SiO> at room temperature [121], [175],
[269], [298], [302], [421]. This approach was reproduced with samples with minimum Rgheet
129, 125.9, 134.5, and 145.0 Q/o. FET measurements in a vacuum confirmed the n-doping of
the graphene. However, when removed from the vacuum, the devices rapidly became p-doped
due to atmospheric contamination. Measurements of devices re-annealed in vacuum after
several days indicated that the K remained highly stable at the graphene interface over time

and at elevated temperatures.

It was noted that the energy required to migrate the ions to the graphene was significantly
greater than the energy to migrate the ions to an Al electrode, with voltages an order of
magnitude higher necessary to migrate a large concentration of ions to the graphene. This was
postulated to result from a dipole-limiting effect induced by the high mobility of the carriers in

graphene, which redistributes the charges at the graphene/SiO; interface. This electrostatic
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environment may have contributed to the strong stability of the K* ions at the graphene/SiO»

interface.

9.4 Investigating Dielectric Charging Methods on Transparent Glass Substrates

Chapter 6 involved the investigation of ICD generation on glass substrates, with the aim of
developing a graphene/ICD/glass substrate for thin-film solar cell deposition. Building on the
observed high stability of K" ions at the graphene/SiO; interface measured in Chapter 5, it was
hypothesised that even highly mobile Na™ ions in borosilicate glass could be stabilised at the
graphene/dielectric interface. When an electric field was applied between the graphene and the
rear electrode at an elevated temperature in a vacuum, ions could be migrated to and from the
graphene/glass interface to induce n- and p-doping, respectively, as demonstrated previously
in ref. [182]. However, this work, it was revealed that the Na" ions exhibit high stability at
elevated temperatures when migrated to the graphene/glass interface. In contrast, when
migrated to the rear Al, the doping effect quickly dissipated at high temperatures. This reveals
a new insight into the electrostatics of the graphene/SiOx interface when in the presence of
mobile alkali ions. A minimum Rgheet of ~299 Q/00 was achieved after Na™ migration to the
graphene layer, representing a reduction in Rsheet 0f ~50% compared to its initial value after
annealing in vacuum. A more significant Rsheet reduction of >75% was enabled using a 57 nm
PECVD SiOx buffer layer between the graphene and the BSG. The presence of the SiOx buffer
layer was believed to improve doping uniformity and thus reduce scattering, enabling further

reductions in Rgheet.

PECVD was then used to grow SiNx and SiO«/SiNy layers, which are known to store charge
stably in the dielectric bulk and at the SiOx/SiNy interfaces [332], [333], [334], [337], [338]. A
high positive charge concentration >10'* g/cm? in the bulk was measured using Kelvin Probe.
Graphene on the charged substrates was moderately n-doped relative to graphene on an

uncharged substrate, confirmed by four-point probe and Raman spectroscopy measurements.
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However, the full effect of the charged substrate was likely masked as the electrical

measurements were taken in air.

9.5 Demonstrating Top-Gated ICD-Doping on Graphene Encapsulated using
Charged PMMA and AlOx

Noticing that atmospheric contamination reduced the achievable Rgneet in air-exposed devices,
Chapter 7 explored graphene doping using ICD encapsulant materials. A layer of either PMMA

or AlOx was used to encapsulate graphene and was then subjected to corona charge.

PMMA-coated graphene became p-doped on the application of negative charge. While the
apparent poor stability of the positive charge prevented n-type behaviour, it effectively
neutralised the negative corona charge previously deposited on its surface to reverse the p-type
doping effect. This difference in doping stability was explained by the polar ester groups on

the PMMA chain, which can more stably hold negative trapped charges [376].

A thermally evaporated Al layer was deposited on graphene and subjected to annealing at high
temperatures to form an AlOx layer. When the AlOx capping layer was subjected to corona
charge, the Rsheet was reduced by ~40% over 9 minutes. This doping process contributed to a
significant reduction in carrier mobility, possibly related to the surface roughness of the AlOx

layer.

9.6 Modelling the Performance of an ICD-Doped Graphene layer

In Chapter 8, theoretical modelling was used to compare the potential TCE performance of the
ICD-doped graphene layers demonstrated in Chapters 4-7. Following the method for TCE
modelling developed by Anand et al. for single junction cells [398], the series resistance
contributions of each TCE were lumped into the ideal diode model describing the operation of

the entire tandem solar cell. The weighted averaged transmittance (WAT%) across the
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spectrum was calculated so that the transmittance of various TCEs could be compared for

tandem performance.

The best-performing TCOs in the model were IWO and 1ZrO, with optimum thicknesses at ~80
nm for improved balance of transmittance to Rsneer. These materials likely performed well due
to their wide band gaps and high mobility. In these TCOs, the maximum efficiency potential
was >42%, with 1ZrO achieving ~42.5%. Due to the broadband transmittance of ICD-doped
graphene, the fabricated ICD/graphene layers performed well in the model demonstrated in this
work. The sample with an Rsneet of 117.9 Q/0 enabled a theoretical maximum efficiency

~43.5%, 1%abs greater than that of state-of-the-art TCOs.

It was determined that high-quality, ICD-doped graphene could enable efficiencies up to 44%
if Reneet <50 /0. This is a significant increase in efficiency potential as compared with current
alternatives while also offering the potential to reduce the use of unsustainable indium-based

TCE:s in high-efficiency tandem cells.

9.7 Future work

This thesis has demonstrated that an Rgpeet as low as 117.9 Q/o can be achieved in graphene
using ICD doping. It is apparent that this method causes minimal scattering and does not impact
the transmittance of the graphene. However, the mechanism of these doping techniques and
their long-term stability for device operation requires further investigation before such record
Rsheet values can be achieved in practical solar cell devices. Based on the findings presented in

the thesis, the following areas of future work are proposed:

1. In Chapter 4, it was observed that the Rsneet of graphene on corona-charged SiO»
membranes reduced further when left in the air over time. This is similar to the
reduction in Rgheet 0f corona-charged oxide layers observed in ref. [215], but its

mechanism remains unclear. Investing the cause for Rsheet Variation is recommended,
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particularly through controlled measurement and storage of samples in air-free
environments to minimise the impact of atmospheric contamination.

Rsheet measurements in vacuum in Chapters 5 and 6 indicated that the dipole of
graphene-Na" or graphene-K" ions is highly stable at elevated temperatures. Yet the
precise kinetics of this process, such as activation energies necessary to migrate ions to
and from the graphene electrode were not quantified. To enable more effective doping,
and gain a better understanding of stability, these properties should be measured and
quantified in detail. This may explain why significantly greater energy was required to
migrate ions to the graphene/SiO; interfaced compared to the Al/Si0; interface.

The migration of alkali ions in SiO2 as demonstrated here offers potential for
applications in memory devices, where the change in resistance facilitated by the field-
assisted ion migration could be used to store information. A detailed assessment of Na*
and K" ion migration in SiO; interfaces with 2D material electrodes is of significant
interest for memristor applications. This also requires a more thorough understanding
of alkali ion kinetics at the graphene/SiO; interface to enable precise switching with
minimum power loss.

After identifying a common stability of Na” and K™ ions at the graphene/SiO interface,
it is plausible that even Li" may be stable at this interface by a similar mechanism. This
would enable lower energy switching in memory devices, as Li" ion drift activation is
expected at reduced temperatures and biases due to its smaller ionic radius [422].
Surface measurements should be used to confirm the presence of and position of Na*
and K" ions at the graphene/oxide interface after migration, such as via x-ray
photoelectron spectroscopy or secondary ion-mass spectroscopy. This would enable a

more precise quantification of dipole length.
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6.

10.

11.

In Chapter 6, the introduction of a SiOx buffer layer between the BSG surface and the
graphene appeared to enable greater reductions in Rsneet as Na™ compared to a graphene
device on BSG. This was proposed to occur due to a lack of scattering. However, this
was not quantified directly, and therefore, a study of the differences in carrier mobility
under vacuum is recommended. Approaches to distribute the charges more uniformly
in this way could help to minimise reductions in mobility experienced by ICD-doped
films.

The doping induced using a thin PECVD SiNy/SiOx appeared to be reduced due to
atmospheric contamination. More extensive characterisation in an air-free environment
is required to confirm this effect.

It is proposed that the stability of graphene doping using corona-charged PMMA could
be improved through surface functionalisation or oxygen plasma, which may provide
more localised trap states to store charge more effectively [423].

Corona deposition and migration into high-quality ALD AlOx on graphene is expected
to enable improved charged stability and thus, doping stability relative to the thermally
evaporated AlOx fabricated in this work.

The combination of an ICD substrate and ICD-encapsulating layer to permanently
induce high carrier concentrations in 2D materials is proposed as a method to reveal
new insight into 2D materials carrier properties and scattering [354], [387], [389].
There are several risks in introducing such a large concentration of ionic charge in a PV
device, such as potential-induced degradation, which was not discussed in detail in this
work [322]. Additionally, charges from the PV cell may effectively screen the mirror
charge induced in the graphene via the ICD, reducing its doping effect. After

confirmation that a low Rsneet can be stably preserved in the air using ICDs, a practical
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12.

13.

14.

demonstration of ICD-doping of graphene in a functioning PV cell should be
investigated.

The model of TCE performance in Chapter 8 included several non-physical
assumptions including assuming that the resistivity of TCEs scales linearly with
thickness. In reality, current-crowding effects and discontinuities can occur as TCO
thickness reduces, and differences in thickness can impact grain structure, significantly
impacting mobility [424], [425], [426]. A more complete model to account for these
morphological variations in TCOs is recommended for a more accurate comparison of
different TCO materials for tandem cells.

The model of TCE performance in Chapter 8 did not account for the contribution of the
metal grid in obtaining optimum properties. As the effect of the metal grid becomes
more pronounced when scaling, the model should be extended to account for cells of
different areas with different metal grid configurations.

The model of TCE performance in Chapter 8§ assumed an optimised anti-reflective
structure where the light impinges on a MgFx/SiNx/graphene/perovskite surface from
air. In practical solar modules, glass encapsulates the module, contributing ~10% losses
due to reflection. While this is discussed in the Appendix briefly, an improved model
should incorporate these losses robustly for glass of various thickness, composition and
ARC coatings to provide a better indication of the realistic performance limits of

tandem solar cells using different TCE materials.
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Appendix

a1 TCE Modelling Code

Attached below is the MATLAB code used to model the maximum perovskite/silicon tandem
cell efficiency as described in Chapter 8. This code assumes the only losses arise from the TCE:
focusing on the TCE’s sheet resistance and its weighted-average transmittance (WAT) across

the AM1.5G spectrum.

clear variables;

% This code is used to calculate the maximum SQ efficiency in a perovskite/silicon
tandem cell from variation
% in Rsheet and Transmittance of the TCE

% Physical Constants and Parameters

g=1.60e-19; %C electron charge (C)

epsrox=3.9; % silicon oxide relative permitivity
eps0=8.85e-14; % vacuum permitivity (F/cm)
epsrs=11.9; % Silicon relative permitivity
k=1.38e-23; % Boltzmann constant (J3/K)

T=300; % Temperature (K)

Vt=(k*T)/q; % Thermal energy (eV)

hc=1240; % Planck constant * speed of light (eV*nm)
c=3e8; % Speed of light (m/s)

Pin=0.1; % Incident power of light (W/cm2)

% unit cell dimensions

w=1; % width of unit cell (cm). Increase in width causes a proportional increase
in photocurrent BUT causes a reciprocal decrease in series resistance.

1=0.1; % length of unit cell (cm)

% Loading a file "AM15g.mat", containing AM1.5G spectrum data".
load('AM15g.mat"'); % #/s/cm”*2/nm

LambdaVar=AM15g(:,1); % Wavelength values (nm)
AM15gFlux=AM15g(:,2); % Photon flux (#/s/cm”2/nm)

% Set up band gap of silicon bottom cell
EgapSi=1.12;
LambdaSi=hc/EgapSi;

% Set up loops for variations in TCE properties
dimLoop@=150; % number of iterations of Sheet resistance
dimLoop1=150; % number of iterations of Transmittance
dimLoop2=150; % number of iterations of I-V curve

% Loop over Rsheet and TCE Transmittance

Rsheet = logspace(logle(10), logl@(2500), dimLoop®);% Log-distributed Rsheet
values

MaxEta=zeros(dimLoop@,dimLoopl); % Store Max efficiency

% Defining perovskite band gap
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EgapP=1.73;

% Find wavelengths corresponding to band gaps of perovskite and silcon subcells
LambdaP=hc/EgapP;

[~,iLambdaP]=min(abs(LambdaVar-LambdaP));
[~,iLambdaSi]=min(abs(LambdaVar-LambdaSi));

% Define Blackbody at 300 K, BB300K in #/s/cm”~2/nm
BB300K=(2*pi*c./((LambdaVar*1le-9).*LambdaVar.*(LambdaVar*le-
7).72)).*(1./(exp(hc./((LambdaVar).*Vt))-1));

% TCE transmittance, as function of the AM1.5G spectrum wavelengths
TtceF=ones(length(LambdaVvar),1);

% Vary TCE transmittance axis between 85 to 100% (Plotted range)
TtceFvec=linspace(0.85,1,dimLoopl);

for ind@=1:dimLoop®

% For each Rsheet value
Rs=2*Rsheet(ind@)*1/(6*w); % Series resistance from TCE Rsheet (Ohm)

% EgapPvec=linspace(1.6,1.8,dimLoopl);
for indl=1:dimLoopl % loop over changes in TCE transmittance

% Scale the TCE transmittance for each loop
TtceF1=TtceF*TtceFvec(indl);

% Calculate the short-circuit current (Isc) and dark saturation current
(I0) for both perovskite and
% silicon subcells (Equations 8.10, 8.11, 8.12 and 8.14 in Chapter 8)

IscP=gq*w*(1/2)*trapz(LambdaVar(1l:iLambdaP),AM15gFlux(1:ilLambdaP).*TtceF1(1:iLambda
P));

IoP=gq*w*(1l/2)*trapz(LambdaVar(1l:iLambdaP),BB300K(1:iLambdaP).*TtceF1(1:iLambdaP));
IscSi=q*w*(1/2)*trapz(LambdaVar(iLambdaP:iLambdaSi),AM15gFlux(iLambdaP:iLambdaSi).
*TtceFl(iLambdaP:iLambdaSi));

I0Si=q*w*(1/2)*trapz(LambdaVar(iLambdaP:ilLambdaSi),BB300K(iLambdaP:ilLambdaSi).*Ttc
eFl(iLambdaP:ilLambdaSi));

% Define a range of voltages to simulate the I-V curve
Vcell=1linspace(0.01,EgapP+EgapSi,dimLoop2)' ; % Vcell

% Initialise arrays to store power and current data
PowerlLog=zeros(dimLoop2,1);

PowerLog2=PowerLog;

JcelllLog=zeros(dimLoop2,1);

JcelllLog2=JcelllLog;

% Loop through each voltage point to calculate current and power
for ind2=1:length(Vcell)

% x= [Vp, Vsi, I]
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% Nonlinear system to solve for current at each voltage
F2 = @(x) [x(3)- IOP.*(exp(x(1)./Vt)-1)+ IscP ;
x(3)- I0Si.*(exp(x(2)./Vt)-1)+ IscSi ;
Vcell(ind2) - x(1) - x(2) - Rs.*x(3) 1],

% Initial guess for fsolve

x0 = [Vcell(ind2)/2;Vcell(ind2)/2;1/(1/IscP+1/IscSi)];
% Suppress fsolve output

options = optimoptions('fsolve','Display’', 'none');

% Solve the system of equations

[Sol,fval] = fsolve(F2,x0,options);

% Calculate the power and current at a given voltage

PowerLog(ind2)=Vcell(ind2)*Sol(3)/(w*(1/2)); % Power in W/cm"2

JcelllLog(ind2)=S01(3)/(w*(1/2)); % Current density in A/cm”2
end

% Finding the voltage corresponding to maximum power

[~,iP1]=min(PowerLog); % Find index where power is maximum

Vcell=linspace(Vcell(iP1-1),Vcell(iP1+1),dimLoop2)"' ; % Zoom into voltage
range around maximum power

% Now recompute the power with finer voltage steps
for ind2=1:dimLoop2

F2 = @(x) [x(3)- IOP.*(exp(x(1)./Vt)-1)+ IscP ;
x(3)- IeSi.*(exp(x(2)./Vt)-1)+ IscSi ;
Vcell(ind2) - x(1) - x(2) - Rs.*x(3) 1;
X0 = [Vcell(ind2)/2;Vcell(ind2)/2;1/(1/IscP+1/IscSi)];
options = optimoptions('fsolve', 'Display’', 'none');
[Sol,fval] = fsolve(F2,x0,options);

PowerLog2(ind2)=Vcell(ind2)*Sol(3)/(w*(1/2)); % Recalculate power
Jcelllog2(ind2)=S0l1(3)/(w*(1/2)); % Recalculate current density
end

% Calculate and log the maximum efficiency for this combination of TCE
Rsheetand transmittance, and log it.

MaxEta(ind@, indl)=-min(PowerLog2)./Pin;
% display (-min(PowerLog2)./Pin)

end
% plot(EgapPvec,MaxEta)

end

% Create the plot to visualise the efficiency

figure;

% TCE transmittance and max efficiency multiplied by 100 to be shown in units of

%.

imagesc(Rsheet, TtceFvec*100,100*MaxEta");

set(gca,
'YDir', "‘normal’, ... % right-way-up y-axis
'XScale', 'log', ... % log x-axis
'TickDir','out', ... % ticks pointing outward
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'LineWidth', 1, ... % axis & tick thickness
'FontSize', 16); % Tick label font size

% Colorbar: keep default tick direction, but bump its font
cb = colorbar;
set(cb, 'FontSize', 16);

% Apply colormap
colormap( crameri('roma',256) );

% Set axis labels

xlabel('TCE Sheet Resistance (\Omega/o)', 'FontSize', 18);
ylabel('Weighted Average Transmittance (%)', 'FontSize', 18);
%

% Set y-axis limits

ylim([85, 100]);

x1lim([10, 2500]);

clim([37, 45]);

%

% Add and label colorbar

ylabel(colorbar, 'Maximum SQ Efficiency Limit (%)', 'FontSize', 18);

a.il TCE Weighted Average Transmittance Calculator

Below is the Python code used to calculate the weighted average transmittance of each
transparent conducting electrode from the spectral light intensity transmitted (Tx) through a

simulated device stack, as described in Chapter 8.

import pandas as pd
import numpy as np
import os

def compute WAT_from_excel(excel path, lambda_Si=1100.0):
Compute weighted-average transmittance WAT from a 5-column Excel sheet obtained
using OPAL2:
coll: Wavelength (nm)
col2: Photon energy (eV)
col3: Reflection
col4: Absorption
col5: Transmission (Tx)
# 1) Load data from Excel (assuming the first sheet contains the data)
df = pd.read_excel(excel_path, header=0, usecols=[ 'Wavelength (nm) "',
'"Transmission'])

# 2) Restrict transmission data to < Si cut-off
mask = df[ 'Wavelength (nm)'] <= lambda_Si

wl_Tx = df.loc[mask, 'Wavelength (nm)'].values
TX = df.loc[mask, 'Transmission'].values

# 4) Integrate to compute WAT

numerator = np.trapz(Tx * wl Tx, wl Tx)
denominator = np.trapz(wl_Tx, wl_Tx)
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return numerator / denominator

def batch _process WAT(input_dir, lambda_Si=1100.0):
Batch process all Excel files in a directory to compute WAT for each dataset
and save a summary file with the results.

results = []

for filename in os.listdir(input_dir):
if filename.endswith('.xlsx"'): # Only process .xlsx files
excel_path = os.path.join(input_dir, filename)

if os.path.exists(excel path):
# Calculate WAT
WAT = compute WAT_from_excel(excel path, lambda Si)

# Append the result to the list
results.append({
"CSV File': filename,
"WAT': WAT
})
print(f"Processed {filename} and calculated WAT: {WAT:.4f}")
else:
print(f"Warning: File {excel path} does not exist.")

# Save all results to a single summary file
if results:
summary_df = pd.DataFrame(results)
summary_file = os.path.join(input_dir, 'WAT_summary_analysed.xlsx"')
summary_df.to_excel(summary_file, index=False)
print(f"Summary saved as {summary_file}")
else:
print("No files were processed.™)
if __name__ == '__main__":
# Define your directory containing the Excel files
input_dir = r'D:\Thesis Pictures High Res\Model\GlassTCE\IZO_Glass_MgFx.fig'

# Process the files and save the results in a summary file
lambda_Si = 1100.0 # Si band-edge in nm
batch_process WAT(input_dir, lambda_Si)

a.iii Incorporating in Glass in Weighted-Average Transmittance vs Sheet
Resistance Model for Perovskite/Silicon Tandem Cells

One of the limitations of the model presented in Chapter 8 is that it presented the transmittance
through the device stack without considering the effect of the thick glass encapsulation layer
normally present in solar modules. This approach provided a clear comparison between

graphene TCEs and TCOs in situations with optimised anti-reflective layers. However,
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inclusion of the glass encapsulating layer is essential for fair comparison between graphene
and TCOs.

Figure A.1 depicts the results from a model similar to that depicted in Chapter 8, but including
a glass encapsulant layer of semi-infinite thickness. Glass was assumed to have a pure SiO»
composition, with # and k values obtained from reference [427]. For the schematic depicted in
Figure A.1 (a), the optical path consists of consists of air/glass/graphene/perovskite. In this
case, significant loss occurs due to the reflection at the glass/graphene/perovskite interface
owing to poor refractive index matching. This results in a WAT for graphene ~89.02%. This
compares quite poorly compared to structures involving TCOs such as glass/TCO/perovskite
structure, depicted in Figure A.1 (b). One of the benefits of TCOs is their refractive indices
(~1.8-2.2) are a good intermediate between glass (~1.5) and the perovskite absorber (~2.4),
which reduce reflection in this system compared to the glass/graphene/perovskite stack. In this
system, all but the >80 nm heavily-doped ITO (ITOneavy), the 150 nm lightly-doped ITO
(ITOignt), and >100 nm IZO perform better than the graphene TCE. Figure A.1 (c) depicts a
schematic showing the introduction of a SiNx layer (n~2) between the glass and the graphene
to reduce the refractive index mismatch and reduce reflectance at the graphene. OPAL2 was
used to calculate the optimum SiNx thickness as 63 nm, leading to a WAT of 91.55%. In this
case, the SiNx could act as both the ion-charged dielectric, and the anti-reflective coating, and
can provide performance exceeding that of all but high mobility IZrO, with efficiency potential
>41%. This demonstrates that graphene can be competitive with state-of-the-art TCOs, but

consideration for the refractive indices of adjacent layers is essential.
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Figure A.1: Optical path through (a) a glass/graphene/perovskite cell stack, (b) a glass/SiN»/graphene/perovskite, and (c) a
glass/TCO/perovskite cell stack. (d) Simulated colour plot to visualise the maximum potential Shockley-Queisser (SQ)
efficiency of a two-terminal perovskite/silicon tandem solar cell, assuming the only other source of loss beyond the SQ
conditions arises from the transparent conducting electrodes used. The cell configuration consists of a perovskite cell of
Eg;=1.73eV on a silicon cell, with two transparent conducting electrodes (TCEs) (one front and one rear. The x-axis
represents the TCE sheet resistance from 10 to 2500 Q/o. The y-axis represents the weighted-average transmittance across
the air-mass 1.5 global (AM1.5G) spectrum. The data points correspond to TCOs of different thickness in structure (b), while
the dotted lines correspond to the calculated transmittance through the graphene-based stacks (a) and (c) respectively.

The refractive index matching of the glass/TCE/perovskite system can be further improved
using an MgFx layer (n~1.38) between the air and glass. MgFx n and k data were obtained from
reference [406], and the optical path simulated in OPAL?2 to calculate the weighted-average
transmittance. Figure A.2 (a) and (b) depict schematics of such structures involving
graphene/SiNx or a TCO respectively. In these structures, the optimum MgFx and SiNx
thickness were calculated to be 90 nm and 30 nm respectively. Figure A.2 (c) depicts the
properties of these structures overlayed on the simulated colour plot describing
perovskite/silicon tandem cell efficiency as in Chapter 8. As expected, the reflection is further
minimised using this layer, with maximum potential efficiency approaching ~42% for both the
ICD-doped graphene and the IZrO layer from 40-100 nm. This is reduced compared to the

optimised stacks discussed in Chapter 8 due to the glass reflection, which is difficult to
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eliminate entirely. It is expected that further optimisations of ARC layers and appropriate

texturing could further increase the overall WAT to achieve higher efficiencies toward >43%.
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Figure A.2: Optical path through (a) a MgF\/glass/SiN./graphene/perovskite cell stack, and (b) a MgF/glass/TCO/perovskite
cell stack. (d) Simulated colour plot to visualise the maximum potential Shockley-Queisser (SQ) efficiency of a two-terminal
perovskite/silicon tandem solar cell, assuming the only other source of loss beyond the SQ conditions arises from the
transparent conducting electrodes (TCEs) used. The cell configuration consists of a perovskite cell of Eq = 1.73 eV on a silicon
cell, with two TCEs (one front and one rear. The x-axis represents the TCE sheet resistance from 10 to 2500 /0. The y-axis
represents the weighted-average transmittance across the air-mass 1.5 global (AM1.5G) spectrum. The data points correspond
to TCOs of different thickness in structure (b), while the dotted line corresponds to the calculated transmittance through the
graphene-based stack (a).
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